Journal of Oceanology and Limnology
Vol. 36 No. 2, P. 528-536, 2018
https://doi.org/10.1007/s00343-017-6239-6

Complete genome of Cobetia marina JCM 21022T and
phylogenomic analysis of the family Halomonadaceae*
TANG Xianghai (唐祥海)1, XU Kuipeng (徐奎鹏)1, HAN Xiaojuan (韩晓娟)1, 3,
MO Zhaolan (莫照兰)2, MAO Yunxiang (茅云翔)1, **
1

Ministry of Education Key Laboratory of Marine Genetics and Breeding, College of Marine Life Sciences, Ocean University of
China, Qingdao 266003, China

2

Key Laboratory of Sustainable Development of Marine Fisheries, Ministry of Agriculture, Yellow Sea Fisheries Research
Institute, Chinese Academy of Fishery Sciences, Qingdao 266071, China

3

CAS Key Laboratory of Biobased Materials, Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of
Sciences, Qingdao 266101, China

Received Sep. 4, 2016; accepted in principle Sep. 8, 2016; accepted for publication Sep. 14, 2016
© Chinese Society for Oceanology and Limnology, Science Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Cobetia marina is a model proteobacteria in researches on marine biofouling. Its taxonomic
nomenclature has been revised many times over the past few decades. To better understand the role of the
surface-associated lifestyle of C. marina and the phylogeny of the family Halomonadaceae, we sequenced
the entire genome of C. marina JCM 21022T using single molecule real-time sequencing technology
(SMRT) and performed comparative genomics and phylogenomics analyses. The circular chromosome was
4 176 300 bp with an average GC content of 62.44% and contained 3 611 predicted coding sequences, 72
tRNA genes, and 21 rRNA genes. The C. marina JCM 21022T genome contained a set of crucial genes
involved in surface colonization processes. The comparative genome analysis indicated the signiﬁcant
diﬀerences between C. marina JCM 21022T and Cobetia amphilecti KMM 296 (formerly named C. marina
KMM 296) resulted from sequence insertions or deletions and chromosomal recombination. Despite these
diﬀerences, pan and core genome analysis showed similar gene functions between the two strains. The
phylogenomic study of the family Halomonadaceae is reported here for the ﬁrst time. We found that the
relationships were well resolved among every genera tested, including Chromohalobacter, Halomonas,
Cobetia, Kushneria, Zymobacter, and Halotalea.
Keyword: Cobetia marina JCM 21022T; Halomonadaceae; complete genome sequence; comparative
genomics; phylogenomics; surface colonization; single molecule real-time sequencing
technology (SMRT)

1 INTRODUCTION
Cobetia marina is a gram-negative marine
bacterium that is used as a model organism in marine
biofouling studies for its typical obligatory aerobic
characteristics that allows easy culturing and handling.
Further, bioﬁlms formed by C. marina can inﬂuence
the secondary colonization of invertebrates and algae
(Shea et al., 1995). The chronological record of the
taxonomy shows that C. marina has hitherto been
classiﬁed and revised many times. Although all the
classiﬁcations referred to the same species, it was ﬁrst
identiﬁed as Arthrobacter marinus (Cobet et al.,
1970), and subsequently described as Pseudomonas

marina (Baumann et al., 1972), Delaya marina
(Baumann et al., 1983; Shea et al., 1995; Ista et al.,
1996) and Halomonas marina (Dobson and
Franzmann, 1996; Ista et al., 1999; Mata et al., 2002).
More than ten years ago, it was suggested that
Halomonas marina should be assigned to a new genus
Cobetia in the family Halomonadaceae based on a
comparative sequence analysis of 23S and 16S rRNA
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(Arahal et al., 2002a, b) sequences. This was because
the Halomonas marina sequences were too
phylogenetically distant from those of other
Halomonas species to be considered as belonging to
the same genus.
To date, although many molecular studies have
been carried out to understand the phylogenetic
relationship of Halomonadaceae species, these studies
were based mainly on 23S and 16S rDNA sequences
(Dobson and Franzmann, 1996; Arahal et al., 2002a,
b; Ntougias et al., 2007; de la Haba et al., 2010;
Romanenko et al., 2013). Therefore, to better
understand the C. marina surface-associated lifestyle
and the phylogeny of the family Halomonadaceae, it
is important to sequence the whole genomes of
representative species and strains. The genome
sequences of several Halomonadaceae species have
been reported recently (Copeland et al., 2011;
Schwibbert et al., 2011; Sánchez-Porro et al., 2013;
Sharko et al., 2016), including the genome of
C. marina KMM 296 (Balabanova et al., 2016a) that
was afterward reclassiﬁed as C. amphilecti KMM 296
(Balabanova et al., 2016b). In this study, we used the
publicly available genome information to conduct
comparative genomics and phylogenomics analyses.
On strategy of genome sequencing and assembly, the
single molecule real-time sequencing technology
(SMRT) was chosen in this study, which is a
sequencing-by-synthesis technology based on realtime imaging of ﬂuorescently tagged nucleotides as
they are synthesized along individual DNA template
molecules. SMRT can produces long and unbiased
sequences, and ensure assembly of complex repeat
structures and GC and AT rich regions that are often
hard to assemble in short-read sequencing technology
(Eid et al., 2009; Roberts et al., 2013).
In this study, the de novo assembly and annotation
of the complete genome sequence of C. marina strain
JCM 21022T suggested this strain had a circular
chromosome that contained a set of crucial genes
involved in processes related to surface attachment.
In addition, the comparative genomics and
phylogenomics analyses revealed genome structural
features and allowed us to reconstruct the phylogenetic
relationships of species in the family Halomonadaceae.

2 MATERIAL AND METHOD
2.1 DNA extraction, sequencing, and genome
assembly
The C. marina strain JCM 21022T (=DSM
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4741T=ATCC 25374T) was obtained from RIKEN Bio
Resource Center (BRC) and grown on Marine agar
2216 (BD-Difco). Genomic DNA was extracted using
the SDS method combined with RNase A treatment
(Wilson, 1997).
Genomic DNA was fragmented, end-repaired, and
SMRT bell DNA template libraries (insert size about
10 Kb) were prepared according to the manufacturer’s
speciﬁcations. SMRT sequencing (two SMRT cells)
was performed on the Paciﬁc Biosciences RS II
sequencer using the P4-C2 chemistry according to
standard protocols.
Pacbio long reads were obtained from the two
SMRT sequencing cells. Reads longer than 1 000 bp
with quality values greater than 0.8 were merged.
Then the ﬁltered reads were analyzed using the
hierarchical genome assembly process (HGAP3)
pipeline (Chin et al., 2013). The pipeline uses the
longest reads as seeds to recruit all other reads for the
construction of highly accurate preassembled reads
that were then assembled using the Celera Assembler.
To reduce the numbers of remaining insertions or
deletions (indels) and base substitution errors in the
draft assembly, the Quiver consensus algorithm was
used to derive a highly accurate consensus for the
ﬁnal assembly.
2.2 Genome annotation
The location of the replication origins was predicted
using the Ori-Finder web service (Gao and Zhang,
2008). Open reading frame (ORF) prediction and
annotation were performed using MicroScope, the
microbial genome annotation and analysis platform
(Vallenet et al., 2013), and veriﬁed using Glimmer
(Salzberg et al., 1998), RNAmmer (Lagesen et al.,
2007) and tRNAscan-SE (Lowe and Eddy, 1997). A
graphical circular map of the genome was drawn with
Circos v0.66 (Krzywinski et al., 2009).
2.3 Comparative genome analysis
We compared the genome sequences of C. marina
JCM 21022T and C. amphilecti KMM 296
(Balabanova et al., 2016a) with BLAST searches
(E-value 1.0e-5) to identify similarity at the
nucleotide level (Camacho et al., 2009) and with
MUMmer 3.23 for a detailed collinearity analysis at
the amino acid level (Kurtz et al., 2004). The
comparative study on the pan and core genome was
performed using BLASTP and SiLiX software
(Camacho et al., 2009; Miele et al., 2011).
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Table 1 Bacterial genome sequences used in this study
Species

Accession number

Vol. 36

Table 2 Genomic characteristics of the marine bacterium
Cobetia marina JCM 21022T

NZ_JQNW00000000

Characteristics

Count

Chromohalobacter japonicus CJ

NZ_CDGZ00000000

Size

4 176 400 bp

Chromohalobacter salexigens DSM 3043T

NZ_AAHZ01000000

C+G content

62.44%

CDS

3 611

Coding percentage

85.9%

rRNA genes

7x(16s+23s+5s)

tRNA genes

72

Average CDS length

1 001.9 bp

Chromohalobacter israelensis DSM 6768

T

Cobetia amphilecti KMM 296

NZ_JQJA00000000

Cobetia marina JCM 21022T

CP017114

Halomonas chromatireducens AGD 8-3

CP014226

Halomonas elongata DSM 2581T

NC_014532

Halomonas jeotgali HwaT

NZ_AMQY00000000

Halomonas titanicae BH1

NZ_AOPO00000000

Halotalea alkalilenta IHBB 13600

NZ_CP015243

Kushneria aurantia DSM 21353T

NZ_ARNK01000000

Zymobacter palmae DSM 10491

NZ_JHVG00000000

T

Escherichia coli str. K-12 substr. MG1655

NC_000913

2.4 Phylogenetic analyses
To elucidate the phylogenetic relationship of
C. marina JCM 21022T among species in
Halomonadaceae, the concentrated amino acid
sequences from 13 species were used to construct a
phylogenetic tree. The sequences included 12 complete
genomes from Halomonadaceae. The Escherichia coli
genome was used to root the tree (Table 1). The
sequences were aligned using MAFFT version 5 and
adjusted manually (Katoh et al., 2005). All the aligned
sites were trimmed using trimAl v1.4 with the options
“-automated1” (Capella-Gutiérrez et al., 2009).
RAxML61 was employed to reconstruct a maximum
likelihood phylogenetic tree for each cluster with an
evolutionary model speciﬁed as ‘PROTGAMMALG’
according to PROTTEST-3.4, and a bootstrap
signiﬁcance test was performed with 1 000 replicates
(Stamatakis, 2006; Darriba et al., 2011).

3 RESULT
3.1 Genome assembly and annotation
SMRT sequencing of C. marine JCM 21022T
generated 224 627 high quality long reads
(1 861 380 354 bp) with a coverage of 465×. The
HGAP3 pipeline was used to correct sequencing
errors. The resulting corrected reads were assembled
into a single 4 176 300 bp long contig with an average
GC content of 62.44% and 4.07% repeat regions
(Fig.1). The C. marina genome sequence was
annotated automatically using the MicroScope

platform. A total of 3 611 predicted protein-coding
sequences (CDSs) with an average length of 1 002 bp
were identiﬁed as well as 21 rRNA operons (16S,
23S, and 5S) and 72 predicted tRNAs genes (Table 2).
About 33.70% of the open reading frames (ORFs)
were predicted to code hypothetical proteins (1 217
ORFs). No plasmids were identiﬁed and no clustered
regularly interspaced short palindromic repeat
(CRISPR) loci were detected in the genome.
The predicted CDSs were annotated with the
cluster of orthologous groups (COG) database (Fig.2).
The main annotations were “Amino acid transport
and metabolism” (404 genes), “General function
prediction only” (471 genes), “Transcription” (260
genes), “Carbohydrate transport and metabolism”
(242 genes),
“Cell
wall/membrane/envelope
biogenesis” (220 genes), “Inorganic ion transport and
metabolism” (221 genes), and “Translation, ribosomal
structure and biogenesis” (183 genes). Further
analysis revealed many important genes in the
C. marina genome that were related to its
ecophysiological status; for example, genes related to
cell-surface structures that encoded proteins for curli
(Barnhart and Chapman, 2006) and Type IV pili
(Spangenberg et al., 1995), and a gene that encoded
O-antigen polymerase for extracellular polymer
components (Wang and Reeves, 1998). These genes
are known to be important for surface attachment in
other organisms. In addition, several genes involved
in the stress response were also identiﬁed in the C.
marina genome, including genes coding RpoS,
universal stress protein A, stringent starvation proteins
(Thomas et al., 2008).
3.2 Comparative genome analysis
We compared the C. marina JCM 21022T genome
with the C. amphilecti KMM 296 genome. The results
show only about 67% similarity at the nucleotide

No.2

TANG et al.: Complete genome of C. marina and phylogenomic analysis of Halomonadaceae

531

4000 kbp
500 kbp
3500 kbp

Cobetia marina JCM 21022T

1000 kbp

3000 kbp

1500 kbp
2500 kbp
2000 kbp

Fig.1 Graphical circular map of the Cobetia marina JCM 21022T chromosome
From the outer to inner rings: 1) GC percent deviation (GC window−mean GC content) in a 1 000-bp window; 2) predicted CDSs transcribed in a clockwise
direction; 3) predicted CDSs transcribed in a counterclockwise direction; 4) GC skew (G−C/G+C) in a 1 000-bp window; 5) rRNA (blue), tRNA (green),
misc_RNA (orange), transposable elements (pink), and pseudogenes (grey).

level across the two genomes (Fig.3). The diﬀerences
were mainly a result of indels in the sequences. The
alignment of the two genomes at the amino acid level
revealed several chromosomal recombination or
transposition and inversions (Fig.4). A comparative
study on the pan and core genes was conducted by
comparing the genome sequences of the two strains.
As a result, 5 931 core genes (2 646 families) and
7 482 pan genes (4 169 families) were obtained,
respectively (Table 3). C. marina JCM 21022T shared
2 962 of 3 611 (82.03%) homologous genes with
C. amphilecti KMM 296, implying similar gene
functions between them. We detected 645 and 906
strain-speciﬁc genes in C. marina JCM 21022T and
C. amphilecti KMM 296 respectively.

3.3 Phylogenetic relationship
To elucidate the evolutionary position of C. marina
JCM 21022T in family Halomonadaceae, a data set of
635 concentrated single-copy genes were selected
based on the alignment of the genome sequences of
13 related species and its corresponding amino acid
sequences were used to construct the phylogenetic
tree. The maximum likelihood tree (ML) recovered a
well-supported classiﬁcation among diﬀerent clades
(Fig.5). The phylogenomic study showed that C.
marina JCM 21022T clustered with C. amphilecti
KMM 296, indicating a close relationship. The
polygenetic tree also showed that species of genus
Halomonas clustered together with Chromohalobacter,
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Number of matched genes

500
400
300
200
100
0

A B C D E F G H I J K L MN O P Q R S T U VW
Function class

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
V
W
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RNA processing and modification
Chromatin structure and dynamics
Energy production and conversion
Cell cycle control, cell division, chromosome partitioning
Amino acid transport and metabolism
Nucleotide transport and metabolism
Carbohydrate transport and metabolism
Coenzyme transport and metabolism
Lipid transport and metabolism
Translation, ribosomal structure and biogenesis
Transcription
Replication, recombination and repair
Cell wall/membrane/envelope biogenesis
Cell motility
Posttranslational modification, protein turnover, chaperones
Inorganic ion transport and metabolism
Secondary metabolites biosynthesis, transport and catabolism
General function prediction only
Function unknown
Signal transduction mechanisms
Intracellular trafficking, secretion, and vesicular transport
Defense mechanisms
Extracellular structures

1
2
231
41
404
80
242
143
126
183
260
132
220
80
138
221
102
471
276
161
83
33
2

Fig.2 Clusters of orthologous group annotations for the Cobetia marina JCM 21022T genome

C. marina JCM 21022T

Cobetia amphilecti KMM 296

Fig.3 Comparison of the Cobetia marina JCM 21022T and Cobetia amphilecti KMM 296 genomes at the nucleotide level by
BLAST search
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Cobetia marina JCM 21022T
+
-

+
Cobetia amphilecti KMM 296

Fig.4 Collinearity study of the Cobetia marina JCM 21022T and Cobetia amphilecti KMM 296 genomes at the amino acid
level
Strand conservations are shown in purple; strand inversions are shown in blue.
Chromohalobacter japonicus CJ
Chromohalobacter salexigens DSM 3043T

Chromohalobacter

Chromohalobacter israelensis DSM 6768T

Bootstrap
≤50

Halomonas titanicae BH1

51–70

Halomonas jeotgali HwaT

71–90

Halomonas chromatireducens AGD 8-3

91–100

Halomonas elongata DSM 2581T
Cobetia marina JCM 21022T
Cobetia amphilecti KMM 296

Halomonas
Halomonadaceae
Cobetia

Kushneria aurantia DSM 21353T

Kushneria

Zymobacter palmae DSM 10491T

Zymobacter

Halotalea alkalilenta IHBB 13600

Halotalea

Escherichia coli str. K-12 substr. MG1655

Escherichia

Outgroup

Fig.5 Maximum likelihood phylogenetic tree for Cobetia marina JCM 21022T and the genomes of 12 related species
The bootstrap values are for the maximum likelihood with 1 000 replicates.

Table 3 Pan- and core-genes in the Cobetia marina JCM
21022T and Cobetia amphilecti KMM 296 genomes
Organism

CDS

Pan CDS Core CDS Strain speciﬁc CDS

Cobetia marina
JCM 21022T

3 611

3 607

2 962

645

Cobetia amphilecti
3 878
KMM 296

3 875

2 969

906

and this cluster then emerged as a sister group to the
genus Cobetia. Additionally, the clade uniting
Halotalea alkalilenta IHBB 13600 and Zymobacter
palmae DSM 10491T was strongly supported by the
bootstrap results, and emerged as a sister group to
Kushneria aurantia DSM 21353T with high
conﬁdence. This group diverged from the other nine

species of Halomonadaceae at the base of the
phylogenetic tree.

4 DISCUSSION
In this study, we ﬁrst presented the whole genomic
characteristics of C. marina JCM 21022T, and
annotated the predicted genes to several metabolismrelated COG categories. Because C. marina is used as
a model organism in marine biofouling studies, its
successful attachment on the host surface must be the
primary step in bioﬁlm formation (Shea et al., 1995;
Arpa Sancet, 2013). As expected, genes that encode
for cell-surface structures and extracellular polymer
components were detected in the C. marina JCM
21022T genome. The presence of genes that encode
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curli proteins suggests that C. marina JCM 21022T
can attach to invertebrates and algae host surfaces by
producing curli, which has been indicated to play
signiﬁcant roles in the interactions between E. coli or
Salmonella with plant surfaces (Barak et al., 2005;
Jeter and Matthysse, 2005).
In addition, we compared the C. marina JCM
21022T and C. amphilecti KMM 296 (formerly named
C. marina KMM 296) genome sequences. Recently,
clusters of genes were detected in the C. amphilecti
KMM 296 genome that are involved in the transport
and metabolism of nitrogen, sulfur, iron, and
phosphorus compounds, which have been shown to
provide alternative capacity of the inhabitants of the
rhizospheres of terrestrial plants, as well as deep-sea
ecological communities (Balabanova et al., 2016a).
As expected, these genes were also observed in the
C. marina JCM 21022T genome. Despite the numerous
common genes described above, we identiﬁed
multiple chromosomal recombination or transposition
and inversions between the two genomes. Considering
these observations and the relatively large numbers of
strain-speciﬁc genes, we inferred that there are
diﬀerences in physiological characteristics and
ecological adaptations among C. marina strains,
which is consistent with previous studies (Ivanova et
al., 2005). Therefore, we consider that it is reasonable
to revise the classiﬁcation of C. marina KMM 296 as
C. amphilecti KMM 296 (Balabanova et al., 2016b).
Considering whole genomes can provide more
sequence signatures for use in phylogenetic analysis
than restricted rDNA sequence, we used 13 bacterial
genomes to construct the polygenetic tree of
Halomonadaceae. Our results indicated that the genus
Halomonas (Vreeland et al., 1980) clustered with
Chromohalobacter (Ventosa et al., 1989) ﬁrst, and
then with Cobetia, which was clearly distinguished
from the former two groups. Moreover, the
phylogenetic relations of other genera such as
Kushneria (Sánchez-Porro et al., 2009), Zymobacter
(Okamoto et al., 1993), and Halotalea (Ntougias et
al., 2007, 2015) were also well resolved. Therefore,
we have shown that whole genome information is an
appropriate tool in the phylogenetic analysis of
bacteria for its ability to provide more evolutionary
information than rDNA sequences alone.
In summary, in this study, we sequenced,
assembled, and annotated the complete genome
sequence of C. marina strain JCM 21022T, and
detected a set of crucial genes that may be involved
in surface attachment related processes. Although
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similar gene functions were revealed between
C. marina JCM 21022T and C. amphilecti KMM 296
(formerly named C. marina KMM 296), the
signiﬁcant diﬀerences identiﬁed in the comparative
genome analysis resulted from sequence indels and
chromosomal recombination. In addition, the
phylogenomic study of species in the family
Halomonadaceae based on whole genome
information was conducted here for the ﬁrst time,
and the relationships among every genus were well
resolved. In future studies to comprehensively
understand the surface-associated lifestyle of
C. marina JCM21022T, genes or gene clusters that
endow this species important physiological features
should be identiﬁed.
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