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Clostridium perfringens is a Gram-positive, anaerobic, spore-forming bacterium 

that can produce as many as 17 different toxins and are responsible to cause a wide array 

of gastrointestinal (GI) and histotoxic diseases in humans and animals. As individual 

strains produce a subset of these toxins, C. perfringens strains can be classified into five 

toxinotypes (A-E). C. perfringens type A strains that produce C. perfringens enterotoxin 

(CPE) cause food-poisoning (FP) and non-food borne (NFB) diseases in humans and 

domestic animals which account for a substantial amount of economic loss every year in 

the United States. To cause a wide variety of diseases in different hosts, C. perfringens 

possesses several unique characteristics; i) this bacterium is anaerobic and can survive in 

many conditions that are not regularly exposed to the air or has limited oxygen 

concentration, such as soil, sewage, GI tract of humans and animals, ii) it can form spores 

that are resistant to heat and other environmental stresses, iii) by sensing favorable 

conditions, spores of C. perfringens can rapidly transform into vegetative cells through a 

process called germination when conditions are favorable, and iv) it can produce variety of 

toxins in different conditions. Considering these unique features regarding C. perfringens 

survival in the environment and pathogenicity towards different hosts, it is important to 

identify genes and proteins that are involved in C. perfringens sporulation and germination 

process. Also, identification of potential germinant molecules is important to effectively 

kill spores with minimal effort. The studies conducted for this dissertation were focused to 

identify and characterize several putative germination and sporulation specific proteins as 

well as characterize germinant molecules for C. perfringens isolates from various sources. 



 

The initial focus of this dissertation was to investigate the role of two serine 

proteases of Csp family proteins, CspA and CspC, in C. perfringens spore germination. 

Previously, it has been shown that another serine protease CspB is involved in the 

processing of pro-SleC into mature, active SleC. SleC is a cortex lytic enzyme that is 

involved in the spore cortex hydrolysis in C. perfringens spore germination. Our current 

study demonstrated that i) cspA and cspC are transcribed as a bicistronic operon during the 

sporulation and the location of the transcripts are present in mother cell only, ii) both CspA 

and CspC have role in spore germination, as spores of double cspA-cspC and single cspC 

mutants exhibited very low extent of germination with different nutrient and non-nutrient 

germinants than wild-type and complemented strains, iii) cspA and cspC spores were 

defective in outgrowth and colony formation in nutrient rich media, iv) CspA and CspC 

are involved in spore cortex hydrolysis by processing of pro-SleC into active SleC, and 

finally v) CspA and CspC do not activate and regulate the levels of CspB. 

The second focus of this dissertation was to identify and characterize several 

putative sporulation proteins in C. perfringens FP strain SM101. Nine genes (ylzA, ymxH, 

spoIIM, ytxC, ylxY, ytaF, yyaC1, yyaC2 and bkdR) were identified based on the homology 

with respective genes in Bacillus subtilis. Among the selected genes, promoters of seven 

genes (ymxH, spoIIM, ytxC, ytaF, yyaC1, yyaC2 and bkdR) were expressed at different 

time points during sporulation as determined by β-glucuronidase assay. By using group-II 

intron based TargeTron technique, null mutations were inserted in seven genes (ymxH, 

spoIIM, ytxC, ytaF, yyaC1, yyaC2 and bkdR) and analyzed for spore formation and 

germination properties. Results from this study revealed that, ii) SpoIIM plays very crucial 

role in spore formation as no spores were produced by spoIIM mutant strain, ii) YmxH, 

YtxC, YtaF, YyaC1 and BkdR have minor role in spore formation as C. perfringens ymxH, 

ytxC, ytaF, yyaC1 and bkdR strains showed significantly reduced spore formation 

compared to the wild-type strain, and iv) YyaC2 and YtxC have roles in spore germination 

as lower germination rate and decreased DPA release compared to wild-type was observed 

with yyaC2 and ytxC mutant spores. 

The final focus of this dissertation was to identify the germinants for the spores of 



 

C. perfringens strains isolated from diseased animals and investigate the presence and 

expression of major germination genes in these animal isolates. Spores of C. perfringens 

animal isolates (horse isolates 106902 and 106903, pig isolates JGS1071 and JGS1807, 

dog isolates 294442 and 294443, and poultry isolates JGS4122 and JGS4125) were tested 

with different nutrient and non-nutrient germinants. Spores of C. perfringens animal 

isolates showed very low germination with different nutrient, non-nutrient germinants, rich 

media and cell culture media compared to human FP isolate SM101. When spores of four 

strains (106903, JGS1807, 294442, and JGS4122) of animal isolates were tested with all 

amino acids at pH 7.0 and pH 6.0, the germination rate varied among strains and was not 

consistent. However, most of the strains germinated better at pH 6.0 than at pH 7.0 with 

all amino acids tested. Germination assay with L-cysteine and L-lysine at different pHs 

(5.0 to 9.0) and different concentrations (1 mM to 200 mM) revealed that except strain 

JGS4122, all other strains did germinate better with higher concentrations of L-cysteine 

and L-lysine at pH range of 5.5-7.0. qRT-PCR analyses with RNA extracted from 8 h 

sporulation culture showed that level of expressions of gerKA, gerKB, gerKC and gerAA 

were higher in animal isolates compared to SM101. However, the transcript levels of cspA, 

cspB, cspC and sleC were lower in animal isolates. This finding was further confirmed by 

the quantitative Western blot analyses as the levels of both CspB and SleC was low in C. 

perfringens animal isolates than in human isolates. Together this finding suggests that C. 

perfringens animal isolates may have low activity in cortex hydrolysis that results in the 

lower spore germination.   

Collectively, our studies contribute towards understanding the mechanism of 

sporulation and germination in pathogenic bacterium C. perfringens by 1) dissecting the 

role of two new Csp proteases in C. perfringens spore germination; 2) identifying and 

characterizing new sporulation and germination genes in the pathogenic bacterium C. 

perfringens, and 2) characterizing germination of spores of C. perfringens isolated from 

diseased animals.  
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General Introduction and Literature Review 

 

  



Chapter 1 2 

1.1 Clostridium perfringens: The Bacterium 

Clostridium perfringens is a Gram-positive, rod-shaped, spore-forming, toxin-

producing, anaerobic bacterium of the genus Clostridium (1). It was first described by 

Welch and Nutall in 1892 and was named as Clostridium welchii or Bacillus welchii (2). 

C. perfringens is widely present in various natural environments such as soil, water, 

sediment, food products and intestinal tracts of humans and other animals (1). Although, it 

is a normal gut flora in humans and other vertebrates, depending on the production of 

various toxins, it can be pathogenic of humans, domestic livestock and birds, causing both 

histotoxic and diseases originating in the intestines including enteritis or enterotoximia 

(toxins produced in the intestine are absorbed into the circulation and damaging organs, 

such as brains) (1, 3). It is considered as one of the important pathogenic bacteria of the 

genus Clostridium that includes approximately 120 species such as the industrial relevant 

Clostridium acetobutylicum, and the pathogenic Clostridium botulinum, Clostridium tetani 

and Clostridium difficile (1). C. perfringens can produce an array of toxins (as many as 17 

different toxins), although the more familiar and classical toxino-typing depends on the 

production of four major toxins (alpha, beta, epsilon, and iota) (1, 3). There are five major 

toxinotypes (A-E) and each of these types can produce a subset of toxins (1, 3).  

C. perfringens type A isolates produce C. perfringens enterotoxin (CPE) which 

results in C. perfringens type A food poisoning (FP) (4). Currently, C. perfringens is ranked 

as the third among all organisms and the second among the bacterial species to cause the 

food poisoning in the United States (5). There are approximately one million cases of C. 

perfringens associated food-borne illnesses in the United States every year, causing annual 

economic losses of about $400 million (6, 7). C. perfringens isolates also cause non-food-

borne (NFB) GI diseases in humans, such as antibiotic-associated diarrhea and sporadic 

diarrhea (8). This bacterium is of major concern to the people, especially in the food 

industry due to its ability to form metabolically dormant spores that are resistant to many 

chemical and physical stresses (9). It also has the ability to return to its actively metabolic 

vegetative form by spore germination within short period of time at conditions that favors 

the vegetative growth.  
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1.2 C. perfringens Toxins 

The virulence of C. perfringens is mainly attributed by producing an arsenal of 

toxins (3). The toxin production varies from strain to strain and so C. perfringens are 

classified into five toxinotypes (A-E) based on the production of four major toxins that 

were discovered earlier (Table 1.1). 

1.2.1 C. perfringens enterotoxin (CPE).  

The Clostridium perfringens enterotoxin (CPE) is produced mainly by a small 

percentage (5%) of C. perfringens type A isolates (10, 11), although there are evidence that 

other toxintypes (type C, D, and E) can also produce CPE (12, 13). It is the most important 

virulence factor for FP and NFB GI diseases in humans (11). It is a 35 kDa protein encoded 

by a cpe gene that can be located either on the chromosome or a large plasmid (14, 15). 

Interestingly, C. perfringens type A FP isolates carry chromosomal copy of the cpe gene, 

while NFB isolates carry plasmid cpe (14-16). The epidemiological and experimental 

evidence suggest that CPE is responsible for diarrhea and abdominal cramping that is 

characteristic of type A FP (1, 17).  In addition to FP, CPE-positive type A strain also 

causes NFB GI diseases, including 5-10% of all cases of antibiotic-associated diarrhea and 

sporadic diarrhea (8, 18). 

It has been hypothesized that C. perfringens type A FP strains are phylogenetically 

distinct from other C. perfringens human and animal isolates (19, 20). C. perfringens type 

A strains that have chromosomal cpe are more equipped with food environment as spores 

of these strains exhibited more resistant to heat, pH, osmotic, chemical etc. than that of 

spores of NFB strains, that possess cpe on a large plasmid (21, 22). Regardless of the 

position of cpe, it can only expressed during sporulation (23). CPE is synthesized in the 

mother cell compartment of the sporulating cell under the regulation of mother cells 

sporulation-specific sigma factors SigK and SigE (24). Upon synthesis, it is released into 

the intestinal lumen when these sporulating cells lyse to release their spores (1). 
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1.2.2 Other C. perfringens toxins. 

C. perfringens isolates produce toxins other than CPE that have major roles in 

pathogenesis of certain diseases. Following are the brief description of several major toxins 

produced by C. perfringens strains.  

Alpha toxin: All C. perfringens isolates produce alpha toxin, a 43-kDa 

metalloenzyme that is encoded by the plc gene. It has two domains, the N-terminal domain 

exhibits phospholipase activity while the C-terminal domain is involved in membrane 

binding (25). Upon binding into the membrane of host cells, alpha toxin induces massive 

degradation of phosphatidylcholine and sphingomyelin followed by membrane disruption, 

causing tissue damage and lysis of blood cells and endothelial cells (25). This toxin has 

been implicated in many diseases, and is a main virulence factor of gas gangrene causing 

extensive tissue damage, hepatic toxicity and myocardial disfunction  (3). In C. perfringens 

diagnosis, alpha toxin is used in the reverse cAMP test due to its ability to lyse blood cells 

(26).  

Beta toxin: Beta toxin is produced mainly by C. perfringens type B and C isolates 

and the gene encoding beta toxin (cpb) is located on a large plasmid (27). It is a pore-

forming toxin and causes necrotic enteritis in many domestic animals including sheeps, 

lambs, and especially pigs with a high mortality rate (3, 28). People may get necrotic 

enteritis or pig-bel upon consumption of under-cooked pork meat contaminated with C. 

perfringens type C isolates (3).  

Epsilon toxin: The epsilon toxin is the third most potent Clostridial toxin after 

botulinum and tetanus neurotoxins and is considered by CDC as a Category B Bioterrorist 

agent (3). The purified epsilon toxin is a 34 kDa pore forming toxin and encoded by etx on 

a large plasmid present in C. perfringens non-human pathogenic type B and D strains only 

(3). This toxin causes rapid mortality to domestic animals such as sheep, lambs, goats and 

cattle by causing enterotoxemia and is of significant economic importance (3).  

Iota toxin: Iota-toxin, produced by C. perfringens type E is a binary toxin consist 

of two non-covalently lined components, Ia (enzyme component) and Ib (binding 
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component) (29). Ib bonds to the receptor on targeted cells and translocates Ia into the 

cytosol of the cells, where Ia ADP-ribosylates actin, resulting in cell rounding and death 

(30). Both subunits are encoded in a large plasmid uniquely present in type E isolates (31). 

The diseases are manifested to antibiotic associated enterotoxemia in rabbits and sporadic 

diarrhea in claves and lambs (3, 32).  

Necrotic Enteritis Toxin B-like (NetB): The Necrotic Enteritis Toxin B (NetB) is 

the major virulence factor in necrotic enteritis of poultry (3, 33), and is present in ~15 % 

of C. perfringens type A isolates recovered from chickens (34, 35). It’s a 33 kDa protein 

with limited amino acid sequence similarity to other pore forming toxins including C. 

perfringens beta-toxin (38% identity) and displays cytotoxic activity against chicken 

leghorn male hepatoma cell line by forming hydrophilic pores in the cell membranes (33, 

35). The disease is mostly seen in birds, especially poultry and cause huge economic loss 

due to the high mortality rate (50%) (35, 36).  

Beta-2 toxin: A beta-2 toxin has been found mainly in C. perfringens type C isolates 

(37). However, many type A isolates can also produce beta-2 toxin (38). It causes 

necrotizing enterocolitis in several domestic animals and livestock (39, 40). It is a 28 kDa 

toxin encoded by the cpb2 gene. Interestingly, 75% of C. perfringens isolates that cause 

antibiotic associated diarrhea and sporadic diarrhea have cpb2 and cpe genes on the same 

plasmid. (38). This co-existence of both toxin genes (cpb2 and cpe) in C. perfringens type 

A NFB may explain their longer illness period in human than C. perfringens type A FP 

isolates carrying chromosomal cpe that lasts only 24-48 h (3).  

Kappa toxin: Kappa toxin is a collagenase and gelatinase that facilitates tissue 

necrosis (41). However, this toxin may need other toxins to be present for the disease as 

studies indicate that colA mutants were still able to produce gas gangrene and clostridial 

myonecrosis in mouse (42). 

Theta toxin: Theta toxin is a major toxin in C. perfringens and also known as 

perfringolysin O (PFO) (43). It is encoded by pfoA gene and is regulated by the Agr-like 

quorum sensing and two component VirS/VirA regulatory systems (44). This toxin binds 
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to cholesterol rich- domains (termed rafts) in the membrane of host cells triggering the 

conformational changes that effect oligomerization and initiate pore formation (45).  

Delta toxin: Delta toxin, a 32 kDa hemolysin is produced by C. perfringens type B 

and C isolates. It mainly induces hemolysis of sheep, goat, and pig-erythrocytes, (46), but 

also disrupts various eukaryotic cells containing human monocytic cells, rabbit 

macrophages and platelets from rabbits, humans and goats (47, 48).  

1.3 Pathogenesis of C. perfringens 

C. perfringens causes a wide spectrum of diseases in humans and animals mostly 

due to its ability to produce as many as 17 different toxins (1, 3). However, it is interesting 

to note that certain isolates cause only certain diseases although it can produce different 

toxins.  Apart from the toxin production, there are other factors that contributes to C. 

perfringens pathogenesis; i) the ability to produce spores makes this pathogen to withstand 

a variety of environmental stresses, ii) the ability to germinate in very short time when 

conditions are favorable, and iii) rapid growth rate (doubling time less than 10 min under 

optimum conditions) results in quick disease progression.  

1.3.1 C. perfringens food poisoning (FP)  

Mainly C. perfringens type A isolates that carry cpe gene on the chromosome are 

capable of causing FP in humans (1). As mentioned in section 1.1, C. perfringens 

associated FP are the second most common cause of bacterial food-borne illness in the 

USA, which are effecting nearly 1 millions of people and resulting in a net economic 

burden of $382 million per year (5-7). Spores of C. perfringens FP isolates are the 

infectious morphotypes and are better adapted to various stressful conditions such as moist 

heat, osmotic, nitrite, and pH induced stress, prolonged frozen storage; and high pressure 

processing (HPP) than spores of NFB isolates (22, 49-51). These resistance properties of 

spores of FP isolates facilitate their survival in processed and poultry meats, products that 

are most commonly implicated in C. perfringens type A FP outbreaks (1). Once conditions 

are favorable, these heat-resistant spores can germinate and outgrow into vegetative cells 
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reaching high viable cell numbers (~106-107 CFU/g). After food is consumed, those viable 

vegetative cells that survived the stomach’s acidity will initiate sporulation in the intestinal 

tract. CPE is synthesized during the sporulation stage and finally released upon cell lysis 

causing GI illness (1). The CPE releases inside the intestine binds to intestinal epithelial 

cells causing damage and initiates fluid loss, which results in diarrhea. The characteristic 

symptoms of C. perfringens type A FP is usually abdominal cramping, nausea, and 

diarrhea, which ususally begins 8-18 h after ingestion of contaminated food. However, 

these symptoms are self-limiting and persist for 12-24 h (1).  

1.3.2 C. perfringens associated non-food-borne (NFB) diseases. 

The CPE-producing C. perfringens has also been reported to cause approximately 

5 -15% of all cases of NFB human GI diseases, including antibiotic-associated diarrhea 

and sporadic NFB diarrhea (8). These NFB diseases are associated with C. perfringens 

strains that carry cpe gene on a large plasmid (52, 53). C. perfringens type A NFB strains 

can transfer the plasmid that carry cpe gene to the cpe-negative normal C. perfringens gut 

population that have been already adapted to the gut environments (53). Unlike the FP, 

where vegetatively growing cells are the actual infectious agents, in NFB human GI 

disease, spores are the actual infectious agents (8). These spores are subjected for repeated 

cycles of spore germination and sporulation (along with CPE production) in the intestine. 

The greater colonization ability and the ability to transfer cpe gene to the cpe-negative 

population may be the reasons for the longer persistence of NFB GI illnesses than most C. 

perfringens type A FP cases (8, 54). 

1.3.3 C. perfringens associated animal diseases. 

C. perfringens is also one of the most common and important animal pathogen, 

causing a spectrum of diseases, including avian necrotic entiritis, which causes 

approximately US $2 billion per year from the global agricultural system (35). C. 

perfringens type C strains causes hemorrhagic necrotic enteritis and enterotoxemia in most 

livestock species (35). This infection is mostly observed in young animals where C. 

perfringens type C strains colonized within hours of birth, most likely originating from the 
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contact with fecal material. However, adult animals can also be infected and killed rapidly 

by this organism (35). C. perfringens type D strains that produce epsilon toxin cause 

enterotoxemia in animals, especially in sheep and goats (55). There is little evidence that 

C. perfringens type E strains are associated with enteric diseases in rabbits, lambs and 

calves (3).   

1.4 C. perfringens Spore Formation 

Certain Gram-positive bacteria that have low G+C ration in their genome and under 

the phylum Firmicutes produce endospores (56, 57). Endospores are metabolically dormant 

morphotypes that can withstand a variety of environmental stresses such as high heat, 

pressure, radiation, and chemicals (9, 58, 59). Although the mechanism of sporulation is 

similar among many spore-forming bacteria, there are differences in the involvement of 

certain proteins and the resistance properties of spores (57). 

1.4.1 Initiation of sporulation. 

The spore initiation pathway has not been devised in C. perfringens yet. Our 

knowledge about the sporulation initiation is mostly come from the Bacillus species. A 

multi-component signal transduction system termed ‘phosphorelay’ has been found to be 

essential in Bacillus species (60, 61), but has not been identified yet in Clostridium species. 

Bacteria receive different extracellular or intracellular stimuli by a group of orphan 

histidine kinases (60, 61). In Bacillus, five orphan kinases (KinA - KinE) are present and 

each of the kinases can respond to different stimuli (62). These kinases autophosphorylates 

upon receiving the respective signal(s), transfer the phosphoryl group from their 

phosphotransferase domain to an aspartate residue in Spo0F, a single domain response 

regulator (62). The phosphoryl group is then passed to a histidine residue in a 

phosphotransferase domain within Spo0B (62). Finally, Spo0B phosphorylates the master 

sporulation regulator, Spo0A, that leads to the beginning of second phase of the sporulation 

process (62) (Fig. 1.1). 



Chapter 1 9 

In B. subtilis thirty-nine histdine kinases are present. Among these, nine are orphan 

histidine kinases (62, 63) and five are sporulation specific histidine kinases. Among the 

five sporulation-specific histidine kinases, three have been found to contain 

transmembrane domains (63), which means those three might response to the 

environmental signal. In C. perfringens Type-A FP strain SM101, six putative orphan 

histidine kinases (ORFs CPR1953, CPR1493, CPR1316, CPR0195, CPR1055, and 

CPR1728) were identified based on the BLASTP analyses with kinases from B. subtilis 

(9). Knock-out mutations in those putative kinases revealed that two of these (CPR1055, 

and CPR1728) showed sporulation and germination defects suggesting their putative role 

in activating the Spo0A by phosphorylation (P. Udompijitkul P. and M. R. Sarker, 

unpublished).  

1.4.2 The master regulator, Spo0A. 

The master regulator, Spo0A is a transcription factor that controls the transition of 

the bacterium into the spore. It is conserved among the spore forming bacteria including 

Clostridium and Bacillus species (57). However, the information about the structure and 

function of Spo0A protein has been gathered mostly from the studies conducted on Bacillus 

species. In general, when the number of phosphorylated Spo0A reaches a threshold (64), 

the protein binds directly to specific DNA sequences (TGNCGAA) known as ‘0A box’ 

located upstream of several early sporulation genes (65, 66). Upon activation, Spo0A 

directly activates 121 genes, including genes required for polar septum formation in 

Bacillus subtilis (65).  The inactivation of spo0A results in the complete defects in 

sporulation as seen in C. perfringens (67). The homology of Spo0A is conserved among 

the Clostridium species and studies showed that Spo0A from one Clostridium species can 

restore sporulation in another spo0A-negative Clostridium species (68).  

1.4.3 Sigma (σ) factors. 

Sigma factors are the dissociable RNA polymerase subunits that alter the promoter 

specificity of the RNA polymerase complex under different environmental and growth 

phase-dependent conditions (69). In C. perfringens, four compartment specific σ factors, 
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(SigF, SigE, SigG and SigK) are present and are expressed in time dependent manner (69, 

70). Generally, SigF and SigG are forespore specific and regulated by anti-sigma factors 

and anti-anti-sigma factors. Meanwhile, SigE and SigK are mother cell specific, 

synthesized as precursor protein, which needs to be cleaved for the activation (70-72).  

The expression and regulation of σ factors in C. perfringens is different than the 

regulation in Bacillus species (see Fig. 1.1). In Bacillus, SigF is the first σ factor appeared 

in the sporulation process by controlling the early stages of the forespore followed by SigE 

in the mother cells (71, 72). Later, SigG and SigK have their actions in the formation of 

mature spores and vegetative cells, respectively (71, 72). However, in C. perfringens, SigK 

is required early in the sporulation to produce SigE (24). SigF production is also dependent 

on SigE (24). Another notable difference of σ factor regulation between B. subtilis and C. 

perfringens is that the expression of spoIIID (a key mother cell specific transcription factor) 

does not require SigE in C. perfringens, while in B. subtilis, the transcription and 

translation of spoIIID requires SigE. 

1.4.4 Sporulation regulation in C. perfringens. 

Sporulation in C. perfringens is regulated by different regulatory proteins. A RNA 

regulator, VirX significantly repress the sporulation and CPE production in C. perfringens 

SM101 strain by repressing the expression of Spo0A and σ factors (73). This is unique 

regulatory mechanism for C. perfringens as the homolog of VirX are not present in Bacillus 

species and suggest that the regulation of sporulation is different in Bacillus and 

Clostridium species (73). Sporulation in C. perfringens is also regulated by bacterial cell 

density and quorum sensing as Agr-like quorum-sensing system positively regulates 

sporulation and CPE production in C. perfringens (74). Another global regulator, CodY, 

positively regulates sporulation and CPE production in C. perfringens type A strain SM101 

(75), but negatively regulates sporulation and CPE production in type D strain CN3718 

(76). A recent study found that a stress response protein, RelA positively regulates 

sporulation and toxin (alpha toxin and CPE) production in C. perfringens type A strain 

SM101 (Saito et al., Unpublished data), which indicates that sporulation is associated with 

stress conditions. 
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1.5 C. perfringens Spore Germination 

Spore germination is a complex process by which the bacteria transform from its 

endospore stage to the vegetative form (77). Bacterial spore remains dormant for long 

periods of time until they sense suitable conditions and initiate the process of germination. 

The complete germination process includes a series of irreversible physical and metabolic 

changes inside the bacterial spores and can be done within short period of time (from few 

minutes to several hours) (19, 77, 78). Among the pathogenic spore formers, germination 

is an early and vital step in the progression of their pathogenesis (79). Bacterial spore 

requires the germinant molecules that can trigger the germination as well as germination-

specific different proteins for the completion of successful germination. These germination 

specific proteins are synthesized only during the sporulation, both in mother cell and 

forespore (80) and regulated at the transcription level (19).  

1.5.1 Germinants. 

Germinants are molecules that trigger the germination process. It contains a wide 

variety of low molecular weight molecules such as different amino acids, monosaccharides, 

nucleosides, salts, organic acids, and bile salts (19, 20, 77, 81). Germinants can be 

classified as two major types; i) nutrient germinants (amino acids, sugars and purine 

nucleosides) and ii) non-nutrient germinants (endogenous and exogenous Ca-DPA, and the 

cationic surfactant dodecylamine, meuropeptides, lysozyme) (20, 77, 81-83). Besides these 

two types, several physical factors can also be considered as germinants, such as high 

hydrostatic pressure (HHP), heat, abrasion and ageing (84, 85).  

Nutrient germinants can function solely as single germinant, but some can act as 

co-germinant that require the activity of other germinants to initiate the germination. A 

very common example of co-germinants is the mixture of L-asparagine, D-glucose, D-

fructose, and K+ (AGFK) that triggers spore germination in Bacillus subtilis (77). Different 

C. perfringens strains have specific preferences for nutrient germinants (81). For example, 

C. perfringens type A FP and NFB strains have the germinant specificity to L-cysteine, L-

serine and L-threonine, with unique specificities for the FP strains to L-asparagine, L-
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glutamine, K+, and the co-germinants Na+ and inorganic phosphate (Pi) (81). These 

germinant specificities of different C. perfringens strains could be due to the presence and 

quantity of several germination specific proteins in the spores. The mechanism of 

stimulation of spore germination by non-nutrient germinants is different than that of the 

nutrient germinants and most likely germinant receptors are not involved. The role of 

different non-nutrient germinants on spore germination have been studied only in Bacillus 

species (20, 86) and thus the effect of these germinants on Clostridium species are still 

unknown.  

1.5.2 Germinant receptors (GRs).  

Germinant receptors (GRs) are the major germination-specific proteins as it is 

likely to bind with specific germinants, which initiate the process of germination. 

Individual bacterial spores usually contain multiple GRs in the inner membrane and the 

numbers and types of GRs can vary in different species (19, 78). The spore germination 

studies have been extensively done in Bacillus species, but in recent years several studies 

have been conducted on Clostridium species including C. perfringens and clinically 

important C. difficile. There are two different types of GRs are present, i) Ger-type and ii) 

Csp-type GR proteins (19, 78).  

Ger-type GRs are present mostly in Bacillus species and in many Clostridium 

species including C. perfringens (78). Usually, GerA family of GRs is composed of three 

protein subunits A, B, and C and referred as GerAA, GerAB and GerAC (19, 87). The 

presence and the number of these subunits vary among species. GRs may be formed by 

one or more of these subunits alone (19). Amino acid sequence similarity and experimental 

studies predict that the A and B proteins of the GRs are integral membrane proteins, 

whereas the C proteins are peripheral membrane proteins held in position by a lipid (di-

acylglycerol) anchor. The individual subunits of different GRs exhibit significant sequence 

homology with the corresponding protein subunits of other GRs, either from the same or 

different species. In most cases, these subunits are encoded as classical tricistronic operons 

(i.e., gerABC), whereas many different arrangements of the gerA family of genes and 

operons in species of Bacillus and Clostridium genus may exists (77). 
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In C. perfringens, gene encoding GerA protein, gerAA is transcribed as mono-

cistron. This monocistronic gerAA in C. perfringens has been shown to play an auxiliary 

role during spore germination (19, 88). In C. perfringens type A strain SM101, GR encoded 

by gerK locus is well characterized and has been found as vital for its germination (88). In 

contrast to B. subtilis, C. perfringens gerK locus contains a bicistronic gerKA-KC operon 

and a monocistronic gerKB upstream of and in the opposite orientation of gerKA-KC (88). 

Interestingly, GerKC is the main and essential GR for nutrient and non-nutrient germinants 

in C. perfringens type A strain SM101 (88, 89). The other two GR proteins in gerK locus, 

GerKA and/or GerKB seem to have an auxiliary role in germination of SM101 spores with 

all known germinants (88, 90).  

Although no homologs of GRs have been found in C. difficile, a recent study 

identified CspC, a catalytically inactive serine protease, as a GR for taurocholate (91). The 

CspC protein is required for the release of Ca-DPA and essential for spore germination in 

C. difficile (91). However, in a recent study Kevorkian, Y. et al., showed that another serine 

protease of Csp protein family, CspA domain controls the CspC levels in the mature spores, 

thus required for the optimal germination (92). 

The number of GRs in the spores’ IM ranges from 250-2500 GRs per spore. The 

number of GRs in B. subtilis is approximately 2500 GRs/spore (93), while the GerKC 

subunit is present in the IM of C. perfringens spore at around 250 molecules/spore (89). 

However, it has been hypothesized that the availability and the number of GRs determine 

the germination rate and efficiency of an individual spore (93). The number of GR can vary 

among individual spores of the same strains or same species (19). Due to the relatively low 

number of GRs in the spore IM, spores can show the superdormancy and thus can be 

recognized as superdormant spores (94, 95). 

1.5.3 Cortex lytic enzymes (CLEs). 

Cortex lytic enzymes (CLEs) are important group of enzymes that are involved in 

the lysis of the spore cortex structure. CLEs recognize a specific modification in the MAL 

residues for peptidoglycan (PG) recognition and cleavage of spore cortex, leaving the germ 
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call wall PG intact (96, 97). Two mechanistically different cortex hydrolytic machineries 

are present in Bacillus and Clostridium species (19). Homologues of two B. subtilis 

redundant CLEs, CwlJ and SleB have been identified in most members of Bacillus genus 

and some Clostridium species (19). However, the SleC and SleM-type CLEs are present in 

most Clostridium species (19). In C. perfringens, SleC plays the major role in PG cortex 

hydrolysis (98). SleC is synthesized as an inactive zymogen (pro-SleC), which is cleaved 

by germination specific subtilisin-like serine proteases (i.e., Csp proteases) during early 

germination and converted into active mature SleC (99, 100). However, SleM is 

synthesized as a mature enzyme and is likely to degrade muropeptides generated by SleC 

during spore germination (98). Csp proteases are located at the exterior of the cortex layer 

and are encoded by a tricistronic or monocistronic operon in different Clostridium strains 

(101). C. perfringens FP strain SM101 possess monocistronic cspB and a bicostronic cspA-

cspC, while C. perfringens NFB strains (ATCC13124 and strain 13) possess tricistronic 

cspABC operon. In C. perfringens SM101, CspB activate pro-SleC into mature SleC and 

plays role in spore germination (101). However, it is still unclear that whether Csp 

proteases act alone or work as a complex (101). In C. difficile, CspB and CspA serine 

proteases are encoded as a cspBA gene fusion, but only the CspB portion of the CspBA has 

an intact catalytic triad and activate pro-SleC (99). Interestingly, CspC has been identified 

as the sole GR for bile acid germination in C. difficile (91). 

1.5.4 Overview of germination process. 

The complete germination process requires the involvement of multiple proteins 

that are synthesized during the sporulation and activated by external and internal 

components (Fig. 1.2). To initiate the process of germination, spore requires some sort of 

signal from its surrounding environment as a form of nutrient and non-nutrient entities, 

generally called germinants (77). These germinant molecules can bind to the specific GRs, 

and subsequently activate the GRs and initiate the germination process in an irreversible 

manner. It has been hypothesized that germinant molecules can translocate through the 

spores’ outer layers to access GRs in spores’ inner membrane. In Bacillus species, GerP 

proteins form pore and help germinants to pass through spore outer layers (102-104). But 
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homologues of GerP is absent in C. perfringens and it is still unclear how the GRs get the 

signal from germinants. However, once the GRs got activated, the spores are committed 

for germination and the germination process continued. At this stage, spores don’t require 

any more germinants.  

In the second stage of germination, various monovalent cations (H+, Na+, Zn+ and 

K+) are released from the spore core, which likely causes the rise of the spores’ internal 

pH (19). The exact mechanism of the release of these monovalent cations is not yet known. 

This is shortly (approx. 2 min) followed by the release of spores’ core large depot of Ca-

DPA (pyridine-2,6-dicarboxylic acid or dipicolinic acid chelated 1:1 to Ca2+) through the 

channel in the spores’ IM composed of SpoVA proteins (105). In return, the spores’ core 

started uptaking of water from the environment. However, the structure of SpoVA Ca-DPA 

channel and the water uptake mechanism is not known yet. 

The next stage of spore germination is very crucial as it involves the hydrolysis of 

spores’ cortex layer. Cortex lysis is a breakthrough in germination process as degradation 

of the PG cortex by CLEs allows further uptake of water, core expansion and resumption 

of metabolism (19). The serine protease, CspB is activated by an unknown mechanism, 

which then activate SleC (98, 101), the sole enzyme responsible for cortex hydrolysis. 

These CLEs recognize and cleave the cortex PG via the MAL modifications and leave the 

germ cell wall PG intact. At the final stage of germination, the spore core expanded and 

uptake more water and resume its metabolic activities. (106). 

1.5.5 Germination kinetics and spore heterogeneity. 

Spore germination rate in C. perfringens varies among different strains as some 

population can germinate rapidly, while others germinate slowly, and with few spores may 

take many hours or even days to germinate. By using raman microspectroscopy or 

differential interference contrast (DIC) microscopy several studies showed that individual 

spores of Bacillus and Clostridium have variable lag periods (Tlag) in the early period of 

germination (107-111). However, at the end of Tlag, which is mentioned as Trelease point, 

Ca-DPA is released very quickly from each of the spores in a population for both Bacillus 
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and Clostridium species. So, the values of Trelease (Trelease- Tlag) are somewhat constant 

(approx. 2 min) for every spores under the same condition. The time point between the 

complete cortex hydrolysis (Tlysis) and Trelease is also relatively constant for every 

individual spores with same condition (108). 

The idea of spore superdormancy is very recent and has been investigated in several 

Bacillus and Clostridium species (94, 95). A small fraction (i.e., 4 to 12%) of the spores of 

Bacillus species do not germinate with known nutrient (94, 95), which are termed as 

superdormant (SD) spores. However, these SD spores are capable of normal germination 

in presence of Ca-DPA, as Ca-DPA can bypass GRs and activates cortex hydrolysis in 

Bacillus (94, 95). So, it has been hypothesized that the spore super dormancy is due to the 

low levels of specific GRs in individual spores. Analysis of levels of germination proteins 

in B. subtilis spores revealed that the levels of the GRs in SD spores were 6 to 10 fold lower 

than those in dormant spores (112); while levels of the proteins required for the 

amplification of the germination signal, such as GerD and SpoVAD were identical in SD 

and dormant spores (112). This appearance of superdormancy seems to be an example of 

“bet hedging” that ensures the survival of a given population in a rapidly changing 

environment (112). However, further studies are needed to address the properties of 

superdormant spores and clarify the factors involved in superdormancy in other 

Clostridium species. 

1.6 Objective of This Study 

In C. perfringens, spore formation and germination are crucial and important events 

in the pathogenicity of this bacterium. Dissecting the molecular mechanism of these two 

process is required to develop an effective strategy to minimize or prevent C. perfringens 

associated diseases. This study was focused on further insights into the sporulation and 

germination machinery. 

The dissertation consists of three separate studies that are focused primarily on the 

following objectives. 
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1) Dissect the role CspA and CspC proteins in C. perfringens spore germination. 

2) Identify and characterize putative sporulation genes involved in C. perfringens 

sporulation and germination. 

3) Evaluate germination status of spores of various C. perfringens isolated from 

diseased animals: identify germinants and their receptors. 
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Figure 1.1. Sporulation process in Bacillus and Clostridium species.  

The temporal progression of sporulation is shown for B. subtilis, and C. perfringens. In the 
phosphorelay system of B. subtilis, after receiving the respective signal(s), all orphan 
kinases autophosphorylate and transfer the phosphoryl group from their 
phosphotransferase domain to an aspartate residue in Spo0F, a single domain response 
regulator. Next, the phosphoryl group is passed to a histidine residue in a 
phosphotransferase domain, Spo0B. Finally, Spo0B phosphorylate the key sporulation 
regulator Spo0A. There is no evidence of the presence of Spo0F in any Clostridium species. 
Phosphorylation of Spo0A leads to the activation of a sigma factor cascade that acts in both 
mother cell and forespore. A notable difference in the C. perfringens sporulation regulatory 
circuit is the early requirement of sigK to generate sufficient active sigE. Solid arrows in 
the putative regulatory cascade indicate confirmed interactions, whereas dotted arrows 
indicate that the regulatory relationship between the factors has not been tested. (adapted 
from Talukdar et al, 2015) (9).  
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Figure 1.2. Tentative model of spore germination of C. perfringens.  

Arrows denote the preference of the germinants for the GRs, and upward arrows indicate 
that cortex hydrolysis might increase the rate of DPA release. In C. perfringens, uncharged 
amino acids at pH 6.0 as well as the co-germinant KCl and Sodium phosphate (NaPi) act 
primarily through the GerKC GR. Exogenous CaeDPA does not trigger C. perfringens 
spore germination through a CLE but rather through the GerKC GR, and HHPs do not 
trigger germination of C. perfringens spores as is the case with B. subtilis spores. Due to 
the absence of GerD homologs it is possible that germinanteGR binding directly triggers 
CaeDPA release, allowing partial core hydration and perhaps some cortex deformation. 
Next, the serine protease, CspB, is activated through an unknown mechanism, and cleaves 
and activates proSleC; mature SleC then hydrolyzes the PG cortex, allowing entry into 
spore outgrowth, and the action of SleC and thus of CspB increase the rate of DPA release. 
(adapted from Olguin-Araneda V et al, 2015) (20). 
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Table 1.1. Classification of C. perfringens based on the production of the four major 
toxins. 

Typea Toxin producedb 
Alpha Beta Epsilon Iota 

A + – – – 
B + + + – 
C + + - – 
D + – + – 
E + – – + 

 
a C. perfringens Toxinotype 
b+, toxin production; –, no toxin production
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2.1 Abstract 

There are three subtilisin like serine proteases (CspA, CspB, and CspC) are present 

in Clostridium perfringens, although the homology and the arrangement are different 

among the strains. In our previous study, we have identified that CspB is involved in the 

processing of pro-SleC into mature, active SleC, a cortex lytic enzyme that is involved in 

the cortex hydrolysis, an important step in C. perfringens spore germination. In this study, 

we assessed the role of two other serine proteases, CspA and CspC in C. perfringens spore 

germination. By measuring the GUS specific activity, we showed that cspA and cspC are 

transcribed as a bicistronic operon during the sporulation and the location of the transcripts 

are present in mother cell only. By disrupting the cspA and cspC gene with both TargeTron 

and allelic exchange method, we analyzed the germination response of wild-type, mutant 

and complemented strains. Both cspA and cspC strains showed significantly slower rate of 

germination than wild-type and complemented strains with different nutrient and non-

nutrient germinants. In accordance with the germination result, both cspA and cspC 

mutants exhibited lower amount of DPA release from its spores’ core than the wild-type 

and complemented strains. Also, cspA and cspC strains showed defect in spore outgrowth 

and colony formation in vegetative condition. Western-blot analyses with anti-CspB and 

anti-SleC antibodies showed that CspA and CspC do not activate and regulate the levels of 

CspB, but both proteins can process and activate SleC. In summary, the results from our 

previous and current studies suggest that all three serine proteases are required for the 

processing of SleC and thus have role in C. perfringens spore germination.    
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2.2 Introduction 

Clostridium perfringens is a Gram-positive, spore-forming, toxin-producing, non-

motile, anaerobic bacterium and is widely distributed in different environmental settings 

including the intestinal tract of humans and animals (1, 113). C. perfringens can produce 

as many as 17 different toxins, but depending on the production of four major toxins, it can 

be classified into five different toxinotypes (Type A-E) (1, 3). These toxins producing 

ability also lead C. perfringens to cause an array of gastrointestinal and histotoxic diseases 

in humans and animals (3). Currently, C. perfringens is ranked as the third most common 

food borne pathogen in the United States and majority of these disease caused by the Type 

A strains (114) (5). Only 5% of the C. perfringens Type A strains produce C. perfringens 

enterotoxin (CPE) and are involved in the food poisoning (115). CPE can be produced by 

both C. perfringens food poisoning (FP) and non food-borne (NFB) strains (14). The toxin 

production and disease progression are highly correlated with the sporulation and 

germination machinery of C. perfringens strains (3). 

In response to the adverse environmental conditions like starvation, C. perfringens 

does sporulate and form spores, a metabolically inactive form that is resistant to several 

physical and chemical stress factors (9). During the sporulation stages, different proteins 

are formed including proteins that later help C. perfringens to germinate and revive back 

to the vegetative form (19). C. perfringens spores remain inactive until the exposure to 

favorable condition, the germination process initiated upon sensing the compounds termed 

as germinants, including nutrient and non-nutrient germinants (81). In general, several 

amino acids and cations are included in nutrient germinants, however the most widely 

known non-nutrient germinants are pyridine -2,6-dicarboxylic acid (dipicolinic acid or 

DPA) chelated 1:1 with Ca2+ (Ca-DPA) and cationic surfactants dodecylamine (81). In 

recent years, the overall germination mechanism in C. perfringens strains has been well 

devised (19, 81). A set of proteins termed as germinant receptors (GRs) located in the inner 

membrane of the spore could sense the nutrient germinants, which lead to a series of 

irreversible biophysical events including release of monovalent cations (H+, Na+, and K+), 

and the spore’s core large depot of Ca-DPA (19).  
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The second and most important phase of the spore germination is the spore’s cortex 

hydrolysis. The complete hydrolysis of spore’s cortex causes the expansion of spores’ core 

that allows the spore to intake a large amount of water and restores all metabolic activities. 

In C. perfringens, there is a single cortex lytic enzyme (CLE), SleC present that hydrolyzes 

the spore’s cortex layer (98). However, this CLE needs to be cleaved proteolytically and 

activate for the successful germination. In our previous finding, we identified a subtilisin-

like serine protease, CspB that is involved in the processing of Pro-SleC into mature, active 

Pre-SleC (101). 

Shimamoto et al identified three serine proteases; CspA, CspB and CspC in C. 

perfringens strain S40, a NFB strain (100). In our previous study, we characterized one of 

the serine protease CspB that is located just upstream of SleC (101). Although it has been 

predicted that other two serine proteases; CspA and CspC may have role in spore 

germination in C. perfringens, no studies have been done yet to establish this. However, in 

recent years, Francis et al discovered that CspC as the lonely GR for the bile acid 

germination in Clostridium difficile by applying random mutagenesis (91). Few more 

following studies on C. difficile found that CspA and CspB have been fused together and 

catalytically inactive, until another protein known as YabG cleaves the fused protein and 

release both proteins. In C. difficile, CspA has been found to controls the levels of CspC in 

the spore and CspC has role in the activation of CspB (116). However, like C. perfringens, 

CspB is responsible for the processing of cortex lytic enzyme (CLE) SleC (99, 117). 

In C. perfringens, although it is predicted that all three serine proteases have role 

in spore germination (100, 118), but there is no hard evidence to proof this. Previously, our 

group showed that CspB actives SleC and has role in germination. In this study, we 

investigated the role of other two Csp proteins, CspA and CspC regarding C. perfringens 

spore germination. By gene knockout studies, we proved that CspA and CspC also process 

SleC and have role in C. perfringens spore germination. 

2.3 Materials and Methods 

2.3.1 Bacterial strains and plasmids, media and culture condition. 
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The C. perfringens strains and plasmids used in this study are described in Table 

2.1. C. perfringens strain SM101, a transformable derivative of type A human food-

poisoning strain NCTC9798 was used in this study as the wild-type strain. Escherichia coli 

DH5a cells were used for the cloning purpose.  

C. perfringens cultures were vegetatively grown on broth media included FTG 

medium (Fluid thioglycollate medium; Becton Dickinson, Sparks, MD), and TGY medium 

(3% Trypticase soy, 2% glucose, 1% yeast extract, 0.1% L-cysteine). For the spore 

preparation and sporulation condition, C. perfringens cultures were grown on Duncan-

Strong (DS) sporulation medium (119). Brain heart infusion (BHI) agar (Becton Dickinson, 

Sparks, MD) was used as solid medium for culturing C. perfringens strains. Tryptic soy 

agar (TSA) (Becton Dickinson, Sparks, MD) was used to culture E. coli on solid medium. 

All C. perfringens strains cultured on solid medium were incubated anaerobically using the 

GasPakTM EZ anaerobe container system (Becton Dickinson, Sparks, MD) at 37 °C. 

2.3.2 Construction of gusA fusion plasmids and β-glucuronidase assay. 

Expression of C. perfringens cspA, and cspC was examined by fusing DNA 

upstream of each gene to E. coli gusA in pMRS127, an E. coli- C. perfringens shuttle vector 

(120). Briefly, ~300- to 400-bp DNA fragments upstream of cspA and cspC from C. 

perfringens SM101, which include the 355- and 393-bp intergenic regions between cspA 

and CPR2072 and between cspC and cspA, respectively that most likely contain these 

genes’ promoters, were PCR amplified using the primer pairs CPP1088/1089 and 

CPP1090/1091, respectively (all primers used in this work are listed in Table 2.2). The 

forward and reverse primers had SalI and PstI cleavage sites, respectively. PCR fragments 

of cspA and cspC putative promoter regions were first cloned in TOPO-XL-PCR vector 

(Invitrogen, Carlsbad, CA), yielding plasmid pPKT71 and pPKT72, respectively. The 

putative promoter fragment of cspA and cspC with SalI and PstI cleavage sites from 

pPKT71 and pPKT72 were cloned between SalI and PstI sites in pMRS127 to create cspA- 

and cspC-gusA fusions, giving plasmids pPKT77 and pPKT78, respectively. These 

plasmids were introduced by electroporation into C. perfringens SM101, and erythromycin 

resistant (50 µg/ml) transformants were selected. Transformants carrying plasmids 
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pPKT77 and pPKT78 were grown in TGY vegetative medium and in DS sporulation 

medium, and assayed for β-glucuronidase (GUS) activity as described previously (120). 

GUS specific activity was expressed in Miller units that were calculated as described 

previously (120). 

2.3.3 Decoating treatment of sporulating cultures and spores prior to GUS assays. 

Decoating treatment of sporulating cultures and spores prior to GUS assays were 

done as described previously (101). Briefly, cell pellets were collected from 1 ml of 8h DS 

sporulating cultures and chemically treated any spores present in DS with 1 ml 50 mM 

Tris-HCl (pH 8.0), 8 M urea, 1 % (w/v) sodium dodecyl sulfate (SDS) and 50 mM 

dithiothreitol (DTT) for 90 in at 37 °C. Similar decoating treatment were done with the 

purified spore suspensions at OD600 of 1.0, and the remaining spores were washed three 

times with 150 mM NaCl and twice with water. These chemically decoated spores were 

then extracted and assayed for GUS activity as described above. 

2.3.4 Construction of a cspA null-mutant by TargeTron method. 

To construct a derivative of C. perfringens strain SM101 with a deletion of cspA, 

we incorporated a retargeted group II intron at between 153- and 154-bp site in the sense 

orientation of the cspA gene using the ClosTron system (121). The intron target sequences 

and the primers to synthesize the ∼350-bp introns were determined by using the ClosTron 

site (http://clostron.com/clostron2.php?). PCR was performed with the intron template 

provided with the TargeTron gene knockout system (Sigma-Aldrich Corporation, St. 

Louis, MO) by using a primer set of CPP1103 (cspA-IBS), CPP1104 (cspA-EBS1d), 

CPP1105 (cspA-EBS2) and EBS universal primers (see Table 2.2 for the primer 

sequences). The ∼350-bp intron PCR product retargeted to cspA was cloned into TOPO-

XL-PCR cloning vector (Invitrogen, Carlsbad, CA) to give plasmid pPKT56 and the intron 

PCR product was confirmed by Sanger sequencing at the sequence facility of the Center 

for Genome Research and Biocomputing (CGRB), Oregon State University. Plasmid 

pPKT56 was digested with HindIII and Bsp14071 and were cloned between the HindIII 

and Bsp14071 sites of C. perfringens/E. coli suicidal vector, pJIR3566 (122), giving 
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plasmid pPKT94. Plasmid pPKT94 was electroporated into C. perfringens strain SM101, 

and the transformants were grown twice in TGY broth supplemented with 20 µg/ml 

chloramphenicol (Cm) followed by five passages in TGY without selection to cure the 

vector plasmid. At that point, the transformants were plated on brain heart infusion (BHI) 

agar plates supplemented with Erythromycin (Em) 50 µg/ml. Each of the Em-resistant 

(Emr) colonies was screened onto BHI agar plates containing either 20 µg/ml Cm or 50 

µg/ml Em. The colonies that were appeared as Emr, but Cm-sensitive were selected and 

confirmed for the insertion of the retargeted cspA intron by PCR using cspA specific 

primers CPP1101/CPP1102 (data not shown), giving cspA-null mutant strain PKT133. 

2.3.5 Construction of a cspC null-mutant by TargeTron method. 

To construct a derivative of C. perfringens strain SM101 with a deletion of cspC, 

we used the similar TargeTron gene knockout system as described above. To synthesize 

the retargeted intron specific for cspC at between 259- and 260-bp site in the anti-sense 

orientation, a set of primers CPP1261 (cspC-IBS), CPP1262 (cspC-EBS1d), CPP1263 

(cspC-EBS2), and EBS universal primers were used with the intron template provided with 

the TargeTron gene knockout system (Sigma-Aldrich Corporation, St. Louis, MO). The 

∼350-bp intron PCR product was cloned into TOPO-XL-PCR cloning vector (Invitrogen, 

Carlsbad, CA), giving plasmid pPKT105. Plasmid pPKT105 was sequenced for the 

confirmation of intron product and digested with HindIII and Bsp14071 and were cloned 

between the HindIII and Bsp14071 sites of vector, pJIR3566 (122), giving plasmid 

pPKT106. Plasmid pPKT106 was electroporated into C. perfringens strain SM101 and the 

cspC mutant strains were screened similarly as described above and confirmed by the PCR 

with primer pairs CPP1293/CPP1294 (data not shown), giving cspC-null mutant strain 

PKT134. 

2.3.6 Construction of a cspA strain complemented with wild-type cspA and cspA-cspC. 

To construct a cspA strain with wild-type cspA, a 2.2–kb DNA fragment carrying 

459-bp from upstream and the coding region of cspA was PCR-amplified with Phusion 

High Fidelity DNA polymerase (Thermo Scientific) using primer pairs CPP1159/CPP1160 
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(forward and reverse primers had KpnI and SalI sites, respectively, at their 5’ ends). As the 

qRT-PCR showed lower amount of cspC in cspA strain (Fig. 2.2), we constructed a separate 

complemented strain for cspA mutant, where cspA strain was complemented with wild-

type cspA-cspC. A 2.5–kb DNA fragment carrying 512–bp from upstream of cspA, cspA 

coding region, 2-bp intergenic region between cspA and cspC and the cspC coding region 

was PCR amplified with Phusion High Fidelity DNA polymerase (Thermo Scientific) 

using primer pairs CPP1159/CPP1160 (forward and reverse primers had KpnI and SalI 

sites, respectively, at their 5’ ends). Both 2.2–kb and 2.5–kb PCR fragments were digested 

with KpnI-SalI and cloned into KpnI-SalI sites of C. perfringens/E. coli shuttle vector, 

pJIR750, giving plasmid pPKT108, and pPKT110, respectively. Plasmids pPKT108 and 

pPKT110 were introduced into the C. perfringens cspA strain PKT133 by electroporation 

and Emr Cmr transformants of strain PKT133(pPKT108) and PKT133(pPKT110) were 

selected. The presence of plasmids pPKT108, pPKT110 and the original cspA deletion in 

the latter strain was confirmed by PCR analyses (data not shown). 

2.3.7 Construction of a cspC strain complemented with wild-type cspA-cspC. 

To construct a cspC strain with wild-type cspC, plasmid pPKT110 was 

incorporated into the C. perfringens cspC strains PKT134 by electroporation and Emr Cmr 

transformants of strain PKT134(pPKT110) were selected. The presence of plasmids 

pPKT110 and the original cspC deletion was confirmed by PCR analyses in latter strain 

derived from PKT134 (data not shown). 

2.3.8 Growth assay and the spore forming efficiency. 

All C. perfringens strains were grown from the cooked meat stock into FTG broth 

and incubated overnight at 37 °C. Next day, 0.4 ml culture from the FTG broth were 

inoculated into 10 ml of TGY media and incubated for 3 hr. The cultures were quantified 

by the OD600 measurement and inoculated into 10 ml of freshly prepared TGY broth and 

the OD600 was measured spectrophotometer (BioTek Synergy Mx, Winooski, VT) for 

every 1 h for up to 8 h.  



Chapter 2 29 

2.3.9 Spore preparation and purification.  

Spores of various C. perfringens strains were prepared as previously described (81). 

Briefly, C. perfringens strains stored in cooked meat medium (Becton Dickinson, Sparks, 

MD) at -20 °C were initially inoculated into FTG broth and then transferred into DS 

sporulating medium. After scaling-up the DS cultures, spores were purified by washing 

repeatedly with ice-cold sterile distilled water followed by gradient centrifugation with 

56% Nycodenz (Accurate Chemical & Scientific Corp., Westbury, NY) until spore 

suspensions were >99% free of sporulating cells, cell debris, and germinated spores as 

determined by phase-contrast microscopy. These purified spores were adjusted to 

concentration of OD600 of 6.0 and stored at -20 °C until use. 

2.3.10 Germination assay. 

Spore suspensions of C. perfringens strains were heat activated at 80 °C for 10 min, 

cooled in water at an ambient temperature for 5 min, and incubated at 37°C for 10 min as 

described previously (81). Heat-activated spores were mixed with pre-heated germinants 

with an OD600 of 1 with BHI broth, Ca-DPA (50 mM CaCl2, 50 mM DPA adjusted to pH 

8.0 with Tris-HCl), or KCl (100 mM KCl-25 mM sodium phosphate buffer [pH 7.0]) and 

was routinely measured by monitoring the OD600 of spore cultures (Smartspec 3000 

spectrophotometer; Bio-Rad Laboratories, Hercules, CA), which falls 60% upon complete 

germination of wild-type spores. The levels of germination were also confirmed by phase-

contrast microscopy. All reported values are averages of three experiments performed on 

at least three independent spore preparations, and individual values varied by 15% from 

the average values shown.  

2.3.11 DPA release. 

DPA release from spores during nutrient and non-nutrient germination was 

measured by heat activating (80 °C, 10 min) a spore suspension (OD600 of 1.5), cooling, 

and incubation in 100 mM KCl (pH 7.0), 100 mM L-cysteine (pH 7.0), 100 mM L-

glutamine (pH 7.0), and with (D) 50 mM Ca-DPA adjusted to pH 8.0 with Tris-HCl at 37 



Chapter 2 30 

°C for 90 min. A 1-ml aliquot was centrifuged in a microcentrifuge (13,200 rpm, 2 min), 

and the spore pellet was washed four times with 1 ml of distilled water. Control 

experiments were done for each experiment and reveal that losses of spores due to these 

multiple centrifugations were 10% of the initial amount, and appropriate corrections for 

such losses were made accordingly. The residual spore DPA content was determined by 

boiling the samples for 60 min, cooling them on ice for 5 min, centrifugation at 13,200 rpm 

in a micro- centrifuge for 5 min, and measuring the OD270 of the supernatant fluid as 

described previously (6, 41). The DPA content of the initial dormant spores was measured 

by boiling an aliquot (1 ml) for 60 min, centrifugation at 13,200 rpm in a microcentrifuge 

for 5 min, and measuring the OD270 of the supernatant fluid as described previously (6, 30).  

For measuring DPA release during dodecylamine germination, spores (OD600 of 

1.5) were incubated at 60°C with 1 mM dodecylamine in 25 mM Tris-HCl (pH 7.4). 

Aliquots (1 ml) of germinating cultures were centrifuged for 3 min at 13,200 rpm in a 

microcentrifuge, and DPA in the supernatant fluid was measured by monitoring the OD270 

as described previously (6, 30). The initial DPA content in dormant spores was measured 

similarly. No significant DPA release was observed when spores were incubated in 25 mM 

Tris-HCl (pH 7.4) at 60°C for 1 h (data not shown).  

2.3.12 Spore outgrowth and colony forming assay. 

The colony forming efficiency were done with both untreated and decoated spores. 

Briefly, purified spores were decoated as described previously (101). Both untreated and 

decoated spores were measured at OD600 1.0, heat activated (80 °C for 10 min), aliquots of 

various dilutions were plated on BHI agar with or without lysozyme (1 µg/ml). The plates 

were incubated at 37 °C anaerobically for 24 h, and the colonies were counted. 

2.3.13 RNA extraction and RT-PCR. 

Total RNA was extracted from C. perfringens cultures grown in DS sporulating 

media and TGY vegetative media for 8 h were at 37 °C using the Qiagen RNeasy mini kit 

(Qiagen, Hilden, Germany). Extracted RNA was digested with DNaseI (Thermo Fisher 



Chapter 2 31 

Scientific) at 37 °C for 1 h to remove any residual DNA. The cDNA was synthesized with 

reverse transcription reaction mixture containing 200 ng RNA and random hexamers using 

using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories Inc., USA). The qRT-PCR 

was performed in triplicate using iQ SYBR Green Supermix (Bio-Rad Laboratories Inc., 

Singapore). Each reaction contained a total volume of 10 ul containing 5 µl of master mix, 

250 nm of each primer, 1 µl of cDNA template and nuclease-free water. All primers were 

designed using Primer 3 website and are listed in Table 2.2. The qRT-PCR was performed 

using CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories Inc., USA) as the 

following reaction protocol: 95 °C for 3 min, followed by 40 cycles of 95 °C for 10 s, 57 

C for 30 s and a melting curve analysis from 60 °C to 95 °C. Transcript levels were 

normalized to the housekeeping gene 16s rRNA gene and calculated by the comparative 

threshold cycle (Ct) (2-ΔΔCt) method.  

2.3.14 Preparation of spore extracts and Western blot analysis. 

For preparation of coat extracts from dormant spores, aliquots (200 ml) of spores 

(OD600 50) were decoated in 200 ml 50 mM Tris/HCl (pH 8.0), 8 M urea, 1 % (w/v) SDS 

and 50 mM DTT for 90 min at 37 uC, centrifuged (13,200 rpm) for 5 min, and the 

supernatant fluid containing coat material from dormant spores was stored at -20 °C until 

use. For preparation of germinated spores, aliquots (200 ml at OD600 250) of heat-activated 

spores were suspended at OD600 250 in 200 ml 25 mM sodium phosphate (pH 7.0), 100 

mM KCl, germinated for 2 h at 37 °C, and stored at -22 °C until use. For preparation of 

coat extracts from germinated cspA and cspC spores, aliquots (200 ml) of germinated 

spores (OD600 250) were decoated as described above, and the supernatant fluid was stored 

at -22 °C until use.  

Samples (10 ml) of coat extracts or intact germinated spores were boiled in SDS-

PAGE loading buffer and run on SDS-PAGE gels (12 % acrylamide), and proteins were 

transferred to a PVDF membrane (Millipore). These Western blots were probed with a 

1:10,000 dilution of anti-SleC polyclonal rabbit antibody (123) for 1 h at room temperature. 

The PVDF membrane were then incubated with a 1:10,000 dilution of goat anti-rabbit 

IRDye 800 CW infrared dye-conjugated secondary antibody (LI-COR) was used. The 
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Odyssey Li-Cor Clx (LI-COR) was used to detect secondary antibody fluorescent 

emissions.  

2.3.15 Analytical procedures. 

Unpaired, two-tailed Student’s t tests with 95% confidence intervals were used to 

test for statistical significance. The comparisons were made using Prism version 6.0a 

software (GraphPad). 

2.4 Result 

2.4.1 Arrangement of csp-sleC locus in Clostridium species. 

Previous studies with bioinformatics analysis with both FP and NFB C. perfringens 

strains showed that the arrangement of Csp proteins is different among the strains (100, 

101, 118) (Fig. 2.1). In C. perfringens NFB F4969 and S40 strains, all three Csp proteins 

are arranged together followed by SleC, the only CLE present in C. perfringens. While, 

our previous study showed that only CspB is present just upstream of the SleC (101) (Fig. 

2.1), but there was no information about the presence of CspA and CspC in C. perfringens 

FP strain SM101. In this study, we searched for these two proteins by BLASTP with CspA 

and CspC of C. perfringens NFB strain F4969 and found that C. perfringens SM101 

genome has two proteins CPR2071 and CPR2070 that are similar to CspA and CspC 

proteins, respectively. In C. perfringens SM101 genome, cspA and cspC genes are located 

further downstream of the cspB-sleC locus, unlike to the C. perfringens NFB genome 

where all three csp genes (cspABC) are located together followed by sleC (Fig. 2.1). The 

amino acid homology of CspA and CspC proteins of C. perfringens SM101 were also 

compared with C. perfringens F4969 and C. difficile R20291 strains. C. difficile strain 

R20291 was selected for homology search as recently CspC was identified as recent 

findings showed CspC as the sole germinant receptor for the C. difficile strains (91). C. 

perfringens CspA encodes a 553 amino-acid protein with 38% identity to CspA from C. 

perfringens NFB strain F4969 and 32% to CspA from C. difficile strain R20291 

(Supplementary Fig. S1). However, CspC is predicted to encode a 584 amino-acid protein 
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with 40% identity to CspC from C. perfringens NFB strain F4969 and 33% to CspC from 

C. difficile strain R20291 (Supplementary Fig. S3). Interestingly, the other serine protease 

CspB and the only CLE in C. perfringens SleC have very high percentage of identity with 

strain F4969 (data not shown).  

2.4.2 Expression of cspA and cspC in C. perfringens SM101. 

From the arrangement of csp genes in C. perfringens wild-type SM101, we found 

that there is only 2-bp gap between the start codon of the cspC and the stop codon of cspA 

genes, which indicates that cspA and cspC might be expressed as an operon from the 

activity of a single promoter upstream of cspA. To determine the expression of both genes 

and assess the condition, DNA fragments upstream of cspA including the intergenic region 

of cspA and the preceding gene CPR2072 were PCR amplified, which most likely contain 

the cspA promoter region (Fig 2.1). Similarly, DNA upstream of cspC gene’s coding 

sequence, including the intergenic regions of cspC and cspA genes, which most likely 

contain the cspC promoter region (Fig 2.1). These amplified products were fused to E. coli 

gusA, and the GUS-specific activity was measured after introducing the fusion into C. 

perfringens SM101. No significant GUS specific activity was observed in vegetative 

cultures of SM101 carrying the cspA-gusA and cspC-gusA fusions (Fig. 2.1). However, 

there was significant GUS activity in sporulating cultures carrying the cspA-gusA fusion, 

but no significant activity was observed for the cultures carrying the cspC-gusA fusion 

(Fig. 2.1). Collectively, these results indicate that cspA-cspC functions as an operon and is 

expressed by the promoter activity of cspA promoter only during sporulating condition. 

The GUS specific activity also showed that the promoter of cspA promoter expressed 

during the early stage of sporulation stage (about 1 h after the start of sporulation), and 

reached a maximum after 6 h. 

2.4.3 Mutation in cspA and cspC in strain SM101. 

Our previous study investigated the role of CspB in the germination of C. 

perfringens strain SM101 and found that CspB is essential for the processing of the SleC, 

the lone CLE in C. perfringens strains. However, the role of CspA and CspC in C. 
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perfringens are still unknown. To determine the role of CspA and CspC in the germination 

of C. perfringens strain SM101, we constructed the mutant strains lacking cspA (PKT133) 

and cspC (PKT134) in C. perfringens FP strain SM101 by using the modified TargeTron 

technique as described in Materials and Methods (Fig. 2.2). We tested the growth pattern 

and the spore forming efficiency of all C. perfringens strains including the mutant and 

wild-type strains. There was no significant difference in the growth patterns among the C. 

perfringens strains grown in TGY broth (vegetative condition) (Fig. 2.3). We also wanted 

to check that whether the mutation in cspA and cspC did affect the efficiency of spore 

formation. To assess the spore forming efficiency of all our C. perfringens strains, we 

allowed the culture to grow in DS broth (sporulation condition) and counted the spores 

under the phase-contrast microscope. There was a difference (2 log) in the spore formation 

between all mutant spores and the wild-type spores (Fig. 2.3). The wild-type spores had 

108 spores per ml, whereas the mutant strains exhibited 106 spores per ml. All mutant 

strains were tested in DS broth with and without the antibiotic selection. This indicates that 

the mutation in cspA and cspC did effect spore formation, but did not block the spore 

formation. 

2.4.4 Polar effect of cspA strains on cspC. 

The GUS-assay results indicate that cspA-cspC might function as an operon. Thus, 

it is important to check the polar effect of cspA mutation in SM101 (strain PKT133) on the 

downstream cspC gene. We tested the transcripts of C. perfringens wild-type SM101 and 

its cspA mutant in sporulation condition by quantitative RT-PCR (Fig. 2.2). Transcript level 

of cspA strain (PKT133) was significantly (p < 0.05) lower in DS medium (Fig. 2.2). 

Overall, these results suggested that C. perfringens strain PKT133 did not block the 

transcription of cspA and cspC completely, but the lower copy number of transcript of cspC 

indicates that there are some polar effects of cspA strains on cspC. C. perfringens strain 

PKT134 has higher number of both transcripts due to the reason exactly not known.  

2.4.5 Effect of cspA and cspC on SM101 spore germination. 



Chapter 2 35 

Our previous study found that serine protease CspB has a role in the germination 

of C. perfringens strains (101). In this study, we wanted to assess the roles of CspA and 

CspC proteins in spore germination. Spores of C. perfringens wild-type strain (SM101), 

mutant strains (PKT133 and PKT134), and complemented strains [PKT133(pPKT108), 

PKT133(pPKT110), and PKT134(pPKT110)] were mixed with nutrient germinants; KCL, 

L-glutamine, BHI; and non-nutrient germinants, Ca-DPA and the germination rate were 

monitored for 90 min as described in Materials and Methods (Fig. 2.4). C. perfringens 

spores of both cspA and cspC mutants exhibited significantly slow rate of germination (P 

< 0.005) with 100 mM KCl (pH 7.0) and BHI broth than the wild-type spores (Fig.2. 4). 

Phase contrast microscopy of these spores also showed similar levels (80%) of phase-dark 

spores (which is the indicative of spore germination) after 90 min of incubation in KCl. 

However, only, 10 to 20% of the spores of all C. perfringens strains remained phase-dark 

after 1 and 18 h, respectively (data not shown). When we complemented PKT133 with 

wild-type cspA only, the germination rate was not restored completely (Fig. 2.4). But, 

PKT133 complementation with wild-type cspA-cspC locus complemented the germination 

rate almost similar to wild-type (Fig. 2.4). The complementation of PKT134 with wild-

type cspA-cspC locus also showed the similar germination rate as wild-type spores (Fig. 

4). We observed all the results were similar to 100 mM KCl for all C. perfringens spores 

with 100 mM L-glutamine (pH 7.0), except the complement strain PKT133(pPKT108) 

(Fig. 2.4).  The strain PKT133 complemented with wild-type cspA-cspC locus showed 

significantly lower rate of OD600 decrease than the wild-type and other complemented 

strains all the way until 90 mins after the germination starts. Similar results were observed 

when we tested the germination of C. perfringens strains with 50 mM Ca-DPA (pH 7.0), a 

non-nutrient germinant (Fig. 2.4). 

2.4.6 DPA release by C. perfringens spores with nutrient and non-nutrient 
germinants. 

During the spore germination, spores core DPA is being released. So, the 

measurement of DPA is another way to observe the rate of spore germination. To test the 

germination rate of C. perfringens spores with various nutrient and non-nutrient 

germinants, the pre-heated spores were mixed with nutrient germinants; KCL, L-cysteine, 
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L-glutamine, and non-nutrient germinant, Ca-DPA, and the level of DPA was measured as 

described in Materials and Methods. However, it should be noted that pre-heated C. 

perfringens spore release DPA even without the contact with germinants. So, around 50% 

of DPA release can be expressed as no or low germination. In this study, we found that C. 

perfringens strain PKT133 release 50% DPA when it was mixed with 100 mM KCl (Fig. 

2.5). However, strain PKKT134 released 65% DPA from its core in similar condition (Fig. 

2.5). But, the complemented strains showed significantly higher DPA release (p<0.05) than 

their corresponding mutant strains. Similar results were observed for all C. perfringens 

spores when they mixed with 100 mM L-cysteine, 100 mM L-glutamine, and 50 mM Ca-

DPA. In every situation, we observed a slightly increased DPA release for the strain 

PKT133 complemented with wild-type cspA-cspC than the PKT133 strain complemented 

with only cspA. Overall these results indicated that both CspA and CspC has role in 

germination. However, CspC probably is the major protein that effects the germination for 

C. perfringens strain SM101, and CspA has the auxiliary role.  

2.4.7 Dodecylamine germination of C. perfringens spores. 

Previous studies showed that C. perfringens spores can germinate with cationic 

surfactant, dodecylamine (101). The precise mechanism of dodecylamine is not known yet, 

but the absence of CLEs do not have any effect on DPA release during the dodecylamine 

germination of the spores of Bacillus species (124). There was no significant difference of 

the rate of germination with dodecylamine for C. perfringens strains SM101, PKT133, 

PKT134, PKT133(pPKT108), PKT133(pPKT110), and PKT134(pPKT110) (Fig. 2.6). 

This indicates that both CspA and CspC cannot be considered as GR, unlike in C. difficile 

where CspC is the only known GR until now. 

2.4.8 CspA and CspC are essential in spore outgrowth and colony formation. 

At the final stages of germination, bacterial spores go through the outgrowth stage, 

which results in the vegetative growth. We wanted to test all our C. perfringens strains for 

the spore outgrowth and colony formation to see all our previous findings related to the 

defect in germination are valid. To do this, the pre-heated C. perfringens spores were 
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incubated in TGY broth (vegetative condition) and measure the OD600 of the culture in 

every hour for upto 8 h as described in Materials and Methods. There was no significant 

increase of OD600 of the mutant strains PKT133 and PKT134 incubated with TGY for up 

to 8 h (Fig. 2.7). However, both wild-type and all complemented strains exhibited a higher 

rate of OD600 increase 2 h after the start of the incubation (Fig. 2.7). After 24 h incubation, 

all mutant spores showed slight increase of OD600, however the total percentage of OD600 

were still significantly lower than the wild-type and complemented spores (data not 

shown). Finally, we wanted to see whether the spores were viable and could form colony 

on BHI plate in anaerobic condition. The pre-heated the spores of C. perfringens strains 

(wild-type, mutant and complemented strains) were plated similar number (108 spores per 

ml) in BHI plate and incubated anaerobically for 24 h. Both C. perfringens cspA and cspC 

spores were unable to form colony on BHI plates (only few colonies per plate), whereas 

wild-type and complemented spores form significantly higher number (p < 0.01) of 

colonies on BHI plates (Table 2.3). However, when we did the similar experiment on BHI 

containing 1 µg/ml lysozyme plate, we observed there was no significant difference in the 

colony formation among the strains (Table 2.3). This result indicates that all C. perfringens 

spores were viable, but because of the germination defect, both cspA and cspC mutant 

strains were unable to form colonies on BHI plate. Overall, both spore outgrowth and 

colony formation suggest that there is defect in germination for both cspA and cspC 

mutation. 

2.4.9 The expression of sleC are regulated by cspA and cspC. 

To confirm the role of CspA and CspC in spore germination in regards to the cortex 

hydrolysis, the transcript levels of cspB and sleC were measured for strain SM101, 

PKT133, and PKT134 grown in DS sporulating medium for 8 h. The level of cspB 

transcripts are lower in strain PKT133 and PKT134 than the level observed in SM101 (Fig. 

2.8). However, sleC transcript levels were significantly lower (p < 0.01) in strain PKT133 

and PKT134 than found in wild-type strain SM01 (Fig. 2.8). 

2.4.10 CspA and CspC are essential for processing of pro-SleC into mature SleC 
during spore germination and bypass CspB activation. 
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In our previous study, we showed that the serine protease CspB is involved in the 

processing of SleC and transform pro-SleC into pre-SleC which acts on the spore cortex 

layer and allow the spore core to expand and expedite the germination process (101). In 

this study, we wanted to know that whether CspA and CspC have the similar role in C. 

perfringens spore germination. First, the comparative level of CspB were assessed in cspA 

and cspC strains. To determine the CspB protein level at before and after germination 

points, both decoated and germinated spores were incubated with anti-CspB. C. 

perfringens strains SM101, PKT133, PKT134, PKT133(pPKT108), PKT133(pPKT110), 

and PKT134(pPKT110) showed similar level of CspB protein in both decoated and 

germinated states (Fig. 2.8). However, the cspB strain DPS117 exhibited no CspB 

production in the PVDF membrane after treating with the CspB-antibody. This result 

indicates that none of the CspA and CspC have any role in the activation of CspC and there 

might be another protein or regulator involved in the activation of all three Csp proteins in 

C. perfringens strains. Next, we checked the processing of SleC in all C. perfringens spores 

in both decoated and germinated condition. The level of pro-SleC were same for all C. 

perfringens strains in decoated state (Fig. 2.8). However, C. perfringens strains PKT133 

and PKT134 showed no production of mature SleC in germinated state, while the wild-

type and complemented strains exhibited the presence of mature SleC on the membrane 

(Fig. 2.8). This result indicates that like cspB strain, cspA and cspC mutants could block 

the processing of SleC. The sleC strain DPS107 did not show any SleC production in PVDF 

membrane after treat with anti-SleC antibody (Fig. 2.8). This finding indicates that both 

CspA and CspC are also involved in the processing of SleC. 

2.5 Discussion 

Cortex hydrolysis is an important step in C. perfringens spore germination as the 

hydrolysis of cortex layer removes the final barrier of the spore core to release the rest of 

its Ca-DPA and in return uptake water from the environment (19). Subtilisin-like serine 

protease, Csp proteins are conserved across the Clostridia and are necessary to trigger 

proteolytic signaling cascade consisting of the Csp family protease CspB and the cortex 

hydrolase SleC (98). In our previous study, we showed that the serine protease, CspB is 
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directly involved in the processing of SleC, which results in the active form of SleC that 

degrades the cortex layer of the spore (101). In this current study, we confirmed the role of 

other two serine proteases, CspA and CspC in C. perfringens spore germination. 

Previously it has been reported that the expression of cspABC genes are tricistronic 

in C. perfringens NFB strain S40 (118).  This study also identified the similar gene 

arrangement in another NFB strain F4969. However, the arrangement is different in C. 

difficile strain R20291 and C. perfringens FP strain SM101 (Fig. 2.1). Kevorkian et al., 

also shown the gene arrangement of csp locus in other Clostridium species (92). Overall, 

two major gene arrangement are evident in C. perfringens; the tricistronic cspABC in NFB 

strains and the bicistronic cspAC and monocistronic cspB in FP strains. In our previous 

study, we showed that cspB was expressed in the mother cell compartment of sporulating 

cells of C. perfringens strain SM101 (101). In this study, we also found that cspAC were 

expressed only during sporulation and only in the mother cell compartment. These findings 

are in accordance with the findings in C. perfringens NFB strain S40, where CspABC as 

well as SleC and SleM are synthesized in the mother cell compartment of developing cells 

and probably at stages II-III of sporulation (118). This indicates that the proteins involved 

in the germination stages are synthesized during the sporulation, but only function during 

the germination. 

The role of CspA and CspC are obvious as mutation in both cspA and cspC results 

in defect in germination of C. perfringens spores with different germinants (Fig. 2.4). In 

this study, we constructed two separate mutants for both cspA and cspC. However, both 

the qRT-PCR showed that there is polar effect of cspA mutation on cspC, indicates that C. 

perfringens strain PKT133 is function as a cspAC double mutant. From all experiments to 

determine the effect on germination for both cspA and cspC mutant, we found that cspA 

mutant strain complemented with only cspA did complement the germination defect 

partially. However, the complementation of cspA strain with both cspA-cspC restored the 

germination rate similar to wild-type level. This indicates that CspC is the major 

germination protein between these two and CspA plays a minor role in spore germination.  
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Similar to cspB mutant strain DPS107, there is no effect on spore germination with 

dodecylamine for both cspA and cspC mutants. It has been reported that dodecylamine can 

bypass the germination pathway including GR and CLE of Bacillus species and trigger 

spore germination. The exact mechanism of dodecylamine germination has not been 

known yet. No impact on dodecylamine germination for both cspA and cspC mutant 

indicates that CspA and CspC play role in germination either as GRs or proteins in cortex 

hydrolysis machinery. 

Earlier studies reported the possible involvement of three serine proteases CspA, 

CspB and CspC for the activation of SleC, the major protein of the cortex hydrolysis by 

immunochemical study (100). In our previous study, we confirmed the involvement of 

CspB in the activation of SleC by gene knock-out study (101). Although the gene 

arrangement and the homology of these three proteins are different among the Clostridium 

perfringens strains, we hypothesized that like CspB, CspA and CspC are also involved in 

the activation of CLEs SleC. 

In C. difficile, a unique mechanism to recognize germinant is present as no Ger-

type GR has been identified yet. In 2013, Francis et al first reported that the serine protease 

CspC acts as the GR in response to the bile acid germinant in C. difficile (91). The role of 

CspB in C. difficile is similar to C. perfringens as it has been found that CspB can activate 

SleC by cleaving off its inactive pro-part (99). However, all three serine proteases are 

interrelated to each other in C. difficile. CspA domain controls the levels of CspC 

germinant receptor in mature spores and is required for the optimal spore germination (92). 

The two protein CspA and CspB are fused together and thus to regulate the CspA activity, 

it needs to be cleaved. The YabG protease cleaves the fused CspBA protein (92). CspC 

also regulates the activity of CspB in C. difficile (116). In this study, we do not find the 

relation between all three proteases. By the Western blot analyses with anti-CspB antibody, 

we could not find the regulation of CspB by CspC. From our result, we can summarize that 

unlike the inter-regulation among the Csp proteases in C. difficile strains, there is no 

dependency among the Csp proteases in C. perfringens strains. Also, the role in activating 

the CLE, SleC is redundant among all three serine proetases in C. perfringens. 
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Interestingly, mutation in either of these csp genes results in the complete block of spore 

germination. This is probably due to the involvement of all three serine proteases in 

activating SleC. Another possibility is that there may be another protease involved that 

requires the activation of all three serine proteases and thus process SleC. Further studies 

are required to determine the inter-regulation of Csp proetases and their role in activating 

SleC. 

Overall, this study clearly showed the differences in CspB activation and SleC 

processing between C. perfringens and C. difficile strains. In C. difficile, serine protease 

CspC functions as the sole GR identified to date as well as activate CspB, whereas in C. 

perfringens no such function has been identified for CspC. However, CspC and in some 

lower extent CspA bypass activating CspB and process SleC directly (Fig. 2.9). In 

summary, this study together with previous findings show that there is a redundancy of the 

Csp proteases in C. perfringens strain SM101 in processing and activating SleC and thus 

play an important role in C. perfringens spore germination. 
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Figure 2.1. Genomic arrangement and expression of cspA and cspC genes in C. perfringens 
SM101.  

(A) The arrangement of cspA, cspB, cspC and sleC in C. perfringens FP strain SM101, 
NFB strain F4969 and C. difficile R20291 are indicated. (B and C) GUS specific activities 
from the cspA-gusA (B) and cspC-gusA (C) fusions in C. perfringens SM101 grown in 
TGY vegetative (square) and DS sporulation (circle) media were determined as described 
in Materials and Methods. The data represent are the mean of three independent 
experiments, and time zero denotes the time of inoculation of cells into either TGY or DS 
medium.  
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Figure 2.2. Schematic represe ntation of cspA and cspC deletion mutants in C. perfringens 
SM101 and the relative expression of cspA and cspC in C. perfringens strains.  

(A) Arrangement of cspA and cspC in C. perfringens wild-type, cspA and cspC mutant 
strains. C. perfringens mutant strains PKT133 (cspA:intron) and  PKT134 (cspC:intron) 
were constructed by Group II intron-based ClosTron technique, in which  a 350 bp intron 
product along with ermB gene cassette was inserted into the ORF of targeted genes. (B) 
The relative gene expression of cspA and cspC in C. perfringens wild-type strain SM101 
and cspA strain PKT133. The total RNA was extracted from the 8 h culture of C. 
perfringens strains grown in DS sporulating media and the cDNA was synthesized and 
quantitated as described in Materials and Methods. Error bars represent standard 
deviations. Statistically significant was determined by Student’s t-test, compared to the 
wild-type. *p < 0.05. 
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Figure 2.3. Growth assay and the spore forming efficiency of C. perfringens strains.  

(A) The vegetative growth of C. perfringens strain SM101 (wild-type) (circle), PKT133 
(cspA:intron) (square), and PKT134 (cspC:intron) (diamond) was monitored by measuring 
the OD600 of the culture every hour up to 8 h as described in Materials and Methods. (B) 
The spore forming efficiency of all C. perfringens strains were done by the direct 
microscopic count from 12 h culture in DS medium as described in Materials and Methods. 
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Figure 2.4. Germination of C. perfringens spores with various nutrient and non-nutrient 
germinants. 

Heat-activated spores of C. perfringens strain SM101 (wild-type) (filled circle), PKT133 
(cspA:intron) (square), PKT134 (cspC:intron) (diamond), PKT133(pPKT108) (cspA 
mutant complemented with wild-type cspA) (triangle), PKT133(pPKT110) (cspA mutant 
complemented with wild-type cspA-cspC) (down triangle) and PKT134(pPKT110) (cspC 
mutant complemented with wild-type cspA-cspC) (circle), were germinated with (A) 100 
mM KCl in 25 mM Tris-HCl (pH 7.0); (B) 100 mM L-glutamine in 25 mM Tris-HCl (pH 
7.0); (C) BHI broth and (D) 50 mM Ca-DPA in 25 mM Tris-HCl (pH 7.0) at 37 °C for 90 
min, and the OD600 was measured as described in Materials and Methods. The data 
represents are the means of three separate experiments and standard errors of the mean 
were less than 25% of the mean. There was no significant decrease in the OD600 for all C. 
perfringens spores incubated in buffer alone (data not shown). 
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Figure 2.5. DPA release during germination of spores of C. perfringens strains with 
various nutrient and non-nutrient germinants.  

Heat-activated spores of SM101 (wild-type), PKT133 (cspA:intron), PKT134 
(cspC:intron), PKT133(pPKT108) (cspA mutant complemented with wild-type cspA), 
PKT133(pPKT110) (cspA mutant complemented with wild-type cspA-cspC) and 
PKT134(pPKT110) (cspC mutant complemented with wild-type cspA-cspC), were 
incubated with (A) 100 mM KCl in 25 mM Tris-HCl (pH 7.0); (B) 100 mM L-cysteine in 
25 mM Tris-HCl (pH 7.0); (C) 100 mM L-glutamine in 25 mM Tris-HCl (pH 7.0) and (D) 
50 mM Ca-DPA in 25 mM Tris-HCl (pH 7.0) at 37 °C for 90 min and DPA release were 
monitored by measuring OD270 as described in Materials and Methods. The data represents 
are the means of three replicates and error bars represent standard deviations. Statistically 
significant was determined by Student’s t-test, compared to the wild-type. *p < 0.05. 
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Figure 2.6. Dodecylamine germination of C. perfringens spores.  

Heat activated spores of C. perfringens strains SM101 (wild-type) (filled circle), PKT133 
(cspA:intron) (square), PKT134 (cspC:intron) (diamond), PKT133(pPKT108) (cspA 
mutant complemented with wild-type cspA) (triangle), PKT133(pPKT110) (cspA mutant 
complemented with wild-type cspA-cspC) (down triangle) and PKT134(pPKT110) (cspC 
mutant complemented with wild-type cspA-cspC) (circle), were germinated with 
dodecylamine, and at various times the DPA release was measured as described in 
Materials and Methods. The data represents are the means of three replicates and error bars 
represent standard deviations.   
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Figure 2.7. Spore outgrowth of C. perfringens strains.  

Heat activated spores of C. perfringens strains SM101 (wild-type) (filled circle), PKT133 
(cspA:intron) (square), PKT134 (cspC:intron) (diamond), PKT133(pPKT108) (cspA 
mutant complemented with wild-type cspA) (triangle), PKT133(pPKT110) (cspA mutant 
complemented with wild-type cspA-cspC) (down triangle) and PKT134(pPKT110) (cspC 
mutant complemented with wild-type cspA-cspC) (circle), were inoculated in pre-warmed 
TGY broth and the OD600 was measured as described in Materials and Methods. The data 
represents are the means of three replicates and error bars represent standard deviations.  
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Figure 2.8. Transcript levels of cspB, sleC and detection of CspB and SleC in C. 
perfringens strains 

(A) Transcript level of cspB and sleC were analyzed by quzntitative RT-PCR in C. 
perfringens strains grown in DS for 8h, and then calculated relative to the wild-type after 
normalization to the housekeeping gene 16S rRNA. Statistically significant was 
determined by Student’s t-test, compared to the wild-type. *p < 0.05. (B) Aliquotes of coat 
extracts from dormant (C) and germinated spores (GS), were separated by SDS-PAGE, 
proteins were transferred to a PVDF membrane, and the CspB was detected with anti-CspB 
and anti-SleC antibody as described in Materials and Methods. Samples run in various 
lanes (1-8) were from spores of strains SM101 (1), DPS107 (SleC mutant) (2), DPS117 
(CspB mutant) (3), PKT133 (4), PKT133(pPKT108) (5), PKT133(pPKT110) (6) PKT134 
(7) and PKT134(pPKT110) (8), and the arrows on the right indicate the predicted migration 
positions of CspB (50 kDa). SleC was detected with anti-SleC antibody as described in 
Materials and Methods. The arrows on the right indicate the predicted migration positions 
of pro-SleC (34 kDa) and SleC (31 kDa). 
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Figure 2.9. Tentative model of spore germination in Clostridium species. 

In C. difficile, binding of bile salt germinants to CspC triggers the signaling cascade, which 
involves the activation of CspB and SleC. During spore formation, YabG cleaves the 
CspBA fused protein and separates CspA and CspB. CspA controls the levels of CspC 
germinant receptor levels in mature spores. CspC activates the CspB, which in turn cleaves 
the inactive pro-part of the Pro-SleC and convert it to a active SleC. The activated SleC 
undergoes for the cortex hydrolysis and results in the completion of spore germination. 
Meanwhile, in C. perfringens four GR proteins (GerKA, GerKB, GerKC and GerAA) are 
identified which involved in the binding of nutrient germinants. GerKC is the main GRs 
among other proteins. Upon activation, GRs passess signals thorugh an unknown 
mechanism to the Csp proteases. Three Csp proteases are present in C. perfringens. Unlike 
C. difficile, all three Csp proteases activate SleC from Pro-SleC. After cortex hydrolysis, 
the spore uptake more water and results in complete germination. 
  

Nutrient germinants

GerKA GerKB GerKC GerAA

CspCCspA CspB

Pro-SleC

SleC

Activation of Csp proteases

?

Cortex hydrolysis

Completion of spore germination

C. perfringens

Bile salts

CspC

Pro-SleC

YabG

CspAB

CspB
CspA

SleC

C. difficile

Cortex hydrolysis

Completion of spore germination



Chapter 2 51 

Table 2.1. Bacterial strains and plasmids used in Chapter 2. 

Strains or plasmids Relevant characteristic(s) Source 
(Reference) 

Strains   
SM101 Wild-type strain; an electroportable derivative of FP strain NCTC 8798; 

caries a chromosomal cpe gene 
(125) 

PKT133 cspA (cspA::intron) mutant of SM101 This study 
PKT134 cspC (cspC::intron) mutant of SM101 This study 
SM101(pPKT77) Wild-type strain carrying cspA-gusA fusion This study 
SM101(pPKT78) Wild-type strain carrying cspC-gusA fusion This study 
PKT133(pPKT108) cspA mutant complemented with wild-type cspA  This study 
PKT133(pPKT110) cspA mutant complemented with wild-type cspA-cspC  This study 
PKT134(pPKT110) cspC mutant complemented with wild-type cspA-cspC  This study 
Plasmids   
pJIR3566 Clostridial targetron vector derived from pJIR750ai, contains ermB-RAM 

and lacZα, Cmr 
(122) 

pMRS127 C. perfringens/E. coli shuttle vector carrying a promoter less gusA; Emr (120) 
pJIR750 C. perfringens/E. coli shuttle vector; Cmr (126) 
pPKT56 a 350-bp group-II intron retargeted to cspA cloned in TOPO-XL This study 
pPKT71 a 389-bp of putative promoter of CspC_SM101 was cloned into TOPO-XL 

vector 
This study 

pPKT72 a 355-bp putative promoter of CspA-SM101 was cloned into TOPO-XL 
vector 

This study 

pPKT77 a 389-bp PCR amplified upstream region of cspA cloned into pMRS127 This study 
pPKT78 a 355-bp PCR amplified upstream region of cspC cloned into pMRS127 This study 
pPKT93 cspA intron product from pPKT56 cloned into pJIR3566 (ytaF mutator 

plasmid); Cmr 
This study 

pPKT105 a 350-bp group-II intron retargeted to cspC cloned in TOPO-XL This study 
pPKT106 cspC intron product from pPKT105 cloned into pJIR3566 (ytaF mutator 

plasmid); Cmr 
This study 

pPKT108 a 2.2-kb CspA high fidelity fragment from pPKT107 cloned into KpnI-SalI 
site of pJIR750 

This study 

pPKT109 a 4.1-kb CspA-CspC high fidelity fragment cloned into KpnI-SalI site of 
pJIR751 

This study 

pPKT110 a 4.1-kb CspA-CspC high fidelity fragment cloned into KpnI-SalI site of 
pJIR750 

This study 
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Table 2.2. List of primers used in Chapter 2. 

Primer 
name 

Primer sequence (5’-3’)a Gene Usec 

CPP1088 GCAGCGTCGAC AAG CTT AGA GAT AAT TCG TTA TTA GTG cspA GUS 
CPP1089 GACGCTGCAG GTT TCT TGT GGA GAT ACT TCC TG cspA GUS 
CPP1090 GCAGCGTCGAC CAT ATT TCC TGG AGA TAG AGT TGG cspC GUS 
CPP1091 GACGCTGCAG ATA CAT ATT CTG GAG CTG AAG AC cspC GUS 
CPP1103 AAA AAA GCT TAT AAT TAT CCT TAG GAG TCA TAG TTG TGC GCC 

CAG ATA GGG TG 
cspA MP 

CPP1104 CAG ATT GTA CAA ATG TGG TGA TAA CAG ATA AGT CAT AGT TGG 
TAA CTT ACC TTT CTT TGT 

cspA MP 

CPP1105 TGA ACG CAA GTT TCT AAT TTC GAT TAC TCC TCG ATA GAG GAA 
AGT GTC T 

cspA MP 

CPP1261 AAA AAA GCT TAT AAT TAT CCT TAC ATA TCC TTC TGG TGC GCC 
CAG ATA GGG TG 

cspC MP 

CPP1262 CAG ATT GTA CAA ATG TGG TGA TAA CAG ATA AGT CCT TCT GGA 
TAA CTT ACC TTT CTT TGT 

cspC MP 

CPP1263 TGA ACG CAA GTT TCT AAT TTC GGT TAT ATG TCG ATA GAG GAA 
AGT GTC T 

cspC MP 

CPP1101 TGT TTC AAC ACC ACC ACA GT cspA   Detect 
CPP1102 TGG ATC TCT CCC ATC TGC CT cspA  Detect 
CPP1293 GTC TTC AGC TCC AGA ATA TGT AT  cspC  Detect 
CPP1294 CCA ACA ATA ACC CCT TTA CC cspC Detect 
CPP1159 GCAGCGTCGAC TGC AGA AAC CGC AAT ATC CTC T  CP 
CPP1160 GCGGGTACCC GGA ACT ATG CAA GCT TCT GGC  CP 
CPP1161 GCAGCGTCGAC ATA CAT ATT CTG GAG CTG AAG AC  CP 
CPP1274 AGG GAG TTC TCC AGC AAC AG cspA RT 
CPP1275 AGG ATA TGT TTG CCC AGG AA cspA RT 
CPP1276 GCA GCA GGA GGA GTA AAT GC cspC RT 
CPP1277 TTC CAT ATC CCC ACT CTG GA cspC RT 

 
aRestriction sites are underlined. 
bNucleotide numbering begins at the first base of the translation codon of the relevant gene. 
cMP, construction of mutator plasmid 

CP, construction of complemented plasmid 

GUS, construction of plasmid for GUS assay 

Detect, primers used for the detection of mutant strains 

RT, RT-PCR 
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Table 2.3. Colony formation by spores of C. perfringens strainsa. 

Strain (genotype) Spore titer (CFU/ml/OD600)b 
BHI BHI+Lyzc 

SM101 (wild-type) 2.24 ×107 1.58 ×108 
PKT133 30.7 3.87 ×108 
PKT134 17.5 9 ×107 
PKT133(pPKT108) 1.56 ×107 9.97 ×107 
PKT133(pPKT110) 2.72 ×107 1.18 ×108 
PKT134(pPKT110) 1.87 ×107 1.06 ×108 

 
aHeat-activated spores of various strains were plated on BHI agar with or without lysozyme (1 µg/ml), and colonies were 
counted after anaerobic incubation at 37 °C for 24 h as described in Materials and Methods. 
bTiters are the average number of colony forming units (CFU/ml/OD600) determined in three experiments, and the 
variation was less than 15%. 
cSpores were decoated, heat-activated, and plated onto BHI agar containing lysozyme (Lyz), and colonies were counted 
after overnight incubation anaerobically at 37 °C. 
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2.6 Supplementary Material 

Supplementary Figure 1A 
 

 
 
Supplementary Figure 1B. 
 

 
 
 

Clostridium perfringens  SM101 V Y V G S I F N N E D I N N A I K S K A D G R D P Y D I V D S R D E I W H G T K L A S I I G A R G - Y N R K I K G I A P
Clostridium perfringens  F4969 F I S G S E Y T E E D I N K A I Q A Q K Q G Q N P Y D I V P S K D D Y G H G T K M A G I V G A R G - I N R E I V G V A P
Clostridium difficile  630 F Y I G T E Y T R E D I N R A I A E N - - - - - - - D P S L S Q D E V G Q G T M L S G I C A G L G N V N S E Y A G I A E

Clostridium perfringens  SM101 N C D F A I V K L L N - S F S Y E K A F R E N G I E N V P V Y D E V E I V A G V E Y L K N Y A L S L K R P L V I C L A I
Clostridium perfringens  F4969 D C E F I I I K L Q E A S K E Y V D F Y Y A K G D K - - A K Y R N T D I I M A L K Y L Y E L S F T L N K P M I I Y L P L
Clostridium difficile  630 D S E L I I I K L G K I D D F Y N - - - - - - - - - - - - - - - S A M L F A A S Q Y A Y K K A F E L G R P L V I N M S L

Clostridium perfringens  SM101 G C T E A S H D G R G L F P R Y L T T V A S I R G - I A I V A G V G N E G S A Q G H A S G V I E L E N S V E K I E L S I
Clostridium perfringens  F4969 G S N L G D H A G A S I L E R Y V D T K I S G R N S L F V V T S T G N Q G N T D T H T S G E I K S N G D S Q I I E L N C
Clostridium difficile  630 G - - - - T S S L A G L T N R S N S E K A F F T R G L C I T A G A G N E G N T Q T H T S G I I P Y V G G S V E V E L E L

Clostridium perfringens  SM101 P R E I K N F N L A F W I Q R P N I M S L N I K S P S G E E S S F I D A K - - - - I F L E R S - - F K F I L T D T S V N
Clostridium perfringens  F4969 G K E Q Q G L V L Q I Y A Q R P S K I K L G I L S P S G E R F E N T N P R K T K H I L I N D A P T W K F I Y E G T T V Q
Clostridium difficile  630 N E D E E E L S L E L W L N R P D K A D V I I V S P T G E E S K S V G I S N - - - - - - Y N K V T G L F D L E G T E Y S

Clostridium perfringens  SM101 I N Y Y V P D T F T G N E L I Y V E F K D I K P G I W T F E L R G D Y I T N G R Y D V W L A P S S L L P E N T K F L S P
Clostridium perfringens  F4969 V T Y D S P D E F T G D D K F V I K M E G I T A G V W R F I L T G N N I V D G K Y Y A W I L Q R E L L A E N T R F L N P
Clostridium difficile  630 I T Y I Y P T T F S G Q Q F T N V T L K N A K R G V W K I R L V G V Y I I T G R Y N L Y L P N R E L L K S G T R F R E V

Clostridium perfringens  SM101 N P L N T L M D P S T A K Y I I T V A Y Y N S Q T Q S L L A E S G K G F N V N G W I N P D I T T A G K D I L T I F P G D
Clostridium perfringens  F4969 S P Y T T L T I P G T A K T I I N T S Y Y N Q N N G A I V S E S G R G Y T M K D Y I Q P I I T A G G I N A I T T K P G G
Clostridium difficile  630 D P F Y T I N Y P A I Q D D L I T I G A Y N T I N G S L W Q S S S R G P T I E D R L K P D I V A P G V N I I A A Y P G N

Clostridium perfringens  SM101 R V G R M S G S S P A T A I T V G V C A L L F Q W G I I N R N D R - T M N S S K L R S Y L I Y G A T R I P G Q T Y P N E
Clostridium perfringens  F4969 G T I T M S G A S V A G A I L A G C C A L I I Q W A V V D G N D P - Q M Y A T K L Q A Y I I R G A R K R E G D T Y P N R
Clostridium difficile  630 T Y A T I T G T A A A S A H A A G A A A M Y F Q Y T F V D G R Y P N Q A Y V Q K I K T F M Q A G A R K D S N T V Y P N T

Clostridium perfringens  SM101 Y T G Y G Y L D L Y E I F R N I I G V P L P P Y R S T K I N E D Y T E Y Y C G R M L V S V P S D F Y Y G G K
Clostridium perfringens  F4969 Q W G Y G I L D M Q E I F K S L T N K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Clostridium difficile  630 N S G Y G L L D V R G M F D V L R - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Clostridium perfringens  SM101 M E N K A K G G I D F I N I I P K Q I L T R L I E K Y S P N N E D I E L V V L Y G D N F F K F K N S V D A I G A K V E D
Clostridium perfringens  F4969 M E N K A K V G I D F I N T I P K Q I L T S L I E Q Y S P N N G E I E L V V L Y G D N F L R F K N S V D A I G A K V E D
Clostridium difficile  630 - - - - - - - - - - - - - - - - - - - - - M I I I N Y - - - - - - - E L I V K Y N G D I L R L E - - - E E L G V S V E I

Clostridium perfringens  SM101 L G Y G F G I L I I K V N - D L N R I I E L D G L Q Y I E L P K I L Y T S A Y D S N R A S C I P S V W N N Y N L T G E G
Clostridium perfringens  F4969 L G Y G F G I L I I K V S - D L N R I I E L E G L Q Y I E L P K I L Y T S A Y D S N R A S C I P S V W N N Y N L T G E G
Clostridium difficile  630 L N S S Y A I I T S S N E E D V N I L L T Y P E I E F I E K P F I L Q T Q D V Q S F S S T G I T G F K N R T G L T G K G

Clostridium perfringens  SM101 I L V G F L D T G I D Y T H N A F K D T D G N T R I E Y I Y D L E N - - - - - - - - - - E V V Y D K N K I N E A L K S E
Clostridium perfringens  F4969 I L V G F L D T G I D Y T H N A F K D D E G N T R I E Y I Y D L E N - - - - - - - - - - G V V Y D K N K I N E A L K S E
Clostridium difficile  630 T I I G I I D S G I D Y T L P V F R D S D G R S K I L Y Y W D Q S I Q G N P P E G F R E G T L Y T N E D I N N A I D G S

Clostridium perfringens  SM101 D P F S I V P E I D L S G H G T H V A G I A C A G G N I N F D N Y G V A Y K S S I A M V K I T S G N S L R E A L S T Q L
Clostridium perfringens  F4969 D P F S I V P E I D L S G H G T H V A G I A C A G G N I N F D N Y G V A Y K S S I A M V K I T G E N S L R A A L S T Q L
Clostridium difficile  630 - - - M Y I P I S T T S L H G T H V A G I C A T - - - - - - - - - - I A S D A R I I V V R V G N I Q T D I F S R S T E F

Clostridium perfringens  SM101 M K G L K F L M D K S N E I N K P L V V N I S L S T N D G S H N G N S L L E K Y I Q T F S Q L Q K A V I V V A A G N E G
Clostridium perfringens  F4969 M R G L K F L M D K S N E I N K P L V V N I S L S T N D G S H N G S S L L E K Y I Q T F T Q L Q K A V I V V A A G N E G
Clostridium difficile  630 M R A I K F I L D R A L E L R M P V T L N I S Y G S N E G S H R G T S L F E Q Y I D D M C L F W K N N I V V A A G N N A

Clostridium perfringens  SM101 N S A H H V G G N M K K - - E E E L D L N I G D G E K S I I L A F F K S V L V D V S V E V I S P T G V S T G P M E L S E
Clostridium perfringens  F4969 N S A H H V G G K M K K - - E E D L D L N I G D G E K G I I L D F F K P V L V D V S V E V I S P T G I S T G P M G L S E
Clostridium difficile  630 D K G G H K R I R L Q N N I T E E V E F I V G E G E R I L N I N I W P D F V D D F S V H L V N P S N N Q T Q A I S L T S

Clostridium perfringens  SM101 S Y R E R F V G K E K I V V Y S T G P K P F D I Q G Q T T I S I L P L G D T I T S G G W R I I V R K L N N Y D G Y F D I
Clostridium perfringens  F4969 S Y K E R F V G R E K I V L Y S T G P K P F D I Q G Q T T I S I L P L G D T I T S G G W R I I V R K L N N Y E G Y F D V
Clostridium difficile  630 G E I R N T L G E T R I T G Y F Y P I A P Y S L T R R V T L Q L S S N - T Q I T P G L W K I V F E P I D I V T G N V N I

Clostridium perfringens  SM101 W L P I A E G L N E K T R F L Q P S V Y N T L G I P A T V Q G V I S V G S Y N F L N N N L S A F S G R G V V R P E W L I
Clostridium perfringens  F4969 W L P I A E G L N E R T R F L Q P S V Y N T L G I P A T V E G V I S V G S Y N F L N N N L S A F S G R G V V R P E W L I
Clostridium difficile  630 Y L P T S E G L N R N T R F L I P T Q E L T V T V P G T A S R V I T V G S F N S R T D I V S I F S G E G D T Q L G - V F

Clostridium perfringens  SM101 K P D L V A P G E N I L S T V P G Q G F D T K S G T S M A A P Q V S G I C A L L L E W G I I R N N D P F L Y G Q K I K Y
Clostridium perfringens  F4969 K P D L V A P G E N I L S T V E E Q G F D T K S G T S M A A P Q V S G I C A L L F E W G I I R N N D P F L Y G E R I K Y
Clostridium difficile  630 K P D L L A P G E D I V S F L P G G T S G A L T G T S M A T P H V T G V C S L F M E W G I V N G N D L F L Y S Q K L R A

Clostridium perfringens  SM101 Y L I K G A R R T I S G E A Y P N P D L G Y G F V C L E R T M E L L T N R - - - - - - - - - - - - - - - - - -
Clostridium perfringens  F4969 Y L I K G A K R T I F G E A Y P N P D L G Y G F V C L D R T M E L L I N R R - - - - - - - - - - - - - - - - -
Clostridium difficile  630 L L L K G A R R - L S N Q S Y P N N S S G F G F L N L S D I D L Y T L S N I N Q D L E T E D M G Y R S I N K S

Domain: Data  
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Supplementary Figure 1C. 
 

 
 
Supplementary Figure 1D. 
 

 
Fig S1 A-D. Alignment of aa sequences of CspA, CspB, CspC and SleC proteins from C. 
perfringens FP strain SM101, C. perfringens NFB strain F4969 and C. difficile R20291. 
The dark boxes indicate the identical amino acids for all three Clostridium strains, the dark 
grey boxes indicate amino acid identity for C. perfringens SM101 and C. difficile R20291 
strains and the light grey boxes indicate  amino acid identity for C. perfringens strains 
SM101 and F4969. The deduced aa sequences of Csp proteins from SM101, F4969 and 
R20291 strains are available on the National Center for Biotechnology Information (NCBI) 
website at (https://www.ncbi.nlm.nih.gov/genome/term=Clostridium). Amino acid 
sequence alignment was performed using the MEGA7 program and modified with 
Microsoft Excel.  

Clostridium perfringens  SM101 R E G G D P Y T I V P S R D E I G H G T S M A G I I G S S G - K N P R L K G V A P D C K F L V V K L A Q S L Y Y K K E Y
Clostridium perfringens  F4969 N S G G D P Y T I V Q S K D D V G H G T E M A C I I A G S G - K D E N L T G V V P E C D L A I V K L D R A F K K Y T D Y
Clostridium difficile  630 D G S - - - - - - - L S Q D N I G T G T L V S G I L V G N G R I N S Q Y R G I T T E S D L I V V K L K S - - Y T D T Y Y

Clostridium perfringens  SM101 E I K I P - - - V Y N I T E I F T G I Q Y L Y S Y F L K R S Q S M I I Y L P L G T N R G S H K G T S I L E E F L D S I L
Clostridium perfringens  F4969 F F A K G D A V K Y R N V D I L L A M K Y L Y N L S F Q Y N K P M V I Y I P M G T N F G A H D G S S I L E R Y I N D I S
Clostridium difficile  630 A G R I N - - - - Y S V S D F L A A I T Y V T N I A R T E N K P L I I N L T I G V K S S A V A T T S I L D T F N - - I L

Clostridium perfringens  SM101 I N R G I A L I T G A G N E G A A L L H G S G T I K P N G Q V T T H E F N I D E N Q K K I I I E A W I Q I P S I A S V E
Clostridium perfringens  F4969 N K R G I A V I A S S G N Q G N T N T H A D G I I T E M G D N K T I E L D V G E D Q D G I M M I I L G Y K P D K F K L S
Clostridium difficile  630 S S A G V V V V S G A G N Q G N T D I H Y S G R F S S V G E V Q D V I I Q D G D D - Y A L D I T L N T N G P D K V G A Q

Clostridium perfringens  SM101 I V S P T G G T T G I I Q P F F G K G N - - - - - - - - - - K Y Y F T I E R T T V L V S Y Y I P E E I Y E D S L I L I I
Clostridium perfringens  F4969 I I S P S G E L I E N A N P L T N Y G G N K N L A V E N G Y K I N F I Y E G T T M D V F Y D S P D E L T G G E R I V I R
Clostridium difficile  630 I I S P S G E V S H D I R Y S P D F Y I Y - - - - - - - - - R G K F N L E N T T Y A M R F I Y P Y I T S G K E N L E I R

Clostridium perfringens  SM101 L D N V Q A G I W S F K F R G L N N I E G R Y N I W L P P K G I S K E K T R M I Y P D P Y G T V T V P G T S I S V I T V
Clostridium perfringens  F4969 A Q N L K P G I W R F R L T G Q H I T F G N F D A Y I L Q K E L L A E G T K F L I S S P Y T T L T I P G A A E K M I T V
Clostridium difficile  630 L R D I K P G V W I L R L T S E L I I N G E Y D I Y L P N K N L I A P D T R F L D P D S V A T I T M Y A A S D D V I T V

Clostridium perfringens  SM101 A A Y N Q L N N T Q L I Y S G R G F K D N Y I D I I D V A A G G V N A L T V A P D N K T T L A N G T S V A A A I V A G I
Clostridium perfringens  F4969 A S Y N Q E N N T I L S S S G R G Y A R N D I I Q P I I A A G G V N A L T I N N K G E K V S V S G G S V A A A I V A G C
Clostridium difficile  630 G T F N N K T D S M W I G S S K G P I R G R G I K P D I V A S G V D I I S T Y K N G T Y N T G T G T G V S S S I V T G V

Clostridium perfringens  SM101 C V L L F Q W G I V E G N Y P - - Y M F S Q T L K A F I T R G T R K R K G D T Y P N P E W G Y G I V D M F N M F N - L T
Clostridium perfringens  F4969 C A M L F Q W G I V Y N N D P - - T L Y V A K L Q T Y L I R G V N T R E G D M Y P N R E W G Y G T I D M I N V F N S L R
Clostridium difficile  630 L A L L M E Y L E K Q D N V P R L S L F T Q V L K T Y L I L G A T K L E I Y T Y P N V S Q G Y G I L N L K N T I Q Q I A

Clostridium perfringens  SM101 N - -
Clostridium perfringens  F4969 T - -
Clostridium difficile  630 N T L

Clostridium perfringens  SM101 M T L G R L K V Q C F S E Q R R Y I P I D K C K V K I T P T G Q D G I A I G D T I V - L Y T N N T G S T D I I E L D A P  [ 60]
Clostridium perfringens  F4969 M A V G G L K V Q C F S E Q R R Y I P I D K C K V K I T P T G E D G V A V G D T I E - L Y T D D T G S T D T I E L D A P  [ 60]
Clostridioides difficile  630 M Q D G F L T V S I I D A T N - N R P I Q N A V V N I Y S M S N G S Q S S S T L Y Q N L R S N E S G Q V T G L V L P A P  [ 60]

Clostridium perfringens  SM101 P I E N S N Q P - N T I P Y S F A N V I A E K E G F L P V A V N G V Q I Y P A R V A I Q N I N L P - - - - E T R G Y Y R  [120]
Clostridium perfringens  F4969 P I E N S N Q P - G T I P Y S F A E V I V E R E G F L P V A V N G V Q I Y P S R I A L Q N V N L P - - - - E T R G Y Y R  [120]
Clostridioides difficile  630 D V D Y S L Q P S D V R P Y S Q Y I V E A I A D G Y E T V V I E G T Q L L A T I E A R Q G V P M S P R T R S K R S F S R  [120]

Clostridium perfringens  SM101 Q - E K I I N I Q P N R L V G N F P P K I P E P E E K E L P L P K G I A V L P E P V I P E Y I V V H D G R P N D N T A P  [180]
Clostridium perfringens  F4969 Q - E E V I D I Q P N R L V G N F P P K I P E A E E K E L P P P K G T V V L P E P V V P E Y I V V H N G R P N D N S V A  [180]
Clostridioides difficile  630 Q S E L I F D I G E H T L Y G T Y P P K I P E S N L K P L P P P T G F V V L D N P V V P E F I V V H D G L P E D S S A P  [180]

Clostridium perfringens  SM101 N Y K V N Y K D Y I K N V A C C E I F S T W P E T T I R A N V Y A I T S F T L N R I Y T E W Y R G K G K N F D I T S S T  [240]
Clostridium perfringens  F4969 N Y K V N Y K D Y I K N V A C C E I F S T W S E N T I R A N V Y A I I S F T L N R I Y T E W Y R G K G K N F D I T N S T  [240]
Clostridioides difficile  630 N Y W I P F K E Y I K N I A S S E I Y S T W P E Q T I Y A N V I A I I S F T L N R V F T E W Y R N K G Y N F T I T S T T  [240]

Clostridium perfringens  SM101 A F D H A F S Y G R N F Y E N I S R I V D E I F S T Y M K R - I N S K Q P L L A Q Y C D G I K V Q C P G W M T Q W G S K  [300]
Clostridium perfringens  F4969 A F D H A F S Y G R N F Y D N I S R I V D E I F S T Y M K R - F N S K Q P L L A Q Y C D G I N V Q C P G W M T Q W G S K  [300]
Clostridioides difficile  630 A Y D H K F I N N R N L F E P I N V V V D A I F N T F I K R P P T S R Q P L L A Q Y C D G Q K S Q C P D Q M T Q W G S K  [300]

Clostridium perfringens  SM101 Y L G D E G K V P Y D I L T Y F Y G D D L E L K S A K K V K G S P R S Y P G Y T L K F G Y S G E P V R V I Q E Q L N A I  [360]
Clostridium perfringens  F4969 Y L G D E G K V P Y D I L T S F Y G D D L E L K S A K K V K G S P R S Y P G Y T L K T G Y S G E P V R V I Q E Q L N A I  [360]
Clostridioides difficile  630 D L G D Q G Y D Y E S I L R Y F Y G D E I V F E R A P I V S G V P V S F P G T T L Q V G S S G Q Y V R T I Q N Q L N A I  [360]

Clostridium perfringens  SM101 S R A Y P L I P K I A V D G K Y G P K T R E A V K T F Q K I F D L P Q T G E V D Y A T W Y K I S D V Y V A V T K I A E L  [420]
Clostridium perfringens  F4969 S R A Y P L I P K I A V D G K Y G P K T R E A V K T F Q K I F N L P Q T G E V D Y A T W Y K I S D V Y V A V T K I A E L  [420]
Clostridioides difficile  630 S N S Y P A V P K V I E D G I Y G T D T E N A V K I F Q G I F G L P Q S G V V D F K T W Y E I S R V Y V A T T R I A S L  [420]

Clostridium perfringens  SM101 R S S V E K K I F Y P P T I M D R R E N V P K I I Y [446]
Clostridium perfringens  F4969 R S S V E K K I F Y P P T I M D R R E N V P K I I Y [446]
Clostridioides difficile  630 N - - - - - - - - - - P L I - - - - - - - - - - - - [446]

Domain: Data  
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3.1 Abstract 

Spore formation and germination are two crucial events in Clostridium perfringens 

life cycle and involve a set of genes to be expressed in coherent manner. Although, a 

number of genes have been shown to be associated with sporulation and germination, many 

of those genes have not been characterized yet. In this study, we selected nine genes (ylzA, 

ymxH, spoIIM, ytxC, ylxY, ytaF, yyaC1, yyaC2 and bkdR) based on the homology with 

respective genes in Bacillus subtilis. The promoter analyses by β-glocuronidase assay 

revealed that seven genes (ymxH, spoIIM, ytxC, ytaF, yyaC1, yyaC2 and bkdR) were 

expressed only during sporulation condition, although the time of the expression varies. 

With Clostridium based modified TrageTron technique, we introduced null mutations in 

C. perfringens type A strain SM101 for ymxH, spoIIM, ytxC, ytaF, yyaC1, yyaC2 and bkdR 

genes and analyzed for spore formation and germination phenotypes. C. perfringens type 

A strain SM101 carrying null mutation in ymxH, ytxC, ytaF, yyaC2 or bkdR showed 

decreased level of spore formation compared to wild-type. However, SM101 spoIIM 

mutant was fully defective in spore formation. Spore formation was restored to ymxH, ytxC, 

ytaF, yyaC2, bkdR or spoIIM mutant when complemented with recombinant plasmid 

carrying respective wild-type gene. When germination assay was performed with spores of 

five mutant strains (ymxH, ytxC, ytaF, yyaC2 and bkdR) only yyaC2 and ytxC spores 

showed reduced germination rate and released less DPA compared to wild-type spores with 

different germinants. Consistent with germination defects, yyaC2 and ytxC spores were 

defective in the spore outgrowth and colony formation. The germination defects in yyaC2 

and ytxC spores could be restored by complementation with wild-type yyaC2 and ytxC, 

respectively. Collective, our current study identified ymxH, spoIIM, ytxC, ytaF and bkdR 

as sporulation genes, and yyaC2 and ytxC as germination genes.   
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3.2 Introduction 

Spore formation is a unique developmental process in a certain low G+C group of 

Gram-positive bacteria (Firmicutes) wherein a metabolically inactive cell type (the spore) 

is formed inside another cell (the mother cell) and ultimately released as free spores into 

the environment by lysis of the mother cell (9). Spores are highly resistant to various 

physical, chemical and environmental stresses, such as exposure to solvents, oxidizing 

agents, lytic enzymes, high temperatures, vacuum, acceleration, irradiation, chemicals, and 

desiccation that would rapidly destroy the vegetative form of the bacterium (59, 127). This 

resilience of the bacterial spore allows it to remain viable in different extreme conditions 

including the gastrointestinal (GI) tract of humans and animals. Depending on the 

interactions between the host and the bacteria, spores often serve as the infectious vehicle 

for the host (23, 128). Although bacterial spores are dormant and have no or very little 

metabolic activity inside the spore structure, these spores can consistently monitor its 

surrounding environment. Upon sensing the favorable condition, these spores are capable 

of rapidly resuming growth by a complex process known as germination (77, 129).  

Clostridium perfringens, an anaerobic, spore-former is one of the important 

members of the Fermicutes family due to its disease-causing ability in humans and animals 

(1). C. perfringens can produce as many as 17 different toxins and are responsible to cause 

a wide array of GI and histotoxic diseases in humans and animals (3). Both sporulation and 

germination are important in C. perfringens life cycle and the pathogenesis to many hosts. 

Several toxin productions are directly regulated by the spore production and vegetative 

growth and thus the changing to appropriate bacterial morphotypes is not only crucial to 

the bacterial survival but also important for its successful pathogenicity towards the hosts 

(3, 23, 128).  C. perfringens sporulation initiated when the conditions are not favorable 

such as nutrient depletion (9). Like other spore formers, sporulation in C. perfringens is 

largely regulated by the master regulator Spo0A (9, 67). Upon phosphorylation through a 

multicomponent signal transduction pathway (unknown histidine kinases), phosphorylated 

Spo0A, (Spo0A~P) directly or indirectly regulates many genes in C. perfringens (9, 130). 

When Spo0A~P levels reach a threshold, it regulates four cell-specific sigma factors (SigF, 
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SigE, SigG and SigK) that are confined to the forespore (SigF and SigG) or the mother cell 

(SigE and SigK) (9, 130). During this overall sporulation process, many genes are 

expressed whose products are necessary to construct spore structure and form mature spore 

as well as some are essential in germination stages (131). As development of spores’ 

proceeds, the forespore is wholly engulfed by the mother cell to create a cell within a cell. 

The inner cell becomes the dormant spore and is released from the mother cell by lysis (9, 

130). 

Upon release, C. perfringens spores remain dormant in the environment until it 

senses the favorable environment and resume its metabolic activity through a complex 

process known as germination (20, 77). A number of nutrient and non-nutrient molecules 

known as germinants can be sensed by different special inner membrane protein called 

germinant receptor (GR) proteins (20, 81, 129). This lead to a series of irreversible 

biophysical events including release of monovalent cations (H+, Na+, and K+), and the 

spore’s core large depot of Ca-DPA (81). Finally, the spores’ cortex hydrolyzed by the 

cortex hydrolytic enzymes and uptake more water from the environment (98, 101). 

Although the mechanism of sporulation and germination have been devised in 

recent years by the development of molecular techniques, many genes are still unidentified. 

Clostridium and Bacillus have the common ancestor that predates the initial rise of oxygen 

in the atmosphere approximately 2.3 billion years ago (56). Remarkably, orthologs of a 

number of genes, especially those involved in the sporulation and germination processes 

are shared between the genomes of these distantly related bacteria (132, 133). Studies on 

mechanism of sporulation and germination have been done extensively on Bacillus species 

due to aerobic nature and favorable growth in laboratory condition (77, 129). Meanwhile, 

due to its anaerobic nature and lack of molecular technique to manipulate Clostridium 

genome, the progress in Clostridium sporulation and germination are still behind. The use 

of forward genetics such as implementation of mutagenesis technique could be useful to 

screen new genes that are associated with bacterial sporulation and spore germination, but 

the lack of any standard mutagenesis technique make it difficult to acquire that technique. 

So, the reverse genetics such as the targeted gene manipulation is better option to 
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investigate the role of new unidentified genes. From the study of these conserved genes 

shared between Bacillus and Clostridium, many unrecognized genes could be discovered 

in Clostridium species that are involved in sporulation as well as spore germination. 

In this study, the homology of several putative sporulation genes was identified in 

C. perfringens strain SM101 and the role of these genes were assessed. By gene knockout, 

we found that out at least five genes have role in C. perfringens sporulation and two genes 

have role in spore germination. 

3.3 Materials and Methods 

3.3.1 Bacterial strains, plasmids, media and culture conditions. 

All bacterial strains used in this study are listed in Table 3.2. C. perfringens strain 

SM101, a transformable derivative of type A human food-poisoning strain NCTC8798 was 

used in this study as the major wild-type strain. All mutant strains were constructed with 

the background of SM101 strain. Escherichia coli DH5a cells were used for the cloning 

purpose. All plasmids in this study are listed in Table 3.3. 

Broth media used for culturing C. perfringens included FTG medium (Fluid 

thioglycollate medium; Becton Dickinson, Sparks, MD), TGY medium (3% Trypticase 

soy, 2% glucose, 1% yeast extract, 0.1% L-cysteine) and Duncan-Strong (DS) sporulation 

medium (119). Brain heart infusion (BHI) agar (Becton Dickinson, Sparks, MD) was used 

for culturing C. perfringens strains on solid medium. Trypticase soy agar (TSA) (Becton 

Dickinson, Sparks, MD) was used to culture Escherichia coli on solid medium. All C. 

perfringens strains cultured on solid medium were incubated anaerobically using the 

GasPakTM EZ anaerobe container system with indicator (Becton Dickinson, Sparks, MD) 

at 37 °C. 

3.3.2 Construction of gusA fusion plasmids and β-glucuronidase assay. 

Expression of putative sporulation genes of C. perfringens was examined by fusing 

DNA upstream of each gene to E. coli gusA in pMRS127, an E. coli- C. perfringens shuttle 
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vector (120). Nine putative sporulation genes (ylzA, ymxH, spoIIM, ytxC, ylxY, ytaF, 

yyaC1, yyaC2 and bkdR) were tested for the promoter expression. Promoter expression of 

nrdR and CPP1721 was also tested that are downstream of ylmC and upstream of ylzA 

genes, respectively to see whether these genes are operons. Briefly, 300- to 500-bp DNA 

fragments upstream of ylzA, ymxH, spoIIM, ytxC, ylxY, ytaF, yyaC1, yyaC2, bkd, nrdR and 

CPP1721 from C. perfringens SM101, that most likely contain target genes’ promoters, 

were PCR amplified using primer pairs specific for each gene (Table 3.4). The forward and 

reverse primers had SalI and PstI cleavage sites, respectively. These PCR fragments were 

first cloned into TOPO-XL PCR cloning vector (Invitrogen, Carlsbad, CA), to yield initial 

plasmids. The SalI-PstI fragment from TOPO clones, that carry putative promoter fragment 

of each of ylzA, ymxH, spoIIM, ytxC, ylxY, ytaF, yyaC1, yyaC2, bkd, nrdR or CPP1721, 

were cloned between SalI and PstI sites in pMRS127 to create ylzA-, ymxH-, spoIIM-, ytxC-

, ylxY-, ytaF-, yyaC1-, yyaC2-, bkd-, nrdR- and CPP1721-gusA fusions, giving the 

respective GUS plasmids. These plasmids were introduced by electroporation into C. 

perfringens SM101, and erythromycin (Em)-resistant (50 µg/ml) transformants were 

selected. Transformants carrying the GUS plasmids were grown in TGY vegetative 

medium and in DS sporulation medium, and assayed for β-glucuronidase (GUS) activity 

as described previously (120). GUS specific activity was expressed in Miller units that 

were calculated as described previously (120). GUS plasmids that contain ylzA-, ymxH-, 

spoIIM-, ytxC-, ylxY-, ytaF-, yyaC1-, yyaC2- and bkd-gusA fusions were also 

electroporated into sporulation negative C. perfringens strains; IH101 (spo0A strain) and 

NM101 (sigE strain), and the transformants were selected on BHI containing 20 µg/ml 

chloramphenicol (Cm) and 50 µg/ml Em. All selected transformants were grown in DS 

medium and the GUS-specific activity was measured as described previously.  

3.3.3 Construction of C. perfringens mutant strains. 

To construct the isogenic C. perfringens strains with specific gene inactivation, we 

used the ClosTron technique, a group II intron based TargeTron system (134) modified for 

Clostridium genetics (121). The DNA sequences of the targeted gene were first entered in 

the ClosTron website (http://clostron.com/clostron2.php?) for the generation of primer sets 
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each consists of three separate primers (IBS, EBS1d and EBS2) and one universal primer 

(EBS universal) (see Table 3.4 for the primer sequences). Commercial TargeTron gene 

knockout system (Sigma-Aldrich Corporation, St. Louis, MO) was used to generate the 

retargeted ∼350-bp intron product by using three gene specific primers (IBS, EBS1d and 

EBS2) and one universal primer (EBS universal). The amplified ∼350-bp intron PCR 

product was cloned into TOPO-XL-PCR vector (Invitrogen, Carlsbad, CA). The selected 

TOPO-XL clones were purified with plasmid DNA mini kit (Omega Bio-tek Inc., 

Norcross, GA) and the intron PCR product was confirmed by Sanger sequencing at the 

sequence facility of the Center for Genome Research and Biocomputing (CGRB), Oregon 

State University. The confirmed TOPO clones were digested with HindIII and Bsp14071 

and were cloned between the HindIII and Bsp14071 sites of C. perfringens TargeTron 

plasmid, pJIR3566, generating the C. perfringens mutator plasmids.  

All C. perfringens mutator plasmids were electroporated into C. perfringens strain 

SM101 and the transformants were grown twice in TGY broth supplemented with 20 µg/ml 

chloramphenicol (Cm) followed by five passages in TGY without selection to cure the 

vector plasmid. The transformants were plated onto BHI agar plates supplemented with 50 

µg/ml Em. Each of the Em-resistant (Emr) colonies was screened onto BHI agar plates 

containing either 20 µg/ml Cm or 50 µg/ml Em. The colonies that were appeared as Emr, 

but Cm-sensitive were selected and confirmed for the insertion of the retargeted intron by 

PCR using the detection primers (Table 3.4) (data not shown). 

3.3.4 Construction of complemented strains. 

To construct a complemented plasmid, a DNA fragment carrying upstream 

promoter sequences and the coding region of the specific gene was PCR-amplified with 

Phusion High Fidelity DNA polymerase (Thermo Scientific) using the gene-specific 

primer pairs (Table 3.4) (forward and reverse primers had KpnI and SalI sites, respectively, 

at their 5’ ends). The amplified PCR fragments were digested with KpnI-SalI and cloned 

into KpnI-SalI sites of C. perfringens/E. coli shuttle vector, pJIR750, giving the 

recombinant plasmids carrying wild-type genes (Table 3.2). These complementing 
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plasmids were introduced into the C. perfringens mutant strains by electroporation and Emr 

Cmr transformants were selected. The presence of complementing plasmids in mutant 

strains was confirmed by PCR analyses (data not shown). 

3.3.5 Measurement of growth and sporulation. 

To analyze the vegetative culture growth, a 0.2 ml aliquot of overnight FTG 

cultures of the C. perfringens strains (wild-type SM101 and mutant strains) was added to 

10 ml of TGY medium and incubate for 3 h at 37 °C. From this 3 h TGY culture, we 

inoculated another set of freshly prepared TGY medium and adjust the OD600 to 0.1. The 

cultures were incubated at 37 °C and 1 ml aliquot was collected for every 1 h (up to 8 h) 

and OD600 was measured. For the evaluation of sporulation culture growth, aliquot of 

overnight FTG cultures of the C. perfringens strains was inoculated into 10 ml of freshly 

prepared DS medium and adjust the OD600 to 0.1.  The cultures were incubated at 37 °C 

and 1 ml aliquot was collected for every 1 h (up to 8 h) and OD600 was measured. 

To enumerate the spore formation, a 0.4 ml aliquot of an overnight FTG cultures 

of the C. perfringens strains was added to 10 ml of DS medium and incubated at 37 °C for 

overnight. A 10 µl aliquot of DS culture were placed onto cell counting chamber (Hausser 

Scientific, Horsham, PA) and the number of spores were counted by observing under the 

phase-contrast microscope (Leica microsystems, Germany). For each DS culture, two 

counting slides were prepared and the average numbers were recorded. In addition to direct 

microscope count, 1 ml aliquot of DS cultures were collected and subjected to heat 

treatment at 80 °C for 10 min to kill the rest of the vegetative cells as well as to activate 

the spore germination. Heat shocked spores were then serially diluted from 102 to 107 with 

PBS buffer and plated onto BHI agar plates. After incubation at 37 °C for overnight in 

anaerobic condition, the colonies were counted on each BHI agar plate. 

3.3.6 Preparation of spores and spore germination assay. 

Spores of various C. perfringens strains were prepared as previously described and 

stored at −20 °C until use (81). C. perfringens cultures stored in cooked meat stocks were 
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inoculated into FTG broth and incubated for overnight at 37 °C. To prepare spores, 0.4 ml 

of an FTG starter culture was inoculated into 10 ml of DS medium and incubated for 18-

24 h at 37 °C. The presence of spores was confirmed by the phase-contrast microscopy and 

the similar methods were repeated until >70% spores were observed in DS medium. larger 

volumes of spores were prepared by scaling up this procedure. Finally, spores were purified 

by repeated washing with ice cold sterile distilled water followed by gradient centrifugation 

by using 56% Nycodenz (Accurate Chemical & Scientific Corp., Westbury, NY), until 

spore suspensions were >99% free of cell debris, sprolulating cells and germinating cells. 

The purified spores were adjusted to OD600 of 6.0 with sterile distilled water and stored at 

-20 °C until used. 

Spore germination was done as described previously (88). Briefly, purified spores 

(OD600 of 6.0) of each C. perfringens strain were subjected for heat activation at 80 °C for 

10 min, cool down at room temperature for 5 min, and pre-incubate at 37 °C for 10 min. 

For germination, 34 µl of heat-activated spore suspensions were mixed with 166 µl of the 

pre-heated germinants (spore germinant ratio 5:1) on a 96-well microtiter plate and 

incubated at 37 °C for 90 min and the OD600 was routinely monitored by the 

spectrophotometer (BioTek Instrument Inc., Winooski, VT). Spore germination was also 

observed by phase-contrast microscopy after 90 mins of post-inoculation, where the 

germinated spores change from phase-bright to phase-dark. The extent of spore 

germination was calculated by measuring the decrease in OD600 and was expressed as a 

percentage of initial OD600. All values reported are averages of three experiments 

performed on at least three independent spore preparations, and individual values varied 

by less than 10 % from average values shown. 

3.3.7 Measurement of DPA release. 

DPA release from spores during nutrient and non-nutrient germination was 

measured by heat activating (80 °C, 10 min) a spore suspension (OD600 of 1.5), cooling, 

and incubating with pre-heated germinants at 40 °C for 90 min. A 1-ml aliquot was 

centrifuged in a microcentrifuge (13,200 rpm, 2 min), and the spore pellet was washed four 

times with 1 ml of distilled water. Control experiments were done for each experiment and 
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reveal that losses of spores due to these multiple centrifugations were <10% of the initial 

amount, and appropriate corrections for such losses were made accordingly. The residual 

spore DPA content was determined by boiling the samples for 60 min, cooling them on ice 

for 5 min, centrifugation at 13,200 rpm in a microcentrifuge for 5 min, and measuring the 

OD270 of the supernatant fluid as described previously (101). The DPA content of the initial 

dormant spores was measured by boiling an aliquot (1 ml) for 60 min, centrifugation at 

13,200 rpm in a microcentrifuge for 5 min, and measuring the OD270 of the supernatant 

fluid as described previously (101).  

3.3.8 Spore outgrowth and colony forming efficiency. 

The colony forming efficiency were determined with both untreated and decoated 

spores. Briefly, purified spores were decoated as described previously (101). Briefly, cell 

pellets were collected from 1 ml of 8h DS sporulating cultures and chemically treated any 

spores present in DS with 1 ml 50 mM Tris-HCl (pH 8.0), 8 M urea, 1 % (w/v) sodium 

dodecyl sulfate (SDS) and 50 mM dithiothreitol (DTT) for 90 in at 37 °C. Similar decoating 

treatment were done with the purified spore suspensions at OD600 of 1.0, and the remaining 

spores were washed three times with 150 mM NaCl and twice with water. These chemically 

decoated spores were then extracted and assayed for GUS activity as described above. Both 

untreated and decoated spores (OD600 1.0) were heat activated (80 °C for 10 min) and then 

aliquots of various dilutions were plated onto BHI agar with or without lysozyme (1 µg/ml). 

The plates were incubated at 37 °C anaerobically for 24 h, and the colonies were counted. 

3.3.9 Statistical analyses. 

Unpaired, two-tailed Student’s t tests with 95% confidence intervals were used to 

test for statistical significance. The comparisons were made using Prism version 6.0a 

software (GraphPad). 

3.4 Results 

3.4.1 Identification of putative sporulation genes homologues in C. perfringens 
SM101. 
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A set of B. subtilis sporulation genes were identified and characterized in previous 

studies (132, 133). As it is more likely that many of the genes are conserved between 

Bacillus and Clostridium species, in this study we were interested to see whether those 

genes were present in C. perfringens strains and possess the similar role as in B. subtilis. 

By implementing the BLASTP search of ylzA, ylmC, spoIIM, ytxC, ylxY, ytaF, yyaC and 

bkdR gene product with C. perfringens SM101 genome (Accession no. CP000312), we 

identified the homologue of these gene products in SM101 strain (Table 3.1). Except 

SpoIIM and YtxC, all other proteins have significant amino acid homology (>30%) with 

B. subtilis respective protein sequences (Table 3.1). However, the gene locus that we found 

by the homology search with ylmC of B. subtilis is CPR1731 that we named ymxH and 

there are two yyaC genes (CPP2154 and CPP2663) are available in C. perfringens that we 

named yyaC1 and yyaC2, respectively. 

We also checked the C. perfringens SM101 reference genome (Accession no. 

CP000312) for any genes that has the predicted ‘putative sporulation’ protein. With this 

criterion, we identified the ORF CPR1778 (spoIIM), CPR1859 (ytxC), CPR2154 (yyaC1), 

CPR2663 (yyaC2) and CPR2044 (ytaF) which encode predicted ‘putative sporulation’ 

protein. Except ytaF, all other genes were characterized in B. subtilis and found to be have 

role in sporulation. We also investigated the gene arrangement of all nine putative 

sporulation genes (Fig. 3.1) and hypothesized that ylzA and ymxH could act as separate 

operons.  

3.4.2 Expression of putative sporulation genes. 

To investigate the expression of promoters of nine putative sporulation genes, each 

gene’s upstream sequences (300-500 bp) was fused to E. coli gusA, and the GUS-specific 

activity was measured after introducing the gusA-fusions into C. perfringens SM101 as 

described previously (120). No GUS specific activity was observed for any of the 

promoters during vegetative growth (data not shown), suggesting that these might be 

sporulation regulated promoters. However, during sporulating growth, significant GUS-

specific activity was observed for the promoters of ymxH, bkdR, spoIIM, yyaC1, ytaF and 

ytxC, but not for yyaC2, ylxY and ylzA (Fig. 3.2). The rate promoter expression is varied 



Chapter 3 67 

among the genes; the promoters of ylmC and bkdR showed a significant increase in GUS 

activity after 2 h of incubation; while promoter of ytxC showed after 4 h, and promoters of 

spoIIM and ytaF showed increased GUS activity after 6 h. However, there is a delayed 

promoter expression of yyaC2 observed. There was no GUS specific activity for any of the 

promoters in vegetative conditions suggesting that all genes are sporulation regulated genes 

(Data not shown). To evaluate further whether these genes are sporulation dependent, we 

introduced gusA-fusion plasmids into sporulation-negative C. perfringens mutant strains 

IH101 (spo0A null mutant) and NM101 (sigE null mutant) and measured GUS activity. No 

or very little promoter expression was observed for all nine genes tested, suggesting that 

these genes are spo0A- and sigE- dependent and eventually sporulation-dependent (Fig. 

3.2). 

3.4.3 Mutation in sporulation proteins. 

Seven genes (ymxH, bkdR, spoIIM, yyaC1, yyaC2, ytaF, ytxC) were selected based 

on the promoter expression in sporulation conditions to incorporate null mutation. All the 

mutant strains were constructed by using the TargeTron based gene knockout system as 

described in Materials and Methods. The growth pattern and the spore forming efficiency 

were tested for all C. perfringens strains including the mutant and wild-type strains (Fig. 

3.3). We analyzed the growth pattern of mutant strains in both vegetative and sporulating 

conditions to see whether there is any growth defect of any of the mutant strains due to the 

mutation. There was no significant difference in the growth patterns among the C. 

perfringens strains grown in both TGY broth (vegetative condition) and DS medium 

(sporulation condition) (Fig. 3.3). However, we observed a slower rate of OD600 increase 

in DS medium than in TGY medium (Fig. 3.3).  

3.4.4 Spore formation of C. perfringens strains. 

To assess the spore forming efficiency of all our C. perfringens strains, C. 

perfringens cultures were grown in DS broth (sporulation condition) and counted the 

spores under the phase-contrast microscope as described in Materials and Methods. There 

were differences in spore formation for the mutant strains except strain PKT140 (yyaC2) 
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compared to the spore formation by wild-type strain (Fig. 3.3). C. perfringens strain 

PKT138 (spoIIM) showed very little or no spores (Fig. 3.3). However, C. perfringens 

strains PKT136 (ymxH), PKT139 (yyaC1), and PKT142 (ytxC) also showed significantly 

lower spore production (Fig. 3.3). The complementation of ymxH strain with wild-type 

ymxH only could not restore the spore formation. However, complementing with wild-type 

ymxH-nrdR significantly restore the spore formation (Fig. 3.4). All other complementation 

successfully restored the spore formation (Fig. 4).  

3.4.5 Germination response of C. perfringens spores with nutrient and non-nutrient 
germinants. 

Although the spore formation is largely different among the mutant strains we 

constructed in this study, we analyzed the germination response of spores of these mutant 

strains (Fig. 3.5). As no spore formation was observed with spoIIM mutant strain as seen 

in Fig 3.3, we could not perform the germination assay for the spoIIM spores. The 

germination of spores of wild-type, ymxC, bkdR, spoIIM, yyaC1, yyaC2, ytaF, and ytxC 

mutant were examined in presence of several known nutrient and non-nutrient germinants 

as described in Materials and Methods (Fig. 3.5). The spores of ymxC, yyaC2, and ytxC 

showed significant slow rate of germination (P < 0.005) with 100 mM KCl (pH 7.0), 100 

mM AK (pH 7.0), 100 mM L-Cysteine (pH 7.0) and 100 mM L-Lysine (pH 7.0). 

Interestingly, the spores of ytaF, and yyaC2 showed significant slow rate of germination 

(P < 0.005) with 100 mM L-cysteine (pH 7.0), but there was no significant difference for 

the spores of ylmC (Fig. 3.5). Phase contrast microscopy of these spores also showed 

similar levels (80%) of phase-dark spores (which is the indicative of spore germination) 

after 90 min of incubation with germinants (data not shown).  

The germination rate of complemented strains was tested for strains PKT140 

(yyac2) and PKT142 (ytxC) with BHI, 100 mM KCl (pH 7.0), 100 mM L-cysteine (pH 7.0) 

and 50 mM Ca-DPA (pH 7.0) (Fig. 3.6). The complementation of strain PKT140 with wild-

type yyaC2 showed lower rate of germination than the wild-type when we compared to the 

rate of germination for the complemented strain PKT142(pPKT125) for the germination 

with KCl, BHI and Ca-DPA (Fig. 3.6).  
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3.4.6 DPA release of yyac2 and ytxC spores with nutrient and non-nutrient 
germinants. 

DPA release was measured to confirm the germination results for strains PKT140, 

PKT140(pPKT130), PKT142 and PKT142(pPKT125). The pre-heated spores were mixed 

with germinants and the DPA was measured as described in Materials and Methods. 

However, it should be noted that pre-heated C. perfringens spores release DPA even 

without the contact with germinants. So, around 50% of DPA release can be expressed as 

no or low germination (98). In this study, we found that C. perfringens strains PKT140 and 

PKT142 released around 50-60% DPA from its core when it was mixed with 100 mM KCl 

(Fig. 3.7). Both complemented strains PKT140(pPKT130) and PKT142(pPKT125) 

showed significantly higher DPA release (p<0.05) than their corresponding mutant strains 

(Fig. 3.7). Similar results were observed for all C. perfringens spores when they mixed 

with 100 mM L-Cysteine, 100 mM L-Glutamine and 50 mM Ca-DPA (Fig. 3.7).  

3.4.7 Spore outgrowth and colony formation by yyac2 and ytxC spores. 

To confirm the germination defect for yyaC2 and ytxC spores, spore outgrowth and 

colony formation were tested for C. perfringens strains in vegetative conditions. To do this, 

the pre-heated spores of C. perfringens strains were incubated in TGY broth (vegetative 

condition) and the OD600 of the culture was measured in every hour for up to 8 h as 

described in Materials and Methods. No significant increase of OD600 was observed for the 

both mutant strains (PKT140 and PKT142) for up to 8 h. However, both wild-type and all 

complemented strains exhibited a higher rate of OD600 increase 2 h after the start of the 

incubation (Fig. 3.7). After 24 h incubation, all mutant spores showed slight increase of 

OD600, however the % of OD600 were still significantly lower than the wild-type and 

complemented spores (data not shown).  

Finally, we wanted to see whether the spores were viable and could form colony on 

BHI plate in anaerobic condition. The pre-heated spores (108 spores per ml) of C. 

perfringens strains were plated onto BHI plate and incubated anaerobically for 24 h. Both 

C. perfringens yyaC2 and ytxC spores were unable to form colony on BHI plates (only few 

colonies per plate), whereas wild-type and complemented spores form significantly higher 
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number of colonies on BHI plates. However, when we did the similar experiment on BHI 

containing 1 µg/ml lysozyme plate, there was no significant difference in the colony 

formation among the strains. This result indicates that yyaC2 and ytxC spores were viable, 

but because of the germination defect, these spores were unable to form colonies on BHI 

plate. Collectively, our results suggest that both YyaC2 and YtxC are required for spore 

outgrowth and colony formation. 

3.5 Discussion 

Spore formation and germination are two very crucial events in bacterial life cycle 

that determine its ability to survive in difficult conditions, proliferate in favorable 

conditions and trigger its repertoire of toxins to infect hosts (3). Harsh condition like 

nutrient depletion and starvation lead to the spore formation. Both sporulation and 

germination are complex processes and required a number of genes to be expressed at 

different stages of the processes (9, 19). With the advancement of new techniques, more 

genes have been identified among the spore forming bacteria. In recent years, new genes 

have been identified in B. subtilis by using phylogenetic analysis (132, 133), and by 

transcriptional analyses in C. perfringens strains (135). Using phylogenetic profiling, 

Tragg et al, identified eight genes (bkdR, ylmC, ymxH, ylxY, ymfB, yteA and ylyA) that are 

widely conserved among endospore-forming bacteria including Bacillus and Clostridium 

species (133).  

In this study, when we searched for the homology of thriteen putative sporulation 

genes (ylzA, ylmC, ymxH, spoIIM, ytxC, ylxY, ymfB, yteA, ytaF, ylyA, yyaC1, yyaC2 and 

bkdR) in C. perfringens SM101 genome by BLSTP, 9 out of  13 genes, showed significant 

homology with corresponding genes of B. subtilis (Table 3.1) (Fig. 3.1). We named the 

homolog of ylmC in B. subtilis as ymxH in C. perfringens. It is noted that both ylmC and 

ymxH are paralogs and code for PRC-barrel domain (133, 136). Our hypothesis was that 

these highly homologous genes might have similar role in C. perfringens strain SM101. 

We observed significant promoter expression in sporulation condition for ymxH, spoIIM, 

ytxC, ytaF, yyaC1, yyaC2 and bkdR genes and the expression patterns were different among 

the genes (Fig. 3.2). No significant promoter expression from any of the genes in vegetative 
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condition (data not shown) suggested that all genes might be expressed only during 

sporulation condition. The additional support for the sporulation dependency of these 

promoters were came from the observation that these promoters were failed to express in 

sporulation deficient C. perfringens strains IH101 (spo0A) and NM101(sigE) (Fig. 3.2). 

We introduced the null mutation by ClosTron method, a modified technique of 

TargeTron for Clostridium genetics, in all seven genes (ymxH, spoIIM, ytxC, ytaF, yyaC1, 

yyaC2 and bkdR) that showed promoter expression in sporulation condition. All mutant 

strains did not show any defects in growth in both vegetative and sporulating conditions 

compared to the wild-type strain (Fig. 3.3) suggesting that these genes (ymxH, bkdR, 

spoIIM, yyaC1, yyaC2, ytaF, and ytxC) do not have any role in bacterial growth. There are 

slight differences in the growth pattern of all C. perfringens strains in TGY medium 

(vegetative condition) and DS broth (sporulation condition) due to the fact that the growth 

of bacteria in DS medium is slower than in nutrient rich medium. Another study showed 

similar observation for the C. perfringens growth in both vegetative and sporulation 

conditions (75).  

The primary focus of this study was to find the role of these genes on C. perfringens 

spore formation. Interestingly, C. perfringens strain PKT138 (spoIIM) were defective in 

spore formation. However, except strain PKT140 (yyaC2), C. perfringens strain PKT136 

(ymxH), PKT137 (bkdR), PKT 139 (yyaC1), PKT141 (ytaF) and PKT142 (ytxC)) showed 

reduced spore formation compared to the wild-type strain. The complementation with wild-

type ORFs did restore the spore formation for all these mutant strains. This result is 

coherent with the observation that was done in Bacillus species (132,133). In B. subtilis, 

the mutation in bkdR, ylmC, ymxH, ylxY, ylzA, ymfB, yteA, and ylyA had no significant 

defect in sporulation (133). However, Abecasis et al showed that ytaF, and ylmC had role 

in spore formation and when they introduced null mutation in both ylmC and ymxH, the 

spore production was very little (<10% spores compared to the wild-type strain)  (132). As 

C. perfringens SM101 genome has only ymxH or ylmC gene, we could not introduce the 

mutation in both genes. Overall, this study clearly finds that spoIIM has very significant 



Chapter 3 72 

role in C. perfringens sporulation although the exact mechanism of regulation of spore 

formation by spoIIM is not known yet.  

Many proteins that are specific to germination are synthesized during sporulation 

and often referred as sporulation protein. So, we were interested to see that whether these 

seven genes that we introduced the null mutation has any role in spore germination. As we 

were unable to prepare spore from C. perfringens strain PKT138 (spoIIM), we excluded 

strain PKT138 from the germination assay. Germination assay with different nutrient 

germinants showed that strain PKT140 (yyaC2) and PKT142 (ytaF) were defective in spore 

germination (Fig. 3.5). These results were confirmed by measuring the DPA release over 

time during spore germination (Fig. 3.6). Spore outgrowth and colony formation were also 

lower for C. perfringens strains PKT140 and PKT142 compared to the wild-type strains. 

The complementation of these two mutant strains with respective complemented plasmids 

successfully restored the germination ability.  

Overall, this study identified and characterized seven putative sporulation genes. 

This is the first study that investigated the role of genes based on the homology search with 

other spore forming bacteria. The introduction of forward genetics such as applying 

transposon mutagenesis could be a better technique for identifying new genes in some 

bacteria. But due to the tougher genetics, it is sometimes very difficult to apply different 

mutagenesis technique in C. perfringens strains. So, the conventional reverse genetics 

could be the major option for the bacterial genetics to identify and characterize the new 

genes in C. perfringens strains. This study is open the option to study new genes and 

characterize their role in different physical properties. 
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Figure 3.1. Genomic arrangement of putative sporulation genes in C. perfringens strain 
SM101.  

Genomic arrangement of ylzA, ymxH, spoIIM, ytxC, ylxY, ytaF, yyaC1, yyaC2, and bkdR 
genes is shown in C. perfringens SM101. The dark arrows indicate the targeted gene that 
were selected for this study. The dotted arrows represent the upstream and downstream of 
targeted genes. All genes are linked with the total SM101 genome with the pointed arrows 
and represent the position of the genes in the SM101 genome.  
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Figure 3.2. Transcription and regulatory gene expression of candidate sporulation genes.  

Strains carrying lacZ transcriptional reporter constructs for ylzA (A), ymxH (B), spoIIM 
(C), ytxC (D), ylxY (E), ytaF (F), yyaC1 (G), yyaC2 (H), and bkdR (I) were induced to 
sporulate in DS medium and beta-galactosidase activity was monitored for samples taken 
at the indicated time points after sporulation induction. GUS specific activity was assayed 
in the wild type SM101 (circle) or strains mutant for spo0A (sqare), and sigE (diamond) as 
described in Materials and Methods. The data represent are the mean of three independent 
experiments, and time zero denotes the time of inoculation of cells into DS medium. 
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Figure 3.3. Spore forming efficiency of C. perfringens strains.  

(A) The vegetative growth of C. perfringens strain SM101 (wild-type), PKT136 
(ymxH:intron), PKT137 (bkdR:intron), PKT138 (spoIIM:intron), PKT139 (yyaC1:intron), 
PKT140 (yyaC2:intron), PKT141 (ytaF:intron), PKT142 (ytxC:intron) was monitored by 
measuring the OD600 of the culture in TGY vegetative medium every hour up to 8 h as 
described in Materials and Methods. (B) Similarly, the growth of C. perfringens strains 
were monitored by measuring the OD600 of the culture in DS sporulating medium every 
hour up to 8 h as described in Materials and Methods. (C) The spore forming efficiency of 
all C. perfringens strains were done by the direct microscopic count from 12 h culture in 
DS medium as described in Materials and Methods. Statistically significant was 
determined by Student’s t-test, compared to the wild-type. *p < 0.05. 
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Figure 3.4. Spore forming efficiency of C. perfringens strains.  

Spore formation of C. perfringens strain SM101 (wild-type), PKT136 (ymxH:intron), 
PKT136(pPKT119) (ymxH strain complemented with wild-type ymxH), 
PKT136(pPKT120) (ymxH strain complemented with wild-type ymxH-nrdR),  PKT138 
(spoIIM:intron), PKT138(pPKT128) (spoIIM strain complemented with wild-type 
spoIIM), PKT139 (yyaC1:intron), PKT139(pPKT129) (yyaC1 strain complemented with 
wild-type yyaC1), PKT141 (ytaF:intron) and PKT141(pPKT126) (ytaF strain 
complemented with wild-type ytaF) was monitored by by the direct microscopic count 
from 12 h culture in DS medium as described in Materials and Methods. Statistically 
significant was determined by Student’s t-test, compared to the wild-type. *p < 0.05. 
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Figure 3.5. Germination of C. perfringens spores with various nutrient and non-nutrient 
germinants.  

Heat-activated spores of C. perfringens strain SM101 (wild-type), PKT136 (ymxH:intron), 
PKT137 (bkdR:intron), PKT139 (yyaC1:intron), PKT140 (yyaC2:intron), PKT141 
(ytaF:intron), PKT142 (ytxC:intron)  were germinated with 25 mM Tris-HCl (pH 7.0) 
buffere system (A); 100 mM KCl in 25 mM Tris-HCl (pH 7.0) (B); 100 mM mixture of L-
asparagine and KCl in 25 mM Tris-HCl (pH 7.0) (C); 100 mM L-cysteine in 25 mM Tris-
HCl (pH 7.0) (D); and 100 mM L-lysine in 25 mM Tris-HCl (pH 7.0) (E) at 37 °C for 90 
min, and the OD600 was measured as described in Materials and Methods. The data 
represents are the means of three separate experiments and standard errors of the mean 
were less than 25% of the mean. There were no significant decrease in the OD600 for all C. 
perfringens spores incubated in buffer alone (data not shown). Statistically significant was 
determined by Student’s t-test, compared to the wild-type. **p < 0.01, *p < 0.05. 
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Figure 3.6. Germination of C. perfringens spores with various nutrient and non-nutrient 
germinants. 

Heat-activated spores of C. perfringens strain SM101 (wild-type) (filled circle), PKT140 
(yyaC2:intron) (square), PKT140(pPKT130) (yyaC2 strain complemented with wild-type 
yyaC2) (triangle), PKT142 (ytxC:intron) (circle), and PKT142(pPKT125) (ytxC strain 
complemented with wild-type ytxC) (down triangle), were germinated with (A) 100 mM 
KCl in 25 mM Tris-HCl (pH 7.0); (B) 100 mM L-glutamine in 25 mM Tris-HCl (pH 7.0); 
(C) BHI broth and (D) 50 mM Ca-DPA in 25 mM Tris-HCl (pH 7.0) at 37 °C for 90 min, 
and the OD600 was measured as described in Materials and Methods. The data represents 
are the means of three separate experiments and standard errors of the mean were less than 
25% of the mean. There was no significant decrease in the OD600 for all C. perfringens 
spores incubated in buffer alone (data not shown). 
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Figure 3.7. DPA release during germination of spores of C. perfringens strains with 
various nutrient and non-nutrient germinants.  

Heat-activated spores of C. perfringens strain SM101 (wild-type), PKT140 (yyaC2:intron), 
PKT140(pPKT130) (yyaC2 strain complemented with wild-type yyaC2), PKT142 
(ytxC:intron), and PKT142(pPKT125) (ytxC strain complemented with wild-type ytxC), 
were incubated with (A) 100 mM KCl in 25 mM Tris-HCl (pH 7.0); (B) 100 mM L-lysine 
in 25 mM Tris-HCl (pH 7.0); (C) 50 mM Ca-DPA in 25 mM Tris-HCl (pH 7.0) and (D) 
BHI at 37 °C for 90 min and DPA release were monitored by measuring OD270 as described 
in Materials and Methods. The data represents are the means of three replicates and error 
bars represent standard deviations. Statistically significant was determined by Student’s t-
test, compared to the wild-type. **p < 0.01, *p < 0.05. 
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Figure 3.8. Spore outgrowth of C. perfringens strains.  

Heat activated spores of C. perfringens strain SM101 (wild-type) (filled circle), PKT140 
(yyaC2:intron) (square), PKT140(pPKT130) (yyaC2 strain complemented with wild-type 
yyaC2) (triangle), PKT142 (ytxC:intron) (circle), and PKT142(pPKT125) (ytxC strain 
complemented with wild-type ytxC) (down triangle), were inoculated in pre-warmed TGY 
broth and the OD600 was measured as described in Materials and Methods. The data 
represents are the means of three replicates and error bars represent standard deviations.  
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Figure 3.9. Colony forming efficiency of C. perfringens strains.  

(A) Heat activated spores of C. perfringens strain SM101 (wild-type), PKT140 
(yyaC2:intron), PKT140(pPKT130) (yyaC2 strain complemented with wild-type yyaC2), 
PKT142 (ytxC:intron), and PKT142(pPKT125) (ytxC strain complemented with wild-type 
ytxC), were plated on BHI agar with or without lysozyme (1 µg/ml), and colonies were 
counted after anaerobic incubation at 37 °C for 24 h as described in Materials and Methods. 
Spore titers are the average number of colony forming units (CFU/ml/OD600) determined 
in three experiments, and the variation was less than 15%. (B) Spores were decoated, heat-
activated, and plated onto BHI agar containing lysozyme (Lyz), and colonies were counted 
after overnight incubation anaerobically at 37 °C. Statistically significant was determined 
by Student’s t-test, compared to the wild-type. **p < 0.01. 
 
 
 

SM
10
1

PK
T1
40

PK
T1
40
(p
PK
T1
26
)

PK
T1
42

PK
T1
42
(p
PK
T1
25
)100

101

102

103

104

105

106

107

108

S
po
re
s/
m
l

(A)

** **

SM
10
1

PK
T1
40

PK
T1
40
(p
PK
T1
26
)

PK
T1
42

PK
T1
42
(p
PK
T1
25
)100

101
102
103
104
105
106
107
108
109

S
po
re
s/
m
l

(B)



Chapter 3 82 

Table 3.1. Candidates for putative sporulation genes in C. perfringens strain SM101. 

Genea Locus tagb Predicted producte Identityd 
(%) 

Predicted 
transmembrane 

domaine 
ylzA CPR1720 Conserved hypothetical protein 83 1 
ymxH CPR1731 PRC-barrel domain protein 33 5 
spoIIM CPR1778 Putative sporulation protein 26 0 
ytxC CPR1859 Putative sporulation protein 23 1 
ylxY CPR1878 Polysaccharide deacetylase family protein 35 1 
ytaF CPR2044 Putative sporulation protein 36 6 
yyaC1 CPR2154 Putative sporulation protein 39 0 
bkdR CPR2353 Sigma-54 dependent transcriptional regulator 37 0 
yyaC2 CPR2663 Putative sporulation protein 50 3 

 
a Gene name as mentioned in the C. perfringens SM101 genome available in NCBI database (Accession no: CP000312) 
or name imported from the B. subtilis strain 168 genome through the homology search.  
b Locus tags are associated with the target gene in C. perfringens SM101 genome available in NCBI database (Accession 
no: CP000312). 
c All predicted product names are acquired from the C. perfringens SM101 genome available in NCBI database 
(Accession no: CP000312). 
d Identity % were determined by the BLASTP searches of the target protein product of B. subtilis strain 168 with C. 
perfringens strain SM101. 
d All predicted transmembrane domains were detected by using TMHMM 
transmembrane prediction server. 
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Table 3.2. C. perfringens strains used in Chapter 3. 

 

 

 

 

 
 

Strains Relevant characteristic(s) Reference 
SM101 Wild-type strain; a transformable derivative of NCTC8798, a 

food poisoning type A C. perfringens human strain; carries a 
chromosomal cpe 

(125) 

IH101 Spo0A null mutant (spo0A::catP) (67, 68) 
NM101 sigE null mutant (sigE::catP) (137) 
PKT136 ymxH null mutant (ymxH::intron:ermB)  This study 
PKT137 bkdR null mutant (bkdR:: intron:ermB) This study 
PKT138 spoIIM null mutant (spoIIM::intron:ermB) This study 
PKT139 yyaC1 null mutant (yyaC1::intron:ermB) This study 
PKT140 yyaC2 null mutant (yyaC2::intron:ermB) This study 
PKT141 ytaF null mutant (ytaF::intron:ermB) This study 
PKT142 ytxC null mutant (ytxC::intron:ermB) This study 
SM101(pPKT2) SM101 carrying ymxH-gusA fusion This study 
SM101(pPKT4) SM101 carrying nrdR-gusA fusion This study 
SM101(pPKT6) SM101 carrying bkdR-gusA fusion This study 
SM101(pPKT8) SM101 carrying spoIIM-gusA fusion This study 
SM101(pPKT10) SM101 carrying ytaF-gusA fusion This study 
SM101(pPKT12) SM101 carrying ylxA-gusA fusion  This study 
SM101(pPKT14) SM101 carrying ylzA-gusA fusion  This study 
SM101(pPKT16) SM101 carrying ytxC-gusA fusion This study 
SM101(pPKT18) SM101 carrying yyaC1-gusA fusion This study 
SM101(pPKT20) SM101 carrying yyaC2-gusA fusion This study 
PKT136 (pPKT119) ymxH mutant complemented with wild-type ymxH  This study 
PKT136 (pPKT120) ymxH mutant complemented with wild-type ymxH-nrdR  This study 
PKT137 (pPKT127) bkdR mutant complemented with wild-type bkdR  This study 
PKT138 (pPKT128) spoIIM mutant complemented with wild-type spoIIM  This study 
PKT139 (pPKT129) yyaC1 mutant complemented with wild-type yyaC1  This study 
PKT140 (pPKT130) yyaC2 mutant complemented with wild-type yyaC2  This study 
PKT141 (pPKT126) ytaF mutant complemented with wild-type ytaF  This study 
PKT142 (pPKT125) ytxC mutant complemented with wild-type ytxC  This study 
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Table 3.3. Plasmids used in Chapter 3. 

Plasmids Relevant characteristic(s) Reference 
pJIR3566 C. perfringens targetron plasmid; Cmr (122) 
pMRS127 C. perfringens/E. coli shuttle vector carrying a promoterless gusA; Emr (120) 
pJIR750 C. perfringens/E. coli shuttle vector; Cmr (126) 
pPKT1 a 459–bp PCR fragment upstream of ymxH cloned in TOPO-XL This study 
pPKT2 a 459–bp PCR product of ymxH from pPKT1 cloned in pMRS127; Emr This study 
pPKT3 a 450–bp PCR fragment upstream of nrdR cloned in TOPO-XL This study 
pPKT4 a 450–bp PCR product of nrdR from pPKT3 cloned in pMRS127; Emr This study 
pPKT5 a 389–bp PCR fragment upstream of bkdR cloned in TOPO-XL This study 
pPKT6 a 389–bp PCR product of bkdR from pPKT5 cloned in pMRS127; Emr This study 
pPKT7 a 374–bp PCR fragment upstream of spoIIM cloned in TOPO-XL This study 
pPKT8 a 374–bp PCR product of spoIIM from pPKT3 cloned in pMRS127; Emr This study 
pPKT9 a 435–bp PCR fragment upstream of ytaF cloned in TOPO-XL This study 
pPKT10 a 435–bp PCR product of ytaF from pPKT3 cloned in pMRS127; Emr This study 
pPKT11 a 321–bp PCR fragment upstream of ylxY cloned in TOPO-XL This study 
pPKT12 a 321–bp PCR product of ylxY from pPKT3 cloned in pMRS127; Emr This study 
pPKT13 a 523–bp PCR fragment upstream of ylzA cloned in TOPO-XL This study 
pPKT14 a 523–bp PCR product of ylzA from pPKT3 cloned in pMRS127; Emr This study 
pPKT15 a 478–bp PCR fragment upstream of ytxC cloned in TOPO-XL This study 
pPKT16 a 478–bp PCR product of ytxC from pPKT3 cloned in pMRS127; Emr This study 
pPKT17 a 456–bp PCR fragment upstream of yyaC1 cloned in TOPO-XL This study 
pPKT18 a 456–bp PCR product of yyaC1 from pPKT3 cloned in pMRS127; Emr This study 
pPKT19 a 321–bp PCR fragment upstream of yyaC2 cloned in TOPO-XL This study 
pPKT20 a 321–bp PCR product of yyaC2 from pPKT3 cloned in pMRS127; Emr This study 
pPKT121 a 350 bp group-II intron retargeted to ytaF cloned in TOPO-XL This study 
pPKT122 a 350 bp group-II intron retargeted to ytxC cloned in TOPO-XL This study 
pPKT131 a 350 bp group-II intron retargeted to ymxC cloned in TOPO-XL This study 
pPKT132 a 350 bp group-II intron retargeted to bkdR cloned in TOPO-XL This study 
pPKT133 a 350 bp group-II intron retargeted to spoIIM cloned in TOPO-XL This study 
pPKT134 a 350 bp group-II intron retargeted to yyaC1 cloned in TOPO-XL This study 
pPKT135 a 350 bp group-II intron retargeted to yyaC2 cloned in TOPO-XL This study 
pPKT123 ytaF intron product from pPKT121 cloned into pJIR3566 (ytaF mutator plasmid); Cmr This study 
pPKT124 ytxC intron product from pPKT122 cloned into pJIR3566 (ytxC mutator plasmid); Cmr This study 
pPKT136 ymxC intron product from pPKT121 cloned into pJIR3566 (ymxC mutator plasmid); Cmr This study 
pPKT137 bkdR intron product from pPKT121 cloned into pJIR3566 (bkdR mutator plasmid); Cmr This study 
pPKT138 spoIIM intron product from pPKT121 cloned into pJIR3566 (spoIIM mutator plasmid); 

Cmr 
This study 

pPKT139 yyaC1 intron product from pPKT121 cloned into pJIR3566 (yyaC1 mutator plasmid); 
Cmr 

This study 

pPKT140 yyaC2 intron product from pPKT121 cloned into pJIR3566 (yyaC2 mutator plasmid); 
Cmr 

This study 
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Table 3.4. Primer list used in Chapter 3. 

Primer 
name 

Primer sequence (5’-3’)a Gene Nucleotide 
positionb 

Usec 

CPP1020 GCAGCGTCGACGGAACCTACTGTATCTCAAATAGC ymxH -501 to -477 GUS 
CPP1021 GACGCTGCAGCCTTCACTTACATCTATCACTTCC ymxH +41 to +65 GUS 
CPP1043 GCAGCGTCGACGGTCTGATGTATTCAAAGTTGGAG nrdR -147 to -123 GUS 
CPP1044 GACGCTGCAGCTTCATAAGAACAGTAAGGACATC nrdR +4 to +28 GUS 
CPP1016 GCAGCGTCGACTATATATAACAGCAATTTGCGTGCC bkdR -383 to -358 GUS 
CPP1017 GACGCTGCAGAGTATCTAGTGTGTGTAATCCTAAGG bkdR +31 to +55 GUS 
CPP1171 GCAGCGTCGACGCTGAGACTGTTTGAACGAAGG spoIIM -215 to -193 GUS 
CPP1172 GACGCTGCAGGTATAAGATCCTAAAACTATTCCGACT spoIIM +80 to +107 GUS 
CPP1182 GCAGCGTCGACTTTTGATGATTCCTCCTCAGC yyaC1 -468 to -447 GUS 
CPP1183 GACGCTGCAGGGTACCAACTAATGGACCTAAGCA yyaC1 +126 to +150 GUS 
CPP1184 GCAGCGTCGACCCCTGTGCTAGGTATGCCCTT yyaC2 -332 to -311 GUS 
CPP1185 GACGCTGCAGATCTCCTGTGGAGCGATCAGA yyaC2 +126 to +146 GUS 
CPP1033 GCAGCGTCGACGATCACATAAGTAATAGAGAAAGCC ytaF -231 to -206 GUS 
CPP1034 GACGCTGCAGGTTCCTAAAGCAGATATGGATGC ytaF +117 to +140 GUS 
CPP1035 GCAGCGTCGACCTATATAATCGTCATGTTCTTCAGTG uvsE -453 to -427 GUS 
CPP1036 GACGCTGCAGCTAGCATTTGTAGTTATTGGAGTAC uvsE +19 to +44 GUS 
CPP1162 GCAGCGTCGACTCTGGATGACCATCTATAGCA ytxC -262 to -241 GUS 
CPP1163 GACGCTGCAGCTGAGATACTTTCTGACACACCAA ytxC +94 to +117 GUS 
CPP1018 GCAGCGTCGACAAGAAGAATAGTACCTTATCTCC ylxY -348 to -325 GUS 
CPP1019 GACGCTGCAGTGCCCAATTCACATCAAAGG ylxY +166 to +186 GUS 
CPP1022 GCAGCGTCGACGAAGGTGAGAAATTAGCTAGTG ylzA -441 to -419 GUS 
CPP1023 GACGCTGCAGTAAGCATACCTCTATCTCTAGC ylzA +108 to +130 GUS 
CPP1024 GCAGCGTCGACTTCGTAGCAATGTTCTTTTCACC ylzA2 -569 to -546 GUS 
CPP1025 GACGCTGCAGTTCCCTCTTCACTAGTTGCTC ylzA2 +28 to +49 GUS 
CPP1207 AAA AAA GCT TAT AAT TAT CCT TAA GAA TCT TAT CTG 

TGC GCC CAG ATA GGG TG 
ymxH IBS 126/127s MP 

CPP1208 CAG ATT GTA CAA ATG TGG TGA TAA CAG ATA AGT 
CTT ATC TAT TAA CTT ACC TTT CTT TGT 

ymxH EBS1d 
126/127s 

MP 

CPP1209 TGA ACG CAA GTT TCT AAT TTC GAT TAT TCT TCG ATA 
GAG GAA AGT GTC T 

ymxH EBS2 
126/127s 

MP 

CPP1210 AAA AAA GCT TAT AAT TAT CCT TAC AGG TCC TTG 
AAG TGC GCC CAG ATA GGG TG 

bkdR IBS 357/358s MP 

CPP1211 CAG ATT GTA CAA ATG TGG TGA TAA CAG ATA AGT 
CCT TGA AAG TAA CTT ACC TTT CTT TGT 

bkdR EBS1d 
357/358s 

MP 

CPP1212 TGA ACG CAA GTT TCT AAT TTC GGT TAC CTG TCG ATA 
GAG GAA AGT GTC T 

bkdR EBS2 
357/358s 

MP 

CPP1213 AAA AAA GCT TAT AAT TAT CCT TAA AAA TCA CTC 
CCG TGC GCC CAG ATA GGG TG 

spoIIM IBS 365/366a MP 

CPP1214 CAG ATT GTA CAA ATG TGG TGA TAA CAG ATA AGT 
CAC TCC CTT TAA CTT ACC TTT CTT TGT 

spoIIM EBS1d 
365/366a 

MP 

CPP1215 TGA ACG CAA GTT TCT AAT TTC GGT TAT TTT CCG ATA 
GAG GAA AGT GTC T 

spoIIM EBS2 
365/366a 

MP 

CPP1216 AAA AAA GCT TAT AAT TAT CCT TAA CCA TCA TAG 
TAG TGC GCC CAG ATA GGG TG 

yyaC1 IBS 96/97s MP 

CPP1217 CAG ATT GTA CAA ATG TGG TGA TAA CAG ATA AGT 
CAT AGT ATG TAA CTT ACC TTT CTT TGT 

yyaC1 EBS1d 
96/97s 

MP 

CPP1218 TGA ACG CAA GTT TCT AAT TTC GAT TAT GGT TCG ATA 
GAG GAA AGT GTC T 

yyaC1 EBS2 96/97s MP 

CPP1219 AAA AAA GCT TAT AAT TAT CCT TAG TAG GCC ACG 
TAG TGC GCC CAG ATA GGG TG 

yyaC2 IBS 342/343s MP 

CPP1220 CAG ATT GTA CAA ATG TGG TGA TAA CAG ATA AGT 
CCA CGT ACT TAA CTT ACC TTT CTT TGT 

yyaC2 EBS1d 
342/343s 

MP 

CPP1221 TGA ACG CAA GTT TCT AAT TTC GAT TCC TAC TCG ATA 
GAG GAA AGT GTC T 

yyaC2 EBS2 
342/343s 

MP 
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CPP1186 AAA AAA GCT TAT AAT TAT CCT TAA GGG TCC TTG 
AAG TGC GCC CAG ATA GGG TG 

ytaF IBS 98/99a MP 

CPP1187 CAG ATT GTA CAA ATG TGG TGA TAA CAG ATA AGT 
CCT TGA AAA TAA CTT ACC TTT CTT TGT 

ytaF EBS1d 
98/99a 

MP 

CPP1188 TGA ACG CAA GTT TCT AAT TTC GAT TAC CCT TCG ATA 
GAG GAA AGT GTC T 

ytaF EBS2 98/99a MP 

CPP1189 AAA AAA GCT TAT AAT TAT CCT TAG TAG ACG ATT 
ATG TGC GCC CAG ATA GGG TG 

ytxC IBS 519/520s MP 

CPP1190 CAG ATT GTA CAA ATG TGG TGA TAA CAG ATA AGT 
CGA TTA TAT TAA CTT ACC TTT CTT TGT 

ytxC EBS1d 
519/520s 

MP 

CPP1191 TGA ACG CAA GTT TCT AAT TTC GAT TTC TAC TCG ATA 
GAG GAA AGT GTC T 

ytxC EBS2 
519/520s 

MP 

 CGA AAT TAG AAA CTT GCG TTC AGT AAA C  EBS 
Universal 

MP 

CPP1092 GCG GGT ACC CGG TAT ATC TCA AGC GCA AGT TTC ymxH  Detect/CP 
CPP1094 GCA GCG TCG ACA TCC ACG CCT TTC TCT AAG TTG ymxH  Detect/CP 
CPP1031 GCT TGC AAT ACT TTC TCT TAA GGT GT bkdR  Detect 
CPP1204 TGA GGA AGC TGA GAT GAT GGA bkdR  Detect 
CPP1200 ACA CAG CTG TAG GAA CAC CA spoIIM  Detect 
CPP1201 TCC TCA CTT ACC TTA AGC CCT spoIIM  Detect 
CPP1182 GCA GCG TCG ACT TTT GAT GAT TCC TCC TCA GC yyaC1  Detect 
CPP1183 GAC GCT GCA GGG TAC CAA CTA ATG GAC CTA AGC A yyaC1  Detect 
CPP1202 TCT GAT CGC TCC ACA GGA GA yyaC2  Detect 
CPP1203 GCT TAA GTC TCC TAC TTC AGG CA yyaC2  Detect 
CPP1194 TGG AGG CAG AAA AAG TGA GC ytaF  Detect 
CPP1195 GGG CTA AGG ATA AGG CTA GGG ytaF  Detect 
CPP1196 TCT CAT ATG GAA CTC ACT TCG TT ytxC  Detect 
CPP1197 TCC TAC TTC AGC AGC ATC TGT ytxC  Detect 
CPP1072 GCG GGT ACC CTA TAT ATA ACA GCA ATT TGC GTG CC bkdR  CP 
CPP1073 GCA GCG TCG ACA GAT GTG CTG GTC TCC AAG TG bkdR  CP 
CPP1238 GCG GGT ACC CGC TGA GAC TGT TTG AAC GAA GG spoIIM  CP 
CPP1239 GCA GCG TCG ACT CCT CAC TTA CCT TAA GCC CT spoIIM  CP 
CPP1234 CGG GAT CCC GTT TTG ATG ATT CCT CCT CAG C yyaC1  CP 
CPP1235 GCA GCG TCG ACC CGG TGG AGG CGC TTT ATT A yyaC1  CP 
CPP1236 GCG GGT ACC CCC CTG TGC TAG GTA TGC CCT T yyaC2  CP 
CPP1237 GCA GCG TCG ACA GCT TTC GAA GAC GTT GGA AGT yyaC2  CP 
CPP1246 GCG GGT ACC CGA TCA CAT AAG TAA TAG AGA AAG CC ytaF  CP 
CPP1247 GCA GCG TCG ACG GCT GAG GAT GTA CAA AAG GC ytaF  CP 
CPP1198 TCT GGA TGA CCA TCT ATA GCA ytxC  CP 
CPP1199 GCA GCG TCG ACG CTG TAA GGT GAG AAA CGG C ytxC  CP 

 
aRestriction sites are underlined. 
bNucleotide numbering begins at the first base of the translation codon of the relevant gene. 
cMP, construction of mutator plasmid 
CP, construction of complemented plasmid 
GUS, construction of plasmid for GUS assay 
Detect, primers used for the detection of mutant strains
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4.1 Abstract 

Clostridium perfringens is the causative agent of several histotoxic and 

gastrointestinal diseases in animals leading to a substantial amount of economic loss 

worldwide. C. perfringens can form dormant spores that are resistant to various 

environmental stresses and play crucial role in disease progression in infected hosts. Thus, 

identifying suitable germinants could result in the elimination of C. perfringens outbreaks 

in animals. In this study, we aimed to characterize different nutrient and non-nutrient 

germinants and investigate the transcript levels of germination specific genes in C. 

perfringens animal isolates. The extent of spore germination was low for all C. perfringens 

animal isolates with various nutrient and non-nutrient germinants compared to the 

germination rate observed in human isolates SM101 and F4969. However, C. perfringens 

horse isolates; 106902 and 106903, pig isolates; JGS1071 and JGS1807 and dog isolates; 

294442 and 294443 showed about 40% decrease of OD600 when incubated with nutrient-

rich TGY and cell-culture EMEM media. C. perfringens animal isolates showed better 

germination with all 20 amino acids at pH 6.0 than at pH 7.0. C. perfringens isolates 

106903, JGS1807 and 294442 showed better germination at pH range of 5.5 to 7.0 with 

100 mM L-cysteine and L-lysine. The extent of germination were also increased with the 

increase of concentration of L-cysteine and L-lysine at pH 6.0. However, poultry strain 

JGS4122 could not germinate with any of the amino acids at any conditions. The 

investigation of transcripts levels of germination specific genes showed that all four 

germinant receptor genes (gerKA, gerKB, gerKC and gerAA) were higher in animal isolates 

than in FP strain SM101. However, in general, the transcript level of genes that are involved 

in cortex hydrolysis; cspA, cspB, cspC and sleC were lower in animal isolates than in 

human isolates. In summary, these results indicate that C. perfringens animal isolates spore 

germination are variable and depends on the strain, germinant and conditions and the 

transcripts levels of germination-associated genes are different than in human isolates. 

Further investigation is required to characterize germinants and germinant receptors in C. 

perfringens animal isolates.   
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4.2 Introduction 

Clostridium perfringens is a Gram-positive, anaerobic, rod-shaped, spore-forming, 

ubiquitous bacterium that can be commonly found in wide range of environmental 

conditions like soil, sewage, fresh and marine water sediments, and as part of the intestinal 

microbial flora of humans and animals (1, 138). C. perfringens is a prolific toxin-producing 

species, and can produce as many as 17 different toxins (139). However, C. perfringens 

can be categorized into 5 different toxino-types (A, B, C, D, and E) depending on the 

production of four major toxins (alpha, beta, epsilon and iota) (139, 140). Combination of 

toxins production by C. perfringens strains is crucial to cause an array of diseases in 

humans and animals (139, 140). Although several strains of C. perfringens have industrial 

importance, these bacteria are mostly studied due to its pathogenicity towards humans and 

animals. C. perfringens is mostly infamous for its enteric disease to humans, but the 

pathogenicity and disease progression differ among the hosts (1, 138).  

For many years, C. perfringens is recognized as an animal pathogen and causing 

various types of diseases to different animals including livestock and pets (32, 141, 142). 

This bacterium is responsible for the necrotic enteritis in birds, horses, cattle, sheep, and 

pigs, especially to the neonatal individuals of these animals (32, 141, 143). It also causes 

necrohemorrhagic enteritis of sheep (lamb dysentery) and new born calf, enetrotoxemia of 

sheep and goats, and animal myonecrosis (gas gangrene) (32, 55, 141, 144, 145). All these 

diseases in animals, especially livestock, caused by C. perfringens result in a substantial 

amount of economic loss worldwide (146). 

C. perfringens spores are dormant, infectious morphotype, and can withstand 

various extreme environmental conditions (9, 128). To cause disease and to maintain its 

metabolic activity, C. perfringens spores should transform into vegetative cells in an 

irreversible process called germination. The germination process is triggered by a variety 

of nutrient and non-nutrient compounds termed as germinants, which bind to the germinant 

receptor (GR) located in the spores’ inner membrane (19, 81). This triggers a series of 

biochemical events including release of monovalent cations (H+, Na+, and K+), and the 

spore’s core large depot of Ca-DPA (19). That is followed by the spore’s cortex hydrolysis 
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where the spores core hydrolyze by the cortex lytic enzyme (CLE) (98). As a result, spores 

core uptake more water from the environment and resume its metabolic activity. At the end 

of the germination step, spores outgrow and finally the vegetative form of the bacterium 

resumes. 

A plethora of work has been done to identify the suitable germinants for the 

germination of C. perfringens spores of human clinical isolates (81, 147, 148). But no 

information has been gathered yet on the germination of C. perfringens animal isolates. 

Our previous study showed that different amino acids could able to germinate C. 

perfringens food-poisoning (FP) and non-food borne (NFB) human isolates (148), but the 

amino acid mediated germination differs between FP and NFB strains (81, 148).  

Identifying the effective germinant is crucial for the elimination of C. perfringens 

spores from the animal associated settings and thus minimizes the C. perfringens associated 

disease in animals. In this study, the analysis of various nutrient and non-nutrient 

germinants was performed with different C. perfringens animal isolates and the optimum 

pH and concentrations were determined for the effective germination of C. perfringens 

spores with amino acids. Also, the transcript levels of different germination-specific genes 

were investigated in C. perfringens strains. Our results indicate that like C. perfringens FP 

and NFB strains, animal isolates also differ in germinant specificities. We showed that C. 

perfringens animal isolates have better transcripts of GR genes, but are lower in other genes 

that involved in cortex hydrolysis. 

4.3 Materials and Methods 

4.3.1 Bacterial strains. 

C. perfringens human food-poisoning (FP) isolate SM101 and non-food borne 

(NFB) isolate F4969 was used as control in this study. Eight C. perfringens clinical isolates 

that were originated from four different animal sources were used in this study for the 

characterization of spores in terms of germination. The relevant characteristics of all 

bacterial strains are listed in Table 4.1.  
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4.3.2 Growth conditions. 

All C. perfringens strains used in this study were maintained in cooked-meat 

medium (Becton Dickinson, Sparks, MD) and stored at -20 °C. C. perfringens cultures 

were grown in FTG medium (Fluid thioglycollate medium; Becton Dickinson, Sparks, 

MD) for the vegetative growth and Duncan-Strong (DS) sporulation medium (119) for the 

preparation of spores. All C. perfringens cultures were grown at 37 °C. 

4.3.3 Spore preparation and purification. 

Different modifications of Duncan-Strong (DS) sporulating medium (119, 149) 

were used to prepare spores from C. perfringens animal isolates. Spores of C. perfringens 

strains were prepared as previously described (81). Briefly, C. perfringens starter cultures 

were grown in FTG for overnight at 37 °C followed by inoculation into fresh 10 ml FTG 

broth and incubated for about 8 h at 37 °C. Then, 0.4 ml of C. perfringens growth culture 

at log phase were transferred into 10 ml of DS broth and incubated at 37 °C for overnight. 

The presence of spores was confirmed by the phase-contrast microscopy. To scale up the 

number of spores, the similar methods were applied, but in larger volume. C. perfringens 

cultures grown in 3 tubes of 10 ml FTG broth were inoculated into 600 ml DS and spores 

were purified by repeated washing with ice cold sterile distilled water followed by gradient 

centrifugation by using 56% Nycodenz (Accurate Chemical & Scientific Corp., Westbury, 

NY), until spore suspensions were >99% free of cell debris, sprolulating cells and 

germinating cells, as determined by phase-contrast microscopy. The spore suspensions 

were adjusted to a final optical density at 600 nm (OD600) 6.0 with sterile distilled water 

and stored at -20 °C until used. 

4.3.4 Preparation of germinant solutions. 

Germinant solutions were prepared as described previously (81). The amino acids 

used in this study were following: glycine (MW 75.1 g/mol) (Calbiochem, CA), L-alanine 

(MW 89.09 g/mol) (EM Science, NJ), L-leucine (MW 131.2 g/mol) (California 

Corporation for Biochemical Research, LA), L-valine (MW 117.15 g/mol) (Alfa Aesar, 

NH), L-methionine (MW 149.2 g/mol) (Sigma, St. Louis, MO), L-isoleucine (MW 131.17 
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g/mol) (Alfa Aesar), L-proline (MW 85.0 g/mol) (California Corporation for Biochemical 

Research), L-phenylalanine (MW 165.19 g/mol) (TCI America), L-tyrosine (MW 181.2 

g/mol) (Sigma), L-tryptophan (MW 204.23 g/mol) (Sigma), L-serine (MW 105.1 g/mol) 

(Research Organics, OH), L-threonine (MW 119.12 g/mol) (Sigma), L-cysteine 

hydrochloride monohydrate (MW 175.63 g/mol) (Sigma), L-asparagine (MW 132.12 

g/mol) (Sigma), L-glutamine (MW 146.1 g/mol) (Sigma), L-lysine monohydrochloride 

(MW 182.65 g/mol) (Sigma), L-arginine (MW 210.7 g/mol) (Sigma), L-histidine (MW 

155.15 g/mol) (Sigma), L-aspartic acid (MW 133.1 g/mol) (Sigma), and L-glutamic acid 

(MW 185.3 g/mol) (Sigma). These amino acid compounds were categorized into five 

groups, according to their side chain (R-group) (Table 4.2). The germinant solutions were 

prepared by dissolving the required amount of amino acids with 25 mM Tris-HCl buffer 

(pH 7.4) to get the final concentration of 100 mM, except for L-tyrosine and L-tryptophan, 

where 3 mM of germinant solutions were prepared due to the insolubility of L-tyrosine and 

tryptophan in Tris-HCl buffer system.  

To determine the effect of pH, 100 mM L-cysteine and L-lysine were prepared 

mixed with 25 mM Tris-HCl buffer (pH 7.4) and adjusted to various pH ranging from 5.0 

to 9.0 with 0.5 units increments with 1 M HCl or 1 M NaCl. The concentration effect of L-

cysteine and L-lysine were determined by preparing the solutions at various concentrations 

ranging from 1 mM to 200 mM with 25 mM Tris-HCl (pH 7.4) and adjusted to the final 

pH of 6.0. In case of L-phenylalanine, the concentrations we tested were between 1 mM to 

100 mM, as more than 100 mM L-phenylalanine was insoluble to Tris-HCl buffer system. 

To test the germination in nutrient-rich condition, two nutrient media (BHI and TGY) and 

two cell-culture media (DMEM and EMEM) were used. 

4.3.5 Spore germination assay. 

Spore suspensions of FP isolate were heat activated at 80 °C for 10 min and spores 

of NFB and animal isolates were heat activated at 75 °C for 15 min. The heat activation 

were followed by cooling down at room temperature for 5 min in a water bath, and then 

pre-heated at 37 °C for 10 min. Thirty four microliter of these heat-activated spore 

suspensions were mixed with 166 µl of pre-heated germinant solutions at a ratio of 1:5 to 
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achieve the final spore concentration of OD600 of 1.0 in 200 µl total volume in the 96-well 

plate. Spore germination were routinely measured for every 2.5 min for 90 min period by 

monitoring the change of OD600 by using a Synergy MX multi-mode microplate reader 

(BioTek Instrument Inc., Winooski, VT) at 37 °C. Spore germination was further 

confirmed by the phase-contrast microscopy, where the germinated spores looked phase-

dark instead of phase-bright for the non-germinated spores. The extent of germination was 

expressed as the percentage of decrease in OD600 relative to the initial OD600 value. The 

percentage of spore germination was calculated by multiplying the % of OD600 decrease 

value with 0.6 as 60% OD600 decrease represents the complete germination. All 

germination experiments were performed in duplicate on at least three different occasions 

with no fewer than two different spore preparation. Standard deviations were calculated 

from at least six independent measurements and were typically below 10%. The 

germination of spores was confirmed by microscopic observation of aliquots under phase-

contrast microscope. 

4.3.6 RNA extraction and RT-PCR. 

Total RNA was extracted from C. perfringens cultures grown in DS sporulating 

media for 8 h were at 37 °C using the Qiagen RNeasy mini kit (Qiagen, Hilden, Germany). 

Extracted RNA was digested with DNaseI (Thermo Fisher Scientific) at 37 °C for 1 h to 

remove any residual DNA. The cDNA was synthesized with reverse transcription reaction 

mixture containing 200 ng RNA and random hexamers using using the iScript cDNA 

Synthesis Kit (Bio-Rad Laboratories Inc., USA). The qRT-PCR was performed in triplicate 

using iQ SYBR Green Supermix (Bio-Rad Laboratories Inc., Singapore). Each reaction 

contained a total volume of 10 ul containing 5 µl of master mix, 250 nm of each primer, 1 

µl of cDNA template and nuclease-free water. All primers were designed using Primer 3 

website and are listed in Table 4.4. The qRT-PCR was performed using CFX96 Real-Time 

PCR Detection System (Bio-Rad Laboratories Inc., USA) as the following reaction 

protocol: 95 °C for 3 min, followed by 40 cycles of 95 °C for 10 s, 57 C for 30 s and a 

melting curve analysis from 60 °C to 95 °C. Transcript levels were normalized to the 
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housekeeping gene 16s rRNA gene and calculated by the comparative threshold cycle (Ct) 

(2-ΔΔCt) method.  

4.3.6 Preparation of spore extracts and Western blot analysis. 

For preparation of coat extracts from dormant spores, aliquots (200 ml) of spores 

(OD600 30) were decoated in 200 ml 50 mM Tris/HCl (pH 8.0), 8 M urea, 1 % (w/v) SDS 

and 50 mM DTT for 90 min at 37 uC, centrifuged (13,200 rpm) for 5 min, and the 

supernatant fluid containing coat material from dormant spores was stored at -20 °C until 

use. Samples (10 ml) of coat extracts of spores were boiled in SDS-PAGE loading buffer 

and run on SDS-PAGE gels (12 % acrylamide), and proteins were transferred to a PVDF 

membrane (Millipore). These Western blots were probed with a 1:10,000 dilution of anti-

SleC polyclonal rabbit antibody (123) for 1 h at room temperature. For the detection and 

quantitation of CspB and GerKC, polyclonal rabbit antisera against CspB and GerKC was 

used at a dilution of 1:1000 (89). The PVDF membrane were then incubated with a 

1:10,000 dilution of goat anti-rabbit IRDye 800 CW infrared dye-conjugated secondary 

antibody (LI-COR) was used. The Odyssey Li-Cor Clx (LI-COR) was used to detect 

secondary antibody fluorescent emissions. The band intensities of the Western blots were 

quantified using ImageJ software (https://imagej.nih.gov/ij/).  

4.3.8 Statistical analysis. 

All experiments were performed at least in triplicate with two different batches of 

spore-preparations. Data were analyzed by Two-way analysis of variance procedures 

(ANOVA), using the GraphPad Prism software version 6.0. Multiple comparisons among 

the mean values were analyzed with student’s t-test at the significant level of 0.05 and the 

data were corrected before for multiple comparisons by using the Holm-Sidak method. 

4.4 Results 

4.4.1 Germination of animal isolates with different nutrient and non-nutrient 
germinants.  
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Germination of different C. perfringens animal isolates were done with nutrient 

germinants; 100 mM KCl (pH 7.0), 100 mM AK (mixture of KCl and L-asparagine) (pH 

7.0), 100 mM AGFK (mixture of L-aspragine, D-glucose, D-fructose and KCl) (pH 7.0) 

and non-nutrient germinant; Ca-DPA (50 mM CaCl2, 50 mM DPA adjusted to pH 8.0 with 

Tris-HCl) and compared with the germination rate of two C. perfringens human isolates; 

FP strain SM101 and NFB strain F4969 (Fig. 4.1). C. perfringens FP strain SM101 did 

germinate with all nutrient and non-nutrient germinants tested (Fig. 1). However, C. 

perfringens NFB strain F4969 did not germinate with KCl, but showed higher germination 

rate with AK, AGFK and Ca-DPA (Fig. 4.1). All C. perfringens animal isolates showed 

significantly lower germination rates with all nutrient and non-nutrient germinants tested 

compared to the C. perfringens human FP isolate SM101 (Fig. 4.1). 

4.4.2 Germination of animal isolates with rich media and cell culture media. 

 Germination of C. perfringens isolates were also tested with two nutrient rich 

media; BHI and TGY and two cell culture media; DMEM and EMEM (Fig. 4.2). C. 

perfringens FP strain SM101 showed very high OD600 decrease with BHI and TGY and 

>40% OD600 decrease with DMEM and EMEM (Fig. 4.2). C. perfringens NFB strain 

F4969 exhibited very low germination with BHI, but showed higher germination rate with 

TGY, DMEM and EMEM (Fig. 4.2). C. perfringens horse isolates; 106902 and 106903, 

pig isolates; JGS1071 and JGS1807 and dog isolates; 294442 and 294443 exhibited better 

germination with TGY and EMEM than BHI and DMEM (Fig. 4.2). Neither of C. 

perfringens poultry isolates JGS4122 and JGS4125 showed significant germination with 

both nutrient rich and cell-culture media (Fig. 4.2).  

4.4.3 Germination of animal isolates with amino acids at pH 7.0. 

The ability of various amino acid solutions dissolved in 25 mM Tris-HCl buffer 

(pH 7.4) at pH 7.0 condition were assessed to induce the germination of spores of C. 

perfringens animal isolates. Very little (10-15%) decrease in OD600 was observed when C. 

perfringens human and animal isolates were incubated with 25 mM Tris-HCl buffer (pH 

7.4) alone for 90 min, and >95% spores remained phase bright under phase-contrast 
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microscopy, suggesting that only buffer did not induce significant germination of all tested 

spores (data not shown). We confirmed by phase-contrast microscopy that 60% or more 

decrease in OD600 corresponds to 99.9% spore germination. We also categorized the amino 

acid germinants to three different types depending on the rate of spore germination as good 

(70% or more germination), moderate (40-70% germination) and not good germinants (less 

than 40% germination). C. perfringens human isolate SM101 did germinate from moderate 

to high with all amino acids tested (Table 4.2). C. perfringens NFB isolate F4969 showed 

moderate germination with L-cysteine only. Among the 20 amino acids tested, only L-

leucine and L-isoleucine induced very good germination for spores of pig isolate 1807 at 

pH 6.0 (Table 4.2). Nonpolar, aliphatic and polar, uncharged groups of amino acids 

exhibited low to moderate rate of germination with horse strain 106903, pig strain JGS1807 

and dog strain 294442. None of the amino acid exhibited significant germination with 

poultry isolate JGS4122 (Table 4.2).  

4.4.4 Germination of animal isolates with amino acids at pH 6.0. 

The ability of various amino acids was also assessed in condition with pH 6.0. 

Similar to pH 7.0 condition, spores of different C. perfringens animal isolates did not 

germinate significantly when they were incubated with 25 mM Tris-HCl (pH 7.4) only 

(data not shown). Similar to the result showed in Table 4.2, C. perfringens isolates 

exhibited moderate to good germination with all amino acids tested at pH 6.0 condition 

(Table 4.3). C. perfringens NFB strain F4969 exhibited moderate germination with L-

cysteine only. However, C. perfringens strains 106903, JGS1807 and 294442 showed low 

to moderate germination with all amino acids. C. perfringens strain JGS1807 showed good 

germination rate with L-leucine and L-isoleucine only (Table 4.3). C. perfringens poultry 

strain JGS4122 and JGS4125 did not show any significant germination rate with ant of the 

amino acids tested (Table 4.3).   

4.4.5 C. perfringens spore germination with L-cysteine and L-lysine at different pH 
conditions. 

To further assess the effect of pH of amino acids on spore germination, L-cysteine 

and L-lysine were selected and the germination assays were done with C. perfringens 
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human and animal isolates at different pH conditions ranging from pH 5.0-9.0. Considering 

at least 20% decrease in OD600 as significant germination, 100 mM glycine could germinate 

C. perfringens human isolate at pH 5.5-6.5 (Fig. 4.3). However, C. perfringens dog isolate 

294442, pig isolate 1807 and poultry isolate 4122 showed very little germination at 

different pH conditions with L-cysteine. However, C. perfringens horse isolate 106903 

showed better germination at pH 6.5 with 100 mM L-cysteine than other animal isolates 

tested (Fig. 4.3). C. perfringens animal isolates 106903, JGS1807, and 294442 showed 

good germination rate at condition of pH 5.5 to 7.0 with 100 mM L-lysine. C. perfringens 

strain JGS4122 could not germinate with L-lysine at any pH condition tested (Fig. 4.3).  

4.4.6 C. perfringens spore germination with L-cysteine and L-lysine at different 
concentrations. 

To investigate the effect of different concentrations of amino acids, we prepared 

different concentrations (1-200 mM) of L-cysteine and L-lysine and adjusted the pH at 6.0. 

High concentrations (more than 100 mM) of cysteine were required for the significant 

germination of spores of horse isolates JGS106903 and pig isolate JGS1807 (Fig 4.4). 

These two spores showed maximum germination with 100 mM cysteine at pH 6.0 (Fig 

4.4). However, none of the concentrations for glycine was effective for the germination of 

dog isolate 294442 and poultry isolates JGS4122 (Fig 4.4). C. perfringens human isolate 

SM101 could germinate even at low concentration (1 mM) of L-lysine. C. perfringens 

animal isolates required higher concentrations of L-lysine to germinate as spores of isolates 

106903, JGS1807 and 294442 required at least 50 mM L-lysine for significant germination. 

Like, in L-cysteine, C. perfringens strain JGS4122 could not germinate with any 

concentrations of L-lysine at pH 6.0 (Fig. 4.4). 

4.4.7 Presence of genes and transcripts of different germination specific genes in 
animal isolates. 

There was no information about the presence of germination specific genes in C. 

perfringens animal isolates used in this study, as no genome sequence was available for 

these strains. So, the presence of germinant receptor (GR) genes in these animal strains 

were tested by PCR analyses (data not shown). The PCR primers specific for gerKA, 
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gerKB, gerKC and gerAA were used with the DNA extracted from C. perfringens animal 

isolates and the PCR assays were performed. C. perfringens SM101 and F4969 DNA was 

used as the control. All GR genes were identified at the similar location as observed with 

the PCR product for SM101 and F4969 DNA (data not shown). The PCR assays were also 

performed with the primer specific for cspA, cspB, cspC and sleC. The presence of cspA, 

cspB, cspC and sleC were detected by PCR assays (data not shown) and the PCR products 

were similar to the products of NFB strain F4969. 

To analyze the transcript levels of germination-specific genes (GR genes and genes 

involved in spores cortex hydrolysis) in animal strains, the total RNA was extracted from 

the 8 h cultures grown in sporulation (DS) condition. The cDNA was synthesized and the 

qRT-PCR was performed as described in Materials and Methods. The transcript level of 

gerKA were significantly higher in all animal strains (196903, JGS1807, 294442, 

JGS4122) and human NFB strain F4969 than seen in human FP strain SM101 (Fig. 4.5). 

Similar results were found for gerKC transcripts. Except for strain JGS4122, all other 

strains exhibited higher gerAA transcripts than found in SM101 (Fig. 4.5). The gerKB 

transcript levels were higher in all animal isolates tested. However, gerKB transcript level 

in F4969 was significantly low (Fig. 4.5). Overall, the transcripts levels of all GR genes 

(gerKA, gerKB, gerKC, and gerAA) showed higher levels in all four animal strains tested 

than observed in SM101, with the exception of gerAA transcript in strain JGS4122 (Fig. 

4.5).  

The transcript level of genes (cspA, cspB, cspC, and sleC) that coded for proteins 

involved in cortex hydrolysis was also investigated for all C. perfringens strains. The 

transcript levels of cspA were higher in strain 106903 and JGS1807 than observed in strain 

SM101 (Fig. 4.6). However, cspA transcript copies were low in number for strain 294442, 

JGS4122 and F4969 (Fig. 4.6). The level of transcripts of cspB, cspC and sleC were 

significantly lower in all four animal isolates and human isolate F4969 than found in strain 

SM101 (Fig. 4.6). The lower transcript level indicates the low level of Csp proteases and 

SleC in animal isolates.  

4.4.8 Level of germination proteins in C. perfringens isolate from animals 
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 The level of three important germination proteins were assessed in spores of C. 

perfringens isolate from animals and compared the level with human isolate SM101 and 

F4969 (Fig. 4.7). Purified spore suspension of OD600 of 30 were decoated as described in 

Materials and Methods. Then the proteins were quantitated and diluted with lamelli buffer 

and was run on an SDS-PAGE gel. Proteins were transferred to three different PVDF 

membrane and were incubated with anti-GerKC, anti-CspB and anti-SleC antibodies 

followed by the incubation with goat anti-rabbit secondary antibody. The Western blot 

results showed that there was no significant differences in the levels of GerKC proteins in 

spores of C. perfringens isolate from animals compared to the isolate from human (Fig. 

4.7). However, there was very low level of CspB and SleC proteins were present in spores 

of C. perfringens isolate from animals compared to the isolate from human (Fig. 4.7). 

4.5 Discussion 

C. perfringens spores are ubiquitous in the environment and therefore can be easily 

acquired by the hosts (138). Although most of the C. perfringens strains do not cause any 

harm to the host, several strains may lead to the progression of various diseases due to the 

production of different toxins (138, 139). However, the disease progression largely 

depends on the germination of spores and multiplication of vegetative cells inside the hosts 

(139). Thus, spore germination is one of the vital parts of the C. perfringens associated 

pathogenesis. Identifying the right germinant to germinate the spores and effectively kill 

the vegetative cells would be beneficial to control or eliminate C. perfringens spores and 

reduce the C. perfringens associated outbreaks. Previous studies have highlighted the 

differential germinant requirements between FP and NFB spores (81, 148). In this context, 

the present study contributes to our understanding of the germinant specificities of spores 

of C. perfringens animal isolates. 

Previous studies found that spores of different C. perfringens strains had different 

germinant preferences for successful germination (81, 148, 150). In this study, we also find 

that the germinant specificities vary among C. perfringens strains and it is independent of 

sources for bacterial isolates. Our study showed that the germinant preference of all animal 

isolates is different than two human isolate SM101 and F4969 (Fig. 4.1 and 4.2). Spores of 
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C. perfringens animal isolates could not germinate with nutrient germinants KCl, AK and 

AGFK and non-nutrient germinant Ca-DPA (Fig. 4.1). However, C. perfringens horse 

strain 106903, pig strain 1807 and dog strain 294442 showed better germination with 

nutrient rich medium TGY and cell-culture medium EMEM, but no significant germination 

with BHI and DMEM (Fig. 4.2). Interestingly, no significant germination was observed for 

the spore of strain 4122 with all nutrient rich and cell-culture media tested (Fig. 4.2). 

Overall, the germination of spores of animal isolates exhibited lower germination rate than 

found in C. perfringens human isolates. The results of human isolates SM101 and F4969 

are similar to our previous studies (81, 148, 150). 

C. perfringens spores can survive in a wide range of environmental conditions 

including a range of pH conditions (9). Previously it has been reported that pH had an 

important role in initiating germination in both food system and in buffer conditions (81, 

148). In this study, we also showed that pH played a major role in germination of C. 

perfringens animal isolates and this pH preference is varied among the strains. All C. 

perfringens strains tested in this study germinated better with most of the amino acids at 

pH 6.0 rather than at pH 7.0 (Table 4.2 and Table 4.3). This is in accordance with one of 

our previous study, where pH 6.0 was the optimum for the germination of C. perfringens 

FP and NFB strains with L-cysteine and L-glutamine (148, 151). However, we found that 

spores of horse, pig, and dog isolates germinated better with L-cysteine and L-lysine at pH 

6.0 than at pH 7.0 (Table 4.2). The poultry strain JGS1807 germinated more with all amino 

acid germinants at pH 7.0 than at pH 6.0. The striking difference on the preference of pH 

between strain JGS1807 and other animal isolates tested in this study probably due to the 

preferable conditions of those strains growth.  

The germination specificities also largely depend on the bacterial strains, the type 

of germinant and the concentration of germinants with which spores interacted. In this 

study, we found that amino acids under polar-uncharged, positively-charged, and 

negatively-charged groups were better germinants for spores of all types of C. perfringens 

isolates than nonpolar aliphatic and aromatic amino acids. Similar findings were observed 

in our previous study where amino acids from polar-uncharged, positively-charged, and 
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negatively-charged groups were also seen to be more effective in spore germination for C. 

perfringens FP and NFB strains than nonpolar aliphatic and aromatic groups (148). It is 

certain from this study and the previous report that L-cysteine has a wide effect on spore 

germination of a number of C. perfringens strains. It also indicates that L-cysteine could 

apply as universal germinant for C. perfringens spores.  

 The concentration of amino acids has also shown to impact C. perfringens spore 

germination. The increased concentrations of amino acids result in increased amount of 

germination (Fig. 4.4). It required higher concentration of L-cysteine and L-lysine to 

induce significant germination for spores of C. perfringens strain strains except the poultry 

strain 4122 (Fig. 4.4). This is in accordance with the previous finding where it shows that 

the increased concentration of L-cysteine and L-glutamine induced more germination for 

spores of C. perfringens FP and NFB isolates (148).  

All C. perfringens animal isolates tested in this study showed lower germination 

rate than seen with human isolate SM101. Another notable feature is the germination defect 

of the C. perfringens poultry strain JGS4122. This particular strain was not able to 

germinate with any of the amino acids tested and at any conditions. The defect in 

germination might be due to the absence of any functional GR in spores. In Bacillus 

species, it has been found the amount of GR proteins were lower in super dormant spores 

than in regular spores. Because there was no genome sequence available of C. perfringens 

strains of animal, we were interested to check for presence of germinant receptor (GR) 

genes.  By PCR analyses of the DNA extracted from all C. perfringens isolate from animals 

with individual GR primers, we found that all major GR genes were present in this strain 

(data not shown). Interestingly, the transcript levels of all four GR genes (gerKA, gerKB, 

gerKC, and gerAA) were higher in all isolates from animal than in SM101 (Fig. 4.5). 

However, the transcripts levels of two important genes that code for the proteins involved 

in spore cortex lysis were lower than found in SM101. When, we tested for the level of 

three major germination proteins (GerKC, CspB, and SleC), we observed that although the 

gerKC transcripts are higher in C. perfringens isolate from animal, the level of GerKC 

proteins were almost similar to spores of C. perfringens isolate from animals to human 
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isolate (Fig. 4.7). However, like the lower cspB and sleC transcript levels, both CspB and 

SleC production was low in spores of C. perfringens isolate from animal than in isolate 

from human (Fig. 4.7). From both quantitative RT-PCR and Western blot analyses, it is 

certain that the germination defect of C. perfringens strain from animals is not due to the 

absence or the quantity of GR proteins, but may be due to the lack of functional cortex 

hydrolysis. Further investigation is required to see the protein level of these germination 

specific genes.  

Overall our study indicates germination variability among the strains of C. 

perfringens and the potential use of amino acids as germinant of the germination of spores 

of C. perfringens isolate from animals. This study would call for the importance of 

investigating more C. perfringens strains with different types of germinants and find a 

universal germinant that could germinate all C. perfringens strains. 
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Figure 4.1.  Germination of spores of C. perfringens strains with different nutrient and 
non-nutrient germinants.  

Heat activated spores of C. perfringens human and animal isolates were germinated at 37 
°C with 100 mM KCl (pH 7.0) (A), 100 mM mixture of L-aspragine and KCl (pH 7.0) (B), 
100 mM mixture of L-aspragine, D-glucose, D-fructose and KCl (pH 7.0) (C), and 50 mM 
Ca-DPA (pH 8.0) (D). The OD600 decrease was monitored at time 0 and and 90 min after 
germination and the percentage of OD600 was calculated as described in Materials and 
Methods. All values are represented the results obtained from two separate experiments 
with two different spore preparation. Statistically significant was determined by Student’s 
t-test, compared to the wild-type. *p < 0.05. 
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Figure 4.2. Germination of spores of C. perfringens strains with nutrient-rich and cell-
culture media.  

Heat activated spores of C. perfringens human and animal isolates were germinated at 37 
°C with nutrient rich media BHI (A) and TGY (B), and cell-culture media DMEM (C) and 
EMEM (D) and The OD600 decrease was monitored at time 0 and 90 min after germination. 
The percentage of OD600 was calculated as described previously. The data represented are 
the values obtained from two separate experiments with two different spore preparation. 
Statistically significant was determined by Student’s t-test, compared to the wild-type. *p 
< 0.05. 
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Figure 4.3.  Germination of C. perfringens spores with L-cysteine and L-lysine at different 
pHs. 

Heat activated spores of C. perfringens human isolates; SM101 (solid line with circle), 
F4969 (solid line with rectangle), and animal isolates; 106903 (dotted line with circle), 
JGS1807 (dotted line with rectangle), 294442 (dotted line with diamond), 4122 (dotted line 
with triangle), were germinated at 37 °C with 100 mM L-cysteine (A) and 100 mM L-
lysine (B) adjusted to different pHs (pH 5.0 to 9.0). The extent of germination was 
calculated after 90 min of incubation as described in Materials and Methods. At least two 
separate experiments were done with two different spore preparation. Error bars represent 
standard deviations. 
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Figure 4.4.  Germination of C. perfringens spores with different concentrations of L-
cysteine and L-lysine.  

Heat activated spores of C. perfringens human isolates; SM101 (solid line with circle), 
F4969 (solid line with rectangle), and animal isolates; 106903 (dotted line with circle), 
JGS1807 (dotted line with rectangle), 294442 (dotted line with diamond), 4122 (dotted line 
with triangle), were germinated at 37 °C with different concentrations (1mM, 5mM, 10 
mM, 20mM, 25mM, 50 mM, 100 mM, 150 mM, and 200 mM) of L-cysteine (A) and L-
lysine (B) at pH 6.0. At least two separate experiments were done with two different spore 
preparation and the extent of germination was calculated after 90 min of incubation as 
described in Materials and Methods. Error bars represent standard deviations. 
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Figure 4.5. Relative expression of gerKA, gerKB, gerKC and gerAA transcripts in C. 
perfringens strains.  

The relative gene expression of gerKA, gerKB, gerKC and gerAA in C. perfringens human 
FP strain SM101, NFB strain F4969, horse strain 106903, pig strain JGS1807, dog strain 
294442, and poultry strain JGS4122. The total RNA was extracted from the 8 h DS culture 
of C. perfringens strains and the cDNA was synthesized and quantitated as described in 
Materials and Methods. The qPCR was performed with cDNA mixed with each set of 
primers for gerKA, gerKB, gerKC and gerAA genes and SYBR green qPCR mix and the 
Cq of the PCR was monitored and recorded. The X-axis denotes the specific gene 
expression in two types of media used and the Y-axis denotes the relative gene expression 
of four different C. perfringens strains. Error bars represent standard deviations. 
Statistically significant was determined by Student’s t-test, compared to the wild-type. *p 
< 0.05. 
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Figure 4.6. Relative expression of cspA, cspB, cspC and sleC transcripts in C. perfringens 
strains.  

The relative gene expression of cspA, cspB, cspC and sleC in C. perfringens human FP 
strain SM101, NFB strain F4969, horse strain 106903, pig strain JGS1807, dog strain 
294442, and poultry strain JGS4122. The total RNA was extracted from the 8 h DS culture 
of C. perfringens strains and the cDNA was synthesized and quantitated as described in 
Materials and Methods. The qPCR was performed with cDNA mixed with each set of 
primers for cspA, cspB, cspC and sleC genes and SYBR green qPCR mix and the Cq of the 
PCR was monitored and recorded. The X-axis denotes the specific gene expression in two 
types of media used and the Y-axis denotes the relative gene expression of four different 
C. perfringens strains. Error bars represent standard deviations. Statistically significant was 
determined by Student’s t-test, compared to the wild-type. *p < 0.05. 
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Figure 4.7. Levels of germination proteins in spores of C. perfringens human and animal 
isolates.  

Spore suspension of OD600 of 30 were decoated as described previously and were then 
used for Western blot analysis using different antisera (anti-GerKC, anti-CspB, and anti-
SleC), as described in Materials and Methods. The membrane image was analyzed and 
quantitated by the ImageJ software. 
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Table 4.1. Bacterial strains used in Chapter 4. 

C. perfringens 
strains 

Relevant 
characteristics 

Toxino-
type 

Source or references 

SM101 Diarrheic-human FP isolate, 
chromosomal cpe+ 

A (125) 

F4969 Diarrheic-human NFB isolate, 
plasmid cpe+ 

A (14) 

106902 Diarrheic-horse isolate, cpb2+ A (144) (152) 
106903 Diarrheic-horse isolate, cpb2+ A (144) (152) 
JGS1807 Diarrheic-pig isolate, cpb2+ A (40, 153) 
JGS1071 Diarrheic-pig isolate, cpb2+ C (40, 153) 
294442 Diarrheic-dog isolate ND - 
294443 Diarrheic-dog isolate ND - 
JGS4122 Diarrheic-poultry isolate, cpb2+, 

tpeL+, netB+ 
ND - 

JGS4125 Diarrheic-poultry isolate, pb2+, 
tpeL+, netB+ 

ND - 

 
ND; Not determined
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Table 4.2. Germination rate with amino acids at pH 7.0. 

Amino acids Germination rate (% of mean) 
  Human isolates  Animals isolates 
  SM101  F4969  106903  1807  294442  4122 
Nonpolar, aliphatic             
L-glycine  66  -5  15  18  19  -9 
L-alanine  75  4  15  37  13  -4 
L-valine  51  1  29  32  24  -6 
L-leucine  60  37  58  73  35  -15 
L-methionine  47  24  65  75  36  -6 
L-isoleucine  47  16  32  61  3  -3 
L-proline  57  1  4  26  -8  -10 
 
Aromatic 

            

L-phenylalanine  32  -1  13  10  11  -3 
L-tyrosine  40  -3  8  14  22  -14 
L-tryptophan  41  -4  -1  15  2  -17 
 
Polar, uncharged 

            

L-serine  84  23  47  54  59  -15 
L-threonine  53  16  35  49  46  2 
L-cysteine  61  44  15  21  9  4 
L-asparagine  67  -1  5  20  6  -12 
L-glutamine  54  -5  6  7  30  -11 
 
Positively charged 

            

L-lysine  80  -3  13  15  1  -12 
L-arginine  71  -21  -1  -10  -4  -13 
L-histidine  52  10  37  34  32  -12 
 
Negatively charged 

            

L-aspartate  73  -10  12  8  -25  -10 

L-glutamate  82  4  1  22  42  -19 
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Table 4.3. Germination rate with amino acids at pH 6.0. 

Amino acids Germination rate (% of mean) 
  Human isolates  Animals isolates 
  SM101  F4969  106903  1807  294442  4122 
Nonpolar, aliphatic             
L-glycine  70  2  18  28  21  -11 
L-alanine  81  6  19  43  17  -8 
L-valine  61  6  35  42  34  -11 
L-leucine  63  39  63  71  38  -11 
L-methionine  48  32  68  78  43  -11 
L-isoleucine  51  19  28  65  8  6 
L-proline  63  4  6  32  -2  -4 
 
Aromatic 

            

L-phenylalanine  36  2  15  8  14  -9 
L-tyrosine  43  5  12  16  25  -16 
L-tryptophan  51  3  -5  12  8  -15 
 
Polar, uncharged 

            

L-serine  86  28  52  64  67  -9 
L-threonine  63  19  38  51  49  -8 
L-cysteine  65  51  32  29  13  -15 
L-asparagine  71  2  8  30  7  -26 
L-glutamine  57  7  9  12  36  -14 
 
Positively charged 

            

L-lysine  83  1  16  22  4  4 
L-arginine  75  -11  6  2  3  -31 
L-histidine  57  17  42  43  28  -11 
 
Negatively charged 

            

L-aspartate  78  -6  15  9  -12  -15 
L-glutamate  85  7  5  27  45  1 
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Table 4.4. Primer list used in Chapter 4. 

Primer name Primer Sequence Genea Useb 
CPP1386 TCTGGGATATGCGCTCTTCT cspA RT 
CPP1387 ATGGTCCTCCTTGCTCCTTT cspA RT 
CPP1388 TAGGGGCGTTGTTAGACCTG cspB RT 
CPP1389 AGAAGAGCGCATATCCCAGA cspB RT 
CPP1390 CTGCAAGAGTGGCAATTCAA cspC RT 
CPP1391 TCCTTTTCCTCTGGTTCAGG cspC RT 
CPP1392 TTCATGACGGGAGACCAAAT sleC RT 
CPP1393 AGTTTCAGGCCACGTTGAAA sleC RT 
CPP1394 GTGGGAGCTGGAATTGCTT gerKA RT 
CPP1395 TCCAAATCGATACTGCACCA gerKA RT 
CPP1396 TCAACCCTAGGTTCTTTGAGG gerKB RT 
CPP1397 TCCATTCTCTACAAAACCACCA gerKB RT 
CPP1398 AGCGGAGGAGCTTTGTTAAA gerKC RT 
CPP1399 GGGTCTTGAGGGTTCATAACTTC gerKC RT 
CPP1400 GCATTAACCATGAGCGAACA gerAA RT 
CPP1401 GCAACATCAGGCCTTTCTGTA gerAA RT 

 
a Primer pairs used to amplify gene products 
b RT; Primers used for qRT-PCR
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Sporulation and spore germination are two equally important phases of C. 

perfringens life cycle. Spore formation provides the required protection for the bacterium 

from various environmental stresses (9, 154). However, by implementing the germination 

process, C. perfringens are able to resume its metabolic activities and vegetative growth 

that are essential for its proliferation (77, 84). C. perfringens can produce as many as 17 

different toxins and these toxin productions are directly and indirectly regulated by both 

sporulation and germination processes; such as, alpha toxin is produced during the 

vegetative growth, while the CPE is synthesized during the spore formation (3). 

Considering the importance of these two intriguing events, it is important to identify the 

genes and devise the molecular mechanism of sporulation and spore germination. 

Extensive research has been done in Bacillus sporulation and spore germination (77, 155). 

However, information about Clostridium sporulation and germination is still limited due 

to several reasons; i) Clostridium spp. are anaerobic in nature and required special care to 

grow in laboratory conditions, ii) Clostridium spp. are reluctant to take any foreign genetic 

material, and iii) successful molecular techniques are limited for gene manipulation in 

Clostridium. In this study, we used a modified group-II intron based TargTron technique 

to introduce null mutation in several putative sporulation and germination genes and 

assessed their role in C. perfringens spore formation and germination. We also incorporate 

in our study different C. perfringens isolates from diseased animal hosts and characterize 

the germinants in regard to C. perfringens spore germination. 

In chapter 2, we assessed the role of two serine proteases, CspA and CspC in C. 

perfringens spore germination. There are three subtilisin-like serine proteases present in C. 

perfringens and previously it has been found that CspB plays a major role in cortex 

hydrolysis during spore germination by activating the sole cortex lytic enzyme, SleC (101). 

These Csp proteases are conserved among the Clostridium species, although the 

arrangement of genes that encode these proteins are different in various species (100). In 

C. difficile, all three Csp proteases are inter related and regulate each other. In C. difficile, 

CspB is fused with CspA, but upon activation, it plays the similar role as found in C. 

perfringens. However, CspA controls the levels of CspC and CspC regulates the activity 

of CspB in C. difficile. Most strikingly, CspC has been identified as the sole GR in spores 
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of C. difficile and play role in bile acid mediated germination (91). In this study, it has been 

found that CspA and CspC have role in spore germination, and like CspB, both proteins 

can activate SleC. This implies that the activation of one of the Csp proteins could result 

in cortex hydrolysis and successful spore germination. 

In chapter 3, the role of several putative sporulation genes was investigated. Many 

sporulation proteins are conserved among the species under the family Clostridiales and 

Bacillus as these two shared the same lineage about 1.5 billion years ago. Therefore, 

looking for the genes that are known in one organism may help to identify and characterize 

unknown genes in another spore forming bacteria. By homology searches with several 

sporulation genes in Bacillus species (132), nine genes (ylzA, ymxH, spoIIM, ytxC, ylxY, 

ytaF, yyaC1, yyaC2 and bkdR) were selected to characterize regarding sporulation and 

spore germination in the work done on chapter 3. The work in this study revealed that 

ymxH, spoIIM, ytxC, ytaF, yyaC1, yyaC2 and bkdR were expressed only in sporulation 

condition suggesting that these genes may have role in spore formation and/or spore 

germination. Out of these seven genes, six genes (ymxH, spoIIM, ytxC, ytaF, yyaC1 and 

bkdR) have role in spore formation in C. perfringens FP strain SM101. Although, C. 

perfringens strains ymxH, ytxC, ytaF, yyaC1 and bkdR showed lower spore formation than 

the wild-type, mutation in spoIIM resulted complete defect in sporulation. SpoIIM is 

conserved among many species of Clostridium and Bacillus, and has been known as 

putative sporulation protein. The result of this study implies to investigate further about the 

mechanism of spoIIM. 

Many proteins that are associated with spore germination are synthesized during 

the sporulation stages. In this regard, seven genes identified in chapter 3 that were 

expressed during sporulation may have role in spore germination. Although yyac2 does not 

have any effect in spore formation, it plays significant role in spore germination. However, 

ytxC, that has minor activity in sporulation, showed very significant role in spore 

germination. Both yyac2 and ytxC exhibited lower OD600 decrease in germination assay 

with nutrient and non-nutrient germinants when compared with the wild-type germination 

rate. These defects in germination were further confirmed by measuring the spores’ core 
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DPA content and by analyzing spore outgrowth and colony forming efficiency. Overall, 

the work in chapter 3 identified six genes associated with sporulation and two genes linked 

in the germination process. 

In chapter 4, the effect of different germinants on spore germination of various C. 

perfringens human and animal isolates were studied. Although the primary focus of many 

researchers was to find a unique germinant to apply for spore germination of C. perfringens 

human isolates, it was important to extend the search for new and universal germinant for 

animal isolates as well. C. perfringens causes many GI and histotoxic diseases in animals 

and results substantial amount of economic loss every year (28, 32). To prevent or 

minimize these losses, it is important to develop an effective strategy, such as, searching 

for a universal germinant for germination of spores of diverse C. perfringens isolates as it 

has been found that C. perfringens spores are diverse and have different specificities to the 

germinant molecules (20). In this study, we found that spores of C. perfringens animal 

isolates (horse isolates, 106902 and 106903; pig isolates, JGS1807 and JGS1071; dog 

isolayes, 294442 and 294443; and poultry isolates, JGS4122 and JGS4125) are generally 

poor in germination, and showed very little or no germination with different nutrient and 

non-nutrient germinants. However, like spores of C. perfringens FP strain SM101, spores 

of most of the animal isolates germinated better at slightly acidic condition (pH 6.0) than 

at neutral condition (pH 7.0). The germination rate of spores of dog isolate 294442 and 

poultry isolate JGS4122 did not increase even at higher concentration of L-cysteine and L-

lysine, two known germinants for FP strain.  

This study indicates that C. perfringens animal isolates are phylogenetically closer 

to C. perfringens isolates from human NFB-type rather than FP-type as the arrangement of 

csp locus of C. perfringens isolates are similar to NFB-isolate. C. perfringens animal 

isolates also possess all known GR genes found in human isolates. It has been hypothesized 

that the low rate of germination could be the result of lower level of GR proteins in spores’ 

inner membrane. But the transcriptional analyses showed that, transcript levels of gerKA, 

gerKB, gerKC and gerAA were higher than the levels in strain SM101. However, the 

transcripts levels of cspB and sleC in C. perfringens animal isolates were lower than the 
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wild-type have given the new direction to investigate the reason behind poor germination. 

This finding was further confirmed by the quantitation of the germination proteins in spores 

of C. perfringens isolates which indicates that poor germination in several Clostridium 

isolates are due to the lower level of proteins (Csp porteases or SleC) that are essential in 

cortex hydrolysis. Further investigations are required to explain the very crucial question; 

why some of the C. perfringens spores germinate very poorly, while others germinate very 

well.   

In conclusion, this study successfully identified i) CspA and CspC as germination 

protein that have role in cortex hydrolysis, ii) ymxH, spoIIM, ytxC, ytaF, yyaC1 and bkdR 

as sporulation genes, while yyaC2 and ytxC as germination genes, iv) number of transcripts 

of cspB and sleC are low in C. perfringens animal isolates. Overall, this work provides 

further insights into the molecular mechanism of sporulation and germination in C. 

perfringens. Further investigations are needed for the clear picture of the sporulation and 

germination machinery that are required to develop new strategies and treatments to 

minimize C. perfringens associated infections. 
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Appendix A. Updates on the sporulation process in Clostridium species. 

Authors: Prabhat K. Talukdar, Valeria Olguín-Araneda, Maryam Alnoman, Daniel 

Paredes-Sabja, Mahfuzur R. Sarker. 

Journal: Research in Microbiology. 2015. 166(4):225-35. 

Abstract: Sporulation is an important strategy for certain bacterial species within the 

phylum Firmicutes to survive longer periods of time in adverse conditions. All spore-

forming bacteria have two phases in their life; the vegetative form, where they can maintain 

all metabolic activities and replicate to increase numbers, and the spore form, where no 

metabolic activities exist. Although many essential components of sporulation are 

conserved among the spore-forming bacteria, there are differences in the regulation and the 

pathways among different genera, even at the species level. While we have gained much 

information from the most studied spore-forming bacterial genus, Bacillus, we still lack an 

in-depth understanding of spore formation in the genus Clostridium. Clostridium and 

Bacillus share the master regulator of sporulation, Spo0A, and its downstream pathways, 

but there are differences in the activation of the Spo0A pathway. While Bacillus species 

use a multi-component phosphorylation pathway for phosphorylation of Spo0A, termed 

phosphorelay, such a phosphorelay system is absent in Clostridium. On the other hand, a 

number of genes regulated by the different sporulation-specific transcription factors are 

conserved between different Clostridium and Bacillus species. In this review, we discuss 

the recent findings on Clostridium sporulation and compare the sporulation mechanism in 

Clostridium and Bacillus. 
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Appendix B. In vitro cytotoxicity induced by Clostridium perfringens 
isolate carrying a chromosomal cpe gene is exclusively dependent on 
sporulation and enterotoxin production. 

Authors: Mayo Yasugi, Yuki Sugahara, Hidenobu Hoshi, Kaori Kondo, Prabhat K. 

Talukdar, Mahfuzur R. Sarker, Shigeki Yamamoto, Yoichi Kamata, Masami Miyake. 

Journal: Microbial Pathogenesis. 2015.85:1-10. 

Abstract: Clostridium perfringens type A is a common source of food poisoning (FP) and 

non-food-borne (NFB) gastrointestinal diseases in humans. In the intestinal tract, the 

vegetative cells sporulate and produce a major pathogenic factor, C. perfringens 

enterotoxin (CPE). Most type A FP isolates carry a chromosomal cpe gene, whereas NFB 

type A isolates typically carry a plasmid-encoded cpe. In vitro, the purified CPE protein 

binds to a receptor and forms pores, exerting a cytotoxic activity in epithelial cells. 

However, it remains unclear if CPE is indispensable for C. perfringens cytotoxicity. In this 

study, we examined the cytotoxicity of cpe-harboring C. perfringens isolates co-cultured 

with human intestinal epithelial Caco-2 cells. The FP strains showed severe cytotoxicity 

during sporulation and CPE production, but not during vegetative cell growth. While Caco-

2 cells were intact during co-culturing with cpe-null mutant derivative of strain SM101 (a 

FP strain carrying a chromosomal cpe gene), the wild-type level cytotoxicity was observed 

with cpe-complemented strain. In contrast, both wild-type and cpe-null mutant derivative 

of the NFB strain F4969 induced Caco-2 cell death during both vegetative and sporulation 

growth. Collectively, the Caco-2 cell cytotoxicity caused by C. perfringens strain SM101 

is considered to be exclusively dependent on CPE production, whereas some additional 

toxins should be involved in F4969-mediated in vitro cytotoxicity. 
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Appendix C. Effects of High-Pressure Treatment on Spores of 
Clostridium Species. 

Authors: Christopher J. Doona, Florence E. Feeherry, Barbara Setlow, Shiwei Wang, 

William Li, Frank C. Nichols, Prabhat K. Talukdar, Mahfuzur R. Sarker, Yong-Qing Li, 

Aimee Shen, Peter Setlow. 

Journal: Applied and Environmental Microbiology. 2016. 82(17):5287-97. 

Abstract: This work analyzes the high-pressure (HP) germination of spores of the food-

borne pathogen Clostridium perfringens (with inner membrane [IM] germinant receptors 

[GRs]) and the opportunistic pathogen Clostridium difficile (with no IM GRs), which has 

growing implications as an emerging food safety threat. In contrast to those of spores of 

Bacillus species, mechanisms of HP germination of clostridial spores have not been well 

studied. HP treatments trigger Bacillus spore germination through spores' IM GRs at ∼150 

MPa or through SpoVA channels for release of spores' dipicolinic acid (DPA) at ≥400 

MPa, and DPA-less spores have lower wet heat resistance than dormant spores. We found 

that C. difficile spores exhibited no germination events upon 150-MPa treatment and were 

not heat sensitized. In contrast, 150-MPa-treated unactivated C. perfringens spores 

released DPA and became heat sensitive, although most spores did not complete 

germination by fully rehydrating the spore core, but this treatment of heat-activated spores 

led to almost complete germination and greater heat sensitization. Spores of both clostridial 

organisms released DPA during 550-MPa treatment, but C. difficile spores did not 

complete germination and remained heat resistant. Heat-activated 550-MPa-HP-treated C. 

perfringens spores germinated almost completely and became heat sensitive. However, 

unactivated 550-MPa-treated C. perfringens spores did not germinate completely and were 

less heat sensitive than spores that completed germination. Since C. difficile and C. 

perfringens spores use different mechanisms for sensing germinants, our results may allow 

refinement of HP methods for their inactivation in foods and other applications and may 

guide the development of commercially sterile low-acid foods. 

 



Appendices 

 

136 

Appendix D. Inactivation Strategies for Clostridium perfringens Spores 
and Vegetative Cells. 
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Sarker. 
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Abstract: Clostridium perfringens is an important pathogen to human and animals and 

causes a wide array of diseases, including histotoxic and gastrointestinal illnesses. C. 

perfringens spores are crucial in terms of the pathogenicity of this bacterium because they 

can survive in a dormant state in the environment and return to being live bacteria when 

they come in contact with nutrients in food or the human body. Although the strategies to 

inactivate C. perfringens vegetative cells are effective, the inactivation of C. perfringens 

spores is still a great challenge. A number of studies have been conducted in the past decade 

or so toward developing efficient inactivation strategies for C. perfringens spores and 

vegetative cells, which include physical approaches and the use of chemical preservatives 

and naturally derived antimicrobial agents. In this review, different inactivation strategies 

applied to control C. perfringens cells and spores are summarized, and the potential 

limitations and challenges of these strategies are discussed. 
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Appendix E. Survival of Clostridium difficile spores at low water activity.  

Authors: Kai Deng, Prabhat K Talukdar, Mahfuzur R. Sarker, Daniel Paredes-Sabja, J. 

Antonio Torres. 

Journal: Food Microbiology (Submitted) 

Abstract: Clostridium difficile is frequently found in meat and meat products. Germination 

efficiency, defined as colony formation, was previously investigated at temperatures found 

in meat handling and processing for spores of strain M120 (animal isolate), R20291 

(human isolate), and DK1 (beef isolate). In this study, germination efficiency of these spore 

strains was assessed in phosphate buffered saline (PBS, aw ~1.00), commercial beef jerky 

(aw ~0.82/0.72), and aw-adjusted PBS (aw ~0.82/0.72). Surface hydrophobicity was 

followed for spores stored in PBS. After three months and for all PBS aw levels tested, 

M120 and DK1 spores showed a ~1 decimal reduction in colony formation but this was 

not the case when kept in beef jerky suggesting a protective food matrix effect. During 

storage, and with no significant aw effect, an increase in colony formation was observed 

for R20291 spores kept in PBS (~2 decimal log increase) and beef jerky (~1 decimal log 

increase) suggesting a loss of spore superdormancy. For all strains, no significant changes 

in spore surface hydrophobicity were observed after storage. Collectively, these results 

indicate that depending on the germination properties of C. difficile spores and the media 

properties, their germination efficiency may increase or decrease during long term food 

storage.  
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Appendix F. Role of RelA and D-tyrosyl-tRNATyr deacylase for growth, 
sporulation and virulence in Clostridium perfringens type A strain 
SM101. 

Authors: Ryoichi Saito, Prabhat K. Talukdar, Saud S. Alanazi, Mahfuzur R. Sarker. 

Journal: Applied and Environmental Microbiology (Submitted) 

Abstract: RelA-SpoT homologue proteins control bacterial physiology to adapt in stressful 

condition through regulating signaling nucleotides ppGpp and pppGpp [(p)ppGpp] in many 

organisms, however has not yet been studied in the important histotoxic and 

gastrointestinal pathogen Clostridium perfringens. This study was performed to investigate 

the roles of RelA, a bifunctional (p)ppGpp hydorase/synthease and D-tyrosyl-tRNATyr 

deacylase (DTD) for bacterial growth, sporulation and toxin production of alpha toxin 

(PLC) and enterotoxin (CPE) in C. perfringens type A strain SM101 using their relA and 

dtd Targetron mutants and complementing strains. β-glucuronidase assay showed that relA 

and dtd, which is located downstream of relA function as a bicistronic operon and relA 

promoter strongly expressed during sporulating condition than vegetative growth 

condition. Consistent with these expression results, transcript levels of dtd as well as relA 

decreased due to relA disruption. Growth kinetics indicated that relA disruption solely 

causes a phenotypic growth defect on vegetative condition. We showed that relA and dtd 

independently coordinate Spo0A production due to positively regulating spo0A 

transcription but both genes are required to initiate sporulation strongly under sporulating 

condition. Our data further indicated that relA and dtd positively regulate the transcript 

levels of cpe in response to upregulation of sigE and sigK which are caused by inducing 

spo0A expression in sporulating condition, and that relA negatively regulates plc 

transcription. Taken together, these results suggest that to cue cellular metabolic 

disturbances during environmental stress, RelA modulates physiology such as growth and 

sporulation, and virulence in C. perfringens, although DTD partially has important roles 

on their pleotropic functions with RelA.    
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Appendix G. Identification and Characterization of Indoor Bacteria 
Within Two After-school Care Centers in Oregon. 

Authors: Amber Lyon-Colbert, Prabhat K. Talukdar, Mahfuzur R. Sarker, Jeff Bethel. 

Journal: International Journal of Environmental Research and Public Health (Manuscript 

in Preparation). 

Abstract: Indoor environmental microorganisms have been associated with infectious 

diseases, acute toxic effects, allergies, and even cancer. Many of these illnesses can be 

easily identified and prevented through environmental assessment, thereby improving the 

health and wellbeing of children and workers in after-school care centers. Methods: Two 

after-school care centers located in Benton and Linn County Oregon, serving an estimated 

6000 children between 5-17 years of age were evaluated in this pilot study. Composite 

surface samples were taken to determine the types of microbial growth of indoor 

environments that children are exposed to while in after-school care. Results: 100% of the 

samples had bacterial growth on agar after 24 hours of incubation. Culture-based microbial 

methods confirmed that a variety of bacteria including: Streptococcus, Staphylococcus, 

Bacillus, and Enterobactericea, were present among after-school care centers. Non-culture 

based molecular methods confirmed the presence of Streptococcus salivarius, 

Staphylococcus epidermidis, and Bacillus cereus. Conclusions: Through gaining an 

understanding of the types of bacteria that children are exposed to while at after-school 

care centers we can 1.) Improve sanitation through the use of more effective disinfectants, 

2.) Create more informed illness policies to reduce the number of ill children attending the 

centers and better protect children’s health, and 3.) Reduce overall illness among children, 

staff, and families. 
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Appendix H. Comparison of germination mechanism of Bacillus versus 
Clostridium spores. 

Authors: Prabhat K. Talukdar, Marjorie Pizzaro-Guajardo, Daniel Paredes-Sabja, 

Mahfuzur R. Sarker 

Book Chapter: (Submitted) 

Summary: Spore germination is an essential step for spore-forming bacteria to return to 

metabolically active form. Although the spore form is conserved between Clostridium and 

Bacillus, there are differences in spore formation and germination in these two genera. 

Spore germination initiates when germinant receptors (GRs) sense specific signals known 

as germinants, although the specificities for germinants differ among the strains of 

Clostridium and Bacillus. Two different types of GRs are present among the spore-forming 

bacteria. Many Bacillus and Clostridium possess GerA type GRs. The number and 

arrangement of GerA GRs varies among Clostridium species. However, Clostridium 

difficile and few other Clostridium possess Csp type GRs. After the activation, GRs 

transform signal though an unknown mechanism to activate cortex lytic enzymes (CLEs). 

Two mechanistically different cortex hydrolytic machineries are present and conserved in 

Bacillus and Clostridium species. Two redundant CLEs; CwlJ and SleB are found in many 

Bacillus and Clostridium species. However, SleC and SleM type CLEs are mostly present 

in different Clostridium species, including C. perfringens and C. difficile. The activation 

of these CLEs require another set of proteins. In C. perfringens, the Csp proteases activate 

SleC by cleaving off its inactive pro-part. The activated CLEs then hydrolyze the spores’ 

cortex layer and thus remove the final barrier, resulting in uptake of water and resuming 

active vegetative growth. However, the spores are heterogeneous and some do not 

germinate or have very little germination, termed as superdormancy. Understanding the 

germination mechanism is important to effectively inhibit the spores of clinically and 

industrially important bacterial strains.



 

 

 

 

 


