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Abstract  

Clostridium perfringens, a spore-forming bacterium that produces >20 toxins, is 

known to cause both human and animal intestinal diseases including; foodborne 

diarrhoea, preterm necrotising enterocolitis (NEC) and necrotic enteritis (NE) in 

chickens. Currently, there is very limited information on genomic virulence 

determinants, and the phylogenic and epidemiology landscape of this enteric 

pathogen, thus in this thesis I sought to comprehensively explore intestinal-associated 

C. perfringens strains using both genomic and phenotypic methodologies.   

Whole Genome Sequencing (WGS) and bioinformatic approaches was used to 

examine a novel collection of C. perfringens isolates and publically available genomes 

(n=552, including 109 public genomes) from a diverse range of hosts and disease 

states including; NEC-associated preterm infants, foodborne diarrhoea patients, NE-

associated broilers, and healthy humans and animals. These genomes were analysed 

in combination or as discreet disease subsets to determine infection-linked virulence 

features, genomic epidemiology and hyper-virulent genotypes, and indicated a highly 

diverse pangenome (7.4% core genome), toxin-specific and novel virulence factors, 

widespread distribution of conjugative plasmids, long-term persistence, and inter-

regional transmission events during disease outbreaks. This work represents the 

largest WGS-based phylogenetic and comparative genomics on C. perfringens to date. 

Furthermore, a sub-set of C. perfringens isolates were characterised phenotypically 

using microbiological assays to determine hyper-virulent phenotypes, which linked to 

genomic analysis. These hyper-virulent strains were then used to establish a novel C. 

perfringens oral-challenge mouse model. This enteric infection model will allow 

further mechanistic work in understanding the role of C. perfringens in relevant 

intestinal diseases and may be used to facilitate therapy or vaccine development. 

Overall, this multidisciplinary work provides important novel insights into the 

intestinal pathogen C. perfringens at both a genomic and phenotypic level and 

provides a platform for subsequent translational studies into efforts to reduce C. 

perfringens-associated disease burden in both humans and animals.  
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Chapter 1  General introduction  

 

This chapter is a general introduction that forms the background of this thesis. The 

contents of this chapter are primarily based on (verbatim) the peer-reviewed review 

article published in Emerging Microbes & Infections that I am first author 1. The 

published review article is reproduced in Appendix 7. 

 

1.1 Introduction  

Clostridium perfringens (formerly known as Bacillus aerogenes capsulatus, Bacillus 

perfringens, Bacillus welchii or Clostridium welchii) is a Gram positive, spore-

forming, anaerobic, rod-shaped bacterium (Figure 1.1) 2. It was first isolated and 

identified as a novel bacterium in 1891 by William H. Welch from the autopsy of a 

38-year-old man, where gas bubbles were observed within infected blood vessels. This 

gas-forming trait (the original name Bacillus aerogenes capsulatus, óaerogenesô 

literally means óair-producingô in Latin) was later linked to gas gangrene symptoms 

seen in British and French soldiers during World War I 3. This organism was later 

named as Bacillus perfringens (in Latin perfringens means óbreaking throughô which 

mirrors its tissue-invading nature) by Veillon and Zuber 4, and designated as Bacillus 

welchii in 1900 by Walter Migula in Germany 5. In the 1940s it was given its current 

name Clostridium perfringens, in the Bergeyôs Manual of Determinative Bacteriology 

6.  

C. perfringens is associated with diverse environments including soils, food, sewage, 

and as a member of the gastrointestinal (GI) tract microbial community (i.e. 

microbiota) of both diseased, and non-diseased humans and animals. Notably it has 

been associated with humans for thousands of years as evidenced by the recent 

identification of C. perfringens using Next Generation Sequencing (NGS) technology 

in the mummified GI tract of a >5000-year-old Neolithic óTyrolean Icemanô (also 

known as Ötzi), found in an Alpine glacier in 1991 7. 
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Figure 1.1: Electron microscopy images of C. perfringens  vegetative cells and spores  

(A) Scanning electron microscopy images of C. perfringens LH019. (B) Transmission electron 
microscopy of C. perfringens Q143 in spore forms. (C) Scanning electron microscopy image of the 
germination of C. perfringens Q143. (D) Binary fission of C. perfringens Q143 under scanning electron 
microscope. Images processed by Mrs Kathryn Cross. 

 

Clinically, C. perfringens has been constantly associated with various significant 

systemic and enteric diseases, in both humans and animals, including gas gangrene 

(Clostridial myonecrosis), food poisoning (FP) and non-foodborne diarrhoea, and 

enterocolitis 8,9. Importantly, C. perfringens strains are known to secrete >20 identified 

toxins or hydrolytic enzymes that could potentially be the principal virulence factors 

involved in pathophysiology 10.  

This introductory chapter will explore phenotypic and genomic features of this 

important and re-emerging pathogen, including virulence factors, and antimicrobial 

resistance (AMR) profiles, and the clinical impact of this bacterium in relation to 

several medically important intestinal diseases, across several host species. Finally, 

some of the important unresolved questions in relation to C. perfringens-associated 

infections, and implications for future research directions are highlighted towards the 

end of this chapter. 
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1.2 Isolation, identification and typing methods 

There are numerous methods for isolation of C. perfringens, and biochemical and 

molecular methods for identification as detailed in Table 1.1. 

 Method  Method details in brief  Refs  

Is
o

la
ti
o

n
 

Direct plating Direct plating on TSC-EYA + 18-24 h anaerobic incubation at 

37ºC. Pitch black colonies with opaque halos are presumptively 

C. perfringens. 

11 

Ethanol pre-treatment Ethanol pre-treatment (50% ethanol) for 30 mins + plating on 

Fastidious Anaerobe Agar (sometimes supplemented with 0.1% 

taurocholate). Colonies that exhibit beta-haemolysis are 

preliminarily identified as C. perfringens. 

12 

B
io

c
h

e
m

ic
a
l 
id

e
n

ti
fi
c
a
ti
o

n
 

Naglerôs reaction Known as lecithinase (alpha-toxin) test. Egg-yolk agar plates are 

split into two halves, where one half contains anti-alpha-toxin, 

and following anaerobic incubation, positivity is defined as 

turbidity around colonies on the anti-alpha-toxin-free side which 

confirms C. perfringens. 

13 

Reverse CAMP test Streptococcus agalactiae is streaked on blood agar, and C. 

perfringens streaked perpendicular to S. agalactiae. After 24-48 

h of anaerobic incubation, a óbow-tieô zone will form due to the 

synergistic haemolysis, this confirms C. perfringens. 

14 

M
o

le
c
u
la

r 
id

e
n

ti
fi
c
a
ti
o

n
 

16S ribosomal RNA PCR Appropriating full-length 16S rRNA universal primers/smaller 

region of 16S rRNA gene in PCR to amplify 16S rRNA gene + 

sequencing and identify using informatics approach (based on 

sequence similarity >97% to assign taxonomy). 

15 

MALDI-TOF Mass 

Spectrometry 

Rapid and inexpensive identification method based upon the 

mass spectrum analysis of highly-conserved ribosomal proteins 

from whole bacterial cells ï apply bacterial colonies straight onto 

the MALDI-TOF metal target and followed by appropriate 

treatments and analysis. 

8 

T
y
p

in
g

 

Multiplex PCR Multiplex PCR approach is commonly used to amplify key toxins 

genes to classify C. perfringens into 7 (A to G) different 

toxinotypes according to the toxin genes combination. 

16 

Genome-wide sequence 

search 

Genome-wide search on relevant toxin genes using sequence 

similarity search program e.g. BLAST for toxinotyping on C. 

perfringens genomes. 

17 

Fluorescent amplified 

fragment length 

polymorphism (fAFLP) 

This technique is based on selective PCR amplification of 

restriction fragments from genomic DNA digestion. It is a rapid 

and highly reproducible PCR method to discriminate sub-types 

in epidemiological study. 

18 

Table 1.1: Common isolation, identification and typing methods in C. perfringens  research  

Table adapted from Kiu and Hall (2018) under the Creative Commons BY licence 1. PCR: Polymerase 
Chain Reaction. 
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Historically, bacterial typing systems were developed to distinguish distinct bacterial 

strains from a single species, and more importantly, to recognise epidemic clones with 

specific pathogenicity. C. perfringens strains, clinically well-known for toxin 

production, are typed (recently updated for 7 toxinotypes: A-G; previously only types 

A-E 19) according to the combination of typing toxins (Figure 1.2) they produce, i.e. 

Ŭ-toxin (PLC), ɓ-toxin (CPB), Ů-toxin (ETX) and ɘ-toxin (ITX), enterotoxin (CPE) and 

NetB 20.  

This toxinotyping method indicated that certain toxins were associated with certain 

hosts and diseases e.g. type B (particularly CPB it harbours), is exclusively linked to 

dysentery in sheep, and rarely seen in other hosts 21. FP associated CPE was genotyped 

in type F strains (previously named as CPE-positive type A; not to be confused with 

heat-resistant type C strains) although CPE can also be produced by certain type C, D 

and E strains, whereas ɓ2-toxin (CPB2) and ɗ-toxin (perfringolysin O; PFO) could be 

found in any toxinotypes 2,17,22. However, it is important to note that no single strain 

is known to produce the entire panoply of toxins 17.  

Since the advent of the Polymerase Chain Reaction (PCR) technique, multiplex PCR 

toxinotyping has now replaced the classical antisera methodology and is the routine 

rapid typing technique in clinical laboratories 16,20,23,24. However, this recently-updated 

typing system is still largely limited to the identification of the 6 ótypingô toxins (or 

previously 4; although some do pick up accessory toxins) 22,25. Moreover, linking 

toxinotype to disease phenotype is also highly debated as detection of typing PLC has 

little diagnostic value, as it can also be detected in healthy individuals 26. Importantly, 

type A strains (most strains are type A, as this toxinotype is universal in the 

environment) were also associated with enteric diseases, these strains were detected 

to harbour other additional óminorô toxins (linkage with diseases were suggested) that 

are not addressed in this current toxinotyping method 17,27.  
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Figure 1.2: Current toxinotyping scheme of C. perfringens   

Figure reproduced from Kiu and Hall (2018) under the Creative Commons BY licence 1. 

 

Most recently, Whole Genome Sequencing (WGS) data of C. perfringens has revealed 

substantial genetic divergence in the sequenced genomes, when comparing similar 

toxinotypes 2,17,28. Potentially, with the aid of bioinformatics tools, more novel toxins 

or virulence genes will be discovered and identified for investigation of C. perfringens 

pathogenicity, and disease transmission tracking in hospital and environmental 

settings. Genome-based research in a related Clostridium gut pathogen, Clostridium 

difficile (it has since been suggested to be taxonomically moved to Clostridioides), has 

highlighted the utility of WGS as an appropriate tool to understand bacterial 

pathogenicity, including identifying AMR genes, and monitoring C. difficile spread 29-

32. Importantly, WGS has also identified óhypervirulentô clades of C. difficile that 

appear to be linked with more severe disease outcomes, which includes at least two 

different ribotypes 33,34, and was used in monitoring bacterial spread, and tracking 

sources of infection, at an international level 35,36. These studies indicate that WGS 

will be key to understand, classify and characterise pathogens, including C. 

perfringens, in this genomic era.  
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1.3 Genomic characteristics 

C. perfringens has a relatively low GC content, between 27-28%, and genome sizes 

range from 3.0-4.1 Mb, with 2,500 to 3,600 predicted genes present in each individual 

genome 17. The first ever complete genome sequence of C. perfringens (strain 13) was 

published in early 2002; a historical gas gangrene-associated strain from 1939 (this 

also represents the first Gram-positive anaerobic pathogen to be sequenced) 37. 

Virulence-linked genes within the sequence data include phospholipase C (PLC; Ŭ-

toxin), hyaluronidase (µ-toxin), collagenase (ə-toxin), PFO (ɗ-toxin), and CPB2. 

Moreover, 61 sporulation- and germination-related genes were encoded, which 

supports the fact that C. perfringens is a spore-former. Notably, most virulence genes 

in this type A strain were not found on genomic islands, or near insertion/transposase 

sequences, and GC content of those genes were similar to the average GC percentage, 

implying that horizontal gene transfer (HGT) of these toxin genes was an ancient 

evolutionary event. This study also highlighted differences in environmental adaption 

genes, including glycolytic enzymes, and sporulation-linked genes, whereas recent 

studies indicated that phylogenetic relationships between C. perfringens (based on 

core genome analysis) does not relate to clone origin or toxinotypes 2,17.   

Two more C. perfringens genomes were sequenced and published in 2006 28; strain 

ATCC13124 (a gas gangrene strain isolated 1941 by Mollby, et al. 38), and strain 

SM101 (a FP strain isolated in 1953 39). Key findings indicated that ATCC13124 

contains a putative restriction-modification system that is obstinate to genetic 

transformation, a range of glycolytic-related genes that are strain-specific 

(highlighting differences in environmental adaptation capabilities), and additionally 

that sporulation capacity is strain-specific, based on the comparative studies of 

sporulation-linked genes. Importantly, this study revealed an unexpectedly high 

degree of genomic diversity, with no two strains identical with respect to genomic 

islands. 

Following the reduced cost of WGS, another 9 C. perfringens isolates were sequenced, 

and analysed alongside the pre-existing 3 strains in 2015 2. Core-genome regions were 

first reported to be highly syntenous (similar in nucleotide sequence arrangement), GC 

content (approximately 28.3%, similar to what was previously described), and 

importantly the core-genome phylogeny constructed did not show any potential 

relatedness/ clonal origins amongst different toxinotypes. 
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A recent large-scale genomic study (that I co-first authored) that investigated 56 C. 

perfringens strains, representing the largest C. perfringens genomic study to date, 

revealed a diverse pangenome (a repertoire of genes in a defined number of genomes), 

with only 12.6% core genes (common genes that are present in each genome; Figure 

1.3) 17. A wide array of toxin genes was profiled in this study: plc, Ŭ-clostripain (ccp) 

and microbial collagenase (colA) were conserved in all examined genomes, the pore-

forming toxin PFO gene pfo was found to be encoded in most genomes (>90%), 

whereas the FP causative toxin CPE gene cpe was consistently detected in historical 

FP isolates (isolated before 1950s), and was also linked with enteritis in dogs and foals 

40. Importantly, prevalence of aminoglycoside-resistant/anti-defensin gene mprF 

(100% detection), and tetracycline-resistant efflux protein genes tetA(P) (>75% 

detection) encoded within the genomes underlined the potential antimicrobial resistant 

threat of C. perfringens-associated infection. This study also suggested that these 

diverse genetic variations may have been driven by HGT, especially prophage 

insertion, within the óCRISPR-freeô genomes (Clustered Regularly Interspaced Short 

Palindromic Repeats [CRISPR]; no single CRISPR prophage defence system detected 

in >70% of the genomes). 

The substantial genetic divergence in the C. perfringens pangenome suggests there 

may be additional novel virulence-related genes encoded within the óaccessory 

genomeô, in addition to the plasmid-borne toxins, known to be primarily responsible 

for specific disease pathologies. Thus, it is important to analyse plasmid-encoded 

genes/toxins, in tandem to chromosomally-encoded genes in the accessory genome, to 

provide a more complete genomic picture of C. perfringens. Potentially, with the aid 

of bioinformatics tools, more novel toxins or virulence genes will be discovered and 

identified for investigation in relation to C. perfringens pathogenicity, and disease 

transmission tracking in hospital and environmental settings, as has been performed 

for the related gut pathogen C. difficile 30. To fully determine and research the 

pangenome, and discover potentially novel virulence genes, more isolate sequencing 

will be required, including addition of isolates from a range of hosts and environmental 

conditions, which may pave the way for translational research into new treatment 

strategies against C. perfringens infections.  
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Figure 1.3: L inearised pangenome of  56 C. perfringens  strains  

Each coloured block represents synteny (or, homolog: identical gene) in the pangenome. Figure 
reproduced from Kiu et al. under the Creative Commons BY licence 17. 

 

1.4 Plasmids 

Importantly, C. perfringens strains are known to carry plasmids, which often encode 

virulence-associated proteins including toxins and antimicrobials 41. Disease-

associated toxins including; CPE, ETX, ITX, NetB, CPB2 and Binary Enterotoxin 

(BEC) have all been detected on C. perfringens plasmids 17,42. HGT of plasmids 

between strains is reported to be via the tcp conjugation locus that exists in most 

known C. perfringens plasmids 43. Important toxin-carrying plasmids will be briefly 

reviewed in order of toxinotypes. For comprehensive reviews on C. perfringens 

plasmids, and other related insertion sequences see Freedman et al. (2015) and Li et 

al. (2013) 41,42. 

CPE is known to be involved in FP and non-foodborne gastroenteritis. It was reported 

that up to 70% of FP cases, causative C. perfringens strains (mainly type F, previously 

known as CPE-positive type A) were shown to encode chromosomal-cpe, rather than 
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plasmid-cpe, while the latter was associated with non-foodborne gastroenteritis 

(responsible for 5-15% of all cases) 44. Some cpe-associated plasmids have also been 

shown to encode cpb2 genes or iab/ibp (ITX) genes (e.g. pCPF5603) 41. Type B strains 

carry plasmids which encode one of the deadliest toxins on earth, ETX, and CPB. 

Plasmid pCP8533etx encodes etx and cpb2 genes, but not cpb 45. Most plasmids in 

type B strains also possess other virulence genes encoding ɚ-toxin and urease 46. 

Similarly, plasmids in type D strains also carry cpe and/or cpb2 genes, and plasmids 

range in size from 45 kb to 110 kb 47.  

C. perfringens type C strains possess plasmid-borne CPB gene cpb, and other plasmids 

reported to carry other toxin genes including cpb2, tpeL, or cpe 48. In type E strains, 

two major families of plasmids have been identified: (1) plasmids carry iap/ibp (ITX) 

genes, ɚ-toxin gene and cpe gene, however, cpe contains nonsense and missense 

mutations and is thus non-functional 49; (2) These plasmids, including pCPPB-1, 

encode both iap/ibp (ITX) genes and cpe gene but not the ɚ-toxin gene 50. NetB is a 

chicken NE-associated toxin, which is plasmid encoded. These netB-encoded 

plasmids can potentially carry other virulence genes including tetracycline resistance 

genes (e.g. pJIR3537 and pCW3) and cpb2 gene (e.g. pJIR3844) 51.  

Notably, many toxin plasmids of C. perfringens are highly similar, sharing up to 35-

40 kb of identical sequences 42. In addition, some C. perfringens isolates can carry 

multiple near-identical plasmids that encode different toxin and AMR genes 51. 

However, no one isolate has ever been found to possess plasmids that encode all key 

toxins; only certain plasmid combinations could can be maintained within single 

strain, which suggests plasmid incompatibilities due to presence of distinct plasmid 

segregation systems, and warrants further research 41,52,53. Furthermore, the universal 

existence of tcp locus indicates that conjugative plasmid transfer could be a key HGT 

event for increasing virulence of C. perfringens strains. 

 

1.5 Virulence-related factors 

C. perfringens can generate a complement of extracellular toxins and hydrolytic 

enzymes (>20), survive in aerobic environments (i.e. oxygen tolerance), produce toxic 

gases, and rapidly grow. Therefore, it possesses the capacity to effect various 

histotoxic (i.e. toxigenic to tissues) infections in humans, including gas gangrene in 
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contaminated wounds, gastroenteritis (including foodborne and non-foodborne 

diarrhoea) in human adults, necrotic enteritis (NE) in animals, and recent links to 

necrotising enterocolitis (NEC) in preterm infants 54. Relevant virulence factors of C. 

perfringens are represented and summarised in Figure 1.4. 

 

1.5.1 Transmission and colonisation 

1.5.1.1 Oxygen sensitivity 

C. perfringens is commonly known as a strict anaerobe; however, this bacterium can 

also survive in the presence of oxygen, and/or low concentrations of superoxide or 

hydroxyl-radical-generating compounds 55. It was shown to survive in aerobic 

conditions for >72h, which was attributed to its generating capacity of Superoxide 

Dismutase (SOD) 56. Genomic analysis indicates there are putative NADPH 

dehydrogenase genes (yadD and ycdF), which generate enzymes that help maintain 

intercellular redox balance 55. Notably, as an aero-tolerant anaerobe, C. perfringens 

could potentially survive through aerobic environments (such as on surfaces in 

hospital wards 57) and trigger disease development in aerophillic environments (i.e. 

adult/preterm infant gut), and additionally oxygen-exposed tissues (such as gas 

gangrene), which may facilitate bacterial host-to-host transmission 15. 

1.5.1.2 Sporulation 

C. perfringens is a spore-former, which enables this bacterium to survive in extreme 

or nutrient-depleted conditions. This spore-forming characteristic plays a vital role in 

the transmission of this Gram-positive bacterium from diverse environments to hosts, 

leading to infection, including FP in human adults 58. Some spores of C. perfringens 

(especially FP associated strains) had been demonstrated to resist extreme temperature 

conditions, which may contribute to C. perfringens survival and subsequent disease 

pathology 59,60. Although, capable of sporulation, C. perfringens appears to be a less-

prolific (in vitro) spore-former than its Clostridium relatives such as C. difficile 15,61. 

For lab based assays, sporulation can be achieved using the well-experimented 

raffinose-supplemented Duncan-Strong sporulation medium 61. 
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Figure 1.4: Disease -linked virulence factors of C. perfringens  in intestinal infections  

Figure reproduced from Kiu and Hall (2018) under the Creative Commons BY licence 1. 

 

Molecular regulation of sporulation in C. perfringens is less well studied compared to 

the model bacterium Bacillus subtilis. Previous studies have indicated that the 

transcriptional regulator CcpA (encoded by ccpA) is required for effectual sporulation 

62 and Spo0A (spo0A), a transcriptional factor known to be present in Clostridium 

species including C. perfringens, is associated with sporulation initiation 28. Sigma 

factors, including SigF, SigE, SigG and SigK (genes sigF, sigE, sigG and sigK 
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respectively) are known to regulate the sporulation process of C. perfringens 63,64. In 

addition to this, it was also reported that C. perfringens sporulation processes could be 

regulated by an Agr-like quorum-sensing system, potentially promoted by the codY 

gene in type A FP strains 65,66. Importantly, CPE is known to be produced by C. 

perfringens during sporulation, which correlates with the pathogenesis of FP-

associated diarrhoea 58. 

1.5.1.3 Germination 

Germination of C. perfringens can be triggered by small molecules termed germinants 

ï commonly known as sugars, nucleosides, amino acids, salts and purines 67. 

Importantly, primary bile acids (including glycocholate, cholate and taurocholate) in 

the human GI tract are also known to act as potent germinants in Clostridium species, 

whereas secondary bile acids, such as deoxycholate (derivatives generated by certain 

gut microbes), can inhibit the in vitro proliferation of C. perfringens 68. This proposed 

ócolonising germinationô survival modus operandi of spore-formers, including C. 

perfringens, potentially acts as a signal to initiate growth, and to persist in the intestinal 

environment 15. This persistence, and long-term gut colonisation may correlate with 

the ongoing symptoms (up to several weeks) of nonfoodborne diarrhoea in patients 69. 

From a colonisation resistance perspective, inhibition of germination, by secondary 

bile products produced by resident commensal bacteria, implies a long-standing 

competition for limited nutrients and niches within the gut.  

1.5.1.4 Rapid proliferation  

Notably, C. perfringens represents one of the fastest-growing organisms currently 

known and is reported to have a very short 8-12 min generation time when cultured at 

43°C in optimal media, and 12-17 min at 37°C 70. Rapid growth of this bacterium 

potentially predisposes the host to tissue infection, as in the cases of avian NE, bovine 

necro-haemorrhagic enteritis (could be <5h), and gas gangrene. Also, as C. 

perfringens has a two-fold quicker generation time, when compared to intestinal 

commensals like wild-type Escherichia coli (typically 20-30 min in Luria-Bertani 

broth), this could represent a potent mechanism for outgrowing other resident bacteria, 

leading to efficient gut colonisation. 
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1.5.2 Disease initiations 

1.5.2.1 Histotoxic gas production 

Clostridial myonecrosis (better known as gas gangrene), is accompanied by profuse 

gas production, which could in theory be the mechanical determinant of tissue injury, 

alongside rapid cell proliferation of C. perfringens. Importantly, C. perfringens is 

known to generate hydrogen sulphide 71 (using ubiquitous sulfuric sources from the 

environment), a readily-permeable toxic substance to human cells, which when 

produced in excess is associated with other intestinal inflammatory diseases (e.g. 

Ulcerative Colitis) 72. Thus, C. perfringens-associated gas production represents an 

understudied virulence trait in the pathogenesis of gut infection, such as preterm-infant 

NEC (discussed in more detail below), which symptoms significantly mimic those of 

gas gangrene; necrosis of tissue accompanied by abundant gas production 73,74.  

 

1.5.2.2 Toxins and virulent enzymes 

Presently, 23 virulence genes that encode toxins and virulent enzymes have been 

identified in C. perfringens (summarised in Table 1.2) as the most prolific toxin-

producing pathogen currently known. Some key toxins will be briefly discussed and 

summarised in this sub-section. 

1.5.2.2.1 Alpha-toxin 

PLC (encoded by gene plc or cpa) was identified in 1941 as enzyme phospholipase 

(i.e. phospholipase C), which was the first bacterial toxin shown to possess enzymatic 

activity 75. This toxin is present chromosomally in all strains of C. perfringens and acts 

on egg-yolk lipoprotein (lecithin), which results in increased turbidity- basis of a 

medical diagnostic test for C. perfringens, such as Nagler reaction or egg-yolk agar 11. 

Biochemically, PLC has been shown to hydrolyse cell membrane phospholipids, 

which eventually leads to cell necrosis; a key characteristic in gas gangrene 38,76. 

Indeed, this toxin is essential for gas gangrene pathology, as shown in an in vivo 

myonecrosis model 77. Mechanistically, PLC may play three major roles in gas 

gangrene pathology; firstly, it is able to impact on the movement of immune cells such 

as neutrophils to infected tissues (mechanism currently unknown), hence potentially 

reducing pathogen clearance at infected sites. Secondly, it can cause constriction of 

blood vessels, which may reduce the blood supply to tissues, thus creating a micro-
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aerophillic environment conducive to C. perfringens overgrowth. Thirdly, this toxin 

can activate inflammation cascades in host cell metabolism (arachidonic acid and 

protein kinase C), which may lead to direct immune-mediated pathology of tissues 78. 

1.5.2.2.2 Beta-toxin 

CPB, encoded by gene cpb, is a plasmid-encoded pore-forming toxin that is thought 

to be intestinal-necrotic, and also important for systemic enterotoxaemia, in humans 

and neonatal animals, as shown in in vivo studies 79,80. C. perfringens type C strains 

that possess the cpb gene were associated with historical Clostridial gut infections;  

Darmbrand (post-world war II in Germany), and Pig Bel (Papua New Guinea) 81. 

Previous intestinal loop studies have indicated a synergistic effect with CPE (encoded 

by cpe) 82. Furthermore, this toxin shares sequence similarity with several pore-

forming toxins produced by Staphylococcus aureus ï Ὓ toxin (A: 22% and B:28%), Ŭ-

toxin (28%) and leucocidin (S:17% and F:28%) 83.  

1.5.2.2.3 Perfringolysin O 

PFO (also ɗ-toxin, encoded by gene pfoA or pfo), is also a pore-forming toxin that acts 

on cholesterol-comprising cell membranes. This toxin has been shown to be involved 

in the pathogenesis of gas gangrene, and haemorrhagic enteritis in calves 84,85. Notably, 

PFO shares structural homology with similar pore-forming toxins identified in 

Streptococcus, Bacillus, Listeria and many other genera 25. PFO is also known for its 

capacity to induce tumour necrosis factor alpha (TNF-Ŭ) and interleukin 6 (IL-6) 

expression in the host, and it could activate apoptosis through p38 MAPK (mitogen-

activated protein kinase) pathway as demonstrated in in vitro models 86. Interestingly, 

it has synergistic cytotoxic effects with PLC on bovine epithelial cells, highlighting 

the significant role of this toxin in disease development 85,87. Please refer to the work 

by Verherstraeten et al. (2015) for a comprehensive review of PFO 25. 

1.5.2.2.4 Beta2-toxin 

CPB2 (encoded by cpb2 plasmid gene), a pore-forming cytolytic toxin shares <15% 

sequence homology with CPB, distinguished itself as a novel toxin produced by C. 

perfringens 83. CPB2-producing C. perfringens strains have been associated with gut 

diseases such as necrotising enteritis in piglets, and enterocolitis in foals 88. 

Importantly, this pore-forming toxin has been suggested as an accessory toxin in C. 
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perfringens-associated non-foodborne diarrhoea 89, and proposed to play an important 

role in preterm-NEC in potential synergistic effects with antibiotic gentamicin 90.  

 

  Gene Toxin name  Abbreviation 

in this thesis  

Alternative 

name 

Mechanism of pathogenicity  Refs 

1 

T
y
p

in
g
 t
o
x
in

s
 1

9
 

plc/cpa Phospholipase PLC Ŭ-toxin Disruption of cell membrane 76 

2 cpb ɓ-toxin CPB - Pore-formation 91 

3 etx Ů-toxin ETX - Pore-formation 92 

4 iap ɘ-toxin component Ia IAP (ITX) - Cytoskeleton disruption 50 

5 ibp ɘ-toxin component Ib IBP (ITX) - Cytoskeleton disruption 50 

6 cpe Enterotoxin (CPE) CPE - Pore-formation and tight-

junction disintegration 

50 

7 netB NetB NetB - Pore-formation 93 

8 

N
o

n
-t

y
p

in
g

 t
o
x
in

s
 

cpb2 ɓ2 toxin CPB2 - Pore-formation 88 

9 lam ɚ-toxin LAM - Potent protease 94 

10 pfo/pfo

A 

Perfringolysin O PFO ɗ-toxin Pore-formation 95 

11 cpd ŭ-toxin CPD - Pore-formation 96 

12 ccp Clostripain CCP - Digestion of collagen 37 

13 colA Microbial 

collagenase 

ColA ə-toxin Digestion of collagen 97 

14 nanI Sialidase NanI - Mucolysis 37 

15 nanJ Exo-Ŭ-sialidase NanJ - Mucolysis 37 

16 nanH Neuraminidase NanH - Mucolysis 98 

17 nagH Hyaluronidase NagH ɛ-toxin Digestion of connective tissue 37 

18 tpeL Glucosylating toxin TpeL - Induction of apoptosis 99 

19 becA Binary Enterotoxin 

Component A 

BECA - Pore-formation 100 

20 becB Binary Enterotoxin 

Component B 

BECB - Pore-formation 100 

21 netE NetE NetE - Pore-formation 101 

22 netF NetF NetF - Pore-formation 102 

23 netG NetG NetG - Pore-formation 101 

Table 1.2: Pathogenicity of the currently identified C. perfringens  toxins  

Table adapted from Kiu and Hall (2018) under the Creative Commons BY licence 1. 

 

1.5.2.2.5 Epsilon-toxin 

This deadly toxin ETX, is plasmid-encoded by etx gene C. perfringens type B and D 

strains and is essential for pathogenesis. Epsilon toxin is involved in animal (goat and 

sheep) enterotoxaemia 103. ETX is currently thought to be the most potent of all toxins 

produced by C. perfringens, evidenced by the LD50 of 70ng/kg body weight, ranked 

only behind C. botulinum and C. tetani neurotoxins. It has been demonstrated to affect 

various organs, such as kidneys and liver, through unknown mechanisms, that allow 

this toxin to enter systemic circulation 104. Due to its potential use as a biological 
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weapon, ETX-producing C. perfringens strains are on the export control list in a 

number of countries including USA and the UK 105,106. 

1.5.2.2.6 Iota-toxin 

This cytoskeleton-damaging toxin ITX (also considered as a typing toxin produced by 

C. perfringens), consists of two cell-binding monomers Ia (enzymatic component) and 

Ib (binding component; encoded on plasmids by iap and ibp gene respectively), which 

act synergistically to first translocate the toxin into host cells, then exert enzymatic 

activity on ADP-ribosylating actin to disassemble the cytoskeleton, which eventually 

leads to apoptosis and cell death 107. Furthermore, ITX shares a certain degree of 

virulence similarity with oedema and lethal binary toxins from Bacillus anthracis 

108,109. 

1.5.2.2.7 Microbial collagenase 

Microbial collagenase (also known as ə-toxin), encoded by chromosomal gene colA, 

is a key toxin produced by C. perfringens that degrades collagen. This enzyme might 

contribute to intestinal infection, as collagen, the substrate for collagenase, is a primary 

component of intestinal connective tissues/basal membrane of human and animal hosts, 

thus disruption may damage basal integrity, which may lead to eventual tissue necrosis 

85,110. However, Awad et al. indicated that ə-toxin is not a major determinant in a 

Clostridial myonecrosis mouse model (gas gangrene), despite its capacity to hydrolyse 

collagen 111. 

1.5.2.2.8 Enterotoxin (CPE) 

CPE (encoding gene cpe) is recognised as the key toxin to cause FP and non-foodborne 

diarrhoea, it has also been demonstrated to disrupt the intercellular claudin tight 

junctions in gut epithelial cells 112,113. Importantly, this pore-forming toxin was 

demonstrated to bind and necrotise human ileal and colonic epithelium in vitro, and 

can induce cell death i.e. apoptosis, via the caspase-3 pathway 114. Hence, the potential 

pathogenesis mechanisms underlying FP could result from CPE-induced tight junction 

rearrangements or pore-formation.  

1.5.2.2.9 Sialidase 

Three sialidases, encoded by genes nanH, nanI and nanJ in C. perfringens, are also 

named as neuraminidases or exo-sialidases (NanI and NanJ). This group of enzymes 

represent important virulence factors during C. perfringens-mediated tissue infection; 
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they catalyse hydrolysis of terminal sialic acids from glycoprotein, glycolipids and 

polysaccharides of cell membranes that aids in bacterial attachment to host cells 115. 

This mucolytic potential suggests that C. perfringens may utilise intestinal mucus as 

a nutrient source, and thereby potentiates intestinal colonisation, which has been 

modelled using the in vitro Caco-2 cell line 116. Importantly, in vitro studies have also 

demonstrated that Ŭ-toxin associated with NanI (exo-alpha-sialidase) increased the 

virulence of C. perfringens 117. Furthermore, NanI was shown to potentiate the 

virulence of ETX, CPB and CPE, via binding-enhancing (ETX) and proteolytic 

activation (CPB and CPE) mechanisms, potentially enhancing C. perfringens 

pathogenesis 118. Notably, in a gas gangrene mouse model, NanI and NanJ are not 

essential for virulence 119. For a comprehensive review of this toxin, please refer to 

work by Li et al. (2016) 120. 

1.5.2.2.10 NetB 

NetB, a pore-forming toxin (encoded by netB), shares limited amino acid sequence 

similarity with CPB (38% sequence identity), PLC from S. aureus (31% sequence 

identity) and ŭ-toxin (40% sequence identity) from C. perfringens 121. Less than a 

decade ago, this chicken-NE associated toxin (plasmid-borne), was discovered and 

shown to be essential (instead of Ŭ-toxin) for lesion formation both in cell line models, 

and avian in vivo models via genetic mutant strains, and thus fulfilled molecular 

Kochôs postulates as a disease determinant 122. This toxin is important in avian 

agriculture as netB-positive C. perfringens strains recovered from broiler chickens 

(healthy birds) can be as high as 61%, however expression of NetB was shown to be 

lower in healthy birds, when compared with NE-associated chickens (92% vs 29%) 

123. In addition, netB was later identified as part of a plasmid-encoded pathogenicity 

locus named NELoc-1 capable of being transferred via conjugation, indicating the 

potential spread in relation to chicken NE epidemiology 51,124. Please refer to Review 

by Rood et al. for a comprehensive description on NetB and poultry NE 125. 

These extracellular toxins represent potent virulence factors central to intestinal 

disease development. However, not all toxins are secreted by all strains of C. 

perfringens (excluding PLC), hence, in silico identification of virulence genes using 

NGS techniques and bioinformatics tools are essential for rapid and comprehensive 

geno-toxinotyping of C. perfringens, compared with conventional molecular tools. 
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1.5.3 Antimicrobial resistance (AMR) 

AMR traits in C. perfringens pose a serious clinical treatment concern, due to its 

capacity to generate an array of lethal toxins. Presently there are several phenotyping 

studies published (based on in vitro susceptibility testing of Minimal Inhibitory 

Concentration; MIC) on the AMR profile of C. perfringens, however, there is 

currently limited genetic/WGS-based AMR genotyping studies (Table 1.3). 

Tetracycline resistance in C. perfringens was first described in 1968, when 11 strains 

of C. perfringens were tested, and found to possess ósome degreeô of resistance to 

tetracycline, thus penicillin G (or, benzylpenicillin) was recommended as the drug of 

choice for treating Clostridial infection 126. Plasmid-carrying tetracycline resistance 

(tet components) in C. perfringens was genetically shown for the first time in porcine 

samples (3 strains) 127. Tetracycline resistance elements tetA(P), was then detected in 

81 tetracycline-resistance C. perfringens strains (100%), with 93% of these strains 

carrying a secondary resistance gene, either tetB(P) or tet(M), notably, no single strain 

possesses all tet genes 128. Multidrug-resistant C. perfringens strains were first 

reported back in 1977, multiple strains (n=7) isolated from porcine faeces were 

demonstrated to be resistant against tetracycline (MIC > 32ɛg/ml), erythromycin 

(MIC > 128ɛg/ml), clindamycin (MIC > 64ɛg/ml), and lincomycin (MIC > 128ɛg/ml) 

129. A PCR-based AMR study on 160 environmental strains (water, soil and sewage) 

revealed encoded macrolide resistance genes erm(B)(26%), erm(Q)(1%), and 

mef(A)(18%), in addition to the commonly found tetA(P)(53%), tetB(P)(22%), and 

tet(M)(8%) 130. 

Macrolide and lincosamide resistance (mainly erythromycin and lincomycin) appears 

widespread 131, and therefore is considered ineffective in treating C. perfringens 

infections. This is supported by a recent multidrug resistance study of 260 strains of 

C. perfringens isolated from diarrheal neonatal piglets in Thailand, where higher 

resistance was observed for erythromycin, lincomycin and tylosin 132.   
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Antibiotic class  Inhibitory 

mechanism  

High 

susceptibility  

Moderate 

resistance  

High  

resistance  

Refs  

Penicillin Cell wall 

synthesis 

Penicillin G 

Amoxicillin 

Ampicillin   129,133-137 

Glycopeptides Cell wall 

synthesis 

Vancomycin 

Daptomycin 

  134,138 

Imidazoles Nucleic acid 

synthesis 

Metronidazole   134,135 

Cephalosporins Cell wall 

synthesis 

Cefotaxime 

 

Ceftazidime 

Ceftriaxone 

Ceftiofur 

 134,136,137 

Amphenicols Protein 

synthesis 

Chloramphenicol   129,134,135 

Carbapenems Cell wall 

synthesis 

 Imipenem  135 

Tetracyclines 

 

Protein 

synthesis 

  Tetracycline* 

Minocycline 

Doxycycline 

17,129-

131,136,139 

Lincosamides Protein 

synthesis 

  Lincomycin* 

Clindamycin* 

131,132,135 

Macrolides Protein 

synthesis 

  Erythromycin* 

Tylosin 

129-133 

Quinolones Nucleic acid 

synthesis 

  Norfloxacin 

Enrofloxacin  

Nalidixic acid 

134 

Aminoglycosides Protein 

synthesis 

  Gentamicin 

Streptomycin 

133,137 

Polypeptides Cell wall 

synthesis 

  Bacitracin 

Colistin 

133,137 

Table 1.3: A summary of C. perfringens  antimi crobial resistance  

*High-prevalence (both pheno- and genotypic) antibiotic resistance reported. Table reproduced from Kiu 
and Hall (2018) under the Creative Commons BY licence 1. 

 

Recent WGS studies on AMR genes have detected mepA (multidrug-resistance gene), 

using various public AMR databases on C. perfringens strains 139, and also tetracycline 

resistant genes tetA(P), tetB(P) and tet38. The genes, mprF and rpoB (rifampin-

resistant) have also been reported to be encoded 139. Anti-defensin gene mprF 

(possibly involved in multidrug-resistant, including resistance against gentamicin) 

was recently reported in a large-scale genomic study of C. perfringens (n=56 strains) 

to be present in 100% of the genomes 17. In this latest genomic study, tetA(P) was 

detected in 75% of the 56 strains, which is more prevalent than tetB(P)(42%). 

Interestingly, ANT(6)-Ib, an aminoglycoside resistance gene, was also reported to be 

encoded in a C. perfringens toxinotype C strain. Although mainly anaerobic bacteria 

like C. perfringens may have reduced transport of aminoglycosides intracellularly, 
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there are also findings that C. perfringens are sensitive to aminoglycosides like 

gentamicin at higher concentration, which indicates that C. perfringens might also 

have acquired additional resistance to aminoglycosides 140,141.  

WGS will be a key tool to tackle C. perfringens AMR, particularly in rapid 

diagnostics, however gold-standard phenotypic MIC tests will also be required to 

clinically determine the antimicrobial susceptibilities and facilitate antibiotic 

management. 

 

1.6 Clinical associations in humans and animals 

C. perfringens has been constantly associated with gut diseases across both animal and 

human hosts (summarised in Table 1.4) as described in this section. 

1.6.1 Animal hosts 

1.6.1.1 Poultry NE 

Poultry NE was first documented in England in 1961 142. Since then, NE has been 

consistently reported in every continent around the globe. Importantly, C. perfringens 

is unequivocally identified as the key aetiological organism of NE in broiler chickens 

143. Global financial impact of NE is significant, with an estimated economic loss of 6 

billion US$ in 2015, projecting profit loss per bird at > US$0.062 144. 

Classic NE pathologies are characterised by gaseous lesions and mucosa necrosis in 

gas-filled distended small intestine, however, these can also involve kidney and liver 

as secondary infection sites 145. Proposed key biological factors that contribute to NE 

are hydrolytic enzymes (e.g. collagenase) and toxin production (traditionally 

understood as PLC, and more recently NetB and TpeL, both are pore-forming toxins, 

were linked to the onset of NE) 146,147. Other NE-predisposing factors include: a high-

protein diet that favours the growth of C. perfringens, and environmental stress (e.g. 

high stocking density), which alters gut microbiota/host immunity that eventually 

increases risk of infection 148. For a more detailed introduction to poultry NE see 

section 5.2. 
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Host 

species  

Disease  Affected 

groups  

Clinical symptoms  Associated 

toxinotypes/ 

toxins  

Refs  

Cow Bovine necrotic 

enteritis 

Neonatal 

calves 

Distended colon; mucosal 

necrosis 

 

Type A/ CPB2, 

PFO 

87,149 

Chicken Poultry necrotic 

enteritis 

Neonatal 

chicks 2-5 

weeks post-

hatching 

Gaseous lesions; mucosal 

necrosis; distended 

intestines 

 

Type A, C, G/ 

CPB, NetB, TpeL 

150 

Pig Swine enterocolitis 1-7 days old 

neonatal 

piglets 

Severe diarrhoea, necrotic 

mucosa, villus atrophy 

 

Type A, C/CPB2 151 

Dog Canine 

gastroenteritis 

n/a Haemorrhagic/ necrotic 

intestines 

 

Type A, 

F/enterotoxin 

CPE, CPB2 

102 

Horse Equine necrotising 

enterocolitis 

1-14 days 

old neonatal 

foals 

Bloody diarrhoea; 

haemorrhagic and necrotic 

intestines 

 

Type A, F/ CPE, 

CPB2, NetE, NetF 

& NetG 

102 

Human Acute watery 

diarrhoea (food 

poisoning) 

Both children 

and adults 

8-14h after food ingestion: 

intestinal cramp, watery 

diarrhoea without vomiting 

(self-limiting: 12-24h) 

 

Type F/ CPE 152 

Human Non-foodborne 

diarrhoea 

(antibiotic-

associated 

diarrhoea and 

sporadic diarrhoea) 

Older adults 

(>60 years 

old) 

Abdominal pain and 

diarrhoea (prolonged 

duration >3 days to several 

weeks), often accompanied 

by blood in the faeces. 

Type F/ CPE 153 

Human Enteritis 

necroticans 

(Pigbel) 

Children/ 

malnourishe

d adults 

Intestinal gangrene (small 

intestine as key infection 

site) 

 

Type C/ CPB 81 

Human Preterm 

necrotising 

enterocolitis 

1-14 days 

old neonatal 

preterm 

infants 

Distended abdomen; 

pneumatosis intestinalis 

(gas cysts formation); 

intestinal necrosis 

Type A/ CPB2 8,9 

Table 1.4: C. perfringens -associated intestinal diseases in both animals and humans  

Table reproduced from Kiu and Hall (2018) under the Creative Commons BY licence 1. 

 

1.6.1.2  Equine Acute Necrotising Enterocolitis  

Acute necrotising enterocolitis (ANEC) in foals/horses (caused by C. perfringens) is 

a severe intestinal disease that resembles the classic clinical signs of C. perfringens-

infections; rapid disease development and necrotic intestines (mainly the colon) 154. 

ANEC symptoms are characterised by bloody diarrhoea, followed by a haemorrhagic 

and necrotic gut 155. Type F C. perfringens strains (previously type A) harbouring both 

CPE and CPB2 are often associated with this deadly condition 154. More recently, 

NetE, NetF and NetG toxins (pore-forming toxins) were proposed to underlie the 

pathogenesis of foal NEC 40.  
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1.6.1.3 Swine enterocolitis  

C. perfringens type A strains (also less frequently, CPE-harbouring type F strains) are 

widely considered as the invasive agent of non-haemorrhagic enterocolitis in piglets, 

although the actual pathogenesis remains undefined. Similar to other C. perfringens-

intestinal infection, this disease commonly affects one-week-old piglets, suspected to 

inherit (i.e. via vertical transmission during birth) the bacterium from the microbiota 

of mother sows 156. Symptoms involve severe diarrhoea (non-haemorrhagic), 

accompanied by necrotic mucosa and atrophy of intestinal villi. CPB2 was initially 

believed to drive the development of this disease (backed by epidemiological studies 

in 1990s), and as such was used as a diagnostic biomarker, although this has become 

controversial in recent years 88. Type C strains that carry CPB are associated with 

haemorrhagic enterocolitis in piglets and largely affect 1 to 4 days old neonates 156. In 

contrast to type A-infection (to a lesser degree, type F-infection), type C-infection is 

characterised by haemorrhagic enterocolitis, which is proposed to be driven by the 

presence of type C strains and low trypsin secretion (trypsin can inactivate CPB) in 

the immature host gut 157. 

 

1.6.2 Human hosts 

1.6.2.1 Darmbrand 

Darmbrand, which literally means óburning (fire) bowelsô in German, was used to 

describe a particular type of necrotic inflammatory gut disease (also known as enteritis 

necroticans, EN) associated with C. perfringens, that occurred epidemically post-

second World War (1944-1949) in north-west Germany 158.  Darmbrand causative 

strains were later classified as type C strains that carry CPB, and these strains are 

highly resistant to heat 159. Many of these type C strains also harbour CPE, which has 

been shown to act synergistically with CPB in an intestinal loop model and therefore 

CPE was suggested to play a role in some cases of EN 82. Notably, the heat-resistance 

of this strain might be attributed to the production of a small acid-soluble protein 

(Ssp4) that could potentially play a central role in dissemination of C. perfringens 

strains 60. Darmbrand was believed to be facilitated by poor post-war sanitary 

(bacterial contamination), and malnutrition (protein-malnourished) conditions, as this 

disease disappeared within a few years after its first recognition 160. 
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1.6.2.2 Pigbel 

Enteritis necroticans (EN), or commonly known as pig-bel in the highlands of Papua 

New Guinea (PNG), is a form of inflammatory gut disease that was associated with 

pork-feasting activities that took place among PNG Highlanders in outbreaks first 

documented back in 1966 161. The classical description of the symptoms is 

óspontaneous gangrene of small intestine, without obvious vascular or mechanical 

causeô which resembles Darmbrand, and occurred particularly in children 162. The 

aetiology of this fatal infection was thought to be large co-consumption of C. 

perfringens type C-contaminated pork (due to poor hygiene), and large amount of 

sweet potatoes which contain trypsin inhibitor (trypsin secreted in the gut could break 

down CPB secreted by C. perfringens) 163. Similar cases of EN were also reported in 

Uganda 164, Indonesia 165, Thailand 166, and Nepal 167. Notably, EN-like cases were 

also reported (rare cases) in developed countries, including USA, in exclusively 

diabetic subjects, who also have attenuated trypsin production 168.  

1.6.2.3 Acute Watery Diarrhoea (FP) 

C. perfringens has been associated with FP since it was first documented in both the 

UK and the USA in the 1940s 169. C. perfringens-type A FP, is ranked the second most 

prevalent bacterial FP in the US, estimated at 1 million cases per annum, after 

Salmonella 170. In the European Union (EU) member countries, C. perfringens-linked 

FP outbreaks were projected at approximately 5 million cases per year (2011) 171. C. 

perfringens-linked foodborne cases are suggested to be under-reported due to its self-

limiting symptoms, thus the statistics published based on laboratory-confirmed cases 

may be lower than the actual numbers, suggesting a higher actual epidemiological 

impact. 

Hallmark symptoms include, rapid appearance within 8-14 hrs after food ingestion, 

intestinal cramp, watery diarrhoea without fever or vomiting 172. Currently, FP C. 

perfringens cases are thought to be caused by CPE (encoded by cpe gene). This 

secreted pore-forming toxin is also demonstrated to disrupt intestinal tight junction 

barriers and initiate disease development 112. For a more detailed description on C. 

perfringens-associated acute watery diarrhoea (or, foodborne diarrhoea), see section 

4.2. 
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1.6.2.4 Non-foodborne diarrhoea  

C. perfringens has also been associated with non-foodborne diarrhoea (a distinct 

disease entity from FP, characterised primarily by more severe symptoms and longer 

duration), which includes antibiotic-associated diarrhoea (AAD), and sporadic 

diarrhoea 173,174. AAD typically occurs in 5ï25% of patients after administration of 

broad-spectrum antibiotics 175. Non-foodborne diarrhoea typically affects older adults 

that are >60 years of age (although sporadic diarrhoea is also associated with younger 

age groups) 176. Clinical symptoms are abdominal pain, prolonged diarrhoea (>3 days 

to several weeks), and bloody stools 153,177. Patients suffering from non-foodborne 

diarrhoea, particularly AAD, can become seriously ill due to diarrhoea-induced 

dehydration, and may progress to develop colitis, although full recovery is common 

178. 

Although other pathogenic bacteria including C. difficile (most common AAD 

pathogen; ~25% of cases 179) and S. aureus have also been implicated in AAD, 

enterotoxigenic C. perfringens type F strains (producing CPE) are estimated to be 

responsible for up to 15% of all AAD cases 173,180,181. CPE, produced by C. perfringens 

type F strains (encoded by plasmid-borne cpe gene), has been reported to be the 

aetiological agent for C. perfringens-associated non-foodborne diarrhoea, as 

evidenced by the high prevalence in diarrhoea patients, but not healthy individuals. 

Importantly, type F strains have also been linked to sporadic diarrhoea, although to a 

lesser extent 173. AAD-associated C. perfringens strains are also described to be more 

adherent to Caco-2 intestinal cells, when compared to other FP strains, which is 

attributed to the production of sialidase NanI 182. The spore-forming nature of C. 

perfringens could also potentially contribute to the commonly observed disease 

persistence and relapse 183. Molecular detection of faecal CPE or PCR confirmation of 

cpe gene represents the current clinical diagnostic method for C. perfringens-AAD 

24,184. 

1.6.2.5 Preterm infant NEC 

Preterm-NEC has been clinically linked with C. perfringens since the 1970s, as type 

A C. perfringens were isolated from necrotic tissues in many NEC cases. Notably, it 

was even called ógas gangrene of the bowelô owing to its reflection of the highly 

similar diseased histology with the infamous tissue myonecrosis 74.  
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NEC has ~14% prevalence in preterm infants less than 1000 g birth weight (i.e. 

extremely low birth weight, ELBW), a high mortality of 30% with surgical NEC, and 

overall mortality up to 50%. NEC-related deaths account for 10% of all mortality 

causes in neonatal intensive care unit (NICU) according to a UK-nationwide study 185
 , 

and is the most severe and lethal neonatal GI emergency worldwide 186. The additional 

annual cost for treating NEC in preterm infants is conservatively estimated at £13.5 

million in the UK (excluding long-term post-surgical treatment), whilst in the US $1 

billion is estimated to be spent annually by neonatal departments on NEC 187. 

The involvement of bacteria in the pathogenesis of NEC has been strongly implicated 

since the disease was first described 188. Both Klebsiella and C. perfringens have been 

linked to clinical NEC in recent years 8. Most recently, the emergence of two extensive 

preterm infant NEC cohort studies that profiled metagenomic faecal samples, have 

both indicated that C. perfringens is significantly abundant in the infant gut microbiota 

prior to NEC development 8,9. These studies are supported by the substantial number 

of NEC studies (14 studies to date since 1970s, more than any individual bacterial 

agents, as summarised in Table 1.5) that have reported C. perfringens as a potential 

pathogenic agent 189. Thus, C. perfringens appears to be a pathogenic agent of 

microbial-NEC, i.e. C. perfringens-associated NEC, and may link to specific disease 

symptoms 190. For a more detailed description on C. perfringens-associated NEC, see 

section 3.2. 
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Table 1.5: Studies reporting clinical cases of C. perfringens -associated NEC  

Table reproduced from Kiu and Hall (2018) under the Creative Commons BY licence 1. 
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Table 1.5: Studies reporting clinical cases of C. perfringens -associated NEC  

Table reproduced from Kiu and Hall (2018) under the Creative Commons BY licence 1. 
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Recent advancement of WGS and genomic analyses, particularly those focussing on 

other gut pathogens including C. difficile, Klebsiella pneumoniae and Salmonella 

enterica has proved successful in understanding the pathogenic role of these bacteria 

in disease development and tracking bacterial transmission 200,201. These enteric 

pathogens have all been sequenced extensively with genomic information made public 

on NCBI (National Center for Biotechnology Information) genome database (as of 

November 2018; bracketed digits indicate number of genomes): C. difficile (1404), E. 

coli (13475), K. pneumoniae (6503) and S. enterica (9798). Yet, including two batch-

additions of 30 genomes towards the end of 2016 and >55 genomes in mid-2018, there 

are only 112 publicly available genomes of C. perfringens, highlighting the lack of in-

depth understanding of this pathogen with respect to its genomic information. WGS-

based investigation may allow identification of putative/novel disease-associated 

genotypes and virulence factors, that may facilitate intervention strategies and/or 

therapy development. 

 

1.7 Unanswered questions 

The clinical link between intestinal diseases and C. perfringens is clear and defined, 

however the underlying factors responsible for specific aspects of pathology remains 

uncertain (Table 1.6).  

Deciphering the genes that are involved in the sporulation, germination, enzyme/toxin 

production, oxygen tolerance, AMR and other novel virulence factors could lead to 

more targeted clinical preventions in C. perfringens-associated adult and neonatal 

intestinal diseases, whether it be humans or animals. Important questions may be 

answered utilising WGS and in silico tools, to delve into the genetic makeup of this 

notorious, yet under-studied pathogen. In tandem further in vitro and in vivo studies 

should be carried out to confirm the importance of suspected novel virulence traits, 

i.e. to fulfil Molecular Koch's postulates. 
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What are the key knowledge gaps in understanding C. perfringens as a pathogen, and what are the 

potential approaches to investigate/mitigate the virulence of C. perfringens in clinical diseases? 

Question s Approaches  

¶ Compared to other pathogens (e.g. C. difficile), 

there is limited WGS data for C. perfringens, 

what is the genomic diversity of this important 

pathogen?  

¶ Can we use WGS to ótypeô C. perfringens 

isolates, and can WGS be used in diagnostics 

(including AMR profiling), and to track spread in 

outbreaks settings? 

¶ C. perfringens causes diverse diseases in a wide 

host range, but what are the microbial virulence 

factors responsible for pathology, and is this 

host/strain specific? 

¶ What are the host immune cells/ signalling 

cascades involved in C. perfringens-associated 

clearance and/or pathology?  

¶ C. perfringens can reside as a ónormalô member 

of the gut microbiota, what are the external 

factors that may lead to overgrowth and disease? 

¶ Can C. perfringens be directly linked to NEC 

pathogenesis?  

¶ What are the therapeutic approaches that could 

be used to prevent C. perfringens infection in 

multi-host species? 

 

¶ Isolate diverse strains from various 

environments, i.e. from both case and control 

samples 

¶ Perform comprehensive bioinformatics analyses 

to understand evolution e.g. SNP based 

phylogeny, and investigate variants and spread in 

clinical settings 

¶ Carry out pan-GWAS/comparative genomics to 

identify/predict specific virulence genes related to 

disease development. 

¶ Develop/optimise clinical diagnostics from faecal 

samples via e.g. ultra-long read real-time 

sequencing method such as Oxford Nanopore 

¶ Develop and characterise in vivo infection models 

for different disease types (e.g. NEC and 

gastroenteritis)  

¶ Pinpoint specific virulence genes involved in 

infection via bacterial transcriptomics (RNAseq) 

and knock-out bacterial strains, to fulfil molecular 

Kochôs postulates. 

¶ Perform microbiota profiling (e.g. 16S rRNA 

metagenomics or shotgun metagenomics) to 

investigate the impact of C. perfringens to 

microbiota members, and the role of microbiome 

in C. perfringens infections 

¶ Understand host defence mechanisms using 

immunological approaches, and knock out in vivo 

models  

¶ Develop therapeutics for C. perfringens infections 

including phage therapy, vaccines, microbiota 

treatment i.e. probiotics  

Table 1.6: Knowledge gaps in understanding C. perfringens  and proposed research approaches  

Table reproduced from Kiu and Hall (2018) under the Creative Commons BY licence 1. 

 

These approaches may help establish future platforms for disease prevention strategies 

such as vaccines, phage therapy, microbiota-based therapeutics, or implementation of 

specific antibiotic administration policies. Furthermore, understanding the genomes 

will potentially enable epidemiological tracking (as is taking place for other 
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pathogenic bacteria), allowing us to pinpoint the origin and route of spread of isolates 

in the hospital settings, which is vital within clinical contexts.  

 

1.8 Hypotheses 

1.8.1 Overarching hypothesis 

C. perfringens plays a causative role in intestinal diseases, including preterm-NEC, 

foodborne diarrhoea and poultry-NE, via an array of toxin and accessory virulence 

genes, which are widely disseminated via clonal expansion. 

1.8.2 Study-specific hypotheses 

Chapter 3 - Specific nosocomial virulent genotypes of C. perfringens are linked to 

preterm-NEC disease progression 

Chapter 4 - Specific epidemic strains of C. perfringens are responsible for 

gastrointestinal-associated outbreaks 

Chapter 5 - Broiler caecal contents exhibit microbiome signatures for poultry NE, 

and specific genotypes of chicken-associated C. perfringens are linked with poultry 

NE 

Chapter 6 - C. perfringens is a genetically diverse, zoonotic and widely-disseminated 

pathogen 

Chapter 7 - C. perfringens isolates exhibit strain-specific virulence properties, and 

certain disease-linked strains are ófitterô than other non-pathogenic strains 

Chapter 8 ï Hyper-virulent C. perfringens strains can induce disease symptoms in 

mice 
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1.9 Primary research aims 

This research had 5 primary research aims: 

1. To isolate and sequence (WGS) gut-associated C. perfringens from clinical 

samples, cohorts including preterm infants, FP patients, care-home non-

foodborne diarrhoea patients and broiler chickens. 

2. To genotype C. perfringens: using bioinformatics to determine full virulence 

profiles and genetic variations of C. perfringens isolates, and link disease 

outcomes with pathogenic genotypes 

3. To determine genomic epidemiological spread of disease-associated C. 

perfringens genotypes and understand global phylogenetics of C. perfringens. 

4. To phenotype C. perfringens virulence traits and characterise C. perfringens 

pathogenesis using in vitro models for the selection of phenotypically óhyper-

virulentô strains to be employed in animal models. 

5. To set up and characterise a novel oral-challenged mouse model of C. 

perfringens intestinal infections. 

 

1.10 Structure of the thesis 

The thesis is organised into 9 chapters. 

Chapter 1 is an introductory chapter that presents a comprehensive literature review 

on the research background and summarises the hypotheses and aims of the thesis. 

Chapter 2 comprises the details of materials and research methods, including various 

bioinformatics approaches used in the studies. 

Chapter 3 presents a study on the genomic virulence and epidemiology of preterm-

associated C. perfringens. This chapter provides insights into the full virulence 

profiles and pangenome of hospital-linked C. perfringens, and a novel understanding 

of the nosocomial spread and persistence of C. perfringens in a multicentre neonatal 

study. 

Chapter 4 describes phylogenomic investigation on food-poisoning and care home-

associated C. perfringens isolates across England and Wales. This study determines 
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specific virulence plasmid disseminations and identified potential clonal expansion of 

enterotoxigenic C. perfringens strains. 

Chapter 5 contains a microbiome study on chicken-associated caecum contents and a 

genomic investigation on NE-related isolates. The findings identify specific NE-

diagnostic microbiome marker and combinatory role of NE-linked virulence genes. 

Chapter 6 is a population genomic study on the complete set of isolates available to 

date including public genomes and newly sequenced genomes. This study presents the 

pangenome of C. perfringens, and identifies potential zoonotic relationship, 

genetically distinct lineages and intercontinental disseminations. 

Chapter 7 describes the phenotypical characterisation of a sub-set of preterm-

associated C. perfringens isolates. This chapter identifies hyper-virulent C. 

perfringens strains that were selected for use in a novel mouse infection model study 

described in Chapter 8. 

Chapter 8 presents a novel oral-challenge C. perfringens infection model that reveals 

unexpected immune-mediated microscopic pathologies. This reproducible infection 

model has the potential for use in future therapy development against C. perfringens 

intestinal infections. 

Chapter 9 is the final discussion chapter, summarises the impact of the new findings, 

future perspectives and conclusions of the thesis. 
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Chapter 2  Materials and m ethods  

 

2.1 Materials 

2.1.1 Reagents, kits and equipment 

Primary reagents, kits, equipment and tools used/mentioned in this chapter are listed 

in Table 2.1 to Table 2.3. 

 

Materials  Components and conditions  Supplier  

Phosphate Buffer Saline (PBS) PBS, pH7.2 Sigma-Aldrich, Dorset, UK 

25% sucrose in TE buffer TE buffer: 10mM Tris and 1mM 

EDTA pH8.0 

Sigma-Aldrich, Dorset, UK 

Lysozyme Lysozyme re-suspended in 

0.25M Tris pH8.0 

Roche, West Sussex, UK 

Proteinase K ~15-20mg/ml proteinase K Roche, West Sussex, UK 

RNase A 10mg/ml RNase A (boiled before 

use) 

Roche, West Sussex, UK 

EDTA 0.5M EDTA, pH8.0 (pH 

adjusted) 

Sigma-Aldrich, Dorset, UK 

Sarkosyl NL30 30% Sarkosyl Sigma-Aldrich, Dorset, UK 

Phenol-Chloroform-Isoamyl 

alcohol (IAA) solution 

25:24:1 (Phenol-Chloroform-

Isoamyl Alcohol) 

Sigma-Aldrich, Dorset, UK 

E buffer 10mM Tris pH8.0 Sigma-Aldrich, Dorset, UK 

Chloroform:IAA  24:1 Chloroform:IAA Sigma-Aldrich, Dorset, UK 

Ethanol Absolute ethanol (>99.5%) Sigma-Aldrich, Dorset, UK 

Phase-lock gel tubes for DNA 

extraction using Phenol-

Chloroform 

MaXtract High Density tubes Qiagen, Manchester, UK 

Table 2.1: Materials used in Phenol -Chloroform DNA extraction for WGS samples  
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Equipment  Model  Supplier  

Anaerobic chamber Ruskinn Concept Plus Baker Ruskinn, Bridgend, UK 

Autoclave (portable) Classic 2100 Standard (9-litre) Prestige Medical, Blackburn, 

UK 

Centrifuge Eppendorf 5810R Eppendorf, Stevenage, UK 

Microscope (fluorescence and 

brightfield) 

Carl Zeiss Axio Imager 2 Carl Zeiss, Cambridge, UK 

Gel electrophoresis unit ENDURO Gel XL Labnet, New Jersey, USA 

Homogeniser for DNA 

extraction samples 

FastPrep-24 MP Biomedicals, Santa Ana, 

USA 

Incubator Cooling incubator Binder, Tuttlingen, Germnay 

Micro-centrifuge Prism Labnet, New Jersey, USA 

Micro-centrifuge (refrigerated) Prism R Labnet, New Jersey, USA 

Microplate reader FLUOstar Omega BMG Labtech, Ortenberg, 

Germany 

Microplate reader (anaerobic 

condition) 

Tecan infinite F50 Tecan, Männedorf, Switzerland 

Nanodrop spectrophotometer Nanodrop 2000 Thermo Fisher Scientific, 

Loughborough, UK 

PCR station UV HEPA PCR Systems UVP, Upland, USA 

PCR thermal cycler Applied Biosystems Veriti 96-

well thermal cycler 

Thermo Fisher Scientific, 

Loughborough, UK 

pH meter Martini MI 151 Rocky Mount, USA 

Pressure transducer (USB 

connection) 

PX409-015GUSBH Omega Engineering Limited, 

Manchester, UK 

Qubit meter Qubit 2.0 Thermo Fisher Scientific, 

Loughborough, UK 

Safety cabinet Walker Class II MSC Walker Safety Cabinets, 

Glossop, UK 

Table 2.2: Details of equipment used in the laboratory  
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Item  Supplier  

Agar  Oxoid (Thermo Fisher Scientific), 

Loughborough, UK 

Agarose for Gel Electrophoresis Sigma-Aldrich, Dorset, UK 

Brain Heart Infusion (BHI) Oxoid (Thermo Fisher Scientific), 

Loughborough, UK 

Caspase-Glo 3/7 Assay Promega, Southampton, UK 

CytoTox-One Homogeneous Membrane Integrity Assay Promega, Southampton, UK 

D-cycloserine Oxoid (Thermo Fisher Scientific), 

Loughborough, UK 

DNA ladder (1kb and 100bp) Promega, Southampton, UK 

DNA lo-bind tubes (1.5 and 2.0ml) Eppendorf, Stevenage, UK 

DPX mountant for histology Sigma-Aldrich, Dorset, UK 

Egg yolk emulsion Oxoid (Thermo Fisher Scientific), 

Loughborough, UK 

FastDNA SPIN kit for Soil MP Biomedicals, Santa Ana, USA 

Feeding tube 20G Instech, Plymouth, USA 

Inoculation sterile loops (disposable) Microspec, Wirral, UK 

KAPA 2G Robust PCR kit KAPA Biosystems, Wilmington, USA 

Lead acetate test strips (detection of H2S) Sigma-Aldrich, Dorset, UK 

Molecular water (water for molecular biology) Merck Millipore, Billerica, USA 

Perfringens Agar Base Oxoid (Thermo Fisher Scientific), 

Loughborough, UK 

QIAGEN Plasmid Midi Kit Qiagen, Manchester, UK 

QIAquick PCR Purification Kit Qiagen, Manchester, UK 

Qubit dsDNA BR assay Invitrogen (Thermo Fisher Scientific), 

Loughborough, UK 

Reinforced Clostridial Medium (RCM) Oxoid (Thermo Fisher Scientific), 

Loughborough, UK 

Spreader Microspec, Wirral, UK 

Staurosporine Abcam, Cambridge, UK 

Table 2.3: Materials and kits  

 

2.1.2 Ethics approval and consent for participation in human studies 

2.1.2.1 BAMBI study  

BAMBI study (Baby Associated MicroBiota of the Intestine study) carried out at 

Norfolk and Norwich University Hospital (NNUH) was approved by the University 

of East Anglia (UEA) Faculty of Medical and Health Sciences (FMH) Ethics 

Committee. Sample collection followed the protocols outlined by NRES approved 

UEA Biorepository (Licence no.: 11208). Written consent was given by the parents 

for their infants for participation in this study 202. 
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2.1.2.2 NEOM study 

NEOM study (The Neonatal Microbiota Study) was approved by West London 

Research Ethics Committee Two (ClinicalTrials.gov identifier NCT01102738; 

Licence no.: 10/H0711/39). Parents gave written informed consent for their infant to 

participate in the study 8. 

 

2.1.3 Faecal samples, bacterial isolates and isolate DNA extracts 

Samples (faecal samples/isolate/isolate DNA) were obtained through collaborations 

with various organisations as described (Table 2.4).  

 

Collaborators  Organisations  Sample cohort/sample 

type  

Location  

Dr Paul Clarke NNUH Preterm infants (BAMBI)/ 

faecal samples 

Norwich, UK 

Dr Gusztav Belteki Rosie Hospital Preterm infants (BAMBI)/ 

faecal samples 

Cambridge, UK 

Prof J Simon Kroll 

Dr Alex Shaw       

Dr Kathleen Sim 

Imperial College 

London 

Preterm infants in SMH and 

QCCH (NEOM and two-year 

NEOM)/bacterial isolates 

London, UK 

Dr Corinne Amar Public Health 

England (PHE) 

Outbreak patients in 

England and Wales/isolate 

DNA 

Colindale, UK 

Sara Goatcher Banham Zoo and 

Africa Alive 

Captive animals/faecal 

samples 

Suffolk, UK 

Dr Ron Dixon     

Dr Joseph Brown 

Lincoln University Poultry and farm/bacterial 

isolates 

Lincoln, UK 

Prof Paul OôToole University College 

Cork 

Older adults in care homes 

(ELDERMET)/ bacterial 

isolates 

Cork, Ireland 

Dr Alan Walker University of 

Aberdeen 

Healthy adults/isolate DNA Aberdeen, UK 

Table 2.4: Brief description of sample sources and relevant collaborators  

NNUH: Norfolk and Norwich University Hospital; QCCH: Queen Charlotteôs and Chelsea Hospital; SMH: 
St Maryôs Hospital. 
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2.1.3.1 Faecal sample collection in BAMBI study 

Faecal samples were routinely collected from infant nappies in the NICUs into sterile 

stool containers and stored at 4 °C and stored at -80 °C within 5 days. 

2.1.3.2 Faecal sample collection in NEOM study 

Samples were collected by nursing staff from nappies into sterile Eppendorf tubes and 

stored in a -20 °C freezer on the NICU within 2h of collection and stored at -80 °C 

within 5 days. 

 

2.2 DNA extraction 

2.2.1 Using FastDNA SPIN kit 

This method was used on bacterial/faecal samples for 16S rRNA metataxonomics, 16S 

preliminary identification and qPCR bacterial load estimation.  

Briefly, DNA extraction (~100mg for faecal sample or ~100ɛl for bacterial sample) 

was performed using FastDNA SPIN kit for Soil, according to the protocol described 

by the manufacturers, with a modification to the homogenisation of samples - 3 min 

at speed setting of 6.0, using FastPrep-24 instrument. Samples were suspended in 1ml 

of Sodium Phosphate Buffer. DNA extraction protocol was then performed 

accordingly, with a final elution volume of 65µl. Extracted DNA was stored in sterile 

DNase-free and RNase-free DNA lo-bind tubes at -20°C after quantification until 

further analysis. 

 

2.2.2 Phenol-Chloroform extraction  

This optimised 2-day protocol was used to generate ultra-high quality pure bacterial 

genomic DNA for WGS, originally obtained from Dr Derek Pickard (Wellcome Trust 

Sanger Institute; WTSI) 202. 

2.2.2.1 First -day protocol 

10ml pure cultures in Brain Heart Infusion (BHI) were harvested (5-7h) for phenol-

chloroform DNA extraction (washed with PBS). Briefly, bacterial pellets were re-

suspended in 2ml 25% sucrose in 10mM Tris and 1mM EDTA at pH 8.0. Cells were 

lysed using 50ɛl 100mg/ml lysozyme. 100ɛl 20mg/ml Proteinase K, 30ɛl 10mg/ml 
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RNase A, 400ɛl 0.5M EDTA and 250ɛl 10% Sarkosyl NL30 were added into the lysed 

bacterial suspension after 1h-incubation at 37°C. This is followed by 60-120 mins 

incubation on ice (until complete lysis is observed) and 50°C overnight water bath.  

2.2.2.2 Second-day protocol 

Two to three rounds of equal volume (5ml each) phenol-chloroform-isoamyl alcohol 

extraction using 15ml gel-lock tubes to separate DNA from bacterial waste after 

reconstituting the overnight samples in E buffer to 5ml. Chloroform-isoamyl alcohol 

extraction was then performed to remove residual phenol, followed by ethanol 

precipitation and 10ml 70% ethanol wash by centrifugation (at least twice). Air -dried 

DNA pellets were finally re-suspended in 200-300ɛl of E buffer and stored in -20°C 

after quantitation until further analysis. Refer to Table 2.1 for details of materials and 

conditions. This adapted and optimised extraction protocol was originally provided by 

Dr Derek Pickard (WTSI). 

 

2.2.3 Pre-sequencing analysis of genomic DNA quality and quantity  

DNA quality was assessed by Nanodrop spectrophotometer (acceptable thresholds: 

260/280 ratio ~1.8-2.0, 260/230 ratio > 1.8) and DNA concentration was quantified 

using Qubit 2.0 dsDNA BR assay kit. 

 

2.2.4 Plasmid DNA extraction 

Plasmid DNA was extracted using QIAGEN Plasmid Mini/Midi kit and performed 

according to manufacturerôs instructions. 

 

2.3 DNA Sequencing 

2.3.1 Sanger Sequencing on full-length 16S rRNA amplicons (bacteria)  

2.3.1.1 PCR primers, conditions, product confirmation  and purification  

Full-length 16S PCR was performed as a culture-independent method to identify 

bacterial genera. Briefly, KAPA2G Robust PCR reagents were used in preparing the 

PCR master mix. DNase- and RNase-free sterile water was used in preparing dilution 

and master mix for PCR. 5ɛl of each diluted bacterial DNA extract (optimal DNA 
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concentration for PCR: 10-30 ng/µl) was amplified with PCR master mix comprising: 

10 µM primers (1µl/sample)203, 10mM of each dNTP mix (1 µl/sample), GC buffer 

with MgCl2 (10µl/sample), Millipore H2O (31.6 µl/sample) and Kapa2G Robust DNA 

polymerase (0.4µl/sample), master mix was prepared according to careful calculation. 

Table 2.5: Sequence s of universal primers used for full -length 16S rRNA  PCR 

Primer abbreviations: f, forward; r, reverse; D, distal; P, proximal 203.  

 

PCR Step  Temperature  Duration  Cycles  

Initial denaturation 94 5 min 1 

Denaturation 94 1 min 35 

Annealing 43 1 

Extension 72 2 min 

Final extension 72 2 min 1 

Table 2.6: PCR amplification conditions for full -length 16S rRNA PCR  

 

PCR was performed in thermal cycler according to the conditions detailed in Table 

2.6. PCR products (~1,500bp) were separated on 1% agarose gel and DNA bands were 

stained with ethidium bromide for x-ray visualisation, negative control (molecular 

water) was included to detect any possible contamination of DNA. 1kb ladder was 

used to estimate the size of the PCR amplicon bands. Primers and reagents were 

removed from the PCR products using a QIAquick PCR purification kit according to 

manufacturersô protocol before performing Sanger Sequencing. 

2.3.1.2 Sequencing  

PCR amplicons were then prepared according to sample submission guide (Eurofins, 

Luxembourg) for nucleotide reading service at Eurofins (Sanger sequencing method). 

Most final PCR products ranged between 900-1000bp (after quality trimming). 

Illumina short-read sequencing 

2.3.1.3 WGS 

This work was performed at the WTSI (Hinxton, UK) facilitated by Dr Derek Pickard 

and in collaboration with Prof Gordon Dougan. DNA libraries were subjected to WGS 

Primers  Sequences: 5ô -3ô 

fD1 AGA GTT TGA TCC TGG CTC AG 

fD2 AGA GTT TGA TCA TGG CTC AG 

rP1 ACG GTT ACC TTG TTA CGA CTT 
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pipeline on Illumina HiSeq 2500 platform to generate 101bp/125bp paired-end reads 

as described previously 34. The sequencing library preparation process was detailed in 

Table 2.7 and Table 2.8. 

Step  Step description  Instruments/ details  

1 Quantitation of DNA Using Biotium Accuclear Ultra high sensitivity 

dsDNA Quantitative kit 

2 DNA shearing mechanical shearing using Covaris LE220 

instrument 

3 Purification of sheared samples Agencourt AMPure XP SPRI beads on Agilent 

Bravo WS 

4 Library construction (end-repair, 

A-tailing and ligation) 

using óNEB Ultra II custom kitô on an Agilent Bravo 

WS automation system 

5 PCR using KapaHiFi Hot start mix and IDT 96 iPCR tag 

barcodes on Agilent Bravo WS automation system 

6 Post-PCR purification Agencourt AMPure XP SPRI beads on Beckman 

BioMek NX96 liquid handling platform 

7 Quantitation of libraries Biotium Accuclear Ultra high sensitivity dsDNA 

Quantitative kit 

8 Pooling libraries Pool in equimolar amounts on a Beckman BioMek 

NX-8 liquid handling platform 

9 Normalisation libraries normalised to 2.8nM 

10 Loading to sequencer loading on requested Illumina sequencing platform 

Table 2.7: WGS library process with details  

 

PCR Step  Temperature  Duration  Cycles  

Initial denaturation 95 5 min 1 

Denaturation 98 30 s 5 

Annealing 65 30 s 

Extension 72 1 min 

Final extension 72 10 min 1 

Table 2.8: PCR conditions for WGS libraries  

 

2.3.1.4 Metataxonomics using 16S rRNA 

This work was performed at the WTSI (Hinxton, UK). Library preparation was carried 

out by Charlotte Leclaire. Bacterial DNA concentration was quantified using Qubit 

and normalised to 5 ng/ɛl for all samples. Extracted DNA was used as a template for 

PCR amplification (Table 2.9) of the V1+V2 regions of the 16S rRNA gene as detailed 
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in Table 2.10 for the primer sequences. 16S rRNA gene libraries were sequenced on 

the Illumina MiSeq platform with 250bp paired-end reads.  

 

PCR Step  Temperature  Duration  Cycles  

Initial denaturation 94 3 min 1 

Denaturation 94 45 s 25 

Annealing 55 15 s 

Extension 72 30 s 

Table 2.9: Amplification conditions of PCR for 16S metatax onomics  (V1+V2 regions)  
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Table 2.10: Primer sequences for amplifying V1+V2 regions of 16S rRNA gene  
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2.3.2 454 pyrosequencing 

This work was performed by Dr Kathleen Sim and Dr Alex Shaw at Imperial College 

London. The V3-V5 regions of the 16S rRNA gene were amplified using forward 

primer 357F and reverse primer 926Rb (Table 2.11) as detailed in section 2.7 in Sim 

(2015) 12. Briefly, 16S rRNA amplicons were sequenced by Imperial College London 

in-house 454 Life Sciences GS Junior Titanium machine, or the Department of 

Biochemistry of University of Cambridge, using 454 Life Sciences GS FLX Titanium 

machine following the Roche Amplicon Lib-L protocol. The workflow and protocols 

of the 454 sequencing are detailed on p.64 in Sim (2015) 12. 

 

 Primers  Sequences: 5ô ï 3ô 

357F CTATCCCCTGTGTGCCTTGGCAGTCTCAGCCTACGGGAGGC AGCAG 

926Rb CCATCTCATCCCTGCGTGTCTCCGACTCAGNNNNNNNNNNNN CCGTCAATTY 

MTTTRAGT 

Table 2.11: Sequences of primers used in 454 pyrosequencing  

This information is taken from Sim (2015) 204. 

 

2.4 Bioinformatics 

Bioinformatic tools/pipelines applied in this thesis are described in this section. Most 

of the written scripts developed for use during my PhD can be found in my GitHub 

repositories1. 

2.4.1 Computing environment and resources 

All bioinformatics command-line computing tools were run on Norwich Bioscience 

Institute (NBI) High-Performing Computing Cluster (HPC) on CentOS Linux 

operating system. Relevant tool and dependencies (modules required by another tool) 

are loaded (using command source) on to the shell environment before usage of a 

software/tool. SLURM workload manager2 (v16.05.8) was routinely used to submit 

computational jobs to HPC. 

 

                                                 

1 https://github.com/raymondkiu/informatics-tools 

2 https://slurm.schedmd.com/ 
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2.4.2 16S rRNA full -length amplicon sequence analysis 

Primarily for bacterial species identification, 16S rRNA nucleotide sequences for 

bacterial isolates were mapped with NCBI nucleotide database (16S ribosomal RNA 

sequences: Archaea and Bacteria) using NCBI BLASTN, reference bacterial species 

with highest identity hits/similarity scores (sequence identity must be Ó97% for 

species level threshold) were assigned for preliminary identification3. 

 

2.4.3 16S rRNA microbiome analysis via OTU (Operational Taxonomic 

Unit)  assignment 

Software óQuantitative Insights Into Microbial Ecologyô (QIIME) v1.9.1 was used for 

analysing the 16S amplicon data (454 pyrosequencing and Illumina paired-end 

sequencing data) 205.  

2.4.3.1 454 long-read data 

454 pyrosequencing Standard Flowgram Format (SFF) files were converted to FASTA 

files (process_sff.py) followed by demultiplexing and quality-filtering step at quality 

score 50 (split_libraries.py).  

2.4.3.2 Illumina paired -end data 

FASTQ paired-end reads were assembled/merged using PEAR 206, at Phred quality 

score 33 and followed by quality filtering: --phred_quality_threshold 19 and --

phred_offset 33 (split_libraries_fastq.py).  

2.4.3.3 OTU assignment and clustering 

Chimeras were removed (identify_chimeric_seqs.py) using USEARCH v6.1 207 prior 

to open-reference OTU assignment (pick_open_reference_otus.py) to representative 

clustered sequences based on SILVA rRNA database (SSU_Ref_128; released in 

September 2016) 208 using UCLUST clustering algorithm at 97% sequence identity 207. 

Taxa read counts <5 and samples with <100 total reads were omitted for clarity of data 

representation. BIOM files were subsequently generated for data visualisation in 

software MEGAN v6.10.4 209. Reads were normalised as Relative Abundance (%) 

before visualising using R programming environment 210. 

                                                 

3 http://blast.ncbi.nlm.nih.gov/ 
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2.4.4 Bacterial whole genome de novo assembly 

2.4.4.1 Short-read genome assembly 

An optimised and standardised approach was employed to generate de novo assembly 

for data consistency. Bacterial genomes sequenced at WTSI were assembled using the 

presented pipeline (Figure 2.1) 211. Briefly, de novo assemblers Velvet v1.2.10 or 

SPAdes v3.8.1 are used to assemble short-read sequencing data, initial assembly was 

further improved by Sanger assembly improvement pipeline v1.7.0 which comprises 

SSPACE as scaffolder to scaffold contigs and GapFiller to fill up gaps in between 

contigs by picking up unmapped reads from FASTQ reads (Figure 2.1) 211-214.  

 

Figure 2.1: De novo  genome assembly workflow used for short -read sequencing  data  

 

2.4.4.2 Long-read genome assembly 

Canu v1.5, successor of long-read sequence-assembler Celera Assembler, was used to 

assemble long-read sequencing data in this study 215. Canu assembly mainly carries 

out 4 major tasks: noise detection, sequence correction, sequence trimming and 

sequence assembly. Workflow was demonstrated in Figure 2.2. Standard workflow 

was carried out to obtain long-read assembly for analysis. 
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Figure 2.2: De novo  genome assembly workflow  used for long -read sequencing  

 

2.4.4.3 Genome contamination checks 

Genome assemblies were checked for potential sequence contamination prior to 

downstream analysis. Genome contamination checks (based on assemblies) were 

firstly performed using Kraken (based on MiniKraken database 216) to detect 

sequences of other bacterial species. Any genome assemblies found to be 

contaminated with >5% of other bacterial species were excluded from analyses. 

Genomes were subjected to Average Nucleotide Identity (ANI) method (using 

mummer-based pyani4 ) to ensure genome quality. ANI >95% (mapped against 

reference genome or pair-wise comparison) confirms species assignment 217. 

Sequences with <95% ANI were excluded from analysis. Assemblies >500 contigs 

(considered as highly fragmented assemblies) were also excluded from studies. 

 

2.4.5 Genome annotation 

Prokka v1.13 was used for genome annotation 218. Specifically, an in-house genus-

specific database (genus Clostridium) was generated (Table 2.12) and compiled using 

CD-HIT v4.6.6 as BLAST database based on NCBI Reference Sequence Database 

(RefSeq) high quality genome annotations including 35 Clostridium species. This 

                                                 

4 https://github.com/widdowquinn/pyani 
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genus-specific database was used by --usegenus command with priority over default 

protein databases. 

No RefSeq Genome  Strain  NCBI Accession  

1 C. perfringens 1207_CPER SAMN03197169 

2 C. perfringens ATCC13124 SAMN02604008 

3 C. perfringens B_ATCC3626 SAMN02436295 

4 C. perfringens CBA7123 SAMD00057672 

5 C. perfringens C_JGS1495 SAMN02436294 

6 C. perfringens CP15 SAMN06252080 

7 C. perfringens CPE_F4969 SAMN02436168 

8 C. perfringens D_JGS1721 SAMN02436277 

9 C. perfringens E_JGS1987 SAMN02436167 

10 C. perfringens FORC003 SAMN03140316 

11 C. perfringens FORC025 SAMN04209542 

12 C. perfringens JFP718 SAMN05323879 

13 C. perfringens JFP836 SAMN05323894 

14 C. perfringens JJC SAMN02317206 

15 C. perfringens JP55 SAMN03372134 

16 C. perfringens JP838 SAMN03377063 

17 C. perfringens LLY_N11 SAMN07624709 

18 C. perfringens NCTC8239 SAMN02436239 

19 C. perfringens 13 SAMD00061119 

20 C. perfringens 2789STDY5608889 SAMEA3545297 

21 C. acetobutylicum ATCC824 SAMN02603243 

22 C. baratii  Sullivan SAMN03222823 

23 C. botulinum ATCC3502 SAMEA1705919 

24 C. butyricum KNU-L09 SAMN04293668 

25 C. chauvoei JF4335 SAMEA102059668 

26 C. difficile* 630 SAMEA1705932  

27 C. difficile* BR81 SAMN06286529 

28 C. difficile* E15 SAMEA3138880 

29 C. difficile* M120 SAMEA3138368 

30 C. novyi NT SAMN02603464 

31 C. paraputrificum LH025 SAMEA104287982 

32 C. pasteurianum DSM525 SAMN02990135 

33 C. sordellii# AM370 SAMN04263499 

34 C. tertium LH009 SAMEA104287969 

35 C. tetani E88 SAMN02603289 

Table 2.12: Genomes used to generate  Clostridium  genus -specific  annotation  database  

*Recently suggested to be moved to genus Clostridioides 219. #Recently suggested to be classified as 
genus Paeniclostridium 220. 
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2.4.6 Pangenome analysis 

Pangenome analysis software Roary v3.12 was run with annotated GFF files (from 

Prokka annotation) as the inputs at BLASTP identity 90% (-i 90) to obtain the 

pangenome statistics (also with -s option, thus paralogs were not split in the gene 

clustering) and core gene alignments (-e -n; via MAFFT v7.305) 221. Core genes were 

defined as genes present in 99% of the genomes (-cd 99; or default setting). Similarly, 

accessory genes were defined as genes not present in 99% of the computed genomes. 

Pangenome statistical plots were generated using R scripts from Roary package and 

visualised in Phandango 222. 

2.4.7 Phylogenetic and SNP analysis 

Core genome trees were constructed based on core gene (genes present in 100% of the 

computed genomes) alignments generated from Roary pipeline by concatenating all 

single-copy core-gene sequences and aligned via MAFFT v7.305 221,223. SNPs within 

core-genome (multi-FASTA alignment format) were extracted using SNP-sites v2.3.3 

224. SNP distances were computed using snp-dists v0.2 based on multi-FASTA 

alignment files5. Snippy v4.0 was used for reference-based (read-mapping) SNP 

analysis. FastTree v2.1.9 was used to construct Maximum-likelihood tree using 

generalised time-reversible (GTR) model on 1000 bootstrap replicates 225. Trees were 

visualised, rooted and manually annotated using iTOL v3 226. Phylogenetic clustering 

was assigned via hierBAPS analysis (as described in section 2.10) 227. Binary trees 

were generated based on gene-presence-absence matrix outputs from Roary and 

parsed with in-house Python scripts to construct binary nucleotide alignments. 

Phylogenies were constructed as described.  

2.4.8 Genome-wide sequence search 

Genome-wide screening of genes was performed using BLASTN-based command-

line tool ABRicate v0.56, with 90% identity and 80% coverage minimum cutoffs to 

infer identical genes (best-match approach). Gene sequences of interest were retrieved 

from public databases, primarily NCBI Nucleotide database and UniProt database, to 

build the screening BLASTN database using makeblastdb command. ARIBA v2.8.1 

                                                 

5 https://github.com/tseemann/snp-dists 

6 https://github.com/tseemann/abricate 
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(assembly-based) was also used as a secondary approach to confirm detections of 

genes in raw sequencing FASTQ files 228. 

Databases used for gene screening include: toxin genes (custom, n=22; Table 2.13), 

AMR genes (CARD database v2.0.0, n=2239 229), putative virulence genes including 

collagen binding protein and enterotoxin genes (custom, n=8; Table 2.14), Tcp 

conjugative loci and insertion sequence (IS) elements (custom, n=14; Table 2.15). 

Gene cnaD was recently associated with chicken NE and putatively identified to 

encode collagen binding protein 230. 

 

 Gene name  Product  Alternative name  NCBI Accession  

1 plc/cpa Phospholipase Alpha-toxin D63911.1 

2 cpe Enterotoxin CPE - M98037.1 

3 ccp Clostripain - NC_003366.1 

4 colA Microbial collagenase Kappa-toxin D13791.1 

5 nanI Sialidase NanI - NC_003366.1 

6 nanJ Exo-alpha-sialidase NanJ - NC_003366.1 

7 nanH Neuraminidase nanH - Y00963.1 

8 cpb Beta-toxin - KP064410.1 

9 cpb2 variant 1 Beta-2 toxin variant 1 - AP003515.1 

10 cpb2 variant 2 Beta-2 toxin variant 2 - CP009558.1 

11 pfo Perfringolysin O Theta-toxin BA000016.3 

12 nagH Hyaluronidase NagH Mu-toxin NC_003366.1 

13 etx Epsilon-toxin - M95206.1 

14 iap Iota-toxin component Ia - NC_015712.1 

15 ibp Iota-toxin component Ib - NC_015712.1 

16 netB Pore-forming toxin NetB - FJ189503.1 

17 becA Binary enterotoxin component a - NC_023918.1 

18 becB Binary enterotoxin component b - NC_023918.1 

19 tpeL Peptidase - EU848493.1 

20 cpd Delta-toxin - EU652406.1 

21 netF NE Toxin NetF - KJ606986 

22 lam Lambda toxin - AJ439340 

Table 2.13: Accessions of C. perfringens  toxin gene sequences  
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 Gene name  Product  NCBI Accession  

1 cna  Collagen adhesion protein BAB62495.1 

2 cnaA Collagen adhesion protein A ALJ54440.1 

3 cnaC Collagen adhesion protein C DQ366035.1 

4 cnaD Collagen adhesion protein D CP000246.1 

5 entA Putative enterotoxin A ABG85708.1 

6 entB Putative enterotoxin B ABG85644.1 

7 entC Putative enterotoxin C BAB80858.1 

8 entD Putative enterotoxin D ABG83751.1 

Table 2.14: Accessions of additional virulence -associated genes  

 

 Gene name  Product  Protein function  NCBI Accession  

1 tcpA TcpA Conjugative locus ABF47308.1 

2 tcpB TcpB Conjugative locus ABF47311.1 

3 tcpC TcpC Conjugative locus ABF47313.1 

4 tcpD TcpD Conjugative locus ABF47314.1 

5 tcpE TcpE Conjugative locus ABF47315.1 

6 tcpF TcpF Conjugative locus ABF47316.1 

7 tcpG TcpG Conjugative locus ABF47318.1 

8 tcpH TcpH Conjugative locus ABF47319.1 

9 tcpI TcpI Conjugative locus ABF47320.1 

10 tcpJ TcpJ Conjugative locus ABF47321.1 

11 IS1470 IS1470 transposase Insertion sequence element ABG85734.1 

12 IS1470-like IS1470-like transposase Insertion sequence element BAE79022.1 

13 IS1469 IS1469 transposase Insertion sequence element YP_473486.1 

14 IS1151 IS1151 transposase Insertion sequence element YP_473484.1 

Table 2.15: Accessions of conjugative loci and insertion sequence elements  

 

2.4.9 Bacterial pan-GWAS: gene-trait association analysis 

Scoary v1.6 was used to infer specific gene-trait statistical association based on the 

Roary output gene-presence-absence matrix 231. Script scoary.py was run with default 

parameters with an additional 10 permutations. 

2.4.10 Plasmid in silico analysis 

Sequencing reads were utilised for computational plasmid prediction via software 

PlasmidSeeker v1.0 232. Plasmid prediction was based on 8,514 plasmid sequences 

available on NCBI RefSeq databases (including 35 C. perfringens plasmids, 
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downloaded in April 2017; Table 2.16) 7. All sequencing reads (single FASTQ) were 

searched for matching k-mers at k-mer length of 20 and screening cutoff at P-value 

0.05 based on FASTQ reads. Top predicted plasmids appeared in each óclusterô (with 

highest k-mer identity; k-mer percentage ²80% is the minimum cutoff) was extracted 

as predicted plasmids.  

Potential plasmid sequences from high-sequencing-coverage assemblies 

(unassembled single contig) were extracted using in-house Perl scripts. Plasmid 

annotation (GenBank format) was generated via Prokka v1.13 and Artemis v17 233. 

Plasmid comparison and visualisation were performed using Python tool Easyfig 

v2.2.2 234. 

 

No Plasmid  No Plasmid  

1 pCP-TS1 19 pJFP838C 

2 pCP8533etx 20 pJFP838A 

3 pCP-OS1 21 pCP13 DNA 

4 pCPPB-1 22 pCPF4969 

5 pCW3 23 pJIR3844 

6 pIP404 24 pJIR3843 

7 pJIR3536 25 pJIR3537 

8 pCPF5603 26 pCpb2-CP1 

9 pBCNF5603 27 pNetB-NE10 

10 pCP8533S12 28 pDel1_1 

11 pFORC3 29 pDel1_2 

12 pJFP55F 30 pDle1_3 

13 pJFP55G 31 pDel1_4 

14 pJFP55H 32 pCP15_1 

15 pJFP55J 33 pCP15_2 

16 pJFP55K 34 pCP15_3 

17 pJFP838E 35 pCP15_4 

18 pJFP838D   

Table 2.16: Plasmid sequences of C. perfringens  included in the PlasmidSeeker  database  

 

                                                 

7 http://bioinfo.ut.ee/plasmidseeker/ 
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2.4.11 Bacteriophage in silico detection 

Web tool PHASTER is utilised for detection of bacteriophage species existing in 

bacterial genomes. Annotated GenBank files were submitted to the PHASTER web 

server (either manual submission or via API server)8 and annotated data were parsed 

with in-house scripts, visualised with heatmaps generated within R programming 

environment. The detection of phage species is based on the PHASTER scoring 

method and classification as follows: (1) intact: >90; (2) questionable: 70-90; (3) 

incomplete: <70 235. Prophage with scores >70 will be considered as complete 

prophage, whereas óincompleteô prophage will be specified wherever mentioned. 

Sequences of prophages were extracted by default using PHASTER, manually 

annotated and colour-coded using Prokka v1.13 and Artemis v17 for visualisation in 

EasyFig v2.2.2. Phage-related genes in the pangenome were obtained using string-

search based on óphageô, óheadô, ótailô, óintegraseô, órecombinaseô, óterminaseô and 

ócapsidô. 

2.4.12 CRISPR array mining 

MinCED9 (v0.2.0), a command-line software derived from CRISPR Recognition Tool 

(CRT) 236, was used to perform rapid CRISPR-search in genome assemblies at default 

parameters. Outputs were parsed using BASH text-processing commands to generate 

CRISPR counts for each genome. CRISPR counts were visualized in bar charts 

generated using R package ggplot2 and function geom_bar. 

2.4.13 Pangenome-wide functional annotation 

Functional categories (Clusters of Orthologous Groups [COG] categories) were 

assigned to genes for biological interpretation via eggNOG-mapper v0.99.3 based on 

EggNog database (bacteria) on default parameters 237,238. 

2.4.14 Linear discriminant analysis (LDA) 

LDA was performed using LEfSe (Linear discriminant analysis Effect Size) via 

Galaxy server10. Alpha value for non-parametric Kruskal-Wallis test was set at 0.05 

                                                 

8 http://phaster.ca/ 

9 https://github.com/ctSkennerton/minced 

10 http://huttenhower.sph.harvard.edu/galaxy/ 
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and threshold on LDA score at 2.5 for statistical significance. Graph was illustrated 

using the LEfSe plotting module 239. 

2.4.15 Nucleotide sequence accessions 

All genome assemblies were submitted to ENA (European Nucleotide Archive) as in 

Table 2.17. Project accession details for individual isolate was summarised in 

Appendix 3. 

Study  Primary 

Accession  

Secondary 

Accession  

Genome 

no.  

NEOM isolate assemblies (Chapter 3) PRJEB25762 ERP107717 185 

PHE isolate assemblies (Chapter 4) PRJEB25764 ERP107719 109 

BAMBI (Chapter 6) and Lincoln (Chapter 5) PRJEB25766 ERP107721 83 

NCTC long-read assemblies (Chapter 6) PRJEB28310 ERP110497 25 

Zoo microbiome study (Chapter 6) PRJEB28310 

 

ERP110496 17 

ELDERMET study (Chapter 6) PRJEB28308 

 

ERP110495 17 

2-year NEOM study (Chapter 6) PRJEB28307 ERP110494 25 

  Total  461 

Table 2.17: Accessions (ENA) for all newly -sequenced genomes  described in this thesis  

NCTC (PacBio-sequenced; NCTC3000 project) genomes were newly assembled in my work. 

 

2.5 In vitro  methods 

2.5.1 Bacterial isolation 

2.5.1.1 Direct plating 

Direct plating method for isolating C. perfringens is an effective yet reliable approach 

11. Firstly, faecal samples were weighed in sterile Eppendorf tubes (approx. 

100mg/sample) and then serially diluted in sterile Phosphate Buffer Saline (PBS) - 

neat, 10-fold, 100-fold, 1000-fold and 10000-fold. The mixture contents were 

homogenised using a horizontal mixer and vortexed, and plated (100µl/ sample/ plate) 

on selective media Tryptose-Sulfite-Cycloserine Egg Yolk Agar (TSC-EYA; Table 

2.18) 11,240. 
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Composition  Concentration  

Perfringens Agar Base 46g/L 

D-cycloserine 400mg/L 

Egg yolk emulsion 100ml/L 

Table 2.18: Composition of TSC -EYA agar used for primary isolation of C. perfringens  

 

After 18-24h anaerobic incubation at 37°C, pitch-black colonies with opaque halos 

(halos represent lecithinase activity of C. perfringens, which morphology was 

presumptively identified as C. perfringens) were re-streaked with sterile culture loops 

on fresh TSC-EYA agar plates to obtain pure colonies and stocks (see Figure 2.3). 

After 2-3 rounds of re-streaking of isolates, pure colonies were obtained. 

 

 

Figure 2.3: Distinctive C. perfringens  colo nies with opaque halos  on TSC-EYA. 

 

2.5.1.2 Ethanol-shock method 

30 min-ethanol treatment (50% ethanol in Robertsonôs Cooked Meat Media broth) to 

the collected faecal samples at room temperature, aimed to eliminate non-spore 

formers, followed by plating on autoclaved Fastidious Anaerobic Agar (FAA) 

supplemented with defibrinated sheep blood and 0.1% sodium taurocholate. After 48h 

anaerobic incubation (in anaerobic jar), colonies with haemolytic characteristic growth 

on agar were presumptively identified as C. perfringens, which were subjected to 

further identification.  
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Composition  Concentration  

Fastidious Anaerobic Agar 46g/500ml 

Defibrinated sheep blood (0.5%) 25ml/500ml 

Sodium taurocholate (0.1%) 0.5g/500ml 

Table 2.19: Composition of FAA for isolation of C. perfringens . 

 

2.5.2 Molecular identification of C. perfringens 

2.5.2.1 16S rRNA PCR and sequencing 

Genomic DNA of isolates were extracted (section 2.2.1) and 16S rRNA PCR (full 16S 

gene) was performed. This method is described in section 2.3.1. 

 

Figure 2.4: Agarose gel showing full -length 16S rRNA gene amplicons  

16S rRNA full-length amplicons were approximately 1,500 bp as shown. 

 

2.5.2.2 Matrix -Assisted Laser Desorption Ionisation Time-of-Flight  (MALDI -

TOF) 

All samples provided by Prof J S Kroll were identified by MALDI-TOF, performed 

according to manufacturerôs instructions using Bruker Microflex LT by the 

Microbiology Department at Imperial College Healthcare NHS Trust. For details 

please refer to p.66 Sim (2015) 12. Isolates used for phenotyping studies were re-

identified (for reaffirmation) using Bruker Microflex at UEA Norwich Medical School 

with the assistance of Dr Emma Manners. 
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2.5.2.3 Multiplex -PCR toxinotyping 

A sub-set of C. perfringens isolates were toxinotyped by Dr Joseph Brown at Lincoln 

University using multiplex-PCR technique to screen for toxin genes including plc, cpb, 

cpb2, etx, iap/ibp and pfo 241. 

 

2.5.3 Culturing  

2.5.3.1 Pure cultures 

All isolates were cultured in sterile BHI for further analysis unless otherwise indicated, 

including genomic DNA extraction for WGS and phenotyping. Briefly, stocks are 

streaked on BHI agar and incubated in anaerobic cabinet at 37°C overnight 

(approximately 15-18h). Single colonies were then picked for further culturing 

according to specific experimental protocols. 

2.5.3.2 BHI Agar  

BHI agar was made using BHI supplemented with 1.5% pure agar. BHI agar was the 

primary agar used in phenotyping studies. 

2.5.3.3 TSC-EYA Agar 

Isolates were streaked on TSC-EYA for brief identification (<18h overnight 

incubation, Figure 2.3). 

2.5.3.4 Bacterial culture stocks 

All bacterial culture stocks were preserved using autoclaved RCM with glycerol (30%, 

V/V) in sterile cryogenic storage vials and stored long-term at -80°C until further 

analysis. 

 

2.5.4 Colony Forming Unit (CFU) enumeration 

Calculation of CFU is performed according to the formula below: 

CFU/ml = number of colonies (CFU) x dilution factor x 50 (ml -1) 
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For faecal sample, 

CFU/g = number of colonies (CFU) x dilution factor x 50 (g -1) 

For calculation of Limit of Detection (LOD), 

CFU/ml = 1 (CFU) x lowest dilution factor x 50 (ml -1) 

 

2.5.5 Cell lines and maintenance 

Rat (Rattus norvegicus) small intestinal cell line IEC-6 (ATCC CRL-1592Ê) and 

human colonic cell line Caco-2 (ATCC HTB-37Ê) were employed for cell culture 

experiments.  

2.5.5.1 IEC-6 

Frozen stocks were resuscitated/resuspended in pre-warmed (37°C) media Dulbeccoôs 

Modified Eagle Medium (DMEM, Thermo Fisher Scientific), supplemented with 10% 

Foetal Bovine Serum (FBS; Thermo Fisher Scientific), 4mM L-glutamine (Thermo 

Fisher Scientific) and 0.1 U/ml bovine insulin (Sigma-Aldrich). Cells were 

immediately transferred to T25 sterile culture flasks (25cm2; Corning) and incubated 

at 37°C in 5% CO2 incubator for 24h. Spent media was removed after 24-48h, replaced 

with fresh warm media as described and incubated until confluency was reached. For 

making cell line stocks, cells were grown to confluency (70-80%) before trypsinisation 

(1% trypsin for 10 min at 37°C) and cell density adjusted to approximately 1x106 

cells/ml. 5% of DMSO (cryoprotectant) was added to 1ml aliquots before transferring 

to -80°C freezer for 24h. After 24h, stocks were stored to -196°C liquid nitrogen for 

long-term storage (cell banking). Cell line passages 6 ï 20 were used, cells were split 

at ratios 1:10-20 for each passage. Cells were counted on haemocytometer (Neubauer 

Chamber).  

2.5.5.2 Caco-2 

Cells were resuscitated and maintained as described above except the working 

medium ï DMEM supplemented with 20% FBS. Cells were split at ratio 1:5-10. Cell 

line passages 30-45 were used in experiments. 
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2.5.6 Growth kinetics assay 

2.5.6.1 CFU kinetics: culture setup and drop-plating 

Bacterial stocks were checked for purity on BHI agar prior to experiments. Single 

colonies were picked and cultured in BHI broth anaerobically overnight 

(approximately 14-16h) to reach stationery phase (approximately 1 x 109 c.f.u). 

Confluent cultures were diluted 1-million-fold (106) at the start of the 24-h experiment, 

estimating 103 starting CFU/ml/ well. Growing cultures were homogenised by 

inverting 5 times before taking 100ɛl of total liquid for plating.  

Serial dilutions were performed with sterile PBS in sterile Eppendorfs before drop-

plating using Miles and Misra method on BHI agar 242. For each time point and sample, 

3 technical replicates were drop-plated for statistical accuracy. This experiment was 

performed in 3 independent cultures (n=3) for each isolate. Plates were incubated at 

37°C in anaerobic cabinet for 15-20h before CFU counting. Plates of highest dilutions 

with CFU were selected for maximum accuracy.   

2.5.6.2 Optical density kinetics measurement 

200ɛl of each sample (triplicates) was transferred into sterile 96-well plate 

anaerobically. Culture setup is described in section 2.5.6.1. Plate reader TECAN was 

used to monitor the growth kinetics for a continuous 24h. Plate reader was set to shake 

plates every 15mins for 1min to avoid cell clogging. 

 

2.5.7 Gas production assay 

Autoclaved gas vials filled with 30ml sterile BHI were pre-reduced overnight in 

anaerobic chamber prior to experiment. Overnight cultures were diluted to 

approximately 103 CFU/ml each vial and air-sealed with butyl septum and aluminium 

crimp, then moved to 37ºC incubator.  

Briefly, gas produced by each culture was measured by USB pressure transducer 

connected to a 3-way stopcock ï inserting a 23G hypodermic syringe needle (attached 

to a 10-ml syringe) into the sealed vial headspace, the gas pressure readouts were 

indicated on the display (using the recommended OMEGA software on a laptop). By 

withdrawing the syringe plunger, the headspace pressure returned to ambient pressure 

as indicated by a zero reading. Gas volume was indicated on the syringe barrel after 
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the headspace pressure returns to zero 243. Each reading was then recorded every hour 

for an extended period of 10h. Measurements were carried out in a fume hood. This 

experiment was performed in 3 independent cultures (n=3) for each isolate. 

 

2.5.8 Hydrogen sulphide production assay 

Overnight pure cultures were inoculated in 20ml fresh sterile BHI in 50ml Falcon 

tubes at 1% inoculum and followed by 8h anaerobic incubation (negative control 

Bifidobacterium longum was inoculated at 5% and incubated for 20h). H2S test strips 

(also known as lead acetate test strips: H2S detection range 5-400ppm) were attached 

in each tube to visually determine the amount of H2S produced by each strain using 

blackening score (1-10). NaHS was added to BHI to serve as positive control as it 

produces H2S when dissolved in liquid (which gives a blackening score of 10). This 

experiment was performed in 3 independent cultures (n=3) for each isolate. 

 

2.5.9 Oxygen tolerance assay 

Pure cultures (12 strains) were grown anaerobically to confluency for 24h in BHI. 

Cultures were spotted in a dilution series onto BHI agar supplemented with 0.1% 

sodium taurocholate. Spotted plates were dried and incubated under ambient (aerobic) 

conditions at room temperature (21ºC) for specified time periods (24h-336h) before 

being returned to anaerobic chamber for determination of CFU count. All CFU were 

counted after 12-15h anaerobic incubation. Cultures (spotted plates) that were not 

exposed to oxygen acted as controls for each strain. Viable percentage was shown after 

comparing with control cultures. This experiment was performed in 3 independent 

cultures (n=3) for each isolate. 

 

2.5.10 Sporulation assay 

Pure cultures were induced to sporulate using the modified Duncan-Strong Medium 

(at pH 7.8) as detailed in Table 2.20 for 24h anaerobic incubation unless otherwise 

indicated 61.  
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Sporulated cultures were treated with sterile-filtered 70% ethanol for 4h to eliminate 

all remaining vegetative cells and spotted on BHI agar supplemented with 0.1% 

taurocholate (a potent germinant) for spores.  

Composition  Weight/litre  

Yeast extract 4g 

Sodium thioglycolate 1g 

Disodium phosphate (Na2HPO4.7H2O) 10g 

Raffinose 4g 

Proteose peptone 15g 

Table 2.20: Composition of  the  modified Duncan -Strong Medium 61. 

 

2.5.11 Bile salt assays 

2.5.11.1 Germination response of spores 

Ethanol-treated sporulated pure cultures were serially diluted and plated on BHI agar 

and BHI agar supplemented with 0.1% bile salts (taurocholate, cholate, 

chenodeoxycholate and deoxycholate), followed by anaerobic incubation for >24h. 

CFU were counted and fold-change was calculated compared with CFU on BHI plates 

without bile salt supplementation. 

2.5.11.2 Responses of vegetative cells 

Pure cultures were incubated anaerobically overnight before serially diluted and plated 

on BHI agar (control), BHI agar supplemented with 0.1% bile salts (taurocholate, 

cholate and deoxycholate). 

2.5.11.3 Mixed-bile assay 

Pure cultures were incubated to confluency overnight before serially diluted and plated 

BHI agar supplemented with 0.1% taurocholate + 0.1% cholate + 0.1% deoxycholate. 

CFU were checked after >24 h incubation. 

2.5.11.4 Deoxycholate assay 

Pure cultures were incubated anaerobically overnight before being reinoculated into 

BHI broth containing different concentration of deoxycholate at 0.01%, 0.05% and 

0.1%. 
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2.5.12 Minimum Inhibitory Concentration (MIC) assay  

The MIC of each antibiotic against C. perfringens strains was determined based on the 

modified method of microdilution technique for antimicrobial susceptibility testing 

244. MIC is defined as the lowest antibiotic concentration that inhibits the visible 

growth of C. perfringens after 24h-incubation. 

Sterile-filtered antibiotics were pre-made in stocks at desirable concentration prior to 

storage at -20̄ C. Bacterial culturing was described previously. 96-well plate was 

utilised for this assay ï approximately 104 CFUs of each strain was added into each 

well (sterile BHI) containing a different antibiotic concentration (double dilution) 

accordingly. BHI without antibiotic served as a positive control for growth and 

supplemented with thiamphenicol at 15ɛg/ml served as negative control. FLUOstar 

Omega microplate reader was used to measure liquid turbidity at 595nm (absorbance) 

to determine whether there is microbial growth in each well after 24h anaerobic 

incubation. Absorbance >0.5 is considered as significant growth. 

 

2.5.13 Cell line toxicity assay 

2.5.13.1 Necrosis assay 

IEC-6 cells (passage 6-20) were seeded at 20,000 cells/well in 96-well plate (tissue-

treated). After 72h 5% CO2 incubation, approximately 56,000 cells per well (firm 

monolayer) were subjected to experiments. Briefly, phenol-red DMEM was removed, 

cells were washed twice gently and replaced with sterile phenol-red free DMEM 

supplemented with 1% FBS. Diluted sterile-filtered (0.22ɛm) bacterial supernatants 

(in ratio 1:2, 1:4 and 1:8 as necessary) were added into each well at 5% total volume 

followed by 2h 5% CO2 incubation. Necrosis measurement was performed using 

CytoTox-One Homogeneous Membrane Integrity Assay according to manufacturerôs 

instructions.  

For Caco-2 cells (passage 30-45), cells were seeded at 20,000 cells/well. After 72h 5% 

CO2 incubation, a confluent monolayer was formed. Protocol follows as described in 

previous paragraph, with an exception that supernatants were added in 25% of total 

volume. 
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2.5.13.2 Apoptosis assay  

Cell seeding follows the above description. After 3h 5% CO2 incubation, caspase 

activity was measured using Caspase-Glo 3/7 Assay according to manufacturerôs 

instructions. Staurosporine (1ɛM) was used as positive control. 

2.5.13.3 Hydrogen sulphide toxicity assay 

Sodium hydrosulfide (NaHS) was used as a sulfide donor as an equivalence of H2S in 

this study 245. Concentration of soluble NaHS was prepared ranged from 0.0001% to 

1% in PBS, sterile-filtered (0.22ɛm) and stored at 4ºC prior to experiment. Cell 

seeding was performed as described, with all NaHS solution being added to working 

volume (200ɛl) at 5% each well. Supernatants were harvest after 4h 5% CO2 

incubation. CytoTox-One Homogeneous Membrane Integrity Assay was used to 

measure potential cell toxicity according to manufacturerôs instructions. 

 

2.5.14 PFO expression assay 

BHI agar supplied with 5% sheep blood was used to identify PFO expression of C. 

perfringens isolates. Briefly, C. perfringens was streaked on the blood agar and 

incubated anaerobically for overnight (<20h). As PFO is known produce beta-

haemolysis in blood-supplemented media (complete lysis of blood cells), therefore 

isolates with clear transparent halos formed around the colonies (indicating lysis of 

blood cells) visualised were defined as PFO-positive isolates 246.  

 

2.5.15 Bacterial transformation 

Plasmid pMTL8315fdx-gfp+ was the target plasmid (see Figure 2.5 for plasmid map) 

to be inserted into C. perfringens isolates. This modified version of plasmid 

pMTL8135 with green fluorescent protein (GFP) gene was a gift from Dr Duncan 

Gaskin 247. This shuttle plasmid (stored in E. coli TOP10 strain as stocks at -80ºC) 

comprises catP gene for selection which confers chloramphenicol resistance in Gram-

negative bacteria and thiamphenicol resistance in Gram-positive bacteria. Optimised 
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transformation protocol 11  (electroporation) was obtained online from Clostridia 

Research Group at the University of Nottingham and performed accordingly 248.  

2.5.16 Plasmid stability test 

Plasmid stability test was performed to determine the stability of the specific plasmid 

in the transformants up to 60 generations. Briefly, transformed isolates were cultured 

in BHI without antibiotic supplementation (thiamphenicol) to reach confluency every 

12h (starting cultures at 1000-fold dilution, 1000-fold increase equates approximately 

10 generations). Sub-culturing was carried out every 12h (10 generations) for 6 cycles 

(60 generations). Cultures were serially diluted every cycle (12h) and plated on both 

selective (antibiotic-supplemented) and non-selective (without antibiotic) BHI plates. 

CFU were counted after 15-20h incubation to compare plasmid retention percentage. 

 

Figure 2.5: Plasmid map of pMTL8315fdx -gfp+  

This annotated circular plasmid map was generated using Unipro UGENE v1.23. 

 

2.5.17 Real-time PCR (RT-PCR) 

RT-PCR was performed with help from Dr Lukas Harnisch to semi-quantify the 

relative total microbial load in mouse faecal samples as described previously 249. 

Briefly, DNA of faecal samples (similar weight) were extracted and amplified using 

Quantifast SYBR green mastermix (Qiagen) and full-length 16S rRNA universal 

primers (Table 2.5). Cycling was performed on a Roche LightCycler 480 using the 

PCR amplification conditions in Table 2.6. Cycle threshold (CT) value of each sample 

                                                 

11 http://www.clostron.com/CacElectroporationProtocol.pdf 
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was compared directly as a relative comparison of total microbial load in faecal 

samples. 

2.6 In vivo methods 

2.6.1 Ethics and licence 

All animal experiments and related protocols described were performed under the 

Animals (Scientific Procedures) Act 1986 (ASPA) under project licence (PPL: 

80/2545) and personal licence (PIL: I7382F677) and approved by Home Office and 

UEA FMH Research Ethics Committee. Animals are monitored and assessed 

frequently during studies for physical condition and behavior. Mice determined to 

have suffered from distress were euthanised via ASPA Schedule 1 protocol (CO2 and 

cervical dislocation). Trained and qualified animal technicians carried out animal 

husbandry at UEA Disease Modelling Unit (DMU). 

2.6.2 Experimental animals and housing conditions 

C57BL/6 wild-type female mice (juvenile mice: 3-5 weeks, adult mice: 7-9 weeks), 

obtained from UEA DMU were used in animal experiments. Animals were bred and 

housed in DMU barn under specific pathogen-free conditions and moved to DMU 

infection suite prior to the study. During infection study, mice were housed with 

autoclaved bedding (and cage), food (stock pellets) and water with 12h light cycle 

(12h of light and 12h of darkness). Cages were changed in laminar flow cabinet. 

2.6.3 Bacterial strains and growth 

Bacterial stocks were recovered on BHI agar for purity checks each time and 

subsequently cultured in BHI broth overnight to reach confluency (i.e. 109 CFU/ml, 

approximately 14-17h). Bacterial pellets were washed and re-suspended in sterile PBS 

before feeding the mice via oral gavaging using 20G plastic sterile feeding tube. 

2.6.4 Faecal sample collection and CFU enumeration 

Faecal samples were collected in sterilized tubes daily and stored at -80ºC until further 

analysis. Serially diluted faecal mixtures were plated on fresh TSC agar and CFU 

enumerated <24h anaerobic incubation. Pitch black colonies were counted as C. 

perfringens colonies. Black colonies were re-streaked on new BHI plates to confirm 

morphologies of experimental strains. 
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2.6.5 Tissue processing: fixation, embedding and sectioning 

Intestinal sections were fixed in 10% neutral buffered formalin for <24h and followed 

by 70% ethanol. Tissues were processed <5 days in 70% ethanol using an automated 

Leica Tissue Processor ASP-300-S (Quadram Institute Bioscience; QIB) and 

embedded in paraffin manually. Sectioning was performed using a microtome (5-ɛm-

thick sections; QIB) and left overnight for samples to air-dry prior to staining and 

further analysis. 

2.6.6 H&E staining  

H&E (haematoxylin and eosin) staining was performed for structural imaging of 

intestinal samples using the protocol provided by Dr Zoe Schofield (Table 2.21). 

Step no.  Reagent  Time  

1 Xylene 2mins 

2 Xylene 2mins 

3 Xylene 2mins 

4 100% ethanol 2mins 

5 100% ethanol 2mins 

6 90% ethanol 2mins 

7 70% ethanol 2mins 

8 Running water 2mins 

9 Distilled water 30s 

10 Haematoxylin 3mins 

11 Running water 2mins 

12 70% ethanol 2mins 

13 Eosin 6mins 

14 95% ethanol 2mins 

15 100% ethanol 2mins 

16 100% ethanol 2mins 

17 Xylene 2mins 

18 Xylene 2mins 

19 Mount slides with DPX  

Table 2.21: H&E staining procedures  

 

2.6.7 Mouse infection model 

In-house wild-type C57BL/6 3-4 weeks old female mice (after weaning) were treated 

with a five-antibiotic cocktail that comprises kanamycin (0.4mg ml-1), gentamicin 

(0.035mh ml-1), colistin (850U ml-1), metronidazole (0.215mg ml-1) and vancomycin 

(0.045mg ml-1) in autoclaved drinking water for 3-4 days administered ad libitum 34. 
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Drinking water was then switched to sterile water, and 48h later mice were orally 

gavaged with 150mg/kg of clindamycin. After 24h, mice were challenged with 109 

CFU of C. perfringens in 100ɛl and all mice were closely monitored for signs of 

disease symptoms including significant weight loss (>20%) that will require 

euthanisation. Tetracycline was supplemented (0.001mg/ml) in drinking water post 

oral-challenge in tetracycline model. 

2.6.8 Pathological scoring method 

All colonic section images were examined and graded single-blinded by Dr Lindsay J 

Hall. The histological severity of infectious colitis was graded using a pathological 

scoring system (0-14; denoting increasing severity) based on three general 

pathological features: (1) inflammatory infiltration (0-4), (2) epithelial hyperplasia and 

goblet cell loss (0-5), and (3) mucosal architecture (0-5) 250. The overall score was the 

sum of each component score. An overall pathological score of 1-4 indicates minimal 

colitis, 5-8 as mild colitis, 9-11 as moderate colitis, above 12 as marked/severe colitis. 

 

2.7 Bright -field and fluorescence microscopy 

Bright-field microscopy was performed at QIB Analytical Science Unit, using 

Olympus BX60 with a microscope camera Jenoptik C10 with ProgRes CapturePro 

software v2.10. Zeiss Axio Imager 2 (QIB) was used for fluorescence microscopy. 

 

2.8 Electron microscopy 

Scanning Electron Microscopy and Transmission Electron Microscopy images were 

produced by Mrs Kathryn Cross (QIB). Overnight bacterial cultures in BHI were 

provided and further processed for the EM. 

 

2.9 Graphing and illustrations 

Figures were generated using GraphPad Prism v6.0.4 for Windows, GraphPad 

Software, La Jolla California USA (www.graphpad.com) unless otherwise indicated. 

R packages (including key graphing packages gplots and ggplot2) were often used to 

generate various graphs and figures, and primary R-coding scripts used in this thesis 

http://www.graphpad.com/
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were made available on my GitHub repository (github.com/raymondkiu/Thesis). 

RStudio v1.1 for Windows and for Mac were utilised for R programming 210,251. 

Several plots created using Perl and Python were indicated in the legends. Microsoft 

PowerPoint 2016 was frequently used to edit figures and graphs. 

 

2.10 Statistical analyses 

All statistics were performed using GraphPad Prism version 6.04 for Windows, 

GraphPad Software, La Jolla California USA (www.graphpad.com) unless otherwise 

indicated in figure legends. P values <0.05 are considered as statistically significant. 

Data expression and statistical tests were indicated in figure legends where appropriate. 

Principal Component Analysis (PCA) was performed in R using package ggplot2 and 

function autoplot. Hierarchical population clustering of DNA sequencing data was 

assigned in R using packages rhierbaps, ggtree, and phytools, and function hierBAPS.  

https://github.com/raymondkiu/Thesis
http://www.graphpad.com/
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Chapter 3  Genomic v irulence and phylogenetic  

analysis  of  preterm -associated C. 

perfringens  identifies  NEC-linked extra -

virulent genotypes, intra - and inter -

hospital transmis sibility  

 

3.1 Introductio n 

This chapter will focus on discussing genomic and phylogenetic analyses of C. 

perfringens isolated from preterm infants, including NEC infants and non-NEC 

control infants, delving into virulence genes to identify extra-virulent genotypes and 

tracing genomic epidemiology of C. perfringens within and across two hospitals 

(Figure 3.1). Initial faecal sample collection and C. perfringens isolation work were 

carried out by Dr A Shaw and Dr K Sim (Prof J S Krollôs group at Imperial College 

London) under NEOM study. I obtained the isolates via collaboration, extracted the 

genomic DNA (with support from Mr H Bedwell), whole-genome sequenced at WTSI 

(handled by Dr D Pickard) and further analysed the genomes.  

 

 

Figure 3.1: Schematic representation  of data source and analyse s described in Chapter 3  
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3.2 Background 

3.2.1 Preterm NEC 

By definition, NEC is an acquired preterm inflammatory gut disease that manifests as 

tissue necrosis anywhere along the GI tract 73,252. NEC was first reported in premature 

infants in the 1820-50s (in Paris and Vienna). After World War II, the emergence of 

special-care baby units (SCBU) in developed countries facilitated the increasing 

survival of preterms, which also corresponded to increasing incidence of NEC-like 

cases and NEC symptoms (first clinically characterised in 1952) 252,253.  

Still, it was not until the arrival of modern NICU in the 1960s, that the rapid rise in 

NEC incidence began to be widely recognised. However, at this time each NEC 

symptom was categorised under different disease entities. NEC, was first coined in 

1964 to address similar disease symptoms under diverse designations including 

neonatal appendicitis, peritonitis, and pneumatosis intestinalis in infants 188. After half 

a century, NEC remains the most severe and lethal neonatal GI emergency worldwide 

186,254.  

 

3.2.2 NEC pathogenesis and risk factors 

Importantly, the treatment for NEC has been non-specific since the introduction of 

disease staging criteria i.e. Bell stage. This is perhaps due to our limited understanding 

of NEC pathogenesis and the view of NEC as a single disease. Gordon et al, recently 

proposed that NEC is as a disease spectrum ï an outcome of several aetiological 

pathways, instead of a single disease. Preterm-NEC as a clinical endpoint of multiple-

pathway disease is represented with associated risk factors in Figure 3.2. Primary risk 

factors include feeds, antibiotics and microbial infection. 
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Figure 3.2: Proposed a etiological pathways of both pre term and term NEC development  

NEC development was proposed as a disease spectrum. This figure was adapted from Gordon et al. 
(2012) 255. 

 

3.2.3 Clinical features 

NEC is commonly characterised by intestinal necrosis primarily affecting the ileum, 

though it can affect any part of the GI tract. There are several classic symptoms of 

NEC: feeding intolerance, abdominal distention, pneumatosis intestinalis (formation 

of gas cysts in the gut wall), portal venous gas and gas-filled bowel necrosis. Preterm 

infants with NEC often deteriorate rapidly, frequently within 24 h from initial signs to 

severe conditions that require surgical operation or cessation of vital signs 73. 

3.2.4 Staging criteria and treatment strategy 

Presentation of NEC typically occurs in the first 1-4 weeks after premature birth 192. 

A classification system, Bellôs staging criteria (or more recently, modified Bellôs 

staging criteria as in Table 3.1), has been developed to diagnose, stage and treat NEC 

in NICUs since the 1970s 73,256,257. These staging criteria encompass three major stages 

(stages I, II and III). Clinically, as Bell stage I covers general/non-specific signs, only 

Bell stage II and III are considered as definite NEC. 

3.2.5 The roles of gut microbiota 

The role of bacteria in the pathogenesis of NEC has been strongly implicated since the 

disease was first described 188. Notably, NEC does not occur in germ-free (i.e. 
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microbial-free ) environments including germ-free in vivo models 258, thus NEC has 

been postulated to be driven by a microbial infectious component. Ultra-rapid 

progression of NEC from non-specific signs to systemic shock also implies bacterial 

overgrowth especially quick-growing pathogens including Klebsiella spp. and C. 

perfringens, and both have been linked to clinical NEC in recent years 8,190,192,259. 

Importantly, opportunistic gut pathogens like C. perfringens have been isolated from 

neonates (70%) in the first few days of life, indicating that NEC may have a microbial 

infection component 260. Hallmark NEC symptoms, including pneumatosis 

intestinalis, also suggests gas-producing bacteria including Clostridium spp. as one of 

the key causative agents 261-264. Gram-negative bacteria (e.g. K. pneumoniae) have also 

been associated with NEC cases. This has been linked to the fact that Toll-like receptor 

4 (TLR4, sensor for the cell wall component lipopolysaccharide [LPS]) is elevated in 

preterm infants, which may account for the inflammatory cascade induced in the 

premature intestine prior to NEC onset 265. 

Other pathogens such as Cronobacter sakazakii have also been isolated from certain 

NEC óoutbreaksô, which again emphasises the potential bacterial role in NEC onset 

266. Importantly, antibiotic-associated disruptions in the preterm gut microbiota may 

negatively impact on colonisation resistance mechanisms, potentially allowing 

pathogen invasion and favouring adherence and proliferation of resilient pathogens 

267,268. Preterm infants harbour more potentially pathogenic microbes, with 

significantly reduced levels of beneficial groups of microbes such as Bifidobacterium, 

which are present at very high levels in vaginally delivery full term breast-fed infants. 

Indeed, previous studies, and ongoing studies in the Hall lab, have indicated that 

supplementation of preterm infants with Bifidobacterium spp., reduce NEC incidence 

269-271. 
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Stage Classification  Systemic signs  Intestinal signs  Radiologic signs  

IA Suspected NEC Temperature 

instability, 

apnoea, 

bradycardia, 

lethargy 

Increased pre-

gavage residuals, 

mild abdominal 

distention, emesis, 

guaiac-positive 

stool 

Normal or intestinal 

dilation, mild ileus 

IB Suspected NEC Same as above Bright red blood 

from rectum 

Same as above 

IIA Definite NEC ï 

mildly ill 

Same as above Same as above, 

plus absent 

bowel sounds, with 

or without 

abdominal 

tenderness 

Intestinal dilation, 

ileus, 

pneumatosis 

intestinalis 

IIB Definite NEC ï 

moderately ill 

Same as above, 

plus mild metabolic 

acidosis, mild 

thrombocytopenia 

Same as above, 

plus absent 

bowel sounds, 

definite 

abdominal 

tenderness, with or 

without abdominal 

cellulitis or right 

lower quadrant 

mass 

Same as IIA, plus 

portal venous gas, 

with or without ascites 

IIIA Advanced NEC ï 

severely ill, 

bowel 

intact 

Same as IIB, plus 

hypotension, 

bradycardia, severe 

apnoea, combined 

respiratory and 

metabolic 

acidosis, 

disseminated 

intravascular 

coagulation, and 

neutropenia 

Same as above, 

plus signs of 

generalized 

peritonitis, marked 

tenderness, and 

distention of 

abdomen 

Same as IIB, plus 

definite 

ascites 

IIIB Advanced NEC ï 

severely ill, 

bowel 

perforated 

Same as IIIA Same as IIIA Same as IIB, plus 

pneumoperitoneum 

Table 3.1: Modified Bell's staging criteria for pre term N EC  

This table was adapted from Lee and Polin 272. 

 

Despite the strong evidence linking bacterial infection in the pathogenesis of NEC, no 

single common pathogen has been consistently found/isolated in the past 50 years 273. 

Instead, more than 12 species of potentially NEC-linked pathogens were summarised 

in Coggins, et al. 270 (Table 3.2). This indicates that microbial-NEC should not be 

considered as a single-pathogen-cause disease, but as a disease with a multi-pathogen 

aetiology (which may also link to specific disease symptoms) 262.  
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 Genus  Species  Refs  

G
ra

m
-p

o
s
it
iv

e
 

Clostridium Clostridium butyricum 274 

 Clostridium difficile 275 

 Clostridium perfringens 8,9 

 Clostridium neonatale 276,277 

Enterococcus  278 

Staphylococcus  Staphylococcus aureus 279 

 Staphylococcus epidermidis 280 

G
ra

m
-n

e
g

a
ti
v
e

 

Cronobacter Cronobacter sakazakii 266,281 

Escherichia Escherichia coli 282 

Bacteroides Bacteroides dorei 9 

Klebsiella  8 

Pseudomonas Pseudomonas aeruginosa 283 

Salmonella Salmonella enteritidis 284 

Table 3.2: Pathogenic bacteria associated with preterm NEC  

This table was adapted from Coggins et al. 270 

 

3.2.6 C. perfringens-associated NEC 

Most recently, several extensive preterm infant NEC cohort studies have again 

implicated that pathogenic bacteria are involved in the onset of NEC based upon 

analysis of the faecal gut microbiota using NGS techniques 8,9. Importantly, C. 

perfringens, has been shown to significantly increase in the infant gut microbiota prior 

to NEC development in these metagenomics studies. These studies are supported by 

the substantial number of NEC studies 270 (>14 to date since 1970s, more than any 

individual bacterial agents; see Table 1.5) that have reported C. perfringens as a 

potential pathogenic agent, in addition to its established pathogenic biology in many 

other neonatal animal gut diseases, and further supported by in vivo studies 189,285. 

Thus, C. perfringens appears to be a strong candidate as a direct causative agent of 

microbial-NEC, which may be termed as C. perfringens-associated NEC 190.  

Being universal and resilient in habitable niches, spore former C. perfringens may 

readily pass on to in-hospital neonates through either environmental or oral 

transmission, and then initiate diseases in the intestine 260. Proposed underlying 

mechanisms for C. perfringens-associated NEC include reduced bowel peristalsis in 

preterm infants (increased pathogen retention time), universal administration of broad-
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spectrum antibiotics 286,287 (that leads to reduced microbiota diversity, and the potential 

rapid overgrowth of resistant spores), reduced gut barrier integrity (non-existent 

mucus layer), lack of protective bacteria 8,9,186
  (including Bifidobacterium species, 

which may antagonise the growth of C. perfringens), and immature/underdeveloped 

immune system that is ineffective at fighting off pathogenic bacteria 73 (Figure 3.3). 

Bile salt factors may also be linked to disease onset. Reduced diversity of the 

microbiota in preterm infants, including bacteria that can de-conjugate bile salts to 

secondary bile acids, may allow germination of C. perfringens, which has also been 

directly indicated in the pathogenesis of the well-studied C. difficile colitis (both 

species form spores and secrete colitis-related toxins) 288. Finally, the presence of 

óhyper-virulentô strains of C. perfringens may be implicated. 

Presently no particular toxin(s) secreted by C. perfringens has been specifically linked 

with preterm-NEC, although CPB2 has been suggested 8. Notably, C. perfringens can 

also be part of the óhealthyô human microbiota, thus suggesting other factors play a 

role 194.  

Importantly, no NEC-associated preterm infant isolates are known to be sequenced at 

present, and genomic investigation may allow identification of NEC-associated 

virulence factors, that may facilitate intervention strategies and/or therapy 

development. 

Using various computational pipelines and approaches (see section 2.4), I assembled 

C. perfringens genomes and performed downstream analyses including constructing 

pangenome, annotating gene functions, screening genes of interest (e.g. toxin and 

AMR genes), analysing 16S rRNA metagenomic taxa abundance, phylogenetic 

analysis to track bacterial transmission and phage analysis. The work in this chapter 

will aim to fill up the knowledge gap in understanding the role of C. perfringens in 

preterm and NEC diseases via in-depth genomic analysis. 
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Figure 3.3: Proposed infection mechanisms underlie C. perfringens -associated NEC  

(A) In non-NEC óhealthyô term infant gut (B) In preterm infant gut that potentially leads to C. perfringens-
associated NEC. Figure reproduced from Kiu and Hall (2018) under the Creative Commons BY licence 
1. 
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3.3 Hypothesis and aims 

Specific nosocomial virulent genotypes of C. perfringens are linked to preterm-NEC 

disease progression, specifically to determine: 

(1)  Genomic virulence features in NEC and control C. perfringens isolates obtained 

from preterm population, including toxin genes, AMR genes, plasmids and phage 

contents using comparative genomics. 

(2) Genomic epidemiology of preterm-associated C. perfringens using phylogenetic 

approaches. 

 

3.4 Study population 

The work described in this chapter is based on the preterm gut microbiome data (16S 

rRNA metagenomics, sequenced by Prof J S Krollôs group at Imperial College 

London) and C. perfringens isolates collected during a 2-year preterm cohort study 

NEOM 12, a large-scale multi-centre study which was carried out between 2011-2013 

in primarily Queen Charlotteôs and Chelsea Hospital (QCCH) and St Maryôs Hospital 

(SMH). These isolates were then obtained and prepared at QIB for sequencing at 

WTSI. Samples include 6 NEC Bell 2/3 infants, 3 NEC Bell 1 infants and 29 non-

NEC infants at longitudinal time points.  

These 88 newly-sequenced preterm-associated C. perfringens isolates were obtained 

from 38 individual preterm infants at multiple-time points (most individuals). Two 

public genome assemblies were used as reference genomes in the analysis 

(ATCC13124 and NCTC8239). 

Among these 88 isolates, 60 isolates were obtained from QCCH (24 in 2011 and 36 in 

2012), where important surgeries were carried out while 28 isolates were obtained 

from SMH (6 in 2011 and 22 in 2012) as shown in Figure 3.4A. All genome assemblies 

analysed were of high quality at <60 contigs (range: 11-59; mean contig number: 25), 

with 95.5% of the assemblies <40 contigs (Figure 3.4B). All isolates have a mean 

sequencing coverage (or, depth) of 142X (depth range: 82-206X), mean genome size 

of 3.2 Mb (range: 3.0-4.1 Mb), 3,009 genes per genome (range: 2,803-3,998 genes) 

and ANI> 96.0% (pair-wise comparison for all genomes; Appendix 1 Table S3.2). For 
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statistics on NEC and control individuals, 9 infants were diagnosed with NEC during 

their hospitalisation period (6 of Bell 2/3; 3 of Bell 1) and 29 were control infants, or 

non-NEC infants. In terms of isolate number, 24 isolates including multiple-time-point 

isolations, were obtained from NEC-infants whereas 64 isolates were isolated from 

control infants (Figure 3.4C-D). 

 

Figure 3.4: Statistics of preterm -study cohorts and isolates  

(A) Temporal distribution of isolates from two hospitals SMH and QCCH in 2011 and 2012. A total 
collection of 88 isolates (multiple time-points) from 38 individual C. perfringens-positive preterm infants. 
(B) Quality of genome assemblies based on contig number. (C) Distribution of NEC case and control 
individuals in this study. (D) Distribution of NEC case and control isolates. 

 

I also obtained C. perfringens isolates from 10 twin-pairs and 1 triplets (remainder 

singleton) for the analysis (Table 3.3). All relevant clinical metadata of preterm 

individuals where isolates were obtained from, including admission hospital and 

delivery mode, are shown in Table 3.3. Clinical metadata (Table S3.1) and genome 

assembly statistics (Table S3.2) of each isolate are detailed in Appendix 1. 
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 Infant 

ID 

NEC/ Control  Delivery 

mode  

Admission 

Hospital  

Births  Matching 

twin/triplet  

1 M009 Control CS SMH Singleton   

2 M010 NEC (Bell I) CS SMH Twin M011 

3 M011 NEC (Bell I) CS SMH Twin M010 

4 M030 NEC (Bell I) CS SMH Twin M029  

5 M087 Control CS SMH Twin M088 

6 M088 Control CS SMH Twin M087 

7 M089 Control CS SMH Twin M090 

8 M090 Control CS SMH Twin M089 

9 M091 Control NVD SMH Triplet   

10 M092 Control NVD SMH Singleton   

11 M094 Control NVD SMH Singleton   

12 M096 Control NVD SMH Singleton   

13 M111 Control CS SMH Twin M112 

14 M112 Control CS SMH Twin M111 

15 M124 Control CS SMH Twin M125 

16 M125 Control CS SMH Twin M124 

17 Q020 NEC (Bell II/III) NVD QCCH Singleton NA 

18 Q087 Control CS QCCH Twin Q088 

19 Q088 NEC (Bell II/III) CS QCCH Twin Q087 

20 Q090 Control NVD QCCH Singleton   

21 Q096 Control CS QCCH Twin Q097 

22 Q097 Control CS QCCH Twin Q096 

23 Q100 NEC (Bell II/III) NVD QCCH Singleton 
 

24 Q101 Control CS QCCH Singleton   

25 Q105 Control CS QCCH Triplet Q106, Q107 

26 Q106 Control CS QCCH Triplet Q105, Q107 

27 Q107 Control CS QCCH Triplet Q105, Q016 

28 Q118 Control CS QCCH Singleton   

29 Q126 Control CS QCCH Singleton   

30 Q135 NEC (Bell II/III) CS QCCH Singleton NA 

31 Q137 Control NVD QCCH Twin Q138 

32 Q138 Control NVD QCCH Twin Q137 

33 Q142 Control NVD QCCH Twin Q143 

34 Q143 NEC (Bell II/III) NVD QCCH Twin Q142 

35 Q164 Control NVD QCCH Singleton   

36 Q167 Control NVD QCCH Twin Q168 

37 Q168 Control NVD QCCH Twin Q167 

38 Q215 NEC (Bell II/III) CS QCCH Twin Q216 

Table 3.3: Clinical metadata of 38 individual preterm infants  

CS: Caesarean section; NVD: Normal vaginal delivery; SMH: St Maryôs Hospital; QCCH: Queen 
Charlotteôs and Chelsea Hospital. 

 

3.5 Results 

3.5.1 NEC microbiome signatures 

During the two-year NEOM study (2011-2013), 12/369 individuals were diagnosed 

with definite NEC. Further 16S rRNA sequencing analysis of the NEC-associated 

microbiomes revealed 2 distinct microbial signatures: Clostridium was statistically 
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overrepresented in 4 samples whereas Klebsiella genus was enriched in the remaining 

8 samples prior to definite-NEC onsets 8,12. Of note, clinical syndromes between these 

two NEC-signature groups were undistinguished.  

Importantly, C. perfringens isolation work had been routinely carried out in the 

NEOM study 12. With those Clostridium-NEC infants, C. perfringens was confirmed 

as the sole Clostridium species detected by 16S rRNA sequencing technique via 

Clostridial isolation method (culturing) in the laboratory 12. NEC-associated C. 

perfringens were then briefly characterised by toxinotyping schemes and all 

determined as distinctive-type A strains (only encode typing toxin gene plc; different 

patterns via fAFLP typing), three isolates were found to encode additional cpb2 gene. 

As C. perfringens was found to be the predominating species in these NEC cases prior 

to disease onset, it was proposed as the microbial causative agent of NEC 8,12.  

I obtained the previously generated raw 16S rRNA microbiome data from Dr A Shaw 

and re-analysed with the 16S rRNA SILVA database (Release 128; September 2016) 

using similar OTU taxa assignment approach as in Sim et al. to determine and visualise 

the longitudinal microbiome dynamics of these C. perfringens-positive NEC neonates 

(Figure 3.5) 8. The microbiome dynamics 4 C. perfringens-associated NEC infants 

(Q215, Q088, Q143 and Q020) indicate an evident and significant increase of 

Clostridium taxa prior to NEC onset (Figure 3.5A). Two other Klebsiella-NEC (with 

C. perfringens isolated during the NEOM study) showed a distinct microbiome profile 

characterised by increased abundance of Klebsiella/Citrobacter genus (they are 

indistinguishable at 97% nucleotide identity) rather than Clostridium (Figure 3.5B). 

Three suspected-NEC neonates (M010, M011 and M030, data not published 

previously; Bell I neonates) display diverse gut microbiome dynamics, although M010 

appears have increased abundance of Clostridium before suspected-NEC diagnosis 

(Figure 3.5C).  
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Figure 3.5: Faecal microbiome dynamics in infants with  microbial  associated  NEC of different 
Bell stages  

(A) 4 infants with óC. perfringens-associatedô NEC Bell stages 2/3 as determined in Sim et al. (2015). 
Clostridium genus was detected in abundance prior to NEC onset. (B) 2 infants with óKlebsiella-
associatedô NEC Bell stages 2/3. (C) 3 infants with NEC Bell stage 1 (generic diagnosis, not clinically 
considered as medical NEC). The Day of Life (DOL) of each preterm infant when the samples were 
collected is shown on the x-axis and the day of NEC diagnosis is circled in red. Bar charts were produced 
in R using package ggplot2.  

 

Microbiome profiling also indicated that the beneficial Bifidobacterium genus (Figure 

3.6) was present at high levels in three control neonates (M087, Q087 and Q101), and 

potential pathogens including Staphylococcus, Clostridium and Citrobacter were 
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found at lower levels indicating a negative relationship between these microbes. This 

suggests enhanced colonisation resistance capacity of Bifidobacterium in the neonatal 

gut, which agrees with recent microbiome studies 289. 

 

Figure 3.6: Potential role of  Bifidobacterium  as shown in non -NEC preterm microbiome s  

Microbiome dynamics in three non-NEC neonates M087, Q087 and Q101 that harboured high 
abundance of C. perfringens (confirmed by culturing). These data suggest the potential colonisation 
resistance impact of Bifidobacterium genus against pathogenic bacteria in infant gut including C. 
perfringens as it appears the bloom of Bifidobacterium (yellow bar) directly antagonised the intestinal 
abundance of C. perfringens (red bar), potentially contributed to the prevention of C. perfringens-
associated NEC. Bar charts were produced in R using package ggplot2.  

 

In twin-paired gut microbiome analysis (one developed NEC in each pair), it was 

reported that NEC is an acquired microbial gut infection rather than genetic/hereditary 

in Sim et al. (Figure 3.7) 12. There is an obvious increase of Clostridium taxa in neonate 

Q088 prior to NEC onset, however, although the matching twin sibling (Q087) also 

appeared to be colonised with Clostridium (low levels) it also had a Bifidobacterium-

dominated gut microbiota in later time points (Figure 3.7A). Q143 infant was a C. 

perfringens-associated NEC case, whereas the twin sibling Q142 (control) did not 

acquire any Clostridium in this period and did not develop NEC (Figure 3.7B). This 

further suggests the impact of C. perfringens overgrowth in NEC development, with 

a strong influence in the wider microbiota in disease pathogenesis. 

 

3.5.2 Comparative genomics of preterm-associated C. perfringens  

In this section I will describe the results from comparative genomics of case and 

control C. perfringens isolates including linking pathogenicity associations with 
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óextra-virulentô genotypes, virulence plasmids, accessory virulence genes and 

bacteriophage contents in the C. perfringens genomes. 

 

Figure 3.7: Twin -paired microbiota profiles  

(A) Bifidobacterium-dominated microbiome in Q087 at later time points suggests protective effects of 
Bifidobacterium against NEC onset. (B) Infant Q142 did not acquire Clostridium throughout 
hospitalisation period. These data support the overgrowth of C. perfringens in the development of 
microbial NEC and the potential protective effects of genus Bifidobacterium. Bar charts were produced 
in R using package ggplot2. 

 

3.5.2.1 Pathogenicity associations 

Plasmid-carried toxin genes including cpe and netB have been associated with FP 

diarrhoea and chicken NE respectively, while key typing toxins ɘ-toxin, Ů-toxin and ɓ-

toxin are mainly associated with diseases in ruminant animals including calves and 

sheep 1,19,290. However, to date, there are no in-depth genomic studies describing C. 

perfringens isolates from preterm-NEC, and therefore the importance of toxins in 

disease pathology is unknown. In addition, accessory/secondary toxins (hydrolytic 

enzymes), AMR capacity, colonisation related binding proteins, enterotoxins and 



Chapter 3    Genomic analysis of preterm-associated C. perfringens    103 
 

virulence plasmids could be important in defining hyper-virulent C. perfringens 

strains that are distinct from ócommensalô C. perfringens 230,291. I therefore performed 

comparative genomics on 88 C. perfringens isolates to explore virulence potentials 

encoded within the genomes. 

Phylogenetics was performed to construct a SNP phylogeny (in core gene alignment) 

based on 90 isolates (including 2 reference genomes). Isolates from 4 neonates ï Q215, 

Q088, Q143 and Q020 were defined as C. perfringens-associated NEC isolates (case 

isolates in this section) and the rest defined as control isolates. Genes encoding toxins 

(n=21), antimicrobials (based on CARD AMR database), collagen-binding proteins 

(n=4), enterotoxins (n=4) were individually profiled (virulence plasmids in the 

genomes were also determined) to compare between case and control isolates (Figure 

3.8).  

Via hierBAPS analysis, 90 genomes (as type A except reference genome type F 

NCTC8239) clustered into 6 distinct lineages (lineages II-IV; Figure 3.8), split into 

two major distinct clades (lineage I vs II-VI). Lineage I, a separate distant-away 

genetic cluster (>30,000 SNPs away from remaining clusters), comprises a number of 

the isolates from Q088 (other Q088 isolates clustered in lineage II), suggesting 

multiple strains can be present within one individual. NEC isolates are exclusively 

nested within lineages II and III (Figure 3.8), while lineages IV-VI encompass only 

control isolates, suggesting a potential genetic distinction between extra-virulent 

strains and commensal strains. Importantly, lineage IIIc appears to comprise isogenic 

strains (denoted by the apparent tight clustering), suggesting probable intra- and inter-

hospital transmission as highly-similar strains were isolated from infants are two 

hospitals (QCCH and SMH respectively; further analysed and discussed in section 

3.5.3). 

To further analyse the gene associations with disease representations (case vs control), 

single-timepoint isolates were selected according to the following three criteria: (1) 

isolates must be either case (C. perfringens associated-NEC) or control (non-NEC); 

(2) first-time point control isolates (one isolate for each individual); (3) last-time point 

(closest to NEC) case isolates. Isolates Q100, Q135, M010, M030 and M011 were 

excluded from gene-association analysis as they did not fit the above criteria, with 33 

isolates included for further analyses (Figure 3.9). 
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Figure 3.8: Phylogeny of preterm -associated isolates aligned with full virulence profiles  

A mid-point rooted maximum-likelihood tree constructed from 90 C. perfringens isolates aligned with 
clinical metadata of host neonates and full virulence profiles of each isolate. This phylogenetic tree 
(including reference genome ATCC13124 and NCTC8239) is constructed from 125,930 core SNPs (an 
alignment of 1,973 core genes). Genetic clustering assigned via hierBAPS analysis. Bootstrap values 
are shown on the tree. AMR: Antimicrobial Resistance; CBP: Collagen Binding Protein; ETX: Probable 
Enterotoxin; VP: Virulence Plasmids. 
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Statistical testing (Fisherôs exact test), indicates that overall toxin gene, cna-family 

gene and overall virulence elements (adding up all virulence-related genes and 

virulence plasmid count) were statistically more abundant in the C. perfringens-

associated NEC isolates, indicating these NEC isolates are óextra-virulentô strains 

encoding significantly more virulence genes compared with ócommensalô/control 

isolates (P<0.05; Figure 3.10). Individual virulence genes including pfo (encodes PFO) 

and cna (encodes collagen-binding proteins) were significantly enriched in NEC 

isolates (P<0.05). Genes cnaD, cpb2 (variant 1), entC (enterotoxin) and plasmid 

pCP13 were associated with NEC isolates (trending towards statistical significance). 

Only 4 AMR genes were detected including the intrinsic resistance gene mprF (100%), 

tetracycline resistance genes tetA(P)(~94%) and tetB(P)(~30%), and ermQ 

(macrolide-resistance, encoded in one isolate). 

 

Figure 3.9: Virulence profiles for selected C. perfringens  isolates  used in association study  

Isolates qualified for selection criteria for statistical analyses (n=33), aligned with full virulence profiles. 
C. perfringens-associated definite-NEC isolates were colour-coded in red (n=4). 
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Figure 3.10: Enrichment analysis of  key virulence elements  in  representative strains  

(A) PFO gene pfo. (B) and (C): sialidase genes nanI and nanJ. (D) to (F): CPB2 toxin gene cpb2 in both 
variants and overall association. (G) Enrichment of plasmid pCP13 in the isolates. (H) Toxin gene count 
comparison. (I) Antimicrobial gene count comparison. (J) Comparison of all virulence element counts 
(toxin + AMR + virulence plasmid count). Data: (A) to (G) fraction percentage (Fisherôs exact test, two-
tailed, *P<0.05, NEC: n=4, control: n=29). (H) to (J): mean count ± SEM (non-parametric Mann Whitney 
U test, two-tailed, *P<0.05, NEC: n=4, control: n=29). All estimated P values are printed in the figure. 
P<0.10 indicates weak association, P<0.05 indicates statistically significant difference. 
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3.5.2.2 In silico virulence plasmid analysis 

Plasmids are known to be associated with intestinal diseases in both human and 

animals, carrying an array of virulence factors including toxin and AMR genes 

1,41,42,291. Importantly, suspected virulence plasmid pCP13 was identified in two NEC 

isolates Q215.CN1 and Q088.CN12, showing strong correlation with NEC disease 

representation (Figure 3.10). There are several known virulence factors encoded on 

this 54 kb-plasmid (first isolated from C. perfringens strain 13, a human gas gangrene 

isolate) 37. Collagen binding protein cna and ɓ2-toxin gene cpb2 (variant 1) are 

encoded on this plasmid. Plasmid pFORC3 was detected in NEC isolate Q143.CN8, 

and all isolates in lineage IIIc (potentially isogenic strains). This 56 kb-plasmid 

encodes virulence genes including cpb2 (variant 2), collagen binding protein cnaC and 

AMR elements tetA(P) and tetB(P).  

To further confirm whether these detected óplasmidsô are óintact plasmidsô, which is 

important in understanding its potential transfer and spread, the sequences of plasmids 

were individually extracted from these high-sequencing-coverage (depth range: 102 

X-206 X) genome assemblies using in silico-approaches and compared with reference 

plasmids. 

Isolates Q215.CN1, Q088.CN12, M010.1C and Q164.1C were computationally 

detected (raw read-based) to carry plasmid pCP13 and hence sequences were extracted 

(from assemblies) and compared in Figure 3.11A. Genomic mapping shows that these 

plasmids are near-identical in nucleotide identity (>97%), plasmid size (~54 kb), GC 

content (~25.4%) and gene content (62-65 CDS encoded), suggesting this plasmid has 

been circulating intact (Figure 3.11B; Table 3.4).  

A total of 9 plasmid pFORC3-carrying isolates were selected for comparative analysis 

due to different k-mer coverage (Table 3.4), which initially suggested these are not 

intact pFORC3-family plasmids (Figure 3.12A-B). Eight óin-silico plasmidsô (not 

experimentally extracted) including pQ143.CN8 were found to be 14 kb (~20%) larger 

than the expected reference plasmid pFORC3, while pM096.3C is more similar to 

reference plasmid pF262A (from bovine isolate F262) at 48 kb length.  
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Reference  
plasmid  

Predicted 
plasmid  

Genome features  K-mer 
identity (%)  

(Read-
mapping ) 

Similarity by BLASTN  
(Assembly -based)  

Size (bp) GC (%) CDS Identity (%) Coverage (%) 

p
C

P
1
3

 
pCP13 54,310 25.50 63 n/a n/a n/a 

pQ215.CN1 54,407 25.47 62 99.52 99.98 100.00 

pQ164.1C 54,647 25.44 65 94.82 97.08 100.00 

pQ088.CN12 54,421 25.50 62 99.41 99.95 100.00 

pM010.1C 54,421 25.50 64 99.40 99.97 100.00 

p
F

O
R

C
3

 

pFORC3 56,577 27.28 79 n/a n/a n/a 

pM087.7C 70,121 26.05 80 91.13 99.56 71.05 

pM089.1C 70,119 26.06 80 91.12 99.56 71.04 

pM090.1C 70,120 26.06 80 91.08 99.64 71.24 

pQ137.1C 70,119 26.05 78 91.12 99.72 67.82 

pQ143.CN8 70,111 26.05 79 91.12 99.56 67.46 

pQ138.1C 70,119 26.04 79 91.12 99.55 76.91 

pQ106.10C 70,123 26.05 79 91.11 99.56 71.05 

pQ118.4C 70,126 26.04 78 90.00 99.56 71.05 

pM096.3C 48,245 27.27 57 98.64 83.85 99.97 

pF262A 

pF262A 48,604 27.15 55 n/a n/a n/a 

pM096.3C 48,245 27.27 57 as pFORC3 97.42 97.14 

Table 3.4: Similarity comparison of predicted plasmids with reference plasmids  

 

Importantly, pQ143.CN8 which is 14 kb larger than pFORC3, was found to encode a 

series of extra potential virulence factors including multiple ABC transporters that are 

linked to multidrug resistance (Figure 3.12C). In brief, no intact pFORC3 plasmid, a 

plasmid sourced from aquarium water in South Korea, was encoded within these 

preterm-associated C. perfringens isolates. In fact, these plasmids could potentially be 

unidentified novel plasmids (linked to additional virulence in drug resistance) derived 

from pFORC3 plasmid backbone that warrants further experimental validations. Of 

note, these pFORC3-derived plasmids encode conjugative systems (Tcp loci were 

identified via sequence search) and are expected to be capable to strain to strain 

transmission 51,292. 
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Figure 3.11: Comparisons of pCP13 -family plasmids extracted from preterm isolates  

(A) Genomic mapping of pCP13 plasmids (shaded) from isolates Q215.CN1, Q088.CN12, M010.1C and 
Q164.1C. (B) Closing in on potential virulence factors encoded on pQ215.CN1. Graphs generated via 
Easyfig. 

 

 



Chapter 3    Genomic analysis of preterm-associated C. perfringens    110 
 

 

Figure 3.12: Comparisons of pFORC3 -family plasmids extracted from preterm isolates  

(A) Genomic mapping of pFORC3 plasmids from 9 isolates where pFORC3 plasmid was computationally 
detected at different k-mer identity with reference plasmids pLLY_N11_3, pFORC3 and pF262A. (B) 
Colour-coded phylogenetic positions of the isolates compared in (A). (C) Potential additional genetic 
regions (light purple region) found on plasmid pQ143.CN8 that encoded extra virulence genes compared 
to reference plasmid pFORC3. Graphs generated via Easyfig and iTOL. 

 






























































































































































































































































































































































































































































