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Clostridium perfringens type A isolates, an anaerobic enterotoxigenic spore 

forming bacterium, are the third leading cause of food-borne disease in the United 

States. Factors that contribute to the virulence of C. perfringens include the ability 

of the bacterium to form heat resistant spores and to produce an enterotoxin (CPE). 

Although much progress has been made in the past 30 years in understanding the 

mechanism of sporulation in another spore forming bacteria Bacillus subtilis, 

genomic comparisons have revealed fundamental differences in the initiation of 

sporulation between Bacillus and Clostridium species. In addition, understanding of 

the sporulation mechanism in other Clostridium species has been hampered by the 

lack of molecular genetic tools and the restriction on handling pathogenic 

Clostridia such as C. botulinum and C. tetani. Completion of C. perfringens 

genome allowed for opportunities to analyze the mechanism of sporulation and its 

association with toxin production. 

 

  



In the current study, the role of the transcriptional regulator Spo0A in C. 

perfringens sporulation was analyzed. Sequencing analyses of four C. perfringens 

CPE positive isolates identified functional spo0A homologs. Inactivation of spo0A 

in C. perfringens strain SM101 blocked spore formation as well as CPE production. 

Sporulation and CPE production was restored when the spo0A mutant was 

complemented with wild-type spo0A, demonstrating that Spo0A is required for 

initiation of sporulation and CPE production. Due to the lack of genetic tools 

available to study sporulation in other Clostridium species, we evaluated the role of 

Spo0A from other Clostridium species in restoring spore formation in our C. 

perfringens spo0A mutant. Our results demonstrated that Spo0A from C. 

acetobutylicum and C. tetani, but not from C. botulinum and C. difficile, were able 

to restore both spore formation and CPE production in the spo0A mutant. Analysis 

of the transcriptional level of spo0A from C. botulinum and C. difficile suggested 

that the lack of complementation from these two Clostridial Spo0As could be due 

to inherent transcript stability or requirement for additional co-factors.  

A second focus of the study was to identify environmental or metabolic 

signals required for the initiation of sporulation in C. perfringens. Analysis of the 

commonly used sporulation medium identified inorganic phosphate as a signal 

required for spore formation. The optimum level of inorganic phosphate necessary 

for maximal sporulation was demonstrated to be 35 milimolar. Microscopic and 

Northern blot analyses demonstrated that the sensing of inorganic phosphate in 

initiating sporulation occurs at stage 0 of the spore formation stage.  



The third focus of this study was to characterize the regulatory mechanism of 

gliding motility, another stationary phase behavior in C. perfringens. Long believed 

to be a non-motile organism, recent study identified Type IV pilus formation in C. 

perfringens and demonstrated gliding motility on solid agar surface. In the present 

study, we found that gliding motility in C. perfringens is repressed by the presence 

of rapidly metabolized carbohydrates. Inactivation of the catabolite control protein 

(CcpA) in C. perfringens strain 13 blocks the ability of the bacteria to repress 

gliding motility in the presence of glucose, suggesting that CcpA is required for 

catabolite repression of C. perfringens motility. Study of the transcriptional profile 

of Type IV pilus (TFP) biosynthesis genes pilT and pilD demonstrated that 

catabolite repression of C. perfringens gliding motility is due partially to the down 

regulation of TFP biosynthesis genes. 

Collectively, the present study contributes to the understanding of the 

mechanism of spore formation and gliding motility in the enterotoxigenic C. 

perfringens. Molecular techniques utilized in this study offer valuable tools in 

future sporulation and motility research in other Clostridium species. 
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Analysis of Clostridium perfringens Stationary Phase Events: 
Sporulation and Motility 

 

Chapter 1 

General Introduction and Literature review 

 Clostridium perfringens is a Gram-positive, anaerobic, endospore-forming, 

and rod-shaped bacteria with the ability to produce a variety of toxins and enzymes 

(96). A member of the genus Clostridium, which includes approximately 120 

species such as the pathogenic C. botulinum, C. difficile and the industrial relevant 

C. acetobutylicum, C. perfringens is considered one of the most widely occurring 

pathogenic bacteria (47). Ubiquitously found in the natural environment including 

soil, water source as well as the intestinal tract of humans and animals (78), C. 

perfringens was first described in 1892 by Welch and Nuttall and was commonly 

known earlier on as C. welchii (47). C. perfringens grow vigorously at temperatures 

between 20°C and 50°C and exhibits hemolysis when grown on blood agar plate 

(47).  

C. perfringens are categorized into types A-E, based upon their ability to 

produce a variety of toxins. C. perfringens have been found to be associated with 

many animal diseases including enterotoxemia, myonecrosis, hemorrhagic 

gastroenteritis and many other enteric diseases. According to a survey of 

food-borne disease outbreaks in the United States from 1998-2002, C. perfringens 

type A is the third most common cause of food borne infection (73). In addition to

food-borne illness, C. perfringens type A are also capable of causing 

non-food-borne illness such as antibiotic associated diarrhea (100). The virulence
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of C. perfringens derive from its ability to produce multiple toxins, a 

rapid-doubling time (as fast as 8 min), and the stress-resistant property of its spores. 

 

1.1. Major Toxins of C. perfringens 

 C. perfringens are categorized into types A to E based on the type and variety 

of major toxins it produces. Below is a summary of the characteristic of these four 

toxins.  

Alpha Toxin 

 Produced by all strains of C. perfringens and in large amounts by type A 

strains, Alpha toxin is a zinc-containing phospholipase C enzyme with lecithinose 

and sphingomyelinase activity (126). The alpha toxin is encoded by the single copy 

plc gene on the chromosome close to the origin of replication (19, 20). With a 

molecular weight of about 43-kDa, alpha toxin was first realized as a phospholipase 

C enzyme in 1941 by MarFarlane and Knight (74). The alpha toxin is composed of 

two domains, with the N-terminal domain exhibit phospholipase activity while the 

C-terminal domain exhibits the cytolytic activity. Transcription of alpha toxin 

appears to be regulated by the VirR/VirS two component system and a small ORF 

virX which might act as an regulator RNA in regulating toxin production (87, 111).  

Alpha toxin is hemolytic, destroys platelets and leukocytes, and increases 

capillary permeability and requires divalent cations such as calcium and 

magnesium for optimal activity (96). Studies have found that alpha toxin works in 

synergy with another C. perfringens toxin, perfringolysin O toward establishing gas 

gangrene in a mouse model (5). Although alpha toxin was previously thought to be 
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associated as the major virulence factor in necrotic enteritis in chickens (2, 40), 

recent report using an alpha-toxin mutant demonstrated that alpha toxin was not 

necessary for the pathogenesis of the disease (62). Although alpha toxin has been 

implicated in many diseases, the exact mode of action of the toxin is still unclear. 

Current results has shown that at low concentrations, the toxin are able to insert 

itself into host cell membrane, and hydrolyzes phosphatidylcholine and 

sphingomyelin which in turn stimulates signal transduction through the activation 

of endogenous phospholipase C and sphingomyelinase.  

Beta-toxin 

 Found in type B and C strains of C. perfringens, beta-toxin is consisted of a 

single polypeptide chain of 336 amino acids with a predicted molecular weight of 

approximately 34.9 kDa (53, 96). Beta-toxin is a major virulence factor in causing 

enterotoxaemia and necrotic enteritis of many animal species including sheep, 

lambs, and fowl, and it is also the causative agent of human enteritis necroticans or 

pig-bel (82, 96). Pig-bel is caused by the consumption of under-cooked meat 

products contaminated with C. perfringens type C spores by immunocompromised 

individuals (69). Treatment of disease consists of administration of β-toxoid. C. 

perfringens type C is an important cause of necrotic enteritis in domesticated 

animals and particular piglets. Studies has revealed that beta-toxin is an 

oligomerizing, pore forming toxin that forms cation dependent channels in 

susceptible membranes and it might have confer neurological damage to the host as 

well (84, 96, 129). Current works are on the way to develop safer β-toxin vaccine 

for human and veterinary use (6, 36, 96). 
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Epsilon Toxin 

 Listed by the CDC as a Category B Bioterrorist agent, C. perfringens ε-toxin 

is considered the most potent clostridal toxin after botulinum and tetanus 

neurotoxins (96). Produced by type B and D strains only (121), and have a limited 

host range including sheep, lambs, goats and cattle (55). Type B causes dysentery 

in newborn lambs and occurrence is rare in North America (96), while Type D 

causes enterotoxemia predominantly in sheep. ε-toxin (etx) is located on a large 

plasmid (20). It is produced as an inactive protoxin of approximately 32.7 kDa (54), 

and matures when 13 or 14 basic amino acids are cleaved from its amino-terminal 

end when it's in the gastrointestinal tract (54, 89, 96). The mode of action of ε-toxin 

is still unclear, however, it is known that ε-toxin can increase vascular permeability 

in the brains, kidneys and intestines (97). Due to its rapid onset of disease that leads 

to mortality, treatment has not been useful except in rare cases, therefore, vaccines 

has been the traditional choice for prevention (98).   

Iota Toxin 

 A binary toxin found in both C. perfringens type E as well as C. spiroforme 

(14, 96). C. perfringens type E has been identified only occasionally as the cause of 

diarrhea in animals particularly in domesticated livestock (96). Iota toxin is 

composed of two independent polypeptides: Ia, which is an ADP-ribosyltransferase 

with a molecular weight of approximately 47.5 kDa, and Ib, with a molecular 

weight of approximately 71.5 kDa, is involved in the binding and internalization of 

the toxin into the cell (91, 113). The Ia light chain causes ADP-ribosylation of 

globular skeletal muscle and non-muscle actin while the heavy chain Ib is required 
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for penetration of Ia into the cytosol (24). Recent study has demonstrated that the 

host cell chaperone Hsp90 is required for the cytotoxic action of iota toxin (48). 

 

1.2. Clostridium perfringens Type A food poisoning and non-food-borne GI 

disease 

 C. perfringens type A is one of the most common cause of human 

gastrointestinal illness in the United States and Europe, causing millions of dollars 

in economic loss each year (11, 127). Ranked as the third most commonly reported 

agent of human food-borne diseases (73) C. perfringens type A is also implicated 

in non-food-borne animal and human diseases (13, 15, 23, 57). It was estimated 

that approximately 5% to 20% of all cases of antibiotic-associated diarrhea (ADD) 

and non-food-borne sporadic diarrhea are caused by C. perfringens type A. 

Symptoms associated with C. perfringens type A food poisoning are caused by the 

C. perfringens enterotoxin (CPE) (99). The disease develops with the consumption 

of food contaminated with enterotoxigenic C. perfringens (96) (Fig. 1). If the food 

are improperly prepared or cooked, spores of C. perfringens are able to survive and 

germinate in the nutrient rich environment, leading to the proliferation of large 

number of C. perfringens cells. Once the contaminated food is ingested, the 

majority of the bacteria might be killed by the acidic condition of the stomach, 

however, a small number of the population will survive and enter into the intestine. 

The intestine is a environment that favors C. perfringens to multiply and then 

sporulate. CPE is produced and released into the environment when the endospores 

are fully matured and the mother cell undergoes autolysis (96, 139). Symptoms of 
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C. perfringens type A food poisoning typically start around 12h after consumption 

of contaminated foods, with diarrhea and cramps being the most commonly 

reported symptoms. In normal adults, symptoms usually persist for 12-24h and then 

spontaneously resolve (77, 101). However, in immunocompromised individuals 

such as the elderly, C. perfringens type A food poisoning are the fifth leading cause 

of death from food poisoning in the United States (15, 73). The disease is 

diagnosed by the characteristic delayed onset of symptoms as well as detection of 

toxin in the feces of patients (96). 

 

Fig 1: C. perfringens type A food poisoning 

 

Fig 1: Overview of C. perfringens type A food poisoning. Improperly prepared food allows for the 
survival of C. perfringens spores. Proliferation of the bacteria results in large number of vegetative 
cells being ingested along with the food. A small number of C. perfringens will survive the passage 
to the intestine, where spore formation is induced. Once spore is matured, the mother cell undergoes 
autolysis, releasing both spore and CPE. CPE then is able to exert its cytolytic actions, resulting in 
diarrheal and cramping symptoms associated with the disease. Source: (99, 101).  
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1.3. Mode of action of CPE and epidemiology 

 The 35-kDa CPE is heat-labile and pH labile (108). However the toxin has 

demonstrated resistance to proteases while treatment with trypsin or chymotrypsin 

actually enhance the activity of the toxin, indicating the possibility that intestinal 

protease may activate CPE during food poisoning (42). 

 The initial evidence that linked CPE to the disease symptoms associated with 

C. perfringens type A food poisoning came when it was demonstrated that purified 

CPE, when injected into various animal models, can induce histopathological 

damage of the small intestine villi, resulting in rapid fluid and electrolyte loss 

similar to that observed in patients with C. perfringens type A food poisoning (29, 

44, 79, 108). Direct molecular evidence of the role of CPE in the disease came 

when Sarker et al demonstrated that cpe mutant of C. perfringens strain SM101 and 

F4969 was unable to induce significant ileal loop fluid accumulation and intestinal 

histopathological damage while the complementing strain was able to restore these 

symptoms (99).  

 The action of CPE on the small intestine can be categorized into early and late 

event in which the early events involves the initial binding of the toxin to host cell 

to the alteration of membrane permeability (96). Late events characterize the 

cellular damage leads to inhibition of macromolecular synthesis as well as 

disruption in other metabolic pathway of the host cell, leading to eventual lysis of 

the cell (52, 78). 

 Over the last 20 years, numerous studies using both biochemical as well as 

molecular techniques have unraveled much of the mechanism of action by CPE. 
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The current model is as follows:  Initially, CPE binds via its C-terminal residues 

to the host cell via protein receptors belong to the claudin family of proteins 

involved in tight junctions (39). Upon binding, CPE localizes via its N-terminal 

residues into a 90 kDa small complex that contains the receptor protein and as a 

result the toxin is trapped on the membrane surface (64, 78, 115). Next, the 

formation of a large complex (~155-kDa) results in a pre-pore structure that then 

undergoes an insertional event into the host membrane, which protect it from the 

action of protease, forming a Ca2+ permeable pore (115). At low dose of CPE, the 

influx of extracellular Ca2+ results in activation of calmodulin and calpain lead to 

the apoptosis of the host cell, while at high doses of CPE, the rapid increase in 

cellular Ca2+ result in oncosis (21). Both type of cellular damage expose the 

basolateral membrane of the dying cell allowing access of other CPE to bind to its 

basolateral receptors and to occludin. Overall effect is the formation of further 

pre-pore large complex as well as a larger ~200-kDa complex that includes occudin 

resulting in damage of the tight junction and subsequent paracellular permeability 

changes (21, 22). 

 

1.4. Regulation of CPE production in C. perfringens 

 As mentioned earlier, the production of CPE is linked with sporulation in C. 

perfringens. The first evidence that suggested such phenomenon was made over 30 

years ago in which researchers noted that CPE was only present in sporulating 

culture and not vegetative culture of C. perfringens (31, 49). Kinetic study 

performed by Duncan demonstrated that CPE production occurs only after onset of 
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sporulation initiation although CPE production is not required for spore formation 

as many C. perfringens strains lack the cpe gene but still sporulate normally (30). 

Initital genetic evidence linking CPE and sporulation using natural and chemical 

induced sporulation mutant of C. perfringens showed that CPE production 

appeared to be induced during stage I or II (See 1.4) of the sporulation cycle (30). 

However, earlier studies also reported the production of CPE by nonsporulating C. 

perfringens cultures use CPE antibodies (41). These observations were in conflict 

with other studies in which the C. perfringens strain reported lacked cpe gene (65), 

leading to the possibility that perhaps the antibody used were not specific and 

instead detected another protein that shares similar epitope with CPE. 

 The first intact cpe gene was cloned and sequenced in 1993 (27). It was shown 

that cpe encodes a single polypeptide of 319 amino acids with a predicted 

molecular weight of 35.2 kDa (27). Melville et al sequenced the promoter region of 

three different C. perfringens strains and identified two separate population of cpe 

promoter region present, with one population containing an additional 45bp 

insertion about 265 nucleotide upstream of the start codon (80). Cornillot et al 

studied 29 cpe containing C. perfringens strains and demonstrated that the cpe gene 

can reside either on the chromosome or on a large plasmid (25). Later studies found 

that the plasmid-borne cpe can be found in two distinct type of plasmid in which 

one type of plasmid also carried the gene (cpb2) encoding beta-2 toxin (96). 

Furthermore, sequencing analysis of both cpe containing plasmids identified an 

IS1470-like or an IS1151 sequence can be immediately downstream of the plasmid 

cpe gene (81).   
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 Early expression studies measuring the level of CPE expression both at the 

mRNA and the protein level suggested that CPE is regulated at the transcriptional 

level (80). Czeczulin et al also demonstrated the transcriptional control of CPE by 

detecting cpe specific transcript from RNA of sporulating culture and not from 

vegetative culture (26). Primer extension experiments revealed that cpe specific 

transcript could be initiated from three promoter regions upstream of the cpe ORF 

and identified putative sporulation specific sigma factor E and K recognization sites 

(139). Mutant analysis of CcpA, a transcriptional regulator known to mediate 

catabolite repression in many gram positive bacteria, demonstrated the requirement 

for CcpA in efficient transcription of cpe in sporulating condition, interestingly, 

CcpA was found to repress cpe in vegetative condition (130).  

Although numberous studies has linked CPE production with sporulation, no 

direct genetic evidence has been shown to confirm this observation, furthermore, 

whether CPE production is directly or indirectly associated with sporulation is 

currently unknown. Therefore, in this study, the role of sporulation in CPE 

production will be addressed.         

 

1.5. Mechanism of Sporulation  

1.5.1. Overview 

 Cell differentiation, a biological process that involves organized gene 

expression leading to morphological changes as well as differential expression of 

genes in different cell type, is common throughout eukaryotes. Although 

considered to be less complex then such multi-cellular eukaryotic organisms, 
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bacteria too, can undergo certain differentiation in order to adapt to the extremely 

varied environment on the planet. One important aspect of the adaptation is the 

ability for any bacterium to sense changes in its environment and respond to it by 

changing the program of gene expression. Entry into stationary phase of growth is 

one such example of adaptation. In the model organism B. subtilis, entry into 

stationary phase could lead to development of different responses, such as 

sporulation, antibiotic production, cannibalism, competence, and motility (88).  

 

Fig 2: Sporulation Cycle of Bacillus subtilis 

 

Fig 2: Upon receiving signal to initiate sporulation, axial filamentation of a vegetative cell (Stage 0, 
not depicted) chromosome stretches across the long axis of the cell (Stage I, not depicted). 
Asymmetric division resulted in prespore formation (Stage II). Engulfment (Stage III) signals the 
release the prespore as free floating protoplast inside the mother cell. Stage IV consists of spore cell 
wall and cortex formation. Deposition of spore coat around the prespore is defined as Stage V. The 
maturation stage (Stage VI) occurs when the spore acquire full resistance properties. Stage VII 
represents lysis of mother cell, which release the mature spore. Source: (37).  
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 The decision to enter sporulation is a last resort for endospore forming bacteria 

such as Bacillus and Clostridium because it requires considerable extra energy and 

the resulting spore is metabolically inactive. Traditionally, the sporulation process 

in Bacillus has been divided into seven stages (Fig. 2) (50, 88). Vegetative cells are 

labeled as Stage 0. Upon sensing signals that requires sporulation, the two copies of 

bacterial chromosome condense into a long filament that spans across the long axis 

of the cell and Stage I has begun. Stage II ends with the formation of asymmetrical 

septate that divide the cell into two unequal size cells. Next, the prespore are 

engulfed by the mother cell as the septal membrane migrates on both sides of the 

prespore and fuse at the cell pole with the end result being the prespore is 

�pinched� off and become a free-floating protoplast in the mother cell and this 

signals completion of stage III. Stage IV characterizes the growing of 

peptidoglycan layers, cell wall, and cortext in the space between the two 

membranes of the prespore. Deposition of the spore coat is defined as stage V. 

Stage VI is maturation, in which the spore receives its full resistance properties. 

Finally, Stage VII represent the autolysis of the mother cell, which resulted in the 

release of the mature spore into the environment (37, 93).  

The extensive morphological changes that occur during sporulation are 

associated with global changes in gene expression, specifically, the activation of 

alternative RNA polymerase σ factors (93, 123). Expression and activation of σH 

along with the master regulator Spo0A in the predivisonal cell result in the 

expression of components important for axial filament formation, asymmetric 

division, as well as the compartmentalization of gene expression. Immediately after 
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asymmetric division (Stage II), σF becomes active in the prespore while σE become 

activated in the mother cell. Compartmentalized gene expression leads to the 

engulfment of the prespore by the mother cell (Stage III) as well as the production 

of additional compartment specific σ factors. σG becomes active in the prespore and 

σK becomes active in the mother cell. These later stages of gene expression lead to 

the final maturation of the spore (50, 93). 

 

1.5.2 Initiation of Sporulation 

 The entry into sporulation is regulated by a sporulation specific phosphorelay 

(116, 128). The phosphorelay, a more complex type of two-component system, 

results in phosphorylation and activation of the master regulator Spo0A. In the 

classical two-component system, ligand binding by the signal input domain of the 

kinase induces the autokinase domain to hydrolyze ATP and autophosphorylate a 

histidine residuce (119). Transfer of the phosphoryl group to the respond regulator 

involves specific physical interaction between the kinase and the regulator domain 

of the response regulator (116, 119). Once the aspartic acid residue on the regulator 

domain is phosphorylated, the output domain can be activated or repressed. In B. 

subtilis, the phosphorelay for sporulation consists of at least five histidine kinases 

(KinA-E), a response regulator Spo0F, and a phosphotransferase Spo0B (88, 120). 

After receiving signals that favors sporulation, the histidine kinases undergoes 

autophosphorylation, follow by the transfer of phsphoryl group to Spo0F. Spo0F is 

incapable of activiation transcription on its own, instead it serves as source of 

phosphate, allowing Spo0A to transfer the phosphate to Spo0A (116). Various 
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phosphtases can act as repressor of sporulation initiation by dephosphorylate 

Spo0F-PO4 (RapA, RapB), or Spo0A-PO4(Spo0E, YisI, YnzD) (116). Once 

activated, Spo0A-PO4 act as both transcriptional activator as well as repressor, 

resulting in programmed gene expression for asymmetric division. It has been 

known that factors such as nutrient depriviation, cell density, and cell cycle 

progression can lead to sporulation in (120). However, specific external and 

internal signal ligands that trigger sporulation have yet been identified. Therefore, 

in this study, the search for signals that initiate sporulation in C. perfringens will be 

addressed.  

 

Fig 3: Compartmentalized Gene Expression of Spore Formation 

 

Fig 3: Initiation of sporulation begins with the activation of Spo0A, which is regulated by the 
expression of σA and σH. Spo0A together with σH turns on the transcription of σF in the prespore and 
σE in the mother cell. σF regulate the expression and activation of σG. σK is transcribed by σE and is 
held inactive until a skin element is cleaved. Note that in C. perfringens, no skin element was found 
for the gene encoding σK. Source: (50, 110). Illustration courtesy of Marcelo Mendez. 
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1.5.3. Sporulation specific sigma factors 
 As mentioned earlier, after Spo0A-dependent initiaton of sporulation, 

compartmentalized gene expression regulates the morphological changes observed 

in spore formation. Such cell-specific gene expression event is regulated by the 

action of sporulation specific sigma factors (Fig. 3). Therefore, the role of such σ 

factors will be discussed below. 

σH 

 The transition-state regulator σH is required for the initiation of sporulation. 

Regulation of σH expression and activity is not well understood but presumably it 

involves posttranscriptional and posttranslational mechanisms. σH is required for 

efficient transcription of Spo0A to initiate sporulation. The histidine kinase KinA, 

E, and spo0F have σH-dependent promoters. σH is also involved in later events of 

sporulation. For example, transcription of ftsAZ, cell division protein required for 

asymmetric division, is dependend on σH (50, 93).  

σF 

 Encoded by the spoIIA operon and regulated by Spo0A-P and σH, σF is 

synthesized before polar septum formation and is held inactive until septum is 

formed. Active in the prespore, σF directly regulate four spo loci. 1. spoIIR, 

required for activation of σE in the mother cell. 2. spoIIIG, which encodes σG. 3. 

spoIIQ, required for spoIIIG expression and engulfment. 4. spoIVB, a regulator of 

the mother cell specific σ factor σK. The primary function of σF is to couple 

prespore- and mother cell-specific gene expression and to synthesize σG. A total of 

66 genes has been identified through microarray analysis to be under σF control, 



 16

although the experiment also identified genes under σE control. Further analysis 

would be necessary to define genes control specifically by σF (50, 116). 

σE 

 Like, σF, σE is held inactive initially and activated in the mother cell after 

asymmetric division. The activation signal comes form the prespore and involves 

proteolytic cleavage. Encoded by the spoIIG operon, which also encoded for 

SpoIIGA, pro-σE is processed by SpoIIGA and the activity of σF. The σE regulon 

included genes required for engulfment and prevention of second asymmetric 

divison in the mother cell, spore coat assembly, and σK (50). 

σG 

 Synthesized in the prespore by σF, σG is involved in the transcription of gene 

products associated with sporulation, germination, and protection of spore from 

DNA damage. It is known that σG is held inactive until completion of engulfment 

although the exact mechanism is still unknown. Sporulation genes turned on by σG 

includes a serine peptidase that signal the mother cell to activate σK, germination 

proteins involved in germination of spores due to alanine, and small acid soluble 

proteins (SASPs) involved in protection of spore DNA from damage (50, 106). 

σK 

 Following completion of engulfment and activation of σG, σK becomes active 

in the mother cell. In B. subtilis, two separate genes separated by 48kb encode for 

σK. During sporulation, the �skin� elements in between the two genes are excised to 

allow for the transcription of a single gene sigK. The σK regulon coordinate the 

expression of genes involved in formation of the spore coat, and spore formation 
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(93). In B. thuringiensis, a protoxin protein is under the control of σK, and in C. 

perfringens, enterotoxin gene cpe has been found to control putative σK 

recogniziation sequences in its promoter (88).  

 

1.5.4. Sporulation Phosphorelay in Bacillus and Clostridium species. 

 In B. subtilis, all five sporulation-specific histidine kinases are orphan kinases;  

they are not located adjacent to a response regulator (128, 137). A total of 39 

histidine kinases are found in B. subtilis, of which nine are orphans. Three of the 

sporulation kinases contains transmembrane domains indicating possible 

involvement in direct sensing of environmental signals (116). Of the five kinases 

that can phosphorylate Spo0F, KinA has been shown to be the most important. It 

has three PAS domains (named after Per- period circadian protein, Arnt- Ah 

receptor nuclear translocator protein and Sim- single-minded protein), which in 

other proteins are responsible for sensing changes in oxygen levels and redox 

potential (88, 90). Amino-terminus of KinA has been shown to be important for 

spore formation and appears to bind ATP (90). The Sda protein is a repressor of 

KinA and repress sporulation when the bacterial DNA is compromised (88). 

Sequence comparison of orphan histidine kinases in B. subtilis and B. anthracis 

revealed little homology in the putative signal input domains (119). Genome 

comparison with C. acetobutylicum revealed a total of 35 histidine kinsease in 

which six of them are orphan. C. perfringens has 27 kinases, of which seven is 

orphan (85, 103). Three orphan histidine kinases are found in C. tetani of which 

none of them contains transmembrane domains (17). It should be noted that the 
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particular strain of C. tetani compared, E88, is deficient in spore formation and it is 

tempting to suggest that this defect is due to inability of the strain to sense 

environmental signals that promotes sporulation (120).  

 Analysis of all sequenced Bacillus species has identified orthologues of Spo0F, 

Spo0B, and Spo0A with high amino acid similar to each other. Such conservation 

suggests a resistance to evolution changes after the species has diverged. In all 

cases, it appears that the relay of the phosphoryl group in all Bacillus species 

starting from histidine kinase and ending on Spo0A is maintained (119). In the 

anaerobic Clostridia, no obvious orthologues of Spo0F and Spo0B have been 

identified based on amino acid comparison or chromosomal location (17, 83, 85, 

110). Orthologues of Spo0A have been identified in all Clostridium genomes 

sequenced so far and it was found to be required for sporulation and solvent 

formation in C. acetobutylicum (95). When amino acid sequence of Spo0A from 

different Bacillus and Clostridium species are compared, numerous variations 

occured in the receiver domain, however, it is unknown whether these residues 

differences indicate the presence of Clostridium specific histidine kinases or unique 

phosphotransferase proteins (120). The lack of easily implemented genetic tool for 

introducing mutations in most Clostrida species has limited the study on 

sporulation. Therefore, a genetic system must be developed in order to address the 

differences in sporulation mechanism between the aerobic Bacillus species and the 

anaerobic Clostridium species.  
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1.6. Type IV pili and Motility 

 The ability of bacteria to exhibit motility in a liquid medium are generally 

mediated by the action of flagella, however, a different type of motility can be 

exhibited when bacteria are in contact with solid surface. This type of movement 

has been termed gliding and twitching motility (75). Twitching motility is exhibited 

in many Gram-negative bacteria such as Psedudomonas aeruginosa, Neisseria 

gonorrhoeae and Dichelobacter nodosus (60, 105). Gliding motility is exhibited by 

Myxococcus xanthus and some cyanobacteria. Both type of motility requires the 

production of Type IV Pili (TFP) (60, 75) (Fig. 4). Below a review of literature on 

twitching motility, gliding motility, and TFP will be presented. 

 

1.6.1. Twitching motility 

 First described by Lautrop et al (75), the term twitching motility comes from 

the observation that some bacteria cells appeared to move in a jerky motion when 

grown in solid suspension. Twitching motility is a way to rapidly establish 

colonization of new surfaces and occurs on wet surfaces (38, 75). The ability to 

exhibit twitching motility has been observed predominantly in Gram-negative 

bacteria although previous study reported twitching motility by Streptococcus 

sanguis, it was not confirmed by further data (38). Most research on twitching 

motility has been performed on P. aeruginosa due to the ease of culturing and 

availability of genetic manuplaiton. In P. aeruginosa, twitching motility mutants 

produce smooth domed colonies on agar plates while wild-type colonies form flat 

spreading colonies with rough appearance and small peripheral twitching zone 
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consisting of thin layer of cells (75). Twitching motility is a social behavior and 

requires cell-cell contact while isolated cells rarely move (75). Initially, twitching 

motility occurs from the outward movement of the colony center rafts, about 5-10 

cells in width (75, 105). The rafts moves outward radially while behind the rafts, 

group of cells will stretch out and form smaller aggregates that moves in different 

directions. Cells from one group could move toward another group until they touch 

and then a �twitching� motion occurs resulting both group of cells snap into an 

aligned positon (105). Twitching motility has been shown to be important in bring 

group of cells together in order to form complex structures such as biofilm during 

nutrient depletion (86).   

 

Fig 4: Type IV pilus production by Myxococcus xanthus 

 

Fig 4: Immuno-AFM (Atomic Force Microscopy) of TFP production by M. xanthus. White arrow 
indicates TFP. Source: (71). 
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1.6.2 Gliding motility of M. xanthus 
 
 Ability of M. xanthus to move on solid surface has been termed gliding 

motility rather than twitching motility although both action requires TFP (Fig. 4). 

Lacking flagella and therefore the ability to �swarm�, gliding motility of 

myxobacteria utilize two engines, referred to as A (adventurous) and S (social) (60). 

S-motility requires the retraction of TFP which are very long in myxobacteria, 

often times several times as long as the cell it self and are presented on one pole 

only (60). S-motility is not observed in cells that are more than one pilus-length 

apart, indicating that S-motility occurs when the pilus extends ahead, adher to 

fibrils of another cell and then retracts, pulling the cell forward (136). When 

myxobacteria exhibits A-motility, a trail of slime are left behind on the agar surface 

(60). Microscopic observation has shown that myxobacteria can move in either 

direction on a pre-existing trail. Although the exact composition of the slime has 

yet been analyzed, however it is know that the slime are secreted through certain 

ring structures at the ends of the cells (136). The movement pattern of 

myxobacteria varies during its developmental cycle. In the presence of nutrients, 

the bacteria swarm to enhance group feeding. Environmental stress such as 

overpopulation, lack of nutrients, and growth on solid surface, signal the bacteria to 

form spore-filled fruiting bodies (132).      
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1.6.3. Type IV Pilus 

TFP are generally 5-7 nm in diameter and extend to several µm in length, and 

composed mainly of a single protein subunit termed pilin or PilA, which is 

arranged in a helical formation (75). Most pilins have a primary structure composed 

of a positively charged leader sequence and a highly conserved hydrophobic 

aminoterminal domain with consenus sequence FTLIELMIVVAIIGILAAIALPA- 

YQDYTARSQ (75). The leader sequence is cleaved and the residue is methylated 

by the prepilin peptidase PilD, which also cleaves many substrats with prepilin-like 

leader sequences (75). Assemly of pili requires a nucleotide binding protein PilB, 

PilT, inner membrane protein PilC, prepilin peptidase PilD and a outer membrane 

protein PilQ (136). Many minor pilin proteins has also been discovered that 

participate in macromolecular transport in both gram-positive and gram-negative 

bacteria, such as PilB, PilC, PilD, PilN and many other proteins (75). In P. 

aeruginosa, about 40 genes have been identified whose products are necessary for 

twitching motility. Aside from the TFP biosynthesis genes describe above, many 

other genes such as pilG, rpoN, algU are involved in transcriptional and/or sensory 

regulation of the motility system (75). Twitching motility has also been found to be 

controlled by catabolite repressor control protein (Crc) (86). A crc mutant of P. 

aeruginosa was unable to form dense muti-layer cells punctuated by microcolonies, 

similar to mutants defective in TFP-mediate motility (86). It was shown that pilA 

(pilin) transcription was down regulated in the crc mutant, indicating catabolite 

repression is another control in regulating biofilm and twitching motility. In 

addition to cell movement, TFP has also been shown to be required for 
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transformation, conjugation, adherence, and bacteriphage infection. Pilin-deficient 

mutants of bacteria that exhibits twitching motility have reduced or no virulence 

(75). Vaccination with purified pili has been shown to protect from infection (75).  

   

1.7. Catabolite control of sporulation and other stationary phase events 

 Like many bacteria, the endospore forming Bacilli and Clostridium species 

enter stationary phase of growth as a result of environmental stress, whether it is 

nutrient limitation, overpopulation, or other factors (93, 120). As mentioned earlier, 

multiple adapative responses can be taken when a bacteria enters stationary phase, 

such as sporulation, biofilm formation, and motility. In the presence of abdunant 

nutrient, bacteria would down regulate these starvation responses and assume rapid 

growth. Such type of control is generally referred to as catabolite repression, which 

is formally defined as the repression of certain sugar-metabolizing operons in favor 

of glucose utilization when glucose is the predominant carbon source in the 

environment (122).  

 In the aerobic B. subtilis, the presence of excess amount of rapidly 

metabolized carbon source, e.g., glucose, can inhibit the initiation of sporulation 

and biofilm formation (104, 118). It was shown that catabolite repression of 

sporulation can occur as a consequence of pH sensing mechanism involving AbrB, 

stationary phase regulator as well as the oligopeptide permease Spo0K (122). 

Furthermore, it was demonstrated that the level of phosphocarrier protein HPr 

increases in the presence of glucose, which in turn repress the expression of many 

phosphorelay genes, thus preventing initiation of sporulation (107). Similarly, 
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biofilm formation is inhibited by catabolite repression. Microarray analysis were 

performed to analyze the changes in gene expression occurred in B. subtilis cells 

undergoing transition from planktonic to state to social (biofilm) state. Spo0A, σH, 

and the catabolite control protein (CcpA) were found to regulate the formation of 

biofilm through transcriptional regulation (118).  

 In the anaerobic Clostridium, catabolite repression has been observed in many 

species to play an important role in regulation of multiple adaptive responses (96, 

125). Evidence suggests that the production of C. botulinum neutrotoxin (BoNT) is 

negatively by catabolite repression (34, 59). In C. difficile, the transcription of 

cytoxic and enterotoxin encoding genes toxA and toxB was found to be repressed 

during exponential growth phase and increased substantially when cells enter 

stationary phase(34). When glucose or other rapidly metabolized carbohydrates 

were supplemented into the growth medium, expression of toxin genes in stationary 

phase was inhibited, indicating toxin production was subject to catabolite 

repression (34). In C. perfringens, glucose inhibits sporulation and it was found that 

CcpA was necessary for efficient sporulation as well as enterotoxin production (96, 

130). However, glucose-associated inhibition of sporulation was found not due to 

the action of CcpA, leading to the possibility that additional unidentified factors 

exist in C. perfringens.  
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Objective of this study 

 Clostridium perfringens type A food poisoning is the third most leading cause 

of food-borne diseases in the USA and its virulence largely comes from the ability 

of the bacteria to form spores and to produce CPE. Numerous studies have revealed 

the underlying action of the enterotoxin CPE, and association has been made 

between sporulation and CPE production. In addition, a recent study indicated that 

C. perfringens can also exhibit gliding motility during stationary phase of growth. 

However, the exact mechanism of sporulation and gliding motility in C. 

perfringens and other anaerobic Clostridia remains elusive unknown. 

 The central goal of this research is to characterize the mechanism of 

sporulation in C. perfringens, its role in CPE synthesis and release. Secondly, the 

mechanism of regulation of gliding motility, a recently discovered stationary phase 

behavior in C. perfringens, will also be investigated. Although enormous progress 

have been made toward understanding the mechanism of sporulation in the aerobic 

bacterium B. subtilis, little efforts have been made towards understanding of this 

complex behavior in the anaerobic bacteria Clostridium, specifically pathogenic 

species such as C. perfringens, C. difficile, C. botulinum, and C. tetani. In addition, 

the discovery of gliding behavior in C. perfringens has stimulated new questions in 

its regulation and potential role in virulence. 
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The specific aims of this research are: 

1. To characterize the role of Spo0A in C. perfringens sporulation and 

enterotoxin production. 

2. To establish C. perfringens as a model organism for studying Clostridium 

sporulation by analyzing the ability of spo0A from other clostridium to restore 

sporulation and CPE production in a C. perfringens spo0A mutant.   

3. To identify environmental or metabolic signals required for initiation of 

sporulation in C. perfringens.  

4. To characterize catabolite repression of C. perfringens gliding motility             
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2.1. Abstract 

 This study identified a functional spo0A ORF in enterotoxigenic Clostridium 

perfringens type A. To evaluate the function of spo0A, an isogenic spo0A 

knock-out mutant was constructed. The spo0A mutant was unable to form 

endospores and produce enterotoxin, however, these defects could be restored by 

complementing the mutants with a recombinant plasmid carrying wild-type spo0A 

gene. These results provide evidence that spo0A expression is essential for 

sporulation and enterotoxin production in C. perfringens. 

 

2.2. Introduction 

 Enterotoxigenic Clostridium perfringens type A are human gastrointestinal 

(GI) pathogens, causing food poisoning and non-food-borne human GI diseases 

(76). Recent studies (23, 25, 117) have shown that C. perfringens type A food 

poisoning isolates carry the enterotoxin gene (cpe) on the chromosome, while cpe 

is located on a plasmid in non-food-borne GI disease isolates. Substantial 

experimental and epidemiological evidence (76, 99) now indicates that most, if not 

all, GI symptoms of these C. perfringens associated diseases are caused by the C. 

perfringens Enterotoxin (CPE). Although several studies (33, 65, 80, 139) indicated 

that CPE synthesis and release is associated with sporulation, this association has 

never been confirmed by gene knock-out studies. Furthermore, the molecular 

mechanism of sporulation and its role in CPE synthesis and release has not been 

studied in great detail at the molecular level. In this regard, we planned to 

investigate Spo0A, which belongs to a large family of bacterial proteins called 
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response regulators (116). The Initiation of sporulation in Bacillus subtilis is 

controlled primarily by the phosphorylation state of the Spo0A protein (18). The 

counterparts of B. subtilis Spo0A have been detected in many other Bacillus and 

Clostridium species (16, 17), and recent studies (45, 95) present evidence that C. 

acetobutylicum spo0A transcriptionally activates the genes for sporulation and 

solvent formation. A spo0A homolog with a premature termination codon in the 

ORF was identified in the genome of the naturally cpe-negative C. perfringens 

strains 13 (110). Our study reports the comparison of the spo0A ORF of 

cpe-positive isolates with that of strain 13, the construction of a C. perfringens 

Spo0A knock-out mutant, and the effects of Spo0A inactivation on sporulation and 

CPE production. 

 

2.3. Methods and Materials 

Bacterial strains and plasmids. 

 Bacterial strains and plasmids used in this study are listed in Table 1.  

 

Cloning and sequencing of the Spo0A-containing fragment from cpe-positive C. 

perfringens type A isolates 

 The 1037-bp DNA fragment from each of two chromosomal (NCTC8239 and 

SM101) and two plasmid (F4969 and B11) cpe isolates was PCR amplified using 

primers CPP29A (5�-GAGTGGATGTTAAAAGATGCA-3�) and CPP29B 

(5�-GTGCTTTCTCCTTAATTTAGC-3�). These PCR products were then cloned 

into the pCR®-XL-TOPO® vector using the TOPOXL® cloning kit (Invitrogen). 
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Both strands of the Spo0A-containing DNA insert, from two clones for each isolate, 

were then sequenced using M13 forward and reverse primers. 

 

Isolation of a Spo0A knock-out mutant 

 The spo0A mutator plasmid was constructed as follows: An ~2.9-kb DNA 

fragment, carrying the spo0A ORF and ~1.0-kb each upstream and downstream 

region, was PCR amplified from SM101 using CPP5 

(5�-GCAAGGGATTATTGTGAGAGT-3�) and CPP6 

(5�-CCTGGTGATGGTGCTATTTGT-3�) and then cloned into pCR®-XL-TOPO® 

(Invitrogen) to create the plasmid pMRS110. Plasmid pMRS210 was then 

constructed by recloning the ~2.3-kb BglII-EcoRI fragment of pMRS110 into the 

BamHI-EcoRI sites of pMRS104 (Table 1). The catP gene was then inserted into 

the unique SpeI site located within the spo0A ORF in pMRS120 by: (i) digesting 

pMRS120 with SpeI; (ii) filling-in the resultant SpeI ends by a Klenow reaction, 

and (iii) blunt-end ligating a SmaI-NaeI fragment containing the catP gene from 

pJIR418 (114), to create pMRS121. This new plasmid contains an inactive spo0A 

gene and, as it contains no origin of replication for C. perfringens, is suicidal in this 

host. The Spo0A mutator plasmid pMRS121 was used to transform, by 

electroporation (26), C. perfringens isolate SM101 to Em (50 ug/ml) and Cm (20 

ug/ml) resistance and spo0A mutant was selected by allelic exchange using the 

protocol as previously described (99). 

Preparation of digoxigenin (DIG)-labeled spo0A-specific DNA probe was 

prepared by a previously described two-step PCR amplification method (26, 99), 
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using the primer set CPP29 (5�-AGCATGAAGGAATCAAAAATATCTG-3�) and 

CPP29B (5�-GTGCTTTCTCCTTAATTTAGC-3�). The catP probe was produced 

using a 517-bp EcoRV-HpaI fragment, containing internal catP gene sequences, 

from pJIR418. The vector probe was produced using an ~2.4-kb SmaI-fragment of 

pMRS104. These catP and vector-containing DNA fragments were labeled using 

the Random Primed DNA Labeling system (Roche). 

 

Southern blot analysis 

 Total DNA from wild type and spo0A mutant strains was isolated as 

previously described (26, 99). The DNA was then digested with HpaI and three 

identical Southern blots were prepared using this digested DNA and hybridized, 

separately, with probes specific for the spo0A, catP, or pMRS104 sequences. The 

hybridized probe was detected using a DIG-chemiluminscence detection system, 

with CSPD substrate (Roche) as previously described (99). 

 

RT-PCR analysis 

 Clostridium perfringens wild-type SM101, spo0A mutant IH101 and the 

complemented IH101 (pMRS123) strains were grown in Duncan-Strong (DS) 

medium (65) at 37°C for 6 h. These cultures were used to isolate total RNA as 

previously described (26, 139). The primers CPP68 

(5�-CAGGAATTGCAAAGGATGGATTGGAAGC-3�) and CPP69 

(5�-GGCATCTATTTGTCCTCTTCCCCAAG-3�), which amplified a 619-bp 

internal Spo0A fragment, were used to detect spo0A-specific mRNA in total RNA 
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preparations by RT-PCR analysis with the commercially available Access RT-PCR 

kit (Promega). 

 

Sporulation assay 

 Clostridium perfringens isolates were grown in fluid thioglycollate (FTG) 

medium (26) at 37°C overnight. A 0.2ml aliquot of the FTG grown culture was 

inoculated into 10ml of DS medium (65) and allowed to grow at 37°C for 8-24 h. 

These DS cultures were used to visualize refractile endospores using a 

phase-contrast microscope (Zeiss) as described previously (23, 99). The 

heat-resistant colony forming units (CFU) present per ml of DS cultures were 

determined by heating the culture at 80°C for 20min, plating the serially diluted 

samples on BHI agar plates and incubating anaerobically at 37°C for 24h. 

 

CPE Western blot analysis 

 Clostridium perfringens strains grown in DS or FTG medium were sonicated 

until >95% of all cells were lysed (lysis was continuously monitored by 

phase-contrast microscopy). After sonication, each culture lysate was analyzed for 

the presence of CPE by Western blot analysis using a CPE antibody as previously 

described (65, 99). 
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Nucleotide sequence accession numbers 

 The DNA sequences reported in this study have been deposited to GenBank 

and assigned Accession Nos: AY335913 (SM101), AY335914 (F4969), AY335915 

(NCTC8239), and AY335916 (B11). 

 

Table 1: Bacterial strains and plasmids used in this study 

Strain or plasmid Relevant characteristics Sources or 
Refs 

C. perfringens   

SM101 Electroportable derivative of a food poisoning type A isolates 
NCTC8798, carries a chromosomal cpe gene 

(139) 

NCTC8239 Food poisoning type A isolates carries a chromosomal cpe gene (23) 
F4969 Non-food-borne GI disease isolate carries a plasmid borne cpe 

gene 
(23) 

B11 Non-food-borne GI disease isolate carries a plasmid borne cpe 
gene 

(23) 

IH101 spo0A knock-out mutant derivative of SM101 This study 
   
Plasmids   
pJIR751 C. perfringens/E. coli shuttle vector; Emr (139) 
pJIR418 C. perfringens/E. coli shuttle vector; Cmr, Emr (114) 
pMRS103 cpe mutator plasmid, which contains cpe::catP allele (99) 
pMRS104 Constructed by digestion of pMRS103 with XbaI (which 

released cpe:catP) and religation 
This study 

pMRS110 An ~2.9-kb PCR fragment, which contains the spo0A ORF and 
~1.0-kb each upstream and downstream region, was cloned into 
pCR®-XL-TOPO® 

This study 

pMRS120 An ~2.3-kb BglII-EcoRI fragment from pMRS110 was cloned 
into pMRS104 

This study 

pMRS121 An ~1.3-kb SmaI-NaeI fragment of pJIR418, which contains 
chloramphenicol resistance determine (catP), was incorporated 
into the unique SpeI site located in spo0A ORF in pMRS120 

This study 

pMW100 An ~1.0-kb PCR fragment, which contains spo0A ORF and 
~200-bp upstream sequence, was inserted into 
pCR®-XL-TOPO® 

This study 

pMRS123 An ~1.0-kb KpnI-XhoI fragment of pMW100 was cloned into 
KpnI/SalI sites of pJIR751 

This study 
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2.4. Results 

Nucleotide sequencing analysis of spo0A in cpe-positive C. perfringens type A 

 Since C. perfringens strain 13 genome sequencing (110) identified a spo0A 

homolog with a premature termination codon in the ORF, we first evaluated 

whether cpe-positive C. perfringens type A isolates carry an intact spo0A. 

Nucleotide sequencing analyses (Fig. 5) revealed that no frame-shift mutations or 

premature termination codons were found in the spo0A ORF sequence of the two 

chromosomal (NCTC8239 and SM101) and two plasmid-borne (F4969 and B11) 

cpe isolates which we surveyed. Instead, the nucleotide substitution at position 452 

(C instead of A) in all of our surveyed cpe-positive isolates replaces the termination 

codon TAA found in strain 13 by TCA, forming an intact ORF which encodes a 

protein of 276-aa homologous to spo0A (Fig. 5). As in B. subtilis (16) and C. 

acetobutylicum (45), the C. perfringens spo0A putative promoter regions contain 

sequences that match promoter consensus sequences recognized by EσH. Contrary 

to B. subtiltis (16) but similar to C. acetobutylicum (45), there is only one 0A box, 

which overlaps the -10 elements of the putative EσH promoter, in the promoter 

regutaion of C. perfringens spo0A (Fig. 5). 
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Fig 5: spo0A sequence comparison of C. perfringens strains 

 

Fig 5: The consensus spo0A sequence present in cpe-positive isolates (lower line) was compared 
with the spo0A sequence of strain 13 (upper line). Only nucleotides of cpe-positive isolates that 
differ from the sequence of strain 13 are shown. Single letters on top of the nucleotide sequences 
indicate deduced amino acid sequences. RBS indicates the putative ribosome binding site, σH-10 and 
σH-35 indicate putative promoter consensus sequences recognized by EσH, 0A box indicates match 
to 0A box consensus (5′-TGTCGAA-3′), spoIVB stop indicates the location of spoIVB stop codon, 
CPP29A and CPP29B - forward and reverse primers used to amplify the 1037-bp PCR product for 
sequencing, CPP68 and CPP69 - forward and reverse primers used for RT-PCR analyses. The 
nucleotide substitutions in the sequences of cpe-positive isolates are shown by numbered boxes. 
Nucleotide substitutions in box 1 and box 3 are found in the spo0A upstream sequence of SM101 
and the substitution in box 2 is found in spo0A upstream sequence of F4969. The substitution in box 
5 (position 452) is found in the spo0A ORF of all four cpe-positive isolates. The substitution in box 
9 is found in SM101 and B11. The substitution in box 10 is found in F4969 and B11. The 
substitution in box 12 is found in SM101 and F4969. The substitutions in boxes 4, 6, 7, 8, 11 and 13 
are found only in the spo0A ORF sequence of SM101.  
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Construction of spo0A knock-out mutant 

 The mutator plasmid pMRS121 was introduced into C. perfringens strain 

SM101 by electroporation, and transformants were selected on BHI agar plates 

containing Em and Cm. After several attempts, an Emr and Cmr transformants was 

obtained. PCR assay, using primers CPP68 and CPP69, yielded two products, of 

619-bp and ~1.9-kb, from DNA of this transformant (data not shown). This result is 

consistant with the mutated spo0A::catP allele, present in pMRS121, being 

integrated into the chromosomal spo0A gene by a single cross-over event of 

homologous recombination (data not shown). This transformant was grown in 

non-selective conditions and a double crossover event between the wild-type spo0A 

and the mutated spo0A::catP allele was obtained after screening of ~3,000 colonies 

for Cmr, and Ems phenotypes. The putative mutant was designated as IH101. 

 

Molecular analysis of the spo0A knock-out mutant 

 Inactivation of spo0A in IH101 was first demonstrated by PCR analysis of 

DNA isolated from the mutant (Fig. 6(a)). Using spo0A-specific primers CPP68 

and CPP69, a 619-bp spo0A internal fragment was amplified using template DNA 

isolated from wild-type strain SM101. In contrast, a ~1.9-kb PCR product was 

obtained using DNA isolated from the mutant IH101 (Fig. 6(a)). These PCR results 

are consistant with the wild-type spo0A gene having been replaced with the 

mutated allele, which carries an extra ~1.3-kb catP-containing fragment, present in 

the mutator plasmid pMRS121. This conclusion receives further support from the 
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observed amplification of a similar ~1.9-kb PCR product using pMRS121 as 

template DNA (data not shown).  

 Southern blot analyses (data not shown) showed that an ~8.5-kb HpaI DNA 

fragment from wild-type strain SM101 hybridized with our spo0 from the mutant 

strain IH101. This profile is consistant with results expected since the ~1.3-kb 

catP-containing fragment has an internal HpaI site. Our catP-specific probe 

hybridize with an ~6-kb HpaI fragment of IH101 DNA, but as expected, no 

hybridizing band was observed with DNA from the wild-type SM101. A final piece 

of evidence supporting the predicted double-crossover event between the wild-type 

spo0A and the spo0A::cat segment from pMRS121 is the observation that the vector 

pMRS104-specific probe did not hybridize with IH101 DNA. 

 

Evaluation of Spo0A expression by spo0A knock-out mutant 

 Next, we confirmed by RT-PCR analyses that the spo0A knock-out mutant 

IH101 is unable to express spo0A. As expected, a 619-bp amplified product was 

detected in RNA or wild-type strain SM101 in the presence of RT (Fig. 6(b)). The 

size of the RT-PCR amplified product matched exactly with the size of product 

obtained in the control PCR reaction with SM101 DNA using the same primers 

(Fig. 6(a)). These results indicated that the spo0A ORF present in wild-type SM101 

is transcriptionally active. When the same RT-PCR analyses were applied to RNA 

of the spo0A mutant IH101, no 619-bp RT-dependent product was detected (Fig. 

6(b)), indicating that IH101 is unable to produce an intact spo0A-specific transcript. 

The absence of the signal is consistent with a scenario where the mutated locus is 
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transcribed but the transcript is terminated upstream of the binding site for primer 

CPP69, i.e., within the insertion at the SpeI site (Fig. 5). 

 

Fig 6: PCR and RT-PCR analysis of C. perfringens strains. 

 

Fig 6: PCR and RT-PCR analysis of C. perfringens strains. (a) Total DNA isolated from wild-type 
SM101, spo0A mutant IH101 and complemented IH101(pMRS123) strains was subjected to PCR 
analysis using spo0A-specific internal primers CPP68 and CPP69. The PCR amplified products 
were analyzed by agarose (1%) gel electrophoresis and photographed under UV light. Molecular 
sizes of the DNA markers (in bp) are given on the right. (b) Total RNA prepared from wild-type 
SM101, spo0A mutant IH101 and complemented IH101(pMRS123) strains were subjected to 
RT-PCR analysis using spo0A-specific internal primers CPP68 and CPP69. RT (+) and RT (−) 
indicate the presence or absence, respectively, of reverse transcriptase in the RT-PCR. The RT-PCR 
amplified products were analyzed by agarose (1%) gel electrophoresis and photographed under UV 
light. Molecular sizes of the DNA markers (in bp) are given on the left.  
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Effect of Spo0A inactivation on sporulation of C. perfringens 

 Like spo0A mutants of B. subtilis, B. anthracis and C. acetobutylicum (16), 

isolated colonies formed by C. perfringens spo0A knock-out mutant IH101 were 

flatter, more translucent and had more irregulat edges than those formed by 

wild-type strain SM101, consistent with a pleiotropic early sporulation block (data 

not shown). However, no Spo- colony morphology was observed when the mutant 

was complemented with a recombinant plasmid pMRS123 (Table 1) carrying the 

wild-type spo0A gene. These results indicated that the Spo- colony morphology of 

the spo0A knock-out mutant was due to the specific inactivation of the spo0A gene. 

 When the sporulation capability of the mutant was compared with that of its 

wild-type parent in liquid DS medium, the wild-type stain SM101 exhibited 

significant sporulation, i.e., refractile endospores were visualized by phase-contrast 

microscopy (Fig. 7) after 8 h of growth. However, the spo0A knock-out mutant 

IH101 remaind asporogenous (Fig. 7), i.e., no refractile endospores were observed 

in DS culture of IH101 even after 24 h of growth. When similar phase-contrast 

microscopic examination was performed on the complemented strain 

IH101(pMRS123), a wild-type level of sporulation was observed in DS culture (Fig. 

7). 

 To further confirm the Spo- phenotype of the spo0A knock-out mutant, the 

heat-resistant spore forming capability of the spo0A mutant was compared with that 

of the wild-type strain. The spo0A mutant IH101 exhibited significantly decreased 

production of heat-resistant spores compared to wild-type SM101 (Table 2). This 

lack of ability of the spo0A knock-out mutant to form heat-resistant spores could be 
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complemented by the recombinant plasmid pMRS123 carrying the wild-type spo0A 

gene (Table 2). 

 Collectively, these results confirmed that the loss of sporulation phenotype by 

the spo0A knock-out mutant was caused by the specific inactivation of the spo0A 

gene and the resultant loss of spo0A production. 

 
Fig 7: Microscopic analysis of sporulation C. perfringens cultures. 

 

Fig 7: Phase-contrast microscopic analysis of sporulating C. perfringens cultures. C. perfringens 
wild-type SM101, spo0A knock-out mutant IH101 and complemented IH101(pMRS123) strains 
were grown in DS medium at 37 °C for 8�24 h and refractile endospores were visualized using a 
phase-contrast microscope (Zeiss) with 1000× magnification. Representative fields were 
photographed at 1000× magnification. Note that refractile endospores (indicated by arrows) were 
observed in 8h-grown DS cultures of both SM101 and IH101(pMRS123), however, no detectable 
spores were found in DS culture of spo0A knock-out mutant IH101 even after 24 h of growth. 
 

Table 2: Sporulation of C. perfringens strains grown in DS medium. 

Strain CFU/mla Frequencyd 
 Viable cellsb Sporesc  
SM101 3.0 x 107 2.8 x 107 0.93 
IH101 5.6 x 107 7.0 x 101 1.2 x 10-6 
IH101 (pMRS123) 4.3 x 107 3.5 x 107 0.81 
a Results shown are based upon at least three independent determinations for each experimental 
parameters for each culture. 
b Viable cells represents total CFU/ml present in each culture before heat treatment. 
c Spores represent total CFU/ml present in each culture after heat treatment at 80C for 20 min. 
d Frequency is calculated as the ration of the number of spores to the number of viable cells. 
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Fig 8: CPE Western blot analysis 

 

Fig 4: Western blot analysis of CPE production. C. perfringens wild-type SM101, spo0A mutant 
IH101 and complemented IH101(pMRS123) strains were grown in DS medium and sonicated. An 
aliquot (25 µl) of each sonicated culture lysate was then subjected to SDS-PAGE electrophoresis 
followed by Western blotting with CPE antibodies. The blot was subjected to chemiluminescence 
detection to identify immunoreactive species. Molecular mass makers (in kDa) are shown on the left; 
the arrow on the right indicates the migration of CPE-specific immunoreactive bands. 
 
 
Effect of spo0A inactivation and cpe production 

 In order to determine whether or not spo0A production, and hence endospore 

formation, is essential for CPE production, we compared the CPE producing 

capabilities of the wild-type strain SM101 and spo0A knock-out mutant IH101. An 

~35-kDa CPE-specific immunoreactive band was detected in Western blots of 

lysates prepared from sporulating cultures of SM101 (Fig. 8), whereas no 

CPE-specific immunoreactivity was detected in lysates prepared from IH101 

cultures grown in sporulating conditions. However, an ~35-kDa immunoreactive 

band, which co-migrated with the CPE-specific band of wild-type strain SM101, 

was observed in sporulating culture lysates of complemented strain 

IH101(pMRS123) (Fig. 8). These results indicated that the lack of CPE production 

in the spo0A knock-out mutant was due to the specific inactivation of the spo0A 

gene. 
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2.5. Discussion 

 This study demonstrated the presence of a functional spo0A gene in 

cpe-positive C. perfringens type A isolates. Nucleotide sequencing revealed that 

the spo0A ORFs in our surveyed cpe-positive isolates are intact and encode a 

protein of 276 aa with high conservation in the regions showing functional features 

of spo0A from other bacteria (16, 17, 45) suggesting that C. perfringens spo0A is 

functional. This received support from our RT-PCR analyses which demonstrated 

that SM101 spo0A was expressed during sporulation. Although we could not 

demonstrate the production of spo0A by Western blotting due to unavailability of 

spo0A-specific antibody, our RT-PCR analyses showed that RT-dependent 

transcript obtained with RNA of wild-type SM101 is specific for the expression of 

spo0A because our spo0A mutant IH101 was unable to produce a spo0A-specific 

transcript, and this lack of transcription could be complemented by a recombinant 

plasmid carrying the wild-type spo0A gene. 

 In the current study, the inactivation of the spo0A gene dramatically affected 

spore formation and CPE producing capability of SM101 in laboratory sporulation 

conditions. Our results indicate that spo0A expression is essential for the 

production of refractile, heat-resistant spores by SM101. This claim is supported by 

the failure of DS culture of IH101 to produce any visible refractile spores and the 

restoration of this defect in the complemented strain IH101(pMRS123). Further 

support came from our observation that IH101 failed to produce a significant 

number of heat-resistant spores, while spore were obtained with the complemented 

strain IH101(pMRS123) at a frequency similar to the wild-type. Given the 
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association between sporulation and CPE production, our findings that CPE 

production was absent in DS culture lysates of our asporogenous spo0A knock-out 

mutant and reversion of this effect by complementing the mutant with a 

recombinant plasmid carrying the wild type spo0A gene, provide direct genetic 

evidence supporting the strong linkage between sporulation and CPE production. 

The mechanism of spo0A regulated CPE synthesis remains unknown. However, 

two hypotheses can be envisioned: (i) Spo0A may activate transcription of the cpe 

gene via activating sporulation-specific sigma factors encoding genes, sigE and 

sigK, and/or (ii) Spo0A directly activates cpe by binding to the putative OA box 

(TGTAGAA) located in the promoter region of the cpe gene (80, 139). Further 

studies of Spo0A and cpe promoter binding, and sigE and sigK knock-out mutants, 

should help in understanding the mechanism of Spo0A-regulated CPE synthesis. 

 To our knowledge, this report represents the first successful study involving 

the construction of a C. perfringens sporulation gene knock-out mutant. The 

greatest challenge faced in our study was the lack of an easy screening method for 

the second cross-over event. To overcome this screening problem, we used our 

previously described (99) double-antibiotic selection strategy. Our present study 

also validates that this approach, which involves screening of double cross-over 

events by monitoring for a Cmr, and Ems phenotype should have widespread 

applicability for constructing other gene knock-outs in C. perfringens. Finally, this 

report provides an invaluable tool, the spo0A knock-out mutant, to probe 

sporulation processes in C. perfringens at the molecular level using SM101 DNA 

microarray. 
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3.1. Abstract 

To evaluate whether C. perfringens can be used as a model organism for 

studying the sporulation process in other clostridia, C. perfringens spo0A mutant 

IH101 was complemented with wild-type spo0A from four different Clostridium 

species. Wild-type spo0A from C. acetobutylicum or C. tetani, but not from C. 

botulinum or C. difficile, restored sporulation and enterotoxin production in IH101. 

The ability of spo0A from C. botulinum or C. difficile to complement the lack of 

spore formation in IH101 might be due, at least in part, to the low levels of spo0A 

transcription and Spo0A production. 

 

3.2. Introduction  

Under environmental stress, the Bacillus and Clostridium species undergoes 

asymmetric cell division or sporulation (116). The initiation of sporulation in 

Bacillus subtilis is controlled primarily by the phosphorylation state of the Spo0A 

protein (18). As a member of the response regulator, Spo0A orchestrates changes in 

gene transcription during the transition from growth to sporulation (116). The 

counterparts of B. subtilis Spo0A have been detected in many other Bacillus and 

Clostridium species (16, 17, 35, 110) and recent studies present evidences that i) C. 

acetobutylicum spo0A transcriptionally activate genes for sporulaion and solvent 

formation (35, 45, 95) and, ii) expression of Spo0A is essential for the formation of 

endospores and the production of enterotoxin (CPE) by C. perfringens type A (51). 

Although the process of sporulation is assumed to be similar in both Bacillus and 

Clostridium species, recent genome sequencing identified some important 
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differences such as, the phosphorelay pathway required to activate Spo0A in 

Bacillus species is absent in Clostridum species (17, 35, 110, 116). To gain insight 

into the fundamental differences between sporulation mechanism of Clostridium and 

Bacillus species, it is essential to perform molecular analyses on sporulation-specific 

genes in Clostridium species. The research on pathogenic Clostridium species, such 

as C. botulinum, C. difficile and C. tetani has been hampered by the lack of genetic 

tools to introduce knock-out mutations in these pathogenic bacteria. To overcome 

this obstacle, we intend to use C. perfringens as a model organism to study the 

sporulation process in pathogenic Clostridium species. We hypothesized that if the 

mechanism of Spo0A-regulated sporulation in C. perfringens is similar to that in 

other Clostridium species, the lack of endospore formation in a spo0A knock-out 

mutant of C. perfringens should be complemented by the wild-type spo0A from 

other Clostridium species. To evaluate this hypothesis, in this study we i) 

constructed complemented plasmids carrying wild-type spo0A from C. 

acetobutylicum, C. botulinum, C. difficile or C. tetani, ii) introduced these 

complemented plasmids into C. perfringens Spo0A knock-out mutant, and iii) 

compared the sporulation capabilities of the complemented strains with that of their 

host C. perfringens spo0A mutant. 
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3.3. Material and Methods 

Strains and culture conditions 

 Bacterial strains used in this study are listed in Table 3.  

 

Construction of Complementing Plasmids Containing wild-type Spo0A ORF 

and upstream region 

 The wild-type spo0A open reading frame (ORF) plus ~400-bp upstream 

sequence of C. botulinum (strain Hall), C. difficile (Strain 630), and C. tetani 

(CN655) were PCR amplified from each genomic DNA using primer pairs 

CPP61-CPP62, CPP51-CPP52, and CPP59-CPP60, respectively (Table 4). The 

spo0A ORF and ~400-bp upstream region of C. acetobutylicum were PCR amplified 

from pMSP0A (Table 3) using primers CPP70 and CPP71 (Table 4). The amplified 

PCR product from C. acetobutylicum, C. botulinum, C. difficile and C. tetani were 

purified using the Qiagen Gel Extraction Kit (Qiagen). Next, purified DNA products 

were cloned into pCR®-XL-TOPO® (Invitrogen) and transformed into Top10 E. coli 

competent cell (Invitrogen), to create pIH1, pIH3, pIH8, and pIH13, respectively 

(Table 3). Next, KpnI/XhoI fragments of pIH1, pIH3, pIH8, and pIH13 were then 

recloned into the KpnI/SalI sites of the E.coli-C. perfringens shuttle vector pJIR751 

(93 Bannam) to create complementing plasmids pIH2, pIH4, pIH9, and pIH14, 

respectively (Table 3). The complementing plasmids were then introduced into the 

C. perfringens spo0A mutant IH101 by electroporation (26). To confirm the 

presence of wild-type spo0A in each IH101 transformants, PCR analyses with 

Spo0A-specific internal primers (Table 4) were carried out (Data not shown). 



 48

 

Construction of Complementing Plasmids Containing C. perfringens spo0A 

promoter region and Chimeric spo0A ORF 

 To fuse C. perfringens spo0A promoter region with spo0A ORF from C. 

botulinum and C. difficile, A 204-bp DNA fragment containing C. perfringens 

spo0A promoter region was PCR amplified using primers CPP29 and CPP96 (Table 

4). The purified PCR product was cloned into pCR®-XL-TOPO® (Invitrogen) to 

create pIH0APRO. Next, spo0A ORF of C. botulinum and C. difficile was PCR 

amplified using primer pairs CPP93-CPP62 and CPP94-CPP52. The purified PCR 

product was cloned into pCR®-TOPO-XL® to generate pIH5 and pIH10. Both 

primer pairs incorporate a NdeI site at the start codon ATG. NdeI/PstI fragment 

containing spo0A ORF from pIH5 and pIH10 was cloned into similar cut 

pIH0APRO to generate pIH6 and pIH11, respectively. KpnI/XhoI fragments from 

pIH6 and pIH11 were then recloned into KpnI/SalI cut E. coli-C. perfringens shuttle 

vector pJIR751. 

 To create the chimeric spo0A construct, A 744-bp region of C. perfringens 

spo0A promoter region and the N-terminal domain of was PCR amplified using 

primer pair CPP186 and CPP193 which incorporate an NdeI site at the end. The 

purified PCR product was cloned into pCR®-XL-TOPO® (Invitrogen), generating 

pIH15. Next, the C-terminal domain of C. botulinum and C. difficile spo0A ORF 

was PCR amplified using primer pair CPP184-CPP185, and CPP182-183 and cloned 

into pCR®-XL-TOPO®, generating pIH16 and pIH17, respectively. To fuse C. 

perfringens spo0A promoter region and N-terminal domain with the C-terminal 
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domain of Spo0A from C. botulinum and C. difficile, NdeI/XbalI fragment from 

pIH15 was cloned into SpeI/NdeI sites of pIH16 and pIH17. Lastly, KpnI/XbaI 

fragment containing the chimeric spo0A gene was cloned into similarly cut shuttle 

vector pJIR751 to generate pIH19 and pIH20, respectively. 

 

Sequencing of spo0A from various complementing plasmids 

 For nucleotide sequencing, plasmid DNA was purfied using the Qiagen kit. 

Both strands of DNA insert in the recombinant pCR®-XL-TOPO® plasmids were 

sequenced using M13 forward and reverse primers. All sequencing were performed 

at the Center for Gene Research and Biotechnology, Oregon State University. 

Results were analysed using Clustlaw (Http://www.ebi.ac.uk/clustalw/) 

 

Sporulation assay 

 C. perfringens isolates were grown in FTG (fluid thioglycollate) medium at 

37°C overnight. A 0.2ml aliquot of the grown culture was inoculated into 10ml of 

Duncan Strong (DS) medium (65) and allowed to grow for 8h. The heat-resistance 

colony forming unit (CFU) of DS culture was determined by incubating each culture 

at 80°C for 20min, followed by plating serially diluted samples on BHI agar and 

incubate at 37°C anaerobically for 24h. All results shown are based on average of 

three independent determinations. 
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RT-PCR analysis 

 For isolation of total RNA, C. perfringens strains were grown in FTG medium 

at 37°C overnight. Next day, 0.4ml aliquot of the grown culture was inoculated into 

DS medium (65) and allowed to grow for 6h at 37°C. To isolate total RNA, the 

hot-phenol extract method was used (87). Briefly, 3ml of culture was pelleted down 

for 5 min at 13,000 RPM. Next, the pellet was mixed with 0.2ml of Solution A 

(20mM Sodium acetate pH 5.0, 1mM EDTA, and 0.5% SDS) followed by mixing 

with 0.2ml of RNA phenol (liquid phenol equilibrated with 10mM Sodium acetate 

pH 5.0). The mixture was then subject to 5 min of constant shaking in a 60C 

waterbath and spin down for 5 min at 13,000 RPM. The top aqueous layer was 

removed and incubated with 2.5X volume of 100% ethanol. RNA pellet was 

collected after 5 min centrifugation at 13,000 RPM and washed once with 500ul of 

70% ethanol. After suspending the RNA pellet in sterile Rnase-free water, 

contaminating DNA was removed using DnaseI (Fermentas) and the remaining 

RNA were purified using the RNeasy Kit (Qiagen). RNA was used immediately for 

the RT-PCR reaction or stored at -80C. Concentration of RNA was determined 

using a Spectrophotometer.  

 RT-PCR reaction was performed according to protocol described in the Access 

RT-PCR kit (Promega). Briefly, 0.5µg of total RNA was mixed with a pair of 

Spo0A-specific internal primer (C. acetobutylicum: CPP102-103, C. botulinum: 

CPP76-77, C. difficile: CPP72-73, and C. tetani: CPP74-75) in a final concentration 

of 1µM, 0.2mM dNTP, 1mM of MgSO4, 1X volume AMV/TfI reaction buffer, 

0.1unit/µl AMV Reverse transcriptase and 0.1unit/µl TfI DNA polymerase. 
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Reaction mixture was subjected to 45min incubation at 45C followed by 28 cycles 

of PCR amplification with an annealing temperature of 50C. DNA control using 

purified wild-type spo0A DNA and negative control using reaction without addition 

of AMV Reverse transcriptase was also included. Resulting PCR product was 

separated on a 1% agarose gel and stained with ethidium bromide. PCR products 

were visualized using under UV. 

 

Semi-quantative Northern blot analysis 

 Total-RNA from C. perfringens strains was isolated as described previously 

(87) and above under RT-PCR analysis). 2, 4 and 8µg of total-RNA per strain were 

mixed with 1x volume of RNA loading buffer (2X TBE, 13% Ficoll 

(SigmaAldrich), 0.01% Bromophenol blue, and 7M Urea), and denatured for 5 min 

at 65C. RNA samples were separated by electrophoresis on 1% agarose gel (100V) 

until dye has reached bottom of the gel. Quality of the RNA was checked by 

staining the gel with ethidium bromide and visualized on a UV translimnator (data 

not shown).  

RNA was transferred onto a positively charged Nylon membrane (VWR) 

overnight by Northern blotting. Briefly, the agarose gel was placed on top of 4 

sheets of 3MM Whatmann paper soaked with 20X SSC (Sodium chloride: 

Trisodium citrate dehydrate). Gel size nylon membrane was then placed over the gel 

followed by another layer of 3mm Whatmann paper and 2 inch thick of paper towel 

cut to gel size. A weight was placed on top to facitate transfer. Next day, the blot 

cross-linked under UV light and detected using the AlkPhos Direct and Labeling 
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and Detection system (Amersham Bioscience). Briefly, the RNA blot was incubated 

at 55C with 3ml of hybridization buffer (Amersham Bioscience) 5 min. Next, 10µl 

of Alk-phos probe (AlkPhos Labeling system (Amersham Bioscience)) was added 

and incubate for 2 hour at 55C. Blots were washed twice with primary wash buffer 

(2M Urea, 0.1% w/v SDS, 50mM NaH2PO4 X H20 pH 7.0, 150mM NaCl, 1mM 

MgCl2, 0.2% w/v Blocking reagent) for 10min and twice with Secondary wash 

buffer (0.2M Tris, 0.4M NaCl, and 2mM MgCl2, pH 10.0). Cover blot with 

saran-wrap and incubate with CDP-Star chemiluminescent reagent for 5 min at room 

temperature and expose to Hyperfilm (Amersham Bioscience). Films were 

developed by the Kodak X-OMAT Processor (Center for Genome Research and 

Biocomputing, Oregon State University). Analysis of relative band intensities was 

performed using the public domain NIH Image Program developed at the U.S. 

National Institute of Health (http://rsb.info.nih.gov/nih-image/).  

 

CPE and Spo0A Western blot analysis 

C. perfringens strains were inoculated into FTG medium at 37°C overnight. 

0.4ml of culture was inoculated into DS medium and allowed to grow at 37°C for 6 

hour. 1ml/strain of culture were lysed using a Microson Ultrasonic Cell Disruptor 

(Misonix) on ice until >95% of all vegetative cells were lysed (lysis continiously 

monitored by phase-contrast microscopy). Culture lysate were then subjected to 

SDS-PAGE. Briefly, samples were mixed with equal volume sample buffer (5% 

2-mercaptoethanol, 0.5M Tris, 10% SDS, Glycerol, and 0.5% bromophenol blue), 

boiled for 5 min and pelleted down for 1 min at 13,000 RPM. Samples were loaded 
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into a 12% polyacrylamide gel and electrophoresed at 100V. Proteins were 

transferred onto a PVDF membrane (Bio-Rad) using the Western Blot apparatus 

(Bio-Rad). Membrane was washed with TBS and incubated with 5% BSA blocking 

solution. Next, membrane was washed with TTBS and then incubated with anti-CPE 

or anti-Spo0A rabbit polyclonal antibody (Sigma-Aldrich) over night. Secondary 

anti-rabbit HRP antibody (Sigma-Aldrich) was then added. Detection was 

performed by incubating the membrane in Supersignal Chemiluminescent substrate 

(Pierce) according to protocol and exposed to autoradiography film (VWR). The 

exposed film was developed Kodak X-OMAT Processor (Center for Genome 

Research and Biocomputing, Oregon State University). 
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Table 3: Primers used in this study 

 

 

 

 

 

 

 

 

 

 



 55

Table 4: Bacterial strains and plasmids used in this study  
Strain or plasmid  Description Source or 

reference 

C. perfringens strains   
SM101  Electroporatable derivative of a food poisoning type A isolate, NCTC8798  (139) 
IH101  spo0A knockout mutant derivative of SM101  (51) 
IH101(pMRS123)  IH101 complemented with wild-type C. perfringens spo0A  (51) 

Plasmids   
pJIR751  C. perfringens�E. coli shuttle vector; Emr  (8) 
pMSPOA  C. acetobutylicum spo0A and its natural promoter inserted into pIMP1  (4) 
pIH1  A 1,527-bp DNA fragment containing the C. acetobutylicum spo0A ORF and a 

~400-bp upstream region was cloned into pCR®-XL-TOPO® 
This study 

pIH2  A ~1.6-kb KpnI/XhoI fragment from pIH1 was cloned into KpnI/SalI sites of 
pJIR751  

This study 

pIH3  A 1,407-bp DNA fragment containing the C. botulinum spo0A ORF and a 
_400-bp upstream region was cloned into pCR®-XL-TOPO® 

This study 

pIH4  A ~1.5-kb KpnI/XhoI fragment from pIH3 was cloned into KpnI/SalI sites of 
pJIR751  

This study 

pIHOAPRO  A 204-bp DNA fragment containing the C. perfringens spo0A upstream region 
was cloned into pCR®-TOPO-X®L 

This study 

pIH5  A 964-bp DNA fragment containing the C. botulinum spo0A ORF with an NdeI 
site inserted just before ATG was cloned into pCR®-XL-TOPO® 

This study 

pIH6  A ~1.0-kb NdeI/PstI fragment from pIH5 was cloned into pIHOAPRO  This study 
pIH7  A ~1.2-kb KpnI/XhoI fragment from pIH6 was cloned into KpnI/SalI sites of 

pJIR751  
This study 

pIH8  A 1,285-bp DNA fragment containing the C. difficile spo0A ORF and a ~400-bp 
upstream region was cloned into pCR®-XL-TOPO®  

This study 

pIH9  A ~1.3-kb KpnI/XhoI fragment from pIH8 was cloned into KpnI/SalI sites of 
pJIR751  

This study 

pIH10  An 883-bp DNA fragment containing the C. difficile spo0A ORF with an NdeI 
site inserted just before ATG was cloned into pCR®-XL-TOPO® 

This study 

pIH11  A 0.9-kb NdeI/PstI fragment from pIH10 was cloned into pIHOAPRO  This study 
pIH12  A ~1.1-kb KpnI/XhoI fragment from pIH11 was cloned into KpnI/SalI sites of 

pJIR751  
This study 

pIH13  A 1,174-bp DNA fragment containing the C. tetani spo0A ORF and a ~400-bp 
upstream region was cloned into pCR®-XL-TOPO® 

This study 

pIH14  A ~1.2-kb KpnI/XhoI fragment from pIH13 was cloned into KpnI/SalI sites of 
pJIR751  

This study 

pIH15  A 744-bp DNA fragment containing the C. perfringens spo0A promoter region 
and the C-terminal domain with an NdeI site was cloned into pCR®-XL-TOPO® 

This study 

pIH16  A 459-bp DNA fragment containing the C. botulinum spo0A C-terminal domain 
with an Nde1 site was cloned into pCR®-XL-TOPO® 

This study 

pIH17  A 386-bp DNA fragment containing the C. difficile spo0A C-terminal domain 
with an NdeI site was cloned into pCR®-XL-TOPO® 

This study 

pIH18  A ~0.8-kb NdeI/XbaI fragment from pIH15 was cloned into SpeI/NdeI sites of 
pIH16  

This study 

pIH19  A ~1.2-kb KpnI/XbaI fragment from pIH18 was cloned into KpnI/XbaI sites of 
pJIR751  

This study 

pIH20  A ~0.8-kb NdeI/XbaI fragment from pIH15 was cloned into SpeI/NdeI sites of 
pIH17  

This study 

pIH21  A ~1.1-kb KpnI/XbaI fragment from pIH20 was cloned into KpnI/XbaI sites of 
pJIR751  

This study 
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3.4. Results 

Construction of complementing plasmids carrying wild-type spo0A from other 

Clostridium species 

 Having obtain evidence from our previous study (51) that demonstrated the 

requirement for Spo0A in initiating sporulation in C. perfringens, we wanted to test 

the hypothesis that the mechanism of Spo0A-regulated sporulation is similar in other 

Clostridium species. In order to test our hypothesis, we constructed complementing 

plasmids carrying spo0A from other Clostridium species. Initally, wild-type spo0A 

ORF and ~400-bp upstream region of C. acetobutylicum, C. botulinum, C. difficile, 

and C. tetani were PCR amplified according to protocol described above. Amplified 

PCR product were then cloned into pCR®®-XL-TOPO®® (Invitrogen) and subjected 

to sequencing analysis to ensure that no mutation was introduced during PCR 

amplification. Next, the inserts were recloned into the E.coli-C. perfringens shuttle 

vector pJIR751 and introduced into C. perfringens spo0A mutant IH101 by 

electroporation (26). PCR analyses with spo0A-specific internal primers (Table 4) 

from each Clostridium species confirmed the presence of wild-type spo0A in IH101 

transformants (data not shown). 

 

Sporulation efficiency of Complemented strains 

 Having obtained evidence for successful construction of complemented strains, 

we compared the sporulation capabilities of the complemented strains to that of a 

spo0A mutant as previously described (51). As expected, IH101 exhibited 

significantly decreased production of heat-resistant spores compared to wild-type 



 57

SM101 (Table 5) (51), and this lack of ability of the spo0A mutant to form 

heat-resistant spores could be complemented with recombinant plasmid pMRS123, 

carrying wild-type spo0A from C. perfringens. When similar experiments were 

performed with our newly constructed complemented strains, IH101 complemented 

with recombinant plasmid pIH14 produced spores at a level similar to that of 

wild-type SM101 (Table 5). A lower level of heat-resistant spore formation was also 

observed with IH101 complemented with the recombinant plasmid pIH2 (Table 5). 

However, recombinant plasmids carrying wild-type spo0A either from C. botulinum 

(pIH4) or from C. difficile (pIH9) did not complement the mutation in IH101 (Table 

5). Collectively, these results indicated that spo0A from C. acetobutylicum or C. 

tetani, but not from C. botulinum or C. difficile, was able to complement with the 

sporulation defects of the C. perfringens spo0A mutant IH101.  

 

spo0A Transcriptional analysis  

 To determine whether the inability of Spo0A from C. botulinum and C. difficile 

to restore spore formation in IH101 was a function of the lack of spo0A expression, 

Reverse transcription-PCR (RT-PCR) analyses were performed. Total RNA was 

isolated from Duncan-Strong (DS) culture of C. perfringens strains, and 

spo0A-specific mRNA was detected using spo0A-specific primers (Table 4) as 

previously described (26, 51). As a control, PCR reaction using C. botulinum and C. 

difficile specific internal primers (CPP76/77 and CPP72/73) and chromosomal DNA 

from C. botulinum and C. difficile was performed. When total RNA isolated from 

IH101(pIH9) was subject to RT-PCR analysis, a 587-bp PCR product, which 
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co-migrated with PCR product of a control reaction using C. difficile genomic DNA, 

was obtained (data not shown), indicating that C. difficile Spo0A can be expressed 

in C. perfringens. However, no C. botulinum spo0A-specific RT-PCR product 

obtained when total RNA from IH101(pIH4) was subjected to RT-PCR analysis, 

suggesting that C. botulinum spo0A was not transcribed in C. perfringens.  

 

Table 5: Sporulation of Complemented strains grown in DS medium 
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Role of C. perfringens spo0A promoter region and N-terminal domain 

(activation domain) 

 Having obtained evidence that C. botulinum spo0A was unable to be 

transcribed in C. perfringens, we examined the possibility that perhaps differences 

in the promoter region were responsible for the lack of C. botulinum spo0A 

expression. A new recombinant plasmid, pIH7 was constructed which carried C. 

botulinum spo0A fused with the spo0A promoter region from C. perfringens (Table 

3). As a control, pIH12, which carries C. difficile spo0A fused with C. perfringens 

spo0A promoter was also constructed (Table 3). A recent study (06 Worner) showed 

that a chimeric form of Spo0A, consisted of the response regulator domain 

(N-terminal region) of B. subtilis spo0A, fused with the DNA-binding domain 

(C-terminal region), could partially restore spore formation in a B. subtilis spo0A 

mutant. To determine whether similar constructs can restore spore formation in the 

present study, plasmids pIH19 and pIH21 was constructed, which carried the C. 

perfringens Spo0A response regulator domain fused to the DNA-binding domain of 

spo0A from C. botulinum and C. difficile, respectively (Table 3). Nucleotide 

sequencing confirmed that no PCR-generated mutation was introduced during PCR 

amplification of the inserts (data not shown). The recombinant fusion plasmids, 

pIH7, pIH12, pIH19, and pIH21, were introduced into the spo0A mutant IH101 by 

electroporation. Transformants were platted on BHI containing erythromycin and 

colony PCR using Spo0A-specific primers (Table 4) confirmed the presence of the 

plasmid inside IH101. RT-PCR analyses was performed and spo0A-specific 

RT-PCR products from RNAs of all four transformants were detected (data not 
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shown), indicating that both wild-type and chimeric spo0A of C. botulinum and C. 

difficile were expressed in the C. perfringens spo0A mutant when placed under the 

control of C. perfringens spo0A promoter. However, when the spore-forming 

capabilities of these transformants were compared with that of their host strain, 

IH101, no refractile endospores were detected after 8h of growth in DS medium 

(data not shown), and no significant increase in heat-resistant spore formation was 

observed (Table 5). 

 

Spo0A production capabilities of Complementing strains 

 To determine if the inability of both wild-type and chimeric Spo0A from C. 

botulinum and C. difficile to restore spore formation in IH101 resulted from the lack 

of Spo0A production, Western blot analysis was performed as previously described 

(137). Briefly, C. perfringens strains were grown in DS medium and cells were 

lysed by sonication. Due to the unavailability of Clostridial Spo0A antibody, each 

culture lysate was analyzed for the presence of Spo0A by using an antibody against 

B. subtilis Spo0A. As expected, a Spo0A-specific immunoreactive band was 

observed in lysates prepared from SM101 and IH101(pMRS123), while no 

Spo0A-specific band was detected in lysates prepared from spo0A mutant IH101 

(Fig. 9A), indicating that the B. subtilis Spo0A antibody was sufficient for detecting 

Clostridial Spo0A. A Spo0A-specific immunoreactive band was also observed in 

sporulating culture lysates prepared from IH101 carrying wild-type or chimeric form 

of Spo0A from C. botulinum or C. difficile, albeit at an intensity lower than those for 

SM101 and IH101(pMRS123) (Fig. 9A). To ensure that the lower intensity of the 
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Spo0A-specific band observed was not due to a different reactivity to the antibody 

against Bacillus Spo0A, Western blot analysis of the two complemented strains 

IH101(pIH2) and IH101(pIH14) was also performed. The Spo0A-specific 

immunoreactive bands detected for both strains were similar in intensity to those of 

SM101 and IH101(pMRS123) (Fig. 9B). These results suggested that the inability of 

the wild-type and chimeric Spo0A from C. botulinum and C. difficile to restore 

spore formation in the C. perfringens spo0A mutant may be a result of decreased 

production of Spo0A. 

 

Fig 9: Spo0A Western blot analysis 

 

Fig 9: Western blot analysis of Spo0A production by wild-type C. perfringens and complemented 
strains. C. perfringens strains were grown in DS medium and sonicated. An aliquot (20 µl) of each 
sonicated culture lysate was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
followed by Western blotting with anti-B. subtilis Spo0A antibodies. The blot was subjected to 
chemiluminescence detection to identify immunoreactive species. (A) Results are shown for control 
strains SM101 (wild type) and IH101 (spo0A knockout mutant) and for representative complemented 
strains IH101(pMRS123), IH101(pIH7), IH101(pIH19), IH101(pIH12), and IH101(pIH21). (B) 
Results are shown for control strains SM101 (wild type) and IH101(pMRS123) and for 
complemented strains IH101(pIH2) and IH101(pIH14). The arrow on the left of the blot indicates the 
migration of the Spo0A-specific immunoreactive band 
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 Fig 10: spo0A Northern blot analyses 

 

Fig 10: Comparative expression of spo0A mRNAs from IH101(pIH19) and IH101(pMRS123). 
Various amounts of RNA, extracted from IH101(pMRS123) and IH101(pIH19) cultures grown in DS 
medium at 37°C for 6 h, were separated by electrophoresis on a 1% agarose gel and transferred by 
Northern blotting. The blots were hybridized with an AlkPhos-labeled spo0A probe, and hybridized 
probe was then detected by CDPstar chemiluminescence (Amersham Bioscience). The relative levels 
of spo0A mRNA in IH101(pIH19) were determined from a calibration curve, which was made using 
various amounts (2.0 to 8.0 µg) of RNA prepared from the high-Spo0A-producing strain 
IH101(pMRS123). The densitometric analysis was performed on a Macintosh computer using the 
public domain NIH Image program (developed at the U.S. National Institutes of Health and available 
on the Internet at http://rsb.info.nih.gov/nih-image/). The spo0A mRNA-specific band is indicated by 
an arrow. The various amounts of RNA loaded on the gel are given at the bottom of the blot. 
 

Next, we performed Northern blot analyses, as previously described (92), to 

evaluate whether the differential production of Spo0A observed was due to a 

differential level of spo0A mRNA synthesis. Total RNA was isolated from C. 

perfringens strains grown in DS medium for ~6h. The spo0A transcripts detected for 

total RNA of IH101 carrying wild-type or chimeric C. botulinum or C. difficile were 

similar in intensity to each other but lower in intensity than that of 

IH101(pMRS123) (Fig. 10) (data not shown). When the relative spo0A mRNA 

levels were determined by semiquantitative Northern blot analysis, at least a fivefold 

difference in spo0A transcription was observed between IH101(pMRS123) and the 

four complementing strains IH101(pIH7), IH101(pIH12), IH101(pIH19), and 

IH101(pIH21) (Fig. 10) (data not shown). These results suggest that the lower level 
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of Spo0A in IH101 carrying wild-type or chimeric Spo0A from C. butulinum or C. 

difficile may be a result of a decreased level of spo0A transcription.  

 

Effect of different Clostridial Spo0A on restoring CPE production in IH101 

 Since CPE is a sporulation-regulated toxin, it was of interest to compare the 

levels of CPE production in the complemented strains. CPE Western blot analyses 

(23, 65) detected a ~35-kDa CPE-specific immunoreactive band in Western blots of 

lysates prepared from sporulating cultures of complemented strains 

IH101(pMRS123), IH101(pIH2), and IH101(pIH14) (data not shown). However, no 

CPE-specific immunoreactivity was detected in lysates prepared from 

complemented strains carrying wild-type or chimeric Spo0A from C. butulinum, or 

C. difficile grown under sporulation conditions (data not shown). Quantitative 

Western blot analyses (99) showed similar levels of CPE production by 

complemented strains IH101(pIH14) and IH101(pMRS123) (data not shown). 

Although IH101(pIH2) produced a slightly smaller amount of CPE than 

IH101(pIH14) and IH101(pMRS123), this was not due to the influence of either 

total growth or sporulation (data not shown). Collectively, these results indicated 

that the lack of CPE production in the C. perfringens spo0A knockout mutant IH101 

was restored by complementing the mutant with recombinant plasmids carrying 

wild-type spo0A from C. acetobutylicum or C. tetani but not from C. difficile or C. 

botulinum. 
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Fig 11: Amino acid sequence comparison of Clostridial Spo0A 

 

Fig 11: Comparison of amino acid sequences of phosphoacceptor and effector domains of Spo0A 
from C. perfringens (C.p), C. acetobutylicum (C.a), C. botulinum (C.b), C. difficile (C.d), and C. 
tetani (C.t). Asterisks indicate residues that are identical in all five species. Highlighting indicates 
possible active sites: SP, putative site of phosphorylation; CS, the conformational region; HTH, the 
helix-turn-helix motif. The deduced amino acid sequences of Spo0A from C. perfringens, C. 
acetobutylicum, and C. tetani were available on the Entrez Genome website 
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome). The amino acid sequences of C. 
botulinum and C. difficile were obtained from the Sanger Institute's website 
(http://www.sanger.ac.uk/). Amino acid alignment was performed using the ClustalW program and 
modified with Microsoft PowerPoint 
 
 
3.5. Discussion 

 In summary, results from this current study demonstrated that wild-type spo0A 

from C. acetobutylicum or C. tetani, but not from C. botulinum or C. difficile, 

restored sporulation and CPE production in a spo0A mutant of C. perfringens. The 

inability of wild-type and chimeric form of Spo0A from C. botulinum or C. difficile 

to complement the sporulation defect of the C. perfringens spo0A mutant cannot be 

explained by the low level of amino acid sequence identity between Spo0A from C. 

perfringens and Spo0A from C. botulinum or C. difficile. Note that high levels of 
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sequence identity were obtained when the amino acid sequence of Spo0A from C. 

perfringens was compared with those from C. acetobutylicum (76%), C. butulinum 

(78%), C. difficile (60%), and C. tetani (76%) (data not shown). The putative 

phosphorylation site (LDIIMP), the conformational switch region (KPFD), and the 

helix-turn-helix (HTH) DNA-binding motif are also highly conserved in all 

Clostridium species compared (Fig. 11).  

 Our current results suggest that the lack of spore formation in IH101 

complemented with spo0A from C. butulinum or C. difficile was due, at least in part, 

to the lower levels of spo0A transcription and Spo0A production, which were 

insufficient to initiate sporulation. However, it is not clear why lower levels of the 

spo0A transcript were detected with constructs where the C. perfringens spo0A 

promoter region was fused to C. butlinum or C. difficile spo0A. One possible 

explanation might be the inherent instability of the spo0A transcript. Our results 

cannot exclude the possibility that certain unidentified amino acid differences within 

the DNA-binding domain of spo0A from C. botulinum and C. difficile versus C. 

perfringens might be crucial for initiation of sporulation. Since a recent study (92) 

identified inorganic phosphate as an environmental signal for initiation of 

sporulation in C. perfringens, it is also possible that sporulation signals might be 

unique to each species and might reflect the environment where they reside (137).  
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4.1. Abstract 

 Clostridium perfringens enterotoxin (CPE) is an important virulence factor for 

food poisoning and non-food-borne gastrointestinal (GI) diseases. Although CPE 

production is strongly regulated by sporulation, the nature of the signal(s) triggering 

sporulation remains unknown. Here, we demonstrated that inorganic phosphate (Pi), 

and not pH, constitutes an environmental signal inducing sporulation and CPE 

synthesis. In the absence of Pi-supplementation, C. perfringens displayed a Spo0A- 

phenotype, i.e., absence of polar septation and DNA partitioning in cells that 

reached the stationary phase of growth. These results received support from our 

Northern blot analyses which demonstrated that Pi was able to counteract the 

inhibitory effect of glucose at the onset of sporulation and induced Spo0A 

expression, indicating that Pi acts as a key signal triggering sporulation in clostridia. 

Collectively, our findings have relevance for the development of antisporulation 

drugs to prevent or to treat CPE-mediated GI diseases in humans. 

 

4.2. Introduction 

Clostridium perfringens is a gram-positive, anaerobic, endospore-forming 

bacterium causing gastrointestinal (GI) and histotoxic infections in humans and 

animals (22, 76). The virulence of this bacterium largely results from its prolific 

ability to produce at least 15 different toxins (79). In addition, enterotoxigenic C. 

perfringens isolates produce a 35-kDa enterotoxin (CPE), whose synthesis is under a 

strict positive control of sporulation (26, 33, 51). In enterotoxigenic C. perfringens, 

the production of CPE is confined to the large compartment (mother cell) of the 
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sporangium where cpe transcription is believed to be driven by the mother 

cell-specific forms of the RNA polymerase: RNAP-σE and RNAP-σK (139). The 

copious amount of CPE (as much as 10% or more of the total protein of the 

developing sporangium) is accumulated only in the cytoplasm of the mother cell 

compartment until its release when the mother cell lyses at the completion of 

sporulation to liberate the mature spore. The released CPE rapidly binds to protein 

receptors present on the apical surface of enterocytes and induces cell 

permeabilization with the concomitant appearance of the symptoms of 

enterotoxaemia, intestinal cramping and diarrhea (76). 

Despite the key role of spores in CPE synthesis and in the dissemination and 

developing of clostridial diseases, very little is known at molecular level about the 

regulatory mechanisms governing the formation of spores in clostridia (51, 109). 

Although from genome sequence analyses it can be assumed that the mechanism of 

spore formation in Bacillus and Clostridium is conserved (110, 119). The main 

differences reside at the level of the initiation of the sporulation process (116, 119). 

While orthologs for Spo0A and the genes activated by Spo0A~P, along with most of 

the spo genes that are subsequently expressed during the morphogenesis of the 

spores, are present in all the sequenced Clostridium species, the genes involved in 

the activation of Spo0A (phosphorelay genes and their regulators) seem to be absent 

in clostridia (50, 116). The only spo0 gene found in clostridia is spo0A, and 

therefore it constitutes the unique shared gene by Bacillus and Clostridium as clearly 

involved in the initiation of sporulation in both genera (51, 120). In this work, we 

investigated the role of inorganic phosphate as an environmental and/or metabolic 
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signal that triggers the initiation of sporulation and examined its role in Spo0A 

expression and CPE production. 

 

4.3. Methods and Materials 

Bacterial strains, plasmids and growth conditions.  

C. perfringens strains and plasmids used in this study: SM101 � food poisoning 

C. perfringens type A isolate (139), IH101- spo0A knock-out mutant derivative of 

SM101 (51), pSM104 � cpe-gusA in pJIR750 (139). The following growth media 

were used: Duncan Strong Sporulation Medium (DSSM, yeast extract, 0.4%; 

proteose peptone, 1.5%; soluble starch, 0.4%; Na2HPO4.7H2O, 1% and sodium 

thioglycolate, 0.1%);  Fluid Thioglycollate Medium (FTG, Difco); and TGY 

(Tryptic Soy Broth, 3%; D(+) Glucose, 2%, Yeast Extract, 1%, and Cystine 0.1%). 

The omission of Na2HPO4.7H2O to DSSM originated DSMM. DSMM-MOPS 

consisted of DSMM with various concentrations of morpholinepropanesulfonic 

acids (MOPS). DSMM-Tris consists of DSMM with various concentrations of 

rishydroxymethylaminomethane (Tris). In this modified medium the concentration 

of the intrinsic inorganic phosphate is around 2.0 mM as measured by 

spectrophotometrical techniques (data not shown). The omission of glucose to FTG 

and TGY originated the FT and TY media respectively.   

 

Sporulation and β-glucuronidase assays.  

C. perfringens strains were grown in fluid thioglycollate medium (FTG) at 

37°C overnight. A 0.2 ml aliquot of the FTG growth culture was inoculated into 
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10-15 ml of the corresponding medium as indicated in the text and allowed to 

growth at 37°C for 20 hours. The final cellular yield of viable cells (vegetative plus 

spores) was determined after plating serial dilutions of the overnight cultures on 

BHI (Difco) agar plates and incubating anaerobically at 37°C for 24 h. The number 

of heat-resistant spores was determined by heating serial dilutions of the cultures at 

80°C for 20 minutes before plating and anaerobic incubation (51).  

β-glucuronidase activity was determined as previously reported (99). Briefly, 

strains carrying the cpe-gusA plasmid was inoculated into FTG and subjected to 

heat shock at 75°C for 20min in a waterbath. 2 ml of overnight grown culture was 

inoculated into 50ml of DSMM with or without Pi (35mM) addition and with or 

without 1% glucose. At various time points, samples were taken for OD600 

measurement and the pellet were freezed at -80°C. The pellet was resuspended in 

0.8ml of buffer containing 50mM NaHPO4(pH 7.0), 1mM EDTA, and 5mM 

dithiothreitol. Eight microliters of toluene (Sigma-Aldrich) was added and the tubes 

were tightly capped and mixed vigorously for 1 min. Tubes were then placed on ice 

and incubate for 10 min follow by 30 min at 37°C with cap open. The enzyme 

reaction was stopped by the addition of 0.4ml of Stop Solution (1M Na2CO3), and 

the elapsed time was recorded. Tubes were centrifuged for 10min at 13,000 RPM to 

remove all cell debris and A405 was measured with SmartSpec� 3000 (Bio-Rad). 

The specific activity (Miller Units) was calculated by using the following equation: 

Specific Activity (SA) = (A405 X 1,000)/(OD600 X Time [in minutes] X Culture 

Volume [in milliliters]).     
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Western blot analysis.  

C. perfringens cultures grown in the indicated media were sonicated until 

>95% of all cells were lysed as monitored by phase-contrast microcopy. Culture 

lysate were then subjected to SDS-PAGE. Briefly, samples were mixed with equal 

volume sample buffer (5% 2-mercaptoethanol, 0.5M Tris, 10% SDS, Glycerol, and 

0.5% bromophenol blue), boiled for 5 min and pelleted down for 1 min at 13,000 

RPM. Samples were loaded into a 12% polyacrylamide gel and electrophoresed at 

100V. Proteins were transferred onto a PVDF membrane (Bio-Rad) using the 

Western Blot apparatus (Bio-Rad). Membrane was washed with TBS and incubated 

with 5% BSA blocking solution. Next, membrane was washed with TTBS and then 

incubated with anti-CPE rabbit polyclonal antibody (Sigma-Aldrich) over night. 

Secondary anti-rabbit HRP antibody (Sigma-Aldrich) was then added. Detection 

was performed by incubating the membrane in Supersignal Chemiluminescent 

substrate (Pierce) according to protocol and exposed to autoradiography film 

(VWR). The exposed film was developed Kodak X-OMAT Processor (Center for 

Genome Research and Biocomputing, Oregon State University). 

 

Northern blot analysis.  

An internal 619-bp spo0A DNA fragment was amplified from SM101 by PCR 

using primers CPP68 (5�-CAGGAATTGCAAAGGATGGATTGGAAGC-3�) and 

CPP69 (5�-GGCATCTATTTGTCCTCTTCCCCAAG-3�) and labeled with alkaline 

phosphatase using The Gene ImagesTM AlkPhos DirectTM Labeling and Detection 

System (Amersham Bioscience). Total RNA, isolated from C. perfringens strains 
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grown in sporulation medium at 37°C for 3h as previously described (139), were 

separated by electrophoresis on 1% agarose gels and Northern transferred. The blots 

were hybridized with the AlkPhos-labeled Spo0A probe and hybridized probe was 

then detected by CDPstar chemiluminescence (Amersham Bioscience). 

 

Microscopy analysis.  

Phase-contrast microscopic analysis of C. perfringens cells was performed 

using a phase-contrast microscope (Zeiss Axiostar plus) with 1000x magnification. 

For fluorescence analysis, the fluorescent membrane stain FM 4-64 and DNA stain 

DAPI from Molecular Probes were used. Dyes were resuspended as indicated by the 

manufacturer and used at final concentrations of 2 µg/ml and 0.3 µg/ml of FM 4-64 

and DAPI respectively. Cells were loaded on a glass slide and immobilized with a 

poly-L-lysine (Sigma)-treated coverslip. 

 

4.4. Results 

Identification of key components of DSSM in initiating sporulation 

 In the current study, we investigated the nature of putative environmental 

and/or metabolic signals (72) that regulate the commitment of vegetative cells of C. 

perfringens to sporulate and the produce CPE. Examining the growth of C. 

perfringens in Duncan Strong sporulation medium (DSSM) (32), it is possible to 

appreciate that during the logarithmic phase of growth there is a net descrease in pH 

that is stabilized with the appearance of mature spores (32) (data not shown). In 

DSSM, the pH is regulated by the addition of Na2HPO4 (inorganic phosphate [Pi]) 
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at a final concentration close to 35mM. This concentration of Pi in a complex 

growth medium is unusually high, taking into consideration the nutritional 

requirement (micromolar amounts) of a bacterial culture for this ion (1). Therefore, 

one parameter that might regulate the formation of spores in DSSM would be the pH 

and/or the supplemented Pi. 

 In order to determine whether Pi and/or pH regulates the capacity of C. 

perfringens to form spores, we grew C. perfringens strain SM101 (139) in a 

modified DSSM (Duncan Strong Modified Media [DSMM]) supplemented with 

different concentrations of Na2HPO4. Initial pH of the culture was taken at the 

moment of inoculation while the final pH was taken after overnight of growth. As 

shown in Table 6, at supplemented Pi concentrations of 3mM or less, the efficiency 

of sporulation was almost zero. However, the growth of C. perfringens was not 

ameliorated in DSMM without Pi supplementation since the rate of growth was 

higher in DSMM than in DSSM (data not shown). Moreover, for the DSMM 

cultures the exponential phase continued for a couple of hours before reaching the 

stationary phase of growth in comparison with cultures developed in regular DSSM 

or DSMM supplemented with 35mM Pi (data not shown). The final cellular yield 

was always consistently higher in DSMM (without Pi supplementation) than in 

DSSM (an average of 4 X 108 CFU/ml versus 2 X 107 CFU/ml) (Table 6). 

Therefore, the absence of exogenous Pi supplementation in DSMM had no effect on 

vegetative growth of C. perfringens but blocked during the stationary phase, the 

differentiation into spores. In contrast, while 3mM Pi did not induce sporulation, C. 

perfringens started to sporulate efficiently with the addition of Pi at a final 
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ceoncentration of 5mM (Table 6). Interestingly, the culture with Pi concentrations 

between 5mM and 50mM did not affect growth and yielded a maximal number of 

spores (Table 6).  

 

Table 6: Sporulation of C. perfringens in DSMM, with or without phosphate 
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To further confirm our observation that sporulation efficiency was influenced 

by the addition of Pi, CPE Western blot analysis of the DSMM culture was 

performed. Consistent with our previous observation, a high level of CPE 

production was observed after 5h of growth in DSMM supplemented with 

exogenous Pi, while no CPE production was detected in non-Pi-supplemented 

cultures at any stage of growth (Fig. 12). Higher concentrations of Pi (more than 

60mM) reduced the final cellular and spore yields suggesting some toxin effect of 

high concentrations of Pi on growth. 

These results indicated that there is an optimum range of Pi levels for spore 

formation and suggests, for the first time, that sporulation of C. perfringens can be 

positively regulated by soluble Pi (Table 6). 

 

Fig 12: Western blot analysis of CPE production under Pi-regulation condtions 

 

Fig 12: Western blot analysis of CPE production under Pi-regulated conditions. Cultures of the 
wild-type strain SM101 were grown in DSMM medium with or without the addition of Pi (35 mM). 
At the indicated times, samples were removed to be analyzed for enterotoxin production using 
specific anti-CPE antibodies (51, 99). Control lane (data not shown) containing purified CPE 
confirmed the identity of the detected band. Results from a representative experiment are shown. 
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Fig 13: Efficiency of spore formation under Pi or Tris-buffered conditions 

 

 

Fig 13: Efficiency of spore formation under Pi-buffered or Tris-buffered conditions. Cultures of the 
wild-type strain SM101 were grown in DSMM supplemented with different amounts of 1 M 
Tris-HCl, pH 8.0, or 1 M Na2HPO4 for 20 h at 37°C. The final pH after growth and the final cellular 
yield (circles) and spore efficiency (triangles) under each growth condition are indicated. Open 
symbols, Tris-buffered cultures; filled symbols, Pi-buffered cultures. The results shown are the 
average of five independent experiments; bars indicate standard errors. Similar effects of Pi on spore 
efficiency were obtained with other enterotoxigenic C. perfringens human isolates other than SM101 
(data not shown). Essentially the same results as the ones observed in DSMM-Tris were obtained 
when the Tris buffer was replaced by MOPS buffer (DSMM-MOPS; data not shown). 
 
 
 
Effect of the buffering capacity of Pi on sporulation 

 In order to distinguish whether the observed effects on spore formation and 

CPE production were due to the presence of Pi by itself or the regulator of pH by its 

buffering capacity, we performed an experiment similar to the one described above 

using DSMM in the absence of Pi supplementation but in the presence of different 

concentrations of Tris or morpholinepropanesulfonic acid (MOPS) to regulate the 

pH of the medium (DSMM-Tris or DSMM-MOPS). As shown in Fig. 13, C. 
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perfringens cultures grown in DSMM-Tris (or DSMM-MOPS; data not shown) 

produced similar cellular yields and final pH values as those obtained after growth 

in DSMM supplemented with different concentrations of Pi. However, under these 

experimental conditions (growth in DSMM-Tris or DSMM-MOPS without Pi 

addition), C. perfringens was unable to sporulate (Fig. 13). Results from this 

experiment demonstrated that Pi, and not pH, regulated the capacity of C. 

perfringens to differentiate into spores. 

 

Pi As an universal signal to induce sporulation and CPE production 

 Next, the role of Pi as an signal required for sporulation and enterotoxin 

production was investigated under different growth conditions. Two rich media 

TGY (tryptone, glucose, and yeast extract) and FTG (fluid thioglycolate medium), 

commonly used for the vegetative growth of C. perfringens where spore formation 

is completely impaired(51, 99), were used to test for the role of Pi in sporulation. 

The intrinsic Pi concentration (<2mM) in TGY and FTG medium was lower than the 

threshold Pi concentrations (5 to 7mM) needed to induce spore formation (Table 6). 

In addition, both media contain high levels of glucose (0.55% and 2.0% for FTG and 

TGY, respectively) that would induce catabolite repression of sporulation as 

previously reported (130). In fact, the use of glucose (1%) in DSMM supplemented 

with 35mM Pi resulted in a noticeable inhibition of spore formation (data not 

shown). Furthermore, the expression of cpe, measured from a reporter 

β-glucuronidase fusion (cpe-gusA) as previously described (80), in C. perfringens 

cells grown in DSMM supplemented with Pi was strongly repressed in the presence 
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of 1% glucose (Fig. 14A). However, the β-glucuronidase level in DSMM 

supplemented with Pi and glucose was much higher than the β-glucuronidase 

activity obtained in non-Pi-supplemented cultures after the addition of glucose (Fig. 

14A).  

In order to avoid the Pi-independent repressive effect of glucose on C. 

perfringens sporulation, we omitted the addition of glucose to the formulation of 

TGY and FTG. Under these experimental conditions, we observed high levels of 

sporulation (Table 7), cpe-gusA expression (Fig. 14B), and CPE production (Fig. 

14C) when glucose-free TGY and FTG (TY and FT, respectively) media were 

supplemented with exogenous Pi. Collectively, these results indicated that Pi by 

itself constitutes an universal signal for the sporulation and production of CPE in C. 

perfringens. 

 

Fig 14: cpe expression and CPE production under different growth conditions 

 

Fig 14: cpe expression and CPE production under different growth conditions. (A) Wild-type cultures 
of a derivative SM101 strain carrying a cpe-gusA plasmid were grown in DSMM with or without the 
addition of Pi (35 mM) and/or glucose (1%). Samples were removed at the indicated times and 
analyzed for β-glucuronidase activity as indicated (139). ○, DSMM plus Pi; ∆, DSMM alone; ◊, 
DSMM plus Pi and glucose; and □, DSMM plus glucose. (B) Cultures carrying the cpe-gusA reporter 
were developed in three different media able to support the growth of C. perfringens: DSMM, TY, 
and FT medium with or without the addition of Pi (35 mM; see text for details). The bars indicate the 
level of β-glucuronidase activity accumulated by 1 h after the end of the exponential phase of growth. 
(C) Western blotting experiment using anti-CPE antibodies (99) of C. perfringens cultures grown in 
the indicated medium with or without supplementation with inorganic phosphate. The cellular pellet 
from the culture grown in DSMM with Pi was diluted 100-fold, while all the other pellets were 
undiluted. Data from representative experiments are shown. 
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Table 7: Phosphate-induced sporulation in nonsporulation media 

 

 

Developmental stage requirement for Pi 

 In order to determine the precise developmental stage when the presence of Pi 

is needed for sporulation, we analyzed the cell phenotype of C. perfringens cultures 

grown in DSMM or DSMM-Pi by phase-contrast microscopy as previously 

described (51). C. perfringens wild-type SM101 grown for 5h in DSMM-Pi showed 

a greater proportion of cells harboring refractile polar prespores (Fig. 15A). In 

contrast, strain SM101 grown in DSMM (without Pi supplementation) produced 

cells without any prespores (Fig. 15B). Significantly, the cell phoenotype displayed 

by isogenic Spo0A-deficient cells (thus blocked at stage zero) grown in DSMM with 

or without added Pi (Fig. 15C and D). These results strongly suggested that C. 

perfringens cells grown in non-Pi-supplemented DSMM were blocked at stage zero 

of the sporulation cycle.  

This observation was reinforced by fluorescence microscopy analyses using the 

fluorescent dyes DAPI (4�, 6�-diamidino-2-phenylindole; specific for DNA) and FM 

4-64 (specific for membrane lipids). For cells grown in Pi-supplemented medium, it  
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Fig 15: Cell phenotypes of C. perfringens grown with or without Pi  

 
Fig 15: Cell phenotypes of C. perfringens grown in the presence or absence of Pi signaling. (A to D) 
Phase-contrast photomicrographs of Spo0A-proficient (SM101) and Spo0A-deficient cells (IH101) 
grown for 5 h in DSMM with or without added Pi. Wild-type cells (SM101) grown in the presence of 
added Pi displayed polar prespores (A), while the non-Pi-supplemented culture (B) showed cells with 
a cellular phenotype resembling spo0A mutants blocked at stage zero of sporulation, regardless of 
whether inorganic phosphate was added or not (C and D). After the overnight growth of the wild-type 
cultures, no prespores were observed in the non-Pi-supplemented culture, while in the 
Pi-supplemented culture a great proportion of mature and free spores (more than 60%) were observed 
(data not shown). (E to H) Fluorescent photomicrographs with DAPI (specific for DNA staining) and 
FM 4-64 (specific for membrane lipid staining) of wild-type cells (SM101) grown for 5 h in DSMM 
with or without supplementation with Pi. 
 

was possible to delimit the membrane of the polar prespore (Fig. 15E) with the DNA 

of the sporangium asymmetrically compartmentalized in both developing cells (Fig. 

15G, the prespore and the mother cell). In contrast, for cells from the 

non-Pi-supplemented cultures, DAPI staining (Fig. 15H) was homogeneous without 

any asymmetric DNA compartmentalization, while simultaneously the dye for the 

membrane lipid did not denote any polar membrane (Fig. 15F). Collectively these 

results confirmed that the Pi signal was required at a very early stage of the 

development of the spore and strongly suggested that Pi would constitute a 
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sporulation signal acting at the onset of the developmental process before 

asymmetric division (stage zero). 

 

Effect of Pi supplementation on Spo0A expression 

 As indicated earlier, one important requirement for the onset of the sporulation 

is that sporulation-committed cells induce the expression of Spo0A (93, 116, 119). 

Therefore, the level of Spo0A expression seems to be a valid tool to determine 

whether a C. perfringens culture has initiated the formation of spores beyond stage 

zero. Northern blotting experiments (87), by detecting the amount of the specific 

messenger RNA (mRNA) for spo0A, confirmed that under conditions of 

supplementation with exogenous Pi the amount of spo0A mRNA far exceeded (20- 

to 50-fold) the levels of spo0A mRNA detected under growth conditions of non-pi 

supplementation (Fig. 16, lanes 1 to 4).  

Thus, these results strongly suggested that Pi acted as a positive signal at the 

initiation of the sporulation process (stage zero, induced expression of Spo0A). 

Furthermore, if this is the situation, Pi should be able to compete with negative 

sporulation signals acting at the onset of the developmental process (repression of 

Spo0A expression). For instance, the blockage of sporulation at stage zero, once a 

culture has reached the end of the vegetative growth, can be produced by the 

addition of glucose (catabolite repression of sporulation). In accord with our 

hypothesis (Fig. 16, lanes 5 to 6), the addition of Pi in a C. perfringens culture 

grown in TGY medium was able (at least partially) to counteract the inhibitory 

glucose effect on spo0A transcription (93, 130). Collectively, these results support 
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the notion that Pi is a positive environmental signal acting at stage zero of 

sporulation. 

 

Fig 16: spo0A Northern blot analysis 

 

Fig 16: Phosphate regulates the onset of sporulation in C. perfringens. Northern blot analysis of 
spo0A levels under Pi and glucose regulatory growth conditions. Total RNA was extracted and 
analyzed after 5 h of growth of SM101 cultures in the indicated medium with or without added Pi as 
previously described (51). The data from a representative experiment are shown. 
 

4.5. Discussion 

 C. perfringens colonizes the small intestine of human and animal where, by 

unknown mechanisms, it differentiates into spores with the concomitant production 

of CPE, and then CPE-associated gastrointestinal disorders develop (76). In this 

regard, one important question arises regarding in vivo significance of Pi as a 

physiological signal triggering sporulation and CPE production in C. perfringens. 

 The intestines represent an open environment with plentiful nutrients that 

support the growth of approximately 500 different bacterial species to the level of 1 

x 108 to 1 x 1010 CFU/ml. It is possible that sporulation may represent an adaptive 

response (72) for C. perfringens to survive in the stressful environment of the 
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intestine (normal flora, microbicide peptides, bile salts, etc.) rather than a response 

to a food deficiency, an opposite situation to the regulation of sporulation in B. 

subtilis where unknown signal linked to nutrient starvation induce spore formation 

(61, 93). It has been estimated from metabolic balance studies that in healthy adults 

consuming an average Western diet, a Pi concentration of 15 to 30mM is normally 

present under homeostatic conditions in the human intestinal lumen (61, 133). This 

level of in vivo Pi concentrations, as we demonstrated in this study, should be able 

to induce sporulation and CPE production in C. perfringens. It is also interesting to 

note that in all the known Pi-sensing systems reported in bacteria, Pi limitation is the 

signal that triggers adaptation (135). For instance, the phoP-phoR regulatory 

systems, present in diverse range of bacteria but apparently absent in C. perfringens 

(110), are activated by depletion of Pi to micromolar levels (1). 

 In the present, study, we demonstrated that an excess amount of Pi, but not Pi 

starvation, induces the developmental adaptation (sporulation) of C. perfringens. 

Effect of Pi is independent of its pH buffering effects and media composition, and Pi 

is required at the onset of sporulation (Stage zero) before Spo0A activation. Further 

research on the identification of the signal regulatory system that recognizes 

milli-molar levels of soluble Pi as an environmental signal to induce the initiation of 

sporulation should help in understanding the mechanism of developmental 

adaptation of C. perfringens. 
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5.1. Abstract 

C. perfringens is a Gram-positive pathogenic bacterium which causes 

histotoxic and gastrointestinal diseases in both human and animals. Sequence 

analysis of C. perfringens strain 13, SM101 and ATCC13124 revealed that flagella 

and chemotaxis coding genes are not present. However, this bacterium exhibits 

gliding motility and this ability is dependent on Type IV pili (TFP). It is known 

glucose affects bacterial social behaviors such as sporulation and biofilm formation. 

Therefore, the effect of glucose and other carbohydrates on C. perfringens gliding 

motility was investigated. Our results demonstrated catabolite repression of gliding 

motility is regulated by the catabolite control protein CcpA, and this effect is due 

partially to the down regulation of TFP biosynthesis genes. 

 

5.2. Introduction 

Clostridium perfringens is an important cause of histotoxic and gastrointestinal 

(GI) diseases in both humans and animals (76, 83, 134). CPE-positive C. perfringens 

type A strains are very important human GI pathogens, causing C. perfringens type 

A food poisoning and non-food-borne human GI diseases such as antibiotic 

associated diarrhea (AAD) and sporadic diarrhea (SD) (76). Several studies (23, 70, 

100) have shown that C. perfringens type A food poisoning isolates carry the gene 

(cpe) encoding CPE on the chromosome, while cpe is located on a plasmid in 

AAD/SD isolates. This Gram-positive spore forming bacteria has been traditionally 

described as a non-motile bacterium (12). No flagella or chemotaxis coding genes 
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were identified in the complete genomic sequence of three C. perfringens strains, 

strain 13, SM101 and ATCC13124 (83, 110). However, these strains carried genes 

which code for Type IV pili (TFP) components (such as pilA-D and pilT) (83, 110). 

Recently, Varga et. al. demonstrated that C. perfringens strain 13, SM101, and 

ATCC13124 exhibited gliding motility on BHI (Brain Heart Infusion) agar plate, 

and TFP was detected on the surface of the bacteria (131). 

Motility is an important feature of most pathogenic and non-pathogenic 

bacteria. Gram-negative bacteria are able to move on semi-solid surface by 

twitching motility, a flagella-independent surface motility (9), which has been 

demonstrated by opportunistic pathogen Pseudomonas aeruginosa (10), pathogenic 

Neisseiria gonorrhoeae (75), and recently by Haemophilus influenzae, which was 

previously considered as non-motile bacteria (7); or by gliding motility in 

Myxococcus Xanthus (68). Gliding motility is defined as the movement of 

rod-shaped cells in the direction of its long axis on a surface. In M. xanthus, two 

types of mechanism for gliding motility are utilized, adventurous (A)- and social 

(S)-motility (58). This bacterium exhibit A-motility when cells are isolated and not 

in contact with each other. It has been proposed that the driving force for A-motile 

M. xanthus cells is generated by the action of a nozzle-like structure that produce a 

polysaccharide slime trail. S-motility, similar to twitching motility, is dependent on 

the retraction of TFP (58). Extracellular appendage of TFP are composed of 

polymerized small protein PilA or pilin. In P. aeruginosa PilA is initially translated 

as a prepilin with a short leader peptide cleaved by PilD (3). PilB provides energy 

for assembly. PilT and PilU are nucleoside-triphosphate (NTP) binding proteins, 
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which has been implicated in pili retraction during twitching motility (9). TFP 

mediate other cellular features such as adherence, bacteriophage absorption, DNA 

uptake and biofilm initiation and development (75). In P. aeruginosa almost 40 

genes are involved in biosynthesis and function of TFP (75). In C. perfringens, 

previous studies demonstrated that pilT or pilC mutants failed to produce detectable 

pilus and was non-motile on BHI agar (131). Other putative TFP biosynthesis 

genes found in C. perfringens remains to be characterized and the exact mechanism 

of TFP assembly is currently unknown. 

Surface motility is an example of social behavior, where cells cooperate to 

reach new habitats, better growth conditions and nutrient sources (58). Other 

example of community coordinate processes are biofilm development and 

sporulation in both Gram-positive and Gram-negative bacteria (28). Diverse 

environmental and quorum sensing signals activate these processes. Catabolite 

repression, regulates various social behavior in bacteria (86, 118). In P. aeruginosa, 

the presence of glucose in growth medium promotes the formation of structured 

mushroom-shape biofilm with large aggregates (63, 112). This type of structured 

biofilm is a result of cells exhibiting lower motility (112). In the absence of glucose, 

P. aeruginosa cells are much more motile and biofilms appear to be flatter and 

densely packed (63, 112). Biofilm development is suppressed by glucose in several 

Enterobacteriaceae species such as Escherichia coli, Klebsiella pneumoniae and 

Salmonella enterica Typhimurium (56). In the sporulating bacterium Bacillus 

subtilis, glucose is a strong catabolic repressor of both biofilm formation and 

sporulation (104, 118, 124). In the case of C. perfringens, glucose represses both 
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sporulation and C. perfringens enterotoxin (CPE) production (130) and the 

catabolite control protein (CcpA) is required for efficient sporulation (130). 

However the role of glucose and CcpA on C. perfringens gliding motility remains 

unknown. 

In this regard, the effects of glucose and other carbohydrates on C. perfringens 

gliding motility were investigated. A survey of gliding motility on multiple C. 

perfringens strains belonging to different disease groups were performed, and 

possible regulation of motility through pilT and pilD transcription was examined. 

Our results demonstrate that catabolite repression of gliding motility is regulated by 

the catabolite control protein CcpA, and this effect is due partially to the down 

regulation of TFP biosynthesis genes. 

5.3. Material and Methods 

Strains and culture conditions 

The C. perfringens strains used in this study are listed in Table 8. The growth 

media employed to propagate strains were FTG (Fluid Thioglycolate) and TGY 

(3% Tryptic soy broth, 2% Glucose and 1%Yeast extract, 0.1% Cysteine). All 

cultures were grown under anaerobic conditions in anaerobic jars containing a 

GasPak (BD) at 37ºC. Motility experiments utilized both TGY and TY (excluding 

glucose).  
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Construction of gusA reporter plasmid 

 For β-glucoronidase assay four strains were constructed carrying gusA 

reporter plasmid (Table 8). An ~360bp region upstream of SM101 pilT (CPR_1737) 

was amplified by PCR using primers CPP53 (5� 

GCGTCGACGAGATATGGTCTTTTAGATGG 3�) AND CPP55 (5� 

GCTGCAGCAGATGCTCCTTCTTTAACTG 3�). An ~300bp promoter region of 

SM101 pilD putative operon (CPR_2273) were amplified by PCR using primers 

CPP230 (5� GCGTCGACCTTGAAGATTTAGATAAGCCTC 3�) and CPP231 (5� 

GCTGCAGCCTTCCAATTATTAATCCAAATAA 3�). PCR fragments containing 

pilT or pilD promoter region were cloned into pCR®-TOPO-XL® (Invitrogen). A 

PstI-SalI digested fragment containing the promoter region was then ligated with 

PstI and SalI digested pMRS127 (94) The gusA reporter plasmids pEJZ2 (SM101 

pilT promoter fused with gusA) and pPilDgus-127 (SM101 pilD promoter fused 

with gusA) were introduced into strain 13 and SM101 by electroporation. 

 

Motility assays 

Motility was tested on media supplemented with 0.7% agar. Before inoculation, 

agar plates were dried for 1 h at 37ºC. C. perfringens strains were grown overnight 

in FTG at 37ºC, and 300 µl of this culture were inoculated and propagated in TGY 

for 7 h at the same temperature. Next, 1 ml of culture was centrifuged and 

concentrated 2-fold. Five microlitres of the concentrated cell suspension were then 

spotted onto a pre-dried plate. To observe motility, plates were incubated 
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anaerobically for 48-72 h at 37ºC. Photographs of the plates were taken with a 

Canon PowerShot SD550 digital camera.  

 

β-glucuronidase assays 

All tested strains were grown overnight in FTG at 37ºC, and 150 µl of these 

cultures were inoculated into TY and TGY. At various time points, 1 ml of each 

culture was place into a 1.5 ml microcentrifuge tube, centrifuged for 2 min at 9000 

rpm, and the supernatant was discarded. The cell pellet was stored frozen at -20ºC. 

The pellet was resuspended with 1 ml of Z-buffer (per liter: 8.54g of Na2HPO4, 

5.5g of NaH2PO4.H2O, 0.75g of KCl, 0.25g of MgSO4 and 1.4 ml of 

β-mercaptoethanol.7H2O, pH 7) (43). The suspension was diluted approximately 

7-fold with Z-buffer to a final volume of 730 µl. Next 10 µl of 10 mg/ml lysozyme 

was added and the mixture was incubated for 30 min at 37ºC, followed by the 

addition of 10 µl 10% Trition X-100 (Sigma). The enzyme reactions were initiated 

by adding 100 µl of 6mM 4-nitrophenyl β-D-glucuronide (Sigma). After 15 min at 

37ºC, the reaction was stopped by adding 150 µl of 1M Na2CO3. The absorbance 

was measure at 405 nm and the activity (Miller Units) was calculated by the 

following equation: (Abs 405 nm X 66.7) / (OD 600 nm X culture volume [milliliters]) 

(92).  
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Construction of ccpA mutant 

 To inactivate ccpA in strain 13, an internal fragment of the ccpA gene was 

amplified by PCR using primers CPE2539F (5� TACTTACAGCTATCTCTCTC 3�) 

and CPE2539R (5� TGGCTGCTTCAATTAAAGAC 3�) and cloned into the SmaI 

site of pUC18. For selection, an erythromycin resistance cassette from pJIR418 was 

then ligated into the HincII site of the mutator plasmid. The plasmid was 

transformed into strain 13 by electroporation. Inactivation of the gene was 

confirmed by Southern and Northern blot analysis. 

 

Table 8: C. perfringens strains used in this study 

Strains Isolate Source or Phenotype References 
Motility assay   
   
Human isolates   
13 Gas gangrene (110) 
NCTC8239 Food poisoning isolates (23) 
NCTC10239 Food poisoning isolates (46) 
SM101 Food poisoning isolates (23) 
191-10 Food poisoning isolates (117) 
F4406 Sporadic diarrhea (46) 
F4969 Sporadic diarrhea (46) 
F5603 Sporadic diarrhea (46) 
B11 Antibiotic-associated diarrhea (23) 
B41 Antibiotic-associated diarrhea (46) 
NB16 Antibiotic-associated diarrhea (46) 
   
Animals isolates   
JGS1807 Porcine origin (134) 
JGS1818 Porcine origin (134) 
294442 Canine origin Courtesy of R. Carman 
317206 Canine origin Courtesy of R. Carman 
AHT327 Horse origin (134) 
AHT2911 Horse origin (134) 
   
gusA constructs   
   
13(pEJZ2) pilT promoter fused with gusA in pMRS127 This study 
13(pPilDgus-127) pilD promoter fused with gusA in pMRS127 This study 
SM101(pPilTgus-127) pilT promoter fused with gusA in pMRS127 This study 
SM101(pPilDgus-127) pilD promoter fused with gusA in pMRS127 This study 
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5.4. Results 

Glucose represses motility in C. perfringens. 

To analyze the effect of carbohydrates on C. perfringens motility, a suitable 

medium need be identified in order to evaluate the extent of motility. According to 

a previous study (130, 131), BHI (Brain heart infusion) agar was utilized as a 

motility control medium. To determine the effect of glucose on motility, another 

nutrient rich medium TGY agar (containing 2% glucose), was included. In addition, 

the effective glucose concentration needed to inhibit biofilm formation in B. 

subtilis is 1% (118), therefore, TGY is suitable for testing the effect of glucose on 

motility. Initially, strains 13 and SM101 were chosen as controls since they were 

reported earlier to be motile (131), in addition a cpe-positive strain NCTC8239 was 

included (139). In this study, motility is defined as the ability of cells to spread 

away from the edge of inoculation point by at least 0.4 cm in a curved flare pattern 

after 72 h at 37ºC. When 7 h TGY grown cultures were spotted onto BHI (Material 

and Methods), the pattern of colony expansion was similar to the gliding motility 

reported earlier by others (131) showing a distinctive curved flare pattern (Fig. 17). 

On TGY plate, all tested strains remained in the inoculation point indicating no 

gliding motility (Fig. 17).  

If glucose was responsible for the repressive effect on motility on TGY agar, 

then the removal of glucose from TGY will allow the cells to exhibit motility while 

the addition of glucose in BHI agar will result in inhibition of gliding motility. To 

test this hypothesis, glucose was omitted from TGY agar and BHI agar 

supplemented with glucose. As shown in Fig.17, all three strains exhibited gliding 



 93

motility on TY agar while the presence of 2% glucose in BHI medium repressed 

gliding motility (Fig. 17). Therefore, glucose clearly inhibited gliding motility in 

strain 13, SM101, and NCTC8239. In addition, it was observed that the extent of 

motility was best demonstrated on TY rather than BHI (Fig. 17), therefore all 

subsequent motility experiments were conducted using TY (Tryptic soy broth and 

Yeast extract) containing 0.7% agar.  

 

Fig 17: Gliding motility of C. perfringens strains 

 

Fig 17: Gliding motility of C. perfringens strains. A) Strain 13, SM101 and NCTC8239 in media 
with and without glucose. �BHI� � BHI without glucose, �TGY� � TY supplemented with 2% 
glucose, �TY� � TY without glucose, and �BHIG� � BHI supplemented with 2% glucose. Black 
dotted circles show the diameter of the initial inoculation spot. B) Gliding motility of additional C. 
perfringens strains. 1 � NCTC8239, 2 - NCTC10239, 3 � JGS1818, 4 � 294442, 5 � 317208 (Table. 
8) 
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Catabolic repression by glucose and other carbohydrates.  

To determine how motility is affected by different glucose concentrations, a 

glucose gradient was generated on a TY agar plate. One third section of a TY plate 

was cut out and replaced with TGY (Fig. 18A). A glucose gradient was generated 

due to the diffusion of glucose molecules from TGY to TY. Strain 13 was spotted 

onto TGY and then at various spots on the TY section of the plate. The extent of 

motility exhibited by strain 13 was inversely proportional to the glucose 

concentration (Fig. 18A); as the concentration of glucose decresed, the extent of 

motility increased. To determine the minimal concentration of glucose required to 

inhibit motility, three different concentrations of glucose were assayed: 0.25, 0.5 

and 1%. As shown in Fig. 18B, with 1% of glucose no gliding motility was 

observed. Both Strain 13 and NCTC8239 begin to glide slightly on a plate 

containing 0.5 % glucose, while on plate containing 0.25% glucose little or no 

inhibition of motility was observed. Therefore, glucose repression of gliding 

motility apparently occurs at a concentration greater than 0.5%. 

In order to determine if the inhibitory effect on motility by glucose is a general 

catabolite repression, other carbohydrates were tested. The effect of rapidly 

metabolized carbon source (galactose, fructose, lactose and sucrose) were assayed 

(122). The motility of strains 13 and NCTC8239 were inhibited when growing on 

plate containing 2% fructose, galactose, lactose, or sucrose, as shown in Fig. 18C. 

In addition, effect of raffinose and starch supplementation, two complex 

carbohydrates required for C. perfringens sporulation and CPE production, were 

tested (66, 67). When 2% raffinose was added to TY agar no motility inhibition 
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was observed. With 2% starch, the extent of motility in both strain 13 and 

NCTC8239 was suppressed to a minor degree (Fig. 18C). Taking into account that 

the C. perfirngens Duncan Stronge sporulation medium (DSSM) contains only 

0.4% starch (66), a lower starch concentration was assayed. As shown in Fig. 18C, 

motility was not repressed when 0.4% starch was added to TY agar. These findings 

suggest that motility is regulated by catabolite repression, specifically by 

rapidly-metabolized sugars. 

Analysis of C. perfringens gliding motility was extended to other strains. 14 

additional C. perfringens strains (Table 8), including 8 human isolates, and 6 

animal isolates were tested. All tested strains exhibited motility after 72 h on TY 

(Fig. 17B and data not shown).  Next, the repressive effect of glucose on gliding 

motility of these strains was determined by spotting tested strains onto TY agar 

containing 2% glucose. No motility was observed in all tested strains indicating 

that glucose can act as general repressor of gliding motility in C. perfringens (Fig. 

17B and data not shown). To determine if other carbohydrates tested can also 

repress motility in these strains, all strains were spotted onto plates with similar 

conditions as described above. No gliding motility was observed by all tested 

strains grown in TY supplemented with 2% fructose, galactose, lactose, or sucrose 

while gliding motility was observed with raffinose supplementation. With 2% 

starch all tested strains were non-motile, with the exception of NCTC10239 which 

exhibited partial motility, and JGS1807 which was motile at this high concentration 

of starch (data not shown).  
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Fig 18: Effect of glucose and other carbohydrates on motility 

 
Fig 18: Effect of glucose concentration and different carbohydrates on highly motile strain 13 and 
NCTC8239. A) Effect of glucose gradient on motility. The left portion of the plate contains TGY 
(2% glucose) and the right portion contains TY only. B) Effect on motility by different glucose 
concentrations. C) Effect of several carbohydrates on motility. �Glu� � glucose, �Fru� � fructose, 
�Lac� � lactose, �Suc� � sucrose, �Gal� � galactose, and �Raf� � raffinose. 
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CcpA is required for catabolite repression of C. perfringens gliding motility 

 In the aerobic bacterium B. subtilis, biofilm formation is under the control of 

Ccpa (118) and similarly a previous study reported CcpA is required for efficient 

sporulation of C. perfringens (130). In order to determine if CcpA plays a similar 

role in gliding motility, a ccpA mutant was constructed (Material and Methods). 

Briefly, an internal region of ccpA was PCR-amplified and inserted into a pUC18 

deritative and the plasmid was transformed into C. perfringen strain 13 by 

electroporation. A Campbell-like insertional event effectively inactivates the 

wild-type gene. Souther blot analysis and Northern blot analysis confirmed the 

inactivation of ccpA (Data not shown) 

 Evaluation of ccpA mutant on gliding motility was performed as previously 

described (Material and methods). Wild-type strain 13 was included as a control. 

As shown in Fig. 19, in the presence of 2% glucose (TGY agar plate), no gliding 

motility was observed in wild-type strain 13, and as the concentration of glucose 

decreses, an increase in the extent of motility was observed. When the ccpA mutant 

was inoculated on the same plates, no obvious gliding motility was observed on 

TGY plate, although the morphology of the colony was different from the wild type 

strain (Fig. 19) in which a grainy appearance of growth can be detected on the outer 

edge of the colony. At glucose concentration of 1.75%, 1.5% and 1%, wild-type 

strain 13 remained unable to exhibit gliding behavior. However, gliding motility 

was clearly seen by the ccpA mutant with the most significant difference with the 

wild-type strain 13 at 1% glucose concentration. At 0% glucose (TY), both the 

wild-type strain and the ccpA mutant exhibited similar extent of gliding motility. 
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Collectively, these results indicated that catabolite repression of gliding motility is 

due in part to regulation by CcpA.  

 

Fig 19: Gliding Motility of ccpA mutant 

 

Fig 19: Motility of C. perfringens wild type strain 13 and ccpA mutant. Motility assay were 
performed according to protocol described previously (Method and materials). Plates were 
incubated anaerobically at 37°C for 72 hours.   
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Catabolic repression of C. perfringens pilT and pilD.  

A recent study demonstrated that the motility of C. perfringens strain 13 

depends on the product of pilT and pilC, which are required for TFP assembly 

(131). pilT mutant of strain 13 does not spread out from the inoculation spot as the 

wild type does, and no pilus was detected using Field Emission-Scanning Electron 

Microscopy (FE-SEM) (131). Since glucose has been shown to suppress gliding 

motility in all our tested C. perfringens strains (Table 8), it is possible that the 

transcription of pilT might be affected by glucose. In addition, effect of glucose on 

the transcription of other TFP assembly genes was tested. pilD, which is located in 

a locus that include putative TFP biosynthesis genes such as pilB, pilC, pilA, and 

pilM, was evaluated (Fig. 20A). To determine if transcription of pilT and pilD in 

TY medium with and without glucose supplementation is affected, a gusA reporter 

fusion was used. To accomplish this, a gusA reporter construct containing SM101 

pilT or pilD promoter was transformed into strain 13 and SM101 (see Material and 

Methods). As shown in Fig. 20B, there were no significant differences in growth of 

strains carrying gusA constructs during exponential phase in medium with or 

without glucose. However, the final cellular yield was higher in media 

supplemented with glucose than in media without glucose indicating that glucose is 

a preferential source of carbon for C. perfringens. Transcription of pilT and pilD in 

TY and TGY (containing glucose) liquid medium was assayed. No significant 

difference in pilT and pilD promoter activity was observed from exponential phase 

through early stationary phase (8 h) of growth (Data not shown and Fig 20C.). 

However, at late stationary phase (24 h), the expression of pilT was reduced by 
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50% in strain 13 and by 75% in SM101 when grown in the presence of glucose 

(Fig 20C). Similarly, expression of pilD was reduced by 80% in strain 13 and by 

75% in SM101 (Fig 20C).  

 

Fig 20: Effect of glucose on pilT and pilD transcription 

 

Fig 20: pilT and pilD transcription in media without glucose added (TY) and without glucose (TGY). 
A) Gene arrangement of pilT and pilD in C. perfringens strain SM101. Black arrows indicate 
promoter evaluated in this study. B) Growth curve in TY with glucose (open symbols) and without 
glucose (filled symbols). Strain 13(pEJC2) � squares, Strain SM101(pEJZ2) � diamonds, strain 
13(pPilDgus-127) � circles, and strain SM101(pPilDgus-127) � triangles. C) Transcription of pilT 
and pilD promoters measured by β-glucuronidase assay in medium with (light gray) and without 
glucose (dark gray). Results shown based on three independent assays. 
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5.5. Discussion 

The aim of this study was to explore in detail how gliding motility in C. 

perfringens is affected by nutrient availability such carbon source. We surveyed the 

gliding behavior of several C. perfringens strains originated from human and 

animal. In addition the effect of glucose on transcription of TFP biosynthesis genes 

was tested.  

When glucose was present in the medium gliding motility was not observed in 

strain 13, SM101, and NCTC8239 (Fig. 17A). Analysis of additional strains 

confirmed the repressive effect of glucose (Fig. 1B). This catabolic repression of 

motility is concentration-dependent, as shown in Fig 18A and 18B, in which 

motility was only observed when the glucose concentration was less than 0.5%. To 

reconfirm the role of catabolite repression on gliding motility, different 

carbohydrates were tested. Gliding motility was found to be inhibited by 

rapidly-metabolized sugars such as fructose, lactose, sucrose, and galactose. 

Raffinose did not inhibit motility and starch inhibited only at higher concentrations 

(2% starch) (Fig. 18C and data not shown). Interestingly, previous studies have 

demonstrated that C. perfringens sporulation and CPE production are also 

repressed by the addition of a rapidly metabolized sugar such as glucose and 

lactose, while raffinose and starch were found to facilitate both events (66, 67). 

This correlation between catabolic repression of sporulation and motility indicated 

that these two processes might share a similar regulation network.  

Disruption of the gene ccpA which encodes a homolog of catabolite control 

protein resulted in partial de-repression of gliding motility in the presence of 
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glucose. CcpA is a transcriptional repressor that is activated in the presence of 

abundant carbon source such as glucose. Once activated, CcpA will repress the 

expression of many metabolic genes as well as genes involved in stationary phase 

event such as biofilm formation (118). In this study, inactivation of ccpA restored 

gliding motility partially even in the presence of glucose. Our results indicated that 

although additional factors clearly are involved in the regulation of gliding motility, 

CcpA is required for C. perfringens to repress gliding motility. One possible 

mechanism for Ccpa regulated gliding motility is through the repression of TFP 

biosynthesis genes; however it may not be a direct repression since no putative cre 

sites has been identified in any of the TFP biosynthesis genes analyzed so far (data 

not shown).  

Previous study demonstrated that pilT is necessary for social gliding motility 

in M. Xanthus (138), and pilT and pilD genes are required for motility in C. 

perfringens strain 13 (131). Our promoter expression analysis indicated that 

glucose might repress motility by repressing the expression of pilT and pilD. As 

shown in Fig. 20C, addition of glucose in the medium resulted in decrease in pilT 

and pilD expression by ~50-80%, and the maximum reduction in transcription 

occurred approximately at 24 h of growth. This result is consistent with the 

observation that motility on agar plate begins only after 16-20 h of growth (Data 

not shown). Future research is needed to determine whether glucose has an effect 

on other C. perfringens TFP biosynthesis genes expression, like pilA. In P. 

aeruginosa, the expression of pilA decreased in cells undergoing dispersion from 

biofilm. The dispersion is induced by high concentration of nutrients such as 
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glucose (102). These cells suppressed TFP formation while increased flagella 

production during its movement away from the biofilm. Another glucose effect is 

the formation of mushroom like biofilm in P. aeruginosa (63). When cell are 

highly motile the biofilm formed is flat and homogeneous (63). Formation of these 

flat biofilms are mediated by swarming (flagella-dependent motility) and/or 

twitching (flagella-independent, TFP-dependent motility) (63). P. aeruginosa 

mutants unable to produce Type IV pili and/or flagella do not spread out and 

generate mushroom-like biofilms (63). This agglutinated biofilm is a result of non 

motile strains and glucose. Therefore, glucose has a direct role in repressing 

motility in P. aeruginose. Moreover, glucose reduced TFP expression in P. 

aeruginose (102). This is consistent with our current findings that glucose 

decreased transcription of pili biogenesis genes pilT and pilD.  

Excess glucose in growth medium not only affects stationary phase 

phenomena in C. perfringens, such as sporulation, CPE production (80, 92, 130) 

and motility (This study); but it can act as a catabolic repressor of collagenase 

production during vegetative growth (130). In the related bacterium C. difficile 

glucose represses toxin production (34). The understanding of how catabolic 

repression inhibits known virulence process (sporulation and enterotoxin 

production) and a possible new pathogenic related process (motility) in C. 

perfringens will contribute to development of preventive measures for C. 

perfringens associated diseases.  

In summary, to our knowledge this study represents the first report of 

catabolite control of Clostridium gliding motility. Gliding motility was exhibited by 
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a variety of clinically important C. perfringens human and animal disease isolates. 

Mutant analysis identified CcpA as required for efficient repression of gliding 

motility in the presence of glucose. Transcription of TFP biosynthesis gene pilT 

and pilD were found to be repressed in the presence of glucose, which explains in 

part how glucose inhibit motility by repression of TFP biosynthesis genes. Analysis 

of the mechanism of CcpA-mediate repression as well as the identification of 

additional factors involves in gliding motility are currently underway. 

 

 

 



 105

Chapter 6 

Conclusions 

 Clostridium perfringens is an anaerobic pathogen of both humans and animals 

with the ability to produce various toxins, form heat resistance spores, and exhibit 

gliding motility. Enterotoxin (CPE) producing C. perfringens type A isolates is the 

third most common cause of foodborne illness in the USA (73), causing severe 

economic losses every year. Like many other bacteria, C. perfringens has the ability 

to adapt to environmental changes by developing different responses such as 

sporulation and motility, however few studies have been performed to understand 

such processes. Although a great deal of information has been collected over the 

past thirty years in understanding sporulation and motility in organism such as B. 

subtilis and M. xanthus, similar mechanism in Clostridium species remain unknown. 

In the current study, we performed molecular analysis of spore formation and 

gliding motility in C. perfringens. 

 The first study was to characterize the role of the transcriptional regulator 

Spo0A in C. perfringens sporulation, which was known to be a master regulator of 

sporulation in B. subtilis.  Analysis of the completed C. perfringens strain 13 

genome revealed a spo0A homolog with a premature termination codon in the ORF. 

We performed sequence analysis of four other C. perfringens strains and identified a 

functional spo0A gene (no premature stop codons) in all cases. To determine if 

spo0A is required for C. perfringens spore formation, a double-antibiotic selection 

strategy was utilized to introduce mutation in the spo0A gene. Inactivation of the 

spo0A gene blocked spore formation and CPE production in C. perfringens at the 
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initial stage (stage 0) of sporulation. Complementation of the spo0A mutant restored 

both activity, indicating that functional Spo0A is required for spore formation and 

enterotoxin production. Our report represented the first study involving the 

construction of a C. perfringens sporulation gene knock-out mutant.  

 With the completion of sequencing projects in other Clostridium species, we 

wanted to know if Spo0A is required for spore formation in all Clostridia. Amino 

acid comparison of spo0A from C. acetobutylicm, C. botulinum, C. difficile, C. 

tetani, and C. perfringens revealed high homology with each other (~70%). 

Important domains such as the site of phosphorylation, conformational switch, and 

the DNA binding domain were all conserved. To evauluate the role of these spo0A 

homologs in spore formation, we constructed complementing vectors carrying 

various Clostridia spo0A and transformed into our previously constructed C. 

perfringens spo0A mutant. Sporulation assay determined that spo0A from C. 

aceobutylicum and C. tetani were able to restore spore formation and CPE 

production in the spo0A mutant. Our results indicated that Spo0A from C. botulinum 

and C. difficle was unable to restore spore formation due, at least in part, to the 

lower level of spo0A transcription and Spo0A production. It is possible that 

additional factors are required for initiation of sporulation in other Clostridia due to 

differences in environmental niches.  

Confirmation of the role of Spo0A in C. perfringens sporulation raised another 

question. What are the signal(s) required to initiate spore formation in C. 

perfringens? Although cell density and nutrient limitation can trigger spore 

formation in B. subtilis, the exact signal has yet been identified. Analysis of the 
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commonly used sporulation media for C. perfringens revealed an unusually high 

level of inorganic phosphate. Efficiency of sporulation in C. perfringens was 

determined by varying the amount of phosphate and pH in the medium. It was 

determined that inorganic phosphate constitutes an environmental signal that can 

trigger sporulation and CPE production. Microscopic and Nothern blot analyses 

demonstrated that inorganic phosphate is required at the onset of sporulation (stage 

0) before Spo0A activation. Our in-vitro findings have relevance to clincal research 

since it has been shown that the level of phosphate required for spore formation is 

similar to the level of phosphate present in a normal human adult (133). It is 

tempting to speculate that C. perfringens has evolved to recognize physiological 

level of phosphate as a signal to initiate spore formation as a way to protect it self 

from the stressful environment of the intestine (normal flora, microbicide peptides, 

bile salts, etc). Further research is necessary to characterize the phosphate-dependent 

regulatory system in C. perfringens. 

Our study also characterized gliding motility in C. perfringens. Although C. 

perfringens has been known to be a non-motile organism, recent study identified 

TFP production and gliding motility behavior in three C. perfringens strains. Since 

catabolite repression is involved in the regulation of biofilm formation and 

sporulation (56, 86, 107, 118), we analyzed the effect of carbohydrate on gliding 

motility. Phenotypic analysis indicated that glucose inhibited gliding motility in all 

strains tested and the effect is concentration dependend with 0.5% glucose being the 

borderline amount required to repress motility. Other rapidly metabolized 

carbohydrates (galactose, fructose, lactose, and sucrose) also repressed gliding 
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motility. Complex carbohydrates such as raffinose and starch, which have been 

shown to enhance sporulation, did not repress gliding motility. The catabolite 

control protein CcpA, which is required for efficient sporulation and biofilm 

formation in C. perfringens and B. subtilis (118, 130), was also found to be required 

for gliding motility. Results from β-glucuronidase assay measuring the expression 

level of TFP biosynthesis genes pilT and pilD indicated that glucose inhibition of 

gliding motility might be due to its down regulation of TFP production.  

In conclusion, results from this study have contributed to the understanding of 

spore formation and gliding motility in C. perfingens. With the completion of three 

C. perfringens genomc sequencing projects, the spo0A mutant constructed in this 

study can be utilized in future microarray studies to perform genome wide analysis 

of sporulation. Understanding of the mechanism of C. perfringens adaptive 

responses will aid in the development of therauputic and preventive measure against 

C. perfringens associated diseases.  
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