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SPORE-FORMING BACTERIAL PATHOGENS

To survive adverse conditions, some bacterial species are capable of developing into a cell 

type, the “spore,” which exhibits minimal metabolic activity and remains viable in the 

presence of multiple environmental challenges. For some pathogenic bacteria, this 

developmental state serves as a means of survival during transmission from one host to 

another. The spores are the highly infectious form of these bacteria. Upon entrance into a 

host, specific signals facilitate germination into metabolically active replicating organisms, 

resulting in disease pathogenesis. In this chapter, we will review spore structure and function 

in well-studied pathogens of two genera, Bacillus and Clostridium, focusing on Bacillus 
anthracis and Clostridium difficile, and explore current data regarding the lifestyles of these 

bacteria outside the host and transmission from one host to another.

Bacillus anthracis and Other Pathogenic Bacillus Species

The Bacillus species are Gram-positive, spore-forming, facultative aerobes that are 

commonly found in the soil, sometimes associated with plants and nematodes. The Bacillus 
cereus sensu lato clade of this well-studied genus contains pathogens and nonpathogens, 

with a complex taxonomy that in recent years has been continuously modified to reflect 

DNA sequence data. In addition to DNA sequence similarities and gene synteny, horizontal 

transfer of closely related plasmids is apparent among these ubiquitous soil bacteria (1). 

Member species of the Bacillus cereus sensu lato group include B. cereus sensu stricto, B. 
anthracis, Bacillus thuringiensis, Bacillus mycoides, Bacillus pseudomycoides, Bacillus 
weihenstephanensis, and Bacillus cytotoxicus (2–10). Of these, the most well-studied 

species are B. anthracis, B. cereus sensu stricto, and B. thuringiensis. B. anthracis is the 

causative agent of anthrax in mammals, an often-lethal disease. Human disease is generally 

acquired accidentally during outbreaks of anthrax in domestic livestock and wildlife, but has 

also been associated with bioterrorism (11). Certain strains of B. cereus can cause food 

poisoning in humans, while some strains of B. thuringiensis are lethal for invertebrates and 

are used as insecticides (12, 13). Other species of the B. cereus sensu lato group are only 

occasionally cited as disease causing in mammals but their potential virulence factors are not 

known.

B. anthracis and anthrax—B. anthracis infection can manifest as a cutaneous or 

systemic disease. Entry of spores via a preexisting lesion in the skin can result in cutaneous 

anthrax. This disease is distinguished by the presence of a characteristic, black eschar on the 

skin, and typically remains a localized infection. Systemic anthrax can take several forms. 
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One of these, gastrointestinal anthrax, is the result of ingesting spores, which may occur in 

grass-fed mammals that consume the spores in the soil, or in humans through the 

consumption of contaminated food products. The other systemic form, inhalational anthrax, 

is the most deadly form, in part because of its ambiguous set of symptoms and rapid onset. 

Spores are inhaled and deposited into the lung tissue, where they proceed to germinate and 

spread through lymph nodes, rapidly causing systemic disease, massive tissue damage, 

shock and death (14). Recently, a fourth form, injectional anthrax, has been recognized in 

heroin addicts whose drug supply was likely contaminated by contact with infected animal 

material (15, 16).

Virulent B. anthracis carry two virulence plasmids. The anthrax toxin genes are located on 

virulence plasmid pXO1, and the capsule biosynthetic operon is located on pXO2 (17). The 

anthrax toxin is composed of three proteins: lethal factor, edema factor, and protective 

antigen. Lethal factor is a zinc-dependent metalloprotease that targets the mitogen-activated 

kinase kinases (MAPKKs, or Meks). Lethal factor cleaves the N-terminus of these proteins, 

disrupting the ERK1/2, JNK/SAPK, and p38 signaling pathways in host cells. These 

pathways are critical to proper cell cycle regulation, cellular proliferation, and defense 

against cellular stresses. Edema factor is a calmodulin-dependent adenylate cyclase, which, 

as the name implies, causes the intense edema observed with the disease. This enzyme 

influences many cellular signaling pathways in the host cell by increasing cyclic AMP 

(cAMP) levels. Protective antigen is required for the delivery of both lethal factor and edema 

factor to host cells. Protective antigen is cleaved into a fragment that can multimerize, 

forming a heptameric structure that binds to receptors on the host cell (TEM8 and CMG2), 

forms a pore within the membrane, and delivers the toxin to the host cell cytosol (18, 19). 

The capsule of B. anthracis is unique among capsule-forming bacteria in that it is composed 

of poly-D-glutamic acid instead of the more common polysaccharide or hyaluronic acid 

capsules seen in other pathogens. As is true for other bacterial capsules, the B. anthracis 
capsule has antiphagocytic and anti-opsinogenic roles in infection. Recent reports have 

expanded the role of capsule, indicating that it can also act as an adhesion, suppress 

dendritic cell function, and may serve as a TLR2 agonist (20–22).

B. thuringiensis, the insect pathogen—B. thuringiensis is used extensively as a 

biological control agent for insect pests. During sporulation, certain B. thuringiensis strains 

produce parasporal crystals comprised of Cry proteins (also known as delta-endotoxins). 

These toxins are lethal for many invertebrates, including members of the orders Lepidoptera, 

Diptera, Coleoptera, some nematodes, mites, and protozoa (12, 13). The Cry toxins vary in 

degree of toxicity, but generally disrupt host cell membranes, including those of epithelial 

cells in the insect gut (23). Two models have been proposed for Cry-mediated death. 

Formation of pores in cell membranes causes an osmotic imbalance and/or the opening of 

ion channels activates the process of cell death (24). B. thuringiensis infection in insects 

includes three successive steps, virulence, necrotrophism, and sporulation, which are 

controlled by quorum sensing systems and multiple regulators. In addition to the Cry toxins, 

multiple other factors, including degradative enzymes, play roles in these different stages of 

infection (25).
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B. thuringiensis is generally considered non-pathogenic to humans and other animals. 

However, there are some reports of association of the bacterium with human diseases 

including food-poisoning-associated diarrheas, periodontitis, and bacteremia. There are also 

rare instances of B. thuringiensis-associated ocular, burn, and wound infections (26, 27). 

Multiple secreted proteins of B. thuringiensis, including phospholipases, hemolysins, and 

enterotoxins, have been shown to contribute to disease in animal models of infection (28).

B. cereus and food poisoning—Some B. cereus sensu stricto strains are opportunistic 

human pathogens, and infection and intoxication can result from consumption of 

contaminated foods. Cereulide toxin-producing strains are responsible for an enteric 

syndrome that is acquired by eating contaminated rice or pasta. Diarrheal disease, linked 

with contaminated dairy products and vegetables, is caused by B. cereus sensu stricto strains 

producing three different toxins: cytotoxin K and the heat-labile protein complexes 

hemolysin BL and non-hemolytic enterotoxin (29, 30).

Pathogenic Clostridium Species

Many members of the Clostridiales, like the Bacillales, are Gram-positive sporulating soil 

bacteria. Yet unlike the Bacillales species that form spores, the known spore-forming 

Clostridiales species are obligate anaerobes and are exquisitely sensitive to oxygen. The 

major pathogenic Clostridiales species are a genetically diverse group including Clostridium 
difficile, Clostridium perfringens, Clostridium botulinum, Clostridium tetani, and 

Clostridium sordellii. (We note that C. difficile is properly referred to as Peptoclostridium 
difficile (31). However, for the purpose of this review, we will use the former and still very 

widespread nomenclature). C. perfringens is the second-most common bacterial source of 

foodborne illness in the United States (32) and the most common Clostridium species 

associated with gas gangrene. During the last decade, C. difficile has emerged over the past 

ten years as a causative agent of antibiotic-associated diarrhea (33). Other pathogenic 

Clostridium species include: C. tetanii, the agent of tetanus; C. botulinum, which causes 

botulism; and C. sordellii, which has been associated with rare post-abortion infections (34).

Hospital-acquired C. difficile infections—C. difficile is the leading cause of 

nosocomial diarrhea worldwide and the bacterium can cause life-threatening infections in 

patients undergoing antibiotic treatment. Spores are transmitted via the fecal-oral route and 

are very easily spread by health care workers. C. difficile is a toxin-producing extracellular 

pathogen. Typically, the treatment of a patient with antibiotics for an unrelated infection 

negatively affects the normal flora within the gut. These commensals provided colonization 

resistance, or the ability to prevent invasion by pathogens simply by colonizing the niche 

first. In the absence of these protective commensals, C. difficile spores can germinate, 

replicate, and produce toxins. Unlike other infections, C. difficile infected patients have a 

high relapse rate, further complicating the treatment of the disease. This relapse rate may be 

due to the ability of C. difficile to sporulate and re-germinate within the host environment, 

thereby persisting within the host. The ability of C. difficile to complete its life cycle within 

the host is one significant difference between C. difficile and B. anthracis, for which 

sporulation within the host has not be observed (35, 36).
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The primary virulence factors of C. difficile are two enterotoxins – Toxin A (TcdA) and 

Toxin B (TcdB). These toxins are required for the development of clinical symptoms. These 

toxins act by glycosylating members of the Rho family of host proteins, which causes 

remodeling of the host cell cytoskeleton and leads to massive damage to the epithelium and 

induction of a strong inflammatory response (37, 38). The results of these events are 

intestinal tissue injury and acute inflammation, leading to the diarrheal symptoms observed 

clinically. The ability to produce toxins A and/or B is essential for virulence; highly 

toxinogenic strains are capable of causing severe disease, while non-toxin producing strains 

do not cause symptomatic disease (38). While the relative contributions of toxins A and B to 

disease are still an important area of investigation (39, 40), recent data suggest that toxin B 

is the primary contributor to disease (41). C. difficile produces a third toxin called CDT (also 

known as binary toxin). This toxin is an ADP-ribosyltransferase, much like the diphtheria, 

cholera, and pertussis toxins. The role of this toxin in the causation of disease is unclear, as 

many pathogenic strains do not possess the gene to encode it. However, one hypothesis is 

that CDT augments the activity of TcdA and TcdB. Interestingly, one study has implicated 

CDT as a significant predictor of recurrent disease (42).

C. perfringens infections—C. perfringens can cause human clostridial myonecrosis and 

food poisoning as well as several enterotoxemic and enteritis diseases of animals. Clostridial 

myonecrosis, also known as gas gangrene, arises when spores from contaminated soil enter 

muscle tissue, often as a result of traumatic injury (43). Spontaneous myonecrosis can also 

occur, but is usually associated with C. septicum or other related species (44). Clostridial 

myonecrosis in humans and other mammals spreads rapidly via tissue necrosis, often leading 

to systemic toxemia and shock with high mortality rates. C. perfringens gastroenteritis can 

be acquired from contaminated meat, including poultry. Spores, and vegetative cells from 

food stored in conditions that permit germination and multiplication, survive passage 

through the stomach and reach the intestine, where they can multiply and form toxin (32). 

Pathogenesis of C. perfringens is mediated by multiple secreted toxins, many of which are 

plasmid-encoded (45). Strains are distinguished by the combinations of toxins that they 

produce. Toxigenic types A, B, C, D, and E, are based on distinct combinations of four 

different toxins (alpha-, beta-, epsilon- and iota-toxins). Some strains can produce additional 

toxins, including the beta 2 enterotoxin and C. perfringens enterotoxin (CPE) (32, 46, 47).

THE SPORE AS AN INFECTIOUS PARTICLE

Spores of Bacillus and Clostridium represent a distinctive cell type that is made when 

vegetative cells experience a specific alteration in the environment that is usually associated 

with starvation (Fig. 1). Spores are distinguished from the vast majority of other cell types 

by their minimal metabolic activity and high resistance to environmental stressors (48). As a 

result, spores can survive in the environment for extended periods of time (49). In most 

cases where disease is initiated by a spore, the spore must germinate before the virulence 

factors that cause disease (such as toxins) are expressed (for an important exception, see 

discussion of C. perfringens, below). This is because the spore itself appears to be generally 

non-toxic to the host; rather, toxicity arises from factors produced after germination, when 

vegetative cell growth resumes.

Swick et al. Page 4

Microbiol Spectr. Author manuscript; available in PMC 2016 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Spore Structure and Function

All spores produced by species in the Bacillales and Clostridiales have a common 

architectural plan; they are spherical or roughly ovoid cells composed of a series of 

concentric shells (Fig. 1).

The inner membrane and its contents—The inner-most structure is always a 

membrane-bound compartment harboring the spore’s DNA, which is tightly associated with 

small peptides called small acid-soluble proteins, or SASPs (50). This compartment also 

contains cations and pyridine-2,6-dicarboxylic acid (or dipicolinic acid, DPA) in a 1:1 

chelate with divalent calcium ions (Ca2+DPA), which serve to maintain the spore’s dormant 

state and resistance to certain DNA-damaging agents. The membrane of this compartment 

retards the diffusion of water (51, 52).

An additional important function of the inner membrane, at least in many species, is to 

house the germinant receptors, which initiate a signal transduction pathway ultimately 

leading to the resumption of metabolism (51, 53). The receptors bind to specific small-

molecule “germinants,” which can be a subset of sugars, amino acids and ribonucleosides, 

as well as other small molecules, depending on the spore species (53). Not all germinant 

receptors are located in the inner membrane; the C. difficile germinant receptor CspC is 

likely associated with either the coat and/or cortex (54). CspC is distinct from the 

“canonical” germinant receptors, best studied in B. subtilis and present in a variety of 

Bacillaceae and C. perfringens (55). In particular, unlike the typical germinant receptors, 

CspC does not contain membrane-spanning sequences. As will be discussed later, this 

difference between CspC and the other known germinant receptors suggests that germinant 

receptors in other spore-forming bacteria may vary from the examples studied so far. As a 

result, searches for novel germinant receptors should not be based solely on bioinformatics-

driven searches.

All known germinant receptors are located in deeper layers of the spore, suggesting that 

germinants must reach the receptors via diffusion. Therefore, it can be inferred that all the 

layers that encase the inner membrane (discussed below) are porous to molecules at least as 

large as the corresponding germinants. The porosity of the coat to small molecules has been 

demonstrated experimentally for a few Bacillus species and can be inferred for many others 

where data are available; these species possess sequences for canonical germinant receptors. 

The porosity of the cortex is a reasonable inference based on the known structure and 

composition of peptidoglycan layers.

The Cortex and germ cell wall—Surrounding the forespore membrane is another spore 

layer that is common to all species examined: a shell of peptidoglycan containing two 

sublayers, the cortex, and the germ cell wall. The germ cell wall is destined to become the 

nascent cell wall of the vegetative cell when outgrowth begins. The cortex encases the germ 

cell wall. In transmission electron micrographs, the cortex appears distinct from vegetative 

cell peptidoglycan and, at least in B. anthracis and B. subtilis, the cortex differs 

biochemically as well. A major role of the cortex is to retain the relatively dry state of the 

core. The cortex does this by constricting the core’s volume. In the absence of this girdle-
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like effect of the cortex (if, for example, the integrity of the cortex is compromised by first 

extracting the coat and then treating with lysozyme (56)), the core will immediately begin to 

expand and rehydrate.

The Spore coat—The next layer of the spore, the coat, is a protein shell that is universally 

present, but varies significantly in composition and morphology among species (57–63). In 

many species, including B. subtilis and C. difficile, but not B. anthracis and its close 

relatives, the coat is the external layer of the spore (Fig. 1) (64, 65). The coat is 

biochemically complex, comprising approximately 70 protein species organized into several 

layers (60, 66–69). The spore coat of B. anthracis is relatively thin; in contrast, it is much 

thicker in C. difficile (65). The coat has a larger surface area than the cortex on which it sits. 

As a result, while much of the inner surface of the coat associates with the outer cortex 

surface, the mismatch in surface areas results in folds or buckles in the coat (70–72). In fact, 

the coat is relatively flexible and can fold and unfold in response to changes in the spore’s 

degree of hydration. Such changes are evident in spores where cortex volume changes in 

response to alterations in ambient humidity (72–75).

As already mentioned, the coat acts as a sieve, restricting passage of large molecules. An 

important consequence of this constraint is that structures within the spore are protected 

from degradative enzymes such as mammalian lysozyme, which readily lyses the cortex, and 

other destructive enzymes common in the soil environment (57, 59). The coat also has roles 

in resistance to several types of small reactive chemicals (48). The mechanism(s) responsible 

for this type of resistance is (are) not yet known. The coat also provides resistance to 

digestion by eukaryotic microbes and nematodes (76, 77). Possibly, resistance to these 

organisms is due to exclusion of microbial degradative enzymes by sieving. It is reasonable 

to speculate that the evolution of resistance to degradative enzymes in the environment gave 

rise to the ability to exclude host-generated degradative enzymes during infection. In this 

view, the diversity in coat structures among pathogenic spores evolved prior to the 

appearance of pathogenic life styles in these lineages. As might be expected from its 

biochemical complexity, the coat probably has other functions, although these are still 

poorly understood (66). However, in B. subtilis, where some information on these functions 

is available, it has been shown that the coat plays complex roles in germination. Because 

germination is central to pathogenesis in many if not all cases where the spore is the 

infectious particle (see below), a deeper understanding of the role of the coat in germination 

in pathogenic species would likely provide mechanistic insights into how these species cause 

disease and new therapeutics to target them.

Studies of spore structure and function have been limited to a small number of species and 

the diversity in coat structure across the much larger number of known species remains 

poorly explored. Given that some species (such as the non-pathogenic species B. clausii) 
possess long spike-like appendages, and others (such as Clostridium taeniosporum) harbor 

intriguing propeller-like ribbons extending from one end, no doubt more exotic structural 

variations remain to be discovered (63, 78, 79). It is unlikely that we will be able to 

understand fully the roles of the coat in natural environments until we have better 

understanding of how coat architecture and composition varies among spore formers. One 
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future challenge involves elucidating the environmental selective pressures that drive the 

diversity in coat morphology across species (80).

The Exosporium—The outermost structure of many spores (and some, but not all, 

pathogens) is a structurally distinct layer called the exosporium. The exosporium is defined 

by its location and morphology: it is separated from the coat by a “gap” (referred to as the 

interspace) and, importantly, the interspace thickness varies around the circumference of the 

spore (58, 60, 64). As a result, the contours of the exosporium do not follow the folds of the 

coat. While it is reasonable to infer that some material must connect the exosporium to the 

coat (and, specifically, guide exosporium deposition during spore assembly (60)), the 

identity of this material and that of the interspace contents remains unknown. Regardless of 

which specific molecules compose the interspace, their organization almost certainly must 

be different than that of molecules in the coat, given that variation in interspace width is so 

prevalent among exosporium-bearing spores (63).

Like the coat, the exosporium has been studied in only a few species, primarily B. anthracis 
and B. cereus (60, 81–96). Structural studies provide strong support for the view that, like 

the coat, the exosporium serves as a sieve that excludes large molecules (84). There is also 

evidence that the B. cereus exosporium provides resistance to specific chemicals including 

ethanol, toluene, chloroform, phenol and, in the context of a macrophage, nitric oxide (86, 

97). Spores from which the exosporium has been removed, due to mutations in genes 

encoding exosporium proteins or other proteins involved in assembly, are able to germinate, 

but at levels that are altered relative to wild type spores (83, 98, 99).

Characterizing the roles for the coat and/or the exosporium in pathogenesis is an important 

ongoing area of work. Clearly, the presence or absence of an exosporium is not an indication 

of a pathogenic lifestyle, given that many exosporium-bearing species are not virulent, and 

some spores without an exosporium cause disease. It is also notable that B. anthracis, a 

pathogen with an exosporium, can cause disease in several animal models when the 

exosporium has been removed mechanically or by mutation (60, 81, 100). Importantly, this 

ability to cause disease when the exosporium is absent does not necessarily imply that the B. 
anthracis exosporium has no role in natural infection. In fact, the B. anthracis exosporium 

surface protein BclA has been shown to bind to macrophage receptors and to mediate 

interactions with epithelial cells and extracellular matrix proteins (100–103).

An additional reasonable inference from the lack of an essential role for the exosporium in 

disease is the view that the coat provides significant protection against host defenses. This 

view is supported by the well characterized roles of the B. subtilis coat in resistance to 

diverse chemical and environmental stresses, and the presence of spores of B. subtilis, C. 
difficile and other species without exosporia in the mammalian gastrointestinal tract (59, 65, 

104). Other roles for the B. anthracis exosporium have been identified which, while not at 

this point directly connected with pathogenesis, could nonetheless plausibly facilitate 

infection. For example, the exosporium modulates germination, as already mentioned. It 

seems plausible that the exosporium could participate in a variety of other functions, 

including acting as a sieve to prevent entry of large molecules (and especially degradative 

enzymes) to the spore interior, and providing appropriate surface chemistry for optimal 
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interactions with surfaces in the environment (105). Of course, in the cases of the spores 

harboring exosporia produced by the many non-pathogenic species, these other roles will 

also be important, albeit to a non-pathogenic lifestyle.

The Decision to Sporulate

For maximal efficiency of infection, B. anthracis and C. difficile, and most likely other 

spore-forming bacterial pathogens, usually enter the body as a spore, rather than a vegetative 

cell. The spore itself, however, is not the direct cause of disease; rather, symptoms initiate 

only after the spores germinate and produce vegetative cells that, in turn, produce the toxins 

and other virulence factors that are direct causes of pathology (bearing in mind the important 

exception of C. perfringens, already mentioned). Nonetheless, spore formation in the non-

host environment, in the case of Bacillus, and sporulation in the context of the host, in the 

case of Clostridium, leads to further dissemination of disease.

Complex regulation of Bacillus sporulation—The precise identities of the factors 

triggering sporulation are not known; even in the best studied model, B. subtilis, these 

factors remain obscure. Nonetheless, it is known that sporulation is usually stimulated by 

depletion of nutrients and other molecules associated with growth. This environmental 

change is detected by a set of sensor kinases, which in turn, activate a phosphorylation 

cascade. This cascade appears to be a major part of a regulatory circuit responsible for 

pushing the cell towards one or another behavior, depending on the severity of the nutrient 

depletion and other environmental and cell-internal factors (106–108). Sporulation is one 

such choice. The specific circuitry that couples activation of the sensor kinases with the 

decision to sporulate is likely to vary significantly among species, as each species will have 

evolved to sporulate in a manner that is adaptive in its specific niche. For example, B. 
anthracis does not sporulate during infection; spores appear only after an animal that has 

died of anthrax is scavenged and, as a result, the vegetative cells that have accumulated in 

the blood are exposed to the environment (109). By remaining vegetative, the bacterial load 

and toxin production in the host is maximized. By restricting the initiation of sporulation to 

a point when the bacterial titer is highest, the number of spores that can ultimately 

disseminate the disease is also maximized. There is strong evidence that this is achieved by 

the specific configuration of the phosphorylation cascade in B. anthracis, has likely evolved 

to limit sporulation initiation during infection (110–113).

In C. difficile, the situation is different; spores are produced in the host during active 

infection, when the bacterium has colonized the gastrointestinal tract (36). It is not yet 

known how C. difficile initiates sporulation in the host. However, the genetic control of 

sporulation in this organism is being elucidated. An important lesson from these early 

studies is that the mechanism differs in important ways from what is known in B. subtilis 
(114, 115). As for the case of B. anthracis, it is likely that in C. difficile the control of 

sporulation initiation has adapted to support pathogenesis.

Spore development and toxin synthesis—Two very distinct examples of how 

sporulation can participate in the initiation of disease are provided by the gastrointestinal 

disease caused by the C. perfringens enterotoxin (CPE) and the insecticidal effect of B. 
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thuringiensis (and several other members of the Bacillaceae, including Lysinibacillus 
sphaericus). In both organisms, a toxin produced concomitantly with the spore induces 

disease. In the case of C. perfringens, vegetative cells enter the body orally, often due to 

consumption of spoiled food that is stored anaerobically (such as when canned). The cells 

then sporulate in the gastrointestinal tract, resulting in the synthesis of toxin, an event that is 

governed by the sporulation developmental program. The result is the appearance of toxin in 

the mother cell compartment, and the liberation of toxin into the gastrointestinal tract upon 

mother cell envelope lysis. The diarrhea that results from the toxin facilitates spore 

dissemination and the next round of infection.

B. thuringiensis produces an insecticidal crystal toxin during sporulation and under the 

control of the sporulation transcription factors that direct mother cell gene expression (σE 

and/or σK) (116). The crystal is typically in close association with the spore, and can be 

underneath or outside of the exosporium (117–119). Unlike what usually results from the 

disease caused by the C. perfringens enterotoxin, B. thuringiensis kills its insect host and 

then replicates in the cadaver. A subset of these replicating cells goes on to sporulate (25, 

120).

In both C. perfringens and B. thuringiensis, the association of a toxin with the spore 

facilitates disease and dissemination of spores after infection, although the resulting 

pathology and the mechanisms of dissemination differ. It is intriguing to consider that such 

similar mechanisms of toxin production and delivery arose in such phylogenetically different 

species.

Germination Dynamics and Signals

Germination is a multi-step process in which spores transition from dormancy to 

metabolically active, dividing cells. This process can be triggered in one of two ways: i) 

nutrient-triggered germination, or 2) non-nutrient-triggered germination. In nutrient-

triggered germination, the response is initiated by the sensing of environmental signals/

nutrients; this pathway is more likely followed by spores that germinate in the host. Non-

nutrient triggered germination occurs in response to damage or degradation of the spore 

coat/cortex/inner membrane (121). This method is considered an attempt at vegetative 

growth when the spore is damaged. The process of germination is characterized by distinct 

and temporal structural and biochemical changes in spores. Because individual cells proceed 

asynchronously through these changes, and with varying rates and timing, germination in a 

spore population is understood to be heterogeneous. The stages of germination differ 

between B. anthracis and C. difficile. The process is best understood in B. subtilis, and 

thought to be similar in B. anthracis, given the conservation in germination proteins between 

the two species. In cases where pathogenic Bacillus species have been studied, results are 

comparable to those in B. subtilis.

Germinants—Germination is activated when the spore senses the appropriate external 

signals or molecules, termed germinants, to initiate the germination pathway. Germinants 

interact with their corresponding germinant receptors to initiate the germination cascade. 

The germinants for B. anthracis and C. difficile are distinct, and each pathogen germinates 
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with different dynamics. Studies of B. anthracis germination in vitro have revealed major 

germinants for initiation of the process and functions of key spore proteins associated with 

development of the vegetative cell. The major germinants for B. anthracis are alanine or 

purine ribonucleotides. One or more additional amino acids are required to act as co-

germinants. In vitro, B. anthracis requires a minimum of two germinants, but the number of 

germinants affects the required concentration of each germinant. In other words, the more 

germinants are present, the less of each is necessary to trigger germination initiation. In B. 
anthracis, six distinct germination pathways have been described (122–126). These 

pathways require different combinations of amino acids, sugars, and ions to initiate 

germination. Interestingly, D-amino acids are unable to trigger germination, while L-amino 

acids can (127).

Germinant receptors—The germinant receptors (GRs) are encoded by ger genes in 

Bacillus, located on the inner membrane, and composed of three or four subunits (GerA, 

GerB, GerC, and GerD). In general, GRs are thought to be present at very low protein levels 

(few copies per cell) (51, 128). GRs are clustered in one spot on the inner membrane. The 

cluster of GRs is termed the germinosome. GerD is important to the formation of the 

germinosome (cluster). Spores lacking GerD have GRs dispersed throughout the inner 

membrane. (129). Because GRs are located on the inner membrane, germinants must travel 

through the spore’s outer layers to initiate germination. However, spores germinate within 

minutes after contact with germinants, so it is reasonable to hypothesize that germinant 

penetration of the outer layers is somehow selective or specific. The gerP operon (where “P” 

denotes permeation) may be involved in this process. First discovered in B. cereus (130), 

gerPABCDEF is regulated by σK, suggesting that it is expressed in the mother cell during 

sporulation (130, 131)). This operon in B. anthracis is 99% similar by sequence similarity 

and 97% protein identity. (132). Disruption of GerP operon leads to a germination defect, 

but the functions of the genes in the operon are unknown. They are not predicted to resemble 

any known enzymes. Mutants on gerP make a normal, stable spore, suggesting that this 

operon does not affect the structure of the spore. GerP might function to enable the Ca2+ 

dipicolinic acid (CaPDA) release (133).

To date, there have been no in vitro studies showing the direct binding of a germinant 

receptor to a germinant. Thus, there is no definitive proof of the function of GRs. However, 

there is other strong evidence to support their function as receptors for germinants. Genetic 

studies involving point mutants of GRs result in altered response to germinants, most 

frequently demonstrated by changes in the concentration of germinate needed to trigger 

germination. These studies strongly suggest that GRs and germinants do interact (134, 135).

gerX, a tricistronic operon found on the pXO1 plasmid, is expressed exclusively in the 

developing spore. Deletion of the gerX locus altered germination in vivo (136, 137). 

However, no in vitro phenotype was uncovered. Many other ger genes have been discovered 

through whole genome sequencing and annotation. These GRs are chromosomally encoded; 

gerX remains the only identified germinant receptor locus that is found on a virulence 

plasmid in B. anthracis.
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Although the primary means of germination seems to be through response to germinants via 

GRs, germination can also occur in response to peptidoglycan fragments released by nearby 

bacteria (138). This response seems to be completely independent of the nutrient pathway, as 

no GRs are used to initiate germination. Instead of GRs, PrkC, a membrane-associated 

Ser/Thr kinase binds directly to peptidoglycan fragments shed by neighboring vegetative 

cells. This phenomenon was shown in B. subtilis and B. anthracis. Although the role of PrkC 

in this germination pathway was well demonstrated, the signal transduction thereafter is not 

yet understood. It is reasonable to hypothesize that spores might use the presence of actively 

growing bacteria in the environment as a signal of favorable growth conditions; however, it 

is unclear whether this pathway has a role in anthrax pathogenesis.

Computationally, orthologs of the GerA family of GRs found in B. anthracis cannot be 

predicted in the C. difficile genome. Furthermore, even within Clostridium species, the 

conserved pathways are differentially regulated. Of the five pathogenic species of 

Clostridium, C. perfringens is the best studied with respect to germination. However, some 

recent research has shed some light on the unique properties of germination in C. difficile. In 

contrast to B. subtilis and C. perfringens, which sense nucleosides, sugars, amino acids, and 

ions, C. difficile, germinates in response to bile salts and derivatives, including cholate 

taurocholate, glycocholate, and deoxycholate (139, 140). In addition to bile salts, the amino 

acids L-glycine or L-histidine serve as co-germinants (139, 141, 142). Germination in C. 
difficile is inhibited by chenodeoxycholic acid derivatives (139, 143), including muricholic 

acids (54).

Commitment to germination—Commitment to germination can be defined as the point 

at which the dissociation of a nutrient germinant by a strong competitive inhibitor or 

acidification to a pH of ~ 4.5 no longer blocks completion of germination. It is hypothesized 

that germinant receptor:nutrient binding results in commitment (126). Commitment is 

characterized by major changes in the permeability and structure of the inner membrane. As 

a result, the spore releases monovalent cations, including Na+, K+, and H+. Once this 

reaction has occurred, the spore is committed to germinate even if the germinant is displaced 

from the receptor (126, 144–146). Recently, Wang et al. measured germination in individual 

spores and found that a spore commits to germination at or very near the time at which the 

spore’s inner membrane permeability changes (147).

The period between the moment germinants are mixed with spores and the initiation of 

germination is termed the lag period. The lag period ranges in length from a few minutes to 

more than 24 hours. Spores that have extremely long lag periods are termed superdormant 

(SD). Superdormant spores represent only a small fraction of the total spore population. 

While superdormancy is not well understood, it appears to be due to very low levels of GRs 

present in the inner membrane (148–150). The variation may be epistatic in nature. 

Regardless of the length of the lag period, very little is known about what happens during 

this time in either species (151, 152)

Within the Bacillales spore core, water makes up only 25–50% of the total weight. 

Meanwhile, Ca2+DPA makes up 10% of the dry weight of the spore. These biochemical 

properties change drastically in Stage I. Stage I is characterized by a series biophysical 
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events that involve rapid release of Ca2+DPA and the rapid influx of water molecules into 

the spore. These events are triggered by the interaction of the GRs to germinants. Stage II 

encompasses the events from Ca2+DPA release to expansion of the core, until the cell 

contains similar amounts of water equivalent to growing cells (80%). During Stage II, spore 

cortex-lytic enzymes, or SCLEs, degrade the peptidoglycan (PG) cortex. The increase in 

water enables the metabolism to resume.

The dynamics of germination in C. difficile are distinct from those of the Bacillales. Francis 

et al. (2015) compared the biochemical dynamics of germination in C. difficile to those in B. 
subtilis. They found that, in B. subtilis, Ca2+DPA release occurs first, followed by release of 

cortex fragments. These findings were similar to those reported previously. However, in C. 
difficile, the opposite is true; cortex fragments can be detected in the medium before 

Ca2+DPA. Additionally, deletion of hydrolase genes from B. subtilis prevented cortex 

fragment release, but not Ca 2+DPA release (123).

Outgrowth—Outgrowth is the conversion of a germinated spore to a growing cell in 

several distinct steps. During outgrowth, the initial production of the components needed to 

generate a vegetative cell take place, leading eventually to a binary fission event and 

therefore resumed vegetative growth. Outgrowth initiates with the removal of the spore 

cortex. The SCLEs lie dormant within the spore and upon activation allow full core 

rehydration and cell outgrowth. SCLEs recognize the muramic-δ-lactam (MAL) molecule, 

which is found exclusively in cortex PG. This is one reason why SCLEs can degrade the 

cortex PG, but not the spore’s cell wall PG, which is chemically identical to cell wall in 

vegetative cells (152).

In B. subtilis, two SCLEs, SleB and CwlJ, serve partially redundant roles in cortex 

hydrolysis and spore germination (153). SleB in a lytic transglycosylase that recognizes and 

hydrolyzes the modified bond between N-acetyl muramic acid and N-acetyl glucosamine 

(154). While the activity of SleB seems to be activated by the Ca2+DPA signal, the 

mechanism of activation is not yet known. CwlJ has not be shown to have specific enzymatic 

activity, but it bears one catalytic domain with homology to SleB (53), is located in the spore 

coat, and is necessary for spore germination by exogenous Ca2+DPA treatment (155).

In B. subtilis and B. anthracis, the sleB gene is located within a bicistronic operon with 

ypeB. YpeB is essential for the proper assembly of SleB during sporulation (154, 156). One 

hypothesis is that YpeB serves as an inhibitory molecule to SleB during sporulation, and 

proteolysis of YpeB during germination allows SleB proteolytic activity to resume (157). 

Similarly, in both organisms, cwlJ is located in an operon with gerQ, which is required for 

CwlJ activity (158). The B. anthracis genome, in contrast with the B. subtilis and B. cereus, 

contains a second copy of gerQ (gerQ-like) and cwlJ (cwlJ2). SleB and CwlJ are required 

for full virulence in a murine model for inhalation anthrax, but deletion of cwlJ2 alone does 

not significantly affect virulence (159). Deletion of cwlJ2 along with sleB and cwlJ reduces 

virulence synergistically.

As mentioned above, the proteins involved in germination of Clostridium strains are 

distinctly different from those found in Bacillus, so much so that computational analysis 
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could not predict the genes in Clostridium species based upon those known in Bacillus (37). 

In C. perfringens, the Csp family of subtilin-like serine proteases – CspA, CspB, and CspC – 

act to degrade the core. One protein of the Csp family cleaves SleC, the spore-cortex lytic 

enzyme (SleB in B. anthracis), which in turn degrades the core. In C. difficile, CspC and 

CspA are predicted to be catalytically dead because two of the three residues of the catalytic 

triad are mutated in each (160). Instead, CspC acts as a germinant receptor for bile salt (54). 

This interaction between germinant and germinant receptor is thought to important for 

virulence, as a cspC mutant is attenuated in a Syrian hamster model of C. difficile infection 

(59). Furthermore, mutation of CspC (G457R) altered the specificity of this receptor for bile 

salt (54). Lastly, cspC-null C. difficile spores were able to germinate in the presence of 

chenodeoxycholate, which normally inhibits taurocholate-mediated germination (a 

competitive inhibitor).

CspB is the only Csp protease with an intact catalytic triad. One hypothesis is that, in 

response to bile salts, CspC activates CspB, which processes SleB to activate it for cortex 

degradation. Unlike the SleC-CwlJ system in Bacillus, CspC and SleB are not activated by 

Ca2+DPA. In fact, the signals that activate the system in C. difficile are unknown (37).

Germination in the Host—For Bacillus and Clostridium species, it is likely that 

successful pathogenesis depends on restricting germination to a specific point during 

infection; otherwise, the spore could become susceptible to host defenses before reaching a 

location in the host where survival in the vegetative form is feasible. Therefore, in 

considering the evolution of pathogenesis in spore-forming species, it is very important to 

analyze adaptations of the germination system to the host.

Although B. anthracis can exist in outside of the mammalian host as spores or vegetative 

cells, spores are more highly infectious than cells by most routes of infection. Vegetative 

cells have been only shown to cause anthrax disease when inoculated directly into the 

bloodstream (161, 162). In contrast, spores were pathogenic by every infection route tested. 

Entry of spores by the inhalation route is most deadly, and therefore most-studied. A 

landmark study by Ross (163) demonstrated that spores are phagocytosed quickly by 

phagocytes, which detach from the lung and migrate to the lymph nodes. This work was 

done in an inhalation anthrax model using guinea pigs as the host. Ross was able to 

document a large number of spore-containing phagocytes and some germinated bacterial 

cells within the host cells en route to the lymph node. B. anthracis cells can also be 

phagocytosed by dendritic cells, which are also able to capture spores and deliver them to 

lymph nodes (164). However, differences have been observed between strains. While the 

Sterne strain tends to germinate quickly (165)), the Ames strain has been shown to remain in 

the lung in an ungerminated state for 96 hours (166). These differences are not fully 

understood, but suggest that the timing of germination is not dependent solely upon the 

presence of germinants. Phagocytes can bind and phagocytose B. anthracis efficiently, but 

neither event is necessary for germination – spores can germinate in cell-free, macrophage 

conditioned media (125), suggesting that host cells add small-molecule germinants to the 

medium.
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Despite these reports that capture snapshots in the establishment phase of infection, no 

conclusive study shows whether spores germinate before or after phagocytosis. Both 

scenarios have been demonstrated in vitro. However, there is evidence for the presence of at 

least one bottleneck during infection. From an inoculum containing equal numbers of three 

B. anthracis strains, each expressing a different fluorescent protein, only one fluorescent 

protein was detected in distal organs following aerosol infection (167). Another study 

proposed two bottlenecks dependent on the infection route. Infections of the nasal mucosa-

associated lymphoid tissue resulted in a bottleneck at the cervical lymph node, whereas 

lung-based infections revealed a bottleneck in a focal region of growth within the lung (168).

For C. difficile, germination in the host depends heavily on the gut microbial metabolism 

(169, 170). The gut microbiota is responsible for the conversion of bile acids into secondary 

bile acids, which inhibit germination of C. difficile. Antibiotic treatment alters the structure 

of the gut microbiome and thereby alters the ability of these bacteria to synthesize secondary 

bile acids. Without such inhibitory molecules present, C. difficile can germinate, grow, 

produce toxin and cause C. difficile infection, known as CDI. Use of fecal transplants to 

regenerate the natural flora of the gut has proved successful for treatment of resistant and 

recurrent CDI (171).

TRANSMISSION AND LIFESTYLES OUTSIDE OF THE HUMAN HOST

For Bacillus and Clostridium species, the infectious form of the bacterium is the dormant 

spore. Thus, pathogenesis depends upon survival of spores in the non-host environment prior 

to entry into susceptible hosts. Yet a fundamental difference between pathogenic 

Clostridium and Bacillus species is the state of the bacterium upon exit from a mammalian 

host. C. difficile and C. perfringens sporulate within the mammalian gut during infection and 

bacteria are released from the colonic tract to the non-host environment as a dormant spore. 

As an obligate anaerobe, vegetative cells of Clostridium cannot survive for more than a few 

hours outside of the anaerobic host environment (172, 173). Thus, fecal-oral transmission of 

Clostridium species from person to person requires persistence of the bacterium in the 

dormant spore form in the non-host environment. By contrast, B. anthracis is not released 

from mammalian hosts until death of the infected host, at which time vegetative cells of the 

bacterium are found in blood and other body tissues. Reasons for lack of sporulation in 

within dead or dying hosts are not clear. It has been suggested that once nutrients are 

depleted the oxygen tension is too low for sporulation (174). Sporulation in vivo may also be 

repressed by the virulence gene regulator AtxA (175). Blood from dead B. anthracis-infected 

animals does not clot, and can drain from orifices into the non-host environment. In the wild, 

vegetative cells from infected tissues can also be released through damage imposed by 

scavenging carnivores. Sporulation of B. anthracis is initiated when vegetative cells are 

exposed to the air (176).

Transition from Host to Non-host Environments

The developmental state of spore-forming bacteria is dependent upon the ability to sense 

niche-specific signals. Transition from the host to non-host environment presents a major 

change in nutrient availability, temperature, and moisture. In the metabolically inactive spore 
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state, the pathogens can withstand these challenges and others, including significant changes 

in pressure, pH, and ultraviolet light (177, 178). In the case of C. difficile, spores are 

intrinsically resistant to antibiotics and the host immune system (179). Upon shedding from 

the host, spores persist because they are resistant to inactivation by non-bleach disinfectants 

that are used commonly in hospital settings (180). Resistance of B. anthracis spores to the 

challenges of the non-host environment is also considered essential for persistence, yet some 

studies suggest that the B. anthracis sporulation - germination cycle outside of the host plays 

a role transmission.

Pathogenic Bacillus Lifestyles Outside of the Host

B. cereus group species exist in soil and water, but can also be isolated from a diverse array 

of mammals, birds, reptiles, and invertebrates. The bacteria can be found in the intestinal 

tracts of poultry and turtles, and on udders of cows, (9, 181–185). Multiple strains of B. 
cereus group species have been reported to exist as commensal inhabitants of invertebrate 

intestines, including the gut of termites, millipedes, sow bugs, and cockroaches (186, 187). 

The species may also associate with amoeba (188). It is not clear to what degree the 

pathogenic Bacillus species persist upon release from these organisms, as opposed to 

potential commensal lifestyles within complex ecosystems of these varied hosts.

The epidemiology of human anthrax has livestock, wildlife, soil, and water components. 

Blood from B. anthracis-infected mammals can contain as much as 109 vegetative cells per 

milliliter (189). Processed animal products, such as leather and wool, can carry large 

numbers of spores, and human cases of anthrax generally result from direct contact with 

contaminated animal products. A few anthrax cases have been reported to result from insect 

bites, which are presumed to be due to feeding of insects on infected animals or carcasses 

(190, 191). In the soil, spores can remain viable for decades, especially when deposited 15 

centimeters below the upper soil levels (176). Herbivores are most likely to be exposed to 

spores during grazing, and infection may occur via inhalation or ingestion.

B. cereus strains have been reported in multiple foods and are most often associated with 

rice and dairy products (184, 192). It is likely that the spores survive pasteurization and 

heating. They are also somewhat resistant to gamma-ray irradiation, which is used to reduce 

food pathogens. Spore hydrophobicity is thought to contribute to adherence to surfaces. In 

addition, biofilms of B. cereus are a recurrent problem in milk tanks at dairies (193–195).

B. anthracis germination in the non-host environment—The lifestyle of B. 
anthracis in the non-host environment is complex and somewhat controversial. Anthrax 

ecology is influenced by climate, but it is difficult to draw firm conclusions from various 

reports because of large variations in the timing and severity of outbreaks even within single 

ecosystems (109, 196, 197). Some studies suggest that spore germination in the soil can be 

triggered by alkaline pH, high organic content, moisture, and temperatures in excess of 

15 °C (177). Germination may also occur in response to components of exudates from grass 

plants. B. anthracis, B. cereus, and B. thuringiensis have been reported to germinate in the 

plant rhizosphere (198, 199). Cycles of germination, proliferation, and sporulation would 

ultimately result in amplification of the bacterium outside of its host. Yet it has been 
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suggested that replication of B. anthracis vegetative cells in non-host environments reduces 

virulence, possibly via loss of the virulence plasmid pXO2 that encodes the B. anthracis 
capsule. This plasmid, unlike the toxin-encoding plasmid pXO1, is unstable during growth 

in the absence of selection for the antiphagocytic property of capsule (200). Moreover, it is 

likely, but has not been clearly demonstrated, that vegetative cells fall prey to other microbial 

species and protozoans in the soil (177).

B. anthracis and other B. cereus group species have been reported to germinate and replicate 

in response to factors excreted by the amoeba (188). The bacteria can colonize the surface of 

amoeba as micro-colonies, resisting phagocytosis. At high amoeba densities, the bacteria 

form long filaments that cannot be ingested due to size exclusion. It has been proposed that 

these different cell morphologies may be of significance not only outside of the host, but 

also during infection in the context of immune evasion (188).

Interestingly, genomic analyses indicate that B. cereus group species cannot efficiently 

utilize complex plant carbohydrates (201). Thus, in contrast to the common soil-borne non-

pathogenic species B. subtilis, the B. cereus species appear to be adapted for use of animal-

derived material. And, while the concept of B. anthracis germination in the soil is 

controversial, this difference in catabolism suggests that even in the event of germination in 

the non-host environment, these species may proliferate to a lesser extent that the non-

pathogenic Bacillus species.

Clostridium Species in the Non-host Environment

A number of reports suggest that Clostridium species are ubiquitous in multiple non-host 

environments, including soil and water close to urban areas (202). C. perfringens has been 

reported in wastewater treatment systems and can be isolated from animal intestinal tracks 

(5, 203). C. botulinum spores are found in animal carcasses and even algal mats, where 

accumulation of botulinum toxin is central to human disease occurrence (204). Multiple 

strains of C. difficile, including those associated with disease and those less commonly 

found in patients, have been isolated from water and sediments. The genetic diversity of C. 
difficile isolates found in close proximity and the complex network of their prophages have 

been suggested to contribute to the emergence of new strains in clinics (205).

The relative abundance of C. difficile spores in clinical settings is in part due to infected 

patients entering a “super-shedder” state in which high quantities of spores are released in 

feces. The spores can persist in these settings for extended periods (206). Therefore, 

measures to control and prevent C. difficile infection include enhanced compliance with 

cleaning and disinfection procedures. Decontamination protocols for patient rooms often 

include use of dilute hypochlorite solutions and other sporicidal products. Recently, 

ultraviolet (UV) light and hydrogen peroxide vapor systems have been introduced as “hands 

off” methods of disinfection (33). Nevertheless, there are few reports assessing the impact of 

these methods on C. difficile transmission.
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IMPLICATIONS AND QUESTIONS

Sporulation as an Enabler of Pathogen Transmission

The ability of spores to resist diverse environmental stresses and to remain viable for 

extended periods in the absence of nutrients make spores highly suited to the dissemination 

of disease. It is important to emphasize, however, that only a small number of spore-forming 

species are known to cause disease in humans or other animals. Most likely, the ability to 

form a spore was a relatively early event in the evolution of the firmicutes (the phylum 

containing the Bacillales and Clostridiales) and, only after their appearance did pathogenic 

lifestyles emerge for a subset of the spore-forming species. In those cases where survival in 

a host was beneficial, the resistance characteristics of spores may have provided the 

opportunity for rapid evolution of pathogenesis by, for example, acquisition of toxin genes. 

It is plausible that for a spore-forming species to initially acquire the ability to cause disease, 

the spore itself does not necessarily have to evolve, given its impressive resistance properties 

in most if not all species. Nonetheless, specific adaptations of spore structures that facilitate 

pathogenesis are possible, and their study remains an important open area of investigation. 

Regardless of whether the spore itself has adapted to facilitate disease, specific spore 

resistance properties and, therefore, specific spore structures must be considered in 

understanding the mechanistic basis of dissemination and infection by spores.

Spore – Vegetative Cell Interactions

Spore-forming bacteria are found in almost every environment where they have been sought. 

Given that the resistance properties of the spore are likely to have had a significant impact 

on survival in diverse niches, it is tempting to propose that spore formation is specifically an 

adaptation to the stresses of these environments. However, an important possible prediction 

of this view, that only spores, and not vegetative cells, would be found in the soil, is not 

borne out. The view that spores and vegetative cells coexist in the environment is suggested 

by analyses of biofilms in the pathogen C. difficile and the model spore-forming (and non-

pathogenic) species B. subtilis (207, 208). In both species, spores are formed from 

vegetative cells as the biofilm matures, and both cell types are present in the biofilm for a 

significant period during biofilm development. Therefore it is plausible that during an 

infection, both spores and vegetative cells are present in the host and that, in fact, the 

presence of both cell types contributes to survival in the host even when only the vegetative 

cell produces essential virulence factors such as toxins.

Gaps in Knowledge of the Ecology of Spore Formers

For pathogenic spore formers, increased understanding the mechanisms for sporulation, 

germination, and interaction with non-host environments will facilitate development of 

strategies for more effective disease prevention and treatment. In particular, our poor 

understanding of the signals and pressures of the non-host environment is directly related to 

the difficulty of establishing laboratory assays that authentically mimic natural 

environments. Further, the bio-complexity of non-host environment is likely to affect spore/

cell viability and the developmental cycle. The nature of the mixed microbial communities 

and the threat of predation is another largely unknown area related to the lifestyles of spore 

formers outside of their host organisms. Development of a comprehensive understanding of 
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the natural ecology of spore formers will enhance our understanding of these diverse 

developmental pathogens.
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Fig. 1. 
Schematic representation of spores of B. subtilis (left), B. anthracis (middle) and C. difficile 
(right) illustrating the major spore structures. The inner-most compartment (housing the 

spore DNA), the core, is white. The inner membrane (the location of the germinant receptors 

in B. subtilis and B. anthracis, but not C. difficile) is the black oval surrounding the core. 

The grey region is the spore peptidoglycan and, surrounding that, the dark blue is the coat. 

Although an outer membrane is present during spore formation, it is most likely not present 

in the mature spore (72) and, therefore, not shown here. The sublayers of the coat are not 

indicated for simplicity. B. anthracis (but not the other two species), (65) possesses an 

additional outer layer, the exosporium, indicated by a red line (the exosporium basal layer) 

and protrusions extending from the basal layer surface (the hair-like projections, or nap). 

The region between the coat and the exosporium is the interspace. The C. difficile coat has a 

scalloped appearance in cross-section, as indicated in the representation.
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