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Abstract

Campylobacter concisus is an emerging enteric pathogen that is associated with several gastrointestinal diseases, such 
as inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) and ulcerative colitis (UC). Currently, only 
three complete C. concisus genomes are available and more complete C. concisus genomes are needed in order to better 
understand the genomic features and pathogenicity of this emerging pathogen. DNA extracted from 22 C. concisus 
strains were subjected to Oxford Nanopore genome sequencing. Complete genome assembly was performed using 
Nanopore genome data in combination with previously reported short- read Illumina data. Genome features of complete 
C. concisus genomes were analysed using bioinformatic tools. The enteric disease associations of C. concisus plasmids 
were examined using 239 C. concisus strains and confirmed using PCRs. Proteomic analysis was used to examine T6SS 
secreted proteins. We successfully obtained 13 complete C. concisus genomes in this study. Analysis of 16 complete  
C. concisus genomes (3 from public databases) identified multiple novel plasmids. pSma1 plasmid was found to be asso-
ciated with severe UC. Sec- SRP, Tat and T6SS were found to be the main secretion systems in C. concisus and proteomic 
data showed a functional T6SS despite the lack of ClpV. T4SS was found in 25% of complete C. concisus genomes. This 
study also found that GS2 strains had larger genomes and higher GC content than GS1 strains and more often had plas-
mids. In conclusion, this study provides fundamental genomic data for understanding C. concisus plasmids, genomospe-
cies features, evolution, secretion systems and pathogenicity.

DATA SUMMARY
Genome assemblies of 13 Campylobacter concisus complete 
genomes and 7 draft genomes have been deposited in the 
National Center for Biotechnology Information (NCBI) 
bacterial genome database. The accession numbers for 
the genome assemblies are available in Tables  1 and 

S2 (available in the online version of this article). The 
assemblies are also available on FigShare (private link: 
https:// figshare. com/ s/ 486820ffc5c4610233e1; DOI: 
10.6084/m9.figshare.12279473). Raw data were submitted 
to the NCBI SRA database under BioProject numbers 
PRJNA388128 and PRJNA348396.
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INTRODUCTION
Campylobacter concisus is an H2- requiring Gram- negative 
bacterium that normally colonizes the human oral cavity [1–3]. 
Colonization of C. concisus at the intestinal tract has been found to 
be associated with inflammatory bowel disease (IBD) [4–7]. IBD 
is a chronic inflammatory disease of the gastrointestinal tract, and 
Crohn’s disease (CD) and ulcerative colitis (UC) are the two major 
forms [8]. In addition to IBD, C. concisus has also been linked 
to other diseases in the gastrointestinal tract, such as diarrhoeic 
diseases and Barrett’s oesophagus [9–12].

Previous studies have shown that the C. concisus strains isolated 
from enteric tissues of patients with IBD originated from their 
oral cavities [13–15]. C. concisus consists of two genomospecies 
(GS1 and GS2), which differ in their core genomes, housekeeping 
genes and 23S rRNA gene [16–20]. GS2 C. concisus strains were 
isolated more often from enteric samples of patients with IBD 
and gastroenteritis, suggesting that they have better abilities 
than GS1 strains in colonizing the human intestinal tract [21]. 
Previous studies also demonstrated that some oral GS2 C. concisus 
strains isolated from patients with IBD were invasive to intestinal 
epithelial cells [15].

The classification of GS alone is unable to differentiate disease- 
associated virulent C. concisus strains from commensal strains. 
Both GS1 and GS2 consist of C. concisus strains isolated from 
patients with enteric diseases and healthy individuals. Further-
more, some individuals particularly patients with IBD are colo-
nized by multiple different C. concisus strains, and while some 
of these strains may be virulent, the others may be commensal 
[15]. Given this, molecular markers that can be used to identify 
C. concisus strains that are associated with IBD are needed. We 
previously sequenced the complete genome of C. concisus strain 
P2CDO4 using PacBio. Analysis of the complete P2CDO4 
genome led to the discovery of the pICON plasmid, which further 
led to the discovery of the csep1 gene that is associated with CD 
[22].

Currently there are only three complete C. concisus genomes 
(strains 13 826, ATCC 33237 and P2CDO4) available. Strain 
13 826 was isolated from the faecal sample of a patient with 
gastroenteritis, strain ATCC 33237 was isolated from the gingival 
sulcus of an individual with gingivitis and strain P2CDO4 was 
isolated from the saliva of a patient with relapsed CD [22, 23]. 
The lack of complete C. concisus genomes from patients with UC 
has limited our ability to potentially identify mobile element- 
encoded molecular markers that may be associated with this 
IBD subtype. Furthermore, no complete C. concisus genomes 
from healthy individuals are available, which also limits the 
comparison of entire genomes between strains isolated from 
patients with enteric diseases and healthy controls. To address 
these issues, in this study we used a combination of Illumina 
and Oxford Nanopore sequencing for hybrid assembly and 
successfully closed the genomes of 13 C. concisus strains isolated 
from patients with UC, CD and healthy controls. Interestingly, 
analysis of these complete C. concisus genomes resulted in the 
identification of novel plasmids and their association with severe 
UC. Furthermore, this study found that GS2 strains had larger 
genomes and higher GC content than GS1 strains and more often 

had plasmids . Bacterial secretion systems were also identified in 
complete C. concisus genomes. A type IV secretion system (T4SS) 
was acquired through different genomic islands and proteomic 
analysis supports the view that the type VI secretion system 
(T6SS) identified in C. concisus is functional. Furthermore, we 
were able to compare paired complete genomes of enteric and 
oral strains.

METHODS
Complete genome sequencing of C. concisus strains 
using Oxford Nanopore and hybrid assembly
We previously sequenced 64 draft genomes of C. concisus 
strains isolated from patients with IBD and healthy controls 
using Illumina MiSeq [19, 22]. In contrast to Illumina 
sequencing, which generates short reads of less than 300 
bp, Oxford Nanopore sequencing produces long- read data, 
enabling complete genome assembly, particularly when 
combined with Illumina data [24].

In order to obtain more closed C. concisus genomes for analysis, 
in this study we sequenced the genomes of 22 strains isolated 
from patients with IBD and healthy controls using Nanopore 
technology. These strains were chosen randomly from strains 
whose draft genomes we had previously submitted to public 

Impact Statement

Campylobacter concisus is an important emerging enteric 
pathogen that is associated with inflammatory bowel 
disease (IBD). IBD is a chronic inflammatory disease of 
the gastrointestinal tract including both Crohn’s disease 
(CD) and ulcerative colitis (UC). C. concisus usually colo-
nizes the human oral cavity as a commensal bacterium. 
However, its enteric colonization was previously found 
to be associated with IBD. Strains of C. concisus are 
diverse. Bacterial molecular markers that can differen-
tiate disease- associated virulent C. concisus strains from 
commensal C. concisus strains need to be identified. In 
this study, we successfully sequenced the complete 
genomes of 13 C. concisus strains isolated from patients 
with IBD and controls. Analysis of fully sequenced  
C. concisus genomes identified genomospecies features, 
secretion systems and novel plasmids. The novel 
plasmid pSma1 identified in this study was found to be 
associated with patients with UC who underwent surgical 
intervention because of the severity of their disease. This 
study provides fundamental genomic data for elucidating  
C. concisus adaptation to the enteric environment and 
enteric pathogenicity. The finding that pSmal1 is associ-
ated with severe UC is particularly interesting, suggesting 
that future studies should be conducted to investigate 
whether pSmal1 is a disease progression marker and a 
therapeutic target for UC.
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databases (Table S1, available in the online version of this 
article) [19, 22].

C. concisus strains were cultured on horse blood agar (HBA) 
plates and bacterial DNA was extracted with phenol/chloro-
form followed by ethanol purification as described previously 
[22]. The 260/280 and 260/230 ratios were determined by 
Nanodrop. The DNA concentration was quantified with the 
Qubit dsDNA HS Assay kit (Thermo Fisher Scientific) and 
measured by a Qubit Fluorometer (Thermo Fisher Scientific). 
Libraries were prepared with the Nanopore Rapid Barcoding 
Sequencing kit (SQK- RBK004, Nanopore) according to 
the manufacturer’s instructions. The barcoded library was 
loaded onto a R9.4 flow cell (FLO- MIN106D, Nanopore) and 
sequenced on the MinION Sequencing Device (Nanopore) 
for 48 h. Local basecalling and demultiplexing of fast5 reads 
were performed using Guppy (v3.2.1). Read statistics were 
generated using Nanostat (v1.1.2), and genome coverage was 
determined using Minimap2 (v2.17) and Qualimap (v2.2.1) 
[25, 26].

For hybrid assembly of complete genomes, Nanopore reads 
were first filtered with Filtlong (v0.2.0, https:// github. com/ 
rrwick/ Filtlong) and then assembled with Canu (v1.7.1) 
and Flye (v2.4.2) [27, 28]. The Filtlong settings utilized 
were: minimum read length of 1000 bp, keep 90% of the 
highest quality reads and remove the worst reads until 500 
Mbp remained. Nanopore- filtered reads were specified as 
input for Canu and Flye. Canu/Flye long- read assembly 
was then used as input into Unicycler (v0.4.7) for hybrid 
assembly [19, 22, 29]. For strains P1CDO2 and P13UCO-
 S1, an additional depth filter of 0.35 was applied to remove 
spurious short linear contigs with low depth. Core genomes 
were determined using Roary (v3.12.0) [30]. Genomes that 
revealed a single circularized chromosome contig were 
defined as closed genomes. Extrachromosomal circularized 
contigs were defined as plasmids [31].

Draft genome sequencing of seven C. concisus 
strains from healthy individuals
Most of the C. concisus draft genomes in the public databases 
are from patients with IBD and diarrhoeal disease. To increase 
the number of C. concisus genomes of healthy controls, we 
sequenced the draft genomes of seven C. concisus strains 
isolated from the saliva samples of six healthy adults using 
Illumina MiSeq; these strains are listed in Table S2 [19, 22].

The criteria for defining a healthy individual and methods 
for bacterial isolation from saliva samples are described 
elsewhere [1, 15, 32]. Bacterial DNA extraction and draft 
genome sequencing were performed according to the proce-
dures described in our previous publications [19, 22]. The 
sequencing was performed at the University of Western 
Australia.

The procedures for collecting saliva from healthy individuals 
were approved by the Ethics Committees at the University of 
New South Wales and the South East Sydney Local Health 
District, Australia (HREC/17/POWH/173). A completed 

consent form regarding saliva collection was obtained from 
the six healthy adults.

Genome annotation and submission
Genomes were annotated using the National Center for 
Biotechnology Information (NCBI) Prokaryotic Genome 
Annotation Pipeline [33]. The complete genomes of 13  
C. concisus strains and the draft genomes of 7 strains 
sequenced in this study were submitted to the NCBI bacterial 
genome database. Raw data were submitted under BioProject 
numbers PRJNA388128 and PRJNA348396.

Analysis of plasmids found in complete C. concisus 
genomes
Our success in completing 13 C. concisus genomes in this study 
provided us with the opportunity to analyse the plasmids in 
these strains. The presence of plasmids in the 13 complete 
C. concisus genomes was determined using Unicycler and 
visualized with Bandage [29, 34]. The presence of identified 
C. concisus plasmids in other bacterial species was examined 
by searching the sequences of their genes and proteins using 
NCBI nucleotide and protein blast, respectively [35].

Secreted proteins and transmembrane proteins encoded by 
the plasmids were predicted using Phobius [36]. Proteins were 
also compared with known virulence factors of other bacterial 
species in the Virulence Factors Database core dataset using 
protein blast, and E values <0.05 were noted [37].

Examination of the association between the 
newly identified plasmids in C. concisus and 
gastrointestinal diseases
To determine whether the C. concisus plasmids found in this 
study are associated with different types of gastrointestinal 
disease, their prevalence in a total of 239 strains in the public 
databases was compared using NCBI nucleotide blast [35]. 
These strains included 58 strains from 29 patients with CD, 62 
strains from 28 patients with UC, 64 strains from 42 healthy 
individuals, 54 strains from 46 patients with diarrhoea and 
1 strain from a patient with IBD (unknown if CD or UC) 
[13, 14, 19, 22, 38–40]. Of the C. concisus strains isolated from 
patients with UC, 40 strains were from 15 patients who have 
undergone ileal pouch–anal anastomosis (UC- IPAA) due to 
their severe disease, and they were referred to as severe UC 
[41].

The remaining six strains in the public databases were 
excluded from prevalence analysis, including one strain 
from each patient with gingivitis, pyrexia and exanthema, 
collagenous colitis, or lymphocytic colitis.

PCR confirmation of pSma1 prevalence in  
C. concisus strains
The above prevalence analysis of newly identified C. concisus 
plasmids in C. concisus strains isolated from gastrointestinal 
diseases and healthy controls identified a plasmid associated 
with severe UC, which was designated pSma1. The presence 
of pSma1 in C. concisus strains was confirmed by polymerase 

https://github.com/rrwick/Filtlong
https://github.com/rrwick/Filtlong
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chain reaction (PCR) using DNA samples extracted from 71 
C. concisus strains that are available in our laboratory. Three 
PCR methods were established, two pairs of primers were 
designed to specifically target the pSma1 plasmid, and one 
pair of primers targeting the housekeeping gene aspartate- 
semialdehyde dehydrogenase (asd) was also designed. The 
PCR reactions amplifying the pSma1 plasmid and the asd 
gene were performed in parallel to ensure that the absence 
of pSma1 was not due to an inadequate DNA template. The 
primer sequences and thermocycling conditions are listed 
in Table S3.

Detection and isolation of pSma1 plasmid
Nanopore sequencing revealed that pSma1 had a high 
sequencing depth, suggesting high copy numbers. To confirm 
this, C. concisus DNA extracted from strain P15UCO- S2 (a 
strain that has pSma1) using the phenol/chloroform method 
was visualized on a 0.8 % agarose gel. A band at approximately 
1300 bp was excised from the gel, purified using the QIAquick 
Gel Extraction kit (Qiagen) and subjected to PCRs targeting 
pSma1 as described above. pSma1 plasmid was also purified 
from C. concisus strain P15UCO- S2 using the Plasmid Mini-
prep kit (Qiagen). The purified plasmid was also visualized 
on a 0.8 % agarose gel and the band at approximately 1300 bp 
was excised, purified and subjected to PCRs targeting pSma1.

Examination of the phylogenetic relationship 
of pSma1 plasmid found in different C. concisus 
strains and in other bacterial species
A phylogenetic tree based on the nucleotide sequences of 
pSma1 plasmid found in different C. concisus strains and in 
other bacterial species was generated using the maximum- 
likelihood method implemented in mega7 [42]. pSma1- 
encoded proteins between C. concisus strains were compared 
using muscle [43].

Examination of secretion systems in C. concisus
Bacterial secretion systems in C. concisus were examined using 
the 16 complete C. concisus genomes. Proteins of different 
bacterial secretion systems in these C. concisus strains were 
identified using KofamKOALA [44].

Identification of protein secretion through T6SS by 
proteomic analysis
In order to examine whether C. concisus carries a functional 
T6SS, proteomic analysis was performed to identify secre-
tion of hemolysin- coregulated protein (Hcp), which is a 
hallmark protein indicating a functional T6SS. C. concisus 
strain P1CDO2, which was found to have T6SS genes in 
this study, was cultured on HBA plates as described previ-
ously [22]. Bacteria were collected and resuspended in heart 
infusion broth and further cultured for 24 h with constant 
rotation at 200 r.p.m. [22]. Bacterial culture supernatant 
was collected by centrifugation and then filtered through a 
0.22 µm MILLEX GP filter (Merck Millipore Ltd) to remove 
residual bacteria. Supernatant was concentrated by 10× using 
Amicon Ultra 3K columns (Merck Millipore Ltd), loaded 

onto SDS- polyacrylamide gel, and separated by electropho-
resis. Protein bands were excised and digested by trypsin. 
Digested peptides were separated by liquid chromatography 
and analysed using a LTQ- FT Ultra mass spectrometer 
(Thermo Electron) [15]. All tandem mass spectrometer (MS/
MS) spectra were searched against the NCBI database using 
MASCOT (version 2.5.1). Scaffold Q+ (v.4.7.3, Proteome soft-
ware) was used to validate peptide identities. Mass spectrom-
etry was conducted at the Bioanalytical Mass Spectrometry 
Facility, University of New South Wales, Australia.

Genome comparison of paired oral and enteric  
C. concisus strains
Complete genomes of C. concisus strains P3UCO1 and 
P3UCB1, paired oral and enteric C. concisus strains isolated 
from the saliva and intestinal biopsies of a patient with UC, 
were compared using Mauve [45]. Proteins sequences were 
compared using clustal Omega [46].

Statistical analysis
Fisher’s exact test was used to compare the prevalence of plas-
mids in different groups of individuals, and in strains isolated 
from patients and controls. P values <0.05 were considered to 
be statistically significant. Statistical analysis was performed 
using GraphPad Prism 7.

RESULTS
The complete genomes of GS1 and GS2 C. concisus 
strains differ in some features
Completed genomes were obtained for 13 of the 22 C. concisus 
strains subjected to Nanopore sequencing in this study. 
Comparison of the features of the 16 complete C. concisus 
genomes (13 from this study and 3 from public database) 
showed that GS2 strains contained larger genomes than GS1 
strains; the genome sizes ranged from 1.95 to 2.10 Mb in GS2 
strains and 1.8 to 1.93 Mb in GS1 strains (Table 1). Addition-
ally, GS2 strains had a higher GC content than GS1 strains; 
the GC content in GS2 strains was 39.4–39.7 %, while in GS1 
strains it ranged from 37.4–37.7 %. Furthermore, the core 
genome of GS2 strains also had higher GC content than GS1 
(42.6–42.7% versus 40.9–41%) (Table 1).

Of the 16 complete C. concisus genomes, 8 (50 %) contained 
plasmids. GS2 strains had plasmids more often than GS1 
strains; 67 % (6/9) of complete GS2 genomes and 29 % (2/7) 
of complete GS1 genomes had plasmids (Table 1).

The accession numbers of complete genomes and draft 
genomes sequenced in this study are listed in Tables 1 and 
S2, respectively.

Analysis of novel plasmids in newly complete  
C. concisus genomes
As mentioned above, 6 plasmids were found in 6 of the 
complete genomes of the 13 C. concisus strains sequenced in 
this study. These plasmids were assigned names and further 
analysed (Table 2). The plasmids found in strains P26UCO- S2 
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and P27UCO- S2 shared 92% sequence identity, and were 
therefore considered to be the same plasmid. One strain 
(P15UCO- S2) contained two plasmids. The size of these 
plasmids varied from 1300 to 3900 bp and their GC content 
ranged from 34–38%.

The sequencing depth of pSma1 and pSma2 was 64.32 and 
67.70×, respectively, relative to that of the chromosome, 
suggesting that the copy numbers of pSma1 and pSma2 in 
the prepared DNA sample were between 60 and 70. The 
remaining four plasmids also had multiple copies, and their 
depth was between 14.05 and 50.72× (Table 2).

The pSma1 plasmid only encoded two proteins, which were 
hypothetical proteins with molecular weights of 23.33 (locus 
tag: G5B99_09655; 199 amino acids) and 7.64 kDa (locus 
tag: G5B99_09660; 64 amino acids). The pSma2 plasmid 
only encoded one protein, which was a hypothetical protein 
with a molecular weight of 17.76 kDa (155 amino acids). The 
other plasmids encoded three to four proteins. Some of the 
proteins encoded by these plasmids were secreted proteins 
(Table S4). No potential virulence factor was found in pSma1, 
while two potential virulence factors were found in pSA2, but 
the similarities were low (Table S4).

Of the six plasmids identified in C. concisus strains in this 
study, pSma1 was also found in two strains of Streptococcus 
agalactiae and one strain of Xanthomonas citri pv. citri in 
the public databases. The remaining five plasmids were only 
found in C. concisus. The sequence identity of pSma1 shared 
between C. concisus and S. agalactiae, C. concisus and X. citri 
pv. citri, and S. agalactiae and X. citri pv. citri was 98, 97.6 and 
98 %, respectively.

pSma1 is associated with severe UC
The potential disease association of each of the six plasmids 
was examined by assessing their prevalence in 239 C. concisus 
strains isolated from patients with different types of gastroin-
testinal diseases and healthy controls.

The pSma1 plasmid was found in 1 strain from 1 individual 
with active CD, 12 strains from 4 patients with UC- IPAA, 1 
strain from 1 patient with active UC, and 2 strains from 2 
healthy controls. The pSma1 plasmid was absent in patients 
with diarrhoea (Fig. 1a). The prevalence of pSma1 in patients 
with UC- IPAA was 27% (4/15), which was significantly 
higher than that in patients with CD (3 %, 1/29, P=0.039) 
and diarrhoea (0/42, P=0.0035) and healthy individuals (5 %, 
2/42, P=0.036). When assessed for disease associations, the 
positivity was counted only once in individuals who were 
colonized by more than one strain that was positive for a 
particular plasmid.

At the strain level, 30% (12/40) of the C. concisus strains 
isolated from patients with UC- IPAA were positive for the 
pSma1 plasmid, which was significantly higher than the 
percentage in strains isolated from patients with CD (2 %, 
1/58, P=0.0001) and diarrhoea (0/54, P=0.0001) and healthy 
controls (3 %, 2/64, P=0.0002) (Fig. 1b). The prevalence of the 
pSma1 plasmid in strains isolated from all patients with UC 
was 21 % (13/62), which was also significantly higher than 
that in those isolated from patients with diarrhoea (P=0.0002) 
and healthy individuals (P=0.0021) (Fig. 1b).

PCRs targeting pSma1 were performed on 71 strains available 
in our laboratory and the prevalence of pSma1 demonstrated 
by PCR results was consistent with that obtained by blast 
using draft genomes. The other five plasmids did not show 
disease associations (Table S5). C. concisus strains that were 
positive for plasmids are listed in Table S6.

pSma1 is a small size plasmid with high copy 
number
The pSma1 had a size of 1324 bp with a relative sequencing 
depth of 64×, showing that this small plasmid has more 
than 60 copies. This is supported by the visible DNA band 
of approximately 1300 bp on a 0.8 % agarose gel when the 
genomic DNA of strain P15UCO- S2 was electrophoresed 
(Fig. 1d). This band was confirmed to be pSma1 using pSma1- 
specific PCR (Fig. 1e). The pSma1 plasmid was also purified 
from C. concisus strain P15UCO- S2, which yielded a band 
at approximately 1300 bp when electrophoresed on agarose 
gel (Fig. 1f). This band was again confirmed to be the pSma1 
plasmid using pSma1- specific PCR (Fig. 1g).

DNA sequences of pSma1 plasmid in C. concisus 
strains isolated from patients with UC are 
phylogenetically close with unique polymorphisms
Nucleotide sequence alignment of pSma1 plasmid from seven 
C. concisus strains, two S. agalactiae strains and one X. citri 
pv. citri strain was performed. The pSma1 sequences from 
strains AAUH- 15UCpp, AAUH- 16UCo- a, AAUH- 16UCf, 
AAUH- 16UCdp, AAUH- 16UCdp5, AAUH- 20UCo and 
H9O- S1 were not included because the full- length sequences 
were unavailable due to draft genomes.

The DNA sequences of pSma1 from seven strains isolated 
from patients with UC formed one cluster (Fig. 2a), regard-
less of the geographical differences between the countries 

Table 2. C. concisus plasmids identified in this study

Strain Plasmid Size (bp) Depth (×) GC (%)

P26UCO- S2
P27CDO- S2

pAJ3 3666 50.72 38.4

P11CDO- S1 pSA2 3611 29.12 34.9

P13UCO- S1 pADS1 3902 14.05 35.2

P15UCO- S2 pSma1 1324 64.32 36.9

pSma2 1358 67.70 35

H9O- S2 pTJ3 3843 14.55 37.9

Sequencing depth was proportional to the chromosomal average. 
The plasmids found in strains P26UCO- S2 and P27UCO- S2 shared 
92 % sequence identity, and they were thus considered to be the 
same plasmid.
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of isolation, with five polymorphisms unique to this cluster 
being identified (Figs 2b and S1).

The amino acid sequences of the two proteins (locus tag 
G5B99_09655 and G5B99_09660) encoded by pSma1 from 
C. concisus, S. agalactiae and X citri pv. citri were aligned and 
compared (Figs S2 and S3, respectively). The polymorphic 
nucleotide at position 658 (Fig. 2b) has resulted in a change 
to the third amino acid of the protein encoded by locus 
tag G5B99_09655. The protein encoded by G5B99_09655 
from C. concisus strains isolated from patients with UC had 

an asparagine (N) at position 3, while the amino acid was 
aspartic acid (D) for C. concisus strains isolated from healthy 
individuals or the patient with CD, as well as for S. agalactiae 
strains CCUG44050 and CCUG44104 (Fig. S2). The same 
protein encoded by X. citri pv. citri LMG9322 had a shorter 
length and its first amino acid started from position 4.

C. concisus secretion systems
Examination of the 16 complete C. concisus genomes revealed 
genes encoding proteins from several bacterial secretion 

Fig. 1. pSma1 is a small plasmid with a high copy number that is associated with severe ulcerative colitis. (a) The prevalence of pSma1 
in patients with UC- IPAA was 27% (4/15), which was statistically higher than that in patients with CD (3 %, 1/29, P=0.039) and diarrhoea 
(0/42, P=0.0035) and healthy individuals (5 %, 2/42, P=0.036).(b) The prevalence of C. concisus strains isolated from patients with severe 
UC that were positive for pSma1 was 30% (12/40), which was significantly higher than that in patients with CD (2 %, 1/58, P=0.0001) 
and diarrhoea (0/54, P=0.0001) and healthy controls (3 %, 2/64, P=0.0002). (c) Circular representation of pSma1 plasmid. The two 
hypothetical proteins encoded by pSma1 plasmid are in blue. G+C content below and above average is in purple and yellow, respectively. 
(d) The pSma1 plasmid was visible at approximately 1300 bp (red arrow) when the genomic DNA of C. concisus strain P15UCO- S2 was 
electrophoresed on 0.8% agarose gel, indicating that it was present at high copy numbers within bacteria cells. The intact genomic 
DNA is indicated with a black arrow. (e) A PCR targeting pSma1 using DNA extracted from the 1300 bp band on the genomic DNA gel 
confirmed its identity. (f) The pSma1 plasmid could be purified with a commercially available plasmid extraction kit. (g) A PCR targeting 
pSma1 using DNA extracted from the 1300 bp band on the purified plasmid gel confirmed its identity. CD, Crohn’s disease. UC, ulcerative 
colitis. IPAA, ileal pouch–anal anastomosis. HC, healthy control. *, statistical significance. *P <0.05; **P <0.005; ***P <0.001.
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systems, and strain differences were noted for some secretions 
systems (Fig. 3).

The general secretion system (Sec) has two pathways, the 
SecA pathway and the signal recognition particle (SRP) 
pathway. Genes encoding five proteins of the Sec pathways 
(SecA, Sec D/F, SecE, SecG and SecY) were found in all 16 
C. concisus strains, but the gene encoding SecB (the chap-
erone of the Sec system) was absent. Genes encoding the 
four proteins of the SRP pathway, FtsY, ffh, YajC and YidC, 
were found in all C. concisus strains. Genes encoding the 
3 essential components of the twin- arginine translocation 
(Tat) system, TatA, TatB and TatC, were found in all 16  
C. concisus strains (Fig. 3).

Genes encoding components of the T2SS were mostly absent 
in C. concisus, with only GspE (an ATPase) being found in 7 
of the 16 C. concisus strains.

Four of the 16 strains (25 %) had genes encoding compo-
nents of the T4SS. Strains P3UCB1 and P13UCO- S1 
contained seven genes encoding the T4SS components, 
which were located within a previously reported genomic 
island, CON_PiiA. Strains P1CDO2 and H16O- S1 had nine 

genes encoding T4SS components, and these genes were 
located within a novel genomic island identified in this 
study. We designated this novel genomic island CON_PiiC 
(Fig. 4). The size of CON_PiiC was 42 775 bp, beginning with 
an integrase. CON_PiiC was located at different positions 
within the genomes of P1CDO2 and H16O- S1, between 
1 339 776–1 382 550 bp and 578 884–622 435 bp, respectively, 
but the immediate upstream and downstream genes were 
similar. The T4SS proteins in CON_PiiC were found to share 
homology with the T4SS proteins from Brucella melitensis 
bv. 1 (Table S7). Additionally, other proteins encoded by 
CON_PiiC were found to share homology with virulence 
factors from other bacterial species, such as M protein type 
1 from Streptococcus pyogenes and toxin B from Clostridium 
difficile.

A T6SS system was found in 14 out of the 16 strains (87.5 %, 
14/16). These strains had genes encoding Hcp, Lip and 
IcmF. Strains P3UCO1 and P3UCB1 only had the gene 
encoding for one T6SS system component. However, genes 
encoding the ATPase ClpV and several regulatory proteins 
were not found in any of these C. concisus strains (Fig. 3b). 

Fig. 2. DNA sequences of pSma1 from C. concisus strains isolated from patients with severe ulcerative colitis are phylogenetically 
distinct with unique polymorphisms. (a) A phylogenetic tree generated based on the nucleotide sequences of pSma1 from C. concisus,  
S. agalactiae, and X. citri pv. citri grouped pSma1 from C. concisus strains isolated from patients with UC into a distinct cluster, regardless 
of the differences between the geographical origins of isolation. (b) Nucleotide sequence comparison of pSma1 from C. concisus,  
S. agalactiae and X. citri pv. citri revealed six polymorphisms unique to pSma1 strains isolated from patients with UC, among which the 
polymorphism at nucleotide position 658 (*) resulted in a change of amino acid. C. concisus strains isolated from patients with UC and 
CD and healthy controls are in red, blue and green, respectively. The origins of the bacteria strains, where available, are indicated in 
parentheses. The pSma1 from C. concisus strain P15UCO- S2 was used as a reference for nucleotide position. Del, nucleotide deletion. 
Genomes containing short contigs that partially cover the full length of pSma1 were excluded from sequence comparison.
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Fig. 3. Secretion systems identified in C. concisus complete genomes. (a) The components of different secretion systems that are present 
in C. concisus are highlighted with different colours. The components that are not present in C. concisus are in grey. (b) A summary of the 
secretion systems found in complete C. concisus genomes; the colours match the highlighted components in (a). The Sec–SRP and Tat 
pathways were found in all 16 complete C. concisus genomes. The T4SS system was found in 25 % of C. concisus genomes and the T6SS 
system was found in 87.5% of C. concisus strains. The figure is illustrated according to the bacterial secretion system (map03070) in the 
KofamKOALA database. OMP, outer- membrane protein. IMP, inner- membrane protein.
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Genes encoding components of T6SS were scattered within 
the genome. Components of T1SS, T3SS and T5SS were not 
found in C. concisus genomes.

Mass spectrometry identified that the secreted Hcp protein 
was present in the bacterial culture supernatant of C. concisus 
strain P1CDO2 (identified peptides VHKPFSFTTSLNK and  
VKGS TQGL ISSG ASTE ASIGNR), supporting the view that 
T6SS is functional in C. concisus.

Comparison of a paired oral and enteric strains 
isolated from an individual with UC
In this study we were able to compare the complete genome 
of the enteric strain P3UCB1 isolated from intestinal biop-
sies of a patient with UC with the oral strain P3UCO1 
isolated from the same individual. We found that the two 
strains were almost identical, except for the CON_PiiA 
genomic island and another five proteins (Table S8). The 
CON_PiiA genomic island was present in the enteric 
strain P3UCB1 but not the oral strain P3UCO1. The 
CON_PiiA island was previously reported by us [19]. The 
proteins encoded by G5B98_00305 in strain P3UCO1 and 
G5B97_00305 in strain P3UCB1 were both annotated as 
retention module- containing protein, but they only shared 
34% sequence identity. Additionally, the protein encoded 
by G5B98_00315 in P3UCO1 was split into two proteins 
in strain P3UCB1 (G5B97_00315 and G5B97_00320); this 
was also seen for the protein encoded by G5B98_01840 in 
strain P3UCO1, which was divided into two proteins in 
P3UCB1 (G5B97_02050 and G5B97_02055). Furthermore, 
there were two small hypothetical proteins in P3UCO1 
(G5B98_06400 and G5B98_09010); their corresponding 

sequences in strain P3UCB1 were non- coding sequences 
(Table S8).

DISCUSSION AND CONCLUSION
In this study we successfully sequenced the complete genomes 
of 13 C. concisus strains. Analysis of 16 complete C. concisus 
genomes, namely 13 complete C. concisus genomes obtained 
from this study and 3 additional complete C. concisus 
genomes from public databases, led to the identification of 
multiple novel C. concisus plasmids. Further analysis of the 
prevalence of these C. concisus plasmids in 239 C. concisus 
genomes in public databases revealed that the pSma1 plasmid 
is associated with severe UC. We also analysed the C. concisus 
secretion systems and genomospecies features and compared 
the complete genomes of paired oral and enteric strains.

Multiple novel plasmids were identified in C. concisus strains. 
The larger numbers of complete C. concisus genomes obtained 
in this study led to the identification of six plasmids that have 
not been previously described (Table 2). The plasmids found in 
this study were mostly small with multiple copy numbers. The 
sizes of naturally occurring plasmids vary substantially, from 
a few hundred bp to hundreds of kb [47]. The three previously 
reported C. concisus plasmids, pCCON16 and pCCON31 
from strain 13826 and pICON from strain P2CDO4 had 
sizes of 16 457, 30 949 and 119 793 bp, respectively [22]. The 
plasmids found in this study were small plasmids, ranging 
from 1324 to 3902 bp. The currently available bioinformatic 
tools were unable to predict the replication origin of these 
small plasmids. Naturally occurring plasmids normally have 
copy numbers between 1 and 30, although they may reach 

Fig. 4. Genomic island CON_PiiC contains the T4SS system. CON_PiiC, identified in this study, contains genes encoding T4SS components 
in C. concisus strains P1CDO2 and H16O- S1. Components of the T4SS are shaded in orange. CON_PiiC in these two strains shared more 
than 80% nucleotide identity. The image was generated using EasyFig [60]. Annotations of the proteins encoded byCON_PiiC are in Table 
S7.
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200 [47]. The plasmids that we identified in this study had 
a relative sequencing depth of 14.05 to 67.70×, showing that 
these plasmids are present as multiple copies in their host  
C. concisus strains. The pSma1 plasmid had copy numbers in 
excess of 60. Both the sequencing data and the electrophoresis 
consistently showed that this plasmid naturally had high copy 
numbers (Fig. 1d). We also purified pSma1 plasmid and veri-
fied it using PCR.

The plasmids were more frequently present in C. concisus 
GS2 strains than GS1 strains. Of the 16 complete sequenced  
C. concisus genomes, we found that 67% (6/9) of GS2 strains 
and 29% (2/7) of GS1 strains had plasmids. Plasmids usually 
confer bacteria with superior adaptation and resistance to 
adverse environmental factors [48, 49]. Previous studies 
found that C. concisus strains isolated from enteric samples 
were predominately GS2 strains [15, 21]. It is possible that 
plasmids in GS2 strains have contributed to the superior 
ability of these strains in adapting to the enteric environment, 
although the exact mechanisms require further investigation. 
pSma1 plasmid was found to be associated with severe UC. 
Of the six C. concisus plasmids identified in this study, only 
pSma1 was found to be associated with patients with UC who 
have had IPAA due to severe UC. This interesting finding 
suggests that future studies should be conducted to evaluate 
the potential use of pSma1 as a marker for predicting disease 
prognosis in patients with UC by examining a larger group of 
patients and controls. Currently, it is not clear whether pSma1 
contributes directly to UC pathology or is merely a potential 
surrogate disease severity marker. The pSma1 plasmid only 
encodes two hypothetical proteins, which are not similar to 
known bacterial virulence factors (Table S4). It is well known 
that bacterial pathogens can acquire virulence factors from 
plasmids [50]. Further investigation is required to deter-
mine whether pSma1- encoded proteins are novel virulence 
proteins. Another possibility is that the high- copy- number 
pSma1 plasmid DNA is a virulence factor. Unmethylated 
CpG motifs are prevalent in bacteria and are known to induce 
innate immune responses through interaction with Toll- like 
receptor 9 expressed by immune cells such as macrophages 
and dendritic cells [51]. Further studies are needed to examine 
whether pSma1 plasmid can be transported to host cells, for 
example through bacterial outer- membrane vesicles, in order 
to shed light on the potential pathogenic role of pSma1.

The pSma1 plasmids found in C. concisus strains were more 
closed related than the pSma1 found in the S. agalactiae and 
X. citri pv. citri strains. The pSma1 cluster from patients with 
UC was not due to geographical origin, as there were patients 
from Denmark and Australia in the same cluster (Fig. 2a). Six 
nucleotide polymorphisms were found to be specific to pSma1 
in C. concisus strains isolated from patients with UC and one 
nucleotide polymorphism resulted in a change of amino acid. 
These results show that pSma1- associated UC could poten-
tially be distinguished from the others based on its phyloge-
netic grouping and nucleotide sequences. Nevertheless, the 
presence of pSma1 in other bacterial species is rare; only two 
strains S. agalactiae and one strain of X. citri were found to be 
positive for pSma1. S. agalactiae is a Gram- positive anaerobe 

and is the only species that belongs to group B Streptococcus. 
S. agalactiae can induce severe invasive infection in newborns 
[52]. X. citri is a Gram- negative aerobe and a phytopathogen 
causing citrus canker [53].

Secretion systems were identified in complete C. concisus 
genomes. The complete C. concisus genomes provided us 
with the opportunity to accurately identify the components 
of bacterial secretion systems in C. concisus. Bacteria use the 
general secretion systems (sec- SRP) and the Tat system to 
translocate unfolded and folded proteins, respectively [54]. 
These systems were found in all 16 complete C. concisus 
genomes, showing that they are ubiquitously carried by  
C. concisus strains. Some C. concisus strains (25 %) had the 
T4SS secretion system and, interestingly, they were acquired 
from different genomic islands. Many human pathogens, such 
as Helicobacter pylori, Legionella pneumophila and Brucella 
spp., use T4SS to deliver virulence factors into host cells. The 
potential pathogenic role of the T4SS system in C. concisus 
requires further investigation. The majority of the complete 
C. concisus genomes carried genes encoding five components 
of the T6SS, but none of them had the gene encoding for the 
T6SS- associated ATPase ClpV. Despite the lack of the gene 
encoding for ClpV, the T6SS may be able to use other ATPases 
to perform the secretion function. In order to confirm this, 
we performed proteomics analysis of the supernatant from 
strain P1CDO2 in which the Hcp protein was detected. Hcp 
is a structural protein of the T6SS and is also secreted by the 
T6SS. Secreted Hcp has been used as a hallmark to indicate 
functional T6SS [55–58]. Campylobacter jejuni also has 
a functional T6SS without ClpV, suggesting that it may be 
common for Campylobacter species to use alternative ATPase 
instead of ClpV in performing T6SS function [55].

This study also compared the complete genomes of paired oral 
and enteric C. concisus strains. Previous studies suggested that 
C. concisus strains isolated from enteric tissues originate from 
the oral cavity [15]. However, no studies have examined the 
complete genomes of paired oral and enteric strains, which 
may provide insights into genes that may be important for 
C. concisus colonization at different niches of the human 
gastrointestinal tract. The complete genomes of P3UCO1 
and P3UCB1, paired oral and enteric strains from a patient 
with UC, were indeed highly similar, further supporting the 
view that translocation of C. concisus from the oral cavity to 
the intestinal tract may cause enteric diseases [59]. The main 
difference is that the strain isolated from intestinal biopsies 
(P3UCB1) had the CON_PiiA genomic island, which was 
missing in the oral P3UCO1 strain. The potential role of the 
CON_PiiA genomic island in facilitating enteric colonization 
remains to be investigated.

Another finding from this study is that GS2 strains have 
larger genomes and higher GC content than GS1 strains. 
All complete genomes of GS2 C. concisus strains were larger 
than the complete genomes of GS1 strains (Table 1). Although 
more complete GS2 C. concisus strains have plasmids, these 
were not the reason for the larger genomes of GS2 strains, as 
the GS2 strains without plasmids also had a genome larger 
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than the GS1 strain (Table 1). The larger genomes in GS2 
strains result from an increased number of coding sequences 
(CDS), and an increased number of CDS in GS2 strains was 
also reported in a previous study by Kirk et al. using draft C. 
concisus genomes [41]. Additionally, analysis of the complete 
genomes showed that both the compete genomes and the 
core genome of GS2 strains had higher GC content than GS1 
strains (Table 1), suggesting that GS1 and GS2 are evolving 
divergently.

In summary, in this study we sequenced the complete 
genomes of 13 C. concisus strains and identified multiple 
novel plasmids. pSma1 plasmid was found to be associated 
with severe UC. We also showed that sec- SRP, Tat and T6SS 
are the main secretion systems in C. concisus and provided 
proteomic analysis data showing that T6SS is functional 
despite the lack of a gene encoding for ClpV. The T4SS 
system was found in 25 % of C. concisus strains, acquired from 
different genomic islands. Analysis of paired complete oral 
and enteric C. concisus strains showed that they are highly 
similar, with the main difference being that the enteric strain 
had the CON_PiiA genomic island. Furthermore, this study 
found that GS2 strains had larger genomes and higher GC 
content than GS1 strains and more often had plasmids. In 
conclusion, this study provides fundamental genomic data for 
understanding C. concisus plasmids, evolution, genomospe-
cies features, secretion systems and pathogenicity.
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