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Abstract

Helicobacter cinaedi is an enterohepatic Helicobacter that causes bacteremia and other diseases in humans. While H. cinaedi- like 
strains are isolated from animals, including dog isolates belonging to a recently proposed H. canicola, little is known about the 
genetic differences between H. cinaedi and these animal isolates. Here, we sequenced 43 H. cinaedi- or H. canicola- like strains 
isolated from humans, hamsters, rats and dogs and collected 81 genome sequences of H. cinaedi, H. canicola and other entero-
hepatic Helicobacter strains from public databases. Genomic comparison of these strains identified four distinct clades (clades 
I–IV) in H. cinaedi/canicola/‘magderbugensis’ (HCCM) complex. Among these, clade I corresponds to H. cinaedi sensu stricto and 
represents a human- adapted lineage in the complex. We identified several genomic features unique to clade I. They include 
the accumulation of antimicrobial resistance- related mutations that reflects the human association of clade I and the larger 
genome size and the presence of a CRISPR- Cas system and multiple toxin- antitoxin and restriction- modification systems, both 
of which indicate the contribution of horizontal gene transfer to the evolution of clade I. In addition, nearly all clade I strains 
but only a few strains belonging to one minor clade contained a highly variable genomic region encoding a type VI secretion 
system (T6SS), which could play important roles in gut colonization by killing competitors or inhibiting their growth. We also 
developed a method to systematically search for H. cinaedi sequences in large metagenome data sets based on the results of 
genome comparison. Using this method, we successfully identified multiple HCCM complex- containing human faecal metage-
nome samples and obtained the sequence information covering almost the entire genome of each strain. Importantly, all were 
clade I strains, supporting our conclusion that H. cinaedi sensu stricto is a human- adapted lineage in the HCCM complex.

DATA SUMMARY
The raw read sequences and complete genome sequences obtained in this study were deposited in GenBank/EMBL/DDBJ under 
the BioProject accession number PRJDB12330.

INTRODUCTION
Helicobacter cinaedi is a spiral- shaped Gram- negative rod species belonging to a group of Helicobacter species called enterohepatic 
Helicobacter. Although this micro- organism was first isolated in the USA from an HIV- positive, homosexual man suffering 
from proctitis and enteritis [1], it causes infections even in immunocompetent individuals. While H. cinaedi causes not only 
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gastroenteritis and proctitis but also bacteremia, erysipelas, cellulitis, arthritis and neonatal meningitis [2, 3], most isolates 
have been obtained from blood cultures and bacterial translocation was previously shown to be one of the routes of H. cinaedi 
bacteremia [4]. H. cinaedi also causes nosocomial transmission, in which asymptomatic carriers are involved [5]. As frequent 
recurrence is an additional feature of H. cinaedi infection, long- term antibiotic eradication has been proposed [2], but guidelines 
for antibiotic therapy have not yet been established.

Isolation of H. cinaedi from a variety of animals, such as dogs and hamsters, has also been reported, suggesting a possibility of 
zoonosis. However, there are no reliable epidemiological data to indicate transmission from these animals to human patients. The 
classification and species identification of this organism has also been problematic because (i) it is difficult to identify the species 
by biochemical properties; (ii) ATCC 35863, which was initially proposed as the type strain of H. cinaedi, was later reclassified 
as H. fennelliae [6]; and (iii) misidentification as H. westmeadii or undefined species occurs in 16S rRNA sequence- based species 
identification [6]. Currently, cdtB and gyrB are often used as genetic markers for the identification of H. cinaedi [7], and the use 
of MALDI- TOF MS has also been reported [8, 9]. Whole- genome sequencing (WGS)- based identification or classification has 
also been applied to H. cinaedi, and strains isolated from dogs were recently proposed as a new species, H. canicola, based on 
genome sequence homology [10]. While there are several reports on WGS analyses of human isolates, including the complete 
sequence determination of strains PAGU611 [11] and ATCC BAA- 847T [12] and screens to identify mutations responsible for 
antimicrobial resistance (AMR) [13] and nosocomial infections [5], WGS analyses of isolates from nonhuman sources are limited 
to the abovementioned report on H. canicola [10]. As a detailed comparison of WGS between H. cinaedi sensu stricto and H. 
canicola has not yet been performed, their genetic differences have yet to be elucidated. Little is also known about the factors 
related to H. cinaedi pathogenesis.

The aim of this study was to determine the population structure and genetic differences of H. cinaedi, H. canicola and ‘H. 
magdeburgensis’, a close relative of these two species [referred to as the H. cinaedi/canicola/‘magdeburgensis’ (HCCM) complex in 
this study]. We sequenced 43 H. cinaedi- or H. canicola- like strains isolated from humans, hamsters, rats and dogs and collected 
81 genome sequences of H. cinaedi, H. canicola and other enterohepatic Helicobacter strains from public databases. Genomic 
comparison of these strains identified four distinct clades in the HCCM complex. We found that clade I corresponds to H. cinaedi 
sensu stricto and represents a human- adapted lineage in the HCCM complex, and identified several characteristic genomic features 
of clade I. Furthermore, we developed a method to systematically search for H. cinaedi sequences in large human gut metagenome 
sequence data sets and successfully identified clade I genomes in multiple metagenome sequences.

METHODS
Bacterial strains and DNA sequencing
The lists of all strains analysed in this study are provided in Tables S1 and S2 (available in the online version of this article). Of 
the 43 strains sequenced in this study, 15 were isolated from blood cultures in routine clinical investigations using the BacT/
Alert (Biomérieux, Japan) or BACTEC 9050 blood culture (BD Bioscience, Japan) system in Kyushu University Hospital between 
2009 and 2017. Three hamster (T34, T35 and T36) and seven dog isolates (94105, N52, T1, T2, T3, T13 and T22) were described 
previously [8, 14]. The remaining 17 strains were obtained from the culture collection at the University of Göteborg (CCUG, 
Sweden), the American Type Culture Collection (ATCC, USA), and the National Collection of Type Cultures (NCTC, England). 
Genomic DNA was purified using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) from bacterial cells cultured 
for 3–5 days in 10 ml of Brucella broth under microaerobic conditions created using the MicroAero gas generator and Hydrogen 
gas generator (Mitsubishi Gas Chemical, Japan). Genomic DNA libraries were prepared using the NEBNext Ultra II FS DNA 
Library Preparation Kit (New England Biolabs, MA, USA) and sequenced on the Illumina MiSeq platform to generate paired- end 

Impact Statement

Helicobacter cinaedi causes bacteremia and other diseases in both immunocompromised and immunocompetent hosts. While 
H. cinaedi- like strains are isolated from animals, little is known about the genetic differences between H. cinaedi and these 
animal isolates. This study compared the genome sequences of strains belonging to the H. cinaedi/canicola/‘magdeburgensis’ 
(HCCM) complex and identified four distinct clades, I–IV. Clade I corresponds to H. cinaedi sensu stricto and apparently repre-
sents a human- adapted lineage in the complex, which has several characteristic genomic features, such as the accumula-
tion of antimicrobial resistance- related mutation and highly variable genomic regions encoding a type VI secretion system. A 
method to systematically search for H. cinaedi sequences in human gut metagenome sequences was also developed, and clade 
I strain- containing samples were successfully identified in healthy individuals and colorectal cancer patients along with the 
sequences covering nearly entire genomes of these strains. These data provide an important basis for reclassification of the 
HCCM complex and novel insights into the evolution and host adaptation of H. cinaedi sensu stricto.
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sequence reads (301 bp ×2). The complete genome sequences of eight strains and Illumina sequence reads of 15 strains, which 
were deposited as H. cinaedi or H. canicola, were downloaded from the NCBI Genome and SRA databases, respectively. Genome 
sequences of enterohepatic Helicobacter species used in this study were also obtained from the NCBI genome database.

Genome assembly of Illumina sequence reads was performed using platanus_B ver. 1.2.2 [15]. The quality of genome sequences 
was assessed using CheckM ver. 1.1.2 [16] with ≥98 % completeness and ≤2 % contamination to remove low- quality sequences. 
To obtain the complete sequence of strain 94 105, paired- end sequence reads were assembled using platanus_B, and gaps were 
closed by PCR amplification and capillary sequencing of PCR products. For the sequencing of strain T36, genomic DNA was 
purified using Genomic- tip 100/G (Qiagen). A long- read sequencing library was prepared with the Rapid Barcoding Kit (SQK- 
RBK004), sequenced using the R9.4.1 flow cell on the Oxford Nanopore Technologies (ONT) MinION platform and base- called 
using Guppy GPU ver. 3.4.5 (ONT). Hybrid assembly with the combination of long reads and Illumina short reads was performed 
using Unicycler ver. 0.4.8 [17], followed by error correction using pilon ver. 1.23 [18] with short and long reads.

Genome sequence analyses
Gene annotation was performed using dfast ver. 1.2.6 [19] with the parameter ‘--use_genemarks2 bact’. Average nucleotide identity 
(ANI) values were calculated using pyani ver. 0.2.10 [20] and visualized in R with the pheatmap package. Pangenome analysis 
was performed using Roary ver. 1.2.3 [21] with the parameter ‘-i 80 cd 99 s’. Based on the sequences of the core genes identified 
by Roary, phylogenetic trees were constructed using RaxML- NG ver. 1.0.1 [22] with the best model inferred by ModelTest- NG 
ver. 0.1.6 [23] and 100 bootstrap replicates. Genetic population structure was inferred using hierBAPS [24]. The following two 
classes of genes were identified based on the Roary output: (i) genes that were present in more than 80 % of the strains in clade I 
and less than 20 % of the non- clade I strains and (ii) genes that were present in less than 20 % of the clade I strains and more than 
80 % of the non- clade I strains. GenomeMatcher ver. 3.0.2 [25] was used for sequence comparison and visualization of the results.

Analyses of antimicrobial resistance (AMR)-related mutations, AMR genes, antimicrobial susceptibility test 
and type VI secretion system (T6SS) genes, CRISPR-Cas typing and sequence typing
The presence of eight known AMR- related point mutations [5, 13, 26] (two in pbpA, two in ftsI, two in gyrA, one in gyrB and 
one in 23S ribosomal RNA) in each genome was investigated using Clustal Omega ver. 1.2.4 [27]. Horizontally acquired AMR 
genes were searched using NCBI AMRFinderPlus ver. 3.6.10 [28] with the 2020.3.20.1 database. Antimicrobial- susceptibility 
testing was conducted using the agar dilution method as described previously [5]. The TXSSscan database [29] was used to 
annotate T6SS component genes. To identify tssI genes, we searched each genome by tblastn ver. 2.10.1 using the TssI sequences 
detected by TXSSscan as queries (identity ≥90 % and query coverage ≥50 %). CRISPR- Cas genes were predicted and classified by 
using CRISPRCasTyper ver. 1.6.0 [30]. Sequence types (STs) of strains were determined using mlst ver. 2.19 (https://github.com/ 
tseemann/mlst) with the H. cinaedi multilocus sequence typing (MLST) scheme of PubMLST [31].

Analyses of plasmids and prophages
The distribution of seven plasmids identified in strain T36 was determined by searching for the sequences encoding the replica-
tion initiation (Rep) protein homologues of each plasmid using tblastn ver. 2.10.1 with thresholds of 95 % amino acid identity 
and 60 % query coverage. Platon ver. 1.5.8 [32] and plasmidVerify (https://github.com/ablab/plasmidVerify) [33] were used for 
plasmid search in draft genomes. Prophage search was performed using PhiSpy ver. 4.1.0 [34].

Phylogenetic analyses of the region encoding nine T6SS core genes
Sequences of the genome region from tssG to tssL of eight clade I finished genomes and two clade II and one clade III genomes 
that contained these T6SS genes were aligned by Clustal Omega ver. 1.2.4 and potential recombinogenic sequences (a 156 bp 
sequence in tssL and a 715 bp sequence of tssA- and tssJ- encoding region) were removed by Gubbins ver. 3.2.0. Based on the 
obtained sequence alignment (8215 bp in length), a phylogenetic tree was constructed using RaxML- NG ver.1.0.1 and 1000 
bootstrap replicates with the TIM1ef model.

Analyses of the H. cinaedi-derived sequences in faecal metagenomic data
Based on the pangenome analysis of the 67 HCCM strains, we identified the genes that were conserved in all clade I strains 
but absent in all non- clade I strains (seven genes, listed in Table S3) and the genes that were conserved in all HCCM complex 
strains examined (526 genes, Table S3). In three genes selected from the former group of genes, three 31- mer probe sequences 
were designed to specifically detect clade I strains (Table S4). Three genes were also selected from the latter group of genes and 
another set of three 31- mer sequences was designed to detect strains belonging to the entire HCCM complex (Table S4). The 
genes used for probe design were selected with the following criteria: (i) single copy gene, (ii) all members in the gene cluster 
have the same length, and (iii) greater than 300 bp. Faecal metagenomic sequence data analysed were selected by key- word search 
using ‘txid408170 and RANDOM[Selection] and country name’ in the NCBI SRA database (https://www.ncbi.nlm.nih.gov/sra). 
In total, 715 SRA datasets from 22 BioProjects were analysed (Table S5). SRA data that had three or more hits with two probe 
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sets were defined as positive results. To select the complete H. cinaedi genome sequences used as references in genome- wide 
mapping analysis, we mapped SRA data to the sequence of seven loci that are used in H. cinaedi MLST scheme in PubMLST 
using the BWA- MEM algorithm in bwa ver. 0.7.17 [35] to identify the ST of the strain present in the data and used the complete 
genome sequence of a H. cinaedi strain belonging to the same ST as the reference. Finally, we mapped all short reads in the SRA 
data to the reference with thresholds of sequence identity ≥97 % and coverage ≥90 % and calculated the sequence coverage using 
CoverM ver. 0.4.0 (window size: 1 kb) (https://github.com/wwood/CoverM).

Statistical analysis
Statistical analyses were conducted using the ggplot2 package ver. 3.3.5 [36] in the R software ver. 3.6.3 [37]. The P- values less 
than 0.05 were considered statistically significant.

RESULTS
Strain set of HCCM complex
The 67 HCCM complex strains analysed in this study were isolated between 1983 and 2017 from the blood (n=40) and faeces 
(n=6) of humans and the faeces of hamsters (n=3), rats (n=1), mice (n=1), dogs (n=13) and unknown sources (n=3) in ten 
countries (Table S1). Finished genome sequences of eight human blood isolates were obtained from the NCBI database, and 
those of a hamster strain (T36) and a dog strain (94105) [14] were determined in this study. Draft genome sequences of 43 strains 
were determined in this study, and those of seven isolates were obtained by assembling sequence reads available in the NCBI 
SRA database.

ANI-based clustering of the HCCM complex
To understand the phylogenetic relationships of the HCCM complex with the other enterohepatic Helicobacter species, we 
calculated pairwise ANI values between the 67 HCCM complex strains and 57 strains belonging to the other enterohepatic 
Helicobacter species (Table S2). In a clustering analysis based on the pairwise ANI values (Fig. S1), the HCCM strains formed 
a cluster with the minimum within- cluster ANI values of 93.07 % and were clearly distinguished from the other enterohepatic 
Helicobacter species. H. labetoulli showed the highest ANI value to the HCCM cluster strains (87.6–88.84 %), and those of the 
other enterohepatic Helicobacter species were below 80.85 %.

Further analysis of the HCCM complex identified four distinct clades within the complex, named clades I–IV, with a 96 % ANI 
cutoff (Fig. 1, Table S6). The minimum within- clade ANI values of each clade were 98.8, 96.7, 96.1 and 97.6 %, respectively. The type 
strain of H. cinaedi (ATCC27087T) was included in the largest clade, clade I (n=46), and that of H. canicola (CCUG33887T) was 
included in clade IV, indicating that clades I and IV correspond to H. cinaedi sensu stricto and H. canicola sensu stricto, respectively.

‘H. magdeburgensis’ MIT96- 100, the only strain whose genome sequence was deposited as ‘H. magdeburgensis’ [38], belonged to 
clade III, which also included two strains registered as H. canicola in the NCBI database.

Core gene-based phylogenetic analysis of the HCCM strains
We identified core genes (n=1117) of the 67 HCCM isolates and H. labetoulli strain 48519 (used as an outgroup), and constructed 
a core- gene- based phylogenetic tree (dashed box in Fig. 2 and S2). This analysis revealed that the branch to H. labetoulli was 
located between clade I and the other clades and that, among clades II/III/IV, clade II separated first from the others, and clade 
IV finally emerged from clade III. This analysis also revealed that clade I strains were very closely related, reflecting the high 
pairwise ANI values of these strains. In a phylogenetic tree based on the core genes (n=1221) of the 67 HCCM strains, which 
were identified by the analysis of these HCCM strains only (Fig. 2), the grouping of the strains by BAPS clustering was completely 
consistent of the grouping obtained by ANI- based clustering, providing strong phylogenetic support for ANI- based clustering 
with a 96 % ANI cutoff.

Characteristics of the four clades
Clade I included all 40 human blood isolates as well as four human faecal isolates. Although the origins of two isolates were 
unknown, no nonhuman isolates were included. In contrast, clade II comprised three hamster isolates, clade III comprised 
mainly animal isolates (nine dog, one mouse, one rat strain, two human faecal isolates and one of unknown origin) and clade IV 
comprised four dog isolates, including the H. canicola- type strain. Thus, notable host specificity was observed for the four clades 
in our strain set, but enough cations are required to interpret the current data, particularly that of clades II and IV, because only 
small numbers of isolates are included in these clades.

An interesting finding was the significant difference in genome size and GC content between the clades (Figs. 2 and 3). Clade 
I genomes (average, 2.18 Mb; range, 2.00–2.31 Mb) were significantly larger than clade III genomes (average, 1.85 Mb; range, 
1.71–2.07 Mb; P- value, <0.001). The GC contents of clade I genomes (average, 38.42%; range, 38.16–39.14 %) were significantly 
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lower than those of clade III (average, 39.32%; range, 38.74–39.63 %; P- value, <0.001) and clade IV (average, 39.29%; range, 
38.96–39.47 %; P- value, <0.01) strains. The lack of HVRs that contain T6SS genes (see a later section) in most clade III (13/14) 
and all clade IV strains appears to partly contribute to the generation of these differences. The average size and GC content of 
clade II genomes were similar to those of clade I, but the differences compared to clades III and IV was not statistically validated 
due to the small number of clade II strains.

Accumulation of AMR-related mutations in clade I
Many recent H. cinaedi clinical isolates have been reported to be resistant to quinolones and macrolides [13, 39]. The emergence 
of highly fluoroquinolone- resistant subclones during a hospital outbreak was also reported, which was associated with fluoro-
quinolone administration [5]. Although the presence of horizontally acquired AMR genes has not been shown for H. cinaedi, 
eight kinds of AMR- related point mutations have thus far been reported [5, 13, 26]. We therefore investigated the distribution 
of these mutations in our strain set (Figs. 2 and 4a). All eight mutations were detected among the clade I strains, and most clade 
I strains (40/46) contained one or more mutations with a median of two mutations (up to seven). In contrast, among the stains 
in the other clades, although three kinds of mutations were found in four clades III and all four clade IV strains, the numbers 

Fig. 1. Pairwise ANI analysis of the 67 HCCM complex strains. ANI values were represented in a heatmap. Dendrograms were generated based on 
the results of average- linkage hierarchical clustering of the ANI values. Clades were defined using 96 % ANI as a cutoff. The isolation sources of each 
strain are shown.
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Fig. 2. Phylogenetic relationships of the 67 HCCM complex strains. The core- gene- based ML tree of the 67 strains was constructed using the GTR+G4 
model and 100 bootstrap replicates. The root of the HCCM complex strains, shown in a dashed box, was inferred from the phylogenetic relationship of 
the 67 strains with H. labetoulli, an enterohepatic Helicobacter most closely related to the HCCM complex (Fig. S1). The isolation source, clade, country, 
isolation year, genome size (Mb), GC content (%), and the presence of plasmids (L:≥5 kb, and S:<5 kb) are shown for each strain. Plasmid sequences that 
were integrated into chromosomes are indicated by asterisks. The presence of AMR- related mutations and T6SS genes are indicated by black squares. 
Capital letters (R and G) in black squares indicate substitutions by amino acid residues different from those in the known mutations. The presence of 
tssI genes was confirmed by tblastn search and is indicated by grey squares. The tssH gene (indicated by open circles) is located outside the HVRs 
shown in Fig. 6. Ten strains whose complete genome sequences are available are also indicated.
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of mutations in these strains were one (6/8) or two (2/8) as shown in Figs. 2 and 4a. Thus, more AMR- related mutations have 
accumulated in clade I than in the other clades. In addition, more recent isolates contained more mutations (Fig. 4b), with an 
estimated accumulation rate of 1 mutation/10 years. We did not find any horizontally acquired AMR genes in our strain set.

The results of antimicrobial susceptibility tests of representative strains having various combinations of mutations confirmed that 
the strains carrying these mutations in the gyrA and 23S rRNA genes exhibited the resistance (or further increased resistance) 
to ciprofloxacin and erythromycin, respectively (Table S7). Although the strain carrying the mutations in pbpA and ftsI was not 
available in our laboratories, it was previously shown that the resistance to ceftriaxone is conferred by these mutations [13].

Fig. 3. Differences in genome size (a) and GC content (b) between four clades. Student’s t- test was performed for statistical analysis (P<0.01; **, 
P<0.001; ***).

Fig. 4. Accumulation of AMR- related point mutations. (a) Differences in the numbers of mutations between clades are shown. Student’s t- test was 
performed for statistical analysis (P<0.05; *, P<0.001; ***). (b) Correlation of the numbers of mutations and isolation years in clade I and the other clades 
(II/III/IV) is shown. The linear regression line, R2 and 95 % confidence interval are indicated.
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Genes characteristic to clade I
Pangenome analysis of the 67 HCCM complex strains revealed a pangenome comprising 3887 genes. To further characterize 
clade I (H. cinaedi sensu stricto), we searched for the genes specifically enriched in clade I: those present in more than 80 % of 
the clade I strains and less than 20 % of the strains in the other clades (referred to as clade I- specific genes). The identified clade 
I- specific genes (n=227; Table S8) included genes related to a T6SS, a CRISPR- Cas system, type II toxin- antitoxin (TA) systems 
and various methyltransferase genes. All clade I strains encoded a class 2 type II- C CRISPR- Cas system, which was found only 
in two clade II strains and one clade III strain in the other clades (Table S9). As the presence of two CRISPR- Cas loci in the H. 
cinaedi chromosome was previously reported [40], we searched additional CRISPR- Cas loci using CRISPRCasTyper [30] and 
found another system similar to class 1 type III- D CRISPR- Cas in 55 strains belonging to clades I (n=42), II (n=2), III (n=8) or 
IV (n=3). However, a complete set of genes was not found in any of the strains. Among the methyltransferases identified, four 
were associated with restriction endonucleases, suggesting that they represent restriction- modification systems. Details of the 
T6SS are described in a later section.

We identified 12 genes that were absent in more than 80 % of the clade I strains and present in more than 80 % of the strains in 
the other clades, but most of them (8/12) encoded hypothetical proteins (Table S10).

Plasmids, prophages and ICEs in the HCCM complex
Two plasmids were described in two H. cinaedi strains whose finished genome sequences were available (referred to as ‘completely 
sequenced strains’ in this manuscript): pHci1 (23 054 bp) in strain PAGU611 [11] and pD7095- 1 (27 811 bp) in strain D7095 
(GCF_014931105.1). We detected a rep gene in pD7095- 1 but not in pHci1. Most pHci1 coding sequences were functionally 
unknown, and the pHci1 sequence showed notable similarity to a part of the chromosome sequences of strains ATCC BAA- 847T 
and P01D0000 (Fig. S3a). Thus, the status of pHci1 as a plasmid is currently unknown.

Among the other eight completely sequenced strains, we found plasmids only in a hamster isolate sequenced in this study 
(T36, clade II). This isolate contained as many as seven plasmids (Fig. S3b). Two were large plasmids, and the largest plasmid 
(pT36_1; 65 399 bp) was a linear plasmid, as revealed by FIGE analysis (Fig. S3c). The second largest plasmid, pT36_2 (27 822 bp), 
was highly homologous to pD7095- 1 (≥96 % nucleotide sequence identity across the entire length; Fig. S3D). The remaining 
five plasmids (pT36_3~pT36_7) were smaller than 4 kb (Fig. S3b). Additional plasmids were not found in the search of draft 
genome sequences.

The distribution of the seven plasmids in the 67 HCCM complex strains was searched using the rep genes of each plasmid of strain 
T36 as markers (Fig. 2). These plasmids were found in two or more other strains (up to eight strains). While three small plasmids 
were found only in clade II, four (pT36_1, pT36_2/pD7095- 1, pT36_3 and pT36_5) were found in multiple clades. pT36_2/
pD7095- 1- like plasmids were detected in six clade I strains and one additional clade II strain, suggesting transmission between 
clade I human isolates and clade II hamster isolates, which was probably mediated by a conjugation system encoded by pT36_2/
pD7095- 1 (Fig. S3b). While the transmission mechanisms of the other plasmids are unknown, four small plasmids (pT36_3, _4, 
_5 and _6) carried mobilization- related genes (Fig. S3b). Chromosomal integration of pT36_2/pD7095- 1- like plasmids was also 
found in four clade I strains (indicated by asterisks in Fig. 2; an example is shown in Fig. S3d), but the integration mechanism 
is currently unknown.

We also identified one chromosome region (58 761 bp) flanked by attL/attR- like sequences in strain CCUG19218, but this region is 
an integrative- conjugative element (ICE) because it contains a set of type IV secretion/conjugation system genes and an integrase 
gene.

Variable chromosome regions in the HCCM complex
Our strain set contained ten completely sequenced strains: eight in clade I, one in clade II and one in clade III (Table S1). The 
eight clade I strains belonged to four clonal complexes: CC1 (two strains), CC4 (two strains), CC7, CC8 and CC9 (two strains). 
Using these finished genome sequences, we analysed structural variations of chromosomes among the HCCM complex by dot 
plot analysis (Fig. 5a). The chromosomes of clade I strains showed well- conserved genomic synteny except for a large inversion 
that occurred in the CC8 and CC9 strains (corresponding to positions 656973–1 322 103 in ATCC BAA- 847T). However, we found 
a region showing high sequence variation between the eight strains (indicated by grey shading in Fig. 5(a); referred to as a highly 
variable region, HVR). A set of T6SS genes were encoded in this region, but their gene organization and sequence were highly 
variable, as described in the next section.

Comparison of the chromosomes of clade II (hamster isolate, T36) and clade III (dog isolate, 94105) strains with the ATCC 
BAA- 847T chromosome revealed that although genome synteny was conserved between these strains to some extent, there were 
numerous deletions/insertions and inversions in the chromosomes of the clade II and clade III strains relative to that of ATCC 
BAA- 847T (Fig. 5b). Sequences homologous to parts of HRV of ATCC BAA- 847T were detected in the clade II strain but not in 
the clade III strain.
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Fig. 5. Dot plot matrix analysis of the chromosome sequences of completely sequenced HCCM complex strains. Highly variable regions (HVRs) are 
indicated by light grey shading and bold lines on the top and right- hand sides. (a) Comparison of eight clade I strains. (b) Comparison of a clade II strain 
(t36), a clade III (94105) strain and a clade I strain (ATCC BAA- 847T).
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HVRs and the T6SS encoded therein
The HVR of strain PAGU611 was included in the HciGI1 genomic island (131.1 kb) previously reported for this strain [11]. 
Detailed analysis of the HVRs of the eight clade I strains confirmed that the sequences and gene organizations of HVRs differed 
notably between clade I strains, even between the strains belonging to the same CC, and revealed that they encoded one or 
two sets of T6SS genes (Fig. 6a). In five strains that contained two sets, a set of 13 genes encoding TssD/M, Fha, TssI, and 
TssL/K/J/A/B/C/E/F/G was located in the middle of the HVRs, and the same set of genes with nearly identical sequences was 
separated into two subsets located at the left and right ends of each HVR. The same subsets of genes were located at the ends of 
HVRs in three strains that contained one set of T6SS genes. These proteins are components of the T6SS apparatus, except for Fha 
(Forkhead- associated protein), which is an accessory protein known to play a critical role in the posttranslational regulation of 
T6SS activity [41]. Although a homologue of TssH (another T6SS component) was encoded outside the HVR in all eight strains, 
TssH may not be essential for the function of T6SS of H. cinaedi because it has been shown that T6SS was functionally active 
even if TssH was absent in a species closely related to Helicobacter, Campylobacter jejuni [41]. In addition to these T6SS- related 
proteins, one or more TssI/VgrG family proteins (spike proteins) were encoded in the HVRs (up to nine copies).

Further analysis of the HVRs that encoded two sets of T6SS genes by dot plot analysis provided signs of duplication of the segments 
between of the two sets of T6SS genes and local duplications of tssI and its flanking genes (Figs. 6B and S4). As identical 376 bp 
sequences were present at the left and right ends of the HRV and between tssL and fha in the central T6SS gene set (Fig. 6), this 
sequence may be involved in segment duplication, although accurate duplication mechanisms are currently unknown.

In the complete genome of the clade II strain (but not in the complete genome of the clade III strain), the same 13 T6SS genes and 
three copies of tssI genes were encoded at an analogous chromosome region (Fig. 6c). Rescreening of the T6SS genes (tssA- L and 
fra) in the draft genomes revealed that these genes were fully conserved in all but one clade I strain, an additional clade II strain, 
and one clade III rat strain (Fig. 2), but most clade III strains and all clade IV strains contained none of these genes. Although 
the analysis of tssI was complicated by the presence of multiple copies, we confirmed its presence in these T6SS- positive strains 
by tblastn search using the TssI protein sequences from finished genomes, except for one clade I strain (Fig. 2). In the clade I 
strain (gHKSHhc_BC_20160917) lacking all T6SS genes other than tssH, a deletion of a large segment including the HVR and 
flanking regions (corresponding to nucleotide positions 1 376 805–1 505 220 of the chromosome of P01D0000, a close relative of 
this strain) occurred (Fig. S5).

We performed a phylogenetic analysis of the tssG- tssL regions in the eight finished clade I genomes and two clade II and one 
clade III genomes that contained T6SS genes (Fig. S6). In this analysis, the tssG- tssL regions of clade I and those of clades II and 
III formed distinct clusters. While both clusters showed very high intracluster nucleotide sequence identities (over 99.48 and 
99.99 %, respectively), intercluster sequence identities were also high (between 97.32 and 97.59 %), suggesting that the T6SS genes 
of the two clusters were derived from the common ancestor and their separation was a relatively recent event. In addition, this 
phylogenetic analysis revealed that the two sets of the tssG- tssL genes found in five clades I genomes were identical in sequence, 
respectively, supporting the occurrence of segment duplication of HVRs.

Detection of clade I (H. cinaedi sensu stricto) in human faecal metagenomes
Our knowledge on the prevalence of H. cinaedi in the intestines of healthy individuals as well as the natures of H. cinaedi strains 
colonizing there is very limited. Only one report described the detection of H. cinaedi DNA by PCR in 13.3 %(4/30) of the Japanese 
healthy volunteers analysed [7]. Therefore, based on the genomic features revealed by this study, we performed a systematic search 
of the H. cinaedi genome sequences in the healthy human metagenome data available in the NCBI SRA database.

For this purpose, we designed two sets of three 31- mer sequence probes, one to detect clade I and one to detect the HCCM 
complex (Table S4). The sequences of the former set of probes were conserved in clade I but absent in the other clades, and those 
of the latter were conserved in the entire HCCM complex. Using these probes, we searched 715 metagenome data (Table S5) and 
detected hits in three SRA datasets (from two Japanese individuals and one American individual) by two or three probes in both 
sets (Table 1), indicating that these three samples contained clade I strains. By determining their STs, we selected the complete 
genomes most closely related to each metagenome strain as references and mapped all reads from each SRA sample to the refer-
ence genomes. In this analysis, SRA reads were mapped to 68.80–98.29 % of the references, with a roughly even mapping depth 
except for the HVR (Fig. 7a), confirming the presence of clade I strains in these three healthy individuals as well as the sequence 
diversity of their HVRs. The prevalence of clade I (H. cinaedi sensu stricto) in all healthy individuals examined was 0.4%, and that 
in Japanese individuals was 1.13 %(3/265), which was lower than the result reported by Oyama K et al. [7].

We performed a similar analysis of the faecal metagenome data of nonhealthy Japanese individuals from two BioProjects 
(420 samples in total, Table S5) since many H. cinaedi infections have been reported in Japan in the current decade [42–44]. This 
analysis identified three colorectal cancer (CRC) patients carrying clade I strains (Table 1). In these cases, the SRA reads were 
mapped to more than 97 % of the reference genomes, and the mapping depth dropped at the HVRs (Fig. 7b). The prevalence 
of clade I in this analysis was 0.7 %. Although no statistically significant difference in the Helicobacter prevalence between the 
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Fig. 6. Comparison of highly variable regions (HVRs) containing T6SS- related genes between eight completely sequenced clade I strains. The gene 
organization in each HVR and amino acid sequence homologies between genes are shown. T6SS- related genes were divided into three groups and 
indicated by different colours. (a) Comparison of the HVRs of eight clade I strains. (b) Self- to- self dot plot analysis of the HVRs containing two sets of 
T6SS- related genes. The data of two strains (P06D7098 and P03D0629) are shown as examples. See Fig. S4 for the data of the remaining three strains. 
(c) Comparison of a genomic region of a clade II strain (T36) corresponding to the HVR in clade I and the HVR of a clade I strain (P06D0798).
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metagenomes of healthy people and CRC patients was detected (Fisher’s exact test), mapping depth normalized by the number 
of total sequence reads was higher for the strains in three CRC patients than for those in the three healthy individuals (Table 1).

DISCUSSION
In this study, we analysed the phylogenetic relationships and genetic diversity of the HCCM complex based on their genome 
sequences and obtained several important findings. First, the HCCM complex consisted of four clades (Figs. 1 and 2, S1 and S2). 
All human isolates belonged to clade I, which apparently corresponds to H. cinaedi sensu stricto because it included the type strain 
of this species, except for two human faecal isolates belonging to clade III. No nonhuman isolates were found in clade I. Thus, 
it is most likely that H. cinaedi sensu stricto represents a human- adapted lineage in the HCCM complex, which is a potentially 
pathogenic symbiont of human gut microbiota, so call pathobiont [45]. In contrast, clade IV, which corresponds to H. canicola 
sensu stricto because it included the type strain of H. canicola, is comprised of only dog isolates. Clade III was comprised of mainly 
dog isolates (nine of the 14 isolates; two were registered as H. canicola while the others were registered as H. cinaedi), but also 
included two human, one rat and one mouse faecal isolates, and a new species name ‘H. magdeburgensis’ was proposed for the 
mouse isolate although it has not been validated [38]. Of the two human faecal isolates in clade III, CCUG17733 was isolated 
from a 1- year- old baby, and CCUG20698 was isolated from a female child with diarrhoea [46]. Although premature or dysbiotic 
intestinal microbiota may facilitate colonization or infection by non- clade I strains, this finding may suggest a possibility that 
clade III strains can be transmitted from animals to humans under certain conditions because all other members of clade III are 
animal isolates (mostly from dogs), but more clade III strains need to be analysed to understand their directionality of transmis-
sion. Clade II included only hamster isolates but was comprised of only three isolates. Regarding the taxonomic statuses of the 
four clades in the HCCM complex, if a 96 % ANI value is used as a threshold, they are regarded as different species, but the ANI 
values between clades I and II, clades II and III, and clades III and IV were just below 95 % or over 95 % (Table S6). Therefore, 
the taxonomic statuses of clades II and III are currently unclear. Further analyses using more non- clade I strains are required to 

Fig. 7. Genome sequences of clade I (H. cinaedi sensu stricto) strains detected in metagenome data from three healthy individuals (a)  and three 
colorectal cancer patients (b). The results of read mapping to reference chromosome sequences are shown. The names of metagenome samples and 
references are indicated at the top and bottom of each panel, respectively. The HVRs are indicated by red lines.
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make a clear conclusion on their taxonomic statuses. The human pathogenicity of non- clade I strains, particularly that of clade 
III, also needs to be investigated and compared to that of clade I in the future.

Second, we identified several genomic features unique to clade I. Clade I strains contained larger genomes with lower GC 
content than the other clades (Fig. 2). Clade I- specific enrichment of the genes for a specific CRISPR- Cas system and multiple 
TA and restriction- modification systems may suggest a considerable contribution of horizontal gene transfer to the evolution and 
niche adaptation of clade I (Table S8). In this regard, the presence of T6SS genes in clade I is also intriguing. Very similar T6SS 
genes were present in two clade II strains and one clade III strain and these genes were absent in the other non- clade I strains 
(Fig. 2 and S6). This finding suggests a possibility that the T6SS genes were acquired by the common ancestor of the HCCM 
complex and they were deleted from these T6SS- negative strains, although other possibilities such as the transfer of the T6SS 
genes between clade I strains and clade II/III strains can not be excluded. The T6SS genes in clade I were encoded in the HVRs, 
which contained genes for multiple and variable TssI/VgrG family spike proteins along with highly conserved gene sets for T6SS 
components. The HVRs of clade I are larger and more complicated than those of clade II. Moreover, the HVRs were duplicated 
in many clade I strains (five of the eight complete genomes), promoting the further diversification of T6SS in clade I (Fig. 6 and 
S4). The physiological roles of the T6SS in clade I (H. cinaedi sensu stricto) are currently unknown. However, considering the 
functions of T6SS described for other Gram- negative bacteria [47], it is most likely that the T6SS of clade I also plays important 
roles in the competition between clade I strains and against strains in the other clades of the HCCM complex as well as other 
closely or distantly related bacteria. This competition may partly contribute to the colonization of clade I strains in the human 
intestine. In addition, the T6SSs of C. jejuni and H. hepaticus, both of which are closely related to H. cinaedi, have been shown 
to increase bacterial pathogenicity by enhancing inflammatory responses as well as influencing bacterial adhesion to host cells 
and subsequent invasion [47, 48]. Therefore, in terms of both colonization in the human intestine and bacterial pathogenicity, 
functional analyses of the T6SS of H. cinaedi will be important in future studies of this bacterium.

Another important finding was the identification of seven plasmids, including a large linear plasmid (Fig. 2 and S3). An ICE was 
also identified for the first time in the HCCM complex, expanding our understanding of mobile genetic elements in this group 
of bacteria. The distribution of the plasmids in different clades and the presence of conjugation- and mobilization- related genes 
in many of the identified plasmids suggest the possibility of interclade transmission. Since ecological barriers may be present 
between clades, as suggested by the observed host specificity, it would be interesting to know how and where the interclade 
transmission of these plasmids occurs.

Finally, we developed a method useful for the systematic search of H. cinaedi sensu stricto and other HCCM complex members 
in metagenome data based on the genome sequence information obtained in this study. Using two sets of sequence probes, we 
successfully detected six HCCM complex- containing faecal metagenome samples from healthy individuals and CRC patients 
(Table 1). All six samples contained clade I strains, supporting our conclusion that H. cinaedi sensu stricto is a human- adapted 
lineage in the HCCM complex in terms of human commensal as well as a human pathogen. Furthermore, our read mapping data 
indicated that sequence information covering almost entire H. cinaedi genomes can be obtained if appropriate reference genomes 
are used and the sample contains H. cinaedi- derived reads corresponding to more than ×7 coverage (Fig. 7). The presence of 
HVRs could also be detected. Although our detection rates were lower than that in a previously reported PCR- based screening 
of healthy Japanese volunteers [7], the sensitivity of our method could be dependent on the amount of total sequence data and 
the relative amount of H. cinaedi reads. Despite these limitations, considering the difficulty of isolating H. cinaedi from faecal 
samples, the method we developed would be useful in analysing H. cinaedi and HCCM complex strains in faecal metagenome 
samples at the level of WGS. An interesting observation in our metagenome data analyses was the difference in the number of H. 
cinaedi reads between the samples from healthy individuals and CRC patients. Even after normalization by the amount of total 
reads, the samples from CRC patients contained notably more H. cinaedi reads than those from healthy individuals (Table 1). 
This difference may be due to technical problems related to sample or sequence library preparation, but it is also possible that the 
H. cinaedi population expanded in the intestine of CRC patients due to some dysbiosis induced in their intestinal microbiota. 
Further studies using more samples are required to examine whether the H. cinaedi population in the intestine expands under 
certain dysbiotic conditions.

In conclusion, through genome analysis of the HCCM complex, we identified four clades in the complex and found that clade 
I corresponds to H. cinaedi sensu stricto and represents a human- adapted lineage in the complex. Genomic features unique to 
clade I were also identified. Based on this genomic information, a method for analysing the genome sequences of H. cinaedi 
sensu stricto strains in the metagenome data was developed. These results provide not only an important basis for reconsidering 
the classification of the HCCM complex but also novel insights into the biology and ecology of the HCCM complex, particularly 
the evolution and host adaptation of H. cinaedi sensu stricto.

Funding information
This work was supported by a grant from Kurozumi Medical Foundation to Y.G. and JSPS KAKENHI Grant Number JP21K07026 to Y.G.



15

Gotoh et al., Microbial Genomics 2022;8:000830

Acknowledgements
We thank K. Katsura, A. Yoshida, N. Kawano, M. Horiguchi, Y. Sato, K. Ozaki and T. Miyazaki for providing technical assistance.

Conflicts of interest
The authors declare that there are no conflicts of interest.

Author contributions
Y.G. and T.H. designed the study. Y.G., Y.A. T.T., R.N. and N.M. performed experiments. Y.G., Y.A., K.N., Y.O. and T.H. analysed the data. Y.G. and T.H. wrote the 
manuscript. All authors read and approved the final version of the manuscript.

References
 1. Totten PA, Fennell CL, Tenover FC, Wezenberg JM, Perine PL, et al. 

Campylobacter cinaedi (sp. nov.) and Campylobacter fennelliae (sp. 
nov.): two new Campylobacter species associated with enteric 
disease in homosexual men. J Infect Dis 1985;151:131–139. 

 2. Araoka H, Baba M, Okada C, Kimura M, Sato T, et al. Risk factors 
for recurrent Helicobacter cinaedi bacteremia and the efficacy of 
selective digestive decontamination with kanamycin to prevent 
recurrence. Clin Infect Dis 2018;67:573–578. 

 3. Kawamura Y, Tomida J, Morita Y, Fujii S, Okamoto T, et al. Clinical 
and bacteriological characteristics of Helicobacter cinaedi infec-
tion. J Infect Chemother 2014;20:517–526. 

 4. Araoka H, Baba M, Okada C, Kimura M, Sato T, et al. First evidence 
of bacterial translocation from the intestinal tract as a route of 
Helicobacter cinaedi bacteremia. Helicobacter 2018;23. 

 5. Gotoh Y, Taniguchi T, Yoshimura D, Katsura K, Saeki Y, et al. Multi- 
step genomic dissection of a suspected intra- hospital Helicobacter 
cinaedi outbreak. Microb Genom 2018;4:10. 

 6. Vandamme P, Harrington CS, Jalava K, On SL. Misidentifying 
helicobacters: the Helicobacter cinaedi example. J Clin Microbiol 
2000;38:2261–2266. 

 7. Oyama K, Khan S, Okamoto T, Fujii S, Ono K, et al. Identification 
of and screening for human Helicobacter cinaedi infections and 
carriers via nested PCR. J Clin Microbiol 2012;50:3893–3900. 

 8. Taniguchi T, Sekiya A, Higa M, Saeki Y, Umeki K, et al. Rapid iden-
tification and subtyping of Helicobacter cinaedi strains by intact- 
cell mass spectrometry profiling with the use of matrix- assisted 
laser desorption ionization- time of flight mass spectrometry. J Clin 
Microbiol 2014;52:95–102. 

 9. Solcà NM, Bernasconi MV, Piffaretti JC. Mechanism of metroni-
dazole resistance in Helicobacter pylori: comparison of the rdxA 
gene sequences in 30 strains. Antimicrob Agents Chemother 
2000;44:2207–2210. 

 10. Kawamura Y, Tomida J, Miyoshi- Akiyama T, Okamoto T, Narita M, 
et al. Proposal of Helicobacter canicola sp. nov., previously identified 
as Helicobacter cinaedi, isolated from canines. Syst Appl Microbiol 
2016;39:307–312. 

 11. Goto T, Ogura Y, Hirakawa H, Tomida J, Morita Y, et al. Complete 
genome sequence of Helicobacter cinaedi strain PAGU611, isolated 
in a case of human bacteremia. J Bacteriol 2012;194:3744–3745. 

 12. Miyoshi- Akiyama T, Takeshita N, Ohmagari N, Kirikae T. Complete 
genome sequence of Helicobacter cinaedi type strain ATCC BAA- 
847. J Bacteriol 2012;194:5692. 

 13. Rimbara E, Mori S, Kim H, Suzuki M, Shibayama K. Mutations in 
genes encoding penicillin- binding proteins and efflux pumps play 
a role in β-lactam resistance in Helicobacter cinaedi. Antimicrob 
Agents Chemother 2018;62:e02036- 17. 

 14. Misawa N, Kawashima K, Kondo F, Kushima E, Kushima K, et al. 
Isolation and characterization of Campylobacter, Helicobacter, and 
Anaerobiospirillum strains from a puppy with bloody diarrhea. Vet 
Microbiol 2002;87:353–364. 

 15. Kajitani R, Yoshimura D, Ogura Y, Gotoh Y, Hayashi T, et  al. 
Platanus_B: an accurate de novo assembler for bacterial genomes 
using an iterative error- removal process. DNA Res 2020;27:dsaa014. 

 16. Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, 
Tyson GW. CheckM: assessing the quality of microbial genomes 
recovered from isolates, single cells, and metagenomes. Genome 
Res 2015;25:1043–1055. 

 17. Wick RR, Judd LM, Gorrie CL, Holt KE. Unicycler: Resolving bacte-
rial genome assemblies from short and long sequencing reads. 
PLoS Comput Biol 2017;13:e1005595. 

 18. Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, et al. Pilon: an 
integrated tool for comprehensive microbial variant detection and 
genome assembly improvement. PLoS One 2014;9:e112963. 

 19. Tanizawa Y, Fujisawa T, Nakamura Y. DFAST: a flexible prokaryotic 
genome annotation pipeline for faster genome publication. Bioin-
formatics 2018;34:1037–1039. 

 20. Pritchard L, Glover RH, Humphris S, Elphinstone JG, Toth IK. 
Genomics and taxonomy in diagnostics for food security: soft- rotting 
enterobacterial plant pathogens. Anal Methods 2016;8:12–24. 

 21. Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, et al. Roary: 
rapid large- scale prokaryote pan genome analysis. Bioinformatics 
2015;31:3691–3693. 

 22. Stamatakis A. RAxML version 8: a tool for phylogenetic anal-
ysis and post- analysis of large phylogenies. Bioinformatics 
2014;30:1312–1313. 

 23. Darriba D, Posada D, Kozlov AM, Stamatakis A, Morel B, et  al. 
ModelTest- NG: A New and Scalable Tool for the Selection of DNA 
and Protein Evolutionary Models. Mol Biol Evol 2020;37:291–294. 

 24. Cheng L, Connor TR, Sirén J, Aanensen DM, Corander J. Hierar-
chical and spatially explicit clustering of DNA sequences with 
BAPS software. Mol Biol Evol 2013;30:1224–1228. 

 25. Ohtsubo Y, Ikeda- Ohtsubo W, Nagata Y, Tsuda M. GenomeMatcher: 
a graphical user interface for DNA sequence comparison. BMC 
Bioinformatics 2008;9:376. 

 26. Kuijper EJ, Stevens S, Imamura T, De Wever B, Claas ECJ. Geno-
typic identification of erythromycin- resistant campylobacter 
isolates as helicobacter species and analysis of resistance mecha-
nism. J Clin Microbiol 2003;41:3732–3736. 

 27. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, et al. Fast, scal-
able generation of high- quality protein multiple sequence align-
ments using Clustal Omega. Mol Syst Biol 2011;7:539. 

 28. Feldgarden M, Brover V, Haft DH, Prasad AB, Slotta DJ, et  al. 
Validating the AMRFinder tool and resistance gene database 
by using antimicrobial resistance genotype- phenotype correla-
tions in a collection of isolates. Antimicrob Agents Chemother 
2019;63:e00483- 19. 

 29. Abby SS, Cury J, Guglielmini J, Néron B, Touchon M, et al. Identifi-
cation of protein secretion systems in bacterial genomes. Sci Rep 
2016;6:23080. 

 30. Russel J, Pinilla- Redondo R, Mayo- Muñoz D, Shah SA, Sørensen SJ. 
CRISPRCasTyper: automated identification, annotation, and classi-
fication of CRISPR- Cas Loci. CRISPR J 2020;3:462–469. 

 31. Jolley KA, Bray JE, Maiden MCJ. Open- access bacterial population 
genomics: BIGSdb software, the  PubMLST. org website and their 
applications. Wellcome Open Res 2018;3:124. 

 32. Schwengers O, Barth P, Falgenhauer L, Hain T, Chakraborty T, et al. 
Platon: identification and characterization of bacterial plasmid 
contigs in short- read draft assemblies exploiting protein 
sequence- based replicon distribution scores. Microb Genom 
2020;6:10. 

 33. Antipov D, Raiko M, Lapidus A, Pevzner PA. Plasmid detection and 
assembly in genomic and metagenomic data sets. Genome Res 
2019;29:961–968. 



16

Gotoh et al., Microbial Genomics 2022;8:000830

 34. Akhter S, Aziz RK, Edwards RA. PhiSpy: a novel algorithm for 
finding prophages in bacterial genomes that combines similarity- 
and composition- based strategies. Nucleic Acids Res 2012;40:e126. 

 35. Li H. Aligning sequence reads, clone sequences and assembly 
contigs with BWA- MEM. arXiv preprint 2013:arXiv:1303.3997.

 36. Wickham H. Ggplot2. Wiley Interdiscip Rev Comput Stat 
2011;3:180–185. 

 37 . Team RC. R: A language and environment for statistical computing. 
2019.

 38. Traverso FR, Bohr URM, Oyarzabal OA, Rohde M, Clarici A, et al. 
Morphologic, genetic, and biochemical characterization of Helico-
bacter magdeburgensis, a novel species isolated from the intestine 
of laboratory mice. Helicobacter 2010;15:403–415. 

 39. Rimbara E, Mori S, Matsui M, Suzuki S, Wachino J- I, et al. Molec-
ular epidemiologic analysis and antimicrobial resistance of Heli-
cobacter cinaedi isolated from seven hospitals in Japan. J Clin 
Microbiol 2012;50:2553–2560. 

 40. Tomida J, Morita Y, Shibayama K, Kikuchi K, Sawa T, et al. Diversity 
and microevolution of CRISPR loci in Helicobacter cinaedi. PLoS One 
2017;12:e0186241. 

 41. Cianfanelli FR, Monlezun L, Coulthurst SJ. Aim, Load, Fire: The 
Type VI Secretion System, a Bacterial Nanoweapon. Trends Micro-
biol 2016;24:51–62. 

 42. Nukui Y, Chino T, Tani C, Sonobe K, Aiso Y, et al. Molecular epide-
miologic and clinical analysis of Helicobacter cinaedi bacteremia in 
Japan. Helicobacter 2020;25:e12675. 

 43. Katsuma A, Yamamoto I, Tsuchiya Y, Kawabe M, Yamakawa T, et al. 
Helicobacter cinaedi bacteremia with cellulitis in a living- donor 
kidney transplant recipient identified by matrix- assisted laser 
desorption ionization time- of- flight mass spectrometry: a case 
report. BMC Res Notes 2017;10:87. 

 44. Toyofuku M, Tomida J, Kawamura Y, Miyata I, Yuza Y, et al. Helico-
bacter cinaedi bacteremia resulting from antimicrobial resistance 
acquired during treatment for X- linked agammaglobulinemia. J 
Infect Chemother 2016;22:704–706. 

 45. Chow J, Tang H, Mazmanian SK. Pathobionts of the gastrointes-
tinal microbiota and inflammatory disease. Curr Opin Immunol 
2011;23:473–480. 

 46. Vandamme P, Falsen E, Pot B, Kersters K, De Ley J. Identification 
of Campylobacter cinaedi isolated from blood and feces of children 
and adult females. J Clin Microbiol 1990;28:1016–1020. 

 47. Gallegos- Monterrosa R, Coulthurst SJ. The ecological impact of a 
bacterial weapon: microbial interactions and the Type VI secretion 
system. FEMS Microbiol Rev 2021;45:fuab033. 

 48. Bartonickova L, Sterzenbach T, Nell S, Kops F, Schulze J, et al. Hcp 
and VgrG1 are secreted components of the Helicobacter hepaticus 
type VI secretion system and VgrG1 increases the bacterial colito-
genic potential. Cell Microbiol 2013;15:992–1011. 

 49. Yachida S, Mizutani S, Shiroma H, Shiba S, Nakajima T, et  al. 
Metagenomic and metabolomic analyses reveal distinct stage- 
specific phenotypes of the gut microbiota in colorectal cancer. Nat 
Med 2019;25:968–976. 

Five reasons to publish your next article with a Microbiology Society journal
1.  The Microbiology Society is a not-for-profit organization.
2.  We offer fast and rigorous peer review – average time to first decision is 4–6 weeks.
3.   Our journals have a global readership with subscriptions held in research institutions around  

the world.
4.  80% of our authors rate our submission process as ‘excellent’ or ‘very good’.
5.  Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.


	Helicobacter cinaedi is a human-adapted lineage in the Helicobacter cinaedi/canicola/‘magdeburgensis’ complex
	Abstract
	Data Summary
	Introduction
	Methods
	Bacterial strains and DNA sequencing
	Genome sequence analyses
	Analyses of antimicrobial resistance (AMR)-related mutations, AMR genes, antimicrobial susceptibility test and type VI secretion system (T6SS) genes, CRISPR-Cas typing and sequence typing
	Analyses of plasmids and prophages
	Phylogenetic analyses of the region encoding nine T6SS core genes
	Analyses of the H. cinaedi-derived sequences in faecal metagenomic data
	Statistical analysis

	Results
	Strain set of HCCM complex
	ANI-based clustering of the HCCM complex
	Core gene-based phylogenetic analysis of the HCCM strains
	Characteristics of the four clades
	Accumulation of AMR-related mutations in clade I
	Genes characteristic to clade I
	Plasmids, prophages and ICEs in the HCCM complex
	Variable chromosome regions in the HCCM complex
	HVRs and the T6SS encoded therein
	Detection of clade I (H. cinaedi sensu stricto) in human faecal metagenomes

	Discussion
	References


