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Abstract

Clostridium chauvoei is the etiological agent of blackleg, an infectious disease affecting cattle and small ruminants worldwide.
This disease can manifest as classical blackleg, a condition in which skeletal muscles are affected and visceral blackleg, which
affects the heart, sublingual muscles, and the diaphragm. The pathogenesis of the visceral form of the disease is poorly under-
stood. The objective of this study is to determine and analyze complete genomic sequences of six C. chauvoei strains, five isolates
from skeletal muscle and one isolate from a visceral case of blackleg in Brazil, to provide insights into the differences in
pathogenic profiles of strains causing the different forms of disease. The full genomes of the six C. chauvoei strains were
sequenced and comparative analyses were performed among these genomes and the C. chauvoei reference strain JF4335. The
results of this study revealed that the genomes of the C. chauvoei strains analyzed are highly conserved; no particular differences
were noted that could be associated with the two different clinical manifestations of the disease.
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Introduction

Clostridium chauvoei is a Gram-positive, anaerobic, spore-
forming rod found in the soil, feces, and the digestive tract
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of many animals [1]. Transmission of blackleg occurs through
the ingestion of C. chauvoei spores from contaminated soil.
The ingested spores, or those produced after germinative cy-
cles in the gut, are transported from the intestine or lesions in
the oral cavity to muscles and tissues by macrophages across
Peyer’s patches [2, 3]. Once localized in the tissues, the spores
remain dormant until specific conditions such as anaerobiosis
lead to their germination, multiplication, and the consequent
production of exotoxins [3].

Antibiotic sensitivity testing indicates susceptibility of
C. chauvoei to penicillin, tylosin, metronidazole, florfenicol,
and vancomycin [4, 5]. There are two clinical manifestations
of blackleg in cattle, the classical and visceral forms, and both
forms are usually fatal and treatment with antibiotics is dis-
couraging [3, 6, 7]. In most cases of classical blackleg, acute
neutrophil necrotizing myositis that affects skeletal muscle is
observed. Visceral myonecrosis, which is rarely diagnosed,
affects the heart, the sublingual muscles, and the diaphragm
[6, 7]. The pathogenesis of cardiac lesions has not been suc-
cessfully explained [8].

The relatively small, 2.8 million base-pair (bp) genome of
C. chauvoei, is indicative of its adaptation to a restricted host
range—cattle, sheep, and goats—where C. chauvoei is able to
replicate and cause disease [9]. A recent study revealed a
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highly conserved genome of C. chauvoei in twenty strains
isolated from around the world over more than half a century
[10].

Whole genome sequencing is a powerful tool that
greatly contributes to our understanding of bacterial
intra-species diversity [11, 12]. To date, full genome
sequence data are available only for 22 C. chauvoei
strains including the type strain ATCC 10092 and the
thoroughly studied classical blackleg-causing strain
JF4335 (isolated from classical form blackleg-affected
cattle in Switzerland), which serves as a reference strain
for genomic comparisons [10, 13]. No genomic data are
available, however, for strains that cause the visceral
form of blackleg.

Considering the importance of the disease and in or-
der to get insights into the molecular genetic profile of
C. chauvoei, the complete genome sequences of six
Brazilian C. chauvoei isolates were analyzed. The study
particularly focuses on a C. chauvoei strain isolated
from a case of visceral blackleg with unusual levels of
cardiac involvement with the aim to understand the
mechanisms that lead to the different clinical manifesta-
tions of the disease.

Materials and methods
Bacterial strains and necropsy of visceral case

Six C. chauvoei strains, five of skeletal and one of
visceral origin, isolated from cases of blackleg in
Brazil between 2002 and 2015 were used in this study.
The strain of visceral origin was isolated from frag-
ments of heart obtained during necropsy of a visceral
case of blackleg. Samples were fixed in 10% neutral-
buffered formalin and routinely processed for histopath-
ological examination with hematoxylin and eosin
(H&E). All strains were stocked in Reinforced
Clostridial Medium (Oxo0id™). Prior to genome se-
quencing, the isolates were confirmed as belonging to
the species C. chauvoei by polymerase chain reaction
(PCR) amplification of the f/iC gene locus according
to the protocol proposed by Sasaki [14] and by 16S
rRNA gene sequencing.

Whole genome sequence assembly, annotation,
and consensus comparison

The full genomes of the six C. chauvoei strains were
sequenced by Illumina® technology HiSeq 2500/3000
(150 bp paired-end reads) by GATC-Biotech (Konstanz,
Germany) according to the manufacturer’s protocols.
Genome assembly was performed using the algorithms
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of the Geneious® software package (Biomatters Ltd.
New Zealand). Annotation of the whole genomes was
performed using the Geneious® annotation pipeline and
Prokka [15].

Comparative analyses were performed among the six
C. chauvoei genomes and the C. chauvoei reference
strain JF4335 (accession number NZ LT799839.1). The
assembled genomes were then examined for similarities
to known sequences through BLASTx software using
Blast2GO. Comparisons between genes and proteins
were performed with the BLASTn and BLASTp pro-
grams (https://blast.ncbi.nlm.nih.gov/Blast.cgi). To
obtain an overview of the genomes of the six C.
chauvoei strains, the consensus sequences were
extracted from the BAM files using SAMTools and
visualized using the BLAST Ring Image Generator
(BRIG) [16].

To analyze small differences among the genomes, the
read files were evaluated for their quality by FastQC
software (version 0.11.4 [http://www.bioinformatics.
babraham.ac.uk/projects/fastqc]) after single-nucleotide
polymorphism (SNP) extraction using the CFSAN SNP
Pipeline with the JF4335 genome as reference [17]. The
resulting SNP alignment file was used to generate a phy-
logenetic tree utilizing the SNAPP package from Beast 2
[18]. The phylogeny was visualized by FigTree v.1.4.3
and was rooted by Midpoint (http://tree.bio.ed.ac.uk/
software/figtree/). SNP distance matrices were also
obtained and used to quantify differences among the
strains.

Minimal inhibitory concentration testing

Antibiotic susceptibility of the strains was determined
using supplemented Brucella Broth using Sensititre™
ANO2B 96-well broth microdilution plates for anaerobic
organisms (Trek Diagnostics Systems Ltd., England).
The concentration ranges for antibiotics used in the min-
imal inhibitory concentration (MIC) testing are as fol-
lows: ampicillin/sulbactam 0.5/0.25-16/8 pg/ml,
amoxicillin/clavulanic acid 0.5/0.25-16/8 pg/ml,
cefotetan 4-64 pg/ml, penicillin 0.06—4 pg/ml, imipenem
0.12-8 pg/ml, meropenem 0.5-8 pg/ml, clindamycin
0.25-8 upg/ml, cefoxitin 1-32 pg/ml, metronidazole
0.5-16 pg/ml, chloramphenicol 2—-64 pg/ml, ampicillin
0.5-16 pg/ml, piperacillin 4-128 pg/ml, tetracycline
0.25-8 pg/ml, mezlocillin 4-128 pg/ml, and
piperacillin/tazobactam 0.25/4-128/4 pg/ml. The MIC
testing and interpretation of the results were performed
according to the manufacturer’s instructions. Clostridium
septicum ATCC 8065 was used as the quality control
strain.


https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/

Braz J Microbiol (2020) 51:1327-1332

1329

Results
Gross necropsy and histological findings

Necropsy of the visceral case of blackleg revealed a small
amount of blood covering the pericardial sac. These hemor-
rhagic areas were found to extend through the pleura of the
adjacent pulmonary lobes and throughout the cranial medias-
tinum. On the epicardial surface, there were multiple areas of
extensive focal hemorrhages (Fig. 1). In some areas of the
myocardium, especially at the level of the papillary muscle,
slight crepitation was noted after fixing in 10% formaldehyde,
an evidence of cavitation due to the accumulation of gas.
Bacteriological analysis of fragments of the heart revealed
the presence of strong hemolytic bacteria identified as
C. chauvoei. Likewise, causal C. chauvoei strains were isolat-
ed from affected skeletal muscles of five cases of classical
blackleg. These six isolates were used for genomic sequenc-
ing, as previously described.

Genome assembly and annotation

Genome assembly and circularization summary for the six
complete genomes are represented in Table 1. The length of
the circular genomes was found to range from 2,882,958 to
2,887,475 bp. Genome coverage varied from 102X to 569X.
The consensus sequences of six C. chauvoei strains from
Brazilian blackleg cases aligned against the reference se-
quence of C. chauvoei JF4335 [19] was illustrated in
Supplementary Figure 1.

All six strains were found to possess a 3941 bp cryptic
plasmid. The sequenced cryptic plasmids have a G+C content

Fig. 1 Opening of the thoracic cavity demonstrating hemorrhage on the
epicardial surface extending through the pleura of the adjacent pulmonary
lobes

of 27%, without any displayed variability between strains.
Sequence analysis revealed that the cryptic plasmids from
the strains JF5835, JF5837, JF5839, JF5840, and JF5842 con-
tains four open reading frames (ORFs), while JF5834 cryptic
plasmid has three ORFs. All plasmids have an ORF encoded
to plasmid stabilization protein, and the other ORFs encoded
to hypothetical proteins.

Comparative analysis of the genomes indicated a
high degree of identity. The differences were carefully
scrutinized and genes in these regions were noted; dif-
ferences were observed in the presence or absence of an
insertion sequence (IS). Classical Clostridium virulence
factors, mainly exoenzymes and toxins, were screened
by BLASTp to search factors exclusive for the visceral
blackleg strain. However, the exclusive ORFs identified
were hypothetical proteins, pseudo genes, or transposase
genes, which, currently, have no association with viru-
lence or pathogenesis profile. Between one to eight,
such exclusive coding sequences were found in the ge-
nomes of these six strains when compared with the
JF4335 reference genome that contains 2624 predicted
coding sequences [10] (Table 1). Genome sequence
comparisons between the C. chauvoei strain of visceral
origin (JF5840) and strains isolated from skeletal muscle
sources revealed no particular differences in the genes
encoding known proteins, as well as in the gene se-
quences, so that there is an entire gene identity among
the genes. Hence, it can be concluded that differences in
the pathogenicity profile of C. chauvoei strains causing
classical and visceral blackleg cannot be accounted for
by differences in genome sequences.

To analyze the small differences among these strains,
the SNPs were identified using the C. chauvoei JF4335
genome as a reference sequence. This resulted in an align-
ment containing 893 variable sites among the genomes of
the six strains and that of the reference; 158 (17.7%) of
these are located in the non-coding regions. The least
difference was noted at 72 variable sites between strains
JF4335 and JF5839; the greatest difference was noted at
210 variable sites between strains JF5837 and JF5839. At
least 65 SNPs were detected between the C. chauvoei
strain of visceral origin, JF5840, and strain JF5842; and
190 SNPs were detected between JF5840 and JF5837,
strains JF5842 and JF5837 being isolates from the infected
skeletal muscle (Supplementary Table 1). The visceral
strain showed 37 unique SNPs, 30 of these in coding
region with 27 non synonymous mutations, two of them
generated truncated proteins at positions 820,486 nc (hy-
pothetical protein) and 2,821,039 nc (Rrf2, family tran-
scriptional regulator).

The phylogenetic tree constructed based on SNPs from all
six C. chauvoei strains and 18 C. chauvoei genomes available
(access numbers SRR5429430-SRR542934, SRR542936-
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Table 1 Genome assembly and circularization summary (Clostridium chauvoei strains JF5834, JF5835, JF5837, JF5839, JF5840, and JF5842)
JF5834 JF5835 JF5837 JF5839 JF5840 JF5842

GenBank accessionno.  SAMN09977089  SAMN09977088  SAMN09977085 SAMNO09977086 SAMN09977084  SAMN09977087

Total genome size 2,884,627 2,887,475 2,882,982 2,883,492 2,884,200 2,882,958

Sequence coverage 135X 102X 111X 569X 133X 182X

Paired-ends reads 1,742,334 1,260,162 1,424,074 10,614,982 1,740,408 2,528,782

GC-content (%) 28.3 28.3 28.3 28.3 28.3 28.3

CDS 2620 2625 2616 2618 2616 2622

tRNA 87 87 86 87 87 87

rRNA 27 27 27 27 27 27

SRR542947, and JF4335) used in this study and that from the
reference strain shows the degree of separation of each strain.
As shown in Fig. 2, the visceral strain does not take up a
specific place in the phylogeny.

Minimal inhibitory concentration

The minimal inhibitory concentrations (MIC) of drugs tested
for their ability to inhibit C. chauvoei strains are shown in
Table 2. Testing with metronidazole revealed an MICs, of 4
pg/ml and an MICy of 8 pg/ml, whereas that with penicillin
revealed an inhibition of three out of the six strains at all drug

concentrations tested. All strains were found to be sensitive to
every other antimicrobial tested in this study.

Discussion

The pathogenesis of the classical form of blackleg in
cattle is relatively well understood. In contrast, the path-
ogenesis of visceral lesions, particularly in unusual
cases where only cardiac lesions are observed, has not
yet been satisfactorily explained [8]. We have performed
genomic analysis of six Brazilian C. chauvoei strains,

JF5834

JF5835

JF5840

JF5842

JF5837

0.09

JF5839

JF4335

Fig. 2 Phylogenetic analysis based on SNPs among the six Clostridium chauvoei genomes analyzed in this study and the reference strain JF4335 (NZ

LT799839)
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Table 2 The minimal inhibitory concentrations (MIC) of Brazilian

C. chauvoei strains

Strain designation Metronidazole (pg/ml) Penicillin (pg/ml)
JF5834 1 Sensitive
JF5835 4 Sensitive
JF5837 8 Sensitive
JF5839 2 0.12
JF5840 8 0.12
JF5842 4 0.06

five isolated from cases of classical blackleg and one
isolated from an uncommon manifestation of visceral
blackleg in the myocardium, in order to determine if
genetic differences among C. chauvoei strains could ac-
count for the manifestation of visceral blackleg as op-
posed to the classical form.

The six strains analyzed are genetically very similar
(Supplementary Figure 1). Comparative analysis did not re-
veal specific virulence determinants that could explain the
differences of pathogenicity between the visceral and classical
C. chauvoei strains. In effect, our observations with these six
strains are in agreement with the findings of Richener et al.
[10] that indicate a high level of homogeneity and conserva-
tion over a long period of time among C. chauvoei strains,
which is in contrast to the genomes of other species of
Clostridium such as C. difficile that display higher rates of
mutation and consequently greater genetic variability [20].

The total genomes of the Brazilian C. chauvoei strains
share greater identity with the reference JF4335 strain from
Switzerland [19] than with the German C. chauvoei strain
1250467 described by Thomas et al. [13]. The cryptic plasmid
from Brazilian strains, however, showed 100% identity with
the 1250467 plasmid [13] and 95% identity with the plasmid
found in JF4335 [10]. Cryptic plasmids generally do not have
genes that contribute to the phenotype of the host cell. They
usually have genes to self-replicate; however, no genes of
interest to the host bacteria are identified. The plasmids se-
quenced in the six Brazilian C. chauvoei strains contain four
OREFs that are unrelated to virulence genes or other known

biological functions, as also seen with the other C. chauvoei
cryptic plasmids described [9, 10, 13].

In contrast to the high overall identity among the genomes,
differences were observed in the presence or absence of an
insertion sequence (IS). An IS element from the IS256 family
was observed in the genomes of four strains, but absent from
the genomes of strains JF5842 and JF5840, which were iso-
lated from nearby cities (Table 3). This IS has 1239 bp of
length encode a poorly characterized transposase [21] and is
present in all other C. chauvoei genome available. However,
as no information about in transposase is available, we could
not infer any correlation with its presence or absence.
Interestingly, C. chauvoei JF5840 is the visceral blackleg iso-
late from the animal with clinical signs in the myocardium.
Comparison of the IS element deletion in JF5842 with its
presence in previously isolated strains is indicative that this
IS element is still active and able to transposition [10].
Therefore, if active, this transposable element could serve as
crossover points for homologous recombination events, which
could be relevant to the pathogenicity profile of C. chauvoei in
general.

The SNP analyses of the complete genomes presented in
this study showed that the isolates have high identity among
them with relatively few variable sites, showing that these
isolates diverged very slowly, but enough to allow a phyloge-
netic differentiation among the strains (Fig. 2). The presence
of only a few differences among the skeletal and visceral
strains indicates that they are very similar irrespective of their
origin; it is not possible to affirm how these unique differences
contribute in the form of the disease [10].

To perform a more robust analysis, we have included 18
C. chauvoei genomes to the phylogeny with the SNPs identi-
fied (data nor shown). However, all six strains studied here are
clusterized to the same clade. For a better understanding of the
small differences among the visceral and skeletal strains, the
phylogeny contains only the sequences of this study (Fig. 2).

We performed MIC testing to establish the antimicrobial
susceptibility profile of the C. chauvoei strains. Strain JF5840
showed strikingly high MIC values 8 pg/ml for metronidazole
and 0.12 pg/ml for penicillin. This susceptibility profile could,
however, not be explained at the genomic level. The generally

Table 3 Description of the

C. chauvoei isolates analyzed in Strain designation

Year of isolation

Origin (geographical coordinates) Source

this work
JF5834 2004
JF5835 2005
JF5837 2011
JF5839 2002
JF5840 2013
JF5842 2015

Luziania - SP (21° 40" S/50° 19" W)
Piracicaba - SP (22° 43" S/47° 38' W)

Sao Pedro do Sul - RS (29° 37" S/54° 10" W)
Cangugu - RS (31° 23" §/52° 40" W)

Toropi - RS (29° 28’ S/54° 13" W)

Jaguari - RS (29° 29" S/54° 41' W)

Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Heart

Skeletal muscle

SP Sao Paulo, RS Rio Grande do Sul
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observed susceptibility of C. chauvoei strains to antibiotics
could be reflective of the fact that blackleg is not typically
treated with antibiotics owing to the acute course of the dis-
ease. For the same reasons stated above, it is difficult to com-
pare these results with the MICs of other members of the
Clostridium genus.

Overall, the total genome sequencing data were not indic-
ative of genetic traits that could distinguish the visceral strain
JF5840 from the other C. chauvoei strains. Our study reveals
that the genomes of the Brazilian C. chauvoei strains are high-
ly conserved, as are strains of C. chauvoei from other parts of
the world.
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