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Abstract: The pathogenic clostridia cause many human and animal diseases, which typically
arise as a consequence of the production of potent exotoxins. Among the enterotoxic clostridia,
Clostridium difficile is the main causative agent of nosocomial intestinal infections in adults with a
compromised gut microbiota caused by antibiotic treatment. The symptoms of C. difficile infection
are essentially caused by the production of two exotoxins: TcdA and TcdB. Moreover, for severe
forms of disease, the spectrum of diseases caused by C. difficile has also been correlated to the levels
of toxins that are produced during host infection. This observation strengthened the idea that the
regulation of toxin synthesis is an important part of C. difficile pathogenesis. This review summarizes
our current knowledge about the regulators and sigma factors that have been reported to control toxin
gene expression in response to several environmental signals and stresses, including the availability
of certain carbon sources and amino acids, or to signaling molecules, such as the autoinducing
peptides of quorum sensing systems. The overlapping regulation of key metabolic pathways and
toxin synthesis strongly suggests that toxin production is a complex response that is triggered by
bacteria in response to particular states of nutrient availability during infection.
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1. Introduction

The genus Clostridium comprises a vast and heterogeneous group of rod-shaped, spore-forming,
Gram-positive and obligate anaerobic bacteria [1]. Members of this genus are widespread in the
environment, and the majority of species are considered to be saprophytic, while some species
are pathogenic and responsible for a wide spectrum of diseases in both humans and animals.
The pathogenic clostridia cause a variety of neurotoxic, histotoxic and enterotoxic diseases, which
are associated with the production of potent exotoxins in most cases [2]. Among the enteric
clostridia, Clostridium difficile (recently renamed Peptoclostridium difficile [3]) is the major cause of
nosocomial diarrhea in adults with a compromised gut microbiota caused by the use of broad-spectrum
antibiotics [4]. The symptoms of C. difficile-associated disease range from mild diarrhea to severe
life-threatening pseudo-membranous colitis and toxic megacolon associated with high mortality
rates [5]. These symptoms are essentially caused by the production of two exotoxins: TcdA and
TcdB. These toxins glycosylate Rho family GTPases in host cells, leading to the disruption of the
actin cytoskeleton, cell death and a strong inflammatory response [6]. Toxins A and B are both
members of the large clostridial toxins (LCT) family, which includes the lethal and hemorrhagic
toxins (TcsL and TcsH, respectively) of Clostridium sordellii, the α toxin (TcnA) of Clostridium novyi
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and TpeL from Clostridium perfringens isolates from domestic livestock [7]. In addition, approximately
20% of C. difficile isolates obtained in non-outbreak situations [8] also produce a third toxin that
is named binary toxin (CDT) [9]. This toxin consists of two polypeptides: a binding component,
CDTb, responsible for attachment of the toxin complex to the host cell surface [10] and the active
component, CDTa that displays an actin-specific ADP-ribosyltransferase activity. The C. difficile CDT is
closely related to the iota toxin from C. perfringens type E, CST binary toxin from Clostridium spiroforme
and C2 toxin from Clostridium botulinum [11] The role of CDT in the disease process is still a matter
of debate since many virulent strains do not produce CDT. However, it has been shown that CDT
depolymerizes the actin cytoskeleton and at low doses, enhances the adhesion of C. difficile cells to the
gastrointestinal epithelium by inducing the formation of microtubule-based protrusions in the host
cell membranes [12–14]. Therefore, CDT might potentialize the toxicity of TcdA and TcdB and lead to
more severe disease, which would be consistent with the correlation between the presence of binary
toxin and the severe outcomes of CDI [9].

C. difficile infection (CDI) is a multi-step process that includes the disruption of the normal colonic
microflora, the germination and outgrowth of spores (of endogenous or exogenous origin) and the
subsequent colonization of the intestinal tract. During this process, vegetative cells multiply and
produce both Toxin A and Toxin B, causing clinical manifestations, followed by the dissemination
of spores. The spectrum of diseases caused by C. difficile was long thought to be related in part
to the potential of strains to produce variable levels of toxins. Since that time, Akerlund’s group
showed that toxin levels were correlated with the severity of C. difficile infection [15], confirming the
existence of a relationship between the symptoms of C. difficile-associated diarrhea (CDAD) and the
type and toxigenic potential of C. difficile strains [16]. In the early 2000s, this idea was reinforced
by the emergence of the epidemic and hypervirulent C. difficile strain NAPI/027 [17,18], which was
responsible for a massive increase in CDAD incidence and associated death. The major characteristic
of this strain is that it produces larger amounts of toxins A and B than non-epidemic strains. Taken
together, these observations strengthened the importance of the regulation of toxin synthesis for the
pathogenicity of C. difficile. It is now well established that the levels of toxin production are influenced
by growth conditions [19,20] and many environmental changes. One of the most important groups of
environmental cues that influences toxin production is likely to be nutritional signals. For instance,
limited concentrations of biotin or high levels of short-chain fatty acids in the medium increase toxin
production [21], while rapidly metabolizable sugars, or certain amino acids, greatly reduce toxin
yields [19,22–26]. Toxin production is also regulated by temperature, with an optimal temperature of
37 ˝C [27]. In addition, the impact of sub-inhibitory levels of antibiotics on toxin synthesis in C. difficile
has also been widely investigated. Certain antibiotics appear to increase toxin production, but the
specific response to an antibiotic appears to greatly vary from one strain to another [28–34].

To date, several regulation pathways that control toxin gene expression in response to several
environmental and nutritional signals have been identified. In particular, the expression of the major
virulence factors of C. difficile is under the control of a panel of nutrient-sensing regulators, suggesting
that the regulation of toxin production must be an essential part of the adaptive strategies that are
used by the bacteria in response to the environmental status encountered by C. difficile during infection.
This review summarizes our current understanding of the signals and the mechanisms that regulate
toxin synthesis in C. difficile.

2. The Pathogenicity Loci of C. difficile (PaLoc and CdtLoc)

One breakthrough in the understanding of the mechanism of toxin gene regulation originated
from the molecular analysis of a 19.6 kb chromosomal region that is known as the pathogenicity locus
(PaLoc) and is found only in toxigenic strains of C. difficile [35]. In addition to the genes that encode
toxin A (tcdA) and toxin B (tcdB), the PaLoc contains three accessory genes: tcdR and tcdC, which
encode proteins involved in the transcriptional regulation of the toxin genes [36,37], and tcdE, whose
product is required for the efficient secretion of TcdA and TcdB [38] (Figure 1A). For the majority
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of strains, the PaLoc is found in the same genomic location and is replaced in non-toxigenic strains
by a highly conserved 115/75 bp non-coding region [35,39]. However, it was recently shown that
the PaLoc can be integrated in different genomic locations that are distant from the classical PaLoc
integration site [40,41]. The presence of the PaLoc at different sites in the C. difficile genome suggested
that the PaLoc was likely acquired by horizontal transfer, even if the PaLoc is not an independent
mobile genetic element [35]. This hypothesis was supported by the G + C content of the PaLoc, which
differs from that of the genome as a whole, and by the ability of the Paloc to be transferred to a
non-toxigenic strain by a conjugation-like mechanism [42]. The recent identification of PaLoc-like
regions in C. sordellii [43] and C. perfringens [44] that contain the LCT-encoding genes and tcdR- and
tcdE-like genes supports the hypothesis that the LCT genes are located within PaLoc-related loci in
multiple Clostridium species (Figure 1A).

A transcriptional analysis of the PaLoc indicated that the first four genes of the locus (tcdR, tcdB,
tcdE and tcdA) are coordinately expressed when the cells approach stationary phase [20]. At this stage,
the levels of tcdA mRNA are approximately two-fold higher than those of tcdB [19], which is consistent
with larger amounts of TcdA being obtained after toxin purification [45]. Although tcdA and tcdB are
transcribed primarily from their own promoters (see below), they can be found on a polycistronic
transcript that is transcribed from a promoter identified >200 bp upstream of tcdR ORF [19,20,46].

CDT is encoded by two genes, cdtA and cdtB, which are transcriptionally linked and are located
on the C. difficile chromosome in an operon at a locus called the CDT locus (CdtLoc) separate from
the PaLoc. In most C. difficile strains that do not produce CDT, the CdtLoc is replaced by a 68-bp
non-coding region. In contrast to the regulation of the PaLoc genes (see below), very little research
has been carried out to understand how CdtLoc is regulated. However, the 6.2 kb CdtLoc includes a
response regulator gene cdtR, located upstream the cdt operon. Carter et al. have shown that CdtR, a
LytTR family response regulator, is able to activate CDT production [47]. This activation is likely direct
since they have recently demonstrated the binding of purified CdtR to the upstream cdtA promoter
region [48]. Further studies should focus on the nature of the unknown environmental or growth
phase signals and on the histidine kinase sensor involved in the CdtR activation through the transfer
of the phosphoryl group. Similar to the PaLoc, there is no evidence of transposon-, plasmid-, or
bacteriophage-related genes in close proximity to the CdtLoc.

3. Toxin A and B Genes Are Specifically Transcribed by an Alternative Sigma Factor

The tcdR gene, which lies upstream of tcdB in the PaLoc, encodes a small basic protein of
22 kDa [35], which contains a C-terminal helix-turn-helix DNA-binding motif [36]. The first evidence
for the role of TcdR in C. difficile toxin regulation was reported by Moncrief et al. [49]. Those authors
successfully activated tcdA and tcdB reporter fusions by expressing tcdR in trans in Escherichia coli [49].
These results were confirmed in similar experiments that used C. perfringens [36] as a surrogate host
and later in C. difficile [50]. Then, Mani and Dupuy provided genetic and biochemical evidence that
TcdR is required for the initiation of toxin gene transcription as a σ factor of the RNA polymerase
(RNAP) [36]. Indeed, TcdR is unable to bind alone to the toxin promoter regions but actually directs the
RNAP core enzyme to specifically recognize promoters and transcribe toxin genes [36]. Interestingly,
the promoter regions of tcdA and tcdB that show strong similarities to each other [19] do not resemble
the canonical σ70 promoter of prokaryotes, which is consistent with the use of a specific σ factor,
namely TcdR, for the transcription of toxin genes. In addition, TcdR also activates its own expression,
which is consistent with the presence of two potential promoters for TcdR-dependent transcription in
the region upstream of the tcdR gene [50].

TcdR is part of a new sub-group of the σ70 family that also includes other alternative σ factors of
pathogenic clostridia that are required for the transcription of genes that encode the botulinum and
tetanus neurotoxins (BotR and TetR, respectively [51]), the bacteriocin and cytotoxin of C. perfringens
(UviA and TpeR, respectively [44,52]) and the lethal and hemorrhagic toxins of C. sordellii (TcsR [43])
(Figure 1A). In addition, all of the promoters of the genes encoding these toxins and bacteriocin share a
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high degree of sequence similarity with the C. difficile toxin gene promoters (Figure 1B) [52]. Many of
the properties of these clostridial σ factors are similar to those of members of the extracytoplasmic
function (ECF) σ factors (group IV of the σ70-family), but they differ enough in structure and function
that they have been assigned to their own group (group V) [53]. Indeed, most of these TcdR-related σ

factors are functionally interchangeable with each other but not with members of other sub-groups
of the σ70 family [43,44,52]. Interestingly, these σ factors are encoded within genetic elements that
were probably acquired by horizontal gene transfer; UviA, TetR, TcsR and TpeR are encoded on
plasmids [44,54–57], TcdR is encoded within a PaLoc for which the presence of a putative holin and
a phage-like endolysin fragment [58] suggest a bacteriophage origin [35] and BotR is encoded in
bacteriophage genomes in some toxinotypes of C. botulinum [59]. In most cases, the genes that encode
these σ factors are located immediately upstream of the promoters of toxin and bacteriocin genes
and are transcribed in the same direction (Figure 1A). Moreover, in all examined cases, the σ gene is
autoregulated [50,51,60] and induced by one or several environmental signals [19,27,44,50] (see below).
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Figure 1. Toxin and bacteriocin loci regulated by the TcdR-family of σ factors in the pathogenic
clostridia. (A). Genetic organization of clostridial toxin and bacteriocin encoding genes. Similarly
colored genes encode functionally related proteins: large clostridial toxins in grey, neurotoxins in green,
TcdR family alternative sigma factors in blue, holin-like proteins in orange and bacteriocin in purple;
(B). Sequence alignment of the promoter regions of the toxin and bacteriocin genes. The ´35 and
´10 regions are based on determination of the transcriptional start sites [19,51,55,61,62]. The ´35 box
is highly conserved in promoters of all genes while the ´10 box possesses greater variations.

The similarities and the functional conservations within the group V σ factors reinforce the idea
that the evolution of Clostridium species has been accompanied by the conserved use of a particular
type of σ factor that is distinct from the ECF group to transcribe toxin and bacteriocin genes in the
major pathogenic clostridia.
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4. Toxin Gene Transcription Is Negatively Controlled by TcdC

The inverse timing of the expression of tcdC and the other PaLoc genes [20] has long suggested
that TcdC could play a negative role in toxin gene expression. Moreover, the emergence of epidemic
strains that produce high levels of both toxins and carry deletions or frameshift mutations in the
tcdC gene reinforced the putative role of TcdC in the control of toxin production [17,63]. TcdC is
not similar to any known regulatory protein and lacks a DNA-binding motif [64]. TcdC is an acidic,
membrane-associated protein with a predicted molecular weight of 26 kDa [37,65]. This protein can
form dimers, which is consistent with the presence of a coiled-coil motif in the middle of TcdC [37].
These biochemical characteristics suggested that TcdC could regulate toxin gene transcription as an
anti-σ factor by modulating TcdR activity. Indeed, TcdC negatively regulates C. difficile toxin expression
by interfering with the ability of the TcdR-containing RNAP to recognize toxin gene promoters. Both
free TcdR and the preformed TcdR-containing holoenzyme were sensitive to TcdC activity. However,
once a stable open complex was formed with the tcdA promoter, TcdC could not prevent the binding of
the RNAP to the promoter [37], indicating that TcdC acts at the first stage of transcriptional initiation.
TcdC sequesters TcdR in the manner of classical anti-σ factors but also interacts directly with the core
RNAP, suggesting that TcdC may interfere with TcdR-dependent transcription via more than one
mechanism [37]. Interestingly, TcdC was shown to inhibit transcription in a manner dependent on
alternative σ factors, such as UviA and σW, which is an ECF sigma factor, but not on primary σA-type
factors [37], suggesting that the mode of action of TcdC is more dependent on the nature of the σ

factor than the core enzyme. Recently, van Leeuwen et al. [66] reported the ability of TcdC to bind
to DNA folded into G-quadruplex structures containing repetitive guanine nucleotides, generally
abundant in prokaryotic and eukaryotic gene promoters [67]. Thus, TcdC could also act by destabilizing
open complex formation before transcription initiation. However, no quadruplex-forming motif with
multiple G-stretches was found in the PaLoc raising the question of the relevance of such alternative
function of TcdC in the control of toxin genes transcription.

Although these in vitro experiments clearly established that TcdC interferes with the
TcdR-dependent transcription of toxin genes, recent in vivo studies generated contradictory results
concerning the importance of TcdC for toxin expression. For instance, mutations within the tcdC genes
are widespread among clinical isolates but cannot be used to predict the hyperproduction of toxins in
these strains [68–70]. However, none of these conclusions were drawn from the analysis of isogenic
C. difficile strains, which would be a prerequisite for clarifying the role of TcdC in vivo. Recently,
Carter et al. generated an isogenic strain by introducing a plasmid-borne copy of tcdC into a C. difficile
NAPI/027 strain (M7404) that lacks a functional tcdC gene. Those authors showed that the expression
of TcdC within the native host results in the down-regulation of toxin production and an attenuated
virulence phenotype in the hamster model of infection [71]. In contrast, another study showed that the
chromosomal complementation of another NAPI/027 strain (R20291) with a functional tcdC gene did
not change toxin titers [72] and that the disruption of the tcdC gene in the strain 630∆erm had little if
any effect on toxin production under the condition tested [72,73]. It was concluded in this study that
TcdC might have a moderate role in regulating toxin expression and that TcdC is therefore not a major
determinant of the hypervirulence of C. difficile. However, these studies did not exclude the possibility
that TcdC could exert a more profound effect under specific conditions or in other strains of C. difficile
than 630∆erm and NAPI/027. Whatever the reason, further work is needed to conclusively define the
role of TcdC in C. difficile and particularly on virulence capacity.

It has been clearly demonstrated that toxin synthesis is growth phase-dependent and regulated in
response to several environmental signals. Therefore, several other regulatory factors must be involved
in the control of toxin gene expression, either directly or indirectly through the modulation of TcdR
synthesis or TcdR activity, at least by interacting with TcdC.
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5. Toxin Expression Is Controlled by the Carbon Catabolite Repression (CCR) System

One of the most important groups of environmental cues that control toxin production is likely to
be nutritional signals, such as carbon sources or certain amino acids. Different combinations of carbon
sources that can be used by C. difficile to produce energy are available in culture media, which makes
difficult the study of the detailed role of a particular substrate on toxin formation. It is likely that
complex analysis to follow the temporal use and degradation pathways of the different carbon sources
would help to further our knowledge of the regulatory network controlling toxin production [74].
However, despite this limit, addition of single substrates in culture media led to the emergence of an
understanding of the associated regulatory mechanisms. The presence of glucose or other rapidly
metabolizable carbon sources in a complex growth medium represses toxin production independently
of the pH changes due to the glucose metabolism [19,22]. This glucose effect was observed in several
C. difficile strains, suggesting that a general mechanism might be involved in the control of toxin
production in response to glucose availability [19]. In addition, the repressive effect of glucose on
toxin synthesis occurred at the transcriptional level, which was consistent with the repression of tcdR
expression by glucose [50].

Most carbon sources that repress toxin gene expression are transported inside the bacterium by the
phosphoenolpyruvate-dependent carbohydrate: phosphotransferase system (PTS) [75]. This suggests
that the regulation of toxin gene transcription by these rapidly metabolizable carbon sources involves
carbon catabolite repression (CCR) [19]. The CCR allows bacteria to assimilate a preferred (e.g., rapidly
metabolizable) carbon source, such as glucose, when exposed to more than one carbohydrate in
the most profitable and economical way for the cell. In low G + C Gram-positive bacteria, the
main mechanism of the CCR is mediated by the pleiotropic regulator CcpA, which is a member of
the LacI/GalR repressor family. CcpA usually acts as a repressor of the utilization of alternative
carbon sources and as a positive regulator of pathways associated with glycolysis. Positive and
negative transcriptional control by CcpA involves the binding of this regulator to a cis-acting catabolite
responsive element (cre) that is located upstream or in the 51 part of the target genes. Moreover, the
DNA binding activity of CcpA to the cre sites is enhanced by its interaction with a component of
the PTS, the HPr protein. To activate CcpA, HPr must be phosphorylated at the regulatory residue
Ser-46 by the HPr kinase/phosphorylase (HPr-K/P) according to the intracellular concentration of
fructose-1-6-phosphate (FBP) [76–78]. Using C. difficile mutant strains defective in genes of the PTS or
in ccpA, it has been shown that both the uptake of glucose and the global regulator CcpA are required
for glucose-dependent repression of toxin genes [24]. In fact, only 50% of the glucose-regulated genes
are controlled by CcpA, whereas it is >80% in B. subtilis [79]. In C. difficile, the CcpA regulon includes
genes involved in sugar uptake, fermentation and amino acid metabolism, confirming the role of
CcpA as a link between carbon and nitrogen pathways and virulence gene expression in C. difficile.
CcpA mediates glucose-dependent repression of toxin production by interacting directly with the
promoter region or the 51 ends of several PaLoc genes, with the strongest affinity for the promoter
region of tcdR [79] (Figure 2). This observation is consistent with the presence of two cre sites upstream
of the transcriptional start of tcdR, whose sequence is significantly different from the consensus cre site
defined in Bacillus subtilis [79]. In addition, in contrast to FBP alone, neither HPr nor HPr-Ser-64-P
stimulated CcpA binding to its targets, which differs from the classical mode of action of CCR in
B. subtilis [24]. Interestingly, toxin production in the C. difficile ccpA mutant strain is constitutive with
respect to glucose but lower than that observed in the wild-type strain without glucose. This finding
indicates that other regulator(s) controlled by CcpA must contribute(s) to the regulation of toxin gene
expression independently of glucose. In C. perfringens, CcpA is known to regulate the expression of
enterotoxin (CPE) in a growth phase-dependent manner, which is not associated with the presence of
glucose [80]. Thus, it appears that the regulation of C. difficile toxin synthesis in response to glucose
availability is the result of a complex regulatory network in which CcpA plays a central role. Indeed,
CcpA controls directly or indirectly a large number of regulators [79] and participates with other global
regulators, such as CodY and Rex, in coordinating metabolism and virulence through the regulation of
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fermentation processes that produce butyrate, which is known to stimulate toxin production (Figure 2
and see below). It was recently shown that glucose also repressed the synthesis of LCT by C. sordellii
and C. perfringens [43,44]. Both C. sordellii and C. perfringens encode CcpA homologs, but their role in
the glucose-dependent regulation of toxin production has not yet been demonstrated.Toxins 2016, 8, 153  7 of 23 
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Figure 2. Effects of regulatory proteins and metabolites on C. difficile toxin synthesis. The metabolites
that activate each regulatory protein is indicated: FBP, Fructose-1,6-bisphosphate; BCCAs, branch
chain amino acids (Isoleucine, Valine, Leucine); NAD, Nicotinamide adenine dinucleotide. Alternative
reductive pathways include glycine reductase (GR) pathway, butyrate production and succinate
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transcriptional regulators. Triangles are toxins. Arrowed lines indicate positive controls while lines
ending with a bar across correspond to negative controls. Dashed arrows indicate mechanisms that are
not fully understood.

6. Regulation of Toxin Synthesis in Response to Proline and Cysteine Availability

Proline and glycine have a powerful inhibitory effect on toxin production. The impact of both of
these amino acids on the C. difficile toxin yield [22] suggested a role for Stickland metabolism in the
control of toxin production. Like many Clostridium spp., C. difficile uses the Stickland reaction, which
involves the coupled oxidation and reduction of pairs of amino acids to generate ATP and NAD+. The
oxidative path way generates ATP and NADH, while the reductive pathway regenerates NAD+ from
NADH. Proline reductase (PR) and glycine reductase (GR) are specifically induced in the presence
of proline and glycine, respectively, and carry out the respective reduction of these amino acids [81].
Moreover, the addition of proline to the growth medium decreases the expression of the GR-encoding
genes, suggesting a preferential utilization of proline for NAD+ regeneration [26]. PrdR, which is
a regulator that responds to proline, mediates both the proline-dependent activation of PR and the
proline-dependent repression of toxin genes and the GR operon (Figure 2) [26]. However, nothing
is known regarding the mode of action of PrdR (direct or indirect) in the control of the PR, GR and
toxin gene expression. The global effect of proline and PrdR on C. difficile gene expression was recently
studied via transcriptomic analyses and most of the proline-dependent effects on gene expression
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appeared to be mediated by PrdR. The genes whose expression was strongly affected are involved
in alternative pathways of NAD+ regeneration, such as GR, butyrate production and the succinate
utilization pathway, suggesting a hierarchical control of NAD+ regeneration [82]. Thus, when proline
is limiting in the medium or if PrdR or PR is inactive, the alternative reductive pathways are induced.
In fact, both PrdR and a functional PR are indirectly required for the proline-dependent regulation
of the alternative reductive pathways in response to the intracellular concentration of NADH and
NAD+. This process involves the global redox-sensing regulator Rex [82]. In several Gram-positive
bacteria, Rex acts as a repressor of genes that are important for growth using fermentation [83–88].
Rex directly senses changes in redox status and is only active as a DNA-binding protein when the
intracellular NADH/NAD+ ratio is low [84]. A Rex homolog is present in C. difficile, and putative Rex
boxes are identified upstream of PrdR-regulated genes, including those involved in the fermentation
pathways that produce butyryl-CoA from acetyl-CoA or succinate [89]. In a rex null mutant, the
addition of proline no longer represses these pathways. Moreover, the purified Rex protein can bind to
the respective genes, and the binding activity of Rex is stimulated by NAD+ but inhibited by NADH
(Figure 2) [82]. Although Rex, like PrdR, controls the proline-responsive expression of these alternative
reductive pathways, Rex also mediates the proline-dependent repression of toxin gene expression,
probably through the regulation of butyrate production. Consistent with this model, PrdR is active
and stimulates PR expression when proline is in excess. As a result, the NADH/NAD+ ratio is low
and Rex is active as a repressor of the alternative NAD+ regeneration pathways. In contrast, if proline
becomes limiting, the NADH/NAD+ ratio increases and NADH prevents Rex-dependent repression
of the alternative pathways. The regeneration of NAD+ using these alternative reductive pathways
leads to an accumulation of butyrate, a compound that stimulates toxin synthesis (Figure 2).

Cysteine is the most potent amino acid that down-regulates toxin production in both the reference
strain 630 and clinical isolates [23,25]. This sulfur-containing amino acid plays a central role in bacterial
physiology. Cysteine is a precursor of methionine and several co-enzymes, a sulfur donor for the
biogenesis of iron-sulfur clusters and is found in the catalytic sites of several enzymes. Links between
cysteine metabolism and bacterial virulence have been described in several pathogenic bacteria,
including C. perfringens and Bordetella pertussis [90,91]. To understand the molecular mechanism
involved in the cysteine-dependent repression of toxin production, a global transcriptomic analysis of
the genes controlled by cysteine was recently performed in C. difficile [92]. Genes that are regulated
in response to cysteine availability are involved in amino acid and energy metabolism, as well
as in fermentation pathways. It was initially demonstrated that cysteine does not regulate toxin
production by acting as a reducing agent [22]. Because cysteine metabolism during cell growth has an
impact on the pools of several metabolites, including carbon sources and amino acids, some global
regulators and σ factors, such as CcpA, CodY and σH, that are known to regulate toxin gene expression
were tested [24,93,94]. Among those factors, only σL, which belongs to the σ54 family and plays
an important role in the metabolism and virulence of Gram-positive bacteria [95,96], was shown
to mediate cysteine-dependent repression of toxin production (Figure 2) [92]. Because no σL-type
promoter was found upstream of toxin genes, it was hypothesized that σL regulates the PaLoc genes
indirectly, probably in response to by-products of cysteine degradation. This hypothesis was consistent
with the role of σL in the control of cysteine degradation in C. difficile. Moreover, the addition of the
first by-products of cysteine (pyruvate and sulfide) during cell growth decreased the transcription of
toxin genes and tcdR in both the wild-type and sigL mutant strains. In contrast, the addition of other
pyruvate by-products, such as formate and acetate, had no effect on PaLoc gene transcription [92].
Thus, pyruvate and sulfide, rather than cysteine, might be the main signals that modulate toxin
production (Figure 2). Further studies will be necessary to characterize the mechanism involved in
toxin production in response to cysteine by-products.
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7. Regulation of Toxin Synthesis by Nutritional Limitation Is Mediated by CodY

A strong link between nutrient limitation and toxin production came from the discovery that
the expression of all of the PaLoc genes is repressed by the global transcriptional regulator CodY,
which is involved in the adaptive response to nutrient sufficiency in the environment [93]. CodY is
highly conserved in low G + C content Gram-positive bacteria. In B. subtilis, during rapid growth,
CodY represses more than 100 genes whose products are not needed when nutrients are in excess and
releases this repression when nutrients become limited at the onset of stationary phase [97]. CodY
targets are associated with a range of adaptive behaviors, such as sugar and amino acid transport [97],
mobility [98] and sporulation [99]. In some pathogenic bacteria, CodY controls not only genes involved
in major physiological processes but also virulence factors [100]. CodY is a dimeric protein that binds
to DNA through a winged helix-turn-helix motif that is located in the C-terminal part of the protein.
The binding affinity of CodY for its target genes is increased in the presence of branched-chain amino
acids (isoleucine, leucine, and valine (BCAAs)) and GTP, either individually or in combination [99,101].
The presence of these cofactors is a signal of nutrient availability. Thus, when nutrients become
limiting, the intracellular levels of BCAAs and GTP are reduced, and CodY is no longer able to repress
genes involved in bacterial adaptation to starvation.

In C. difficile, more than 140 genes are under the control of CodY. Most of these genes are involved
in the biosynthesis of amino acids, nutrient transport fermentation pathways, sporulation and toxin
production [102]. Phenotype analysis of a C. difficile codY mutant showed that all of the PaLoc genes
are strongly derepressed during exponential phase [93], which is consistent with the higher level of
toxin produced in the codY mutant in comparison to the wild-type strain [82]. Indeed, CodY regulates
toxin gene expression by binding to the tcdR promoter region at three different locations with varying
affinities; two of these locations overlap with σ factor-binding regions [93]. Like in B. subtilis, GTP and
BCAA are co-factors of CodY in C. difficile (Figure 2) and exert independent and additive effects on the
in vitro activity of CodY [93]. This observation supported previous evidence that the presence of nine
amino acids in the medium, including BCAAs, significantly reduced C. difficile toxin synthesis [22].
Interestingly, CodY can interact with other regulatory networks in the control of both metabolic and
toxin genes. This type of interaction probably occurs through cyclic-di-GMP (c-di-GMP) signaling,
which is an important signal transduction system in the lifestyle of this pathogen (Figure 3). C-di GMP
is synthesized from 2 GTP molecules by diguanylate cyclases (DGCs) and degraded into pGpG or
2 GMP by phosphodiesterases (PDEs). The pool of c-di-GMP is controlled by a plethora of DGC and
PDE enzymes, and genes encoding several of these enzymes are controlled by CodY [102,103]. Thus,
changes in the intracellular concentration of GTP correlated with c-di-GMP synthesis can modify the
CodY activity. In addition, based on nutrient availability, CcpA can stimulate the production of BCAAs,
which are the second effector of CodY, illustrating that the regulatory pathways of CodY and CcpA are
intertwined. Finally, CodY, which directly represses PaLoc genes, can also contribute to the repression
of toxin synthesis by regulating the synthesis of butyrate (Figure 2). In fact, all enzyme-encoding genes
that are required for butyrate synthesis from acetyl-CoA and succinate are controlled by CodY in
response to the levels of BCAAs and GTP, as Rex responds to the NADH/NAD+ ratio (Figure 2).
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8. The Regulatory Network That Controls Transition Phase, Sporulation and Toxin Production
in C. difficile

In vitro, toxin synthesis increases when the cells enter stationary phase [19], as was also observed
in vivo in the mouse model of CDI [104]. It was recently shown that toxin production is controlled
by regulators of the complex-regulatory network that is set up at the onset of stationary phase and
involved in the control of the initiation of sporulation [94,105–107]. The regulatory mechanisms
of the transition from exponential growth phase to stationary phase have been studied extensively
in B. subtilis [108], but differences exist in C. difficile [94,109,110]. The initiation of sporulation in
B. subtilis is controlled by a regulatory cascade (phosphorelay) that consists of five sensor kinases,
two intermediary phosphorylated proteins (Spo0B and Spo0F) and several phosphatases [111,112].
These proteins modulate the level of phosphorylation of the response regulator Spo0A in response to
nutrient availability, cell density and other signals. The phosphorylated form of Spo0A then activates
the transcription of several key sporulation genes. In addition, the alternative σ factor SigH, which is
involved in the transcription of major genes of the transition phase, is also required for the expression of
spo0A [113]. Both Spo0A and SigH are present in C. difficile, but orthologs of most of the phosphorelay
proteins, including Spo0B, Spo0F and the phosphatases, are missing. In the clostridia, the sporulation
initiation pathway is a two-component system with associated kinases that directly phosphorylate
Spo0A [114,115]. Three orphan histidine kinases are present in the C. difficile genome (CD1492, CD2492,
and CD1579) (Figure 3). CD1579 phosphorylates Spo0A in vitro, while the inactivation of CD2492
reduces the sporulation efficiency of the strain 630∆erm [110]. As observed in B. subtilis [113,116],
SigH and Spo0A of C. difficile regulate not only sporulation genes but also numerous genes that are
involved in several functions, such as metabolism, including the butyrate biosynthesis pathways,
cell wall metabolism, motility or encoding surface-associated proteins [94,105]. Moreover, SigH and
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Spo0A control toxin gene expression at the onset of stationary phase (Figure 3). In a sigH mutant,
the tcdA, tcdB and tcdR genes were overexpressed, implying that SigH represses toxin expression
through a mechanism that is likely indirect, as no SigH promoter has been found upstream of any
of the PaLoc genes [94]. Thus, SigH may act either by controlling the transcription of a gene that
encodes a repressor of toxin gene transcription or by competing with TcdR for interaction with the core
enzyme of the RNAP. The effect of spo0A inactivation on toxin production appears to be strain-specific.
Indeed, Spo0A represses toxin gene expression in some strains of ribotype 027 [106,107] but has no
or marginal effects in strains of ribotype 078 [106] and conflicting results have been reported for the
role of Spo0A on toxin production in 630∆erm [105–107,110,117]. In addition, none of the promoters
of the PaLoc genes contains a Spo0A binding sequence, suggesting that the effect of Spo0A on toxin
gene expression is indirect and needs to be characterized. Further work will be required to decipher
the molecular mechanisms that lead to the control of toxin production by Spo0A and SigH and to
identify the involved regulator(s) among those genes that are under the control of Spo0A and/or SigH
in transcriptomes [94,105].

Recently, a new regulator (RstA) that positively controls sporulation initiation and negatively
affects mobility and toxin production was identified [118]. RstA regulates toxin production and
mobility by repressing the transcription of SigD, the flagella-specific σ factor, which in turn directly
controls tcdR transcription (see below, Figure 3). RstA controls sporulation initiation through an
unidentified pathway, which is SigD-independent. This regulator belongs to the RNPP family of
transcriptional regulators involved in quorum sensing that includes PlcR, NprR and PrgX [119].
Moreover, RstA is conserved in pathogenic and non-pathogenic clostridia and closely related
organisms, suggesting that RstA is a key regulator protein that controls both sporulation and virulence
functions in these bacteria.

Reports that describe correlations between spore formation and toxin gene regulation in C. difficile
are contradictory [15,22,23,120]. In C. perfringens, sporulation and enterotoxin synthesis (Cpe) are
controlled by the mother cell-specific sigma factors SigE and SigK [121]. Indeed, the cpe gene
is specifically transcribed during sporulation from SigK- and SigE-dependent promoters, and its
expression was completely abolished in a sigE mutant [121,122]. In C. difficile, the sigH mutant is
unable to sporulate but still produces toxins. This finding indicated that sporulation is not required
for toxin synthesis and is instead a stationary-phase event. Consistent with this observation, no
transcriptional control of toxin genes by the four sporulation-specific sigma factors (SigF, SigE, SigG
and SigK) was observed in transcriptome analyses [123,124], and no toxins were detected in the
proteome of the spore [125] or the outer layers of the spore [126]. However, recent work using more
targeted approaches suggested that tcdA, tcdB and tcdR are expressed during sporulation [127]. Thus,
toxins might be produced not only at the onset of stationary phase after bacterial multiplication during
the colonization process [104] but also later during spore formation, leading to the production of spores
that contain toxins. Further work will be necessary to determine the extent to which toxinogenesis and
sporogenesis overlap and the impact of the possible relationship between these two processes that
play a central role in the C. difficile infectious cycle.

9. Other Regulators That Control Toxin Production

9.1. Toxin Gene Expression Is Controlled by Quorum Sensing

Quorum sensing (QS) is a cell density-dependent mechanism of gene expression control that
involves signaling molecules termed auto-inducers (AIs). Many virulence factors are produced by
bacterial pathogens at high cell density through quorum signaling systems. In Gram-positive bacteria,
these cell-cell communication systems involve peptides called autoinducing peptides (AIP), which act
as signaling molecules. In Staphylococcus aureus, the agr quorum-sensing locus agrACDB is involved
in controlling the expression of many secreted virulence factors during the transition phase [128].
The biosynthesis of AIP requires AgrD, which is the peptide precursor of AIP, and AgrB, which is a
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transmembrane endopeptidase involved in the processing and exportation of AIP. The accumulation
of extracellular concentrations of AIP activates a two-component system (TCS) by binding to the
sensor histidine kinase AgrC, which in turn modulates the activity of the response regulator AgrA.
All analyzed C. difficile genomes contain an incomplete agr- locus that contains agrDB and is named
the agr1 locus [129]. However, in addition to agr1, a complete agrACBD operon (agr2 locus) is present
in the genome of the C. difficile ribotype 027 isolate R20291 and in the genomes of some clinical
strains [129,130]. In strain R20291, the inactivation of agrA results in decreased toxin production
(Figure 3) and this mutant exhibits a colonization defect in mice [131,132]. Interestingly, AgrA also
controls flagellar synthesis and the expression of genes involved in c-di-GMP metabolism [132] that
are known to influence toxin gene expression, as indicated below. Thus, the Agr2 system appears to
play a role in C. difficile pathogenesis, at least in some lineages. In the 630 and R20291 backgrounds,
a thiolactone peptide that is likely synthesized by the agr1 locus is also involved in the induction of
toxin production [131]. The AgrD1 and AgrD2 prepeptides, which are encoded by the agr1 and agr2
loci, respectively, are 34% identical, but a cysteine residue that is probably involved in thioester bond
formation is only present in AgrD1. The TCS that senses AgrD1 remains to be identified. Interestingly,
an agrBD locus that is not linked to a TCS is also present in C. perfringens. This Agr system positively
controls the expression of various toxin genes in type A, B, C and D strains of C. perfringens [133–137].
In C. acetobutylicum, a complete agrBDCA cluster is involved in the cell density-dependent regulation
of granulose production and spore formation [138]. Two agrBD loci are also present in C. botulinum.
Both loci control sporulation and toxin production, with a more drastic effect on neurotoxin synthesis
for AgrD2 [139]. In C. difficile, further work will be needed to decipher the regulatory mechanisms
associated with the two Agr systems, to study the relationship between Agr1 and Agr2 and to
investigate the possible involvement of Agr1 in the control of sporulation.

In addition to the intra-species communication that is mediated by AIP in Gram-positive
bacteria, interspecies communication is also effective and involves a second class of QS molecules
(i.e., autoinducer-2 (AI-2)) that has been identified in several bacterial species [140]. The LuxS
enzyme, which forms part of the methyl cycle pathway, is involved in AI-2 synthesis from
S-ribosylhomocysteine [140,141]. Many pathogens, including C. difficile, have QS systems that detect
AI-2 and are involved in virulence expression. AI-2 up-regulates the expression of PaLoc genes
(tcdA, tcdB and tcdE) when added to the culture medium early during growth (Figure 3) [142]. However,
this effect is not observed in samples harvested after 24 h and 48 h of growth [143]. Interestingly, it
has been reported that a major catechin compound (Epigallocatechin gallate) isolated from green tea
downregulates LuxS production, leading to a decrease in the amount of AI-2 and lower expression of
the tcdA and tcdR genes [144]. In C. perfringens, LuxS/AI-2 also contributes to the regulation of α, κ
and θ toxin expression [145]. Further work will be necessary to decipher the molecular mechanisms
involved in the transient effect of AI-2 on toxin gene expression at the onset of stationary phase.

9.2. Control of Toxin Expression by c-di-GMP

The signaling molecule cyclic di-guanosyl-51monophosphate (c-di-GMP) is a second messenger
in bacterial systems and a key feature in the control of critical lifestyle choices, such as the transition
between planktonic and biofilm growth. Thus, elevated levels of c-di-GMP typically promote sessile
lifestyles, such as biofilm formation, while low levels of c-di-GMP are associated with motility [146].
In contrast to most Gram-positive bacteria, including some close relatives, C. difficile encodes a
large number of c-di-GMP turnover enzymes (18 predicted diguanylate cyclases and 19 predicted
phosphodiesterases), and enzymatic activity was confirmed for many of those enzymes [103,147].
In addition, 16 riboswitches that respond to c-di-GMP have been identified in C. difficile [148],
underlining the importance of c-di-GMP signaling in this human pathogen. In recent years, c-di-GMP
was found to regulate classical functions in C. difficile, including swimming and twitching motility,
adhesion, aggregation and biofilm formation [148–153]. Surprisingly, c-di-GMP was also shown to
affect toxin gene expression [154]. Indeed, artificial elevation of intracellular levels of c-di-GMP in
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C. difficile strongly represses the transcription of toxin-encoding genes and tcdR [154]. Interestingly, the
presence of high levels of c-di-GMP transcription also inhibited the expression of the gene encoding
the flagellar alternative σ factor SigD [154]. Moreover, in a sigD mutant, the expression of the tcdA,
tcdB and tcdR genes was reduced, and it was demonstrated that SigD directs the RNAP core enzyme to
recognize the tcdR promoter but not the tcdA and tcdB promoters [155]. Thus, the c-di-GMP-dependent
regulation of toxin expression is indirect and mediated by SigD, which is involved in tcdR transcription
and consequently in toxin synthesis (Figure 3).

9.3. Regulation of Toxin Expression by Flagellar Proteins

In addition to SigD, other flagellar components, such as the flagellin FliC and the capping protein
FliD, influence toxin production in C. difficile. In strain 630∆erm, the inactivation of fliC, which is a
late-stage flagellar regulon gene, led to increased expression of all Paloc genes except tcdC [156]. This
result was reinforced by another study that showed that the levels of tcdA transcripts are increased
in both fliC and fliD mutants in the same background [157]. Consistent with these data, the activity
of toxins in cell culture supernatants of fliC and fliD mutants was increased in comparison to the
parental strain. Moreover, these mutants were reported to be more virulent in hamsters in some but
not all studies [158]. In addition, toxin expression is not significantly altered in a strain lacking the
glycosyltransferase CD0240, which is an enzyme involved in FliC glycosylation [156]. The inactivation
of CD0240 resulted in cells that are non-motile, although unglycosylated FliC is still produced and
exposed at the cell surface [159]. Therefore, it appears that the loss of the flagellin FliC rather than a
non-functional flagellar filament affects toxin expression. It has been noted that the epidemic strain
R20291 produces only a single flagellum that is required for adherence to CaCo-2 cells, whereas strain
630∆erm is peritrichously flagellated, with flagella that contribute to overall fitness. Interestingly, in
contrast to strain 630∆erm, no change in cytotoxicity was observed between the R20291 wild-type
strain and the isogenic flagella mutants [157]. In addition, in vivo transcriptomic analysis performed at
14 h post-infection revealed that toxin transcription was not affected in a fliC mutant in comparison to
the R20291 wild-type strain. Thus, it appears that the influence of flagella on toxin production differs
depending on the C. difficile strain and is related to the structural components of the flagellum. More
work is needed to better understand the exact involvement of the flagellar regulon in toxin expression.

9.4. Impact of the Presence of Prophages on Toxin Gene Expression

Bacteriophages are the most abundant and diverse entities in the biosphere. Bacteriophages can
influence the abundance, diversity and evolution of bacterial communities [160]. Some lysogenic
phages can also modify the phenotypes of their hosts by encoding key virulence factors, such as the
diphtheria and botulinum toxins [161]. C. difficile has been shown to contain a number of different
bacteriophages [162], and the lysogenization of some of these bacteriophages has been shown to affect
toxin synthesis [163]. Indeed, it was shown that in the φCD119 or φCD27 lysogens derived from
C. difficile isolates, toxin production is repressed in comparison to the respective parental strains [164,
165]. In the case of φCD119, the expression of all PaLoc genes is downregulated in the lysogenic strain
in comparison to the parental strain, and this expression modulation involves the phage-encoded
protein RepR [164]. Furthermore, reporter gene fusion experiments and DNA binding studies showed
that RepR decreases toxin production indirectly by controlling the transcription of tcdR.

In contrast, the lysogenization of a ribotype 027 strain by φCD38-2 results in the stimulation
of toxin production [166]. In fact, in comparison to its parental strain, the level of toxin in a
φCD38-2 lysogenic strain was significantly increased in the culture supernatant but not in the cytosol.
Interestingly, the transcription of all PaLoc genes was higher in the φCD38-2 lysogen strain, but tcdE
appears to be expressed more strongly than the other genes of the PaLoc. The tcdE gene encodes a
protein that is similar to a class of bacteriophage proteins named holins that is required for the efficient
release of TcdA and TcdB from bacteria [38]. Together, these results suggested that the lysogenic strain
carrying φCD38-2 synthesizes and secretes more toxins than the parental strain due to the increased
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expression of PaLoc genes, especially tcdE. Further experiments will be necessary to understand how
the φCD38-2 can influence toxin gene expression. An increase in toxin production was also described
in other lysogens of C. difficile strains carrying the prophages ΦC2, ΦC6 and ΦC8. In these cases, the
effect likely relied on the modulation of toxin production or release rather than on the transcription of
tcdA and tcdB [167]. Thus, these reports raised the possibility that cross-talk between prophages and
bacterial genes exist in C. difficile, as illustrated by their impact on the PaLoc genes.

9.5. Links between the Stress Response and Toxin Gene Expression

The SOS regulatory network plays a central role in the bacterial response to DNA damage, which
is controlled by the global repressor LexA and an inducer, the recombinase RecA [168]. During normal
bacterial growth, LexA binds to the promoter region of the SOS genes and prevents their transcription.
Upon DNA damage, RecA polymerizes on single-stranded DNA that has formed at sites of DNA
damage and becomes activated. The activated form of RecA facilitates the inactivation of LexA via
self-cleavage, resulting in the expression of SOS genes [169]. In C. difficile strain R20291, the lexA
mutant exhibits alterations in cell division, motility, and sporulation and has a greater sensitivity
to metronidazole [170]. Moreover, LexA negatively controls biofilm formation. In the presence of
sub-inhibitory concentrations of levofloxacin, the production of TcdA but not TcdB increased in a
lexA mutant in comparison to the wild-type strain [170]. Levofloxacin is known to induce the SOS
response [171] and to repress toxin production in C. difficile [31,172]. Thus, these data suggested that
the inhibitory effect of levofloxacin on TcdA synthesis was countered by the constitutively induced
SOS response that is observed in the absence of LexA. Changes in the regulation of TcdA but not TcdB
in the lexA mutant are somehow consistent with the ability of LexA to bind only to the tcdA promoter
region, which contains a LexA binding motif [173]. Thus, LexA not only regulates DNA damage but
also controls other biological functions, including the regulation of toxin A production.

The transcription-repair coupling factor (Mfd in bacteria) is a highly conserved bacterial protein
that links the processes of nucleotide excision and transcription elongation [174]. In response to DNA
damage, Mfd removes RNA polymerase that is stalled at DNA lesions, increasing the rate at which
the lesions are repaired [175]. The removal of stalled RNAP is not confined to DNA lesions but also
occurs for RNAP that is stalled for other reasons, such as nucleotide starvation or blockage by other
DNA proteins, such as transcriptional repressors [176]. The inactivation of mfd in C. difficile resulted
in an unusual colony morphology and increased expression of TcdA and TcdB, which occurs at the
transcriptional level [177]. In B. subtilis, Mfd inactivation partially relieved the CodY- or CcpA-mediated
transcriptional repression of genes with binding sites downstream of the promoters [178–180]. Because
both CcpA and CodY binding sites have been identified downstream of the tcdR promoter [79,93], it is
possible that Mfd can affect the transcriptional regulation of toxin genes by relieving RNA polymerase
that is stalled at roadblocks created by CodY and/or CcpA, which are two major repressors of toxin
gene expression in C. difficile (Figure 3).

10. Conclusions

In the murine model, toxin synthesis occurs late during infection [104]. The complex regulation
of the C. difficile PaLoc genes that involves multiple environmental and physiological factors, suggests
that the bacterium’s strategy to persist and cause damage to the host is closely related to its nutritional
status. In response to transition phase, nutrient limitation and stresses, as well as the detection of cell
density through quorum sensing in the gastrointestinal tract during dysbiosis, the regulatory network
involved must contribute to trigger toxin production when needed. Particularly, the crucial role of the
control of toxin production in the response to nutrient limitation indicates that an intimate connection
exists between virulence and metabolism. Thus, the use by C. difficile of several global metabolic
regulators, such as CcpA, CodY, SigL, PrdR and Rex, to control toxin genes expression implies from
the bacterium‘s point of view that virulence is to a great extent a mechanism for improving nutrient
availability. Accordingly, such coordination is illustrated by the impact of butyrate on the regulation of
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toxin synthesis. Indeed, in addition to toxin synthesis, the major global regulators CodY and CcpA
control the expression of the alternative reductive pathways that regenerate NAD+ [24,93]. That is,
in response to FBP, CcpA activates the expression of the proline reductase gene cluster and represses
both the alternative NAD+-regenerating pathways that lead to butyryl-CoA and the genes (ptb and
buk) encoding enzymes that are used to convert butyryl CoA to butyrate [24]. These pathways are also
controlled by CodY in response to BCAAs and GTP [102]. Thus, when cells have an excess of NADH,
butyrate is produced suggesting that the stimulation of toxin synthesis by butyrate is a response to
the redox status of the cell (NADH/NAD+ ratio) and nutrient limitation (i.e., proline, BCAAs, and
carbohydrates). The molecular mechanism by which butyrate activates toxin synthesis remains to
be discovered. Interestingly, many inhabitants of the lower gastrointestinal tract produce butyrate,
while pyruvate, which down-regulates toxin production is apparently more abundant in the upper
part of the gut. This raises an interesting question about the role of both butyrate and pyruvate and
the mechanisms involved in the control of toxin synthesis along the intestinal tract in the context of
gut dysbiosis. Furthermore, the butyrate precursor butyril CoA, is also the precursor of butanol, an
inhibitor of toxin synthesis [25]. Thus, it would be interesting to know how the bacterium decides
to convert butyryl CoA into butanol or butyrate that would potentially help for the development of
novel therapeutics to reduce virulence. Finally, as virulence factors other than toxins become identified,
it will be also interesting to determine how they are controlled and to which environmental signals
they respond in order to better evaluate the extent to which C. difficile pathogenesis is influenced by
intracellular metabolite pools.

Acknowledgments: Publishing costs and research in the authors’ lab were funded by the Institut Pasteur and a
research grant (AI057637) from the US Public Health service.

Author Contributions: Isabelle Martin-Verstraete, Johann Peltier and Bruno Dupuy conceived and wrote the
review article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Collins, M.D.; Lawson, P.A.; Willems, A.; Cordoba, J.J.; Fernandez-Garayzabal, J.; Garcia, P.; Cai, J.; Hippe, H.;
Farrow, J.A. The phylogeny of the genus Clostridium: Proposal of five new genera and eleven new species
combinations. Int. J. Syst. Bacteriol. 1994, 44, 812–826. [CrossRef] [PubMed]

2. Stevens, D.L.; Aldape, M.J.; Bryant, A.E. Life-threatening clostridial infections. Anaerobe 2012, 18, 254–259.
[CrossRef] [PubMed]

3. Yutin, N.; Galperin, M.Y. A genomic update on clostridial phylogeny: Gram-negative spore formers and
other misplaced clostridia. Environ. Microbiol. 2013, 15, 2631–2641. [CrossRef] [PubMed]

4. Borriello, S.P. Pathogenesis of Clostridium difficile infection. J. Antimicrob. Chemother. 1998, 41 (Suppl. SC),
13–19. [CrossRef] [PubMed]

5. Rupnik, M.; Wilcox, M.H.; Gerding, D.N. Clostridium difficile infection: New developments in epidemiology
and pathogenesis. Nat. Rev. Microbiol. 2009, 7, 526–536. [CrossRef] [PubMed]

6. Just, I.; Selzer, J.; Wilm, M.; von Eichel-Streiber, C.; Mann, M.; Aktories, K. Glucosylation of Rho proteins by
Clostridium difficile toxin B. Nature 1995, 375, 500–503. [CrossRef] [PubMed]

7. Carter, G.P.; Rood, J.I.; Lyras, D. The role of toxin A and toxin B in the virulence of Clostridium difficile.
Trends Microbiol. 2012, 20, 21–29. [CrossRef] [PubMed]

8. Eckert, C.; Emirian, A.; Le Monnier, A.; Cathala, L.; de Montclos, H.; Goret, J.; Berger, P.; Petit, A.; de
Chevigny, A.; Jean-Pierre, H.; et al. Prevalence and pathogenicity of binary toxin-positive Clostridium difficile
strains that do not produce toxins A and B. New Microbes New Infect. 2015, 3, 12–17. [CrossRef] [PubMed]

9. Gerding, D.N.; Johnson, S.; Rupnik, M.; Aktories, K. Clostridium difficile binary toxin CDT: Mechanism,
epidemiology, and potential clinical importance. Gut Microbes 2014, 5, 15–27. [CrossRef] [PubMed]

10. Papatheodorou, P.; Carette, J.E.; Bell, G.W.; Schwan, C.; Guttenberg, G.; Brummelkamp, T.R.; Aktories, K.
Lipolysis-stimulated lipoprotein receptor (LSR) is the host receptor for the binary toxin Clostridium difficile
transferase (CDT). Proc. Natl. Acad. Sci. USA 2011, 108, 16422–16427. [CrossRef] [PubMed]

http://dx.doi.org/10.1099/00207713-44-4-812
http://www.ncbi.nlm.nih.gov/pubmed/7981107
http://dx.doi.org/10.1016/j.anaerobe.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22120198
http://dx.doi.org/10.1111/1462-2920.12173
http://www.ncbi.nlm.nih.gov/pubmed/23834245
http://dx.doi.org/10.1093/jac/41.suppl_3.13
http://www.ncbi.nlm.nih.gov/pubmed/9630370
http://dx.doi.org/10.1038/nrmicro2164
http://www.ncbi.nlm.nih.gov/pubmed/19528959
http://dx.doi.org/10.1038/375500a0
http://www.ncbi.nlm.nih.gov/pubmed/7777059
http://dx.doi.org/10.1016/j.tim.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22154163
http://dx.doi.org/10.1016/j.nmni.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25755885
http://dx.doi.org/10.4161/gmic.26854
http://www.ncbi.nlm.nih.gov/pubmed/24253566
http://dx.doi.org/10.1073/pnas.1109772108
http://www.ncbi.nlm.nih.gov/pubmed/21930894


Toxins 2016, 8, 153 16 of 24

11. Barth, H.; Aktories, K.; Popoff, M.R.; Stiles, B.G. Binary bacterial toxins: Biochemistry, biology, and
applications of common Clostridium and Bacillus proteins. Microbiol. Mol. Biol. Rev. 2004, 68, 373–402.
[CrossRef] [PubMed]

12. Aktories, K.; Schwan, C.; Papatheodorou, P.; Lang, A.E. Bidirectional attack on the actin cytoskeleton.
Bacterial protein toxins causing polymerization or depolymerization of actin. Toxicon 2012, 60, 572–581.
[CrossRef] [PubMed]

13. Schwan, C.; Nolke, T.; Kruppke, A.S.; Schubert, D.M.; Lang, A.E.; Aktories, K. Cholesterol- and
sphingolipid-rich microdomains are essential for microtubule-based membrane protrusions induced by
Clostridium difficile transferase (CDT). J. Biol. Chem. 2011, 286, 29356–29365. [CrossRef] [PubMed]

14. Schwan, C.; Stecher, B.; Tzivelekidis, T.; van Ham, M.; Rohde, M.; Hardt, W.D.; Wehland, J.; Aktories, K.
Clostridium difficile toxin CDT induces formation of microtubule-based protrusions and increases adherence
of bacteria. PLoS Pathog. 2009, 5, e1000626. [CrossRef] [PubMed]

15. Akerlund, T.; Svenungsson, B.; Lagergren, A.; Burman, L.G. Correlation of disease severity with fecal toxin
levels in patients with Clostridium difficile-associated diarrhea and distribution of PCR ribotypes and toxin
yields in vitro of corresponding isolates. J. Clin. Microbiol. 2006, 44, 353–358. [CrossRef] [PubMed]

16. Wren, B.; Heard, S.R.; Tabaqchali, S. Association between production of toxins A and B and types of
Clostridium difficile. J. Clin. Pathol. 1987, 40, 1397–1401. [CrossRef] [PubMed]

17. Warny, M.; Pepin, J.; Fang, A.; Killgore, G.; Thompson, A.; Brazier, J.; Frost, E.; McDonald, L.C. Toxin
production by an emerging strain of Clostridium difficile associated with outbreaks of severe disease in North
America and Europe. Lancet 2005, 366, 1079–1084. [CrossRef]

18. Merrigan, M.; Venugopal, A.; Mallozzi, M.; Roxas, B.; Viswanathan, V.K.; Johnson, S.; Gerding, D.N.;
Vedantam, G. Human hypervirulent Clostridium difficile strains exhibit increased sporulation as well as robust
toxin production. J. Bacteriol. 2010, 192, 4904–4911. [CrossRef] [PubMed]

19. Dupuy, B.; Sonenshein, A.L. Regulated transcription of Clostridium difficile toxin genes. Mol. Microbiol. 1998,
27, 107–120. [CrossRef] [PubMed]

20. Hundsberger, T.; Braun, V.; Weidmann, M.; Leukel, P.; Sauerborn, M.; von Eichel-Streiber, C. Transcription
analysis of the genes tcdA-E of the pathogenicity locus of Clostridium difficile. Eur. J. Biochem. 1997, 244,
735–742. [CrossRef] [PubMed]

21. Yamakawa, K.; Karasawa, T.; Ikoma, S.; Nakamura, S. Enhancement of Clostridium difficile toxin production
in biotin-limited conditions. J. Med. Microbiol. 1996, 44, 111–114. [CrossRef] [PubMed]

22. Karlsson, S.; Burman, L.G.; Akerlund, T. Suppression of toxin production in Clostridium difficile VPI 10463 by
amino acids. Microbiology 1999, 145 (Pt 7), 1683–1693. [CrossRef] [PubMed]

23. Karlsson, S.; Burman, L.G.; Akerlund, T. Induction of toxins in Clostridium difficile is associated with dramatic
changes of its metabolism. Microbiology 2008, 154, 3430–3436. [CrossRef] [PubMed]

24. Antunes, A.; Martin-Verstraete, I.; Dupuy, B. CcpA-mediated repression of Clostridium difficile toxin gene
expression. Mol. Microbiol. 2011, 79, 882–899. [CrossRef] [PubMed]

25. Karlsson, S.; Lindberg, A.; Norin, E.; Burman, L.G.; Akerlund, T. Toxins, butyric acid, and other short-chain
fatty acids are coordinately expressed and down-regulated by cysteine in Clostridium difficile. Infect. Immun.
2000, 68, 5881–5888. [CrossRef] [PubMed]

26. Bouillaut, L.; Self, W.T.; Sonenshein, A.L. Proline-dependent regulation of Clostridium difficile Stickland
metabolism. J. Bacteriol. 2013, 195, 844–854. [CrossRef] [PubMed]

27. Karlsson, S.; Dupuy, B.; Mukherjee, K.; Norin, E.; Burman, L.G.; Akerlund, T. Expression of Clostridium difficile
toxins A and B and their sigma factor TcdD is controlled by temperature. Infect. Immun. 2003, 71, 1784–1793.
[CrossRef] [PubMed]

28. Onderdonk, A.B.; Lowe, B.R.; Bartlett, J.G. Effect of environmental stress on Clostridium difficile toxin levels
during continuous cultivation. Appl. Environ. Microbiol. 1979, 38, 637–641. [PubMed]

29. Honda, T.; Hernadez, I.; Katoh, T.; Miwatani, T. Stimulation of enterotoxin production of Clostridium difficile
by antibiotics. Lancet 1983, 1, 655. [CrossRef]

30. Barc, M.C.; Depitre, C.; Corthier, G.; Collignon, A.; Su, W.J.; Bourlioux, P. Effects of antibiotics and other
drugs on toxin production in Clostridium difficile in vitro and in vivo. Antimicrob. Agents Chemother. 1992, 36,
1332–1335. [CrossRef] [PubMed]

31. Drummond, L.J.; Smith, D.G.; Poxton, I.R. Effects of sub-MIC concentrations of antibiotics on growth of and
toxin production by Clostridium difficile. J. Med. Microbiol. 2003, 52, 1033–1038. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/MMBR.68.3.373-402.2004
http://www.ncbi.nlm.nih.gov/pubmed/15353562
http://dx.doi.org/10.1016/j.toxicon.2012.04.338
http://www.ncbi.nlm.nih.gov/pubmed/22543189
http://dx.doi.org/10.1074/jbc.M111.261925
http://www.ncbi.nlm.nih.gov/pubmed/21705797
http://dx.doi.org/10.1371/journal.ppat.1000626
http://www.ncbi.nlm.nih.gov/pubmed/19834554
http://dx.doi.org/10.1128/JCM.44.2.353-358.2006
http://www.ncbi.nlm.nih.gov/pubmed/16455883
http://dx.doi.org/10.1136/jcp.40.12.1397
http://www.ncbi.nlm.nih.gov/pubmed/3123524
http://dx.doi.org/10.1016/S0140-6736(05)67420-X
http://dx.doi.org/10.1128/JB.00445-10
http://www.ncbi.nlm.nih.gov/pubmed/20675495
http://dx.doi.org/10.1046/j.1365-2958.1998.00663.x
http://www.ncbi.nlm.nih.gov/pubmed/9466260
http://dx.doi.org/10.1111/j.1432-1033.1997.t01-1-00735.x
http://www.ncbi.nlm.nih.gov/pubmed/9108241
http://dx.doi.org/10.1099/00222615-44-2-111
http://www.ncbi.nlm.nih.gov/pubmed/8642571
http://dx.doi.org/10.1099/13500872-145-7-1683
http://www.ncbi.nlm.nih.gov/pubmed/10439407
http://dx.doi.org/10.1099/mic.0.2008/019778-0
http://www.ncbi.nlm.nih.gov/pubmed/18957596
http://dx.doi.org/10.1111/j.1365-2958.2010.07495.x
http://www.ncbi.nlm.nih.gov/pubmed/21299645
http://dx.doi.org/10.1128/IAI.68.10.5881-5888.2000
http://www.ncbi.nlm.nih.gov/pubmed/10992498
http://dx.doi.org/10.1128/JB.01492-12
http://www.ncbi.nlm.nih.gov/pubmed/23222730
http://dx.doi.org/10.1128/IAI.71.4.1784-1793.2003
http://www.ncbi.nlm.nih.gov/pubmed/12654792
http://www.ncbi.nlm.nih.gov/pubmed/44176
http://dx.doi.org/10.1016/S0140-6736(83)91832-9
http://dx.doi.org/10.1128/AAC.36.6.1332
http://www.ncbi.nlm.nih.gov/pubmed/1416834
http://dx.doi.org/10.1099/jmm.0.05387-0
http://www.ncbi.nlm.nih.gov/pubmed/14614060


Toxins 2016, 8, 153 17 of 24

32. Aldape, M.J.; Packham, A.E.; Nute, D.W.; Bryant, A.E.; Stevens, D.L. Effects of ciprofloxacin on the expression
and production of exotoxins by Clostridium difficile. J. Med. Microbiol. 2013, 62, 741–747. [CrossRef] [PubMed]

33. Chilton, C.H.; Freeman, J.; Crowther, G.S.; Todhunter, S.L.; Nicholson, S.; Wilcox, M.H. Co-amoxiclav
induces proliferation and cytotoxin production of Clostridium difficile ribotype 027 in a human gut model.
J. Antimicrob. Chemother. 2012, 67, 951–954. [CrossRef] [PubMed]

34. Gerber, M.; Walch, C.; Loffler, B.; Tischendorf, K.; Reischl, U.; Ackermann, G. Effect of sub-MIC concentrations
of metronidazole, vancomycin, clindamycin and linezolid on toxin gene transcription and production in
Clostridium difficile. J. Med. Microbiol. 2008, 57, 776–783. [CrossRef] [PubMed]

35. Braun, V.; Hundsberger, T.; Leukel, P.; Sauerborn, M.; von Eichel-Streiber, C. Definition of the single
integration site of the pathogenicity locus in Clostridium difficile. Gene 1996, 181, 29–38. [CrossRef]

36. Mani, N.; Dupuy, B. Regulation of toxin synthesis in Clostridium difficile by an alternative RNA polymerase
sigma factor. Proc. Natl. Acad. Sci. USA 2001, 98, 5844–5849. [CrossRef] [PubMed]

37. Matamouros, S.; England, P.; Dupuy, B. Clostridium difficile toxin expression is inhibited by the novel regulator
TcdC. Mol. Microbiol. 2007, 64, 1274–1288. [CrossRef] [PubMed]

38. Govind, R.; Dupuy, B. Secretion of Clostridium difficile toxins A and B requires the holin-like protein TcdE.
PLoS Pathog. 2012, 8, e1002727. [CrossRef] [PubMed]

39. Dingle, K.E.; Elliott, B.; Robinson, E.; Griffiths, D.; Eyre, D.W.; Stoesser, N.; Vaughan, A.; Golubchik, T.;
Fawley, W.N.; Wilcox, M.H.; et al. Evolutionary history of the Clostridium difficile pathogenicity locus.
Genome Biol. Evol. 2014, 6, 36–52. [CrossRef] [PubMed]

40. Janezic, S.; Marin, M.; Martin, A.; Rupnik, M. A new type of toxin A-negative, toxin B-positive
Clostridium difficile strain lacking a complete tcdA gene. J. Clin. Microbiol. 2015, 53, 692–695. [CrossRef]
[PubMed]

41. Monot, M.; Eckert, C.; Lemire, A.; Hamiot, A.; Dubois, T.; Tessier, C.; Dumoulard, B.; Hamel, B.; Petit, A.;
Lalande, V.; et al. Clostridium difficile: New Insights into the Evolution of the Pathogenicity Locus. Sci. Rep.
2015, 5. [CrossRef] [PubMed]

42. Brouwer, M.S.; Roberts, A.P.; Hussain, H.; Williams, R.J.; Allan, E.; Mullany, P. Horizontal gene transfer
converts non-toxigenic Clostridium difficile strains into toxin producers. Nat. Commun. 2013, 4, 2601.
[CrossRef] [PubMed]

43. Sirigi Reddy, A.R.; Girinathan, B.P.; Zapotocny, R.; Govind, R. Identification and characterization of
Clostridium sordellii toxin gene regulator. J. Bacteriol. 2013, 195, 4246–4254. [CrossRef] [PubMed]

44. Carter, G.P.; Larcombe, S.; Li, L.; Jayawardena, D.; Awad, M.M.; Songer, J.G.; Lyras, D. Expression of the
large clostridial toxins is controlled by conserved regulatory mechanisms. Int J. Med. Microbiol. 2014, 304,
1147–1159. [CrossRef] [PubMed]

45. Von Eichel-Streiber, C.; Harperath, U.; Bosse, D.; Hadding, U. Purification of two high molecular weight
toxins of Clostridium difficile which are antigenically related. Microb. Pathog. 1987, 2, 307–318. [CrossRef]

46. Hammond, G.A.; Lyerly, D.M.; Johnson, J.L. Transcriptional analysis of the toxigenic element of
Clostridium difficile. Microb. Pathog. 1997, 22, 143–154. [CrossRef] [PubMed]

47. Carter, G.P.; Lyras, D.; Allen, D.L.; Mackin, K.E.; Howarth, P.M.; O’Connor, J.R.; Rood, J.I. Binary toxin
production in Clostridium difficile is regulated by CdtR, a LytTR family response regulator. J. Bacteriol. 2007,
189, 7290–7301. [CrossRef] [PubMed]

48. Carter, G.P.; Mackin, K.E.; Rood, J.I.; Lyras, D. Regulation of toxin production in Clostridium difficile.
In Regulation of Bacterial Virulence; Vasil, M., Darwin, A., Eds.; ASM Press: Washington, DC, USA, 2013;
pp. 295–306.

49. Moncrief, J.S.; Barroso, L.A.; Wilkins, T.D. Positive regulation of Clostridium difficile toxins. Infect. Immun.
1997, 65, 1105–1108. [PubMed]

50. Mani, N.; Lyras, D.; Barroso, L.; Howarth, P.; Wilkins, T.; Rood, J.I.; Sonenshein, A.L.; Dupuy, B.
Environmental response and autoregulation of Clostridium difficile TxeR, a sigma factor for toxin gene
expression. J. Bacteriol. 2002, 184, 5971–5978. [CrossRef] [PubMed]

51. Raffestin, S.; Dupuy, B.; Marvaud, J.C.; Popoff, M.R. BotR/A and TetR are alternative RNA polymerase sigma
factors controlling the expression of the neurotoxin and associated protein genes in Clostridium botulinum
type A and Clostridium tetani. Mol. Microbiol. 2005, 55, 235–249. [CrossRef] [PubMed]

http://dx.doi.org/10.1099/jmm.0.056218-0
http://www.ncbi.nlm.nih.gov/pubmed/23429695
http://dx.doi.org/10.1093/jac/dkr584
http://www.ncbi.nlm.nih.gov/pubmed/22279183
http://dx.doi.org/10.1099/jmm.0.47739-0
http://www.ncbi.nlm.nih.gov/pubmed/18480337
http://dx.doi.org/10.1016/S0378-1119(96)00398-8
http://dx.doi.org/10.1073/pnas.101126598
http://www.ncbi.nlm.nih.gov/pubmed/11320220
http://dx.doi.org/10.1111/j.1365-2958.2007.05739.x
http://www.ncbi.nlm.nih.gov/pubmed/17542920
http://dx.doi.org/10.1371/journal.ppat.1002727
http://www.ncbi.nlm.nih.gov/pubmed/22685398
http://dx.doi.org/10.1093/gbe/evt204
http://www.ncbi.nlm.nih.gov/pubmed/24336451
http://dx.doi.org/10.1128/JCM.02211-14
http://www.ncbi.nlm.nih.gov/pubmed/25428159
http://dx.doi.org/10.1038/srep15023
http://www.ncbi.nlm.nih.gov/pubmed/26446480
http://dx.doi.org/10.1038/ncomms3601
http://www.ncbi.nlm.nih.gov/pubmed/24131955
http://dx.doi.org/10.1128/JB.00711-13
http://www.ncbi.nlm.nih.gov/pubmed/23873908
http://dx.doi.org/10.1016/j.ijmm.2014.08.008
http://www.ncbi.nlm.nih.gov/pubmed/25190355
http://dx.doi.org/10.1016/0882-4010(87)90073-8
http://dx.doi.org/10.1006/mpat.1996.0100
http://www.ncbi.nlm.nih.gov/pubmed/9075217
http://dx.doi.org/10.1128/JB.00731-07
http://www.ncbi.nlm.nih.gov/pubmed/17693517
http://www.ncbi.nlm.nih.gov/pubmed/9038324
http://dx.doi.org/10.1128/JB.184.21.5971-5978.2002
http://www.ncbi.nlm.nih.gov/pubmed/12374831
http://dx.doi.org/10.1111/j.1365-2958.2004.04377.x
http://www.ncbi.nlm.nih.gov/pubmed/15612931


Toxins 2016, 8, 153 18 of 24

52. Dupuy, B.; Raffestin, S.; Matamouros, S.; Mani, N.; Popoff, M.R.; Sonenshein, A.L. Regulation of toxin and
bacteriocin gene expression in Clostridium by interchangeable RNA polymerase sigma factors. Mol. Microbiol.
2006, 60, 1044–1057. [CrossRef] [PubMed]

53. Dupuy, B.; Matamouros, S. Regulation of toxin and bacteriocin synthesis in Clostridium species by a new
subgroup of RNA polymerase sigma-factors. Res. Microbiol. 2006, 157, 201–205. [CrossRef] [PubMed]

54. Finn, C.W., Jr.; Silver, R.P.; Habig, W.H.; Hardegree, M.C.; Zon, G.; Garon, C.F. The structural gene for tetanus
neurotoxin is on a plasmid. Science 1984, 224, 881–884. [CrossRef] [PubMed]

55. Garnier, T.; Cole, S.T. Characterization of a bacteriocinogenic plasmid from Clostridium perfringens and
molecular genetic analysis of the bacteriocin-encoding gene. J. Bacteriol. 1986, 168, 1189–1196. [PubMed]

56. Couchman, E.C.; Browne, H.P.; Dunn, M.; Lawley, T.D.; Songer, J.G.; Hall, V.; Petrovska, L.; Vidor, C.;
Awad, M.; Lyras, D.; et al. Clostridium sordellii genome analysis reveals plasmid localized toxin genes encoded
within pathogenicity loci. BMC Genom. 2015, 16. [CrossRef] [PubMed]

57. Gurjar, A.; Li, J.; McClane, B.A. Characterization of toxin plasmids in Clostridium perfringens type C isolates.
Infect. Immun. 2010, 78, 4860–4869. [CrossRef] [PubMed]

58. Monot, M.; Boursaux-Eude, C.; Thibonnier, M.; Vallenet, D.; Moszer, I.; Medigue, C.; Martin-Verstraete, I.;
Dupuy, B. Reannotation of the genome sequence of Clostridium difficile strain 630. J. Med. Microbiol. 2011, 60,
1193–1199. [CrossRef] [PubMed]

59. Eklund, M.W.; Poysky, F.T.; Reed, S.M.; Smith, C.A. Bacteriophage and the toxigenicity of Clostridium botulinum
type C. Science 1971, 172, 480–482. [CrossRef] [PubMed]

60. Dupuy, B.; Mani, N.; Katayama, S.; Sonenshein, A.L. Transcription activation of a UV-inducible Clostridium
perfringens bacteriocin gene by a novel sigma factor. Mol. Microbiol. 2005, 55, 1196–1206. [CrossRef] [PubMed]

61. Bhandari, M.; Campbell, K.D.; Collins, M.D.; East, A.K. Molecular characterization of the clusters of genes
encoding the botulinum neurotoxin complex in Clostridium botulinum (Clostridium argentinense) type G and
nonproteolytic Clostridium botulinum type B. Curr. Microbiol. 1997, 35, 207–214. [CrossRef] [PubMed]

62. Henderson, I.; Whelan, S.M.; Davis, T.O.; Minton, N.P. Genetic characterisation of the botulinum toxin
complex of Clostridium botulinum strain NCTC 2916. FEMS Microbiol. Lett. 1996, 140, 151–158. [CrossRef]
[PubMed]

63. MacCannell, D.R.; Louie, T.J.; Gregson, D.B.; Laverdiere, M.; Labbe, A.C.; Laing, F.; Henwick, S. Molecular
analysis of Clostridium difficile PCR ribotype 027 isolates from Eastern and Western Canada. J. Clin. Microbiol.
2006, 44, 2147–2152. [CrossRef] [PubMed]

64. Dupuy, B.; Govind, R.; Antunes, A.; Matamouros, S. Clostridium difficile toxin synthesis is negatively regulated
by TcdC. J. Med. Microbiol. 2008, 57, 685–689. [CrossRef] [PubMed]

65. Govind, R.; Vediyappan, G.; Rolfe, R.D.; Fralick, J.A. Evidence that Clostridium difficile TcdC is a
membrane-associated protein. J. Bacteriol. 2006, 188, 3716–3720. [CrossRef] [PubMed]

66. Van Leeuwen, H.C.; Bakker, D.; Steindel, P.; Kuijper, E.J.; Corver, J. Clostridium difficile TcdC protein binds
four-stranded G-quadruplex structures. Nucleic Acids Res. 2013, 41, 2382–2393. [CrossRef] [PubMed]

67. Lipps, H.J.; Rhodes, D. G-quadruplex structures: In vivo evidence and function. Trends Cell Biol. 2009, 19,
414–422. [CrossRef] [PubMed]

68. Curry, S.R.; Marsh, J.W.; Muto, C.A.; O’Leary, M.M.; Pasculle, A.W.; Harrison, L.H. tcdC genotypes associated
with severe TcdC truncation in an epidemic clone and other strains of Clostridium difficile. J. Clin. Microbiol.
2007, 45, 215–221. [CrossRef] [PubMed]

69. Murray, R.; Boyd, D.; Levett, P.N.; Mulvey, M.R.; Alfa, M.J. Truncation in the tcdC region of the
Clostridium difficile PathLoc of clinical isolates does not predict increased biological activity of Toxin B
or Toxin A. BMC Infect. Dis. 2009, 9. [CrossRef] [PubMed]

70. Goldenberg, S.D.; French, G.L. Lack of association of tcdC type and binary toxin status with disease severity
and outcome in toxigenic Clostridium difficile. J. Infect. 2011, 62, 355–362. [CrossRef] [PubMed]

71. Carter, G.P.; Douce, G.R.; Govind, R.; Howarth, P.M.; Mackin, K.E.; Spencer, J.; Buckley, A.M.; Antunes, A.;
Kotsanas, D.; Jenkin, G.A.; et al. The anti-sigma factor TcdC modulates hypervirulence in an epidemic
BI/NAP1/027 clinical isolate of Clostridium difficile. PLoS Pathog. 2011, 7, e1002317. [CrossRef] [PubMed]

72. Cartman, S.T.; Kelly, M.L.; Heeg, D.; Heap, J.T.; Minton, N.P. Precise manipulation of the Clostridium difficile
chromosome reveals a lack of association between the tcdC genotype and toxin production. Appl. Environ.
Microbiol. 2012, 78, 4683–4690. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1365-2958.2006.05159.x
http://www.ncbi.nlm.nih.gov/pubmed/16677313
http://dx.doi.org/10.1016/j.resmic.2005.11.004
http://www.ncbi.nlm.nih.gov/pubmed/16439101
http://dx.doi.org/10.1126/science.6326263
http://www.ncbi.nlm.nih.gov/pubmed/6326263
http://www.ncbi.nlm.nih.gov/pubmed/2877971
http://dx.doi.org/10.1186/s12864-015-1613-2
http://www.ncbi.nlm.nih.gov/pubmed/25981746
http://dx.doi.org/10.1128/IAI.00715-10
http://www.ncbi.nlm.nih.gov/pubmed/20823204
http://dx.doi.org/10.1099/jmm.0.030452-0
http://www.ncbi.nlm.nih.gov/pubmed/21349987
http://dx.doi.org/10.1126/science.172.3982.480
http://www.ncbi.nlm.nih.gov/pubmed/4927679
http://dx.doi.org/10.1111/j.1365-2958.2004.04456.x
http://www.ncbi.nlm.nih.gov/pubmed/15686564
http://dx.doi.org/10.1007/s002849900240
http://www.ncbi.nlm.nih.gov/pubmed/9290060
http://dx.doi.org/10.1111/j.1574-6968.1996.tb08329.x
http://www.ncbi.nlm.nih.gov/pubmed/8764477
http://dx.doi.org/10.1128/JCM.02563-05
http://www.ncbi.nlm.nih.gov/pubmed/16757612
http://dx.doi.org/10.1099/jmm.0.47775-0
http://www.ncbi.nlm.nih.gov/pubmed/18480323
http://dx.doi.org/10.1128/JB.188.10.3716-3720.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672625
http://dx.doi.org/10.1093/nar/gks1448
http://www.ncbi.nlm.nih.gov/pubmed/23303781
http://dx.doi.org/10.1016/j.tcb.2009.05.002
http://www.ncbi.nlm.nih.gov/pubmed/19589679
http://dx.doi.org/10.1128/JCM.01599-06
http://www.ncbi.nlm.nih.gov/pubmed/17035492
http://dx.doi.org/10.1186/1471-2334-9-103
http://www.ncbi.nlm.nih.gov/pubmed/19558711
http://dx.doi.org/10.1016/j.jinf.2011.03.001
http://www.ncbi.nlm.nih.gov/pubmed/21396957
http://dx.doi.org/10.1371/journal.ppat.1002317
http://www.ncbi.nlm.nih.gov/pubmed/22022270
http://dx.doi.org/10.1128/AEM.00249-12
http://www.ncbi.nlm.nih.gov/pubmed/22522680


Toxins 2016, 8, 153 19 of 24

73. Bakker, D.; Smits, W.K.; Kuijper, E.J.; Corver, J. TcdC does not significantly repress toxin expression in
Clostridium difficile 630DeltaErm. PLoS ONE 2012, 7, e43247. [CrossRef] [PubMed]

74. Neumann-Schaal, M.; Hofmann, J.D.; Will, S.E.; Schomburg, D. Time-resolved amino acid uptake of
Clostridium difficile 630Deltaerm and concomitant fermentation product and toxin formation. BMC Microbiol.
2015, 15. [CrossRef] [PubMed]

75. Kazamias, M.T.; Sperry, J.F. Enhanced fermentation of mannitol and release of cytotoxin by Clostridium difficile
in alkaline culture media. Appl. Environ. Microbiol. 1995, 61, 2425–2427. [PubMed]

76. Stulke, J.; Hillen, W. Regulation of carbon catabolism in Bacillus species. Annu. Rev. Microbiol. 2000, 54,
849–880. [CrossRef] [PubMed]

77. Deutscher, J.; Francke, C.; Postma, P.W. How phosphotransferase system-related protein phosphorylation
regulates carbohydrate metabolism in bacteria. Microbiol. Mol. Biol. Rev. 2006, 70, 939–1031. [CrossRef]
[PubMed]

78. Deutscher, J.; Saier, M.H., Jr. ATP-dependent protein kinase-catalyzed phosphorylation of a seryl residue in
HPr, a phosphate carrier protein of the phosphotransferase system in Streptococcus pyogenes. Proc. Natl. Acad.
Sci. USA 1983, 80, 6790–6794. [CrossRef] [PubMed]

79. Antunes, A.; Camiade, E.; Monot, M.; Courtois, E.; Barbut, F.; Sernova, N.V.; Rodionov, D.A.;
Martin-Verstraete, I.; Dupuy, B. Global transcriptional control by glucose and carbon regulator CcpA
in Clostridium difficile. Nucleic Acids Res. 2012, 40, 10701–10718. [CrossRef] [PubMed]

80. Varga, J.; Stirewalt, V.L.; Melville, S.B. The CcpA protein is necessary for efficient sporulation and enterotoxin
gene (cpe) regulation in Clostridium perfringens. J. Bacteriol. 2004, 186, 5221–5229. [CrossRef] [PubMed]

81. Jackson, S.; Calos, M.; Myers, A.; Self, W.T. Analysis of proline reduction in the nosocomial pathogen
Clostridium difficile. J. Bacteriol. 2006, 188, 8487–8495. [CrossRef] [PubMed]

82. Bouillaut, L.; Dubois, T.; Francis, M.B.; Daou, N.; Monot, M.; Sorg, J.A.; Dupuy, B.; Sonenshein, A.L. Role of
the global regulator Rex in control of NAD+-regeneration in Clostridium difficile. Mol. Mic. manuscript in
preparation.

83. Pagels, M.; Fuchs, S.; Pane-Farre, J.; Kohler, C.; Menschner, L.; Hecker, M.; McNamarra, P.J.; Bauer, M.C.; von
Wachenfeldt, C.; Liebeke, M.; et al. Redox sensing by a Rex-family repressor is involved in the regulation of
anaerobic gene expression in Staphylococcus aureus. Mol. Microbiol. 2010, 76, 1142–1161. [CrossRef] [PubMed]

84. Brekasis, D.; Paget, M.S. A novel sensor of NADH/NAD+ redox poise in Streptomyces coelicolor A3 (2).
EMBO J. 2003, 22, 4856–4865. [CrossRef] [PubMed]

85. Sickmier, E.A.; Brekasis, D.; Paranawithana, S.; Bonanno, J.B.; Paget, M.S.; Burley, S.K.; Kielkopf, C.L. X-ray
structure of a Rex-family repressor/NADH complex insights into the mechanism of redox sensing. Structure
2005, 13, 43–54. [CrossRef] [PubMed]

86. Wietzke, M.; Bahl, H. The redox-sensing protein Rex, a transcriptional regulator of solventogenesis in
Clostridium acetobutylicum. Appl. Microbiol. Biotechnol. 2012, 96, 749–761. [CrossRef] [PubMed]

87. Gyan, S.; Shiohira, Y.; Sato, I.; Takeuchi, M.; Sato, T. Regulatory loop between redox sensing of the
NADH/NAD+ ratio by Rex (YdiH) and oxidation of NADH by NADH dehydrogenase Ndh in Bacillus subtilis.
J. Bacteriol. 2006, 188, 7062–7071. [CrossRef] [PubMed]

88. Schau, M.; Chen, Y.; Hulett, F.M. Bacillus subtilis YdiH is a direct negative regulator of the cydABCD operon.
J. Bacteriol. 2004, 186, 4585–4595. [CrossRef] [PubMed]

89. Ravcheev, D.A.; Li, X.; Latif, H.; Zengler, K.; Leyn, S.A.; Korostelev, Y.D.; Kazakov, A.E.; Novichkov, P.S.;
Osterman, A.L.; Rodionov, D.A. Transcriptional regulation of central carbon and energy metabolism in
bacteria by redox-responsive repressor Rex. J. Bacteriol. 2012, 194, 1145–1157. [CrossRef] [PubMed]

90. Andre, G.; Haudecoeur, E.; Monot, M.; Ohtani, K.; Shimizu, T.; Dupuy, B.; Martin-Verstraete, I. Global
regulation of gene expression in response to cysteine availability in Clostridium perfringens. BMC Microbiol.
2010, 10. [CrossRef] [PubMed]

91. Bogdan, J.A.; Nazario-Larrieu, J.; Sarwar, J.; Alexander, P.; Blake, M.S. Bordetella pertussis autoregulates
pertussis toxin production through the metabolism of cysteine. Infect. Immun. 2001, 69, 6823–6830. [CrossRef]
[PubMed]

92. Dubois, T.; Dancer-Thibonnier, M.; Monot, M.; Hamiot, A.; Bouillaut, L.; Soutourina, O.; Martin-Verstraete, I.;
Dupuy, B. Control of Clostridium difficile physiopathology in response to cysteine availability. Infect. Immun.
submitted for publication. 2016.

http://dx.doi.org/10.1371/journal.pone.0043247
http://www.ncbi.nlm.nih.gov/pubmed/22912837
http://dx.doi.org/10.1186/s12866-015-0614-2
http://www.ncbi.nlm.nih.gov/pubmed/26680234
http://www.ncbi.nlm.nih.gov/pubmed/7793964
http://dx.doi.org/10.1146/annurev.micro.54.1.849
http://www.ncbi.nlm.nih.gov/pubmed/11018147
http://dx.doi.org/10.1128/MMBR.00024-06
http://www.ncbi.nlm.nih.gov/pubmed/17158705
http://dx.doi.org/10.1073/pnas.80.22.6790
http://www.ncbi.nlm.nih.gov/pubmed/6359157
http://dx.doi.org/10.1093/nar/gks864
http://www.ncbi.nlm.nih.gov/pubmed/22989714
http://dx.doi.org/10.1128/JB.186.16.5221-5229.2004
http://www.ncbi.nlm.nih.gov/pubmed/15292123
http://dx.doi.org/10.1128/JB.01370-06
http://www.ncbi.nlm.nih.gov/pubmed/17041035
http://dx.doi.org/10.1111/j.1365-2958.2010.07105.x
http://www.ncbi.nlm.nih.gov/pubmed/20374494
http://dx.doi.org/10.1093/emboj/cdg453
http://www.ncbi.nlm.nih.gov/pubmed/12970197
http://dx.doi.org/10.1016/j.str.2004.10.012
http://www.ncbi.nlm.nih.gov/pubmed/15642260
http://dx.doi.org/10.1007/s00253-012-4112-2
http://www.ncbi.nlm.nih.gov/pubmed/22576944
http://dx.doi.org/10.1128/JB.00601-06
http://www.ncbi.nlm.nih.gov/pubmed/17015645
http://dx.doi.org/10.1128/JB.186.14.4585-4595.2004
http://www.ncbi.nlm.nih.gov/pubmed/15231791
http://dx.doi.org/10.1128/JB.06412-11
http://www.ncbi.nlm.nih.gov/pubmed/22210771
http://dx.doi.org/10.1186/1471-2180-10-234
http://www.ncbi.nlm.nih.gov/pubmed/20822510
http://dx.doi.org/10.1128/IAI.69.11.6823-6830.2001
http://www.ncbi.nlm.nih.gov/pubmed/11598055


Toxins 2016, 8, 153 20 of 24

93. Dineen, S.S.; Villapakkam, A.C.; Nordman, J.T.; Sonenshein, A.L. Repression of Clostridium difficile toxin gene
expression by CodY. Mol. Microbiol. 2007, 66, 206–219. [CrossRef] [PubMed]

94. Saujet, L.; Monot, M.; Dupuy, B.; Soutourina, O.; Martin-Verstraete, I. The key sigma factor of transition phase,
SigH, controls sporulation, metabolism, and virulence factor expression in Clostridium difficile. J. Bacteriol.
2011, 193, 3186–3196. [CrossRef] [PubMed]

95. Dalet, K.; Briand, C.; Cenatiempo, Y.; Hechard, Y. The rpoN gene of Enterococcus faecalis directs sensitivity to
subclass IIa bacteriocins. Curr. Microbiol. 2000, 41, 441–443. [CrossRef] [PubMed]

96. Okada, Y.; Okada, N.; Makino, S.; Asakura, H.; Yamamoto, S.; Igimi, S. The sigma factor RpoN (sigma54)
is involved in osmotolerance in Listeria monocytogenes. FEMS Microbiol. Lett. 2006, 263, 54–60. [CrossRef]
[PubMed]

97. Molle, V.; Nakaura, Y.; Shivers, R.P.; Yamaguchi, H.; Losick, R.; Fujita, Y.; Sonenshein, A.L. Additional targets
of the Bacillus subtilis global regulator CodY identified by chromatin immunoprecipitation and genome-wide
transcript analysis. J. Bacteriol. 2003, 185, 1911–1922. [CrossRef] [PubMed]

98. Bergara, F.; Ibarra, C.; Iwamasa, J.; Patarroyo, J.C.; Aguilera, R.; Marquez-Magana, L.M. CodY is a nutritional
repressor of flagellar gene expression in Bacillus subtilis. J. Bacteriol. 2003, 185, 3118–3126. [CrossRef]
[PubMed]

99. Ratnayake-Lecamwasam, M.; Serror, P.; Wong, K.W.; Sonenshein, A.L. Bacillus subtilis CodY represses
early-stationary-phase genes by sensing GTP levels. Genes Dev. 2001, 15, 1093–1103. [CrossRef] [PubMed]

100. Sonenshein, A.L. CodY, a global regulator of stationary phase and virulence in Gram-positive bacteria. Curr.
Opin. Microbiol. 2005, 8, 203–207. [CrossRef] [PubMed]

101. Shivers, R.P.; Sonenshein, A.L. Activation of the Bacillus subtilis global regulator CodY by direct interaction
with branched-chain amino acids. Mol. Microbiol. 2004, 53, 599–611. [CrossRef] [PubMed]

102. Dineen, S.S.; McBride, S.M.; Sonenshein, A.L. Integration of metabolism and virulence by Clostridium difficile
CodY. J. Bacteriol. 2010, 192, 5350–5362. [CrossRef] [PubMed]

103. Bordeleau, E.; Fortier, L.C.; Malouin, F.; Burrus, V. c-di-GMP turn-over in Clostridium difficile is controlled
by a plethora of diguanylate cyclases and phosphodiesterases. PLoS Genet. 2011, 7, e1002039. [CrossRef]
[PubMed]

104. Koenigsknecht, M.J.; Theriot, C.M.; Bergin, I.L.; Schumacher, C.A.; Schloss, P.D.; Young, V.B. Dynamics and
establishment of Clostridium difficile infection in the murine gastrointestinal tract. Infect. Immun. 2015, 83,
934–941. [CrossRef] [PubMed]

105. Pettit, L.J.; Browne, H.P.; Yu, L.; Smits, W.K.; Fagan, R.P.; Barquist, L.; Martin, M.J.; Goulding, D.; Duncan, S.H.;
Flint, H.J.; et al. Functional genomics reveals that Clostridium difficile Spo0A coordinates sporulation, virulence
and metabolism. BMC Genom. 2014, 15. [CrossRef] [PubMed]

106. Mackin, K.E.; Carter, G.P.; Howarth, P.; Rood, J.I.; Lyras, D. Spo0A Differentially Regulates Toxin Production
in Evolutionarily Diverse Strains of Clostridium difficile. PLoS ONE 2013, 8, e79666. [CrossRef] [PubMed]

107. Deakin, L.J.; Clare, S.; Fagan, R.P.; Dawson, L.F.; Pickard, D.J.; West, M.R.; Wren, B.W.; Fairweather, N.F.;
Dougan, G.; Lawley, T.D. The Clostridium difficile spo0A gene is a persistence and transmission factor.
Infect. Immun. 2012, 80, 2704–2711. [CrossRef] [PubMed]

108. Sonenshein, A.L. Control of sporulation initiation in Bacillus subtilis. Curr. Opin. Microbiol. 2000, 3, 561–566.
[CrossRef]

109. Edwards, A.N.; McBride, S.M. Initiation of sporulation in Clostridium difficile: A twist on the classic model.
FEMS Microbiol. Lett. 2014, 358, 110–118. [CrossRef] [PubMed]

110. Underwood, S.; Guan, S.; Vijayasubhash, V.; Baines, S.D.; Graham, L.; Lewis, R.J.; Wilcox, M.H.;
Stephenson, K. Characterization of the sporulation initiation pathway of Clostridium difficile and its role in
toxin production. J. Bacteriol. 2009, 191, 7296–7305. [CrossRef] [PubMed]

111. Higgins, D.; Dworkin, J. Recent progress in Bacillus subtilis sporulation. FEMS Microbiol. Rev. 2012, 36,
131–148. [CrossRef] [PubMed]

112. Phillips, Z.E.; Strauch, M.A. Bacillus subtilis sporulation and stationary phase gene expression. Cell. Mol.
Life Sci. 2002, 59, 392–402. [CrossRef] [PubMed]

113. Britton, R.A.; Eichenberger, P.; Gonzalez-Pastor, J.E.; Fawcett, P.; Monson, R.; Losick, R.; Grossman, A.D.
Genome-wide analysis of the stationary-phase sigma factor (Sigma-H) regulon of Bacillus subtilis. J. Bacteriol.
2002, 184, 4881–4890. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1365-2958.2007.05906.x
http://www.ncbi.nlm.nih.gov/pubmed/17725558
http://dx.doi.org/10.1128/JB.00272-11
http://www.ncbi.nlm.nih.gov/pubmed/21572003
http://dx.doi.org/10.1007/s002840010164
http://www.ncbi.nlm.nih.gov/pubmed/11080395
http://dx.doi.org/10.1111/j.1574-6968.2006.00405.x
http://www.ncbi.nlm.nih.gov/pubmed/16958851
http://dx.doi.org/10.1128/JB.185.6.1911-1922.2003
http://www.ncbi.nlm.nih.gov/pubmed/12618455
http://dx.doi.org/10.1128/JB.185.10.3118-3126.2003
http://www.ncbi.nlm.nih.gov/pubmed/12730172
http://dx.doi.org/10.1101/gad.874201
http://www.ncbi.nlm.nih.gov/pubmed/11331605
http://dx.doi.org/10.1016/j.mib.2005.01.001
http://www.ncbi.nlm.nih.gov/pubmed/15802253
http://dx.doi.org/10.1111/j.1365-2958.2004.04135.x
http://www.ncbi.nlm.nih.gov/pubmed/15228537
http://dx.doi.org/10.1128/JB.00341-10
http://www.ncbi.nlm.nih.gov/pubmed/20709897
http://dx.doi.org/10.1371/journal.pgen.1002039
http://www.ncbi.nlm.nih.gov/pubmed/21483756
http://dx.doi.org/10.1128/IAI.02768-14
http://www.ncbi.nlm.nih.gov/pubmed/25534943
http://dx.doi.org/10.1186/1471-2164-15-160
http://www.ncbi.nlm.nih.gov/pubmed/24568651
http://dx.doi.org/10.1371/journal.pone.0079666
http://www.ncbi.nlm.nih.gov/pubmed/24236153
http://dx.doi.org/10.1128/IAI.00147-12
http://www.ncbi.nlm.nih.gov/pubmed/22615253
http://dx.doi.org/10.1016/S1369-5274(00)00141-7
http://dx.doi.org/10.1111/1574-6968.12499
http://www.ncbi.nlm.nih.gov/pubmed/24910370
http://dx.doi.org/10.1128/JB.00882-09
http://www.ncbi.nlm.nih.gov/pubmed/19783633
http://dx.doi.org/10.1111/j.1574-6976.2011.00310.x
http://www.ncbi.nlm.nih.gov/pubmed/22091839
http://dx.doi.org/10.1007/s00018-002-8431-9
http://www.ncbi.nlm.nih.gov/pubmed/11964117
http://dx.doi.org/10.1128/JB.184.17.4881-4890.2002
http://www.ncbi.nlm.nih.gov/pubmed/12169614


Toxins 2016, 8, 153 21 of 24

114. Paredes, C.J.; Alsaker, K.V.; Papoutsakis, E.T. A comparative genomic view of clostridial sporulation and
physiology. Nat. Rev. Microbiol. 2005, 3, 969–978. [CrossRef] [PubMed]

115. Steiner, E.; Dago, A.E.; Young, D.I.; Heap, J.T.; Minton, N.P.; Hoch, J.A.; Young, M. Multiple orphan
histidine kinases interact directly with Spo0A to control the initiation of endospore formation in
Clostridium acetobutylicum. Mol. Microbiol. 2011, 80, 641–654. [CrossRef] [PubMed]

116. Molle, V.; Fujita, M.; Jensen, S.T.; Eichenberger, P.; Gonzalez-Pastor, J.E.; Liu, J.S.; Losick, R. The Spo0A
regulon of Bacillus subtilis. Mol. Microbiol. 2003, 50, 1683–1701. [CrossRef] [PubMed]

117. Rosenbusch, K.E.; Bakker, D.; Kuijper, E.J.; Smits, W.K. C. difficile 630Deltaerm Spo0A regulates sporulation,
but does not contribute to toxin production, by direct high-affinity binding to target DNA. PLoS ONE 2012,
7, e48608. [CrossRef] [PubMed]

118. Edwards, A.N.; Tamayo, R.; McBride, S.M. A Novel Regulator Controls Clostridium difficile Sporulation,
Motility and Toxin Production. Mol. Microbiol. 2016. [CrossRef] [PubMed]

119. Slamti, L.; Perchat, S.; Huillet, E.; Lereclus, D. Quorum sensing in Bacillus thuringiensis is required for
completion of a full infectious cycle in the insect. Toxins 2014, 6, 2239–2255. [CrossRef] [PubMed]

120. Kamiya, S.; Borriello, S.P. A non-haemagglutinating form of Clostridium difficile toxin A. J. Med. Microbiol.
1992, 36, 190–197. [CrossRef] [PubMed]

121. Harry, K.H.; Zhou, R.; Kroos, L.; Melville, S.B. Sporulation and enterotoxin (CPE) synthesis are controlled
by the sporulation-specific sigma factors SigE and SigK in Clostridium perfringens. J. Bacteriol. 2009, 191,
2728–2742. [CrossRef] [PubMed]

122. Zhao, Y.; Melville, S.B. Identification and characterization of sporulation-dependent promoters upstream of
the enterotoxin gene (cpe) of Clostridium perfringens. J. Bacteriol. 1998, 180, 136–142. [PubMed]

123. Fimlaid, K.A.; Bond, J.P.; Schutz, K.C.; Putnam, E.E.; Leung, J.M.; Lawley, T.D.; Shen, A. Global analysis of
the sporulation pathway of Clostridium difficile. PLoS Genet. 2013, 9, e1003660. [CrossRef] [PubMed]

124. Saujet, L.; Pereira, F.C.; Serrano, M.; Soutourina, O.; Monot, M.; Shelyakin, P.V.; Gelfand, M.S.; Dupuy, B.;
Henriques, A.O.; Martin-Verstraete, I. Genome-Wide Analysis of Cell Type-Specific Gene Transcription
during Spore Formation in Clostridium difficile. PLoS Genet. 2013, 9, e1003756. [CrossRef] [PubMed]

125. Lawley, T.D.; Croucher, N.J.; Yu, L.; Clare, S.; Sebaihia, M.; Goulding, D.; Pickard, D.J.; Parkhill, J.;
Choudhary, J.; Dougan, G. Proteomic and genomic characterization of highly infectious Clostridium difficile
630 spores. J. Bacteriol. 2009, 191, 5377–5386. [CrossRef] [PubMed]

126. Abhyankar, W.; Hossain, A.H.; Djajasaputra, A.; Permpoonpattana, P.; Ter Beek, A.; Dekker, H.L.;
Cutting, S.M.; Brul, S.; de Koning, L.J.; de Koster, C.G. In pursuit of protein targets: Proteomic characterization
of bacterial spore outer layers. J. Proteome Res. 2013, 12, 4507–4521. [CrossRef] [PubMed]

127. Cassona, C.P.; Ramalhete, S.; Antunes, W.; Dupuy, B.; Serrano, M.; Henriques, A.O. The link between toxin
production and spore formation in the intestinal pathogen Clostridium difficile. In Proceedings of the 9th
international conference on the molecular biology and pathogenesis of the clostridia, Freiburg, Germany,
10 September 2015.

128. Arya, R.; Princy, S.A. An insight into pleiotropic regulators Agr and Sar: Molecular probes paving the new
way for antivirulent therapy. Future Microbiol. 2013, 8, 1339–1353. [CrossRef] [PubMed]

129. Stabler, R.A.; He, M.; Dawson, L.; Martin, M.; Valiente, E.; Corton, C.; Lawley, T.D.; Sebaihia, M.; Quail, M.A.;
Rose, G.; et al. Comparative genome and phenotypic analysis of Clostridium difficile 027 strains provides
insight into the evolution of a hypervirulent bacterium. Genome Biol. 2009, 10. [CrossRef] [PubMed]

130. Marsden, G.L.; Davis, I.J.; Wright, V.J.; Sebaihia, M.; Kuijper, E.J.; Minton, N.P. Array comparative
hybridisation reveals a high degree of similarity between UK and European clinical isolates of hypervirulent
Clostridium difficile. BMC Genom. 2010, 11. [CrossRef] [PubMed]

131. Darkoh, C.; DuPont, H.L.; Norris, S.J.; Kaplan, H.B. Toxin synthesis by Clostridium difficile is regulated
through quorum signaling. MBio 2015, 6, e02569. [CrossRef] [PubMed]

132. Martin, M.J.; Clare, S.; Goulding, D.; Faulds-Pain, A.; Barquist, L.; Browne, H.P.; Pettit, L.; Dougan, G.;
Lawley, T.D.; Wren, B.W. The agr locus regulates virulence and colonization genes in Clostridium difficile 027.
J. Bacteriol. 2013, 195, 3672–3681. [CrossRef] [PubMed]

133. Chen, J.; McClane, B.A. Role of the Agr-like quorum-sensing system in regulating toxin production by
Clostridium perfringens type B strains CN1793 and CN1795. Infect. Immun. 2012, 80, 3008–3017. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/nrmicro1288
http://www.ncbi.nlm.nih.gov/pubmed/16261177
http://dx.doi.org/10.1111/j.1365-2958.2011.07608.x
http://www.ncbi.nlm.nih.gov/pubmed/21401736
http://dx.doi.org/10.1046/j.1365-2958.2003.03818.x
http://www.ncbi.nlm.nih.gov/pubmed/14651647
http://dx.doi.org/10.1371/journal.pone.0048608
http://www.ncbi.nlm.nih.gov/pubmed/23119071
http://dx.doi.org/10.1111/mmi.13361
http://www.ncbi.nlm.nih.gov/pubmed/26915493
http://dx.doi.org/10.3390/toxins6082239
http://www.ncbi.nlm.nih.gov/pubmed/25089349
http://dx.doi.org/10.1099/00222615-36-3-190
http://www.ncbi.nlm.nih.gov/pubmed/1548692
http://dx.doi.org/10.1128/JB.01839-08
http://www.ncbi.nlm.nih.gov/pubmed/19201796
http://www.ncbi.nlm.nih.gov/pubmed/9422603
http://dx.doi.org/10.1371/journal.pgen.1003660
http://www.ncbi.nlm.nih.gov/pubmed/23950727
http://dx.doi.org/10.1371/journal.pgen.1003756
http://www.ncbi.nlm.nih.gov/pubmed/24098137
http://dx.doi.org/10.1128/JB.00597-09
http://www.ncbi.nlm.nih.gov/pubmed/19542279
http://dx.doi.org/10.1021/pr4005629
http://www.ncbi.nlm.nih.gov/pubmed/23998435
http://dx.doi.org/10.2217/fmb.13.92
http://www.ncbi.nlm.nih.gov/pubmed/24059923
http://dx.doi.org/10.1186/gb-2009-10-9-r102
http://www.ncbi.nlm.nih.gov/pubmed/19781061
http://dx.doi.org/10.1186/1471-2164-11-389
http://www.ncbi.nlm.nih.gov/pubmed/20565959
http://dx.doi.org/10.1128/mBio.02569-14
http://www.ncbi.nlm.nih.gov/pubmed/25714717
http://dx.doi.org/10.1128/JB.00473-13
http://www.ncbi.nlm.nih.gov/pubmed/23772065
http://dx.doi.org/10.1128/IAI.00438-12
http://www.ncbi.nlm.nih.gov/pubmed/22689820


Toxins 2016, 8, 153 22 of 24

134. Chen, J.; Rood, J.I.; McClane, B.A. Epsilon-toxin production by Clostridium perfringens type D strain CN3718
is dependent upon the agr operon but not the VirS/VirR two-component regulatory system. MBio 2011, 2.
[CrossRef] [PubMed]

135. Li, J.; Chen, J.; Vidal, J.E.; McClane, B.A. The Agr-like quorum-sensing system regulates sporulation
and production of enterotoxin and beta2 toxin by Clostridium perfringens type A non-food-borne human
gastrointestinal disease strain F5603. Infect. Immun. 2011, 79, 2451–2459. [CrossRef] [PubMed]

136. Ohtani, K.; Yuan, Y.; Hassan, S.; Wang, R.; Wang, Y.; Shimizu, T. Virulence gene regulation by the agr system
in Clostridium perfringens. J. Bacteriol. 2009, 191, 3919–3927. [CrossRef] [PubMed]

137. Vidal, J.E.; Ma, M.; Saputo, J.; Garcia, J.; Uzal, F.A.; McClane, B.A. Evidence that the Agr-like quorum sensing
system regulates the toxin production, cytotoxicity and pathogenicity of Clostridium perfringens type C isolate
CN3685. Mol. Microbiol. 2012, 83, 179–194. [CrossRef] [PubMed]

138. Steiner, E.; Scott, J.; Minton, N.P.; Winzer, K. An agr quorum sensing system that regulates granulose
formation and sporulation in Clostridium acetobutylicum. Appl. Environ. Microbiol. 2012, 78, 1113–1122.
[CrossRef] [PubMed]

139. Cooksley, C.M.; Davis, I.J.; Winzer, K.; Chan, W.C.; Peck, M.W.; Minton, N.P. Regulation of neurotoxin
production and sporulation by a Putative agrBD signaling system in proteolytic Clostridium botulinum.
Appl. Environ. Microbiol. 2010, 76, 4448–4460. [CrossRef] [PubMed]

140. Pereira, C.S.; Thompson, J.A.; Xavier, K.B. AI-2-mediated signalling in bacteria. FEMS Microbiol. Rev. 2013,
37, 156–181. [CrossRef] [PubMed]

141. Hullo, M.F.; Auger, S.; Soutourina, O.; Barzu, O.; Yvon, M.; Danchin, A.; Martin-Verstraete, I. Conversion
of methionine to cysteine in Bacillus subtilis and its regulation. J. Bacteriol. 2007, 189, 187–197. [CrossRef]
[PubMed]

142. Lee, A.S.; Song, K.P. LuxS/autoinducer-2 quorum sensing molecule regulates transcriptional virulence gene
expression in Clostridium difficile. Biochem. Biophys. Res. Commun. 2005, 335, 659–666. [CrossRef] [PubMed]

143. Carter, G.P.; Purdy, D.; Williams, P.; Minton, N.P. Quorum sensing in Clostridium difficile: Analysis of a
luxS-type signalling system. J. Med. Microbiol. 2005, 54, 119–127. [CrossRef] [PubMed]

144. Yun, B.; Oh, S.; Song, M.; Hong, Y.S.; Park, S.; Park, D.J.; Griffiths, M.W.; Oh, S. Inhibitory Effect of
Epigallocatechin Gallate on the Virulence of Clostridium difficile PCR Ribotype 027. J. Food Sci. 2015, 80,
M2925–M2931. [CrossRef] [PubMed]

145. Ohtani, K.; Hayashi, H.; Shimizu, T. The luxS gene is involved in cell-cell signalling for toxin production in
Clostridium perfringens. Mol. Microbiol. 2002, 44, 171–179. [CrossRef] [PubMed]

146. Romling, U.; Galperin, M.Y.; Gomelsky, M. Cyclic di-GMP: The first 25 years of a universal bacterial second
messenger. Microbiol. Mol. Biol. Rev. 2013, 77, 1–52. [CrossRef] [PubMed]

147. Gao, X.; Dong, X.; Subramanian, S.; Matthews, P.M.; Cooper, C.A.; Kearns, D.B.; Dann, C.E., 3rd.
Engineering of Bacillus subtilis strains to allow rapid characterization of heterologous diguanylate cyclases
and phosphodiesterases. Appl. Environ. Microbiol. 2014, 80, 6167–6174. [CrossRef] [PubMed]

148. Soutourina, O.A.; Monot, M.; Boudry, P.; Saujet, L.; Pichon, C.; Sismeiro, O.; Semenova, E.; Severinov, K.;
Le Bouguenec, C.; Coppee, J.Y.; et al. Genome-wide identification of regulatory RNAs in the human pathogen
Clostridium difficile. PLoS Genet. 2013, 9, e1003493. [CrossRef] [PubMed]

149. Peltier, J.; Shaw, H.A.; Couchman, E.C.; Dawson, L.F.; Yu, L.; Choudhary, J.S.; Kaever, V.; Wren, B.W.;
Fairweather, N.F. Cyclic diGMP regulates production of sortase substrates of Clostridium difficile and their
surface exposure through ZmpI protease-mediated cleavage. J. Biol. Chem. 2015, 290, 24453–24469. [CrossRef]
[PubMed]

150. Bordeleau, E.; Purcell, E.B.; Lafontaine, D.A.; Fortier, L.C.; Tamayo, R.; Burrus, V. Cyclic di-GMP
riboswitch-regulated type IV pili contribute to aggregation of Clostridium difficile. J. Bacteriol. 2015, 197,
819–832. [CrossRef] [PubMed]

151. Purcell, E.B.; McKee, R.W.; Bordeleau, E.; Burrus, V.; Tamayo, R. Regulation of Type IV Pili Contributes to
Surface Behaviors of Historical and Epidemic Strains of Clostridium difficile. J. Bacteriol. 2015, 198, 565–577.
[CrossRef] [PubMed]

152. Purcell, E.B.; McKee, R.W.; McBride, S.M.; Waters, C.M.; Tamayo, R. Cyclic diguanylate inversely regulates
motility and aggregation in Clostridium difficile. J. Bacteriol. 2012, 194, 3307–3316. [CrossRef] [PubMed]

153. Hensbergen, P.J.; Klychnikov, O.I.; Bakker, D.; Dragan, I.; Kelly, M.L.; Minton, N.P.; Corver, J.;
Kuijper, E.J.; Drijfhout, J.W.; van Leeuwen, H.C. Clostridium difficile secreted Pro-Pro endopeptidase PPEP-1

http://dx.doi.org/10.1128/mBio.00275-11
http://www.ncbi.nlm.nih.gov/pubmed/22167225
http://dx.doi.org/10.1128/IAI.00169-11
http://www.ncbi.nlm.nih.gov/pubmed/21464088
http://dx.doi.org/10.1128/JB.01455-08
http://www.ncbi.nlm.nih.gov/pubmed/19363118
http://dx.doi.org/10.1111/j.1365-2958.2011.07925.x
http://www.ncbi.nlm.nih.gov/pubmed/22150719
http://dx.doi.org/10.1128/AEM.06376-11
http://www.ncbi.nlm.nih.gov/pubmed/22179241
http://dx.doi.org/10.1128/AEM.03038-09
http://www.ncbi.nlm.nih.gov/pubmed/20453132
http://dx.doi.org/10.1111/j.1574-6976.2012.00345.x
http://www.ncbi.nlm.nih.gov/pubmed/22712853
http://dx.doi.org/10.1128/JB.01273-06
http://www.ncbi.nlm.nih.gov/pubmed/17056751
http://dx.doi.org/10.1016/j.bbrc.2005.07.131
http://www.ncbi.nlm.nih.gov/pubmed/16098481
http://dx.doi.org/10.1099/jmm.0.45817-0
http://www.ncbi.nlm.nih.gov/pubmed/15673504
http://dx.doi.org/10.1111/1750-3841.13145
http://www.ncbi.nlm.nih.gov/pubmed/26556797
http://dx.doi.org/10.1046/j.1365-2958.2002.02863.x
http://www.ncbi.nlm.nih.gov/pubmed/11967077
http://dx.doi.org/10.1128/MMBR.00043-12
http://www.ncbi.nlm.nih.gov/pubmed/23471616
http://dx.doi.org/10.1128/AEM.01638-14
http://www.ncbi.nlm.nih.gov/pubmed/25085482
http://dx.doi.org/10.1371/journal.pgen.1003493
http://www.ncbi.nlm.nih.gov/pubmed/23675309
http://dx.doi.org/10.1074/jbc.M115.665091
http://www.ncbi.nlm.nih.gov/pubmed/26283789
http://dx.doi.org/10.1128/JB.02340-14
http://www.ncbi.nlm.nih.gov/pubmed/25512308
http://dx.doi.org/10.1128/JB.00816-15
http://www.ncbi.nlm.nih.gov/pubmed/26598364
http://dx.doi.org/10.1128/JB.00100-12
http://www.ncbi.nlm.nih.gov/pubmed/22522894


Toxins 2016, 8, 153 23 of 24

(ZMP1/CD2830) modulates adhesion through cleavage of the collagen binding protein CD2831. FEBS Lett.
2015, 589, 3952–3958. [CrossRef] [PubMed]

154. McKee, R.W.; Mangalea, M.R.; Purcell, E.B.; Borchardt, E.K.; Tamayo, R. The second messenger cyclic
Di-GMP regulates Clostridium difficile toxin production by controlling expression of sigD. J. Bacteriol. 2013,
195, 5174–5185. [CrossRef] [PubMed]

155. El Meouche, I.; Peltier, J.; Monot, M.; Soutourina, O.; Pestel-Caron, M.; Dupuy, B.; Pons, J.L. Characterization
of the SigD regulon of C. difficile and its positive control of toxin production through the regulation of tcdR.
PLoS ONE 2013, 8, e83748.

156. Aubry, A.; Hussack, G.; Chen, W.; KuoLee, R.; Twine, S.M.; Fulton, K.M.; Foote, S.; Carrillo, C.D.; Tanha, J.;
Logan, S.M. Modulation of toxin production by the flagellar regulon in Clostridium difficile. Infect. Immun.
2012, 80, 3521–3532. [CrossRef] [PubMed]

157. Baban, S.T.; Kuehne, S.A.; Barketi-Klai, A.; Cartman, S.T.; Kelly, M.L.; Hardie, K.R.; Kansau, I.; Collignon, A.;
Minton, N.P. The role of flagella in Clostridium difficile pathogenesis: Comparison between a non-epidemic
and an epidemic strain. PLoS ONE 2013, 8, e73026. [CrossRef] [PubMed]

158. Dingle, T.C.; Mulvey, G.L.; Armstrong, G.D. Mutagenic analysis of the Clostridium difficile flagellar proteins,
FliC and FliD, and their contribution to virulence in hamsters. Infect. Immun. 2011, 79, 4061–4067. [CrossRef]
[PubMed]

159. Twine, S.M.; Reid, C.W.; Aubry, A.; McMullin, D.R.; Fulton, K.M.; Austin, J.; Logan, S.M. Motility and
flagellar glycosylation in Clostridium difficile. J. Bacteriol. 2009, 191, 7050–7062. [CrossRef] [PubMed]

160. Brussow, H.; Hendrix, R.W. Phage genomics: Small is beautiful. Cell 2002, 108, 13–16. [CrossRef]
161. Brussow, H.; Canchaya, C.; Hardt, W.D. Phages and the evolution of bacterial pathogens: From genomic

rearrangements to lysogenic conversion. Microbiol. Mol. Biol. Rev. 2004, 68, 560–602. [CrossRef] [PubMed]
162. Hargreaves, K.R.; Clokie, M.R. A Taxonomic Review of Clostridium difficile Phages and Proposal of a Novel

Genus, “Phimmp04likevirus”. Viruses 2015, 7, 2534–2541. [CrossRef] [PubMed]
163. Fortier, L.C.; Sekulovic, O. Importance of prophages to evolution and virulence of bacterial pathogens.

Virulence 2013, 4, 354–365. [CrossRef] [PubMed]
164. Govind, R.; Vediyappan, G.; Rolfe, R.D.; Dupuy, B.; Fralick, J.A. Bacteriophage-mediated toxin gene

regulation in Clostridium difficile. J. Virol. 2009, 83, 12037–12045. [CrossRef] [PubMed]
165. Williams, R.; Meader, E.; Mayer, M.; Narbad, A.; Roberts, A.P.; Mullany, P. Determination of the attP and attB

sites of phage CD27 from Clostridium difficile NCTC 12727. J. Med. Microbiol. 2013, 62, 1439–1443. [CrossRef]
[PubMed]

166. Sekulovic, O.; Meessen-Pinard, M.; Fortier, L.C. Prophage-stimulated toxin production in Clostridium difficile
NAP1/027 lysogens. J. Bacteriol. 2011, 193, 2726–2734. [CrossRef] [PubMed]

167. Goh, S.; Chang, B.J.; Riley, T.V. Effect of phage infection on toxin production by Clostridium difficile.
J. Med. Microbiol. 2005, 54, 129–135. [CrossRef] [PubMed]

168. Erill, I.; Campoy, S.; Barbe, J. Aeons of distress: An evolutionary perspective on the bacterial SOS response.
FEMS Microbiol. Rev. 2007, 31, 637–656. [CrossRef] [PubMed]

169. Butala, M.; Zgur-Bertok, D.; Busby, S.J. The bacterial LexA transcriptional repressor. Cell. Mol. Life Sci. 2009,
66, 82–93. [CrossRef] [PubMed]

170. Walter, B.M.; Cartman, S.T.; Minton, N.P.; Butala, M.; Rupnik, M. The SOS Response Master Regulator LexA
Is Associated with Sporulation, Motility and Biofilm Formation in Clostridium difficile. PLoS ONE 2015, 10,
e0144763. [CrossRef] [PubMed]

171. Singh, R.; Ledesma, K.R.; Chang, K.T.; Tam, V.H. Impact of recA on levofloxacin exposure-related resistance
development. Antimicrob. Agents Chemother. 2010, 54, 4262–4268. [CrossRef] [PubMed]

172. Pultz, N.J.; Donskey, C.J. Effect of antibiotic treatment on growth of and toxin production by
Clostridium difficile in the cecal contents of mice. Antimicrob. Agents Chemother. 2005, 49, 3529–3532. [CrossRef]
[PubMed]

173. Walter, B.M.; Rupnik, M.; Hodnik, V.; Anderluh, G.; Dupuy, B.; Paulic, N.; Zgur-Bertok, D.; Butala, M.
The LexA regulated genes of the Clostridium difficile. BMC Microbiol. 2014, 14. [CrossRef] [PubMed]

174. Selby, C.P.; Witkin, E.M.; Sancar, A. Escherichia coli mfd mutant deficient in “mutation frequency decline” lacks
strand-specific repair: In vitro complementation with purified coupling factor. Proc. Natl. Acad. Sci. USA
1991, 88, 11574–11578. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.febslet.2015.10.027
http://www.ncbi.nlm.nih.gov/pubmed/26522134
http://dx.doi.org/10.1128/JB.00501-13
http://www.ncbi.nlm.nih.gov/pubmed/24039264
http://dx.doi.org/10.1128/IAI.00224-12
http://www.ncbi.nlm.nih.gov/pubmed/22851750
http://dx.doi.org/10.1371/journal.pone.0073026
http://www.ncbi.nlm.nih.gov/pubmed/24086268
http://dx.doi.org/10.1128/IAI.05305-11
http://www.ncbi.nlm.nih.gov/pubmed/21788384
http://dx.doi.org/10.1128/JB.00861-09
http://www.ncbi.nlm.nih.gov/pubmed/19749038
http://dx.doi.org/10.1016/S0092-8674(01)00637-7
http://dx.doi.org/10.1128/MMBR.68.3.560-602.2004
http://www.ncbi.nlm.nih.gov/pubmed/15353570
http://dx.doi.org/10.3390/v7052534
http://www.ncbi.nlm.nih.gov/pubmed/26008700
http://dx.doi.org/10.4161/viru.24498
http://www.ncbi.nlm.nih.gov/pubmed/23611873
http://dx.doi.org/10.1128/JVI.01256-09
http://www.ncbi.nlm.nih.gov/pubmed/19776116
http://dx.doi.org/10.1099/jmm.0.058651-0
http://www.ncbi.nlm.nih.gov/pubmed/23699063
http://dx.doi.org/10.1128/JB.00787-10
http://www.ncbi.nlm.nih.gov/pubmed/21441508
http://dx.doi.org/10.1099/jmm.0.45821-0
http://www.ncbi.nlm.nih.gov/pubmed/15673505
http://dx.doi.org/10.1111/j.1574-6976.2007.00082.x
http://www.ncbi.nlm.nih.gov/pubmed/17883408
http://dx.doi.org/10.1007/s00018-008-8378-6
http://www.ncbi.nlm.nih.gov/pubmed/18726173
http://dx.doi.org/10.1371/journal.pone.0144763
http://www.ncbi.nlm.nih.gov/pubmed/26682547
http://dx.doi.org/10.1128/AAC.00168-10
http://www.ncbi.nlm.nih.gov/pubmed/20660686
http://dx.doi.org/10.1128/AAC.49.8.3529-3532.2005
http://www.ncbi.nlm.nih.gov/pubmed/16048976
http://dx.doi.org/10.1186/1471-2180-14-88
http://www.ncbi.nlm.nih.gov/pubmed/24713082
http://dx.doi.org/10.1073/pnas.88.24.11574
http://www.ncbi.nlm.nih.gov/pubmed/1763073


Toxins 2016, 8, 153 24 of 24

175. Savery, N.J. The molecular mechanism of transcription-coupled DNA repair. Trends Microbiol. 2007, 15,
326–333. [CrossRef] [PubMed]

176. Saxowsky, T.T.; Doetsch, P.W. RNA polymerase encounters with DNA damage: Transcription-coupled repair
or transcriptional mutagenesis? Chem. Rev. 2006, 106, 474–488. [CrossRef] [PubMed]

177. Willing, S.E.; Richards, E.J.; Sempere, L.; Dale, A.G.; Cutting, S.M.; Fairweather, N.F. Increased toxin
expression in a Clostridium difficile mfd mutant. BMC Microbiol. 2015, 15. [CrossRef] [PubMed]

178. Robleto, E.A.; Martin, H.A.; Pedraza-Reyes, M. Mfd and transcriptional derepression cause genetic diversity
in Bacillus subtilis. Front. Biosci. 2012, 4, 1246–1254. [CrossRef]

179. Belitsky, B.R.; Sonenshein, A.L. Roadblock repression of transcription by Bacillus subtilis CodY. J. Mol. Biol.
2011, 411, 729–743. [CrossRef] [PubMed]

180. Zalieckas, J.M.; Wray, L.V., Jr.; Ferson, A.E.; Fisher, S.H. Transcription-repair coupling factor is involved in
carbon catabolite repression of the Bacillus subtilis hut and gnt operons. Mol. Microbiol. 1998, 27, 1031–1038.
[CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.tim.2007.05.005
http://www.ncbi.nlm.nih.gov/pubmed/17572090
http://dx.doi.org/10.1021/cr040466q
http://www.ncbi.nlm.nih.gov/pubmed/16464015
http://dx.doi.org/10.1186/s12866-015-0611-5
http://www.ncbi.nlm.nih.gov/pubmed/26679502
http://dx.doi.org/10.2741/e455
http://dx.doi.org/10.1016/j.jmb.2011.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21699902
http://dx.doi.org/10.1046/j.1365-2958.1998.00751.x
http://www.ncbi.nlm.nih.gov/pubmed/9535092
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	The Pathogenicity Loci of C. difficile (PaLoc and CdtLoc)
	Toxin A and B Genes Are Specifically Transcribed by an Alternative Sigma Factor
	Toxin Gene Transcription Is Negatively Controlled by TcdC
	Toxin Expression Is Controlled by the Carbon Catabolite Repression (CCR) System
	Regulation of Toxin Synthesis in Response to Proline and Cysteine Availability
	Regulation of Toxin Synthesis by Nutritional Limitation Is Mediated by CodY
	The Regulatory Network That Controls Transition Phase, Sporulation and Toxin Production in C. difficile
	Other Regulators That Control Toxin Production
	Toxin Gene Expression Is Controlled by Quorum Sensing
	Control of Toxin Expression by c-di-GMP
	Regulation of Toxin Expression by Flagellar Proteins
	Impact of the Presence of Prophages on Toxin Gene Expression
	Links between the Stress Response and Toxin Gene Expression

	Conclusions

