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Introduction
Clostridium haemolyticum is the causal organism of the fatal 
disease bacillary hemoglobinuria in cattle, goat, sheep, and 
ruminants.1–3 Clostridium haemolyticum is a widespread bacte-
rial species that is commonly found in both soil and water 
sediments4 and is mainly characterized by the production of 
beta toxin. However, it can also produce alpha toxin when 
infected with the phage derived from its close relative 
Clostridium novyi type A.5 Beta toxin produced by C. haemo-
lyticum is serologically identical to that of C. novyi type B.6 
Clostridium haemolyticum is closely related to animals and 
human pathogens C. novyi and Clostridium botulinum. 
However, little information is available about the genetic rela-
tionships among these species on a genomic level.7,8

In the last decade, several Clostridial genomes have been 
sequenced, including the genomes of Clostridium diff icile, 
Clostridium perfringens, C. novyi-NT, C. botulinum types A, B, 
E, and F and group III, and recently C. haemolyticum.9–15 
These genomes range in size between 2.5 and 6 Mb with a low 
GC content. In addition to the bacterial chromosome, a num-
ber of plasmids are usually observed, usually 3 per genome. 
The extrachromosomal elements, such as plasmids and circu-
lar prophages, play pivotal role in the diseases caused by these 
bacteria in animals and humans.4,9,15 The high similarity of 
the observed sequenced chromosomes of C. botulinum (group 
III), C. novyi, and C. haemolyticum has led to the proposal of a 
collective “genospecies” named C. novyi sensu lato.9

The identification of the Clostridium species relies on 16S 
ribosomal RNA sequencing and DNA-DNA hybridizations.8,9 
However, these techniques have limitations regarding (sub-)
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species characterization,16 and they cannot be extended to 
reveal the included pathogenicity factors. The use of next-gen-
eration sequencing (NGS) technology has provided a solution 
to overcome these limitations. Next-generation sequencing 
enables high throughput sequencing of whole genomes at 
affordable time and cost.

In this study, we report a human-infecting C. haemolyticum 
strain collected from an 18-year-old female diagnosed with 
acute lymphoblastic leukemia (ALL) and identified using 
NGS techniques. The identification and characterization of 
this strain would not have been possible without the use of 
NGS techniques, especially with this fastidious hard-to-cul-
ture bacteria. As we will explain in detail in the article, the 
genome of our C. haemolyticum strain shows a conserved core 
chromosome with the presence of plasmids, bacteriophages, 
and transposons. It also includes the pathogenic factor that 
could explain the reason of the incidence in the patient.

Materials and Methods
Subject and ethical statement

An 18-year-old female was diagnosed in June 2011 with ALL, 
and she started chemotherapy and had stem cell transplant in 
September 2011. In May 2013, she presented with fever and 
right hip pain. She was found to have right hip osteomyelitis 
and relapse of ALL. Several blood and tissue cultures were 
negative for bacteria, mycobacteria, and fungi. She continued 
to have persistent fever despite different courses of empirical 
broad-spectrum antimicrobial treatments. However, the empir-
ical antimicrobial treatment failed, but she responded to 
6 weeks of pipracillin/tazobactam and doxycycline. Two sets of 
blood cultures were taken for this patient. The first blood cul-
ture was taken on May 17, 2013, and the second on January 
2014. None grew in any bacterial or fungal culture media 
despite the prolonged incubation and adding different media 
and nutrients. Both acid-fast and modified acid-fast stains 
were negative. Mycobacterium culture was also negative. The 
failure of growth can be attributed to the need for anaerobic 
growth condition for Clostridium spp. or the induction of lytic 
phases of the lysogenic bacteriophages.17

To further investigate the case, we submitted a request for 
study to the ethical review board of King Faisal Specialist 
Hospital and Research Centre (KFSHRC), Riyadh, Kingdom 
of Saudi Arabia, and a written informed consent from the 
patient for participating in this study was obtained. The study 
was approved by the ethical review board. In addition, this 
study received approval from the Office of Research Affair at 
KFSHRC with reference number 2160098.

DNA extraction, quantif ication, and sequencing

DNA was extracted from blood culture broth (sample 
obtained in January 2014) using the manual extraction Gentra 
Puregene kit (Qiagen CAT# 158389; Autogen INC, 

Holliston, MA, USA) and quantified using the NanoDrop 
spectrophotometer. The quality of subjected DNA sample 
was determined by loading 150 mg of diluted DNA in 1% 
agarose E-gel (Invitrogen, Paisley, UK). We have conducted 2 
sequencing runs using the Personal Genome Machine (PGM) 
sequencer from Life Technologies (Thermo Fisher, Carlsbad, 
CA, USA). Briefly, library was prepared using 50 ng of 
extracted DNA universal primers and AmpliSeq HiFi mix 
(Thermo Fisher). The 15-cycle amplification product was 
subjected to digestion using FuPa reagent (Thermo Fisher) 
and ligated with universal adapters. Purified barcoded librar-
ies were quantified by real-time polymerase chain reaction 
(qPCR) and normalized to 100 pM. Then, they were sub-
jected to emulsion polymerase chain reaction (ePCR) using 
the Ion PGM Template OT2 400 and the Ion OneTouch 
System. The ePCR template was enriched using the 
OneTouch ES (Thermo Fisher) to produce Ion Sphere parti-
cles ready for sequencing as single-ended read library. The 
library was then loaded to the Ion 318 Chip (Thermo Fisher) 
and sequenced using the PGM sequencer. The output of the 
sequencer is a set of single-ended reads with expected maxi-
mum length of 400 bp.

Draft genome accession number

Data from our draft genome of KFSHRC-CH1 isolate were 
deposited in National Center for Biotechnology Information 
(NCBI)-GenBank with an accession number LSZB01000000.

Bioinformatics analysis workflow

We have developed an analysis pipeline to identify the sug-
gested pathogen and annotate it. The basic steps of this pipe-
line are summarized in Figure 1. First, the quality of the reads 
was assessed and reads with quality score less than 20 bp were 
trimmed out. Any read with less than 30 bp was discarded. The 
reads were then passed to the program MetaPhlAn18 for pri-
mary identifications of microbial families included in the sam-
ples based on unique and clade-specific marker genes. In 
parallel to running MetaPhlAn analysis, we ran the BLAST 
program to map each read to the nonredundant nucleotide 
database of NCBI. We observed high-rate reads mapped to the 
human genome, which is expected as a result of contamination 
with human DNA during the sample preparation (Table 1).

To validate and eliminate reads from host DNA, we con-
ducted direct mapping of the whole reads to the reference 
human genome (version hg19). For this purpose, we used the 
program TMAP (https://github.com/iontorrent/TMAP). 
TMAP is a version of BWA tuned for IonTorrent sequencing, 
where basic flow signals are taken into account. A read is con-
sidered a human if it is aligned to the human reference genome, 
with at least 80% sequence identity. For the nonhuman reads, 
we performed additional analysis steps: first, we conducted de 
novo assembly of the nonhuman reads using the program 

https://github.com/iontorrent/TMAP
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MIRA (version 4)19,20 and computed related assembly  
statistics like N50 at different contig lengths. Second,  
we mapped the reads back to the bacterial genomes thought 
to be the pathogen; these are the top-ranked bacteria based 
on MetaPhlAn, BLAST results, and related taxa analysis. 
Coverage and related mapping statistics are computed to eval-
uate the similarity to the target bacterial genome. The integra-
tion of the different tools and execution of the whole pipeline 
are achieved through python scripts developed in house. A 
version of this pipeline is currently being imported in the 
workflow system Tavaxy21 to be used by other researchers. To 
further investigate the deleted regions, we retrieved the 
genome annotation from the GenBank and investigated the 
missing genes. We used Mauve tool for multiple alignment of 
conserved genomic sequence comparison with Rearrangement22 
and CoCoNUT for the genome comparison and analysis.23

Phylogenetic analysis and taxonomic assignment
The 16S rDNA sequences of our isolate were used to construct 
a phylogenetic relationship with other Clostridium species. We 
acquired partial 16S rDNA sequences of selected Clostridium 
species from GenBank. These sequences were first visualized 
using the BioEdit software. The program clustalW was used to 
provide primary alignment to help us curate the sequences and 
remove noncommon terminals. (In clustalW, default parame-
ters were used; gap opening penalty = 10, gap extension pen-
alty = 5, delay divergent sequences = 40%.)

In addition, we used other alignment methods, namely, 
MAFFT multiple sequence alignment program available 
online at http://www.ebi.ac.uk/Tools/msa/mafft/, PRRN 
(the best-first iterative refinement strategy with tree-depend-
ent partitioning) multiple sequence alignment program 
available online at http://www.genome.jp/tools/prrn, and the 

Figure 1. Analysis pipeline.

Table 1. Basic read information for each sequencing run.

Run 1 Run 2 Run 1 + Run 2

Basic read info

Read count 633 691 517 354 1 151 045

Total bases 149 786 762 116 836 417 266 623 179

Quality check steps

Read count after quality check 600 989 466 684 1 067 673

Total bases after quality check 143 706 079 110 293 574 253 999 653

Mapping reads using BLAST against NT database

Human reads – – 490 204

Bacterial reads 577 469

The table includes information about the reads, quality check step, and their mapping to the reference human genome. Identification of large num-
ber of reads stemming from human DnA.

http://www.ebi.ac.uk/Tools/msa/mafft/
http://www.genome.jp/tools/prrn
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program MUSCLE within the MEGA6 package. We com-
pared the resulting alignments, and the final alignments were 
improved manually and prepared in FASTA, MEGA formats 
using format converter tool v2.2.5 available online at http://
w w w. h i v. l a n l . g o v / c o n t e n t / s e q u e n c e / F O R M AT _
CONVERSION/form.html.

The final alignment we used was the one computed using 
MUSCLE in the MEGA software.

To establish the relationships among taxa, a phylogenetic 
tree was constructed using the Maximum Likelihood (ML) 
method based on the Jukes-Cantor model that best fits the 
data according to Akaike Information Criterion (AIC) crite-
rion.24 The MEGA6 program was used to conduct phyloge-
netic analysis.25

To further confirm the taxonomic assignment, we used 
the system QIIME26 for 16S rRNA–based taxonomy 
assignment. The workflow used in this system was based 
on aligning the input NGS reads to a built-in database of 
variable regions of rRNA sequences. The output of the sys-
tem was compared to the closely related strain obtained by 
the phylogeny analysis. The results were consistent and 
confirmed that our input organism is closely related to  
C. haemolyticum.

Gene annotation and pathogenomics comparative 
analysis

Virulence gene sequences and functions, corresponding to dif-
ferent major bacterial virulence factors of selected pathogens, 
were collected from GenBank and validated in virulence fac-
tors of pathogenic bacteria database at http://www.mgc.ac.cn/
VFs/.27 For this step, we used scripts developed in-house to 
retrieve the annotation from the text files and compared them 
with each other and with the pathogenicity database. The 
results were then arranged in a tabular format showing present/
absent factors in each pathogen.

Results
Genome sequencing and sequence analysis
General genome features. Data from our draft genome of 
KFSHRC-CH1 isolate (accession number LSZB01000000) 
have shown high similarity of 86.03% to the genome of C. hae-
molyticum NCTC 9693. Our KFSHRC-CH1 isolate genome 
size is comparably small in relation to other clostridium 
genomes with a circular chromosome of 2.7 Mbp and a low 
GC content of 28.02% (Figures 2 and 3). The presence of 3 
plasmids, namely, p2Ch9693, p3Ch9693_1, and p3Ch9693_2, 
was confirmed. Plasmid p1Ch9693 of C. haemolyticum and all 

Figure 2. The annotation tracks for our main chromosome, represented by circles from outer to inner, include (1) open reading frames (ORFs) on the 

forward strand (length ⩾100 codons), (2) ORFs on the reverse strand (length ⩾100 codons), (3) Clostridium botulinum genome BLAST alignment, (4) 

Clostridium haemolyticum genome BLAST alignment, (5) GC content, (6) GC skew (+/-), and (7) the concatenated contigs of our chromosome.

http://www.hiv.lanl.gov/content/sequence/FORMAT_CONVERSION/form.html
http://www.hiv.lanl.gov/content/sequence/FORMAT_CONVERSION/form.html
http://www.hiv.lanl.gov/content/sequence/FORMAT_CONVERSION/form.html
http://www.mgc.ac.cn/VFs/
http://www.mgc.ac.cn/VFs/
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of the plasmids of C. botulinum BKT015925 were missing in our 
genome. The remaining reads in our genome which did not 
map to C. haemolyticum or C. botulinum BKT015925 are 
mapped well to plasmid pCLG1 of the bacteria C. botulinum D 
str. 1873. The current bacteria could include some horizontal 
gene transfer from other (Clostridium) species. This result 
needs a confirmation by amplifying larger segments of the 
genome at hand that include segments from different species. 
But in our case we could not have a declaration to further ali-
quot of the submitted samples.

Pathogen identif ication and phylogenetic analysis. The primary 
analysis of MetaPhlAn showed that C. botulinum BKT015925 
is the most dominant species in the sample (Figure 4). The 
appearance of other bacterial species in the MetaPhlAn dia-
gram is explained by the similarity of other bacteria to  
C. botulinum. Furthermore, basic local alignment search tool 
nucleotide (Blastn) results from a long assembled contigs query 
of 749933 bp showed that our organism is similar to  
C. botulinum BKT015925 with an E-value of 0.0, percentage 
identity of 93%, query cover of 97%, and total score of 
1.059e+06. However, during the preparation of this manu-
script, the genome of C. haemolyticum NCTC 9693 has been 
released.15 This has dramatically changed the picture; the Blast 
results (Table 2) show that most of the sequencing reads were 

mapped toward C. haemolyticum bacterium, whereas the second 
organism with highest number of reads mapped toward was C. 
botulinum BKT015925. We noticed reads mapped to the C. 
botulinum plasmid NC_015426.1 and not to C. haemolyticum 
and the presence of some C. haemolyticum plasmids. These 
results suggest that our isolate which is a new variant of  
C. haemolyticum may have acquired some genetic element from 
C. botulinum through plasmid transfer or any means of hori-
zontal gene transfer, although further genome assembly and 
analysis on the gene level would resolve this question.

The table entries include the top 10 taxa and the number of 
reads mapped to them. The Column titled “Primary hit” counts 
how many reads yielded the respective organism as first hit. 
The Column titled “Secondary hit” counts how many reads 
yielded the respective organism as second hit.

Same scenario was observed when constructing the phy-
logenetic relationship between our isolate and other known 
Clostridial strains. Before the release of C. haemolyticum 
NCTC 9693, 16S rDNA–based ML phylogenetic tree 
(Figure 5) showed that our isolate is intermediate taxa in a 
clade that contains C. botulinum group c isolates and C. hea-
molyticum strains with a bootstrap value of 95%. However, 
after the addition of C. haemolyticum NCTC 9693 16Sr 
DNA sequence to the analysis, ML phylogenetic tree 

Figure 3. The annotation tracks of our plasmidome (collection of our plasmids), represented by circles from outer to inner, include (1) open reading 

frames (ORFs) on the forward strand (length ⩾100 codons), (2) ORFs on the reverse strand (length ⩾100 codons), (3) Clostridium botulinum plasmid 

BLAST alignment, (4) Clostridium haemolyticum plasmid BLAST alignment, (5) GC content, 6) GC skew (+/-), and (7) our concatenated plasmid regions.
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(Figure 6) showed that our isolate is located in a clade con-
taining only C. haemolyticum isolates. Thus, phylogenetic 
analysis using 16S rDNA suggests that our KFSHRC-CH1 
isolate belongs to species C. haemolyticum and is closely 
related to the strain NCTC 9693. Similarly, QIIME has 
classified our 16S rRNA as C. haemolyticum with a consen-
sus identity of 99% to 100%. Figure 7 shows the percentage 

identity of each variable region of the rRNA and its assign-
ment to C. haemolyticum.

The assembled isolate genome (Table 3) is composed of 
801 contigs with a total length of ≈2.9 Mbp and N50 of 
24 759 bp. The length of the largest contig is about 
134 677 Kbp. To further confirm the results obtained from 
using the raw reads, we used the assembled contigs as 

Table 2. numbers of primary and secondary hits of Clostridium haemolyticum KFSHRC genome corresponding to reference genomes and 
plasmids of C. haemolyticum and Clostridium botulinum.

REFEREnCE PRIMARy HIT SECOnDARy HIT

C. haemolyticum nCTC 9693 385 281 22 934

C. botulinum BKT015925 18 859 288 199

C. haemolyticum plasmid p2Ch9693_draft 15 372 1089

C. haemolyticum plasmid p1Ch9693 6388 1236

C. botulinum plasmid nC_015426.1 4867 1

C. haemolyticum plasmid p3Ch9693_1 3419 736

C. haemolyticum plasmid p3Ch9693_2 1702 512

C. botulinum plasmid nC_015418.1 761 1

C. botulinum plasmid nC_015419.1 206 0

C. botulinum plasmid nC_015417.1 170 31

C. botulinum plasmid nC_015427.1 18 0

Abbreviation: KFSHRC, King Faisal Specialist Hospital and Research Centre.

Figure 4. MetaPhlAn primary identification of the tested taxon.
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queries against BLAST database. Table 4 shows the top 10 
hits sorted by total (nonoverlapping) alignment length.  
The results in this table are consistent with the results in 
Table 2 for mapping our reads to C. botulinum and C. 
haemolyticum.

For further confirmation, we mapped the bacterial (nonhu-
man) reads against the 2 alleged species C. botulinum and C. 
haemolyticum and their plasmids (Table 5; Figures 2 and 3). 
Results showed that 91% of the main chromosome of the C. 
haemolyticum genome is covered by our reads, and 3 out of 4 
plasmids are well covered (97.38%-99.99%). Only plasmid 
p1Ch9693 was poorly covered with our reads (4.04%). As for 
C. botulinum, only 76% of the main bacterial chromosome is 
covered by our reads. All the 5 plasmids are not well covered 
(the mostly covered ones are plasmids 2 and 3, 27.8% and 
30.27%, respectively). These mapping results further suggest 
that the major pathogen is more related to C. haemolyticum 
NCTC 9693. In addition, when analyzing the regions not 
mapped to both genomes, we found that the deleted regions 
include great match of about 82% to the plasmid pCGL1 of 
the bacteria C. botulinum D str. 1873 (Table 4). This suggests 

the inclusion of this plasmid in our genome by means of a hori-
zontal gene transfer.

We also compared our draft genome to C. botulinum 
BKT015925 and to C. haemolyticum NCTC 9693 using the 
genome alignment programs Mauve and CoCoNUT (pairwise 
comparison option, computing local alignments with at least 
85% identity, and minimum alignment length of 100 bp). The 
alignments that were common between the 2 aligners were 
considered. The results were as follows: 95% (2 499 026 bp) of 
our genome was aligned to C. haemolyticum NCTC 9693 
genome (gap size = 108 630 bp), whereas 72% (2 317 723 bp) of 
it was aligned to C. botulinum BKT015925 (gap size = 889 869). 
These results confirm that our genome is more closely related 
to C. haemolyticum NCTC 9693 than to C. botulinum. Figure 8 
shows plots representing alignment of contigs.

Genomic composition of KFSHRC-CH1 isolate

We compared the genes in C. botulinum BKT015925, C. 
haemolyticum, and those in plasmid pCGL1 from C. botulinum 
D str. 1873 with those in our isolate genome (Table 6). The full 

Figure 5. 16S rDnA–based maximum likelihood phylogenetic tree without the presence of Clostridium haemolyticum nCTC 9693.

Figure 6. 16S rDnA–based Maximum likelihood phylogenetic tree in the presence of Clostridium haemolyticum nCTC 9693.
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gene list is provided in Supplementary Material. The total 
number of annotated genes in our isolate is 1960. Of these, 
1590 of them are common among C. botulinum BKT015925, 
C. haemolyticum, and pCGL1; 119 are common in C. haemo-
lyticum; 127 and 124 are shared between our isolate and 
pCGL1 of C. botulinum, respectively. The common genes 
between our isolate and C. botulinum BKT015925 
(1590+127 = 1717) are larger than those between ours and C. 
haemolyticum (1709 genes). However, the number of genes in 
C. botulinum BKT015925 that are not present in our isolate 
(956) is much higher than that in C. haemolyticum (119). This 

means our genomes loses big fraction of the genetic content of 
C. botulinum BKT015925 and C. haemolyticum.

Pathogenomics comparative analysis

Generally, our isolate showed more resemblance to both  
C. botulinum and C. haemolyticum. Our isolate and C. botulinum 
contained fibronectin-binding protein that was not detected in 
C. haemolyticum, whereas S-layer protein was only detected in  
C. botulinum and not in both C. haemolyticum and KFSHRC- 
CH1 isolate. KFSHRC-CH1 isolate and C. haemolyticum 
lacked the presence of Botulinum neurotoxin (BoNT) that was 
only present in C. botulinum.

Furthermore, our KFSHRC-CH1 isolate showed absolute 
similarity with C. haemolyticum when investigating plasmid-
borne toxin-producing genes. Results showed the absence of 
genes atx, cpb2, and tetX encoding for BoNT, Beta2 toxin, and 
tetanus toxin (TeTx), respectively (Tables 7 and 8).

Our analysis showed obvious divergence between our iso-
late and BKT015925 C. botulinum in many of the studied fea-
tures. For example, we observed 6 types of bacterial toxins in 
our isolate, namely, neurotoxin type C1 (BoNT), alpha toxin 
(clostripain), C2 toxin, Epsilon toxin B Bacteriocin, Boclp 
(clostripain), and type D neurotoxin gene of phage d-18, 
whereas the 6 types of observed bacterial toxins in isolate 
BKT015925 were Tetanolysin O, bont C/D, alpha toxin 
(clostripain), C2 toxin, Epsilon toxin, and Bacteriocin. 

Table 3. Metrics for the assembly of the nonhuman reads using MIRA 
Assembler.

PARAMETER COnTIG SIzE ⩾500 BP ALL COnTIGS

no. of contigs 305 801

Total consensus 2 644 274 bp 2 877 078 bp

Largest contig 134 677 bp 134 677 bp

n50 contig size 26 196 bp 24 759 bp

n90 contig size 4026 bp 1101 bp

n95 contig size 1683 bp 544 bp

The results are consistent with the results coming out of using indi-
vidual reads.

Figure 7. Percentage identity of alignment of our rRnA to Clostridium haemolyticum as reported by QIIME.
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Moreover, we were able to detect the presence of 8 different 
clustered regularly interspaced short palindromic repeats 

(CRISPR) proteins, whereas only 3 proteins were observed 
with isolate BKT015925. In addition, we were able to detect 

Table 4. The top 10 hits sorted by total (nonoverlapping) alignment length.

REFEREnCE PRIMARy HIT SECOnDARy HIT

nO. OF COnTIGS TOTAL LEnGTH nO. OF COnTIGS TOTAL LEnGTH

Clostridium haemolyticum nCTC 9693 chromosome 518 2 048 420 nA nA

Clostridium botulinum BKT015925 chromosome 38 382 154 445 1 994 123

C. botulinum D str. 1873 plasmid pCLG1 58 88 898 nA nA

Plasmid p2Ch9693_draft 36 87 806 nA nA

Plasmid p3Ch9693_1 11 37 262 nA nA

Plasmid p1Ch9693 35 32 651 nA nA

Plasmid p2BKT015925 14 19 573 16 21 755

Plasmid p3BKT015925 8 5739 13 19 912

Plasmid p3Ch9693_2 3 1131 nA nA

Plasmid p1BKT015925 1 641 28 10 030

Plasmid p5BKT015925 3 330 nA nA

Table 5. Mapping the Clostridium haemolyticum KFSHRC genome reads to Clostridium botulinum and C. haemolyticum (runs 1 and 2).

nCBI ID FOR C 
botulinum

SEQuEnCE REF. SIzE GAPS SuM 
LEnGTH

GAPS 
⩾100 BP

BASES SuM 
LEnGTH

BASES 
⩾500 BP

% GEnOME

nC_015425 Chromosome 2 773 157 798 292 780 449 1 974 865 1 835 635 71.21

nC_015417 Plasmid p1BKT015925 203 287 191 117 190 780 12 170 9948 5.98

nC_015418 Plasmid p3BKT015925 80 365 56 032 55 591 24 333 17 451 30.27

nC_015419 Plasmid p5BKT015925 12 403 10 840 10 665 1563 876 12.60

nC_015426 Plasmid p2BKT015925 98 732 71 279 70 607 27 453 19 755 27.80

nC_015427 Plasmid p4BKT015925 39 648 39 481 39 474 167 0 0.42

nC_All C. botulinum BKT015925 3 207 592 1 167 041 1 147 566 2 040 551 1 883 665 63.61

nCBI ID C. 
haemolyticum

SEQuEnCE REF. SIzE GAPS SuM 
LEnGTH

GAPS⩾ 
100 BP

BASES SuM 
LEnGTH

BASES 
⩾500 BP

% GEnOME

Genome Chromosome 2 323 148 191 636 188 072 2 131 512 2 113 973 91.75

JEnX01000125 Plasmid p1Ch9693 177 653 170 472 170 368 7181 4847 4.04

JEnX01000122 Plasmid p2Ch9693_draft 68 764 1796 1276 66 968 65 265 97.38

JEnX01000123 Plasmid p3Ch9693_1 27 289 288 268 27 001 26 346 98.94

JEnX01000124 Plasmid p3Ch9693_2 10 802 1 0 10 801 10 801 99.99

All (JEnX00000000) C. haemolyticum nCTC 
9693

2 607 656 364 193 359 984 2 243 463 2 221 232 86.03

C. botulinum D STR. 
1873 PLASMID PCLG1

SEQuEnCE REF. SIzE GAPS SuM 
LEnGTH

GAPS 
⩾100 BP

BASES SuM 
LEnGTH

BASES 
⩾500 BP

% 
COVERAGE

CP001659.1 pCLG1 107 690 19 943 18 868 87 747 82 658 81.48

Abbreviation: KFSHRC, King Faisal Specialist Hospital and Research Center.
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genes related to sporulation, stress tolerance, and adherence 
virulence factors in isolate KFSHRC that were not mentioned 
in isolate BKT015925 (Table 9).

Bacterial virulence factors

Genome analysis showed that our KFSHRC-CH1 isolate 
contains several chromosomal and plasmid-borne virulence 
factor genes that brand it to be virulent pathogenic bacterium. 
These virulence factors include mobility-related factors, toxin-
encoding genes, lipoproteins enzymes, phospholipase enzymes, 
drug resistance genes, hemolysin genes, stress tolerance factors, 
sporulation ability factors, and chemotaxis-related factors 

(Table 9). We observed the presence of 33 encoding flagella-
associated genes. As expected, all flagella encoding genes were 
located on the bacterial chromosome (S1 Table). In addition, 
several toxin and hemolysin encoding genes were observed (S2 
Table), and 41 drug, heavy metal, and antibiotic resistance 
genes were identified in our isolate (S3 Table). These include 
metallo-beta-lactamase superfamily proteins, multidrug resist-
ance proteins, and, most interestingly, vancomycin b-type 
resistance protein (vanW). Moreover, we observed the presence 
of several stress tolerance–related proteins, such as carbon star-
vation protein carbon starvation protein (CstA), heat shock 
protein GrpE, chemical damaging agent resistance protein C, 
and several UV damage repair proteins (S4 Table). Furthermore, 

Figure 8. (A) Alignment of Clostridium haemolyticum KFSHRC against Clostridium botulinum BKT015925 genome. (B) Alignment of C. haemolyticum 

KFSHRC against C. haemolyticum nCTC 9693 genome.

Table 6. number of genes present or absent in our genome and other inquiry genomes and plasmids.

EXISTEnCE In 
OuR GEnOME

EXISTEnCE In CloStridium 
haEmolytiCum

EXISTEnCE In CloStridium 
Botulinum

EXISTEnCE In PCGL1 nO. OF GEnES

y y y n 1590

y y n n 119

y n y n 127

n y y n 341

n y n n 182

n n y n 956

y n n y 124
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sporulation ability factors were also detected (S5 Table). In 
addition, several genes and proteins involved in iron uptake and 
metabolism were detected in our isolate (S6 and S7 Tables).

CRISPR-associated and phage-related proteins

We observed the presence of several CRISPR-associated pro-
teins such as Cas3, Cas5, CRISPR-associated helicase Cas3 
domain protein, and Cas6, which provides acquired immunity 
against foreign DNA. In addition, we observed the presence of 
several phage proteins located both on the bacterial chromo-
some and on p1BKT015925 and p4BKT015925 (Table 9; S8 
and S9 Tables).

Plasmidome

We observed evidence of the presence of DNA sequences 
belonging to the following plasmids—p2Ch9693, p3Ch9693_1, 

and p3Ch9693_2 of C. haemolyticum and plasmid pCLG1 of 
the bacteria C. botulinum D str. 1873 (Figure 3). The estimated 
approximate size of KFSHRC-CH1 isolate plasmidome is 
≈214 Kbp with a low GC content of 29.85%. These plasmids 
contained genes for bacterial toxin production, such as C2 
toxin component I and component II, putative epsilon toxin 
type B, clostripain, and alpha toxin. In addition, we observed 
thermolabile hemolysin gene in the plasmidome. We also 
observed metallo-betalactamase–resistant and carbamate 
kinase–resistant genes, in addition to several integrase catalytic 
subunits, 2F-recombinase, several putative IS transposases, and 
transposase mutator family proteins. Some phage-related 
encoding genes were also found.

Discussion
Clostridium botulinum (group III), C. novyi, and C. haemolyticum 
are notorious pathogens that cause botulism, gas gangrene/
black disease, and bacillary hemoglobinuria, respectively. There 

Table 7. Comparative pathogenomics of Clostridium spp. including our KFSHRC isolate (chromosomal genes).

VIRuLEnCE FACTORS nO. OF RELATED 
GEnES

C. Botulinum 
BKT015925

C. haEmolytiCum KFSHRC 
ISOLATE

adherence

Cwp66 1 Absent Absent Absent

Fibronectin-binding protein 1 Present Absent Present

GroEL 1 Present Present Present

S-layer protein 1 Present Absent Absent

toxin

Alpha-clostripain 1 Present Present Present

Phospholipase C/Beta toxin 1 Present Present Present

Alpha toxin 1 Absent Absent Absent

Beta2 toxin 1 Absent Absent Absent

Botulinum neurotoxin 1 Present Absent Absent

Hemolysin 4 Present Present Present

Kappa toxin (collagenase) 1 Present Present Present

Abbreviation: KFSHRC, King Faisal Specialist Hospital and Research Center.

Table 8. Comparative pathogenomics (toxins) of Clostridium spp. including our KFSHRC isolate (plasmid genes).

VIRuLEnCE FACTORS RELATED GEnES C Botulinum BKT015925 C haEmolytiCum KFSHRC ISOLATE

Beta2 toxin cpb2 Absent Absent Absent

Botulinum neurotoxin (BonT) atx Present Absent Absent

Tetanus toxin (TeTx) tetX Absent Absent Absent

Alpha toxin Alpha toxin Present Present Present

Phospholipase Phospholipase Present Present Present

Abbreviation: KFSHRC, King Faisal Specialist Hospital and Research Centre.
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is a very close genetic relationship among these species that has 
resulted in the term C. novyi sensu lato in reference to them.7,8 
Generally, these species gain their pathogenic characters, such 
as the botulinum neurotoxin and the novyi alpha toxin, from 
their large plasmidome that consists of plasmids and circular 
prophages.9–15 Genomic comparisons between these species 
revealed 4 separate lineages, which did not rigorously draw a 
parallel with the species designations. Moreover, because of the 
frequent movement of plasmids and toxin genes across the line-
age boundaries, the lineages and species are entwined.15 Skarin 
and Segerman15 explained the way in which the reorganization 
of the botulinum toxin and the novyi alpha toxin genes within 
the plasmidome can alter the pathogenic characteristics of any 
strain within C. novyi sensu lato. In this study, we identify a C. 
haemolyticum strain (C. novyi sensu lato) isolated blood sample 
of a morbid 18-year-old female diagnosed with ALL and char-
acterize its genome using NGS techniques. Our isolate’s bacte-
rial chromosome size has a small resemblance to other 
clostridium genomes with a circular chromosome of 2.7 Mbp 
and a low GC content of 28.02% but is comparable with C. 
botulinum C/D strain 08-BKT015925, 2.77 Mbp and 28%, and 
C. novyi A strain C. novyi-NT, 2.55 Mbp and 28%.10 As we 
stated before, this is the first report of C. haemolyticum  
(C. novyi sensu lato) isolated humans. Clostridium haemolyticum 
is a pathogen of cattle, goat, sheep, and ruminants.1–3 Other 
clostridium species such as C. botulinum C/D strain 
08-BKT015925 was first isolated from poultry in Sweden at 
2008, and C. novyi A strain C. novyi-NT was first isolated from 
gas gangrene in 1920. Previous phylogenetic studies in this 
group have shown that a strain of C. botulinum (group III), C. 
novyi, and C. haemolyticum species genetically more closely 
associated with strains from other species than the strains from 
its own species.7,8,15 Our results based on genomic analysis and 
16S rRNA showed that our isolate belongs to C. haemolyticum 
and shows relative similarity to C. botulinum C/D strain 
08-BKT015925 and close relation to C. novyi-NT. Thus, we 
can conclude that our KFSHRC-CH1 isolate belongs specifi-
cally to C. haemolyticum, a member of C. novyi sensu lato (Figure 
8). Comparative pathogenomic analysis showed that our isolate 
exhibited more resemblance to C. haemolyticum and C. botuli-
num BKT015925 over any other studied C. botulinum strains 
(data not shown). These strains included C. botulinum ATCC 
19397 (serotype A), C. botulinum ATCC 3502 (serotype A), C. 
botulinum Eklund 17B (serotype B), C. botulinum Hall (sero-
type A), C. botulinum Langeland (serotype F), C. botulinum 
Loch Maree (serotype A3), and C. botulinum Okra (serotype 
B1). Furthermore, our KFSHRC-CH1 isolate showed absolute 
similarity with C. haemolyticum for the investigated plasmid-
borne toxin-producing genes. These further affirm our previous 
conclusion about the identity of the studied isolate. Further 
analysis showed clear deviation between our C. haemolyticum 
KFSHRC-CH1 isolate and C. botulinum BKT015925 (group 
III) strain, the extensively studied strain. This divergence was 

clear in many genomic aspects, such as CRISPR proteins. Our 
results showed that KFSHRC-CH1 isolate contains Cas1, 
Cas2, Cas3, Cas4, Cas5, Cas6, Cst1, and CRISPR-associated 
protein, whereas only 3 proteins were observed with the isolate 
BKT015925. The presence of different CRISPR genes and 
proteins in KFSHRC and C. botulinum BKT015925 reflects 
divergent history of viral infection on both isolates. Further 
assertion of this conclusion is the observed characteristics such 
as lipoproteins, phospholipases, hemolysins, lipases, peptidases, 
proteases, phage proteins, toxins, and antibiotic resistance genes 
(Table 9). In addition, our pathogenomic analysis confirmed C. 
haemolyticum KFSHRC-CH1 isolate to be a potential virulent 
pathogenic bacterium that possesses virulence factors that are 
necessary to establish an infection, acquire essential nutrients, 
resist antimicrobial agent, and tolerate hostile conditions in a 
human host and its surrounding environment. For instance, 
KFSHRC-CH1 isolate possesses 6 types of bacterial toxins, 
namely, alpha-clostripain, C2 toxin, Epsilon toxin B bacteri-
ocin, Boclp, and type D neurotoxin gene of phage d-18. For 
example, C2 toxin is an intracellular toxin that causes suppres-
sion of actin polymerization in addition to the obliteration of 
the actin cytoskeleton.28 Moreover, Epsilon toxin belongs to the 
aerolysin family that is also known as β-pore–forming toxins 
and increases vascular permeability that leads to edema and 
congestion in many organs such as lungs and kidneys. In addi-
tion, its neuronal damage can be lethal.29,30 Several encoding 
flagella-associated and adherence genes were present in our iso-
late; flagella plays an important role in the swimming motility 
of pathogens toward the infection site and in biofilm formation 
and other pathogenic adaptations.31–35 Hemolysin-encoding 
genes were observed in our isolate. For example, alpha-hemoly-
sin aids in the lysis of red blood cells through the destruction of 
their cell membrane. This toxin kills cells by binding with their 
outer membrane that is followed by the oligomerization of the 
toxin monomer and water-filled channels that are accountable 
for osmotic phenomena, cell depolarization, and loss of impor-
tant molecules, such as adenosine triphosphate, leading to their 
death.36 Our results showed that the KFSHRC-CH1 isolate 
includes a new recombination of plasmids that is associated 
with different hosts in mammals and birds. This new recombi-
nation facilitated human infection by our isolate. Our plasmi-
dome and gene identification analysis indicated the presence of 
the following plasmids—p2Ch9693, p3Ch9693_1, and 
p3Ch9693_2 of C. haemolyticum and plasmid pCLG1 of the 
bacteria C. botulinum D str. 1873. Generally, plasmids pCLG1 
and pCLG2 are found in the strain C. botulinum D (1873). 
These were first isolated from pork in Chad. However, pCLG1 
plasmid shows high similarity to the plasmid pC2C203U28 
isolated from the strain C. botulinum C-203U28 that contains 
the genes for the C2 toxin.4 It is worth mentioning that the 
source of isolation and location of C. botulinum C-203U28 are 
unknown. In addition, the 5 remaining plasmids are first iso-
lated from poultry in Sweden from the strain C. botulinum 
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C/D 08-BKT015925. In this article, we present a further proof 
for the assumption made by Skarin and Segerman15 that there 
is a deep genomic complexity inside the C. novyi sensu lato 
group that contains the intertwined species C. haemolyticum, 
C. botulinum (group III), and C. novyi. Moreover, this com-
plexity is mainly contingent with phages and is associated 
with plasmids carrying toxin genes over lineage boundaries, 
leading to the creation of distinctly new pathogens with dif-
ferent pathogenic capabilities.

Conclusions
In this study, we present the first reported human infection 
with C. haemolyticum isolate, which we refer to as KFSHRC- 
CH1. Our isolate contains a new recombination of plasmids 
and circular prophages that lead to the creation of a distinctly 
different pathogen capable of infecting humans with deterio-
rated immune system. The identification of this isolate was 
performed using the NGS technique. Our pathogenomic 
analysis demonstrated that our isolate is a potential virulent 
pathogenic bacterium as it acquired all the factors needed to 
establish infection, acquire needed nutrients, resist antimicro-
bial agent, and tolerate adverse conditions in a human host and 
its surrounding environment.
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