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Necrotic enteritis (NE) is an economically important, but poorly understood, disease of 

poultry, typically caused by Clostridium perfringens Type A strains that carry the NetB toxin 

gene.  The objective of the current research was to identify additional genes associated with NE-

causing C. perfringens strains, and thus putatively involved in virulence.   

To identify novel NE-associated genes, the draft genome sequences of seven C. 

perfringens NE isolates and one isolate from a healthy chicken were compared against nine non-

poultry genomes, and three highly-conserved NE-associated loci (NELoc-1 – 3) were identified.  

The largest locus (NELoc-1) encoded 37 putative proteins, including NetB, an internalin-like 

protein, a ricin-domain protein, two leukocidins, several cell-surface proteins and a cyclic-di-

guanidine monophosphate (c-di-GMP) signaling system.  NELoc-1 and -3 were both localized to 

separate plasmids that are both predicted to undergo conjugative transfer.  These findings suggest 

that NE pathogenesis involves multiple virulence factors that are encoded on discrete 

pathogenicity loci, some of which are plasmid-borne. 

To further elucidate the genetic basis of NE pathogenicity, a microarray was developed 

based on two of the sequenced NE bird isolates, and used to assess the gene content of 54 



  

isolates from chickens with and without NE.  Variable genomic regions associated with netB-

positive isolates were identified, including several chromosomal fitness-related loci, such as a 

carbohydrate ABC transporter, ferric-iron siderophore uptake system, and adhesion locus.  

Additional loci were related to plasmid maintenance.  This study suggests that chromosomal 

background confers a selective advantage to NE-causing strains, possibly through mechanisms 

involving iron acquisition, carbohydrate metabolism and plasmid maintenance 

Finally, the relationship between netB presence, NetB production and host NE status was 

examined to assess the hypothesis that netB-positive isolates from healthy birds frequently do not 

express NetB toxin.  The expression of NetB toxin was determined in 57 poultry isolates, 

demonstrating that NetB expression is closely correlated with the presence of netB, and 

independent of host disease status. 

In conclusion, these studies have identified a number of C. perfringens genes predicted to 

play a role in NE pathogenesis, and suggest that NE is a complex, multifactorial disease 

involving both host and plasmid-encoded virulence factors. 
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General Introduction 

Necrotic enteritis (NE) is an economically important disease of poultry that is caused by 

C. perfringens Type A, and occasionally Type C, strains.  C. perfringens is an anaerobic, Gram-

positive, spore-forming bacterium that can be found in the digestive tract of most vertebrates as 

part of the normal microbiota, including poultry.  NE is a multifactorial disease and may be 

precipitated by a number of environmental factors, leading to an overgrowth of C. perfringens in 

the gut, resulting in characteristic lesions in the intestinal mucosa.  The virulence of C. 

perfringens is typically mediated through the elaboration of extracellular enzymes and toxins, 

many of which are encoded by a family of large conjugative plasmids.   The major virulence 

factor implicated in NE heretofore has been α-toxin, which is found in all Type A strains and is 

one of the few C. perfringens toxins that is chromosomally-encoded.  

The control of NE in poultry has been historically achieved through the use of 

antimicrobial growth promoters (AGPs), which are routinely added to feed or water.  However, 

there is increasing concern that the over-use of antibiotics in food animal production may result 

in an increase in antibiotic resistance among zoonotic pathogens.  As a consequence, the use of 

antibiotics for the purposes of growth promotion has been met with growing opposition in recent 

years, with the practice finally being banned in the European Union in 2006.  Not unexpectedly, 

the incidence of NE in some European countries, along with therapeutic antibiotic use, was 

observed to increase following this ban.     

The expectation that similar restrictions will be adopted by North American countries has 

driven recent efforts towards developing alternative strategies for controlling NE.  These have 

focused on improved dietary practices, the use of probiotics and prebiotics, and vaccines for NE.  

The success of these efforts, in particular the identification and evaluation of putative vaccine 
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candidates, depends on furthering our understanding of NE pathogenesis and of the causative 

agent.  

A number of advances have been made in this regard over the past several years.  It was 

recently demonstrated that an α-toxin-negative mutant of an NE bird isolate was still able to 

reproduce NE in a chicken disease model.  At the same time, evidence was emerging that only 

specific Type A strains could cause NE.  This culminated in the identification of a novel pore-

forming toxin, NetB, that is carried by most isolates recovered from NE birds, but not from 

healthy birds.  Additionally, a netB-negative mutant was unable to reproduce the disease in a 

chicken disease model, while complementation with netB partially restored virulence.  Several 

studies have since investigated the prevalence of netB in healthy and NE bird isolates, and 

although it is generally higher among isolates from diseased birds, netB is nevertheless also 

carried by a small proportion of isolates from healthy birds.  One study found that netB-positive 

isolates from healthy birds frequently do not produce the toxin, offering an intriguing alternate 

explanation for the higher than expected incidence of the toxin gene found in healthy bird 

isolates in some studies.   

The current study seeks to provide further insight into the C. perfringens genetic factors 

that contribute to NE pathogenesis by identifying genes associated with NE-producing strains.  

Thus, the first objective was to identify the C. perfringens genes that were conserved among a 

small set of NE-producing poultry strains, and also absent from strains not associated with NE, 

by comparison of genome sequences.  The second objective was to examine the gene content of 

a larger set of netB-positive and netB-negative poultry isolates to identify genes more prevalent 

in netB-positive isolates, and verify the results of objective 1.  The third objective was to 

investigate the expression of NetB toxin in a group of poultry isolates from diseased and healthy 
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birds, to test the hypothesis that netB-positive isolates from healthy birds frequently do not 

produce functional NetB toxin. 
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Chapter 1 - Literature review 

1.1 Clostridium perfringens in human and animal disease 

1.1.1 Extracellular toxins and enzymes 

The genus Clostridium is comprised of a diverse group of anaerobic gram-positive 

bacteria that are distinguished by their ability to form heat-resistant endospores.  An estimated 35 

species of Clostridia are pathogenic, including C. botulinum, C. colinum, C. difficile, C. 

perfringens, C. septicum, C. spiroforme and C. tetani, which are variously categorized as 

neurotoxic, histotoxic or enterotoxic (Songer 1996; Rood 1997).  C. perfringens is found in soil, 

sewage, and as a normal inhabitant of the vertebrate digestive tract. It is considered by some the 

most important pathogenic clostridial species in terms of the range of diseases it produces, and 

its overall economic impact.  It is best known as the causative agent of gas gangrene in humans, 

but is also responsible for a plethora of enteric diseases such as human food-poisoning, necrotic 

enteritis in poultry, lamb dysentery and enterotoxemia in calves, pigs, foals, lambs and goats.  As 

a species, C. perfringens produces at least 17 different extracellular toxins and enzymes, which 

are largely credited as the etiological agents of the various diseases (Table 1.1) (Rood and Cole 

1991; Songer 1996; Rood 1998).  Strains are categorized as Type A to E based on the production 

of four “major” mouse-lethal toxins α, β, ε and ι (Table 1.2) (Brooks et al. 1957; Sterne and 

Warrack 1964).  Wilsdon et al. (1931) initially divided C. perfringens (C. welchii) strains into 

four types based on their ability to produce neutralizing antisera in rabbits, and only later was the 

lethality of these strains attributed to the elaboration of α, β and ε toxins (Wilsdon 1931; Glenny 

et al. 1933).  The type E designation was established several years later with the discovery of the 

ι-toxin (Bosworth 1943).   Alpha-toxin is a zinc-metalloenzyme that is produced by Types A to E 

strains, and was the first toxin known to possess enzymatic activity (Macfarlane and Knight 
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1941), acting as both a phospholipase and sphingomylinase (Jepson and Titball 2000).  The β-

toxin is produced by Type B and C strains and corresponds to a 35-kDa trypsin-sensitive protein 

that shares sequence similarity with alpha- and gamma-toxin of Staphylococcus aureus (Hunter 

et al. 1993).  Epsilon-toxin is produced by Type B and D strains and is the most potent of the C. 

perfringens toxin, belonging to the aerolysin pore-forming toxin family and labeled a class B 

select toxin by the Center for Disease Control (Cole et al. 2004; Popoff 2011).  Iota toxin is 

produced by Type E strains and is unique among the C. perfringens toxins in that it is a binary 

toxin, composed of an enzymatic component with actin-specific ADP-ribosylating activity (Ia) 

and a host cell-receptor binding component (Ib) (Schering et al. 1988).  Despite the subsequent 

identification of additional mouse-lethal toxins in ensuing years, the current typing system has 

remained essentially unchanged since the discovery of ι-toxin, punctuated only by a transitory 

recognition of a Type F category (Zeissler et al. 1949). While it has been acknowledged that an 

expansion of the current typing system to include various minor toxins may better reflect the 

different disease-associations, the acceptance of such a system is hampered by the accompanying 

added complexity (Brooks et al. 1957; Sterne and Warrack 1964).  It was also previously 

contended that the four major toxins are responsible for most of the pathological effects observed 

in C. perfringens-associated diseases (Sterne and Warrack 1964), though it is now clear that this 

is not always the case.   

At least 11 minor extracellular toxins and enzymes are also found to variably 

complement different major toxin types.  These include the β-pore-forming toxins C. perfringens 

enterotoxin (CPE) (Briggs et al. 2011), δ-toxin (Manich et al. 2008), Beta2 toxin (Gibert et al. 

1997) and NetB toxin (Keyburn et al. 2008), which, together with the β and ε major toxins, 

represent six known toxins of this class produced by C. perfringens. CPE is the etiological agent 
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of type A food poisoning and non-foodborne antibiotic-associated and sporadic diarrhea (Sarker 

et al. 1999), while the Beta2-toxin is indirectly implicated in a number of enteric diseases of 

domestic animals (van Asten et al. 2010).  The δ-toxin is a mouse-lethal toxin often associated 

with Type C strains and is evolutionarily related to C. perfringens β-toxin (Manich et al. 2008).  

The NetB toxin was recently identified as playing a role in poultry necrotic enteritis and will be 

discussed in further detail below (Keyburn et al. 2010).  In addition, the cholesterol dependent 

cytolysin (CDC) perfringolysin O (PFO) θ-toxin is produced by Type A to E strains and is 

implicated in the pathogenesis of gas gangrene (Awad et al. 1995). The most recently discovered 

C. perfringens toxin, TpeL, is closely related to the C. difficile TcdA and TcdB large clostridial 

toxins (LCTs) and is found in Type A and C strains, occasionally associated with poultry 

necrotic enteritis (Amimoto et al. 2007; Nagahama et al. 2011; Coursodon et al. 2012) 

A number of extracellular enzymes are also considered putative virulence factors, 

including collagenase (κ-toxin), neuraminidase, caseinase (λ-toxin), deoxyribonuclease (η-toxin), 

hyaluronidase (μ-toxin) and urease.  These enzymes are hypothesized to facilitate the rapid 

catabolism and uptake of host cellular components liberated through toxin-induced tissue 

damage.  It has also been suggested that their role in virulence is circumstantial, with their 

primary role being to scavenge nutrients from the more typical soil environment (Rood and Cole 

1991).  The macrobiota associated with soil, such as nematodes, may be a fertile source of 

nutrients. 

The variable production of many of the major and minor toxins by different C. 

perfringens strains was recognized in the early 1900s (Wilsdon 1931; Glenny et al. 1933), and of 

course was the origin of the current typing system.  However, the genetic basis for this variability 

was only realized in the latter part of that century.  The importance of extrachromosomal 
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elements in C. perfringens evolution was first described in relation to their role in antibiotic 

resistance and bacteriocin production, through which it was also determined that these elements 

could be horizontally transferred to susceptible strains (Brefort et al. 1977; Rood et al. 1978).  As 

a consequence of this work, the complex plasmid profiles exhibited by different toxigenic types 

began to be elucidated and the first evidence emerged that one of the major toxins, β-toxin, may 

be plasmid-borne (Duncan et al. 1978; Rokos et al. 1978).  However, it wasn’t for over a decade 

that the plasmid location of other major toxin genes was recognized (Katayama et al. 1996). It is 

now known that all of the major toxin genes, except for α-toxin, are located on plasmids, as are 

the genes encoding δ-toxin, Beta2-toxin, TpeL, NetB, λ-toxin, urease and occasionally CPE 

(Blaschek and Solberg 1981; Canard et al. 1992; Cornillot et al. 1995; Dupuy et al. 1997; Gibert 

et al. 1997; Manich et al. 2008; Bannam et al. 2011).  Only cpe among these virulence genes may 

be found to exist both chromosomally and extrachromosomally in different strains.  In recent 

years, significant insight has been gained into these large toxin-encoding plasmids and their 

impact on C. perfringens evolution. 
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Table 1.1 Characteristic of Clostridium perfringens extracellular toxins and enzymes 

Toxin Gene(s) Genetic location Activity 

Alpha plc chromosome phospholipase C, 

sphingomyelinase, hemolysin 

Beta cpb plasmid β pore-forming 

Epsilon etx plasmid β pore-forming 

Iota iap,ibp plasmid Actin ADP-ribosylation 

Delta cpd plasmid β pore-forming 

NetB netB plasmid β pore-forming 

Entertoxin cpe chromosome, plasmid β pore-forming 

Beta2 cpb2 plasmid β pore-forming 

Theta pfoA chromosome cholesterol-dependent cytolysin 

TpeL tpeL plasmid glycosyltransferase, 

Large clostridial toxin (LCT) 

Nm nanH,I,J chromosome neuraminidase (sialidase) 

Mu nagH chromosome endo-β-N-acetylglucosaminidase 

(hyaluronidase) 

Kappa colA chromosome collagenase 

Lambda lam plasmid metalloproteinase 

Nu cadA chromosome deoxyribonuclease 

Urease ureABC plasmid urease 

 

Table 1.2 Clostridium perfringens major toxin types. 

Type α β ε ι 

A +    

B + + +  

C + +   

D +  +  

E +   + 

 

1.1.2 Virulence plasmids of Clostridium perfringens 

It has been known for several decades that many C. perfringens types carry multiple large 

plasmids (Rokos et al. 1978).  Early studies revealed that these plasmids may confer resistance to 

various antibiotics including tetracycline, chloramphenicol, clindamycin and erythromycin 

(Sebald et al. 1975). Furthermore, and importantly, this resistance was found to be transferrable 

to susceptible C. perfringens strains through conjugation (Sebald and Brefort 1975; Rood et al. 
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1978).  The production of bacteriocins, which is a common trait of C. perfringens (Mahony 

1974; Mahony and Swantee 1978; Watson et al. 1982), was also found to be in some cases 

associated with a plasmid (Ionesco and Bouanchaud 1973; Ionesco et al. 1976; Garnier and Cole 

1986).  Katayama et al. (1996) used the restriction enzyme I-CeuI, which cleaves within the 

rRNA operon and therefore leaves extrachromosomal DNA intact, in combination with pulsed 

field gel electrophoresis (PFGE) and Southern blotting to localize ε, β, ι and λ toxins to 

extrachromosomal DNA (Katayama et al. 1996).  This seminal finding provided an explanation 

for previous observations of the loss of ability of certain strains to produce toxin, referred to 

periodically as “biotype drift” or “degraded” types (Buddle 1954; Duncan et al. 1978; McDonel 

1986). The plasmid-borne nature of all three differentiating major typing toxins (β, ε and ι) 

comes with it the implication that type designation is only a superficial indicator of strain 

relationship, and may easily change through plasmid loss or gain.   

The sequencing of several C. perfringens plasmids has revealed a great deal about the 

organization of these plasmids.  The sequences of plasmids originating from Type A, B and E 

isolates and encoding genes for tetracycline resistance (Bannam et al. 2006), bacteriocin 

production (Garnier and Cole 1988; Myers et al. 2006), enterotoxin (Miyamoto et al. 2006; 

Miyamoto et al. 2011), ε-toxin (Miyamoto et al. 2008), ι-toxin (Miyamoto et al. 2011), Beta2 

toxin and NetB (Bannam et al. 2011), have now been determined (Table 1.3).  Alignment of 

these sequences reveals that the toxin-encoding plasmids, as well as pCW3, share a conserved 

structure consisting of a common core region and a diverse variable region containing the toxin-

encoding genes (Miyamoto et al. 2006; Miyamoto et al. 2008).  The core region carries the 

transfer of clostridial plasmid (tcp) locus, encoding machinery for conjugation, a collagen 

adhesin gene (cna), a DNA cytosine-methytransferase (dcm), and other genes related to plasmid 
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replication and with unknown functions.  The variable region encodes the toxin gene and often 

other genes with hypothetical or putative functions for which a role in virulence has not yet been 

determined.   

A second group of related plasmids can also be distinguished from the currently available 

set of plasmid sequences, which are typically smaller than the toxin plasmids, lack the tcp locus, 

and carry bacteriocin-encoding genes (bcn).  It appears likely that the toxin-encoding and 

bacteriocin-encoding groups arose from two distinct progenitor plasmids (Frandi et al. 2010).  

Interestingly, pCP13 is unique among the sequenced plasmids in that it shares similarity with 

both groups.  In particular, it carries cna and a non-functional atypical cpb2 (Jost et al. 2005), 

which are common features of many toxin-encoding plasmids, yet it lacks the tcp locus and also 

carries a large region orthologous to the bcn plasmids, though not a BCN gene itself.  Indeed, 

phylogenetic analysis of the different C. perfringens plasmids indicated that pCP13 and 

pBCNF5603 provide an evolutionary linkage between these two plasmid families (Frandi et al. 

2010).  The enterotoxin-carrying plasmid pCPF4969, despite carrying a putative bacteriocin 

gene, shares negligible sequence similarity with the other bacteriocin-carrying plasmids. 

A number of recent studies have examined toxin plasmid diversity in different C. 

perfringens types, which has revealed a surprising amount of variability.  Plasmids of Type E 

isolates encoding the ι-toxin were characterized by Southern blotting of large plasmids separated 

by PFGE, and were typically either ~100 kb  or ~135 kb, and often also carried genes for urease 

and λ-toxin (Li et al. 2007).  In contrast, examination of the ε-toxin plasmids of Type D isolates 

revealed at least five different types, ranging in size from ~ 50 kb – 110 kb, which occasionally 

also carried one or both of cpe and cpb2 (Sayeed et al. 2007).  Type B strains, which by 

definition produce both β- and ε-toxins, carry these two toxins on separate, coexisting plasmids 
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(Miyamoto et al. 2008; Sayeed et al. 2010).  Interestingly, the ε-toxin plasmids of Type B 

isolates were almost entirely of a single ~65 kb type that also carries cpb2; however this type 

was only rarely found in Type D isolates, and where present, was only found in isolates that did 

not possess cpe (Miyamoto et al. 2008).  This was suggested to reflect a possible incompatibility 

of certain toxin plasmids in coexisting within the same bacterial cell (Miyamoto et al. 2008), 

although the basis for plasmid incompatibility in C. perfringens has yet to be determined.  A 

similar pattern was observed in a comparison of β-toxin plasmids in Type B and C isolates, in 

that a significantly higher level of diversity was also found to exist in β-toxin plasmids from 

Type C isolates than from Type B (Gurjar et al. 2010; Sayeed et al. 2010).  These findings are 

consistent with a hypothesis in which only certain compatible ε-toxin and β-toxin plasmids are 

able to stably co-exist, thereby restricting the possible plasmid complement of Type B isolates to 

only a limited set of compatible combinations (Gurjar et al. 2010).   

Despite being located within the plasmid variable region, a number of the toxin loci 

found on the large plasmids share some common features.  The toxin locus insertion site is often 

located immediately downstream of the conserved dcm gene, suggesting this is an insertional 

hot-spot among these plasmids (Miyamoto et al. 2008).  Furthermore, a number of toxin genes 

are located in close proximity to IS1151 or IS1469 insertion sequences, including cpe (Miyamoto 

et al. 2006), cpb (Sayeed et al. 2010), etx (Daube et al. 1993; Miyamoto et al. 2008) and iap/ibp 

(Li et al. 2007).  Some studies have detected potential toxin-carrying circular intermediates that 

also carry IS1151 sequences, suggesting these toxins may be undergoing active mobilization 

(Brynestad and Granum 1999; Li et al. 2007; Sayeed et al. 2010).  IS1151 is closely related to 

IS231 of Bacillus thuringiensis, which participates in the mobility of insecticidal toxin genes in 

this species, and may exhibit similar activity in C. perfringens (Mahillon et al. 1994).  The 
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enterotoxin gene is found in approximately 5% of C. perfringens isolates and is typically located 

on the chromosome in food-poisoning isolates and on a plasmid in isolates from non-food-borne 

gastrointestinal disease (eg. antibiotic-associated diarrhea) (Van Damme-Jongsten et al. 1989; 

Cornillot et al. 1995; Sparks et al. 2001).  The plasmid and chromosomal cpe appears to have a 

similar origin, since in each case it is preceded by an IS1469 sequence, suggesting that 

transposition of toxin genes from plasmid to chromosome may also take place (Miyamoto et al. 

2006). 

The transfer of toxin plasmids among different strains also appears to be a frequent 

occurrence.  Mixed mating studies have confirmed the conjugative transfer of several different 

C. perfringens plasmids, including the plasmids encoding tetracycline resistance (Rood et al. 

1978), enterotoxin (Brynestad et al. 2001), ε-toxin (Hughes et al. 2007), Beta2 toxin and NetB 

(Bannam et al. 2011).  It is inferred that other plasmids that carry the tcp locus also possess this 

ability.  The tcp conjugation locus encodes 11 proteins and shares minimal sequence identity 

with a region of the transposon Tn916 (Bannam et al. 2006).  Recent evidence suggests that the 

conjugation complex encoded by the tcp locus is structurally and functionally similar to the Type 

IV secretion systems responsible for conjugation in Gram-negative organisms (Porter et al. 

2012).  The finding that a set of C. perfringens isolates, obtained from diverse sources 

(environment, humans, pigs and cows) and geographical regions (United States, Australia, 

France, Belgium and Japan), possess very similar tetracycline resistance plasmids illustrates how 

effectively these conjugative plasmids may be transferred between diverse hosts and different 

epidemiological settings (Abraham et al. 1985). 
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Table 1.3 Characteristics of completely sequenced Clostridium perfringens plasmids. 

Plasmid Size 

(kb) 

No. of 

genes 

Genotype Toxin-associated 

IS elements 

tcp locus 

pCPF5603 75.3 73 cpe, cpb2
1 

IS1469, IS1470-like + 

pCPF4969 70.5 62 cpe, bcn IS1469,  IS1151 + 

pCW3 47.3 51 tetAB -
3 

+ 

pCP8533etx 64.7 63 etx, cpb2
1 

IS1151 + 

pNetB 82.1 83 netb - + 

pBeta2 70.2 83 cpb2
1 

- + 

pCPPB-1 67.5 71 iap/ibp, cpe - + 

pCP13 54.3 63 cpb2
2 

- - 

pIP404 10.2 10 bcn - - 

pSM101A 12.4 10 bcn2 - - 

pSM101B 12.2 11 bcn3 - - 

pBCNF5603 36.7 36 bcn5 - - 

1
Consensus gene;

 2 
Non-functional atypical gene (Jost et al. 2005); 

3
Not found 

 

The apparent mobility of toxin genes, both within and between different C. perfringens 

strains, suggests an ongoing fluid and dynamic exchange of virulence factors that drives the 

evolution of C. perfringens as it relates to pathogenicity.  It is not yet clear to what extent this 

complex interrelationship between different toxin-encoding plasmids, carrying various 

combinations of major and minor toxins, and set against different chromosomal backgrounds, 

contributes to pathogenesis.  A picture is emerging of a complex, dynamic, adaptable and 

versatile bacterial pathogen, with much remaining to be understood. 

1.1.3 Regulation of Clostridium perfringens virulence genes 

The regulation of a number of C. perfringens toxins and enzymes is under the control of 

the VirS/VirR two-component global regulatory system.  This system was initially identified by 

two groups through examination of mutants of Type A strains deficient in the production of 

CPA, PFO, collagenase (κ-toxin), hemagluttanin, and sialidase (Lyristis et al. 1994; Shimizu et 
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al. 1994). VirS is a membrane-spanning sensor histidine kinase, which upon detection of a yet 

unidentified extracellular signal, autophosphorylates and then activates VirR, the DNA-binding 

response regulator, by transfer of its phosphate (Cheung et al. 2009).  VirR can directly affect 

downstream gene expression by binding to a promoter element, consisting of two imperfectly 

directly repeated sequences called VirR boxes, located upstream of several genes in its regulon 

(Cheung and Rood 2000; Cheung et al. 2004).  Gel mobility shift assays were initially used to 

determine that VirR binds directly to the upstream region of pfoA, but not to plc or the 

collagenase gene, colA (Cheung and Rood 2000).  At the same time, Banu et al. (2000) used 

differential display to identify additional VirR-regulated genes, and determined that one such up-

regulated gene (hyp7) appeared to encode a 7 kDa protein that regulated expression of plc and 

colA, but not pfoA (Banu et al. 2000).  Subsequent analysis of this hyp7 regulator determined that 

it was under the direct control of VirR through an upstream VirR box, and therefore acted as a 

VirR secondary messenger (Shimizu et al. 2002; Shimizu et al. 2002; Cheung et al. 2004).  

Surprisingly, it was found that introduction of a nonsense mutation into the hyp7 gene did not 

affect its ability to complement a hyp7 knockout mutant, and it was thus concluded that hyp7 is 

not proteinaceous, but rather encodes a regulatory RNA, dubbed VR-RNA (Shimizu et al. 2002).  

It has been speculated that VR-RNA is a component of a ribonucleoprotein complex responsible 

for its regulatory activity, similar to the RNAIII regulatory RNA found in Staphylococcus 

aureus, which has a primary regulatory role in the Agr system (Novick and Muir 1999; Shimizu 

et al. 2002).  However, there is also evidence suggesting it has a more direct role in colA 

regulation.  A recent study found that the 3’ portion of VR-RNA, which is critical for its 

regulatory effect (Shimizu et al. 2002), base-pairs with colA mRNA, leading to its cleavage and 

resultant stabilization (Obana et al. 2010).    
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Comparative proteomic analysis of a VirR mutant with the wildtype strain by two-

dimensional gel electrophoresis identified 12 additional proteins regulated by VirR (Shimizu et 

al. 2002). Interestingly, eight of these were not regulated at the transcriptional level, but by a 

VR-RNA-regulated α-clostripain-like protease, indicating the multiple levels of regulation that 

exist within this system (Shimizu et al. 2002).  In this study and others (Banu et al. 2000; Kawsar 

et al. 2004), several genes encoding proteins involved in metabolic processes were detected as 

VirR-regulated, giving the first indication that the VirSR regulon is not strictly limited to genes 

involved in virulence (Shimizu et al. 2002).   

The sequencing of three C. perfringens Type A strain genomes (Str13, SM101 and 

ATCC13124) allowed for the bioinformatic identification of additional putative VirR boxes.  

Four previously unknown virR boxes were identified in Str13, including those upstream of genes 

for VR-RNA (hyp7) and the α-clostripain-like proteinase (ccp), as well as two hypothetical 

proteins, which were all subsequently functionally confirmed (Cheung et al. 2004).  Further 

investigation of the two hypothetical protein genes revealed that, like hyp7 (now renamed to vrr), 

they also likely encode regulatory RNAs, called virT and virU, that have more subtle effects on 

expression of pfoA, ccp, and vrr, as well as self-regulatory effects (Okumura et al. 2008).  In 

addition, several novel VirR boxes in strains ATCC13124 and SM101 were identified upstream 

of genes unique to these strains that encode hypothetical proteins.  Four of these were selected 

for further characterization and only one, which contained a slightly divergent VirR box 

consensus sequence, was non-functional (Myers et al. 2006).  Microarray analysis of both virR 

and vrr mutants identified 171 genes differentially expressed in at least one of these mutants, 

revealing the true extent of this regulon (Ohtani et al. 2010).  Surprisingly, only four of these 

genes (pfoA, vrr, ccp and virT) were found to be differentially expressed in the virR mutant and 
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not the vrr mutant, indicating that they were directly controlled by VirR.  It therefore appears 

that the predominant mechanism by which VirR regulates expression is through the VR-RNA 

regulatory RNA and possibly other regulatory RNAs.  These small RNAs (sRNA) are well suited 

to pathogenesis as they incur a lower metabolic cost compared to protein regulators, and, since a 

translation step is not required, potentially allow quicker response to environmental stimuli 

(Waters and Storz 2009).  Aside from virulence-associated genes, a large proportion of the 

VirSR regulon was composed of genes involved in energy metabolism and transporters to import 

various nutrients (Ohtani et al. 2010).  Together with the observation that VirR/VR-RNA 

regulation generally occurs during exponential growth, it was suggested that the VirR mediated 

regulatory cascade coordinates the rapid destruction of host tissues, degradation of the released 

macromolecules, uptake of nutrients and their final metabolism to enable cell growth and 

survival (Ohtani et al. 2010).   

The vast majority of information on the VirSR regulon has been obtained from studies on 

Type A strains, and in particular one gas gangrene-causing isolate, Str13.  More recently, the role 

of the VirSR system in regulating virulence in other toxinotypes, and importantly, in plasmid-

encoded virulence genes, has been investigated.  The availability of additional genome sequences 

from C. perfringens Type B to E strains, as well as a number of toxin plasmids, has allowed for 

identification of additional VirR boxes.  Bioinformatic analysis of these sequences revealed 13 

novel VirR box consensus sequences specific to Type B, D and E strains, 10 of which were 

found in Type E bovine enteritis isolate JGS1987 (Frandi et al. 2010).  In addition, VirR boxes 

were identified upstream of several plasmid-encoded genes (Frandi et al. 2010).  Ohtani et al. 

(2003) provided the first direct evidence that VirSR regulates plasmid-borne virulence factors by 

demonstrating that the cpb2 and cna genes located on pCP13 are respectively positively and 
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negatively regulated by VirR (Ohtani et al. 2003).  The plasmid-encoded NetB toxin gene found 

in Type A strains also carries a functional VirR box in its promoter (Cheung et al. 2010).   

Recently, production of CPB, Beta2, CPA and PFO toxins in a Type C strain were all 

demonstrated to be under the control of VirR (Vidal et al. 2009).  Interestingly, the 

environmental stimuli responsible for the induction of these toxins was determined to be contact 

with Caco-2 intestinal epithelial cells, though the exact mechanism was not elucidated. The role 

of VirR in CPB regulation was also observed under anaerobic conditions, wherein CPB 

expression was completely abrogated in a virR-knockout mutant, and furthermore, the virR 

knockout exhibited no pathogenicity in vivo as evaluated in a rabbit small intestinal loop model 

(Ma et al. 2011).   Examination of etx expression in a Type D strain found a similar phenomenon 

in which etx transcription was upregulated upon contact with Caco-2 cells, but in contrast, VirR 

in this case apparently did not play a role (Chen et al. 2011). 

Quorum sensing (QS) systems, which respond to population density, also appear to play a 

significant role in regulation of C. perfringens virulence, likely through interaction with the 

VirSR system.  C. perfringens possesses two distinct QS systems: an Agr-like system and an AI-

2 system.  The Agr QS system, which is found in many Gram-positive bacteria and is best 

characterized in S. aureus, involves the production of a secreted auto-inducing peptide (AIP) that 

drives its own production, along with other genes, through activation of a two-component 

regulatory system.  In S. aureus, the AIP is encoded by agrD, which is subsequently processed 

and secreted by the AgrB transmembrane protein as a 7-9 amino acid peptide containing a 

thiolactone ring.  The AIP then acts on the AgrC sensor kinase, which in turn activates its 

cognate response regulator, AgrA, to induce further expression of agrBD.  In addition, the 

regulatory RNA RNAIII is induced by AgrA and acts as the main regulatory effector of the 
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system, exerting its effects on various genes by interacting with mRNAs likely through antisense 

mechanisms (Novick and Geisinger 2008).  An Agr-like QS system was recently identified in C. 

perfringens, where the locus consists of an agrB and agrD ortholog, along with two hypothetical 

proteins that do not appear to be required for QS functionality (Ohtani et al. 2009).  As with the 

virR mutant, an agrBD knockout was shown to have reduced expression of pfoA, plc and colA; 

however this expression could be restored in the agrBD mutant by incubation with wildtype 

culture supernatant (Ohtani et al. 2009; Vidal et al. 2009).  The same approach could not be used 

to restore virulence gene expression in an agrBD/virR double knockout, suggesting that the 

VirSR two component system may be the target of the AIP produced by agrBD (Ohtani et al. 

2009).  The Agr-system was also found to regulate expression of cpe  and cpb2 in a Type A non-

food-borne gastroenteritis isolate (Li et al. 2011).  It is an intriguing hypothesis that C. 

perfringens agrBD, virSR, and vrr may be equivalent to the respective S. aureus agr locus genes 

agrBD, agrC/A and RNAIII (Ohtani et al. 2009), though recent evidence does not support this 

conclusion.  The expression of etx was shown to be abrogated in an agr mutant; however a virR 

mutant did not have a similar effect, indicating that VirSR is not the sole system involved in 

conveying the AIP signal (Chen et al. 2011).   

C perfringens also encodes an AI-2 QS system, which involves the production of a 

furanosyl borate diester signaling molecule by the LuxS gene.  The LuxS system was found to 

also control expression of pfoA, plc and colA in Str13 (Ohtani et al. 2002).  However, in a Type 

C isolate luxS did not play a role in regulating expression of pfoA, plc,cpb2 or cpb, or influence 

in vivo virulence in a rabbit intestinal loop model, suggesting there may be strain specific 

differences in virulence gene regulation by this system (Vidal et al. 2009; Vidal et al. 2012). 
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Several additional genes have also been implicated in the regulation of C. perfringens 

virulence gene expression, including a VirR-independent small regulatory RNA virX (Ohtani et 

al. 2002), an orphan response regulator RevR (Hiscox et al. 2011), and a novel two-protein 

heteromeric regulatory complex (Obana and Nakamura 2011), though further studies are 

required to determine how these systems fit with current models.  It seems likely, however, that 

additional levels of regulation will be identified, especially through more detailed examination of 

non-Type A strains. 

1.2 Clostridium perfringens genomics 

1.2.1 General genome characteristics 

The first genome sequence of a C. perfringens strain was published in 2002, describing 

the chromosome and plasmid (pCP13) of Strain 13 (Str13), a Type A soil isolate that can cause 

gas gangrene in a mouse experimental model system (Shimizu et al. 2002).  Prior to this, efforts 

to establish a physical map had already positioned a number of virulence genes along the 

chromosome (Canard and Cole 1989; Katayama et al. 1995).  The genome sequences of the 

species type strain ATCC 13124, which is a Type A human gas gangrene isolate, and SM101, a 

Type A transformable derivative of the enterotoxin-producing food-poisoning isolate NCTC 

8797, were reported in 2006, allowing for a comprehensive comparison of their strain-specific 

differences (Myers et al. 2006).   Seven draft genomes, three from type A strains and one from 

each of Type B – E strains, were subsequently released into GenBank; however a formal 

description of most of these sequences has not yet been published (Table 1.4).  Nonetheless, they 

have served as a valuable resource for bioinformatic analyses (Brüggemann and Gottschalk 

2008; Frandi et al. 2010; Hassan and Paulsen 2011).  Sequences for 12 C. perfringens plasmids 

have also been published or released to public repositories, and the six draft genome sequences 
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are intermingled with plasmid-specific contigs.  At the time of this writing, sequences for β-toxin 

and ι-toxin-encoding plasmids were not available.  Given the importance of these 

extrachromosomal elements in C. perfringens virulence and evolution, the analysis of additional 

plasmid sequences will certainly increase our understanding of pathogenesis.  These efforts, 

however, are currently hampered by the difficulty in obtaining strains that carry only one specific 

plasmid of interest.   

The sequencing of Str13 revealed a 3,031,430 bp, low GC ( 28.6%) chromosome with 10 

rRNA operons, 96 tRNA genes and few mobile genetic elements (Shimizu et al. 2002). There 

was a marked correlation between the direction of replication and gene transcription that was 

more pronounced in Str13 than in other Gram-positive genomes.  Among the 1,168 CDSs 

encoding hypothetical proteins that were identified, 666 are unique to Str13.  In terms of 

metabolism, the genes for tricarboxylic acid cycle (TCA) proteins are completely absent, 

whereas a pathway for anaerobic fermentation can be discerned, as can a number of genes 

encoding glycolytic enzymes for catabolism of complex sugars.  It is known that C. perfringens 

requires at least 11 amino acids and a number of nutrients to support its growth (Sebald and 

Costilow 1975).  In accordance with this, the Str13 genome lacks genes for the biosynthesis of 

many amino acids, and instead encodes transporters for their uptake.   

A number of previously unknown putative virulence genes were identified, including 

genes encoding five hemolysins, four enterotoxins, two fibronectin-binding proteins, various 

proteases and five hyaluronidases (nagH – L).  Unlike many virulence-related genes of other 

pathogenic bacteria, those of Str13 were not located within discrete pathogenicity islands, but on 

smaller islands with an invariable GC content, suggesting that they were not acquired 

horizontally during recent events.  Three of the hyaluronidases contain an LPxTG-motif, which 
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is involved in anchoring the protein to the cell wall and, in general, is only present in the 

genomes of pathogenic clostridial species (Brüggemann and Gottschalk 2008).  Str13 carries 13 

predicted cell surface-associated proteins containing LPxTG-motifs, more than any of the other 

sequenced clostridial species, which can carry up to five of these proteins.  Additionally, the 

Str13 genome is enriched with genes encoding putative glycosyl hydrolases (GH) and proteins 

with carbohydrate-binding motifs (CBM), encoding 54 and 27 proteins of these two classes, 

respectively (Brüggemann and Gottschalk 2008).  Seventeen of the 27 CBM-containing proteins, 

which are typically also GHs, contain family 32 modules (CBM32, also known as F5/8 domains) 

predicted to bind to small sugars such as galactose (Gaskell et al. 1995).  Functional 

characterization of the CBM32 of the LPxTG-containing hyaluronidase NagJ demonstrated an 

affinity towards terminal LacNAc (β-D-galactosyl-1,4-β-D-N-acetylglucosamine) motifs, 

common to the O-linked glycans of gastric mucin (Ficko-Blean and Boraston 2006).  C. 

perfringens so far appears to unique among Clostridium spp. in encoding cell-surface proteins 

that degrade host-tissues (Brüggemann and Gottschalk 2008).   

Together, these findings correspond well with the lifestyle of a C. perfringens soil isolate, 

which, upon gaining access to a wide variety of invertebrate and vertebrate hosts, and possibly 

plant-rich material, from the normally nutrient-poor soil environment, must rapidly liberate, 

break down, and import host materials through the respective production of toxins, extracellular 

enzymes and transporters.  In the process, CO2 and H2 gas are produced to help establish the 

preferred anaerobic environment. 
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Table 1.4 Summary of Clostridium perfringens genome sequences. 

Strain Type Source Scaffolds Size 

(Mb) 

Proteins rRNA 

operons 

tRNAs % GC 

ATCC 13124 A Human gas gangrene 1 3.26 2,876 23 93 28.4 

SM101 A Human food poisoning 1 2.9 2,546 30 94 28.2 

Str13 A Soil 1 3.03 2,660 30 96 28.6 

NCTC 8239 A Human food poisoning 55 3.32 2,784 43 91 28.1 

F4969 A 
Human non-food-borne 

gastroenteritis 
74 3.51 2,971 43 92 28.6 

F262 A Bovine abomasitis 60 3.34 3,163 5 76 n/a 

ATCC 3626 B Lamb intestine 98 3.9 3,301 42 74 28.4 

JGS1495 C Diarrheic pig 84 3.66 3,104 22 88 28.6 

JGS1721 D Sheep enteritis 221 4.05 2,971 44 77 28.3 

JGS1987 E Bovine enteritis 101 4.13 3,586 43 91 28.1 

n/a, not available    

 

1.2.2 Comparative genomics of Clostridium perfringens 

The sequencing of two additional C. perfringens Type A strains, another gas-gangrene 

isolate (ATCC13124) and a food-poisoning isolate (SM101), allowed for comparative genomic 

analyses and a primary approximation of the C. perfringens core and accessory genome.  

Comparison of the inferred proteomes of the three strains revealed a conserved set of 2,126 

proteins, representing ~ 80% of the genome (Myers et al. 2006).  All three chromosomes were 

also found to be highly syntenic, suggesting the strains are closely related.  

There were 323 insertions/deletions (indels) of at least 1 kb identified in one or more of 

the three strains, which are dispersed throughout the chromosome (Myers et al. 2006).  As 

observed in Str13, most of these genomic “islands” did not exhibit any of the hallmark signs of 

horizontal transfer, such as an atypical nucleotide composition, although a number were 

associated with mobility-related genes such as integrases and insertion sequences (Myers et al. 
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2006).  The largest genomic island, which is 243 kb and consists of 236 genes, was found intact 

in ATCC13124, but only partially present and dispersed in SM101, and completely absent from 

Str13 (Myers et al. 2006).  This region encodes a number of proteins that may confer important 

strain-specific phenotypic differences, including a restriction modification system, a fucose 

utilization operon, additional copies of an feoAB ferrous iron transport system, and several 

glycosyl hydrolases.  It is possible that some of these genes may account for the observed 

differences in virulence between Str13 and ATCC13124 in a mouse model of gas gangrene, 

which showed that Str13 requires an 8- to 10-fold higher inoculum than ATCC13124 to induce 

infection (Stevens et al. 1997).  The presence of additional restriction modification systems 

within the ATCC13124 genome may also explain why it is less receptive than the other two 

strains to genetic manipulation.  

Capsule production can be an important virulence factor, potentially influencing host 

adhesion or immune system evasion.  There have been several hundred C. perfringens serotypes 

reported, demonstrating the large diversity exhibited in capsule production within the species 

(Kalelkar et al. 1997).  Consistent with these findings, significant variability in the composition 

and organization of loci predicted to encode capsular polysaccharide biosynthesis (CPS) proteins 

was observed among the three strains. In Str 13, a single locus consisting of 49 CPS genes was 

identified, whereas in ATCC 13124 and SM101, these genes are partially conserved in two 

separate chromosomal regions (Myers et al. 2006).   

While Str13 and ATCC13124 carried only a few mobile genetic elements, the 

chromosome of SM101 was found to carry 69 insertion sequence (IS) elements (Myers et al. 

2006).  It was suggested that this may be a consequence of the different environmental niches 

occupied by the three strains.  Since SM101 is an intestinal pathogen, it regularly associates with 
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other bacteria within the intestinal microbiota, possibly making the transfer of mobile elements 

between strains more likely than in the sparsely populated soil environment that gas gangrene 

isolates typically occupy (Myers et al. 2006).  The analysis of additional enteric C. perfringens 

genomes is required to validate this hypothesis. 

A total of 23 sensor kinases and 17 response regulators were conserved across all three 

strains, whereas ATCC1324 and Str13 shared several additional two-component systems not 

found in SM101, with predicted regulatory roles in sugar metabolism, ethanolamine metabolism 

and osmoregulation (Myers et al. 2006). 

A preliminary comparative genomic analysis of an additional six C. perfringens draft 

genomes revealed 1,945 proteins that are shared among all 9 genomes (Hassan and Paulsen 

2011). Pairwise comparisons of shared protein-encoding sequences showed that at least 80% 

were conserved between each strain (Hassan and Paulsen 2011).  There was significant variation 

in the number of genes unique to each strain, the combination of which represent the accessory 

genome, with only 89 strain-specific genes in the Type A gas gangrene isolate, ATCC 13124, 

and up to 751 in the Type D sheep enteritis isolate, JGS1721 (Hassan and Paulsen 2011).  A 

significant proportion of these accessory genes likely originate from the multiple large plasmids 

carried by many strains, which can each contribute 80 or more genes to the accessory genome.  

However, additional strain-specific genes must also be present in the more stable 

chromosomally-located genomic islands.  It will be interesting to determine if these strain-

specific islands are conserved among certain pathotypes and if so, whether they contribute to the 

virulence of these strains. 
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1.3 Necrotic enteritis of poultry 

1.3.1 Etiology and pathogenesis 

C. perfringens is an important pathogen of poultry, responsible for a spectrum of diseases 

including subclinical and clinical necrotic enteritis, cholangiohepatitis, gizzard lesions, and 

necrotic dermatitis (Fossum et al. 1988; Onderka et al. 1990; Songer 1996; Novoa-Garrido et al. 

2006).  Necrotic enteritis is the most economically important disease affecting the poultry 

industry, accounting for an estimated $US 2 billion in losses and in cost of prevention worldwide 

each year (Van der Sluis 2000; Van der Sluis 2000).  It is an enterotoxic disease caused by Type 

A, and occasionally Type C, strains of C. perfringens that is characterized by necrotic lesions of 

the small intestinal mucosa.  The disease was originally described in England in 1961 as a 

consequence of C. welchii Type F infection (now included in Type C) (Parish 1961; Long 1973) 

and has since been reported by poultry producers in most areas of the world ((Bains 1968; Long 

1973; Opengart 2008).  It may occur in both a subclinical or acute form, with the former 

accounting for the majority of the economic impact (Van der Sluis 2000; Skinner et al. 2010).  

Subclinical disease typically results in a decreased growth rate and increase in the feed 

conversion ratio (FCR) (Kaldhusdal and Hofshagen 1992; Lovland and Kaldhusdal 2001).  The 

subclinical form is also often associated with C. perfringens-associated hepatitis (CPH) 

(Hutchison and Riddell 1990; Lovland and Kaldhusdal 1999). It is estimated that increased 

condemnation from CPH and reduction in growth from subclinical infection may incur 

substantial undocumented economic losses (Lovland and Kaldhusdal 1999; Skinner et al. 2010).  

Clinical signs include depression, decreased appetite, ruffled feathers and diarrhea, 

though symptoms may only be apparent for a short duration preceding death (Bains 1968; 

Helmboldt and Bryant 1971; Long et al. 1974; Opengart 2008).  During an NE outbreak, daily 
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mortality rates may exceed 1% per day with an observed total mortality of up to 50% (Gardiner 

1967; Wijewanta and Senevirtna 1971; Shane et al. 1985; Heier et al. 2001).  Post-mortem 

analysis of birds challenged with C. perfringens reveals gross lesions that are usually contained 

to the jejunum and ileum, though occasionally may be present in the cecum, liver or kidney.  The 

intestines are often thin and friable, distended with gas, and a yellowish loosely or tightly-

attached pseudomembrane lines the mucosa (Helmboldt and Bryant 1971; Al-Sheikhly and 

Truscott 1977).  In subclinical NE, the lesions are generally focal (Kaldhusdal and Hofshagen 

1992) whereas in severe cases confluent mucosal necrosis affect large parts of the small intestine 

(Helmboldt and Bryant 1971; Broussard et al. 1986). 

Microscopic examination reveals numerous large Gram-positive rods associated with 

lesions, which are often attached to cellular debris, but are not invasive or attached to viable 

intestinal cells.  Shed necrotic villi, epithelial cells and inflammatory cells trapped in fibrin 

comprise the pseudomembrane (Helmboldt and Bryant 1971; Long et al. 1974; Al-Sheikhly and 

Truscott 1977; Olkowski et al. 2008).  

Following experimental infection with C. perfringens, histological changes can be 

observed within one hour, with sloughing of some epithelial cells into the lumen and slight 

edema and mononuclear cell infiltration of the lamina propria.  At three hours post infection, a 

marked edema can be observed at the lamina propria, with detachment of the epithelial layer, 

early stage degeneration of the villus tips, and many epithelial cells lacking nuclei.  Coagulative 

necrosis of the epithelial layer, congested blood vessels and bacterial colonization of the necrotic 

tissue and apical lamina propria can be observed at five hours, followed by massive necrosis of 

the villus at eight and 12 hours with occasional evidence of regeneration (Al-Sheikhly and 

Truscott 1977). 
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The pathogenesis of NE is generally attributed to a sudden increase in the population of 

C. perfringens in the small intestines, instigated by various environmental factors, leading to 

increased production of extracellular toxin and resultant tissue damage (Long 1973; Opengart 

2008). An increase in numbers of C. perfringens is often associated with diseased compared to 

healthy birds (Kaldhusdal et al. 1999; Si et al. 2007; Pedersen et al. 2008).  However, in some 

cases the numbers of C. perfringens cultured from experimentally challenged birds did not vary 

significantly from the unchallenged control group (Mikkelsen et al. 2009).  A detailed 

histological examination of changes to the intestinal epithelium during the early stages of NE 

onset concluded that lesion formation does not result from direct damage to the mucosal 

epithelium, but rather initiates at the basal and lateral domains of enterocytes (Olkowski et al. 

2008).  It is not clear how to reconcile these findings with the generally accepted model in which 

intestinal tissue damage results from C. perfringens secreted membrane-acting toxins (Al-

Sheikhly and Truscott 1977; Opengart 2008). 

1.3.2 Clostridium perfringens virulence factors involved in necrotic enteritis 

Historically, the major C. perfringens toxin of Type A strains, α-toxin has been believed 

to be the major virulence factor involved in NE pathogenesis (Helmboldt and Bryant 1971; Long 

1973; Songer 1996; Opengart 2008).  While α-toxin has been clearly demonstrated to play a 

primary role in myonecrosis of gas gangrene (Awad et al. 1995), evidence for such a role in 

enterotoxemic disease has not been as forthcoming.  Intraduodenal infusion of the chicken 

intestinal tract with a C. perfringens Type A crude toxin preparation, of which α-toxin was the 

major constituent, resulted in a pathology similar to NE (Al-Sheikhly and Truscott 1977).   

Inoculation of germ-free chickens with C. perfringens Type A broth culture supernatant or 

apparently purified α-toxin resulted in death accompanied by intestinal lesions characteristic of 
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that observed in NE, whereas no mortality occurred using α-toxin that had been previously 

neutralized with anti-α-toxin serum (Fukata et al. 1988).  Furthermore, in a lamb intestinal loop 

disease model, semi-purified α-toxin caused edema and damage to the intestinal epithelium 

(Fernandez Miyakawa and Uzal 2005).  A criticism of these studies, however, is that they rely on 

crude or semi-purified toxin preparations, which still have the potential to contain other co-

purifying proteins (Keyburn et al. 2006; Cooper and Songer 2009; Van Immerseel et al. 2009).  

A separate line of immunological evidence also suggests a role for α-toxin in NE pathogenesis.  

Lovland et al (2003) observed significantly higher levels of α-toxin antibody in birds with a 

history of NE (Lovland et al. 2003).  Vaccination with Type A toxoid or recombinant α-toxin has 

resulted in at least partial protection against NE (Kulkarni et al. 2007; Zekarias et al. 2008; 

Cooper et al. 2009).  While a similar criticism may be levelled against some of these studies in 

which crude toxoid preparations were used, the protective immunological effects of recombinant 

α-toxin suggests a legitimate role in NE.   

Earlier models of NE pathogenesis suggested enterocyte damage as a necessary 

predisposing factor for C. perfringens induced NE, and did not incorporate strain as a significant 

factor (Shane et al. 1985; Gholamiandekhordi et al. 2006).  However, a number of recent studies 

have indicated otherwise.  Epidemiological analysis of diseased flocks indicates that certain 

clones prevail during an NE outbreak.  Nauerby et al (2003) found healthy flocks to carry a 

number of different PFGE types, while diseased flocks typically carry one or two; however 

diversity is reestablished following treatment (Nauerby et al. 2003).  Other studies have also 

reported the association of a single clone with an NE outbreak (Gholamiandekhordi et al. 2006; 

Chalmers et al. 2008), though a similar level of diversity among healthy bird isolates was not 

always observed (Chalmers et al. 2008).  Consistent with these epidemiological results was the 
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report that, in co-infection experiments, C. perfringens NE bird isolates outcompete non-NE 

strains in vivo, which was attributed to the production of bacteriocins by the NE strains (Barbara 

et al. 2008).  Keyburn et al (2006) reported that isolates from diseased but not healthy birds 

could reproduce NE in a chicken disease model (Keyburn et al. 2006).  A similar result was 

obtained by Timbermont et al (2009), who also demonstrated that a Type A disease isolate from 

another host, specifically a calf hemorrhagic enteritis isolate, was unable to initiate NE 

(Timbermont et al. 2009).  Finally, Cooper et al (2010) assessed the virulence of 10 C. 

perfringens isolates from a number of sources, including soil, humans, pig, cow and the normal 

chicken flora, and found that only the isolate from a field NE case was able to cause disease in a 

chicken experimental model (Cooper et al. 2010).   

While C. perfringens Type A strains are commonly found as commensals in most 

environments, including the chicken intestinal tract (Shane et al. 1984; Stutz and Lawton 1984; 

Stutz and Lawton 1984), it has been suggested that virulent strains produce higher levels of α-

toxin, which may account for this strain-specific effect.  In one study, a significantly higher level 

of in vitro α-toxin production was reported in NE bird isolates (Hofshagen and Stenwig 1992); 

however subsequent studies have not replicated this finding (Gholamiandekhordi et al. 2006; 

Keyburn et al. 2006).  An evaluation of the pathogenicity of C. perfringens poultry isolates 

exhibiting high, intermediate and low levels of in vitro α-toxin production revealed that the 

ability to cause disease in an NE experimental model was independent of the level of α-toxin 

production (Timbermont et al. 2009).   

The association of the beta2 toxin with enteric diseases of other hosts (Herholz et al. 

1999; Klaasen et al. 1999; Manteca et al. 2002) suggested a possible role for the toxin in NE; 

however, no significant association between cbp2-carrying strains and NE has been observed, 
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and the incidence of cpb2-positive isolates from poultry overall appears to be lower than that 

observed in other host species (Garmory et al. 2000; Engstrom et al. 2003; Gholamiandekhordi et 

al. 2006; Keyburn et al. 2006).  Recently, however, it was demonstrated that all avian C. 

perfringens isolates tested expressed the atypical Beta2 toxin (Kircanski et al. 2012). 

Given the accumulated evidence and general acceptance that α-toxin was involved in NE, 

it was thus surprising when a C. perfringens α-toxin-negative mutant from an NE outbreak was 

reported to still reproduce NE in a chicken disease model (Keyburn et al. 2006).  Subsequently, 

the same group identified a novel toxin, necrotic enteritis β-like toxin (NetB), that was present in 

~78% of isolates from diseased birds and absent from those of healthy birds.  Furthermore, a 

netB-negative mutant was no longer able to cause disease in a chicken model system, whereas 

complementation with netB partially restored virulence (Keyburn et al. 2008).  The discovery of 

NetB was a breakthrough advance in understanding NE, and an important contribution to the 

evolving understanding of C. perfringens as a pathogen.  Sequence similarity to C. perfringens 

β-toxin, S. aureus α-toxin, and S. aureus leukocidins suggested that NetB was also a β-barrel 

pore-forming toxin, which was supported by the inhibition of in vitro cytotoxicity by various 

sizes of polyethylene glycol (PEG) (Keyburn et al. 2008).  A number of subsequent studies have 

evaluated the prevalence of netB among poultry isolates from healthy and diseased birds (Table 

1.5).  The prevalence among healthy bird isolates ranged from 0% to 61%, while that among 

diseased bird isolates ranged from 52% to 95% (Chalmers et al. 2008; Keyburn et al. 2008; 

Martin and Smyth 2009; Abildgaard et al. 2010; Keyburn et al. 2010).  Keyburn et al (2010) 

found that netB-negative isolates from diseased birds were unable to cause disease in a chicken 

NE model, whereas netB-positive isolates produced disease (Keyburn et al. 2010).  Similarly, 

Smyth and Martin (2010) examined netB-positive and netB-negative isolates from both healthy 
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and diseased birds, as well as a netB-positive cow isolate, and found in all cases the ability to 

cause disease correlated with netB carriage and was independent of host disease status, or even 

host species (Smyth and Martin 2010).   

Investigation of the role of NetB in NE pathogenesis is still ongoing, and some observed 

anomalies suggest that other yet unidentified C. perfringens virulence factors may also be 

involved.  For instance, two studies, including the original NetB study, reported on strains that 

did not produce NetB but were nevertheless able to induce disease in a chicken experimental 

model (Keyburn et al. 2008; Cooper and Songer 2009).   Furthermore, in one study, 24 netB-

negative C. perfringens isolates were cultured directly from a lesioned area of a bird with NE, 

excluding the possibility that a netB-negative strain was inadvertently isolated from a mixed 

population of netB-negative and netB-positive strains (Martin and Smyth 2009).  The TpeL toxin 

is produced by a subset of NE-causing strains (Chalmers et al. 2008) and it was recently reported 

that tpeL-positive strains are more virulent than tpeL-negative strains in a chicken disease model, 

thus implicating this toxin in NE pathogenesis (Coursodon et al. 2012).  All of the tpeL-positive 

isolates examined thus far have also been netB-positive, and therefore the contribution of TpeL 

alone to pathogenesis has not yet been assessed. 

The investigation of netB thus far indicates that it plays an important role in NE 

pathogenesis and is generally a reliable marker of a strains ability to induce NE.  However, it 

may not be essential for the disease process in all isolates, suggesting the involvement of 

additional virulence factors. Furthermore, the presence of netB alone may not be sufficient to 

induce NE, and predisposing environmental factors clearly play an important role. 
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Table 1.5 Prevalence of netB in diseased and healthy birds 

Region Prevalence 

 NE Healthy 

Study 

Canada 95% (41)
1
 35% (20) Chalmers et al. (2008) 

Australia 78% (18) 0% (32)
2 

Keyburn et al. (2008) 

US 58% (12) 9% (80) Martin and Smyth (2009) 

Australia, Belgium, 

Denmark, Canada 

70% (44) 3% (55) Keyburn et al. (2010) 

Denmark 52% (25) 61% (23) Abildgaard et al. (2010) 

1
 prevalence (total isolates examined). 2 included type A, B, C and D isolates from cattle, 

sheep, pigs and humans. 

1.3.3 Predisposing environmental factors  

NE is a multifactorial disease and there are a number of recognized environmental factors 

that may precipitate disease (Williams 2005).  These may be broadly grouped into dietary, 

management, and disease factors.  The feed composition may have dramatic effects on the 

incidence of NE.  Use of feeds rich in water-soluble non-starch polysaccharides (NSP), such as 

wheat or barley-based diets, results in increased incidence of NE compared to corn-based diets 

(Branton et al. 1987; Kaldhusdal and Hofshagen 1992; Riddell and Kong 1992).  Proliferation of 

C. perfringens is greater in digested wheat and barley-based diets than in corn-based diets 

(Annett et al. 2002).  Higher amounts of NSPs also increase the viscosity of the digestive 

contents and reduce the digestibility of nutrients, making them available to intestinal bacteria 

(Yasar and Forbes 1999). 

The inclusion of certain protein sources, in particular those derived from animal sources 

such as fish meal, may result in a higher prevalence of NE (Drew et al. 2004).  This effect may 

be attributed to the higher amounts of glycine found in animal proteins compared to plant-based 
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proteins, which also support increased proliferation of C. perfringens (Drew et al. 2004; Dahiya 

et al. 2005; Wilkie et al. 2005). 

Coccidiosis caused by infection with Eimeria spp. is also a major contributing factor to 

the precipitation of NE (Helmboldt and Bryant 1971; Al-Sheikhly and Truscott 1977; Al-

Sheikhly and Al-Saieg 1980; Shane et al. 1985).  A number of NE disease models involve co-

infection with C. perfringens and Eimeria spp., which results in increased severity (Williams et 

al. 2003; Collier et al. 2008; Park et al. 2008; Pedersen et al. 2008).  It is likely that the damage 

to the intestinal mucosa caused by Eimeria infection results in a release of host-derived nutrients, 

such as plasma proteins or mucus, that induces growth of C. perfringens (Williams 2005; Collier 

et al. 2008).   

A number of management practices apparently affect the incidence of NE, possibly by 

inducing stress in birds, such as poor ventilation, bird stocking density and changes in feed 

(Williams 2005; McDevitt et al. 2006).  Wet litter was also found to be a major factor in the 

prevalence of NE on broiler farms in the United Kingdom; however it was uncertain if this was a 

cause or effect of NE (Hermans and Morgan 2007).  In one study, an outbreak of NE was traced 

back to an infestation of flies, which were consumed by birds and found to harbour C. 

perfringens in their digestive tracts (Dhillon et al. 2004). 

The onset of NE may also be triggered by viral infections likely through their 

immunosuppressive effects.  Infectious bursal disease virus (IBDV) infection increases NE 

severity (McReynolds et al. 2004).  NE typically occurs in birds between 2 - 6 weeks of age, 

which is thought to correspond with a window of decreased immunity, as maternal antibody 

persists for less than three weeks while a chicks immunity matures at 3-4 weeks (Lovland et al. 

2004).   In addition, an association was identified between mucosal gizzard lesions and increased 
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C. perfringens counts in the small intestines, suggesting it may be a predisposing factor for NE 

(Novoa-Garrido et al. 2006). 

NE has been notoriously difficult to reproduce in vivo and much effort has been made 

towards development of a reliable disease model, which is critical to the study of NE 

pathogenesis (Prescott et al. 1978; Williams et al. 2003; McReynolds et al. 2004; 

Gholamiandehkordi et al. 2007; Si et al. 2007; Park et al. 2008; Pedersen et al. 2008; Cooper and 

Songer 2009).  These models typically incorporate various predisposing factors to precipitate 

disease, and therefore an understanding of these factors is necessary not only for improved 

control of NE, but for continued research on its pathogenesis. 

1.3.4 Treatment and prevention 

Control and prevention of NE is typically achieved through improved management 

practices, reduction of dietary risk factors, protection against coccidiosis and prophylactic use of 

antimicrobials in the feed or water (Opengart 2008; Cooper and Songer 2009).  The incidental 

effect of these drugs on C. perfringens populations in the gut has historically kept NE outbreaks 

in check.  However, this practice is widely held to be attendant with an increased prevalence of 

antibiotic resistance in zoonotic pathogens (Bywater et al. 2005).  In response to this concern, the 

European Union (EU) banned the use of five antimicrobials (avoparcin, virginiamycin, bacitracin 

zinc, tylosin phosphate and spiramycin) in food animal production for growth promotion 

purposes in 1999, and in 2006 the two remaining antimicrobials (avilamycin and flavomycin) 

used for this purpose were also banned.  Several reports have documented a decrease in animal 

health associated with this withdrawal, including an increased incidence of NE in poultry 

(Casewell et al. 2003; Grave et al. 2004).  The higher incidence of NE has also driven an 

increase in the therapeutic use of antibiotics to treat the resulting NE outbreaks (Wierup 2001; 
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Grave et al. 2004).  A UK study found that treatment of NE outbreaks was the strongest factor 

associated with the use of antibiotics for therapeutic purposes (Hughes et al. 2008).  The 

incidence of NE is increasing in Europe, Asia and North America (Williams 2005), and the 

anticipated ban on AGPs in other countries has led to increased research towards developing 

alternative intervention strategies.   

The use of competitive exclusion (CE) products has been shown to be effective in 

lowering C. perfringens populations in the ceca, reducing mortality from NE, lessening lesion 

severity and increasing performance (Elwinger et al. 1992; Hofacre et al. 1998; Craven et al. 

1999; Hofacre et al. 2003).  A number of studies have also reported control of NE through the 

use of directly-fed bacteria (“probiotics”), including Lactobacillus acidophilus, Enterococcus 

faecium and spores of Bacillus subtilis (Fukata et al. 1991; La Ragione and Woodward 2003).  

Additional approaches to control NE have involved the use of prebiotics (Takeda et al. 1995; 

Branton et al. 1997; Hofacre et al. 2003), essential oils (Mitsch et al. 2004; Si et al. 2009) and 

feed enzymes (Jackson et al. 2003), with some degree of success. 

Coccidiosis is a predisposing factor to development of NE, and therefore control of 

Eimeria spp. has been found in many cases to reduce the incidence of NE.  The use of 

anticoccidial vaccines has been shown to be effective in protecting against NE (Williams et al. 

1999; Williams et al. 2003), although in some cases live anticoccidial vaccines may cause mild 

lesions that actually predispose birds to NE (Williams 1994; Williams and Andrews 2001).  

Anticoccidial ionophores such as lasalocid, maduramicin, narasin and salinomycin have the 

added benefit of inhibiting growth of C. perfringens (Martel et al. 2004; Lanckriet et al. 2010), 

and are still available for use in the European Union.  It is speculated that the return to a lower 
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incidence of NE in Norway, following a surge in NE cases as a result of the banning of AGPs, 

was a consequence of the anticoccidial naricin being released to market (Grave et al. 2004). 

The availability of an effective vaccine for prevention of NE could potentially supplant 

the prophylactic and therapeutic antimicrobial drug use and thus is the subject of intensive 

investigation.  A number of studies have focused on immunization with α-toxoid, which has been 

demonstrated to offer at least partial protection against NE (Kulkarni et al. 2007; Zekarias et al. 

2008; Cooper et al. 2009).  While this effect is not consistent with the recent findings that α-toxin 

is not required for NE pathogenesis (Keyburn et al. 2006), there is some evidence to indicate the 

protective effect is not due to toxin neutralization, but instead to inhibition of growth (Zekarias et 

al. 2008).  Early studies revealed that immunity could be passively transferred from hen to chick 

(Heier et al. 2001; Lovland et al. 2004), suggesting that maternal vaccination could be effective.  

This is an attractive approach due to the ability to confer immunity to multiple offspring with 

each vaccination.  Lovland et al. (2004) evaluated both Type A (α-toxin) and Type C (α- and β-

toxin) toxoid, and found both to offer some level of protection (Lovland et al. 2004).  Several 

studies have also evaluated other C. perfringens antigens besides α-toxin for their immune-

protective effects.  Putative C. perfringens protective antigens were identified based on a 

reaction with sera from infected birds, and in two investigations pyruvate:ferredoxin 

oxidoreductase (PFO) and an elongation factor (EF) were detected (Kulkarni et al. 2006; Lee et 

al. 2011).  Additional identified antigens included α-toxin, glyceraldehyde-3-phosphate 

dehydrogenase, fructose 1,6 biphosphate aldolase, endo-beta-N-acetylglucosaminidase, 

phosphoglyceromutase and a hypothetical protein, which all provided significant protection 

against mild C. perfringens challenge when purified recombinant proteins were used for 

vaccination (Kulkarni et al. 2007; Jiang et al. 2009).  Recent approaches have focussed on the 
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use of attenuated Salmonella strains as vectors for vaccine antigen delivery, which offers the 

dual benefit of protecting against C. perfringens and Salmonella infection (Kulkarni et al. 2008; 

Zekarias et al. 2008).  Despite the recognized potential of NetB as a vaccine candidate (Keyburn 

et al. 2008), at the time of writing there have been no published reports assessing its 

immunoprotective effects towards NE.   
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2.1 Abstract 

Type A Clostridium perfringens causes poultry necrotic enteritis (NE), an enteric disease 

of considerable economic importance, yet can also exist as a member of the normal intestinal 

microbiota.  A recently-discovered pore-forming toxin, NetB, is associated with pathogenesis in 

most, but not all, NE isolates.  This finding suggested that NE-causing strains may possess other 

virulence gene(s) not present in commensal type A isolates.  We used high-throughput 

sequencing (HTS) technologies to generate draft genome sequences of seven unrelated C. 

perfringens poultry NE isolates and one isolate from a healthy bird, and identified additional 

novel NE-associated genes by comparison with nine publicly available reference genomes.  

Thirty-one open reading frames (ORFs) were unique to all NE strains and formed the basis for 
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three highly-conserved NE-associated loci that we designated NELoc-1 (42 kb), NELoc-2 (11.2 

kb) and NELoc-3 (5.6 kb).  The largest locus, NELoc-1, consisted of netB and 36 additional 

genes, including those predicted to encode two leukocidins, an internalin-like protein and a ricin-

domain protein.  Pulsed-field gel electrophoresis (PFGE) and Southern blotting revealed that the 

NE strains each carried 2 to 5 large plasmids, and that NELoc-1 and -3 were localized on distinct 

plasmids of sizes ~85 and ~70 kb, respectively.  Sequencing of the regions flanking these loci 

revealed similarity to previously characterized conjugative plasmids of C. perfringens.  These 

results provide significant insight into the pathogenetic basis of poultry NE and are the first to 

demonstrate that netB resides on a large, plasmid-encoded locus.  Our findings strongly suggest 

that poultry NE is caused by several novel virulence factors, whose genes are clustered on 

discrete pathogenicity loci, some of which are plasmid-borne. 

2.2 Introduction 

Avian necrotic enteritis (NE) is caused by specific strains of Clostridium perfringens and 

costs the worldwide poultry industry an estimated $2 billion annually, largely due to costs of 

antimicrobial prophylaxis and inefficient feed conversion (Cooper and Songer 2009; Van 

Immerseel et al. 2009). Elimination of routine antibiotic use (e.g., in the European Union) has 

been associated with increased incidence of NE. Considerable effort is being invested in research 

on both pathogenesis as well as immunity to infection as a basis for development of alternate 

control methods. The alpha toxin (CPA) of C. perfringens was long assumed to play a central 

role in the pathogenesis of NE, but Keyburn and others (Keyburn et al. 2006) showed that 

challenge of broiler chicks with a CPA mutant yielded lesions comparable to those in birds 

inoculated with the wildtype strain.  In counterpoint, other studies have revealed that 

immunization of birds with CPA toxoid protects against virulent C. perfringens challenge 
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(Kulkarni et al. 2007; Cooper et al. 2009).  Furthermore, the intestines of birds challenged with 

the CPA mutant contained CPA (Coursodon et al. 2009), likely produced by the resident C. 

perfringens strains and contributing to gut lesions. Subsequently, a new toxin, NetB, was 

discovered that is related to the pore-forming alpha hemolysin of Staphylococcus aureus and 

beta toxin of C. perfringens.  NetB is common in strains originating from chickens with NE and 

in those strains, is essential for NE development (Keyburn et al. 2008). Recent work has largely 

confirmed the critical association of netB with NE strains (Keyburn et al. 2010), although netB-

negative C. perfringens may also sometimes produce NE (Cooper and Songer 2009).  

Comparative genomics is one approach to determine whether C. perfringens isolates from 

chickens with NE have a genetic “signature” distinct from either commensal strains, or those 

causing enteric disease in other hosts.  Complete genome sequences are available for a gas 

gangrene isolate, a soil isolate, and a human food-poisoning isolate of C. perfringens (Shimizu et 

al. 2002; Myers et al. 2006). Comparison of the three genomes revealed considerable genomic 

diversity, with more than 300 unique “genomic islands”; furthermore, there is evidence of even 

greater diversity in other strains (Myers et al. 2006). The genetic features in these islands may 

contribute to the varied disease manifestations that are characteristic of the diversity of C. 

perfringens as a pathogen (Songer 1996). Much of the virulence of toxinotypes A – E of C. 

perfringens depends upon genes harboured on large plasmids.  The enterotoxin gene (cpe) may 

sometimes be plasmid-borne, and genes for beta2 toxin (cpb2) and other potential virulence 

determinants (Miyamoto et al. 2006; Li et al. 2007; Sayeed et al. 2007; Miyamoto et al. 2008; 

Sayeed et al. 2010) are also found on large plasmids currently being characterized (Sayeed et al. 

2010). 



42 

 

In this study, we sequenced multiple C. perfringens NE isolates, and used comparative 

genomics to identify NE-specific DNA sequences. We found both plasmid-borne and genomic 

loci containing multiple genes whose predicted products shared high similarity to bacterial 

virulence and virulence-associated factors.  

2.3 Materials and Methods 

2.3.1 Bacterial strains and genomic DNA isolation 

Clostridium perfringens strains used in this study are described in Table 2.1.  CP1-4 and 

CP6 are field isolates from NE cases in Ontario, and were obtained from D.A. Barnum, 

Department of Pathobiology, University of Guelph.  The virulence of strains CP1-4 has been 

confirmed, while CP6 is known to be avirulent (Thompson et al. 2006).  Genomic DNA was 

isolated from 5 ml of overnight culture in Brain Heart Infusion (BHI) at 37C under anaerobic 

conditions.  Bacteria were pelleted and lysed for 5 min in lysis buffer (5mg lysozyme/ml, 50 mM 

Tris, pH 8, 25% sucrose), treated with RNase A (40 ug/ml) at 37C for 30 min followed by 

proteinase K (300 ug/ml) overnight at 37C.  Samples were extracted with equal volumes of 

phenol, phenol:chloroform:isoamyl alcohol (25:24:1), and chloroform:isoamyl alcohol (24:1), 

precipitated with isopropanol, and then resuspended in TE buffer.  Following a second 

precipitation with 2 volumes of 95% ethanol, the pellets were washed twice with 70% ethanol 

and resuspended in water.  This crude DNA extract was further purified with the DNeasy kit 

(Qiagen, Mississauga, Canada) according to the manufacturer’s instructions.  The quality of the 

genomic DNA was assessed by agarose gel electrophoresis and the identity confirmed by PCR 

amplification of cpa and netB. 
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Table 2.1. List of Clostridium perfringens strains used in this study. 

Strain Type Source Associated 
Disease 

Virulence1 Antibiotic resistance2 Reference 

CP4 A Chicken NE ++++ Tc (Thompson et al. 2006) 

JGS4143 A Chicken NE +++ - (Barbara et al. 2008) 

JGS4140 A Chicken NE ++++ Tc, Bac This study 

JGS1521 A Chicken NE N/A Bac This study 

JGS5252 A Chicken NE ++ - This study 

JGS5621 A Chicken NE + Tc, Bac This study 

JGS1651 A Chicken NE ++++ Tc, Bac This study 

CP1 A Chicken NE +++ Tc, Bac (Thompson et al. 2006) 

CP2 A Chicken NE ++ Tc, Bac (Thompson et al. 2006) 

CP3 A Chicken NE ++ Tc, Bac (Thompson et al. 2006) 

CP6 A Chicken NE - - (Thompson et al. 2006) 

JGS1473 A Chicken Healthy - Bac This study 

ATCC 13124 A Human Gas gangrene ND3 ND (Myers et al. 2006) 

SM101 A Human  Food-poisoning ND ND (Myers et al. 2006) 

Str13 A Dog  ND ND (Shimizu et al. 2002) 

NCTC 8239 A Human  Food-poisoning ND ND  

F4969 A  
Non-food-borne 
disease 

ND ND (Cornillot et al. 1995) 

ATCC 3626 B Lamb  ND ND  

JGS1495 C Pig Diarrhoea ND ND  

JGS1721 D Sheep  Enteritis ND ND  

JGS1987 E Cow Enteritis ND ND  

1
virulence is based on the NE scoring system described in (Kulkarni et al. 2007). 

2
Strains were tested for 

resistance to ampicillin, bacitracin (Bac), chloramphenicol, clindamycin, erythromycin, nalidixic acid, teicoplanin, 

tetracycline (Tc) and vancomycin.  
3 
ND, not determined. 

 

2.3.2 High-throughput sequencing, assembly, and annotation 

CP4 was sequenced using the Illumina/Solexa Genome Analyzer System in both single-

end and paired-end runs, each generating 34 - 36-bp reads.  Each run was assembled separately 

with the de novo short-read assembler Velvet v0.7.48 (Zerbino and Birney 2008), using 
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empirically optimized parameters, and the two assemblies subsequently combined using the 

minimus2 script from AMOS v2.0.8 (Sommer et al. 2007)  The contigs were oriented and 

ordered according to the finished reference genome for ATCC 13124 using MUMmer v3.21 

(Kurtz et al. 2004) and custom perl scripts.  Additional joining of contigs was accomplished by 

searching for short overlapping sequences between neighbouring contigs. In addition, an optical 

map of CP4 (OpGen, Inc.) was used to identify assembly errors, which were manually corrected 

where possible. Contigs that did not align to either the reference genome or the optical map were 

placed at the end of the sequence. 

The contigs were joined into a pseudomolecule with the linker sequence 

NNNNNCACACACTTAATTAATTAAGTGTGTGNNNNN and submitted to the JCVI 

Annotation Service, where it was run through the prokaryotic annotation pipeline. Included in 

the pipeline are gene finding with Glimmer, Blast-extend-repraze (BER) searches, HMM 

searches, TMHMM searches, SignalP predictions, and automatic annotations from 

AutoAnnotate. Putative domains were predicted with the Conserved Domains Database (CDD) 

(Marchler-Bauer et al. 2009) and InterProScan (Zdobnov and Apweiler 2001).  Manual 

correction of the annotations was performed for the genes found in the three NE loci. 

NE locus regions identified as potentially misassembled or containing sequencing errors 

were resolved by capillary sequencing of PCR products.  Primers used for PCR and sequencing 

are listed in Appendix 2.1.   

2.3.3 Identification of NE-associated genes 

Sequences common to NE strains JGS4143 and CP4, but absent from nine reference 

genomes, were identified via MUMmer v3.21, Bedtools v2.1 (Quinlan and Hall 2010), and 

custom perl scripts.  Briefly, the draft genome sequence of CP4 was aligned to each reference 



45 

 

genome using NUCmer with the parameters -l 10 -c 30 -b 500 -maxgap 1000.  The resulting 

coordinate files were converted to Bed format and alignments <50bp were removed using 

custom perl scripts.  The coordinates were inverted using the complementBed script from the 

Bedtools v2.1 package, producing CP4 genomic regions that did not align to each reference 

genome.  These were successively intersected using intersectBed to give the regions found only 

in CP4, and finally intersected with the regions that aligned between CP4 and JGS4143 to output 

those common to the two NE strains, but not found in any of the reference genomes.  Custom 

perl scripts were used to convert the coordinate files to EMBL format for viewing in Artemis v11 

(Rutherford et al. 2000), and to extract the genes overlapping these intervals from the annotated 

genome.  To confirm that these genes were unique to the NE strains, the nine reference genomes 

were searched for potential orthologs using OrthoMCL v2.0 (Li et al. 2003), which identifies 

orthologs based on clustering of reciprocal best BLAST hits, using cut-offs of E-value < 1e-5 

and percent match > 50%. 

The three finished genomes were downloaded from the NCBI ftp site 

(ftp://ftp.ncbi.nih.gov/genomes/Bacteria/), while the contigs for the six draft genomes were 

downloaded separately from GenBank and combined into a single multi-fasta file.  

2.3.4 Antimicrobial susceptibility testing.  

C. perfringens strains were tested for antimicrobial susceptibility by the agar disc 

diffusion method or E-test. The following antimicrobial agents (Oxoid, Hampshire, UK) were 

tested: ampicillin (10 mg), bacitracin (E-test), chloramphenicol (30 mg), clindamycin (2 mg), 

erythromycin (15 mg), nalidixic acid (30 mg), teicoplanin (30 mg), tetracycline (30 mg), 

vancomycin (5 mg). MIC values were analysed after incubation at 37 °C overnight in anaerobic 

conditions.  

ftp://ftp.ncbi.nih.gov/genomes/Bacteria/
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2.3.5 Pulsed Field Gel Electrophoresis (PFGE) 

PFGE was performed to analyze genetic diversity and the presence of plasmids in 12 

poultry C perfringens strains, as described (Li et al. 2007).  Briefly, DNA plugs for PFGE were 

prepared from overnight cultures of C. perfringens grown in TGY and the bacterial pellets 

incorporated into a final agarose concentration of 1% in PFGE-certified agarose (Bio-Rad 

Laboratories, Hercules, CA).  Plugs were incubated overnight with gentle shaking at 37°C in 

lysis buffer (0.5M EDTA pH8.0, 2.5% of 20% sarkosyl (Fisher Scientific, Fair Lawn, NJ), 

0.25% lysozyme (Sigma-Aldrich Co., St. Louis, MO) and subsequently incubated in 2% 

proteinase K (Roche Applied Science) buffer for 2 days at 55°C. One third of a plug per isolate 

was equilibrated in 200 µL restriction buffer at room temperature for 20 min and then digested 

with 10 U of NotI (New England Biolabs, Ipswich, MA) at 37°C overnight. Electrophoresis was 

performed in a 1% PFGE-certified  gel  and separated with the CHEF-III PFGE system (Bio-Rad 

Laboratories, Hercules, CA) in 0.5× Tris-borate-EDTA buffer at 14°C at 6 V for 19 h with a 

ramped pulse time of 1 to 12 s.  Gels were stained in ethidium bromide and visualized by UV 

light. Mid-Range II PFG markers (New England Biolabs) were used as molecular DNA ladder. 

2.3.6 Preparation of DIG probes and Southern blot hybridizations of PFGEs 

DNA probes for all Southern blots steps were labelled by PCR amplification in the 

presence of digoxigenin-11-dUTP (DIG; Roche Applied Science) according to the 

manufacturer’s recommendation. DNA probes were amplified from C. perfringens strain CP4.  

DNA probes for netB and hdhA genes were prepared with specific internal primers (Appendix 

2.1). DNA from PFGE gels was transferred to nylon membranes (Hybond-N; Amersham). DNA 

hybridizations and detection were performed by using the DIG labelling and CSPD substrate 

according to the manufacturer’s recommendation (DIG system user’s guide for filter 
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hybridization, Roche). For Southern blot hybridizations, nylon membranes were prehybridized 

for at least 2 h at 42°C in hybridization solution without labelled probe and then hybridized 

separately at 42°C with specific DNA probes for 16 h. The membranes were washed at 68°C 

under high-stringency conditions. For each different DIG- labelled probe, the membrane was 

first stripped with 0.2 N NaOH and 0.1% sodium dodecyl sulfate, incubated with 

prehybridization solution, and then reprobed. 

2.3.7 Overlapping PCR analysis of NE locus 1 - 3 

A battery of PCR reactions was performed to assess the conservation of NELoc-1 - 3 

among 12 poultry isolates.  For NELoc-1 and 2 reactions, a ready-to-use PCR mixture of 

Platinum PCR SuperMix high-fidelity kit (Invitrogen, Burlington, ON, Canada) was used in a 25 

µl reaction containing 0.8 M of each primer.  A touch-down PCR program was used:  94°C for 

3 min, 35 cycles of 94°C for 15 s, 65°C to 50°C for 15 s/cycle (the annealing temperature is 

decreased by 1°C every cycle until 50°C), extension at 68°C for 5 min, and finally, 68°C for 10 

min.  For longer range fragments the extension time was increased to 15 min.  For the NELoc-3 

reactions, each PCR mixture contained approximately 50 g of template DNA, 0.5 U of 

Platinum Taq High Fidelity (Invitrogen), 0.2 mM dNTPs, 1x PCR buffer, 2 mM MgSO4, and 0.2 

M of each primer in a 25l reaction.  The reaction mixtures were subjected to the following 

amplification conditions:  one cycle of 95C for 5 min; 35 cycles of 95C for 30s, 53C for 30s, 

and 68C for 5 min; followed by one cycle of 72C for 10 min.  All primers used are described in 

Appendix 2.2. PCR product sizes were determined by agarose gel electrophoresis and 

visualization by ethidium bromide staining and fragments that did not match the expected size 

were sequenced. 
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2.3.8 Mapping of Solexa sequencing reads to plasmid sequences 

In order to detect plasmid sequences in the CP4 genome that could not be assembled by 

Velvet, the Solexa reads were mapped to each of the published C. perfringens plasmid sequences 

using Maq v0.7.1 (http://maq.sourceforge.net/) and visualized with Circos v0.51 (Krzywinski et 

al. 2009). 

2.4 Results 

2.4.1 Sequencing and de novo assembly of C. perfringens genomes 

Draft genome sequences for eight type A C. perfringens poultry isolates were generated 

via 454 and Illumina/Solexa sequencing technologies.  Seven of these strains were recovered 

from NE field cases from Canada and the US, and one (JGS1473) from the intestinal tract of a 

healthy bird (Table 2.1).  The virulence of each NE isolate was subsequently confirmed in an 

experimental model (data not shown); two strains, CP4 and JGS4143, have been more 

extensively characterized (Kulkarni et al. 2006; Thompson et al. 2006; Kulkarni et al. 2007; 

Barbara et al. 2008; Kulkarni et al. 2008; Cooper and Songer 2009; Jiang et al. 2009).  Antibiotic 

resistance profiles of all strains revealed variable resistance to bacitracin and tetracycline (Table 

2.1). 

The Roche 454 GS FLX system was used to generate sequences for seven of the strains, 

which were then assembled with the Newbler assembler (Roche).  One strain (CP4) was 

sequenced in a single-end (2 lanes) and a paired-end (1 lane) run with the Illumina/Solexa 

Genome Analyzer, and the reads were assembled de novo with Velvet (Zerbino and Birney 

2008).  Both sequencing approaches yielded assemblies of similar quality (Table 2). The 454 

sequencing runs generated average coverages ranging from 13.3X to 32.7X based on an 
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estimated 3.2 Mb genome, while the combination of Solexa runs resulted in 262X coverage.  The 

total number of contigs and N50 values associated with these draft genomes were comparable to 

that of the six publicly available draft C. perfringens genomes generated via a traditional WGS 

sequencing approach (Table 2.2). 
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Table 2.2. Summary of Clostridium perfringens genome sequences used in this study. 

Strain Sequence 

Type 
Total reads Avg read 

length (nt) 

N50 (bp) Size (Mb) Contigs Proteins Accn No. Reference 

CP4 Illumina Solexa GA 24,264,1361 35 83,876 3.6 99 3,489 - This study 

JGS4143 Roche 454 772,463 114 17,408 3.3 466 3,420 - This study 

JGS4140 Roche 454 243,977 390 170,860 3.7 111 3,368 - This study 

JGS1521 Roche 454 160,442 265 2,928 3.1 1,469 3,618 - This study 

JGS5252 Roche 454 288,622 283 57,941 3.2 135 3,061 - This study 

JGS5621 Roche 454 229,633 311 144,918 3.6 124 3,622 - This study 

JGS1651 Roche 454 270,702 386 163,406 3.8 124 3,497 - This study 

JGS1473 Roche 454 228,810 278 49,191 3.4 148 3,236 - This study 

ATCC 13124 Finished -2 - - 3.3 - 2,876 CP000246 (Myers et al. 2006) 

SM101 Finished - - - 2.9 - 2,558 CP000312 (Myers et al. 2006) 

Str13 Finished - - - 3 - 2,660 BA000016 (Shimizu et al. 2002) 

NCTC 8239 WGS3 - - 134,604 3.3 55 2,933 ABDY00000000  

F4969 WGS - - 96,499 3.5 74 3,197 ABDX00000000  

ATCC 3626 WGS - - 88,742 3.9 98 3,623 ABDV00000000  

JGS1495 WGS - - 117,588 3.7 84 3,354 ABDU00000000  

JGS1721 WGS - - 80,514 4.1 221 3,345 ABOO00000000  

JGS1987 WGS - - 88,895 4.1 101 3,586 ABDW00000000  

1
total reads in single-end (2 lanes) and paired end (1 lane) runs; 

2
not applicable; 

3
WGS, Whole genome shotgun
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Optical mapping was performed on CP4 genomic DNA to provide independent 

verification of the assembly and assist in contig scaffolding.  The CP4 genome size estimated 

from the optical map was 3.4 Mb, while the combined length of the contigs aligned to the map 

was 3.26 Mb, indicating that ~ 96% of the genome was correctly accounted for in this draft 

(Appendix 2.3).  In addition, ~375 kb of sequence not aligned to the optical map, distributed into 

37 contigs, was presumably composed of mainly extrachromosomal sequences. 

2.4.2 Identification of NE-associated loci 

We used two complementary approaches to identify and confirm sequences that were 

both conserved among the various NE strains but absent or significantly divergent from the nine 

publicly available C. perfringens strains (Table 2.1).  In the first approach, the sequence 

alignment algorithm MUMmer (Kurtz et al. 2004) was used to identify sequences unique to each 

NE strain by aligning the draft genomes of CP4 and JGS4143 with the nine reference genomes.  

Unique sequences from the two NE strains were then aligned with each other to identify those 

conserved between them, and the ORFs present in these unique regions were retrieved.  CP4 and 

JGS4143 were found to contain 435 and 173 genes not found in any of the reference strains, of 

which 31 were common to both NE strains.  The novelty of these ORFs among the NE strains 

was further confirmed using OrthoMCL (Li et al. 2003), which predicts orthologs based on 

clustering of reciprocal best BLAST hits. 

In the second approach, the Rapid Annotation using Subsystem Technology (RAST) 

system was used to identify NE-specific sequences (Aziz et al. 2008). The C. perfringens draft 

genome sequences were uploaded to the RAST server and automatic annotation was performed.  

GenBank files of the nine publicly-available C. perfringens genomes were also uploaded using 

original gene coordinates and names. RAST’s sequence-based comparison tool was used to 
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compare NE strain JGS4140 to all other C. perfringens strains. Protein identity values from the 

comparison were tabulated and genes conserved in the NE strains (>95%) but not in the non-NE 

strains (<90%) were filtered into a new table. Sequences of contigs containing NE-specific genes 

were further analysed using the BLAST algorithm (Altschul et al. 1990) to confirm uniqueness 

to the NE strains.  

The majority of NE-specific genes identified using the methodology above were 

clustered on a small number of contigs, indicating that these genes were not dispersed randomly 

throughout the genome.  A hybrid assembly was thus generated using the contigs from multiple 

NE strains to determine their absolute location and contiguity, and this revealed three unique 

DNA segments.  First, a 46.6 kb scaffold was generated by this approach consisting of 37 genes, 

25 of which had no predicted orthologs in the nine reference genomes, as determined by 

OrthoMCL (Table 2.3).  The integrity of this scaffold was experimentally verified in two strains, 

CP4 and JGS4140, by closing all gaps and verifying anomalous regions through sequencing of 

PCR products.  This resolved a novel ~42 kb “pathogenicity” locus, which we designated NE 

locus 1 (NELoc-1).  This locus harboured netB, as well as genes for other predicted proteins 

likely involved in virulence (Figure 2.1A and described below). 

Second, another locus of 11.2 kb, NELoc-2 (Table 2.4; Figure 2.1B) was identified that 

consisted of 11 contiguous genes that were absent from eight of the nine reference genomes.  

This locus was found intact on contigs ranging in size from 22 kb - 248 kb in five of the NE 

strains, while in the other three strains, it was separated into multiple contigs separated by gaps 

of 52 bp – 162 bp, based on the sequence of strain CP4.  This locus was also found in the non-

NE, ovine enteritis strain JGS1721, in contigs of 11 kb and 120 kb. NELoc-2 shared >99.8% 

nucleotide identity among all NE strains while that of the JGS1721 strain was 99.1% identical. 
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Third, a conserved 5.6 kb NE-specific locus (Table 2.5; NELoc-3) was identified that 

harboured five genes, three of which were either absent or significantly divergent from 

equivalent regions in the reference genomes (Figure 2.1C). This locus was found on a single 

contig ranging from 7.4 kb - 9.9 kb in four of the NE strains, and on multiple contigs separated 

by small gaps, based on the CP4 sequence, in the remaining strains.  
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Table 2.3. Summary of predicted genes in NE pathogenicity locus 1. 

Locus_tag
1 Length 

(aa) 
Predicted Product Hit Description 

E-

value 
% Identity

2 Subcellular 

localization
3 Conserved domains 

CP4_3442* 148 

transcriptional 

regulator, MarR 

family 

transcriptional regulator, MarR 

family protein  (Burkholderia 

thailandensis TXDOH) 

4E-28 
37.5%  

(136/150 aa) 

Unknown 

(N) 

HTH transcriptional regulator, 

MarR 

CP4_3443* 249 

beta-lactamase 

domain-containing 

protein 

beta-lactamase domain-containing 

protein  (Clostridium beijerinckii 

NCIMB 8052) 

2E-94 
67%  

(249/249 aa) 

Unknown 

(N) 

Lactamase_B; Metallo-

hydrolase/oxidoreductase 

CP4_3444* 496 

M protein trans-

acting positive 

regulator (MGA) 

conserved hypothetical protein  

(Clostridium perfringens B str. 

ATCC 3626) 

2E-79 
41.8%  

(488/488 aa) 

Cytoplasmic 

Membrane 

(N) 

M trans-acting positive 

regulator 

CP4_3445 418 

putative radical 

SAM domain-

containing protein 

radical SAM domain protein  

(Clostridium perfringens B str. 

ATCC 3626) 

0 
89.7%  

(418/418 aa) 

Unknown 

(N) 

MoaA/nifB/pqqE, iron-sulphur 

binding, conserved site; 

Radical SAM 

CP4_3446 391 putative internalin 

putative Phosphoprotein 

phosphatase  (Candidatus 

Cloacamonas acidaminovorans) 

4E-41 
42.1% 

(261/3445 aa) 
Cellwall (Y) 

Leucine-rich repeat; 

Immunoglobulin E-set:Toll-

like receptor, leucine rich 

repeat 

CP4_3447* 47 hypothetical protein No significant hits     

CP4_3448* 42 hypothetical protein No significant hits     

CP4_3449 322 
necrotic enteritis 

toxin B 
NetB  (Clostridium perfringens) 0 

99.6%  

(322/322 aa) 

Extracellular 

(Y) 

Leukocidin/haemolysin; Bi-

component toxin, 

staphylococci; 

Leukocidin/porin 

CP4_3450* 391 

ricin-type beta-

trefoil domain 

protein 

hypothetical protein 

bthur0009_56310  (Bacillus 

thuringiensis serovar 

andalousiensis BGSC 4AW1) 

8E-23 
32.7% 

(290/1257 aa) 

Unknown 

(N) 

Ricin B lectin; Ricin B-related 

lectin 

CP4_3451 93 
transposase for 

transposon 

conserved hypothetical protein  

(Clostridium perfringens D str. 

JGS1721) 

7E-30 
75.2% 

(93/271 aa) 

Unknown 

(N) 
Transposase, Tn3 

CP4_3452 110 hypothetical protein 

conserved hypothetical protein  

(Clostridium perfringens C str. 

JGS1495) 

1E-50 
94.5%  

(110/285 aa) 

Cytoplasmic 

(N) 

Conserved hypothetical protein 

CHP01784 
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CP4_3453 160 hypothetical protein 

conserved hypothetical protein  

(Clostridium perfringens D str. 

JGS1721) 

3E-85 
97.5%  

(160/290 aa) 

Unknown 

(N) 

Conserved hypothetical protein 

CHP01784 

CP4_3454* 599 chitinase B 
chitinase B  (Clostridium 

paraputrificum) 
0 

87.6%  

(598/831 aa) 

Unknown 

(N) 

Glycoside hydrolase, family 

18, catalytic domain;Chitinase 

II;Glycoside hydrolase, 

catalytic core 

 

CP4_3455* 611 chitinase A 

glycosyl hydrolase, family 18  

(Clostridium botulinum A2 str. 

Kyoto) 

0 
75.2%  

(613/617 aa) 

Unknown 

(Y) 

Glycoside hydrolase, family 

18, catalytic domain;Glycoside 

hydrolase, chitinase active 

site;Carbohydrate-

binding;Chitinase II:Glycoside 

hydrolase, catalytic core 

CP4_3456* 106 hypothetical protein 
hypothetical protein CD1711  

(Clostridium difficile 630) 
1E-30 

60%  

(105/112 aa) 

Cytoplasmic 

(N) 

Uncharacterised protein family 

UPF0145 

CP4_3457* 284 

CAAX amino 

terminal protease 

family 

CAAX amino terminal protease 

family  (Fusobacterium nucleatum 

subsp. vincentii ATCC 49256) 

6E-49 
41.2%  

(286/293 aa) 

Cytoplasmic 

Membrane 

(Y) 

Abortive infection protein 

CP4_3458* 96 leukocidin II 

necrotic enteritis toxin B 

precursor  (Clostridium 

perfringens) 

4E-21 
50%  

(94/322 aa) 

Extracellular 

(N) 

Leukocidin/haemolysin;Leukoc

idin/porin 

CP4_3459* 114 leukocidin I NetB  (Clostridium perfringens) 2E-20 
44.2%  

(113/322 aa) 

Unknown 

(N) 

Leukocidin/haemolysin;Leukoc

idin/porin 

CP4_3460* 58 hypothetical protein No significant hits     

CP4_3461* 66 
conserved 

hypothetical protein 

conserved hypothetical protein  

(Clostridium perfringens E str. 

JGS1987) 

7E-08 
63.4%  

(41/162 aa) 

Unknown 

(N) 
 

CP4_3462* 200 
conserved 

hypothetical protein 

conserved hypothetical protein  

(Clostridium perfringens E str. 

JGS1987) 

3E-99 
88%  

(200/200 aa) 

Unknown 

(N) 
Flavoproteins 

CP4_3463* 170 
conserved 

hypothetical protein 

conserved hypothetical protein  

(Clostridium perfringens E str. 

JGS1987) 

4E-82 
82.9%  

(170/170 aa) 

Cytoplasmic 

(N) 
Flavoproteins 

CP4_3464* 38 
resolvase/recombin

ase 

resolvase/recombinase  

(Clostridium perfringens D str. 

JGS1721) 

4E-13 
100%  

(38/207 aa) 

Extracellular 

(N) 
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CP4_3465* 

 
73 

resolvase/recombin

ase 

resolvase/recombinase  

(Clostridium perfringens D str. 

JGS1721) 

1E-26 
93.7%  

(64/207 aa) 

Cytoplasmic 

(N) 
Resolvase, N-terminal 

CP4_3466 700 
putative membrane 

protein 

putative membrane protein  

(Clostridium perfringens NCTC 

8239) 

0 
88.4%  

(699/851 aa) 

Cytoplasmic 

Membrane 

(N) 

Protein of unknown function 

DUF470;Protein of unknown 

function DUF471;Protein of 

unknown function DUF472 

CP4_3467* 102 
putative membrane 

protein 

lysyl transferase  (Clostridium 

perfringens C str. JGS1495) 
2E-44 

91.1%  

(102/851 aa) 

Cytoplasmic 

Membrane 

(N) 

 

CP4_3468 1645 

F5/8 type C 

domain-containing 

protein 

hypothetical protein CPE1281  

(Clostridium perfringens str. 13) 
0 

64.5% 

(1521/1687 

aa) 

Extracellular 

(Y) 

Coagulation factor 5/8 type, C-

terminal;Extracellular matrix-

binding protein, 

Ebh;Galactose-binding 

like;Glycosyl hydrolase family 

98, putative carbohydrate-

binding module 

CP4_3469* 450 

diguanylate 

cyclase/phosphor-

diesterase domain 2 

diguanylate 

cyclase/phosphodiesterase domain 

2  (Clostridium botulinum E1 str. 

'BoNT E Beluga') 

4E-88 
43.6%  

(424/785 aa) 

Cytoplasmic 

(N) 

Diguanylate cyclase, 

predicted;Diguanylate 

phosphodiesterase, predicted 

CP4_3470 265 
sortase family 

protein 

sortase family protein  

(Clostridium perfringens C str. 

JGS1495) 

1E-104 
81.4%  

(264/264 aa) 

Unknown 

(Y) 
Peptidase C60, sortase A/B 

CP4_3471 677 
putative surface 

protein 

probable surface protein  

(Clostridium perfringens C str. 

JGS1495) 

0 
66.8%  

(486/519 aa) 

Cellwall 

(LPXTG) 

(Y) 

Surface protein from Gram-

positive cocci;Collagen-

binding surface protein Cna-

like, B region 

CP4_3472 365 
peptidoglycan 

bound protein 

cna protein B-type domain  

(Clostridium perfringens D str. 

JGS1721) 

2E-96 
76.1%  

(235/708 aa) 

Unknown 

(N) 

Collagen-binding surface 

protein Cna-like, B region 

CP4_3473* 172 

cell wall surface 

anchor family 

protein 

cell wall surface anchor family 

protein  (Clostridium perfringens 

C str. JGS1495) 

5E-64 
72.8%  

(166/757 aa) 

Unknown 

(Y) 
 

CP4_3474* 44 signal peptidase I 
signal peptidase I  (Clostridium 

perfringens E str. JGS1987) 
3E-10 

80.4%  

(41/175 aa) 

Extracellular 

(N) 
 

CP4_3475* 81 ABC transporter 

putative ABC transporter, 

permease protein  (Clostridium 

perfringens D str. JGS1721) 

3E-27 
76.5%  

(81/681 aa) 

Unknown 

(N) 
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CP4_3476^ 48 hypothetical protein No significant hits     

CP4_3477 54 
swim zinc finger 

domain protein 

swim zinc finger domain protein  

(Clostridium perfringens B str. 

ATCC 3626) 

4E-21 
94.2%  

(52/468 aa) 

Unknown 

(N) 
Zinc finger, SWIM-type 

CP4_3478* 350 

diguanylate 

cyclase/phosphor-

diesterase 

putative signaling protein  

(Clostridium hathewayi DSM 

13479) 

9E-27 
40.6% 

(165/1261 aa) 

Cytoplasmic 

Membrane 

(N) 

Diguanylate cyclase, predicted 

1
Based on strain CP4 genome. Genes for which an ortholog could not be identified in the nine sequenced reference genomes are indicated with an asterisk.  

2
Percent amino acid identity (HSP length/total length of the subject protein). 

3
Subcellular location as predicted by pSortb and, in brackets, whether a signal 

peptide was predicted by SignalP  

 

  



 

 

 

5
8
 

Table 2.4. Summary of predicted genes in NE pathogenicity locus 2. 

Locus_tag
1 Length 

(aa) 
Predicted Product Hit Description 

E-

value 
% Identity 

Subcellular 

localization 
Conserved domains 

CP4_0458 216 sigma factor SgiI 

putative DNA-directed RNA 

polymerase sigma factor  

(Clostridium perfringens D str. 

JGS1721) 

1E-113 
97.7%  

(215/219 aa) 
Unknown (N) 

RNA polymerase sigma factor, 

region 2;RNA polymerase sigma-70 

region 2 

CP4_0459 348 
conserved 

hypothetical protein 

hypothetical protein CJD_0460  

(Clostridium perfringens D str. 

JGS1721) 

1E-160 
94.4%  

(337/348 aa) 
Cellwall (N)  

CP4_0460 232 
putative VTC 

domain superfamily 

conserved hypothetical protein  

(Clostridium perfringens D str. 

JGS1721) 

1E-129 
99.6%  

(232/232 aa) 
Unknown (N) VTC domain 

CP4_0461 226 

putative 

tubulin/FtsZ, 

GTPase 

conserved hypothetical protein  

(Clostridium perfringens D str. 

JGS1721) 

1E-122 
100%  

(226/226 aa) 

Cytoplasmic 

Membrane 

(N) 

 

CP4_0462 183 resolvase 

resolvase domain-containing 

protein  (Methanococcus vannielii 

SB) 

3E-57 
57.1%  

(182/199 aa) 
Unknown (N) 

Resolvase, N-terminal;Recombinase, 

conserved site;Resolvase, helix-turn-

helix region 

CP4_0463 230 
putative VTC 

domain superfamily 

conserved hypothetical protein  

(Clostridium perfringens D str. 

JGS1721) 

1E-130 
99.6%  

(230/230 aa) 
Unknown (N) VTC domain 

CP4_0464 222 
tubulin/FtsZ, 

GTPase 

tubulin/FtsZ, GTPase  

(Clostridium perfringens D str. 

JGS1721) 

1E-121 
99.5%  

(222/222 aa) 

Cytoplasmic 

Membrane 

(N) 

 

CP4_0465 497 CotH protein 
CotH protein  (Clostridium 

perfringens D str. JGS1721) 
0 

99.8%  

(497/497 aa) 
Unknown (N) Spore coat protein CotH 

CP4_0466 685 
conserved 

hypothetical protein 

conserved hypothetical protein  

(Clostridium perfringens D str. 

JGS1721) 

0 
98.5%  

(685/685 aa) 
Unknown (N)  

CP4_0467 377 putative heat repeat 

heat repeat domain protein  

(Clostridium perfringens D str. 

JGS1721) 

0 
99.5%  

(377/377 aa) 
Unknown (N) 

Armadillo-type fold;Carbamoyl 

phosphate synthetase, large subunit, 

ATP-binding;HEAT 

CP4_0468 466 
Putative glycosyl 

transferase 

chitin synthase  (Clostridium 

perfringens D str. JGS1721) 
0 

99.1%  

(466/466 aa) 

Cytoplasmic 

Membrane 

(N) 

Glycosyl transferase, family 2 

See Table 2.3 for descriptions.  
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Table 2.5. Summary of predicted genes in NE pathogenicity locus 3. 

Locus_tag
1 Length 

(aa) 
Predicted Product Hit Description 

E-

value 
% Identity

2 Subcellular 

localization 
Conserved domains 

CP4_3568 308 hypothetical protein 

hypothetical protein 

A1Q_3418  (Vibrio harveyi 

HY01) 

1E-47 
42.2%  

(282/315 aa) 

Unknown 

(Y) 

Chordopoxvirus G2 

 

CP4_3569 213 resolvase/recombinase 

resolvase/recombinase  

(Clostridium perfringens E str. 

JGS1987) 

1E-105 
94.7%  

(207/207 aa) 

Unknown 

(N) 

Recombinase, conserved site; 

Resolvase, N-terminal 

CP4_3570 103 
conserved hypothetical 

protein 

conserved hypothetical protein  

(Clostridium perfringens E str. 

JGS1987) 

4E-40 
80.6%  

(103/103 aa) 

Unknown 

(N) 
 

CP4_3571* 318 
bacterial extracellular 

solute-binding protein 

bacterial extracellular solute-

binding protein  (Clostridium 

perfringens B str. ATCC 3626) 

1E-147 
78.8%  

(316/477 aa) 

Unknown 

(N) 
 

CP4_3572* 262 

NADP-dependent 7-

alpha-hydroxysteroid 

dehydrogenase 

NADP-dependent 7-alpha-

hydroxysteroid dehydrogenase  

(Clostridium difficile 630) 

5E-94 
64.3%  

(258/262 aa) 

Cytoplasmic 

(N) 

Short-chain 

dehydrogenase/reductase 

SDR;Glucose/ribitol 

dehydrogenase;NAD(P)-

binding domain 

See Table 2.3 for descriptions. 

  



 

 

 

6
0
 

 

  



 

 

 

6
1
 

Figure 2.1. Genetic organization of NE-specific loci.   

The genetic organization of (A) NELoc-1, (B) NELoc-2 and (C) NELoc-3 is shown, each arrow representing a predicted gene and the 

total size given below each locus.  Predicted functional annotations and locus tags are shown above and below each gene, respectively.  

Genes are colour-coded by their putative role based upon sequence analyses. 
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2.4.3 Features of NE-associated loci 

Sequence analyses of the genes in the three loci were performed using BLAST, the 

Conserved Domains Database (CDD), (Marchler-Bauer et al. 2009), SignalP (Dyrløv Bendtsen 

et al. 2004), pSortB (Gardy et al. 2005), and InterProScan (Zdobnov and Apweiler 2001) (Table 

2.3 - Table 2.5).  As noted, NELoc-1 is the largest locus of the three, consisting of 37 predicted 

genes (CP4_3442 - CP4_3478); four of which (CP4_3447, 3448, 3460 and 3476) had predicted 

proteins <100 amino acids (aa) and no significant BLAST hits in GenBank;these were thus 

excluded from further analyses.   

NELoc-1 bears several hallmarks of a horizontally-acquired element. Specifically, we 

identified two degenerate transposases: one truncated ORF (CP4_3451) with 59% identity to the 

Tn1546 transposase (Arthur et al. 1993) and another two ORFs (CP4_3464 and CP4_3465) that, 

when joined, produce a contiguous alignment (85% identity) with a resolvase/recombinase, were 

identified.  CP4_3452 and CP4_3453 also appeared to have been originally joined into a single 

ORF.  The predicted full-length protein encoded by these two ORFs shared 92% – 95% identity 

with a putative transposase/invertase-encoding gene found in the conjugative plasmids pCW3, 

pCPF4969, pCPF8533etx and pCPF5603.  Furthermore, CP4_3477 encoded an apparently 

truncated swim zinc finger domain protein also present in plasmids pCP8533etx and pCPF5603.  

Taken together, the presence of these sequences suggested that this locus might be associated 

with a transposable element and/or plasmid. 

Fifteen of the NELoc-1 genes were predicted by pSortb and SignalP to encode cell-

surface associated or extracellular proteins, indicating that nearly half of the predicted protein 

complement of this locus may be exposed to the extracellular environment.  Three genes found 

clustered together near the 5’ end of NELoc-1 (CP4_3471, CP4_3472 and CP4_3473) encode 
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predicted proteins with 66% – 76% identity to putative cell surface bound proteins present in 

several of the C. perfringens draft genomes, and/or contain a Cna-like B-region domain.  This 

domain is found in the Staphylococcus aureus collagen-binding protein Cna and serves to 

present the collagen-binding domain away from the cell surface (Deivanayagam et al. 2000).  

Located immediately downstream from this cluster is a gene (CP4_3470) encoding a putative 

sortase, an enzyme responsible for the covalent anchoring of surface proteins to the 

peptidoglycan layer (Marraffini et al. 2006).  Bordering these four predicted surface-associated 

proteins are two genes (CP4_3478 and CP4_3469) that constitute a putative novel cyclic dimeric 

guanosine-monophosphate (c-di-GMP) signalling system (Cotter and Stibitz 2007).  Specifically, 

CP4_3478 encodes a predicted protein containing both GGDEF and EAL domains, responsible 

for the catalytic activity of diguanylate cyclase (DGC) and phosphodiesterase (PDE) enzymes, 

respectively (Schirmer and Jenal 2009), while CP4_3469 encodes a protein containing the 

GGDEF domain only.  This system regulates virulence and adhesion in several bacterial 

pathogens, including Vibrio cholerae and Pseudomonas aeruginosa, by modulating intracellular 

levels of the c-di-GMP second messenger molecule (Cotter and Stibitz 2007).   

Just 507 bp downstream from CP4_3469 is a gene that is closely related (64% identity 

over 1521 aa) to the hypothetical protein CPE1281 of C. perfringens strain 13, and more 

distantly to the discoidin domain protein CPF_1073 (44% identity over 1413 aa) of C. 

perfringens strain ATCC13124. Kulkarni et al. (Kulkarni et al. 2006) identified a CPE1281 

homolog that was recognized by serum from immune broiler chickens.  Further analysis of the 

original protein ID data (obtained from Kulkarni et al) showed that four of the peptides were 

identical to the predicted protein from NELoc-1 and divergent from the other two 
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chromosomally-encoded homologs.  Only one peptide (ITDQNIWENNTYPK) was identical to 

CPE1281, and this sequence was also shared by the NE homolog (Appendix 2.4).  

Of particular interest in NELoc-1 were the two putative leukocidins situated near the 

middle of the locus (CP4_3459, CP4_3458), which shared 44% and 50% amino acid identity 

with NetB, as well as similarity with other beta-channel pore-forming toxins that carry the 

leukocidin domain, including the C. perfringens delta-toxin, C. botulinum alpha-hemolysin, and 

the S. aureus HlyA and bi-component leukocidins (Kaneko and Kamio 2004; Manich et al. 

2008).  However, the CP4_3459 and CP4_3458 predicted proteins were only 96 and 114 

residues, respectively, while the size of the related pore-forming toxins ranged from 271 (S. 

aureus PVL toxin) to 322 (NetB) amino acids.  Altering a single nucleotide to eliminate the 

intervening stop codon between the two ORFs resulted in a single ORF encoding a predicted 253 

amino acid protein which then yielded a contiguous, nearly full-length alignment with NetB.  

Thus, these two ORFs likely originated from a single leukocidin gene that subsequently acquired 

a nonsense mutation.   

In addition to these putative toxins, a ricin-domain containing protein (CP4_3450) and an 

internalin-like protein (CP4_3446) were located near the 3’ end of NELoc-1, flanking netB 

(CP4_3449).  It was recently reported that netB contains an upstream VirR-box regulatory 

sequence, and is under direct control of the VirR response regulator (Cheung et al. 2009).  The 

VirR/VirS two-component signal transduction system regulates several virulence genes in C. 

perfringens, including alpha-toxin, perfringolysin O and alpha-clostripain (Ohtani et al. 2009).  

By integrating the new sequence information from the element upstream from netB, a modified 

VirR-binding consensus sequence was designed and used to identify additional putative 

VirR/VirS-regulated genes in the CP4 genome (Figure 2.2A).  One novel putative VirR-box was 
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found 67 - 69 bp upstream from the putative internalin in all seven NE strains, suggesting that 

this gene is co-regulated with netB by the VirR/VirS system (Figure 2.2B). 

 

 

Figure 2.2. Identification of VirR boxes in NE strain genomes.   

A). A modified VirR-box consensus sequence was produced based on the alignment of known 

VirR-boxes with the VirR-box upstream from netB.  The VirR-box consensus previously 

reported by Cheung et al. (2004) (Cheung et al. 2004) is shown in bold, and absolutely conserved 

nucleotides are in boxes.  B) VirR-boxes identified in CP4, including one novel element 

upstream of the internalin-like protein gene.  Nucleotides that conform with the previously 

reported VirR-box consensus are in green, and those that do not conform in red. 

 

Downstream of the two putative leukocidins (CP4_3459, CP4_3458) were two putative 

chitinases, which catalyze the breakdown of chitin, a long-chain homopolymer of N-

acetylglucosamine.  Finally, four additional genes were found at the 3’ end of the locus: two 
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putative transcriptional regulators (CP4_3444 and CP4_3442), a radical SAM-domain protein 

(CP4_3445), and a metallo-beta-lactamase domain protein (CP4_3443).  The metallo-beta-

lactamase domain-containing protein superfamily contains ~6000 members with diverse 

enzymatic functions, including glyoxylases, flavoproteins, and arylsulfatases, in addition to the 

beta-lactamases (Daiyasu et al. 2001).  Antibiotic susceptibility tests revealed sensitivity to beta-

lactam antibiotics (Table 2.1), suggesting the protein encoded by this gene does not possess beta-

lactamase activity.   

Most genes identified in NELoc-2 are predicted to encode membrane or cell wall 

associated proteins.  One gene cluster of interest was the predicted VTC domain – tubulin – 

resolvase – VTC domain – tubulin sequence (CP4_0460 – CP4_0464). BLAST analyses of the 

regions flanking the resolvase failed to reveal a repeat region between the two genes that would 

have been essential for transposition. Also of particular interest was the gene encoding spore coat 

protein CotH, which may serve as a general marker for C. perfringens enteritis strains, since it is 

also found in the ovine enteritis strain JGS1721.  A chitin synthase-encoding ORF may 

functionally complement two chitinase-encoding ORFs found in NELoc-1; however its relevance 

is unclear since information about chitin synthases is limited to yeast and higher eukaryotes, 

where the balance between synthesis and degradation of chitin is essential for cytokinesis 

(Schmidt 2004).  

BLAST analyses of NELoc-2 flanking regions indicated this locus is chromosomally 

located, and identified a 1374 bp region corresponding to genome coordinates 447880 – 449255 

of C. perfringens strain ATCC 13124 that had been replaced with the 11.2 kb sequence of 

NELoc-2.  Strain 13 and SM101 BLAST results revealed the replacement of smaller regions of 

165 bp and 168 bp, respectively, at the same location in the genome.  The presence of a resolvase 
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gene (CP4_0462) in the centre of this locus suggested that it may have originated from a mobile 

element.  

Analyses of NELoc-3 revealed a putative hdhA gene (CP4_3572) that encodes 7-alpha-

hydroxysteroid dehydrogenase (7-HSDH), a bile-acid inducible enzyme that converts the 

primary bile acid, chenodeoxycholic acid, into a secondary potentially toxic bile acid, 7-keto-

lithocholic acid. A homolog has also been found in Clostridium difficile, and its presence may 

confer a survival advantage through the suppression of commensal bacteria by the HSDH-

mediated production of a toxic metabolite (Sebaihia et al. 2006). Another gene of interest was 

that predicted to encode an extracellular solute binding protein (ESB) (CP4_3571).  The 

predicted protein was found to be 100% conserved among NE strains, compared to a maximum 

of 78% identity to the C. perfringens strain ATCC 13124.   

The predicted protein encoded by CP4_3570 shared significant similarity with 

hypothetical proteins pCW3_0046 (79% identity) and pCPF5603_58 (76% identity) encoded by 

C. perfringens plasmids pCW3 and pCPF5603, respectively.  This finding, along with the 

identification of a putative resolvase (CP4_3569) in this locus, suggested NELoc-3 may have 

arisen from a transposable element and is plasmid-encoded.  Unlike NELoc-2, we could not 

identify flanking genomic sequences on any contigs carrying NELoc-1 or -3, and neither locus 

aligned with the optical map generated for the CP4 chromosome.   

2.4.4 Characterization of large plasmids of NE strains 

The identification of plasmid sequences in NELoc-1 and -3 prompted efforts to identify 

and characterize the plasmids of our NE strains.  A number of C. perfringens toxin genes are 

associated with large plasmids, including beta-toxin (cpb), epsilon toxin (etx), beta2-toxin 

(cpb2), iota toxin (iap/ibp) and, variably, C. perfringens enterotoxin (cpe) (Cornillot et al. 1995; 
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Gibert et al. 1997; Fisher et al. 2005; Li et al. 2007; Miyamoto et al. 2008). Recent 

characterization of toxin plasmids of C. perfringens type A, B, D and E strains (Miyamoto et al. 

2006; Li et al. 2007; Sayeed et al. 2007; Miyamoto et al. 2008) have revealed a toxin plasmid 

family, designated the pCPF5603-like toxin plasmids (Miyamoto et al. 2008), that share a similar 

structure; this consists of a conserved backbone region of ~30 kb carrying the transfer of 

clostridial plasmid (tcp) locus for conjugative transfer, and a ~20 - 40 kb variable region that 

encodes toxins (Bannam et al. 2006; Miyamoto et al. 2006; Miyamoto et al. 2008).  The 

complete sequences of three members of this family (pCPF5603, pCPF4969, pCP8533etx) have 

been determined (Miyamoto et al. 2006; Miyamoto et al. 2008). In addition, the tetracycline 

resistance plasmid, pCW3, is closely related to this plasmid family, sharing the conserved core 

but carrying a resistance locus in place of the toxin-encoding loci (Bannam et al. 2006; 

Miyamoto et al. 2006; Miyamoto et al. 2008).   

To first determine if our NE strains carried large plasmids, DNA from our eight 

sequenced poultry isolates, as well as three additional virulent NE isolates (CP1 - 3) and one 

avirulent NE isolate (CP6), were subjected to PFGE.  In silico restriction endonuclease analysis 

of the genomes of SM101 and ATCC13124, as well as pCPF5603, pCPF4969 and pCP8533etx, 

revealed that NotI cleaved the genomes at no more than one location, whereas the plasmids were 

cleaved exactly once; this restriction enzyme was therefore chosen to linearize the plasmids prior 

to PFGE.  The PFGE profiles of the virulent NE type A strains digested with NotI revealed two 

to five large plasmids ranging in size from ~45 kb – 90 kb in all strains (Figure 2.3A).  Only one 

NE strain, JGS5252, carried just two large plasmids, as did the healthy chicken isolate, JGS1473, 

and the avirulent NE isolate, CP6.  Three of the NE strains (CP2, CP4 and JGS5621) also carried 

a larger plasmid of ~130 kb - 150 kb.  Further PFGE experiments using undigested DNA, which 
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allows plasmid but not chromosomal DNA to enter a pulsed field gel [15], confirmed the PFGE 

results (data not shown).  

 

 

Figure 2.3. PFGE and Southern blot analyses of plasmids from Clostridium perfringens 

poultry strains   

A). Agarose plugs containing DNA isolated from the eight sequenced poultry strains were 

digested with NotI and subjected to PFGE. B). Southern blotting was performed with DIG-

labelled probes for netB and hdhA.  Results from both netB and hdhA probes are shown 

overlayed.  In all lanes with two bands, the upper band represents netB and the lower band hdhA. 

Both probes hybridized to the same band in CP2.  In CP6, only the hdhA probe hybridized, while 

in JGS4143, only the netB probe hybridized. 

 

To determine if the identified plasmids were related to the pCPF5603-like plasmids of C. 

perfringens, digoxygenin (DIG) -labelled probes for three genes (cna, dcm, tcpF) conserved 

among all sequenced plasmids of this family were used in Southern blotting experiments of the 

pulsed-field separated plasmids from five NE strains (CP1 - 4, CP6).  We observed that when 

NotI-digested genomic DNA was probed, all bands, with the exception of the larger ~150-kb 

bands, hybridized specifically with one or more of the cna-, dcm-, or tcpF-specific probes, 
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confirming the plasmid identity of these PFGE bands (data not shown).  In particular, the tcpF-

probe, which is specific for the tcp conjugation locus, hybridized to all the ~45 kb – 90 kb 

plasmids in each strain examined, indicating that they carry this locus and may therefore be 

conjugative. 

Surprisingly, many genes that make up the conserved region in this plasmid family, 

including constituents of the tcp locus, could not be found in the CP4 draft genome.  Repetitive 

sequences can confound assembly algorithms, so we reasoned that these sequences might be 

misassembled if they were harboured on multiple plasmids in a single C. perfringens strain.  

Mapping of CP4 Solexa reads to the three sequenced plasmids using the reference assembler, 

Maq (http://maq.sourceforge.net), revealed that CP4 does in fact carry sequences corresponding 

to all of the conserved regions, including the tcp locus (Appendix 2.5A-C).  This provides further 

evidence that the plasmids carried by our NE strains are closely related to the previously 

characterized C. perfringens toxin-encoding plasmids. 

2.4.5 Plasmid localization of NELoc-1 and 3 

To test the hypothesis that NELoc-1 and -3 were located on one of the large plasmids 

identified in the NE strains, DIG-labelled PCR probes based on netB (NELoc-1) and hdhA 

(NELoc-3) were used in Southern blotting experiments to probe membranes of transferred 

PFGE-separated plasmids from all 12 poultry strains.  Hybridization of the netB-probe to a single 

~80 kb - 90 kb plasmid was observed in all NE strains, but not in the avirulent strains CP6 and 

JGS1473 (Figure 2.3B).  The hdhA probe hybridized to a different plasmid of ~ 70 kb – 80 kb in 

nine of the ten virulent NE strains, as well as CP6, but not in the healthy chicken isolate 

JGS1473.  Five of the strains (CP1 – 4, CP6) were also examined in Southern blotting 

experiments with a probe based on cpb2, and an identical hybridization pattern to that of the 
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hdhA probe was observed in these strains (data not shown).  Interestingly, the netB, hdhA and 

cpb2 probes co-hybridized to the same ~75 kb band in strain CP2, suggesting that NELoc-1 and -

3 may either be on the same plasmid in this strain, or alternatively, on separate but similarly 

sized plasmids that are not resolvable under the PFGE conditions used here.  Thus, NELoc-1 and 

-3 are harboured on separate large plasmids in most NE strains, and the latter plasmid also 

carries cpb2. 

We next sought to determine the insertion sites of NELoc-1 and -3 within their respective 

plasmids. Outward-facing PCR primers were designed at both ends of NELoc-1 based on the 

CP4 sequence, which were used in combination with primers designed from various genes 

common to pCPF5603 and pCPF4969 to amplify flanking junction regions via long-range PCR.  

A 9 kb product was amplified using primers sigP-F and dcm-F, linking the signal peptidase I 

(CP4_3474) with dcm.  At the opposite end of NELoc-1, use of primer pair blac-F and lexA-F 

amplified a 2.7 kb fragment, thereby linking this end to the lexA repressor gene.  These PCR 

products were subsequently sequenced and used to extend the CP4 NELoc-1 sequence at both 

ends.  Alignment of this extended locus to the three sequenced pCPF5603-like plasmids revealed 

a structure and insertion site most similar to the variable region of pCP8533etx, which carries 

both a cpb2 and etx locus (Figure 2.4A).  In pCP8533etx, the etx locus can be delineated from 

the rest of the variable region by three genes that are directly repeated on either end; these genes 

are present as single copies in pCPF5603, pCPF4969, and pCW3.  A similar duplication is 

observed in NELoc-1, effectively delimiting this locus into one ~30 kb unit corresponding to the 

etx locus, extending from the DGC to chitinase B- encoding genes, and another ~12 kb unit 

corresponding to the cpb2 locus, extending from the Tn1546-like transposase to the MarR 

transcriptional regulator-encoding genes, and including netB.  
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For NELoc-3, sufficient flanking plasmid sequence was present in the contig from 

JGS4140 to define its putative insertion site (Figure 2.4B).  This insertion site also corresponded 

to that of the etx locus of pCP8533etx and was bordered by the same direct repeats described 

above.  Notably, neither locus contained IS1151 or IS1470-related sequences, in contrast to 

previously described loci containing cpe, etx, iap/ibp and cpb (Miyamoto et al. 2004; Li et al. 

2007; Miyamoto et al. 2008; Sayeed et al. 2010). 
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Figure 2.4. Plasmid location of NELoc-1 and -3.  

Nucleotide sequence alignments of pCPF5603, pCP8533etx and (A) NELoc-1 or (B) NELoc-3 were generated with Artemis 

Comparison Tool (ACT).  The small boxes represent ORFs, with toxin genes colored in red and IS1151 or IS1469 genes in yellow.  

Grey boxes connecting the different sequences represent regions with sequence similarity. Colored bars underneath each sequence 

represent different loci as follows: blue, tcp; green, cpe; red, cpb2; black, pCPF5603-specific; light blue, etx.  Orange bars represent 

the sequence found duplicated in pCP8533etx and NELoc-1 and -3 sequences. 
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2.4.6 Diversity analysis of the three NE loci among poultry strains 

Multiple alignments of each locus from our seven sequenced NE strains revealed a 

striking level of conservation among these sequences between the different strains (Appendix 

2.6).  To exclude the possibility that this conservation was due to a clonal relationship, PFGE 

profiles of genomic DNA were determined for the eight sequenced strains (Appendix 2.7A).  In 

addition, a phylogenetic tree based on the alignment of the total predicted proteome sequence of 

each strain was constructed via CVtree (Xu and Hao 2009) (Appendix 2.7B).  Three of the 

strains (JGS4140, JGS1651 and JGS5621) were found to be closely related by both methods, but 

none appeared to be clonally related and the remaining five strains were significantly divergent. 

In most of the sequenced strains, the three NE loci were fragmented into multiple contigs 

and it was therefore not possible to assess their uniformity based on sequence data alone.  An 

overlapping PCR assay was therefore developed (Fisher et al. 2005) to assess the diversity of the 

three loci in our sequenced strains and the four additional poultry isolates, and at the same time 

confirm the sites of insertion.  A set of fifteen PCR reactions were developed for NELoc-1, five 

reactions for NELoc-2 and four reactions for NELoc-3, all based upon CP4 and JGS4140 

sequences and spanning each entire locus.  The reactions at either end of each locus were 

designed to extend into the flanking sequences to verify the site of insertion (Appendix 2.8 - 

Appendix 2.10).   

PCR reactions for NELoc-1 amplified most of the expected products from the ten virulent 

NE strains (Appendix 2.8), indicating near-uniformity of this locus across these strains.  In CP1, 

reaction NEL1-6, encompassing leukocidin I and II, was ~1.2kb larger than expected, and 

sequencing of this amplicon revealed an additional ~1kb ORF encoding an intact ISCpe7 

transposase upstream from leukocidin I.  Four of the reactions for CP2 were negative, indicating 
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that the region encompassing the chitinase and leukocidin genes was absent in this strain.  Two 

of the reactions from CP6, spanning the chitinase and leukocidin genes and one reaction from 

JGS1473, encompassing the CPE1281 homolog, amplified the expected product.  The latter 

result was consistent with the findings from the comparative genome analyses, which identified a 

region from NELoc-1 to be partially intact in JGS1473, consisting of the sortase and cell-wall 

surface protein-encoding genes, in addition to the CPE1281 homolog. This suggests that portions 

of NELoc-1 may be present in these avirulent strains, possibly on a modified netB plasmid, or 

chromosomally located. 

The PCR products generated from the NELoc-2 and -3 assays were identical for all of the 

NE strains, as well as the avirulent strain CP6, and consistent with the predicted sizes (Appendix 

2.9, Appendix 2.10).  

2.5 Discussion 

The pathogenesis of poultry NE has been the subject of considerable investigation in 

recent years, following reassessment of the role of CPA and subsequent identification of the 

novel pore-forming toxin NetB (Keyburn et al. 2006; Keyburn et al. 2008).  We show here for 

the first time that netB resides on a ~42 kb plasmid-encoded pathogenicity locus (NELoc-1) 

harboured specifically by NE strains.  In addition, we identified two other loci associated with 

NE, NELoc-2 and -3, the latter of which also resides on a plasmid that is similar to, but distinct 

from, that carrying netB.  Sequence alignments of NELoc-1 to -3 from seven strains revealed 

their striking uniformity among diverse NE isolates (Appendix 2.6).  The high level of sequence 

conservation was surprising and suggests that these plasmids arose from a recent evolutionary 

event.  Southern blotting results with a tcpF probe, together with the detection of the tcp locus 

sequence in the CP4 Solexa reads, indicate that the plasmids carrying NELoc-1 and -3 also carry 
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this conjugation locus.  The observation that these unrelated NE strains carry nearly identical 

plasmid loci is consistent with the hypothesis that the plasmids were acquired through 

conjugative transfer.  This study provides further evidence of the remarkable contribution of 

closely related multiple plasmids to the infection biology of C. perfringens in its ability to cause 

distinct and serious enteric infections in different animal species (Miyamoto et al. 2006; Li et al. 

2007; Miyamoto et al. 2008; Sayeed et al. 2010) 

While functional studies are ultimately required to elucidate the contribution of these 

genes to NE pathogenesis, sequence analysis can assist greatly in this effort.  NELoc-1 encodes 

37 putative proteins, of which 25 have no apparent counterpart in any of the sequenced C. 

perfringens strains.  An internalin-like protein is located immediately upstream from netB 

containing a leucine-rich repeat (LRR) domain (CP4_3446) with 30 - 35% identity to Internalin 

F, D and A of Listeria monocytogenes and putative internalins of Bacillus spp..  Originally 

identified in L. monocytogenes as surface-anchored proteins required for attachment and invasion 

(Hamon et al. 2006), internalins now constitute a multi-gene family, with 25 members identified 

in the L. monocytogenes genome alone (Bierne et al. 2007).  Genome sequencing projects have 

also revealed internalin-like proteins in C. botulinum, C. perfringens and C. tetani, though none 

have been functionally characterized (Bruggemann et al. 2003; Sebaihia et al. 2007). The 

hallmark LRR domain, responsible for the horseshoe-like conformation of the protein, is found 

in a functionally diverse set of proteins, and is typically involved in protein-protein interactions 

(Bella et al. 2008).  The presence of a VirR-box upstream of the gene suggests that it may be co-

regulated with netB, and therefore also involved in NE pathogenesis. 

Immediately downstream from netB is a gene encoding a 391 aa protein (CP4_3450) 

containing a beta-trefoil domain similar to that of the carbohydrate-binding ricin B subunit 
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(Rutenber et al. 1987).  BLAST searches revealed similarity to the ricin-like domains of a 

diverse set of proteins, including pierisin from Pieris rapae (27% identity over 334 aa) and MTX 

from Bacillus sphaericus (30% over 286 aa), which are related ADP-ribosylating toxins 

(Carpusca et al. 2006), the Cyt1Ca insecticidal pore-forming toxin from Bacillus thuringiensis 

(28% over 264 aa) (Manasherob et al. 2006), and the HA-1 non-toxin hemagglutinin of C. 

botulinum (33% identity over 279 aa) (Arndt et al. 2005; Nakamura et al. 2008).  These proteins 

share a similar secondary structure consisting of the C-terminal ricin-like domain responsible for 

carbohydrate binding and, with the exception of HA1, a distinct N-terminal active-site domain.  

The ~130 aa N-terminal region predicted in CP4_3450 did not share sequence similarity with 

any protein found in GenBank, and a putative function could therefore not be assigned.   

CP4_3446, netB and CP4_3450 are oriented divergently from the majority of the other 

genes in NELoc-1.  Given this common orientation and evidence for co-regulation, it is plausible 

that these three genes are co-transcribed, and may act in unison.  One possible scenario is that 

CP4_3446 and CP4_3450 act directly with NetB to enhance its pore-forming activity, although 

this seems unlikely as the cytotoxicity of purified recombinant NetB was found to be comparable 

to that of the native protein (Keyburn et al. 2008).  Alternatively, they may instead be involved in 

recognition of eukaryotic cell surface receptors, as suggested by the presence of carbohydrate- 

(CP4_3450) and protein- (CP4_3446) binding domains and similarity to proteins known to 

function in this capacity.  

The presence of two putative chitinases (CP4_3454 and CP4_3455) is intriguing and 

suggests a possible role for chitin hydrolysis in NE pathogenesis.  This abundant polysaccharide 

is an insoluble homopolymer of N-acetylglucosamine (GlcNac) found in the exoskeletons of 

invertebrates and the cell walls of fungi.  Chitinases have been detected in other clostridial 



 

79 

 

species, including C. paraputrificum (Morimoto et al. 1997; Morimoto et al. 1999) and C. 

botulinum (Sebaihia et al. 2007), both of which have chitinolytic activity, but to our knowledge 

this is the first example of a chitinase gene identified in C. perfringens.  These enzymes are 

typically produced by bacteria that use chitin as a carbon source, or are pathogens of insects or 

fungi (Jolles and Muzzarelli 1999).  The incorporation of chitin in the diets of chickens has been 

shown in some cases to improve growth performance (Gupta and Kumar 2000; Khambualai et al. 

2009).  The putative chitin synthase (CP4_0468) in NELoc-3 may work in conjunction with the 

two putative chitinases (CP4_3454 and CP4_3455) in NELoc-1 to take advantage of the chitin as 

an extra carbon source. The degradation of chitin into GlcNac may also confer a survival 

advantage to the NE strains since it inhibits the adhesion of probiotic lactobacilli to chicken 

intestinal mucus (Gusils et al. 2003). Chitin synthase may be needed to convert excess GlcNac 

back into chitin if the need arises. Intriguingly, in the intestinal bacterial pathogen V. cholerae 

the product of a putative chitinase gene with GlcNAc-binding activity has been shown to act as a 

common adhesion molecule for both chitinous and intestinal surfaces (Kirn et al. 2005).  GlcNAc 

forms the bulk of the carbohydrates present in intestinal mucin and this protein has been shown 

not only to be involved in intestinal colonization in mice but also to increase the quantity of 

intestinal mucin produced (Bhowmick et al. 2008), suggesting a possible role for putative 

chitinases in intestinal colonization in NE.  

Also of interest were two putative leukocidins (CP4_3458 and CP4_3459) that exhibited 

close similarity to NetB, and to a lesser extent to the related C. perfringens pore-forming beta 

and delta toxins (Manich et al. 2008), hemolysin II of Bacillus spp., and the bi-component 

leukocidins of S. aureus.  The two genes are in the same reading frame; elimination of the 

intervening stop codon forms a single gene with an intact leukocidin domain, and the predicted 
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protein forms a nearly full-length alignment with NetB.  These genes may therefore represent an 

evolutionary relic of a previous netB duplication event, or even a now-defunct second member of 

an original bi-component hetero-oligomeric pore-forming toxin.   

The discovery of a potential novel c-di-GMP signaling system, composed of putative 

PDE (CP4_3469) and DGC (CP4_3478) genes, as well as several nearby genes for putative cell 

surface proteins (CP4_3471, CP4_3472 and CP4_3473) was of particular interest.  This signaling 

system has recently been shown to play a central role in governing adhesion, motility, and 

virulence in pathogenic bacteria such as P. aeruginosa, Salmonella Typhimurium and V. 

cholerae (Cotter and Stibitz 2007; Jonas et al. 2009).  The c-di-GMP nucleotide acts as a second 

messenger by binding and regulating downstream effectors that are only now being elucidated 

(Sudarsan et al. 2008).  Intracellular c-di-GMP levels are modulated through the coordinate 

activities of a DGC, responsible for its synthesis, and a PDE, responsible for its degradation 

(Schirmer and Jenal 2009).  Both CP4_3469 and CP4_3478 contain the GGDEF domain 

(responsible for DGC activity), while CP4_3469 also contains an EAL domain (responsible for 

PDE activity).  It is therefore likely that CP4_3478 functions as a DGC, while CP4_3469 may 

have both PDE and DGC activities, although it is common for PDEs to also carry a non-

functional GGDEF domain (Marraffini et al. 2006).  CP4_3478 also contains a signal peptide 

and several N-terminal transmembrane regions, making it a good candidate for an integral 

membrane DGC.  The cluster of four surface-associated protein genes found between CP4_3469 

and CP4_3478 may encode adhesins under the control of this system.  Two of the genes were 

also found in avirulent strain JGS1473, however, suggesting a limited role in virulence.  It is 

well-recognized that large numbers of C. perfringens will coat the damaged intestinal epithelial 
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surface of chickens with NE (Olkowski et al. 2008), but little to no information exists on the 

specificity of C. perfringens adherence to the chicken intestinal epithelium.  

The recognition of a homolog of the large hypothetical protein CPE1281 from Strain 13 

was among many of the unexpected discoveries reported here. Earlier work based on mass 

spectrometry of proteins expressed by virulent but not avirulent C. perfringens recovered from 

birds with NE (Kulkarni et al. 2006) mis-identified the protein as CPE1281, instead of the NE-

specific homolog. Immunization of chickens with the most immunogenic part of the CE1281 

protein gave excellent protection of birds against experimentally-induced NE (Kulkarni et al. 

2007).  Epitope-mapping of the CPE1281 protein (not the NE 1281 homolog described here) 

identified immunodominant regions of the CPE1281 protein, which include the possible zinc-

binding signature region of this hypothetical protease in both proteins (G—HELGHNF), which 

were used in immunization when expressed from a Salmonella vaccine vector (Kulkarni et al. 

2008). Further work is required to determine whether the efficacy of this protein in protecting 

birds against NE is the result of cross-protection against the NE CPE1281 homologue.  

Two homologs of tubulin/FtsZ (CP4_0461 and CP4_0464) are found in NELoc-2 sharing 

33% and 36% protein identity, respectively, with tubulin/FtsZ common to other C. perfringens 

strains. The homologs might be similar in function to the Bacillus thuringiensis tubulin homolog 

TubZ, which is proposed to facilitate plasmid segregation by coupling with plasmid DNA, via 

DNA-binding proteins, and causing plasmids separation (Larsen et al. 2007)..  In this case, 

NELoc-2 may not be specifically involved in virulence, but might instead contribute to the 

preservation of the NELoc-1 and -3 virulence plasmids via the two tubulin/FtsZ homologs.  This 

may help explain the frequency of plasmid occurrence in NE stains from different sources.   
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Extracellular solute-binding proteins (ESBs) of bacteria may serve as chemoreceptors, 

recognition constituents of transport systems, and initiators of signal transduction pathways, 

suggesting several possible roles for the conserved ESB gene in NELoc-3 (Tam and Saier 1993).  

The NADP-dependent 7-alpha-hydroxysteroid dehydrogenase found in NELoc-3 shares 64.3% 

protein identity with the 7-HSDH of C. difficile.  It may similarly be responsible for converting 

the primary bile acid, chenodeoxycholic acid, into the secondary bile acid, 7-keto-lithocholic 

acid, which is potentially toxic to other members of the microbiota (Sebaihia et al. 2006)., 

though it is not clear how NE strains are protected.  

PFGE analyses revealed the presence of two to five plasmids, ranging in size from ~45 to 

150 kb, in ten NE isolates of known virulence.  Southern blotting of pulsed-field gels revealed 

netB (NELoc-1) on a ~80 kb - 90 kb plasmid in virulent isolates and hdhA (NELoc-3) on a 

separate ~70 kb - 80 kb plasmid.  Only in CP2 were netB and hdhA apparently co-localized to 

the same plasmid.  Almost all C. perfringens toxins are now known to be transcribed from genes 

on large plasmids.  These plasmids share a conserved backbone carrying a tcp conjugation locus, 

and it has been suggested that they be referred to as the pCPF5603-like toxin plasmids 

(Miyamoto et al. 2008).  Alignment of NELoc-1 and -3 and flanking sequences with members of 

this family reveal a shared structure and site of insertion, most closely resembling pCP8533etx, 

suggesting that the NELoc-1 and -3 plasmids are genuine members of this growing plasmid 

family.  Toxin genes present in other pCPF5603-like toxin plasmids, including cpe (Miyamoto et 

al. 2006), etx (Miyamoto et al. 2008) and iap/ibp (Li et al. 2007), are in close proximity to 

IS1151 sequences, and the detection of circular transposition intermediates carrying both IS1151 

and toxin gene sequences (Li et al. 2007; Sayeed et al. 2007; Sayeed et al. 2010) has led to the 

suggestion that these elements mobilize many of the C. perfringens toxin genes (Miyamoto et al. 
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2008).  Contrary to this, related sequences were not found near either NELoc-1 or NELoc-3, 

which may indicate that these loci were acquired through a different mechanism, possibly 

involving a distinct transposable element. 

Interestingly, the plasmid on which NELoc-3 resided also contained cpb2, which has 

been previously identified in NE isolates (Thompson et al. 2006). The role of the Cpb2 toxin in 

enteric disease including NE is unclear. Since cpb2 is widespread in C. perfringens, the 

sequencing approach taken here failed to identify this gene as part of the “NE signature”, but 

does not preclude the involvement of it, or other toxins such as CPA, in NE. 

Overlapping PCR studies of NELoc-1, -2 and -3 demonstrated a conserved organization 

and site of insertion among 10 type A NE strains (Appendix 2.8- Appendix 2.10).  Only CP2 had 

a different profile, with the absence of ~6kb encompassing the chitinase B and leukocidin I and 

II genes. This may be indicative of the stepwise evolution of the virulence loci of C. perfringens 

plasmids through addition or deletion of specific segments bordered by IS elements.  

In contrast to NELoc-1, both NELoc-2 and -3 were also found in the avirulent strain CP6.  

Interestingly, this strain was originally recovered from a chicken with NE, but was subsequently 

avirulent in experimental challenge studies (Thompson et al. 2006).  The presence of intact 

NELoc-2 and -3 in this strain suggests that it may have lost at least part of NELoc-1; anecdotally, 

loss of virulence is not uncommon in NE isolates and the recognition of the plasmid basis of 

virulence provides a simple explanation for this well-recognized phenomenon.  The conservation 

of the NELoc-3 plasmid in NE isolates suggests that both plasmids contribute to the virulence of 

NE strains. Further work is required to characterize this plasmid.  

In conclusion, this study has contributed significantly to our understanding of the 

pathogenetic basis of NE in chickens. The majority of virulence-associated genes identified here 
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are carried on different plasmids in virulent NE strains of C. perfringens, and loss of the locus 

encoding netB appears to attenuate virulence.  The findings of this study also support previous 

evidence for a common ancestor of the C. perfringens toxin plasmids.  Functional 

characterization of putative virulence genes identified here may provide significant insights into 

the mechanism of NE pathogenesis. 

Genes identified as potential virulence factors can be cloned into suitable vectors for 

expression of recombinant proteins. It may be determined that codon optimization is necessary to 

improve levels of protein expressed. Following isolation and purification, the proteins could be 

combined with an appropriate adjuvant, and used to immunize chickens, providing protection 

against infection caused by Clostridium perfringens. Alternatively, they could be cloned into 

vectors suitable for direct vaccination of birds as nucleic acid vaccines. They could also be 

cloned into viral vectors, which could be transfected into host cells for the production and 

purification of recombinant virus, which could then be used to immunize birds. Finally, they 

could be cloned into bacterial expression systems, which could then be isolated as recombinant 

bacteria, which could also be used to immunize birds. 
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3.1 Abstract 

Necrotic enteritis (NE) is an economically important poultry disease caused by certain 

Clostridium perfringens type A strains.  NE pathogenesis involves the NetB toxin, which is 

encoded on a large conjugative plasmid within a 42 kb pathogenicity locus.  Recent multilocus 

sequence type (MLST) studies have identified two predominant NE-associated clonal groups, 

suggesting that host-encoded genes are also involved in NE pathogenesis.  We used microarray 

comparative genomic hybridization (CGH) to assess the gene content of 54 poultry isolates from 

birds that were healthy or that suffered from NE.  A total of 400 genes exhibited variability 

among the poultry isolates and nine non-poultry strains, many of which were related to cell wall, 

capsule, and nutrient uptake and metabolism.  The variable genes were organized into 142 

genomic regions, 49 of which contained genes significantly associated with netB-positive 

isolates.  These regions included three previously identified NE-associated loci as well as several 

apparent fitness-related loci, such as a carbohydrate ABC transporter, ferric-iron siderophore 

uptake system, and adhesion locus.  Additional loci were related to plasmid maintenance.  

Cluster analysis of the CGH data grouped all of the netB-positive poultry isolates into two major 

groups, separated according to two prevalent clonal groups based on multilocus sequence typing 

(MLST) analysis.  This study identifies chromosomal loci associated with netB-positive poultry 
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strains, suggesting that chromosomal background can confer a selective advantage to NE-causing 

strains, possibly through mechanisms involving iron acquisition, carbohydrate metabolism and 

plasmid maintenance.  

3.2 Introduction 

Clostridium perfringens is an important Gram-positive anaerobic pathogen of humans 

and animals and is found ubiquitously in soil and the gastrointestinal tract of vertebrates.  It 

causes a number of histotoxic and enterotoxemic diseases, including necrotic enteritis (NE), an 

economically important disease of poultry.  NE is characterized by necrotic lesions in the small 

intestine and can occur in both an acute form that is, often responsible for high flock mortality, 

and a subclinical form that results in production losses (Cooper and Songer 2009).  A novel 

toxin, NetB, is present in the majority of disease-associated isolates and plays a critical role in 

NE pathogenesis (Keyburn et al. 2008; Keyburn et al. 2010). 

As a species, C. perfringens produces an array of extracellular toxins, four of which 

(alpha, beta, epsilon and iota) form the basis for a toxin typing scheme (Petit et al. 1999).  

Several of these toxins, including beta2-toxin, C. perfringens enterotoxin (CPE, in non-food-

borne strains), and all of the typing toxins except for alpha-toxin, are encoded on a conserved 

family of large plasmids related to the pCW3 tetracycline-resistance plasmid (Katayama et al. 

1996; Brynestad et al. 2001; Bannam et al. 2011).  This family of plasmids shares a conserved 

core region that includes the transfer of clostridial plasmid (tcp) locus required for conjugation 

(Brynestad et al. 2001; Hughes et al. 2007; Sayeed et al. 2007).  The gene encoding NetB was 

recently localized to a 42 kb pathogenicity locus, NELoc-1, which resides on an ~85 kb plasmid 

in this family (Lepp et al. 2010).  Two additional NE-associated loci were also identified, one of 

which (NELoc-3) is located on a similar, but distinct, plasmid from NELoc-1, whereas the other 
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(NELoc-2), is chromosomally-encoded (Lepp et al. 2010).  A NetB-encoding plasmid 

(pNetB::catP) was recently sequenced, and found to contain a locus with 99% sequence identity 

to NELoc-1; furthermore, this plasmid was confirmed to undergo conjugative transfer (Bannam 

et al. 2011).  It is still not clear how distinct but related members of this family of large plasmids 

are maintained and able to co-exist within a single bacterium. 

The transmissible nature of key C. perfringens toxin and related virulence genes raises 

the prospect that strains may be converted to different pathotypes through plasmid acquisition or 

loss, and suggests a need for further examination of the contribution of the bacterial host to 

pathogenesis.  Previous pulsed field gel electrophoresis (PFGE) analyses of NE-associated C. 

perfringens isolates failed to provide evidence for a relationship between subtypes from different 

flocks (Nauerby et al. 2003; Gholamiandekhordi et al. 2006), indicating that numerous clonal 

origins of virulent strains had occurred through horizontal transfer of virulence genes.  However, 

two recent multilocus sequence typing (MLST) studies have identified two prevalent clonal 

groups among NE-associated isolates, thus suggesting that specific core chromosomal genes 

might be important for NE pathogenesis (Chalmers et al. 2008; Hibberd et al. 2011).  

In this study, we have used microarray comparative genomic hybridization (CGH) to 

examine the gene content of a set of 54 genetically-diverse C. perfringens isolates derived from 

either healthy broiler chickens (intestinal tract or retail chicken meat) or from the intestine of 

broiler chickens with NE.  We have determined the variable gene regions that represent, in part, 

the accessory genome among these isolates, and have identified those regions significantly 

associated with the presence of the netB plasmid. The genotypic relatedness of these isolates was 

also determined based on CGH data, providing insight into the evolutionary basis of the 

prevalence of certain NE-associated clones (Chalmers et al. 2008; Hibberd et al. 2011). 
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3.3 Materials and Methods 

3.3.1 Bacterial strains and culture conditions 

All C. perfringens strains and genome sequences used in this study are described in 

Appendix 3.1.  The virulence of several strains has been assessed in a chicken NE model and 

some have been shown to be virulent (CP1, CP2, CP3, CP4 and JGS4143) whereas others are 

avirulent (CP5 and CP6) (Thompson et al. 2006).  Of the 29 healthy bird origin isolates, six were 

netB-positive and of the 25 NE-diseased bird origin isolates, 15 were netB-positive as determined 

by PCR using netB and cpb2 specific primers (Appendix 3.2). 

3.3.2 Pulsed field gel electrophoresis (PFGE) 

PFGE was performed on the 54 C. perfringens poultry isolates essentially as described 

previously (Lepp et al. 2010).  Briefly, C. perfringens strains were grown overnight in TGY 

broth (3% tryptone, 2% glucose, 1% yeast extract) and the bacterial pellets were suspended in a 

final concentration of 1% PFGE-certified agarose (Bio-Rad Laboratories, Hercules, CA).  

Agarose plugs were incubated overnight with gentle shaking at 37°C in lysis buffer (0.5M EDTA 

pH8.0, 2.5% of 20% sarkosyl (Fisher Scientific, Fair Lawn, NJ), 0.25% lysozyme (Sigma-

Aldrich Co., St. Louis, MO) and subsequently incubated in 2% proteinase K (Roche Applied 

Science, Indianapolis, IN) buffer for 48 hours at 55°C. For each isolate, a portion of a plug was 

equilibrated in 200 µL restriction buffer at room temperature for 20 min and then digested with 

40 U of SmaI (New England Biolabs, Ipswich, MA) at 37°C overnight. Electrophoresis was 

performed in a 1% PFGE-certified  agarose gel  and separated with the CHEF-II PFGE system 

(Bio-Rad Laboratories) in 0.5× Tris-borate-EDTA buffer at 14°C at 6 V for 19 h with a ramped 

pulse time of 4 to 38 s.  Gels were stained with ethidium bromide and visualized by UV light. 
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Low-Range PFG markers (New England Biolabs) were used as molecular DNA ladder.  PFGE 

gels were analyzed using BioNumerics software (version 6.6, Applied Maths, Austin, TX). Band 

matching was performed using a 1% position tolerance and 0% optimization factor, and cluster 

analysis was performed using the Dice similarity coefficient and unweighted pair group method 

with arithmetic mean (UPGMA).  

3.3.3 Microarray construction and quality assessment 

A total of 3,312 67 – 73mer oligonucleotide probes were designed using OligoWiz 

software (version 2.1.3, Center for Biological Sequence Analysis, 

www.cbs.dtu.dk/services/OligoWiz-2.0/) (47), representing 3,091 (90.4%) and 2,806 (80.3%) 

CDSs from the draft genomes of NE-producing strains CP4 and JGS4143, respectively (4, 46).  

These draft genomes consist of both plasmid and chromosomal sequences, and in most cases the 

origin of the sequences could be determined based on similarity to existing completely 

sequenced C. perfringens chromosomes and plasmids.  The use of these two strains as templates 

for the design of the C. perfringens array is particularly relevant to NE, since they represent two 

phylogenetically-distinct clonal groups most frequently isolated from birds suffering from NE (9, 

17).  The probes were also specific (>80% identity over >80% coverage) for 2,437 (91.6%), 

2,589 (90%) and 2,178 (85.6%) CDSs of the C. perfringens Strain 13 (Str13), ATCC13124 and 

SM101 sequenced genomes, respectively, indicating that the array is suitable for surveying the 

vast majority of genes in diverse C. perfringens strains.  An additional 23 probes were designed 

representing various plasmid CDSs and the C. perfringens major and minor toxin genes.  

Optimal melting temperature, potential cross-hybridization, probe position, secondary structure 

and low sequence complexity were taken into account in the probe design.  Oligonucleotides 

were synthesized by Ocimum Biosolutions (Gaithersburg, MD) and Operon Technologies 
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(Huntsville, AL) and resuspended in 3XSSC (0.45M sodium citrate, 45mM sodium chloride) to a 

concentration of 50 pmol/ul in 384-well plates.  Oligonucleotides were spotted in quadruplicate 

onto Corning GAPS II slides (Fisher Scientific, Ottawa, ON, Canada) with a BioRad Chipwriter 

Pro microarray spotter.  To assess the quality (ie. specificity and sensitivity) of the probes, 

microarrays were hybridized separately with cy-labelled genomic DNA from C. perfringens 

strains ATCC13124 and Str13, for which complete genome sequences are available, and the 

present/absent calls from the hybridization results were evaluated against the predicted calls 

determined from BLAST alignment of the probe and genome sequences.  Sensitivity was 

calculated as (true positives/(true positives + false negatives)) and specificity as (true 

negatives/(true negatives + false positives)). 

3.3.4 DNA extraction and Cyanine labelling 

Genomic DNA was extracted from 1 ml of overnight culture in Brain Heart Infusion 

(BHI) broth using the Gentra PureGene Yeast/Bacteria Kit (Qiagen, Mississauga, ON, Canada).  

Genomic DNA from each test isolate was labelled with Cyanine 3 using an indirect labelling 

method.  Briefly, 3 µg of genomic DNA was labelled with amino-allyl dUTP (aa-dUTP; Sigma, 

St. Louis, MO) in a 50 µl reaction containing 15 ug random hexamers (Invitrogen, Grand Island, 

NY), deoxynucleotide:aminoallyl dUTP mix (0.2 mM dATP, dCTP and dGTP and 0.12 mM 

dTTP and aa-dUTP) and 50U Klenow (exo-) (New England Biolabs, Ipswich, MA) at 37°C for 2 

hours.  Unincorporated dNTPs were removed by passage through an Amicon Ultracell-30 filter 

unit and the eluted amino-allyl lablelled gDNA was evaporated in a vacuum concentrator and 

resuspended in 4.5 µl sodium bicarbonate, pH 9.3.  Cyanine 3 monofunctional reactive dye (GE 

Healthcare, Piscataway, NJ) suspended in 4.5 µl dimethyl sulfoxide (DMSO) was added and 

allowed to incorporate for 1 hour at room temperature in the dark.  Unincorporated dye was 
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removed by purification with the Qiagen PCR purification kit according to the manufacturer’s 

instructions and Cy-incorporation was assessed by measuring the absorbance at 260, 550 and 650 

ηm with a Nanodrop 1000 spectrophotometer (Wilmington, DE).   

3.3.5 Microarray hybridizations 

For each array, genomic DNA pooled from the two reference strains, CP4 and JGS4143 

(3 µg each), was labelled with Cy5 as above and co-hybridized with a Cy3-labelled test sample.  

Before applying to the array, the Cy3- and Cy5-labelled samples were evaporated to several µl 

and combined in 29 µl hybridization buffer (Ocimum), then heat-denatured for 3 min at 95°C 

and snap cooled on ice for 3 min.  The arrays were hybridized overnight at 42°C in a humidified 

chamber and the slides were washed once in 2XSSC, 0.1% SDS prewarmed to 42°C for 5 min, 

twice in 0.1X SSC, 0.1% SDS for 5 min, five times in 0.1XSSC for 2 min and once in 0.01XSSC 

for 10 s to remove unbound sample.  The slides were dried by centrifugation and scanned with a 

Scanarray Express scanner (Perkin Elmer, Waltham, MA). 

3.3.6 Microarray data analysis 

Fluorescent intensities were extracted from the scanned images using Scanarray software 

(version 3.0, Perkin Elmer).  Normalization was performed with BRB Arraytools software 

(version 4.1.0, http://linus.nci.nih.gov/BRB-ArrayTools.html) using the median over arrays 

function, and spots with a Cy3 raw intensity <2000 were removed.  Genes were called present or 

absent by GACK software (version 3.631) (Kim et al. 2002) using the bi-output function with a 

0% estimated probability of presence (EPP) cut-off, and heat maps were generated with 

GenePattern software (version 3.3.3, Broad Institute) (Reich et al. 2006).  Clustering of binary 

CGH data was performed with Bionumerics software (version 6.6, Applied Maths) using the 

http://linus.nci.nih.gov/BRB-ArrayTools.html
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binary simple matching  and UPGMA methods.  Fisher’s exact test for independence (two-tailed) 

was used to test the null hypothesis that there is no difference in the proportion of netB-positive 

and netB-negative (or poultry and non-poultry) strains testing positive for a given gene.  

Contingency tables were analyzed using the False Discovery Rate Calculator for 2x2 

Contingency Tables web-based tool (http://research.microsoft.com/en-

us/um/redmond/projects/MSCompBio/FalseDiscoveryRate/), which performs p-value adjustment 

to correct for multiple testing (Carlson et al. 2009).  The genomic context of the variable regions 

detected by CGH, including their boundaries and the presence of additional genes not 

represented on the array, was inferred based on nucleotide sequence comparison of the CP4 and 

JGS4143 draft genomes with the genomes of ATCC13124, SM101 and Str13 using Artemis 

Comparison Tool (ACT) software (Version 8, Sanger Institute) (Carver et al. 2005).  Probe 

sequences were considered to be of plasmid origin if 100% identical to sequences from C. 

perfringens plasmids pCW3 (NC_010937), pCPF5603 (NC_007773), pCPF4969 (NC_007772), 

pCP8533etx (NC_011412), pNetB::catP (JN689219), pTet (JN689220), pBeta2 (JN689217), 

pSM101A (NC_008263), pSM101B (NC_008264), pCP13 (NC_003042), pIP404 (NC_001388), 

pBCNF5603 (NC_006872) or pCPPB-1 (NC_015712) based on BLAST nucleotide alignments.  

3.3.7 PCR confirmation of variable genes 

To validate the microarray results, PCR primers were designed for nine variable genes 

and one conserved gene using Primer3 (Rozen and Skaletsky 2000).  Genomic DNA was 

prepared from overnight single colonies using InstaGene Matrix (Bio-Rad Laboratories).  Each 

PCR mixture contained approximately 1 µl of template DNA, 0.5 U of Platinum Taq High 

Fidelity (Invitrogen), 0.2 mM dNTPs, 1x PCR buffer, 2 mM MgSO4, and 0.2 µM of each primer 

in a 25µl reaction.  The reaction mixtures were subjected to the following amplification 

http://research.microsoft.com/en-us/um/redmond/projects/MSCompBio/FalseDiscoveryRate/
http://research.microsoft.com/en-us/um/redmond/projects/MSCompBio/FalseDiscoveryRate/
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conditions:  one cycle of 95°C for 5 min; 35 cycles of 95°C for 30s, 53°C for 30s, and 68°C for 5 

min; followed by one cycle of 72°C for 10 min.  All primers used are described in Appendix 3.2. 

PCR product sizes were determined by agarose gel electrophoresis and visualization by ethidium 

bromide staining. 

3.4 Results 

3.4.1 PFGE typing of Clostridium perfringens poultry isolates 

Several of the 54 C. perfringens poultry isolates examined in the current study had been 

typed by disparate methods , including MLST, PFGE or multilocus variable number of tandem 

repeats analysis (MLVA), in previous studies (Sawires and Songer 2006; Chalmers et al. 2008; 

Chalmers et al. 2008).  To assess the genetic relatedness of the isolates using a common method, 

all were typed by PFGE, with the exception of one strain (JP77) that was not typable (Appendix 

3.3).  PFGE analysis revealed a wide range of genetic diversity among the 53 typable isolates, 

which produced 53 different PFGE patterns that were distributed into 44 major types.  A 

dendrogram generated from the PFGE profiles placed all except for four of the isolates into three 

main clusters (I-III). 

3.4.2 Identification of variable genomic regions among 63 Clostridium perfringens strains  

The genomic content of 54 C. perfringens isolates of poultry origin, 29 from birds with 

NE and 25 from healthy chickens, was examined by microarray CGH (Figure 3.1).  In addition, 

nine sequenced non-poultry strains were included via in silico hybridization.  To validate the 

array, hybridizations with genomic DNA from C. perfringens Str13 and ATCC13124, for which 

complete genome sequences are available (Shimizu et al. 2002; Myers et al. 2006) were 
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performed, and compared against in silico hybridization result, revealing an average specificity 

and sensitivity of 99.46% and 96.3%, respectively. 

We initially sought to identify the genomic regions that exhibit variability among the set 

of isolates, as these regions are most likely to encode phenotypic differences between strains. 

Those genes present in 10% - 90% of the combined 63 poultry and non-poultry strains were 

defined as variable, thus excluding both very low and high frequency genes.  The vast majority 

of the gene probes (86.7%) were called present in 90% or more of the strains.  The variable 

genes were grouped into regions if they were within 5 kb of each other and located on the same 

contig, based on the CP4 or JGS4143 draft genome sequence coordinates.  A total of 400 

variable genes were identified and grouped into 142 different regions, ranging in size from 116 

bp to 42,019 bp (Appendix 3.4).The variable genes were classified into 19 functional categories 

by the RAST annotation system (Aziz et al. 2008), though for the majority (n=391, 79.8%) a 

putative function could not be determined (Appendix 3.5).  Of the 81 that were classified, the 

most abundant categories were “Carbohydrates” (n=32) and “Cell Wall and Capsule” (n=21).  A 

number of genes in the former category were predicted to be involved in carbohydrate 

metabolism, including the metabolism of lactose (VR-01), fructooligosaccharides (FOS) and 

raffinose (VR-05), N-acetylglucosamine (VR-05, VR-92 and VR-122) and D-glucoronate (VR-

100).  Additionally, a C4-dicarboxylate transport system, involved in anaerobic energy 

metabolism, was found in VR-136 and VR-137 (Janausch et al. 2002). 
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Figure 3.1. Comparative genomic hybridization results of Clostridium perfringens isolates 

from healthy and diseased chickens. 

Each column represents a different strain and each row a different microarray probe. Gene 

probes called absent are filled in blue, green or red and undetectable probes are filled in grey.  

Colors indicate non-poultry strains (blue), netB-negative isolates (green) and netB-positive 

isolates (red). Non-poultry strains from left to right are SM101, NCTC8239, F4969, ATCC3626, 

JGS1495, JGS1721, JGS1987, ATCC13124 (in silico), Str13 (in silico), ATCC13124 

(hybridization), Str13 (hybridization). The host disease status of the isolate source is given at the 

top. Probes are ordered according to the draft CP4 genome sequence, with the start of the 

genome at the top, and the CP4 contig boundaries are indicated on the left side.  Probes specific 

for JGS4143 are placed at the bottom.   On the left side, two regions identified as variable in 

Myers et al (2006), the capsular polysaccharide locus (CPS) and the large deletion found in Str13 

(Str13Δ), are labelled, along with the locations of prophage.  Variable probes and those 

significantly associated with netB-positive isolates (pcorr<0.05, Fishers Exact Test) are indicated 

in the final two columns (black) on the right. The latter are annotated with the variable region 

and its putative function, where known.  See Appendix 3.4for details on variable regions.  

 

Variable genes with functions related to the cell wall and capsule included two sortases 

(VR-10B and VR-92), a dTDP-rhamnose biosynthesis operon (VR-13) and a capsular 

polysaccharide (CPS) biosynthesis locus (VR-9 and VR-109).  The dTDP-rhamnose biosynthesis 

operon is closely linked to other variably present genes related to CPS biosynthesis (VR-13 and 

VR-14) and may represent a previously unidentified locus involved in the production of C. 

perfringens CPS.  The majority of the genes representing the core CPS biosynthesis locus, found 

in VR-9, VR-109 and VR-110, were variably present among the 63 poultry and non-poultry 

isolates (Appendix 3.4), consistent with the diversity observed in the C. perfringens CPS 

structure (Kalelkar et al. 1997; Sheng and Cherniak 1997; Myers et al. 2006). 

A previous study had observed variability in the genes for several chromosomally-

encoded extracellular toxins and enzymes among three strains examined (Myers et al. 2006). Of 
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the 18 minor toxins and extracellular enzymes examined, only nagL, encoding a hyaluronidase, 

exhibited variability among the 63 strains (Appendix 3.6).   

To verify the CGH results, nine genes that were variable and one gene that was conserved 

among the poultry isolates were confirmed by PCR in 30 of the 54 poultry isolates.  Of the 291 

PCR reactions for which corresponding CGH data was available, 286 (98.3%) were in 

accordance with the microarray results (Appendix 3.7) indicating a high degree of concordance 

between the PCR and CGH results. 

3.4.3 Variable regions specific to poultry isolates.   

To identify genetic loci that may play a role in host adaptation, the variable genes present 

among the poultry and non-poultry strains were subjected to association analysis using Fisher’s 

exact test for independence.  A total of 241 variable genes were significantly associated 

(pcorr<0.05, two-tailed test) with poultry isolates, compared with the non-poultry strains, with 99 

of these absent from all nine of the non-poultry strains (Appendix 3.9).  The majority of this 

latter group consisted of phage and plasmid-related genes, and included the two previously 

identified plasmid-encoded NE associated loci (NELoc-1 and -3) (Lepp et al. 2010).  In addition, 

a number of non-prophage chromosomal genes were found exclusively in poultry isolates, 

including those found in VR-10B, VR-62, VR-101, VR-105, VR-109 and VR-110.   

The VR-10 locus is found immediately downstream of the CPS locus and consists of two 

alleles, VR-10A and VR-10B, which appear to encode different cell surface proteins related to 

adherence (Figure 3.2).  A Von Willebrand factor type A domain protein is present in VR-10A 

and a collagen adhesin in VR-10B (Konto-Ghiorghi et al. 2009). Although both alleles encode a 

two-component regulatory system, they are distantly related based on amino acid sequence 

identity (Appendix 3.8).  Four of seven genes within VR-10A were negatively associated with 
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the poultry isolates, exhibiting an average prevalence of 44% among poultry strains and 94% 

among non-poultry strains (Appendix 3.9).  In contrast, the alternative VR-10B allele genes 

exhibited an average prevalence of 64% among the poultry isolates and were absent from the 

non-poultry strains.  Given the association of VR-10B exclusively with poultry isolates, this 

locus may encode a poultry-specific colonization factor.  

 

 

Figure 3.2. Genetic map comparing two VR-10 adhesion-related variable region alleles.  

Genetic map shows ATCC13124 VR-10A region, also conserved in nine non-poultry strains and 

JGS4143, and corresponding CP4 VR-10B region.  Genes conserved among the two alleles are 

shown in grey, and those unique to each allele in red (VR-10A) or blue (VR-10B). 

 

A cluster of six genes related to drug resistance (VR-62; two genes are not represented on 

the array) were present on average in 66% of the poultry isolates and absent from the non-poultry 

strains.  This locus contains a transcriptional regulator (CP4_2430), a VanZ family protein 

(CP4_2429), and two proteins with an ABC drug transporter domain (CP4_2433 and 

CP4_2436), a domain that is associated with drug resistance and lantibiotic immunity.  
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Additional poultry-associated variable regions included a CPS locus (VR-109 and VR-110), and 

two regions encoding hypothetical proteins (VR-101 and VR-105). 

3.4.4 Prevalence and conservation of NE loci among poultry isolates.   

A previous study identified three loci highly conserved in NE-producing strains (NELoc-

1 to -3), but only a limited set of virulent strains and just one healthy bird isolate were used in the 

comparison (Lepp et al. 2010).  To extend the previous findings, the prevalence of these three 

loci as determined by microarray CGH was examined in the present study among the larger set 

of isolates, which includes 29 obtained from healthy birds.  PCR detection of netB revealed a 

prevalence of 60% (15/25) in the NE bird isolates and 21% (6/29) in the healthy bird isolates 

(Appendix 3.1).  The presence of NELoc-1 as detected by CGH was generally concordant with 

the netB PCR results, and revealed that the locus, when present, was conserved essentially in its 

entirety (Figure 3.3).  Strain CP2 was previously shown to carry a small deletion in NELoc-1 

(Lepp et al. 2010), which was correctly detected by the array.  A number of NELoc-1 genes were 

unexpectedly identified as present in netB-negative isolates.  Spot testing of several of these 

probes by PCR, however, confirmed in each case a false positive array result (data not shown), 

suggesting that the majority, if not entirety, of NELoc-1 genes called present among the netB-

negative isolates were in fact false-positives.  In some cases the poor specificity of NELoc-1 

probes can be explained by the presence of similar regions on other plasmids (eg. CP4_3451-53, 

CP4_3470-74, CP4_3477), as also evidenced by the in silico hybridization results with non-

poultry strains, which may may result in cross-hybridization. 
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Figure 3.3. Heatmap of NELoc-1, 2 and 3 gene distribution among 54 poultry and nine 

non-poultry Clostridium perfringens isolates.  

Microarray CGH results for the genes found in the three NE-associated loci are shown.  Each 

column represents a different strain and each row a different microarray probe. Gene probes 

called absent are filled in blue, green or red and undetectable probes are filled in grey.  Colors 

indicate non-poultry strains (blue), netB-negative isolates (green) and netB-positive isolates 

(red). Non-poultry strains from left to right are SM101, NCTC8239, F4969, ATCC3626, 

JGS1495, JGS1721, JGS1987, ATCC13124, Str13. The host disease status of the isolate source 

is given at the top. Probes are ordered according to the draft CP4 genome sequence, with the start 

of the genome at the top.  See Appendix 3.4 for details on variable regions.  
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NELoc-2, which is chromosomally-encoded, was present in 84% (21/25) of NE isolates 

and 41.4% (12/29) of non-NE isolates, and was also found in its entirety where present (Figure 

3.3).  This locus was present in all isolates that carried NELoc-1, and was the most closely 

associated with host disease status among the three loci.   

The average prevalence of NELoc-3 genes was 71% in NE bird isolates and 52% in 

healthy bird isolates.  As with NELoc-1, certain NELoc-3 genes also exist on other plasmids 

(CP4_3567, CP4_3569, CP4_3570), and these gene probes may cross-hybridize with sequences 

from other co-existing plasmids.  Based on the remaining two genes specific to NELoc-3 

(CP4_3472 and CP4_3568), this locus was found in 65% of NE bird isolates and 36% of healthy 

bird isolates.  It was previously demonstrated that NELoc-3 and cpb2 are co-localized to the 

same plasmid (Lepp et al. 2010); however, in the current study only 55.2% (21/38) of the cpb2-

positive isolates also carried NELoc-3, indicating that this linkage is not conserved (Appendix 

3.1).  Similarly, there was not a strict linkage between NELoc-3 and NELoc-1, with at least two 

isolates possessing NELoc-1 but not NELoc-3.  NELoc-2, on the other hand, was present in all 

strains that carried NELoc-1, supporting the hypothesis that this chromosomal locus plays an 

important role in NE pathogenesis.  

3.4.5 Association of chromosomal “fitness” loci with netB-positive poultry isolates.   

To find additional genes that might play a role in virulence, the 400 variable genes 

underwent association analysis and those exhibiting significant linkage disequilibrium with netB 

(pcorr<0.05, Fisher’s Exact two-tailed test) were identified.  The presence of the NetB toxin has 

been demonstrated to be a reliable predictor of NE-producing capability (Keyburn et al. 2010; 

Smyth and Martin 2010) and was therefore chosen as a marker for virulence.  Of the 400 variable 

genes identified, 128 were significantly associated with netB-carriage, distributed into 48 
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variable regions (Figure 3.4 and Table 3.1, see Appendix 3.9 for details).  Ten genes exhibited a 

negative association with netB and the remaining genes were positively associated.  The 34 

genes found on NELoc-1 were excluded from the analysis given their physical linkage to netB. 

Thirty-one of the significant genes were predicted to be plasmid encoded, based on 

BLAST alignment of the oligonucleotide probe sequences with the complete sequences of 13 C. 

perfringens plasmids (Table 3.1).  These included two genes localized to pNetB::catP, but 

outside of NELoc-1, and 11 specific to pBeta2, including those for NELoc-3.  An additional 

three gene probes were specific for the tetracycline resistance plasmids, pTet and pCW3, which 

have not been previously shown to be associated with NE.  For two netB-associated VRs (VR-70 

and VR-89), only some of the probes exhibited sequence similarity to known plasmids, and 

therefore appear to represent previously uncharacterized C. perfringens plasmids.  The remaining 

plasmid-related probes represented genes present on multiple plasmids and therefore could not 

be localized to a specific plasmid. 

The remaining 63 netB-associated genes were predicted to be chromosomally-encoded.  

The most significantly associated were those in NELoc-2 (VR-06), which were present in all of 

the netB-positive isolates and, on average, in 44% of netB-negative isolates.  Twelve of the 

significant chromosomally-encoded genes were related to prophage or insertion sequences and 

an additional 13 were hypothetical proteins for which a putative function could not be assigned, 

and therefore were not considered further.   

Several significant chromosomal variable regions encoded proteins putatively involved in 

nutrient acquisition or metabolism, including VR-05 and VR-38, both of which encode ABC-

transporter systems.  VR-22 consists of four genes that encode a putative ferric iron siderophore 

ABC transporter system, all of which were significantly more prevalent in the netB-positive 
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isolates.  In addition to this novel iron acquisition locus, both CP4 and JGS4143 were found to 

carry two duplications of the feoAB ferrous iron transporter operon, based on genomic sequence 

comparisons with Str13 and SM101.  It was not possible to determine how prevalent these 

additional feoAB copies were in the entire set of poultry isolates, because of the inability of the 

array to detect duplications. 

Two chromosomal VRs encoding putative cell-surface related proteins, VR-10B and VR-

109, were significantly associated with netB, though only one gene among the 12 found in VR-

109 was found to be significant.  VR-10B encodes a poultry-specific putative adherence locus, as 

described above (Figure 3.2).  VR-10A, the alternate allele to VR-10B, accordingly exhibited a 

significant negative association with netB-positive isolates and in nearly all cases was detected 

only when VR-10B was absent (Figure 3.4). 

  



 

106 

 

 

  



 

107 

 

Figure 3.4. Heatmap genes significantly associated with netB-positive Clostridium 

perfringens poultry isolates.  

Genes positively associated are shown at the top and genes negatively associated are at the 

bottom.  Each column represents a different strain and each row a different microarray probe. 

Gene probes called absent are filled in blue, green or red and undetectable probes are filled in 

grey.  Colors indicate non-poultry strains (blue), netB-negative isolates (green) and netB-positive 

isolates (red). Non-poultry strains from left to right are SM101, NCTC8239, F4969, ATCC3626, 

JGS1495, JGS1721, JGS1987, ATCC13124, Str13. The host disease status of the isolate source 

is given at the top. Probes are ordered according to the draft CP4 genome sequence, with the start 

of the genome at the top.  See Appendix 3.4 for details on variable regions. 
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Table 3.1 Variable genomic regions significantly associated with netB-positive Clostridium 

perfringens poultry isolates. 

            Average Prevalence   

Variable 

Region 

Strain 

association1 

Predicted function Size (bp) No. 

Genes 

No. Sig 

Genes 

netB-

positive 

netB-

negative 

Predicted 

location2 

VR-02 Both Hypothetical protein(s) 1080 3 3 100% 70% Chromosome 

VR-03 Both Alternative sigma factor 1794 2 2 100% 72% Chromosome 

VR-05 Both Carbohydrate ABC transporter 

system  

6393 5 5 100% 70% Chromosome 

VR-06 Both NELoc-2 11720 11 11 100% 44% Chromosome 

VR-08 Both Phage/Insertion sequence related 3445 2 1 67% 24% Chromosome 

VR-10A JGS4143 Two-component system, vWF 

domain protein 

5877 7 5 23% 70% Chromosome 

VR-10B CP4 Alternative to VR-10A; Two-

component system, collagen 

adhesin 

5743 4 3 87% 42% Chromosome 

VR-16 CP4 oxidoreductase, FAD/FMN-

binding 

1106 1 1 86% 53% Chromosome 

VR-22 Both Fe3+-siderophore ABC 

transporter 

3882 4 4 100% 69% Chromosome 

VR-27 Both Phage/Insertion sequence-

related, toxin-antitoxin 

2443 2 2 95% 63% Chromosome 

VR-33 Both Phage/Insertion sequence-

related, toxin-antitoxin 

5379 5 1 100% 77% Chromosome 

VR-34 Both Hypothetical protein(s) 14946 8 3 98% 71% Chromosome 

VR-37 Both Hydroxylamine reductase 1655 1 1 100% 53% Chromosome 

VR-38 Both ABC transporter 6062 4 1 90% 61% Chromosome 

VR-44 CP4 Hypothetical protein(s) 770 1 1 95% 55% Chromosome 

VR-48 CP4 Phage/Insertion sequence-related 152 1 1 90% 58% Chromosome 

VR-52 CP4 Hypothetical protein(s) 503 1 1 95% 67% Chromosome 

VR-59 CP4 Phage/Insertion sequence-related 128 1 1 60% 24% Chromosome 

VR-64 CP4 Plasmid partitioning, restriction 

modification system 

755 1 1 81% 45% Chromosome 

VR-65 Both Hypothetical protein(s) 6351 3 3 100% 65% Chromosome 

VR-68 Both AraC family transcriptional 

regulator 

4994 3 1 95% 61% pTet 

VR-70 Both Hypothetical protein(s) 1289 3 3 98% 64% Unknown 

plasmid 

VR-71 Both LexA repressor 559 1 1 100% 56% pTet 

VR-72 CP4 Putative plasmid partitioning 

protein 

1135 2 1 95% 65% pTet 

VR-74 Both putative ATPase of HSP70 class 1099 2 1 95% 29% pNetB 

VR-83 CP4 Collagen adhesin (partial) 4754 2 1 81% 29% Multiple 

plasmids 

VR-84 CP4 Collagen adhesin (partial) 665 1 1 62% 30% Multiple 

plasmids 

VR-86 CP4 FtsK/SpoI 1316 1 1 86% 31% Multiple 

plasmids 

VR-88 Both LexA repressor 404 1 1 100% 24% pBeta2 
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VR-89 CP4 Radical SAM domain proteins 3737 4 4 69% 19% Unknown 

plasmid 

VR-90 Both putative ATPase 1561 3 3 93% 41% pBeta2 

VR-91 CP4 cpb2 1776 2 1 100% 79% pBeta2 

VR-92 Both NELoc-1 42019 34 34 96% 28% pNetB 

VR-94 Both Hypothetical protein(s) 1114 2 1 53% 4% Multiple 

plasmids 

VR-95 Both Putative ATPase 1503 3 2 92% 40% Multiple 

plasmids 

VR-96 CP4 Hypothetical protein(s) 2466 2 1 76% 29% pBeta2 

VR-97 CP4 NELoc-3 6487 5 5 88% 41% pBeta2 

VR-103 Both Hypothetical protein(s) 371 1 1 100% 58% Chromosome 

VR-105 Both Phage/Insertion sequence-related 8069 8 3 91% 53% Chromosome 

VR-109 JGS4143 Capsular polysaccharide 16185 12 1 19% 48% Chromosome 

VR-119 JGS4143 Hypothetical protein(s) 323 1 1 43% 79% Chromosome 

VR-126 Both RNA polymerase sigma-70 

factor 

1875 2 1 63% 93% Chromosome 

VR-127 Both Phage/Insertion sequence-related 8901 15 1 95% 71% Chromosome 

VR-130 Both endo-alpha-N-

acetylgalactosaminidase 

152 1 1 81% 100% Chromosome 

VR-131 Both NELoc-1 fragment 206 1 1 100% 45% pNetB 

VR-133 JGS4143 Phage/Insertion sequence-

related, restriction system 

12137 9 1 86% 52% Chromosome 

VR-136 JGS4143 C4-dicarboxylate transport 

system 

2699 2 1 19% 48% Chromosome 

VR-137 JGS4143 C4-dicarboxylate transport 

system 

2875 2 1 33% 67% Chromosome 

VR-142 Both Conjugation N/A 6 2 93% 60% Multiple 

plasmids 
1

Indicates if the locus is present in CP4, JGS4143 or both strains. 

2
Predicited location of variable regions based on sequence comparisons with Str13, ATCC13124, SM101 and 13 plasmid sequences (see 

Materials and Methods).  If an identical alignment to only one plasmid was found, the plasmid name is indicated. "Multiple plasmids" indicates 

that identical alignments to multiple different plasmids were found.  "Unknown plasmid" indicates that only part of the variable region has 

alignments to a known plasmid. 
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3.4.6 Association of plasmid maintenance loci with netB-positive poultry isolates.   

Variable regions characteristic of plasmid maintenance systems were found on several 

netB-associated chromosomal loci, including two toxin-antitoxin systems (VR-27 and VR-33) 

(Figure 3.4).  Additionally, VR-64 consists of a soj sporulation inhibitor protein (CP4_2645), 

part of the soj-spoOJ Type I par locus involved in plasmid and chromosome segregation.  

Genome sequence comparison of the region surrounding CP4_2645 with the non-poultry strains 

revealed that this gene is part of a larger variable locus consisting of ten genes, nine of which are 

not represented on the array.  These nine genes include a second component of the soj-spoOJ 

operon, four degenerate transposases and two genes that encode a Type IIS restriction 

modification system, which is absent from the nine non-poultry strains.  A second soj-spoOJ 

operon located within the C. perfringens core genome shares only 35% amino acid identity with 

the VR-64 soj gene, whereas a soj gene (PCP01) on pCP13 is 86% identical, suggesting that VR-

64 is of plasmid origin. 

Several plasmid-encoded netB-associated variable regions that carry putative plasmid 

partitioning systems were also identified.  VR-72 consists of two genes that share 99% 

nucleotide sequence identity with a putative partitioning system located on pCW3 (pCW3_0012-

13), based on the CP4 sequence.  Sequence comparisons of several C. perfringens toxin plasmids 

revealed that each contains a similarly organized region located within the conserved core 

sequence.  Despite exhibiting synteny, these regions share little sequence identity (Figure 3.5A).  

Three additional netB-associated variable regions (VR-74, VR-90 and VR-95) were each 

subsequently found to contain two genes corresponding to this region in different plasmids.  

Specifically, the CP4 nucleotide sequences for VR-74, VR-90 and VR-95 are 99% identical to 

sequences in plasmids pNetB::catP, pBeta2 and pCP8533etx, respectively, though nearly 
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identical sequences were also found in other C. perfringens genomes.  Pairwise amino acid 

alignments of the larger CDS present in each VR revealed only 22% - 34% sequence identity 

among them.  The pCW3 CDS contains a provisional parM domain, suggesting that these 

regions may be related to the parMRC partitioning system.  This system is often found in large, 

low-copy plasmids and consists of a ParM actin-like ATPase, which forms a dynamic filament 

that pushes ParR DNA-binding proteins to opposite poles of the cell, once bound to the parC cis-

acting centromere element (Salje et al. 2010).  Analogous to the Escherichia coli parC element, a 

series of direct-repeats was located upstream from each putative ParM gene, with each upstream 

region containing a unique sequence motif (Figure 3.5B and C).   
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Figure 3.5. parMRC-like plasmid partitioning systems associated with netB-positive 

isolates.  

A) genetic maps of four putative  parMRC-like systems associated with netB-positive C. 

perfringens poultry isolates.  Genes conserved among the four loci are in black and those specific 

to each locus are in different colors.  Two open-reading frames (ORFs) in pNetB (hatched) were 

missing start codons and therefore not annotated in the published sequence. B) parC-like repeat 

elements identified upstream of putative parM orthologs. C) Consensus sequences of different 

parC-like motifs found in different plasmids. 

 

3.4.7 Conservation of netB-associated loci in prevalent NE clonal groups.   

A recent MLST study examining NE and healthy bird C. perfringens isolates found that 

the majority of those associated with NE belonged to two phylogenetically distinct clonal 

groups: clonal cluster (CC)-4 and sequence type (ST)-31 (Hibberd et al. 2011).  Based on in 

silico MLST analysis, CP4 and JGS4143 belong to CC-4 and ST-31, respectively (data not 

shown). Six additional poultry isolates had previously been typed by MLST (Chalmers et al. 
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2008) (Appendix 3.1), of which two were closely-related to CC-4 (MLST31 and MLST23) and 

another two to ST-31 (JGS4135, MLST11), based on previous analyses (Hibberd et al. 2011).  

All of these isolates were netB-positive and obtained from diseased birds.  Since these two clonal 

groups appear to have a selective advantage over other NE-associated strains in the environment, 

we sought to identify those netB-associated variable regions common to both types.  Of the 94 

variable genes that were significantly associated with netB, not including those in NELoc-1, 48 

were found in all six of the isolates (Table 3.2).  These included genes in chromosomal variable 

regions associated both with nutrient acquisition (VR-05, VR-22 and VR-38) and plasmid 

maintenance (VR-27 and VR-33).  Overall, the distribution of variable regions among the 

isolates of the same clonal group was highly concordant (Figure 3.6).  



 

114 

 

Table 3.2. Variable genomic regions significantly associated with netB-positive Clostridium 

perfringens poultry isolates common to clonal groups CC-4 and ST-31. 

Variable 

region 

Locus_tag Product 

VR-02 CP4_0377 conserved hypothetical protein 

  CP4_0378 conserved hypothetical protein 

  CP4_0379 conserved hypothetical protein 

VR-03 CP4_0391 conserved hypothetical protein 

  CP4_0392 RNA polymerase ECF-type sigma factor 

VR-05 CP4_0444 transcriptional regulator 

  CP4_0445 extracellular solute-binding protein 

  CP4_0446 ABC transporter 

  CP4_0447 suger ABC transporter 

  CP4_0448 alpha-galactosidase 1 

VR-06 CP4_0458 sigma factor SgiI 

  CP4_0459 conserved hypothetical protein 

  CP4_0460 putative VTC domain superfamily 

  CP4_0461 putative tubulin/FtsZ, GTPase 

  CP4_0462 resolvase 

  CP4_0463 putative VTC domain superfamily 

  CP4_0464 tubulin/FtsZ, GTPase 

  CP4_0465 CotH protein 

  CP4_0466 conserved hypothetical protein 

  CP4_0467 putative heat repeat 

  CP4_0468 chitin synthase 

VR-22 CP4_0874 iron 

  CP4_0875 iron compound ABC transporter, permease protein 

  CP4_0876 ABC transport system permease protein 

  CP4_0877 ferrichrome transport ATP-binding protein FhuC 

VR-27 CP4_1010 putative toxin-antitoxin system, toxin component 

VR-33 CP4_1131 toxin-antitoxin system, antitoxin component, Xre family 

VR-34 CP4_1153 conserved hypothetical protein 

  CP4_1154 conserved hypothetical protein 

  CP4_1158 conserved hypothetical protein 

VR-37 CP4_1251 hydroxylamine reductase 

VR-38 CP4_1325 putative permease 

VR-65 CP4_2699 conserved hypothetical protein 

  CP4_2700 conserved hypothetical protein 

VR-70 CP4_3125 hypothetical protein 

  CP4_3127 conserved hypothetical protein 

VR-71 CP4_3126 LexA repressor 

VR-88 CP4_3431 LexA repressor 

VR-90 CP4_3437 conserved hypothetical protein 

  CP4_3438 putative ATPase 

VR-91 CP4_3439 transcriptional regulator 

VR-97 CP4_3570 conserved hypothetical protein 
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VR-103 JGS4143_0370 conserved hypothetical protein 

VR-105 JGS4143_0473 conserved hypothetical protein 

  JGS4143_0475 hypothetical protein 

  JGS4143_0478 hypothetical protein 

VR-131 JGS4143_1408 hypothetical protein 

VR-142 pCPF5603_70 putative Tn916 ORF16 protein 
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Figure 3.6. Heatmap of variable regions significantly associated with netB-positive isolates 

common to two prevalent clonal groups.  

Each column represents a different strain and each row a different microarray probe. Gene 

probes called absent are filled in red and undetectable probes are filled in grey.  CGH results 

from all of the variable regions containing one or more significantly associated genes are shown 

and variable regions are labelled at the side.  Those genes identified as significant are indicated 

on the right by a black bar.  The clonal group (CC-4 or ST-31) the isolates belong to are 

indicated at the top.  
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3.4.8 Cluster analysis of microarray CGH data.   

We performed hierarchical clustering on the binary CGH data to evaluate relationships in 

the genomic content among the 63 C. perfringens strains.  Forty-nine of the 54 poultry isolates 

distributed into three major clusters (I-III). Clusters II and III contained 76% (19/25) of the 

disease-associated and all of the netB-positive isolates, whereas cluster I contained mostly 

healthy bird isolates (65%) and only netB-negative isolates (Figure 3.7).  Clusters II and III were 

composed of 61% (11/18) and 67% (10/15) netB-positive isolates, respectively, and were more 

closely related to each other than to Cluster I. The dendrograms resulting from PFGE (Figure S1) 

and CGH (Figure 8) exhibited broad concordance; in particular Cluster III from the CGH 

dendrogram completely overlapped the same cluster from PFGE analysis.   

The six poultry isolates closely related to clonal groups CC-4 and ST-31 segregated into 

Clusters II and III according to their clonal group.  The three ST-31 related isolates assembled 

into Cluster II and the three CC-4 related isolates into Cluster III, indicating that these two 

predominant lineages carry distinct chromosomal backgrounds. 

The nine non-poultry C. perfringens strains for which genome sequences are available, 

representing the entire range of toxin types and a diversity of host and disease associations, were 

also included in the analysis using data from in silico hybridizations.  All of these strains, 

including the five type A strains, clustered separately from the poultry isolates (Figure 3.7), 

suggesting that poultry isolates share a core genome distinct from strains that occupy other 

niches. 
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Figure 3.7. Hierarchical cluster analysis of Clostridium perfringens strains based on 

microarray CGH.  

Cluster analysis was performed on binary microarray CGH data, or on in silico hybridization 

data where indicated (i). The netB and host NE status of each strain is indicated by + (positive) 

and - (negative).  MLST types are shown where available, with type designations from Chalmers 

et al. (2008) prefaced with “C” and from Hibberd et al. (2011) with “H”. N/A, not available. 

 

3.4.9 Variable genomic regions distinguishing NE-associated groups II and III.   

To further examine the genetic basis of the netB-associated Clusters II and III, and 

identify putative distinguishing phenotypic and genotypic markers, we performed association 

analysis on this subset of isolates, as described above.  A total of 91 genes were significantly 

associated (pcorr<0.05) with Cluster II and 27 genes with Cluster III (Figure 3.8).  Several 

variable regions related to cell wall and capsule were predominantly present in Cluster II, 

including VR-13 and 14, encoding a dTDP-L-rhamnose pathway, and VR-109, encoding the 

JGS4143-specific CPS locus.  A glucuronate catabolism operon (VR-100) and an ABC-

transporter system (VR-07) were also significantly represented in Cluster II.  Together, these 

additional variable regions found in many Cluster II isolates predict phenotypic differences from 

isolates belonging to Cluster III, possibly related to capsule structure and the ability to take up 

and utilize specific substrates, including glucuronate.  
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Figure 3.8. Heatmap of Clostridium perfringens poultry isolates found in CGH Clusters II and 

III showing genes significantly associated with each cluster.  

Each column represents a different strain and each row a different microarray probe. Gene 

probes called absent are filled in green or red and undetectable probes are filled in grey.  Absent 

gene fill colors indicate: netB-negative isolates (green) and netB-positive isolates (red). Only the 

33 poultry isolates that assembled into Groups II and III based on hierarchical clustering of 

microarray CGH data are shown. See supplementary table S2 for details on variable regions.   
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3.5 Discussion 

Clostridium perfringens is responsible for a diverse set of human and animal diseases, 

owing largely to an extensive pool of plasmid-encoded toxins at its disposal.  Many of these 

toxin-encoding plasmids appear to readily undergo conjugative transfer (Brynestad et al. 2001; 

Hughes et al. 2007; Sayeed et al. 2007), so that in principle plasmid acquisition may be the only 

feature distinguishing a commensal strain from one of the many pathotypes.  The identification 

of specific chromosomal regions associated with the netB plasmid in the present study suggests, 

however that both plasmid and host-encoded genes contribute to NE pathogenesis.  These results 

provide for the first time an explanation for the linkage between plasmid-mediated virulence in 

C. perfringens and the chromosomal background in which the plasmid resides, on the basis of 

the clonality recently identified in NE isolates (Hibberd et al. 2011).  Results of phylogenetic 

studies of C. perfringens strains associated with other diseases suggest that the contribution of 

chromosomal background to virulence varies by pathotype.  For example, C. perfringens non-

food-borne disease isolates possessing a plasmid-encoded cpe are phylogenetically distinct, 

indicating that cpe-carrying plasmids are acquired into unrelated chromosomal backgrounds and 

still confer virulence (Cornillot et al. 1995; Lahti et al. 2008; Deguchi et al. 2009).  In contrast, 

an MLST study examining C. perfringens isolates from ten different host species found that the 

majority of bovine type E isolates assembled into the same clonal complex, as did porcine type C 

isolates, indicating an interrelationship between host and plasmid-encoded factors, the basis of 

which is not understood (Jost et al. 2006).  The findings reported here for NE isolates represent a 

new paradigm in our understanding of C. perfringens as an enteric pathogen, which may be 

applicable to these and other serious enteric infections caused by this organism.   

Microarray CGH analysis revealed 400 variable genomic regions among the 54 poultry 

and nine non-poultry isolates examined. Many of the variable genomic regions corresponded to 
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cell surface structures, such as CPS, consistent with the intense selective pressure faced by these 

proteins through direct exposure to the host immune system.  A number were also putatively 

involved in the metabolism of various carbohydrates, which might be expected to impart fitness 

advantages via access to supplemental carbon sources.   

There has been one previous comparative study of C. perfringens genomes, in which a 

number of variable regions were identified among three Type A strains (Str13, ATCC13124 and 

SM101).  The largest of these was a 243 kb genomic island that was present in ATCC13124, but 

absent from Str13 and only partially present in SM101 (Myers et al. 2006).  This island was 

found to be largely intact in the 54 poultry and six non-poultry isolates examined here, and thus 

appears to be a deletion specific to Str13.  A significant amount of variability was observed in 

this region; however, with 23kb of sporadic insertions, encoding 44 additional CDSs in the CP4 

genome compared to ATCC13124.  The 5’ end of this island contains one of three prophages 

found in the CP4 genome, all of which exhibit significant local variability, and likely represent 

recombinational hotspots (Brüssow et al. 2004).  This previous study also found that several 

minor extracellular toxins and enzymes were variably present (Myers et al. 2006); however, only 

nagL exhibited variability among our isolates and the six non-poultry strains, suggesting that 

these genes are constituents of the C. perfringens core genome.   

The NetB toxin gene was present in 60% of NE bird isolates, and in general was found 

together with the other genes that comprise NELoc-1.  Given the strong potential for 

recombination among C. perfringens plasmids, the strict conservation of this supports the 

hypothesis that NELoc-1 genes in addition to netB are important for pathogenesis.  The relatively 

low prevalence of netB among the poultry NE isolates was similar to findings from previous 

studies (Keyburn et al. 2008; Martin and Smyth 2009; Abildgaard et al. 2010; Keyburn et al. 
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2010).  Assuming netB is critical to NE pathogenesis, this low prevalence may reflect the 

occasional inadvertent isolation of a commensal strain, a propensity for the netB plasmid to be 

lost during isolation, or both.  It is interesting that, of the three previously identified loci, NELoc-

2 was most closely associated with NE bird isolates, which may be a consequence of its more 

stable location on the chromosome.  Studies have demonstrated that netB-positive isolates from 

healthy birds will initiate disease in a model system, while netB-negative isolates from diseased 

birds will not (Keyburn et al. 2010; Smyth and Martin 2010).  For this reason, we chose to use 

netB carriage, as opposed to host disease status, as an indicator of virulence in our analyses.  

Additionally, all of our netB-positive isolates, regardless of host disease status, were cytotoxic in 

the LMH cytotoxicity assay (data not shown), indicating that they produce functional NetB toxin 

and are therefore most likely virulent (Smyth and Martin 2010).   

One of the most striking findings was the association with netB of several chromosomal 

loci that may encode virulence life-style factors (Wassenaar and Gaastra 2001).  These included 

genes for iron-acquisition (VR-22), carbohydrate utilization (VR-05 and VR-06) and adherence 

(VR-10B).  It is hypothesized that some or all of these loci provide a selective advantage to 

strains that have acquired the NELoc-1 and NELoc-3-containing plasmids by enhancing survival 

and colonization during infection. 

A second hypothesis that could account for the association of specific chromosomal 

genes with plasmid-encoded virulence genes is that the chromosomal genes play a role in 

maintenance of the virulence plasmid.  It has been proposed that plasmid addiction, partitioning, 

and multimer-resolution systems are all absolutely required for successful transmission of large 

low-copy virulence plasmids (Sengupta and Austin 2011).  Several chromosomal loci encoding 

putative plasmid maintenance systems, such as addiction modules and partitioning systems were 
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significantly associated with netB-positive isolates.  These systems appear to be active in 

maintaining pNetB, since we were unable to cause any significant reduction in plasmid carriage 

even after approximately 80 generations (data not shown), despite anecdotal evidence to suggest 

that it can be readily lost during subculture.  While these systems are typically encoded on the 

plasmid itself, examples of host-encoded plasmid maintenance systems do exist (Sherratt et al. 

1995; Lin and Grossman 1998; Yamaichi and Niki 2000; Hester and Lutkenhaus 2007).   

A number of plasmid-encoded regions were also significantly associated with netB, 

including four different loci that appear to encode plasmid partitioning systems.  The genetic 

organization of these loci and presence of upstream parC-like sequence motifs (Dam and Gerdes 

1994) strongly suggest that they encode parMRC-like partition systems.  The presence of 

different parMRC-like systems on different plasmids could explain how multiple large plasmids 

are able to successfully segregate within a single host, and would likely form a basis for plasmid 

incompatibility (Dam and Gerdes 1994).  Two of these loci were localized to pNetB::catP or 

pBeta2 (carrying NELoc-3), thus offering an explanation for their association; however, it is not 

clear why regions specific to other plasmids, or part of the conserved core region, were also 

significantly associated.  It is possible that factors encoded by multiple different plasmids 

contribute to NE pathogenesis, or alternatively, that strains carrying pNetB are more likely to 

harbor other additional plasmids. An assessment of the plasmid complement among this set of 

isolates, in addition to functional studies, would help to elucidate the exact nature of this 

association. 

The segregation of the netB-positive isolates into two major clusters based on gene 

content coincides well with recent MLST findings that most NE-associated isolates belong to 

two predominant clonal groups (Chalmers et al. 2008; Hibberd et al. 2011) and suggests that at 
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least two phenotypically distinct subpopulations of NE-causing strains exists.  The lack of 

pathways for glucuronate catabolism (VR-100) and nutrient uptake (VR-07) by the majority of 

Cluster III isolates does not necessarily preclude a selective advantage, as the loss of metabolic 

pathways can be beneficial if there is an unnecessary cost to their maintenance (Jeffrey G 2005). 

The contribution of these differentiating loci to overall fitness might permit different subtypes to 

prevail in response to variations in host or environmental conditions.  These distinguishing loci 

among the two clusters may be used, in combination with markers that differentiate these strains 

from healthy isolates, to identify specific NE subtypes.   

In summary, these results suggest that netB-positive strains have arisen through clonal 

expansion, as opposed simply to acquisition of virulence plasmids by disparate hosts.  The 

distribution and incomplete conservation of the chromosomally-encoded loci associated with 

netB-positive isolates suggest that they provide subtle, incremental effects on fitness as it relates 

to pathogenesis.  It is also apparent that not all NE-causing strains are identical in terms of 

chromosomal backgrounds, and that at least two distinct subpopulations exist.  Further studies 

targeting specific loci to examine their impact on overall fitness and plasmid stability will help 

elucidate the mechanisms responsible for these chromosomal and extrachromosomal linkages. 
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Chapter 4 - General discussion and conclusions 

C. perfringens commonly exists as an avirulent commensal of the gastrointestinal tract of 

vertebrates, despite the fact that all strains produce a potent mouse-lethal toxin, α-toxin, and 

various extracellular enzymes presumably involved in degrading host-derived nutrients. The 

majority of diseases induced by C. perfringens involve the production of additional toxins that 

are not present in commensal strains.  Despite recognition of this fact nearly a century ago, our 

understanding of the pathogenesis of many diseases caused by C. perfringens is incomplete, and 

etiologically important toxins are still being identified.  NetB is the most recently identified C. 

perfringens toxin, and a growing body of evidence indicates it is essential to the pathogenesis of 

NE in poultry.  It is the first described factor that distinguishes NE-causing strains from those of 

the normal intestinal microbiota, and provides an explanation for why the ability to induce NE is 

held by only certain strains.  The current study builds on this finding and contributes to our 

understanding of NE pathogenesis in the following ways.  First, netB was shown to reside on a 

large pathogenicity locus (NELoc-1) that is highly conserved among NE-causing strains, which 

encodes 36 additional genes, many of which are putatively involved in virulence.  Second, two 

additional loci were identified that are highly conserved in NE-causing strains (NELoc-2 and 

NELoc-3). Third, NELoc-1 and NELoc-3 were demonstrated to reside on separate large plasmids 

that are related to other C. perfringens toxin-encoding plasmids, including those that carry etx, 

cpb, iap/ibp, cpe and cpb2.  Fourth, a number of putative fitness-related chromosomal loci 

associated with netB-carrying strains were identified.  Fifth, it was demonstrated that the netB-

positive isolates express NetB toxin, independent of host disease status. 

The observation that only certain Type A strains are able to reproduce NE in a disease 

model prompted the hypothesis that NE-causing strains carry additional genes, which are 
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presumably involved in pathogenesis, that are not present in avirulent Type A strains.  This 

hypothesis was tested in the study outlined in Chapter 2, in which a comparative genomic 

analysis of NE-producing C. perfringens strains was performed to identify these predicted genes.   

To our knowledge, it is the first comprehensive analysis of multiple C. perfringens genomes 

from NE-producing strains to be undertaken.   

Although nine C. perfringens genomes from strains with diverse disease and host origins 

are publicly available, none of these genome sequences are derived from NE-producing strains.  

Therefore, as part of this study, one NE-producing strain (CP4) was sequenced by Solexa high-

throughput sequencing using 36-bp paired-end reads.  A second genome from the NE-producing 

strain JGS4143 was sequenced by 454 technology (kindly provided by Dr. J.G. Songer), and 

compared alongside CP4 with the nine non-poultry strain genomes available in GenBank.  It was 

necessary to compare the genomes of multiple NE-producing strains and identify the core set of 

NE-associated genes conserved among all of them, since each C. perfringens isolate may carry 

>700 strain-specific genes, of which most are probably not involved in virulence.  The 

identification of three large pathogenicity loci was surprising, since previous comparative 

genome analyses of C. perfringens revealed the general absence of large genomic islands (Myers 

et al. 2006).  The bioinformatic analysis of NELoc-1, which encodes 35 genes in addition to 

netB, revealed a number of genes predicted to be involved in several different virulence-related 

functions.  For instance, genes encoding cell-surface associated proteins and a sortase may be 

involved in adhesion, while genes encoding a c-di-GMP signalling system may be involved in 

gene regulation.  Additionally, two genes annotated as chitinases may be involved in degradation 

of host polysaccharides, such as those of intestinal mucin, since preliminary experiments suggest 

that strains possessing these genes are not chitinolytic (data not shown).  The finding of two 
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contiguous ORFs that share sequence similarity with netB is also intriguing.  These two ORFs 

appear to represent a pseudogene that was originally inactivated by an ochre mutation, which 

was also found in a limited set of NE bird isolates that were examined.  It is tempting to 

speculate that some NE-causing strains may not carry this mutation and thus produce a 

functional protein with pore-forming activities, possibly distinct from that of NetB.   

The functional annotation of the genes identified in NELoc-3, and particularly NELoc-2, 

provided fewer hypotheses as to their putative role in virulence.  NELoc-2 is of particular interest 

since it is the only NE-associated locus among the three that is chromosomally encoded, 

suggesting a clonal relationship among NE-causing strains.  On the other hand, since it encodes a 

putative resolvase, it is also possible that it is part of a mobile element that has been horizontally 

transferred among unrelated strains.  

A significant limitation of the high-throughput sequencing (HTS) technologies employed 

in this study is the difficulty in assembling repetitive sequences larger in size than the read 

length.  As a result, breakpoints, hybrid assemblies and deletions often occur in place of these 

repetitive regions.  The presence of these artifacts in the CP4 assembly was apparent, as 

evidenced by breakpoints at each location corresponding to an rRNA operon in other completed 

C. perfringens genomes.  This limitation also prevented the complete assembly of the multiple 

plasmids carried by CP4, despite the fact that these sequences were present in the raw sequence 

data, as demonstrated by alignment of the CP4 reads to available complete C. perfringens 

plasmid sequences.  It is therefore possible that genes present in multiple copies within the 

genomes of NE-producing strains would not be detected using the approach that was employed.  

Furthermore, since draft genome sequences were used in the analysis there is a possibility that 
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other sequences were not present in the final genome assemblies, and thus would not be detected 

using the chosen approach.   

The complete sequences of a netB-encoding plasmid (pNetB::catP) and a cpb2-encoding 

plasmid (pBeta2), derived from an Australian NE bird isolate, were recently published (Bannam 

et al. 2011).  Examination of the pNetB::catP and pBeta2 plasmid sequences revealed that they 

respectively contain loci that are essentially identical to NELoc-1 and NELoc-3, adding further 

weight to our findings and underscoring the high degree of sequence conservation among these 

loci in epidemiologically distinct NE bird isolates. The pNetB::catP sequence outside of NELoc-

1 consists entirely of the conserved plasmid core region, as predicted in our study, whereas the 

pBeta2 variable region was found to contain an additional ~ 20 kb of sequence that is not part of 

NELoc-3, and is absent from the CP4 genome sequence.  This ~ 20 kb region was also present 

on a second cpb2-containing plasmid that was recently sequenced (V. Parreira, personal 

communication), and therefore appears to be a common feature of this plasmid. It is possible that 

this ~ 20 kb sequence is carried by more than one plasmid in CP4 and therefore could not be 

resolved in the final CP4 genome assembly due to the difficulties with assembling repetitive 

sequences discussed above.  Nonetheless, it raises the possibility that these unresolved pBeta2 

genes may also be specific to NE-causing strains.   

In the study described in Chapter 2, a primary assumption was that the nine non-NE-

associated strains did not carry genes involved in NE pathogenesis.  Certainly it is possible that 

C. perfringens genes involved in NE pathogenesis could also play an etiological role in other 

diseases, and would therefore be present in non-NE-associated strains.  For example, 

enterotoxemic diseases of lambs, calves, foals and pigs caused by Type B and C strains, which 

involve different hosts and different clinical signs, are all produced by the same toxin, β-toxin.  
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In fact, NELoc-2 was also found in the genome of the sheep enteritis strain JGS1721, suggesting 

that it may also play a role in this disease, or alternatively, that these epidemiologically distinct 

isolates are evolutionarily related.  Due to the high cost of genome sequencing, only a relatively 

small number of NE strains were examined in this study, and only one healthy bird isolate was 

included.  The inclusion of additional healthy bird isolates in the comparison would have 

provided more confidence that the identified loci were in fact NE-specific, and not simply 

poultry-specific.  Additionally, due to the small sample size, it was not possible to perform 

statistical analyses to identify loci that were significantly more prevalent in isolates associated 

with NE. 

The study described in Chapter 3 attempted to resolve these shortcomings by examining 

the genome content of a larger set of NE bird isolates, as well as a large group of isolates from 

healthy birds, by microarray comparative genomic hybridization (CGH).  The C. perfringens 

microarray that was designed and constructed for this purpose is the first to include probes for 

NE-associated genes.  The utility of this array, however, is not restricted to the current study, and 

may be extended to other functional genomic studies, as well as to other investigations of C. 

perfringens.  The finding that genes with putative functions in adhesion, iron acquisition and 

transport of various nutrients were significantly associated with netB-positive poultry isolates 

suggests that these activities are important for pathogenesis.  Additionally, the prevalence of the 

three previously identified NE-associated loci among NE bird isolates was confirmed, and 

revealed a strong association of NELoc-2 with these isolates.  During the course of the current 

investigation, an MLST-based study reported on two distinct C. perfringens clonal groups that 

were predominantly found among NE bird isolates.  It was subsequently determined that the two 

genomes chosen as templates for our microarray design each serendipitously belonged to one of 
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these two clonal groups.  This allowed us to identify genes that were shared and different among 

these two clonal groups, providing valuable insight into the potential genetic basis for the 

predominance of these two types. 

As with HTS, there are several limitations to microarray CGH technology that must be 

considered in the final interpretation of results, the most important of which is the inability to 

differentiate absent genes from those that are only sufficiently divergent to prevent hybridization.  

In addition, because of the large number of tests performed, with each gene probe representing a 

different test, it is not possible to validate each of them and a certain proportion of probes with 

poor sensitivity or specificity is to be expected.  A final caveat of microarray technology in 

general is the limitation to only examine genes that are represented by probes on the array.  

Genes that may be significantly associated with netB-positive isolates, but are not present in the 

two strains upon which the microarray is based, would therefore not be identified in the current 

study.  This issue may be partially resolved by the construction of a pan-genome microarray, 

which would include the non-redundant set of common and distinct genes pooled from all 

available C. perfringens genomes. However, additional genes from non-sequenced strains would 

still inevitably be excluded, and furthermore, the current rapid developmental pace of sequencing 

technologies predicts that sequencing of many strains in bulk will soon be economically feasible, 

thereby avoiding this issue altogether.   

A significant difference between the studies described in Chapter 2 and 3 is that in the 

former, the NE bird isolates examined had been confirmed to be functionally virulent in an 

animal disease model, whereas in the latter, virulence could only be inferred based on the host 

disease status.  For this reason, the carriage of netB was chosen as a marker of virulence in the 

second study, since previous studies have demonstrated that, when assessed in a chicken disease 
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model, strain virulence correlates with the presence of netB and not necessarily the disease status 

of the host.  A main conclusion from this study was that different subtypes of NE-producing 

strains exist in the environment, with the implication that different subtypes may exhibit different 

levels of virulence.  Several studies have noted a difference in the severity of disease caused by 

different netB-positive isolates.  It was recently reported that tpeL-positive strains, which 

represent a small proportion of NE-causing strains, are more virulent in a disease model, 

indicating that in at least some cases there is a genetic basis to these differences in virulence.  A 

number of factors that contribute to the pathogenicity of a strain, such as its ability to survive in 

the environment, transmissibility, minimum infectious dose and ability to outcompete other 

strains within the host, cannot be readily modeled, and it is therefore difficult to measure the 

effects of genes predicted to be involved in these more subtle, but important, processes.  Current 

in vivo models of NE will need to be adapted, or new models developed, to directly assess the 

predicted differences in fitness between different subpopulations of NE-causing strains. 

In the study described in Appendix 4, the relationship between the expression of NetB, 

carriage of netB, and the disease status of the originating host was investigated.  A previous 

study had found that a number of netB-positive isolates from healthy birds did not express the 

toxin, despite carrying a sequence identical copy of the gene, offering an intriguing explanation 

for the relatively frequent recovery of netB–positive strains from healthy birds.  The current 

study, however, did not support this conclusion, and found instead that, with only one exception, 

the NetB-induced cytotoxicity towards LMH cells was correlated with carriage of netB, and 

independent of host disease status.   The current study used cytotoxicity towards LMH cells as an 

indicator of NetB expression, whereas the previous study examined production of NetB protein 

by Western blotting, which is a more direct measure of expression.  Previous studies have 
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demonstrated that the LMH cell-line is specifically susceptible to NetB toxin, and not to other C. 

perfringens toxins, since a netB-negative mutant was not cytotoxic in this assay.  Furthermore, 

neutralization of culture supernatant with NetB anti-serum specifically blocked the cytotoxicity 

of culture supernatants produced from several different NE bird isolates.  It cannot be 

discounted, however, that some netB-positive isolates do not express NetB, and produce a 

different toxin that has cytotoxic activity towards the LMH cell-line.   

This work has provided a number of hypotheses for future investigations.  In particular, 

the studies described in Chapter 2 and 3 both identified NE-associated loci predicted to play a 

role in adherence, suggesting that further investigation of the adherence properties of NE-causing 

strains may be warranted.  Additionally, other identified predicted NE-associated genes suggest 

future studies should be directed towards investigating the role of c-di-GMP signalling, 

resistance to bile and mucolysis in NE pathogenesis.  The role of plasmid-encoded factors is 

critical to the pathogenesis of many diseases caused by C. perfringens, and it is now clear that 

this is also the case for NE.  The evidence here suggests that genes involved in plasmid 

maintenance may have played an important role in the evolution of NE-causing strains, linking 

certain chromosomal backgrounds to the netB plasmid.  This is one possible explanation for the 

conservation of the chromosomally-encoded NELoc-2 among netB-positive strains.  Another 

possible explanation for the conservation of this locus among netB-positive isolates is that it 

plays a role in regulating genes within NELoc-1, which is supported by the presence of an 

alternative sigma-factor within NELoc-2.   A putative parMRC system identified during this 

study is predicted to play an important role in the segregation of most of the large C. perfringens 

toxin plasmids, and has broader implications for the plasmid compatibility among C. perfringens 

in general.  It is expected that the same parMRC allele cannot exist on different plasmids within 
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the same strain, and it will be interesting to see how this prediction is borne out.  This system 

may also provide an explanation for why only a limited set of etx- and cpb-encoding plasmid 

combinations are observed in Type B strains, despite the apparent diversity in these toxin 

plasmids observed in Type C and D strains.  It should be emphasized that the genes identified in 

the current study are implicated in disease only by association with disease attributes, and still 

await functional verification.  The generation of defined mutants and assessment of their ability 

to cause disease in vivo is a necessary next step in establishing a role for these genes in NE 

pathogenesis.  Other identified genes that may not be essential for pathogenesis, but instead 

provide a selective advantage by facilitating the acquisition of nutrients may be more 

appropriately investigated through in vitro competitive index experiments between mutant and 

wild-type strains under different environmental conditions, such as under iron restriction. 

Overall, the current study has revealed a previously unrecognized complexity in the 

virulence traits of C. perfringens and has identified a number of putative targets for the 

development of alternative intervention strategies for the control of NE in poultry. 
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Appendix 2.1. Primers used for PCR DIG labeling and sequencing. 

PCR Reaction Predict size 
(bp) 

Primers Primer sequences (5’-3’)  
Reference 

DIG probe netB 384 
AKP78 
AKP79 

GCTGGTGCTGGAATAAATGC 
TCGCCATTGAGTAGTTTCCC 

 
Keyburn et al., 2008 

DIG probe hdhA 387 
HDHA-F 
HDHA-R 

CAATTGTTACTGCAGCTTCAAGAGG 
TAATTTTTACCGCCACCTTCATAATA 

 
This study 

Long Range PCR-5’ NEL_1 8503  
SP-F  
DCM-R 

GTGCAGTTACTATTATAGGACC 
TTGAAGCACTAAGGATTATAGA 

 
This study 

Long Range PCR-3’ 
NEL_1 

2677  
BLAC-F  
LEXA-F  

AACTACTTAATAGACACAGGAA 
TACAGGATCAGTATCATATACC 

 
This study 

CP1pcr product  4214 bp 
 

3000 

 

WBRA-F 
 LKI-R  

 

GCAGATTCACTTCCTGTAACAA 
CAGTTCATATGTATGTGTTGAC 

 
This study 

 

  



 

158 

 

Appendix 2.2. Primers used for overlapping PCR analysis of NELoc-1, -2 and -3. 

PCR reaction Predicted Size (bp) Primers Primer sequences 

NEL1-Link5’ ~9000 DCM-F GTGAATCCTACAAGTCTCCAGC 

  SIGP-F GTGCAGTTACTATTATAGGACC 

NEL1-1 3722 SIGPROT-R CCAATACTGCATGTTACTTCTA 

  03749-R GTTGTTGTGTAATATATCTAGC 

NEL1-2 4482 03749-F GTATACTTCAGAAGGAACGGCT 

  SORTA-R TCTGCTTCACTAAGATCATTAT 

NEL1-3 2737 SORTA-F TATTGTCAGCTCATACAGGATT 

  1281-R1 CTACTGTATTCCAAGCTGATCT 

NEL1-4 4869 1281-F1 GGCTATACTTGTCGCATCATTA 

  1281-R2 ACTTCATCATCAGTTGCATCTT 

NEL1-5 5530 1281-F2 CAAGTCTTGAAGAAGTTATAGC 

  WBRA-R AGCTTCACCACTACCAATTGAT 

NEL1-6 3000 WBRA-F GCAGATTCACTTCCTGTAACAA 

  LKI-R CAGTTCATATGTATGTGTTGAC 

NEL1-7 3564 LKII-F TTATTCCTTCTTCACTTGTTCA 

  CHIA-R AAGGAGAAGCAGTAACAGCAGC 

NEL1-8 2224 CHIA-F TGTTGGAGGTTGGACAGGAACA 

  CHIB-R CTCCAAGCTCCAGCCATATCAT 

NEL1-9 3942 CHIB-F CAACAATAGCCGCAACTCCTTC 

  tn1546-R GAAGAACATTATACAGTCATAG 

NEL1-10 3118 tn1546-F TTGTCTAGAGTAAGAAGCTAAT 

  AKP78 GCTGGTGCTGGAATAAATGC 

NEL1-11 2760 AKP79 TCGCCATTGAGTAGTTTCCC 

  INTER-F CAACGTTAATAGTAGGTTCAAT 

NEL1-12 4087 INTER-R TCTCTAATGGACTTATATCTTC 

  MPROT-R TCATTATTATATGCTAATCCAA 

NEL1-13 2926 MPROT-F ATTGAATGGATGTATTATGCAG 

  MAR-R GTTATAATTGGAGTTAGTGTTC 

NEL1-Link3’ 2.7 BLAC-F AACTACTTAATAGACACAGGAA 

  LEXA-F TACAGGATCAGTATCATATACC 

NEL2-Link 5’ 928 457-F AGTTGCTGTTATGCTAGATAGG 

  SigF-R TGTAGTTACTTCTGAATCATGG 



 

159 

 

NEL2-1 2392 SigF-F TCCTAAGCATAGAGATACAAGA 

  FtZ-R TCTGTACTAATTCCATAAGCAC 

NEL2-2 3037 FtZ-F ACAACTGTGCTTATGGAATTAG 

  CotH-R TTCTCCATTGGTGTCTATAACT 

NEL2-3 4089 CotH-F TTGATAGGCTTATGGAAGACAA 

  Gh-R GATATGTTGAAGCATTGATACC 

NEL2-Link 3’ 1914 Gh-F AAGATCCAGAGGCCTATTAGAA 

  469-R TGCTGAAGCTACTAAGAATAGA 

NEL3-Link5’ 2.9 orf53-F1 CCAACAACTCCCATAAAAGATG 

  res-R1 GCAGTTAATTCTCCGTTTTTCC 

NEL3-1 0.94 1852_R2 CATCCAAGGCTCATCACTCC 

  1852-F2 GAAGTGCCATCTAATTTTGAAGAAA 

NEL3-2 2.9 1852_F1 GGAGTGATGAGCCTTGGATG 

  1852_R1 AAGAGCAAATCCTCCAGCAA 

NEL3-Link3’ 1.9 5603_56-F1 TCCTACATGGACAATTGCTGA 

  4143_3417-F1 TTGCTGGAGGATTTGCTCTT 
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Appendix 2.3. Optical mapping of CP4 chromosome.  

Optical mapping of NcoI-digested genomic DNA isolated from strain CP4 was performed by 

OpGen, Inc. This technique is limited to the mapping of chromosomal fragments.  The lower bar 

represents the optical map and the upper bar the in silico NcoI-digested pseudomolecule 

generated from the CP4 draft genome sequence.  Lines linking the two bars represent NcoI-

restriction sites matched by the optical mapping software.  The black bar represents the sequence 

from the CP4 draft genome that did not align with the CP4 optical map. 
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Appendix 2.4. F5/8 Type C Domain Protein Alignment and Peptide ID Matching.   

Multiple alignment of protein sequences from three paralogous F5/8 Type C domain proteins, 

two chromosomal (B and C) and one located in NELoc-1 (A), was used to generate a 

phylogenetic tree.  Peptide sequences obtained from Kulkarni et al. [19] were compared against 

each of the three paralogs and amino acid differences are indicated in red. 
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Appendix 2.5. Mapping of CP4 Solexa reads to plasmid sequences.  

CP4 Solexa reads were mapped to C. perfringens virulence plasmids A) pCPF5603, B) 

pCPF4969 and C) pCP8533etx using Maq, and the depth of coverage along the plasmid 

visualized with Circos.  From inner to outer: ring 1, plasmid sequence with the conserved 

backbone region in red, variable region in blue, and the putative Tn916 region highlighted in 

orange; ring 2, open-reading frames, with forward in green and reverse in red; ring 3, coverage 

of CP4 Solexa reads, red peaks indicate >400X coverage.  
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Appendix 2.6. Polymorphism maps of NE loci. 

Green vertical lines indicate approximate position of polymorphisms between the seven NE 

strains. The shortest green line represents a single nucleotide polymorphism (SNP) in one strain 

and the longest green line indicates a SNP in three strains 
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Appendix 2.7. PFGE typing and phylogenetic analysis of sequenced Clostridium perfringens 

strains.  

The phylogenetic relationship among our eight sequenced isolates was assessed by (A) PFGE 

analysis of  SmaI-digested genomic DNA and (B) sequence alignment of the whole proteome 

from each strain using CVtree.  Additional eight publicly available C. perfringens genomes were 

also included for comparison. 
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Appendix 2.8. Overlapping PCR analysis of NE locus 1. 

 PCR products spanning the entire locus are represented by black bars and the PCR results for 

each strain tested are given below as follows: +.PCR product was of expected size; -, no PCR 

product produced.  Where the PCR product did not match the expected size, the actual size is 

given.  
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Appendix 2.9. Overlapping PCR analysis of NE locus 2. 

PCR products spanning the entire locus are represented by black bars and the PCR results for 

each strain tested are given below as follows: +.PCR product was of expected size; -, no PCR 

product produced.   
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Appendix 2.10. Overlapping PCR analysis of NE locus 3.  

PCR products spanning the entire locus are represented by black bars and the PCR results for 

each strain tested are given below as follows: +.PCR product was of expected size; -, no PCR 

product produced.   
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Appendix 3.1. Characteristics of strains examined by microarray comparative genomic 

hybridization. 

Strain Source Disease 

association 

Genotype netB Country MLST 

type 

Reference 

MLST49 Chicken Healthy A, cpb2+ - Canada C19 Chalmers et al., 

2008a 

PFGE A Chicken Healthy A - Canada n/a Chalmers et al., 

2008b 

PFGE C Chicken Healthy A - Canada n/a Chalmers et al., 

2008b 

PFGE F Chicken Healthy A - Canada n/a Chalmers et al., 

2008b 

PFGE B Chicken Healthy A, cpb2+ - Canada n/a Chalmers et al., 

2008b 

PFGE E Chicken Healthy A, cpb2+ - Canada n/a Chalmers et al., 

2008b 

PFGE H Chicken Healthy A, cpb2+ - Canada n/a Chalmers et al., 

2008b 

JGS4042 Chicken Necrotic 

enteritis 

A - N/A n/a n/a 

JGS4043 Chicken Necrotic 

enteritis 

A - N/A n/a n/a 

JGS4066 Chicken Necrotic 

enteritis 

A - N/A n/a n/a 

JP120 Chicken Necrotic 

enteritis 

A - N/A n/a n/a 

JGS4120 Chicken Necrotic 

enteritis 

A, cpb2+ - N/A n/a n/a 

JGS4141 Chicken Necrotic 

enteritis 

A, cpb2+ - N/A n/a n/a 

JP121 Chicken Necrotic 

enteritis 

A, cpb2+ - N/A n/a n/a 

JP123 Chicken Necrotic 

enteritis 

A, cpb2+ - N/A n/a n/a 

JP148 Chicken Necrotic 

enteritis 

A, cpb2+ - Canada n/a n/a 

JP149 Chicken Necrotic 

enteritis 

A, cpb2+ - Canada n/a n/a 

CP5 Chicken Healthy A - Canada n/a Thompson et al., 

2006 

CP6 Chicken Healthy A, cpb2+ - Canada n/a Thompson et al., 

2006 

JGS4143 Chicken Necrotic 

enteritis 

A, cpb2+ + N/A H31 Barbara, 2008 

MLST11 Chicken Necrotic 

enteritis 

A, cpb2+ + Canada C4 Chalmers et al., 

2008a 

MLST19 Chicken Necrotic 

enteritis 

A, cpb2+ + Canada C8 Chalmers et al., 

2008a 

MLST23 Chicken Necrotic 

enteritis 

A, cpb2+ + Canada C10 Chalmers et al., 

2008a 

MLST29 Chicken Necrotic 

enteritis 

A, cpb2+ + Canada C13 Chalmers et al., 

2008a 

MLST31 Chicken Necrotic A, cpb2+ + Canada C10 Chalmers et al., 
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enteritis 2008a 

PFGE G Chicken Healthy A, cpb2+ + Canada n/a Chalmers et al., 

2008b 

JP125 Chicken Necrotic 

enteritis 

A + N/A n/a n/a 

JGS4059 Chicken Necrotic 

enteritis 

A, cpb2+ + N/A n/a n/a 

JGS4135 Chicken Necrotic 

enteritis 

A, cpb2+ + N/A C3/4 n/a 

JP150 Chicken Necrotic 

enteritis 

A, cpb2+ + Canada n/a n/a 

CP1 Chicken Necrotic 

enteritis 

A, cpb2+ + Canada n/a Thompson et al., 

2006 

CP2 Chicken Necrotic 

enteritis 

A, cpb2+ + Canada n/a Thompson et al., 

2006 

CP3 Chicken Necrotic 

enteritis 

A, cpb2+ + Canada n/a Thompson et al., 

2006 

CP4 Chicken Necrotic 

enteritis 

A, cpb2+ + Canada H39/C1 Thompson et al., 

2006 

JP122 Chicken Necrotic 

enteritis 

A, cpb2+ + n/a n/a n/a 

JP116 Retail 

chicken 

Healthy A - Canada n/a Nowell et al., 2010 

JP67 Retail 

chicken 

Healthy A - Canada n/a Nowell et al., 2010 

JP73 Retail 

chicken 

Healthy A - Canada n/a Nowell et al., 2010 

JP79 Retail 

chicken 

Healthy A - Canada n/a Nowell et al., 2010 

JP83 Retail 

chicken 

Healthy A - Canada n/a Nowell et al., 2010 

JP88 Retail 

chicken 

Healthy A - Canada n/a Nowell et al., 2010 

JP97 Retail 

chicken 

Healthy A - Canada n/a Nowell et al., 2010 

JP69 Retail 

chicken 

Healthy A, cpb2+ - Canada n/a Nowell et al., 2010 

JP75 Retail 

chicken 

Healthy A, cpb2+ - Canada n/a Nowell et al., 2010 

JP78 Retail 

chicken 

Healthy A, cpb2+ - Canada n/a Nowell et al., 2010 

JP80 Retail 

chicken 

Healthy A, cpb2+ - Canada n/a Nowell et al., 2010 

JP84 Retail 

chicken 

Healthy A, cpb2+ - Canada n/a Nowell et al., 2010 

JP90 Retail 

chicken 

Healthy A, cpb2+ - Canada n/a Nowell et al., 2010 

JP93 Retail 

chicken 

Healthy A, cpb2+ - Canada n/a Nowell et al., 2010 

JP77 Retail 

chicken 

Healthy A, cpb2+ + Canada n/a Nowell et al., 2010 

JP82 Retail 

chicken 

Healthy A, cpb2+ + Canada n/a Nowell et al., 2010 

JP86 Retail Healthy A, cpb2+ + Canada n/a Nowell et al., 2010 
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chicken 

JP91 Retail 

chicken 

Healthy A, cpb2+ + Canada n/a Nowell et al., 2010 

JP94 Retail 

chicken 

Healthy A, cpb2+ + Canada n/a Nowell et al., 2010 

Str13 Soil n/a
 

A - Canada n/a Mahoney, 1976 

ATCC13124 Human Gas gangrene A - n/a n/a n/a 

NCTC8239 Human Food poisoning A - n/a n/a n/a 

SM101 Human Food poisoning A - n/a n/a n/a 

F4969 Human Non-food-borne 

disease 

A - n/a n/a n/a 

ATCC3626 Lamb n/a B - n/a n/a n/a 

JGS1495 Pig Diarrhea C - n/a n/a n/a 

JGS1721 Sheep Enteritis D - n/a n/a n/a 

JGS1987 Cow Enteritis E - n/a n/a n/a 

n/a, not available 
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Appendix 3.2. Primers used for detection of netB and cpb2 and for PCR confirmation of 

CGH results. 

Locus tag
1
 Forward primer (5'-3') Reverse primer (5'-3') Product size 

(bp) 

CP4_3449 

(netB) 

GCTGGTGCTGGAATAAATGC TCGCCATTGAGTAGTTTCCC 383 

CP4_3441 

(cpb2) 

AGATTTTAAATATGATCCTAACC CAATACCCTTCACCAAATACTC 567 

CP4_0445 TGGGATTCTTTGGTTCTTGG CATTTCCAAGCTTCCTCTGG 155 

CP4_0448 GCATGGGGAAGAGAAAGACA ATCAGGATGAATTCCCATCA 223 

CP4_0463 ATGCCAAACTTGGAGGAGAG GCAGCTTCTGCAATTGGACT 210 

CP4_0468 TTGGACAACAAGGGTTTGGT GCGCTTGAGACCAACAAATA 223 

CP4_0783 GAGGAGCATTATGGACAGCTT CCCATCATTCTTGGATTTGG 136 

CP4_1608 TGTGGGGCGAAAAATAAAAA CATCTTTTTCTCCGCCTTGA 170 

CP4_2645 CAAGTTCGCACTAGACGGATT GACAACTGGACATTCTTCAAAGG 214 

CP4_2821 TTACCTGGAGTGGCTCCAAC ACACCTGGTCCTTGAGCATC 175 

JGS4143-0169 GTGCAGATGCTGCTTTTGAT TTAAACCACCAGCCTGATCC 194 

JGS4143-0500 CCATCAGAGCATATTGCAAGG TTGAAAAAGTTGGTTGGATAAAAA 175 
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Appendix 3.3. PFGE of Clostridium perfringens poultry isolates from diseased and healthy 

birds.  

PFGE patterns obtained from SmaI-digested DNA from C. perfringens poultry isolates. The 

dendrogram was obtained by unweighted pair group method using arithmetic averages clustering 

with a Dice coefficient and 1% position tolerance.  The presence of netB (red, present; green, 

absent) is indicated in the first column and disease association (red, NE; green, healthy) in the 

second.  The three major clusters are indicated by roman numerals. 
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Appendix 3.4. Variable genes identified among 63 poultry and non-poultry Clostridium perfringens isolates.  

 

 
Variable 

Region 

Locus_tag Product Functional 

Category/Subcategory 

Prevalence phage/

IS 

Plasmid Hit pNetB Hit 

VR-01 CP4_0296 galactoside O-acetyltransferase Carbohydrates/Lactose utilization 0.67       

VR-02 CP4_0377 conserved hypothetical protein None/None 0.82    

 CP4_0378 conserved hypothetical protein None/None 0.74    

  CP4_0379 conserved hypothetical protein None/None 0.76       

VR-03 CP4_0391 conserved hypothetical protein None/None 0.82    

  CP4_0392 RNA polymerase ECF-type sigma 
factor 

None/None 0.79       

VR-04 CP4_0430 caudovirus prohead protease None/None 0.45 Yes   

  CP4_0439 phage tail tape measure protein, 

family 

Phages, Prophages, Transposable 

elements, Plasmids/Phage tail 
proteins 

0.65 Yes     

VR-05 CP4_0444 transcriptional regulator Carbohydrates/Fructooligosacchari

des(FOS) and Raffinose 

Utilization 

0.82    

 CP4_0445 extracellular solute-binding 

protein 

Miscellaneous/COG3533 

Carbohydrates/Chitin and N-

acetylglucosamine utilization 

0.76    

 CP4_0446 ABC transporter Carbohydrates/Chitin and N-

acetylglucosamine utilization 

0.82    

 CP4_0447 suger ABC transporter Carbohydrates/Fructooligosacchari

des(FOS) and Raffinose 

Utilization 

0.76    

  CP4_0448 alpha-galactosidase 1 Miscellaneous/COG3533 

Carbohydrates/Fructooligosacchari

des(FOS) and Raffinose 

Utilization 

Carbohydrates/Lactose and 

Galactose Uptake and Utilization 
Sulfur 

Metabolism/Galactosylceramide 

and Sulfatide metabolism 

0.76       
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VR-06 CP4_0458 sigma factor SgiI RNA Metabolism/Transcription 

initiation, bacterial sigma factors 

0.61    

 CP4_0459 conserved hypothetical protein None/None 0.67    

 CP4_0460 putative VTC domain superfamily None/None 0.61    

 CP4_0461 putative tubulin/FtsZ, GTPase None/None 0.70    

 CP4_0462 resolvase None/None 0.56 Yes   

 CP4_0463 putative VTC domain superfamily None/None 0.58    

 CP4_0464 tubulin/FtsZ, GTPase None/None 0.56    

 CP4_0465 CotH protein None/None 0.61    

 CP4_0466 conserved hypothetical protein None/None 0.56    

 CP4_0467 putative heat repeat None/None 0.56    

  CP4_0468 chitin synthase Cell Wall and 

Capsule/Exopolysaccharide 
Biosynthesis 

0.56       

VR-07 CP4_0526 iron uptake protein A1 None/None 0.82    

 CP4_0528 Fe(3+) ions import ATP-binding 

protein FbpC 

None/None 0.82    

  CP4_0529 nitrite reductase None/None 0.82       

VR-08 CP4_0540 transposase None/None 0.38 Yes   

  CP4_0543 conserved hypothetical protein None/None 0.89       

VR-09 CP4_0547 conserved hypothetical protein None/None 0.89    

  CP4_0552 UDP-N-acetyl-D-mannosamine 
dehydrogenase 

Cell Wall and 
Capsule/Streptococcal Hyaluronic 

Acid Capsule 

0.36       

VR-10B CP4_0573 signal peptidase I Protein Metabolism/Signal 

peptidase 

0.60    

 CP4_0575 sortase, SrtB family Cell Wall and Capsule/Sortase 

Iron acquisition and 

metabolism/Heme, hemin uptake 
and utilization systems in 

GramPositives 

0.47    

 CP4_0577 DNA-binding response regulator None/None 0.67    

  CP4_0578 sensor histidine kinase None/None 0.52       

VR-10A JGS4143-
0549 

signal peptidase I Protein Metabolism/Signal 
peptidase 

0.55    

 JGS4143-

0551 

conserved hypothetical protein None/None 0.82    

 JGS4143- conserved hypothetical protein None/None 0.45    
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0552 

 JGS4143-

0553 

von Willebrand factor type A 

domain protein 

None/None 0.81    

 JGS4143-

0554 

two-component response regulator None/None 0.45    

 JGS4143-
0555 

two-component response regulator None/None 0.55    

  JGS4143-

0556 

hypothetical protein None/None 0.86       

VR-11 CP4_0615 conserved hypothetical protein None/None 0.85       

VR-12 CP4_0621 conserved hypothetical protein None/None 0.88       

VR-13 CP4_0677 undecaprenyl-phosphate galactose 
phosphotransferase 

Cell Wall and 
Capsule/Exopolysaccharide 

Biosynthesis 

0.83    

 CP4_0678 glycosyl transferase, group 2 
family protein 

None/None 0.77    

 CP4_0679 glucose-1-phosphate 

thymidylyltransferase 

Cell Wall and Capsule/dTDP-

rhamnose synthesis 
Cell Wall and Capsule/Rhamnose 

containing glycans 

0.89    

 CP4_0681 dTDP-4-dehydrorhamnose 
reductase 

Cell Wall and Capsule/dTDP-
rhamnose synthesis 

Cell Wall and Capsule/Rhamnose 

containing glycans 

0.89    

 CP4_0682 dTDP-glucose 4,6-dehydratase Cell Wall and Capsule/dTDP-

rhamnose synthesis 

Cell Wall and Capsule/Rhamnose 
containing glycans 

0.89    

 CP4_0683 membrane protein, putative None/None 0.61    

 CP4_0684 glycosyl transferase, group 2 

family protein 

None/None 0.65    

 CP4_0685 conserved hypothetical protein None/None 0.79    

 CP4_0686 polysaccharide biosynthesis 

protein 

None/None 0.88    

  CP4_0687 cell wall binding repeat-
containing protein/mannosyl-

glycoprotein endo-beta-N-

acetylglucosamidase domain-
containing protein 

Stress Response/Choline and 
Betaine Uptake and Betaine 

Biosynthesis 

0.86       

VR-14 CP4_0688 cell wall binding repeat-

containing protein/mannosyl-
glycoprotein endo-beta-N-

acetylglucosamidase domain-

containing protein 

Stress Response/Choline and 

Betaine Uptake and Betaine 
Biosynthesis 

0.70    

 CP4_0689 cell wall binding repeat-

containing protein/zinc 

carboxypeptidase family protein 

Stress Response/Choline and 

Betaine Uptake and Betaine 

Biosynthesis 

0.74    
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  CP4_0690 cell wall binding repeat-

containing protein 

Stress Response/Choline and 

Betaine Uptake and Betaine 
Biosynthesis 

0.64       

VR-15 CP4_0691 cell wall binding repeat-

containing protein 

Stress Response/Choline and 

Betaine Uptake and Betaine 
Biosynthesis 

0.88       

VR-16 CP4_0783 oxidoreductase, FAD/FMN-

binding 

None/None 0.63       

VR-17 CP4_0797 RNA polymerase ECF-type sigma 
factor 

None/None 0.89       

VR-18 CP4_0831 conserved hypothetical protein None/None 0.73    

  CP4_0833 hypothetical protein None/None 0.89       

VR-19 CP4_0841 conserved hypothetical protein None/None 0.47       

VR-20 CP4_0850 conserved hypothetical protein None/None 0.88       

VR-21 CP4_0859 rubredoxin Stress Response/Rubrerythrin 0.89       

VR-22 CP4_0874 probable iron(III) dicitrate ABC 
transporter 

None/None 0.80    

 CP4_0875 iron compound ABC transporter, 

permease protein 

None/None 0.79    

 CP4_0876 ABC transport system permease 

protein 

None/None 0.85    

  CP4_0877 ferrichrome transport ATP-
binding protein FhuC 

None/None 0.82       

VR-23 CP4_0896 conserved hypothetical protein None/None 0.86       

VR-24 CP4_0919 sensory transduction protein BceR None/None 0.89    

 CP4_0924 bacitracin export ATP-binding 

protein BceA 

None/None 0.89    

 CP4_0927 stress responsive alpha-beta barrel 
domain-containing protein 

None/None 0.82    

  CP4_0929 conserved hypothetical protein None/None 0.86       

VR-25 CP4_0947 conserved hypothetical protein None/None 0.86    

  CP4_0950 conserved hypothetical protein None/None 0.87       

VR-26 CP4_0963 resolvase domain-containing 

protein 

None/None 0.86 Yes     

VR-27 CP4_1008 conserved hypothetical protein None/None 0.82    

  CP4_1010 putative toxin-antitoxin system, 
toxin component 

None/None 0.60 Yes     

VR-28 CP4_1036 putative phage terminase, large 

subunit 

Phages, Prophages, Transposable 

elements, Plasmids/Phage 

packaging machinery 

0.65 Yes     

VR-29 CP4_1061 DNA adenine-specific 

methyltransferase 

None/None 0.33 Yes     
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VR-30 CP4_1069 probable autolytic lysozyme None/None 0.76 Yes   

 CP4_1071 conserved hypothetical protein None/None 0.73    

  CP4_1076 phosphorylase family protein None/None 0.86       

VR-31 CP4_1098 caax amino protease family 

protein 

None/None 0.89    

 CP4_1099 ProFAR isomerase associated 

superfamily 

None/None 0.87    

  CP4_1100 conserved hypothetical protein Protein 
Metabolism/Aminopeptidases (EC 

3.4.11.-) 

0.88       

VR-32 CP4_1106 conserved hypothetical protein None/None 0.82    

 CP4_1107 methionyl-tRNA 

formyltransferase 

Protein Metabolism/Translation 

initiation factors bacterial 

0.88    

 CP4_1110 transcriptional regulator None/None 0.90    

  CP4_1114 conserved hypothetical protein None/None 0.88       

VR-33 CP4_1130 putative toxin-antitoxin system, 

toxin component 

None/None 0.82    

 CP4_1131 toxin-antitoxin system, antitoxin 

component, Xre family 

None/None 0.82    

 CP4_1134 conserved hypothetical protein None/None 0.86    

 CP4_1135 conserved hypothetical protein None/None 0.88    

  CP4_1136 acetyltransferase None/None 0.82       

VR-34 CP4_1150 lipoprotein, putative None/None 0.80    

 CP4_1153 conserved hypothetical protein None/None 0.88    

 CP4_1154 conserved hypothetical protein None/None 0.81    

 CP4_1158 conserved hypothetical protein None/None 0.77    

 CP4_1159 conserved hypothetical protein None/None 0.89    

 CP4_1165 UBA/TS-N domain-containing 

protein 

None/None 0.86    

 CP4_1167 sensor histidine kinase None/None 0.89    

  CP4_1169 acetyltransferase None/None 0.83       

VR-35 CP4_1181 discoidin domain-containing 

protein 

None/None 0.47    

  CP4_1184 [Fe] hydrogenase Stress Response/Oxidative stress 
Stress Response/Rubrerythrin 

0.88       

VR-36 CP4_1238 collagen adhesion protein None/None 0.88       
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VR-37 CP4_1251 hydroxylamine reductase Nitrogen Metabolism/Nitrosative 

stress 

0.68       

VR-38 CP4_1323 lipoprotein-releasing system ATP-
binding protein LolD 

None/None 0.87    

 CP4_1324 conserved hypothetical protein None/None 0.86    

 CP4_1325 putative permease None/None 0.71    

  CP4_1329 nudix family hydrolase None/None 0.86       

VR-39 CP4_1336 histidine kinase KdpD Potassium metabolism/Potassium 

homeostasis 

0.89    

  CP4_1342 conserved hypothetical protein None/None 0.87       

VR-40 CP4_1388 ggdef/eal domain-containing 
protein 

Stress Response/Bacterial 
hemoglobins 

0.89       

VR-41 CP4_1461 AP endonuclease DNA Metabolism/DNA repair, 

bacterial 

0.88       

VR-42 CP4_1477 lipoprotein, putative None/None 0.82       

VR-43 CP4_1594 chromosome segregation ATPase None/None 0.51       

VR-44 CP4_1608 conserved hypothetical protein None/None 0.73       

VR-45 CP4_1619 lysine-N-methylase None/None 0.79       

VR-46 CP4_1641 xanthine 

phosphoribosyltransferase 

Nucleosides and 

Nucleotides/Purine conversions 

Nucleosides and 
Nucleotides/Xanthine Metabolism 

in Bacteria 

0.89       

VR-47 CP4_1710 conserved hypothetical protein None/None 0.89       

VR-48 CP4_1730 transposon, resolvase None/None 0.70 Yes     

VR-49 CP4_1860 BNR/Asp-box repeat-containing 

protein 

None/None 0.74       

VR-50 CP4_1876 O-GlcNAcase NagJ (CPE_1523) None/None 0.82       

VR-51 CP4_1926 lipoprotein, putative None/None 0.86       

VR-52 CP4_1976 hypothetical protein None/None 0.73       

VR-53 CP4_2009 conserved hypothetical protein None/None 0.89       

VR-54 CP4_2074 chromosome segregation protein 

SMC 

DNA Metabolism/DNA structural 

proteins, bacterial 

0.88       

VR-55 CP4_2126 penicillin binding protein 
transpeptidase domain-containing 

protein 

None/None 0.89       

VR-56 CP4_2168 conserved hypothetical protein None/None 0.89       

VR-57 CP4_2195 sensor histidine kinase None/None 0.87    
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  CP4_2196 conserved hypothetical protein None/None 0.74       

VR-58 CP4_2309 flavohemoprotein Stress Response/Bacterial 

hemoglobins 

0.90       

VR-59 CP4_2359 hypothetical protein None/None 0.33       

VR-60 CP4_2372 Gp10 protein None/None 0.34 Yes   

 CP4_2376 phage major capsid protein, HK97 
family 

Phages, Prophages, Transposable 
elements, Plasmids/Phage capsid 

proteins 

0.29 Yes   

 CP4_2377 phage prohead protease, HK97 
family 

None/None 0.24 Yes   

 CP4_2379 phage portal protein, HK97 family Phages, Prophages, Transposable 

elements, Plasmids/Phage 
packaging machinery 

0.33 Yes   

  CP4_2382 Gp50 protein None/None 0.23 Yes     

VR-61 CP4_2398 integrase family protein None/None 0.28 Yes     

VR-62 CP4_2429 VanZ family membrane protein None/None 0.68    

 CP4_2431 conserved hypothetical protein None/None 0.45    

 CP4_2432 membrane protein, putative None/None 0.70    

  CP4_2433 ABC transporter, ATP-binding 

protein 

None/None 0.50       

VR-63 CP4_2512 conserved hypothetical protein None/None 0.85       

VR-64 CP4_2645 sporulation initiation inhibitor 

protein Soj 

Cell Division and Cell 

Cycle/Bacterial Cytoskeleton 

0.58   NP_149993.1_Soj_protein_[

Clostridium_perfringens_str._
13]  (99.6% coverage, 86.4% 

ID) 

  

VR-65 CP4_2697 conserved hypothetical protein None/None 0.69    

 CP4_2699 conserved hypothetical protein None/None 0.76    

  CP4_2700 conserved hypothetical protein None/None 0.83       

VR-66 CP4_2736 type I restriction-modification 

system, M subunit 

DNA Metabolism/Restriction-

Modification System 
DNA Metabolism/Type I 

Restriction-Modification 

0.47       

VR-67 CP4_2932 DNA-binding protein HU DNA Metabolism/DNA structural 

proteins, bacterial 

0.88       

VR-68 CP4_3079 AraC family transcriptional 

regulator 

None/None 0.68  YP_001967745.1_probable_

AraC- 

related_transcriptional_regula
tor_[Clostridium_perfringe 

ns]  (100% coverage, 100% 

ID) 
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 CP4_3080 tetracycline resistance protein 

TetP 

Virulence, Disease and 

Defense/Tetracycline resistance, 
ribosome protection type 

Protein Metabolism/Translation 

elongation factor G family 
Virulence, Disease and 

Defense/Tetracycline resistance, 

ribosome protection type 

0.77  YP_001967743.1_ribosomal_

protection- 
like_tetracycline_resistance_p

rotein_[Clostridium_perfri 

ngens]  (100% coverage, 
99.54% ID) 

 

  CP4_3081 tetracycline resistance protein None/None 0.89   YP_001967742.1_tetracyclin

e_efflux_protein_[Clostridiu
m_perfringens ]  (100% 

coverage, 97.86% ID) 

  

VR-69 CP4_3109 conserved hypothetical protein 
(pCP13_CPC36) 

None/None 0.45       

VR-70 CP4_3124 conserved hypothetical protein 

(pCW3_0007) 

None/None 0.68  YP_001967748.1_hypothetic

al_protein_pCW3_0007_[Clo

stridium_perfring ens]  (100% 
coverage, 99.54% ID) 

 

 CP4_3125 hypothetical protein None/None 0.73    

  CP4_3127 conserved hypothetical protein 

(pCW3_0008) 

None/None 0.76   YP_001967749.1_hypothetic

al_protein_pCW3_0008_[Clo
stridium_perfri ngens]  (100% 

coverage, 100% ID) 

AEP94979.1_hypothetical_prote

in_pNetB_00001_[Conjugative_
transfer _vector_pNetB::catP]  

(100% coverage, 92.59% ID) 

VR-71 CP4_3126 LexA repressor (pCW3_0015) None/None 0.69 Yes YP_001967756.1_probable_tr
anscriptional_regulator_[Clos

tridium_perf ringens]  (100% 

coverage, 100% ID) 

  

VR-72 CP4_3128 putative plasmid partitioning 
protein (pCW3_0013) 

None/None 0.71  YP_001967754.1_possible_pl
asmid_partitioning_protein_[

Clostridium_p erfringens]  

(100% coverage, 99.68% ID) 

 

  CP4_3129 conserved hypothetical protein 

(pCW3_0012) 

None/None 0.62   YP_001967753.1_hypothetic

al_protein_pCW3_0012_[Clo

stridium_perfri ngens]  (100% 
coverage, 100% ID) 

  

VR-73 CP4_3132 toxin A None/None 0.84    

 CP4_3133 bacteriocin-related protein None/None 0.56  YP_699914.1_bacteriocin- 

related_protein_[Clostridium
_perfringens_SM101]  (100% 

coverage, 86.15% ID) 

 

 CP4_3134 UviA protein None/None 0.33 Yes   

  CP4_3136 transposase for insertion sequence 

element isrm3 

None/None 0.19       
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VR-74 CP4_3138 putative ATPase of HSP70 class 

(pNetB_00004) 

None/None 0.86  AEP94982.1_putative_ATPas

e_[Conjugative_transfer_vect
or_pNetB::catP ]  (100% 

coverage, 99.64% ID) 

AEP94982.1_putative_ATPase_[

Conjugative_transfer_vector_pN
etB::catP ]  (100% coverage, 

99.64% ID) 

  CP4_3139 conserved hypothetical protein 
(pNetB_00003) 

None/None 0.52   AEP94981.1_hypothetical_pr
otein_pNetB_00003_[Conjug

ative_transfer 

_vector_pNetB::catP]  (100% 
coverage, 100% ID) 

AEP94981.1_hypothetical_prote
in_pNetB_00003_[Conjugative_

transfer _vector_pNetB::catP]  

(100% coverage, 100% ID) 

VR-75 CP4_3153 thymidine kinase Nucleosides and 

Nucleotides/pyrimidine 
conversions 

0.51 Yes     

VR-76 CP4_3216 conserved hypothetical protein None/None 0.80       

VR-77 CP4_3229 conserved hypothetical protein None/None 0.52       

VR-78 CP4_3246 ISCpe2, transposase OrfB None/None 0.32 Yes     

VR-79 CP4_3270 conserved hypothetical protein None/None 0.86    

  CP4_3271 putative transcriptional regulator None/None 0.31 Yes     

VR-80 CP4_3286 conserved hypothetical protein None/None 0.29       

VR-81 CP4_3340 plectrovirus Spv1-c74 orf 1 and c-

terminal truncated protein 

None/None 0.39       

VR-82 CP4_3348 collagen adhesion protein None/None 0.34       

VR-83 CP4_3359 conserved hypothetical protein None/None 0.51    

  CP4_3360 collagen adhesin (partial) None/None 0.76   NP_150050.1_collagen_adhe
sin_[Clostridium_perfringens

_str._13]  (99.65% coverage, 

92.63% ID) 

  

VR-84 CP4_3361 collagen adhesin (partial) None/None 0.42   NP_150050.1_collagen_adhe
sin_[Clostridium_perfringens

_str._13]  (99.1% coverage, 

88.58% ID) 

  

VR-85 CP4_3398 HNH endonuclease domain 

protein 

None/None 0.49 Yes   

 CP4_3403 phage prohead protease, HK97 
family 

None/None 0.73 Yes   

 CP4_3404 phage major capsid protein, HK97 

family 

Phages, Prophages, Transposable 

elements, Plasmids/Phage capsid 

proteins 

0.23 Yes   

 CP4_3406 phage protein, HK97 gp10 family None/None 0.71    

 CP4_3407 conserved hypothetical protein None/None 0.66    

 CP4_3408 prophage LambdaSa04, Phi13 

family major tail protein 

None/None 0.58    
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  CP4_3411 family phage tail tape measure 

protein 

Phages, Prophages, Transposable 

elements, Plasmids/Phage tail 
proteins 

0.48 Yes     

VR-86 CP4_3421 FtsK/SpoI None/None 0.49 Yes YP_473424.1_FtsK/SpoI_[Cl

ostridium_perfringens]  
(100% coverage, 99.32% ID) 

  

VR-87 CP4_3422 integrase/recombinase None/None 0.84    

  CP4_3426 hypothetical protein None/None 0.25       

VR-88 CP4_3431 LexA repressor None/None 0.51 Yes AEP94898.1_putative_transcr
iption_regulator_[Clostridium

_perfringen s]  (100% 

coverage, 99.25% ID) 

  

VR-89 CP4_3432 transporter, major facilitator 

family 

None/None 0.34    

 CP4_3433 putative heme biosynthesis 
protein 

None/None 0.25    

 CP4_3434 putative radical SAM domain-

containing protein 

None/None 0.53    

  CP4_3435 conserved hypothetical protein None/None 0.33       

VR-90 CP4_3436 conserved hypothetical protein None/None 0.40  AEP94894.1_hypothetical_pr

otein_pBeta2_00004_[Clostri

dium_perfringe ns]  (100% 
coverage, 97.75% ID) 

 

 CP4_3437 conserved hypothetical protein None/None 0.62  AEP94895.1_hypothetical_pr

otein_pBeta2_00005_[Clostri

dium_perfringe ns]  (100% 

coverage, 100% ID) 

 

  CP4_3438 putative ATPase None/None 0.71   AEP94896.1_putative_ATPas
e_[Clostridium_perfringens]  

(100% coverage, 100% ID) 

  

VR-91 CP4_3439 transcriptional regulator None/None 0.82  AEP94973.1_transcriptional_

regulator_[Clostridium_perfri
ngens]  (100% coverage, 

99.07% ID) 

 

  CP4_3441 beta2 toxin None/None 0.61   AEP94971.1_Beta2-
toxin_[Clostridium_perfringe

ns]  (100% coverage, 100% 

ID) 

  

VR-92 CP4_3442 transcriptional regulator, MarR 

family 

Stress Response/Oxidative stress 0.39  AEP95056.1_transcriptional_

regulator_[Conjugative_transf

er_vector_p NetB::catP]  
(100% coverage, 100% ID) 

AEP95056.1_transcriptional_reg

ulator_[Conjugative_transfer_ve

ctor_p NetB::catP]  (100% 
coverage, 100% ID) 

 CP4_3443 beta-lactamase domain-containing 

protein 

None/None 0.48  AEP95055.1_beta-

lactamase_domain- 
containing_protein_[Conjugat

ive_transfer_vector_pNetB::c 

atP]  (100% coverage, 100% 

AEP95055.1_beta-

lactamase_domain- 
containing_protein_[Conjugative

_transfer_vector_pNetB::c atP]  

(100% coverage, 100% ID) 
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ID) 

 CP4_3444 M protein trans-acting positive 

regulator (MGA) 

None/None 0.34  AEP95054.1_hypothetical_pr

otein_pNetB_00081_[Conjug
ative_transfer_v 

ector_pNetB::catP]  (100% 

coverage, 100% ID) 

AEP95054.1_hypothetical_prote

in_pNetB_00081_[Conjugative_
transfer_v ector_pNetB::catP]  

(100% coverage, 100% ID) 

 CP4_3445 putative radical SAM domain-

containing protein 

None/None 0.34  AEP95053.1_SAM_domain- 

containing_protein_[Conjugat

ive_transfer_vector_pNetB::c 

atP]  (100% coverage, 100% 

ID) 

AEP95053.1_SAM_domain- 

containing_protein_[Conjugative

_transfer_vector_pNetB::c atP]  

(100% coverage, 100% ID) 

 CP4_3446 putative internalin None/None 0.29  AEP95052.1_putative_surfac
e_protein_NetI_[Conjugative

_transfer_vect 

or_pNetB::catP]  (100% 
coverage, 100% ID) 

AEP95052.1_putative_surface_p
rotein_NetI_[Conjugative_transf

er_vect or_pNetB::catP]  (100% 

coverage, 100% ID) 

 CP4_3447 hypothetical protein None/None 0.36  AEP95051.1_hypothetical_pr

otein_pNetB_00078_[Conjug
ative_transfer 

_vector_pNetB::catP]  (100% 

coverage, 100% ID) 

AEP95051.1_hypothetical_prote

in_pNetB_00078_[Conjugative_
transfer _vector_pNetB::catP]  

(100% coverage, 100% ID) 

 CP4_3448 hypothetical protein None/None 0.47  AEP95050.1_hypothetical_pr

otein_pNetB_00077_[Conjug

ative_transfer 

_vector_pNetB::catP]  (100% 

coverage, 100% ID) 

AEP95050.1_hypothetical_prote

in_pNetB_00077_[Conjugative_

transfer _vector_pNetB::catP]  

(100% coverage, 100% ID) 

 CP4_3449 necrotic enteritis toxin B None/None 0.42    

 CP4_3450 ricin-type beta-trefoil domain 
protein 

None/None 0.70 Yes AEP95047.1_putative_carboh
ydrate_binding_protein_NetH

_[Conjugative_ 
transfer_vector_pNetB::catP]  

(100% coverage, 99.74% ID) 

AEP95047.1_putative_carbohyd
rate_binding_protein_NetH_[Co

njugative_ 
transfer_vector_pNetB::catP]  

(100% coverage, 99.74% ID) 

 CP4_3451 transposase for transposon None/None 0.52    

 CP4_3452 hypothetical protein None/None 0.65  YP_001967791.1_hypothetic
al_protein_pCW3_0050_[Clo

stridium_perfring ens]  (100% 

coverage, 93.64% ID) 

AEP95046.1_putative_transposa
se_[Conjugative_transfer_vector

_pNetB: :catP]  (100% coverage, 

100% ID) 

 CP4_3453 hypothetical protein None/None 0.59  BAE79145.1_hypothetical_pr

otein_[Clostridium_perfringe

ns]  (100% coverage, 97.5% 
ID) 

AEP95019.1_nuclease_family_tr

ansposase_[Conjugative_transfer

_vector _pNetB::catP]  (100% 
coverage, 96.88% ID) 

 CP4_3454 chitinase B Carbohydrates/Chitin and N-

acetylglucosamine utilization 

0.38  AEP95045.1_glycosyl_hydrol

ase_[Conjugative_transfer_ve
ctor_pNetB::c atP]  (100% 

coverage, 99.83% ID) 

AEP95045.1_glycosyl_hydrolas

e_[Conjugative_transfer_vector_
pNetB::c atP]  (100% coverage, 

99.83% ID) 
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 CP4_3455 chitodextrinase Carbohydrates/Chitin and N-

acetylglucosamine utilization 

0.39  AEP95044.1_glycosyl_hydrol

ase_[Conjugative_transfer_ve
ctor_pNetB::c atP]  (100% 

coverage, 99.84% ID) 

AEP95044.1_glycosyl_hydrolas

e_[Conjugative_transfer_vector_
pNetB::c atP]  (100% coverage, 

99.84% ID) 

 CP4_3456 protein Tlet_1264 None/None 0.76  AEP95043.1_hypothetical_pr
otein_pNetB_00067_[Conjug

ative_transfer_v 

ector_pNetB::catP]  (100% 
coverage, 100% ID) 

AEP95043.1_hypothetical_prote
in_pNetB_00067_[Conjugative_

transfer_v ector_pNetB::catP]  

(100% coverage, 100% ID) 

 CP4_3457 CAAX amino terminal protease 

family 

None/None 0.41  AEP95042.1_CAAX_amino_

terminal_protease_family_pro
tein_[Conjugative 

_transfer_vector_pNetB::catP

]  (100% coverage, 99.65% 
ID) 

AEP95042.1_CAAX_amino_ter

minal_protease_family_protein_
[Conjugative 

_transfer_vector_pNetB::catP]  

(100% coverage, 99.65% ID) 

 CP4_3458 putative beta-toxin None/None 0.32  AEP95041.1_pore- 

forming_toxin_NetB_(part)_[
Conjugative_transfer_vector_ 

pNetB::catP]  (100% 

coverage, 100% ID) 

AEP95041.1_pore- 

forming_toxin_NetB_(part)_[Co
njugative_transfer_vector_ 

pNetB::catP]  (100% coverage, 

100% ID) 
 CP4_3459 putative beta-toxin None/None 0.34  AEP95040.1_pore- 

forming_toxin_NetB_(part)_[

Conjugative_transfer_vector_
p NetB::catP]  (96.49% 

coverage, 99.09% ID) 

AEP95040.1_pore- 

forming_toxin_NetB_(part)_[Co

njugative_transfer_vector_p 
NetB::catP]  (96.49% coverage, 

99.09% ID) 

 CP4_3460 conserved hypothetical protein None/None 0.54  AEP95039.1_hypothetical_pr
otein_pNetB_00063_[Conjug

ative_transfer 
_vector_pNetB::catP]  (100% 

coverage, 98.28% ID) 

AEP95039.1_hypothetical_prote
in_pNetB_00063_[Conjugative_

transfer _vector_pNetB::catP]  
(100% coverage, 98.28% ID) 

 CP4_3461 conserved hypothetical protein None/None 0.37  AEP95038.1_hypothetical_pr
otein_pNetB_00062_[Conjug

ative_transfer 

_vector_pNetB::catP]  (100% 
coverage, 98.48% ID) 

AEP95038.1_hypothetical_prote
in_pNetB_00062_[Conjugative_

transfer _vector_pNetB::catP]  

(100% coverage, 98.48% ID) 

 CP4_3462 conserved hypothetical protein None/None 0.66  AEP95037.1_hypothetical_pr

otein_pNetB_00061_[Conjug
ative_transfer_v 

ector_pNetB::catP]  (100% 

coverage, 99% ID) 

AEP95037.1_hypothetical_prote

in_pNetB_00061_[Conjugative_
transfer_v ector_pNetB::catP]  

(100% coverage, 99% ID) 

 CP4_3464 resolvase/recombinase None/None 0.59  AEP94940.1_resolvase_[Clos

tridium_perfringens]  (100% 

coverage, 100% ID) 

AEP95035.1_hypothetical_prote

in_pNetB_00059_[Conjugative_

transfer _vector_pNetB::catP]  
(100% coverage, 100% ID) 

 CP4_3465 resolvase/recombinase None/None 0.48  AEP95034.1_resolvase_[Conj

ugative_transfer_vector_pNet
B::catP]  (100% coverage, 

98.63% ID) 

AEP95034.1_resolvase_[Conjug

ative_transfer_vector_pNetB::cat
P]  (100% coverage, 98.63% ID) 
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 CP4_3466 membrane protein, putative None/None 0.58  AEP95033.1_lysyl- 

tRNA_synthetase_[Conjugati
ve_transfer_vector_pNetB::ca

tP ]  (100% coverage, 99.86% 

ID) 

AEP95033.1_lysyl- 

tRNA_synthetase_[Conjugative_
transfer_vector_pNetB::catP ]  

(100% coverage, 99.86% ID) 

 CP4_3468 F5/8 type C domain-containing 

protein 

None/None 0.62  AEP95031.1_F5/8_type_C_d

omain- 

containing_protein_[Conjugat
ive_transfer_vector_pNetB::c

a tP]  (98.24% coverage, 

91.65% ID) 

AEP95031.1_F5/8_type_C_dom

ain- 

containing_protein_[Conjugative
_transfer_vector_pNetB::ca tP]  

(98.24% coverage, 91.65% ID) 

 CP4_3469 diguanylate 

cyclase/phosphodiesterase domain 

2 

Stress Response/Bacterial 

hemoglobins 

0.45  AEP95030.1_putative_diguan

ylate_cyclase_[Conjugative_t

ransfer_vecto r_pNetB::catP]  
(100% coverage, 100% ID) 

AEP95030.1_putative_diguanyla

te_cyclase_[Conjugative_transfe

r_vecto r_pNetB::catP]  (100% 
coverage, 100% ID) 

 CP4_3470 sortase family protein None/None 

Cell Wall and Capsule/Sortase 
Iron acquisition and 

metabolism/Heme, hemin uptake 

and utilization systems in 
GramPositives 

0.41    

 CP4_3471 putative surface protein Cell Wall and Capsule/Sortase 0.62  AEP95027.1_putative_surfac

e_protein_[Conjugative_trans
fer_vector_pN etB::catP]  

(100% coverage, 99.85% ID) 

AEP95027.1_putative_surface_p

rotein_[Conjugative_transfer_ve
ctor_pN etB::catP]  (100% 

coverage, 99.85% ID) 

 CP4_3472 peptidoglycan bound protein None/None 0.47  AEP95026.1_cell_wall_surfa
ce_protein_[Conjugative_tran

sfer_vector_p NetB::catP]  

(100% coverage, 96.71% ID) 

AEP95026.1_cell_wall_surface_
protein_[Conjugative_transfer_v

ector_p NetB::catP]  (100% 

coverage, 96.71% ID) 
 CP4_3473 cell wall surface anchor family 

protein 

None/None 0.53  AEP94952.1_hypothetical_pr

otein_pBeta2_00062_[Clostri

dium_perfringe ns]  (100% 
coverage, 99.42% ID) 

AEP95025.1_hypothetical_prote

in_pNetB_00049_[Conjugative_

transfer_v ector_pNetB::catP]  
(100% coverage, 98.26% ID) 

 CP4_3474 signal peptidase I Protein Metabolism/Signal 
peptidase 

0.74  AEP95024.1_hypothetical_pr
otein_pNetB_00048_[Conjug

ative_transfer 

_vector_pNetB::catP]  (100% 
coverage, 100% ID) 

AEP95024.1_hypothetical_prote
in_pNetB_00048_[Conjugative_

transfer _vector_pNetB::catP]  

(100% coverage, 100% ID) 

 CP4_3476 hypothetical protein None/None 0.35  AEP95022.1_hypothetical_pr

otein_pNetB_00046_[Conjug
ative_transfer 

_vector_pNetB::catP]  (100% 

coverage, 100% ID) 

AEP95022.1_hypothetical_prote

in_pNetB_00046_[Conjugative_
transfer _vector_pNetB::catP]  

(100% coverage, 100% ID) 

 CP4_3477 swim zinc finger domain protein None/None 0.73  YP_002291108.1_hypothetic

al_protein_pCP8533etx_p22_

[Clostridium_per fringens]  
(96.3% coverage, 94.23% ID) 

AEP95014.1_putative_amidoliga

se_enzyme_[Conjugative_transf

er_vector _pNetB::catP]  (96.3% 
coverage, 92.31% ID) 
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  CP4_3478 diguanylate 

cyclase/phosphodiesterase with 
PAS/PAC sensor 

None/None 0.38   AEP95020.1_GGDEF_domai

n- 
containing_protein_[Conjugat

ive_transfer_vector_pNetB::c 

atP]  (100% coverage, 
99.71% ID) 

AEP95020.1_GGDEF_domain- 

containing_protein_[Conjugative
_transfer_vector_pNetB::c atP]  

(100% coverage, 99.71% ID) 

VR-93 CP4_3522 putative phage terminase, large 

subunit 

Phages, Prophages, Transposable 

elements, Plasmids/Phage 
packaging machinery 

0.15 Yes     

VR-94 CP4_3559 conserved hypothetical protein None/None 0.53  YP_473475.1_hypothetical_p

rotein_pCPF5603_52_[Clostr

idium_perfringe ns]  (100% 
coverage, 97.91% ID) 

 

  CP4_3560 conserved hypothetical protein None/None 0.30   YP_473474.1_hypothetical_p

rotein_pCPF5603_51_[Clostr
idium_perfringe ns]  (100% 

coverage, 95.28% ID) 

  

VR-95 CP4_3561 putative ATPase None/None 0.89  YP_002291138.1_putative_A
TPase_[Clostridium_perfring

ens]  (100% coverage, 100% 

ID) 

 

 CP4_3562 immunoglobulin heavy chain 

variable region 

None/None 0.57    

  CP4_3563 conserved hypothetical protein None/None 0.58   YP_001967752.1_hypothetic
al_protein_pCW3_0011_[Clo

stridium_perfring ens]  (100% 

coverage, 100% ID) 

  

VR-96 CP4_3564 hypothetical protein None/None 0.88  AEP94951.1_hypothetical_pr
otein_pBeta2_00061_[Clostri

dium_perfringe ns]  (100% 
coverage, 100% ID) 

 

  CP4_3565 hypothetical protein None/None 0.44   AEP94949.1_hypothetical_pr

otein_pBeta2_00059_[Clostri
dium_perfringe ns]  (100% 

coverage, 100% ID) 

  

VR-97 CP4_3567 conserved hypothetical protein None/None 0.61    

 CP4_3568 hypothetical protein None/None 0.47  AEP94939.1_hypothetical_pr

otein_pBeta2_00049_[Clostri
dium_perfringe ns]  (100% 

coverage, 100% ID) 

 

 CP4_3569 resolvase/recombinase None/None 0.57  AEP94940.1_resolvase_[Clos

tridium_perfringens]  (100% 

coverage, 98.12% ID) 

 

 CP4_3570 conserved hypothetical protein None/None 0.74  AEP94942.1_hypothetical_pr
otein_pBeta2_00052_[Clostri

dium_perfringe ns]  (100% 

coverage, 98.06% ID) 
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  CP4_3572 NADP-dependent 7-alpha-

hydroxysteroid dehydrogenase 

Fatty Acids, Lipids, and 

Isoprenoids/Fatty Acid 
Biosynthesis FASII 

0.39   AEP94944.1_short_chain_de

hydrogenase_[Clostridium_pe
rfringens]  (100% coverage, 

99.62% ID) 

  

VR-98 JGS4143-
0023 

phage integrase None/None 0.65 Yes   

 JGS4143-

0024 

conserved hypothetical protein None/None 0.48    

 JGS4143-

0025 

phage protein None/None 0.32 Yes   

 JGS4143-
0026 

DNA-binding protein, putative None/None 0.39    

 JGS4143-

0027 

conserved domain protein None/None 0.51    

 JGS4143-

0028 

DNA binding protein, excisionase 

family, 

None/None 0.53    

 JGS4143-
0029 

hypothetical protein None/None 0.56    

 JGS4143-

0030 

replicative DNA helicase DNA Metabolism/DNA-

replication 

0.56 Yes   

 JGS4143-

0031 

hypothetical protein None/None 0.63    

 JGS4143-
0032 

kinetochore protein Nuf2 (Cell 
division 

None/None 0.30    

 JGS4143-

0033 

hypothetical protein None/None 0.69    

 JGS4143-

0035 

hypothetical protein None/None 0.66    

 JGS4143-
0036 

hypothetical protein None/None 0.42    

 JGS4143-

0037 

hypothetical protein None/None 0.42    

 JGS4143-

0038 

RNA polymerase, sigma 32 

subunit, RpoH 

RNA Metabolism/Transcription 

initiation, bacterial sigma factors 

Cell Division and Cell 
Cycle/Macromolecular synthesis 

operon 

0.39    

 JGS4143-

0039 

hypothetical protein None/None 0.35    

 JGS4143-

0040 

conserved hypothetical protein None/None 0.32    

 JGS4143-

0041 

conserved hypothetical protein None/None 0.11    

  JGS4143-

0042 

protein of unknown function None/None 0.29       

VR-99 JGS4143-
0139 

sensor histidine kinase None/None 0.85    

  JGS4143-

0141 

hypothetical protein None/None 0.86       
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VR-100 JGS4143-

0157 

conserved hypothetical protein None/None 0.29    

 JGS4143-

0158 

hypothetical protein None/None 0.61    

 JGS4143-
0159 

conserved hypothetical protein None/None 0.76    

 JGS4143-

0160 

BRO family, N- domain protein None/None 0.58    

 JGS4143-

0163 

2-keto-3-deoxygluconate kinase Carbohydrates/D-Galacturonate 

and D-Glucuronate Utilization 

0.56    

 JGS4143-

0164 

beta-glucuronidase (GUS) Carbohydrates/D-Galacturonate 

and D-Glucuronate Utilization 

0.89    

 JGS4143-

0165 

probable transcriptional regulator None/None 0.74    

 JGS4143-
0167 

khg/kdpg aldolase Carbohydrates/D-Galacturonate 
and D-Glucuronate Utilization 

0.64    

 JGS4143-
0168 

mannonate dehydratase Carbohydrates/D-Galacturonate 
and D-Glucuronate Utilization 

0.59    

 JGS4143-
0169 

glucuronate isomerase Carbohydrates/D-Galacturonate 
and D-Glucuronate Utilization 

0.55    

 JGS4143-

0170 

glucuronide permease Miscellaneous/COG3533 0.61    

  JGS4143-

0171 

beta-N-

acetylglucosaminidase/beta-
glucosidase 

Carbohydrates/N-Acetyl-

Galactosamine and Galactosamine 
Utilization 

Carbohydrates/Chitin and N-

acetylglucosamine utilization 

0.58       

VR-101 JGS4143-

0278 

conserved hypothetical protein None/None 0.45    

 JGS4143-

0280 

conserved hypothetical protein None/None 0.56    

  JGS4143-
0281 

conserved hypothetical protein None/None 0.86       

VR-102 JGS4143-

0283 

conserved hypothetical protein None/None 0.27    

  JGS4143-
0284 

conserved domain protein None/None 0.32       

VR-103 JGS4143-

0370 

conserved hypothetical protein None/None 0.71       

VR-104 JGS4143-
0394 

hypothetical protein None/None 0.86    

 JGS4143- prophage dna primase None/None 0.12    
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0395 

 JGS4143-

0396 

hypothetical protein None/None 0.11    

 JGS4143-

0397 

hypothetical protein None/None 0.26    

 JGS4143-
0398 

modification methylase EcoRI None/None 0.25    

 JGS4143-

0400 

hypothetical protein None/None 0.29    

 JGS4143-

0401 

hypothetical protein None/None 0.11    

  JGS4143-

0403 

hypothetical protein None/None 0.20       

VR-105 JGS4143-

0472 

conserved hypothetical protein None/None 0.74 Yes   

 JGS4143-

0473 

conserved hypothetical protein None/None 0.62    

 JGS4143-
0474 

hypothetical protein None/None 0.78    

 JGS4143-

0475 

hypothetical protein None/None 0.50    

 JGS4143-

0476 

helix-turn-helix domain protein None/None 0.26    

 JGS4143-
0477 

conserved hypothetical protein None/None 0.30    

 JGS4143-

0478 

hypothetical protein None/None 0.67    

  JGS4143-

0480 

conserved domain protein None/None 0.58 Yes     

VR-106 JGS4143-
0483 

conserved hypothetical protein None/None 0.65       

VR-107 JGS4143-

0498 

transposon, resolvase None/None 0.72 Yes   

 JGS4143-
0499 

transposase None/None 0.82 Yes   

 JGS4143-

0500 

hypothetical protein None/None 0.39    

  JGS4143-

0501 

transposase, OrfB family None/None 0.76 Yes     

VR-108 JGS4143-
0507 

4Fe-4S ferredoxin iron-sulfur 
binding domain 

Nitrogen Metabolism/Nitrate and 
nitrite ammonification 

0.29       

VR-109 JGS4143-

0520 

conserved hypothetical protein None/None 0.84    

 JGS4143-

0524 

capsular polysaccharide 

biosynthesis protein 

Protein Metabolism/N-linked 

Glycosylation in Bacteria 

0.58    

 JGS4143-
0525 

sugar transferases involved in None/None 0.36    

 JGS4143- dtdp-4-dehydrorhamnose 3,5- None/None 0.61    
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0526 epimerase, putative 

 JGS4143-

0527 

capsular polysaccharide 

biosynthesis protein 

None/None 0.40    

 JGS4143-

0528 

polysaccharide biosynthesis 

protein CapD 

Protein Metabolism/N-linked 

Glycosylation in Bacteria 

0.15    

 JGS4143-
0529 

NAD-dependent 
epimerase/dehydratase 

None/None 0.32    

 JGS4143-

0530 

UDP-N-acetylglucosamine 2-

epimerase 

Cell Wall and Capsule/Sialic Acid 

Metabolism 

0.18    

 JGS4143-

0531 

putative glycosyl transferase Cofactors, Vitamins, Prosthetic 

Groups, Pigments/Biotin 

biosynthesis 

0.20    

 JGS4143-

0532 

putative transferase None/None 0.15    

 JGS4143-
0534 

glycosyl transferase, group 2 
family protein 

None/None 0.61    

  JGS4143-

0535 

flippase Wzx None/None 0.20       

VR-110 JGS4143-

0536 

udp-glucose 6-dehydrogenase 

(udp-glc 

Cell Wall and 

Capsule/Streptococcal Hyaluronic 

Acid Capsule 

0.42    

  JGS4143-

0537 

transcriptional regulator, LytR 

family 

Regulation and Cell signaling/Cell 

envelope-associated LytR-CpsA-

Psr transcriptional attenuators 

0.64       

VR-111 JGS4143-
0546 

transcriptional regulator, AraC 
family 

Carbohydrates/Fructooligosacchari
des(FOS) and Raffinose 

Utilization 

0.45       

VR-113 JGS4143-
0593 

conserved hypothetical protein None/None 0.63       

VR-114 JGS4143-

0613 

cell wall binding repeat domain 

protein 

Stress Response/Choline and 

Betaine Uptake and Betaine 

Biosynthesis 

0.58       

VR-115 JGS4143-

0727 

conserved hypothetical protein None/None 0.55    

 JGS4143-
0728 

voltage-gated chloride channel 
family protein 

None/None 0.50    

  JGS4143-

0729 

voltage-gated chloride channel 

family protein 

None/None 0.71       

VR-116 JGS4143-
0804 

conserved hypothetical protein None/None 0.64       

VR-117 JGS4143-

0810 

hypothetical protein None/None 0.61       

VR-118 JGS4143-

0827 

conserved hypothetical protein None/None 0.89       

VR-119 JGS4143-

0843 

hypothetical protein None/None 0.64       

VR-120 JGS4143-

0907 

YhbE None/None 0.71    
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 JGS4143-

0908 

YhbF None/None 0.66    

  JGS4143-

0909 

YhbD None/None 0.76       

VR-121 JGS4143-
0922 

phage protein None/None 0.58    

 JGS4143-

0925 

hypothetical protein None/None 0.81    

 JGS4143-

0926 

VanZ like family None/None 0.83    

 JGS4143-
0927 

hypothetical protein None/None 0.59    

 JGS4143-

0928 

hypothetical protein None/None 0.72    

 JGS4143-

0929 

hypothetical protein None/None 0.54    

 JGS4143-
0930 

FunZ family protein None/None 0.81    

  JGS4143-

0931 

FunZ family protein None/None 0.73       

VR-122 JGS4143-
0934 

two-component sensor kinase 
YesM, putative 

None/None 0.32    

 JGS4143-

0936 

ABC-type sugar transport system, 

periplasmic 

Carbohydrates/Chitin and N-

acetylglucosamine utilization 
Miscellaneous/COG3533 

0.73    

 JGS4143-

0937 

ABC tranporter, permease protein Carbohydrates/Chitin and N-

acetylglucosamine utilization 

0.35    

 JGS4143-

0938 

ABC transporter, permease 

protein 

Carbohydrates/Chitin and N-

acetylglucosamine utilization 

0.44    

 JGS4143-

0939 

glycosyl hydrolase, family 31 Carbohydrates/Maltose and 

Maltodextrin Utilization 

0.82    

  JGS4143-

0940 

alpha-N-acetylglucosaminidase 

family protein 

None/None 0.53       

VR-123 JGS4143-
0949 

glycosyl hydrolase, family 20, 
putative 

None/None 0.24    

  JGS4143-

0950 

glycosyl hydrolase, family 20 None/None 0.52       

VR-124 JGS4143-

0969 

two-component sensor histidine 

kinase 

None/None 0.89       

VR-125 JGS4143-

1023 

phosphorylase family protein None/None 0.88       

VR-126 JGS4143-

1062 

RNA polymerase sigma-70 factor RNA Metabolism/Transcription 

initiation, bacterial sigma factors 

0.77    

  JGS4143- hypothetical protein None/None 0.89       



 

 

1
9
2
 

1063 

VR-127 JGS4143-

1246 

HNH endonuclease domain 

protein 

None/None 0.65 Yes   

 JGS4143-

1247 

phage Terminase Small Subunit None/None 0.71    

 JGS4143-
1248 

putative phage terminase, large 
subunit 

None/None 0.81 Yes   

 JGS4143-

1249 

hypothetical protein None/None 0.62    

 JGS4143-

1250 

conserved hypothetical protein None/None 0.70 Yes   

 JGS4143-

1251 

portal protein None/None 0.48 Yes   

 JGS4143-

1252 

phage prohead protease, HK97 

family 

None/None 0.69 Yes   

 JGS4143-

1253 

phage major capsid protein, HK97 

family 

Phages, Prophages, Transposable 

elements, Plasmids/Phage capsid 

proteins 

0.52 Yes   

 JGS4143-

1254 

conserved hypothetical protein None/None 0.65    

 JGS4143-
1255 

phage head-tail adaptor, putative None/None 0.44 Yes   

 JGS4143-

1256 

phage protein, HK97 gp10 family None/None 0.82    

 JGS4143-

1257 

conserved hypothetical protein None/None 0.75    

 JGS4143-

1258 

phage major tail protein, Phi13 

family 

None/None 0.12    

 JGS4143-

1259 

conserved hypothetical protein None/None 0.80    

  JGS4143-

1260 

phage tail tape measure protein, 

family, core 

None/None 0.71       

VR-128 JGS4143-
1337 

nucleotidyltransferase family 
protein 

None/None 0.72       

VR-129 JGS4143-

1380 

hypothetical protein None/None 0.77       

VR-130 JGS4143-
1385 

endo-alpha-N-
acetylgalactosaminidase 

None/None 0.87       

VR-131 JGS4143-

1408 

hypothetical protein None/None 0.59       

VR-132 JGS4143-

1441 

putative alpha-N-

acetylgalactosaminidase 

None/None 0.59       

VR-133 JGS4143-

1447 

hypothetical protein None/None 0.17    

 JGS4143-
1448 

type III restriction enzyme, res 
subunit 

None/None 0.58    

 JGS4143-

1449 

conserved hypothetical protein None/None 0.25    
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 JGS4143-

1450 

RNA polymerase sigma factor, 

sigma-70 family 

None/None 0.40    

 JGS4143-

1451 

nucleoside triphosphatase, D5 

family, putative 

None/None 0.30    

 JGS4143-
1452 

DNA-directed DNA polymerase DNA Metabolism/DNA Repair 
Base Excision 

DNA Metabolism/DNA-

replication 

0.26 Yes   

 JGS4143-

1453 

DNA-binding protein None/None 0.14    

 JGS4143-
1454 

conserved hypothetical protein None/None 0.15    

  JGS4143-

1455 

conserved hypothetical protein None/None 0.76       

VR-134 JGS4143-

1456 

F5/8 type C domain containing 

protein 

None/None 0.60       

VR-135 JGS4143-

1460 

FliB family protein None/None 0.43       

VR-136 JGS4143-

1482 

NADH oxidase None/None 0.86    

  JGS4143-
1483 

hydrolases of the alpha/beta 
superfamily 

None/None 0.38       

VR-137 JGS4143-

1484 

C4-dicarboxylate transport system Membrane Transport/TRAP 

Transporter collection 

0.53    

  JGS4143-
1486 

C4-dicarboxylate transport system Membrane Transport/TRAP 
Transporter collection 

0.81       

VR-138 JGS4143-

1847 

hypothetical protein None/None 0.64       

VR-139 JGS4143-

2057 

hypothetical protein None/None 0.85       

VR-140 JGS4143-

2323 

ABC transporter, ATP-binding 

protein 

None/None 0.89       

VR-141 JGS4143-

2973 

transporter, monovalent 

cation:proton 

None/None 0.59       

VR-142 pBCNF56

03_uviA 

UviA protein None/None 0.85    

 pBCNF56

03_uviB 

UviB protein None/None 0.88    

 pCPF4969
_51 

putative SpaC protein None/None 0.78    

 pCPF5603

_10 

collagen adhesion protein None/None 0.76    

 pCPF5603

_68 

putative Tn916 ORF15 protein None/None 0.63    

  pCPF5603
_70 

putative Tn916 ORF16 protein None/None 0.79    
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Appendix 3.5. Functional categories of genes exhibiting variability among Clostridium 

perfringens strains.  

Functional categories were identified by the RAST server (http://rast.nmpdr.org/). 
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Appendix 3.6.  Prevalence of chromosomally-encoded toxins and extracellular enzymes 

among 54 poultry isolates. 

Toxin Gene Reference 

locus_tag 

CP4 locus_tag Prevalence 

Perfringolysin pfoA CPF_0156 CP4_0202 0.98 

Sialidase/neuramindase nanJ CPF_0523 CP4_0614 0.98 

Sialidase/neuramindase nanI CPF_0721 CP4_0806 0.98 

Sialidase/neuramindase nanH CPF_0985 CP4_1082 0.98 

Enterotoxin EntC CPF_0454 absent N/A
1
 

Enterotoxin EntD CPF_0587 CP4_0668-9 0.98 

Enterotoxin EntD CPF_1439 CP4_1569-70 1.00 

Enterotoxin EntA CPF_1467 CP4_1606 1.00 

Collagenase (kappa-toxin) colA CPF_0166 CP4_0211-2 1.00 

Hyaluronidase (mu-toxin) nagH CPF_0184 CP4_0231 1.00 

Hyaluronidase (mu-toxin) nagE CPF_0071 CP4_0122 1.00 

Hyaluronidase (mu-toxin) nagJ CPF_1442 CP4_1581 1.00 

Hyaluronidase (mu-toxin) nagA CPF_2434 CP4_2582 1.00 

Hyaluronidase (mu-toxin) nagL CPE_1523 CP4_1876 0.82 

a-clostripain  CPF_0840 CP4_0923 1.00 

hemolysin III  CPF_1725 CP4_1826 0.98 

Hemolysin A  CPF_2072 CP4_2174 1.00 

hemolysin III hlyIII CPF_2171 CP4_2271 1.00 
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Appendix 3.7. PCR confirmation of CGH results.   

The specificity and sensitivity of the array probes for 10 genes are shown based on PCR 

confirmation in 30 poultry isolates.   

Locus_tag True 

positives 

True 

negatives 

False 

positives 

False 

negatives 

Specificity Sensitivity 

CP4_0445 24 5 0 0 1.00 1.00 

CP4_0448 24 5 0 0 1.00 1.00 

CP4_0463 22 8 0 0 1.00 1.00 

CP4_0468 22 8 0 0 1.00 1.00 

CP4_0783 20 7 1 0 0.88 1.00 

CP4_1608 20 9 0 0 1.00 1.00 

CP4_2645 19 9 0 0 1.00 1.00 

JGS4143-

0169 

12 16 1 0 0.94 1.00 

JGS4143-

0500 

8 18 3 0 0.86 1.00 

CP4_2821 30 0 0 0 1.00 1.00 
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Appendix 3.8.  Distance trees representing sequence alignments of two-component 

regulatory system genes from VR-10A and B alleles. 

A)  response regulator, B) sensor histidine kinase. The distance trees represent Blast alignments 

of protein sequences from the two-component system genes found in VR-10A and VR-10B. 
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Appendix 3.9.  Fisher's exact tests performed on variable genes.  

Q-values represent p-values corrected for multiple-testing.  Only q-values < 0.05 are shown. 

 

Variable 

Region 

Locus_tag Product netB+ 

Absent 

netB+ 

Present 

netB+ 

Prevalence 

netB- 

Absent 

netB- 

Present 

netB- 

Prevalence 

netB+ vs 

netB-  

q-value 

Non-

poultry 

Absent 

Non-

poultry 

Present 

Non-

poultry 

Prevalence 

Poultry 

Absent 

Poultry 

Present 

Poultry 

Prevalence 

Poultry vs 

Non-poultry 

q-value 

VR-01 CP4_0296 galactoside O-acetyltransferase 4 17 0.81 12 21 0.64   6 3 0.33 16 38 0.70 2.43E-02 

VR-02 CP4_0377 conserved hypothetical protein 0 21 1.00 7 26 0.79 4.04E-02 5 4 0.44 7 47 0.87 5.26E-03 

 CP4_0378 conserved hypothetical protein 0 20 1.00 12 21 0.64 2.23E-03 5 4 0.44 12 41 0.77 4.07E-02 

  CP4_0379 conserved hypothetical protein 0 21 1.00 11 22 0.67 4.30E-03 5 4 0.44 11 43 0.80 1.66E-02 

VR-03 CP4_0391 conserved hypothetical protein 0 21 1.00 8 24 0.75 1.93E-02 4 5 0.56 8 45 0.85 2.61E-02 

  CP4_0392 RNA polymerase ECF-type sigma 

factor 

0 21 1.00 10 23 0.70 5.25E-03 4 5 0.56 10 44 0.81 4.07E-02 

VR-04 CP4_0430 caudovirus prohead protease 9 12 0.57 18 15 0.45  9 0 0.00 27 27 0.50 3.90E-03 

  CP4_0439 phage tail tape measure protein, 

family 

3 12 0.80 5 18 0.78   9 0 0.00 8 30 0.79 8.30E-06 

VR-05 CP4_0444 transcriptional regulator 0 21 1.00 7 26 0.79 4.04E-02 5 4 0.44 7 47 0.87 5.26E-03 

 CP4_0445 extracellular solute-binding protein 0 21 1.00 11 22 0.67 4.30E-03 5 4 0.44 11 43 0.80 1.66E-02 

 CP4_0446 ABC transporter 0 21 1.00 9 24 0.73 1.12E-02         

 CP4_0447 suger ABC transporter 0 21 1.00 11 22 0.67 4.30E-03 5 4 0.44 11 43 0.80 1.66E-02 

  CP4_0448 alpha-galactosidase 1 0 21 1.00 11 22 0.67 4.30E-03 5 4 0.44 11 43 0.80 1.66E-02 

VR-06 CP4_0458 sigma factor SgiI 0 21 1.00 18 15 0.45 2.74E-05 8 1 0.11 18 36 0.67 1.45E-03 

 CP4_0459 conserved hypothetical protein 0 20 1.00 13 19 0.59 1.09E-03 8 1 0.11 13 39 0.75 3.24E-04 

 CP4_0460 putative VTC domain superfamily 0 21 1.00 18 15 0.45 2.74E-05 8 1 0.11 18 36 0.67 1.45E-03 

 CP4_0461 putative tubulin/FtsZ, GTPase 0 21 1.00 12 21 0.64 2.17E-03 8 1 0.11 12 42 0.78 1.60E-04 

 CP4_0462 resolvase 0 21 1.00 21 12 0.36 8.70E-06 8 1 0.11 21 33 0.61 4.71E-03 

 CP4_0463 putative VTC domain superfamily 0 21 1.00 20 13 0.39 8.70E-06 8 1 0.11 20 34 0.63 4.40E-03 

 CP4_0464 tubulin/FtsZ, GTPase 0 21 1.00 21 12 0.36 8.70E-06 8 1 0.11 21 33 0.61 4.71E-03 

 CP4_0465 CotH protein 0 21 1.00 18 15 0.45 2.74E-05 8 1 0.11 18 36 0.67 1.45E-03 

 CP4_0466 conserved hypothetical protein 0 21 1.00 21 12 0.36 8.70E-06 8 1 0.11 21 33 0.61 4.71E-03 

 CP4_0467 putative heat repeat 0 21 1.00 21 12 0.36 8.70E-06 8 1 0.11 11 37 0.77 1.99E-04 

  CP4_0468 chitin synthase 0 21 1.00 21 12 0.36 8.70E-06 8 1 0.11 21 33 0.61 4.71E-03 
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VR-07 CP4_0526 iron uptake protein A1 6 15 0.71 4 29 0.88          

 CP4_0528 Fe(3+) ions import ATP-binding 

protein FbpC 

6 15 0.71 4 29 0.88          

  CP4_0529 nitrite reductase 7 14 0.67 4 29 0.88                 

VR-08 CP4_0540 transposase 7 14 0.67 25 8 0.24 4.74E-03         

  CP4_0543 conserved hypothetical protein 4 17 0.81 3 30 0.91                 

VR-09 CP4_0547 conserved hypothetical protein 0 20 1.00 3 29 0.91  4 5 0.56 3 49 0.94 3.58E-03 

  CP4_0552 UDP-N-acetyl-D-mannosamine 

dehydrogenase 

11 10 0.48 24 9 0.27                 

VR-10B CP4_0573 signal peptidase I 2 19 0.90 15 18 0.55 8.75E-03 9 0 0.00 17 37 0.69 8.58E-05 

 CP4_0575 sortase, SrtB family 3 18 0.86 23 10 0.30 1.28E-04 9 0 0.00 26 28 0.52 1.80E-03 

 CP4_0577 DNA-binding response regulator 2 19 0.90 11 22 0.67  9 0 0.00 13 41 0.76 1.52E-05 

  CP4_0578 sensor histidine kinase 3 18 0.86 18 12 0.40 1.88E-03 9 0 0.00 21 30 0.59 1.12E-03 

VR-10A JGS4143-

0549 

signal peptidase I 18 3 0.14 9 24 0.73 8.11E-05 1 8 0.89 27 27 0.50 1.55E-02 

 JGS4143-

0551 

conserved hypothetical protein 9 12 0.57 2 31 0.94 2.36E-03         

 JGS4143-

0552 

conserved hypothetical protein 18 3 0.14 15 18 0.55 5.04E-03 1 8 0.89 33 21 0.39 4.71E-03 

 JGS4143-

0553 

von Willebrand factor type A domain 

protein 

3 14 0.82 4 22 0.85          

 JGS4143-

0554 

two-component response regulator 18 3 0.14 15 18 0.55 5.04E-03 0 9 1.00 33 21 0.39 5.23E-04 

 JGS4143-

0555 

two-component response regulator 18 3 0.14 9 24 0.73 8.11E-05 0 9 1.00 27 27 0.50 3.90E-03 

  JGS4143-

0556 

hypothetical protein 5 16 0.76 4 28 0.88                 

VR-11 CP4_0615 conserved hypothetical protein 1 20 0.95 2 30 0.94   7 2 0.22 3 50 0.94 3.55E-06 

VR-12 CP4_0621 conserved hypothetical protein 0 21 1.00 5 28 0.85   3 6 0.67 5 49 0.91 3.50E-02 

VR-13 CP4_0677 undecaprenyl-phosphate galactose 

phosphotransferase 

3 18 0.86 6 25 0.81          

 CP4_0678 glycosyl transferase, group 2 family 

protein 

4 17 0.81 9 24 0.73          

 CP4_0679 glucose-1-phosphate 

thymidylyltransferase 

0 21 1.00 5 28 0.85          

 CP4_0681 dTDP-4-dehydrorhamnose reductase 0 21 1.00 5 28 0.85          

 CP4_0682 dTDP-glucose 4,6-dehydratase 0 21 1.00 5 28 0.85          

 CP4_0683 membrane protein, putative 7 14 0.67 14 19 0.58          

 CP4_0684 glycosyl transferase, group 2 family 

protein 

5 16 0.76 13 20 0.61          

 CP4_0685 conserved hypothetical protein 1 17 0.94 6 22 0.79  5 4 0.44 7 40 0.85 7.01E-03 

 CP4_0686 polysaccharide biosynthesis protein 3 18 0.86 4 29 0.88          
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  CP4_0687 cell wall binding repeat-containing 

protein/mannosyl-glycoprotein endo-

beta-N-acetylglucosamidase domain-

containing protein 

2 19 0.90 5 28 0.85                 

VR-14 CP4_0688 cell wall binding repeat-containing 

protein/mannosyl-glycoprotein endo-

beta-N-acetylglucosamidase domain-

containing protein 

4 17 0.81 11 22 0.67  5 4 0.44 14 40 0.74 4.43E-02 

 CP4_0689 cell wall binding repeat-containing 

protein/zinc carboxypeptidase family 

protein 

6 15 0.71 9 24 0.73          

  CP4_0690 cell wall binding repeat-containing 

protein 

5 16 0.76 14 19 0.58                 

VR-15 CP4_0691 cell wall binding repeat-containing 

protein 

1 20 0.95 5 27 0.84                 

VR-16 CP4_0783 oxidoreductase, FAD/FMN-binding 3 18 0.86 15 17 0.53 2.12E-02 6 3 0.33 18 35 0.66 3.47E-02 

VR-17 CP4_0797 RNA polymerase ECF-type sigma 

factor 

1 20 0.95 5 24 0.83                 

VR-18 CP4_0831 conserved hypothetical protein 4 17 0.81 6 27 0.82  8 1 0.11 10 44 0.81 5.42E-05 

  CP4_0833 hypothetical protein 1 20 0.95 1 31 0.97   5 4 0.44 2 51 0.96 3.06E-04 

VR-19 CP4_0841 conserved hypothetical protein 7 14 0.67 20 13 0.39   8 1 0.11 27 27 0.50 1.55E-02 

VR-20 CP4_0850 conserved hypothetical protein 0 20 1.00 1 28 0.97   6 3 0.33 1 48 0.98 8.30E-06 

VR-21 CP4_0859 rubredoxin 0 21 1.00 6 27 0.82                 

VR-22 CP4_0874 probable iron(III) dicitrate ABC 

transporter 

0 21 1.00 11 22 0.67 4.30E-03         

 CP4_0875 iron compound ABC transporter, 

permease protein 

0 21 1.00 12 21 0.64 2.17E-03         

 CP4_0876 ABC transport system permease 

protein 

0 21 1.00 8 25 0.76 2.00E-02         

  CP4_0877 ferrichrome transport ATP-binding 

protein FhuC 

0 21 1.00 10 23 0.70 5.25E-03               

VR-23 CP4_0896 conserved hypothetical protein 4 17 0.81 3 30 0.91                 

VR-24 CP4_0919 sensory transduction protein BceR 2 17 0.89 4 22 0.85          

 CP4_0924 bacitracin export ATP-binding protein 

BceA 

2 14 0.88 2 21 0.91          

 CP4_0927 stress responsive alpha-beta barrel 

domain-containing protein 

3 18 0.86 6 27 0.82          

  CP4_0929 conserved hypothetical protein 1 14 0.93 3 21 0.88   3 6 0.67 4 36 0.90 4.25E-02 

VR-25 CP4_0947 conserved hypothetical protein 3 17 0.85 4 24 0.86          

  CP4_0950 conserved hypothetical protein 0 18 1.00 5 20 0.80                 

VR-26 CP4_0963 resolvase domain-containing protein 0 21 1.00 6 26 0.81                 

VR-27 CP4_1008 conserved hypothetical protein 0 20 1.00 7 23 0.77 3.64E-02 4 5 0.56 7 43 0.86 2.07E-02 
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  CP4_1010 putative toxin-antitoxin system, toxin 

component 

2 19 0.90 16 16 0.50 3.71E-03 8 1 0.11 18 35 0.66 1.59E-03 

VR-28 CP4_1036 putative phage terminase, large 

subunit 

6 15 0.71 9 24 0.73   8 1 0.11 15 39 0.72 7.21E-04 

VR-29 CP4_1061 DNA adenine-specific 

methyltransferase 

7 7 0.50 14 6 0.30                 

VR-30 CP4_1069 probable autolytic lysozyme 1 20 0.95 9 24 0.73  6 3 0.33 10 44 0.81 3.58E-03 

 CP4_1071 conserved hypothetical protein 4 17 0.81 5 28 0.85  9 0 0.00 9 45 0.83 3.55E-06 

  CP4_1076 phosphorylase family protein 0 21 1.00 4 29 0.88   5 4 0.44 4 50 0.93 1.00E-03 

VR-31 CP4_1098 caax amino protease family protein 1 20 0.95 3 30 0.91  3 6 0.67 4 50 0.93 2.23E-02 

 CP4_1099 ProFAR isomerase associated 

superfamily 

1 20 0.95 3 26 0.90  4 5 0.56 4 46 0.92 6.76E-03 

  CP4_1100 conserved hypothetical protein 1 20 0.95 1 32 0.97   6 3 0.33 2 52 0.96 2.17E-05 

VR-32 CP4_1106 conserved hypothetical protein 2 19 0.90 6 27 0.82  4 5 0.56 8 46 0.85 2.43E-02 

 CP4_1107 methionyl-tRNA formyltransferase 0 21 1.00 4 29 0.88  4 5 0.56 4 50 0.93 5.96E-03 

 CP4_1110 transcriptional regulator 0 21 1.00 1 28 0.97  5 4 0.44 1 49 0.98 1.34E-04 

  CP4_1114 conserved hypothetical protein 0 21 1.00 1 32 0.97   7 2 0.22 1 53 0.98 3.55E-06 

VR-33 CP4_1130 putative toxin-antitoxin system, toxin 

component 

3 14 0.82 2 21 0.91  4 5 0.56 5 36 0.88 1.77E-02 

 CP4_1131 toxin-antitoxin system, antitoxin 

component, Xre family 

0 21 1.00 7 23 0.77 3.64E-02 4 5 0.56 7 44 0.86 1.99E-02 

 CP4_1134 conserved hypothetical protein 2 19 0.90 4 28 0.88          

 CP4_1135 conserved hypothetical protein 4 17 0.81 1 32 0.97  3 6 0.67 5 49 0.91 3.50E-02 

  CP4_1136 acetyltransferase 6 15 0.71 3 30 0.91                 

VR-34 CP4_1150 lipoprotein, putative 1 20 0.95 7 25 0.78  5 4 0.44 8 45 0.85 7.01E-03 

 CP4_1153 conserved hypothetical protein 4 17 0.81 0 33 1.00 2.19E-02 4 5 0.56 4 50 0.93 5.96E-03 

 CP4_1154 conserved hypothetical protein 0 20 1.00 6 22 0.79 3.65E-02 5 4 0.44 6 42 0.88 5.00E-03 

 CP4_1158 conserved hypothetical protein 1 20 0.95 10 18 0.64 1.92E-02         

 CP4_1159 conserved hypothetical protein 4 17 0.81 1 32 0.97          

 CP4_1165 UBA/TS-N domain-containing 

protein 

0 21 1.00 6 27 0.82  3 6 0.67 6 48 0.89 4.43E-02 

 CP4_1167 sensor histidine kinase 0 21 1.00 4 29 0.88  3 6 0.67 4 50 0.93 2.23E-02 

  CP4_1169 acetyltransferase 1 20 0.95 6 25 0.81   4 5 0.56 7 45 0.87 1.77E-02 

VR-35 CP4_1181 discoidin domain-containing protein 8 12 0.60 18 12 0.40          

  CP4_1184 [Fe] hydrogenase 0 21 1.00 6 27 0.82                 
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VR-36 CP4_1238 collagen adhesion protein 0 21 1.00 1 32 0.97   7 2 0.22 1 53 0.98 3.55E-06 

VR-37 CP4_1251 hydroxylamine reductase 0 21 1.00 15 17 0.53 1.28E-04 6 3 0.33 15 38 0.72 1.99E-02 

VR-38 CP4_1323 lipoprotein-releasing system ATP-

binding protein LolD 

0 21 1.00 4 25 0.86  4 5 0.56 4 46 0.92 6.76E-03 

 CP4_1324 conserved hypothetical protein 0 20 1.00 5 26 0.84  4 5 0.56 5 46 0.90 9.61E-03 

 CP4_1325 putative permease 2 19 0.90 13 20 0.61 3.45E-02         

  CP4_1329 nudix family hydrolase 1 19 0.95 7 25 0.78                 

VR-39 CP4_1336 histidine kinase KdpD 0 17 1.00 3 19 0.86          

  CP4_1342 conserved hypothetical protein 2 13 0.87 3 18 0.86                 

VR-40 CP4_1388 ggdef/eal domain-containing protein 1 19 0.95 4 23 0.85                 

VR-41 CP4_1461 AP endonuclease 1 18 0.95 1 27 0.96   5 4 0.44 2 46 0.96 4.08E-04 

VR-42 CP4_1477 lipoprotein, putative 3 18 0.86 5 25 0.83                 

VR-43 CP4_1594 chromosome segregation ATPase 4 9 0.69 5 8 0.62   8 1 0.11 9 17 0.65 3.66E-03 

VR-44 CP4_1608 conserved hypothetical protein 1 20 0.95 15 18 0.55 2.23E-03 3 6 0.67 6 48 0.89 4.43E-02 

VR-45 CP4_1619 lysine-N-methylase 3 17 0.85 4 23 0.85   5 4 0.44 7 39 0.85 7.16E-03 

VR-46 CP4_1641 xanthine phosphoribosyltransferase 1 12 0.92 4 17 0.81                 

VR-47 CP4_1710 conserved hypothetical protein 0 21 1.00 5 28 0.85                 

VR-48 CP4_1730 transposon, resolvase 2 19 0.90 14 19 0.58 1.68E-02               

VR-49 CP4_1860 BNR/Asp-box repeat-containing 

protein 

5 16 0.76 8 25 0.76                 

VR-50 CP4_1876 O-GlcNAcase NagJ (CPE_1523) 2 19 0.90 4 29 0.88   6 3 0.33 6 48 0.89 5.86E-04 

VR-51 CP4_1926 lipoprotein, putative 3 15 0.83 4 20 0.83                 

VR-52 CP4_1976 hypothetical protein 1 20 0.95 11 22 0.67 2.11E-02 6 3 0.33 12 42 0.78 6.31E-03 

VR-53 CP4_2009 conserved hypothetical protein 4 17 0.81 3 28 0.90                 

VR-54 CP4_2074 chromosome segregation protein 

SMC 

3 17 0.85 4 25 0.86                 

VR-55 CP4_2126 penicillin binding protein 

transpeptidase domain-containing 

protein 

3 17 0.85 4 28 0.88                 

VR-56 CP4_2168 conserved hypothetical protein 2 12 0.86 3 20 0.87                 

VR-57 CP4_2195 sensor histidine kinase 0 12 1.00 0 20 1.00  5 2 0.29 0 32 1.00 2.17E-05 

  CP4_2196 conserved hypothetical protein 2 19 0.90 11 22 0.67                 

VR-58 CP4_2309 flavohemoprotein 0 21 1.00 5 23 0.82                 
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VR-59 CP4_2359 hypothetical protein 8 12 0.60 19 6 0.24 3.45E-02 9 0 0.00 27 18 0.40 9.27E-03 

VR-60 CP4_2372 Gp10 protein 12 9 0.43 21 11 0.34  9 0 0.00 33 20 0.38 1.86E-02 

 CP4_2376 phage major capsid protein, HK97 

family 

13 8 0.38 23 9 0.28          

 CP4_2377 phage prohead protease, HK97 family 14 7 0.33 27 6 0.18          

 CP4_2379 phage portal protein, HK97 family 10 8 0.44 16 9 0.36          

  CP4_2382 Gp50 protein 13 8 0.38 27 6 0.18                 

VR-61 CP4_2398 integrase family protein 12 9 0.43 25 7 0.22                 

VR-62 CP4_2429 VanZ family membrane protein 3 18 0.86 9 24 0.73  9 0 0.00 12 42 0.78 8.30E-06 

 CP4_2431 conserved hypothetical protein 9 12 0.57 18 15 0.45  9 0 0.00 27 27 0.50 3.90E-03 

 CP4_2432 membrane protein, putative 6 15 0.71 5 28 0.85  9 0 0.00 11 43 0.80 3.55E-06 

  CP4_2433 ABC transporter, ATP-binding 

protein 

7 11 0.61 12 15 0.56   9 0 0.00 19 26 0.58 1.10E-03 

VR-63 CP4_2512 conserved hypothetical protein 2 19 0.90 3 30 0.91   5 4 0.44 5 49 0.91 1.89E-03 

VR-64 CP4_2645 sporulation initiation inhibitor protein 

Soj 

4 17 0.81 18 15 0.45 1.43E-02               

VR-65 CP4_2697 conserved hypothetical protein 0 21 1.00 13 19 0.59 1.05E-03 7 2 0.22 13 40 0.75 1.89E-03 

 CP4_2699 conserved hypothetical protein 0 21 1.00 13 20 0.61 1.26E-03         

  CP4_2700 conserved hypothetical protein 0 20 1.00 7 22 0.76 3.59E-02               

VR-66 CP4_2736 type I restriction-modification system, 

M subunit 

9 12 0.57 18 15 0.45   8 1 0.11 26 28 0.52 1.35E-02 

VR-67 CP4_2932 DNA-binding protein HU 1 17 0.94 3 26 0.90   3 6 0.67 4 44 0.92 3.06E-02 

VR-68 CP4_3079 AraC family transcriptional regulator 1 20 0.95 11 17 0.61 8.25E-03 7 2 0.22 12 37 0.76 2.17E-03 

 CP4_3080 tetracycline resistance protein TetP 1 20 0.95 7 26 0.79  7 2 0.22 8 46 0.85 1.99E-04 

  CP4_3081 tetracycline resistance protein 0 21 1.00 1 32 0.97   6 3 0.33 1 53 0.98 3.55E-06 

VR-69 CP4_3109 conserved hypothetical protein 

(pCP13_CPC36) 

7 14 0.67 17 12 0.41   8 1 0.11 25 25 0.50 2.61E-02 

VR-70 CP4_3124 conserved hypothetical protein 

(pCW3_0007) 

1 20 0.95 11 22 0.67 2.11E-02 9 0 0.00 12 42 0.78 8.30E-06 

 CP4_3125 hypothetical protein 0 21 1.00 12 21 0.64 2.17E-03 6 3 0.33 12 42 0.78 6.31E-03 

  CP4_3127 conserved hypothetical protein 

(pCW3_0008) 

0 21 1.00 13 20 0.61 1.26E-03               

VR-71 CP4_3126 LexA repressor (pCW3_0015) 0 21 1.00 14 18 0.56 3.71E-04               

VR-72 CP4_3128 putative plasmid partitioning protein 

(pCW3_0013) 

1 19 0.95 11 20 0.65 1.97E-02 6 3 0.33 12 39 0.76 7.16E-03 

  CP4_3129 conserved hypothetical protein 

(pCW3_0012) 

3 10 0.77 6 11 0.65   6 3 0.33 9 21 0.70 2.61E-02 
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VR-73 CP4_3132 toxin A 1 19 0.95 2 28 0.93  7 2 0.22 3 47 0.94 8.30E-06 

 CP4_3133 bacteriocin-related protein 9 12 0.57 12 19 0.61  7 2 0.22 21 31 0.60 2.95E-02 

 CP4_3134 UviA protein 7 5 0.42 8 4 0.33          

  CP4_3136 transposase for insertion sequence 

element isrm3 

9 3 0.25 14 1 0.07                 

VR-74 CP4_3138 putative ATPase of HSP70 class 

(pNetB_00004) 

0 21 1.00 4 29 0.88  5 4 0.44 4 50 0.93 1.00E-03 

  CP4_3139 conserved hypothetical protein 

(pNetB_00003) 

1 20 0.95 22 9 0.29 8.70E-06               

VR-75 CP4_3153 thymidine kinase 4 10 0.71 11 14 0.56   9 0 0.00 15 24 0.62 8.91E-04 

VR-76 CP4_3216 conserved hypothetical protein 3 18 0.86 1 32 0.97   9 0 0.00 4 50 0.93 3.55E-06 

VR-77 CP4_3229 conserved hypothetical protein 8 13 0.62 15 18 0.55   9 0 0.00 23 31 0.57 1.17E-03 

VR-78 CP4_3246 ISCpe2, transposase OrfB 8 1 0.11 10 6 0.38                 

VR-79 CP4_3270 conserved hypothetical protein 0 21 1.00 0 33 1.00  9 0 0.00 0 54 1.00 3.55E-06 

  CP4_3271 putative transcriptional regulator 14 7 0.33 20 13 0.39   9 0 0.00 34 19 0.36 1.77E-02 

VR-80 CP4_3286 conserved hypothetical protein 8 5 0.38 13 7 0.35   9 0 0.00 21 12 0.36 1.66E-02 

VR-81 CP4_3340 plectrovirus Spv1-c74 orf 1 and c-

terminal truncated protein 

7 8 0.53 9 8 0.47   9 0 0.00 16 16 0.50 3.63E-03 

VR-82 CP4_3348 collagen adhesion protein 8 4 0.33 10 7 0.41                 

VR-83 CP4_3359 conserved hypothetical protein 4 17 0.81 22 9 0.29 9.46E-04         

  CP4_3360 collagen adhesin (partial) 2 19 0.90 9 24 0.73   5 4 0.44 11 43 0.80 1.66E-02 

VR-84 CP4_3361 collagen adhesin (partial) 8 13 0.62 23 10 0.30 3.17E-02               

VR-85 CP4_3398 HNH endonuclease domain protein 5 10 0.67 6 9 0.60  9 0 0.00 11 19 0.63 7.42E-04 

 CP4_3403 phage prohead protease, HK97 family 3 17 0.85 5 24 0.83  8 1 0.11 8 42 0.84 4.04E-05 

 CP4_3404 phage major capsid protein, HK97 

family 

8 4 0.33 10 4 0.29  9 0 0.00 18 8 0.31 3.50E-02 

 CP4_3406 phage protein, HK97 gp10 family 3 18 0.86 7 26 0.79  9 0 0.00 10 44 0.81 3.55E-06 

 CP4_3407 conserved hypothetical protein 7 14 0.67 5 25 0.83  9 0 0.00 12 39 0.76 8.30E-06 

 CP4_3408 prophage LambdaSa04, Phi13 family 

major tail protein 

6 15 0.71 12 20 0.63  9 0 0.00 18 35 0.66 1.60E-04 

  CP4_3411 family phage tail tape measure protein 8 12 0.60 14 15 0.52   9 0 0.00 22 27 0.55 1.30E-03 

VR-86 CP4_3421 FtsK/SpoI 3 18 0.86 22 10 0.31 2.56E-04 8 1 0.11 25 28 0.53 1.28E-02 

VR-87 CP4_3422 integrase/recombinase 1 20 0.95 2 28 0.93  7 2 0.22 3 48 0.94 8.30E-06 

  CP4_3426 hypothetical protein 13 7 0.35 18 5 0.22   9 0 0.00 31 12 0.28 3.96E-02 

VR-88 CP4_3431 LexA repressor 0 21 1.00 22 7 0.24 8.70E-06 8 1 0.11 22 28 0.56 1.17E-02 
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VR-89 CP4_3432 transporter, major facilitator family 7 14 0.67 27 5 0.16 6.43E-04         

 CP4_3433 putative heme biosynthesis protein 9 10 0.53 27 3 0.10 2.80E-03         

 CP4_3434 putative radical SAM domain-

containing protein 

3 18 0.86 20 13 0.39 2.04E-03 8 1 0.11 23 31 0.57 6.40E-03 

  CP4_3435 conserved hypothetical protein 6 14 0.70 23 3 0.12 9.78E-05               

VR-90 CP4_3436 conserved hypothetical protein 3 11 0.79 15 4 0.21 2.04E-03         

 CP4_3437 conserved hypothetical protein 0 21 1.00 19 13 0.41 8.70E-06         

  CP4_3438 putative ATPase 0 21 1.00 13 20 0.61 1.26E-03 6 3 0.33 13 41 0.76 8.06E-03 

VR-91 CP4_3439 transcriptional regulator 0 21 1.00 7 26 0.79 4.04E-02 5 4 0.44 7 47 0.87 5.26E-03 

  CP4_3441 beta2 toxin 1 10 0.91 6 7 0.54   6 3 0.33 7 17 0.71 4.25E-02 

VR-92 CP4_3442 transcriptional regulator, MarR family 1 12 0.92 12 2 0.14 9.78E-05 9 0 0.00 13 14 0.52 3.00E-03 

 CP4_3443 beta-lactamase domain-containing 

protein 

0 21 1.00 24 9 0.27 8.70E-06 9 0 0.00 25 29 0.54 1.54E-03 

 CP4_3444 M protein trans-acting positive 

regulator (MGA) 

1 19 0.95 29 2 0.06 8.70E-06 9 0 0.00 31 20 0.39 9.63E-03 

 CP4_3445 putative radical SAM domain-

containing protein 

1 15 0.94 19 0 0.00 8.70E-06 9 0 0.00 20 14 0.41 8.23E-03 

 CP4_3446 putative internalin 5 15 0.75 25 1 0.04 8.70E-06 9 0 0.00 30 15 0.33 1.90E-02 

 CP4_3447 hypothetical protein 2 19 0.90 28 3 0.10 8.70E-06 9 0 0.00 31 21 0.40 9.27E-03 

 CP4_3448 hypothetical protein 0 18 1.00 18 5 0.22 8.70E-06 9 0 0.00 18 23 0.56 1.25E-03 

 CP4_3449 necrotic enteritis toxin B 0 21 1.00 28 5 0.15 8.70E-06 9 0 0.00 29 25 0.46 4.71E-03 

 CP4_3450 ricin-type beta-trefoil domain protein 0 21 1.00 11 22 0.67 4.30E-03 9 0 0.00 11 43 0.80 3.55E-06 

 CP4_3451 transposase for transposon 0 21 1.00 24 9 0.27 8.70E-06         

 CP4_3452 hypothetical protein 0 21 1.00 19 14 0.42 8.70E-06         

 CP4_3453 hypothetical protein 0 21 1.00 23 10 0.30 8.70E-06         

 CP4_3454 chitinase B 1 20 0.95 30 3 0.09 8.70E-06 9 0 0.00 32 22 0.41 9.15E-03 

 CP4_3455 chitodextrinase 0 21 1.00 29 4 0.12 8.70E-06 9 0 0.00 30 24 0.44 5.96E-03 

 CP4_3456 protein Tlet_1264 0 21 1.00 7 26 0.79 4.04E-02 9 0 0.00 7 47 0.87 3.55E-06 

 CP4_3457 CAAX amino terminal protease 

family 

1 20 0.95 28 5 0.15 8.70E-06 9 0 0.00 30 24 0.44 5.96E-03 

 CP4_3458 putative beta-toxin 2 19 0.90 32 1 0.03 8.70E-06 9 0 0.00 35 19 0.35 1.83E-02 

 CP4_3459 putative beta-toxin 2 19 0.90 31 2 0.06 8.70E-06 9 0 0.00 34 20 0.37 1.79E-02 

 CP4_3460 conserved hypothetical protein 0 21 1.00 21 12 0.36 8.70E-06 9 0 0.00 21 33 0.61 5.23E-04 

 CP4_3461 conserved hypothetical protein 0 21 1.00 28 2 0.07 8.70E-06 9 0 0.00 29 22 0.43 8.23E-03 

 CP4_3462 conserved hypothetical protein 0 21 1.00 12 21 0.64 2.17E-03 9 0 0.00 13 41 0.76 1.52E-05 
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 CP4_3464 resolvase/recombinase 0 21 1.00 20 13 0.39 8.70E-06 7 2 0.22 20 34 0.63 1.48E-02 

 CP4_3465 resolvase/recombinase 2 19 0.90 24 9 0.27 8.70E-06 8 1 0.11 26 28 0.52 1.35E-02 

 CP4_3466 membrane protein, putative 0 21 1.00 18 15 0.45 2.74E-05 9 0 0.00 19 35 0.65 1.99E-04 

 CP4_3468 F5/8 type C domain-containing 

protein 

1 20 0.95 13 18 0.58 4.30E-03 9 0 0.00 15 37 0.71 4.14E-05 

 CP4_3469 diguanylate 

cyclase/phosphodiesterase domain 2 

0 21 1.00 24 8 0.25 8.70E-06 9 0 0.00 25 28 0.53 1.59E-03 

 CP4_3470 sortase family protein 3 18 0.86 26 6 0.19 8.70E-06         

 CP4_3471 putative surface protein 0 21 1.00 16 17 0.52 2.56E-04 9 0 0.00 16 38 0.70 5.42E-05 

 CP4_3472 peptidoglycan bound protein 3 18 0.86 24 9 0.27 8.11E-05 8 1 0.11 27 27 0.50 1.55E-02 

 CP4_3473 cell wall surface anchor family 

protein 

0 21 1.00 22 11 0.33 8.70E-06 9 0 0.00 22 32 0.59 5.86E-04 

 CP4_3474 signal peptidase I 0 21 1.00 14 19 0.58 6.43E-04         

 CP4_3476 hypothetical protein 1 20 0.95 28 2 0.07 8.70E-06 9 0 0.00 30 21 0.41 8.70E-03 

 CP4_3477 swim zinc finger domain protein 0 21 1.00 14 19 0.58 6.43E-04         

  CP4_3478 diguanylate 

cyclase/phosphodiesterase with 

PAS/PAC sensor 

0 21 1.00 29 4 0.12 8.70E-06 9 0 0.00 30 24 0.44 5.96E-03 

VR-93 CP4_3522 putative phage terminase, large 

subunit 

13 1 0.07 12 4 0.25                 

VR-94 CP4_3559 conserved hypothetical protein 6 15 0.71 19 14 0.42          

  CP4_3560 conserved hypothetical protein 9 10 0.53 22 1 0.04 1.26E-03               

VR-95 CP4_3561 putative ATPase 0 21 1.00 0 33 1.00  7 2 0.22 0 54 1.00 3.55E-06 

 CP4_3562 immunoglobulin heavy chain variable 

region 

1 15 0.94 13 11 0.46 3.00E-03 7 2 0.22 14 26 0.65 1.27E-02 

  CP4_3563 conserved hypothetical protein 2 19 0.90 21 11 0.34 8.11E-05               

VR-96 CP4_3564 hypothetical protein 0 21 1.00 0 33 1.00  8 1 0.11 0 54 1.00 3.55E-06 

  CP4_3565 hypothetical protein 5 16 0.76 20 8 0.29 1.94E-03 8 1 0.11 25 24 0.49 2.61E-02 

VR-97 CP4_3567 conserved hypothetical protein 4 17 0.81 18 15 0.45 1.43E-02         

 CP4_3568 hypothetical protein 2 19 0.90 24 9 0.27 8.70E-06 9 0 0.00 26 28 0.52 1.80E-03 

 CP4_3569 resolvase/recombinase 2 14 0.88 13 10 0.43 8.98E-03         

 CP4_3570 conserved hypothetical protein 0 21 1.00 11 22 0.67 4.30E-03 6 3 0.33 11 43 0.80 4.86E-03 

  CP4_3572 NADP-dependent 7-alpha-

hydroxysteroid dehydrogenase 

4 17 0.81 26 7 0.21 7.44E-05 9 0 0.00 25 28 0.53 1.59E-03 

VR-98 JGS4143-

0023 

phage integrase 6 15 0.71 9 24 0.73  7 2 0.22 14 40 0.74 3.00E-03 

 JGS4143-

0024 

conserved hypothetical protein 9 12 0.57 15 18 0.55  9 0 0.00 25 29 0.54 1.54E-03 
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 JGS4143-

0025 

phage protein 12 9 0.43 23 10 0.30          

 JGS4143-

0026 

DNA-binding protein, putative 9 11 0.55 15 11 0.42  9 0 0.00 24 22 0.48 4.06E-03 

 JGS4143-

0027 

conserved domain protein 7 14 0.67 16 15 0.48          

 JGS4143-

0028 

DNA binding protein, excisionase 

family, 

7 14 0.67 15 18 0.55  7 2 0.22 23 31 0.57 3.34E-02 

 JGS4143-

0029 

hypothetical protein 8 13 0.62 13 18 0.58          

 JGS4143-

0030 

replicative DNA helicase 9 12 0.57 11 22 0.67  7 2 0.22 20 34 0.63 1.48E-02 

 JGS4143-

0031 

hypothetical protein 6 15 0.71 11 20 0.65          

 JGS4143-

0032 

kinetochore protein Nuf2 (Cell 

division 

12 9 0.43 22 11 0.33  9 0 0.00 34 20 0.37 1.79E-02 

 JGS4143-

0033 

hypothetical protein 7 14 0.67 8 22 0.73          

 JGS4143-

0035 

hypothetical protein 6 15 0.71 8 24 0.75  8 1 0.11 13 40 0.75 3.06E-04 

 JGS4143-

0036 

hypothetical protein 11 10 0.48 17 16 0.48          

 JGS4143-

0037 

hypothetical protein 11 10 0.48 18 15 0.45          

 JGS4143-

0038 

RNA polymerase, sigma 32 subunit, 

RpoH 

11 10 0.48 19 11 0.37          

 JGS4143-

0039 

hypothetical protein 14 7 0.33 19 14 0.42          

 JGS4143-

0040 

conserved hypothetical protein 12 9 0.43 25 8 0.24          

 JGS4143-

0041 

conserved hypothetical protein 16 5 0.24 31 2 0.06          

  JGS4143-

0042 

protein of unknown function 13 8 0.38 23 10 0.30   9 0 0.00 36 18 0.33 1.99E-02 

VR-99 JGS4143-

0139 

sensor histidine kinase 0 21 1.00 1 32 0.97  9 0 0.00 1 53 0.98 3.55E-06 

  JGS4143-

0141 

hypothetical protein 0 21 1.00 1 32 0.97   8 1 0.11 1 53 0.98 3.55E-06 

VR-100 JGS4143-

0157 

conserved hypothetical protein 12 9 0.43 24 9 0.27  9 0 0.00 36 18 0.33 1.99E-02 

 JGS4143-

0158 

hypothetical protein 8 13 0.62 9 22 0.71  8 1 0.11 17 35 0.67 1.35E-03 

 JGS4143-

0159 

conserved hypothetical protein 4 12 0.75 4 20 0.83  4 4 0.50 7 33 0.83 2.95E-02 

 JGS4143-

0160 

BRO family, N- domain protein 9 12 0.57 13 19 0.59          

 JGS4143-

0163 

2-keto-3-deoxygluconate kinase 11 10 0.48 13 20 0.61          

 JGS4143-

0164 

beta-glucuronidase (GUS) 1 20 0.95 3 30 0.91  3 6 0.67 4 50 0.93 2.23E-02 

 JGS4143-

0165 

probable transcriptional regulator 4 16 0.80 8 23 0.74          

 JGS4143-

0167 

khg/kdpg aldolase 8 13 0.62 9 19 0.68          

 JGS4143-

0168 

mannonate dehydratase 9 12 0.57 13 20 0.61          

 JGS4143-

0169 

glucuronate isomerase 11 10 0.48 14 19 0.58          
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 JGS4143-

0170 

glucuronide permease 9 12 0.57 12 21 0.64          

  JGS4143-

0171 

beta-N-acetylglucosaminidase/beta-

glucosidase 

9 12 0.57 14 19 0.58                 

VR-101 JGS4143-

0278 

conserved hypothetical protein 10 11 0.52 14 15 0.52  9 0 0.00 23 27 0.54 1.45E-03 

 JGS4143-

0280 

conserved hypothetical protein 7 14 0.67 12 21 0.64  9 0 0.00 19 35 0.65 1.99E-04 

  JGS4143-

0281 

conserved hypothetical protein 0 21 1.00 0 33 1.00   9 0 0.00 0 54 1.00 3.55E-06 

VR-102 JGS4143-

0283 

conserved hypothetical protein 17 4 0.19 22 11 0.33          

  JGS4143-

0284 

conserved domain protein 13 8 0.38 21 9 0.30                 

VR-103 JGS4143-

0370 

conserved hypothetical protein 0 21 1.00 14 19 0.58 6.43E-04 5 4 0.44 14 40 0.74 4.43E-02 

VR-104 JGS4143-

0394 

hypothetical protein 0 21 1.00 0 33 1.00  9 0 0.00 0 54 1.00 3.55E-06 

 JGS4143-

0395 

prophage dna primase 17 4 0.19 30 3 0.09          

 JGS4143-

0396 

hypothetical protein 17 4 0.19 30 3 0.09          

 JGS4143-

0397 

hypothetical protein 14 7 0.33 23 10 0.30  9 0 0.00 37 17 0.31 3.99E-02 

 JGS4143-

0398 

modification methylase EcoRI 16 5 0.24 22 11 0.33  9 0 0.00 38 16 0.30 3.94E-02 

 JGS4143-

0400 

hypothetical protein 12 9 0.43 25 8 0.24  9 0 0.00 38 16 0.30 3.94E-02 

 JGS4143-

0401 

hypothetical protein 17 4 0.19 30 3 0.09          

  JGS4143-

0403 

hypothetical protein 14 7 0.33 27 6 0.18                 

VR-105 JGS4143-

0472 

conserved hypothetical protein 1 13 0.93 3 20 0.87  8 1 0.11 4 33 0.89 8.30E-06 

 JGS4143-

0473 

conserved hypothetical protein 2 19 0.90 13 18 0.58 1.63E-02 9 0 0.00 15 37 0.71 4.14E-05 

 JGS4143-

0474 

hypothetical protein 0 20 1.00 5 27 0.84  9 0 0.00 5 47 0.90 3.55E-06 

 JGS4143-

0475 

hypothetical protein 4 17 0.81 20 13 0.39 5.40E-03 9 0 0.00 24 30 0.56 1.29E-03 

 JGS4143-

0476 

helix-turn-helix domain protein 12 8 0.40 23 7 0.23          

 JGS4143-

0477 

conserved hypothetical protein 11 8 0.42 20 6 0.23          

 JGS4143-

0478 

hypothetical protein 0 20 1.00 12 19 0.61 2.04E-03 9 0 0.00 12 39 0.76 8.30E-06 

  JGS4143-

0480 

conserved domain protein 7 14 0.67 13 20 0.61   8 1 0.11 19 35 0.65 2.09E-03 

VR-106 JGS4143-

0483 

conserved hypothetical protein 7 14 0.67 10 23 0.70                 

VR-107 JGS4143-

0498 

transposon, resolvase 2 15 0.88 6 20 0.77  7 2 0.22 8 36 0.82 7.21E-04 

 JGS4143-

0499 

transposase 0 13 1.00 2 20 0.91  6 3 0.33 2 34 0.94 1.71E-04 

 JGS4143-

0500 

hypothetical protein 11 10 0.48 20 13 0.39          



` 

  

 

2
0
9
 

  JGS4143-

0501 

transposase, OrfB family 4 16 0.80 4 24 0.86   6 3 0.33 8 40 0.83 2.28E-03 

VR-108 JGS4143-

0507 

4Fe-4S ferredoxin iron-sulfur binding 

domain 

18 3 0.14 20 13 0.39                 

VR-109 JGS4143-

0520 

conserved hypothetical protein 4 17 0.81 2 29 0.94  4 5 0.56 5 47 0.90 9.15E-03 

 JGS4143-

0524 

capsular polysaccharide biosynthesis 

protein 

6 13 0.68 9 20 0.69  9 0 0.00 14 34 0.71 7.83E-05 

 JGS4143-

0525 

sugar transferases involved in 13 8 0.38 19 14 0.42  9 0 0.00 32 22 0.41 9.15E-03 

 JGS4143-

0526 

dtdp-4-dehydrorhamnose 3,5-

epimerase, putative 

7 14 0.67 9 24 0.73  9 0 0.00 15 39 0.72 4.04E-05 

 JGS4143-

0527 

capsular polysaccharide biosynthesis 

protein 

11 10 0.48 16 15 0.48  9 0 0.00 27 25 0.48 3.91E-03 

 JGS4143-

0528 

polysaccharide biosynthesis protein 

CapD 

17 4 0.19 27 6 0.18          

 JGS4143-

0529 

NAD-dependent 

epimerase/dehydratase 

17 4 0.19 17 16 0.48 4.58E-02 9 0 0.00 34 20 0.37 1.79E-02 

 JGS4143-

0530 

UDP-N-acetylglucosamine 2-

epimerase 

18 3 0.14 24 9 0.27          

 JGS4143-

0531 

putative glycosyl transferase 16 5 0.24 27 6 0.18          

 JGS4143-

0532 

putative transferase 17 4 0.19 27 6 0.18          

 JGS4143-

0534 

glycosyl transferase, group 2 family 

protein 

5 16 0.76 11 22 0.67  9 0 0.00 16 38 0.70 5.42E-05 

  JGS4143-

0535 

flippase Wzx 15 6 0.29 27 6 0.18                 

VR-110 JGS4143-

0536 

udp-glucose 6-dehydrogenase (udp-

glc 

8 13 0.62 21 12 0.36  9 0 0.00 29 25 0.46 4.71E-03 

  JGS4143-

0537 

transcriptional regulator, LytR family 7 14 0.67 8 25 0.76   8 1 0.11 16 38 0.70 7.80E-04 

VR-111 JGS4143-

0546 

transcriptional regulator, AraC family 10 11 0.52 17 15 0.47                 

VR-113 JGS4143-

0593 

conserved hypothetical protein 8 13 0.62 8 23 0.74                 

VR-114 JGS4143-

0613 

cell wall binding repeat domain 

protein 

7 14 0.67 14 19 0.58                 

VR-115 JGS4143-

0727 

conserved hypothetical protein 9 12 0.57 13 20 0.61          

 JGS4143-

0728 

voltage-gated chloride channel family 

protein 

9 12 0.57 15 18 0.55          

  JGS4143-

0729 

voltage-gated chloride channel family 

protein 

4 17 0.81 8 25 0.76   6 3 0.33 13 41 0.76 8.06E-03 

VR-116 JGS4143-

0804 

conserved hypothetical protein 6 15 0.71 12 21 0.64                 

VR-117 JGS4143-

0810 

hypothetical protein 6 15 0.71 10 23 0.70   9 0 0.00 17 37 0.69 8.58E-05 

VR-118 JGS4143-

0827 

conserved hypothetical protein 1 20 0.95 1 32 0.97   5 4 0.44 2 52 0.96 2.47E-04 

VR-119 JGS4143-

0843 

hypothetical protein 12 9 0.43 7 26 0.79 1.43E-02               

VR-120 JGS4143-

0907 

YhbE 3 15 0.83 4 19 0.83  8 1 0.11 7 35 0.83 4.14E-05 
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 JGS4143-

0908 

YhbF 6 13 0.68 7 21 0.75  6 2 0.25 12 35 0.74 5.96E-03 

  JGS4143-

0909 

YhbD 3 16 0.84 4 21 0.84   6 3 0.33 7 37 0.84 2.19E-03 

VR-121 JGS4143-

0922 

phage protein 9 12 0.57 13 20 0.61          

 JGS4143-

0925 

hypothetical protein 0 12 1.00 0 18 1.00  7 0 0.00 0 30 1.00 3.55E-06 

 JGS4143-

0926 

VanZ like family 0 21 1.00 2 29 0.94  9 0 0.00 2 50 0.96 3.55E-06 

 JGS4143-

0927 

hypothetical protein 7 13 0.65 8 21 0.72  9 0 0.00 14 35 0.71 4.14E-05 

 JGS4143-

0928 

hypothetical protein 1 20 0.95 8 24 0.75  9 0 0.00 9 44 0.83 3.55E-06 

 JGS4143-

0929 

hypothetical protein 8 13 0.62 9 17 0.65  9 0 0.00 16 31 0.66 1.71E-04 

 JGS4143-

0930 

FunZ family protein 0 10 1.00 0 18 1.00  7 0 0.00 0 29 1.00 3.55E-06 

  JGS4143-

0931 

FunZ family protein 1 12 0.92 3 19 0.86   8 0 0.00 4 32 0.89 3.55E-06 

VR-122 JGS4143-

0934 

two-component sensor kinase YesM, 

putative 

13 8 0.38 22 9 0.29          

 JGS4143-

0936 

ABC-type sugar transport system, 

periplasmic 

3 13 0.81 5 19 0.79  5 3 0.38 8 33 0.80 9.63E-03 

 JGS4143-

0937 

ABC tranporter, permease protein 14 7 0.33 20 13 0.39          

 JGS4143-

0938 

ABC transporter, permease protein 10 11 0.52 19 14 0.42          

 JGS4143-

0939 

glycosyl hydrolase, family 31 0 14 1.00 4 19 0.83  4 3 0.43 4 34 0.89 6.76E-03 

  JGS4143-

0940 

alpha-N-acetylglucosaminidase 

family protein 

6 13 0.68 14 14 0.50                 

VR-123 JGS4143-

0949 

glycosyl hydrolase, family 20, 

putative 

16 5 0.24 26 7 0.21          

  JGS4143-

0950 

glycosyl hydrolase, family 20 9 11 0.55 15 15 0.50                 

VR-124 JGS4143-

0969 

two-component sensor histidine 

kinase 

2 19 0.90 3 30 0.91                 

VR-125 JGS4143-

1023 

phosphorylase family protein 0 21 1.00 3 30 0.91   5 4 0.44 3 51 0.94 5.23E-04 

VR-126 JGS4143-

1062 

RNA polymerase sigma-70 factor 7 12 0.63 2 27 0.93 2.82E-02 4 3 0.43 8 40 0.83 1.48E-02 

  JGS4143-

1063 

hypothetical protein 0 12 1.00 0 18 1.00   4 3 0.43 0 31 1.00 3.24E-04 

VR-127 JGS4143-

1246 

HNH endonuclease domain protein 2 13 0.87 5 17 0.77  9 0 0.00 7 30 0.81 8.30E-06 

 JGS4143-

1247 

phage Terminase Small Subunit 2 14 0.88 3 20 0.87  9 0 0.00 5 35 0.88 3.55E-06 

 JGS4143-

1248 

putative phage terminase, large 

subunit 

2 19 0.90 2 30 0.94  8 1 0.11 4 49 0.92 3.55E-06 

 JGS4143-

1249 

hypothetical protein 5 15 0.75 9 20 0.69  9 0 0.00 14 35 0.71 4.14E-05 

 JGS4143-

1250 

conserved hypothetical protein 1 20 0.95 9 22 0.71 4.11E-02 9 0 0.00 9 43 0.83 3.55E-06 

 JGS4143-

1251 

portal protein 9 11 0.55 11 16 0.59  9 0 0.00 19 28 0.60 1.10E-03 
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 JGS4143-

1252 

phage prohead protease, HK97 family 3 18 0.86 10 22 0.69  7 2 0.22 13 40 0.75 1.89E-03 

 JGS4143-

1253 

phage major capsid protein, HK97 

family 

6 14 0.70 13 14 0.52  9 0 0.00 19 28 0.60 1.10E-03 

 JGS4143-

1254 

conserved hypothetical protein 5 16 0.76 8 23 0.74  9 0 0.00 12 40 0.77 8.30E-06 

 JGS4143-

1255 

phage head-tail adaptor, putative 6 12 0.67 12 10 0.45  9 0 0.00 18 22 0.55 1.35E-03 

 JGS4143-

1256 

phage protein, HK97 gp10 family 0 21 1.00 5 28 0.85  7 2 0.22 5 49 0.91 4.04E-05 

 JGS4143-

1257 

conserved hypothetical protein 0 17 1.00 5 22 0.81  9 0 0.00 5 40 0.89 3.55E-06 

 JGS4143-

1258 

phage major tail protein, Phi13 family 15 5 0.25 25 2 0.07          

 JGS4143-

1259 

conserved hypothetical protein 0 21 1.00 4 27 0.87  9 0 0.00 4 48 0.92 3.55E-06 

  JGS4143-

1260 

phage tail tape measure protein, 

family, core 

1 15 0.94 5 21 0.81   9 0 0.00 6 36 0.86 3.55E-06 

VR-128 JGS4143-

1337 

nucleotidyltransferase family protein 0 14 1.00 4 19 0.83   9 0 0.00 4 33 0.89 3.55E-06 

VR-129 JGS4143-

1380 

hypothetical protein 1 20 0.95 5 27 0.84   9 0 0.00 5 48 0.91 3.55E-06 

VR-130 JGS4143-

1385 

endo-alpha-N-

acetylgalactosaminidase 

4 17 0.81 0 30 1.00 2.82E-02 4 5 0.56 3 48 0.94 3.66E-03 

VR-131 JGS4143-

1408 

hypothetical protein 0 21 1.00 18 15 0.45 2.74E-05 9 0 0.00 18 36 0.67 1.34E-04 

VR-132 JGS4143-

1441 

putative alpha-N-

acetylgalactosaminidase 

10 11 0.52 13 20 0.61                 

VR-133 JGS4143-

1447 

hypothetical protein 16 5 0.24 26 5 0.16          

 JGS4143-

1448 

type III restriction enzyme, res 

subunit 

3 18 0.86 16 17 0.52 2.11E-02 8 1 0.11 19 35 0.65 2.09E-03 

 JGS4143-

1449 

conserved hypothetical protein 15 6 0.29 24 8 0.25          

 JGS4143-

1450 

RNA polymerase sigma factor, 

sigma-70 family 

8 9 0.53 14 10 0.42          

 JGS4143-

1451 

nucleoside triphosphatase, D5 family, 

putative 

12 9 0.43 24 9 0.27          

 JGS4143-

1452 

DNA-directed DNA polymerase 12 9 0.43 27 6 0.18          

 JGS4143-

1453 

DNA-binding protein 16 5 0.24 29 3 0.09          

 JGS4143-

1454 

conserved hypothetical protein 13 4 0.24 21 3 0.13          

  JGS4143-

1455 

conserved hypothetical protein 2 14 0.88 3 23 0.88   8 1 0.11 5 38 0.88 8.30E-06 

VR-134 JGS4143-

1456 

F5/8 type C domain containing 

protein 

11 10 0.48 10 20 0.67                 

VR-135 JGS4143-

1460 

FliB family protein 10 9 0.47 17 10 0.37                 

VR-136 JGS4143-

1482 

NADH oxidase 3 18 0.86 2 30 0.94  4 5 0.56 5 48 0.91 8.13E-03 

  JGS4143-

1483 

hydrolases of the alpha/beta 

superfamily 

17 4 0.19 17 16 0.48 4.58E-02               

VR-137 JGS4143-

1484 

C4-dicarboxylate transport system 12 6 0.33 9 18 0.67 4.58E-02         
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  JGS4143-

1486 

C4-dicarboxylate transport system 3 13 0.81 1 20 0.95   5 4 0.44 4 34 0.89 3.68E-03 

VR-138 JGS4143-

1847 

hypothetical protein 6 14 0.70 8 20 0.71   7 2 0.22 14 34 0.71 5.00E-03 

VR-139 JGS4143-

2057 

hypothetical protein 4 15 0.79 4 24 0.86                 

VR-140 JGS4143-

2323 

ABC transporter, ATP-binding 

protein 

3 18 0.86 4 29 0.88                 

VR-141 JGS4143-

2973 

transporter, monovalent cation:proton 8 13 0.62 12 21 0.64                 

VR-142 pBCNF5603_

uviA 

UviA protein 0 11 1.00 1 18 0.95  5 4 0.44 1 29 0.97 7.42E-04 

 pBCNF5603_

uviB 

UviB protein 0 19 1.00 4 27 0.87  3 5 0.63 4 46 0.92 1.86E-02 

 pCPF4969_51 putative SpaC protein 1 15 0.94 1 18 0.95  8 1 0.11 2 33 0.94 3.55E-06 

 pCPF5603_10 collagen adhesion protein 1 20 0.95 9 24 0.73  4 5 0.56 10 44 0.81 4.07E-02 

 pCPF5603_68 putative Tn916 ORF15 protein 3 18 0.86 16 16 0.50 1.13E-02         

  pCPF5603_70 putative Tn916 ORF16 protein 0 21 1.00 10 23 0.70 5.25E-03 4 5 0.56 10 44 0.81 4.07E-02 
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Appendix 4.1 Cytotoxicity of Clostridium perfringens poultry isolates from diseased and 

healthy birds. 

 

Abstract 

The pathogenesis of poultry necrotic enteritis (NE) involves the Clostridium perfringens 

NetB toxin.  A recent study (Abildgaard et al. 2010) reported that 60% of C. perfringens isolates 

from healthy birds carried netB, but only 29% produced toxin protein, whereas 92% of netB-

positive  isolates from diseased birds did produce NetB.  Our objective was to examine further 

the relationship between host diseases status, the presence of netB, and the production of NetB 

toxin in C. perfringens poultry isolates.  The NetB gene was detected in 7 of 30 (23%) isolates 

from healthy chickens and 16 of 27 (59%) isolates from diseased chickens.  The expression of 

NetB toxin was determined in all 57 isolates based on cytotoxicity against the Male Leghorn 

Hepatoma (LMH) cell-line.  The netB-positive group exhibited a significantly higher cytotoxicity 

than the netB-negative group (p<0.0001), with an average cytotoxicity of 84% compared to 23% 

in the netB-negative group.  Four of 23 netB-positive isolates exhibited < 50% cytotoxicity, of 

which one was < 10%; however these isolates were not associated with a particular host disease 

status.  Three of the 27 netB-negative isolates had a toxicity that slightly exceeded 50%. This 

study shows that NetB expression is closely correlated with the presence of netB, and is 

independent of the disease status of the originating host. 

Introduction 

Necrotic enteritis (NE) is an economically important disease of poultry caused by certain 

Clostridium perfringens Type A strains.  The disease may occur in both acute and subclinical 

forms; the former causes high flock mortality whereas the latter results in production losses.  A 

recently discovered toxin, NetB, is critical for NE pathogenesis in a disease model, and its 
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presence in poultry isolates is correlated with host disease status (Keyburn et al. 2008; Johansson 

et al. 2010; Keyburn et al. 2010).  The toxin has an apparent pore-forming mechanism of action, 

which is specific for the Male Leghorn Hepatoma (LMH) chicken cell-line, which thus serves as 

a convenient bioassay for NetB activity (Keyburn et al. 2008).  The prevalence of netB has been 

examined in poultry isolates from Europe, North America and Australia, and found to range from 

52% to 95% in isolates from diseased birds and 3% to 61% in those from healthy birds 

(Chalmers et al. 2008; Keyburn et al. 2008; Martin and Smyth 2009; Abildgaard et al. 2010; 

Keyburn et al. 2010).  The presence of netB-positive strains without accompanying disease may 

be a consequence of host or environmental factors limiting the virulence of these isolates, or 

indicate subclinical infection. Several predisposing factors for the development of NE are known 

to exist, including a high protein diet and intestinal mucosal damage induced by coccidiosis 

(Kocher 2003; Williams 2005).  Alternatively, it is also possible that some netB-positive strains 

are unable to cause disease.  A recent investigation of Danish broiler flocks affected by NE 

found that only 4 of 14 (28.5%) of netB-positive isolates from healthy birds expressed the NetB 

toxin in vitro, as opposed to 12 of 13 (92%) of those from diseased birds (Abildgaard et al. 

2010).  This interesting finding suggests that netB-positive isolates from healthy birds and 

diseased birds differ phenotypically in their ability to produce NetB.  

In the present study, a set of C. perfringens isolates obtained from both healthy and 

diseased birds were assessed for both the presence of netB and for their NetB-specific cytotoxic 

effects to determine the relationship between these factors and with the disease status of the host. 

Materials and Methods 

Strains and culture conditions 



` 

215 

 

The characteristics of the 57 C. perfringens strains used in this study are given in 

Appendix 4.2.  The isolates were obtained from four previous studies and originated from flocks 

in the United States and Canada, as well as from retail chicken (Sawires and Songer 2006; 

Chalmers et al. 2008; Chalmers et al. 2008; Nowell et al. 2010).  For cytotoxicity assays, C. 

perfringens strains were grown anaerobically overnight at 37C in 5 ml of Trypticase Peptone 

Glucose (TPG) broth (5% tryptone, 0.5% proteose peptone, 0.4% glucose, 0.1% sodium 

thioglycollate), subcultured 1/100 into 5 ml of fresh TPG, and then grown anaerobically to an 

OD600 of ~0.6-0.8.   

PCR detection of netB and cpb2 

The presence of netB was determined by PCR using the primers AKP78 (5’-

GCTGGTGCTGGAATAAATGC-3’) and AKP79 (5’-TCGCCATTGAGTAGTTTCCC-3’), as 

described (Keyburn et al. 2008).  The primers cpb2-F1 (5’-

AGATTTTAAATATGATCCTAACC-3’) and cpb2-R1 (5’-

CAATACCCTTCACCAAATACTC-3’) were used for detection of cpb2 as described (Garmory 

et al. 2000).  Genomic DNA was prepared from overnight single colonies using InstaGene 

Matrix (Bio-Rad Laboratories, Hercules, CA, USA).  Each PCR mixture contained 

approximately 1 µl of template DNA, 0.5 U of Platinum Taq High Fidelity (Invitrogen, Grand 

Island, NY, USA), 0.2 mM dNTPs, 1x PCR buffer, 2 mM MgSO4, and 0.2 µM of each primer in 

a 25 µl reaction.  The reaction mixtures were subjected to the following amplification conditions:  

one cycle of 95°C for 5 min; 35 cycles of 95°C for 30s, 53°C for 30s, and 68°C for 5 min; 

followed by one cycle of 72°C for 10 min. PCR product sizes were determined by agarose gel 

electrophoresis and visualization by ethidium bromide staining. 

LMH cell culture and cytotoxicity assay 
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The LMH male Leghorn chicken hepatoma cell-line (ATCC CRL-2117) was maintained 

in Earl’s minimum essential medium (EMEM) supplemented with 2 mM L-glutamine, 0.1 mM 

non-essential amino acids, 10% fetal bovine serum (FBS), penicillin (100 U/ml) and 

streptomycin (100 µg/ml) without phenol red and incubated in a humidified environment of 5% 

CO2 at 37°C.  Cell-culture flasks and plates were pre-coated with 0.1% gelatin solution prior to 

use.  For cytotoxicity assays, 4x10
4
 LMH cells were inoculated into wells of 96-well plates 

containing 100 µl of complete MEM and grown until just reaching 100% confluence (2-3 days).  

Prior to the assay, the LMH cells were gently washed with 37C PBS and 50 µl of EMEM 

containing 5% FBS was added to each well.  C. perfringens culture supernatants were prepared 

by centrifuging at 17,000 g for 10 min and filtering the supernatant through a 0.2 µm filter.  Fifty 

µl of culture supernatant was added to each well in triplicate to make a 1:2 dilution and the 96-

well plates were incubated for 4 hrs in 5% CO2 at 37C.  Lysis of the LMH cells was measured 

by the release of lactate dehydrogenase (LDH) into the culture media using the CytoTox 96 Non-

Radioactive Cytotoxicity Assay kit (Promega, Madison, WI, USA).  Negative control wells 

consisted of LMH cells incubated with a 1:2 dilution of TPG media alone.  The percent 

cytotoxicity was determined relative to a positive control, C. perfringens strain CP1, which is 

known to produce NetB and that causes NE in a disease model system (Thompson et al. 2006).  

Each strain was assayed at least twice.  A one-way analysis of variance (ANOVA) was used to 

assess statistically significant differences in percent cytotoxicity between netB-positive and netB-

negative groups, as well as between netB-positive strains obtained from healthy and diseased 

birds. 

Results 

Presence of netB and cpb2 in the poultry isolates 
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All C. perfringens poultry isolates were assessed for the presence of netB and cpb2 by 

PCR (Appendix 4.2). For each positive reaction, a band of 383 bp and 567 bp were respectively 

obtained using netB- and cpb2-specific primers. The disease status of the birds from which the 

isolates were obtained had been previously documented in the original studies (Sawires and 

Songer 2006; Chalmers et al. 2008; Chalmers et al. 2008; Nowell et al. 2010).  Of the 23 netB-

positive isolates, seven were from healthy birds, and of the 34 netB-negative isolates, 11 were 

from diseased birds (Appendix 4.3).  

Cytotoxicity of isolates from diseased and healthy birds 

The supernatants obtained from netB-positive isolates had an average cytotoxicity of 

84%, ranging from 7% to 110%, compared to the CP1 positive control strain, whereas those from 

netB-negative isolates had an average of 23%, ranging from -4% to 62% (Appendix 4.4).  The 

netB-negative isolates were significantly less cytotoxic than the netB-positive isolates 

(p<0.0001), although both groups contained some anomalous isolates.  In particular, the netB-

positive group contained four isolates with “low” cytotoxicity (<50%), including one isolate 

(CP3) that was apparently not cytotoxic (7%). In contrast, the netB-negative group consisted of 

three isolates with “high” cytotoxicity (>50%); however, none of the isolates in this group 

approached levels exhibited by the most cytotoxic isolates in the netB-positive group.   

To examine the relationship between host disease status and NetB-induced cytotoxicity, 

the cytotoxicity of the diseased and healthy bird isolates was compared among the netB-positive 

group. This revealed no statistically significant difference in percent cytotoxicity between these 

two groups.  The same lack of association was shown when comparing diseased and healthy bird 

isolates in the netB-negative group.  Furthermore, there was no apparent pattern to the anomalous 

isolates in the netB-positive and netB-negative groups with regard to the health status of the host, 
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with two of four “low” cytotoxicity isolates in the netB-positive group originating from diseased 

birds, and one of the three “high” cytotoxicity isolates from the netB-positive group originating 

from a healthy bird. 

Discussion 

The prevalence of netB among the healthy and diseased bird isolates was 23.3% and 

59.3%, respectively, which is similar to data obtained in previous studies (Keyburn et al. 2008; 

Martin and Smyth 2009; Abildgaard et al. 2010; Keyburn et al. 2010).  The presence of cpb2 was 

not associated with host disease status, with a prevalence of 63.3% and 81.5% in healthy and 

diseased bird isolates, respectively, which  is consistent with previous studies indicating a lack of 

a causal relationship between the beta2 toxin and NE (Crespo et al. 2007; Chalmers et al. 2008).   

NetB activity, as inferred by cytotoxicity of the culture supernatant towards the LMH 

cell-line, was significantly correlated with both the presence of netB (p<0.0001) and host disease 

status (p<0.01).  Although some netB-positive isolates exhibited low cytotoxicity, no relationship 

with host disease status was observed.  These results therefore do not support the findings of 

Abildgaard et al. (2010) that netB-positive isolates obtained from healthy birds less frequently 

produce NetB protein compared to those from birds suffering from NE (Abildgaard et al. 2010).      

The basis for the differences reported here from the earlier report by Abilgaard et al. 

(2010) is not clear.  However, some disparities observed in the cytotoxicity of the isolates and 

the presence of netB that may provide clues.  It was found during the development of this study 

that bacterial culture conditions can affect the apparent cytotoxicity, and presumably NetB 

production, of the culture supernatant.  In particular, growth in Brain Heart Infusion (BHI) and 

TPG broth resulted in consistently high cytotoxicity of netB-positive isolates, whereas growth in 

Tryptose Glucose Yeast extract (TGY) media completely abrogated cytotoxicity (data not 
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shown).  This finding has important implications for other in vitro and in vivo assays of C. 

perfringens virulence and suggests that a careful evaluation of culture conditions is warranted.  A 

second disparity was that several netB-negative isolates also exhibited substantial cytotoxicity 

(>50%), though not reaching levels observed in the majority of netB-positive isolates (Appendix 

4.4).  Factors other than NetB activity may non-specifically increase the LDH concentration in 

the cell culture medium, resulting in the range of cytotoxicity levels and increased variability 

observed among the netB-negative isolates.  For instance, harsh washing steps causing physical 

damage to the LMH cells, as well as inadequate removal of spent LMH culture medium prior to 

the assay can both variably lead to increased LDH concentrations.  It must also be acknowledged 

that cytotoxic activity is not a direct measure of NetB expression, although current evidence 

indicates that the LMH cell-line is specifically sensitive to the NetB toxin.  In particular, 1) a 

netB knockout mutant was rendered non-cytotoxic, 2) purified recombinant NetB toxin also 

causes the cytotoxic effects, and 3) the cytotoxic effects of culture supernatants are inactivated 

by preincubation with NetB anti-serum (Keyburn et al. 2008; Keyburn et al. 2010).  It cannot be 

dismissed, however, that in some cases cytotoxicity may result from the expression of other, 

possibly unknown, C. perfringens extracellular toxins.     

A final less important disparity was that one netB-positive isolate (CP3) completely 

lacked cytotoxic activity.  This strain was originally isolated from a bird with NE and its 

virulence had been confirmed (Thompson et al. 2006).  The presence of netB was verified by 

PCR in this strain following the cytotoxicity assays (data not shown), ruling out the possibility 

that the netB –carrying plasmid had been lost; however it is possible that the strain incurred other 

mutations during subculture that rendered it unable to produce or export NetB toxin.   
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In conclusion, these results indicate that the presence of netB is a reliable indicator of 

cytotoxicity, and hence of NetB expression, irrespective of host disease status.  Further 

investigation of the observed inconsistencies in NetB expression, due to both strain effects and 

culture conditions, may provide additional insight into the regulation of NetB expression. 
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Appendix 4.2 Strains used for evaluation of netB presence and cytotoxicity.   

 

Strain Source Disease 

 association 

Genotype netB Country Reference Average % 

cytotoxicity 

Standard 

deviation 

JP91 Retail chicken Healthy A, cpb2+ + Canada Nowell et al., 2010 100.12 8.57 

PFGE D Chicken Healthy A, cpb2+ + Canada Chalmers et al., 2008b 98.37 13.63 

PFGE G Chicken Healthy A, cpb2+ + Canada Chalmers et al., 2008b 94.95 15.40 

JP86 Retail chicken Healthy A, cpb2+ + Canada Nowell et al., 2010 89.78 2.29 

JP94 Retail chicken Healthy A, cpb2+ + Canada Nowell et al., 2010 87.64 3.16 

JP77 Retail chicken Healthy A, cpb2+ + Canada Nowell et al., 2010 47.98 39.57 

JP82 Retail chicken Healthy A, cpb2+ + Canada Nowell et al., 2010 46.68 32.24 

JGS4135 Chicken NE A, cpb2+ + N/A N/A 109.55 1.41 

MLST31 Chicken NE A, cpb2+ + Canada Chalmers et al., 2008a 109.12 5.03 

MLST29 Chicken NE A, cpb2+ + Canada Chalmers et al., 2008a 106.68 1.78 

JP125 Chicken NE A + N/A N/A 103.53 4.99 

JP122 Chicken NE A, cpb2+ + N/A  103.18 0.20 

MLST11 Chicken NE A, cpb2+ + Canada Chalmers et al., 2008a 97.18 14.26 

JGS4143 Chicken NE A, cpb2+ + N/A Barbara, 2008 96.96 10.79 

MLST23 Chicken NE A, cpb2+ + Canada Chalmers et al., 2008a 95.73 8.60 

MLST1 Chicken NE A, cpb2+ + Canada Chalmers et al., 2008a 94.43 8.10 

CP1 Chicken NE A, cpb2+ + Canada Thompson et al., 2006 92.90 9.47 

JGS4059 Chicken NE A, cpb2+ + N/A N/A 90.42 1.23 

MLST19 Chicken NE A, cpb2+ + Canada Chalmers et al., 2008a 72.58 12.35 

CP4 Chicken NE A, cpb2+ + Canada Thompson et al., 2006 71.51 8.22 

JP150 Chicken NE A, cpb2+ + Canada N/A 64.70 6.38 

CP2 Chicken NE A, cpb2+ + Canada Thompson et al., 2006 38.15 7.31 

CP3 Chicken NE A, cpb2+ + Canada Thompson et al., 2006 7.41 0.41 

PFGE E Chicken Healthy A, cpb2+ - Canada Chalmers et al., 2008b 51.79 15.32 

CP6 Chicken Healthy A, cpb2+ - Canada Thompson et al., 2006 45.47 10.97 

PFGE A Chicken Healthy A - Canada Chalmers et al., 2008b 41.39 28.30 

PFGE F Chicken Healthy A - Canada Chalmers et al., 2008b 41.18 27.74 

PFGE H Chicken Healthy A, cpb2+ - Canada Chalmers et al., 2008b 35.63 11.31 

JP76 Retail chicken Healthy A, cpb2+ - Canada Nowell et al., 2010 35.02 9.60 

CP5 Chicken Healthy A - Canada Thompson et al., 2006 26.78 16.81 

JP93 Retail chicken Healthy A, cpb2+ - Canada Nowell et al., 2010 25.98 0.46 

JP90 Retail chicken Healthy A, cpb2+ - Canada Nowell et al., 2010 22.67 15.06 

JP67 Retail chicken Healthy A - Canada Nowell et al., 2010 18.10 0.73 

JP73 Retail chicken Healthy A - Canada Nowell et al., 2010 17.83 2.34 

JP88 Retail chicken Healthy A - Canada Nowell et al., 2010 17.12 3.79 

JP75 Retail chicken Healthy A, cpb2+ - Canada Nowell et al., 2010 16.03 0.76 

JP84 Retail chicken Healthy A, cpb2+ - Canada Nowell et al., 2010 13.04 0.38 
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JP79 Retail chicken Healthy A - Canada Nowell et al., 2010 11.94 4.00 

JP80 Retail chicken Healthy A, cpb2+ - Canada Nowell et al., 2010 8.82 5.62 

JP83 Retail chicken Healthy A - Canada Nowell et al., 2010 8.33 4.74 

JP116 Retail chicken Healthy A - Canada Nowell et al., 2010 8.32 0.88 

JP69 Retail chicken Healthy A, cpb2+ - Canada Nowell et al., 2010 6.98 2.09 

PFGE C Chicken Healthy A - Canada Chalmers et al., 2008b 6.25 10.98 

MLST49 Chicken Healthy A, cpb2+ - Canada Chalmers et al., 2008a 4.00 1.40 

PFGE B Chicken Healthy A, cpb2+ - Canada Chalmers et al., 2008b -0.44 13.45 

JP97 Retail chicken Healthy A - Canada Nowell et al., 2010 -4.06 6.91 

MLST3 Chicken NE A, cpb2+ - Canada Chalmers et al., 2008a 61.80 24.45 

JP149 Chicken NE A, cpb2+ - Canada N/A 50.20 12.29 

MLST33 Chicken NE A, cpb2+ - Canada Chalmers et al., 2008a 36.88 13.18 

JP121 Chicken NE A, cpb2+ - N/A N/A 33.98 8.28 

JGS4043 Chicken NE A - N/A N/A 33.60 7.57 

JGS4042 Chicken NE A - N/A N/A 33.13 10.78 

JP123 Chicken NE A, cpb2+ - N/A N/A 32.42 14.12 

JP120 Chicken NE A - N/A N/A 26.78 14.06 

JGS4120 Chicken NE A, cpb2+ - N/A N/A 7.54 0.41 

JGS4141 Chicken NE A, cpb2+ - N/A N/A 6.37 0.10 

JGS4066 Chicken NE A - N/A N/A 5.85 1.12 
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Appendix 4.3. Relationship between presence of netB and host NE status among strains 

used in this study. 

 

  netB-

positive 

netB-

negative 

Total 

Healthy 7 23 30 

Diseased 16 11 27 

Total 23 34 57 
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Appendix 4.4 Cytotoxicity of netB-negative and netB-positive Clostridium perfringens 

poultry isolates from diseased and healthy birds. 

Solid bars indicate netB-positive isolates and open bars indicate netB-negative isolates.  

 

 

.  
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