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Abstract

Clostridium perfringens is a major enteric pathogen known to cause gastroenteritis in human adults. Although major out-
break cases are frequently reported, only limited whole- genome sequencing (WGS) based studies have been performed to 
understand the genomic epidemiology and virulence gene content of outbreak- associated C. perfringens strains. We performed 
phylogenomic analysis on 109 C. perfringens isolates (human and food) obtained from disease cases in England and Wales 
between 2011 and 2017. Initial findings highlighted the enhanced discriminatory power of WGS in profiling outbreak C. per-
fringens strains, when compared to the current Public Health England referencing laboratory technique of fluorescent ampli-
fied fragment length polymorphism analysis. Further analysis identified that isogenic C. perfringens strains were associated 
with nine distinct care- home- associated outbreaks over the course of a 5- year interval, indicating a potential common source 
linked to these outbreaks or transmission over time and space. As expected, the enterotoxin cpe gene was encoded in all but 
4 isolates (96.3 %; 105/109), with virulence plasmids encoding cpe (particularly pCPF5603 and pCPF4969 plasmids) exten-
sively distributed (82.6 %; 90/109). Genes encoding accessory virulence factors, such as beta-2 toxin, were commonly detected 
(46.7 %; 51/109), and genes encoding phage proteins were also frequently identified. Overall, this large- scale genomic study 
of gastroenteritis- associated C. perfringens suggested that three major cpe-  encoding (toxinotype F) genotypes underlie these 
outbreaks: strains carrying (1) pCPF5603 plasmid, (2) pCPF4969 plasmid and (3) chromosomal- cpe strains. Our findings sub-
stantially expanded our knowledge on type F C. perfringens involved in human- associated gastroenteritis, with further studies 
required to fully probe the dissemination and regional reservoirs of this enteric pathogen, which may help devise effective 
prevention strategies to reduce the food- poisoning disease burden in vulnerable patients, such as the elderly.

DATA SummARy
1. All sequencing reads generated in this study have been 
deposited in the European Nucleotide Archive (ENA) (https://
www. ebi. ac. uk/ ena) under project PRJEB25764. Full strain 
information is provided in Table S1 (available in the online 
version of this article).

2. Reference genome Clostridium perfringens NCTC 8239 
(genome assembly) reconstructed from sequencing reads 

(ENA accession number SAMEA4063013, under project 
PRJEB6403) and used in this study has been deposited in the 
ENA under assembly accession number GCA_902459515.

3. The reconstructed phylogenetic trees and associated 
metadata can be interactively visualized on iTOL: (a) care- 
home cohort (https:// itol. embl. de/ tree/ 1491 5521 5181 4672 
5152 8970095); (b) food- poisoning cohort (https:// itol. embl. 
de/ tree/ 1491 5521 5181 2872 2152 8975471); (c) population 

http://mgen.microbiologyresearch.org/content/journal/mgen/
https://www.ebi.ac.uk/ena
https://www.ebi.ac.uk/ena
https://itol.embl.de/tree/149155215181467251528970095
https://itol.embl.de/tree/149155215181467251528970095
https://itol.embl.de/tree/149155215181287221528975471
https://itol.embl.de/tree/149155215181287221528975471
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structure of all 109 gastroenteritis- associated C. perfringens 
isolates (https:// itol. embl. de/ tree/ 1491 5521 5181 1008 1531 
305832).

InTRoDuCTIon
Clostridium perfringens is an important pathogen known 
to cause disease in humans and animals [1, 2]. Notably, the 
pathogenesis of C. perfringens- associated infections is largely 
attributed to the wide array of toxins this species can produce, 
with >20 toxins currently identified [3, 4]. This Gram- positive 
spore former has been associated with foodborne and non- 
foodborne diarrhoeal diseases in humans, and preterm- 
necrotizing enterocolitis [5, 6].

C. perfringens- associated food- poisoning (FP), also termed 
acute watery diarrhoea, was first documented in the UK in 
the 1940s [7]. Typical symptoms (which occur within 8–14 
h after ingestion of food contaminated with at least 106 c.f.u. 
live bacterial cells g−1) include intestinal cramp and watery 
diarrhoea without fever or vomiting, and normally resolve 
in 12–24 h [8]. Importantly, C. perfringens is currently the 
second most common foodborne pathogen in the UK after 
Campylobacter, with cases often under- reported due to the 
frequently self- limiting nature of the illness, with current 
conservative estimates suggesting ~80 000 cases per annum 
[9–12].

In the UK, antibiotic- associated diarrhoea and non- 
foodborne outbreaks of C. perfringens diarrhoea have been 
frequently reported since the 1980s amongst the elderly, 
particularly in hospital settings [13]. With this type of illness, 
symptoms are more severe than for foodborne diarrhoea and 
are longer lasting (>3 days to several weeks), often chronic, 
and the infection- causing bacteria are more likely to be spread 
amongst people [14]. This type of C. perfringens infection 
has also been reported in elderly patients, especially those 
residing in care homes (CHs) in North- East England between 
2012 and 2014 (83 % of the outbreaks reported from CHs) 
[10]. Although fatality due to C. perfringens diarrhoea is 
uncommon and the hospitalization rate is low, enterotoxi-
genic C. perfringens is estimated to cause ~55 deaths per year 
in England and Wales [15, 16].

The newly expanded and revised toxinotyping scheme clas-
sifies C. perfringens into seven toxinotypes (types A–G) 
according to the combination of typing toxins produced, 
with this classification used in this article [17]. Human cases 
of C. perfringens diarrhoea are primarily caused by type F 
strains (formerly classified as enterotoxigenic type A), which 
produce enterotoxin (CPE), encoded by the cpe gene [18]. 
This potent pore- forming toxin is reported to disrupt intes-
tinal tight junction barriers, which is associated with intes-
tinal disease symptoms [19]. C. perfringens, and associated 
encoded toxins, have been extensively studied with respect 
to disease pathogenesis, with a strong focus on animal infec-
tions [20–22]. Recent studies analysing a range of diverse C. 
perfringens strains (from both animal and human- associated 
infections) indicates a plastic and divergent pangenome, with 

a significant proportion of accessory genes predicted to be 
involved in virulence mechanisms and metabolism, linked 
to enhanced host colonization and disease initiation [3, 23]. 
However, studies describing human outbreak- associated C. 
perfringens infections are limited, and to date only one recent 
study (58 isolates) has utilized whole- genome sequencing 
(WGS) data to probe the genomic epidemiology of associated 
strains [3, 24].

We have applied in- depth genomics and phylogenetic analyses 
to the whole- genome sequences of 109 newly sequenced C. 
perfringens isolates associated with outbreaks or incidents 
of C. perfringens diarrhoea in England and Wales, either 
foodborne or non- foodborne derived. We also identified 
the distribution of known virulence- related determinants 
including toxin and antimicrobial- resistance (AMR) genes, 
and virulence- associated plasmid contents within food and 
case isolates, and probed the putative functional capabilities 
of the accessory genomes and virulence features within the 
encoded prophage genomes. Importantly, we determined that 
isogenic strains were associated with nine CH outbreaks in 
North- East England between 2013 and 2017; furthermore, 
we uncovered the significant involvement of location- specific 
virulence- plasmid- carrying C. perfringens in these outbreaks.

Impact Statement

Clostridium perfringens is the second most prevalent 
foodborne pathogen in the UK after Campylobacter, 
causing gastroenteritis in ~80 000 cases and ~13 000 
general practice consultations each year (according to 
the Longitudinal Study of Infectious Intestinal Disease; 
IID2 study). Despite the disease burden imposed by this 
gut pathogen, there have been only very limited studies 
(n=1) that have utilized whole- genome sequencing 
(WGS) to probe the spread and genomic characteris-
tics of outbreak- associated strains. Here, we analysed 
a representative subset of 109 outbreak- associated C. 
perfringens genomes obtained in England and Wales 
(2011–2017) to investigate the genomic epidemiology 
and virulence potentials in this foodborne pathogen. 
We discovered that a specific clade of enterotoxin cpe- 
carrying clonal strains was associated with nine distinct 
outbreaks across an interval of 5 years (2013–2017) in 
the region of North- East England. Furthermore, we deter-
mined that ~83 % (90/109) of these isolates carried cpe- 
encoding plasmids, either pCPF5603 or pCPF4969; only 
14 % of these isolates carried cpe on the chromosome. 
These data indicate that implementing WGS in C. perfrin-
gens surveillance laboratories would enhance outbreak 
tracking, and highlight the importance of further inves-
tigations exploring the dissemination and reservoirs of 
C. perfringens for effective morbidity prevention, particu-
larly in at- risk elderly care- home residents.

https://itol.embl.de/tree/14915521518110081531305832
https://itol.embl.de/tree/14915521518110081531305832
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mETHoDS
Bacterial isolates, genotypic identification and 
genomic DnA extraction
C. perfringens isolated from clinical cases of diarrhoea and 
suspected foods, when available, were referred to the refer-
ence laboratory at Public Health England (PHE), the Gastro-
intestinal Bacteria Reference Unit (GBRU). Identification of 
cultures was performed by detection of the C. perfringens 
alpha toxin and enterotoxin gene by duplex real- time PCR, 
as described previously [25]. Enterotoxigenic C. perfringens, 
when associated with an outbreak or incident, were then 
further typed for strain discrimination using fluorescent 
amplified fragment length polymorphism (fAFLP) analysis, 
as previously described [26]. In this study, 109 cultures 
characterized and archived by the GBRU between 2011 and 
2017 were selected, representing enterotoxigenic and non- 
enterotoxigenic isolates from sporadic cases and outbreaks 
of C. perfringens FP and of non- foodborne C. perfringens 
diarrhoea (Table S1, available with the online version of this 
article). DNA was extracted from overnight C. perfringens 
cultures using a QIAsymphony DSP DNA kit (Qiagen). In 
brief, cultures were lysed with lysis buffer and incubated at 
37 °C for 1 h before addition of 20 µl proteinase K, followed 
by incubation at 56 °C for 5 h until cells had visibly lysed. An 
additional incubation at 96 °C for 10 min followed, before 
addition of 0.4 mg RNAse (with incubation at 37 °C for 15 
min). DNA purification was then performed on a Qiagen 
QIAsymphony automated platform according to the manu-
facturer's instructions.

WGS, assembly and annotation
The 109 isolate cultures were subjected to a standard Illumina 
library preparation protocol prior to sequencing on Illumina 
MiSeq (PH091–PH156; n=41) at PHE (Colindale, London, 
UK) or HiSeq 2500 platforms (PH004–PH090; n=68) at the 
Wellcome Trust Sanger Institute (Hinxton, UK), with read 
lengths of 101 and 151 bp (paired- end reads), respectively, 
yielding a mean of 172- fold coverage per isolate (maximum 
377- fold, minimum 41- fold; Table S1). Paired- end short- read 
sequences have been deposited in the European Nucleotide 
Archive (ENA) (https://www. ebi. ac. uk/ ena) under project 
accession number PRJEB25764. Quality- trimmed sequencing 
reads were assembled using SPAdes v3.11 (PH091–PH156) to 
generate draft genomes with default settings, the remaining 
assemblies were generated at the Wellcome Trust Sanger Insti-
tute as described elsewhere (for assembly quality see Table 
S2) [27, 28]. Genome assemblies were annotated by Prokka 
v1.13 using an in- house genus- specific database that included 
35 Clostridium species retrieved from the National Center 
for Biotechnology Information Reference Sequence (RefSeq) 
database to construct a genus- specific annotation database 
(Table S3) [29]. Sequences from very small contigs (contig 
size <200 bp) were removed prior to coding region predic-
tion. Draft genomes were checked for sequence contamina-
tion using Kraken v1.1 (MiniKraken database) [30]. Average 
nucleotide identity (ANI) was assessed to validate species 
delineation of 109 genome assemblies (ANI >95 % compared 

with reference genome C. perfringens NCTC 8239; pyani 
v0.2.4) [31].

Reconstruction of reference genome nCTC 8239
A recently PacBio- sequenced historical foodborne isolate 
genome, NCTC 8239, under the NCTC 3000 project 
was retrieved (long- read sequence accession number: 
SAMEA4063013) and assembled in this study with Canu v1.6 
[32]. The final high- quality assembled genome consisted of 
3 008 497 bp in two contigs (coverage 176- fold; contig 1 has 
2 940 812 bp, contig 2 has 67 685 bp). The genome assembly 
of C. perfringens NCTC 8239 has been deposited in the ENA 
under accession number GCA_902459515.

Pangenome and phylogenetic analyses
The pangenome of isolates was constructed using Roary 
v3.8.0 at blastp 90 % identity, adding option -s (do not split 
paralogs), and options -e and -n to generate core gene align-
ment using mafft v7.3 [33, 34]. Roary took GFF3- format 
annotated assemblies generated by Prokka. The pangenome 
includes both the core and accessory genomes; the core 
genome is defined as genes present in at least 99 % of the 
genomes, the accessory genome as genes present in <99 % of 
the genomes. SNP- sites v2.3.3 was used to extract SNPs from 
the core gene alignment for reconstructing a phylogenetic 
tree [35]. Phylogenetic trees were generated using FastTree 
v2.1.9 and annotated using iTOL v4.2 [36, 37]. FastTree was 
run using the generalized time- reversible (GTR) model of 
nucleotide evolution on 1000 bootstrap replicates to generate 
maximum- likelihood trees [36]. The pairwise SNP distance 
matrix between genomes was computed using snp- dists [38]. 
Bacterial population structure was analysed via the Bayesian- 
based clustering algorithm hierBAPS to assign lineages, 
implemented in R using rhierbaps v1.0.1 [39].

Profiling virulence and plasmid-related sequences
The screening of toxin genes, IS elements, plasmid tcp loci 
(Table S4) and AMR genes (CARD database v2.0.0) was 
performed via ABRicate with 90 % identity (--minid=90) 
and 90 % coverage (--mincov=90) minimum cut- offs to infer 
identical genes [40, 41]. ariba v2.8.1 was used as a secondary 
approach to validate detections of both toxin and AMR genes 
in raw sequence fastq files [42].

In silico plasmid analysis
Sequencing reads were utilized for computational plasmid 
prediction via PlasmidSeeker v1.0 software at default 
settings [43]. Plasmid prediction was based on 8514 plasmid 
sequences (included in the software) available in the National 
Center for Biotechnology Information RefSeq database 
(including 35 C. perfringens- derived plasmids, see Table 
S5). The top- ranked predicted plasmids were extracted as 
predicted plasmids (Table S6). Plasmid sequences from high- 
sequencing- coverage assemblies (>200×; single contig; n=12) 
were extracted using in- house Perl scripts, and identified by 
plasmid gene content including specific toxin genes and IS 

https://www.ebi.ac.uk/ena
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Fig. 1. Population structure and statistics of the 109 C. perfringens genomes in this study. (a) Population structure of 109 C. perfringens 
isolates analysed in this study. Mid- point rooted maximum- likelihood phylogeny inferred from 73 882 SNPs identified in 110 diarrhoea- 
associated C. perfringens isolates (including NCTC 8239). The colour- coded rings indicate the cohort- specific origins of the isolates. 
Cluster VIII (green ring; clusters determined via hierBAPS clustering analysis) consists of primarily isolates obtained from multiple CH- 
associated outbreaks. Historical FP isolate NCTC 8239 was used as a reference genome as indicated in the figure. Bootstrap values are 
represented in the tree. Branch lengths are indicative of the estimated nucleotide substitution per site (SNPs). (b) Temporal distribution 
of all 109 C. perfringens genomes included in this study (2011–2017). (c) Contig count distribution of C. perfringens genome assemblies 
in this study. More than 70 % of the total assemblies are <200 contigs.

elements. Plasmid comparisons were performed using Easyfig 
v2.2.2.

Bacterial genome-wide association study (GWAS) 
analysis and functional annotation
To associate subsets of genes with specific outbreaks or 
isolates, we used Scoary v1.6 to identify statistically related 
genes [44]. Cut- offs were set as ≥80 % sensitivity and 100 % 
specificity. Specifically, for a CH and FP subset comparison, 
the sensitivity cut- off was set at ≥50 % and the specificity at 
100 %. Functional categories (COG categories) were assigned 
to genes for biological interpretation via EggNOG- mapper 
v0.99.3, based on the EggNOG database (bacteria) [45].

Identification of prophages
phaster was utilized for detection of intact prophage existing 
in bacterial genomes (Table S7). Annotated GenBank files 
were submitted to the phaster web server and annotated 
data parsed with in- house scripts. The detection of phage was 
based on the scoring method and classification as described 

elsewhere [46]. Only intact phage regions within the genomes 
of completeness score >100 (of maximum 150) were analysed 
further, and annotated using Prokka v1.13 and Artemis for 
visualization in Easyfig v2.2.2 [47, 48].

RESuLTS
Phylogenetic analysis of gastroenteritis-associated 
C. perfringens
Initially, we analysed the population structure of all strains 
sequenced. We designated general FP isolates as FP (n=74), 
and CH- specific isolates as CH (n=35) (Fig. 1a, b). The quality 
of the genomic assemblies of draft genomes was also deter-
mined (Fig. 1c, Table S2), with >70 % of the isolate assemblies 
<200 contigs.

Separate analysis of CH isolates indicated four distinct phylo-
genetic lineages relating to CH outbreaks (Fig. 2a). Lineage 
I contained the reference genome NCTC 8239, a historical 
FP- associated cpe- positive isolate (originally isolated from salt 
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Fig. 2. Phylogenomic analysis of CH- associated C. perfringens isolates. (a) Mid- point rooted maximum- likelihood phylogeny inferred 
from 64 560 SNPs (in core gene alignment) identified in 35 CH C. perfringens isolates. The colour strips indicate outbreaks (1), location of 
outbreaks (2) and fAFLP types (3) corresponding to the isolates. Branch lengths are indicative of the estimated SNP distance. Lineages 
and sub- lineages were determined via hierBAPS (level 1 and 2) clustering analysis. NCTC 8239 was used as a reference genome in this 
tree. Bootstrapping values are represented on the tree. (b) Unrooted maximum- likelihood tree (inferred from 191 SNPs in 18 genomes) 
of a sub- lineage IVc showing SNP distances between 18 North- East England derived isolates of individual outbreaks (labelled with 
locations, years and SNP range in the outbreaks; branches are colour- coded corresponding to individual outbreaks). SNPs between 
branches are indicated in red. (c) Pairwise within- outbreak core- SNP distance between isolates. (d) Pairwise outside- sub- lineage (IVb vs 
IVc) SNP comparison between isolates. Data were analysed using the Mann- Whitney test; ****, P<0.0001.

beef) and three newly sequenced strains [7]. The remaining 
isolates clustered within three lineages (i.e. II, III and IV) that 
were divergent from lineage I, indicating these CH isolates 
might be genetically distinct from typical FP isolates as in 
Fig. 1a. Importantly, 18 closely related strains obtained from 
nine different outbreaks between 2013 and 2017, which 
occurred in North- East England, clustered within the same 

IVc sub- lineage, although not exclusively (Fig. 2a, b). SNP 
investigation on these IVc isolates determined mean pairwise 
genetic distances of 29.9±16.6 SNPs (mean±sd; range 2–77 
SNPs; Fig. 2d, Table S8), suggesting an epidemiological link 
among these isogenic (genetically highly similar) isolates. 
Notably, isolates associated with specific outbreaks within 
sub- lineage IVc (i.e. outbreaks 2, 7, 8, 9 and 10) showed very 
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narrow mean pairwise genetic distances of 6.6±6.6 SNPs 
(mean±sd; Fig. 2c), suggesting involvement of a clonal strain 
within these individual CH outbreaks (although a number 
of genetically dissimilar strains were also isolated from 
outbreaks 1, 2, 3, 6, 7 and 8, as shown in Fig. 2a).

This WGS analysis was also shown to have greater discrimina-
tory power than the currently used fAFLP. The fAFLP typing 
(type CLP 63, displayed in yellow) failed to discriminate 
isolates from six different outbreaks (CH outbreaks 2–7; 
Fig.  2a), whilst SNP analysis clearly distinguished these 
strains (Fig. 2b) .

Analysis of FP isolates indicated clear separation between 
lineages (Fig.  3a), particularly between lineage I and the 
remaining lineages II–VII (pairwise mean SNP distance 
lineage I vs lineages II–VII, 35 165±492 SNPs; within lineage 
I, 5684±2498 SNPs; within lineages II–VII, 13 542±8675 
SNPs). Isolates from three individual foodborne outbreaks 
within lineage VII appear to be highly similar (Table S9); 
however, further analysis indicated two different outbreaks 
that occurred in London (2013) were related, but somewhat 
distinct from isolates obtained in North- East England (2015) 
outbreaks (Fig. 3b).

Isolates from individual FP outbreaks (inclusive of FP lineage 
VII) appeared to be clonal and isogenic, as pairwise genetic 
distances were between 0 and 21 SNPs (mean genetic distance 
2.6±2.7 SNPs; Fig.  3c), when compared to same- lineage- 
between- outbreaks SNP distances of >1200 SNPs (Fig. 3d). 
In addition, outbreak- associated food source isolates were 
not distinguishable from human clinical isolates (genetically 
similar, pairwise SNP range 0–16 SNPs) in seven individual 
FP outbreaks (Fig. 3a). These findings are consistent with 
the hypothesis that contaminated food is the main source of 
these C. perfringens FP outbreaks, which included all meat- 
based food stuffs, e.g. cooked sliced beef, lamb, chicken curry, 
cooked turkey and cooked meat (Table S1).

Virulence gene content diversity among C. 
perfringens strains
Diarrhoea symptoms associated with C. perfringens are 
primarily due to the production of the pore- forming toxin 
enterotoxin (CPE) by C. perfringens type F strains [2, 49]. 
Additional virulence determinants implicated in diarrhoea 
include sialidase (NanI), which is linked to enhanced intes-
tinal attachment and an accessory role in enhancing CPE 
cell- toxicity, and also pore- forming toxin perfringolysin 
(PFO), a toxin known to act synergistically with alpha- toxin 
(a phospholipase produced by all C. perfringens strains) to 
inflict cell damage [22, 50]. Moreover, antibiotic- resistant C. 
perfringens are reported to be prevalent, particularly within 
poultry; thus, AMR profiles of C. perfringens may be linked 
with prolonged C. perfringens- associated infections, and may 
hamper downstream treatments strategies [51]. To probe 
these important virulence- associated traits, we screened both 
CH and FP isolates for toxin and AMR genes, based on both 
genome assemblies and raw sequence reads (Fig. 4).

Enterotoxin gene cpe was detected in all but four isolates 
(PH017, PH029, PH045 and PH156 were cpe- negative), 
which was confirmed by PCR, with the exception of PH029, 
which was initially determined to be cpe- positive via PCR 
(96.4 %; Table S1, Fig. 4).

CH isolates (mean 9.6±1.0 toxin genes per isolate) encoded 
significantly more toxin genes (P<0.001) than FP isolates 
(7.3±1.9 toxin genes per isolate; Fig. S1a–j). CH isolates in 
lineages II–IV generally possessed identical toxin profiles 
(Fig. 4a) including colonization- related sialidase- encoding 
genes nanI, nanJ and nagH, haemolysin PFO gene pfo, and 
cpb2 (Fig. S1c–g), which produces a vital accessory toxin 
beta-2 toxin (CPB2) associated with CPE- mediated patho-
genesis [52]. Nevertheless, CH isolates did not harbour many 
acquired AMR genes, with only 6 isolates (out of 35; 17 %) 
encoding tetracycline- resistance genes tet(P), one isolate 
encoding aminoglycoside- resistance gene APH(3') and the 
remaining isolates not known to carry any acquired AMR 
genes, other than the intrinsic AMR gene mprF.

FP isolates had a more variable virulence gene profile 
(Fig. 4b). Isolates in FP lineage I had identical toxin genes, 
including cpe, but these isolates did not encode toxins such 
as PFO, CPB2 and sialidase NanI, and only three isolates in 
this lineage carried tetracycline- resistance genes (19 %). Most 
isolates within FP lineages II–VII (91.4 %; 53/58) encoded 
tetA(P), with this AMR gene significantly enriched in all FP 
isolates (74.3 %; 55/74; P<0.0001; Fig. S1h), when compared 
to CH isolates (17.1 %; 6/35). Furthermore, most isolates in 
FP lineages II–VII also encoded toxin genes cpe, nanI and 
pfo, and 16 isolates (28 %) possessed the accessory toxin gene 
cpb2. Statistically, these FP isolates (in lineages II–VII; 8.0±1.5 
toxin genes) encoded more toxin genes than those belonging 
to FP lineage I (4.9±0.3 toxin genes; P<0.0001; Fig. S1i), which 
may suggest increased virulence.

Plasmid prediction and carriage investigation
The CPE toxin is responsible for the symptoms of diarrhoea 
in FP and non- foodborne illnesses, in the latter usually lasting 
>3 days and up to several weeks [2, 53]. Genetically, whilst 
chromosomal- encoded cpe strains are primarily linked to 
FP [54, 55], non- foodborne diarrhoea is usually associated 
with plasmid- borne cpe strains [53, 56, 57]. We performed 
an in- depth plasmid prediction on our datasets including a 
genome- wide plasmid- specific sequence search on insertion 
sequences IS1151 (pCPF5603), IS1470- like (pCPF4969) and 
plasmid conjugative system tcp genes (Fig. 4) [58–60]. Analysis 
indicated that pCPF5603 plasmid carriage was associated 
with CH isolates (34/35 isolates; 97 %; P<0.0001; Fig. S1j) 
encoding cpb2 and cpe genes; FP isolates carried predomi-
nantly pCPF4969 plasmids (45/75 isolates; 60 %) encoding cpe 
but not cpb2 genes, whilst plasmid pCPF4969 was exclusively 
linked to FP lineage II–VII isolates (86.4 %; 51/59; P<0.0001). 
We observed that plasmid pCPF5603 could potentially be 
region specific, as 32 out of 35 CH isolates, together with the 
only 4 FP isolates in FP lineage VI that carried pCPF5603 
plasmids, were obtained from North- East England.
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Fig. 3. Phylogenomic analysis of FP C. perfringens isolates. (a) Mid- point rooted maximum- likelihood phylogeny of FP C. perfringens 
inferred from 70 613 SNPs (in core gene alignment) identified in 75 individual isolates. Lineages were determined via hierBAPS 
clustering analysis. Bootstrap values are represented in the tree. (b) Unrooted maximum- likelihood tree inferred from 2505 SNPs in 
lineage VII (31 isolates). Four distinct clusters were identified in individual outbreaks comprising genetically similar strains (labelled with 
locations, years and SNP range within the outbreaks; branches are colour- coded corresponding to outbreak labels). (c) Pairwise SNP 
distance comparison in- between isolates within outbreaks. (d) Pairwise SNP comparisons of within- major- lineage isolates in- between 
individual outbreaks. Lineage I, outbreaks 1,4,13 and 14; lineage IV, outbreaks 3 and 7; lineage VII, outbreaks 2, 7 and 10. Data were 
analysed using the Kruskal- Wallis test; ****, P<0.0001.



8

Kiu et al., Microbial Genomics 2019;5

Fig. 4. Virulence profiles of C. perfringens isolates including virulence 
plasmids. Binary heatmaps displaying the presence and absence of 
toxin genes, AMR genes, plasmids, plasmid- related sequences and tcp 
conjugative loci in: (a) CH isolates, (b) FP isolates. Outbreaks are colour- 
coded according to the colour system in previous figures. Coloured 
cells represent the presence of genes and white cells represent the 
absence of genes.

To further examine the predicted plasmids, we extracted 
plasmid sequences from genome assemblies of three isolates 
per CH or FP group, and compared them with reference 
plasmids (Fig.  5a–c). The extracted plasmid sequences 
closely resembled the respective reference plasmids, with 
near- identical nucleotide identity (>99.0 %), plasmid size 
and G+C content (Fig. 5b–c); thus, supporting the findings 
that these two intact plasmids (pCPF4969 and pCPF5603) are 
present in these isolates.

Although chromosomal- cpe strains are considered as the 
primary strain type to be associated with FP, our dataset 
demonstrated that plasmid- cpe C. perfringens strains were 
predominantly associated with FP (82.6 %; 90/109), with 
only 17.4 % (19/109) FP isolates encoding a copy of cpe with 
no plasmid detected. Putatively, plasmid transfer may have 
occurred in CH outbreak 7 isolates (n=4), as two isolates 
resided within lineage IV (PH030 and PH031), whilst the 
other two isolates nest within the genetically distant CH 
lineage I (PH032 and PH033; genetic distance >10 000 SNPs); 
however, all four isolates harboured the conjugative cpe- 
encoding plasmid pCPF5603 (Fig. 4a). CH outbreaks 1 and 
8 also had dissimilar strains (nested within separate lineages) 
with identical pCPF5603 plasmids. This analysis indicates that 
multiple distinct strains, but carrying the same cpe plasmid, 
may be implicated in these CH outbreaks, which may poten-
tially be attributed to plasmid transfer among C. perfringens 
strains via conjugation (cpe- positive to cpe- negative strains) 
[61].

A distinct phylogenetic lineage of chromosomal-cpe 
C. perfringens strains
Previous studies have demonstrated that C. perfringens with 
chromosomally encoded cpe are genetically divergent from 
plasmid- cpe carriers. Within the FP phylogeny there was a 
distinct lineage of isolates (FP lineage I; n=17) that appear to 
encode cpe chromosomally. These isolates had significantly 
smaller genomes (genome size 2.95±0.03 Mb vs 3.39±0.08 
Mb outside- lineage; n=93; P<0.0001; Table S10), were 
similar to historical chromosomal- cpe isolate NCTC 8239 
in the same lineage I (ANI ≥99.40 %) and appeared to lack 
plasmids [57, 59]. To further investigate this hypothesis, the 
cpe- encoding region was extracted from genome assemblies 
of representative isolates in lineage I (n=6), and comparative 
genomics was performed (Fig. 5d). These consistently smaller 
(~4.0–4.3 kb) contigs were almost identical in nucleotide 
identity (>99.9 %) when compared with the cpe-  encoding 
region of chromosomal- cpe strain NCTC 8239, confirming 
that these isolates possessed the same cpe genomic architec-
ture as transposable element Tn5565 in NCTC 8239 (Fig. 5e). 
We observed that PH029 was the only outbreak isolate not 
detected to encode cpe within the lineage I outbreak cluster, 
despite having a clonal relationship with PH028, PH104, 
PH105 and PH107 (FP outbreak 4). This suggests Tn5565 
loss may have occurred due to extensive sub- culturing (this 
is supported by initial PCR results being cpe- positive; see 
Table S1). Analysis also indicated that cpe was closely associ-
ated with IS1469 independent of where it was encoded, as 

this insertion sequence was detected exclusively in all cpe- 
encoding genomes (100 %; Fig. 4a, b).

Virulence potentials in the accessory genome
The 110 isolate C. perfringens pangenome consisted of 6219 
genes (including NCTC 8239; Fig. S2), 1965 core genes (31.6 
%) and 4254 accessory genes (68.4 %); with ~30–40 % genes 
in any individual strain encoding accessory genes, potentially 
driving evolution and genome restructuring. Mobile genetic 
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Fig. 5. Investigations of predicted plasmids carried by CH and FP isolates. (a) Comparison of reference plasmids pCPF4969 and pCPF5603 
with annotated features. CDS, Coding sequence. (b) Genomic comparison of pCPF5603 reference plasmid and predicted cpe plasmids 
from three CH isolates. (c) Plasmid comparison between pCPF4969 plasmid and FP isolate predicted cpe plasmids. (d) cpe regions 
(Tn5565) extracted computationally from FP lineage I representative isolate genomes. (e) A computationally extracted 11 kbp region of 
NCTC 8239 that encodes Tn5565 (including cpe and flanking IS1470 elements) compared to the predicted cpe region from PH004.
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elements including plasmids, genomic islands and prophages 
could potentially contribute to virulence, given the plasticity 
of the genome. To explore this in more detail, we further 
analysed the accessory genome, comparing different subsets 
of C. perfringens isolates. We first identified subset- specific 
genes using a bacterial genome- wide association study 
(GWAS) approach, with these genes further annotated and 
categorized under COG classes into three comparison groups: 
(1) CH versus FP; (2) FP outbreaks; (3) FP lineage I, FP 
lineage II–VII and CH- FP plasmid- CPE isolates (Fig. S3a–d).

Phosphotransferase system (PTS)- related genes (n=4) were 
encoded exclusively in CH isolates (present in 26/35 CH 
isolates; Fig. S3a, Table S11). These genes may contribute to 
the isolates’ fitness to utilize complex carbohydrates (COG 
category G) in competitive niches, like the gastrointestinal 
tract [62]. Heat- shock protein (Hsp70) DnaK co- chaperone 
was annotated in the FP- specific accessory genome (present 
in 57/74 FP isolates), which may be involved in capsule and 
pili formation that may facilitate host colonization [63–65].

Accessory genes specific to FP outbreaks were variable (Fig. 
S3b, c, Table S12), but three annotated functional classes were 
conserved, L (replication, recombination and repair), M (cell 
wall/membrane/envelope biogenesis) and V (defence mecha-
nisms). Prominent genes detected in all isolates included 
phage- related proteins (n=49) (L, M and S), glycosyltrans-
ferases (n=37) (M), restriction modification systems (n=16) 
(V), transposases (n=9) (L) and integrases (n=8) (L).

Correspondingly, less group- specific accessory genes of FP 
lineage I isolates were compared with isolates in lineages 
II–VII (Fig. S3c, Table S13). Notably, multidrug transporter 
‘small multidrug resistance’ genes were exclusively detected 
in FP lineage I isolates, whereas ABC transporters were more 
commonly encoded in plasmid- carrying isolates. The Mate 
efflux family protein gene was detected exclusively in lineage 
II–VII isolates.

Prophage detection in C. perfringens
Phages are important drivers of bacterial evolution and 
adaptation, and the presence of prophage within bacterial 
genomes is often associated with enhanced survival and viru-
lence, e.g. sporulation capacity and toxin secretion [66–68]. 
We identified a total of 7 prophages in all 109 C. perfringens 
isolates (Fig. S4a, b). Further exploration of the virulence 
and survival- enhancing genes (Fig. S4c) encoded in these 
predicted prophage- encoding regions revealed the presence of 
virulence- related enzyme sialidase NanH (promotes coloniza-
tion), putative enterotoxin EntB, various ABC transporters 
(linked to multidrug resistance) and toxin- linked phage lysis 
holin (with a probable link to toxin secretion) [69–72]. No 
differences in the number of prophages carried were detected 
between CH and FP isolates (Fig. S4d, e).

DISCuSSIon
C. perfringens is often associated with self- limiting or longer- 
term gastroenteritis; however, our knowledge of the genomic 

components that may link to disease symptoms or epidemio-
logical comparisons between outbreaks are limited. In this 
study, WGS data and in- depth genomic analysis on a repre-
sentative subset of 109 gastrointestinal outbreak- associated 
C. perfringens isolates revealed potential phylogenetic clusters 
linked to plasmid carriage, and specific virulence determi-
nants, which were strongly associated with outbreak isolates.

In the context of disease control, it is important to gain 
detailed genomic information to predict transmission modes 
for pathogens. Our analysis of CH isolates indicated a specific 
persistent clone may have been responsible for up to nine 
individual gastrointestinal outbreaks in North- East England 
over the 2013–2017 period. A previous study indicated the 
presence of persistent identical C. perfringens genotypes 
within CH settings, with several individuals harbouring 
identical strains throughout a 9- month sampling period; 
however, none of these isolates were positive for the cpe gene 
[73]. Furthermore, although CH isolates were defined as ‘non- 
foodborne’ according to local epidemiological investigations, 
as no food samples were identified as C. perfringens- positive, 
these outbreaks may have resulted from contaminated food 
products not sampled. Indeed, a recent investigation into 
fresh meat products (>200 samples) demonstrated significant 
contamination (beef, ~30 %; poultry and pork, both ~26 %), 
with 90 % of strains cpe-positive, suggesting food chain(s) or 
farmed animals as potential reservoirs of enterotoxigenic C. 
perfringens [57, 74]. Furthermore, 18 % prevalence of cpe- 
positive C. perfringens strains had previously been reported 
in food handlers’ faeces (confirmed via PCR), denoting a 
potential role of the human reservoir.

A total of 4 out of 109 outbreak- associated strains were 
cpe-negative, suggesting secondary virulence genes (e.g. pfo 
and cpb2) may be associated with C. perfringens- associated 
gastroenteritis. A recent WGS- based study on C. perfringens 
FP outbreaks in France determined that ~30 % of isolates were 
cpe- negative (13/42) [24], indicating this gene may not be the 
sole virulence determinant linked to C. perfringens gastro-
enteritis. Although we observed fewer cpe- negative strains, 
this may be due to our targeted cpe- positive isolation strategy 
(standard practice at PHE). Thus, to determine the impor-
tance and diversity of cpe- negative strains in FP outbreaks will 
require untargeted isolation schemes in the future.

Typical C. perfringens-  associated FP was previously thought 
to be primarily caused by chromosomal- cpe strains. This is 
linked to their phenotypic capacity to withstand high temper-
atures (via production of a protective small acid soluble 
protein) and high salt concentrations during the cooking 
process, in addition to the shorter generation time, when 
compared to plasmid- cpe carrying strains [55, 75]. Previous 
studies have indicated that these strains commonly assemble 
into distinct clusters that lack the pfo gene, which we also 
noted in the FP lineage I data from this study [24, 76, 77]. 
Plasmid- borne cpe- carrying strains (pCPF4969 or pCPF5603) 
have also been associated with previous FP outbreaks, with 
a previous study indicating that pCPF5603- carrying strains 
were associated with FP in Japanese nursing homes (7/9 
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isolates) [58]. However, plasmid- cpe outbreaks appear to be 
a relatively uncommon occurrence; thus, it is surprising that 
most outbreak- isolated strains in this study (81.7 %; 89/109) 
carried a cpe plasmid [49, 54]. Notably, plasmid- cpe strains 
can cause diverse symptoms, including short- lived FP and 
long- lasting non- foodborne diarrhoea, which suggests a 
role for additional factors in the disease pathogenesis. The 
gut microbiome is expected to be an important host factor, 
and previous studies have reported that CH residents have a 
less diverse and robust microbiota when compared to those 
residing in their own homes (including individuals colonized 
with C. perfringens), which may correlate with impaired ‘colo-
nization resistance’ [51, 73, 78].

Chromosomal cpe is reported to be encoded on a transposon- 
like element, Tn5565 (6.3 kb, with flanking copies of IS1470), 
which can form an independent and stable circular form in 
culture extracts (losing both copies of IS1470) [59, 61]. This 
transposition element TN5565 was commonly thought to be 
integrated into the chromosome at a specific site as a unit in 
chromosomal- cpe strains. Our computational analysis failed 
to detect any cpe, IS1469 (cpe-specific) and IS1470 (Tn5565- 
specific) in the high- sequencing- coverage PH029 genome 
(317× sequencing depth/coverage), indicating Tn5565 can 
be lost, which is supported by an inability to detect cpe in the 
raw sequencing reads. However, IS1470 may not have been 
correctly assembled during the genome assembly process due 
to the repetitive nature of those sequences (a known caveat of 
short- read sequencing).

As WGS provides enhanced resolution to identify outbreak- 
specific clonal strains, our study highlights the importance of 
implementing WGS for C. perfringens profiling in reference 
laboratories, in place of the conventional fAFLP [76, 79, 80]. 
Routine C. perfringens surveillance of the CH environment 
and staff could prove critical for vulnerable populations, as 
outbreaks could rapidly spread, and this approach could 
potentially pinpoint the sources of contamination and eventu-
ally eliminate persistent cpe strains in the environment [73].

Our data highlight the genotypic and epidemiology related-
ness of 109 C. perfringens strains isolated from FP cases from 
across England and Wales, and indicate the potential circula-
tion of disease-  associated strains, and the impact of plasmid- -
associated- cpe dissemination, linked to outbreak cases. This 
study suggests that further WGS phylogenetic and surveil-
lance studies of diversely sourced C. perfringens isolates are 
required for us to expand our knowledge of clonal dissemina-
tion and potential regional reservoirs of FP- associated strains, 
so that efficient intervention or prevention measures can be 
devised, particularly in vulnerable communities, including 
older adults residing in CHs.

Funding information
L. J. H. is supported by a Wellcome Trust Investigator Award 
(100974/C/13/Z); and the Biotechnology and Biological Sciences 
Research Council (BBSRC), Institute Strategic Programme Gut 
Microbes and Health BB/R012490/1, and its constituent projects 
BBS/E/F/000PR10353 and BBS/E/F/000PR10356, and the Institute 
Strategic Programme Gut Health and Food Safety BB/J004529/1. 

A. E. M. is a Food Standards Agency Fellow and is supported by the 
BBSRC Institute Strategic Programme Microbes in the Food Chain, 
BB/R012504/1, and its constituent projects BBS/E/F/000PR10348 
(Theme 1, Epidemiology and Evolution of Pathogens in the Food Chain) 
and BBS/E/F/000PR10351 (Theme 3, Microbial Communities in the 
Food Chain).

Acknowledgements
This research was supported in part by the Norwich Bioscience Insti-
tutes Computing infrastructure for Science (CiS) group through the 
provision of a high- performance computing (HPC) cluster. We thank 
A. Page (Quadram Institute Bioscience, UK) for the helpful discussion 
on computational analysis. We also thank the sequencing team at the 
Wellcome Trust Sanger Institute for sequencing support.

Author contributions
Conceptualization, R. K., C. A. and L. J. H.; methodology, R. K., C. A. and 
S. C.; software, R. K. and S. C.; validation, L. J. H., A. E. M., C. A. and R. 
K.; formal analysis, R. K.; investigation, R. K., D. P. and C. A.; resources, 
C. A., C. S., A. P., G. D. and A. E. M.; data curation, R. K., C. A. and A. P.; 
writing – original draft preparation, R. K., A. E. M., C. A. and L. J. H.; 
writing – review and editing, R. K., A. E. M., C. A. and L. J. H.; visualization, 
R. K.; supervision, L. J. H.; project administration, R. K., C. A. and L. J. H.; 
funding, C. A. and L. J. H.

Conflicts of interest
The authors declare that there are no conflicts of interest.

Ethical statement
This article does not contain any studies with human or animal subjects/
material. No individual patient consent was required or sought as PHE 
has authority to handle patient data for public- health monitoring and 
infection control under section 251 of the UK National Health Service 
Act of 2006 (previously section 60 of the Health and Social Care Act of 
2001).

Data bibliography
1. Kiu R. European Nucleotide Archive, accession no. PRJEB25764 
(2019).

2. NCTC 3000 project, European Nucleotide Archive, accession no. 
SAMEA4063013 (2018).

3. Kiu R. European Nucleotide Archive, accession no. GCA_902459515 
(2019).

4. Jia B, Raphenya AR, Alcock B, Waglechner N, Guo P, Tsang KK, Lago 
BA, Dave BM, Pereira S, Sharma AN, et al. CARD: Comprehensive Antibi-
otic Resistance database, v2.0.0 February 2018 release (2018).

5. The accession numbers of 35 Clostridium genomes used for genome 
annotation in this study are provided in Table S3.

6. The accession numbers of C. perfringens- associated toxin genes, 
plasmid- specific conjugative loci and insertion sequences used in this 
study are provided in Table S4.

References
 1.  Awad MM, Ellemor DM, Boyd RL, Emmins JJ, Rood JI. Synergistic 

effects of alpha- toxin and perfringolysin O in Clostridium perfringens- 
mediated gas gangrene. Infect Immun 2001;69:7904–7910.

 2.  Kiu R, Hall LJ. An update on the human and animal enteric path-
ogen Clostridium perfringens. Emerg Microbes Infect 2018;7:1–15.

 3.  Kiu R, Caim S, Alexander S, Pachori P, Hall LJ. Probing genomic 
aspects of the multi- host pathogen Clostridium perfringens reveals 
significant pangenome diversity, and a diverse array of virulence 
factors. Front Microbiol 2017;8:2485.

 4.  Revitt- Mills SA, Rood JI, Adams V. Clostridium perfringens extra-
cellular toxins and enzymes: 20 and counting. Microbiol Aust 
2015:114–117.

 5.  Kim YJ, Kim SH, Ahn J, Cho S, Kim D et al. Prevalence of Clostridium 
perfringens toxin in patients suspected of having antibiotic- 
associated diarrhea. Anaerobe 2017;48:34–36.

 6.  Sim K, Shaw AG, Randell P, Cox MJ, McClure ZE et al. Dysbiosis 
Anticipating necrotizing enterocolitis in very premature infants. 
Clin Infect Dis 2015;60:389–397.



12

Kiu et al., Microbial Genomics 2019;5

 7.  Hobbs BC, Smith ME, Oakley CL, Warrack GH, Cruickshank JC. 
Clostridium welchii food poisoning. J Hyg 1953;51:75–101.

 8.  DuPont HL. Clinical practice. bacterial diarrhea. N Engl J Med 
2009;361:1560–1569.

 9.  O'Brien SJ, Larose TL, Adak GK, Evans MR, Tam CC et al. Model-
ling study to estimate the health burden of foodborne diseases: 
cases, general practice consultations and hospitalisations in the 
UK, 2009. BMJ Open 2016;6:e011119.

 10.  Dolan GP, Foster K, Lawler J, Amar C, Swift C et  al. An epide-
miological review of gastrointestinal outbreaks associated with 
Clostridium perfringens, North East of England, 2012-2014. Epide-
miol Infect 2016;144:1386–1393.

 11.  Adak GK, Long SM, O'Brien SJ. Trends in Indigenous foodborne 
disease and deaths, England and Wales: 1992 to 2000. Gut 
2002;51:832–841.

 12.  Tam CC, Rodrigues LC, Viviani L, Dodds JP, Evans MR et al. Longi-
tudinal study of infectious intestinal disease in the UK (IID2 study): 
incidence in the community and presenting to general practice. Gut 
2012;61:69–77.

 13.  Borriello SP, Welch AR, Larson HE, Barclay F, Stringer MF et al. 
Enterotoxigenic Clostridium perfringens: a possible cause of 
antibiotic- associated diarrhoea. The Lancet 1984;323:305–307.

 14.  Larson HE, Borriello SP. Infectious diarrhea due to Clostridium 
perfringens. J Infect Dis 1988;157:390–391.

 15.  Food Standards Agency. Foodborne Disease Strategy 2010-15. 
London: Food Standards Agency; 2011.

 16.  Food Standards Agency. Report of the study of infectious intestinal 
disease in England. Commun Dis Rep CDR Wkly 2000;10:457.

 17.  Rood JI, Adams V, Lacey J, Lyras D, McClane BA et al. Expansion of 
the Clostridium perfringens toxin- based typing scheme. Anaerobe 
2018;53:5–10.

 18.  Fernández Miyakawa ME, Pistone Creydt V, Uzal FA, McClane BA, 
Ibarra C. Clostridium perfringens enterotoxin damages the human 
intestine in vitro. Infect Immun 2005;73:8407–8410.

 19.  Shinoda T, Shinya N, Ito K, Ohsawa N, Terada T et al. Structural 
basis for disruption of claudin assembly in tight junctions by an 
enterotoxin. Sci Rep 2016;6:33632.

 20.  Ronco T, Stegger M, Ng KL, Lilje B, Lyhs U et al. Genome analysis of 
Clostridium perfringens isolates from healthy and necrotic enteritis 
infected chickens and turkeys. BMC Res Notes 2017;10:270.

 21.  Gaucher M- L, Perron GG, Arsenault J, Letellier A, Boulianne M 
et al. Recurring necrotic enteritis outbreaks in commercial broiler 
chicken flocks strongly influence toxin gene carriage and species 
richness in the resident Clostridium perfringens population. Front 
Microbiol 2017;8:881.

 22.  Verherstraeten S, Goossens E, Valgaeren B, Pardon B, Timber-
mont L et  al. The synergistic necrohemorrhagic action of 
Clostridium perfringens perfringolysin and alpha toxin in the 
bovine intestine and against bovine endothelial cells. Vet Res 
2013;44:45.

 23.  Lacey JA, Allnutt TR, Vezina B, Van TTH, Stent T et  al. Whole 
genome analysis reveals the diversity and evolutionary relation-
ships between necrotic enteritis- causing strains of Clostridium 
perfringens. BMC Genomics 2018;19:379.

 24.  Mahamat Abdelrahim A, Radomski N, Delannoy S, Djellal S, Le 
Négrate M et al. Large- Scale Genomic Analyses and Toxinotyping 
of Clostridium perfringens Implicated in Foodborne Outbreaks in 
France. Front Microbiol 2019;10:777.

 25.  Amar CFL, East CL, Grant KA, Gray J, Iturriza- Gomara M et  al. 
Detection of viral, bacterial, and parasitological RNA or DNA of 
nine intestinal pathogens in fecal samples archived as part of 
the English infectious intestinal disease study: assessment of the 
stability of target nucleic acid. Diagn Mol Pathol 2005;14:90–96.

 26.  Roussel S, Félix B, Grant K, Dao TT, Brisabois A et al. Fluorescence 
amplified fragment length polymorphism compared to pulsed field 
gel electrophoresis for Listeria monocytogenes subtyping. BMC 
Microbiol 2013;13:14.

 27.  Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M et  al. 
SPAdes: a new genome assembly algorithm and its applications to 
single- cell sequencing. J Comput Biol 2012;19:455–477.

 28.  Page AJ, De Silva N, Hunt M, Quail MA, Parkhill J et al. Robust high- 
throughput prokaryote de novo assembly and improvement pipe-
line for Illumina data. Microb Genom 2016;2:e000083.

 29.  Seemann T. Prokka: rapid prokaryotic genome annotation. Bioin-
formatics 2014;30:2068–2069.

 30.  Davis MPA, van Dongen S, Abreu- Goodger C, Bartonicek N, 
Enright AJ. Kraken: a set of tools for quality control and analysis of 
high- throughput sequence data. Methods 2013;63:41–49.

 31.  Pritchard L, Glover RH, Humphris S, Elphinstone JG, Toth IK. 
Genomics and taxonomy in diagnostics for food security: soft- rotting 
enterobacterial plant pathogens. Anal Methods 2016;8:12–24.

 32.  Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH et al. Canu: 
scalable and accurate long- read assembly via adaptive k- mer 
weighting and repeat separation. Genome Res 2017;27:722–736.

 33.  Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S et  al. Roary: 
rapid large- scale prokaryote pan genome analysis. Bioinformatics 
2015;31:3691–3693.

 34.  Katoh K, Standley DM. MAFFT multiple sequence alignment soft-
ware version 7: improvements in performance and usability. Mol 
Biol Evol 2013;30:772–780.

 35.  Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T et al. SNP- 
sites: rapid efficient extraction of SNPs from multi- FASTA align-
ments. Microb Genom 2016;2:e000056.

 36.  Price MN, Dehal PS, Arkin AP. FastTree 2--approximately 
maximum- likelihood trees for large alignments. PLoS One 
2010;5:e9490.

 37.  Letunic I, Bork P. Interactive tree of life (iTOL) V3: an online tool for 
the display and annotation of phylogenetic and other trees. Nucleic 
Acids Res 2016;44:W242–W245.

 38.  Seemann T, Klotzl F, Page AJ. snp- dists. 0.2 ed2018. Convert a 
FASTA alignment to SNP distance matrix; 2018.

 39.  Tonkin- Hill G, Lees JA, Bentley SD, Frost SDW, Corander J. Rhier-
BAPS: an R implementation of the population clustering algorithm 
hierBAPS. Wellcome Open Res 2018;3:93.

 40.  Jia B, Raphenya AR, Alcock B, Waglechner N, Guo P et al. Card 2017: 
expansion and model- centric curation of the comprehensive anti-
biotic resistance database. Nucleic Acids Res 2017;45:D566–D573.

 41.  Seemann T. ABRicate. 0.5 ed2018. Mass screening of contigs for 
antimicrobial resistance or virulence genes; 2018.

 42.  Hunt M, Mather AE, Sánchez- Busó L, Page AJ, Parkhill J et  al. 
ARIBA: rapid antimicrobial resistance genotyping directly from 
sequencing reads. Microb Genom 2017;3:e000131.

 43.  Roosaare M, Puustusmaa M, Möls M, Vaher M, Remm M. Plasmid-
Seeker: identification of known plasmids from bacterial whole 
genome sequencing reads. PeerJ 2018;6:e4588.

 44.  Brynildsrud O, Bohlin J, Scheffer L, Eldholm V. Rapid scoring of 
genes in microbial pan- genome- wide association studies with 
Scoary. Genome Biol 2016;17:238.

 45.  Huerta- Cepas J, Forslund K, Coelho LP, Szklarczyk D, Jensen LJ 
et al. Fast genome- wide functional annotation through orthology 
assignment by eggNOG- mapper. Mol Biol Evol 2017;34:2115–2122.

 46.  Arndt D, Marcu A, Liang Y, Wishart DS. PHAST, PHASTER and 
PHASTEST: tools for finding prophage in bacterial genomes. Brief 
Bioinform 2017;4:bbx121.

 47.  Rutherford K, Parkhill J, Crook J, Horsnell T, Rice P et  al. 
Artemis: sequence visualization and annotation. Bioinformatics 
2000;16:944–945.

 48.  Sullivan MJ, Petty NK, Beatson SA. Easyfig: a genome comparison 
visualizer. Bioinformatics 2011;27:1009–1010.

 49.  Lahti P, Heikinheimo A, Johansson T, Korkeala H. Clostridium 
perfringens type A strains carrying a plasmid- borne enterotoxin 
gene (genotype IS1151- cpe or IS1470- like- cpe) as a common 
cause of food poisoning. J Clin Microbiol 2008;46:371–373.



13

Kiu et al., Microbial Genomics 2019;5

Five reasons to publish your next article with a microbiology Society journal
1.  The Microbiology Society is a not-for-profit organization.
2.  We offer fast and rigorous peer review – average time to first decision is 4–6 weeks.
3.   Our journals have a global readership with subscriptions held in research institutions around  

the world.
4.  80% of our authors rate our submission process as ‘excellent’ or ‘very good’.
5.  Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.

 50.  Theoret JR, Li J, Navarro MA, Garcia JP, Uzal FA et al. Native or 
proteolytically activated NanI sialidase enhances the binding and 
cytotoxic activity of Clostridium perfringens enterotoxin and beta 
toxin. Infect Immun 2018;86:e00730-17.

 51.  Larcombe S, Hutton ML, Lyras D. Involvement of bacteria other 
than Clostridium difficile in antibiotic- associated diarrhoea. Trends 
Microbiol 2016;24:463–476.

 52.  Fisher DJ, Miyamoto K, Harrison B, Akimoto S, Sarker MR et al. 
Association of beta2 toxin production with Clostridium perfringens 
type A human gastrointestinal disease isolates carrying a plasmid 
enterotoxin gene. Mol Microbiol 2005;56:747–762.

 53.  Sparks SG, Carman RJ, Sarker MR, McClane BA. Genotyping of 
enterotoxigenic Clostridium perfringens fecal isolates associated 
with antibiotic- associated diarrhea and food poisoning in North 
America. J Clin Microbiol 2001;39:883–888.

 54.  Tanaka D, Isobe J, Hosorogi S, Kimata K, Shimizu M et  al. An 
outbreak of food- borne gastroenteritis caused by Clostridium 
perfringens carrying the cpe gene on a plasmid. Jpn J Infect Dis 
2003;56:137–139.

 55.  Li J, McClane BA. Further comparison of temperature effects on 
growth and survival of Clostridium perfringens type A isolates 
carrying a chromosomal or plasmid- borne enterotoxin gene. Appl 
Environ Microbiol 2006;72:4561–4568.

 56.  Collie RE, McClane BA. Evidence that the enterotoxin gene can 
be episomal in Clostridium perfringens isolates associated with 
non- food- borne human gastrointestinal diseases. J Clin Microbiol 
1998;36:30–36.

 57.  Lindström M, Heikinheimo A, Lahti P, Korkeala H. Novel insights 
into the epidemiology of Clostridium perfringens type A food 
poisoning. Food Microbiol 2011;28:192–198.

 58.  Tanaka D, Kimata K, Shimizu M, Isobe J, Watahiki M et al. Geno-
typing of Clostridium perfringens isolates collected from food 
poisoning outbreaks and healthy individuals in Japan based on the 
cpe locus. Jpn J Infect Dis 2007;60:68–69.

 59.  Cornillot E, Saint- Joanis B, Daube G, Katayama S, Granum PE et al. 
The enterotoxin gene (cpe) of Clostridium perfringens can be chro-
mosomal or plasmid- borne. Mol Microbiol 1995;15:639–647.

 60.  Miyamoto K, Fisher DJ, Li J, Sayeed S, Akimoto S et al. Complete 
sequencing and diversity analysis of the enterotoxin- encoding 
plasmids in Clostridium perfringens type A non- food- borne human 
gastrointestinal disease isolates. J Bacteriol 2006;188:1585–1598.

 61.  Brynestad S, Sarker MR, McClane BA, Granum PE, Rood JI. Entero-
toxin plasmid from Clostridium perfringens is conjugative. Infect 
Immun 2001;69:3483–3487.

 62.  Gera K, Le T, Jamin R, Eichenbaum Z, McIver KS. The phosphoe-
nolpyruvate phosphotransferase system in group A Streptococcus 
acts to reduce streptolysin S activity and lesion severity during soft 
tissue infection. Infect Immun 2014;82:1192–1204.

 63.  Genevaux P, Wawrzynow A, Zylicz M, Georgopoulos C, Kelley WL. 
DjlA is a third DnaK co- chaperone of Escherichia coli, and DjlA- 
mediated induction of colanic acid capsule requires DjlA- DnaK 
interaction. J Biol Chem 2001;276:7906–7912.

 64.  Barocchi MA, Ries J, Zogaj X, Hemsley C, Albiger B et al. A pneu-
mococcal pilus influences virulence and host inflammatory 
responses. Proc Natl Acad Sci U S A 2006;103:2857–2862.

 65.  Arita- Morioka K- ichi, Yamanaka K, Mizunoe Y, Ogura T, Sugi-
moto S. Novel strategy for biofilm inhibition by using small mole-
cules targeting molecular chaperone DnaK. Antimicrob Agents 
Chemother 2015;59:633–641.

 66.  Boyd EF. Bacteriophage- encoded bacterial virulence factors 
and phage- pathogenicity island interactions. Adv Virus Res 
2012;82:91–118.

 67.  Kinney DM, Bramucci MG. Analysis of Bacillus subtilis sporula-
tion with spore- converting bacteriophage PMB12. J Bacteriol 
1981;145:1281–1285.

 68.  Fortier L- C, Sekulovic O. Importance of prophages to evolution and 
virulence of bacterial pathogens. Virulence 2013;4:354–365.

 69.  Li J, McClane BA. Contributions of NanI sialidase to Caco-2 cell 
adherence by Clostridium perfringens type A and C strains causing 
human intestinal disease. Infect Immun 2014;82:4620–4630.

 70.  Shimizu T, Ohtani K, Hirakawa H, Ohshima K, Yamashita A et al. 
Complete genome sequence of Clostridium perfringens, an anaer-
obic flesh- eater. Proc Natl Acad Sci U S A 2002;99:996–1001.

 71.  Andersen JL, He G- X, Kakarla P, K C R, Kumar S et al. Multidrug 
efflux pumps from Enterobacteriaceae, Vibrio cholerae and Staphy-
lococcus aureus bacterial food pathogens. Int J Environ Res Public 
Health 2015;12:1487–1547.

 72.  Govind R, Dupuy B. Secretion of Clostridium difficile toxins 
A and B requires the holin- like protein TcdE. PLoS Pathog 
2012;8:e1002727.

 73.  Lakshminarayanan B, Harris HMB, Coakley M, O'Sullivan O, 
Stanton C et  al. Prevalence and characterization of Clostridium 
perfringens from the faecal microbiota of elderly Irish subjects. J 
Med Microbiol 2013;62:457–466.

 74.  Hu W- S, Kim H, Koo OK. Molecular genotyping, biofilm formation 
and antibiotic resistance of enterotoxigenic Clostridium perfringens 
isolated from meat supplied to school cafeterias in South Korea. 
Anaerobe 2018;52:115–121.

 75.  Li J, McClane BA. A novel small acid soluble protein variant is 
important for spore resistance of most Clostridium perfringens 
food poisoning isolates. PLoS Pathog 2008;4:e1000056.

 76.  Ashton PM, Nair S, Peters TM, Bale JA, Powell DG et  al. Identi-
fication of Salmonella for public health surveillance using whole 
genome sequencing. PeerJ 2016;4:e1752.

 77.  Deguchi A, Miyamoto K, Kuwahara T, Miki Y, Kaneko I et al. Genetic 
characterization of type A enterotoxigenic Clostridium perfringens 
strains. PLoS One 2009;4:e5598.

 78.  Claesson MJ, Jeffery IB, Conde S, Power SE, O'Connor EM et al. 
Gut microbiota composition correlates with diet and health in the 
elderly. Nature 2012;488:178–184.

 79.  Schmid D, Allerberger F, Huhulescu S, Pietzka A, Amar C et  al. 
Whole genome sequencing as a tool to investigate a cluster of 
seven cases of listeriosis in Austria and Germany, 2011-2013. Clin 
Microbiol Infect 2014;20:431–436.

 80.  Keto- Timonen R, Heikinheimo A, Eerola E, Korkeala H. Identifica-
tion of Clostridium species and DNA fingerprinting of Clostridium 
perfringens by amplified fragment length polymorphism analysis. 
J Clin Microbiol 2006;44:4057–4065.


	Phylogenomic analysis of gastroenteritis-associated Clostridium perfringens in England and Wales over a 7-year period indicates distribution of clonal toxigenic strains in multiple outbreaks and extensive involvement of enterotoxin-encoding (CPE) pla
	Abstract
	Data Summary
	Introduction
	Methods
	Bacterial isolates, genotypic identification and genomic DNA extraction
	WGS, assembly and annotation
	Reconstruction of reference genome NCTC 8239
	Pangenome and phylogenetic analyses
	Profiling virulence and plasmid-related sequences
	In silico plasmid analysis
	Bacterial genome-wide association study (GWAS) analysis and functional annotation
	Identification of prophages

	Results
	Phylogenetic analysis of gastroenteritis-associated C. perfringens
	Virulence gene content diversity among C. perfringens strains
	Plasmid prediction and carriage investigation
	A distinct phylogenetic lineage of chromosomal-cpe C. perfringens strains
	Virulence potentials in the accessory genome
	Prophage detection in C. perfringens

	Discussion
	References


