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Sam Nooij*, Quinten Raymond Ducarmon®, Faezeh Farhoosh'?, Marco Kreuzer®¢, Rémy Bruggmann?, Pamela Nicholson®,
Evy Goosens’, Wiep Klaas Smits*® and Horst Posthaus'*

Abstract

The anaerobic bacterium Clostridium perfringens is commonly found in the intestinal tract of humans and animals. However,
there are marked differences in virulence between isolates and toxinotypes, which largely depend on various virulence
factors produced by these strains. Studying C. perfringens genomes has been limited by fragmented assemblies from
short-read sequencing and incomplete clinical metadata. Here, we present a high-quality collection of 236 isolates from
animal hosts that underwent detailed pathomorphological examination. From 220 of them, genomes were generated by
PacBio long-read sequencing, enabling comprehensive, structural level analysis of their virulome, plasmids, conjugative
elements and biosynthetic gene clusters (BGCs). One hundred forty isolates were collected from animals with signs of C.
perfringens-associated enteric disease, 32 from animals with no signs of C. perfringens-associated disease and 64 from
healthy animals. An additional 383 publicly available C. perfringens complete or draft genomes were included for compara-
tive analyses. We discovered 2 previously undescribed pore-forming toxin (PFT) homologues and 11 novel haemolysin and
aerolysin-type PFT variants. Both findings expand the known spectrum of the C. perfringens virulome. Moreover, we defined
two novel putative plasmid conjugative loci in a collection of 888 here assembled and circularized plasmids. They may
facilitate HGT, supporting the dissemination of virulence and metabolic traits. We predicted 414 BGCs that were frequently
toxinotype specific and encoded centrally for a bacteriocin that could help their carriers to outcompete other bacteria in
shared environments. Furthermore, comparative analysis of C. perfringens plasmids revealed three distinct clusters based
on their conjugation system. Altogether, these findings significantly expand the landscape of animal-associated C. perfrin-
gens through high-quality genome data and highlight novel virulence-associated features that provide a foundation for
future studies of this important pathogen.
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Impact Statement

Clostridium perfringens is a common gut bacterium in both humans and animals and is regularly isolated from healthy indi-
viduals. Nevertheless, some strains are more frequently associated with severe diseases and seem to be more virulent than
others. Understanding why certain C. perfringens strains are highly pathogenic is challenging, in part because existing genome
data is often fragmented and lacks detailed clinical context. In this study, we generated a high-quality genomic dataset of 236 C.
perfringens isolates, many of which derived from animals that died from a confirmed C. perfringens-associated enteric disease.
Long-read DNA sequencing provided mostly complete C. perfringens genomes, which enabled us to perform genomic investi-
gations of C. perfringens on an unprecedented level. We discovered 2 previously unknown pore-forming toxin (PFT) genes and
11 variants of known PFTs. Both may directly contribute to disease. Additionally, we assembled 888 complete plasmids and
identified 2 previously unrecognized DNA regions that might facilitate the spread of disease-related genes between bacteria.
Lastly, we found over 400 gene clusters that may produce compounds allowing for bacteria to compete with other gut bacteria
and eventually cause disease. These findings deepen our understanding of C. perfringens virulence and plasmid biology and
provide a valuable resource for future in-depth studying of this important pathogen.

DATA SUMMARY

The authors confirm that all supporting data, code and protocols have been provided within the article or through supplementary
data files.

The whole-genome shotgun project has been deposited at GenBank (BioProject PRINA1294857) and OpenGenomeBrowser
(https://pftclostridia.bioinformatics.unibe.ch) [1]. The BioSample IDs of all generated and used publicly available genomes
are provided in Table S1 (available in the online Supplementary Material). Supporting data was summarized in additional
supplementary tables. All generated and used commands and codes are shared via GitHub (https://github.com/HalfMoon168/
perfringensmigenomics).

INTRODUCTION

Clostridium perfringens is a Gram-positive, spore-forming, obligate anaerobic bacterium with limited aerotolerance, belonging
to the phylum Bacillota (formerly Firmicutes). It is well known to cause diverse diseases in animals and humans including wound
infections, gas gangrene, septicaemia, enterotoxaemia, gastroenteritis or food poisoning. In particular, enteric diseases cause
significant problems in animal husbandry worldwide as many species are affected by this pathogen [2].

Understanding and diagnosing C. perfringens infections is complicated due to its large strain diversity. C. perfringens is a natural
gut commensal and widely present in the environment [3-6]. C. perfringens harbours a plethora of virulence factors, encompassing
exotoxins, enzymes and adhesins, of which several have been identified as contributors to disease [7, 8].

C. perfringens is classified into toxinotypes A-G based on the presence of six typing toxins: alpha-toxin, beta-toxin (CPB),
epsilon-toxin (ETX), iota-toxin (ITX), enterotoxin (CPE) and necrotizing enteritis toxin B (NetB), with alpha toxin (a
phospholipase) being present in all toxinotypes [9]. Certain diseases are linked to specific toxinotypes, and their typing toxins,
e.g. CPB (type C strains), are important in animal and human necrotic enteritis (NE) [7], ETX (type D strains) in ruminant
enterotoxaemia [10], CPE (type F strains) in human food poisoning [11] and NetB (type G strains) in chicken NE [8]. Type
A strains, producing alpha toxin as sole typing toxin, account for most enteric C. perfringens isolates. They, however, remain a
heterogenous group of strains, impeding an unambiguous discrimination of strains that are associated with particular disease
entities. Besides the differential expression of typing toxins mentioned above, C. perfringens differs in their capabilities of
producing the 31 non-typing toxins identified to date, as well as other factors such as additional enzymes and adhesins that
could potentially contribute to their pathogenicity. However, a distinct correlation of particular virulence factors to some
animal diseases, such as haemorrhagic and necrotizing enteritis in calves and other species, is still lacking [12].

On a genomic level, C. perfringens possesses a small core genome, ensuring high plasticity and adaptation capabilities [5]. Previ-
ously, C. perfringens was categorized into four to eight clades, depending on phylogenetic comparison strategy and number of
available strains [3, 4, 6, 13]. Genes promoting C. perfringens virulence were found to be enriched in some clades and depleted
in others [3, 5, 13]. However, a distinct clade assignment cannot serve as a diagnostic criterium.

The recent discovery of novel virulence factor homologues suggests that our understanding of C. perfringens virulence is incom-
plete [6, 14, 15]. Therefore, additional, yet-undiscovered factors are potentially still to be discovered. In addition, variants of
individual toxins might impact biological function, but a comprehensive sequence-based analysis for most of them is lacking so
far in C. perfringens [16].
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Toxin genes are mostly located on plasmids, which additionally harbour genes leading to antimicrobial resistance (AMR) [4].
C. perfringens strains carry up to ten plasmids, some of which can be transferred via conjugation enabling horizontal gene
transfer (HGT) and boosting pathogenicity [17]. C. perfringens plasmids can be classified into four groups, based on size
or conjugation capability [4, 18, 19]: (1) small plasmids (<10 kb); (2) non-conjugative pIP404 (encoding a bacteriocin gen)
and phage-like plasmids (encoding phage derived genes); (3) large conjugative plasmids carrying one of the three known
conjugation loci Tep, Pcp or Bep; and (4) unclassified plasmids not fitting into any of these categories.

Another important aspect of C. perfringens pathogenicity is its rapid growth under favourable conditions, which oftentimes
occur during rapid environmental changes such as sudden dietary changes, particularly in grazing animals [20]. This can
lead to increased virulence factor secretion and augmentation of pathogenicity [2]. Secondary metabolites (SMs), such
as siderophores or bacteriocins, which facilitate iron uptake or adversely influence competing bacteria [21, 22], can also
contribute to such rapid adaptations of bacteria in general. SMs are mainly encoded by biosynthetic gene clusters (BGCs).
BGCs also regulate microbial interactions [23]; however, they are still incompletely studied in C. perfringens [21].

Here, we aim to improve our understanding of toxin, plasmid and BGC diversity in animal-derived C. perfringens isolates. We
determined and analysed 236 high-quality whole-genome sequences including clinic-pathological metadata of C. perfringens
isolates from so far underrepresented diseases. We provide an extensive comparison of small beta pore-forming toxin (PFT)
variants and identify two putative novel toxin homologues and two novel plasmid-conjugation loci. In addition, we present
a systematic characterization of C. perfringens BGCs, revealing six overrepresented gene cluster families (GCFs) which are
associated with some toxinotypes.

METHODS
Biobank

Sequences of isolates were deposited at the NCBI under BioProject number PRJNA1294857. Before sequencing, bacteria
were stored in 10% glycerol stock solution at =80 °C, thawed and plated on 5% sheep blood agar plates and incubated
overnight at 37 °C under anaerobic conditions. Single colonies demonstrating characteristic biphasic zones of haemolysis
were subsequently sub-cultivated in 10 ml brain heart infusion broth (Sigma-Aldrich). High-molecular-weight DNA was
extracted using the phenol-chloroform extraction method described by Pitcher et al. [24], with adaptations.

Sequencing, genome assemblies and annotations

A detailed summary of the conducted sequencing can be found in File S1. Briefly, gDNA was assessed for quantity, quality
and purity using a Qubit 4.0 fluorometer (Qubit dsDNA Assay kit; Q32851, Thermo Fisher Scientific), an Advanced Analytical
FEMTO Pulse instrument (Genomic DNA 165 kb Kit; FP-1002-0275, Agilent) and a Denovix DS-11 UV-Vis spectropho-
tometer, respectively. SMRTbell libraries for 220 genomes were prepared using the PacBio SMRTbell prep kit 3.0, following
the manufacturer’s protocol with minor adaptations to the DNA shearing using a Covaris g-TUBE. A PacBio microbial
multiplexing workflow was used to pool, size select and control the quality of the libraries. Sequencing was performed on both
the Sequel IT and Revio platforms applying 15 and 24 h as adaptive and standard movie times, respectively. Circular consensus
sequences were generated on the instrument with subsequent demultiplexing using SMRT Link (v13) for sequencing on the
Sequel Ile/Revio exactly according to the PacBio guidelines. The remaining 16 genomes were prepared using a plexWell 96
Library Preparation Kit for Illumina Sequencing Platform. The library pool was sequenced 150 bp paired-end using a NovaSeq
6000 SP reagents (300 cycles) kit (Illumina, 20028400) on an Illumina NovaSeq 6000 instrument. All base call files were
demultiplexed and converted using Illumina bcl2fastq conversion software (v2.20). The long reads were de novo assembled
using SMRT Tools (v13.0.0.207600), Flye (v2.9.3-b1797) [25] and LJA (v0.2) [26], and a consensus assembly was created
manually to obtain the highest number of circularized contigs and to remove spurious contigs and contamination. The short
reads were de novo assembled using SPAdes (v3.14.0) [27]. The assemblies were annotated using the NCBI PGAP (2023-
10-03.build7061) [28]. Quality control was performed using BUSCO (v5.3.2; including database=clostridiales_odb10) [29].

Phylogenetic analysis

The pan- and core genome was determined using panaroo (v1.4.2) [30]. Genes shared by 95% of the isolates were
considered core genes. A maximum likelihood phylogenetic tree was inferred from the aligned core genome using
IQ-TREE (v2.0.3) including Modelfinder Plus and 1,000 ultrafast bootstrap iterations for branch support [31-33].
GTR+F+R2 was determined as the best-fitting evolutionary model. The resulting phylogenetic tree was annotated using
iTOL [34]. To determine the distribution of virulence factors, virulence factor releasing genes, sporulation initiators
and spore protection factors, we have created a customized protein data set (makeblastdb) (Table S3) for the use in the
TBLASTN option implemented in BLAST+ (v2.14.1) [35-37]. Minimum 80% identity and a difference in length of < 5%
compared to the query sequence were considered sufficient for presence. To discriminate similar sequences of NetB/E,
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perfringolysin O (PfoA) and alveolysin, the minimum identity threshold was set to 90%. Genes for AMR were predicted
using ABRicate (v1.0.1) with implemented CARD database (downloaded on 16 November 2022) (https://github.com/
tseemann/abricate) [38].

Toxin and toxin variant identification

To search for putative toxin and conjugation protein homologues, we built profile hidden Markov models implemented in
HMMER (v3.3.2, hmmer.org) [39]. Therefore, we used the AA sequences of seven proteins (CPB, ETX, CPE, TcpA, TcpF,
PcpD4 and PcpB4; Table S3) and created protein profiles using jackhammer running in five iterations over the TrEMBL
database (2024_01). Our dataset was then searched with the resulting profiles using the hmmsearch function. Hits were
further analysed using SignalP (v6.0) and the conserved domain database [40, 41]. In silico structure predictions were
performed by AlphaFold3 server [42]. Toxin variants were identified and characterized by multiple sequence alignments
using CLUSTAL OMEGA (v1.2.4) [43, 44].

Plasmids

Plasmids were defined as closed extrachromosomal contigs encoding a rep gene, as described previously [4], and as putative
plasmids in the case of an absent rep gene. To assess plasmid relatedness, average NT identity (ANI) was computed amongst
all plasmids and putative plasmids using ANIclustermap (v2.0.0), a wrapper that uses FastANI for pairwise comparisons [45].
The resulting Newick-formatted tree was used to infer a dendrogram that was annotated using iTOL [34]. Transmembrane
domains (TMDs) were predicted using deepTMHMM (v1.0.42) [46]. Remote homology and protein structure similarity
were predicted using HHpred [47, 48]. Phage-derived genes were predicted using VIBRANT (v1.2.1) [49]. The gene synteny
of both described conjugation loci was visualized using clinker (v0.0.29) [50].

Biosynthetic gene clusters

Genome assemblies were parsed to GECCO (v0.9.10) to predict present BGCs [51]. Similar BGCs were summarized to GCFs
using IGUA (v0.1.0) [52]. GCFs received arbitrary identifiers. Selected BGCs were confirmed with antiSMASH (v8.0) [53].
Ribosomally synthesized and post-translationally modified peptides (RiPPs) were analysed using RiPPMiner (http://www.nii.ac.
in/rippminer.html) [54]. BGC hits were compared to the MiBiG database using diamond (v0.9.13) [55, 56]. Cluster gene synteny
was then visualized using clinker (v0.0.29) [50].

Data visualization was performed using GraphPad Prism 9, BioRender (accessed in June 2025) and Adobe Illustrator v29.5.1,
Adobe Inc.

RESULTS
Biobank and toxinotypes

A total of 236 C. perfringens isolates were collected from nine different species (pigs, horses, dogs, cats, alpacas, parrots, cattle,
sheep and goats). Two hundred twenty were sequenced using PacBio long-read technology (Assembly levels: 150 complete, 69
chromosome and 1 scaffold). The mean DNA fragment length of 16 samples was significantly below our set threshold of 2.5
kb for PacBio; thus, they were sequenced using Illumina short-read sequencing technology (assembly levels: 3 scaffold and
13 contig). One hundred sixty-seven isolates were generated from animals submitted to our diagnostic necropsy service for
evaluation of the cause of disease or death, respectively. Of these, 13 isolates are derived from five different outbreaks of NE
in 12 coconut lorikeets (Trichoglossus haematodus) in a Swiss Zoo and a private aviary [57]. In addition, we have collected a
total of 69 isolates (50 ovine, 7 porcine, 10 bovine and 2 canine) from different sources. In detail, the 50 ovine isolates were
collected from stool samples from healthy sheep collected at a Swiss slaughterhouse. The seven porcine isolates were isolated
from rectal swabs obtained from healthy piglets during a previous study [58]. The ten bovine (necro haemorrhagic enteritis)
and 2 canine (haemorrhagic gastroenteritis) isolates were collected from carcasses submitted to the necropsy service of the
Faculty of Veterinary Medicine, Ghent University, Belgium.

The clinical metadata was used to categorize isolates into three different host health statuses: C. perfringens-associated
diseases, non-C. perfringens-associated disease and healthy host (Table S1). For contextualization purposes and for some of
the downstream analysis, a total of 383 publicly available C. perfringens genomes was included, of which 343 were on draft
level and 37 complete. They are derived from at least 25 distinct sources across 23 countries and five continents. All 619
isolates represent all 7 toxinotypes (type A, 358; type B, 10; type C, 34; type D, 62; type E, 2; type E 113; and type G, 40).
Overall, genes encoding 39 different virulence factors, 26 AMR genes, 10 genes involved in sporulation and 9 genes involved
in virulence factor secretion were detected (Table S1).
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Phylogenetic analysis

To determine the phylogenetic placement of the newly sequenced genomes, the core genome similarity in comparison to previ-
ously published C. perfringens genomes was compared. The pangenome of all 619 genomes was calculated, identifying a total of
21,021 genes, of which 1,950 are present in more than 95% of the isolates and thus classified as core genes (Fig. 1a, left). A Heap’s
law model fitted to the mean pan-genome curve yielded an « of 0.279, indicating an open genome, which is consistent with
previous findings [5]. This was further supported by the empirical new gene discovery curve, which gradually declines but shows
persistently one approximate new gene per three new genomes on average (Fig. 1a, right). Important elements of the defined core
genome are six genes encoding for virulence factors cpa, ccp, ccpA, fbpB, nanH and mprF and all analysed genes that are involved
in C. perfringens sporulation and virulence factor secretion pathways. The core genome was used as a basis to infer a phylogenetic
tree of newly sequenced and publicly available genomes (Fig. 1b). The tree can be divided into five distinct phylogenetic clades,
consistent with previous findings [3]. The newly introduced genomes of this study are grouped to all five clades, most often to
clades ITI-V, yet without a clear disease-clade association. Newly sequenced type C strains (26 pigs and 1 cattle) display a similar
core genome and are allocated to clade IV. In contrast, publicly available type C genomes (n=7) belong to clades I, III, IV and V.
Only the two porcine isolates (JGS1495 and NCTC10719) cluster together with our genomes. Porcine type A genomes provided
by us (n=7) and publicly available ones (1=39) can be grouped into all clades except clade V, with most of them in clade I. We
provide 19 additional equine and canine type F strain sequences from animals with foal necrotizing enteritis (FNE) and canine
acute haemorrhagic diarrhoea syndrome (AHDS), respectively. NetF- and alveolysin-positive strains clustered with previously
reported clade V isolates [3]. In contrast, four isolates from a single dog lacking both genes grouped within clade II. Overall,
canine or equine strains positive for netF, alveolysin or enterotoxin were significantly more often assigned to clade V (Fisher’s
exact test; all P<0.05). Ten Belgian isolates from eight veal calves with necro-haemorrhagic enteritis belonged to toxinotypes A,
C, D or E Despite similar disease metadata, they clustered into three distinct clades (III-V). Type D genomes of small ruminants
provided by us (n=45) plus publicly available (n=_8) cluster entirely into clade III. Remaining small ruminant-derived C. perfringens
genomes (89 newly sequenced and 30 public) encompass toxinotypes A, B, C and F and cluster in clades IT to V. All 13 coconut
lorikeet-derived type A genomes are dispersed over clades II-V; roughly half of them (n=7) harboured a beta2 toxin variant. This
frequency is like that observed in further type A isolates (172/345) and did not show a significant host-associated enrichment
(Fisher’s exact test, P=1).

Collectively, this supports the genomic organization of C. perfringens into five phylogenetic clades. Whereas some genomes with
similar metadata cluster together and suggest close phylogenetic relationships, others unexpectedly demonstrate significant
differences and lack conserved virulence factor genes in their accessory genome.

Identification of putative PFT homologues

One obvious differentiation of C. perfringens toxinotypes B, C, D, F and G, which are clearly associated with particular enteric
disease, is their capability of secreting one or more exotoxins belonging to the group of small beta PFTs [9]. Yet, novel SPFT
homologues are routinely discovered [6, 14, 15]. We thus speculated that potentially not yet discovered members of the haemolysin
and aerolysin SPFT families might be found in our isolates. We searched all available draft and complete genome sequences
(619) for potentially novel aerolysin or haemolysin SPFT homologues. We could identify two putative PFT homologues in the
strains sequenced in this study, one of which was also identified in publicly available sequences. The first homologue is encoded
in the newly sequenced isolate 138_2_JF2-p1.1 (small intestine, healthy sheep collected at slaughter, type A, Switzerland) where
it is located on a circular PCP plasmid (138_2_JF2-p1_scf5). This haemolysin SPFT homologue consists of 304 A4, including a
24-residue signal peptide, followed by a leukocidin domain of the leukocidin superfamily (PFAM07968) from residues 31-303.
The sequence shares 61.2% identity with NetF and 62% with the NCTC8081_14145 haemolysin homologue (Fig. 2a). Based on
their sequence similarity to known haemolysin fPFTs and its placement in a maximum likelihood phylogeny, the protein was
designated as necrotizing enteritis toxin H (NetH) (Fig. 2a). The gene is flanked by a putative transposon and a recombinase
family member. Several genes on this plasmid were predicted to belong to a lysogenic prophage (Table S2). The second homologue
was identified in the newly sequenced isolate 92_JF2-p1.1 (Rectal swab, healthy piglet, type A, Switzerland) on a circularized
TCP-type plasmid (92_JF2-p1_sct7). The aerolysin SPFT homologue consists of 281 AA that includes a PFM-epsilon-toxin-like
domain (cd20223) spanning residues 50-182. There was no signal peptide predicted. The sequence shares 46% identity with
epsilon domain protein A (EdpA) and 40% with EdpB (Fig. 2d). Based on its sequence similarity to these known aerolysin fPFTs
and its placement in a maximum likelihood phylogeny, we refer to this protein as EdpC (Fig. 2d). Several neighbouring genes
are annotated as transposons and recombinases. Furthermore, this plasmid harbours a bacteriocin gene from the circularin A/
uberolysin family (Table S2). Interestingly, we identified homologues but not annotated EdpC sequences in genomes of faeces-
derived type A strains from four healthy pigs from China (1805-113, 1805-50, 1P32 and 1P6) [59]. They are localized on similar,
yet linear contigs of ~6-10 kb size that could not be circularized using circlator [60].

We predicted the in silico structures of both NetH and EdpC using AlphaFold 3 (Fig. 2b, e). Both monomers are dominated by
beta barrels and indicate a domain organization as described for the archetypal C. perfringens beta-toxin (haemolysin) and epsilon
toxin (aerolysin), respectively [61, 62].
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Fig. 2. C. perfringens haemolysin and aerolysin fPFTs. (a) Pairwise comparisons of known and newly identified C. perfringens haemolysin SPFT
sequences were used to generate a maximum likelihood tree and percent identity matrix. Trees are annotated with host species and toxinotypes. Newly
identified sequences are highlighted in light blue (found in our isolates) or yellow (from public genomes only); previously described sequences present
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Together with recent publications discovering C. perfringens toxin candidates in silico and in vivo [6, 14, 15], this underscores
the versatility of toxins secreted by different C. perfringens isolates.

Toxin variants of small fPFTs

We next sought to comprehensively analyse the sequence variability of known haemolysin (n=11) and aerolysin (n=4) SPFTs in
C. perfringens. Therefore, all available sequences (n=619) were evaluated. Sixteen sequences were found that retained the overall
structure of a known toxin but differed at least by one aa from their WT sequence (referred to as V1) and thus were defined
as variants of a toxin (referred to as VN). The presence of the single known variants of CPB, NetB, CPE, ETX and EdpA was
confirmed. Interestingly, a total of 11 novel variants were found in the examined sequences: 4 for CPB and LdpC and 1 for each
NetB, CPE and ETX. In contrast, LdpB, NCTC8081_14145, LdpA, NetEFG, deltatoxin, DIpA and EdpB were highly conserved.

Haemolysin fPFTs

Five sequence variants (V2-6) of CPB were detected. Porcine type C strains encoded V2 and V4, while human type C strains
harboured V5 and V6. V4, which has been described previously [16], is the most widely distributed variant found in birds, cattle
and pigs. Remaining variants were only found in one species (Fig. 2a). Several mutations were present in key structural domains
(Fig. 2¢). In the N-terminal protrusion, variants V5 and V6 exhibited Lys32Thr, while V4-V6 displayed a Lys40Asn mutation.
Five mutation sites were observed in the cap domain, which is important for oligomerization: Thr158Ala (V5-6), Glul68Lys
(V4-6), Glul71Lys (V2), Ala182Val (V6) and Val191Ile (V3-6) [61]. Lastly, one mutation (Ala300Val) was identified in the rim
domain of V4, the region likely to be involved in receptor binding and membrane interaction.

Two variants were detected for NetB, all in chicken-derived isolates. V2 differs from V1 by a single substitution (Ala168Thr), iden-
tical to a known variant retaining cytotoxicity [63]. V3 displays a total of 20 substitutions affecting several domains: signal peptide
(Ile9Thr and Vall6lle), beta-sandwich domain (Ile57Phe, Lys68Arg, Trp70Leu, His83Asn, Val122Ile, Asn266Asp, Glu269Asn,
Ser302Asn and Asn305Thr), rim domain (Asp100Gly, Phel04Tyr, Asp241Ala, Leu298Pro and Thr301Ser), pre-stem domain
(Asp146Asn and Ser150Thr) and in a disordered region aside the pre-stem domain (Glyl67Ser and Asn175Ser). Additionally,
there was one deletion of Ser300. V3 was present on four plasmid-encoding contigs (CHD9634P_seql7, CHD9638P_seql7,
CHD9628P_seq18 and CHD9644P_seql7), with all four isolates also carrying WT NetB (V1). None of the affected residues is
in close vicinity of residues described to be key for cytopathic effects [63].

LdpC had four variants, and the WT V1 was detected in type A strains, whereas its variants V2-5 were detected in type D strains.
Interestingly, all variants differed in the same seven residues from the WT, namely, Phel9Leu, Ser77Asn, MetAla85-86ThrAsp,
Glu92Ala, Ile195Val and Lys226Arg. In addition, there were variant-specific substitutions for V2 (Leul57Ser and Lys312Glu),
V3 (LeuPro157-158SerSer and Lys312Glu), V4 (Asn110Asp, Leul57Ser and Lys312Glu) and in V5 (Lys104Glu and Leul57Ser).
V2 was found on two TCP plasmids (118_JF2-p1_scf10 and 17_JF2-p1_scfl1; goat/sheep, enterotoxaemia). V3 was present on
linear contigs (57_3_JF2-pl.1_scf2 and 57_1_JF2-pl_scf2; sheep, enterotoxaemia), containing TCP conjugation genes. V4 was
located on a circular TCP plasmid (pCN3842etx), from a human-derived type D strain. Interestingly, V2, V3 and V4 reside within
a RiPP cluster with an enterocin as precursor peptide (GCF1). V5 was located on a linear contig derived from a caprine type D
with several TCP conjugation genes.

Aerolysin fPFTs

We detected two CPE sequence variants. The archetypal V1 was located on the chromosome and on plasmids. V2 (Ala98Glu),
affecting an alpha helix of domain II, was located on a linear 6 kb contig derived from a horse with FNE (JFP981). Ala98Glu resides
near two glutamic acid residues (Glu94 and Glu110), which determine the inter-monomer conduit [64, 65]. V3 (Phel8Leu, Ile20Val,
Asn32Lys, Gly172Ala, Thr193Ser, Ser216Thr, Lys257Arg, Lys283Asn, Val287Ile, Ser313Ala and one insertion GluGIn276GInGlu),
encompassed all domains and the N-terminus. This variant has been previously described in type E isolates [66]. It is located on
two clonal Pcp-type plasmids derived from a goat which was diagnosed with coccidiosis (160_1_JF2-p1.1; 160_4_JF2-p1.1). The
same plasmid contig additionally harbours the virulence factor genes iap and ilpB as well as the GCF17 (see 9.5). Further isolates
with V3 variants were derived from cattle (a508.17), human (a515.17; Q061.2) and food (CP_PB-1).

Two ETX sequence variants were detected. V2 (Asp125Asn, beta hairpin domain) was located on two type D sheep-derived
linear contigs (57_3_JF2-p1.1_scf3 and 57_1_JF2-p1_scf3) containing TCP genes [62]. Mutations in this domain of the archetype
aerolysin toxin have been described to lead to a compromised domain unfolding and membrane insertion [67, 68]. Interestingly,
the same isolate (sheep, enterotoxaemia) harboured LdpC V3. ETX V3 (Ser321Tyr, C-terminus, previously reported) was found
in ruminant (NCTC8346) and ovine (CN1675) derived strains [69].

In addition to the continued expansion of C. perfringens toxin homologues, we show a great variability of toxin primary structures.
Different variants present in isolates from different host species might influence their overall biology through altered biochemical
and physical properties, e.g. in the interplay with their cellular receptor.
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Plasmids

Accurately predicting circularized plasmids from short-read data remains a challenging task [70]. In the case of the common
virulence-promoting C. perfringens plasmids, there has been a constant encroachment for in-depth research. Less than 100 C.
perfringens plasmids were unequivocally established, with 55 that could be circularized recently using long-read sequencing
[4]. In our extensive long-read sequencing efforts of 220 isolates, 801 closed, extra-chromosomal contigs carrying one rep gene
were identified, classifying them as plasmids (Table S2). Additionally, 87 closed extra-chromosomal contigs lacked identifiable
rep genes but were considered putative plasmids based on their structure. Up to ten plasmids are found simultaneously in one
isolate. Isolates that were typed as C, D and F harbour significantly more plasmids, compared to type A isolates. Especially type
C strains harbour 25 plasmids. Since we had only one type E isolate, no statistically reliable statement could be made for this
toxinotype (Fig. 3a).

Plasmid size ranged from 1.5 to 163.9 kb, with two outliers (putative plasmids with phage-derived genes) measuring up to 916
kb (Fig. 3b).

Sixteen virulence factors, including both newly identified toxin homologues and three AMR loci (InuP, tetAB and ermQ), were
carried on plasmids, except for two clonal lnup and one ermgq encoding putative plasmids. 43.5% of all plasmids’ ORFs are
annotated as hypothetical proteins based on our PGAP annotation. Phage-derived genes and bacteriocins were identified in 145
and 187 contigs, respectively. Fourteen distinct BGCs were present on 93 plasmids. All plasmids and putative plasmids were
categorized into six previously published categories, namely, “TCP’, ‘PCP’, ‘BCP;, ‘phage-like, ‘pIP404’ and ‘small’ (Fig. 3¢) [4].

To assess plasmid relatedness, we compared all plasmids and putative plasmids with previously published circularized plasmids
[4], using ANT to construct a genomic distance dendrogram (Fig. 3¢). Three clusters of plasmids strongly linked to category as
defined before [4] were found. Clusters I and II were dominated by Tcp and Pcp/pIP404 plasmids, respectively, and showed
high intra-cluster conservation (mean ANI: 93.2% and 80.7%). In contrast, cluster III is heterogeneous, containing PCP, BCP,
phage-like, small and unclassified plasmids, including 24 unique plasmids.

Recently, BCP was described as a promising new system for C. perfringens plasmid conjugation. It is based upon a pair of VirD4
and VirB4 homologues as core conjugative genes, both only distantly related (<30% sequence identity) to their TCP and PCP
counterparts. Instead, they showed a higher similarity to VirD4/B4 homologues of a Clostridium botulinum plasmid, which
also served as a category template [4]. This discovery indicated that there might still be undiscovered conjugation systems in
C. perfringens plasmids. We thus scrutinized our plasmid collection for pairs of VirD4/B4, distantly related to Tcp, Pcp or Bep
homologues. We discovered seven and one plasmids in cluster III with a VirD4/VirB4 pair each, matching these criteria. By
analogy to the BCP conjugation system, we propose designating these putative conjugation loci as BaCP (similar to Clostridium
baratiilocus) and TeCP (similar to Clostridium tertium locus), representing potentially novel conjugation systems in C. perfringens.

BaCP was identified on seven plasmids (112_1_JF2-p2_scf2, 48 2_JF2-pl_scf6, 48_3_JF2-p1_scfl, 48_4 JF2-pl_scf2, 48 5_
JE2-pl_scf2, 41_JF2-pl_sct7 and 122_JF2-p1_scf2) (Fig. 3d). Comparative analysis revealed moderate sequence conservation
to the C. baratii BONT/F7 neurotoxin-encoding plasmid pNPD11_1 (CP014203) [71]. Specifically, the C. perfringens VirD4 and
VirB4 homologues, essential for plasmid conjugation, shared 43-44% and 47.6-49.1% sequence identity, respectively, with their
C. baratii counterparts. Further essential genes possibly forming a type IV secretion system were present in this locus, namely,
TcpE and TepH (VirB6) [19, 72-75]. Notably, the identified TcpH homologue differed from the canonical TcpH, as it possessed
seven TMDs but lacked the conserved ,,,VQQPW,, motif [74]. The TcpE homologue has two TMDs and a TcpE domain
(PF12648) [74, 75]. A C40 family peptidase was located downstream of VirB4. Structural analysis suggested that it encoded
a putative peptidoglycan hydrolase (E-value: 2.3e-10), which may function analogously to TcpG or Tcpl, both of which act as
peptidoglycan hydrolases [76]. Upstream of TcpE, three pilins (PF18895) were identified, each containing two TMDs. Two of
these resembled TrbC/VirB2 pilins (PF04956, E-values: 8.3e-7 and 1.7e-5), suggesting a potential role in host cell adhesion,
similar to the VirB2 adhesin [77]. Downstream of VirD4, a hypothetical protein belonging to the replication-relaxation family
(PF13814) was detected. This family includes proteins essential for plasmid replication and DNA relaxation [78], suggesting that
this protein might function analogously to the TCP relaxase TcpM [79]. Further downstream, a class D sortase was identified, a
feature also found in the C. perfringens cnac region of the TCP locus [80]. Nearby, a SpaA isopeptide-forming pilin-related protein
was detected. Based on the presence of clumping factor A domains (COG4932), this protein likely belongs to the MSCRAMM
family and may function similarly to CnaC [80].

Taken together, we found an elaborate conjugative module, with distinct VirD4/VirB4 homologues accompanied by several
accessory proteins and structural genes.

In contrast to BaCP, TeCP was detected only on a single ovine-derived plasmid (107_JF2-p1_scf3). We did not find publicly
available (NCBI nr database; 20.11.2024) plasmid contigs, simultaneously encoding for comparable VirD4/B4 homologues. The
VirD4 homologue showed the highest similarity (45.2%) to a type IV secretion system conjugative DNA transfer protein on a
linear Clostridium cylindrosporum contig (WP_048570114.1). The VirB4 homologue showed the highest similarity to a FtsK/
SpolIE domain-containing protein from a linear C. tertium contig (50.8%; WP_250456040.1) (Fig. 3e). In addition, the locus
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Fig. 3. Analysis of plasmids of C. perfringens. (a) Distribution of the total 888 plasmid/putative plasmid counts per isolate found in this study. Each
box plot states the interquartile range with the median as a black line. The plasmid counts for each individual isolate are indicated as jittered dots.
Statistical comparison between toxinotype A and the remaining groups was performed using the Wilcoxon rank-sum test. Resulting P-values were
added on top and in between the compared boxes. The y-axis displays the number of plasmids in a single isolate. All analyses were performed using
R (v4.4.0) with implemented ggplot2 and ggubr packages. (b) Plasmid size distribution by category, according to the classification of Gulliver et al. [4].
Categories are shown on the x-axis and contig sizes (in kb) on the y-axis. Each distribution is represented as a violin plot, with the median (horizontal
bar) and interquartile range (2nd to 3rd quartile; vertical bar) indicated. Individual data points are shown as jittered dots. The y-axis includes a break
between 200 and 800 kb to improve visualization. The plot was generated in RStudio (v4.4.0) using the ggplot2, ggbreak and dplyr packages. (c) A
dendrogram displaying genomic distance of all 888 detected plasmids and putative plasmids including 47 publicly available reference plasmids
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encoded a putative metal-dependent hydrolase (PF04307.19, E-value: 1.3e-16) with four TMDs, which may function similarly to
TcpG/I peptidoglycan hydrolases during DNA transfer. A MobV family protein (PF01076.24, E-value: 3.3e-28) was additionally
found and could facilitate mobilization, similar to the MobC homologue proposed in BCP [4]. Lastly, a hypothetical protein
belonging to the replication-relaxation family (PF13814) was present, which could function analogously to the relaxase TcpM
that processes the origin of transfer in TCP. Upstream of these putative conjugative genes, ermQ, an antibiotic resistance gene,
flanked by a IS1595 family transposase, was present. A ParM variant was detected in both BaCP and TeCP, indicating the presence
of a type IT or ParMRC plasmid partitioning system, as commonly observed in conjugative C. perfringens plasmids (Fig. 3d) [81].

In contrast to BaCP, TeCP is more minimalistic but retains the core and some accessory genes to potentially enable conjugation.

Altogether, our comprehensive analysis expands the known diversity of C. perfringens plasmids and reveals the presence of previ-
ously uncharacterized conjugation systems. The identification of BaCP and TeCP loci, with distinct VirD4/VirB4 homologues and
associated mobilization and structural genes, suggests the existence of novel conjugation machinery that may drive HGT. These
findings provide new insights into plasmid evolution and conjugation dynamics in C. perfringens, with important implications
for understanding virulence and AMR spread in this pathogen.

Biosynthetic gene clusters

In our plasmid collection, we have noted numerous BGCs and bacteriocins (Table S2). Given the critical role of plasmid-mediated
pathogenicity in C. perfringens, we further investigated the distribution of BGCs and GCFs. All available draft and complete
genomes (1=619) were screened for BGCs using GECCO [51]. In total, we identified 414 distinct BGCs across 314 genomes,
including some that were present twice per strain (Tables S1 and S4). Of these, 189 BGCs were present in newly sequenced strains.
They were categorized into four classes: RiPPs (1=240), saccharides (n=146), non-ribosomal peptides (n=17) and 11 unclassified
clusters. Based on gene synteny, we defined 32 GCFs, none of which exhibited >50% identity to characterized clusters [56].

Next, we wanted to evaluate potential associations between GCFs and toxinotypes. To avoid technical biases through differing
sequencing technologies, the analysis was restricted to the high-quality PacBio genomes generated in this study (n=220). Within
these, 194 BGCs were assigned to 18 GCFs. While the majority of these GCFs consist of few (<5) BGCs, 162 BGCs (84%) occurred
in only 6 GCFs. We were interested in whether these clusters showed a toxinotype preference and analysed their distribution
throughout four toxinotypes (A, C, D and F). GCF 12 was present in all toxinotypes. Type A and C strains harboured to some
extent GCF12, 14 and 23, type D strains encoded GCF6, 12 and 22 and in type F strains, we encountered GCF12, 14 and 17.
Regarding GCF14 and GCF23, most occurrences were restricted to type C strains. Most of these clusters encoded bacteriocin-
related genes. The proportion of strains within each toxinotype that harbour a given GCF was visualized as a heatmap (Fig. 4a).

GCF6 was predicted to encode a hybrid saccharide-RiPP BGC. It harboured multiple genes encoding sugar-modifying enzymes,
alongside genes indicative of lasso peptide synthesis (RiPP). These include a putative core peptide and two adjacent lasso-peptide
effector genes, one of which encodes a lasso peptide biosynthesis chaperone of the PqqD family with a stand-alone lasso RiPP
recognition element. We hypothesized that GCF6 may produce a sugar-modified lasso peptide. It is predominantly found in type
A and D strains and absent in type C and F strains (Fig. 4b). The cluster is only present on chromosome equivalents. Apart from
GCF6, there are 23 BGCs in 5 GCFs predicted as saccharide clusters, without obvious toxinotype preference.

GCF12 consisted of RiPP BGCs with two central precursor peptides containing small double-glycine leader motifs (Fig. 4c). One
peptide belongs to the Pfam family PF10439 and shares 60.34% sequence identity with a not further characterized bacteriocin
of Clostridioides difficile (EJ05349538.1). The second, a small hydrophobic peptide with a GG motif, is encoded adjacent to the
first, consistent with a class ITb bacteriocin that requires two-component activity [82]. GCF12 is present in all four toxinotypes
but is relatively enriched in type C and F strains, compared to type A and D strains. Amongst nine porcine type C strains with
NE, GCF12 was detected on pIP404-type plasmids in 89% of cases. In type F strains, GCF12 was found in isolates from dogs
with AHDS (n=11), horses with FNE (n=4) and cattle with necrohaemorrhagic enteritis (n=2), with 65% located on pIP404-type
plasmids. In type F strains, two additional double-glycine leader peptides, annotated as hypothetical proteins, were also encoded,
suggesting possible auxiliary or alternative bacteriocin functions.

GCF14 represented a more complex variant of GCF12, incorporating a ComC/BlpC-family peptide pheromone/bacteriocin and a
response regulator (Fig. 4c). It was enriched in porcine type C strains, except for single occurrences in type A and F strains. Most
GCF14 clusters were located on pIP404-type plasmids (15/20, 75%) that appeared to lack additional known virulence factors.

GCF22 was another variant of GCF12 and GCF14, containing a conserved ABC transporter and recombinase family gene. The
central precursor belonged to the PF10439 family, as seen in GCF12 and GCF14. In contrast, its upstream hypothetical protein
had three instead of two TMDs and lacked the double-glycine motif (Fig. 4c). It was exclusively found in a few type D strains,
83% of which carried it on pIP404-type plasmids.

GCF17 encoded a class I lanthipeptide cluster, comprising a predicted LanA precursor peptide (49 aa), a dehydratase (LanB)
and cyclase (LanC). The precursor was from the gallidermin/nisin family and exhibited low sequence similarity to streptin from
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Fig. 4. BGCs of C. perfringens. BGCs were grouped into GCFs and GCFs occurring in >5 complete genomes are shown. (a) Heatmap of GCF distribution
per toxinotype. Scale indicates proportion of GCF-positive isolate per toxinotype. (b—e) Clinker (50) representation of gene synteny of the respective NT
representatives of each GCF for (b) GCFé; (c) GCF12,14 and 22; (d) GCF17; and (e) GCF23. Where applicable, best match per cent identity of conserved
genes is indicated by bars.

Streptococcus pyogenes (39.02% identity; POCOHS8) and nisin A of Lactococcus lactis (34.3% identity, BGC0000535) (Fig. 4d). It
was mainly found in type F strains and resides on TCP-type plasmids (7/8, 88%), often alongside the plasmid-encoded cpe gene
and phage-derived genes. Two carrier plasmids (160_1_JF2-p1_scf2 and 160_4_JF2-p1_scf2) also encoded the virulence genes
iap and ilpB.

GCF23 encoded a class II lanthipeptide cluster with three putative lanthipeptide precursors and a predicted LanM synthetase.
Notably, the cpb2 gene was present, encoding the consensus 2-toxin variant (Fig. 4e). The cluster was mostly restricted to porcine
type C strains (n=12), where it was located on PCP-type plasmids in 92% of cases. These strains originated from pigs across seven
farms and were isolated over a 16-year period (1999-2015). Remaining occurrences of GCF23 were in two closely related bovine
type C strains and a porcine type A strain (associated with diarrhoea).

Together, these findings highlight a diverse and previously uncharacterized landscape of BGCs in C. perfringens, some of which
are enriched in specific toxinotypes and frequently plasmid borne. Several GCFs, particularly GCF12, GCF14 and GCF23, encode
putative class IIb bacteriocins and are highly associated with the pIP404 plasmid backbone, suggesting a potential role in strain
competitiveness or host adaptation. Moreover, the discovery of sugar-modified lasso peptides (GCF6) and both class I and II
lanthipeptides (GCF17 and GCF23) underscores the biosynthetic versatility of C. perfringens and its capacity to evolve complex
antimicrobial systems.
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DISCUSSION

In this study, we provide the genomes of 236 new C. perfringens isolates from the intestinal tract of different animal hosts, most
of which are circularized, signifying a valuable increase of complete publicly available animal-associated C. perfringens genomes.
Recent publications noted a bias of publicly available C. perfringens isolates towards clinically relevant strains [13]. Therefore, we
chose to add a substantial amount (n=96) of isolates derived from healthy or animals with diseases not caused by C. perfringens.
Our phylogenetic analysis highlights relatedness between some isolates with similar metadata: NE in pigs, AHDS and FNE in
dogs and horses and enterotoxaemia in small ruminants. Despite a relatively small geographical origin of these strains, this
demonstrates their role as disease-causing pathogens in economically important diseases. Isolates from haemorrhagic enteritis in
calves and NE in coconut lorikeets (T. haematodus) turned out to be distantly allocated, supporting the hypothesis that different
C. perfringens strains contribute to the development of these diseases and that other consistent factors are likely to be involved
in these entities [83]. Thus, our results confirm previous publications [3-5] that phylogenetic placement of the genome does not
serve as a robust distinction between commensal and pathogenic C. perfringens isolates.

The prediction of two potential toxin candidates (NetH, a haemolysin, and EdpC, an aerolysin) should encourage to scrutinize
upcoming C. perfringens sequences for novel toxin candidates, as more toxin homologues could still be discovered. The presence
of transposon, recombinase and prophage encoding genes flanking NetH and EdpC suggests that the toxin homologues were
introduced into these regions via HGT. We could identify EdpC only in porcine-derived C. perfringens isolates; however, more
sequences should be investigated to substantiate the hypothesis that EdpC might be a porcine-associated C. perfringens gene/
virulence factor.

We also comprehensively compared 22 toxin sequence variants. Based on our analysis, the six CPB variants suggest variant-to-
species adaptation. A previously characterized CPB variant (corresponding to V4 in this study) containing an A300V mutation
showed significantly increased cytotoxicity in HUVEC cells in comparison to WT CPB (CPB_V1) [16]. Additional mutations
in this variant were found to influence trypsin sensitivity, highlighting the functional impact of CPB sequence variation [16]. In
Staphylococcus aureus leukocidins, it is known that toxin and receptor variability significantly influence toxin-receptor interactions
[84, 85]. Notably, the CPB receptor, CD31, exhibits interspecies variation, and in humans, different haplotypes with synonymous
mutations have been described [86]. It thus remains to be investigated whether sequence variants of CPB relate to receptor
variability in different hosts.

In contrast, CPE (affecting a wider range of species by targeting a range of eight different claudins) is relatively conserved [87].
CPE V3 showed many mutated A4 close to key receptor binding residues [64, 66, 88-91]. Whether this variant is still functional
remains to be evaluated. Other toxin sequences, such as NetE, F and G, found in closely related canine and equine type F strains
and a bovine strain, are highly conserved, lacking non-synonymous mutations confirming previous findings [92]. The 11 sequence
variants of aerolysin and haemolysin fPFTs described here underscore the importance of genomic analyses as a basis for further
in vitro validation to assess the functional relevance of these variants.

We additionally contribute a plasmid dataset of 888 circularized extra-chromosomal contigs, which signifies a substantial increase
in well characterized C. perfringens plasmids. We show evidence to propose BaCP and TeCP, possibly signifying the fourth and fifth
identified C. perfringens plasmid conjugation system. In analogy to the recently reported BCP [4], they indicate shared common
plasmid ancestors of C. tertium, C. cylindrosporum and C. baratii with C. perfringens. These three clostridia are relatively closely
related cluster I Clostridia, supporting this hypothesis [93-95].

Ultimately, we predicted 414 BGCs clustered into 32 GCFs, of which 6 displayed differential representation in newly sequenced
isolates. Interestingly, none of the predicted BGCs showed a significant resemblance to characterized clusters, underpinning the
need to further investigate C. perfringens encoded BGCs and their SMs [56]. Most precursors were found to be yet uncharacterized
bacteriocins. Other C. perfringens bacteriocins have been found as potent SMs providing advantages for C. perfringens growth and
pathogenicity [21]. Our work therefore also provides a starting point for the characterization of potentially novel antimicrobial
compounds. Aside from our analysis, we noted the divergence of BGC enrichment amongst type F strains, notably the enriched
GCF12 in animal type F strains, whereas the here included publicly available human and food-derived type F strains often
harbour GCF17, both with a distinct bacteriocin gene. Due to the discussed technical bias in differing sequencing technologies,
this however should be verified in subsequent sequencing experiments. Saccharide BGCs are the most abundant family in
intestinal bacteria [23]. Therefore, it is remarkable that type C and F strains are completely devoid of any clusters containing
sugar modifying enzymes. Uptake of exogenous saccharides might be essential for these toxinotypes. Efficient glycan degradation
has been described in netF-positive type F strains [96] and in type G strains related to NE in poultry [97], which similarly are
devoid of saccharide BGCs (Table S1).

In summary, this study provides a comprehensive collection of circularized animal-associated C. perfringens genomes and plas-
mids, most of them from economically important diseases. By integrating phylogenetics, toxin gene diversity, plasmid architecture
and BGCs, we uncover novel virulence factors, plasmid conjugation systems and toxinotype-associated GCFs. The inclusion of
healthy host isolates addresses a long-standing bias in publicly available animal-derived data. This potentially enables future
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comparative analyses. Together, these contributions enhance our understanding of C. perfringens biology and open new avenues
for future in silico and in vitro research.
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