


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cover Image | Clostridium difficile epidemic strain 027 (BI-11) in BHI medium after several 
days of culture visualized in a bright-field microscope (Zeiss) at 150x.   
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Clostridium difficile é uma bactéria Gram-positiva, em forma de bastonete, anaeróbia estrita 

e esporulante. Esta é reconhecida como uma das principais causas de enterocolites em 

pacientes hospitalizados e como a primeira causa de diarreias infecciosas nosocomiais em 

adultos. Os sintomas clínicos de infecções digestivas de C. difficile são diversos e variam 

desde simples diarreias até colites pseudomembranosas, podendo ser fatais para o 

paciente. 

 

A patogenicidade de C. difficile inclui três etapas importantes: germinação dos esporos, 

colonização do hospedeiro e produção de toxinas. Após contaminação com C. difficile, 

ocorre germinação dos esporos e a multiplicação de formas vegetativas. C. difficile adere à 

mucosa intestinal e coloniza o intestino do hospedeiro. As estirpes patogénicas produzem 

duas toxinas (TcdA e TcdB) que são consideradas os principais factores de virulência desta 

bactéria. Apesar dos sintomas clínicos associados à infecção com C. difficile variarem, as 

formas severas da doença estão directamente correlacionadas com o nível de síntese 

destas duas toxinas. Assim sendo, a regulação da sua expressão e síntese constitui uma 

etapa importante na patogenicidade de C. difficile. Por isso, o estudo das condições de 

expressão e regulação das toxinas de C. difficile, contribuirá de maneira significativa para o 

estabelecimento de estratégias preventivas à doença e desenvolvimento de novos alvos 

terapêuticos. 

 

A expressão génica das toxinas é regulada por vários factores ambientais, como a 

temperatura e a fase de crescimento. Em particular, fontes de carbono que são rapidamente 

metabolizadas através do sistema fosfotransferase dependente do fosfoenolpiruvico (PTS), 

tal como a glucose, reprimem a expressão dos genes das toxinas, sugerindo uma regulação 

através do mecanismo de repressão catabólica de carbono (CCR). O CCR é um mecanismo 

de regulação, que em presença de açúcares PTS no meio de cultura, reprime a expressão 

de certos genes e operões, cujos produtos estão geralmente envolvidos na utilização de 

fontes de carbono alternativas. O mecanismo global do CCR é mediado pela CcpA (Proteína 

A de Controlo Catabólico), um regulador global membro da família de reguladores  

transcripcionais LacI/GalR. De forma a exercer o controlo sobre os genes alvo, CcpA liga-se 

a uma região de ADN especifica no gene-alvo, designado elemento de resposta catabólica 

(cre). Dependendo da localização do local cre, a ligação de CcpA vai induzir uma repressão 

ou estimular a transcrição do gene-alvo. A proteína HPr-Ser46-P, uma forma fosforilada de 

HPr, elemento fundamental do sistema PTS, é capaz de interagir com CcpA e, assim, 
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aumentar a afinidade de CcpA ao ADN-alvo. Apesar do CCR estar muito bem caracterizado 

no organismo modelo Gram-positivo, B. subtilis, pouco foi descrito sobre o mecanismo 

global do CCR no grupo dos Clostridia e nada é conhecido em C. difficile. 

 

No presente trabalho investigámos o papel do CCR na expressão génica das toxinas de C. 

difficile utilizando abordagens in vivo e in vitro. Para tal construimos, usando a técnica do 

ClosTron, estirpes de C. difficile mutantes nos elementos principais do mecanismo CCR, 

como os componentes do PTS e CcpA na estirpe JIR8094. A inactivação dos genes ptsI, 

ptsH e ccpA resultarou na ausência de repressão da expressão génica das toxinas em meio 

de cultura com glucose. No entanto, a inactivação de hprK não provocou qualquer alteração 

na repressão dos genes das toxinas em meio de cultura com glucose. Adicionalmente, 

demonstrámos que CcpA  se liga a regiões reguladoras dos genes tcdA e tcdB mesmo na 

ausência de motivos cre evidentes. Para além disso, a proteína HPr e a sua forma 

fosforilada, HPr-Ser-P, não aumentam a capacidade de fixação de CcpA aos genes das 

toxinas. No entanto, a fructose-1,6-bifosfato (FBP), um cofactor do complexo CcpA-HPr-Ser-

P, é capaz de aumentar a afinidade de fixação de CcpA na ausência de HPr-Ser-P. No seu 

todo, estes resultados sugerem que a regulação da expressão génica das toxinas em 

resposta a presença de fontes de carbono mediado por CcpA envolve um novo modo de 

regulação dependente de CcpA.  

 

A regulação coordenada de genes de virulência dependentes de CcpA em resposta a 

disponibilidade de fontes de carbono, poderá constituir uma etapa importante na 

sobrevivência de C. difficile quando este compete com outros micróbios na colonização do 

hospedeiro. Para além disso, CcpA também foi demonstrado estar envolvido no controlo de 

várias funções importantes das bactérias patogénicas sem ser as toxinas, tal como o 

biofilme, pilus de tipo-IV, e a colonização. Embora os factores principais de virulência sejam 

estudados há muitos anos, os processos de virulência específicos à infecção com C. difficile 

ainda estão por descrever. 

 

Para perceber a importância da glucose, como fonte de carbono e compreender o 

envolvimento de CcpA na fisiologia de C. difficile, executámos uma análise do transcriptoma 

da estirpe parental JIR8094 e da mutante ccpA cultivadas em meio sem ou com glucose.  

Em paralelo ao estudo do transcriptoma in vitro, usámos o modelo animal rato para 

determinar o regulão de CcpA que é especificamente expresso durante a infecção in vivo e 

que poderá ter um papel importante durante a colonização do intestino do hospedeiro pela 

bactéria C. difficile. 
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Os resultados obtidos mostram que a glucose afecta cerca de 18% dos genes de C. difficile, 

e que CcpA regula cerca de metade destes genes. Para além disso, CcpA regula genes 

cujas proteínas estão envolvidas no metabolismo do carbono, como a glicólise, a via das 

pentoses-fosfato e a fermentação. CcpA regula também várias vias de fermentação a partir 

de aminoácidos como a redução da glicina e da leucina, sugerindo que CcpA poderá agir 

como um elo de ligação entre o metabolismo do carbono e o metabolismo do azoto. CcpA 

também tem um papel importante em algumas funções celulares como a esporulação e a 

resposta ao stress.  

 

Adicionalmente, investigámos também o envolvimento de CcpA na regulação de 

mecanismos de virulência que para além da expressão génica das toxinas poderão ser 

importantes no processo de infecção de C. difficile. Ao todo observámos que 183 genes são 

regulados por CcpA unicamente no transcriptoma in vivo, incluindo genes cujas proteínas 

estão envolvidas na utilização da etanolamina. A etanolamina é um elemento abundante no 

intestino do hospedeiro e que C. difficile provavelmente utiliza como fonte de carbono, azoto 

e energia.  

 

Palavras-Chave:  

Clostridium difficile, regulação de factores de virulência, repressão catabólica do carbono, 

análise do transcriptoma, CcpA. 
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Abstract 
 
Clostridium difficile, a low G+C Gram-positive, spore-forming anaerobic bacterium is the 

major causative agent of nosocomial diseases associated to antibiotic therapy in adults. C. 

difficile infection (CDI) can produce a wide spectrum of clinical manifestations that may range  

from asymptomatic carriage to mild self-limiting antibiotic-associated diarrhoea (AAD) and in 

some cases to life-threatening pseudomembranous colitis (PMC). The pathology process of 

C. difficile is though to be divided in three main steps: spore germination, host colonization 

and toxin production. After contamination by C. difficile, spores germinate and the vegetative 

forms multiply. C. difficile adhere to the mucus layer and colonize the gut. Then pathogenic 

strains produce two toxins (TcdA and TcdB), considered as the major virulence factors. The 

spectrum of diseases caused by C. difficile is highly variable and depends for the severe 

forms on the level of toxin produced. Thus, regulation of toxin synthesis is a critical 

determinant of the C. difficile pathogenicity. 

 

Several environmental factors regulate toxin expression. In particularly, rapidly metabolizable 

sugars that enter by the phosphoenolpyruvate-dependent phosphotransferase system (PTS), 

such as glucose, repress toxin expression suggesting that this regulation involves the carbon 

catabolite repression (CCR) mechanism. In presence of PTS sugars in the medium, the CCR 

represses expression of genes and operons, whose genes products are generally involved in 

the utilization of alternative carbon sources(Stulke & Hillen, 1999). The pleiotropic regulator 

CcpA is the major global transcriptional regulator of CCR. CcpA-regulated genes involves the 

binding of CcpA to cis-acting catabolite responsive elements (cre site). The DNA-binding 

activity of CcpA is enhanced by its interaction with HPr-Ser-P a phosphorylated form of HPr, 

a component of the PTS. Although the CCR is well-known in the Gram-positive organism 

model B. subtilis, little is known about this global regulatory mechanism in C. difficile. 

 

We investigated the role of CCR in C. difficile toxin expression by in vivo and in vitro 

approaches. We constructed, using the ClosTron technique, mutants of the major 

components of the CCR signal transduction pathway including PTS elements and CcpA in 

strain JIR8094. Inactivation of the ptsI, ptsH and ccpA genes resulted in derepression of 

toxin gene expression in glucose-medium, whereas repression of toxin expression was still 

observed in the hprK mutant. CcpA was found to bind to regulatory regions of tcdA and tcdB 

genes but not through consensus cre site motif. Interestingly, neither HPr nor HPr-Ser46-P 

stimulate CcpA binding affinity but fructose-1,6-biphosphate (FBP) alone enhanced CcpA 

binding in absence of HPr-Ser46-P. 
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Coordinate CcpA-dependent regulation of virulence and carbon utilization genes could be 

critical for fitness when C. diificile compete with other microbes for niche colonization. 

Although the main virulence factors have been studied since many years, in vivo specific 

virulence processes of C. difficile are still poorly understood.  

 

We performed whole-transcriptome analysis during the growth of JIR98094 (wild-type) and 

its isogenic ccpA mutant strains in media without and with glucose, to understand the impact 

of glucose in C. difficile physiology and the role of CcpA in this process. In parallel, we used 

the axenic mouse model to determine the CcpA regulon specifically expressed during the in 

vivo infection, which could be critical during the C. difficile establishment in the gut.  

 

We showed that glucose affected about 18% of all C. difficile genes, and almost half of them 

were mediated by a CcpA-dependent mechanism. CcpA plays a central role in the carbon 

metabolism, regulating central pathways like glycolysis, pentose-phosphate shunt and 

fermentation. Moreover, CcpA regulates several amino acids fermentation pathways such as 

glycine and leucine reduction, suggesting that CcpA could act as a link between the carbon 

and the nitrogen metabolism in this bacterium. In addition, we showed evidence that CcpA is 

also involved in some important cellular functions like stress response and sporulation.  

 

Finally, we also investigated the role of CcpA in the regulation of virulence mechanisms other 

than the toxin expression that are important for C. difficile infection process. Interestingly, 

183 genes were regulated by CcpA only in the in vivo transcriptome. As an example, CcpA 

stimulated the expression of genes involved in the ethanolamine utilization, an abundant 

compound of the intestinal tract that can be utilized as a carbon and nitrogen source during 

the C. difficile gastrointestinal lifestyle.  

 

 

Keywords: Clostridium difficile, regulation of virulence factors, carbon catabolite repression, 

transcriptome analysis, CcpA.  
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Abbreviations 
 
BCAAs branched-chain amino acids 
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cre  catabolite responsive element 
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kDa  KiloDalton 
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MOPS  3-(N-morpholino)-propanesulfonic acid  

ORF   Open Reading Frame  

PBS  phosphate buffer saline 

PolydI-dC Polydeoxyinosinic-polydeoxycytidylic acid 
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PPi  Pyrophosphate 

PTS  phosphoenolpyruvate:carbohydrate phosphotransferase system 
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RNase  Ribonuclease 

SCFAS Short-chain fatty acids 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

TCA  tricarboxylic acid  

X-Gal  5-bromo-4-chloro-3-indolyl-ß-D-galactoside 
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1.1 The gut microbiota 
The adult human gut represents the biggest body surface in contact with the environment 

(300-400m2), in which the intestinal microflora forms a complex dynamic ecosystem with the 

“host” human cells. The homeostasis of this ecosystem is maintained by mutual crosstalk 

between the immune system, the resident prokaryotes and the epithelium cells. However 

when the gut-microbe relationships are disturbed, it results in a spectrum of intestinal 

disorders (Neish, 2009). 

 

The gut is used for nutrients absorption and defence against potential pathogens. The 

number of microorganisms present is higher than the number of cells of our entire body. The 

normal human flora, or microbiota, is vast both in its quantitative mass and its qualitative 

diversity (Neish, 2009). It contains three types of organisms - bacteria, archaea and eukarya 

(Backhed et al., 2005). Bacteria achieve the highest cell densities in the normal human gut 

with approximately 1014 prokaryotic organisms constituted of 30 known genera and more 

than 500 species (Fig. 1.1) (Neish, 2002).  

 

 
 

The population composition is quite stable along the different gut locations. However the 

number of cells varies greatly, ranging from 1011 cells/g content in the ascending colon to 

107-8 in the distal ileum and 102-3 in the proximal ileum and jejunum (Fig. 1.2) (Neish, 2009).   

Figure 1.1 | Phylogenetic tree 

representing the diversity of 

bacteria in the human 

intestine based on 8903 

representative 16S rRNA 

gene sequences. Wedges 

represent divisions 

(superkingdoms): those 

numerically abundant in the 

human gut are red, rare 

divisions are green, and 

undetected are black. Wedge 

length is a measure of 

evolutionary distance from the 

common ancestor (Backhed 

et al., 2005).  
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Anaerobes are more abundant than aerobes in the bacterial community of the gut (more than 

98 % of organisms are strict anaerobes (Neish, 2002). The majority of the bacterial 

population (60 %- 90 %) are representatives of two divisions: the Bacteroidetes and 

Firmicutes (Neish, 2009). Interestingly, eukaryotic fungal species have also been identified 

as components of the microbiota (Neish, 2009). Most of the bacterial community is 

indigenous, stable and long-term resident (autochthonous) although transient members 

(allochthonous) can be also found, such as enteric pathogens (Neish, 2009).   

 

The foetal gut is sterile and colonization begins immediately after birth, with Enterobacteria 

and bifidobacteria being early colonizers (O'Hara & Shanahan, 2006). Moreover this 

colonization will lead to a stable community although with a microbial composition specific to 

each individual (Neish, 2009). Diet plays a major role on the ratio between the microbial 

species diversity and the number of strains in the intestinal flora. Furthermore, the intestinal 

physiology and the host defence mechanisms also influence the microbiota by preventing 

overgrowth of the microflora and participating in the final composition, and in the distribution 

Figure 1.2 | Distribution of microbiota in the gut and the main anaerobic and aerobic genera found. 
Cecum/ascending colon is a “bioreactor” characterized by the greatest amount of bacteria, the most metabolic 
activities, and fermentation of the short-chain fatty acids (SCFA). The distal ileum is enriched in GALT (gut-
associated lymphoid tissue) and is the dominant site of luminal sampling and mucosal adaptative immune activity 
(adapted from (Neish, 2009; O'Hara & Shanahan, 2006). 
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of the flora throughout the gastro-intestinal tract. The major factors influencing the 

composition of the microflora are summarized in Table 1.1 (Holzapfel et al., 1998). 

 
 

These factors might be related to several changes such as the host physiological conditions 

(aging, stress, health status, cultural environment), the composition of the diet and the 

environmental circumstances (e.g. contamination with pathogens, use of medicaments). In 

this way the conditions underlying digestion (e.g. pH, substrate availability, redox potential, 

transit time, flow of enteric fluid, IgA secretion, etc) may be modulated. This could result in a 

decline of the beneficial bacteria and in an increase in potentially harmful bacteria. Changes 

in diet or climate, aging, medication, illness, stress or infection generally lead to an increase 

in anaerobes and E. coli in the small intestine and to an increase of Enterobacteriaceae and 

streptococci in the colon concomitantly with a decrease of bifidobacteria. Implicit interactions 

of typical intestinal bacteria may also contribute to stabilization or destabilization, e.g. by the 

production of H2O2, acids and bacteriocins (Holzapfel et al., 1998). 

Table 1.1 | Factors affecting the microflora of the gastro-intestinal tract (adapted from Holzapfel et al., 1998). 
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The gut microbiota can be viewed as a metabolic “organ” tuned to essential physiological 

functions that our organism lacks, such as processing of indigestible components of the diet 

like plant polysaccharides (Backhed et al., 2005), vitamin synthesis, bile salt metabolism and 

xenobiotic degradation. Furthermore it plays a major metabolic role by generating its own 

energy through the fermentation of dietary complex carbohydrates whose end products 

correspond to a range of organic acids, including short-chain fatty acids (SCFAs), like 

butyrate, succinate and propionate. The SCFAs constitute an important energy source for the 

colonic epithelium and the host, providing 5 % to 15 % of human energy requirements. 

Firmicutes such as Clostridium and Bifidobacterium species are the most efficient organisms 

which produce SCFAs (Neish, 2009).  

 

The gut microbiota has also protective function against pathogen colonization. Studies done 

with germ-free mice revealed that mice lacking a microbiota had increased susceptibility to a 

variety of enteric pathogens (Fig. 1.3) (O'Hara & Shanahan, 2006).  

 
 

 

Deficiency of microbiota (due for example to antibiotic use) can disturb the normal 

mechanisms of bacterial community regulation and pathogen colonization resistance, 

allowing the emergence of autochthonous bacteria that blur the distinction between symbiont 

and pathogen. As an example, Clostridium difficile proliferation following antibiotic treatment 

can result in pseudomembranous colitis (see below) (Neish, 2009). Actually, C. difficile is 

comensal in infancy and childhood, but may act as a frank pathogen under certain conditions 

in adults. Thus, disruption of host floral ecology by antibiotics or debilitating illness can allow 

C. difficile to colonize and act as an opportunistic pathogen (Neish, 2002). Interestingly, 

Figure 1.3 | Functions of the microbiota on the intestinal mucosa (O'Hara & Shanahan, 2006). 
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studies have shown that after an antibiotic treatment some taxa fail to recover within 6 

months (Dethlefsen et al., 2008), preventing the microbiota ability to act as a protective 

barrier against pathogens. 

 

In recent years, there has been interest in the use of living organisms as therapeutic agents 

or “probiotics” (Neish, 2002). Probiotics offer a dietary means to maintain the balance of 

intestinal flora. They can be used to counteract local immunological dysfunctions, to stabilize 

the gut mucosal barrier function, to prevent relapse of pathogenic microorganisms or to 

influence intestinal metabolism (Holzapfel et al., 1998). Moreover probiotics can also be used 

to provide supplementary bacteria to restore the deficient cell state following treatments with 

antibiotics (Neish, 2009). 

 

The gut constitutes a privileged space for eukaryotic-prokaryotic interactions in humans 

(Neish, 2009). The intestinal microbiota is essential for human health, playing a major role in 

nutrition, development, metabolism, pathogen resistance, and regulation of immune 

responses. Disruption of these coevolved interactions can lead to acute or chronic disease 

(Fig. 1.4) (Dethlefsen et al., 2008). 

 

Figure 1.4 | Mechanism of crosstalk between 
the microbiota and the gut. Both parties have 
means to alter and shape each other, resulting 
in intestinal homeostasis. A breakdown on this 
crosstalk may result in clinical disorders (Neish, 
2009). 
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1.2 The Clostridium genus 
The first report on clostridia infections comes from the Greek physician Hippocrates (about 

460-370 BC) that describes a disease similar to a gas gangrene caused by Clostridium 

histolyticum. However, clostridia were first recognized as bacteria when Louis Pasteur, in 

1861, described a microbe capable of growing without air, designating the term “anaerobic” 

to indicate life without free oxygen (Bahl & P., 2001).  

 

The genus Clostridium (from the Greek word “klostridion” meaning “small spindle”) (Bahl & 

P., 2001), was described in 1880 by Prazmowski (Durre, 2005). It belongs to the Firmicutes 

phylum and it is one of the largest bacterial genera with more than 120 species (Bruggemann 

& Gottschalk, 2008). 

Clostridia represent a heterogeneous taxonomic group sharing a combination of phenotypic 

characteristics, i.e., rod-shaped morphology, endospore formation, Gram-positive staining, 

anaerobic and fermentation metabolism in which sulfate is not reduced dissimilatorily (Bahl & 

P., 2001), and genomic DNA with a variable % G+C content (ranging from 22 mol% to 55 

mol%, (Johnson & Francis, 1975)). Its members would be the descendants of a common 

ancestor that emerged early in the evolution of Gram-positive bacteria (Rood et al., 1997). 

However this genus is not a phylogenetically coherent and homogenous taxon (Durre, 2005). 

 

Phylogenetic studies using the 16S rDNA sequence analysis allowed the formation of 19 

clusters inside the Clostridium genus (Fig. 1.5) (Rood et al., 1997).  
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Cluster I is the largest of the clostridial rRNA clusters and equivalent to the group I of 

Johnson and Francis (Johnson & Francis, 1975). This group is also designated the 

“Clostridium sensu stricto” and it includes psychrophilic, mesophilic, and thermophilic 

species, as well as cellulolytic, saccharolytic, and proteolytic representatives in addition to 

pathogenic and non-pathogenic species (Bahl & P., 2001). Cluster II contains highly 

proteolytic and acetate-producing species like C. hystolyticum and Clostridium proteolyticum 

(Bahl & P., 2001).  

Cluster XIV is the second largest Clostridium species cluster, which however is significantly 

intermixed with representatives of other genera, such as Acetitomaculum, Eubacterium and 

Roseburia (Bahl & P., 2001). This cluster presents two subgroups: subclusters XIVa (e.g. 

Clostridium oroticum and Clostridium coccoides) and XIVb (e.g. Clostridium lentocellum). 

The C. coccoides subgroup Clusters XIVa, the C. leptum subgroup Cluster IV, and the 

Clostridium subgroup Cluster XIX make up 70 % of the normal faecal flora of humans 

(Finegold et al., 2002). This evidence accounts for the important role that clostridial species 

play in the microbiota of the human gut. 

 

Figure 1.5 | Phylogenetic 
dendrogram summarizing the 
19 clusters of the genus 
Clostridium as defined by 
Collins et al. (Collins et al., 
1994) and related taxa, using 
available 16S rRNA/DNA 
sequence data. The scale bar 
represents 5% sequence 
divergence (Rood et al., 1997). 
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The genus Clostridium contains 35 species, which are considered to have pathogenic 

potential. Clusters I and II together contain about half of the pathogenic species in the 

Clostridium genus, including the major pathogenic clostridia, such as C. barati, C. botulinum, 

C. novyi and C. tetani (cluster I); as well as C. septicum, C. chauvoei and C. histolyticum 

(cluster II) (Rood et al., 1997). Other major pathogens like C. difficile and C. sordellii are 

included in cluster XI, and are also able to infect human and animals hosts. This cluster is 

phylogenetically and phenotypically heterogeneous, including also non-pathogenic 

Clostridium species such as Clostridium sticklandii. Several pathogens are also included in 

clusters XII, XIV and XVIII (Fig. 1.6) (Rood et al., 1997). 

 

Members of the Clostridium genus can be found in several sorts of environments, including 

soils, aquatic sediments, plants and gastrointestinal tract of animals and humans as 

mentioned above. They ferment a wide variety of organic compounds. They produce end 

products such as butyric acid, acetic acid, butanol and acetone, and large amounts of gas 

(CO2 and H2) during fermentation of sugars. They can produce a wide variety of extracellular 

enzymes, which degrade numerous biological molecules (e.g. proteins, lipids, collagen, 

Figure 1.6 | Phylogenetic dendogram indicating the relationships of the pathogenic Clostridium species*. 
Clusters as defined by Collins et al. (Collins et al., 1994). The scale bar represents 10 nucleotide substitutions 
per 100 nucleotides (Rood et al., 1997). 
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cellulose, etc.) in the environment into fermentable components. Thus, the clostridia are 

considered to play an important role in nature in the biodegradation and the carbon cycle 

(Todar).  

 

Among the Clostridium genus, the pathogenic species have also the capacity to produce the 

largest deadly toxins. Actually, they produce more toxins than any other bacterial genus 

(Rood et al., 1997). These toxins are usually the major virulence factors of the bacterium and 

are implicated in the disease caused by the major Clostridium pathogens, like botulism, 

tetanus, gas gangrene and pseudomembranous colitis (Hatheway, 1990). 

 

1.2.1 Non-pathogenic Clostridia 
Many clostridia species can degrade and utilize a wide range of plant polysaccharides and 

sugars (Bahl & P., 2001) to produce organic acids, alcohols or other neutral solvents 

providing a practical route for the conversion of renewable biomass and agricultural wastes 

to bulk chemicals and fuels. As a result, several non-pathogenic clostridia species have been 

used for biotechnological purposes, such as the solvent producer C. acetobutylicum 

(Bruggemann & Gottschalk, 2008). Other species are currently under extensive research 

because they employ metabolic pathways and enzymes of interest, e.g. C. pasteurianum 

(nitrogenase, hydrogenase, and ferredoxins), C. thermocellum (cellulases), C. 

tetanomorphum (coenzyme B12-dependent reactions), C. kluyveri (energy metabolism and 

reduction of enoates), C. formicoaceticum (tungsten-containing formate dehydrogenase), 

and C. ljungdahlii (growth with carbon monoxide) (Bruggemann & Gottschalk, 2008). Some 

psychrophilic, alkaliphilic, and thermophilic strains have been isolated and examined for the 

use of their proteases in washing detergents, or xylanase, in the pulp and paper industry 

(Bahl & P., 2001). Thermophilic species, whose fermentation process operates at high 

temperatures, and species capable of degrading hemicellulose and crystalline cellulose have 

been selected for their potential applications in biotechnology (Lee et al., 2008). In addition, 

clostridia can produce chiral products, which are difficult to make by chemical synthesis and 

degrade a number of toxic chemicals (Lee et al., 2008). Their diversity has allowed them to 

be exploited in different fields.  

 

Here are some examples of non-pathogenic clostridia species involved in biotechnology and 

medical applications: 
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Clostridium acetobutylicum: a solvent producer 
The only successful industrial fermentation process utilizing Clostridium species has been 

the acetone-butanol (AB) fermentation (Bahl & P., 2001). After Pasteur discovered bacterial 

butanol production from his landmark anaerobic cultivation in 1861, AB fermentative 

production prospered during the early 20th century and became after ethanol the second 

largest industrial fermentation process used in the world (Lee et al., 2008), playing a key role 

in the development of the chemical industry in the USA and Britain (Bahl & P., 2001). 

However, in the 1960s, the AB fermentation process had lost competitiveness due to the 

increase of feedstock costs and advancement of the petrochemical industry (Lee et al., 

2008). 

In spite of this, in the recent years, high crude oil prices and increasing concerns over global 

warming have renewed interest in biotechnological production of butanol, not only as, a 

chemical but also as an alternative fuel (Lee et al., 2008). In fact, acetone, butanol, and also 

isopropanol are now used as bulk chemicals as well as chemical feedstock for the synthesis 

of a wide range of other products. Moreover, these solvents are used for mixing in diesel 

liquid fuel and petrol, or as diesel supplements (Bahl & P., 2001). 

 

The first industrial production of butanol was based on the fermentation of the bacterium C. 

acetobutylicum, which ferments carbohydrates and produces mainly butanol and acetone 

(Lee et al., 2008) from starch and molasses (Woods & Reid, 1995). C. acetobutylicum ATCC 

824 is one of the most well-studied solventogenic clostridia and is closely related to the 

historical Weizmann strain, which was used to develop an industrial starch-based acetone 

and butanol fermentation process (Bahl & P., 2001). Many other solventogenic clostridia 

were used at the time, although originally designated as C. acetobutylicum, such as C. 

beijerinckii NCIMB 8052, Clostridium saccharobutylicum and Clostridium 

saccharoperbutylacetonicum that are also considered primary solvent producers (Lee et al., 

2008). 

 

Solventogenic clostridia can utilize a large variety of substrates from monosaccharides (like 

xylose and arabinose) including many pentoses and hexoses to polysaccharides (Lee et al., 

2008). Complex nitrogen sources such as yeast extract are generally required for good 

growth and solvent production, but otherwise the nutrient requirements for the growth of 

clostridia are rather simple (Lee et al., 2008). A typical feature of the clostridial solvent 

production is its biphasic fermentation. The first phase is the acidogenic phase, that usually 

occurs during the exponential phase, and from which the major products are acetate, 

butyrate, hydrogen, and carbon dioxide (Lee et al., 2008). The second phase is the 
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solventogenic phase, that occurs during the stationary phase, where production of butanol, 

ethanol, and acetone (or isopropanol in some C. beijerinckii strains) occurs (Lee et al., 2008).  

 

The genetics of solvent-producing clostridia were initiated during the 1980s, allowing the first 

development of mutagenic techniques, gene transfer systems, and the use of plasmids for 

the construction of cloning vectors in a Clostridia species (Bahl & P., 2001). 

The C. acetobutylicum ATCC 824 genome sequence was published in 2001 (Nolling et al., 

2001). It possesses a 3.9 Mb chromosome and harbours pSOL1, a megaplasmid of 192 kb 

encoding for the genes involved in solvent formation (Desvaux et al., 2005). With the 

complete genome sequence of this strain and others already done or underway, it will be 

possible to carry out a more systematic strain improvement process by using genome-wide 

transcriptome and proteome studies, and the re-construction of the genomic-scale metabolic 

model, which will assist metabolic engineering of clostridia (Lee et al., 2008) (Table 1.2).  

 
 

 

 

 

Table 1.2 | Summary of desirable metabolic engineering alterations of solventogenic clostridia and the 
potential impact they might have on bioprocessing (Papoutsakis, 2008).  
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Clostridium butyricum: a hydrogen producer 
The increasing burning of fossil fuels and their consequent changes on global climate, 

suggested the use of H2 as an alternative fuel, as its end product is only water (Nandi & 

Sengupta, 1998). Anaerobic clostridia, such as C. pasteurianum, C. butyricum, and C. 

beijerinkii, are potential strong hydrogen producers (Nath & Das, 2004). For instance 

immobilized C. butyricum produces 2 mol H2/mol glucose at 50% efficiency (Nandi & 

Sengupta, 1998). Several attempts have been made to produce H2 in fermentor reactors as 

well as the production of biochemical fuel cell by the use of H2 producing C. butyricum (Nandi 

& Sengupta, 1998). These results are in preliminary development (Nath & Das, 2004), and 

further research is still needed in order to develop biological systems to commercially 

feasibly produce H2 (Nath & Das, 2004). 

 

Clostridium thermocellum: a cellulose degradation organism 
About half of the carbonaceous compounds in terrestrial biomass are cellulose, which is the 

single most abundant organic compound on Earth. Moreover, the polysaccharide hydrolysis 

is one of the most important enzymatic processes since almost all of the biomass produced 

is again mineralized by enzymes from microorganisms (Schwarz, 2001).  

 

Some Clostridia have developed a unique extracellular multi-enzyme complex, called 

cellulosome in order to degrade cellulose (Papoutsakis, 2008). This enzymatic complex is 

generally bound to the cell surface and contains binding-motifs to insoluble cellulose, and is 

made up of various cellulases that cleave oligosaccharides from insoluble cellulose 

(Papoutsakis, 2008). Cellulosomes present many advantages to be developed in the 

cellulosic biomass hydrolysis biotechnology.  

The most well-investigated cellulosome is that of the thermophilic bacterium C. 

thermocellum, usually isolated from hot springs and wet, rotting biomass (Schwarz, 2001). 

The efficiency of its cellulosome makes it a good candidate for commercial bioconversion 

(Schwarz, 2001).  

 

The majority of cellulolytic clostridia belong to the cluster III (the C. thermocellum subgroup) 

with the exception of C. stercorarium and C. cellulovorans (Schwarz, 2001). Several of these 

organisms are sequenced and all contain a complete and functional cellulosome, including 

C. phytofermentans and C. cellulolyticum (Papoutsakis, 2008). C. cellulovorans, include in 

cluster I, is a very active cellulose degrader, and was isolated with the intention of directly 

converting cellulosic wastes into industrial substrates, especially solvents (Schwarz, 2001). 

Unfortunately the cellulosome gene cluster found in C. acetobutylicum genome is not 
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expressed (Schwarz, 2001) and this bacterium is not able to grow on cellulose effectively 

(Papoutsakis, 2008). 

 

Clostridium pasteurianum: a nitrogen fixing organism 
Nitrogen fixation is the process by which atmospheric nitrogen is converted into nitrogen 

compounds (like ammonia or nitrate) useful for several chemical processes required for the 

biosynthesis of basic building blocks of life (Woods, 1993). C. pasteurianum was the first 

free-living nitrogen-fixing organism isolated, and where the first consistent cell-free nitrogen 

fixation was demonstrated (Kasap, 2006). As a result, C. pasteurianum has been extensively 

used in the study of the biochemistry and the physiology of nitrogen fixation (Woods, 1993).  

 

Clostridia as cancer therapy agents 
There have long been reports of tumour regression in presence of clostridia species. In 1813 

Vautier reported that tumours regressed in his patients who were suffering from gas 

gangrene (C. perfringens associated disease) (Wei et al., 2008a). In 1935, Connell used 

sterile filtrates from C. histolyticum to treat advanced cancers and observed tumour 

regression (Wei et al., 2008a).  

 

Clostridia bacteria present several advantages compared to classical approaches using virus 

and liposomes to treat cancer. They have been shown to specifically and preferentially target 

solid tumours where they are able to colonize and cause significant tumour lyses (Wei et al., 

2008a). Furthermore, clostridial spores are easy to produce, stable to store and safe to use 

as well as having extensive oncolytic ability (Wei et al., 2008b) which is a major advantage 

when compare to other techniques. Therefore there has been continuous research on 

clostridial strains in the development of new cancer therapies tested in animal model and 

also in human trails (Wei et al., 2008a) 

 

The first experiment performed in 1947 showed that direct injection of C. histolyticum spores 

into a mouse sarcoma caused oncolysis (liquefaction) and tumour regression. When spores 

of C. tetani, the causative agent of tetanus, was used, the tumour bearing mice died within 

48 h because of C. tetani colonization and tetanus production. Thus, it was proven that C. 

tetani was able to germinate/replicate selectively within the anaerobic environment of 

tumours (Wei et al., 2008b). This result indicated that only non-pathogenic clostridia could be 

used in such therapeutic approach. The first example tested was the C. sporogenes strain 

(ATCC13732), a proteolytic species causing liquefaction of colonized tumours. Other strains 

were also tested, such as C. beijerinckii NCIMB8052, C. beijerinckii ATCC17778, C. 
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acetobutylicum ATCC824 and C. saccharoperbutylacetonicum that showed tumour 

colonization although the tumour lysis was not complete (Wei et al., 2008b). 

 

Spore treatment using wild-type clostridia were not sufficient to eradicate solid tumours and 

another approaches were developed. Clostridial spores were given in conjunction with other 

anticancer therapy (combination therapy) such as radio frequency and local X-irradiation. C. 

sporogenes expressing the E. coli colicin E3 gene, which encodes a bacteriocin with 

canceriostatic properties was also used. However, the overall anti-tumour efficacy of this 

bacteriocin was limited (Wei et al., 2008a). Some saccharolytic clostridia strains used in 

industry were also used to express therapeutic genes like the cytokine tumour necrosis factor 

alpha (TNF-α), the E.coli cytosine deaminase (CD) or the nitroreductase (NTR). No 

significant tumour regression was observed when these recombinant strains were used in 

solid tumour models (Wei et al., 2008b). Recent studies reported the development of new 

vectors using super tumour colonizer clostridial strains C. sporogenes or C. novyi-NT 

(lacking the lethal toxin, apathogenic). The recombinant C. sporogenes and C. novyi-NT 

strains overexpressing NTR have showed significant in vivo antitumor effects (Wei et al., 

2008b). A combination therapy including C. novyi-NT with microtubule-interacting 

chemotherapeutic agents has demonstrated promising results and a phase 1 clinical trial of 

the combined approach is currently underway (Wei et al., 2008a). Other examples of studies 

using clostridia against cancer are presented in Table 1.3. 

 
Table 1.3 | Examples of clostridial strains tested for antitumour studies (Wei et al., 2008a). 
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Currently, new genetic manipulation tools of clostridia are in progress to allow production of 

clostridia spores harbouring genes encoding for cancerstatic factors, or proteins or cytokines 

with additional tumour-killing capabilities (Wei et al., 2008b).  

Therefore the use of Clostridium in cancer therapy holds considerable promise in the fight 

against cancer (Bahl & P., 2001).  

 

1.2.2 Pathogenic Clostridia 
On the basis of the main lesions or clinical signs observed, the major pathogens are 

classified as neurotoxic (C. botulinum and C. tetani), histotoxic (C. chauvoei, C. 

haemolyticum, C. histolyticum, C. novyi, C. perfringens, C. septicum and C. sordellii) or 

enterotoxic (C. colinum, C. difficile, C. perfringens, C. piliforme, C. septicum, C. sordellii and 

C. spiroforme) (Dupuy & Matamouros, 2006). Some species, including isolates of C. 

perfringens, C. septicum and C. sordellii can be involved in more than one clinical entity 

according to the combination of the toxins produced (Dupuy & Matamouros, 2006). 

 

Some pathogenic clostridia infect animals, such as C. chauvoei which is responsible for the 

“Blackleg” (an emphysematous, necrotizing myositis) in cattle, sheep and other ruminants; C. 

haemolyticum, the causative agent of bacillary hemoglobinuria in cattle and sheep and C. 

colinum which is responsible for ulcerative enteritis often lethal in domestic fowl and other 

birds (Rood et al., 1997).  

 

Clostridium septicum 
C. septicum is found in soil and the faeces of domestic animals and humans (Neumann & 

Rehberger, 2009). This anaerobic clostridium is highly virulent, and is responsible for 

spontaneous gas gangrene and atraumatic myonecrosis, and its infections are usually 

fulminant and lethal (Neumann & Rehberger, 2009). C. septicum produces four major toxins 

designated as alpha, beta, gamma and delta toxins. The alpha-toxin is a lethal pore-forming 

cytolysin and considered as a critical toxin in the disease establishment. The beta toxin is a 

DNase and has been shown to be the major extracellular protein produced by this organism. 

The delta toxin is an oxygen-labile hemolysin, antigenically related to the theta toxin of C. 

perfringens, while the gamma toxin corresponds to a hyaluronidase. This last toxin belongs 

to a class of enzymes generally known to aid in the spreading of the bacteria or toxins 

through tissues. They are produced by a number of pathogenic bacteria that initiate 

infections at the skin or mucosal surfaces (Neumann & Rehberger, 2009). C. septicum is a 

major cause of poultry infections in the United States and is considered as a primary concern 
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for both broiler and turkey producers (Neumann & Rehberger, 2009). C. septicum is also 

associated with “braxy”, a sheep disease in which the organism penetrates the lining of the 

abomasums (fourth stomach, where digestion takes place), resulting in a fatal bacteraemia. It 

is also responsible for malignant oedema in broiler hens (Rood et al., 1997). 

 
Clostridium tetani and Clostridium botulinum 
Tetanus was initially described by Hippocrates (Hatheway, 1990), while the first well-

documented cases of botulinum intoxication occurred in Württemberg during the Napoleonic 

wars between 1795 and 1813. During this period, Justinus Kerner published the first case 

studies of botulinum poisoning linked to the consumption of blood sausages (Chaddock & 

Marks, 2006). Tetanus is an acute, spastic paralytic illness (Rood et al., 1997). Localized 

tetanus involves muscle rigidity and spasms near the site of the infected wound (Hatheway, 

1990). Neonatal tetanus, which is quite prevalent in certain areas of the world, is due to 

infection of the umbilical stump, and often very severe and highly fatal (Hatheway, 1990). 

Botulism is a neuroparalytic disease that can weaken or paralyse all skeletal muscle in the 

body. Three forms of human botulism can be found: infant botulism, foodborne botulism and 

wound botulism (Rood et al., 1997). 

As pathogens of tetanus and food-borne botulism, their virulence is due almost entirely to 

their toxigenicity (Todar). C. tetani and C. botulinum produce the most potent biological 

toxins known to affect humans. The potency of tetanus toxin (human lethal dose estimated at 

~1 ng/kg) is exceeded only by the potency of botulinum toxin (human lethal dose estimated 

at about ≤0.1 ng/kg) (Rood et al., 1997).  

Both neurotoxins are produced in the bacterial cell as a single polypeptide chain with a 

molecular weight of ~150kDa (Rood et al., 1997;Simpson, 2004). After release from the cell, 

the molecule is cleaved by a protease into two polypeptide fragments: a heavy chain 

(~100kDa) and a light chain (~50kDa) that remain joined by a disulfide bond (Hatheway, 

1990; Simpson, 2004). The light chain of the tetanus toxin (TeNT) is a zinc-containing 

endoprotease whose substrate is synaptobrevin, one of the protein constituents of the 

docking complex that enables a synaptic vesicle to fuse with the terminal cell membrane 

(Rood et al., 1997). TeNT acts by blocking inhibitory synapses of the spinal cord 

motoneurons (Hatheway, 1990), which in turn induces muscle contraction (Schmitt et al., 

1999). In the case of the botulinum toxin (BoNT), it utilizes the endocytosis and translocation 

pathways to enter into cytosol of cholinergic nerve endings where it acts like TeNT as a zinc-

dependent endoprotease. In contrast to TeNT, BoNT cleaves polypeptides that are essential 

for exocytosis (Simpson, 2004), therefore blocking the transmitter release leading to the 

flaccid paralysis and autonomic dysfunction (Simpson, 2004) (Fig. 1.7).  
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Several clostridial species produce BoNT, including C. argentinese, C. butyricum and C. 

baratti (Chaddock & Marks, 2006). According to their antigenic properties, seven antigenic 

toxin types, labelled A-G, have been established. Neurotoxigenic C. butyricum strains 

produce type E-like toxin, while neurotoxigenic C. baratii strains produce type F-like toxin. 

Toxin types A, B, E and F are responsible for human botulism, while types C and D causes 

illness in animals. Type G was discovered in an Argentinean cornfield in 1970 and has not 

been established as a cause of either human or animal disease (Rood et al., 1997). 

Botulinum toxin is used to treat conditions such as migraine, headaches and cervical 

dystonia (Bruggemann & Gottschalk, 2008) but is also used for cosmetic purposes to 

smoothen facial lines, commercialized under the brand Botox. 

Although the structure and the mode of action of the toxins are well understood, the 

regulation mechanisms of production of these toxins are still under investigation. It is known 

that the tetanus toxin encoding gene, tetX, is located on a large plasmid, and its expression 

is controlled by the regulator TetR, whose gene is located immediately upstream (Johnson & 

Bradshaw, 2001). In the case of C. botulinum toxin genes (ntnh-bont), they are located 

whether in the chromosome (ntnh-bont A, B, E, F) or in phages (ntnh-bont C, D) (Dupuy & 

Figure 1.7 | Schematic models of the 
neurotransmitter release and the actions of 
botulinum and tetanus toxins.  
A- Synaptic vesicles containing 
neurotransmitters dock with plasma 
membrane through SNARE proteins 
(synaptobrevin, syntaxin and SNAP-25). 
Neurotransmitters are released through a 
Ca2+-triggered fusion process. SNARE 
proteins remain in random coil conformations 
until associated in the SNARE complex at 
docking, where they form a helical bundle.  
B- Botulinum or tetanus toxin binds to the 
presynaptic membrane through gangliosides 
and a protein receptor (step 1); it is 
internalized through endocytosis (step 2a), 
and its L chain is translocated across the 
membrane (step 2b). The L chain acts as 
specific endopeptidase against synaptobrevin 
(on synaptic vesicles), syntaxin (on the 
plasma membrane), or SNAP-25 (on the 
plasma membrane). BoNTs (or TeNT) cleave 
their substrates before the SNARE complex is 
formed (Singh, 2000). 
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Matamouros, 2006). Their expression is controlled by BotR, a regulator factor closely related 

to TetR (Dupuy & Matamouros, 2006).  

 

Clostridium sordellii 
C. sordellii is commonly found in the soil, in the intestines of animals and in 0.5 % of all 

humans (Aldape et al., 2006). Many of C. sordellii strains are non-pathogenic, however, the 

virulent strains cause lethal infections in several animal species, such as enteritis and 

enterotoxaemia in sheep and cattle, and myonecrosis and gas gangrene in humans (Aldape 

et al., 2006). Usually, C. sordellii infections develop after childbirth or after gynaecologic 

procedures, although some cases involve sites of minor trauma such as lacerations (Rood et 

al., 1997). The absence of fever and a paucity of signs and symptoms of local infection make 

early diagnostics difficult (Rood et al., 1997) 

Pathogenic strains of C. sordellii produce up to seven identified exotoxins. The lethal and 

hemorrhagic toxins, respectively TcsL and TcsH are regarded as the major virulent factors of 

C. sordellii. Other exotoxins include an oxygen-labile hemolysin, a neuraminidase, a DNase, 

a collagenase, and a lysolecithinase. TcsL and TcsH belong to the large clostridial cytotoxin 

(LCC) family (Just & Gerhard, 2004). TcsL and C. difficile toxin B are highly homologous (76 

% identical) (Aldape et al., 2006). In the late 1970s, C. sordellii antitoxin was found to 

neutralize the cytotoxic effect of stool specimens collected from patients with C. difficile-

associated pseudomembranous colitis (Aldape et al., 2006). 

 

Clostridium novyi 
C. novyi was first described by Novy in 1894 (Hatheway, 1990). This clostridia species is 

responsible for gas gangrene in humans and is also the cause of infections in domestic 

animals, such as necrotic hepatitis in sheep (Hatheway, 1990).  

C. novyi possess three toxigenic types: A, B and C.  Types A and B are common in soil, but 

type B can also be found in the intestine and in the liver of herbivorous animals. Type C 

isolates are nontoxigenic and do not cause disease (Rood et al., 1997). Type A strains are 

the causative agent of gas gangrene in humans and wound infections in animals (Rood et 

al., 1997). Type B strains causes infectious necrotic hepatitis of sheep and cattle, and 

occasionally infects horses and swine (Rood et al., 1997). 

The major toxin mediating pathogenesis of C. novyi infections is the alpha-toxin (TcnA). It 

was shown that TcnA has cardio-, neuro-, histo-, and hepatotoxicity (Rood et al., 1997). 

Genetically, the alpha-toxin encoding gene is phage mediated (Rood et al., 1997). As already 

mentioned (see 1.2.1 Clostridia as cancer therapy agents), C. novyi is a promising 

candidate in cancer therapy (Bruggemann & Gottschalk, 2008). Tumours with their large 
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hypoxic regions provide an ideal growth environment for C. novyi, as the vegetative form is 

extremely sensitive to oxygen (Bruggemann & Gottschalk, 2008). Since C. novyi is a 

pathogenic strain, a new C. novyi strain lacking TcnA was produced (C. novyi-NT) that is 

currently being tested for cancer therapy. 

 

Clostridium perfringens 
C. perfringens is found in soil samples and in intestinal contents of animals and humans 

(Hatheway, 1990). This organism was first described in 1892 by Welch and Nutall and at that 

time was named Bacillus aerogenes capsulatus (Hatheway, 1990). 

C. perfringens has been shown to be the causative agent of several human diseases such as 

gas gangrene and food poisoning as well as enterotoxemic disease in domestic animals 

(Rood et al., 1997). This organism produces four major lethal toxins (alpha, beta, epsilon, 

and iota) on which the toxin types of C. perfringens species are based (types A-E, Table 

1.4). Moreover nine minor toxins (enzymes or soluble antigens) are expressed by most C. 

perfringens strains and that can play some role in pathogenicity, and an enterotoxin which is 

responsible for C. perfringens foodborne illness (Hatheway, 1990).  

C. perfringens type A is commonly found in soil and also in intestinal contents of humans and 

animals in absence of disease.  Types B, C, D and E strains do not survive in soils. They are 

found in the intestinal tract of domestic animals and occasionally in humans usually 

associated with disease (Hatheway, 1990). 
 

Toxin Type Major toxins present Diseases 

A Alpha, Neuraminidase, 
Enterotoxin 

Gas gangrene (myonecrosis), foodborne illness, and infectious 
diarrhea in humans; enterotoxemia of lambs, cattle, goats, 
horses, dogs, alpacas, and others; necrotic enteritis in fowl; 
equine intestinal clostridiosis; acute gastric dilation in nonhuman 
primates, various animal species, and humans 

B 
Alpha, Beta, Epsilon, 
Theta, Kappa, Lambda, 
Mu, Nu, Neuraminidase 

Lamb dysentery; sheep and goat enterotoxemia (Europe, Middle 
East); guinea pig enterotoxemia 

C 
Alpha, Beta,Delta, Theta, 
Kappa, Neurominidase, 
Enterotoxin, Nu 

Darmbrand (Germany) and pig-bel (New Guinea) in humans; 
"struck" in sheep; enterotoxemia in lambs and pigs; necrotic 
enteritis in fowls 

D 
Alpha, Epsilon, Theta, 
Kappa, Neurominidae, 
Enterotoxin, Lambda 

Enterotoxemia of sheep; pulpy kidney disease of lambs 

E Alpha, Iota, Theta, Kappa, 
Lambda, Neurominidase 

Enterotoxemia in calves; lamb dysentery; guinea pig 
enterotoxemia; rabbit "iota" enterotoxemia  

 

 

 

Table 1.4   Toxin types of C. perfringens with the major toxins they produce and diseases (adapted from 
Hatheway, 1990).  
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C. perfringens type A strains are often responsible for gas gangrene (myonecrosis) and food-

borne illness, the most common symptom of C. perfringens clinical illness (Hatheway, 1990). 

The symptoms are mediated by an enterotoxin produced during sporulation of the organism 

in the intestine following ingestion of contaminated food (Rood et al., 1997). The alpha-toxin, 

produced in large amounts by type A strains, is a phospholipase C and is the major factor 

responsible for the tissue pathology in gas gangrene. This enzyme is a zinc metal protein 

and requires calcium ions for interaction with substrate (Hatheway, 1990). Type C strains 

cause severe necrotic enteritis in humans and animals (cattle, lambs, and pigs) mainly due to 

the beta-toxin production (Hatheway, 1990). The other types are generally involved in 

dysentery and in enterotoxemia in animals (Table 1.4) (Rood et al., 1997). 

 

Among the toxigenic clostridial species C. perfringens is the paradigm species for functional 

genetic studies, because of its oxygen tolerance, fast growth rate (8- to 10- min generation 

time in optimal conditions), and ability to be genetically manipulated (Rood et al., 1997). In 

fact, reliable and reproducible methods for the transformation of C. perfringens cells with 

recombinant plasmids as well as several shuttle vectors, methods for transposon 

mutagenesis and homologous recombination were first developed in this clostridium 

pathogen (Rood et al., 1997). Therefore, many of the toxins and enzymes it produces have 

been studied, and most of their structural genes have been cloned and sequenced. Other 

approaches, such as physical and genetic mapping, have also been used to elucidate the 

genomic structures of various C. perfringens strains (Rood et al., 1997). For instance, the 

analysis of the plasmid-encoded gene for the bacteriocin (bcn) has played an important role 

in the development of C. perfringens genetics (Dupuy et al., 2005), and at same contributed 

to the understanding of this antibacterial protein as well as to the discovery of a common 

genetic feature present in the major clostridium pathogens. In fact, expression of bcn 

depends on the activity of UviA protein. UviA, also plasmid-encoded, is an alternative RNA 

polymerase sigma factor required for the activation of the UV-inducible bcn gene of C. 

perfringens and for its own expression (Dupuy et al., 2005). UviA has sequence similarities to 

other clostridial regulators (C. tetani TetR, C. botulinum BotR, and C. difficile TcdR) that 

seem to form a unique group of sigma factors (Dupuy & Matamouros, 2006). Due to its 

amenability to genetic studies, C. perfringens has also been used as an heterologous system 

to perform genetic studies in other clostridium pathogens, such as C. difficile, that still very 

recently lacked genetic tools (Dupuy & Sonenshein, 1998; Mani & Dupuy, 2001).  
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Clostridium difficile 
C. difficile is the main causative agent of antibiotic-associated colitis (AAC) and is 

responsible for virtually all cases of pseudomembranous colitis (95 %), a potentially lethal 

disease. It is one of the major bacterial causes of nosocomial diarrhoea in adults. Therefore 

C. difficile is a major clostridial pathogen that has become an important problem of public 

health, especially in industrialized countries. The next chapters will provide the latest findings 

about the C. difficile associated disease as well as its physiology and pathogenicity.  

 
 

1.3 Clostridium difficile 
Clostridium difficile, a Gram-positive spore forming bacterium, was originally isolated by Hall 

and O’Toole in 1935 as a component of the normal intestinal flora of newborn infants 

(Bartlett, 2008). These investigators referred to the organism as Bacillus difficilis due to the 

difficulty they encountered in isolating the organism (Lyerly et al., 1988). Later on, in 1978, C. 

difficile was identified as the causative agent of antibiotic-associated pseudomembranous 

colitis (PMC) and is now considered as the major cause of antibiotic-associated diarrhoea 

(Bartlett, 2002). While it has been a well-recognized cause of health care associated 

diarrhoea for approximately 30 years, its pathogenicity has evolved and it has become a 

leading pathogen of concern over the last few years, particularly with the emergence of a 

newly described hypervirulent strain (McFee & Abdelsayed, 2009). 

 

1.3.1 C. difficile epidemiology 
C. difficile infection (CDI) causes disease symptoms that can range from self-limited 

diarrhoea to life-threatening colitis (Bartlett, 2002). C. difficile is responsible for 15-25 % of 

the cases of antibiotic-associated diarrhoea (AAD) and for almost all cases of antibiotic-

associated pseudomembranous colitis (more than 95%) (Barbut et al., 2004) with a mortality 

rate of approximately 6 % (Bartlett, 2009). The clinical signs generally develop within 48-72 

hours following the administration of antimicrobials, however symptoms may be delayed for 

2-3 months (Hookman & Barkin, 2009). Complications of CDI include ileus, toxic megacolon, 

refractory colitis (that may require colectomy), septic shock and death (Bartlett, 2006). 

Asymptomatic carrier patients also exist. Around 3 % of healthy adults and 20-40 % of 

hospitalized patients are colonized with C. difficile (Hookman & Barkin, 2009), although the 

majority of isolated strains are non-toxigenic. The frequency of infants carrying asymptomatic 
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toxigenic strains is surprinsingly higher (5 to 70 %) than adults, and no explanation has been 

yet reported (Barbut et al., 2004).  

 

CDI is often precipitated by antimicrobial therapy, which causes a disruption of the normal 

colonic microflora, predisposing it to colonization by C. difficile (Pechine et al., 2007). After 

contamination of the human gut, C. difficile can be either excreted, or colonize without 

affecting the intestinal tract (non-toxigenic strain, or high level of IgG anti-toxin A), or produce 

toxins (see Toxins) and develop CDI (fig. 1.8) (Hookman & Barkin, 2009). The disease 

affects mainly the colon, and in many cases, is revealed by the presence of colonic 

pseudomembranes (Hookman & Barkin, 2009). 

 
 

 

 

 

 

Outbreaks of CDI occur in acute care and long-term care settings (McFee & Abdelsayed, 

2009). Patients in the community are also at risk for CDI, but less than those who are 

hospitalized. The community CDI rates in the United States have been reported as 7.7 cases 

per 100,000 individuals per year, of which 35 % received no antibiotics within 42 days of C. 

difficile detection (Hirschhorn et al., 1994). More recent studies found similar community 

rates, but an increased severity of the disease. In the United Kingdom the infection rates 

were higher (29.5 and 20.2 cases per 100,000 individuals) in 1999, and only 52 % of patients 

received antibiotics within 4 weeks of C. difficile detection (Wilcox et al., 2008). Community-

associated CDI without previous direct or indirect contact with a hospital environment 

Figure 1.8 | Model for the acquisition of C. difficile infection (CDI). Patients can be exposed to C. difficile spores 
through contact with the hospital environment or health care workers. After antibiotic treatment, they develop 
CDI if they acquire a toxigenic C. difficile strain and fail to mount an anamnestic serum immunoglobulin G (IgG) 
antibody response to toxin A (TcdA); if they can mount an antibody response they become asymptomatically 
colonized with C. difficile. If they acquire a non-toxigenic C. difficile strain, they also become asymptomatically 
colonized (Rupnik et al., 2009). 
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remains rare compared to hospital-acquired CDI. Nevertheless, CDI has been reported in 

populations that were previously thought to be at low risk, such as young individuals and 

pregnant women (Chernak et al., 2005).  

 

C. difficile Transmission 

Transmission of C. difficile occurs by the faecal-oral route after transient contamination of the 

hands of the healthcare workers and patients. Healthcare workers are the primary source of 

transmission, and the hospital environment is an important secondary source. Vegetative 

cells die within minutes after exposure to air, however, the spores are extremely resistant to 

most disinfectants and can survive up to 70 days in a hospital room after a patient with CDI 

has been discharged (Dubberke & Wertheimer, 2009).   

 

C. difficile spores have been found in a variety of environments, including water, soil, animal 

faeces, and foods such as ready-to-eat salads, and retail meat (Bakri et al., 2009; Weese et 

al., 2009; Rodriguez-Palacios et al., 2009; Songer et al., 2009). Soil, water, pets, animals 

used for food, meats and vegetables are possible community sources of CDI however no 

conclusive evidence has indicated that C. difficile contaminations of food have led to clinical 

CDI in humans (Rupnik et al., 2009). Nevertheless, due to the rise in CDI rates in recent 

years, a common vehicle, such as food, cannot be ruled out (Rupnik et al., 2009).  

 

In animals, C. difficile is mainly known as an important pathogen in horses, but it has been 

reported that C. difficile infects numerous wild and domestic animals and more recently, 

piglets and calves. As with infection of humans, CDI in animals is associated with non-

protective normal gut flora (Rupnik et al., 2009). 

 

Incidence of C. difficile infection  

Since 2000, an increase in severe CDI rate has been reported in Canada (Pepin et al., 

2004), the United States (US) (Dallal et al., 2002) and Europe (Kuijper et al., 2008). US 

hospital discharges from which CDI was listed as any diagnosis has risen from 31/100 000 

people in 1996 to nearly double in 2003 (McDonald et al., 2006). Mortality rates related to 

CDI have quadrupled from 1999 to 2004 (Redelings et al., 2007). In the US, CDI increased 

from <150,000 cases in 2000, to more than 300,000 cases per year in 2006 (Rupnik et al., 

2009). It is currently estimated that there are about 500,000 cases of CDI per year in US 

hospitals and long-term facilities (Health, 2006), and an estimated 15,000 to 20,000 patients 

die from CDI in the US each year (Rupnik et al., 2009). In Québec, Canada, the incidence in 
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CDI increased from 35.6 cases per 100,000 persons in 1991 to 156.3 per 100,000 in 2003 

(Pepin et al., 2004). In Saxony, Germany, the incidence of CDI increased from 1.7 to 3.8 

cases per 100,000 people in 2002 to 14.8 cases per 100,000 people in 2006 (Burckhardt et 

al., 2008). In Spain, the incidence of hospital discharges in patients aged > 65 years with a 

diagnosis of CDI increased threefold between 1997 and 2005 (Soler et al., 2008). In France, 

the CDI represented 19 % of all rare and severe nosocomial infections caused by 

microorganisms in 2006 against 1 % in the previous years. More than half of these cases 

were reported in the North of France (Thiolet et al., 2008). In the United Kingdom there has 

been a 72% increase in CDI between 2005 and 2006 (McFee & Abdelsayed, 2009). All these 

data suggest an overall increase of CDI in the recent years, indicating that this pathogen has 

become a major concern for public health. 

 

Risk Factors 

The major risks for infection with C. difficile are antibiotic exposure (specially clindamycin, 

cephalosporins and more recently fluoroquinolones) (Bartlett, 2006), advanced age 

(particularly patient over 65 years old), hospitalization (gastrointestinal surgery, nosocomial 

epidemics, length of stay) and acquisition of toxin-producing strains of C. difficile (Bartlett, 

2006; Bartlett, 2002).  

 

Diagnosis 

The diagnosis of CDI is typically based on the appropriate clinical context-history of recent 

antibiotic use and diarrhoea, along with possibly other symptoms e.g. fever and abdominal 

discomfort, in combination with laboratory testing (McFee & Abdelsayed, 2009). 

The standard test for CDI is the detection of C. difficile toxin stool. The initial report in 1978 

used the tissue culture assay, and no subsequent test has proven superior in terms of 

sensitivity or specificity. However, the limitations of this test are the time required for results 

(24-48 hours), the work intensity and cost (Bartlett, 2006). Other tests include enzyme 

immunoassays to detect toxin A or both toxins A and B that take less time to produce a 

result. However they are only around 75 % sensitive compared with tissue culture assay or 

toxigenic C. difficile culture (Bartlett, 2006; McFee & Abdelsayed, 2009).  

 

Alternative methods include C. difficile detection by culture, by PCR testing, by analysis of 

the “common antigen” of C. difficile (glutamate dehydrogenase – GDH – detection) (Bartlett, 

2006). An overview of the common diagnostic tests used is present on Table 1.5.  
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Treatment 

Recommendations for treatment of CDI are supportive care, withdrawal of the implicated 

antibiotic, and avoidance of unnecessary use of drugs (Bartlett, 2006). When symptoms are 

at least moderately severe or persistent despite the withdrawal of the implicated anti-

microbial agent, the usual options are vancomycin or metronidazole administration (Bartlett, 

2006). Metronidazole is usually recommended as a first line treatment whereas vancomycin 

is reserved for severe CDI. Although these antibiotics are the common treatment of CDI, they 

present several drawbacks. Metronidazole administered either orally or intravenously, only 

reaches with low therapeutic levels in the colon. Therefore even a slightly elevated MIC of C. 

difficile for metronidazole may lead to therapy failure (Herpers et al., 2009). Furthermore, 

metronidazole levels decrease to undetectable levels as diarrhoea and inflammation resolve 

(Al-Nassir et al., 2008). Vancomycin administered intravenously does not reach therapeutic 

levels in the colonic lumen (Herpers et al., 2009). Oral vancomycin is not absorbed and 

serum levels are low or absent while levels achieved in the site of infection in the colon 

lumen are several hundred-fold higher than the highest MIC recorded (16 µg/ml) (Bartlett, 

2009). The use of these drugs have raised concerns about the selection of vancomycin-

resistant enterococci (VRE), as both vancomycin and metronidazole have been shown to 

promote persistent VRE overgrowth during the treatment of CDI (Critchley et al., 2009). In 

severe CDI cases with ileus or refractory colitis, colectomy is considered as an option and is 

Table 1.5 | Diagnosis tests of C. difficile infection (adapted from Rupnik et al., 2009). 
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being now performed in 0.5 % to 2 % of the cases (Bartlett, 2009). Although some first line 

drugs exist against CDI, there is an urgent need for new types of CDI treatment. At the 

present date there are several agents in the pipeline including antibiotics (e.g. difimicin 

(Ackermann et al., 2004), rifamycins (Garey et al., 2008), and teicoplanin (Wenisch et al., 

1996)), anionic polymers (e.g. tolevamer (Barker et al., 2006)), as well as specific antibodies 

against C. difficile (e.g. anti-CD-WPC (Young et al., 2007), HuMAb CDA1 (Babcock et al., 

2006; Bartlett, 2009; McFee & Abdelsayed, 2009; Critchley et al., 2009). Other strategies are 

considered to control or to prevent C. difficile infection such as fecal biotherapy, intravenous 

immunoglobulin (IVIG) (see Relapses), toxoid vaccine that induces immune responses to 

toxins A and B in patients with CDI (Sougioultzis et al., 2005), and probiotics 

(Saccharomyces boulardii and Lactobacillus ramosus) (Critchley et al., 2009; Herpers et al., 

2009; Bartlett, 2009).  

Nevertheless, there is an urgent need for new narrow-spectrum agents with low oral 

bioavailability that are active against C. difficile, but do not disrupt the ecological balance of 

the normal intestinal flora (Critchley et al., 2009). In the case of asymptomatic carriers, the 

use of antibiotics to suppress C. difficile is not recommended. It could even contribute to 

pathogen overgrowth and/or promote antimicrobial resistance (McFee & Abdelsayed, 2009). 

 

Relapses 

The major complication of CDI is relapses, which occur in about 20 % of patients treated with 

metronidazole or vancomycin (Bartlett, 2006). The patients report a recurrence of symptoms 

identical to those of the initial illness, usually within 1 week but up to 6 to 8 weeks after 

vancomycin or metronidazole is withdrawn (Bartlett, 2006). Relapse may be caused by the 

initial strain of C. difficile, but nearly half of patients experiencing relapse may be infected 

with new strains of C. difficile (Bartlett, 2006). Patients who are retreated for relapse have a 

40 % probability of another relapse, and after that the rate is 60 % or more (Bartlett, 2009). 

No consensus exists regarding the treatment of relapses but several approaches have been 

proposed, including probiotics (see The gut Microbiota) (Bartlett, 2009) in combination with 

standard treatments. Another alternative intervention is the IVIG) based on the assumption 

that relapses reflect the inability to raise an antigenic response to toxin A as indicated by the 

circulating levels of IgG. Another option is a tapering dose of vancomycin over a 2-week 

period combined with “pulse therapy” using 125 mg orally, on alternate days from 4 to 6 

weeks. This approach has two main goals: first, the antibiotic treatment (“pulse”) will 

eradicate the C. difficile vegetative forms; secondly, the time between two pulses will allow 

the germination of spores (that are resistance to the antibiotic) that will be further eliminated 
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on the next pulse. Finally, faecal transplants using stools from a healthy donor delivered by 

nasogastric tube or by retention oedema have been successfully used in open trial. However, 

this treatment is not readily available because it is administratively difficult and aesthetically 

displeasing and financial reimbursement is questionable (Bartlett, 2009). 

Although several options exist for treating relapses, none is easily accomplished and 

consistently effective. Therefore this area presents a potential for research of new drugs to 

limit C. difficile growth during the reestablishment of normal flora, which is the best 

mechanism to control C. difficile (Bartlett, 2009). 

 

Costs of C. difficile Infections  

The cost of CDI could be among the most significant components of the cost of patients 

hospitalized with a serious infection and receiving potent antibiotic therapy (Weese et al., 

2009). In 2003, there were 178,000 reported cases of C. difficile in short-term hospitals in the 

US. This would result in an approximate cost of CDI from $897 million to $1,3 billion (Rohde 

et al., 2009). A 2002 prospective cohort study performed at a Massachusetts institution 

showed that the median total cost of a typical case of CDI was $12,824.90, which was 54 % 

higher than the hospital cost for a patient without CDI. Assuming a total of 239,000 cases of 

CDI per year in the US an estimation of the annual cost of CDI in the US would be of 

approximately $1.3 billion per year (Dubberke & Wertheimer, 2009). Although depending of 

the study the estimation of the CDI cost can vary, it is evident that the financial burden of CDI 

is onerous and expected to increase. 

 

Prevention of CDI 

Infection control measures to prevent CDI in hospitals fall into two main types: prevention of 

C. difficile spores from reaching patients and reduction of CDI risk of patient already exposed 

to the organism. Isolation of patients with CDI in single room with private toilet facilities, and 

the use of gowns and gloves by health care workers as well as hand washing with soap are 

effective barrier methods. A sporicidal hypochlorite solution can significantly reduce spore 

contamination of the environment from CDI patients, but displays several drawbacks 

including the corrosive effect on the environment, pungent odour, and cutaneous and 

respiratory irritation (Wilcox et al., 2003). 

Reducing antibiotic prescriptions can prevent CDI. A decrease of CDI incidence has been 

observed after the restriction of first-, second-, and third-generation cephalosporins, 

clindamycin, macrolides, and ciprofloxacin (Valiquette et al., 2007). 
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The use of probiotics to prevent CDI has been reported, however there is insufficient 

evidence for the routine clinical use. Trials in children and infants appear to support the 

efficacy of probiotic supplementation to prevent CDI, but in adult hospitalized patients, results 

are not so well defined (Rohde et al., 2009). 

Another approach consists on the use of non-toxigenic strains of C. difficile to prevent 

toxigenic C. difficile infection. This study was done in the hamster model, where it was shown 

that non-toxigenic strains where able to prevent CDI following a single dose of an 

antimicrobial agent such as ceftriaxone or ampicillin (Merrigan et al., 2009).   

For the vaccine strategy, many proteins have been identified to have immunogenic 

properties. These include toxins A and B, the flagellar cap protein FliD, the flagellin protein 

FliC, the carboxyl-terminated domain of the cell wall protein Cwp66, as well as the protease 

cell wall protein 84 (Cwp84), (McFee & Abdelsayed, 2009). There is also evidence that a 

failure to develop a protective immune response to C. difficile toxins is associated with an 

increased risk for recurrent CDI (Sougioultzis et al., 2005).  

Tests using animal models of C. difficile disease and toxin A preparations partially or fully 

purified (toxoid or truncated protein carrying the non-toxic domain) resulted in significant 

induction of serum antibodies against TcdA. The immune response induced was capable of 

preventing toxin binding and neutralizing inflammatory effects. Parenteral vaccination with 

formalin inactivated toxoids in the hamster model proved to be efficient in protection against 

morbidity and mortality. Experiments are underway to test such a vaccine in humans. The 

recent development of a DNA vaccine encoding the receptor-binding domain of C. difficile 

toxin A (see Toxins), optimized for expression in human cells capable of inducing a 

protective immune response to prevent CDI (Gardiner et al., 2009) has also been reported, 

although is still in early development. However, a toxin-based vaccine does not affect C. 

difficile colonization and could not prevent patient-to-patient transmission (Pechine et al., 

2007). Thus, other studies are underway using FliD, FliC and Cwp84 that have already been 

shown to be highly immunogenic in the mouse model (Pechine et al., 2007), as well as 

surface-layer proteins (SLP) to activate immunization (Ni Eidhin et al., 2008). An effective 

vaccine to prevent CDI would confer significant clinical benefit, reduce widespread morbidity 

and mortality caused by CDI and improve public health (McFee & Abdelsayed, 2009). 

 

Typing 

In order to study the epidemiology of C. difficile infection a typing method with high 

discriminatory power and reproducibility is necessary (Kuijper et al., 2009). Typing is also 

used to determine the role of the environment and to document outbreaks; it can also be 
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applied to distinguish recurrences (same strain) from re-infections (due to a new strain) 

(Kuijper et al., 2009). 

Typing is classified into phenotypic and genotypic methods. Phenotypic methods differentiate 

on the basis of products of gene expression, whereas genotyping methods analyse the 

genetic profile of the strains.  Molecular typing methods are generally more efficient than 

phenotypic methods due to the stability of genomic markers and providing greater levels of 

typeability (Kuijper et al., 2009).  

 

Typing methods for the analysis of C. difficile epidemiology were initially based on 

phenotypic markers such as protein profiles, immunoblotting, and serogrouping (which is 

considered as the reference phenotyping method). Genotypic markers were then developed 

by the analysis of chromosomal DNA through restriction enzyme analysis (REA), pulsed-field 

gel electrophoresis (PFGE) or PCR analysis (arbitrary primed AP-PCR, random amplified 

polymorphic DNA-RAPD, PCR-ribotyping, amplified fragment length polymorphism-AFLP). 

PCR-ribotyping is the most widely accepted molecular typing method, which combines 

technical feasibility, discriminatory power, and easy interpretation. The analysis of 

polymorphism of genes encoding both toxins A and B (called toxinotyping), (Rupnik et al., 

2009), or flagellin, and surface protein SlpA genes have shown a promising approach to link 

epidemiology and virulence. Finally the MLST technique (Multilocus Sequence Typing) 

allows both macro-epidemiology and phylogenetic analysis of C. difficile (see Table 1.6) 

(Lemee & Pons, 2004).  

 
Table 1.6 | Characteristics of genotyping methods. REA- restriction enzyme analysis; RFLP- restriction 
fragment length polymorphism; AP-PCR- arbitrary primed PCR; RAPD- random amplified polymorphic DNA; 
PFGE- pulsed-field gel electrophoresis; AFLP- amplified fragment length polymorphism; MLST- multilocus 
sequence typing; MLVA- multilocus variable number of tandem repeats analysis (adapted from Kuijper et al., 
2009). 
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For the early and rapid detection of outbreak situations, methods such as REA, AP-PCR, and 

PCR ribotyping are commonly used. Concerning PCR-ribotyping, more than 150 easily 

distinguishable groups have been already identified (Dawson et al., 2009). For long-term 

epidemiology MLST is of interest, whereas for short-term analysis MLVA can be used 

(Kuijper et al., 2009). Further advances in molecular subtyping methods will assist in better 

understanding the epidemiology of this important nosocomial pathogen. 

 

C. difficile epidemic strains 

Since the early 2000s, a new, hypervirulent strain of C. difficile has been implicated in C. 

difficile outbreaks associated with increased morbidity and mortality (Hookman & Barkin, 

2009). From 1991 through 2003, researchers from Sherbrooke (Québec, Canada), observed 

that incidence of CDI per 100 000 people increased 4-fold for the entire region and 10-fold 

for persons older than 65 years of age. CDI was reported to be more resilient to therapy, and 

subject to high rates of relapse (Pepin et al., 2004). At the same time in U.S., reports 

mentioned an increased frequency and severity of C. difficile infections (McDonald, 2005) 

from at least 38 states (Kuijper et al., 2008) which was associated to the spread of a 

common strain (PCR ribotype 027) of C. difficile (O'Connor et al., 2009). Since 2003, 

outbreaks associated with the same hypervirulent strain occurred in different countries of 

Europe (Fig 1.9 C) (Kuijper et al., 2007; Kuijper et al., 2008). 
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This epidemic hypervirulent strain has several designations according to the biological 

property tested: NAP1 by PFGE, BI by REA, toxinotype III, and PCR-ribotype 027. The 

NAP1/BI/027 strain (or briefly 027) presents several factors that may contribute to its clinical 

features. The first factor is that strain overproduces in vitro toxin A and toxin B, the major 

virulent factors associated with CDI, Moreover the tcdC gene encoding a negative regulator 

of toxin production is deleted in this strain and could contribute to increased levels of toxins. 

The second factor is the presence of a binary toxin, similar to the iota toxin of C. perfringens 

type E, though its role in the pathogenesis of CDI is still unclear (Barbut et al., 2005). The 

third factor is the in vitro resistance to fluoroquinolones (moxifloxacin, gatifloxacin), which 

was rarely observed in strains collected before 2001. This resistance may have promoted the 

selection of this clone in patients treated by fluoroquinolones rather than contributing to its 

virulence (Bartlett, 2006). Furthermore, the epidemic 027 strains present increased rate of 

sporulation compared to the non-epidemic 027 strains, a feature that could contribute to its 

survival and dissemination (Akerlund et al., 2008).  

Two 027 strains, (QCD32q58 that caused outbreaks in hospitals of Quebec area, and 

R20291 responsible for a CDI outbreak in UK) are currently being sequenced and analysed 

(Dawson et al., 2009). The comparison of the genomes to the so-called ‘‘historic non-

epidemic’’ 027 strains (CD196, (Popoff et al., 1988)) will help to reveal the subtle genetic 

changes that have enabled the modern 027 counterparts to be so problematic (Dawson et 

al., 2009). 

 

Although widespread, 027 strains do not account for all cases of C. difficile and other PCR-

ribotype clones are emerging. The toxin A-B+ strains, which are in majority PCR-ribotype 017, 

form another epidemic C. difficile clonal lineage that emerged in the past decade in parts of 

Asia and Europe. A report from a Korean group showed that 50.9 % of 106 isolates, most of 

which caused severe PMC in patients, were toxin A-B+ (ribotype 017) (Kim et al., 2008), 

Figure 1.9 | Distribution of NAP1/BI/027 epidemic 
C. difficile strain. A- States in the United States 
that have had hospital that has reported CDI 
caused by the NAP1/BI/027 epidemic strain as of 
October 2008 (red). B- Percentage of C difficile 
isolates in Canadian provinces (no data are 
available for territories) with the NAP1/BI/027 
strain in the 2005 Canadian Nosocomial Infection 
Surveillance Program (CNISP) survey. C- 
Hospitals in Europe reporting outbreaks (stars) 
and sporadic cases (circles) of CDI caused by the 
NAP1/BI/027 strain (O'Connor et al., 2009).  
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whereas in Ireland 95 % of 85 isolates were toxin A-B+ (ribotype 017) and fluoroquinolone-

resistant (Drudy et al., 2007).  

 

The PCR-ribotype 078 is of particular interest as it has been found in animals (calves, pigs), 

meat (Rupnik et al., 2009) and humans. All C. difficile type 078 isolates belong to toxinotype 

V and carry the binary toxin genes.  The incidence of ribotype with 078 strains among 

patients in The Netherlands from 2005-2008 has increased from 3 % to 13 %.  Like the PCR-

ribotype 027, the 078 strains present similar severity of CDI. However, patients infected with 

078 strains were generally younger and had community-associated disease more frequently 

than patients infected with ribotype 027 (Rupnik et al., 2009; Dawson et al., 2009). Other 

strains, such as PCR ribotypes 001, 053 and 106, have also been responsible for outbreaks 

and severe cases (Rupnik et al., 2009). 

 

The PCR-ribotype 017 (toxin A-B+ strains) was first identified in the early 1990s and differ 

from the 078 and 027 ribotypes in their geographical sources. The majority of outbreaks of 

017 mediated CDI have been restricted to Korea, Asia, Ireland and Poland, which may 

indicate adaptation to a geographical niche (Dawson et al., 2009). 

 

The proportion of variant strains in human is increasing, and some variant strains such as 

toxinotype III (including ribotype 027), toxinotype VIII (including ribotype 017) and toxinotype 

V (including ribotype 078) have been associated with outbreaks worldwide (Rupnik et al., 

2009). Methods that can rapidly distinguish 017, 027 and 078 strains are urgently required to 

identify host and environmental factors that might influence the development of CDI. The lack 

of understanding of the population biology of C. difficile means that it is not yet known where 

these epidemic clones have emerged from and how they continue to evolve. The availability 

of whole genome sequence data and comparative genomics as well as epidemiology data 

will provide clues as to the origin and evolution of these important lineages (Dawson et al., 

2009). 

 

Animal Models 
CDI has been studied in a number of animal species, including hamsters, guinea pigs, 

rabbits, germ-free mice and rats (Chen et al., 2008). These animal models have been used 

to study the immunological and the genetic basis of infection susceptibility. They have been 

also used to identify and understand the factors and the mechanisms that allow C. difficile to 

survive and colonize the human intestinal gut and promote diarrhoea or colitis, as well as to 

develop new strategies for CDI therapy. 
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The Syrian golden hamster model is the most widely used model for studying most of the 

important aspects of human infection by C. difficile (Abrams et al., 1980; Sambol et al., 

2001). In this model, CDI is generally initiated by a variety of antibiotics, such as clidamycin, 

prior to experimental challenge or exposure to toxigenic C. difficile in the environment (Chen 

et al., 2008). The disease in hamsters primarily affects the cecum (proximal colon) and to a 

lesser extent the ileum, and is followed by pathological signs (Geric et al., 2006). Similar 

findings are encountered in the pseudomembranes observed in the colon of patients with 

PMC (Lyerly et al., 1988). The hamster develops diarrhoea and dies quickly (1-3 days) from 

severe enterocolitis upon challenges by toxigenic strains, especially with the highly virulent 

C. difficile strains (within 48 hours) (Chen et al., 2008; Razaq et al., 2007). Hamster infants 

can have high numbers of toxigenic C. difficile and high levels of toxins A and B in their 

stools without symptoms, a phenomenon that is also observed in human infants. The 

reasons for this are not known, but the hamster model could provide some insight (Lyerly et 

al., 1988). 

The hamster model has been used in epidemiology studies, lethality comparison of historical 

and epidemic 027 strains (Razaq et al., 2007), C. difficile pathogenicity studies (Sambol et 

al., 2001), in search for components for the CDI treatment (Kokkotou et al., 2008), and in the 

development of potential vaccines such as the C. difficile toxoids (Chen et al., 2008). 

However, the hamster is not a complete ideal model because it only represents a fulminant 

and lethal progression of disease and not the usual progression and range of CDI in humans 

(Chen et al., 2008).  

 

Studies on CDI have been also carried out on germ-free mice and rats. These animals are 

not susceptible to the disease as are hamsters, but they are colonized by C. difficile. When 

challenged, they develop some intestinal pathology, but only a low percentage die from the 

infection (Lyerly et al., 1988). Unlike the CDI in hamsters, the disease in germ-free mice and 

rats involves the colon, and pseudomembranes appear as in human disease (Chen et al., 

2008). The CDI in these animals develops slower than in the hamsters, and therefore may be 

better suited to study PMC (Lyerly et al., 1988). Furthermore, the use of gnotobiotic rodents 

allows the study of the interaction of C. difficile and its toxins with the host without any 

influence of other bacteria (Vernet et al., 1989). An important advantage of the murine CDI 

model is the relative abundance of molecular tools and immunogenic reagents when 

compared to hamster species (Chen et al., 2008). 

The barrier to the development of CDI in mice appears to be the colonization resistance 

conferred by the presence of a normal colonic microflora. Therefore, the murine model allows 

an experimental evaluation of the mechanism and key components of colonization resistance 
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that may provide information to CDI prevention and treatment in human antibiotic recipients 

(Chen et al., 2008).  

 

Rodent models have also offered information about C. difficile pathogenicity and particularly 

in the steps of colonization and interaction with the host gut cells as well as the modulation of 

toxin production and the role of the intestinal bacteria in protection (Mahe et al., 1987); 

(Pechine et al., 2007). The rabbit animal model has considerably contributed to the research 

on the biological activity of C. difficile toxins on the mucosal gut (Burakoff et al., 1995; Lima 

et al., 1988). Recently, the zebrafish embryo was used to study C. difficile pathogenesis 

(Hamm et al., 2006). 

 
1.3.2 C. difficile Physiopathology 
CDI is generally precipitated when normal colonic microbiota is disrupted by antimicrobial 

therapy, (Deneve et al., 2009). Lawley et al. have shown in the mouse model (see Animal 

models) that without antibiotic treatment, the carrier mouse with low C. difficile shedding, 

maintained a diverse microbiota community structure dominated by members of Firmicutes 

and Bacteroidetes phyla (Fig.1.10), a typical profile of a stable mammalian intestinal 

microbiota, which prevents normal C. difficile growth. However, when mice were exposed to 

clindamycin, there was a dramatic alteration of the carrier microbiota, with a major loss of 

species richness, particularly in the Bacteroidetes and obligate anaerobic Firmicutes species, 

and consequently an increase of the facultative anaerobes such as Escherichia coli and 

Enterococcus casseliflavis, as well as an increase of C. difficile shedding with high levels of 

spore excretion. Later on, the level of C. difficile colonization was directly associated with the 

re-establishment of a stable colonic bacterial community (Fig.1.10) (Lawley et al., 2009a). 

Thus a stable intestinal microbiota is recognized to be an essential colonization barrier to C. 

difficile infection.  
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After contamination by C. difficile, spores germinate and the vegetative forms multiply 

(Deneve et al., 2009). C. difficile can adhere to the mucus layer and colonize the human gut. 

Toxigenic strains produce both toxins A and B that will lead to host symptoms of CDAD 

raging from mild diarrhoea to pseudomembranous colitis that can be lethal. The process of 

C. difficile pathogenesis includes three main steps: spores germination, cell colonization and 

toxins production (Fig. 1.11). 

 

Figure 1.10 | Antibiotic-induced C. difficile 
supershedding state is associated with reduced 
intestinal microbiota diversity. (a) Average fecal 
shedding of C. difficile by carrier mice treated with 
clindamycin to induce a transient supershedder 
state. The error bars indicate standard deviations. 
DNA extraction from feces from each mouse at the 
indicated time points (green arrowheads) to create 
16S rRNA gene clone libraries. (b) Temporal shifts 
in the intestinal bacterial community after 
clindamycin treatment of carrier mice as determined 
by 16S rRNA gene analysis. The levels of 
predominant bacterial groups are expressed as 
percentages of the clone libraries using pie charts. 
(c) Shannon Diversity Index (SDI) for each phase of 
the microbiota community structure determined by 
16S rRNA gene phylotypes (adapted from Lawley et 
al., 2009a). 
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Spore Germination 
The ability of C. difficile to form spores is a key feature in its persistence in patients and in 

the environment for long periods and thereby facilitating its transmission (Poutanen & Simor, 

2004). In fact, spores are resistant to several stress conditions such as heat, radiation, 

hydration, chemicals, and antibiotics (Sorg & Sonenshein, 2008) (fig.1.12).  

 

  
 

Figure 1.11 | Pathogenesis of C. 
difficile-associated diarrhea (CDAD). 
The pathogenesis includes three 
main steps: spores germination in 
the small bowel, colonization and 
adhesion of C. difficile vegetative 
cells to the gut mucosa, production 
of toxins A and B that leads to 
CDAD symptoms (adapted from 
Poutanen & Simor, 2004).  

Figure 1.12 | Transmission electron microscopy of 
sectioned C. difficile 630 spores, demonstrating the 
spore ultrastructure including the exosporium, coat, 
cortex, core, membrane, and ribosomes. Bar, 100 nm 
(adapted from (Lawley et al., 2009b)). 
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C. difficile spores are acid resistant and pass through the stomach. Afterwards, upon 

exposure to bile acids, they germinate in the small bowel (Poutanen & Simor, 2004). 

Furthermore, studies made on hamster models show that most ingested vegetative cells are 

killed in the stomach, with only 1 % of the inoculum passing into the small bowel (Poutanen & 

Simor, 2004). Thus, the majority of C. difficile that arrives at the small bowel is in the spore 

form. 

 

Bile is produced by the liver and stored in the gall bladder. To aid in digestion, the gall 

bladder secretes bile into the duodenum, where it helps to absorb lipids and cholesterol. The 

primary bile salts produced by the liver consist mainly of cholate (CA) and 

chenodeoxycholate (CDCA) that can be further metabolized by the liver via conjugation with 

taurine or glycine (e.g., taurocholate (TA), glycocholate (GCA), taurochenodeoxycholate 

(TCDCA), and glycochenodeoxycholate (GCDCA) (Sorg & Sonenshein, 2008; Sorg & 

Sonenshein, 2009). When the primary conjugated bile salts pass into the lower bowel, they 

are deconjugated by the normal bacterial flora. For instance, GCA is deconjugated into CA 

and glycine.  

After deconjugation, the primary bile salts CA and CDCA are further metabolized by a small 

percentage of bacterial species in the cecum to the secondary bile salts deoxycholate (DCA) 

and lithocholate (LCA), respectively. CA and glycine act as co-germinants and are sufficient 

to stimulate germination and outgrowth of C. difficile spores (Sorg & Sonenshein, 2008). Both 

DCA and CDCA inhibit C. difficile growth and the latter also germination (Sorg & Sonenshein, 

2009). Conjugated CDCA and CA are present in approximately equal concentrations in the 

cecum. Under such conditions, CDCA could compete with CA for binding to putative 

germinant receptors on C. difficile spores. Afterwards, the colon absorbs the CDCA at a rate 

10 times higher than for CA. Thus, when spores reach the distal large intestine, they should 

encounter more CA than CDCA. That difference might allow CA derivatives to act as 

effective germinants. As a consequence, C. difficile spores germinate when they reach the 

colon, where an anaerobic environment exists, a condition required for C. difficile growth 

(Sorg & Sonenshein, 2009). A recent proteomic study suggested that during spore formation 

the energy produced from amino acid fermentation (Stickland reaction) and carbohydrates 

produced from pyruvate metabolism are both important requirements early in the germination 

of C. difficile spores (Lawley et al., 2009b). 

 

Colonization and Adhesion 
After germination, C. difficile must be implanted in the gut and attached to epithelial cells, 

which are protected by a layer of dense mucus, in order to induce its pathogenicity (Pechine 
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et al., 2007). C. difficile can adhere to the mucus layer with the aid of flagella and proteases. 

Then, it will adhere to the enterocytes (intestinal absorptive cells) present in the small bowel 

and colon, by means of its multiple adhesins (Deneve et al., 2009). 

C. difficile cell surfaces are moderately hydrophobic, even when grown in ex vivo conditions, 

and carry a net positive charge. This charge is evenly distributed and resides predominantly 

in the cell wall. Charge interactions with negatively charged host cells may contribute to gut 

colonization (Borriello, 1998), as well as capsule production (Seddon et al., 1990). 

Attachment of C. difficile to the mucus, the first barrier encountered during colonization, 

involves flagellar components such as cap protein (FliD), and flagellin (FliC), which 

possesses immunogenic properties (Deneve et al., 2008). C. difficile also displays some 

surface proteolytic activities directly correlated with virulence in the hamster model. Among 

them, hyaluronidase, chondroitin-4-sulphatase, collagenase and protease activity seem to 

contribute to the release of essential nutrients and therefore promote establishment of C. 

difficile in the gut (Seddon et al., 1990). A well-characterized protease is the Cwp84 

(Clostridial Wall Protein, 84kDa), a cysteine protease, which degrades several extracellular 

matrix proteins thus contributing to the disruption of host tissue integrity (Janoir et al., 2007). 

Surface layer proteins (SLPs) mediate adherence to the mucus and/or to the intestinal 

epithelial cells. These proteins are within the S-layer, a paracrystalline proteinaceous array in 

the outer cell surface that completely coats the bacterium. The S-layer is formed of two 

proteins, the high-molecular-weight P47 (HMW) and the low-molecular-weight P36 (LMW) 

(Emerson et al., 2009; Janoir et al., 2007). Both subunits are encoded by the slpA gene and 

are produced by posttranslational cleavage of the SlpA precursor (Fig. 1.13) (Janoir et al., 

2007). 

 
 

 

 

 

Figure 1.13 | Model of the cell wall of C. difficile.  
(A). The two SLPs are shown above the peptidoglycan layer: the HMW SLP (light grey), the LMW SLP (dark 
grey). Other minor cell wall proteins are shown as two-lobed structures (white); the filled areas, indicating 
domains predicted to be exposed to the environment, are variable between these proteins. Putative cell wall 
polymers including putative lipid-containing polymers are shown as vertical black bars. (B). The precursor 
protein SlpA showing the cleavage sites generating the signal peptide () and the mature HMW SLP and 
LMW SLP () (Fagan et al., 2009).  



Introduction 

 61 

After cleavage, the resulting HMW and LMW SLPs interact via defined domains to form a 

stable heteromeric complex (Fig. 1.14) (Emerson et al., 2009).  

  
 

HMW P47 shows strong and specific binding to gastrointestinal tissues of both human and 

mouse and some extracellular matrix proteins (type I collagen, thrombospondin, and 

vitronectin) (Janoir et al., 2007; Emerson et al., 2009). Furthermore, SLPs have been shown 

to induce inflammatory and regulatory cytokines in human monocytes and dendritic cells, 

suggesting that during infection they may interact with the immune system (Emerson et al., 

2009). Other surface proteins, which mediate in vitro adherence to Vero cells and may be 

involved in in vivo colonization, include the adhesin Cwp66 (Clostridial Wall Protein, 66kDa), 

expressing the cell wall-anchoring N-terminal domain with adhesive properties; the heat 

shock protein GroEL; and the fibronectin-binding protein Fbp68 (Janoir et al., 2007). Most of 

these surface-associated proteins are able to induce an immune response in patients with 

CDAD, therefore confirming that these proteins are expressed during the course of the 

infection and could be involved in vivo in the colonization process (Deneve et al., 2008). 

 

Bacterial peptidoglycan hydrolase (PGHs), also called autolysins are endogenous enzymes 

that can break covalent bonds in the peptidoglycan of their own cell wall. They play a major 

role in the cell wall remodelling and they have also been involved in the virulence of some 

bacteria such as the generation of inflammatory cell-wall degradation products (Dhalluin et 

al., 2005). In C. difficile the major autolysin Acd has been characterized, however its role in 

pathogenesis is still not defined (Dhalluin et al., 2005). 

 

Toxins 
In the late 1970s, it was recognized that C. difficile toxins A (TcdA) and B (TcdB) are involved 

in AAD and PMC after colonization and proliferation of C. diffcile in the human gut (Bartlett et 

Figure 1.14 | Model of the orientation of 
the HMW and LMW SLPs on the surface 
of C. difficile. The small-angle X-ray 
scattering (SAXS) structure of the H/L 
complex is shown as above with a ribbon 
representation of the LMW SLP1-262 
crystal structure overlaid in blue. The 
HMW SLP is also shown interacting with 
the cell wall through one region of the 
protein; however, the extent and exact 
nature of this interaction is currently 
unknown (Fagan et al., 2009).  



Introduction 

 62 

al., 1978; Belyi & Aktories, 2009).  Most of the symptoms of CDI can be reproduced in animal 

models by the purified toxins alone (Rupnik, 2008). 

 

Historically, toxin A was designated as an enterotoxin, whereas toxin B was termed as a 

cytotoxin. Toxin B was generally 100 to 1000-fold more potent in inducing cytotoxic effects in 

cell culture than toxin A, most likely due to different receptor binding (Voth & Ballard, 2005). 

In humans, both TcdA+TcdB+ and TcdA-TcdB+ C. difficile strains cause enterotoxic effects, 

suggesting that TcdB is sufficient to cause disease in humans independently of TcdA (Genth 

et al., 2008). In addition, TcdB is able to induce destruction of mucosal gut tissue in humans, 

even more than TcdA, suggesting that TcdB could be more important in the pathogenesis of 

C. difficile colitis in humans (Riegler et al., 1995). Recently it was shown that toxin B, but not 

toxin A, is crucial for virulence of C. difficile by testing isogenic tcdA and tcdB mutants strains 

in the hamster model (Lyras et al., 2009).  

 

TcdA and TcdB are single-chain toxins with molecular masses of 308 and 270 kDa, 

respectively. They belong to the group of large clostridial cytotoxins (LCT), defined by their 

inherent glucosyltransferase (GT) activity, along with the lethal toxin (TcsL) and the 

hemorrhagic toxin (TcsH) of C. sordellii, and the α-toxin (Tcnα) from C. novyi (Aktories & 

Just, 2005; Schumann, 2009; von Eichel-Streiber et al., 1996). All these toxins are 50 % to 

90 % identical in their amino acid sequences and they are all large proteins of 250 to 308 

kDa. At least four domains « ABCD » can be distinguished in TcdA and TcdB of C. difficile, 

which are involved in biological activity (A-domain), receptor binding (B-domain), auto-

proteolytic cleavage during toxin-processing (C-domain), and delivery of the A-domain into 

the cytosol (D-domain) (Fig. 1.15) (Belyi & Aktories, 2009). 

 

 
 

 

 

Figure 1.15 | ABCD-model of clostridial glucosylating toxins. The large clostridial cytotoxins present at least 4 
domains. The A-domain covers the glucosyltransferase activity (note, C. novyi α-toxin possesses 
GlcNAcylation activity). The B-domain consisting of polypeptide repeats is involved in receptor-binding. The 
C-domain is responsible for the auto-catalytic cleavage of the toxins (arrow: cleavage site) and is a cysteine-
protease with the catalytic residues DHC. Lysine-600 (K) is involved in InsP6-binding that is necessary for 
activation of the cysteine protease. The D-domain is likely involved in the delivery of the A-domain into the 
cytosol. This domain contains a hydrophobic region suggested to be important for insertion of the toxin into 
endosome membranes (Belyi & Aktories, 2009).  
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The A-domain harbours the glucosyltransferase activity and is located at the N-terminus of 

the toxins. This is the only domain translocated to the cytosol (Belyi & Aktories, 2009). The 

B-domain (receptor-binding region) harbours polypeptide repeats called «combined repetitive 

oligopeptides» (CROPS) and is located at the C-terminus of the toxins (Genth et al., 2008). 

These CROPs exhibit homology to carbohydrate-binding regions of glycosyltransferases and 

to specific recognition domains of choline-containing cell-wall components (Just & Gerhard, 

2004; von Eichel-Streiber et al., 1992). The autocatalytic cleavage of toxins occurs by a 

cysteine protease activity involving the C-domain, directly downstream of the 

glucosyltransferase domain (residues 544-955,) (Egerer et al., 2007). The cysteine protease 

activity is enhanced by the inositol hexakisphosphate (InsP6), that binds the C-domain, 

causing a conformational change that induces the auto-catalytic activity (Reineke et al., 

2007; Egerer et al., 2009). InsP6 is, like other inositolphosphates (InsPs), an eukaryotic host 

factor involved in the regulation of a large variety of the eukaryotic cells processes in the 

cytoplasm, the plasma membrane and the nucleus, although InsPs usually act as cofactors 

for proper protein folding and activity (Reineke et al., 2007). Thus C. difficile toxins use 

eukaryotic signals to induce autoproteolysis that will deliver their toxic domains into the 

cytosol of target cells (Reineke et al., 2007).  

The D-domain is located between residues 767 and 1852, from which an internal region 

(residues 965 to 1128) has been suggested to participate in the formation of transmembrane 

structure during pore formation, leading to the translocation of toxins into the cytosol (Voth & 

Ballard, 2005). It has been shown that TcdA could form pores in artificial lipid membranes at 

low pH, which suggested that in living cells the low endosomal pH could trigger similar 

conformational changes and therefore may involve translocation via pore formation (Reineke 

et al., 2007; Giesemann et al., 2006). Nevertheless, it is not yet clear how pore formation is 

related to the delivery of toxins into the cytosol (Belyi & Aktories, 2009). 

 

Both TcdA and TcdB bind to cell membrane receptors as a receptor-toxin complex. Studies 

using enterocytes have shown that toxin A acts from the apical side of cells, whereas toxin B 

targets cells from the basolateral side (Stubbe et al., 2000). TcdA binds to carbohydrates, 

including α-Gal-(1,3)-β-Gal-(1,4)-β-GlcNAc on rabbit erythrocytes and hamster brush border 

membranes (Greco et al., 2006). Proteins have also been discussed as receptors for TcdA, 

including sucrase-isomaltase in the rabbit gut (Pothoulakis et al., 1996) and glycoprotein 96 

(gp96) in human colonocytes (Na et al., 2008). While undefined, the receptor of toxin B 

seems to be ubiquitous (Voth & Ballard, 2005). After binding to their cellular receptors, toxins 

are taken up by endocytosis and end up in early acidic endosomes, from where the active 

domains are translocated into the cytosol (Qa'Dan et al., 2000; Belyi & Aktories, 2009). The 
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translocation mechanism would be dependent on the low pH of endosomes. However it is 

not clear where or when in the uptake process the auto-catalytic processing of the toxins 

occurs (e.g. in the vesicles or in the cytosol), which finally results in release of the 

glucosyltransferase domain (Fig. 1.16) (Belyi & Aktories, 2009). 

 

 
 

 

 

 

Once in the cytosol, TcdA and TcdB glucosylate small GTPases of the Rho and Ras 

superfamily (Just et al., 1995a; Just et al., 1995b). The Rho GTPases proteins function in 

eukaryotic cells as molecular switches in a large array of signalling pathways and regulate 

the actin cytoskeleton (Aktories & Barbieri, 2005). The small GTPases bind and hydrolyze 

GTP to GDP and it is the alternation between the GTP-bound (active, membrane associated) 

and GDP bound (inactive, cytosol) states that regulates their activity. Hydrolysis of GTP is 

usually facilitated by numerous GTPase-activating proteins (GAPs). Activation of GTPases 

occurs after the nucleotide exchange induced by guanine nucleotide exchange factors 

(GEFs), which release GDP and allows rebinding of GTP (Fig. 1.17 A). RhoA, Rac1 and 

Cdc42 isoforms are the most extensively characterized members of the Rho family (Aktories 

& Barbieri, 2005). They have crucial roles in several cellular processes, including 

morphogenesis, migration, cytokinesis, phagocytosis and cell-matrix contacts. They are also 

involved in many other cellular functions such as superoxide anion production by NADPH 

oxidase, activation of transcription, cell polarity, cell cycle progression, apoptosis and 

transformation (Aktories & Barbieri, 2005). TcdA and TcdB modify most Rho, Rac and Cdc42 

Figure 1.16 | Up-take of large clostridial toxins. The large clostridial toxins bind with their C-terminal B-
domain to the membrane receptor of target cells. After endocytosis, toxins insert into the endosome 
membrane most likely involving the D-domain. Cellular InsP6 activates the cysteine protease C-domain. This 
results in cleavage of the toxin and release of the glucosyltransferase A-domain into the cytosol. In the 
cytosol Rho GTPases are glucosylated and thereby inactivated (adapted from Belyi & Aktories, 2009).  
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isoforms using UDP-glucose as cosubstrate (Belyi & Aktories, 2009). The glucose moiety is 

transferred to the conserved threonine residue of the small GTPases (Thr37 in RhoA, Thr35 

in Rac1, RhoG, or Cdc42, (Genth et al., 2008), which is located in the switch-I region 

involved in the interactions with effectors (Aktories & Barbieri, 2005). Toxin isoforms 

produced by toxigenic C. difficile strains may differ in their Rho protein specificity. For 

example the toxin B produced by the serotype F strain 1470 (TcdBF) glucosylates Rac1, 

RhoG, and Cdc42 but not Rho (A/B/C) (Genth et al., 2008). 

Glucosylation of Rho or Ras GTPases inhibits activation of the GTPases by GEFs and 

blocks interaction with their effectors, as well as the cycling of Rho GTPases between the 

membrane and the cytosol (Fig. 1.17 B). Moreover the glucosylated Rho proteins are located 

at the membrane. Thus toxin-induced glucosylation inhibits the active conformation of 

Rho/Ras GTPase (Belyi & Aktories, 2009).  

 
 

 

 

 

 

 

 

Figure 1.17 | (A) GTPase cycle of Rho proteins. Rho in its inactive, GDP-bound form is sequestered by the 
guanine nucleotide dissociation inhibitor (GDI). Nucleotide exchange and activation of the Rho protein is 
catalyzed by a guanine nucleotide exchange factor (GEF). Rho is active in its GTP-bound form and interacts with 
numerous effectors. GTP hydrolysis renders the Rho protein inactive. This step is promoted by a GTPase-
activating protein (GAP). (B) Effects of glucosylation by TcdA/B. Glucosylation by TcdA/B blocks the interaction of 
Rho-GTPases with effectors (1). This effect appears to be most important for functional inactivation of Rho-
GTPases. Glucosylation inhibits Rho activation by GEFs (2), blocks the Rho/GDI interaction in cytosol, and 
therefore the cycling of Rho proteins between membranes and the cytosol (3) and inhibits GTP hydrolysis 
stimulated by GAPs (4) (adapted from Schirmer & Aktories, 2004; Belyi & Aktories, 2009). 
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The inactivation of Rho proteins by cytotoxin-induced glucosylation causes extensive 

morphological changes in cells. The actin cytoskeleton is redistributed, causing shrinking and 

cell rounding (cytopathic effect) (Aktories & Barbieri, 2005). Mammalian cells respond to 

RhoA-inactivating treatment with up-regulation of the pro-apoptotic, immediate-early gene 

product RhoB. In cells treated with either TcdA or TcdB, RhoB escapes its glucosylation and 

is involved in the regulation of programmed cell death (cytotoxic effect). TcdA and TcdB 

induce type I programmed cell death (apoptosis) or type III programmed cell death (necrosis) 

(Genth et al., 2008). Recently it was suggested that morphological changes induced by TcdB 

are largely dependent on Rac protein, whereas cell death by toxin B induced apoptosis 

appears to depend on RhoA (Huelsenbeck et al., 2007; Halabi-Cabezon et al., 2008; Belyi & 

Aktories, 2009).  

 

 
 

 

 

 

 

 

TcdA and TcdB are also classified as « inflammatory enterotoxins » because they induce a 

large inflammatory response in the gut  (Fig. 1.18) (Genth et al., 2008; Aktories & Barbieri, 

2005).  

In presence of the toxins there is massive infiltration of neutrophils, the production and 

release of various inflammatory mediators from mast cells and macrophages, which includes 

prostaglandins, leukotrienes, IL8 and TNFα (Genth et al., 2008; Aktories & Barbieri, 2005). 

Moreover toxin A activates NF-κB, with subsequent release of various cytokines. Similarly, 

Figure 1.18 | The effects of toxins A and B on the intestine. Toxins A and B bind to, and are endocytosed by 
intestinal epithelial cells. In the cytosol, the toxins glucosylate Rho GTPases, which inhibits Rho protein 
functions and Rho signalling pathways. The tight junctions,and therefore the barrier function, of the epithelium 
are disturbed, which results in diarrhoea. Epithelial cells produce inflammatory factors, including interleukin-8 
(IL8) and macrophage inflammatory protein 2 (MIP2). Toxins that reach subepithelially located monocytes and 
macrophages might stimulate release of cytokines. Similarly, toxins A and B induce activation of intestinal 
neuronal cells to release corticotropin-releasing hormone (CRH) and substance P, which also activates 
macrophages and monocytes. Neutrophil invasion occurs, which induces a dramatic inflammatory response 
(Aktories & Barbieri, 2005). 
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intestinal epithelial cells and macrophages are activated to release macrophage 

inflammatory protein 2 (MIP2). Toxins A and B also seem to activate intestinal nerves to 

release the neuropeptide substance P, which has proinflammatory properties (Aktories & 

Barbieri, 2005). 

 

In addition to toxins A and B, some C. difficile strains, including 027 epidemic strains, 

produce a third toxin, known as binary toxin (CDT) (Carter et al., 2007), . This toxin is an 

actin-specific ADP-ribosyltransferase that consists of two subunits: CDTa, which is the 

enzymatic component, and CDTb, the receptor-binding component (Carter et al., 2007), 

(Perelle et al., 1997). CDTb binds to an as-yet-undefined cellular receptor, allowing to the 

internalization of CDTa into the cytosol, where it catalyzes the ADP-ribosylation of 

monomeric actin resulting in disruption of the host’s actin cytoskeleton.  

Binary toxin CDT is related to the group of clostridial binary toxins that consist of two 

unlinked molecules, both of which are needed for toxic activity (Geric et al., 2006). This 

group also includes the iota toxin from C. perfringens type E strains and C. spiroforme toxin 

that all show a high degree of amino acid sequence similarity and from which it was recently 

demonstrated that subunits are interchangeable (Carter et al., 2007). 

Functional binary toxin CDT genes are found in less than 10 % of human clinical isolates 

(Geric et al., 2006)), and seems not sufficient to cause the disease alone. Schwan et al. have 

shown recently, that CDT as well as other binary actin-ADP-ribosylates toxins induce the 

redistribution of microtubules and formation of long microtubule-based protrusions at the 

surface of intestinal epithelial cells, thus increasing the adherence of C. difficile. The authors 

propose that CDT might play an important role in C. difficile adherence and colonization 

(Schwan et al., 2009).  

 

The C. difficile strain 630 (ribotype 012), which has been recently sequenced, possesses the 

genetic attribute of a fully virulent, highly transmissible, and multidrug-resistant strain. This 

strain was isolated from a hospital patient with severe PMC in Zurich, Switzerland in 1982. 

The genome consists of a circular chromosome of 4.29 Mb with 3776 predicted coding 

sequence (CDSs), and a low G+C content (29.06%). It also contains a plasmid, pCD630, of 

7,881 bp with a G+C content of 27.9 % (Sebaihia et al., 2006). Only 15 % of C. difficile CDSs 

are shared with all the sequenced clostridia, whereas 50 % are unique to C. difficile 

(Sebaihia et al., 2006). Moreover, a large proportion (11%) of the genome consists of mobile 

genetic elements (Sebaihia et al., 2006). Thus, the comparative genomic analysis of 630 with 

several other C. difficile strains that are currently being sequenced may contribute to 

revealing additional new virulence factors. 
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1.3.3 Regulation of C. difficile virulence factors 
As described in the previous chapter, the expression of virulence factors of C. difficile 

constitutes the main determinants of the CDI. Therefore a better comprehension of the 

mechanisms that control virulence in C. difficile and of the conditions they are ‘activated’ will 

contribute to the development of new strategies against CDI. This chapter will provide the 

most updated research on the mechanisms regulating the production of the main virulence 

factors of C. difficile. 

 
 
1.3.3.1 Regulation of Colonization factors 
In the intestinal environment, C. difficile must react to many stresses during colonization, 

including exposure to antibiotics, the most frequent precipitating agent of C. difficile infection 

(Emerson et al., 2008), as well as cell interactions with the host microbiota. 

 

Exposure to certain antibiotics such as ampicilin and clindamycin, not only disrupts the 

barrier microbiota, but it also increases the expression of C. difficile colonization factors such 

as Cwp66, HMW P47, Fbp68 and Cwp84 (Deneve et al., 2008). Furthermore growth of C. 

difficile in the presence of amoxicillin and clindamycin alters the transcription of several 

genes encoding surface-associated proteins suggesting that C. difficile would alter the 

composition of its cell wall in response to antibiotics (Emerson et al., 2008). 

 

The cwp84, slpA and cwp66 genes are located in a 37 kb DNA cluster in the C. difficile 

genome (Fig. 1.19) (Janoir et al., 2007). This genetic locus carries 17 ORFs in the same 

orientation, 11 of which encode proteins with a two-domain structure: a region homologous to 

the cell wall-anchoring domain of the autolysin CwlB of Bacillus subtilis and a functional 

domain displaying remote homologies with different enzymes or structural proteins from 

gram-positive bacteria (Savariau-Lacomme et al., 2003). 

 
  

 

 

Figure 1.19 | Surface protein cluster of C. difficile encoding several surface-anchored proteins with a two-
domain structure (Deneve et al., 2009). 
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cwp84 and cwp66 genes are both transcribed only during early exponential phase, while 

slpA is strongly transcribed during the whole growth phase, which is consistent with the fact 

that S-layer proteins are the major surface proteins (Savariau-Lacomme et al., 2003). slpA 

gene encodes both P47 and P36 proteins produced from the posttranslational cleavage of a 

precursor. P36 is encoded by the variable 5’-terminal part of the slpA gene whereas P47 is 

encoded by the conserved 3’-terminal part of slpA. The sequences of the variable region of 

the slpA gene are identical within a given serogroup (except for serogroup A) but divergent 

between serogroups (Savariau-Lacomme et al., 2003). 

 

Finally, the heat shock protein GroEL, which belongs to the Hsp60 family of chaperones, 

possesses adhesion properties in C. difficile (Hennequin et al., 2001b). The groEL 

transcription and protein synthesis are increased in presence of heat stress, iron deficiency, 

elevated osmolarity, acid pH and antibiotic shock, which are the same stress conditions that 

increase C. difficile adherence to cultured cells. However the regulatory mechanisms 

affecting GroEL expression are still to be identified (Hennequin et al., 2001a).  

 

1.3.3.2 Regulation of Toxins 
The genes encoding TcdA (tcdA) and TcdB (tcdB) are present in a pathogenic locus (PaLoc) 

of 19.6 kb, which is only found in C. difficile toxigenic strains. In non-toxigenic (TcdA-, TcdB-) 

strains, the PaLoc is replaced by 115 bp of non-coding DNA sequences (Braun et al., 1996; 

Hammond & Johnson, 1995) . Analysis of the PaLoc boundaries sequences show that they 

are conserved among all toxigenic strains and no mobility associated elements are found 

within the PaLoc limits, suggesting that this locus is not a mobile genetic element by itself 

(Braun et al., 1996). 

Besides containing the genes for toxins A and B, the PaLoc also possess three other genes: 

tcdR, tcdE and tcdC (Fig. 1.20). 

 

 

Figure 1.20  | Pathogenicity locus (PaLoc) of toxigenic strains which comprises five genes: tcdB, and tcdA 
(encodes for the toxins B and A respectively), tcdR and tcdC (encodes for regulators of toxins transcription) and 
tcdE (encodes for a holin-like protein involved in toxins secretion) (adapted from Rupnik et al., 2009). 
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Transcriptional analysis of the PaLoc indicates that the four first genes of the locus (tcdR, 

tcdB, tcdE, tcdA) can be cotranscribed, presumably from the tcdR promoter. In the intergenic 

region between tcdA and tcdC there exists a stem-loop structure that may serve as a strong 

bidirectional terminator of transcription for both tcdA and tcdC. Although there is a harpin 

loop between tcdB and tcdE, there is at least partial transcription of tcdA, tcdB, tcdR and 

tcdE on one mRNA molecule, which means that the harpin loop does not function as a strong 

transcription terminator (Hundsberger et al., 1997). Moreover, tcdR, tcdB, tcdE and tcdA 

genes are also transcribed from gene-specific promoters (Dupuy & Sonenshein, 1998; 

Hammond et al., 1997; Hundsberger et al., 1997).  

Three different research groups have determined independently the promoter regions of tcdA 

and tcdB (Dupuy & Sonenshein, 1998; Hammond et al., 1997; Hundsberger et al., 1997). 

The results were quite similar with the exception of a second tcdB promoter determined by 

Hundsberger et al. (Hundsberger et al., 1997). Nonetheless, RNA protection assays showed 

that tcdA and tcdB are transcribed mainly from their own promoters in the late exponential 

phase (Dupuy & Sonenshein, 1998; Hundsberger et al., 1997). The existence of 

monocistronic and polycistronic mRNA species could therefore contribute to the production 

of large amounts of both toxins (Hundsberger et al., 1997). Although the tcdR promoter has 

not been mapped, it is thought to be transcribed from two different promoters (Mani et al., 

2002). 

 

The tcdR gene encodes for a small protein of 22kDa (Braun et al., 1996), which contains a 

C-terminal helix-turn-helix (HTH) DNA-binding motif (Mani & Dupuy, 2001). Moncrief et al. 

provided the first evidence that TcdR is a positive regulator that activates expression of the 

C. difficile toxins A and B (Moncrief et al., 1997). When expressed in trans in E. coli, TcdR 

activates tcdA and tcdB reporter fusions (Moncrief et al., 1997).  These results were 

confirmed by similar experiments using, as a surrogate host, C. perfringes (Mani & Dupuy, 

2001) and later on in C. difficile (Mani et al., 2002). Mani & Dupuy provided the genetic and 

biochemical evidence that TcdR is required for specific transcription from tcdA and tcdB 

promoters and that TcdR function as an alternative sigma factor of RNA polymerase (RNAP) 

rather than a positive regulator (Mani & Dupuy, 2001). They showed that although containing 

a DNA binding domain, TcdR is unable to bind to the tcdA/B promoters by itself. However 

TcdR interacts directly with the RNA polymerase core enzyme and confers the ability of the 

RNA polymerase core enzyme to specifically recognize the tcdA/B promoters (Mani & 

Dupuy, 2001). Furthermore TcdR not only activates tcdA/B transcription but it also positively 

regulates its own expression (Mani et al., 2002).  
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TcdR is part of a new group of the σ70 family that also includes UviA, a sigma factor that 

directs the bacteriocin gene transcription of Clostridium perfringens, and BotR and TetR that 

activate transcription of the botulinum and tetanus toxin genes, respectively (Fig. 1.21) (see 

Chapter 1.2) (Dupuy et al., 2006).   

  

Genes encoding these clostridial sigma factors are usually located immediately upstream of 

the promoters of the toxin and bacteriocin genes and are transcribed in the same direction. In 

all cases, the sigma gene is autoregulated and induced by one or more environmental 

stresses (Dupuy & Matamouros, 2006). Many of the clostridial sigma factors properties are 

similar to those of members of the extracytoplasmic function (ECF) sigma factor family 

(group IV of the σ70-family) but differ enough in structure and function that they form a new 

group (group V) in the σ70-family (Dupuy & Matamouros, 2006). TcdR, BotR, TetR and UviA 

are likely derived from the same ancestral protein whose original source is still unknown.  

Additional homologues of the group V σ-factors can exist amongst other pathogenic as well 

as non-pathogenic Clostridium species (Dupuy & Matamouros, 2006), that are yet to be 

identified. 

 

Figure 1.21 | Genetic organization of the Clostridium toxin and bacteriocin encoding genes (adapted from 
Dupuy & Matamouros, 2006). 
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The gene tcdC is located downstream of the first four PaLoc genes on the opposite strand 

and encodes for a 232 amino-acid protein (O'Connor et al., 2009; Matamouros et al., 2007). 

TcdC is an acidic protein with a predicted molecular weight of 26-kDa (Braun et al., 1996). It 

is a membrane-associated protein (Matamouros et al., 2007), which is in agreement with the 

predicted transmembrane domain found in the N-terminal region of the protein. Moreover, 

TcdC forms dimers, which is consistent with the presence of a coiled-coil motif found in the 

middle of the proteins (Matamouros et al., 2007). TcdC is not similar to any known regulatory 

protein and lacks a DNA-binding motif (Dupuy et al., 2008). 

The tcdC gene is expressed at high levels during exponential growth. However its expression 

strongly decreases at the onset of stationary growth phase, coinciding with the start of 

transcription of all other tcd genes from their own promoters in a TcdR-dependent manner 

(O'Connor et al., 2009) (Fig.1.22), which suggests that TcdC could play a negative role in 

toxin regulation (Hundsberger et al., 1997).  

 
 

Surprisingly, the epidemic strains that produce high levels of toxins carry deletions and 

frameshift mutations in the tcdC gene, reinforcing the idea that TcdC should negatively 

regulate toxin regulation (Dupuy et al., 2008). Matamouros et al. have provided the genetic 

and biochemical evidence that TcdC negatively regulates C. difficile toxin gene expression 

by interfering with the ability of the TcdR-containing RNAP holoenzyme to recognize tcdA/B 

promoters (Matamouros et al., 2007). TcdC sequesters TcdR in the manner of classical anti-

σ factors (Fig.1.23-A) (Dupuy et al., 2008). As mentioned before, TcdR is part of the group V 

Figure 1.22 | Transcriptional profile of the 
PaLoc genes in the C. difficile VPI10463 
strain. Transcription analysis of tcd genes by 
RT-PCR (A) at different time points during the 
growth phase (B) (adapted from Hundsberger 
et al., 1997). 
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σ factors that show similarities with σ factors from the ECF subfamily. Therefore TcdC could 

play a similar role to that of the anti-ECF σ factors, which are usually transmembrane 

proteins that bind and inhibit the activity of the cognate σ factor in absence of an 

environmental signal (Matamouros et al., 2007).  

 

 
 

However, unlike the anti-ECF σ factors, TcdC also interacts directly with core RNAP.  It is 

possible that TcdC, by directly interacting with the core RNAP, might compete with TcdR to 

bind to the core RNAP and thereby reduce the formation of TcdR-core complexes (Dupuy et 

al., 2008). TcdC inhibits transcription dependent on alternative σ factors such as UviA and 

SigW, but not from primary σ factors. This strongly suggests that the mode of action of TcdC 

would be more dependent on the nature of the σ factor, and specific to the alternative σ 

factors (Matamouros et al., 2007), than on the core enzyme. Nevertheless, questions still 

remain as to how TcdC inactivates or destabilizes the TcdR-containing RNAP holoenzyme 

(Dupuy et al., 2008).  

In the epidemic strains an 18 bp deletion in tcdC gene was long suggested to be the cause of 

the high toxin producing phenotype. However it was shown that the tcdC gene containing an 

18bp deletion encodes an active TcdC both in vivo and in vitro (Matamouros et al., 2007). 

Moreover, the correlation between the high level of toxin production and the presence of a 

Figure 1.23 | Model of regulation of toxin 
gene expression in C difficile. (A) In 
exponential growth phase a single 
transcript encompassing tcdR, tcdB, and 
tcdA is expressed at a very low level. In the 
presence of GTP and BCAAs, CodY binds 
to the TcdR-dependent tcdR promoter, 
therefore represses tcdR expression (which 
is required for high-level toxin expression); 
thus, the toxin genes, tcdA and tcdB, are 
not expressed. At this time the negative 
regulator gene, tcdC, is also maximally 
expressed. TcdC, sequesters TcdR which 
further prevents expression of the toxin 
genes. (B) In stationary growth phase, the 
toxin genes are highly expressed. In the 
absence of GTP and BCAA, CodY is 
unable to bind the TcdR-dependent tcdR 
promoter; thus, it cannot repress tcdR 
expression. In addition, tcdC expression is 
minimal. TcdR is expressed and is free to 
interact with the RNA polymerase 
holoenzyme (RNAP). This complex can 
then bind to the tcdR, tcdB and tcdA 
promoters allowing maximal expression of 
the tcdR, tcdA, and tcdB genes, resulting in 
production of toxins A and B. TcdE, a holin-
like protein, is thought to facilitate release 
of toxins A and B from the C difficile cell 
(O'Connor et al., 2009). 
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truncated form of TcdC in the epidemic strains is not yet fully understood and may only be 

due to intrinsic features of toxinotype III strains (Dupuy et al., 2008). 

 

Finally, tcdE encodes a highly hydrophobic protein with a predicted molecular weight of 19 

kDa, which has been proposed to be important in the release of toxins into the environment 

(Tan et al., 2001). TcdE presents structural features similar to a class of bacteriophage 

proteins named holins. Holins are cytolytic proteins that produce holes in the bacterial 

membrane, allowing endolysins to access and degrade the cell wall, leading to the lysis of 

bacterial host and releasing the progeny bacteriophages. The over-expression of tcdE in E. 

coli leads to bacterial lysis (Tan et al., 2001), indicating that TcdE might function as a holin 

protein. Because toxin export is not due to bacterial lysis (Mukherjee et al., 2002) and that 

both toxins lack a signal peptide, it is possible that TcdE could function as a lytic protein that 

creates membrane lesions to facilitate the release of TcdA and TcdB to the extracellular 

environment (Fig. 1.23-B) (Tan et al., 2001). Recently it has been demonstrated that TcdE 

acts as a holin by complementing a holin negative lambda phage and by facilitating the C. 

difficile toxins release (Govind et al., submitted).   

 

In addition to TcdR and TcdC, other regulatory factors outside the PaLoc, like Spo0A and 

CodY, participate in the regulation of toxin synthesis (Rupnik et al., 2009). 

In a C. difficile 630 spo0A mutant strain, the bacterium can no longer sporulate and the level 

of toxin produced during stationary phase is highly reduced. However, the mechanism 

through which Spo0A regulates toxin production is still unknown (Underwood et al., 2009). 

In B. subtilis, the bacterium in which it was first discovered, CodY represses expression of 

over 100 genes during rapid growth in nutrient-rich conditions. CodY monitors the nutrient 

sufficiency of the environment, repressing genes that are not needed in nutrient-rich 

conditions, and releasing their repression when nutrients become limited in stationary phase. 

GTP and the branched-chain amino acids (BCAAs), such as isoleucine and valine, act as co-

repressors of CodY by increasing CodY affinity for its DNA targets (Dineen et al., 2007). 

CodY is found in several low G+C gram-positive bacteria where it not only regulates 

stationary phase genes but also virulence factors (Sonenshein, 2005). In C. difficile, CodY 

acts as a negative regulator of toxin gene expression (Dineen et al., 2007). All PaLoc genes 

are derepressed in the codY mutant during exponential and stationary growth phases 

(Dineen et al., 2007). CodY interact with high affinity with the tcdR promoter region and only 

weakly with the tcdA and tcdB promoter regions. Thus, CodY is likely to act in vivo as a direct 

repressor of tcdR gene transcription, resulting in downstream effects on tcdB, tcdE, and tcdA 

gene expression (Dineen et al., 2007). The binding of CodY to the tcdR promoter is 



Introduction 

 75 

enhanced by the presence of GTP and BCAAs (Dineen et al., 2007) (fig. 1.23-A). Moreover, 

the addition of an amino acids mixture containing BCAAs to peptone-yeast extract medium 

suppresses toxin expression (Karlsson et al., 1999). Thus, regulation by CodY may provide a 

nutritional link to the C. difficile pathogenicity (Dineen et al., 2007). 

 

Recently, Govind et al. have shown that RepR, a phage repressor of the C. difficile φCD119 

lysogens, controls toxin expression. RepR seems to regulate the PaLoc genes at the 

transcriptional level, although the exact mechanism by which it happens is still unknown. 

Nevertheless Govind et al. speculated that the PaLoc could have been once part of a 

prophage whose gene expression was regulated by RepR or a RepR-like repressor, 

explaining the RepR negative regulation of all five PaLoc genes (Govind et al., 2009). 

 

The C. difficile binary toxins CDT is encoded by two genes, cdtA and cdtB, which are 

transcriptionally linked and are located on the C. difficile chromosome at a locus separate 

from the PaLoc, called CDT locus (CdtLoc). This locus also includes the cdtR gene that 

encodes a LytTR family response regulator, which positively regulates binary toxin synthesis 

(fig. 1.24) (Carter et al., 2007).  

 
 

 

 

A correlation between the presence of both PaLoc and CdtLoc exists, since more than 98 % 

of CdtLoc-positive strains also have the PaLoc (Carter et al., 2007). Like for the PaLoc, there 

is no evidence of transposon-, plasmid-, or bacteriophage-related genes in close proximity to 

the CdtLoc. However both of these toxin loci share some important characteristics, such as 

the loss of an apparently innocuous nucleotide sequence upon their acquisition and the 

absence of any obvious genes or nucleotide sequences related to mobile genetic elements, 

suggesting that the integration of the PaLoc and the CdtLoc may have occurred through 

similar, but as yet unknown, mechanisms (Carter et al., 2007). The environmental signals 

and the signal transduction pathways that lead to the activation of CdtR and binary toxin 

production have not yet been determined (Carter et al., 2007). 

Figure 1.24 | The binary toxin or CDT is encoded (ctdA and cdtB) on a separate region of the chromosome 
(CdtLoc) that also encodes CdtR that positively regulates cdtA and cdtB expression. The binary toxin is 
composed of two unlinked proteins, CdtA (enzymatic domain) and CdtB (binding domain) (adapted from Rupnik 
et al., 2009). 
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1.3.3.2.1 Influence of environmental factors 
C. difficile regulates the expression of toxins A and B in response to several environmental 

factors, including nutritional signals, cell density, and temperature (Dupuy et al., 2008). 

Furthermore, the regulation of the toxin genes occurs at the transcriptional level (Dupuy & 

Sonenshein, 1998; Hammond et al., 1997). A comprehensive analysis of the environmental 

conditions that affect toxin synthesis may give insight into the mechanisms of toxin gene 

regulation and some clues on the intestinal tract conditions that stimulate pathogenesis 

(Dupuy & Sonenshein, 1998). 

 

Growth Phase 
The PaLoc genes are transcribed in a coordinated manner according to the growth phase 

(Hundsberger et al., 1997). In early exponential phase, tcdC is highly expressed while its 

transcription decreases as cells enter on stationary phase. Meanwhile the transcription levels 

of all other genes of the PaLoc, including the toxins, increase during stationary phase, and 

both toxin genes transcription and translation are coupled in C. difficile (fig.1.25) 

(Hundsberger et al., 1997; Dupuy & Sonenshein, 1998).  

  

 
Temperature 
For the human bacterial pathogens, the temperature at 37ºC is one of the first environmental 

signals that they meet when they enter in their host. The transition between an environmental 

Figure 1.25 | Time-course analysis of TcdA and TcdB production (A) and toxin genes transcription (B) during 
growth of C. difficile in tryptone yeast extract (TY) medium. Transcription profile obtained by RNase T2 
protection assay (adapted from Dupuy & Sonenshein, 1998). 
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low temperature to a high body temperature is usually correlated with a differential 

expression of bacterial genes that permits the bacteria to survive and colonize its host 

(Schumann, 2009). In C. difficile the maximum toxin yields are observed at 37ºC and toxin 

production is highly affected by low (22°C) and high (42ºC) temperatures. The effect of 

temperature is strain dependent, and it is most prominent in strains like C. difficile VPI10463, 

a high toxin producer strain (Karlsson et al., 2003). Furthermore temperature regulates toxin 

genes as well as TcdR at the transcriptional level suggesting that the temperature effect 

passes through the regulation of TcdR (Fig. 1.26) (Karlsson et al., 2003; Mani et al., 2002). 

 

 

Antibiotics 
Several studies have shown that subinhibitory levels of antibiotics can have an effect on toxin 

production. However, the effects of sub-MIC levels of antibiotics on bacterial growth and 

toxin production seem to vary according to antibiotics and strains (Drummond et al., 2003). 

For instance, Onderdonk et al. found that subinhibitory concentrations of vancomycin and 

penicillin, but not clindamycin, increased C. difficile toxin production (Onderdonk et al., 1979), 

whereas Honda et al. found that clindamycin and cephaloridine, but not tetracycline, 

increased the production of toxins (Honda et al., 1983). At same time, Nakamura et al. found 

that metronidazole, vancomycin, chloramphenicol and penicillin G induced cytotoxin 

production (Nakamura et al., 1982a). Drummond et al. observed an early induction of toxin A 

in presence of sub-MIC of metronidazole, amoxicillin and clindamycin, while this effect was 

rarely seen with vancomycin and absent with cefoxitin (Drummond et al., 2003). Recently, 

Gerber et al. have shown that subinhibitory concentrations of vancomycin, metronidazole 

(agents used in CDI treatment) and linezolid strongly induced toxin production in the 

exponential phase of bacterial growth. They showed that the toxin-induction effect occurs at 

the level of tcdA and tcdB genes transcription (Gerber et al., 2008). The observed differences 

Figure 1.26 | Bacterial growth (A), TcdA western-blot (B) and tcdA mRNA levels determined by RNase protection 
assay (C) in C. difficile VPI10463 after temperature upshifts from 22 to 37 or 42ºC in peptone yeast extract (PY) 
broth. Histograms and mRNA curves (B and C) show the percentage of maximum band intensity. Similar results 
were obtained for TcdB production and transcription (not shown here). Adapted from Karlsson et al., 2003). 
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between studies can be due to the C. difficile strains and experimental conditions used. 

Nevertheless, a clear effect of antibiotics is seen in toxin production. 

 

Biotin 
Biotin, also known as vitamin H, is an essential nutrient in human diet. It is involved in the 

biosynthesis of fatty acids, gluconeogenesis, energy production, BCAAs (leucine, isoleucine 

and valine) metabolism and purine synthesis. 

Biotin in C. difficile has been shown to be essential for growth. When the concentration of 

biotin is reduced, cell growth decreases while toxin synthesis increases significantly 

(Yamakawa et al., 1996; Karlsson et al., 1999). The effect of biotin on C. difficile toxin 

production has been observed in all toxigenic strains tested and therefore seems to be a 

general response (Yamakawa et al., 1996).  

 

Amino acids 
C. difficile is capable of fermenting amino acids in the absence of fermentable carbohydrates, 

i.e. proline, valine, serine, methionine, leucine, isoleucine, threonine, alanine, aspartate and 

phenylalanine (Mead, 1971), The effects of amino acids on toxin production are complex. For 

instance, both high and low levels of arginine increase toxin production (Karasawa et al., 

1997; Osgood et al., 1993). Amino acids, such as alanine, isoleucine, leucine, serine, 

threonine and valine suppress toxin synthesis of C. difficile VPI10463 in tryptone yeast 

extract (TY) medium (Osgood et al., 1993), whereas no suppression of toxin production is 

observed in presence of alanine or serine to peptone yeast extract (PY) medium (Karlsson et 

al., 2000). The addition of eight amino acids (alanine, arginine, aspartic acid, histidine, lysine, 

phenylalanine, serine, and tyrosine) to PY medium has no effect on toxin production, 

however PY supplemented with the following nine amino acids (cysteine, glycine, isoleucine, 

leucine, methionine, proline, threonine, tryptophan and valine) decreases 100-fold the toxins 

yields in C. difficile VPI10463 strain (Karlsson et al., 1999). Cysteine shows the strongest 

reduction effect on toxin synthesis, followed by proline, while the remaining amino acids 

together have a moderate effect (Fig. 1.27) (Karlsson et al., 2000).  
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In addition to toxins, metabolic enzymes involved in carbon transfer, electron transport, and 

fermentation are also down-regulated by cysteine in C. difficile. The large number of proteins 

regulated by cysteine suggests the presence of a global regulator (Karlsson et al., 2000). 

Recently, transcriptomic analysis on the C. difficile 630 strain has shown that cysteine 

regulates about 6 % (242 genes) of all genes, including toxins A and B, and the negative 

regulator TcdC. The regulation of toxin expression by cysteine occurs at the transcriptional 

level like for all other environmental signals studied (Dancer et al. unpublished data). 

 

Cysteine downregulates toxin expression and butyrate production in C. difficile 

simultaneously, suggesting a correlation between toxin and butyric acid production in 

response to cysteine. This relation is further supported by the fact that the addition of butyric 

acid to C. difficile cultures increases toxin yields in various growth media (Fig. 1.28) 

(Karlsson et al., 2000). 

 
 

Figure 1.27 | Effect of amino acids 
on toxin production in C. difficile. 
Toxin yield from 48h cultures  of (A) 
VPI10463 strain grown in PY or PY 
supplemented with cysteine, proline, 
or the seven amino acids (glycine, 
isoleucine, leucine, methionine, 
threonine, tryptophan and valine), 
and (B) of a clinical isolate of C. 
difficile grown in PY or BHI (Brain 
Heart Infusion) with or without 
cysteine or proline (adapted from 
Karlsson et al., 2000). 
 

Figure 1.28 | Effect of 
butyric acid on toxin yield in 
C. difficile. Toxin yield from 
48h cultures of VPI10463 
strain grown in PY, PY 
supplemented  with 10mM 
cysteine (PYC) or with 
0.9% glucose (PYG) and 
supplemented defined 
medium (SDM,(Karlsson et 
al., 1999)), with or without 
30mM butyric acid added 
(adapted from Karlsson et 
al., 2000). 
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Carbon sources 
The effect of glucose on C. difficile toxin production differs between defined and complex 

media. In a defined medium such as Supplemented Defined Medium (SDM), toxin production 

is low in glucose starvation (Karlsson et al., 1999). However, in complex media such as TY 

and PY media, presence of glucose leads to a decrease of toxin production, even in 

stationary growth phase (Dupuy & Sonenshein, 1998; Karlsson et al., 1999). This effect is 

not strain specific, suggesting that a general mechanism, which controls toxin production in 

response to glucose availability, is involved among toxigenic strains (Fig. 1.29) (Dupuy & 

Sonenshein, 1998). 

 
Furthermore, Dupuy & Sonenshein (Dupuy & Sonenshein, 1998) showed that the repression 

effect of toxin production in presence of glucose occurs at the transcriptional level (Fig. 1.30) 

and that glucose regulates tcdR expression in the same way (Dupuy & Sonenshein, 1998); 

(Mani et al., 2002). 

 

The repression of toxin genes transcription not only appears with glucose but also with other 

carbon sources such as fructose and mannitol (Dupuy & Sonenshein, 1998; Nakamura et al., 

1982b). However, addition of raffinose, starch or sucrose has no effect on toxin genes 

transcription, indicating that some but not all carbon sources are able to regulate toxin 

Figure 1.29 | Effect of glucose in tcdA 
transcription in several toxigenic C. 
difficile strains. RNase T2 protection 
assay using RNA extracted from C. 
difficile cultures grown in TY medium 
supplemented with 1% glucose (1) or 
in TY only (2) and labelled antisense 
probe for tcdA (adapted from Dupuy & 
Sonenshein, 1998). 

Figure 1.30 | Effect of glucose in tcdA and tcdB transcription. RNase T2 protection assay using RNA extracted 
from C. difficile cultures grown in TY medium or with additional 0.01%, 0.1%, 0.5% or 1% glucose hybridized 
with labelled antisense RNA probes of tcdA (A) or tcdB (B) (adapted from Dupuy & Sonenshein, 1998). 
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transcription. Sugar utilization by bacteria generally leads to the accumulation of acidic 

metabolites and a pH decrease in the medium. The addition of glucose to a buffered medium 

at pH 7.0 continues to induce repression of toxin transcription (Fig. 1.31), which confirmed 

that the glucose effect was not due to a change of the pH medium (Dupuy & Sonenshein, 

1998; Karlsson et al., 1999). 

 

 

Most carbon sources shown to regulate toxin genes expression are rapidly metabolized by 

the bacteria and are transported inside the bacterium through the phosphoenolpruvate-

dependent carbohydrate:phosphotransferase system (PTS) (Kazamias & Sperry, 1995). 

Dupuy & Sonenshein suggested that the underlying mechanism of the regulation of toxin 

genes transcription by rapidly metabolizable carbon sources could involve the carbon 

catabolite repression (CCR) system (Dupuy & Sonenshein, 1998). 

 

Therefore, the research project of my PhD was to understand by which mechanisms the 

rapidly metabolizable carbon sources induced repression of toxin genes transcription. In 

Gram-positive bacteria, the CCR has a global regulatory mechanism that coordinates in cells 

the metabolism of carbon and energy sources to maximize its efficiency. CCR controls the 

transcription of operons by global regulators in response to the availability of preferred 

carbon sources such as glucose (Fujita, 2009). The CCR might be involved in the regulation 

of toxin genes transcription in response to carbon sources. Although this mechanism is well 

known in bacteria such as Bacillus subtilis and is partially described in a few Clostridia, the 

CCR system is completely unknown in C. difficile. The goals of my PhD project were to verify 

if the CCR exists in C. difficile and if so, if it could be responsible for the glucose repression 

of toxin synthesis. The next chapter will provide the current knowledge of the CCR 

mechanism and its involvement in the regulation of virulent factors in Gram-positive bacteria. 

Figure 1.31 | Effect of carbon sources and buffer in tcdA transcription. RNase T2 protection assay using 
RNA extracted from C. difficile cultures grown in TY medium (lane 3) or supplemented 1% glucose (lane 1), 
1% glucose buffered with 0.1M MOPS, pH7 (lane 2), 0.4% raffinose (lane 4) and 0.4% mannitol (lane 5) 
were hybridized with labelled antisense probe for tcdA. Similar results were obtained for tcdB (adapted from 
Dupuy & Sonenshein, 1998). 
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1.4 Carbon Catabolite Repression (CCR) in Gram-positive bacteria 
Bacteria have developed sophisticated mechanisms to adapt to environmental changes 

(Deutscher, 2008). It is the case of the carbon catabolite repression (CCR) that allows 

bacteria to assimilate a preferred (e.g. rapidly metabolizable) carbon source when exposed 

to more than one carbohydrate and at the same economize energy by reducing expression 

of enzymes for the use of secondary carbon sources (Gorke & Stulke, 2008; Deutscher, 

2008). The CCR is a very complex regulatory phenomenon. It involves several operon-

specific regulatory mechanisms, i.e. inducer exclusion, inducer expulsion, and regulators 

containing PTS regulation domains (PRDs), and a global mechanism mediated by global 

transcriptional regulators (Gorke & Stulke, 2008; Deutscher et al., 2006).  

These mechanisms have been extensively studied in Enterobacteriaceae (escherichia, 

salmonella), and in Firmicutes (bacilli, staphylococci, lactobacilli), where Escherichia coli and 

B. subtilis are, respectively, the model organisms (Gorke & Stulke, 2008). 

The major CCR mechanisms are quite different in these two types of bacteria (Deutscher et 

al., 2006). The Glucose-specific EIIA (EIIAGlc) is the central regulator of carbon metabolism in 

Enterobacteriaceae, whereas in Firmicutes HPr exerts this role (Deutscher, 2008). 

Nevertheless CCR is, in both bacteria, mediated via components of the 

phosphoenolpyruvate(PEP):carbohydrate phosphotransferase system (PTS), which 

catalyzes the uptake and concomitant phosphorylation of numerous carbohydrates 

(Deutscher et al., 2006). 

 

The description of the CCR mechanisms will be limited to those found in Firmicutes, which 

includes the Clostridia group.  

 

1.4.1 The PTS  
The PTS is a multiprotein phosphorelay cascade system that couples the transport of 

carbohydrates across the cytoplasmic membrane with their simultaneous phosphorylation 

(Gorke & Stulke, 2008; Deutscher, 2008). The PTS is composed of at least three distinct 

proteins that can be fused or encoded separated: enzyme I (EI), histidine protein (HPr) and 

enzyme II (EII) (Postma et al., 1993). EI and HPr are cytoplasmic components that are 

common to all PTS carbohydrates, whereas the EII are carbohydrate specific. The EIIs 

usually consist of 3 domains: two cytoplasmic domains, EIIA and EIIB, and an EIIC 

membrane domain. In some cases, an additional membrane domain (EIID) is present 

(Deutscher et al., 2006). EI initiates the phosphorylation chain by autophosphorylating, using 

PEP as phosphoryl donor. Afterwards, the phosphoryl group is transferred to the His15 

residue in HPr, which then donates the phosphoryl group to the EIIA substrate-specific 
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transporter. The phosphoryl group is in turn transferred to EIIB domains and, from there, to 

the carbohydrate during uptake through the EIIC membrane domain. Finally, the 

phosphorylated sugar is metabolized (Fig. 1.32). This type of active transport is exclusive to 

bacteria (Gorke & Stulke, 2008). 

 
The phosphorylation state of the PTS proteins is determined by the PTS transport activity 

and the PEP-pyruvate ratio, which reflects the glycolysis flux. This dynamic modulation of the 

phosphorylation state of PTS proteins in response to nutritional conditions and the metabolic 

state of the cell provides the basis for PTS-mediated signalling and regulation (Gorke & 

Stulke, 2008). The PTS is also a major generator of signals for regulatory events. 

Components of the PTS can influence induction of catabolic operons, CCR, nitrogen 

metabolism, chemotaxis and competence (Stulke & Hillen, 1999). 

The PTS sugar transport has been identified in several clostridial species: C. tyrobutyricum 

(a butyric acid-producing bacteria) (Jiang et al., 2009), C. acetobutylicum (Tangney et al., 

2003; Tangney & Mitchell, 2007), C. botulinum (Mitchell et al., 2007), C. beijerinckii NCIMB 

8052, C. thermocellum (Patni & Alexander, 1971) C. perfringens, C. tetani (Durre, 2005) and 

C. difficile (Kazamias & Sperry, 1995). There are a variable number of PTSs in different 

clostridia. For instance, the analysis of the genome of C. tetani identified one PTS whereas 

C. botulinum and C. perfringens genomes encode 15 and 11 PTSs, respectively (Mitchell et 

al., 2007).  

 

1.4.2 Operon-specific CCR mechanisms  
Many bacteria have more than one mechanism to adapt to changes in carbohydrate 

composition. These mechanisms include the induction of a specific carbohydrate transport 

and utilization system in the presence of the corresponding carbon source and their 

repression when a more efficiently utilizable carbon source is also present (Poncet et al., 

Figure 1.32 | Schematic representation of 
sugar uptake and simultaneous 
phosphorylation catalysed by the PTS. 
Shown are the general PTS proteins, enzyme 
I (EI) and HPr and the sugar-specific PTS 
component (EII) (adapted from Gorke & 
Stulke, 2008). 
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2009).  

 

Inducer exclusion and Inducer expulsion 
Inducer exclusion is a mechanism of CCR by which the uptake or formation of the inducer of 

a catabolic operon is prevented in the presence of preferred carbon sources (Gorke & Stulke, 

2008). Inducer exclusion is considered to be a major CCR mechanism in 

Enterobacteriaceae, whereas in the Firmicutes the contribution of inducer exclusion to CCR 

seems to be less important (Deutscher, 2008).  

In Firmicutes, HPr can be phosphorylated at His-15 (HPr-His-P), and also by ATP at Ser-46 

(HPr-Ser-P) (Deutscher et al., 2006). Whereas the phosphorylation of HPr in His15 is 

involved in sugar transport and regulation, the phosphorylation in Ser46 serves exclusively 

regulatory purposes (Stulke & Hillen, 2000).  

 

In L. casei and in L. lactis, the uptake of maltose and ribose by an ABC (ATP-binding 

cassette) transporter is inhibited in presence of glucose or other rapidly metabolizable carbon 

sources (Viana et al., 2000; Dossonnet et al., 2000; Deutscher et al., 2006). However, 

mutant strains that no longer produced HPr-Ser-P, no longer exhibit transport inhibition of 

maltose or ribose in presence of glucose (Dossonnet et al., 2000; Viana et al., 2000; 

Monedero et al., 2001). Thus, HPr-Ser-P plays a role in inducer exclusion in L. casei (Fig. 

1.33) and L. lactis (Deutscher et al., 2006). It has been proposed that HPr-Ser-P directly 

interacts with the L. casei ABC transporter for maltose and the L. lactis ABC transporters for 

maltose and ribose, thereby inactivating the transport (Monedero et al., 2007). 

 
 

L. casei is the Gram-positive model organism of the inducer exclusion mechanism, because 

in B. subtilis the inducer exclusion is absent and it is in this organism where this mechanism 

has been most studied (Monedero et al., 2007). 

Figure 1.33 | Model of inducer 
exclusion in Gram-positive bacteria. In 
L. casei, maltose is taken up by an 
ABC transporter (MalFGK), while 
glucose enters via the PTS (EIIABCD). 
When glucose is present, its rapid 
metabolism raises the concentration of 
FBP, which stimulates the formation of 
HPr-Ser-P through HprK/P. HPr-Ser-P 
probably interacts with a component of 
the ABC transporter and thereby 
inhibits maltose uptake (adapted from 
Monedero et al., 2007). 
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The presence of preferred carbon sources can also lead to the export of accumulated non-

metabolizable carbohydrates through a CCR mechanism known as inducer expulsion 

(Monedero et al., 2007). L. casei can transport and accumulate phosphorylated derivatives of 

non-metabolizable PTS sugars, such as thiomethyl-ß-D-galactoside (TMG). Accumulated 

phosphorylated sugars are expelled into the medium when a rapidly metabolized sugar, such 

as glucose or mannose, is added. This phenomenon, first observed with TMG in 

Streptococcus pyogenes (Reizer & Panos, 1980), was designated inducer expulsion. Inducer 

expulsion is an ATP-requiring two-step process, during which the phosphorylated sugar is 

first dephosphorylated and subsequently expelled from the cell. In a L. casei ptsH1 (HPr-Ser-

P cannot be produced) mutant strain, TMG is expelled at a similar rate as in the wild-type 

strain, in presence of a preferred carbon source. The same result is obtained in a L. casei 

hprK mutant, meaning that expulsion of TMG in L. casei does not require HPr-Ser-P 

(Dossonnet et al., 2000). Inducer expulsion is absent in Staphylococcus aureus, 

Streptococcus mutans, Streptococcus salivarius and B. subtilis (Monedero et al., 2007). 

 

Regulation mediated by HPr-His-P and EIIB-P 
HPr-His-P and several EIIB-P also phosphorylate non-PTS proteins and regulate their 

activities (Deutscher et al., 2006). These non-PTS proteins contain a PTS regulation domain 

(PRDs), usually with two histidyl residues, which are phosphorylated by HPr-His-P or an 

EIIB-P (Deutscher et al., 2006). Although different in size, structure and function, all PRD-

containing regulators have in common a short N-terminal effector domain that binds to either 

RNA (for antiterminators) or DNA (for activators), and two regulatory modules termed PRD1 

and PRD2 involved in the regulation of catabolic operons (van Tilbeurgh & Declerck, 2001). 

These PRDs can be organized in tandem (e.g. antiterminators) or sometimes separated by 

EIIA and EIIB domains (e.g. transcriptional activators) (Deutscher et al., 2006). Depending 

on the PRD phosphorylation state, the regulatory domains stimulate or inhibit the activity of 

their antiterminator or transcription activator (Deutscher et al., 2006).  

Antiterminator-mediated regulation follows a riboswitch mechanism. The activated 

antiterminator binds to an RNA structure and thus prevents the formation of an adjacent 

terminator. Transcription regulation by the PTS via PRD-containing transcription 

antiterminators involves two opposing effects: EIIB-P-requiring phosphorylation in PRD1 

inactivates the antiterminators (negative regulation), whereas phosphorylation by HPR-His-P 

in PRD2 stimulates the activity of antiterminators (positive regulation). For instance, in the 

absence of the corresponding inducer, the EIIB-P transfers its phosphoryl group to PRD1 of 

the antiterminators. Under these conditions, the antiterminator is inactive and the formation 
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of a terminator structure occurs. If an inducer is present, the EIIB as well as the PRD1 of the 

antiterminator will be present mainly in an unphosphorylated form. 

The absence of a repressing sugar is expected to also allow phosphorylation at the activating 

domain (PRD2) by HPr-His-P. HPr-His-P promotes phosphorylation in PRD2, thereby 

stimulating the activity of the antiterminator. If, in addition to the inducing sugar, a repressing 

carbohydrate is present, the amount of HPr-His-P will be low due to the PTS phosphoryl flux 

and the formation of HPr-Ser-P. These conditions prevent activating phosphorylation at 

PRD2, and most antiterminators are therefore inactive, although the presence of the inducer 

probably prevents the phosphorylation in PRD1 (Deutscher et al., 2006). 

The BglG/SacY antiterminators family name comes from the B.subtilis sacB gene and the E. 

coli bgl operon, which are regulated by SacY and BglG, respectively. This family is reported 

to contain at least nineteen members. Due to the many genome sequences available, 

potential new family members may be identified. This antiterminators type family seems 

especially abundant in clostridia, and for instance C. difficile contains nine BglG/SacY 

homologs (Deutscher et al., 2006). 

 

Unlike the antiterminators, PRD-containing activators present a variable modular structure. 

They also contain an EIIA that is usually related to the specificity of the PTS that they control. 

In some cases an additional EIIB domain also exists. The DNA-binding domain contains one 

or sometimes two helix-turn-helix (HTH) motifs similar to those found in many other bacterial 

transcriptional regulators from the DeoR or LysR family. The most well-studied activator of 

this type is LicR (Tobisch et al., 1999a), a DeoR-type transcription activator controlling the 

licBCAH operon involved in β-glucosides degradation. In C. difficile thirteen DeoR-type PRD-

containing transcription activators have been found (Deutscher et al., 2006). Other activators 

contain a central NifA domain that functions with the RNA-polymerase associated to sigma54 

(SigL in the case of B. subtilis) (Deutscher et al., 2006). For example, LevR (Martin-

Verstraete et al., 1995) activates the transcription of levDEFGsacG implicated in the 

metabolism of levan (Deutscher et al., 2006). Homologs of B. subtilis LevR are present in 

many other Firmicutes. For instance, in C. difficile there are seven LevR-like proteins 

(Deutscher et al., 2006).  

 

Another example of HPr-His-P regulation is the glycerol-kinase GlpK. GlpK does not contain 

neither a PTS protein domain or a PRD, but it includes a HPr-His-P phosphorylation site, i.e. 

a histidine residue, usually surrounded by the aromatic amino acids, tyrosine and 

phenylalanine. HPr-His-P phosphorylation of GlpK activates the activity of the latter. In 

presence of a PTS sugar, HPr-His-P will be low due to the high phosphoryl transfer flux 
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through the PTS and the formation of HPr-Ser-P. As a result GlpK will be present mainly in 

the less active dephosphorylated form (Deutscher et al., 2006) (Fig. 1.34) (Gorke & Stulke, 

2008). 

 
 

1.4.3 Global mechanism of CCR  
The global mechanism is the major CCR control. It involves global transcription regulators 

that lead to the repression of genes that enable the use of secondary carbon sources when 

another preferred carbon source, such as glucose, is available. In E. coli, CCR is mediated 

by the prevention of transcriptional activation by Crp (cAMP receptor protein) of catabolic 

genes in the presence of glucose. In B. subtilis the Gram-positive model organism, the CCR 

is mediated by negative regulation through transcriptional repression in the presence of 

glucose (Gorke & Stulke, 2008). 

 

The first CCR studies in Gram-positive bacteria were done in the B. subtilis amyE that 

encodes for a starch degrading α-amylase. These studies have allowed the identification of 

the cis and trans elements of the catabolite repression. CCR of amyE involves a DNA region 

located just downstream of the promoter, overlapping the transcription start site (Weickert & 

Chambliss, 1990). This DNA sequence, called catabolite responsive element (briefly cre), 

constitutes the operator of the pleiotropic regulator CcpA (Catabolite control protein A) 

(Henkin et al., 1991). CcpA is a member of the LacI/GalR family of transcriptional regulators, 

Figure 1.34 | Model of Carbon catabolite 
repression (CCR) in Firmicutes. HPr-His-P 
contributes to CCR. In B. subtilis, in the 
absence of glucose, HPr-His-P phosphorylates 
the glycerol kinase GlpK and PRDs-containing 
regulators. This HPr-dependent phosphorylation 
is a prerequisite for their activity. Thus, in the 
presence of glucose, phosphorylation by HPr-
His-P no longer occurs and glycerol uptake and 
metabolism is prevented (induction prevention). 
In Firmicutes, HPr can be also phosphorylated 
at Ser46 by the HPrK. This phosphorylation 
occurs when the intracellular concentrations of 
FBP and ATP are high, which reflects the 
presence of preferred carbon sources. HPr-Ser-
P binds to the CcpA, and this interaction is 
enhanced by glycolytic intermediates, such as 
FBP and Glc-6-P. The complex CcpA/HPr-Ser-
P binds to cre sites on the DNA, thereby 
modulating (repressing in the majority) the 
transcription of catabolic genes. HPrK is also 
responsible for dephosphorylation of HPr-Ser-P 
under conditions of high inorganic phosphate 
(Pi), low ATP, and lower concentrations of FBP 
that reflects the poor nutritional supply (adapted 
from Gorke & Stulke, 2008). 
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and the major global transcriptional regulator of CCR in Firmicutes (Deutscher, 2008). CcpA 

regulates its target genes mainly by repressing their transcription (CCR), but it can also 

positively regulate some genes by a mechanism called carbon catabolite activation (CCA). 

Other key elements of the CCR are the HPr, the bifunctional HPr kinase/phosphorylase 

(HprK/P) and the glycolytic intermediates fructose-1,6-biphosphate (FBP) and glucose-6-

phosphate (Glc-6-P) (Deutscher, 2008).  

The uptake of a preferred carbon source changes the concentration of metabolites (increase 

of FBP, ATP, decrease of Pi), and stimulates the kinase activity of HprK/P. This enzyme 

catalyzes the formation of HPr-Ser-P, however, in presence of high concentration of Pi, it 

also dephosphorylates HPr-Ser-P (Deutscher, 2008). HPr-Ser-P forms a complex with CcpA 

that then binds to the cre of the gene, thereby modulating its transcription  (Fig. 1.34) 

(Deutscher et al., 2006). Most cre sites are located in the transcription-initiation regions or 

overlap with the promoter consensus sequence, resulting in prevention of transcription. They 

can also be found further downstream, and CcpA binding causes transcription roadblock. In 

some cases, CcpA binds upstream of the promoter and activates transcription (CCA). It is 

the case of B. subtilis ackA (acetate kinase) (Turinsky et al., 1998), and pta 

(phosphotranssacetylase) (Presecan-Siedel et al., 1999) that are stimulated by the presence 

of glucose (Deutscher et al., 2006). The B. subtilis cre consensus sequence is 

WTGNAARCGNWWWCA (where W stands for adenine or thymine, N stands for any base, 

and R stands for adenine or guanine). In B. subtilis there are estimated to be about 300 

target operons of CcpA-dependent catabolite control (Gorke & Stulke, 2008; Fujita, 2009). 

In certain CCR-regulated genes the cre site present some differences to the general 

mechanism. For instance, a unique potential cre precedes the B. subtilis uxaC gene from the 

yjm operon, which encodes for the enzymes for glucuronide/galacturonate transport and 

metabolism (Rivolta et al., 1998). The 14bp putative cre is part of a longer perfect palindrome 

composed of a total of 26bp (TCAAAATGTTAACGTTAACATTTTGA, the cre is in bold), by 

contrast to the usually imperfect palindromic sequence. However, it is not known if this 

extended palindrome plays a special role in CCR (Deutscher et al., 2006). The β-

galactosidade-encoding mbgA gene from B. megaterium contains two cre’s overlapping by 

one base pair. Mutations in either cre affect CCR of the mbgA gene (Shaw et al., 1998). 

Several other genes under CCR or CCA contain more than one potential cre in the promoter 

region or within the 5’ end, but in several cases, only one of the cre’s is operative in CCR or 

CCA (Deutscher et al., 2006). Two divergently transcribed genes or operons can potentially 

be regulated by a single cre. This seems to happen with the putative L. casei lev cre. 

Simultaneous repression of the levABCDX and the transcription activator gene levR 

presumably leads to efficient CCR (Maze et al., 2004). 
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The HprK/P catalyzes the ATP-dependent phosphorylation of HPr (and certain HPr 

paralogues) at Ser46 as well as the dephosphorylation of HPr-Ser-P in presence of Pi, 

leading to the formation of PPi (Deutscher et al., 2006). Because HPr-Ser-P 

dephosphorylation is reversible, PPi can replace ATP as the phosphoryl donor for HPr 

phosphorylation (Deutscher et al., 2006). The two opposing activities of HprK/P and 

consequently the ratio of the various HPr forms seem to be regulated mainly via metabolites 

(Deutscher et al., 2006). During the uptake of a preferred carbon source, such as glucose by 

L. lactis, the concentrations of Pi, ATP, and FBP are about 5, 8, and 30 mM, respectively 

(Mason et al., 1981; Neves et al., 1999; Thompson & Torchia, 1984). In contrast, in the 

absence of a rapidly metabolizable carbon source, the concentration of Pi increases to about 

50 mM, whereas the concentrations of FBP and ATP drop to 1 to 3 mM (Mason et al., 1981; 

Neves et al., 1999; Thompson & Torchia, 1984). ATP-dependent HPr phosphorylation by B. 

subtilis HprK/P is maximal in the presence of 10 mM FBP, whereas it almost disappears 

below 2 mM FBP (Pompeo et al., 2003). In in vitro experiments, 20 mM Pi completely 

prevents the phosphorylation of HPr by 5 mM ATP, even when 25 mM FBP is added 

(Deutscher & Saier, 1983). HprK/P possess a P loop (Walker motif A) that serves as 

nucleotide binding site. Both Pi and ATP compete for this binding site, and therefore Pi 

inhibits the kinase activity, whereas ATP inhibits the phosphorylase activity of HprK/P 

(Deutscher et al., 1985). Genome sequencing revealed the presence of hprK gene in most 

Firmicutes. The kinase function of the L. casei and B. subtilis enzymes is allosterically 

activated by FBP, whereas the enzymes from Staphylococcus xylosus and Enterococcus 

faecalis are regulated by the ATP levels suggesting that the regulation of the HprK/P has 

been adapted to specific physiological requirements of the different organisms (Monedero et 

al., 2007).  

 

CcpA is the major global transcriptional regulator of CCR in Firmicutes (Deutscher, 2008). 

CcpA contains a N-terminal HTH DNA-binding domain and a C-terminal co-repressor 

interaction domain resembling periplasmic binding proteins (PBP)  (Fig. 1.35) (Monedero et 

al., 2007; Loll et al., 2007).  
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In a few organisms (S. xylosus, L. pentosus, and Lactobacillus delbrueckii), ccpA is preceded 

by a cre, and its expression is subject to autoregulation (Egeter & Bruckner, 1996; Mahr et 

al., 2000; Morel et al., 2001). In contrast, expression of B. subtilis ccpA is constitutive and is 

not influenced by the presence or absence of glucose (Deutscher et al., 2006). The 

concentration of CcpA in B. subtilis is around 0.6 µM (Miwa et al., 1994). Phylogenetic 

analysis shows that all low-GC gram-positive bacteria for which the genomes have been 

sequenced contain a ccpA orthologue (Deutscher et al., 2006). For several bacteria, such as 

E. faecalis, L. casei, Lactobacillus pentosus, L. lactis, L. monocytogenes, C. 

saccharobutylicum, and S. xylosus, their CcpAs were demonstrated to play a role. Either 

their ccpA genes complement a B. subtilis ccpA mutant or B. subtilis ccpA complements 

ccpA mutants of these organisms (Deutscher et al., 2006; Davison et al., 1995). In contrast, 

L. casei CcpA could not replace the B. megaterium protein in CCR of a xylA’-lacZ fusion. The 

lack of complementation is the consequence of a 5-fold lower affinity of L. casei CcpA for B. 

megaterium P-Ser-HPr compared to L. casei P-Ser-HPr (Mahr et al., 2002). These data 

shows that depending on the Firmicutes species, CcpA might show some species-specificity 

properties. 

 

HPr-Ser-P serves as co-factor of CcpA protein and triggers CcpA binding to cre sites, leading 

to transcriptional regulation (Gorke & Stulke, 2008). Replacement of Ser46 in B. subtilis HPr 

with an alanine, tyrosine, or aspartate prevents the FPB-stimulated ATP-dependent 

phosphorylation of HPr by HprK/P, thus the HPr-Ser-P formation (Deutscher et al., 2006). 

Mutations at Ser46 also affect the phosphorylation of HPr at His15. Moreover, the 

Figure 1.35 | Ribbon representation of 
dimeric L. lactis CcpA. The monomer 
on the left is coloured according to 
secondary-structure elements, with α-
helices in blue, β-strands in red and 
loops in orange. The monomer on the 
right is coloured according to domain 
assignment, with the PBP-N 
subdomain in magenta and the PBP-C 
subdomain in green. For the monomer 
on the right, the N-terminal domain 
(light orange), comprising the HTH 
motif, and the linker region (black 
dashed line) are drawn schematically. 
Red arrows indicate the first modelled 
N-terminal domain of the CcpA 
monomers. Black arrows show the 
putative cofactor-binding site (adapted 
from Loll et al., 2007). 
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phosphorylation of HPr at His15 slows HPr phosphorylation at Ser46 by HprK/P (Deutscher 

& Saier, 1983). 

Binding of HPr-Ser-P to CcpA results in a slight rotational movement of the N-terminal and C-

terminal subdomains of the CcpA core. This movement brings the N-terminal DNA-binding 

domain of CcpA into a position that is competent for DNA binding. (Fig. 1.36). The residues 

of the HPr-Ser-P interacting with CcpA include the region around the active-center His15 and 

the Ser46 (amino acids 43, 44, and 46 to 56) and also amino acids 21 to 27. The His15 

residue in the HPr-Ser-P interacts also with CcpA. If the His15 of HPr is phosphorylated, this 

leads to a drastic decrease of interaction with CcpA. Therefore the phosphorylation of HPr in 

His15 blocks the interaction of HPr-Ser-P thereby preventing CCR. The regions at amino 

acids 21 to 27 and 46 to 56 are well conserved within the HPrs of gram-positive bacteria 

(Deutscher et al., 2006). In CcpA, the residues Tyr-295, Ala-299, and Arg-303 interact with 

HPr-Ser-P (Schumacher et al., 2004). Val-300 and Leu-304 of CcpA are also part of this tight 

interface, which includes Ile-47, Met-48, and Met-51 of HPr-Ser-P (Deutscher et al., 2006). 

The HPr exposed surface that is formed by Ile-47, Met-48, and Met-51 is also involved in the 

interaction of HPr with EI and various EIIAs (Deutscher et al., 2006). The HPr-Ser-P/CcpA 

complex interaction seems to be independent of the absence or presence of a cre site. 

Moreover, the region around Asp-276 of B. subtilis CcpA has been predicted to be the FBP 

binding site (Deutscher et al., 2006).  

 

 

 

Figure 1.36 | (A) Ribbon diagram of the Bacillus megaterium CcpA-(HPr-Ser46-P)-cre complex. The CcpA 
subunits are coloured red and green, the HPr-Ser46-P molecules blue and cyan, and the DNA yellow. The 
secondary structural elements of the N and C subdomains and DNA binding domain of one CcpA subunit are 
labelled following the PurR convention (Schumacher et al., 1994). (B) View of figure A rotated by 90. The 
Ser46-P residue is labelled (adapted from Schumacher et al., 2004). 
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Another cofactor of CcpA is the catabolite repression HPr (Crh) protein. This protein is a 

homologue of HPr that does not contain a His15 residue, and as a result it is not 

phosphorylated by EI. However, the sequence around Ser46 resembles that in HPr, and is 

phosphorylated by HprK/P in an ATP-dependent and FBP-stimulated manner. Crh-Ser-P can 

replace HPr-Ser-P in the complex with CcpA and trigger CCR. However, expression of crh is 

lower than that of the ptsH gene encoding HPr. Furthermore, Crh-Ser-P has a ten-fold-lower 

affinity for CcpA than HPr-Ser-P. crh has been found in other bacilli, suggesting that the Crh-

mediated catabolite control is specifically operative in this genus (Fujita, 2009). In 

contradiction with this, Abdou et al. have recently found a crh gene (Ccel0806) in C. 

cellulolyticum (Abdou et al., 2008). 

There have been reports of some deviations to the general CCR in gram-positive bacteria. 

For instance, CcpA has been reported to bind in vitro to the B. subtilis ccpC and ackA cre’s in 

the absence of a co-repressor. Glc-6-P also promotes HPr-Ser-P independent binding of 

CcpA to the B. subtilis gnt cre. However, the Glc-6-P effect occurs with more than 30 mM, 

which is far above the 4 mM Glc-6-P detected in glucose-grown B. subtilis cells (Deutscher et 

al., 2006). NADP(H) has been shown not to function as a CcpA co-repressor for the amyE, 

but it rather allows CcpA to inhibit the transcription machinery, thus leading to transcription 

repression of amyE expression (Kim et al., 1998).  

 

B. subtilis possesses other global CCR regulators. CcpB controls the expression of certain 

catabolic genes. It is also a member of the LacI/GalR repressor family, but lacks the amino 

acid sequences specific for HPr-Ser-P binding. CcpC, a member of the LysR family of 

transcriptional regulators, was studied in B. subtilis and Listeria monocytogenes. CcpC is 

involved in CCR of B. subtils citB and citZ genes (which encode for acotinase and citrate 

synthase, respectively). In L. monocytogenes CcpC regulates genes encoding for a CitB 

orthologue and a presumed glutamine transporter (Deutscher et al., 2006). Finally, B. subtilis 

CcpN (former YqzB) mediates CCR of gluconeogenic genes, and also controls the synthesis 

of SR1, a small non coding-RNA (Deutscher, 2008). 

 

Although the mechanisms of CCR have been studied in detail in B. subtilis, less is known 

about CCR in other Firmicutes.  

 

1.4.4 Impact of CCR in bacteria physiology 

The CcpA/HPr-Ser-P complex represses the expression of a large set of genes and operons 

involved in transport, in carbon, nitrogen, and phosphate metabolism (catabolic and anabolic 

genes), in the production of secondary metabolites as well as in the synthesis of extracellular 
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enzymes (Fujita, 2009). Transcriptome and proteome comparison of the B. subtilis wild-type 

and ccpA mutant strains has revealed that around 10 % of all genes are under CcpA 

regulation (fig. 1.37) (Fujita, 2009). Transcriptome analysis with B. subtilis ccpA, hprK, and 

ptsH1 mutants revealed that numerous nitrogen and phosphorus metabolic genes are 

subject to CCR or CCA (Lorca et al., 2005). For instance, the rocG expression, which 

encodes the main glutamate dehydrogenase of B. subtilis, is subject to CcpA-mediated CCR 

(Belitsky et al., 2004), while the sigma 54-encoding sigL gene is also under CcpA-mediated 

regulation (Choi & Saier, 2005). Some key operons like the ilv-leu operon of B. subtilis are 

controlled by several global regulators: CcpA, CodY and TnrA. The CcpA-dependent CCA of 

ilv-leu is associated with the respective counter-negative regulation mediated by CodY and 

TnrA under both nitrogen-rich and –limited conditions  (fig. 1.37) (Fujita, 2009).  

 

 

Similar results to B. subtilis have been obtained in the transcriptomic analysis of the CcpA 

Figure 1.37 | CcpA-mediated metabolic networks in B. subtilis. The genes and operons subject to CCA 
mediated by the complex CcpA/HPr-Ser-P are indicated in red. This complex directly activates the 
transcription of ackA and pta genes involved in the formation of acetate and indirectly activates the alsSD 
operon required for the production of acetoin. Acetate and acetoin are the major end products of fermentation 
when grown on glucose. CcpA/HPr-Ser-P also directly triggers the expression of the ilv-leu operon, which is 
involved in the biosynthesis of branched-chain amino acids (BCAA) while the effect on the expression of the 
gltAB operon encoding glutamate synthase is indirect. The pathways that are under CcpA-dependent CCA 
are indicated by straight and dotted red arrows. On the other hand, CcpA/HPr-Ser-P represses the 
transcription of several genes and operons, (indicated in blue) including genes involved in carbon, nitrogen, 
phosphate metabolism and other pathways. Thus the CcpA-mediated metabolic networks play a major role in 
the coordinated regulation of catabolism (adapted from Fujita, 2009). 
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regulon of L. lactis. It revealed that CcpA regulates nearly 13 % of all genes (Zomer et al., 

2007) including genes from carbon metabolism, glycolysis, nucleotide metabolism, and 

nitrogen source uptake and degradation. Moreover, the L. lactis cre consensus sequence 

(WGWAARCGYTWWMA) is very similar to the B. subtilis cre consensus (Zomer et al., 

2007). In S. aureus, CcpA also represses genes involved in the utilization of amino acids as 

secondary carbon sources, while alsS, pta and ackA genes, that are under CCA in B. 

subtilis, are not regulated by glucose and/or CcpA. The expression of a larger number of 

genes is affected by ccpA inactivation in the absence of glucose, suggesting that glucose-

independent effects due to CcpA may have a particular impact in S. aureus (Seidl et al., 

2009). 

 

1.4.5 Impact of CCR in bacteria pathogenicity 
An interesting emerging aspect is the connection between carbon metabolism and virulence 

in certain pathogens (Deutscher, 2008). Several steps of the complex infection process can 

respond to carbon source availability, including toxin production, cell adhesion, immune 

evasion, intestinal colonization and motility (Poncet et al., 2009). In many pathogenic 

bacteria, elements of CCR are crucial for the expression of virulence genes and therefore for 

its pathogenicity (Gorke & Stulke, 2008). 

In L. monocytogenes, the PTS components affect the activity of the main virulence 

transcriptional regulator, PrfA. HPr-Ser-P seems to play a role in the PrfA activity. However 

this effect seems to be indirect and based primarily on its poor phosphorylation by EI, which 

probably leads to low phosphorylated EIIAs and EIIBs. PrfA seems to require a fully 

functional PTS and might be either stimulated by HPr-His-P, EIIAs-P, or EIIBs-P or inhibited 

by dephosphorylated EIIAs and EIIBs (Deutscher et al., 2006). 

In several pathogenic bacteria, CcpA and CCR are important for the expression of virulence 

genes. In S. pneumoniae, CcpA is required for colonization of the nasopharynx and for 

survival and multiplication in the lung while in S. pyogenes ccpA mutants are considerably 

less virulent than wild-type strains (Gorke & Stulke, 2008). In S. pyogenes, the sagA operon, 

which is required for streptolysin S production, is strongly repressed by glucose in a CcpA-

dependent manner. By contrast, expression of the speB gene, which encodes a cysteine 

protease, and the mac gene, which encodes an immunoglobulin-degrading enzyme, are 

activated by CcpA. Another level of virulence control by CcpA occurs via the activation by 

CcpA of the synthesis of the master regulator of virulence, Mga (Fig. 1.38) (Gorke & Stulke, 

2008).  
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In S. mutans, the causative agent of caries, CcpA-dependent CCR of virulence-related 

functions, such as expression of the fructanase gene, acid formation and acid tolerance, is 

observed. Therefore, the potential of S. mutans to cause caries is governed in large part by 

CcpA (Gorke & Stulke, 2008). The Bacillus thuringiensis subsp. israelensis produces a 

potent mosquitocidal protein Cry4A, whose transcription is negatively regulated by CcpA in 

the presence of glucose (Kant et al., 2009). In C. perfringens, glucose represses several 

virulence-associated processes, such as gliding motility, sporulation and toxin production. 

The pilT and pilD genes, which encode pilus components for gliding, as well as the cpe gene, 

which encodes the major enterotoxin, are subject to CcpA-mediated CCR (Varga et al., 

2004; Varga et al., 2008; Mendez et al., 2008; Gorke & Stulke, 2008). 

In S. aureus, deletion of CcpA has an effect on the expression of important virulence factors 

by down-regulating the expression of the regulatory RNA, RNAIII, the effector molecule of 

the agr locus. CcpA inactivation alters the transcription patterns of hla, encoding α-

hemolysin, and tst, encoding the superantigenic toxic shock syndrome toxin 1 (Seidl et al., 

2006; Seidl et al., 2008a). CcpA also affects biofilm accumulation and intercellular 

aggregation (Seidl et al., 2008b). 

 

CCR is not only involved in the expression of virulence determinants in pathogenic bacteria, 

but also plays a part in the development of resistance to antibiotics.  

In S. aureus, CcpA inactivation markedly reduced the oxacillin resistance levels in the highly 

methicillin-resistant S. aureus COLn strain and the teicoplanin resistance level in a 

glycopeptide-intermediate resistant S. aureus strain (Seidl et al., 2006). Similarly, in 

Figure 1.38 | Interplay between CcpA-
mediated CCR and virulence gene 
expression in Streptococcus pyogenes. 
CcpA regulates the expression of several 
genes with important functions in the 
virulence of S. pyogenes. CcpA activates 
the mga expression, that encodes the 
master regulator of virulence. Mga, in turn, 
controls the expression of approximately 
10% of all S. pyogenes genes. The majority 
of genes are involved in sugar uptake and 
metabolism, and specific virulence 
functions, such as adhesion and 
internalization in host cells and immune-
system evasion. In addition, Mga activates 
its own expression and represses ccpA 
expression. The CcpA-Mga regulon allows 
S. pyogenes cells to activate virulence 
functions when new tissues of the host are 
colonized (adapted from Gorke & Stulke, 
2008). 



Introduction 

 96 

Streptococcus gordonii, one of the causative agents of infective heart diseases, CcpA is 

important for tolerance to penicillin. However, in both cases, the mechanisms that underlie 

the involvement of CcpA in resistance and tolerance remain unknown (Gorke & Stulke, 

2008). 

 

1.4.6 CCR in Clostridia 
The CCR in clostridia has not been studied in detail. Nevertheless, a CcpA homologue, 

RegA from C. saccharobutylicum P262 was shown to replace CcpA in CCR of amylase 

synthesis in B. subtilis, while C. acetobutylicum extracts exhibit HPr kinase activity. cre 

sequences have also been found associated with catabolic operons which are subject to 

CCR in both C. acetobutylicum and C. beijerinckii (Mitchell et al., 2007). 

In cellulolytic clostridia, expression of the key components of the cellulosome is subject to 

CCR. Five different CcpA-like proteins are present in the genome of Clostridium 

cellulolyticum. In this bacterium, the repression of the cip-cel operon by glucose requires a 

cre-type motif located downstream from the promoter (Abdou et al., 2008). One of the CcpA-

type proteins, CcpA2, binds to two adjacent cre sites in the promoter region of cip-cel. The C. 

cellulolyticum genome does not contain a functional PTS with the absence of EI, HPr and EII. 

Instead, a protein that resembles B. subtilis Crh probably acts as a cofactor for CcpA (Abdou 

et al., 2008).  

 

In C. perfringens, orthologues of ccpA, ptsH, and hprK (but not crh) are present on the 

chromosome of all the sequenced strains (13, SM101 and ATCC13124), suggesting that the 

basic elements for CcpA-mediated carbon catabolite regulation are present in this pathogen 

(Mendez et al., 2008). CcpA is needed for efficient sporulation and CPE synthesis in C. 

perfringens in the absence of glucose. However, glucose-dependent repression of 

sporulation occurs through a mechanism that is independent of CcpA (Varga et al., 2004). 

Similarly, cpe transcription in presence of glucose does not seem CcpA-mediated (Varga et 

al., 2004). Collagenase (κ toxin) activity is repressed by glucose in the wild-type strain but 

not in the ccpA mutant strain, and CcpA is also needed for expression even in the absence 

of glucose (Varga et al., 2004). CcpA also plays a role in the formation of biofilm. A ccpA 

mutant produces less biofilm than the wild-type strain. However, the amount of biofilm 

produced by the wild-type and ccpA mutant strains increases with the glucose concentration 

in a CcpA-independent manner. CcpA also plays a role in the regulation of the ratio of biofilm 

to planktonic cells (Varga et al., 2008). However, the exact mechanism through which CcpA 

regulates is not yet known. 

The gliding motility is strongly repressed by glucose in C. perfringens. The inhibition of 
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gliding development by glucose is due at least to the repression of pilD and pilT that are 

involved in type IV pilus (TFP) production. The CCR of pilD and pilT expression is mediated 

by CcpA.  However, no putative cre sites have been identified in any of the TFP biosynthesis 

genes. Mendez et al. propose that other cre-like consensus sequences, different from the 

ones reported for Bacillus and other low-GC content gram-positive bacteria, might exist in 

clostridia. Alternatively, an unidentified intermediate factor between CcpA and the TFP 

biosynthesis genes might be involved. Surprisingly, in absence of added sugar, CcpA has a 

positive role in gliding motility. CcpA is necessary for efficient expression of pilT and pilD in 

growth without sugar supplementation, indicating the dual role of CcpA in controlling gliding 

motility (fig. 1.39) (Mendez et al., 2008). 

 
 

Luminal glucose concentrations in the small intestines of mammals are in the range of 0.006 

% to 0.4 %. The catabolite repression of gliding motility by glucose is concentration 

dependent. Surface motility is observed only when the glucose concentration is less than 

0.5%. This finding opens the possibility that gliding could occur during the course of a 

clostridial infection (Mendez et al., 2008) and that CcpA could play a major role.  

 

Although there have only been a few reports of CcpA-mediated regulation in clostridia, it 

seems likely that the mechanism of CCR in clostridia is similar, although not necessarily 

identical to that in other low-GC Gram-positive bacteria (Mitchell et al., 2007). 

 

 

 

Figure 1.39 | Model of the dual role of CcpA in C. 
perfringens gliding development. In the absence of 
glucose (-glu) CcpA might be able to bind to the 
positive regulatory regions of genes (pil) involved in 
TFP expression, activating the genes transcription 
and thereby stimulate gliding. In the presence of 
glucose, the complex CcpA:HPr-Ser-P would 
interact with repressor sites located on the 
regulatory regions of pil genes and therefore 
interfere with the gliding proficiency (adapted from 
Mendez et al., 2008). 
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2. Introduction 
 
C. difficile pathogenesis is mainly due to the production of toxin A and toxin B, the two major 

virulence factors. The spectrum of diseases caused by C. difficile is highly variable and 

depends on host factors, but also, for the severe forms, on the level of toxin production 

(Akerlund et al., 2006). Thus, the regulation of toxin synthesis is a critical determinant of C. 

difficile pathogenicity. 

 

Several environmental factors regulate toxin synthesis (Karlsson et al., 2003; Karlsson et al., 

2000; Dupuy & Sonenshein, 1998). Furthermore, all known factors that control toxin 

production regulate at least at the transcriptional level. Nevertheless, the molecular 

regulatory mechanisms, through which these environmental factors regulate the level of toxin 

gene expression, are still poorly understood.  

 

One breakthrough in the understanding of toxin gene regulation occurred when it was 

demonstrated that TcdR directs transcription from toxin promoters (Mani & Dupuy, 2001) and 

from its own promoter (Mani et al., 2002) as an alternative RNA polymerase sigma-factor. 

Moreover, TcdR is subject to regulation by the same environmental signals as the toxin 

genes (Mani et al., 2002). In addition, Matamouros et al. (2007), have shown that TcdC is an 

anti-sigma factor that negatively regulates C. difficile toxin expression (Matamouros et al., 

2007). However, both regulators do not sense the environmental signals but may be 

indirectly controlled by them through other molecular mechanisms. 

 

Recently, a global regulator outside of the toxin genes locus, named CodY, was shown to 

regulate toxin expression in response to environmental signals (Dineen et al., 2007). CodY 

monitors the nutrient sufficiency of the environment and regulates several genes that are 

induced when cells make the transition from the exponential to the stationary growth phase. 

In C. difficile, CodY is also a repressor of toxin gene expression. Thus, regulation by CodY 

may provide a link between nutrient limitation and the expression of toxin genes (Dineen et 

al., 2007). 

 

PTS sugars repress toxin gene transcription, suggesting that the carbon catabolite 

repression (CCR) system could be involved in the control of toxin gene expression in 

response to carbon sources (Dupuy & Sonenshein, 1998). The CCR is well-known in the 
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Gram-positive model B. subtilis (review Deutscher et al., 2006), but little is known about this 

global mechanism in the Clostridia group and nothing is described for C. difficile. 

 

In the first chapter of the results we present evidence that CCR is the molecular mechanism 

underlying the regulation of toxin gene expression in response to PTS sugars, such as 

glucose. Furthermore, we show that CcpA is the major player of this mechanism by directly 

interacting with the regulatory regions of tcdA and tcdB. Like CodY, CcpA is a global 

transcriptional regulator that controls toxin gene expression in response to environmental 

changes. Morever, CcpA is the first regulator described in C. difficile connecting carbon 

sources availability and toxin gene expression. 

 

 Although the main elements of the CCR are present in C. difficile, the mode of action of the 

CcpA-dependent CCR regulation of the toxin gene expression shows some differences with 

the general known mechanism (Deutscher et al., 2006). In particularly, we show that HPr-

Ser-P is not necessary for the CcpA affinity interaction with the regulatory regions of the toxin 

genes by both in vivo and in vitro approaches. Moreover, we show that FBP without the 

presence of HPr-Ser-P, acts as a cofactor increasing CcpA binding affinity. Finally, even 

though we were not able to characterize the DNA binding site of CcpA on the toxins 

regulatory regions, our results suggest that if a binding sequence is necessary, it does not 

resemble to the B. subtilis cre consensus site common to several gram-positive bacteria. 

 

Hence, we have established that the CcpA-dependent CCR regulates expression of C. 

difficile toxin gene. Knowing that CcpA controls several key functions in other pathogenic 

bacteria such as biofilm (Seidl et al., 2008b; Stanley et al., 2003; Varga et al., 2008), type-IV 

pilus (Varga et al., 2008; Mendez et al., 2008), or colonization (Iyer et al., 2005) we decided 

to further investigate the CcpA involvement in the expression of other virulence mechanisms 

implicated in the infection process of C. difficile. In particularly, being CcpA a pleiotropic 

regulator of the PTS sugar availability, we investigated the role of CcpA in the connection of 

C. difficile metabolism and its pathogenicity. In the second chapter of results, we present 

data on the global glucose-dependent regulation of C. difficile gene expression and the role 

of CcpA by in vitro and in vivo transcriptome analysis. We show that glucose affects about 

18% of all C. difficile genes, and almost half of these genes are mediated by a CcpA-

dependent mechanism. Thus, CcpA plays a central role in the carbon metabolism, regulating 

central pathways like glycolysis, pentose-phosphate shunt and fermentation. Interestingly, 

we found in vivo that C. difficile stimulates specifically via CcpA, genes involved in the 

ethanolamine utilization, a compound of the bacterial gastrointestinal lifestyle that serves 
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both as a carbon and nitrogen source. Moreover, CcpA regulates several amino acids 

fermentation pathways such as glycine and leucine reduction, suggesting that CcpA might 

act as a link between the carbon and the nitrogen metabolism in this bacterium. In addition, 

we show evidence that CcpA is also involved in some important cellular functions like stress 

response, sporulation and cell wall synthesis. In particularly, we show that several genes 

encoding class I and class III heat-shock proteins are induced by glucose via CcpA. In 

contrast, sporulation is repressed by glucose and this regulation is mediated by CcpA. 

Finally, although we do not known yet the impact in adhesion or in the cell wall synthesis, we 

found that several cell surfaces proteins were controlled by glucose, regulated for some of 

them by a CcpA-dependent mechanism.  
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Summary 
 
The presence of glucose or other rapidly metabolizable carbon sources in a culture medium 

strongly represses Clostridium difficile toxin synthesis independently of strains origin. In 

Gram-positive bacteria, carbon catabolite repression (CCR) is generally regarded as a 

regulatory mechanism that responds to carbohydrate availability. In C. difficile genome, all 

elements involved in CCR are present and sequences similar to cre sites have been found 

both in the promoter regions and the 5’ ends of the toxin coding sequences. To elucidate in 

vivo the role of CCR in C. difficile toxin synthesis, we constructed using the ClosTron gene 

knockout system, mutants of strain JIR8094 inactivated for the major components of the 

CCR signal transduction pathway including PTS proteins (Enzyme I and HPr), the HPr-K/P 

and the catabolite control protein A, CcpA. Inactivation of the ptsI, ptsH and ccpA genes 

resulted in derepression of toxin gene expression in presence of glucose, whereas 

repression of toxin production was still observed in the hprK mutant. CcpA was found to bind 

to regulatory regions of tcdA and tcdB genes but not through a consensus cre site motif. 

Interestingly, neither HPr nor HPr-Ser46-P stimulated CcpA-dependent binding to DNA but 

fructose-1,6-biphosphate (FBP) alone did in absence of HPr-Ser46-P. These results show 

that CcpA repressed toxin expression in response to PTS sugars availability thus linking 

carbon sources utilization to virulence gene expression in C. difficile. 
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Introduction 
 
Clostridium difficile, a gram-positive, anaerobic, spore forming bacterium, is the major cause 

of nosocomial diseases associated with antibiotic therapy (Pepin et al., 2004). Infection with 

C. difficile (CDI) can produce a wide spectrum of clinical manifestations ranging from 

asymptomatic carriage to mild self-limiting antibiotic-associated diarrhoea (AAD) and in some 

cases to pseudomembranous colitis, a potential lethal disease (Kelly & LaMont, 1998). 

Furthermore, C. difficile is one of the few anaerobes that poses a nosocomial risk (Bartlett, 

2006). The rate and the severity of CDI have risen significantly over the past ten years 

mainly due to the appearance of new, highly virulent strains of C. difficile, such as the PCR-

ribotype 027 strain, in North America and Europe (Pepin et al., 2004; McDonald et al., 2006; 

Warny et al., 2005). Virulent strains of C. difficile generally produce two toxins (TcdA and 

TcdB) that have been identified as the major virulence factors (Borriello et al., 1990). 

Recently, it has been reported that TcdB plays the most significant role in infection in the 

hamster model (Lyras et al., 2009). Both toxins cause alterations in the actin cytoskeleton of 

intestinal epithelial cells through glucosylation of Rho family proteins (Just et al., 1995a); 

(Just et al., 1995b).  

The spectrum of diseases caused by C. difficile is highly variable and depends for the severe 

forms on the level of toxin produced (Akerlund et al., 2006). This supports the hypothesis that 

regulation of toxin synthesis is a critical determinant of the C. difficile pathogenicity. In 

addition to the growth phase dependence of toxin gene expression (Dupuy & Sonenshein, 

1998), several environmental factors influence C. difficile toxin synthesis. Toxin yield is 

dependent on the nutrient levels of the growth medium such as the presence of certain 

amino acids (Karasawa et al., 1997; Ikeda et al., 1998; Karlsson et al., 1999; Karlsson et al., 

2000), of butyric acid and butanol (Karlsson et al., 2000), and of glucose or other rapidly 

metabolizable carbon sources (Dupuy & Sonenshein, 1998; Karlsson et al., 2000). In 

addition, environmental stresses such as alteration of the redox potential, exposure to 

subinhibitory concentrations of antibiotics, high temperature or growth-limiting levels of the 
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vitamin biotin stimulate toxin production (Onderdonk et al., 1979; Yamakawa et al., 1996; 

Karlsson et al., 2003; Deneve et al., 2009). To the extent, known factors that control toxin 

production act at the transcriptional level (Dupuy & Sonenshein, 1998; Karlsson et al., 2003). 

However, our understanding of the molecular regulatory mechanisms that determine the 

level of toxin gene expression remains limited.   

The toxin genes (tcdA and tcdB) lie within a 19.6kb pathogenicity locus (PaLoc, Fig. 1) that 

also includes three accessory genes encoding a holin-like pore forming protein (tcdE) 

involved in the toxin secretion (Tan et al., 2001; Govind et al., submitted), and two 

transcriptional regulators (TcdR and TcdC). TcdR is an alternative sigma factor that directs 

transcription from the toxin promoters (Mani & Dupuy, 2001) and from its own promoter 

(Mani et al., 2002). TcdC was proposed as a negative regulator of toxin synthesis based on 

the inverse relationship between the timing of expression of tcdC and that of the other PaLoc 

genes (Hundsberger et al., 1997). Recently, Matamouros et al (2007) have shown that TcdC 

negatively regulates TcdR-dependent transcription by destabilizing the TcdR-holoenzyme 

complex (Matamouros et al., 2007). Furthermore, CodY was the first known regulator 

encoded outside of the PaLoc that participates in the regulation of toxin synthesis. In B. 

subtilis, CodY controls many genes that are induced when cells make the transition from 

rapid exponential growth to stationary phase or sporulation (Slack et al., 1995; Ratnayake-

Lecamwasam et al., 2001; Molle et al., 2003; Shivers & Sonenshein, 2004). Inactivation of C. 

difficle codY gene resulted in derepression of all genes of the PaLoc during exponential and 

stationary growth phases (Dineen et al., 2007). CodY binds with high affinity to the tcdR 

promoter region, suggesting that growth phase-dependent regulation of C. difficile toxin 

synthesis is mediated by the effect of CodY on tcdR transcription. More recently, it has been 

shown that Spo0A controls both sporulation and toxin production. No Spo0A boxes are 

present upstream of tcdA and tcdB genes suggesting an indirect effect of Spo0A on their 

transcription via a still uncharacterized regulator (Underwood et al., 2009).  



Results - Article 1 
 
 

      111 

Repression of toxin synthesis in the presence of glucose or other rapidly metabolizable 

carbon source, suggests that the toxin genes are subject to a form of catabolic repression. In 

low G+C Gram-positive bacteria, carbon catabolite repression (CCR) is mediated by CcpA, a 

member of the LacI/GalR family of transcriptional regulators (for review Deutscher et al., 

2006). The activity of CcpA is stimulated by a phosphorylated form of HPr, a component of 

the phosphoenolpyruvate (PEP)-dependent phosphotransferase system (PTS). During sugar 

transport, HPr is phosphorylated on a conserved histidine residue in position 15 (HPr-His-P). 

However, in the presence of glucose or other rapidly metabolized carbon sources, HPr is 

phosphorylated at a regulatory residue Ser-46 (HPr-Ser-P) by the Hpr kinase/phosphorylase 

(HprK/P), an enzyme whose activity is stimulated by fructose 1,6-bis-phosphate (FBP) 

(Deutscher & Saier, 1983). Interaction of CcpA with HPr-Ser-P promotes its specific binding 

to DNA target sequences termed catabolite responsive elements (cre sites) (Deutscher et al., 

1995). Regulation of HprK/P activity by FBP provides a link between the metabolite state of 

the cell and CcpA transcriptional activity. In B. subtilis, the global regulator CcpA represses 

or activates the transcription of more than 300 genes involved mainly in carbon and nitrogen 

utilization (Moreno et al., 2001). However, there is accumulating evidence that CCR and 

CcpA are also implicated in the control of virulence gene expression in several Gram-positive 

pathogens, including Listeria monocytogenes (Milenbachs et al., 1997), Streptococcus 

gordinii (Bizzini et al., 2007), group A Streptococcus (Iyer et al., 2005), and Staphylococcus 

aureus (Seidl et al., 2006). In Clostridium perfringens, expression of the enterotoxin gene 

(cpe) and the type IV pilus is controlled by CcpA-mediated regulation (Varga et al., 2004); 

(Varga et al., 2008; Mendez et al., 2008). Moreover, a ccpA mutant of C. perfringens is 

deficient in sporulation (Varga et al., 2004). 

In this study, we investigated by both in vivo and in vitro approaches the role that CCR plays 

in the control of C. difficile toxin synthesis in response to carbon source availability. We 

constructed mutants with defects in the key elements of the CCR, including PTS components 

(Enzyme I and HPr) required for glucose uptake, HprK/P and CcpA. Except for the hprK 
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mutant, no glucose-dependent repression of toxin gene expression was observed in all the 

mutant strains. CcpA was found to interact in vitro with the tcdB promoter region and with a 

region that includes the 5’ end of tcdA gene. In addition, neither HPr nor HPr-Ser-P 

stimulated CcpA-dependent binding, but FBP alone enhanced the affinity of CcpA for its 

targets, establishing a novel mode of action of CcpA in the low G+C Gram-positive bacteria 

in response to rapidly metabolizable carbon sources.  

 
Results 
 
Effect of glucose on toxin synthesis in C. difficile pathogenic strains.  
 
We previously reported that expression of C. difficile toxin genes in the high-level toxin 

producing strain VPI10463 is delayed and reduced when glucose is present in the growth 

medium (Dupuy & Sonenshein, 1998). In addition, repression by glucose overcomes 

derepression caused by a codY mutation (Dineen et al., 2007). To know whether the effect of 

glucose on toxin synthesis is strain-dependent, we measured the effect of glucose on toxin 

synthesis in several C. difficile strains, including VPI10463, a NAP1/027 (BI-11) epidemic 

strain, the JIR1105  and its ErmS derivative JIR8094 strains (O'Connor et al., 2006) (Fig. 2). 

Each strain was cultured in TY medium with or without glucose (0.5%). Growth curves for all 

of the strains were similar (data not shown). Crude extracts were obtained from cells 

collected during stationary phase (14 h) and total toxin levels were assayed by both Vero cell 

cytotoxicity assays, which is predominantly toxin B-mediated (Voth & Ballard, 2005), and by 

immunoblotting using specific antibodies against TcdA (PCG-4, Experimental procedures). In 

cells grown in the presence of glucose (Fig. 2A), cytotoxicity activity was low as compared to 

that of cells grown without glucose with a 32-fold decreased cytotoxicity for VPI10463 and BI-

11 and a 4-fold reduction for JIR1105 and JIR8094, respectively. Toxin A accumulation was 

also strongly repressed in all strains tested (Fig. 2B). This result is consistent with the 

observation that TcdR-dependent transcription of tcdA-gusA and tcdB-gusA fusions in the 

heterologous host C. perfringens is also repressed in presence of glucose (Mani & Dupuy, 

2001; Mani et al., 2002). All these results suggested that the repression of toxin synthesis 
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mediated by glucose is due to a common regulatory mechanism related to the presence of 

carbon sources. It is interesting to note that glucose represses toxin production in the 

epidemic strain 027, which does not express functional TcdC (Matamouros et al., 2007). 

Thus, glucose does not exert its effect on toxin synthesis via the regulation of TcdC synthesis 

or activity. 

 

Potential CCR genes in C. difficile. 
 
C. difficile toxin synthesis is not only repressed by glucose but also by other rapidly 

metabolized carbon sources such as fructose or mannitol (Dupuy & Sonenshein, 1998). 

These sugars are usually taken up by PTS transporters, which allow the uptake and 

concomitant phosphorylation of the carbohydrates. In addition, HPr, a component of the PTS, 

is a cofactor of CcpA activity. In the C. difficile strain 630 genome, close homologs of B. 

subtilis Enzyme I (EI), HPr, HprK/P and CcpA, were identified with 54%, 44%, 48% and 38% 

identities, respectively. Moreover, the residues of HPr protein that are phosphorylated 

(histidine-15 and serine-46) are conserved in C. difficile. Only one copy of genes encoding 

homolog of EI, HPr and HprK/P were found in the C. difficile genome. By contrast, there are 

five members of the LacI/GalR family of transcriptional regulators in C. difficile. CD1064 that 

is annotated as ccpA in the C. difficile genome (Sebaihia et al., 2006) has the highest overall 

similarity with CcpA from B. subtilis. Moreover, the phylogeny analysis showed that CD1064 

clusters with CcpA from other clostridia but not with the other C. difficile members of the 

LacI/GalR family of transcriptional regulators that cluster together in another group (Fig. 3). 

Thus, CD1064 corresponds to CcpA. Finally, in B. subtilis catabolite repression is dependent 

on a conserved cis acting DNA sequence cre site. Interestingly, we identified potential cre 

sites in the promoter and the encoding regions of the tcdA and tcdB genes (Fig. 7 and 9).  
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Inactivation of the CCR associated genes of C. difficile using the ClosTron system. 
 
Mutants defective in CcpA, in the main components of the PTS (EI, HPr) and in the HprK/P 

were constructed to understand their roles in the regulation of toxin gene expression. We 

used the ClosTron system described by Heap et al (Heap et al., 2007) to construct knock-out 

mutations in ccpA, ptsI (encoding EI), ptsH (encoding HPr) and hprK. The general gene 

inactivation process is represented schematically in Fig. 4. The group II intron of pMTL007 

was retargeted to insert into the ccpA, ptsI, ptsH and hprK genes in either antisense or sense 

orientations immediately after the 133th, 436th, 112th and 132th nucleotides in their coding 

sequences, respectively. Then, pMTL007 derivatives were transferred to C. difficile JIR8094 

ErmS by conjugation and erythromycin-resistant transconjugants were isolated. To verify the 

insertion of the group II intron into the correct target genes, PCRs were carried out using 

primers internal of the target gene, the intron-specific primer EBS and the RAM-F and RAM-

R primer pair from both wild-type and transconjugant DNA templates (Fig. 4). As a control, 

unmodified pMTL007 plasmid DNA was also subjected to PCRs with the same primer pairs. 

The results obtained for the insertion in ccpA are presented in Fig. 4. Using specific 

antibodies against CcpA (Experimental procedures), we further confirmed that no CcpA 

protein was detected in the ccpA mutant (Fig. 5, see below).  

 

CcpA, EI and HPr proteins regulate C. difficile toxin synthesis in response to glucose  
 
The parental strain JIR8094 and the derivative knockout mutants were grown in TY medium 

without or with addition of 0.5% glucose (TYG). During exponential phase, the growth rates 

of the ccpA and hprK mutants were only slightly affected both in TY and TYG but reached 

the same optical densities as the JIR8094 strain during stationary phase. However, growth of 

the ptsI and ptsH mutants was lower in both TY and TYG when compared to the JIR8094 

strain in TY medium, suggesting that the lack of an active PTS affects the bacterium growth. 

To determine whether inactivation of CCR associated genes alters toxin production or not, 

we compared the levels of toxins in the JIR8094 strain to the different mutants grown in TY 
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or TYG media at the stationary phase (14 h). Vero cell cytotoxicity assays and detection of 

TcdA by dot blot using specific antibodies (PCG-4) were performed with serial dilutions of 

crude extracts. As expected, a crude extract of strain JIR8094 had four-fold more cytotoxic 

activity when the cells were grown in TY medium than when glucose was added (Fig. 6A). A 

lower synthesis of TcdA production was also observed by dot blot analysis (Fig. 6B). We 

confirmed by quantitative reverse transcription (RT)-PCR that the effect of glucose on tcdA 

and tcdB occurs at the transcriptional level (data not shown). In the ptsI and ptsH mutants, 

no glucose repression of toxin production was observed and the toxin yields were identical to 

those obtained in the JIR8094 strain in the absence of glucose. This indicated that the PTS is 

the main system involved in glucose uptake in C. difficile and that intracellular accumulation 

of glucose is required to observe glucose repression. Cytotoxic activity and the quantity of 

TcdA detected in crude extracts of the ccpA mutant grown in TY and TYG were the same 

(Fig. 6). The absence of glucose-dependent repression in the ccpA mutant was also 

confirmed by quantitative RT-PCR analysis of tcdA and tcdB mRNA (data not shown). To 

verify that the phenotype of the ccpA mutant was due to the ccpA gene disruption alone, we 

complemented this mutant with the ccpA gene in trans. We cloned the ccpA gene with its 

native promoter in a derivative of pMTL007 from which we had removed all sequences 

related to the group II intron (Experimental procedures). The resulting plasmid (pCD436) was 

transferred by conjugation to the JIR8094 ccpA mutant strain and transconjugants were 

screened for thiamphenicol resistance. Using anti-CcpA antibodies, we confirmed by western 

blot that similar quantity of CcpA protein was synthesized in the ccpA mutant complemented 

with pCD436 and in the JIR8094 strain (Fig. 5B). Using crude extracts of the complemented 

ccpA mutant grown in TY or TYG, we performed Vero cell cytotoxicity assay and dot blot 

assays with anti-TcdA antibodies. As shown in Fig. 6, repression of toxin synthesis by 

glucose was restored in the ccpA mutant containing pCD436 to the same extent as in the 

wild-type strain, indicating that ccpA disruption was responsible for the phenotype observed. 

This was the first evidence indicating that CcpA mediated glucose repression of C. difficile 
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toxin synthesis. Nevertheless, the production of toxins in the ccpA mutant was 2-fold lower 

than in the JIR8094 strain grown in TY medium (Fig. 6) and this was confirmed by 

quantitative RT-PCR (data not shown). This suggests that another, unknown regulatory 

mechanism represses toxin synthesis in the absence of CcpA and does so independently of 

the presence of glucose. The hprK mutant grown in TY medium produced the same level of 

toxin as the JIR8094 strain and the ptsI and ptsH mutants. However, unlike the PTS mutant 

strains, production of toxins in the hprK mutant remained strongly repressed in presence of 

glucose (Fig. 6). Since HPr is presumably not phosphorylated on the serine residue in the 

hprK mutant, this result suggests that HPr-Ser-P is not involved in the glucose-dependent 

regulation of toxin synthesis.  

 

CcpA interacts with the toxin gene promoter regions.  
 
To determine whether CcpA plays a direct role in the regulation of C. difficile toxin synthesis, 

electrophoretic mobility shift assays (EMSA) were performed with purified CcpA protein and 

DNA fragments containing the toxin gene promoter regions. The CcpA-His6 protein was 

overexpressed in E. coli and purified by metal affinity chromatography (see Experimental 

procedures). The purified CcpA protein was confirmed by immunoblot analysis using specific 

antibodies against CcpA (Fig. 5A). We first tested binding of CcpA to DNA fragments 

encompassing either the entire tcdR-tcdB intergenic region (positions - 231 to +176 from the 

transcriptional start site) or part of that region plus the 5’ end of the tcdB coding sequence 

(+96 to +405). Both DNA fragments contain sequences similar to cre sites recognized by the 

B. subtilis CcpA protein. As shown in Fig. 7, CcpA induced a shift in mobility of DNA 

fragment corresponding to the tcdR-tcdB intergenic region (probe 1) in a dose-dependent 

manner, but not with the second DNA fragment (probe 2) containing part of the coding 

sequence. A specific binding of CcpA to the tcdR-tcdB intergenic region was observed since 

the addition of an excess of unlabeled heterologous DNA did not prevent this interaction, 

whereas the addition of an excess of unlabeled homologous DNA effectively prevented CcpA 
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binding (data not shown). In B. subtilis, the HPr protein phosphorylated at the Ser-46 residue 

generally enhances the formation of a CcpA-DNA complex (Deutscher, 2002). To test 

whether HPr protein or its phosphorylated form increased the CcpA DNA-binding affinity or 

not, we purified the C. difficile HPr-His6 protein by metal affinity chromatography. HPr of C. 

difficile was then phosphorylated using B. subtilis HprK/P, which is known to phosphorylate 

HPr of several species (Mahr et al., 2002). As expected, B. subtilis HprK/P phosphorylated 

C. difficile HPr as well as B. subtilis HPr that we used as a positive control for the 

phosphorylation reaction (Fig. 8A). We tested by EMSA the effect of HPr or HPr-Ser-P to the 

binding of CcpA to the tcdR-tcdB intergenic region. Neither HPr nor HPr-Ser-P was able to 

bind by itself to the DNA and these proteins did not enhance the binding affinity of CcpA to its 

target (Fig. 8B). These results are in agreement with the in vivo data indicating that HprK/P is 

not required in the glucose-dependent repression of toxin synthesis. We then tested by 

EMSA the effect of several metabolites on CcpA binding to DNA. As shown in Fig. 8C, FBP 

strongly stimulates the binding of CcpA to the tcdB promoter region in vitro. Since glucose-6-

phosphate (Glc-6-P) and NADP have also been described as effectors of CcpA activity (Kim 

et al., 1998; Deutscher et al., 1994), we tested these compounds in EMSA. Glc-6-P and, to a 

lesser extent NADP, increased CcpA binding to the tcdR-tcdB intergenic region while 

glucose, ribose, and NAD failed to enhance CcpA binding affinity (data not shown).  

 

For the tcdA gene, predicted cre sites were found only in the 5’ end of the coding sequence 

(Fig. 9). We tested the binding of CcpA to DNA fragments containing either the tcdA 

promoter (positions - 291 to +266 from the transcriptional start site) or a region downstream 

of the promoter (+110 to +403). Contrary to the case for tcdB, CcpA induced a shift in 

mobility of the fragment that includes the 168 first bases of the tcdA coding sequence in a 

dose-dependent manner, but not of the fragment that contains the entire promoter region. 

The addition of an excess of unlabeled heterologous DNA did not prevent the formation of a 

CcpA-DNA complex, whereas this complex disappeared after the addition of an excess of 
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unlabeled homologous DNA (data not shown). This indicates that binding of CcpA to the 

DNA fragment containing the 5’ end of the tcdA coding sequence is specific. Moreover, the 

presence of FBP increased the binding affinity of CcpA to this DNA fragment (data not 

shown). It was previously shown that expression of tcdR encoding the specific sigma- factor 

of toxin genes transcription, is also controlled by glucose (Mani et al., 2002). So, we tried to 

evaluate the role of CcpA on its regulation. However, we were unable to detect the tcdR 

mRNA by quantitative-RT-PCR from the JIR8094 and the ccpA mutant strains grown in both 

TY and TYG media. In addition, none or very weak interaction was observed between CcpA 

and the promoter region of tcdR in the EMSA conditions we used for the toxin gene 

regulatory regions, even in the presence of FBP (data not shown).  

 

CcpA does not bind to toxin gene regulatory regions through consensus cre site motif.  
 
In B. subtilis, CcpA represses gene expression by interaction with cre sites located within or 

downstream of promoters. To see whether CcpA binding sites correspond to the putative cre 

motifs, EMSA was performed with the DNA fragment containing tcdB promoter region (probe 

1, Fig. 7) from which we removed the two putative cre sites surrounding the -10 region of the 

promoter (positions - 21 to +7 relative to the transcriptional start site). Surprisingly, CcpA 

bound with the same affinity to the wild-type tcdB promoter region than to the same fragment 

deleted of the putative cre sites (data not shown). Thus, CcpA either binds to the tcdB 

promoter independently of a cre site or the cre consensus for the CcpA binding site in C. 

difficile differs from that of B. subtilis. To localize more precisely the tcdB promoter region 

required for CcpA binding, EMSA was performed with two different DNA fragments 

overlapping the tcdB promoter, corresponding on one hand to positions -233 to +32 (probe 3) 

and on the other hand to positions -105 to 178 (probe 4), relative to the transcriptional start 

site. As shown in Fig. 10, CcpA was able to bind to the fragment that contains the region 

upstream of the -10 region (probe 3) but not to probe 4, indicating that a sequence located 

between positions -233 and -105 is required for binding. When we compared the sequences 
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that correspond to the minimal binding sites for CcpA in the tcdA and tcdB regulatory 

regions, we did not find obvious homologies that could suggest a potential binding site for 

CcpA, except for three highly conserved sequences of 6 to 9 bp. Attempts to identify the 

CcpA binding sites more precisely by DNase I footprinting was unsuccessful.  

 

Discussion  

In Gram-positive pathogenic bacteria, transcription of virulence factor genes is often altered 

in response to carbon source availability. In C. difficile, toxin synthesis is subject to multiple 

forms of environmental regulation (Dupuy & Sonenshein, 1998; Karlsson et al., 2000; 

Onderdonk et al., 1979; Yamakawa et al., 1996; Nakamura et al., 1982; Ikeda et al., 1998; 

Karlsson et al., 1999), including repression in the presence of an excess of rapidly 

metabolizable carbon sources. Recent breakthroughs in directed mutagenesis of C. difficile 

(Heap et al., 2007; O'Connor et al., 2006) allowed us to test the roles of the general PTS 

elements (EI and HPr) and CcpA in carbon source-dependent regulation of the PaLoc. We 

observed a complete relief of glucose repression in the ptsI and ptsH mutants, suggesting 

strongly that glucose is mainly imported through the PTS. We cannot rule out the possibility 

that glucose is also taken up by another transporter. In any case, entry of glucose by a 

mechanism other than the PTS is not sufficient to repress toxin gene expression. We also 

observed a complete relief of glucose-dependent repression of toxin production in the ccpA 

mutant strain indicating that CcpA plays a central role in this control. The effect of CcpA 

seems direct since this regulator interacts with the tcdB promoter region and the 5’ end of the 

tcdA coding sequence. By contrast, the repression of toxin production in response to glucose 

availability was unaffected in a hprK null mutant strain. We also showed that HPr-Ser-P does 

not stimulated CcpA binding to the toxin gene regulatory regions in agreement with the in 

vivo results indicating that HPr-Ser-P does not participate in CCR of toxin gene expression. 

In B. subtilis CcpA and HPr-Ser-P are usually both necessary for repression of most genes 

and operons that are subject to CCR (for review see Fujita, 2009). However, when Deutscher 
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et al. (1994) studied the involvement of HPr-Ser-P in CCR by replacing Ser-46 with a 

nonphosphorylatable alanine residue (Deutscher et al., 1994), they found that this mutation 

had no effect either on the uptake of the PTS sugars or on CCR of some CcpA-regulated 

genes. Thus, HPr-Ser-P is not strictly required for CCR in B. subtilis (Deutscher et al., 1994); 

(Voskuil & Chambliss, 1996). Recently, Kinkel and McIver demonstrated that CcpA binds 

directly to the promoter region of the Streptococcus pyogenes sagA gene (encoding 

streptolysin S) and that this binding is not increased in presence of  HPr-Ser-P (Kinkel & 

McIver, 2008).  

Interestingly, we found that FBP, Glc-6-P or, to a lesser extent, NADP increased the affinity 

of CcpA for the tcdA and tcdB regulatory regions. In B. subtilis, these effectors are generally 

thought to enhance CcpA binding by increasing the binding affinity of HPr-Ser-P to CcpA 

(Schumacher et al., 2007; Seidel et al., 2005). However, Glc-6-P stimulates HPr-Ser-P-

independent binding of CcpA to the B. subtilis gnt and B. megaterium xyl promoters, albeit 

under non-physiological conditions (Miwa et al., 1997; Gosseringer et al., 1997). In addition, 

CcpA bond to the B. subtilis amyE promoter in the absence of any corepressor, but greater 

DNA-binding affinity was obtained when CcpA was combined with either HPr-Ser-P or FBP 

(Kim et al., 1998). Together with our findings for C. difficile, these results suggest that the 

three effectors modulating CcpA activity in C. difficile may play different roles according to 

the CcpA-regulated gene. In C. difficile, it is still unclear how these effectors such as FBP 

increase CcpA binding to the tcdA and tcdB regulatory regions and whether CcpA-mediated 

inhibition of toxin gene transcription is correlated with the strength of the binding affinity of 

CcpA. Experiments are in progress to determine whether FBP interacts directly with CcpA 

and to estimate the level of toxin gene transcription in the presence of CcpA alone or 

combined with different effectors  

 

The cre sites (TGWNANCGNTNWCA) are nearly universal binding sites for CcpA homologs. 

By screening the PaLoc with the B. subtilis consensus cre site sequence proposed by 
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Weickert & Chambliss (1990) (Weickert & Chambliss, 1990), we identified several putative 

cre sites with few mismatches at various positions within the promoter regions and coding 

sequences of tcdA and tcdB. However we showed that, the potential cre sites within the 

promoter of tcdB were not essential for CcpA binding, suggesting that CcpA-mediated toxin 

gene regulation is either independent of cre-like sites or that the CcpA-binding sites are 

significantly different in C. difficile. This can be related to the results that showed that CcpA 

proteins of C. difficile and B. subtilis have distinct properties. For instance, using a 

transcriptional fusion of the levanase encoding gene (lev), which is regulated by glucose via 

CcpA (Martin-Verstraete et al., 1995), we cannot complement the B. subtilis ccpA mutant 

strain with the C. difficile ccpA gene. Moreover in EMSA, C. difficile CcpA was able to bind to 

a known B. subtilis cre site (in amyO) (Kim & Chambliss, 1997), although to a lesser extent 

than B. subtilis CcpA, and a higher amount of B. subtilis CcpA protein was necessary to 

obtain retardation of the tcdB promoter region (data not shown). Furthermore, C. difficile 

CcpA antibodies were not able to recognize B. subtilis CcpA (Fig. 5) and the opposite result 

was also observed (data not shown).  

 

Toxin production in the C. difficile ccpA mutant strain is constitutive with respect to glucose 

but lower than in the JIR8094 strain (Fig. 6), suggesting that other factors controlled by CcpA 

contribute to toxin gene regulation. However, according to the transcriptomic analysis of the 

C. difficile wild-type and ccpA mutant strains grown in TY medium supplemented or not with 

glucose (Antunes et al., manuscript in preparation), we showed that CcpA does not control 

any known regulatory genes independently of glucose. When CcpA is missing, major 

pathways of metabolism are modified leading perhaps to changes in metabolite pools that 

affect the activities of other regulatory proteins. For instance, Dineen et al., (2007) showed 

that CodY, a GTP- and branched chain amino acid-sensing repressor, represses toxin gene 

expression primarily through interaction with the tcdR promoter region (Dineen et al., 2007). 
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In the ccpA mutant strain, the intracellular concentrations of CodY effectors might be altered 

in ways that could make CodY more active.  

Assuming that C. difficile CcpA is a global regulator, as suggested by our microarray 

analysis, it could control target genes by more than one mechanism. That is, for some genes 

HPr-Ser-P could be necessary for CcpA binding but for others not. In the same line of idea, 

CcpA binding to some targets may be cre sites-dependent and for other targets bind to 

another sequence. These differences could permit a discrimination between different CCR-

regulated genes. Global transcriptome and ChIP-to-chip analyses are currently being 

performed with some CCR mutants (ccpA and hprK) to determine the breadth and uniformity 

of the CcpA regulon. 

 

 

Experimental procedures 

 

Bacterial strains and growth conditions 

C. difficile isolates used in this study are presented in Table 1. C. difficile strains were grown 

anaerobically (10 % H2, 10 % CO2, and 80 % N2) in TY or TY medium containing 0.5 % 

glucose (TYG) in Freter chamber (Dupuy & Sonenshein, 1998). Brain Heart Infusion (BHI, 

Difco) was used for conjugation. When necessary, C. difficile cultures were supplemented 

with cefoxitin (25 µg/ml), thiamphenicol (15 µg/ml) or erythromycin (5 µg/ml). E. coli strains 

TOP10 (Invitrogen) and DH5α were used for cloning and plasmid propagation. E. coli HB101 

(RP4) was used as a donor strain for the experiments of conjugation necessary for the 

construction of C. difficile mutants. E. coli strains were grown in Luria-Bertani (LB) broth 

(Miller, 1972). When indicated, IPTG (0.2 mM), X-GAL (0.004 %), ampicillin (100 µg/ml) or 

chloramphenicol (25 µg/ml) was added to the culture medium. All routine plasmid 

constructions were carried out using standard procedures (Sambrook et al., 1989). 
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Construction of gene knockout mutants of C. difficile 

ClosTron gene knockout system developed by Heap et al. (Heap et al., 2007) was used to 

inactivate ccpA (CD1064), ptsI (CD2755), ptsH (CD2756) and hprK (CD3409) genes. 

Primers to retarget the group II intron on pMTL007 to these genes (Table 3) were designed 

by the Targetron design software (http://www.sigmaaldrich.com). The PCR primer sets were 

used with the EBS universal primer and intron template DNA to generate by overlap 

extension PCR a 353 bp product for each gene that would facilitate intron retargeting. The 

PCR product was cloned into the HindIII and BsrGI restriction sites of pMTL007 using E. coli 

TOP10 as the host. DNA sequencing was performed to verify plasmid constructs using 

pMTL007 specific primers pMTL007-F and pMTL007-R (Table 3). The derivative pMTL007 

plasmids were transformed into the E. coli HB101 (RP4) and subsequently mated with C. 

difficile JIR8094 (ΔErm) (O'Connor et al., 2006). C. difficile transconjugants colonies were 

selected by sub-culturing on BHI agar containing thiamphenicol (15 µg/ml) and then plated 

on BHI agar containing erythromycin (5 µg/ml), respectively. Chromosomal DNA of 

transconjugant was extracted using the kit QIAamp DNA Mini Kit (Qiagen). PCR using the 

ErmRAM primers confirmed that ErmR phenotype was due to the splicing of the group I 

intron from the group II intron following integration. PCRs with primers flanking ccpA, ptsI, 

ptsH, and hprK genes (Table 3) were performed to verify integration of the Ll.LtrB intron in 

the right gene targets. To complement the JIR8094 ccpA mutant strain, the ccpA gene with 

its own promoter was amplified by PCR using OBD486-OBD487 (Table 3). The PCR 

fragment digested by XhoI and PvuI was cloned into pMTL007 (previously digested with the 

same enzymes that removed the Ll.LtrB intron), to produce plasmid pCD436. Then, pCD436 

was transformed by conjugation to C.difficile JIR8094 ccpA mutant strain, using E. coli 

HB101 (RP4) strain as donor. 
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Crude extract preparation, SDS-PAGE, Dot-blot and western blotting  

To obtain crude extracts of various strains, 1 ml of cultures was sonicated at 4ºC, centrifuged 

to removed cells debris and the soluble fractions filtered through 0.45 µm pore size filters. 

Proteins were separated by SDS-PAGE 12 % polyacrylamide gel and transferred to a 

nitrocellulose membrane (Hybond-C extra, Amersham Biosciences). For dot-blots, protein 

samples were directly spotted onto the nitrocellulose membrane. The membranes were 

blocked with 5% w/v nonfat dried milk in Tris-buffered saline supplemented with 0.2% 

Tween-20 for 60 min and then incubated overnight at 4°C with the primary antibody. 

Following washing, membranes were incubated with the secondary antibody at room 

temperature for 60 min and detected using the SuperSignal West Femto chemiluminescent 

substrate (Thermo Scientific) according to the manufacture’s instructions. 

 

Cell culture and cytotoxicity assay 

African green monkey kidney (Vero) cells, kindly provided by Maryse Gibert, were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 5% fetal calf serum 

(PAA), 50 U/ml penicillin and 50 µg/ml streptomycin (Gibco) at 37°C in a 5 % CO2 

atmosphere. Cells were grown until confluence in 96-well plates. The monolayers were 

washed once in DMEM and incubated with 2-fold serially diluted in DMEM of total C. difficile 

crude extracts at 37°C for 48h. Cytotoxicity was assessed by examination using an optical 

microscope. Positive toxin reactions were indicated by the characteristic rounding of Vero 

cells. A positive result was considered when more than 50 % of cells showed a cytotoxic 

effect. 

 

Expression and purification of CcpA  

To overproduce C. difficile CcpA protein, the ccpA gene was amplified by PCR from C. 

difficile JIR8094 chromosomal DNA using specific primers (Table 3) that introduced SacI and 

SphI restriction sites at both ends of the ccpA coding sequence. The PCR product was 
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cloned into pBAD30 digested by SacI and SphI to create a translational fusion adding six 

histidine residues at the 3’ end of the ccpA coding sequence. The resultant plasmid (pJN1) 

was introduced into the E. coli LMG194 strain (ara-).  Cells containing pJN1 were grown at 

37ºC in LB with 100 µg.ml-1 ampicillin until an OD600 of 0.5 and expression of ccpA placed 

under the control of the arabinose promoter was induced by adding 0.2 % L-arabinose. 

Incubation was continued for 5 h and the cells were harvested by centrifugation at 13000 rpm 

for 30 min (4ºC). Cell pellet was resuspended in 10 ml lysis buffer (20 mM Tris-HCl pH 7.9, 

0.3 M NaCl, 10% v/v glycerol, 20 mM imidazole) and disrupted by sonication. After 

centrifugation, the soluble fraction was mixed with 1ml of Ni-NTA resin (QIAGEN) during 2h 

at 4ºC. Resin was washed three times with 10 ml of lysis buffer and CcpA(His6) was eluted 

with 5 ml of elution buffer (20 mM Tris-HCl; 0.3 M NaCl; 10% glycerol; pH 7.9) with 60, 100, 

150, 200 or 250 mM imidazole. Fractions containing purified CcpA(His6) were dialyzed 

overnight at 4ºC in a buffer containing 10 mM Tris-HCl pH 7.5, 1 mM DTT, 1 mM EDTA, 50 

mM KCl and 30% glycerol. To raise polyclonal anti-CcpA antibodies, female mice Balb/c 

were injected three times with 20 µg of purified CcpA(His6) .  

 

Purification and phosphorylation of C. difficile HPr  

The C. difficile ptsH gene was amplified by PCR using oligos OBD304-OBD305 (Table 3), 

digested with NdeI and XhoI and cloned into the expression vector pET16b (Novagen). The 

resulting plasmid (pCD340) was introduced into the E. coli strain BL21λ(DE3)-codon+ 

(Stratagene). Cells containing pCD340 were cultivated in LB supplemented with ampicillin 

(100 µg/ml) and chloramphenicol (25 µg/ml). Expression of ptsH was induced by the addition 

of 1 mM isopropyl-β-D-thiogalactoside (IPTG) at an OD600 0.7. After 3 h of incubation, the 

cells were harvested by centrifugation. Cell pellet was resuspended in 10 ml of lysis buffer 

including protease inhibitors cocktail (Roche) and disrupted by sonication. Lysates were 

centrifuged at 4000 rpm for 10 min at 4°C, and the pellets containing HPr-forming inclusion 

bodies, were resuspended in 1 ml of 8 M urea, 50 mM sodium phosphate, and 300 mM NaCl, 
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pH 8. The denatured lysates were cleared by ultra centrifugation at 70 000 rpm for 2 h at 4°C 

and stepwise dialyzed in phosphate-buffered saline (PBS) containing 3 M, 1 M, and 0 M urea 

for refolding. The soluble fraction was loaded onto a Ni+-NTA affinity column (Qiagen) and 

proteins eluted with 5 ml of elution buffer (20 mM Tris-HCl pH 7.9, 300 mM NaCl, 10% v/v 

glycerol) containing 50, 100, 150, and 300 mM imidazole. Fractions containing purified 

HPr(His6) were then dialysed overnight in dialysis buffer (300 mM NaCl, 50 mM sodium 

phosphate pH 8.0, 50% v/v glycerol) at 4ºC. Phosphorylation of HPr was done as described 

by Monedero et al. (Monedero et al., 2001). Briefly 1µg of B. subtilis HprK/P (provided by 

Rana Herro) was mixed with 5 µg of C. difficile HPr or B. subtilis HPr (provided by Rana 

Herro) in a buffer containing 5 mM ATP, 20 mM FBP, 10 mM MgCl2 and 50 mM Tris HCl pH 

7.4 and incubated at 37ºC for 15 min. The reaction was stopped by heating 5 min at 75ºC. 

The different forms of HPr were visualized by electrophoresis on non-denaturing 12.5 % 

polyacrylamide gel stained with Coomassie Blue. 

 

Electrophoretic Mobility Shift Assay (EMSA) 

DNA fragments corresponding to tcdA promoter region (tcdA probe 1) or the downstream 

promoter region (tcdA probe 2) were amplified by PCR with primers OBD1-14 and OBD203-

204 corresponding to positions -291 to +266 and +110 to +403 from the transcriptional start 

site, respectively and cloned in pGEM-T easy vector (Promega) to produce plasmids 

pCD132 and pCD209. In the same way, sequences of tcdB promoter (tcdB probe 1) and the 

5’ regions (tcdB probe 2) were amplified with primers OBD3-18, and OBD201-202, 

corresponding to positions -231 to +176 and +96 to +405 from the transcriptional start site, 

respectively and cloned in pGEM-T easy vector, to produce plasmids pCD133 and pCD208. 

The PtcdB promoter (pCD133) was subcloned in two smaller fragments corresponding to 

positions -233 to +32 (tcdB probe 3) and -105 to +178 (tcdB probe 4), using the pair primers 

OBD377-379 (pCD400) and OBD378-380 (pCD401). Deletion of the two adjacent putative 

cre sites in the promoter region of tcdB (positions -21 to +7 relative to the transcriptional start 
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site) was performed with the QuikChange®XL Site-directed mutagenesis kit (Stratagene) 

using oligonucleotides pair OBD383-OBD384 (Table 3) to produce plasmid pCD392. The 

promoter region of tcdB modified was verified by DNA sequencing. All DNA fragments for the 

tcdA and tcdB regions obtained by NotI digestion of the pGEM-T easy derivates vectors were 

end-labelled with T4 polynucleotide kinase (New England BioLabs) and [γ-32P]-ATP 

(3000Ci.mmol-1; ICN) as recommended by the manufacturer. The labelled fragments were 

incubated with increasing amounts of the purified CcpA(His6) in 50 µl total reaction volume 

containing binding buffer slightly modified from Kim et al. (Kim et al., 2002a) (10 mM Tris pH 

7.5; 1 mM EDTA; 50 mM KCl; 50 µg/ml BSA; 0.05% Nonidet P-40; 10% glycerol; 1 mM DTT; 

10 µg/ml polydI-dC) and left at room temperature for 15min. Samples were loaded during 

electrophoresis onto a 5% non-denaturing polyacrylamide gel in Tris-glycine buffer (25 mM 

Tris-HCl pH 8; 190 mM glycine; 1 mM EDTA) (Kim et al., 2002b). After electrophoresis, the 

gel was dried and analyzed by autoradiography. 
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Figure Legends 

 

Fig. 1. Comparison between the chromosomal region of C. difficile toxinogenic strain (top) 

versus the same chromosomal region in a non-toxinogenic strain (bottom). In toxinogenic 

isolates, tcdR, tcdB, tcdE, tcdA and tcdC genes are part of a pathogenicity locus (PaLoc). In 

the non-toxinogenic strains the PaLoc is substituted by a DNA region of 115bp. tcdR and 

tcdE are transcribed in the same orientation as the toxin genes (tcdA/B) whereas tcdC is 

transcribed in the opposite direction.  

 

Fig. 2. Influence of glucose on toxin synthesis. Addition of 0.5% glucose to the medium 

represses toxin production as shown by cytotoxicity assays (A) and western-blot analysis 

using specific monoclonal anti-TcdA antibody (B).  Glucose repression occurs independently 

of the strain studied such as the highly toxin expressing VPI10463 strain, the epidemic strain 

NAP1/027 (BI-11), the sequenced strain 630 (JIR1105) and its ErmS derivative JIR8094 

where mutant were constructed (O'Connor et al., 2006). 

 

Fig. 3. Phylogenetic tree made by maximum likelihood based on amino acids sequences of 

CcpA regulators from various firmicutes and members of the LacI/GalR family of 

transcriptional regulators of C. difficile. CcpA proteins from L. monocytogenes (Lmon), S. 

aureus (Stau), B. subtilis (Bsub), C. novyi (Cnov), C. botulinum A (Cbot), C. acetobutylicum 

(Cace), C. perfringens (Cper), C. difficile (Cdif), Lactococcus lactis (Llac), Streptococcus 

thermophilus (Sthe), and S. pneumoniae (Spne) were used. Multiple alignments were 

generated using ClustalW (Thompson et al., 1994) and phylogenetic trees calculated by the 

maximum likelihood method using web-based software (Mobyle@Pasteur, 

http://mobyle.pasteur.fr). 
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Fig. 4. Inactivation of the ccpA gene in C. difficile using the ClosTron system (Heap et al., 

2007). The ClosTron delivery system (A) is encoded on plasmid pMTL007 and consists of a 

group II intron (black arrow) with an internal Retrotransposition-Activated Marker (RAM) 

conferring erythromycin resistance (white arrow) that is itself interrupted by the td group I 

intron (hatched box). The group II intron is retargeted to the ccpA gene (grey arrow) by 

altering the sequence of the IBS/EBS region using overlap PCR. The splicing of the group II 

intron into the ccpA gene disrupts it and the splicing out of the td group I intron from the erm 

RAM restores a functional ermB gene allowing positive selection of ccpA mutants. 

Confirmation of ccpA knockout by PCR (B). Chromosomal DNA of C. difficile erythromycin 

resistant colonies was screened using PCR with the primer pairs RAM-F/R, OBD340/341 

and OBD341/EBS. As a control pMTL007 unmodified plasmid DNA and chromosomal DNA 

of the wild-type strain JIR8094 were included. PCR products were visualized on 1% w/v 

agarose gel.  

 

Fig. 5. Western-blot analysis with polyclonal anti-CcpA antibodies. (A) Purified C. difficile 

CcpA protein (200 ng), B. subtilis CcpA protein (200 ng) and (B) crude extracts of stationary-

phase cells of C. difficile strains JIR8094, JIR8094 ccpA mutant and JIR8094 ccpA mutant 

complemented with the pCD436 containing the ccpA gene. The various samples were 

analyzed by immunoblotting with anti-CcpA antibodies as described in Experimental 

procedures.  

 

Fig. 6. Effect of inactivation of the CCR associated genes on the glucose-dependent 

regulation of toxin synthesis. The JIR1105 and JIR8094 strains, the ptsI, ptsH, hprK and 

ccpA mutants and the ccpA complemented strain (JIR8094 ccpA mutant + pCD436) were 

grown anaerobically at 37°C in either TY or TYG (0.5% glucose) medium.  Toxin levels were 

estimated from crude extracts both by cytotoxicity assays on Vero cells (A) and by dot-blot 

analysis using monoclonal antibodies (pGC4) raised against TcdA (B).  
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Fig. 7. Binding of C. difficile CcpA to the tcdR-tcdB intergenic region (probe 1) and the 

truncated PtcdB plus the 5’ end of the tcdB gene (probe 2) analysed by electrophoretic 

mobility shift assay. Increasing concentrations of C. difficile CcpA (0 to 526 nM) and 32P-

labelled DNA fragments of both probes were incubated as described in Experimental 

procedures in absence of effectors. All mismatches from the cre site consensus sequence 

TGWNANCGNTNWCA (where W and N stand for thymine or adenine and any base, 

respectively) are indicated in grey. Probes position is given according to the tcdB 

transcriptional start site. The tcdB translation start site is at  +163 position. 

 

Fig. 8. Effect of HPr-Ser-P and FBP on CcpA-dependent binding to tcdB promoter. (A) 

Phosphorylation of HPr was performed as indicated in Experimental procedures and 

visualized on native 15% polyacrylamide gel. (B) The effect of C. difficile HPr- Ser46-P on 

the binding affinity of C. difficile CcpA to the tcdR-tcdB intergenic region (probe 1) was 

analyzed by electrophoretic mobility shift assay. 32P-labelled DNA fragment of tcdB promoter 

region was incubated with no protein, with CcpA (100 nM) or HPr (100 nM) alone, with CcpA 

and HPr proteins at 100 nM each and with CcpA (100 nM) plus HPr-Ser46-P (100 nM). (C) 

The ability of FBP to stimulate CcpA binding affinity on tcdB promoter region (probe 1) was 

analyzed by electrophoretic mobility shift assay. 32P-labelled DNA fragments of tcdB 

promoter region was incubated with no protein, with FBP 10 mM or with C. difficile CcpA 100 

nM and increasing concentrations of FBP (0 to 10 mM).  

 

Fig. 9. Binding of C. difficile CcpA to the tcdA promoter region (probe 1) and the truncated 

PtcdA plus the 5’ end of the tcdA gene (probe 2) analysed by electrophoretic mobility shift 

assay. Increasing concentrations of C. difficile CcpA (0 to 500 nM) and 32P-labelled DNA 

fragments of both probes were incubated as described in Experimental procedures in 

presence of FBP (20 mM). All mismatches from the cre site consensus sequence 
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TGWNANCGNTNWCA (where W and N stand for thymine or adenine and any base, 

respectively) are indicated in grey. Probes position is given according to the tcdA 

transcriptional start site. The tcdA translation start site is at  +235 position. 

 

 

Fig. 10. CcpA binding to several tcdB promoter regions. Electrophoretic mobility shift assays 

were performed with two DNA fragments located upstream (probe 3) or downstream (probe 

4) of the -10 region of the tcdB promoter, respectively. A DNA fragment containing the tcdR-

tcdB intergenic region was also used as a control (probe 1). CcpA (100 nM) and 32P-labelled 

DNA fragments of the different PtcdB probes were incubated as described in Experimental 

procedures in presence of FBP (20 mM). Probes position is given according to the tcdB 

transcriptional start site. The tcdB translation start site is at  +163 position. 
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Table 1. Strains used in this study.  
Strains Relevant features Reference or source 

C. difficile   
JIR1105 630, ErmR J. I. Rood 
JIR8094 C. difficile 630, ErmS (O'Connor et al., 

2006) 
BI-11 Epidemic strain 027, isolated in 2001 in 

USA 
(Stabler et al., 2009) 

11186 Tox- strain Laboratory stock 
VPI10463 Human abdominal wound isolate Virginia Polytechnic 

Institute 
JIR8094 ccpA::erm  ErmR This study 
JIR8094 ptsI::erm ErmR This study 
JIR8094 ptsH::erm  ErmR This study 
JIR8094 hprK::erm ErmR This study 
   
B. subtilis   

SMY prototroph L. Sonenshein 
QB5407  trpC2 ccpA::spc (Presecan-Siedel et 

al., 1999) 
BSIP1931 trpC2 ccpA::spc amyE::plevD-lacZ cat  This study 
BSIP1932 trpC2 amyE::plevD-lacZ cat  I. Martin-Verstraete 
BSIP1938 trpC2 ccpA::spc amyE::plevD-lacZ cat 

lacA::pxylccpACD 
This study 

BSIP2012 amyE::PtcdA-gusA thrC::pDG1664 This study 
BSIP2013 amyE::PtcdA-gusA thrC::tcdR This study 
BSIP2014 ccpA::spc amyE::PtcdA-gusA 

thrC::pDG1664 
This study 

BSIP2015 ccpA::spc amyE::PtcdA-gusA thrC:: tcdR This study 
BSIP2017 amyE::gusA thrC::pDG1664 This study 
   
E. coli   
DH5α supE44 DlacU169 (f80lacZDM15) hsdR17 

recA1 endA1 gyrA96 thi-1 relA1 
Laboratory stock 

BL21l(DE3)-codon+ F- ompT hsdSB(rB
-mB

-) gal dcm (DE3)pLysS 
ClmR 

Stratagene 

HB101 (RP4)  supE44 aa14 galK2 lacY1 D(gpt-proA) 62 
rpsL20 (StrR)xyl-5 mtl-1 recA13 D(mcrC-
mrr) hsdSB(rB

-mB
-)  RP4 (Trieu-Cuot et al., 

1987) 

A. Fouet 

LMG194 F- ΔlacX74 galE galK thi rpsL ΔphoA (PvuII) 
Δara714 leu::Tn10 

(Guzman et al., 1995) 

TOP10 F- mcrA D(mrr-hsdRMS-mcrBC) 
f80lacZDM15 DlacX74 deoR, recA1 
araD139 D(ara-leu)7697 galK rpsL(StrR) 
endA1 nupG  

Invitrogen 
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Table 2. Plasmids used in this study.  
Plasmids Relevant features Source or reference 

RP4 Tra+ IncP ApR KmR TcR (Trieu-Cuot et al., 
1987) 

pBAD30 Expression vector; AmpR (Guzman et al., 1995) 
pDG1661 B. subtilis integrative plasmid , AmpR, SpcR 

,CmR 
(Guerout-Fleury et al., 
1996) 

pDG1664 B. subtilis integrative plasmid, AmpR, SpcR, 
MLSR 

(Guerout-Fleury et al., 
1996) 

pJN1 pBAD30 containing C. difficile ccpA gene A.L. Sonenshein 
pMTL007 group II intron, ErmBtdRAM2 and ltrA ORF 

from pMTL20lacZTTErmBtdRAM2  CmR 
(Heap et al., 2007) 

pMTL007::Cdi-ccpA-
133a 

CmR This study 

pMTL007::Cdi-hprK-
132s 

CmR This study 

pMTL007::Cdi-ptsH-
112a 

CmR This study 

pMTL007::Cdi-ptsI-
436a 

CmR This study 

pCD132 PtcdA amplified using OBD1-14 into 
pGEM-T easy 

This study 

pCD133 PtcdB amplified using OBD3-18 into 
pGEM-T easy 

This study 

pCD208 tcdB 5’ end region amplified using 
OBD201-202 into pGEM-T easy 

This study 

pCD209 tcdA 5´ end region amplified using 
OBD203-204 into pGEM-T easy  

This study 

pCD313 PtcdA-gusA transcriptional fusion in 
pDG1661  

This study 

pCD340 His6-ptsH amplified using OBD304-305 
into pET16b.  

This study 

pCD392 pCD133 with deletion of two putative cre 
sites using oligos OBD383-384  

This study 

pCD400 PtcdB region amplified from pCD133 using 
oligos OBD377-379 into  pGEM-T easy.  

This study 

pCD401 PtcdB region amplified from pCD133 using 
oligos OBD378-380 cloned into pGEM-T 
easy.  

This study 

pCD436 ccpA with its own promoter into pMTL007  This study 

pTUM267 tcdR with its promoter into pDG1664 N. Mani 
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Table 3. Primers used in this study.  
Primers 5' sequence 3' Features 

  
pMTL007-F TTAAGGAGGTGTATTTCATATGACCATGATTACG  intron variable 

region 
pMTL007-
R 

AGGGTATCCCCAGTTAGTGTTAAGTCTTGG  intron variable 
region 

RAM-F ACGCGTTATATTGATAAAAATAATAATAGTGGG ErmRAM 
RAM-R ACGCGTGCGACTCATAGAATTATTTCCTCCCG ErmRAM 
EBS  CGAAATTAGAAACTTGCGTTCAGTAAAC  
TBD001 AAAAAAGCTTATAATTATCCTTATATATCC 

AGTCTGTGCGCCCAGATAGGGTG 
IBS - ccpA pt133 

TBD002 CAGATTGTACAAATGTGGTGATAACAGATAAG 
TCCAGTCTCTTAACTTACCTTTCTTTGT 

EBS1d - ccpA 
pt133  

TBD003 TGAACGCAAGTTTCTAATTTCGGTTATATATC 
GATAGAGGAAAGTGTCT 

EBS2 - ccpA pt133  

TBD004 AAAAAAGCTTATAATTATCCTTATACAGCTTG 
CAGGTGCGCCCAGATAGGGTG 

IBS - hprK pt132 

TBD005 CAGATTGTACAAATGTGGTGATAACAGATAAG 
TCTTGCAGGATAACTTACCTTTCTTTGT 

EBS1d - hprK pt132 

TBD006 TGAACGCAAGTTTCTAATTTCGGTTCTGTATCG 
ATAGAGGAAAGTGTCT 

EBS2 - hprK pt132 

TBD007 AAAAAAGCTTATAATTATCCTTATTTACCGTTT 
TGGTGCGCCCAGATAGGGTG 

IBS  - ptsH pt112 

TBD008 CAGATTGTACAAATGTGGTGATAACAGATAAG 
TCGTTTTGTCTAACTTACCTTTCTTTGT     

EBS1d - ptsH pt112 

TBD009 TGAACGCAAGTTTCTAATTTCGGTTGTAAATCG 
ATAGAGGAAAGTGTCT 

EBS2 - ptsH pt112 

TBD016 AAAAAAGCTTATAATTATCCTTAAGATACATCA 
ACGTGCGCCCAGATAGGGTG  

IBS - ptsI pt436 

TBD017  CAGATTGTACAAATGTGGTGATAACAGATAAGT 
CATCAACAATAACTTACCTTTCTTTGT 

EBS1d - ptsI pt436 

TBD018  TGAACGCAAGTTTCTAATTTCGATTTATCTTCGA 
TAGAGGAAAGTGTCT  

EBS2 - ptsI pt436 

OBD001 CACAAAGATGGTGCATGGTC tcdA promoter 
OBD003 AGACAAGCTGTTAATAAGGC tcdB promoter 
OBD014 TTTATTAACTCTTCTAGAGATATTAAAGAC tcdA promoter 
OBD018 TGTTTTCTATTATCTAGACTCATAAAATTT tcdB promoter 
OBD201 GAAAGGAGGATATATAAAAG 5' tcdB region 
OBD202 GTAACTAGATATTCCTTAAAT 5' tcdB region 
OBD203 GAAAGGAGTGTATAAGATTTA 5' tcdA region 
OBD204 CATCAATTGATTCATTTAGTT 5' tcdA region 
OBD304 GGAATTCCATATGGAAAAAGTAGTTAGTATC ptsH C.dif. 
OBD305 CGGGATCCTCGAGAAATTATTATATCTATTCT ptsH C. dif. 
OBD321 GAAAGGATCCAAATT AATGGAAACTAG hprK C.dif. 
OBD322 CTATTCTGCAGTACTACTTAGTATC hprK C.dif. 
OBD340 AGTAGGATCCGGAGGATGAAGATGAAAGGCAATAT

AACG 
ccpA C. dif 

OBD341 TCAGCCGCGGCCTTAGGCACTACCTGATTGATTTTA
ATAG 

ccpA C.dif. 
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OBD383 ATTTTATATAGAACAAAGTTTACATATTTATTTCAAAT
TAATCAACTGAGTGTCTTAAATTTAAAATG  

PtcdB mutagenesis 
with deletion of 2 
putative cre sites 
(28bp) 

OBD384 CATTTTAAATTTAAGACACTCAGTTGATTAATTTGAA
ATAAATATGTAAACTTTGTTCTATATAAAAT 

PtcdB mutagenesis 
with deletion of 2 
putative cre sites 
(28bp) 

OBD436 ATAGGTGCTTCTCCTGGTGTTG  ptsI C. dif. 
OBD437 ATTCATAGTTGCTGTGTCTGATGG  ptsI C. dif. 
OBD486 GTTCATCTCGAGGATTCTTTGATGGTGAAGTAGGTT

G 
ccpA with its 
promoter 

OBD487 GGTAGTCGATCGGGCACTACCTGATTGATTTTAATA
GTTT 

ccpA with its 
promoter 
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Introduction 
 
Clostridium difficile, a gram-positive, anaerobic, spore forming bacterium, is an emerging 

pathogen. It has been identified as the leading cause of antibiotic-associated diarrhoea 

(AAD) and is implicated in almost all cases of pseudomembranous colitis (PMC) in humans 

(Twine et al., 2009). The development of C. difficile infection (CDI) is usually associated with 

antibiotic treatment, which disrupts the gut flora, allowing C. difficile to colonize and multiply 

(Bartlett, 2006). The spectrum of diseases caused by C. difficile is highly variable and 

depends on host factors, but also, for the severe forms, on the level of toxin production 

(Akerlund et al., 2006). 

 

The pathology process of C. difficile is divided in three main steps: spore germination, host 

colonization and toxin production. After contamination by C. difficile, spores germinate and 

the vegetative forms multiply. C. difficile can adhere to the mucus layer and colonize the 

human gut (Deneve, Janoir et al. 2009). Pathogenic strains then produce two toxins (TcdA 

and TcdB), considered as the major virulence factors, that lead to the disruption of the actin 

cytoskeleton of intestinal epithelium cells (Just et al., 1995a; Just et al., 1995b; Wilkins & 

Lyerly, 1996), therefore conferring the CDI symptoms. Furthermore, among the other 

potential virulence factors, the binary toxin (CDT) (Perelle et al., 1997), was recently shown 

to play a role in C. difficile adherence to the host intestinal epithelial cells (Schwan et al., 

2009). Although the main virulence factors have been studied since many years, in vivo 

virulence processes of C. difficile are still poorly understood.  

 

Many bacterial pathogens produce virulence factors to overcome the drastic changes in 

environment that they encounter during infection. Consequently regulation of the virulence 

encoding genes must be considered as an important step of the pathogenicity process.  In C. 

difficile, it is now well established that toxin production in subject to a variety of regulation in 

response to different environmental signals (Yamakaya, et al., 1998; Karasawa et al, 1997; 

Ikeda et al., 1998; Karlsson et al., 1999; 2000; Dupuy and Sonenshein, 1998).  We have 

shown that transcription of tcdA and tcdB is repressed by the presence of rapidly 

metabolizable carbohydrates such as glucose (Dupuy & Sonenshein, 1998). The carbon 

catabolite repression (CCR) is a regulatory mechanism, which represses in presence of PTS 

sugars in the medium, expression of certain genes and operons whose genes products are 

generally involved in the utilization of alternative carbon sources (Stulke & Hillen, 1999). 

CCR has been extensively studied in detail in the gram-positive bacterium Bacillus subtilis 

(Stulke & Hillen, 2000; Titgemeyer & Hillen, 2002; Deutscher et al., 2006). The global 

mechanism of CCR is mediated by the pleiotropic regulator CcpA (Catabolite Control Protein 
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A) (Henkin et al., 1991). CcpA is a member of the LacI/GalR family of transcription factors, 

which repress several hundred catabolic genes and activates the transcription of some 

genes of overflow metabolism (Fujita, 2009). Positive and negative regulation of the 

transcription of CcpA-regulated genes involves the binding of CcpA to cis-acting catabolite 

responsive elements (cre site). The DNA-binding activity of CcpA is enhanced by its 

interaction with HPr-Ser-P a phosphorylated form of HPr, a component of the 

phosphoenolpyruvate-dependent phosphotransferase system (PTS) (Voskuil & Chambliss, 

1996; Deutscher, 2002). Although in B. subtilis most genes and operons subjected to 

catabolite control are CcpA-dependent, data obtained using transcriptome approach showed 

that other transcription factors mediate catabolite repression of certain operon by CcpA-

independent mechanisms (Yoshida et al., 2001; Blencke et al., 2003; Moreno et al., 2001; 

Lulko et al., 2007). 

 

Experimental evidence obtained from several important Gram-positive pathogens has 

demonstrated the involvement of CcpA in virulence. In Staphylococcus aureus (Seidl et al., 

2006), Streptococcus pneumoniae (Iyer et al., 2005) and Clostridium perfringens (Varga et 

al., 2004; Mendez et al., 2008), CcpA plays a role in both toxin production and virulence 

processes like colonization (Iyer et al., 2005) and biofilm formation (Seidl et al., 2008b). In 

Listeria monocytogenes, the virulence regulator PrfA is under CCR (Milenbachs et al., 1997). 

Moreover, the coordinate CcpA-dependent regulation of virulence and carbon utilization 

genes could be critical for fitness when pathogens compete with other microbes for niche 

colonization. 

 

Recently, we have shown that CcpA plays a role in the repression of C. difficile toxin 

production in presence of glucose (Antunes et al., submitted paper). Furthermore, C. difficile 

has a large repertoire of genes dedicated to carbohydrate catabolism suggesting that its 

ability to use an extended range of carbohydrates might be important during the 

pathogenesis process of this bacterium by promoting survival and growth in the intestine 

(Sebaihia et al., 2006). Thus, we performed whole-transcriptome analysis during the growth 

of JIR98094 (wild-type) and its isogenic ccpA mutant strains grown without and with glucose 

in the media to know the C. difficile genes that are repressed or activated by glucose via 

CcpA or independently of CcpA. We also looked for processes potentially related to the CDI 

that are co-ordinately regulated by glucose and/or CcpA. In parallel to the in-vitro 

transcriptomic study, we used the axenic mouse model to determine the CcpA regulon 

specifically expressed during in vivo infection, which could be important during the 

establishment of C. difficile in the gut. 
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Results  
 
1.1 Overview of the transcriptome data 
Expression profiles of strains JIR8094 (wild-type) and the isogenic ccpA mutant were 

performed from RNA extracted from cells grown in TY or in TY supplemented with 0.5% of 

glucose (TYG) as indicated in Experimental procedures. In parallel, RNA of the same strains 

was extracted from axenic mouse model to performed in vivo transcriptomic analysis. 

 

Axenic mouse is a well-defined model to study the pathogenicity of C. difficile (Vernet et al., 

1989). Furthermore, this model mimics the different infection steps and diarrhoea symptoms 

that are observed in patients. The colonisation of this model is fast and it stays relatively 

constant in the course of time. Mice infected with 106 vegetative cells present at 6 h of 

infection 108 CFU/g in the stools (Deneve et al. in preparation). After 14 h of infection in vivo, 

bacteria were well established in the gut and diarrhoea symptoms could be observed. In 

vitro, at 10h of growth in TY or TYG media, both C. difficile strains had entered in stationary 

growth phase, thus starting to produce toxins. Bacterial RNA from infected mice was 

extracted from the cecum and afterwards purified from the eukaryote RNA pool using 

MICROBEnrich kit (Ambion). In both transcriptome analyses, four biologic replicates were 

used to hybridize in dye swap the chip microarray. The detection threshold was automatically 

determined by ratios of the first genes statistically significant. These limits depended of the 

number of biological and technical replicates and the quality of the input sample. The 

detection threshold of significant genes differently expressed was at least two-fold ratio of 

induction or repression for the in vitro and in vivo transcriptome analysis. 
 

The chromosome of C. difficile strain 630 encodes 3, 776 predicted coding sequences 

(CDSs) and the cryptic plasmid pCD630 that carries 11 CDSs (Sebaihia et al., 2006).  

From the in vitro transcriptome 782 genes were found differentially expressed (Table 1). 

From all analysed genes, 667 genes (18%) were differently expressed in presence of 

glucose, while expression of 407 genes (11%) was modified by the ccpA inactivation even 

without glucose addition. In B. subtilis, about 11% of the genes were found to be differently 

expressed when the wild-type strain was compared to the ccpA mutant in glucose-rich 

medium at the stationary growth phase (Lulko et al., 2007). Similarly, in C. difficile we found 

that expression of 364 genes (10%) was regulated by glucose by a CcpA-dependent 

mechanism. On the other hand, 313 genes corresponding to 50% of the genes regulated in 

response to glucose availability were controlled by a CcpA-independent mechanism. A 

smaller number of genes (50) exhibited a CcpA-dependent regulation in absence of glucose 



Results - Article 2 
 
 

      168 

(Table 1). Interestingly, we found six genes of the plasmid pCD630 differently expressed in 

vitro, however these genes encode proteins with putative or unknown function 

(supplemented data Table 6). Concerning the in vivo transcriptome analysis, we found that 

225 genes were regulated by CcpA. 

        

Genes Groupb   Number of genesa 
    
Glucose-dependent 667 (18%) 
    
CcpA-dependent 407 (11%) 
    
Regulated by glucose in a CcpA dependent manner 364 (10%) 
    
Regulated by glucose in a CcpA independent manner 313 (8%) 
    
Regulated by CcpA in the absence of glucose 50 (1%) 
    
Regulated by CcpA independent of glucose 3 (0.08%) 
    
CcpA-dependent in vivo 225 (6%) 
        
Table 1. Number of genes subject to regulation by glucose and/or CcpA both in vitro and in vivo 
growth. aA gene was considered to be regulated if transcription was induced or repressed at least two- 
fold. The % of genes regulated was calculated considering a total of 3759 and 3688 genes analysed in 
the in vitro and in vivo transcriptome analysis, respectively. 
b Groups partly overlap. 
 

The overall range of differential gene expression was similar for both analyses, with an 

average peaking around 3- fold and 4 to 5- fold for the in vivo and in vitro analysis, 

respectively. However, the highest peaking for the in vivo analysis was 100- fold repression 

and 12- fold induction, while the highest peaking was 40- fold induction or repression for the 

in vitro analysis.  

 

In vitro we looked at the effect of glucose in the JIR8094 strain (WT TYG/TY) as well as in 

the derivate ccpA mutant (ccpA TYG/TY), and the CcpA involvement in absence (TY 

ccpA/WT) and in presence of glucose (TYG ccpA/WT). Several classes of genes subject to 

glucose and/or CcpA regulation were observed and were classified depending on the role of 

CcpA. Genes that were exclusively mediated by CcpA in presence of glucose were grouped 

in class I. Genes partially mediated by CcpA and by an alternative mechanism in presence of 

glucose were grouped in class II.  Genes regulated by glucose independently of CcpA 

formed the class III. Genes regulated by CcpA in absence of glucose and by an alternative 

mechanism in presence of glucose were grouped in class IV. Finally, all genes regulated by 

CcpA independently of glucose formed the class V. For this analysis, genes that were 
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differently expressed at least in two conditions (WT TYG/TY; ccpA TYG/TY; TY ccpA/WT; 

TYG ccpA/WT) were grouped in one of these classes. Operons including genes only 

differently expressed in one condition were classified according to the major expression 

profile of the operon. The list of all genes differentially expressed is found in supplemented 

data - Table 6.  

 
Class I. Genes regulated by glucose mediated by CcpA 

This class contains the highest number of genes (145) regulated by the presence of glucose 

in the medium (supplemented data -Table 1). The glucose-dependent regulation of these 

genes is relieved in the ccpA mutant. Moreover, these genes were differentially expressed in 

the JIR8094 and the ccpA strains when grown in TYG, indicating that CcpA mediates the 

glucose regulation. The majority of genes in class I concerned amino acids 

catabolism/biosynthesis, carbon and energy metabolism, and regroup several proteins of 

unknown functions. We also found few genes that are involved in cell wall, flagellum, nucleic 

acid metabolism, regulation, stress, and translation. Concerning genes associated to the 

carbon and energy metabolism, we found more genes whose expression was repressed than 

induced in presence of glucose (69%). We found genes encoding for the acetyl-CoA 

fermentation pathway into butyrate (CD1054-CD1058) and ethanol (CD2966), and some 

redox-associated proteins. Glycine and leucine reduction pathways were repressed, whereas 

the reduction of proline was induced by glucose via CcpA. Genes encoding sugar transport 

proteins and in particularly, the fructose-1,6-bisphosphate aldolase (fba) were induced by 

glucose via CcpA. Some cell surface proteins were regulated by glucose through CcpA, like 

two genes from the flagella operon (CD0229, CD0251) and the flgM (CD0229) a negative 

regulator of flagellin synthesis. Finally, several genes encoding proteins involved in stress 

response were also concerned by the glucose-dependent regulation mediated by CcpA, such 

as dinR (the SOS regulator), cspA (a cold shock protein) and uspA (a putative universal 

stress protein). 

 

Class II. Genes regulated by glucose partially mediated by CcpA 

This is the second biggest class of genes (89) regulated by glucose (supplemented data -

Table 2). The genes that belong to this class correspond to three different expression 

patterns. The first subgroup includes genes regulated by glucose in the JIR8094 and ccpA 

strains and were differently expressed when strains were grown in TYG (37 genes). The 

second subgroup includes genes regulated by glucose only in the ccpA mutant strain and 

were differently expressed both in the JIR8094 and ccpA derivative strains only in TYG (48 

genes). The last subgroup includes genes regulated by glucose in the JIR8094 and ccpA 
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mutant strains and differently expressed in both strains either in TY and TYG media (4 

genes). All three subgroups are subject to regulation by glucose mediated by CcpA and by 

another mechanism CcpA-independent. The majority of genes in class II belong to the 

carbon and energy metabolism function. We found genes involved in butyrate production 

from succinate or in redox-associated functions and several genes encoding PTS, including 

the glucose-specific PTS (ptsG), which were either repressed or induced by glucose. On the 

other hand, lysine biosynthesis from aspartate was induced by glucose while a probable 

cystine ABC transporter was repressed (CD2174-CD2177). In this class, we found several 

regulatory proteins and among them the two major regulators of the heat-shock response 

(ctsR and hrcA) (Derre et al., 2000; Nair et al., 2000; Helmann et al., 2001) and several 

stress proteins like the ClpC, ClpB, McsAB and DnaJ. Surprisingly, two clusters of genes 

encoding transposon proteins also belong to this class. 

 

Class III. Genes regulated by glucose CcpA-independent 

This class contains 86 genes (supplemented data - Table 3), whose expression is regulated 

by glucose both in JIR8094 and ccpA strains. Moreover, we observed no difference of 

expression in TYG medium between the JIR8094 strain and the ccpA mutant. The majority of 

genes in this class were involved in carbon and energy metabolism (42 genes). We found 

that ribose ABC transporter operon was repressed as well as gapB (CD1767) involved in 

gluconeogenesis, whereas the glycolysis gapA operon was induced by glucose like the 

expression of the cysAM operon involved in cysteine biosynthesis and the groES and groEL 

genes encoding heat-shock chaperon proteins. 

 

Class IV. Genes regulated by glucose independently of CcpA and by CcpA only in absence 

of glucose. 

This class contains 32 genes that are divided in two subgroups (supplemented data -Table 

4). The first subgroup corresponds to genes that were regulated by glucose in the ccpA 

mutant strain and were also differently expressed in absence of glucose in the JIR8094 and 

the ccpA strains (28 genes). The second subgroup corresponds to genes that were regulated 

by glucose in both JIR8094 and ccpA mutant strains, and were also differently expressed in 

TY in both strains (4 genes). The genes in class IV belong to six functional categories: amino 

acids catabolism/biosynthesis, carbon and energy metabolism, cell wall, nucleic acids 

metabolism, sporulation and stress. Nine genes ranging from sporulation sigma factors 

(sigma F) to proteins of stage II, III, IV and V of sporulation were repressed 3- to 12- fold by 

CcpA only in TY medium. Moreover, they were regulated by glucose in the ccpA mutant but 

not in the wild-type strain. Finally, in the absence of glucose, CcpA regulated expression of 
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genes encoding a PTS system from the fructose/mannitol family (CD2325-CD2327), as well 

as CD2373, a putative carbon starvation protein, that were also controlled by glucose but 

only in the ccpA mutant. 

 

Class V. Genes regulated by CcpA independently of glucose 

This class contains only three genes (supplemented data - Table 5). Expression of CD0341 

was induced by CcpA similarly in TY and TYG and showed no glucose-dependent regulation 

both in the wild-type and the ccpA mutant strains. Expression of CD2752 gene was also 

induced by CcpA in TY and TYG but was repressed in the presence of glucose in the wild 

type. Finally, the CD2214 gene expression was repressed by CcpA both in TY and TYG, and 

was only induced in the presence of glucose in the ccpA mutant. This suggested that besides 

being regulated by CcpA, its glucose-dependent regulation is mediated by a CcpA-

independent mechanism. CD0341 and CD2752 encode proteins of unknown function, while 

CD2214 encodes a SinR-like regulator. In B. subtilis, SinR is the repressor of genes involved 

in biofilm formation (Chai et al., 2009) and in sporulation (Sonenshein, 2000). 

 

1.2 Role of glucose and CcpA in the control of C. difficile metabolism 
In B. subtilis, during exponential growth phase, CcpA mainly regulates the carbohydrate and 

energy metabolism, whereas at the transition growth phase, it controls broader range of 

physiological processes including nucleotide metabolism, cell motility, protein synthesis and 

biofilm formation (Lulko et al., 2007; Stanley et al., 2003). 

 

1.2.1 PTS regulation 

C. difficile has a large repertoire of genes dedicated to carbohydrate transport and 

metabolism, suggesting that carbohydrates are the preferred nutrient source of the bacteria 

(Mitchell et al., 2007). So, we first analysed the expression of genes involved in carbohydrate 

transport and metabolism controlled by glucose. The genome of C. difficile strain 630 

contains 51 PTS (http://www.membranetransport.org/), a higher number of PTS than the 

other pathogenic clostridia, like C. perfringens and C. botulinum, which have 11 and 15 

PTSs, respectively (Mitchell et al., 2007). C. difficile ferments several sugars taken up by 

PTS, such as fructose, glucose, mannitol and mannose (Nakamura et al., 1982b). From the 

transcriptome analysis, we found five PTS of these sugars fermented by C. difficile, whose 

transcription was regulated by glucose (Table 2). They belong to the fructose/mannitol 

(CD0206-CD0208, CD2325-CD2327 (probably galactitol), CD2486-CD2488), glucose 

(CD2666-CD2667) and mannose (CD3013-CD3015) PTS families. A mannitol-specific PTS 

(CD2331-CD2334) was also differently expressed in both strains but only in presence of 
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glucose (Table 2).  

              
Gene ID Name Product Transcriptome analysisa 
       

   WT 
TYG/TY 

ccpA 
TYG/TY 

TY 
ccpA/WT 

TYG 
ccpA/WT 

       
CD0205   Putative fructose-like PTS operon regulator 0,18 1,00 1,00 1,00 
CD0206  PTS fructose-like IIA component 0,21 1,00 1,00 1,00 
CD0207  PTS fructose-like IIC component 0,04 1,00 0,13 1,00 
CD0208  PTS fructose-like IIB subunit 0,18 0,31 1,00 1,00 
       
CD2325  PTS fructose/mannitol family IIC component 1,00 0,2 8,42 1,00 
CD2326  PTS  fructose/mannitol family IIB component 1,00 0,1 23,49 1,00 
CD2327  PTS  fructose/mannitol family IIA component 1,00 0,17 8,51 1,00 

CD2328   
Putative fructose/mannitol family PTS 
regulator 1,00 1,00 1,00 1,00 

       
CD2331 mtlD mannitol-1-phosphate 5-dehydrogenase 1,00 1,00 1,00 4,83 
CD2332 mtlF PTS mannitol-specific, EIIA component 1,00 1,00 1,00 5,95 
CD2333 mtlR PTS transcriptional regulator 1,00 1,00 1,00 5,96 
CD2334 mtlA PTS mannitol-specific, IICB component 1,00 1,00 1,00 10,39 
       
CD2486  PTS fructose-like IIC component 12,38 3,17 1,00 0,14 
CD2487  PTS fructose-like IIB component 11,58 4,1 1,00 0,15 
CD2488  PTS fructose-like IIA component 6,1 2,59 1,00 0,17 
CD2489   Putative fructose-like PTS operon regulator 4,03 1,00 1,00 0,16 
       
CD2666 ptsG-A PTS glucose-specific IIA component 1,00 6,41 1,00 4,14 
CD2667 ptsG-BC PTS glucose-specific IIBC component  2,52 4,35 1,00 3,72 
CD2668   Putative transcription antiterminator LicT-like 1,00 1,00 1,00 1,00 
       
CD3013  PTS mannose-specfic IIC component 16,93 1,00 14,54 1,00 
CD3014  PTS mannose-specfic IIB component 18,54 1,00 15,05 1,00 
CD3015  PTS mannose-specfic IIA component 22,08 1,00 15,15 1,00 
CD3016   Putative mannose PTS operon regulator 11,01 1,00 1,00 1,00 
              
Table 2. Genes encoding PTS proteins that are regulated by glucose and/or CcpA. Putative regulators 
containing at least one PRD domain (yellow) associated to the PTS are also shown. 
 a Fold change value of gene expression.  
 

The synthesis of a PTS of the fructose family (CD0206-CD0208) was strongly repressed in 

vitro by glucose and decreased in vivo in the ccpA mutant (Table 2). Although CcpA does 

not mediate the glucose-dependent regulation of this PTS in vitro, it seems that CcpA is able 

in vivo to activate synthesis of this PTS by a mechanism, which is not yet known (Table 3). 

Furthermore, expression of ptsG (CD2666-CD2667), a glucose-specific PTS, was induced in 

vitro by glucose and partially regulated by CcpA. Moreover, this specific PTS was also 

positively controlled by CcpA in vivo. Glucose seems to be an important carbon for the 

bacterium as its specific PTS is both expressed in vitro and in vivo. However, CcpA regulated 

differently the ptsG expression in vitro and in vivo. Available glucose in vivo is much lower 
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than in vivo. It is possible that the concentration of free glucose could differently affect CcpA 

regulation of the ptsG. In addition, to fructose (CD0206-CD0207) and glucose (CD2667) PTS 

regulated both in vitro and in vivo, synthesis of three other PTS was specifically induced by 

CcpA in mice in vivo: a fructose-specific PTS (fruABC), a glucose family PTS (CD3027, 

CD3030) and a beta-glucoside-specific PTS (bglF) (Table 3).  

Gene ID Name Product in vivo ccpA/WT a 
CD0206  PTS system, fructose-like IIA component 0.21 
CD0207  PTS system, fructose-like IIC component 0.33 
CD0208  PTS system, fructose-like IIB subunit 0.22 
    
CD2269 fruABC PTS system, fructose-specific IIABC component 0.48 
    
CD2667 ptsG-BC PTS system, glucose-specific IIBC component 0.35 
    
CD3027  PTS system, glucose-like IIA component 0.08 
CD3030  PTS system, glucose-like IIBC component 0.34 
    
CD3116 bglF PTS system, beta-glucoside-specific IIABC component 0.42 
       
Table 3. Genes encoding PTS that are regulated by CcpA in vivo. 
a Fold change value of gene expression. 
 

Interestingly, all PTS identified in the transcriptomic assays performed in vitro were 

associated with regulators containing a PTS regulation domain (PRD) (Table XX). The 

activity of PRD-type regulators is often controlled by phosphorylation of two histidine 

residues by the EIIB-P and HPr-His-P (review Deutscher et al., 2006). PRD-containing 

regulators have a short N-terminal effector domain that binds to either RNA (for 

antiterminators) or DNA (for activators), and two regulatory modules termed PRD1 and 

PRD2 involved in the regulation of catabolic operons (van Tilbeurgh & Declerck, 2001). 

Depending on the PRD phosphorylation state, the regulatory domains stimulate or inhibit the 

activity of the antiterminator or transcription activator (Deutscher et al., 2006). HPr-

dependent control of PRD-type regulators could correspond to an alternative mechanism of 

regulation by glucose independently of CcpA. 

From the putative regulators that we found associated to the PTS system regulated in vitro, 

CD3016 showed the features of a PRD-containing transcriptional activator, with a DNA-

binding domain, two regulatory modules PRD, and both EIIA and EIIB domains (Table 4). 

Expression of this gene was induced (11- fold) by glucose as for the adjacent CD3013-

CD3015 encoding a mannose-specific PTS (17- to 22- fold). However, CcpA does not 

regulate CD3016 in the absence of glucose unlike the mannose PTS. It is possible that 

CD3016 might positively regulate the CD3013-CD3015 operon in presence of glucose. mtlR 

(CD2333) encodes a regulator similar to a PRD-type activator, without a EIIA domain. This 

gene was differently expressed in JIR8094 and ccpA strains in presence of glucose like the 
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mannitol-specific PTS, suggesting that the regulation of this PTS may be related to 

expression of MtlR. Both CD2489 and CD2328 also showed similarity with the PRD-type 

regulators. They contain a DNA-binding domain, both EIIB and EIIA (CD2328 has 2 EIIA) but 

they only have one PRD. Although CD2328 encodes a putative regulator of the CD23-

CD2327 PTS, its expression was not regulated by glucose neither by CcpA. CD2489, 

encoding a putative regulator adjacent to CD2486-CD2488, was activated by glucose via 

CcpA. Thus, these putative does not seems to play a role in the glucose regulation mediated 

by a CcpA-independent mechanism. CD0205 contains a EIIA and a EIIB domains as well as 

one PRD but lacks a DNA or a RNA-binding domain and it was repressed by glucose 

similarly to the associated PTS. The ptsG genes were regulated by glucose in the ccpA 

mutant, suggesting that a CcpA-independent mechanism of regulation by glucose might 

exist. CD2668 located downstream of the ptsG genes, contains a RNA-binding domain and 

two PRDs consistent with the features of the PRD-type antiterminator regulators. In B. 

subtilis, the ptsGHI operon is induced in presence of glucose by a termination/antitermination 

mechanism (Blencke et al., 2003). However, CD2668 expression was not regulated by 

glucose in this analysis. 

     
Gene ID Name Product InterProScan Domains present 
CD0205  Putative fructose-like PTS operon regulator 1 PRD, 1 EIIA and 1 EIIB domains 
     

CD2328  Putative fructose/mannitol family PTS regulator 
DNA HTH, 1 PRD, 1 EIIB, and 2 EIIA 
domains 

     
CD2333 mtlR PTS transcriptional regulator DNA HTH, 2 PRDs, and 1 EIIB domains 
     

CD2489  Putative fructose-like PTS operon regulator 
DNA HTH, 1 PRD, 1 EIIA and 1 EIIB 
domains 

     
CD2668  Putative transcription antiterminator licT-like RNA-binding domain, and 2 PRD domains 
     

CD3016  Putative mannose PTS operon regulator 
DNA HTH, 2 PRDs, 1 EIIB and 1 EIIA 
domains 

          
Table 4. Description of the protein domains present in the putative PRD-containing regulators 
associated to the PTS systems that are differently transcribed in the in vitro analysis.  
 

Although C. difficile possess a high number of genes encoding for PTSs, glucose and/or 

CcpA only controlled in vitro and in vivo a few PTS encoding genes. Moreover, the diversity 

of carbohydrates that C. difficile is able to ferment is not exhaustive (Nakamura et al., 

1982b). Thus, the presence of a high number of PTS could probably correspond to a 

functional redundancy of the PTS. 
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1.2.2 Central Carbon Metabolism 

The central carbon metabolism allows the bacterium to obtain energy and precursors for 

anabolism. When present in cell, glucose regulates several pathways such as the glycolysis, 

the pentose-phosphate shunt, the gluconeogenesis and various fermentation pathways. In C. 

difficile, we found that the synthesis of enzymes catalyzing the central part of glycolysis 

pathway (gapA-pgk-tpi-pgm-eno) was stimulated 4- to 10- fold in the presence of glucose by 

a CcpA-independent mechanism (supplemented data - Table 6). In contrast, expression of 

fba encoding fructose-1,6-bisphosphate aldolase was strongly induced by glucose (8- fold) 

via a CcpA-dependent mechanism (Fig. 1). In S. aureus, only the synthesis of 

triosephosphate isomerase (tpi) and phosphoglycerate kinase (pgk) of the glycolysis pathway 

are regulated by glucose in a CcpA-dependent manner (Seidl et al., 2009). In B. subtilis, the 

genes encoding the glycolytic gapA operon (cggR, gapA, pgK, tpiA, pgm, eno) are induced 

by glucose. This operon is indirectly controlled by CcpA probably via the modulation of the 

concentration of the fructose-1,6-bisphosphate (FBP) that inhibits CggR, the repressor of the 

gapA operon (Doan & Aymerich, 2003). The C. difficile CggR protein, shares 38% identity 

with CggR of B. subtilis, whose encoding gene is located just upstream of the gapA operon. 

Expression of cggR was induced by glucose in a ccpA mutant and was regulated by CcpA in 

TYG, indicating that the regulation of the gapA operon is different between C. difficile and B. 

subtilis. Concerning the gluconeogenesis, only gapB and fbp were repressed by glucose and 

independently from CcpA. Likewise, in B. subtilis, expression of gapB and pckA involved in 

gluconeogenisis are repressed by glucose independently of CcpA (Blencke et al., 2003). In 

parallel to the gluconeogenesis, the genes involved in the storage of glucose in glycogen 

form were also repressed in presence of glucose by a CcpA-independent mechanism. 

 

The pentose phosphate pathway is an alternative route of glucose degradation. It also 

provides NADPH needed for anabolic reactions and it generates precursors for aromatic 

amino acids and nucleotide biosynthesis (Blencke et al., 2003). In B. subtilis and S. aureus, 

only the gluconate conversion enzymes of the pentose phosphate pathway are weakly 

induced by glucose (Blencke et al., 2003; Seidl et al., 2009). In the C. difficile, genes 

encoding enzymes of the pentose phosphate pathway leading to the formation of the 

glycolysis intermediate glyceraldehyde-3-P are present. Actually, the genes of this pathway 

(rpe, rplB1, tkt and tkt’) were repressed by glucose in the ccpA mutant and repressed by 

CcpA in the absence of glucose. Furthermore, tkt, and tkt’ were also induced by glucose in 

JIR8094 strain via CcpA and rpiB2 was induced by glucose independently of CcpA. We also 

found in C. difficile genome a pathway for ribose catabolism with the presence of two ribose 

ABC transporters (RbsBAC and CD1587-1589) and a ribokinase, RbsK. Expression of the 
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rbsRKBAC operon is repressed by glucose whereas the expression of CD1587-1589 was 

induced in the presence of glucose, independently of CcpA. 

  
Figure 1. Genes of glycolysis and pentose-phosphate pathways and carbohydrates transporters 
regulated by CcpA- and/or glucose in C. difficile. Assignment of genes coding for enzymes which are 
regulated by CcpA and/or glucose. glgCDA, glycogen biosynthesis; fbp, fructose-1,6-bisphosphatase; 
fba, fructose-1,6-bisphosphate aldolase; tpi, triosephosphate isomerase; gapA and gapB, 
glyceraldehyde-3-phosphate dehydrogenase; pgk, phosphoglycerate kinase; pgm, 2,3-
bisphosphoglycerate-mutase; eno, enolase;  pykF, pyruvate kinase; rpe, putative ribulose-phosphate 
3-epimerase; rpiB1, ribose-5-phosphate isomerase B1; ripB2, ribose-5-phosphate isomerase B2; rbsK, 
putative ribokinase; tkt’, transketolase, central and C-terminal; tkt, transketolase, N-terminal; CD2325-
CD2327, PTS fructose/mannitol (putative galactitol) IICBA; CD0206-CD0208, PTS fructose-like IIACB; 
CD2332-CD2334, PTS mannitol-specific IIABC; mtlD, mannitol-1-phosphate 5-dehydrogenase; 
CD2486-2488, PTS fructose-like IICBA; CD3013-CD3015, PTS mannose-specific IICBA; pmi, 
mannose-6-phosphate isomerase; CD2666-CD2667 (ptsG), PTS glucose-specific IIABC; rbsBAC, 
ribose ABC transporter; CD1587-CD1589, putative ribose ABC transporter. 
  

These results show that in presence of glucose, the glycolysis leading to the glucose 

conversion into pyruvate is preferentially used to the gluconeogenesis or the storage of 

glucose in the form of glycogen. Moreover, CcpA strongly induces fba expression, an 

important element of glycolysis.  Furthermore, entry of ribose in presence of glucose seems 

quite complex. A specific ribose ABC transporter (RbsBAC) was repressed by glucose, 

whereas a putative ribose ABC transporter (CD1587-CD1589) was activated. The pathway of 

the pentose phosphate leading to the formation of a glycolysis intermediate was also induced 

by glucose and partially regulated by CcpA.  
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1.2.3 Fermentation 

The principal source of energy in C. difficile comes from the fermentation of carbohydrates 

and amino acids. Several genes involved in the fermentation pathways were differentially 

expressed in the presence of glucose and this regulation was CcpA-dependent. Like for 

several clostridia species, C. difficile can form lactate, acetate, butyrate and propionate as 

well as several other short chain fatty acids (Seddon & Borriello, 1989). Moreover, C. difficile 

can produce ethanol and butanol (Karlsson et al., 2000). Thus, we analyzed the end 

products of fermentation of JIR8094 and its derivated ccpA mutant strains grown in TY and 

TYG. The levels of acetate and isocaproate productions were similar in all conditions tested 

(data not shown). However, the formation of butyric, isobutyric, valeric, isovaleric, propionic, 

and isoheptanoic acids was lower in presence of glucose in the JIR8094 strain (Fig. 2). 

Deletion of ccpA gene leaded to a decrease in the production of these components in TY. In 

addition, the production of these end products was partially restored in TYG in the absence 

of CcpA. This indicated that both glucose and CcpA controlled the pattern of end products of 

fermentation. 
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Figure 2. Metabolic end products in the JIR8094 strain and the ccpA mutant. Chromatography 
analysis of the metabolic end products from JIR8094 and ΔccpA strains after 48 h of growth in TY and 
TYG media was performed. The mean and standard error of three experiments are shown. 
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The production of butyric acid can result from the fermentation of pyruvate and succinate 

(Fig. 3). Succinate utilization leads to the formation of crotonyl-CoA, an intermediate of the 

pyruvate fermentation pathway, whose genes encoding the enzymes involved in this 

pathway (cat1, sucD, 4HbD, cat2 and abfD) form an operon. 

 

 
Figure 3. Overview of CcpA- and glucose-dependent genes involved in the production of butyrate, 
butanol, and ethanol in C. difficile. Assignment of genes coding for enzymes which are regulated by 
CcpA and/or glucose. sdaB, L-serine dehydratase; CD2966 and CD3006, aldehyde-alcohol 
dehydrogenase; thlA, acetyl-CoA acetyltransferase; hbd, 3-hydroxybutyryl-CoA dehydrogenase; crt2, 
3-hydroxybutyryl-CoA dehydratase; cat1, succinyl-CoA:coenzyme A transferase; sucD, Succinate-
semialdehyde dehydrogenase; 4hbd, 4-hydroxybutyrate dehydrogenase; cat2, 4-hydroxybutyrate CoA 
transferase; abfD, vinylacetyl-coa-delta-isomerase; bcd2, butyryl-CoA dehydrogenase; etfBA, electron 
transfer flavoproteins; CD0715 and CD0112, phosphate butyryltransferase; CD0113, butyrate kinase. 
 

In presence of glucose, this operon was strongly repressed (about 30- fold), and the 

repression was partially dependent of CcpA (supplemented data -Table 6). Indeed, a 

residual 5- fold repression of the operon was still observed in the ccpA mutant 

(supplemented data -Table 6). Furthermore, the operon encoding the enzymes involved in 

the conversion of acetyl-CoA into butyryl-CoA (bcd2, etfAB2, crt2 and hbd) was also 

repressed by glucose (about 4- fold) and this regulation was CcpA-dependent with the 

exception of thlA, which was not controlled by CcpA (supplemented data -Table 6). Finally, 

among genes encoding probable phosphotransbutyrylase (CD0112, CD2425 and CD0715) 

and butyrate-kinase (CD0113, CD2426 and CD2379) involved in butyrate production from 
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butyryl-CoA, the synthesis of CD0112-CD0113 was negatively controlled by CcpA only in 

TYG. However expression of CD0715 was repressed by glucose in a CcpA-independent 

manner. These transcriptome results are in agreement with the low production of butyric acid 

observed in the JIR8094 strain grown in TYG when compared to TY media and to the partial 

restoration of butyrate production in the ccpA mutant observed in TYG (Fig. 2). 

We observed in vivo, that CcpA repressed about 3- fold the operon involved in the formation 

of crotonyl-CoA from succinate, and that synthesis of enzymes involved in butyrate 

production (CD2425-CD2426 and CD2379) from butyryl-CoA was also increased in a ccpA 

mutant (supplemented data - Table 7).  

 

The aldehyde-alcohol dehydrogenases (CD2966 and CD3006) are probably involved in 

ethanol and butanol production from acetyl-CoA and butyryl-CoA, respectively. Expression of 

CD2966 and CD3006 was repressed 30-fold and 4-fold in the presence of glucose, 

respectively (supplemented data - Table 6). This repression by glucose was CcpA-

dependent for CD2966 and CcpA-independent for CD3006. Unfortunately, the gas-liquid 

chromatography analysis did not permit the detection of butanol and ethanol.  

 

As we have seen in the beginning of this chapter, the glycolysis and other pathways that 

produce glycolysis intermediates were induced in presence of glucose leading to the 

formation of pyruvate. Pyruvate can then be metabolized by fermentation for energy 

production or be used for anabolic reactions. C. difficile fermentation leads to the formation of 

a variety of end products, but unfortunately, only some of these pathways have been yet 

described. Nevertheless, the pathways leading to formation of ethanol or butyrate and 

butanol from acetyl-CoA as well as the succinate catabolism were repressed in presence of 

glucose via a CcpA-dependent mechanism.  A lower production of butyrate in presence of 

glucose is also observed in the profile of end products from C. difficile fermentation. 

Interestingly in vivo, where the glucose concentration is lower, part of these pathways were 

repressed by CcpA. 

 

C. difficile is one of the most versatile clostridia able to ferment amino acids with a variety of 

end products of fermentation (Elsden et al., 1976). With the exception of histidine, glutamate, 

glutamine and lysine, the amino acids are fermented by C. difficile to yield a complex mixture 

of volatile fatty acids (Selmer & Andrei, 2001). C. difficile can use amino acids as an energy 

source (Kim et al., 2006), through a mechanism called Stickland reactions. These reactions 

described by Stickland (Stickland, 1935) in Clostridium sporogenes consist in the coupled 

fermentation of two amino acids in which one is oxidatively deaminated or decarboxylated 
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(Stickland donor) and another (Stickland acceptor) is reductively deaminated or reduced. The 

most efficient Stickland donors are valine, leucine, isoleucine (branched-chain amino acids) 

and alanine, while the most efficient Stickland acceptors are glycine and proline (Stickland, 

1935). As a result of valine, leucine and isoleucine fermentation coupled with proline 

reduction, isobutyric, isovaleric and valeric acids are produced, respectively, while proline 

reduction leads to the formation of δ-aminovaleric acid (Jackson et al., 2006). Fermentation 

of alanine coupled with glycine reduction, leads to the production of acetic acid, ammonia 

and CO2 (Nisman, 1954). From our in vitro transcriptome analysis we showed that genes 

encoding the enzymes involved in the reduction of glycine and proline in the Stickland 

reaction were regulated by glucose (Fig. 4). Expression of prdF and prdA was about 4- fold 

induced by glucose via CcpA. In contrast, most of the genes involved in glycine reduction 

were repressed 3- to 7- fold by glucose by a CcpA-dependent mechanism (supplemented 

data - Table 6). C. difficile can also use leucine both as electron donor and acceptor. Leucine 

can be oxidized into ammonia, isovalerate (3-methylbutyrate) plus CO2 (oxidative branch) or 

reduced to form isocaproate (4-methylpentanoate) (reductive branch) (Kim et al., 2006). 

Expression of genes required for the leucine reductive branch (ldhA, hadA, acdB, etfB) was 

repressed by glucose (about 4- fold) via CcpA (Fig. 4). These results suggest that in 

presence of glucose C. difficile might use preferentially proline to glycine or leucine as a 

Stickland acceptor and this hierarchy of amino acid utilization is controlled by CcpA. 

 
Fig. 4. Fermentation of amino acids: oxidation and reduction by Stickland reactions. Assignment of 
genes coding for enzymes which are regulated by CcpA and/or glucose. ?- unknown pathway in C. 
difficile. prdF, proline racemase; prdB, proline reductase; prdA, D-proline reductase proprotein; trxB3, 
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thioredoxin reductase 3; trxA2, thioredoxin 2; grdB, glycine reductase complex component B gamma 
subunit (Part 2); grdC, glycine reductase complex component C subunit beta; grdX, glycine reductase 
complex component; grdD, glycine reductase complex component C subunit alpha; grdA, glycine 
reductase complex selenoprotein A; grdE, glycine reductase complex component B subunits alpha 
and beta; ldhA, 2-hydroxyisocaproate dehydrogenase; hadA, 2-hydroxyisocaproate CoA transferase; 
hadI, activator of dehydratase; acdB, acyl-CoA dehydrogenase.   
 

In the gas-liquid chromatography analysis, the amount of isovaleric, valeric, isobutyric, 

propionic, and isoheptanoic acids decreased in the JIR8094 strain in presence of glucose 

while the production of these compounds usually increased in TYG in the ccpA mutant when 

compared to the wild-type strain. However, genes involved in the Stickland oxidative 

pathways of alanine, valine, leucine and isoleucine (Fig. 4) remain to be identified and a 

complete view of the fermentation pathways of C. difficile and the associated mechanisms of 

allosteric control of enzymatic activities are still lacking. It is therefore difficult to precisely 

correlate the changes observed in the total amount of end products detected by gas-liquid 

chromatography and the data from the in vitro transcriptome analysis.  

 

C. difficile which is a strict anaerobic bacterium, contains some enzymes that show 

similarities to elements involved in the tricarboxylic acid (TCA) cycle. Interestingly, the 

majority of these genes were regulated by glucose in a CcpA-dependent manner. aksA 

(trans-homoaconitate synthase), acnB (aconitate hydratase) and CD0834 (isocitrate/3-

isopropylmalate dehydrogenase) were strongly repressed (6- to 8- fold) by glucose via CcpA, 

whereas fumB (fumarate hydratase) and CD1005  encoding a putative NAD-dependent malic 

enzyme were induced (about 3- fold) by glucose via CcpA (supplemented data – Table 6). In 

S. aureus, the synthesis of aconitate hydratase (citB) and isocitrate dehydrogenase (citC) is 

repressed by CcpA in presence of glucose (Seidl et al., 2009). However, in B. subtilis, 

repression of citB and citC by glucose is indirectly controlled by CcpA which regulates the 

inducer of CcpC, the direct activator of both citB and citC (Kim et al., 2002). The presence of 

these enzymes in C. difficile is intriguing for this anaerobic bacterium.  Interestingly, the 

genes aksA, acnB and CD0834 form an operon and while aksA might play a role in lysine 

biosynthesis, acnB and CD0834 seem involved in the anaerobic respiration (Karp et al., 

2002). The genes fumA and fumB form an operon and their enzymes allow the formation of 

fumarate from malate. This reaction is often associated to the anaerobic respiration or mixed 

acid fermentation (Karp et al., 2002). Downstream of fumAB there is CD1005, whose 

enzyme could be implicated in the conversion of malate into pyruvate. Thus, these enzymes 

similar to the TCA cycle compounds could participate to a still uncharacterized metabolic 

pathway or play a role in the production of precursors for the synthesis of other compounds 

like amino acids. 



Results - Article 2 
 
 

      183 

1.2.4 Amino Acids Biosynthesis 

In B. subtilis, CcpA is also known to act as a link between the carbon and the nitrogen 

metabolisms, and particularly by regulating the anabolic operon ilv-leu involved in the 

biosynthesis of branched-chain amino acids (for review see Fujita, 2009). In C. difficile, the 

glucose regulates several pathways of amino acids biosynthesis and CcpA plays a role in 

this control in many cases (Fig. 5). In particularly, glucose induced (6- to 11- fold) the 

expression of genes encoding enzymes involved in lysine biosynthesis from aspartate 

(supplemented data - Table 6). We recently re-annotated some of these genes such as 

CD3000 (dapA1), CD3223 (dapA2), CD3224 (asd), CD3225 (dapA3), CD3226 (dapB1), 

CD3227 (dapH) and CD3229 (dapB2) (Monot et al. unpublished data; Fig 5). The glucose-

dependent regulation was mediated by CcpA for asd expression and on lesser extent for 

dapA3, dapB1, and dapH expression. In contrast, the glucose-dependent regulation of lysA 

and lysC was CcpA-independent. The genes encoding enzymes leading to the formation of 

threonine from homoserine (thrC and thrB) were 5- fold induced by glucose in a ccpA mutant, 

whereas CcpA repressed 3- fold thrC expression (supplemented data -Table 6). The serA 

gene, involved in the biosynthesis of serine from glyceraldehyde-3P, was not regulated by 

glucose, but was positively controlled by CcpA in absence of glucose. In contrast, serA was 

repressed 5- fold by CcpA in the in vivo infection model (supplemented data – Table 7). It is 

possible that there is a hierarchy in the utilization of glycolysis intermediates, and that in 

conditions of lower carbon sources available like in vivo, some lateral pathways, such as the 

conversion of glyceraldehyde-3P into serine are repressed in order to favour the main 

pathway that leads to pyruvate formation. 

 

Cystine is the dimeric oxidized cysteine form that is found in the environment. Data of the in 

vitro transcriptome showed that expression of the operon encoding for a putative cystine 

ABC transporter (CD2174-2177) was repressed (3- fold) by glucose and this regulation was 

partially mediated by CcpA. Interestingly, CysM and CysA, enzymes involved in the 

biosynthesis of cysteine from serine were 3- to 6- fold induced by glucose independently of 

CcpA (supplemented data - Table 6). Being the pathway for cysteine production from 

glycolysis induced in presence of glucose, it is possible that the bacterium might not need to 

acquire cysteine from the environment and therefore repress the ABC transporter associated 

to economize energy.  Moreover, the expression of iscS2 that leads to formation of alanine 

from cysteine was 4- fold induced but only in the JIR8094 strain (supplemented data - Table 

6). These results would suggest that in presence of glucose, the products of glycolysis are 

use as subtracts for anabolic pathways such as amino acids biosynthesis.  

In vivo, CcpA was found to repress (about 5- fold) the pathway of alanine biosynthesis from 
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ornithine as well as the leucine biosynthesis pathway (about 4- fold) (supplemented data - 

Table 7). Again the availability of carbon sources in vivo is not the same as in vitro, and 

therefore CcpA may repress biosynthesis pathways due to the lack of enough carbon 

sources. 

 

 
 

 

 

 

 
 
Figure 5. Overview of CcpA- and glucose-dependent genes of the nitrogen metabolism in C. difficile. 
Assignment of genes coding for enzymes which are regulated by CcpA and/or glucose. lysC, 
aspartokinase; asd, aspartate-semialdehyde dehydrogenase; dapA1, dihydrodipicolinate synthase 1; 
dapA2, dihydrodipicolinate synthase 2; dapA3, dihydrodipicolinate synthase 3; dapB1, 
dihydrodipicolinate reductase; dapH, 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate; lysA, 
diaminopimelate decarboxylase; thrC, threonine synthase, thrB, homoserine kinase; serA, putative D-
3-phosphoglycerate dehydrogenase; cysA, serine acetyltransferase; cysM, putative O-acetylserine 
sulfhydrylase; iscS2, cysteine desulfurase. 
 

C. difficile has a large range of genes dedicated to carbohydrate transport and metabolism. 

The ability to use a variety of carbohydrates is an important feature for C. difficile to colonize 

the host gut. It must confer to C. difficile an advantage to adapt and survive in the microflora 
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environment where the availability of nutrients is not constant. According to the in vivo 

transcriptome analysis we found specific metabolic pathways inherent to the infection of the 

host gut such as the ethanolamine and the N-acetylglucosamine catabolism operons. 

Ethanolamine is a constituent of an abundant class of phospholipids that are provided by the 

host’s dietary intake and it constituts both a carbon and a nitrogen source for several 

pathogenic bacteria (salmonella, enterococcus, listeria). A 19-gene cluster (CD1906-

CD1926) involved in ethanolamine degradation is present in the C. difficile genome. We 

found that the majority of genes involved in ethanolamine utilization are induced by CcpA in 

vivo (Table 5) and are not regulated in vitro. This was in agreement with the probable role of 

ethanolamine as a carbon source in the C. difficile gastrointestinal lifestyle (Sebaihia et al., 

2006). 
        

Gene ID Name Product in vivo ccpA/WTa 

CD1908 eutS Ethanolamine utilization protein 0.23 

CD1909 eutP Ethanolamine utilization protein 0.39 

CD1912 eutA Ethanolamine reactivating factor for ammonia lyase eutBC 0.17 

CD1913 eutB Ethanolamine ammonia-lyase heavy chain 0.16 

CD1914 eutC Ethanolamine ammonia-lyase light chain 0.28 

CD1915 eutL Ethanolamine carboxysome-related structural protein 0.28 

CD1916 eutM Ethanolamine carboxysome-related strutural detox protein 0.35 

CD1918 eutK Ethanolamine carboxysome strutural protein 0.28 

CD1922 eutN Ethanolamine carboxysome-related structural detox protein 0.34 

CD1924 eutH Putative ethanolamine transporter 0.4 

CD1925 eutQ Putative ethanolamine utilization protein 0.33 

        

CD1010 nagA N-acetylglucosamine-6-phosphate deacetylase  0.33 

CD1011 nagB Glucosamine-6-phosphate deaminase  0.26 

    

Table 5. Genes from the ethanolamine and N-acetyl-glucosamine utilization that are regulated by 
CcpA in vivo. 
a Fold change value of gene expression of ∆ccpA mutant versus the wild-type strain.  
 

N-acetylglucosamine is an abundant component of bacterial and fungi cell walls that can be 

used as a carbon, energy and nitrogen source. We found from the in vivo transcriptome 

analysis that CcpA positively controlled the nagAB genes (3- fold induction), whose enzymes 

are responsible for the N-acetylglucosamine degradation into fructose-6P, a glycolysis 

intermediate (Table 5). Because in vivo C. difficile does not have the same access to free 

glucose than in vitro, it seems possible that C. difficile has developed ways to catabolize 

complex molecules abundant in the host for its survival. 
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Like in B. subtilis, glucose constitutes an important environmental signal to which C. difficile 

responds by modulating a large number of genes. Moreover, about 50% of the glucose-

dependent genes are regulated by CcpA. A large number of regulated genes by glucose via 

CcpA are involved in several metabolic pathways. For instance, pathways leading to the 

production of energy like glycolysis and pentose-phosphate shunt are induced in presence of 

glucose whereas gluconeogenesis and glucose storage in glycogen form are repressed. 

Moreover, fermentation pathways leading to the formation of butyrate, ethanol and butanol 

are repressed by glucose via CcpA, however biosynthesis of amino acids are induced in 

presence of glucose. In addition, CcpA seems involved in a hierarchy utilization of amino 

acids as reduction agents, by preferring proline over to glycine or leucine as electron 

acceptor in presence of glucose. Finally, particular metabolic pathways are regulated by 

CcpA in vivo that are specific to C. difficile gastrointestinal lifestyle. 

 
1.3 Glucose and CcpA involvement in stress proteins regulation 
When bacterial cells are subjected to a sudden temperature upshock, a group of genes is 

transiently induced, resulting in the synthesis of heat shock proteins (Hsps). Most Hsps 

belong to either molecular chaperones or adenosine triphosphate (ATP)–dependent 

proteases. Chaperones ensure that polypeptides are folded or assembled properly in the 

cell, while proteases degrade the misfolded proteins (see review Schumann, 2003). 

Chaperones such as DnaK bind and stabilize unfolded regions of proteins, keeping them 

separated from unspecific interaction partners, whereas the GroEL-GroES machine provides 

an isolated environment for proper folding of small protein substrates. Finally, specialized 

chaperones of the class Hsp100 such as ClpB, in combination with DnaK are able to 

disaggregate and refold large protein aggregates (see review Moliere & Turgay, 2009).  

B. subtilis uses at least five different mechanisms for heat shock regulation. The class I heat 

shock genes, including groEL-groES and the dnaK operon, are under control of the repressor 

HrcA that binds to so-called CIRCE (controlling inverted repeat of chaperone expression) 

elements in absence of heat stress. The large class II regulon, which is also induced by other 

types of stress (e.g. salt, oxidation, desiccation or acid stress, and starvation for glucose, or 

phosphate), is positively controlled by the alternative sigma factor B, (see review Moliere and 

Turgay 2009). Transcription of class III genes, which include the clpC operon, clpE and clpP, 

are repressed by the binding of CtsR to one or more recognition sequences upstream of the 

vegetative sigma A-dependent promoter (Moliere & Turgay, 2009). Genes upregulated by 

heat through an uncharacterized mechanism have been termed class IV of heat-shock genes 

and include htpG, tig, lonA and lonB. A fifth class of heat shock genes connected to 

extracellular protein folding stress is controlled by the two-component system CssR/CssS 
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(Moliere & Turgay, 2009). 

 

In C. difficile, we observed from the transcriptome studies that at the early-stationary growth 

phase (10 h growth), most genes encoding class I and class III heat shock proteins were up-

regulated in the presence of glucose (Table 6). We showed in particularly that in presence of 

glucose expression of groES, groEL and grpE was 5- to 18- fold induced independently of 

CcpA whereas expression of hrcA and dnaJ were 15- and 10-fold induced partially via CcpA. 

Induction of dnaK expression in the presence of glucose was only observed in the ccpA 

mutant suggesting a CcpA-dependent negative regulation like in B. subtilis, whose synthesis 

of GroEL and GroES is strongly enhanced in a ccpA mutant (Tobisch et al., 1999b).  Finally, 

expression of the ctsR, mcsA, mcsB and clpC operon and clpB was strongly induced by 

glucose and this control was partially CcpA-dependent, whereas the expression of clpP1 and 

clpX, encoding ATP-dependent proteases subunits, was induced via a CcpA-dependent 

mechanism. 

              
Gene ID Name Product Transcriptome analysisa 
       

   
WT 

TYG/TY 
ccpA 

TYG/TY 
TY 

ccpA/WT 
TYG 

ccpA/WT 
Genes regulated by glucose mediated by CcpA     
       
CD0892  cspA Cold shock protein 0.05 1.00 1.00 4.24 
CD1800  terD Tellurium resistance protein 0.19 1.00 1.00 3.16 

CD0828  
Putative oxidative stress glutamate 
synthase 0.21 1.00 1.00 2.96 

CD1385  
Putative natural resistance-associated 
macrophage protein 0.26 1.00 1.00 3.33 

CD1931  dinR SOS regulatory protein 0.27 1.00 1.00 4.4 
CD0812 uspA Putative universal stress protein A  0.33 1.00 1.00 3.4 

CD3305  clpP1 
ATP-dependent Clp protease proteolytic 
subunit 4.00 1.00 1.00 0.36 

CD3304  clpX 
ATP-dependent Clp protease ATP-
binding subunit 5.17 1.00 1.00 0.2 

CD2729       
       
Glucose partially CcpA dependent     
       
CD1652  Putative tellurium resistance protein 0.19 0.44 1.00 3.78 
CD0023 ctsR Transcriptional regulator 29.88 2.64 1.00 0.08 
CD0024  mcsA Activator of protein kinase McsB 40.22 3.18 1.00 0.07 
CD0025  mcsB Tyrosine kinase protein 17.34 3.32 1.00 0.18 

CD0026  clpC 
Class III stress response-related 
ATPase 11.63 3.04 1.00 0.15 

CD2020  clpB Chaperone protein 28.18 12.75 1.00 0.25 
CD2460  dnaJ Chaperone protein DnaJ 9.93 6.24 1.00 0.23 

CD2463 hrcA 
Heat-inducible transcription repressor 
HrcA 15.04 8.07 1.00 0.18 

CD2505  TetR-family transcriptional regulator 4.68 3.05 1.00 0.44 
CD2506  Putative efflux transporter 6.14 3.65 1.00 0.29 



Results - Article 2 
 
 

      188 

       
Glucose regulated independent of CcpA    
       
CD0193  groES 10 kDa chaperonin 13.79 12.66 1.00 1.00 
CD0194  groEL 60 kDa chaperonin 17.84 6.16 1.00 1.00 
CD2462  grpE Protein grpE (HSP-70 cofactor) 5.86 6.27 1.00 1.00 

CD3207  
Putative Na+ driven multidrug efflux 
pump 4.48 13.48 1.00 1.00 

CD3208  MarR-family transcriptional regulator 3.53 10.74 1.00 1.00 
       
Regulated by CcpA in absence of glucose and by glucose by an 
alternative mechanism    
       

CD2373  
Putative CstA-like carbon starvation 
protein 1.00 0.1 4.95 1.00 

       
Other b       
       

CD2461 dnaK Chaperone protein dnaK  (HSP70) 1.00 3.49 1.00 1.00 
CD3219 hslO Chaperonin 1.00 2.49 1.00 1.00 
CD1355 cspB Cold shock protein CspB 0.18 1.00 1.00 1.00 
       
Table 6. Genes involved in stress response differently expressed in response to glucose availability 
and/or regulated by CcpA in C. difficile. 
a Fold change value of genes differently expressed. 
b Genes involved in stress that are differently expressed and not included in one of the five classes. 
 
The adaptations of bacteria to a sudden drop in temperature consist on a drastic reduction of 

the growth rate as well as a marked reprogramming of protein synthesis. The main cold-

induced proteins (Cips) are the small (7.5 kDa) acidic cold shock proteins (CSPs) present in 

most Gram-positive and Gram-negative bacteria (Monedero et al., 2007). In B. subtilis CSPs 

are also important in survival during the stationary phase even in absence of cold shock, 

being essential for efficient protein synthesis (Graumann et al., 1997). According to the 

transcriptome results (Table 6), expression in C. difficile of cspA and cspB, both encoding 

cold shock proteins, was repressed by glucose 20- and 6-fold, respectively and the glucose-

repression was CcpA-dependent only for cspA. 

Two genes related to the oxidative stress were found differently expressed. The expression 

of CD0828, which encodes a putative oxidative stress glutamate synthase was repressed (5- 

fold) by glucose via CcpA, while the expression of hslO was only induced (about 3-fold) by 

glucose in the ccpA mutant (Table 6). In E. coli, HslO (Hsp33) functions as a cellular redox 

switch: oxidizing agents induce the chaperone activity of Hsp33, while reducing agents “turn 

off“ Hsp33 (Paget & Buttner, 2003). 

Other genes encoding proteins in response to “stress conditions” were differently expressed 

in presence of glucose (Table 6). CD1800 (terD) and CD1652, which both encode tellurium 

resistance proteins (Chasteen et al., 2009) were 5- fold repressed by glucose mediated by 

CcpA and only CD1652 was also regulated by a CcpA-independent mechanism. Tellurium 
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compounds are relatively rare in the environment, but many pathogenic bacteria possess 

tellurium resistance genes. These genes may encode enzymes capable of utilizing tellurate 

and other metalloids as electron acceptors in anaerobic respiration (Chasteen et al., 2009). 

CD1385 that encodes a natural-associated macrophage protein, dinR (SOS regulatory 

protein) and uspA (putative universal stress protein A) were all repressed by glucose and 

their regulation was CcpA-dependent. Expression of CD2506 and CD2505, which encode a 

putative efflux transporter and its associated transcriptional regulator, respectively, was 

induced (around 6- fold) by glucose and partially dependent of CcpA. Moreover, synthesis of 

CD3207 and CD3208, encoding a putative sodium driven multidrug efflux pump and its 

associated transcriptional regulator, was stimulated (4- fold) by glucose independently of 

CcpA. Finally, expression of CD2373, which encodes a CstA-like carbon starvation protein 

was strongly repressed (10- fold) by glucose in the ccpA mutant, while it was 5- fold 

repressed by CcpA in absence of glucose (Table 6).  

Thus, in in vitro early-stationary growth phase, a high number of proteins involved in stress 

response were controlled by glucose, and the majority regulated by a CcpA-dependent 

mechanism. The involvement of CcpA in the regulation of stress proteins was also shown in 

in Enterococcus faecalis, where CcpA negatively regulates the expression of 13 starvation-

inducible proteins (Leboeuf et al., 2000). 

 

In the host C. difficile is exposed, during the infection course, to low pH environment of the 

stomach and high pH bile salts, in addition to various oxidative stresses (Emerson et al., 

2008). Surprisingly, after 14 h of infection in the mouse, synthesis of only three proteins 

related to stress was regulated by CcpA (Table 7). HtpG that belongs to the class IV of the 

heat-shock proteins was repressed in vivo by CcpA, whereas CcpA activated both CD2389 

and CD2390 expression, which are involved in the resistance to beta-lactams.  

    
Gene ID Name Product Transcriptome analysis a 
    
   in vivo ccpA/WTa 
CD0273 htpG Chaperone protein (heat shock protein) 2.19 
    
CD2390  Putative beta-lactams repressor 0.43 
CD2389  Putative beta-lactams signal-transducer 0.3 
        
    
Table 7. Genes involved in stress response regulated in vivo by CcpA. 
a Fold change value of genes differently expressed. 
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1.4 Involvement of glucose and CcpA in Sporulation 
Sporulation and germination are key events of the infectious cycle of C. difficile (Sebaihia et 

al., 2006). The ability to form spores is determining for C. difficile to persist in patients and in 

the environment for long periods, thereby facilitating its transmission (Poutanen & Simor, 

2004). When C. difficile spores germinate, the vegetative forms multiply and C. difficile can 

adhere to the mucus layer and colonize the human gut (Deneve et al., 2009). Therefore 

sporulation and germination constitute the first step of C. difficile colonization of the host gut. 

 

Like other clostridia species, C. difficile contains the global response regulator involved in the 

initiation of sporulation (Spo0A). However, the phosphorelay system that triggers the 

sporulation process in Bacillus species is absent (Sebaihia et al., 2006). In C. perfringens, 

both glucose and CcpA participate in the control of the sporulation process. Actually, in C 

perfringens, CcpA is needed for efficient sporulation in the absence of glucose, whereas 

glucose-dependent repression of sporulation occurs through a mechanism that is 

independent of CcpA (Varga et al., 2004).  

 

Our in vitro transcriptome analysis showed that genes from different stages of sporulation, 

spoIIAA, spoIIAB, sigF, spoIIE, spoIIIAG, spoIVA, spoVD, and spoVS, were repressed both 

in presence of glucose in a ccpA mutant and by CcpA in TY medium, suggesting two 

independent mechanisms of regulation as observed in C. perfringens (Table 8). Moreover, 

expression of spoIIIAB, spoIIIAH, spoVD and genes encoding the sporulation sigma factors 

SigE and SigG were also repressed by glucose but only in the absence of CcpA. Finally, 

synthesis of WhiA-like protein (CD3397), involved in sporulation/septation in Streptomyces 

coelicor (Ainsa et al., 2000) was induced by glucose independently of CcpA (Table 8).  

Underwood et al. (2009) showed that a spo0A mutant is unable to sporulate and interestingly 

produces very low level of toxins. In addition, CD1579 which encodes a sensor kinase whose 

role in vivo is still unknown, is able to phosphorylate Spo0A in vitro (Underwood et al., 2009). 

We showed that expression of CD1579 was induced by glucose in the absence of CcpA 

whereas both spo0A and CD1579 were negatively regulated by CcpA in TYG (Table 8).  

              
Gene ID Name Product Transcriptome analysisa 
       

Class II   
WT 

TYG/TY 
ccpA 

TYG/TY 
TY 

ccpA/WT 
TYG 

ccpA/WT 
Glucose partially CcpA dependent     
       

CD1579  
Two-component sensor histidine kinase, 
putative sporulation-associated spo0A 1.00 2.73 1.00 3.02 

       
Class III       
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Glucose regulated independent of CcpA    
       

CD3397  whiA 
Putative sporulation transcription regulator 
whiA 2.35 2.66 1.00 1.00 

       
Class IV       
Regulated by CcpA in absence of glucose and by glucose by an alternative 
mechanism    
       

CD0106  cwlD 
Germination-specific N-acetylmuramoyl-L-
alanine amidase 1.00 0.24 3.41 1.00 

       
CD2688  sspA Small, acid-soluble spore protein alpha 1.00 0.06 12.13 1.00 
       
CD0770 spoIIAA Anti-sigma F factor antagonist 1.00 0.3 3.7 1.00 
CD0771  spoIIAB Anti-sigma F factor  1.00 0.31 3.63 1.00 
CD0772  sigF RNA polymerase sigma-F factor 1.00 0.21 3.31 1.00 
CD3490  spoIIE Phosphoprotein phosphatase 1.00 0.13 5.85 1.00 
       
CD1198  spoIIIAG Stage III sporulation protein AG 1.00 0.13 7.34 1.00 
       
CD2629  spoIVA Stage IV sporulation protein A 1.00 0.19 4.44 1.00 
       
CD1935  spoVS Stage V sporulation protein S 1.00 0.3 3.63 1.00 
       
Otherb       
       
CD2643 sigE RNA polymerase sigma-E factor 1.00 0.34 1.00 1.00 
CD2642 sigG RNA polymerase sigma-G factor 1.00 0.28 1.00 1.00 
       
CD3249 sspB Small, acid-soluble spore protein beta 1.00 0.13 1.00 1.00 
CD0275 spl Spore photoproduct lyase 0.24 1.00 1.00 1.00 
       
CD1214 spo0A Stage 0 sporulation protein A 1.00 1.00 1.00 2.73 
       
CD1193 spoIIIAB Stage III sporulation protein AB 1.00 0.25 1.00 1.00 
CD1199 spoIIIAH Stage III sporulation protein AH 1.00 0.20 1.00 1.00 
       
CD0773 spoVAC Stage V sporulation protein AC 1.00 1.00 1.00 0.45 

CD2656 spoVD 
Stage V sporulation protein D (Sporulation-
specific penicillin-binding protein) 1.00 0.30 1.00 1.00 

       

CD3516 spoVG 
Regulator required for spore cortex 
synthesis 1.00 1.00 1.00 3.39 

          
Table 8. Genes involved in sporulation/germination differently expressed in response to glucose 
availability and/or regulated by CcpA. 
a Fold change value of gene expression. 
b Sporulation/germination genes differently expressed that we could not include in one of the five 
classes. 
 
The sspA and sspB genes, which encode the major small acid-soluble spore proteins 

(SASPs) involved in the package of the forespore chromosome, were 17- and 8- fold 

repressed in presence of glucose in the ccpA mutant. Furthermore sspA was also 12- fold 

repressed by CcpA but only in the absence of glucose. Concerning genes encoding 
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germination proteins, we observed that cwlD, a cell wall-lytic like enzyme that contributes to 

cortex degradation and germination, and slp involved in the spore DNA reparation upon 

germination (Stragier & Losick, 1996) were repressed (4- fold) by glucose (Table 8).  

 

In the in vivo analysis, genes required for sporulation, including sigE, spoIIGA spoIIR, spoIIP 

and four members of the stage III operon (spoIIIAA, spoIIIAB, spoIIIAF and spoIIIAG), were 

repressed (about 3- fold) by CcpA (Table 10). spoIIGA encodes a peptidase involved in the 

processing of pro-SigE in the mother cell whereas the forespore protein SpoIIR participates 

in the signalling pathway controlling SpoIIGA–dependent cleavage of pro-SigE (Imamura et 

al., 2008). Thus, at 14 h growth in vivo, CcpA seems to control expression of the active form 

of SigE. As expected spoIIIAA operon, which is transcribed by SigE, was also negatively 

controlled by CcpA in vivo. Expression of spoIIIAG was negatively regulated by CcpA both in 

vivo and in vitro but only in absence of glucose (Tables 9 and 10). This suggests that 

spoIIIAG regulation by CcpA could be independently of glucose. 

In addition, we noted that ftsY which is involved in the assembly of the outer coat proteins of 

spore and localized to the sporulation septa of B. subtilis (Rubio et al., 2005), was 3-fold 

repressed by CcpA in vivo. In contrast, CcpA positively controlled expression of cotJB1, 

cotJB2 and cotJC1, which encode spore coat peptides. Their disruption in B. subtilis does 

not affect sporulation or germination (see review Stragier & Losick, 1996). Finally, sleC which 

is necessary for C. difficile spores germination (Burns et al., 2009) was also induced (4- fold) 

by CcpA whereas gpr, which encodes a endoprotease that initiates degradation of SASPs in 

the begin of germination (review Stragier & Losick, 1996), was repressed (Table 10). 

 
Gene ID Name Product Transcriptome analysis 
    
   in vivo ccpA/WTa 
CD0597 cotJB1 Spore coat peptide assembly protein 0.02 
CD0598 cotJC1 Spore-coat protein 0.06 
CD2400 cotJB2 Spore coat peptide assembly protein  0.21 
CD0551 sleC Spore cortex-lytic enzyme pre-pro-form 0.23 
    
CD2470 gpr Spore endopeptidase 2.22 
    
CD2641  Putative sporulation protein 3.08 
CD2643 sigE RNA polymerase sigma-E factor 2.73 
    
CD1251 ftsY Signal recognition particle receptor 2.66 
    
CD2644 spoIIGA Sporulation sigma-E factor processing peptidase 3.31 
CD3564 spoIIR Stage II sporulation protein 3.33 
CD2469 spoIIP Stage II sporulation protein P 2.64 
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CD1192 spoIIIAA Stage III sporulation protein AA 2.64 
CD1193 spoIIIAB Stage III sporulation protein AB 2.68 
CD1197 spoIIIAF Stage III sporulation protein AF 3.56 
CD1198 spoIIIAG Stage III sporulation protein AG 3.29 
    
CD2442 spoIV Stage IV sporulation protein 2.81 
       
Table 10. Genes involved in sporulation/germination regulated by CcpA in vivo. 
a Fold change value of gene expression. 
 
Since several sporulation genes were differentially expressed in vitro in the presence and 

absence of glucose and/or CcpA, we tested the ability of C. difficile strain JIR8094 and its 

isogenic ccpA mutant to sporulate. These two strains were grown till 72 h in a sporulation 

medium (WC) with or without 0.5% glucose. As shown in Table 11, addition of glucose to the 

WC medium decreased 5- fold the sporulation yield in the JIR8094 strain. 

However, in vitro transcriptome analysis revealed only two sporulation-associated genes 

differentially expressed in JIR8094 strain in the presence or absence of glucose: spl, 

involved in the spore DNA reparation upon germination, and CD3397 encoding a WhiA-type 

protein (46% identity) which were 4- fold repressed and 2- fold induced, respectively, by 

glucose (Table 9). On the other hand, we cannot exclude that other genes might be 

controlled by glucose, later during sporulation since the in vitro transcriptomic analysis was 

performed after 10 h of growth. In contrast, several genes involved in various stages of 

sporulation were repressed by glucose in the ccpA mutant. 

When we compared the yield of sporulation between JIR8094 strain and the isogenic ccpA 

mutant in TY medium, only 2- fold decrease level of sporulation was observed in absence of 

ccpA (Table 11). This was not expected from the transcriptome analysis, where derepression 

of several genes involved in different sporulation stages (spoIIAA, spoIIAB, sigF, spoIIE, 

spoIIIAG, spoIVA, and spoVS) appeared when CcpA is inactivated. As for the glucose effect, 

we cannot exclude that genes controlled by CcpA might be involved later during sporulation 

process.  

Interestingly, the absence of CcpA relieved the glucose repression of sporulation observed in 

the JIR8094 strain. Actually when we compared the sporulation yield between JIR8094 strain 

and the ccpA mutant, a 7- fold increase was observed in the ccpA mutant in presence of 

glucose in the medium. These results suggest that CcpA represses sporulation in presence 

of glucose and support what we found in the in vitro transcriptome, where in presence of 

glucose CcpA repressed spo0A and CD1579, involved in the initiation of sporulation.  
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Without glucose With glucose 

Strain 
Total no. of 

CFU No. of spores 
Sporulation 

(%)a 
Total no. of 

CFU No. of spores 
Sporulation 

(%)a 

JIR8094 

8.65 x 106 
(6.4 x 106 – 1.28 

x 107) 

3.47 x 105 
(2.82 x 105 – 4.28 x 

105) 4.23 

5.46 x 106 

 (4.87 x 106 – 
6.05 x 106) 

4.64 x 104 
(1.38 x 104 – 
7.75 x 104) 0.81 

       

∆ccpA  

6.8 x 106 
(6.4 x 106 – 7.2 

x 106) 

14.02 x104 
(7.0 x 104 – 2.69 x 

105) 2.02 

3.78 x 106  
(1.79 x 106 – 
7.05 x 106) 

1.82 x 105 
(9.15 x 104 – 
2.53 x 105) 5.59 

Table 11. Sporulation of C. difficile JIR8094 and ΔccpA strains after 72h of growth in Wilkins Chalgren 
medium in the presence or absence of 0.5 % glucose. 
a. Values shown are the means, with the range in parentheses. 
b. [( No. of spores ml-1)/(no. of total CFU ml-1)] x 100. 
 
Finally, although the in vitro transcriptome analysis of cells taken at 10h of growth did not 

completely correlated with the sporulation yield calculated after 72h of growth, both analyses 

indicate that glucose has an effect on sporulation that is related to CcpA activity.  

 
 
1.5 Implication of glucose and the CcpA role in cell wall structures and motility 
 
Following the germination, C. difficile must be implanted in the gut and attach to epithelial 

cells (Pechine et al., 2007). C. difficile adhere to the mucus layer using flagella and 

proteases, and then to the enterocytes (intestinal absorptive cells) present in the small bowel 

and colon with the aid of multiple adhesins (Deneve et al., 2009). Surface layer proteins 

(SLPs) mediate adherence to the mucus and/or to the intestinal epithelial cells. These 

proteins are present within the S-layer, a paracrystalline proteinaceous array in the outer cell 

surface that completely coats the bacterium. They are composed of two SLPs encoded by a 

single gene, slpA (Emerson et al., 2009; Janoir et al., 2007). In total, 28 paralogs of slpA are 

present in the C. difficile genome. They are structurally organized with several copies of the 

cell wall–binding Pfam motif PF04122, and often a second variable domain that is thought to 

determine its function (Sebaihia et al., 2006). The function of most paralogs is unclear, 

although some have been experimentally determined, such as CD2789 (Cwp66) that is a 

heat-shock inducible adhesin (Waligora et al., 2001), and CD2787 (Cwp84) that corresponds 

to a cysteine protease (Savariau-Lacomme et al., 2003).  

From the in vitro transcriptome analysis, we found that expression of five genes encoding cell 

surface proteins (CD0514, CD2518, CD2794, CD2795, and CD3246) was repressed by 

glucose (Table 12) and that CcpA mediated the glucose repression of three of them 

(CD2794, CD2795, and CD3246).  CD2794 and CD2795 belong to a surface protein cluster 

of 37 kb that includes slpA, cwp66, cwp84 genes (Janoir et al., 2007; Deneve et al., 2009). 

Inside this cluster, CD2791, encodes a putative S-layer protein, which was differently 

expressed in the JIR8094 strain and the ccpA mutant only in presence of glucose. In 
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contrast, synthesis of the well-known adhesins, SlpA, Cwp66 and Cwp84 of the same cluster 

were not regulated by glucose and/or CcpA. Finally, CD3192 and CD0514 were the only cell 

surface proteins to be regulated by glucose independently of CcpA. Expression of CD3192 

was 3- fold induced, whereas CD0514 was 5- fold repressed by glucose (Table 12).  

              
Gene ID Name Product Transcriptome analysisa 
       

   
WT 

TYG/TY 
ccpA 

TYG/TY 
TY 

ccpA/WT 
TYG 

ccpA/WT 
Class I       
Genes regulated by glucose mediated by CcpA     
       
CD0830  Putative membrane protein 0.11 1.00 1.00 5.67 
CD3246  Putative cell surface protein 0.16 1.00 1.00 3.82 
CD0844  Putative cell wall-binding protein 0.24 1.00 1.00 5.35 

CD1035  
Putative N-acetylmuramoyl-L-alanine 
amidase (autolysin)  0.3 1.00 1.00 3.19 

CD2794  Cell surface protein 0.36 1.00 1.00 3 
CD2795  Cell surface protein 0.38 1.00 1.00 2.41 
CD0125  Putative cell wall endopeptidase 2.43 1.00 1.00 0.39 
CD2129  Putative membrane-associated protease 2.65 1.00 1.00 0.3 
CD0549  Putative exported protein 3.76 1.00 1.00 0.18 
       
Class II       
Glucose partially CcpA dependent     
       
CD2344  Putative membrane protein 0.05 0.12 1.00 4.39 

CD0784  
Putative N-acetylmuramoyl-L-alanine 
amidase 1.00 0.25 1.00 0.16 

CD2851  dltC 
D-alanine--poly(phosphoribitol) ligase 
subunit 2 1.00 3.01 1.00 2.63 

CD2852  dltB D-alanyl transferase 1.00 5.38 1.00 4.44 

CD2853  dltA 
D-alanine--poly(phosphoribitol) ligase 
subunit 1   1.00 5.56 1.00 4.1 

CD2854  dltD Putative D-alanine transferase 1.00 5.72 1.00 6.3 
CD3218  Putative exported protein 1.00 3.23 1.00 4.06 
CD2029  Putative lipoprotein 6.68 2.54 1.00 0.34 
       
Class III       
Glucose regulated independent of CcpA    
       
CD2699  Putative membrane protein 0.03 0.08 1.00 1.00 
CD2768  Putative cell-wall hydrolase 0.18 0.31 1.00 1.00 
CD0514  Cell surface protein 0.22 0.37 1.00 1.00 
CD0195  Putative membrane protein 2.68 2.19 1.00 1.00 
CD3556  Putative membrane protein 2.90 3.88 1.00 1.00 
CD3192  Cell surface protein 2.91 2.63 1.00 1.00 
CD2052  Putative lipoprotein 2.92 2.22 1.00 1.00 
CD2149  Putative exported protein 3.11 3.2 1.00 1.00 
       
Class IV       
Regulated by CcpA in absence of glucose and by glucose by an 
alternative mechanism    
       
CD2698  Putative membrane protein 0.05 0.18 0.23 1.00 
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Otherb       
       
CD1022  Putative membrane protein 0.28 1.00 1.00 1.00 
CD1469  Putative penicillin-binding protein 0.30 1.00 1.00 1.00 
CD1803  Putative cell wall-binding protein 0.31 1.00 1.00 1.00 
CD2518  Cell surface protein 0.34 1.00 1.00 1.00 
CD0183  Putative cell wall hydrolase 0.35 1.00 1.00 1.00 
CD2829  Putative membrane protein 0.41 1.00 1.00 1.00 
CD1235  Putative exported protein 1.00 1.00 1.00 0.36 
CD1590  Putative membrane protein 1.00 1.00 1.00 3.55 
CD1801  Putative membrane protein 1.00 1.00 1.00 2.39 

CD2791  
Cell surface protein (putative S-layer 
protein) 1.00 1.00 1.00 0.46 

CD2803  Putative membrane protein 1.00 2.94 1.00 1.00 
CD3297  Putative membrane protein 1.00 1.00 1.00 0.36 
CD3458  Putative membrane protein 1.00 0.42 1.00 1.00 
CD0007  Putative exported protein 3.05 1.00 1.00 1.00 
CD2056  Putative membrane protein 3.42 1.00 1.00 1.00 
CD3603  Putative exported phosphoesterase 2.57 1.00 1.00 1.00 

CD3145  
Putative serine-aspartate-rich surface 
anchored 1.00 1.00 1.00 0.27 

              
Table 12. Genes involved in cell wall that are differently expressed in response to glucose availability 
and/or regulated by CcpA. 
a Fold change value of genes differently expressed. 
b Genes involved in cell wall that are not included in one of the five classes. 
 

We observed from the in vitro transcriptome analysis that synthesis of some putative 

exported proteins was differentially expressed in response to glucose (Table 12). Expression 

of CD2149, and CD3603 was induced (3- fold) by glucose by a CcpA-independent 

mechanism, whereas glucose activation of CD0549 was mediated (4- fold) by CcpA.  

In C. difficile genome, several genes encoding proteins that contain extracellular matrix–

binding domains are found. These include CD2831 (collagen-binding protein), CD2592 and 

CD2797 (fibronectin-binding proteins) and CD3145, a putative surface-anchored protein that 

may mediate binding to extracellular matrix components (Sebaihia et al., 2006). Of these 

genes, only expression of CD3145 was induced (4- fold) by CcpA but only in presence of 

glucose (Table 12).  

 

We also found several genes, encoding proteins involved in the cell wall biosynthesis, which 

were regulated by glucose (Table 12). Expression of the gene cluster (dltCBAD) implicated 

in the formation of teichoic acids was 3- to 6- fold repressed by CcpA only in TYG. 

Expression of genes encoding a putative N-acetylmuramoyl-L-alanine amidase (CD1035 and 

CD0784) was controlled by glucose. The synthesis of CD1035 was repressed by glucose via 

CcpA, whereas CD0784 expression was 4- fold repressed by glucose in the ccpA mutant 

and 6- fold induced by CcpA in TYG medium. In addition, expression of the cell wall 
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endopeptidase encoded by CD0125, was stimulated in vitro by glucose (2- fold) in a CcpA-

dependent manner but surprisingly was 4- fold repressed in vivo (Tables 12 and 13). 

 

Transcription of several putative membrane proteins was also regulated by glucose mediated 

or not by CcpA (Table 12). Expression of the operon CD2698-CD2699 was strongly 

repressed by glucose (about 33- fold) and this regulation was CcpA-independent. However, 

CD2698 was also differently expressed in JIR8094 strain and the ccpA mutant in absence of 

glucose, suggesting that this gene is under CcpA regulation in absence of glucose. In fact, 

different types of regulation can be found in this group of genes, such as genes expression 

repressed by glucose via CcpA (CD0830) or partially mediated by CcpA (CD2344), 

repressed by glucose only in the JIR8094 strain (CD1022 and CD2829) or differently 

expressed in JIR8094 strain and the ccpA mutant in TYG medium (CD1590 and CD1801) 

(Table 12). Expression of a putative membrane-associated protease (CD2129) and two 

putative lipoproteins (CD2029 and CD2052) was induced by glucose either via CcpA, 

partially mediated by CcpA or independently of CcpA, respectively. 

 

Finally CD3297, whose expression was induced (3- fold) in the JIR8094 strain and the ccpA 

mutant in presence of glucose, was repressed (3- fold) by CcpA in vivo (Tables 12 and 13). 

Interestingly, we found from the in vivo transcriptome study, that expression of CD0131, 

CD0393, CD0621, CD2344, and CD2800, encoding putative membrane proteins, was 

repressed (3- to 7- fold) by CcpA, whereas expression was induced for CD1845 and 

CD3073. Compared to the in vitro transcriptome there is less factors associated to 

membrane, cell wall and surface regulated in vivo by CcpA (Table 13). 

    
Gene ID Name Product Transcriptome analysis 
    
   in vivo ccpA/WTa 
CD1845  Putative membrane protein (partial) 0.13 
CD1469  Putative penicillin-binding protein 0.44 
CD3073  Putative membrane protein 0.49 
CD0125  Putative cell wall endopeptidase 4.13 
CD0131  Putative membrane protein 7.65 
CD0393  Putative membrane protein 2.55 
CD0621  Putative membrane protein 7.23 
CD2344  Putative membrane protein 3.72 
CD2800  Putative membrane protein 3.27 
CD3297  Putative membrane protein 2.8 
        
Table 13. Genes involved in cell wall regulated in vivo by CcpA. 
a Fold change value of genes differently expressed. 
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In the C. difficile 630 genome, two adjacent clusters of genes encoding potential flagellum-

associated proteins (CD0226-CD0240 and CD0245-CD0271) can be found (Stabler et al., 

2006). We observed that expression of CD0235 and CD0251, encoding the flagellar protein 

FliS and the flagellum-specific ATP synthase, respectively, was induced about 3- fold by 

glucose in the JIR8094 strain, and that CD0251 transcription was regulated by CcpA (Table 

14). On the other hand, expression of CD0239, CD0249, CD0250, and CD0271 was induced 

about 3- fold by CcpA in presence of glucose. Furthermore, the transcription of CD0249 was 

repressed by glucose in the ccpA mutant. To correlate the transcriptome results with the 

presence of flagellar structures, we tested first the motility of C. difficile by growing the 

bacteria anaerobically at 37°C for 48h in tubes containing 0.175 % agar (Experimental 

Procedures). Both JIR8094 and the ccpA mutant strains showed no motility and we did not 

observed flagellar structures by electron microscopy (data not shown). Thus, although we 

found in vitro genes related to the flagellum biogenesis regulated by glucose and/or CcpA, no 

flagellum was observed.  

              
Gene ID Name Product Transcriptome analysisa 
       

   
WT 

TYG/TY 
ccpA 

TYG/TY 
TY 

ccpA/WT 
TYG 

ccpA/WT 
       
CD0235 fliS1 Flagellar protein FliS 2.77 1.00 1.00 1.00 
CD0239 fliC Flagellin subunit 1.00 1.00 1.00 0.3 
CD0249 fliG Flagellar motor switch protein 1.00 0.34 1.00 0.27 
CD0250 fliH Flagellar assembly protein 1.00 1.00 1.00 0.3 
CD0251 fliI Flagellum-specific ATP synthase 2.81 1.00 1.00 0.34 
CD0271 fliN Putative flagellar motor switch protein 1.00 1.00 1.00 0.3 
              
Table 14. Genes involved in motility that are differently expressed in response to glucose availability 
and/or regulated by CcpA. 
a Fold change value of genes differently expressed. 
 

Interestingly, the in vivo transcriptome showed a higher number of genes related to the 

flagellum, which were regulated by CcpA (Table 15). Only the expression of CD0247 was 

induced by CcpA in vivo, whereas the expression of the other ten genes related to the 

flagellum biogenesis (CD0229, CD0230, CD0232, CD0235-CD0237, CD0239, CD0245, 

CD0248, and CD0253) was repressed from 2- to 4-fold by CcpA. It is interesting to note that 

the gene that showed the highest repression in vivo by CcpA (CD0237) encodes the flagellar 

cap protein, FliD (Table 15). Unfortunately, we were not able to see in vivo the motility and 

the flagella of the two bacterial strains. 
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Gene ID Name Product Transcriptome analysis 
    
   in vivo ccpA/WTa 
    
CD0247 fliE Flagellar hook-basal body complex protein 0.26 
CD0229 flgM Negative regulator of flagellin synthesis 2.16 
CD0230  Putative flagellar biosynthesis protein 2.59 
CD0232 flgL Flagellar hook-associated protein 3.04 
CD0235 fliS1 Flagellar protein FliS1 2.84 
CD0236 fliS2 Flagellar protein FliS2 3.98 
CD0237 fliD Flagellar cap protein 4.21 
CD0239 fliC Flagellin subunit 4.04 
CD0245 flgB Flagellar basal-body rod protein 2.11 
CD0248 fliF Flagellar M-ring protein 2.45 
CD0253 fliK Putative flagellar hook-length control protein 2.11 
        
Table 15. Genes involved in motility regulated in vivo by CcpA. 
a Fold change value of genes differently expressed. 
 
The flagellum is a very complex structure that involves several proteins, therefore the 

absence of a key protein may be sufficient to prevent the formation of flagellum. Thus, it 

would be interesting to confirm if all flagellum associated genes are present in the genome of 

JIR8094 strain and if so, verify if they do not possess insertions or mutations that could 

prevent their transcription. 

 

Discussion 
Transcriptome analysis was performed with the JIR8094 strain and its isogenic ccpA mutant 

in order to understand the impact of glucose as well as the role of CcpA in C. difficile 

physiopathology. We found that 667 genes (18% of the total CDS analyzed) were differently 

expressed in presence of glucose, and about half of them were regulated via CcpA. In B. 

subtilis, about 10% of all genes are regulated by glucose, but unlike C. difficile, about 80% of 

the genes are controlled by CcpA (Moreno et al., 2001). In C. difficile, CcpA also regulated 

50 genes in absence of glucose and only 3 genes were controlled by glucose independently 

of CcpA. This last result suggests that CcpA action is closely connected to the response to 

glucose and shows that CcpA is a global regulator in C. difficile. As already described in B. 

subtilis (Moreno et al., 2001), several modes of action of glucose and/or CcpA were found in 

this analysis (Class I to Class V). Nevertheless, the predominantly class of regulation was a 

glucose-dependent regulation mediated by CcpA (Cass I). In this class, most of genes were 

involved in amino acids catabolim/biosynthesis and carbon and energy metabolism and the 

majority of them were repressed in presence of glucose. Similar results were described in B. 

subtilis, where CcpA is supposed to function primarily in the regulation of carbon metabolism 

(Moreno et al., 2001).  

 



Results - Article 2 
 
 

      200 

According to our results, five PTS were found differently expressed when C. difficile was 

grown in presence of glucose. However, it is surprising that a bacterium that possesses a 

high number of PTS, only a few of them were regulated by glucose. However, C. difficile is 

known to ferment few carbon sources (Nakamura et al., 1982b) and the presence of a high 

number PTS could probably correspond to a functional redundancy of the PTS. Putative PTS 

regulators encoding genes were found adjacent of the PTS differently expressed in vitro. 

Although a few of them resemble PRD-containing regulators their role in the regulation by 

glucose via a CcpA-independent mechanism still remains to be determined.  

We found that glycolysis, the central carbon pathway, was induced by glucose. Moreover, 

CcpA strongly stimulated fructose-1,6-bisphosphate aldolase (fba) expression, whereas 

glucose repressed gluconeogenesis. Similar results have also been obtained in B. subtilis 

(Moreno et al., 2001). In addition, several genes from the pentose-phosphate shunt were 

regulated in presence of glucose and mediated by a CcpA-depending mechanism. C. difficile 

is a strict anaerobe and ferments carbohydrates and amino acids. Although, C. difficile 

produces a variety of end products from fermentation, only a few pathways have been 

described so far. According to the known fermentation pathways, we showed that the 

production of butyrate from pyruvate or succinate was repressed by glucose via CcpA as well 

as the reduction of glycine and leucine. In support of these results, analysis of the end 

products profile performed by gas-liquid chromatography in JIR8094 show that in presence 

of glucose there is a decrease in butyric acid production. Interestingly, Karlsson et al. 

(Karlsson et al., 2000) showed that  addition of butyric acid to various growth media induced 

toxin production. Moreover, Karlsson et al. (Karlsson et al., 2008) observed that during high 

expression of toxins, genes coding for the enzymes involved in the formation of butyrate from 

succinate and acetyl-CoA were upregulated. This is in agreement with the repression effect 

we observed in presence of glucose, and we showed that is CcpA-dependent. It is possible 

that the glucose effect on butyric acid production might also have an impact in toxin 

production through a mechanism, which remains to be found.  

 

We found that the reductive branch of proline was induced by glucose via a CcpA-dependent 

mechanism, indicating that in presence of glucose, C. difficile would prefer to use proline 

instead of glycine and leucine as an electron acceptor. Interestingly Karlsson et al. (Karlsson 

et al., 2000) showed that addition of proline to the peptone yeast extract medium suppressed 

toxin production and that during high level of toxin production, genes encoding enzymes for 

the reductive pathway of glycine and leucine were upregulated (Karlsson et al., 2008). These 

results are also in agreement with the fact that in presence of glucose the same pathways 

were repressed, and their regulation mediated by a CcpA-dependent mechanism.   
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Few amino acids biosynthesis pathways were stimulated in the presence of glucose, with 

some of them mediated by CcpA. We suggest that in presence of glucose high production of 

energy might be used to produce anabolism precursors, such as amino acids. We also 

presented the first evidence of the CcpA involvement in the nitrogen metabolism of C. 

difficile. It has already been described in B. subtilis that CcpA participates in the nitrogen 

metabolism by stimulating in particularly the ilvBHC-leuABCD operon encoding the 

branched-chain amino acids biosynthesis (Tojo et al., 2005). Although CodY and TnrA 

repress this operon during the exponential growth, at the transition phase the operon is 

activated in the presence of CcpA, due to the shortage of amino acids or GTP, which results 

in a loss of the repression by CodY (Shivers & Sonenshein, 2005). In C. difficile, contrary to 

B. subtilis, the genes responsible for leucine and valine biosynthesis are in separated 

clusters. Furthemore, both cluster of genes were not controlled by glucose and/or CcpA in 

vitro. Nevertheless, preliminary comparative transcriptome analysis of C. difficile codY and 

ccpA mutant strains showed a high number of genes controlled by both regulators (Dineen 

and Sonenshein, unpublished data). This suggests that CcpA could also act as an interplay 

of distinct regulators of gene expression whose presence differs during the time growth 

and/or the availability of energy sources. 

 

Several stress response proteins were induced at the stationary phase (Moliere & Turgay, 

2009). We found that genes encoding Class I and III heat shock proteins were stimulated in 

presence of glucose and partially via CcpA. The presence of glucose in the medium usually 

accelerates bacterium metabolism and as a consequence, a high production of energy 

occurs and the possibility to grow and multiply faster. It is probable that the presence of 

glucose induced a higher use of the transcription and translational machinery and therefore 

the misfolded and nonnative proteins increased that could explain the induction of stress 

response proteins in presence of glucose. Nevertheless, both JIR8094 and ccpA mutant 

strains were grown at similar rates, suggesting that stress response proteins induced in 

response to glucose are not CcpA-dependent. From this hypothesis, it remains to explain 

why several genes encoding for proteins involved in the metabolism of nucleic acids and 

ribosomal proteins were mainly subject to CcpA-dependent regulation. 

 

Sporulation was repressed in presence of glucose at 72 h of growth in sporulation medium, 

and this repression was relieved in a ccpA mutant strain. We showed that in vitro, several 

genes related to sporulation were controlled by glucose and/or CcpA, but the regulatory 

mechanism involved does not seemed clear. Actually, the sporulation process is a cascade 

of signal transduction, and it is probable that glucose and/or CcpA only directly regulates a 
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few genes and that the majority of genes controlled by glucose and/or CcpA would be a 

consequence of the cascade relay.  

 

After spore germination, vegetative cells multiply and adhere to the host cells in order to 

colonize the gut (Deneve et al., 2009). We observed only few cell surface proteins regulated 

by glucose and mediated by CcpA. This result was not surprising, if we consider that in vitro, 

bacteria only have the possibility to interact with each other, and that induction of cell surface 

proteins, in particularly the ones involved in adhesion may require specific stimuli from the 

host-cells. Concering genes involve in cell wall biosynthesis and degradation, we found 

several differently expressed in vitro in presence of glucose and for some of them regulated 

by a CcpA-dependent mechanism. We looked by electron microscopic both the JIR8094 and 

the ccpA strains grown in medium without or with glucose, and we did not find any obvious 

difference on the bacterial cell wall (data not shown). A recent report on 21 isolates of C. 

difficile of different ribotypes showed a variance in the capsule structure in response to some 

components of the culture media, such as glucose (Siani H and Baillie L, Poster 6th ClostPath 

International Conference). However, the cluster of genes predicted to be involved in the 

capsule formation (CD2769-CD2780) (Sebaihia et al., 2006), was not regulated neither by 

glucose or CcpA in vitro.  

 

In vivo transcriptome analysis was performed to understand the role of CcpA during CDI. We 

found 225 genes regulated in vivo by CcpA from which 56% were negatively controlled. 

Expression of five PTS, involved in uptake of fructose, glucose and beta-glucoside, was 

induced by CcpA. Interestingly, the glucose-specific PTS (ptsG) was stimulated in vivo by 

CcpA and repressed in vitro by a CcpA-dependent and -independent mechanisms. Studies in 

a streptomycin-treated-mouse model (that eliminates the facultative bacteria from the 

intestine, leaving the anaerobic microbiota intact) have shown that the free concentration of 

glucose in the cecal mucus (25 µg/ml) was about 200x less than the concentration of the in 

vitro TYG medium (Martinez-Jehanne et al., 2009). Furthermore, luminal glucose 

concentrations in the small intestine of mammals range from 0.006% to 0.4% (Ferraris et al., 

1990), suggesting that the levels of free glucose are quite low in the gut. We cannot exclude 

the possibility that different concentrations of glucose could lead to different mode of 

regulation of the glucose PTS mediated by glucose and/or CcpA.  

 

Among genes specifically stimulated in vivo by CcpA, we found those required for pathways 

of ethanolamine utilization pathway as well as the N-acetyl-glucosamine degradation 

pathway, two components found in the intestinal tract of the host. These results are 
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consistent with the important role of ethanolamine and N-acetyl-glucosamine as a carbon, 

energy and nitrogen sources for the C. difficile gastrointestinal lifestyle. For instance, the N-

acetyl-glucosamine concentration in a streptomycin-treated-mouse model is about 5µg/ml 

(Martinez-Jehanne et al., 2009). The succinate catabolism pathway was repressed both in 

vitro and in vivo by CcpA whereas the leucine biosynthesis was repressed by CcpA only in 

vivo. These differences could account for the amino acids availability in the gut. 

 

Only few genes related to stress response were specifically stimulated in vivo by CcpA. 

Among them, we found genes involved in the bacterium resistance to beta-lactams. This 

seems consistent with the gut environment, where C. difficile has to compete with other 

bacteria for colonization. Concerning the putative membrane proteins, few of them were 

repressed in vivo by CcpA, whereas only two were stimulated by CcpA. Moreover, CcpA did 

not regulate the well-described adhesins SlpA, Cwp66 and Cwp84 in vivo indicating that 

CcpA does not play a role in C. difficile adherence. Although adhesion assays are currently 

being undertaken it is possible that at 14 h of infection, C. difficile already colonized the gut 

and consequently the early steps of adhesion could no longer be detected. Actually, we 

observed that at 14 h of infection both with JIR8094 and ccpA mutant strains, the infected 

mouse already presented diarrhoea symptoms and that the number of vegetative cells in the 

cecum was about 108 CFU. So this could explain why we did not found any cell surface 

protein differentially expressed in vivo by CcpA. 

 

In conclusion, we have shown that 18% of C. difficile genes are regulated in presence of 

glucose, underlying the important role of glucose in the physiology of this bacterium. 

Furthermore, we demonstrated that CcpA acts in this regulation as a global regulator, 

controlling major metabolic pathways such as glycolysis and fermentation of both 

carbohydrates and amino acids. Moreover, CcpA seems to be implicated in some cellular 

pathways, such as sporulation or stress responses. Interestingly, among the 225 genes 

regulated by CcpA in vivo, 81% of them were specific to the in vivo (not regulated in vitro) 

including genes encoding proteins involved in functions such as nutrient uptake, resistance 

to beta-lactams and sporulation. 

 

This work has opened new questions. From genes controlled by glucose via CcpA, it would 

be interesting to verify if CcpA alone is sufficient for the glucose-reponse regulation as we 

showed for the toxin gene expression (Antunes et al. submitted), or if the CcpA-dependent 

regulation needs HPr-Ser-P as cofactor, as described in B. subtilis (Fujita, 2009). Moreover, 

the high number of genes regulated by CcpA, will be helpful to define, using in silico analysis, 
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a potential cre consensus in C. difficile. Finally, from this study, we found that about 313 

genes were regulated by glucose independently of CcpA. This suggests that CcpA-

independent mechanisms, such as inducer exclusion or PRD-containing regulators, must 

occur in C. difficile in response to the carbon sources availability. Therefore the 

transcriptome analysis of the ptsH mutant, already constructed, will help to identify CcpA-

independent mechanisms involving either HPr-His-P or HPr-Ser-P. 

 

Finally, to have a better view of the C. difficile CcpA regulon, we will try to characterize the 

mode of regulation of genes controlled by CcpA and in particularly know if they are under 

directly or indirectly control of CcpA. For this purpose, CHIP-on-chip technology is currently 

being used to decipher the regulatory networks dependent of CcpA in C. difficile. 

 

 

Experimental Procedures 
 
Bacterial strains and growth conditions 

C. difficile JIR8094 (O'Connor et al., 2006) and its isogenic ∆ccpA mutant were grown 

anaerobically (10 % H2, 10 % CO2, and 80 % N2) in Tryptone Yeast extract (TY) or TY 

medium containing 0.5 % glucose (TYG) in Freter chamber as described previously (Dupuy 

and Sonenshein). Wilkins Chalgren Anaerobic medium (WC, Oxoid) was used for sporulation 

assays. WC medium contained per liter: 10 g tryptone, 10 g gelatin peptone, 5 g yeast 

extract, 1 g glucose, 5 g sodium chloride, 1 g L-arginine, 1g sodium pyruvate, 0.0005 g 

menadione, and 0.005 g haemin (Wilkins & Chalgren, 1976).  

 
RNA isolation and quantitative RT-PCR 

Total RNA from wild-type JIR8094 and ccpA strains grown in TY or in TY containing 0.5 % 

glucose (TYG) were extracted at early stationary phase (after 10h of growth) from at least 

three independent cultures. After culture centrifugation, the culture pellets were resuspended 

in RNAproTM solution (MP Biomedicals) and RNA extracted using FastRNA Pro Blue Kit, 

according to manufacturer instructions.  The RNA quality was determined using the 

Bionalyser Agilent 2100 and RNA 6000 Nano Reagents (Agilent). The presence of 

messenger RNA was assessed by quantitative RT-PCR on the housekeeping genes gyrA, 

and rpoA. 

For quantitative RT-PCR experiments, 1 µg of total RNA was heated at 70°C for 10 min 

along with 1 µg of hexamer oligonucleotide primers p(dN)6 (Roche). After a slow cooling, 



Results - Article 2 
 
 

      205 

cDNAs were synthesized for 2 h at 37°C with AMV Reverse Transcriptase (Promega), 20 

mM dNTP mix, and 40 U RNasin (Promega). The reverse transcriptase was inactivated by 

incubation at 85°C for 5 min. Primer 3 software (Rozen & Skaletsky, 2000) was used to 

design the primers for gyrA (5’-TTTTGTTGTGTCTATGAACCTTTGT-3’; 5’-TCCTTT 

ACCAGCTCTTATTTGACTT-3’) and rpoA (5’-TAAAGGTAGAGGTTATGTTTCTGCT-3’; 5’-

TTTGACCAACTCTTGTGTTTTCC-3’). Sequence of target genes were subjected to a BLAST 

search against C. difficile database to remove any significant homology for design specific 

primers.  

Real-time quantitative PCR was performed twice in a 20 µl reaction volume containing 20 ng 

of cDNAs, 10 µl of FastStart SYBR Green Master mix (ROX, Roche), and 200 nM of gene-

specific primers in a AB7300 real-time PCR instrument (Applied Biosystems). The reaction 

was subjected to denaturation at 95°C for 10 minutes followed by 40 cycles of denaturation 

at 95°C for 15 seconds, annealing/elongation at 60°C for 1 minute.  Then, a dissociation 

stage of 95°C 15 seconds, 60°C 30 seconds and 95°C for 15 seconds was performed to 

establish a melting curve to verify the specificity of the real-time PCR reaction for each 

primer pair. A RNA sample was consider to have messenger RNA when both gyrA and rpoA 

Ct < 30. 

 

Animal infection for in-vivo transcriptome analysis 

Germ-free female C3H mice (INRA, Jouy en Josas, France), with 14 to 17 weeks old, were 

maintained in sterile isolators and were given food sterilized by irradiation and water 

sterilized by autoclaving. Five mice were orally challenged with around 106 bacteria from a 

culture in TY medium at end of exponential phase of either C. difficile JIR8094 or ∆ccpA 

strains. After 14h of infection, the mice were sacrificed and their cæcum removed. Two 

cæcum were used to calculate the number of bacteria present in the organ, and all five 

caecum were rapidly immerged in 7ml of RNAproTM solution (MP Biomedicals) to maintain 

stabilization of RNAs. Extraction of RNA was performed following the recommendations in 

the FastRNA Pro Blue Kit. The purification of bacterial RNA from the pool of eukaryote and 

bacterial RNAs was done using the MICROBEnrichTM kit (Ambion). RNA quality was verified 

as already described (see above). 

 
Microarray design, DNA-array hybridization and data analysis. 

The C. difficile strain 630 genome was obtained from EMBL database and two different 

microarrays were used. The first array based on PCR, was designed by St George Universit 

(London) and was used for the in vivo transcriptome analysis (Witney & Hinds, 2002). For 

cDNA labelling, we used a commercial kit 3DNA Array 900MPX (Genisphere, Hatfield, US), 
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and we performed the hybridization as described before (Stabler et al., 2006). Scan were 

then done with an Axon 4000A scanner. The second type of arrays, based on 

oligonucleotides, was produced by Agilent. Probe design for the microarray was performed 

using the OligoArray 2.0 software (Rouillard et al., 2003). 1 or 2 oligonucleotides were 

designed for each gene. We could not design any oligonucleotide for 15 genes. 28 genes 

out of 3787 were not represented, 15 genes do not fit our design criteria and 13 genes 

generate oligonucleotides with too many similarities with other genes. Probes were 

replicated twice on the array to reach a final density of 15744 probes per array. 459 positive 

controls and 950 negative controls were also included in the array.  

RNA was labelled with either Cy3 or Cy5 fluorescent dye (GE healthcare) using the 

SuperScript Indirect cDNA labelling system kit (Invitrogen) according to the manufacturer’s 

recommendations. A mixture of total RNA (10 µg) and pdN6 primers (5 µg, Roche) was 

heated to 70 °C for 5 min and quickly chilled on ice. We then sequentially added:  1X first-

strand buffer, DTT (20 mM), dNTP mix, RNase OUT and 800 units of Superscript III reverse 

transcriptase in a total volume of 24 µl. The reaction was incubated 3 h at 42°C to generate 

cDNAs. After alkaline hydrolysis and neutralization, cDNAs were purified on SNAP columns 

(Invitrogen) and precipitated with ethanol. The cDNA were then mixed with Cy3 or Cy5 dyes 

(GE healthcare), incubated 1 h at room temperature in the dark, and purified on SNAP 

columns. 200 pmol of Cy3 and Cy5-labelled cDNA were mixed and concentrated with 

microcon (Millipore). Hybridization was performed in micro-chambers for 17 h at 65°C 

according to the manufacturer’s recommendations. The array was then washed successively 

with Gene Expression Wash Buffer 1 and 2 (Agilent). We realized arrays scanning with a 

GenePix 4200L dual-channel (635 nm and 532 nm) laser scanner (GenePix). The two 

different microarray results were analyzed using R and limma software (Linear Model for 

Microarray Data) from Bioconductor project (www.bioconductor.org). For each slide, we 

corrected background with the ‘normexp’ method (Breitling et al., 2004), resulting in strictly 

positive values and reducing variability in the log ratios for genes with low levels of 

hybridization signal. Then, we normalized each slide with the ‘loess’ method. To test for 

differential expression, we used the bayesian adjusted t-statistics and we performed a 

multiple testing correction of Benjamini & Hochberg based on the false discovery rate (FDR).  

 

Motility assays 

Motility assays were performed using motility agar tubes containing BHI (0.175 % agar). 

These were stab inoculated and grown anaerobically at 37°C for 48h, as previously 

described (Twine et al., 2009). 

 



Results - Article 2 
 
 

      207 

Sporulation assay 

Overnight cultures grown at 37°C in TY medium were used to inoculate 10 ml of Wilkins 

Chalgren (WC) broth (Oxoid, UK) or WCbroth supplemented with 0.5 % glucose (WCG). 

After 72h of growth, 1 ml of culture was divided into two samples. To determine the total 

number of CFU, one sample was serially diluted and plated on BHI with 0.1 % taurocholate 

(Sigma). To determine the number of spores in the culture, the other sample was heat at 

60°C for 20 min prior to plating in BHI with 0.1 % taurocholate. The percentage of sporulation 

was determined as follows: [number of spores/ml under the total number of bacteria/ml]X100. 

 

Volatile fatty acid analysis 

The end products of bacteria fermentation were detected by gas-liquid chromatography.  

Strain JIR8094 and the ∆ccpA mutant were grown in TY or TYG broth for 48h at 37°C. After 

centrifugation, supernatants were recovered and mixed with sulphuric acid and ether to 

extract the volatile fatty acids. Samples were stored at 4°C before gas-liquid chromatography 

analysis. Five µl of each of the supernatants of each sample was injected in a gas 

chromatograph (CP-3380; Varian) equipped with a flame ionization detector and connected 

to an integrator (model C-55A; Shimadzu). A glass column (2 m by 4 mm) packed with 10 % 

SP 1000 plus 1 % H3PO4 on Chromosorb W AW (100/120 mesh) was used. The instrument 

was operated at 170°C for 18 min. The operating conditions were as follows: injector 

temperature, 200°C; detector temperature, 200°C; carrier gas (nitrogen) flow rate, 30 ml min–

1. Each peak of the GLC patterns was identified by the retention time compared with that 

obtained with standard (2-Methylpentanoic acid at 10 mM). The amounts of fatty acids were 

calculated by comparison with an internal standard (Carlier & Sellier, 1989;Carlier, 1985). 
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Supplemented Data 
 
              

Gene ID Name Product Regulation 

       
Class I       
Regulated by glucose CcpA-dependent     
   Transcriptome analysisa 

   
WT 

TYG/TY 
ccpA 

TYG/TY 
TY 

ccpA/WT 
TYG 

ccpA/WT 
       
Amino Acids Catabolism/Biosynthesis         
       
CD0295  putative iron-sulfur-binding protein 0.39 1.00 1.00 3.16 
CD0394  ldhA D-lactate dehydrogenase 0.18 1.00 1.00 7.17 

CD0395  hadA 
isocaprenoyl-CoA:2-hydroxyisocaproate CoA-
transferase 0.19 1.00 1.00 3.21 

CD0396  hadI activator of 2-hydroxyisocaproyl-CoA 0.24 1.00 1.00 3.09 
CD0399  acdB acyl-CoA dehydrogenase, short-chain specific 0.29 1.00 1.00 2.13 

CD0849  abgB2 
putative aminobenzoyl-glutamate utilization 
protein B 0.29 1.00 1.00 3.14 

CD0850  putative NifU-like protein 0.15 1.00 1.00 5.75 
CD0853  oppB ABC-type transporter, permease 0.22 1.00 1.00 5.71 
CD0854  oppC ABC-type transporter, permease 0.17 1.00 1.00 6.08 

CD0855  oppA 
ABC-type transporter, extracellular solute-binding 
protein 0.12 1.00 1.00 6.09 

CD0856  oppD ABC-type transporter, ATP-binding component 0.15 1.00 1.00 6.64 

CD0857  oppF 
fragment of ABC-type transporter, ATP-binding 
protein (Part 2) 0.16 1.00 1.00 3.83 

CD1534  putative gamma-glutamyltranspeptidase 0.4 1.00 1.00 2.52 
CD1657  putative bi-functional glycine 0.17 1.00 1.00 3.26 
CD1658  gcvPB gycine decarboxylase (subunit 2)  0.26 1.00 1.00 2.99 

CD2349  grdC 
glycine reductase complex component C subunit 
beta 0.28 1.00 1.00 3.11 

CD2351  grdB 
glycine reductase complex component B gamma 
subunit (Part 2) 0.3 1.00 1.00 3.35 

CD2355  trxA2 thioredoxin 2  0.15 1.00 1.00 3.8 
CD2356  trxB3 thioredoxin reductase 3 0.15 1.00 1.00 7.01 
CD2357  grdX putative glycine reductase complex component 0.21 1.00 1.00 2.73 
CD0152  gcp probable glycoprotease 3.37 1.00 1.00 0.2 

CD0752  
amino acid ABC-type transport system, ATP-
binding protein 6.51 1.00 1.00 0.15 

CD1491  metQ 
putative D-methionine ABC transporter, 
substrate-binding lipoprotein 2.02 1.00 1.00 0.36 

CD1691 trxB1 thioredoxin reductase 3.17 1.00 1.00 0.44 
CD2347  putative peptidase, M24 family 3.15 1.00 1.00 0.31 

CD2484  
putative pyridoxal phosphate-dependent 
transferase 2.95 1.00 1.00 0.32 

CD2485  putative Xaa-Pro aminopeptidase, M24 family 5.45 1.00 1.00 0.22 
CD2762 uppS putative undecaprenyl pyrophosphate synthetase 3.46 1.00 1.00 0.25 
CD3041  pip proline iminopeptidase 3.03 1.00 1.00 0.46 
CD3222  sdaB L-serine dehydratase 7.81 1.00 1.00 0.41 
CD3224  asd aspartate semialdehyde dehydrogenase 4.66 1.00 1.00 0.33 
CD3236  conserved hypothetical protein, DUF81 family 2.56 1.00 1.00 0.21 
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CD3237  prdF proline racemase 3.13 1.00 1.00 0.17 
CD3238  putative component of proline reductase prdE 2.61 1.00 1.00 0.45 
CD3243  putative component of proline reductase prdE 5.66 1.00 1.00 0.16 
CD3244  prdA D-proline reductase proprotein prdA 4.41 1.00 1.00 0.16 
       
Carbon and Energy Metabolism         
       
CD0706  putative nitroreductase 0.32 1.00 1.00 4.65 

CD0716  
bifunctional carbon monoxide 
dehydrogenase/acetyl-CoA synthase (CODH) 0.2 1.00 1.00 3.26 

CD0813  putative PTS system, IIB component 0.25 1.00 1.00 2.96 
CD0832  aksA trans-homoaconitate synthase 0.18 1.00 1.00 3.46 
CD0833  acnB aconitate hydratase (Citrate hydro-lyase) 0.11 1.00 1.00 6.91 
CD0834  isocitrate/3-isopropylmalate dehydrogenase 0.12 1.00 1.00 5.61 
CD0840  putative isomerase/hydrolase 0.2 1.00 1.00 4.37 
CD0893  putative iron-dependent hydrogenase 0.2 1.00 1.00 3.72 
CD1049  ppnK inorganic polyphosphate/ATP-NAD kinase 0.25 1.00 1.00 3.45 
CD1054 bcd2 butyryl-CoA dehydrogenase 0.1 1.00 1.00 10.6 
CD1055  etfB electron transfer flavoproteins subunit beta  0.15 1.00 1.00 8.57 
CD1056  etfA electron transfer flavoprotein subunit alpha  0.21 1.00 1.00 5.06 
CD1057  crt2 3-hydroxybutyryl-CoA dehydratase (Crotonase) 0.22 1.00 1.00 4.8 
CD1058  hbd 3-hydroxybutyryl-CoA dehydrogenase  0.34 1.00 1.00 2.78 
CD1401  putative isochorismatase 0.31 1.00 1.00 4.51 
CD2693  putative sodium:dicarboxylate symporter 0.31 1.00 1.00 4.42 
CD2725  putative monogalactosyldiacylglycerol synthase 0.33 1.00 1.00 2.94 
CD2783  putative glycosyltransferase 0.33 1.00 1.00 4.7 
CD2966  adhE aldehyde-alcohol dehydrogenase 0.03 1.00 1.00 3.23 
CD3355  putative nitroreductase 0.41 1.00 1.00 2.51 
CD0403  fba fructose-1,6-bisphosphate aldolase 8.37 1.00 1.00 0.19 
CD1004  fumB fumarate hydratase class I, subunit B 2.52 1.00 1.00 0.36 
CD1005  putative NAD-dependent malic enzyme 3.25 1.00 1.00 0.34 
CD1077  PTS system, IIC component 2.59 1.00 1.00 0.29 
CD1084  ABC-type transporter, ATP-binding/permease  3.47 1.00 1.00 0.26 
CD1157  norV anaerobic nitric oxide reductase flavorubredoxin  2.98 1.00 1.00 0.29 
CD2069  putative molybdopterin biosynthesis protein 2.81 1.00 1.00 0.39 
CD2489  putative fructose-like PTS operon regulator 4.03 1.00 1.00 0.16 
CD3010  putative cytochrome C biogenesis protein 3.54 1.00 1.00 0.25 
       
Cell Wall             
       
CD0830  putative membrane protein 0.11 1.00 1.00 5.67 
CD0844  putative cell wall-binding protein 0.24 1.00 1.00 5.35 

CD1035  
putative N-acetylmuramoyl-L-alanine amidase 
(autolysin)  0.3 1.00 1.00 3.19 

CD2794  cell surface protein 0.36 1.00 1.00 3 
CD2795  cell surface protein 0.38 1.00 1.00 2.41 
CD3246  putative surface protein 0.16 1.00 1.00 3.82 
CD0125  putative cell wall endopeptidase 2.43 1.00 1.00 0.39 
CD0549  putative exported protein 3.76 1.00 1.00 0.18 
CD1011  nagB glucosamine-6-phosphate deaminase  5.27 1.00 1.00 0.27 
CD1228  putative protease 3.12 1.00 1.00 0.33 
CD2129  putative membrane-associated protease 2.65 1.00 1.00 0.3 
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Flagellum             
       
CD0229  flgM negative regulator of flagellin synthesis 2.92 1.00 1.00 0.28 
CD0251 fliI flagellum-specific ATP synthase 2.81 1.00 1.00 0.34 
       
Nucleic Acid Metabolism         
       

CD0841  
5-aminoimidazole-4-carboxamide ribonucleotide 
transformylase 0.21 1.00 1.00 2.58 

CD1038  putative helicase, UvrD-related 0.35 1.00 1.00 2.97 
CD2975  putative CRISPR-associated Cas2 family protein 0.23 1.00 1.00 3.19 
CD2977  putative CRISPR-associated Cas4 family protein 0.23 1.00 1.00 3.53 

CD2978  
putative CRISPR-associated Cas3 family 
helicase 0.28 1.00 1.00 4.01 

CD0560  nfo endonuclease IV 2.28 1.00 1.00 0.42 
CD1255  rimM putative 16S rRNA processing protein 3.45 1.00 1.00 0.3 
CD3655  purA adenylosuccinate synthetase 4.23 1.00 1.00 0.17 
       
Regulators 
           
       
CD0648  transcriptional regulator, GntR family 0.2 1.00 1.00 3.13 
CD1675  putative transcriptional regulator 0.24 1.00 1.00 3.16 
CD1692  transcription regulator, ArsR family 0.33 1.00 1.00 3.08 
CD1798  transcriptional regulator, LysR family 0.3 1.00 1.00 4.98 
CD1931  dinR SOS regulatory protein 0.27 1.00 1.00 4.4 
CD2045  putative transcriptional regulator 4.95 1.00 1.00 0.22 

CD3167  
putative phosphatidylethanolamine-binding 
regulatory protein 4.25 1.00 1.00 0.09 

       
Stress             
       
CD0812 uspA putative universal stress protein A (UspA) 0.33 1.00 1.00 3.4 
CD0828  putative oxidative stress glutamate synthase 0.21 1.00 1.00 2.96 
CD0892  cspA cold shock protein 0.05 1.00 1.00 4.24 

CD1385  
putative natural resistance-associated 
macrophage protein 0.26 1.00 1.00 3.33 

CD1800  terD tellurium resistance protein 0.19 1.00 1.00 3.16 

CD3304  clpX 
ATP-dependent Clp protease ATP-binding 
subunit 5.17 1.00 1.00 0.2 

CD3305  clpP1 ATP-dependent Clp protease proteolytic subunit 4 1.00 1.00 0.36 
       
Translation           
       
CD0049  proS prolyl-tRNA synthetase 0.34 1.00 1.00 3.16 
CD0711  argS arginyl-tRNA synthetase  0.3 1.00 1.00 4.11 
CD0014  serS1 seryl-tRNA synthetase 4.72 1.00 1.00 0.14 
CD0081  rpsQ 30S ribosomal protein S17 4.39 1.00 1.00 0.38 
CD0084  rplE 50S ribosomal protein L5 4.68 1.00 1.00 0.32 
CD0086 rplF 50S ribosomal protein L6 4.78 1.00 1.00 0.37 
CD0096  rpsK 30S ribosomal protein S11 3.29 1.00 1.00 0.4 
CD0574  thrS threonyl-tRNA synthetase 3.48 1.00 1.00 0.26 
CD1165  putative ribosome-associated protein 7.35 1.00 1.00 0.3 
CD1253  rpsP 30S ribosomal protein S16 3.69 1.00 1.00 0.35 
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CD1309  infB translation initiation factor IF-2 6.88 1.00 1.00 0.2 
CD1310  rbfA ribosome-binding factor A 5.81 1.00 1.00 0.21 
CD2584  fmt methionyl-tRNA formyltransferase 4.11 1.00 1.00 0.36 
CD2585  def2 peptide deformylase 2  3.46 1.00 1.00 0.45 
       
Proteins of unknown function         
       
CD0110  conserved hypothetical protein, CHP00159 family 0.28 1.00 1.00 3.78 
CD0279  conserved hypothetical protein 0.27 1.00 1.00 3.37 
CD0712  conserved hypothetical protein 0.39 1.00 1.00 3.08 
CD0807  conserved hypothetical protein 0.44 1.00 1.00 2.38 
CD1200  conserved hypothetical protein, DUF322 familly 0.39 1.00 1.00 2.27 
CD1321  conserved hypothetical protein 0.3 1.00 1.00 3.76 
CD1545  conserved hypothetical protein, DUF1836 family 0.2 1.00 1.00 5.03 
CD1546  putative hemolysin-like membrane protein 0.13 1.00 1.00 6.06 
CD1687  conserved hypothetical protein 0.3 1.00 1.00 3.54 
CD2621  conserved hypothetical protein 0.33 1.00 1.00 4.18 
CD2624  conserved hypothetical protein 0.29 1.00 1.00 4.24 
CD2627  conserved hypothetical protein 0.16 1.00 1.00 2.85 
CD2966A  conserved hypothetical protein 0.14 1.00 1.00 3.2 
CD2972  conserved hypothetical protein 0.2 1.00 1.00 3.62 
CD3568  putative Veg protein 0.31 1.00 1.00 3.36 
CD0017  conserved hypothetical protein 3.94 1.00 1.00 0.43 
CD0330  conserved hypothetical protein 3.42 1.00 1.00 0.33 
CD0452  putative hydrolase, NUDIX family 2.8 1.00 1.00 0.46 
CD0549  putative exported protein 3.76 1.00 1.00 0.18 
CD1176  Conserved hypothetical protein, DUF177 family 3.28 1.00 1.00 0.44 
CD1768  Putative membrane component 3.05 1.00 1.00 0.38 
CD2471  conserved hypothetical protein 6.05 1.00 1.00 0.23 
CD2472  conserved hypothetical protein 7.12 1.00 1.00 0.19 
CD2583  Conserved hypothetical protein 4.02 1.00 1.00 0.35 
CD3038  conserved hypothetical protein 3.5 1.00 1.00 0.42 
CD3039  conserved hypothetical protein 3.83 1.00 1.00 0.35 
CD3040  conserved hypothetical protein 2.96 1.00 1.00 0.25 
CD3043  conserved hypothetical protein 4.34 1.00 1.00 0.3 
CD3609  conserved hypothetical protein 2.79 1.00 1.00 0.18 
CD3610  conserved hypothetical protein 4.05 1.00 1.00 0.15 
CD3614  Conserved hypothetical protein, DUF1130 family 2.96 1.00 1.00 0.15 
              
Table 1. List of genes that were regulated by glucose mediated by CcpA (Class I) in the in vitro 
transcriptome.  
a Fold change value of genes differently expressed. 
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Gene ID Name Product Regulation 

       
Class II       
Regulated by glucose partially CcpA-dependent     
   Transcriptome analysisa 

   
WT 

TYG/TY 
ccpA 

TYG/TY 
TY 

ccpA/WT 
TYG 

ccpA/WT 
       
Amino Acids Catabolism/Biosynthesis         
       
CD1384  Putative lamB-like protein, UPF0271 family 0.25 2.76 1.00 5.95 
CD1386  Putative allophanate hydrolase subunit 1 0.34 3.18 1.00 3.15 
CD2173  Putative amidohydrolase, M20D family 0.45 4.44 1.00 5.61 
CD2176  ABC transporter, permease 0.30 5.13 1.00 7.75 

CD2177  
ABC transporter, extracellular solute-binding 
protein 0.28 4.32 1.00 6.62 

CD2027  N-carbamoyl-L-amino acid hydrolase 1.00 3.2 1.00 3.48 
CD2118 thrC threonine synthase 1.00 5.31 1.00 3.7 
CD2172  ABC-type transporter, ATP-binding protein 1.00 2.36 1.00 2.75 

CD2174  
ABC transporter, extracellular solute-binding 
protein 1.00 5.6 1.00 6.13 

CD2175  ABC transporter, permease 1.00 5.65 1.00 5.3 
CD3223 dapA2 dihydrodipicolinate synthase 2 7.3 3.24 1 1 
CD3225  dapA3 dihydrodipicolinate synthase 3 9.11 2.76 1.00 0.29 
CD3226 dapB1 dihydrodipicolinate reductase 6.99 2.73 1.00 0.31 
CD3227  dapH 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate 6.4 2.37 1.00 0.34 
       
Carbon and Energy Metabolism         
       
CD2338 4hbD 4-hydroxybutyrate dehydrogenase 0.04 0.17 1.00 6.24 
CD2339  cat2 4-hydroxybutyrate CoA transferase 0.04 0.22 1.00 7.75 
CD2340  Conserved hypothetical protein 0.04 0.18 1.00 7.48 

CD2341  abfD 
Gamma-aminobutyrate metabolism 
dehydratase/isomerase 0.03 0.12 1.00 7.43 

CD2342  sucD 
Succinate-semialdehyde dehydrogenase 
(NAD(P)+) 0.03 0.15 1.00 7.22 

CD2343  cat1 Succinyl-CoA:coenzyme A transferase 0.03 0.14 1.00 6.08 
CD0763  srlM Sorbitol operon activator protein (Glucitol) 1.00 0.32 1.00 0.23 
CD1918  eutK Ethanolamine carboxysome strutural protein 1.00 0.39 1.00 0.27 
CD2115  putative copper-transporting P-type ATPase 1.00 0.28 1.00 0.24 
CD3260  phoU putative phosphate transport system protein 1.00 0.32 1.00 0.2 
CD1608  putative ABC transporter, permease protein 1.00 2.94 1.00 3.54 
CD2178  Putative oxidoreductase, Fe-S subunit 1.00 3.82 1.00 5.42 
CD2179  Putative anaerobic dehydrogenase 1.00 4.86 1.00 7.48 
CD3476  atpZ putative ATP synthase protein 1.00 3.37 1.00 3.46 
CD2666  ptsG-A PTS system, glucose-specific IIA component 1.00 6.41 1.00 4.14 

CD2667  
ptsG-
CB PTS  glucose-specific IICB component 2.52 4.35 1.00 3.72 

CD2024  
Putative ABC transporter-like, ATP-binding 
protein 11.35 5.7 1.00 0.34 

CD2321  tkt' Transketolase, central and C-terminal  4.79 0.2 10.18 0.38 
CD2322  tkt Transketolase, N-terminal  6 0.19 11.64 0.36 
CD2323  Putative sugar-phosphate dehydrogenase 10.73 0.17 20.36 0.29 
CD2324  Putative sugar-phosphate dehydrogenase 11.51 0.15 22.64 0.26 
CD2486  PTS system, fructose-like IIC component 12.38 3.17 1.00 0.14 
CD2487  PTS system, fructose-like IIB component 11.58 4.1 1.00 0.15 
CD2488  PTS system, fructose-like IIA component 6.1 2.59 1.00 0.17 
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Cell Wall             
       
CD2344  Putative membrane protein 0.05 0.12 1.00 4.39 
CD0784  Putative N-acetylmuramoyl-L-alanine amidase 1.00 0.25 1.00 0.16 
CD2029  putative lipoprotein 6.68 2.54 1.00 0.34 
CD2851  dltC D-alanine--poly(phosphoribitol) ligase subunit 2 1.00 3.01 1.00 2.63 
CD2852  dltB D-alanyl transferase 1.00 5.38 1.00 4.44 
CD2853  dltA D-alanine--poly(phosphoribitol) ligase subunit 1   1.00 5.56 1.00 4.1 
CD2854  dltD putative D-alanine transferase 1.00 5.72 1.00 6.3 
CD3218  putative exported protein 1.00 3.23 1.00 4.06 
       
Fatty-acids Biosynthesis         
       

CD0128  fabZ 
(3R)-hydroxymyristoyl-[acyl-carrier-protein] 
dehydratase 1.00 0.34 1.00 0.37 

       
Flagellum             
       
CD0249  fliG flagellar motor switch protein 1.00 0.34 1.00 0.27 
CD0254  flgD putative basal-body rod modification protein 1.00 0.31 1.00 0.24 
       
Mobile Elements           
       
CD0496  orf23 conjugative transposon protein 1.00 0.29 1.00 0.37 
CD0498  orf21 conjugative transposon FtsK/SpoIIIE-family 1.00 0.23 1.00 0.36 
CD0498A  Conserved hypothetical protein 1.00 0.36 1.00 0.31 
CD0510  orf7 putative conjugative transposon regulatory 1.00 0.35 1.00 0.34 
CD0510A   conjugative tranposon protein 1.00 0.37 1.00 0.22 
CD1101  Putative MobC-like mobilization protein 1.00 0.27 1.00 0.22 
CD1103  Putative transposon-related protein 1.00 0.29 1.00 0.32 
CD1116  Putative transposon-related protein 1.00 0.33 1.00 0.2 
CD1117  Putative transposon-related protein 1.00 0.28 1.00 0.24 
CD3345  conjugative transposon conserved hypothetical 1.00 0.27 1.00 0.29 
       
Nucleic Acids Metabolism         
       
CD0177  cyclopropane-fatty-acyl-phospholipid synthase 1.00 3.12 1.00 2.62 
CD0562  putative endonuclease 1.00 2.85 1.00 3.46 
CD0673  Putative methyltransferase 1.00 2.84 1.00 2.8 
CD2807  ruvC Holliday junction nuclease RuvC 1.00 2.89 1.00 3.38 

CD3477  
putative cytidine and deoxycytidylate 
deaminase 1.00 2.4 1.00 2.96 

       
Regulators           
       
CD0023  ctsR Transcriptional regulator 29.88 2.64 1.00 0.08 
CD2463 hrcA Heat-inducible transcription repressor HrcA 15.04 8.07 1.00 0.18 
CD1335  Putative glucose-like PTS operon regulator 1.00 0.4 1.00 0.38 
CD1428  Transcriptional regulator, hxlR family 1.00 3.34 1.00 3.61 
CD2827  Transcriptional regulator, MarR family 1.00 5.7 1.00 2.95 
CD3175  cggR Transcriptional regulator, SorC family 1.00 11.12 1.00 5.9 
       
Sporulation           
       

CD1579  
Two-component sensor histidine kinase, 
putative sporulation-associated spo0A 1 2.73 1.00 3.02 

       
Stress             
       
CD1652  putative tellurium resistance protein 0.19 0.44 1.00 3.78 
CD0024  mcsA Activator of protein kinase McsB 40.22 3.18 1.00 0.07 
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CD0025  mcsB Tyrosine kinase protein 17.34 3.32 1.00 0.18 
CD0026  clpC class III stress response-related ATPase 11.63 3.04 1.00 0.15 
CD2020  clpB Chaperone protein 28.18 12.75 1.00 0.25 
CD2460  dnaJ Chaperone protein DnaJ 9.93 6.24 1.00 0.23 
CD2505  TetR-family transcriptional regulator 4.68 3.05 1.00 0.44 
CD2506  putative efflux transporter 6.14 3.65 1.00 0.29 
       
Translation           
       
CD0687  rplT 50S ribosomal protein L20 10.47 4.26 1.00 0.19 
CD1162  Putative ribosome-associated protein 7.6 3.4 1.00 0.33 
       
       
Proteins of unknown function         
       
CD0439  Conserved hypothetical protein 1.00 0.3 1.00 0.26 
CD1880  Conserved hypothetical protein 1.00 0.32 1.00 0.4 
CD0587  conserved hypothetical protein 0.07 0.34 1.00 4.39 
CD1480  Conserved hypothetical protein 1.00 0.34 1.00 0.25 
CD2396  Conserved hypothetical protein 1.00 3.31 1.00 2.69 
CD3284  probable protease 8.2 3.32 1.00 0.29 
CD2064  conserved hypothetical protein 26.91 3.61 1.00 0.08 
CD2021  Conserved hypothetical protein 34.04 20.04 1.00 0.35 
              
Table 2. List of genes that were regulated by glucose and partially mediated by CcpA (Class II) in the 
in vitro transcriptome.  
a Fold change value of genes differently expressed. 
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Gene ID Name Product Regulation 

       
Class III       
Regulated by glucose independently of CcpA     
   Transcriptome analysis a 

   
WT 

TYG/TY 
ccpA 

TYG/TY 
TY 

ccpA/WT 
TYG 

ccpA/WT 
       
Amino Acids Catabolism/Biosynthesis         
       
CD0777  Putative permease 0.23 1 1.00 1.00 

CD0779  
Putative amidohydrolase, M20D peptidase 
family 0.33 0.22 1.00 1.00 

CD1594  cysM putative O-acetylserine sulfhydrylase 3.69 4.19 1.00 1.00 
CD1595  cysA serine acetyltransferase 6.23 3.99 1.00 1.00 
CD2053  lysA diaminopimelate decarboxylase 6.58 2.36 1.00 1.00 
CD2054  lysC aspartokinase 10.73 3.88 1.00 1.00 
CD2119  thrB homoserine kinase 2.51 5.06 1.00 1.00 
CD2120  putative 2-nitropropane dioxygenase 2.74 3.99 1.00 1.00 
CD2500  argH Argininosuccinate lyase (Arginosuccinase)  3.39 3.31 1.00 1.00 
CD3223  dapA1 dihydrodipicolinate synthase 7.3 3.24 1.00 1.00 
       
Carbon and Energy Metabolism         
       
CD0298  rbsR putative ribose operon repressor 0.1 0.28 1.00 1.00 
CD0299 rbsK putative ribokinase 0.1 0.34 1.00 1.00 
CD0300  rbsB D-ribose ABC transporter, substrate-binding 0.11 1 1.00 1.00 
CD0301  rbsA ribose ABC transporter, ATP-binding protein 0.1 0.37 1.00 1.00 
CD0302  rbsC ribose ABC transporter, permease protein 0.14 1 1.00 1.00 

CD0882  glgC 
Glucose-1-phosphate adenylyltransferase 
(ADP-glucose synthase)  0.4 0.37 1.00 1.00 

CD1767  gapB 
Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) 0.24 0.34 1.00 1.00 

CD2954  atpD 
V-type ATP synthase subunit D (V-type 
ATPase subunit D) 1 0.36 1.00 1.00 

CD2955  atpB 
V-type ATP synthase beta chain (V-type 
ATPase subunit B) 0.27 0.21 1.00 1.00 

CD2956A  atpF V-type ATP synthase subunit F 1 0.2 1.00 1.00 
CD2957  atpC V-type ATP synthase subunit C 1 0.22 1.00 1.00 

CD2958 atpE 
V-type ATP synthase subunit E (V-type 
ATPase subunit E) 0.16 0.19 1.00 1.00 

CD2959  atpK V-type ATP synthase subunit K 0.24 0.23 1.00 1.00 
CD2960  atpI V-type sodium ATP synthase subunit I 0.4 0.26 1.00 1.00 
CD0019  putative glycosyl transferase 3.5 3.18 1.00 1.00 
CD0021  pycA Pyruvate carboxylase 4.52 2.96 1.00 1.00 
CD1170  Conserved hypothetical protein 3.68 4.78 1.00 1.00 

CD1171  etfB 
Electron transfer flavoprotein subunit alpha 
(Alpha-ETF)  1 5.16 1.00 1.00 

CD1172  etfA 
Electron transfer flavoprotein subunit alpha 
(Alpha-ETF)  8.28 5.35 1.00 1.00 

CD1173  Putative FAD-linked oxidase 8.14 5.34 1.00 1.00 
CD1589  putative ribose ABC transporter 5.77 3.76 1.00 1.00 
CD2825  putative flavodoxin 4.1 5.41 1.00 1.00 

CD2826  
putative oxidoreductase (FAD-binding 
domain) 3.71 4.81 1.00 1.00 

CD3170  eno enolase 6.48 5.83 1.00 1.00 
CD3171  pgm 2,3-bisphosphoglycerate-independent 3.73 5.68 1.00 1.00 
CD3172  tpi triosephosphate isomerase 4.62 4.89 1.00 1.00 
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CD3173  pgK phosphoglycerate kinase 10.77 10.57 1.00 1.00 

CD3174  gapA 
Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) 8.63 6.75 1.00 1.00 

CD3189  Putative NADPH-dependent FMN reductase 4.26 3.88 1.00 1.00 
CD3190  Transcriptional regulator, MerR family 4.05 3.63 1.00 1.00 

CD3191  
Conserved hypothetical protein,  putative 
oxidoreductase 3.86 3.95 1.00 1.00 

CD3467  atpC ATP synthase epsilon chain (partial) 6.29 3.85 1.00 1.00 
CD3468  atpD ATP synthase beta chain 8.2 3.8 1.00 1.00 
CD3469  atpG ATP synthase subunit gamma 6.25 5.43 1.00 1.00 
CD3470  atpA ATP synthase alpha chain 3.53 4.49 1.00 1.00 
CD3471  atpH ATP synthase subunit delta 3.71 5.68 1.00 1.00 
CD3472 atpF ATP synthase B chain 3.45 5.29 1.00 1.00 
CD3473  atpE ATP synthase C chain 3.59 4.38 1.00 1.00 
CD3474  atpB ATP synthase A chain 3.37 3.76 1.00 1.00 
CD3475  atpI ATP synthase protein I 1 4.72 1.00 1.00 
CD3480  rpiB2 ribose-5-phosphate isomerase 2 2.43 2.82 1.00 1.00 
       
Cell Wall             
       
CD0514  cell surface protein 0.22 0.37 1.00 1.00 
CD2699  Putative membrane protein 0.03 0.08 1.00 1.00 
CD2768  putative cell-wall hydrolase 0.18 0.31 1.00 1.00 
CD0195  putative membrane protein 2.68 2.19 1.00 1.00 
CD2052  putative lipoprotein 2.92 2.22 1.00 1.00 
CD2149  putative exported protein 3.11 3.2 1.00 1.00 
CD3192  cell surface protein 2.91 2.63 1.00 1.00 
CD3556  putative membrane protein 2.90 3.88 1.00 1.00 
       
Nucleic Acids Metabolism         
       
CD0015  putative cytosine/adenosine deaminase 2.22 2.56 1.00 1.00 
CD3179  putative dihydroorotate dehydrogenase,  4.17 3.24 1.00 1.00 
CD3180  Putative purine permease 5.86 5.48 1.00 1.00 

CD3591  
pyrAA
2 carbamoyl-phosphate synthase 3.85 3.2 1.00 1.00 

CD3592  pyrF orotidine 5'-phosphate decarboxylase 4.42 3.23 1.00 1.00 
       
Regulators           
       
CD2023  Transcriptional regulator, GntR family 4.37 3.07 1.00 1.00 
       
Sporulation           
       

CD3397  whiA 
Putative sporulation transcription regulator 
whiA 2.35 2.66 1.00 1.00 

       
Stress             
       
CD0193  groES 10 kDa chaperonin 13.79 12.66 1.00 1.00 
CD0194  groEL 60 kDa chaperonin 17.84 6.16 1.00 1.00 
CD2462  grpE Protein grpE (HSP-70 cofactor) 5.86 6.27 1.00 1.00 
CD3207  putative Na+ driven multidrug efflux pump 4.48 13.48 1.00 1.00 
CD3208  MarR-family transcriptional regulator 3.53 10.74 1.00 1.00 
       
Translation           
       

CD2444  
Putative ribosome-associated sigma 54 
modulation protein 0.23 0.26 1.00 1.00 

CD0686  rpmI 50S ribosomal protein L35 9.37 4.03 1.00 1.00 
CD1161  rplU 50S ribosomal protein L21 5.6 3.03 1.00 1.00 
CD1163 rpmA 50S ribosomal protein L27 6.13 3.39 1.00 1.00 
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CD2804  queA 
S-adenosylmethionine:tRNA 
ribosyltransferase-isomerase  2.2 2.96 1.00 1.00 

       
Proteins of unknown function         
       
CD0778  Conserved hypothetical protein 0.17 0.23 1.00 1.00 

CD0780  
Conserved hypothetical protein, DUF1177 
family 0.2 0.32 1.00 1.00 

CD2962  Conserved hypothetical protein 0.37 0.25 1.00 1.00 
CD2022  Conserved hypothetical protein 20.36 12.28 1.00 1.00 
CD2060  Conserved hypothetical protein 9.07 3.73 1.00 1.00 

CD2061  
Conserved hypothetical protein, DUF1121 
family 10.77 3.79 1.00 1.00 

CD3399  
Conserved hypothetical protein, UPF0052 
family 2.4 2.96 1.00 1.00 

CD3400  
Conserved hypothetical protein, UPF0042 
family 2.56 2.52 1.00 1.00 

CD3556  putative membrane protein 2.9 3.88 1.00 1.00 
              
Table 3. List of genes that were regulated by glucose by a CcpA-independent mechanism (Class III) in 
the in vitro transcriptome.  
a Fold change value of genes differently expressed. 
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Gene ID Name Product Regulation 

       
Class IV      
Regulated  by glucose independent of CcpA       
and by CcpA only in absence of glucose Transcriptome analysisa 

   
WT 

TYG/TY 
ccpA 

TYG/TY 
TY 

ccpA/WT 
TYG 

ccpA/WT 
       
Amino Acids Catabolism/Biosynthesis         
       
CD2697  putative amidohydrolase 0.04 0.19 0,24 1,00 

CD2737  
Putative nitrilase/cyanide hydratase and 
apolipoprotein N-acyltransferase 0.25 0.14 3,02 1,00 

CD3489  putative oligopeptidase 1.00 0.14 4,92 1,00 
       
Carbon and Energy Metabolism         
       
CD2319  rpe Putative ribulose-phosphate 3-epimerase 1.00 0.27 4,29 1,00 
CD2320  rpiB1 Ribose-5-phosphate isomerase B1  1.00 0.17 8,75 1,00 

CD2325  
PTS system, fructose/mannitol family IIC 
component 1.00 0.2 8,42 1,00 

CD2326  
PTS system, fructose/mannitol family IIB 
component 1.00 0.1 23,49 1,00 

CD2327  
PTS system, fructose/mannitol family IIA 
component 1.00 0.17 8,51 1,00 

       
Cell Wall             
       
CD1319  putative polysaccharide deacetylase 1.00 0.14 4,72 1,00 
CD3567  putative peptidoglycan-binding LysM 1.00 0.13 5,41 1,00 
CD2698  putative membrane protein 0.05 0.18 0,23 1,00 
       
Nucleic Acids Metabolism         
              
CD2738  Putative cytosine permease 0.33 0.14 2,91 1,00 
              
Sporulation           
       

CD0106  cwlD 
germination-specific N-acetylmuramoyl-L-
alanine amidase 1.00 0.24 3,41 1,00 

CD0770 spoIIAA Anti-sigma F factor antagonist 1.00 0.3 3,7 1,00 

CD0771  spoIIAB 
Anti-sigma F factor (Stage II sporulation 
protein AB) 1.00 0.31 3,63 1,00 

CD0772 sigF RNA polymerase sigma-F factor 1.00 0.21 3,31 1,00 
CD1198  spoIIIAG Stage III sporulation protein AG 1.00 0.13 7,34 1,00 
CD1935  spoVS stage V sporulation protein S 1.00 0.3 3,63 1,00 
CD2629  spoIVA Stage IV sporulation protein A 1.00 0.19 4,44 1,00 
CD2688  sspA Small, acid-soluble spore protein alpha 1.00 0.06 12,13 1,00 
CD3490  spoIIE Phosphoprotein phosphatase 1.00 0.13 5,85 1,00 
       
Stress             
       

CD2373  
Putative CstA-like carbon starvation 
protein 1.00 0.1 4,95 1,00 
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Proteins of unknown function         
       
CD0311  Conserved hypothetical protein 1.00 0.18 7,19 1,00 
CD0620  Conserved hypothetical protein 1.00 0.08 7,18 1,00 
CD0622  Conserved hypothetical protein 1.00 0.07 5,76 1,00 
CD1063C  Conserved hypothetical protein 1.00 0.07 9,18 1,00 
CD1511  Conserved hypothetical protein 1.00 0.09 6,41 1,00 
CD1726  Conserved hypothetical protein 1.00 0.32 3,07 1,00 
CD1941  Conserved hypothetical protein 1.00 0.2 4,58 1,00 
CD1967  Conserved hypothetical protein 1.00 0.34 3,11 1,00 
CD2245A  Conserved hypothetical protein 1.00 0.19 5,44 1,00 
CD2375  Conserved hypothetical protein 1.00 0.16 6,05 1,00 
              
Table 4. List of genes that were regulated by glucose independently of CcpA and controlled by CcpA 
in the absence of glucose (Class IV) in the in vitro transcriptome.  
a Fold change value of genes differently expressed. 
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Gene 
ID Name Product Regulation 

       
Class V       
Regulated by CcpA independently of glucose     
   Transcriptome analysis 

   
WT 

TYG/TY 
ccpA 

TYG/TY 
TY 

ccpA/WT 
TYG 

ccpA/WT 
       
Regulators           
       

CD2214*  
Putative transcriptional regulator  SinR-like 
protein 1.00 2.64 4.28 8.4 

       
       
Proteins of unknown function         
       
CD0341  Conserved hypothetical protein 1.00 1.00 0.27 0.31 
CD2752  Conserved hypothetical protein 0.27 1 0.22 0.45 
              
Table 5. List of genes that were regulated by CcpA independently of glucose (Class V) in the in vitro 
transcriptome.  
a Fold change value of genes differently expressed. * Gene regulated by CcpA independently of 
glucose,and controlled by glucose by an CcpA-independent alternative mechanism. 
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Gene ID Name Product Regulation 

   Transcriptome analysisa 

   
WT 

TYG/TY 
ccpA 

TYG/TY 
TY 

ccpA/WT 
TYG 

ccpA/WT 
CD0001 dnaA Chromosomal replication initiator protein 1 2.44 1 1 
CD0005 gyrB DNA gyrase subunit B 2.63 1 1 1 
CD0006 gyrA DNA gyrase subunit A 2.48 1 1 1 
CD0007  putative exported protein 3.05 1 1 1 
CD0010 rsbW anti-sigma-B factor (serine-protein kinase) 1 2.5 1 1 
CD0012  putative small-molecule-binding protein 1 2.82 1 1 
CD0013  putative mechanosensitive ion channel protein 1 2.69 1 1 
CD0014 serS1 seryl-tRNA synthetase 4.72 1 1 0.14 
CD0015 tadA tRNA specific adenosine deaminase 2.22 2.56 1 1 
CD0017  DNA binding protein 3.94 1 1 0.43 
CD0018 recR DNA repair and recombination protein 4.27 1 1 1 
CD0019  putative glycosyl transferase 3.5 3.18 1 1 
CD0021 pycA Pyruvate carboxylase 4.52 2.96 1 1 
CD0023 ctsR Transcriptional regulator, repressor 29.88 2.64 1 0.08 
CD0024 mcsA Activator of protein kinase McsB 40.22 3.18 1 0.07 
CD0025 mcsB Tyrosine kinase protein 17.34 3.32 1 0.18 

CD0026 clpC 
class III stress response-related ATPase, AAA+ 
superfamily 11.63 3.04 1 0.15 

CD0027 radA DNA repair protein 2.23 1 1 1 

CD0039 acoL 
Acetoin dehydrogenase E3 component 
(dihydrolipoamide dehydrogenase) 1 1 1 2.26 

CD0049 proS Prolyl-tRNA synthetase 0.34 1 1 3.16 
CD0063 rplJ 50S ribosomal protein L10 2.8 1 1 1 
CD0065  NADP-dependent 7-alpha-hydroxysteroid 1 1 1 0.35 
CD0070 fusA translation elongation factor G 3.86 1 1 1 
CD0073 rplC 50S ribosomal protein L3 3.26 1 1 1 
CD0074 rplD 50S ribosomal protein L4 3.02 1 1 1 
CD0076 rplB 50S ribosomal protein L2 3.26 1 1 1 
CD0077 rpsS 30S ribosomal protein S19 3.32 1 1 1 
CD0078 rplV 50S ribosomal protein L22 3.18 1 1 1 
CD0079 rpsC 30S ribosomal protein S3 4.01 1 1 1 
CD0080 rplP 50S ribosomal protein L16 3.57 1 1 1 
CD0080A   4.44 1 1 0.36 
CD0081 rpsQ 30S ribosomal protein S17 4.39 1 1 0.38 
CD0082 rplN 50S ribosomal protein L14 4.4 1 1 1 
CD0083 rplX 50S ribosomal protein L24 4.67 1 1 1 
CD0084 rplE 50S ribosomal protein L5 4.68 1 1 0.32 
CD0084A   4.45 1 1 1 
CD0085 rpsH 30S ribosomal protein S8 4.29 1 1 1 
CD0086 rplF 50S ribosomal protein L6 4.78 1 1 0.37 
CD0087 rplR 50S ribosomal protein L18 4.56 1 1 1 
CD0088 rpsE 30S ribosomal protein S5 4.3 1 1 1 
CD0088A   4.92 1 1 1 
CD0089 rplO 50S ribosomal protein L15 5.39 1 1 1 
CD0090 prlA preprotein translocase SecY subunit 4.52 1 1 1 
CD0091 adk adenylate kinase 3.45 1 1 1 
CD0092 map1 methionine aminopeptidase 3.81 1 1 1 
CD0093  putative ribosomal protein 2.96 1 1 1 
CD0094 infA translation initiation factor IF-1 2.87 1 1 1 
CD0095 rpsM 30S ribosomal protein S13 3.23 1 1 1 
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CD0096 rpsK 30S ribosomal protein S11 3.29 1 1 0.4 
CD0097 rpsD 30S ribosomal protein S4 3.74 1 1 1 
CD0098 rpoA DNA-directed RNA polymerase alpha chain 3.29 1 1 1 

CD0106 cwlD 
germination-specific N-acetylmuramoyl-L-alanine 
amidase   1 0.24 3.41 1 

CD0110  Conserved hypothetical protein, CHP00159 family 0.28 1 1 3.78 
CD0112 ptb phosphate butyryltransferase 1 1 1 2.93 
CD0113 buk butyrate kinase 1 1 1 3.1 
CD0114  conserved hypothetical protein 1 3.15 1 1 
CD0125  Putative cell wall endopeptidase 2.43 1 1 0.39 

CD0128 fabZ 
(3R)-hydroxymyristoyl-[acyl-carrier-protein] 
dehydratase 1 0.34 1 0.37 

CD0130 metE S-adenosylmethionine synthetase 2.77 1 1 1 
CD0147  putative riboflavin transporter 1 1 1 0.37 
CD0152 gcp probable glycoprotease 3.37 1 1 0.2 
CD0163B  Hypothetical protein 0.28 1 1 1 
CD0170  putative ABC transporter, ATP-binding protein 1 2.51 1 1 
CD0171  putative DNA-binding protein 1 0.37 1 1 
CD0172  conserved hypothetical protein 0.28 1 1 1 
CD0177  cyclopropane-fatty-acyl-phospholipid synthase 1 3.12 1 2.62 
CD0179 gluD NAD-specific glutamate dehydrogenase 1 1 1 2.95 
CD0183  putative cell wall hydrolase 0.35 1 1 1 
CD0193 groES 10 kDa chaperonin 13.79 12.66 1 1 
CD0194 groEL 60 kDa chaperonin 17.84 6.16 1 1 
CD0195  putative membrane protein 2.68 2.19 1 1 
CD0205  Putative fructose-like PTS operon regulator 0.18 1 1 1 
CD0206  PTS system, fructose-like IIA component 0.21 1 1 1 
CD0207  PTS system, fructose-like IIC component 0.04 1 0.13 1 
CD0208  PTS system, fructose-like IIB subunit 0.18 0.31 1 1 

CD0209  
Conserved hypothetical protein  putative tagatose 
6-phosphate kinase 0.05 0.11 1 1 

CD0229 flgM negative regulator of flagellin synthesis 2.92 1 1 0.28 
CD0235 fliS1 flagellar protein FliS 2.77 1 1 1 
CD0239 fliC Flagellin subunit 1 1 1 0.3 
CD0249 fliG flagellar motor switch protein 1 0.34 1 0.27 
CD0250 fliH flagellar assembly protein 1 1 1 0.3 
CD0251 fliI flagellum-specific ATP synthase 2.81 1 1 0.34 
CD0254 flgD putative basal-body rod modification protein 1 0.31 1 0.24 
CD0271 fliN putative flagellar motor switch protein 1 1 1 0.3 
CD0275 spl spore photoproduct lyase 0.24 1 1 1 
CD0279  Conserved hypothetical protein 0.27 1 1 3.37 
CD0279A  Conserved hypothetical protein 1 1 1 3.66 
CD0282  putative phosphoesterase 0.21 1 1 1 

CD0283  
Putative mannose/fructose/sorbose PTS operon 
regulator 0.38 1 1 1 

CD0295  putative iron-sulfur-binding protein 0.39 1 1 3.16 
CD0298 rbsR putative ribose operon repressor 0.1 0.28 1 1 
CD0299 rbsK putative ribokinase 0.1 0.34 1 1 
CD0300 rbsB D-ribose ABC transporter, substrate-binding 0.11 1 1 1 
CD0301 rbsA ribose ABC transporter, ATP-binding protein 0.1 0.37 1 1 
CD0302 rbsC ribose ABC transporter, permease protein 0.14 1 1 1 
CD0304  conserved hypothetical protein 0.19 1 1 1 
CD0311  Conserved hypothetical protein 1 0.18 7.19 1 
CD0313  putative heavy-metal-transporting ATPase 4.3 1 1 1 
CD0323  Conserved hypothetical protein 0.41 1 1 1 
CD0330  conserved hypothetical protein 3.42 1 1 0.33 
CD0340  Conserved hypothetical protein 0.35 1 0.26 1 
CD0341  Conserved hypothetical protein 1 1 0.27 0.31 
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CD0350  conserved hypothetical protein 1 1 1 0.39 
CD0351  hypothetical protein 1 1 1 0.41 
CD0394 ldhA D-lactate dehydrogenase 0.18 1 1 7.17 

CD0395 hadA 
isocaprenoyl-CoA:2-hydroxyisocaproate CoA-
transferase 0.19 1 1 3.21 

CD0396 hadI activator of 2-hydroxyisocaproyl-CoA 0.24 1 1 3.09 
CD0399 acdB acyl-CoA dehydrogenase, short-chain specific 0.29 1 1 2.13 
CD0400 etfB1 electron transfer flavoprotein beta-subunit 0.26 1 1 1 
CD0402  sigma-54-dependent transcriptional regulator 0.4 1 1 1 
CD0403 fba Fructose-1,6-bisphosphate aldolase 8.37 1 1 0.19 
CD0408  Conserved hypothetical protein 1 1 1 0.3 
CD0436  Putative recombinase 2.39 1 1 1 
CD0439  Conserved hypothetical protein 1 0.3 1 0.26 
CD0440  Putative cell wall-binding protein 1 0.42 1 1 
CD0445 oraS D-ornithine aminomutase S component 1 1 1 0.28 
CD0452  Putative hydrolase, NUDIX family 2.8 1 1 0.46 
CD0453  Putative hydrolase 2.44 1 1 1 
CD0480 spaG putative lantibiotic ABC transporter, permease 1 1 1 0.26 
CD0487  putative carbon-nitrogen hydrolase 0.35 1 1 1 

CD0489  
Putative phosphoribosylaminoimidazole-
succinocarboxamide synthetase 0.3 1 1 1 

CD0496 orf23 conjugative transposon protein 1 0.29 1 0.37 
CD0497 orf22 conjugative transposon protein 1 0.19 1 1 
CD0498 orf21 conjugative transposon FtsK/SpoIIIE-family 1 0.23 1 0.36 
CD0498A  Conserved hypothetical protein 1 0.36 1 0.31 
CD0500 orf18 conjugative transposon protein 1 1 1 0.38 
CD0502 orf16 conjugative transposon ATP/GTP-binding protein 1 1 1 0.42 
CD0503 orf15 conjugative transposon membrane protein 1 1 1 0.26 
CD0506  group II intron reverse transcriptase/maturase 1 1 1 0.3 
CD0510 orf7 putative conjugative transposon regulatory 1 0.35 1 0.34 

CD0510A  
Conserved hypothetical protein  conjugative 
tranposon protein 1 0.37 1 0.22 

CD0514  cell surface protein (putative 0.22 0.37 1 1 
CD0545  putative lipoprotein 0.27 1 1 1 
CD0549  putative exported protein 3.76 1 1 0.18 
CD0560 nfo Endonuclease IV 2.28 1 1 0.42 
CD0561  Putative aldo/keto reductase  putative ferredoxin 2.66 1 1 1 
CD0562  putative endonuclease 1 2.85 1 3.46 
CD0563  putative iron-sulfur cluster protein 3.04 1 1 1 
CD0565 nth Endonuclease III 1 1 1 0.27 
CD0571  conserved hypothetical protein 1 1 1 3.21 
CD0573  putative membrane component 1 1 1 3.41 
CD0574 thrS Threonyl-tRNA synthetase 3.48 1 1 0.26 

CD0580 gapN 
NADP-dependent glyceraldehyde-3-phosphate 
dehydrogenase 1 0.4 1 1 

CD0582  putative PEP-utilising kinase 3.12 1 1 1 
CD0587  Conserved hypothetical protein 0.07 0.34 1 4.39 
CD0588  Conserved hypothetical protein 0.21 1 1 1 
CD0619  Conserved hypothetical protein 1 0.28 1 1 
CD0620  Conserved hypothetical protein 1 0.08 7.18 1 
CD0622  Conserved hypothetical protein 1 0.07 5.76 1 
CD0628  Putative membrane component 1 0.22 1 1 
CD0640  Conserved hypothetical protein 1 1 1 0.25 
CD0642  Putative transcriptional regulator 0.29 1 1 1 
CD0648  Transcriptional regulator, GntR family 0.2 1 1 3.13 
CD0673  Putative methyltransferase 1 2.84 1 2.8 
CD0686 rpmI 50S ribosomal protein L35 9.37 4.03 1 1 
CD0687 rplT 50S ribosomal protein L20 10.47 4.26 1 0.19 
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CD0693  Transcriptional regulator, MerR family 0.26 1 1 1 
CD0706  Putative nitroreductase 0.32 1 1 4.65 
CD0707  Putative diguanylate kinase 0.26 1 1 1 
CD0711 argS Arginyl-tRNA synthetase (Arginine--tRNA ligase)  0.3 1 1 4.11 
CD0712  Conserved hypothetical protein 0.39 1 1 3.08 

CD0715 ptb 
Phosphate butyryltransferase 
(Phosphotransbutyrylase) 0.19 1 1 1 

CD0716  
Bifunctional carbon monoxide 
dehydrogenase/acetyl-CoA synthase (CODH) 0.2 1 1 3.26 

CD0717  

Bifunctional carbon monoxide 
dehydrogenase/acetyl-CoA synthase, accessory 
protein 0.32 1 1 1 

CD0719 fchA 
Methenyltetrahydrofolate cyclohydrolase (5,10-
methenyltetrahydrofolate 5-hydrolase) 0.32 1 1 1 

CD0720 folD 

Bifunctional protein folD [Includes: 
Methylenetetrahydrofolate dehydrogenase  
Methenyltetrahydrofolate cyclohydrolase] 0.25 1 1 1 

CD0722 metF 5,10-methylenetetrahydrofolate reductase 0.41 1 1 1 

CD0723  

Bifunctional carbon monoxide 
dehydrogenase/acetyl-CoA synthase, 
dihydrolipoyl dehydrogenase subunit 0.33 1 1 1 

CD0724  

Bifunctional carbon monoxide 
dehydrogenase/acetyl-CoA synthase,nickel-
inserting subunit 0.29 1 1 1 

CD0726  

Bifunctional carbon monoxide 
dehydrogenase/acetyl-CoA synthase, delta 
subunit 0.36 1 1 1 

CD0727  

Bifunctional carbon monoxide 
dehydrogenase/acetyl-CoA synthase, 
methyltransferase subunit 0.42 1 1 1 

CD0730  Putative iron-sulfur protein 0.44 1 1 1 
CD0747  Putative lipoprotein 0.32 1 1 1 
CD0752  ABC-type transport system, ATP-binding protein 6.51 1 1 0.15 
CD0755  Putative cell surface 2.32 1 1 1 

CD0759 plfB 
Formate acetyltransferase (Pyruvate formate-
lyase) 1 1 1 0.47 

CD0763 srlM Sorbitol operon activator protein (Glucitol) 1 0.32 1 0.23 

CD0765 srlEa 
PTS system, Sorbitol specific IIB N-terminal 
component (Glucitol) 1 0.39 1 1 

CD0767 srlB 
PTS system, Sorbitol specific IIA component 
(Glucitol) 1 0.33 1 1 

CD0768 srlD Sorbitol 6-phosphate 2-dehydrogenase (Glucitol) 1 0.33 1 1 
CD0770 spoIIAA Anti-sigma F factor antagonist 1 0.3 3.7 1 

CD0771 spoIIAB 
Anti-sigma F factor (Stage II sporulation protein 
AB) 1 0.31 3.63 1 

CD0772 sigF RNA polymerase sigma-F factor 1 0.21 3.31 1 
CD0773 spoVAC Stage V sporulation protein AC 1 1 1 0.45 
CD0776  Transcriptional regulator, LacI family 0.29 1 1 1 
CD0777  Putative permease 0.23 1 1 1 
CD0778  Conserved hypothetical protein 0.17 0.23 1 1 
CD0779  Putative amidohydrolase, M20D peptidase family 0.33 0.22 1 1 
CD0780  Conserved hypothetical protein, DUF1177 family 0.2 0.32 1 1 
CD0784  Putative N-acetylmuramoyl-L-alanine amidase 1 0.25 1 0.16 
CD0797  Putative pyruvate carboxyltransferase 1 2.47 1 1 
CD0807  Conserved hypothetical protein 0.44 1 1 2.38 
CD0808  Conserved hypothetical protein 1 1 1 2.73 
CD0812  Putative universal stress protein A (UspA) 0.33 1 1 3.4 
CD0813  Putative PTS system, IIB component 0.25 1 1 2.96 
CD0828  Putative oxidative stress glutamate synthase 0.21 1 1 2.96 
CD0830  Putative membrane protein 0.11 1 1 5.67 
CD0832 aksA Trans-homoaconitate synthase 0.18 1 1 3.46 
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CD0833 acnB Aconitate hydratase (Citrate hydro-lyase) 0.11 1 1 6.91 
CD0834  Isocitrate/3-isopropylmalate dehydrogenase 0.12 1 1 5.61 
CD0840  Putative isomerase/hydrolase 0.2 1 1 4.37 

CD0841  
5-aminoimidazole-4-carboxamide ribonucleotide 
transformylase 0.21 1 1 2.58 

CD0844  Putative cell wall-binding protein putative 0.24 1 1 5.35 

CD0849 abgB2 
Putative aminobenzoyl-glutamate utilization 
protein B 0.29 1 1 3.14 

CD0850  Putative NifU-like protein 0.15 1 1 5.75 
CD0853 oppB ABC-type transport system, permease 0.22 1 1 5.71 
CD0854 oppC ABC-type transport system, permease 0.17 1 1 6.08 

CD0855 oppA 
ABC-type transport system, extracellular solute-
binding protein, family 5 0.12 1 1 6.09 

CD0856 oppD 
ABC-type transport system, ATP-binding 
component 0.15 1 1 6.64 

CD0857 oppF 
Fragment of ABC-type transport system, ATP-
binding protein (Part 2) 0.16 1 1 3.83 

CD0865  Putative ADP-ribose binding protein 1 1 1 2.41 
CD0866  Conserved hypothetical protein 0.21 1 1 1 
CD0874  ABC-type transport system, ATP-binding protein 1 1 1 0.3 
CD0880  Putative protease 2.15 1 1 0.28 
CD0881  Putative protein modulating protease activity 1 1 1 0.15 

CD0882 glgC 
Glucose-1-phosphate adenylyltransferase (ADP-
glucose synthase)  0.4 0.37 1 1 

CD0883 glgD Glycogen biosynthesis protein 0.2 1 1 1 

CD0884 glgA 
Glycogen synthase (Starch [bacterial glycogen] 
synthase) 0.23 1 1 1 

CD0885 glgP Glycogen phosphorylase 0.24 1 1 1 
CD0892 cspA Cold shock protein 0.05 1 1 4.24 
CD0893  Putative iron-dependent hydrogenase 0.2 1 1 3.72 

CD0898  
Conserved hypothetical protein of unknown 
function DUF1846 1 1 1 0.35 

CD0900 opuCA 
 ATP-binding protein putative glycine 
betaine/carnitine/choline ABC transporter 1 0.29 1 1 

CD0934  Putative phage protein 1 1 1 0.35 
CD0994  Putative serine-pyruvate aminotransferase 0.21 1 0.11 1 
CD0995 serA Putative D-3-phosphoglycerate dehydrogenase 1 1 0.2 1 
CD0996  Conserved hypothetical protein 0.13 1 0.08 1 
CD0998  Putative iron-sulfur protein 2.66 1 1 1 
CD1004 fumB Fumarate hydratase class I, subunit B 2.52 1 1 0.36 
CD1005  Putative NAD-dependent malic enzyme 3.25 1 1 0.34 
CD1006  Putative acyl-CoA N-acyltransferase 1 3.21 1 1 

CD1011 nagB 

Glucosamine-6-phosphate deaminase 
(Glucosamine-6- phosphate isomerase) (GNPDA) 
(GlcN6P deaminase) 5.27 1 1 0.27 

CD1022  Putative membrane protein 0.28 1 1 1 

CD1035  
Putative N-acetylmuramoyl-L-alanine amidase 
(autolysin)  cell surface protein 0.3 1 1 3.19 

CD1038  Putative helicase, superfamily 1, UvrD-related 0.35 1 1 2.97 

CD1040 addB 

ATP-dependent nuclease subunit B (ATP-
dependent helicase addB), Superfamily 1 UvrD-
related 1 3.44 1 1 

CD1041 addA 
ATP-dependent nuclease subunit A (ATP-
dependent helicase addA) 1 2.52 1 1 

CD1042 sbcD Nuclease SbcCD subunit D 1 1 1 3.08 
CD1043 sbcC Nuclease SbcCD subunit C 1 1 1 2.79 

CD1049 ppnK 
Inorganic polyphosphate/ATP-NAD kinase 
(Poly(P)/ATP NAD kinase) 0.25 1 1 3.45 

CD1054 bcd2 Butyryl-CoA dehydrogenase 0.1 1 1 10.6 

CD1055 etfB 
Electron transfer flavoproteins subunit beta 
(Electron transfer flavoprotein small subunit)  0.15 1 1 8.57 



Results - Article 2 
 
 

      226 

CD1056 etfA 
Electron transfer flavoprotein subunit alpha 
(Electron transfer flavoprotein large subunit) 0.21 1 1 5.06 

CD1057 crt2 3-hydroxybutyryl-CoA dehydratase (Crotonase) 0.22 1 1 4.8 
CD1058 hbd 3-hydroxybutyryl-CoA dehydrogenase  0.34 1 1 2.78 

CD1059 thlA 
Acetyl-CoA acetyltransferase (Acetoacetyl-CoA 
thiolase) 0.24 1 1 1 

CD1062 acpP Acyl carrier protein (ACP) 1 0.38 1 1 
CD1063B  Conserved hypothetical protein 1 0.16 1 1 
CD1063C  Conserved hypothetical protein 1 0.07 9.18 1 
CD1077  PTS system, IIC component 2.59 1 1 0.29 
CD1080  Putative lipoprotein 1 1 1 0.32 

CD1084  
ABC-type transport system , ATP-
binding/permease protein 3.47 1 1 0.26 

CD1091 int Putative transposon-related integrase 1 0.41 1 1 
CD1092A  Putative transposon-related protein 1 0.21 1 1 
CD1101  Putative MobC-like mobilization protein 1 0.27 1 0.22 
CD1103  Putative transposon-related protein 1 0.29 1 0.32 
CD1116  Putative transposon-related protein 1 0.33 1 0.2 
CD1117  Putative transposon-related protein 1 0.28 1 0.24 
CD1121 pflC Pyruvate formate-lyase 2-activating enzyme 0.35 1 1 1 
CD1136  Conserved hypothetical protein 1 0.22 1 1 
CD1151 minE Cell division topological specificity factor 1 0.36 1 1 
CD1156  Conserved hypothetical protein 1 1 1 0.38 
CD1157 norV Anaerobic nitric oxide reductase flavorubredoxin ( 2.98 1 1 0.29 
CD1161 rplU 50S ribosomal protein L21 5.6 3.03 1 1 
CD1162  Putative ribosome-associated protein 7.6 3.4 1 0.33 
CD1163 rpmA 50S ribosomal protein L27 6.13 3.39 1 1 
CD1165  Putative ribosome-associated protein 7.35 1 1 0.3 
CD1170  Conserved hypothetical protein 3.68 4.78 1 1 

CD1171 etfB 
Electron transfer flavoprotein subunit alpha  
(Electron transfer flavoprotein large subunit)  1 5.16 1 1 

CD1172 etfA 
Electron transfer flavoprotein subunit alpha  
(Electron transfer flavoprotein large subunit)  8.28 5.25 1 1 

CD1173  Putative FAD-linked oxidase 8.14 5.34 1 1 
CD1175 ackA Acetate kinase (Acetokinase) 3.36 1 1 1 
CD1176  Conserved hypothetical protein, DUF177 family 3.28 1 1 0.44 
CD1181 fabD Malonyl CoA-acyl carrier protein transacylase  3.76 1 1 1 

CD1182 fabG 
3-oxoacyl-[acyl-carrier protein] reductase (3-
ketoacyl-acyl carrier protein reductase) 3.34 1 1 1 

CD1187  Conserved hypothetical protein 1 1 1 0.26 
CD1191 fbp Fructose-1,6-bisphosphatase 0.38 1 1 1 
CD1193 spoIIIAB Stage III sporulation protein AB 1 0.25 1 1 
CD1198 spoIIIAG Stage III sporulation protein AG 1 0.13 7.34 1 
CD1199 spoIIIAH Stage III sporulation protein AH 1 0.2 1 1 
CD1200  Conserved hypothetical protein, DUF322 familly 0.39 1 1 2.27 
CD1214 spo0A Stage 0 sporulation protein A 1 1 1 2.73 
CD1228  Putative peptidase, U32 family 3.12 1 1 0.33 
CD1235  putative exported protein 1 1 1 0.36 
CD1253 rpsP 30S ribosomal protein S16 3.69 1 1 0.35 
CD1254  conserved hypothetical protein 3.71 1 1 1 
CD1255 rimM putative 16S rRNA processing protein 3.45 1 1 0.3 
CD1256 trmD tRNA (Guanine-n(1)-)-methyltransferase 3.15 1 1 1 
CD1257 rplS 50S ribosomal protein L19 1 2.83 1 1 
CD1265  putative regulatory protein 0.18 1 1 1 

CD1273  
Putative DNA processing Smf single strand 
binding protein 1 1 1 2.62 

CD1278 cymR Transcriptional regulator of cysteine biosynthesis 2.87 1 1 1 
CD1279 iscS2 cysteine desulfurase 3.45 1 1 1 
CD1280  NifU-like protein 2.94 1 1 1 
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CD1281 trmU putative tRNA 1 1 1 0.34 
CD1285  putative holliday junction resolvase 1 1 1 0.26 
CD1299  Transcriptional regulator, MarR family 2.11 1 1 1 
CD1301A   4.83 1 1 0.16 
CD1309 infB translation initiation factor IF-2 6.88 1 1 0.2 
CD1310 rbfA ribosome-binding factor A 5.81 1 1 0.21 
CD1311  putative RNA-binding protein 2.54 1 1 1 
CD1316 rpsO 30S ribosomal protein S15 1 1 1 3.36 
CD1319  putative polysaccharide deacetylase 1 0.14 4.72 1 
CD1321  conserved hypothetical protein 0.3 1 1 3.76 
CD1328 recA Protein RecA (Recombinase A) 1 1 1 0.4 
CD1335  Putative Glucose-like PTS operon regulator 1 0.4 1 0.38 
CD1355 cspB Cold shock protein CspB 0.18 1 1 1 
CD1357  Putative peptidyl-prolyl isomerase 1 1 1 2.17 
CD1379  Putative phage regulatory protein 0.34 1 1 1 
CD1384  Putative lamB-like protein, UPF0271 family 0.25 2.76 1 5.95 

CD1385  
Putative natural resistance-associated 
macrophage protein 0.26 1 1 3.33 

CD1386  Putative allophanate hydrolase subunit 1 0.34 3.18 1 3.15 
CD1389  Putative chloromuconate cycloisomerase 1 1 1 0.39 
CD1401  Putative isochorismatase 0.31 1 1 4.51 
CD1404  Putative oligopeptide transporter 2.78 1 1 1 
CD1411  Conserved hypothetical protein 0.48 1 1 1 
CD1428  Transcriptional regulator, hxlR family 1 3.34 1 3.61 
CD1438  Putative TPR repeat-containing protein 0.33 1 1 3.54 
CD1447 pabC putative aminodeoxychorismate lyase 1 1 1 2.48 
CD1448  conserved hypothetical protein 1 1 1 2.48 
CD1453  putative chorismate biosynthesis-related protein 3.07 1 1 1 
CD1461  Putative membrane component 0.35 1 1 1 
CD1463  Conserved hypothetical protein 2.89 0.19 1 0.09 

CD1469  
Putative cell surface protein  putative penicillin-
binding protein 0.3 1 1 1 

CD1477  Putative ferrous iron transport protein FeoA 1 1 1 0.32 
CD1478  Putative ferrous iron transport protein FeoA 1 1 1 0.29 
CD1480  Conserved hypothetical protein 1 0.34 1 0.25 

CD1490 metI 
ABC-type transport system, permease putative D-
methionine transporter 1 1 1 0.43 

CD1491 metQ 
ABC-type transport system, substrate-binding 
lipoprotein putative D-methionine transporter 2.02 1 1 0.36 

CD1498 sigA2 RNA polymerase sigma factor rpoD 0.32 1 1 1 
CD1510  Conserved hypothetical protein, DUF1121 family 0.29 1 1 1 
CD1511  Conserved hypothetical protein 1 0.09 6.41 1 
CD1512 panC putative pantoate--beta-alanine ligase 1 3.44 1 1 
CD1513 panB 3-methyl-2-oxobutanoate 1 4.38 1 1 
CD1514  conserved hypothetical protein 1 2.77 1 1 
CD1521 tyrT tyrosyl-tRNA synthetase 1 2.66 1 1 
CD1534  putative gamma-glutamyltranspeptidase 0.4 1 1 2.52 
CD1535 sseA 3-mercaptopyruvate sulfurtransferase 0.27 1 1 1 
CD1536  Ferredoxin--NADP(+) reductase subunit alpha 1 1 1 2.11 
CD1545  Conserved hypothetical protein, DUF1836 family 0.2 1 1 5.03 
CD1546  putative hemolysin-like membrane protein 0.13 1 1 6.06 
CD1555  putative amino acid permease 3.72 1 1 1 

CD1579  
Two-component sensor histidine kinase, putative 
sporulation-associated spo0A 1 2.73 1 3.02 

CD1583A   1 2.6 1 2.14 
CD1584  putative sugar metabolism repressor 1 3.9 1 1 
CD1585  putative N-acetylglucosamine kinase 1 3.66 1 1 
CD1586  Conserved hypothetical protein 1 5.01 1 1 
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CD1587  putative ribose ABC transporter, ATP-binding 1 2.97 1 1 
CD1589  putative ribose ABC transporter, 5.77 3.76 1 1 
CD1590  Putative membrane protein 1 1 1 3.55 
CD1594 cysM putative O-acetylserine sulfhydrylase 3.69 4.19 1 1 
CD1595 cysA serine acetyltransferase 6.23 3.99 1 1 
CD1599 thiD Phosphomethylpyrimidine kinase 1 1 1 2.69 
CD1608  putative ABC transporter, permease protein 1 2.94 1 3.54 
CD1652  putative tellurium resistance protein 0.19 0.44 1 3.78 
CD1654 lplA putative lipoate-protein ligase 0.36 1 1 1 
CD1657  putative bi-functional glycine 0.17 1 1 3.26 

CD1658 gcvPB 
Glycine decarboxylase (subunit 2) (glycine 
cleavage system protein P) 0.26 1 1 2.99 

CD1675  putative transcriptional regulator 0.24 1 1 3.16 
CD1687  Conserved hypothetical protein 0.3 1 1 3.54 
CD1691 trxB1 thioredoxin reductase 3.17 1 1 0.44 
CD1692  Transcription regulator, ArsR family 0.33 1 1 3.08 
CD1722  Putative transcriptional regulator 1 3.22 1 1 
CD1726  Conserved hypothetical protein 1 0.32 3.07 1 

CD1767 gap 
Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) 0.24 0.34 1 1 

CD1768  Putative membrane component 3.05 1 1 0.38 
CD1777  Putative arsenate reductase 1 0.35 1 1 
CD1780  Putative methylase 1 1 1 2.42 

CD1785 argG 
Argininosuccinate synthase (Citrulline--aspartate 
ligase) 3.46 1 1 1 

CD1793  Conserved hypothetical protein 1 0.2 1 1 
CD1796  Putative nitrite and sulfite reductase subunit 0.3 1 1 1 
CD1797  Coenzyme A disulfide reductase  0.25 1 1 1 
CD1798  Transcriptional regulator, LysR family 0.3 1 1 4.98 
CD1800 terD Tellurium resistance protein 0.19 1 1 3.16 
CD1801  Putative membrane protein 1 1 1 2.39 

CD1802  
Putative hydrolase, metallo-beta-lactamase 
superfamily 0.26 1 1 1 

CD1803  Putative cell wall-binding protein 0.31 1 1 1 
CD1807  Putative NADPH-dependent FMN reductase 1 1 1 3.58 

CD1809  
Fragment of putative permease, MFS family (Part 
2) 0.36 1 1 1 

CD1811  
Fragment of putative two-component sensor 
histidine kinase (N-terminal region) 0.33 1 1 1 

CD1831A   0.31 0.3 1 1 
CD1850  AraC-family transcriptional regulator 0.33 1 1 1 
CD1880  Conserved hypothetical protein 1 0.32 1 0.4 
CD1897  Conserved hypothetical protein 0.37 1 1 1 
CD1918 eutK Ethanolamine carboxysome strutural protein 1 0.39 1 0.27 
CD1931 dinR SOS regulatory protein 0.27 1 1 4.4 
CD1935 spoVS stage V sporulation protein S 1 0.3 3.63 1 
CD1938 accC Acetyl-CoA carboxylase subunit 1 2.56 1 1 
CD1941  hypothetical protein 1 0.2 4.58 1 
CD1959  two-component system response regulator 0.43 1 1 1 
CD1967  hypothetical protein 1 0.34 3.11 1 
CD1992  putative lipoprotein 0.24 1 1 1 
CD1992A   1 0.32 1 1 
CD1993  putative decarboxylase 1 0.32 1 1 
CD1999 fldX Flavodoxin 1 0.31 1 1 
CD2007a  conserved hypothetical plasmid protein 1 1 1 0.26 
CD2020 clpB Chaperone protein 28.18 12.75 1 0.25 
CD2021  Conserved hypothetical protein 34.04 20.04 1 0.35 
CD2022  Conserved hypothetical protein 20.36 12.28 1 1 
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CD2023  Transcriptional regulator, GntR family 4.37 3.07 1 1 

CD2024  
Putative ABC transporter-like, ATP-binding 
protein 11.35 5.7 1 0.34 

CD2027  N-carbamoyl-L-amino acid hydrolase 1 3.2 1 3.48 
CD2029  putative lipoprotein 6.68 2.54 1 0.34 
CD2045  putative transcriptional regulator 4.95 1 1 0.22 
CD2046  Conserved hypothetical protein 1 1 1 0.3 
CD2049  conserved hypothetical protein 3.77 1 1 1 

CD2050 rluB 
Ribosomal large subunit pseudouridine synthase 
B 4.23 1 1 1 

CD2052  putative lipoprotein 2.92 2.22 1 1 
CD2053 lysA diaminopimelate decarboxylase 6.58 2.36 1 1 
CD2054 lysC aspartokinase 10.73 3.88 1 1 
CD2056  putative membrane protein 3.42 1 1 1 
CD2058  Conserved hypothetical protein 1 2.62 1 1 
CD2059 glnS putative glutaminyl-tRNA synthetase 4.48 1 1 1 
CD2060  conserved hypothetical protein 9.07 3.73 1 1 
CD2061  Conserved hypothetical protein, DUF1121 family 10.77 3.79 1 1 
CD2063  Conserved hypothetical protein 1 2.7 1 1 
CD2064  Conserved hypothetical protein 26.91 3.61 1 0.08 
CD2069  putative molybdopterin biosynthesis protein 2.81 1 1 0.39 
CD2070  putative molybdopterin-guanine dinucleotide 2.61 1 1 1 
CD2072  putative transposase 1 2.79 1 1 
CD2107  putative xanthine/uracil permease 1 2.84 1 1 
CD2114  two-component system response regulator 1 1 1 2.49 
CD2115  putative copper-transporting P-type ATPase 1 0.28 1 0.24 
CD2117 trxB2 thioredoxin reductase 4.48 1 1 1 
CD2118 thrC threonine synthase 1 5.31 1 3.7 
CD2119 thrB homoserine kinase 2.51 5.06 1 1 
CD2120  putative 2-nitropropane dioxygenase 2.74 3.99 1 1 
CD2129  putative membrane-associated protease 2.65 1 1 0.3 
CD2149  putative exported protein 3.11 3.2 1 1 

CD2166 msrAB 
Peptide methionine sulfoxide reductase 
MsrA/MsrB  1 1 1 0.38 

CD2172  ABC-type transport system, ATP-binding protein 1 2.36 1 2.75 
CD2173  Putative peptidase, M20D family 0.45 4.44 1 5.61 

CD2174  
ABC-type transport system, extracellular solute-
binding protein, family 3 1 5.6 1 6.13 

CD2175  ABC-type transport system, permease 1 5.65 1 5.3 
CD2176  ABC-type transport system, permease 0.3 5.13 1 7.75 

CD2177  
ABC-type transport system, extracellular solute-
binding protein, family 3 0.28 4.32 1 6.62 

CD2178  Putative oxidoreductase, Fe-S subunit 1 3.82 1 5.42 
CD2179  Putative anaerobic dehydrogenase 1 4.86 1 7.48 

CD2214  
Putative transcriptional regulator  Putative SinR-
like protein 1 2.64 4.28 8.4 

CD2215  Putative transcriptional regulator 1 1 1 4.1 
CD2228  Conserved hypothetical protein 1 1 1 3.26 
CD2230  Putative formate/nitrite transporter 1 1 1 0.37 
CD2245A  Conserved hypothetical protein 1 0.19 5.44 1 
CD2258  Conserved hypothetical protein 0.4 1 1 1 

CD2259  
Conserved hypothetical protein with RmlC-like 
jelly roll fold 1 1 1 2.89 

CD2299A  
Conserved hypothetical protein  putative phage 
protein 0.18 1 1 1 

CD2308  Putative transcriptional regulator 1 1 1 2.96 
CD2318  Putative phosphohexomutase 2.91 0.27 5.73 1 
CD2319 rpe Putative ribulose-phosphate 3-epimerase 1 0.27 4.29 1 
CD2320 rpiB1 Ribose-5-phosphate isomerase B1 1 0.17 8.75 1 
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(Phosphoriboisomerase B) 

CD2321 tkt' 

Transketolase, central and C-terminal 
(Sedoheptulose-7-phosphate:D-glyceraldehyde-
3-phosphate glycolaldehydetransferase) 4.79 0.2 10.18 0.38 

CD2322 tkt 

Transketolase, N-terminal (Sedoheptulose-7-
phosphate:D-glyceraldehyde-3-phosphate 
glycolaldehydetransferase) 6 0.19 11.64 0.36 

CD2323  Putative sugar-phosphate dehydrogenase 10.73 0.17 20.36 0.29 
CD2324  Putative sugar-phosphate dehydrogenase 11.51 0.15 22.64 0.26 

CD2325  
PTS system, fructose/mannitol family IIC 
component 1 0.2 8.42 1 

CD2326  
PTS system, fructose/mannitol family IIB 
component 1 0.1 23.49 1 

CD2327  
PTS system, fructose/mannitol family IIA 
component 1 0.17 8.51 1 

CD2331 mtlD 
PTS system, mannitol-1-phosphate 5-
dehydrogenase, EIICB component 1 1 1 4.83 

CD2332 mtlF PTS system, mannitol-specific, EIIA component 1 1 1 5.95 
CD2333 mtlR PTS system, transcriptional regulator 1 1 1 5.96 
CD2334 mtlA PTS system, mannitol-specific, IICB component 1 1 1 10.39 

CD2338 4hbD 
4-hydroxybutyrate dehydrogenase (4-
hydroxybutanoate:NAD+ oxidoreductase) 0.04 0.17 1 6.24 

CD2339 cat2 4-hydroxybutyrate CoA transferase 0.04 0.22 1 7.75 
CD2340  Conserved hypothetical protein 0.04 0.18 1 7.48 

CD2341 abfD 
Gamma-aminobutyrate metabolism 
dehydratase/isomerase  0.03 0.12 1 7.43 

CD2342 sucD 
Succinate-semialdehyde dehydrogenase 
(NAD(P)+) 0.03 0.15 1 7.22 

CD2343 cat1 Succinyl-CoA:coenzyme A transferase 0.03 0.14 1 6.08 
CD2344  Putative membrane protein 0.05 0.12 1 4.39 
CD2345  Transcriptional regulator, LysR family 0.17 1 1 1 
CD2347  Putative peptidase, M24 family 3.15 1 1 0.31 

CD2348 grdD 
Glycine reductase complex component C subunit 
alpha (Protein PC alpha) 0.36 1 1 1 

CD2349 grdC 
Glycine reductase complex component C subunit 
beta (Protein PC beta) 0.28 1 1 3.11 

CD2351 grdB 
Glycine reductase complex component B gamma 
subunit (Part 2) 0.3 1 1 3.35 

CD2352 grdA 

Glycine reductase complex selenoprotein A 
(Selenoprotein PA) (Thioredoxin reductase 
complex selenoprotein A) (Part 2) 0.32 1 1 1 

CD2354 grdE 
Glycine reductase complex component B 
subunits alpha and beta  0.31 1 1 1 

CD2355 trxA2 Thioredoxin 2 (Trx2) 0.15 1 1 3.8 
CD2356 trxB3 Thioredoxin reductase 3 0.15 1 1 7.01 
CD2357 grdX Putative glycine reductase complex component 0.21 1 1 2.73 
CD2373  Putative CstA-like carbon starvation protein 1 0.1 4.95 1 
CD2375  Conserved hypothetical protein 1 0.16 6.05 1 
CD2384  Putative digunalylate cyclase 1 1 1 2.45 

CD2387  
Alpha-hydroxy acid dehydrogenase, FMN-
dependent 0.41 1 1 1 

CD2392  Putative tRNA-binding protein 5.08 1 1 1 
CD2394 polC DNA polymerase III, epsilon subunit 1 1 1 4.08 
CD2396  Conserved hypothetical protein 1 3.31 1 2.69 

CD2411  
Putative positive regulator of gluconeogenesis 
putative phosphotransferase 0.26 1 1 1 

CD2412  Putative negative regulator of gluconeogenesis 0.24 1 1 1 
CD2413  Putative NAD(P)-binding protein 1 1 1 0.24 
CD2421  Putative amidohydrolase, M20D family 1 1 1 0.43 

CD2435 recO 
DNA repair protein RecO,Recombination protein 
O 0.31 1 1 1 

CD2436  Putative divalent cation transporter, MgtE family 0.41 1 1 1 
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CD2438 cdd Cytidine deaminase (Cytidine aminohydrolase)  0.37 1 1 1 
CD2443  Conserved hypothetical protein 1 0.36 1 1 

CD2444  
Putative ribosome-associated sigma 54 
modulation protein 0.23 0.26 1 1 

CD2450 prmA Ribosomal protein L11 methyltransferase  1 0.42 1 1 

CD2453  
Conserved hypothetical protein, putative 
CRISPR-associated negative autoregulator 1 0.26 1 1 

CD2454  Conserved hypothetical protein 1 0.38 1 1 
CD2457  Hypothetical protein 0.37 1 1 1 
CD2459  Putative glucokinase, ROK family 1 0.39 1 1 
CD2460 dnaJ Chaperone protein DnaJ 9.93 6.24 1 0.23 

CD2461 dnaK 
Chaperone protein dnaK (Heat shock protein 70) 
(Heat shock 70 kDa protein) (HSP70) 1 3.49 1 1 

CD2462 grpE Protein grpE (HSP-70 cofactor) 5.86 6.27 1 1 
CD2463 hrcA Heat-inducible transcription repressor HrcA 15.04 8.07 1 0.18 
CD2467 lepA GTP-binding protein LepA 3.67 1 1 1 
CD2471  Conserved hypothetical protein 6.05 1 1 0.23 
CD2472  Conserved hypothetical protein 7.12 1 1 0.19 
CD2477  Conserved hypothetical protein 2.43 1 1 1 
CD2479  Putative molybdenum cofactor biosynthesis 2.71 1 1 1 
CD2480  Putative hydrolase 1 1 1 0.31 
CD2482  Putative lipoprotein 1 2.66 1 1 

CD2484  
Putative pyridoxal phosphate-dependent 
transferase 2.95 1 1 0.32 

CD2485  Putative Xaa-Pro aminopeptidase, M24 family 5.45 2.33 1 0.22 
CD2486  PTS system, fructose-like IIC component 12.38 3.17 1 0.14 
CD2487  PTS system, fructose-like IIB component 11.58 4.1 1 0.15 
CD2488  PTS system, fructose-like IIA component 6.1 2.59 1 0.17 
CD2489  Putative fructose-like PTS operon regulator 4.03 1 1 0.16 

CD2491 pmi 
Mannose-6-phosphate isomerase  
(Phosphohexomutase) 1 3.49 1 1 

CD2495 selA 
L-seryl-tRNA(Sec) selenium transferase 
(Selenocysteine synthase)  3.05 1 1 1 

CD2498 dacF 
D-alanyl-D-alanine carboxypeptidase (putative 
sporulation-specific penicillin-binding protein) 1 2.72 1 1 

CD2500 argH Argininosuccinate lyase (Arginosuccinase)  3.39 3.31 1 1 
CD2505  Putative transcriptional regulator 4.68 3.05 1 0.44 
CD2506  Transporter, Major Facilitator Superfamily (MFS) 6.14 3.65 1 0.29 
CD2512  PTS system, glucose-like IIA component 1 2.66 1 1 
CD2514 tdcB threonine dehydratase catabolic 1 3.13 1 2.87 

CD2517A  
Conserved hypothetical protein,  putative phage 
protein 0.07 0.05 1 1 

CD2518  cell surface protein 0.34 1 1 1 
CD2530  conserved hypothetical protein 1 2.68 1 1 

CD2532  
Aminotransferase putative alanine--glyoxylate 
transaminase 1 2.91 1 1 

CD2540 nox NADH oxidase 4.37 1 1 1 
CD2567  PTS system, mannose-specfic IIB component 1 0.23 1 1 
CD2568  PTS system, mannose-specfic IIC component 1 0.18 1 1 
CD2579  Putative phosphatase, 2C family 2.34 1 1 0.44 

CD2582  
Putative peptidase, membrane zinc 
metallopeptidase 5.36 1 1 1 

CD2583  Conserved hypothetical protein 4.02 1 1 0.35 
CD2584 fmt Methionyl-tRNA formyltransferase 4.11 1 1 0.36 

CD2585 def2 
Peptide deformylase 2 (PDF 2) (Polypeptide 
deformylase 2 ) 3.46 1 1 0.45 

CD2587 coaBC 

Coenzyme A biosynthesis bifunctional protein 
coaBC (DNA/pantothenate metabolism 
flavoprotein)  1 2.07 1 1 

CD2587A rpoZ DNA-directed RNA polymerase subunit omega 1 2.19 1 1 
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(RNAP omega subunit)  
CD2601  Two-component response regulator 0.39 1 1 1 

CD2604  
Fragment of ADP-ribosyltransferase CdtAB (Part 
2) 0.38 1 1 1 

CD2610 trpS 
Tryptophanyl-tRNA synthetase (Tryptophan--
tRNA ligase)  2.52 1 1 1 

CD2613  Putative peptidase, M24 family 9.71 1 1 1 
CD2621  Conserved hypothetical protein 0.33 1 1 4.18 
CD2624  Conserved hypothetical protein 0.29 1 1 4.24 
CD2627  Conserved hypothetical protein 0.16 1 1 2.85 
CD2629 spoIVA Stage IV sporulation protein A 1 0.19 4.44 1 
CD2642 sigG RNA polymerase sigma-G factor 1 0.28 1 1 
CD2643 sigE RNA polymerase sigma-E factor 1 0.34 1 1 

CD2656 spoVD 
Stage V sporulation protein D (Sporulation-
specific penicillin-binding protein) 1 0.3 1 1 

CD2661  Putative peptidase, M16 family 2.42 1 1 1 
CD2666 ptsG-A PTS system, glucose-specific IIA component 1 6.41 1 4.14 
CD2667 ptsG-BC PTS system, glucose-specific IIBC component 2.52 4.35 1 3.72 
CD2683  putative propanediol utilization protein 1 1 1 3.59 
CD2688 sspA Small, acid-soluble spore protein alpha 1 0.06 12.13 1 
CD2693  putative sodium:dicarboxylate symporter 0.31 1 1 4.42 
CD2696  putative aminotransferase 1 1 1 2.61 
CD2697  Putative peptidase, M20D family 0.04 0.19 0.24 1 
CD2698  Putative membrane protein 0.05 0.18 0.23 1 
CD2699  Putative membrane protein 0.03 0.08 1 1 
CD2700  putative sigma54-interacting regulatory protein 1 1 1 3.04 
CD2702 brnQ putative branched-chain amino acid transport 0.45 1 1 1 
CD2713  Putative cell wall protein 1 1 1 0.31 
CD2724  Putative polysaccharide deacetylase 0.36 1 1 1 
CD2725  Putative monogalactosyldiacylglycerol synthase 0.33 1 1 2.94 
CD2728  Putative membrane component 1 1 1 0.36 
CD2729  Putative regulator of the sigma(E) factor 2.37 2.64 1 1 

CD2737  
Putative nitrilase/cyanide hydratase and 
apolipoprotein N-acyltransferase 0.25 0.14 3.02 1 

CD2738  Putative cytosine permease 0.33 0.14 2.91 1 
CD2740 hisS Histidyl-tRNA synthetase (Histidine--tRNA ligase)  2.54 1 1 1 
CD2752  Conserved hypothetical protein 0.27 1 0.22 0.45 
CD2756 ptsH PTS system, HPr protein 1 2.67 1 1 
CD2762 uppS Putative undecaprenyl pyrophosphate synthetase 3.46 1 1 0.25 
CD2764  Putative hydrolase, HAD superfamily 5.88 1 1 1 
CD2768  putative cell-wall hydrolase 0.18 0.31 1 1 
CD2783  putative glycosyltransferase 0.33 1 1 4.7 
CD2791  cell surface protein (putative S-layer protein 1 1 1 0.46 
CD2794  surface surface protein 0.36 1 1 3 
CD2795  cell surface protein 0.38 1 1 2.41 

CD2801  
Conserved hypothetical protein putative 
preprotein translocase subunit YajC 1 2.97 1 2.83 

CD2802 tgt 
Queuine tRNA-ribosyltransferase (tRNA-guanine 
transglycosylase) (Guanine insertion enzyme) 1 3.05 1 1 

CD2803  Putative membrane protein 1 2.94 1 1 

CD2804 queA 

S-adenosylmethionine:tRNA ribosyltransferase-
isomerase (Queuosine biosynthesis protein 
QueA) 2.2 2.96 1 1 

CD2805 ruvB 
Holliday junction ATP-dependent DNA helicase 
RuvB 1 3.35 1 1 

CD2807 ruvC 
Crossover junction endodeoxyribonuclease RuvC 
(Holliday junction nuclease RuvC)  1 2.89 1 3.38 

CD2815  Conserved hypothetical protein 1 3.46 1 1 
CD2816  Conserved hypothetical protein 2.33 1 1 1 
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CD2821  Putative membrane component 1 2.5 1 1 
CD2822  Putative glutamate carboxypeptidase, M20 family 1 3.54 1 1 
CD2825  putative flavodoxin 4.1 5.41 1 1 
CD2826  putative oxidoreductase (FAD-binding domain) 3.71 4.81 1 1 
CD2827  Transcriptional regulator, MarR family 1 5.7 1 2.95 
CD2829  Putative membrane protein 0.41 1 1 1 
CD2851 dltC D-alanine--poly(phosphoribitol) ligase subunit 2 1 3.01 1 2.63 
CD2852 dltB D-alanyl transferase 1 5.38 1 4.44 

CD2853 dltA 

D-alanine--poly(phosphoribitol) ligase subunit 1 
(D-alanine-activating enzyme) (DAE) (D-alanine-
D-alanyl carrier protein ligase) (DCL) 1 5.56 1 4.1 

CD2854 dltD putative D-alanine transferase 1 5.72 1 6.3 
CD2855  Putative NAD(P)-binding oxidoreductase 3.24 1 1 1 
CD2870 kdgT 2-keto-3-deoxygluconate permease 0.23 1 1 1 

CD2875 fhuC 
ABC-type transport system, ATP-binding protein  
putative ferrichrome transporter 1 1 1 0.25 

CD2883 celB PTS system, lichenan-specific IIc component 1 1 1 0.36 
CD2932  Conserved hypothetical protein 1 1 1 0.28 

CD2944  
Putative phage essential recombination function 
protein 1 1 1 0.21 

CD2950  Putative phage repressor 2.26 1 1 1 

CD2954 atpD 
V-type ATP synthase subunit D (V-type ATPase 
subunit D) 1 0.36 1 1 

CD2955 atpB 
V-type ATP synthase beta chain (V-type ATPase 
subunit B) 0.27 0.21 1 1 

CD2956A atpF V-type ATP synthase subunit F 1 0.2 1 1 
CD2957 atpC V-type ATP synthase subunit C 1 0.22 1 1 

CD2958 atpE 
V-type ATP synthase subunit E (V-type ATPase 
subunit E) 0.16 0.19 1 1 

CD2959 atpK V-type ATP synthase subunit K 0.24 0.23 1 1 
CD2960 atpI V-type sodium ATP synthase subunit I 0.4 0.26 1 1 
CD2961  Conserved hypothetical protein 1 0.17 1 0.22 
CD2962  Conserved hypothetical protein 0.37 0.25 1 1 
CD2965  putative signaling protein 1 1 1 0.35 
CD2966 adhE Aldehyde-alcohol dehydrogenase 0.03 1 1 3.23 
CD2966A  Conserved hypothetical protein 0.14 1 1 3.2 
CD2969  putative AMP-binding protein 1 1 1 2.3 
CD2970  putative thiolase 0.4 1 1 1 
CD2971 bioY Biotin synthase BioY 1 1 1 3.87 
CD2972  Conserved hypothetical protein 0.2 1 1 3.62 
CD2975  Putative CRISPR-associated Cas2 family protein 0.23 1 1 3.19 
CD2976  Putative CRISPR-associated Cas1 family protein 0.34 1 1 1 
CD2977  Putative CRISPR-associated Cas4 family protein 0.23 1 1 3.53 

CD2978  
Putative CRISPR-associated Cas3 family 
helicase 0.28 1 1 4.01 

CD2981  
Putative CRISPR-associated protein, CXXC-
CXXC 0.32 1 1 1 

CD2993  Conserved hypothetical protein 1 2.98 1 1 
CD2996  hypothetical protein 1 1 1 2.77 
CD3000 dapA1 Dihydrodipicolinate synthase 1 0.3 1 1 1 
CD3006  Alcohol dehydrogenase 0.26 1 0.22 1 
CD3010  putative cytochrome C biogenesis protein 3.54 1 1 0.25 
CD3012  Putative alpha-mannosidase 1 1 9.35 1 
CD3013  PTS system, mannose-specfic IIC component 16.93 1 14.54 1 
CD3014  PTS system, mannose-specfic IIB component 18.54 1 15.05 1 
CD3015  PTS system, mannose-specfic IIA component 22.08 1 15.15 1 
CD3016  Putative mannose PTS operon regulator 11.01 1 1 1 
CD3031  transcription antiterminator 1 1 1 2.88 
CD3036  Transporter, Major Facilitator Superfamily (MFS) 5.08 1 1 1 
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CD3037  Transcriptional regulator, CarD family 1 0.43 1 1 
CD3038  conserved hypothetical protein 3.5 1 1 0.42 
CD3039  conserved hypothetical protein 3.83 1 1 0.35 
CD3040  conserved hypothetical protein 2.96 1 1 0.25 
CD3041 pip proline iminopeptidase 3.03 1 1 0.46 
CD3043  Conserved hypothetical protein 4.34 1 1 0.3 
CD3064 xylA xylose isomerase 1 1 1 0.34 
CD3067  PTS system, sorbose-specific IIA component 1 1 1 0.33 
CD3088  Putative cellobiose-phosphate degrading protein 0.06 1 1 1 
CD3089  PTS system, glucose-like IIBC component 0.07 1 1 1 
CD3145  putative serine-aspartate-rich surface anchored 1 1 1 0.27 
CD3156A   1 1 1 0.32 
CD3157 smpB SsrA-binding protein 1 1 1 0.34 
CD3158  conserved hypothetical protein 0.32 1 1 1 

CD3167  

Conserved hypothetical protein  putative 
phosphatidylethanolamine-binding regulatory 
protein 4.25 1 1 0.09 

CD3170 eno enolase 6.48 5.83 1 1 
CD3171 pgm 2,3-bisphosphoglycerate-independent 3.73 5.68 1 1 
CD3172 tpi triosephosphate isomerase 4.62 4.89 1 1 
CD3173 pgK phosphoglycerate kinase 10.77 10.57 1 1 

CD3174 gap 
Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) 8.63 6.75 1 1 

CD3175 cggR 
Transcriptional regulator, glycolytic genes 
repressors, SorC family 1 11.12 1 5.9 

CD3179  putative dihydroorotate dehydrogenase, catalytic 4.17 3.24 1 1 
CD3180  Putative purine permease 5.86 5.48 1 1 
CD3181  putative amidohydrolase 3.47 1 1 1 
CD3182  D-aminoacylase 4.71 1 1 1 
CD3183  Putative peptidase, M20 family 4.77 1 1 0.3 
CD3185  conserved hypothetical protein (pseudogene) 1 3.59 1 2.67 
CD3186  probable sigma54-dependent transcriptional 1 3.66 1 1 
CD3187 tdcF Putative regulatory endoribonuclease 1 1 1 5.04 
CD3189  Putative NADPH-dependent FMN reductase 4.26 3.88 1 1 
CD3190  Transcriptional regulator, MerR family 4.05 3.63 1 1 

CD3191  
Conserved hypothetical protein  putative 
oxidoreductase 3.86 3.95 1 1 

CD3192  cell surface protein 2.91 2.63 1 1 
CD3203  two-component response regulator 2.89 1 1 1 

CD3207  
Putative multi antimicrobial extrusion protein, 
MatE family 4.48 13.48 1 1 

CD3208  Transcriptional regulator, MarR family 3.53 10.74 1 1 
CD3218  putative exported protein 1 3.23 1 4.06 
CD3219 hslO chaperonin 1 2.49 1 1 
CD3221  Putative peptidase, M20D family 4.76 1 1 1 
CD3222 sdaB L-serine dehydratase 7.81 1 1 0.41 
CD3223 dapA2 Dihydrodipicolinate synthase 2 7.3 3.24 1 1 
CD3224 asd aspartate-semialdehyde dehydrogenase 4.66 1 1 0.33 
CD3225 dapA3 Dihydrodipicolinate synthase 3 9.11 2.76 1 0.29 
CD3226 dapB1 dihydrodipicolinate reductase 6.99 2.73 1 0.31 
CD3227 dapH 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate 6.4 2.37 1 0.34 
CD3232  conserved hypothetical protein 1 0.11 1 1 
CD3235 ssb Single-stranded DNA-binding protein 1 0.25 1 1 
CD3236  Conserved hypothetical protein, DUF81 family 2.56 1 1 0.21 
CD3237 prdF Proline racemase 3.13 1 1 0.17 

CD3238  
Conserved hypothetical protein  Putative 
component of proline reductase prdE 2.61 1 1 0.45 

CD3239  
Conserved hypothetical protein  Putative 
component of proline reductase prdE 1 1 1 0.28 



Results - Article 2 
 
 

      235 

CD3241 prdB Proline reductase 1 0.3 1 0.11 
CD3243  Conserved hypothetical protein 5.66 1 1 0.16 
CD3244 prdA D-proline reductase proprotein prdA 4.41 1 1 0.16 
CD3246  putative surface protein 0.16 1 1 3.82 
CD3248  probable polysaccharide deacetylase 0.34 1 1 1 
CD3249 sspB Small, acid-soluble spore protein beta 1 0.13 1 1 
CD3258  iron-only hydrogenase 1 0.28 1 1 
CD3260 phoU putative phosphate transport system protein 1 0.32 1 0.2 
CD3271  hypothetical protein 0.3 1 1 1 
CD3279  PTS system, IIb component 1 1 1 0.36 
CD3282 pflD putative formate acetyltransferase 1 0.34 1 1 
CD3284  probable protease 8.2 3.32 1 0.29 
CD3290  putative protein translocase 1 0.35 1 1 
CD3297  putative membrane protein 1 1 1 0.36 
CD3299  probable transporter 0.18 1 1 1 

CD3304 clpX 
ATP-dependent Clp protease ATP-binding 
subunit 5.17 1 1 0.2 

CD3305 clpP1 ATP-dependent Clp protease proteolytic subunit 4 1 1 0.36 

CD3310  
Putative D-isomer specific 2-hydroxyacid 
dehydrogenase 1 1 1 0.45 

CD3320  two-component response regulator 3.26 1 1 1 
CD3324  conserved hypothetical protein 0.47 1 1 1 
CD3328  congative transposon conserved hypothetical 1 1 1 0.35 
CD3330  putative transposon-related DNA-binding protein 3.97 1 1 1 
CD3333  conserved hypothetical protein 1 2.76 1 1 
CD3335  conjugative tyransposon conserved hypothetical 1 1 1 0.26 
CD3345  conjugative transposon conserved hypothetical 1 0.27 1 0.29 
CD3355  putative nitroreductase 0.41 1 1 2.5 
CD3358  AsnC-family transcriptional regulator 0.3 1 1 1 
CD3377 mgtA magnesium transporting ATPase, P-type 1 1 1 1 0.26 
CD3394 pykF pyruvate kinase 3.97 1 1 1 
CD3395 pfkA 6-phosphofructokinase 1 3.68 1 1 
CD3397 whiA Putative sporulation transcription regulator whiA 2.35 2.66 1 1 
CD3398  Putative hydrolase, NUDIX family 2.75 1 1 1 
CD3399  Conserved hypothetical protein, UPF0052 family 2.4 2.96 1 1 
CD3400  Conserved hypothetical protein, UPF0042 family 2.56 2.52 1 1 
CD3401  putative phosphoesterase 1 2.63 1 1 
CD3402 murB UDP-N-acetylenolpyruvoylglucosamine reductase 1 2.64 1 1 
CD3403  putative formate/nitrite transporter 0.44 1 1 1 
CD3419 hemB delta-aminolevulinic acid dehydratase 3.21 1 1 1 
CD3438 cobU bifunctional adenosylcobalamin biosynthesis 0.25 1 1 1 
CD3439 cobT nicotinate-nucleotide--dimethylbenzimidazole 0.4 1 1 1 
CD3448 kba putative tagatose-1,6-bisphosphate aldolase 1 1 1 0.32 
CD3458  Putative membrane protein 1 0.42 1 1 
CD3467 atpC ATP synthase epsilon chain (partial) 6.29 3.85 1 1 
CD3468 atpD ATP synthase beta chain 8.2 3.8 1 1 
CD3469 atpG ATP synthase subunit gamma 6.25 5.43 1 1 
CD3470 atpA ATP synthase alpha chain 3.52 4.49 1 1 
CD3471 atpH ATP synthase subunit delta 3.71 5.68 1 1 
CD3472 atpF ATP synthase B chain 3.45 5.29 1 1 
CD3473 atpE ATP synthase C chain 3.59 4.38 1 1 
CD3474 atpB ATP synthase A chain 3.37 3.76 1 1 
CD3475 atpI ATP synthase protein I 1 4.72 1 1 
CD3476 atpZ putative ATP synthase protein 1 3.37 1 3.46 
CD3477  putative cytidine and deoxycytidylate deaminase 1 2.4 1 2.96 
CD3480 rpiB2 ribose-5-phosphate isomerase 2 2.43 2.82 1 1 
CD3484 prfA peptide chain release factor 1 1 3.14 1 1 



Results - Article 2 
 
 

      236 

CD3486A   5.55 1 1 1 
CD3487 rho transcription termination factor Rho 1 1 1 2.21 
CD3488 gtaB utp--glucose-1-phosphate uridylyltransferase 1 2.73 1 1 
CD3489  putative oligopeptidase 1 0.14 4.92 1 
CD3490 spoIIE Phosphoprotein phosphatase 1 0.13 5.85 1 
CD3513  Putative Pilin 1 1 1 0.35 
CD3514 prs ribose-phosphate pyrophosphokinase 1 1 1 2.8 
CD3516 spoVG Regulator required for spore cortex synthesis 1 1 1 3.39 
CD3521  putative peptidase 0.39 1 1 1 
CD3539  putative deoxyribonuclease 4.08 1 1 1 
CD3540 metS methionyl-tRNA synthetase 2.82 1 1 1 
CD3551B   1 0.21 1 1 
CD3555  conserved hypothetical protein 1 4.98 1 1 
CD3556  putative membrane protein 2.9 3.88 1 1 

CD3567  
Conserved hypothetical protein  putative 
peptidoglycan-binding LysM 1 0.13 5.41 1 

CD3568  
Conserved hypothetical protein  Putative Veg 
protein 0.31 1 1 3.36 

CD3579  conserved hypothetical protein 1 1 1 3.28 
CD3591 pyrAA2 carbamoyl-phosphate synthase, 3.85 3.2 1 1 
CD3592 pyrF orotidine 5'-phosphate decarboxylase 4.42 3.23 1 1 
CD3603  putative exported phosphoesterase 2.57 1 1 1 
CD3605  Putative phosphatase 2.75 1 1 1 
CD3609  hypothetical protein 2.79 1 1 0.18 
CD3610  Conserved hypothetical protein 4.05 1 1 0.15 
CD3614  Conserved hypothetical protein, DUF1130 family 2.96 1 1 0.15 
CD3616  Na(+)/H(+) antiporter 1 1 1 0.3 
CD3648  PTS system, IIb component 2.67 1 1 1 
CD3650  putative signaling protein 1 1 1 0.37 
CD3655 purA adenylosuccinate synthetase 4.23 1 1 0.17 
CD3657 dnaB replicative DNA helicase 1 1 1 0.31 
CD3661A   2.59 1 1 0.38 
CD3663 rpsF 30S ribosomal protein S6 2.15 1 1 1 
CD3665  Conserved hypothetical protein, DUF951 family 1 2.92 1 1 
CD3667  Conserved hypothetical protein, SirA family 1 2.88 1 1 
CD3675 gidA glucose inhibited division protein A 1 2.88 1 1 

CDP02  
Conserved hypothetical protein  putative HNH 
endonuclease 1 1 1 0.35 

CDP03  Conserved hypothetical protein 2.49 1 1 0.27 

CDP04  
Conserved hypothetical protein  putative phage 
capsid protein 1 0.35 1 0.44 

CDP06  hypothetical protein 0.25 1 1 2.51 
CDP07  hypothetical protein  putative deoxyribonuclease 0.28 1 1 1 
CDP09  Conserved hypothetical protein 0.3 1 1 1 
              
Table 6. List of genes that were differently expressed in the in vitro transcriptome.  
a Fold change value of genes differently expressed.  
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Gene ID Name Product Transcriptome 
analysis 

    
   in vivo ccpA/WTa 
CD0028 disA DNA integrity scanning protein disA 2.78 
CD0087 rplR 50S ribosomal protein L18 2.21 
CD0095 rpsM 30S ribosomal protein S13 2.03 
CD0125  Putative cell wall endopeptidase 4.13 
CD0131  Putative membrane protein 7.65 
CD0146  Putative hydrolase 2.31 
CD0164  Conserved hypothetical protein 0.3 
CD0196  Conserved hypothetical protein, DUF111 family (part 2) 0.23 
CD0205  Putative fructose-like PTS operon regulator 0.41 
CD0206  PTS system, fructose-like IIA component 0.21 
CD0207  PTS system, fructose-like IIC component 0.33 
CD0208  PTS system, fructose-like IIB subunit 0.22 

CD0209  
Conserved hypothetical protein ;  putative tagatose 6-phosphate 
kinase 0.2 

CD0229 flgM negative regulator of flagellin synthesis 2.16 
CD0230  putative flagellar biosynthesis protein 2.59 
CD0232 flgL flagellar hook-associated protein 3.04 
CD0233  conserved hypothetical protein 2.81 
CD0235 fliS1 flagellar protein FliS 2.84 
CD0236 fliS2 flagellar protein 3.98 
CD0237 fliD flagellar cap protein 4.21 
CD0238  conserved hypothetical protein 3.54 
CD0239 fliC Flagellin subunit 4.04 
CD0240  Glycosyltransferase 2.6 
CD0245 flgB flagellar basal-body rod protein 2.11 
CD0247 fliE flagellar hook-basal body complex protein 0.26 
CD0248 fliF flagellar M-ring protein 2.45 
CD0253 fliK putative flagellar hook-length control protein 2.11 
CD0272  Conserved hypothetical protein 2.2 
CD0273 htpG chaperone protein (heat shock protein) 2.19 
CD0296  Conserved hypothetical protein 0.48 
CD0323  Conserved hypothetical protein 2.48 
CD0355 int-Tn Transposase from transposon Tn916 (Integrase) 0.49 
CD0389 bglA 6-phospho-beta-glucosidase 0.45 
CD0390 bglG Beta-glucoside PTS operon regulator 0.44 
CD0393  Putative membrane protein 2.55 
CD0400 etfB1 electron transfer flavoprotein beta-subunit 2.45 
CD0403 fba Fructose-1,6-bisphosphate aldolase 0.31 
CD0408  Conserved hypothetical protein 0.49 
CD0442 ord 2,4-diaminopentanoate dehydrogenase 3.84 
CD0443 ortA 2-amino-4-ketopentanoate thiolase alpha subunit 5.24 
CD0444 ortB 2-amino-4-ketopentanoate thiolase beta subunit 4.37 
CD0445 oraS D-ornithine aminomutase S component 4.96 
CD0446 oraE D-ornithine aminomutase E component 2.46 

CD0447  
Putative reactivating factor for adenosylcobalamine-dependent 
D-ornithine aminomutase 4.01 

CD0448 orr ornithine racemase 5.34 
CD0449  Na+/H+ antiporter, NhaA family 2.26 
CD0551 sleC Spore cortex-lytic enzyme pre-pro-form 0.23 
CD0554 sip2 Signal peptidase type I 2.12 
CD0557  Putative uridine kinase 2.5 
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CD0587  Conserved hypothetical protein 0.46 
CD0596  Conserved hypothetical protein 0.01 
CD0597 cotJB1 Spore coat peptide assembly protein 0.02 
CD0598 cotJC1 Spore-coat protein 0.06 
CD0620  Conserved hypothetical protein 3.78 
CD0621  Putative membrane protein 7.23 
CD0622  Conserved hypothetical protein 4.7 

CD0645  
ABC-type transport system, ATP-binding protein putative 
lantibiotic transporter 0.42 

CD0647  conserved hypothetical protein (partial) 0.36 
CD0693  Transcriptional regulator, MerR family 2.4 
CD0711 argS Arginyl-tRNA synthetase (Arginine--tRNA ligase) (ArgRS) 2.19 
CD0756  Putative nitroreductase 2.26 
CD0835  Transcriptional regulator, MarR family 2.25 

CD0857 oppF 
Fragment of ABC-type transport system, ATP-binding protein 
(Part 2) 0.42 

CD0877  ABC-type transport system, ATP-binding protein 2.28 
CD0896  Conserved hypothetical protein 0.27 
CD0910  Putative phage protein 0.41 
CD0989 leuA 2-isopropylmalate synthase (Alpha-isopropylmalate synthase)  3.23 

CD0990 leuC 
3-isopropylmalate dehydratase large subunit (Isopropylmalate 
isomerase) (Alpha-IPM isomerase) (IPMI) 4.07 

CD0991 leuD 
3-isopropylmalate dehydratase small subunit (Isopropylmalate 
isomerase) (Alpha-IPM isomerase) (IPMI) 4.74 

CD0992 leuB 3-isopropylmalate dehydrogenase (Beta-IPM dehydrogenase)  4.76 
CD0994  Putative serine-pyruvate aminotransferase 2.08 
CD0995 serA Putative D-3-phosphoglycerate dehydrogenase 4.81 
CD0996  Conserved hypothetical protein 5.24 
CD1009  Transcriptional regulator, GntR family 0.33 

CD1010 nagA 
N-acetylglucosamine-6-phosphate deacetylase (GlcNAc 6-P 
deacetylase) 0.33 

CD1011 nagB 
Glucosamine-6-phosphate deaminase (Glucosamine-6- 
phosphate isomerase) 0.26 

CD1141 rnfA Electron transport complex protein 2.69 
CD1142 rnfB Electron transport complex protein 2.59 
CD1167  Putative integrase/recombinase 2.6 
CD1180 fabK Enoyl-(Acyl-carrier-protein) reductase II 2.31 
CD1181 fabD Malonyl CoA-acyl carrier protein transacylase (MCT) 3.65 

CD1182 fabG 
3-oxoacyl-[acyl-carrier protein] reductase (3-ketoacyl-acyl 
carrier protein reductase) 2.46 

CD1184 fabF 
3-oxoacyl-[acyl-carrier-protein] synthase 2 (3-oxoacyl-[acyl-
carrier-protein] synthase II) (Beta-ketoacyl-ACP synthase II)  2.02 

CD1192 spoIIIAA Stage III sporulation protein AA 2.64 
CD1193 spoIIIAB Stage III sporulation protein AB 2.68 
CD1197 spoiIIIAF Stage III sporulation protein AF 3.56 
CD1198 spoIIIAG Stage III sporulation protein AG 3.29 
CD1251 ftsY signal recognition particle receptor 2.66 
CD1300 pepA Leucine aminopeptidase 2.05 
CD1315 ribC Riboflavin biosynthesis protein 0.29 
CD1403  Putative synthetase 2.36 
CD1469  Putative cell surface protein  putative penicillin-binding protein 0.44 
CD1484 ssuA putative aliphatic sulfonates ABC transporter, 0.31 

CD1489 metN 
ABC transporter, ATP-binding protein  putative methionine 
transport 2.77 

CD1575  Conserved hypothetical protein 4 
CD1581  Conserved hypothetical protein 0.01 
CD1599 thiD Phosphomethylpyrimidine kinase 2.62 
CD1603  ABC-type transport system, permease 0.3 
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CD1604  ABC-type transport system, ATP-binding protein 0.14 
CD1605  Conserved hypothetical protein putative regulator protein 0.21 
CD1613  Conserved hypothetical protein 0.14 
CD1692  Transcription regulator, ArsR family 3.75 
CD1693  Putative dinitrogenase iron-molybdenum cofactor 2.38 
CD1703 thiF putative thiamine biosynthesis protein 2.62 
CD1750  Putative CoA enzyme activase 0.45 
CD1789  Conserved hypothetical protein, DUF421 family 2.35 
CD1822 bcp Putative thiol peroxidase 2.16 
CD1845  Putative membrane protein (partial) 0.13 
CD1846  Conserved hypothetical protein 0.14 
CD1880  Conserved hypothetical protein 0.13 
CD1897  Conserved hypothetical protein 0.21 
CD1898  Putative phage-related cell wall hydrolase (endolysin) 0.19 
CD1908 eutS Ethanolamine utilization protein 0.23 
CD1909 eutP Ethanolamine utilization protein 0.39 
CD1912 eutA Ethanolamine reactivating factor for ammonia lyase eutBC 0.17 
CD1913 eutB Ethanolamine ammonia-lyase heavy chain 0.16 
CD1914 eutC Ethanolamine ammonia-lyase light chain 0.28 
CD1915 eutL Ethanolamine carboxysome-related structural protein 0.28 
CD1916 eutM Ethanolamine carboxysome-related strutural detox protein 0.35 
CD1918 eutK Ethanolamine carboxysome strutural protein 0.28 
CD1922 eutN Ethanolamine carboxysome-related structural detox protein 0.34 
CD1924 eutH Putative ethanolamine transporter 0.4 

CD1925 eutQ 
Conserved hypothetical protein,  putative ethanolamine 
utilization protein 0.33 

CD1936 accA 
Acetyl-coenzyme A carboxylase carboxyl transferase subunit 
alpha 2.04 

CD1998  Transcriptional regulator, TetR family 3.26 
CD2005  conserved hypothetical protein 2.36 
CD2006  putative topoisomerase (partial) 7.66 
CD2007 erm2(B) rRNA adenine N-6-methyltransferase (erythromycin 10.3 
CD2008  putative plasmid replication protein 9.72 
CD2009  putative topoisomerase (partial) 6.81 
CD2010 erm1(B) rRNA adenine N-6-methyltransferase (erythromycin 11.99 
CD2022  Conserved hypothetical protein 2.06 
CD2055  Conserved hypothetical protein 0.23 
CD2110 fsaB fructose-6-phosphate aldolase 2 0.33 
CD2153  Conserved hypothetical protein 0.45 

CD2240 nanA 
Acetylneuraminate lyase (N-acetylneuraminic acid aldolase) 
(Acetylneuraminate pyruvate-lyase) (Sialic acid lyase)  0.49 

CD2251  Conserved hypothetical protein 0.34 
CD2269 fruABC PTS system. fructose-specific IIABC component 0.48 
CD2309  Conserved hypothetical protein 3.3 
CD2323  Putative sugar-phosphate dehydrogenase 2.17 

CD2338 4hbD 
4-hydroxybutyrate dehydrogenase (4-hydroxybutanoate:NAD+ 
oxidoreductase) 3.38 

CD2339 cat2 4-hydroxybutyrate CoA transferase 3.46 
CD2340  Conserved hypothetical protein 2.86 

CD2341 abfD Gamma-aminobutyrate metabolism dehydratase/isomerase  3.05 
CD2342 sucD Succinate-semialdehyde dehydrogenase (NAD(P)+) 3.69 
CD2343 cat1 Succinyl-CoA:coenzyme A transferase 3.89 
CD2344  Putative membrane protein 3.72 
CD2347  Putative peptidase. M24 family 2.79 
CD2379 buk Butyrate kinase (Branched-chain carboxylic acid kinase) (BK) 2.2 
CD2388  Putative peptidoglycan-binding/hydrolysing protein 0.3 
CD2389  Putative beta-lactams signal-transducer 0.3 
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CD2390  Putative beta-lactams repressor 0.43 
CD2396  Conserved hypothetical protein 0.4 
CD2400 cotJB2 Spore coat peptide assembly protein CotJB 2 0.21 
CD2405  Transcriptional regulator. MarR family 0.46 
CD2409  Conserved hypothetical protein 0.33 
CD2421  Putative amidohydrolase. M20D family 6.17 
CD2422  Transporter. sodium:alanine symporter 5.4 
CD2423  Transporter. Major Facilitator Superfamily (MFS) 8.07 
CD2425 ptb Phosphate butyryltransferase (Phosphotransbutyrylase) 5.63 
CD2426 buk1 Butyrate kinase 1  (Branched-chain carboxylic acid kinase 1) 9.75 
CD2427  Putative flavodoxin/ferredoxin oxidoreductase gamma subunit 5.6 

CD2428  
Putative pyruvate flavodoxin/ferredoxin oxidoreductase beta 
subunit 3.04 

CD2429  
Putative pyruvate flavodoxin/ferredoxin oxidoreductase alpha 
subunit 5.01 

CD2441  PhoH-like protein 2.19 
CD2442 spoIV Stage IV sporulation protein 2.81 
CD2469 spoIIP Stage II sporulation protein P 2.64 
CD2470 gpr Spore endopeptidase 2.22 
CD2568  PTS system. mannose-specfic IIC component 0.2 

CD2569  
Putative glycoside hydrolase. family 38 Putative alpha-
mannosidase 0.4 

CD2616  Conserved hypothetical protein 0.44 
CD2626  Conserved hypothetical protein 0.44 
CD2637  Two-component sensor histidine kinase 2.43 
CD2638  Two-component response regulator 2.01 
CD2641  Putative sporulation protein 3.08 
CD2643 sigE RNA polymerase sigma-E factor 2.73 
CD2644 spoIIGA Sporulation sigma-E factor processing peptidase 3.31 
CD2657  Conserved hypothetical protein 2.27 
CD2667 ptsG-BC PTS system. glucose-specific IIBC component 0.35 
CD2668  Putative transcription antiterminator/activator licT-like 0.46 
CD2720  Putative transporter putative membrane protein 0.4 
CD2800  Putative membrane protein 3.27 
CD2808  Conserved hypothetical protein 2.07 
CD2809  Conserved hypothetical protein. DUF1540 family 2.4 
CD2811  Conserved hypothetical protein 0.47 
CD2813 garR Tartronate semialdehyde reductase 0.39 
CD2816  Conserved hypothetical protein 0.21 
CD2833  Putative calcium-transporting ATPase 3.13 
CD2884 licB PTS system. lichenan-specific IIb component 0.5 
CD2924  Conserved hypothetical protein putative phage protein 0.48 
CD3027  PTS system. glucose-like IIA component 0.08 
CD3028  Putative phosphosugar isomerase 0.09 
CD3030  PTS system. glucose-like IIBC component 0.34 
CD3031  transcription antiterminator 0.15 
CD3073  Putative membrane protein 0.49 
CD3092  putative amino acid permease 0.43 
CD3116 bglF PTS system. beta-glucoside-specific IIABC component 0.42 
CD3136 bglA 6-phospho-beta-glucosidase 0.2 
CD3138 bglG Beta-glucoside PTS operon regulator 0.37 
CD3145  putative serine-aspartate-rich surface anchored 2.08 
CD3180  Putative purine permease 2.31 
CD3182  D-aminoacylase 2 
CD3189  Putative NADPH-dependent FMN reductase 0.41 
CD3190  Transcriptional regulator. MerR family 0.47 
CD3191  Conserved hypothetical protein,  putative oxidoreductase 0.43 
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CD3239  
Conserved hypothetical protein,  putative component of proline 
reductase prdE 0.44 

CD3240  
Conserved hypothetical protein,  putative component of proline 
reductase prdD 0.4 

CD3244 prdA D-proline reductase proprotein prdA 0.34 
CD3258  iron-only hydrogenase 2.65 
CD3297  putative membrane protein 2.8 
CD3298  putative ATP/GTP-binding protein 2.25 
CD3313 hydN1 electron transport protein 0.45 
CD3315 hydN2 electron transport protein 0.46 
CD3317 fdhF formate dehydrogenase H 0.4 
CD3442  putative peptidase 0.4 
CD3443  PTS system. lactose/cellobiose-specific family IIC component 0.39 
CD3448 kba putative tagatose-1.6-bisphosphate aldolase 0.5 
CD3457  Conserved hypothetical protein 2.86 
CD3467 atpC ATP synthase epsilon chain (partial) 2 
CD3489  putative oligopeptidase 2.57 
CD3564 spoIIR stage II sporulation protein 3.33 
CD3568  Conserved hypothetical protein  Putative Veg protein 2.86 
CD3606  Conserved hypothetical protein  putative hydrolase 2.03 
CD3620  Conserved hypothetical protein 0.06 
CD3652  putative peptidase 2.31 
        
Table 7. List of genes that were regulated by CcpA in the in vivo transcriptome.  
a Fold change value of genes differently expressed.  
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3. Conclusions and Perspectives 
 
Correlation between carbon metabolism and virulence has been shown in several bacterial 

pathogens (Deutscher et al., 2006). In C. difficile, the presence of rapidly metabolizable 

carbon sources, such as glucose, repress toxin gene expression via a CcpA-dependent CCR 

mechanism. Glucose enters mainly through the PTS system in C. difficile, and CcpA directly 

binds the regulatory regions of tcdA and tcdB genes, therefore modulating their transcription. 

CcpA binding affinity is increased by the FBP, an intermediate of glycolysis, and HPr-Ser-P 

does not play a role as a CcpA cofactor in this regulation, suggesting a novel mode of action 

of CcpA in the CCR mechanism.  

 

Glucose is an important carbon source for C. difficile. Actually, about 18% of all C. difficile 

genes are differently expressed in response to glucose, and about half of them are under a 

CcpA-dependent mechanism. In response to rapidly metabolizable carbon sources, CcpA 

plays a central role in metabolic pathways such as glycolysis, fermentation and amino acids 

biosynthesis. In addition, CcpA is involved in some important cellular functions like 

sporulation and stress response. Thus, CcpA might act as a link between the carbon and the 

nitrogen metabolism and could be considered as a global transcriptional regulator that 

connects sugar availability and bacterial physiology.  

 

Finally, the role of CcpA in the regulation of virulence factors important for C. difficile infection 

process was also investigated. Expression of genes involved in the ethanolamine utilization 

was, in addition to about 183 genes, only regulated by CcpA in vivo but not in vitro. The 

ethanolamine, which is an abundant compound of the intestinal tract, is utilized as a carbon 

and nitrogen source by C. difficile in its gastrointestinal lifestyle. 

 

CcpA and CCR were already reported and characterized in some pathogenic Gram-positive 

bacteria. However, it is the first time that the molecular mechanism of CCR is described in C. 

difficile. The results presented suggest that the CCR mechanism in C. difficile presents 

several differences with that of B. subtilis model organism, and therefore many questions 

remain to be addressed. I will enumerate some of them that I consider important to develop. 
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CcpA-mediated repression of toxin gene expression does not involve HPr-Ser-P. It would be 

interesting to verify, if this mode of regulation is specific or not to the PaLoc genes or if there 

a category of CcpA-dependent genes that follow this mode of regulation. Part of these 

questions will be answered by comparative analysis of hprK and ccpA mutant strains 

transcriptomes in presence of glucose. 

 

We found that FBP alone increased CcpA binding affinity to the regulatory regions of the 

toxin genes. The biochemical interaction between FBP with CcpA and its DNA target would 

be the next step on the characterization of CcpA-dependent mechanism of toxin gene 

regulation. Surface plasmon resonance analysis and in vitro run off transcription will give the 

first evidence of how these interactions occurs.  

 

Although we found putative cre sites in the toxin genes, at least for tcdB the CcpA binding 

region does not contain sequences similar to the B. subtilis cre consensus. Moreover, DNA 

footprinting assays were not successful to define the DNA sequence of the toxin regulatory 

region bound by CcpA. From the data obtained from the transcriptome analysis a high 

number of genes CcpA-dependent were identified. In addition with the ChIP-to-chip 

experiences (see below), comparative sequence analysis would help us to find the C. difficile 

cre site consensus. Nevertheless, we cannot also exclude that CcpA binding might not be 

related to a specific sequence.  

 

Toxin production in the ccpA mutant is constitutive in presence of glucose but lower than in 

the wild type, suggesting that other factors controlled by CcpA contribute to toxin gene 

regulation. The absence of CcpA, a pleiotropic regulator, in the ccpA mutant strain, would 

affect major pathways of metabolism, leading to changes in metabolite pools and therefore 

affect the activities of other global regulatory proteins that sense the metabolites 

concentration. For instance, CodY represses toxin expression and other genes in response 

to nutrients availability (Dineen et al., 2007). If the intracellular concentrations of the signal 

components for CodY would be altered in the ccpA mutant, the CodY activity would be also 

modified. Thus, the measure of toxin synthesis in response to glucose in a double mutant 

ccpA codY will tell us if these global regulators have collaborative effects on the control of 

toxin expression. 

 

C. difficile epidemic strains 027, which does not express functional TcdC still shows 

repression of toxin expression in presence of glucose, meaning that TcdC is not regulated by 

CCR. However, TcdR has been shown to be under glucose repression like the toxin genes 
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(Mani et al., 2002). Our attempts to evaluate the CcpA role on tcdR expression were not very 

successful and other experimental approaches are envisaged, like for instance in vitro run off 

transcription assays. 

 

The transcriptome analysis has given us an overview of genes regulated by CcpA.  It is 

important now to further characterize the genes that are directly regulated by CcpA and 

those which are controlled by CcpA through an indirect mechanism. The ChIP-to-chip 

approach will give us a more comprehensive view of the CcpA regulon. Moreover, 

concerning the 50% of genes regulated by glucose mediated by CcpA-independent 

mechanisms, other mechanisms of regulation potentially involved such as PRD-containing 

regulators and inducer exclusion or expulsion, should be investigated. 

 

We found that CcpA regulated some cellular pathways like sporulation in response to 

glucose. It would be interesting to study precisely which stage of sporulation is regulated by 

CcpA and its impact on the overall sporulation process. 

 

Some cell surface proteins and membrane proteins were found regulated by glucose and/or 

CcpA. Moreover, adhesion is an important step of the C. difficile infection. To assess the 

CcpA involvement, the ccpA mutant strain will be tested and compared to the wild-type strain 

for its ability to adhere for instance in vitro intestinal epithelial cells. 

 

Finally, CcpA was identified to control C. difficile toxin expression in response to carbon 

sources. Moreover, CcpA is also involved in other mechanisms of C. difficile 

physiopathology. Thus, to verify the impact of CcpA on the C. difficile pathogenicity, we will 

assay the lethality of the ccpA mutant strain and compare it to the wild type in the hamster 

model. 
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Clostridium difficile NAP1/027 hypervirulence is not associated with mutation of 

TcdC 

 

Glen P. Carter, Gill R. Douce, Pauline M. Howarth, Rachael Poon, Ana Antunes, 

Revathi Govind, Bruno Dupuy, Julian I. Rood & Dena Lyras. 

 

Abstract 

 

Clostridium difficile is an emerging pathogen, which in recent years has been 

recognised as an increasingly important cause of nosocomial disease.  C. difficile 

infections (CDI) can range from relatively mild diarrhea to pseudomembranous 

colitis, toxic megacolon, shock and death.  More recently, epidemic NAP1/027 

isolates have been associated with more severe disease and higher rates of mortality.  

These strains are reported to produce significantly more toxin than other clinical 

isolates and this is thought to be due to the presence of a mutation within the tcdC 

gene of these strains. Using a newly developed and more efficient plasmid 

conjugation system we have complemented a NAP1/027 epidemic isolate with an 

intact copy of tcdC and showed that this results in significant repression of toxin 

production by in this strain.  These data represent the first in vivo demonstration that 

tcdC negatively regulates toxin production in C. difficile and supports the hypothesis 

that tcdC mutations present in NAP1/027 strains can lead to increased levels of toxin 

production.  Virulence testing in the hamster model of infection however, showed that 

the tcdC complemented NAP1/027 strain was as virulent as wild-type, thus refuting 

the idea that mutation of tcdC is responsible for the hypervirulence of NAP1/027 

isolates.  

 

 

 
 
 
 
 
 
 



 
 
 



 
 

1 

Characterization of Acp, a peptidoglycan hydrolase of Clostridium perfringens 1 

with Nacetylglucosaminidase activity,  2 

implicated in cell separation and stressinduced autolysis  3 

 4 

Emilie Camiade1, 2, Johann Peltier1, Ingrid Bourgeois1, Evelyne CoutureTosi2, Pascal Courtin3, 5 

Ana Antunes2, MariePierre ChapotChartier3, Bruno Dupuy2 and JeanLouis Pons1*. 6 

 7 

1 Laboratoire G.R.A.M., EA 2656  IFR 23, Rouen University Hospital, University of Rouen, 22 8 

Boulevard  Gambetta,  76183  Rouen  Cedex,  France;  2  Unité  des  Toxines  et  Pathogénie 9 

Bactérienne,  Institut  Pasteur,  25  Rue  du  Docteur  Roux,  75015  Paris,  France;  3  INRA  UR477 10 

Biochimie Bactérienne, F78350 JouyenJosas, France. 11 

 12 

Running Title: Acp, a Nacetylglucosaminidase of C. perfringens. 13 

 14 

Key Words: C. perfringens, Nacetylglucosaminidase, cell separation, stressinduced autolysis 15 

 16 

Corresponding  Author:  JeanLouis  Pons,  Groupe  de  Recherche  sur  les  Antimicrobiens  et  les 17 

Microorganismes (UPRES EA 2656, IFR 23), Université de Rouen, 22 Boulevard Gambetta, F18 

76183 Rouen Cedex, France. Tel: 0033 235 148 452 Email: JeanLouis.Pons@univrouen.fr 19 

 20 

The GenBank accession number for the acp sequence reported in this paper is GU192369. 21 

22 



 
 

2 

Abstract 23 

 24 

This  work  reports  the  characterization  of  the  first  known  peptidoglycan  hydrolase  (Acp) 25 

mainly produced during vegetative growth of C. perfringens. Acp has a modular structure with 26 

three domains: a signal peptide domain, a Nterminal domain with repeated sequences and a C27 

terminal  catalytic  domain. The  purified  recombinant  catalytic  domain  of Acp displayed  a  lytic 28 

activity on the cell walls of several Gram positive bacterial species. Its hydrolytic specificity was 29 

established by analyzing the Bacillus subtilis peptidoglycan digestion products by coupling RP30 

HPLC and MALDITOF MS analysis, which displayed a Nacetylglucosaminidase activity. The 31 

study  of  acp  expression  (qRTPCR  and Western  blot  analyses)  showed  a  constant  expression 32 

during  growth,  which  suggested  an  important  role  of  Acp  in  growth  of  C.  perfringens. 33 

Furthermore,  cell  fractionation  and  indirect  immunofluorescence  staining  using  antiAcp 34 

antibodies  revealed  that  Acp  is  located  at  the  septal  peptidoglycan  of  vegetative  cells  during 35 

exponential  growth  phase,  indicating  a  role  in  cell  separation  or  division  of C.  perfringens. A 36 

knockout acp mutant strain was obtained by using the insertion of mobile Group II intron strategy 37 

(ClosTron) strategy. The microscopic examination indicated a lack of vegetative cell separation 38 

in  the  acp  mutant  strain,  demonstrating  the  critical  role  of  Acp  in  cell  separation.  The 39 

comparative responses of wild type and acp mutant strains to stresses induced by Triton X100, 40 

bile salts and vancomycin revealed an implication of Acp in autolysis induced by these stresses. 41 

Overall, Acp appears as a major cell wall Nacetylglucosaminidase implicated in both vegetative 42 

growth and stressinduced autolysis. 43 
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Molecular Methods to study transcriptional regulation of Clostridium difficile 

toxin genes 

 

Ana Antunes and Bruno Dupuy 

 

Abstract 

TcdA and TcdB are the major virulence factors that contribute to the pathogenesis of 

Clostridium difficile-associated diarrhoea (CDAD). These enterotoxins act by glucosylation 

of members of the Rho protein family of small GTP-binding proteins. This leads to the 

disorganization of the host cell actin cytoskeleton (cytopathic effect) and apoptosis 

(cytotoxic effect). Due to their glucosyltransferase activity, they are referred as 

“Clostridial Glucosylating Toxins”. The severe form of CDAD has been recently correlated 

to the levels of toxin production. This reinforces the idea that regulation of toxin 

production is an important part of the C. difficile infection. Genes encoding toxin A (tcdA) 

and toxin B (tcdB) are present in a pathogenicity locus (PaLoc) that also includes three 

accessory genes: tcdR, tcdE and tcdC. TcdR is an alternative RNA polymerase sigma 

factor that positively regulates toxin gene transcription as well as its own. TcdE has high 

homologies with bacteriophage holin proteins. TcdC negatively regulates toxins synthesis 

by interfering with the RNA polymerase formed with TcdR. Therefore TcdR and TcdC 

constitute specific regulators of toxin gene transcription thereby tightly regulating toxin 

synthesis. In addition a variety of environmental signals, such as the presence of carbon 

sources or amino acids in the growth medium and temperature also regulate toxin 

synthesis.  

 

Key Words: TcdA; TcdB; TcdR; TcdC; Clostridium difficile; regulation; toxin synthesis. 

 

1. Introduction 

Clostridium difficile is one of the major pathogenic clostridia. C. difficile-associated 

diarrhoea is the most frequently occurring nosocomial diarrhoea in many European 

hospitals. Most of the virulent strains of C. difficile produce two toxins:  Toxin A (TcdA) 

and Toxin B (TcdB) that are single-chain proteins with high molecular weight of 308kDa 

and 270kDa, respectively and are regarded as the primary virulence factors. The toxins 

are endocytosed by the intestinal epithelial cells and when they are inside the cell, both 

toxins mono-glucosylate and inactivate members of the Rho protein family of small GTP-

binding proteins leading to the modification of the actin cytoskeleton, loss of cell shape 

(cytopathic effect), and to the induction of apoptosis (cytotoxic effect) (1, 2). TcdA and 

TcdB are classified as typical AB toxins harbouring a catalytic domain and a 

binding/translocation domain. The N-terminal possesses the glucosyltransferase activity 
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Clostridium difficile toxin synthesis is growth phase-dependent and is regulated by various
environmental signals. The toxin genes tcdA and tcdB are located in a pathogenicity locus, which
also includes three accessory genes, tcdR, tcdC and tcdE. TcdR has been shown to act as
an alternative s factor that mediates positive regulation of both the toxin genes and its own gene.
The tcdA, tcdB and tcdR genes are transcribed during the stationary growth phase. The tcdC

gene, however, is expressed during exponential phase. This expression pattern suggested that
TcdC may act as a negative regulator of toxin gene expression. TcdC is a small acidic protein
without any conserved DNA-binding motif. It is able to form dimers and its N-terminal region
includes a putative transmembrane domain. Genetic and biochemical evidence showed that TcdC
negatively regulates C. difficile toxin synthesis by interfering with the ability of TcdR-containing
RNA polymerase to recognize the tcdA and tcdB promoters. In addition, the C. difficile NAP1/027
epidemic strains that produce higher levels of toxins have mutations in tcdC. Interestingly, a
frameshift mutation at position 117 of the tcdC coding sequence seems to be, at least in part,
responsible for the hypertoxigenicity phenotype of these epidemic strains.

Introduction

A relationship between the symptoms of antibiotic-
associated diarrhoea and the toxigenic potential of the
Clostridium difficile strain responsible for infection was
suggested 20 years ago (Wren et al., 1987). Akerlund’s
group recently confirmed this idea by showing that toxin
levels are correlated with the severity of C. difficile-
associated disease (CDAD) (Akerlund et al., 2006). This
idea has also been reinforced by the emergence of an
epidemic strain, named C. difficile NAPI/027 (Warny et al.,
2005), which is responsible for a massive increase in disease
incidence and associated death. In fact, the major
characteristic of this strain is that it produces higher
amounts of toxins A and B than those produced by non-
epidemic strains. Taken together, these results underline
the importance of the regulation of toxin synthesis in the
pathogenicity process of C. difficile.

Several studies have shown that toxin production is
sensitive to both bacterial and host factors (Akerlund et
al., 2006; Borriello et al., 1987; Mahe et al., 1987;
McFarland et al., 1991; Ward & Young, 1997). The age of
the patient and levels of toxin-neutralizing antibodies are
factors that affect severity of disease and the risk of relapse
of CDAD (Kyne et al., 2000, 2001; Lyerly et al., 1988;
Warny et al., 1994). In in vitro culture, variations in the
production of both toxins are highly influenced by the
nutrients present in the medium (Haslam et al., 1986) and
by environmental conditions. Toxin synthesis increases as

cells enter stationary phase (Hundsberger et al., 1997;
Dupuy & Sonenshein, 1998) and is controlled by growth
temperature with an optimum at 37 uC (Karlsson et al.,
2003). In addition, toxin yield is affected by the presence in
the growth medium of sulphur-containing amino acids,
butyric acid and butanol (Karlsson et al., 1999, 2000) and
carbon sources such as glucose and most PTS sugars
(Dupuy & Sonenshein, 1998). Moreover, addition of
certain antibiotics (Onderdonk et al., 1979; Nakamura
et al., 1982; Honda et al., 1983) or limited levels of biotin
(Yamakawa et al., 1996) induces or stimulates toxin
production, respectively.

Although inducing cues for toxin production and several
implicated environmental factors have been studied in
detail, the systems involved in these adaptative regulations
are poorly understood. One breakthrough in elucidating
the mechanism of toxin gene regulation came from the
molecular analysis of the pathogenicity locus (PaLoc) of
the virulent strains.

TcdR is the first PaLoc regulatory protein
described that regulates toxin expression

The two toxin genes tcdA and tcdB and the genes encoding
the proteins TcdR, TcdE and TcdC form a chromosomal
pathogenicity locus (PaLoc; Fig. 1) (Braun et al., 1996; von
Eichel-Streiber et al., 1992). The role of TcdE has not yet
been completely clarified. The transport function of TcdE
is based on its similarity to phage holin proteins and has
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