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Disclaimer 
 
The U.S. Environmental Protection Agency (EPA), through its Office of Research and 
Development, funded and managed this literature review in collaboration with the Defense 
Threat Reduction Agency and the Department of Homeland Security under the 
Battelle/Chemical, Biological, Radiological, and Nuclear Defense Information and Analysis 
Center Contract No. SP0700-00-D-3180, Technical Area Task CB-11-0232.  It has been 
reviewed by the Agency but does not necessarily reflect the Agency’s views.  Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, 
or otherwise does not constitute or imply its endorsement, recommendation, sale, or favoring by 
the EPA. 
 
This report was generated using references (secondary data) that could not be evaluated for 
accuracy, precision, representativeness, completeness, or comparability; therefore no assurance 
can be made that the data extracted from these publications meet EPA’s stringent quality 
assurance requirements. 
 
Questions concerning this document or its application should be addressed to: 
 
Erin Silvestri 
U.S. Environmental Protection Agency 
National Homeland Security Research Center 
26 W. Martin Luther King Drive, MS NG16 
Cincinnati, OH 45268 
513-569-7619 
Silvestri.Erin@EPA.gov 
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Executive Summary 
 
Risk associated with the presence of B. anthracis in the environment in the United States, 
depends on a variety of bioclimatic factors such as soil type, environmental conditions, and 
ecology, as well as bacterial lifecycle, persistence, and potential to lose (or gain) virulence. 
Persistence is the ability of an organism to remain viable (e.g., to remain alive) over time under a 
given environmental condition and medium. The purpose of this study was to determine the 
current state of scientific knowledge regarding the persistence of B. anthracis spores and 
vegetative cells in soil matrices. Information about B. anthracis for this literature review was 
considered from reports, peer-reviewed journal articles, books, and government publications 
focusing on publications in the last ten years, but including relevant information dating back to 
the 1940s from open literature. The agent name and “persistence” or “survival” were used as the 
primary search terms, but the terms “viability” and “recovery” were also included. This report 
describes a multifaceted B. anthracis lifecycle in combination with genetic, ecologic, and 
meteorologic factors that have enabled B. anthracis spores to persist in the environment.  
 
The vegetative form of B. anthracis does not compete well with other soil microorganisms and is 
often considered an obligate pathogen, unable to reproduce outside of an infected host in nature. 
Establishment of a persistent cycle from a host, to soil, to a host is the basis for recurrent 
outbreaks. However, recent work has noted that vegetative cells may persist up to 120 hours in 
topsoil and an inoculated mixture of spores and vegetative cells on topsoil persisted up to 56 
days 1.  The spore possesses numerous protective properties.  The outer exosporium layer of the 
spore tends to be more hydrophobic, which aids the spore in adhering to the surrounding 
environment.  
 
In addition to the stability of vegetative cells, B. anthracis has more recently been found to 
survive and grow in non-host microenvironments, which contradicts with the obligate 
mammalian pathogen theory. For example:  
 

 B. anthracis was found to propagate in the rhizosphere of a common pasture grass and 
evidence of plasmid transfer between two strains of B. anthracis in the model rhizosphere 
system was observed2. This finding is significant as it provides evidence of metabolically 
active B. anthracis cells in the plant-soil environment. It has been hypothesized that 
growth of B. anthracis within rhizome nodules might be the missing environmental 
reservoir of B. anthracis between natural anthrax outbreaks3.  However, other studies 
have found that the presence of the grass does not necessarily increase B. anthracis 

                                                 
1 U.S. EPA, 2014. Environmental persistence of vegetative Bacillus anthracis and Yersinia pestis. EPA/600/R-
14/150. 
2 Saile and Koehler, 2006. Appl Environ Microbiol 72 (5): 3168-3174. 
3 Kiel et al. 2009. In Proceedings of SPIE eds. Fountain, A.W., III and Gardner, P.J. Bellingham, WA 
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survival or multiplication in the soil, and theorized that the presence of B. anthracis in 
soil may promote establishment of grass at carcass sites, thereby potentially increasing 
the transmission of B. anthracis to grazing hosts by attracting more grazing animals to 
the site4. 

 
 B. anthracis spores have been found to germinate within common soil amoeba and 

replicate to the point of lysing the amoeba host. Upon lysis, the vegetative cells will 
sporulate in a simulated stagnant water/moist soil environment. Research has also found a 
pX01 plasmid dependence for spore germination within the amoeba, which might explain 
why a second plasmid associated with infection, pX02, is lacking in multiple natural B. 

anthracis strains – it is not required for proliferation5.  
 

 Similarly, an interaction between the intestinal tract of earthworms and B. anthracis has 
been shown to be dependent upon the presence of various bacteriophages (viruses that 
infect bacteria). Bacteriophage infection of B. anthracis could create lysogens (the 
integration of phage nucleic acid into the bacterial chromosome) that restore functional 
gene activity necessary to survive and replicate in earthworms, rhizosphere, biofilms, and 
soil6. 

 
Soil has been hypothesized to help aid dispersion and protection of B. anthracis spores in the 
environment. Spores have been found to move between solid surfaces and water and tend to be 
in water7. Spore transport might also occur during flooding, during natural drainage, and due to 
reaerosolization of the spores from soil caused by wind.  
 
In an effort to better characterize anthrax distribution throughout the world, researchers have also 
been working to develop better methods to characterize occurrence. For example, genomic 
analysis techniques have been used more recently to track B. anthracis genetic sublineage in 
order to understand genetic-ecological associations and to construct ecological niche models to 
predict natural outbreaks and to rapidly identify intentional anthrax events8. However, 
identifying B. anthracis spores in an environmental sample continues to be a difficult task due to 
the inhibiting compounds within a soil matrix, low concentrations of the spores themselves, and 
low processing efficiencies. The lack of efficient methods to isolate B. anthracis spores from soil 
has affected the ability of scientists to accurately characterize the persistence of the spores in 

                                                 
4 Ganz et al. 2014. PLOS Neglected Tropical Diseases 8(6): e2903. 
5 Dey et al., 2012. Appl Environ Microbiol 78 (22): 8075-8081. 
6 Schuch and Fischetti, 2009. PLoS One 4 (8): e6532. 
7 Chen et al. 2010. Colloids Surf B Biointerfaces 76 (2): 512-518. 
8 Mullins et al. 2011. BMC ecology 11 32; Kracalik et al. 2013, PLoS Negl Trop Dis 7 (9): e2388; Mullins et al. 
2013, PLoS One 8 (8): e72451. 
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nature. Work on improving the recovery of B. anthracis from soil and other matrices is 
continuing. 
 
Several knowledge gaps, as identified by this review, need to be addressed in order to understand 
the human risk associated with B. anthracis residual contamination and persistence of spores in 
the environment. The gaps include, but are not limited to, the correlation of non-host 
microenvironments on persistence, factors affecting sporulation, location of spores during 
dormancy periods, natural attenuation of B. anthracis, and how readily virulence plasmids are 
lost and regained in nature.  
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1. Introduction 
 
Anthrax outbreaks have occurred for thousands of years, and have been hypothesized to have 
caused the fifth and sixth plagues as described in the Bible, in Exodus, Chapters 7-9 (Hugh-Jones 
and de Vos 2002). Robert Koch first described the etiology of anthrax in 1876, and significant 
work has been devoted to the organism in the years since (Fennelly et al. 2004; Hudson et al. 
2008). Risk associated with the presence of B. anthracis, the causative agent for anthrax, in the 
environment in the United States, depends on a variety of bioclimatic factors such as soil type, 
environmental conditions, and ecology, as well as bacterial lifecycle, persistence, and potential to 
lose (or gain) virulence. 
 
A key consideration in understanding the environmental impact of Bacillus anthracis cells is the 
stability of the organism in a variety of matrices. Persistence is the ability of an organism to 
remain viable (e.g., to remain alive) over time under a given environmental condition and 
medium. While the vegetative form of B. anthracis is not expected to persist in soil as it does not 
compete well with other microorganisms in nature (Titball et al. 1991; Hugh-Jones and 
Blackburn 2009), when they are exposed to certain conditions, such as contact with air, they 
rapidly sporulate to form very persistent spores (Hudson et al. 2008). Once formed, B. anthracis 
spores can resist prolonged periods of desiccation, extremes in temperature, pressure, pH, 
ionizing radiation, and ultraviolet (UV) radiation, allowing spores to potentially survive for 
hundreds of years (Dragon and Rennie 1995).  
 
B. anthracis persistence also depends on chemical and environmental characteristics as well as 
surviving the competition from other organisms (Minett and Dhanda 1941; Van Ness 1971). The 
There have been numerous examples of extended B. anthracis stability in the environment.  For 
example, in pond water, B. anthracis spores have been reported to survive 18.5 years (Minett and 
Dhanda 1941); in moist or dry soil for years (3 months to 33 months) (Manchee et al. 1981; 
Sinclair et al. 2008; Hugh-Jones and Blackburn 2009); in soil or gravel at anthrax carcass sites 
for several years to decades (Manchee et al. 1981; Turnbull et al. 1998; Sinclair et al. 2008). B. 

anthracis has also been found to survive for 10 to 22.5 years on canvas held at room 
temperature, with low humidity and diffuse sunlight and was found to be viable up to 40 years 
within dried blood on gauze  (Army Biological Defense Research Center 1953).  B. anthracis 
spores persist best in dry conditions with soils that are relatively alkaline (above pH of 6), high in 
calcium, and high in organic matter (Dragon and Rennie 1995; Hugh-Jones and Blackburn 
2009).  
 
Anthrax is endemic for livestock living in warmer climates, including the United States (Van 
Ness and Stein 1956; Dragon and Rennie 1995). As such, livestock are seen as a primary source 
of B. anthracis in the environment. Globally, human outbreaks of anthrax due to environmental 
exposure are widespread (Kracalik et al. 2013). Humans are susceptible to anthrax infection from 
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three routes of exposure: cutaneous (by introduction of spores into a lesion or by an insect bite 
transmitting spores from an infected animal); gastrointestinal (by ingesting contaminated meat or 
water); and pulmonary (by inhaling spores) (WHO 2008). Johnson (2007) has developed a list of 
criteria to differentiate between natural and non-natural epizootics of anthrax in livestock 
populations after an event (an outbreak or an attack) has occurred. Blackburn et al. (2007) has 
developed an ecological niche modeling tool to predict the geographical distribution of B. 

anthracis across the continental United States prior to observed outbreaks by using historic 
wildlife and livestock outbreak data along with several environmental variables. Their study 
depicts a significant corridor of increased B. anthracis presence running north to south from 
Canada to Mexico. Griffin et al. (2009) was able to confirm the existence of B. anthracis isolates 
within a similar transect of North American soils. The identified areas follow historical cattle 
trails (Blackburn et al. 2007). In many instances, recent anthrax cases are associated with old 
graves of anthrax stricken animals and suitable soil conditions (Pepper and Gentry 2002; Griffin 

et al. 2009; Hugh-Jones and Blackburn 2009; Kracalik et al. 2013).  
 
Assessing risk associated with the presence of B. anthracis in the environment in the United 
States, whether as background levels, during an outbreak, or as residual levels after an act of 
bioterrorism, might depend on a variety of factors such as soil type, environmental conditions, 
lifecycle, persistence, ecology, and potential to lose (or gain) virulence. The present study 
provides a literature review of the state of knowledge with respect to the persistence of B. 

anthracis vegetative cells and spores in environmental soils. Knowledge gaps are also identified 
in this review.  
 
2. Purpose 
 
The purpose of this study was to determine the current state of scientific knowledge regarding 
the persistence of naturally occurring B. anthracis spores in soil matrices. A discussion of 
persistence of B. anthracis vegetative cells has also been included for completeness. Within this 
document, persistence refers to spores or vegetative cells that are viable and culturable. The 
ability of these cells to subsequently cause infection or induce human disease following release 
into the environment is beyond the scope of this review.  

  



  

  3 

 
3. Methods 
 
Information about B. anthracis for this literature review was considered from reports, peer-
reviewed journal articles, books, and government publications focusing on publications in the 
last ten years, but including relevant information dating back to the 1940s from open literature. 
Books were limited to those published or revised in the last 10 years. The primary search engine 
used was Google ScholarTM ; Pubmed® and Chemical, Biological, Radiological, and Nuclear 
Defense Information Analysis Center were used secondarily. Search terms included the agent 
name plus “persistence,” “survival,” “viability,” and “recovery.” The review focused on the 
environmental persistence associated with soil. The search was limited to articles published in 
the English language, but there was no restriction on geographic location. Additional search 
terms were used in conjunction with the agent name and “persistence,” “survival,” “viability,” 
and “recovery” as a check to ensure important variables affecting the agent’s persistence were 
captured including: soil type, geochemical properties of the matrix, rhizosphere, native 
organisms, soil pH, weather patterns, moisture, temperature, relative humidity, time, UV light 
and solar radiation.  
 
This report was generated using references (secondary data) that could not be evaluated for 
accuracy, precision, representativeness, completeness, or comparability and therefore no 
assurance can be made that the data extracted from these publications meet the U.S. 
Environmental Protection Agency (EPA) quality assurance requirements. However, the sources 
of secondary data were limited to peer-reviewed documents.   
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4. Results  
 
Persistence, sporulation of B. anthracis vegetative cells, and spore structure. B. anthracis 
vegetative cell persistence depends on chemical and environmental characteristics and on 
surviving competition from other organisms (Van Ness 1971). The vegetative form of B. 

anthracis does not compete well with other soil microorganisms in nature (Titball et al. 1991; 
Hugh-Jones and Blackburn 2009).  B. anthracis forms metabolically dormant and extremely 
resistant spores as a survival mechanism when vegetative cells experience nutrient-limiting 
conditions (Ghosh and Setlow 2009; 2010). These environmentally resistant spores are 
composed of a series of concentric layers that each has a role in extending the persistence of the 
organism (Koehler 2009). At the center is the core, where the chromosome along with tightly 
bound small acid-soluble proteins (SASPs) are found. High levels of calcium dipicolinic acid 
along with the SASPs protect the core deoxyribonucleic acid (DNA) from UV degradation 
(Driks 2009). A salt lattice structure formed between the calcium and the dipicolinic acid 
stabilize the DNA and enzymes within the core increasing the thermoresistance properties of the 
spore (Himsworth 2008). The membrane and peptidoglycan cortex layers surround the core, and 
work together to keep the core dry (Driks 2009). Finally, two protein layers called the spore coat 
and exosporium surround the cortex of B. anthracis spores (Driks 2009).  The coat prevents 
foreign materials from entering the core (Driks, 2009).  The exosporium is present in several 
Bacillus species, including members of the B. cereus group.  It is composed of a basal layer and 
a hair-like nap layer made up of glycoproteins which interact with the environment to signal 
when conditions are optimum for germination (Driks 2009; Kailas et al. 2011; Thompson et al. 
2011).  
 
The structure of the exosporium and its nap coat are thought to aid in binding spores to charged 
particles in soil, and thereby influence the dispersion of Bacillus spp. spores (Hugh-Jones and 
Blackburn 2009). Multiple works show that both soil characteristics and spore exosporium 
structures play a role in how well a spore will adhere to its surroundings. Williams et al. (2013) 
found that while the presence of the exosporium impacts the adherence to surfaces, the impact is 
less noticeable on steel than in soil. Taylor–McCabe et al. (2012) correlated the recovery 
efficiency of B. anthracis spores from porous (sand) and non-porous (clay) soils to DNA 
signature recovery. They found that, in general, the more hydrophobic the exterior of a spore 
strain the better adhesion the spore will have to its surrounding environment. B. anthracis spores 
have been found to have higher cell surface hydrophobicity and the least negative electrophoretic 
mobility compared to other commonly used surrogates (White, et al. 2012; White et al. 2014).  It 
has been hypothesized that the high hydrophobicity and more negative charge of the spores in 
higher pH ranges (such as alkaline soil) prevents loss of calcium from the spore core and thus 
maintain germination capability and viability (White et al. 2012; White et al. 2014). Work 
looking at leachate from simulated landfills confirms that the hydrophobic nature of the B. 

atrophaeus spores used in the study retarded their transport through the simulated landfills 
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(Saikaly et al. 2010). Furthermore, Chen et al. (2010) determined that functional groups on the 
spore surface significantly influence transport properties, and thereby also influence the 
persistence of B. anthracis spores in nature. 
 
Spore physiology influences the resistance and dispersion of B. anthracis spores. In particular, 
the metal ions available during sporulation have been found to influence spore characteristics. 
Bacillus spp. spores enriched with calcium germinated more quickly than spores enriched with 
strontium or barium (Himsworth 2008).  
 
Initiation and speed of B. anthracis sporulation is also dependent on temperature and relative 
humidity (Minett 1950; Hugh-Jones and Blackburn 2009). Minett (1950) reported that 
sporulation associated with open carcasses is dependent upon temperature, with sporulation rates 
increasing as temperatures increase; at 36°C sporulation occurs in 8 hours, at 32°C by 10 hours, 
at 26°C by 18 hours, and at 21°C by 24 hours. The EPA (2014) found that the vegetative cell 
population grew by a factor of 10 and had extensive sporulation on wet topsoil within 48 hours 
when held at room temperature and high relative humidity. When an inoculum contained B. 

anthracis in both vegetative cell and spore form, both cells and spores were recovered from the 
test materials 56 days after inoculation.  While a temperature of 39°C and high relative humidity 
(100%) has been cited as being ideal for sporulation to occur (Hugh-Jones and Blackburn 2009); 
sporulation in soil is reported to only occur at temperatures above 25°C (Lindeque and Turnbull 
1994). At a temperature of about 20°C, sporulation is inhibited and the vegetative form of B. 

anthracis dies (Hugh-Jones and Blackburn 2009).  
 
While the spore possesses numerous protective properties, some studies show that it is still 
susceptible to environmental degradation. Laboratory studies conducted by Minett (1941) have 
shown that exposure to sunlight can kill a spore within 84 hours. UV radiation at 452 erg/m2 
(45.2mJ/m2) and 2537Ǻ (253.7 nm) destroys 90% of cells (Army Biological Defense Research 
Center 1953).  However, environmental soils might have a UV A/B protective effect for B. 

anthracis cells. EPA (2010) compared the persistence of B. anthracis spores spiked onto topsoil, 
glass, bare pine wood, and unpainted concrete that had been exposed to simulated sunlight (UV-
A/B). Results determined that when exposed to simulated sunlight (UV-A/B) there was 
essentially no loss in recovery of B. anthracis spores on topsoil after 28 days, while there was 
over a 5 log reduction of spores on glass for the same time period (EPA 2010).   
 
In a more recent study, work with topsoil determined that B. anthracis cells did not sporulate and 
were culturable for up to 96-120 hours at normal laboratory temperatures and a relative humidity 
of 46% regardless of UV-A/B (simulated sunlight) exposure (EPA 2014).  
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B. anthracis genetics and persistence. B. anthracis is thought to have been derived from the B. 

cereus and B. thuringiensis clade (Okinaka 2006) and is considered to be closely related to 
members of the B. cereus group (Klee et al. 2010; Greenberg et al. 2010).  B. cereus is a 
saprotrophic, opportunistic pathogen commonly found in the rhizosphere and as a gut 
commensal (Schuch and Fischetti 2009), while B. thuringiensis is a common insect pathogen that 
has been utilized for decades as a natural pesticide (Tilquin et al. 2008; Van Cuyk 2011). Each of 
these organisms share a core set of genes that support growth within a diverse range of 
environments. The transcriptional regulator plcR regulates over 100 loci, which allows 
organisms such as B. cereus and B. thuringiensis to respond to the environment (Schuch and 
Fischetti 2009).  However, although the loci are encoded for in B. anthracis, a single nonsense 
mutation has caused an inactivation of plcR and transcriptionally silenced these loci in B. 

anthracis, thus allowing the capacity for survival in the environment (Schuch and Fischetti 
2009). It is thought that all members of the B. cereus group share a pan genome within which 
select portions, specifically prophages, are exchanged through horizontal gene transfer (Klee et 
al. 2010). Thus, B. anthracis carries the genetic capacity for environmental survival and 
transferred prophages could modify the expressed phenotype to promote environmental 
persistence (Schuch and Fischetti 2009).  
 
In an effort to stay at the forefront of anthrax distribution throughout the world, researchers have 
begun using genomic analysis techniques to track B. anthracis genetic sublineage (Aikembayev 
et al 2010; Kenefic et al. 2008; Mullins et al. 2013). The hope is that by understanding genetic-
ecological associations, adequate ecological niche models can be constructed to predict natural 
outbreaks and rapidly identify anthrax events begun from illicit mechanisms (Mullins et al. 2011; 
Kracalik et al. 2013; Mullins et al. 2013). While B. anthracis has a limited global diversity, 
multiple locus variable number tandem repeat analysis (MLVA) systems can differentiate B. 

anthracis into lineages and sublineages (Mullins et al. 2011) and single nucleotide repeat 
markers can be used to give a detailed analysis in an outbreak using a fine scale resolution 
(Kenefic et al. 2008). Global studies of B. anthracis have shown that the A lineage is globally 
distributed, while the B and C lineages are more limited in geographic distribution (Van Ert et al. 
2007). The adaptive differences between the three lineages might have aided in the dispersion 
and persistence of B. anthracis worldwide.  
 
A comparison of A and B lineage isolates collected from Kruger National Park, South Africa 
found that the B strains were only found in soils with significantly higher calcium concentrations 
and soil pH measurements when compared to the A strains (Smith et al. 2000; Hugh-Jones and 
de Vos 2002). In fact, the large genetic differences found among samples collected from Kruger 
National Park have led some to hypothesize that southern Africa might be the geographic origin 
of B. anthracis (Smith et al. 2000). Genotyping work in the Central Asian nation of Kazakhstan 
shows that B. anthracis A1.a sublineage was associated with a more diverse ecologic distribution 
than the other A lineage isolates studied (Mullins et al. 2011). Furthermore, the A1.a sublineage 
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is the prevalent B. anthracis lineage across the United States, Italy, and Kazakhstan (Van Ert et 
al. 2007; Aikembayev et al. 2010; Fasanella et al. 2010; Mullins et al. 2011). Results of 
ecological niche modeling studies characterizing the A1.a sublineage across theses three 
countries suggest that specialization within the A1.a sublineage might have occurred over time 
(Mullins et al. 2013). This genetic specialization for various geographic locations has pointed to 
the need for regional ecological niche models that account for genetic diversity of the B. 

anthracis lineage(s) present in conjunction with soil and climate characteristics (Mullins et al. 
2013). Such knowledge has recently led researchers to determine that an anthrax outbreak in 
Bangladesh was most probably due to the domestic recycling of bone as bonemeal for livestock 
feed rather than contaminated soils. Fasanella et al. (2013) recovered three distinct MLVA 
genotypes of the sublineage A.Br.001/002 from six geographically close herds that primarily stay 
on clay soils. Work by Ahsan et al. (2013) furthered the findings by Fasanella et al. (2013) by 
collecting additional soil samples from low lying areas, livestock pastures, and burial sites near 
the original sampling sites. Fourteen of the 48 samples collected by Ahsan et al. (2013) were 
positive for B. anthracis spores. None of the clay samples were positive for B. anthracis, but 
rather all of the spore positive samples were from loamy soils with an elevated moisture content 
(16.69±2.06%) and slightly acidic pH (6.38±0.15) (Ahsan et al. 2013). Kenefic et al (2008) 
found multiple SNR genotypes and a random spatial and temporal pattern of isolates of B. 

anthracis after taking blood and tissue samples from 47 cattle that were associated with an 
outbreak in South Dakota in 2005.  His results suggested that the area was associated with 
multiple past outbreaks and conditions that favored spore survival.  Together these reports 
indicate that while anthrax could be occurring at a higher rate due to contaminated feedstock, the 
area also has a natural propensity to harbor B. anthracis spores in select areas. 
 
B. anthracis lifecycle and environmental persistence. Members of the Bacillus genus are 
primarily saprophytes (organisms that obtain nutrients from dead matter) living in soil (Saile and 
Koehler 2006). In contrast, B. anthracis has traditionally been considered an obligate pathogen, 
unable to reproduce outside of an infected host in nature due to a single nonsense mutation that 
inactivated a transcription regulator gene attributed to saprophytic capabilities (WHO 2008; 
Schuch and Fischetti 2009). Establishment of a persistent cycle from a host, to soil, to a host has 
been seen as the basis for recurrent outbreaks (Van Ness 1971). The classic B. anthracis lifecycle 
(Figure 1) involves: 

 a period of prolific growth (on the order of multiple millions of vegetative organisms per 
milliliter of blood within an infected individual, producing toxins that kill the host) 

 rapid (condition dependent) sporulation at the carcass site initiated when predation (or 
other events) open a carcass, allowing the bodily fluids to drain from the infected carcass 

 dispersion of vegetative cells into the environment (air, soil, or water) 
 spore acquisition by a new host 
 spore germination in a new host (Lindeque and Turnbull 1994; Schuch and Fischetti 

2009)  
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B. anthracis is present at high levels, a million to a billion CFU/mL in the blood of animals when 
they die of anthrax (Lindeque and Turnbull 1994). High carbon dioxide concentrations that are 
found in decomposing carcasses reduce sporulation. B. anthracis in carcasses die in four days or 
less under conditions supporting anaerobic digestion (Minett 1950; Hugh-Jones and Blackburn 
2009) and under conditions where they are in competition with other microorganisms (Dragon 
and Rennie 1995). For sporulation to occur, carcasses must be opened, or bodily fluids drained 
from the carcass (Minett 1950; Johnson 2007; Hugh-Jones and Blackburn 2009). Predators are 
responsible for opening carcasses, and thereby facilitating sporulation (Dragon et al. 2005). In 
locations and/or conditions not conducive to sporulation, spilled blood of infected animals with 
high B. anthracis colony forming units (CFU) per milliliter (mL) could result in few or no spores 
in soil as vegetative B. anthracis survival outside of a host is poor (<24 h) (Lindeque and 
Turnbull 1994; Atlas 2002). 
 
Anthrax outbreaks have been known to stop occurring for decades at a site before an herbivorous 
(typically) host again becomes infected and the cycle is repeated (Hugh-Jones and Blackburn 
2009). Details of natural B. anthracis cycles during the long dormancy periods and explanations 
for the initiation of outbreaks after dormant periods are incomplete and controversial. For an area 
to provide a risk of anthrax, virulent B. anthracis must be present. B. anthracis is most often 
found in dry conditions with soils that are high in organics and calcium, and are relatively 
alkaline (above pH 6) (Van Ness 1971; Hugh-Jones and Blackburn 2009; Aikembayev et al. 
2010). In a study that aimed to map the spatial and temporal distribution of anthrax outbreaks in 
Kazakhstan, foci for anthrax were concentrated more in regions with alkaline soil and higher 
organic matter (southern and areas in northern regions) compared to areas that consisted of desert 
and poorer soil conditions (central Kazakhstan) (Aikembayev et al. 2010). In a review by 
Sinclair et al. (2008) it was noted that the lifecycle of B. anthracis includes a soil dwelling stage, 
and that viable spores can be recovered after significant periods (40, 60, and potentially 1,000 
years). However, while the potential for germination and multiplication of B. anthracis in the 
soil dwelling stage were mentioned, the mechanism and conditions favoring this germination 
were not discussed in the Sinclair et al. (2008) review.  
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Figure 1. B. anthracis natural lifecycle; modified from Schuch and Fischetti (2009). 
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The concept that spores germinate and propagate in soil is not new. West and Burges (1985) 
spiked spores of B. thuringiensis and B. cereus into sandy silt loam soils supplemented with 
either grass clippings or chicken manure. Their results showed that B. thuringiensis spores 
germinated and propagated in the grass-supplemented soil, but B. cereus did not. After 24 days, 
the B. thuringiensis counts came to a plateau and remained at 22 times the spore inoculum level 
for the duration of the experiment, while B. cereus had an initial germination spike then declined 
to 0.11 times the inoculum. Similarly, B. thuringiensis and B. cereus spores germinated in 
manure-supplemented soil; however, after the initial burst of activity the viability counts 
significantly decreased (West and Burges 1985). These results indicate that though spores might 
be activated by an abundance of fresh nutrients in supplemented soils, germinated cells do not 
readily persist in all soils (West and Burges 1985). Other works have also suggested that B. 

thuringiensis can proliferate in nature under ideal conditions. Tilquin et al. (2008) found that B. 

thuringiensis subspecies israelensis spores, originally sprayed in France as a means of mosquito 
control, were found in high concentrations in leaf matter (3 x 105 spores g-1). The authors suggest 
that the high concentrations of B. thuringiensis found might be because the leaf litter is a specific 
microenvironment in which the organism can persist and grow. Specifically, the work 
highlighted two key elements to the microenvironment that potentially contributed to the 
increase in spore counts– low oxygen levels and low decomposition rates (Tilquin et al. 2008). 
While these studies did not utilize B. anthracis, their work is important because both B. 

thuringiensis and B. cereus are routinely used as surrogates for B. anthracis.  
 
 
B. anthracis dispersion and persistence in nature. It has been hypothesized that soil might aid 
in both dispersing and protecting B. anthracis spores in nature (Williams et al. 2013). Within this 
theory, soil surrounding the spores limits UV A/B radiation exposure (EPA 2010), while spore-
soil binding influences spore dispersion patterns. Work by Chen et al. (2010) determined that B. 

anthracis Sterne spores are monopolar and negatively charged. These findings indicate that in 
natural environments where spores can move between a solid surface and water (i.e. in soil near 
a body of water), spores will tend to be in water much of the time (Chen et al. 2010). This 
conclusion corroborates findings by Kim et al. (2009) who determined that an increase in water 
flow rate has the greatest effect on spore movement. Not only will spores tend to be in water, but 
also as the water velocity increases, hydrodynamic forces acting on the soil surface increase, 
which results in the decrease of interparticle bonding forces and increased spore movement. 
Thus, periods of local flooding which raises the water table could detach spores from their refuge 
and transport them back to the soil surface, contaminating the vegetation grazed by susceptible 
herbivores, and thus begin the B. anthracis lifecycle again (Kim et al. 2009; Williams et al. 
2013).  
 
Spore transport during local flooding and natural drainage could also account for limited 
horizontal dispersion patterns (Manchee et al. 1994; Hendriksen and Hansen 2002; Hugh-Jones 
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and Blackburn 2009; Kim et al. 2009; Williams et al. 2013) and areas of higher spore 
concentrations in the environment (Van Ness 1971; Dragon et al. 2005; Griffin et al. 2009; 
Williams et al. 2013). Van Ness (1971) hypothesized that spores germinate and proliferate 
following a flood event then quickly re-sporulate. Dragon and Rennie (1995) called areas of soil 
with high spore concentrations “storage areas.” In their assessment, rather than reproducing, 
hydrophobic spores were transported to low-lying areas where they were concentrated as the soil 
dried out and left to interact with plant cuticles, increasing exposure of grazing animals to the 
spores (Dragon and Rennie 1995). While a connection between local flooding and anthrax 
incidence has been recognized, the exact role in dispersion and persistence of B. anthracis spores 
is still uncertain.  
 
The role wind and ground perturbation plays in dispersing B. anthracis spores from soils has 
been assessed (Layshock et al. 2012). In 1949, military researchers sprayed grassy fields with 
either a dry powder or wet slurry of B. anthracis before collecting air samples while troops 
marched through the fields. Their results showed minimal reaerosolization from the troop 
activity (Peck 1949). Aerosol samples have also been collected downwind from anthrax carcass 
sites (Turnbull et al. 1998). It was found that B. anthracis spores were only found downwind of 
the carcass site during periods of manual disturbances and with the highest wind gusts. These 
results led Turnbull et al. (1998) to conclude that spores are mostly attached to large soil 
particles, and do not remain airborne for very long. Work conducted by Byers et al. (2013) in a 
laboratory controlled ambient breeze tunnel determined that the reaerosolization rates of spores 
are dependent upon the humidity, temperature, and particle size.  
 
B. anthracis and non-host microenvironment effect on environmental persistence.  
Several studies have focused on the ability of B. anthracis to propagate in soil environments. In 
one such work, B. anthracis was found to propagate within the rhizosphere of a common pasture 
grass (Saile and Koehler 2006). The authors proposed that the plant roots enhanced germination 
and proliferation of vegetative cells, as nearly 50% of the inoculated spores germinated in the 
presence of plant roots, whereas few to no spores germinated in the absence of the grass (Saile 
and Koehler 2006). Work conducted by Kiel et al. (2009) has demonstrated the ability of B. 

thuringiensis to grow within rhizome nodules of fescue grass, and a hybridizing relationship 
between a barley flavoprotein gene and a nitrate reductase gene of B. anthracis. Studies have 
also found evidence of plasmid transfer between two strains of B. anthracis within the model 
rhizosphere system (Saile and Koehler 2006). This finding is significant as it provides evidence 
of metabolically active B. anthracis cells in the plant-soil environment. Together these findings 
have led Kiel et al. (2009) to hypothesize that growth of B. anthracis within rhizome nodules 
could be the missing environmental reservoir of B. anthracis between natural anthrax outbreaks.  
However, conflicting results were found by Ganz et al. (2014) who aimed to test whether 
interaction of B. anthracis, native grass (Enneapogon desvauxii), and carcass blood increased B. 

anthracis survival in soils from Etosha National Park. The results suggested that while B. 
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anthracis might increase the transmission of B. anthracis to grazing hosts by promoting 
establishment of grass at carcass sites, which attracts the hosts, no evidence was found that the 
presence of the grass increased B. anthracis survival or multiplication in the soil (Ganz, 2014). 
 
There have been a number of studies looking at potential commensal or symbiotic relationships 
between Bacillus species and soil borne organisms, including amoeba, nematodes, earthworms, 
and bacteriophages. Dey et al. (2012) simulated a stagnant water/moist soil environment to 
assess the interaction of B. anthracis (Ames and Sterne) with Acanthamoeba castellanii, a 
common soil amoeba. The work showed a pathway where ingested B. anthracis spores 
germinate within the amoeba and replicate to the point of lysing the amoeba host. Upon lysis, the 
vegetative cells sporulated in the simulated stagnant water/moist soil environment. Their work 
also highlighted the importance of the pX01 plasmid. Virulent B. anthracis contains two 
plasmids, pX01 and pX02. Interestingly, a pX01 plasmid was required for spore germination 
within the amoeba (Dey et al. 2012). Similar findings were noted in soil samples collected in 
New Orleans after Hurricane Katrina. Of the five B. anthracis positive samples collected post-
flood, all had the pX01 plasmid and only one contained both pX01 and pX02 plasmids (Griffin 

et al. 2009). Researchers hypothesized that this germination dependence could explain why pX02 
is lacking in multiple natural B. anthracis strains – it is not required for proliferation (Dey et al. 
2012). There is some evidence that virulence plasmids can be acquired or reacquired to induce 
virulence. For instance, B. cereus induced an anthrax-like disease in multiple chimpanzees in the 
Ivory Coast. Both pX01 and pX02 virulence plasmids were found in the B. cereus genome in 
these animals (Klee et al. 2010). Researchers hypothesized that the virulence plasmids were 
obtained from B. anthracis cells in the soil or another animal that was co-infected with B. 

anthracis and B. cereus (Klee et al. 2010). 
 
The intestinal tract of worms has been explored as a potential site of B. anthracis spore 

germination. Laaberki and Dworkin (2008) fed B. anthracis Sterne spores and vegetative cells to 
laboratory-controlled nematodes. They found that the digestive track of the worms killed the 
consumed vegetative cells, but spores were able to pass through their system into their feces and 
remain viable. This conclusion is supported by work conducted by Hendriksen and Hansen 
(2002). However, Hendriksen and Hansen (2002) were able to determine that consumed B. 

thuringiensis spores germinated in the gut of the earthworms prior to re-sporulation and 
defecation. Furthermore, their study showed that B. thuringiensis was able to germinate in the 
hindgut of three of the four tested earthworm species, indicating that this is not a species limited 
occurrence, but rather a widely distributed capability (Hendriksen and Hansen 2002).  
 
More recently, the interaction between earthworms and B. anthracis has been shown to be 
dependent upon the presence of various bacteriophages (viruses that infect bacteria). 
Bacteriophage infection of B. anthracis could create lysogens (the integration of phage nucleic 
acid into the bacterial chromosome) that restore the functional gene activity necessary for the 
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bacteria to survive and replicate in earthworms, rhizosphere, biofilms, and soil (Schuch and 
Fischetti 2009). These lysogens appear to induce phenotypic changes to the B. anthracis 
vegetative cells that alter their capacity to sporulate, produce exopolysaccharide for biofilm 
production, and survive long-term in soil and in the anoxic earthworm gut (Schuch and Fischetti 
2009; Schuch et al. 2010). Research has shown that only bacteriophage-infected B. anthracis are 
capable of infecting the intestinal tract of earthworms, and that the bacteriophage present are 
variable (Schuch and Fischetti 2009; Schuch et al. 2010). Work by Schuch et al. (2010) showed 
that one bacteriophage, worm intestinal phage 1, was present in high numbers for three years in 
Pennsylvania forest soil before the population was replaced by a second bacteriophage, worm 
intestinal phage 4, for the next three years of the study. This demonstrates that the bacteriophage 
population in environmental B. anthracis-like isolates in earthworm intestinal tracts is variable. 
 
Another point of interest is the comparison of the earthworm lifestyle to what is known of the B. 

anthracis lifecycle in soils. Both earthworms and B. anthracis prefer alkaline soils with high 
calcium concentrations and rich in organics (Hugh-Jones and Blackburn 2009; Schuch et al. 
2010). This lifestyle correlation might be an indication as to why significant spore spreading is 
not seen in some locations. For instance, after 40 years the spore spread in the acidic soils of 
Gruinard Island was limited to the top 6 cm of soil surrounding the original detonation point 
(Manchee et al. 1981; Manchee et al. 1994; Sharp and Roberts 2006). Furthermore, even the 
limited horizontal distribution seen after 40 years was attributed to wind and/or drainage from 
the contaminated areas, not soil borne organisms (Manchee et al. 1994; Hugh-Jones and 
Blackburn 2009). Anthrax events also seem to occur more commonly after seasonal flooding 
events when earthworms seek the soil surface (Griffin et al. 2009; Schuch et al. 2010). The 
combination of lifestyle patterns, hindgut colonization, and anthrax occurrence patterns points to 
a significant relationship between anthrax incidence and earthworms. While direct sampling at 
enzootic areas would be required to definitively determine a correlation between earthworms and 
anthrax outbreaks, their overlapping lifestyles suggests that B. anthracis spores are carried 
upward to the soil surface and potentially onto vegetation via colonized earthworm digestive 
systems. 
 
B. anthracis biofilms and persistence. Under appropriate conditions, B. anthracis readily forms 
biofilms (Lee et al. 2007; Auger et al. 2009; Schuch and Fischetti 2009). Biofilms are complex 
communities of microbes that produce glycocalyx polysaccharides to protect them from 
desiccation, chemical treatment, immunological attack, and antibiotics (Lee et al. 2007; Auger et 
al. 2009; Perkins et al. 2010). Biofilms are well known to harbor infectious organisms, lengthen 
persistence, and aid in dispersion through sloughing of fringe layers (Perkins et al. 2009). Due to 
their structure, biofilm microenvironments have been hypothesized to create a more suitable 
environment for vegetative B. anthracis to flourish and engage in genetic transfer in nature (Lee 

et al. 2007). 
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As mentioned previously, the ability of B. anthracis to form biofilms could have a profound 
impact on environmental persistence and proliferation. Biofilm formation can create areas of 
nutrient limitation, thereby triggering spore formation for the B. anthracis cells (Lee et al. 2007). 
It has also been found that when biofilms are supplemented with carbon dioxide during culture, 
the vegetative cell concentration is higher compared to ambient temperature and pressure 
conditions (Lee et al. 2007). Studies have shown that B. anthracis strains involved in gut 
colonization are adept at forming biofilms (Auger et al. 2009). This finding again points to the 
symbiotic relationship between Bacillus species and soil borne organisms. 
 
B. anthracis sampling methods and persistence. Identifying B. anthracis spores in an 
environmental sample can be a difficult task due to inhibiting compounds within a soil matrix, 
low concentrations of the spores themselves, and low processing efficiencies. Such sampling 
difficulties might be one factor for seemingly conflicting results from field sampling efforts. 
Multiple detection methods have been developed for clean samples, such as, culture analysis, 
biochemical analysis, genetic analysis, and immunologic analysis (Rao et al. 2010; Irenge and 
Gala 2012). However, without appropriate sample processing, the most sensitive detection 
method will be ineffective. Environmental detection limits for B. anthracis spores in soil have 
been estimated to range between 0.1 CFU/g to 3.2x108 CFU/g soil depending upon the approach 
used to evaluate the environmental limit of detection although limited information is available on 
which is the best approach (Herzog et al. 2009; Chikerema et al. 2012). As pointed out in a 
review by Lim et al. (Lim et al. 2005) there is a need for a universal sample processing method 
to separate, concentrate, and purify target agents from any sample type. The lack of efficient 
methods to isolate B. anthracis spores from soil has affected the ability of scientists to accurately 
characterize the persistence of the spores in nature. A fully developed method with a known 
method recovery rate and associated confidence intervals would be useful for determining the 
persistence of B. anthracis spores, their viability, and the extent of their presence in the 
environment. 
 

5. Discussion 
 
As summarized in this report there are numerous concepts regarding how and where B. anthracis 
spores persist in the environment. The evidence included here points to multiple specific 
microenvironments that allow B. anthracis with suitable genetic phenotypes to germinate and re-
sporulate in the environment, and thereby both increase in concentration and allow for genetic 
transfer (Saile and Koehler 2006; Lee et al. 2007). These microenvironments include amoebae, 
biofilms, earthworm intestinal tracts, and grass rhizospheres (Saile and Koehler 2006; Lee et al. 
2007; Schuch et al. 2010; Dey et al. 2012). Spores generated through these microenvironments 
might be sufficient to carry the species until suitable conditions are met for prolific germination, 
such as in nutrient supplemented soils or a mammalian host (West and Burges 1985; Tilquin et 
al. 2008; Schuch and Fischetti 2009). Cell concentrations might then quickly dissipate after 
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environmental conditions are no longer favorable (West and Burges, 1985). Between anthrax 
incidents, spores generated through various microenvironments might be concentrated in the soil 
by local flooding events (Kim et al. 2009; Williams et al. 2013). The ability of B. anthracis to 
propagate in these microenvironments suggests that it is not an obligate mammalian parasite, 
however, more information is needed to make this determination. 
 
While much of the research of these alternative vegetative pathways for B. anthracis has been 
conducted in laboratory settings, the fact that earthworms, grasses, and B. anthracis spores all 
prefer organic-rich alkaline soils with significant calcium concentrations supports the results of 
laboratory findings (Schuch and Fischetti 2009; Joyner et al. 2010). A lack of confirmatory field 
sampling might be attributed to inefficient sampling methods for environmental aliquots with 
low B. anthracis concentrations and high background organism concentrations (Lim et al. 2005). 
More work focusing on environmental soils with its associated invertebrates and rhizosphere are 
needed to elucidate the role these identified alternative vegetative pathways have in harboring 
and distributing B. anthracis spores between outbreaks. 
 
The studies highlighted herein point to a combination of genetic, ecologic, and meteorologic 
factors that allow B. anthracis spores to survive in the environment. In one recent study, Kracalik 
et al. (2013) concluded that ecological factors and anthropogenic factors (lifestyles and farming 
practices) have a significant role in the persistence of B. anthracis. There has also been 
speculation that human efforts to make land more fertile might contribute to anthrax persistence 
(Van Ness and Stein 1956). To this end, the Canadian Food Inspection Agency has rescinded its 
recommendation of using lime (calcium oxide) as an agricultural anthrax disinfectant as lime 
could aid the long-term preservation of B. anthracis spores by providing ample calcium 
concentrations (Himsworth 2008).  
 
Knowledge gaps in the available literature make it difficult to extrapolate how and where B. 

anthracis persist in environmental soils. These knowledge gaps need to be addressed in order to 
understand the human risk associated with B. anthracis residual contamination and the 
persistence of B. anthracis spores in the environment. Knowledge gaps identified in this 
literature review include: 
 

 Sporulation: What environmental factors are required for sporulation? What is the rate 
of sporulation under various bioclimatic conditions? 

 Dormancy: Where are B. anthracis spores during anthrax dormancy periods and what 
interactions occur to break its dormancy? How does anthrax dormancy affect spore 
persistence?  

 Exosporium:  What role does the spore exosporium structure play in the long-term 
persistence of a spore? 
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 Natural attenuation:  What causes or prevents natural attenuation of B. anthracis in the 
environment?  

 Ecology: What is the interaction between bacteriophages, worms, and rhizosphere that 
can induce long-term persistence of B. anthracis in soil?  How many soil organisms 
harbor B. anthracis spores in their gastrointestinal system? What is the distribution of 
organisms in various soil types across the United States?  

 Lysogens: What role do bacteriophage induced lysogens have in the natural B. anthracis 
reproductive cycle?  

 Virulence retention: How readily are virulence plasmids lost and regained in nature? 

 Biofilms: What role do environmental biofilms play in the long-term persistence of B. 

anthracis? 

 Detection methods: What is the best method for detecting B. anthracis in soil? What is 
its limit of detection for multiple soil types? 

 



  

  17 

6. References 
 
Ahsan, M. M., Khan, M. F.R., Rahman, M. B., Hassan, J., Chowdhury, S.M.Z.H., Parvej, M. S., 
Jahan, M. and Nazir, K. H.M.N.H. (2013). Investigation into Bacillus anthracis spore in soil and 
analysis of environmental parameters related to repeated anthrax outbreak in Sirajganj, 
Bangladesh. Thai Vet Med 43 (3): 449-454. 

Aikembayev, A.M., Lukhnova, L., Temiraliyeva, G., Meka-Mechenko, T., Pazylov, Y., 
Zakaryan, S., Denissov, G., Easterday, W.R., Van Ert, M.N., Keim, P., Francesconi, S.C., 
Blackburn, J.K., Hugh-Jones, M., and Hadfield, T. (2010). Historical distribution and molecular 
diversity of Bacillus anthracis, Kazakhstan. Emerg Infect Dis 16 (5): 789-796. 

Army Biological Defense Research Center (1953). The persistence (survival) of microorganisms: 
Final Report of literature survey. Dayton, OH: Armed Services Technical Information Agency. 
p.670. 

Atlas, R.M. (2002). Responding to the threat of bioterrorism: a microbial ecology perspective--
the case of anthrax. Int Microbiol 5 (4): 161-167. 

Auger, S., Ramarao, N., Faille, C., Fouet, A., Aymerich, S. and Gohar, M. (2009). Biofilm 
formation and cell surface properties among pathogenic and nonpathogenic strains of the 
Bacillus cereus group. Appl Environ Microbiol 75 (20): 6616-6618. 

Blackburn, J.K., McNyset, K.M., Curtis, A. and Hugh-Jones, M.E. (2007) Modeling the 
geographic distribution of Bacillus anthracis, the causative agent of anthrax disease, for the 
contiguous United States using predictive ecologic niche modeling. Am J Trop Med Hyg 77 (6): 
1103-1110. 

Byers, R.J., Medley, S.R., Dickens, M.L., Hofacre, K.C., Samsonow, M.A. and van Hoek, M.L. 
(2013). Transfer and reaerosolization of biological contaminant following field technician 
servicing of an aerosol sampler. J Bioterr Biodef S3 (011). 

Chen, G., Driks, A., Tawfiq, K., Mallozzi, M. and Patil, S. (2010). Bacillus anthracis and 
Bacillus subtilis spore surface properties and transport. Colloids Surf B Biointerfaces 76 (2): 512-
518. 

Chikerema, S.M., Pfukenyi, D.M., Hang'ombe, B.M., L'Abee-Lund, T.M. and Matope, G. 
(2012). Isolation of Bacillus anthracis from soil in selected high-risk areas of Zimbabwe. J Appl 

Microbiol 113 (6): 1389-1395. 

Dey, R., Hoffman, P.S. and Glomski, I.J. (2012). Germination and amplification of anthrax 
spores by soil-dwelling amoebas. Appl Environ Microbiol 78 (22): 8075-8081. 

Dragon, D.C., Bader, D.E., Mitchell, J. and Woollen, N. (2005). Natural dissemination of 
Bacillus anthracis spores in northern Canada. Appl Environ Microbiol 71 (3): 1610-1615. 

Dragon, D.C. and Rennie, R.P. (1995). The ecology of anthrax spores: Tough but not invincible. 
Can Vet J 36 (5): 295-301. 



  

  18 

Driks, A. (2009). The Bacillus anthracis spore. Mol Aspects Med 30 (6): 368-373. 

EPA (U.S. Environmental Protection Agency) (2010). Investigation Report: Investigation of 
simulated sunlight in the inactivation of B. anthracis and B. subtilis on outdoor materials. 
EPA/600/R-10/048.  Washington DC: U.S. Environmental Protection Agency, National 
Homeland Security Research Center. 

EPA (2014). Environmental persistence of vegetative Bacillus anthracis and Yersinia pestis. 

U.S. Environmental Protection Agency. Washington, D.C. EPA/600/R-14/150. 

Fasanella, A., Garofolo, G., Galante, D., Quaranta, V., Palazzo, L., Lista, F., Adone, R. and 
Jones, M.H. (2010). Severe anthrax outbreaks in Italy in 2004: Considerations on factors 
involved in the spread of infection. New Microbiol 33 (1): 83-86. 

Fasanella, A., Garofolo, G., Hossain, M.J., Shamsuddin, M., Blackburn, J.K. and Hugh-Jones, 
M. (2013). Bangladesh anthrax outbreaks are probably caused by contaminated livestock feed. 
Epidemiol Infect 141 (5): 1021-1028. 

Fennelly, K.P., Davidow, A.L., Miller, S.L., Connell, N. and Ellner, J.J. (2004). Airborne 
infection with Bacillus anthracis - from mills to mail. Emerg Infect Dis 10 (6): 996-1001. 

Ganz H, Turner W, Brodie E, Kusters M, Shi Y, Sibanda H, Torok T, Getz W. (2014). 
Interactions between Bacillus anthracis and plants may promote anthrax transmission. PLOS 

Neglected Tropical Diseases 8 (6): e2903. 

Ghosh, S. and Setlow, P. (2009). Isolation and characterization of superdormant spores of 
Bacillus species. J Bacteriol 191 (6): 1787-1797. 

Ghosh, S. and Setlow, P. (2010). The preparation, germination properties and stability of 
superdormant spores of Bacillus cereus. J Appl Microbiol 108 (2): 582-590. 

Greenberg, D.L., Busch, J.D., Keim, P., and Wagner, D.M. (2010). Identifying experimental 
surrogates for Bacillus anthracis spores: a review. Investig Genet 1 (1):4. 

Griffin, D.W., Petrosky, T., Morman, S.A. and Luna, V.A. (2009). A survey of the occurrence of 
Bacillus anthracis in North American soils over two long-range transects and within post-
Katrina New Orleans. Appl Geochem 24 (8): 1464-1471. 

Hendriksen, N.B. and Hansen, B.M. (2002). Long-term survival and germination of Bacillus 

thuringiensis var. kurstaki in a field trial. Can J Microbiol 48 (3): 256-261. 

Herzog, A.B., McLennan, S.D., Pandey, A.K., Gerba, C.P., Haas, C.N., Rose, J.B. and 
Hashsham, S.A. (2009). Implications of limits of detection of various methods for Bacillus 

anthracis in computing risks to human health. Appl Environ Microbiol 75 (19): 6331-6339. 

Himsworth, C.G. (2008). The danger of lime use in agricultural anthrax disinfection procedures: 
The potential role of calcium in the preservation of anthrax spores. Can Vet J 49 (12): 1208-
1210. 



  

  19 

Hudson, M.J., Beyer, W., Bohm, R., Fasanella, A., Garofolo, G., Golinski, R., Goossens, P.L., 
Hahn, U., Hallis, B., King, A., Mock, M., Montecucco, C., Ozin, A., Tonello, F. and Kaufmann, 
S.H. (2008). Bacillus anthracis: balancing innocent research with dual-use potential. Int J Med 

Microbiol 298 (5-6): 345-364. 

Hugh-Jones, M. and Blackburn, J. (2009). The ecology of Bacillus anthracis. Mol Aspects Med 
30 (6): 356-367. 

Hugh-Jones, M.E. and de Vos, V. (2002). Anthrax and wildlife. Rev Sci Tech 21 (2): 359-383. 

Irenge, L.M. and Gala, J.L. (2012). Rapid detection methods for Bacillus anthracis in 
environmental samples: a review. Appl Microbiol Biotechnol 93 (4): 1411-1422. 

Johnson, R. (2007). Differentiation of naturally occurring from non-naturally occurring 
epizootics of anthrax in livestock populations: Department of Agriculture, Veterinary Services. 
USDA-APHIS. 

Joyner, T.A., Lukhnova, L., Pazilov, Y., Temiralyeva, G., Hugh-Jones, M.E., Aikimbayev, A. 
and Blackburn, J.K. (2010). Modeling the potential distribution of Bacillus anthracis under 
multiple climate change scenarios for Kazakhstan. PLoS One 5 (3): e9596. 

Kailas, L., Terry, C., Abbott, N., Taylor, R., Mullin, N., Tzokov, S.B., Todd, S.J., Wallace, B.A., 
Hobbs, J.K., Moir, A. and Bullough, P.A. (2011). Surface architecture of endospores of the 
Bacillus cereus/anthracis/thuringiensis family at the subnanometer scale. Proc Natl Acad Sci 

USA 108 (38): 16014-16019. 

Kenefic, L.J., Beaudry, J., Trim, C., Daly, R., Parmar, R., Zanecki, S., Huynh, L., Van Ert, M.N., 
Wagner, D.M., Graham, T., and Keim, P. (2008). High resolution genotyping of Bacillus 

anthracis outbreak strains using four highly mutable single nucleotide repeat markers. Lett App 

Microbiol 46 (5): 600-603.  

Kiel, J.L., Walker, W.W., Andrews, C.J., De Los Santos, A., Adams, R.N., Buchholz, M.W., 
McBurnett, S.D., Fuentes, V., Rizner, K.E. and Blount, K.W. (2009). Pathogenic ecology: Where 
have all the pathogens gone? Anthrax: a classic case. In Proceedings of SPIE, eds. Fountain, 
A.W., III and Gardner, P.J. Bellingham, WA: SPIE.  

Kim, M., Boone, S.A. and Gerba, C.P. (2009). Factors that influence the transport of Bacillus 

cereus spores through sand. Water Air Soil Poll 199 (1-4): 151-157. 

Klee, S.R., Brzuszkiewicz, E.B., Nattermann, H., Bruggemann, H., Dupke, S., Wollherr, A., 
Franz, T., Pauli, G., Appel, B., Liebl, W., Couacy-Hymann, E., Boesch, C., Meyer, F.D., 
Leendertz, F.H., Ellerbrok, H., Gottschalk, G., Grunow, R. and Liesegang, H. (2010). The 
genome of a Bacillus isolate causing anthrax in chimpanzees combines chromosomal properties 
of B. cereus with B. anthracis virulence plasmids. PLoS One 5 (7): e10986. 

Koehler, T.M. (2009). Bacillus anthracis physiology and genetics. Mol Aspects Med 30 (6): 386-
396. 



  

  20 

Kracalik, I.T., Malania, L., Tsertsvadze, N., Manvelyan, J., Bakanidze, L., Imnadze, P., Tsanava, 
S. and Blackburn, J.K. (2013). Evidence of local persistence of human anthrax in the country of 
Georgia associated with environmental and anthropogenic factors. PLoS Negl Trop Dis 7 (9): 
e2388. 

Laaberki, M.-H. and Dworkin, J. (2008). Death and survival of spore-forming bacteria in the 
Caenorhabditis elegans intestine. Symbiosis 46 (2): 95-100  

Layshock, J.A., Pearson, B., Crockett, K., Brown, M.J., Van Cuyk, S., Daniel, W.B. and 
Omberg, K.M. (2012). Reaerosolization of Bacillus spp. in outdoor environments: A review of 
the experimental literature. Biosecur Bioterror 10 (3): 299-303. 

Lee, K., Costerton, J.W., Ravel, J., Auerbach, R.K., Wagner, D.M., Keim, P. and Leid, J.G. 
(2007). Phenotypic and functional characterization of Bacillus anthracis biofilms. Microbiol 153 
(Pt 6): 1693-1701. 

Lim, D.V., Simpson, J.M., Kearns, E.A. and Kramer, M.F. (2005). Current and developing 
technologies for monitoring agents of bioterrorism and biowarfare. Clin Microbiol Rev 18 (4): 
583-607. 

Lindeque, P.M. and Turnbull, P.C. (1994). Ecology and epidemiology of anthrax in the Etosha 
National Park, Namibia. Onderstepoort J Vet Res 61 (1): 71-83. 

Manchee, R.J., Broster, M.G., Melling, J., Henstridge, R.M. and Stagg, A.J. (1981). Bacillus 

anthracis on Gruinard Island. Nature 294 (5838): 254-255. 

Manchee, R.J., Broster, M.G., Stagg, A.J. and Hibbs, S.E. (1994). Formaldehyde solution 
effectively inactivates spores of Bacillus anthracis on the Scottish island of Gruinard. Appl 

Environ Microbiol 60 (11): 4167-4171. 

Minett, F.C. (1950). Sporulation and viability of B. anthracis in relation to environmental 
temperature and humidity. J Comp Pathol 60 (3): 161-176. 

Minett, F.C. and Dhanda, M.R. (1941). Multiplication of B. anthracis and Cl. chauvoei in soil. 
Indian J Anim Sci Anim Husbandry 11: 308-328. 

Mullins, J., Lukhnova, L., Aikimbayev, A., Pazilov, Y., Van Ert, M. and Blackburn, J.K. (2011). 
Ecological niche modelling of the Bacillus anthracis A1.a sub-lineage in Kazakhstan. BMC Ecol 
11: 32. 

Mullins, J.C., Garofolo, G., Van Ert, M., Fasanella, A., Lukhnova, L., Hugh-Jones, M.E. and 
Blackburn, J.K. (2013). Ecological niche modeling of Bacillus anthracis on three continents: 
Evidence for genetic-ecological divergence? PLoS One 8 (8): e72451. 

Okinaka, R., Pearson, T., and Keim, P. (2006). Anthrax, but not Bacillus anthracis? PLoS 

Pathog 2 (11): e122. 



  

  21 

Peck, R.C.W., F.W.; Buchanan, L.M. (1949). Field Tests of Protective Clothing Exposed to BW 
Aerosols 112. Frederick, MD: Camp Detrick, Frederick, MD: US Army, Biological Department, 
Chemical Corps Division. 

Pepper, I.L. and Gentry, T.J. (2002). Incidence of Bacillus anthracis in soil. Soil Sci 167 (10): 
627-635. 

Perkins, S.D., Mayfield, J., Fraser, V. and Angenent, L.T. (2009). Potentially pathogenic bacteria 
in shower water and air of a stem cell transplant unit. Appl Environ Microbiol 75 (16): 5363-
5372. 

Perkins, S.D., Woeltje, K.F. and Angenent, L.T. (2010). Endotracheal tube biofilm inoculation of 
oral flora and subsequent colonization of opportunistic pathogens. Int J Med Microbiol 300 (7): 
503-511. 

Rao, S.S., Mohan, K.V. and Atreya, C.D. (2010). Detection technologies for Bacillus anthracis: 
prospects and challenges. J Microbiol Methods 82 (1): 1-10. 

Saikaly, P.E., Hicks, K., Barlaz, M.A. and de Los Reyes, F.L., 3rd (2010). Transport behavior of 
surrogate biological warfare agents in a simulated landfill: Effect of leachate recirculation and 
water infiltration. Environ Sci Technol 44 (22): 8622-8628. 

Saile, E. and Koehler, T.M. (2006). Bacillus anthracis multiplication, persistence, and genetic 
exchange in the rhizosphere of grass plants. Appl Environ Microbiol 72 (5): 3168-3174. 

Schuch, R. and Fischetti, V.A. (2009). The secret life of the anthrax agent Bacillus anthracis: 
Bacteriophage-mediated ecological adaptations. PLoS One 4 (8): e6532. 

Schuch, R., Pelzek, A.J., Kan, S. and Fischetti, V.A. (2010). Prevalence of Bacillus anthracis-
like organisms and bacteriophages in the intestinal tract of the earthworm Eisenia fetida. Appl 

Environ Microbiol 76 (7): 2286-2294. 

Sharp, R.J. and Roberts, A.G. (2006). Anthrax: the challenges for decontamination. J Chem 

Technol Biot 81 (10): 1612-1625. 

Sinclair, R., Boone, S.A., Greenberg, D., Keim, P. and Gerba, C.P. (2008). Persistence of 
category A select agents in the environment. Appl Environ Microbiol 74 (3): 555-563. 

Smith, K.L., DeVos, V., Bryden, H., Price, L.B., Hugh-Jones, M.E. and Keim, P. (2000). 
Bacillus anthracis diversity in Kruger National Park. J Clin Microbiol 38 (10): 3780-3784. 

Taylor-McCabe, K.J., Shou, Y. and Hong-Geller, E. (2012). Effects of Bacillus anthracis 
hydrophobicity and induction of host cell death on sample collection from environmental 
surfaces. J Gen Appl Microbiol 58 (2): 113-119. 

Thompson, B.M., Hoelscher, B.C., Driks, A., and Stewart, G.C. (2011). Localization and 
assembly of the novel exosporium protein BetA of Bacillus anthracis. J Bacteriology 193 (19): 
5098-5104. 



  

  22 

Tilquin, M., Paris, M., Reynaud, S., Despres, L., Ravanel, P., Geremia, R.A. and Gury, J. (2008). 
Long lasting persistence of Bacillus thuringiensis subsp. israelensis (Bti) in mosquito natural 
habitats. PLoS One 3 (10): e3432. 

Titball, R.W., Turnbull, P.C. and Hutson, R.A. (1991). The monitoring and detection of Bacillus 

anthracis in the environment. Soc Appl Bacteriol Symp Ser 20: 9S-18S. 

Turnbull, P.C., Lindeque, P.M., Le Roux, J., Bennett, A.M. and Parks, S.R. (1998). Airborne 
movement of anthrax spores from carcass sites in the Etosha National Park, Namibia. J Appl 

Microbiol 84 (4): 667-676. 

Van Cuyk, S., Deshpande, A., Hollander, A., Duval, N., Ticknor, L., Layshock, J., Gallegos-
Graves, L. and Omberg, K.M. (2011). Persistence of Bacillus thuringiensis subsp. kurstaki in 
Urban Environments following spraying. Appl Environ Microbiol 77 (22): 7954-7961. 

Van Ert, M.N., Easterday, W.R., Huynh, L.Y., Okinaka, R.T., Hugh-Jones, M.E., Ravel, J., 
Zanecki, S.R., Pearson, T., Simonson, T.S., U'Ren, J.M., Kachur, S.M., Leadem-Dougherty, 
R.R., Rhoton, S.D., Zinser, G., Farlow, J., Coker, P.R., Smith, K.L., Wang, B., Kenefic, L.J., 
Fraser-Liggett, C.M., Wagner, D.M. and Keim, P. (2007). Global genetic population structure of 
Bacillus anthracis. PLoS One 2 (5): e461. 

Van Ness, G.B. (1971). Ecology of anthrax. Science 172 (3990): 1303-1307. 

Van Ness, G.B. and Stein, C.D. (1956). Soils of the United States favorable for anthrax. J Am 

Vet Med Assoc 128 (1): 7-12. 

West, A.W. and Burges, H.D. (1985). Persistence of Bacillus thuringiensis and Bacillus cereus 

in soil supplemented with grass or manure. Plant Soil 83 (3): 389-398. 

White C.P., Popovici J., Lytle D.A., Adcock N.J., and Rice E.W. (2012). Effect of 
electrophoretic mobility of surrogate spores of Bacillus anthracis in aqueous solutions. Appl 

Environ Microbiol 78 (23):8470-8473 

White, C.P., Popovici, J., Lytle, D.A., and Rice, E.W. (2014). Endospore surface properties of 
commonly used Bacillus anthracis surrogates vary in aqueous solution. Antonie van 

Leeuwenhoek 106 (2):243-51. 

WHO (World Health Organization) (2008). Anthrax in Humans and Animals - Fourth Edition. 
Geneva: World Health Organization. 

Williams, G., Linley, E., Nicholas, R. and Baillie, L. (2013). The role of the exosporium in the 
environmental distribution of anthrax. J Appl Microbiol 114 (2): 396-403. 
 
 
 
 



Office of Research and Development (8101R) 
Washington, DC 20460

Official Business 
Penalty for Private Use 
$300

PRESORTED STANDARD
POSTAGE & FEES PAID

EPA
PERMIT NO. G-35


	Literature Review on Mechanismsthat Affect Persistence of BacillusAnthracis in Soils
	Disclaimer
	Executive Summary
	Table of Contents
	1. Introduction
	2. Purpose
	3. Methods
	4. Results
	5. Discussion
	6. References




