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Clostridium (C.) chauvoei is a Gram-positive, spore forming, anaerobic bacterium. It causes black leg in ruminants,
a typically fatal histotoxic myonecrosis. High quality circular genome sequences were generated for the C.
chauvoei type strain DSM 7528" (ATCC 10092") and a field strain 1250467 isolated in Germany. The origin of rep-
lication (oriC) was comparable to that of Bacillus subtilis in structure with two regions containing DnaA boxes.
Similar prophages were identified in the genomes of both C. chauvoei strains which also harbored hemolysin
and bacterial spore formation genes. A CRISPR type [-B system with limited variations in the repeat number
was identified. Sporulation and germination process related genes were homologous to that of the Clostridia clus-
ter I group but novel variations for regulatory genes were identified indicative for strain specific control of regu-
Spo0A latory events. Phylogenomics showed a higher relatedness to C. septicum than to other so far sequenced genomes
CRISPR of species belonging to the genus Clostridium. Comparative genome analysis of three C. chauvoei circular genome
flic sequences revealed the presence of few inversions and translocations in locally collinear blocks (LCBs). The spe-
cies genome also shows a large number of genes involved in proteolysis, genes for glycosyl hydrolases and metal
iron transportation genes which are presumably involved in virulence and survival in the host. Three conserved
flagellar genes (fliC) were identified in each of the circular genomes. In conclusion this is the first comparative
analysis of circular genomes for the species C. chauvoei, enabling insights into genome composition and virulence

factor variation.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Blackleg (black quarter, quarter evil, Rauschbrand, charbon
symptomatique) is an economically important disease with high mor-
tality that affects cattle, sheep and other animals. The disease is caused
by Clostridium (C.) chauvoei, a Gram-positive, motile, spore producing
anaerobic bacterium. Blackleg occurs worldwide, although mainly ob-
served in ruminants, sporadic human cases have been reported

Abbreviations: PacBio, Pacific Biosciences; CRISPR, Clustered Regularly Interspaced
Short Palindromic Repeats; LCBs, locally collinear blocks; fliC, flagellin type C.
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(Nagano et al., 2008; Weatherhead and Tweardy, 2012). The typical in-
fection in ruminants is characterized by myonecrosis of striated and car-
diac muscle and often peracute death. A unique feature of the disease in
cattle is the appearance as a non-traumatic endogenous infection
(Hatheway, 1990). The presumed oral way of infection is by uptake of
spores with feed from contaminated pastures. However, only little is
known about the molecular mechanisms of pathogenicity and the role
of various toxins and other virulence factors in the pathogenesis of the
disease. The better characterized virulence factors include flagella,
NanA sialidase (NanA) and the Clostridium chauvoei toxin A (CctA)
(Frey and Falquet, 2015; Frey et al., 2012; Tamura et al., 1995; Vilei et
al., 2011). A draft genome sequence for the pathogen was available for
a virulent Swiss isolate (JF4335) consisting of 12 contigs with a 2.8-
Mb genome and 5-kb plasmid (Falquet et al.,, 2013) and was recently
(March 2017) resequenced and submitted as a 2.8 Mb complete ge-
nome. The genome sequence analysis of JF4335 strain identified pro-
phage elements, several primary virulence factors, proteases and
antibiotic resistance genes (Frey and Falquet, 2015). 16S rDNA-based
phylogenetic analysis of the genus Clostridium has revealed 19
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phylogenetic clusters with cluster I forming the core group of the
genus (Collins et al., 1994). More than half of the pathogenic species
are members of this cluster including those considered the major
pathogenic agents, i.e. C. botulinum, C. haemolyticum, C. novyi, C.
perfringens, C. tetani, C. septicum and C. chauvoei (Stackebrandt et
al.,, 1999). The phylogenetic positioning of C. chauvoei based on 16 s
rDNA sequence shows this pathogen close to C. septicum (Kuhnert
et al., 1996).

Genome sequencing studies have identified remarkable genetic var-
iability among isolates within the same species from the genus Clostridia
cluster, as reported for C. botulinum and C. perfringens (Carter and Peck,
2015; Fang et al., 2010; Myers et al., 2006). So far, there is only limited
information regarding the genetic diversity of C. chauvoei. Presence of
tandem copies of flagellin type C genes (f1iC) with a central variable re-
gion (Sasaki et al., 2002) and nucleotide polymorphisms for cctA and
nanA (Frey et al., 2012; Vilei et al., 2011) have been reported.

Genome sequencing is a powerful tool for understanding a bacterial
species in its diversity which is often caused by various types of mobile
genetic elements (Binnewies et al., 2006). The Pacific Biosciences
(PacBio) developed Single Molecule Real Time (SMRT) sequencing tech-
nology which generates reads with an average read length of above 10-
kb and thus can also resolve long repeat regions (Eid et al., 2009; Liao et
al., 2015). Hierarchical Genome Assembly Process (HGAP), a recently
developed non-hybrid assembly process when applied to SMRT DNA se-
quencing was found suitable for finishing bacterial genomes with more
than 99.999% accuracy (Chin et al,, 2013; Liao et al,, 2015).

Considering the disease significance and the importance of genome
sequence data to understand the pathogens life cycle, the complete ge-
nome sequences of two C. chauvoei strains, 1250467 (a virulent field iso-
late from Germany) and DSM 7528 (ATCC 100927) (Type strain of the
species) were unraveled. Comparative genomics and genome analysis
tools were applied to provide information regarding the genome assem-
bly and annotation, origin of replication, collinear blocks, phylogenetic
relatedness, orthologous genes, subsystem category distribution fea-
tures, CRISPR and phage elements, sporulation and germination, viru-
lence factors and antibiotic resistance.

2. Material and methods
2.1. Bacterial strains and DNA extraction

Bacterial strains used in the present study are a virulent strain ob-
tained from a blackleg case in cattle from northern Germany in 2011
(1250467) and the type strain (DSM 7528 (ATCC 100927). For DNA
extraction, isolates were cultured in 20 ml Selzer broth (Selzer et al.,
1996) (tryptone - 30 g, beef extract - 20 g, glucose - 4 g, L-cysteine
hydrochloride - 1 g in 1000 ml H,0, pH 7.2) at 37 °C for 18 to 24 h
under anaerobic conditions. Genomic DNA was extracted using
Qiagen Genomic-tip 100/Q and genomic DNA buffer set (Qiagen,
Germany) with minor modification as 40 U of achromopeptidase
(Frey et al., 2012) was included in the enzymatic lysis buffer and
the DNA was incubated at 37 °C until dissolved. DNA quality was ex-
amined by using Qubit 2.0 fluorometer (Life Technologies, Germany)
and by agarose gel electrophoresis and species confirmation was
made with PCR (Sasaki et al., 2000).

2.2. Genome sequencing and assembly

Genome sequencing was carried out by SMRT DNA sequencing (Eid
et al., 2009) using PacBio RSII sequencer at GATC Biotech (Germany).
Genome assembly was carried out using HGAP algorithm version 3
(Chin et al., 2013) implemented in PacBio SMRT portal version 2.3.0 at
GATC Biotech (Germany). The overlapping regions of circular sequences
were determined using Gepard software (Krumsiek et al., 2007). Circu-
larization of genome and plasmid sequence represented by a single
contig and merging of contigs were carried out using Geneious 9.0.5

(Kearse et al., 2012), Minimus2 (Sommer et al., 2007) and Circlator
(Hunt et al., 2015), visualization was carried out using ACT (Carver et
al., 2005). The circular contigs were polished with RS_Resequencing.1
protocol in SMRT portal v2.3.0.

2.3. Genome annotation

Origin of replication (oriC) was identified using Ori-Finder (Gao and
Zhang, 2008). Protein-coding sequences were predicted by Glimmer
software version 3.0 (Delcher et al., 2007), Ribosomal RNA genes and
transfer RNA genes were detected using RNAmmer software version
1.2 and using tRNAscan-SE respectively (Lagesen et al., 2007; Lowe
and Eddy, 1997). CRISPR loci were searched using the CRISPR Recogni-
tion tool (Bland et al., 2007). Prophage elements were identified using
PHAST (Zhou et al., 2011). Genome Annotation was performed using
the Rapid Annotation using Subsystem Technology (RAST) server
(Aziz et al., 2008; Overbeek et al., 2014), Prokka 1.11 (Seemann, 2014)
and NCBI's Prokaryotic Genome Annotation Pipeline (PGAP). Genome
annotation based on RAST was also carried out for the recently pub-
lished genome sequence of the C. septicum strain CSUR P1044 isolated
from human gut (Benamar et al., 2016). Genome annotations were ad-
ditionally done with Gene Ontology (GO) terms using Blast2GO PRO
software in CLC genomics workbench 8.5.1 and the results were sum-
marized in General GO slim functional categories (Conesa and Gotz,
2008; Conesa et al., 2005; Gotz et al., 2011; Gotz et al., 2008). BLASTP
search was carried out against the non-redundant database and the
GO terms associated with each BLAST hit were used for annotation.
InterPro annotations were also used to retrieve domain/motif informa-
tion for the proteins. Antibiotic resistance genes were identified using

Table 1
Details of published sequence data used for this study showing species, strain designation,
type of data used and accession number.

Assembly of genomes retrieved from NCBI”

Species Strain Type of data NCBI accession number
designation

C.? chauvoei JF4335 Assembly NZ_LT799839.1

C. septicum CSUR P1044 Assembly PRJEB146921

C. botulinum C/D BKT2873 Assembly PRJNA233460

C. botulinum C/D  BKT12695 Assembly PRJNA233471

C. botulinum C str.Eklund Assembly PRJNA20017

C. botulinum A Hall Assembly NC_009698

C. botulinum E3  str. Alaska E43 Assembly NC_010723

C. botulinum E1 ~ str. BONT E Beluga Assembly PRJNA29861

C. botulinum B str. Eklund 17B Assembly NC_010674/NC_010680

C. botulinum A ATCC 3502 Assembly NC_009495/NC_009496

C DSM 1731 Assembly NC_015687
acetobutylicum

C ATCC 824 Assembly NC_003030
acetobutylicum

C EA 2018 Assembly NC_017295
acetobutylicum

C. tetani E88 Assembly NC_004557/NC_004565

C. butyricum KNU-L09 Assembly NZ_CP013252/NZ_CP013489

C. butyricum 5521 Assembly NZ_ABDT00000000

C. butyricum E4 BoNT E BL5262 Assembly NZ_ACOMO00000000

C. haemolyticum  NCTC 8350 Assembly NZ_JDSA00000000

C. novyi NT NT Assembly NC_8593

C. novyi B str. ATCC Assembly PRJNA233467

C. sporogenes DSM 795 Assembly NZ_CP011663

C. beijerinckii ATCC 35702 Assembly NZ_CP006777

C. beijerinckii NCIMB 8052 Assembly NC_009617

C. perfringens ATCC 13124 Assembly NC_008261

C. perfringens str. 13 Assembly NC_003366/NC_003042

C. baratii str. Sullivan Assembly NZ_CP006905/

NZ_CP006906
2 Clostridium.

b National Centre for Biotechnology Information.
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Resistance Gene Identifier 3.0.9 (RGI) with the Comprehensive Antibi-
otic Research Database (CARD) (McArthur et al.,, 2013).

2.4. Comparative genome analysis and visualization

The circular plot of genomes was made using Artemis and
DNAPIotter (Carver et al., 2009; Rutherford et al., 2000) and locally col-
linear blocks (LCBs) were plotted using progressiveMauve (Darling et
al, 2010).

Gegenees software_v2.2.1 was utilized for carrying out
phylogenomic analysis of the genus Clostridia (Agren et al., 2012).
TBLASTX with settings of 500/500 were used and heat maps were gen-
erated with a cut-off threshold of 35% for non-conserved genetic mate-
rial. Phylogenetic tree (Neighbour Joining method) was created in Splits
Tree 4 (Huson and Bryant, 2006) using the PHYLIP file exported from
Gegenees software. The phylogenomic study involved various species
within the genus such as C. chauvoei, C. septicum, C. botulinum type C/
D, C. botulinum type C, C. botulinum type A, C. botulinum type E3, C. bot-
ulinum type E1, C. botulinum type B, C. acetobutylicum, C. tetani, C.
butyricum, C. haemolyticum, C. novyi NT, C. novyi B, C. sporogenes, C.
beijerinckii, C. perfringens and C. baratii. Species, strain designation and
accession number of the genomes used for comparative genomic stud-
ies are shown in Table 1.

The orthologous gene identification (PGAP annotation) for the three
completed C. chauvoei strains and also the C. septicum CSURP1044 strain
was carried out using Pan-genome ortholog clustering tool 3.23
(panOCT) with default parameters (Fouts et al., 2012). The venn dia-
gram depicting the core, shared and unique genes identified using
panOCT were generated using jvenn (Bardou et al., 2014).
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3. Results
3.1. Genome assembly and annotation

HGAP 3 assembly generated one contig representing the genome
for the DSM 75287 strain. The final circular genome of 2872,664 bp
was created after circularization and final polishing with the
RS_Resequencing protocol. Two contigs representing the chromo-
some and one contig for the plasmid was obtained for strain
1250467. The merging of the 2 contigs representing the genome
was carried out using Minimus2, but no circularization was achieved
and hence was carried out from the overlapping ends using Geneious
9.0.5 (Kearse et al., 2012). The contig representing the plasmid gen-
erated by HGAP was showing multiple copies of the plasmid se-
quence based on an assembly generated in Circlator and was
visualized in Artemis Comparison Tool (ACT) (Fig. 1). The final ge-
nome of strain 1250467 was represented by a 2,885,628 bp chromo-
some and a 3941 bp plasmid respectively after polishing with
RS_Resequencing protocol. Genome assembly and circularization
summary for the complete genomes are depicted in Table 2.

Glimmer 3 predicted 2678 and 2636 open reading frames for
the DSM 7528" and strain 1250467 respectively. RNAmmer1.2
and tRNAscan-SE predicted 27 ribosomal RNAs and 87 transfer
RNAs respectively for both genomes. Annotation of the Glimmer
3 predicted proteomes were carried out using Blast2GO which re-
vealed various functional elements for the species. The genome
summary table (Table 3) is showing chromosome, plasmid and
genome sizes, GC content; the number of rRNA operons, tRNA
and coding sequences of the three complete C. chauvoei strains
(Table 3).
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Fig. 1. ACT view showing multiple copies of a plasmid sequence Contig unitig_5 (shown above) generated by HGAP represents multiple copies of the plasmid sequence. Circlator reduced
the multiplicity to generate contig NODE 4 (shown below) which was used to circularize and determine the 4 kb plasmid sequence.



290 P. Thomas et al. / Infection, Genetics and Evolution 54 (2017) 287-298

Table 2

Genome assembly and circularization summary (Clostridium chauvoei strains DSM 7528
and 1250467).

Contig/genome size, coverage and consensus accuracy of the genome assembly (HGAP3)
and circularization summary of the strains DSM 7528" and 1250467. Increased coverage
and consensus accuracy in RS_resequencing (error correction) indicate correct circulariza-
tion of the genomes.

Clostridium chauvoei strain DSM 75287

Contig Length Coverage Consensus
(bp) accuracy
HGAP summary
1 unitig_0 2,888,463 250.2x 99.98%
Circularization summary
1 Genome 2,872,664 270 100%
Clostridium chauvoei strain 1250467
Contigs Length Coverage
(bp)

HGAP summary
1 unitig_0 2,735,737 377x 99.98%
2 unitig_1 169,089 394 x
3 unitig_5 9570 596 x
Circularization summary
1 Genome 2885,630 417 100%
2 Plasmid 3941 1218x

3.2. Origin of replication

Orifinder predicted a short and long oriC region of 257 bp and 734 bp
at either side of dnaA displaying five and eight DnaA box sequence mo-
tives (ttatccaca) with not more than one mismatch to Escherichia coli
DnaA box, respectively. Marker genes commonly observed near the bac-
terial origin of replication were observed near the oriC region. Two
probable DNA-unwinding elements (DUE) sites were identified within
the shorter oriC region based on its higher A/T composition (Fig. 2).

3.3. Comparative genome analysis and visualization

The circular genome plot with RAST predicted proteins and other el-
ements for the strain DSM 7528" was created using DNAPIotter soft-
ware (Fig. 3). Collinear blocks with inversion and insertions of blocks
were identified among the C. chauvoei genomes (DSM 75287, 1250467
and JF4335) and also among C. chauvoei and C. septicum genomes
(DSM 7528" and CSUR P1044) (Fig. 4).

The analysis of genome sequence data to depict phylogenetic relat-
edness in the genus Clostridium revealed groups of species sharing ho-
mology. C. chauvoei was showing high relatedness with C. septicum
(74%) in phylogenomic analysis within the genus Clostridium (Fig. 5).

Table 3
Genome summary (Clostridium chauvoei strains DSM 7528, 1250467 and JF4335)

Comparative genome analysis carried out to detect orthologous
genes (Fouts et al., 2012) among the three C. chauvoei genomes identi-
fied the number of 2548 core genes and 38 accessory genes (Fig. 6A).
The number of orthologous genes (Fouts et al., 2012) shared by the
three C. chauvoei genomes (DSM 75287, 1250467 and JF4335) and the
C. septicum (CSUR P1044) genome was 1520 genes (Fig. 6B). The num-
ber of species-specific unique genes among the 4123 gene pan-genome
identified in both species together was 1029 genes for C. chauvoei and
1538 genes for C. septicum, respectively. Orthologous protein clusters
shared by all three C. chauvoei genomes (DSM 75287, 1250467 and
JF4335) and with C. septicum strain CSUR P1044 is represented in
venn diagrams (Fig. 6).

The genome features of C. chauvoei (DSM 7528") and C. septicum
(CSUR P1044) were compared based on subsystem category distribu-
tion features in RAST (Aziz et al., 2008; Overbeek et al., 2014). Both ge-
nomes share similar subsystem category distributions whereas the
subsystem feature counts were higher for C. septicum for genes related
to prophages, phosphorus metabolism and carbohydrates (Fig. 7).

3.4. CRISPR and phage elements

Two CRISPR elements were identified in the genomes with site
lengths of around 0.6-kb (site 1) and 2-kb (site 2) separated by a dis-
tance of around 1.5-kb. There were 11 repeats for site 1 in both ge-
nomes, whereas 32 and 34 repeats were observed for site 2 in
1250467 and DSM 75287, respectively. Direct repeat (DR) sequences
were of the same sequence for both isolates at both sites
(GATTAACATTAACATGAGATGTATTTAAAT). The spacers between the
CRISPR repeat elements at site 2 were variable with 31 and 33 numbers
for 1250467 and DSM 7528, respectively, with a length ranging from 35
to 37 bp. Both CRISPR elements were accompanied by the same genes
for CRISPR associated proteins (Cas) flanking the site. The direct repeat
number for the Swiss strain (JF4335) was 11 and 34, similar to that of
the DSM 7528 strain. Phage analysis carried out using PHAST server
identified intact prophages of 53-kb and 46.3-kb for DSM 7528" and
1250467, respectively, and an incomplete prophage of 10.2-kb for
both strains with similar genetic structure. The incomplete phage ele-
ment showed the presence of a small number of bacterial specific pro-
tein genes.

3.5. Spore resistance, sporulation and germination

The characterized genome has around 70 predicted genes for spore
resistance, sporulation and germination which include 5 small, acid-sol-
uble spore proteins (SASPs) involved in spore resistance, set of genes in-
volved in dipicolinic acid (DPA) synthesis was similar to that identified
in the Clostridia cluster I group. Proteins involved in the various stages of

Genome summary table showing chromosome, plasmid, genome sizes and their respective GC content obtained. The number of rRNA operons, tRNA and coding sequences for all the three

strains is also compared.

Genome (kb) DSM 7528" 1250467 JF4335
(NZ_LT799839.1)
Chromosome 2872 Chromosome 2885 Chromosome 2887
Plasmid - Plasmid 3,09 Plasmid -
Genome 2872 Genome 2889 Genome 2887
GC content Genome 28.30% Genome 28.30% Genome 28.30%
Plasmid - Plasmid 27% Plasmid -
rRNA 9 operons 9 operons 9 operons
tRNA 87 87 87
CDS RAST 2676 2632 -
Prokka 2662 2626
PGAP 2582 2577 2569
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oriC 2

TG CATATCCTCCAT TARAARATARAT TTEAAATAATATAATARCARTATAATARCAATATATCARCA

T
TARTTATTAACAGG TTATTATAGTTG TTCATARATAGTATTAARATATTCACATGTTAATAATTATG -
GTGATAACARATTTAAAT, iﬁhhﬁm}\‘l’ AGGTTGATAATAAGTTCTARACATTATTAACAT 0 rlC 1
ACCCTAAAATGCTTATTTTTGC TACAAAATAGTAAAAATAAGTTAAGTTTAAAGAAARRATARACAA AARATACCTCCTAAGTTATAAACAATGATTAGTATAC T'RAATAAGW

E—— SE—— S— —
GTTATACACAATTTAATCCACAGTTG TGCATAAGTTTGTTTATTAATAATATTATTCACAGTCAATA

ATﬁTﬁTATATTAATAAT&ATAGTAGTAGGGGC!G!EGKIA!G!EGxKxXGThCT
T ARTARTAACATAAGTTARATAGEGE TG TTCARG AAG TTRT CC Re RARRATATAAGTTGTTATTTTT
R St
ATTTATCAAC AGGTTARTGGTARTTATAG TG TAT TGACATG GARTGATG ATATATATATARTARTAR CTCAGCCC LA LA T A T T G AT T T A LA A A A AR TATTIGTGGATARGTAGA
AGTARATTTAAAATACGAATAATATAGTTATTTAC TATATATATARRAG TTTAAAGEGEETGTARTG —

GCARAMAAACAATACGTTATCCACATTAATAACARGCAATATGCTTTCGAAARG
ARATGTTCATGACATACCAACCAARARAGAGACAAAGARARARAG AACATGGTTTCAGARAGAGAAT

————
GAGTACTCCAGGTEGAAGAAACGTTCTTAAGAGAAGAAGAC ARARAGGAAGARARAAATTAACAGCA TTATCCACACATAATTCTATAAAGTTATGTACATTTGTTGA

TARGGGCCGCAATAAGTGGCCTTTTTTCTGCARATGCAGGARARAAAGGAGGATGAARGTTCTC

oriC 2 oriC 1

mpA rmpH dnah dnaN reckF gyrB

Fig. 2. Schematic diagram of the origin of replication (oriC). The two oriC regions identified by orifinder are depicted in the lower part of the figure; sky blue boxes represent oriC1 and oriC2
with the presence of marker genes (rnpA-rmpH-dnaA-dnaN-recF-gyrB) near to the origin of replication. The sequence of two oriC regions (oriC1 and oriC2) with DnaA boxes (dark blue)
and two probable DNA-unwinding elements (DUE) (red) is shown. The schematic representation was created using Geneious 9.0.5 (http://www.geneious.com/).
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Fig. 3. Circular plot of the genome of strain DSM 7528". The plot was made using DNAPlotter. Red and green indicate forward and reverse genes predicted by RAST. Blue and pink lines
correspond to tRNA and rRNA genes respectively. The inner circle displays the GC skew and the second circle from the center displays the G + C content.
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Clostndmsm chaweoe JF4355

A: DSM 75287 (upper), 1250467 (middle) and JF4335 (lower)

Clostridiem septicur P1044

B: DSM 75287 (above), CSUR P1044 (below)

Fig. 4. A: DSM 7528" (upper), 1250467 (middle) and JF4335 (lower). B: DSM 7528" (above), CSUR P1044 (below.)
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Fig. 5. Phylogenomic relatedness within genus Clostridium TBLASTX with fragment alignment settings of 500/500 were used for comparative genomics and heat maps were generated with
a cut-off threshold of 35% for non-conserved genetic material. A neighbour joining method based phylogenetic tree was created in Splits Tree 4 using the PHYLIP file exported from
Gegenees software.
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1250467

A: DSM 75287, 1250467 and JF4335

1250467

DSM 7528

SUR P1044

B: DSM 75287, 1250467, JF4335 and CSUR P1044

Fig. 6. A: DSM 7528, 1250467 and JF4335. B: DSM 7528, 1250467, JF4335 and CSUR P1044.

sporulation could also be identified including the major regulator SpoOA
and key sigma factors regulating spore formation. The genome also har-
bors the gerK operon, identified as the Germinant Receptor (GR) and the
lytic enzymes involved in the germination processes. The genetic relat-
edness of important genes regulating sporulation and germination of C.
chauvoei was compared to that of C. septicum (CSUR P1044), C.
perfringens (ATCC 13124) and C. botulinum type A (ATCC 3502) based
on BLASTP (Altschul et al., 1997) searches with the respective proteome.
The gene list used for comparison, length of coding sequences, pairwise
similarity and coverage of query genes are given in Table 4.

3.6. Virulence factors and antibiotic resistance

Antibiotic resistance genes were predicted using the CARD database
which identified eight genes conferring resistance to antibiotics includ-
ing aminocoumarin (two genes), beta-lactam antibiotics, rifampicin,
tetracycline, macrolide, peptide antibiotic and a gene conferring antibi-
otic resistance via molecular bypass for both C. chauvoei (DSM 75287
and 12S0467) genomes. The genomes also showed the presence of
three fliC genes with a coding length of 414 amino acids. Both genomes
contain a gene coding for CctA, NanA sialidase, haemolysin III,

e Matabcaem (14] Suther 118}
u Frasgnors Metatasem (26 Phassterss Metabsiam (40
o Carbunpsrates (185) )

A: Clastridiim chawvoet (DSM T5287) B: Clastridiiom septiciom (CSUR P1044)

Fig. 7. A: Clostridium chauvoei (DSM 7528"). Clostridium septicum (CSUR P1044)

haemolysin XhlA, internalin A2, hyaluronidase J (Nag]) and hyaluroni-
dase H (NagH). The Blast2GO annotation identified the major functional
gene classes found in the genome which includes several glycosidases
and various proteins involved in metal ion binding and transportation.
The genome also harbors several classes of proteolytic enzymes.

4. Discussion
4.1. Genome assembly and annotation

Complete genome sequence of two Clostridium chauvoei strains was
achieved for the type strain and an isolate of German origin which had
been isolated from a diseased animal (Table 2). The strategy of microbial
genome sequencing with PacBio long reads and HGAP successfully fin-
ished both genomes with high coverage and quality values without
the need of manual completion or additional short read data. Earlier
studies have shown the advantages of using PacBio generated long
reads based on single-library and non-hybrid assemblies for completing
bacterial genomes (Brown et al., 2014; Liao et al., 2015). The genomic
sizes of both, the type strain and the field isolate corroborated the pub-
lished genome sequence of the Swiss C. chauvoei field strain JF4335
(Table 3). No plasmid representing contig was obtained for DSM
7528" but a 3.9-kb plasmid was identified in strain 1250467. Like in
other bacterial species the rRNA gene cluster is used as an important ge-
netic marker to differentiate and identify C. chauvoei and C. septicum by
PCR (Sasaki et al., 2000). Commonly, most of the rRNA genes are posi-
tioned close to each other, a constellation which is considered as the
major hindrance for genome finishing (Koren et al.,, 2013). The charac-
terization of the region seems to be problematic without long read
based sequencing techniques such as the PacBio RS II system capable
of generating reads with N50 close to 20 kb (Rhoads and Au, 2015).
Using this technique we were able to resolve these difficulties, our ge-
nome analysis showed the presence of 87 tRNA genes and 9 rRNA
gene clusters (Table 3).

4.2. Origin of replication

Orifinder identified two possible oriC regions in close vicinity on ei-
ther side of dnaA, as well as near to other marker genes (Fig. 2) in the
order rnpA-rmpH-dnaA-dnaN-recF-gyrB, the conserved gene order
for a bacterial origin of replication (Mackiewicz et al., 2004). The pre-
dicted regions were similar to the origin of replication known for
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Table 4

Genetic relatedness of important genes involved in spore resistance, sporulation and germination: The genetic relatedness of important genes involved in spore resistance, sporulation and
germination of C. chauvoei (DSM 7528") was compared to C. septicum (CSUR P1044), C. perfringens (ATCC 13124) and C. botulinum type A (ATCC 3502) proteomes based on BLASTP
searches. The percentage pair wise identity and percentage query coverage of the coding sequence was computed for assessing the genetic relatedness. Most of the C. chauvoei genes

for sporulation and germination were showing greater homology with that of C. septicum.

Gene description Product  Length % Pair wise Query % Pair wise Query % Pair wise Query
(CDS) identity coverage identity coverage identity coverage
C. septicum C. perfringens C. botulinum
4-Hydroxy-tetrahydrodipicolinate synthase DapA 293 81.20% 100% 65.20% 98.29% 72.90% 100.00%
Electron transfer flavoprotein, alpha subunit EtfA CDS 397 92.20% 100% 76.10% 99.24% 72.50% 99.75%
1
Electron transfer flavoprotein, alpha subunit EtfACDS 336 96.50% 100% 75.70% 99.40% 64.20% 98.81%
2

Spore germination protein GerKA GerKA 478 89.70% 100% 62.40% 99.58% 31.80% 95.60%

Spore germination protein GerKC GerKC 373 85.80% 100% 48.40% 100.00% 23.40% 85.75%

Serine/threonine protein kinase PrkC PrkC 661 77.30% 99.24% 50.60% 96.22% 45.70% 86.54%

RNA polymerase sporulation specific sigma factor Sigk  SigE 236 97.40% 100% 83.40% 100.00% 83.80% 100.00%

RNA polymerase sporulation specific sigma factor SigF  SigF 252 98% 100% 72.00% 98.01% 70.50% 96.02%

RNA polymerase sporulation specific sigma factor SigG 258 99.20% 100% 89.50% 100.00% 88.30% 100.00%
SigG

RNA polymerase sporulation specific sigma factor SigH 215 93.00% 100% 76.00% 93.46% 81.10% 88.79%
SigH

RNA polymerase sporulation specific sigma factor SigK 232 97.80% 100% 70.10% 98.70% 68.10% 99.13%
SigK

Spore cortex-lytic enzyme precursor SleB 195 79.10% 100% 61.20% 69.07% 59.30% 69.07%

Spore cortex-lytic enzyme SleC SleC 445 91.00% 100% 60.50% 98.65% 40.80% 16.67%

Stage 0 sporulation two-component response Spo0A 268 95.50% 100% 80.90% 100.00% 77.30% 100.00%

regulator (Spo0A)

Bacillus (B.) subtilis oriC displaying DnaA box clusters in the intergenic
regions both upstream and downstream of dnaA and with probably
two DNA-unwinding elements (DUE) in the dnaA-dnaN region in com-
parison to one predicted for B. subtilis (Briggs et al., 2012). The number
of DnaA boxes with the consensus sequence (ttatccaca) was two for
both oriC regions (Fig. 2).

4.3. Comparative genome analysis and visualization

Comparison of the three C. chauvoei chromosomes showed inversion
and translocation of LCBs (Fig. 4). Symmetric inversion around the bac-
terial origin of replication is a common feature for closely related species
(Eisen et al., 2000). Presence of blocks switched to different positions
among isolates has also been observed in strains of C. botulinum (Fang
et al,, 2012). The C. chauvoei genome also shares some similar LCBs
with C. septicum confirming the close relatedness of the two species
(Fig. 4).

The analysis of genome sequence data to depict phylogenetic relat-
edness in the genus Clostridium revealed groups of species sharing ho-
mology. Significant homology was observed for C. chauvoei and C.
septicum, C. botulinum type C and D, C. novyi and C. haemolyticum, for
C. botulinum type A and C. sporogenes and for C. botulinum type B and
E, C. beijerinckii and C. butyricum (Fig. 5). These findings are similar to
previous phylogenetic studies based on 16S rDNA (Kuhnert et al.,
1996; Stackebrandt et al., 1999). Based on r1s sequence analysis for nu-
cleotide signatures and unique restriction enzyme digestion patterns, C.
chauvoei was found to be phylogenetically related to C. septicum and C.
carnis (Kalia et al,, 2011; Kuhnert et al., 1996).

Based on panOCT (Fouts et al., 2012) analysis, the core and accessory
genome of the three C. chauvoei isolates, 1250467, DSM 75287 (this
study) and JF4335 were investigated. The genomes are highly similar
in respect to gene content and differ only in a limited number of genes
(Fig. 6). 1250467 and the JF4335 harbored a segment of genes including
a sialidase, alpha-L-fucosidase and NPTQN specific sortase B which are
absent in the type strain and could be associated with bacterial pathoge-
nicity. Alpha-L-fucosidases are involved in the degradation of intestinal
fucosyl glycans by C. perfringens (Fan et al., 2016) and sortase B (SrtB), a

cysteine transpeptidase has been identified in Staphylococcus aureus
that attaches a polypeptide involved in heme iron transport and thus
help in iron acquisition during infection (Zong et al., 2004). The majority
of the unique genetic elements among the three genomes are genes for
transposition, mobile element proteins and hypothetical proteins.

The genome features of C. chauvoei (DSM 75287) and C. septicum
(CSUR P1044) were compared based on subsystem category distribu-
tion features in RAST (Aziz et al., 2008; Overbeek et al.,, 2014). Both ge-
nomes share similar subsystem category distributions whereas the
subsystem feature counts were higher for C. septicum for genes related
to prophages, phosphorus metabolism and carbohydrates (Fig. 7). Also
the published genome for C. septicum has a 32-kb plasmid whereas sim-
ilar large plasmids were not observed so far in characterized strains of C.
chauvoei.

4.4. CRISPR and phage elements

CRISPR elements in bacteria confer protection against bacterio-
phages (Barrangou et al., 2007). The C. chauvoei genomes have two
CRISPR sites which are similar to the CRISPR type I-B system based on
the presence of cas genes in the order (cas6-cas8b1-cas7-cas5-cas3-
cas4-cas1-cas2) according to the updated CRISPR type classification
(Makarova et al., 2015). CRISPR elements have also been reported
from a pathogenic C. perfringens type A strain isolated from a calf
(Nowell et al., 2012). Interestingly no CRISPR elements were identified
on the chromosome of a C. botulinum type III strain (BKT015925) of
poultry origin but CRISPR elements were present in the prophage (p1)
and on a plasmid (p2), respectively (Skarin et al., 2011). In a detailed
analysis of the same strain it was found that the CRISPR type [—B sys-
tem was incomplete for all cas genes and was predicted to be inactive
(Woudstra et al., 2016). Both genomes in the current study show the
presence of a complete CRISPR/Cas system with variations in respect
to two spacer numbers between the two isolates indicating an active
CRISPR/Cas system even though the genomes harbored prophages.
The genomes have both intact and incomplete prophages. The intact
prophage of both strains carried similar genes but was predicted with
different attP/attL sequences for strain DSM 7528" (TAAAAATAATGT)
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and strain 1250467 (TTTTTTTATTTT). One of the hemolysin genes previ-
ously described from the C. chauvoei genome belonging to the
haemolysin XhlA superfamily was also found to be present in the pro-
phage of both genomes (Frey and Falquet, 2015). The incomplete pro-
phage carried various coding sequences (CDS) of bacterial origin
which include few spore coat proteins and a sporulation-specific prote-
ase (YabG) which was recently characterized as a major regulator of
germination in C. difficile (Kevorkian et al., 2016).

4.5. Spore resistance, sporulation and germination

Genes for small, acid-soluble spore proteins (SASPs) of the o/ types
were identified in the genome. SASPs have a significant contribution to-
wards spore resistance against heat, UV radiation, and chemical agents
(Meaney et al., 2016; Setlow, 1988, 1994) and C. perfringens strains lack-
ing a significant number of o/B-type SASPs developed more sensitive
spores (Paredes-Sabja et al., 2008a; Raju et al., 2007). Dipicolinic acid
(DPA), a major component of bacterial endospores, is made from the
precursor dihydro-dipicolinic acid (DHDPA) by DHDPA synthase and fi-
nally DHDPA is oxidized to DPA by the products of the spoVF operon in
the case of Bacillus and many Clostridium species. However many path-
ogens belonging to Clostridium cluster I such as C. perfringens, C. botuli-
num and C. tetani have no spoVF orthologues in their genomes (Durre,
2014). In the case of C. perfringens, it has been discovered that electron
transfer flavoprotein (EtfA) carries out the production of dipicolinic
acid from DHDPA (Orsburn et al., 2010). The C. chauvoei genome en-
codes a DHDPA synthase designated as DapA coding for 292 amino
acids but a spoVF operon is absent as in other organisms of Clostridia
cluster I. Two genes encoding EtfA proteins of 335 and 396 amino
acids, respectively, were identified and were of similar length to that
predicted for C. perfringens (Orsburn et al., 2010) suggesting an analo-
gous function.

Spo0A, a transcriptional factor plays a central role in the sporulation
process of bacteria of the genera Clostridium and Bacillus. There is also
evidence showing SpoOA is involved in regulating various metabolic
and virulence factors such as toxins in the genus Clostridium
(Paredes-Sabja et al., 2011; Pettit et al., 2014). The C. chauvoei genome
data also revealed the presence of the spo0A and other genes involved
in various stages of sporulation. Initiation of sporulation in Clostridium
species is carried out by kinases known as orphan kinases as they lack
the cognate response regulator and the phosphorelay mechanism
found in Bacillus (Talukdar et al., 2015). Most of the C. chauvoei genes
for sporulation and germination showed greater homology with those
of C. septicum followed by C. perfringens and C. botulinum which suggests
a genetic relatedness and similar mechanisms for sporulation and ger-
mination. The Spo0A of all four species was compared and the result
shows a central region with amino acid deletions for C. chauvoei and C.
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septicum (Fig. 8). The limited sequence variation of Spo0OA has already
been employed for specific detection of C. chauvoei and C. septicum
based on real-time PCR (Lange et al., 2010). The exact role of SpoOA
and its interaction with orphan kinases in C. chauvoei waits to be ex-
plored; furthermore, also the possible role of Spo0A in regulating the
metabolic pathways and virulence factors in C. chauvoei is unclear.
Organization of germination receptors in clostridiae are found to be
different from B. subtillis and also are strain dependent (Durre, 2014). In
the case of C. perfringens the gerK operons are organized as a
monocistronic gerkB and a bicistronic gerKA-gerKC transcriptional unit
(Paredes-Sabja et al., 2009). The characterized C. chauvoei genome
also shows the same arrangement. It can be assumed that a similar ger-
mination pattern with the essentiality for L-asparagine and the possibil-
ity of KCl-induced germination as observed for C. perfingens (Paredes-
Sabja et al., 2008b) is present. Also the genome harbors a prkC, encoding
a Ser/Thr kinase observed in C. perfringens suggestive for an alternative
germination pathway triggered by environmental peptidoglycan frag-
ments as described for B. subtilis (Xiao et al., 2015). The translated pro-
teins of C. chauvoei DapA, GerKC, PrKC and germination-specific spore
cortex-lytic enzymes SleB showed significantly lower homology with
that of C. septicum, C. perfringens and C. botulinum suggestive for the in-
volvement of species specific factors required for germination (Table 4).

4.6. Virulence factors and antibiotic resistance

Flagellin is the principle component of the bacterial flagellum, an im-
portant structure in the mobility of bacterial pathogens and also in-
volved in pathogenicity. Earlier studies carried out at the nucleotide
sequence level have shown the existence of two fliCs which occur in tan-
dem, designated as fliA(C) and fliB(C) having highly conserved N and C
terminal regions. Also flagella and f1iC genes are considered as one of the
important vaccine and diagnostic candidate antigens of the pathogen
(Tamura and Tanaka, 1984; Tanaka et al., 1987; Usharani et al., 2015).
The sequence analysis of the two C. chauvoei isolates described in the
current study revealed the presence of three fIiC genes instead of two.
This is the first report of triplicate fliC genes for the species, a finding
of possible importance for pathogen detection and immunization. The
spacer regions between the three fliC genes are conserved and all
three genes have a central variable region (Fig. 9), a structure not easily
resolved by sequencing techniques employing short reads. Other genes
involved in motility and chemotaxis were found to be homologous be-
tween the three sequenced strains. Flagella, toxins and lytic enzymes
are primary virulence factors in C. chauvoei (Frey and Falquet, 2015). Re-
cently “Clostridium chauvoei toxin A” (CctA) belonging to the leucocidin
superfamily of bacterial toxins was identified as a major virulence factor
in C. chauvoei, and not found in other clostridiae (Frey et al., 2012). No
genetic variability for the CctA protein at the amino acid level was
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Fig. 8. Alignment of the SpoOA protein sequence from four species. Alignment of the SpoA protein sequence of C. chauvoei, C. septicum (CSUR P1044), C. perfringens (ATCC 13124) and C.
botulinum (ATCC 3502). Conserved amino acids are depicted as dots. The red line indicates the amino acid deletions for C. chauvoei and C. septicum SpoA proteins. Alignment and schematic

representation was created using Geneious 9.0.5 (http://www.geneious.com/).
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fliD CDS hypothetical protein CDS fliC

fliu CDS

fliC fliC

TTGTAAGTTAAGTTTTGAAAATAACCAGATTTGTTCT
GGTTATTTTTTTTAGAATAAAAAAGCTAAAGTAGATA
AAAATAGTTACGATATTTAGAATAAGTAAGAAAATTA
CTTGAATAAATTGTACATATAAAATAAAAGACAGGGA
TGTCTAATTTAAAAATCAAGGAGGAATTATATT

Fig. 9. Schematic representation of multiple fliC genes. Arrangement of the three fliC genes in the flagellar operon. The two 181 bp spacer regions between the fliC genes were identical
(shown below). Alignment of central variable region of fliC (amino acid position 177 to 310) is shown above with conserved amino acids depicted as dots. Alignhment and schematic

representation was created using Geneious 9.0.5 (http://www.geneious.com/).

found for the three strains, even though an earlier study reported three
nucleotide polymorphisms for one strain isolated 1956 in New Zealand
(Frey et al,, 2012).

Sialidases or neuraminidases are among the few previously charac-
terized virulence factors of C. chauvoei (Useh et al., 2006; Vilei et al.,
2011). The sialidase gene nanA showed 100% similarity at amino acid
level in the three genomes. All genomes harbored a NagH homologue
gene encoding 1887 amino acids with a variation in the coding for the
amino acid at position 596 where methionine is substituted with an iso-
leucine for 12S0467. The C. chauvoei genome also harbors many genes
involved in hydrolysis of O-linked glycans based on GO annotation. Gly-
coside hydrolases have been identified as virulence factors of bacterial
pathogens during infections (Frederiksen et al., 2013). Pneumococcal
O-glycosidase in conjunction with the neuraminidase NanA, sequential-
ly deglycosylates O-linked glycan structures in the mucous layer of epi-
thelia promoting bacterial colonization (Marion et al., 2009). A recent
study on the membrane proteome of C. chauvoei has identified a puta-
tive glycosyl hydrolase to be cell-wall associated and immunogenic
(Jayaramaiah et al.,, 2016). Proteolytic enzymes may help in the survival
of C. chauvoei in muscle tissue and thus contribute to pathogenesis.
There are also many genes involved in the transportation and acquisi-
tion of iron and other metal ions which are essential for the survival of
pathogens in the host (Porcheron et al., 2013). Further genes potentially
involved in the pathogenesis of C. chauvoei include phospholipases, col-
lagen binding proteins and genes encoding homologues to internalin A
(Frey and Falquet, 2015). The genomes harbor three coding sequences
for internalin A which showed no variation among the strains.

Antibiotic resistance genes encoded in the genome confer resistance
to bacterial pathogens. An earlier study based on genome sequence of
strain C. chauvoei JF4335 reported a number of genes for antibiotic resis-
tance (a gene for penicillin resistance (a beta-lactamase gene), an elon-
gation factor G (EF-G) type tetracycline resistance gene (tetM and tetO
analogues), a vancomycin B-type resistance gene (vanW)). However,
that same study described the isolate (and others used in the study)
sensitive to all antibiotics tested which are usually used against clostrid-
ial infections and hence postulated the possibility for non-expression or
expression of non-functional proteins (Frey and Falquet, 2015). Hence,
additional genes potentially conferring resistance for peptide antibiotics
and macrolides were found in the present study in both genomes. Three

genes which are protein variants in the CARD database were identified
of which two encoded a gyrB related gene possibly conferring resistance
to aminocoumarin and one rpoB potentially conferring resistance to ri-
fampicin. Even though specific SNPs can confer resistance to antibiotics
in bacteria (McArthur et al., 2013), whether the protein variants identi-
fied in C. chauvoei genomes play any role in antibiotic resistance is
doubtful. However, antimicrobial resistance was not tested in our study.

5. Conclusion

High quality circular genome sequences were generated for the C.
chauvoei type strain DSM 7528”7 (ATCC 100927) and a field strain
1250467 isolated in Germany. Similar prophages were identified in both
genomes which harbored hemolysin and bacterial spore formation
genes. A CRISPR type [-B system was observed in both genomes. Sporula-
tion and germination process related genes were homologous to those of
the Clostridia cluster I group, but novel variations in regulatory genes were
also identified. Phylogenomics showed a higher relatedness to C. septicum
than to other so far sequenced genomes of species belonging to the genus
Clostridium. Comparative genome analysis of three C. chauvoei circular ge-
nome sequences revealed the presence of few inversions and transloca-
tions in locally collinear blocks (LCBs). The species genome also shows a
large number of genes involved in proteolysis, glycosyl hydrolase genes
and metal iron transportation genes which are presumably involved in
virulence and survival in the host. Three conserved flagellar genes (fliC)
were identified in each of the circular genomes. The data presented
here will facilitate future studies to investigate C. chauvoei evolution and
pathobiology.
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