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 Clostridium perfringens is a common member of gut microbiota in healthy 

animals, but can also be an important pathogen in human and veterinary medicine.  It 

produces several protein toxins that contribute to both histotoxic and enteric diseases in 

animals.  Necrotic enteritis in poultry has been associated with the NetB toxin of C. 

perfringens; however, this toxin alone is insufficient to cause disease in infected 

chickens.  While considerable research has focused on the presence of toxins and 

virulence factors, little has been done to assess the function of metabolic factors on the 

ability of the bacteria to cause disease.  In this study, the metabolic differences are 

examined using genomic sequence analysis between genomes of stains of C. perfringens 

that are associated with necrotic enteritis.  Several metabolic pathways are examined, 

which show different metabolic genes across C. perfringens lineages. 
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CHAPTER I INTRODUCTION 

 Clostridium perfringens is a Gram-positive obligate anaerobe, known for its 

ability to sporulate and produce many toxins (Kiu and Hall 2018).  C. perfringens is 

found ubiquitously in soil and water and is a common member of gut microbiota in 

healthy animals (Rood, Adams, et al. 2018).  Due to its presence in gut flora, C. 

perfringens can induce enteric diseases when the health of the host changes.  In addition 

to enteric diseases, C. perfringens causes several important histotoxic diseases, including 

gas gangrene.  Importantly, the diversity of diseases and their severity are correlated with 

the large number of bacterial toxins found in the genome and on plasmids in C. 

perfringens strains (Li, Adams, et al. 2013). 

1.1 Toxins Produced by Clostridium perfringens 

Depending on its genomic and plasmid content, C. perfringens synthesizes more 

than 20 different toxins (Kiu and Hall 2018).  This diversity in toxin content led to the 

commonly used toxinotyping scheme that was established in the 1960s. It was centered 

on the ability of strains to produce Alpha toxin (CPA), Beta toxin (CPB), Epsilon toxin 

(ETX) and Iota toxin (ITX) (Li, Adams, et al. 2013).  As new toxins were identified and 

the diseases they cause were described, these were incorporated into this toxinotyping 

scheme. These additional toxins include enterotoxin (CPE) and necrotic enteritis beta-like 

toxin (NetB). This expanded repertoire of toxins has led to the identification of seven 

toxinotypes, categorized as A through G (Rood, Adams, et al. 2018). The seven 

toxinotypes and the major toxins associated with these toxinotypes are summarized in 

Tables 1 and 2. 
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Table 1: Toxinotypes of C. perfringensa 

TOXINOTYPE CPA CPB ETX ITX CPE NETB 

A + - - - - - 

B + + + - - - 

C + + - - +/- - 

D + - + - +/- - 

E + - - + +/- - 

F + - - - + - 

G + - - - - + 

aThe original toxinotyping system (A-E; shown with the grey 

background) as well as the extension (F and G) suggested by Rood et 

al. (2018) and the toxins produced by each toxinotype are listed. 

Table 2: Toxins and disease of C. perfringens toxinotypes 

Type Toxins Disease (Host) 

A CPA Gas Gangrene (Most Mammals), Yellow Lamb Disease (Sheep) 

B CPA, CPB, ETX Lamb Dysentery (Sheep) 

C CPA, CPB Hemorrhagic/necrotizing enteritis (Many mammals) 

D CPA, ETX Enterotoxemia (Sheep, goats and Cattle) 

E CPA, ITX Hemorrhagic Gastroenteritis (Bovine) 

F CPA, CPE Food Poisoning (Human) 

G CPA, NETB Necrotic Enteritis (Poultry) 
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1.1.1 Typing Toxins 

 i. Alpha Toxin (Phospholipase C) 

Alpha toxin (CPA) is produced by all toxinotypes of C. perfringens.  CPA is a 

370 amino acid zinc metallophospholipase that has two catalytic activities: phospholipase 

C and sphingomyelinase (Sakurai, Nagahama and Oda 2004).  In neutrophils, Interleukin-

8 (IL-8) release is induced through tyrosine kinase A (TrkA)-mediated activation of 

extracellular regulated kinase 1/2 (ERK1/2) and nuclear factor kappa B (NF-κB). CPA 

also induces the p38 mitogen-activated protein kinase (MAPK) pathways (Oda, Shiihara, 

et al. 2012).  As CPA concentrates in cell membranes, these membranes become unstable 

due to the cleavage of phosphatidylcholine head groups, causing leakage of anions from 

affected epithelial cells (Rehman, et al. 2006).   

The CPA protein contains two domains important for activity. The N-terminal 

domain contains the active site responsible for enzymatic activity, while the C-terminal 

domain provides the ability of the toxin to bind to the lipid rafts in the presence of the 

ganglioside GM1a/TrkA complex in host cells (Oda, Terao, et al. 2015).  While both 

domains are required for cytolysis of host cells, only the C-terminal domain elicits a 

protective immune response. For this reason, the C-terminal domain of CPA has been 

incorporated into vaccines, such as the Boehringer Ingelheim Alpha vaccines (Goossens, 

Verherstraeten, et al. 2016).   

CPA is essential for many of the diseases caused by C. perfringens; however, full 

bacterial virulence requires other toxins.  This is evident from CPA’s synergistic effects 

with Perfringolysin O (PFO) that enhances disease progression of gas gangrene (Awad, et 

al. 2001) as well as intestinal disease (Goossens, Valgaeren, et al. 2017).  Injection of 
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CPA impairs the ability of neutrophils to differentiate, leading to a decrease in mature 

neutrophils both at the site of infection and in peripheral circulation reducing the ability 

of the immune system to contain C. perfringens infections (Takehara, et al. 2016). 

C. perfringens toxinotype A (Table 1) is hypothesized to be involved with several 

gastrointestinal diseases in mammals.  In contrast to other C. perfringens diseases that are 

associated with specific toxins, few diseases are directly attributable to alpha-toxin alone, 

leading to the hypothesis that alpha-toxin’s primary function is synergistic (Uzal and 

Songer 2008). The major exception is yellow lamb disease, an extremely rare acute 

enterotoxemia seen in sheep and goats, which is associated with high levels of CPA 

(Giannitti, et al. 2014).  This disease is characterized by non-specific symptoms of severe 

anemia, hemoglobinuria, and icterus.  Despite the correlation between yellow lamb 

disease and the presence of high levels of CPA, causation is difficult to establish due to 

the presence of C. perfringens and CPA in normal gut microbiota of healthy animals 

(Uzal and Songer 2008). 

 ii. Beta Toxin 

 Beta toxin (CPB) is a 336 amino acid, plasmid borne, pore-forming toxin 

produced by toxinotype B and C strains of C. perfringens.  Strains of C. perfringens that 

produce CPB without producing ETX are toxinotype C, while those producing both the 

CPB and ETX toxins are toxinotype B (Table 1). The CPB protein has 28% amino acid 

sequence similarity to Staphylococcus aureus alpha-toxin. They appear to function 

similarly through the creation of unregulated ion channels in cell membranes (Hunter, et 

al. 1993).  CPB targets intestinal endothelial cells (Miclard, et al. 2009); however, the 

identity of the CPB receptor is unknown. That being said, CPB does interact with the 

purinergic receptor P2X7 to induce cell death. Death of endothelial cells results in 
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vascular necrosis reducing blood flow and creating a hypoxic environment (Miclard, et 

al. 2009).  The ability to induce cell death has established CPB as an important mediator 

of necrotic enteritis disease progression in several animal species. It should be noted that 

CPB fulfills the molecular Koch’s postulates for necrotic enteritis, as CPB alone induces 

necrotic enteritis in animals. In addition, neutralization of CPB prevents the disease 

(Sayeed, et al. 2007). 

C. perfringens toxinotype C, which produces only CPB but not ETX, causes 

intestinal infections in both humans and animals, most prominently in neonatal lambs.  

Beta toxin is susceptible to trypsin degradation; hence the lack of trypsin in neonates is 

associated with increased beta-toxin cytotoxic effects (Sayeed, et al. 2007).  The disease 

is characterized by intestinal necrotic lesions most likely caused by beta-toxin endothelial 

damage or by direct damage to epithelium (Miclard, et al. 2009).  Occasionally, infected 

sheep show few or no symptoms before sudden death in adults, a condition known as 

“struck” (McEwen and Roberts 1931). 

 iii. Epsilon Toxin 

Epsilon toxin (ETX) is another pore-forming toxin produced by toxinotypes B 

and D (Rood, Adams, et al. 2018) (Table 1). It affects a wide range of cell types.  For 

example, it accumulates in mouse kidney cells (Tamai, et al. 2003). It also affects lung 

epithelial cells (Dorca-Arevalo, et al. 2020).  In addition, it is able to cross the blood 

brain barrier and affect an array of cells in the brain (Freedman, McClane and Uzal 

2016), leading to speculation that it functions in inducing multiple sclerosis (Wagley, et 

al. 2019). ETX is a member of the aerolysin family of toxins that is secreted as a protoxin 

and activated by cleavage of both N- and C-terminal peptides. ETX is the third most 

potent toxin of the Clostridium spp., with an LD50 of ~70 ng/Kg (Minami, et al. 1997) 
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and a lethal dose below only the neurotoxins produced by Clostridium tetani and 

Clostridium botulinum (Popoff 2011).  Speculation about the receptor for ETX has 

focused on the hepatitis A virus cellular receptor 1 (HAVCR1) (Ivie and McClain 2012); 

however, pores have been shown to form in artificial liposomes lacking the HAVCR1 as 

well (Nagahama, Hara, et al. 2006).  After cell binding, ETX oligomerizes, a process 

requiring Caveolins 1 and 2 (Fennessey, et al. 2012).  Epsilon toxin then inserts itself into 

the membrane and allows the unregulated passage of ions across the cell membrane, 

leading to cell death (Nestorovich, Karginov and Bezrukov 2010).  Unlike CPB, which is 

inactivated by trypsin, ETX is activated by trypsin.  This results in C. perfringens 

toxinotype B (containing both toxins) having a two-pronged attack when causing disease. 

Animals with low trypsin production often succumb to necrotic lesions of the intestine 

caused by CPB (as seen in toxinotype C infections), while at higher trypsin 

concentrations, ETX may play a lead role in pathogenesis similar to toxinotype D 

infections (Li, Adams, et al. 2013). 

 iv. Iota Toxin 

 Iota toxin (ITX) is a plasmid encoded A-B toxin (subunits are Ia and Ib) that is 

expressed by toxinotype E strains.  ITX is closely related to the A-B toxins produced by 

Clostridioides difficile and Clostridium spiroforme (Redondo, et al. 2017).  As with most 

A-B toxins, Ia is the active enzymatic component, while Ib is the binding component.  Ib 

is believed to bind to Lipolysis-simulated lipoprotein receptor (LSR), similar to the A-B 

toxins from C. difficile (Papatheodorou, et al. 2011).  Oligomerization of seven Ib 

subunits and binding of the Ia subunit facilitates endocytosis and translocation of Ia into 

the cytoplasm (Nagahama, Yamaguchi, et al. 2004).  Translocation of Ia from the 

endosome requires acidification and a membrane potential gradient (Gibert, Marvaud, et 
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al. 2007).  The Ia unit ADP-ribosylates actin (Vandekerckhove, et al. 1987), leading to 

the disruption of cellular structure and the release of cytochrome C from mitochondria 

(Nagahama, Ohkubo, et al. 2011).  ITX is closely associated with hemorrhagic enteritis 

due to increasing intestinal permeability and destruction of the intestinal epithelium 

(Redondo, et al. 2017). 

C. perfringens toxinotype E is a relatively uncommon toxinotype that produces 

ITX in addition to CPA. Toxinotype E is most commonly associated with hemorrhagic 

enteritis in neonatal calves (Diancourt, et al. 2019), goats (Kim, et al. 2013), ostriches 

(Keokilwe, et al. 2015), and possibly rabbits. Although, C. spiroforme may be the cause 

of the disease in rabbits (LaMont, Sonnenblick and Rothman 1979).  While bovine 

enterotoxemia caused by C. perfringens toxinotype E is generally considered a disease of 

calves, in an Argentinian outbreak of enterotoxemia, unique strains that are able to cause 

disease in adult cattle were identified (Redondo, et al. 2013). 

 v. Enterotoxin 

 Enterotoxin (CPE) is a 319 amino acid protein and another pore-forming toxin in 

the aerolysin family (Briggs, et al. 2011).  CPE is responsible for food poisoning in 

humans and is associated with enteric diseases in non-human animals.  The CPE protein 

binds to the second extracellular loop of the claudin family of proteins (Eichner, et al. 

2017)  After binding to the membrane, the toxin oligomerizes resulting in the formation 

of hexameric pores (Robertson, et al. 2007).  These cation-specific pores selectively 

allow the passage of Ca2+. At low concentrations, CPE induces caspase-3-associated 

apoptosis through calpain activation, while higher concentrations of CPE result in 

massive Ca2+ influx resulting in necroptosis (Shrestha, Gohari and McClane 2019).  CPE 
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is hypothesized to target cells in the villus tips of the small intestine causing necrosis and 

villus blunting (Smedley, et al. 2008). 

 vi. Necrotic Enteritis Beta-Like Toxin 

 Necrotic enteritis beta-like toxin (NetB) is a plasmid borne, pore-forming toxin 

associated with necrotic enteritis in avian populations, especially in chicken broiler flocks 

(Keyburn, et al. 2008).  It is a member of the α-hemolysin family. It has 30% amino acid 

similarity to the alpha hemolysin produced by S. aureus, although it differs in its ion 

selectivity, pore size, and receptor (Yan, et al. 2013).  The formation of unregulated ion 

pores resulting in death of epithelial cells appears to be the general mechanism (Rood, 

Keyburn and Moore 2016). 

 Long thought to be caused by CPA, necrotic enteritis in poultry is caused by 

NetB-producing strains of C. perfringens (toxinotype G) (Keyburn, et al. 2008).  Necrotic 

enteritis in poultry is one of the most costly diseases caused by C. perfringens with an 

estimated economic loss of around $2 billion annually.  Necrotic enteritis in poultry 

manifests as either an acute or a chronic form. The acute form generally occurs 2-6 weeks 

postpartum due to a gap in immunity caused by the depletion of maternal antibodies and 

the lack of a mature immune system. It results in increased mortality rates during this 

timeframe.  The chronic form is subclinical and results in decreased growth. In both 

forms, lesions on the intestinal wall are observed in post-mortem necropsies (Li, Adams, 

et al. 2013). 



9 
 

 

1.1.2 Non-Typing Toxins 

 i. Perfringolysin O 

 Perfringolysin O (PFO) is a chromosomally encoded toxin that may be produced 

by any toxinotype of C. perfringens (Verherstraeten, Goossens, et al. 2015).  It is a 

member of the cholesterol-dependent cytolysin family, and forms large oligomers of over 

40 molecules after binding cholesterol on host cell membranes (Verherstraeten, 

Goossens, et al. 2015).  The monomers in these large complexes insert hairpins into the 

cell membrane resulting in the formation of large, unregulated pores, eventually resulting 

in cell death (Awad, et al. 2001).  While PFO itself is not essential for pathogenesis, in 

animal models the presence of PFO with CPA produces a synergistic effect, with PFO 

contributing to endothelial damage and thrombosis and the resulting tissue necrosis 

(Verherstraeten, Goossens, et al. 2013) (Awad, et al. 2001).  PFO also has synergistic 

effects with ETX in mouse models (Fernandez-Miyakawa, et al. 2008). 

 ii. Toxin Perfringens Large 

 As its name suggests, Toxin Perfringens Large (TpeL) is the largest toxin 

produced by C. perfringens.  It has high amino acid similarity to the C. difficile toxins 

TcdA and TcdB (39% and 38%, respectively) and to the C. sordellii lethal toxin (TcsL) 

(39%), which together form the large clostridial glycosylating toxin (LCGT) family 

(Amimoto, et al. 2007).  The TpeL protein binds to an unknown receptor and enters into 

host cells by endocytosis where it changes conformation as the endosomal pH drops.  

This results in the catalytic domain inserting through the endosome into the cytoplasm, 

where it is auto-catalytically cleaved.  Once free in the cytoplasm, the catalytic domain 

glucosylates Ras proteins using either UDP-N-acetyl-glucosamine or UDP-glucose, 
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shutting down the Ras-signaling pathway, causing apoptosis of affected cells (Nagahama, 

Ohkubo, et al. 2011).  The presence of TpeL in C. perfringens Type G strains causing 

avian necrotic enteritis is associated with more rapid disease progression and a greater 

mortality rate (Coursodon, et al. 2012). 

 iii. Beta 2 Toxin 

The function(s) of beta 2 toxin’s (CPB2) are unknown; however, the presence of 

CPB2-encoding genes is associated with enteric diseases in animals (Bueschel, et al. 

2003) (Farzan, et al. 2013).  In vitro studies of cytotoxicity in human and porcine cells 

indicate that toxicity is independent of CPB2 (Allaart, et al. 2014); however, it is 

involved in necrosis of guinea pig intestines and CHO cells (Gibert, Jolivet-Renaud and 

Popoff 1997).  Additional research is needed to understand how CPB2 contributes to 

disease progression. 

 iv. NetF 

The non-typing NetF toxin found in some toxinotype A strains of C. perfringens 

is correlated with hemorrhagic diarrhea in canines (Leipig-Rudolph, et al. 2018) and 

necrotizing enteritis in neonatal foals (Gohari, et al. 2015).  Canine hemorrhagic diarrhea 

presents with sudden onset vomiting and bloody diarrhea, and death may occur if 

untreated (Leipig-Rudolph, et al. 2018). 

 v. Additional Toxins 

 C. perfringens produces a large number of additional enzymes including several 

sialidases involved in adhesion (Li, Sayeed, et al. 2011), proteases that have been 

implicated in catalytic activation of other toxins (Jin, et al. 1996), and several additional 

chromosomally encoded toxins (Adams, et al. 2008).  Binary enterotoxin (BEC), a close 

relative of iota toxin (43% identity), has been implicated in food born gastroenteritis 
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(Yonogi, et al. 2014).  Continued research into the mechanisms of action of these and 

other newly discovered toxins in C. perfringens will be important to understand how 

these bacteria cause disease. 

1.2 Non-Toxigenic Virulence Determinants 

 1.2.1 Agr-like Quorum Sensing  

 The presence of genes in C. perfringens having similarity to the S. aureus 

accessory-gene-regulator (Agr) system suggests a similar quorum-sensing system may 

regulate virulence factors in C. perfringens. C. perfringens contains genes encoding 

proteins with 50% and 46% amino acid similarity to ArgB and AgrD from S. aureus 

(Ohtani, Yuan, et al. 2009). Similar to Agr in S. aureus, the C. perfringens Agr-like 

system regulates both chromosomal- and plasmid-encoded toxins (Chen and McClane 

2012), demonstrating its widespread regulatory function. In addition to in vitro regulatory 

functions, the Agr-like system is also required for necrotic enteritis in poultry (Yu, et al. 

2017). 

 1.2.2 VirR/VirS System 

 Two component systems have important functions in signal transduction in many 

bacteria, including C. perfringens.  VirR/VirS is a two-component regulatory system 

composed of a sensor protein (VirS), which is a histidine kinase, and a transcriptional 

regulator (VirR). Once activated by an external signal, the VirS sensor 

autophosphorylates and then transfers the phosphoryl group to the VirR regulatory 

protein. VirR binds to DNA, activating transcription of genes immediately downstream. 

VirR activity is also mediated through secondary messengers such as VirU and VirT 
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(Okumura, et al. 2008), as well as a VirR directed protease (Shimizu, et al. 2002). 

Inactivation of the VirR/VirS system attenuates the ability of the bacteria to cause 

disease, demonstrating its importance in pathogenesis (Ma, et al. 2011).  The VirR/VirS 

system is also responsible for regulation of the chromosomal pfo and cpa genes (Shimizu, 

et al. 2002) as well as plasmid-encoded toxin genes such as cpb2 (Ohtani, Kawsar, et al. 

2003). In contrast, regulation of other toxins, such as ETX, is independent of VirR/VirS 

regulation (Chen, et al. 2011).  VirR/VirS also regulates many non-toxin genes, with 

qRT-PCR analysis indicating significant regulation of 147 genes (Ohtani, Hirakawa, et al. 

2010).  

 1.2.3 Adhesins 

 Historically, studies of C. perfringens have focused on the importance of toxins in 

disease progression, while minimal research has investigated the ability of the bacteria to 

adhere to intestinal walls.  Recently, it was determined the ability of C. perfringens to 

cause necrotic enteritis in poultry correlates with the presence of putative adhesion genes 

(Wade, et al. 2015). In addition, type IV pili, which provide gliding motility in many 

clostridia (Varga, Nguyen, et al. 2006), also mediate attachment to muscle cells (Rodgers, 

Arvidson and Melville 2011).  The presence of type IV pili is required for biofilm 

formation (Varga, Therit and Melville 2008).  While recent research has begun to 

elucidate the function of adhesins in C. perfringens related disease, much remains to be 

discovered. 

1.3 C. perfringens Genomes 

 C. perfringens genomes range in size from 2.69Mb to 4.17Mb (NCBI 2021). (NCBI 

1988)With only 12.6% of its genes considered core genes, C. perfringens has the most 
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divergent pangenome of any Gram-positive bacterial species (Kiu, Caim, et al. 2017).  

Contributing to this diversity is a large number of plasmids.  These plasmids range in size 

from ~45kb to ~140 kb and may contain a number of genes coding for antibiotic 

resistance, toxins, or other proteins needed for pathogenesis (Li, Adams, et al. 2013).  In 

addition, C. perfringens strains are able to host several plasmids at one time, which 

combined with the mobile elements found in plasmids creates an ideal setting for 

horizontal gene transfer and diversity (Li, Adams, et al. 2013). 

1.4 Current Problems in C. perfringens Genome and Metabolic Pathway Research 

 Genomic research on disease causing C. perfringens has heavily focused on the 

contribution of its toxins and well established virulence factors.  While some diseases are 

linked to the presence of particular toxins, others only seem to occur in specific 

circumstances, or when secondary virulence factors are present (Verherstraeten, 

Goossens, et al. 2015).  Necrotic enteritis caused by toxinotype G is associated with the 

presence of the netB gene; however, bacteria that are unable to produce the NetB toxin 

also cause necrotic enteritis (Lacey, et al. 2018). In contrast, some strains that produce 

NetB are unable to cause the necrotic enteritis (Rood, Keyburn and Moore 2016).  The 

inability to fulfill Koch’s molecular postulates by focusing on virulence factors and their 

contribution to necrotic enteritis progression creates uncertainty and an inability develop 

effective mitigation practices (Lacey, et al. 2018).  Because bacterial metabolism supplies 

all of the biosynthetic precursors for the synthesis of virulence factors, it is surprising 

there has been little research into the metabolic differences between C. perfringens 

strains. This gap in our knowledge occurs despite a large number of assembled C. 

perfringens genomes.  C. perfringens is a strict anaerobe that is able to utilize several 
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carbohydrates via glycolysis and fermentation to produce acetate, ethanol, butyrate, lactic 

acid, carbon dioxide, and hydrogen gas (Vos, et al. 2005).  In addition, C. perfringens is 

able to utilize amino acids in Stickland fermentation as another method to produce ATP 

(Andressen, Gottschalk and Bahl 1989).  While energy production pathways in C. 

perfringens are well established, our understanding of amino acid biosynthesis is severely 

lacking with current genomic annotations showing as few as 45 genes involved in amino 

acid biosynthesis (Shimizu, et al. 2002). 

1.5 Objectives of this Study 

 Considerable research into the contribution of toxins and other virulence factors 

of C. perfringens is available, while the contributions of metabolic genes to the disease 

process have largely been ignored.  As a commensal organism, metabolic gene content is 

an important contributor of C. perfringens’ ability to colonize animals.  This thesis 

addresses this knowledge gap by focusing on metabolic differences in the genomes of C. 

perfringens strains that cause necrotic enteritis. 

  



15 
 

 

CHAPTER II MATERIALS AND METHODS 

2.1 Strain Selection 

 C. perfringens genomes were selected based on availability of metadata 

information and the quality of genomic data present on the Genome database at the 

National Center for Biotechnology Information (NCBI).  The inclusion criteria were: 1) 

to have complete genome assembly; 2) to contain both cpa and netB; and 3) the 

NCBI/GenBank metadata for each genome was examined for the ability to cause necrotic 

enteritis.  The completeness of genome assembly is assessed using several metrics in the 

Pathosystems Resource Integration Center (PATRIC) (Wattam, et al. 2014). Specifically, 

CheckM (Parks, et al. 2015) completeness scores of 100 and contamination scores <3 

(indicating very low contamination) were chosen. For the chosen genomes, the PATRIC 

EvalG and EvalCon annotation analysis tools (Parrello, et al. 2019) showed coarse 

consistency scores ≥99.7 (indicating presence of proteins predicted by EvalG) and fine 

consistency scores  ≥98 (indicating correct numbers of protein roles predicted by 

EvalCon). The very high coarse consistency as well as fine consistency scores indicate 

the genomes to be nearly complete and contain very little (or no) contamination, 

confirming the genome selection criteria used.  The genomic sequence of C. perfringens 

strain ATCC 13124 was also included as a reference. In total, 19 genomes were selected 

for this study. The accession numbers and other information of the genomic sequences 

used in this study are listed in Table 3, with additional information in Appendix A. 
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2.2 Phylogenetic Analysis 

 A phylogenetic tree was constructed using Clostridium ventriculi (née Sarcina 

ventriculi) strain 17 as an outgroup due to its close relation to C. perfringens (Cruz-

Morales, et al. 2019). Table 3 includes the accession number and other information for C. 

ventriculi strain 17.  The phylogenetic analysis was performed using the ‘Codon Tree’ 

method available in PATRIC (https://patricbrc.org/app/PhylogeneticTree).  PATRIC 

identifies protein-coding genes from each genome based on their own protein family 

(PGFams) database (Davis, et al. 2016). A set of single-copy genes encoding PGFams 

found across the given set of genomes are used to generate protein sequence alignments 

using Multiple Alignment using fast Fourier Transform (MAFFT) (Katoh, et al. 2002).  

Coding nucleotide sequence alignments are generated based on the protein sequence 

Table 3: Genomic sequences used in this study and associated information 

STRAIN NAME 
ACCESSION 

NUMBER 

COUNTRY 
OF 

ISOLATION 

YEAR OF 
ISOLATION 

GENOME 
SIZE 
(MB) 

PATRIC 
ANNOTATION 

CDS COUNT 

ATCC13124 CP000246.1 N/A  3.26 2866 
STRAIN 37 PJSN01000000.1 Belgium 2005 3.48 3229 
STRAIN 67 PJSM01000000.1 Belgium 2005 3.45 3211 

STRAIN 98.787 18-2 PJTE01000000.1 Denmark 2005 3.61 3433 
DEL1 CP019576.1 USA 2009 3.81 3679 

EHE-NE18 CP025501.1 Australia 2002 3.66 3398 
EHE-NE7 PJTC01000000.1  Australia 2002 3.43 3199 

EUR-NE15 PJTB01000000.1 Australia 2002 3.58 3377 
FC2 PJTA01000000.1 USA 1995 3.73 3272 

GNP-1 PJSZ01000000.1 USA 1996 3.73 3621 
ITX1105-12MP PJSY01000000.1 USA 1996 3.65 3518 
PENNINGTON PJSQ01000000.1 USA 1993 3.75 3655 

SOM-NE35 PJTM01000000.1 Australia 2007 3.57 3339 
TAM-NE38 PJTL01000000.1 Australia 2011 3.65 3527 
TAM-NE40 PJSK01000000.1 Australia 2012 3.65 3561 
TAM-NE46 PJSI01000000.1 Australia 2013 3.68 3655 

UDE 95-1372 PJTI01000000.1 USA 1995 3.64 3515 
WARREN PJTH01000000.1 Australia 1993 3.41 3648 

WER-NE36 PJTG01000000.1 USA 2010 3.78 3279 
C. VENTRICULI 

STRAIN 17 
BCMW00000000.1 Japan 2014 2.47 2325 
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alignments. These alignments are concatenated and used with the Randomized 

Axelerated Maximum Likelihood (RAxML) version 8.2.11 (Stamatakis 2014) to 

reconstruct a maximum likelihood phylogenetic tree with 100 bootstrap replications.  The 

C. ventriculi strain 17 genome was used as an outgroup. The PATRIC pipeline identified 

739 single-copy genes shared across the 20 genomes (19 C. perfringens genomes and the 

outgroup).  Strain genomes were put into clades based on their phylogenetic relationship.  

The details for the phylogenetic reconstruction (command lines used and statistics) are 

found in Appendix B.  The reconstructed phylogeny including the outgroup is found in 

Figure A1.  

2.3 Visualization of Ortholog Distribution among the Genomes 

 Circos (Krzywinski, et al. 2009) was used to create a circular visualization of the 

orthologous gene distribution among C. perfringens genomes.  C. perfringens ATCC13124 

genome was used as the reference. One genome from each of the six clades (see 3.2) was 

selected. A Reciprocal Best Hits (RBH) search using blastp (Altschul, et al. 1990) was 

performed between the reference and each representative genomes to identify CDS's in the 

selected genomes orthologous to those in the reference genome.  

2.4 Comparative Proteomic Analysis 

 Proteome comparisons were performed using genus-specific protein families 

(PLFams) identified using PATRIC (Davis, et al. 2016).  The presence/absence of protein 

families across genomes were examined by comparing PLFams found from each genome.  

The PLFams that were uniquely present in each genome as well as those that were 

uniquely absent were identified. 
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2.5 Metabolic Pathway Analysis 

 The PathoLogic tool in Pathway Tools V25.0 (Karp, et al. 2021) was utilized to 

generate pathway databases for each genome based on the NCBI annotation.  The 

pathway databases were generated using taxonomic pruning enabled to prevent false 

positives and a default pathway prediction cutoff score of 0.15.  Pathway Tools V25.0 

was also used to assess which pathways were present or absent uniquely or commonly 

among the genomes. In each case where a predicated pathway was absent, a tblastn 

similarity search (Altschul, et al. 1990) using the protein sequence from a genome that 

was correctly identified as the query against the translated genomic sequences was 

performed to search the genomes where the pathway was not identified.  This identified 

several cases where annotations were incorrect or a pseudogene was identified. 
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CHAPTER III RESULTS AND DISCUSSION 

3.1 Selection of C. perfringens Strains and Genomes  

 The 19 C. perfringens genomes selected for analysis are listed in Table 2.  The 

genome size ranges from 3.26Mb to 3.81Mb with an average length of 3.59Mb.  The 

average number of protein-coding sequences (CDS) in the PATRIC annotation was 3,420 

with a range of 2,866 to 3,679 while the average number of CDS in the NCBI annotation 

was lower at 3,269 with a range of 2,876 to 3,489.  Additional information about the 

selected strains is found in Appendix A 

3.2 Phylogenetic Relationships of Selected C. perfringens genomes 

 The phylogenetic tree of the 19 C. perfringens genomes was first reconstructed 

using C. ventriculi as an outgroup (Figure B1).  Figure 1 shows the same phylogeny 

without including the outgroup. This phylogeny showed that the 19 C. perfringens 

Figure 1: Phylogenetic reconstruction of selected C. perfringens strain genomes. 

The original phylogeny is shown in Figure B1. The outgroup (C. ventriculi) was 

removed for the visual clarity.  The genomes are grouped into six clades (Clade 1: 

purple, Clade 2: blue, Clade 3: red, Clade 4: magenta, Clade 5: green, and Clade 6: 

orange). 
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genomes are divided into six clades.  Only one clade (Clade 2) consists of genomes from 

the same country of origin, where strain 37 and strain 67 were both isolated in Belgium 

during the same study (Lacey, et al. 2018).  The strain genomes from the United States, 

Australia, and Denmark revealed little grouping based on country of origin. 

3.3 Distribution of Orthologs in C. perfringens genomes 

 The circular visualization of ortholog distribution among the C. perfringens 

genomes is presented in Figure 2. Several orthologous CDS's with high variability are 

marked in red. Region A encompassing nucleotide positions 128,962 through 169,326 of 

the reference genome codes for several ABC transporter related proteins and proteins with 

homology to E. coli telluride resistance (ter).  The second region (B; 473,690 through 

488,405) contains fourteen CDS coding proteins involved in the uptake and utilization of 

hyaluronate. Region C, which is the largest, stretching from nucleotide positions 1,073,505 

through 1,234,200 of the reference genome contains many hypothetical proteins, although 

it does contain many phage related genes and genes related to fucose utilization.  Similar 

to region C, region D (1,783,902 through 1,820,416) contains a large number of 

hypothetical proteins with many phage related genes interspersed throughout. Finally, 

region E (2,857,812 through 2,876,059) contains many genes associated with Type 1 

recombinase systems. Regions A and B contain unique telluride resistance and metabolic 

genes not found in the genomes selected from each clade, while regions C, D, and E show 

many CDS's indicative of phage insertions that are not present in the selected strains. 
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Figure 2: Ortholog distribution among selected C. perfringens genomes. 

The reference genome (ATCC 13124) is on the outermost track.  Orthologous CDS's 

identified from six genomes representing the six clades are on the inner tracks with 

color coded % sequence identity (from outside to inside: Strain 37, EHE-NE7, EUR-

NE15, 98.78718-2, Del1, GNP-1).  Regions with orthologous CDS's with high 

sequence divergence from the reference are marked with red boxes (A-E). The genomic 

positions (in Mb) shown on the outer circle are based on the reference genome. Note 

that the CDS locations are shown only for the reference genome. For the other six 

genomes, colored boxes indicate only presence and absence of CDS's orthologous to 

those on the reference genome. 

A

B

C

E

D
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3.4 Comparison of Protein Families among C. perfringens Genomes 

 A total of 4,415 PLFams protein families were identified across the 19 C. 

perfringens genomes with 2,454 present in all genomes.  While the majority of these 

uniquely present or absent families are annotated as "hypothetical" without any function 

associated, several of the better characterized protein families have unique distribution 

patterns.  Strain FC2 uniquely contains proteins associated with a defined CRISPR 

family, which are lacking in the other 18 genomes.  Long, et al. (2019) identified 

CRISPR systems in all but four of the genomes selected for this study. However, the FC2 

genome was the only one with proteins associated with a CRISPR system belonging to a 

defined family (Long, et al. 2019).  The genomes of strains 37, 67, 98.78718-2, and EHE-

NE18 contained several unique phage related family proteins. Three genomes (i.e., 

Pennington, Warren, and UDE 95-1372) contained lincosamide nucleotidyltransferases, 

although they were of two different types; the Pennington and Warren genomes contained 

a Lnu(D) type, while the UDE 95-1372 genome contained a Lnu(P) type.  The TAM-

NE46 genome had several unique protein families associated with phosphotransferase 

(PTS) systems.  It contained unique proteins in the mannose-specific IIB component, 

ascorbate-specific IIA component, and cellobiose-specific IIC protein families.  The 

ATCC 13124 genome uniquely carried proteins placed in the hyaluronate-

oligosaccharide-specific IIA, IIB, IIC and IID families, which were not present in any 

other genomes. 
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3.5 Metabolic Pathway Analysis among C. perfringens Genomes 

 Using Pathway Tools, metabolic pathways were identified in the 19 C. 

perfringens genomes. Comparison of the metabolic pathway repertoire among these 

genomes revealed interesting biochemical differentiation among C. perfringens strains. 

Figure 3 summarizes the pathways where the unique distribution among the 19 genomes 

was identified. 

 

Figure 3: Metabolic pathway distribution among the 19 C. perfringens genomes. 

Phylogenetic relationship on the left is derived from Figure 1. The table shows the 

presence (green) or absence (red) of a functional pathway. When pseudogenes are 

found for the enzymes involved in the pathway, it is indicated with orange. 
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 3.5.1 Carbohydrate Biosynthesis Pathways 

 Two of the carbohydrate biosynthetic pathways (UDP-α-D-glucose biosynthesis 

and dTDP-β-L-rhamnose biosynthesis) were not recognized in two genomes, each 

missing a different pathway. The TAM-NE40 genome appears to lack the UDP-α-D-

glucose biosynthesis pathway shown in Figure 4 because a phospho-sugar mutase found 

in all other genomes was not identified.  In the NCBI annotation of the TAM-NE40 

genome, the gene sequence of the phospho-sugar mutase (CYK79_08245) in fact exists 

in the correct location with the same gene order as other genomes. However, the gene 

region included a frame-shifting deletion, resulting in a truncation of the CDS (Figure 5), 

and was annotated as a pseudogene.  The truncated protein could lead to a metabolic 

block in UDP-α-D-glucuronate biosynthesis, which would hinder capsule synthesis 

(Kalelkar, et al. 1997).  The FC2 genome is the only one that lacks the dTDP-β-L-

rhamnose biosynthesis pathway. As shown in Figure 6, it involves four enzymes: 

glucose-1-phosphate thymidylyltransferase, dTDP-glucose 4,6-dehydratase, dTDP-4-

dehydrorhamnose 3,5-epimerase, and dTDP-4-dehydrorhamnose reductase. All other 

genomes contain all genes encoding these four enzymes in a single cluster.  The genomic 

region containing these genes may have been lost. Alternatively sequencing/assembly 

failure may have caused the lack of these genes in strain FC2. 
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Figure 4: UDP-α-D-glucose biosynthesis 

pathway. 

The metabolites and enzymes involved in the 

pathway are shown. The enzyme missing from 

the TAM-NE40 genome is shown in red. The 

pathway figure was obtained from Pathway 

Collages (Paley, et al. 2016). 

     1414                                                        1476 
         K  C  I  D  G  L  R  N  D  A  L   K  E  M  N  G  V  K  V  I  T   

TAM-NE38 aagtgcatagatggcttaagaaatgatgccc-taaaagaaatgaatggagttaaagttattaca 

TAM-NE40 aagtgcatagatggcttaagaaatgatgcccctaaaagaaatgaatggagttaaagttattaca 

         K  C  I  D  G  L  R  N  D  A  P  K  R  N  E  W  S  *  S  Y  Y  I 

          S  A  *  M  A  *  E  M  M  P  L  K  E  M  N  G  V  K  V  I  T   

           V  H  R  W  L  K  K  *  C  P  *  K  K  *  M  E  L  K  L  L  H  

Figure 5: Frame-shifting insertion found in the phospho-sugar mutase gene in 

TAM-NE40. 

Part of the sequences of the phopho-sugar mutase gene is shown. The functional 

sequence from TAM-NE38 (top) is aligned with the pseudogene sequence found in 

TAM-NE40, which includes an insertion of an extra cytidine in a poly-c region 

resulting in an early stop codon.  The blue indicates the normal amino acid coding 

seen in TAM-NE38, while the red lettering shows where the CDS differs and 

terminates at the premature stop. 
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Figure 6: dTDP-β-L-rhamnose biosynthesis pathway. 

The metabolites and enzymes involved in the pathway are 

shown. The enzymes missing from the FC2 genome are 

shown in red. The pathway figure was obtained from 

Pathway Collages (Paley, et al. 2016). 
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 3.5.2 Ornithine Cycle 

 As shown in Figure 3, the complete ornithine cycle is lacking in eleven of the 

nineteen genomes.  This is due to the lack of the gene encoding arginase in these 

genomes (Figure 7).  Absence of the arginase gene in these genomes was confirmed by a 

tblastn similarity search of the genomes in which it was not annotated.  While clades 1, 2, 

6 and the reference strain lack the arginase, clades 3, 4, and 5 contain the arginase genes.  

 3.5.3 Phospholipase C Pathway 

 As described in 1.2.1, alpha toxin (CPA) possesses phospholipase activity 

(Sakurai, Nagahama and Oda 2004); hence, the phospholipase C pathway should be 

 

Figure 7: Ornithine cycle. 

The metabolites and enzymes involved in the ornithine cycle are shown. The arginase 

in red is missing from ten of the selected genomes. The pathway figure was obtained 

from Pathway Collages (Paley, et al. 2016). 
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found in C. perfringens.  Despite this expectation, the UDE 95-1372 genome appears to 

lack a functional phospholipase C pathway. The coding region of the cpa gene 

(CYK86_14610) in the UDE 95-1372 genome has a nonsense mutation changing the 

124th codon from a serine (tca) to a stop (taa) (Figure 8), and is annotated as a 

pseudogene.  As all known strains of C. perfringens produce the CPA protein, an 

inactivated cpa gene would be an unusual evolutionary event. 

 3.5.4 Carboxylate Degradation Pathways 

 As shown in Figure 3, the β-D-glucuronide degradation pathway (part of the 

carboxylate degradation class) separates the 19 C. perfringens genomes into two groups: 

those that have the β-D-glucuronide and D-glucuronate degradation (Figure 9) and D-

fructuronate degradation (Figure 10) pathways and those without.  The genomes lacking 

these pathways are all missing the same four genes. Two genes missing from the β-D-

glucuronide and D-glucuronate degradation pathway are those encoding β-glucuronidase 

and glucoronate isomerase. From the D-fructuronate catabolism pathway both mannonate 

dehydratase and bifunctional 4-hydroxy-2-oxoglutarate aldolase/2-dehydro-3-deoxy-

phosphogluconate aldolase are missing.  In each case, a tblastn search resulted in no 

           343                                                         405 

            A  Y  S  I  P  D  T  G  E  S  Q  I  R  K  F  S  A  L  A  R  Y   

GNP-1       gcttattctatacctgacacaggggaatcacaaataagaaaattttcagcattagctagatat 

UDE 95-1372 gcttattctatacctgacacaggggaataacaaataagaaaattttcagcattagctagatat 

            A  Y  S  I  P  D  T  G  E  *  Q  I  R  K  F  S  A  L  A  R  Y 

 

Figure 8: Nonsense mutation found in the cpa gene in UDE-95-1372. 

Part of the sequences for cpa gene in UDE 95-1372 (bottom) and its closest relative 

GNP-1 (top) are aligned.  The point mutation at position 372 (from c to a, shown in red) 

in UDE-95-1372 causes the 124th amino acid to change from serine to a stop codon. 
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matches.  Clades 5 and 6 were universally missing all four of these genes while FC2 in 

clade 4 was also missing them.  Clades 5 and 6 are phylogenetically related. Therefore, 

these enzymes must have been lost before the divergence of these clades.  On the 

contrary, lineage-specific loss appears to have happened in FC2 since another strain 

belonging to clade 4 contains all of these enzymes. 

  

 

Figure 9: β-D-glucuronide and D-

glucuronate degradation pathway. 

The metabolites and enzymes involved 

in the pathway are shown.  The enzymes 

in red are missing from the ten genomes. 

The pathway figure was obtained from 

Pathway Collages (Paley, et al. 2016). 

 

Figure 10: D-fructuronate 

degradation pathway. 

The metabolites and enzymes involved in 

the pathway are shown.  The enzymes in 

red are missing from the ten genomes. 

The pathway figure was obtained from 

Pathway Collages (Paley, et al. 2016). 
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 3.5.5 Amino Acid Biosynthesis Pathways 

 The amino acid synthesis pathways appear to be relatively stable across these C. 

perfringens strains.  Of the 19 genomes, one genome (i.e., TAM-NE40) lacked support 

for the L-homoserine biosynthesis pathway.  The coding region of the aspartate kinase 

gene (CYK79_07045) in the TAM-NE40 genome has a frame-shifting deletion in the 

65th codon causing premature termination, and is annotated as a pseudogene (Figure 11). 

 3.5.6 Amine and Polyamine Degradation Pathways 

 Three pathways in the Amine and Polyamine Degradation class were present in 

some C. perfringens genomes.  Two pathways were identified in all genomes (N-

acetylglucosamine degradation I and ethanolamine utilization).  While the creatinine 

degradation pathway (Figure 12) was present in most genomes (Figure 3) the genomes of 

strains 37 and 67 appeared to lack the creatininase gene.  In both of these genomes, the 

creatininase coding regions are identified and annotated correctly (CYK73_06140 and 

CYK75_06295, respectively). However, both of these coding regions have the same 

single C-to-A nucleotide substitution at (Figure 13), resulting in a premature stop codon 

    181                                                  240 

         E  E  F  K  K  E  N  K  L  A  T  D  L  L  M  G  C  G  E  I  

TAM-NE46 gaagagtttaaaaaagaaaataaattagctactgatttacttatgggatgtggagaaatt 

TAM-NE40 gaagagttt-aaaaagaaaataaattagctactgatttacttatgggatgtggagaaatt 

         E  E  F   K  K  K  I  N  *  L  L  I  Y  L  W  D  V  E  K   

          K  S  L   K  R  K  *  I  S  Y  *  F  T  Y  G  M  W  R  N   

           R  V  *   K  E  N  K  L  A  T  D  L  L  M  G  C  G  E  I 

Figure 11: Alignment of the aspartate kinase gene in TAM-NE40. 

Shows the sequence for the aspartate kinase identified as part of the L-homoserine 

biosynthesis pathway.  TAM-NE46 (Top) has a functional aspartate kinase, while TAM-

NE40 shows a deletion of an adenine in a poly-a region resulting in a frameshift into an early 

stop codon. 
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truncating the predicted protein by 27 amino acids. For this reason, these genes were 

annotated as pseudogenes. This is a surprising observation because creatininase 

hydrolyzes creatinine to creatine that can be phosphorylated by creatine kinase to 

creatine-phosphate, a small phospho donor used in substrate-level phosphorylation. As 

shown in Figure 13, in both strains, the nucleotide sequences after the premature stop 

codons are conserved (up to the original stop codons). Therefore, it is likely that this 

substitution happened very recently just before the divergence of these two genomes.  It 

will be interesting to determine the effect of the truncation on protein function. 

 

Figure 12: Creatinine degradation pathway. 

The enzymes and metabolites involved in the pathway are 

shown.  The creatininase shown in red is non-functional 

in strain 37 and strain 67. The pathway figure was 

obtained from Pathway Collages (Paley, et al. 2016). 
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 3.5.7 Alcohol Degradation Pathways 

 The majority of pathways in the Alcohol Degradation pathway class had 

consistent support in all 19 genomes examined.  The exception was the ethylene glycol 

degradation pathway (Figure 14).  As shown in Figure 3, the lactaldehyde reductase gene 

was found in five genomes, hence the ethylene glycol degradation pathway is considered 

missing in all other genomes. Protein similarity search using the lactaldehyde reductase 

protein sequence from ATCC 13124 as the query was performed to confirm the existence 

or absence of the lactaldehyde reductase gene in each genome. The lactaldehyde 

reductase protein sequences are highly conserved and the sequences are almost 100% 

identical to each other. For those that lack the lactaldehyde reductase gene, the most 

similar sequences were other members of the iron-containing alcohol dehydrogenase (Fe-

ADH) family such as L-threonine dehydrogenase and 1,3-propanediol dehydrogenase, 

with amino acid similarities ranging from 60% to 40%. This confirmed the presence of 

the lactaldehyde reductase gene only in five of the nineteen genomes.  The genomes of 

clade 1 all had lactaldehyde reductase, while clade 2 had strain 67 lacking the gene and 

strain 37 containing it. 
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          E  T  G  I  L  A  S  A  K  S  S  S  A  E  R  G  K  I  I  V   

ATTC1314  gaaactggaatacttgcatcagctaaatcttcatcagctgaaagaggaaaaataatagtt 

Strain 37 gaaactggaatacttgcatcagctaaatcttaatcagctgaaagaggaaaaataatagtt 

          E  T  G  I  L  A  S  A  K  S  *  S  A  E  R  G  K  I  I  V   

Figure 13: Truncation of creatininase in Strain 37 and Strain 67. 

Part of the sequences for the creatininase are shown.  ATTC 13142 (top) has a functional 

creatininase, while strain 37 and strain 67 (bottom) show a cytidine to adenine 

substitution resulting in an early stop codon (red). 
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 3.5.8 Phosphopantothenate Biosynthesis 1 Pathways 

 Among the Biosynthesis – Cofactor, Carrier, and Vitamin Biosynthesis pathway 

class only one pathway had a difference.  The phosphopantothenate biosynthesis I 

pathway was not identified in the TAM-NE40 genome (Figure 3).  This is because the 

gene encoding the 2-dehydropantoate 2-reductase enzyme was not found in this genome.  

Inspection of the genome showed the gene exists (CYK79_01055) but was annotated as a 

pseudogene. As shown in Figure 15, a single nucleotide insertion at the position 283 

resulted in a frame-shift causing changes in the amino acid sequence and a stop codon at 

the positions 322-324.   

 

Figure 14: L-lactaldehyde degradation pathway. 

The enzymes and metabolites involved in the pathway are 

shown. L-lactaldehyde reductase (red) is only present in 

five genomes.  The pathway figure was obtained from 

Pathway Collages (Paley, et al. 2016). 
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3.6 Discussion 

 Comparative genomic analysis among the 19 C. perfringens genomes revealed 

differences in metabolic pathways between some genomes. Most pathways examined 

were either present or absent by the clade, while there were instances of strains showing 

genotypes not in line with their clade (most notably FC2 and TAM-NE40).  Importantly, 

the phylogeny was reconstructed using the single-copy genes that are shared across all 19 

genomes and was not affected by the presence or absence of particular genes. Therefore, 

phylogenetic grouping of six clades was not affected by the differential presence and 

absence of the genes.  In addition, the presence of metabolic pathways appears to be 

independent of geography, the exception being the strains from Belgium (i.e., strain 37 

and strain 67) having a common mutation in their creatininase genes.  Some genomic 

     259                                                        318 

         S  I  K  G  I  L  G  K  N   T  K  V  L  C  L  L  N  G  L  G 

TAM-NE46 tctataaaaggtatattaggaaaaaa-tacaaaggtattatgcctattaaatggattagga 

TAM-NE40 tctataaaaggtatattaggaaaaaaatacaaaggtattatgcctattaaatggattagga 

         S  I  K  G  I  L  G  K  K  Y  K  G  I  M  P  I  K  W  I  R  T 

          L  *  K  V  Y  *  E  K  N  T  K  V  L  C  L  L  N  G  L  G  

      Y  K  R  Y  I  R  K  K  I  Q  R  Y  Y  A  Y  *  M  D  *  D 
 

     319               378 

         H  N  E  T  V  A  K  Y  V  D  S  K  N  I  L  M  G  V  T  L 

TAM-NE46 cataatgaaactgtagcaaaatatgttgatagcaaaaacatacttatgggagtaacttta 

TAM-NE40 cataatgaaactgtagcaaaatatgttgatagcaaaaacatacttatgggagtaacttta 

           *  *  N  C  S  K  I  C  *  *  Q  K  H  T  Y  G  S  N  F 

         H  N  E  T  V  A  K  Y  V  D  S  K  N  I  L  M  G  V  T  L   

          I  M  K  L  *  Q  N  M  L  I  A  K  T  Y  L  W  E  *  L  Y  

Figure 15: Frame-shifting mutation and truncation of 2-dehydropantoate 2-

reductase in TAM-NE40. 

Part of the sequences for the 2-dehydropantoate 2-reductase gene is shown. TAM-NE46 

(top) has a functional 2-dehydropantoate 2-reductase (blue amino acid sequence), while 

TAM-NE40 (bottom) shows an insertion in a poly-A region causing a frame-shift (red) 

resulting in a premature stop codon. 
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differences identified in this study are undoubtedly due to errors in sequencing and/or 

annotation.  For instance, the genome of strain TAM-NE40 had three pseudogenes that 

appear to disrupt pathways. This was not the case in any other strains.  All of the 

pseudogenes in TAM-NE40 were caused by insertions or deletions in poly-C or poly-A 

regions. Therefore, it is possible that they are the results of sequencing or assembly errors 

with the genome rather than actual mutations. There were also instances when a pathway 

was marked as not present by PathoLogic, but the missing genes were found using a 

tblastn similarity search of the genome.  This most often occurred due to annotations not 

identifying a particular gene.  This underscores the importance of high-quality genome 

annotation to utilize the growing sequencing data for functional analysis.  
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CHAPTER IV CONCLUSIONS AND FUTURE STUDIES 

 C. perfringens is an extremely versatile pathogen that is able to cause a wide 

range of diseases.  While virulence factors are common determinants of disease 

processes, metabolism is an often overlooked contributor to pathogenesis.  Metabolic 

differences among strains could play a key role in ability of a strain to colonize the gut of 

infected organisms and cause a disease.  The toxinotype G strains of C. perfringens used 

in this study had marked metabolic differences despite causing the same disease in host 

animals.  The use of genomic data to identify the metabolic abilities of strains facilitates 

better understanding of these pathogens; however, it also comes with drawbacks.  As the 

quantity of available genomes grows, the curation of data is important.  Properly curated 

data will allow the modern tools being developed, many of which are based on machine 

learning, to effectively and more accurately process the data being produced.  

Verification of genome annotations will be a valuable next step in the field.  Evaluating 

the impact of these metabolic differences on the pathogen’s ability to cause diseases and 

the severity of diseases could also help increase understanding what factors are necessary 

to cause clinical diseases instead of the common sub-clinical infection. 
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APPENDIX A: GENOME STATISTICS 

  

Table A1: Isolation data of selected strains 

STRAIN NAME 
ACCESSION 

NUMBER 
COUNTRY OF 

ISOLATION 
YEAR OF 

ISOLATION 

ATCC13124 CP000246.1 N/A 2005 

STRAIN 37 PJSN01000000.1 Belgium 2005 

STRAIN 67 PJSM01000000.1 Belgium 2005 

STRAIN 98.787 18-2 PJTE01000000.1 Denmark 2009 

DEL1 CP019576.1 USA 2002 

EHE-NE18 CP025501.1 Australia 2002 

EHE-NE7 PJTC01000000.1 Australia 2002 

EUR-NE15 PJTB01000000.1 Australia 1995 

FC2 PJTA01000000.1 USA 1996 

GNP-1 PJSZ01000000.1 USA 1996 

ITX1105-12MP PJSY01000000.1 USA 1993 

PENNINGTON PJSQ01000000.1 USA 2007 

SOM-NE35 PJTM01000000.1 Australia 2011 

TAM-NE38 PJTL01000000.1 Australia 2012 

TAM-NE40 PJSK01000000.1 Australia 2013 

TAM-NE46 PJSI01000000.1 Australia 1995 

UDE 95-1372 PJTI01000000.1 USA 1993 

WARREN PJTH01000000.1 Australia 2010 

WER-NE36 PJTG01000000.1 USA 2005 

C. VENTRICULI STRAIN 17 BCMW00000000.1 Japan 2005 
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Table A2: Sequencing data of selected strains 

STRAIN NAME 
SEQUENCING 

PLATFORM 
SEQUENCING 

DEPTH 
GENOME SIZE (MB) 

ATCC13124 Illumina MiSeq 125x 3.26 

STRAIN 37 Illumina MiSeq 122x 3.48 

STRAIN 67 Illumina MiSeq 117x 3.45 

STRAIN 98.787 18-2 Illumina HiSeq 300.0x 3.61 

DEL1 PacBio 393.0x 3.81 

EHE-NE18 Illumina MiSeq 34x 3.66 

EHE-NE7 Illumina MiSeq 63x 3.43 

EUR-NE15 Illumina MiSeq 28x 3.58 

FC2 Illumina MiSeq 30x 3.73 

GNP-1 Illumina MiSeq 95x 3.73 

ITX1105-12MP Illumina MiSeq 33x 3.65 

PENNINGTON Illumina MiSeq 167x 3.75 

SOM-NE35 454 29x 3.57 

TAM-NE38 454 24x 3.65 

TAM-NE40 Illumina MiSeq 30x 3.65 

TAM-NE46 Illumina MiSeq 38x 3.68 

UDE 95-1372 Illumina MiSeq 121x 3.64 

WARREN Illumina MiSeq 12x 3.41 

WER-NE36 Illumina MiSeq 125x 3.78 
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Table A3: Genomic data of selected strains 

STRAIN NAME 
COARSE 

CONSISTENCY 
FINE 

CONSISTENCY 
CHECKM 

COMPLETENESS 
CHECKM 

CONTAMINATION 

ATCC13124 99.9 99.9 100 0 

STRAIN 37 99.8 98.7 100 0 

STRAIN 67 99.8 99 100 0 

STRAIN 98.787 18-2 99.9 99.2 100 0 

DEL1 99.9 98.5 100 0 

EHE-NE18 99.9 99.2 100 0 

EHE-NE7 99.8 99.1 100 0 

EUR-NE15 99.9 99.2 100 0 

FC2 99.9 99.2 100 0 

GNP-1 99.8 99.2 100 0 

ITX1105-12MP 99.9 99.2 100 0 

PENNINGTON 99.9 99.3 100 0 

SOM-NE35 99.8 99 100 1.1 

TAM-NE38 99.9 98.8 100 0 

TAM-NE40 99.9 98.8 100 0 

TAM-NE46 99.9 98.7 100 2.2 

UDE 95-1372 99.8 99 100 0 

WARREN 99.7 98.9 100 0 

WER-NE36 99.8 98.4 100 1.1 
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Table A4: Annotation data of selected strains 

STRAIN NAME PATRIC CDS REFSEQ CDS 

ATCC13124 2866 2876 

STRAIN 37 3229 3101 

STRAIN 67 3211 3079 

STRAIN 98.787 18-2 3433 3283 

DEL1 3679 3435 

EHE-NE18 3398 3253 

EHE-NE7 3199 3059 

EUR-NE15 3377 3242 

FC2 3272 3145 

GNP-1 3621 3451 

ITX1105-12MP 3518 3364 

PENNINGTON 3655 3486 

SOM-NE35 3339 3201 

TAM-NE38 3527 3355 

TAM-NE40 3561 3369 

TAM-NE46 3655 3488 

UDE 95-1372 3515 3357 

WARREN 3648 3489 

WER-NE36 3279 3088 
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APPENDIX B: PHYLOGENETIC RECONSTRUCTION 

Tree Analysis Statistics 

Requested genomes 20 

Genomes with data 20 

Max allowed deletions 0 

Max allowed duplications 0 

Single-copy genes requested 1000 

Single-copy genes found 739 

Num protein alignments 739 

Alignment program mafft 

Protein alignment time 839.5 seconds 

Num aligned amino acids 243051 

Num CDS alignments 739 

Num aligned nucleotides 729153 

Best protein model found by RAxML CPREV 

Branch support method RAxML Fast Bootstrapping 

RAxML likelihood -2674615.0587 

RAxML version 8.2.11 

RAxML time 477.2 seconds 

Total time 1586.4 seconds 

RAxML Command Line 

Goal: Analyze proteins with model 'AUTO' to find best substitution model. 

raxmlHPC-PTHREADS-SSE3 -s Ventriculiout_proteins.phy -n 

Ventriculiout_proteins -m PROTCATAUTO -p 12345 -T 12 -e 10 

Process time: 81.670 seconds 

Goal: Find best tree. 

raxmlHPC-PTHREADS-SSE3 -s Ventriculiout.phy -n Ventriculiout -m 

GTRCAT -q Ventriculiout.partitions -p 12345 -T 12 -f a -x 12345 -N 100 

Process time: 395.573 seconds 

RAxML Codon and Amino Acid Partitions 

DNA, codon1 = 1-729153\3 
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DNA, codon2 = 2-729153\3 

DNA, codon3 = 3-729153\3 

CPREV, proteins = 729154-972204 

Genome Statistics 

GenomeId 
Total 

Genes 

Single 

Copy 
Used Name 

1267.5 1956 739 739 
Clostridium ventriculi strain strains 14 

and 17 

195103.10 2388 739 739 Clostridium perfringens ATCC 13124 

1502.429 2492 739 739 
Clostridium perfringens strain WER-

NE36 

1502.459 2493 739 739 Clostridium perfringens strain EHE-NE7 

1502.438 2522 739 739 Clostridium perfringens strain 37 

1502.436 2535 739 739 Clostridium perfringens strain 67 

1502.446 2545 739 739 Clostridium perfringens strain FC2 

1502.434 2589 739 739 
Clostridium perfringens strain SOM-

NE35 

1502.449 2645 739 739 Clostridium perfringens strain 98.78718-2 

1502.447 2650 739 739 Clostridium perfringens strain EUR-NE15 

1502.460 2670 739 739 Clostridium perfringens strain EHE-NE18 

1502.427 2691 739 739 
Clostridium perfringens strain UDE 95-

1372 

1502.444 2696 739 739 
Clostridium perfringens strain ITX1105-

12MP 

1502.433 2699 739 739 
Clostridium perfringens strain TAM-

NE40 

1502.435 2700 739 739 
Clostridium perfringens strain TAM-

NE38 

1502.430 2739 739 739 
Clostridium perfringens strain TAM-

NE46 

1502.440 2755 739 739 Clostridium perfringens strain Pennington 

1502.445 2756 739 739 Clostridium perfringens strain GNP-1 

1502.451 2760 739 739 Clostridium perfringens strain Warren 

1502.249 2801 739 739 Clostridium perfringens strain Del1 
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Figure B1: Phylogenetic reconstruction using C. ventriculi as outgroup 

Phylogenetic reconstruction performed using the parameters in Appendix B. All nodes 

are supported with bootstrap values >80%.  The root without the outgroup (used for 

Figure 1) was identified to be the node between the branch containing Strain 37, Strain 

67 and SOM-NE35, WER-NE36, and EHE-NE7 
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