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Abstract

Spore formation and germination are essential for the bacterial pathogen
Clostridioides difficile to transmit infection. Despite the importance of these
developmental processes to the infection cycle of C. difficile, the molecular
mechanisms underlying how this obligate anaerobe forms infectious spores
and how these spores germinate to initiate infection were largely unknown
until recently. Work in the last decade has revealed that C. difficile uses a dis-
tinct mechanism for sensing and transducing germinant signals relative to
previously characterized spore formers. The C. difficile spore assembly path-
way also exhibits notable differences relative to Bacillus spp., where spore
formation has been more extensively studied. For both these processes, fac-
tors that are conserved only in C. difficile or the related Peptostreptococcaceae
family are employed, and even highly conserved spore proteins can have dif-
ferential functions or requirements in C. difficile compared to other spore
formers. This review summarizes our current understanding of the mecha-
nisms controlling C. difficile spore formation and germination and describes
strategies for inhibiting these processes to prevent C. difficile infection and
disease recurrence.
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INTRODUCTION

Clostridioides (formerly Clostridium) difficile is a gram-positive, spore-forming obligate anaerobe
that is the leading cause of health care-associated infections in many developed countries (17, 62).
In 2017, C. difficile caused ~225,000 infections in the United States alone that led to ~13,000
deaths (17). C. difficile infections (CDIs) range in severity from mild diarrhea to fulminant disease
such as pseudomembranous colitis, but they are generally limited to individuals with gut dysbiosis
(3) who have lost microbiota species that normally suppress C. difficile growth (72).

Antibiotic usage is the most common cause of decreased colonization resistance against CDI
(72). While antibiotics are still the first-line therapy for treating CDI (72), their collateral ef-
fects on the gut microbiota cause high rates of disease recurrence (~15-30%) (75). C. difficile dis-
ease recurrence results in longer hospital stays, increased disease severity and mortality, approxi-
mately threefold-higher treatment costs, and decreased quality of life (20). Thus, the most effective
therapeutic strategies prevent C. difficile growth or disease without diminishing the gut micro-
biota. For example, regenerating healthy microbiota through fecal microbiota transplants (FMT5)
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effectively resolves and prevents C. difficile disease recurrence (141). However, FMTs can also cause
unintended side effects and even death in rare instances (26). Since understanding the mechanisms
that control C. difficile’s infection cycle could reveal strategies for specifically preventing CDI or
reinfection, this review discusses how C. difficile forms infectious spores, how these spores ger-
minate to initiate infection, and how this information is being used to prevent CDI or disease
recurrence.

THE ROLE OF SPORES IN C. DIFFICILE’S INFECTION CYCLE

The metabolically dormant spore form of C. difficile is its major infectious particle (25), since
C. difficile is an obligate anaerobe. C. difficile spores are found in a wide range of environments,
such as livestock, food, and asymptomatic individuals (61). When C. difficile spores are ingested,
they sense specific bile acid germinants in the small intestine (51, 128) and induce a signaling
cascade that culminates in spores transforming back into vegetative cells. The toxins produced by
these vegetative cells are responsible for the symptoms associated with C. difficile disease (3).

C. difficile spore germination is most strongly activated in the ileum, where bile acids that induce
germination are present at high levels and the pH is favorable to germination (67) (Figure 14).
Vegetative C. difficile growth primarily occurs in the colon (and cecum in mice). Analyses of the
dynamics of CDI in mice have revealed that (#) spores germinate and outgrow to form vegetative
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Spores and Clostridioides difficile’s infection cycle. (a) C. difficile infections begin when its dormant spores sense cholate-derived bile acid
germinants and amino acid and Ca>* cogerminants in the ileum and activate degradation of the cortex. Calcium dipicolinic acid release
allows for core hydration, which allows metabolism to resume and the spore to outgrow into a vegetative cell. During growth in the
colon, a subset of C. difficile vegetative cells initiates sporulation in response to nutrient deprivation. () Structural layers of C. difficile
spores. The outermost exosporium layer contains glycoproteins, while the coat is a series of concentric proteinaceous shells. The cortex
is a thick layer of modified peptidoglycan that surrounds the spore core, which is the partially dehydrated cytosol of the forespore.
Abbreviation: FS, forespore.
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cells within 6 h of inoculation; (/) vegetative cells reach maximal levels and glucosylating toxins
reach their highest concentrations in the colon and ceca after 24 h; and (¢) spores are first detected
at 24 h and represent ~20% of all C. difficile detected in the colon, cecum, and stool (69).

REGULATION OF C. DIFFICILE SPORULATION
Overview of Sporulation

C. difficile spore formation follows a developmental pathway generally conserved across endospore
formers (Figure 14), which occurs exclusively in the Firmicutes phylum and has been extensively
characterized in the model organism Bacillus subtilis (135). Since the mechanisms underlying spore
formation in B. subtilis were originally thought to be conserved across spore formers, this review
highlights areas where C. difficile spore assembly differs from B. subtilis.

The first morphological stage of sporulation is asymmetric division, which generates a larger
mother cell and a smaller forespore (119). The mother cell then phagocytoses the forespore in a
process known as engulfment, leaving the forespore suspended within the mother cell cytosol and
surrounded by two membranes. The mother cell nurtures the forespore, helping it generate a thick
layer of modified peptidoglycan known as the cortex, and encases it in a series of proteinaceous
shells known as the coat (Figure 15). The cortex helps spores maintain metabolic dormancy and
confers protection against heat and ethanol (98), while the coat acts as a molecular sieve to protect
the spore’s inner layers against enzymatic and chemical insults (35). The final layer of C. difficile
spores is the exosporium, which modulates the interaction of spores with their environment (119).

The mother cell also synthesizes large amounts of calcium dipicolinic acid (Ca-DPA), a spore-
specific small molecule that is concentrated in the spore cytosol (core) during spore formation.
Ca-DPA is exchanged for water, leading to partial dehydration of the core, which re-
duces metabolism and contributes to heat resistance (119, 135). Following maturation of the
forespore into a spore, the mother cell lyses and releases the dormant spore into the environment.
These spores resist commonly used disinfectants like ethanol and quaternary amines, facilitating
C. difficile’s survival and spread in health care settings (71).

Sporulation Initiation

While C. difficile must form a spore to survive exit from the host, only a subpopulation of
C. difficile exits the host in the spore form (69). C. difficile sporulates in response to environmental
(146) and nutritional signals (37) that converge to control the activity of the master transcriptional
regulator, SpoOA (37). As a response regulator, Spo0A’s activity is controlled by phosphorylation,
which is modulated by three orphan histidine kinases in C. difficile. CD1579 and CD2492 can
both phosphorylate Spo0OA (140), while CD1492 likely dephosphorylates Spo0A (119).

The mechanism by which these orphan histidine kinases integrate environmental signals re-
mains unclear, but two additional modulators of C. difficile SpoOA activity have been identified.
The RRNPP family member RstA (regulator of sporulation and toxins) promotes SpoOA phos-
phorylation through an unknown mechanism, although its N-terminal helix-turn-helix (HTH)
DNA-binding motif is dispensable for this function (38). Interestingly, in Bacillus spp. RRNPP
family orthologs (the Rap phosphatases) the HTH domain has been replaced by phosphatase do-
mains. The Rap phosphatases repress sporulation by indirectly dephosphorylating Spo0OA, and
their activity is antagonized by quorum-sensing peptides (30, 91).

While RstA contains a similar domain that could bind quorum-sensing peptides, the role
of these signaling molecules during C. difficile sporulation remains to be studied. Peptides
nevertheless regulate C. difficile sporulation, since loss of the Opp and App peptide transporters
increases sporulation, likely because the peptides they transport are used as nutrients. Nutritional

Shen



cues regulate C. difficile sporulation because two global regulators, CcpA and CodY, repress
sporulation. Carbon catabolite protein A (CcpA) directly represses sporulation in response to
sugars by binding the promoters of spo0A and sigF, the latter of which encodes the earliest-acting
sporulation-specific sigma factor (8). The CodY transcriptional repressor indirectly inhibits
sporulation, likely by binding the opp and sinR operons in response to sensing GTP or branched-
chain amino acids (82). sinR encodes an operon that enhances spo0A transcription (54), which
downregulates sporulation, unlike its B. subtilis homolog.

Strain-Specific Differences in Sporulation Levels

Although sporulation has primarily been studied in laboratory-adapted strains of 630 (22, 84), a
ribotype 012 strain isolated from a symptomatic patient (112), C. difficile strains are highly geneti-
cally diverse [its core genome represents ~20% of its pangenome (70, 86)], and they vary widely in
their sporulation frequency under laboratory conditions (36). The mechanisms underlying these
differences in sporulation level are unknown, but some studies have correlated strains with higher
sporulation levels in vitro with a higher likelihood of recurrent disease (55, 78). However, others
have failed to observe this correlation (16, 85). While it is difficult to compare these studies due
to differences in media conditions and sporulation assay methods, strain-specific differences in
the roles of certain sporulation regulators have been observed (53). For example, a cod}Y mutant in
UK1 (RT027) exhibits an ~50-fold-more severe defect in sporulation than an equivalent mutant
in 630Aerm (82).

Sporulation-Specific Sigma Factor Regulation

The transcriptional program downstream of SpoOA activation, however, is likely well con-
served across C. difficile strains (27). SpoOA activation ultimately leads to the activation of

four sporulation-specific sigma factors, o%, o¥, o©

, and oK, whose regulons are required for
sporulation (41, 92, 111). Genome-wide transcriptional profiling has defined these gene subsets
(41, 111), and visualizable transcriptional reporters have confirmed that these sigma factors ex-
hibit compartment-specific activity (92). Similar to B. subtilis, C. difficile ¥ and € are active in the
forespore, and o and o® are active in the mother cell.

Despite these similarities, the activation order and dependencies of these sigma factors differ
markedly between C. difficile and B. subtilis. Since these have been reviewed extensively elsewhere
(44, 110), they are briefly summarized here. Early-acting sigma factor (¢¥ and o) regulation ap-
pears to follow the model defined in B. subtilis, although oF activation does not fully depend on
of activation in C. difficile. This is because production of the SpolIR signaling protein that in-
duces pro-oF processing can be mediated by both Spo0A and o¥ in C. difficile (111), whereas spolIR
transcription is strictly dependent on oF in B. subtilis (142).

0% and oX activation mechanisms diverge considerably between C. difficile and B. subtilis.
Whereas engulfment completion and the SpolIQ-SpoIIIAH transmembrane complex are critical
for B. subtilis c© activation (15, 32, 105), these processes are dispensable for C. difficile 6© activa-
tion (43, 113). While oX requires proteolytic activation in a 6“-dependent manner in B. subtilis,
C. difficile o® is active upon synthesis (95). Transcription of C. difficile sigK nevertheless depends
on excision of the prophage-like element interrupting sigK, similar to the case of B. subtilis (114).

Epigenetic Regulation of C. difficile Sporulation

While Spo0A activation licenses sporulation in spore-forming organisms, C. difficile sporulation is
additionally regulated at the level of o¥ activation. Loss of the orphan DNA methyltransferase
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CamA (CD2758) reduces spore production by approximately twofold and sixfold in 630 and
R20291 (RT027) strains, respectively (27, 86). CamA impacts oF activation rather than Spo0A ac-
tivation, since Spo0A activity is similar between AcamA and wild type, but o™ activation and events
downstream are decreased two- to threefold (86). Furthermore, while similar numbers of AcamA
cells induce sporulation, fewer complete engulfment relative to wild type. While CamA’s methyl-
transferase activity is necessary to promote spore formation and is the first example of sporulation
being epigenetically regulated to our knowledge (86), the specific CAAAAA sites methylated by
CamA that modulate of activation remain unknown.

SPORE ASSEMBLY

Sporulation-specific sigma factors induce the expression of genes whose products control spore
assembly, namely, engulfment, cortex synthesis, coat assembly, exosporium assembly, and Ca-DPA
transport into spores. Recent studies have identified specific regulators of these processes, some
of which are unique to C. difficile or its closest relatives in the Peprostreprococcaceae family, while
others are conserved in B. subtilis. However, gene conservation in C. difficile does not always predict
protein function.

Engulfment

Engulfment, the process that allows the mother cell to surround the forespore and create a cell
within a cell, involves the coordinated degradation and synthesis of peptidoglycan. In C. difficile,
peptidoglycan degradation is mediated by the SpolIP amidase and endopeptidase (28, 106) and the
SpolID transglycosylase (28). These enzyme activities are identical to those defined in B. subtilis,
although the two organisms differ in their requirement for the conserved protein SpolIM. In
B. subtilis, SpolIM coordinates SpolIP and SpolID activity and thus spore formation (18, 127),
whereas SpolIM is largely dispensable for spore formation in C. difficile (28, 106). This differential
requirement likely reflects differences in localization and interactions between SpoIIP and SpollD
(reviewed in 63).

Cortex Assembly and Modification

Following engulfment, the cortex layer is synthesized on top of the germ (vegetative) cell wall
between the two membranes surrounding the forespore (Figure 15). The cortex is much thicker
than the vegetative cell wall and functions to maintain dormancy and confer heat and ethanol re-
sistance (98). The cortex differs from the vegetative cell wall because it contains muramic-3-lactam
(MAL), which is a spore-specific modification essential for cortex lytic enzymes to recognize the
cortex during germination (98). The cortex also contains fewer peptide cross-links, which may
help the spore expand and contract with changing environmental conditions (135). The unique
properties of the cortex are shared between B. subtilis, Clostridium perfringens, and C. difficile, al-
though the percentages of cross-links and MAL residues vary between these organisms (23, 87,
99). MAL residues are approximately twofold-more frequent in B. subtilis and C. perfringens than
in C. difficile, while free N-acetylmuramic acid (NAM) residues and reduced peptide cross-linking
are observed in C. difficile.

MAL is produced by the coordinated activities of the CwlD amidase and PdaA deacetylase,
which remove the peptide side chain from NAM and deacetylate the muramic acid, respectively
(98). PdaA also cyclizes the resulting sugar into MAL. Loss of these enzymes in C. difficile results
in ~100-fold decreases in germination, slower germination kinetics, and decreased heat resis-
tance relative to wild type (23, 31). Acw/D and ApdaA1 (CD1430) mutants also exhibit abnormal
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forespore shapes and a mislocalized coat (23, 31). While CwlD and PdaA have identical activities
in C. difficile and B. subtilis, in B. subtilis they are essential for germination but do not impact spore
heat resistance, shape, or coat localization (48).

However, the biggest difference in cortex modification between C. difficile and B. subtilis is
that C. difficile CwlD amidase function depends on the GerS lipoprotein (31, 42), which is con-
served exclusively in the Peprostreptococcaceae family (42). gerS and cw/D mutant spores have iden-
tical muropeptide profiles and germination and heat-resistance defects. Since GerS and CwlD
directly interact (31), binding between these two proteins is likely required for CwlD to deami-
date NAM. However, itis unclear why C. difficile CwlD’s function depends on GersS, since B. subtilis
CwlD independently has amidase activity (52). C. difficile GerS may help CwlD localize properly or
act as a cofactor for CwlD amidase activity. C. difficile’s use of GerS may also result in the reduced
levels of MAL observed in C. difficile relative to B. subtilis and C. perfringens (23).

Comparatively less is known about how C. difficile synthesizes the cortex, although factors re-
quired for this process in B. subtilis are conserved in C. difficile. In B. subtilis the spore-specific
machinery, namely SpoVB, SpoVE, and SpoVD, synthesizes the large amounts of peptidoglycan
that comprise the cortex (135). SpoVB is a lipid II flippase that flips the lipid intermediates across
the cell membrane (77). SpoVE likely assembles the glycan strands through its glycosyltransferase
activity as part of the SEDS (shape, elongation, division, sporulation) family (60, 76). SpoVD is
a penicillin-binding protein (PBP) transpeptidase that binds SpoVE and cross-links the peptido-
glycan strands together (24, 40).

SpoVB, SpoVD, and SpoVE are all essential for cortex synthesis and thus spore formation in
B. subtilis (135). Despite the conservation of these proteins across all spore formers, C. difficile spoVB
transcription is not sporulation regulated, while C. difficile spol’D and spoVE expression is activated
by SpoOA rather than o® in B. subtilis (24, 41). Furthermore, C. difficile SpoVB is dispensable for
spore formation based on transposon mutagenesis, whereas SpoVD and SpoVE are required for
this process (27). SpoVD was recently confirmed to be essential for cortex synthesis and spore
formation in different strain backgrounds (5, 131).

Coat Assembly

The coat consists of proteinaceous shells that surround spores and protect them from chemical
and enzymatic insults (35). The composition of this layer varies widely between bacterial spore
formers, with only ~25% of coat proteins in C. difficile having homologs in B. subtilis (56). While we
are only starting to understand how these coat proteins assemble around the C. difficile forespore,
several proteins required for this process, i.e., coat morphogenetic proteins, have been identified.

SpoIVA and SipL (SpoIVA-interacting protein L) (CD3567) were the first coat morphogenetic
proteins identified in C. difficile (100). They comprise the innermost layer of the coat, because loss
of either leads to the coat sloughing off the forespore or mislocalizing to the cytosol. SpoIVA is
likely an AT Pase that self-polymerizes around the forespore based on analyses in B. subtilis (103); it
recruits SipL to the forespore by binding SipLs C-terminal LysM domain (100). This interaction
stabilizes SpoIVA and promotes SpoIVA’s encasement of the forespore (139).

While SpoIVA is conserved across all spore formers (1, 49), SipL is only found in the Clostridi-
ales (100), implying that the Bacillales and Clostridiales use distinct pathways to assemble coat pro-
teins around the forespore. Consistent with this notion, the highly conserved protein SpoVM is
largely dispensable for C. difficile spore formation (107) despite being essential for B. subtilis spore
formation (90). The differential requirement for SpoVM is likely due to a quality control pathway
in the Bacillales that senses SpoVM or SpoI VA encasement defects and induces lysis of the mother
cell (136). However, since C. difficile spolVA, sipL, and spol’M mutants still exhibit irregularities in
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cortex thickness (107; J.W. Ribis, A. Shen, unpublished data), all these proteins likely modulate
C. difficile cortex synthesis through an unknown mechanism.

A third morphogenetic protein, CotL, was recently shown to regulate C. difficile coat, cortex,
and exosporium assembly (7). Loss of CotL, a small lysine-rich protein conserved only in the
Peprostreptococcaceae family, leads to spores that lack visible coat layers, produce thinner cortex, and
exhibit germination defects (7). cozL, mutant spores also carry reduced levels of coat, cortex, and
exosporium proteins. This decrease could be caused by impaired SpoIVA encasement, although
mislocalized coat is not visible in the oz, mutant in phase-contrast microscopy analyses (7), in
contrast with spoll4 and sipL, mutants (100). Alternatively, CotL. may be required to retain coat
and cortex proteins. Analyzing sporulating cultures of the corL. mutant by transmission electron
microscopy (TEM) and determining the mutual localization dependencies of CotL, SpoIVA, and
SipL using functional fusions would distinguish between these models.

CotLs impact on SleC levels in spores is particularly intriguing because nothing is known about
how SleC is incorporated into the cortex layer (79). For example, it is unclear whether SpoIVA is
required for packaging SleC into spores, so analyzing the localization of SleC fluorescent protein
fusions in cozL. and spolV/4 mutants would provide insight into the mechanisms controlling SleC
incorporation.

Of the ~50 coat proteins identified in proteomic analyses of C. difficile coat fractions (2), the
localization dependencies and specific functions of most of these proteins are unclear. Enzymatic
activities have been identified for (#) the alanine racemase Alr2, which alters the sensitivity of
spores to p-alanine cogerminant (123), and (b) the CotE mucinase (93), which facilitates spore
binding to intestinal epithelial cells (57). Interestingly, CotE enhances C. difficile colonization levels
and disease severity, indicating that C. difficile spores actively contribute to infection despite their
metabolically dormant state (93).

Exosporium Assembly

As the outermost layer of C. difficile spores, the exosporium determines how spores interact
with their environment. Notably, this layer varies between different C. difficile strains, with some
producing a tightly-associated exosporium and others producing a bag-like structure (73, 101);
most also produce hair-like extensions that are likely composed of glycosylated BclA family
proteins (94, 97), similar to those of Bacillus antbracis (56). Different exosporium morphotypes
are even observed within the same strain, with spores producing thin versus thick exosporia (96)
and others generating polar extensions of the spore, termed appendages (9). This phenotypic
heterogeneity likely serves as a bet-hedging strategy to enhance C. difficile colonization and
infection as described below.

The cysteine-rich proteins CdeC and CdeM modulate C. difficile exosporium assembly (14).
These proteins form higher-order multimers that likely resemble the 2D arrays (14) observed in
the B. anthracis exosporium (132). CdeC impacts spore resistance properties by affecting both coat
and exosporium assembly (14). CdeC is conserved in the Peprostreptococcaceae family and also mod-
ulates coat and exosporium formation in Preniclostridium sordellii (101). CdeM is found exclusively
in C. difficile and regulates exosporium protein content, since cdeM mutant spores make thinner
exosporia and smaller appendages (9, 14). Spores lacking either of these morphogenetic factors
exhibit adherence defects to colonic mucosa and surprisingly exhibit increased virulence in mouse
and hamster models of infection (9, 14).

Ca-DPA Transport

Following engulfment, Ca-DPA is synthesized in the mother cell and transported across two
membranes into the forespore via the mechanosensitive channel, SpoVAC (33, 47); the putative
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ATPase, CD3298 (68); and likely the SpoVV homolog (104), CD1168. Ca-DPA is concentrated
in the spore core (5-15% of spore dry weight) in exchange for water (116). The resulting par-
tial dehydration of the core reduces metabolism and increases C. difficile spore heat resistance.
C. difficile spores lacking Ca-DPA are more hydrated and heat sensitive than wild type (33), but it
is unclear whether this decreased resistance impacts infection.

SPORE GERMINATION
Overview of Spore Germination

When bacterial spores sense small-molecule signals known as germinants, they initiate a signaling
cascade that culminates in cortex hydrolysis and core hydration. Removal of the cortex layer is
necessary for core hydration, since the cortex prevents water uptake by constraining the size of
the core. Core hydration results in loss of spore resistance properties, since it allows metabolism
to resume and the spore to outgrow into a vegetative cell (116). While C. difficile spore germina-
tion follows these general steps, it differs from that of previously studied spore formers in () the
germinants it senses and (b) the mechanism it uses to sense these germinants (66, 147) (Figure 2).

C. difficile Germinants and Cogerminants

While almost all spore formers sense nutrient germinants like amino acids and sugars (116),
C. difficile senses cholate-derived bile acids (128), which are found exclusively in the vertebrate
gut (108). This mechanism allows C. difficile to control the anatomical location of its germina-
tion, which occurs optimally in the ileum (small intestine) (Figure 14), where bile acid levels are
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Figure 2

(@) A unique signaling pathway regulates Clostridioides difficile spore germination. Ger receptors are conserved in all spore formers
except C. difficile. (@) They sense nutritional germinants like sugars and amino acids (o7unge stars) in the inner spore membrane. (@) In
contrast, C. difficile lacks Ger receptors and germinates in response to nonnutritional bile acid germinants, namely taurocholate, using
two soluble pseudoproteases. (@) (Co)germinant signaling allows CspC and CspA to activate the CspB protease through an unknown
mechanism, although it is hypothesized that all three Csp proteins and SleC are complexed together like a germinosome (115). CspB
then proteolytically activates the cortex lytic enzyme SleC. (@) Cortex hydrolysis then permits (@) Ca-DPA release by SpoVAC, which
(@) leads to core hydration and permits metabolism. () In Bacillus spp. and those lacking a Csp system, (@) released Ca-DPA activates
(@) the CwlJ cortex lytic enzyme, which then (@) degrades the cortex and permits (@) core hydration. Abbreviation: Ca-DPA, calcium
dipicolinic acid.
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BILE ACID TRANSFORMATIONS IN THE GUT

Primary bile acids are made in the liver and consist of cholate and chenodeoxycholate. These bile acids can be

conjugated to either taurine or glycine to generate conjugated primary bile acids (technically salts) (108). The liver
releases these molecules into the duodenum to facilitate digestion; most are reabsorbed by the terminal ileum and
returned to the liver via enterohepatic circulation. However, the remaining 5% enter the colon and are transformed

by the resident microbiota into secondary bile acids via (#) deconjugation, which removes the conjugated amino

acids, and (b) dehydroxylation, which converts cholate into deoxycholate and chenodeoxycholate into lithocholate.

554

high and the pH has increased sufficiently to permit germination. The most potent germinant for
C. difficile is the conjugated cholate derivative, taurocholate.

Since bile acid metabolism is complex, and since there is confusion in the literature regarding
the role of primary versus secondary bile acids during C. difficile spore germination (118), we have
summarized bile acid metabolism in the sidebar titled Bile Acid Transformations in the Gut. No-
tably, while primary bile acids are often described as activators of C. difficile spore germination, the
primary bile acid chenodeoxycholate is a potent inhibitor of taurocholate-induced spore germi-
nation (129), and the secondary bile acid deoxycholate induces germination (albeit less efficiently
than taurocholate) (128, 143).

Part of the confusion likely arises because primary and secondary bile acid levels change after
antibiotic treatment, and these changes correlate with increased susceptibility to CDI (72, 138).
Since secondary bile acids are generated from microbiota-mediated metabolism of primary bile
acids, secondary bile acid levels decrease after antibiotic treatment, while primary bile acid levels
increase (108, 138). Coincident with these changes, C. difficile spore germination levels increase
in small intestinal and cecal extracts of antibiotic-treated mice relative to untreated mice (51, 69).
However, the extent to which increased spore germination during gut dysbiosis contributes to
infection is unclear because secondary bile acids, which potently inhibit C. difficile growth (137),
also decrease (138).

Although taurocholate potently activates C. difficile spore germination, it requires cogerminants
to potentiate germination (66). Two classes of cogerminants can induce germination when coupled
with taurocholate: amino acids and divalent cations (68, 128). Glycine is the most potent amino
acid cogerminant (124), while calcium is the most potent and physiologically relevant divalent
cation cogerminant (68, 125). The two cogerminant classes function additively (at a minimum)
such that spore germination is induced at physiologically relevant concentrations of taurocholate
(67). While cogerminant synergy has yet to be mathematically determined (21), these results imply
that the two cogerminant classes bind different sites on the same receptor or different receptors
entirely.

Mechanism of Germinant and Cogerminant Sensing

The second major difference between spore germination in C. difficile relative to other spore
formers is that C. difficile does not encode the Ger family transmembrane germinant receptors
conserved in almost all spore formers (89). Instead, C. difficile appears to use a soluble receptor,
the CspC pseudoprotease, to sense bile acid germinants. CspC was identified in an elegant ge-
netic selection for altered germinant specificity mutants (45) that gained the ability to germinate
in response to the potent germination inhibitor chenodeoxycholate (129). Mutation of a single
CspC residue, G457R, was sufficient to permit germination in response to chenodeoxycholate.

Shen



Amino 2+
TA acids Ca
G457R 1 i i
- R456G i i
. " > - \
W lle458
-- D429K i
i CspCis both the il CspC binds the receptors for iii Mixed model: CspC binds the
germinant and germinant and cogerminant(s) germinant receptor as well as
cogerminant receptor cogerminant(s), or vice versa
|
Germinant Germinant
receptor receptor

Germinant

Cogerminant Cogerminant
. receptor
CspC CspC

(CspA?)

. Cogerminant
receptor
(CspA?)
CspC

Models for Clostridioides difficile spore germinant sensitivity. () CspC point mutations that confer bile
acid—independent germination and enhanced sensitivity to the indicated germinant and cogerminants (109).
(&) CspC binds either (co)germinants directly or the direct receptors of these molecules, with CspA having
been proposed to be the cogerminant receptor. Abbreviation: TA, taurocholate.

Figure 3

However, we recently showed that G457R mutant spores germinate when plated on rich media
alone, independent of bile acids (109), and thus do not specifically respond to chenodeoxycholate.
We also identified two additional alleles that permit bile acid-independent germination, R456G
and D429K, using structure-guided mutagenesis (109). Since the G457R, R456G, and D429K
alleles differentially impact the sensitivity of C. difficile spores to germinants and cogerminants
(Figure 3a), CspC integrates multiple environmental signals (i.e., bile acid germinants and coger-
minants) to induce germination.

Notably, the residues altered in these mutants cluster to the same surface-exposed region, sug-
gesting that this region could directly bind the three classes of germinant and cogerminants (bile
acids, amino acids, and Ca**). However, there is currently no biochemical evidence for CspC bind-
ing to any of these small molecules, and no Ca** was detected in the CspC structure despite related
subtilisin-like serine protease family members using Ca** as a cofactor (121). Alternatively, CspC
could function as a signaling node by interacting with the direct sensors of these small molecules,
or use a mixture of these two models (Figure 3b).

Consistent with this latter proposal, the related CspA pseudoprotease was recently implicated
in either directly sensing cogerminants or integrating signals from both classes of cogerminants
(Figure 3b). In a genetic screen for altered glycine cogerminant specificity, Shrestha et al. (122)

www.annualreviews.org o C. difficile Sporulation and Germination

555



556

instead identified mutations that surprisingly allowed for germination in the presence of tauro-
cholate alone (i.e., independent of cogerminants). These mutations alter interdomain processing
of the CspA pseudoprotease, which is initially produced as a fusion to the CspB protease during
sporulation but undergoes interdomain processing during spore maturation (65).

Proteolytic Regulation of C. difficile Cortex Hydrolysis

Unlike CspA and CspC, which are pseudoproteases, CspB is an active subtilisin-like serine pro-
tease that functions to proteolytically activate the pro-SleC cortex lytic enzyme (4, 120). Active
SleC degrades the cortex layer to facilitate Ca-DPA release and core hydration (46) (Figure 2).
Thus, two pseudoproteases, CspA and CspC, modulate germinant and cogerminant signaling in
C. difficile by ultimately activating the CspB protease.

This mechanism of regulation is similar to how some pseudoenyzmes function as signal inte-
grators to regulate the activity of their cognate enzymes (81). Ligand binding by the pseudoenzyme
induces conformational changes that relieve the pseudoenzyme’s suppressive interaction with its
cognate enzyme. This mechanism has been suggested by the Sorg group (122) and is consistent
with the observation that some subtilisin-like serine proteases form dimers (88). Interestingly,
our structure of C. perfringens CspB protease revealed that its protease activity is constrained by
its inhibitory N-terminal prodomain at least with recombinant CspB (4). Thus, it is tempting to
speculate that CspC and CspA alleviate this inhibition by binding (co)germinants in some com-
bination to displace the prodomain and activate CspB.

According to the germinosome model, the Csps and SleC are present as a complex (12, 122);
sensing of germinant and cogerminant signals by CspC and CspA, possibly respectively, allows
them to activate the CspB protease. CspB would then be poised to access its substrate, the SleC
cortex lytic enzyme. Since C. perfringens SleC localizes to the cortex region of C. perfringens spores
by immuno—electron microscopy (79), CspB likely resides in the cortex region in complex with
SleC, along with CspA and CspC (and possibly GerG; see below).

Consistent with this model, CspC incorporation (or stability) in mature spores depends on
CspA,; incorporation of all three Csps into spores depends on a C. difficile—specific protein, GerG
(34); and loss of SleC decreases the levels of all three Csps (approximately twofold) (64). Notably,
while all these proteins are made in the mother cell, none of them carry signal sequences for facil-
itating their entry into the cortex layer (34, 41). Whether these proteins are actively transported
across the outer forespore membrane and whether the outer forespore membrane is even intact in
mature spores remain open questions, especially since it is unclear how bile acids might traverse
this membrane to access the soluble Csp proteins.

An alternative model has been suggested by Kochan et al. (66) where CspB activity requires
Ca?* as a cofactor. This model is based on their finding that CD3298 mutant spores fail to ger-
minate in response to glycine cogerminant because they lack internal Ca-DPA and thus a source
of Ca’* cogerminant (68). However, our data indicate that this mutant and several other mu-
tants lacking Ca-DPA simply require higher glycine concentrations to induce germination (A.R.
Rohlfing, A. Shen, unpublished data). Thus, it seems unlikely that CspB activity requires Ca’* as a
cofactor. Regardless, elucidating the signaling mechanism that allows C. difficile spores to respond
to germinant and cogerminant signals will require biochemical analyses of (#) Csp protein-protein
interactions during germination and (§) ligand binding by Csps.

Cortex Hydrolysis and DPA Release

In C. difficile, SleC-mediated cortex degradation is required for the mechanosensitive channel,
SpoVAC, to release internal Ca-DPA stores (46, 47). Cortex hydrolysis appears to occur from
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the outside in based on TEM analyses (42), suggesting that active SleC and possibly the Csps
are localized to the outer perimeter of the C. difficile cortex. This mechanism is likely conserved
in clostridial organisms that encode Csps and SleC (89). In the Peprostreptococcaceae family mem-
ber Paraclostridium bifermentans (13), cortex hydrolysis also precedes Ca-DPA release even though
P. bifermentans likely uses Ger receptors to activate the Csp proteases (89). In contrast, the or-
der of events is reversed in B. subtilis (inside out), where inner forespore membrane-localized Ger
receptors induce SpoVAC to release some Ca-DPA, which then posttranslationally activates the
cortex lytic enzyme Cwl] to degrade the cortex and potentiate further Ca-DPA release by SpoVAC
(116).

Spore Revival: Ripening and Outgrowth

Metabolism in the spore resumes when the core hydrates following cortex hydrolysis and Ca-DPA
release. Transcription has been detected as early as 15 min after germination has been induced in
C. difficile (29). However, beyond this analysis, little is known regarding how C. difficile spores
revive. Based on studies in B. subtilis (126), C. difficile spores likely undergo a ripening period
when no morphological changes are apparent but macromolecular synthesis prepares the spore
for outgrowth. During outgrowth, the spore remodels its peptidoglycan and elongates to form a
vegetative cell. Interestingly, in B. subtilis, cell wall modifications that confer resistance to lysozyme
and antimicrobial peptides are not produced until late stages of outgrowth (126). Since C. difficile
produces similar cell wall modifications (74), studying the outgrowth properties of C. difficile spores
may reveal a time period when they are more vulnerable to antimicrobial factors or antibiotics (see
below).

Variation in Spore Phenotypes Between Strains and Spore Preparations

Spore germination mechanisms have primarily been studied in the 630 (RT012) and UK1 (RT027)
strain backgrounds. However, strains vary widely in their responsiveness to bile acid germinants
(137), but it is unclear whether this variation is clinically relevant. Strains with lower levels of
taurocholate-only germination have been correlated with higher disease severity (16), whereas
other studies have correlated increased germinant sensitivity with higher disease recurrence (80,
85). Since these studies used different strain backgrounds, spore preparation methods, and germi-
nation methods, it is difficult to resolve the apparent differences.

Spore preparation (i.e., growth media) and isolation methods nevertheless modulate spore ger-
mination responses and adherence properties (39, 73), likely because they alter the frequency of
spore morphotypes within a population and the stability of the exosporium (9, 96). Variation in
spore morphotypes within the same strain (9) likely contributes to the germination variation ob-
served between spore preparations of the same strain (64, 109). While standardizing spore prepa-
ration methods and assay conditions would facilitate direct comparisons between studies, a critical
question that needs to be addressed is whether C. difficile spores generated during infection have
distinct properties from those isolated under specific laboratory conditions.

THERAPEUTIC STRATEGIES TARGETING C. DIFFICILE SPORES

The antibiotics vancomycin and fidaxomicin are the current standard of care for CDI (75).
However, these antibiotics are still associated with relatively high disease recurrence rates (~10-
15%) (20, 75), so strategies that specifically inhibit C. difficile without disrupting the native gut
microflora are desired. Given the critical role that spores play in C. difficile’s infection cycle, strate-
gies that target their formation or germination are currently being developed.
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Germination Inhibitors

The natural bile acid inhibitor of C. difficile spore germination (129), ursodeoxycholic acid
(UDCA), can prevent recurrent CDI in patients with ileal pouchitis (144, 145). These patients
have their colons removed due to ulcerative colitis, so reabsorption of UDCA is not an issue in
these patients. While this treatment is limited to a small subset of patients, its success highlights
the potential of developing antigermination inhibitors, which could also have the added benefit
of suppressing vegetative C. difficile growth (137).

Since the utility of natural bile acid germinant inhibitors (130) is limited by their low solubil-
ity, metabolism by the gut microflora, and ability to stimulate host signaling, synthetic bile acid
analogs are currently in development (58, 108, 117, 130, 133). The taurocholate analog CamSA
inhibits spore germination and delays C. difficile infection in hamsters (59), which are acutely sen-
sitive to CDI. Since combining CamSA with suboptimal concentrations of vancomycin effectively
prevented CDI in this model (59), CamSA does not completely prevent spore germination in vivo.
An ~200-fold more potent derivative of CamSA with low micromolar efficacy was recently de-
veloped, and it inhibits germination in a broader range of strains (117). However, its efficacy and
metabolism in animal models of CDI, along with additional bile acid analogs recently developed
(130, 133), remain to be tested in vivo.

Germination Activators

Since C. difficile spores are highly resistant and actively released from infected patients (25, 71),
decontaminating hospital environments is critical to preventing the spread of CDI. Although
bleach is effective at killing C. difficile spores, this agent can corrode surfaces. To avoid this is-
sue, investigators have explored triggering C. difficile spore germination in the presence of UV
light and ethanol to kill germinating spores (83). While this strategy shows promise, it may not
be cost-effective.

Spore-Specific Vaccines

One study to our knowledge has tested the efficacy of developing vaccines against immunogenic
components of C. difficile spores. Vaccinating mice and hamsters against the exosporium mor-
phogenetic proteins CdeC and CdeM conferred protection against infection (50), suggesting that
antispore vaccines can prevent CDI. It will be important to test whether such a vaccine would
provide broad protection against different C. difficile strains, since the exosporium varies morpho-
logically between strains (102).

Sporulation Inhibitors

The first-line antibiotic therapy, fidaxomicin, is associated with lower recurrence rates. While
fidaxomicin’s efficacy is related to its relatively low impact on the gut microbiota compared to
metronidazole (75) (a former first-line therapy) and vancomycin, fidaxomicin can also prevent
sporulation at sub-minimum inhibitory concentration (MIC) (6, 11) and spore outgrowth, appar-
ently by adhering to C. difficile spore exteriors (19), which may contribute to decreased recurrence
levels.

A recent study demonstrated that the broad-spectrum p-lactams, cephamycins, potently inhibit
C. difficile sporulation at concentrations that do not affect vegetative growth (131). This work re-
vealed that cephamycins primarily target SpoVD (131), the PBP essential for cortex synthesis
(5, 131). Administration of cephamycins at sub-MIC in combination with vancomycin prevented
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C. difficile disease recurrence in a mouse model of infection (131), suggesting that antisporulation
inhibitors could be effective at preventing disease recurrence and transmission in hospital set-
tings. Since cephamycin administration can be a risk factor for CDI in humans (134), this proof-
of-principle work illustrates the utility in developing inhibitors that specifically target sporulation
factors rather than essential factors required for growth (57). Ideally, these optimized inhibitors
would minimize cross-reactivity against other clostridial spore formers, which have been associ-
ated with gut health (10).

The identification of spore proteins specific to C. difficile and its closest relatives that are re-
quired for spore formation or germination has revealed possible targets for therapeutic interven-
tions. For example, inhibiting the functions of Peptostreptococcaceae-specific spore proteins, CotL
(7), CotE (57), GerS (31), or the C. difficile-specific spore protein GerG (34) could be a strategy to
selectively prevent spore formation or germination in C. difficile. Indeed, loss of GerS or PdaAl,
which disrupts cortex modification, prevents or delays C. difficile infection in hamsters (23, 42).

SUMMARY—CHALLENGES AND KEY UNANSWERED QUESTIONS

Opver the last decade, our understanding of the molecular mechanisms that allow C. difficile to
form infectious spores and germinate those spores has increased dramatically. The transcriptional
program that underlies C. difficile sporulation has been broadly defined, and spore morphogenetic
factors that control the assembly of the cortex, coat, and exosporium have been identified. These
analyses have implicated specific spore coat and exosporium proteins in regulating the interaction
of spores with intestinal epithelial cells and modulating disease recurrence. They further highlight
the importance of determining whether and how additional C. difficile spore proteins contribute
to infection and transmission, especially since only a fraction of these proteins have been studied.

Major factors required for C. difficile spore germination have also been identified (CspA, CspB,
CspC, GerG, SleC), as have the germinant and cogerminant molecules used to stimulate this
process. Crystal structures of critical signaling components along with genetic screens have iden-
tified key residues required for germinant signaling, although the precise mechanism by which
(co)germinant signals are transduced remains to be determined. Regardless, these analyses have
revealed that the mechanism by which C. difficile induces germination differs markedly from that
of previously studied organisms and represents a unique opportunity for specifically inhibiting
this critical process to prevent CDL

Despite these advancements, there are critical gaps in our knowledge of spore germination and
outgrowth. Biochemical evidence for germinant and cogerminant binding to their receptors would
provide key insight into the mechanism by which these small molecules are sensed. The location
and interactions between the different germination-signaling components need to be determined.
These analyses will require the development of methods that can reliably separate coat versus
cortex proteins, since the current method for decoating spores removes known cortex proteins,
like SleC. In addition, virtually nothing is known about how C. difficile outgrows into vegetative
cells. Analyses of this stage could identify new therapeutic targets that would be easier to access
with small molecules or protein-based inhibitors due to the loss of spore-resistance properties.

Important advances in our understanding of C. difficile’s infection cycle have also been made,
with the anatomical location of C. difficile spore germination (the ileum) and the molecular signals
sensed having been established. While the location of spore formation has been identified, the pre-
cise environmental cues sensed by C. difficile that induce sporulation remain unknown. Whether
there are specific microenvironments within the colon that stimulate C. difficile sporulation also
remains unclear. Since growth conditions impact spore assembly and their adherence and ger-
mination properties, the extent to which spores isolated in the laboratory resemble those isolated
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from an infected host should be determined. Addressing these general questions in the next decade
of research will undoubtedly lead to exciting new insights into the mechanisms underlying these
intriguing developmental processes.
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