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FOREWORD

As man continues to develop and utilize new organic chemicals, the potential for environmental pollution increases accordingly. Once a chemical
enters the environment, its eventual transfer to the aquatic environment becomes a distinct possibility. Increasing evidence indicates that a thorough
knowledge of the fate of these chemicals is required. Inherent in any fate
study is the need for an accurate assessment of the potential for the microbial degradation of the pollutant. However, information on biodegradation,
specifically in aquatic environments, is sparse. Data from laboratory and
field studies with soil microorganisms are often based on assumptions that
have no sound scientific basis or consensus, regardless of the fact that
aquatic environments appear sufficiently unique to demand separate consideration.
The microbiologist has no consistent guideline regarding appropriate
techniques for the determination of recalcitrance in aquatic environments.
Further, microbiologists in general have not provided the chemical industry
and regulatory agencies with evaluations of chemical structures that can or
cannot be degraded by aquatic microbial populations.
The Workshop on Microbial Degradation of Pollutants in Marine Environments was organized to offer representatives from government, academia, and
industry a forum to examine key issues regarding the future direction and
focus of scientific investigations in this field. Participants addressed a
number of questions of primary concern: What are the differences and similarities between biodegradation processes in aquatic, terrestrial, and laboratory environments? Should a separate research effort determine biodegradation
potential in aquatic environments or can adequate information be obtained from
other sources?
What methodological criteria must be established to provide
interchangeable degradation information? What constitutes a recalcitrant
molecule? What is the potential for a particular environment or its laboratory simulation to naturally dispose of a polluting chemical? We hope that
this publication of the workshop proceedings will provide an up-to-date reference for professionals involved in the fate, regulation, and production of
potential aquatic pollutants.

Thomas W. Duke
Director
Environmental Research Laboratory
Gulf Breeze, Florida
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ABSTRACT

This international workshop, held April 10-14, 1978, at Pensacola Beach,
Florida, focuses on pertinent issues related to the scientific investigation
of microbial degradation of organic chemicals in aquatic environments. Participants discuss methodological criteria for these investigations and the
need for biodegradation studies. Speakers and contributed papers for open
sessions explore these topics:
(1) biochemistry of microbial degradation;
(2) transformation in aquatic environments; (3) compartmentalization in
aquatic environments; (4) biodegradation in microcosms; (5) degradation
methodology; and (6) persistence and extrapolation. Discussions within each
session are presented. These proceedings conclude with a summary report and
workshop consensus reports drafted by special task groups with recorrunendations concerning the research, production, and regulation of potential aquatic
pollutants. This report is submitted in fulfillment of Contract No. 68-031325 by Georgia State University under the sponsorship of the U.S. Environmental Protection Agency. Work was completed as of 30 December 1978.
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INTRODUCTION
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THE ULTIMATE SINK
KEYNOTE ADDRESS
Holger W. Jannasch
Woods Hole Oceanographic Institution
Woods Hole, MA 02543

ABSTRACT
The discussion of the marine environment as a site
for degradation processes is introduced by reviewing some
fundamental concepts of microbial ecology. The effective
environment for bacterial and fungal activities is the
micro-habitat of the individual cell. Characteristics of
the aquatic environment are closely related to the physical and chemical properties of water in general, and of
seawater in particular. On the macro-scale, the marine
environment is divided, more for logistic than for microbiological reasons, into estuaries, littoral zones, water
column, sediment, etc. For open ocean waters, the extreme
dilution of metabolizable organic materials and pollutants
is characteristic, and poses specific problems of microbial uptake and degradation. As an example, a microbial
degradation study in the deep sea is discussed with emphasis on hydrostatic pressure and low temperatures as environmental factors. Microbial activities were reduced at
deep sea conditions, and barophilic responses of natural
microbial populations were not found. The consequences
for offshore and deep sea dumping of organic waste materials are discussed.

INTRODUCTION
The ocean had to endure this not so romantic slogan, the "ultimate sink,"
ever since decomposition processes of organic and inorganic materials have
been considered on the global scale. Slogans, however, are at least as often
wrong as they appear to be downright. Inorganic marine deposits and solute
complexes indeed represent accUltlulative evidence of global geological processes, but does this concept hold in the biological realm? In setting the
stage for this workshop on Microbial Degradation of Pollutants in Marine Environments, it appears useful to attempt an answer to this question and to
discuss briefly the environmental characteristics of marine microbial habitats
3

with respect to potential degradation processes.
As a general principle, organic materials are produced as well as degraded by metabolic processes of organisms. If this recycling was complete in
a given time period, and if the above principle was not riddled with exceptions, the term "ultimate sink'' for biodegradation makes little sense for any
particular environment. Considering, however, that a substantial number of
organic materials are, or become during breakdown, recalcitrant to further
biodegradation (a topic discussed in detail by Alexander [l]), and that more
and more man-made and non-metabolizable products become part of our environment, many of these compounds will ultimately reach the ocean. Above all,
however, it is the mere size of the marine portion of the bisophere which constitutes its significance as a site of biodegradation. Considering the average depth of the world oceans at 3800 m, as compared to 2 or 3 orders of magnitude less for the terrestrial and freshwater environment, more than 99% of
the biosphere consists of seawater (13). Certainly. a large portion of- this
immense volume compares to a marine desert, while some small fractions, estuaries and littoral zones, are similar in their biological turnover rates to
highly productive terrestrial and freshwater environments.

THE MICRO-HABITAT
Before we look into the characteristics of the various marine environments on the macro-scale, however. we have to remind ourselves that the typical habitat of any individual organism has to be considered in the perspective
of its own dimension. The vegetative microbial cell with its relatively large
and metabolically reactive surface responds quickly to types and concentrations of utilizable substrates and to changes of physico-chemical conditions
of its immediate surroundings. As a consequence, "the effective habitat of a
microorganism is its micro-habitat, the immediate surrounding of the cell in a
compatible scale of space and time in relation to the radius of its metabolic
action and interaction'' (4). As a corollary, it is hazardous to describe microbial isolates by macro-environmental characteristics, e.g., estuarine or
deep sea bacteria, before typically adaptive traits have actually been found.
We know too well the ubiquity of microorganisms and their ability to survive
unfavorable conditions for a long time in resistant, non-vegetative stages.
In addition, most of our means to look at the size and composition of natural
microbial populations are indirect and selective.
A classical case is that of Nathanson's (12) abortive attempt, in the
wake of systematic monograph-writing on marine plants and animals in the late
1800s, to describe the bacterial flora of the Gulf of Naples. After years of
hard work he gave up when he realized that the number of isolates kept increasing without yielding the slightest clue whether they were typical for
this particular environment, the Gulf of Naples. His vain attempt has been
repeated many times since with respect to marine environments of various descriptions.
More recently, the predominant significance of micro-habitats succeeded
in eliminating the sharp dividing line between aquatic, terrestrial and even
medical microbiology. In ecological research the distinction between these
4

academic disciplines is now rrore and more de-emphasized under the label of
basic and·applied environmental or biogeochemical microbiology.

THE MARINE ENVIRONMENT
There are, of course, certain microorganisms specifically adapted to live
in aquatic habitats. Characteristically, many of them are photo- or chemolithotrophic, or have certain morphological traits, such as being sheathed,
stalked or prostecate forms. Although these organisms will be indirectly involved in biodegradation processes, our primary concern has to be with those
heterotrophic bacteria which play the main role in the breakdown of pollutants
of non-marine origin. Such bacteria are usually highly substrate-specific,
but they themselves may or may not be of marine origin. For example, the decomposition of phenolic compounds in seawater may be determined a) by the specific activity of a marine pseudomonad or b) by the constraints of the marine
environmental conditions on the metabolism of a non-marine pseudomonad. In
many cases, we will not be able to separate between a) and b).
What, then, are the basic properties that characterize the aquatic, and
specifically the marine, in contrast to the terrestrial environment? The
basic feature of the predominantly aqueous environment, in contrast to more or
less dry soils, "are the physico-chemical properties of water, especially its
ability to carry those organic and inorganic chemical species which are essential and readily available for microbial metabolism in dissolved and ionic
form. The mobility of nutrients in water by diffusion and currents produces
the characteristic constancy of environmental conditions upon which many of
the typically aquatic microorganisms depend" (4) . In principle, the only
additional and specific characteristics of marine habitats appear to be the
salt complex of seawater (more its constancy than its particular composition)
and hydrostatic pressure in deeper waters. The lingering doubt in the existence of truly marine bacteria, not satisfied by growth response on seawater
agar or obligate sodium requirement, is only presently being more and more removed by accumulating evidence in Baumann's systematic assessment of marine
heterotrophic bacteria (e.g., Baumann et al. [2, 3]).
Although many bacteria
of non-marine origin grow well in seawater, the majority of the marine isolates clearly exhibit a number of well defined metabolic differences. At this
stage it is too early to speculate on whether and how these differences have
an effect on the characteristic patterns of biodegradation in marine versus
terrestrial environments.
After having pointed out the significance of the micro-environment in microbial ecology, any subdivision of the marine environment on the macro-scale
may appear to be of little use. However, there are a number of practical reasons for doing so. The mere logistics of field work is one. Another is the
technical differences in working with rich, shallow water sediments or oligotrophic pelagic seawater, etc. Summarizing from the literature, the following
six marine habitats have been designated as such and individually studied:
Esturaires; Littoral Zones (beaches, reefs); Shelf: water column and sediment;
Open Ocean: water column and sediment.
Possibilities and needs for further subdivisions are obvious.
5

Of special

microbiological interest are interfaces as habitats. The water/air interface
has physical and chemical properties which give rise to the highly concentrated "neuston" populations. They are important in the inoculation and degradation of oil slicks. Solid/water interfaces, recently treated comprehensively by Marshall (11), provide the habitat for "Aufwuchs" pcpulations. Microbial growth takes place not only on the surface of utilizable organic substrates but also on inert suspended particulate matter, a topic summarized by
Jannasch and Pritchard (6). Interfaces between soluble materials are of similar importance as demonstrated by the rich microbial populations surrounding
oxic/anoxic layers of waters in estuaries and other highly productive marine
environments. With the exception of some special areas as the well studied
Black Sea and Cariaco Trench, where stagnant anoxic water has accumulated,
offshore waters and deep sediments are rarely found to be anoxic largely due
to the comparatively low rates of oxygen uptake.
MICROBIAL DEGRADATION IN THE DEEP SEA, AN EXAMPLE
At this pcint, let me diverge a bit from my proper duty to introduce this
workshop by discussing general concepts, and let me use some of my own recent
work as an example of specific marine-oriented research on microbial degradation. Also, I believe, no one else at this workshop is dealing with the deep
sea as a special marine environment. At the beginning of this talk, I mentioned that 99% of the biosphere by volume comprises marine environments. If
we go beyond the 200 m depth of the shelf and let the deep sea deliberately
begin at a depth of 1000 m, we come to the surprising result that still 75% of
the biosphere is located below that line; in other words, it is subjected to
100 or more atm of pressure, temperatures in the range of l-4°C and, of course,
receives no light.
It is important to realize that most of this huge area is far removed
from direct inputs of organic sources of energy. Its character is oligotrophic, the deeper the more so. Most of the organic matter produced photosynthetically in surface water is decomposed in the upper few hundred meters.
The huge volume of deep sea water appears to make the mere dilution of pollutants almost indefinite. At the same time, as we found in earlier chemostat
work, the microbial degradation of substrates is slowed down significantly if
they are diluted beyond a critical point (5). Thus, in spite of the large
volume of water, certain pollutants have been found everywhere in the ocean.
It is self-evident that metabolic processes in higher organisms as well as
characteristic chemical reactions of seawater and sediments participate in
transformations and breakdown of pollutants.
Our interest in the deep sea has been intensified by the fact that 50
million tons of solid waste materials are dumped into the sea annually by this
'country alone. Since shelf waters comprise over 90% of the marine fisheries,
there is a tendency to use deeper water as dumping sites for materials that
might interfere with bottom trawling. over decades of work on benthic deep
sea populations and from many recent experimental studies with research submersibles, the general impression is that of a highly specialized and fragile
community. Our question was, how will these populations be affected by the
input of extragenous materials in unusual quantities? Will microbial enrich6

ment occur in a similar way it does in estuaries or shallow waters? In short,
can the deep sea be considered as an active treatment system for organic waste
materials?
Over the last seven years, we have deposited and recovered a large variety of organic substrates in depths from 1800 to 5300 m. These in-situ incubation studies eliminated the potential effect of decompression which occurs
during the recovery of deep sea samples for the subsequent incubation in pressurized laboratory cylinders. In some of these field experiments, media-containing bottles were inoculated with the aid of the research submersible Alvin
directly on the deep sea floor, thus excluding all surface-borne microorganisms. This way we hoped to find enrichments of truly barophilic bacteria,
which are defined as metabolizing at an increased rate at pressures higher
than one atmosphere. Such a proposed indigenous microflora might be disproportionally outnumbered if surface-originated organisms were not excluded from
the experiment. The substrates used in these quantitative studies included a
number of o~ganic acids, amino acids, carbohydrates (sugars and polysaccharides) and some complex materials such as starch, gelatin and agar. Semiquantitative recoveries were made with samples of wood, refined cellulose,
chitin, food stuffs and seaweed. Incubation times ranged from several days to
15 months. Since these studies aimed at the general question of bacterial metabolism under deep sea conditions, pollutants were not yet included. The
specific techniques are discussed elsewhere (7, 8, 14).
As a general result, deep sea-adapted microbial activities were not
found. The effect of increased pressure and low temperature appeared to be
the reason for the slowdown of the measured activities as compared to laboratory controls incubated at equal temperature. This effect was the same in microbial populations exclusively collected at the deep sea floor and in those
originated at the sea surface. In both cases decompression resulted in increased activity. In other words, no truly barophilic response could be recorded. These results were substantiated by growth and uptake studies using
pressure-retaining samplers which permitted measurements on deep sea populations that were never subjected to changes of their indigenous pressure and
temperature (9, 10).
It is very likely that these results will also apply to the microbial
degradation of pollutants wherever they reach the deep sea. They also indicate that a substantial accumulation of certain materials might occur in deep
waters. In short, the deep sea has definite limitations as a dumping site for
organic wastes. Several observations made with the aid of baited cameras deposited on the deep sea floor led our attention to the role of higher organisms in the reIOC>val of organic waste materials. It will be difficult to
separate these effects in the deep sea entirely from microbial activities
since much of it appears to take place in the intestinal tracts of invertebrates and fishes. Our work in this area is continuing.
Where does this leave us with respect to the "ultimate sink"? If ''sink"
or "dump" refers to places where discarded materials do persist, at least partially, then the open ocean and the deep sea, as by far the largest portion of
the biosphere with its relatively limited degradation potential, might indeed
be considered an ultimate sink. Development of needed monitoring technology
7

and smooth cooperation between producers of new potential pollutants, government agencies, and independent research laboratories are paramount requirements.
THE WORKSHOP
The program of this workshop is based on the present-day state of the art
in our knowledge of microbial breakdown processes, modeling of systems, the
types of organisms involved, techniques of monitoring and the variety of pollutants existing at this time. Oil, herbicides and pesticides, DDT and PCBs,
domestic and industrial sewage, are those pollutants foremost on the public's
mind. Their slow disappearance from the polluted environment is generally understood to be caused by biological and chemical activities. Bacteria, who
generally suffer from their bad reputation as one of man's worst enemies, have
gained considerable favor by being mentioned in connection with environmental
cleanups. To this day, the microbial ecologists, since Winogradski, are trying to put the image of microorganisms, tarnished by dominating medical viewpoints, in the right perspective. The present workshop, brought about ultimately by public interest, is a veritable success in these efforts.
The scene is set by the steering committee of this workshop to include a
wide variety of topics in a number of well organized sessions. Let us discuss
more than just deliver; conduct an actual workshop, not a mere convention.
The outcome should be stimulating for the further development of research in
microbial degradation, a field that will be of more and more importance as
long as variety and quantity of pollutants in the environment are on the increase.
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INTRODUCTION AND WELCOME TO THE WORKSHOP
Thomas W. Duke
Director, Environmental Research Laboratory
U.S. Environmental Protection Agency
Gulf Breeze, FL 32561
I~ is my pleasure to welcome you to Santa Rosa Island and to this Workshop on behalf of the U.S. Environmental Protection Agency and Georgia State
University. As Director of the Environmental Research Laboratory, your host
this week, I would like to invite each of you to tour the laboratory during
your stay here. At the laboratory we study the impact of toxic organics on
the marine environment. The primary emphasis in our research has been the effects of pesticides on marine organisms. Early in our history we concluded
that in order to study effects of toxic organics, you certainly must have some
knowledge of the fate of these materials. When we study fate of pollutants,
we cover a variety of disciplines which play an active part in determining
what happens to an organic compound when it enters the marine environment.

In the past we have dealt primarily with organochlorine compounds which
were quite resistant to biodegradation. Therefore, fate research focused on
other processes such as photolysis, hydrolysis and sorption kinetics. However, more recently our research program has become concerned with the "biodegradable" compounds such as organophosphorus and carbamate pesticides. This
evolution has, of course, brought more emphasis to our studies on biological
transformations. For this reason, we have scientists on our staff such as Al
Bourquin, Hap Pritchard, and Dick Garnas who are involved in studies to determine biological and physio-chemical fate of organics in the marine environment. The importance of good scientific research in environmental studies is
evident to all of us. Dr. Stern will be telling you about the pressing needs
of the Office of Toxic Substances to develop good techniques to evaluate environmental fate information to make regulatory decisions. Even a cursory
glance at the program shows we have some of the leading experts in the field
present in this Workshop. We are extremely pleased to have this opportunity
to host this Workshop and I want to second a remark of Dr. Jannasch in his
keynote address. That is, the success of this meeting will be that it is not
just one of lecturing and responding but one of a true workshop. I leave you
with this challenge that there will be good intensive discussions on fate processes so that we can reach the goals of the workshop. Your participation is
needed to reach these goals.
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NEED FOR BIODEGRADATION STUDIES BY THE EPA
Arthur Stern
Office of Toxic Substances
U.S. Environmental Protection Agency
Washington, DC

INTRODUCTION
In 1976, the Toxic Substances Control Act (TSCA) was passed by Congress.
The Act created the Office of Toxic Subtances (OTS) and charged that office
with the responsibility of developing procedures whereby all chemicals brought
into commercial use, other than pesticides, foods, drugs and cosmetics, would
be evaluated with regard to their effect on the public health and the environment. One of the requirements imposed on OTS by the Act was the need to develop test standards, protocols and/or guidelines for use by industry. These
would be employed to generate the data which would be used by the agency to
make risk assessments. Tacit is the understanding that only state-of-the-art
technology be incorporated into test protocols. Another important point is
that the Act stipulates that testing requirements be reviewed annually for
adequacy, since new developments often lead to better, more relevant and
cheaper techniques.
At the present time, it is our intent to spell out test protocols in some
detail. This would expedite the risk assessment process considerably and
should ultimately result in faster adjudication of applications. Furthermore,
advance detailing of the criteria upon which assessments will be made by the
agency will allow potential applicants to make preliminary judgments of their
own. This does not mean that published testing requirements will be totally
inflexible. It is hoped that enough flexibility will be incorporated into
such requirements to take into consideration the large variation in chemical
structures, properties, end-uses and distribution. In short, our objective is
the development of the minimal number of cost-effective testing requirements
the data from which should effectively provide answers essential in making
risk assessments. To this end, our present thinking is to arrange tests in a
series of tiers. The evaluation of data generated by tests carried out in
each tier will lead to a decision as to whether or not the next higher tier of
tests will be required. The lowest tier will consist of relatively inexpensive short-term tests, while subsequent tiers would be characterized by more
extensive testing requirements. All of this represents our current thinking
and is a somewhat idealized concept. Since we are only starting out in the
rule-making process, it is quite possible some elements of this concept may
prove to be impractical and have to be modified accordingly.
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ENVIRONMENTAL TESTING
Environmental testing includes the areas of ecological effects and chemical fate. There are many problems that are associated with the development of
ecological-effects testing which I will not dwell on since our purpose this
week is to consider one aspect of chemical fate. However, I would like to
mention a few of these problems before moving on to the subject of persistence
testing. The environment consists of several compartments, many ecosystems
within each compartment and diverse phyla, genera and species of plants and
animals within given ecosystems. The question of whether testing of single
species in a laboratory bears any relevance to what happens in the real world
must be answered ultimately. While this correlation is far from clear, we
have to start somewhere and judgment on such correlations has to be reserved
until more information is acquired. It is our present feeling that microcosm
and field studies will be eventually needed to validate predictions made on
the basis of individual species testing. These problems also happen to be
germane to the area of biodegradation.
CHEMICAL FATE
Chemical fate, which is a part of the environmental picture, really consists of the two separate, but intimately related, areas of chemical transport
and persistence. Conceptually, it is impossible to differentiate these areas
but, from the standpoint of developing testing requirements, we have found it
convenient to attack each separately. When it comes to interpreting data derived from test protocols, both areas must certainly be evaluated in concert.
CHEMICAL TRANSPORT
Some generalized predictions with regard to chemical transport can be
made on the basis of physical/chemical characteristics of test materials. In
other words, some concept may be derived from an analysis of a chemical's key
physical/chemical characteristics regarding the environmental compartments
which may serve as its major deposition site or sites. Persistence data give
us some indication of the expected residence time of a chemical after deposition. Finally, some idea of the exposure potential of a chemical pollutant
(within a few orders of magnitude) can then be derived by integrating transport and persistence data with information acquired from responses to Section
8 of the Act, i.e., production volume, production distribution, etc.
This analysis has several important applications. First, as stated before, it provides a rough idea with regard to environmental exposure. This,
in turn, can serve as a guide in determining the dosage levels to use in both
health and environmental effects testing. Second, certain environmental compartments can be ruled out as primary deposition sites and, thus, the magnitude of ecological testing required can be reduced.
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PERSISTENCE TESTING
As stated earlier, persistence data allow some predictions to be made
with regard either to the duration of a chemical's residence after deposition,
if its application is intermittent or occurs only once, or to its turnover rate
if its application is continuous. Chemicals which are found to be innocuous
at low dosages can, if persistent, accumulate to hazardous environmental levels
over a period of time. Further, chemicals which are degraded cannot be considered exempt from further concern as potential hazards. There are quite a few
examples of degradation products posing a greater threat than the parent compound from which they originated. Thus, persistence testing must include some
provisions for the examination of degradation products of non-persistent
chemicals.
BIODEGRADATION
There are three general mechanisms by which chemicals can be degraded.
These are photochemical, chemical and biological. Since our major concern this
week is the latter, let me point out some of the problems we face in developing
test standards/protocols for biodegradation.
First of all, literature on biodegradation testing is rather diffuse.
While it is true that a good deal of work has been published on the degradation of organic compounds, much of it has been directed at the determination
of metabolic pathways by which certain types of chemically pure materials are
transformed by pure cultures in a well defined medium. Other studies which
had more applied objectives (such as the stabilization of organics) usually
only dealt with a restricted number of chemical types. This doesn't imply
that the techniques used were necessarily limited to these types of chemicals
but it does mean that a good deal of validation work would have to be carried
out to determine the chemical limits of method applicability. There have been
methods described which show some promise of general utility, such as the
river die-away test, but these have certain inherent deficiencies that make
their adoption as a sole means of biodegradation testing impractical. It is
quite likely that ultimately we will have to require the use of a battery of
test methods to accommodate the spectrum of variables that influence the extent and rate of biodegradation.
I would now like to list those issues which are particularly important in
devising meaningful tests for biodegradation and which I hope will be addressed
by the speakers and workshops during the coming week:
•
•
•
•

Mixed vs pure cultures
Sources of mixed and/or pure cultures
Laboratory vs natural media
Adapted vs unadapted cultures (continuous vs single slug or intermittent doses)
• Aerobic vs anaerobic testing
• Concentration(s) of toxicant to use in tests, i.e., differential responses to low and high concentrations of many chemicals run the gamut
from inhibition to stimulation of growth
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• Role of cometabolites
• Synergistic, commensal, symbiotic and antagonistic relationships between species in a natural environment.
Some other problems which are shared by all methods of degradation can be summarized as follows:
• Correlation of tests on isolated reactions in the laboratory with multiple reactions in nature
• Design of experimental conditions to meet those most frequently encountered in nature (pH; temperature; protective/concentrating influence of
particulates such as soil, dust particles and suspended matter in
aquatic environments)
• Additive vs non-additive effects of multiple routes of degradation
• Definition of "significant degradation"
• Analysis and identification of "most important" degradation products
• Testing requirements for identified significant degradation products.
I would like to conclude with the hope that you will: address the issues
that must be resolved, those I have mentioned and others that you are aware of;
identify methodology in the area of biodegradation that is almost, but not
quite, state-of-the-art; and identify short- and long-range method development
programs whose successful completion could improve our current capabilities in
this area.
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MISSION OF THE WORKSHOP
A. W. Bourquin
Environmental Research Laboratory
U.S. Environmental Protection Agency
Gulf Breeze, FL 32561

The remarks of Drs. Stern and Duke emphasize the timeliness of this Workshop. With the legislative passing of TOSCA, creation of the Office of Toxic
Substances, the proposed pesticide registration guideline in the Office of
Pesticide Programs, and the new effluent guidelines, the need for more emphasis on biodegradation studies and a better understanding and interpretation of
biodegradation results becomes increasingly important. That is the mission of
this Workshop, to develop guidelines for better understanding and interpretation of biodegradation studies in aquatic environments.
In order to make a regulatory decision on any chemical entering the environment, we need to know what will happen to that chemical when it enters a
particular environment. What is the potential for biodegradation in a given
environment? If it is low, will the compound persist and cause the environment harm? If not persistent, what are the possible degradation products?
What is the toxicity of these metabolites to non-target organisms in relation
to the parent compounds?
With the increased usage of the new era of pesticides, the organophosphates as opposed to the organochlorines, information on the biodegradation of
th€se compounds is even more important. Currently, much information on the
fate of a chemical in aquatic environments is determined by techniques developed for soil or terrestrial studies. For example, in the proposed pesticide
registration guidelines, section on aquatic metabolism, I quote: "The preferred substrate is sediment, but use of flooded soils may be inadequate." If
this proposed method is adopted, do we have all the needed information for
such a substitution? Can we really use soils in place of sediment when studying aquatic metabolism? These are the type questions I hope this group will
attack this week.
The aquatic environment is unique. It should be studied with the incorporation of certain characteristic factors. The aquatic environment is an
open system, encompassing many time-independent processes.
At the same time,
it is a dynamic system with continuously changing inputs--pollutants or nutrients. These substances may be put into the system in pulses, such that one
does not have a continuous system.
The aquatic environment is a highly dilute system and pollutants entering
this environment are diluted out rapidly to low levels. The diluted environ15

ment of aquatic microorganisms makes their survival capacities or physiology
different from other microbes surviving in high nutrient environments. Microorganisms are continuously exposed to very low nutrient concentrations; therefore, the microbes are probably capable of growth at extremely slow rates. In
fact, it is quite probable that aquatic microorganisms may have an entirely
different physiology from microorganisms living in a soil environment. On the
other hand, pollutants and nutrients are sometimes concentrated in specific
interfaces of the aquatic environment, such as surface slicks and sediments.
These highly concentrated areas offer a special ecological niche in an otherwise dilute environment. This is an area of concern to us. What role do
these special environments play in the overall metabolism of aquatic microorganisms? All these factors seem to dictate a specific methodology for
aquatic studies.
The aquatic environment is characterized by water continuously passing
over sediments, as opposed to a soil environment where the water to soil ratios are such that water, most of the time, soaks into the soil with only occasional runoff. This movement of water over sediment causes changes in sorption/desorption kinetics of pollutants into and from sediments. The occurrence of suspended particulates is a unique characteristic of the aquatic environment and may affect the biodegradation rate of chemicals. Biodegradation
in the sediments is a relatively unexplored area in aquatic ecology, particularly the role of sediments to initiate degradation prior to the involvement
of planktonic bacteria. As in soil systems, pollutants are irreversibly bound
in aquatic sediments. We must yet determine if these bound residues are biologically recyclible or inert. These are all factors that should be considered when designing studies or attempting to design standard tests for regulatory actions to determine fate in the aquatic environment.
In addition to the physical characteristics of the aquatic environments,
the chemical characteristics of higher salinities and higher pH added to the
complexities of biodegradation studies in marine environments. How these factors affect biodegradation is of primary importance to us at ERL-GB. The fate
of a chemical in aquatic environments is an interaction of all these various
processes on the chemical. None of the current methodologies are applicable
to assess all of these processes in the aquatic environment. How other degradative processes affect biodegradation is an important factor in assessing
fate in the environment. For example, environmental parameters such as salinity, pH, and other physical factors may alter the microbial community or affect its innate biodegradation potential. In the design of laboratory systems
to assess biodegradation potential, type of water, sediments, ratio of sediment to water volume are factors for consideration to properly design systems
to simulate environmental conditions.
I hope some of the topics I have touched on here will help to orient the
discussion on the differences and similarities in biodegradation studies in
terrestrial and aquatic environments. We have scheduled six task groups which
will meet outside the formal sessions to intensify discussion in the areas of:
1) biochemistry, 2) transformations in aquatic environments, 3) compartmentalization in aquatic environments, 4) microcosm development, 5) methodologies,
and 6) extrapolation and persistence.
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BIOCHEMISTRY OF MICROBIAL DEGRADATION
Chairperson, David T. Gibson
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TRANSFORMATION OF XENOBIOTICS BY MICROBIAL ACTIVITY
Jean-Marc Bollag
Laboratory of Soil Microbiology
Department of Agronomy
The Pennsylvania State University
University Park, PA 16802

ABSTRACT
The fate of xenobiotic compounds in the environment
represents an area of intense contemporary interest, since
disappearance, persistence, or partial transformation of
such a compound determines its usefulness or its potential
hazardous effect. There may be biological, chemical and
physical factors that influence the fate of a xenobiotic,
but the least predictable transformation is usually caused
by microorganisms.
Mechanisms of microbial intereference with xenobiotics
include the use of a compound as the source of both carbon
and energy, cometabolic transformation, conjugation and
polymerization reactions, or the mere accumulation of a
chemical within a microbe. It is difficult to predict
which molecular change can be expected by microbes, since
each group of organisms, even various strains of one
genus, can alter a selected molecule differently. Consequently. for numerous xenobiotics tens of metabolites can
be formed. However, a certain mode of biological transformation can be anticipated in a specific environment if
metabolic reactions or pathways with various microorganisms are determined, their formed intermediates and products identified, and the biochemical mechanisms established. To illustrate this concept, a study performed
with the insecticide carbaryl is presented in which the
metabolic activity of various organisms was followed.
The introduction into the environment of chemicals, both naturally occur·
ring and man-made xenobiotics, causes changes in the various ecosystems.
These can be beneficial or harmful. For millions of years, nature adapted to
various natural organic products, but only in the last 30 years have numerous
man-made organic compounds been used in the environment. Therefore, it is a
recent task to investigate how nature or the environment can cope with the
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newly synthesized chemicals. It is obvious that chemical and physical factors
influence the fate of xenobiotics, but most of the degradative activities are
initiated by microorganisms. Furthermore, it is merely academic whether microbes are infallible in transforming a chemical, but it is an urgent environmental problem to determine the time span of recalcitrance and the chemical
transformations that take place. A long resistance time of a chemical can result in its accumulation to toxic levels for different organisms. Furthermore, microbial metabolic processes can create new chemicals with undesirable
or harmful effects. Metabolic changes of xenobiotic compounds in soil, freshwater, estuarine or marine environments appear to be caused primarily by bacteria, actinomycetes and fungi. However, there are considerable differences
in the composition of the microbial populations in the various ecosystems and,
consequently, different transformation reactions can be expected.
If a xenobiotic compound is exposed to a microbial species there are several possibilities for its transformation or inactivation:
(a) the compourid
can serve as a substrate for growth and energy; (b) xenobiotic compounds can
undergo cometabolism, i.e., microbes transform it but cannot derive energy for
growth from it; (c) a xenobiotic molecule or an intermediate of it can be conjugated or polymerized with naturally occurring compounds; and (d) the xenobiotic is incorporated and accumulates within an organism.
The complete microbial degradation of an organic molecule to its inorganic components is desirable if one is interested in avoiding the persistence of a potentially hazardous compound in the environment. If a xenobiotic can be used in such a way, it is metabolized and fragmented to compounds that can be channeled into known oxidative cycles; thus, the organism
can derive all the necessary energy. The phenomenon of complete biodegradation can occur often in nature, and it can be anticipated that usually several
microbial species participate in the metabolic transformations.
Cometabolism, the transformation of a chemical by a microbe without deriving energy to support its growth, has been observed and studied only in recent years. From an environmental viewpoint, the phenomenon of cometabolism
of xenobiotics has to be considered carefully, since this reaction generally
do~s not result in extensive degradation of a molecule.
C9nsequently, it is
difficult to foresee if such a product reduces or increases toxic effects in
the environment.
Higher organisms use conjugation systems to convert xenobiotics into an
excretable form. Such a mechanism is usually not of importance for microbial
metabolism, but microbes possess enzymes which cause such reactions. Examples
can be found in soil or sediments where oxidative coupling enzymes can combine
xenobiotic compounds, such as halogenated phenols or anilines, with humus compounds.
In many instances it was shown that xenobiotic compounds are incorporated
into microorganisms by an active or passive accumulation mechanism. Not only
live bacterial cells but also autoclaved ones show a similar uptake. This appears to indicate that a natural metabolic factor is not always involved in
the accumulation process. Since aquatic microorganisms and plankton in freshwater and marine environments are an important nutrient source for a broad
20

spe~trum

of aquatic filter-feeding organisms, their accumulation of xenobiotic
chemicals can constitute a hazardous link in the food chain to fish and higher
vertebrates. Therefore, the findings of extensive biomagnification by these
organisms has to provoke considerable concern.
In the study of drug metabolism, most compounds are metabolized in higher
organisms by non-specific enzymes that catalyze relatively few general reactions. Similar findings have also been made for microorganisms. One can assume that the important enzymatic reactions taking place have been described,
and, consequently, it appears possible to anticipate the biotransformation of
a certain chemical molecule. Although the aforementioned is true, many transformation mechanisms exist, and the tremendous variation of organisms with
different enzyme systems can result in formation of numerous different products. Even a similar kind of mechanism can produce slightly different chemical products which themselves may require different transformation reactions.
Some products may be easily degradable while others may be quite resistant to
biological attack.
From these general remarks it can be concluded that it is a very complex
problem to establish the metabolic fate of a certain xenobiotic substance.
The major metabolic pathways of a compound have to be elaborated, but one must
always be aware that specific circumstances can cause a deviation from such a
pathway. Under various conditions or in different ecosystems a chemical can
be transformed differently and the resulting product can vary considerably.
However, knowledge of enzymatic reactions in the metabolism of chemicals, or
their identified intermediates, should contribute to understanding transformation possibilities. Essentially, the biochemical processes have been investigated in model systems using isolated microbial cultures or enzyme systems. This appears, with presently available techniques, to be the only
feasible approach, and is a prerequisite for establishing and predicting the
possibility of microbial xenobiotic transformations in a natural environment.
To illustrate this concept, a study with the insecticide carbaryl (1naphthyl-N-methylcarbamate), in which the metabolic activity of various organisms was followed, was performed in our laboratory. Carbaryl was selected as
a pesticide since it is the most used carbamate insecticide in the United
States, being registered for use in controlling more than 160 different insect
pests and on 85 different food and fiber crops. Carbaryl was first synthesized in 1953 and introduced as a commercial insecticide in 1958, but did not
receive widespread attention until it was recommended as a safe substitute for
DDT. Although carbaryl is a relatively simple organic molecule, its metabolism is very complex and there is still much to be learned about the biochemistry of this compound (9). Chemical degradation of carbaryl by hydrolysis occurs with relative ease (especially in alkaline media) and it was first
assumed that the predominant metabolic pathway of carbaryl is hydrolysis of
the carbamate ester linkage.
It was possible to isolate several microorganisms capable of hydrolyzing
carbaryl to 1-naphthol (1). In these studies it became evident that 1-naphthol
is a more toxic compound to microorganisms that the original pesticide. This
observation was confirmed with other organisms and, therefore, we concentrated
our later studies on the metabolic fate of 1-naphthol. The existence of a
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non-hydrolytic pathway was first found with mammals, plants and insects (8),
but studies with the soil fungus Gliocladium roseum also showed the formation
of 4-hydroxy-1-naphthyl- and 5-hydroxy-1-naphthyl-N-methylcarbamate (10). Hydroxylation of the side chain also occurred and yielded 1-naphthyl-N-hydroxy
methylcarbamate. The ability to hydroxylate carbaryl at different positions
occurred with several other soil fungi, but the products differed qualitatively as well as quantitatively with the various fungi (2). The metabolism
of xenobiotic compounds is often initiated by hydroxylation, but these results
show that it is difficult to predict which exact molecular change, in this
case hydroxylation, can be expected by a specific microbe. Each group of organisms, even various strains of one genus, can alter a certain molecule differently. For instance, Aspergillus terreus caused the formation of 1-naphthylN-hydroxymethylcarbamate as the major metabolic product while A. flavus had a
stronger tendency to hydroxylate carbaryl in the ring position (Table 1).
TABLE 1. SIDE-CHAIN- AND RING-HYDROXYLATION OF CARBARYL
(METHYL 14 C-LABELED) BY VARIOUS SOIL FUNGI
1-Naphthyl
N-hydroxymethylcarbamate

4-Hydroxy1-naphthyl
methylcarbamate

5-Hydroxy1-naphthyl
methylcarbamate

4352*

126

228

0

0

0

Aspergillus terreus

4854

59

262

Gliocladium rose um

829

254

408

Mucor racemosus

134

1275

834

65

406

666

266

3342

1003

Fungus
Aspergillus flavus
Aspergillus fumigatus

Mucor sp.
Penicillium sp.

*Amounts of radioactivity (d.p.m.) detected.

It is obvious to assume that the subsequent metabolic transformation of
various hydroxylated products will differ considerably. Further microbial alterations of the ring-hydroxylated carbaryl was not followed, but we investigated the metabolic transformation of 1-naphthyl-N-hydroxymethyl carbamate by
Aspergillus terreus (11). 1-Naphthyl-carbamate was established as the next
intermediate and subsequently 1-naphthol was formed (Fig. 1).
As previously outlined, 1-naphthol appears to be the major intermediate
in the degradation of carbaryl, and therefore we studied the bacterial and
fungal metabolism of this compound. Several bacteria isolated from river
water were ca~able of degrading 1-naphthol (3). After 60 h of incubation with
l-naphthol-1- 4 C, it was possible to trap 44% as c 14 o2 , and 22% was recovered
in the bacteria (Table 2). The release of c 14 -labeled C02 clearly indicated
that complete biodegradation of the chemical had taken place. In addition, it
was found that 15-20% of radioactivity from 1-naphthol remained in the growth
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Metabolic transformation of the insecticide carbaryl (1-naphthyl-N-methylcarbamate) by
various microorganisms.

medium, apparently without further change. This suggests that at least two
different pathways are involved in degradation of 1-naphthol by the investigated bacteria. The radioactivity remaining in the growth medium was partitioned by ether extraction into an organic and an aqueous phase at a ratio of
35 to 65%, respectively. The ether extract was analyzed by thin-layer chromatography, but no attempt was made to characterize or identify the composition
of the aqueous phase. After 48 h or incubation no further change of the
formed metabolites occurred, and the dominant product was isolated and identified as 4-hydroxy-1-tetralone (Fig. 1). This product suggests that one alternate pathway involves hydroxylation of the naphthyl ring in the 4 position,
and conversion of an aromatic ring to an aliphatic cyclic compound. The existence of such an apparent shunt pathway has been confirmed by Walker and coworkers (13).
TABLE 2. DISTRIBUTION OF RADIOACTIVITY ( %) AFTER 60 HOURS OF
INCUBATION OF A BACTERIUM IN THE GROWTH MEDIUM
CONTAINING 20 ppm OF l-NAPHTHOL-l- 14 c

Bacterium
Non-inoculated
control

Aqueous
phase

Trapped
14
COz

In
bacteria

Total
recovery

5. 5%

11. 0%

43. 5%

22.0%

82.0%

97.5%

3.0%

0.0%

Growth
medium

Ether
phase

16. 5%
100.0%

100.5%

Knowledge related to transformation of 1-naphthol by fungi is even more
sparse than bacterial naphthol metabolism. In experiments with various Rhizoctonia species it was found that the fungi were able to transform 1-naphthol
from an ether-extractable to a water-soluble product (4) • It was also observed that the growth medium, after removal of the fungal cells, possessed
the ability to transform 1-naphthol, indicating activity of an extracellular
enzyme. Attempts to analyze the radio-labeled material in the aqueous phase
gave indications that the radioactivity was associated with a relatively highmolecular weight compound. Therefore, the mixture of a culture filtrate which
had been incubated with C 14 -labeled naphthol was analyzed on a column of Sephadex G-75, and most of the radioactivity was recovered in the first fraction
which coincided with the distribution of protein.
In a different experiment the protein fraction of the culture filtrate
from Rhizoctonia praticola was chromatographed on a column of Sephadex G-200
and fractions obtained that were able to transform 1-naphthol as a substrate
(12). The benzene extract of the reaction mixture from such an assay was subjected to mass spectrometric analysis, and major m/e peaks at 144, 286, 428,
570, and 712 were observed. A hypothetical model presenting 1-naphthol polymerization is shown in Figure 2. The compound has a mass of 144 and the detected peaks represent oligomers of the substrate. In subsequent experiments
it was possible to separate the individual compounds (2 dimers, 1 trimer and 1
tetramer) by thin-layer chromatography and to establish that they are not
fragment ions from higher molecular weight polymers. The extracellular enzyme
responsible for the polymerizing activity was isolated, and according to its
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characteristics it was identified as a laccase
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Scheme for polymerization products of 1-naphthol
formed by a fungal laccase.

In nature, biological oxidation and coupling of phenols are key reactions
that result in formation of products such as lignins, melanins, tannins, alkaloids, and especially humus compounds (7). Therefore, it is not surprising
that enzymes capable of these reactions also interact with xenobiotic phenols
and it can be assumed that they are incorporated into soil organic matter or
sediments in aquatic envirorunents.
The phenol oxidase isolated from the fungus Rhizoctonia praticola was
also capable of polymerizing other phenolic and naphtholic compounds (Table 3) .
It could also be shown that the ring-hydroxylated carbaryl metabolites were
oxidatively coupled by the fungal enzyme (5). It appeared that these compounds were hydrolyzed to the free naphthol prior to the coupling reaction.
The mass spectra of these products indicated that the observed dimers or trimers had undergone further oxidation or dehydration corresponding to loss of
H2 or water (Table 4) .
Figure l sununarizes the various metabolic transformations which
served in our laboratory with carbaryl. The scheme does not include
transformations of carbaryl by microorganisms, but it indicates that
bolic fate of a certain xenobiotic presents a very complex problem.
to establish all the possible transformation reactions of a chemical
to foresee the possible formation of potentially hazardous compounds
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The isolation and identification of xenobiotic products from natural environments is a very difficult undertaking, but the knowledge acquired from individual metabolic studies can help immensely in this task. Studies with isolated microorganisms and enzymes are essential and can contribute basic information for determining the fate of a xenobiotic compound in nature.

TABLE 3. FORMATION OF POLYMERIZED PRODUCTS FROM PHENOLIC
COMPOUNDS AFTER INCUBATION WITH AN EXTRACELLULAR ENZYME
FROM Rhizoctonia praticola
Enzymatic products as
detected by mass spectrometry

Phenolic compound
Dimer,
Dimer,
Dimer
Dimer
Dimer,
Dimer,
Dimer
Dimer
Dimer,
Dimer,
Dimer,
Dimer,

Phenol
o-Methoxyphenol
p-Methylphenol
2,6-Dimethoxyphenol
2-Chlorophenol
4-Chlorophenol
2,4-Dichlorophenol
4-Bromo-2-chlorophenol
4-Chloro-2-methylphenol
1-Naphthol
2-Naphthol
4-Chloro-1-naphthol

TABLE 4.

trimer, tetramer
trimer

trimer, tetramer
trimer, tetramer

trimer,
trimer,
trimer,
trimer,

tetramer, pentamer, hexamer
tetramer, pen tamer
tetramer
tetramer

OLIGOMER FORMATION OF CARBARYL METABOLITES
Monomer

Dimer

1-Naphthol

144

286*
284

4-Hydroxy-Nmethylcarbamate**
1,4-Naphthalene diol

160

314

5-Hydroxy-Nmethylcarbamate**
1,5-Naphthalene diol

160

300 (-H20)

Trimer
428*
472 (-2H2)
456 (-H2 ;H20)

*Isolated by TLC.
**Hydrolysis to free naphthol during oligomerization.
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Tetramer
570*

Pentamer
712
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ABSTRACT
The role of fungi and bacteria in accomplishing the
biodegradation of organic compounds is stressed by considering the variety of reactions which these microorganisms can employ to initiate attack on different classes
of organic molecules. Reference is made to the value of
this type of information, obtained by pure culture
studies, in understanding the chemical events which may
occur in natural environments, yet at the same time serving only to suggest possibilities rather than to predict
specific fates. Among the various classes of compounds
considered are linear, branched and cyclic hydrocarbons,
aromatic acids, and selected heterocycles. Mechanisms
used for the enzyrnic modification and displacement of
different substituents such as sulfonic acids, nitro,
alkoxyl, and halide groups are also discussed. Finally,
mention is made of the difficulties of assessing which
of various degradative reactions may occur with a given
substrate by reference to unexpected oxygen-incorporating
reactions, alternative degradative routes for the same
compounds found in different microbial groups, and the
influence which environments can exert on the strategies
available for microbial attack.
Bacteria and fungi are the principal agents which accomplish the biodegradation of organic compounds, an important process in the carbon cycle returning carbon to the mineral state for its use in synthesis. Our knowledge
of the mechanisms employed by these microorganisms for the dissimilation of
different organic compounds derives largely from studies of pure cultures able
to grow at the expense of a selected substrate usually at high concentrations
and with other conditions optimized principally for the convenience of the investigator. Through such studies mechanisms of degradation have been defined
by the characterization of intermediates and enzymes which comprise the overall degradative pathways. In many instances, extensive studies of individual
enzymes have revealed the precise details of the mechanisms of the reactions
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catalyzed. In this account the overall strategies of microbial degradation as
revealed by the pathways employed will be emphasized. It might be argued that
investigations which yield this information are conducted under conditions
which bear little relationship to conditions prev~iling in the environment by
failure to recognize, for example, that biodegradation occurs naturally in microbial communities at low substrate concentrations. However, it should be
pointed out that the objectives of much of this work are frequently biochemical and microbiological, not environmental. Insofar as they reveal the biochemical mechanisms by which different classes of organic compounds are degraded and identify the reactions characteristic of different groups of microorganisms, they provide a valuable basis of information from which to suggest
the fates of various environmental pollutants. Only from knowledge of the
role of individual microbial species in degrading single organic substrates
can one begin to explain the complex relationships which are involved when microbial communities accomplish biodegradation of multiple substrates.
Our understanding of the processes by which microorganisms acquire the
ability to degrade novel compounds depends in large part on a background of
information about mechanisms of biodegradation. Acclimation, a term used to
describe the lag periods during which organisms in water treatment plants
gradually "learn" how to degrade some novel chemical, is a phenomenon familiar
to roost civil engineers. One explanation of this phenomenon is that particular organisms are evolving new degradative abilities. Microortanisros able to
utilize organic compounds for growth do so by converting a portion of that coropound' s structure into compounds which are central to the processes of intermediary metabolism before synthesis of cell constituents can occur. Sufficient energy for synthesis is derived by complete oxidation of the remainder
to carbon dioxide and water. For utilization of compounds such as sugars,
fatty acids, and amino acids, relatively short pathways of degradation are involved since these compounds bear close structural similarity to intermediary
metabolites and are readily converted to such products by enzyme-catalyzed reactions of the type readily found in a standard biochemistry text. Reactions
such as retroaldol cleavage, thiolytic cleavage of B-ketoacyl thio-esters and
oxidative decarboxylation of a-keto acids are employed to cleave the carboncarbon bonds of these substrates just as these reactions are characteristic of
the metabolism of the same classes of compounds normally present inside the
cell. The structures of many other types of compounds such as the natural
products of plant biosynthesis are not immediately suitable substrates for reactions of this type and often require extensive structural modification before they can enter central metabolic schemes. Much interesting biochemistry
has been discovered from studies of these so-called "peripheral pathways" by
which these types of compounds are degraded because appropriate alterations of
their structures may involve reactions very different from those of central
metabolism. Microorganisms capable of elaborating the necessary enzymes for
such sequences are numerous and widespread as seen by their ready isolation
from soil and water by selective enrichment procedures. Many such organisms
are versatile in this respect, having the ability to utilize many different
organic compounds for growth. Others may be unable to derive carbon or energy
for growth from a given compound yet may modify its structure, for example, by
hydroxylation.
A recent compilation of different microbial transformations of cyclic compounds illustrates the wide array of reactions of which microorganisms are
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capable (90). Clearly such organisms have acquired the ability to act on natural products and have had a considerable period of time to evolve the necessary enzymes. For those novel chemicals more recently introduced into the environment, and sometimes referred to as xenobiotics, microorganisms have had
much shorter periods of time to acquire degradative enzymes. Nevertheless, it
is possible to isolate bacteria able to grow with such compounds as the herbicide 2,4-dichlorophenoxyacetic acid, first introduced as an agricultural chemical in about 1945. Evidently the requisite enzymes have been acquired by these
bacteria and, according to current views (71), enzymes possessing the appropriate mechanisms have been recruited from pre-existing degradative pathways.
Whether these enzymes were previously encoded by the genes of the evolved
strain or acquired by an exchange of genetic material their effective functioning in a new setting requires alterations in their specificity, and in the
regulatory mechanisms which control their synthesis. As more is learned about
how these processes can occur, directed evolution in the laboratory of strains
better equipped to degrade specific pollutants becomes a realistic possibility.
Attempts to construct such strains will depend on an adequate knowledge of the
degradative pathways available in different microorganisms, of the specificities of participating enzymes, and of the mechanisms which regulate enzyme
synthesis.
The following is an attempt to identify some of the distinctive features
associated with the microbial degradation of different classes of organic compounds and to describe the general nature of certain types of reactions used
to effect their catabolism to common intermediary metabolites.
I.

ALIPHATIC HYDROCARBONS

The most commonly encountered mechanism employed by bacteria, yeasts and
fungi for initiating attack on n-alkanes which serve as growth substrates is
terminal methyl hydroxylation. For the simplest member of the series, methane, cell-free preparations have been obtained from methylotrophic bacteria
which form methanol (27, 129).
For the longer chain hydrocarbons, two different hydroxylating systems have been described, one from species of Pseudomonas
which involves three different proteins for activity (118). The other from a
species of Corynebacterium grown with n-octane differs in that cytochrome P 450
appears to be involved in one of the two fractions required for activity (15) .
The primary alcohols which result from their action (Fig. lA) are oxidized via
the corresponding aldehydes to fatty acids which can undergo B-oxidation as
their coenzyme A thioesters. In some instances, diterminal oxidation can occur to give dicarboxylic acids, apparently by w-oxidation of fatty acids (96).
It has been suggested that 1-alkenes may be intermediates in the process of
hydroxylation and the principal evidence for their participation is from anaerobic experiments with a denitrifying organism, Pseudomonas aeruginosa (26).
A recent report has provided evidence that a Pseudomonas growing anaerobically
with n-decane and nitrate as electron acceptor forms 1-decene as an intermediate en route to 1-decanol (114). There are conflicting opinions, however,
about the role of 1-alkenes in the aerobic formation of primary alcohols. They
can be excluded as intermediates in the hydroxylation of n-alkenes by the hydroxylating systems from Pseudomonas and Corynebacterium since th~ir action on
1-alkenes leads only to the formation of epoxides (107, 84). On the other
hand, evidence for 1-alkene formation from alkanes has also been reported by
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other groups working with Nocardia species (148), Candida rugosa (80), and
with Candida tropicalis (101) suggesting the possibility of an alternative,
possibly anaerobic, route.
Mechanisms of n-alkane oxidation other than by terminal methyl hydroxylation have been described. A number of organisms are known to form methylketones from alkanes and further metabolism occurs via a Baeyer-Villiger type
reaction to give the acetate ester of the alcohol having one carbon less than
the substrate (105) (Fig. lA). The properties of an ester-forming monooxygenase have been described recently (15) • Hydrolysis then furnishes the primary
alcohol for conversion to a fatty acid and B-oxidation. While formation of
ketones is frequently shown as proceeding via the corresponding secondary alcohols, these compounds could be formed readily by ketone reduction rather
than by direct hydroxylation of the subterminal methylene group. In the
eucaryotic yeasts formation of 1,2-diols from 1-alkenes is logically accounted
for by hydration of epoxide intermediates (139) . Degradation of the diols in
these and other organisms can proceed by oxidation to 2-hydroxy acids, followed by oxidative decarboxylation to give fatty acids one carbon shorter than
the parent hydrocarbon (92) •
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A. Pathways of n-alkane degradation in bacteria and yeasts involving (i) terminal methyl hydroxylation, ii) subterminal oxidation
to form a methylketone and an acetate ester, iii) formation of
1-alkene and its conversion to a 1,2 dial.
B. Pristane catabolism by a Brevibacterium sp. to give mono- and
dicarboxylic acids.
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Both mono- and diterminal hydroxylation are found as initial reactions in
the degradation of branched alkanes such as 2-methylundecane and the diterpenederived, pristane (2,6,10,14-tetramethylpentadecane), by Brevibacterium erythrogenes (120) as shown by the series of mono- and dicarboxylic acids isolated
from culture medium. Their structures also reveal that S-oxidation has occurred, removing alternately acetate and propionate residues (Fig. lB). McKenna and Kallio reached similar conclusions working with strains of Mycobacteria (109) . Evidently the presence of alpha-methyl substituents in fatty
acids does not preclude the same general mechanism of S-oxidation established
for unsubstituted mono- and dicarboxylic acids (22, 73). By contrast, the
presence of methyl substituents beta to the carboxyl group of acids such as
geranoic and citronellic acids does impede S-oxidation as can be seen from a
consideration of the route employed by a species of Pseudomonas for degradation
of the monoterpenes, geraniol and citronellol (132) (Fig. 2A). A modification
of the S-oxidation route involves an ATP-dependent carboxylation of the Smethyl aS-unsaturated fatty acid as its coenzyme A thioester before hydration.
This is, in effect, a vinylogous S-carboxylation as distinct from S-carboxylation and is directly analogous to the reaction used in the bacterial degradation of leucine where S-methylcrotonyl CoA is carboxylated (106). The reactions are catalyzed by different enzymes, however (70). After hydration, a
substrate for a retroaldol cleavage is formed and its cleavage releases acetic
acid, in effect replacing the methyl substituent with a carbonyl group and
thereby forming a substrate for a cycle of conventional S-oxidation until another S-methylsubstituted acyl CoA is formed (131). A recent review (119)
summarizes these and related topics.
With alkanes possessing a high degree of methyl substitution, as for example where quaternary carbon atoms are present in a terminal neopentyl group,
available evidence suggests that incomplete degradation occurs. For example,
when an Achromobacter grows with 2,2-dimethylheptane attack is initiated at
the linear terminus and pivalic acid (2,2-dimethylpropionic acid) accumulates
(18) . Similar findings were reported by the same group for degradation of
tert-butylbenzene. Here initial degradation of the aromatic ring leads to the
formation of pivalic acid. These patterns of attack at other sites may represent the only available routes for the degradation of compounds containing the
neopentyl group possibly because the degree of steric hindrance imposed by the
presence of a cluster of three methyl groups prevents terminal methyl hydroxylation. McKenna had shown earlier that organisms capable of growth with nhexadecane could not utilize alkanes possessing diterminal neopentyl groups
(108). Somewhat different considerations apply to those alkanes possessing
gem-dimethyl substituents forming quaternary carbon atoms at internal regions
of the chain (e.g., 4,4-dimethylheptane), where it can be predicted that although limited degradation can occur from one terminus, a point will be reached
where S-oxidation is prevented by dimethyl substitution because aS-dehydrogenation cannot occur. Such is true for certain methyl-substituted fatty acids
(66). In this regard it is of interest that gem-dimethyl compounds such as
pantothenic acid (103) and 2,2-dimethylsuccinic acid (135) are readily biodegradable, suggesting that diterminal attack may be an obligatory process for
complete degradation of this class of alkanes. The problems of biodegradation
of compounds in the envirorunent containing branched alkane functions can best
be illustrated by reference to the present use of linear alkylbenzene sulfonates (LAS) detergents in place of the alkylbenzene sulfonates used prior to
1965. This latter group, manufactured using tetrapropylene, contained a
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significant proportion of compounds having extensive branching in their alkyl
sidechains which persisted in the environment causing widespread foam on natural bodies of· water. DoUbtless the presence in th.e alkyl sidechains of these
detergents of neopentyl and gem-dimethyl groups limited their biodegradation
for the reasons outlined above providing a rational explanation for their environmental persistence. It must not be assumed, however, that all compounds
possessing this type of alkyl branching are similarly persistent. This is
manifestly not so as can be shown by noting that the bicyclic monoterpene,
camphor, which possesses two quaternary carbon atoms, is a growth substrate
for a number of microorganisms (63). Care must be exercised, therefore, to
avoid drawing generalized, untenable conclusions about the resistance to biodegradation of a particular structure (77) without reference to the entire
molecule in which it is present and to the biodegradation mechanisms available
for that class of compounds.
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A. Pathway of geranoic acid catabolism by Pseudomonas citronellolis
involving ATP-dependent carboxylation and cleavage of acetate.
B. Squalene degradation by an Arthrobacter sp. showing how cleavage
of internal double bonds can form geranylacetone.

In situations where a hydrocarbon is both branched and possesses a number
of double bonds, as with the naturally occurring triterpene, squalene, a different type of attack can occur as shown by studies with a strain of Arthrobac·
ter able to utilize this compound (155) . In place of terminal hydroxylation
(or any other of the degradative routes for n-alkanes mentioned earlier) this
compound undergoes cleavage at its internal double bonds to generate two molecules of geranyl-acetone as shown by isolation of this product from cultures
(Fig. 2B). This cleavage is reminiscent of what is apparently a dioxygenase33

catalyzed cleavage of 6-carotene to vitamin A aldehyde observed with rat liver
and intestinal enzymes (61, 112). Other compounds recovered from the Arthrobacter cultures included isovaleric, geranoic, citronellic and 6,6-dimethylacrylic acids.
The latter conversions while still obscure appear relevant only to that
class of hydrocarbons which possesses internal olefinic groups, possibly limited, therefore, to those compounds formed by the pathways of terpene biosynthesis. There is evidence, however, that in some instances double bonds may
be introduced at internal positions in n-alkanes as shown by the formation of
a family of octadecene isomers by a species of Nocardia (1).

II.

ALICYCLIC HYDROCARBONS AND RELATED COMPOUNDS

To illustrate some of the alternative reaction mechanisms employed by bacteria for the conversion of alicyclic compounds to aliphatic structures reference will be made initially to such simple compounds as cyclohexane and cyclohexane carboxylic acid. The degradative mechanisms known to be used for such
compounds include the oxidative conversion of cyclic ketones to lactones followed by hydrolysis, the formation of 1,3-diketones and 8-ketoacyl coenzyme A
derivatives for hydrolytic or thiolytic attack, respectively, and the aromatization of 6-membered alicyclic rings before ring cleavage by dioxygenases
characteristic of aromatic catabolism. This topic has recently been reviewed
at length by Perry (115) and for more complete discussion of this subject the
reader should consult this source.
The isolation of a biotin-requiring Nocardia strain able to use both cyclohexane and methylcyclohexane was reported recently (140) and represents one
of the first accounts of the complete degradation of an alicyclic hydrocarbon
by pure bacterial cultures. The pathway proposed for its degradation possesses
features previously shown to apply in the bacterial dissimilation of cyclohexanol and related alicyclic alcohols by Trudgill and colleagues (39, 62).
This is not surprising since cyclohexanol is apparently the first formed intermediate. Of particular note is the formation of cyclohexanone and its conversion to a seven-membered lactone, E-caprolactone, by a monooxygenase, similar to that purified by Trudgill et al. (38) (Fig. 3). After hydrolytic ring
opening of the lactone the product, E-hydroxycaproic acid, is converted by
successive dehydrogenase reactions to adipic acid, ultimately to enter the
pool of intermediary metabolites via the pathways used for dicarboxylic acid
catabolism (22, 73). Mono-oxygenase reactions leading to the formation of
lactones from cyclic ketones appear to be frequently encountered in this area
of metabolism as a means of accomplishing ring opening as can be seen from
their involvement in the catabolism of cyclopentanol (62), camphor (12), and
in the transformations of fenchone (23), progesterone and 17-a-hydroxyprogesterone (51, 117), testosterone (122) and eburicoic acid (100). Such reactions
are the biological counterpart of a chemical reaction, the Baeyer-Villiger reaction already referred to in the previous section in connection with methylketone catabolism.
While pure cultures of cyclohexane-utilizing organisms obviously can be
isolated (with due attention paid to growth-factor requirements), there is
evidence from both laboratory and field studies that degradation of cyclo34

hexane may occur more widely through the agency of microbial communities also
provided with with other hydrocarbons. Thus, one organism utilizing a second
hydrocarbon provides the ability to hydroxylate cyclohexane to cyclohexanol,
the further metabolism of which is assumed by other organisms (8) •
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Pathways of bacterial degradation of alicyclic compounds. i) cyclohexane conversion via cyclohexanone and E-caprolactone to E-hydroxycaproic acid, ii) cyclohexane carboxylic acid conversion to cyclohexanol-2-carboxylic acid and pimelic acid, probably as coenzyme A
thioesters, iii) cyclohexane carboxylic acid aromatization to 4hydroxybenzoic acid before ring cleavage of protocatechuic acid,
iv) aromatization of ring A of 9a-hydroxy-3,17-androstadienedione
by aldol cleavage of ring B.

Not shown in Figure 3 is an alternative hydrolytic mechanism of alicyclic
ring cleavage which involves hydrolysis of a cyclic 8-diketone. By a suitable
substitution reaction a hydroxyl group is introduced into the camphor molecule
by a soil diphtheroid (now recognized as a strain of Mycobacterium rhodochrous)
to generate a carbonyl group beta to that already present, thereby permitting
hydrolysis of the six-membered ring system (24). A 1,3-diketone is also implicated. in the catabolism of myo-inositol by Klebsiella species formed apparently
by dehydrogenation and dehydration reactions allowing hydrolysis of the sixmembered ring to give 2-deoxy-5-keto-D-gluconic acid (2) before phosphorylation and aldolase cleavage (3).
For cyclohexane carboxylic acid degradation a related mechanism is employed by a number of bacteria which involves a hydrolytic (or possibly thiolytic) cleavage of a 8-keto acyl derivative of coenzyme A. This and the
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reactions leading to this point are formally those of S-oxidation where the
cyclic structure can be viewed as an S-alkyl substituted fatty acid (Fig. 3).
This initial formation of a coenzyme A thioester allows aS-dehydrogenation,
hydration and dehydrogenation of the resultant cyclohexanol-2-carboxylic acid
derivative to the corresponding ketone. Ring opening then yields pimelic acid
as its coenzyme A derivative, for further degradation by S-oxidation or decarboxylation gives cyclohexanone and adipic acid by the sequence outlined earlier (126) . Work in this laboratory (Chatterjee and Chapman, unpublished results) suggests that it is the trans form of cyclohexanol-2-carboxylic acid
which is involved in this pathway in a strain of Mycobacterium rhodochrous.
It should be pointed out that this sequence of reactions may represent a more
general one for the degradation of the related cyclopentane- and cycloheptanecarboxylic acids since these are usually found to serve as carbon sources
(either immediately or after a spontaneous mutation) by organisms utilizing
cyclohexane-carboxylic acid by the above route (Chapman, unpublished observations; 142). Cyclobutane- and cyclopropane-carboxylic acid are not utilized,
however; the bacterial catabolism of the latter compound is a topic to be discussed in another communication in this workshop.
Another route for cyclohexane carboxylic acid degradation studied by
three research groups, those of Blakley (10), Kaneda (85) and Trudgill (142),
illustrates how aromatization of a six-membered alicyclic ring can occur
(Fig. 3). This route therefore cannot be a useful one for degradation of
five- or seven-membered ring-containing carboxylic acids. Initial trans hydroxylation at C4 followed by dehydrogenation yields cyclohexanone-4-carboxylic
acid and this can be converted to 4-hydroxybenzoate by dehydrogenation reactions. Thereafter, the pathway is that characterized for bacteria utilizing
4-hydroxybenzoate (see next section) , namely 3-hydroxylation to protocatechuic
acid and either ortho cleavage by the organisms studied by Blakley and Kaneda
or meta-cleavage in that studied by Trudgill and in one organism described by
Smith and Callely (134).
The last scheme in Figure 3 shows an aromatization step which occurs when
9a-hydroxyandrostadienedione, an intermediate in steroid degradation, is acted
on by strains of Nocardia and Pseudomonas. In fact, the aromatization occurs
as a result of a cleavage of the alicyclic ring B accomplished by another type
of ring opening mechanism, an aldolase reaction, the substrate in this case
being a vinyl-interrupted aldol (37). The phenol so formed is subsequently
hydroxylated to a 3,4-diphenol before its ring is cleaved by a dioxygenase
(59) .

III.

BENZENOID COMPOUNDS

In the previous section it was noted that microbial degradation of certain six-membered alicyclic rings may occur by conversion to benzenoid ring
systems. One of the most distinctive features of the reaction sequences used
by aerobic microorganisms for catabolism of benzenoid compounds is the utilization bf molecular oxygen as a cosubstrate in the cleavage of such rings.
For cleavage to occur generally two hydroxyl groups must be present in either
an ortho or a para substitution pattern and for all examples studied this far
both atoms of molecular oxygen undergo incorporation into product (68) - Such
reactions are catalyzed by enzymes known as dioxygenases. Examples of para36

substituted diphenols known to be cleaved by enzymes of this type include hydroquinol (99), gentisic (29) and homogentisic acids (21). The sequences of
reactions which are initiated by such cleavages, while often mechanistically
similar, are generally accomplished by specific enzymes. For ortho-substituted
diphenols two types of ring cleavage dioxygenases are known. The first group,
so-called ortho or intra-dial-cleaving dioxygenases, catalyze cleavage of the
bond between carbon atoms carrying the hydroxyl substituents. For catechol and
protocatechuic acid (3,4-dihydroxybenzoic acid) ortho cleavage reactions initiate parallel reaction sequences which converge on a common intermediate, 8ketoadipate enol lactone, and both routes involve lactonization and isomerization steps (Fig. 4). An alternative type of cleavage of 1,2-diphenols (often
referred to as meta- or extradiol-cleavage, terms which seldom define the precise bond cleaved) is that encountered when the bond adjacent to only one of
the hydroxyl groups is ruptured. A wide variety of dioxygenase enzymes catalyzing such reactions has been described and includes those which have as substrates, catechol, 2,3-dihydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 3,4dihydroxyphenylacetic acid, 2,3-dihydroxy-8-phenyl propionic acid, 1,2-dihydroxynaphthalene and others (19). For catechol and its 3- and 4-methyl homologues the reaction sequences initiated by these enzymes are very similar and
may even be catalyzed by single enzymes at least at certain steps (6, 127).
The similarity of these reactions prompted an early recognition of their function in terms of a general reaction sequence (32). It can be seen from Figure
5 that generation of 2-keto-4-alkenoic acids either by hydrolysis of ring fission products or by dehydrogenation and decarboxylation of the aldehydecontaining products, allows generation of aldols by hydration and their subsequent cleavage by aldolase reactions. It does not appear to be widely appreciated that the general mechanistic features of both the dehydrogenase and
hydrolase routes of this scheme are also found to apply in a number of other
reaction sequences initiated by meta-cleaving dioxygenases as for example in
the bacterial catabolism of homoprotocatechuic acid (136) and of biphenyl (17).
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The convergent pathways of ortho-fission of catechol and protocatechuic acid leading to 8-ketoadipate formation.
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Oxidative and hydrolytic routes which follow meta-fission of catechol. The methyl groups in parentheses indicate the principal
routes used for 3-methyl- and 4-methylcatechol degradation.

In order to generate suitable substrates for these ring-cleaving dioxygenases, it is frequently necessary for organisms to alter or remove certain
substituents and to insert hydroxyl groups in appropriate positions. When
these are introduced singly, as usually occurs when an aromatic compound already possesses at least one hydroxyl group, the oxygen for such reactions
again derives from molecular oxygen and reactions catalyzed by monooxygenases
bring about the introduction of one atom of oxygen into substrate with the
other atom undergoing reduction to water. Many enzymes of this type are flavoproteins or require a flavin coenzyme (46). For aromatic compounds not possessing phenolic hydroxyl substituents, hydroxyl groups may be introduced
singly, as for example the conversion of L-phenylalanine to L-tyrosine (64) or,
as appearsmoreusually the case for aroma~ic hydrocarbons, two hydroxyl substituents can be introduced by a dioxygenase-initiated mechanism (Fig. 6)
which involves the intermediacy of cis-dihydrodiols (56) . Reactions of this
latter type have been described in different bacteria which utilize the aromatic hydrocarbons, benzene, toluene, ethylbenzene, biphenyl and naphthalene,
for growth. A similar dioxygenation of benzoic across the c 1 -c 2 bond has been
shown to operate when Alcaligenes eutrophus (125) and other bacteria (124)
utilize this substrate for growth; similar dioxygenation mechanisms are thought
to function in the degradation of benzene sulfonic acid and various of its
alkyl-substituted homologues (14), naphthalene-2-sulfonic acid (93), and aniline (4). By this means dioxygen addition can generate unstable intermediates
which lose the sulfonic acid substituent as sulfite, the aromatic amine group
as ammonia or facilitate loss of carboxyl as carbon dioxide.
With the knowledge that bacteria usually degrade aromatic hydrocarbons by
introducing dioxygen to form 1,2-diphenols and that such diphenols are usually
degraded by sequences of reactions of the meta fission category referred to
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earlier, one possesses a framework of information within which a limited number of reasonable predictions can be made about pathways of degradation. A
number of examples are available to illustrate this. The formation of benzoic,
phenylacetic, atropic and hydratropic acids as intermediates in the degradation
of biphenyl (17), diphenylmethane (47), 1,1-diphenylethylene (48), and 1,1diphenylethane (49), respectively, are compounds all of which could have been
predicted as logical intermediates on the basis of previous information. It
should be stressed, however, that the predictive value of this information
lies in its use in limiting the number of working hypotheses for investigational purposes. The existence of systems which constitute exceptions to the
above generalizations points to the need for exercising caution in making dogmatic predictions about how degradation will proceed. For example, the presence of different functional groups in a given compound provides alternative
sites for microbial attack, each of which may be characteristic of certain
groups of organisms.
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The conversion of toluene to 3-methyl-catechol by addition of dioxygen forming an intermediate cis-1,2-dihydrodiol compared with
its conversion to benzoic acid by methyl group oxidation.

A number of aromatic hydrocarbons contain alkyl substituents and, as discussed earlier, when such sidechains are extended, linear structures, it is
generally the sidechain which is the preferred site of initial attack by Nocardia species, thereby forming as intermediates a series of phenylalkanoic
acids (35) • Compounds with short sidechains may either be attacked in a similar manner or may undergo ring dioxygenation to give 3-alkyl substituted catechols, depending on the microorganism chosen for study (5). Even alkyl sidechains as short as one carbon atom, as for example in toluene, m- and p-xylene,
may be the preferred site of oxidative attack to give benzoic acid and its
methyl homologues (Fig. 6). In pseudomonads, degradation of toluene, m- and
p-xylene by this route is a property frequently dependent on the presence of a
degradative plasmid designated TOL or XYL depending on its conjugative properties (52, 153). In another example, Kiyohara (91) has shown that phenanthrene
is initially attacked by a 1,2-dioxygenation as anticipated but a subsequently
formed intermediate, l-hydroxy-2-naphthoic acid, is itself a substrate for a
ring cleavage dioxygenase rather than the anticipated 1,2-dihydroxynaphthalene.
Another aromatic compound, 3-hydroxyanthranilic acid, is cleaved by a mammalian dioxygenase despite the fact that it possesses only one hydroxyl group
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(111) . Alternative meta cleavage pathways of alkyl-substituted catechols also
have been described. Horvath (75) reported that extracts of a benzoate-grown
Achromobacter species catalyzed a novel 1,6-cleavage of 4-methylcatechol and
other alkyl-substituted catechols. Such reactions imply the existence of meta
fission pathways different from those outlined in the earlier scheme (Fig. 5),
but at this time no further details of this pathway are available.
For more complete accounts of the topic of aromatic catabolism by bacteria the reader is referred to a number of extensive reviews (19, 31, 57).

IV.
A.

HETEROCYCLIC COMPOUNDS

COMPOUNDS POSSESSING OXYGEN
OR SULFUR-CONTAINING RINGS

By comparison with the extensive body of information available on the microbial degradation of aromatic compounds, comparatively few studies have been
reported which deal with different categories of heterocyclic compounds. From
those which are available, however, certain mechanistic features can be discerned which appear to be characteristic of their degradation.
Studies by Trudgill and his associates of the bacterial catabolism of unsaturated cyclic compounds containing an oxygen atom, typified by such compounds as furan-2-carboxylic acid (146), have uncovered a number of general
degradative features (Fig. 7). For the named compound its initial conversion
to a coenzyme A thioester is required before its hydroxylation to give the enol
tautomer,of a lactone. Ring opening of the latter, presumably i~ the keto
form, by hydrolysis yields the coenzeyme A derivative of a-ketoglutaric acid
(initially formed as its enol). It should be noted that these reactions are
in a sense the complement of those described earlier for such compounds as
cyclohexanone and cyclopentanone, i.e., with oxygen already present in the
ring the strategy is to make a lactone by introduction of a hydroxyl group.
In the earlier examples, the strategy was to make a lactone from a cyclic ketone by insertion of oxygen into the ring. The enzyme system responsible for
introducing the hydroxyl group uses water, not oxygen, and can be visualized
as catalyzing water addition followed by dehydrogenation. Consistent with
this view are the findings that the reaction requires a suitable electron acceptor and proceeds in the absence of oxygen. An essentially similar sequence
of reactions is employed by organisms growing with thiophene 2-carboxylate as
carbon source (30) (Fig. 7). Here again hydroxylation of the ring is a reaction using the oxygen of water. Reactions of this type are also encountered
in organisms able to hydroxylate certain pyridine ring systems (see next section). When the heterocyclic ring is part of a more complex multi-ring system, as for example in dibenzothiophen, then degradation of the other ring
systems may represent the first if not the only type of attack. The compounds
isolated by Laborde and Gibson (97), when a biphenyl-grown Beijerinckia was
incubated with dibenzothiophene, include several of those reported by others
studying organisms growing at the expense of dibenzothiophene (94) • As shown
in Figure 7, the most extensive alterations are those in the benzene ring
which is dioxygenated and cleaved by the reactions typical of a meta fission
pathway (Fig. 5). Formation of the sulfoxide is the only indication of a microbial attack on the thiophen ring.
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Bacterial degradation of oxygen- and sulfur-containing heterocyclic
compounds, i) furoic acid conversion to the coenzyme A derivative
of a-ketoglutarate by its hydroxylation at Cs. Shown in parentheses is the position of the sulfur in thiophene-2-carboxylic acid
and its metabolites, ii) pathways of dibenzothiophen oxidation by a
Beijerinckia sp. showing aromatic ring cleavage and sulfur oxidation.

Oxygen-containing rings, which are part of more complex multi-ring systems, may be the initial site of attack as is seen in the degradation of the
3-hydroxyflavone, quercetin, by a strain of Aspergillus flavus and other fungi
(95) (Fig~ 8). The formation of carbon monoxide and the depside shown are consistent with a dioxygenase attack on the pyrone-ring, either via the indicated
hydroperoxide or by concerted cyclic peroxide formation. Photosensitized oxygenation of quercetin also forms carbon monoxide apparently via the hydroperoxide route (104). By contrast, the same 3-hydroxyflavone is degraded by Pseudomonas putida by initial hydroxylation of the adjacent aromatic ring at Ce
(Fig. 9). The resultant product can now serve as a substrate for a dioxygen'ase
which effects incorporation of an oxygen function in the pyrone ring and which
is then believed to undergo a dioxygenase cleavage across C2-C3 (130). The
related taxifolin, which is an intermediate in the degradation of (+)-catechin
by a Pseudom0nas species, is similarly hydroxylated at Ce to give 2,3-dihydrogossypetin (82), a substrate for a ring cleavage dioxygenase; however, the
structures of later intermediates (81) suggest that the absence of a C2,C3
double bond in this series of compounds requires that a degradative sequence
differing from that suggested by Schulz et al. (130) is involved.
B.

COMPOUNDS POSSESSING N-CONTAINING RINGS

For saturated ring systems containing nitrogen the most usually encountered cleavage mechanism is hydrolysis of the cyclic imine formed by dehydrogenation of the parent compound. The bacterial conversion of L-proline to
glutamic semialdehyde (50) and of piperidine-2-carboxylic acid to a-aminoadipic
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Examples of bacterial degradation of nitrogen-containing heterocycles. i) Nicotinic acid conversion to maleic acid by Pseudomonas
fluorescens via hydroxylation at Cs. ii) Pyridine degradation by a
Bacillus sp. involving 1,4-reduction and ring cleavage_ without
prior hydroxylation. iii) Oxygenase cleavage of the pyrrole ring
of tryptophan.
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semialdehyde (7) are examples of this mechanism. For unsaturated heterocyclic
acids such as the pyridine carboxylic acids, nicotinic and picolinic acids,
the initial step in their microbial degradation usually involves hydroxylation
of the ring in the 6-position with the introduced oxygen function derived from
water, not oxygen, in reactions analogous to those found for furan-2-carboxylate catabolism. This initial reaction is found in organisms which degrade
nicotinic acid both aerobically and anaerobically from such genera as Pseudomonas, Arthrobacter and Clostridium. The routes taken after this reaction may
vary with the organism and growth conditions. The pathway of nicotinic acid
degradation elucidated for Ps. fluorescens (9,78) is shown (Fig. 9). It can
be seen that a second hydroxyl group is introduced, this time by a monooxygenase mechanism displacing the carboxyl before ring cleavage yields an amide deri va ti ve of maleic acid and ultimately furnaric acid. A number of organisms
able to utilize nicotine employ a similar water-dependent hydroxylation mechanism to form 6-hydroxynicotine (72). Once substituted with one hydroxyl group,
however, pyridine compounds generally undergo further hydroxylation via monooxygenase-type mechanisms to provide suitably substituted substrates for ring
cleavage (46). With pyridine itself (150) and also of an N-methylpyridiniurn
derivative, 4-carboxy-N-methylpyridine hydrochloride, formed photochemically
from Paraquat, no hydroxylated intermediates have been detected. Instead, an
initial 1,4-reduction reminiscent of pyridine nucleotide reduction appears to
be necessary, yielding 1,4-dihydro-pyridine derivatives. Evidence supports a
cleavage mechanism by direct dioxygenation of one of the double bonds. In
Figure 9 is shown the pathway proposed for pyridine degradation by a species
of Bacillus.
There is a marked similarity between this type of ring opening mechanism
and that catalyzed by the dioxygenase, L-tryptophan pyrrolase (Fig. 9). Later
steps in pyridine breakdown by this organism yield ammonia, formate and succinate. A different type of ring opening has been described for indole degradation in which a Gram-positive coccus appears to form 2,3-dihydroxy indole
before its intradiol cleavage. Evidence to suggest the participation of a dihydrodiol intermediate is provided by the indentification of 2-keto-3-hydroxyskatole from skatole, the 3-methyl-substituted homologue of indole (53).

V.

REACTIONS OF SELECTED FUNCTIONAL GROUPS

Another way of evaluating the degradative reactions which an organic compound may undergo is to consider the different functional groups in the compound in relation to what is already known of microbial action toward such
groups. Selected functional groups will be considered here with a number of
examples chosen to illustrate their degradation.
i) ETHERS

The presence of an 0-alkyl ether derivative of a phenyl in a given compound represents one site where microbial action may be initiated. From
studies with a number of 0-methyl ethers of aromatic compounds, many having
structures related to lignin monomers, it is now recognized that aerobic microorganisms can effect dernethylation by monooxygenation to form what is probably the unstable herniacetal of the parent phenol and formaldehyde. Such an
intermediate would then yield spontaneously the phenolic and formaldehyde products observed (128,144) (Fig. 10).
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The bacterial cleavage of phenolic ethers. i) The conversion of
p-anisic acid to formaldehyde and p-hydroxybenzoic acid by formation of the intermediate hemiacetal. ii) Formation of glyoxylate
from p-chlorophenoxyacetic acid by a monooxygenative formation of
a hemiacetal. iii) Formation of glycollic acid and p-benzoquinone
from p-hydroxyphenoxyacetic acid via the intermediate hemiketal.

Such reactions also explain the cleavage of the ether sidechain of phenoxyacetic acids as with the degradation of chlorinated herbicides such as 4chlorophenoxyacetic (43) and 4-chloro-2-methylphenoxyacetic acids (55) • In
this instance, glyoxylate is formed together with the parent phenol (Fig. 10).
Fortuitous monooxygenation of 4-hydroxyphenoxyacetic acid at C-1 by an enzyme
from Pseudomonas acidovorans, which has 4-hydroxyphenylacetic acid as its normal substrate, can also accomplish cleavage of the ether bond to yield glycollic acid and 1,4-benzoquinone (67) (Fig. 10). A number of examples have been
described, however, which show that aromatic 0-methyl substituents are not always subject to this type of attack but may keep this structure intact until
aliphatic products are formed where they may now be present as methylesters
(as with syringate and 3-0-methylgallate degradation by Pseudomonas putida
[141]) or as ethers of enols (as is the case for degradation of methoxylsubstituted gentisates and their precursors) (102; Chapman, Abstr. Annu. Meet.
Am. Soc. Microbial. 1977, Q90, p. 276). Hydrolysis and hydration reactions
can then liberate the methyl moiety as methanol.
Studies of the microbial degradation of strictly aliphatic ethers have
not been extensive; the mechanisms for cleavage of such ether bonds are not
yet clear. In one study, however, investigation of the microbial degradation
of carboxymethoxy-succinate (CMOS) , a potential replacement of phosphate as a
detergent builder, has revealed a mechanism which is formally a B-trans44

elimination of glycollic acid forming furnaric acid (116) (Fig. 11). Other 8eliminations of this type are known for the microbial depolymerization of 81, 4-polymers of uronic acids, such as alginic acid (123). Microbial degradation of a related compound, carboxymethoxymalonic acid (Builder M) occurs apparently via a reductive type of cleavage to yield glycollic and malonic acids
(Gledhill, Abstr. Annu. Meet. Am. Soc. Microbial. 1976, Q65, p. 201; personal
conununication). Bacteria capable of utilizing ethylene glycol and its various
polymers have been described (83,87), but there is presently no clear indication as to how the ether bonds of the polymers are cleaved.
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Cleavage of aliphatic ethers by a 8-elimination mechanism.
i) Elimination of glycollic acid from carboxymethoxysuccinate
(CMOS). ii) Depolymerization of alginic acid by a 8-eliminase.

In the case of thio-ethers, microorganisms are known which oxidize the
sulfur of such functional groups to the sulfoxide. This is found both for
methyl thio-ethers (98) as well as with compounds containing sulfur in heterocyclic rings such as d-biotin (156) and the earlier mentioned dibenzothiophen
(97) •
ii)

HALIDES

The subject of microbial dehalogenation has been dealt with in recent reviews (20,60). Since many of the chemicals, which persist in the environment
and which may undergo biomagnification to toxic levels, are organohalides, a
general view has developed that all halogen-containing compounds are of industrial origin and are potentially harmful. Currently at least three hundred
different halogen-containing compounds of naturall occurrence are known (133)
and many of these are of marine origin. Admittedly this represents only a
small fraction of the total range of naturally synthesized organic compounds.
Nonetheless microorganisms can be isolated which modify or completely degrade
both natural and synthetic organohalides. Table 1 shows some of ,the types of
enzyme reactions known by which organohalides can lose halide. For additional
details the reader is referred to the excellent review by Goldman (60). Reactions such as these have been studied usually in bacteria capable of growth
with a particular halogenated substrate. Other reactions are known, however,
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in which dehalogenation occurs fortuitously because halogenated compounds can
serve as substrates for enzymes normally acting on non-halogenated substrates
and halide is labilized as a consequence of the reaction mechanism. One example of microbial utilization of an organohalide will be discussed to show
how dehydrohalogenation can account for halide mineralization. When Pseudomonas and Arthrobacter strains degrade 2,4-dichlorophenoxyacetic acid, 3,5dichlorocatechol is an intermediate which undergoes an ortho-dioxygenative
ring cleavage (Fig. 12). Lactonization then yields the doubly unsaturated
lactone whose formation is most reasonably formulated as proceeding via the
lactone in square brackets. Loss of the elements of HCl probably occurs spontaneously (44,143). The enol lactone is then hydrolyzed to a chlorine-substituted maleylacetic acid. Recent work from these laboratories (Keenan and
Chapman, unpublished observations) has shown that the next step is a reductive
one requiring NADH2, but interestingly, two moles of reduced pyridine nucleotide are consumed per mole of chloromaleylacetic acid; the product is 8-ketoadipa te and chloride is formed quantitatively. Since a similar action is observed by maleylacetate reductase, an NADH2-dependent enzyme reducing maleylacetate to 8-ketoadipate which is found in bacteria degrading resorcinol (25),
it appears that such an enzyme may have been recruited for use in dehalogenation. A possible explanation for the experimental observations is suggested
in Figure 12 where the first formed reduction product is shown as 8-eliminating
HCl to generate the related maleylacetate which can serve as substrate in a
second reduction to give S-ketoadipate.
TABLE l.

REACTIONS USED BY MICROORGANISMS FOR HALIDE REMOVAL
I
II

III

Substitution

a) Hydrolytic
b) Neighboring group attack

Elimination

Dehydrohalogenation

Reduction

Reductive Dehalogenation
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Pathway of 2,4-dichlorophenoxyacetic acid degradation showing how
lactone formation can eliminate chloride and how reduction can
lead to loss of second chloride substituent.
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iii) NITRO- AND SULFONIC ACID SUBSTITUENTS
A number of industrial chemicals contain nitro- and sulfonyl-functional
groups. Reactions for the removal of these groups have been described in microorganisms utilizing compounds containing these functional groups where it
appears that these groups must be removed in early steps before the remainder
of the molecule can be utilized.
Recent work with organisms able to assimilate nitroalkanes has revealed
the presence of a dioxygenase which converts two molecules of 2-nitropropane
to acetone and nitrite (89). This mechanism appears to be one specific for
nitroalkanes and is distinct from the oxidase type of attack observed when Damino acid oxidase acts on nitromethane or nitroethane (121) or the release of
nitrite effected by the action of glutathione S-transferase (65). Many aromatic nitro compounds can undergo microbiological reduction to amino and hydroxylamino products, but reduction does not appear to be the principal route
by which aromatic nitro compounds such as p-nitrobenzoic acid are degraded by
Nocardia species (16). The first reaction is removal of the nitro group
usually as nitrite and its replacement by a hydroxyl group (Fig. 13A). Whether
this occurs by a hydrolytic or, as appears more likely, an oxygenase-type reaction is not established because of difficulties in obtaining active cellfree enzyme preparations. An oxygen-dependent enzyme system capable of converting p-nitrophenol to hydroquinone and nitrite has recently been obtained
in Dr. D. T. Gibson's laboratory (Spain and Gibson, personal communication),
suggesting that oxygenative removal of aromatic nitro groups is likely to be
encountered elsewhere.
The linear alkyl benzene sulfonate (LAS) detergents represent one important class of aryl sulfonates used on a large scale. Studies of their microbial dissimilation have tended to concentrate largely on the degradation of
the alkyl sidechains since it is this process which rapidly alters the detergent property of these molecules. Loss of the sulfonyl group evidently takes
place as can be shown by formation of inorganic sulfur-containing products and
disappearance of the UV-absorbing aromatic ring in pure microbial cultures and
in microbial communities. One way in which this can occur is evidently by the
displacement of the sulfonic acid group by a single hydroxyl group as found in
the degradation of alkylbenzene sulfonates by a species of Bacillus (152)
(Fig. 13B). It is not yet clear whether this is a monooxygenase-type reaction
as appears likely. Fungi apparently can desulfonate sulfophenylalkanoic acids
in a reductive manner (151). An alternative mechanism for sulfonic acid group
removal has been identified in studies on the degradation of benzene-, tolueneand naphthalene-sulfonic acids (14,93). Here, a dioxygenase mechanism appears
to be involved, similar to that noted earlier for the dioxygenation of benzoic
acid. Addition of dioxygen to form a 1,2-diol where the sulfonic acid group
is also attached to one of the oxygenated carbon atoms (Fig. 13C) constitutes
a feasible mechanism for the observed loss of sulfite and formation of a 1,2diphenol. Unlike the pathway of benzoic acid degradation referred to, no dehydrogenase step is required here; spontaneous elimination accomplishes aromatization directly.
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Elimination of nitro and sulfonic acid substituents. i) Displacement of a nitro group from p-nitrobenzoic acid to form nitrite.
ii) Removal of a sulfonic acid group from a sulfophenyl alkanoic
acid metabolite of a linear alkylbenzene sulfonate. iii) Sulfite
formation by dioxygenative attack of p-toluene sulfonic acid.

iv) AROMATIC AMINES AND DERIVATIVES
A wide variety of aniline derivatives are synthesized for use as herbicides. The derivatives may be variously substituted in the aromatic ring with
alkyl, alkoxyl and halide groups and the aniline nitrogen derivatized either
as an acyl anilide, a carbamate or a phenylurea. Three examples of named herbicides based on 3,4-dichloroaniline are shown in Figure 14. Bacteria and
fungi capable of modifying these structures have been described (86). One
general mechanism which may be employed is that whereby cleavage of the carbon·
nitrogen bond liberates the parent aniline together with aliphatic products.
An acylamidase enzyme system possessing a broad substrate specificity and capable of hydrolyzing examples of all three classes of these herbicides has been
purified from a strain of Bacillus sphaericus (41) . For N-alkyl-substituted
phenylureas, an alternative mechanism of degradation involves one or more successive demethylation or demethoxylation reactions as necessary to yield the
parent phenylurea (147).
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VI.

SOME DIFFICULTIES IN PREDICTING DEGRADATIVE ROUTES

Having outlined some of the mechanisms employed by microorganisms for degradation of different classes of organic compounds and for their attack on a
selected range of functional groups, some specific examples will be considered
here to illustrate a few factors which may influence or modify the degradative
routes which are used. These examples should further serve to illustrate the
difficulties of predicting routes of degradation.
It was stated earlier that aromatic hydrocarbons may be degraded by microorganisms which either oxidize alkyl sidechains or introduce dioxygen into the
ring to form cis-diols. Consideration of the degradation route of the aromatic
hydrocarbon, styrene, by bacteria which grow with this compound reveals that
the former possibility is realized in an unexpected manner. Recent results
from this laboratory (Battles and Chapman, unpublished observations) implicate
styrene oxide as the first formed intermediate (Fig. 15) which subsequently
undergoes isomerization to phenylacetaldehyde; thereafter its dehydrogenation
furnishes phenylacetic acid. While this conversion is equivalent to sidechain
oxidation, it illustrates that bacteria, like fungi and higher organisms (34),
are also capable of forming epoxides from certain hydrocarbons. Isomerization
(rather than hydration as occurs with arene oxides in animal tissues [110]) appears to be the reaction used here for further degradation. A number of cyclic
ketones known to be formed from such chemicals as the cyclodiene insecticides
appear to be similarly formed by isomerization of precursor epoxides.
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Figure 15.

Conversion of styrene to phenylacetic acid by formation of styrene
oxide and its isomerization to phenylacetaldehyde.

When naphthalene is utilized as a carbon source by pseudomonads and other
bacteria the first reaction is one which forms a 1,2-cis-dihydrodiol (Fig. 16)
(56). When such organisms are confronted by the related 1,5-dimethyl-naphthalene it is a methyl substituent which is oxygenated to the primary alcohol and
thereafter converted to l-methyl-5-naphthoic acid (36); neither of the aromatic
rings is oxidized. In a similar situation under study in this laboratory (Tam
and Chapman, unpublished observations), the tricyclic hydrocarbon, acenaphthene, is converted by a naphthalene-grown Pseudomonas to 1-acenaphthenol and
then to 1-acenaphthenone (Fig. 16). Here, the site of oxygenation is the
methylenic carbon of the five-membered ring rather than the aromatic ring system probably because it is the site of highest electron density and preferred
by an electrophilic species of oxygen. The related acenaphthylene (not shown
in Figo 16) possesses a double bond in the five-membered ring and it is this
group which is also the site of attack by naphthalene-grown cells, forming the
1,2-cis-dihydrodiol presumably by a dioxygen addition. It seems clear that
the naphthalene dioxygenase is responsible for this unexpected attack on the
five-membered ring, giving either mono- or dioxygenated products depending
upon the structure involved. These selected examples illustrate how a dioxygenation reaction can form oxygenated products which on purely steric grounds
would not be anticipated. Others are known such as the 2,3- or meta-cleavage
of 3-methyl- and 3-methoxy-catechols by catechol 1,2-dioxygenase (54,76), the
formation of o-phthalide from 2-methylbenzoic acid by a benzoate-1,2-dioxygenase (79) and the formation of small amounts of 1-phenylethanol from ethylbenzene apparently through the action of the enzyme system which forms 3ethylcatechol as the principal product (58) . There are also examples to show
that monooxygenase enzymes may also act to form products which would not be
expected from purely steric considerations. The formation of 4-hydroxymethylphenylalanine, of 3-hydroxy-4-methyl-phenylalanine and of 3-methyltyrosine by
the action of L-phenylalanine-4-hydroxylase on 4-methylphenylalanine (33) can
be rationalized only from consideration of the nature of the reaction mechanism and the form of "active" oxygen involved. Substituents other than methyl,
such as chlorine or bromine, can also undergo migration as is found when certain halogenated aromatic compounds are acted upon by those hydroxylating enzumes which act by forming arene oxide intermediates (34). It is the rearrangement of such epoxides which underlies this migration of substituents and
which is known as the "NIH shift."
It should not be assumed that the introduction of hydroxyl groups into
non-heterocyclic compounds is invariably an oxygen-dependent process. The
conversion of p-cresol to 4-hydroxybenzylalcohol by species of Pseudomonas is
a reaction which uses the oxygen of water as the source of the hydroxyl group
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(74) • The mechanism appears to involve formation of a quinone methide intermediate by a dehydrogenation reaction followed by hydration. This mechanism
also accounts for the strict specificity of this hydroxylation in acting only
on 4-methyl-substituted phenols. A similar reaction involving a quinone methide intermediate has been described in the degradation of a-conidendrin by a
Pseudomonas species (145).
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Conversion of naphthalene and related compounds to oxygenated products. i) Formation of 1,2-dihydroxynaphthalene from naphthalene
via cis-naphthalene 1,2-dihydrodiol by a naphthalene-utilizing
Pseudomonas sp. ii) Conversion of 1,5-dimethyl naphthalene to lmethyl-5-naphthoic acid via 5-hydroxymethyl-1-methylnaphthalene.
iii) Formation of 1-acenaphthenol and 1-acenaphthenone from
acenaphthene.

The realization that frequently there are a number of alternative routes
by which a given chemical may be degraded by bacteria and fungi has prompted
examination of the possibility that such differences may be uniquely characteristic of different microbial groups. This has proved to be true for procaryotic and eucaryotic groups within the microbial world, for different genera
and even for different species within the same genus.
Within the genus Pseudomonas two different mechanisms for the cleavage of
protocatechuic (3,4-dihydroxybenzoic) acid are known and are useful in taxonomic work (138); the ortho or 3,4-cleavage appears characteristic of fluorescent pseudomonads while the 4,5-(meta)-cleavage is found in the non-flourescent or acidovorans group (Fig. 17A). Curiously, the subsequent reactions
of the degradative sequences initiated by these dioxygenase cleavages appear
to be present in both groups of organisms (113,137). A third dioxygenase
cleavage of protocatechuic acid, across the 2,3-bond, has been described in
certain species of Bacillus (28) •
Another feature which distinguishes the fluorescent and non-fluorescent
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pseudomonads is the,route of degradation of 4-hydroxyphenylacetic acid. Fluorescent pseudomonads form homprotochatechuic (3,4-dihydroxyphenylacetic) acid,
whereas non-fluorescent members of this group convert it to homogentisic acid
by a novel hydroxylation which effects migration of the carboxymethyl sidechain (Fig. 17B) (67,136).
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Alternative degradative routes for aromatic acids. i) Ortho
cleavage of protocatechuate in fluorescent pseudomonads compared
with meta cleavage by non-fluorescentpseudomonads. ii) Conversion
of p-hydroxyphenylacetic acid to homoprotocatechuate by fluorescent pseudomonads compared with its conversion to homogentisate
by non-fluorescent pseudomonads.

To illustrate generic differences, reference will be made to the degradation of 4-hydroxybenzoic acid and its 3-methoxy-substituted derivative (vanillic acid). Members of the genus Pseudomonas convert these compounds to protocatechuic acid either by direct hydroxylation or demethoxylation respectively.
Cleavage of protocatechuic acid will occur either 3,4- or 4,5- depending upon
the pseudomonas group involved (Fig. 18). While certain of the above reactions may also be found in members of the genus Bacillus, other members of
this group can effect a novel hydroxylation-facilitated carboxyl migration of
4-hydroxybenzoic acid and vanillic acid not yet found in other groups (88). A
consequence of this is that gentisic acid and its 4-methoxyl-derivative are
now the respective products; they are subsequently degraded by pathways completely different from the protocatechuic acid routes (Fig. 18).
One example will suffice to show how fungi and bacteria act in very different ways on the same chemical. The herbicide, 2,4-dichlorophenoxyacetic
acid (2,4-D), is utilized for growth by some bacteria and the principal reaction sequence used appears to be that shown (Fig. 19), namely, loss of the
sidechain and hydroxylation at C5 before ring cleavage. The sequence described
earlier (44) (Fig. 12) shows the continuation of the pathway. By contrast, the
fungus, Aspergillus niger, which does not utilize 2,4-D for growth, introduces
hydroxyl groups both at Cs and C~, the latter hydroxylation causing a migration of chlorine to an adjacent position (Fig. 19) (45).
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Degradation of 4-hydroxybenzoic and vanillic acids by species of
Pseudomonas and Bacillus. i) Formation of protocatechuate by hydroxylation and demethoxylation reactions before ring cleavage in
pseudomonads. ii) Formation of gentisate and 4-methoxygentisate
by carboxyl migration facilitated by hydroxylation as found in
species of Bacillus.
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Action of bacteria and fungi on 2,4-dichlorophenoxyacetic acid
(2,4-D). Formation of 3,5-dichlorocatechol by sidechain loss and
ring hydroxylation by bacteria compared with fungal hydroxylation
at C4 (with chlorine migration) and at Cs.

Lastly, mention should be made of the fact that while much of the foregoing discussion has described degradative sequences which use molecular oxygen at one or more steps, many of the environments into which natural and synthetic compounds are introduced are anaerobic. Degradation must occur therefore by catabolic routes which are independent of oxygen, i.e., by anaerobic
photometabolism, by fermentation and by anaerobic respiration. Few detailed
studies of such types of degradation have been reported. The anaerobic degradation of benzoate, however, has been the subject of extensive studies, principally by the research group of Evans (42) who has studied its dissimilation
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by both photosynthetic and nitrate-respiring bacteria. The general features
of its photometabolism (40) are compared with one known route for its aerobic
catabol_ism in Figure 20. It can be seen that anaerobic degradation of this
aromatic compound joins the pathways of alicyclic' degradation outlined earlier
(Fig. 3). Reduction and hydration of the coenzyme A thioester of benzoate occurs to give the alicyclic cyclohexanol-2-carboxylic acid. The strategy is to
generate a ring system which can be opened by a reaction not requiring oxygen.
This is accomplished by formation of the cyclohexanol-2-carboxylic acid deriv~
tive which is cleaved either by a hydrolytic or thiolytic mechanism. The resulting pimelic acid or its thioester can then be oxidized by using electron
acceptors other than oxygen.
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comparison of benzoate degradation by aerobic and anaerobic bacteria. i) Conversion of benzoate to cis,cis-muconate by oxygendependent reactions by aerobic bacteria. ii) Conversion of benzoate by anaerobic bacteria to alicyclic compounds by reduction
and hydration permitting ring cleavage in the absence of oxygen.

Recent reports indicate that aromatic compounds such as phenol and catechol are degraded by anaerobic corrununities of methane-forming organisms (69).
The reactions by which these conversions occur have not yet been elucidated.
Much of our knowledge of the mechanisms employed by microorganisms for
the dissimilation of organic compounds derives from studies with organisms
isolated from terrestrial and freshwater environments. Few studies have been
reported of the mechanisms of degradation of organic chemicals by marine organisms in marine environments. It remains to be established whether those
groups of microorganisms currently recognized as playing important roles in
degradative processes in soil and freshwater are such important agents in
brackish, estuarine and marine waters. There is some evidence to suggest that
fresh water organisms may not be able to effect degradation of such compounds
as nitrilotriacetic acid (11) or may be inhibited in their degradation of hydrocarbons (149) in saline environments. It is evident, therefore, that
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continuing research on biodegradation of organic compounds should address
these and other questions so as to amplify our present knowledge of these
processes in marine environments.
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ROLE OF COMETABOLISM
Martin Alexander
Laboratory of Soil Microbiology
Department of Agronomy
Cornell University
Ithaca, NY 14853

ABSTRACT
Cometabolism is the metabolism by a microbial population of a chemical which that species cannot use as a
nutrient or an energy source. The cometabolizing population does not increase in abundance in response to introduction of that chemical into natural ecosystems. Because the rate of transformation of many chemicals parallels the rate of population growth, a common consequence
of cometabolism is a slow microbial transformation. Furthermore, products typically accumulate in a cometabolic
process, the accumulated metabolite being structurally
similar to the original compound. Examples of cometabolism are found among pesticides, chemicals used in the
home, and products of importance to the manufacturing
industry. A probable explanation of cometabolism is
the existence in the active population of an enzyme of
broad substrate specificity, the initial enzymatic reaction yielding products that do not serve as substrates
for other enzymes present in the responsible cells. The
possible role of cometabolism in nature is discussed.
Microbiologists and biochemists have traditionally limited their attention in investigations of catabolism to a small number of compounds. Although
it is widely believed that the number is large, the range includes but a few
sugars, amino acids and nucleotides and their polymers, fatty acids and a modest assortment of simple aliphatic and aromatic hydrocarbons. These studies
have resulted in an enormous and valuable literature, but much of the research
has little relevance to modern environmental problems. The reason is that the
types of molecules of current environmental importance, and of concern to regu·
latory agencies, include several hundred pesticides as well as tens of thousands of chemicals of industrial importance, few of which are structurally
similar to the common laboratory substrates. The reason for the attention to
the number of nonpesticidal compounds is the enactment of the Toxic Substances
Control Act, which brings under regulatory view an array of molecules
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heretofore not considered by biologists or environmental scientists.
Environmental monitoring has clearly discredited the view that all organic molecules are biodegradable, and this fanciful notion was brought to a
sudden demise under the weight of the many new chemicals of potential environmental significance. Furthermore, the generally held view that all molecules
which microorganisms can metabolize will also provide them with a source of
carbon and energy has also fallen beneath the weight of new chemicals.
Compounds in the ever-increasing assortment that are of potential regulaconcern can be divided into three broad g~oups. First are those that can
be used as a source of carbon, some other nutrient element or energy. When
these compounds are introduced into a natural ecosystem, the heterotrophs able
to grow on them proliferate, and the small initial population active on these
substrates increases in size with time. Parallel to increase in nwnbers or
biomass of active cells is an ever-increasing rate of destruction of the molecule. Essentially all of the chemical will disappear in reasonably short periods of time, and the products are either carbon dioxide or molecules unrelated to the parent substance. Second are those chemicals that are totally
recalcitrant. These are not t~ansformed microbiologically because no enzymes
can modify them or because they do not penetrate into microbial cells that
contain the requisite enzymes. These molecules thus frequently persist, unless there is some nonbiological mechanism for their modification or downward
movement.
tory

The third group of compounds includes those subject to cometabolism. Cometabolism refers to the metabolism by a microorganism of a chemical which
that orgahism cannot use as a nutrient or an energy source. Although there is
some confusion and overlap with the term "cooxidation," the former term is
more desirable because many of the processes involved do not entail an oxidation.
Although most investigations of cometabolism have centered on compounds
that do not contain nutrient elements other than carbon, hydrogen and oxygen,
the substrate acted on by the cometabolizing population also might not serve
as a source of any nutrient which may be limiting in a particular environment;
thus, the organism may not use the molecule as a source of nitrogen, sulfur or
phosphorus, if these elements exist in the structure.
Several outcomes of cometabolism are almost self-evident. For example,
the compound that serves as a nutrient source provides the active populations
with a selective advantage, and they become more abundant in time. However,
a chemical that does not serve as a nutrient does not give the organism acting
on it a selective advantage; hence, its cell density or biomass does not rise
with time. This lack of population growth during cometabolism has rarely been
shown in nature or even in culture, but it would seem to be a natural consequence of the phenomenon. Furthermore, inasmuch as biochemical activity in a
natural ecosystem is roughly proportional to the number or biomass of cells
carrying out the specific transformation, the absence of an increase in population size would be reflected in the lack of a rapid rise in the rate of biodegradation, as is typical of those substrates that support microbial growth.
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As an example, consider a synthetic organic compound that no population
in a particular environment can use as a carbon source. Inasmuch as growth on
organic-molecules requires their conversion to precursors for biosynthesis of
amino acids, sugars, nucleic acids and fatty acids incorporated into cell constituents, organisms failing to grow on the compounds in question must be unable to form these intermediates. Were they able to do so, the populations
would proliferate. If precursors required for biosynthetic purposes are not
generated, a product that the organism forms from the parent molecule would
likely accumulate. This would be the end of the metabolic sequence in transformation of the synthetic molecule. Hence, a consequence of cometabolism is
the formation of one or more products that are structurally related to the
original substrate, rather than the typical products of complete degradation.
Such accumulations have been observed in cultures of many bacteria and fungi
provided with a wide range of organic compounds.
In some of our studies, for example, DDT and its analogues were found to
be transformed in cell suspensions or samples of water into a series of products similar to those reported by other investigators. On the other hand, it
was observed that one of the two rings of the insecticide molecule could be
cleaved by a cometabolizing population to give a product with a single benzene
ring. This compound, however, would not sustain growth of the original cometabolizimg population ( 5, 6, 14, 15, 17) . In other of our studies, it was observed that nitro aromatic compounds (16), certain phenoxy pesticides (11),
and benzoates (8, 9) were cometabolized by individual cultures, and in the process, were converted to products quite similar in structure to the original
molecule (Fig. 1, 2, 3). Our studies in this connection are not unique, and
many other microorganisms have been observed to cometabolize a multitude of
chemicals of dissimilar structures to yield products that the active species
could not further degrade (3, 4, 7, 10, 12, 13, 21, 22). Chemicals acted on in
this manner include insecticides, herbicides, surfactants, aliphatic and aromatic hydrocarbons, as well as chemicals that are widely used in industry as
solvents or precursors for manufactured products. The reactions involve dehalogenation, introduction of hydroxyl groups, ring cleavage, epoxidation and
oxidation of methyl groups to the corresponding alcohols or aldehydes. Hence,
many microorganisms have the capacity for cometabolism, the rangeof substrates
is truly impressive and a variety of biochemical reactions can be effected by
the responsible heterotrophs.
How does one explain cometabolism? For the teleologist, it is comforting
to believe that every enzymatic reaction that microorganisms catalyze does the
organism some good, but this is obviously sheer teleology and has no basis in
fact. Many enzymatically catalyzed conversions are fortuitous, and the organism obtains no value from the reaction that it effects. It is our view that
the likeliest explanation is simply that the molecule undergoing cometabolism
is acted on by an enzyme that normally serves a physiological function; however, the products of the reaction with the substrate for cometabolism are not
further transformed by enzymes of the active populations. Thus, should the
initial enzyme acting on a physiological substrate have a broad specificity,
it may transform not only the normal substrate but related molecules. In the
former instance, the product of the reaction will be further utilized, but in
the latter situation, the product may not be transformed further because the
succeeding enzyme has a more narrow substrate specificity and is unable to
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transform the product made available to it. Some evidence exists to support
this view; for example, the enzyme cleaving 2,4-D acts on a number of related
phenoxy compounds to yield the corresponding phenols, but the enzymes further
degrading the phenols by the widely understood routes of aromatic metabolism
act on some, but not all, of the phenols that are generated (2, 11).
Those
that are not substrates for the phenol hydroxylating enzymes will accumulate,
and thus the preceding phenoxy compound will be cometabolized and not support
growth.

0 .......... 0

v

5

M-NITROPHENOL

I

0

4

x
>t- 3-

o~

0::

_.

<t

0

..

0-0-0-0

•~·

2

~

•

PRESUMED NITROHYDROQUINONE
12

24

36

48

60

72

HOURS
Figure 1.

Bacterial conversion of m-nitrophenol to a product absorbing at 540
nm. The product was subsequently identified as nitrohydroquinone.

It should not be surprisi~g to anyone familiar with biochemistry that enzymes are not absolutely specific for their substrates. Many of these catalysts act on a series of closely related molecules. This modest range of substrate specificity is true of simple organic molecules such as organic acids
(19) as well as more complex aromatic compounds (18).
It is possible, nevertheless, that cometabolism sometimes is a consequence
of the toxicity of an early product in catabolism. The inhibitor, should it
not be destroyed essentially as rapidly as it is formed, may build up to levels
that prevent microbial replication. The evidence in support of this hypothesis is skimpy, but one might cite the work of Tranter and Cain (20) who suggested that the failure of many fluoro substituted aromatic molecules to support bacterial proliferation might result from the conversion of the compounds
to a metabolic inhibitor such as fluoroacetate.
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Figure 2.
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Conversion of DDT to DDD, DDE and DBP in waste water. The three
products are all chlorine-containing diphenylmethane derivatives.
The samples received (A) no addition, (B) glucose or (C) nonchlorinated diphenylmethane.

As one moves from the purity of the axenic culture to the marine environment, obvious shortcomings of the in vitro view of cometabolism become evident. Thus, products of cometabolism of one species may be excellent substrates for a second species, and indeed the second species may grow on the
product and thus lead to its rapid destruction. Under these circumstances,
the product of cometabolism will not reach appreciable or possibly even detectable levels. Thus, we have observed that DDT cometabolism in culture gives
rise to p-chlorophenylacetic acid. The latter is not further degraded by the
original population, but other organisms have been isolated which can grow on
the product of cleavage of one of the two rings of the DDT molecule (14).
Still, the first phase of this biphasic process will probably be very slow as
a rule because the organisms are not deriving energy from the conversion,
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although the product of the first phase will be destroyed as quickly as it becomes available. Not only insecticides like DDT but also other chemicals may
be subject to this two-population effected degradation; thus, 2,3,6-trichlorobenzoate is cometabolized to yield 3,5-dichlorocatechol (8). The latter compound is itself a substrate for microorganisms that grow on related chlorinated aromatics (1), and thus presumably is destroyed totally by species able
to grow on it.
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Products and proposed pathway for the cometabolism of analogues of
DDT by Pseudomonas putida.

What is the evidence that cometabolism actually functions in natural ecosystems? Microbiologists, with their propensity for wishful thinking, assume
that anything their pet organisms do in culture, they will also do in nature.
Such wishful thinking may in fact reflect processes in natural waters, but
meaningful evidence is clearly needed. The best evidence, albeit indirect,
comes from studies in soil rather than water. A large number of chemicals,
particularly among the pesticides, when added to soil are converted to products similar to the parent molecules. The processes appear to be microbial
because the reaction is abolished or markedly reduced in rate upon sterilizing
the soil. Inasmuch as the process is the result of microbial processes or is
enhanced by microorganisms, the microbiologist endeavors to isolate species
carrying out the conversion. In some cases he is successful; in other instances he is not. The failure may be attributable to the absence from the isolation medium of an essential nutrient for the organisms with the correct array
of enzymes; thus, most investigators working with synethetic molecules use enrichment media containing the test chemical as the sole carbon source. Yet,
heterotrophs that require growth factors will not develop in these media. If
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growth factors are included in a synthetic medium together with a somewhat resistant organic chemical as the major carbon source, the organisms that typically develop in the enrichment culture are those that use the growth factors
as carbon sources rather than synthetic molecule. Granting that the inability
to isolate an organism from a natural environment in which a process is occurring may thus frequently result from the absence of growth factors from the
isolation medium, it is plausible that often the process in the natural ecosystem arises not from the activities of fastidious populations but rather
from cometabolizing ones. A case in point is the herbicide 2,4,5-T, which is
converted to the corresponding phenol (Fig. 4); organisms growing on 2,4,5-T
are rare or do not exist. In addition, many reasonably resistant organic compounds are degraded more rapidly in samples of natural environments to which
are added readily utilizable energy sources, and it is possible that these
energy sources are providing carbon and energy for the cornetabolizing population so it can transform the subject chemical. These lines of evidence are
admittedly not strong, but they are suggestive that cometabolism is responsible for the transformation of many synthetic chemicals.
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(K. W. Sharpee and M. Alexander, unpublished data).
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Many topics for investigation remain for the microbiologist, biochemist
and environmental scientist. For example, it is important to establish what
chemicals and products are involved in this type of conversion, and which microoorganisms are responsible. Since cometabolic reactions probably are generally slow (unless the responsible populations are initially large and their
enzymes are particularly active), then concern with environmental quality dictates that means be sought to increase the rates.
Such an enhancement may
come about because of an understanding of the process, or it may arise because
of a technique discovered in an entirely fortuitous fashion.
Finally, because
this is a phenomenon that appears to be widespread and of practical significance, information should be obtained on how and why it occurs. With even
some information in these various areas of inquiry, it is hoped we shall be in
a better position to understand the processes concerned with microbial degradation of pollutants and in maintenance of the quality of marine environments.
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DIAUXIC AND COMETABOLIC PHENOMENA
IN BIODEGRADATION EVALUATIONS
T.-w. Chou and N. Bohonos
Life Sciences Division
SRI International
Menlo Park, CA 94025

ABSTRACT
Methyl parathion, benzo[b]thiophene, dibenzothiophene,
quinoline, benzo[f]quinoline, and isoquinoline are biodegraded by mixed culture systems obtained from organisms
in oligotrophic or eutrophic waters, sewage effluents, or
polluted estuarine waters. Induction of degradative enzymes and/or cometabolism with structurally-related
chemicals is necessary to degrade some of these compounds.
The biodegradability of these substances can be affected
when nutrients that are assimilated more readily are
present in the medium. These ·facts should be considered
in the development of ecosystems to be used for assessing
whether pollutants are biodegraded.

INTRODUCTION
Previous papers presented in this workshop described degradative pathways
and cometabolism involving pure culture systems. Presently, we are reporting
on studies primarily concerned with mixed culture biodegradation during the
first stages of relatively large-scale enrichment processes. These latter procedures may be more representative of environmental conditions than pure cultures and small flask processes. We also studied mixed enrichment cultures
that were serially propagated on inorganic salts/substrate media, following
which commonly used microbial nutrients were added. In this way, we could obtain an insight into the effects of simultaneous pollution by other nutrients.
The substrates used were methyl parathion (MP), benzo[b]thiophene (BT), dibenzothiophene (DBT), quinoline (Q), isoquinoline (IQ), and benzo[f]quinoline
(BQ). Their structures are presented in Figure 1. Naphthalene (N) and anthracene (A) were used as inducers and/or cometabolic substrates.
In previous studies on the microbial degradation of parathion, both pure
cultures (25, 26) and mixed cultures (1, 18) readily degraded the insecticide.
The metabolic pathways (17, 19) and the properties of parathion hydrolase (16)
have been defined. Several reports also indicated that MP was biodegraded in
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waters or soils (2, 5, 14, 15, 21, 31).
Our prior studies (1, 4, 27) with mixed
culture systems suggested that not all organisms degraded MP. In the current
study, we have demonstrated that problems may be encountered if other readily
assimilable nutrients are present in the media.

METHYL PARATHION

QUINOLINE

Figure 1.

BENZO[b]THIOPHENE

!SOQUI NOLI NE

OIBENZOTHIOPHENE

BENZO[f]QUINOLINE

Compounds used for the development of biodegrading cultures by enrichment techniques.

Aerobic degradation of DBT has been investigated extensively (7, 8, 10-13,
29, 30) but most os these studies were conducted with pure cultures. Aerobic
degradation of BT was reported less frequently (1, 24, 27-29) and only under
mixed substrate conditions. These may have involved cometabolic phenomena but
this was not definitely established. Suggestive evidence for biodegradation
of Q in soils was obtained in 1916 (23) and 1917 (6). However, before our ininvestigations (1, 27) no reports were published on aerobic microbial degradation of IQ or BQ. Q, IQ, and BQ as well as BT and BDT coexist with many types
of polycyclic aromatic compounds in coal tars and crude petroleum. Consequently, studies on the biodegradation of these heterocyclic aromatic compounds
are of environmental importance.
MATERIALS AND METHODS
CHEMICALS
MP was obtained from Chem Service (West Chester, Pennsylvania); BT (thianaphthene) and DBT were obtained from Aldrich Chemical (Milwaukee, Wisconsin).
All were recrystallized from methanol. For enrichment studies, Q (Aldrich)
was used without further purification, but was purified by gas chromatography
(gc) to produce reference material for analysis. BQ (Eastman, Rochester, New
York), IQ (Aldrich), N (Mallinckrodt, St. Louis, Missouri), and A (Sigma, St.
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Louis, Missouri) were used without further purification.
WATER SAMPLES
Eutrophic water samples were obtained from two sources: Coyote Creek in
San Jose, California, and a pond near Searsville Lake in Woodside, California.
Sewage effluents were obtained from treatment plants with different feed characteristics (Palo Alto, California; South San Francisco, California; Shell Oil
Refinery, Martinez, California; and Monsanto Chemical Company, Anniston, Alabama). Oligotrophic water samples were obtained from Lake Tahoe, California.
Polluted estuarine water was collected from the vicinity of the San Mateo
Bridge that crosses San Francisco Bay.
DEVELOPMENT OF ENRICHED CULTURES
Water samples with sediment present were placed in large sterile collection reservoirs for about one h to allow the sediment to settle by gravity.
The supernatants were siphoned and filtered through fine-mesh polyester cloth
to remove insects and particles that did not settle. In preliminary studies
we had higher success rates with large volumes, as compared with shaker flask
scale enrichment. Consequently, 4-liter volumes of filtered water samples
were added to sterile 9-liter glass fermentors that contained one liter of a
solution of 0.5 g of (NH 4 ) 2so 4 [NH 4N0 3 was substituted in BT and DBT enrichments] and 10 g of KH 2P0 4-K 2HP0 4 buffer to maintain the solution at pH 7. Test
chemicals for enrichment studies were added as concentrated aqueous solutions
(Q, IQ, BQ hydrochloride, and sterile microbial nutrients as indicated) or as
concentrated solutions in dimethyl sulfoxide (MP, BT, DBT, N and A) and mixed
thoroughly in the diluted water samples. The initial concentrations of test
compounds was 10 µg ml- 1 • The 9-liter fermentors were fitted for sterile
aeration, air exhaust, sampling, and addition of other nutrients as needed.
Incubations were carried out at 25°C except for the Lake Tahoe water samples
that were maintained at 5-10°C while being transported to the laboratory and
then were incubated at 15°C. Cultures were continuously aerated, and samples
were taken for analyses at frequencies based on our past experiences with the
test compounds. Sampling intervals varied from 2 to 48 h. Cultures were incubated for up to 6 weeks. When BT and/or N were used, they were added to the
fermentors at 2-day intervals because control tests indicated that during that
time these compounds were rerroved from the culture media by aeration.
When 50-70% of a test compound was degraded, enrichment cultures were
transferred to shaker flasks containing basal inorganic salts media with different concentrations of the test compound. Each liter of basal salts medium
contained: 1.4 g of K2HP04, 0.6 g of KH2P04, 0.5 g of (NH 4 ) 2S0 4 , 0.1 g of
NaCl, 0.1 g of MgS04•7 H20, 0.02 g of CaCl2•2 H20, 0.005 g of FeS0 4 .7 H20, and
l ml of trace elements solution. The latter contained 0.1 g of H3 B0 3 , 0.05 g
each of CuS04•5 H20, MnS04•H20, ZnS04•7 H20, Na2Mo04, and CoC1 2 •6 H20 liter- 1 •
In studies in which BT or DBT were substrates, (NH 4 ) 2 so 4 was replaced by
NH4N03 and other sulfate salts were replaced with the corresponding chloride
salts. Shaker flasks containing BT and N were capped with Teflon-lined screwon caps.
Separate rotary shaker incubators were used for each individual substrate
to prevent contamination of shaker flask media by the vapors of readily
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metabolized substrates (e.g., N, BT) or by metabolites from transformations.
ANALYSES
Absorption measurements of broths or extracts at critical differential
(peak and lower value) uv wavelengths were particularly useful for rapid analyses of the many degradations being conducted. Combinations of wavelengths used
were: 270 and 300 nm for MP; 296 and 300 nm for BT; 290 and 300 nm for DBT;
312 and 320 nm for Q; 345 and 355 nm for BQ; and 316 and 324 nm for IQ. Samples from critical points in the degradation curves were always analyzed by gc
or high-performance liquid chromatography (hplc) .
Samples for analyses were extracted twice with equal volumes of ethyl acetate or hexane. The extracts were adjusted to fixed volumes and dried with
Na2S04, Aliquots of the extracts were injected, directly or after being evaporated under nitrogen, into gc or hplc analyzers. MP analyses were made with a
Varian Associates Model 5711 with a AFIS detector (Varian Model 2740); the
column was 5 ft x 0.25 in. packed with 4% SD-30 and 6% OV-210 on 80/160 mesh
Gas Chrom Q; column temperature, 200°C; N2 carrier gas at 33 ml, min- 1 ; retention time, 3.73 min. Ethyl parathion was used as the internal standard. A
Spectra Physics Model 3500 analyzer was used for hplc analyses of heterocyclic
hydrocarbons. For BT, aµ Bondapack C18 (30 cm x 4 rmn) (Waters Associates)
column was used with a mobile phase consisting of 60% methanol and 40% water,
and a Schoeffel Variable uv detector set at 228 nm (sensitivity, 500 pg). For
DBT, the column was Spherisorb ODS (24 cm x 6 mm) (Spectra Physics) with a mobile phase containing 55% methanol and 45% water, and a Spectraphysics 230 uv
Detector set at 254 nm (sensitivity, 20 ng). For Q and IQ, the column was µ
Bondapack C1s (30 cm x 4 mm) (Water Associates) with a mobile phase composed
of 60% methanol and 40% water. A Schoeffel Variable uv Dectector was set at
220 nm (sensitivity, 100 pg). For BQ, the column was Spherisorb ODS (24 cm x
5 mm) (Spectraphysics) with a mobile phase consisting of 55% methanol and 45%
H2 0. A Schoeffel Variable Fluorescence Detector was used at 360 nm (sensitivity, 4 ng) .
RESULTS AND DISCUSSION
METHYL PARATHION (MP)
MP-degrading organisms were present in all eutrophic water bodies and
sewage effluents (1, 4, 27). To obtain an adequate supply of cells for determining the kinetic constants defining the degradation of malathion, Paris et
al. (22) grew degrading organisms in a medium containing malathion and 1:10
diluted nutrient broth. Because one of our assignments was to obtain rate
constants with mixed enrichment cultures from natural water bodies, we also
required adequate concentrations of cells. Therefore, we investigated the effect of nutrient broth on a MP-degrading mixed culture system transferred more
than 10 times in an inorganic salts/MP medium after the original enrichment
degradation. Table 1 shows MP degradations when cultures were grown:
(I) in
shaker flasks one time in an inorganic salts medium with MP (50 µg ml- 1 ),
(II) in nutrient broth (Difeo) diluted 1:10 and with MP (50 µg ml- 1 ), and
(III) when the mixed culture was transferred daily three times in the diluted
nutrient broth/MP medium used in (II) and then the fourth transfer was
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incubated for 86 h in a similar medium.
TABLE 1.

EFFECT OF ORGANIC NUTRIENTS ON METHYL PARATHION (MP) BIODEGRADATION

Medium

Serial
transfers
(numbers)

(I) Inorganic salts + MP
(50 µg ml- 1 )
(II) Nutrient broth (0. l cone.) + MP
(SOµgml- 1 )
(III) Same as (II)

Incubation time
of final transfer
(h)

Degradation
(%)

l*

21

72

l*

21

95

4**

86

5

*The inoculum used at the initiation of this experiment had already been
transferred more than 10 times on inorganic salts/MP medium.
**The first 3 transfers for (III) were made daily.
After one transfer in the diluted nutrient broth/MP medium (II) , MP degradation increased slightly in the 21-h incubation compared with the control
degradation in inorganic salts/MP medium (I). The nutrient broth supported
growth of a greater number of cells. However, when the organisms were transferred four times in the diluted nutrient broth/MP medium (III) , MP-degrading
capacity was markedly diminished. This was interpreted as being due to ingredients in the nutrient broth that favored growth of organisms other than those
involved in degradation, leaving few of the primary MP-degrading organisms and/
or exoenzymes involved in modifying the structure of MP.
BENZO[b]THIOPHENE (BT)
Table 2 presents the data from enrichment studies conducted with BT. Because of the volatility of BT, degradations were considered to be positive
when transfers made to screw-capped flasks containing inorganic salts medium
with BT, or BT plus additive, indicated BT degradation. When BT was the sole
substrate, no degradation was observed in six water samples during 6 weeks of
incubation. Naphthalene (N) was selected as a cosubstrate because it coexists
with BT in coal tars and petroleum products and has a similar chemical structure. BT degradation was observed in four of five water samples to which N
was added with BT at 10 µg ml- 1 levels every 2 days. The one sample that did
not develop a BT-degrading culture within 6 weeks under this mixed substrate
condition was the oligotrophic sample from Lake Tahoe. When BT, glucose, and
yeast extract were added to one water sample in a 9-liter fermentor, BT degradation was not observed. In other studies (27) , we found that the breakdown
was a cometabolic process in which N could not be replaced by quinoline (Q)
using cultures that had been transferred many times on salts/N/BT medium.
Similarly, if such a culture mixture was transferred to media in which N was
replaced by tryptone or glucose plus yeast extract, BT degradation did not
occur (27).
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TABLE 2.

DEVELOPMENT OF BENZO[b)THIOPHENE(BT)-BIODEGRADING CULTURES IN
AQUATIC SYSTEMS

Addition to water samples

Time for development
of cultures

--t

BT alone
BT + naphthalene (N)

0/6

5-8 days

4/5

__ t

BT + glucose + yeast extract

BT
biodegradation*

0/1

*Number of water samples that developed BT-biodegrading cultures/number of
different water samples tested.
tDid not develop within 6 weeks of incubation.

DIBENZOTHIOPHENE (DBT)
Naphthalene (N) or anthracene (A) were added to DBT because they coexist
with DBT in wastes from the coal and petroleum industries and because they
have similar structural characteristics. The selection of these two aromatic
hydrocarbons was arbitrary for many other compounds could have been selected.
The data in Table 3 indicate that even though DBT-degrading organisms could be
obtained by adding DBT as the sole substrate, N was an inducer in development
of DBT-degrading organisms. The presence of N caused more rapid degradation
of DBT. Although only one enrichment was initiated with the DBT/A combination,
the data suggest that A may also be an inducer of enzymes used in DBT degradation. All five mixed cultures developed in the DBT plus N substrate enrichments were able to degrade DBT on subculturing in media with decreasing concentrations of N.

TABLE 3.

DEVELOPMENT OF DIBENZOTHIOPHENE(DBT)-BIODEGRADING CULTURES IN
AQUATIC SYSTEMS
Time for DBT
degradation
(days)

Additions to water samples

DBT
degradation*

Eutrophic waters and sewage effluents
17-22
2-5

OOTtlo~

DBT + naphthalene (N)
DBT + anthracene (A)

8

Oligotrophic waters
DBT alone
DBT + N

__ t
32

3/4
3/5
1/1
0/1
1/1

*Number of water samples that developed DBT-biodegrading culture9/number of
different water samples tested.
tDid not develop within 6 weeks.
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QUINOLINE (Q)
Cultures that could degrade Q were readily obtained. Figure 2 illustrates the time course of degradations using procedures designated as "Cascade
Batch Fermentations" (27). Two concentrations of Q were used. During the
first 2 days of incubation, no degradation of Q occurred, following which Q
was totally degraded in both cultures. The latter were inoculated (0.2% v/v)
into shaker flasks containing freshly collected water samples mixed with onefifth volumes of (NH 4 ) 2 S0 4 -potassiurn phosphate buffer and the respective initial concentrations of Q. These processes were repeated four times. In all
instances, short lag periods occurred followed by rapid degradations of Q.
These Cascade Batch Fermentations suggest that, under natural conditions, a
lag period would occur in which Q would be degraded downstream from the source
where it was first introduced, but gradually degradation would occur increasingly closer to the source of pollution. This was demonstrated in a multichamber fermentation unit with p-cresol as the substrate (3).
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Figure 2.

Cascade Batch Fermentations with a freshly developed degrading system transferred in fresh pond water media.

BENZO[f]QUINOLINE (BQ)
The results with BQ and quinoline (Q) as pollutants in Table 4 are essentially similar to those in Table 3. Q was the inducer of enzymes that degraded
BQ. However, in contrast to the data obtained with DBT (Table 3), even after
more than 6 weeks of induction and sub-transfer, cometabolism was still involved in rapid BQ degradation by three of the six culture mixtures that initially degraded BQ readily in the presence of Q. Again, in the presence of
microbial nutrients such as glucose plus yeast extract, no degradation of BQ
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was observed after 6 weeks of incubation of the one water sample tested. The
data in Figure 3 were obtained with one mixed culture transferred 30 times in
shaker flasks containing basal inorganic salts medium plus BQ and Q. The
presence of Q accelerated degradation of BQ, but with this culture mixture,
only 30% of the BQ was degraded in the absence of Q. Addition of glucose plus
yeast extract to the medium completely eliminated BQ degradation. One transfer in trypticase soy broth plus Q medium still resulted in BQ degradation in
the absence of Q, but with several transfers, results similar to those with MP
(Table 1) probably would have been obtained.

TABLE 4.

DEVELOPMENT OF BENZO[f]QUINOLINE(BQ)-BIODEGRADING CULTURES IN
AQUATIC SYSTEMS
Time for BQ
degradation
(days)

Addition to water samples

Eutrophic waters and sewage effluents
BQ alone
BQ + quinoline (Q)
BQ + glucose + yeast extract

15-43
2-3

__ t

Oligotrophic waters
BQ alone
BQ + Q

__ t
8

BQ
degradation*

2/5
5/5

0/1
0/1

1/1

*Number of water samples that developed BQ-biodegrading cultures/number of
different water samples tested.
toid not develop within 6 weeks.
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Figure 3.

Biodegradation of benzo[f]quinoline inoculated with a previously
isolated benzo[f]quinoline and quinoline degrading mixed culture.
Supplements to inorganic salts: BQ + Q (•); BQ alone (•); BQ +
glucose+ yeast extract (o), and BQ + trypticase soy broth (A).
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The experiments in Figure 4 were conducted with estuarine water. Q was
degraded after a lag period and BQ did not interfere with Q degradation. However, Q was necessary to induce enzymes for BQ degradation, functioning as a
cometabolic substrate. Initially, BQ degradation began at about 12 d (point
A) and ceased when Q was completely degraded. The addition of more Q on day
15 initiated a second degradation of BQ, commencing at about 17 d (point B).
Naphthalene (N) also functioned as an inducer and cometabolic substrate in BQ
degradation in estuarine water (Fig. 5).
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Biodegradation of benzo[f]quinoline in estuarine water with naphthalene as a cometabolic substrate. N (10 µg ml- 1 ) was added at O,
2. 5, 5, and 7 days (-t) •
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As indicated in Figure 6, development of isoquinoline(IQ)-degrading organisms in saline estuarine water appeared to be considerably slower than development of Q-degrading cultures with Q as the added substrate. IQ degradation
apparently was facilitated by the presence of BQ, but this may be an artifact
in that particular fermentor. BQ was not degraded after 56 days in the presence of IQ. In this instance, IQ was not a cometabolic substrate for BQ degradation.
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Biodegradation of isoquinoline and benzo[f]quinoline in est
ie
water. IQ in waters supplemented with IQ alone (•) or BQ plus IQ
(D). BQ in waters supplemented with BQ plus Q (o).

Data are presented here that demonstrate the problems of determining the
biodegradability or recalcitrance of compounds in natural waters. These observations could be particularly significant in some ecosystems. Compounds
with somewhat similar structural features can be important as inducers and cometabolic substrates in developing enrichment cultures and possibly for isolation of pure strains of organisms for studies of metabolic pathways. Naphthalene has been an excellent inducer and cometabolic substrate in degradation of
the aromatic heterocyclic compounds studied in this report.
The presence of readily assimilated microbial nutrients inhibits formation and maintenance of mixed culture-degrading systems. These observations
may have to be considered in assessing the effectiveness of sewage treatment
plants that process domestic and industrial feeds and of ecosystems that leach
organic nutrients into aqueous phases.
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METABOLISM OF CYCLOPROPANE CARBOXYLIC ACID BY BACTERIA
1

C. O. Patterson and G. D. Hegeman
Department of Microbiology
Indiana University
Bloomington, IN 47401

ABSTRACT
A Corynebacterium strain was isolated from soil by
enriclunent at the expense of cyclopropanecarboxylate (CPC) •
Substrate utilization and oxygen uptake patterns indicate
that the pathway for use of CPC by this bacterium is inducible and differs from that previously described for
the fungus, Fusarium, and liver. Properties of mutants
that have lost the ability to grow at the expense of CPC
and their revertants implicate in the oxidation of CPC
portions of a pathway previously described as functional
in the degradation of valine by bacteria. Measurement of
enzyme activity in crude extracts confirms this conclusion. The mode of initial attack upon the cyclopropane
ring remains obscure.
Alicyclic (cycloparaffin and naphthene) compound occur widely in organisms and in organic deposits, such as petroleum, derived from them. Some of
the most interesting of such compounds are cyclopropane and its derivatives.
The three-membered ring structure present in these compounds is highly
strained, and displays certain chemical similarities to a simple carbon-carbon
double bond; for instance, it is readily reactive with bromine. Further, the
unsaturated analog of cyclopropane, namely cyclopropene, has been shown to
serve as substrate for bacterial nitrogenase, an enzyme capable of reducing
triple bonds (6).
Cyclopropane carboxylic acid (CPC) is of interest as a model compound and
as a substance, the metabolism of which is of interest in its own right. Compounds that are derivatives of, contain, or may yield CPC occur in petroleum,
pyrethrins, hypoglycins, bacterial fatty acids, a miticide now being developed
for commercial use {cycloprate: the hexadecyl ester of CPC), and other
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compounds proposed for use or in use. Examples are a coccidiostat (cyproquinate), an herbicide (cypromid), a tranquilizer (prazepam), and several narcotic
antagonists (naltrexone, cyclazocine, and oxilorphan) (11, 13).
CPC can serve as sole carbon and energy source for growth of some microorganisms with complete degradation of the cyclopropane ring. Two mechanisms
for this degradation have been identified. Tipton and co-workers (5, 14)
found that Ochromonas danica and Tetrahymena pyriformis mineralize cyclopropane derivatives by a simple modification of S-oxidation, in which the ring is
treated as a double bond. Quite a different mechanism was identified in the
fungus Fusarium oxysporum. Chung and co-workers (3, 9, 10) showed that cleavage of the ring occurred by direct addition of the elements of water across
one of the bonds adjacent to the a-carbon. This attack yields y-hydroxybutyric acid, which is then degraded by known routes. The present paper reports
still another route for degradation of the cyclopropane ring in bacteria.
MATERIALS AND METHODS
ORGANISM AND CULTURE METHODS
A Corynebacterium sp., designated strain CPC-1, was isolated by liquid
enrichment using a mineral medium (7) with CPC as sole source of carbon and
energy. For other purposes this medium was modified by inclusion of 1% (w/v)
Ionagar No. 2 (Colab, Inc.) and by replacement of 0.2% Na-CPC by other carbon
sources. Growth was measured at 30°C in side arm-fitted Erlenmeyer flasks
using a Klett colorimeter (No. 66 filter).
MUTAGENESIS AND MUTANT ISOLATION
Mutants were isolated from independent cultures following treatment with
various concentrations of l-methyl-3-nitro-l-nitrosoguanidine (Aldrich Chemical Co.) in growth medium, several generations of growth in mutagen-free medium for expression, and plating on solid medium containing 0.2% Na-CPC and
0.01% Na-succinate. Small colonies were picked and screened for loss of the
ability to grow at the expense of CPC.
CHEMICALS
All organic chemicals used as substrates were obtained from Sigma Chemical Co., with the exception of iso-butyric acid (Fisher Scientific Co.), CPC,
3-hydroxybutyric acid, methacrylic acid (Aldrich Chemical Co.), 1-hydrocybutyric acid (K & K Laboratories) , cyclopentane carboxylic acid (PCR Incorporated)
and cyclobutane carboxylic acid (ICN Pharmaceuticals, Inc.). Inorganic chemicals were all of reagent grade. Iso-butyryl-CoA was synthesized by the mixed
anhydride method (1) using freshly distilled reagents.
ANALYTICAL METHODS
Gas chromatographic measurement of CPC and other volatile acids in acidified (H3P04) aqueous media was performed with a Hewlett-Packard Model 402
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instrument fitted with a 2 m x 2 mm "U" tube column of 10% SP-1200, 1% H3P04
on 80-100 mesh Chromosorb WAW (Supelco, Inc.) at 105°C.
Oxygen uptake was determined polarographically with resting cell suspensions at 30°C in the buffer portion of the mineral growth medium (above) using
a Yellow Springs Instrument Co. Model 53 oxygen monitor connected to a Hewlett·
Packard Model 7128A recorder.
Cell extracts for enzyme assay were prepared by sonic extraction at 0°C
of a 10% wet weight suspension of cells in 0.1 M phosphate buffer (pH 7.2).
Following extraction, unbroken cells and debris were removed by centrifugation
at 10,000 g for 10 min at 0°C. Iso-butyryl-CoA dehydrogenase was measured according to Green et al. (2). Protein in extracts was measured using Pardee's
modification of the biuret reagent (4) ; bovine serum albumin (Sigma Chemical
Co.) served as standard.
RESULTS AND DISCUSSION
CPC is metabolized by strain CPC-1 with the accumulation in the culture
fluid of compounds detectable by gas chromatography using a flame ionization
detector. Accordingly, it was decided to search for evidence of the pathway
being used by means of a study of blocked mutants, substrate utilization, and
oxygen uptake patterns. Before it was possible to undertake either of the
latter two approaches, it was necessary to consider which compounds might be
intermediates in the mineralization of the cyclopropane ring.
Cleavage of the cyclopropane ring of CPC could yield various products,
depending on the site and mode of attack. These are summarized in Figure 1.
Hydrogenation of either of the bonds adjacent to the a-carbon would give nbutyrate, while hydrolysis of those bonds would give either a-hydroxybutyrate
or y-hydroxybutyrate (Chung [10] found that F. oxysporum produces y-hydroxybutyrate). On the other hand, attack upon the bond opposite the a-carbon
yields iso-butyrate or a related compound such as methacrylate or 3-hydroxyisobutyrate. The formation of metacrylate from CPC would be an internal arrangement, in which the strained ring configuration is resolved into a true
double bond. Such a dismutation could also involve one of the adjacent bonds,
yielding 2-butenoate or 3-butenoate. Still another possibility is the oxygenation of the cyclopropane ring to the corresponding lactone (butyrolactone).
The results of growth experiments presented in Table l indicate that degradation of CPC proceeds neither by attack at a bond adjacent to the a-carbon,
or by lactonization of the ring. Neither n-butyrate or its hydroxy derivatives supported growth of the bacterium. Butyrolactone was not attacked. In
contrast, iso-butyrate, metacrylate, valine and 2-oxoisovalerate all supported
growth of the organism at rates equal to or slightly greater than the growth
rate on CPC. The unsaturated acid, 2-butenoate, also supported growth, though
only after a lengthy lag and at sluggish rates. Growth on 3-butenoate was attended by no lag, but again growth was extremely slow.
To distinguish between intermediates involved in degradation of CPC and
fortuitous use of putative intermediate compounds, measurement of oxygen uptake in suspensions of resting cells grown on these compounds was examined.
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Fusarium oxysporum engages in a hydrolytic fission of the cyclopropane ring with y-hydroxybutyric acid as product (10).

GROWTH OF Corynebacterium CPC-1 AT THE EXPENSE OF POSSIBLE INTERMEDIATES IN CPC METABOLISMa
Cyclopropane carboxylate
Glutarate
Succinate
Iso-butyrate
Methacrylate
n-butyrate

++
+
++
++
++

2-oxoisovalerate
Valineb
a-hydroxybutyrate
y-hydroxybutyrate
2-butenoate
3-butenoate
Butyrolactone

++
++

+
+

aGrowth was measured turbidimetrically in liquid mineral medium as indicated
in Materials and Methods. Substrates 0£ organic acids were supplied at a concentration of 0.2% (w/v) as the sodium salts.
bsupplied as DL-valine.
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The results are summarized in Table 2. Several points deserve special attention. First, utilization of CPC, iso-butyrate or methacrylate is strictly inducible·. When each of t·hese substrates is offereO. to starved cells grown on
succinate, 02 consumption is not stimulated, but remains at background level.
However, when each of these substrates is offered to starved cells previously
grown on CPC or on iso-butyrate, 02 consumption is immediately stimulated. In
contrast, when cells are grown on either 2-butenoate or 3-butenoate, supply of
CPC, iso-butyrate or methacrylate to starved cells produces no stimulation of
02 consumption, i.e., neither induces oxidation of CPC, iso-butyrate or methacrylate. Likewise, growth of cells on CPC or on iso-butyrate show a slight
stimulation of 02 consumption when given 3-butenoate, but never reach 02 consumption rates comparable to those elicited by succinate.

TABLE 2.
Test
substrateb
Succinate
2-Butenoate
3-Butenoate
CPC
I so-butyrate
Methacrylate

RELATIVE RATE OF 02 CONSUMPTION.BY CPC-1 CELLSa

Succinate
84
30
40
10
10
10

Cells ~rown at the expense of:
2-butenoate
3-butenoate
CPC
10
35 c
__

41
__ c
60
7
10
9

9
10
8

iso-butyrate

80
9
25
76
81
78

83
10
15
78
82
79

aMicroliters of 0 2 taken up by a turbidimetrically standardized suspension per
unit time at 30°C. Cells were harvested by centrifugation at room temperature
and starved by incubation in growth medium to reduce the endogenous level of
02 uptake for a standard time. Measurements were performed as indicated in
Materials and Methods.
bsupplied as the sodium salts at a final concentration of 0.2% (w/v).
cNot done.

Since patterns of induction appear to eliminate 2-butenoate and 3-butenoate as intermediates in CPC degradation, attention is focused on iso-butyrate
and methacrylate. Sokatch (12) and others have shown that in several bacterial strains, degradation of valine proceeds via the pathway shown in Figure
2, in which 2-oxoisovalerate, iso-butyrate and methacrylate are intermediates.
A mutant of strain CPC-1 was isolated, following mutagenesis, that had
lost the ability to grow at the expense of CPC. It was found to have simultaneously lost the ability to grow with iso-butyrate, methacrylate and valine,
although growth on succinate was unimpaired. When large numbers of succinategrown mutant cells are plated onto agar with either CPC or valine, a small
number of presumed revertant colonies appear following incubation. Fortyseven revertant colonies were picked from CPC and transferred to fresh valine
plates; 100 revertant colonies were picked from the valine plates and transferred to fresh CPC medium. When growth had occurred, the plates were examined: 100% of the CPC revertants had regained the ability to grow on valine,
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and 100% of the revertants selected for regain of ability to grow on valine
had simultaneously regained the ability to grow with CPC.

Valine
{ -NH3

2-0xoisovalerate
{ -2H, +Co ASH
iso-butyryl-CoA + C02
~ -2H
Methacrylyl -CoA

CPC

+2H , +CoASH

[>-cooH

+Co ASH

~ +H20
3-Hydroxyisobutyryl-CoA

t

+H20

3-Hydroxyisobutyrate + CoASH

~ -2H
Methylmalonic
semi aldehyde

!

Propionaldehyde + C0 2

Figure 2.

-2H, +Co ASH

Propi onyl -CoA

The convergence of valine and CPC metabolism proposed to occur in
Corynebacterium strain CPC-1 (modified from Sokatch [12]).
It is
not known whether activation by coenzyme A precedes ring fission,
or which of the three possible ring fission mechanisms occur.

Direct enzymatic evidence for participation of iso-butyrate as an intermediate in CPC degradation was sought by assay of iso-butyryl-CoA dehydrogenase in extracts of succinate-, CPC-, and iso-butyrate-grown cells. The results are given in Table 3. It is clear that iso-butyryl-CoA dehydrogenase is
elevated in CPC-grown cells as in iso-butyrate-grown cells.

TABLE 3.

ACTIVITY OF iso-BUTYRYL-CoA DEHYDROGENASE IN CRUDE EXTRACTS OF
Corynebacterium CPC-la (nmoles/hr/mg protein)
Cells grown on CPC
Cells grown on iso-butyrate
Cells grown on succinate

11.5

13
2

acells were harvested during exponential growth, extracted, and enzyme activity and protein measured as indicated in Materials and Methods.
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In light of the results described above, we conclude that Corynebacterium
CPC-1 degrades CPC by attack on the cyclopropane ring opposite the a-carbon.
Subsequent metabolism occurs via a scheme previously described for valine degradation by bacteria (12; Fig. 2).
The bacterial metabolism of higher alicyclic hydrocarbons and their derivatives generally entails initial conversion of the compound to the corresponding alicyclic ketone and subsequent introduction of an oxygen atom adjacent to the oxidized carbon in a mixed-function oxidase-mediated reaction.
The lactones formed in this way hydrolyze spotaneously or in an enzyme-catalyzed process to yield aliphatic hydroxy acids susceptible to further metabolism by conventional routes (8). CPC is an apparent exception to this pattern
either because of the presence of the carboxyl function, which may prevent the
occurrence of some step of the usual process, or the size and/or configuration
of CPC may cause it to be handled initially as an aliphatic compound. The occurrence of CPC activation either as the carnitine (Fusarium [3]) or CoA
(Corynebacterium CPC-1) thioester, if it precedes ring cleavage, suggests that
this latter explanation may be true. The higher cycloalkanes are metabolized
by bacteria without initial activation as CoA thioesters.
However, the proposed pathway does have certain general features common
to other pathways for the degradation of alicyclic hydrocarbons. First, the
pathway is inducible. Second, there is a high degree of specificity as to
substrates. Corynebacterium CPC-1 is totally unable to grow on any other alicyclic compound tested in the C4 to C7 range. Third, the portion of the proposed degradative pathway unique to CPC metabolism is very short, in this case
only two steps (activation and ring cleavage) long. It is generally true, as
here, that degradation of alicyclic compounds proceeds by conversion of the
alicyclic compound to a form that can feed into some commonplace central metabolic pathway. All of these points emphasize the key role of the initial
steps involving primary attack upon the substrate molecule, as well as the
regulatory mechanisms that govern their synthesis and the synthesis of enzymes
functional in later steps.
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DISCUSSION
BIOCHEMISTRY OF MICROBIAL DEGRADATION
TIEDJE: Dr. Chapman, do you see any reason why marine organisms or a marine
environment would effect a different type of metabolism?
CHAPMAN: Recent studies have drawn attention to the fact that hydrocarbons
are degraded with increasing difficulty at increasing levels of salinity.
Furthermore, studies by Dr. Bourquin on the degradation of the compound nitrilotriacetic acid (NTA) by a freshwater organism have demonstrated that there
is a serious impairment to the degradation of NTA when freshwater organisms
are present in estuarine environments. Based on those two examples, I would
merely say that we know very little about the constraint of salinity upon the
degradation of chemicals by freshwater and soil microorganisms, and I feel
that there is a great deal to be learned. Possibly even more complex alternatives are going to turn up from a study of organisms which have the marine environment as their specific habitat and are not responsible to growth under
freshwater conditions.
CHAPMAN: Dr. Bollag, fungi are notorious for making secondary metabolites and
they are known formers of coupled products when they are the syrnbionts in
lichens. A number of the products that are formed from carbaryl are evidently
hydroxylation products. Furthermore, they are coupled products, oxidative
coupling products. Do you think there is a relationship that characterizes
these fungi or relates these conversions to their normal process of secondary
metabolism?
BOLLAG: Well, they are not mainly hydrolytic compounds, they are phenolictype compounds. My opinion is that the nature of these phenolic compounds
represents a special group of metabolic products. We assume that they are active in secondary metabolic activity and that the fungi have a major function
in this kind of polymerization process.
GIBSON: You said the enzyme was an extracellular enzyme, Dr~ Bollag. It seems
to me those products are very similar to what you get in phenol couplings with
enzymes like horseradish peroxidase and laccases; I think you mentioned yours
was a laccase. Do you have any evidence to support this?
BOLLAG: That's right, we did find it to be a laccase. That means we purified
and identified it as a laccase, but it is also possible that a peroxidase can
catalyze this reaction.
CHAPMAN: Dr. Alexander, do you think that the non-growth substrates can also
serve as the inducers of the enzymes which may or may not be responsible for
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their degradation? I think much of the biochemical and microbiological basis
for cometabolism resides, as you've quite correctly stated, between the structural relationships of growth substrates and non~growth substrates. You mentioned, quite correctly I believe, the importance of evaluating enzyme specificity in this regard, but there's a second very important barrier that has to
be overcome and that is the de-repression of appropriate enzymes by such molecules. Would you care to discuss this?
ALEXANDER: The problem of the induction or de-repression is a very real one
in the understanding of the biochemistry/microbiology of cometabolism.
I
agree that the work ought to be done, and we have little information on this
matter. We have tried to estimate whether induction was significant by adding
biodegradable analogs to a natural envirorunent. This work was done in freshwater, sewage, and soils, using a number of different compounds--benzoates,
diphenylmethanes, and others. In no case did we find much of a change. Probably the cometabolizing organisms are not benefitted greatly by the substrates
we think they ought to respond to. The organisms that respond to such additions are probably pseudomonads, flavobacteria or other organisms which quickly
utilize the added compound, which is then all gone by the time the cometabolizing populations begin to metabolize the chlorinated molecules to a significant
extent.
CHAPMAN: Undoubtedly, it is particularly important to determine what sort of
things are going on in these processes, and if one can achieve conditions
where one can direct or facilitate degradation by a suitable choice of a growth
substrate, then I think it's important that we understand these relationships
so that we can direct or facilitate degra.dation in this fashion.
ALEXANDER:
It is also important to know what substrates do to natural populations, as well as obtaining the biochemical information. These population
studies will not be easy to do well.
TIEDJE: Another consideration here should be the phenomenon of catabolite repression, because I think a lot of substrates that we might add in nature could
often have a negative effect on degradation of materials.
ALEXANDER:
In dealing with a microbial community of many populations, we tend
to extrapolate too readily from pure cultures to natural environments. The
organism which is affected by catabolite repression may not be the organism
involved in cometabolism. Again, let me stress that it is important to get
the information on the biochemistry and microbiology, and similarly on the
ecology of the responsible species.
TIEDJE:
You made a statement that was a little surprising to me. You said
that the evidence for cometabolism in nature is shaky, and I want to know what
kind of evidence you're looking for that would be more solid. What kind of
phenomena?
ALEXANDER:
Something other than our inability to isolate the responsible organisms.
It would be satisfying to show that the disappea~ance of ~e molecules was parallel to no increase in population of the act~ve organisms. Al14 organi'c compounds subJ'ect to cometabolism are not conternatively, if C
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verted to c 14 cellular products in the environment, then likely cometabolism
is occurring.
RAYMOND: Dr. Alexander, I can't quite fathom the comment you made that cometabolism will not lead to C0 2 . Did I misinterpret that?
ALEXANDER: I should retract somewhat. Co~etabolism will not lead to a major
conversion of the substrate, but a cometabolic decarboxylation reaction would
lead to C02. But cometabolism will not give, as with glucose in a natural environment, 6 moles of C02 for one mole of glucose, or 5, considering carbonassimilatory processes.
ZAJIC: My questions really have to do with the carbon monoxide data. One, I
wonder whether the reaction was run under aerobic or anaerobic conditions, and
two, whether any gaseous hydrogen was produced. Also, I don't know what happened to Carboxymonas in the recent edition of Bergey's Manual; maybe they
don't exist any more, but the older data by A. J. Kluyver in 1945-46 indicated
that oxidation of carbon monoxide occurred under anaerobic conditions. There
was a reductive cleavage of water, and some hydrogen was produced. I wondered
if this might not be what you're seeing.
ALEXANDER: Carbon monoxide was oxidized under anaerobic and aerobic conditions.
The generic name you cited does not appear in the current volume. We have not
determined whether hydrogen is evolved.
ZAJIC: Many times with carbon monoxide oxidation to C0 2 and with hydrogen release you,see methane as the end product. That's just a cormnent; .I want to
ask something else. I wonder if we have indirect evidence of cometabolism.
Natural products like lignin are very difficult to oxidize with pure cultures
in the laboratory. Yet in nature, we find turnover is slow but of a far
greater rate than predictions from anything we have been able to accomplish
in the laboratory to date. In making another example, the alphaltene materials from crude oil, if put in the soil, are oxidized to only a limited extent. It is almost impossible to find a single culture to metabolize it, yet
a long-term study in the soil shows something happening that we've never been
able to do in the laboratory using more exacting controlled conditions. These
are somewhat indirect examples, but things are happening in the environment
that we haven't been able to approach or handle in the laboratory under controlled conditions. What is your reaction to an indirect type of evidence?
ALEXANDER: Such arguments are quite tenuous, although the facts may be correct. In the case of depolymerization of lignin in pure culture, it's quite
possible that the monomeric fragments build up, and these may be quite toxic;
but in a mixed culture in a natural ecosystem, there would be populations
which would destroy these phenolic or methoxy compounds. Also, the initial
populations depolymerizing lignin could be growth-factor requiring, but in
nature, organisms produce the growth factors for the depolymerizing species.
MATSUMURA: I am interested in your definition of cometabolism. I understand
that certainly in related chemicals we can talk about cometabolism. How about
metabolism by quite general enzymes, such as hydrolytic enzymes, excreted outside of the cell, hydrolysis on something like carbaryl by exo-enzymes--do you
call this degradation or cometabolism?
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ALEXANDER: You're trying to nail me to the wall on semantics, but I have a
very low semantic sensitivity. For the sake of the definition, I would say
the organism is not cometabolizing the compound. On the other hand, a product
is accumulating. Such accumulations occur with compounds which contain quaternary carbons. The organism keeps attacking the molecule until it gets
close to the quaternary carbon and then it stops. The consequence is the important point, whatever the phenomenon is called.
GIBSON: In the batch system, Dr. Chou, did you look for accumulation of products, or did you just measure substrate disappearance?
CHOU: In most of these experiments, I measured disappearance of substrate;
however, in the mixed culture, in our experiments it seems to me the products
are degraded further, maybe as a function of the mixed organisms.
GIBSON:
CHOU:

You may get extensive degradation?
Yes.

RAYMOND: Dr. Gibson, I can't pass up the opportunity to explore further into
this business of products of cometabolism accumulating in nature, which Dr.
Alexander has alluded to. Our evidence, certainly with hydrocarbons, is that
products do not accumulate in nature from cometabolism, or rather from the cooxidation. Admittedly, we have not isolated all the possible cultures from
that particular aquatic environment. Because we, like you, have had a lot of
negative studies using a pure compound and attempting to find a microorganism
in the environment which utilizes it for growth and energy. Most of the time
we don't find them. What we do find, in nature, is, if we first add a substrate that can be used for growth and energy, then introduce the second (nonutilizable) substrate, the second is oxidized. Furthermore, in freshwater and
soil environments, we don't see end products accumulating. I don't know that
this is proof, but certainly we have looked exhaustively for end products in
these systems. Perhaps some of them are tied up or conjugated so that we don't
see them, but with our extractive methods we don't see them. I think this is
part of what we have to establish this week: whether the methods we use to
determine biodegradation are satisfactory.
ALEXANDER: I think there are two possible explanations. First, if an organism can't be isolated it does not mean that the reaction is necessarily cometabolic. Second, as in the case of p-chlorophenylacetic acid in a twoculture system, possibly the initial reaction is cometabolic and the product
of the initial reaction will support growth; therefore, there is no accumulation.
RAYMOND: Are you still insisting, though, that if you cannot find microorganisms, at least by identifiable names, to utilize certain materials, or if we
can't find in the laboratory that these materials are cometabolized, that
therefore they are not biodegradable. Therefore, they are dangerous materials
because they will accumulate in nature. That cannot be the gist of this removal from nature, the way I understand it.
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ALEXANDER:
I focus on the environment first and on the microbiology second.
If there is no accumulation in nature, one would not explain the disappearance
by cometabolism. It may be that cometabolism is occurring but the product
would not be found.
I suggest cometabolism may occur if the reaction is slow
and there is an accumulation. That does not mean that accumulation is the
only consequence of cometabolism in nature. My microbiology begins with the
observation in nature and then we work with cultures whereas many of my colleagues prefer to begin with cultures and hope their data are relevant in
nature.
GIBSON: I think if we understand what is going on, it doesn't really matter
what term we ascribe to the phenomenon.
ALEXANDER: I agree, Dave, we have enough problems without semantics. There
is nothing particularly unique in the question of cometabolism. It is inappropriate to worry about terminology in important environmental issues.
If we
understand what is going on and we can use biochemical information to predict
what will happen in nature, that should be the focus of a microbiologist.
GIBSON: You suggested that there were possible hazards of carcinogens produced
in the environment, for example, nitrosamines. Aren't nitrosamines reactive
alkylating agents? Are they going to hang around long enough to be dangerous?
ALEXANDER: We have put dimethyl, dipropyl, diethyl nitrosamines into soils,
water and sewage.
In fresh water, there was no disappearance at all over four
months. In the other environments about half of the concentration disappeared
and the rest stayed in the system. So far as we know, they are quite persistent. Debra Raymonds found that nitrosamines can be taken up by plants (no
one eats the soil as a rule). They can also move through soil into ground
water. So, at least with the dialkyl nature of the amines and the N-alkyl diethanolamine, I'd be very concerned. They do seem to be reasonably persistent
molecules. There are animal metabolism studies which suggest you can get a
dealkylation of molecules enzymatically, but not at natural population levels
of microorganisms.
GIBSON: They must be metabolized into active carcinogens by animals that ingest them.
Is that correct?
ALEXANDER: I would assume so.
consumption.
GIBSON:
test?

They can then become alkylating agents after

Have these nitrosamines that you mentioned been tested in the Ames

ALEXANDER: Well, I am sure they have been tested in Ames test.
been tested in animals and they are carcinogens.

They have

IVANOVICI:
In cometabolism studies, it seems useful to assess the growth
state of the microorganisms you are working on as to whether or not they are
growing. A lot of microorganisms won't grow even though they rem~in viable.
So you don't really know what's happening to the energy. Have you ever considered measuring ATP as an indicator of microbial growth state, by an
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adenylate charge ratio? And if you had, what sorts of results did you obtain?
If you haven't measured it, might you consider measuring it, because it could
give you lots of very useful information about the growth state of the organism?
ALEXANDER: Well, we have considered it, but we haven't done the experiment.
It would be interesting to see if there is any such benefit to the organism.
We have, in looking at heterotrophic oxidation of nitrogen compounds, calculated what the energy (end kilocalories) would be if the organism was getting
all the energy by converting ammonium to nitrate. It would be trivial by comparison with the cell yield of the organism. But we haven't done the experiment.
GIBSON: You said that the list of chemicals under TOSCA was almost bizarre,
but you never mentioned any of them. What kind of things are we faced with
here?
ALEXANDER: I think that I shall leave that matter to Dr. Stern. However, the
list is enormous, and if one considers the number of precursors used for the
major biosynthetic reactions and the solvents involved, one obtains some idea
of the possibilities. The focus of attention should not be with compounds
that are of interest biochemically, but those on large quantities produced by
industries. The ten most wanted list is public information. That would include cresols, xylenes, nitrobenzenes, octachlorobutadiene, and pthalates.
STERN: The list was compiled on at least three criteria: 1) production volume, 2) distribution of material, and 3) structural relationships to materials
which have been shown to have some hazardous effects. Although the list is
long, it doesn't mean everything is subject to regulation. It means merely
that they are going to be given a closer scrutiny.
GIBSON: In terms of structure, then there is nothing unusual. I got the impression we are going to be looking at some bizarre chemicals and I was getting nervous about our lack of information.
ALEXANDER: No, if you consider the precursors for major polymers, and the
major solvents, it is evident that TOSCA is concerned with chemicals we usually
do not study biochemically.
GIBSON: You did follow it up by saying we must look into new areas of biochemical processes. I would be interested to know what they are.
ALEXANDER: At the moment we should consider the general approaches for scientists to follow to get reasonable information both from purely laboratory
studies with pure cultures and from model ecosystem studies.
COONEY: I have a perhaps naive view of many aquatic microorganisms living forever on the edge of starvation in a dilute nutrient environment. I wonder if
you would comment on induction in this environment. It is difficult to envision induction as a widespread phenomenon, since it would require.the synthesis of new enzymes.
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ALEXANDER: This topic is outside my field of competence, although we have
been concerned with problems of very low concentrations of synthetic chemicals.
Problems of induction and of whether diffusion of substrates to the cell is
sufficiently rapid to provide for maintenance energy and for the cell to multiply are real. It is possible the chemical concentration is so low in natural environments that there is no appreciable biodegradation. There could be
bioaccumulation and consequent protection from biodegradation, because the
chemical is biomagnified in the tissues; it may never be exposed to microorganisms outside.
PRITCHARD: I would like to make two comments relative to what has just been
said. One, there is a report by Horvichi et al. (1962) which showed that by
growing E. coli in a chemostat at very low nutrient concentrations and at very
low dilution rates over long periods of incubation with lactose as the sole
source of carbon and energy, a mutant strain of E. coli could be selected that
was constitutive for lactose metabolism. At these low dilution rates and low
substrate concentrations the constitutive mutant outcompeted the inducible
parent. I think this points to the possibility that the physiology of the socalled "brink of starvation type bacteria" may be unique, and the more we can
find out about their physiology, the more capable we will be at asking questions about the role of these bacterial types in natural transformation processes. The second point I'd like to make is directed toward Peter Chapman.
Considering the staggering number of compounds that the Office of Toxic Substances is handling, are we in a position to begin making significant generalizations about the ability of microorganisms to oxidatize or metabolize these
compounds? If we can categorize these compounds into potentially biodegradable
or non-biodegradable, should we begin to emphasize the ecosystem or environmental effects on degradation processes rather than on the mechanistic aspects?
CHAPMAN: Hap, I think there is a significant kicker in your question--you
asked whether one can make significant predictions? I have no doubt, from
the vast accumulated information we have on biodegradation, that we can identify functional groups in natural and synthetic molecules which we can predict what reactions they will undergo. The next step is to say whether those
reactions do, in fact, take place in certain environments. Clearly, if such a
reaction is seen, say, to be catalyzed by a mono- or a dioxygenase, it will
happen in aerobic environments, but not in anaerobic environments. So much of
this prediction has to be conditioned by relationships within prevailing environments, habitats and their constituent microflora. One can say, yes,
these reactions could occur, but I don't think one can say at this time, they
will occur.
COLWELL: I am compelled to make a brief statement concerning low nutrient
concentrations in seawater. It is obvious that suspended particulate matter
in seawater results in different concentrations of nutrients in the water column. Large concentrations can occur in microniches, an important consideration. For toxic chemicals and their effect on the environment, we must be
concerned that we may be disrupting the community structure of the microbial
populations. For example, fuel oil, or refined oil, will selectively inhabit
or perhaps kill organisms that are capable of carrying out certain ecologically important activities such as cellulose decomposition or starch hydrolysis, whatever that effect may be on the total ecosystem. Microorganisms in
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the environment carry out ecological functions. Effects of toxic chemicals
considered to date have not been thought about in this respect. What effects
are there on the natural populations and, therefore, on the ecosystem? I
think that is an aspect of microbial ecology we must consider.
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Marine Science Laboratories
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ABSTRACT
Substances which are degradable in the laboratory can
become apparently recalcitrant in the natural environment
because of the lack of a necessary nutrient. The physical
state of the nutrient, such as dissolved, biphasic or particulate, can govern the rate of biologically induced
change in the system. The commonest nutrient deficiency in
the oceans is a lack of nitrogen and less often phosphorus.
Hence, to degrade organic material, microorganisms must be
able to mobilize the nutrients efficiently, and this will
depend upon the biochemical constants of the enzymes involved. These points are illustrated using crude oil as
an example, both of molecules which are recalcitrant because of their chemical structure and also because of the
low concentrations of nitrogen in sea water.
In discussing the problem of pollutants in the marine environment, and
the factors that govern their disappearance by biological action, we are attempting to explore the growing point between some aspects of marine microbiology and marine chemistry. The area is hardly overstocked with facts.
Certainly, there are an increasing number of papers about marine organic chemistry (7), and considerable work was done a few years ago on the effects of
substrate limitation on the growth of pure cultures in a chemostat. The effect of starving bacteria also has been studied by many workers and their
findings have been reviewed by Dawes (5). Unfortunately, most of this work is
only obliquely related to the task of this workshop. As so often in the past,
it is not the production of bacterial biomass that concerns us primarily,
though this is clearly relevant, but the removal of foreign chemicals which
have been placed in the marine environment by human activity, and whose concentration and chemistry can be changed by nonbiological phenomena such as
wind and wave mixing, dilution, and photochemical reaction.
In fact, there is still comparatively little information about the rates
of destruction of organic substances in the sea, and most of the available information deals with the fate of small, but ecologically significant,
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molecules. Unhappily, too many of the papers dealing with the fate of pollutants describe experiments carried out under conditions very different from
those found in the sea. Generally, the tendency has been to maximize the
rates of decay, leading to over-optimistic forecasts of the duration of the
pollutant in the oceans. However, we do know that some organics, both natural
and human artifacts, are only slowly broken down. Whatever may be the final
definition of persistence or recalcitrance to emerge from this workshop, it
seems that there are at least three possible reasons why a carbon substrate
may not be degraded in the marine environment. These are:
1) There are some substances whose molecules are so strongly constructed
that an excessive amount of energy is required to change them into a form that
can enter the biochemical mechanisms of the microbial cell. Because of this
large expenditure of energy, the breakdown rate is necessarily slow.
2) There is another set of circumstances in which the microbial population does not have the ability to destroy the molecule. In other words, the
information as to how to make the appropriate enzymes does not exist within
the gene pool of the population. Hence, attack is impossible.
3) Finally, there are those instances where, although breakdown is energetically feasible and degradation pathways are available, oxidation is prevented by environmental conditions. Such conditions include unsuitable temperatures, lack of suitable electron donors, or a paucity of nutrients. All
three reasons for recalcitrance can co-exist at one time, but in this paper we
are concerned only with the third. In certain instances, the missing moiety
may be a growth factor or a metal. For this reason, yeast extract is often
added to media to isolate heterotrophs. Occasionally, growth factor dependency leads to mutualism (22). Again, Litchfield and Floodgate (14) found
sediment organisms which required amino acids while Dibble and Bartha (6)
found that soluble iron stimulated the removal of crude oil. Nevertheless
since most natural populations, as a whole, are not likely to be nutritionally
exacting, the commonest reason for the nondevelopment of microorganisms in an
otherwise generally favorable environment is most likely to be an insufficiency of a major nutrient. In the sea, nitrogen and phosphorus are the most
probable candidates; indeed, the commonest constraint on bacterial growth in
the sea is a dearth of available nitrogen. Phosphorus is less likely to be
the limiting factor since it appears to be rapidly recycled (18). However, Le
Petit and N'Guyen (13) have observed that the optimum concentration for bacterial growth on hydrocarbons in natural waters depends on the ionic strength.
The concentrations for maximum growth ranged between 2 x lo- 4 M to 8 x lo-4 M
phosphate in waters of salinity close to that of oceanic water and between
3
3
1.5 x 10- M to 3 x 10- M phosphate where the natural water receives a large
input of low salinity water. Excessive amount of phosphate also inhibited
bacterial growth.
Perhaps the best known example of nutritionally induced recalcitrance in
the sea is that of oil degradation. This has been demonstrated by many
workers but is shown here (Fig. 1) in the well known example provided by Atlas
and Bartha (1). Presumably, nitrogen limitation acts by either preventing the
growth of sufficient biomass to deal with the substrate, or by preventing the
organisms that are there from being maximally active. It is generally
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accepted that a high bacterial count does not necessarily imply a high degree
of activity and vice versa. Further, it must be assumed that the organic matter is not able itself to supply nitrogen, so that this form of limitation is
confined to those substrates that are low in available nitrogen or from which
nitrogen is absent. Therefore, the substrates involved are largely carbohydrates and their polymers such as cellulose and starch, lipids (including
steroids), hydrocarbons (including spilled oil), some phenolics, and a number
of synthetic pollutants.
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Figure 1.

Conversion of petroleum in sea water supplemented by various concentrations of Na2HPO~ and KN03 during 18 days of incubation.
Solid portions of the histograms represent mineralization percentage as measured by co 2 evolution. The upper limits of the cross
hatched and empty portions of the histograms represent biodegradation percentages as measured by gas chromatography and by residual
weight, respectively (from Atlas and Bartha [l]). Normal sea water
concentrations of nitrogen and phosphorus are below any of the
additions by several orders of magnitude.

It is well established that various bacteria, especially certain species
of Desulfovibrio and Clostridia, are able to fix nitrogen, the ATP required
coming from the oxidation of organic matter (2). Hexadecane has been reported
as providing a carbon and energy source for nitrogen fixing (19) soil bacteria. However, it is generally concluded that bacterial nitrogen fixation is
an insignificant part of the annual nitrogen input to the seas (2).
It should also be remembered that the available organic matter will be
very dilute and variable in concentration. Hence, there are advantages in
thinking, not only in terms of the concentration of the nitrogen and carbon,
but also of the carbon to nitrogen ratio. However, the significance of this
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ratio is complicated by the fact that the dissolved organic matter is not the
only degradable form of organic carbon in the marine environment. There is
the particulate matter as well, and whereas the greater part of the dissolved
organic matter is known to be in a recalcitrant form such as "gelbstoff," much
of the particulates are composed of polymers such as starch, cellulose, etc.,
that are intermediate in their degradation rates. Clearly, in the example of
such particulate organic carbon, or of oil, either floating or on the surface
or in finely divided form, we are dealing with a biphasic system in which the
bacteria are either attached, or closely associated with a separate carbonrich phase. It follows that there is a series of possible systems in which
the C/N ratio varies with the degree of homogeneity. This is illustrated in
Figure 2.

c
Figure 2.

Effect of homogeneity of environment on carbon/nitrogen ratio.
• indicates available nitrogen; 6) indicates available carbon
source. For discussion see text.

Organism A is an authochthanous bacterium, that is, its resources are scarce
but its ability to harvest these resources is high. In contrast, the organisms at B have plentiful supplies in terms of available carbon and nitrogen.
This has led to overgrowth, with consequent deterioration of the culture. The
organisms on particulate matter at C have solid phase organic carbon on which
to adhere; inorganic nitrogen has sorbed onto the detritus, setting up a favorable C/N ratio. The hydrocarbonoclastic bacterium at D is closely associated with the oil phase but like the organism at A, has to scavenge nitrogen
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from the aqueous phase. A rather different view of the relationship between
the oil phase and hydrocarbonoclastic bacteria has been proposed by Velankar
and his colleagues (22). They suggested that surface active material, possibly
formed by the bacteria themselves, remove miscelles from an oil droplet, the
miscelles being about one tenth of the size of a bacterium. The miscelles
"recruit" nutrient ions around themselves and the whole is transported across
to the bacterium which receives a packet of carbon, nitrogen and phosphorus.
If this model is true, then the ability of the miscelle to scavenge nitrogen
could be a limiting factor.
The variations in concentration of nutrients between geographical areas
and with time will have a bearing on the biodegradation rate, particularly
when it is remembered that the most pronounced changes occur in the shallow
coastal waters, which are the most productive as well as the most likely to
receive polluting wastes. Detailed information of the amounts of nitrogen in
these environments can be found in any major marine chemistry text (e.g., 18
and 20), but for the sake of convenience it is worth recalling a few salient
facts. The concentration of organic nitrogen, both dissolved and particulate,
varies from 5 to 10 µM-N. The inorganic nitrogen is found in several oxidation states, of which nitrate is the most important. Concentrations of up to
600 µg nitrate-N 1- 1 are found, while nitrite and ammonia are present at up to
approximately one tenth of this amount. Temperate surface oceanic water contains around 10-15 µg nitrate-N 1- 1 • In tropical water this might fall below
1 µg nitrate-N 1- 1 • The amount increases with depth of the water column up to
about 1000 m where it reaches a value between 300 and 600 µg nitrate-N- 1 • The
concentration remains at about this value to the bottom. From the degradative
point of view, the comparatively high concentrations in estuaries and coastal
waters will assist decomposition but once the recalcitrant material has escaped to the oceanic water, the lack of nitrogen is likely to further delay
oxidation, particularly if the pollutant stays near the surface. There are
also important seasonal variations to consider. Much of this is due to the
competitive effects of the algae which lock up large amounts of nitrogen in
the spring and autumn blooms. There are other variations caused by discontinuities such as thermoclines and frontal systems, and sometimes a patchiness
of no apparent origin. A recalcitrant material therefore might meet a variety
of nitrogen regimes before it finally disappears.
Although there is very little evidence as to the fate and function of nutrients in marine microbial degradation, our work on oil in sea water using a
fixed amount of oil and varying amounts of added nutrients led to development
of the idea of "nitrogen demand." This is defined as the amount of nitrogen
required in the breakdown of l mg of oil, at least insofar as it was changed
over an experimental period of nine to twelve months (8, 9, 10). The idea differs in several important aspects from the Biochemical Oxygen Demand, the most
important difference being that the oxygen of the BOD is directly involved in
the chemistry of the breakdown whereas the nitrogen is not. Hence, a stereometric relationship exists at least theoretically between BOD and the oxidation of the substrate. No such relationship exists with the nitrogen demand
which is related only to the degradative ability of the system under consideration.
(There is, of course, an exception in the cast of nitrate dissimilation where the nitrate is part of the electron acceptor mechanisms.) Using a
variety of nitrogen regimes that fell within the variations that are known to
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occur in the Irish Sea, Gibbs (8) showed a linear relationship between the
rate of oxygen uptake and the rate of nitrogen uptake. He found a regression
equation of

o 2 uptake mg week- 1

=

0. 72 + 0. 8 3 (ni troge.n uptake µmol week- 1 )

If it is assumed that the theoretical oxygen demand for crude oil is 3.5 g oil
oxidized per gram oxygen, it is possible to calculate the amount of nitrogen
assimilated in association with the disappearance of 1 mg oil. Under the experimental conditions used, at 14°C and with Kuwait crude oil as the substrate,
the value works out at,4 µmoles N mg- 1 oil. If crude oil is assumed to be
90% carbon, the ratio of carbon oxidized to nitrogen assimilated, calculated
on a molar basis, is 18:8 for summer temperature and 6:8 in winter. Furthermore, using this data and making some assumptions as to the rate of nitrogen
regeneration, Gibbs (8, 9) calculated that one cubic meter of Irish sea water
1
would provide sufficient nitrogen to degrade 30 g oil in summer year- and 11
g oil year- 1 at winter temperature.
A second set of data was obtained using a continuous flow method in which
a stream of water was passed through a tube whose inner surface was coated
with oil (10). Again assuming that oxygen remained in excess, nitrogen uptake
rates were the limiting factor. For the apparatus running at 14°C the regression analysis generated the equation
Oxygen uptake mg hr- 1 = 0.005 + 0.33 (N supply µmole hr- 1 )
This was felt to be satisfactorily close to that for the respirometry experiment.
In a third experimental design (11) , a gravel column was used as a matrix
for the standing oil phase, and sea water containing different concentrations
of nutrient at several percolation rates was passed down it. Again, providing
low concentrations of oxygen were avoided by a high flow rate, nitrate addition rates were the limiting factor. The regression equation under these conditions was
Oxygen uptake mg hr -1 = 0.12 + 0.23 (nitrate supply µ moles hr- l )
Unfortunately, none of these experimental designs allow the worker to
monitor the biomass, numbers or types of microorganism without terminating the
experiment. Nevertheless, it was possible to obtain some information by examining the effluent water. These data suggest that the bacteria developed
rapidly in the early days to a value of around 10 5 bacteria m1- 1 as shown on
normal heterotrophic media, and subsequently stayed more or less steady. This
would indicate that the nitrogen that was being continuously added was not
being used to increase bacterial numbers or biomass, but only to replace dead
cells or possibly was stored in the amino acid pool.
The inorganic nitrogen uptake was determined by difference from the known
added amounts and that found in the effluent water. This is illustrated in
Figure 3 from the respirometry experiments using data from a flask receiving
1
2 µmol N/week- as sodium nitrate and 0.2 µmol P/week- 1 as sodium dihydrogen
phosphate (8). Although the oxidation proceeded at a more or less steady rate
for several months, the arrount of nitrogen in the flask was close to zero
whatever the rate of nitrate addition. The disappearance of the nitrogen
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clearly poses an interesting series of questions. Figure 4 shows the change
in the nitrogen concentration during one week (No. 17) of the flask receiving
the highest rate of nutrient addition. It is clear that the inorganic nitrogen is almost completely assimilated by the microbial population within three
days.
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Figure 3.

From Gibbs (8). Oil added at week 12. A= gross rate of oxygen
uptake; T = rate of oxygen uptake less control; ---- = nutrient
added; ~~ = nutrient utilized; • = nitrate concentration;
• = phosphate concentration.

Unfortunately, the result was not exactly reproducible. When the experiment was repeated using another batch of aged sea water, the nitrate concentrations were rapidly reduced in a few days but not to the same degree as in
the first instance. The difference is believed to be due to a change in the
microbial population in the area of the Irish Sea from which both samples were
taken.
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Figure 4.

From Gibbs (8). Week 17 in detail for respirometer receiving
2 µmol N week- 1 and 0.2 µmol week- 1 • &= rate of oxygen uptake;
• = nitrate concentration; • = phosphate concentration.

In an interesting, and to some extent parallel, series of papers Parks
noted a relationship between utilization of nitrate and the oxidation of cellulose by several species of fungi (15, 16, 17). It was found that the rate of
cellulose removal is affected by the nitrogen concentration, and that different species show various patterns of removal. The ratio of carbon removed
.from the substrate to nitrogen assimilated varied from below 10 to around 48
depending upon the chemical and biological conditions (15). Park (17) also
emphasized the ambiguity of C/N ratios and suggested that the carbon/mineral
ratios should be expressed in three forms. The provisional ratio is the proportion of the nutrient elements that are available in any particular environment. It is suggested that this ratio will be a factor in determining which
of several possible decomposers in the vicinity of the substrate will become
the dominant organism. The second ratio suggested is the assimilation ratio,
which is the amount of carbon in the decomposer biomass per unit of nutrient
assimilated, and thirdly, the decomposition ratio which is the amount of carbon oxidized per unit mineral element assimilated. This third ratio is clearly
close to the nitrogen demand which we have suggested for oil decomposition in
the sea. It should be remembered that although nitrogen demand or decomposer
ratio is useful for the purpose for which it was originally intended, i.e., as
a means of estimating the acceptable loading of a recalcitrant pollutant in a
particular sea area, it is limited in that there is no certainty that the organic material is mineralized to carbon dioxide. If the carbon is only partially oxidized, then the nitrogen demand will increase before complete mineralization is achieved.
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The question of what happens to the nitrogen and how it is assimilated by
the organisms is obviously of interest at this point. Nitrate, the form in
greatest supply in the sea, first has to be reduced to ammonia by nitrate and
nitrite reductases. Syrett (21) has calculated that the reduction via nitrite
to ammonia involves a free energy change of over 70 kcal mol- 1 so it is not
surprising that ammonia is the preferred source. For one pseudomonad isolate,
Brown and his colleagues (3) found that the uptake of nitrate ceased if the
ammonia concentration went above 1 mM, but at lower concentrations both sources
were used simultaneously. The necessity to reduce nitrate means that the rate
of uptake and reduction of nitrate is a physiological limitation on the rate
of nitrogen availability even though the supply of inorganic nitrogen may be
adequate. However, the saturation constants for nitrate and ammonia uptake
were 0.26 mM, and for nitrate reductase 0.29 mM. These figures represent a
fair degree of scavenging ability for low concentrations of nitrate.
The mechanism for ammonia assimilation also has been extensively studied
(2, 4).
There are two known major routes. First there is the classical glutamate dehydrogenase route whereby 2-oxo-glutarate reacts with ammonia to give
glutamic acid. This system has a high Km value of around 10-22 mM so that
this is not a good mechanism for scavenging ammonia and will only be important
when the ammonia concentration is his; thus, it is rarely important in the sea.
However, the mechanism is independent of the presence of ATP. The second
route (Fig. 5) requires ATP. Here assimilation is by way of glutamine synthetase (GS) and glutamate synthase (GOGAT•glutamine (amide); 2-oxo-glutamate
aminotransferase). The Km of glutamine synthetase is about 0.25 mM so that
it will mobilize ammonia at low concentrations. Therefore, both major pathways for the reduction of nitrate and the assimilation of ammonia in the marine environment necessitate expenditure of energy. It is possible that a bacterium which has lived under the starvation conditions, which exist over the
greater part of the world's oceans, may not be able to readily assimilate the
nitrogen that it requires and thus be unable to attack the polluting material.
Hence, the previous history of the organism, as well as its genetic composition, may determine whether or not it will develop on a substrate.

NH 3 +ATP

Glutamate

Glutamate
NADP
NADPH

ADP+ Pi

Gfutornine

t H+

2 oxo-glutarote

Glutamate synthesis in ammonia-limited Aerobacter aerogcnes.
Figure 5.

The glutamine synthetase-glutamate synthase (GS GOGAT) pathway of
nitrogen assimilation.

Once the ammonia has been assimilated into glutamate, it may form part of
the amino acid pool of the bacterium and is then available for protein
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synthesis arrong other functions. However, a number of environmental factors
affect the size of the amino acid pool. It is known (12) that the pool size
of nitrogen-limited pseudomonads in a chemostat increased three-fold as salinity increased from 0.2 M to 0.5 M. The pool size also depended upon whether
the culture was carbon or nitrogen-limited. With carbon limitation, the pool
1
size was 3.9 mg liter- 1 on 0.2 M sodium chloride and 14 mg liter- at 0.5 M
sodium chloride. When the conditions were nitrogen-limiting the figures were
1
much smaller at 0.4 mg liter- 1 at low salinity, to 2.4 mg liter- at the higher
salinity value.
In summary, the limitation of nutrients on degradation of pollutants in
the marine environment appear to have a number of general effects. First, because the organisms which can degrade the substrate are in competition, the
concentration of nutrients may determine which species or strain is likely to
become dominant. The strain which is most effective in mobilizing the nitrogen or other nutrient in short supply will have an advantage. Second, the
rate at which the nutrients are regenerated will govern the rate of degradation as this will regulate their concentration and so limit the growth of biomass, or the synthesis of enzyme, or both. Third, the characteristics of the
assimilation pathways of the nutrients and the availability of energy within
the cell can be the limiting factor even when the environmental concentration
of the nutrient is not. Finally, the fate of the nutrient within the cell may
determine whether it is used in the degradation of the pollutant in question
or whether it is diverted to some other function. In all these areas, further
research is needed, particularly directed to what happens in the natural environment rather than in the laboratory alone.

ACKNOWLEDGMENTS
I wish to thank the Environmental Protection Agency and Georgia State
University for making it possible for me to attend this workshop. I am also
grateful to various authors for permission to reproduce their diagrams and to
my colleague, Carol Turley, and my daughter Catherine for help with Figure 2.

LITERATURE CITED
1.

Atlas, R. M., and R. Bartha. 1972. Degradation and mineralization of petroleum in sea water; limitation by nitrogen and phosphorus. Biotech.
Bioeng. 14:309-318.

2.

Brown, c. M., D. S. McDonald-Brown, and J. L. Meers.
aspects of microbial inorganic nitrogen metabolism.
Physiol. 11:1-52.

3.

Brown, C. M., D. S. McDonald-Brown, and S. O. Stanley. 1975. The inorganic nitrogen metabolism in marine bacteria; nitrate uptake and reduction in a marine pseudomonad. Mar. Biol. 31:7-13.

4.

Brown, C. M., and B. Johnson. 1976. Inorganic nitrogen assimilation in
aquatic microorganisms. Adv. Aquatic Microbiol. 1:1-113.
116

1974. Physiological
Adv. Microbial

5.

Dawes, E. A. 1976. Endogenous metabolism and survival of starved prokaryotes. Syrop. Soc. Gen. Microbiol. 26:19-53.

6.

Dibble, J. T., and R. Bartha. 1976. Effects of iron on the biodegradation of petroleum in seawater. Appl. Environ. Microbiol. 31:544-550.

7.

Ehrhardt, M.

8.

Gibbs, G. F.
1975. Quantitative studies in marine biodegradation of oil.
I. Nutrient limitation at 14°C. Proc. Roy. Soc. Lond. Ser. B. 188:61-82.

9.

Gibbs, C. F., K. B. Pugh, and A. R. Andrews. 1975. Quantitative studies
in marine biodegradation of oil.
II. Effects of temperature. Proc. Roy.
Soc. Lond. Ser. B. 188:83-94.

1977.

Organic substances in the sea.

Mar. Chem. 5:307-316.

10.

Gibbs, C. F.
1977. Rate measurements and rate limiting factors in oil
biodegradation in the marine environment. Rapp. P-v. Reun. Cons. Int.
Explor. Mer. 171:129-138.

11.

Gibbs, c. F., and S. J. Davis. 1976. The rate of microbial degradation
of oil in a beach gravel column. Microbial Ecol. 3:55-64.

12.

Herbert, R. A., C. M. Brown, and S. o. Stanley. 1977. Nitrogen assimilation in marine environments, pp. 161-177. In F. A. Skinner and J. M.
Shewan, eds., Aquatic microbiology. Appl. Bact. Syrop. Ser. No. 6, Academic Press, New York.

13.

Le Petit, J., and M.-H. N'Guyen. 1976.
metabolisant les hydrocarbures en mer.

14.

Litchfield, c. D., and G.D. Floodgate. 1975. Biochemistry and microbioloty of some Irish Sea sediments. II. Bacteriological analysis. Mar.
Biol. 30:97-103.

15.

Park, D. 1976. Cellulose decomposition by Pythaceous fungus.
Brit. Mycol. Soc. 66:65-70.

16.

Park, D. 1976. Nitrogen level and cellulose decomposition by fungi.
Int. Biodeterioration Bull. 12:95-99.

17.

Park, D. 1976. Carbon and nitrogen levels as factors influencing fungal
decomposers, pp. 41-59. In J.M. Anderson and A. Macfayden, eds., 17th
Syrop. Brit. Ecol. Soc. Blackwell Scientific Publ., Oxford.

18.

Riley, J. P., and R. Chester.
Academic Press, London.

19.

Riviere, J., J. Oudot, J. Jonqueres, and G. Gatelier. 1974. Fixation
d'azote atmospherique, par des bacteries utilisant l'hexadecane comme
source de carbon et d'energie. Annals Agron. 25:633-644.

1971.

117

Besoin en phosphore des bacteries
Can. J. Microbiol. 22:1364-1373.

Trans.

Introduction to marine chemistry.

20.

Spender, C. F. 1975. The micro-nutrient elements, pp. 245-295. In J. P.
Riley and G. Skirrow, eds., Chemical oceanography, 2nd ed., vol. 2. Acaderni,c Press, London.

21.

Syrett, P. J. 1954. Ammonia and nitrate assimilation by green algae.
Syrop. Soc. Gen. Microbiol. 4:355-427.

22.

Velankar, s. K., s. M. Barnett, C. W. Houston, and H. R. Thompson. 1975.
Microbial growth in hydrocarbons; some experimental results. Biotech.
Bioeng. 17:241-251.

23.

Zavarin, G. A., and A. N. Nozhevnikova.
Microbial Ecol. 3:305-326.

118

1977.

Aerobic carboxydobacteria.

NATURAL HETEROTROPHIC ACTIVITY IN ESTUARINE
AND COASTAL WATERS
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ABSTRACT
Previous studies on natural heterotrophic activity
have contributed substantially to our understanding of
the role of the bacteria in natural waters. The research
has demonstrated that low molecular weight organic compounds are present at concentrations of several micrograms per liter or less, and the existence of natural
bacteria populations capable of uptake at these low substrate concentrations. These microbes account for rapid
turnover and substantial mineralization of substrates.
Some specificity is shown in the response of natural
microbes to organic solutes, along with a considerable
range in rates of uptake. This range is responsive to
the degree of organic pollution, differences in temperature, and other factors less easy to assess, such as the
physiological state of the bacteria.
Recent establishment of epifluorescence direct
counting using Acridine Orange has provided a method
that gives total counts of bacteria in natural waters.
This method can be combined with radioisotope-based
measures of heterotrophic activity to g.ive a quantitative expression of the relationship between activity
and numbers of heterotrophic bacteria, the "specific
activity index." Major differences in specific activity
were found in coastal and estuarine waters of northeastern Massachusetts. These differences follow changes
in habitats; e.g., a decline with depth in the water
column and with increasing distance from the coast.
This approach, applied to enrichment studies, has revealed an interesting pattern of bacterial response to
enrichment. Cell numbers increase linearly, while activity increases exponentially, as does the plate count.
Based on the results of these studies and the work of
others, an adaptive strategy of the natural heterotrophic
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bacteria can be postulated that involves reversible
changes from functional dormancy to a high level of
activity. Additional responses to enrichment, or pollution, include growth and multiplication, and certainly selection. The sequence of responses is discussed and related to the problems of measuring the
response of a natural population of bacteria to any
added substance.
INTRODUCTION
For the past fifteen years freshwater and marine microbial ecologists
have been using radiolabelled organic solutes to probe the activities of heterotrophic bacteria in natural waters and sediments. These workers have employed methods designed to deal with microbial populations under conditions as
close as possible to those in nature. The basic goal of this work has been to
understand the activity of the heterotrophic bacteria in relation to the fundamental processes of energy flow and material cycling in aquatic ecosystems.
Obviously. this information is essential for understanding of the potential
role microbes might play in breakdown of organic pollutants. The first part
of this paper is a presentation of the most significant results of previous
studies of heterotrophic activity as they relate to the goal of this conference. Following this is presented some recent work on the relationships between microbial numbers and activity in estuaries and coastal waters.
I.

HETEROTROPHIC BACTERIAL ACTIVITY--AN ASSESSMENT .

A. DISSOLVED ORGANIC COMPOUNDS IN NATURAL WATERS
Research on heterotrophic bacterial activity has confirmed the information obtained from the better chemical analyses concerning the normal concentration range of low molecular weight organic compounds, i.e., below 200 molecular weight. This confirmation derives from a kinetic analysis of uptake
at substrate concentrations in the range of 1-100 µg/liter (35,39). The analysis yields a parameter (Kt + Sn) , which is a combined value including natural substrate concentration (Sn), and a transport constant (Kt) indicative of
the affinity of the microbial transport systems for the substrate in question.
Measured (Kt + Sn) values are useful in setting an upper limit on Sn, certainly giving an order of magnitude indicative of the natural substrate concentration.
(Kt + Sn) values have been reported for a number of substrates
from a variety of aquatic systems, and have been compared with Sn measured
chemically in a number of studies (3,6,9,20,41).
Essentially, the low molecular weight compounds are singly present at
concentrations of several micrograms per liter or less, results that indicate
higher concentrations are highly suspect. For example, the concentration of
total dissolved free amino acids in estuarine and coastal waters, measured
chemically, shows a range of 25 to 100 micrograms per liter (3,9). Even if
the waters are polluted, the range is at most only double the normal level.
Offshore and deeper waters indicate lower levels, from 2 to 10 micrograms per
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liter (3,33). This has led to the important understanding that in order to
work with the natural bacteria, one must measure their activities relative to
such low substrate concentrations.
B. HETEROTROPHIC USE OF DISSOLVED ORGANIC COMPOUNDS
Using simple radiolabelled organic compounds like glucose, glutamate and
acetate, many workers have shown that heterotrophic microbes in eutrophic and
mesotrophic waters are active in taking up and metabolizing substrates at concentrations of a few micrograms per liter. The uptake can be characterized as
follows:
(1) Uptake shows a saturation type response to substrate concentration
which can usually be analyzed with Michaelis-Menten kinetics and is best measured in a concentration range of one to 50 micrograms per liter. This clearly
indicates that a most important adaptation for heterotrophic microbes is the
possession of transport systems functional in this concentration range. Measurements of transport constants have confirmed this (14,28,39).
(2) The turnover of many low molecular weight compounds is rapid, from a
few hours or less in summer conditions to several days or more in colder waters
or in winter. Turnover is much more rapid in polluted and eutrophic waters
than in oligotrophic waters. Obviously, to accurately assess the importance
of a given compound to heterotrophs it is necessary to measure more than just
its concentration. Two of the standard methods employed for measuring heterotrophic activity yield the natural turnover time (5,12,32,39), defined as the
ratio of substrate concentration to rate of use.
(3) A substantial proportion of substrate taken up is respired or mineralized. The percent varies, depending on the substrate and other factors,
from 1 or 2% to as much as 80% for some substrates like glycolic acid (12,19,
40). Most cormnonly, respiration is in the range of 25-50% of uptake. After
the first few minutes, this percentage is usually quite constant. This process indicates the major pathway for nutrient regeneration from dissolved organic matter in natural waters (3,36).
(4) There has been some confusion in the past as to which organisms are
responsible for the measured heterotrophic activity in natural waters. Wright
and Hobbie (39) used a kinetic analysis of natural and cultured populations of
bacteria and algae to conclude that most of the uptake detected at close to
natural substrate concentrations was due to the bacteria. Algal uptake of organic compounds appeared to be measurable only at relatively high and unnatural substrate concentrations. Two recent lines of research have established
beyond reasonable doubt that the bacteria are the primary agents of natural
heterotrophic use of dissolved organic solutes. The use of Nuclepore filters,
with their superior properties of acting like a true sieve, has shown that in
coastal and open ocean waters, 90% of the measurable heterotrophic uptake is
in the fraaction less than one micron in size (4) . Where significant heterotrophic activity is associated with larger particles, there is evidence that
bacteria on detritus are responsible for most of the activity (16). Autoradiography has confirmed these results, giving a qualitative indication that
most of the heterotrophic activity of a natural plankton cormnunity is
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associated with the smallest particles, that is, the bacteria (22).
(5) Some substrates are actively taken up and metabolized by a given microbial population, while others are not. Those substrates most frequently
used by active heterotrophic populations are the simpler compounds, like glucose, acetate, lactate and most of the amino acids, with obvious entry into
the major biochemical pathways (7,15,20,40). In nutrient-poor waters, however, little heterotrophic activity can be measured for any substrate, and the
uptake usually does not follow Michaelis-Menten kinetics (29). Thus, specificity occurs in terms of preferences for a given compound, and it is probably
linked to the specificity of transport systems possessed by the major bacteria
species in a population. The lack of measurable activity toward even the simpler substrates in some waters is a matter that will be addressed subsequently.
(6) Rates of heterotrophic uptake and/or mineralization of specific substrates at close to natural substrate concentrations are expressed as either
Vmax (heterotrophic potential) values or actual flux rates (39,41). The latter rate requires an independent measurement of substrate concentration and
hence is less commonly performed. The Vmax values are derived from a kinetic
analysis of uptake, and are an expression of the instantaneous flux of substrate use by a given population if their use is saturated with substrate (see
37 for a discussion on this method). Measured either way, the rates show a
broad range of several orders of magnitude in heterotrophic activity. Vmax
values have been reported as high as several µg•liter- 1 (2,7,9.41), and they
can be found at least four orders of magnitude lower (1,15). The factors controlling this broad range include temperature, size and physiological state of
the existing microbial population, rate of input of usable dissolved organic
matter, grazing by protozoa, and probably others.
(7) Studies of heterotrophic activity have uncovered some important ecological relationships. For example, there is evidence of a close energy coupling between planktonic algae and bacteria, with the algae nourishing the bacteria by excretion of dissolved organic carbon (11,18,31). It seems certain
that this is the major autochthonous source of energy for the natural bacteria.
Most of the excreted organic carbon is readily taken up and mineralized, while
a fraction (ca 25%) is relatively recalcitrant (18).
Some workers have applied heterotrophic activity measurements to the
sediments (8,17). The results have revealed very high heterotrophic activity
concentrated at the surface of the sediments. In shallow waters, this may exceed the activity of the entire water column.
C. RESPONSE OF NATURAL HETEROTROPHIC POPULATIONS
TO ENRICHMENT AND POLLUTION
Several workers have tested the response of natural microbial populations
to short-term enrichment with low molecular weight organic solutes (30,34).
These tests have involved concentrations of 25 µg liter- 1 up to several mg
1
liter- , and have been measured in bottles for 24 to 48 h. More detailed information will be given subsequently, but some general findings of these experiments include: (a) a fairly constant rate of use for several hours,
higher for higher applied concentrations but definitely not proportional to
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applied concentration; (b) a marked, often exponential increase in uptake and
mineralization of the test substrate by the end of the first day; (c) exhaustion of the substrate in two days, if it was added at concentrations up to 500
µg/liter. Unfortunately, most of these experiments have not involved simultaneous measurements of microbial population changes. They do, however, indicate that natural microbial populations can rapidly accommodate a 10- to 100fold increase in substrate. This certainly corroborates the low ambient concentrations of organic solutes in natural waters. The response has been found
to be more rapid in onshore and estuarine waters than in the open ocean.
A closely related observation concerns the response of natural microbial
activity to organic pollution. Where natural waters are obviously polluted,
heterotrophic activity is typically higher than similar unpolluted waters by
one or two orders of magnitude (2,7). Furthermore, significant rates of metabolism of more complex pollutants can be demonstrated. For example, sig1
nificant ~C-hexadecane metabolism was found in Tokyo Bay, where oil pollution
is obvious (26) .

II.

HETEROTROPHIC ACTIVITY AS A BACTERIAL
POPULATION PARAMETER

For some time workers have been measuring heterotrophic activity without
measuring the microbial population responsible for that activity, the main excuse being the lack of suitable methodology. With the recent establishment of
the Acridine Orange Direct Count (AODC) using epifluorescence and Nuclepore
filters, that excuse is no longer valid. Although there are still some alternatives in methodology, the AODC is well enough understood, and simple enough,
so that any laboratory equipped to do heterotrophic activity measurements
should also be measuring the bacteria with AODC (21). To quote Ralph Daley in
a recent methods symposium: "With a reasonable amount of preliminary testing
and attention to procedural detail, AO epifluorescence can provide rapid, precise quantitative data on bacterial numbers in all marine and freshwater environments. The use of alternative methods for this specific purpose is,
therefore, no longer justifiable" (10).
Given this counting technique and the already established methods for
measuring heterotrophic activity with radioisotopes, the next logical step is
to relate heterotrophic activity to the bacterial population. I have proposed
the term "specific activity index" to give a quantitative expression of the
relationship between activity and numbers (38) . Because there are three basic
approaches to measuring heterotrophic activity with labelled organic solutes,
three indices will be required (37) .
Details of the three approaches are given by Wright (37), while the application of these approaches to specific activity measurements is found in
Wright (38). Very briefly, the numerator of the given specific activity index
is a measurable function of heterotrophic bacterial activity (e.g., turnover
rate, Vmax, direct uptake) and the denominator is the direct count of bacteria
from the sample measured.
There are several current problems that this approach brings particularly
well into focus. One of these is the discrepancy between the normal range of
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bacterial numbers and the range in heterotrophic activity. In my studies of
the seasonal, horizontal and vertical variation in bacteria in estuaries and
coastal water in northeastern Massachusetts, I have found a range of 0.3 to
6 x 10 6 bacteria/ml, slightly over one order of magnitude. Heterotrophic activity, however, can vary several orders of magnitude. In Figure 1 is presented the Vmax specific activity index for glucose uptake at a depth of one
meter from well up the Essex estuary along a horizontal transect to a station
14 km offshore in the Gulf of Maine. Figure 2 presents the same kind of data
for a vertical profile at the 14 km offshore station. Specific activity declined two orders of magnitude from a peak at the estuary inlet to the 40 m
depth waters. Clearly, no direct correlation between numbers and heterotrophic activity can be expected; this finding holds for other substrates and for
different seasons in these temperate marine waters. However, the changes in
specific activity do show a pattern, one that corresponds with a profound
change in marine habitats, from a shallow, salt-marsh bordered tidal river to
the offshore station 46 m in depth.
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along a transect from within the Essex estuary to a station 14 km
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cell- 1 •hr- 1 •10- 12 ) for glucose uptake (stippled) from a vertical
profile at a station 14 km offshore in the Gulf of Maine, Augustl3,
1976.

Another current problem is the spectrum in sizes and shapes of the bacteria and the possibility that some of this spectrum may be indicative of
changes in the physiological state of the bacteria, where the smallest bacteria are viewed as being starved forms with much lower physiological activity
(27). Results from the Merrimack River, which is quite polluted in the freshwater part of the estuary, are shown in Figure 3. These data represent the
separation of bacteria numbers and activity using Nuclepore filters. The upriver stations are in fresh water; the station 5 km from the inlet had a salinity of 7.3 ppt and the inlet station a salinity of 23.9 ppt. There is a pronounced shift in the size spectrum of bacteria from an apparently large pollution-related freshwater flora to a typical coastal marine flora dominated by
the smaller bacteria. In the transition, specific activity declined abruptly.
Because of the added parameters of freshwater to marine transition and pollution, this study does not give any clear answers to the question of starvationrelated size and activity changes. This kind of approach, however, may be
useful in solving the above question.
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Some interesting things happen when a seawater sample is enclosed in a
bottle and numbers and activity are followed over time. Results from a midwinter sample enriched with glucose and incubated at two temperatures (Fig. 4)
illustrate two of the basic responses to enrichment mentioned earlier, i.e.,
an exponential increase in activity (even specific activity) , and a basically
linear increase in cell numbers. Similar enrichment experiments have been
conducted using an additional indicator of bacterial activity. This is the
method of Iturriaga and Rheinheimer (23), which gives a count of bacteria
cells with active electron transport systems via the reduction of a tetrazolium salt (INT) to a red colored formazan. Figures 5 and 6 show the results
of an experiment where 500 µg•liter- 1 glutamate was added to the enriched sample. Specific activity is plotted against INT counts in Figure 7. These figures indicate that the incubation and enrichment conditions stimulate a substantial increase in bacterial activity accompanying a much lower increase in
bacterial numbers. Some of the increase in specific activity is probably
caused by an increase in size which occurs (Fig. 8).
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Figure 7. Plot of INT counts of bacteria vs
specific activity indices for unenriched
sample (A) and enriched sample (B) from
January 31, 1978, sample from Essex estuary.
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It is instructive to summarize the bacterial responses induced by enclosure of a natural sample in a bottle, with or without specific enrichment.
These are:
(1) a linear, often delayed increase in direct counts; (2) an increase in specific (meaning per cell) heterotrophic activity, delayed at first
but then exponential; (3) an increase in the percent bacteria showing active
electron transport systems, at first rapid but eventually leveling off; (4) not
shown by this experiment but repeatedly obtained when measured, an exponential
increase in colony-forming units as measured by plate counts; (5) a slow increase in the mean volume of the bacteria. Based on these responses, a tentative analysis would suggest a basic adaptive strategy of the heterotrophic bacteria in natural waters. This strategy has been suggested in part by others
(27). A natural heterotrophic population is made up of a spectrum of cells
with a range of sizes and activity. Most of them are probably on the "down"
side of functional activity, in a more or less dormant state (27). Given favorable conditions--enrichment, enclosure in a bottle--many, if not most, come
out of dormancy. This may mean a number of things not well understood for
natural bacteria--the energizing of membranes, the synthesis of permeases and
internal enzymes. Whatever the causes, the changes can account for remarkable
increases in heterotrophic activity without significant increases in numbers
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or selection of specific types adapted to enrichment conditions. This strategy
is made complete by being reversible, the evidence for the reversal of the
changes being less easy to show, however. The movement in the direction of
fu~ctional dormancy is presumably caused by nutrient starvation.
Figures l
and 2, showing the marked decrease in specific activity with distance offshore
and depth, give evidence of this movement, although only by inference. The
important research by Novitsky and Morita (24,25) has established a similar
reversible pattern for bacteria in culture conditions.
Practically any imaginable system for measuring the response of natural
bacteria to pollutants or toxic substances will involve enclosure of a natural
sample, and thus the adaptive strategy just described. There are at least two
other kinds of changes that will also occur, depending on the amount of time
of incubation. The first one is a function of transport kinetics, and is concentration dependent. No adaptation is required. Uptake and metabolism of a
substrate will be increased because under natural conditions substrate concentration was somewhere below saturation levels. Uptake will approach and perhaps exceed Vmax if other mechanisms--i.e., diffusion--are also present. This
is a reversible response, entirely dependent on substrate concentrations.
The second response is the one described above--the reversible changes
involved in movement into and out of functional dormancy. This response becomes evident during the first day of incubation.
The third response is the growth and multiplication of many of the bacteria successful in the second response. In fact, it is difficult to separate
these two responses, because they are outcomes of the same physiological
changes in the bacteria. Perhaps the best way to do this is to use cold temperature systems to expand the responses in time. After two or three days,
the most available naturally occurring substrate is exhausted in the enclosed
sample, as is the added substrate if it was readily metabolizable and added in
the < 1 mg liter- 1 concentration range. If higher concentrations were added,
and if incubation is extended, a severe selection of bacteria will occur and
continued growth will be a response to the high concentrations and the other
enclosure conditions. By this time, the system is rather far removed from a
natural population, and the results have increasingly less applicability to
natural systems. They also have increasingly less predictive power and must
be interpreted with great caution. Unfortunately, there may not be any reasonable alternatives to enclosing and incubating samples. When this is done,
however, it is highly advisable to measure the population as well as its response.
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STRUCTURAL CHANGES CAUSED BY ENVIRONMENTAL POLLUTION
OR EUTROPHICATION IN BACTERIAL COMMUNITIES
IN SEA AND LAKE WATER
Yuzaburo Ishida and Hajime Kadota
Laboratory of Microbiology
Department of Fisheries
Faculty of Agriculture
Kyoto, Japan

ABSTRACT

The structure of bacterial communities in the sea
and lakes is changed by environmental pollution or eutrophica tion. The effect of increased concentration of organic matter upon the structure of bacterial communities
in natural water was observed using various selective
media and a continuous culture system. A new method for
the enumeration in natural water of extremely oligotrophic bacteria which cannot be counted using conventional
solid media or diluted liquid media supplemented with
organic nutrients is presented. It was found that extremely oligotrophic bacteria were predominant in oligotrophic lake water.

INTRODUCTION

The distribution and species composition of heterotrophic bacteria in the
sea and lakes are much influenced by environmental pollution. When a concentration of organic matter in water is increased by pollution the bacteria
usually found in the unpolluted pristine environment decrease in number or
disappear, and inversely, the bacteria which "prefer" high nutrient media increase in number (1, 8, 13). However, there are few unequivocal evidences
available to document the relationship between the structure of the bacterial
conununity and concentration of organic matter in natural water.
In this paper, an attempt is made to clarify the effect of an increase in
concentration of organic matter in water by pollution on the structure of bacterial conununities in the sea and lakes by using various selective media and a
continuous culture system.
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MATERIALS AND METHODS
SAMPLING STATIONS AND MEDIA
Water samples were collected at stations 3, 4 and 5 in Osaka Bay (Fig. l)
which were at 6, 21 and 50 km, respectively, offshore from the mouth of the
Yodo River. The water samples from stations 3, 4 and 5 contained 5.1, 2.3 and
1.5 mg, respectively, of dissolved organic carbon per liter. Station A was in
a heavily polluted site with 4.0 mg of dissolved organic caron.
The Zl medium used for this field survey contained 5 g of peptone (Daigo) ,
0.5 g of yeats extract (Difeo) and 13 g of agar (Difeo) in one liter of aged
sea water, the latter collected from an unpolluted area. The pH value was adjusted to 7.7-7.8. The Z/20 medium contained peptone and yeast extract at the
strenqth of 1/2 of Zl medium.
N

t

Cor Bae

ZI:>Z/20 86%

Figure l.

Loca~ion of sampling stations in Osaka Bay, bacterial number
counted by using Zl and Z/20 media and bacterial flora at each
station. Concentration of organic matter exp~essed as DOC in surface water at each station is also shown.
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CONTINUOUS CULTURE SYSTEM
The culture vessel was charged with 500 ml of raw sea water from station
A and filtered through a stainless steel net (20 µm mesh) to remove detrital
particles and zooplankters. The reservoir was filled with 5 liters of the
filter-sterilized sea water collected at the same station. A second culture
vessel was charged with 500 ml of unsterilized diluted sea water, which consisted of one part of the polluted sea water (DOC: 4.0 mg C/ml) and nine
parts of clean sea water (DOC: 0.9 mg C/ml) which was filtered through a 20µm
mesh stainless steel net. The reservoir was filled with 5 liters of the diluted sea water after being sterilized through 0.22 µm filter. The dilution
rate was adjusted to 0.123 - 0.130. The incubation temperature was adjusted to
the in-situ water temperature (12°C).
COUNTING METHODS
Figure 2 illustrates the scheme for counting various groups of heterotrophic bacteria including extremely oligotrophic bacteria in water of Lake
Biwa.
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Diagrammatic scheme for enumeration of extremely oligotrophic bacteria.

After serial dilutions with sterilized artificial lake water (ALW: 0.5
mg NaCl, 0.38 mg KCl, 0.9 mg CaCl 2 •4H20, 0.1 mg MgS04•7H20, 50 µg MnCl2•4H20,
40 µg ZnCl2•7H20, 1 µg CuCl2•5H20, 0.5 µg C0Cl2•6H20, and 2 µg FeCl3 per liter
of distilled water) , one ml of the diluted samples were inoculated into each
of five test tubes containing TFl medium (5 g trypticase (BBL) and 0.5 g yeast
2
1
extract (Difeo) in one liter of ALW at pH 7.0). The media TFlo- , TFl0- ,
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TFl0- 3 , and TFlo- 4 were prepared to contain trypticase and yeast extract at
the concentrations of 1/10, 1/100, 1/1,000 and 1/10,000, respectively, of
those of" the TFl medium .. Lake water from an oligotrophic area in Lake Biwa
(Station 7) was filtered through a 0.22 µm filter, dispensed into test tubes,
sterilized, and used as the lake water medium (LW7 medium). The concentration
of dissolved organic matter in the latter was 1.9 mg C/liter.
After incubating the inoculated media at 20°C for 14, 21 and 28 d, the
2
growth of bacteria was detected by turbidity in TFl, TFl0- 1 and TFl0- media.
The most probable number of bacteria was calculated by use of Hoskins' table
( 3) .
Since bacterial growth in TFl0- 3 , TFl0- 4 and LW7 media could not be detected by turbidity. the following procedures were used.
a) Colony formation on agar plates: 0.1 ml of the culture at 14, 21 or
2
28 d incubation was spread onto each of duplicate agar plates of TFl and TFl0media. The plates were incubated at 20°C for 14 d. The tube which gave more
than 10 colonies on the plate was regarded as positive.
14

b) Detection of 14 co 2 production from organic compounds labelled with
C:
After incubation for 28 d, 2.5 ml of culture in each tube was ase~tically
transferred to a sterilized tube containing 0.1 ml of 0.1 µCi/ml 4 C-labelled
compound as a tracer level substrate. As the substrate, L-[u- 14 C] glutamic
acid (275 m Ci/m mol), [U- 14 C] glucose (335 m Ci/m mol) and [u- 14 c] protein
hydrolysate (57 m Ci/m atom), respectively, were used. The tubes were incubated at 20°C for 14 d. The 14 C0 2 produced during incubation was expelled by
bubbling with C02-free air for l min after the addition of 0.1 ml of 1.2 N HCl.
The C02 was trapped with 10.5 ml of the absorbing solution composed of 1 ml of
ethanolamine, 1.5 ml of ethylcellusolve and 8 ml of scintillator which contained 4 g PPO, 0.2 g POPOP, and 60 g napththalene in one liter of toluene.
Contamination of bacteria in the tube was checked by putting a drop of the
culture onto TFl0- 1 agar plate before acidification and incubating it at 20°C
for 14 d. Radioactivity of the absorbing solution in vial was counted by an
Aloka LSC-502 liquid scintillation counter. A tube which gave radioactivity
of at least 40% higher than that of the blank without added culture was regarded as positive.

RESULTS AND DISCUSSION
BACTERIAL COMMUNITY STRUCTURE (4)
Figure 3 shows the bacterial counts obtained by using Zl and Z/20 media.
Heterotrophic bacteria were most abundant in water at station 3 and most
sparse in water at station 5. The ratio of the Z/20 bacteria counted on Z/20
medium to the Zl bacteria counted on Zl medium increased in inverse proportion
to the DOC value of water. In general, the ratio was larger in summer than in
winter. The data indicate that higher populations of bacteria can be obtained
from polluted waters using media rich in organic nutrients rather than that
poor in organic nutrients, and vice versa for unpolluted waters.
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Figure 3.

A. Viable counts of Zl bacteria and Z/20 bacteria in the culture
vessels which were fed with po~luted sea water (DOC: 4.0 mg/l)
and the 1/10 diluted sea water (DOC: 1.2 mg/l).
Zl bacteria;
0 = Z/20 bacteria.
B. Response of Zl bacteria and Z/20 bacteria to different concentrations of organic nutrients. The Zl ~Z/20 means the number of
of bacteria which formed larger colonies on Z/20 plates than Zl
plates as second media.

•=

Responses to different concentrations of organic nutrients of the bacteria from sea water of Osaka Bay were examined on Zl and Z/20 media. Colonies formed on each of the original agar plates (Zl and Z/20 media) were transferred to the second plates of Zl and Z/20 media. After 1 or 2 wk incubation,
it was possible to determine whether bacteria which formed colonies on the
original plates grew well on transfers. Sizes of corresponding colonies of
bacteria which could develop on both plates were compared. Bacteria which
grew bett~i:.On Zl than Z/20 and those which showed superior growth on Z/20
than on zl'was expressed as Zl>Z/20 and Zl~Z/20, respectively. Of 49 strains
isolated randomly from Zl plates (Zl bacteria), the ratio of Zl>Z/20 to the
total was 91% in the water sample from station 3, and 70% from station 4. Of
the 49 isolates from Z/20 plate (Z/20 bacteria) , the ratio of Zl~Z/20 was 82%
at station 3, 86% at station 4 and 77% at station 5 (unpolluted area). Similar results were obtained in the other seasons. These data indicate that most
of the bacteria enumerated on Zl medirun are ordinary heterotrophs that grow
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well on nutrient-rich media, and that most of the bacteria on Z/20 medium were
relatively oligotrophic form that developed well on nutrient-poor media.
All the strains of bacteria isolated using both media were studied taxonomically according to the scheme of Shewan et al. (10), modified by Simidu
(12)- About 40% of bacterial strains isolated from the Zl medium belonged to
the genus Acinetobacter at all the stations examined. These strains of Acinetobacter grew better on Zl medium than on Z/20 medium. At station 5, 28% of
the strains isolated, using Zl medium, belonged to the genus Vibrio. However,
more than 50% of the bacteria isolated by use of the Z/20 medium grew neither
on Zl nor Z/20 media when transp~anted to corresponding new media. Most of
the remaining strains isolated using Z/20 medium belonged to Flavobacterium at
stations 4 and 5, and to Acinetobacter at station 3.
Taxonomic grouping of the bacteria from sea water in Osaka Bay was made
and their responses to different concentrations of organic nutrients on the
second plates were examined. It was found that most of the Acinetobacter
strains isolated, by using Zl medium, from stations 3 and 4 in Osaka Bay grew
better on the second Zl medium than on Z/20 medium. On the other hand, most
of the Flavobacterium strains from stations 4 and 5 grew better on the second
Z/20 medium than on Zl medium.
It has generally been recognized that high concentrations of peptone in
agar media allow only a limited number of aquatic bacteria to form colonies
(2, 11).
Little work, however, has been done on physiological differences between bacteria developed on nutrient-poor media and those grown on nutrientrich media. Our results indicate that bacteria which grow well on nutrientpoor media are different from bacteria showing better development on nutrientrich media, not only in response to nutrient concentrations but also in the
taxonomic types. It seems that bacteria from nutrient-poor media were temporarily suppressed by high concentrations of organic nutrients.
ANALYSIS OF STRUCTURAL CHANGES IN
BACTERIAL COMMUNITY BY POLLUTION (5)
To obtain further information on the effect of organic substrates on the
structure of bacterial communities in sea water we attempted an analysis with
a continuous culture system charged with sea water containing organic substances in different concentrations.
During incubation, viable counting of Zl and Z/20 bacteria in the culture
vessels were made at intervals of 2 h; aliquots of the water samples were
spread on Zl and Z/20 media and incubated at 15°C. Colonies formed on each of
the original agar plates were directly transplated to second Zl and Z/20
plates. Changes in population densities of Zl and Z/20 bacteria in the culture vessels during incubation are shown in Figure 3A. When polluted sea
water was charged, the ratio in number of Zl bacteria to Z/20 bacteria increased with incubation time, while in 1/10 diluted sea water the ratio did
not change. Responses of the bacteria isolated from each of the plates to
different concentrations or organic nutrients are shown in Figure 3B. The
ratio of the Zl bacteria which grew better on the second Z/20 medium than on
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the second Zl medium to the total Zl bacteria remained almost constant during
13 h incubation, regardless of the concentration of organic substances in the
sea water. For Z/20 bacteria, however, the ratio of the bacteria which grew
better on the second Z/20 media than on the second Zl media to the total number decreased regularly during incubation when polluted sea water was charged,
but increased gradually when the diluted.sea water was charged.
The bacteria of the genus Acinetobacter (genus Moraxella was included) ,
which predominated in polluted sea water, continued to be predominant in the
culture vessel during 13 h incubation during charging with the polluted sea
water. However, with 1/10 diluted sea water, containing organic nutrients in
low concentration, density of Acinetobacter decreased during the first 8 h incubation (corresponding to the first retention time). In the latter instance,
the genus Vibrio was predominant. These results may explain field observations wherein bacteria which grew better on nutrient-rich medium were predominant in the polluted sea water and the bacteria which grew well on nutrientpoor medium predominated in the unpolluted sea water.
GROWTH KINETICS OF BACTERIAL POPULATIONS (6)
Apparently two different bacterial populations (Zl and Z/20 bacteria) compete for the organic substrates in sea water and the growth rates of the populations depend upon the concentration of organic substrates. Therefore, we
examined the growth kinetics of Zl and Z/20 bacteria with a continuous culture
system. In this study, sea water samples containing organic substances in different concentrations (DOC: 1.0 mg/l, 1.1 mg/l, 1.8 mg/l and 5.0 mg/l) were
fed to the culture vessels. The number of bacteria grown on Zl and Z/20 media
were plotted against the incubation time. According to the equation of Jannasch (9) , actual growth rates were calculated from the washout rates
l/t ln (x/xo).
1
[l]
D + t ln (x/x 0 )
where x 0 = population density at zero time (t=O) , µ = specific growth rate
(h- 1 ) and D =dilution rate (h- 1 ).
The relationship between the growth rates and the concentration of limiting substrate is illustrated in Figure 4. The competition between populations
of Zl and Z/20 bacteria was dependent on the concentration of organic substances as nutrients. The saturation curves of both populations crossed at
approximately 5.0 mg C/l. When the concentration was less than 5.0 mg C/l,
the population of Z/20 bacteria predominated. These growth rates were obtained with sea water samples collected in winter. In summer, the growth rates
of Zl bacterial populations were found to be 0.130 h- 1 at 6.0 mg C/l (25°C) and
0.030 h~ 1 at 1.2 mg C/l (20°C), respectively, whereas the populations of Z/20
bacteria were 0.095 h- 1 at 6.0 mg C/l and 0.090 h- 1 at 1.2 mg C/l. These results suggest that the crossing point of the curves of Zl bacteria and Z/20
bacteria shifts to lower concentration of organic substrates. Kinetics constants for the growth of both the populations (Zl and Z/20 bacteria) were
roughly estimated from the reciprocal plots for the populations of Zl and Z/20
bacteria to be as follows, respectively: K~.= 3.0 mg C/l andµ~= 0.19 h- 1
(population of Zl bacteria), and K~ = 1.2 mg C/l and µ~ = 0.15 h- 1 (population
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of Z/20 bacteria) • The data reveal that the larger µm was associated with
larger Ks, and the smaller µm was associated with smaller Ks. Accordingly,
the population of Zl bacteria exhibited lower affinity toward organic substances at the low concentrations and the population of Z/20 bacteria showed
higher affinity for organic substrates at the low concentrations. It is interesting that Jannasch arrived at the same conclusions by using mixed cultures of pure strains of aquatic bacteria (8),-

~ Z/20-bacteria
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\
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Figure 4.

The growth rate-substrate concentration relationships of Zl and
Z/20 bacteria.

When the growth constants µm, Ks and Y (cell yield coefficient) were
known, the steady state concentration (X) of bacterial population in the culture vessels could be predicted from the dilution rate (D) and the concentration of inflowing substrate (Sr), according to the following equation (2) :
K
D
s µm - D

x

Sr - y

[2]

When the population density of Zl bacteria is xA and that of Z/20 bacteria is xB, the condition in which the Zl bacteria become predominant in
place of the Z/20 bacteria was
xA> xB
By substituting [2] for [3]
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In this instance, the dilution rate to satisfy [3] is more than 0.11 per
hour, when yA of the population of Zl bacteria is equal to yB of the populaof Z/20 bacteria. In the case of yA > yB, the dilution rate for satisfying [3]
will be less than 0.11.
These experiments reveal that the structure of bacterial communities in
the sea is controlled markedly by the concentrations of organic substances.
ENUMERATION OF EXTREMELY OLIGOTROPHIC
BACTERIA IN LAKE WATER (7)
The Z/20 bacteria enumerated on an agar medium containing organic nutrients in relatively low concentrations in all likelihood play an important role
in the biodegradation of organic matter in aquatic environments. However,
there may exist in aquatic environments other groups of heterotrophic bacteria
which cannot be counted by using diluted media such as Z/20 medium. Since the
concentration of organic matter in the sea and lake waters (0.2- 5 mg C/l) is
usually much lower than that in Z/20 medium there may be some bacteria which
can grow only in environments poor in organic nutrients. Such a group of organisms tentatively can be called "extremely oligotrophic" bacteria. Therefore, we attempted the detection and enumeration of such bacteria using water
samples from various stations in oligotrphic and eutrophic areas of Lake Biwa.
In this study, many kinds of liquid media containing organic substrates
in low concentrations were examined by use of extinction dilution methods.
Criteria for the growth of bacteria included turbidity increase, colony formation on agar plates, and 14 C02 ~reduction from glutamic acid, protein hydrolysate and glucose labelled with 4 C (Fig. 2). In water samples from station O
in an eutrophic area of Lake Biwa (DOC: 4-5 mg C/l), the bacterial number
counted by use of TFlo- 1 medium was very large compared with that tabulated on
other media. Numbers of extremely oligotrophic bacteria in this water sample
were only 1.6% of the population densities obtained with TFl0- 1 • However, for
water from station 7, in an oligotrophic area of Lake Biwa, the ratio of extremely oligotrophic bacteria to the TFl0- 1 medium-counted bacteria was high
(Table 1).
Of three kinds of organic substrates labelled with 14 c, glutamic acid and
protein hydrolysate gave higher counts than glucose. This result might reflect the fact that the concentration of amino acids was higher (100 µg or
more per liter as ninhydrin-positive substances) than that of glucose in the
dissolved form (approximately 3 µg per liter) in the lake water; glucose might
not be suitable substrate for the bacteria in the lake water. Conversely, the
concentration of glucose used may have been insufficient for the extremely oli·
gotraophic bacteria. To confirm this presumption, the 14 C02 prod~ction ac2
tivit~ of 12 strains of extremely oligotrophic bacteria from the TFl04
TFlO- , TFl0- and LW7 media cultures was examined by use of LW7 medium, LW7
medium with 1 ppm glucose and LW 7 medium with 10 ppm, to which 10 mµc of
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TABLE 1.

ENUMERATION OF HETEROTROPHIC BACTERIA IN WATER SAMPLES COLLECTED AT STATIONS 0 AND 7 IN LAKE
BIWA

Medium

Criteria for growth

Bacterial number at
Station 7 (June 9, 1977)
Station 0 (Mal 7, 1977)
Ratio (%) *
MPN (ml -i)
Ratio (%) *
MPN (ml-r)

TFl

Turbidity

1.4 x 10 5

26

3.5 x 10 4

38

TFl0- 1

Turbidity

5.4 x 10 5

100

9.2 x 10 4

100

TFl0- 2

Turbidity

1.4 x 10 5

26

2.2 x 10 4

24

1.1 x 10 4

12

t-'

""'

~

TFl0- 3

(A)

Colony formation on TFl and TFlo- 2

3.3 x 10 4

6.1

4

(B) Respiration' [glutamic acid
protein hydrolysate
glucose
TFl0- 4

(A)

Colony formation on TFl and TFlo- 2

(B) Respiration: [glutamic acid
protein hydrolysate
glucose
*Ratio of each count to TFlo- 1 count.

5.4 x 10
2.2 x 10 4
2.4 x 10 2 >
4.5 x 10 3

0.9

4.9 x 10 3

1.3 x 10 4
4
1.3 x 10
4.5 x 103

2.4
2.4
0.9

3.5 x 10 4
1.4 x 10 4
2.4 x 10 2 >

59
24
0.3>
5.3
38
15
0. 3>
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[U- C]-glucose was added. It was found by this experiment that 14 C0 2 was not
produced from all the media employed. These results suggest that, compared
with amino acids, glucose is not a suitable substrate for respiration of extremely oligotrophic bacteria in lake water. There is, however, a possibility
that the TF media were deficient in some components required for growth of extremely oligotrophic bacteria. Therefore, the LW7 medium prepared from filtered and sterilized lake water was used for enumeration of extremely oligotrophic bacteria (Table 2). The number of heterotrophic bacteria (B) and that
of extremely oligotrophic bacteria (B - A) with LW7 medium with 14 C-glutamic
acid were 6.7 and 5.8 times, respectively, higher than that of ordinary heterotrophic bacteria counted by use of TFlO- med.ium. The concentration of dissolved organic matter in LW7 medium was 1.9 mg C/l which was comparable to
that of TFlo- 3 medium.

TABLE 2.

ENUMERATION OF HETEROTROPHIC BACTERIA IN WATER SAMPLES FROM STATION
7 IN LAKE BIWA (JULY 7, 1977)
Bacterial number
Ratio (%)*
MPN (ml -l)

Criteria for growth

Medium
Turbidity

TFl

l. 7 x 10

4

71

4

100
20

TFlO-l

Turbidity

2.4 x 10

TFl0- 2

Turbidity

4.9 x

103

x
x
x
x

3

TFl0-

3

TFl0- 4

LW7

'(A) Colony formation on TFl and TFl0(B) Respiration: [ glutamic acid
protein hydrolysate
glucose

2

(A) Colony formation on TFl and TFl0- 2
(B) Respiration' [ glutamic acid
protein hydrolysate
glucose
2
(A) Colony formation on TFl and TFlo(B) Respiration' [ glutamic acid
protein hydrolysate
glucose

1. 7
1. 7
1. 7
1. 3

10
10 3
10 4
10 3

7.1

]

5.5 x 10 2

71

2.3

4.0 x 10 3
2.4 x 10 3 ]
2.4 x 10 2 >

17

4
1. 7 x 10

46

1.6 x 10 5
9.2 x 10 4
1.3 x 10 4

]

667

*Ratio of each count to TFl0- 1 count.
Strains of extremely oligotrophic bacteria from oligotrophic waters in
Lake Biwa showed a relatively high growth rate (generation time, approximately
6 h) and a very low maximum cell yield (less than 10 6 cells/ml) in a liquid
medium containing organic matter in low concentration (approximately 2 mg C/l) .
All bacteria grown in TFlo- 1 medium were able to grow in LW7 medium, such organisms may be called facultatively oligotrophic bacteria.
Data reported here suggest that some growth-promoting factors were contained in natural lake water and that extremely oligotrophic bacteria were
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predominant in water in oligotrophic areas of Lake Biwa and probably contribute to the biodegradation processes in the lake.
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NITROGEN/CARBON RATIOS AND RATES OF AMMONIA TURNOVER
IN ANOXIC SEDIMENTS
T. H. Blackburn
Institute of Ecology and Genetics
University of Aarhus, Ny Munkegade
DK-8000 Aarhus C, Denmark

ABSTRACT
The net rate of arrunonia production (d-i) was measured
in sediment sections, at in-situ temperatures. Addition
of 15 N-labeled ammonia made possible the measurement of
total ammonia turnover (d) and of ammonia incorporation
into cells (i) . The molar N/C ratio (Ns) in detrital material undergoing breakdown, and the rate of carbon oxidation (Co) or sulfate reduction (Sr) were calculated,
using known values for the N/C ratio in cells (Ne) and the
efficiency of carbon incorporation into cells (E) , from
the following: Ns = E x Ne x d/i
2 Sr
Co
i(l-E)/(E x Ne)
2 Sr =Co= (d-i) (1-E)/(Ns-Nc x E)

The calculated Ns values did not always correspond to the
actual N/C ratio of the organic detritus in the sediment.
The data are consistent with the hypothesis that surface
detritus of an initially high N/C ratio progressively
loses nitrogen as it is mixed downwards and finally results in a net uptake of arrunonia in the lower sediment
strata.

INTRODUCTION
Detritus, containing carbon and nitrogen, is degraded and used by bacteria, partially as a source of energy and partially for incorporation into
new cellular material. The net production (or consumption) of degraded nitrogen compounds depends on the N/C ratio of the detritus and of the cells, and
on the efficiency with which detrital material is assimilated into cellular
compounds.
These relationships are examined and are used to illustrate how rates of
ammonia turnover, incorporation and net production may be used to calculate
N/C ratios in the substrate and rates of carbon oxidation (or sulfate reduction)
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in anoxic marine sediments.
METHODS
The ·il'."ates of net ammonia production (d-i) in sediment sections were measured at in-situ temperatures, where diffusional losses could not occur. Addi15
tion of
N-labeled ammonia to these samples made possible the measurement of
total ammonia production (d) , using net ammonia production rate to determine
the dilution of label by the changing pool. The difference between the two
rates gave the rate of ammonia incorporation into bacterial cells (i) at any
depth (Blackburn, unpublished results). Organic carbon in sediments was determined by combustion in a Leco furnace, correcting for the contribution from
carbonates. Total nitrogen was determined, following Kjeldahl digestion (3).
Organic nitrogen was obtained by correcting for extractable and non-extractable
ammonia. The sediments were sampled from the stations described by J¢rgensen
( 5) •

RESULTS AND DISCUSSION
The fate of C and N, following the breakdown of detritus by hydrolytic,
fermentative and sulfate-reducing bacteria is shown in Figure 1. Carbon is
metabolized at a rate Cd, oxidized at a rate Co and incorporated into cells at
a rate Ci (Cd = Co + Ci; Ci/Cd = E, the efficiency of incorporation). Similarly, nitrogen is liberated at a rate d (d/Cd = Ns, the N/C ratio of the substrate), assimilated at a rate i (i/Ci = Ne, the N/C ratio of bacterial cells)
and excess ammonia is made available at a rate d-i (net production rate) . It
is assumed that bacteria assimilate nitrogen mostly in the form of ammonia,
thus allowing the following relationships to be established:
1) Ns

Ne x E x d/i
i(l-E)/(Nc x E)
(d-i) (1-E) / (Ns-Nc x
2Sr

Co
Co
4) Co
2)
3)

E)

where Sr = the rate of sulfate reduction by carbon at the oxidation-reduction
level of CH20.
Ne

N/C

in cells (0,16)

Ns

N/C

in substrate

E

C-incorporationJ C-metabo/ized (0,3)

Substrate~

hydrolysis
fermentation
sulfate reduction

.

~ Ce/1-N
1

NHi,
(d-i)

Figure 1.

NH'-N

4

The processes involving the production of cells, carbon dioxide and
ammonia from detritus in sediment.
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In order to calculate Ns and Co from equations 1 and 2 it is necessary to
know the values for Ne and E, in addition to the ammonia rates. The value for
Ne = 0.16 (Fig. 1) is consistent with quoted values for bacterial cells (1, 2).
The value E = 0.31 is based on the calculations in Table 1. The assignment of
approximately 1 ATP to the oxidation of acetate by sulfate fits with the efficiency of acetate assimilation by Desulfotomaculum acetoxidans (6) .

TABLE 1.

EFFICIENCY OF CARBON INCORPORATION ASSOCIATED WITH SULFATE REDUCTION

G'0

Process

kcal mo1- 1

Fermentation:
100 hexose c-+ lactate + cells

ATP availableb
for synthesis

C atoms
dissirnilated

a

C atoms
assimilated

-52

2

88

12

-38

2

69

19

69

31

soa-

reduction:
88 lactate-+ C02 + cells

Total:
100 hexose C-+ C02 + cells

art is assumed that 1 mol ATP will form 10 g cells or 0.42 mol of organic c.
bPer mol substrate dissimilated.

The data in Table 2 illustrate how d, d-i and i vary with depth in an
average of four sediments from the Limfjord in August 1976, and how these
values may be used to calculate the N/C ratio in the substrate and the rates
of carbon oxidation or sulfate reduction, using the equations derived in equations 1 through 4.
TABLE 2.

Depth (cm)

NHt

NHt
.
a
increase
(d-i)

NHt
production a
(d)

(i)

74
49
40
37
15
4

131
95
78
103
44
49

57
46
38
66
29
44

438

1000

560

0-2
2-4
4-6
6-8
8-10
10-12
Total for
12 cm

aRates are in u mol cm-j daybusing N5

RATES OF AMMONIA TURNOVER

incorporation a

N/C molar (Ns)
calculated

.11
.10
.10

.OB
.OB
.06

N/C molar

measured
.11
.09
.10
.10
.09
.09

so~- reduction
(Sr) calculated
from eq. 2 and 4

so~- reductiona
(Sr) calculated
from eq. 3 and 4

396
320
264
459
201
306

423
418
274
253
128
34

3992

3060

1•

~ measured N/C molar ratio in sediment.

There was a decrease-in total ammonia production, with depth of sediment,
but there was still considerable activity at 10 to 12 cm. At this depth, however, there was little net ammonia production as ammonia incorporation was
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quite high. The latter rate showed surprisingly little variation with depth
down to 12 cm. The calculated Ns decreased with depth and was generally lower
than the measured value of sediment N/C molar ratio.
The calculated rate of sulfate reduction (Sr) from equations 2 and 4
showed little decrease with depth, since it was determined from the rate of
ammonia incorporation. The values of Sr, calculated from equations 3 and 4,
decreased with depth in a manner consistent with the values measured in the
same sediments (5). The respective values of 39.9- and 30.6 rmnol m- 2 day- 1 ,
down to 12 cm, are somewhat higher than the measured yearly average of 9.5
2
1
mmol m- day- (5). The utilization of equation 3 has considerable advantages
15
as
N tracer experiments are not necessary for the measurement of d-i, which
may even be derived from the change in flux in ammonia, between two adjacent
strata. It may thus be calculated from an ammonia concentration profile, provided that it is an undisturbed sediment and that the diffusion coefficient is
known. The value of Ns must be known to use equation 3. The data in Table 2
demonstrate that the actual Ns value is not the same as the N/C ratio of the
sediment, and can be significantly different (Fig. 2). It seems likely that,
in sediments where vertical mixing does not occur, the Ns value must equal the
sediment N/C ratio.
The data in Figure 2 illustrate how the net rate of ammonia production
and the calculated N/C ratio of substrate (Ns) at various depths may be used
to explain some aspects of ammonia concentration profiles at station 5 in the
Limfjord. _
The concave interstitial ammonia concentration profile at 6-8 cm for May
was associated with a negative net ammonia production at 4-8 cm and a low N/C
in the substrate from 4-12 cm. This contraction in ammonia concentrations
continued into June, even though there was considerable net ammonia production
in the top 4 cm of sediment, associated with a high Ns in this region, presumably due to the deposition of fresh algal cells on the surface. During
July and August the ammonia concentrations increased (unpublished results) but
by September they had contracted again, due partially to the negative net ammonia production, associated with the low Ns of the substrate undergoing decomposition from 2-12 cm.
These patterns fit with the hypothesis that algal cells of a high N/C
content were decomposed at the sediment surface, with preferential decomposition of protein and nucleic acids, liberating ammonia. The partially decomposed cells, rich in structural materials of low N/C ratio, gradually mixed
downwards and were degraded in 1preference to the old and recalcitrant organic
material in the sediment, which had a higher N/C ratio (Fig. 2, top right).
When the Ns was less than 0.05 (when i > d, E = 0.03 and Ne = 0.16) there would
be net ammonia uptake.
The hypothesis depends on the mixing of surface detritus downwards to at
least 12 cm. This is consistent with the observation that sulfate reduction
in these sediments was higher than could be explained by the oxidation of detritus to which no new additions were made (5). The role of mac~ofauna in
sediment irrigation and mixing has recently been demonstrated (4) Additional
evidence for sediment mixing is derived from the fact that the measured values
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Figure 2.

Interstitial ammonia concentrations, net anunonia production rates
and Ns (N/C molar ratios) at 2 cm intervals in the Limfjord station
5, for May (12°C) I June (16°C) and September (12°C) in 1977. The
broken line in the May value.s of Ns (top right) shows the sediment
N/C molar ratio.
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for the rates of net ammonia production, particularly in the summer months,
are not consistent with the observed changes in the ammonia concentrations.
The ammonia concentration gradients are not sufficient to account for the disappearance of ammonia from the lower strata, unless very high diffusion coefficients are postulated for ammonia.
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EFFECT OF CHEMICAL STRUCTURE AND CONCENTRATION
ON MICROBIAL DEGRADATION IN MODEL ECOSYSTEMS
Michael J. DiGeronimo, Roberts. Boethling and Martin Alexander
Laboratory of Soil Microbiology, Department of Agronomy
Cornell University
Ithaca, NY 14853

ABSTRACT
Increasing the number of chlorines on benzoates increases their resistance to attack by microorganisms in
sewage. Populations of bacteria able to grow on readily
biodegradable benzoates multiply as the chemicals disappear from model sewage ecosystems. The major bacteria in
sewage growing on unsubstituted benzoate will not grow on
simple chlorinated benzoates. The addition of benzoate
to sewage does not lead to the loss of 2,4-di- and 2,3,6trichlorobenzoates. During the decomposition of m-chlorobenzoate, 4-chlorocatechol and 5-chlorosalicylate appear.
In stream water, parts-per-trillion concentrations of pchlorobenzoate, dimethylamine, and diethanolamine are
quickly converted to carbon dioxide. In contrast, partsper-million or low parts-per-billion concentrations of
the herbicide 2,4-D are converted to carbon dioxide very
slowly, although higher concentrations are destroyed
readily. The data suggest that chemicals may be attacked
only slowly if present in waters at very low concentrations.

Corresponding to the continuing rise in production and use of synthetic
organic chemicals is an increased discharge of these chemicals into natural
waters, either deliberately or inadvertently, as domestic and industrial
wastes, runoff from agricultural operations, or accidental spillage. Most of
these compounds are probably rendered harmless soon after their introduction
into aquatic environments. A surprisingly large number of organic chemicals,
however, may not be metabolized; among those that are transformed microbiologically, the products may be more toxic than the original compound, or they
may persist for longer periods of time. Although a considerable amount of information has accumulated about the metabolism of these organic compounds by
pure or mixed cultures, little is known about their fate in natural ecosystems,
both aquatic and terrestrial.
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Several factors govern the susceptibility of organic chemicals to microbial destruction in nature. In the present investigation, interest is directed to the effects of chemical structure and concentration on the biodegradation of organic compounds. Ample evidence exists of a relationship between
the structure of an organic chemical and its susceptibility to microbial attack (1, 11).
Moreover, Jannasch (8) and Shehata and Marr (12) demonstrated
that stable, axenic microbial populations could not be maintained in continuous culture at low concentrations of glucose and other simple organic molecules. However, no systematic investigations have been conducted of the influence of low substrate concentration on the biodegradation of pollutants in
artificial microcosms or ecosystems.
The
chemical
cules in
designed

present study was undertaken, therefore, to assess the effects of
structure and concentration on the biodegradation of organic moleartificial aquatic microcosms. The experimental systems used were
to reflect the complex interactions in natural microbial communities.
MATERIALS AND METHODS

Surface water samples were taken from Fall Creek, a tributary of Cayuga
Lake in central New York. Sewage samples were taken from the primary settling
tank of the water treatment plant at Ithaca, New York. All samples were processed within 2-4 h after collection.
An activated-sludge die-away system was used in studies of the degrada-

tion of benzoate and chloro-substituted benzoates. Primary influents were incubated at room temperature in 1.0 liter quantities in 2-liter Erlenmeyer
flasks, and the suspensions were aerated with air that had been passed through
a saturated solution of KMn0 4 • Sewage was amended with the test chemical to a
final concentration of 100 mg/liter. Cell counts were performed by a mostprobable-number method for enumerating populations of aromatic degraders (7).
Benzoate and chlorinated benzoate were determined by gas-liquid chromatography using a Perkin-Elmer gas chromatograph, model 3920B, fitted with a
flame-ionization detector. Samples were saturated with NaCl, acidified with
HCl, and extracted with anhydrous ether. The ether extracts were concentrated
to a volume of 2-5 ml. Benzoate and monochlorinated benzoates were analyzed
on a teflon-lined stainless steel column (0.6 m x 2mm, i.d.) packed with 10%
DEGA on 80/100 mesh Chromosorb G (H.P.) at a column oven temperature of 190°C.
Dichlorinated and trichlorinated benzoates were derivatized with bis(trimethylsilyl) trifluoroacetamide (Pierce Chemical Co.) in demethylformamide after concentration of the ether extracts, and the derivatives were analyzed on a 1.8 m
x 2 mm i.d. teflon-lined stainless steel column packed with 3% OV17 on 80/100
mesh Chromosorb G at a column oven temperature of 130°C. Metabolic intermediates were identified using a Finnigan 3300 Quadrupole mass spectrometer (electron impact 70 eV) after derivatization with diazomethane. Spectrophotometric
determinations were performed by the method of Alexander and Lustigman (2),
and dihydroxy compounds were measured by the method of Arnow (4) .
The degradation of low concentrations of organic compounds was studied
using a stream die-away system. Stream water was collected aseptically and
analyzed for pH and total alkalinity by standard methods (3). The water was
155

amended with an inorganic nutrient supplement (13) modified as follows: NaN03
and NaHC0 3 were omitted, Zn was added at the same molarity as ZnS04•H20 rather
than ZnCl2, and NH 4Cl was added at 8.0 mg/liter.
14
Microbial activity was assayed by measurement of 14 C02 produced from
Clabeled substrates. Stream water was incubated at 28.5°C in 100- or 200-ml
volumes in 500-ml filtering flasks modified to permit connection to a gas
train subsequent to incubation. The flasks were incubated in the dark to pre14
vent photodecomposition of added organic chemicals and fixation of
C02 by
algae. Although the flasks were not shaken, measurements of dissolved oxygen
(3) indicated that the stream water remained aerobic.
Individual organic compounds were added to the flasks at various concentrations. After specified periods of time, the contents of the flasks were
acidified with 0.12 N H2so 4 , the flasks were connected to a source of N2, and
the C0 2 in the flasks was flushed out and trapped in ethanolamine. If necessary, NaHC0 3 was added immediately before acidification to raise the concentration of bicarbonate plus carbonate to at least 1.0 mM. Control experiments
indicated that the recovery of 14 co 2 was quantitative, and that no degradation
of any compound to 14 co 2 occurred in autoclaved stream water. None of the
14 C-labeled compounds tested nor any impurities in their formulation were sufficiently volatile to be flushed out with N2 after acidification and trapped
in ethanolamine. This method for assessing biode?radation of organic chemicals does not distinguish between degradation to 4C02 and possible conversion
to other volatile metabolites that may be trapped in ethanolamine.
Samples (1.0 g) of ethanolamine containing trapped 14 C02 were added to 9
ml of scintillation fluid (6), and the radioactivity was measured in a Beckman
LS-lOOC liquid scintillation spectrometer. The data were corrected for quench
by the external standard/channels ratio method and expressed as dpm. The
counting efficiency of ethanolamine (l.O g) in Bray's scintillation fluid was
about 75%.
The three monochlorinated benzoic acid isomers, 3,4- and 2,4-dichlorobenzoic acids, and 2,4-dichlorophenoxyacetic acid were obtained from Aldrich
Chemical Co. Scintillation grade ethanolamine and unlabeled dimethylamine hydrochloride were obtained from Eastman Organic Chemicals, diethanolamine from
Fluka AG, and sodium benzoate from Merck. 2,3,6-Trichlorobenzoic acid (Pfaltz
and Bauer) was recrystallized from hot water.
The sources and specific activity of the radiochemicals used in this
study were as follows: dimethylamine- 14 C hydrochloride (Amersham), 54 mCi/
1
mmol; diethanolamine- b (New England Nuclear), 20.8 mCi/mmol; p-chlorobenzoic
24
acid-ring
C (California Bionuclear), 10.5 mCi/mmol; 2,4-dichlorophenoxyacetic acid-acetate 2- 14 c (Amersham), 32 mCi/mmol.
RESULTS
The primary degradation of the chloro-substituted benzoates in sewage was
investigated initially. The results are presented in Figure 1. Primary degradation was more rapid with benzoic acid than with the chlorinated analogues.
o-Chlorobenzoate was metabolized more rapidly and disappeared sooner than did
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P- and m-chlorobenzoate.

Of the polychlorinated compounds tested, 3,4-dichlorobenzoate disappeared in 9 days, but no loss of 2,4-dichlorobenzoate or
2,3,6-trichlorobenzoate was detected, even after an additional 18 days.
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Figure 1.

Degradation of benzoate and m-, p-, o-, 2,4-di-, 3,4-di-, and
2,3,6-trichlorobenzoates in sewage. Sewage was amended to an initial concentration of 100 µg/ml of each test compound. Abbreviations: B.A., benzoate; o-, p-, and m-Cl B.A. are the o-, p-, and
m-chlorobenzoates; 3,4- and 2,4-D.B.A. are 3,4- and 2,4-dichlorobenzoates; and 2,3,6-TBA is 2,3,6-trichlorobenzoate.

To determine whether disappearance of the compound corresponded to an increase in a population capable of utilizing aromatic compounds, sewage was
amended with 100 µg/ml of the chlorinated compounds, and cell numbers were determined. The results in Figure 2 demonstrate that the numbers of bacteria
capable of using the chlorinated compounds as carbon and energy sources for
growth rose in sewage amended with the benzoates previously shown to disappear.
2
The populations of chlorinated benzoate utilizers were initially less than 10
6
cells/ml but increased to a maximum of about 10 cells/ml. In contrast, there
was no increase in populations capable of metabolizing 2,4-di- and 2,3,6-trichlorobenzoates.
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Figure 2.

Lncrease in populations of chlorinated benzoate utilizers in sewage
amended with o-, m-, and p-chloro- and 3,4-dichlorobenzoates to an
initial concentration of 100 µg/ml.

To determine what effect benzoate metabolism might have on the proliferation of the chlorobenzoate utilizers, sewage was amended with 100 µg of sodium
benzoate/ml and monitored for changes in populations of both benzoate and
chlorobenzoate utilizers. The results in Figure 3 show that the number of
benzoate utilizers increased rapidly in the first 24 h but then declined somewhat. In contrast, the size of the chlorobenzoate-utilizing populations was
unaffected by the amendment and remained at less than 10 2 cells/ml.
To assess whether the more refractory chlorinated compounds are modified
in the presence of a utilizable and structurally related substrate, two flasks
containing sewage were amended with sodium benzoate (100 µg/ml) and either
2,4-di- or 2,3,6-trichlorobenzoate. The number of cells and the percent of
the test compound remaining as a function of time are shown in Figure 4. The
results show that there was no disappearance of either 2,4-dichlorobenzoate or
2,3,6-trichlorobenzoate as the benzoate was being destroyed. No increase in
the population capable of growing at the expense of the chloro-substituted
benzoates was evident, whereas, concomitant with benzoate degradation was an
increase in the population capable of using this compound for growth.
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Studies were performed to evaluate the ability of pre-adapted populations
to respond to new organic substrates. Pre-adaptation was accomplished by initially adding sodium benzoate (100 µg/ml) to the sewage. The sewage was monitored for substrate disappearance, and when benzoate could no longer be detected, m-chlorobenzoate (100 µg/ml) was added. The results in Figure 5 demonstrate that sodium benzoate was degraded in approximately 12 h. After the
addition of m-chlorobenzoate, its concentration fell by 18% in four days, but
no further change in concentration was evident until day 8. At 24 h after the
addition of m-chlorobenzoate, an ortho-substituted dihydroxy compound was detected, and the identity of the product was confirmed by gas chromatographymass spectrometry. The methyl ester of this metabolite showed a molecular ion
with an m/e of 172 and a fragmentation pattern identical to that of authentic
4-chlorocatechol. The concentration of the chlorocatechol (9.0 µg/ml) remained constant until 48 h, after which it declined until none was detectable
at 4 d. During this time, there was no significant increase in the population
capable of using m-chlorobenzoate for growth. After day 8, the chlorobenzoate
disappeared quickly, and none was left at day 12. The sewage was again amended
with m-chlorobenzoate (100 µg/ml), and monitoring of the compound showed that
the chlorobenzoate was degraded in 3 d. During the rapid phase of decomposition of m-chlorobenzoate, a second product was detected, and it was identified
by mass spectrometry as 5-chlorosalicylate. Methylation of this metabolite
gave a molecular ion with an m/e of 186 and a fragmentation pattern ident.ical
to that of authentic 5-chlorosalicylate.
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Studies were conducted to determine the effect of low substrate concentration on the degradation of p-chlorobenzoate and other organic compounds.
The procedure involved measuring the production of 14 C02 from 14 C-labeled compounds in a stream die-away system. The production of 14 C02 from p-chlorobenzoate was measured at four initial p-chlorobenzoate concentrations (Table 1).
The data are expressed as the percent of the initial 14 C-labeled material recovered as 14 C02. Little or no decomposition of the parent compound was observed in at least 12 d at 47 ppm, the highest concentration used. In contrast, at 47 ppt, p-chlorobenzoate was extensively degraded within 4 d. At
intermediate concentrations, intermediate rates were obtained. At an initial
concentration of 470 ppb, a lag of at least 6 d was evident before significant
degradation occurred, but the apparent lag was approximately 2 d or less at
4.7 ppb.
14

TABLE 1.

C02 PRODUCED FROM p-CHLOROBENZOATE (RING-LABELED) ADDED TO STREAM
WATER

Days

47 ppm
(3 x 10- 4 M)

Initial p-chlorobenzoate concentration
4.7 ppb
470 ppb
(3 x 10-e M)
(3 x 10- 6 M)
% of

14

c recovered as

14

47 ppt
(3 x 10- 10

C02

4

1.2

2.0

17.l

47.6

6

1.4

3.6

33.0

51.3

48.0

60.3

8
12

5.9

M)

79.0

The secondary amines dimethylamine, diethylamine, and diethanolamine were
selected for study in part because they have been shown to be precursors for
the formation of nitrosamines in model ecosystems, most of the nitrosamines
14
being potent carcinogens. Typical results showing the production of
C02
14
from dimethylamine- c added to stream water at four initial concentrations
are given in Table 2. Extensive decomposition of dimethylamine was observed
within one day at the two lowest initial concentrations. Longer periods were
required at the two highest initial concentrations. Apparent decomposition to
co 2 was complete within 3 d at an initial concentration of 90 ppb, whereas at
an initial level of 18 ppm, the fraction degraded did not increase significantly for at least 3 d. Similar results were obtained with diethylamine.
When stream water was amended with diethanolamine, a somewhat different
picture emerged. The results of a typical experiment are shown in Figure 6.
At the lowest initial concentration of diethanolarnine (21 ppt), degradation of
the parent compound continued at an approximately constant rate for at least 4
d; at this time, about 30% of the original compound had apparently been converted to C02. In contrast, at an initial level of 210 ppb, an accelerating
curve for degradation of diethanolamine was obtained. At 21 ppm, the highest
initial concentration, less than 5% of the original chemical was converted to
C02 within 4 d.
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14

TABLE 2.

Days

C02 PRODUCED FROM DIMETHYLAMINE- 14 c ADDED TO STREAM WATER
Initial dimethylamine concentration
90 ppb
230 ppt
(2 x 10- 6 M)
(5 x 10- 9 M)

18 ppm
(4 x 10- 4 M)

%

2.8 ppt
(6xlo-11 M)

14
of 14 c recovered as
C02

1

1.6

14.8

84.9

97.2

2

4.3

47.0

96. 3

100.0

3
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100.0
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Formation of
C02 from diethanolamine- 14 c added at several concentrations to stream water.
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The biodegradation of 2,4-dichlorophenoxyacetate (2,4-D) was similarly
studied at four initial concentrations of the herbicide in stream water. The
results are shown in Figure 7. The effect of initial substrate concentration
on the extent of degradation of the parent compound was strikingly different
from that observed with p-chlorobenzoate and dimethylamine. At the two lowest
initial concentrations, only a small fraction of the starting material was degraded within 8 d, whereas the data indicate that 2,4-D was extensively degraded in 6 d or less when initially present at 220 ppb and 22 ppm.
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Formation of 14 C02 from 2,4-dichlorophenoxyacetate (acetate-2- 14 C)
added at several concentrations to stream water.

The 2,4-D data were not the result of oxygen depletion in the sealed incubation vessels: the opposite effect of substrate concentration would be expected. The apparent absence of significant decomposition of 2,4-D at low initial concentration could not be explained on the basis of high efficiency of
assimilation by the microbial population. At most, several percent of the
starting material was assimilated after 7 d of incubation at an initial 2,4-D
level of 2.2 ppb, as indicated by the dpm retained when particulate matter
from stream water was collected on 0.45 µm cellulose-acetate (Millipore) filters and the filters counted by liquid scintillation.
Control experiments indicated that the data in Figure 7 were not the results of sorption of 2,4-D to the glass incubation vessel or to particulate
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matter in stream water. No radioactivity above background was detected on the
filters when autoclaved stream water was incubated with 2.2 ppb of 2,4-D for 5
d and the particulate fraction collected on 0.45 µm filters. In addition, no
loss of 2,4-D from solution was detected when autoclaved stream water was incubated with 2.2 ppb of 2,4-D for 36 h and the water samples centrifuged at
110,000 X g for 3 h to remove particulate matter. Dimethylamine, diethanolamine, and p-chlorobenzoate at similar concentrations were not detectably
sorbed to particulate matter or glass in this test. Only 0.1% of the initial
radioactivity was found in the fraction collected on 0.45 µm filters when nonsterile stream was was incubated for 2 d with 2.2 ppb of 2,4-D.
DISCUSSION
The data suggest that the chemical structure of chlorobenzoates affects
their persistence in sewage. These findings are in agreement with published
reports, in that the position and number of substituents on the aromatic ring
affect susceptibility of the compound to microbial attack (1, 9).
In the
present data, with the exception of 3,4-dichlorobenzoate, the chlorobenzoates
were more refractory if two or more chlorine atoms were present.
The data further suggest that members of the microbial community of sewage used the monochlorinated benzoates and 3,4-dichlorobenzoate as carbon and
energy sources for growth. The populations active in the degradation of the
mono- and dichlorinated benzoates were initially small, but the active populations increased in the presence of the usable chlorobenzoate. The apparent
maximum population size was well below 10 8 cells/ml, the approximate number of
bacteria expected for a substrate concentration of 100 µg/ml, but this discrepancy may be a result of the feeding by protozoa on the chlorobenzoate utilizers.
Since there was only partial disappearance of m-chlorobenzoate at 48 h
and no detectable increase in the population capable of using this compound as
sole source of carbon and energy, the results suggest that the initial disappearance of m-chlorobenzoate was the result of cometabolic activity by benzoate degraders. Although little is known about the role of cometabolism in
degradation of chlorobenzoates under natural conditions, the ability of benzoate-degrading bacteria from various genera to cometabolize chlorobenzoates
is well documented (14).
The results from studies of the effect of concentration of p-chlorobenzoate and diroethylamine on their biodegradation indicate that these compounds
are extensively decomposed within a few days at the lowest initial concentrations and thus would not persist in freshwater at these levels. In contrast,
all of the compounds studied at ppm levels, except for 2,4-D, were degraded
only after significantly longer lag periods or not at all within the time of
study. The biodegradation of organic chemicals in die-away systems with low
microbial densities has commonly been assessed at initial concentrations of
the test chemicals in the ppm range, but these data demonstrate that many
chemicals that appear to be persistent in surface waters at ppm concentrations
may be rapidly destroyed at lower levels. This effect of concentration must
thus be taken into account in designs of test systems for evaluating biodegradability.
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These findings also suggest that diethanolamine and 2,4-D may be more persistent at very low than at higher concentrations. Thus, low substrate concentration may also limit biodegradation rates in natural waters. A possible
explanation for the linear increase with time in the rate of degradation of
diethanolamine at the lowest initial concentration is that the population active in its degradation does not increase significantly at the expense of diethanolamine at this level of substrate. This interpretation suggests that
organic chemicals may be present at such low concentrations in waters that the
rate of microbial decomposition is limited by the initial size of the active
population.
Although the conversion of part of the 14 C-labeled material to volatile
metabolites other than 14 C02 cannot be excluded, the data show that extensive
degradation occurred. The approximate yields of C02 from the various organic
compounds were generally consistent with expected values, and experiments in
which 14 C-glucose was added to stream water at several initial concentrations
g a ve va l ues o f 50 - 60% recovery Of 14c as 14C02.
Our findings point to the possibility that many organic pollutants may
persist in aquatic ecosystems owing in part to their low prevailing concentration. If persistence is sometimes a consequence of the inability of microorganisms to destroy biodegradable molecules at low concentrations, this failing
may account for the presence of trace levels of certain organic chemicals in
natural waters. Such trace substances could lead to environmental problems if
they are susceptible to biomagnification and are subsequently toxic to species
at higher trophic levels in food chains. Furthermore, recent studies have
suggested that some organic chemicals may be toxic to aquatic microorganisms
at ppb levels and lower (5, 10).
Hence, further inquiry is necessary to define more precisely the influence of concentration on the rate of microbial
destruction of organic molecules in aquatic ecosystems.
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DISCUSSION
TRANSFORMATION IN AQUATIC ENVIRONMENTS
CLESCERI: Dr. Floodgate, is it possible that the organisms can use some of
the organic nitrogen in the oil itself? There is a certain amount of heterocyclic-combined nitrogen in oil. Is this unavailable to the organism?
FLOODGATE: Yes, more or less. One or two organisms have been shown, in batch
culture, to be able to use the nitrogen in this cyclic material, but only in
warm temperatures. In other words, in nature, there are other substrates
available for them to metabolize.
CLESCERI: Do you think that means, then, that these compounds are permanently
nondegradable?
FLOODGATE: Most of them are nondegradable, or at least with a very long turnover time, perhaps decades.
JANNASCH: Dr. Wright, you presented a slide showing the decrease in specific
heterotrophic activity starting up in the marshes of an estuary and moving toward offshore waters. I was wondering if you thought that these results might
be due to some effect of the increase in salinity which decreased specific activity as opposed to just a decrease in nutrient availability.
WRIGHT: The range in salinity in the estuary is not great; it's a very low
fresh water input estuary. The range of the salinity might be a total of 5%;
I don't think that could be a very serious problem.
JANNASCH: In the acridine orange stain, does that stain both viable and dead
cells, or primarily viable cells?
WRIGHT: It stains any cell that has nucleic acid in it. Dr. J. W. Costerton
thinks that there are hardly any dead cells in natural waters. They die,
autolyze, and are gone pretty rapidly. But, then, how do you define viability? Do you define it as whether you can count them on agar plate? If so,
then a very small percentage are viable. If you count them on the basis of
what they are doing, in terms of activity, then a large percentage are viable.
P. ROGERS: You mentioned that Beta bacteria were capable of utilizing excreted
soluble organics. I was wondering, do you think bacteria are capable of actually lysing algae or at least attacking algal detritus material directly
through extracellular enzymes?
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WRIGHT: I'm not too familiar with this work but I think that people who have
examined healthy algae under the microscope from sea water and fresh water
rarely find bacteria on their surfaces, unless they are blue-greens that have
large slime sheaths. I haven't come across research that shows bacteria attacking algae and trying to release the organic compound from them.
ROGERS: I feel that this is a viable alternative, and I have photographs of
kinetic data showing that this is a possibility. I believe that plate counts,
for many applications, is definitely a viable alternative to represent heterotrophic activity. I think some of your graphs may have indicated that where
you have no increase initially in your total counts, but plate counts and
other methods of indicating heterotrophic activity showed a linear response
irrunediately to confinement in the bottle approach. Am I mistaken?
WRIGHT:

I don't understand what you are saying.

ROGERS: I think that you are counting a lot of bacteria that are not viable
at that time or never will be viable, at least in fresh water systems. Recent
work by Jones shows this to be true.
WRIGHT: How do you account for the large number that eventually show tetrazolium salt reduction, up to 70-80%? Other people have shown with autoradiography close to 100% of the bacteria developing on the film, indicating activity.
ROGERS:

Sea water system or fresh water?

WRIGHT:

Sea water.

PASSMAN: George, you mentioned that under low nutrient conditions, you had
ATP pools that were too low to provide for initiation of enzyme synthesis, or
growth, necessary to begin incorporation of hydrocarbons. Have you looked at
the cyclic AMP pools?
FLOODGATE: I was told to be a little controversial or stir things up; that
was material I threw in without the information, as yet. What happens when
you get a job to do like this, you find yourself writing down your research
program for the next ten years. That's one of the items on it. I want to go
back now to see what actually happened to that nitrogen. Remembering the
graph, it does disappear into the cell somewhere; we have not looked at it
closely; it just disappears. We've assumed it goes into the cells because
Charlie Brown has shown that it does go into their Pseudomonas. we have yet
to show that it goes into our oil-degrading "bug." Whether it actually goes
into the glutamate pool, whether it stays in there or comes out again, or what
happens, we just don't really know yet.
PASSMAN: Dick [Wright], it was interesting to see that your specific activity
increased under conditions where nutrient levels were higher as we were discussing yesterday. Looking at LPS to direct count ratios in the Georges Bank,
there were different patterns. During the winter the LPS to acridine orange
direct count ratios were low but when we got into the growing season, the LPS
per cell apparently increases. We also saw this type of phenomenon in dump
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sites where hours after drug residues were pumped into Puerto Rican Harbor
there was a rapid decrease in the LPS per cell suggesting that we may be looking at a parallel type of phenomenon here that would be worth further consideration.
RAYMOND: Dr. Floodgate, I missed one of your rate uptake numbers. You said
30 grams of carbon or oil, is that per cubic meter of seawater per year?
FLOODGATE:
One cubic meter of seawater provides sufficient nitrogen to degrade 30 grams of oil in the summer, per year, or 11 grams of oil at winter
temperatures, per year.
RAYMOND:
I would like to throw this out for the audience since we have a lot
of marine microbiologists and chemists here. Let's talk about mass balances.
Don't we have a much larger organic turnover, mass balance, which is not reflected in terms of pollutant turnover? What amount of material do we have
turned over in marine waters?
FLOODGATE:
The figures are much higher for natural material. I think it is
18
10
grams of carbon annually in the ocean. The amounts of pollutants are
many orders of magnitude less.
So far total heterotrophy in the ocean, man's
effect is insignificant. But most of our rubbish is not chucked into the entire ocean. We do not take garbage from London to the Pacific Ocean; we chuck
it into the English Channel. This is also an area where we have a lot of fishing and oysters. This is highly productive area.
I don't think we have begun
to approach one of the real problems:
these areas are used for two opposing
purposes~-as a source for food and recreation and as places to dump our rubbish. These two ideas are really in opposition. The North Sea has been used
as a dump for rubbish from the British northeast industrial complex around
Newcastle. All around the North Sea there is heavy industrialization and even
before we were aware of the environment, we had been dumping stuff in there.
The North Sea is still one of the world's richest fishing grounds. Does it
really matter? Do we need all these kinds of regulations either from EPA or
from our side of the European pond, the Cormnission in Brussels?
RAYMOND:
I think an important point to consider is the type of system we are
using and the methodologies to evaluate whether a compound is degraded. We
have to select a system and we should not select the very low carbon seawater.
LITCHFIELD: Dr. DiGeronimo, do you have any idea of the in-situ or natural
concentrations one might expect to find of the p-chlorobenzoate or dimethylamine?
DiGERONIMO: Well, in our sewage systems some of the effluent compounds are
probably found in high concentration. We felt the concentration in the sewage
may even have been below realistic values seen coming out of a factory.
In
natural waters there is a constant dilution of the compound and an irmnediate
dilution as it enters from a point source.
LITCHFIELD: This is providing a carbon source or nutrient for the environment, particularly in the river system, so you might expect to find these
rates of degradation.
In terms of bacterial decomposition rates, are you
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overloading the river system or is the concentration below what the organisms
might detect, or what?
DiGERONIMO: I don't think I want to say anything about rate. I'll talk in
terms of persistence. I think we showed a trend and naturally more and better
rate data are necessary to confirm our systems.
JOHNSON: Could you elaborate on the most probable number approach you're
using in terms of the method, a three-tube or five-tube system, and some of
the statistics? I think many of our problems involve an effort to quantitate
biomass.
DiGERONIMO: You are absolutely right, but I think anybody who tries to justify a population study without substrate disappearance would be in trouble.
We developed a system for the aromatic degraders to try to quantitate a particular population within a larger population. As the data showed, our populations of benzoate degraders in sewage were always found over the year at
10 6 /ml. To quantitate a population that is found at 10 2 /ml, and only reach
10 6 /ml would be virtually impossible to observe and the types of population
shifts that were taking place. To answer your specific question, we did use a
five-tube MPN method.
CHAPMAN: Do you have any information as to the bacterial genera which turn up
in your experiments, with a capacity for growth with chlorobenzoate?
DiGERONIMO:
CHAPMAN:

Yes, but only that they are gram-positive or gram-negative.

In other words, you've not made generic assignments?

DiGERONIMO:

No.

CHAPMAN: This is of interest, of course, because the question arises, if, for
example, your organisms were from the genus Arthrobacter, would you logically
expect those organisms to be selectively enhanced in their population by the
addition of benzoate or would benzoate simply increase the population of many
other organisms, lacking the ability to grow at the expense of chlorobenzoate?
DiGERONIMO:

You are talking about what would be the species of the population?

CHAPMAN: I think it is of importance to identify certain of these genera, to
know something about their division times in these mixed cultures, and to anticipate whether benzoate might logically be expected to increase their numbers.
DiGERONIMO:

I agree.

TIEDJE: Last night we had a good discussion on cometabolism, but one aspect
we haven't really considered, related to cometabolism, is uptake. Normally we
think of cometabolism in terms of degradative enzymes, not of transport enzymes. Presumably with low concentrations, we could see a transport system
which would be non-specific. I'm wondering if one could obtain useful information about cometabolism with low concentrations by simply studying the
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kinetics of uptake of the particular compound and its co-substrates. Have you
given this any thought? For example, what is the Kt of uptake of the chlorobenzoate compared to benzoate?
DiGERONIMO: We have not addressed transport to confirm that. However, there
can be an extracellular or surface enzyme for transformation of the compound.
TIEDJE: Most of those studies have been done at higher concentrations where,
presumably, you could have a non-active uptake system. If you are talking
about low concentrations, as would be expected in effluent systems, you are
going to have to concentrate against a gradient. Presumably there is a benzoate transport system that is also taking in chlorobenzoate. If you knew the
Kt for chlorobenzoate transport, then you would be able to predict at what
concentrations you would get uptake or not.
BOLLAG: When you pre-culture the organisms on the substrate benzoate, is
there a change in the transformation ability of the microbes at different concentrations?
DiGERONIMO: For low substrate concentrations, we haven't worked with preadapted systems. I don't know whether pre-adapted cells attack lower concentrations differently.
PASSMANN: Dr. Blackburn, your data on ammonia production versus utilization,
in the first season's graph, showed tremendous utilization but you still have
substantial ammonia in the sediment. Also you mentioned that in the deeper
sediments you see some curvature rather than a straight increase in the amount
of ammonia. How precise is that data and, at one particular spot, is that ammonia deficit, real, or is it simply an anomaly of one observation?
BLACKBURN: No, there is a certain amount of scatter in
over the five stations we've studied this is a definite
dip in the ammonia profile, this is associated with net
There is a depletion in the ammonia pool rather than an
nia pool.

this sort of data, but
trend. When we see a
uptake of ammonia.
increase in the ammo-

PASSMAN: At one station there seemed to be a fairly substantial ammonia pool
but a much more pronounced utilization than any of the other stations in that
figure.
BLACKBURN: One measurement is in static pools and the others are rates, so
they are in different units. I'm not quite sure I understand your question.
PASSMAN: The question I was asking was, at that particular station was that a
real phenomenon, is there enough replication there to say that there was a
real utilization of ammonia vs production?
BLACKBURN: This is right. We see the same trend in the other five stations
we examined, but it is not absolute. Sometimes the gradient that one sees is
the result of what has gone on in the month before. The rate is ~he result of
what is going on now. So there is a certain time lag before the gradient
changes to the rates that are operating at that point in time. So if you want
to try to analyze it you can say, the rate before was such and such, the rate
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after was such and such, and the rate now is this. But you don't know quite
how the rates have operated in between those times. It may have been steady
up to the day before and something changed. It is somewhat difficult to take
the kinetics and explain absolutely the static data. In general, there is a
correlation, but the whole thing is confused because the gradients themselves
are mixed up by perturbation, in effect, the whole gradient may be moved upward.
PASSMAN:

Thank you.

COLWELL: Dr. Floodgate is looking too relaxed; I should like to elicit a comment from him. In your discussion of oil degradation, you pointed out the requirement for nitrogen in the degradation of certain amounts of oil, but in a
previous publication of yours, you made a very important statement that oil
spilled during World War II could still be detected in the Atlantic Ocean.
What were you measuring? Isn't it a fraction, a portion of the oil that is a
residual portion, namely the resins, asphaltinic, and aromatic compounds which
are really not being attacked in the short time frames of most studies? Could
you make some sort of statement about this part of the oil that probably poses
more of a problem than the short-chain alkanes which everybody, by now, knows
are readily degraded?
FLOODGATE: Of course, you are absolutely right. The large ring compounds
certainly have a very long turnover time. I imagine that these can be 1n the
order of decades or even longer. One tends to think of oil as one substrate
when, of course, it is many thousands of different substances. In fact, if I
remember right, there are something like 200 to 300 n-alkanes alone. I don't
think we can say very much about the rate of degradation of these very resistant materials. One can say they seem to stay on the bottom, because I think
most of them seem to end up in the sediment and one gets the impression they
are going to remain there for a very long time. It could be decades, it could
be centuries in certain situations. Whether one should be bothered about this
is another matter; after all if they are not going to be attacked by bacteria
one gets the general impression they are more or less biologically harmless
because they are always covered by water, so they are not going to cause any
immunity problem. They are just sitting there on the bottom; they would eventually presumably be covered up. One can just hope that they stay there long
enough until some future scientist in the year 2500 or something comes along,
digs them up and has another look at them. But I don't think they need bother
us. They are just there, and they are going to stay there.
COLWELL: I can accept part of your statement, but not all of it. What about
the polynuclear aromatics being taken up by the food chain, as some studies
are beginning to show?
FLOODGATE: Yes, these are the photo-intermediate ones, aren't they?
possibly are the ones that we should be worrying about a bit more.
COLWELL:

They

They are possibly carcinogenic.

FLCJODGATE: Some of them are supposed to be carcinogens. But there is no evidence, as far as I know, that any of them are causing any trouble. The amount
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of carcinogen in oil is very low, a few micrograms/100 tons. Some of them get
into the food chain, some of them probably get into us, but probably we pick
up fewer carcinogens from oil than from walking down Main Street or Fifth Avenue.
So should we be bothered about it?
COLWELL:
FLOODGATE:

I am asking you.
I'm not worried about it.

ALEXANDER:
Relative to some of the data that Dr. DiGeronimo presented, it is
important from the viewpoint of the workshop and regulatory agencies to point
out the marked effect of concentration on the rate of decomposition. Although
the data presented were in percent of the substrate destroyed and converted to
C02, since the concentration declined by orders of magnitude, it meant the
rate also declined by orders of magnitude.
In going from a test system using
parts per million to a real environment with parts per billion or parts per
trillion levels, then we have to assume a decrease in rate by 10 3 or 10 4 (or
more) fold. Conversely, at very low substrate concentrations, as indicated in
the case of 2,4-D, essentially nothing happens. This is apart from the conventional Michelis-Menten kinetics. H. Jannasch, A. G. Marr, and others have
demonstrated this in pure culture, but our studies dealt with an effect in a
natural ecosystem. The question I have relates to some of the comments of
George Floodgate. George, looking at the issue from the viewpoint of the
regulatory agencies and extrapolating from a model to a natural environment,
what do you feel the effect of particulates would be on the biodegradation of
the non-oil pollutant in the marine environment? Is a water-soluble substrate
sorbed to a particle--more readily decomposed, for example, because of the
higher concentration? Or would it be more slowly decomposed because of the
problems of desorption or the need for breaking down some type of bonding?
FLOODGATE:
I think that might be explored. We've been studying urea, and
certainly it can be absorbed onto clays. The molecules being small can get
into the interstitial part of clay where the bug cannot get at it. So to that
extent, clay protects urea and it will stay there forever. On the other hand,
it can get onto the outside by ionic absorption or Van de Wouls absorption and
it might build up to a level where a bacterium has got something to go for.
But I think the answer is both, it depends on the material it is absorbing and
also the absorbent material.
ALEXANDER: Have you done any work with any other compounds than the low molecular weight material which might get into the lattice structure of the clay
or otherwise absorbed?
FLOODGATE: No, we haven't, but I believe some people have and have seen the
same kind of thing.
ALEXANDER:

In the marine environment?

FLOODGATE:

Yes, I think so.

SOMERVILLE: First of all, I would like to thank Dr. Floodgate for acting as
an apologist of the oil companies.
I would like to reassure people that
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certainly Shell is concerned that potentially harmful compounds have formed
during the natural degradative process, when oil is released into the environment. Also, I· would like to point out that there is a great deal of natural
seepage of oil. I have two questions, first of all for Dr. Floodgate, concerning oil spills. Is there any evidence when you get a massivecontaminationwith
primarily a carbonous energy source, that this acts as a reservoir for nitrogen fixation which then acts in an autocatalytic way to promote degradation?
FLOODGATE: I don't think so. More nitrogen fixation in the ocean is done by
an algae, a green algae. I don't think there is any evidence that the fixation
which is undoubtedly carried out by marine bacteria--Clostridia, Desulfovibrios--is sufficient in quantity to make a really big difference. There are reports of hydrocarbons being the carbon source but I don't think that a big oil
spill is going to encourage much of this fixation. We have been looking recently at the effect of oil on algae. We find that small amounts of oil tend
to stimulate algal growth and large amounts tend to decrease algal growth.
Now whether this will be the same kind of thing for the blue-greens which are
the nitrogen fixers, I don't really know. I think I would like to apply to
Shell for a grant.
SOMERVILLE: There is a lot of circumstantial evidence for this.
on land, for example, do promote nitrogen fixation.

Large spills

FLOODGATE: True enough, that work has been done by the people at Westbury; it
happens on dunes and possibly salt marshes but I don't think it happens in the
open ocean. The nitrogen fixation mechanisms are quite different, and we
haven't anything in the sea that corresponds to Rhizobium or Azotobacter in
the ocean. These are available in the marshes in the plant life. It does go
on in the land but not in the sea.
SOMERVILLE: Thank you. The other question I have is for Dr. Kadota. It refers to his limitation of growth rate as a function of carbon concentrations.
I think that both of your cultures reach a max at about 20 mg/liter carbon. A
quick calculation suggests that this is approximately equivalent to the source
of nitrogen concentrations we have been talking about and suggests that it may
not be just nitrogen limitation which is limiting growth. Do you know if
growth is limited by anything else or do you have any similar data with
nitrogen?
KADOTA:

I have no data on the nitrogen limitation on the program.

PRITCHARD: Dr. Wright, I am concerned about effects on the properties of the
systems that you see due to bottling or "containerization." My question, basically. is, do you think we can settle on a set of conditions or time to study
the degradation processes in a system? For example, do we study degradation
based on the 0-12 hours or 0-2 days iqcubation; or do we wait 12 days and then
examine the system for degradation?
WRIGHT: What we are looking at is a continuous process. During the first few
hours, I think the response is probably very close to the natural in-situ response. During the first day, there is adaptation and some growth occurring.
After the first day, I think the population is being selected, and selective
effects are going to probably take precedence over any natural effects. so if
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you want to set hard rules or procedures, you must limit it to 12-24 hours for
natural rates, depending on the temperature--the colder the temperature the
longer the incubation time. For a fairly natural population response you
might incubate as long as two days. Beyond this, you obtain a highly selected
response of a highly selected population.
PRITCHARD: Can I go to the extreme and say if my compound won't break down to
any great extent in two days, I could extrapolate to a persistence in a marine
environment?
WRIGHT: I think one would have to be very careful about that extrapolation.
I would suggest there are probably other processes involved such as absorption
to particles, which will provide for breakdown of a type we don't see typically in planktonic bacteria. I don't know the answer to that.
LITCHFIELD: A question related to this, to what extent to you re-oxygenate
the water, or is this not a consideration when incubating a closed system for
24-48 hours or longer?
WRIGHT: This is not a problem.
tropic systems.
LITCHFIELD:
WRIGHT:

I've been dealing with really quite oligo-

You have no oxygen deficit?

No.

SLATER: Dr. Kadota, have you done any experiments in your continuous enrichments at two concentrations of substrate, where you incubated them for a longer
period of time than the relatively short time on the data you presented, I wonder if the composition of the two communities change~ in these open growth
systems?
KADOTA: I have not incubated for long periods, so I have no data on such
effects.
PASSMAN: Dr. Wright, over the past couple of years there have been a number
of studies in which dialysis was used to incubative systems in situ. Would
you predict or do you have any information to suggest that wall effects would
be of the same magnitude in these systems as in your systems?
WRIGHT: I've never used them; but my guess would be that the same things
would happen, perhaps greater because you would probably have leaching of substances from the dialysis tubing itself.
IVANOVICI: Dr. Blackburn, I think that developing a method for estimating the
health of a system is very important. You said that you had done most of your
work in a non-polluted system. I would like to know if you are going to test
your hypothesis in a polluted system, and if so, what sort of predictions you
might make about the ammonia levels and the other parameters you are measuring.
I would expect you would be able to make predictions for such a method.
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BLACKBURN: Well, it isn't absolutely a clean system, it's a brackish fjord
that cuts across northern Denmark. There probably are inputs from cities,
etc. The problem is, you don't know exactly what the inputs are, and this is
part of the reason we adopted this approach of determining what is happening
in the sediment and what's getting out of the sediment. We can, in fact, determine what's getting into the sediment. It isn't easy to know exactly what
goes in. The prediction I would make, if there is an increase in input into
the sediment then all the rates of turnover should increase and one should be
able to determine the change. If hydrocarbons, cellulose, or something with a
high carbon:nitrogen ratio gets to the sediment, then one should immediately
see this effect. If it is breaking down then one should get an increased uptake of ammonia; if it isn't breaking down then one should see an increased
total organic content in the sediment. It all depends on quantity; and this
again comes into what is your definition of pollution and if you base it on
quantitative or qualitative considerations. These are the sorts of things one
might see depending upon what you are putting into the system: increased
rate, increased organic compounds, or changes in the calculated nitrogen:
carbon ratio.
IVANOVICI: Do you think that you would have some range of values for rates
that you might associate with an unhealthy system?
BLACKBURN: No, not really. Because we have a range of sediment types, some
have a higher organic input than others, and they are turning over. It's
really a matter of defining what parameters can describe the system, then, if
it is perturbed in some way one should see a change of those rates or parameters. I wouldn't like to say that a certain rate indicated health. It indicates normality, and some change indicates abnormality.
IVANOVICI: I would like to. direct a question to the panel as a whole. We've
had presented here a discussion of the effects of a number of different pollutants. I think it's really important in such a workshop that we define certain terms. Can you put forth a definition of pollution? What criteria are
you using to define pollution, perhaps concentrations of the various chemicals,
or in terms of biological effects, or in terms of nutrient levels and nutrient
effects?
FLOODGATE: All I can do is recommend that you come to my lectures. Lecture
No. 2 is on definitions of pollution, and there are five or six completely
different definitions. I try to use this approach to show the student that
pollution is what you want it to be. Now we are here with reference to the
EPA and regulatory agencies in the United Kingdom, and the definition accepted
is one agreed on by the FAO in Rome in December 1970. I can't quote it verbatim, but it is roughly that marine pollution is anything that fouls up the
environment from the human point of view. That is, if it destroys amenities,
interferes with fishing, interfers with quality of water from any human angle.
This is a view of a natural environment which many biologists, the environmentalists, find very unpleasant; they don't like it at all. They feel that what
promotes human well being is good, but that isn't the same thing as what promotes the well being of the natural environment, the natural creatures. so
there ~re ~ther definitions of pollution which take into account the creatures
that live i n that environment. There are others which are based on information
theory; there are others aimed toward one particular group, one is more
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microbiological in point of fact.
So the trouble is you are trying to define
something which literally cannot be defined. It doesn't fit into a logical
category of definable objects, because you can't make limits on these things.
Something like the FAO proposal is the best you can do as a practical working
guide for regulatory organizations like the EPA.
IVANOVICI:

Is that the definition that is being used here, then?

FLOODGATE:
I don't know what definition the EPA uses, but this is the one
that GESAMP (Group of Experts on Scientific Aspects of Marine Pollution) uses.
In fact, as I remember, the FAO definition has several categories. One is impairment of fishing, another is quality of water, and the third is impairment
of human activities which means things like swimming, etc. They list each of
the problems under these headings, so a particular substance going into the
sea will be given a high rating under one and a low rating under another heading. They are probably good working definitions, but they don't suit the environmental group, they don't like it at all.
IVANOVICI:

I was just curious.

STEWART: Dr. Wright, isn't it possible that in the acridine orange direct
count method, you are getting or could get population shifts, without materially altering the total number. What assurances do you have that this does
not take place?
WRIGHT:
It's very possible. We just don't know; it's possible they are still
dying and _pew cells dividing, adding to the population without a total change.
We just don't know at this point. There hasn't been enough work with that
method.
Is that what you were referring to?
STEWART:

Yes.

FLOODGATE: This fluorescence method is a very interesting one. Did you say
you were using formaldehyde, I think it is a preservative? We've been adding
glutaraldehyde, because it does less damage to the more delicate bacteria giving slightly high numbers. So I suggest you try glutaraldehyde.
WRIGHT: I've tried it and encountered real problems with flocculation.
It
seems to create a lot of heterogeneity on the filters. That's just in our
laboratory.
YOUNG: Dr. DiGeronimo, in our tertiary-treated waste water, we find mono-,
di-, and trichlorobenzene, not the benzoate.
I'm wondering whether you have
any data on decomposition on these mono-, di-, and trichlorobenzenes.
DiGERONIMO: No, but in working with engineers at Cornell, we were asked a
rather similar question. We showed degradation and adaptation of sewage, but
it took three days to get rid of the substrate. One should consider that some
compounds from industrial effluents may have a residence time in a sewage
treatment plant of only 24 hours.
In 24 hours, only 50% of the compound is
actually being acted upon, and what one sees reaching the environment is the
other 50%. So, you may have to consider a longer residence time to get

177

complete des-truction of some xenobiotics.
YOUNG: Regarding chlorobenzenes, would you anticipate any particular problem
in their decomposition?
DiGERONIMO: This is speculation, but I would say no. When I first started, I
thought I was going to get little degradation of several compounds, and I
started finding degradation.
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ABSTRACT
Anoxic conditions are rare in seawater but where
anoxia does occur it is usually because of restricted
water circulation and hence oxygen diffusion, as for example, in certain fjords, deep trenches, estuaries and
landlocked bays. The physical restriction of oxygen
supply is often combined with an increased microbial oxygen demand resulting from the presence of large quantities of utilizable carbon, e.g., a senescent algal bloom,
domestic sewage or industrial effluent. In the sediments
of the continental shelf, however, the situation is different for with the exception of the so-called "oxygen"
or "high-energy windows" the thin surface oxic zone overlies an extensive anoxic zone. Considerable mineralization can occur in the anoxic zone; for example, Jorgensen (10) calculated that 53% of all the organic carbon
mineralized in the sediment of a Danish fjord was catalyzed by the anaerobic sulphate-reducing bacteria. In
shallow estuaries receiving industrial effluent the microbial activities in anoxic sediments have been shown
to be a major factor in the development of a "pollution
syndrome" (1, 19).
This paper is concerned with the
anoxic compartment of the marine environment, in particular its development, and biological, chemical and physical characteristics. The maintenance of the anoxic condition and the relationship between the anoxic and oxic
systems is examined.

BIOLOGICAL CHARACTERISTICS OF AN ANOXIC SYSTEM
There are three processes by which an organism can generate energy in the
absence of oxygen, i.e., fermentation, bacterial photosynthesis or anaerobic
respiration (see 8, 13, 2 3) .
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In fermentation, organic compounds serve both as primary electron donors
and terminal electron acceptors. Some organisms have to be supplied with
separate sources of electron donor and electron acceptor, for example, Clostridium kluyveri requires acetate plus ethanol; however, other organisms can
obtain both electron donor and electron acceptor from a single compound. When
compared with aerobic respiration fermentation is marked by: a) a comparatively low yield of energy and hence of growth per mole of substrate consumed
(the cell yield is generally below 10%) and b) the formation and excretion
into the surrounding medium of "energy-rich" fermentation products, often in
amounts equimolar with the substrate being fermented.
Except for the cyanobacteria, bacterial photosynthesis is a totally anaerobic process and oxygen is not produced by the photolysis of water. The
photosynthetic bacteria are therefore found in anoxic environments, where
there is sufficient light energy and suitable electron donors, e.g., sulphide.
In anaerobic respiration an electron acceptor other than oxygen has to be
used. The principal acceptors are nitrate, nitrite, fumarate, sulphate and
C02.
In nitrate respiration the nitrate is reduced to nitrite. This reaction
is widespread among facultative anaerobic bacteria belonging to a number of
genera, including Pseudomonas, Bacillus, and various members of the Enterobacteriaceae. In denitrification the nitrate is reduced through nitrite, nitric
oxide and nitrous oxide to nitrogen and even ammonia. This process is confined to a more limited group of facultative anaerobic bacteria (17). Fumarate reduction is effected by a broad range of bacteria (11) as well as in some
protozoa and helminths.
Bacteria which use sulphate or C02 as terminal electron acceptors show a
number of significant differences from those able to grow anaerobically with
nitrate or fumarate. They are strict anaerobes, their respiratory mechanisms
can only be coupled to sulphate or C0 2 • They also have a restricted nutrition
since only a limited range of compounds can serve as electron donors. Bacteria capable of coupling substrate oxidation to the reduction of sulphate (or
in some instances, sulphite, thiosulphate, tetrathionate or sulphur) to sulphide, are members of the genera Desulfovibrio, Desulfotomaculum, Desulfomonas
and Desulfuromonas. The nutrition of these organisms is limited to the oxidation of hydrogen, pyruvate, lactate, ethanol, formate or malate which are converted to fatty acids (acetate) and C02. Desulfotomaculum acetoxidans, however, has recently been reported as capable of utilizing acetate (25). Bacterial sulphate-reduction in anoxic marine systems is of considerable importance because of the high sulphate concentration in sea water; in marine sediments sulphate can be detected at depths of one meter or more. In the absence
of sulphate these bacteria are capable of fermenting ethanol or lactate to
acetate and hydrogen. This process will only take place, however, if the partial pressure of hydrogen remains low, as would occur if hydrogen-utilizing
bacteria are also present in the system.
The methanogenic group of bacteria are strict anaerobes which obtain
their energy by coupling the oxidation of a very limited range of nutrients to
the reduction of C02 to methane. The principal electron donors are hydrogen
and acetate, although methanol and formate can also be used; the latter is,
however, generally first cleaved to C02 and hydrogen.
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It is often thought that the anoxic marine environment is the sole preserve of obligate and facultative anaerobic bacteria. For many anoxic systems, this is an erroneous view as was demonstrated by Fenchel and Riedl (6)
who found both ciliates and other invertebrates active in anoxic systems.

CHEMICAL AND PHYSICAL CHARACTERISTICS
OF ANOXIC SYSTEMS
The methanogenic bacteria require more reduced conditions than the sulphate-reducers for growth, which in turn require more reduced conditions than
the denitrifiers. Therefore, as a system goes from the oxic to the anoxic
condition a succession of organisms utilizing anaerobic respiration occurs.
By measuring the redox potential of a system it is therefore possible to determine which electron acceptor is being used in anaerobic respiration. Such
a succession in both the microbial population and the redox potential is shown
as a function of sediment depth in Figure 1. This is an idealized situation
since in many sediments all the zones are not distinguishable because of factors such as a low nitrate concentration and the activities of burrowing animals. Also, Figure 1 is a human or "macro-organisms" view of the sediment,
and it does not recognize that microbial activity occurs principally within
microenvironments. It is therefore to be expected that, for example, denitrification or sulphate-reduction (9) will occur in what on a gross scale would
be called an oxic environment. There is little information on the role of
such anoxic microenvironments in mineralization, since the majority of our
techniques (and philosophy?) are designed to determine the average chemical
and microbial characteristics of a large number of microenvironments. This
criticism can, of course, also be applied to techniques for determining the
redox potential of a sediment. Since the platinum electrode behaves reversibly under anoxic conditions it is relatively simple to determine the redox
potential of a sediment. However, there are some major interpretational and
methodological problems with these measurements (16, 24), for example, which
redox couple is actually dominating the system, the problem of inserting the
probe without mixing oxic and anoxic zones and the need to prevent interference caused by contamination of the platinum proble or reference electrode.
Nevertheless the redox potential, especially when coupled with other biological and chemical measurements, provides a useful characterization of the
system.
Bacterial sulphate-reduction, and hence sulphide production, is an important reaction in marine anoxic systems. Sulphide is also produced by the degradation of sulphur-containing amino acids by either aerobic or anaerobic microorganisms, but it is not generally considered as a major source of sulphide
in the anoxic system. Jorgensen (10), for example, claimed that only 3% of
the total sulphide produced in the sediments of a fjord was derived from organic sources of sulphur. Nedwell and Floodgate (14), however, suggested from
studies of an intertidal mud flat that the sulphate-reducing bacteria were inhibited to a larger extent than other heterotrophic bacteria at temperatures
below 10°C and hence at these temperatures organic sulphur became a major
source of sulphide. Jorgensen (10) could, however, find no dif~erence between
the Q10 of the sulphate-reducers and other bacteria in this temperature range.
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The relationship between anaerobic respiration, redox potential and
the depth of sediment.

At the pH of most marine sediments the sulphide is present as H2 S or HS-.
The sulphide will react with any available heavy metal in forming ferrous sulphides (7). Jorgensen (10) found that 10% of the sulphide produced in a sediment was precipitated by metal ions, the rest being oxidized. Sulphide reacts
rapidly with oxygen, the half life of sulphide in natural sea water being
usually in the order of 10 min to one hour (1) . The release of sulphide from
sediments into the water column can therefore cause considerable deoxygenation
(18) which in turn can cause the death of aquatic plants and animals. The release of sulphide will be enhanced by changes in factors such as pH, temperature, pressure and animal activity. Sulphide is a highly toxic compound and
its presence even at very low concentrations can have lethal or marked sublethal effects on an animal or plant community (20). Sulphide is also used by
many of the anaerobic photosynthetic bacteria and as a source of energy by the
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aerobic chemolithotrophic sulphur-oxidizing bacteria.

DEVELOPMENT AND MAINTENANCE OF ANOXIA
Diffusion of oxygen from the water column into the sediment is a relatively slow process, however, the activities of the burrowing animals in the
sediment are believed to be an important factor in supplying oxygen to the
sediment. These animals are not evenly distributed through the sediment,
since this depends on a number of biological and physical factors (22, 26).
The addition of industrial or domestic waste to sediment can cause considerable changes in the composition and activity of the burrowing animal community
and hence, indirectly affect the activity of anaerobic bacteria. Such changes
can be caused by the formation of a smothering blanket of particulate matter,
the presence of toxic compounds or simply by increased aerobic microbial activity which causes deoxygenation.
Most of the anaerobic bacteria are inhibited by even low concentrations
of oxygen. The activity of the facultative anaerobes will assist in the maintenance of an anoxic environment; in addition, the sulphide produced by the
anaerobic sulphate-reducing bacteria will purge oxygen from the system. The
other products of anaerobic respiration, i.e., nitrogen and methane, do not
react with oxygen, hence oxygen uptake measurements of a sediment give a poor
indication of anaerobic microbial activity.
FOOD WEBS
One of the major features of microbial activity in anoxic systems, whether
in the marine or other environments, is the development of complex "food webs."
These webs arise because, as stated earlier, fermentation is an inefficient
process, producing incompletely oxidized products. The sulphate-reducing and
methanogenic bacteria can utilize only a very limited range of compounds as a
source of carbon and energy; these compounds are the products of fermentative
microorganisms. Degradation of organic compounds in the anoxic environment
therefore occurs in a number of metabolic steps involving distinct physiological and biochemical groups of microorganisms which result in denitrification,
sulphate-reduction or methanogenesis (Fig. 2). There is little information on
the function and activity of the "food webs" in marine systems. More is known
about the activities of anaerobic bacteria in other anoxic environments, particularly the rumen; care must be exercised in transposing results from one
environment to another but we can learn from the experiences of workers in
these fields, for example, the need to use rigorous anaerobic techniques to
isolate and grow obligate anaerobes. A major problem in studying the anaerobic "food web" is that some of the necessary experiments require pure cultures;
the difficulty in isolating and maintaining pure cultures of, for example,
marine, obligate anaerobic, cellulolytic bacteria can be seen by the paucity
of these bacteria in culture collections. While a large number of organic
compounds can be fermented by anaerobic bacteria, certain groups of organic
compounds do appear to be recalcitrant, e.g., the alkanes and many of the aromatics. Aerobic degradation of aromatic compounds often involves an oxygendependent step, though there are a few alternative mechanisms which can be
used by anaerobic microorganisms (4, 13).
The fermentation products are then
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used by bacteria relying on anaerobic respiration which involves some interesting, and as yet largely unexplored, microbial interactions. Evidence from
other anoxic environments would suggest that anaerobic mixed cultures exhibit
some characteristics which are important from the ecological viewpoint. Mixed
cultures can ferment a wider range of compounds than the component pure cultures, for example, propionate and benzoate can only be degraded anaerobically
by mixed methanogenic cultures. In mixed cultures more growth and a greater
degree of substrate utilization is usually possible than in pure cultures,
also the fermentation products will differ both qualitatively and quantitatively. For example, in pure culture Rumenococcus albus ferments glucose to
acetate, ethanol, C02 and hydrogen, but in a mixed culture with Vibrio succinogens, ethanol is no longer produced while the amount of acetate produced
increases. Mixed cultures, in addition, permit energetically unfavorable reactions, e.g., the fermentation of ehtanol to acetate by the "S" organism of
Methanobacterium omelianskii, to be "pulled through" by the removal of hydrogen during the metabolism of the second organism.
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The relationship between the sulphate-reducing and methanogenic bacteria
is still not certain. For example, the sulphate-reducers can produce acetate
and sulphide, the former can be used as an electron donor by the methanogens,
but the latter compound can also be inhibi~ory, .hence a spatial relationship
develops (3). Bryant et al. (2) from studies with known mixtures of bacteria
suggested that hydrogenase-forming, sulphate-reducing bacteria could b
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it is still unclear whether methanogenesis occurs only below the sulphate186

reducing zon-e or if both processes can occur in the sulphate-reducing zone,
the methane produced being used by the sulphate-reducing and other bacteria
( 12). .It is· also probable that the acetate produced by some of the sulphatereducing bacteria is used by acetate-utilizing sulphate-reducers; the relation·
ship between cellulolysis and sulphate-reducers is a major interest of my
group. It is, for example, possible to postualte the following mechanisms for
cellulose degradation, although this is a simplified diagram because the role
of hydrogen and possible inhibition caused by the production of sulphide and
hydrogen is omitted.

cellulose

J

cellulolytic bacteria

l

cellulolytic and non-cellulolytic
fermentative bacteria

l

Desulfovibrio spp.

l

Desulfotomaculum
acetoxidans

simple
oligosaccharides

lactate

[Methanogenesis]

so~- ---)-:;> HS-

acetate

C02

The actual construction of the food web will presumably depend on a wide
range of environmental factors. The complexity of the "food web" is necessary
for efficient degradation to occur, but it also means that the degradation
process is particularly susceptible to disruption, for example, many microorganisms are inhibited by quite low concentrations of hydrogen and sulphide,
compounds which are often end-products of the degradation process. Very recently Parkes (15) has suggested some of the seasonal changes in microbial activity observed within the sediments of the polluted estuary of the Aberdeenshire Don were caused by sulphide inhibition of the bacteria. Poole et al.
(18) found up to a 24% decrease in cellulose degradation in anoxic sediments
with a high sulphide concentration.
Many of the products of the anaerobic degradation processes will diffuse
into the oxic zones. The transport of material between the oxic and anoxic
zones is considerably assisted by the activities of the sediment-ingesting
animals, if they are present. Rhoads (21) calculated that, in some sediments,
these animals could cause the turnover of the whole sediment annually to a
depth of 5-15 cm. Many of the aerobic bacteria are able to use the products
of anaerobic metabolism as a source of carbon or energy, e.g., the sulphurand methane-oxidizing bacteria. The "food web" responsible for the anaerobic
degradation of organic ompounds therefore has ramifications in the oxic environment. There is one other aspect of the interchange between oxic and anoxic
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systems which has yet to be fully explained, i.e., the mechanisms by which
non-sporulating, obligate anaerobic bacteria, most of which are very sensitive
to oxygen, survive in and are dispersed through oxic environments; presumably
the answer is that some of the vegetative cells in the population are more resistant to oxygen, or that the anaerobes survive in anoxic microenvironments,
possibly in association with facultative anaerobes.

CONCLUSION
It can be concluded that the anoxic environment is extensive in the sediments of the marine system and hence there is a strong possibility that the .
fate of any organic compound in the marine sediment will be degradation by anaerobic microorganisms. Deliberate or accidental perturbations of the oxygen
balance in the sediment, e.g., by adding compounds of a toxic nature to the
sediment-ingesting macro-fauna, can have a profound effect on the development
of the anoxic zones. The anaerobic degradation of organic compounds is
achieved in stages by means of a "food web" comprising distinct biochemical
and physiological groups of organisms. Little is known about the function of
these "food webs" except that mixed cultures of anaerobic bacteria behave differently from that which would be expected from a study of the component pure
cultures. This fact raises considerable problems in the design and methodology of experiments aimed at determining the rate of degradation of a compound in anoxic environments. The problem can perhaps be best summarized in
the words of Francis Bacon, who said in 1620: "We cannot govern nature except
by obeying her."
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AQUATIC ENVIRONMENT AND PESTICIDE BEHAVIOR:
MICROORGANISM BINDING PHENOMENA
E. Paul Lichtenstein
Department of Entomology
University of Wisconsin
Madison, WI 53706

ABSTRACT
A microcosm apparatus is described for studying the
fate, metabolism, and movement of synthetic chemicals in
the environment. This microcosm is compartmentalized and
consists of terrestrial and aquatic components which can
be held separately under a variety of environmental conditions. Simulated rain delivered occasionally to the
terrestrial portion results in soil runoff which is channeled into the aquatic component with its layer of lake
bottom mud and its animal and plant inhabitants. The
microcosm can be used to study the effects of rainfall
and other envirorunental conditions on the fate, movement,
and potential bioaccumulation, and interaction of one or
several test compounds after their application to soils
and/or crops. Data are presented relative to the behavior of insecticides in the terrestrial and aquatic components of the microcosm. Problems of unextractable or
bound 14 C-residues in soils and in crops, the mechanism
of binding and the uptake of bound residues by worms and
oats are discussed. Data relative to the fate of insecticides in water after soil runoff and the effects of
lake mud deposits on the metabolism of insecticides are
presented.
AQUATIC ENVIRONMENT AND PESTICIDE BEHAVIOR
One of the factors contributing to water contamination by pesticides is
runoff of agricultural soils previously treated with pesticides for control
purposes. Thus, soil particles contaminated with insecticide residues can be
transported with runoff water into lakes and rivers where they may end up as
deposits on river or lake bottom mud. Experiments conducted recently in our
14
laboratory have dealt with: problems of the metabolism and movement of
Cphorate in a flooded soil-water-plant microcosm; the effects of lake bottom
mud on the above processes; and the importance of microorganisms on the fate
191

of

14 c-phorate

in a soil-lake mud-water microcosm.

The first series of experiments dealt with investigation of soil flooding
on the fate and metabolism of 14 C-phorate in an agricultural loam soil, on the
m:>vement and metabolism of the insecticide in a soil-water-plant system and
factors affecting these phenomena. 14 C-phorate residues were readily released
from submerged soils into water, amounting to 45% of applied radiocarbon during the first three days following flooding. After a two-week incubation period, as much as 50% of the radiocarbon applied to the soil was recovered from
the water. Phorate was much more persistent under flooded than under nonflooded conditions. It was the major compound from submerged soils where it
accounted for approximately 70% of the total residues recovered. Phorate sulfoxide was the major metabolite present in the water. In nonflooded soils,
phorate sulfone was the principal metabolite, while only traces of it were detected in the flooded system. However, when Elodea plants were introduced
into the system, after 14 days phorate sulfone amounted to 30% of all benzeneextractable 14 c-residues recovered, phorate sulfoxide to 44% and phorate to
27%. At that time, soil, water and plants contained 32%, 39% and 17%, respectively, of the applied radiocarbon. While more lipid-soluble volatile metabolites were recovered from nonflooded soils, more 14 C02 was evolved from the
flooded soil. The production of 14 co 2 was a function of microbiological activity. When 14 C-phorate treated soil was flooded with increasing amounts of
water, the amounts of radiocarbon residues in the water increased. However,
14
C-residues in the water decreased with increasing amounts of soil (10).
The effects of lake bottom mud on movement and metabolism of 14 C-phorate
in a flooded soil-plant system were studied with 14 C-phorate-contaminated loam
soils deposited on lake mud sediments. A layer of lake mud underlying insecticide-treated loam soil siri;ificantly increased the persistence of phorate
and reduced the amounts of 4 C-phorate residues released from the sediments
into the water. After a two-week incubation, 62% of the applied phorate was
recovered undegraded, 13% as phorate sulfoxide; however, no phorate sulfone
could be detected in the presence of lake mud. When insecticide-treated loam
soil was mixed with lake mud sediments, the metabolism of phorate was further
reduced and even less radiocarbon moved into the water. Varying the amount of
lake mud or of insecticide-treated soil did not affect insecticide distribution in the system, nor its metabolism. Both evolution of 14 co 2 and the release of volatile lipid-soluble metabolites were depressed by underlying lake
mud. Studies pertaining to the rate of metabolism and movement of 14 c-phorate
in a soil-lake mud-water-plant system over a two-week incubation period indicated a decline in the radiocarbon content of the soil-lake mud mixture during
the first three days of incubation, with a concomitant increase of 14 c in the
water. Subsequently, the amounts of 14 C-compounds remained constant in the
soil-lake mud, decreased in the water, and increased steadily in the Elodea
plants, which picked up these compounds from the water. Most of the plantassociated radiocarbon could not be extracted and was bound to the plant tissue, amounting finally to 81% of all the radiocarbon recovered fromElodea (11).
Since under agricultural field conditions phorate is oxidized rather rapidly in soil to its sulfone and sulfoxide, the experiments were conducted to
investigate the fate of these compounds in soil deposited on flo~ded lake mud.
In particular, the importance of microorganisms in reduction of phorate sulfoxide in a soil-lake mud-water microcosm was studied. By utilizing a loam192

lake mud-water microcosm, the reduction of phorate sulfoxide, an oxidation
product of the insecticide phorate, was demonstrated. With flooded phorate
sulfoxide-treated loam soil, only small amounts of phorate were produced. The
addition of lake mud, however, dramatically increased reduction of phorate
sulfoxide to phorate, which after two weeks of incubation accounted for 44% of
the totally recovered residues. Exposure of Drosophila melanogaster Meigen to
dry residues of extracts of phorate sulfoxide-treated loam soil, deposited
upon lake mud under flooded conditions, indicated an increase in toxicity due
to production of phorate. This reduction of phorate sulfoxide to phorate was
the result of the activity of microorganisms, which in turn was dependent on
the supply of organic nutrients. Thus, addition of glucose to this system
further enhanced the reduction of phorate sulfoxide to phorate. Phorate sulfone, another oxidative product of phorate in aerobic agricultural soils, was
not reduced to phorate sulfoxide or to phorate (9) .

SOIL BINDING PHENOMENA AND RELEASE
OF BOUND PESTICIDE RESIDUES
Results obtained recently (1, 2, 3, 6, 7) in our laboratory pertaining to
soil-bound insecticide residues and their potential release are summarized in
the following discussion.
For many years depletion curves indicating the persistence or rate of
disappearance of insecticides applied to soils have been published. Typical
depletion curves (Fig. 1) were obtained in 1964 by our group after applying
insecticides at the same rate, the same time and by the same methods to loam
soil field plots near Madison, Wisconsin (5). These depletion curves indicated that compounds like aldrin or dieldrin persist in soil considerably longer
than malathion, methylparathion or parathion. Frequently the decline in detectable residues has been associated with such terms as "disappearance'' or
"loss" or "volatilization." However, the apparent disappearance of a pesticide fran soil can be due to an inability to detect its residues by conventional procedures. One reason a chemical cannot be detected is that the compound, or its degradation products, cannot be extracted from soil, thus they
are "invisible." Those residues which can be extracted long after their application are the "visible," persistent ones.
The use of radiolabeled pesticides in laboratory studies has made it possible to detect unextractable soil residues. Combustion or strong hydrolysis
of extracted soils can release these unextracted or bound 14 C-residues. The
problem is complicated, since present methods for release or liberation of
these bound residues also result in the destruction of their identity. Insight into the mechanism of binding of pesticide residues to soils might shed
some light on the nature of the residues and their potential release.
Utilizing 14 C-ring labeled parathion, the amount of unextractable or
bound 14 C-residues in a sandy and a loam soil were determined by combustion to
14 co , after the soils had been extracted three times with benzene-acetone2
methanol (1:1:1) (10). Depletion curves of extractable parathion residues established during a one-month incubation period (Fig. 2) were similar to those
established under field conditions and resulted finally in recoveries of 30 to
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Figure 1. Depletion curves depicting
extractable residues of various
insecticides applied at 6 kg/ha
(concentration, 3.1 ppm) to loam
soils in field plots.

5

Figure 2. Binding and extractability of 14 C-ringparathion in two soils during a 28-day incubation period at 27°C (applied dose, 1 ppm). The
amounts of parathion as determined by GLC in
the loam soil extract were nearly identical to
its radiocarbon content.
(I) Sandy soil from
cranberry bog; (II) loam soil. Curve B, bound
parathion; curve E, extracted parathion; and
curve E + B, the total.

36% of the insecticide dose applied to the loam soil. With a steady decrease
of extractable residues over a one-month incubation· period, an increase of unextractable, bound 14 c-residues occurred. This resulted finally in total recove~ies of extracted plus bound residues, which amounted to 80% of the applied radiocarbon. Attempts to exhaustively extract these bound 14 C-residues
with a variety of solvents, ranging in polarity from benzene to water, failed
to further release a significant amount. The rate of binding of 14 c-residues
was highest in the loam soil and was related to the activity of soil microorganisms. In soils sterilized by gamma irradiation or by autoclaving, the
binding of 14 C-parathion was reduced by 58 to 84%. Under anaerobic conditions,
created by flooding soils with water, the rate of binding of 14 c-compounds
doubled. The amount of bound residues decreased from 67 to 16% when soils
were sterilized prior to insecticide treatment and flooding. Reinoculation of
this soil with microorganisms fully reinstated the soil binding capacity. Incubation of the moist-treated soil under nitrogen also increased the formation
of bound residues, while incubation at 6°C rather than 27°C inhibited binding.
When these experiments were repeated using 14 C-ethyl rather than 14 C-ring labeled parathion, identical results were obtained which indicates that the
bound residues apparently contain both the aryl and alkyl portions of the paration molecule. This information led us to suspect that amino-parathion,
which contains both the aryl and alkyl portions of the molecule and is formed
under anaerobic conditions, might be the bound residue. In addition, earlier
data from our laboratory (4) indicated that while parathion residues could be
extracted and detected by thin-layer chromatography in loam soil extracts after several weeks of soil incubation, amino-parathion and p-aminophenol could
not be recovered after a one-day soil incubation. When this experiment was
repeated in 1976 using radiolabeled compounds, we found that 49% of applied
14
C-aminoparathion could not be extracted from the soil 2 h after its application, while only 1.6% of applied parathion was bound in 2 h (3). Comparison
of binding of all of the nitro and amino analogs of parathion (Fig. 3) during
a brief 2-h incubation with loam soil indicated that in all instances the
amino compounds were bound to a much greater extent than the nitro compounds.
The role of microorganisms in producing 14 C-parathion-derived bound residues and the mechanism of production of soil-bound residues was also investigated by incubating 14 C-ring-parathion in soil-free culture media inoculated
with soil microorganisms (3). The amounts of 14 c-compounds in culture supernatants, that upon addition to soil became unextractable, increased up to 12 h
of microbial culture incubation, when 43% of the applied radiocarbon was bound
after a 2-h soil incubation period (Fig. 4). The increase in soil-bound residues correlated with a decrease in the amount of parathion in the microbial
culture and a concomitant increase in appearance of the major degradation product, aminoparathion (Fig. 5).
These data indicate that the production of soil-bound residues of parathion occurs in two steps. First, microorganisms convert parathion to aminoparathion, which becomes rapidly bound to soil. These soil-bound residues are
unextractable and therefore undetected in routine residue analyses.
Experiments conducted with 14 C-phorate (7) indicated that 26.4% of the
applied residues had become soil-bound within one week of incubation. Contrary to results with 14 C-parathion, binding of 14 C-phorate residues did not
increase after one week. Further investigations (6) pertaining to the
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Figure 6.
Binding and extractability of
14
C-labeled insecticides in a silt loam
soil during a 28-d incubation period,
after soil treatment at 1 ppm. With
the exception of 14 C-methylparathion
the amounts of extractable 14 C-Dyfonate
(fonofos), 14 C-Dieldrin, and 14 c-DDT,
as determined by gas-liquid chromatography, were similar to the amounts of
extractable radiocarbon.
For comparison purposes, data are inserted in A
for the boun d resi'd ues o f 14 C-para th'ion
in soil.

14

extractability and formation of bound
C-residues in an agricultural loam
14
soil were conducted with the "non-persistent" insecticides
C-methylparathion
14
and 14 c-fonofos (Dyfonate®) and with the "persistent" insecticides
C-diel14
14
drin and
c-p,p'-DDT (Fig. 6). With
C-methylparathion, only 7% of the ap14
plied radiocarbon was extractable 28 d after soil treatment, while
C-bound
residues amounted to 43% of the applied dose.
Field studies conducted in 1968-69 indicated that fonofos has a half-life
in Plano silt loam soil under Wisconsin summer conditions of about 28 d (8).
14
In the laboratory, this loam soil was treated with 14 C-ring or
C-ethyllabeled fonofos and incubated for various periods. After 28 d, about 47% of
the radiocarbon was extractable, most of which was fonofos.
However, unex14
tractable
c-residues increased with incubation time, resulting after 4 weeks
in 35% of the applied residues being soil bound. These residues were of
14
course not detected in the field study. Results using 14 c-ring or
C-ethyl
labeled fonofos were very similar indicating that the bound residues probably
do not involve a cleavage product. Contrary to results obtained with parathion, binding of fonofos does not appear to be dependent on microbial activity. While irradiation or autoclaving soil prior to insecticide treatment
and incubation significantly reduced the binding of parathion and flooding enhanced it, fonofos binding was not reduced by irradiation. Autoclaving reduced binding somewhat, possibly due to an alteration of soil structure, and
flooding slightly reduced fonofos binding. Smaller amounts of soil-bound
residues had been formed with the "persistent" insecticides amounting after 28
d to only 6.5% of the applied 14 C-dieldrin and to 25% of the applied 14 C-p,p'DDT, while 95% and 72%, respectively, were still recovered by organic solvent
extraction. They differed from the organophosphorus compounds in their relatively low binding properties and high extractability from soils.
The question of the potential biological availability of bound insecticide residues was investigated (6) by testing the insecticidal activity of
14
bound residues from
C-fonofos and 14 C-methylparathion-treated soils with
fruit flies (Drosophila). With soils containing unextractable radiocarbon at
the insecticide equivalent of 3 ppm, no mortalities were observed during a 24h exposure period to the soil, and only slight mortalities occurred during an
additional 48-h exposure. However, with soils to which the insects were exposed immediately following the insecticide application, at the same concentration as the unextractable radiocarbon (3 ppm), 50% of the flies died within
2-3 h after fonofos application, and within 18-20 h after soil treatment with
methylparathion.
It appears, therefore, that bound insecticide residues are
not only unextractable, but they also are less active biologically.
Experiments also were conducted to study the release and availability of
unextractable, soil-bound residues of 14 C-ring-methylparathion and the poten14
tial uptake of these
C-residues by earthworms and oat plants (1). Data from
this investigation indicate that unextractable soil-bound insecticide residues
are not entirely excluded from environmental interaction. After incubation of
14
soil treated with
C-methylparathion for 14 d, and exhaustive solvent extractions, bound residues remaining in this soil amounted to 32.5% of the applied
insecticide. However, after worms had lived for 2-6 weeks in this previously
extracted soil containing only bound residues or after several crops of oats
14
had grown in it, sizable amounts of
C-residues were found in the animals.
Earthworms which lived in the soil for 6 weeks contained a total of 2.7% of
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the
C-residues which could not be extracted from these soils, while three
crops of oat plants each grown for two weeks contained a total of 5.1%. The
majority of previously soil-bound 14 C-residues taken up by earthworms (58-66%)
again b~came bound within the animals, while most (82-95%) of the 14 c-residues
in oat plants were extractable. Greens of oat plants contained 46-62% of the
14
C-residues recovered from plants. Most of the 14 C-residues in oat greens
were benzene-soluble while most of the 14 C-residues in the seeds and roots
were water-soluble.
Because soil-bound insecticide residues can be released from soil by
these organisms, any loss in toxicity due to binding should not be regarded as
permanent. Even if release of non-toxic compounds occurs, interaction with
other chemicals in the environment cannot be disregarded. The release and potential biological activity of these bound residues certainly warrants further
study.
In view of the above finding, the expression "disappearance" and "persistence" of pesticides, so widely used during the last two decades, should be
reassessed to consider the bound products.
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ROLE OF SURFACE MICROLAYERS
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ABSTRACT
A definition of the different surface microlayers and
the distribution of "dry" and "wet" surfactants in the air/
water film has been presented. Based on results from various hydrophobic samplers a thickness of 1 µm for the bacterioneuston microlayer has been established. Interest
has focused on the surface lipid film not only as it may
be per se of basic importance for functioning of the surface microlayer but also due to the analogous, important
interface accumulation occurring in the system, namely that
at the surface of gas bubbles. Some bacteria have a greater
tendency to accumulate in the lipid film than others (model
system studies). The number of accumulated bacteria differ
with the lipid content of the film, shown in model systems
and in the natural environment. Surface balance studies
confirm the concept of bacterial interaction at "filmbacteria-sites'' where hydrophobic interaction, surface
charge of bacteria as well as of the film, and enzymic
activity may be involved. Biodynamics of the surface microlayer have been dealt with considering the reported
low bacterial biochemical activity, in spite of the high
concentration of dissolved organic carbon in the layer.

The surface microlayers in aquatic environments are an infinitesimal part
of the water body, but nevertheless are of great importance. These microlayers are dramatically different from the bulk-subsurface water, for they
comprise an accumulation layer for dissolved substances, particles and microorganisms diffusing or brought by rising bubbles, convection and upwelling,
from the subsurface water to the surface. Microlayers influence the exchange
of gas and transport mechanisms from the water body to the atmosphere and vice
versa. Furthermore, they are a sink for atmospheric fallout, and concentrate
heavy metals (e.g., 13) and pollutants. The occurrence of organochlorine residues is of considerable interest. Compared to the levels of such compounds
in seawater, Duce et al. (13) and Larsson et al. (22) report enrichment factors of 10 3 -10 4 for PCB in samples taken from Narragansett Bay, Rhode Island,
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and Jorefjorden, Sweden, respectively. The overall picture for the surface
microlayers is well known. However, while our knowledge of their chemistry is
gradually growing, real understanding of their biological structure and function is very far from complete.
DEFINITION OF SURFACE MICROLAYERS
First of all we have to define the term "surface microlayers." Most
workers (e.g., 15, 17, 18, 22) have considered lipids to be the major constituents of the uppermost surface microlayer. The amphiphilic molecules have a
preferred orientation with respect to the water surface, with the long-chained
hydrophobic parts extending into the air which enable them to form a strictly
ordered lipid film. This film consists mainly of free fatty acids in the C12C22 range, alcohols, and glycerides, of which triglycerides dominate. There
are characteristic deviations in the fatty acid patterns of the film compared
to that of the subsurface water. The relative amount of saturated acids is
higher in the surface film compared to the subsurface water, probably because
of oxidation at the air/lipid interface. The amount of glycerides relative to
fatty acids is always higher in the surface multifilms than in the subsurface
water. The lipid film of so-called "dry surfactants" is a real surface microlayer, based on the length of fatty acids 10-20 A thick; if multilayered, approximately 100 A thick.
Baier et al. (4), however, consider all waters, except heavily polluted
ones, to be coated with films of polysaccharide-protein complexes ranging in
thickness from 100 to 300 A. Their statements are based on germanium-slide
collected,material, analyzed by a "nondestructive, direct analytic;::al technique," multiple attenuated infrared reflectance, MAIR (3, 4). These "wet
surfactants" can form a more irregular, submerged stratum, and are essentially
hydrophilic but stick to the surface water by virtue of their few hydrophobic
chains. As pointed out by Wangersky (34), it remains to be seen whether the
infrared absorption technique overestimates the contribution of proteinaceous
material.
These two strata taken together have been called the surface microlayer
by Sieburth et al. (32), who quote a thickness of 0.1 µm. As seen in Table 1,
the various sampling devices used collected surface microlayers from 250 to 4
µm thick due to the arrount of water withdrawn. Most authors use the term surface microlayer in a way that makes its thickness dependent on the particular
collection method employed. Sieburth et al. (32), however, designate their
screen-collected layer (150 µm) simply as "screen."
In view of our special interest in the sampling of the lipid film, the
efficiencies of pronounced hydrophobic samplers with limited water withdrawal
were compared (Table 2). These were tested in model systems with various
lipids applied at the air/water interface in different amounts, calculated to
give gaseous or condensed monolayers, or a decalayer. Good yields were obtained with monolayers, but the yields of gaseous films, less lipid material
than one monolayer, are significantly lower. When using the different samplers in natural environment or in a model system, the hydrophobic Nuclepore
membrane gave the highest enrichment factor (E) for bacteria in all comparable
.
.
2
4
experiments, varying over a range of 10 -10 . The factor E was defined as the
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number of bacteria/ml of the collected layer relative to that of the subsurface water. Parker and Hatcher (29) suggested a nonlinear change in algal
population densities with surface microlayer depth, some sort of microstrata.
Here the operationally dependent dimension, 1 µm, seems to coincide fairly
well with a biological stratum, the bacterioneuston layer, yet another surface
microlayer.

TABLE 1.

VARIOUS DEVICES FOR SAMPLING OF SURFACE MICROLAYERS

Sample
thickness
(µm)

Source

250-150

Seawater

(14,31,32)

Rotating
hydrophilic
drum

60

Seawater

(17)

Bubble bursting

10

Type of
sampler
Screen

References

Seawater model system

Hydrophilic
Nuclepore
membrane

40-4

Seawater estuarine

Teflon plate

36-5

Seawater model system

TABLE 2.

Sampler

(6)

( 1, 10)
(20, 26, 28)

LIPID COLLECTING ABILITY AND WATER WITHDRAWAL OF NUCLEPORE MEMBRANES
AND TEFLON SAMPLERS USED IN MODEL SYSTEMS. Data obtained from S.
Kjelleberg, Th. A. Stenstrom, and G. Odham (to be published).

Amount of Calculated
sample
water
withdrawn a thickness
{]Jl. dm- 2 )
(]Jm)

Hydrophobic
Nuclepore
membrane

8±5

Hydrophilic
Nuclepore
membrane

294±62

29

Teflon sheet

65±29

Teflon plate

356±90

aBased on 20 weighings.

Percent recovery of lipid films
Tryglycerides
of
Olive oil
isotridecanoic
(mainly
acid
Oleic acid
triglx:cerides)
Mono layer Decalayer Mono layer Tri layer (gaseous film)

n.d.b

93

59

94

45

n.d.

n.d.

n.d.

n.d.

n.d.

7

80

99

72

62

45

36

99

83

83

124

52

0.8

bn.d.

not determined.
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Thus, the term surface microlayer has been involved in the assignment of
a series of strata. To obtain uniformity, it is suggested that the term surface microlayer be used only with the 0.1 µm layer of dry and wet surfactants,
and otherwise with additions of explanatory pre- or postfixes. In this manner, the strata sequence from the uppermost layer, very similar to the Topmillimeter-range of Macintyre (24), would be: lipid film (10-100 A), surface
microlayer (O.l µm), bacterioneuston microlayer (1 µm). As a further example,
screen microlayer (e.g., 150 µm, see above) would be used as the term is operationally defined. Surface microlayers would represent the layers altogether.
0

ARE LIPID FILMS OF ANY SPECIAL INTEREST?
Our interest has been focused on the lipid film not only as it may be per
se of fundamental importance for the function of the surface microlayers, but
also due to the analogous, important interface accumulation occurring in the
system, namely, that at the surface of gas bubbles. The latter are produced
in different ways (e.g., by living organisms, sea turbulence, etc.) in amounts
sufficient to cover 3 or 4% of the sea surface at any moment (24). During
their slow rise, lipids, other organic molecules, particulate matter, and microorganisms adsorb at the surface of the bubbles, finally causing the surface
microlayers to be enriched in organic matter, dead or alive. At the water surface, the bubbles eventually burst at an assumed rate of 10 8 sec- 1 • When the
surface-free energy of the bubble is transformed to the water beam as kinetic
energy, the aerosol droplets formed are ejected into the air in millisecond
reactions. This formation of droplets has been described as a surface microtome (23), as the ejected droplets carry away material only from the bubble
surface and the top micrometers of the water surface. The rising bubbles act
to link the subsurface, the surface microlayers and the atmosphere. They are
of a special importance as conveyors into the atmosphere of persistent substances like PCB, which withstand most degradation processes except photodegradation.
MICROBIAL ACCUMULATION AT THE SURFACE MICROLAYERS
The microflora of the surface microlayers have been reported to be different from, and in greater concentrations than in the subsurface water (5, 6,
29). Based on these observations, a marine model system study was undertaken
to find out whether some bacteria have a greater tendency to accumulate in the
surface film than others, and whether the number of accumulated bacteria differ with the chemical composition or lipid content of the lipid film (26).
The model systems comprised an assay tray with a 2.5% NaCl solution as
subsurface water and were inoculated with a defined number of bacteria and
covered with an applied lipid surface film, mono- or decalayered. The bacteria were retrieved by the Teflon plate sampling procedure and enumerated by
plate count methodology. The enrichment factor (E) for the bacteria was defined, as above, as the number of bacteria/ml in the Teflon-plate collected
layer relative to that in the subsurface water. E varied over a range from
7-100 (Table 3) in a system with monolayered lipid film of oleic acid (c 18 • 1 )
and four different marine bacteria used as test organisms (Aeromonas dourg~si,
Pseudomonas fluorescens, P. halocrenaea, and Serratia marinorubra). This
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terminology does not conform to that of Bergey's 8th Edition. S. marinorubra
showed an E of 100 or approximately 100, about 10 times higher than values for
the three other microorganisms. Still lower values were obtained for two
gram-positive bacteria tested. E was of the same magnitude whether the film
was formed solely of oleic acid or of an oleic acid or of an oleic-palmitic
acids-triolein mixture, both monolayered. For a decalyer of oleic acid, E was
approximately twice that obtained in a monolayer. Field studies also showed a
positive correlation between the number of bacteria in the surface layer and
the arrount of lipids simultaneously collected (Table 4).

TABLE 3.

ENRICHMENT FACTOR (E) FOR SOME MARINE BACTERIA IN MODEL SYSTEMS WITH
MONOLAYERED LIPID FILM OF OLEIC ACID

Test organisms

Number of bacteria x 10 6
Eer ml in sam,Eles from
Surface
Subsurface
film
water

Enrichment
factor
(E)

Aeromonas dourgesi

32

3.1

10

Pseudomonas fluorescens

3.3
4.0
49
42

0.54
0.69
5.8
5.9

6
6
8

7

Pseudomonas halocrenaea

22
75
70
130

3.2
3.6
8.9
9.4

7
21
8
14

Serratia marinorubra

170
190
370
410

1.9
1. 9
3.8
4.3

90
100
97
95

TABLE 4.

ENRICHMENT FACTOR (E) FOR BACTERIA AND TOTAL AMOUNT OF FATTY ACIDS
IN SAMPLES FROM SURFACE (10 TEFLON PLATE SAMPLINGS) AND SUBSURFACE
WATER IN A NON-POLLUTED AREA (GULLMARSFJORDEN) AT THREE DIFFERENT
TIMES OF THE YEAR

Date

Aug 23 1974
Oct 24 1974
Nov 28 1974

Number of bacteria* per ml
in samples from
Surface
Subsurface

E

12,600±870
2,200±360
5,200±560

76
11
15

165±26
200±28
340±37

*Average value from generally six samplings.
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Total amount (µg)
of fatty acids in
samEles from
Surface
Subsurface
(1 ml)
(1000 ml)
24
11
13

22
6.6
l. 9

The E values of S. marinorubra decreased with an increase in the number
of cells in the subsurface water, consisting solely of Serratia cells (Fig. 1).
This might be due to a decrease in accessible "film-bacteria-sites" until a
point of saturation, after which further change in the absolute number of accumulated bacteria in the film occurred only within experimental error. Even
when using an almost constant number of Serratia cells in the bulk, in addition to increasing numbers of Aeromonas cells, the E values for Serratia decreased (Table 5). Thus, in spite of the low accumulation tendency for Aeromonas cells, they seem to compete for "film-sites," available binding groups
in the film, or a minimum of free space between bacteria, may be necessary to
eliminate the effect of electrostatic repulsion.

......

o~-....~

E

~--~..-----..~-.-~--~...----,...---...~--,..,

•

(•)

••
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•
•
•
•
100

150

•
0

Figure 1.

10

20

30

40
1
6
NUMBER OF BACTERIA x 10 mC
SUBSURFACE WATER

so

Enrichment factor (E) of Serratia marinorubra in model systems with
monolayered lipid film of oleic acid at different cell densities in
the subsurface water (26) .

. In bubble bursting experiments (6), where relatively high numbers of bacteria were used, the number of bacteria transferred into the air were also
relativ~ly constant irrespective of the number of bacteria in the solution
from which they were ejected. Even here a competition for film-sites, namely
around the bubble, can be assumed. The low E values obtained in Oresund, a
polluted area with hig? nu~ers of subsurface bacteria, 105-108 ml-1 (B.
Stehn, personal communication) may be explained in a similar way.
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TABLE 5.

ENRICHMENT FACTOR (E) FOR Serratia marinorubra AND Aeromonas dourgesi WHEN BOTH BACTERIA HAVE BEEN ADDED TO THE SUBSURFACE WATER, THE
FORMER AT ALMOST THE SAME CELL DENSITY, THE LATTER AT INCREASING
DENSITY

Test organisms

s.

marinorubra

A. dourgesi

s. marinorubra

Number of bacteria x 10 6
per ml in samples from
Surface film
Subsurface water
Each
Each
species
Total
species
Total
205
2
127

A. dourgesi

22

s.

56

marinorubra

A. dourgesi

1.9
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2.23

0.33
2.3

149

2.6

40

11

108

114

6.1
8.8

6.5
96

Enrichment
factor (E)
Each
species
Total

55

58

3.4
13.6

22

26

3.6

MICROBIAL INTERACTION AT THE LIPID
FILM-SURFACE BALANCE STUDIES
The idea of bacterial interaction at sites in or just beneath the surface
film is supported in surface balance studies with various monolayered films
(oleic acid, a mixture of oleic acid, palmitic acid and triolein, triolein
alone, or dipalmitoyl-phosphatidylcholine) when their behavior with and without bacteria present is compared (20).
During compression, the film changes
from a gaseous state, with a large area per molecule, to a condensed monolayer
where the molecules are tightly packed. The adhesion of bacteria (or molecules) is indicated by an increase in the surface pressure at a given area per
molecule. Dissolution of the film, e.g., as a result of enzymatic activity,
decreases the film pressure. As could be expected with regard to the E values
obtained in similar model systems, S. marinorubra (Fig. 2) again showed the
strongest interaction and greatest strengthening of the film, except for the
cell wall-free Acholeplasma laidlawii (Fig. 3) which has its lipid bilayered
plasma membrane accessible. From enlarged and more sophisticated surface balance sutdies (Kjelleberg and Stenstrom, to be published) it can be assumed
that various factors besides hydrophobic interaction are involved in the interaction, e.g., surface charge, both of the monolayered surface film and of
the bacteria, and enzymatic activity.
BIODYNAMICS OF THE SURFACE MICROLAYERS
The above forces, evidently different for different bacteria, may contribute to the maintenance of the bacteria in the microlayers. But how do
they get there and do they reproduce in the microlayers? Aerotaxis and possibly chemotaxis may play a role in the accumulation. These factors certainly
207

Surface
pressure
(dynes cm"'l
,0

Figure 2.

Surface pressure, dynes per centimeter, as a function of molecular
area for a monolayer of oleic acid on saline solution with (.......,.)
and without (~~) cells of Serratia marinorubra. Broken lines indicate viscous film. The calculated molecular area (A 2 ) is given
at arrowed horizontal lines (21).

Surface
pressure
(dynes cm-1)
30

A2/molecule

Figure 3.

Surface pressures, dynes per centimeter, as a function of molecular
area for a monolayer of dipalmitoyl-phosphatidylcholine on saline
solution with and without cells of Acholeplasma laidlawii A. same
symbols as in Figure 2 (21).
208

are more important in model systems where forces like bubble rising, water
movements, and particle transport, which are decisive in nature, do not occur.
In this respect and in many others, the model systems, even in more complicated form than our simple ones, lose the multidimension of a natural ecosystem.
They do, however, offer great advantages in that environmental factors may be
kept constant and individual variables can be studied under controlled conditions. The results obtained can only increase our understanding of structure
and function of the surface microlayers.
Natural seawater is an extremely dilute nutrient solution, too dilute for
growth of most marine bacteria. Since accumulation of organic matter occurs
at all interfaces, accumulation at the surface microlayers sufficient to sustain bacterial reproduction has been assumed. Aggregates in the surface microlayers, as well as subsurface aggregates, can function in the interchange of
metabolites and reduction of exoenzyme escape (19). Dissolved organic carbon,
in concentrations of ~.3 mg carbon liter- 1 in the subsurface water has been
estimated compared to concentration of 1427 mg liter- 1 (2.9 g or organic matter liter- 1 ) as a mean in the 0.1 µm surface microlayer of the North Atlantic
(32), which corresponds to the aroount of nutrients present in media generally
used to grow marine bacteria. Thus, lack of nutrients may not limit reproduction. However, potentially detrimental factors such as intense solar radiation, temperature and salinity flux, high redox potential, and the presence of
toxic organic substances (32) and heavy metals may present special demands for
survival and reproduction of the microorganisms. Data now being accumulated
on their biochemical activity point to a low bacterial activity. Dietz et al.
(12) in their comprehensive data on material from the Vancouver area note that
ATP levels, heterotrophic potential, and heterotrophic activity were lower for
bacterioneuston (from 70-80 µm depth) than for bacterioplankton, and per CFU,
heterotrophic potential and heterotrophic activity represented only 33 and 10%
respectively, of that for bacterioplankton. Kjelleberg and H2Li<ansson (20)
found a very clear trend indicating a higher number of biochemically active
bacteria (lipolytic, proteolytic, and amylolytic activity being tested) in the
bulk than in the surface microlayers (20 µm depth) at the Swedish West Coast.
Marumo et al. (25), finally, consider the bacteria to accumulate in the surface microlayers by physical forces rather than by reproduction since an extremely small viable count relative to the total was found; most cells in "the
film were dead or nearly dead." For easy testing of metabolic state in bacteria, it is necessary to find a fluorogenic, real true vital strain, comparable to the fluorescein diacetate successfully used for recognizing metabolically active fungal cells (33) •
From our work on sediment bacteria, mainly lipolytic, in the deep Norwegian Sea (27), it occurred to us that conventional substrates do not offer
bacteria, dependent on interfacial enzymes, suitable conditions to display
their biochemical activity. The same may be valid also for bacterioneuston
bacteria. There is a special interest concomitant with findings in the surface microlayers, but not in the subsurface water, of bacteria with degrading
potential for compounds which, under prevailing conditions, may be assumed to
accumulate in the surface microlayers (e.g., NTA-degrading bacteria [7]).
The bacterioneuston is poorly characterized, for most often we are informed that marine bacterioneuston is formed by "small, gram negative rods."
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This is of minimum value since about 95% of marine bacteria are small, gram
negative rods. The information "some pigmented" is just as enlightening.
Carty and Colwell (9), however, classified bacterial isolates from the air/sea
interface obtained during a Pacific Ocean expedition. They found Pseudomonas,
Vibrio, Aeromonas, and Spirillum species predominent. The same marine species
were also found in the air above the sea surface otherwise dominated by Bacil1 us spp. Even if rare and undescribed species can be expected in this hostile
environment, it seems unimportant to be able to separate the bacterioneuston
into genera and species. Of more importance is knowledge of its biochemical
activity and means to determine in-situ activity and reproduction rate.
When collecting microalgae in sur.face microlayers by drum sampler (60 lJm
thick) in freshwater, Parker and Hatcher (29) found the seasonal distribution
of algal genera to be random, with no genus consistently inhabiting either the
surface microlayers or the subsurface water from 10 cm depth.
However, for
individual sampling dates, each genus generally was primarily concentrated
either in the surface or in the subsurface water. Differences in the organic
and inorganic chemistry of surface microlayers, relative to subsurface water,
may contribute to differences in growth rates and resulting population size.
Knowing the ease with which bacterial enrichment cultures can be obtained,
such differences surely appear also in the bacterioneuston when growth and reproduction on the whole can occur.
The 1 µm surface microlayer is a heterotrophic microbial community. Besides bacteria, yeasts and "moulds" have been found (10; Kjelleberg and Stenstrom, to be published), the latter most probably deriving from an atmospheric
spore fallout. There are also some heterotrophic microflagellates and all
probably'serve as food for grazing phagotrophic protists and feed the special
blue-pigmented copepods floating on the surface (11). Generally we consider
bacteria as decomposers and may overlook their role as food for various consumers. Sorption to, or uptake by, bacteria of various persistent compounds
may serve as a means of introducing these toxic compounds into aquatic food
chains (16, 30), probably of importance in accumulation layers like the surface microlayers.
Already the size of phytoplanktons surely exclude them from the bacterioneuston layer.
Several investigations, however, show the presence of phytoplankton in screen microlayer samples (150-250 µm) . These investigations have
been based on microscopical work (e.g., 8) combined with analysis for chlorophyll a or phaeopigments (32). Estimations of in-situ activity, for example,
expressed as C assimilated per mg photopigment and hour, however, belong to
the future which we hope will add to our still marginal knowledge of the biological significance of the surface microlayers.
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SURFACE MICROLAYERS OF THE NORTH ATLANTIC:
MICROBIAL POPULATIONS, HETEROTROPHIC
AND HYDROCARBONOCLASTIC ACTIVITIES
F. J. Passman,
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T. J. Novits
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ABSTRACT
The surface microlayer and subsurface water were
sampled at 7 stations in the Georges Bank region of the
North Atlantic during August 1977. Comparison of surface
microlayer with subsurface data suggested that bacterial
and ultraplankton direct counts, phytoplankton biomass,
heterotrophic and hydrocarbonoclastic viable titers, and
aliphatic hydrocarbon concentrations were enriched in the
surface microlayer at several stations. This was demonstrated using the paired-t test (9S% confidence level) .
Glutamate mineralization in the surface microlayers was
significantly lower than in the subsurface water. Dodecane mineralization rates at S°C and hydrocarbonoclastic viable counts covaried significantly (9S% confidence
level) with aliphatic hydrocarbon concentrations in surface microlayers.
In surface microlayer and subsurface
water, acetate and glutamate mineralization at S°C covaried with acetate and glutamate mineralization at 20°C,
respectively. Evidence obtained during one season's sampling of North Atlantic surface microlayer and subsurface
waters indicated the enrichment of several microbial parameters in the surface microlayer. Hydrocarbon-degrading
activity was not enriched. However, the hydrocarbonoclastic viable count and aliphatic hydrocarbon concentration were enriched in the surface microlayer.
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INTRODUCTION
Garrett (5) and Harvey (6) developed procedures for sampling the surface
microlayers of the sea over a decade ago. Since that time only a few investigations have addressed the microbial conununities of surface microlayers (2, 4,
15). In contrast, considerable attention has been drawn to the chemistry and
physics of the sea-air interface (1, 10, 11, 12, 16, 17).
Despite the evidence that surface microlayers represent a chemically
unique marine environment, there are few data to suggest that surface microlayers support unique microbial populations. In one study, lipolytic and proteolytic bacteria predominated over amylolytic isolates (15), while in another
investigation, proteolytic and amylolytic activities were overwhelmingly preponderant over lipolytic and hydrocarbonolytic activities (4).
In the present study, surface microlayer and subsurface samples were collected from the North Atlantic. Microbiological and hydrocarbon data from
surface microlayer and subsurface waters were compared and interrelationships
among the parameters monitored are discussed.

MATERIALS AND METHODS
SAMPLING
Surface microlayer and subsurface samples were obtained at 7 stations in
the Nantucket Shoals, Georges Bank region of the North Atlantic Outer Continental Shelf (NAOCS) during the last week of August 1977 (Fig. 1, Table 1).
Sampling was conducted from a rubber boat positioned several hundred yards upwind of the mother ship to avoid contamination. Surface microlayers were collected with a 16-mesh stainless steel sampler (5). Subsurface microbiological
samples were collected with a sterile, 2-liter bag sampler (General Oceanics).
Subsurface samples for hydrocarbon analysis and microbial activities were collected with a 5-liter, Teflon-lined Go-Flo bottle (General Oceanics).
MICROBIOLOGICAL ANALYSIS
The ATP technique of Holm-Hansen and Booth (8) was used to determine microbial biomass on a 100 ml aliquant from each sample. Phytoplankton biomass
was calculated from chlorophyll concentrations which were determined fluorometrically (9) on 100 ml of each sample. The lipopolysaccharide (LPS) assay
of Watson et al. (19) was used to quantify bacterial biomass in a 10 ml aliquant of sample.
Bacterial and ultraplanktonic direct counts were determined by the fluorescence direct count (FDC) technique (19) . A 10- and 100-ml aliquant from
each sample was preserved in a final concentration of 0.1% (w/v) glutaraldehyde for bacterial and phytoplankton direct counts, respectively.
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Figure 1.

North Atlantic Outer Continental Shelf surface microlayer and subsurface sampling stations, late August 1977.

TABLE 1.

SURFACE MICROLAYER STATIONS IN LATE AUGUST 1977
Station
1
13
18
26
37
39
42

The
counts.
nies per
branes.

Location
41°06'N,
40°42'N,
40°59'N,
40°27'N,
41°27'N,
41°20'N,
41°5l'N,

70°33'W
67°36'W
67°35'W
67°30'W
68°00'W
68°44'W
69°30'W

Depth (m)
39
85
70
135
40
95
195

membrane filter technique was used to obtain heterotrophic viable
Dilutions (or volumes) of seawater estimated to yield 30 to 100 colofilter were filtered through 47 mm 0.2 µm porosity Nuclepore memThe membranes were placed on marine agar (Difeo) plates and incubated
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at 20°C for 2 weeks. After the original plates were counted, colonies were
replicated onto hydrocarbon agar (13) . Those appearing on the replica plates
were scored as presumptive hydrocarbon utilizers.
Mineralization experiments were based upon the procedure of Wright and
Hobbie (20) as modified by Hobbie and Crawford (7) • Ten 50-ml aliquots from
each samples were placed in sterile 100 ml serum bottles. The bottles were
capped with septum caps fitted with Kontes reaction cups. Whatman No. 1 filter paper accordions (1 x 2 cm) saturated with 0.2 ml b-phenethylamine were in
the Kontes cups. Four of the bottles were poisoned with 0.1 ml 0.005 M HgC1 2
solution. There was one trapping efficiency bottle control and a control for
each nutrient. The trapping efficiency bottle was incubated with 0.5 ml 14 cHaHC03 (specific activity [S.A.], 0.25 µCi/ml). Each nutrient was injected
into the control and two test bottles. Glutamate and acetate were injected
in 0.5 ml quantities (S.A. = 0.25 µCi/ml). Bottles received 0.1 ml n-(l- 14 c)
dodecane (S.A. = 0.25 µCi/ml). The control and one test bottle were incubated
in the dark at 5°C, and the third bottle was incubated at 20°C. Populations
in glutamate and acetate bottles were killed with 0.5 ml 50% trichloracetic
acid after 4 h incubation. Populations in dodecane bottles were killed after
2 weeks. After 14 C02 had been trapped, filter papers were transferred to
scintillation vials. Aquasol scintillation cocktail (15 ml) was added to each
vial, and 14 co 2 was quantified by liquid scintillation counting. Mineralization was computed from the fraction of the injected radioactivity that was
trapped in the b-phenethylamine-saturated filter paper.
HYDROCARBON ANALYSIS
Hydrocarbon fractions were extracted and separated from seawater samples,
then analyzed by gas chromatography.
STATISTICAL ANALYSIS
Paired-T tests and correlation coefficients (r) were computed using prepared statistical programs on a Monroe desk calculator. Critical values for
T and r were obtained from Rohlf and Sokal (14).

RESULTS
The microbiology data obtained from the 7 stations are summarized in
Tables 2-5. It is apparent from Table 2 that bacteria were approximately
three orders of magnitude more abundant than ultraplankton in the surface microlayers. Bacterial and ultraplankton direct counts and viable counts were
uniform over the geographic region. Biomass data demonstrated considerably
more variation over Georges Bank and Nantucket Shoals. Microbial biomass in
four of the seven surface microlayer samples was roughly equal to the sum of
the bacterial and phytoplankton biomasses. This relationship was not consistent, and in the subsurface waters (Table 3), applied to Station 42 alone.
The hydrocarbonoclastic viable counts generally represented about 10% of
the heterotrophic viable counts in both surface microlayer and subsurface
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TABLE 2.

Station

1
13
18
26
37
39
42

MICROBIOLOGICAL DATA FROM NORTH ATLANTIC OUTER CONTINENTAL SHELF SURFACE MICROLAYERS IN LATE
AUGUST 1977
Direct count
( cells/m 3 )
Bacterial Ultraplankton
(x 10 1 1 )
(x 10 9 )
1.54
9.12
9.06
8.24
9.82
16.2
12.6

1. 92
2.01
1.05
0.772
1.04
1.17
1. 04

Biomass
()Jg C/m 3 )
Bacterial
11. 4
2.99
11.4
9.68
10.6
15.6
18.5

Phytoplankton
36.5
18.3
8.9
7.8
47.9
50.4
29.0

Microbial
35.6
68.3
22.0
20.0
65.3
3.45
41. 5

Viable count
(CFU/m 3 , 20°C)
HydrocarbonoHeterotro~hic
lytic (x 10 6 )
(x 10 )
6.0
2.9
2.0
2.4
2.0
3.0
0.55

41.0
2.0
2.5
3.0
4.1
5.0
1.0

N

~

TABLE 3.

Station

l
13
18
26
37
39
42

MICROBIOLOGICAL DATA FROM NORTH ATLANTIC OUTER CONTINENTAL SHELF SUBSURFACE WATER IN LATE
AUGUST 1977
Direct count
(cells/m 3 )
Bacterial Ultraplankton
(x 10 1 1 )
(x 10 8 )
12.6
2.62
7.22
5.94
6.88
15.4
86.0

9.15
11.4
7.68
3.78
8.76
10.3
9.09

Biomass
(µg C/m 3 )
Bacterial

Phytoplankton

10.5
2.63
12.6
6.48
12.6
18.7
18.2

26.8
12. 0
8.90
4.20
22.9
46.6
18.6

Microbial
73.3
234
105
21.5
14.3
27.0
31.5

Viable count
(CFU/m 3 , 20°C)
Heterotrophic
Hydrocarbono(x 10 7 )
lytic (x 10 6 )
4.7
0.6
1.4
1.1
0.65
1.0
0.15

20
1.3
3.7
7.0
2.0
6.0
0.8

TABLE 4.

MICROBIAL ACTIVITY AS INDICATED BY MINERALIZATION RATE IN NORTH ATLANTIC OUTER CONTINENTAL
SHELF SURFACE MICROLAYERS, IN LATE AUGUST 1977 (µg C mineralized/m 3 per day)a
Acetate substrate

Station

l.lS x 10 4
LTC
LTC
Sl.S
LTC
LTC
4.14 x 10 5

1
13
18
26
37
39
42
aND

=

socb

no data; LTC

=

Glutamate substrate

20°C

S°C

6.3S x 10 3
LTC
S.60 x 10 4
S.3S x 10 3
4.64 x 10 3
LTC
4.23 x 10 5

1.87 x 10 1
LTC
s.so x 10 3
LTC
LTC
4
1. 01 x 10
4
S.9S x 10

20°c
3.78
1. 9S
3.SS
2.Sl
1.02
1. S4
8.6S

x 10 4
4
x 10
4
x 10
x 10 3
4
x 10
x 10 4
x 10 4

Dode cane substrate
20°C

S°C
2

4.13 x 10
ND
2
1.01 x 10
1.81 x 10 2
2.06 x 102
LTC
LTC

1. 78 x 10 2
ND
2
2.62 x 10
49.0
1.07 x 10 2
LTC
LTC

less than control.

bincubation temperature.

TABLE S.

Station

1
13
18
26
37
39
42
aND

=

MICROBIAL ACTIVITY AS INDICATED BY MINERALIZATION RATE IN NORTH ATLANTIC OUTER CONTINENTAL
SHELF SUBSURFACE WATERS, IN LATE AUGUST 1977
(µg C mineralized/m 3 per day)a
Acetate substrate
socb

20°C

S°C

LTC
LTC
2.03 x 10 4
2.4S x 10 3
S.9S x 10 3
2.34 x 10 4
4.48 x 10 5

LTC
4.76 x 10 3
1. 73 x 10 4
3.S8 x 10 3
3.0S x 10 4
1.49 x 10 4
4.4S x 10 5

2.47 x 10 4
l.S7 x 10 4
LOS x 10 4
LTC
9.9S x 10 3
2.60 x 10 4
8.2S x 10 4

no data; LTC

=

less than control.

brncubation temperature.

Dode cane substrate -

Glutamate substrate
20°C
9.20
3.06
1.66
3.73
2.83
S.80
1.30

x
x
x
x
x
x
x

10 4
10 4
10 4
10 3
10 4
10 4
10 5

S°C

20°C

3.26 x 10 2
ND
2.19 x 10 2
7.7S
7. 96 x 10 2
LTC
LTC

3.SO x 102
ND
1.21 x 10 2
LTC
1.23 x 10 3
LTC
LTC

samples. These estimates are probably an order of magnitude high since the
figures used were from the hydrocarbon replica plates. Only 10% of the colonies or.iginally isolated from the hydrocarbon replica plates grew in hydrocarbon broth or mineralized dodecane (data not shown).
Surface water temperatures during the late August 1977 cruise ranged from
14°C to 23°C. During early spring and winter months the temperature ranged
from 4°C to 20°c and 0.2°C to 7°C, respectively. To determine whether Georges
Bank microbial communities were adapted to colder temperatures, mineralization
rates were determined at S°C and 20°C. Overall, mineralization rates for acetate, glutamate, and dodecane in the surface microlayers (Table 4) and subsurface waters (Table S) were low. At a number of stations, mineralization rates
in poisoned controls exceeded rates in test bottles. There were no significant differences between S°C and 20°C mineralization rates for any of the substrates tested.
The surface microlayer and near-surface data were analyzed to determine
whether any geographic trends could be identified. Bacterial and ultraplankton direct counts and bacterial biomass were generally above average on the
northwest edge of Georges Bank. Station 1, south of Nantucket Shoals, had
above average bacterial direct counts, microbial biomass, heterotrophic and
hydrocarbonolytic viable counts, and glutamate and dodecane mineralization
rates in the subsurface sample. These parameters were not above average in
the surface microlayer sample at that station. Most of the microbial parameters showed no concentration or activities trends over Georges Bank.
The primary reason for collecting surface microlayer and subsurface samples at each station was to determine whether the microbial population in the
microlayer differed significantly from that in the underlying water. Surface
microlayer and subsurface data from the 7 stations were compared by computing
the ratios for each parameter. The numbers in Table 6 resulted from dividing
surface microlayer data by subsurface data. Numbers in boldface type were for
stations where confidence limits for surface microlayer and subsurface data
did not overlap, and where the surface microlayer was enriched. Only three
parameters, i.e., ultraplankton direct count, phytoplankton biomass, and heterotrophic viable count, were enriched significantly in the surface microlayer
at half of the stations or more. Microbial biomass and glutamate mineralization at 20°C appeared to be enriched in the subsurface waters.
To substantiate the conclusions inferred from the data in Table 6, the
paired-T statistic was computed for each parameter. The results appear in
Table 7. As predicted, ultraplankton direct counts, phytoplankton biomass,
and heterotrophic viable counts were significantly (p = O.OS) higher in
Georges Bank surface microlayers than in subsurface waters. Glutamate mineralization at 20°C was depressed in the surface microlayers. Differences between the surface microlayers and subsurface waters were not significant (p =
O.OS) for the other parameters measured.
Having demonstrated that the surface microlayers were not significantly
enriched over the subsurface waters with respect to most of the parameters
monitored, the next step was to determine whether the geographic distribution
of each parameter differed between the two sample classes. This was tested by
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computing correlation coefficients for each parameter. As shown in Table 8,
surface microlayer data covaried significantly with subsurface data for all
parameters except bacterial direct counts and microbial biomass. This
strongly suggests that factors affecting microbial populations in subsurface
waters are the same as those at the surface microlayer.

TABLE 6.

COMPARISON OF NORTH ATLANTIC SURFACE MICROLAYERS AND SUBSURFACE
WATERS IN LATE AUGUST 1977: RELATIVE ENRICHMENT OF SURFACE MICROLAYER AT EACH STATIONa,b

Parameter
Bacterial direct count
Ultraplankton direct count
Bacterial biomass
Phytoplankton biomass
Microbial biomass
Heterotrophic viable count
Hydrocarbonolytic viable count
Acetate mineralization:
S°C
20°c
Glutamate mineralization:
S°C
20°C.
Dodecane mineralization:
S°C
20°c

1

13

18

Station
26

37

39

42

0.12
2.10
1.08
1.36
0.48
1. so
2.00

3.48
1. 76
1.14
l.S2
0.29
4.60
1. so

l.2S
1. 38
0.90
1.00
0.21
1. 46
0.67

1. 39
2.04
1. 49
1.86
0.93
2.16
0.43

1.42
1.19
0.84
2.09
4.S7
3.09
2.0S

LOS
1.19
0.08
1.08
0.13
2.99
0.83

1. 46
0.11
1.02
l.S6
1. 32
3.67
l.2S

>

LTC

>

<

>
3.24

0.02
1.49

O.lS

<

<

<
<

0.92
0.9S

0.76
0.41

0.77

O.S2
2.14

LTC
0.07

<
0.36

0.39
0.26

0.72
0.66

1.27
O.Sl

ND
ND

0.46
2.16

23.30

0.26
0.09

<
LTC

LTC
LTC

>

aFigures represent ratio of surface microlayer value/subsurface value; >, < is
used where one of the values was less than control, i.e., >if subsurface
value was less than control (LTC); LTC = both values were less than control;
ND = no data.
bunderlined numerals indicate significant (0.9S confidence level) enrichment
in surface microlayer.

The 13 parameters used in this study to describe the microbial populations of Georges Bank surface microlayers and subsurface waters could be divided into four groups of parameters. These were direct counts, biomasses,
viable counts, and mineralization activities. Although each group described
a different aspect of the microbial population, it was considered likely that
there were significant relationships among the individual parameters. This
hypothesis was tested by computing correlation matrices for the surface microlayer and subsurface data sets.
Complete data sets were obtained for 8 of the 13 parameters. Parameters
for which any station data were missing were omitted from the correlation matrices. The matrices for the surface microlayers and subsurface waters are
presented in Tables 9 and 10, respectively.
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TABLE 7.

COMPARISON OF NORTH ATLANTIC OUTER CONTINENTAL SHELF SURFACE MICROLAYERS AND SUBSURFACE WATERS IN LATE AUGUST 1977: SUMMARY OF
PAIRED-T STATISTICS

Parameter
Bacterial direct count (cells/ro 3 )
Ultraplankton direct count
(cells/m 3 )
Bacterial biomass (LPS-C/m 3 )
Phytoplankton biomass ( chla-C/m 3 )
Microbial biomass (ATP-C/m 3 )
3
Heterotrophic viable count (CFU/m )
Hydrocarbonoclastic viable count
(CFU/m 3 )
Glutamate mineralization at 20°C
(µg C mineralized/m 3 per day)

Mean values a
Surface
Sub surf ace
roicrolayer

Tobs
Tcrit 0.95 =
1.94

9.51 x 1011

8.46 x 10 11

0.49

1.29 x 10 9
10.0
28.4
36.6
2.7 x 10 7

8.59 x 10 8
11. 7
20.0
72 .4
1. 4 x 10 7

3 .11
-1.13
2.72
-1. 34
5.23

106

6.82 x 10 6

0. 71

2.96 x 10 4

5.61 x 10 4

-2.80

8.51 x

aMean values presented are means for seven stations over Georges Bank.
TABLE 8.

COMPARISON OF NORI'H ATLANTIC OUTER CONTINENTAL SHELF SURFACE MICROLAYERS AND SUBSURFACE WATERS IN LATE AUGUST 1977: CORRELATION COEFFICIENTS (r) BETWEEN MICROLAYER AND SUBSURFACE DATA

r

Parameter
Bacterial direct count
Ultraplankton direct count
Bacterial biomass
Phytoplankton biomass
Microbial biomass
Heterotrophic viable count
Hydrocarbonoclastic viable count
Glutamate mineralization at 20°C

0.16
0.67
0.93
0.88
0.45
0.91
0.95
0.80

Significant
correlation
at p = 0.05
No
Yes
Yes
Yes
No
Yes
Yes
Yes

There were significant (p = 0.05) correlations between bacterial direct
counts and both types of viable counts in the surface microlayers (Table 9) •
Ultraplankton direct counts also correlated well with viable counts. The
strong correlation between phytoplankton biomass and hydrocarbonoclastic viable counts may have been due to increased concentrations of hydrocarbons
such as pristine, produced by the phytoplankton. Much more data would be
needed to demonstrate that this was not coincidental. Glutamate mineralization rates of 20°C were correlated to bacterial biomass, but not to either
bacterial direct counts or viable counts. It was noteworthy that microbial
biomass was not correlated to any other parameter.
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TABLE 9.

CORRELATION MATRIX FOR MICROBIAL PARAMETERS IN SURFACE MICROLAYERS
OF NORTH ATLANTIC OUTER CONTINENTAL SHELF IN LATE AUGUST l977a
Parameter

(1)

Bacterial direct count
1.00
Ultraplankton direct count
Bacterial biomass
Phytoplankton biomass
Microbial biomass
Heterotrophic viable count
0.68
Hydrocarbonolytic viable count 0.76
Glutamate mineralization at 20°C

( 2)

(3)

(4)

( 5)

( 6)

( 7)

1.00
0.89

1.00

(8)

1.00
l.00
LOO

1.00
0.67
0.56

0.88
0.60

l.00

aOnly correlation coefficients significant at P = 0.05 are shown.

TABLE 10.

CORRELATION MATRIX FOR MICROBIAL PARAMETERS IN SUBSURFACE WATERS OF
NORI'H ATLANTIC OUTER CONTINENTAL SHELF IN LATE AUGUST 1977a

Parameter
Bacterial direct count
Ultraplankton direct count
Bacterial biomass
Phytoplankton biomass
Microbial biomass
Heterotrophic viable count
Hydrocarbonolytic viable count
Glutamate mineralization at 20°C

(1)

(2)

( 3)

(4)

1.00
0.63
0.66

1.00

( 5)

(6)

(7)

(8)

l.00
0.97
0.85

1.00
0.92

1.00

1.00
1.00
0.72
0.84
0.53

0.54

0.53
0.63

aOnly correlation coefficients significant at P

1.00

0.05 are shown.

There were more significant (p = 0.05) relationships in subsurface waters
than in the surface microlayers (Table 10). Bacterial, phytoplankton, and microbial biomasses; hydrocarbonoclastic viable counts and glutamate mineralization all correlated significantly with bacterial direct counts. The correlation between bacterial direct count and heterotrophic viable count was just
below the 95% confidence level cutoff. However, the 0.97 coefficient between
hydrocarbonoclastic and heterotrophic viable counts suggested that the latter
might be included in the group of parameters covarying with bacterial direct
counts. In contrast to Table 9, subsurface glutamate mineralization at 20°C
covaried with bacterial direct counts and viable counts, but not with bacterial biomass. Bacteria apparently comprised a larger fraction of the subsurface microbial population as compared with the surface microlayer since microbial biomass covaried significantly with bacterial biomass and bacterial direct count in the subsurface waters.
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DISCUSSION
Bacteria and ultraplankton concentrations in Georges Bank surface microlayers and subsurface waters were comparable to concentrations found in other
regions (4, 18).
Viable heterotrophs were significantly more abundant in surface microlayers than in subsurface waters; however, the concentration differences reported here were not as great as those reported for estuarine samples
(3). This may have been due to the differences in sampling methods.
Crow et al. (3) collected surface microlayer samples by adsorption onto
47-mm diameter Nuclepore membrane filters. Each filter adsorbed 5.9 µl of
sample. The sample thickness calculated from this would have been approximately 3.5 µm. The screen sampler collected a layer between 150 and 200 µm
thick, or almost 50 times the thickness of the layer sampled using the membrane technique. If our surface microlayer data were multiplied by the dilution factor, as recommended by Sieburth et al. (16), then the differences between surface microlayer and subsurface populations over Georges Bank would
be of the same magnitude as those reported for Gulf of Mexico estuaries (3).
Although there were more viable heterotrophs in the surface microlayers
than in the subsurface water, mineralization rates for acetate, glutamate,
and dodecane were not elevated in surface microlayer samples. The surface
community was possibly incorporating the substrates at a higher rate than was
the subsurface community. Unfortunately, only mineralization activity was
monitored.
Similar to that of Taguchi and Nakajima (18), our data to some degree
supports the concept that the surface microlayer is a unique habitat in the
marine environment, and deserves more thorough investigation. In contract to
Sieburth et al. (16) we did not find the surface microlayer to be enriched
over the subsurface water with respect to every parameter monitored. The two
regimes were distinguishable for five of the nine parameters, and four of
those five parameters were enriched in the surface microlayers.
Recently P. Boehm (personal communication) observed that gas chromatographic profiles of aliphatic and aromatic hydrocarbon fractions in surface
microlayers were distinguishable from those in subsurface waters. We demonstrated correlations between dodecane mineralization, hydrocarbonoclastic viable counts, and total aliphatic hydrocarbons in both classes of samples.
However, more comparative bacteriological data are needed to determine whether
the compositional profiles of the complex hydrocarbon mixtures in the surface
microlayers and subsurface waters.
There were a number of interesting relationships between the two habitats
and among parameters monitored. Taguchi and Nakajima (18) suggested that in
estuarine systems the relationships showed seasonality. Sieburth (15) demonstrated that functionally, surface microlayer bacterial communities could be
distinguished from subsurface communities. The surface communities had higher
ratios of lipolytic and peptidolytic isolates than did the subsurface community, reflecting the distinctive chemical composition of the surface microlayer (1, 11).

224

More extensive, collaborative field investigations will be needed to
verify the existence and describe the dynamics of microbial communities in
surface microlayers.
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ABSTRACT
Interfacial phenomena are extremely important to
microorganisms metabolizing substrates which are immiscible with water. This paper reviews examples of
biosurfactants produced by microorganisms to facilitate
growth under these conditions. The most commonly observed biosurfactants are glycolipids containing rehalose, rhamnose, sophorose or other sugars. There are
also examples of lipopeptides, phospholipids, carboxylic
acids and neutral lipids. In many cases, microorganisms
produce mixtures of surface active lipids.
There are many compartments in the aquatic environment, and the concept
of compartmentalization includes the interfaces which exist in all habitats of
the environment. Interfaces are of a scale comparable to that of microbes and
possess a defined and active microbial population. These interfaces are between either gas-liquid, liquid-liquid, solid-liquid or gas-liquid-solid
phases, and are a focal point for microbial degradation of a wide variety of
insoluble pollutants.
Interfacial phenomena are complex and the topic is too broad to review
here. Recent monographs by Marshall (26) , Van Oss et al. (36) and Zviaginsev
(40) provide considerable detail and background for those being introduced to
the topic.
Microbes attach to bubbles, liquid droplets and solid surfaces, wherein
problems are encountered relating to substrate solubilization (e.g., oil, sulfur, minerals, synthetics). Solution of these difficulties often involves
biosynthesis of surface-active molecules which aid in solubilization, emulsification or wetting of the substrate, or in the attachment of the cell to an
insoluble substrate.
Since considerable quantities of oil find their way into the aquatic
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environment, this paper focuses on the water-oil interface and the biosurfactants produced_by microbes which utilize and degrade oil.

WATER-OIL INTERFACES
Liquid-liquid systems indicate that physically the system is biphasic and
that one of the liquids, probably containing substrate or nutrients, is insoluble in the dominant phase. Most of the microbial studies with biphasic liquid
systems center around water and oil. The mechanisms by which cells take up
hydrocarbon is still not clear; however, some interfacial events that take
place have been elucidated.
Aiba et al. (1), using Candida guilliermondii grown on n-alkanes, showed
adsorption of oil droplet to cells. Addition of a surface-active agent gave
improved emulsification but prevented contact, and low growth was observed.
Mimura et al. (29) firmly established that cells utilizing hydrocarbons possessed an affinity for them while those not using hydrocarbons did not. Wang
and Ochoa (37) derronstrated the importance of the interfacial area of the oil
to the specific growth of Candida intermedia on n-hexadecane. Others have
shown the importance of oil droplet surface area to growth. Improved surface
area can be obtained by improved agitation, by addition of the proper surfactant, or by natural surfactants synthesized by the microbe. To demonstrate
the role of the interface in such systems, Yoshida et al. (38) observed the
association of Candida tropicalis cells with hexadecane under various fermentation conditions. Figure 1 shows Corynebacterium lepus cells imbedded in a
matrix of bioemulsifier (see Gerson et al. [12]). Candida tropicalis cells
surrounded by droplets of hexadecane were observed by Einsele et al. (9). The
size limitation problem for metabolism of hydrocarbons still remains open to
study. Microbes that adhere to oil droplets grow almost equally as well as
those that accommodate small droplets on their cell surfaces. Two interfacial
mechanisms appear to be important in hydrocarbon metabolism: growth on the
hydrocarbon drop (drop-form) and accommodation of hydrocarbon droplets on the
cell surface (accommodation-form) where the cell adsorbs micro-droplets of oil.
A review of these mechanisms and the interfacial phenomena governing them is
given by Gerson and Zajic (11) .
Bacteria may not utilize exactly the same mechanisms as yeasts in adsorbing hydrocarbons. Marshall and Cruikshank (27) have grown Flexibacter auranticus and Hyphomicrobium vulgare in an oil-water system and both cultures tend
to arrange themselves at right angles to the interface.
Examination of the
bulk water phase also shows floe formation. The floes were of a defined structure which have been conveniently labelled "rosettes." The latter are astonishingly similar in appearance, but not scale, to the micelles described for
surface-active agents.
The microbial affinity for the aqueous or oil phase is similar to another
characteristic of synthetic surface-active agents. These agents are often
characterized by their hydrophilic-lipophilic balance (HLB), i.e., their tendency to stay in the water phase or bind to the oil phase. Hydrocarbonutilizing microbes may ultimately be analyzed in terms of their HLB characteristics, which can be determined by measurements of oil-water partition coefficients, contact angles and interfacial free energies.
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Figure 1.

Corynebacterium lepus cells imbedded in a matrix of bioemulsifier.
SURFACE-ACTIVE AGENTS

In considering the aquatic environment, both synthetic and biosurfactants
should be discussed. However, since biosurfactants are conceptually a more
recent topic and give an explanation of how microbes resolve the handling of
certain types of insoluble substrates and liquid-liquid interfaces, attention
is given to microbial surfactants in this section. Microbial surfactants have
been reviewed by Zajic and Panchal (39) and Gerson et al. (12).
There are a wide variety of extracellular surface-active agents produced
by microorganisms. The most thoroughly characterized have been the glycolipids
which fall into three major classes, all containing a hydroxy fatty acid covalently bonded to a carbohydrate. These are: lipids of trehalose and other
carbohydrates with a fatty acid acyl bond; lipids of rhamnose bonded to the
fatty acid by the hydroxyl group; and lipids of sophorose also bonded to the
fatty acid by the hydroxyl group. Another class of surface-active agents are
lipopeptides, which have a peptide component {usually less than 10 amino acids}
and a fatty acid component. Other types of surface-active agents are phospholipids and neutral lipids, the latter including fatty acids, glycerides, alcohols and cerides.
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TREHALOSE LIPIDS AND RELATED COMPOUNDS
When Arthrobacter paraffineus KY4303 was grown on n-paraffin as the sole
source of carbon, it produced a glyco-lipid with strong emulsifying properties which was isolated and incompletely characterized. Each molecule of glycolipid contained a disaccharide (trehalose) and two B-hydroxy-a-branched
fatty acids esterified at undetermined sites on the sugar. The fatty acids
had a general formula R1-CH(OH)-CHRz-COOH, where R1 = C1a to C23 and Rz = C7
to c 12 . Glycolipids containing trehalose have been isolated from several
other species of Arthrobacter as well as from Mycobacterium, Brevibacterium,
Corynebacterium and Nocardia when grown on n-paraffins (33,31,16,2).
It was suggested that the aforementioned ubiquitous glycolipid was produced by bacteria and used to emulsify the hydrocarbon phase into the aqueous
phase. This conclusion is supported by several observations. The glycolipids
isolated from at least two of the bacteria have been shown to have good emulsifying properties (34,31). The addition of penicillin to A. paraffinus
blocked the formation of the glycolipid and depressed the rate of n-paraffin
consumption indicating that the glycolipid is important to hydrocarbon assimilation (33). When a species of Nocardia was grown on glycerol, there was only
a trace of a trehalose lipid (31). However, it was produced in good yield
when n-paraffins were the substrate. Furthermore, additions of glycolipid to
the paraffin media caused a marked enhancement in initial cell growth
(Table 1) .

TABLE 1.

EFFECT OF TREHALOSE LIPID ON GROWTH ON Nocardia SP. ON n-PARAFFINa
%

Lipid added

Dry wt (g/l) at 23 h

o.o

1.90
2 .10
2.70
3.87

0.0001
0.001
0.01
aFrom Rapp and Wagner ( 31) .

An interesting effect on the glycolipids is observed when the appropriate
bacteria were grown on sucrose or fructose instead of n-paraffins (32,16).
The carbohydrate portion, trehalose, of the glycolipid was replaced by sucrose
or fructose. Thus, when A. paraffineus KY4303 was grown on sucrose, two glycolipids were isolated. One was identified as 6-0-glucosyl-B-fructoside corynomycolate (6-hydroxy-a-branched fatty acid), while the other was an ester of
sucrose and two molecules of corynomycolic acid. When fructose was the sole
carbon source, two different glycolipids were isolated, fructose-6-corynomycolate and fructose-1,6-dicorynomycolate. Similar results were obtained when
species of Corynebacterium, Nocardia and Mycobacterium were grown on sucrose
or fructose instead of n-paraffins.
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RHAMNOLIPIDS
Edwards and Hayashi (8) completed the identification of a glycolipid
which had been first isolated by Jarvis and Johnson (17) from the culture
broth of Pseudomonas aeruginosa grown on glycerol. This glycolipid was composed of two molecules of rhamnose and two molecules of 8-hydroxy-decanoic
acid and has been given the trivial name of R-1 rhamnolipid. The full structure is 2-0-a-L-rhamnopyranosyl-a-L-rhamnopyranosyl-8-hydroxydecanoyl-8hydroxydecanoate (Fig. 2A). It was later reported that when P. aeruginosa was
grown on hydrocarbon as the sole carbon source, two rhamnolipids were isolated.
One of these was identical to R-1 (Fig. 2A). The other was labelled R-2 and
differed from R-1 in that it contained only one molecule of rhamnose (i.e.,
a-L-rhamnopyranosyl-8-hydroxydecanoyl-8-hydroxydecanoate (Fig. 2B).

0

H~O~

~
OH

OH

R-1 rhamnolipid

R-2 rhamnolipid

A

B

Figure 2.

Two rhamnolipids isolated from growth of Pseudomonas aeruginosa on
hydrocarbon as the sole carbon source.

Histasuka et al. (14) proposed that the rhamnolipids were produced by
Pseudomonas aeruginosa as emulsifiers to disperse potential hydrocarbon sub-

strated into the aqueous phase. Rhamnolipid R-1 was added in varying concentrations to P. aeruginosa S7Bl growing on 1% hexadecane. As concentration of
the lipid was increased up to 0.005%, a dramatic increase occurred in the rate
of growth of the bacterium. As the concentration of lipid was increased above
0.005% there was no further enhancement of the growth rate. This stimulation
of synthetic surfactants (e.g., Noigen EA141 or Tween 20). Furthermore, neither the rhamnolipid nor the synthetic surfactants enhanced the rate of growth
of p_ aeruginosa on glucose. Thus, it was postulated that the rhamnolipid
acted as an emulsifier, making the hydrocarbon substrate more readily available for utilization by the bacterium.
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The surface activity and emulsifying power of the rhamnolipid were consistent with the above proposal. It caused a marked decrease in the surface
tension of water (minimum 34 dynes/cm). Furthermore, the critical micelle
concentration of about 0.005% corresponded to the concentration which resulted
in the maximum growth stimulation of P. aeruginosa on hexadecane. The emulsion stability of hydrocarbon-water mixtures containing rhamnolipid was comparable to the synthetic surfactants.
The effect of rhamnolipid on the growth rate of other hydrocarbonutilizing bacteria was also tested. All of the strains of P. aeruginosa tested
showed a marked enhancement of growth. However, addition of rhamnolipid did
not affect the growth rate of several species of Corynebacterium, Achromobacter, Micrococcus or Bacillus. Species specificity was also observed by Itoth
and Suzuki (16), who isolated a mutant of P. aeruginosa (strain PU-1) which
could not metabolize hydrocarbons and did not produce either the R-1 or R-2
rhamnolipids. The addition of either R-1 or R-2 to the culture resulted in
growth of PU-1 on hydrocarbon (Table 2). The addition of trehalose lipids,
which enhances the growth of Nocardia (31) and Corynebacterium (34) on hydrocarbons, resulted in only relatively poor growth of P. aeruginosa on hydrocarbon.
TABLE 2.

THE EFFECT OF BIOSURFACTANTS ON THE RATE OF GROWTH OF P. aeruginosa
PU-1 ON HYDROCARBONS (from Itoth and Suzuki [16])
Biosurfactant added
(µg/ml)
none
R-la (10)
R-1 (50)
R-2b (10)
R-2 (50)
Trehalose lipid (100)
Trehalose lipid (100)

aisolated from Nocardium sp.

O.D. at 660 mµ
(after 50 h)
0.030
0.140
0.645
0.105
0.655
0.187
0.110

bisolated from Corynebacterium sp.

SOPHOROSE LIPIDS
When Torulopsis magnoliae is grown on glucose (2.0% w/v) media, it produces substantial quantities of a water-insoluble oil (5% v/v) (13) • Two
major glycolipids were isolated from this oil, both of which contain the disaccharide sophorose and a hydroxy fatty acid (Fig. 3A,B). However, unlike
the S-hydroxy fatty acids usually observed in glycolipids, the hydroxyl group
is remote from the carboxylic function. The two types of fatty acids found
17-L-hydroxyoctadecanoic acid and 17-L-hydroxy-octadec-9-enoic acid, were b~th
covalently bonded to sophorose through the hydroxyl function.
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Figure 3.

Two major glycolipids isolated from a water-insoluble oil produced
from growth of Torulopsis magnoliae on glucose media.

The yield of sophorose lipids from T. magnoliae was increased several
fold by reducing the glucose concentration to 10% and supplementing the media
with various esters of hydrocarbons (35). Furthermore, the nature of the supplement influenced the distribution of hydroxy fatty acids in the sophorose
lipids (Table 3). When esters were added to the media, usually the major
lipid found contained the hydrolyzed fatty acid with a hydroxyl function o~
the penultimate or terminal carbon. However, there was a limit to this effect, and most of the fatty acids found were limited to 16-19 carbon atoms.
A study of the sophorose lipids produced by T. gropengiesseri with alkane
and 1-alkene supplements suggested a metabolic pathway for hydrocarbon incorporation (20). Alkanes are initially oxidized to terminal alcohols followed
by dehydration to 1-alkenes. Terminal alkenes are converted to fatty acids
which then undergo oxidation to a hydroxy acid. Rapid incorporation of the
hydroxy acid into a sophorose lipid protects it from further oxidation. T.
magnoliae also produces small amounts of crystalline diacetyl lactones similar
to the oily sophorose lipids but with the fatty acid esterified to the sophorose (Fig. 3B) (35). A study of T. gropengiesseri, which produces larger
.amounts of these cyclic glycolipids, showed that their production was induced
by hydrocarbon supplements (18) .
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TABLE 3.

FATTY ACIDS ISOLATED FROM T. magnoliae GROWING ON 10% GLUCOSE PLUS
SUPPLEMENT
C16
15-0H

Supplement

None
Palmitate
Stear ate
Oleate
11-Eicosenoate
Erucate
Heptadecanoate
Nonadecanoate
Heneicosanoate
Hexadecane
Ectadecane
Eicosane
Do co sane
Tetracosane

C16
16-0H

9
40
2
2
2
2

10
40
2
2
3
4

3
4
36

5
9
43
4
7
9
8

2

8
8
8

Cl7
16-0H

C17
17-0H

Cl8
17-0H

Cl8
17-0H
9C"' C
50
14
9
77
56
65

21
5
80
6
9
5
87
24
54

13
9
17

Cl8
18-0H
9C"' C

Cl9
18-0H

C20
19-0H

C21
20-0H

4

6
l

8
13
11
12

19
12
53
8

6
5
5
85
57
67
63

Others

13

2

4
8
9
16

2
3
5

3

14

1
5
4
4

Relative
total
yield
16
73
68
85
52
51
64
63
60
56
55
54
64
51

LIPOPEPTIDES
Lipopeptides have been isolated from a wide variety of bacteria and
yeasts, but only a few have been thoroughly characterized. The best known example is a crystalline compound produced by Bacillus subtilis and which has
been given two trivial names, surfactin or subtilysin. This contains a peptide chain of seven amino acids in a cyclic compound with a 8-hydroxy fatty
acid (Fig. 4) '(21). The compound shows strong surface activity (3 ,6) ,, and a
0.005% aqueous solution has a surface tension of only 28 dynes/cm, compared
with surface tension of pure water of 72 dynes/cm at 20°C. This lipopeptide
has several properties which have been attributed to this surface activity.
It causes lysis of the membranes of mammalian erythrocytes, protoplasts and
spheroplasts of several bacteria, and also inhibits blood clotting.

CH 3

"'CH-(CH2) -CHCH 8C-L-Glu- L- Leu-0-Leu-L-Val-L-Asp
9

CH/
3

L

2

0

L-Leu-0-L.eu

Su rfactin or Subti lysin
Figure 4.

Crystalline compound produced by Bacillus subtilis.
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An emulsifying factor has been isolated from Candida petrophilum on hydrocarbon (15). rhis compound has not been completely characterized but contains
glutarnic acid, aspartic acid, alanine and leucine, and an unidentified fatty
acid. When C. petrophilum was grown on glucose the lipopeptide was not found.
If this enrulsifying factor were added to C. petrophilum growing on hydrocarbons, the rate of growth was enhanced in direct proportion to the amount
added. The properties of an extracellular surfactant produced by c. lipolytica
were studied by Gerson et al. (10).
Several other lipopeptides have been isolated from microbial broths.
These include lipids containing S-hydroxy fatty acids isolated from Serratia
marsescens, Pseudomonas viscoas, Bacillus mesentericus and Nocardia asteroides
(4,7). Less common are lipopeptides containing a simple fatty acid, such as
that isolated from Mycobacterium paratuberculosis (23).
PHOSPHOLIPIDS
There are relatively few examples of appreciable amounts of phospholipids
being isolated from cell-free microbial broths. During growth of Thiobacillus
thiooxidans and concomitant elemental sulphur oxidation, Jones and Benson (19)
noticed a drop in the surface tension of the broth which they attributed to
the phospholipids which could be isolated from the broth. Several different
phospholipids were found (Table 4), but the major components were phosphatidyl
glycerol and phosphatidic acid. It was later shown that each of the isolated
phospholipids had the ability to wet elemental sulphur (5).

TABLE 4.

PHOSPHOLIPIDS ISOLATED FROM Thiobacillus thiooxidansa
% of Total

cellular
Phosphatidyl glycerol
Phosphatidyl choline
Phosphatidyl ethanolamine
Phosphatidyl inositol
Diphosphatidyl glycerol
Phosphatidic acid

75
25
3

% of Total
extracellular

49
17
1

5
29

~rom Jones and Benson (19).

When Corynebacterium alkanolyticum was grown on hexadecane, it produced a
small amount of extracellular phospholipids (1.9 mg/dl). However, the addition of 50 µg/ml penicillin to the culture greatly increased the amount of
extracellular phospholipid to 49.4 mg/dl.
The phospholipids produced by C.
alkanolyticum were also found to be sensitive to the hydrocarbon substrate
(22). When grown on hexadecane, the constituent fatty acids of the phospholipids were mainly Cl4, Cl6, Cl8 and C20. However, when pentadecane was the
substrate, the fatty acids were mainly Cl3, Cl5, Cl7 and Cl9. Extracellular
emulsifiers were also isolated from Corynebacterium sp., strain PPS-II, by
Panchall and Zajic (30) .
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NEUTRAL LIPIDS
Originally the surface-active agents produced by Thiobacillus thiooxidans
were thought to be only phospholipids (19). A later study showed the presence
of neutral lipids in the extracellular broth (5). These included hydrocarbons
(22%), triglycerides (4%) , fatty acids (4%) , hydroxy fatty acids (30%), monoglycerides (3%) and others (31%). Like the phospholipids, these all had the
ability to wet sulphur and may aid in bacterial attachment to sulphur surfaces.
Extracellular neutral lipids are often induced by using hydrocarbons as
a substrate. A species of Acinetobacter produced very little extracellular
lipid when grown on nutrient broth/yeast extract but yielded a substantial
amount of neutral lipid on hexadecane (Table 5 [25)). Similarly, the production of fatty acids by Micrococcus cerificans is enhanced by using hydrocarbon
media (Table 6 [24)).
TABLE 5.

EXTRACELLULAR LIPIDS PRODUCED BY Acinetobacter SP. (µmol/l)
Makula et al. [25))
Lipid class

Nutrient broth/
yeast extract

Hexadecane

0
2.4
0
4
0
0

0
25.6
410.0
60
0.5
2800.0

Phospholipids
Triglycerides
Mono- and diglycerides
Fatty acids
Fatty alcohols
Wax esters

TABLE 6.

(from

FATTY ACIDS PRODUCED BY Micrococcus cerificans (from Makula and
Finnerty [ 24] )

Medium used

Total Fatty Acid Produced
Cellular
Extracellular
(µmol/g)
(µmol/l)

Acetate

9.3

5.0

Hexadecane

8.2

60.5

Heptadecane

8.4

49.0

1-Hexadecane

8.6

25.8
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SUMMARY
Larger microbial cells such as yeast accommodate small oil droplets which
attach to the cell surface.
In bacteria this process is often reversed and
the bacteria may adsorb to the surface of oil droplets and grow in a fashion
referred to as "drop form." Attachment of cells to oil, or oil to cells, depends upon the hydrophilic-lipophilic characteristics of the cell surface and
whether either biosurfactants are synthesized or surfactants are added to give
oil emulsification.
Some cells align themselves at interfaces. Rosette formation of cells is
observed in the aqueous medium which resembles micelle formation. Cultures of
Flexibacter and Hyphomicrobium readily show rosette formation.
A wide variety of surfactants are synthesized by microbes. The glycolipids fall into three classes, i.e., lipids of trehalose, lipids of rharnnose,
and lipids of sophorose. Another class of biosurfactants are the lipopeptides
in which the peptide component usually contains 10 amino acids or less. Other
types of surface-active agents are phospholipids and neutral lipids, the latter including fatty acids, glycerides, alcohols and cerides. Microbial surfactants offer a new mechanism and a new horizon in our understanding of microbial interfaces.
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DISCUSSION
COMPARTMENTALIZATION IN AQUATIC ENVIRONMENTS
PASSMAN: Dr. Poole, Jorgensen has been doing some work using radiolabelled
sulfate, sulfide, etc., in polychromide tubes which she is sticking into sediment. Have you used this method, and can this data from a fairly inexpensive
radiolabelled study be extrapolated to biodegradation, in general?
POOLE: Oh, yes, I'm a great believer in using labelled sulfate. She developed a rather cheap method for looking at sulfate reduction. At the University, we had no money, no fume hoods, we just couldn't do the distillation to
separate the labelled sulfate and sulfide, but you can make it acid, then
standardize the pressures and remove a gas sample. If you inject labelled sulfide into toluene at -7°C, you can therefore count it in a toluene cocktail
cheaply. We can do 35 samples in half a day with the method. Using the standard method, we do three.
PRITCHARD: Are aromatic rings likely to be degraded in the anaerobic environment or more likely to be funneled back out into the aerobic water layer?
POOLE:
I don't know.
I think maybe a biochemist could better answer your
question. But aromatics can be degraded in anaerobic environments.
RAYMOND:
You said that sediments in cold areas may not be very active. Do
you have some evidence on the effect of temperature on anaerobic biodegradation?
POOLE: Yes, we have some evidence that says during our winters with temperatures of 0-4°C in the sediments, there is very little biodegradation occurring.
RAYMOND: Do you suppose this is due to H2S because normally H2S is not more
toxic at colder temperatures?
POOLE:

No, actually it is more toxic at warmer temperatures.

DAGLEY:
I would like to comment on the degradation of aromatic compounds in
anaerobic environments. The subject has been reviewed extensively by W. C.
Evans in Nature (London), Vol. 270, pp. 17-22.
TIEDJE: Dr. Lichtenstein, I'm concerned with what you are following, maybe a
lot of these products are standard metabolic intermediates which are no longer
of concern in the toxicology sense.
LICHTENSTEIN: This could be possible. With a 14 c label you can follow the
fate of the compound.
I stated that we should be concerned about the parent
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compound and the biologically active metabolites. You first have to determine
what is present then which of the compounds is biologically active.
If you
obtain soluble 14 C compounds in water, it is probably no longer insecticidal
to mosquito larvae. Toxic to mosquito larvae does not mean that the compounds
are also toxic to humans. The biological activity of the benzene-soluble compounds toward insects is relatively easy to determine.
I agree, we have to
determine what the materials are and if they are biologically active. We are
restricted, of course, because we can neither conduct tests with human beings
nor with each of the 1,400,000 species of insects.
MATSUMURA:
I wasn't too sure what you meant when you said the microorganisms
were responsible for this increased binding. Do you mean that arninoparathion
was formed by microorganisms and thereby increasing binding?
LICHTENSTEIN: Arninoparathion is not found in sterilized soil, nor do we encounter binding phenomena. Based on data with sterilized soil, reductive processes in soil are dependent on microorganisms. This, however, is not true
for all compounds but appears to be so with compounds containing nitro-groups.
We repeated these tests with Dyfonate, another organophosphorous compound,
utilizing irradiation and re-inoculation. The binding of Dyfonate is not related to the activity of microorganisms.
MATSUMURA:
parathion?

Have you ever changed the pH and attempted to re-extract the arnino-

LICHTENSTEIN: Not in these experiments, where we purposely kept the soil
within its natural state. We have tried to extract bound residue~ at different pH but we were unsuccessful.
In this particular situation, we tried to
keep the soil as natural as possible. We made six different extractions with
various combinations of solvents. Usually we were able to extract 90% with
the first three extractions.
LIU:
How do you know that the bound material in the soil is one compound or
two compounds or what? We have done some experiments with 14 c pesticides in
soils. We fractionated the soil or organic matter, following the standard
procedure, into six different fractions--a humus, B humus, etc. After a few
weeks incubation, we extracted the major portion of the radioactivity from one
of these six fractions. The bound material was a single compound which apparently chemically or physically attached to that soil organic matter. However,
after 6 months incubation, the radioactivity was evenly distributed in the six
different fractions. This is evidence, that gradually these radioactive compounds are being incorporated into the soil organic matter.
It is no longer
one metabolite. I'm suggesting the soil organic matter takes up the radioactivity and then goes to the oats.
If you analyze the oats you will find
this radioactivity is in amino acids, sugars, and other biological compounds.
LICHTENSTEIN:
I am not sure if you asked me a question or if you wanted to
add something. I think, though, that it would be a big contribution if one
could repeat this experiment and concentrate on the oats.
In a routine analytical laboratory one usually does not extract soil more than three times.
All we have shown is that you don't extract everything and that a sizable por14
tion of the
C was unextractable. Even in the case of parathion, we don't
have direct proof of what is bound. We have indirect proof that only amino
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compounds are being bound and this process involves microorganisms. With
other organop~osphorous materials, residues are also bound but microorganisms
do not appear to be involved.
BOLLAG: The problem of bound residues was discussed intensively in a symposium in Colorado. Unquestionably, it is one of the major problems in pesticide research today and, in general, when dealing with xenobiotic compounds.
They may be bound in soil, but little is known as to how this occurs.
I believe that microbial activities are very important in the binding of parathion.
It is well known that amino compounds are quickly bound in soil. Some time
ago we did an experiment where you added amino compounds to soil for 1/2 hour;
when we tried to extract them, we found they were bound. I do not think, in
this case, it is a biological binding but perhaps a chemical or physical
binding.
LICHTENSTEIN:

Once you have the amino compound.

BOLLAG: Yes. This is true if you have an amino compound and also if you have
a phenol which may be formed.
In my opinion, it is the activity of the microorganism which forms the intermediates, analinic compounds and phenolic compounds, and these may then be bound by physical or chemical factors within
soils. It may be the clays or organic matter, etc., but that is usually difficult to determine.
It is also possible to imagine binding through enzymes in
soil which are active in formations of analines and phenolics.
GARNAS: Did you ever run a sterile control and put one of the reduction products into it?
LICHTENSTEIN: Yes, we added parathion to sterile soil, but no binding was observed under these conditions.
PRITCHARD:
In relation to Dick Garnas' question, did you try sterilizing soil
by gamma radiation in which you had bound pesticides and did you grow the oats
on that sterilized soil?
LICHTENSTEIN:

No, we didn't do that.

PRITCHARD: What you seem to infer is that the oats are responsible for bringing the aminoparathion out of the bound state, where, in fact, it might be the
microbial populations which are responsible.
LICHTENSTEIN: This could be. We conducted studies with crop plants containing residues which had grown in soil treated with insecticide. Bound residues
were found in some of the crop plants. In recent studies conducted at the
Biotron under different climatic conditions, we found that binding is to some
extent dependent on environmental oonditions.
CHESTERS:
I've got a general question that I would like to address to the
panel. We have been talking about several unqiue microenvironments.
It is
pretty clear these unique zones in the aquatic environment appear to effect
biodegradation. We talked about adsorption and sediment surfaces, we talked
about surface microlayers, and we talked about anoxic environments.
In light
of the purpose of this conference, which is to suggest methodologies or
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strategies with a development of a protocol for examining toxic organic chemicals in the environment, would you, in reality, suggest that these unique
zones be taken into account when devising the strategy? Should any of these
unique microenvironments be included in that testing protocol?
And, if so,
how would you do it?
POOLE: Are we saying that the word unique suggests something special? We are
talking about the marine environment, one part of the environment is surface
layer, another part the anoxic, etc. I fail to see how you cannot take these
areas into account. If you don't take them into account you are going to fail.
CHESTERS:

How are you going to account for them?

POOLE: That's where I duck. Taking anoxic situations, I think you have to
rely on microcosms. There are people here much more qualified in microcosms
than I am. That is the easiest way to start studying the problem, then perhaps you want to go back into the environment for further study~ You've got
to relate the two.
CLESCERI: Dr. Poole, regarding your comment on the microcosm, I think something should be added. The microcosms originate from the so-called unique environment. Right? I mean, this is not something like your pet microcosm
that's been in your laboratory for the past few years.
I think this is an extremely important feature.
POOLE: Yes. The whole idea is to make it as realistic as possible. You are
completely right. You've got to be as realistic as possible. You must allow
for seasonal effects.
LICHTENSTEIN:
I have a feeling that the word microcosm could get five different definitions from five people. We talked about microcosms for a whole week
last year in Corvallis. Basically. people are trying to simulate what goes on
in nature. Whatever we do, however, one has to realize that only restrictive
answers to certain problems will be obtained. I cannot see that we will ever
come up with a microcosm which would answer the whole multitude of questions
we are facing. We will be rather limited, even if we should be able to come
up with a good microcosm.
CHESTERS: It seems to me that we are talking about a lot of compounds.
If we
are going to make assessments of hazardous compounds, and they are going to be
realistic, in the sense of those that are truly hazardous being declared hazardous, then our testing methodologies must not be so sensitive that everything becomes hazardous. We can't be talking about things that are going to
cost more than the defense budget. We can't be talking about doing things
that are going to require more personnel than are available in the history of
the world. And how are we going to boil some of these unique facets that
we've talked about here into some consensus opinion of how to proceed. Lichtenstein says we need more in the EPA budget.
CLESCERI: Dr. Passman, with respect to your last comment, if one of the pollutants has a very low density and accumulates at the surface, clearly then
the biology of that surface is going to reflect that.
Right?
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PASSMAN:
CLESCERI:

For example?
I was thinking of oil.

PASSMAN: Well, oil has a gaseous fraction that is going to volatilize fairly
quickly. A considerable portion of the non-volatile fractions are photooxidized in a fairly short order, and much of the remaining materials sink
fairly quickly. Some of the work our colleagues have been doing on the ArgoMerchant spill and on several of the other New England spills show that oil
disappears pretty quickly from the surface and either winds up in the sediments or is diluted throughout the water column. Two months after the ArgoMerchant spill, we could not identify Argo-Merchant oil in the sediment within
200 meters of the wreck.
CLESCERI: These time frames are long for that period. So clearly within
those weeks or months that you are speaking of there is going to be a difference in the biological composition of that layer.
PASSMAN: Oh, true, from an esoteric perspective, I'd say the surface microlayers offer some fascinating areas of investigation. What we are addressing
here is the question of whether EPA should be concerned with the microbial
degradation of pollutants in the surface zone or other unique microenvironments. Again, we are talking about cost effectiveness of a certain type of
study. When you address this question, as Dr. Chesters also mentioned, you've
got to decide what needs to be studied and set priorities. From both our own
data and that in the literature, I don't think there is sufficient rationalization for putting a high priority on studying the role of degradation in the
surface microlayer, per se. I think the residence time in sediment is going
to be much greater, and you should get more fruitful returns from investigating that area.
CLESCERI: Some of this is dependent upon what the ultimate test procedures
are going to be.
PASSMAN: That's true.
public safety.

Again, we are talking about dollars and public health/

COLWELL: There really isn't any mystery in the association of hydrocarbonoclastic bacteria with surface film and finding a correlation with occurrence
of phytoplankton. Plankton can contain fatty acids and various kinds of lipidlike materials, including aliphatics, etc. Such correlations have been recorded, particularly in marshes at the end of the fall season, where release
of material occurs with hydrocarbons of biogenic origin increasingly entering
the systems.
I find i t interesting that you make the statement that there is
no need to worry about surface films because this is, in fact, an example of a
microcosm, where mixtures of pollutants can have serious effects. For example,
heavy metal and pesticide will concentrate in the surface film, with 3 or 4hundred-thousand-fold concentration in the film, creating a significant effect
on the bacteria in the film, as well as with their capability of dealing with
whatever the pollutant may be.
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PASSMAN: While I agree with you, the question becomes, what is the residence
time of these materials in the film? How long will they continue to persist
in the film before the film is broken, and they are either diluted into the
water column or trapped in other micro habitats?
COLWELL: Well, that was one of the reasons we used a very large "microlayer,"
in fact a "surface layer," as was pointed out by the earlier speaker. We had
to determine whether the bacteria in that mixed layer were the same in our
study as in the air above the water. It is important to determine whether, in
the turbulent surface layer, you are dealing with the same microorganisms.
FLOODGATE: There are two comments I would like to add, if I may. First of
all, on the stability of that surface layer, it is much more stable than
people imagine. It isn't something present only during flat calm seas. When
you have a lot of breaking waves, the surface layer is reformed almost instantaneously. It is a very stable layer, and doesn't mix up nearly as much as
you might imagine. Mixing occurs only in a few microns, perhaps tens of microns, on the surface. The next comment I would like to make is on this word
"unique," which has been flying around with careless abandon. I think one
must recall that Winogradsky, who was a better microbiologist than any of us
here, said that he could isolate any bug he wanted from the sole of his boots.
So you can find any bug you want from anywhere in the sea. So, it is true
that you can find certain microorganisms in the surface layers and the same
ones immediately below it. But that doesn't mean to say you shouldn't look in
the surface layer to find out what is going on there.
DiGERONIMO: I have no working experience in the marine environment, but in
the surface layer that you said should be discounted, would these .microorganisms found there originate from the surface layer or do they originate from
sediment? Do you think the populations found in the surface contribute to the
subsurface layer?
PASSMAN: Your question is, are the microorganisms in surface films from aerosols, aerosols coming from special sources, or are they from resuspended sediments?
DiGERONIMO: You explained there was no difference between the subsurface
layer and the surface layer. I was wondering if the lack of difference was
because either the surface layer is being formed by the subsurface layer or
the surface layer is contributing to the subsurface layer. I was wondering
which is important. Can you comment on that?
PASSMAN: I can comment. We haven't looked at our taxonomic data, so I won't
address whether the speciation differences are due to organisms coming from
one source or another. Some of the work done by Carlucci in bubbling type experiments indicates that organisms originally suspended in the water will be
differentially layered onto the surface due to size and affinity for organic
constituents of the surface microlayer. So that says the original source was
the water column, and they were selected out onto the surface layer because of
bubbling or because of transport mechanisms. In the microlayer itself, a 0.1
micron layer, few or none of the organisms there are of the dimension where
they can be totally contained by that monolayer. We are sampling the screen
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layer, 150-300 microns, and we know what their distribution is in that layer.
This question could be addressed by using different types of sampling methods.
For instance, I believe Al Bourquin's Nuclepore membrane method picked up a
layer of 3.7 microns?
BOURQUIN:

That's correct, depending upon the slick or film, of course.

NORKRANS:
brane.

We have gotten one-micron thick samples using the Nuclepore mem-

PASSMAN: What types of counts do you get on them? Are they of the same magnitude that we see on the screen? We get approximately 10 6 -10 7 bacteria/ml.
Using the Nuclepore membrane, we got approximately the same magnitude of cells.
So chances are, then, it's safe to say the cells are existing right near that
monolayer, probablyprotrudingthrough the monolayer or existing directly below
the monolayer, but you get approximately the same number of cells in the onemicron sample as you do in the 120-125 micron sample. Where do they come
from? There are several sources.
DiGERONIMO: Have you investigated the areas for total activity? Is there a
difference at this microlayer vs the sublayer? Is there more activity at the
microlayer, or below it?
PASSMAN: We found the glutamate activity was depressed in the microlayer as
compared with the subsurface water from approximately one meter. This is from
one season of study, and I wouldn't want to make any pervasive statements suggesting this is how it is over the Georges Banks. I would expect to find some
seasonality; I need a broader data base before saying specifically what's happening. During the late summer, however, we found glutamate mineralization
depressed. We didn't look at incorporation. This may have been enriched in
the surface microfilm. There were a number of limitations with the study.
NORKRANS:

Did you make specific determinations of biomass?

PASSMAN: Not in that study. We did isolate several yeasts and fungi, and
greater than 70% of the hydrocarbonolytic bacteria isolated grew on a complex
mixture of approximately 20 aliphatic and aromatic hydrocarbons. The mineralization was strictly with l- 1 ~C n-dodecane. So we are studying just one nalkane as opposed to a variety of alkane and aromatic hydrocarbons in mineralization. We were looking only at mineralization, not incorporation.
I
think there has been some work that indicates that cometabolism may be an important parameter. Studying the secondary metabolites might be the route for
looking at hydrocarbon metabolism in natural systems.
BOLLAG:
PASSMAN:

Are fungi included in total biomass?
Yes.
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SYSTEM DESIGN FACTORS AFFECTING ENVIRONMENTAL
FATE STUDIES IN MICROCOSMst
P. H. Pritchard, A. W. Bourquin, H. L. Frederickson
and T. Maziarz
U.S. Environmental Protection Agency
Environmental Research Laboratory/Gulf Breeze
Gulf Breeze, FL 32561

ABSTRACT
Two microcosms used in environmental fate studies are
described. One is a static system which utilizes a sediment/water core and the other is a continuous-flow system
using a structured sediment/water growth vessel with continuous addition of seawater. The effects of design characteristics of both systems on the fate of methyl parathion (MPS) was studied. Sediment/water cores taken
directly from the environment were generally slower to
degrade MPS than cores "structured" with sediment and
water in the laboratory. Degradation rates were slower
when sediment to water ratios were increased (water decreased) in either type core. Laboratory-aged cores were
less reactive than "fresh" cores when 14 co 2 and degradation products of c 14 -MPS was measured.
Continuous-flow microcosms which were acclimated to
methyl parathion over a 50-day period were more active in
removal from the water column and metabolism of MPS than
aged systems not exposed to MPS for the preceding 25 days.
Total radioactivity measurements in the water of
continuous-flow systems showed a greater removal from
active systems than sterile ones. This is attributed primarily to sorption to sediments. Product analysis showed
removal of MPS with production of aminomethyl parathion
14
and
C02, whereas the only product in the control system
was p-nitro phenol.
This paper supports the contention that design features will partly determine the outcome of a fate experiment. Intact sediments, aged systems, acclimated

tcontribution no.

from the Gulf Breeze Environmental Research Labora·

tory.
251

systems and size of the microcoms were shown here to
affect the data from two different microcosms.
INTRODUCTION
The setting of water quality criteria for pesticides and toxic substances
requires the establishment of guidelines for the registration of these chemicals. Guidelines for aquatic environments require development of protocol in
two major areas: toxicology, and fate and transport. Interaction between
these two areas has become increasingly complex due to decreased use of very
persistent polyhalogenated organic chemicals and an increased use of a variety
of new chemicals which have a finite lifetime in the environment. Laboratory
toxicological studies must now be continually scrutinized and evaluated according to the information generated on fate and transport. Since microbial
degradation is one of the most important aspects of fate and transport, it is
critical that good, representative methods b~ available to determine the biodegradation potential of the environment in question.
We recognize three key issues that influence an aquatic degradation study:
A) Due to the specialized nature of aquatic environments, terrestrial fate
studies are not directly applicable. B) Methodology for studying the fate of
chemicals in aquatic environments is seriously lacking. C) Field studies are
more difficult to perform in aquatic environments than in terrestrial systems.
Consequently, our research has centered on the development of microcosm
or model ecosystem technology to generate information on degradation processes
in estuarine salt marsh environments. For simplicity, a microcosm is defined
as a containerized portion of an aquatic environment maintained in the laboratory under controlled conditions. It is designed to simulate, but not necessarily duplicate, natural environmental situations. In the case of an estuarine system, characteristics such as sediment-water interfaces, high dilution
capacity, and salinity changes should be modeled into the microcosm study.
It is also important to design systems for easy adaptation or assimilation
into other research programs, particularly those that provide a data base for
development of registration guidelines. The systems should be simple, reproducible, and inexpensive. Before establishing a system a priori, system design characteristics should be varied and tested to determine their effect
relative to an established degradation process and to reveal possible deficiencies of the microcosm (9,4,22). The purpose of this paper is to describe
two of our microcosm systems, one previously described by Bourquin et al. (5),
and to indicate features that should be studied in detail before predictive
capability can be realized.
MATERIALS AND METHODS
MICROCOSMS
Two different microcosms have been developed: one, referred to as "ecocore," uses cores of water and sediment; the second, referred to as a continuous-flow microcosm, uses a structured water/sediment system into which
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seawater and pesticide are fed continuously.
Eco-core microcosms (Fig. 1) were set up by obtaining an undisturbed (intact) core of sediment (50 g), water (200 ml), and a sterile glass tube (3.5 x
30 cm). Cores were taken from a local pristine salt marsh (10-17 ppt salinity,
24-28°C); the sediment cores were approximately 95% sand (by weight) with a
3-5 mm layer of fluffy, high organic content (15-20%) detritus on top. Cores
were maintained at constant temperature (24°C±2). Aeration gave maximum mixing in the water column without resuspending the sediments.
For each eco-core experiment, the system was "spiked" with both radiolabelled and cold pesticides to give a final water concentration of 0.5 mg/
liter. The distribution of parent compound and degradation products in the
water and sediment was then followed with time. Water overlying the sediments
was sampled (5 ml) and analyzed on a periodic basis; after a designated incubation period, the microcosm was dismantled and the sediments analyzed for
parent compound, degradation products, and bound residues. Sterile controls
(2% formalin) were run simultaneously. Air exiting each system was passed
through polystyrene bead resin (Amberlite XAD-4) to monitor for volatile products, and radiolabelled co 2 was trapped in aqueous sodium hydroxide (2N).
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Schematic diagram of eco-core microcosm.

The continuous-flow microcosm (Fig. 2) consisted of a reactor vessel into
which water (350 ml) and sediment (100 g) collected from the same.salt marsh
were placed. After the sediment had settled (~2 h) , a 3-4 cm layer of detritus settled over an equally thick layer of sand. Both fresh filtered seawater
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and sterile artificial seawater containing the radiolabelled pesticide were
metered into the reactor vessel at equal rates. Turnover time for the contents of the reactor vessel was 25 h. Concentration of pesticide entering the
vessel was 20 µg/liter; salinity was between 15 and 17 ppt. The system was
continuously aerated for mixing and oxygenation (dissolved oxygen at sedimentwater interface was 20% of saturation); an undisturbed sediment-water interface was maintained. Air exiting the system was monitored as described above.
At periodic intervals, water samples (20 ml) and sediment cores (3 ml) were
analyzed for parent compound and degradation products. Sterile controls were
obtained by adding formalin (2% v/v, final concentration) to the original
water-sediment mixture followed by the continuous addition of formalized (0.1%)
artificial seawater. This was sufficient to eliminate viable bacteria in the
water in the growth vessel even with the continuous addition of non-sterile
seawater.
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Schematic diagram of continuous-flow microcosm.

CHEMICALS
C-14 methyl parathion (2, 6 ring-labelled, specific activity ; 30 Ci/mole,
Amersham-serale Corp.) was the pesticide for these studies. It was the sole
source of carbon for each microcosm except for the carrier (acetone) which
was added at a final concentration of 1 mg/liter for eco-core microc~sms and
40 µg/liter for the continuous flow microcosm. All other chemicals were nanograde purity.
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ANALYTICAL
Figure 3 gives a schematic of the analytical methodology employed. All
water samples were extracted with methylene chloride, twice at ambient pH
(7.6) and twice under acidified (pH 2.0 with concentrated HCl) conditions.
All sediment samples were washed twice by centrifuging and resuspending with
water and then extracted four times with acetonitrile. Acetonitrile was backextracted with methylene chloride and the latter sample checked for products.
Radioactivity in all samples was measured with PcsTM scintillation cocktail
(Amersham Corp., Arlington Heights, Ill.).
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Methylene chloride extracts were chromatographed on silica gel thin layer
plates by an ether:hexane (3:1, v:v) solvent system, and spots visualized by
autoradiography in a spark chamber (Birchover Inst., Ltd., Letahworth, Herts, ·
England) . Degradation products were verified by co-chromatographing standards
on a gas chromatograph equipped with a flame photometric detector by lN spectrometry and by mass spectrometry.
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Radiolabelled carbon dioxide in alkaline traps was determined by scintillation counting of a 0.5 ml sample in Harvey's scintillation cocktail (Harvey
Instrument Co.). All combustions were done with a Harvey Instrument Combustion Chamber at 900°C.
RESULTS
ECO-CORE
Chemical analyses of water overlying the sediment in an eco-core microcosm experiment are shown in Figure 4. Total radioactivity in the water (unextracted water) of both the experimental and the sterile controls dropped
rapidly during the first 2-3 d and then leveled off. This initial drop was
probably due to diffusion of the methyl parathion (MPS) into the sediments as
there was no evidence of adsorption to glass. Water in the sterile control
always reached a constant concentration at a value lower than the experimental.
Total 14 c levels in the sterile control remained constant with continued incubation, while those in the experimental systems decreased at a slow rate.
This steady decrease appeared to be caused by increasing adsorption to sediments (mediated by some biological component) since significant amounts of
carbon were not lost from the system through degradation (see below) • Duplicate experimental cores (dotted lines) gave excellent replication.
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Figure 4.

Kaaioactivity in the water column above sediment of an eco-core
microcosm spiked with methyl parathion. Unextracted water represents total radioactivity in water sample (dotted lines are results
from.d~pli~ate cores). Extracted water represents radioactivity
remaining in water sample after solvent extraction (see Materials
and Methods). Sterile control contained 2% formalin.
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The radioactivity remaining in the water after solvent extraction (extracted water 9r polar pr9ducts) increased steadily, above sterile control
values, from day zero. This was the result of slow metabolism of the hydrolysis products of methyl parathion (MPS) to more polar unextractable materials.
The presence of unextractable radioactivity in water from sterile controls was
due to the incomplete extraction of paranitrophenol (see below) by methylene
chloride. Unextractable products in experimental systems increased at a rate
approximately equal to the loss of total radioactivity in the water column.
All eco-core microcosms without sediment (water only) to date were incapable
of generating polar products above sterile control levels or of inducing loss
of total radioactivity from the water column. This indicates that components
of the sediments may mediate the production of the polar unextractable products through the initial attack on MPS.
The fate of parent compound and the production of breakdown products in
sterile and nonsterile microcosms are shown in Figures 5 and 6. MPS disappeared rapidly in the nonsterile systems; by day 12 only 0.1% of the original
MPS remained. During the first 10 d of incubation, 80-90% of the loss was accounted for by the products produced in the water column, i.e., paraaminophenol (PAP), aminomethyl parathion (AMPS), polar unextractable products, and
co 2 • Thereafter, the products accounted for only 50-70% of the loss of methyl
parathion. The remaining 30-50% was bound to sediment (see below).
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Figure 5.

Products identified by thin-layer chromatography in methylene chloride extractable material from water above the sediment in a nonsterile eco-core microcosm spiked with methyl parathion (0.5 mg/
liter) . MPS = methyl parathion, AMPS = aminomethyl parathion,
PAP = p-aminophenol. Products are expressed as dpm/ml of water
column. 14 C02 is total produced per collection period averaged per
number of days in that period.
257

12

10

v

0

x
:?

8

Q..

STERILE

·-·,.,

.""·"'·""•-

0
(/)

I-

6

(..)

:::>

0
0

a::

Q..

-·

~.

•

4

2
0

0

4

8

-·-·- ·- -·
12

16

20

24

MPS

PNP

• AMPS,C02
28

32

36

TIME (days)

Figure 6.
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Only low levels of paranitrophenol (PNP) were produced in nonsterile
cores; its absence may have reflected rapid metabolism or incorporation into
microbial biomass. The production of PAP, in fact, could be from PNP rather
than from AMPS. In other tests (see below), cores were shown to be capable of
PNP metabolism after extended incubation periods.
PNP was the only product seen in sterile controls (the dimethoxy-thiophosphate hydrolysis product was not monitored in these studies) , indicating significant hydrolysis of MPS by nonbiological processes. In all instances, the
decrease of MPS in the sterile controls was accounted for by production of PNP.
We have detected no enhanced hydrolysis due to the presence of formalin.
The production of 14 C-C02 (see Fig. 5) always commenced between days 4
and 10, peaking shortly thereafter. The initial lag may have resulted from a
preferential metabolism of the acetone carrier. With continued incubation,
production of C02 leveled off and eventually (day 28-32) began to decrease
slowly. In most of the cores where methyl parathion was the carbon source,
10-15% of the parent compound was converted to co 2 •
Table 1 gives the material balance for an eco-core that incubated for 32
days. Most of the radioactivity in the sediments was associated with the detritus fraction and not with the sand fraction (low organic (l-2%], non258

suspendable particulate). In the nonsterile systems, 90% of the radioactivity
associated with the detritus was tightly bound (not extractable with acetonitrile), and the remainder was loosely bound (extractable with acetonitrile).
In sterile eco-cores the opposite was true: only a small amount of radioactivity was associated with the detritus fraction. Sand had little affinity
for the radioactivity in either system. Overall, about the same total amount
of radioactivity was found in the sediment, including interstitial water, regardless of whether it was sterile or nonsterile. However, in the sterile
systems, 75% was found in the interstitial water; whereas, less than 40% was
found in the interstitial water in nonsterile eco-cores. Degradation products
found in interstitial water and associated with sediment (solvent extractable
fraction) were the same as those found in the water overlying the sediment.

TABLE 1.

MATERIAL BALANCE OF RADIOACTIVITY IN ECO-CORE WATER AND SEDIMENTa
Percentage of total ll+c
Nonsterile
Sterile

Type of sample

aSpiked with

14

23.7
41. 3

0.1
62.2

Carbon dioxide
overlying water
Extracted waterb
Extractable productsb
MPS
PNP
AMPS
PAP
BASE
Detritus
Extractable
Bound
Sand
Extractable
Bound
Interstitial water
Core wall washes
Resin trap
Percent recovery

20.l

28.4

62.7
16.3
0.4
0.6
0.0

3.9
2.2
48.0
12.0
4.4

6.0
1.2

1.6
14.6

1.0
0.8
23.6
3.5
0.0
90.l

0.4
2.2
11.6
4.3

o.o
92.4

c-MPS (0.5 mg/liter), analyzed after 32 d of incubation.

bPercentage figures are percent of total

14

C in overlying water.

EFFECT OF INTACT CORES
Several other experiments were carried out to determine the effects of
microcosm design factors with the previous information as background for the
typical fate of methyl parathion in these eco-cores. The necessity of using
an intact sediment-water core was determined by assembling microcosms in two
different ways: by the normal coring procedure (referred to as "intact" micro·
cosms) or with a sediment-water mixture in the glass columns in which
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structuring occurred and allowed the mixture to settle out (referred to as
14
"mixed"). Each set was spiked with
c MPS and the degradation processes monitored with time as described above.
Table 2 shows a partial summary of the results from the two types of ecocore microcosms. At the end of each incubation period (8 and 15 d) an entire
microcosm was dismantled and analyzed. Activity was generally higher in the
mixed systems. Total radioactivity in the water overlying the sediment was
consistently lower in the mixed systems; this was complemented by increased
levels of radioactivity bound to the sediments. Of the other compartments
analyzed, only slight differences were noted; C0 2 production was also slightly
higher in the mixed systems. Table 3 shows the results from product analyses
of the mixed and intact eco-core experiments. No differences were observed in
the types of products produced.
Since C02 levels were lower in the intact
core, a slower degradative process may be occurring resulting in the accumulation of intermediates.

TABLE 2.

MATERIAL BALANCE OF RADIOACTIVITY IN ECO-CORE EXPERIMENTS USING
MIXED AND INTACT SEDIMENTS
14
ca
Percentage of total
Intact
Mixed
Day 8 Day 15
Day 8 Day 15

Water
Extracted water
C02
Detritus
Extracted
Bound
aTotal activity:

10 µCi

(

14

57
6
3

49
2
5

74
5
0.1

63
5
1

4
36

2
39

5
15

1
25

C) in 0.5 mg/liter MPS per core.

The differences of intact versus mixed eco-cores were determined further
by monitoring C02 production from MPS over a 16-day incubation period when the
water to sediment ratios (v/v) were varied.
Results are shown in Figure 7.
Mixed cores showed the greatest C02 production regardless of the water to sediment ratio.
However, if water above the sediment (sediment volume maintained
at approximately 50 ml) was reduced from 200 ml (5:1 water to sediment ratio)
to 50 ml (1:1), C02 production decreased. Thus, water to sediment ratios affect C02 production and merit consideration in the design of microcosms.
During one of these experiments (see Fig. 7), 14 c ring-labelled p-nitro~~enol (O.l m~/lit~r) w~s added ~o the cores after 16 d of incubation with
C-MPS. An immediate increase in C02 production occurred, indicating that
the microcosm system was acclimated to PNP metabolism while metabolizing MPS.
Product analysis showed PNP disappearance was coupled with increases in polar
degradation products (not shown). The mixed core systems again showed higher
metabolic activity (C02 production) after PNP supplementation.
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TABLE 3.

PRODUCT ANALYSIS OF WATER OVERLYING SEDIMENTS (COLUMN) AND INTERSTITIAL WATER IN MIXED AND INTACT SEDIMENT OF AN ECO-CORE EXPERIMENT
Water

Radioactivity (dpm x 10 3 /ml)
PNP
Base
MPS
AMPS
PAP

Days

Mixed
Column

Interstitial

Intact
Column

1
8
15

308

a

1

2

1
8
15

13

2

4

1

l

242

23

152

8
15

Interstitial

1
8
15

15

20

24

81

3

1

68
11

60
9

35
5
6

16
11
7

437
19

41
80
91

51
47
131

12
1

4

6

aMissing values, radioactivity was not significantly above background.
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Figure 7.

Cumulative i~C02 production from eco-core microcosms spiked with
0.5 -mg/liter methyl parathion (MPS) as a function of sediment intact versus mixed, and as a function of sediment to water ratios
(v/v), 1:1 and 5:1. p-Nitrophenol ( 14 C) was added at day 17 and
14
C02 from both PNP and MPS was observed thereafter.
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EFFECTS OF LABORATORY AGING
Aging or acclimation to laboratory conditions is an important consideration in microcosm experimentation. Accordingl1, two types of intact eco-core
systems were set up: one set was spiked with 4 C-MPS in previous experiments
within 2 h after obtaining the fresh cores, the other set was spiked after the
cores had aged (with continuous aeration) for 7 d in the laboratory at 25°C.
Removal of MPS from the water above the sediment (Fig. 8) was slower in the
aged microcosm, particularly over the first 4 days. Similar responses were
apparent in the production of polar unextractable degradation products (not
shown) • Aminomethyl parathion and carbon dioxide production were also greater
in the unaged or fresh system. In both instances (aged and unaged) , degradation products, including C02, accounted for 85-95% of the loss of methyl parathion in the water, indicating that very little bound to sediments within the
16-d incubation period. The small amount of binding that did occur (5-10%)
was the same regardless of aging. Overall, however, an unaged or fresh ecocore showed higher degradative activity.
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Figure 8.

Changes in levels of methyl parathion, and aminomethyl parathion in
overlying water and carbon dioxide in eco-core microcosms with and
without laboratory aging (see text).

CONTINUOUS FLOW MICROCOSM
With these microcosms, the pesticide enters continuously. Since it takes
time for the pesticide to diffuse into the sediment, a gradient will be established in the sediment. Consequently, the concentration of pesticide in the
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water overlying the sediment will increase with time, eventually equalling the
influent concentration when equilibrium conditions result. In a sterile system where biologically mediated sorption to sediment or biodegradation will
not occur, faster equilibrium should be attained. Changes in total radioactivity in water overlying sediment for sterile and nonsterile continuous flow
microcosms are seen in Figure 9. Radioactivity in the water increased
steadily in the sterile microcosm, eventually leveling off around 11.8 x 10 3
dpm/3 ml. Influent radioactivity was 12.l x 10 3 cpm/3 ml, indicating the
sterile control had reached equilibrium. In the nonsterile microcosm, the
radioactivity in the water leveled off at values considerably lower than those
observed in the sterile control. As demonstrated below, degradation contributed very little to loss of radioactivity from the water column. Thus, the
leveling off of the radioactivity could be due to biologically mediated binding to sediment.
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Analysis of the degradation products generated in the water overlying the
sediments is shown in Figure 10. In the sterile microcosm, the only degradation product was PNP. The decrease and eventual steady state in MPS concentration was compensated entirely by production of PNP. In nonsterile microcosms, the decrease in MPS concentration was greater and reached a much lower
steady concentration level. The production of AMPS accounted for approximately 75% of the decrease in MPS; the remaining 25% was lost to polar degradation products and carbon dioxide. Only trace amounts of PNP were detected.
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Table 4 shows the distribution of radioactivity in water and sediment of
both sterile and nonsterile microcosms sampled at 425 h. Radioactivity, unextractable from water (polar degradation products) , was always higher in nonsterile systems. Very little difference in total radioactivity was seen between water overlying the sediment and water within the sediment (interstitial). As seen with the eco-core microcosms, PNP was the only degradation
product in the sterile controls.
In nonsterile systems, no PNP was typically
seen in interstitial water, perhaps signifying its metabolism to polar products (base), the latter also being higher in interstitial water. Higher
levels of AMPS were also observed in nonsterile systems.

TABLE 4.

MATERIAL BALANCE OF

14

c

RADIOACTIVITYa

Substrate

Sterile

Water
Overlying (dpm/ml)
Interstitial (dpm/ml)

4,058 (19%)b
2,020 (4%)

Detritus
Extractable (dpm/g solids)
Bound (dpm/g solids)

Extractable
products
MPS
PNP
AMPS
PAP
BASE

Nonsterile

72, 244
14,700

3,089 (31%)b
3,725 (34%)
21,932
87,693

Percentage distribution in water fractions
Overlying Interstitial Overlying Interstitial
85
15
0
0
0

69
31
0
0
0

55
14
16
10
5

21

0
46
0
32

awater and sediment sampled at 425 h from continuous flow microcosm.
bPercent of

14

c

unextractable from overlying water.

Large quantities of radioactivity were bound (not solvent extractable) to
sediment material, particularly in nonsterile systems. The binding phenomenon
was compound-dependent, since, in other studies with the same microcosms
(Bourquin and Pritchard, unpublished), compounds like Kepone and diflubenzuron
became bound to a much lesser extent.
ACCLIMATION TO PESTICIDE DEGRADATION
To determine the degree to which the systems acclimate to the degradation
or transformation or a particular pollutant, two types of continuous flaw microcosms were studied: one had a continuous exposure to unlabelled MPS (20
µg/liter) for 50 d, the other had an interval exposure to MPS of 25 d followed
·
d 14 c
by a 25-d peri· oa o f no exposure. On the 50th day, each system receive

265

MPS continuously from a reservoir and the levels of total radioactivity in the
water overlying the sediments and in the alkaline C02 traps were monitored.
The results, as depicted in Figure 11, showed that the microcosms actually
lost their original degradative capacity for MPS when not continuously exposed
to the pesticide. Release of radiolabelled carbon dioxide in the acclimated
system reached the same levels as observed in earlier experiments (Fig. 10).
In the unacclimated system, however, the lack of exposure to methyl parathion
resulted in lower levels of C0 2 production. The fact that C0 2 production remained in steady state indicated degradation capacity did not increase with
time as might be expected.
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DISCUSSION
The application of microcosm techniques to studies of degradative processes in aquatic environments is relatively untested but holds promise as a
potential laboratory tool to predict the rate and extents of fate processes in
the real world (4,12,15,1). Use of radiolabelled materials and sterile controls further enhanced our evaluation of biological and nonbiological degradation processes; since aquatic environments are open systems with large dilution
capacities, controlled field experiments, as executed in terrestrial environments (19), are prohibitive. Microcosms may be the next best mechanism for
extracting information about fate and transport in aquatic habitats.
Microcosms also are an excellent method for assessing the interactive
processes involved in fate and transport. Aquatic ecosystems are complex entities with many individual reactions dependent on output and input processes
occurring in the surrounding milieu (8). We feel it is not prudent to base a
study on fate of a chemical strictly on the results obtained from experiments
on individual reactions examined apart from their more complex origin and
chosen for study because of their amenability to defined laboratory experimentation. Such is often true with models developed to predict exposure concentrations in aquatic environments (6,2); individual processes like photolysis,
hydrolysis, biodegradation are studied individually and then summed together
to predict an overall effect. Laboratory isolation of individual components
of a complex system often necessitates structuring the experiments so that the
interpretation of results becomes meaningless. For example, descriptive analyses of biodegradation rates invariably fall back on Monad kinetics (3); this
choice necessitates: a) the isolation of a pure culture that will grow on a
pollutant as its sole source of carbon and energy; b) the determination of
maximum growth rate (µ max) and substrate saturation constants (Ks) , and c)
the assumption that biodegradation is primarily a function of microbial growth
under steady-state conditions. Each of these conditions is artificial to many
"real-life'' aquatic situations. For example, methyl parathion does not readily
degrade in seawater in the absence of sediment (Pritchard and Bourquin, unpublished). When sediment is present, we have not been able to isolate a single
organisms that was responsible for the degradation observed. Likewise, at
very low substrate concentrations, degradation may be only indirectly related
to microbial growth, makingµ max and Ks determinations meaningless. Our
studies, in fact, suggest that only small changes in microbial population density occurred in the continuous flow microcosms because acclimation did not
occur in these systems (Fig. 11). Therefore, problems of interpretation arise
when the experimental isolation of individual rate processes is required.
We envisaged a microcosm study that would monitor inputs and outputs
rather than individual components; thus, interactive forces could be observed
as a total effect. Our studies clearly showed that the rate and extent of
formation of amino methyl parathion (AMPS), although documented in the literature (21,13,20,18,10), can probably be modeled in a microcosm study if reduced
conditions in sediments can be regulated according to in-situ measurements.
Naturally occurring sediments (range point) used in our studies typically have
mild reducing conditions (Eh = +50 to -150) at the sediment-water interface
before collections. Since these conditions are approximately duplicated in
the microcosms and since we readily detect the production of AMPS in the
267

microcosm, we would predict the production of AMPS under in-situ conditions.
The formation of AMPS also represents a detoxification mechanism of MPS (16)
and thus the effect on predicting exposure concentration is considerable.
Our microcosm studies also emphasize the need to more completely study
the binding of MPS to aquatic sediments, particularly if sorption processes
are to be modeled correctly for exposure concentration evaluation.
It is apparent from our studies that the formation of bound residues (solvent unextractable) is greatly enhanced by biological activity, as exemplified by our
use of sterilized microcosms. Katan et al. (13) and others have described
similar binding phenomena for soils. The extent of this binding, its substrate
specificity, and the environmental factors that control it, should be further
studied. Data from our eco-core experiments (Fig. 5 and 6, Table 1) indicated
that biologically mediated binding increased with continued incubation, i.e.,
loss of MPS from the water column initially was compensated for by the production of degradation products, not by binding to sediments. However, with continued incubation, more of the loss of MPS was accounted for by sediment-bound
residues. Since an apparent acclimation was occurring, threshold concentration
limits could exist in which minimal binding occurs if the MPS concentration in
the sediment is below a certain level.
Katan and Lichtenstein (14) reported that the binding moiety of MPS was
probably the reduced product, AMPS. Approximately half of the radiolabelled
AMPS added to their loam soil became irreversibly bound within 24 h. Our results do not explicitly implicate AMPS as the bound component in aquatic sediments, but they do indicate that if AMPS is bound, it occurs at a much slower
rate bec~use it accumulates in the water phase (Fig. 5, 10). Overall, these
results suggest that soil studies (sorption in particular) cannot be directly
extrapolated to aquatic sediments.
Microcosms can be constructed in basically two ways:
first by removing a
portion of the environment with its complex components and studying them under
controlled laboratory conditions or, second, by amassing together a limited
number of individual organisms in some container in an attempt to model the
complexity of a large ecosystem. We are of the impression that these latter
types of microcosm studies are difficult to interpret, and susceptible to experimental bias (11,17) when applied to fate and transport studies. Microcosms
which start with more complex components such as portions of a natural environment in a laboratory container are ultimately more amenable to studying fate
processes and making predictions. These systems should have more semblance to
real world situations because they potentially contain many of the interactive
processes occurring in microenvironments. However, containerization processes
may greatly affect validity of the data generated from any microcosm, especially when attempting to extract a simplistic answer from a complex system.
Design features of a microcosm will also impact interpretation of the data
generated therein. The size of the microcosm, water to sediment ratio, sediment surface area, sediment mixing, aeration, and nutrient regeneration are
all critical factors which must be addressed before a microcosm can be successfully used and standardized.
Our data support the contention that design features will partly determine the final outcome of a fate study. With the eco-core microcosm, an
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intact sediment/water core had slower overall biological activity but larger
amounts of degradation products than a mixed sediment/water sample. Actual
intact cores probably give a more accurate assessment of the fate of MPS.
These microcosm studies also reveal that degradation processes may be quite
sensitive to perturbations in the sediments, such as natural dispersion and
scouring brought on by different climatic regimes. A reduction of the water
to sediment volume ratio also reduced degradation activity (as measured by co 2
production) (Fig, 7). Aromatic ring cleavage mechanisms of p-nitrophenol, a
precursor to C02 production, are probably restricted to aerobic habitats and
unlikely to proceed in sediments (10) . A reduction in water volume decreases
the oxidizing zone and slows the microbial attack and eventual co 2 release.
Since natural estuarine environments are tidal, fluctuations in water level
are typical, and degradation activities may vary accordingly.
Acclimation is another factor significantly affecting degradation activities. Laboratory acclimation of the eco-core microcosm, a closed system, had
a depressive effect (significant changes in 7 d) on the processes contained
therein. Within a closed system, only a finite concentration of microbial
growth factors are available before regenerative processes supply these factors internally. We believe biodegradation studied during the regenerative
phase (long periods of laboratory acclimation) will reflect potential characteristics of the laboratory system and not of the natural environment. With a
closed system like the eco-core, our work indicates the most informative results are generated with as fresh a system as possible.
The continuous-flow microcosms demonstrated that acclimation to degradation of the pesticide did not increase after an initial incubation period (see
Fig. 11), but in fact decreased if the pesticide was not continuously supplied
at low levels. The results are not mutually exclusive regarding acclimation
in the eco-core, but it is difficult to determine what actually happens in the
natural environment. Since fresh nutrient, bacterial cells, and invertebrate
animals continuously enter the microcosm (inflowing seawater), some unknown
factor(s) is present in the original sediment that is not maintained unless
methyl parathion is continuously supplied. We suspect this is related to a
sediment-binding phenomenon because of the difference in equilibrium kinetics
between an acclimated and unacclimated microcosm (see Fig. 11, radioactivity
in water over sediment).
Additionally, we feel that carbon dioxide production considered alone in
marine microcosms is a poor indicator of the extent of degradation (2% of
total carbon added). These findings contrast sharply with many soil studies
in which C02 may represent much more of the total test carbon added (19). In
our studies with methyl parathion and other pesticides (unpublished), it was
apparent that hydrolysis of the parent compound was far more indicative of the
overall degradation process and that product analysis, other than C02, should
be carried out in conjunction with a microcosm study.
The merits of an eco-core type microcosm relative to a continuous-flow
microcosm are being defined and investigated. We developed a core-type microcosm as an aquatic equivalent to similar core-type microcosms developed for
fate studies in terrestrial environments (7). These microcosms are simple,
inexpensive, relatively rapid, and amenable to standardization for test
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protocols in registration programs. They are basically tier-two testing (tierone being sewage sludge BOD test and/or batch enrichment studies), but they are
limited to assessments of degradation potential only.
Continuous-flow microcosms are significantly more complicated but lend
themselves to assessments of the degradation capacity of aquatic environments,
i.e., the extent a particular aquatic environment will degrade or transform a
pollutant and how fast these processes will occur. The virtue of assuming
some sort of steady-state kinetics coupled with rate processes that are not
limited by depletion of internal factors make continuous-flow microcosms potentially amenable to assessments of degradation potentials that truly reflect
real life situations.
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BIODEGRADATION IN MICROCOSMS:
APPLICATION OF MATHEMATICAL MODELING
Lenore S. Clesceri
Department of Biology
Rensselaer Polytechnic Institute
Troy, NY 12181

ABSTRACT
The use of mathematical modeling as a tool to study
biodegradation in natural environments is discussed.
Both suitability and limitations of the approach are considered in the light of other biological systems. The
usefulness of simulation in hypothesis testing is illustrated by manipulating the microbial component of a lake
ecosystem model. The effects of the removal of microbial
mineral mobilization, phytoplankton productivity and
allochthonous organic loadings on organic matter and
nutrient pools are demonstrated.

Perhaps the nature of ecology is the best argument for the role of systems theory in ecological inquiry. Biology has been defined by Weaver (5) as
"organized complexity" among the natural sciences. This is never seen so
clearly as in ecosystem studies. Some general statements can be made about
ecosystems (and microcosms) that indicate their suitability for the methodology of mathematical modeling: a) they are complex and multivariable;
b) many functional components are imperfectly measured or even unidentified;
and c) multilevel activities are strongly interconnected functioning to maintain a reasonably steady state overall. Thus, these systems have properties
similar to biochemical and physiological systems and as such are amenable to
application of organized analytical and modeling techniques.
An example of the modeling of a biochemical system is Hess' model (4) of
glycolysis. More than 89 reactions among 65 chemicals are described in this
model, and good agreement with experimental data, i.e., flux, concentration of
intermediates, etc., is observed; however, it took half a century of biochemical investigation to gather the data for this feat.
In ecosystem studies, there is an additional constraint to applying mathematical models and in particular computer program models. This is the innate
uncertainty that the data are reproducible, and that what has been measured is
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representative of the system.

Yet ecosystems are not the only systems that
suffer from variability. Toxicity studies are done with hundreds of mice for
statistical evaluation of the data, since great differences in susceptibility
are seen in laboratory mice.
In our example of glycolysis, we assume that the homeostatic apparatus of
the organism will maintain the temperature, the hydrogen ion concentration,
ion balance, glucose pool, etc., such that the cellular environment is reasonably constant. Within reason, the processes of natural selection and adaptation produce the same kind of stability in the environmental system. However,
this means that our environmental system is changing, perhaps not as much in
function as in structure. In the first instance, the environment is kept
"constant" by the activities of cells and in the second, the environment forces
adaptation or selection to the system.
This, of course, is the basis for concern, since much of the experimental
data used in model construction have been gathered in laboratory investigations of environmental samples. One can assume that community structure of
water or sediment is determined by certain major environmental variables, and
that given those variables, a certain community structure will result (subject
to change by the laboratory environment). This laboratory effect is probably
no worse than comparing mice to men in toxicity studies. Laboratory data,
however, are influenced by seasonality of the sample and population shifts
from changing growth conditions upon bringing the sample into the laboratory.
While laboratory data are valuable, it may be different from that obtained in
the field. This is no doubt similar to differences in biochemical activities
of intact and excised tissue, yet most biochemical studies are done with excised tissue.
Testing certain hypotheses derived from
certain experiments in ecosystem studies may
cannot sacrifice an ecosystem very readily.
scale experimentation (e.g., Hubbard Brook),
are not available. This use, simulation, is
programmed models.

the laboratory, or performing
be virtually impossible. One
There are examples of such largebut for most needs these systems
a unique application of computer

We have simulated several conditions that could not be experimentally
tested to probe the sensitivity of a general lake ecosystem model to various
perturbations (1). The microbiological detail of the lake ecosystem model
CLEANER, illustrated in Figure 1, shows the various compartments of the microbial growth and decomposition components of CLEANER. Figure 2 shows the relationship of the microbial component to the rest of the compartments in the
lake ecosystem model.
Using a computer programmed mathematical model developed for Lake George
in upstate New York as part of the International Biological Program, we determined the differential rates of uptake by the microflora during the course of
a year as modified by environmental variations. As shown in Figure 3, the
model predicts dynamic changes in uptake rates as a result of inputs from
spring runoff and spring primary productivity. The evidence that spring runoff is an important input to the lake is given in Figure 4. One of the major
tributaries to Lake George, Northwest Bay Brook, drains a large percentage of
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AND BOTTOM SEDIMENT.
LOSSES TO ATMOSPHERE AND BOTTOM SEDIMENT

Figure 1.

Compartmental diagram of microbial growth and decomposition model.
WRDOM, Refractory dissolved organic matter in water
WLDOM, Labile dissolved organic matter in water
WDEC, Decomposing microorganisms freely suspended in water
DDEC, Decomposing microorganisms attached to particulate organic
matter
DDOM, Dissolved organic matter sorbed to particulate organic
matter
POM, Particular organic matter
DIM, Dissolved inorganic matter
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Figure 2. Compartmental diagram of lake
MAC 1,2,3, Three macrophytes of differing growth habits
NAN, Nannophytoplankton
NET, Net phytoplankton
BLGR, Non-N2 fixing blue-green algae
N-FIXBG, Nz-fixing blue-green algae
COPE, Copepods
CLAD, Cladocerans
JUVOMN, Juvenile omnivorous
zooplankton
ROT, Rotifers
ADULTOMN, Adult omnivorous
zooplankton
PISC, Piscivorous fish
N-PISC, Non-piscivorous fish
DEMFISH, Demersal fish
LDOM, Labile dissolved organic matter
RDOM, Refractory dissolved organic
matter
WDEC, Decomposing microorganisms
freely suspended in water
DDEC, Decomposing microorganisms
attached to particulate organic
matter
LDDOM, Labile dissolved organic
matter sorbed to particulate
organic matter
LPOM, Labile particulate organic
matter
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ecosystem model (3).
RPOM, Refractory particulate organic
matter
RDDOM, Refractory dissolved organic
matter sorbed to particulate
organic matter
IRDOM, Interstitial water refractory
dissolved organic matter
CHIR, Chironimids
SLDOM, Sediment labile dissolved
organic matter
SRDOM, Sediment refractory dissolved
organic matter
SLPOM, Sediment labile particulate
organic matter
SRPOM, Sediment refractory particulate organic matter
SEDDEC, Sediment decomposing microorganisms
DO, Dissolved oxygen
C02, Carbon dioxide
N, Nitrogen compounds in water
P, Phosphorus compounds in water
S, Sulphur compounds in water
SEDDO, Sediment dissolved oxygen
SEDN, Sediment nitrogen
SEDC02, Sediment carbon dioxide
SEDP, Sediment phosphorus
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Decomposer uptake of dissolved organic matter.
DDOM, Dissolved organic matter sorbed to particulate organic
matter
WRDOM, Refractory dissolved organic matter in water
WLDOM, Labile dissolved organic matter in water
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the basin, and as such is an important source of allochthonous material to the
lake. We have been able to validate these uptake rates for DOM using growth
rate data from continuous culture and isotope uptake experiments (2).
The sensitivity of the model to changes to conditions that could not be
studied experimentally are illustrated in Figures 5 and 6. Figure 5 shows the
response of the decomposer and organic matter compartments to normal and perturbed conditions in Lake George, New York, over a period of 827 d. In the
normal simulation (Fig. 5A), the annual cycles are evident, and the model is
seen to be stable with a large, but realistic, fluctuation in the freely suspended decomposers.
When the decomposers are removed from the system, the response is significantly different (Fig. 5B). Labile DOM increases rapidly, while refractory DOM increases more slowly. POM exhibits a stable seasonal fluctuation
but, as will be shown later, does not reach the peak concentrations that are
attained with normal seasonal contributions from algal production. In the absence of heterotrophic uptake, sorbed DOM exhibits slight annual peaks that do
not occur under normal conditions.
A simulation without influence of phytoplankton is shown in Figure 5C.
In this detritus-based system, the decomposer and organic matter compartments
maintain stable, annual patterns of oscillations. However, the patterns reflect the seasonal loadings of organic matter. Without autotrophic production
in the late spring and summer, the freely suspended decomposers, and to a
lesser extent the POM and attached decomposers, exhibit pronounced troughs.
The abnormally low microbial activity, in turn, results in a slight seasonal
rise in refractory DOM that is not seen in a normal simulation.
The complete absence of allochthonous organic loadings (Fig. 5D) leads to
an entirely different series of patterns of declining concentration. This
suggests that with the present calibration the decomposition submodel is overly
sensitive to external loadings. This sensitivity probably reflects our inadequate linkage between littoral and pelagic zones. Interestingly, the DOM compartments show little change; they are receiving some input from autochthonous
sources but are not subject to the solubilization and sedimentation that affect the POM pool.
Figure 6 demonstrates the control that remineralization and autotrophic
uptake exercise over the nutrient pools. In Lake George the dissolved oxygen
and co 2 levels are rather uninteresting. However, in a normal simulation
(Fig. 6A), phosphate exhibits the effects of remineralization followed by severe depletion as a result of phytoplankton growth. Nitrogen has a less
marked seasonal fluctuation.
Figure 6B indicates that there
phosphate disappears as soon as the
nitrogen is remineralized by higher
precipitation and runoff so that it

is no remineralization by decomposers, and
growing season begins. Soluble inorganic
organisms and also is brought in through
gradually increases in concentration.

In the absence of uptake by phytoplankton (Fig. 6C), nitrogen, phosphorus,
and carbon increase in concentration. Without organic loadings (Fig. 6D),
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phytoplankton, (D) in the absence of allochthonous organic loading. Symbols: A, WLOOM;
B, WDEC; E, WRDOM; F, DDOM; G, DDEC; 9, POM.

2
G/M /DAY

1.00-02
, .00-03

1. 00+00

1 .00+02

1.00-01

1.00+03

1.00

C+C

DD
't-t

''

c
CCI

••
••

~

~
t

i

t

+ D

,------ ,:::-,

l~t
•

u.

•,

31! .69

'"
LLM
~ ~

~.

l(~"
~

"

\'.

~

~

t

•

•

827

1.00-02

, .oo

, .oo+oz

1.00+00

, .00-01

1.00+01

1.00+03

.,..

'cc

: tC--<_-c-c

-.. cc

:c

"

"" ~Ir

b~

.,..•

!

---C-C

,..cc

.

+

6

;

'

t

~

",

·~" L~
"

0

L

"~ i~

io

'~

c

L

' ~t

O

~

o•

• t.'.

1. 00•00
, .. 00+01

+

1 .00•02
1.00•03

~
""
~

D

'o

~

~

•
~-~

I'll

..
D

~
~

~

636 .38

'*

~

.

'~

827 .oo ••

0

+

+

L

;L

:.'

~·
L.•~

~

""ii

D,

~

"

1111

~
6o
~

x

+
o+-- ----- ... -+ -- ...... -----•- --- --- -- + ---- - - ---•--- -- ----• - ............... - -- • o

"1i1:-i.

Jltll! LL

•;

~

01

'c~

L

:~

;.,_

DD-ll

Do~

~-~

t~
LM

~

"" LL

D

h

••o,

16.

~+
cc

'11lt

•;

Figure

, .00-01

~~

;

827 .oo

1 .oo

1. 00-02

.

;,

.. ,,

O• -- -------• ---------• ------- -- •---- -----•---------• ---------+0

ML

.,•

636 .38

, .00-03

'~

;

C-C

•

"';~l~

't

318 .6.

c..._

:

•;

,.•..
'

L

"
l
' L~l
M
~ ~

0. -- -------· ---------· ---------·---------· ---------· ---------· 0

,:, L

n:D

~

DO,

.oo ••

0 +-- --- -- - - + ---- -- ...... - + - ----- - -- ·-- -- ......... --+ - -- -- - -- - + -- - --- - -- + 0

0 + -- ----- --+ -- -- ----- + -- ...................... ---- -- --- + ------ ---· -- - ------· 0
t+C

".. ~

••

°'••'
'•,••,

b,

:'c- C - - c~c-

i

~/-

'it

•

636 .38

fl!

'i

c - c,

L

"" L

/

c-c
-A---c'

~

L

..•• "..°'

'c
1---<--(

~l ~
L

¢
C
t

~.... , ............... c -

M

b

c- ( . . . . cc

q
•,,
~

c-c

'cf

~~
(;.

--+---------+----- - ---+ . . . . . ------• 0
OQ_

c---c---cc

C

1.00-03

C•c,

1.00•03

1.00•01

~~

\;

~t

627 .co

1 .oo

1.00-01

O+ ..................... --+ .......................... + -- ...............

ML

tc
"c

636.]e

1.00-03

ML

i

C

>

ii,i.._L

i

C,

319.69

~

M~ ~

'..

'cc,

. -- - + - -- ---- --+ o

1 .oo+oz

1.00+00

1.00-02

1.00+01

a+--- -- -- --+ - - ------- + --- --- - --+ ---· --- -- + - -- --

D

"'l~
i

XM
~~

~~

tlt

\'
~~

UI

L;i

+

O+ ............. -- --+ ..... -- -- - --+ ..... - ............ -- +- --- --- - - +--- - - --- - + --- - - - - - ... + O

Example of a simulation. The response of nutrient pools are shown under (A) control conditions, (B) in the absence of decomposers, (C) in the absence of phytoplankton, (D) in the absence of allochthonous organic loading. Symbols: c, soluble reactive phosphate; D, soluble
inorganic nitrogen; L, dissolved oxygen; M, carbon dioxide.

there is an initial mobilization of phosphate by decomposers; otherwise, the
effects of decomposition are limited, and the result is similar to that of no
decomposers (Fig. 6B).
How does this exercise help us understand actual situations in aquatic
ecosystems? It should be possible to classify aquatic systems according to a
group of key functional variables, and within a class certain types of responses should be expected, such that responses determined in one system should be
applicable to others in the class. The problem, of course, is that we don't
know enough about how aquatic ecosystems are regulated to have this confidence.
But the problem of environmental degradation is prevalent and the means for
treating it are limited. Therefore we have to implement our available tools
with the recognition of their shortcomings. Mathematical modeling is one of
those tools. Careful development, constant testing, continual refining, and
cautious use of computer program models can lead to information on biodegradation in aquatic environments. However, the information cannot be more than
hypothetical in perturbation studies and predictions. Nevertheless, a good
hypothesis is a valuable step in scientific investigation and the basis for
many a decision.
The tight coupling of mathematical models with laboratory and field investigations is the best approach when applying models for the purpose of deriving information related to biodegradation in the environment. The enormous
complexity of the system suggests the use of a systematic methodology. However, modeling should not be considered a substitute for field and laboratory
investigation. Rather, models are used most beneficially in facilitating the
organization of diverse data, the detection of conceptual weaknesses, and the
testing of hypotheses that may be virtually impossible to test in other ways.
With the same kind of reservation used in applying cellular studies to a whole
organism, models can be used to predict system responses.
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MICROBIAL COMMUNITY STRUCTURE
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ABSTRACT
It is generally recognized that most natural environments contain a heterogeneous assemblage of microbes.
In
some instances this has resulted in evolution of mutually
beneficial associations of different microorganisms, although the extent of their occurrence, distribution and
general significance remains to be fully assessed. Microbial communities show varying levels of structural complexity and degrees of interdependence between the component populations. They may be based on non-specific
interactions which result in loosely structured communities with variable component populations.
In contrast,
microbial communities can be tight associations based
upon a specific, perhaps obligatory, interaction.
Mixed cultures may have a crucial role in biodegradation of complex natural products or xenobiotics.
In some
instances it is difficult to isolate a single species with
the complete capability to metabolize a given complex substrate. Nevertheless, such degradation does occur in
nature at a reasonable rate and this may be the result of
the combined activities of several organisms with separate,
but complementary, degradative capabilities. Similarly,
the breakdown of a xenobiotic could involve several steps
catalyzed by enzymes produced by different microbes or the
evolution of novel or improved catalytic activites in an
existing enzyme system.
In either situation, multispecies
communities provide a stable, "permissive" environment for
development of the requisite capability. One important
aspect may be cometabolism where products which cannot be
further metabolized in a pure culture can be used by other
organisms in a mixed culture. Furthermore, the significance of the role of degradative plasmids may be enhanced
within a microbial community since there is a greater
genetic potential.
Traditional enrichment and isolation techniques favor
pure cultures, whereas continuous-flow culture techniques
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can be used to isolate interacting associations of microorganisms. The advantages and disadvantages of this technique in examining adaptive processes in mixed cultures is
discussed.

INTRODUCTION
Although it is generally accepted that most natural environments contain
heterogeneous assemblages of microorganisms (4), little is known about the
consequences of growth and coexistence of different microbial populations in
the same niche. It may be that much of the activity of different populations
is comparatively independent, in which instance the traditional methods of
isolating and examining pure cultures should provide the necessary information
on the role of that population in nature. However, it seems improbable that,
during the course of evolution, interactions and relationships between different populations have not developed. Indeed, it is now becoming clear that microbial conununities, i.e., mutually beneficial units composed of different
species of microorganism, do occur in nature; these may be isolated if appropriate enrichment and selection techniques are employed. Perhaps because of
the emphasis upon the isolation of single species of microbe, relatively few
examples of structured microbial communities have been described. Certainly,
the extent of their occurrence, distribution and overall significance in natural habitats remains to be fully assessed. Thus, scant attention has been
paid to the physiological, biochemical and genetic consequences of interactions between different populations.
This conununication describes some of the types of microbial communities
that have been isolated and characterized and discusses the use of continuousflow culture techniques in isolation of stable mixed cultures. In addition,
the relevance of the growth of mixed cultures with respect to biodegradation
of environmentally undesirable compounds and the evolutionary potential of microorganisms within a community structure are discussed.

THE STRUCTURE OF MICROBIAL COMMUNITIES
Although a number of basic types of interaction between different microbial populations have been recognized (28, 35, 36), it is at present difficult
to assert that all the potential categories of microbial community have been
observed. A basic feature, however, of microbial communities is that they
constitute a group of microorganisms which grow together in the same environment. In many instances, it is also possible to recognize a mutual benefit
between the component populations. Thus, microbial communities show a wide
range of structural complexity and degrees of interdependence between the component populations. On the one hand they may be based on non-specific interactions which result in formation of loosely structured conununiities. Indeed,
it may be argued that some of these loose associations ought not to be considered as authentic conununities. For example, there is clearly some interaction
between the various populations involved in successions or particular sequences in biogeochemical cycles (i.e., nitrification) where the growth of one
population sufficiently alters the environmental conditions permitting the
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growth of a second, succeeding population. In most situations, there is a
characteristic sequence of population changes, temporally separated, but obviously comprising an interacting group of organisms. Furthermore, under appropriate culture conditions it is possible to maintain a stable mixed culture
of part or the whole of the succession or cycle. It can be argued that from
such a loose association of different populations potentially important specific communities may be evolved under the appropriate environmental conditions.
Alternatively, microbial communities can exist that are based on specific, obligatory interactions such that none of the component populations are
able to grow alone. It is these categories of microbial communities which are
likely to be overlooked since conventional enrichment and selection procedures
favor the isolation of single species able to grow in a particular environment. A number of different categories of tight microbial communities have
been recognized, at least for the simpler, smaller communities (35).
Microbial communities may be based on reciprocal, specific nutritional
interactions between the component populations. In the simplest example,
namely a two-membered community, two auxotrophic populations can have their
requirements met in part by the other population. For example, Nurmikko (31)
isolated a community composed of a phenylalanine-requiring strain of Lactobacillus plantarum and a folic acid-requiring strain of Streptococcus faecalis.
The two populations could be grown together, but not separately, in a medium
lacking both growth requirements since the Lactobacillus excreted folic acid
and the Streptococcus provided phenylalanine. Among a number of similar communities (3, 10, 23, 26, 39, 42), one of the more recent has been the characterization of a simple two-membered community capable of utilizing cyclohexane as
the sole carbon and energy source (37). Considerable difficulties have been
experience in the past in attempting to isolate a pure culture able to use
cyclohexane, although the compound has been known to be readily degraded in
the natural environment. This particular community was isolated from an estuarine mudflat and the primary organism capable of metabolizing cyclohexane
was identified as a species of Nocardia. However, the primary organism grew
only in the presence of a pseudomonad which was subsequently shown to be supplying the actinomycete with biotin. In turn, the pseudomonad was supplied
with metabolizable carbon and energy sources derived from either the immediate degradation of cyclohexane or cell lysis products.
More complex interactions may occur leading to the formation of closely
coupled communities. In 1943, Schopfer (33) described an association of a
species of Mucor and Rhodotorula. Both organisms required the vitamin thiamine but separately each organisms was unable to synthesize the compound.
Thiamine has two major precursors, namely pyrimidine and thiazole, and it was
shown that the Mucor species could only synthesize the former component while
the Rhodotorula species produced the latter. Thus, as a community these two
organisms were able to complete the synthesis of the common requirement for
growth. More recently, Bates and Liu (2) found that a mixed culture of two
pseudomonads resulted in production of lecithinase, whereas separately neither
culture contained this activity. The implication is that the two strains produced different enzyme subunits which together resulted in the formation of a
fully functional enzyme.
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The ubiquity or otherwise of these specific kinds or association in natural habitats has not been examined in any detail, although it is our view that
they are likely to be much more common than has so far been appreciated.
First, there is considerable circumstantial evidence that specific nutritionally based associations do occur. For example, many marine bacteria have been
observed to grow in close proximity to algae and the heterotrophs are known to
excrete vitamin B12 which may enhance the growth of the algae (4). Moreover,
it is probable that the bacterial populations derive some benefit from the association through the excreted reduced carbon compounds and oxygen produced as
a result of algal photosynthesis. It would be extremely interesting to know
how significant these relationships are in promoting the growth of the mixed
cultures compared with growth as individual populations.
Second, specific associations are likely to be overlooked because of the
selection and isolation procedures used to examine the microbial flora of a
particular habitat. Conventional techniques result in the disruption of population interactions leading to lack of growth of the component populations
during the selection procedures.
Stable associations can be based upon the removal of a growth inhibitory
compound which is either produced by one of the members of the community or
may be present in the growth environment initially. For example, an organism
originally known as Chloropseudomonas ethylica, a photosynthetic bacterium
with the unusual capacity to utilize ethanol as a photosynthetic electron
donor, has now been shown to be a tightly coupled microbial community composed
of a photosynthetic green sulphur bacterium and a sulphate-reducing bacterium
(13). The most important interaction, although there may be others concerned
with the carbon nutrition of the two organisms, regarding the utilization of
oxidized and reduced sulphur compounds. The photosynthetic organism required
hydrogen sulphide as an electron donor, resulting in its oxidation to sulphate,
while the sulphate-reducing bacterium required sulphate as a terminal electron
acceptor, regenerating hydrogen sulphide. Thus, by growing as a community the
two organisms were able to recycle limited quantities of sulphur, thereby sustaining growth of both populations. The importance of this relationship to
both organisms is that neither has to grow in a high sulphide-containing environment which is toxic to both populations. A number of other less obligatory relationships fulfilling the same metabolic function have been identified (40) .
Wilkinson et al. (38) have described another microbial community containing at least four different species and capable of growing on methane as the
sole carbon and energy source. Only one member of the community, an unidentified pseudomonad, was able to oxidize methane which resulted in some excretion
of methanol when the organism was grown in pure culture. Methanol accumulation resulted in inhibition of the pseudomonad. However, within the community,
a species of Hyphomicrobium oxidized the available methanol as its primary
carbon and energy source, thereby preventing the accumulation of methanol to
toxic levels and so maintaining the growth of the methane-oxidizing pseudomonad. Together these two populations comprised greater than 95% of the total
community under all the growth conditions examined. However, it is uncertain
what function the two minor populations, a Flavobacterium sp. and an Acinetobacter sp., had in the structure of the community. It was postuiated that
these species grew on cell lysis products and their presence ensured the
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maximum utilization of all the available carbon and energy sources. If this
is true, then the presence of these two populations may confer little direct
advantage to the major groups and simply be retained within the growth environment because they occupy an available growth niche (16).
A number of different mixed cultures have been described, particularly
for rumen microorganisms, which depend on the transfer of hydrogen ions (or
electrons) between the component populations. For example, the organism known
as Methanobacillus omelianskii was found to be a tight association of two bacteria with the overall capability of utilizing ethanol as a carbon and energy
source, resulting in the production of methane (6). One component of the community was termed the S organism and oxidized ethanol to acetate with the concomitant production of hydrogen. In pure culture the presence of hydrogen
caused the cessation of S organism growth, whereas in the mixed culture, growth
continued because the hydrogen ions were used as an energy source by the second component, namely Methanobacterium strain MOH. The methanogenic bacterium
used carbon dioxide as an electron acceptor producing methane as a final product. The specific association of these two organisms maximized the amount of
new biomass produced from the oxidation of unit amount of ethanol and, as with
"Chloropseudomonas ethylica," ensured the immediate removal of an inhibitory
waste product in order to sustain growth of the hydrogen-producing organism.
The association of organisms in Methanobacillus omelianskii was not obligatory
since other methanogenic bacteria, for example Methanobacterium ruminantium,
could grow in association with the S organism. Subsequently, a number of
other communities,in which excess reducing power produced by one population is
immediately used by a second, have been isolated (5, 9, 20).
Insufficient attention has been given to the possibility that associations, particularly those based on loosely grouped organisms, may occur on the
basis of overall basic growth characteristics determined by the two fundamental growth parameters, namely maximum specific growth rate and the growthlimiting substrate saturation constant. The maximum specific growth rate of a
group of organisms may be greater than the individual growth rates of the separate populations grown under the same conditions. Osman et al. (32) isolated
a stable, three-membered mixed culture using a chemostat continuous-flow culture system with orcinol as the sole carbon source. A single primary population, Pseudomonas stutzeri, metabolized orcinol and grew in pure culture on
this substrate and in the mixed culture was the dominant population. The two
secondary populations, unable to grow on orcinol, comprised up to 20'% of the
total biota depending on the growth conditions. Acetate was identified as a
major metabolite excreted by the primary population which, together with cell
lysis products, supported the growth of the secondary populations. A significant point was that P. stutzeri was capable of good growth on orcinol in pure
culture indicating that there was little direct or obligatory interaction with
the two secondary populations. Two possible reasons may explain the continuing presence of the secondary populations and the extreme stability of the
three-membered mixed culture which was continuously cultured for several thousand hours during which period it was subjected to a number of environmental
stresses, including temperature changes and alterations in the concentration
of the growth-limiting substrate. First, the association could have been the
result of a fortuitous presence of the secondary populations. If the concentrations of growth substrates required to support the growth of the secondary
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populations were high enough to sustain growth rates which were greater than
the specific growth rate of the primary population, then the secondary populations could be retained without any need for a direct, mutually beneficial
interaction with the primary population. Second, it was possible that the
community as a whole had the most competitive growth kinetic constants. In
continuous-flow culture systems, the most important parameter is the saturation constant which measures the organisms' or the community's affinity for
the limiting substrate (35). In monoculture the primary population had a
saturation constant, Ks, of 100 mg orcinol liter- 1 , whereas the complete mixed
culture had a Ks of 71 mg orcinol liter- 1 , indicating a significantly greater
affinity for orcinol by the mixed culture than the primary population alone.
This appeared to explain the selection of the mixed culture as compared with a
pure culture of P. stutzeri. However, further experiments showed that a twomembered community of P. stutzeri and Brevibacterium linens exhibited an even
greater orcinol affinity with a Ks of 56 mg orcinol liter- 1 • This simpler
community was not selected possibly because no growth conditions could be established leading to the competitive exclusion of the second secondary population, a species of Curtobacterium. The mechanism of interaction between the
pseudomonad and the B. linens population, which seemed to be the significant
relationship resulting in the increase or orcinol affinity, has not been elucidated.
THE VALUE AND POTENTIAL OF MIXED MICROBIAL
POPULATION GROWTH
The examples cited previously have illustrated the value of ~pecific interactiona between different populations which have led to the formation of
stable microbial communities. There are, however, considerable potential advantages to be gained from the growth of mixed populations in the same habitat, particularly when organisms have to respond to unusual or novel environmental conditions.
MIXED CULTURES WITH COMBINED METABOLIC
OR COMETABOLIC CAPABILITIES
Mixed cultures may have a crucial role to fulfill in the degradation of
complex natural products or xenobiotics. For example, several different microorganisms between them may have the complete capability to degrade a particular compound although none of the individual species have the full genetic information for the synthesis of all the necessary enzymes. Thus, under
appropriate growth conditions a microbial community would be formed. One particular variation which may be important in nature, particularly for the degradation of unusual compounds, occurs if one member of the community is able
to cometabolize a particular compound producing a metabolite which is then
further metabolized by a second population.
Johanides and Hrsak (24) have isolated a bacterial community growing on a
mixture of at least twenty isomers and homologues of linear alkylbenzensulphonates which together comprised the growth-limiting substrate in a continuous
enrichment. The resulting mixed culture predominantly contained Pseudomonas
and Alcaligenes species in porportions which varied depending on the precise
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growth conditions. None of the isolated organisms were capable of growth on
the mixed substrates in monoculture. It was suggested that the degradation of
the surfactant depended on a combined metabolic attack by several organisms.
It cannot, however, be eliminated at this stage that possibly some of the community interactions did not involve cometabolism of part of or the whole of
the molecule (19) but specific nutritional interactions between the component
populations.
Some years ago, Gunner and Zuckerman (14) described a synergistic relationship between a species of Arthrobacter and a Streptomyces species to account for the degradation of the insecticide Diazinon (0,0-diethyl 0-2isopropyl-4-methyl-6-pyrimidyl thiophosphate) which strongly indicated that
some form of combined metabolic attack was involved. Treatment of soil with
the insecticide enriched these two organisms although individually, neither
organism was able to utilize the compound as the sole carbon and energy source.
The Arthrobacter species alone was able to metabolize the ethyl ester moiety
but 14 C-labelled studies revealed that neither organism alone was able to metabolize the pyrimidine ring. As a community, however, rapid degradation occurred producing two unidentified metabolites which were not further degraded
by these two organisms. Neither the mechanism of ring cleavage nor the precise enzymatic relationship between the two organisms was elucidated but these
results have indicated the potential importance of such interactions in the
degradation of complex compounds.
Another example of possible cooperative metabolism by two microorganisms
comes from the leaching of iron and copper from sulphur-containing ores such
as pyrite and chalcopyrite (1, 27).
It has been shown that Leptospirillum
ferrooxidans can generate energy from oxidation of ferrous iron but not from
reduced sulphur compounds. Conversely, Thiobacillus organoparus cannot utilize ferrous iron but can obtain energy from the oxidation of reduced sulphur
compounds. As pure cultures neither organism utilized pyrite or chalcopyrite
while a mixed culture was able to rapidly oxidize the appropriate components
of the ores. The nature of the interaction has not been explained.
Cometabolism occurs widely (18) and some recent evidence suggests that
interactions based on cometabolism may be important in natural populations.
Munneke et al. (29, 30) have adapted mixed populations to grow on the toxic
insecticide parathion (0,0-diethyl 0-p-nitrophenyl phosphorothioate) using
chemostat systems and isolated apparently stable multispecies communities.
Most recently, Daughton and Hsieh (12) have characterized the metabolic core
of one such community which had been selected after two years continuous
growth on parathion. An initial examination suggested that the community apparently contained three organisms, none of which could hydrolyze parathion.
A more reigorous examination of some of the slow-growing isolates revealed the
presence of a fourth organism, Pseudomonas stutzeri, which had an extremely
active parathion-hydrolyzing capacity. It was, however, unable to grow on
either of the two hydrolysis products, namely diethyl thiophosphate and pnitrophenol. One of the original isolates, P. aeruginosa, could grow on pnitrophenol. Thus in the complete community, P. aeruginosa depended on the
hydrolytic activity of the primary P. stutzeri which in turn depended on the
provision of utilizable metabolites from the P. aeruginosa population. No
role was ascribed to the two other non-parathion utilizing populations, a
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coryneform and an unidentified pseudomonad. None of the organisms were able
to make use of the second breakdown product, diethyl thiophosphate.
Recently, using continuous-flow culture systems, we have isolated an unidentified mixed culture growing on a mixture of glycerol and dichloroacetic
acid (DCA) as the combined growth-limiting substrates (Lovatt and Slater, unpublished data). At a growth rate of O.l h- 1 , approximately 80% of the DCA
was dechlorinated but DCA alone could not support the growth of the mixed culture in the chemostat and none of the organisms was able to grow individually
on DCA. It seems probable that DCA was cometabolized although we have not
completely excluded the possibility that the growth of a DCA utilizer depended
on a nutritional interaction with another population in the mixed culture.
ADAPTATION TO GROWTH ON NOVEL CARBON
SOURCES AND THE EVOLUTION OF DEGRADATIVE
CAPABILITIES IN MIXED CULTURES
An interesting problem at the present time concerns the capacity of microorganisms to adapt to utilize novel carbon source for growth. For naturally occurring materials, microorganisms have had several billion years to
evolve the necessary catabolic pathways. However, in the contemporary environment, microbial populations have been exposed to an increasing diverse
range of unusual or environmentally foreign compounds over an exceedingly
short per~od of time on an evolutionary scale. This situation raises the intriguing questions of how rapidly and by what mechanisms do microorganisms
evolve the necessary, new catabolic potentials and whether or not there are
any limitations to microbial degradative capabilities.
There are basically two classes of adaptation phenomena which have to be
considered. First, the comparatively simple adaptations through mutation and
appropriate selection, of existing catabolic mechanisms. Second, the more
complex problems involved in the evolution of complete pathways for the metabolism of a new growth substrate. The former may involve changes in enzyme
specificities, control and regulation mechanisms or transport systems for the
assimilation of the new substrate (11). Pure culture studies with the aliphatic amidases of Pseudomonas aeruginosa (11) and the pentitol dehydrogenases
of Klebsiella aerogenes (17, 41), have illustrated the importance of alterations at these levels in the acquisition of a new catabolic capacity. However,
little is known in detail about the frequency and nature of adaptations at the
molecular level in naturally occurring populations.
Senior et al. (34) isolated a multispecies community growing on the herbicide Dalapon, 2,2'-dichloropropionic acid (22DCPA). Although the original
community contained three organisms growing on 22DCPA, it was observed that
after a period of time one of the original secondary organisms, Pseudomonas
putida S3, unable to grow on 22DCPA, acquired the potential to grow on the
compound. Growth on chlorinated aliphatic acids required the presence of the
enzyme dehalogenase and the new 22DCPA-utilizing strain, P. putida P3, was
shown to contain 22DCPA specific dehalogenase activity with a maximum activity
of 7.8 µmol 22DCPA converted/mg protein- 1 /h- 1 • Subsequently it was found that
the parent strain could grow slowly on 2-monochloropropionic acid and under
certain conditions very low levels of 22DCPA specific dehalogenase activity,
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approximately 0.5 µmol 22DCPA converted/mg protein- 1 /h- 1 • This adaptation involved either a change in the regulatory mechanisms or perhaps in the transport of 22DCPA. The important point is that the complete community provided
a suitable environment, a "permissive" environment, for the retention of the
parent organism in a situation where alone it would have been unable to grow
and evolve.
More recently, we have examined the degradation of the herbicide lontrel,
3,6-dichloropicolinic acid (36DCPA) (Lovatt, Gilchrist and Slater, unpublished
observations). It proved impossible to isolate organisms from soil, using
either continuous-flow culture techniques or conventional dilution plates,
able to grow on 36DCPA. We have, therefore, attempted to adapt a microbial
community growing on picolinic acid to utilize 36DCPA. The original picolinic acid community was composed of three primary utilizers, Pseudomonas
aeruginosa, Alcaligenes faecalis and a second Alcaligenes species, and three
secondary organisms, namely Bacillus licheniformis, a species of Rhodococcus,
and a Corynebacterium aquaticum-like organism. The community could not be
grown on 36DCPA as the only carbon source and the initial attempts to adapt
the culture to a mixture of picolinic acid and 36DCPA (in the ratio 5:1) also
resulted in culture washout. However, after several cycles of growth on picolinic acid alone followed by a period of growth on the mixed substrates, the
community adapted to grow in the presence of 36DCPA. From this culture, none
of the organisms was able to grow on 36DCPA in pure culture although it was
found that 36DCPA stimulated oxygen uptake in the mixed culture. There was no
increase in the culture biomass suggesting that none of the 36DCPA carbon was
utilized for biomass production. The composition of the 36DCPA-tolerant community, in terms of the primary organisms, was markedly different from that of
the original community. Initially, at a growth rate of 0.05 h- 1 , the community was dominated by A. faecalis at about 90% of the community, with P. aeruginosa the next most abundant primary picolinic acid-utilizer. In the adapted
community considerable fluctuations in the primary populations were observed
together with the second Alcaligenes species achieving an equivalent abundance
with A. faecalis. We are examining the precise nature of this adaptation with
one possibility being the selection of an organism with the potential to cometabolize 36DCPA.
THE APPLICATION OF CONTINUOUS-FLOW CULTURE
TECHNIQUES TO THE STUDY OF MIXED CULTURES
Continuous-flow culture techniques provide the most suitable experimental
systems for isolation and analysis of interacting mixed cultures. An important feature of continuous cultures is that the method ensures that interacting associations are selected provided that as a group the association was
more competitive than individual organisms growing under the same conditions.
Furthermore, one of the properties of open growth systems is that other organisms not involved in the required mixed culture are competitively selected
against and rapidly eliminated from the growth vessel (34, 36).
In addition,
continuous-flow culture enrichments have an important advantage in great
flexibility of the selection conditions which can be chosen. For example, by
controlling the flow rate of fresh medium into the growth vessel, different
growth rates may be predetermined. It is now well established from pure culture studies that this parameter is particularly significant in determining
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the outcome of continuous enrichments (15, 21, 22, 25).
It is also feasible to
alter other environmental conditions such as the nature of the growth-limiting
substrate and its concentration and physical parameters, although so far there
have not been any systematic studies on the influence of these factors on the
types of mixed culture selected for.
Finally, open growth systems can be
carefully controlled with the possibility that stable, steady-state conditions
may be established (7).
The possibility of applying continuous-flow culture systems to problems
in microbial ecology have been recognized for some time (e.g. 15, 21) and the
development of these techniques should provide valuable tools in attempting to
understand the growth and behavior of microorganisms in nature.
It can be
argued that these culture systems can closely reflect the conditions occurring
in nature and future developments, for example, developing systems able to
contain particulate materials (8), should increase their relevance to such
studies.
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PREDICTING THE FATE OF ORGANICS: CONCEPTUAL MODEL
AND EXPERIMENTAL APPROACHES
P. W. Rodgers and J. V. DePinto
Department of Civil and Environmental Engineering
Clarkson College of Technology
Potsdam, NY 13676

ABSTRACT
A procedure for systematically developing a predictive model for synthetic organics is demonstrated and
discussed. Specifically a conceptual model illustrating
the pathways of an organic in an aquatic ecosystem is
presented. This conceptual model is further translated
into a time-varying mathematical framework.
This potential predictive model requires extensive field and laboratory experimentation. Two experimental approaches, a
Dual Culture Diffusion Apparatus and a Two-Stage Continuous Flow System, are suggested for providing certain
descriptive and kinetic data necessary to the predictive
model.

INTRODUCTION
There exists a massive number of industrially generated synthetic organics, possessing widely different chemical natures, which are released into
our ecosystem. Eight hundred million pounds of pesticides are applied annually in the United States and their use has risen rapidly throughout the
world. Presently, the external costs of using these pesticides may be estimated as high as two to three billion dollars annually and identifiable human
pesticide poisonings are nearly 60,000 per year (18). Over 700 synthetic organics have so far been identified in drinking waters and many of these chemicals have been found to be carcinogenic in animals or to exhibit toxic properties (1). Many of these organics (PCBs and DDT, for example) have been detected in many remote areas of the world (8, 16, 17, 22, 24), indicating that
these organics may have universally contaminated our biosphere.
Thus far, the mechanisms responsible for the transport of synthetic organics are not accurately described and quantified.
Even the analytical measurement and biological consequences of these organics are not fully elucidated. The present situation requires effective methods for evaluating the
potential hazards of the many organics now being produced. The development
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and application of a deterministic model, simulating the natural phenomena affecting the fate of organics within a mathematical framework, would facilitate
the necessary evaluations.
There currently exists a number of conceptual and developing mathematical
models intended to suggest the fate of organics (7, 9, 16, 24).
The conceptual
models have succeeded in identifying and assimilating many potential pathways
of synthetic organics. For the most part, these general pathways are the same,
regardless of whether a given organic is of natural or synthetic origin.
In the process of translating these conceptual models to descriptive, deterministic models it becomes evident that although the pathways may be similar the experimental quantification of controlling processes and the subsequent calibration of the model are the two remaining tasks in developing predictive capabilities. The kinetics which govern these processes remain, for
the most part, unknown quantities requiring comprehensive investigation.
The scope of this paper is to demonstrate a methodology for constructing
a model describing the fate of organics. This model emphasizes the need for
experimental work and the necessity for kinetic data. The paper offers two
experimental apparatus which may be utilized for quantifying some of the processes.
CONCEPTUAL MODEL
A conceptual model recognizes known concepts of an ecosystem and proceeds
to translate them into an interacting functional diagram (9). Conceptual
models are the first step in organizing scientific knowledge and hypothesis
for the purpose of predicting the fate and effects of an agent released into
the environment. These models may provide answers to questions concerning the
variables requiring measurement, the accuracy required of the measurement, and
the frequency and location of sampling (9) . Conceptual models also serve as a
guideline for the development of mathematical models.
The construction of a conceptual model describing the fate of organics
requires the identification of pertinent phenomena.
In Table 1 we see a synopsis of the relevant processes, the parameters influencing these processes,
and the compartments in which they are active. The specific nature of an organic will determine which processes and compartments will be utilized in a
particular model.
For a functional diagram to be representative of a given ecosystem's dynamics and compatible with existing mathematical frameworks, it is often desirable to further divide compartments into smaller box models (3, 6, 14, 23).
A conceptual representation cf a two-box model describing the fate of an organic within a lake ecosystem is illustrated in schematic form in Figure 1.
This schematic model represents a summer stratified lake, which includes all
the processes presented in Table l.
The upper box represents the epilimnion
and the lower box the hypolimnion. Within each box a given organic may be
either bound in a solid phase or in free solution. Both boxes also contain
their own set of relevant sources and sinks for each organic form.
Mass
transport between boxes takes place by diffusion and/or sedimentation across
the thermocline.
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TABLE 1.
Process

SYNOPSIS OF PROCESSES AFFECTING THE FATE OF ORGANICS
Controlling parameters

Compartment

Photodecomposition

Chemical Structure, Ultraviolet Intensity

Soil-Atmospheric-Aquatic

Evaporation

Activity Coefficients, Partial Vapor Pressure,
Diffusion Rates, Desorption Rates, Temperature

Soil-Atmospheric-Aquatic

Leaching

Hydrodynamic Diffusion and Dispersion,
Adsorption-Desorption, Degradation Rates, Evaporation

AdsorptionDesorption

Heat of Adsorption, Functional Groups, Surface Area,
Water Solubility of Organic, Organic Content of Soil
pH and Temperature

Dispersion

Advection, Diffusion, Aerosol Properties,
Chemical Reactions, Meteorological Factors
Topographical Features

Atmospheric

Bacterial
Degradation

Chemical Nature of Organics, Diffusion, Adsorption,
Temperature, Microbial Dynamics

Soil-Aquatic

Chemical Decay

Chemical Structure, Catalyzers, pH, Temperature

Soil-Atmospheric-Aquatic

Cultural Inputs

Agricultural, Industrial, and Political Practices

Soil-Atmospheric-Aquatic

Soil

Soil-Atmospheric-Aquatic

POINT SOURCE INPUTS
RAINFALL

EVAPORATION

FALLOUT

DIFFUSION

OUTFLOW

---+-

PHOTODECOMPOSITION
CHEMICAL D E C A Y - - - - + - BACTERIAL DEGRADATION _ _.,.._.,.
ADSORPTION

ORGANICS

LEACHING

ORGANICS

BIOLOGICAL PARTITIONIN

(FREE SOLUTION)

(SOLID PHASE)

EPILIMNION

- -DIFFUSION
-SEDIMENTATION

CHEMICAL DECAY----+--...
BACTERIAL DEGRADATION---1--

ADSORPTION
ORGANICS

LEACHING

ORGANICS

BIOLOGICAL PARTITIONING

{FREE SOLUTION)

{SOLID PHASE)

HYPOLIMNION
INTERFACIA~L~~"'~0:""'~:-'<:'""'"'~,......~~,...-~~,..........J

DIFFUSION~",

Figure 1.

Schematic outline of two-box organics model for lakes.

DETERMINISTIC MODEL
After gaining a conceptual grasp of the organic pathways in an ecosystem,
it is necessary to further translate this scientific knowledge to a mathematical representation. The time-varying fate of an organic compound is mathematically described by formulating a mass balance, which includes the processes listed in Table 1.
This mass balance approach has been used to translate the conceptual twobox model in Figure 1 into a mathematical framework. Each process within a
box is represented as a mathematical term. Since there are two organic forms
(the solid phase [PORG] and the solution phase [SORG]) and each may reside in
two boxes (epilirnnion and hypolirnnion), a complete mass balance results in
four interdependent differential equations (22).
(Nomenclature at end of
paper.)
[SORG] in the Epilirnnion

( eq.

Sum of Point Inputs
d [SORG]

ve

dt

e

2: Q [SORG]
n

Rainfall or Washout

+

n
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I A [SORG]
e

1)

Leaching

Atmospheric Diffusion

+ kL [SORG] . V
l

e

Adsorption

Diffusion

[SORG]

e

) - k [SORG] ev
a
e e

Chemical Decay

Evaporation
6

k [SORG] V

- EP.M ·10 /lBGP
i
e
w

c

Biological Degradation

e e

Photodecomposition

1
-al -ao
v e k p [SORG] e k H[e
-e
]

- kd [SORG] V
e e

g

Biological Partitioning

- L U[Biomass]

e

[SORG]

Outflow
Q[SORG]

e

e

[PORG] in the Epilimnion

(eq. 2)

Sum of Point Inputs
d [PORG]

v

e

dt

e

Rainfall or Washout

+ I A [PORG]
e
r

L Q [PORG]
n
n
Fallout

+ Mf•A

Adsorption

+ k [SORG] V
a
e e

e

Biological Partitioning

+ L U[Biomass]

e

[SORG]

e

Sedimentation

Biological Degradation

- L kd [PORG] v
e e

- g A h [PORG]
e t
e
Chemical Decay

- L k

c

[PORG]

Diffusion

Outflow

v

- Q[PORG]

e e
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e

[SORG] in the Hypolirnnion

( eq. 3)
Leaching

Diffusion
d [SORG] h
vh

+ k [SORG] .Vh

dt

L

1

Adsorption

Biological Degradation

Biological Partitioning

Chemical Decay

Interfacial Diffusion
+ k.A d( [SORG]. - [SORG]h)
1. s
J

(eq.

[PORG] in the Hypolirnnion

4)

Sedimentation

Diffusion
d[PORG]h
vh

dt

:th Ath ( [PORG]e - [PORG] h)
2

+ g A h [PORG]
e t
e

th

Adsorption

Biological Degradation

Biological Degradation

Chemical Decay

Loss to Sediments

Similar equations to the ones above could be derived for a non-stratified winter model, which would be represented by a one-box model. The summer and winter models would be joined by boundary conditions existing at fall overturn
and spring stratification. At the fall overturn the [SORG] would be
[SORG]e Ve + [SORG]h vh

v
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(eq. 5)

and the [PORG] would be
[PORG]e Ve + [PORG]h vh

v

(eq. f\l

The concentrations of the epil imnetic and hypolimnetic crqanics, [SORG] e,
[SORG]h, [PORG]e, [PORG]h, are those calculated at the end of the stratified
period (or Two-Box Model). These concentrations at the beqinninq of stratification are set equal to the concentration of orqanics ( [PORc-;] or rscipr~]) at
the conclusion of the winter one-box model.
Any given mathematical representation offered in the differential equations is for the present a hypothetical representation and is net meant. tc' be
a definitive statement. However, some of these terms ha,re been shown jn lhe
literature to be a good representation of the process.
For instance, Sncd-grass and O'Melia (23) had success with their representation of diffusion and
sedimentation (which took into account lake depth) when developing a model to
predict the fate of phosphorus in Lake Ontario.
The term used for evRporation
was developed by Mackay et al. (15) and rrovides a method for calculating the
potential evaporation for compounds whose vRpor t-'ressure and water solubil it:y
are known.
The adsorption term used in the model was formulated by Hamaker
and Thompson (11).
Hamaker (10) also suggested the leaching term which depends strictly on empirical data.
Photodecomposition rates could vary as a
function of light (or UV) intensity; therefore, a light extinction factor ut i
lized in phytoplankton models was employed (3).
Inspection of the deterministic model presented in equations l through 4
reveals that it is necessary to quantify many rarameters and that knowledge of
the kinetics of these processes is of utmost importance.
Kinetic parameters
needing experimental evaluation include determination of the rate coefficients
describing bacterial degradation, adsorption, biological 1,artitioning, chemical decay, photodecomposition and leaching.
Experimentation dealing with certain processes may reveal that add.itional
parameters may have to be treated as state variables and modeled separately.
One such process may be the microbial degradation of organics. The dynarni.cs
of microbial populations may greatly affect the C'.xtent and rate or organic: de-composition.
The specific assemblage of microorganisms will certainly determine the by-products of decomposition.
Environmental perturbations that would
not directly affect a specific organic pool could certainly effect the microbial dynamics which in turn would influence the fate of the organic.
The inclusion of bacteria as a state variable in a model describing the
fate of organics requires extensive experimental efforts to quantify processes
such as:
the uptake rates of soluble organics; bacterial specific growth
rates as a function of nutrient utilization; stoichiometric bacterial biomass
production from soluble organics; the rate of bacteria-mediated by-product
formation; and the ability of bacteria to utilize organics adsorbed on particulate matter.
Several investigators have recently developed models which
are intended to model microbial growth and decomposition activity within an
aquatic ecosystem (2, 4, 5, 13).
In order to utilize and to improve these
microbial growth models extensive field and laboratory investigation must be
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initiated in order to supply specific data for the various groups of synthetic organics.
EXPERIMENTAL APPROACHES

Two experimental approaches which lend themselves to process research and
kinetic evaluation of organics in natural water are proposed and discussed in
this paper. The first approach employs a Dual Culture Diffusion Apparatus
(DCDA) (Fig. 2). The DCDA allows two batch cultures to share the same media
while keeping non-soluble substances separated by a polycarbonate membrane.

MEMBRANE FILTER
AIR VENT~
t LITER
-----.......
CULTURE BOTTLES

I

\

•

•
SIDE VIEW

r

MEMBRANE
SUPPORT FLANGE

j
TOP VIEW

Figure 2.

Diagram of Dual Culture Diffusion Apparatus (DCDA).

Thus far the DCDA has been utilized to measure the rate of inorganic
phosphorus regeneration due to bacteria-mediated and endogenous decay of phytoplankton. The general approach has been to maintain one side of the DCDA
in the dark (the culture vessel) and the adjoining side in an appropriate lit
environment (the assay vessel). The culture vessel supported a previously
grown algal culture, Scenedesmus sp., with or without a bacterial community
present. The assay vessel was then inoculated with a phosphorus-starved
Scenedesmus culture and maintained in the light. The intent of the experimental design was to·measure the rate of phosphorus mineralization that might
occur in the dark culture vessel via bacterial decomposition and algal respiration. To accomplish this purpose phosphorus fractions were periodically
sampled in the assay vessel. Any increase in total phosphorus was assumed to
have originated from mineralization in the culture v_essel which had subse303

quently diffused through the membrane and had been accumulated by the Pstarved Scenedesmus. By calculating a mass balance on phosphorus in both vessels of the DCDA regeneration rates of phosphorus could be obtained. This experimental approach has two primary advantages over previous nutrient regeneration studies. In batch cultures it has been found that nutrient uptake is
a competitive parallel reaction with nutrient regeneration. Therefore, sampling a classical batch culture for regenerated soluble nutrients allowed only
the net regeneration rates to be obtained (21). In comparison, the DCDA maintains a competitive rate with nutrient uptake in the culture vessel, namely, a
faster rate of diffusion of soluble nutrients. When these diffused nutrients
are immobilized in the assay vessel, rates which more closely represent gross
regeneration rates are obtainable. This technique also demonstrates directly
that by-products of degradation (in the culture vessel) are subsequently capable of being reassembled into algal biomass (in the assay vessel) .
The DCDA functionally has three rates which ultimately determine the
in particulate phosphorus in the assay culture: a) the rate of phosphorus mineralization in the culture vessel; b) the rate of diffusion across
the membrane which divides the vessels; and c) the rate of uptake of phosphorus by the P-starved Scenedesmus in the assay vessel. Phosphorus uptake
was assumed to be very rapid relative to the other two rates and the presence
of soluble phosphorus in the assay vessel to be minimal at all times (18). A
mass balance on the dark side (or culture vessel) appears in equations 7 and 8.
chang~

Accumulation of
soluble phosphorus

rate of release
from biomass

rate of diffusion
across membrane

(eq.

7)

(eq.

8)

(eq.

9)

(Ci)

dC1
dt

V--

DAC1

W(t)

CJ

For first order regeneration with initial particulate phosphorus

C1 (t)

=

V

P0 V

( 1-e

-k

r

t)

therefore the rate of release from the biomass would be

W(t)

k

r

P

v e
o

-k t
r

(eq. 10)

Substituting eq. 10 into eq. 8, the material balance becomes
DC 1
dt +
where

ac1

=

kr

p
0

a = DA
rrv
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e

-k t
r

(eq. 11)

The solution to eq. 11 for C1

=

O, when t

=

O is

k p

r o
(a-k )

(eq. 12)

r

Since it is the lit side (or assay vessel) which is sampled during an experiment it is necessary to formulate a mass balance on the lit vessel for the
accumulation of algal particulate phosphorus (C 2 ), presented in equations 13
and 14:
Rate of C2 accumulation

=

rate of

c 1 diffusion across membrane

(eq. 13)

dC2
V -- =

dt

c 2 = O, when t = 0 is

Solution to eq. 14 for

p

k p

0

r o

(a-k )

(a-k )

r

If the value of a >> k

(eq. 14)

aC1

r

[l-e -at 1

(eq. 15)

r

then eq. 15 reduces to
(eq. 16)

Equation 16 simply states that if the diffusion rate is significantly
greater than the release rate then the accumulation of particulate phosphorus
(C 2 ) in the lit side would not be diffusion limited. In Figure 3 a graphical
comparison of eq. 15 and 16, using laboratory data, is seen. In this case
the lag in phosphorus accumulation in the assay vessel is the result of some
diffusion limitation and not due to a lag in phosphorus regeneration in the
culture vessel.
Experimentation has shown that the rate of diffusion, a, from the culture
vessel (volume = 900 ml) across the membrane to the assay vessel of low levels
of phosphate (10-150 µgP/liter) is as high as 0.4 day- 1 • By utilizing the
mass balance scheme presented above and assuming that a >> k (utilizing eq.
16), we obtained first-order phosphorus regeneration rates that varied from
0.001-0.05 day- 1 • The rates appear to be dependent on the physiological state
of the algae and the size fractionation of the decomposer community.
We believe that the DCDA experimental approach presented above offers a
method for evaluating certain processes that determine the fate of organics
in aquatic ecosystems. Adsorption or desorption rates could be measured without disturbing the vessel housing the process of interest. Suppose a certain
particle has been saturated with a particular organic and is placed in the
culture vessel. Then an adsorbent with no sites previously occupied is placed
in the assay vessel, which is sampled periodically. By utilizing the previous
mass balance approach the rate of adsorption in the assay vessel can be used
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to calculate the rate of deadsorption in the culture vessel.
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Adsorption rates could also be investigated in less time and utilizing
fewer vessels by placing the adsorbent in the culture vessel and spiking the
vessels with a known quantity of organic and monitoring the decrease of organics in the assay vessel compared to a control. This approach would be
feasible only if the rate of adsorption was not significantly higher than the
rate of diffusion.
Rates of adsorption for 2,4-D have been found to vary from
1.728 x 10- 2 day- 1 to 3.8 x 10- 1 day- 1 depending on the adsorbent clay (11).
Since specific by-product formation is highly dependent upon the particular microbial population and environmental conditions, the DCDA would offer a
method of study that would not require harvesting or disturbing the decomposing culture.
If the decomposing culture, including the original spike of organic, were housed in the culture vessel then the assay vessel could be periodically sampled and replaced with fresh media. The withdrawn media could be
analyzed for the by-products while the decomposing culture is never disturbed.
Other possible organic process-related applications of the DCDA include:
microbial mediated recycle or transformation of organics bound to particles;
biological partitioning and microbial degradation or release of these partitioned organics; and possibly certain species interactions.
Hopefully additional applications will be recognized where separation of process phases are
306

desirable or where i t would be advantageous not to disturb or harvest a culture in order to evaluate its dynamics.
A second experimental apparatus which lends itself to the study of organic kinetics is the continuous-flow apparatus.
A continuous-flow culture
offers several advantages over a batch culture.
Since steady-state is reached,
a mass-balance describing the process is simplified from a differential equation to a linear algebraic equation where kinetic data can be more easily extracted.
To illustrate this point a hypothetical mass balance describing the
decomposition and endogenous respiration of algae results in

v dA
dt

Q

)JBB
(A

0

-

A)

-

V N A -

~- V

y

( eq. l 7)

By defining Q/V = D (dilution rate) and considering a steady-state situation
(i.e., dA/dt = 0) the mass balance becomes
)JBB
0

D (S

0

- S) - N S -

y

(eq. 18)

Clearly the above equation is easily analyzed and offers a number of opportunities for linearization. This system allows extraction of kinetic data which
is directly applicable to time-varying models such as the deterministic model
presented previously.
Our experimental work has expanded the classical flow-through design to
include two stages.
The first stage is fed algal growth media at a constant
rate and overflow.
Steady-state is evaluated with in vivo Chlorophyll "a",
electronic particle counts and particle volume concentration determinations.
The spent media from the first-stage flow-through growth culture overflows
into a second-stage flow-through culture where growth is prohibited by a darkened environment and algal respiration and bacterial metabolic activity influences a change in total biomass and physiological state of the algae.
Two-stage continuous-flow cultures could be employed to simultaneously
follow phytoplankton uptake of a given organic compound in the first stage
and bacteria-mediated release and/or degradation of the biologically bound
(partitioned) organic in the second stage.
The continuous-flow system also allows the investigator to assay the effect an organic would have on the growth rate, physiological state and nutrient utilization of a range of microorganisms.
This is accomplished because
the feed characteristics and dilution rate force a culture with a defined
mean physiological state.
Furthermore, the continuous-flow system offers a system which would facilitate the modeling of bacteria as a state variable.
The growth rates and
popuJ.ation dynamics could be obtained as a function of the feed composition.
Media characteristics, which mi9ht include presence of by-products and persjstence of different forms of orqanics as a function of residence time and microbial assemblage, could be measured.
The chemosta.tc har; lonq been used for
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evaluation of bacterial growth kinetics and has the potential for assisting
the development of a sub-model describing the dynamics of a decomposer community within an aquatic system.
SUMMARY
Because of the ever-increasing production of new synthetic organic chemicals, the prediction of the fate of these materials in our ecosystems has become a health and economic necessity.
In this paper we have shown that a
mathematical ecological model offers an efficient method of tracing the fate
of synthetic organics discharged into aquatic environments. The usefulness of
the model proposed herein is twofold. First, it may be used to correlate
field and laboratory experimental data.
In this way the model can be used as
a research tool to establish a feedback loop between process experimentation
and overall model development. Second, the verified model provides a basis
for making informed decisions regarding agricultural, industrial, and municipal management of synthetic organic chemicals.
Further refinement and development of the proposed model will not only
include evaluation of rate coefficients, but expansion of the scope of the
model to include specific biological functional groups (such as bacteria, phytoplankton, and zooplankton) as state variables.
In this way we can better
predict the fate of an organic in addition to evaluating any perturbation of
the aquatic community due to the compound in question. The ultimate goal of
such a model is to be able to make management decisions regarding a given synthetic chemical before it is released into the environment.
Another goal of this paper was to point out the pressing need for kinetic
data for the development of models such as the one proposed herein. The DCDA
and the continuous-flow system (single or multi-stage), whose operation has
been demonstrated, are experimental tools which may provide a method for characterizing and quantifying some of the processes governing the fate of organics. These experimental techniques combined with many others, in the laboratory and in the field, will make the development of a predictive model for
organics a feasible goal.
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water evaporated, M/T
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sedimentation coefficient, L/T
grams of water containing Me, M
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M
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depth of eurJhotic zone~, L
intensity of rajn, L/T
li<Jht intensity at surface
optimum intensity at surface
soil oriqin subs er ir;t
adsorption rate constant, l/T
first order chemical decay coefficient, l/T
first order biological degradation coefficient, l/T
overall diffusion coefficient, l/T
extinction coefficient of light (or UV) , M/L 1
mass transfer coefficient, L/T
(cm moved by organic)/(cm of water entering the soil) (time), l/T
first order photodecomposition coefficient, l/T
mean vertical eddy diffusion coefficient, L 2 /T
length
mass
grams of organic compound, M
fallout flux, M/L 2 ·T
input from point sources subscript
endogenous respiration rate, l/T
vapor pressure of organic compound (mm Hg)
vapor pressure of water (mm Hg)
organics in particulate or solid phase
flow, L 3 /T
rain input subscript
saturation value subscript
sediment subscript
organics in free solution phase
time
thermocline subscript
second order accumulation rate, L 3 ·L 3 /M•T
volume, L 3
average depth of thermocline, L
concentration, M/L 3
the fraction of adsorptive area uncovered
Ia/Is
Ia/Is exp(-kg•h)
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TRANSPORT AND FATE OF ANTHRACENE IN AQUATIC MICROCOSMSt
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ABSTRACT
Polycyclic aromatic hydrocarbons (PAH) , many of which
are known carcinogens, are expected to be important components of wastewater from coal conversion facilities.
No
large-scale conversion facilities are currently in operation, and information about the environmental behavior of
PAH is scarce. Microcosms which mimic the structure and
function of pond ecosystems can provide some of this information.
Two 80-liter pond microcosms were treated w~th
14
0.5 µg/liter [9- C] anthracene, a representative PAH, to
measure: the rate of sorption by sediments, bioaccurnulation by several aquatic organisms, and transformation of
anthracene by abiotic processes and by aquatic organisms,
including bacteria. Samples of water, sediment, and organisms were removed periodically for determination of 14 c
activity. Additional samples were extracted with organic
solvents for separation and quantitation of anthracene and
transformation products by thin-layer chromatography and
radioautography. Anthracene disappeared rapidly from pond
water but accumulated in sediments. Over a 12-week period,
80% of the anthracene was transformed, mainly by photolysis and biological activity. An unidentified derivative
of anthracene persisted in all microcosm components examined, while anthracene and another degradation product
persisted in the upper layer of sediment.

tResearch sponsored by the Division of Biomedical and Environmental Research, U.S. Department of Energy, under contract W-7405-eng-26 with Union
Carbide Corporation. Publication No. 1200, Environmental Sciences Division,
ORNL.
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INTRODUCTION
A major aspect of our national energy program is development of technologies for converting coal to liquid and gaseous fuels. The aqueous effluents
from coal conversion facilities are expected to include hundreds or thousands
of organic compounds, including phenols, aromatic amines, monoaromatic hydrocarbons, thiophenes, and polycyclic aromatic hydrocarbons (PAH). PAH are of
particular concern for several reasons:
(a) many are carcinogenic; (b) they
may not be removed efficiently by biological waste treatment; (c) some appear
to be resistant to degradation; (d) their environmental fate is practically
unknown (4) .
We have selected anthracene, a 3-ring PAH, for intense study as a representative compound of this class. Compared with other PAH, anthracene is intermediate in size (M.W. = 188), solubility in water (73 µg/liter, [6]), and
octanol:water partitioning coefficient (2 x 10 4 , [5]). The characteristics of
anthracene which determine its fate in aquatic environments have been summarized by Southworth (7). Anthracene is moderately volatile, with a predicted
volatilization half-life of 300 h in a 1-m deep water column under quiescent
conditions. It sorbs strongly to suspended particulate organic matter (KD =
concentration on particulates/concentration in water= 25,000), an order of
magnitude less to clay particles (KD = 1600), and only slightly to silt particles (KD = 100) (7). Anthracene is rapidly degraded in sunlight. The photolytic half-life in a 2-cm column of distilled water is approximately 35 min
under midday midsummer sunlight at 35°N. Because photolysis is a function of
light intensity, absorption of light by the water would probably limit photolysis to the upper 100 cm in most natural waters (7). Hydrolysis of anthracene has not been found to occur.
Microbial degradation of anthracene has been measured in short-term radiotracer experiments. A mixed culture of microbial strains derived from soil
around an oil drilling site rapidly converted anthracene to polar compounds,
with over 90% conversion within 90 min (3). In samples of sediment from an
oil-contaminated stream, anthracene was readily broken down (half-life = 12 d) ,
but only 10% of the radiotracer appeared in the polar fraction. In sediment
from an uncontaminated stream, the degradation rate was an order of magnitude
slower (2) .
These basic studies on the fate of anthracene were all short-term, one
week or less, measurements of single processes. They leave several questions
unanswered: What is the fate of anthracene when the various transformation
processes are acting simultaneously? What is the fate of anthracene in a system containing not one, but many, functional components of an aquatic ecosystem? What is the fate of anthracene and its transformation products over a
longer period of time?
We have now examined the fate of anthracene over a 12-week period in
laboratory microcosms modelled after pond ecosystems. These microcosms preserve the natural complexity of the decomposer and autotroph communities, and
persist in stable condition for six months or longer (1). This paper describes
the potential long-term fate of anthracene in an aquatic ecosystem with many of
the biotic and abiotic transformation processes occurring simultaneously.
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MATERIALS AND METHODS
MICROCOSM
The microcosms were initiated in January, 1977, using water, sediment,
and organisms collected from a shallow pond. Water was collected in buckets.
Sediment and masses of the dominant Elodea community were placed in tubs,
where large debris was removed. Adiverse animal community was included in
both the sediment and Elodea collections.
Two BO-liter slate-bottomed glass aquaria were acid-washed and placed in
an environmental chamber. A 5-cm layer of sediment was added to each aquarium;
a band of opaque tape prevented light from reaching the sediment from the
sides. Pond water was then slowly siphoned into each aquarium through a homemade diffusion device to a depth of 30 cm. One 100-g (drained wet weight)
portion of the Elodea community was placed in each microcosm; a few roots were
pushed into the sediment to anchor the plants. The microcosms were covered
with glass plates to reduce evaporation. The chamber temperature was initially set at 8°C (the ambient temperature of the pond) , raised to 12°C in
April, and to 16°C in May. A bank of cool white fluorescent lights provided
16,000 lux on a 12-h-light:l2-h-dark cycle.
ANTHRACENE ADDITION
In mid-July, the microcosms were treated with [9- 14 C] anthracene (specific activity= 32 µCi/µmole, Amersham/Searle). Approximately 1 µCi of anthracene was dissolved in 20 ml acetone and diluted to 500 ml with distilled water.
The solution was divided into two 250-ml aliquots. One ml of each aliquot was
withdrawn for radioassay, and the remainder was mixed with about one liter of
microcosm water and slowly poured into the microcosm. The initial concentration of anthracene in the water was calculated to be 0.5 µg/liter.
SAMPLING AND RADIOASSAY
Two 1-ml water samples were removed from each microcosm two to five times
weekly, placed in a scintillation vial with 10 ml Bray's solution, and counted
on a Packard Tri-Carb Liquid Scintillation Spectrometer. Samples of sediment,
Elodea, and filamentous algae were taken approximately once a week. Only the
upper 1 cm of sediment was collected, except for the final samples in which
entire cores were removed and sectioned. Samples of sediment and organisms
were dried overnight at 55°C, weighed, oxidized with a Packard Tri-Carb Sample
Oxidizer, and counted.
The final samples were taken 70-84 days after anthracene addition. In
addition to the samples described above, periphyton from the aquarium walls,
snails, snail eggs, zooplankton, and water mites were collected. The snails
were removed from their shells, and all samples were then dried and oxidized
as described above.
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EXTRACTION AND THIN-LAYER CHROMATOGRAPHY
Water samples for extraction and thin-layer chromatography (TLC) were
taken from the microcosms 11 times during the course of the experiment. Sediment samples for extraction were taken at the end of the experiment; only the
upper 2 cm were used. Algae samples were removed and extracted on day 42.
Daphnia magna were abundant at the time of anthracene addition, and 10-12 individuals were removed daily until the population was depleted.
Samples were extracted as follows: a) Water samples were acidified with
a mineral acid and extracted twice with ethyl acetate in a 1:5 ratio of solvent to water. For each extraction, solvent-water mixtures were agitated for
45 min on a wrist-action shaker. b) Wet sediment samples were extracted overnight with acetone in a Soxhlet apparatus. Acetone was evaporated from the
extracts, and the remaining liquid was extracted three times with equal volumes of ethyl acetate. c) Excess water was blotted from Daphnia and algae.
Samples were weighed, homogenized in acetone, and centrifuged.
The extracts from each sample were pooled, dried over anhydrous calcium
sulfate, centrifuged, and reduced to 2 ml under nitrogen. One ml of the extract was counted by liquid scintillation spectrometry to determine total extractable 14 c, and the remainder of the extract was subjected to thin-layer
chromatography on silica gel 60 TLC plates. Radioautograms were prepared with
X-ray no-screen film. Residues remaining after extraction of algae and sediment were oxidized to determine unextractable radioactivity.

RESULTS AND DISCUSSION
DISTRIBUTION OF

14

C ACTIVITY

The 14 C activity in the water declined rapidly for the first 15 days, but
more slowly for 50 days thereafter (Fig. 1). The mean first-order kinetic
rate constant was 0.055 day- 1 for days 0-15 and 0.007 day- 1 for days 20-65.
Rate constants determined for several metals in similar microcosms (unpublished data) ranged from 0.026 day- 1 (selenium) to 0.23 day- 1 (mercury).
There was a suggestion of accelerated 14 c loss over the last 20 days of the
experiment.
Table 1 shows the 14 c activity in all microcosm components 12 weeks after
anthracene was added. Approximately 30 cpm/ml (15% of the initial 14 C) remained in the water. Most of the 14 c accumulated in the upper 2 cm of sediment, with much lower activity below this level. The total activity in the
sediment was estimated to be 10.2 x 10 6 and 8.0 x 10 6 cpm for the two replicate microcosms. The recovery of label from the microcosm (92-114%) indicated
that volatilization of 14 c compounds was negligible (Table 2).
All organisms accumulated activity to about 10 3 times the activity in the
water. In each microcosm, highest activities were in water mites and snail
tissue. These animals probably represent the ends of the grazing and detrital
food chains, respectively, implying that anthracene or its degradation products may undergo biomagnification (accumulation up the food chain) .
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Figure 1.

c activity (cpm/ml) in macrocosm water. Solid and dotted lines
represent averages of duplicate samples from replicates I and II,
respectively.

TABLE 1.

FINAL 14 C ACTIVITY IN MICROCOSM COMPONENTS TWELVE WEEKS AFTER ADDI·
TION OF 10.4 x 10 6 cpm AS ANTHRACENE
cpm/g Dry weight
Microcosm I
Microcosm II

Component
Watera

31.6

Sediment
Upper 2 cm
Lower 5 cm

30.5

7,220
875

6,080
374

Plants
Elodea
Algae (benthic)
Periphyton

25,800
22,500
17,800

28,000
29,800
20,100

Animals
Zooplankton
Water mites
Snails (tissue)
Snails (eggs)

12,400
31,900
30,100
21,300

26,700
45,700
56,800
21,600

a

Water activity in cpm/ml.
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TABLE 2.

14

C BUDGET
Anthracene microcosms
I
II

Added

10.4 x 10 6 cpm

10.4 x 10 6 cpm

Recovered
Water
Sediment

1. 7 x 10 6 cpm
10.2 x 10 6 cpm

1.6 x 10 6 cpm
8.0 x 10 6 cpm

11. 9 x 10 6 cpm

9.6 x 10 6 cpm

Total
% Recovered

114

92

DEGRADATION AND TRANSFORMATION
OF ANTHRACENE
Chromatographic analysis of water, sediment, Daphnia, and algal extracts
showed the presence of anthracene, four radiolabelled derivatives, and an unresolved polar fraction (Table 3). Co-chromatography of sample extracts with
internal non-radioactive standards permitted identification of anthracene
(Rf = 0.84); however, Rf'S of 9-anthraldehyde (Rf = 0.40), anthraquinone
(Rf = 0.31), and anthracene-9-carboxylic acid (Rf = 0.01) did not agree with
Rf values of radioactive unknowns. The contribution of each compound to total
extractable activity in the water during the experiment is shown in Figure 2.
Only trace amounts of anthracene were recovered from the water after day 20.
The disappearance of compound 5 closely followed the disappearance of anthracene, suggesting that anthracene was converted directly to compound 5, which
was not persistent. Compound 3 was present in large quantity throughout the
experiment. This compound constituted as much as 49% of the extractable radioactivity in the water (day 28), and although its relative abundance decreased thereafter, it was still present when the experiment was terminated on
day 84. Forty-five percent of the total 14 C in the water was not extractable
on day 84.

TABLE 3.

PERCENTAGE DISTRIBUTION OF RADIOACTIVITY IN EXTRACTS

Compound

Rf

Anthracene
5
4
3
2
1
Polar

0.84
0.76
0.34
0.27
0.08
0.04
0.00

Day 6
Daphnia
Water

Day 42
Water
Algae

Day 84
Water
Sediment

22.3
19.3

9.4
5.6

1. 5
1.6

0.9
0.8

32.1
15.7

22.7

39.5
4.9

40.5

24.7

29.5

13 .1

35.7

40.6

1.9
54.5

2.0
71. 7

6.7
16.0

2.4
84.5
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Distribution of 14 c activity in extracts from microcosm water.
Compounds are numbered as in Table 3. Data are averages from replicate microcosms.

Distilled water, to which [9- 14 C] anthracene was added, yielded anthracene, a polar fraction, the four derivatives found in microcosm extracts, and
an additional compound with Rf = 0.34, after 7 days in the environmental chamber. The latter compound, which constituted 14% of the radioactivity extracted from the distilled water, was never detected in microcosm extracts.
Figure 3 is a comparison of extractable fractions from microcosm water and
14
from distilled water. After 7 days, the
C profile from distilled water was
very similar to that of microcosm water on day 12. Anthracene was nearly absent from both systems. The large polar fraction recovered from distilled
water (45%) as well as from microcosm water (48%), is particularly striking
since i t indicates that anthracene is readily degraded to polar compounds in
the absence of microcosm biota.
In studies of abiotic degradation of anthracene, Southworth (7) found that photolysis was rapid but hydrolytic breakdown
was slow; therefore, the anthracene transformation products detected in the
microcosm water and in the distilled water were probably due to photolysis.
Unextractable 14 c accounted for 40% of the activity in the upper 2 cm of
sediment, and 30% of the activity in the lower sediment, after 84 d. At least
14
part of this
C was probably incorporated into bacterial cells. One-third of
the extractable activity, or 17% of the initial addition, was anthracene, and
another large fraction was compound 5 (Table 3). The polar fraction was only
16% of the extractable activity. These findings are consistent with observations of Herbes and Schwall (2). The data imply that microorganisms in the
sediment do not readily degrade anthracene, and that anthracene in the sediment could provide a source for continued exposure of benthic organisms to the
parent compounts.

Daphnia were found to contain higher levels of extractable anthracene
than was found in water (Table 3). The distribution of activity in extracts
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of algae was not markedly different from the distribution in water extracts
taken at the same time, except that more of compound 3 was present (Table 3).
Sixty-five percent of the 1 ~c in the algae was unextractable.
ORNL-DWG 78-6483

50

40

~

DISTILLED WATER

D

MICROCOSMS

~u

w
_J
CD

30

~
u

<(

.0:::

I-

x 20
w

lL

0

~

10

0
ANTH

5

3

4

2

POLAR

COMPOUND

Figure 3.

Comparison of ·~c distribution in extracts from microcosm water and
distilled water. Distilled water was extracted 7 days after anthracene addition. Microcosm data for day 12 were interpolated from
Fig. 2. Compounds are numbered as in Table 3.

CONCLUSIONS
Anthracene disappeared rapidly from the water. After 84 days, 17% of the
anthracene initially added was recovered unchanged in the sediment. Approximately 40% was degraded to more polar compounds, apparently by photolysis. An
additional 35% was unextractable from the sediment, probably reflecting incorporation into bacterial cells. Seven percent was tr.ansformed into an unextractable form in the water.
Several of the degradation products persisted in the water or the sediment for the duration of the experiment. The most abundant product (compound
3) was found in all microcosm components examined. Compound 4, one of the
main degradation products formed in distilled water exposed to light, was
never found in the microcosms, suggesting that it was broken down further by
the microcosm biota.
Anthracene was much less susceptible to degradation when sorbed to sediment than when dissolved in water. Since sorption occurs rapidly in shallow
water, a significant fraction of the anthracene entering a pond or stream
would accumulate in the sediment. This would probably be available for uptake
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by organisms interacting with sediments (8).
Pond microcosm experiments can provide valuable information about the
long-term environmental fate of an organic pollutant. In a microcosm, the
pollutant is subjected to the interactive effects of many abiotic and biotic
transformation processes. Thus, the microcosms represent a level of complexity
between single-process experiments and actual environmental events, and provide one means (mechanistic models are another) of integrating simultaneous
processes. Because pond microcosms are stable for many months (1), the persistence of degradation and transformation products as well as the parent compound can be assessed over extended periods of time. Microcosm experiments
with PAH and other constituents of coal conversion effluents will provide a
link between single-process laboratory studies and future studies in the
field.
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DISCUSSION
BIODEGRADATION IN MICROCOSMS
MATSUMURA: Microcosms are like the Internal Revenue Service; whenever someone
hears the word, they wince. They are difficult to define, but we must try to
agree on something. In the past, people have confused microcosms with model
ecosystems. We have conveniently defined a model ecosystem as something that
we are trying to model containing more than one biological species. We are
talking about microcosms in a much wider approach using any method which simulates natural events. Of course, there is little difference between bringing
some of the "poison" into the laboratory to study the complex field events and
taking something from nature and trying to study it simplified in a lab. For
instance, when you attempt to study some compound underneath a fluorescent
light to determine photodegradation, by our definitions, this is a microcosm.
The idea is to simulate sunlight and study the compound's fate in this environment. Basically there are four microcosm approaches we can think of:
1) the physical-chemical approach, often times called "benchmark" approach,
whereby scientists determine the chemical properties--lipid solubility, water
solubility, volatility, etc., whatever physical-chemical character--which may
affect the behavior of chemicals. 2) The second approach is a pure culture or
simplistic type approach whereby one strain of microorganism or one tube of a
photocell or whatever is utilized; this is not a complex system; you are
studying only one reaction at a time. 3) The third approach is the model ecosystem type whereby you have more than one species and you are trying to study
some complex parameter like accumulation. 4) The fourth approach is concerned
with mathematical modeling. In this, scientists try to analyze the reactions
from a systems point of view. Basically you can say that there is no difference in any scientific approach and anything you use to study field conditions
in the laboratory is a microcosm. That is my point of view. Of course, like
the blind man trying to assess what the elephant looks like, one is looking at
only one side.
P. ROGERS: Dr. Clesceri, you talked of the validation of a model. Can you
elaborate on what you feel validation of a model is? Addressing yourself to
questions such as: what kind of sampling is reasonable before one can say
that a model is verified? Would you expect if there were a major perturbation, in Lake George for instance, that a verified model, or your model, would
be capable of predicting the results of this perturbation, because it changes
an input? And should a model be tested with different lakes before being declared as verified?
CLESCERI: First of all, of course our model is good, and yes, I think that it
could do a reasonably good job at predictions. How often should one go out to
validate? That's really a hard question; as far as I'm concerned, the more
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the better. I think the real problem is the tremendous seasonal variation.
With a seasonal type of sampling, validating four times a year is nowhere near
enough. I think the sampling variability is too great and one has to do an intensive kind of sampling regime in order to get a good validation. That's my
personal opinion, and perhaps I differ from other mathematical modelers. Because I have come up with some of the field work. Consequently, I feel quite
wedded to the field approach. Your other question was, can the model apply to
different lakes? I think so, yes, lakes of a similar class. I would feel
that a model could be applied to oligotrophic, or nesotrophic or eutrophic
lakes or what have you. But the point is, it would be to a class of lakes,
and you would verify within that class.
WRIGHT: I would think you have the goal of subjecting the system to a more
realistic perturbation. For example, the effects of a drought, or the effects
of a period of heavy winds, a temperature change on the lake which leads to a
change from diatom dominance to blue-green algae dominance. Is this your goal?
CLESCERI:
WRIGHT:

Very definitely.
Because these other perturbations are very unreal.

CLESCERI: The reason I brought these out was to show the usefulness with regard to this kind of experiment. It simply never could be done, and it's almost an academic exercise. The real usefulness of the model is to ask those
realistic questions such as the ones you mentioned. Yes, clearly, that is our
goal.
BAUGHMAN: I wonder if you have considered using models as an aid in arriving
at decisions if one has results from the kinds of tests (biodegradability, microbial activity, etc.) that we've been talking about in this meeting. One of
the things we have not addressed is: given results from these tests, how does
one draw a conclusion? It seems fairly obvious that mathematical models can
be used to aid in the interpretation of these data or to arrive at a decision
of what should be done with a compound based on the kinds of effects that may
result therefrom.
CLESCERI:

This is where I think we all get cold feet.

BAUGHMAN: Well, somebody is going to have awfully hot feet. These are the
hard decisions that have to be made. Can we use this approach to answer some
of these questions?
CLESCERI: I would say, given
data, yes! I would go so far
that kind of prediction. But
are not built on proper data,
very careful.

the proper data, and building the model on
as to say they can be, and should be, used
what worries me, there are a lot of models
and under those conditions I think we have

solid
for
that
to be

FERGUSON: There is a point you brought up I want to reiterate. It is extremely important because a lot of management decisions are waiting for the
appropriate model so managers can decide what to do and what not to do in
terms of allowing corruption of the natural environment. What many of the
more complex models are doing is trying to simulate a natural unimpacted
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environment. The great multitude of potential impacts precludes generating a
model which is able to make predictions on more than one of these potential
impacts.
It's important to list the kinds of impacts that the model you are
talking about is capable of making predictions on. For example, dumping in a
particular toxic material is not going to be handled very readily in most of
the models we are generating. I constructed a model of trophic dynamics in an
eel grass bed. The problem was the possible effects of dredging on this bed.
While we can say if you dredge the eel grass bed, then it's gone; the model
wasn't really needed to make that kind of prediction. Another possibility is
maybe the dredging caused some turbidity which reduced light penetration into
the eel grass bed. The model we made didn't predict solar insulation of the
grass bed, so we said, let's pretend the grass was only growing at half the
rate. That is an example of the kinds of problems we have. We need to explain to government agencies that the models we develop are extremely limited
in their perspective. That is a characteristic of models. It has to be designed to answer particular questions. At this point, we don't know which
question is the most important to answer. There are so many possibilities
that it's important when we do establish some sort of model, we make a list of
the potential capabilities in prediction.
I'm not sure where your model
stands in that regard.
I wonder if you could explain what kinds of perturbation your model could potentially make predictions about?
CLESCERI:
I agree with everything you said. This model can handle any range
of conditions for any one of those compartments. As Dr. Wright mentioned,
changes that would happen due to a drought, could be predicted with this model.
What would happen, for example, if there were a large dumping of phosphate or
nitrogen or a sudden deficiency of oxygen? These could be handled by this
model by simply varying those compartments. Obviously, there is a rate with
each one of those changes which then would be coupled to the model. I would
just like to mention, we are presently working on a pesticide model to be
coupled to this model. Because of the solubility problems with toxic organic
materials, the question of where the toxics are going is extremely important.
So coupling with a pesticide model should produce that kind of information
and then we can predict what the ecosystem response will be. First of all you
have to know where the toxics are going, and the pesticide model will provide
that.
SIKKA: Dr. Pritchard, I was wondering if you acidified and extracted the
water phase with methylene chloride. I would guess the radioactivity in water
is partially due to p-nitrophenol which would have gone into the organic phase
had you acidified before extraction.
PRITCHARD: Yes, our water samples were extracted under both basic and acidic
conditions, so I think we are getting all the p-nitrophenol out. I'm unsure
as to the nature of the unextracted materials, but it could be pesticide bound
to biological materials such as bacteria.
STERN:
Incidentally, if I knew you were working on that first system we would
have insisted on greater support for your laboratory.
PRITCHARD:
STERN:

If Tom Duke is here, I hope he takes note of that.

In the last slide, you indicated that your aged material in the
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flowing system was more active than in the fresh, and the converse is true in
the cored system. It could be that in your cored system you get adsorption to
biomass or solid materials. You may get adsorption to a level which might be
inhibitory whereas in your continuous system this might not happen. So that
what you are seeing is a localized concentration to inhibitory levels in your
biomass and therefore a drop of viability of your cells.
PRITCHARD: We have seen very little inhibitory effects by methyl parathion
except at very high concentrations (10 ppm) and I therefore feel toxic effects
could not account for these differences. Also, since continuous flow experiments have not yet been performed with an intact core, i t is difficult to answer your question. What we may be seeing is once you scoop out the sediment
and water and put it into the continuous flow system, it may require an acclimation period before normal conditions are obtained. Thus, the faster rate
might be the more indicative of a natural environmental condition.
STERN: The other point is that in a continuous flow you may need a certain
adaptation period before you start to get things happening.
PRITCHARD: No, it seems that that was not the case and that's what surprises
me. Some of our data indicate degradation occurs very rapidly once you start
the experiment. I feel we need to take a close look at those initial rates.
These may be the most reflective rates of what is actually going on in the
environment. I would also like to make a comment regarding bacteria in both
the coring and the flow-through systems. We have been unsuccessful in our attempts to isolate bacteria which will degrade methyl parathion, amino methyl
parathio~ or p-nitrophenol.
We tried a variety of approaches but still have
not picked up any sole carbon source utilizers. Likewise, in following the
concentrations of bacteria in the water column and in the sediment, they show
no trend that can be correlated with degradation processes.
LEE: I was interested in your comment about mixing vs a straight
our area of Georgia we work with a six-foot daily tide range. In
it seems mixed type sediments are more realistic than just taking
allowing any mixing. So it depends on the area; certainly in our
mixing of several centimeters in a good tidal range.

core. In
such an area
a core, not
area we get

PRITCHARD: Exactly, and my point is just that--there are a number of factors
one should look at in terms of designing microcosms.
DRAGGAN: One of the usual justifications for using a mixed core rather than
an intact entire core is that you overcome, in some measure, the complexity of
heterogeneity of the environment which should increase the replicability within
the experiment and enhance the ability to duplicate subsequent experiments. Do
you find that your eco-cores are any more or less replicable? Is the confidence of the data any better? I think there is some evidence now that intact
cores, like eco-core, can be just as replicable.
PRITCHARD: Yes, I agree. They are definitely replicable, and we've seen very
good replication with our systems.
If we run triplicate cores, for example,
they look virtually identical. This replicability, I feel, is not due to a
reduction in complexity.
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CHOU: Have you looked into the fate of dimethyl thiophosphate? At UC-Davis,
scientists found that dimethyl thiophosphate was not degraded in their parathion systems.
PRITCHARD:

No, we haven't looked but you're right, it did not break down.

RAWLINS: Have you any data on the incorporation of C-14 into the cells of the
microbes?
PRITCHARD: I think some of the radioactivity we are seeing in polar unextracted material would represent just that type of incorporation.
CHAPMAN: Let me say, Dr. Slater, what a stimulating talk I thought yours was.
In comment, we have some observations I'd like to share in connection with
2,4-D utilizing organisms. In the course of isolating cultures of this kind,
one initially establishes stable communities and ultimately determines that
the communities co-exist because of fastidious 2,4-D degraders. One can then
isolate 2,4-.D degrading organisms by supplying them with appropriate nutrients,
either amino acids or co-factors, and work with them in pure culture. Ribbons
and I worked with pure cultures on the catabolic pathways of orcinol and the
closely related molecule, resorcinol. We reported different metabolic pathways by which these compounds were degraded. It's interesting that acetate,
which we identified as an orcinol metabolite, is the basis for the community
existence you described. I would like to suggest that if you observe that
your Pseudomonas, which is capable of utilizing orcinol, will also grow with
resorcinol, then one can make predictions based on the metabolic pathways as
to what might happen to the community structure. The metabolic pathway by
which resorcinol is degraded does not yield as much acetate, and it is quite
possible that by switching very simply from orcinol to resorcinol, the community structure will fall apart.
SLATER: Yes, in talking to Dr. Ribbons, he made the same good point. We have
done none of the biochemical work with this system, and it's something we wish
to do.
FLOODGATE: How far do you think all these pretty relationships you show in
the fermenter really represent what does on in the sea? I always get a bit
bothered about spatial relationships--how the little molecules manage to get
from one "bug" to the other in a swirling mass of water? Does it all happen
on the sides of the fermenter as it might happen on a beach? Or is this something which we can really project and say it is going on in the oceans right
now?
SLATER: My ferrnenters are a swirling mass. There have been very few attempts
to compare directly the type of community that we observe in these really very
synthetic laboratory systems with what may actually be going on in the natural
environment. My feeling is that these are probably valid comparisons. There
is nothing essentially different between the type of enrichment you do in a
continuous culture system and the type of enrichment you do when you put a
compound into a particular natural habitat. I think the diazinon work, old
work not done in a fermenter, is a good example. The original observation of
the relationship between the Arthrobacter and Streptomyces was simply careful
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microbiology. Those two populations were
was applied to soil. Now we haven't done
enrichment in a fermenter. You have very
ment happening in soil, and if you can do
do it in a fermenter.

enhanced over others when diazinon
a reciprocal of trying a diazinon
good evidence of the type of enrichit there, I am quite sure you could

PRITCHARD: At what point are you going to draw a line in terms of accessing
persistence in an enrichment like this? If you let the system incubate long
enouch, a population may eventually evolve which will break it down. But is
this evolutionary process environmentally realistic?
SLATER: Well, this refers to George Floodgate's point a little. I don't
think we give enough consideration to one of the key points in microbial systems. That is, they are very versatile and very adaptive. In the dipicolinic
experiments, clearly, there is some sort of adaptive p~ocess. We had to run
the fermenter for 180 days, a considerable length of time. From a natural environment point of view, I think you've got to consider these points. These
considerations are difficult in screening and testing programs but they can be
done. Nevertheless, those sorts of activities are quite likely to occur in
natural environments to some point. You then get what may appear to be essentially a non-degradable compound becoming a degradable compound. A much
greater authority than myself is Professor Pat Clark in London. Her view is
very much that we've been subjecting the environment to all sorts of indignities over the last 100 years with respect to antibiotics, etc. The tremendous
potential is there to adapt and to involve the new systems, new mechanisms can
deal with it. There is obviously the question of limitations at some point.
PRITCHARD: I've heard the criticism many times that in continuous-flow systems the useful organisms may wash out due to the selective nature of the system. You will quite often end up selecting for a population that is growing
on a contaminant in your media. My question is, are you saying we might not
have to worry about that as much?
SLATER: Well, I think you do have to worry. You may well be missing organisms. We've done a number of different compounds and it's really very impressive how very rapidly a complex soil system in these enrichments can change
to a very few number of organisms. There are a number of things that you can
do about it. You can continue to reinoculate for periods of time to see
whether you can put back an organism which may fit into a simple enriched community which will achieve degradation of a compound which is not being degraded. So I think that is a real problem. There are other things we ought
to begin thinking about. How can we develop continuous-flow systems so that
we don't get this simplification? One of the things that Prof. A. Balkins is
looking at is designing a system which allows the introduction of particulate
matter in a homogeneous sense--not a colloidal but dispersed sand or clay particles or whatever. It seems probable that if you have an interface or some
sort of increase in complexity you will sustain a great number of organisms in
the community. So I think that the thing that you can do technically is to
try to make sure that you get a better starting community.
PRITCHARD: Can I make just one more comment, relative to what you just said?
I think it is really very critical at this point. We have found that methyl
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parathion is not degraded in a water only system, even when the influent water
is providing a continuous inoculation. However, as soon as you add the sediment to the system, degradation commences.
SLATER: The one thing that worries me is the attitude that one must have a
pure culture which is degrading this compound.
I'm not saying that is your
attitude, but I think a lot of people do have this attitude. We must consider
corporate activities between organisms where you have genetic potential to a
particular function split between different populations. Now, if I may be a
little bit speculative, there is very little evidence apart from parathion and
one or two others. My feeling is that those sorts of relationships are more
common than we are prepared to accept at this moment, because of our conditioning to the way in which we do enrichments.
DiGERONIMO: A lot of times in the natural environment the introduction of
xenobiotics may be episodic. Could you comment on enriching if the test compounds are going to disappear and appear at different times, not added on a
continuous basis, but on an episodic one?
SLATER: The basis of this position is that you want a selection pressure of
some sort so that you can get the adaptation processing. The problem is
whether that kind of system would be continuous enough to force the organisms
in the direction you want to be going.
I don't really know.
I don't think
we've got any experimental evidence which would show whether or not that is a
better or worse system for enriching.
I think, however, from plasmid work
wh.ich is perhaps related in a fringe way, that once you have the capability
located in the population, even if you remove the selection, it will stay
there and be in a relatively low level. So I don't know, it's an open question.
RAYMOND: What would happen if you did not "insult" your system with such high
concentrations? Don't you think that probably leads to your limiting the number of types of microorganisms that survive in the system? Why only two or
three? I noticed your concentrations were 0.5 g/liter or higher.
SLATER: Those are the concentrations you apply to the system, they are not
necessarily the concentrations at which you conduct the enrichment. The value
of a continuous-flow system is that you can conduct an enrichment at greatly
reduced concentrations.
If you recall my orcinol experiments, at low dilution
rates, were exceedingly low. What is, I think, a criticism of what we have
done is that we supplement at high nitrogen and phosphorus concentrations.
That may not be relevant at all in a natural situation. The ratios could be
variable and so it's just a matter of doing natural experiments. We chose
higher concentrations since it provides a higher biomass so that we could do
what we wanted to with the cells. But I think it is a point that should be
taken into account when you are doing these community enrichments.
COLWELL: May I make a comment in regard to the need for mixed population
studies? I should like to amplify the point you made about plasmids.
I do
think that plasmids play quite an important role in degradation in the environment. For example, we have found that in mercury-transforming microorganisms,
90% of the organisms may carry plasmids. We've been able to cure the bacteria
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of the plasmids and show that loss of mercury resistance or metabolism is associated with loss of the plasmid. Furthermore, we have examined drug resistance in E. coli and been able to transfer this characteristic to autochthonous Vibrio species in Chesapeake Bay. We're in the process now of working on
the transfer of mercury metabolism amongst Pseudomonads. With this kind of
genetic exchange there is a need to study mixed populations possible in natural systems. When examining degradation studies in a given system I will be
very interested in Professor Balkins' results with his particulates, because I
think that technique may create a population mass, insuring plasmid transfer.
However, I would take issue with the statement that once the process is in the
population it will stay there. Not quite so, because we have discovered that
you can isolate acid and gas-producing Pseudomonas aeruginosa quite readily
via an MPN test in a polluted area. Now, we all know that gas-producing Ps.
aeruginosa are quite extraordinary. It is possible that the Pseudomonad picks
up a lac gene via a plasmid and loses the plasmid quite readily. Thus the potential gene exchange may be quite significant but won't be quite as stable in
situations as yours, accounting for erratic kinds of results observed for some
systems.
SLATER: I would agree with that and my statement was an over-simplification.
We have someone working in the lab on stability of drug-resistant plasmids,
and we did some early work on the stability of organisms carrying lac operon,
and they were unstable. Place the organisms into conditions of carbon limitation and they would fall apart. There was a reason for this, but the interesting thing is that with the natural plasmid, if I may use that word, of E. coli
carrying certain drug resistances, they are exceedingly stable. We tried carbon and phosphorus limitations, and there are certain modifications but the
plasmid, as such, stayed there. Ellwood's group also studied thi-s and they
found a similar sort of stability. Can I go back to the original point about
the plasmids in the first place? Plasmids beg the question to an extent because they already contain the necessary genetic information for particular
transformation in a particular pathway. The question is, where did they come
from in the first place? My view is that mixed systems are the point at which
various capabilities can be developed perhaps in separate organisms. What you
may be seeing with plasmid mediated systems is the next step up where there is
an aggregation of those activities into a cooperative state.
COLWELL:

Sort of a community corporation?

SLATER: Yes, they put together a plasmid which can then be transferred around
a population, and you get coordinate control. That is really speculative, but
I think the point is they have to get the basic genetic information in the
first place. It seems to me quite likely that the wider the genetic base in
the community the more chance there is that various components can evolve particular capabilities to deal with a new compound, and then perhaps later put
them together on a plasmid.
COLWELL: I quite agree, but I would just add one point. It's significant
that we frequently find plasmids in Pseudomonas. Stability may well be a
function of the plasmid moving amongst species of the genus, as well as amongst
related genera.
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LASKOWSKI: Dr. DePinto, I would like to add to your-cormnent regarding role of
models. I think a very good thing might happen in modeling. We'll probably
arrive at a series or battery of models that will describe various physical
situations. If one knows key physical and chemical properties of materials
you can begin to get some idea of what might happen if those materials were
placed in these different environments. I agree, I don't think there will be
any one model that will serve this purpose, but it will be extremely useful to
have a battery of models not only in the mathematical sense, but also in the
physical sense, that these materials could be run through.
PRITCHARD: I have a comment relative to your use of the term chemostat. I've
gotten now so that I shudder every time anybody mentions the word chemostat in
a context like this. I think the explanation is very simple. A chemostat is
a highly defined, very specific type of laboratory technique in which bacteria
are growing as a function of a single limiting substrate under steady-state
conditions. As soon as we begin to work with mixed cultures of any kind or
get wall growth of any sort, or use multiple undefined substrates, then the
term chemostat should not be used. The second thing about chemostats is that
the growth of bacteria therein can be easily described with Monod kinetics.
Many other types of continuous culture systems cannot be readily modeled with
Monod kinetics.
DePINTO: I would like to make two comments on what you just said. First of
all, if you survey recent literature, such as by Reeves, there are other mathematics describing use of chemostat that do not depend on Monod. In many cases
these are being applied to uptake rates and decomposition rates in the modeling of phytoplankton in the Great Lakes area. They do not depend on Monod
equations. Secondly, I recognize that there are limitations, certainly, of a
flow-through system, but I think that a chemostat or flow-through system offers
the ability not to duplicate but to simulate the natural system.
PRITCHARD: I'm not arguing that the continuous culture is not a great technique to use. Certainly, I wish more people would apply it, but I'm saying
the use of the term chemostat has to be reserved for a very specific process.
DePINTO:

Certainly, flow-through system is definitely better.

SLATER: Can I just back up what Hap said? Professor Pirt, who I think of all
people is perhaps one of the few that can justifiably get involved in the semantics of the terminologies of continuous systems, suggested that the generic
word to be used ought to be continuous-flow culture system. From that, you
then derive a whole gang of different systems, chemostat being one, turbidistat, etc., there's a whole range of other sorts of systems. So the preferred
term ought to be continuous-flow culture system.
Can I just make one point about modelling that worries me greatly? I have
considerable doubt at this stage of development about the validity of some of
these models. I'm not going to talk about attempting to model or simulate
complex ecosystems. Let's just talk solely about continuous-flow culture systems where we may have a relatively simple community or a few cultures. From
the attempts people have been making to model and explain in mathematical
terms the various activities that are going on in a system, to describe substrate concentrations, population levels, and so on, it is transparently
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obvious that they fall short of reality. The point I would like to make is
that we are trying to develop models without the fundamental understanding of
the biological processes that are involved. For example, with the Monod kinetics there is no reason to suppose that the Ks value, saturation value, is
growth rate independent. We always treat it as such, but there is some evidence that there may well be a variation in Ks as a function of growth. The
way we apply it, we assume it's a constant. What I would advocate is, at the
moment, we ought to concentrate far more on looking at the biological processes, try to work out how those factors are modified. The second point I would
like to make relates to an argument that I have had with Dr. Bazin at the Queen
Elizabeth College in London, who you might know does a lot of work on modelling
of nitrification in soil columns. And this is that you can improve your model
by just heaving in whole heaps of constants and eventually make it look like
what you've got in nature, etc. Those constants have no biological basis whatsoever; so, if I had a preference, at this time, it would be to look much more
closely at the biological relationship between population and the relationship
with the physical environment before we go overboard on too many models.
DePINTO: Let me say first of all I'm not a modeller; I consider myself to be
a microbiologist. I started using models in order to get more of a conceptual
grasp of what is going on in the system and to try to assimilate data from a
wide range of experimentalists. I think a model is a research tool and not
necessarily an answer, at least for quite a long time.
BOLLAG: I would like to add some comments from a biological viewpoint. For
me, it is difficult to understand how it is possible to use a model predicting
the fate of an organic molecule if it is not yet known which kind of transformation can take place. It is my opinion that almost no xenobiotic exists from
which all transformation possibilities are known. How is it possible to model
the fate of a xenobiotic whose pathway has not been been determined?
DePINTO: In many ways I disagree with you, because I think it's never too premature to start developing a model to be used as a research tool in coordinating experimental data. Secondly, I think in meetings ten years ago, sponsored
by the EPA, they were interested in modelling the fate of phosphorus and phytoplankton in lakes, one could hear some of the same kind of things you just
stated. Ten years later, they have these models working for the Great Lakes,
and they are being verified and improved upon for Lake Erie. They've found it
a very desirable tool to be used for communication purposes.
LIU: We have about ten people who are interested in modelling. I find one
very important thing: they should pay more attention to understanding the
lake system. The system is very complicated; for example, the bacteria biomass distribution is not uniform, particularly in the lake sediment and under
the interface. You have 10 8 -10 9 /ml bacteria less than 1/2 centimeter of surface, but in the lake water column only about 10 3 -10 4 /ml. The sediment or the
surface is not stable. For example, on Lake Ontario, you have currents of ten
knots per hour. Actually, lakes are constantly changing; the hypolimnion and
epilimnion also change with the seasons. When you develop a model, you cannot
use such data as total organic carbon because of so-called labile organic matter. What are they measuring, not all organic matter can be utilized?
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BAUGHMAN: I find myself in an awkward position coming to the support of the
modellers, because I certainly don't consider myself a mathematical modeller.
It seems to me the chief complaint against models is that they don't always
accurately predict behavior in some environment that we are interested in. I
find little difference between use of a mathematical model as a tool or guide
to our research and decision making as a basis for complaint than perhaps the
fact that Dr. Bollag did not use some Bacillus instead of his fungi. The
model has a purpose it is intended to serve and certainly will not serve a different purpose very well. There is a point that should be made here; models
can serve at least two purposes in the context that we talk about. One is to
simulate some actual environment, like Lake George or Pensacola Bay or some
aspects of these. The kind of model that was referred to here is one that is
intended to simulate the kinds of things that can happen rather than to predict exactly what does happen in some specific site. It appears to me that
one of the things we are badly missing is some basis for establishing what is
important. For example, we have seen that films occur on water surfaces and
organisms are concentrated there, that if we have sediments in a system, if
they are mixed or non-mixed, you get different results. My question is, are
those differences important and what is the basis for telling if they are important? If the fact that we can simply see something different is to be the
basis for importance, then we have an infinite problem on our hands. I would
suggest that our models won't improve and, perhaps, some of our bases for interpretation won't get any better, unless we start to address this question.
BAUGHMAN: Dr. Giddings, I have a couple of questions. What kind of lights
were used in your study? Were the tanks usually covered? And what was the
depth of the water?
GIDDINGS: Cool white fluorescent, the depth was 30 cm, and the tanks were
covered. There was light in the sediment.
BAUGHMAN: I'm curious why you expect photochemical degradation of anthracene,
because anthracene absorbs fairly low in the ultraviolet region. Cool white
light is very short for anthracene, particularly if you covered your tank with
plastic. You would expect photochemical degradation of anthracene to be trivial unless there is significant sensitized degradation, which you should not
get in the distilled water system.
GIDDINGS:

I can't answer that except that is what we found.

BAUGHMAN: I was wondering, did you attempt to look at the ratio of anthracene
in the sediments to the ratio in the water during the course of these experiments?
GIDDINGS: We weren't successful in taking sediment samples until near the end
of the experiment so we don't have that data.
BAUGHMAN: One would fully expect anthracene to sorb to the sediment, thereby
drastically reducing the rates of processes like volatilization and photochemical degradation in those systems.
GIDDINGS:

Yes, that's what we thought.
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DAVIS: I happened to hear you talk about the photocatalytic activity. There
is something working against all of this. Photocatalytic activity is indeed
occurring out there in these estuaries, especially highly turbid Texas estuaries, that is a protective mechanism, when you have a secchi disk reading in
ours, for example, Florida estuaries are beautiful by comparison, you know.
Secchi disks of about four to six inches normally with high silt loads from
the rivers and precipitation or sedimentation later. Before long these things
settle out and build up, and such things as the oyster accumulate these compounds. And I think it is important what you pointed out. What was the salinity of your microcosms? Were they entirely fresh water?
GIDDINGS:
DAVIS:

Yes, this was spring water.

Do you have any data on conductance?

GIDDINGS:

About 100 microohms initially but it goes down after that.

DAVIS: From what I've found, not on anthracene but on related compounds, as
you go up into 3% estuarine salt levels you can remove a factor of 10 in the
degradation rates. In other words, with the same number of "bugs" per milliliter you don't get degradation of the same amount per day.
GIDDINGS:

Thank you.

JOHNSON: I have a question.
you do with your data?

How do you plan to use this microcosm, what will

GIDDINGS: Our initial objectives are to see how it works.
Initially we plan
to run a number of the representative PAH's as I pointed out, through the microcosms, see if we detect the same sort of trends that we saw in simpler test
systems.
JOHNSON: Assuming that you are successful, how would you report these data to
a federal agency?
GIDDINGS:
I'm not sure. The microcosms task group has been beating this
around quite a bit. Regulations we are talking about from here seem mostly to
require some sort of standardized test or battery of standardized tests.
These microcosms, I've pointed out, aren't standardized and aren't standarizable. The real world is often not standardized or standardizable.
JOHNSON: Would you feel this would be representative of a community or something of this sort?
GIDDINGS:

Yes.

JOHNSON:
I am a microbiologist, but since I do represent a laboratory that is
concerned with fish I was wondering how could you exclude fish from your pond?
GIDDINGS: Well, that was one of the concessions we made to the laboratory
conditions. We've tried including fish in the microcosms but this was not a
degradation study; rather, what effect did they have on the ecology of the
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microcosms? They have less of an effect than I would have expected considering the fish density is much greater than you would expect in a real pond. We
found increased rates of production in the presence of fish.
We found that
bluegill or fathead minnow would eat up snails and that would have additional
secondary and tertiary effects on the ecology of the pond. But we haven't
done a degradation experiment to see what effects that would have.
JOHNSON: You made a statement rather in passing that fish or animals were not
an important sink for the compounds.
I was wondering how you could make that
statement.
GIDDINGS: Well, I'm speaking in terms of the distribution of the compound and
its derivatives at the end of the experiment. Little was incorporated into
biological tissue, unless we count the 35% that was bound to the sediment.
What was in the plants and animals was an insignificant fraction from a point
of view of where the anthracene went.
JOHNSON: But you also made a statement, that after 84 days you knew something
about this compound in regard to what would happen in a stream or pond. And
actually what you would know is what would happen in 84 days in this little
microcosm that excluded fish and other animals, and probably other invertebrates also.
GIDDINGS: Perhaps, we haven't sampled the pond. The way to answer you would
be to compare what happens to anthracene in a microcosm with what happens to
anthracene in a pond. That latter study isn't practical. About all we can do
is to compare the ecology of the microcosm to the ecology of the pond, the
water chemistry of the microcosm to the water chemistry of the pond. We find
great similarity between them.
I think that the microcosm environment is very
similar to the pond environment. The ultimate test of a model, an LC 50 test,
or a microcosm test is whether that really does apply to the world. That's
one of the big problems we've got to work on.
COONEY: On the question of light effects, I think there was a comment from a
gentleman over here who implied that the chromophore of anthracene might not
be long enough to account for the photochemistry. I think that one does not
have to rely upon a UV-absorbing chromophore because when white light is incident upon an aquatic system, you get sufficient singlet oxygen generated so
that it can be lethal to large numbers of microbes. There is a recent report
indicating that in estuaries there is sufficient singlet oxygen present to account for transformation of organic pollutants to a measurable degree.
PRITCHARD:

Could you get the same results in a smaller system?

GIDDINGS: Well, we've experimented with smaller systems and they have certain
advantages:
they're easier to work with; they're easier to set up; they require less material; you can put more of them in a smaller space; you don't
need as much anthracene; you don't need as much C-14. But the difficulties we
found with smaller microcosms were that they are less stable, took longer to
equilibrate, were less replicable, and basically were harder to sample repeatedly without causing strange effects in controls and things like that.
They were not amenable to repeated sampling the way that we need to sample.
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GARNAS: In listening to your discussion on your system, I failed to see the
main purpose why you used the system. Had you been looking at fate of a chemical due to photochemistry, hydrolysis, or sorption, I would tend to believe
you would study those proper.ties in your laboratory environment while trying
to simulate the real world. You've taken the substrate from a pond, you've
eliminated a certain trophic level, and put them in a glass box in your laboratory. You really haven't defined to us where the real world is in that system.
GIDDINGS: I would submit that the microcosm is an ecosystem similar in function and structure to a pond ecosystem with the exception of fish. We can debate how important fish are to microbial degradation. We've also found that
the microcosms are similar to the ponds from which they're constructed. But,
I don't think that's essential to accepting them as a valid ecosystem which is
much more amenable to experimentation than a real pond is. George Southworth
and Steve Hervies have generated these data on single processes and have tried
to put it all together into a model that predicts what's going to happen to
anthracene when all these processes are interacting at once like in nature.
Except for some qualitative statements like, "photolysis is likely to be important," and "microbial degradation is likely to be important," they weren't
able to say what the results of all these things were going to be. One approach is to just continue to modify your model, refine your model, stick in
as many mechanisms to try to come up with a prediction of the natural fate of
anthracene. We've shortcut that by treating the microcosm as a black box.
We're using a microcosm instead of a mathematical model to integrate these
processes. They are all happening simultaneously, physically, not mathematically.
GARNAS: But, it would appear that just from the fate of the chemicals, you
don't really have a good grasp as to what is happening. Is it photochemical;
is there indirect evidence that there is or is not volatility; is it a biodegradation process or some other process? The difficulty that you've run
into now is that the complexity is so great that you can't zero in on any individual component or individual process.
GIDDINGS: That's right. For instance, the experiment we did with the distilled water made it much easier to understand what was happening in the microcosm water. I use that as an example to show that we have to interact with
the lower levels of testing to understand what is happening to the microcosm.
The microcosm shows us some things that we could not have predicted, or could
not have been sure of_, by putting together the results of single process
studies. For instance, the competition between sorption and photolysis on the
fate of anthracene in the water, you can try to get rates defined real carefully, and then see what happens when you have them running simultaneously.
Does absorption beat out photolysis? You can try to do it mathematically, but
you can do it just as simply in the actual biological system.
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RESISTANCE OF POLLUTANTS TO DEGRADATION
IN SALINE ENVIRONMENTS
E. M. Davis, J. Bishop, and R. K. Guthrie
The University of Texas at Houston
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P.O. Box 20186
Houston, TX 77025

ABSTRACT
Organic compounds which usually degrade rapidly in
fresh water environments were shown to become almost refractory in saline wastewaters. Salt concentrations were
maintained at or near that of estuarine environments.
Additionally, saline wastewater BOD data can be questioned if the test is conducted in accordance with the
method currently being employed. Microbial populations
were found to be the reason for as much as a 30% difference in BOD results with tests conducted at different
salinities. Salt-tolerant bacteria, used as seed organisms in BOD testing, showed that BOD results were similar at 0%, 1%, and 3% salt concentrations when using
standard (nonsaline) dilution water. Acclimated sewage
seed produced BOD values significantly lower when saline
wastes were tested. Equal concentrations of bacteria in
the BOD test did not reduce equal amounts of organic materials when exposed to various salt concentrations.
Sewage seed degraded 44 mg/liter/d organic material at 0%
salt, 38 mg/liter/d at 1% salt, and 22 mg/liter/d at 3%
salt. Bacterial genera which predominated in 3% salt
were Pseudomonas, Bacillus, Staphylococcus, and Flavobacterium, three of the four genera being potentially
pathogenic.
Hypersaline wastewaters also may not be amenable to
conventional treatment methods. Activated sludge methodology applied to an organic amine wastewater containing
3.5% salt showed only 48% BOD removal and 52% TOC removal
at an F:M loading rate of 0.2-0.5 lb BOD/d/lb MLSS.
Settleability was seriously affected by increased salt concentrations. The SVI of most units can be expected to
range from 0.4 ml/g despite high bacteria densities of
6
3xl0 /ml. Extended aeration is more efficient but
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requires detention times of up to 80 d. Application of
nitrification methodology following activated sludge
treatment of the hypersaline wastewater was necessary.
Ammonia increased from 13 mg/liter to 70 mg/liter in the
effluent. Ammonia removal averaged 65% in nitrification
units with some sludge recycle. Anaerobic digestion of
hypersaline wastewaters is an alternative provided the
salt content is maintained below 1.3%. At a detention
time of 15 d, anaerobic efficiency increased with decreases in salinity.
INTRODUCTION
Complications occur naturally in saline aquatic environments in the overall degradation of organic pollutants. The microbial population present in
either estuaries or hypersaline industrial wastewaters may not function to
their full capacity in degrading the organics for several reasons. The percentage of bacteria representing the most functional group for degradation
purposes may not be the dominant microbiota in a heterotrophic population (10).
Additionally, even relatively small amounts of heavy metals can reduce organic
degradation rates (11). Temperature of the ecosystem corresponding to season
of the year plays an extremely important role (2). Specific research investigations have demonstrated the complexity of functional metabolism of microbial
populations in respiration and concurrent degradation of pollutants. Biochemical oxygen demand (BOD) testing has been used to evaluate waste loading
and for design bases for waste treatment units. Yet, only recently has it appeared that that test (9) may not show the full waste loading or its presence
in a saline environment.
In one study (5) the soluble waste portion in a salt water carrier was
metabolized at the same rate by the microbial population in domestic sewage.
However, the insoluble portion produced different rates, with that of domestic
sewage in fresh water being three times greater than that of domestic sewage
in a salt water carrier. It was further shown that only the degradation of
suspended organic material was inhibited by salt and the dissolved organic
fraction of the BOD was unaffected (8). Even salt-tolerant bacteria function
in BOD removal rates according to the salt concentrations (3). Increases in
BOD resulted when the salt level was decreased. Ten-day BOD's on salt water
wastes were 3 to 6 times higher with standard dilution water than with a dilution water having the same salinity as the waste. Further, the rate of biological oxidation, K, may vary considerably under different test conditions
(4). Wastewaters containing less than 10,000 mg/liter chloride diluted with
fresh water were shown to have a K value greater than that of fresh water
waste. The K value increased to the point equivalent to 50% of that of sea
water. When the 50% level was exceeded, K decreased, until in 100% sea water,
it was lower than in fresh water. This led to the hypothesis that a low salinity may stimulate microbial activity and result in increased BOD values,
and in some instances the organic pollutants may persist because cellular constituents of lytic activity are preferred as a nutrient source to the organic
substrate which has been introduced as a pollutant (6, 7).
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This study was undertaken to further identify and quantify some of the
reasons for reduced degradability of organic pollutants in marine environments
and to ascertain whether the BOD test truly represents the organic pollution
load in saline ecosystems. Microbial populations were examined for their
relative efficiency of wastewater treatment in wastewaters having salinities
comparable to those of the marine environment.

MATERIALS AND METHODS
The BOD tests reported herein were conducted in accordance with methodology listed in Standard Methods (9) except for those results obtained by manometric analyses (Hach Chemical Co. BOD Apparatus). Bench-scale activated
sludge units were used for testing of the industrial waste (3). Nitrification
and anaerobic digestion units additionally were bench-scale in size. Microbial genera in the wastewater and in the various testing units were identified
by the methods outlined in Diagnostic Microbiology (1). The prihcipal organic
fraction of the industrial hypersaline wastewater tested in this research was
an ethylamine complex. The wastewater had a salt concentration of 3.7%, a
total bacterial population of 2.2xl0 2 /ml, and a BOD of 30 mg/liter, using the
existing population in the wastewater as seed. Salt-tolerant bacterial seed
for activated sludge units comprised Bacterium T-52 and Paracoccus halodenitrificans (3).
RESULTS AND DISCUSSION
Quantification of the effect of sodium chloride concentrations on a sewage bacteria-seeded glucose standard are shown in Figure l. Also shown is the
representative daily BOD for a 600 mg/liter sodium acetate solution. The data
show dramatically how two salt concentrations, which approach the salinity of
sea water, affect the results of a 5-d BOD. Those data were determined by the
manometric technique. Using the salt-tolerant bacterial Paracoccus halodenitrificans (Fig. 2), similar effects were observed at the 5-d period, except
for more rapid respiration rates in the early periods. The implication of the
data shown in Figure l is that BOD results of saline wastewater should be
viewed with caution regarding the total waste load, and may not be representative of the total organic concentration. Stimulation of salt-tolerant bacterial species using nonsaline BOD dilution water is indicated in Figure 2, especially for the acetate standard. Additionally, the survival of all sewage
seed bacterial genera in saline environments is not assured in BOD testing. A
noteworthy example of that is presented in Table l. Declines in populations
even in nonsaline BOD's to 5 dis indicated. More importantly, genera which
survive at 3% salt concentration, similar to marine situations, are illustrated in Series V of that table. Potentially pathogenic genera, e.g., Pseudomonas and Staphylococcus, appear to have survived best. Distinct changes occurred in sewage seed bacteria populations during their acclimation to the
salt concentrations and to the organic glucose standard. The raw sewage seed
had an initial bacterial population of 10 7 /ml. During the acclimation period
to the glucose standard population levels dropped to 10 6 /ml. Acclimation to
the glucose standard containing 1% and 3% salt resulted in a bacterial population of 10 4 /ml and 10 3 /ml, respectively. This behavior resulted in lower
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TABLE 1.

DISTRIBUTION OF SEWAGE SEED BACTERIA IN GLUCOSE STANDARD BOD TEST
AT DIFFERENT SALT CONCENTRATIONS
'

Series I

Series II

Genus

0

5

0

5

Pseudomonas
Bacillus
Staphylococcus
Flavobacterium
Unidentified
Diplococcus
Acinetobacter
Streptococcus
Klebsiella
E. coli
Alcaligenes
Neisseriae
Serra ti a
Shigella
Salmonella
Enterobacter
Citrobacter

15%

77%

8%

7%

40%
30%

12%

2%

70%
10%
5%
10%

Total No./ml
BOD

6%
4%
10%
8%

5%
5%

1%

2%

Series and days
Series III

Series

v

0

5

0

5

7%

13%
35%

71%
11%

7%
7%

8%
7%
7%
7%

14%
16%
20%

46%

70%
10%
5%
10%

70%

6%

70%

44%

5%

11%

1%

6%

8%

30%

Series IV

5

0

5%

7%

1%

2%

8%
8%
6%
6%
4%
4%
3.6xl0 4

8.5xl0 8

6.5xl0

220

3

lxl0 7

6.6xl0

235

Series
I
II
III
IV

v

2

2.3xl0 7

6.5xl0 3

246

Glucose Standard
Salt Cone., %
0
1

3
1
3

Dilution Water
Salt Cone. , %
0
0
0
1

3

5.0xl0 6
194

6.6xl0 2

3.0xl0 5
170

initial populations in the BOD's conducted at 1% and 3% salt. During BOD
testing, bacterial populations of the sewage seed increased from 10 2 -10 3 in
the saline diluted organic standard and increased 10 4 - 10 5 during the same
time period in the organic standards using standard (nonsaline) dilution water.
The greater increase in the standard dilution water accounted for the increase
in BOD values. Linear regression analysis was applied to the data for the glucose standard using sewage seed and the two salt concentrations comparing bacteria counts versus 5-d BOD values. Since the initial bacteria counts varied
at the beginning of each BOD test, all initial counts were based at zero and
the log increase in bacterial counts were regressed against BOD values. The
linear regression of those log increases in bacteria on the resultant BOD
values yielded a significant "r" value of 0.87 (Fig. 3). The "r" value is the
linear regression analysis correlation factor and for the number of data analyzed to be significant at the 0.05 level, the "r" value must have been 0.49.
At the 0.01 level it must have been 0.62. This explains some of the differences in the BOD values for saline wastewaters diluted with standard and saline dilution waters. Even with low initial bacteria counts, population increases in saline organic standards using the standard dilution water caused
the BOD values to be higher than those for the same saline organic standard of
the same salinity as that of the waste, which had a smaller population increase.

5.0
Q)

C/J

4.0

Cl:I
Q)

....
(.)
c:

3.0

t;;

-

•

·;::

Q)

~

Cl:I

2.0

CJl

• ••

C>

0
...J

1.0

60

120

•

•

180

240

300

BOD, mg/1

Figure 3.

Sewage seed population increases in the 5-d glucose BOD's using
various salt concentrations.

Average bacterial increases in the manometric BOD flasks and the corresponding BOD removals were regressed against time to determine if the same
number of sewage bacteria utilized the same aount of glucose at different salt
levels. The slope of those regression lines yielded the bacterial increase
per day and the BOD removal per day (Fig. 4). With the same increase in bac-·
teri~l population, the BOD removal rate was 44.4 mg/liter/d at 0% salt, 38.6
mg/liter/d at 1% salt and only 22.8 mg/liter/d at the 3% salt level. Sewage
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seed acclimated to the saline glucose standard resulted not only in low initial counts and slower growth rates but also in a slower utilization rate of
organic_ material.
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Slopes of BOD removal and bacterial population increases in rnanometric BOD tests using glucose and sewage seed at three salt concentrations.

Activated sludge treatment, comprising extended aeration, was applied to
the industrial wastewater for different loading rates and detention times.
Bench-scale activated sludge units were used for monitoring the sedimentation, clarification, and organic removal in the industrial wastewater. Each
unit had a capacity of 5 liters and an aeration rate of 0.0033 lb 0 2 /ft 3 /h.
The seed culture was a mixture of Bacterium T-52 and Paracoccus halodentrificans. The units were fed conventional loading rates (F:M) of 0.2 and 0.5 lb
BOD/d/lb MLSS. After 60 d of treatment, feed rates were changed to yield an
F:M ratio of 1.5 and 0.06. Total suspended solids (TSS) and volatile suspended solids (VSS) and the sludge volume index (SVI) were monitored to determine the amount and settleability of the sludge. Bacterial populations were
monitored in the units to determine concentrations present at the different
feed rates and if they were being flushed from the units. Total organic carbon (TOC) and BOD were measured to determine the efficiency of organic removal
at the different feed rates. The BOD of the industrial wastewater was conducted using standard dilution water since our previous experimentation with
the standard dilution water and a saline dilution water of equivalent salinity
yielded equiva~ent values.
Analysis of the activated sludge unit treatment data through day 60
showed essentially no difference in BOD or TOC removal for the two conventional
F:M loadings of 0.5 and 0.2 lb BOD/d/lb MLSS. Effluent BOD and TOC values for
both units averaged 75 and 100 mg/liter, respectively, at those feed rates.
343

This represented a 48% removal of BOD and a 52% removal of TOC.
Total suspended solids (TSS) remained high in both effluents, averaging 115 mg/liter.
MLSS in the units ranged from 160 to 200 mg/liter. Settleability was poor
with the Sludge Volume Index (SVI) ranging from 0.4 to 2.8 ml/g. Microscopic
examination of the effluent showed a fine pinpoint type floe which remained
suspended in the wastewater. The floe was granular in appearance, contained
no bound water and was devoid of filaments. Bacterial populations averaged
3xl0 6 /ml in both units. Detention times varied from 8 to 20 d. Changing to a
higher feed rate of 1.5 lb BOD/d/lb MLSS resulted in higher effluent BOD, TOC,
and TSS values. BOD and TOC values averaged 86 and 122 mg/liter, respectively,
after reseeding of the units. This represented a 36% removal of BOD and a 42%
removal of TOC. TSS in the effluent was high (121 mg/liter) due to the fact
that the 2-3 d detection time did not allow the settling chamber to remove all
of the slow settling sludge. Most floe was still of the small pinpoint type.
MLSS were higher and ranged as high as 400 mg/liter. Settleability of the
solids was poor with the SVI ranging from 2 to 4 mg/g. An extended aeration
rate of 0.06 lb BOD/d/lb MLSS produced lower effluent BOD and TOC averages of
45 mg/liter and 85 mg/liter (68% and 58% removal, respectively). The pinpoint
floe still remained in the effluent. TSS values never dropped below 60 mg/
liter, and averaged 70 mg/liter with a SVI average of 1 mg/liter. MLSS in the
unit were low, ranging from 100 to 120 mg/liter. A feed ratio of 0.06 lb BOD/
d/lb MLSS yielded the highest quality effluent of the four feed rates examined.
This feed rate is not practical for an activated sludge unit because of the
long detention times which ranged from 60 to 80 d. The conventional feed
rates of 0.2 and 0.5 lb BOD/d/lb MLSS produced similar effluent qualities. The
higher feed rate (0.5) would be preferred due to the shorter detention times
of 7 to 10 d. The rapid feed rate with a 2-3 d detention time yielded a poor
quality effluent that was high in BOD, TOC, and TSS. Of the four feed rates,
0.5 lb BOD/d/lb MLSS yielded the highest quality effluent for the least amount
of time. Due to the characteristics of this particular wastewater, a problem
was encountered which made the activated sludge system ineffective as a single
stage treatment method. Ammonia values increased from 13 mg/liter in the raw
wastewater to an average of 70 mg/liter in the effluent from the units at conventional feed rates. Ammonia-nitrogen from the ethylamine complexes is an
end product of carbonaceous degradation.
Removal of ammonia-nitrogen from the effluent of the activated sludge
units by complete-mix nitrification reactors averaged 65% regardless of detention time and feed rates (Fig. 5). Ammonia concentrations were reduced from
an average of 70 mg/liter NH3-N to 25 mg/liter NH3-N. Denitrification was
started in the units but was lost due to the system setup which had no recycle
of sludge. Denitrification bacteria were flushed from the units within 20 d.
Nitrate-nitrogen averaged 49 mg/liter in the influent and 75 mg/liter in the
effluent. BOD values were reduced in the units from an average of 73 mg/liter
to 66 mg/liter and TOC was reduced from an average of 100 to 90 mg/liter. The
plug-flow unit with sludge recycle removed 60% of the ammonia from the wastewater at a detention time of 15 d. The ammonia concentration decreased from
an average of 75 to 30 mg/liter NH3-N. Denitrification was accomplished but
the removal efficiency was low, averaging only 25%. BOD values were reduced
from 86 to 78 mg/liter through the unit and TOC was reduced from 122 to 106 mg/
liter. Floe particles in these units would settle well and the TSS average
was about 55 mg/liter.
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Nitrification capability for a saline wastewater at four detention
times.

Observations during the operation of the anaerobic digesters showed a decrease in gas production and BOD removal with an increase in salt concentration (Fig. 6). When a salt concentration of 1.3% was reached, gas production
ceased. At this time, there was only a small decrease in bacterial populations, therefore a salt concentration of 1.3% was inhibitive against one particular group of organisms, the gas producers. The bacterial population of
2
the digestersludgewas 4xl0 /ml when the salt concentration reached 2%. This
indicates that anaerobic digestion may not be feasible for hypersaline wastewaters.
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SUMMARY
The BOD values obtained in sewage-seeded organic standards showed a significant trend, i.e., as salt concentration increased, BOD values decreased.
Changes were significant at the 0.05 statistical level. Dilution of sewageseeded saline organic standards with standard dilution water resulted in BOD
values higher than those of corresponding non-saline organic standards due to
increases in bacteria populations and increased organic removal (BOD values)
in the presence of low levels of salt. Bacteria populations of sewage seed
correlated with corresponding BOD values and concentrations of salt in organic
standard solutions showed that the addition of 1% and 3% salt resulted in a
decreased initial bacterial population, decreased growth rates, anda decreased
ability of an equivalent number of bacteria to degrade an equivalent amount of
organic material. Each salt-tolerant bacterial species yielded comparable BOD
values for each organic standard conducted at three salt concentrations. Population increases and K values were similar at the three salt concentrations
and when using either the standard dilution water or the saline dilution water.
Since sewage seed does not compare favorably with salt-tolerant bacteria in
determining the BOD of saline wastewaters, for determination of the BOD of a
wastewater with elevated or varying salt concentrations, a salt-tolerant bacterial seed should be used to insure an accurate and reproducible BOD value.
Bench-scale, continuous feed activated sludge units were capable of 48%
BOD removal and 52% TOC removal at conventional feed rates using selected salttolerant bacteria. The best BOD and TOC removal occurred with the extended
aeration process but the 60 to 80 d detention times are not feasible for activated sludge units. The feed rate of 0.5 lb BOD/d/lb MLSS yielded the highest
quality effluent with a detention time of 8 and 10 d that would be acceptable
for activated sludge units.. A fine pinpoint floe with poor settling characteristics was noted at all feed rates utilized. This pinpoint floe may be related more to the characteristics of the bacteria in the saline media than to
feed rate. Nitrification and denitrification in a hypersaline wastewater can
be accomplished utilizing salt-tolerant nitrifying and denitrifying bacteria.
While not as efficient as freshwater systems, those bacteria were capable of
removing 60-70% of the ammonia-nitrogen and 25% of the nitrate-nitrogen from
the hypersaline wastewater. Anaerobic digestion was not feasible with the hypersaline wastewater. The gas-producing bacteria in the digester sludge did
not acclimate to the 3.5% salt content of the wastewater. Gas production
ceased at 1.3% salt. This was the only treatment method that utilizes fresh
water organisms and attempted to acclimate them to salt. If a culture of salttolerant anaerobic bacteria could be found, or developed, it would seem that
this treatment method would also be feasible.
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METHANOGENIC BIODEGRADATION OF AROMATIC COMPOUNDS
J. B. Healy, Jr. and L. Y. Young
Environmental Engineering and Science
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Stanford, CA 94305

ABSTRACT
Decomposition of a range of ligno-aromatic compounds
to methane under strict anaerobic conditions was observed
over varying periods of time. Compounds examined include
vanillin, ferulic acid, cinnamic acid, protocatechuic acid,
catechol, phenol, and syringealdehyde. Evidence for ring
cleavage was provided by gas analysis and mass balance
calculations, with conversion of substrate carbon to gas
ranging from 60% to 98%. Methanogenic cultures maintained
on ferulic acid comprise several species forming an anaerobic food chain. Inhibition of methane formation by
bromoethanesulfonic acid (BESA) did not appear to affect
decomposition of ferulic or propionic acids. Gas chromatography demonstrated the temporary buildup of acetate
and proprionate as intermediates in methane production.
Cultures inhibited with BESA also contained butyrate, isobutyrate and isovalerate, suggesting that pathways of decomposition may be different from those of benzoate. The
resulting products of fermentation agree with the calculated stoichiometry, e.g., ferulic acid:
C10H1004 + 5.5 H20 + 4.75 C02 + 5.25 CH4.

Methanogenesis plays a key role in the carbon cycle by aiding mineraliza-.
tion of organic matter in highly anaerobic environments. Compounds which are
not degraded in the water column may eventually find their way into marine
sediments, most of which are anaerobic below the first few centimeters. The
fate of ligno-aromatic compounds in such environments is of concern because
they are pollutants discharged with wood pulping wastes, and may constitute a
carbon sink if they are refractory under anaerobic conditions. This report
provides evidence that a variety of lignin-associated aromatic compounds are
biodegradable to methane under anaerobic conditions.
Lignin is a complex three-dimensional aromatic polymer consisting largely
348

of phenylpropane building blocks (Fig. 1). Its biodegradation in any environment is considered to be a slow process (1) . When the complex structure of
lignin is broken down by physical, chemical, or biological action (15) a variety of aromatic compounds is yielded. For example, the alkaline heat treatment of lignin, as practiced by the pulp and paper industry, is expected to
release a range of simple aromatics including those shown in Figure 1.
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The fate of these compounds in anaerobic environments is unclear. Extensive studies on aerobic metabolism of aromatic compounds (7, 14, 5) have taken
place, while relatively little attention has been given to their anaerobic
fate. Early evidence suggested that some simple aromatic compounds were fermentable to C02 and CH4 (17, 4, 3, 10).
Other investigators isolated individual species which anaerobically degraded aromatic compounds by photo349

metabolism (16, 11, 6) and nitrate respiration (18, 19).
A stabilized consortium of ·three predominant microorganisms also has been found to degrade benzoa te to methane (9). Biochemical pathways proposed for the different kinds of
anaerobic benzoate metabolism vary in the types of aliphatic acids formed (8).
The manner in which these acids are further metabolized depends upon the particular organism or organisms involved. Our report focuses on the characteristics of the methanogenic fermentation of a model lignin derivative, ferulic
acid, by an anaerobic microbial food chain.

MATERIALS AND METHODS
MEDIA
Pre-reduced defined media contained (per liter): 0.001 g resazurin,
0.04 g (NH4)2P04, 0.2 g NH4Cl, l.8g MgCl2°6H20 1 1.3 g KCl, 0.02 g MnCl2°4H20,
0.03 g CoC1 2 ·6H 20, 0.0057 g H3B03, 0.0027 g CaCl2°2H20, 0.0025 g Na2Mo04•2H20,
0.0021 g ZnC1 2 , 0.368 g FeC1 2 •4HzO, 2.64 g NaHC03, 0.5 g Na2S•9H20, and 1%
(v/v) vitamin solution (20). The media was buffered at pH 7.0 by a bicarbonate/C02 system with a gas atmosphere of 30% C02 and 70% N2. Oxygen was removed from the media by coiling followed by addition of the sodium sulfide reducing agent. Resazurin was used as an oxidation-reduction indicator. A
C:N:P molar ratio of 100:15:1 was provided for aromatic substrate concentrations of 300 mg/l used in serum bottle enrichments. Pre-reduced replacement
media, used for maintenance of stock cultures, contained an aromatic substrate
concentration of 10 g/l. Additional amounts of nitrogen and phosphorus thus
were required to sustain the same C:N:P ratio as in defined media.
SERUM BOTTLE ENRICHMENT
Defined media were inoculated with 10% (v/v) seed from a laboratory anaerobic digester fed primary settled sewage on a 15-d detention time. Serum
bottles (250 ml) were flushed with oxygen-free gas for 20 min before addition
of the inoculated media. Cultures were incubated in the dark at 35°C.
Syringes were used to add aromatic substrate, remove portions of the culture for analyses, and to monitor the volume of gas produced. Substrate concentration was determined by diluting a centrifuged sample and assaying it in
a spectrophotometer at a characteristic UV wavelength for each particular aromatic compound. Gas composition was determined on a Fischer-Hamilton gas partitioner. Gas production and substrate concentration were corrected for background levels by subtracting values measured in a control culture devoid of
aromatic substrate.
Cross Acclimations
Aliquots (7.5 ml) of acclimated stock culture were transferred to Hungate
tubes, previously flushed for 10 min with oxygen-free gas. These cultures had
not produced gas for several days before the transfer. Then 2.5 ml of different pre-reduced aromatic substrates was added to each tube, returning the 10ml culture to original enrichment nutrient levels.
A control tube contained
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no aromatic substrate. The onset, rate, and extent of gas production in the
tube with the particular substrate to which the stock culture was acclimated
was compared with gas production in the other tubes.
STOCK CULTURE MAINTENANCE
Acclimated stock cultures were maintained in serum bottles by regular replacement of 1/5 of the culture volume with fresh pre-reduced media. This replacement was made after the culture finished converting its previous supply
of substrate to gas. After a 150-ml culture was shaken into a homogeneous
mixture, 30 ml were withdrawn with a syringe and either wasted or transferred
as inoculum to another serum bottle. An appropriate volume of replacement
media was then added, with the balance of 30 ml being defined media.
INHIBITED CULTURES
2-Bromoethanesulfonic acid (BESA) was used to inhibit methane production
in experimental cultures. BESA, dissolved in pre-reduced defined rnedia, was
added to cultures at the time of media replacement in a concentration of 10- 4M.
GAS CHROMATOGRAPHY
Samples for gas chromatography of volatile fatty acids (C1-C1) were prepared by acidifying a 2-ml portion of culture fluid with 2 drops of concentrated sulfuric acid and extracting this portion with 1 ml of ethyl ether.
One µl of. this ether extract was injected into a glass column packed with 10%
SP-1000/1% H3P04 on 100/120 chromosorb W AW (Supelco, Inc.). A hydroqen flame
ionization detector was used in a Tracor MT 220 gas chromatograph.

RESULTS
ENRICHMENT CULTURES
Initial enrichment studies indicated that a range of aromatic compounds
are degradable under strict anaerobic conditions (Table 1). Decomposition in
enrichments was slow, first requiring an acclimation period of about 2 weeks,
followed by gas production over an additional 2- to 4-week period. Cultures
acclimated relatively easily to syringic acid and syringaldehyde in 5 d compared to 27 d for the more refractory catechol. The conversion of substrate
carbon to gas was observed to vary, ranging from 59% with catechol to 98% with
syringealdehyde. In most instances, more than 80% of the carbon was converted
to gas, indicative that ring cleavage occurred under these strict anaerobic
conditions.
When additional substrate was delivered to the same enrichment cultures,
degradation to methane and carbon dioxide occurred without a lag. This is illustrated by the temporal relationship of phenol degradation (Fig .. 2). Initial phenol enrichments required a 16-d lag (Table 1) , while subsequent enrichments showed a relatively short 1-d lag. The conversion of substrate carbon to gas in Figure 2 is very rapid as evidenced by the coincidence of
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substrate disappearance and gas production. Methane is produced continuously
throughout the entire gas-producing period and constitutes more than half the
total gas produced.

TABLE 1.

DEGRADATION OF AROMATIC COMPOUNDS UNDER STRICT ANAEROBIC CONDITIONS
Acclimation
lag
(d)

Substrate

Vanillin
Vanillic acid
Ferulic acid
Cinnamic acid
Benzoic acid
Catechol
Protocatechuic acid
Phenol
p-Hydroxybenzoic acid
Syringic acid
Syringe aldehyde

3.5

Period of
gas production
(d)

% Conversion of
substrate carbon
to gas

29
27
28
34
21
12
17
21
17
14
15

86
86
83
80
84
59
74
82
65
97
98

11

.13
13
14
11

27
15
16
15
5
5

o PHENOL CARBON ( mmole)
CUMULATIVE GAS PRODUCED (mmole}
o CUMULATIVE METHANE PRODUCED (mmole)
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The stoichiometry for the conversion of several ring compounds to gas is
shown in Figure 3.
As illustrated by these equations, 50 to 60% of the organic. carbon can be ~onverted to methane.
Based upon these stoichiometry, the
experimental conversion of these compounds to methane is sununarized in Table 2.
The arrount of methane produced closely agrees with theoretical values (95100%); while total gas values ranged froD 77 to 94% of theoretical.
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Figure 3.

Mass balance stoichiometry for four example aromatic compounds.

TABLE 2.

Substrate

Phenol
Catcchol
Vanillic acid
Ferulic dcid

CARBON BALANCES

Total gas produced
(nunole)
Theoretical
Actual
2.-1-l

2. 29

~~87

l.76-2.t>7

2.03

l. 7J

10. 7

lJ.-:;

Methane produced
(rnrnole)
Theoretical
Actual
l. -l 3
1.21-1.89

l. 42
l. 55

l. 02

1. 02

7 . l) 1

7.18
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intermediates in decomposition of ferulic ac.id. This is supported by the observation that. cultures acclimated to vanillin or vanillic acid cannot simultaneously utilize ferulic acid.
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Since acetate is a known precursor for methane formation, and it is observed to be readily utilized by the ferulic acid culture, its presence as an
intermediate in ferulic acid degradation was further examined by gas chromatography. Figure 6 illustrates the conversion of ferulic acid to gaseous end
products with a temporary buildup of acetate. Significant acetate levels
first appear after most of the ferulic acid has been degraded and gas production has begun. This is followed by the disappearance of acetate as gas production ceases. These results are similar to the observations on the methanogenic degradation of benzoic acid (9).
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Ferulic acid conversion to methane with temporary appearance of
acetate.

Detection of other volatile acid intermediates was thought to be hampered
by their presence in very low concentrations. To enhance the buildup of these
intermediates, active enrichments were inhibited with BESA, an analogue of coenzyme M (personal communication, R. Wolfe). It acts specifically by blocking
methyl transfer in the conversion of acetate to C02 and CH4. As shown in
Figure 7A, ferulic acid is rapidly degraded; however, total gas production is
less than 20% of that in an uninhibited culture. In addition, acetate concentrations were elevated to concentrations almost 4 times higher than that in
uninhibited systems. Four other compounds, propionic, isobutyric, butyric,
and isovaleric acid were detectable only in cultures inhibted with BESA (Fig.
7B), suggesting that when methane formation is not blocked, rapid conversion
of these organic acids takes place preventing their detection.
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A--Acetate buildup in BESA inhibited ferulic acid cultures.
B--Temporary buildup of propionic acid and appearance of isobutyric,
butyric, and isovaleric acids.

DISCUSSION
Methanogenic enrichment cultures are able to degrade a wide range of
ligno-aromatic compounds with conversion of the substrate carbon to C02 and
CH 4 . Well acclimated cultures can readily produce stoichiometric amounts of
total gas and CH4 from various aromatic compounds provided as the sole carbon
source. The fact that these microbial populations are simultaneously acclimated to more than one aromatic compound suggests that compounds of similar
structure may be degraded to methane via similar pathways or partial pathways.
In addition, some simultaneously utilized compounds may serve as intermediates
during degradation, such as with vanillin or vanillic acid during ferulic acid
decomposition.
For methane formation, aliphatic acids and acetate are important precursors and result from cleavage of the ring structure. The role of acetate as a
methane precursor is common in other methanogenic systems (12). The immediate
uptake of acetate by the ferulic acid culture indicates that an active group
of acetate-utilizing methanogens is present.
Methane bacteria are known to utilize a very limited number of simple
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compounds such as acetate, formate and the reduction of C02 to CH4. The conversion of ligno-aromatic compounds such as ferulic acid, therefore, must rely
first on other anaerobic species for initial decomposition, ring cleavage, and
formation of intermediate volatile acids. Without these reactions and the
production of precursors, methane formation could not take place. Therefore,
fermentation of ligno-aromatic compounds to C02 and CH 4 is dependent upon a
microbial food chain or microbial consortium as termed by Ferry and Wolfe (9).
Propionate, isobutyrate, butyrate, and isovalerate were detected in cultures inhibited with 10- 4 M BESA, without which detectable levels would not
have been obtained. The buildup of propionate (Fig. 7B), followed by its disappearance when acetate buildup leveled off, supports previous reports that
propionate is readily converted to acetate and C02 (13) and that it is an intermediate in aromatic degradation (2).
Since rapid disappearance of ferulic
acid was unaffected by the BESA and decomposition of propionate also proceeds,
it appears that the BESA has little or no effect on the other organisms in the
microbial food chain.
The fate of the ferulic acid molecule may take one or several pathways
which is unclear at this point. The presence of isobutyric and isovaleric
acid suggests that the pathway(s) may be somewhat different from that which
has been elucidated for benzoate (8). An example of the stoichiometry describ·
ing conversion of ferulic acid through one of the volatile acid intermediates,
isovaleric acid, is shown in Figure 8. The presence of all of the intermediates, except for methanol, has been detected in our enrichment systems.
In
addition, carbon balance data (Fig. 2) agree closely with the net reaction.

c10 H10o4 + 3H 20+ 6H

-

FERULIC ACID

C5H100 2 + 4H 2 0 ISO-VALERATE

CH 4 0
+
METHANOL

Figure 8.

2H -

o0

C5H1 2 + 2C 2 H40 2 + CH 4 0
ISO-VALERATE ACETATE METHANOL
2CH4 + 3C~ + IOH

CH4 +H 20

Stoichiometry of ferulic conversion to
valerate.
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co 2

and CH 4 through iso-

In conclusion, decomposition of ferulic acid to C02 and CH4 appears to be
mediated by a-consortium of anaerobic organisms. Compounds resulting from
ring cle.avage include propionate, butyrate, isobutyrate and isovalerate which
are likely to be converted to acetate and COz, which in turn are used by methanogens for production of carbon dioxide and methane.
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ABSTRACT
A wide taxonomic and phylogenetic spectrum of fungi
were shown to transform naphthalene. The ability to oxidize naphthalene predominated in the Mucorales, but significant hydroxylation also occurred in species of Neurospora, Claviceps and Psilocybe. The predominant metabolite formed was 1-naphthol. Other products identified
were 4-hydroxy-1-tetralone, trans-1,2-dihydroxy-l,2dihydronaphthalene, 2-naphthol, 1,2- and 1,4-naphthoquinone. Cunninghamella elegans oxidized naphthalene,
biphenyl and dibenzofuran by reactions similar to those
observed with mammalian enzyme systems.

Aromatic hydrocarbons are ubiquitous in nature. They are formed by medium and high temperature pyrolysis of organic material (2) .
In marine ecosystems, these compounds have been isolated from ocean water, marine sediments
and certain marine organisms. Sources include natural submarine seepage of
petroleum and accidental oil spillage which occurs in the production, transport, and utilization of petroleum.
In addition, trace amounts of polycyclic
aromatic hydrocarbons are released into the environment by a wide variety of
natural and man-made sources, such as forest fires, incomplete combustion of
organic material, motor vehicle emissions, coal-liquefaction and gasification
processes, cigarette smoke, and industrial wastes (2).
Studies in our laboratory have been directed toward elucidating mechanisms used by microorganisms for degradation of aromatic hydrocarbons and related compounds.
Such investigations have shown that bacteria incorporate one
molecule of atmospheric oxygen into the benzenoid nucleus to form dihydrodiols
with a relative cis-stereochemistry (16, 18).
Further oxidation of these intermediates leads to the formation of catechols which are substrates for enzymatic fission of the aromatic ring (12, 29).
The above observations are in
direct contrast to the mechanisms used by mammalian systems for the oxidation
of aromatic hydrocarbons. Mammalian enzymes incorporate one atom of molecular
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oxygen into the aromatic substrate to form reactive arene oxides which can
isomerize to phenols or undergo enzymatic hydration to yield trans-dihydrodiols (23, 25, 27). There~is ample evidence in the literature to suggest that
fungi oxidize aromatic hydrocarbons in a manner similar to that observed in
higher organisms (1, 13, 14, 28, 31). Consequently, we have initiated a comprehensive research program to investigate the biodegradative potential of a wide
range of fungal species.
In addition to providing information on the differences between mammals and microorganisms with respect to oxidation mechanisms,
the results are also relevant in terms of the fate and possible effects of
aromatic hydrocarbons in the environment.
In this communication we summarize
some of our results on fungal oxidation of naphthalene and show how the techniques used for the study of this substrate can be extended to other aromatic
hydrocarbons.

MATERIALS AND METHODS

ORGANISMS AND GROWTH CONDITIONS
The isolation and characterization of Cunninghamella elegans has been described previously (8). The sources of the fungi and the growth conditions
used in the survey for naphthalene oxidation also have been reported (11).
Small-scale fermentations were conducted in 125-ml Erlenmeyer flasks which
contained 30 ml of Sabouraud dextrose broth. After 48 h, cultures were harvested as described previously (9) and transferred to 30 ml of fresh medium.
Naphthalene, dibenzofuran and biphenyl were added to separate flasks to give a
final concentration of 0.5 mg/ml. Two control flasks were incubatBd, one with
sterile Sabouraud dextrose broth, and the other with sterile dextrose broth
and substrate. All flasks were incubated at 30°C for 48 h on a rotary shaker
at 250 rpm. At the end of each experiment, cultures were examined microscopically for bacterial contamination. No contamination was observed.
EXTRACTION AND DETECTION
OF TRANSFORMATION PRODUCTS
After 48 h the mycelium was filtered, and the culture filtrate extracted
with 3 volumes of ethyl acetate. The organic layer was dried over anhydrous
sodium sulfate, and the solvent removed in vacuo at 30°C. The residue was examined for metabolic products by thin-layer, high-pressure liquid and silica
gel column chromatography and compared with the residues obtained from each
control. A schematic representation of the separation methods is depicted in
Figure 1.
ANALYTICAL METHODS
All analytical procedures except for those noted below were as previously
described (11).
High-pressure liquid chromatography (HPLC) was used to separate napththalene, biphenyl and dibenzofuran metabolites. HPLC was performed
on a Water Associate Model 6000 A solvent delivery system. A Model U-6K septumless injector and Model 440 absorbance detector operated at 254 nm. Separation was achieved with a µBondapak c 18 (3.9 mm x 30 cm).
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Figure 1.

Schematic representation of techniques used to separate, isolate
and identify naphthalene, biphenyl and dibenzofuran metabolites.

Naphthalene metabolites were separated by gradient elution. The initial
solvent composition was 50% methanol and 50% water. The final solvent concentration was 95% methanol and 5% water. A convex gradient at curvature setting
four was employed with a flow rate of 0.4 ml/min. The biphenyl and dibenzofuran metabolites were also separated by gradient elution. The initial solvent composition was 30% acetonitrile and 70% water. The final solvent concentration was 70% acetonitrile and 30% water. A gradiant curvature setting
eight was employed at a flow rate of 1.5 ml/min. As metabolites eluted from
the column, samples were collected and immediately analyzed by ultraviolet
spectrophotometry and mass spectrometry. Extinction coefficients at 254 run
were used to determine the relative amount of each metabolite produced by the
different microorganisms.
CHEMICALS
Naphthalene and dibenzofuran were obtained from Aldrich Chemical Company.
Biphenyl was obtained from Mallinckrodt Chemical Works. trans-1,2-Dihydroxyl,2-dihydronaphthalene was a generous gift from L. A. Kapicak, Union Carbide.
Both cis-l,2-dihydroxy-1,2-dihydronaphthalene and 4-hydroxy-1-tetralone were
prepared as described previously (19, 9). 1-Naphthol, 2-naphthol, 1,4-naphthoquinone and 1,2-naphthoquinone (J. T. Baker Company) were purified by vacuum
sublimation before use. 2-Hydroxydibenzofuran, 3-hydroxydibenzofuran and 4hydroxydibenzofuran were generous gifts from N. E. Stjernstrom, Astra Pharmaceuticals AB, Sweden. 2-Hydroxybiphenyl was obtained from Aldrich Chemical
Company, and 3-hydroxybiphenyl and 2,5-dihydroxybiphenyl from RFR Corporation.
All solvents used for HPLC were purchased from Burdick and Jackson Laboratories, Inc.
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RESULTS AND DISCUSSION
Cells of Cunninghamella elegans grown in the presence of naphthalene produced six metabolites. The separation of these products by HPLC is shown in
Figure 2A. The major metabolites were 1-naphthol (67.9%) and 4-hydroxy-1tetralone (16.7%). Minor products isolated were 1,4-naphthoquinone (2.8%),
1,2-naphthoquinone (0.2%), 2-naphthol (6.3%), and trans-l,2-dihydroxy-1,2dihydronaphthalene t5.3%). The isolation and identification of the napthalene
metabolites has been described earlier (9). It has been well documented that
mammals oxidize naphthalene to naphthalene-1,2-oxide, 1-naphthol and trans-1,
2-dihydroxy-1,2-dihydronaphthalene (20, 21, 25, 26).
Naphthol arises from the
intermediate naphthalene-1,2-oxide by spontaneous rearrangement, whereas the
trans-naphthalene dial arises by enzymatic hydration. In contrast, bacteria
metabolize naphthalene to cis-dihydrodiols by the action of a dioxygenase (7,
19, 22).
Our results suggest that C. elegans oxidizes naphthalene in a manner
analogous to mammalian enzyme systems. To further demonstrate that the metabolism of naphthalene by C. elegans is analogous to mammalian cytochrome P-450
systems, we prepared subcellular fractions of C. elegans and assayed for naphthalene oxygenase activity. The metabolites formed from the microsomal hydroxylation of naphthalene were trans-1,2-dihydroxy-l,2-dihydronaphthalene,
1-naphthol, and 2-naphthol. The major metabolite was 1-naphthol (10). Enzymatic activity was dependent on the presence of reduced nicotinamide-adenine
dinucleotide phosphate and oxygen. Reduced microsomal preparations when
treated with carbon monoxide showed absorption maxima at 450 and 420 nm. The
results suggest that the metabolism of naphthalene by fungal microsomes may be
analogous to the cytochrome P-450-dependent monooxygenase activity associated
with mammalian liver microsomes.
The techniques developed during our studies with C. elegans permitted a
detailed study of naphthalene oxidation in organisms belonging to five major
fungal taxa. Eighty-six species of fungi in thirteen classes were investigated. Metabolites were detected by thin layer chromatography and quantitatively analyzed by high pressure liquid chromatography. Approximately 55% of
the organisms investigated oxidized naphthalene (Table 1). Naphthalene oxidation predominated in the Zygomycetes. Species of Cunninghamella, Syncephalastrum and Mucor oxidized naphthalene to similar compounds as described for C.
elegans. Other fungi showing a similar degradative activity were Neurospora
crassa, Claviceps paspali and Psilocybe strains. Approximately 35% of the
fungi tested produced trans-naphthalene diol. The fungi which produced significant 1-naphthol levels also showed the production of 4-hydroxy-1-tetralone.
This is consistent with our previous study with C. elegans (9) which indicated
that 4-hydroxy-1-tetralone is formed from 1-naphthol. Previously Bollag et al.
(3) had demonstrated the formation of 4-hydroxy-1-tetralone as a bacterial oxidation product of 1-naphthol. trans-Naphthalene dial and/or 1-naphthol were
produced from some of the lower fungi (Chytridiomycetes and Oomycetes)
screened. This suggests that the enzymes responsible for naphthalene metabolism may have originated very early during the evolution of eucaryotic cells.
Fungi from a variety of trophic habitats and environments were able to oxidize
naphthalene to some extent and in all cases it appears that the reactions are
similar to those that occur in mammals.
The techniques described above were also utilized to study the metabolism
of biphenyl and dibenzofuran by c. elegans.
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Separation of metabolites formed from naphthalene (A), biphenyl (B)
and dibenzofuran (C) by high pressure liquid chromatography.
Separation methods described under Materials and Methods.

Biphenyl is used commercially as a fungistat in the shipping of citrus
fruits. Although the metabolism of biphenyl by mammals (30) and bacteria (4,
5, 6, 17, 24) has been widely studied, relatively little is known about its
metabolism by fungi (28, 31).
Biphenyl oxidation by c. elegans produced 2-,
3- and 4-hydroxybiphenyl. The major site of hydroxylation is at the 4-posi tion
to form 4-hydroxybiphenyl and secondary oxidation also produced significant
amounts of 4,4'-dihydroxybiphenyl. Less hydroxylation occurs at the 2- and
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3-positions. When 4-hydroxybiphenyl or 2-hydroxybiphenyl replaces biphenyl as
the substrate, C. elegans produces 4,4'-dihydroxybiphenyl and 2,5-dihydroxybiphenyl, respectively. HPLC analysis of the metabolites produced by C. elegans grown in the presence of biphenyl is shown in Figure 2B.
In addition to
1
free phenolic metabolites, experiments with ~C-biphenyl indicate that 44% of
the known metabolites present in the culture medium are glucuronide conjugates. These results are similar to those formed in the transformation of biphenyl by mammals.

TABLE 1.

METABOLITES FORMED FROM NAPHTHALENE BY DIFFERENT SPECIES OF FUNGI

Fungi

Naphthalene
metabolites*

Fungi

Mastigomycota
Chytridomycetes

Phlyctochytrium reinboldtae
Rhizophlyctis rosea
R. harderi

Trichomycetes
5
5
5

Ascomycota

Saccharomyces cerevisiae
Emericellopsis sp.
Neurospora crassa
Sordaria fimicola
Claviceps paspali

5
5
5
1,5

Zygomycota
Zygomycetes

Cunninghamella elegans
C. echinulata
C. japonica
Syncephalastrum sp.
S. racemosum
Mucor sp.
M. heimalis
Gilbertella persicaria
Absidia sp.
A. glauca
Zygorhynchus moelleri
Cokeromyces poitrassi
Choanephora campincta
Phycomyces blakesleenaus
Circinella sp.
Thamnidium anamolum
Rhizopus arrhizus
Basidiobolus ranarum
Conidiobolus gonimodes

Smittium culisetae
s. simulii
S. culicis

1,2,5
5
5

Oomycetes

Saprolegnia parasitica
Phytophthora cinnamomi
Thraustochytrium sp.
Hyphochytrium catenoides

Naphthalene
metabolites*

1,5,6
5
1,2,3,4,5,6
5,6
1,2,3,4,5,6

Basidiomycota
l,2,3,4,5,6
1,2,3,4,5,6
1,2,3,4,5,6
1,2,3,4,5,6
1,2,3,4,5,6
1,2,3,4,6
1,2,3,5,6
1,5,6
1,2,5,6
1,2,5,6
1,5,6
1,5,6
1,5,6
1,5,6
1,5,6
1,5,6
1,5,6
1,5,6
1,5,6

Psilocybe strictipes
P. subaeruginascens
P. cubensis
P. stuntzii
Panaeolus subbalteatus
P. cambodginensis

1,2,3,4,5,6
1,2,3,4,5,6
1,2,3,4,5,6
1,2,3,4,5,6
5,6
5,6

Deuterornycota

Aspergillus niger
Penicillium notatum
Gliocladium sp.
Epicoccum nigrium
Pestalotia sp.

*l = trans-naphthalene diol; 2 = 4-hydroxy-l-tetralone; 3 = 1,2-naphthoquinone;
4 = 1,4-naphthoquinone; 5 = 1-naphthol; 6 = 2-naphthol.
Metabolites were separated and quantitated as described previously (11).
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5,6
5,6
5,6
5,6
5

Dibenzofuran is an oxygen-containing heteroaromatic compound identified
as a constituent of coal tar. Chlorinated derivatives of dibenzofuran have
been identified as trace contaminants in commercial preparations of polychlorinated biphenyl, pentachlorophenol and hexachlorobenzene. These chlorinated dibenzofurans have been reported to be more toxic to mammals than the compounds
that they contaminate (15). Despite their widespread occurrence and toxicological properties, little is known about the microbial degradation of dibenzofuran. C. elegans grown in the presence of dibenzofuran produced four metabolites. The separation of these metabolites by HPLC is shown in Figure 2C.
C. elegans oxidized dibenzofuran to form trans-2,3-dihydroxy-2,3-dihydrodibenzofuran, 2-hydroxydibenzofuran, 3-hydroxydibenzofuran and 2,3-dihydroxydibenzofuran. Each product was isolated and identified by conventional chemical
techniques. The formation of 2-hydroxydibenzofuran and 3-hydroxydibenzofuran
also suggests the formation of 2,3-dibenzofuran oxide since it is characteristic of arene oxides to spontaneously isomerize to form phenols. These phenols
did not arise from the decomposition of trans-2,3-dihydroxy-2,3-dihydrodibenzoburan since control experiments indicated that this dihydrodiol was very
stable under our culture conditions and isolation techniques.
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Initial reactions used by marrunals, fungi and bacteria to oxidize
aromatic hydrocarbons.
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This paper provides evidence for the fungal metabolism of aromatic hydrocarbons. The fungi surveyed in this report include organisms found in terrestrial, freshwater and marine ecosystems. Many of the fungi tested oxidized
naphthalene to some extent.
C. elegans oxidized naphthalene, biphenyl and dibenzofuran to metabolites which are quite similar to those reported in mammalian enzyme systems. These mechanisms are compared to the metabolism of aromatic hydrocarbons by bacteria in Figure 3.
The results obtained using pure cultures of fungi, chemically defined
media, and simple aromatic substrates, reveal general features of degradation
and information that may be valuable in predicting the fate of these and more
complex molecules in the environment.
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A NOVEL SELECTIVE ENRICHMENT TECHNIQUE FOR USE
IN BIODEGRADATION STUDIES
D. Liu
Toxic Substances Section
National Water Research Institute
Canada Centre for Inland Waters
Burlington, Ontario, Canada

ABSTRACT
A selective enrichment technique has been developed
for rapid isolation of lipophilic compound-degrading microorganisms. This method is based on the fact that biodegradation of lipophilic substances takes place mainly at
the substance-water interface. Thus, the areal extent of
this interface will determine the availability of substrate to the degrading microorganisms and thereby control the primary biodegradation rate as well as the microbial biomass. The isolation procedure involves finely
emulsifying the test substance and stabilization of the
emulsion with sodium ligninsulfonate. Microorganisms
capable of degrading n-alkanes, aromatic hydrocarbons,
phenols and polychlorinated biphenyls were isolated using
this technique.
INTRODUCTION
By definition, an enrichment technique implies the creation of an artificial environment which will either permit the desirable microorganisms to multiply at a faster rate than others or will suppress the growth of all but the
desirable microorganisms (1) • Enrichment techniques have made an important
contribution to development of modern microbiology in studies of microbial
degradation and pathways. The literature on enrichment technique is vast and
widely scattered, however, most procedures deal with isolation of microorganisms which will grow on hydrophilic compounds. Only limited information is
available on isolation of microorganisms capable of degrading lipophilic compounds.
As more and more new organic compounds are being synthesized, the threat
of environmental pollution caused by these new chemicals increases accordingly. Most are of lipophilic nature (hydrophobic) which are inherently more
resistant to biodegradation than are hydrophilic ones. This is probably due
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to the requirement of most microorganisms for an aqueous phase to carry out
their metabolic activity; furthermore, the hydrophobic nature of these new
chemicals makes them less susceptible to microbial attack. Studies in our
laboratories have been concerned with the biodegradation of persistent toxic
organic substances and the isolation of lipophilic-compound-degrading microorganisms by an enrichment technique.

MATERIALS AND METHODS
Source of Inoculum.--Activated sludge from the local municipal sewage
plant was used as the major source of inoculum in the biodegrdation study
since the bacterial types (Alcaligenes, Acinetobacter, Flavobacterium, Pseudomonas and Escherichia) and their concentration (7 x 10 7 to 2 x 10 8 ml- 1 ) in
the sludge were observed to remain relatively stable throughout the year. Occasionally, samples of activated sludge or soil from local industrial plants
also were used as the bacterial seedings.
Growth Medium.--To control the variables normally encountered in a growth
medium containing complex organic nutrients such as yeast extract and peptone,
the following chemically defined mineral broth was chosen as the basal medium
(g liter- 1 ): K2HP04, 1.3; KH2P04, 0.82; (NH4)2S04, 1.0; MgS04=7H20, 0.05;
FeS04•7H20, 0.01; CuS04°SH20, 0.01; C0Cl2•6H 20, 0.001; MnCl2°4H 20, 0.001;
NaCl, 0.05. The final pH was 6.9. The medium was sterilized at 121°C for 15
min. Sodium ligninsulfonate and the test substances were sterilized separately before being added to the basal medium.
Preparation of Emulsion.--One hundred milligrams of the test substance
was added to a sonic cup containing 10 ml of distilled water and 5 mg of sodium ligninsulfonate. Solid test substance was dissolved in a minimal amount
of n-hexane. The mixture was subjected to pulse ultra-sonification for approximately l min until it was emulsified. The emulsion was freshly prepared
prior to the initiation of each experiment.
Preparation of Emulsion-Agar Plate.--Fifty milligrams of the test substance were made into 10 ml of a fine emulsion as described above under aseptic conditions, and the emulsion was then mixed with 500 ml of sterile basal
agar (approx. 50°C) for pour plate. Plates made in this manner were semitranslucent and colony development was slow (2-7 d) .
Enrichment Culture.--Various amounts of the test substance in emulsion
form were added to 125-ml Erlenmeyer flasks containing 50 ml of mineral medium
and 5 mg of sodium ligninsulfonate to give final concentrations of the test
substance of 10, 20, 50, 100 and 300 mg liter- 1
Fresh activated sludge (O.l
ml) was added to each flask as the inoculum, with incubation at room temperature (21°C) on a gyratory shaker for 1-4 weeks or longer. The samples were
checked daily under a phase contrast microscope and the test substance was
monitored for biodegradation using gas chromatography. If evide~ce of biodegradation was noticed, the culture broth was then used for isolation of the
degrading microorganism on emulsion agar plates.
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Biodegradation Measurement.--In all experiments, only the primary biodegradation of the test substance was followed, i.e., the loss of parent compounds.
Five-milliliter samples of the culture broth and 1 ml of n-hexane
were mixed vigorously in a 15-ml conical glass centrifuge tube on a vortex
mixer for 1 min. The emulsion was broken by centrifugation at 2,000 x g for
10 min and the clear hexane extract was used for GC analysis, using two gas
chromatographs equipped with FID detectors. A Beckman GC-65 was fitted with
dual 1.8 m x 6.3 mm o.d. stainless steel columns containing 2% OV-1 on Chromsorb G-AW-DMCH. A Hewlett-Packard 5730A was fitted with dual 1.8 m x 6.3 mm
o.d. glass columns containing 10% OV-1 on Chromsorb W-HP. The oven tempera1
ture was programmed from 100-250°C at 5-8°C min- and the temperatures at the
injector port and detector were at 250 and 300°C, respectively.
Growth Determination.--Cultures were in 2-liter Bellco spinner flasks at
room temperature (21°C) and at various intervals samples were withdrawn for
dry weight determination (5).
Manometric Technique.--Oxygen consumption was measured at 20°C in a Gilson differential respirometer. Cells were harvested from the growth culture,
washed and resuspended in cold 0.05 M phosphate buffer (pH 7.0). A typical
reaction mixture contained 1 ml of cells, 1 ml of 0.05 M phosphate buffer,
0.9 ml of water, 0.1 ml of substrate and 0.15 ml of 20% KOH in the center well
for C02 absorption. The final fluid volume was 3.2 ml.

RESULTS
The first successful application of this enrichment technique in this
laboratory involved isolation of a PCB-degrading Pseudomonas sp. from the activated sludge. The development of the technique for rapid isolation of lipophilic compound-degrading microorganisms was explored by using this bacterium
and the commercial PCB mixture (Aroclor 1221).
Initially, an attempt was made
to incorporate the PCB into the growth medium by dissolving i t in an appropriate solvent such as acetone. As expected, the major portion of the added PCB
separated out as soon as the acetone solution was added. No significant degradation of PCB was noticed in the growth medium in spite of microbial growth.
Further investigation revealed that most sewage microorganisms could utilize
acetone as a source of carbon and energy for growth.
Microorganisms in activated sludge were capable of rapidly oxidizing acetone or acetate (Fig. 1),
thus, i t is inadvisable to use acetone as solvent in the enrichment technique
since it may serve as an alternate carbon source.
When ultrasonically treated PCB (as emulsion) was added to the mineral
medium containing sodium ligninsulfonate as an emulsion stabilizer, significant degradation of PCB (34%) was detected within 9 d.
Further incubation to
11 and 14 d resulted in 71% and 99% biodegradation of the PCB, respectively
(Fig. 2). From this culture, a PCB-degrading Pseudomonas sp. 7509 capable of
degrading PCB from concentration of 300 mg liter- 1 to a level of less than
1
1 mg liter- within 48 h was isolated.
However, the growth rate of the
pseudomonad was greatly retarded if non-emulsified PCB was employed in the
growth medium. Examination by phase contrast microscopy of cultures grown
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with unemulsified PCB revealed that the cells were intimately associated with
the dispersion of the PCB droplets in the medium (Fig. 3). Most of the PCB
droplets were surrounded by the bacterial cells indicating the possible involvement of bacteria in dispersion of PCB droplets in the growth medium. Ex·
amination with interference phase contrast microscopy showed that the cells
actually attached themselves to the surface of PCB droplets, suggesting that
microbial degradation of PCB could be occurring at the PCB-water interface
(Fig. 4). Similar observations were also noticed when this enrichment technique was applied to isolation of other lipophilic compound-degrading microorganisms such as a p-cresol-degrading bacterium (Fig. 5). In a medium with
PCB as the only carbon and energy source, pseudomonad 7509 gave a near-linear
cell yield as a function of concentration of PCB emulsion (Fig. 6).
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Figure 2.

FID gas chromatograms of n-hexane extracts of Aroclor 1221 at zero
time, after 9 days, 11 days and 14 days incubation with activated
sludge.
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A

B
Figure 3.

Micrographs of the culture broth taken at different growth stages
showing the dissociation of PCB droplets. A = early log phase;
B = middle log phase. Phase contrast at 400X.
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Figure 4.

Interference phase micrograph showing the bacterial growth at the
PCB-water interface. Interference phase contrast at lOOOX.

Figure 5.

Interference phase micrograph showing the growth of a p-cresol
degrading bacterium at the p-cresol-water interface (lOOOX).
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The growth yield of Pseudomonas sp. 7509 as a function of Aroclor
1221 concentration in the growth medium.

The rate of PCB degradation by bacteria was also followed by the rate of
oxygen consumption (2). The relationship between oxygen consumption and the
concentration of PCB in the flask, i.e., the amount of oxygen used by the
cells, was a direct function of the concentration of PCB (Fig. 7). For all
PCB concentrations employed, there was no lag period for oxygen utilization,
suggesting that the bacterial cells oxidized PCB inunediately, i.e., the cells
grown by this enrichment method possessed vitality sufficient to attack the
lipophilic compound. The UV-VIS spectrum of sodium ligninsulfonate recovered
from the culture broth showed little difference from the control, indicating
that sodium ligninsulfonate was not degraded in the process and hence did not
provide an alternate carbon and energy source for the cells.

DISCUSSION
Investigators studying biodegradation of lipophilic substances in the
aquatic environment have been confronted with the problem of finding a means
to dissolve or disperse such substances in growth media. A number of enrichment methods have been used for isolation of PCB-degrading bacteria, including
dissolving of PCB in acetone (6, 8), ethanol (7) and diethyl ether (3). All of
these methods have their drawbacks. Acetone and ethanol are good substrates
for microorganisms and provide alternate carbon sources for bacterial growth.
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Diethyl ether is immiscible with aqueous media. In addition, since PCB cannot
be kept.in th~ growth media at concentrations above their solubilities by the
aforementioned techniques, this means that bacterial cells have little opportunity to contact the PCB; consequently, the likelihood of enhancing PCBdegrading microorganisms is decreased. Finally, the use of organic carbonrich nutrients such as glucose and peptone in the enrichment medium (7) is of
questionable value in that numerous different microorganisms can readily utilize such nutrients. The bacteria which predominate in such growth media need
not necessarily be the lipophilic degrading ones.
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The enriclunent technique described here avoids most of the problems encountered with previous methods. The production of a fine emulsion of the
lipophilic substance through ultrasonic means provides a much larger lipophile
water interfacial area, thus allowing the microorganisms to overcome the substrate-limiting aspect which may determine subsequent bacterial growth rate.
Sodium ligninsulfonate is used rather than commercial emulsifiers due to its
recalcitrance to microbial action. Therefore, most microorgani·sms isolated
by this technique are very active in degradation of the lipophilic compounds.
However, this enrichment technique is useful only when the test substance
can be metabolized by the microorganism in question. Certain lipophilic
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substances, such as DDT, are only degraded by cometabolism (4). However, if
necessary, a cometabolite can be applied in the presently described enrichment
technique. The latter can be used reliably to obtain some lipophilic substance-degrading microorganisms from the environment.
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DISTRIBUTION, ABUNDANCE, AND PETROLEUM-DEGRADING POTENTIAL
OF MARINE BACTERIA FROM MIDDLE ATLANTIC
CONTINENTAL SHELF WATERS
A. E. Maccubbin and Howard Kator
Department of Microbiology-Pathology
Virginia Institute of Marine Science
Gloucester Point, VA 23062

ABSTRACT
Bacterial populations indigenous to surface (1 m)
waters of the Middle Atlantic Continental Shelf were
sampled at seasonal intervals to determine the abundance
and distribution of petroleum-degrading (HC), chitinoclastic, and "total" heterotrophic (HET) bacteria. Simultaneously, unweathered South Louisiana crude oil was added
to aliquots of 1-m water samples to evaluate rates and
patterns of saturated paraffin degradation on shipboard
under controlled incubation conditions. Degradation was
examined under selected nutrient and temperature regimes
in both closed flasks and prototype "open" or continuous
dilution systems. HET bacterial levels generally decreased with distance from land. HC bacteria were most
abundant in the coastal boundary layer. Changes in values
of HC/HET tended to be directly related to the abundance
of petroleum-degrading bacteria. Degradation of saturated
paraffins in closed flasks characteristically resulted in
removal of n-alkanes and isoprenoids at rates related to
season, sampling location, and nutrient regime.

Coincident with proposed leasing of tracts for oil exploration on the
Middle Atlantic Continental Shelf (MACS), we were given the opportunity to assess the seasonal distribution, abundance and relative in-vitro petroleumdegrading capabilities of marine bacteria. Of particular interest were how
viable counts of petroleum-degrading bacteria and the ratio of petroleumdegrading to "total" heterotrophic bacteria varied with season and proximity
to land. Previous authors (3, 6, 9, 10, 11, 16, 17) have indicated that in areas
of increased levels of pollution by petroleum or related compounds, the viable
counts of petroleum-degrading bacteria were elevated. Similarly, increases in
the value of the ratio of petroleum-degrading to "total" heterotrophic bacteria have been observed under these conditions (6, 15).
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Although viable counts of petroleum-degrading bacteria and/or increase in
the ratio of this group to "total" heterotrophs may be indicative of the presence of petroleum (or allied compounds) , these values yield no direct information concerning the potential of bacteria to degrade petroleum. Therefore, a
sequence of closed flask "batch" degradation experiments were performed to assess the influence of season, inorganic enrichment, and water type on on invitro degradation of South Louisiana crude oil. Finally, to overcome several
cultural limitations inherent in closed flask systems, we developed and performed a series of preliminary studies with an "open" or continuous dilution
system for simulation of microbial weathering of petroleum at sea.

MATERIALS AND METHODS
SAMPLING
Surface water samples were collected during the four biological seasons
at selected stations (Fig. 1) at 1-2 m depth using Niskin sterile bag samplers. Precautions were taken to prevent contamination by discharge from the
vessel. Water samples were immediately processed for enumeration of "total"
heterotrophic and petroleum-degrading bacteria. Appropriate dilutions or concentrations-on--ni.embrane filters were prepared prior to enumeration.
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Sampling stations, Middle Atlantic continental shelf waters.
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ENUMERATION
Seawater inocula or appropriate dilutions or concentrates thereof were
enumerated for "total" heterotrophic bacteria (HET)' using a three-tube MPN
technique (7) in a heterotrophic medium (HM) modified after ZoBell's 2216E to
reduce inorganic precipitate formation.
This medium consisted of 1.0 g/liter
peptone, 0.5 g/liter yeast extract, 0.01 g/liter ferric citrate, 0.1 g/liter
sodium glycerol phosphate, and 1000 ml of aged seawater (final pH of 7.8 after
sterilization). Petroleum-degrading bacteria (HC) were also enumerated using
a three-tube MPN technique (5) employing a minimal salts enriched seawater
(ESWB) containing 1.0 g/liter (NH 4 )2S04 and 0.1 g/liter KzHP04 in 1000 ml of
aged seawater. Following inoculation, approximately 1% sterile unweathered
South Louisiana crude oil (SLCO) was added as the carbon source. Petroleum
was sterilized by filtration through a 0.4 µ polycarbonate membrane.
All
media were autoclaved at 121°C for 15 min.
HM tubes were incubated at 20-22°C for two weeks and examined at weekly
intervals. ESWB + petroleum (ESWBP) tubes were incubated at similar temperatures on a rotary shaker platform (140 rpm) for one month and examined biweekly. HM tubes were scored positive when turbid; ESWBP tubes were scored
positive when turbid or if the oil showed obvious signs of degradation with
associated cell debris, or a combination of both. MPN values were calculated
using standard tables (1) .
CLOSED FLASK PETROLEUM DEGRADATION EXPERIMENTS
Four replicate sets of pre-washed flasks (250 ml, Erlenmeyer) received
the following treatments:
(a) sterile control--100 ml sterile seawater plus
100 µl sterile unweathered SLCO; (b) non-enriched--100 ml seawater plus 100
µl sterile unweathered SLCO; (c) enriched--100 ml seawater plus 100 µl sterile
unweathered SLCO plus l ml of a nutrient solution containing 1.0 g/liter
(NH4)2S04 and 0.1 g/liter KzHP04; (d) oil-free control--100 ml seawater.
Flasks were loosely covered with foil and incubated on a rotary shaker
platform (120 rpm) at a selected seawater temperature representative of that
season. At selected intervals, one randomly selected flask from the oil-free
control, non-enriched, and enriched treatments were enumerated for HET and HC
viable counts. After enumeration, the non-enriched and enriched flasks and a
sterile control flask were "pickled" with methylene chloride for subsequent
analysis of residual petroleum.
CONTINUOUS DILUTION PETROLEUM
DEGRADATION EXPERIMENTS
Three replicate groups of 500 ml Erlenmeyer flasks were arranged to receive the following treatments:
(a) sterile control--50 ml sterile seawater
plus a low concentration of SLCO (0.01-0.1%, v/v); (b) inoculated--50 ml
freshly collected "ambient" seawater plus a low concentration of unweathered
SLCO (0. 01-0 .1%, v/v); (c) oil-free control--50 ml freshly collected "ambient"
seawater.
Following the initial inoculation, flasks were incubated on an Orbit
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Environ-Shaker 18 (Lab-Line Instruments, Inc.) at 100 rpm and average seasonal
ambient temperature. During incubation, flask contents were diluted by adding
seawater at the rate of 1 ml/h. Seawater was pumped using a multi-channel
peristaltic pump (Desaga, Brinkman Instruments) from two reservoirs. One reservoir contained freshly collected "ambient" seawater and the other contained
seawater + 1% formalin. Reservoirs were replenished at regular intervals
(Fig. 2). At various incubation intervals, representative flasks for each experimental treatment were randomly harvested and HET and HC enumerated. Glass
distilled methylene chloride was then added to the inoculated and sterile control flasks as a "pickling" agent in preparation for analysis of the residual
oil.
CONTINUOUS

DILUTION SYSTEM

INCUBATOR

Multi-Channel
Peristaltic
Pump

Incubation at Seasona I
Temperature with Rotation
ot 100 rpm.

Seawater
+ 1%
Formalin

Seawater
freshly collected

PUMP

RESERVOIRS

Figure 2.

Schematic of prototype ''open" or continuous dilution system.

EXTRACTION OF RESIDUAL PETROLEUM
"Pickled" flasks were acidified (pH 3.0-4.0) with HCl and extracted with
two 25-ml portions of methylene chloride. Methylene chloride phases were combined and washed with 50 ml of acidified distilled water (pH 4.0) containing
3% NaCl. After phase separation, the organic phase was dried by passage
through anhydrous sodium sulfate and collected in a clean, solv~nt-~ashed,
0
pre-weighed evaporation flask. Solvent was then removed by aspi·ration at 40 C
using a McLeod gauge to instantly detect complete solvent removal. The extracted residue was weighed and dissolved in 1 ml of hexane.
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FRACTIONATION OF RESIDUES
Extracts were fractionated by column chromatography. Glass columns (1 cm
diameter) packed to a height of 17.5 cm with activated silca gel (heated at
235°C for 16 h) were pre-washed with four (4) 10-ml portions of glass distilled hexane. Extracts were then placed on columns in 1 ml hexane and eluted
with 17 ml hexane. The first 5 ml of hexane eluting were discarded and the
next 13 ml hexane, designated the H2 fraction and containing saturates, were
saved. Columns were next eluted with 30 ml of a hexane/benzene (40/60 v/v)
mixture and an aromatic-containing fraction collected. Fractions were dissolved in small volumes of hexane and stored at -4°C for subsequent analysis.
GAS CHROMATOGRAPHY
Analysis of H2 fractions was performed using a Tracor 560 gas chromatograph equipped with dual flame ionization detectors and a Grob capillary injection system. Samples (2-2.5 µl) were injected with the split closed and the
oven temperature programmed to 240°C at 4°/min with a final hold at 240°C of
10 min. Glass capillary columns (20 m x 0.33 mm i.d.) coated with 0.2% SE-52
were used. Injector and detector temperatures were set at 240°C and 325°C,
respectively. Carrier gas (He) flow through the column was 2-3 ml after
splitting.
Chromatogr~s were evaluated for degradation expressed as loss of normal
paraffins (nC10-nC25, inclusive). Identification of n-paraffins was by comparison of retention times with authentic standards. Changes in n-paraffin
peak areas were expressed as the ratio of each n-paraffin to the naturally occurring isoprenoid hydrocarbon pristane (2,6,10,14-tetramethylpentadecane).
Peak areas and retention times were recorded electronically. A conservative
estimate of the absolute concentration of pristane/unit weight crude oil was
determined by the technique of standard addition (8). n-Paraffin losses in
non-enriched and enriched experimental flasks were compared to sterile controls to adjust for evaporation during incubation. On the basis of complete
workup of replicate blanks and controls, n-paraffin summation losses smaller
than 10% of the control summation values were not considered significant.

DETERMINATION OF CHEMICAL-PHYSICAL PARAMETERS
ATP concentrations were measured by the method of Strickland and Parsons
(12). Concentrations of dissolved organic carbon, nitrates, phosphates, dissolved aliphatic and aromatic hydrocarbons were obtained from relevant chemical and biological benchmark data (14, 15).

RESULTS
Figure 1 is of the (MACS) study area and indicates the locations of 1-m
surface water stations. Station Cl was located east of Atlantic City in the
coastal boundary layer. Stations Dl, N3, and E3 were situated in inner and
outer shelf waters. F2 was located in the shelf break region (100-m contour)
and Jl was located in slope water. Seasonal variations in water type were
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noted at station F2 which was frequently located in a frontal zone caused by
mixing of shelf and slope water.
Water types at Station Jl were sometimes
characterized as eddies from the Gulf Stream.
Results from enumeration of viable counts of petroleum-degrading and
"total" heterotrophic bacteria are shown in Figures 3 and 4 and Tables l and 2.
Generally, values of heterotrophs decreased with increased distance from land,
5
with counts falling from about 10 bacterial units/ml to 10 2 bacterial units/
ml.
Geometric means values (Tables 3 and 4) for all transect HET counts did
not vary much with season.
Considered on a station basis, however, geometric
mean values tended to decrease directly with distance from land.

TABLE 1.

BACTERIAL COUNTS AND VALUES OF SELECTED CHEMICAL-PHYSICAL PARAMETERS
FOR ONE-METER SURFACE WATER SAMPLES ALONG THE SOUTHERN NEW JERSEY
TRANSECT DURING 1975-1976
N03
Log
Log
Log
Temp. Salinity
(µgat/l)
HC/ml HET/ml HC/HET (°C)
(ppt)

Station

Fall 1975
Cl
2.6
Dl
0 .4
N3
-0. 4
E3
-1. 0
F2
0.4
Jl
-2.5

P04
(µgat/l)

Log ALI
DOC
(mg/l) (µg/l)

1. 91
1.01
-0.07
1. 79
1.44
2.22

5.0
4.0
3.4
3.0
1.6
1.4

-2.3
-3.6
-3.7
-4.0
-1.3
-3.9

16.0
17.5
17.0
14.4
20.5
20.7

29.81
30.87
32.39
32 .96
35.24
35.44

2.16
0.12
2.29
1.12
0.20
0.06

0.64
0.52
0. 32
0.34
0.09
0 .13

1. 7
1.1
1.0
0.9
1.4
1.0

Winter 1976
Cl
1. 3
1.0
Dl
N3
-1.1
-0.9
E3
1.2
F2
-0.03
Jl

4.4
4.0
2.2
1.4
2.6
2.4

-3.1
-3.l
-3.3
-2.3
-1.5
-2.4

3.8
4.0
5.5
7.1
9.3
8.4

31.05
31.52
32.54
33.46
34.75
34.89

0.30
0.15
0.03
0.09
1. 98
0.05

0.36
0.40
0.26
0.20
0.24
0.04

3.37
2.86
1.95
5.18
2.02
3.94

0.67
o. 72
0.90
1.23
0.81
0.76

Spring 1976
Cl
5. 0
Dl
-1. 6
N3
-0.03
E3
-1.6
F2
-1. 6
Jl
-1. 4

4.7
4.4
3.0
2.2
3.0
3.2

0.4
-6.0
-3.0
-3.8
-4.6
-4.5

16.2
16.6
17.0
17.1
18.0
17.8

32.02
32.02
32.20
32.16
32.07
31.78

1.55
1.63
1. 52
0.22
0.28
0.09

0.24
0.12
0.04
0.12
0.36
0.04

2.14
3.49
5.67
2.93
2.63
2.22

-0.23
-0.43
-0.61
-0.43
0.08
-0.37

Summer 1976
Cl
3 .0
Dl
-0.4
N3
-0. 4
0.4
E3
-0.4
F2
-0.6
Jl

4.9
3.0
2.9
3.6
3.2
3.4

-1.9
-3.3

21.0
22.3
22.3
21.l
21. 0
20.5

1. 76
31.56
32.19
31.10
33.91
33.93

0.10
0.09
0.05
0.08
0.10
0.10

0.48
0.24
0.20
0.16
0.04
0.04

4.55
4.22
2.56
4.12
2.06
2.46

-0.37
-0.81
-0.85
-0.86
-0.75
-0.51

~

-3.3
-3.3
-3. 5
-4.0

HC = Petroleum-degrading bacteria; HET = Heterotrophic bacteria; DOC
solved organic carbon; ALI = Dissolved aliphatic hydrocarbons.
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TABLE 2.

VIABLE BACTERIAL COUNTS AND VALUES OF SELECTED CHEMICAL-PHYSICAL PARAMETERS FOR ONE-METER
SURFACE WATER SAMPLES ALONG THE SOUTHERN NEW JERSEY TRANSECT DURING 1976-1977

Station

VJ

00
-....)

Log
HC/ml

Log
HET/ml

Log
HC/HET

Temp.
(oC)

Salinity
(ppt)

N03
(µgat/l)

P04
(µgat/l)

DOC
(mg/l)

Log ALI
(µg/l)

Log ATP
(ng/l)

Fall 1976
Cl
Dl
N3
E3
F2
Jl

2.8
0.1
0.3
-0.4
0.3
-3.2E-02

4.6
4.2
4.2
3.3
3.2
1.9

-1.8
-4.1
-3.9
-3.6
-2.9
-1. 9

11.5
12.3
12.6
13.1
13.0
15.6

31.76
32. 65
32.79
33.05
34.07
35.44

4.01
0.57
0.27
N.A.
0.55
1.65

1.12
0.76
0.40
N.A.
0.26
1.08

4.88
1.02
3.05
3.43
1.19
7.90

1.36
-0.34
-0.80
-0. 77
-0.92
-1.64

3.11
2 .83
2.59
2.67
2.59
1.62

Winter 1977
Cl
Dl
N3
E3
F2
Jl

-4.0E-03
0.2
0.2
-0.2
0.3
-0.4

5.1
3.6
3.0
2.8
2.4
2.6

-5.1
-3.5
-2.6
-3.2
-2.0
-3. 0

0.5
2.8
4.5
7.5
9.6
10.5

32.51
34.39
34.83
35.44
35.44
34.83

N.A.
0.80
4.34
7.73
11.60
4.34

N.A.
0. 26
0.52
0.56
0.76
1.11

5.23
3.20
4.62
4.98
8.00
1. 95

-1.33
N.A.
-0.85
-1.02
-1.40
-1.11

2.89
2.48
2.57
2.69
1.90
2.15

Spring 1977
Cl
Dl
N3
E3
F2
Jl

1.3
-0.2
0.2
0.3
-1.1
0.5

4.1
3.6
3.0
3.5
2.9
3.5

-2.8
-3.8
-2.8
-3.2
-4.0
-2.0

14.2
13. 5
14.3
18.7
20.9
20.5

31. 93
33.23
33.39
35.33
35.58
36.03

0.21
N.A.
0.02
0.10
0.00
0.02

N.A.
0.18
0.22
0.10
0.08
0.00

3.90
2.38
2.42
3.58
2.28
1. 85

-1.04
-1.21
-1.34
-1.44
-1.47
-1.24

2.45
2.43
2.56
2.11
2.36
2.04

Summer 1977
Cl
Dl
N3
E3
F2
Jl

2.1
1.1
0.5
0.6
0.8
1.1

5.3
4.9
4.4
2.0
2.1
3.9

-3.2
-3.8
-3.9
-1. 4
-1. 3
-2.8

24.3
25.4
25.7
25.6
24. 4
26.6

32.04
32 .11
32.70
32.03
32.10
35.56

0.41
0.18
0.81
0.13
0.07
0.81

0.28
0.04
0.20
0.16
0.08
0.32

3.29
6.37
6.31
6.04
3.29
4.70

N.A.
N.A.
N.A.
N.A.
N.A.
N.A.

3.08
2.78
2.45
2.11
2.18
2.04

Heterotrophic bacteria; DOC
HC = Petroleum-degrading bacteria; HET
ALI = Aliphatic hydrocarbons; N.A. = Not available.

Dissolved organic carbon;

TABLE 3.

GEOMETRIC MEAN POPULATIONS OF PETROLEUM-DEGRADING (HC) AND HETEROTROPHIC (HET) MARINE BACTERIA OBTAINED FROM ONE-METER SURFACE WATER
SAMPLES (1975-1976)

Bacterial
Parameter
log HC/ml
log HET/ml

log HC/ml
log HET/ml

TABLE 4.

B
Fall 1975

Winter 1976

Cl

Dl

3.0±1.5
4.7±0.3

-0. 2±1. l
3.8±0.6

log HC/ml
log HET/ml

Summer 1976
0. 3±1. 4
3.5±0.7

-0.2±2.6
3. 4±1. 0

0.2±1.l
2. 8±1. 2

-0.1±1. 7
3. 0±1. 4

B station
E3
N3
-o.5±o.5
2.8±0.5

-0.8±0.8
2.5±1.0

F2

Jl

-0.1±1.2
2.6±0.7

-1.1±1. l
2.6±0.9

GEOMETRIC MEAN POPULATIONS OF PETROLEUM-DEGRADING (HC) AND HETEROTROPHIC (HET) MARINE BACTERIA OBTAINED FROM ONE-METER SURFACE WATER
SAMPLES (1976-1977)

Bacterial

log HC/ml
log HET/ml

season
Spring 1976

Fall 1976

Winter 1977

0.4±1.1
3.6±0.9

0.02±0.3
3.4 ±1.0

Cl

Dl

1.6±1.1
4.8±0.6

0.3±0.5
4.1±0.6

By season
Spring 1977

Summer 1977
1.0±0.6
3.8±1.4

0.2±0.8
3.3±0.6
B station
N3
E3
0.2±0.3
4 .1±1. 0

0.2±0.4
2.9±0.7

F2

Jl

0.1±0.8
2.6±0.5

0.3±0.6
2.7±0.8

Viable counts of petroleum-degrading bacteria exhibited similar trends as
5
counts decreased from inshore maxima of 10 bacterial units/ml to less than
3
3.2 x 10- bacterial units/ml at Jl during the fall of 1975. Seasonally,
viable counts tended to be lowest during the winter inshore and highest during
the summer. Viable counts along the transect tended to be related to water
types. Thus, station Cl, which generally exhibited the greatest populations
of HC, was located in the coastal boundary layer.
Stations Dl, N3, and E3,
which either exhibited lower or the lowest counts as one progressed seaward,
were located in inner-outer shelf waters.
Station F2 occasionally exhibited
elevated values relative to E3 and Jl. This station was frequently located
in a convergence zone produced by the mixing of shelf and slope waters. Upwelling, associated with the convergence, apparently produced elevated biological activity owing to elevated inorganic nutrient levels.
Geometric mean and individual station count data indicated that the winter of 1977 was characterized by the lowest viable counts of petroleum-degrading bacteria. Generally, stations and seasons exhibiting counts with the
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largest standard deviations were those most strongly affected by changes in
climate or hydrodynamic processes, i.e., least stable. Ratios of petroleumdegrading to "total" heterotrophs varied directly with viable counts of petroleum-degrading bacteria.
Physical and chemical parameters measured during this study are presented
in Tables 1 and 2. Surface water temperatures generally increased with distance from land with the winter seasons illustrating the strongest temperature
gradient. This was especially so during 1977 when the temperature at Cl was
-0.5°C and pancake ice was present. Salinity also increased with distance
from land.
Levels of nitrates and phosphates did not vary with recognizable
patterns with station but appeared to be greatest during the winter of 1977
when phytoplankton activity would be expected to be a minimum. As previously
mentioned, elevated levels of nutrients were sometimes observed at the shelf
break station F2.
Slope water at Jl and intrusions of slope water further inshore generally resulted in the lowest values of inorganic nutrients.
Linear regression correlation coefficients were calculated for bacterial
populations against various parameters (Tables 5 and 6).
Significant positive
correlation (a = 0.05) was observed between petroleum-degrading bacteria and
heterotrophic bacteria during 1975-76 and 1976-77. A significant (a= 0.05)
positive correlation between petroleum-degrading bacteria and the ratio of
petroleum-degrading bacteria to "total" heterotrophs was noted. ATP concentrations, measured only during 1976-77, were significantly (a= 0.05) correlated with "total" heterotrophic bacterial counts. Other significant (a=
0.05) positive correlations were noted between petroleum-degrading bacteria
and dissolved aliphatic hydrocarbons (1976-77) and between phosphate concentrations 'and viable bacterial counts (1975-76).

TABLE 5.

LINEAR REGRESSION CORRELATION COEFFICIENTS FOR BACTERIA AGAINST
SELECTED PARAMETERS SAMPLED DURING 1975-1976
HC

HET
0.65**

HC
HET

0.65**

HC/HET

0.73**

0.03

ALI

DOC

-0.14

0.08

0.32

0.49**

-0.27

0.06

0.35

0.55**

-0.04

0.03

0.17

0.16

**Significant at a
0.01; HC--Petroleum-degrading bacteria; HET--Heterotrophic bacteria; ALI--Dissolved aliphatic hydrocarbons; DOC--Dissolved organic
carbon.

using closed flask systems, certain trends in viable counts of petroleumdegrading and "total" heterotrophic bacteria were obser~ed with regularity.
An example of these is shown in Figure 5.
In all experimental treatments,
levels of petroleum-degrading and heterotrophic bacteria increased from initial values with counts in enriched flasks being greater than either inoculated or control flasks.
Elevated viable counts were maintained throughout
the incubation period. The value of the ratio of petroleum-degrading to
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heterotrophic bacteria increased above initial values in all flasks within 3 d
and was generally larger in flasks with oil.

TABLE 6.

LINEAR REGRESSION COEFFICIENTS FOR BACTERIA AGAINST SELECTED PARAMETERS SAMPLED DURING 1976-1977
HC

HC

0.48*

HET

0.48*

HC/HET

0.37

-0.61*

ALI

ATP

HET

DOC

N03

P04

0.34

0.55

0.22

-0.06

0.10

0 .-72**

0.41

-0 .10

-0.14

-0.18

-0.01

0.22

0.11

0.20

-0.48*

*Significant at a
0.05; **Significant at a = 0.01; HC--Petroleum-degrading
bacteria; HET--Heterotrophic bacteria; ALI--Dissolved aliphatic hydrocarbons;
DOC--Dissolved organic carbon.
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Figure 5.

Typical changes observed in viable counts of heterotrophic and
petroleum-degrading marine bacteria for closed flask petroleum
degradation studies.
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Degradation was assessed by disappearance of selected n-paraffins. Significant degradation, i.e., greater than 10% of the control summation of nparaffins, was noted only in enriched flasks. In all cases, similar patterns
of degradation, i.e., utilization of n-paraffins of short chain length prior
to n-paraffins of longer chain lengths and isoprenoids, were observed. Rates
of degradation and extent varied with season and inoculum source. Average
rates of degradation were calculated based on the number of days of incubation
required for degradation of 50% of the n-paraffins (Table 7). The latter were
degraded most rapidly during the fall and slowest during the winter. Extent
of degradation was defined as the maximum percentage of selected n-paraffins
degraded during the incubation period (Table 8). Fall exhibited the greatest
extent of degradation and winter the smallest. Despite the highest incubation
temperature, experiments with summer inocula yielded relatively low rates and
extent of degradation. With respect to inoculum source, stations Cl and N3
exhibited the greatest relative rates and extent of degradation. A consistent
relationship between viable counts of petroleum-degrading bacteria and extent
of degradation was not evident.
TABLE 7.

DAYS OF INCUBATION REQUIRED FOR DEGRADATIONa OF 50% OF n-ALKANES
(nC10-nC25) IN CLOSED FLASKS FROM PETROLEUM DEGRADATION EXPERIMENTS
Season
Spring 1977
Winter 1977

Station

Treatmentb

Cl

Inoculated
Enriched

NR
48

NR
48

NR
48

NR
48

Dl

Inoculated
Enriched

NR
24

NR
NR

NR
NR

NR
NR

N3

Inoculated
Enriched

NR
24

NR
NR

NR
48

NR
24

E3

Inoculated
Enriched

NR
48

NR
NR

NR
48

NR
NR

F2

Inoculated
Enriched

NR
48

NR
NR

NR
NR

NR
NR

Jl

Inoculated
Enriched

NR
NR

NR
NR

NR
48

NR
NR

15

5

15

20

Incubation
Temperature

Fall 1976

( oc)

Summer 1977

aBased on weight loss in treated flask as compared to control; binoculated
seawater + oil, Enriched = seawater + oil + nutrient amendment; NR = Degradation never reached 50%.
Results of viable count enumerations for the continuous dil~tion experints are shown in Figure 6. Trends similar to those noted for closed flask
me
.
d
h'
systems were observed. Viable counts of ~etroleum-degrading an heterotrop ic
bacteria increased fn·both oil-free and oil-treated flasks. However, after
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this initial. increase, viable counts of petroleum-degrading bacteria in oilfree flasks decreased to lower values than in oil-treated flasks. A relative
lag in viable counts of ·petroleum-degrading bacteria in oil-treated flasks
during the winter (6°C) was observed. Heterotrophic bacterial counts remained
elevated in all flasks. Preliminary analysis of residual extracted oil proved
disappointing as losses due to evaporation in the controls were equivalent to
losses in the inoculated flasks.
TABLE 8.

MAXIMUM AMOUNT OF DEGRADATIONa OBSERVED DURING 48 DAYS OF INCUBATION

Station
Cl
Dl
N3
E3
F2
Jl
All
stations

Fall 1976

Winter 1977

Spring 1977

61. 4
63.3

54.5

51. 2
68.8
25.8

53.2
24.0
25.8
33.9
35.1
36.4

100.0
50.7
39.5
54.1

42.2
40.4
70.1
14.2
26.2
26.2

57.1

34.7

49.8

36.6

72 .1

x

aDegradation as %

Summer 1977

o.o

Seasonal
x
52.8
31.9
67.0
37.5
42.4
35.6

l: ]lg n-alkanes (nC10-nC2s), Enriched Flaskj·

100 [ 1 - ~\"' ''g
~
n-alkanes (nC10-nC2s), Control Flask
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Chru:iges in vi~bl~ c~unts of heterotrophic and petroleum-degrading
marine bacteria in open or continuous dilution petroleum degradation experiments.
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DISCUSSION
The use of numbers of petroleum-degrading bacteria or the ratio of petroleum-degrading to "total" heterotrophic bacteria has been proposed as an indicator of the presence of petroleum or related products in aquatic environments
(15). Laboratory studies have substantiated that in closed flask and simulated "open" systems, enrichment of petroleum-degrading bacteria results in
elevation of the value of the ratio when hydrocarbons are present and adequate
nutrients provided for their metabolism. Field data presented in this paper,
obtained from seasonal monitoring of bacterial populations from surface waters
of the MACS east of New Jersey, revealed that viable counts of petroleumdegrading bacteria (and the ratio of these to heterotrophs) did not consistently correlate with concentrations of dissolved aliphatic hydrocarbons, dissolved organic carbon, particulate organic carbon, nitrates, phosphates and
ATP. Although a significant (a= 0.05) correlation of petroleum-degrading
bacteria with aliphatic hydrocarbons was observed for various seasons or for a
single year (1976-1977), it is difficult to believe that a functional relationship underlies this response. More likely it is a reflection of correlation
with some common variable. Although other investigators have reported significant quantitative relationships between petroleum-degrading bacterial
counts and pollutant hydrocarbons (3, 15), the concentrations noted have generally been 1,000-10,000 times larger than those measured for most surface water
MACS stations. Buckley et al. (1976) found no consistent relationship of
viable counts with petroleum (as determined by fluorescence) concentrations in
non-polluted estuarine waters.
Levels of petroleum-degrading bacteria appeared to be related to water
type. Thus, the largest viable counts were usually measured in t.he coastal
boundary layer, a water type characterized by proximity to seasonal marina activities and generally the highest levels of nutrients, organic carbon and
aliphatic hydrocarbons. Lower values of petroleum-degrading bacteria were
usually found for the remaining inner (Dl, N3) and outer (E3) shelf stations.
During six seasons relatively elevated viable counts were measured in the vicinity of the shelf break (F2). Here shelf and slope water mixed and the resulting convergence with associated upwelling would appear to stimulate biological activities. Finally, the lowest viable counts measured usually were
found beyond the shelf break seaward of the frontal zone (Jl) in "oceanic" or
Gulf Stream eddy water. Simple correlations of viable bacterial counts with
physical-chemical data may not be possible considering the dynamic nature of
the MACS shelf-slope hydrographics. Considering the uncertainties associated
with a data base limited to several samples/station each season, the precision
of the chemical analyses, and the large standard deviations implicit in the
MPN technique utilized, the lack of consistent linear correlations was not
surprising. However, despite these difficulties, basic trends in the data
were observed and indicated that petroleum-degrading bacteria tended to decrease with distance from shore with variations on this pattern being due to
interactions of shelf-slope water types.
Although petroleum-degrading bacteria could be detected at all stations,
absolute numbers of bacteria were not always indicative of the in-vitro degradation potential in closed flask experiments. With nutrient enrichment all
stations could supply an inoculum with the capacity to degrade some proportion
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of the n-paraffins present. r;rhose stations exhibiting the greatest aliphatic
degradation potential may have been pre-adapted through selection of those
genera capable of degrading petroleum. This adaptability, however, was not
consistently reflected in viable surface water counts.
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DISTRIBUTION AND DEGRADATIVE POTENTIAL
OF KEPONE-RESISTANT BACTERIA IN THE
JAMES RIVER AND UPPER CHESAPEAKE BAY
Steve A. Orndorff and Rita R. Colwell
Department of Microbiology
University of Maryland
College Park, MD 20742

ABSTRACT
Kepone-resistant bacteria were isolated from the
James River, Baltimore Harbor, and Upper Chesapeake Bay
where their numbers reflected the degree of anthropogenic
contamination at the sampling sites. Gram negative bacteria, of which the majority were Pseudomonas spp., represented approximately 99% of the Kepone-resistant bacteria capable of growth on 100 ppm Kepone agar.
Screening of nine Kepone-resistant isolates from Baileys Creek
revealed the presence of large molecular weight plasmids,
and curing one of the isolates with mitomycin C rendered
it sensitive to Kepone. A 9-chloro-Kepone derivative, observed by electron capture gas-liquid chromatography. was
found to be associated with microbial activity in Keponeenriched Baileys Creek sediment.

Within the past ten years the James River and Chesapeake Bay have been
contaminated with Kepone, a chlorinated insecticide which is a chemically and
physically stable compound.
Surveys of these regions have revealed the presence of Kepone in finfish taken from areas beyond the James River and Chesapeake Bay. Like many other chlorinated insecticides, Kepone has been found to
induce toxic effects in higher organisms, e.g., scoliosis in fish (11).
Until recently, research on Kepone concerned invertebrate toxicity (12,
14, 20), effects on soil microorganisms (12) and bactericidal effects (4).
Block (4, 5), finding Kepone to be very effective in inhibiting growth of Gram
positive organisms at concentrations as low as 8 ppm, proposed the use of Kepone as an antimicrobial agent. Other, more recent work by Bourquin et al.
(6) and Brown et al. (7) has demonstrated toxic effects of Kepone on estuarine
microorganisms. There is a lack of information on biodegradation, especially
potential degradation of Kepone by bacteria in estuarine and freshwater environments.
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The purpose of this study was to determine the distribution of Keponeresistant bacteria in the James River and Upper Chesapeake Bay, and to study
the physiology and taxonomy of these bacteria. Identification of the genetic
basis of Kepone resistance in the bacterial isolates was also of interest, as
was the degradative potential of bacterial isolates obtained from enrichment
cultures.
MATERIALS AND METHODS
Samples of water and sediment from stations in the James River, Baileys
Creek, Baltimore Harbor and Eastern Bay of the Chesapeake Bay were collected
over a period of 18 months. Five stations in the James River, including
Baileys Creek, were sampled at established intervals (Fig. 1). Water samples
were collected aspetically at a one-meter depth using a Niskin sampler (General Oceanics, Miami, Fla.) and sediment samples with a Ponar Grab (Wildco,
Saginaw, Mich.).

Figure 1.

Sampling sites on the James River. The station designations are:
3728N, Bermuda Hundred; 3728L, Baileys Creek; 37150, Sandy Point;
3713X, Jamestown; 6525K, Newport News.
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ISOLATION
Samples were inoculated into yeast extract-minimal salts broth containing
100 ppm Kepone to obtain Kepone-resistant bacteria. Enumeration of total,
viable heterotrophs and of Kepone-reistant bacteria was accomplished using the
spread plate method. UBYE agar (19), a medium described elsewhere and containing appropriate salts, was employed with Kepone in acetone added as a surface film to the solidified agar to give a final concentration (w/v) of 100
ppm. Kepone-resistant, facultative anaerobes were enumerated using identical
media incubated in Gas-Pak containers (Baltimore Biological Laboratory) for
one week. PCB-resistant organisms were enumerated on UBYE agar to which 100
mg/liter Aroclor 1254 had been added. Oil-degrading organisms were enumerated
on Oil Agar #2 (24). Total coliforms were determined following Standard Methods published by the American Public Health Association (21).
Kepone-resistant organisms were isolated and maintained on media containing 0.1% yeast extract, 0.1% proteose peptone, 0.02% KzHP04, 0.02% KH2P04,
0.02% NaN0 3 , 0.02% (NH 4 )2HP0 4 and 2% Bacto-agar, with 0.1 ml of a 10 mg/ml
Kepone acetone solution added as a surface film. An incubation temperature of
30°C was used for both enrichment and isolation.
RESISTANCE AND DEGRADATIVE POTENTIAL
Antibiotic resistance to Kanamycin, Streptomycin, Chloramphenicol, Tetracycline, Gentamicin, and Ampicillin was determined using the Kirby-Bauer
method (3). Pseudomonas aeruginosa ATCC 27853 was employed as a control. Resistance to heavy metals, i.e., HgC1 2 , CdC1 2 , ZnC1 2 , NiCl2•6H 20, CrCl3•6HzO,
and the pesticides lindane, aldrin, methoxychlor, DDT and Mirex were determined by monitoring turbidity in a broth medium containing 0.1% yeast extract
and 0.1% proteose peptone to which these substances had been added. The tubes
were examined after incubation for 4 d at 30°C. Heavy metals were added to
the medium as deionized, distilled water solutions, at the following (w/v)
concentrations: ZnCl2, 50 ppm; HgCl2, 10 ppm; CdCl2, 5 ppm; NiC1 2 •6H 20, 10
ppm; and CrCl3•6H20, 10 ppm. The pesticides were dissolved in acetone and
added in 10 µl aliquots to broth tubes to yield a 10 ppm (w/v) concentration.
Oil degradation was tested following the method of Mills et al. (17), using
MMC broth containing 0.1 ml Arabian light crude oil.
IDENTIFICATION AND PLASMID ANALYSIS
All strains were subjected to a testing regime of ''core" characteristics,
as defined by Colwell and Wiebe (10). Nine of the isolates from Baileys creek
that were Kepone-resistant were screened for plasmids by electrophoresis in
0.7% agarose gels, developed with ethidium bromide and visualized under longwave ultraviolet light (16). Plasmid size was estimated by comparison with
two marker plasmids harbored by Escherichia coli J53 (reference strains received from Dr. Esther Lederberg); S-a, containing a 25 mega dalton plasmid,
and strain J53RP4, containing a 34 mega dalton plasmid as reported by s. Falkow. Curing was carried out in an overnight BHI broth culture containing O.l
µg/ml mitomycin c.
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DEGRADATION OF KEPONE
Utilization of Kepone as a sole carbon source was determined by inoculation of a minimal salts broth, supplemented with Kepone in concentrations of
1, 10, 100, 500, and 1000 ppm, with 0.1 ml of washed log-phase cells. Inoculated media was incubated at 30°C, in the dark, for one, six and 12 months.
Microbial degradation of Kepone was examined using homogenized sediment
collected from the top 30 cm of the bottom of the James River at a site located at the mouth of Baileys Creek. One set of three 500-ml Erlenmeyer flasks
received 200 g.w.w. (gram wet weight) each of autoclaved, air-dried sediment,
and a second set received an equal amount of non-sterile sediment. A third set
of flasks containing non-sterile sediment were not amended with Kepone. All
flasks were brought to equal moisture content, i.e., each flask of sterile,
air-dried sediment received distilled water to achieve a moisture content
equivalent to the in-situ, non-sterile sediment, with deionized, distilled
water "spiked" with 30 µg analytical Kepone/100 g.w.w. sediment and incubated
in the dark at 30°C for 8 weeks. Concentration of background Kepone in the
homogenate prior to enrichment was determined by extraction of triplicate 100
g samples, followed by gas-liquid chromatography of the extracts.
Extraction of sediment for Kepone analysis was carried out using overnight Soxhlet extraction of air-dried, sieved samples with 200 ml of 1%
methanol-benzene. The solvent extract was concentrated to ca 5 ml on a rotary
flash-evaporator (Blichi, Brinkmann Instruments, Westbury, New York) and cleaned
on a column of 6.0 g activated Florisil PR, 60/100 mesh, topped with 2.0 g anhydrous sodium sulfate. After the column was prewetted with 1% methanol-4%
benzene-hexane, the Kepone was eluted in three fractions, the first eluting
with 1% methanol-4% benzene-2% acetonitrile in hexane. The three fractions
were combined and concentrated to ca 2.0 ml on a rotary flash-evaporator and
added to a calibrated vial. The concentrate was evaporated to dryness under
a stream of nitrogen at 40°C and resuspended in 1% methanol-benzene for gasliquid chromatography. Solvent controls were analyzed as described above.
Extraction efficiency for spiked sediment samples yielded recoveries of 85.697.1%. Values reported are corrected for extraction efficiency.
Gas-liquid chromatographic analysis was performed on a Shimadzu GC-4BM
equipped with a 63 Ni electron capture detector and a 3 m x 3 mm column of 1.5%
OV-17/1.95% QF-1 on 80/100 Chromosorb WHP. Column temperature was held isothermal at 230°C with a Nz flow rate of 30 ml/min, and detector temperature of
2so 0 c. Kepone concentration was determined from the calibration curve for
peak-area measurements of Kepone (8, 18, 22). Kepone standards were run after
every third sample.
CHEMICALS
Technical grade Kepone was donated by Allied Chemical Corporation, Morristown, N.J., and determined to be 88.6% pure. Analytical grade Kepone was
obtained by recrystallization in toluene, and its purity confirmed by GLC
analysis. All solvents were pesticide-grade quality (Burdick and Jackson,
Muskegon, Michigan).
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RESULTS AND DISCUSSION
Microbial populations in the Chesapeake Bay and James River water and
sediment were enumerated during seven cruises between 1976 and 1977. Three of
these cruises, conducted in 1977, are reported here.
Numbers of Kepone-resistant bacteria were found to decrease with distance
downstream from Hopewell, Virginia, the major impact site of Kepone contamination. The percentage of total viable, aerobic bacteria in the water column,
that were Kepone-resistant, fluctuated but remained constant in the sediment.
The number of total coliforms was, in general, high in both water and sediment, notably at Baileys Creek in the James River where the numbers of Keponeresistant bacteria were significantly large (Table l).
It was possible to compare the numbers of Kepone-resistant bacteria in
Colgate Creek and Bear Creek in Baltimore Harbor, and at the Chester River and
Eastern Bay stations, with results for samples collected in Baileys Creek and
Bermuda Hundred in the James River. Water and sediment counts for both of the
James River stations were significantly higher than for the Upper Chesapeake
Bay stations.
In general, bacterial counts for samples collected at the unpolluted stations, i.e., Chester River and Eastern Bay, were lower than for
samples collected in Baltimore Harbor. The latter were less than the counts
obtained at the James River stations. These relationships were strongly evident for the sediment samples (Table 2) .
The total numbers of facultative anaerobes resistant to Kepone were largest at the 20 to 30 cm depth in sediment cores taken at the Windmill Point
channel at Baileys Creek. However, the total number of facultative anaerobes
that were Kepone resistant amounted to less than 2% of the total microbial
populations (Table 3) .
The bacteria comprising the microbial populations in the Upper Chesapeake
Bay did not demonstrate a marked capability for growth in the presence of
chlorinated hydrocarbons, in general, compared with a significant capability
for petroleum degradation. Less than 2% of the bacteria comprising the total
viable aerobic heterotrophic bacterial populations in the samples collected in
Baltimore Harbor were resistant to 100 ppm Kepone and less than 10% were resistant to 100 ppm Aroclor 1254. In contrast, ca 16% of the bacteria present
in the water column and 37% of those in the sediment, as enumerated by plate
counts on oil agar, were capable of degrading petroleum (Table 4).
In order to study the taxonomy and physiology of Kepone-resistant bacteria, colonies were transferred from UBYE agar medium containing 100 ppm Kepone
to fresh UBYE-Kepone agar for purification. Enrichment for Kepone-resistant
bacteria in Baileys Creek sediment and water, using flasks to which had been
added l mg/100 g.w.w. or ml Kepone, was made by successive transfers to liquid
medium containing Kepone, whereupon all cultures, including isolates from the
plate counts, were tested for growth in 1000 ppm Kepone broth. All of the
strains were capable of growth in the medium containing 1000 ppm Kepone.
Therefore, all strains were concluded to be resistant to Kepone.
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TABLE 1.

MICROBIAL POPULATIONS IN SAMPLES COLLECTED AT JAMES RIVER STATIONSa
Sediment

Water
Station
TVC

.!:>

0

~

Ke pone

r

% Kepone

r

Total
coli forms
MPN/100 ml

TVC

Ke pone

r

%

Ke pone

r

Total
coli forms
MPN/100 ml

Bermuda
Hundred-3728N

l.2xl0 6

5.7xl0 3

0.48

1. 6 x 10 2

9.7xl0 6

3.6xl0 6

Baileys Creek3728L

8. 4 x 10 6

3.4xl0 5

6.1

1. 7 x 10 4

8.2xl0 6

5.9 x 10 5

7.2

2.5xl0 5

Sandy Point37150

6.9x10 3

2.4xl0 3

35

7.0x 10 1

3.6xl0 6

2.9xl0 5

8.2

7.0xl0 3

Jamestown3713X

5.6 x 10 3

8.6xl0 2

15

3.4 x 10 1

4.lxl0 6

l.Oxl0 5

2.4

2.5xl0 4

Newport News6525K

5. 9 x 10 3

5.6 x 10 2

8.0

4.3xl0 5

2.3xl0 4

5.3

9.0

9.5

aMean plate counts from three sampling expeditions, 1977.
rDenotes resistance.
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2.4xl0 5

TABLE 2.

NUMBERS OF KEPONE-RESISTANT BACTERIA AT CHESAPEAKE BAY, BALTIMORE
HARBOR AND JAMES RIVER STATIONsa
Water

Sediment

5.7 x 10 2

5.8 x 10 3

<10 1

3
1.4 x 10

Station location
Chester River
Eastern Bay
Colgate Creek

l. 3 x 10

4

4
7.5 x 10

Bear Creek

4.1 x 10 4

7.2 x 10 4

Bermuda Hundred

5.7 x 10 3

3.6 x 10 6

Baileys Creek

3.4 x 10 5

5
5.9 x 10

aDeterrnined from mean plate counts for three sampling expeditions.

TABLE 3.

Depth
(cm)
Surface
10
20
30
40

TABLE 4.

DISTRIBUTION OF KEPONE-RESISTANT AEROBIC AND FACULTATIVE ANAEROBIC
BACTERIA IN SEDIMENT CORES COLLECTED AT THE WINDMILL POINT CHANNEL
Total
heterotrophic aerobes
(CFU/g.w.w. x 10 4 )

Total
facultative anaerobes
2
(CFU/g.w.w. x 10 )

Ratio of
anaerobe/aerobe
(CFU / g . w. w. x 10- 3 )

5.5
6.6
10
10
6.1

72
32
6.2
6.5
26

0.08
0.21
1.61
1.54
0.24

MEAN PERCENTAGES OF TOTAL VIABLE HETEROTROPHIC POPULATIONS IN BALTIMORE HARBOR
Kepon:e
Top water
Bottom water
Sediment

PCB-1254

0.45
1.31
2.0

Oil Agar #2

3.0

16

9.7

37

Taxonomic analysis of 88 of 300 isolates revealed approximately 99% to
be Gram negative, oxidative rods. Further testing of 50 of the isolates to
date revealed 36 to be Pseudomonas spp., 6 Aeromonas hydrophila, 5 Flavobacterium spp., and 3 Acinetobacter spp., using "core" characteristics for identi-:
fication. Many of the 88 strains were lipolytic and proteolytic, but not amylolytic. A majority were denitrifiers and hydrocarbonoclastic organisms and
a smaller number were proteolytic strains (Table 5).
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TABLE 5.
Source

PHYSIOLOGICAL CHARACTERISTICS OF KEPONE-RESISTANT BACTERIAa

Lipolysis

James River

48

Baltimore
Harbor

55

Starch
hydrolysis

Proteolysis

1.1
40

Denitrification

Oil
degradation

38

77

69

15

55

80

avalues represent percentage of all Kepone-resistant isolates from James River
or Baltimore Harbor that possess the characteristics listed.

Six isolates from Baileys Creek, all Pseudomonas spp., were found to possess one or two large plasmids, 25 or 45 million daltons in size, by agarose
gel electrophoresis. Plasmids were not detected in three of the isolates
tested. The nine strains were all subjected to a set of physiological tests,
including resistance to antibiotics, heavy metals, and pesticides. One of the
plasmid-carrying strains was found to be resistant to ampicillin, all of the
pesticides and heavy metals tested and able to degrade oil. Curing the strain
by mitomycin C rendered it sensitive to Kepone, but did not alter its resistance patterns to antibiotics, heavy metals or pesticides. None of the physiological characteristics of the cured isolate, when retested after curing,
differed from those of the parental strain. The evidence to day suggests that
in this isolate, the plasmid only conveys resistance to Kepone.
In degradation studies employing Kepone-resistant strains, no turbidity
or increase in cell numbers was detected in any broth cultures when Kepone was
provided as the sole source of carbon. Growth was obtained if a supplemental
carbon source was provided.
In another study fresh samples of Baileys Creek sediment were placed in
flasks with 30 µg/100 g.w.w. Kepone and incubated for 8 weeks at 30°C in the
dark. No other nutrients were added. Gas-liquid chromatographic analyses of
Kepone-enriched sediments to detect degradation were run in triplicate and
corrected for background Kepone contamination, which amounted to 2.2 ppm Kepone. Analysis of the Kepone-enriched and non-amended control flasks revealed
only Kepone to be present (Fig. 2).
The non-sterile enriched flasks, however, exhibited a major peak, in
addition to the Kepone peak (Fig. 3). Analytical evaluation of Kepone and
Mirex photoproducts by Alley et al. (1, 2), Ivie et al. (15) and Carlson (9)
indicated that the behavior of the monohydro forms of Kepone was the same as
that for the secondary peak noted in this study. The concentration of the Kepone derivative was less than 0.1% of the total Kepone added, as determined by
peak-area comparison with calibration curves of Kepone. A similar derivative
has also been reported by Dr. James Smith of Allied Chemical Corporation (personal communication), who analyzed soil heavily contaminated with Kepone.
Confirmation of the identity of the derivative by mass spectromet~y is in progress (23), with the analysis being done in collaboration with Dr. Henry Fales
of the National Institutes of Health.
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Figure 2. Electron capture detector GLC tracL,':l
of sterile (chemical control) Kepone-enriched
controls.

0

4

8

12

16

20

MINUTES
Figure 3. Electron capture detector GLC tracing
of non-sterile (biological treatment) Keponeenriched flasks.

Thus, by enumeration of the various physiological groups of microorganisms found in the Chesapeake Bay and James River, i t is concluded that microbial resistance to Kepone can be demonstrated for several genera of estuarine
and freshwater bacteria. This resistance occurs predominantly in Gram negative bacteria, particularly Pseudomonas spp., which appear t9 be physiologically diverse. Microbial strains resistant to Kepone were widely distributed
throughout the Upper Chesapeake Bay and James River, but were present in largest numbers in the James River and Baltimore Harbor where pollution is a
problem and the total viable aerobic heterotrophic bacterial populations are
very large, compared to other parts of the Bay. The percentage of Keponeresistant bacteria comprising the total, viable, aerobic heterotrophic microbial populations in the James River remained constant in the sediment, ca 6%,
but fluctuated between 1-35% in the water column. This situation possibly
arises from the presence of given bacterial species present in relatively
stable numbers in the sediment, with fluctuations in the overlying water in
response to abiotic or anthropogenic factors.
Despite the fact that a very
large percentage of the microbial population in Baltimore Harbor was able to
degrade petroleum, relatively few of the strains were resistant to Aroclor
1254 and Kepone, i.e., 1-10% of the total population.
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DISCUSSION
CONTRIBUTED SESSION
TIEDJE: I would like to compliment Lilly Young and associates. I thought
that was an outstanding advancement in the understanding of anaerobic degradation of aromatic compounds. One thing that was very interesting to me is the
apparent degradation of the aromatic ring by the primary organism without the
production of hydrogen. In other words, you do not need the hydrogen sink to
simulate the degradation. Is that a correct interpretation?
YOUNG: We did not monitor hydrogen in our systems, because it is utilized
very rapidly. In that last slide where we inhibited the system, we were surprised to find that an active electron sink was not needed for benzoate to be
utilized. It doesn't seem that ferulate-utilizing organisms need that electron sink for continual ferulic acid decomposition. I would think the next
experiment to do would be to look for an increase in hydrogen in those experiments.
TIEDJE:

It would mean also that the organism should be easily isolated.

YOUNG: Yes, in terms of separating the system, the ferulate-utilizing organism should be very easy to pull out.
TIEDJE: Have you gone through the thermodynamic calculations on whether it's
feasible to have degradation without a hydrogen sink?
YOUNG: No. We gathered some thermodynamic information on ferulate, but our
data are incomplete.
COONEY: Dr. Young, what was the solid phase or the sediment phase, say, in
your cultures?
YOUNG: We have sodium sulfide as a reducing agent with iron as ferric chloride; so it's a ferrous sulfide precipitate in our systems which helps keep the
system reduced.
DiGERONIMO: Dr. Young, I would like to go along with Dr. Tiedje and congratulate you on the work. Maybe I'm reading your stoichiometry wrong, but regarding your anaerobic processes, could you tell me what was your cell yield or
your efficiency?
YOUNG: We estimate that for most anaerobic processes, it runs between 1% and
10%. We haven't tried doing cell yield yet. The major problem is separating
the organisms from all the materials we have in that system. The lower level
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of C02 may indicate that some of that material is going into cell yield, but
we don't have that information.
DiGERONIMO:

Based on your stoichiometry, was your balance within 10%?

YOUNG:
In the stoichiometry it was in terms of total degradation to C02 and
methane, so we didn't have a cell yield in that stoichiometry.
DiGERONIMO: Was that one to one, that's my question. The gas formation and
disappearance of the product seemed to be one to one. The carbon is accounted
for either as C02 or methane.
It doesn't look as if any of the organisms are
using any part of the substrate.
YOUNG:
I said, that in our actual measured value, the agreement is not as
good, and perhaps that can be accounted for as cell yield.
CHAPMAN: Dr. Young, I'd like to endorse what other people have said this
evening about the excellent nature of your presentation. I'm delighted to see
certain structural relationships between isovaleric acid and ferulic acid.
It
seems almost as if the three-carbon side chain of ferulic acid attached to
that C-1 position of the ring is the basis for the origin of isovaleric acid.
Is it true to say that you only see isovaleric acid when it's derived from
ferulic acid, and that you fail to see it when vanillic acid is used as a
source of carbon in your experimentation?
YOUNG: We don't have that information. We have used vanillic acid, vanillic
enrichments, but we don't have that information as yet.
CHAPMAN:
If that is the case then there is clearly a lot of exciting new biochemistry to be discovered in the process. Thank you.
COONEY:
I have a question for Steve Orndorff, please.
of Kepone resistance mean tolerance to 1000 ppm?

Does your definition

ORNDORFF: We initially screened organisms that were resistant at the 100 ppm
level.
In subsequent testing we found that 100 ppm seemed to be a threshold
concentration, in other words, organisms that were resistant at that level
would be resistant at nearly any higher levels. Thus we used resistance to
100 ppm as our criterion.
COONEY:
ORNDORFF:
Kepone.

So it is 100 ppm or one hundredth of one percent?
Yes, but all organisms were found to be resistant to 1000 ppm

COONEY: What was the alternate carbon source or sources that you added in
order to get degradation or transformation of Kepone?
ORNDORFF:
In the pure culture studies we have done, which I did not discuss
here, glucose was used.
In testing resistance at 1000 ppm, 0.1% yeast extract
or protease peptone was used.
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BOURQUIN: I was just reviewing some of our data. When we first read your abstract we were pleasantly surprised because your data were in agreement with
our laboratory r:esults. So I was surprised when you said your data conflicted
with our results. As I recall, we showed that sensitive organisms showed amylolytic and lipolytic activity which is, I think, what you showed.
ORNDORFF: In the physiological testing, I did not screen the Kepone-sensitive
bacteria. The results I presented were only for Kepone-resistant bacteria.
The James River isolates primarily were not amylolytic, but in the Baltimore
Harbor, approximately 40% of the Kepone-resistant isolates were amylolytic.
That was the main point where our data disagreed with your results.
BOURQUIN: If, in our studies, amylolytic organisms were shown to be more sensitive, and you demonstrated fewer resistant amylolytic organisms in a river
having been exposed to Kepone, then I think it is reasonable to assume the
sensitive organisms may have been eliminated. I interpreted that as in agreement with your data although indirect evidence.
MACALADY: I have a question on Kepone-resistant bacteria. I was really surprised by one number on your slides that you commented on briefly, but I would
like to ask another question on it. It seems rather amazing to me that in
sediment in the James River you found such a remarkably higher percentage of
Kepone-resistant bacteria, in an area where any Kepone was deposited.
ORNDORFF: Yes, there is a problem in hydrology, at the Bermuda 100 station
which is about 3 miles upstream. A lot of the Kepone was carried upstream.
We don't know how, but there is quite a bit of tidal action in that area. It
is essentially fresh water, but it is tidal, with 10-foot tides in that area.
Some of the Kepone could have washed back to that area. In addition, there is
quite a bit of coliform contamination in that area, and subsequently coliforms
are quite resistant to Kepone also. In fact, essentially all of the gramnegative bacteria tested appear to be resistant.
BETTINGER: You said the plasmid related to Kepone resistance also appears to
be related to heavy metal and antibiotic resistance. You indicated a rather
wide spectrum antibiotic profile, and that you could cure the Kepone resistance but retain its antibiotic, heavy-metal resistance. Is this the same
kind of plasmid that Dr. Colwell referred to this morning that could pick up
lactose-fermentable ability? I'm curious how you can cure just the Kepone resistance but keep the heavy metal and antibiotic resistance.
ORNDORFF: The Kepone-resistant strain did contain two plasmids. It is quite
possible that the other plasmid carried the antibiotic resistance factors, and
we cured one of the two plasmids. In subsequent studies we have another isolate which contains only one plasmid and it does demonstrate, in addition to
Kepone resistance, resistance to some heavy metals and one or two antibiotics
and pesticides. When we cured this strain it also lost its resistance to Kepone. Then, when we tested it for reversion frequency, we found it to be ap12
proximately 1.6 x 10I think that's about the same as for one gene. we
don't have confirmatory evidence, but it's possible that one plasmid could
mediate some factors which granted resistance to Kepone.
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BETTINGER:
ORNDORFF:

What was the curing agent?
Mitomycin

c.

MACALADY: The James River is also famous for another sort of incident that
involves chlorination.
I'm surprised that you didn't mention anything about
testing for residual chlorine levels at the time you were doing other tests.
Can you comment on that?
ORNDORFF: Actually, we never thought of doing that. That's a good point.
The James River and Baltimore Harbor both receive quite a lot of contamination
from many sources. Pesticides as well as industrial effluents in the Richmond
and Baltimore areas are contributing to those waters.
JOHNSON: In this Kepone problem, what really is the relevance of using high
concentrations of these chemicals? These numbers do not correlate with the
amount of Kepone you find in the environment.
In other words, we do not detect 100 or 1000 ppm in the sediment.
ORNDORFF: We were trying to exert as much pressure as possible without eliminating the entire population, and are attempting to select for those organisms
which are highly resistant, and possibly capable of degradation.
JOHNSON: When you were talking about different physiological groups, their
presence or non-presence, what concentrations did you use in making those
tests? What types of test were used?
ORNDORFF:
I just used the standard procedures for hydrolysis of starch, Tween
80, lipid. The tests were done employing the "core" characteristics of our
laboratory and include standard microbiological methods.
I did not run those
tests with Kepone in the test media.
BAUGHMAN:
I have one question I'd like to ask on Kepone, following up on
something Dr. Johnson is pursuing. As I recall, the solubility of Kepone at
the pH you are working at is about 60 ppb.
ORNDORFF:

It's insoluble in water.

BAUGHMAN:

How insoluble is that?

ORNDORFF:

It is only soluble to about 0.1 ppb.

BAUGHMAN: This brings up the question that concerned us in trying to look at
degradation of highly insoluble compounds. These materials are strongly
sorbed by microorganisms. Since you cannot get the aqueous phase concentrations to exceed the solubility, I'm wondering how you benefit by increasing
the amount of material in that system greatly above the apparent solubility.
Do you increase the availability of the materials to the organism? I think it
can be shown fairly clearly that you do not.
ORNDORFF: well, it's true that these chlorinated insecticides, especially Kepone, will be bound up tightly by any organic matter present. They can pre411

cipitate out with salts. Some investigators have gotten around, or try to get
around the problem by suspending the insecticides in acetone, or sorbing to
glass beads, or some other structure which can be suspended in a broth medium.
There is probably quite a bit of sorption to the bacterial cell. This cannot
be accounted for in our experiemnts. However, we did try to maximize the
availability of the compound for the bacteria.
BAUGHMAN; I
cerned about
the organism
greater than

think perhaps it's a point worth considering by those of us conthese studies. I often wonder what we do to the physiology of
when we really sock it to them at levels of 1000 or 10,000-fold
the aqueous phase.

T. JOHNSON: We're (NMFS) quite interested in the effect of chemicals on fish.
Many times microbiologists (and this is one microbiologist who does the same
thing) neglect the organisms that we are charged to protect. For example, DDT
is considered relatively insoluble in water, yet roughly to 1-5 micrograms per
liter (1-5 ppb) is the Leso value for a good percentage of our freshwater game
fish. So we should at least consider low concentrations, because they are
very important to the fishery resource. When we work at very high concentrations, the relevance of the data to the fishery resources is questionable.
AHEARN: One possible consideration in relation to the effect of water insoluble compounds on microorganisms would be the microcosm effect in an oil or
lipid layer. The compound could be available to microorganisms in that microcosm at a rather high concentration.
COLWELL: I feel compelled to speak to the point concerning the concentration
of Kepone used in our studies. What is neglected in the discussion is that
the effect we are testing is that which alters the growth of the organism in
the presence of Kepone. In Steve's work, he used several concentrations, including a 1000 ppm and lower concentrations. In the case of one system employed, when the bacterium was cured of the plasmid, it was no longer capable
of growth on the Kepone. Biodegradation aspects of this work should be emphasized. The concern about the concentration of Kepone used is understandable,
but in effect this was, in the case of our sediment studies, to negate binding
of the Kepone by providing an excess; that is, to have available Kepone in
solution.
ORNDORFF: Everyone has put too much emphasis on the 1000 ppm concentration.
This was only one test, carried out in a broth culture, merely to see if the
organisms remained viable at that concentration. None of the other tests were
done using a 1000 ppm concentration of Kepone.
RIBBONS:

I wonder if you could tell me the evidence for the plasmid?

ORNDORFF: Yes, it was separated by agarose gel electrophoresis, developed
with ethidiurn bromide and visualized under long-wave UV.
RIBBONS: You showed two plasmids.
the cured strains?
ORNDORFF:

Did you show the absence of plasmids with

Yes, we did.
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RIBBONS:

And did you transform back into a cured strain?

ORNDORFF: That's very difficult with Pseudomonas.
do that yet.

We have not been able to

RIBBONS: Do I infer, then, that the cured strain had antibiotic resistance
and heavy-metal resistance which was not plasmid-borne?
ORNDORFF:
In one isolate, yes. But it is possible that this may have been on
another plasmid which could have possibly integrated into the cell chromosome.
BOURQUIN: Dr. Cerniglia, you were talking about degradation of aromatic hydrocarbons by fungi.
Do you think that fungi actually compete with bacteria
to any great extent in the environment?
CERNIGLIA: As far as aromatic hydrocarbons are concerned, I don't think that
there is a study being done to look at the fate of these compounds with respect to fungal degradation.
I don't think we actually know. That's one of
the things I've been trying to emphasize in our task group discussion. Are
fungi playing a role in degradation of these types of compounds? We know that
they do in pure cultures.
BOURQUIN: What about partial metabolism of some of the polynuclear aromatics?
Do you think fungi might partially metabolize compounds and actually form,
say, arene oxides or something that could accumulate?
CERNIGLIA~

From our study it seems it is very likely.

AHEARN: A number of questions have been voiced during break. I will indicate
these questions and perhaps we can have open discussion on these.
I think
this is directed to Dr. Liu.
It has to do with the disappearance of the PCB
from the culture system due to absorption rather than metabolism. Perhaps Dr.
Liu can discuss this point. The other question was a point of clarification
in relation to the Kepone. Whether or not there was a metabolite demonstrated
in this study, whether or not there was growth.
ORNDORFF: Since that sediment experiment, we've done pure culture work.
We've been able to identify the same metabolite in pure culture broth using
glucose as a carbon-energy source, so that it appears as if it is a cometabolic effect.
In fact, I even have the GLC tracing of it if you would like to
see it. Several pure cultures, including isolates from the James River,
Bailey's Creek, and the sewage treatment plant at Hopewell, Virginia, were
examined. All of these isolates yielded chromatograms after growth in a Kepone
medium that appear basically the same as this one. The major peak that you see
to the left of the Kepone is absent in all of the controls.
GARNAS: can you tell us what kind of confirmational evidence you have that
this metabolite is the monohydro-Kepone?
ORNDORFF: There are problems in measuring the derivative.
It appears to be
a monohydro derivative. The concentrations are extremely low and are barely
amenable to gas-liquid chromatographic analysis. Cells have been grown in
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batch culture and as much of the product as possible has been recovered.
spectral analyses of these extracts are in progress.

Mass

GARNAS: I am very happy that you came here to give the paper. We've completed
a detailed study on the fate, movement, and possible biodegradation of Kepone
in various estuarine systems. To date, we haven't seen any evidence of degradation, and we specifically looked for the mono- and dichlorinated products.
We used 14 c materials to get a very acceptable budget analysis on our system.
So we are quite interested in seeing a little more confirmation of this peak.
ORNDORFF: As I said in the talk, Dr. James Smith at Allied Chemical has analyzed samples taken from the Kepone dump at Hopewill. He and his colleagues
found monohydro derivatives.
GARNAS: It is speculated that perhaps the compound was in the original synthesis batches that were dumped.
ORNDORFF:
reaction.
GARNAS:

No, the synthesis of Kepone is a clean reaction, a very efficient

I will differ with you strongly on that point.

ORNDORFF: From what I've been told by Allied Chemical, they claim it is a
very efficient reaction. They claim the monohydro derivative they've found in
the soil samples was not present before dumping.
GARNAS: They did find some of the dechlorinated products in some aquatic species also. But where you find residues, it doesn't necessarily mean that they
were produced in that site. It is speculated, and there is good evidence to
back it up, that the discharging of Kepone was not in a pure state. It was
distributed with other materials including hexachlorocyclopentadiene and the
residual from batch synthesis. The compound is not synthesized pure. There
is a certain amount of impurity in it. It is very difficult to obtain 99.9%
pure analysis standards to work with. So I submit that the materials that
were probably found in those sewage treatment sediments could have been introduced in the original disposal of material.
ORNDORFF: That may be true. Nonetheless, in our pure culture studies, there
was no monohydro derivative in the starting material.
GARNAS: I agree with you that the gas chromatographic analyses are quite difficult. I think it is very important to keep in mind that in electron capture
GC, cleanup conditions become very critical and proper controls become very
critical. Peaks are due to the electron-capturing nature of the molecule; and
unless you have a good standard available, peak size is no indication of the
level of conversion, if it is happening. I still submit that it's a very
critical issue, and I think it requires substantiation.
BOURQUIN: I have a question concerning the pure culture studies. Have you
ever looked at another chlorinated compound to see if there is dechlorination
other than with Kepone? To see if there is a non-specific reaction for a cage
structure or something like, for example, can you show dechlorination of mirex?
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ORNDORFF: No, we haven't, but we are looking at the precursors used in the
Kepone synthesis--hexachlorocyclopentadiene and dicyclopentadiene.
BOURQUIN:
I don't know if I misunderstood you, but I thought you said your
product was 1/10 of 1% of what was added?
ORNDORFF:

That's correct.

BOURQUIN:

That seems extremely small.

DiGERONIMO: A question for Dr. Pritchard or Dr. Bourquin about Kepone. Do
you think not seeing Kepone degradation in your systems could be accounted for
because of the enrichment period in James River sediments could cause organisms to evolve or mutate and they have been selected, whereas you people are
working with a rather fresh sample?
BOURQUIN:

We are using James River sediment in our systems.

DiGERONIMO: That answered my question.
I have to bring it up because from
our work in the sewage system, we found that responsible organisms were in
very low numbers. They probably could be missed depending on your sample size.
This may be a reflection of the complexity of one microcosm showing something
vs another microcosm.
BOURQUIN:
It could be we have missed or not selected for a specific organism.
I think the whole question is very interesting. However, I'm wondering about
the 0.1%. What does it mean in terms of degradation? Is it significant in
the environment, if it is a product? Something we have found in our studies
with Kepone, but haven't reported yet, is another product in our systems.
It
amounts to 10-20% of the Kepone. Other people at Fish Pesticides Laboratory,
Dave Stalling and his group, have reported a similar product in fish of up to
40 or 50% of the Kepone added. These are not dechlorinated products. They
are less polar compounds and they are probably conjugated with lipoprotein.
This is not confirmed, because mass spectral analyses have not been performed.
DiGERONIMO: You commented on a 0.1% product. Just to plug cometabolism, actually 0.1% of the compound for a cometabolic system would probably be a predictable amount based on cell mass. Because you are not expecting any increase in cell mass; therefore, from our experience, you wouldn't expect a
total turnover or any appreciable amount of turnover of a compound. Secondly,
I have to make one more comment about the contamination of compounds. When we
first started out, we were using 2-3-6 trichlorobenzoic acid. We were finding
really fantastic results until we purified it. Then we found these results
disappeared, even though we were assured 99% purity; it wasn't. So a lot of
the data we did accumulate on the 2-3-6 and a lot of the previous data became
suspect because of the purity of the compound.
BOURQUIN: Just one other thing on looking for Kepone metabolites.
In all
systems used to study Kepone at our laboratory, there have been GG searches as
well as radioisotope searches for metabolites.
In the toxicology laboratory
there have been any number of studies using flowing water bioassays, with
fish, crustaceans and oysters. All of these samples were checked for
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monohydro- and dihydro-Kepone as well as any other product. They never really
found any products. In our systems we've run continuous-flow degradation systems and a number of the eco-core experiments in which we have used fresh estuarine sediments and water from the local Range Point salt marsh previously
uncontaminated with any type of pesticides that we know of, and using James
River sediments. We have looked for degradation in systems under anaerobic
conditions (purged with nitrogen), and in systems with additional growth substrates like naphthalene or glucose added to increase microbial activities or
to increase aromatic hydrocarbon-degrading activity within the sediment or
water srstem. We've looked at flowing water systems using 10-gallon aquaria
where 1 C-Kepone was added to either James River or Range Point sediments (two
different systems). Here again we did find the conjugate product in association with decomposing lug worms. In all cases where we find this other product, it has always been in anaerobic conditions, but in no case have we found
any other type of metabolite.
COLWELL:

Have you ever done any pure culture studies?

BOURQUIN: Yes, we have. We've got a Corynebacterium-like organism that decomposes camphor as a sole carbon source. We were looking at this organism as a
possible source for a fortuitous dechlorination reaction. We don't have any
real positive evidence for that either.
COLWELL: Have you studied in pure culture any organism that exhibited any
Kepone resistance?
BOURQUIN: Yes, meaning the organism grows on Kepone agar plates; there are
any number of those. We didn't do any culture studies that would show anything like metabolism of Kepone.
GIBSON: I'm surprised to find myself with an unexpected interest in Kepone.
First of all, I would like to ask if there any idea of the mechanism of the
toxicity of this compound.
ORNDORFF: In studies using Tween-BO, we found that in the presence of 10 ppm
that Kepone was toxic to the cells. So there may be some sort of permeability
factor that enables the organisms to be resistant to Kepone. Since these are
very lipophilic compounds they may be bound up in the LPS of the cells, we
don't know. We can only guess at that.
GIBSON: Just looking at that structure, you would predict that no organism in
its right mind would look at it. If you look at it chemically, as Peter Chapman pointed out, it is a chloromethyl ketone which will react with sulfhydryl
groups, and will probably be a very toxic compound. I was wondering, when an
organism becomes resistant, do you think it's due to biotransforrnation?
ORNDORFF:

It could be.

Your guess is as good as mine.

I don't know.

GIBSON: You said the two things went hand in hand, that if it lost the ability
to transform, it also becomes Kepone sensitive?
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ORNDORFF:
In the isolates tested in the plasmid screening, those isolates
that were cured were no longer resistant to Kepone. But we are still in the
process of testing whether these cured isolates have any ability to transform
the molecule.
I suspect that they will not be able to.
GIBSON:
I was a little worried about that number of reversion, one in 10- 12
did you say?
ORNDORFF:
GIBSON:

1.6 x 10

-12

,

, approximately the same as for one gene in one isolate.

Did you say you couldn't transmit the plasmid back?

ORNDORFF: We haven't done the experiments yet but we are working on it. It's
very difficult with pseudomonads, for obvious reasons. They are not like the
Escherichia coli system.
GIBSON:

I guess I don't understand how you got the number, then.

ORNDORFF: This was the reversion frequency of the resistant organism, spontaneous reversion frequency.
GIBSON: For George Baughman or Al Bourquin, when you are looking at a really
insoluble substance like this, how can you have Kepone plates at levels that
are way above the solubility level and be able to say certain concentrations
are toxic?
ORNDORFF: This is a real problem. Testing resistance on agar plates is really
a very non-specific test and doesn't reveal much information. We screened all
isolates on a 100 ppm Kepone agar, then picked each individual colony and retested i t in broth culture, which is a better method for testing for resistance to Kepone than agar, for obvious reasons.
GIBSON:

So you still don't know what your concentrations are?

ORNDORFF: That's true.
Kepone usually precipitates out if you've got high
salts in a broth, or it will bind up with any of the other organic matter,
whatever may be in the broth.
BOURQUIN:
In addition to agar plate toxicity testing, we are confirming our
results using 0 2 uptake studies on the oxygraph.
GIBSON:
If it's taken this long just to get rid of one chlorine and there's a
heck of a lot of chlorine still on that molecule, are you ready to predict how
long that molecule is going to stay in the James River?
ORNDORFF:

No.

BETTINGER:
don't know
many times
We're kind
vant, it's

Just a comment concerning agar plates and insoluble materials.
I
if the analogy can be drawn, but in the Salmonella-microsome assay,
we look at compounds which precipitate but still show dose response.
of at a loss to explain that. I don't know if that's really relejust an observation.
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GIBSON: That really worries me, because in the Ames test for a compound to
exert its effect, it has to be electrophilic. The most reactive compounds
that are.known are very, very unstable and react with any nucleophilic site
they contact. So if you put a compound in that precipitates, plus all the
hazards they have to go through before it exerts its mutagenic effect, that's
the compound that scares the heck out of me.
BOURQUIN: Dave, in answer to your question on high concentrations, in our
toxicity tests, we were looking at the sensitivity of organisms to Kepone at
concentrations of .02, 0.2, and 2 ppm. These are suspensions, and you are
right, you really don't know the concentration. It's not like an antibiotic
test where you have diffusion through the agar. What we are showing in those
tests is a positive or negative result. From there, any confirmation on toxicity is backed up by oxygen uptake study, where a low concentration of Kepone
is added in solvent, to a whole cell suspension and additional substrate.
What we've done from there then is to back calculate to get a proportionate
ratio of Kepone concentration to a measured number of bacteria from an environmental sample.
GIBSON: I realize that these experiments are very difficult; we work with insoluble substrates, too. They are a real pain. Is it possible to take 1 ~c
Kepone and just add it to the bacteria and find out how much is adsorbed to
the cells? Does that actually h_appen?
BOURQUIN:
GIBSON:

Sure.

You mean in pure culture?

Yes.

BOURQUIN: It could be done very easily. We normally add it in acetone to the
medium, but it is rapidly adsorbed to the cells. In fact, I think it is 90%
or more of the radioactivity adsorbed in the cells almost immediately in these
high density experiments.
BAUGHMAN: I'm not sure what relevance it has to the metabolite question, but
you might bear in mind something that I think is often overlooked in much environmental work. First, there are very few organic compounds you can obtain
more pure than probably 99.5%; 99% would be very good; and you can almost always expect impurity levels on the order of the 0.1% or better. Now, clearly,
if you have a compound with a solubility of 0.1 ppm and if you add 100 ppm of
that material to a system and if that material you add has 0.1% of impurity,
you have an equal amount of impurities potentially in solution to what you
have in the material you are testing. And we've seen examples where this can
play all manner of hazard with the kinds of measurements that are made in environmental work. For example, in the measurement of octanol/water partition
coefficients. There is a tremendous motivation to work with labelled materials for environmental studies of any kind. Labelled materials are particularly noted for being impure, and since you are looking often at very hydrophobic materials, the impurities are likely to be more polar so you can get
orders of magnitude error from that sort of thing.
RAYMOND: Let's switch gears a little bit here, Carl, in the metabolism of
aromatics by fungi. Do these compounds conjugate readily like they do in
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mammalian systems?

Or do the intermediates that you see?

CERNIGLIA:
In mammalian systems, naphthalene metabolism has been shown by
Jerina. Conjugated metabolites have been reported.
I have presented evidence
looking at soluble organic metabolites, but, yes indeed, the aqueous fractions
do contain conjugates.
RAYMOND: And so that in contrast to microbial or bacterial systems where you,
I think, probably see less conjugation because of the type of materials, you
would not expect i t really to be competitive then, would you? At least as far
as total degradation?
CERNIGLIA:

Yes, I would not.

IVANOVICI: My question is addressed to Dr. Maccubbin. Did you check the microbial populations for viability and if so, how did you do it? I don't recall what you said.
I was wondering what sort of viability test you used.
MACCUBBIN: The only reference I made to viability was the viable count obtained by enumerating bacteria on a growth medium and assuming that growth
represents viability.
IVANOVICI: The other question relates to your measurements of ATP. ATP is
used by some people to determine biomass.
Is that why you measured ATP or did
you measure ATP concentrations to get an idea of some other aspect of the
population?
MACCUBBIN:

It was measured in the reference of biomass, not stress.

IVANOVICI:

Are you going to be doing any more work in this area?

MACCUBBIN:

Not with ATP.

AHEARN: We
sibility of
for part of
area to the

still have the question that had been posed earlier about the posabsorption of the PCBs in the culture system accounting, perhaps,
its disappearance. Do we have any comments in relation to that
person who posed that question or to Dr. Liu?

SAEGER: The mono- and dichlorobiphenyls are quite readily degradable and Aroclor® 1221 is basically mono- and dichlorobiphenyls.
GIBSON: we find exactly the same and that work has been published in the literature. Although some of the trace amounts of the higher chlorinated biphenyls that are in 1221 still stay behind. We haven't been able to demonstrate any degradation of those.
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ABSTRACT
This review of the physical and chemical factors that
affect the distribution and degradation of pesticides in
aquatic environments treats processes such as volatilization, partitioning, hydrolysis, oxidation, reduction, and
photochemical reactions. Reactions in sterilized and nonsterilized soils are discussed and compared.

At a symposium on "Nonbiological Transport and Transformation of Pollutants ori' Land and Water" held at the National Bureau of Standards in 1976, in
a paper entitled "Oxidation and Reduction of Pesticides in Soils and Sediments," I discussed some of the difficulties in drawing a clear distinction
between reactions that are solely chemical in origin and reactions that accompany biological processes. The proceedings (29) provide a useful starting
point for a discussion of physical and chemical factors that affect distribution and degradation of pollutants.
PHYSICAL FACTORS
Without microbial or chemical degradation, the concentration of a pollutant in an aquatic system will be reduced by physical factors, like dilution,
adsorption, or volatilization. These processes in turn will be affected by
the physical properties of the molecule, particularly water solubility, vapor
pressure, and polarity. Insoluble or adsorbed pollutants will be transported
or deposited. Dissolved materials also are subject to transport, adsorption
and subsequent deposition. Substantial effort has been devoted to the study
and modeling of such processes. A model developed by Crawford and Bailey (4)
to describe movement of pesticides and nutrients in agricultural lands took
into account factors that are important in nonpoint pollution: movement of
pollutants in runoff over land with subsequent percolation of dissolved materials to ground water aquifers, the adsorption of pollutants on soil particles
followed by erosion and movement of the soil as sediment, and the erosion of
pollutant particles (4).
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Adsorption and desorption are important because they affect the chemical
reactivity and biological availability of pollutants. There has been much
recent discussion on the fate of bound residues and the question of their further significance as pollutants (14).
The loss of pollutants by volatilization from water bodies was studied by
Mackay and collaborators (19).
If the pollutant concentration in water and in
the atmosphere and Henry's law data are known, approximate values for the mass
transfer coefficients, KL (the liquid phase mass transfer coefficient) and Kg
(the vapor phase mass transfer coefficient) can be calculated. A mass flux
rate can then be calculated from these values to within a factor of about five.
This information may be sufficient to predict whether volatilization represents a major pathway of loss for a given pollutant. However, several complications limit the value of this treatment as a tool for prediction of environmental fate.
The surface layer of organic matter normally present on natural
water bodies, the process of spray formation and transfer by bursting bubbles,
and the presence of pollutants as micelles or colloids, rather than as true
solutes, are factors that must be considered in a treatment of volatilization;
however, their significance is not fully understood.
An important factor in dispersal and transformation of organic pollutants
is their partition between lipid and aqueous media. The partition coefficient
is important in constructing predictive models, as well as in considering the
availability of a pollutant as a potential microbial substrate. Accumulation
by biota is extremely dependent on the lipid-water partition coefficients may
be significant in relation to the transport and fate of pollutants in the biosphere.
In the same context, the potential changes in solubility that result
from association of pesticides with surfactants and other formulation ingredients may affect their reactivity.

Finally, the availability of pollutants may be decreased by precipitation
from solution. This mechanism may be important in removing metals from fresh
water or marine environments.
CHEMICAL FACTORS
Superimposed on the physical processes that change the concentration of
a pollutant in water are chemical reactions that can transform it by various
mechanisms. A major difficulty in assessing the importance of chemical transformation is the paucity of information concerning reactions in the many hererogeneous systems involved. Experimental reaction rates are usually measured
at precisely controlled temperature and pH in homogeneous solution, whereas in
the environment, many pollutants are adsorbed on the surface of particulate
matter. Natural conditions probably favor the concentration of organic pollutants at interfaces, i.e., air-water, air-soil, water-soil. Adsorption and
desorption by soil or inorganic media will profoundly affect the rates of
chemical or microbial transformation in aquatic systems.
Rates and mechanisms of chemical reactions also
ture, hydrogen ion concentration (pH) of the medium,
ionic concentration. These factors probably will be
within large bodies of water, but not necessarily at
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are affected by temperaredox potential, and
relatively constant
interfaces. Newly

deposited sediments, rich in organic material, provide a reducing environment,
but the upper sediment layers and the water column above it generally contain
an oxidizing zone. At the water surface, sunlight will cause photochemical
c~ange. The quantitative significance of photochemical reactions depends on
light intensity, a factor that is influenced by many environmental variables.
Biological and chemical transformations take place in a chemical milieu
that is defined by parameters such as pH, redox potential and temperature.
The growth or decline of specific microbial populations will be influenced by
the availability of nutrients and oxygen. As changes in the medium result
from microbial processes that may also deplete oxygen or produce acidic metabolites, there will be accompanying changes in rates and products of purely
chemical reactions.
Patrick and his coworkers (21) have discussed the physicochemical factors
that regulate solubility and bioavailability of heavy metal pollutants. Their
discussion is concerned with the chemical state of the heavy metals, which in
turn is regulated by microbial activity occurring within the system. The potential toxicity of sediments that contain metals depends on the concentration
and chemical form of the toxic metals as well as on the physicochemical and
biological conditions of the sediment. Sediments are generally anaerobic, and
the bulk sediment solids with which most of the toxic metals are associated
will remain anaerobic when subaqueous disposal methods are used for dredged
sediments. However, major changes in mobility and biological availability may
occur if the o~idation-reduction conditions at a disposal site differ from the
physicochemical environment of the sediments at the dredging site. Such
changes may occur when an anaerobic sediment is deposited on land where oxygen
becomes freely available or if an aerobic sediment is dredged and becomes
mixed with an anaerobic sediment-water system.
Under aerobic conditions, sulfide can be oxidized to elemental sulfur or
sulfate. Other transformations include oxidation of ferrous to ferric ion,
manganous to manganic ion, and organic nitrogen to nitrite or nitrate. These
reactions produce increases in acidity with concomitant changes in stability
and bioavailability of metal ions. The amount of available iron may be
changed by as much as three orders of magnitude. Thermodynamic equilibria
may be useful for predicting the forms of iron, zinc, cadmium, mercury, or
lead. Metals may be present as free soluble cations, soluble organic or inorganic complexes, easily exchangeable cations attached to clays, precipitated
metal hydroxides, precipitates with iron or manganese oxyhydroxides, insoluble
organic complexes, insoluble sulfides, or residual forms. However, the diversity of the components of natural aqueous systems and the variability of their
concentrations limits the predictive value of thermodynamic equilibria. In
natural systems, true chemical or biological equilibria are rarely, if ever,
likely to exist. Redox potential-pH diagrams may provide useful indications
of variations in metal speciation that result from changes in physicochemical
environment.
Oxidative processes will alter humic acids and organic matter present in
the sediment; thus, the process of complex formation will be affected.
The major factors influencing equilibria are redox potential and pH.
under aerobic conditions, the former may vary from 300 to 600 mv (strongly
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oxidizing), and surface waters containing dissolved oxygen usually range in
pH from 5.0 to 8.5 (moderately acid to mildly alkaline). Anaerobic sediments
are generally almost at neutral pH (6.5 to 7.5), and they are moderately to
strongly reducing (100 to 400 mv or less).
The latter potentials are sufficient to reduce several types of organic
molecules. Toxaphene undergoes extensive alteration in flooded soils to yield
products that appear to be formed by reductive dechlorination (22). DDD [l,ldichloro-2,2-bis (p-chlorophenyl)ethane] is formed from DDT [l,l,l-trichloro2,2-bis(p-chlorophenyl)ethane] under anaerobic conditions in flooded soils or
sediments (7). From the measured reduction potentials required for the electrolytic reduction of the dinitroanilines to m-phenylenediamines via the phenylhydroxylamines, a nonbiological pathway for degradation of dinitroanilines
is feasible under anaerobic flooded conditions (27). In summary, such reactions may not be strictly metabolic but chemical transformations will be mediated by factors that depend on microbial processes occurring in the system.
Further examples of associated chemical reactions are the purely thermal
reactions of reactive metabolites. The incubation of chloroanilines with Fusarium oxysporum gives chlorophenylhydroxylamines as initial products. Phenylhydroxylamines are very reactive and rapidly condense to produce azoxybenzenes.
The latter are frequently obtained as products or by-products during the laboratory preparation of the phenylhydroxylamines (13). Thus, the presence of
transformation products obtained by incubation of a xenobiotic chemical with a
microbial system may not always provide direct evidence concerning metabolic
pathways or enzymic processes, unless we examine the evidence critically.
HYDROLYSIS
Water is a readily available reactant in aquatic systems. However, many
pesticides and pollutants are relatively stable toward hydrolysis at neutral
pH and environmental temperatures. The presence of soil may considerably
alter hydrolysis rates, depending on soil type, pH, and salt concentration.
Simazine [2-chloro-4,6-bis(ethylamino)-s-triazine], atrazine [2-chloro-4,6bis(isopropylamino)-s-triazine] and propazine [2-chloro-4,6-bis(isopropylamino)-s-triazine] rapidly undergo replacement of chlorine to give the corresponding 2-hydroxy compounds with maintained at 30°C in various soils (9) .
The criteria for establishing that such reactions are chemically, and not biologically, mediated will be discussed later, but the rate of hydrolysis of the
triazines was not affected when the soils were sterilized with sodium azide.
A few pesticides are hydrolyzed in distilled water. Heptachlor (1,4,5,
6,7,8,8-heptachloro-3a,4,7,7a-tetrahydro-4,7-methanoindene) gives 1-hydroxychlordene in distilled water at room temperature (1), and the soil fumigant,
1,3-dichloropropane, is hydrolyzed to 3-chlorallyl alcohol at pH 6.9-7.5 (3);
this hydrolysis is catalyzed by soil.
The rates of hydrolysis of the organophosphates are very dependent on pH
of the medium and, in many instances, the rate increases by a factor of 10
with unit increase in pH. The rate of hydrolysis also is increased by the
catalytic effect of soil. Diazinon [0,0-diethyl 0-(2-isopropyl-6-methyl-4pyrimidinyl)phosphorothioate] has a half life of 185 days in water at pH 7.4
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and 20°C, but in cupric chloride solution and in copper-montmorillonite clay
suspensions, i t is quantitatively hydrolyzed within 24 h (20). Parathion (0,
0-diethyl O-p-nitrophenylphosphorothioate) and malathion [S-1,2-di(ethoxycarbonyl)ethyl O,O-dimethylphosphorothioate] also are hydrolyzed more rapidly in
soils than in aqueous solution.
Other pesticides, known to undergo hydrolysis, include the esters of phenoxyacids and the carbamates. The esters of 2,4-D[2,4-dichlorophenoxy)acetic
acid] and other carboxylic acids are rapidly hydrolyzed in soil.

OXIDATION
Oxidation may be responsible for degrading a large fraction of the pollutants present in aquatic systems and soils. Oxidative processes may result
from microbial action, photo-oxidation, the direct attack of oxygen, or an activated oxidizing species. Variables affecting these factors include pH, soil
type, metal ions, photosensitizers, oxygen content of the sediment, temperature, and sunlight. Microbial systems are responsible for many oxidative
transformations but the distinction between biological and nonbiological reactions is not an easy one.
Several complex catalytic systems involving metals
can provide models for oxidizing systems. The products resemble those from
biological oxidation and there are close analogies between them in that they
both involve generation of activated species of oxygen.
The role of transition metals as oxidants in aqueous systems requires
further investigation.
In the presence of complex organic molecules, metal
ions may take part in oxidation processes that are closely analogous to biological oxidations mediated by enzymes.
Several chemical systems mimic the reactions of microsomal oxidases responsible for in vivo oxidation of aromatic compounds and other organic compounds foreign to the organism. These oxidases include drug hydroxylases,
demethylases, and N-oxidases, and they require TPNH and molecular oxygen together with a metal. Chemical model systems have provided some clues as to
the nature of activated oxygen species in enzymic reactions. Fenton's reagent (iron salts, hydrogen peroxide, and sulfuric acid) is a source of hydroxyl radicals and will hydroxylate aromatic systems or dealkylate amines or
ethers. Other model oxidation systems have been described, like that of Udenfriend et al. (28) containing ferrous sulfate, ascorbic acid, and ethylenediaminetetraacetic acid in a buffer. Hamilton et al. (8) have studied hydroxylation of aromatic compounds in the presence of ferric iron together with
hydrogen peroxide and catechol, but the reactive species was probably not the
hydroxyl radical. Hydroperoxy or peroxy radicals seemed unlikely because they
did not react very well with aromatic systems. The formation of an ironcatechol complex responsible for direct transfer of oxygen to the substrate
was postulated. This model system bears some analogy to the iron-porphyrin
enzymes. views of the biological mechanism of oxygen activation involve analogous mechanisms in which cytochrome P-450 forms ferric hydroperoxide-type
complexes or ferric superoxide-type complexes with a substrate.
Few examples of nonbiological pesticide oxidation can be substantiated.
Aldrin (l,2,3,4,10,lO-hexachloro-l,4,4a,4,~,8a-hexahydro-l,4-endo, exo-5,8427

dimethanonaphthalene) is slowly converted to dieldrin (l,2,3,4,10,10-hexachloro-6,7-epoxy-l,4,4a,5,6,7,8,8a-octahydro-l,4-endo, exo-dimethanonaphthalene) in soils (18), and this reaction is considered to be nonbiological.
However, documented instances of environmental nonbiological oxidation, not
mediated by photochemical action, are rare.

REDUCTIVE TRANSFORMATIONS
"Reduction" of organic compounds usually implies reactions like the saturation or addition of hydrogen to carbon-carbon, carbon-oxygen, or nitrogenoxygen multiple bonds. Replacement of halogen by hydrogen is important in
many pesticide pollutants.
In the laboratory, these reactions require vigorous chemical reducing agents or hydrogenation using a metal catalyst. Such
conditions are not characteristic of the environment, in which reducing reactions must occur under mild conditions, e.g., disproportionation reactions
with a low activation energy threshold, or reactions brought about by complex
electron-transfer systems. Models for the latter may be constructed if we
can determine the type and role of biological catalysts of related function.
Metabolism of toxaphene by rat liver microsomes requires NADPH and anaerobic conditions. Khalifa et al. (16) suggested that reduced cyctochrome
P-450 acts as the reducing agent under these conditions. They found that reduced hematin reacted with toxaphene to cleave C-Cl bonds and pointed to the
value of such iron (II) protoporphyrin systems as models for understanding
the degradation of some chlorinated hydrocarbons. Mirex (dodecachlorooctahydro-1,3,4-metheno-lH-cyclobuta[cd]pentalene) also reacted with reduced hematin to give reductive dechlorination products (10).
The reduction of several pesticides under strongly anaerobic conditions
in flooded soils has been mentioned earlier in this discussion and it seems
likely that purely chemical mechanisms are involved.

PHOTOCHEMICAL PROCESSES
Photochemical processes depend on the presence of light as a reactant.
Wavelengths in the 280 to 320 nm region (UV-B region) of the spectrum contain
sufficient energy to bring about chemical change by the rupture of a covalent
bond.
Sunlight contains radiant energy in the 300 nm region, although the
actual wavelengths and intensity that reach the earth's surface are dependent
upon many environmental factors, in addition to latitude, elevation, and time.
In an aquatic medium, light energy becomes attenuated with depth, depending
upon wavelength and the absorption coefficient of the medium.
The simplest photochemical processes are "direct" processes involving
the breaking of a single bond with the formation of two radicals (homolysis).
Products are formed by the subsequent reactions of these free radicals. A
common free radical reaction is the abstraction of hydrogen from a suitable
donor (photoreduction) (22).
Reaction with an oxygen molecule is also a common reaction of free radicals. Oxidation of olefinic compounds in the environment proceeds by this route.
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Alternatively, the rate of nucleophilic substitution may be enhanced by
7ight (photonucleophilic reactions) (5). The hydrolysis of chloracetic acid
~nvolving attack by the hydroxyl radical is much more rapid in the light than
in the dark (30) .
Rearrangement of bonds within the molecule can occur: the formation of
new ring systems or other isomerization reactions commonly are encountered, as
in phytolysis of heptachlor (25).
Indirect or sensitized reactions involve an intermediary or sensitizer
molecule that absorbs light and, by energy transfer to a second molecular species, brings about a chemical change in the latter. Thus, photochemical alteration may be induced in a molecule that does not absorb sunlight if sensitizers are'present in the solution. Sensitizers are common in natu~al waters,
although their chemical nature is speculative. The rate of photolysis of a
pollutant may be more rapid in river water that appears dark brown than in
"pure" water.
Although direct oxidation of molecules by reaction with oxygen is rare,
oxidation by activated species containing oxygen is an important biological
process, and the photochemical generation of activated oxygen containing species may be important in the environment.
"Dye-sensitized photooxidation" refers to the oxidation of a species by
singlet molecular oxygen generated by irradiation of a dye solution through
which oxygen is diffused (15). Other photochemically generated, activated
oxidizing species may include the radicals RO•, R0 2 • and HO•.

REACTIONS IN STERILIZED VERSUS UNSTERILIZED SOILS
In some instances of pesticide degradation in soil, it has proved very
difficult to establish whether the reactions observed were biological or chemical because it was impossible to isolate individual microbial species that
would bring about the specific reactions. An example is the degradation of
amitrole (3-amino-s-triazole) to C02 in nonsterile soils. Amitrole was also
degraded in azide- or ethylene oxide-sterilized soils but not in those sterilized by autoclaving. The addition of mixed cultures of microorganisms, isolated from soil in which amitrole had been rapidly degraded, to autoclaved
soil caused only slight degradation. Organic amendments added to soil increased microbial activity but reduced amitrole degradation (12). The addition of iron and other metallic salts increased the degradation rate. From
these data, it was concluded that chemical degradative routes predominated in
the three soils examined. Several free-radical generating systems cause rapid
decomposition of amitrole, and the degradation processes affecting amitrole in
soils may be closely analogous to those mediated by free radicals, like the
hydroxyl radical or photochemically-generated free radicals. Maleic hydrazide
is degraded in a similar manner (D. D. Kaufman and N. A. Kaloyanova, private
communication) .
sterilization by autoclaving may affect not only the microbial population, but also the chemical and physical structure of soil. Thus, nonbiological processes may be precluded as a result of such treatment. The use of
429

microbial inhibitors, fumigants, irradiation, or other methods of reducing microbial activity is equally open to criticism, because these techniques often
result in altered soil reactivity or the presence of reactive residues. For
example, we identified a reaction product of chloroaniline and ethylene oxide
after incubating the former in ethylene-oxide sterilized soil (J. R. Plimmer
and U. I. Klingebiel, unpublished).
Some of the effects of sterilizing soil with propylene oxide, sodium
azide, or by autoclaving were investigated by Skipper and Westermann (26).
The chemical and biological properties of the soil were altered as indicated
by their effects on pH, and germination and growth of wheat and alfalfa.
Fletcher and Kaufman (6) studied the effect of sterilization on the degradation of 3-chloroaniline in soil. They found that the role of peroxidase
enzymes was very important but that residual peroxidase activity depended upon
the mode of sterilization. Azide treatment or autoclaving inhibited soil peroxidase 100%, whereas ethylene or propylene oxide inhibited soil peroxidase
only 4.8 and 8.6%, respectively.
Investigation of ethylene thiourea degradation revealed that the initial
degradative step, conversion to ethylene urea, occurred chemically in autoclaved soil. Subsequent degradation was microbial in origin (11).
IMPLICATIONS
The study of the fate of 2,4-D esters in surface waters, by Zepp and his
colleagues at the EPA Laboratory in Athens, Georgia (31), is almost unique in
its attempt to compare the competing results of evaporative, hydrolytic, and
photochemical processes (Table 1). They examined several 2,4-D esters in
basic waters, and hydrolysis was the most important process for the methyl, 1butyl, 1-octyl and 2-butoxyethyl esters. In acid water, the relative significance of hydrolysis depended upon the ester structure. Overall loss was more
rapid in acidic than in basic waters. Photolysis was most important for the
butoxyethyl ester. Vaporization was most important for the octyl and butyl
ester, and both vaporization and photolysis were important processes for the
methyl ester. Chemical and photochemical processes transformed the butoxyethyl ester more rapidly than the other esters. The product of hydrolysis,
2,4-D, is insoluble and nonvolatile. It is removed from natural waters by
photolysis and the half life was calculated as 20 days.
TABLE l.

2,4-D ESTERS: COMPARISON OF 25°C HYDROLYSIS, PHOTOLYSIS AND VAPORIZATION HALF LIVES IN DAYS (31)

Ester
Methyl
1-Butyl
1-0ctyl
2-Butoxyethyl

Hydrolysis
pH 9
pH 6
0.04
0.2
0.2
0.02

Direct
photolysis

44
220

29

220

26

16
430

Vaporization
21.7
1.1
11.5
895

The vaporization calculations were based on the treatment used by Mackay
(19) and photolysis half-lives were obtained by a computer program which gives
the integrated sunlight intensity at various depths in water. When photolysis
was conducted in Suwannee River water the rate was twice that in distilled
water.
Laboratory data can be used to predict rates of dissipation of environmental pollutants by physical and chemical pathways (31). These data were obtained by precise well-established techniques, using purified compounds. An
important question that arises is that of the quality.and quantity of data
needed to provide adequate output from models. How sensitive is the model to
the input and what degree of precision is necessary in obtaining such data?
The prediction of rates of environmental degradation is a problem of some
consequence. Model microcosms can be used to obtain rates of dissipation
under simulated environmental conditions and they are useful in identifying
microbial and physicochemical products and processes. However, their predictive value must be tested in terms of real-world phenomena. Patrick et al.
(21) have indicated that toxic metal contamination of wastes can be managed
somewhat by controlling the properties of disposal or dispersal sites. From
relevant data on soils and waters, it should be possible to construct models
that provide some indication of the impact of pollutants and their potential
residence time in a specific situation.
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ABSTRACT
An assessment of the environmental hazard of new
chemical products must be made prior to their commercialization. Hazard evaluation should involve a systematic decision-making process to define and assess risk.
Within the Detergents and Phosphate Division at Monsanto, this process has been evolving over the past few
years and is based on the sequential accumulation of
knowledge about new chemical products in the areas of
environmental fate and aquatic and mammalian toxicology.
Systematic and uniform procedures and test methods are
used for this process. Four sequential phases of testing encompassing screening, predictive, confirmative,
and monitoring studies are carried out parallel with
commercial development of a new chemical so that appropriate business decisions based on environmental rjsk
can be made periodically. Decisions to ci ther r;r,nt i n1H,
testing, stop r,roduct develor,m(-'nt br;caur;r; rJf :;uL:;t.1111-i.,J
risk, or stor, envirr..Jrun<~ntal tr;r;tin'J b<;r;u.,:;r, r,f ar:r:t-1,1.,1,1 ..
risk can be made at the: VdrirJur; l•:V<:l:; r;! 1c,~;1 iri•J. The·
mechanics Of thirl f,r0r;f_:fifi ;;nrJ the: j f!Vt;J '/<:tr1<-1i1 r;f lllJ r:rr;bial der:1radation sr;rr~r;n.in'J r;turJl<::; lr1 1hc· 1,rr,1;1-:;:; .irro
surnmariz€:d.

DlTP(JOUCTHJN
With the en.actrr1<:nt of the Toxic; '."~ubstances Control Act (TSCA) in 197o,
industry will be rer1uired to conduct detailr:d environmental and mammalian
safety studies prior to manufar;turc or new chemicals. A safety testinq program should not be conducted in a random manner by runninq a battery of test 8
Father, some systematic r,roc€:rlurc 8hould be developed so that dec.Lsionn afJ to
the need f0r particular safety studir:R can be lor1j cally made. l\t Mornwnto we
have bel:n develor,inr:J a f;y8ternatic envirorunf~ntal hazard <~valuation iiroce:HJ for
new ch<:micalu r.JV<:r the: f'<i:;t few yc:arri (L, J).

Environmental hazard evaluation is concerned with measurement of ecological toxicity and environmental fate.
Standardized methodology for measurement
of ecological toxicity, in particular aquatic toxicity, has progressed to a
considerable extent primarily through interactions of various scientists and
laboratories within ASTM. On the other hand, little if any uniform methodology exists in the area of environmental fate testing.
Environmental fate
studies are designed to establish mobility and persistence of chemicals in the
environment. Among environmental fate studies, microbial degradation is often
the major mode for disappearance of many chemicals in the environment and is
perhaps the most important aspect of studies to measure persistence.
The present report gives an overview of the Monsanto Hazard Evaluation
Process and describes how the microbial degradation screening studies employed
at Monsanto fit into the overall process. Thoughts on the microbial degradation screening tests under TSCA are presented.

PRODUCT SAFETY EVALUATION
The overall safety evaluation program at Monsanto is depicted in Figure 1.
During the initial research phases of a new chemical, the environmental scientists, consisting of specialists in the areas of mammalian and aquatic toxicology and environmental fate, review the product in terms of their prior
knowledge of related materials, basic physical/chemical data, and anticipated
volume/use/disposal patterns. From this evaluation, preliminary estimates of
maximum environmental concentrations and potential toxicity are made. Screening studies for acute toxicity to mammalian and aquatic srecies and for environmental fate are then initiated.
Based on these test results, combined with
predicted environmental concentrations, the first major decision in the commercial development process can be made.
PRODUCT
DEVELOPMENT
RESEARCH
SAMPLES

MAMMALIAN I AQUATIC
SAFETY AND ENVIRONMENTAL
FATE

PILOT PLANT
SAMPLES

CON~~~JTION

-------

FULL SCALE
PRODUCTION

ENVIRONMENTALL
SAFE

If the decision is to proceed, a preliminary safety audit is held with
our Department of Medicine and Environmental Health (DMEH), following which a
comprehensive human and environmental safety assessment schedule is planned.
This document defines the predictive and confirrnative level studies which are
needed to arrive at the proper decision on commercialization. Consideration
is given not only to the intact parent material, but also to impurities, metabolites, and manufacturing effluents. At this time a commitment is usually
made to scale-up the synthesis process to pilot plant quantities. Close inter·
action among the disciplines of the environmental safety group with commercial
development activities is needed to assure that a project can be terminated as
early as possible should adverse environmental properties inconsistent with
intended use appear. Satisfactory completion of the confirrnative tier triggers a final safety audit with DMEH in order to comprehensively review all environmental safety data and arrive at a final decision on commercialization
and plant construction. Following commercialization, a monitoring program
will assure that a product remains environmentally safe.
HAZARD EVALUATION PROCESS
Within the overall safety assessment program, the Detergents and Phosphate Division of Monsanto has been developing an environmental hazard evaluation process. This process, presented in Figure 2, is a systematic procedure
for obtaining and interpreting environmental information on new products so
that appropriate business decisions can be made at various points in the commercial development process. The basic premise under which this process has
been developed is that aquatic toxicological data must be interpreted in relation to the expected or measured exposure concentration to aquatic organisms.
Hazard evaluation, thus, involves a close interaction between the aquatic
toxicology and environmental fate disciplines. The goal of this process is to
specifically define the type of testing needed for a product and numerically
indicate when sufficient testing has been done.
The environmental testing program can be arranged in four distinct and
sequential phases or tiers (Fig. 2): the screening phase which hopefully
under TSCA will consist of short-term, well defined, and standardized tests;
the predictive phase in which a series of in-depth laboratory studies will increase our confidence in the chemical's environmental safety; the confirrnative
phase consisting of field studies to answer critical questions which have developed from laboratory studies; and the monitoring phase in which ultimate
safety is verified under actual use conditions. Testing may stop at any tier
or progress through all four depending on results of the studies.
As stated previously, aquatic hazard is evaluated by comparing aquatic
toxicity to exposure concentration. From this integration of data, one of
three decisions on hazard can be made, i.e., either stop testing because of
unacceptable risk, continue testing in order to better define risk, or stop
testing because the risk is acceptable. Laboratory screening and predictive
studies are designed to yield a sequential refinement in knowledge of the expected exposure concentration and aquatic toxicity. Field-scale confirrnative
and monitoring studies will substantiate the environmental safety in nature
under actual use conditions. The ultimate goal of this process is to organize
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the te s t'ing program so that time and dollars are not wasted in carrying out
~ecessary tests.
our specific goal is to have numerical definitions of when
0
proceed with or stop testing.

HAZARD EVALUATION PROCESS
SCREENING
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CONFIRMATIVE
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MONITORING
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ENVIRONMENTAL
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Figure 2.

Hazard evaluation criteria--whether more data are needed, enough
data are available, or the project should be terminated.

For example, upon completion of screening level tests, exp~cted exposure
concentrations exceeding LCso values (AT/EC<l) would usually indicate an unacceptable risk and testing along with commercial development of a new product
would probably be terminated. Alternatively, if aquatic toxicity values are
in 1000-fold excess of expected environmental concentrations, the risk from
product use would be acceptable and no additional testing of the product would
be indicated. However, AT/EC values of intermediate range would indicate more
testing is required. These values should not be considered as fixed at this
time nor to be applicable in all situations, for they are intended only as
general guidelines and as a basis for discussion.
If continued testing is indicated we would progress into the predictive
level of testing and at several points hazard could again be evaluated. It is
important to note that as more data are accumulated on the product we are willing to accept a smaller safety margin between exposure concentration and effect concentration. conversely, the safety margin between exposure concentration and effect level must be large before we are willing to invest in longer
term, most costly studies. Business decisions are naturally easier when
safety margins are either very high or low. Finally, if indicated, we would
enter field scale testing to look for ecosystem effects and arrive at a decision on product use.
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MICROBIAL DEGRADATION STUDIES
The process outlined represents an ideal toward which we are working. It
is unfortunately much easier to define a hazard evaluation process than to
fully implement one. To understand the magnitude of the evaluation process
for a large and diversified chemical company one need only look at the spectrum of chemical products manufactured by Monsanto Industrial Chemicals Co.,
one of Monsanto Company's operating units (Fig. 3). To complete such a hazard
evaluation for a large number of existing products, as well as new product
candidates, is a multi-million dollar undertaking. This process is complicated by the lack of standard test methodologies, particularly in the environmental fate area. Standard methodology is essential if valid comparisons and
judgments are to be made. The types of microbial degradation tests which
might be required in the tier-system approach of the hazard evaluation process
are shown in Figure 4.
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Figure 3.

A representative product spectrum of Monsanto Industrial Chemicals
Company.
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Figure 4.

Typical studies to assess the microbial degradation characteristics
of a new chemical.
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This paper focuses only on the screening level of testing, an area where
methodology is most widely published and the easiest to standardize. The type
of screening studies used for a particular chemical should be dictated by its
use/disposal patterns and its physical and chemical properties.
If a chemical
enters the environment primarily as a component of sewage, then screening
tests involving sewage and natural waters should be used. Similarly, chemica~s applied directly to the soil, such as pesticides, should be examined in
soil systems and natural waters. Properties such as solubility, volatility,
and.adsorption may also affect the type of screening study. Microbial degradation screening studies in our laboratories (Fig. 5) have focused on aerobic
environments and are designed to provide relative information on the primary
and ultimate biodegradability of chemical products.

MICROBIAL DEGRADATION SCREENING TESTS
DISCHARGE
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SOIL

SE\'IAGE

C02 EVOLUTION

v'

RIVER WATER

./

v'
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ACTIVATED SLUDGE
SOIL

Figure 5.
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./
./

v'
./

Biodegradation screening studies which should be conducted as related to product discharge characteristics.

SEMI-CONTINUOUS ACTIVATED SLUDGE TEST

The 24-h SCAS test (5), as a simulation of secondary sewage treatment,
has long been used in the soap and detergent industry.
Studies of the activated sludge process suggest that the mean cell residence time is the most important control parameter. The typical 24-h SCAS test with its long mean cell
residence time (~30 d) provides maximum opportunity for biodegradation to
occur. For SCAS studies at Monsanto we employ mixed liquor from a local domestic treatment plant and have applied two variations of this test depending
on the solubility characteristics of the test material. For water-insoluble
materials which adsorb on the sludge, 1500 ml, magnetically stirred bioreactors are used. Auxiliary stirring allows use of reduced aeration rates to
minimize volatility of certain test chemicals and the large units provide
enough activated sludge for daily extraction of adsorbed chemicals. For watersoluble materials, such as detergent surfactants and builders, we have found
i t advantageous to use smaller bioreactors with a 300-ml operating volume.
Analytical methods for the latter materials involve primarily the aqueous
phase so that depletion of the sludge does not become a problem.
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One variable of the SCAS test, which should be further studied, is the
nature of the.supplemental waste which is fed along with the test chemical.
Various types of synthetic waste have been employed, the most common being the
nutrient broth/glucose/dibasic potassium phosphate waste recommended by the
SDA (5). Other investigators have preferred natural sewage. Natural sewage
provides a continuous input of an indigenous microbial population and organics
more closely related to the real world. However, it is less convenient and
the sewage may vary significantly in composition over an extended period of
time. Natural sewage may also present an analytical background problem particularly when one is dealing with a multi-component chemical product. Synthetic sewage may provide greater convenience and reproducibility with minimal
analytical background. It is, obviously, further removed from the real world
than the natural sewage. We have some evidence that synthetic media give erratic results with some novel organic chemicals, possibly due to selection of
a relatively narrow range of microbial species. We currently use both the SDA
synthetic sewage and natural sewage, but some combination of natural and synthetic sewage might provide the basis for a single standardized test medium.
B.

RIVER DIE-AWAY TEST

The river die-away (RDA) test by its simplicity and closeness to natural
conditions has great appeal as a biodegradation screening test. The RDA test
consists of exposing a low concentration of a test chemical to the natural microbial population in replicate river water samples. Changes in concentration
of the chemical are monitored as a function of time by analyzing samples at
selected intervals. While the variability in natural waters in both microbial
count and composition would appear to be a serious problem in the development
of standardized methodology, we feel that such a test has great usefulness as
long as its limitations are recognized. We have carried out an extensive
study of a number of the variables in a river die-away test (4) . For a screening test water should be taken from a "typical" large river and used after allowing suspended solids to settle. Tests should be carried out at environmentally related concentrations consistent with the sensitivity of analytical
methods. For most chemicals 10 ppb to 1 ppm would appear to be a reasonable
concentration range. For water-insoluble materials the use of a spiking solvnet (acetone, ethanol, dimethyl sulfoxide, and methylene chloride) is permissible but its concentration should not exceed 20 µl/liter. As expected, temperature is extremely important; a logical choice for a screening test would
be room temperature. Since agitation did not appear to have a significant effect, the use of quiescent conditions is a desirable simplication. Sterile
controls are an obvious need in any river die-away test. We have utilized
both heat and chemical sterilants, such as HgC1 2 • A chemical sterilant should
be used only if one is sure that there is no interaction with the test chemical. Perhaps the most important facet of a river die-away test should be the
inclusion of several readily to moderately degradable reference chemicals to
facilitate comparison of results. The development of a relative index might
ultimately be possible.
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C.

ULTIMATE BIODEGRADATION--C02 EVOLUTION

Both the SCAS and RDA tests focus generally on primary biodegradation,
the disappearance of the original chemical due to microbial action as evidenced
by a specific analytical technique. Primary biodegradation measurements alone
may not suffice because some chemicals which undergo rapid primary biodegradation may be converted to more persistent intermediates with different chemical
and physical properties. The carbon dioxide evolution test has proved extremely useful in establishing the extent of ultimate biodegradation, the conversion to carbon dioxide, water, inorganic salts, and normal cellular products. We have utilized several test procedures to obtain this index of ultimate biodegradation, among these the Thompson-Duthie-Sturm (TDS) procedure
(6) employing nine-liter bottles containing 6 liters of BOD water and acclimated bacterial seed, and the more convenient shake-flask system (6) developed
in our laboratory. The shake flask (Fig. 6) basically consists of a 2-liter
Erlenmeyer flask with a suspended reservoir for holding the carbon dioxide absorbent. The flasks are agitated on a rotary shaker. Periodic removal of the
C02 absorbent for analysis and addition of fresh absorbent is carried out.
SEALED 18 GAUGE NEEDLE

#10 RUBBER STOPPER
VENT TUBE

10 MM O.D. X 3 MM l.D. TUBE

_ __,,___ _ _ _ _ _ _ _ RESERVOIR FOR BA(0H)

2

2 MM 0. D. POLYPROPYLENE TUBE
0. 1 N BA(0H) 2 , 10 ML
AERATION AND SAMPLING TUBE

500 ML MEDIUM

Figure 6.

Shake flask for C02 evolution studies.
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.
·
· 1 b lance of initial and final concentrations of microbial ce 11 s, test maria
a
·
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these measurements are impracticable. Carbon dioxide evolution studies are
useful in that values approaching the theoretical indicate essentially complete mineralization, whereas little or no C02 evolution may indicate resistance to biodegradation of the parent chemical or an intermediate. It is our
opinion that carbon dioxide measurements present less ambiguity than oxygen
uptake (BOD) measurements. Oxygen is utilized in many complex metabolic reactions and not simply in oxidization of the test chemical. Chemicals may also
affect the endogenous respiration rate without undergoing degradation. Nitrification may also introduce uncertainty.

SCREENING TESTS UNDER TSCA
As many of you are aware the EPA is or will be recommending specific
screening tests to assess microbial degradation under TSCA. It is our opinion
that these tests should not be restrictive, but should be selected on the
basis of the chemical's major route of entry into the environment and on its
physical/chemical properties. In addition, the development of one good generalized biodegradation screening test which would be applicable to all organic
chemicals should be developed. We are currently examining one such routine
test system. It will give the simultaneous measurement of 0 2 uptake and co 2
evolution under aerobic conditions, and C02 and CH 4 evolution under anaerobic
conditions.
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MICROBIAL DEGRADATION OF ORGANOCHLORINE COMPOUNDS
IN ESTUARINE WATERS AND SEDIMENTSl
Richard F. Lee and Charlotte Ryan
Skidaway Institute of Oceanography
P.O. Box 13687
Savannah, Georgia 31406

ABSTRACT
Waters and sediments from an estuarine river near Savannah, Georgia, were incubated with various 14 C-labeled
organochlorine compounds. The extent of microbial degradation of these compounds was determined by collecting the
14
C02 produced after incubation periods of up to 4 d. -A
first-order rate expression fitted the degradation data
for most compounds. Except for chlorophenol, with a halflife of 20 d in water, degradation was slow or absent for
'the chlorinated compounds in water. In sediments, high
rates of degradation were observed for p-chlorophenol,
trichlorophenol, trichlorophenoxyacetic acid and chlorobenzene with half-lives of 3, 23, 35 and 75 d, respectively. Degradation in sediments was very slow for hexa, chlorophene and DDE with half-lives of 290 and 1100 d,
respectively. No degradation was observed for mirex,
hexachlorobiphenyl and hexachlorobenzene in water or sediment. Large decreases in degradation rates were observed
in the winter when water temperatures were 9-13°C.

INTRODUCTION
A wide variety of organochlorine compounds are introduced into estuaries
from industrial effluents, sewage and the application of pesticides. The fate
of these compounds in estuaries is affected by volatilization, photochemical
degradation, sedimentation and biological degradation. This report deals with
the rate of microbial degradation of selected organochlorine compounds in an
estuarine area of the southeastern United States.
A number of studies have determined the metabolic pathways involved in
degradation of organochlorine compounds using microbes isolated from fresh1This work was partially supported by NSF Grant OCE 76-84108.
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water, marine and terrestrial sediments (3, 7, 9, 11, 13, and references cited
therein). The microbial degradation of soluble organic compounds, such as glucose and amino acids, ih estuarine water has been extensively investigated
using 14 c-labeled compounds (5, 6, 15). This work has provided considerable insight into heterotrophic processes occurring in these waters.
However, few
studies have used 14 C-labeled organochlorine compounds to study the degradation of these pollutants in the estuarine environment, although there are reports on degradation of radiolabeled organochlorine compounds in sewage and
terrestrial soil samples (2, 8).
14
The purpose of our study was to determine if
C-labeled organochlorines
are degraded to 14 co 2 during incubation periods of up to 4 d. Degradation
data were collected for a series of chlorinated benzenes and phenols in estuarine waters and sediments.
MATERIALS AND METHODS
Water and sediment were collected from the Skidaway River, an estuarine
river located near Savannah, Georgia. Surface water samples were collected
with a bucket and surface (upper 1 cm) sediment samples were taken at low tide
with a spatula. Water temperatures averaged 13°C in the winter and 24°C in
the summer, and salinity averaged 20 ppt (range 17-24 ppt) depending on rainfall and tidal influx.
Microbial degradation of the compounds in water was determined by adding
C-labeled compounds to 100 ml water samples in 250-ml flasks capped with
silicon stoppers. At the end of the incubation period at the in-situ temperature, 0.2 ml of 1 N H2S04 was added to the water and the respired 14 co 2 was
collected in a center well containing a rectangle of Whatman No. 1 filter
paper soaked with 0.4 ml of 2 N NaOH. After absorption of the 14 C0 2 by the
NaOH for 3 h, the filter papers we~e transferred to a second set of tubes
equipped with 14 C02 traps containing phenethylamine. One ml of 1 N H2 so 4 was
added to each tube and after 3 h the 14 C0 2 traps were transferred to scintillation vials and counted with a liquid scintillation counter. The two steps
for collection of 14 C0 2 were necessary because of the small amount of the 14 clabeled compounds volatilized and collected in the NaOH trap gave high blank
values. Controls were water samples containing mercuric chloride at a concentration of 10 mg/liter. All samples were run in triplicate for each concentration and time interval.
14

Microbial degradation of organic compounds in sediment were determined by
14
adding
C-labeled compounds to sediment-seawater slurries (1 g sediment and
50 ml of seawater in 125-ml incubator bottles capped with silicon stoppers).
Controls were bottles containing mercuric chloride at a concentration of 10
mg/g sediment. At the end of the various incubation periods 14 co 2 was collected and counted as described above.
Radiolabeled compounds used included 1,4,5-trichlorophenoxy (l- 14 c) acetic
14
acid (54 mci/mM [Amersham]), Mirex-UL- C (5.8 mci/mM [CBN]), p,p'-DDE-UL- 14 c
14
(9.6 mci/mM [CBN]), phenol-UL- C (58 mci/mM [Arnersham]), chlorobenzene-UL14C (4.2 mci/mM [CBN]), hexachlorobiphenyl, 2,4,5-2',4' ,5'-UL- 14 c (9.06 mci/mM
14
[NEN]), hexachlorobenzene-UL- C (23.7 mci/mM [NEN]), benzene-UL- 14 c (107
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mci/mM [Amersham]), 2,4,5-trichlorophenol-UL- 14 c (9.8 mci/mM [CBN]), hexachlorophene-methylene-14c (4.37 mci/mM [NEN]), p-chloro (U- 14 c) phenol (3.0
mci/mM [Amersham]). The chemical name for mirex and DDE are dodecachlorooctahydro-l,3,4-metheno-2H-cyclobuta(c,d)pentalene and 2,2-bis(p-chlorophenyl)-l,
1-dichloroethylene, respectively.
RESULTS
MICROBIAL DEGRADATION IN WATER
Significant degradation of radiolabeled benzene, chlorobenzene, phenol,
p-chlorophenol and p-chlorophenol to 14 co 2 took place in Skidaway River water
samples (Fig. 1 and 2, Table 1). There was a lag before appreciable degradation occurred and the degradation for many compounds could be presented by the
first-order equation

c

de
= kC or kt
dt

ln

-

c

0

0

- c

where k is the rate constant, c 0 is the initial concentration expressed as micro¥rams per liter and c the concentration at time t. The rate of degradation
of 4C-benzene and 14 C-chlorobenzene has been plotted on a semi-log plot in
Figure 2 to illustrate this relationship. Using the first-order rate expression, the rate constants were calculated using a least square analysis of the
data. Phenol, chlorophenol and trichlorophenol had half-lives of 9, 20 and
690 d, respectively. Chlorobenzene had a half-life of 150 d while for benzene
the half-life was 6 d. No degradation was observed for radiolabeled mirex,
DDE, hexachlorobiphenyl, hexachlorobenzene and hexachlorophene. Thus, the
number of chlorines on the molecule dramatically affected the rate of degradation.

TABLE 1.

DEGRADATION OF RADIOLABELED COMPOUNDS IN SKIDAWAY RIVER WATERa

Compound
Phenol
p-Chlorophenol
p-Chlorophenol
2,4,5-Trichlorophenol
Benzene
Chlorobenzene
1,4,5-Trichlorophenoxyacetic acid

Water temperature
( o C)

Rate constant, k
(days- 1 )

Half-life t!
(days)

21
9
21
21
22
22

.079
.0014
.035
.0010
.11
.0045

9
490
20
690
6
150

22

.0005

1400

aRadiolabeled compounds were added to 100 ml water samples to give a concentration of 25 µg/liter.
At the end of various incubation periods the 14 co 2
produced was collected and counted as a measure of the degradation. The rate
constant for each compound was calculated from data fitted to a first-order
rate expression.
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Figure 1. Degradation of phenol and chlorinated phenols in Skidaway River water. Concentration of the compounds was 25 µg/liter.
Temperature was 21°C.
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Figure 2. Log of the amount of 14 c-benzene
and 14 C-chlorobenzene degraded with time
in water from Skidaway River. The radiolabeled compounds were added to water
samples to give a concentration of 25
µg/liter.
Water temperature was 22°C.

The rates of degradation were low in the winter (water temperatures 9 to
13°C) so that the half-lives of p-chlorophenol in surraner (21°C) and winter
(9°C) was 20 and 490 d, respectively (Table 1). The observed decrease in degradation rate at longer incubation times (Fig. 1) presumably was due to a
"bottle" effect which includes the effects of depletion of nutrients, pH
changes, etc.
MICROBIAL DEGRADATION IN SEDIMENTS
The first-order rate expression appeared to also fit the degradation data
for radiolabeled organochlorine compounds incubated with sediment samples.
High rates were observed for p-chlorophenol, trichlorophenol, trichlorophenoxy·
acetic acid and chlorobenzene with half-lives of 3, 23, 35 and 75 d, respectively (Fig. 3 and 4, Table 2). Degradation was very slow for DDE and hexachlorophene with half-lives of 1100 and 290 d, respectively. No degradation
was observed for mirex, hexachlorobiphenyl and hexachlorobenzene. Degradation
was slow in the winter as illustrated in the degradation curves for trichlorophenol in winter and summer (Fig. 4). The half-life of this compound was 23
and 69 d during the summer (21°C) and winter (9°C) I respectively (Table 2).

TABLE 2.

DEGRADATION OF RADIOLABELED CHLORINATED COMPOUNDS IN SKIDAWAY RIVER
SEDIMENTsa

Compound
'

1,4,5-Trichlorophenoxyacetic
acid
1,4,5-Trichlorophenoxyacetic
acid
2,4,5-Trichlorophenol
2,4,5-Trichlorophenol
p-Chlorophenol
Chlorobenzene
Hexachlorophene
p,p'-DDE

Rate constant, k
(days- 1 )

Half-life, t~
(days)

9

.0012

580

21
9
21
22
21
22
22

.012
.010
.030
.23
.0092
.0024
.0006

35
69
23
3
75
290

Water temperature
( o C)

llOO

aRadiolabeled compounds were added to sediment-water slurries to give a
concentration of 2.S µg/g sediment. At the end of various incubation periods
the 14 co 2 produced was collected and counted as a measure of the degradation.
The rate constant for each compound was calculated from data fitted to a
first-order rate expression.

DISCUSSION
The methods described in this report, i.e., production of 14 C0 2 from 14 clabeled compounds, measured the potential of microorganisms in water and sediment to degrade various organochlorine compounds. Mineralization of 0.01% or
less of a compound could be detected. After mineralization measurements of
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'igure 3. Degradation of selected organochlorines in sediments from Skidaway River. Concentration of the compounds was 2.5 µg/g
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Figure 4. Amount of
C-trichlorophenol degraded with time at two different temperatures. The concentration at both temperatures was 2.5 µg/g sediment.
Incubation
temperatures were 10°C (January sediment
sample) and 22°C (July sediment sample).

various model compounds, we can attempt to predict the persistence or nonpersistence of various classes of organochlorine compounds which enter the estuarine environment. Aromatic compounds with three chlorines or less showed
some degradation in the water and rapid degradation in the sediment. More
highly chlorinated compounds showed very slow or no degradation. The presence
of a hydroxy group increased the degradation rate. The half-life in water of
chlorophenol was 20 d while for chlorobenzene it was 150 d. Hexachlorophene
with two hydroxy groups in addition to six chlorines had a half-life of 280 d
whereas DDE had a half-life of 1100 d, and hexachlorobiphenyl showed no degradation.
No degradation of such highly chlorinated compounds as mirex, hexachlorobenzene and hexachlorobiphenyl could be measured in sediments as a long lag
period is probably necessary before degradation occurs. Carson et al. (4) reported that after 12 years in the soil, mirex was partially degraded to kepone
and related compounds. Hexachlorobenzene was not degraded after one year in
soil containing 0.1 to 100 µg/g of the compounds (10). Since the methods used
in our experiment measured only complete degradation to C02, any buildup of
metabolites would not be detected.
The degradation curves resembled the typical log growth curve for bacteria (12). We speculate that initially there were low numbers of organochlorine-degrading bacteria in the water or sediment and growth of these microbes began after addition of the radiolabeled compound. The concentration
of the pollutants under study in the water and sediment of Skidaway River were
assumed to be very low since this river has no major pollutant input, except
that resulting from boating traffic on this portion of the intracoastal waterway. Sediments from a similar estuary in South Carolina had concentrations of
1.8 and 3.0 ng/g sediment for DDE and polychlorinated biphenyls, respectively
(14). The concentrations of these compounds added in our experiments were 25
µg/liter and 2.5 µg/g sediment for water and sediment, respectively.
Temperature and concentration of inorganic nutrients are important factors controlling biodegradation rates. Our studies indicated that degradation
rates for all organochlorines studied were very low in both sediments and
water during the colder periods of the year (December-March) . Only the top
layer of sediments were used to determine degradation rates. Deeper sediments
in the study area are anoxic and no 1 ~C02 was collected when subsurface sediments were incubated under nitrogen with the various organochlorine compounds.
In anaerobic marine sediments, DDT can be dechlorinated to various products
( 1) •
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APPLICATION OF A LABORATORY FRESHWATER LAKE MODEL
IN THE STUDY OF LINEAR ALKYLBENZENE SULFONATE
(LAS) BIODEGRADATION
C. R. Eggert, R. G. Kaley, and W. E. Gledhill
Monsanto Co.
St. Louis, MO 63166

ABSTRACT
Laboratory lake models or microcosms were employed to
determine the likelihood and pathways of LAS metabolism by
microorganisms indigenous to a natural freshwater lake
system. Microcosms were established by placing natural
lake sediment and water in glass aquaria. In the unacclimated lake microcosms, treated initially to 5 ppm with
C11-LAS pure homologue, high pressure liquid chromatography (HPLC) analysis revealed primary LAS degradation to
, be complete within 18 d. The transient LAS biodegradation
intermediates isolated by HPLC were identified by mass
spectrometry as sulfophenyl carboxylic acids. These intermediates were themselves fully degraded within the four
days following parent LAS disappearance. LAS biodegradation rates and pathways were similar for replicate microcosms. The lake microcosms described allow for the maintenance of essential interactions between aquatic and
benthic microbial communities and, as such, are useful
for assessing the biodegradation potential of the natural
aquatic environment from which they were derived.

INTRODUCTION
The environmental acceptability of the detergent surfactant linear alkylbenzene sulfonate (LAS) is supported by numerous environmental fate and aquatic
toxicology studies conducted with this material since its commercial introduction in the early 1960s. Primary and ultimate LAS biodegradability have been
established in a variety of laboratory test systems employing municipal sewage, river water, or synthetic media (1, 8).
In addition, field studies have
confirmed LAS removal in sewage treatment plants (5, 6).
Biodegradation reduces the specific toxicity of commercial grade LAS to
aquatic macroinvertebrates (Daphnia magna) and fathead minnows (Pimephales
promelas) through preferential microbial metabolism of the more toxic
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homologues and isomers (3). Transient biodegradation intermediates are also
less toxic to these species than the parent compound (3). Thus, LAS biodegradability in.waste-treatment facilities with concomitant toxicity reduction indicates that LAS does not pose a threat to aquatic lif.e.
The research reported here focuses on the use of laboratory lake models
or microcosms in the study of the LAS metabolizing capability of a freshwater
lake microbial community. The lake microcosms, incorporating water, sediment,
invertebrates, and microorganisms indigenous to the lake, are used to determine the biochemical pathways of LAS microbial degradation that are potentially operative in the natural lake ecosystem. Microcosms, as we have employed them, enable assessment of the biodegradability of synthetic organic
compounds in a laboratory test constituted from representative environmental
media and inocula under conditions that approximate the "real world," yet afford convenient operation and monitoring of the study. Our emphasis is on the
use of lake microcosms as predictive tools for assessing LAS biodegradation
rather than as simulated lake systems for detailed evaluation of the disposition of LAS among various model compartments.
LAS biodegradation has been shown to proceed through transient metabolic
intermediates characterized as sulfophenyl carboxylic acids.
Huddleston (2)
showed the presence of sulfophenyl carboxylate metabolites in a shake flask
culture treated with C12-LAS. Swisher (8) successfully applied gas chromatography for detection of cyclized desulfonation products derived from short
chain sulfophenyl carboxylic acids formed in river water die-away experiments.
Leidner et al. (4) utilized mass spectrometry to confirm the identity of cyclized compounds obtained by desulfonation of sulfophenyl carboxylate metabolites. However, desulfonation/gas chromatography does not effectively detect
carboxylic acid biodegradation intermediates of LAS unless the metabolite
structures permit formation of 5 or 6 membered rings, and then only if the
carboxylates are successfully dehydrocyclized. Consequently, Swisher et al.
(9) developed and reported a high pressure liquid chromatography (HPLC) technique which enabled the direct detection of LAS metabolites from a river dieaway study. The desulfonation step required for GC analysis was thereby
eliminated, and the range of metabolite detectability was broadened.
In this work, we have refined the HPLC methodology of Swisher et al. (9)
to monitor the formation and subsequent degradation of sulfophenyl carboxylic
acid intermediates during LAS metabolism in lake microcosms. Gas chromatography/mass spectrometry (GC/MS) has been utilized to confirm the identities of
transient LAS biodegradation intermediates.
MATERIALS AND METHODS
MICROCOSM CONSTRUCTION
Lake microcosms were constructed using sediment and water from a springfed freshwater lake (Lake 34, Busch Memorial Wildlife Area, St. Charles County,
Missouri). Three liters of lake sediment dredged from the littoral region of
the lake, and 8 liters of lake water, were placed in 20-liter glass-covered
aquaria. The microcosms were gently aerated and maintained under 300 footcandle GE Daybrite fluorescent lighting on a 16/8 h light/dark cycle for 8
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weeks prior to chemical treatment. This period allowed settling of particulate matter, stratification of the sediment into aerobic and anaerobic zones,
and growth of aquatic macrophytes. Biological characterization of the microcosms, either before or after chemical treatment, was not attempted.
MICROCOSM TREATMENT AND SAMPLING
Replicate microcosms were treated with pure homologue C11-LAS composed of
40% 5- and 6-phenyl, 20% 3-phenyl, and 19% 2-phenyl isomers. Commercial grade
LAS consisted of a mixture of C10-C14 LAS homologues with varying isomer distribution. However, only the more readily biodegradable C1 1 homologue was
used in this study to facilitate confirmation of LAS biodegradation pathways.
Twenty milligrams of LAS were added on each of two successive days, resulting
in a total initial aquatic phase LAS concentration of 5 ppm.
One hundred milliliter composite water samples for methylene blue active
substances (MBAS) and HPLC analyses were preserved with 5 mg mercuric chloride. Water temperatures and dissolved oxygen levels were determined with a
dissolved oxygen meter (Model 54A, Yellow Springs Instrument Co.). Dissolved
oxygen concentrations did not vary significantly from a concentration of 6.87 .0 ppm.
SAMPLE ANALYSES
Fifty-milliliter water samples were concentrated for HPLC analysis by
lyophilization and resolubilization in 1 ml of 10% methanol. After sonication
and centrifugation, 50 µl of supernatant was injected into a Perkin-Elmer
Series 3 HPLC equipped with a Waters Associates µ Bondapak C1 8 reverse phase
ODS chromatography column. Detection of LAS and intermediates in the column
effluent was accomplished by UV absorbance measurements at a wavelength of 223
run using a Perkin-Elmer LC55 UV detector. A Hewlett-Packard 3385A computing
integrator provided signal analysis capability.
The two solvents employed in the HPLC analysis were purified, filter
sterilized water (Millipore Milli-Q-System) acidified to pH 3 with phosphoric
acid, and UV grade methanol. Both solvents were degassed under vacuum prior
to use. The HPLC was operated in linear gradient mode with methanol concentration in the eluent increasing from 10% to 100% at 5%/min. Total solvent
flow rate was 1.5 ml/min.
Major, recurring HPLC peaks were collected for GC/MS determination of molecular weight and structure. Sulfophenyl carboxylic acid biodegradation intermediates were converted to free acids by passing the LC cuts through a cation exchange column (Dowex SOW-XS). Methyl derivatives, formed by reaction of
concentrated samples with diazomethane, according to the procedure of Schlenk
and Gellerman (7), were dissolved in 100 µl hexane for GC/MS analyses. The GC
column was packed with 3% OV 101 on 100-120 mesh Gas Chrom Q and operated following a temperature program of l50-300°C at 16°C/min. Helium flowing at 30
ml/min was the carrier gas for electron impact (EI) GC/MS; chemical ionization
(CI) GC/MS utilized methane carrier at a 10 ml/min flow rate. A HewlettPackard 5928A mass spectrometer coupled with a Hewlett-Packard 5934A data system generated mass information.
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STANDARD MATERIALS
HPLC and GC/MS techniques for LAS biodegradation intermediate separation
and identification were developed using model LAS metabolites. Disodium salts
of the sulfophenyl carboxylic acids 3-sulfophenylbutyric acid, 4-sulfophenylvaleric acid, 3-sulfonphenylheptanoic acid and sulfophenylundecanoic acid were
prepared and purified prior to this study as described by Swisher et al. (9)
and Kimerle and Swisher (3). Reference solutions containing known amounts of
the individual sulfophenyl carboxylates were employed to assess the capability
of the sample preparation and HPLC methods for recovery of the intermediates
from the microcosm water matrix.
RESULTS AND DISCUSSION
The general progress of LAS biodegradation over the test period is indicated by the results of MEAS analysis of water samples as shown in Figure 1.
MEAS disappearance rates were similar for replicate microcosms.
6

C 11 LAS BIODEGRADATION
MBAS REMOVAL

5

Microcosm A •
Microcosm B .._

i'°
a..

4

~

3

i:.
en
<(

2

0

20

30

DAYS

Figure 1.

MEAS removal from the microcosm aquatic phase during biodegradation
of C11 LAS: •=Microcosm A, A= Microcosm B.

Our HPLC technique effectively separated and detected sulfophenyl carboxylic acids as well as parent LAS. Figure 2A shows the chromatogram of 50
µl of a standard solution containing the 4 model intermediates as well as pure
homologue LAS of alkyl chain lengths 10, 12, and 14. Each peak represents 1
µg of material. The model intermediates emerge in order of increasing chain
length, 4, 5, 7 and 11. The last 3 peaks of the chromatogram correspond to
LAS also eluting in order of increasing chain length. Methanol absorbs UV
light at the 223 nm wavelength used for detecting the benzene ring of LAS and
its metabolites. Consequently, the chromatogram baseline rises as the solvent
becomes more concentrated in methanol.

454

HPLC · 7 STANDARDS
SO·CARBOXYLATES & LAS

A

0

5

HPLC MICROCOSM A
DAY 0

HPLC MICROCOSM A
WATER BLANK

c

8

10
15
Time(Min.)

Figure 2.

20

0

5

10
15
Time(Min.)

20

0

5

10
15
Time(Min.)

20

HPLC chromatograms of LAS pure homologues and sulfophenyl carboxylate metabolites: A--standard solution, 1 µg each C4, Cs, C7, C11
sulfophenyl carboxylic acid and C10, C12, C14 LAS; B--concentrated
microcosm water blank; C--concentrated microcosm water sample day 0.

Model intermediate recovery studies indicated that 70% of the sulfophenyl
carboxylates present in a microcosm water sample were actually measured by
HPLC when our sample concentration scheme was used. Only 45% of LAS present
in a microcosm sample could be recovered by this same technique. Our inability
to completely recover LAS and sulfophenyl carboxylate intermediates probably
resulted from difficulties encountered in fully resolubilizing lyophilized
water samples in methanol. The lower detection limit for metabolites in water
by this method was 50 ppb.
The chromatogram of a concentrated microcosm A water sample taken before
treatment with LAS is shown in Figure 2B. The large peaks eluting between 2
and 3 min are thought to be nitrates which absorb light at this UV wavelength.
Figures 2C and 3 reveal the course of LAS biodegradation, and of LAS metabolite formation and disappearance, during a 30-d test in microcosm A. The
parent C11-LAS elutes at 17.5 min and is the only material detected by HPLC on
the day of treatment (Fig. 2C). After 2 d, LAS has begun to degrade and 3
major metabolite peaks appear in the chromatogram.
(A, B and c with retention
times tr= 8.5, 11.7 and 15.3 min, Fig. 3A). By day 9 (Fig. 3B), peak C is no
longer detected. Since LAS is still present in the system, peak C is probably
a short-lived, longer chain sulfophenyl carboxylate that is rapidly degraded
by acclimated microorganisms present in the system after the first week of
operation. Peaks A and B of day 2 are joined by significant amounts of material giving rise to the peaks labeled D, E, F, and G. At day 13, LAS primary
biodegradation is nearly complete and HPLC analysis clearly shows substantial
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degradation of the LAS metabolites as well (Fig. 3C). Peaks F, B, and G are
evidently composed of the intermediates most resistant to microbial metabolism.
At the co.nclusion of this study, neither LAS nor any biodegradation intermediates were detected by HPLC (Fig. 3D).
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HPLC chromatograms of C1 l LAS pure homologue and metabolites in concentrated microcosm water samples. A-- Day 2 ; B--Day 9; C--Day 13;
D--Day 29.
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Throughout this investigation, HPLC analyses indicated that both the path·
ways and rates of LAS and intermediate biodegradation were similar for replicate microcosms A and B. Major metabolite concentrations and HPLC peak retention times for the two systems were nearly identical on any given sample date.
Chromatograms of samples from microcosms A and B taken on day 6 are compared
in Figure 4.
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MICROCOSM A
DAY 6

HPLC
MICROCOSM B
DAY 6

B

A

0

Figure 4.

5

10
Time(Min.)

15

20

0

5

10

15

20

Time(Min.)

HPLC chromatograms of concentrated water samples from replica~e
microcosms, Day 6.

Major and recurring metabolite peaks were collected and analyzed by GC/MS
to establish biodegradation intermediate identities.
In general, gas chromatography of HPLC peaks showed each peak consisted of several components. CIMS
confirmed the identity of these components as sulfophenyl monocarboxylic acids
with carbon chain lengths ranging between 4 and 8 carbon atoms. No dicarboxylic acid intermediates were found. EIMS was employed to distinguish between
the various isomers that must exist among the intermediates.
Interpretation
of results from these fragmentation studies is not complete and is not presented here.
Gas chromatographs of methylated HPLC peaks B/B' (tr= 11.70 min) from
day 6 samples of microcosms A and B are shown in Figure 5.
Both HPLC peaks
consist of at least 4 major components separated by GC. GC retention times
are the same for samples from replicate microcosms.
Figures 6 and 7 show the CI mass spectra for two of the four .GC peaks in
Figure 5. The mass spectrum for the 4.0 min peaks reveals a parent species
with molecular weight 301. This corresponds to the protonated dimethyl derivative of a Cs sulfophenyl monocarboxylic acid. The secondary peak at
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molecular weight 269 results from the loss of methanol from the protonated
parent molecule, a characteristic process in CIMS analysis.
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Figure 5.
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Gas chromatographs of derivatized LAS metabolites isolated from
replicate microcosm water samples by HPLC. Day 6, HPLC peak retention time 11.67/11.70 min (Peaks B/B', Fig. 4).
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CI mass spectra of derivatized LAS metabolites from replicate microcosms A and B.
(HPLC peaks B/B', Fig. 4; GC peak retention
time 4.0 min, Fig. 5).
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' 4. 7 min, Fig. 5) .

In Figure 7, the parent molecule has a molecular weight of 315 indicating
the protonated dimethyl derivative of the C7 monocarboxylate. Loss of methanol
from this species is again revealed by the strong peak at 283, while the signal at molecular weight 343 is generated by the product of ethane radical
(C2Hs+) addition to the parent molecule. Table 1 summarizes the results of
GC/MS analysis of HPLC peaks.
The environmental transport and transformation of synthetic organic compounds such as LAS are effected by numerous physical, chemical and biological
processes. These processes are frequently isolated in laboratory experiments
to establish the relative importance of a particular pathway in determining
the fate of the compound in the environment. In natural ecosystems, however,
these pathways operate simultaneously. Thus, model ecosystem or microcosm
studies are valuable as integrative laboratory tests that allow for the maintenance of process interactions characteristic of the natural environment.
Previous work concerning the environmental fate of LAS has shown microbial metabolism to be the most important route for the degradation of LAS and
its metabolites in aquatic systems. Indeed, the LAS molecule was originally
designed to function as a readily degradable alternative to its predecessor,
the branched chain alkylbenzene surfactants. Consequently, while we employed
a test system in which a variety of transformation processes were potentially
operative, our analysis focused exclusively on the biodegradation of LAS in
459

the aqueous phase of lake microcosms.

TABLE 1.

Day
2

A
A
E
B

9

Microcosm B

Microcosm A
Sulf ophenyl
HPLC peak tr
monocarboxylate

B

6

GC/MS ANALYSIS OF HPLC PEAKS

D
A
E

F
B

Day

8.45
11.69

Cs, CG
C7, Ca

2

8.61
9.56
11.67

cs, CG
cs, CG
CG, C7' Ca

6

7.35
8.50
9.52
10.58
11. 70

C4
C5,
C5,
Cs,
CG,

9

CG
CG
CG
C7, Ca

HPLC peak tr

Sulfophenyl
monocarboxylate

B'

8.52
11. 74

Cs, CG
C7

A'

8.63

Cs, CG

B'

11. 70

CG, C7, Ca

D'
A'
E'
F'
B'

7.36
8.62•
9.56
10.58
11. 70

Ciu

A'

Cs
CG
C5, CG
Cs, CG, C7
CG, C7, Ca

c 5,

Direct HPLC analysis of concentrated microcosm water samples clearly revealed the biodegradation of the C11 LAS molecule and the formation of transient sulfophenyl carboxylate metabolites. LAS and its biodegradation products in the aqueous phase were metabolized to levels undetectable by our analytical procedures within three weeks following initial chemical treatment of
the unacclimated microcosms.
Sulfophenyl carboxylate biodegradation intermediates had both even and
odd numbers of carbon atoms in the carboxylate side chain as shown by GC/MS
determinations of metabolite molecular weights. While the latter is consistent with the usually proposed pathway for metabolism of LAS (w,S oxidation)
(8) the presence of intermediates with even side chains derived from c 11 -LAS
indicates that an alternative oxidative route, perhaps involving a-oxidation
and cleavage, may be utilized by freshwater microbes in degradation of LAS.
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DISCUSSION
METHODOLOGY
RAYMOND: We have touched on many of the aspects of what you presented to us
today, Dr. Plimmer, in the first three days of the Workshop. Do you have any
specific recommendations for us as far as what we can do in practical terms to
set up our systems for studying biodegradation, taking into account all of
these very important physical and chemical factors you have been discussing?
PLIMMER: I think the first thing is to be aware of them. Obviously when we
start the study of a pollutant we model our study on previous work from the
biological point of view, but it is necessary to know the physical and chemical properties of the molecule under study. You can make basically a set of
predictions on those grounds. Before you start you need to know the solubility, and vapor pressure of the compound, and if they are not known, it is
just as well to try to obtain these data. A critical examination of the behavior of structural analogies recorded in the literature will help you to determine whether the compound will be very susceptible to degradation under any
of the chemical conditions that you set up in your particular biodegradation
study.
RAYMOND:
In our Task Group, we have been discussing these factors. We probably have decided that one of the initial steps in any protocol or testing for
biodegradation should include very thorough examination of the chemical and
physical properties of the compound.
PLIMMER: The other thing to remember is that a full study of a chemical reaction, such as hydrolysis, may be as costly as a biodegradation study.
If you
want to satisfy the criteria of the physical chemist, you can spent a lot of
time and effort on studies of rates of hydrolysis.
In this last situation, I
have discussed that in a homogeneous medium.
I still ask the question: What
are the implications of our data for reactions at interfaces? I think this is
where a lot of the action is.
RAYMOND: Of course, all of us are faced with the practicality of setting up a
system, and we don't have time to go through all this very elegant detailed
examination. I am just wondering, is there a test? Is there a method that we
can apply to a particular chemical to give us some insight fairly rapidly into
physical/chemical factors like we have in biodegradation studies?
PLIMMER:
I think one of the most useful factors is the partition coefficient
between octanol and water. That is a very useful piece of data for many com-'
pounds.
In terms of adsorption, chromatographic techniques will tell you a
great deal about adsorptive properties. Those are the studies which you will
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have to conduct to identify products. Those are two areas which will give you
a rapid insight into those physical properties which may be important.
MATSUMURA: You mentioned the octanol partition coefficient but there are so
many variations among the research groups in the values. For instance, when
you compare the Mirex partition coefficient between Metcalf's group and
Freeze's group, there is a 1000-fold difference in the value. I wonder if you
have any suggestions to standardize the technique?
PLIMMER: I have no suggestions for standardizing the technique, but I suggest
that it should be standardized. That is one of the things which you ought to
be able to measure with a reasonable degree of reproducibility from lab to lab.
It may mean, in fact, doing one of those physico-chemical studies that I suggested earlier that you don't do, controlling all factors, trying to achieve
equilibrium and so on. It's very difficult with compounds that are not very
soluble to measure or to discuss their solubility. What is meant by solubility? This is a major hurdle in this area.
GARNAS: I like the discussion you got into on the use of various sterile controls in running experiments. I have often found in my involvement with microbiologists (Hap or Al) that the sterile control is the answer to nonbiological degradation--it's the physical/chemical control. I was wondering if
you wanted to expand a bit on the use of various sterilizing methods that
might be more acceptable or a range of methods. For example, autoclaving is
not residual; you can get contamination again. The use of formalin or various
other types of chemosterilants can alter the sediment. Would you like to expand on this a bit, please?
PLIMMER: Well, the methods I discussed here, ethylene oxide and propylene oxide sterilization obviously have least effect on some of the factors that we
were discussing, such as the chemical residues peroxidase, activity and so on.
There are suggestions that irradiation sterilization might be useful but I
criticize this technique because many of the reactions in the soil may be due
to unpaired electrons. If you started irradiating your soil you may generate
many more free-radicals. The radical content of the soil may be increased by
the irradiation. Obviously, heat sterilization is going to have the other effect. I don't know whether Don Kaufman has any comments; he has been more recently involved in this work than I have. I think it remains a problem and
that is about where we stand at present.
KAUFMAN: There are a number of methods for sterilizing soil. I think the
point is that we cannot rely on any one method as a sole criterion to determine whether biodegradation is the process or something else is the process.
This is really our interest. We were looking at a number of chemicals which
were claimed in the literature to be biodegradable solely on the basis that no
degradation occurred in autoclaved soil. That is not an adequate criterion
for determining whether there is biodegradation. By destroying the soil with
autoclaving, you destroy the chemical reactions which do have an appearance of
being a microbiological reaction. This is one of the problems that I think we
faced, and one place where microbiologists can contribute to more accurate information on chemicals in the environment. The danger that I see, you can go
the other way and suddenly end up with an experiment so large with various
463

sterilization techniques that your non-sterile or real-world system is off in
one corner of the experiment.
PLIMMER: As a chemist, I ask the same question about aquatic environments.
If you have a strongly anaerobic system and a redox potential which is extremely low, you add a reactive chemical and that chemical is reduced. Is
that, in fact, metabolism? Insofar as the chemist is concerned, it is just
another transformation. But it is not strictly necessary for the biological
system; the microbes are not deriving any benefit from it.
STERN: During the past few days and evenings I have sat in with two or three
task groups. We have hit on a problem and bounced away from it because it was
a complex one. From a regulatory standpoint we seem to have a "Catch 22"
situation, particularly in view of what you have told us this morning. It is
simply this: we are concerned about the pollutants that actually get into the
environment and form part of the exposure picture that we have to deal with.
Some of the physical/chemical parameters that you suggest measuring can only
be measured on pure compounds. We have to deal with formulated materials with
associated impurities, and I am quite sure these impurities are going to affect profoundly the results you get in physical/chemical testing. I wonder if
you would have any "pearls of wisdom" for us that would help resolve this
problem?
PLIMMER: I do not advocate going through all these procedures as part of a
protocol. All I am doing is pointing out various considerations and playing
the part of the chemist as devil's advocate. What you have raised is another
point that you can't ignore. In the complexity of the real-world situation,
you may have a formulated material present as an emulsion, the surfactant may
or may not change the bioavailability of the active ingredient. These considerations force us to examine interactions between two materials and the problem of interfaces. I really don't know what the answer is, whether or not
there can be simple protocols for measuring factor X to give all the answers.
That would be rather nice, but at present there is no simple answer. It is a
matter of organizing meetings of this sort to bring chemists and microbiologists together and hammering out the issues once more.
CLESCERI: Dr. Gledhill, do I understand that in your semi-continuous activated sludge process, when you are looking for the disappearance of your test
chemical, that you look only in the liquid phase? Or do you also look to see
what is associated with the sludge?
GLEDHILL: In the screening studies of the products which are very water soluble in our laboratory we look primarily at the liquid phase or dissolved organic carbon in the effluent. For products that are absorbed to the sludge we
do look at both phases. Again, this is just at the screening level.
CLESCERI: Certainly it is just as important really to know what stage is associated with the sludge.
GLEDHILL: It is, but when you consider in our lab we are looking at 50 or 60
different compounds at one time, it is difficult to look at the sludge for the
compounds. Usually with new compounds, we don't have analytical methods.
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CLESCERI: Yes, that is a problem. Is the sludge at all pre-conditioned as
far as your test compounds are concerned?
GLEDHILL: Yes, in the activated sludge test, it is a 24-hour cycle. However,
this is continuous for a period of up to 15 weeks with the test compound being
added every day, so there is time for acclimation.
DAUGHTON: In your toxicity testing at the screening level do you take into
consideration synergistic effects at all in any environment?
GLEDHILL: For toxicity studies at this level, we look at pure cultures. If
it's microbial, for instance algae, we look at several pure cultures to find
out what level we get an ECso effect.
DAUGHTON: In particular, what I was concerned with was synergism of breakdown
products with the parent compound. I was wondering if perhaps it would be
possible to directly couple a toxicity study with a degradation study.
GLEDHILL: Yes, we do this. Again, this is screening, not a test. This is
looked at in the predictive level. For more detailed tests, we do run biodegradation studies looking at effluent, and the toxicity of the degradation
products.
DAUGHTON: In your shake flask with C02 traps, do you really call that C02
evolution, or evolution of labelled volatiles?
GLEDHILL: We use that mainly for new chemicals for which we don't have analytical techniques. We call it carbon dioxide evolution because we don't use
labelled compounds.
FLOODGATE: I was a little surprised when you said that you preferred C02 evolution to 02 uptake as a means of measuring biodegradation. Would you say
that was true in the sea as well when you have a strong buffer system or carbonate/bicarbonate buffering system?
GLEDHILL: In marine systems, I don't know. I would expect you would have
problems there in determining C02 evolution.
FLOODGATE: We tend to reject the idea of using C02 evolution, because the
whole system is buffered by bicarbonate/carbonate system. When you are starting to deal with a buffering system, you're essentially altering the whole
system.
GLEDHILL: No, again, we don't even consider these systems when you get a new
chemical for the first time in the lab. We are doing screening studies. As
we get into the environment, into real systems, then we need specific methodology and we use labelled compounds.
GLOODGATE:

Fine, that suits me now, thank you.

ROGERS: You talked about the stage testing of your chemicals. In your first
screening tests, you mentioned three levels. One of the numbers you used in
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your first level was a thousand. What I was wondering, if a chemical falls in
this range of being over a thousand, and you decide that it is worth producing
on other decision levels, do you go back and put it through a complete testing
range again?
GLEDHILL: Well, I think that there would be situations where you would want
to do this, especially if there was a potential for a large volume product.
ROGERS: For instance, in the synergistic effect he was talking about, you may
put it through the whole testing scheme, yet you may never detect something
even though the screening stage number could be around ten thousand.
GLEDHILL: One of those things that we need to have some logical decision on
is when do we stop testing and when do we go on? As I said, this number of a
thousand really doesn't mean anything now; this was one number that has been
considered.
BETTINGER: One of the interests that many environmental departments and companies have many times when you go to scale-up is how will these compounds affect your treatment system? Therefore, you usually examine the effluent waste
from that kind of plant in an aquatic toxicological test. You might pick up
partial degraders or these synergistic effects in that level or tier of testing above the primary screening.
JOHNSON: Since you must respond to the ultimate jury or stockholders, this is
a very expensive testing program you have outlined, could you estimate the
cost from the beginning to the end where you would market a product?
GLEDHILL: We have one compound that has gone through this scheme, a detergent
builder. It has gone through the confirmative level, and the cost is between
one and two million dollars. This is why we need some decision on it. What
has to be tested and how far do we test it?
RAYMOND: And I might remark that it's not the company that is paying for it.
It is you.
To what extent does your program correspond to current EPA regulations and to what extent is this your company's own initiative? This is an
extensive program. Is there a possibility of comparison to other companies?
BOLL.~G:

GLEDHILL: I don't want you to assume this is our process or used just by Monsanto. This is something that is being developed within various groups, especially the ASTM, who are considering methodology.
BOLLAG: To what extent does your program correspond to the requirements of
EPA right now?
GLEDHILL: With the chemicals we are making now, we are not required to do
testing, but we will be. As the rules come out we are required to follow them.
SOMERVILLE: Do you ever get any disparity between the results in the three
screening procedures?
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GLEDHILL: Yes, for example, when screening some compounds in activated sludge,
we have gotten no degradation. Whereas, if we assess them in river water we
can find sometimes that they do degrade.
SOMERVILLE: You are working at quite low concentrations, and this presumably
means you have a specific analytical method for the compound. Would it not be
acceptable to work at higher concentrations and use a generally applicable
method like total organic carbon? Would this not reduce the cost of the
screening procedure?
GLEDHILL:
In the detergent and phosphate division of Monsanto, our screening
procedure is based on total dissolved organic carbon. All of our products are
simply water-soluble when added to a sterile activated sludge unit and they
don't usually adsorb, so you can follow carbon disappearance. Other groups
have products that do absorb, they have to look for a chemical on the sludge.
That necessitates development of analytical procedures.
IVANOVICI: What range of organisms do you use for your toxicity studies?
What criteria do you use to make the selection of these organisms?
GLEDHILL: For the aquatic toxicity studies, basically we are using algae, invertebrates and fish. There are various groups working on these organisms,
standardizing methodology in this area. Essentially we use three types of algae, Daphnia magna as a freshwater invertebrate, and several fish including
trout as a coldwater fish and the fathead minnow.
IVANOVICI~
What sort of criteria do you use for actually assessing the effects on the organism? You mentioned LCso as the final criterion, however, a
lot of chronic effects would be overlooked although they nonetheless have severe long-term effects on the organisms.
I am curious to see what sorts of
other methods are being used.

GLEDHILL: Sure, there are very detailed methods to look at chronic toxicity,
mostly standardized by ASTM groups. There isn't any methodology, that I know
of, standardized for toxicity to microbial species. That is one thing that
should be addressed here.
IVANOVICI:
havior?

What, precisely, are these methods?

02 uptake or changes in be-

GLEDHILL: No, they are just exposures looking for toxicity in the predictive
level of testing. We are trying to establish a chronic or long-term toxicity
at low-level concentrations.
IVANOVICI;
I guess we could argue some more about how you actually evaluate
these effects.
GLEDHILL: Well, I don't want to get into actual methods; they are detailed,
published, and available.
I am not an aquatic toxicologist, so a lot of them
I am not capable of defining.
I think the important consideration in the
aquatic toxicity is trying to establish what they call an MATC value.
It's
maximum allowable toxicant concentration, and this is what we feel is the
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maximum amount of the compound that could be in an environment that does not
have an effect on an organism.
PRITCHARD: Dr. Lee, I worry tha~ in an evaluation like this where you are deriving a half life, whether C02 production is perhaps only part of the full
story. The reason I say this is based on some of our studies. We seem to get
a relatively small amount of co 2 evolution from some compounds and yet, if you
analyze the system more carefully you find degradation products in the water.
You can make the assumption that these products will probably be eventually
converted to co 2 , but due to the natural limitation of your system or the environment, you just don't see that much conversion. Therefore, C02 plus information on degradation products may be more indicative of the extent of degradation.
LEE: Well, I agree and I disagree. I said that is my limitation; we are not
looking at the intermediates. We have tried to work with hydrocarbons and
looked at compounds which are water-soluble, such as phenolic compounds. In
these experiments we extracted the parent compound with something like chloroform, then acidified and then get the phenolic compounds into chloroform and
count those. We see a 1:1 relationship between the phenolic compounds and C02.
However, I am not saying that in some cases there isn't a buildup of metabolites. I feel that at least with hydrocarbons once the hydroxylation occurs
the phenols are metabolized to C02, the rate limiting step being hydroxylation.
Now with other compounds it may be something else.
PRITCHARD: If we are using a mathematical model to predict exposure concentration, the degradation rate we put into that model may be considerably off
if C02 production is used for the rate determination.
LEE: Well, I very deliberately didn't mention the word model.
ing anyone to put this into a model.

I am not ask-

PRITCHARD: Your first order rate constant that you obtain may be a reflection
of the closed nature of the system rather than the ecology of the water sample.
LEE: I didn't present the data, but we have done experiments with large sediment trays and calculated rate constants. They are not that far apart from
our bottle experiments. We feel that our bottle experiments do have validity,
although the rate constants may not be totally realistic. I am not saying
that there are not problems with bottle experiments but I think it is a first
approximation. I'm not going to say any more on that.
FLOODGATE: I am a little disturbed that you continue to use this wretched
measurement of half life which implies an exponential decay. Clearly your
curves didn't show an exponential decay.
LEE:

Why do you say that?

FLOODGATE:

Well, they just didn't look like it from here.

LEE: It is a first order rate equation, that's all. The correlation coefficients are 0.98 to 0.99, generally. It depends on the compound. some com468

pounds fit it better than others, but it's not like glucose.
Is that what you
are getting at? It's not the same kind of degradation rates.
FLOODGATE: Wouldn't it be better to use turnover time or something of this
sort, rather than half-life?
LEE: Well, I tried to do that. You're in microbiology, I am not a microbiologist. Turnover time doesn't mean anything to most people except to microbiologists.
I think it's unique to that profession as far as I can see. But
half-life means something to apparently everybody. I read all of Dr. Wright's
papers and all the Michelis-Menten kinetics stuff. That stuff doesn't work at
all. This is not Michelis-Menten kinetics here, it just doesn't square with
that.
FLOODGATE:

It's first order reaction, right?

LEE: That's right, it's not a linear equation.
netics.

We don't get saturation ki-

FLOODGATE: You should really consider, though, very carefully. I think you
should give both values, give turnover time and half-life to satisfy the microgists and wherever you happen to be.
LASKOWSKI: Just a comment on your 2,4,5-T data, we have run soil studies with
2,4,5-T, and our half-lives at 25°C have been in the range of 30-60 days.
LEE:

That's not far off.

LASKOWSKI:
LEE:

No, I think that is very good.

Oh, you're agreeing.

Okay.

LASKOWSKI: Just one additional comment on the use of 1 ~C0 2 data. When that
is used, I think in most cases it is an underestimation of decomposition, and
that's the way to go.
RAYMOND:
LEE:

You agree, right?

I'm not saying anything.

ROGERS: Dr. Eggert, first of all let me compliment you on what seems to me to
be quality work in microcosm work at this stage. My question is, what kind of
indices do you use to characterize your aquatic system? I believe your terminology was relatively clean and minimally impact?
EGGERT: I use those words gingerly, but I guess compared to Lake of the
Ozarks and the Mississippi River it seems to me to be a clean lake.
ROGERS: The reason I bring this up is that I believe very strongly in microcosm studies. It is very important to characterize the parent system such
that your final result can be fairly weighed and interpreted.
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EGGERT: I agree, this has been pointed out not only in our microcosm task
group but also through discussions here. One of the things we will be undertaking is to get more information on the effect of bringing the water and sediment from the lake into the laboratory, and another thing is to try to characterize what is actually taking place during this transplantation.
GIDDINGS: You showed us how replicable your microcosms were, and that corresponds with our experience with similar systems. However, I wonder if you
have any insights on how repeatable those experiments are? If you did the
same thing six months later, would you get similar degradation rates?
EGGERT: My expectation would be that if we went out to the lake actually six
months after we took the initial experiment's water samples and tried to reconstruct the whole thing, at least on a rate basis, I don't think it would be
the same. That's my impression. In terms of LAS biodegradation and formation
of various intermediates, I think the pattern would probably be the same. I
don't expect that much variation.
GIDDINGS:
EGGERT:
RAYMOND:
EGGERT:

You are still going on intuition the way we are?
Oh, yes, sure, no data on that.
This microcosm is not a continuous flowing system?
No, this is a static system.

RAYMOND: I am sure you have been discussing this in your microcosm task group,
but you really have no way to put nutrients into it during a long period of
time that would be available to a lake, do you? It is just sitting there in
that static conditions.
EGGERT: Yes, that is a problem. In my estimation, you don't have the inflow
of freshwater that you might get with continuous flow systems to make sure
that you have the nutrients. At one point I actually considered adding nutrients but decided against it. That was based on the fact that looking at what
was going on physically from a qualitative point of view, the community really
does seem to stabilize. I think that Jeffrey Giddings has noticed that, too.
The sediment stratified and all kinds of invertebrates and plants grew, and it
just appears healthy and ongoing. Now whether it is or not is another question.
SOMERVILLE: I believe that Dr. Cane of the University of Canterbury has microorganisms that will attack LAS in the ring before they attack the outside constituents. He also has organisms that will first attack the sulfonate substituents; so it would not be necessary to invoke a c-1 removal.
EGGERT:

Yes, I was aware of that.

RAYMOND: But you've really seen no evidence for having those types of intermediates?
EGGERT: No, and another thing to point out is that the HPLC method is basically specific for the sulfa- phenyl-carboxylates of varying chain lengths.
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What happens to the short-chain intermediates, once they're blown apart, we
couldn't follow with this analytical procedure.
CRISTOL: This is related to the question that I think Dr. Raymond asked. You
actually have enough data on the disappearance of your starting material and
the appearance of carboxylic acids as intermediates to determine how your system is changing, by following rates by a steady-state treatment. Have you
analyzed your data in this fashion?
EGGERT: Yes, there are quantitative data, extracted from the chromatographs,
but I chose not to present them here. The extraction of rate data from a microcosm, at least from this microcosm, I felt was premature based on the fact
that the system is still relatively complex. We didn't do enough experimental
work to make a competent estimation of rates at this time.
RAYMOND:
I think we'll open this now to questions for all four of the speakers
of the morning. And we are going to give Dr. Cooney an opportunity to ask his
question.
COONEY: Dr. Plimmer's discussion of UV-mediated photooxidation prompts me to
make a comment about a microbial ecology phenomenon that I think most microbiologists ignore.
If we are working in a niche that has visible light and
oxygen, there will usually be extensive killing of microorganisms. We can see
six logs of killing in a bright sunlit situation in estuarine water. I think
this is important for those who are sampling slicks and for those who are
sampling at different times of the day.
I think we ignore it.
BRINK:
I have a question for Bill Gledhill. The various complexities of
analysis and material balance determinations has brought suggestions by some
people that, even at the screening level, there should be a requirement for
labelled compounds. What would your reaction be to that kind of requirement?
GLEDHILL: First of all, there are numerous types of compounds that can't be
adequately labelled so this is a problem. There are also numerous types of
new compounds that are produced in a few hundred pounds and maybe not used in
any widespread use.
It depends on volume/use/disposal characteristics as to
whether you should do a labelled compound experiment. Most of the compounds
that are produced in our area, because it is a large-volume product, we do
have the labelled material synthesized. After the screening level studies,
then we establish whether we are further interested in the compound.
MACALADY: I have a question for Dr. Lee.
In the winter/summer differences
which you observed, are those strictly temperature differences, or are there
other water parameter differences like seasonal salinity variations and so on?
Do you think the effect was just from temperature?
LEE: Well, no, it's related obviously to temperature, but I think we've heard
some talk here that there are fewer bacteria per milliliter of water in the
winter than there are in the summer.
Is that related to temperature or is
there some other reason? In our area, for instance, there is less detritus in
the water in the winter than there is in the summer. No, I don't think you
can make a straightforward, strictly temperature-related phenomenon.
In the
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colder time of year, there is less degradation, but I 8ertainly wouldn't say
it is necessarily totally related just to temperature.
MACALADY: I am particularly interested in salinity.
variations on a seasonal basis or not?

Were there salinity

LEE: Yes, but it's not a predictable kind of thing. The salinity average in
our area is around 24 ppt and it can go down to 14 ppt if it rains for three
weeks, which it does fairly often. And it can rise a bit, too, with the tide
bringing in highly saline water. We didn't see a difference between high and
low tide degradation rates. So I just cannot really answer that. There may
be some changes but we haven't seen them.
GIDDINGS: I have a question for Dr. Lee. Were the differences between winter
and summer degradation rates for those various compounds consistent with regard to ranking at the different seasons?
LEE: They are very consistent. We can't see any degradation at all, in the
winter for hexachlorophene and DEE; trichlorophenol is quite a bit lower. I
can say that all of those compounds showed the same relative degradation rate
in the winter. For example, the degradation rate for chlorophenol is much
higher than for trichlorophenol. I assume that is the question.
COLWELL:
I think there is a species basis for your observations. We have
observed in Chesapeake Bay, in general, that in the summer months, the predominant species are Vibrio and, in the winter Pseudomonas and Acinetobacter.
There is a seasonality demonstrated by species of these bacterial genera. I
think this may very well be associated with the phenomenon you have recorded.
In your offshore samples, did you take sediment cores or were you working only
with water samples?
LEE: We haven't done any sediment work with offshore water.
of rough this year, and I get seasick real easy.

It's been kind

COLWELL: A lot of us get seasick. We just keep on working on one side of the
research vessel and move to the other side when necessary.
LEE:

I will remember that.

COLWELL: I think you will find that, in sediment there is a great potential
for degradation. In the kinds of experiments you describe, you ought to speak
in terms of degradative potential, not half-life. You see, even though you've
got large populations in the sediment yielding faster rates of degradation,
under natural conditions you will not have optimum exposure of the microorganisms to the material to be degraded. Nor will there be the concentration of
oxygen and nutrients well circulated as in a flask in the laboratory. Thus,
the results observed with sediment are a function of optimization of conditions, as well as larger populations.
LEE: I agree with you. I think you coined that term potential, probably with
your hydrocarbon work. I certainly agree--this is potential. Although we
have done experiments where we adapt the population until we get an enrichment.
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Using these organisms we have regular Michelis-Menten kinetics and things fall
into place. It's a pure culture. I agree, potential, I think, is a much better term to use for this.
STEEN: We often talk of rates which simply are not extractable quantities to
what is happening in the environment. At the various concentrations we use to
try to extrapolate with the right mathematical manipulations, both MichelisMenten kinetics of Monod kinetics become first-order functions. In most cases
we're exceeding the solubility and the Ks or saturation constants for MichelisMenten kinetics to be obeyed. So I am very leery of trying to extrapolate
rate data to environmental situations when we all know the extreme differences
in rates that we get under different conditions, different population levels.
I think we can get an evaluation or definition of rate often mixed with rate
constants, and they are two entirely different properties of a system. Really,
the only valid extractable quantity for predicting what is happening in a system is a rate constant. In response to Dr. Colwell's point, a lot of the natural water systems we've looked at in terms of population levels, we find that
at concentrations slightly below solubility, the population levels seem to
reach about the same order of magnitude in almost all natural water bodies. Of
course, considering your point that potential is greater within the sediment,
that is true, only if we understand the partitioning responses of compounds
that enter into that water system. What we have been able to show so far
within an aqueous phase is a second-order response of population to concentrations within most natural freshwater bodies. There is a consequent decrease
in the concentration of the compound as a function of time, there is also a
simultaneous increase in the population levels if that compound is used as a
sole carbon source. Our experimental design system relative to the compound
we use is a very, very important point. If you take a compound that has a
partition coefficient of maybe 80, put 10 grams of compound into the system,
we might only get 15% of the compound adsorbed. If we increase the sediment
to water ratio a hundred-fold, we get 90% of it absorbed even at a very low
partition coefficient. So what we measure as aqueous phase rate or rate constant is much different depending upon how much compound is absorbed.
RAYMOND:

Anybody like to comment?

GLEDHILL: We considered this aspect in our methodology section. We came to
the conclusion that it's important in testing not only to look at the compound
of interest but also at a range of standard compounds so that comparisons can
be made.
RAYMOND: Dr. Colwell, I would like to get a clarification on something I expect I heard you say. Maybe I misinterpreted it. Did you say that in Dr.
Lee's system, one would have a better system because it was more agitated than
in the natural environment?
COLWELL: I was implying there are optimum conditions created in a laboratory
flask where sediment is added to a growth medium. Dispersion of the oil
amongst particulates is optimized. Bacteria adhere to particulates and bacteria in the interstitial fluid are exposed to the substrate to be degraded.
Greater exposure to the substrate, plus the added nutrients, and the larger
populations create a system that is optimized. The average count of total
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viable bacteria for sediment populations is usually in the order of 10 -10 /g.
In a water sample, only 10 2 -10 4 /ml bacteria may be found. Just in terms of
numbers, the probability of having a biodegrading organism present is greater
when the numbers of bacteria are higher, i.e., conditions are optimized, in
the case of sediment samples.
RAYMOND: My argument is that I would visualize the natural system to have a
much better chance of getting the nutrients, exposure, everything, because I
think his systems were really stationary.
COLWELL: Not when comparing water and sediment, as in this case.
ples yielded a longer residence time (half-life) .

Water sam-

RAYMOND: My concern is that when we put these artificial systems together, we
get this big bloom that, in a sense, takes away nutrient availability to further adapt a system to get biodegradation. I think you are limiting yourself
on biodegradation possibility in these systems.
COLWELL:

Yes, in closed systems.

LEE: Well, I think that in some cases sediments are being dispersed, at least
with a six-foot tide. Have you ever seen our area? You can't see your nose
in front of you most of the time. It's stirred up constantly so the sediment/
water is constantly being mixed. I agree, if you want to talk about subsurface degradation, you've got a whole new set of problems to be worrying about.
But that top centimeter, as far as I can make out, is being mixed constantly.
COLWELL: Yes, but you obviously have differences between the water and the
sediment sample. Have you done any plate counts, biomass determinations, epifluoresence measurements, or other measurements to determine the difference in
numbers?
LEE:

No.

RAYMOND: All right, is anyone else going to question our methodology that we
have had demonstrated here this morning?
PRITCHARD: Dr. Gledhill, I would like to address this question to you, to
provoke discussion regarding the initial screening test you proposed. Do you
feel perhaps that we could eliminate the activated sludge test? Perhaps we
could simply do a river die-away test in which sediment was included.
GLEDHILL: If we want to try to develop one standardized test or something
like that, it might be good to use something with soil as an inoculum. Essentially, that is what river water is; it receives water and soil from the banks
of the river. Probably a lot of the organisms in a sewage plant do originate
from soil. I think soil is more complete in microbial populations than an activated sludge plant. It might be good as a screening procedure to use a
river water biodegradation test.
RAYMOND:

That makes all of us soil microbiologists feel very good.
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HOLLIS: Do we have enough information developed now to determine whether we
use oxygen consumption or C0 2 evolution? I would like to have some comments
from those folks that can lay out the protocol under which conditions you use
oxygen consumption or C0 2 evolution.
FLOODGATE: I think it is simply a question of the system you are interested
in. If you are interested in the pond or a river where there isn't a great
deal of buffering action, then you can use C0 2 evolution and it's fine. But
the sea is a highly buffered system; this is one point that perhaps we should
remember more than we do. We all should remember from our first speaker this
morning that pH changes are important. Well, pH changes in the sea are much
more difficult to make because there is a strong buffer action due to the dissolved C02 in the water giving us a carbonate/bicarbonate system. Therefore,
if you are going to measure C02 evolved of any particular experiment, you are
up against a real problem. You are not quite certain whether the C0 2 has come
from the degrading substrate or from some of the buffer in the system already.
So I think a simple answer to the question is, if you are using a marine system, you must think very carefully about the co 2 method because you may be disturbing the buffering system and changing the environment. If you're working
in a pond or river, you have no problem.
KAUFMAN: I feel that oxygen consumption, C0 2 evolution, in themselves, are
not an adequate indication of biodegradation. This is one of the problems
with our literature today. There is a lot of information based on a single
observation of 02 consumption increased over control; therefore, it is biodegraded. In my own work, I have finally come to the conclusion that the
adapted b~g in one hand and the metabolite in the other hand is t~e only real
safe_ criteria for metabolism. Now that is not to say these are not useful indicators. But as the sole criteria, I think they are totally inadequate. I
am familiar with some literature in which people in ground disposal programs
have put as high as 5 tons of 2,4,5-T into the soil and measured total C02
evolution. Everything in excess of control was calculated back as coming from
the parent material. You're putting in a terrifically high amount; we don't
know what the toxicology is to a soil population. These chemicals when put
into the soil at a rate like that can cause some desorption of compounds which
may also be a readily oxidizable or a more readily oxidizable substrate for
the organisms. In that particular case, after arguing with the people involved in it, they finally went back and did the chemical extractions. Rather
than finding that 2,4,5-T at 5 tons per acre was 80% degraded in 56 days, they
found 90% was still there.
RAYMOND: Yes, I think we can all cite examples of where it is extremely dangerous to use just one or the other method solely. The same way as numbers,
for many years, the adding of hydrocarbons to soils or water would exhibit
great increases in numbers. This was used as an indication of biodegradation;
when in fact, there was no biodegradation taking place because there is a killing of worms, nematodes, and things like this at the concentrations they were
using. This gave a great increase in numbers so it had nothing to do with
biodegradation of the parent compound.
FLOODGATE: Can I just tell a story here about what happened to us in one of
those pitfalls that you do find using oxygen uptake? We had an experiment in
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which we were running seawater through a tube coated on the inner side with
oil. The idea was to have a moving body of water in a fixed oil surface. Now,
we noted we were.getting very good oxygen uptake. We were cheering like mad,
saying the "bugs" are at it, and it is being destroyed. But we noticed, too,
that the "bugs" seemed to go to sleep at night because every time the lights
went out, the oxygen consumption went down. There was a very close correlation between the amount of light and the oxidation rate. In point of fact,
this was purely a photolytic mechanism, taking up oxygen. The "bugs" hadn't
yet started. After about a week, the photolytic action decayed, and the bacteria took over. So you do have these kinds of problems. The question is,
what are you going to do? You have to get some kind of answer, and you can't
always do the real one, which is to take the substrate and show that it has
changed chemically. This is really the only way you can show it has biodegraded. In this particular case, this would have meant ruining the experiment
which we wanted to run for another six to twelve months. So you really have
to make some sort of compromise. You have to know the difficulties. But you
still have to make some kind of attempt to get an answer depending on what
your experiment is trying to show in the end.
TIEDJE: My comment relates to company size. I think virtually all environmental toxicology problems that we have had in Michigan has been due to small companies. In some cases, the compounds were first evaluated by large companies,
but considered too risky. Then some small company, which puts no dollars into
quality control or environmental testing, and has no financial reservoir to go
back and collect money from in the end, produces these chemicals and gets into
some serious accidents. On the other hand, we have very elaborate schemes
such as Monsanto's that cost about two million dollars. In terms of the public need, this might be overdoing it, compared to the risk. Going back to the
comment about the small companies, obviously if an expensive two million dollar protocol is what's in mind, all small companies are out of business. I am
not sure that that's going to be a politically acceptable alternative, but it
may be the correct answer.
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PREDICTION FROM LABORATORY STUDIES OF BIODEGRADATION
OF POLLUTANTS IN "NATURAL" ENVIRONMENTS
Arthur M. Kaplan
Environmental Protection Group
U.S. Army Natick Research and Development Command
Natick, MA 01760

ABSTRACT
The ultimate fate of pollutants in the environment
is the critical factor in judging whether a material or
compound is an ecological threat and whether it must be
subjected to stringent regulatory control. The susceptibility to microbial biotransformation of specific compounds, identification of intermediates that are formed,
kinetics of the biologically mediated reactions and final
end products are determined in the laboratory. The compound is thus characterized and its established behavior
pattern can be used in consideration of natural ecological impacts. Studies in the environment often demonstrate that the behavior pattern in the field varies
from that predicted by the laboratory characterization.
This may be due to the failure to include environmental
considerations as part of the protocol for laboratory
investigations. It is the environment that actually controls the biotransformation process and has a greater influence on the process than the microorganisms per se.
Interactions between the environment and compound (substrate) also may be neglected. Examples are given to
illustrate these points and specific suggestions presented for factoring environmental aspects into the
transposition process to provide a more reliable base
for prediction from laboratory data.

The ultimate fate of pollutants in the environment is a critical factor
in judging whether a material or compound is an ecological threat and whether
it must be subjected to stringent regulatory control. The susceptibility of
specific compounds to microbial biotransformation, identification of intermediated reactions, and final end products, are determined in the laboratory.
The compounds are thus characterized and it is presumed that their now established behavior pattern can be used in consideration of ecological impacts in
natural environments. Follow-up studies in the environment often demonstrate
479

that the behavior pattern in the field varies from that predic~ed by the ~abo
ratory characterization. This discrepancy is particularly serious when, in expectation of complete biodegradability, a compound and/or its intermediates a:e
found to persist in the environment. A number of reasons going back to experimental details can be advanced to explain the inability to transpose or, more
accurately, to predict occurrences in the field from laboratory-generated data.
Specific points can be raised regarding the nature of the microorganisms involved, the accuracy of the suggested biotransformation pathways, the nut:ients
available, etc. These, although valid, do not address themselves to the issue.
What is most pertinent is the orientation taken in approaching the problem
rather than specifics. When one is concerned with the question of biodegradation in the environment it must be understood that the key controlling feature
is the environment, which includes the substrate. This puts the microorganism
in a secondary role under this specific circumstance. While the driving mechanism is, of course, the microorganism, the controlling and limiting mechanisms
are the environment and substrate.
To assist in more accurate transposition from laboratory to native environment, laboratory studies should be approached from the point of view of environment and substrate rather than from consideration of the microbial process
alone as being the most important factor.
This does not mean that studies of
microorganism/substrate interactions are insignificant. One must know if a
compound is readily, incompletely biotransformable or even recalcitrant. What
is questioned is the assumption that if microorganisms can be shown to transfonn a given substrate then such transformation occurs, in time, under any
circumstance.
'

The function of the environment must be understood since laboratory protocol may include variables of temperature, nutrients, pH, oxygen tension, microorganisms, substrates, etc., that these are environmental considerations
and the matter is being belabored. Not so.
It is a matter of definition and
point of reference and has a real bearing on confidence in forecasting the
probability of events. This has been discussed previously specific illustrative examples (7).
I shall present some examples from this earlier publication as they are pertinent to this workshop and shall elaborate the discussion
for a class of compounds to include some additional and very recent reported
findings that present a rather strong case for the point of view I am advocating. The following excerpt (7) serves as a general example to illustrate the
necessity of an environmental focus:
"If we concede that microorganisms of one sort or another will unerringly
single out susceptible substrates and that these organisms are ubiquitous, the
course of biodegradation is governed primarily by the environment in which the
organisms and substrates find themselves. The ability of the organisms to attack a susceptible substrate is controlled directly by the living conditions
in which it finds itself. This is an obvious truism that is unfortunately
rarely accorded the weight that it deserves in predicting behavior of a material based on laboratory studies. This can be illustrated if one considers
the fate of crude oil in a marine environment. Literature is replete with
data to show that certain hydrocarbons can be biotransformed by microorganisms
and that these components in crude oils may be metabolized. As a result, proposals have been made to seed oil spills with microorganisms in mixtures or
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with a single genetically altered bacterial species. These recommendations
cannot be applied to the field situation because the natural environment precludes this. The conclusion that crude oil pollution in the marine environment can be abated through microbial means does not give proper weighting in
the ecosystem to representative conditions approaching natural environments.
When we have thousands of barrels of crude released into the open ocean, the
combined environmental effects of low temperatures, lack of nutrients, high
pressure at ocean depths, and variable levels of oxygen make it highly improbable that such volumes of oil either on or below the surface will be biodegraded even if all of the oil was potentially biodegradable, which it is not.
Further, the assumption is made that the organisms of interest will persist in
the environment which is doubtful, and that the organisms, substrates, and
even added nutrients are confined in close contact with one another as though
they were present in a fermentor. The latter assumption certainly may not be
borne out when the action of wind, wave, and current disperses and mixes the
system."
That this quotation is still timely is illustrated in a recent newspaper
article (10) describing the 1.3 million barrel crude oil spill off the coast
of Brittany in France from the wreck of the tanker Amoco Cadiz. The article
notes that among the entrepreneurs on the scene offering help in cleaning up
the oil is a businessman who has "oil-eating bacteria" for sale. And it is
just such a situation that I had in mind when I stated earlier that definition
of the environment in a laboratory context differs from the definition of environment in nature. They are obviously not the same. The frame of reference
in the first instance is the microorganism and in the second, the environment
and substrate. The gentleman selling his bacteria prefers the first situation
and, in my opinion, cannot succeed in his endeavors because he refuses to accept a different valid definition and circumstance.
In adopting the position of assessing the situation from the environmental rather than the biological point of view, we consider chemical and physical interactions between substrate and environment. This is often omitted in
laboratory studies. In our preoccupation with unravelling the course of microbial activity we may forget that we are dealing with compounds that can be affected by non-biological stresses and present altered substrates that may behave quite differently from environmentally unstressed compounds. Physical,
chemical and photochemical phenomena play a role in combining or disrupting
molecules, altering the relative proportion of mixtures of compounds, volatilizing or leaching components of mixtures or removing materials from solution
or suspension through adsorption or encapsulation. If one considers the biodegradation of trinitrotoluene (TNT) isomers one must understand that under
the influence of light so-called "pink water" may be formed which is a complex mixture that is a different chemical entity from TNT itself. It is this
mixture that the microorganisms are exposed to if munition plant TNT effluents
find their way into streams.
The necessity for consideration of non-biological parameters is documented in the recent paper by Herbes and Schwall (4) who studied the microbial
transformation of polycyclic aromatic hydrocarbons (PAH) in pristine and petroleum-contaminated sediments. Their closing paragraph is exactly to the
point. "The present work indicates that microbial transformation in sediment
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may be quite important in influencing the environmental transport of two- and
three-ring PAH, but is much less important for the larger PAH compounds. The
microbial rate data must be considered in conjunction with rates of other environmental transformation processes, including photolysis, bioaccumulation
and sorption/sedimentation to assess adequately the transport of PAH in natural waters."
I should now like to confine my remarks to a discussion of a specific
class of compound that will serve as an example of the point I am making.
Again part of the discussion is taken from a previous paper (7), with some
elaboration for this workshop.
"Di-2-ethyl-hexyl phthalate (DEHP) , also commonly designated as di-isooctyl phthalate (DOP) , when used as a plasticizer in polyvinyl chloride (PVC)
films is resistant to microbial degradation in soil burial and plate tests (8,
9). Stahl and Pessen (11) showed that laboratory-prepared DEHP would not support growth of Aspergillus versicolor, but commercial preparations supported
slight growth of Pseudorronas aeruginosa. Berk et al. (1) showed that DOP supported growth of some of the fungi studied after prolonged incubation, and tri·
octyl phosphate, di-butyl phthalate (DBP), and di-octyl phthalate showed evidence of supporting growth, but the growth was not conclusive enough to class
them as carbon sources. In practice, over many years, in a variety of uses,
and under all sorts of situations favoring microbial growth, PVC films containing DEHP have not been degraded to the point where their functionality is
compromised within their use lives. Recently, reports have been issued indicating that DBP and DEHP can be utilized b¥ microorganisms. Johnson and Lulves (5), in a most extensive study using 1 C radio-labeled compounds assayed
in a fresh-water hydrosoil system, found that 53% of the DBP was degraded
aerobically within 24 h and 98% within 5 days.
DEHP was degraded only 50%
after 14 days. Under anaerobiosis, degradation of both esters was retarded."
There have been other papers including a series from Germany, the most
recent being that of Engelhardt and Wallnofer (2), dealing with the microbial
metabolism of dialkyl phthalates. They traced the course of hydrolysis of
these compounds to the corresponding monoesters and free phthalic acid.
Phthalic acid was then metabolized via protocatechuic acid by 3,4-dioxygenative ring cleavage. Kurane et al. (6) isolated gram positive and negative
bacteria and two strains of fungi from soil and waste water samples capable of
assimilating DEHP and other phthalate esters. They stated that a strain of
Pseudorronas acidovorans was able to completely mineralize phthalate esters.
The literature demonstrates clearly that the aforementioned compounds can
be biotransformed, yet when we incorporate them into a vinyl film, they are
not amenable to biotransformation and the formulated polymer is judged to be
resistant to microbial degradation. Further, Giam et al. (3) have shown that
DEHP and DBP have been detected in the open ocean environment to the extent
that they, among others, document phthalate ester plasticizers as a new class
of marine pollutants.
In general, they found higher concentrations of DEHP in
water, sediment, air and biota of coastal regions than in the open Gulf of
Mexico or in the Mississippi delta with lower concentrations in the North Atlantic. Why, if these compounds can be metabolized do they accumulate in the
marine environment, not only in anaerobic areas but also in habitats where one

482

can assume dissolved oxygen to be present? Obviously, the environment plus
the substrate, in the case of the formulated plastic, and the environment
alone, in the instance of the free plasticizer itself, influence the course of
action; therefore, we find persistence instead of biodegradability.
If we concede to the environment its proper niche, what steps do we take
to factor into laboratory protocols environmental parameters that may ease the
task of transposition? I suggest that a given environment must be as thoroughly characterized as possible, and non-biological interaction between environment and substrate be considered in addition to the simple listing of
such parameters as temperature, pH, dissolved oxygen, etc. When one speaks of
a sediment, what are the exact microenvironments that actually exist in that
sediment, what is its chemical nature and its physical state? Further, are
there currents that shift the sediment, is macro debris accumulating that contributes to that environment, are the compounds moving or fixed, is light a
factor, etc.? What is the chemistry of the substrate in that specific environment, is it reactive, can the substrates polymerize and undergo gross conformational reorganization when they actually are physically so complex at the
micro- and macromolecular level that extracellular enzymes, for example, cannot reach susceptible linkages? What other compounds are present? If we have
a mixture, then this must be considered rather than the single compound.
Methods and instrumentation must be developed to monitor the salient natural
microenvironments and these actual conditions and sequences used for development of the laboratory ecosystem. Obviously, it is impossible at present to
characterize an environment in its entirety or to bring the total environment
into the laboratory, nor may it be necessary. Judgments can be made to a
greater degree than is now done, to select those factors from a given environment that may have major impact. Since even this is difficult, proper and judicious use of the computer to assess different circumstances comes into play
as an aid in judging what factors must be included in the laboratory ecosystem
environment.
In the time allotted to me I have not gone into great depth of discussion
that a suggested change in outlook and philosophy deserves. I trust that my
presentation serves as the base for an exchange and elaboration of comment and
thought. An awareness of the necessity for more significant consideration of
the environment and the substrate is being evidenced during this workshop. I
sense an uncertainty in knowing what must be done and how to do it, and I
still find an emphasis on the microorganism in those situations where the emphasis must be elsewhere. When one shows concern over washout of a specific
organisms from a mixture in a continuous flow model ecosystem, presumably representing a native situation, when concern should be with the change in the
substrate under this situation, I think the point is made.
Finally, it is not scientifically valid to skew a situation by neglecting
to give full and equal consideration to all elements involved. One must devote as much time, effort, and skill to the environment as it influences substrate/microorganisms interactions as has been devoted to microorganism/substrate interactions alone.
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USE OF MICROCOSMS TO ASSESS MICROBIAL DEGRADATION
PROCESSES AND SEDIMENT-WATER INTERACTIONS IN
RESERVOIRS THAT DEVELOP ANAEROBIC HYPOLIMNIONS
D. Gunnison, J. M. Brannon, and P. L. Butler
Environmental Laboratory
U.S. Army Engineer Waterways Experiment Station
Vicksburg, MS 39180

ABSTRACT
A study was conducted to assess the feasibility of
using microcosms to investigate changes in biochemical,
chemical, and microbial parameters occurring during development of anaerobic conditions in reservoirs. In all instances, rapid decreases in oxidation-reduction potential
occurred during the first 24 h of incubation, strongly
paralleled by depletion of dissolved oxygen in the same
systems.
Examination of changes in concentrations of reduced
soluble iron and manganese indicated that manganese reduction preceded that of iron by 3 to 5 d, being much more
extensive than that of iron reduction. Manganese reduction was not observed at redox potentials above +100 mV;
redox potentials well below 0 mV were apparently required
for iron reduction to occur.
Examination of changes in forms and amounts of nitrogen with anaerobic incubation showed a decline in nitratenitrogen and an accumulation of ammonium nitrogen. Data
suggested that nitrate depletion was largely due to denitrification while ammonium accumulation resulted principally from mineralization of organic nitrogen.
Changes in the pattern of organic acids and alcohols
produced during periods of anaerobic incubation indicated
a gradual shift from patterns closely resembling alcoholic and propionic fermentations to much more complex
mixed fermentations. Acetate was present in greatest
abundance, and its accumulation was considered in relation to the potential for methanogenesis.
Results strongly parallel findings of other investigators working with flooded soils and sediments. The
only major disparity found was in the area of regulation
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of the degree of oxidation-reduction by inorganic electron
acceptors. This disparity is discussed in relation to
current theories on the nature of oxidation-reduction potential and the role of mixed oxidation-reduction potentials exerted by a mixture of organic and inorganic redox
couples. It is concluded that microcosms represent a
viable means of studying anaerobic processes in flooded
soils and sediments, and with some care, may also be used
to study such processes in reservoirs.
INTRODUCTION
Water flowing through impoundments can undergo several intensive changes
in its biological, chemical, and physical properties. Some water quality
properties, such as turbidity, may be enhanced by the temporary retention of
water in a reservoir (16); other water quality parameters can be seriously degraded by this process (15). This situation is complicated by the fact that
the hydrodynamic pattern of many large multi-purpose reservoirs is quite different from that of natural lakes (26). While natural lakes discharge from
the surface, many reservoirs draw their discharges from deep hypolimnetic
waters. Such withdrawals are often desirable in terms of meeting cold water
temperature objectives for downstream fisheries. However, in recent years the
Corps of Engineers (CE) has had several problems associated with the adverse
environmental impacts of anoxic hypolimnetic waters accompanied by products of
several CE reservoirs (Keeley et al., in press). Examples of undesirable materials that have been included in these releases are reduced forms of iron
and manganese, hydrogen sulfide, and organic compounds having objectionable
odors.
To best address the problem of preventing or ameliorating circumstances
that lead to release of anoxic waters from reservoirs, a research program was
initiated to: provide basic data on the causes of anaerobic conditions in
reservoirs; develop predictive techniques for determining potential environmental impacts associated with development of new impoundments; and assess the
effects of specific changes in operational strategy on the quality of waters
released from existing impoundments.
We are using microcosms along with a mathematical ecological model and
field studies of existing and proposed impoundments in our investigation of
reservoir processes. While the use of microcosms admittedly has limitations
in application of "real world" situations, it has been successfully applied by
J¢rgensen and Fenchel (7) and others to study microbial geochemical processes
in marine and fresh water sediments. Moreover, Russian investigators have
verified the utility of microcosms in forecasting the water quality of a cascade of reservoirs on the Dnieper River (11).
The present paper reports the results of our initial studies to assess
the feasibility of using microcosms to investigate changes in biochemical,
chemical, and microbial parameters that occur during development 0f anaerobic
conditions in reservoirs.

486

MATERIALS AND METHODS
DECOMPOSITIONAL MEDIUM
To eliminate the variability encountered when using natural vegetative
substrates, a defined anaerobic medium (DAM) containing known quantities of
important plant constituents was formulated. This medium contained, per liter:
100 ml of basal fresh water medium (Table l); cellulose powder, 1.0 g; xylan,
0.4 g; pectin, 0.3 g; Phytone™* (BioQuest), 0.2 g; cellobiose, 0.05 g; soluble starch, 0.05 g; CaC03, 1.5 g; final pH, 8.2.

TABLE 1.

COMPOSITION OF BASAL FRESH-WATER MEDIUM USED IN THE STUDY OF ANAEROBIC DEGRADATION PROCESSEsa
Component

Amount

NaN03
CaCl2•2H20
MgS04•?H20
K2HP04
KH2P04
NaHC03
Na2Si03•9H20
Iron stock solution Ab
Iron stock solution Bc
Micronutrient stock solutiond
Trace organic stock solutione
Glass distilled water

0.100 g
0.034 g
0.056 g
0.106 g
0.053 g
0.060 g
0.028 g
0.011 g
1.0 ml
1.0 ml
1.0 ml
1.0 ml
1000.0 ml

aMedium is normally used at one-tenth of full-strength, unless otherwise
noted. Medium can be sterilized by membrane filtration.
bcontains 2.49 g of FeS04•7H20 and 0.5 ml of H2S04 per liter of glass
distilled water.
cPrepared by reacting 31 g of KOH with 50 g of Ethylenediaminetetraacetic acid (EDTA) in 800 ml of glass distilled water. After solution has
cooled, 1.58 g of FeCl3•6H20 is added, and the final volume adjusted to one
liter with distilled water.
dcontains, in g per liter of glass-distilled water: ZnS04=7H20, 9.0;
MnCl2•4H 20, 4.46; Mo03, 0.80; CuS0 4 •5H20, 0.04; and Co(N03)2°6H20, 0.045.
ePrepared by dissolving 0.1 g of yeast extract in 100 ml of glass distilled water. A 10-ml portion of this is then diluted to one liter with glass
distilled water to prepare the stock solution.

*Use of trade name materials in this paper does not constitute endorsement by the U.S. Government.
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To provide inorganic electron acceptors for the study of anaerobic decomposition processes, 0.1 g of each of one or more of the following substrates
were added to each liter of DAM used: nitrate-nitrogen as KN03, manganese as
an amorphous manganese dioxide, and iron as ferric oxyhydrox~de. Preparation
of the manganese dioxide and iron oxyhydroxide will be describe~ elsewhere
(Brannon, Gunnison, Butler, and Smith, USAE Report TR Y-78-11, in press)•
INOCULA
An inoculum rich in aerobic microorganisms was prepared by adding enough
DAM to 4.5 g of a fresh garden soil to bring the volume to the precalibrated
100 ml mark of a standard milk dilution bottle. This preparation was thoroughly shaken, and the resulting suspension was permitted to settle for 10 sec.
At this time, the desired volume of inoculum was removed from the top 3 cm of
suspension using a syringe fitted with a 21 gauge, 1-1/2" needle. Inoculation
was accomplished by injection through a rubber septum on the culture vessel.

An inoculum rich in anaerobic microorganisms was prepared as follows. To
90 ml of DAM that had been purged for 10 min with oxygen-free nitrogen was
added enough anaerobic lake sediment to bring the volume to 100 ml. This
preparation was stoppered under nitrogen. The remainder of the treatment was
the same as for the aeroflora, except that precautions were taken to maintain
the anaerobic integrity of the inoculum.
CULTURE CONDITIONS
Development of anaerobic conditions was studied in 1-, 2-, and 7-liter
reaction vessels that contained 650 ml, 1800 ml, and 6 liters of the decompositional medium, respectively. Vessels were either commercially available or
were constructed according to the description of Patrick et al. (19); these
units were normally equipped for continuous monitoring of dissolved oxygen,
oxidation-reduction potential, pH, and temperature. After sealing, vessels
were charged with air until the medium was saturated with dissolved oxygen.
Aeration was then terminated and the headspace of each vessel was purged with
nitrogen for 1 min to dispel gaseous oxygen in the atmosphere abovethemedium.
At this point, stirring of the medium was initiated, and it was inoculated
with 1.0 ml/liter of each of the anaerobic and aerobic inocula. To insure the
survival of strict anaerobes, inoculation of the anaerobes was repeated 24 h
after the initiation of the experiment. Incubation temperatures ranged from
23 to 30°C with agitation rates of 200 to 700 rpm.
Time 0 samples were taken immediately after completion of inoculation.
The period of incubation varied from 10 to 42 d, depending upon the size of
the vessel and the intensity of sampling. Additional samples were normally
taken at 1, 3, 6, 10 or 12, 17, 23, 40, and 42 d of incubation.
MEASUREMENT OF OXIDATION-REDUCTION POTENTIAL
Oxidation-reduction potential was measured on the ± millivolt scale of a
standard millivolt-pH meter. Electrodes for measurement of oxidation-reduction
potential were prepared as described by Mann and Stolzy (10). The reference
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potential was supplied either by a standard calomel half-cell that was connected to the culture medium with a saturated potassium chloride-agar bridge
or by a standard pH calomel reference electrode that was immersed directly
into the culture medium.
SAMPLE COLLECTION AND PRESERVATION
To maintain the anaerobic integrity of the samples, all procedures were
conducted under a nitrogen atmosphere. Samples to be analyzed for soluble nutrients or for organic acids and alcohols were cleared of particular matter by
passage through a 0.45-µm membrane filter. Samples for iron and manganese
were passed through a 0.10-µm filter. Previous investigators have shown that
the use of a 0.10-µm filter will remove metals that are in a colloidal state
(8) and we assumed that all metals that passed this filter were in a reduced,
soluble state.
Samples for total or soluble nutrients or for organic acids and alcohols
were preserved by freezing at -10°C. Metal samples were preserved by acidification with concentrated (11.6 N) HCl added at the rate of 0.2 ml of acid per
15 ml of sample. Microbial samples were processed within 2 h of collection.
SAMPLE ANALYSIS
Analysis for the various forms of nitrogen was performed with a Technicon
Autoanalyzer (Technicon Instruments, Inc.), using the manufacturer's recommended procedures.
Samples for analysis of organic acid and alcohol products were concentrated ten-fold on a rotary evaporator at 55°C. Sample concentrates were then
prepared and analyzed for volatile organic acids, alcohols, and non-volatile
organic acids using the procedures for analysis of anaerobic cultures as described by Holdeman and Moore (6). Analysis of standards treated in the same
manner indicated a 50-70% recovery of all volatile constituents within the
sample concentrate.
RESULTS
CHANGE OF OXIDATION-REDUCTION POTENTIAL,
DISSOLVED OXYGEN, AND pH DURING
PROLONGED ANAEROBIC INCUBATION
Oxidation-reduction (redox or Eh) potential was measured during the incubation period as an indication of the intensity of reducing conditions in the
culture media and also as an indication of whether or not the active reduction
of one or more of the inorganic electron acceptors resulted in a poising of
redox potential. In all instances, the most rapid decreases in redox potential occurred during the first 24 h of incubation (Fig. l). For the first few
hours, this rapid decline in redox potential was strongly paralleled by the
depletion of dissolved oxygen in the system. The simultaneous measurement of
dissolved oxygen showed that complete depeltion occurred in the full-strength
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DAM system within 6 h after initiation. The one-tenth strength DAM system was
depleted of dissolved oxygen within 12 h, while the ~ne-hundredth strength.D~
2 h for complete exhaustion of dissolved oxygen. The inisystem too k near 1 Y 7
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Changes in redox potential (Eh) during 10 days of incubation in
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REDUCTION OF MANGANESE AND IRON
To determine whether concentration of organic matter has any effect on
the rate and amount of manganese and iron reduction, the concentrations of organic matter in DAM were varied from full strength to one-hundredth of full
strength while the concentrations of oxidized manganese and iron were held
constant. Changes in concentration of soluble manganese during 10 d of incubation in each of the three strengths of DAM are shown in Figure 2, while
changes in soluble ferrous iron are depicted in Figure 3. The trends for manganese and for iron are similar in all media studied. Manganese reduction
precedes that of iron by 3 to 5 d and is also much more extensive than that of
iron reduction. The one-hundredth strength DAM culture showed minimal iron
reduction when its incubation was allowed to proceed for an additional 10 d,
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and the level of ferrous iron in solution at this time was less than 0.7 mg/l.
In no instance did the level of reduced metal in solution reach the 100 mg/l
concentration of oxidized species that was originally added. In longer term
studies, manganese was lost from solution after 11-20 d, presumably as MnC03.
In some cases, sulfate was added to the culture medium and black ferrous sulfide precipitates began to remove reduced Fe from solution after 6 to 15 d of
incubation, corresponding to the period when active sulfate reduction was undergoing an exponential increase. No manganese reduction was observed at redox
potentials above +100 mV, and redox potentials well below 0 mV appeared to be
required before iron reduction could occur.
REDUCTION OF NITRATE
Changes observed in the forms and amounts of nitrogen with anaerobic incubation are presented in Table 2. The large initial concentrations of total
Kjeldahl nitrogen (TKN) and nitrate-nitrogen represent the respective contributions of the Phytone and nitrate amendments that were present in the original medium. While some of the ammonium-nitrogen that was accumulated may be
the result of nitrate reduction through nitrite, the larger contribution of
ammonium-nitrogen probably results from deamination of amino acids (1); a
source of this was present in Phytone. However, utilization is not indicated
by a significant decrease in TKN that parallels an increase in arnrnoniurnnitrogen.
TABLE 2.

CHANGES IN CONCENTRATION OF THE VARIOUS FORMS OF SOLUBLE NITROGEN
DURING PROLONGED INCUBATION OF FULL-STRENGTH DAM UNDER ANAEROBIC
CONDITIONS

Incubation period
(d)
0
l
2
3
6

10
20
40

Concentration of component
in medium (m9/l)a
TKN
N03-N
NO~-N
NH!-N
60
21
5
6
6

7
5
4

84
32
2
<0.5
<0.5
<0.5
<0.5
<0.5

1.5
3.2
<O.l
<0.1
<O.l
<O.l
<O.l
<O.l

2.5
3.2
3.6
4.8
5.5
7.0
7.1
2.2

aValues indicated were obtained in filtrates of the medium following passage through a 0.45-µm membrane filter.
That denitrification is the major sink for nitrate in these microcosms is
suggested by the failure to accumulate large amounts of nitrite, TKN, or
ammonium-nitrogen in the culture. Moreover, additional experiments were performed wherein nitrates were added to manganese-iron reduction studies after
20 to 30 d of previous incubation. In this situation, an immediate rise in
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the redox _potential was observed followed by a period during which the redox
was found to be held above a level of approximately +100 mV. During this time,
reduced maQganese and iron were observed to be reoxidized by the added nitrate,
and n·itrate gradually disappeared from solution without the appearance of nitrite or ammonium. Once the supply of added nitrate had been depleted, the
redox potential fell back to previous levels, and manganese and iron reduction
were reinitiated (Brannon et al., USAE Report TR Y-78-11, in press). Additional support for denitrification as a sink for nitrate was demonstrated by
the fact that inoculation of nitrate agar during periods of rapid nitrate depletion in the microcosms resulted in the presence of large populations of gasproducing microorganisms, a phenomenon indicative of denitrification (20). No
such increase in the number of these organisms was observed in the absence of
nitrate.
PATTERNS OF VOLATILE ORGANIC
ACIDS AND ALCOHOLS
Changes in patterns of volatile organic acids produced during periods of
anaerobic incubation are indicated in Table 3, while patterns for alcohols are
presented in Table 4. These patterns, while not quantitatively definitive, do
indicate a gradual shift in the pattern of fermentation products from those
which closely resemble the "classical" alcoholic and propionic fermentations
to a type which more closely resembles the more complex, mixed fermentations
(25, 31). While our procedures did not account for evolution of methane gas,
no large-scale evolution of gas was ever observed after 3-5 d of incubation,
although concentrations of acetate, a normal substrate for methanogenesis (33,
36), continued to increase through the twenty-third day of incubation
(Table 3) •

TABLE 3.

CHANGES IN PATTERNS OF VOLATILE ORGANIC ACIDS PRODUCED DURING
ANAEROBIC DECOMPOSITION OF ORGANIC SUBSTRATES IN FULL-STRENGTH DAM

Incubation period
(d)
l
3
6

12
23
42

Formic
0
0
0
+
0
0

Volatile fatty acid in culture filtratea
Valerie
Propionic
Butyric
Acetic
0
+
++
++
++
++

++
++
++
+++
+++
0

0
0
0
0
+
0

0
0
0
0
+
0

aValues given are based on relative peak heights obtained by gas-liquid
chromatographic analysis of concentrated culture filtrates. O, acid not detected; +, peak height of 1-5% above baseline; ++, peak height of 6-50% above
baseline; and +++, peak height of 51-100% above baseline.

493

TABLE 4.

CHANGES IN PATTERMS OF ALCOHOLS PRODUCED DURING ANAEROBIC DECOMPOSITION OF ORGANIC SUBSTRATES IN FULL-STRENGTH DAM

Incubation period
(d)
1
3

6
12
23

42

Alcohol in culture filtratea
Ethanol
Propanol
Butanol
Pentanol
+++
++
++
++
++
+++

++
++
++
++
+++
+++

0
0
0
+

0
0

0
0
0
0
+

0

aValues given are based on relative peak heights obtained by gas-liquid
chromatographic analysis of concentrated culture filtrates. 0, alcohol not
detected; +, peak height of 1-5% above baseline; ++, peak height of 6-50%
above baseline; and +++, peak height of 51-100% above baseline.
DISCUSSION
Our results suggest that the microorganisms and anaerobic processes involved in decomposition of organic matter and in reduction of nitrate, manganese, and iron in the microcosms studied are very similar to those occurring
in flooded soils and sediments. When the supply of oxygen to a soil or sediment system containing decomposable organic matter is curtailed, profound
changes occur in the composition of the indigenous microbial community and in
the microbial processes involved. The succession of microorganisms includes
first aerobes, and then facultative anaerobes where both populations achieve
their maximum levels within the first 48 h after flooding (17); these are subsequently replaced by the strict anaerobic bacteria, to which 02 is lethal
once the supply of oxygen within the soil has been totally exhausted (27, 28).
The trends from the present data and those described in another study
(Brannon and Gunnison, report in preparation) indicate that the successional
sequence of the study microcosms is nearly identical to that of flooded soils
and sediments, although some differences were noted. Dissolved oxygen was
readily depleted within the first 24 h in both the full-strength and one-tenth
strength DAM cultures. The populations of aerobes in full-strength DAM also
peaked within the same time period, and the number of aerobes was well on the
decline by 48 h (Brannon et al., USAE Report TR Y-78-11, in press). Takeda
and Furusaka (30) observed that the number of facultative anaerobes always exceeded the total number of strict anaerobes in a paddy field soil. Our data
for facultatively anaerobic organisms (Brannon et al., USAE Report TR Y-78-11,
in press) indicate the same trend in that our total anaerobe populations were
composed of both facultative and strict anaerobes, and the values of the facultative anaerobes above were always at least 90% of the value for the total
anaerobes. Our results did not show any apparent differences in time for appearances of the peaks of the facultative anaerobe and the strict anaerobe
populations; however, the facultative anaerobe population declined sharply
after the first 4 d while the total anaerobe population began a gentle reduction in numbers only after 6 days of incubation. Moreover, some of our
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preliminary data indicate that populations of sulfate-reducing organisms do
not achieve their maximum until 12 d after initiation of experimentation; this
is significantly far behind the preceding populations and is in agreement with
the data of Takai and Kamura (27) for populations of reducing microorganisms
in a waterlogged paddy soil.
The chenical and electrochemical transformations that occur in flooded
soils and sediments also have been well documented. Immediately after waterlogging, the redox potential declines due to the activities of aerobic and
facultatively anaerobic bacteria (27). The drop in redox potential then stimulates the initiation of full activities of anaerobic and sulfate-reducing bacteria (27). Similar to results obtained by previous investigators working
with flooded soils and sediments, our data show that nitrate disappears at the
very beginning of the incubation period and that denitrification is probably
the main sink for nitrate. Little reduction of Mn and almost none of Fe can
occur until both oxygen and nitrate have been totally depleted (28, 29, 32).
The accumulation of organic acids and alcohols in a liquid culture medium
is similar to that obtained for soils and sediments. Ponnamperuma (22) has
summarized the transformation products of pyruvic acid that are present in anaerobic soils and cultures containing soils. All the products listed in
Tables 3 and 4 are present in his list.
The major disparity between our results and those in the existing literature is in the area of regulation of the degree of oxidation-reduction by inorganic electron acceptors. Addition of large amounts of an oxidized inorganic electron acceptor to a submerged soil or sediment may stabilize the redox potential. Thus, the presence of N03 in anaerobic systems has been found
to stabilize the redox potential at values between +200 and +400 mV as long as
N03 is present (21, 23, 32, 34, 35). Moreover, addition of N03 to anaerobic
systems will either increase the redox potential or else retard a further decrease in redox potential (5). Similarly, the effects of Mn IV and Fe III reduction also retard the decrease in redox potential of flooded soils (14, 27).
Our studies do not confirm a parallel retardation in the decrease in redox potential in our microcosms that could be attributed to the presence of Mn IV or
Fe III. Generally, the redox potentials in our systems fall rapidly once the
oxygen supply has been cut off, reach their lowest levels within 24-28 h, and
return to levels that are slightly above the minimum values.
We hypothesize that the inability of Mn IV and Fe III to influence the
degree of oxidation-reduction in our microcosms is due to the overriding influence of organic redox couples. Our hypothesis is suggested by the following results in conjunction with the findings of other workers: a) Addition of
Mn IV or Fe III did not alter the rate or magnitude of decreases in oxidationreduction potential observed in microcosms containing organic matter only.
b) Observed Eo's (standard oxidation potential) calculated from Eh, pH, PC02
and Fe II and Mn II activities for Mn and Fe redox systems that can influence
the oxidation-reduction potential diverged greatly from theoretical values.
c) In our microcosms, a decline in oxidation-reduction potential could be retarded only by Oz, N03, or decreasing the organic matter to one-hundredth of
its full strength (20 mg/l). d) Ponnamperuma et al. (24) found that the predicted regulation of Eh by Mn redox couples deviated least from theory in
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soils high in Mn IV and low in organic matter. Addition of organic matter
hastened reduction and did not allow Mn redox systems to fully exert themselves. e) Addition of organic matter to anaerobic systems generally increases the reduction rate (22, 29).
f) Flooded soils having low concentrations of reducible iron and manganese, along with large amounts of organic
matter, show rapid declines in redox potential (18).
g) Purging the microcosms with purified N2 following the initial rapid drop in E~ produced.n~
change in system Eh, ruling out the H2 -H+ couple as a potential determining
component. h) The demonstrated ability of reversible organic couples to exert
electrode potentials (4) . i) The ability of irreversible organic couples to
exert electrode potentials via a ''mediator" system (4, 9) ·
Even though iron and manganese redox systems were not solely responsible
for the Eh observed in our microcosms, their redox couples were exerting an
influence. Because of their electroactivd nature, Mn and Fe redox couples can
act as "mediators" for irreversible redox systems (9).
Iron and manganese redox couples may also contribute to the mixed potential that was probably regulating Eh in our systems. A mixed potential is essentially a weighted average
of the potentials of all redox couples present, the weighting of each couple
dependent upon its exchange current (2, 3).
Patrick and Mikkelson (17) considered the redox potential of a submerged soil to be a mixed potential and
felt that any shift in the redox potential signaled a shift in the oxidationreduction equilibrium, usually involving changes in more than one system.
Our experiments have clearly demonstrated that microcosms represent a
feasible tool for simulating anaerobic processes of flooded soils and sediments. The temptation exists to extrapolate the results obtained in these
systems directly to anaerobic waters of reservoir hypolimnions; indeed, Ponnamperuma (22) has given thorough consideration to the movement of the boundary
between the aerobic and anaerobic zones from lake sediments to above the mud
surface, and into the hypolimnion. We feel that by this process the water of
the hypolimnion becomes an extension of the sediment interstitial water, although the intensity of reduction and the reduction products observed may not
be identical. Mortimer (12, 13) has observed that in eutrophic lakes which develop thermal stratification, the redox potential declines rapidly in the
thermocline and may acquire, in the hypolimnion, values that are as low as
those in the underlying reduced sediments. Thus, with some care, the results
obtained with microcosms can probably be used to study and interpret processes
that occur in anaerobic hypolimnions of reservoirs.
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DISCUSSION
PERSISTENCE AND EXTRAPOLATION
TIEDJE: Dr. Kaufman, when a soil chemist begins investigation of a compound
in the environment, the first experiment he wants to do is to determine absorption isotherms. Is this an appropriate approach for aquatic sediments?
KAUFMAN: Yes I think it is a reasonable approach. I. think your absorption
isotherms hav~ to be established with something which is characteristic of
that population.
TIEDJE: Should sediment absorption isotherms be an initial experiment to perform, in a Tier l test?
KAUFMAN: I agree with the chemists in that in a Tier 1, I would like to see
those six or seven bits of physical/chemical information. Just from the
standpoint of having some feeling for the potential for biodegradability.
TIEDJE: You conunented on anaerobic metabolism which is an intere~t of mine.
I have a feeling that a lot of people don't know what anaerobic metabolism
really is, and how to perform it correctly. I would be concerned that any
simple test may not reflect true anaerobic metabolism.
KAUFMAN:

I agree.

PLIMMER: One of the likely requirements for soil function tests is that they
indicate effects of pesticides on microbial populations. Do you believe we
can extrapolate from experiments in the laboratory to the field, particularly
with regard to persistence of pesticides?
KAUFMAN: We have to know what goes on with these compounds in the environment. Soil microbes are indeed a part of the environment. From a puristic
standpoint, these microbes are just as complex, just as reactive as every
other organism in that environment. If you put some chemical out there, regardless of the concentration, it is going to have some effect on some segment
of the concentration, it is going to have some effect on some segment of the
environment. You can't deny it is going to have an effect; if you do, you
deny that biodegradation occurs. It is an extremely complex thing to sit down
and measure effects on the total population. But what do you measure? How
many Aspergillus, how many Penicillium, how many bacteria? We all are quite
familiar with how complex that gets to be. If we decide as microbiologists
that we want to push for that testing, we can create a lot of jobs for ourselves, but is it realistic? I have always supported that processes that go
on in the soil are the most important things. If we are going to be asked to
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do something on the effect of those chemicals on the population, let's look at
it from a pro~ess standpoint. We know that the nitrogen cycle is important.
As long as we don't impair those cycles, I think it is reasonable to say, all
right, let's go ahead and use it.
If you look at it that you can change the
population, even if you lose something out of the nitrogen cycle, is there another part of the population that in the absence of that chemical or another
organism, can replace that other organism in the cycle?
PLIMMER: Do you know of any case where a deleterious effect in the laboratory
has actually shown up in the field in these microbial function tests?
KAPLAN:
I can't answer that question directly, but perhaps I can offer something to help. When we evaluate some of our treated materials, we use soil
burial. The soil is maintained in the specific way, it is made up in a specific way, and it is kept under relative humidity conditions in a tropical
chamber. These pans have had soil in them now for approximately 30 years, and
they have been amended about 20 years ago. These soils have received any number of toxic compounds within impregnated material. You should think that
over this period of time as it is reflected in the functionality tests, we
should see some differences. But to this day, if you put an untreated fabric
into the soil and use tensile strength as your criterion, the untreated fabric
loses 50% of its tensile strength between 3 and 5 days. The functionality of
that soil, as measured by a physical measurement on a susceptible material, is
there. We haven't characterized the population, but it, in fact, supports
what you said.
CHOU: Preparation of the tested material has a tremendous influence on the
biodegradation rate. When you are dealing with water and insoluble test substances how do you deal with this one problem? Are you using acetone? How do
you insure that you have mixed the substrate homogeneously into the soil?
Could you comment on this, please?
KAUFMAN: Whenever possible we will put the compound in the water. Yes, we do
add pesticides to soils with ethanolic or acetone solutions. We avoid benzene,
although benzene in some environments appears to be a fairly biodegradable
compound, but frequently inhibits a soil population.
CHOU: Thank you. If this test system is a liquid, and a substance has solubility of only one ppb, if we add a concentrate of 1000 ppm, what will happen?
Are you studying the soluble portion or the insoluble portion?
14

KAUFMAN: Ultimately we're studying all of it.
If you are using a
C-labelled
material, a certain portion of it happens to be absorbed or crystallized or
whatever it gradually does come into solution, and become a part of the metabolic picture.
PRITCHARD: Do you think, from what you've seen at this workshop, that there
is any need to generate biodegradation information in aquatic systems once it
has been generated from a soil study?
KAUFMAN:
I am not quite sure what you mean. Are you saying that a soil
study, such as I do, is adequate to protect an aquatic environment? Or are
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you saying that the types of things we do in soil will be adequate for the
aquatic system? Those are two different things.
PRITCHARD:

I agree.

Could you answer both of them?

KAUFMAN: I think we are both making it complex. I think there is a certain
amount of information to be gained from a soil study which can be applied to
the aquatic system. However, based on a lot of what I have heard this week,
an aquatic study may generate information which could not be obtainable by extrapolation from a soil study. If you approach it from the standpoint that
what you put out in the field gets washed away along with the microbes, then
a certain amount of degradation is going to go on while the suspended material
is still a recognizable soil particle. Whether we can get that specific in
measuring the degradation of a compound in an aquatlc environment is a difficult question to answer. When the compound gets down into the sediment, you
get into a different type of mineralization. Then, we probably lose some of
our ability to project from one environment to another. If you have to make a
projection, maybe it should be more on a class or type of biochemical process
which could be the same for both environments. If it is degraded under a reductive environment more rapidly than in an oxidative environment, perhaps in
sediment it will go much more rapidly. I am really reluctant to go very far
with projections from soil to aquatic environment. It's like extrapolating
from test tube reactions; you know something happened, you have an idea of how
it happened, but from there you've got to put it into the context of environmental conditions.
PRITCHARD: Taking what Art has said in terms of analyzing the environment and
its effect on processes, are soil microbiologists much farther along in determining this? Or are our aquatic systems special enough so that we need a
whole new set of approaches? It appears to me that a lot of soil studies can
be done relatively simply. Putting a compound into a soil sample often generates a result that can be environmentally useful right away. In aquatic environments, it may not be that easy, simply because of immediate dilution.
KAUFMAN: I think we know a lot more about soil than we do about aquatic or
marine environments now. I haven't paid much attention to the history of
aquatics or marine environments. But I feel that soil microbiology has got a
much greater wealth of information at this point. Judging from some of the
things I hear you people dealing with here, I think you have got a whole new
set of problems.
KAPLAN: I think you first have to establish the correlation. It is bad to
assume this is going to happen. I will give you a very specific example. We
are conce:i;ned with what happens to TNT in the environment in soil in water
and particularly in our instance, in biological processes as a pollution
'
abateme~t process.
As such, we have studied the fate of TNT aerobically and
anaerobically. We have identified the intermediates; we've done all the
tagged studies. We've looked for 14 c in co 2 , in cellular constituents, in
sludge, in condensates, and all of that. We've found in two instances where
we have aqueous studies that generally, the same course of action in the soil
is found in a biological pollution abatement system. But more recently the
question has come up, if you take TNT-contaminated materials and compost them,
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as you would in an agricultural composting, do you now expect to find the same
sequence of events? Again, your first thought was, well, we've studied this
thing fairly well, both in the field and in the laboratory. You say, no, it
shouldn't be much different. Then you stop and draw back, because there you
have the effect of elevated temperatures. You get another set of organisms
coming into that environment which is, I understand, the primary degraders of
cellulose, the Actinomycetes. So extrapolating from one environment to another, only with extreme caution, and only as a guideline. I do think that
you have to establish the correlation, and in fact, you find that you can generally use it advantageously, then fair enough. But again, it's a situation
where you tread very softly.
TIEDJE: I'd like to comment on this as one who has done work both in soil and
aquatic environments. We always teach microbial ecology from the point of
view that microorganisms in nature, and their processes, are very similar;
it's only the details that are different. We call an aquatic environment just
an excessively dilute soil. There is one basic difference, of relevance here,
and that is biomass. It's much lower in an aquatic environment. That's the
principal difference. Another point of difference can be the lack of particle
surfaces which can often be a moderating effect. The question was raised earlier on the testing for toxic effects on microbes. I would certainly agree
that processes are the focus, but I am even wondering if that's worth the resources required, particularly for the soil environment, because there is so
little active material in the soil solution, and the microbes have adapted to
exist in a rather harsh environment. You really don't have much of a toxic
effect. I think the literature bears this out. In terms of development of
toxicological testing methods, I think approaches can be somewhat similar for
both environments. Soil microbiology has more information because it has been
in existence for a longer period of time. However, the aquatic environment is
much simpler; whenever we want to try an experiment to examine for a basic
principle, we always use an aquatic environment. In soil you never know the
microhabitats.
JOHNSON: Are you familiar with the EPA test called the soil/catfish/water
test? This is frequently required of industry. I thought this was such a
happy marriage right now, you might like to comment on that particular test.
The test operates in this particular fashion for a number of pesticides. I
think it is required in some situations on other materials. The chemical of
interest is incorporated into the soil; it is covered with water; then a catfish is introduced, and one measures persistency. I was wondering if you have
heard of it, and would you like to comment on its relevancy? It is a relatively expensive test.
KAUFMAN: I claim ignorance as far as whether the test was a requirement or
not. I wasn't aware that it was. By the same token I will say that we did it
with one chemical. We put that chemical into the soil, put the water in, put
the catfish in just as you have described. We found we had toxicological
problems we never really anticipated having. We have not gone back to examine
just what it is. We are in the process of doing that now.
JOHNSON: Well, I was just thinking of the validity of the particular organism.
How do you interpret this? Is this in reference to a pond or an aquatic
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environment, or should we consider it an agricultural soil? Or should we consider this some sort of test of metabolism within a catfish?
KAUFMAN: You could characterize it as a runoff situation of the pesticide.
You've got sediment settled out, and you've got a catfish feeding on the bottom.
PLIMMER: I'd like to comment on that or a similar test; I think there was a
recent publication in the Journal of Agriculture and Food Chemistry dealing
with a similar problem. Once I was in the position of the registrant; we were
going along with a program to register 2,4-D dimethylamine salt. A problem
arose because of a pond experiment. Residues of radioactive material occurred
in fish in a small enclosed pond. It took several years to elucidate this
problem. There was a residue which appeared to persist. In this particular
situation, you had complete breakdown of 2,.4-D, probably to bicarbonate, in an
enclosed pond system. Then, there was further uptake and incorporation of the
residue, probably as bicarbonate or whatever, into a metabolic pool. This was
incorporated into tissue and structural material, and it took a long time to
establish that the radioactivity was actually present in lipids, amino acids,
etc. The question is, what's a residue? I think this becomes a real philosophical question. In fact, you've got residues, but they may be metabolites
of metabolites. That kind of test can be awfully complex.
KAUFMAN: Another example: I've done a whole lot of studies with a compound
in the soil. I knew what happened to it in the soil. A compatriot was working on his plant uptake in metabolism. He knew what happened to it in the
plant. He, knew which products might possibly come out of the soil which would
be absorbed by the plant, translocated, and to what part of the plant. Having
done 14 C studies, to characterize or identify all the 14 c activity which came
up into the seed or calculate it as percent parent material. If they calculated this as percent parent material, they were above the tolerance levels
for that compound at that time. But having put all the knowledge from the
various aspects together, we encouraged them to take the seed, tear it apart,
and examine the amino acids. That's where the 14 c was, simply amino acids.
But the compound went into the soil, was metabolized, taken up into a product
which the plant further converted into a natural amino acid.
SHARP: Dr. Plimmer answered in part some of the queries about the test. I
can assure Don Kaufman that the catfish/static test is a requirement. It's
called a bioaccumulation test, but what is asked for is a complete metabolism
study at every fish sampling period. If you do not have bioaccumulation in
the organism, and you are running it at one ppm in the water, it's technologically impossible to define that metabolism. There's a second test a flowt~rough ~est with labelled material. At each harvest, the complet~ metabolism
picture is supposed to be defined. One things both tests do tell us and that
is that Carbon 14 has a very long half-life.
'
KAUFMAN: This is one of the problems of working with 14 c; it has been a great
boon to science. In terms of environmental chemistry, it has become quite a
handicap as well.
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TIEDJE: Dr. Gunnison, I have a question with regard to ammonium production.
This might be taken as evidence of dissimilatory reduction of nitrate to ammoniu~.
I noticed that it did not occur when you had the iron and manganese
in the system, presumably because the redox was too high for that reduction.
Is that a correct interpretation?
GUNNISON: Well, there is probably ammonia accumulation still going on while
we were getting our initial manganese reduction. It did plateau after awhile,
but we did not look at the particular phase. We did not see how much this
nitrogen was being tied up by the "bugs." So that is one thing that I can't
extrapolate. When we spiked the system with a nitrate later we did not get
the accumulation of ammonia; however, manganese and iron reduction was going
on vigorously.
TIEDJE: In your system you had a fairly large amount of organic nitrogen
which would be mineralized and thus a source of ammonium. But there is growing evidence of the importance in anaerobic systems of the reduction of nitrate to ammonium. In the February issue of Applied and Environmental Microbiology there are two papers dealing with this subject.
GUNNISON:

I am not going to deny it but without a tracer you can't tell.

TIEDJE: Very correct. I would also like to make a comment on measurement of
redox. I think people sometimes measure redox much as you would measure nitrate concentration or pH. Because of the chemical basis of the redox measurement, it can only be a ballpark estimate in samples with complex chemical
couples. My point is one of caution. Use it as a ballpark estimate rather
than a precise value.
GUNNISON: I might also add that even with a more stable system such as an
actual sediment rather than slurry like we had, you had to let that probe sit
in place for 12 hours before you had a stable reading. We've gotten into a
number of arguments with other people from EPA, Georgia, over whether this is
valid reading.
POOLE: Did I understand right? You left your redox probe in system for 12
hours? Do you feel certain that you were measuring the redox of that environment or the redox on that probe?
GUNNISON:
POOLE:

Do you mean did the probe become fouled?

Yes.

GUNNISON: They were very clean when we took them out. We've had problems
with that in other systems. We have a larger system, 12 liters; the smaller
system does not have the capability of taking all the probes and they do get
fouled up. It is very obvious that material has accumulated on them. When we
take our probes out, we clean them using a chromex solution to get the bright
platinum surface. These Eh probes are our own making, and references are
given in the paper. They're fairly clean when they come out of the larger
system. I am fairly certain because of the swirling that goes on in the system that they are not being fouled up.
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POOLE: We've found with marine sediments that this drift is a great problem.
You put the probe in, watch the needle drift down, down~ and down. Our s~an
dard procedure is to make our measurements after five minutes when the drift
stops. But if we don't clean our probes after every measurement, you can
guarantee the wrong result. That's with sulfide systems.
GUNNISON: I agree. sulfide does poison the things rather seriously. We have,
on occasion, re-oxidized our system. The thing goes up immediately with no
problem. So I would say it's responding normally. Whether some microfouling
might have caused some small aberration, I don't know. Our findings are also
repeatable when we've run the experiments over again. That's another point in
its favor.
BRANNON: To maybe help
to still be very bright
incubation, and checked
we were still getting a

answer your question, Nigel, we found the
after incubation. I also took them after
them in a range of buffered solutions and
very good response in a fairly reasonable

electrodes
40 days of
known Eh and
period.

GUNNISON: I have heard a number of complaints as to the dearth of chemists
attending this meeting. Mr. Brannon is a geochemist, I think he is qualified
to answer that.
TIEDJE: Now, we have an opportunity for open discussion on persistence and
extrapolation.
BOURQUIN: Just a question addressed to the panel or anyone else to start some
discussion. This week we've talked a lot about methods to look at biodegradation. We talked a good bit about looking for the positive results. One of
the questions that was posed in the goals of the workshop was how many or what
kinds of tests are necessary to say a compound is persistent? How many negatives do we need to make that decision? The compound is shown to be degradable in certain environments but maybe not in others. What parameters do we
use to tell us when this many negative results is really enough to say a compound is persistent?
TIEDJE: Our Task Group discussed some
our recommendations for length of test
whichever is longer. But this doesn't
sary. The ultimate test would be in a

portions of this last night. One of
will be two half-lives or one year,
say how many tests are really necessubsample of a habitat of interest.

KAUFMAN: With that bit of coaching, I will answer. I am inclined to agree
with that--a couple of half-lives or longer. I think we need to define what
longer is. Having assisted in the development of some protocols for OPP, we
came up with the philosophy that perhaps two or three half-lives would be adequate, or longer, should be one year whichever came first. In other words, if
~ou go through two or three half-lives in a few months, you are home free, but
if you go beyond the year, then you've got other kinds of problems. Rather
than wait to get a single half-life, which may take a couple of years, stop at
the end.of ~he year a~d go on to the other problems you anticipate this chemical having in the environment. I would agree with Jim that some fraction of
the environment of interest is the best place to test it.
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DAUGHTON: I'd like to say something concerning rates which has been talked
about a lot and brought down the wrath of EPA. I think there could be a danger in getting hung up on determining the rates whether they're relative or
absolute or whatever. They can't supply the information concerning what could
possibly happen to a compound in the environment as can our understanding of
concepts and processes which can occur. A specific example: you can do a lot
of work trying to figure out rates of dissipation, disappearance through metabolism, or whatever, of organophosphate pesticide and its breakdown products.
These data have absolutely no relevance at all if one doesn't take into consideration other parameters, especially that of concentration of inorganic
phosphates. If inorganic phosphates are present you don't get any metabolism;
if it's absent, it possibly gets metabolized. I think this is where the major
value of modelling comes in. Not in predicted value, but in the way it constantly brings up new ideas, brings to the attention new things to be taken
into consideration in determining how we are going to predict what's going to
happen to a certain compound.
DiGERONIMO: I have a question for Jim. If some political bodies are going to
regulate some compound and some other organization is going to turn in a fate
study or persistence study, could you speculate on whose data you would take
if based on concentration with regard to persistence? Also, how low do you
think you should go in terms of concentration?
TIEDJE:
tion?

Could you repeat your description of the two sources and the informa-

DiGERONIMO: Well, somebody, say EPA, may turn in work at a concentration of
one ppm or 40 ppb and you see persistence that lasts for 20 days. But then
somebody else, the chemical company, turns in other findings that say our concentration at 40 pptr lasts one day. Okay, is that considered a persistent
compound then, or what?
TIEDJE: From our Task Group discussion of persistence and extrapolation, we
feel that at least three concentrations need to be examined. These should
bracket the extreme that could be expected to occur in the environment of interest. Hopefully, that would then cover the case you're dealing with.
DiGERONIMO: The last part is whose environment would you validate this on?
If I am Dade Chemical Company, the EPA is doing it one way and I'm doing it
another, and we get conflicting results, how do you extrapolate that?
PLIMMER: I'm sorry that I came into the meeting rather late to catch up with
the gist of this. But the question I ask is, when does it become necessary to
determine persistence? That is, if we look at all the compounds coming under
the Toxic Substances Control Act, surely we've got to make a selection before
we start discussing the question of persistence. In pesticides, where we have
a lot of experience, it's quite clear that we have to ask that question. Now,
I think, somehow that there's got to be a hierarchy of questions, a tier system or whatever. Persistence may be one of those further down the line. This
may have been discussed before, but the range of organic substances that we're
going to look at will presumably include polymers and things like fiberglass
boats or whatever. I would hope that some of them would persist for a long
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time. If my boat degrades in the environment, Paul, I hope you'll be in it
with me.
DiGERONIMO:

I am not sure if he answered my question.

TIEDJE: No, we didn't answer the question. I guess it's very difficult, but
if I were making regulatory decisions, I would have to evaluate how near. the
test environment was to original habitat. This brings in the question of diversity of the habitat, and we felt in our discussion group that because of the
great diversity of habitats, one could not extrapolate rates. One could get an
impression of what is expected based upon the rank of the test chemical in the
degradation test compared to the behavior of it to some known compounds.
DiGERONIMO: But the main problem is if you have two conflicting reports, one
like from a government agency whose job it is to protect the environment, and
another from a company whose job it is to make a profit. How are you going to
handle that decision? For example, last night we had two conflicting reports
on Kepone. I was just wondering, how would you handle something like that?
KAPLAN: Well, I think you're premature in some of these suppositions. It may
be that both sets of data are equally valid from the company and the regulatory agency. Of course, you look at the merits of the test to see whether
they are valid. Furthermore, you can't extrapolate unless you have a field
base for recovery or a past experience. If we say you can't extrapolate because rates as such have no meaning in the environment, because of all the
perturbations, then you can't set a level unless you have some experience.
With old cpemicals, fortunately, we are able to do this to a degree. With new
chemicals, you simply are not going to be able to do this until that accumulates in the environment. But with regard to persistence, if the compounds
are going to be toxic, for example, then you don't want it. Your decision
would be you're not going to have it in the environment. Of course, then you
begin to be concerned whether it's an all or nothing, tolerance levels. I
think at this point for new chemicals, or for chemicals with no experience,
you're setting up hypothetical situations that I think you can't address until
you're faced with an exact situation.
KAUFMAN: I'd like to make a comment in defense of industry. That is, yes,
industry is interested in making a profit, but they're also interested in protecting that profit. And they are not about to let that chemical go out there,
at least in most reasonable situations, without having some basic knowledge.
For the most part, we recognize, they're doing a darn good job. Yes, there
are those who are not, and I think as time goes along those are becoming obvious. It's human nature, some people do a good job, and there are others who
don't. By virtue of many characteristics, you understand and recognize where
some of that is. Something else which we talked about again in formulating
protocols for OPP is the use of a benchmark system. The benefit of the benchmark system, in this case, is that along with the chemical that you're really
concerned about, you have another standard that has already been studied, and
we know a lot about. In the system that you're looking at, you watch the behavior of that chemical just as closely as you watch the one that you're primarily interested in. This has several advantages. It gives you a measure of
where your chemical is, and how it's relating to the standard. It also gives
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the person judging your work a unit of measure as tq how well you did your
work, or what your environment was like, etc.
BETTINGER: It seems to me that pesticides known to persist in the environment
have garnered most of the attention here this week, at the expense of all
those other compounds that are less refractory. The efforts of the task groups
seem to have been channeled into following the fate of pesticides into every
ecological niche possible, and not on the general question of persistence of
all compounds. It's a mistake to approach a definition of persistence and the
means to test for it using pesticides as the only model. We have to be open
to assessing all compounds in a rational manner, particularly when it comes to
screening methods for persistence.
BAUGHMAN: I want to make a point that somebody has to make at this meeting,
it may as well be me. That is, I'm just a little bit dismayed at the aversion
to extrapolation that appears to be among this group of people. The truth is,
we're going to extrapolate. EPA is going to extrapolate, industry is going to
extrapolate, every scientist in this room extrapolates all the time. It's a
moot point whether or not we're going to extrapolate; the answer, I believe,
is unequivocally yes. The question is, what are the grounds on which we're
going to base the extrapolation? One of the things that I find rather difficult to cope with is that we're extremely concerned about how to develop tests.
Yet, we haven't decided on the rationale by which we'll analyze the data and
how we will extrapolate it. Every test, whether it be in the basic sciences
or whether it's for some environmental purpose, invariably is used for extrapolation. In most cases, if data do not have some extrapolational values,
they are not very good. This is even true in the laboratory; if we make the
calibration curve for a chromatograph, we use it to extrapolate between the
points that we put on the curve. In view of the difficulties of defining
terms like persistence and questions about how we are going to develop tests,
it seems very clear that we have to give a lot more attention to the rationale
we're going to base our extrapolations on, and quit worrying about whether we
will extrapolate.
TIEDJE: Good point, I would have to agree. I think by the very nature of
scientists, we tend to be conservative in interpretations of our results. It
is very difficult to face the hard fact of having to make a final decision on
a set of guidelines. You know we're used to 95% confidence intervals; it's
difficult to merge the two positions.
BAUGHMAN: I agree with you. I think a significant factor here is not whether
the decisions we need to make for these purposes are scientific, but rather
how can we make the best decision with a reasonable amount of data? It seems
to me the kind of data and decisions that we need, as scientists, is different
from what we need in order to make a good value judgment about whether or not
a compound is to be used in the environment. We simply can't afford the kind
of data to make scientifically defensible decisions on every compound.
DAUGHTON: Just a comment on the standard curve analogy. I don't think that
many people like to extrapolate to community interpolations. I don't know if
that would be of much use to us. Hap, one thing I wanted to say concerning
rates. It's possible to figure out a rate for the worst possible world
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situation, whatever that is. Then maybe it is possible to use that as a basis
for determining what an application or effluent rate should be. So if you end
up determining rates for the best of all possible worlds, then we get into a
lot of trouble.
PRITCHARD: I agree wholeheartedly. On the one hand, I think the more input
we have into the determination of a rate in terms of environmental effects,
the better the rate measurement will be. On the other hand, we can't go on
and on forever doing these effects' measurements; somewhere we will have to
draw a line. As George indicates, we're at the point now where we haven't got
a hell of a lot of time. We will have to take what we can get. We'll have to
put as much effort into looking at all variables to make sure a rate measurement is valid, but at the same time we must go ahead and use what we've got
now.
GUNNISON: I'd like to point out that there are occasions when you don't have
the data. You may never have it. Take the case of a proposal to build a
reservoir in some long forgotten mountain valley, and you're called upon to
write an impact statement for water quality. You may be so fortunate as to
have several reservoirs or lakes in the neighborhood which you can run out and
gather data on. Then extrapolate, comparing the inflowing stream quality and
the quality of the floor that's going to be flooded when the reservoir is
filled. You may be so unfortunate as to have no example. In that case, then
that math model may be the only way to go about it. I'm not waving the flag
for math methods but here's a case of extreme extrapolation.
BAUGHMAN: I think there is a different kind of data than what we have talked
about that is extremely important to those of us who would like to extrapolate
occasionally. And that is, there is a tremendous need for environmental
studies that give an idea of the range of variability that one finds in the
environment. For example, it's one thing to have to make an extrapolation
with respect to some parameter that varies a factor of two in the environment,
but quite a different matter if it can vary over seven or eight orders of magnitude. And we really have very little data about the different kinds of environmental parameters and the ranges they cover. For example, I believe Dr.
Slater suggested that the Ks values for microorganisms are subject to change.
But we really know little about the magnitude of rate constants for microorganisms in water or the kinds of ranges over which those parameters can
vary. It is extremely important, if you can't measure the parameter, to be
able to put a range on it. Only in a very few cases at present can we do even
that.
TIEDJE: I would like to introduce one other topic that I think needs some
consideration at this meeting. That is the future direction, or future optimization of biodegradation research. What I mean is, what should be the interrelationship between government, industry, and university groups? This is
in terms of topics of research, resources for research, and publishing information from research. I'm concerned that we get the best conceptual advances
in biodegradation research. My impression of the field as a whole is that
~is has not occurred . . I~ my own cas~, I.have considered leaving_biodegradation research, because it s become primarily a government and industry activity.
On the other hand, I am interested in seeing that the conceptual advances occur and that there is some check on those two organizations going their own
way.
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SUMMARY
Chairperson, Stanley Dagley
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TASK GROUP REPORTS
TASK GROUP I:

TRANSFORMATIONS IN AQUATIC ENVIRONMENTS
C. D. Litchfield, Chairperson

The purpose of this task group was to determine whether: biodegradability would be the same in soils as in aquatic environments for natural organics; would the rates of biodegradation be equivalent; and what distinctive
factors in the various sedimentary environments might affect these rates. A
further question arose concerning the concentration or threshold level of substrates and their effects on microbes.
In regard to general biodegradability in terrestrial versus aquatic systems, there seemed to be a consensus on the following two points: If you do
not find decomposition in an activated sludge or soil system, then probably
you would not find degradation in aquatic or marine environments; however,
just because decomposition is occurring in these model systems, it does not
mean that degradation will occur in aquatic environments. This leaves us with
the question of rates. There are likely to be major rate differences between
soil and sediment because they differ primarily in: the component microbial
flora, with marine sediments containing fewer fungi, Streptomycetes, Bacillus,
etc.; a greater potential for anoxia in sediments, i.e., lack of oxygen, high
H2 S, hi~h NH 4 levels; less susceptibility to temperature extremes in marine
sediments; and water normally is not a limiting factor in marine sediments.
Also, in general, soils and aquatic sediments differ in that water is not a
limiting factor in the surficial layers in the latter environment. Hence,
water and compounds move both into and out of sediments, while in soils, movement is generally downward. Thus, microbial degradation in sediments can
drastically affect concentrations in the water colunm by altering the purely
abiogenic equilibrium. However, in both systems, the prevention or activation
of microbial degradation and decomposition rates will be affected by sorption
and interface phenomena. Sediments which can become anoxic will most likely
have decreased decomposition rates. The overall end result may not be different as it is likely that alternate pathways have been evolved by anaerobes.
Because of the distinctive property of aquatic environments, the dilution
by an aqueous environment, it is likely that rates will be slower than in terrestrial or sludge systems. Distinctive characteristics of aquatic environments can only be considered if we separate freshwater and marine water. In
freshwater systems, specifically lakes, development of seasonally induced anoxic hypolimnion and severe temperature fluctuations produce major shifts in
microbial types, biomass, and activities. In both systems, nutrients (nitrogen, phosphate, oxygen) can be limiting. However, in marine waters, the organic and nutrient loads are routinely very low because of the sheer dilution
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effect of the volume of seawater. This nutrient limitation can have the direct effect of preventing microbial decomposition. It is also possible that
the decompos_ition of organic compounds will be accelerated simply because
there is a deficit of organic carbon.
Regardless of the aquatic environment, several other parameters must be
considered, including current patterns, hydrography, temperature, salinity,
and season. The first two, currents and hydrography, affect nutrient distribution and pollutant dilution. Bacterial numbers, generic types, and activity
levels are known to vary with season, temperature, and salinity. Salinity and
temperature are likely to be more important in estuarine than in coastal zone
situations. In estuaries and coastal zones, tidal influences will affect bacterial numbers and the physical-chemical characteristics of beaches and mud
flats.
A final consideration of the task group was to assess the effects of concentration and threshold. A conceptual framework was developed in which the
threshold concentrations of a compound are the minimum and maximum concentrations of the compound above and below which microbial degradation can no longer
be detected even though other necessary factors (pH, Eh, oxygen, nutrients, and
biomass) are favorable.
In concluding this philosophical analysis of environments, it was observed
that something which is not degraded will most likely end up in sediments, on
beaches, etc. In considering the rate of biodegradation, the environment into
which the compound will most likely be introduced should be mimicked as closely
as possible because the unique properties of that environment will affect the
amount of biodegradability noted. It is possible that any compound could be
degraded but this is not likely at rates that will prevent accumulation. After
all, if marine sediment microbes rapidly degraded all hydrocarbons, we would
have no problems evaluating offshore drilling.
Task Group Members:

T. Blackburn, M. DiGeronimo, G. Floodgate, M. Hood,
A. Ivanovici, J. Jeansonne, H. Kadota, D. Laskowski,
c. Warnes, R. Wright

TASK GROUP II:

BIOCHEMISTRY OF MICROBIAL DEGRADATION
D. T. Gibson, Chairperson

The reasons why biochemists study the biochemical aspects of microbial
degradation are diverse and, in many instances, only tangentially related to
environmental pollution. As a general statement it may be said that the goal
of scientists working with pure cultures and isolated cellular components is
to understand various cellular processes in terms of our current knowledge of
chemistry. Microorganisms, particularly bacteria, have proved to be particu~arly su~table for s~ch studies and the current knowledge of the pathways of
intermediary metabolism, and the enzymology and genetic regulation of such
pathways is extensive. In contrast, the intimate details of the degradation
of molecules whose structure is far removed from the compounds of intermediary
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metabolism is less well understood. For the purposes of this workshop we feel
that we should point out that in most instances detailed biochemical studies
are not directed toward providing a full explanation of environmental interactions. But, until techniques are available to conduct such studies under
environmental conditions they could be viewed as an important component of the
current attempts to explain the fate and effects of certain classes of compounds in various environmental habitats.
In very general terms it may be stated that the cycling of carbon in nature predicts the existence of organisms that can degrade molecules that are
produced by biosynthesis. This is because the organisms have had sufficient
time to evolve the requisite enzyme systems. In contrast, there is no valid
reason to expect that microorganisms are able immediately to metabolize compounds that bear little or no structural resemblance to naturally occurring
compounds. Thus, for many of the synthetic chemicals produced by modern technology it seems probable that they undergo biodegradation since they fortuitously contain structural features that are common to naturally occurring compounds (for example, the chlorophenoxyacetic acid herbicides which can be related to those chlorophenols found to occur naturally) .
The task groups spent many hours discussing how pure culture and mechanism studies could be useful to present and future investigations at the environmental level. One of the conclusions reached was that there are hundreds of easy questions and very few definitive answers.
l.

What is presently known about the degradation of compounds in relation to
chemical structure?

At the present time the amount of information is limited, although certain classes of compounds have received intensive investigation. Nevertheless
the group felt that the available data could provide a fragmentary but valuable
basis for assessing the potential susceptibility of new chemicals to undergo
microbial degradation. Such assessments have obvious implications for regulatory decision-making and the design of new synthetic compounds. While purely
a priori chemical considerations will probably never replace direct studies on
the environmental fate of novel compounds in assessing environmental impact,
such considerations have both heuristic and intrinsic value for attempts to
answer such questions such as: To what extent is a given compound likely to
prove recalcitrant? What classes of metabolites may be formed? Is the transformation of the compound likely to be conditional upon environmental factors,
for example, the availability of oxygen?
We should point out, however, that even if such an approach should prove
to be useful it is doubtful whether it will ever be possible to obtain completely reliable and consistent predictions on the decomposition of many organic compounds. This is due to our inability to assess adequately all environmental parameters which can place constraints upon the biodegradation processes outside the laboratory.
2.

What is the value and relevance of pure culture-mechanism studies to environmental concerns?

We perceive a number of ways in which such information can support and inform about biodegradation in the environment:
515

a) on purely formal grounds one can recognize from the structural features of organic compounds the possible chemical reactions which they may undergo. A knowledge of biochemical reactions used by different microorganisms
can then reveal the alternative strategies available for biodegradation. When
these are subject to close scrutiny by characterization of the purified enzymes which catalyze individual reactions, properties such as specificity, cosubstrate, and coenzyme requirements can reveal whether certain environmental
factors can limit their action. For example, the role of oxygen as a cosubstrate for so many enzymes of the monooxygenase and the dioxygenase classes is
now recognized in the use of mechanical agitators for aeration of lagoons used
in waste water treatment.
Factors such as permeation and mechanisms of enzyme derepression are important considerations in microbial metabolism, yet we know the ranges of
specificity of these systems in only a handful of situations. Explanations of
the failure of cells to modify or degrade certain compounds may be found,
therefore, not only in terms of the availability and specificity of appropriate
enzymes, but also with respect to permeation and enzyme induction mechanisms.
It should be stressed that this type of information is all qualitative in
character, that is, it will not provide an estimate of the rates of breakdown
of compounds. Its potential is in revealing the reactions that may occur, yet
does not guarantee that they will. Suggestions as to the organization and
systematization of a body of information about degradation mechanisms possessed
by microorganisms will be found in a later section of this report.
b) Relevance to Environmental Fate Studies. A body of information describing the range and variety of microbial conversions which may occur has
great value in guiding studies of the environmental fate of organic compounds.
For example, the identification of degradation products is facilitated by a
knowledge of possible reactions. Such conversions as polymerization, oxidative
coupling and conjugation constitute a range of alternative reactions which must
also be considered along with degradative reactions. Detection methods for
such compounds would then be developed as needed.
c) Relevance to Mixed Substrate-Mixed Culture Systems. The molecular
events which underlie the various kinds of mixed substrate transformations
collectively referred to under the heading "cometabolism" undoubtedly have
their explanations in terms of substrate and inducer specificities. If these
processes are to be of value in facilitating degradation it follows that a
better understanding can lead to more effective use. The interactions between
different components of stable communities of microorganisms (consortia) have
become a focus of interest in recent years. Explanations of the specific
chemical interdependencies in communities effecting degradation will derive in
part from studies of the individual microbial participants in pure culture.
d) Relevance to Testing Methodologies. Knowledge of the biochemistry of
microbial degradation can provide rationales for design of appropriate testing
procedures for assessing biodegradation in the environment. At the same time,
it can reveal limitations of existing methodologies. For example measurement
14
14
,
o f amounts of
C02 released from a
C-labelled organic compound must be assessed in relation to the pattern of label present in the parent compound, the
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metabolic fate of individual carbon atoms and the extent to which assimilation
may occur. In measurements of oxygen consumption to show biodegradation, care
must be taken to recognize that uncoupling of oxygenation reactions without
substrate attack may be responsible for the observed uptake.
e) Relevance in Guiding Studies of "Directed Evolution." While the modern techniques of molecular biology have great relevance to research in areas
of biodegradation, it remains problematical whether the construction of bacterial strains carrying multiple degradative plasmids contributes a greater
degradative capacity to the natural environment than is already present. Alternative approaches to development of improved "degrading" strains can be envisaged which depend upon alteration of enzyme specificities and upon regulatory changes which increase the amounts of enzymes manufactured.
3.

Limitations

a) Past degradation research has concentrated on pure culture studies
using, for the most part, bacteria; some fungal work has been conducted but
essentially no studies of other groups of unicellular eucaryotic organisms
have been made. Failure to examine such groups in detail is seen as a shortcoming of pure culture-mechanism studies.
b) There is no information on the existence of microbial flora specifically equipped to utilize and thereby degrade organic substrates at low concentrations. This is seen as a limitation of the present work.
c) There is a deficiency in our present knowledge with respect to the biodegradative abilities of specific groups of microorganisms other than those
which are usually isolated by conventional enrichment procedures. Thus, organisms which are found in uniquely characteristic habitats of the aquatic environment generally have been overlooked. To cite one example, the catabolic
activities of marine microorganisms have been little studied yet they are
found in an environment known to contain the greatest amount and variety of
organohalides of natural occurrence. Can we afford to overlook the possibility
that such organisms may be more adept at breaking down synthetic organohalides?
A second example relates to the actions of organisms occupying strictly anaerobic habitats. Whether they derive energy by fermentation or by anaerobic
respiration our knowledge of the biochemical processes involved is grossly deficient.
4.

Polymers

Structurally useful polymers, both natural and synthetic, present special
problems to microorganisms for their biodegradation. These include chemical
structure, insolubility, compact three-dimensional array and size. Studies on
the biodegradation of lignins and ligno-celluloses have not yet revealed the
mechanisms for the depolymerization and mineralization of these molecules.
Lignins, like many synthetic polymers, do not possess readily hydrolyzable
bonds, and serve plants by their structural properties and durability. A considerable period of time can elapse before the carbon of lignins becomes susceptible to a variety of environmental weathering and biodegradative processes
for its return to a dynamic portion of the carbon cycle. Some synthetic
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polymers have chemical structures that bear no resemblance to naturally occurring molecule~, and little, if any, evidence is available to show any biological decomposition.
In the context of this section, mention should be made of the fact that
we would benefit from the inclusion in studies of catabolic pathways, of experiments to test effects such as changing pH, temperature, salinity, etc., on
overall degradative capacity.
5.

Systematization of Information

The vast literature of biochemical transformations is scattered in a variety of basic, applied, technical and environmental journals, not to mention
in-house reports of manufacturing industries and governmental agencies. There
seems to be no reason why this cumulative knowledge could not be systematically arranged and classified for general use and easy access. This could be
done in terms of the chemical structures of compounds, such as functional
groupings and their arrangement in each molecular structure, and what is known
about their biological (and physico-chemical) transformations observed in the
laboratory and field. Such a compilation would be facilitated by the use of
computers and the application of Wisswesser procedure to denote the structures
of compounds by unambiguous line notations, as is already done for those interested in structure-activity relationships, and which are currently in use
in searches for new drugs. A compilation of this kind could readily be designed to predict what specific organisms and environmental conditions might
allow biotransformation of a compound under study, as well as provide the relevant literature references.
Task Group Members:

J.-M. Bollag, C. E. Cerniglia, P. Chapman, D. Ribbons

TASK GROUP III:

COMPARTMENTALIZATION IN AQUATIC ENVIRONMENTS
G. Chesters, Chairperson

The use of the term "compartments" led to semantical problems and the
term was largely discarded during the course of the task group deliberations.
Discussion centered on the following portions of the aquatic environment:
1) surface microlayers, 2) areas of anoxia, and 3) bottom and suspended sediments involving pollutant adsorption. Consensus was achieved that any evaluation of the hazards of toxic organic chemicals must take into account the effect of these conditions or processes on rates and types of degradation.
Continued research directed toward evaluation of the role of surface
films on microbial and chemical degradation and on the residence time of the
compound in the surface layers should be assessed. If, in fact, organisms and
pollutants are concentrated in surface microlayers, it is anticipated that this
set of circumstances should markedly affect the rate of degradation of pollutants. No clear evidence of generally enhanced degradation of pollutants in
this zone has been offered, and at this time it is difficult to assess the importance of surface microlayers in ridding the aquatic environment of toxic
pollutants. If residence times of pollutants in the surface microlayers are
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shown to be short, the effect on degradation processes is likely to be limited
and the phenomenon could probably be ignored. Conversely, if residence times
are long, then added significance should be given to the role of surface microlayers in purging the aquatic environment of hazardous chemicals.
Clearly, zones of anoxia occur either in the water column itself or in
the sediments of aquatic environments. Research needs to assess the significance of anoxia in marine and other aquatic environments include: a) determination of the possible chemical/physical changes which might occur to an organic pollutant in a reduced environment, for example, differences in the
pathways of degradation of DDT in aerobic and anaerobic environments; bl evaluation of the synergism which exists during the degradation process between
physiologically distinct microbial populations indicating that pure culture
experiments have little practical value for assessing the biodegradability of
pollutants; c) assessment of the possibility that a compound may indirectly
cause anoxia to develop or be maintained, for example, by altering the behavior of certain members of the benthic fauna which may result in changes in
the rate or type of degradation of the compound and producing metabolic components which could alter the normal toxicity spectrum of that compound, e.g.,
production of hydrogen sulfide; d) development of rigorous, inexpensive methodologies for providing anoxic conditions which can be replicated and used routinely to study anaerobic degradation.
Adsorption reactions at the surface of particulate matter are likely to
affect the rate of removal of toxicants from the environment. In general, adsorption by sediments is governed by the surface area exposed by the particles.
However, it should be noted that dispersion of sediments or soils by drastic
means, i.e., rerroval of organic matter by treatment with hydrogen peroxide
followed by shaking with sodium hexametaphosphate or by treatment with ultrasound, is not likely to reflect the extent of exposed surfaces in soils or
sediments. Other methodologies which simulate the conditions which particles
are exposed to in the environment must be developed. Degradation rates for
adsorbed pollutants by purely chemical mechanisms are frequently increased
over rates for the same pollutant in the nonadsorbed state, i.e., adsorptioncatalyzed chemical degradation. Conversely, the rates of degradation mediated
by biological processes often are decreased, perhaps due to decreased accessibility of the pollutant to the organism. Photochemical degradation for some
compounds is frequently enhanced in aquatic systems containing suspended sediments. Furthermore, rates of volatilization, extent of uptake by plants and
animals and transport of pollutants either through soils, overland or down
waterways is markedly reduced by sorptive reactions. From a research perspective isolation (methods of sampling) or particulate materials in the dispersed
or aggregated form in which they actually occur in the environment with their
associated pollutants intact need to be devised. The accomplishment of this
task would greatly assist in developing management strategies for controlling
the transport of land-generated pollutants to water bodies. Also, methodologies are needed for assessing the types and amounts of bound residues found in
soil and sediment systems.
In terms of developing a testing protocol for evaluation of risk incurred
in utilizing particular organic chemicals it is clearly not feasible to evaluate the effects of surface microlayers, anoxia, or particle-pollutant inter-
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actions on all chemicals subject to review. Some feeling was expressed that
an interpretation of the impact of anoxic conditions and pollutant adsorption
by sediment is needed even if direct experimentation cannot be incorporated
into the testing protocol. For example, based on the some hazard scale a particular compound may be placed in some borderline category, but a decision
might be made to give the compound a "safe" designation based on the knowledge
that the compound is strongly and almost irreversibly absorbed by soil and
sediment particles and this reaction markedly inactivates the compound. From
a microbiological viewpoint it was deemed important for the testing methodology
to include an evaluation of the impact of a compound under review on such major
processes as cellulose decomposition, the nitrogen cycle and perhaps others.
Transferability of information from freshwater to marine environments is
urgently needed and the extrapolation of detailed information gathered in
small watersheds or water bodies to large regions or major water courses must
be undertaken even though the interpretation leads to a marked decrease in
precision.
Task Group Members:

P. Lichtenstein, B. Norkrans, F. Passman, N. Poole,
J. Rogers, J. Zajic

TASK GROUP IV: MICROCOSMS
F. Matsumura, Chairperson
Microcosms are defined as any experimental setups and approaches to simulate or study the events that actually take place in the environment. Much
has been said about microcosms and several symposia have been held to discuss
the pros and cons of microcosm approaches in the past, the most notable one
being the workshop held in Otter Creek, Oregon, in June 1977. Frankly, this
task group has recognized past failure of previous workshops and began the
session by finding out the problems first.
The problems in utilizing microcosms approaches have been that 1) there
are many different designs, each suiting some purpose; 2) the field encompasses scientists from many, often unrelated, fields of science, such as system
scientists vs chemists; 3) the lack of the realization that no microcosms can
ever produce the same overall effects as the environment; 4) the lack of reproducible experimental design; and 5) disproportional by high biomass in microcosms as opposed to the natural environments. Above all, item (3) shown
above appears to be the most serious problem. In the past, certainly too much
was expected of microcosms. Some people expect absolutely quantitative microcosms data identical to that obtained from nature. Other people tried to put
everything together in the hope of simulating all the reactions that go on in
the environment only to find out that such complex systems are too difficult
to reproduce, too cumbersome to control each environmental factor, too costly
and most seriously of all, yield data which are very difficult to interpret.
On the other hand, one must look at the problem with a positive attitude.
After all, there is no panacea in any field, and yet progress has been made in
many fields by agreeing on a uniform initial approach. Toxicologists, for
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instance, have been relying heavily upon the use of rats as the primary screening means, although rats do not give all pertinent toxicity data on human and
other important biological systems. Molecular biologists use E. coli for their
studies on basic cellular function despite the fact that it is not even a eucaryotic organism. These approaches have served as the primary study protocol
for scientists in each field, and other secondary and tertiary study materials
such as primates and human cell and organ culture for the former and Drosophila
for the latter, etc., are used to supplement the deficiencies caused by the
choice of the primary studies.
At the same time, if this task group is to make positive contributions,
we have to clearly understand microcosm studies, the philosophy behind them,
the purpose, the strong points and the weakness of microcosmology, and devise
a plan of approach.
Philosophy
Any microcosm system is designed to study merely a small facet of environmental events. Often only one aspect of environmental events can be studied
or simulated in one set of experimental designs. While it is possible to design the experiment to ask questions on specific issues (e.g., photodecomposition, etc.), it must be clearly understood that no microcosms would give the
data quantitatively equal to the events taking place in nature. All values
generated by model ecosystems-microcosms are therefore only valid in a relative sense.
Purpose

Micro~osm studies may be used either for screening or prediction purposes
so long as their limitations as outlined above are understood. However, microcosms do not eliminate the necessity of field testing or environmental studies.
While microcosms studies may be a prominent tool for screening many premarket
chamicals, they must not be used for a regulatory purpose, at least at its
current state-of-the-art. It is possible that a microcosm approach would give
manufacturers the sense of relative stability and bioaccumulation potentials
for a compound, and thereby aid their decision-making processes to further
pursue its course or not. However, microcosmology does not guarantee the actual safety or unforeseen events related to the fate of the compound in nature.
Microcosms:

Definition and Explanation

Many people, including scientists themselves, have had trouble defining
microcosms. Microcosms mean one thing to a section of science and another
thing to others. There are basically four types of microcosms approaches:
a) "Benchmark" approaches where physicochemical parameters such as volatility, water-solubility, partition coefficients (e.g., water-octanol partitioning), etc., are determined and are utilized to predict the probability of
environmental behavior of compounds.
b) Single reaction approaches whereby only one set of interactions between the compound and one of the environmental forces, either biological or
physical, is studied. The use of microbial axenic cultures, photo-illumination to simulate sunlight and fish accumulation studies in the absence of food
organisms, etc., are included in this category. The advantages of such
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systems are l) reproducibility, 2) ease by which various environmental factors
can be controlled and varied, and 3) usual indication of the presence of the
cause-eff~ct relationship.
c) Multicomponent systems, where more than one factor is placed in one
system. They range from a small test tube containing nonsterile water to complex self-sustaining model ecosystems which may house various organisms at
different trophic levels in constituting an ecosystem-food web. Often only
multicomponent systems are referred to as microcosms. The advantages of this
type of microcosm are 1) one step closer to the environment, 2) often the data
on the ecological interactions can be generated, and 3) multistep reactions
can be studied, etc. On the other hand, the disadvantages of multicomponent
systems have already been described in this report.
d) System analysis approach. This route of approach to the environmental
studies has been made by mathematically oriented scientists such as systems
analysts, biostatisticians, etc. In many instances, these scientists use the
data generated by model ecosystems or small field studies or laboratory experimentation to predict or determine the rate by which compounds are metabolized and/or transported through the biosphere.
RECOMMENDATION
1) Relative Nature of Microcosm Data. It is most imperative to understand the fact that microcosms approach can only give values which are relative to other materials tested under the same system. That is, microcosms may
give the data that one compound, i.e., DDT, degrades faster than another similar compound, i.e., methoxychlor, in the same experimental setup. The system
by itself does not necessarily give the value as to how many months or years
the compound lasts in one system and this value does not mean anything to
others.
To this end the task force recommends that any microcosms studies include
a number of reference compounds which serve as the standard for the system.
Such standard compounds are selected on the basis of the past knowledge of
their environmental behavior (such as DDT, parathion, LAS, etc.) or the similarity of chemical structure particularly regarding their functional groups.
2) Reproducibility. To insure the validity of microcosms experiments, it
is imperative that the given system produces reproducible data within a set of
experiments. Otherwise, comparison among compounds as proposed above would
become meaningless. It must be pointed out here that such a requirement tends
to favor small and simple systems over more complex ones. The latter systems
certainly have a place in other areas than in the comparative studies as outlined above. Proper controls, such as a sterilized system for microbial
studies, are also to be used so as to ensure that no artifacts are involved.
3) Consideration of Biomass. Any model ecosystem which contains disproportional amounts of biomass could give unrealistic data. For instance, if a
large animal is placed in a small model system, the animal could consume most
of the test compound in a relatively short time span, and thereby minimize the
differences arrong test compounds. In this context, the task force feels that
microbial studies are most suited for model ecosystems because of their small
sizes in relation to that of the model system.
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4) "Benchmark" approaches (including literature survey) are recommended
as a prerequisite for model ecosystem studies. There is no question about the
phenomenon that physical properties affect the fate of chemicals in the environment. The choice of type and design of model ecosystems could be guided by
the physicochemical parameters obtained by benchmark approaches. For instance,
if the test compound is known to have a high volatibility, studies on airmediated transport and photochemical degradation would be the logical choice.
If the compound is shown to be lipophilic, tests on its bioaccumulation potential are necessary. Data generated during phases of testing the compounds can
be utilized in the formulation and calibration of mathematical models describing the fate and effects of the compounds in complex systems. The interaction
between experimental and modeling activities can provide for the organization
of diverse data and the identification of data needs.
5) Adoption of "Tier" Systems. Since each microcosm approach can only
look at limited aspects of environmental events, it is more desirable from the
viewpoint of screening to test several simplified microcosms approaches than
to rely upon one complex and elaborate model in the hope of getting many answers all at once. These can be open or closed systems and must include physicochemical controls.
Typically a screening process could begin with benchmark approaches (Tier
I) • The next step is to use simple model ecosystems such as degradation
studies by using soil plugs, lake water-containing sediments, studies on bioaccumulation using fish (Tier II) ; then followed by simple test systems such
as degradation studies in the pure cultures of microorganisms appropriate to
the recipient system (Tier III) . This is the stage where metabolism must be
studied. In due course, radiolabelled compounds must be used in the more complete metabolic and distribution studies in model systems. Efforts must be
made to account for all radioactivities including C0 2 and other volatilized
portions. At the last step, an appropriate complex model ecosystem may be
tested (Tier IV). This step is not meant to obtain relative indices among
various test compounds, but to study ecological significance.
6) Field or Semi-Field Testing. In the final analysis, field and semifield (including enclosed outdoor plot and pot tests) testing is an important
step in ascertaining the environmental safety of the chemical (Tier V) . The
compounds which have been advanced to this stage must show great economic
promise. In the case of metabolic studies, this is the step whereby the presence of the metabolites identified by the model systems is confirmed and their
quantities and environmental significance are determined. Indeed, many environmental conversion products have been identified in this manner. At the
same time, it must be pointed out that in several instances some surprises were
also found in that certain reactions which looked prominent in microcosms
studies have not been found in the actual field test. Thus, the value of small
scale field testings cannot be over-emphasized. At the same time, this is the
stage where the benefits of data organization from mathematical model development are realized and system analyses can work most efficiently and effectively.
In preparing this report, we had to make an arbitrary decision that we
discuss microcosms approaches from the viewpoint of their usefuln~ss in screening processes. Certainly there are many other uses for microcosms studies.
Many scientists have been using microcosms as simplified approaches to analyze
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each factor of environmental forces. Indeed, in many ways, microcosms are
nothing but "test tube" or laboratory approaches to field problems and are
well accepted methods of studying in science. Microcosms are also useful as
predictive and confirmatory, but these aspects are not considered here in
depth. However, we have not examined these different uses of microcosms here.
"Microcosmology" is a very young field and there are many unsettling aspects.
By its very mission to study complex forces of the environment, scientists
from many different disciplines have been participating in designing various
microcosms. Because of the differences in their training and their mission,
many insist superiority of their designs over others. Certainly many are so
for their specific purpose. Nevertheless, the important thing here is to
limit our scope and define the mission of the committee in order to reach some
form of agreement or "consensus." The route we took was to look only at the
usefulness of microcosms approaches from the viewpoint of screening "tools."
Task Group Members:

H. Bergman, D. Broadsway, L. Clesceri, S. Draggan,
c. Eggert, R. Ferguson, R. Garnas, P. Rogers, S. Slater

TASK GROUP V:

METHODOLOGICAL CRITERIA FOR BIODEGRADATION
R. L. Raymond, Chairperson

Introduction
Under the Toxic Substances Control Act it will become necessary to assess
the fate and effects in the environment of a large number of chemical compounds. To assist the regulatory agencies in making risk assessments based on
protocols of testing for biodegradability, our task force in this workshop has
attempted to determine the state of the act with respect to methodology for
such testing. It was recognized from the outset that the methodologies to be
considered would have to be in the realm of economics feasibility. The goal
of the task force was further narrowed to encompass only those methodologies
which would have application in the aquatic environment.
General Definition of Methodology
Tier 0 or Tier 1 testing should have a stated objective or objectives
which in most if not all cases should indicate whether a pollutant is being
biotransformed. Traditionally such measurements have been done by determining
one or more of:
1. Biomass accumulation (discussed in Ad-Hoc Committee Report, this section)
a. Plate counts
b. Turbidity
c. Direct counts
d. Protein determination
e. RNA determination
f. DNA determination
g. ATP generation
h. Dry weights
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2.

Utilization of reactants
a. Substrate disappearance--important, necessary but preliminary only
b. 02 consumption--valuable tool but limitations (same as C02 below),
especially stimulation of uptake due to uncoupling
c. Organic carbon disappearance--preliminary screening tool only

3.

Appearance of products of reactions
a. C02--simple, inexpensive test used for preliminary screening of
water-soluble compounds. Problems of stimulation of endogenous respiration and co-oxidation of non-substrate carbon.
b. H2S} used for anaerobic biodegradation evaluation, but limitations
c. CH4
were not discussed
d. NH3, etc.
e. Intermediate organics

4.

Physical-chemical changes in medium (only qualitative measurements, to
date)
a. Surface tension--tool for slightly water-soluble compounds but not
evaluated
b. Color development or disappearance
c. Viscosity changes
d. Odor, appearance, etc.

The methods used to develop a value for the above are varied and many.
and include the use of:
1. Respirometry (Warburg, Gilson, 02 probe, etc.)
2.
Radiorespirometry
3. Buncn and Chambers modification of RDA--used extensively by industry
4. Shake flask--both soluble and relatively unsoluble compounds
5. Activated sludge
6. Mineral slots and carbon source (+) or (-) growth factors
The inoculum may be:
1. Pure culture of a standard organism
2. Pure culture of a wild strain
3. Mixed culture of known organisms
4. Mixed natural population of unknown kinds and numbers of organisms.
Screening Protocols (Tier 1)
A. Activated Sludge Systems
The task force identified laboratory batch and continuous activated
sludge systems as the best screening tools for the initial examination of
water-soluble, non-adsorbing compounds for degradability. Examples of
these systems were described by Gledhill in this workshop. Such systems
have been used for many years and probably represent the most reproducible
and economical method for initial screening for biodegradation. It was
concluded that activated sludge from municipal plants probably represents
the best compromise for a "standard" inoculum and would be readily available to most laboratories.
The use of dried, frozen and lyophilized sludge was considered for use as
a "standardized" inoculum but the lack of experience in their use precluded
further consideration. A common method of detecting utilization of the
test compound during the initial stages is the measurement of total carbon
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disappearance. Specific analysis for substrate depletion in the supernatant liquid would further confirm biodegradation or the lack thereof.
It was ·concluded that operating an activated sludge test system past 15
weeks would not serve any useful purpose.
B. River Die-Away Test
This test, which has been used extensively to study degradation of surfactants, does not appear to have the utility of the activated sludge systems. The major drawbacks would appear to be non-uniformity and small size
of inoculum. This type of test or modification for the marine environment
could be recommended as a follow-up for the activated sludge system.
Substrate concentrations are usually in the ppm range and the system therefore
requires a very good analytical method for determining substrate disappearance and intermediate or end product formation. When available, C-14 labelled compounds can be used very effectively as shown by Lee in this workshop.
C. BOD Test--Not recommended as a primary screening tool.
D. Research Needs at the Initial Testing Level (Tier 1)
The task force believes there is an urgent need for research in the following areas:
1. Identification of a set of reference compounds for standardizing screening tests.
2. Identification of a "standard" inoculum to use in marine studies.
3. Development of standardized screening tests for insoluble compounds.
4. Development of an anaerobic screening test.
The amount of effort to be expended in the above would appear to be minimal and relatively short term.
Advanced Protocols (Tier 2)
A. Microcosms
It would appear from the work presented at this workshop by Pritchard et
al. and Eggert et al. that the use of microcosms can be
useful tool for
predicting the fate of chemical compounds in actual aquatic systems, such
as lakes, rivers or estuaries. These systems have yielded reproducible
results and seem to approximate the real environment.
In summary, the techniques for determining biodegradability of most compounds are available almost immediately. Very little, if any, new technology is needed. The most effort needs to be placed in standardizing
tests so that results will be reproducible from laboratory to laboratory.

a
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TASK GROUP VI: PERSISTENCE AND EXTRAPOLATION
J. M. Tiedje, Chairperson
This task group dealt with the components affecting persistence, the definition of persistence, and valid extrapolations of persistence. Because persistence cannot be defined for regulatory purposes without consideration of
the method used, features of test systems were also discussed and their principles determined.
I.

Components of Persistence

A major point of consensus is that persistence is strongly influenced by
environment and thus can only be discussed with reference to a particular natural environment or test environment. Components identified as affecting persistence which must be recognized in any persistence testing or definition are
as follows:
1. Environment (nutrients, oxygen, pH, temperature, salinity, and water
activity in the case of soils). When the testing method is the issue, additional environmental influences such as time since sampling, handling of subsample, method of addition of test compound, can influence the native state,
and thus potentially the test result.
2. Concentration of Test Compound. We feel that it is undesirable to use
a single test concentration. For determining test concentrations the following features must be considered:
(a) concentration relative to Kt for uptake,
since for concentrations far below Kt little uptake and thus metabolism would
occur; (b) the toxicity of the chemical; and (c) its water solubility. The
task force recommends that three concentrations be used. These should extend
beyond the range of the expected concentrations in the habitat of concern.
3. Composition of Test Compound. Persistence of a chemical can be influenced
by other associated chemicals such that degradation may either be stimulated or
retarded. Chemicals can be tested as pure chemical, as the commercial grade,
as the formulation, and with expected chemicals from other sources in the receiving environment. The task group recommends that the focus initially be on
the pure chemical and commercial grade material, with judgment used to determine whether it is appropriate to test the formulation or the associated suite
of chemicals expected in the receiving environment. There should be some
flexibility allowed the company to test in a manner that is most representative of the use and expected fate for these latter two situations.
4. Other Physical-Chemical Factors. The task group feels that the other
physical-chemical properties of the test molecule that affect its form and
availability in environmental systems must be considered in any definition and
testing of persistence. These include chemical and photo-chemical degradation,
sorption, and partitioning.
The above plus the following must be part of any persistence definition.
5. Nonpersistence requires a chemical change of the test molecule. Transport out of one environment is meant to be excluded since the primary compound
is still present but in another environment.
6. Time
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7. Quantity Degraded. A quantitative definition of persistence must have
these latter two components identified. It was not possible to arrive at specific values. However, it is recommended that in persistence testing, the
disappearance of a compound be followed over two half-lives or for one year,
whichever comes first.
8. Metabolites. These are to be included as a component of persistence
when considering the parent molecule. There was sentiment for considering metabolites as new compounds when dealing with regulatory procedures but it was
felt too risky to separate metabolites from the parent compound if the parent
compound were termed nonpersistent when its metabolites were persistent.
9. Extent of Degradation. Acceptable intermediates are considered to be
C0 2 and (controversial) irreversibly bound residues, the most common example
being that of the metabolite covalently bound to humus. Standard intermediary
metabolites are also acceptable products, however, they generally need not be
formally considered since they should be rapidly metabolized to C02 and biomass.
II.

Definitions of Persistence

Since persistence definitions are used for several purposes, our suggested
definitions are specific for each purpose.
Dictionary definition--"Persistence is the tendency of a molecule to resist alteration by natural processes."
Scientific definition--"A persistent compound is a chemical and its metabolites for which most of the material remains in the receiving habitat
after many months." The task group did not put quantitative values on the
time/quantity-degraded component because persistence is really a continuum,
and because there are no data to support any cutoff value; it is more a "feeling" based on experience with previous chemicals like DDT, PCBs, etc.
Regulatory definition--Here persistence needs a more quantitative definition. It was felt that this must be based on the test method. Thus, the
basic principles of the method and their meaning follow.
III.

Test Principles Important to Persistence and Extrapolation

Test 1--Principles: Complete mineralization, oxidative, short-term, low
biomass/substrate ratio, and no specific analytical method required. The inoculum must be representative of the biological diversity expected in the
likely receiving habitats. This test will identify those compounds which can
serve as a carbon source for growth of microorganisms. The test will yield a
yes/no result which can generally be extrapolated to nature, to several concentrations, and to most environments, though not from aerobic to anaerobic
habitats.
Test 2--Test for "cometabolism." Principles: High biomass, substrate
ratio, great genetic diversity of biomass, added energy sources, specific
chemical method for compound required. It is felt that a pure culture and a
synthetic sludge have too low a metabolic diversity to be useful inocula. A
positive result indicates existence of biodegradation enzymes but extrapolation to degradation in nature would be risky. If the test conditions are
reasonably similar to the receiving habitat such as may occur for a semi528

continuous sludge, then this test has more merit. However, if they are very
dissimilar, the value of this type of test is questioned.
Test 3--Test in subsample of receiving habitat (microcosm). Principles:
Habitat samples must mimic the native state, concentration of test chemical
should extend beyond the expected extremes in nature. 14 C-labelled materials
and mass balances should be used if possible. It was agreed that rates obtained could not be extrapolated accurately to nature because of the diversity
of habitats found naturally. However, relative biodegradability can be ascertained by comparison with standard compounds of known behavior. Since extrapolations will be made, the key environmental parameters affecting degradation
should be identified and monitored in the test habitat and compared with those
in the receiving habitat. To facilitate this extrapolation, simple and validated models can be used.
Since the central goal of this workshop and of the public in establishing
new legislation is to protect the environment from serious toxicants, the biology and environment of any test must reflect what is likely to occur in nature. Limited biological diversity in test systems such as pure cultures, synthetic sludges, and other simple mixed cultures is inappropriate. We also
feel excessive emphasis has been placed on standardization and uniformity in
the workshop discussions. This is obviously expedient to both the regulatory
agency and industry but it may sacrifice the basic intent of the law--to protect the environment from serious toxicants. Use of selected chemicals seems
adequate as the element of standardization. Attempting to achieve a standard
microbiological inoculum is an impossible task.
Task Group Members:

R. T. Belly, J. Bowser, T.-w. Chou, A. M. Kaplan, D. D.
Kaufmann, P. Lichtenstein, E. Reiner, H. C. Sikka,
H. Somerville, W. C. Steen, H. H. Tabik
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DISCUSSION
SUMMARY SESSION
RAYMOND TASK GROUP
GRADY: I'm an engineer, a biochemical engineer, so I feel that I have the
background for my statement. I have to take very strong issue with your statement that deactivated sludge would serve as an adequate inoculum. It seemed
ironic to me that this group would argue over microcosm studies while not recognizing the vast differences in populations from activated sludge systems.
That strikes me as incongruous; it flabbergasts me, quite frankly. By changing the operational conditions on an activated sludge system receiving a constant influent, I can change, totally, the species of organisms found in it.
Consequently, to say that activated sludge would serve as a standard inoculum
for doing biodegradation studies is totally fallacious. We have to have more
than that. It upsets me very much that you would come up with that as a recommendation.
CLESCERI: I agree completely with Dr. Grady. I really was flabbergasted as
well. I am kind of sorry that I spent all my time in microcosms, because I
would like to have participated in this discussion. I feel very strongly that
you're talking about a highly selected type of microflora in the activated
sludge process. I understand the utility, but what's important is the recipient environment as far as the toxic organic compound is concerned.
LIU: During the last five years we have serviced 13 or 14 sewage treatment
plants in southern Ontario. Every month we checked the bacterial populations
and types in soils and in activated sludge. We found there is very little
fluctuation, because most sewage treatment plants, if operated properly, will
be the same. All sewage pipes consistently receive an inoculum of soil. We
worked five years and we do not find differences (in terms of bacterial populations) from soils, to industrial effluents, to residential effluents. They're
all the same. We have reliable data to use as back-up.
RODGERS: In the microcosms group, we discussed the idea of standardization.
As far as a list of standardized chemicals to be shared by labs, we agreed
with your statements on this basis. But for a standard inoculum, we felt it
was much more important to consider the ecosystem or the receiving environment. For a number of organics, this would be ubiquitous. But as pointed out
by our task group, there are many organics for which you can identify the area
of application. We would feel much more comfortable using an inoculum that
was representative of the recipient area.
DiGERONIMO: I have to defend the task group's decision to use sewage as a
standard inoculum. Although populations may change in sewage, and granted you
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can alter the rate of degradation based on the flora present, we've found using
chlorobenzoate as a model substrate that the potential was there. You do have
to adapt or acclimate sewage to increase the rate of degradation, but I think
the potential would be there. To say it's a ridiculous approach, I would
disagree.
GRADY: You said the word "ridiculous," I said I was flabbergasted. Granted,
the potential would be there, but if you take any activated sludge system and
say the same potential is there, I take issue with that. There is going to be
a limitation on the organisms which are present within that system that is
governed kinetically by the interaction of these species. There is competition, and all sorts of ecological interactions, obviously. The way the plant
is operated, the flow configuration, the flow rate, all have been shown in
ecological studies to change the mix of the flora and fauna. My point is, if
you say there is no potential for a degradation based on data from an activated sludge inoculum, I think you would be selling the system short, because
inocula from other places could well show that potential. If you got a positive result, fine, but a negative result really doesn't tell you much. That's
my point.
BETTINGER: The fact is that ecosystems in different parts of the country will
be different, just as your sludges will be different. As Dr. Raymond said, we
have to come to some kind of decision as to what we are going to screen. We
have focused on planned application of compounds to the environment, but I
think another interest of the Office of Toxic Substances in TOSCA is accidental introduction. You can't really screen for accidental introductions, transportation accidents or something like that. What are you going to decide on?
You just can't have ten different soils or ten different areas to screen. I
don't think that's economically feasible.
SHARP:

I hope this does not transfer over into the regulations for pesticides.

RAYMOND: Well, let me say I'm really pleased to get this response. This becomes a rather dull meeting if we don't have a difference of opinion. I think
we all missed something here. We have to put on our blinders. We can't argue
about the 10% of things that don't fit into our patterns. We have to take
chances. W~ discussed this at length in the task group. I am sorry that all
of you were not there, because I can see we could have had some different inputs. You have to decide where your best chance of getting a uniform inoculum
is, from anywhere across the country. A person could go out and obtain an inoculum from an activated sludge plant in almost every community. Yes, I know
they differ from day to day, from month to month; I have operated them. So
our task group was not totally ignorant of the chances of having spurious results from upsets in an activated sludge plant. Certainly, you can change the
flora in a plant. But let's consider where in the United States or anywhere
you would find the possibility of having almost every microbial species coming
into one place. We argued about soil as an inoculum. This is not very uniform across the country. It is for some things like hydrocarbon oxidizers;
you can find them almost universally. But you have to have some basis as a
source of inoculum. I'm sure that this group would accept minority reports if
someone would like to introduce one. I think I've said enough.
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TABACK: Since you did mention soil as a possible inoculurn in addition to activated sludge, what about a suggestion of mixing soil inocula with the activated
sludge to make a standard inoculurn? This would be sort of bridging the gap between some of the differences of opinion.
RAYMOND: That was brought up and, in fact, it was pointed out that there are
some standardized soils brought into the National Bureau of Standards from
around the country for other purposes. Of course, they don't take into account the biological makeup of these soils. That would have to be established.
There is no mechanism, at the present time, to get uniform soils into the hands
of most laboratories.
BERGMAN: In the microcosm group we discussed the same problem. We decided
among other things, that as a first-tier test, which you're describing for the
sludge, you need a conservative test. An environmental sample or inoculum
would be more conservative. We also discussed the possibility of using, at
the first two sets of tiers, a range of inocula from several sources, including a conservative and a more diverse bacterial inoculurn if it's available.
BELLY: I think a number of us are not arguing with the facts that flora from
sludge treatment plants vary. The question is, how constant is the degradation potential of the sludge? I think that sludge by far is the most reproducible as far as degradation potential is concerned. It does represent a
mixed population for these studies. I think the flora may vary, but the question is, does the degradation potential vary? Maybe there should be more work
in that area.

TIEDJE TASK GROUP
RAYMOND: Jim, I can't pass up the opportunity to take issue with you. It may
appear there is an agreement here between industry and government, but I think
we in industry are faced with practical realities. We have to test those compounds tomorrow, at least that's my opinion.
TIEDJE: I recognize that. My point is, uniformity and standardization, is it
all that important? We have already standardization with use of selected
reference compounds. Do we also need to standardize the biology in the test
system?
BOLLAG: I don't see the possibility of a general consensus for methodology
from a scientific point of view. EPA has to regulate industry, and scientists
should participate in defining these regulations. Scientists can contribute
in developing certain methods and participate in this kind of definition and
criticism, but EPA has to prepare the suggestions for the regulation of industry independently.
RAYMOND: I have heard this mentioned at numerous meetings that I have attended both in societies and workshops like this. For some reason we in industry
do not seem to be as scientific as we could be. We are concerned about
whether something persists in the environment. We have to be; not only is it
an economic problem, it is also a moral and social one. After all, we're not
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too different from you, as far as our needs and desires.
the same environment as well.

We have to live in

BOLLAG: One should accumulate all the available data on xenobiotics to foresee what their fates should be. At this conference I have a strong feeling
that more than half of the data are not available for the general public.
There are the scientific publications, but much more has been done in industry
which is not disclosed. I think there is a certain moral issue which we should
consider. I agree it is not a different world for industrial people and the
non-industrial people, but one should try to change a certain secrecy so that
more knowledge is available to everybody.
FLOODGATE: Just one comment on the use of lengths of time for defining the
systems. We must remember that things can move out of the environment into
another one during a period of time. For example, the residence time in the
Irish Sea is about a year. In other words, anything that's put into the Irish
Sea will be washed out in about a year if it is not sorbed to sediments.
Whereas for another ocean, like the Mediterranean, residence time is 40 years.
So you do have somewhat of a difference to consider where you want to give a
particular time to define persistence.
TIEDJE: I agree. That's one of the reasons why we could not agree on a specific length of time as part of the definition of persistence.
SHARP: I think we're getting a little mixed up in terms of technical or scientific matters in the political process. What we're doing here is, hopefully,
establishing a very solid technical basis upon which to make poli~ical decisions. Industry is, by and large, trying to do as scientific a job as possible. Each test we run, we attempt to have self-validating in terms of controls or positive controls. So I disagree a little bit with Dr. Raymond on
that score. We are trying to be scientific, and we are trying to mold this
technical information to satisfy and respond to the political process.
DAGLEY:

Thank you very much.

Any other comments?
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SUMMARY OF THE CONFERENCE
Stanley Dagley
Department of Biochemistry
College of Biological Sciences
University of Minnesota
St. Paul, MN 55108
This conference has ranged over so many different disciplines which contribute to an understanding of our environment that an adequate summary by
anybody is well nigh impossible. In consequence, the task was assigned to me
on the basis of age. As Matthew Arnold showed, in a poem of rare and refreshing candor, the benefits conferred by growing old are very few, and are overestimated. The only advantage of age is that sensible people ought to acquire
a useful perspective over a long span of time. This is not the same as wisdom:
a bore at twenty usually matures into a crashing bore at seventy.
My perspective goes back over 40 years to the time when my first research
papers were published in the Journal of the Chemical Society. In one of these
papers we showed that we could establish exact quantitative relationships between amounts of carbon and nitrogen supplied to cultures in compounds serving
as growth sources, and relate them to the sizes of the bacterial crops they
supported. Since data of this type are now used routinely in continuous culture work, it may come as a surprise to learn that in 1938 people were skeptical about the handling of growth data in a quantitative fashion. At that time,
as the chemist N. V. Sidgwick used to claim, bacteriologists might well have
said their prayers to pH; but that was about all they were ready to take from
physical chemists and ma thematicisns. Cultures stopped growing, they believed·,
because all the biological space had been used up. This concept, like 18th
century phlogiston, did not readily lend itself to mathematical manipulation.
However, we are in no position to look down our noses at our scientific forebears: they had a clearer view of phlogiston than many of us have of biodegradability. I was reminded of the birth about four decades ago of quantitative bacteriology by hearing of Dr. Floodgate's much more difficult accomplishment: that of relating marine oil concentrations to nitrogen demand, although in this case the linking parameter of biomass is absent. In other
words, the fate of nitrate consumed, as oil is removed, remains something of a
mystery since it cannot be linked directly to nitrogenous cell constituents.
The contrast between oil spills and chemistats highlights the differences
between the nature of the problems of the EPA and those of academic science.
These differences relate to the nature of the questions that are raised.
Science progresses by asking sensible questions that arise from reflecting
upon an established body of knowledge. The questions for the EPA do not--they
are prompted by urgent problems that are thrust upon society. Nevertheless,
534

the best answers will be those based upon the broadest body of knowledge.
They will not necessarily be the simplest answers; moreover, a bad answer may
be worse than no answer at all. Let me illustrate with an analogy, and suppose that an EPA administrator is taken to the hospital to have his appendix
removed. The policy of that particular hospital is dictated by economy and
common sense. The operation must be the simplest possible, using a surgical
knife costing no more than $5.75. However, I myself would prefer the procedure to be based upon scientific criteria, including the best anatomical knowl·
edge available. Otherwise, our administrator might regain consciousness to
discover that other, less dispensable, organs had been removed on the grounds
that they were easier to get at. When a system is complicated, only a genius
is able to ask simple questions that are not naive, or develop simple procedures of investigation that avoid artifacts. One complication arises from the
fact that the questions themselves alter with time. Dr. Lichtenstein provided
excellent examples to which I shall refer.
A dozen years ago, it appeared that there were two questions of paramount
importance to answer. These were: (1) What structural features of a pesticide determine its binding to soils? and (2) Are you being misled into thinking that a particular pesticide is biodegradable, when in fact it has simply
been swept under the environmental carpet? As Dr. Lichtenstein showed, the
first question may change to another: What compound is being bound? For the
chemical structure of the pesticide originally applied may have been modified.
If it contained a nitro group, then strong binding may not have occurred until
bacterial reduction provided an amino group. And by this time the second
problem may have divided into several, as may be illustrated by asking a third
question: To what part of the underside of the carpet is the modified pesticide now sticking? Both Dr. Lichtenstein and Dr. Pritchard believe that it
sticks to detritus, but they are unable to reassure us that it is not only out
of sight but also out of mind, because it appears that although man cannot get
it off the carpet, worms can. But have the worms simply moved it to another
place under the carpet? This is not a good question, since we do not know the
precise meaning of "it" until we know all that the worms have done.
Dr. Bollag also provided interesting examples of questions that altered
with time. He began with: How do microbes degrade carbaryl? The question
soon became: How is the much more toxic compound 1-naphthol (derived from
carbaryl) degraded? But this turned out not to be a good question. Behind it
lies the assumption that fungi are in the business of degrading 1-naphthol;
and indeed, some of them might be. But others, including those of Dr. Bollag,
find it more interesting to synthesize polymers from 1-naphthol, and they only
degraded a fraction of this substrate to completion. Moreover, some of the
polymeric material became bound to soil components and stayed in that condition. It is probable that the fungi in these experiments used the same enzymes for polymerizing as those used for making secondary metabolites. But
whatever they did, a knowledge of their metabolism, derived from academic
studies, is an indispensable guide to understanding the rather surprising
fates of these potential poisons. With such a background, one is less likely
to ask Dr. Bollag simple (but as it happens, silly) questions such as: How is
carbaryl degraded? or, Is carbaryl persistent? These questions have structural features that resemble those of a more famous question: When did you
stop beating your wife?
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Mention of amino groups and their connection with some aspects of persistence reminds us that such groups may pose other environmental problems. Herbicides classified as phenylcarbamates, acylanilides and phenylureas can be
hydrolyzed by microbial enzymes to give chloro-substituted anilines. Dr.
Kaufman's group studied the further metabolism of 4-chloroaniline by the soil
fungus Fusarium oxysporum Schlecht. This organism activated the amino group,
forming 4-chlorophenylhydroxylamine, so that noxious chemicals such as 4,4'dichloroazobenzene and 4,4'-dichloroazoxybenzene could arise by chemical coupling. There have also been studies to show that the much used dinitroaniline
herbicides can be reduced by soil microbes to give amino compounds.
Although the above mentioned transformations are brought about by living
organisms, Dr. Plimmer did this workshop a service by stressing the importance
of "straight" chemistry for environmental systems. Hydrolysis may be promoted
by bringing a compound to a suitable pH, whether or not the change was due to
microbial activity. Aldol fissions of carbon-carbon bonds are favored by high
pH, particularly in the presence of certain metal ions. Reducing conditions
and acidity have a profound influence upon the availability of metals in sediments, determining whether they will exist as free ions, as organic or inorganic complexes, as soluble or insoluble forms. In the time at his disposal,
Dr. Plimmer could only touch upon the vast subject of photochemistry, but we
must remember that numerous compounds undergo chemical changes when exposed to
sunlight, and it is not satisfactory to ascribe these changes to microbes.
Moreover, the world is full of surfaces, and physical chemists have written
weighty tomes that bring out differences between homogeneous and heterogeneous
reactions. Plimmer and Kaufman introduced a valuable note of caution in the
session on Degradative Methodology, namely, watch your step when you sterilize. What soil enzymes--as distinct from microbes--will you remove? What
new surfaces will you create? What free radicals will you generate if you
sterilize by irradiation?
So far, I have not referred to yet another simple, common sense, and in
my opinion quite naive, question which is asked repeatedly, namely: What features of chemical structure determine the biodegradability of a molecule? When
you stick to purely chemical considerations you can give sensible answers to
this question. If he knows the physical conditions and the chemical reagents
for a proposed degradation, an organic chemist can make accurate predictions
about its course. But microorganisms are not only subject to the laws of
chemistry; what they can and cannot do is also determined by their evolutionary history. The conceptual framework, within which many environmental problems must be discussed, can only be constructed from an extensive knowledge of
microbial catabolism. We must know something of the degradative capabilities
of microbes in nature before we make sweeping generalizations about what they
cannot do with man-made chemicals. Let me give three simple examples by way
of illustration. All biochemical degradative processes occur by a series of
reactions, each of which involves a small free energy change. No step is explosive; and as a consequence, there are usually many steps, liberating the
total energy in small packets. It is therefore a matter of common sense that
if compound A is to be converted, through the alphabet, to z which represents
C02, then the structures of B, C, and all the other compounds are also relevant to our considerations of biodegradability. It is not enough to concentrate solely upon the structure of A. As a second example, consider the well
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known effect of halogen substituents in blocking biodegradation. There are,
indeed, good chemical reasons why a chlorine substituent might hinder enzymatic attack upon an aromatic compound. But it would be foolish to ascribe an
anti-degradative property to chlorine atoms, because we have no evidence for
this property of atoms. In the last decade a great many halogen-containing
natural products have been identified that were previously unknown; this implies that there are many more microbes capable of eliminating halogens from
organic chemicals than we had previously believed. Since most of these particular natural products are found in the sea, it is reasonable to suggest
that this is where halogen-eliminating microbes are most likely to be found.
As our third example, we might suggest that methyl subs ti tuents are an obstacle
to degradation. If a carbon atom in the side chain of a detergent carries two
of them, then this is indeed an observed fact which, incidentally, is readily
explained with reference to the enzymology of B-oxidation. But it would also
be foolish to ascribe a general anti-degradative property to methyl groups. A
ring carbon of the natural product camphor bears gem methyls, and this compound is not only biodegradable: studies of the details of its catabolism by
Dr. Gunsalus and his group have greatly enriched our knowledge of the mode of
action of cytochrome P-450 in particular and of mono-oxygenases in general.
In summary, I view with skepticism simple generalizations relating biodegradability to chemical structure. It is like using the simplifications of opinion
polls to probe the complexities of the human psyche. ~u.gh__gui.de_,_is to
try to re~ate the structure of the man-made__..e_QffillQlJnd. to those of known rnetabo·~-l i tes. ,Th~-gre~tex~:ci:i-€:! -dlfiicul ty · you--h-ave in d9_:ill_g=this-;·- the gre_ate_~___:fhe_ --dif}j._cul ty microbes will haye
d~._9i-~dlng:_the ~.ompornd_._ For further refinements in prediction, it is essential to know details of the probable catabolic
pathway, so that degradative difficulties can be predicted as they arise along
the route: However, it cannot, of course, be argued that because.chemical
linkages or groups in natural products can be identified in the symthetic compound under consideration, that this implies biodegradability. It is common
knowledge that many man-made polymers are notoriously persistent, and yet they
sometimes contain linkages found in nature. Thus nylon contains amide groups
at regularly spaced intervals, and yet is resistant to proteolytic enzymes,
including those that are extracellular.

in

In order to bring some of the themes of this conference together, I shall
now make an adjustment in perspective. I shall go back even further than my
student days at Oxford, with which I began this summary: instead of 40 years
I shall go back 4 billion years to the origins of biochemicals. But first, I
shall refer to a modern summary of metabolism, namely the metabolic charts
which are often displayed upon the walls of offices and laboratories of departments of biochemistry. These charts summarize the central reactions, the
cycles and sequences, found in most living cells. When reactions are examined
in detail it appears that 02 gas is effectively excluded from them. All the
oxidations consist of removal of hydrogens. These are transferred to coenzymes, denoted as NAO, or FAD, and some of them may be used in synthetic reactions; but the rest find their way on to 02, the very last reaction at the bottom of the map, thereby generating water. Let us skip by a vast amount of research on biochemical energetics and simply summarize with the statement that
most of the energy liberated by degrading a biochemical is harnessed by the
cell in reactions that occur just before the final rendevouz of hydrogen atoms
(or, if you will, protons plus electrons) with 02 gas. Oxygen was kept out of
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metabolic reactions until the very end. This is an overstatement that ignores
a few vital reactions, but for most of the area covered by our wall chart we
can say that.direct reaction with 02 is avoided. Anaerobic processes, analogous to those that operated when life emerged, have been preserved in aerobic
organisms. You and I are essentially anaerobic in our metabolism except for
the last few steps on the maps: the terminal (or final) respiratory chain, as
these steps are called. We might note in passing that the ultimate source of
the energy released in these catabolic sequences, if we trace it back, was
solar radiation, trapped in photosynthesis. In the present atmosphere of the
earth, containing o 2 gas, the stablest compound of carbon is C02. All organic
compounds are unstable, in the thermodynamic sense, in this atmosphere, since
they tend to be oxidized to co 2 and H2 0. All organic compounds at present on
our planet have been synthesized by a living organism using energy, whether
that organism was a plant or an organic chemist.
What is this fortunate property of 02 gas due to? This sluggishness under
physiological conditions, so that it is kept away from the cell's inner .biochemistry and yet is able to provide an energy gradient. Simply expressed:
oxygen exists in a triplet ground state; it has two unpaired electron spins
and the molecule is paramagnetic. Since carbon in organic compounds is in a
singlet state, concerted reactions with oxygen are spin-forbidden; andinorder
to react, oxygen must be "activated" by absorbing radiation to attain a singlet
state, for example, or by specifically combining with an enzyme. Haphazardactivation would be catastrophic, because of the possibility that reactive 02 ·
might attack and destroy cell constituents. 02 could enter our chart in the
middle region and devastate metabolism. As it is well known, besides singlet
02, there are other reactive forms. One is the free radical 02, that is, oxygen having one extra electron. This is the superoxide anion. It is formed in
traces, as a side product, by several of our own enzymes whose normal function
is to do something else. There exists, in all aerobes, an enzyme, superoxide
dismutase, which catalyzes rapid removal of the radical before it can do any
damage. It is a widely held view that organic chemists _and other higher forms
of life were able to evolve, taking full advantage of aerobic conditions, because like all aerobes they had this particular protective enzyme. The reason
why strictly anaerobic bacteria are condemned to lurk in the mud, and are soon
killed in contact with 02, is that they do not elaborate the dismutase. They
are conservatives that cling to the anaerobic past. They have never been able
to tolerate radicals, such as 02.
However, although it is extremely hazardous for living matter to activate
it
became necessary to do it--on purpose and not accidentally. The reason
1
for this was that plants were producing great quantities of biochemically inert material; some of it served obvious functions, such as that of ligninwhich
was essential for structural rigidity, while many other natural products were
synthesized for purposes that remain obscure to this day. It is fortunate
that while green plant photosynthesis was giving rise to these rather inert
natural products, it was also furnishing atmospheric 02. For the rapid degradation of many of these compounds, leading to the rapid release of co 2 to be
used again in photosynthesis, can only be initiated by incorporating oxygen
a toms into their chemical structures. T~~~!-he b!:_gc;:rest single factor which
.c1eterrninesthe astonishing degradative versatility of aerobic-bacteria a.ncilt
is this versatility that we rely upon to cleanse our environment of waste and
02
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Aerobic bacteria use most of the biochemical sequences and cycles
that occupy a central position in metabolic maps and are generally found in
other living forms. But in addition they possess the unique biochemical asset
of being able to catalyze the safe and controlled oxidation of numerous natural
products using molecular oxygen directly, incorporating it into molecules. In
this way they start going reaction sequences that enter the central pathways
of metabolism--such as the Krebs cycle or the fatty acid "spiral." Thus, an
alkane remains biochemically inert until a terminal carbon has been oxidized.
The fatty acid formed by inserting oxygen may then enter a main channel of metabolism, namely. S-oxidation. A saturated ring-structure is also inert until
a hydroxyl group is inserted. If this occurs at an appropriate point in the
molecule, the possibility then arises that further oxidation may break the
ring, providing fragments that can be degraded. The unsubstituted benzene nucleus is an inert resonance structure, but when suitably substituted with two
hydroxyl groups, using oxygen directly, enzymic ring-fission may then take
place. The enzymes used are dioxygenases. They activate 02, and this is
risky; but for ring cleavage, or hydrocarbon oxidation, it is necessary to do
it.
Degradative reactions are just as important as synthesis. Half a carbon
cycle is no more use than half the wheel of a bicycle. And to carry out the
necessary molecular decomposition, the mass (not the number) of microbes on
this planet far exceeds the mass of animals, let alone that of human beings.
Without them, evolution could not have occurred since cycles such as those for
carbon, nitrogen and other elements provide the condtions for evolution to
occur. They operate in a stream of solar energy. They involve life, death
and decomposition.
These general considerations form the background to Dr. Chapman's presentation. The "special" microbial enzymes used in aerobic degradative pathways
he described for natural products are the oxygenases. By comparison, the
range of these enzymes possessed by higher organisms is extremely restricted.
After degradation has started, however, the types of reactions are those found
generally in biochemistry: dehydrogenases, decarboxylases, hydratases, aldolases, and so on. Such enzymes are assembled in suites in a very elegant fashion, to provide smooth entry of material into the Krebs cycle. Quite often,
industrial products such as cresols and xylenols can be accommodated by the
enzymes used for catabolism of natural aromatics, so that these compounds are
also biodegradable when they are present at low, non-inhibitory concentrations.
It was also pointed out in this conference that microorganisms capable of degrading polynuclear aromatic hydrocarbons (PAH) are quite readily isolated,
probably because these compounds have been present with us ever since forest
fires began, and in consequence can be regarded as natural products and can
serve as perfectly good microbial nutrients. Dr. Gibson and his group, who
have done so much to elucidate this area·of microbial catabolism, reminded us
that PAH also arise from motor vehicle emissions, coal-liquefaction and gasification processes, cigarette smoke and industrial wastes. Low concentrations
of PAH find their way into marine ecosystems. It is a matter of corrunon knowledge that the introduction of halogen atoms into the structures of PAH obstructs the action of biodegradative enzymes and renders these c~mpounds persistent.
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One of the basic principles of enzymology is that some enzymes are more
specific than others toward their substrates. Accordingly, the analog of a
natural substrate might be attacked by the first few enzymes of a degradative
sequence, because their substrate specificities are broad enough to tolerate
small modifications of structure. However, somewhere along the line a catabolite may arise that can no longer be accommodated by the next enzyme in the
sequence. The pathway is then blocked and degradation ceases. If the enzymatic reactions have furnished neither nutrients nor energy up to this point,
then this partial degradation will satisfy Dr. Alexander's definition of cometabolism. As he points out, there may be other biochemical conditions giving rise to this situation; but the crux of the matter is that the cometabolic
chemical does not serve as a nutrient source, and its presence in a natural
ecosystem gives no selective advantage to the organism acting upon it. Dr.
Alexander did a service to the workshop by reminding us of this definition of
cometabolism, since the term has not only been misapplied: it has been used
in the research literature, and in at least one review of cometabolism, in
precisely the opposite sense. On these occasions it has been used to refer to
those systems, so common in natural environments, where a chemical does __~c
serve as a source of energy by itself but will do so when other compounds are
-present; or when a second microbial species profits by the abortive degradative start made by the first (which, in the end, may also benefit by assimilating excreted metabolites otherwise unavailable). There is more at stake
here than semantics or definitions. It is a matter of stimulating,· or discouraging, painstaking scientific investigation. When a compound disappears
from a system only when changes in its chemical or microbiological environment
are brought about, it may be necessary to undertake a fairly complex analysis
before we can understand precisely what has happened. To say that its disappearance is due to the "phenomenon of cometabolism" simply avoids a proper
analysis; and in view of the complications so often involved, this is about as
helpful as saying that Beethoven's Fifth Symphony is due to the phenomenon of
sound. This workshop has been fruitful in providing instructive examples of
biochemical and microbiological interactions. I shall mention some of them,
and a few others besides. None falls within the strict definition of cometabolism.
(1) E. coli typically does not permit the entry of citrate into the cell
unless a rather complex mixture of nutrients is also added to the culture.
Citrate is then metabolized. If you wish to give a special name to the phenomenon, which I do not recommend, you could call it copermeation.
(2) The white-rot fungi Phanerochaete chrysosporium and C. versicolor do
not grow with, or decompose, lignin until a growth substrate such as cellulose
or glucose is added. Decomposition of lignin ceases when the carbohydrate is
used up. Some bacteria can decompose and grow upon lignin in the absence of
carbohydrate, however.
(3) In this age of science fiction and overstatement, one has heard the
word "superbug." With this background there is a temptation to think that a
microbe capable of degrading a vast range of exotic structures is also capable
of performing any chemical feat required. In fact, it may not be able to synthesize a particular coenzyme it needs: its degradative capacity may be remarkable, but not its ability to synthesize. It may need another and less
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spectacular species as a growth companion to supply the required cofactor
while it (the first organism) generates readily assimilated growth substrates.
Dr. Slater described how a Bacillus that required the growth factor nicotinic
acid excreted biotin and grew in the presence of a pseudomonad that required
biotin and excreted nicotinic acid.
(4) In further discussion of the scope and limitations of continuous-flow
culture techniques for studying interacting associations of microorganisms,
Dr. Slater also described how one microbial species used H2S photosynthetically
while a second used the sulfate formed, converting it back again into H2 S. The
last named compound was toxic to both species, but both flourished because the
microbial association enabled the concentration to remain at a low, non-toxic
level. It would be possible, but not particularly profitable, to call this
state of affairs codetoxication.
(5) The chemostat (continuous-flow culture) has opened up new areas for
environmental studies by showing that new enzymatic activities can arise in
stable associations of microorganisms. Dr. Slater mentioned a seven-membered
microbial community that remained stable over thousands of hours in a chemostat limited by Dalapon (2,2'-dichloropropionic acid) as carbon source. During
this period, four microbial species that lacked the ability to degrade Dalapon
were able to exist upon excreted metabolites and cell lysis products arising
from those members of the community that were metabolizing the herbicide. However, after 2,900 hours of continuous growth, a species of Pseudomonas belonging to the groups of "hangers on" acquired an active dehalogenase and joined
in the work of the three primary utilizers of the carbon source. A similar
situation existed for a stable mixed-species community supported by orcinol,
when anotlter passive pseudomonad eventually became capable of degrading the
primary source of carbon. It is clear that the chemostat provides secondary
utilizers (the "hangers on") with a continuous supply of nutrients arising
from primary utilizers, while exposing them at the same time to the compound
they cannot degrade. This is an excellent way to select competent mutants
without the use of mutagens. While there are many questions to be answered,
such as those relating to the stability of these microbial associations, one
evident advantage is the wider genetic,base that is provided by a stable mixed
culture, compared with a monoculture. Many exciting studies are being undertaken currently to show how degradative capabilities can be transferred
throughout the microbial world by the agency of plasmids. Work with the chemostat might indicate, one day, how the plasmids came to be there in the first
place.
As I mentioned earlier, aerobic organisms make full use of the energy
gradient that exists between photosynthesized biochemicals and C02. With such
a simple end-product, and with energy available in abundance, the evolution of
diverse individual living forms was favored. In the absence of 02, life is
harder. Degradation often proceeds in limited stages, each brought about by
particular anaerobic species to yield an organic compound that will serve as a
source of energy for the next set of organisms. In this way the "food webs,"
described by Dr. Poole, are set up under anoxic environmental conditions. In
each segment of the web, the energy released is much less than it would be
under aerobic conditions with C02 and H20 as end-products. Moreover, for man
and some microbes, H2S is a far less acceptable end-product of metabolism than
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H20. This compound can arise through the activities of a food web sustained
by cellulose present in effluents from paper manufacture. Stages in anaerobic
decompo5ition encompass hydrolysis of cellulose tq oligosaccharides and their
degradation to lactate and acetate that serve as carbon sources for microbes
reducing sulfate to H2S. If this H2S accumulates, it will inhibit or poison
microbes and higher organisms in earlier segments of the food web; however,
the photosynthetic green and sulfur bacteria can remove sulfide, using it as a
source of electrons, but at the expense of replacing H2S with granules of elemental sulfur. One further example of the microbial complexities of anaerobic
environments may be cited from the communication of Ors. Healy and Young. Investigations of aerobic aromatic catabolism such as mine have been simplified
by the fact that any good undergraduate junior can isolate from soil a pure
culture of bacteria, capable of growing aerobically with benzoic acid as carbon
source, within the space of a week. But the converion of the benzene ring into
C02 and methane anaerobically is harder work, and it takes a consortium of organisms to do this. The benzene ring has to be reduced and opened before the
business of fermentation proper can begin, and it is not surprising that a microbial division of labor is called for.
During the course of this conference, ample recognition was given to the
fact that aquatic environments may encompass regions of anoxia, as mentioned,
and also bottom sediments as well as surface microfilms •. Each has its associated biochemistry and microbiology, providing conditions that influence
fates of pollutants in different ways. And yet these are usually'regions, or
components, of one complete system; and Dr~ Clesceri showed that this complexity can be modelled using a computer, so that responses to perturbations
can be simulated. It appears, incidentally, that those organisms that are
least upset by environmental changes, and are most resilient in their responses, are the_!l_~~o_tr.op..b~c bA~teria. Dr. Wright described how they become
dormant when nutrients are depleted, and how they respond very rapidly when
nutrients become available. Initially, these responses are independent of
cell division.
As I observed at the beginning, it is very difficult if not impossible to
summarize a conference of this breadth. I have not referred to many of the
contributions that interested me; for had I done so, this would have been tantamount to promoting a series of satellite workshops. We have all benefitted
from this conference: academic scientists as well as those whose difficult
task it is to investigate, or give immediate advice on, urgent pollution problems. People like myself who work with pure microbial cultures grown at the
expense of single carbon sources, preferably overnight, have been reminded
that these conditions are far removed from those of natural microbial habitats.
However, these approaches were adopted because it is wise to ask sensible
questions of nature one at a time. To recognize complexities does not mean
that we should abandon this attitude. We cannot afford to do so: we must ask
more questions and design more adequate experiments. Attempts to deepen our
understanding of the environment somtimes appear to proceed with frustrating
slowness, but in the long run they will be more profitable than compiling extensive catalogs of undigested empirical data.
0
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