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MICROBIOLOGICAL DECONTAMINATION oF PENTACHILOROPHENOL.~
CONTAMINATED NATURAL WATERS

M.M. MARTINSON, J.6G. STEIERT, D.L. SABER, W.W. MOHN, and

R.L. CRAWFORD=*. University of Minnesota, Gray Freshwater

Biological Institute, Navarre, MN 55392 and Department of
Micrabiology, Minneapolis,MN 55433.

Summary.

Inoculation of pentachlorophenol-contaminted natural waters with
cells of a perntachlorophenol~degrading Flavobacterium was shown
to be an effective methoed for docontaminaticon of PCP-polluted
aguatic environments. Numerous types of waters were
decointaminated, inzluding? river water, lake water, and
groundwater. Decontaminaticn was mast effective between (5 C end
3G C, and between pH 7.8 and pH 2.0. Incculation of waters with
as few as 10 cells/ml resulted in effective FPCP ~emoval. PCP
concentrations betwsen 10pph and 100pom were reduced to
undestectzble levels, usually within 48 hours. Microbiolooical
decontoemination of PCP-polluted waters appesars to be a promising
waste troatment zlternative when compared to tr aditional
treatment technologies.
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INTRODUCTION

APentathlafcpheﬂci (PFCP) is &a widely dsgd biccide that
~contaminates soil and water in many parts’ of the United
States (Edgehill end Finn, 1983; Pignatello, et al., iF8%).

This compound. is acutely toxic, 50 environmental
contamination ig of concern both as an =colcgical threat and
as a public health menace. It is possible (& isclate pure

cultures of bacteria that grow on FCP as & sole source of
' carbon and energy (Chu and Kirsch, 19725 Edgehill and Finn,
19833 Pignatelle, et al., 19833 Stanlake and Finn, 1982j%
Suzuki, 1977; Trevors, 19823 and Watanabe, 1973). Such pure
cultures have potential for use as PCP detoxification
.agents. For example, work by Edgehill and Finn (1983)
suggests that inoculation of PCP-contaminated soils with’
PCP-degrading bacteria may be a feasible method for remaving
PCP from such environments. Here we show that

addition of cells of a PCP-degrading Flavobacterium to
PCP-contaminated natural watergs is - an effective
decontamination technigue. . ' :
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MATERIALS AND METHODS

During previous wcrk (Pignatello, et al., 1983) we isolated
from PCP-contam‘nated stream sediments a pure culture of a
Gram—-negative bacterium that grows aercbically on PCP as a
socle source of carbon and energy. This bacterium will
tolerate PCFP at concentrations of 300-400 mg/L, completely
degrading such gquantities of PCP within 24-43 hours and
liberating all FCP chlorine as chloride ions. Extensive
characterization of this strain uzing the methods of Holmes,
et al. (1981), Weeks (1974), Smibert and Krieg (1931},
Hendrie and Shewan (19792), Kecdaka, et al. {1982), end
Skerman {(1969), summarized in the RESULTS section, indicates
that it belongs in the genus Flavobacterium. e have used
this strain for the detoxification studies reported here.
The FElaveobacterium was grown axenically to mid-logarithmic
stage in a definec growth medium (rFignat2lilo, et al., 1983)
containing L-qlutamic acid (4.0 g/L} as the only source of
carben and energy. Penteachlarophenct then was added (20

ppm )} to induce the PLZr degradative enzymes. Wn=n
degradation of the addecd FCF was n early complete, as
determined by measuring ultravicliet absorbance of the

culture fluid at 318-320¢nm (Fignatellc. et al., 1983), the
micrabiazl cells were added directly {without removal of the
spent growth medium) to FCP-contaminated waters to give 106

to 107 cells/ml of water. cell densities in the initial
inocul ae wereg determined by direct microscopic counts
(Hotbhie, et al., 1977) or by using a standard curve of
culture turoninsty (Q%D } vs. c#11 numabe-/ml.

Concentrations of PCF ip natural watars were determinad by a

gas-chromatographic procedure described previously
(Fignatello, et al., 193%), or by measuring the absorbancs
of water at 3I18nm {(Fignatells, et al., 1983). The latter
procedure was uzed for moast samples. The gas—
chromator raphic procedure waes erployed when innressed

gsensitiv.ty was naoded (<10C ppb) and periodically as a
check orn L ha spectrephotometric assav.

Mississippi River water was co’lected on flay 7. 1957
temperature, 20 C; ouycen concentration, 8marsis
$rom outdoor experimzntal  streams

a the Monticello
Ecological Research Staticon, & field s

3

K

t

tation of the United
States Environmental Frotection Agency Environmental
Regearoh Laboratory at Dueluth, Minnesota (drthue, et al.,
1982). River water (20-~liter portions! was distributed into
all-glass, S-—galion sguaria in four btreatmont Qrouss Sroup

A (2 replicates) recsived Only water. Groun B (2 replicafes).
rzcelved water oius ¢ bacterial ce o ih
replizates) received water slus  107( oy
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(average for the four aquaria, 1110 ppb). Group D (4
replicates) received water, 10° bacteria/sml, and FCP (1020-
1110 ppb, average = 1080 ppbk). Concentrations of PCP within
alli aquaria were moritored by periodic sampling of the water
and determination of ([PCPJ gas-chromatographically. All
aguaria were protected from exposure to direct light to
minimicze photolytic decomgosition of FPLCP. After 48 hours, 10
+athead minnows (Pimephales promelas) were added to each
aquarium, and fish survival monitored up to 168 hours past
the beginning of the experiment.

Numerous other water samples were collected +rom the
vacinity of the Gray Freshwater Biological Institute during
May and June of 1984, Groundwaters were colliected from a
well! in Desphaven, MN (water pH, &4&.9) and a well in Spring
Park, MN (pH, 6.4). Oligotrophic lake water (ph, 7.2) was
collected from Christmas Lake, near Excelesior, MN.
Eutrophic lake water {(pH, ¢&.3) came +$rom Lake HMinnstonka,
Minnetonka Beach, MH . A second river water sample (pH,
7.1) came from the Crow River near Delana, MW, FPortions
(100 ml} of each sample were placed in seperate 250wl
flasks, and FPFCP was added to a concentraticn of 100 ppm.
Each flask then received 1¢’ Flavobacterium celis/ml.
Control! flasks raceived only FCF. Al flasks were incubated
with shaking, in tre dark, et 2% C. Pentachloirophenol
concentrations in the varigus waters were determined
periodically by measuring tho absorbance of small aliguots
of water at 3iBnm. 1¥ necessarv, aliaquots were centrifuged
to remove micrcbial cells prior to analysis for PCP.
Periodic checks of PLCP concentration Iin non-centrifuged
aliguots contirmed that oecreases in Aqg were due to
disappearance of "UF, not adsorption ot PCP teo weicrobial
cells.

For examination of effzcts of opH, temperature, FCP
concentration, and Flavobacterium cell density on rates of

FCP removal from natural waters, we vzed water collected
from Lake Minnetonka, MN. Freshly-collected water (pR 6.9-

7.0} was gistributed into 4$lasks (100Uml 741 ask) and
supplemantaed with FCP. For tesperature esperiments. all
fleske received 1G0ppm of PIP plus approximsatelry io
bacterial cells/~l. Thaev were irculated in the darx, withsut
agitation at tenseratures beiwesn 15 C 2nd 40 €. To examine
effects of Flavchecteriugs ce=ll density, water samnples

of FCF wore inccuiatzd with @ gifferent
caila, varying pebtwecn 5.5x 10"
cellissal and S.5¢1 cello/ml. Far pH etudirs, water
sanoles containing  1CGOpoe ofF FLOP were add varicus
gH’s by addition of bufferring agents (TR

containing
contentrations ot

ig: ; 5,0-%.G,
MES: pits K.0-7.0,  phosphorioc enid:r oN’s 7.0-3.6, and
bhorate:; pH o TL.0-10.GY ot e coroontraition ar o (0aM. AL
transitrion oM e (e.., oM T7.U1 cdupiicatas wers ren with

N
puly . «@f
dif+erent buifarraing aAzents (€.4., TRIE s0d phogpnoric acias
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to confirm that effects on PCP remcval ratez were due to pH
and not particular types of bufferring agents. After
adjustment of pﬁé water samples were inoculated with
approximately i¢ Flavobacterium cells/ml; pH'Ss were
moni tored throughout the experiment, and maintained within
0.1 unit of the initial pH. Toc examine the effects of PCP
concentration on removal rates, two approaches were us=d. In
the first, a moderately low PCF concentration of 1.0ppm was
us:'3, with variable densities of the Flavobacterium. In the
second, all flasks received the same density of bacteria
(107 cells/ml), but different concentrations of FCP (0.1,
1.0, 10.0, and 100.0ppm). Flasks for pH, inoculae size, and
PCP concentration studies were incubated in the dark,
without agitation, at 25 C. Aligucts of water were removed
periodically for determination of L[FCP].

(93}
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RESULTS AND DISCUSSION

We have isoclated from a variety of FCP-contaninated
environments about 40 pure cultures of bacteria that are
able to wuse PCP as a sole source of caron and enerqy for
growth. All of these strains are Bram—negative and exhibit
a yellow insoluble pigment. They grow optimally between 25
and 30 C, and tolerate FCP at concentrations up to 3I00-
400ppm. A single strain wes used in the detoxification
studies reported here. This bacterium is rod-shaped, about
2 micometers long. It is not motile. It possesses
cytoplasmic inclusions when grown on rich media, and
exhibits positive tests for oxidase, catalase, and
phosphatase. It gave negative tests with respect to the
following:? casein hydrolysis, gelatin hydrolysis, lipase,
amylase, arginine dihydrolase, Nl production from nitrate,
indole production, urea hydrolysis, MRVP test, modifications
of ‘litmus milk, deorxyribonuclease productiorn, grouth on
nitregen—frez media, growth on MacConkey A4gar, celliulase
production, agar degradation, and growth at 40 (. The
bacterium will grow in the prese~ce of 2% Nall, and produces
ammoni a when grown on pertone. It grovs well
microaerophilically, and in the presence of low arvgen
concentrations produces acid from glucoss=, maltose,
trehalose, salicin, and cellokiose. Under strictly
anagrobic conditions it will not ferment glucpse. Ko acid
is produced under aercbic conditions from zylose, mannase,
fructose, wmaltose, sorbose, gelactose, salicin, inulin,
dextrin, pyriuvate, acetate, succinate, aspartaie, glutamate,
or butyrate. The bacterium will not grow at the expense of
sucrase, lactose, rhamnose, mannitol, raffinose, arabinose,
dulcitol, inositol, glucosamine, gluconate, tartaraste, ‘ﬁ—
alanine, propionate, salicyiate, valerate, oxalate, ethanol,
propanol, citrate, trehalose, benzoate, glycine, fumarate,
arginine, starch, 2-chlorobenzoate, 3-chlarshenzcate, 4-
chlorobenzoete, 2,4-dichloerchenzoate. 4,6-dichloro-
resorcinol, g—chioropnenal; m-chlorcovenc?!, p-chlorcphenal,
Z,4~dichloraphenol, or Z,4-dichlorophenoxyacetic acigt when
these compounds are supplied as the only Source of carbon
and energy *t a concentration of 100gpm in ¢ detincd mineral
Salts medium. A light to heavy pzilicle devnslopes upon
stationary growth in liquid media. The becterivum is=
resistant to Novobiacin at a disc concentrazion of Iimcg.
The aicroorganism grows =t the expense of FIP, aczetate,
suzcinate, glucose, maltose, aznnuse, ce:lgbioss,

gaiactose,=alicin, inulin, dextrin, pyruvate, aspartate,;
butyrate, glutamate, and pg-hydroxvbutyrate wiren itheos a
supplied ag sols sources af carboa. Sood  growith noours
between pH &£.9 and pH 6.3; and at ftempzraiurss betwsesn 15

ang . 37 C. No  {fluarezscent pilgaents are  oroducaed. Vitg
quanine <+ cyiosine content of the bavteriva™s DNG s 3%,
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The bacterium harbors one or more plesmids. The above
characteristics indicate that this bacterium should be
classified in the genus Flavobacterivum (Holwmes, et al.,

1984; Smibert and Krieq., 19813 Hendrie and Shewan, 1979 and
Kodaka, et al., 1982).

Mississippi River water was distribiLieo into aquaria as
dgescribed under MATERIALS AND METHODS. All aquaria, except
treatment gruup A, received approximately 1ppm of FCP. Same
aquaria also received bacteria, whiie others did not.
Addition of approximateiy 10 Flavobacterium cells/ml to
PCFP-contaminated river water resulted in removal of >90% of
the bioccide within 48 hours, as summarized in Tablie 1.
Removal of the PCP detoxified the water, as shown by
survival cf PCP-sensitive minnows in treated water, but not
in untreated water (Table 2).

waters other than that freom the Miesissippi River was

examined. The bacterium readily decontaminated Ffive
acditional waters, including ciigotrephic (low proguctivity)
lake water, eutrophic <(highly productive) lake water,

groundwater, and ancther river water. Four of the water
samples were deconteainated of 100ppm of FPCP within about 48
hours, at which time PCP no longer was detectable. One well
water sample (Spring Park, MN) was decontaminated
completely, but only after a 72-hour lag period. We
suspect this was due to the lower initial pH cf this water
as comparaa to the others. Other experisents (see below)
indicated that pH’s af 7.0 inhitited FCP remocvai: by the

Temperasture was  an important wvariable affecting FCP
removal rates. The Flavcbacterivo removed PCP within 350
hours at between 20 £ and 30 C. KRemoval rates slowed
somewhat at 15 C (“11¢ hours for complete removal), but
still were significant. In most experiments, slow removal
0+ FCP was ohserved 3% C, wiilhh no removal at 40 C.
in general it appears that temperatures in excess of about
IS € are detrimental to PCP reamcval. Shifting of a water
sample petween 20 C ard 35 C at 10-14 hour intervale., as
miont | pccur in an ocutdoor tireatment system due to  diurnal
variations of temperatorg, only slightly slowed FCF removal
as  conpared to incukaticns st 25 L or 30 L wmithout
variatiecn. Thus, erxposure of the pacterium to I8 C for
pericdes of 10-14 hours did not inactivate the cellis. Thie
cbservation is ancouraging as regards cutdoor sapplications
in warm climate=.

Ineculua density alsc affected soE rencoval rates.
Increasing the densities ot Slavobanterium cells

significantly increassd FOP removal rates, 5 Showa  Iin

&
Figure 1. Mowaver, sven  rathes low cgensities of  the
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bacterium (e.g., 5.5x10% cells/ml) were reasonably effective
at removal of PCP.

The pH optimum for revnoval of PCP from lake water
was about ph 8.5. Rapid removal of PCF nccurred between pH
7.5 and pH 9.0. The Elavcbacterium still was active at pH’'s
as low as pH 6.5, but remnval rates slcweed considerably at
these pH’s. No removal was observed at pH 6.0. Thus, the
bacterium performs best as a PCP decontamination agent at
somewhat alkaline pH’s. It pertorms poorly at pH 7.0 or
lower, or pH 9.5 and higher. Rates of PCF removal varisd
slightly depending on the type of water being
decontaminated and in water sampies collected at different
times of the year; houwever, the overall response to pH
(optimum, pH “B.3) was consistent.

The Flavobacterium was able to resacsve PCP from natural

waters over a wide range oFf PCP concentrations.
FCP concentrations ranging between 10ppb and 100ppm were
decontamirated equally well, Rates of FCP removai (7 FCP

romoved/hour) were similar at all roncentrations, but total
time required for complete removal increased with increasing
PCP concentration because of somewhat longer initial lag

phases preceding degradation at the nigher PCP
concentrations. PCF concentraticns usually were reduceg to
levels below our detection limit of about ¢.° ppb.

Decentamination of natural waters that have been

polluted with PCP clearly may be accomplished using

microbiological techniques. As with any biological system,

many variables may influence tine outcome of decontamination

attempts. Some particularly importart variables include pH,

temperature, pollutant concentration, type of natural water

to be treated, density of added microorganisms, and the
abilities of the added microbes to compete with the natural
microflora already in the water. Data reported here show

that our FPCP-degrading Flavobacterium is a very versatile

PCP decontamiration agent. + removes FCF from most tvypes

ot rnatural water. It accomplishes this quite rapidly and

aver a range of pH and temperature that encompasses

conditions encountered in most natural systems. Either high

or low concentrations of ©CF are trestable, and FCR
concentrations in treated water are reduced to very salte
levels, usually below detection by gas—chromatogrsphic
measurement techniques. As few as 10%-109 Flavobactesrium
cells/ml are sufficient to detoxify most waters. Crigoinrg
experiments indicate that the costs of growing the
Flavobacterium, concentrating the celis, and transportiing
them to a pollution site will be competitive with existing
clean-up technolegies such as the use of activated carbon
fi1ltration. Results of several large fieid triels of our
micropiological clean—up process will be reported later.

[¢]
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Table i. Removal of FPentachlorophenol from River Water by a

— e e R R R N e

TIME _ Z ORIGINAL PCP REMAINING

(hours)
Aguaria with Bacteria Uninczulated
(Treatment Group D) Auaria

(Treatment Group C)

0 100.0 +4.0 100.6 +2.5
3 93.8 +4.0 103.2 +1.2
8 87.0 2.9 102.8 0.5
12 79.2 +7.9 98.3 +0.7
20 64.2 +9.7 100.5 +7.0
3a 80.3 +i4.9 102.0 +9.2
45 : 24.5 +15.6 105.5 15,3
48 (fish adced) ND ND
51 17.4 +12.6 92.1 +0.5
57 11.7 9.9 94.4 4.8
69 9.3 +8.9 89.7 +3.8

ND, not determined
Results are *+ standard deviaticn (Young, 1962)

11
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Table 2. Fish Survival in Contaminated end Decontaminated
River uiater

TREATMENTY Z FISH SURVIVAL
SROUF (Hours, following addition of vish)
0.0 2.0 2.5 3.0 3.5 4.0 6.0 2.0 10 48 168

A 100 10D 100 100 100 100 100 100 100 100 100
B 100 160 100 100 100 100 100 100 100 100 100
C 100 S0 48 12 g ¢} o 6] o O (]
¥ 100G 300 100 100 100 9S S0 83 80 78 78

e -~ - o

A, ro bacteriasho FCPT B, bacterisafne PCP3 C, PCP/no
bacterias D, FIF and Dbacteria. The difference betaeen
treatment grouvps © end D after 168 hours is significant at
the %37 leavel (Young, 1962). 0¢ the +ish that did not
survive in treatment oreoup D, &ll were in 2 single, atypical
aguarium; no fish were lost in 3 of the 4 replicate aguarra.

(%)

| &
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Figure 1. Effect of Inoculum Size on Removal of FPentachlorophenol
from Natural Water by a b avobacteriua

e T e e o e e e S

13
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