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ABSTRACT

Clostridium difficile (C. difficile) is a kind of obligate anaerobic gram-positive Bacillus related with
intestinal diseases and antibiotic treatment. In present study, the C. difficile genome was studied
employing met genomic technology. Genome sequencing identified C. difficile LCL126 has total
size of 4,301,949 bp with a 27.97% of GC content. Specifically, 4119 predicted coding genes, 188
repeat sequences, 13 prophages and 8 gene islands were detected. Additionally, gene function
analysis aspect of the function annotation, effector, and virulence were concluded that total of
3367 cluster of orthologous groups of proteins genes and classified into 24 categories, while the
most outstanding class was metabolic process (1533) and catalytic activity (1498). The carbohy-
drate-active enzymes have been detected 127 genes, pathogenicity analysis revealed that 133
reduced and 22 increased virulence (hypervirulence) genes, while 54 unaffected and 10 loss of
pathogenicity genes were found. Furthermore, perform the visualization and methylation expres-
sion were revealed that the dominant types comprised m4C, m5C, and m6C with the number of
6989, 36,666, and 3534, respectively. Overall, whole genome sequence information of C. difficile
LCL126 was obtained and functional prediction was revealed its possible toxicological potential
genes existence.
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1. Introduction

Clostridium difficile (C. difficile) is a kind of obli-
gate anaerobic gram-positive Bacillus, and consid-
ered as main causative agents of intestinal diseases
related with antibiotic treatment, which can cause
series of diseases such as clinical manifestations
with acquired diarrhea and pseudomembranous
enteritis [1,2]. The incidence of C. difficile infec-
tion within hospital and communities have risen
prominently during the past 20 years, mainly
derived from the virulence of toxins [3,4]. Alcala
et al. reported that C. difficile becoming the quite
general phenomenon of diarrhea in developed
countries hospital, accounting for probably 25%
of antibiotic-associated diarrhea [5], and the U.S.
Disease Control and Prevention Centers has been
designated the strain C. difficile act as an urgent
threat to human health [6].

Interestingly, the feature worthy noting that self
of Clostridium is not a pathogen while Clostridium
infection is formed attributed by producing var-
ious toxins [7]. The various pathologies noticed
from Clostridium infections are usually related to
the toxin produced types. Clinically isolated from
Clostridium has been classified as five toxin types
from A to E in line with the major secreted lethal
toxins. Each toxin can cause specific disease in
human and animals from mild poisoning to
potentially severe life-threatening, and the severity
of symptoms varied might be partly attributable to
the toxin production level [6,7]. Especially, the
pathogenesis of C. difficile is reported in view of
the action of major toxins by toxic A of C. difficile
(TcdA) and toxic B of C. difficile (TcdB) encoded
which disturb the intestinal epithelium powerful
monoglycosy-transferase [3]. TcdA is an entero-
toxin that can cause intestinal mucosal tissue
damage and led to hemorrhagic fluid secretion,
although TcdB lacks obvious enteric toxicity, and
it is a powerful cytotoxin, most of entero-toxigenic
strains producing TcdA and TcdB (A" BY), and
TcdA express missing A~ B" strains can also cause
clinical disease [8]. The typical toxin producer
strains of tcdA and tcdB are found in a 19.6 kb
DNA element on a similar chromosome and are
called pathogenic locus [9,10], has so far been
found only in pathogenic strains which inactivate
the guanosine triphosphate (GTP) binding

protein, caused a series of chain reactions that
eventually lead to diarrhea as well as colitis from
mild to life threatening [11].

The production of toxins varies greatly between
distinct strains and seems to be highly affected by
environmental conditions, comprising the nutri-
ents availability and temperature changes [4].
The methods to explore the molecular perspective
of C. difficile constantly developed, for instant
pulsed-field gel electrophoresis (PFGE), multilocus
variable-tandem repeat, and sequence typing, sin-
gle region PCR karyotype analysis and amplified
fragment length polymorphism (AFLP) [12,13].
However, these approaches application limited
due to long turnaround duration, high cost while
poor reproducibility and portability, as well as
difficulty in data analysis. Subsequently, advanced
technology developing with binary typing [14,15]
and single-molecule real-time (SMRT) sequencing
[16]. Recently, high-throughput sequencing geno-
mics has been applied owing to advantages aspect
of shorten turnaround duration, simplicity and
distinguishability as well as portability [15].

The objective of the present study was to iden-
tify the whole genome sequencing of C. difficile
LCL126 with attention to phylogenetic using gen-
ome analysis. In addition, to identify the informa-
tion about the co-evolution and diversity of phages
and bacteria, as well as attempt to elucidate the
mechanism of toxicity from the perspective of
genomics and metabolomics.

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

The C. difficile LCL126 strain was provided by the
Clostridium Laboratory of Lanzhou Institute of
Biological Products (Gansu, China). Genomic
DNA extracted using SDS method [17]. Agarose
gel electrophoresis was performed to check the
purity and stability, and then further constructed
database based on Pacbio and Illumina platforms.
After qualified the library, carry out the selection
by PacBio Sequel and Illumina NovaSeq PE150
according to the effective concentration and target
data at the Beijing Novogene Bioinformatics
Technology Co., Ltd., China.



2.2. Genome composition analysis

Genome component analysis was performed based
on the valid data after quality control of each
sample, and using SMRT Link v5.0.1 software to
assemble the reads [17]. Align the reads to the
assembled genome sequence and count the distri-
bution were conducted to identify the sequencing
depth mapping and longest sequence. Finally, by
comparing the original data to the preliminary
assembly sequence and optimize the assembly
results by arrow software. Subsequently, perform
coding and repeated sequence prediction on the
newly sequenced genome by using software Gene-
MarkS (Version 4.17) [18] and Repeat-Masker
(Version open-4.0.5) [19]. Based on the sequence
composition, IslandPath-DIOMB (Version 0.2)
[20] and phiSpy (Version 2.3) [19] were used to
predict gene islands and prophages that were
related to a variety of biological functions includ-
ing pathogenicity and environmental adaptability.

2.3. Genome function analysis and visualization
display

Diamond comparison of the protein sequence of
the predicted gene with each functional database
and the result filtering and annotation. Functional
analysis is mainly carried out from the following:
gene ontology (GO) annotation based on cell com-
ponents, molecular functions, and biological pro-
cesses [21]. Kyoto encyclopedia of genes and
genomes (KEGG) [22] annotations were including
data on genomes, chemical molecules, and bio-
chemical systems, aspect of metabolic pathways
(KEGG PATHWAY), drugs (KEGG DRUG), dis-
eases (KEGG DISEASE), functional models
(KEGG MODULE), gene sequences (KEGG
GENES), genomes (KEGG GENOME), and etc.
Annotation of cluster of orthologous groups of
proteins (COG) [23] was constructed according
to the systematic evolutionary relationship classi-
fication of encoded proteins of the complete gen-
ome. Carbohydrate-active enZYmes database
(CAZy) [24] annotation was evaluated based on
the family of related enzymes that can catalyze
carbohydrate degradation, modification, and bio-
synthesis, mainly contains five categories of glyco-
side hydrolases (GHs), glycosyl transferases (GTs),
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polysaccharide lyases (PLs) and carbohydrate
esterases (CEs), and oxidation reductase
(Auxiliary Activities, AAs). In addition, to com-
prehensively predict whether the protein sequence
was a secreted protein and the effector protein
using SignalP (Version 4.1), TMHMM (Version
2.0 ¢) [25] and EffectiveT3 (Version 1.0.1) [26].
Furthermore, pathogen-host interactions database
(PHI) annotations were performed to identify
virulence or pathogenicity [27].

Finally, the SMRT Link v5.0.1 [17,18] was used
to perform methylation site detection and possible
methylation transferase-recognized nucleotide
motifs on the final genome assembly results
(motif) prediction. For the assembled genome
sequence of the sequenced sample and combined
with the prediction result of the coding gene were
performed by the using of Circos software [28]
and then display the whole genome map of the
sample genome.

3. Results and discussion

Clostridium difficile has attracted more and more
attention in recent years due to its high prevalence,
plasticity and virulence potential. The genomic
diversity of C. difficile has been continuously
explored with the advancement of biotechnology,
and there is a close relation between metabolism
and virulence. Based on this background, this
study focuses on the LCL126 strain through genome
sequencing and trying to reveal the possible poten-
tial toxic mechanism from genome component ana-
lysis and functional annotation.

3.1. The Genome overview component
characteristics of Clostridium difficile LCL126

The identified total size of the genome Clostridium
difficile LCL126 was 4,301,949 bp with a 27.97% of
GC content using high-throughput sequencing,
and including a 4,267,198 bp (28.93% GC) circular
chromosome and one circular plasmids [plasl
(34,751 bp)] (Figure 1la). The number of total
4119 predicted coding genes were found with aver-
age gene length of 875 bp (account total length
83.76%). One hundred twenty-four RNAs (89
tRNAs, 11 rRNAs (5s denovo), 12 rRNAs (5s and
23s denovo) were obtained. A total 188 repeat
sequence were detected comprising 105 long
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Figure 1. The Clostridium difficile LCL126 gene length statistics, the abscissa is the gene length and the ordinate is the number of the
corresponding genes (a); and the statistical map of gene distribution in gene islands (b).

terminal repeat array, 31 DNA transposable, 16
short and 34 long interspersed nuclear elements
as well as 2 rolling circle. The number of total 13
prophages was predicted with total length 638,171
and average 49,090.1, a total of 17 clustered reg-
ularly interspaced short palindromic repeat
sequences (CRISPR) array was predicted with
average length 543.412. The gene island (GI)

prediction sequence was obtained number of 8
GI with 187,976 bp total and 23,497 bp average
length, the statistical map of gene distribution in
gene islands is presented in Figure 1b. Whole
genome of C. difficile identified 622-3000 genes
and 4.1-4.3 molecular base pairs (Mbp) length
attributed to higher plasticity and degree of
recombination, the difference was varied due to
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Figure 2. Gene function analysis of Clostridium difficile LCL126 based on Gene Ontology (GO) annotation: the abscissa represents the
GO function classification on the sample annotation, the right ordinate represents the number of genes on the annotation, and the
left ordinate represents the percentage of the number of genes on the annotation to all coding genes (a); and Kyoto Encyclopedia of
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Figure 3. Visualization of apparent modification distribution methylation circle of Clostridium difficile LCL126, each circle from

outside to inside represents the position of the genome.

techniques and strains [29,30]. Some bacterio-
phages might be involved in regulate bacterial
toxin genes, thereby altering virulence-related phe-
notypes while the specific role of prophages is
unclear but they were involved in the virulence
and pathogens evolution [31-33].

3.2. The genome function study of Clostridium
difficile LCL126

Gene function analysis of Clostridium difficile
LCL126 was demonstrated in view of three aspects:
function annotation, effector and virulence or

pathogenicity analysis. First of all, perform func-
tional annotations through different functional
databases. In GO annotation, total number of
12,427 was detected and most outstanding class
was cell (887), catalytic activity (1498) and meta-
bolic process (1533) during classified ontology of
cellular component, molecular function and biolo-
gical process (Figure 2a). The KEGG annotation
were shown 3175 genes and classified six mainly
pathways of cellular processes, environmental
information processing, genetic information pro-
cessing, human diseases, metabolism, and organis-
mal systems (Figure 2b). The predominant
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Figure 4. Whole-genome visualization map of Clostridium difficile LCL126. LCL126-Chr1 genome-wide map: the outermost circle is
the position coordinates of the genome sequence, from the outside to the inside indicating the coding gene and the result of gene
function annotation (a); LCL126-Plas1 genome-wide map: From the outside to the inside is the Cluster of Orthologous Groups (COG)
functional annotation classification genes (the arrow indicates the positive chain code in a clockwise direction), the genome
sequence position coordinates, and the genome GC content (b).
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pathway was global and overview maps and car-
bohydrate metabolism with 546 and 254 unigenes,
followed by membrane transport and amino acid
metabolism with 193 and 154 unigenes, 116 uni-
genes of metabolism of cofactors and vitamins,
while translation and cellular community-
prokaryotes account 85 and 64 unigenes. As to
COG annotation was identified total of 3367
genes and classified into 24 categories, which
most abundant term was Transcription with 392
array, followed main richness term was General
function prediction only (286) and Carbohydrate
transport and metabolism (283) (Fig. Sla).
Additionally, CAZy database obtained total 127
genes including 23 Carbohydrate-related modules
(CBM), 12 CEs, 63 GHz and 29 GTs (Fig. S1b).

Meanwhile, the number of signal peptide, trans-
membrane structure, and secreted proteins were
84, 993, and 54. Among all the 4119 genes encode,
the predicted numbers of T3SS effector and non-
T3SS effector proteins were 79 and 4040, respec-
tively. The virulence or pathogenicity analysis was
revealed that 133 identified genes belong to
reduced virulence, 22 increased virulence (hyper-
virulence) was found, while 54 unaffected patho-
genicity and 10 loss of pathogenicity genes was
detected (Fig. Slc).

3.3. Genome methylation and visual analysis of
Clostridium difficile LCL126

In biological systems, methylation is enzymatically
catalyzed and involves heavy metal modification,
gene expression regulation, protein function regu-
lation, and ribonucleic acid (RNA) processing. The
presence of methylation modification plays an
important role in the substitution of DNA tran-
scription, and abnormal methylation will cause
many of diseases usually, thus the systematic map-
ping of methylation groups has attracted increas-
ing interest. In the epigenetic modification, the
final genome assembly results were detected by
methylation sites and three types of modified
sites were obtained, the number of modification
sites type m4C, m5C, m6A, and modified base was
6989, 36,666, 3534, and 351,658, which account for
1.75%, 9.1930%, 0.8861%, and 88.1686%, respec-
tively. The distribution statistics of methylation
motifs on genetic regions (GRs)/intergenic region

(IRGs) shows that the number of m4C, m5C, and
m6C methylation types on the genome was 6989,
36,666, and 3534. The number of methylated types
in a gene region account for 83.3, 16.69, and
78.04%. Additionally, the number of nucleotide
motif sequence CAAAAA and TV recognized by
unmethylated methyltransferase on the genome is
2927 and 1,782,530, and the number of unmethy-
lated motif sequences on gene regions account
78.1 and 83.34%. Visualization of apparent mod-
ification distribution methylation circle diagram
shown in Figure 3. Whole-genome visualization
map is demonstrated in Figure 4 and the detailed
information includes analysis of non-coding RNA,
and gene function annotations were stated in the
above first part of the genome overview compo-
nent characteristics. Some strains were relevance
to serious illness such as ribo-type 176, 244, 27, 17,
78 by encoding or destroying genes for different
enzymes [14]. While as the separation of more
detailed strains with the technology advances, it
seems to be more diversification than previously
record [34,35]. But no reports related to serious
diseases found till now. Previous study described
the number and type of the pro-inflammatory
strain surface protein SlpA that may relate to
toxic behavior in C. difficile [14,36,37]. The geno-
mic information was provided in present study
confirmed that C. difficile LCL126 has some rele-
vant toxin genes, while in-depth study of its meta-
bolome and functional genes needs to be further
studied to explore the toxicological mechanism of
C. difficile LCL126, aimed to improve the compre-
hensive understanding of microorganisms and
promote the C. difficile related infectious diseases.

4, Conclusion

Genome sequencing could be revealing the impor-
tance and comprehensive information aspect of
biology. Present study has profound insights into
genomics and diversity of C. difficile bacterio-
phages, while this field was still at infancy. The
Clostridium difficile LCL126 exist virulence-related
gene including 22 increased virulence genes, it
might be having virulence potential. In view of
the increasing number of C. difficile cases and the
severity of the disease, it was essential to expand
current limited scientific knowledge about



C. difficile bacteriophages. Finally, the ultimate
purpose was to develop a non-antibiotic approach
via the encode of antibacterial genes.
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