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Abstract

This study delves into the genomic features of 10 Vibrio strains collected from deep-sea hydrothermal vents in the Pacific 
Ocean, providing insights into their evolutionary history and ecological adaptations. Through sequencing and pan-genome 
analysis involving 141 Vibrio species, we found that deep-sea strains exhibit larger genomes with unique gene distributions, 
suggesting adaptation to the vent environment. The phylogenomic reconstruction of the investigated isolates revealed the 
presence of 2 main clades: The first is monophyletic, consisting exclusively of Vibrio alginolyticus, while the second forms a 
monophyletic clade comprising both Vibrio antiquarius and Vibrio diabolicus species, which were previously isolated from 
deep-sea vents. All strains carry virulence and antibiotic resistance genes related to those found in human pathogenic 
Vibrio species which may play a wider ecological role other than host infection in these environments. In addition, functional 
genomic analysis identified genes potentially related to deep-sea survival and stress response, alongside candidate genes en
coding for novel antimicrobial agents. Ultimately, the pan-genome we generated represents a valuable resource for future 
studies investigating the taxonomy, evolution, and ecology of Vibrio species.

Key words: Vibrio, deep-sea hydrothermal vents, pan-genome, antibiotic resistance genes, virulence factors, comparative 
genomics.

Significance
Deep-sea hydrothermal vents are remote ocean environments harboring rich bacterial communities which may show 
peculiar environmental adaptations and evolutionary history. Using pan-genome analysis this study examines 10 
Vibrio strains isolated from deep-sea vents in the Pacific Ocean, revealing their phylogenetic placement and ecological 
adaptations to these extreme environments. Notably, these isolates share virulence and antibiotic resistance genes with 
coastal Vibrio pathogenic for humans and aquatic animals. By shedding light on deep-sea Vibrio strains’ genetic and 
ecological features, our work provides new knowledge relevant to understanding the ecology, evolution, and roots 
of antimicrobial resistance in marine microbial pathogens.
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Introduction
Despite its harsh conditions, i.e. lack of light, low tempera
tures, and elevated pressure, the deep-sea environment re
presents one of the largest Earth’s biomes (Bar-On et al. 
2018), harboring a vast number of microbes whose metabolic 
capabilities play a significant role in biogeochemical cycles 
(Rousk and Bengtson 2014). Among the different deep-sea 
habitats, hydrothermal vents are remarkably heterogeneous. 
These sites, in which seawater percolates through the ocean 
floor into the subsurface, are characterized by chimneys pro
pelling hot, anoxic hydrothermal fluids into the oxic, cold sea
water. The combination of these 2 fluxes and the release of 
different chemicals, shape the biodiversity of the vents and 
the surrounding area. The different thermic, oxic, and chem
ical gradients favor the growth of variegate microbial commu
nities enriched in chemolithoautotrophs (Reysenbach et al. 
2000; Sievert and Vetriani 2012; Nakamura and Takai 
2014), either free living or involved in symbiotic association 
with vent animals (Van Dover 2021).

Of the different bacteria that can be found at deep-sea 
vents, members of the Vibrio genus are among those who 
can adapt to a wider range of conditions, as they are ubiqui
tous in different environments, including seawater, sedi
ments, and associated with marine organisms (Doni et al. 
2023 a; Doni et al. (2023)). In particular, piezo-tolerant 
Vibrio strains have been previously isolated from deep-sea 
environments (Raguénès et al. 1997; Hasan et al. 2015), in
cluding hydrothermal vents (Hasan et al. 2015). Genomic 
analysis of such strains can provide insights into the molecu
lar basis of their adaptation to such extreme conditions: the 
genome of V. antiquarius highlighted the presence of 
genes, such as zinc-dependent carboxypeptidases and alkyl 
hydroperoxide reductase, which can be useful when facing 
high concentrations of oxygen and heavy metals (Karl et al. 
1988). Quite surprisingly, despite living in what can be con
sidered a remote environment, V. antiquarius possess viru
lence genes commonly found in pathogenic Vibrio 
species, raising questions regarding the relationship be
tween Vibrio species distribution, their lifestyle, and the evo
lutionary forces selecting for the genomic determinants of 
pathogenesis (Hasan et al. 2015).

There has been growing interest regarding the isolation 
of novel strains from remote environments, not only for the 
evolutionary implications that might be derived from the 
study of their genomes but also due to their possible bio
synthetic potential. The identification of novel molecules 
from pristine environments, i.e. bioprospecting (Blicharska 
et al. 2019), represents a promising source of new thera
peutics and antimicrobials (Michalska et al. 2015; Stokke 
et al. 2020), which are more than needed as the burden 
of antibiotic resistance is increasingly becoming a global 
health-care emergency (Antimicrobial Resistance 
Collaborators 2022). Previous analyses of bacteria isolated 

from hydrothermal vents highlighted the presence of 
Antimicrobial Resistance Genes (ARGs) and resistant phe
notypes (Andrianasolo et al. 2009; Turner et al. 2018), sug
gesting that molecules with bacteriocide or bacteriostatic 
activity might be effectors of the ecological interactions 
within the microbial communities.

In this study, we report the isolation, sequencing, and 
characterization of 10 Vibrio strains recovered from two 
different locations, the East Pacific Rise and the Guaymas 
Basin. Both sites are deep-sea hydrothermal vents, located 
∼2,000 km apart. The microbes have been collected from 
different substrates, such as rocks, biofilms, mats, and 
hydrothermal fluids. To define their peculiarities and traits 
related to deep-sea adaptation, we compared them with 
the representative genomes of the other Vibrio species, de
fining a pan-genome for the whole genus which allowed us 
to taxonomically classify the isolates and to better highlight 
their unique functional properties, as well as features that 
could be associated to phenotypes of interest, such as anti
microbial resistance and virulence. The virulence of these 
strains was also tested using bivalve models, hinting at their 
potential as marine microbial pathogens.

Materials and Methods

Vibrio Strains Isolation and Sequencing

Samples of microbial biofilms were collected during cruises 
AT 15-15 (East Pacific Rise, 9N; January–February 2007) 
and AT 15-25A (Guaymas Basin, October 2007) on the 
Research Vessel Atlantis using the Deep-Submergence 
Vehicle Alvin. Bacteria used in this study were isolated 
from (i) biofilms collected on experimental microbial colon
ization devices made of stainless steel mesh or scraped from 
basalt rocks; (ii) sediment cores; (iii) Beggiatoa-dominated 
microbial mats; and (iv) hydrothermal fluids (Table 1). 
Enrichment cultures were carried out in liquid Medium 
142 (https://www.dsmz.de/microorganisms/medium/pdf/ 
DSMZ_Medium142.pdf) from the German culture collec
tion (DSMZ), modified by the elimination of acetate 
(142-A), or in liquid low-strength artificial seawater me
dium (LS ASW), containing (per liter): 24 g NaCl, 0.7 g 
KCl, 7.0 g, MgCl2, 0.15 g yeast extract, and 0.125 g pep
tone. Pure cultures were obtained by 3 consecutive isola
tions of single colonies on either medium 142-A or LS 
ASW solidified with 15 g of agar per liter.

Genomic DNA was extracted using the High Pure PCR 
Template Preparation Kit (Roche Diagnostics), following 
the manufacturer’s protocol for genomic DNA isolation. 
DNA concentration and quality were determined fluorime
trically with QuantiFluorTM dsDNA System using a 
QuantiFluorTM fluorometer (Promega Italia srl, Milano, 
Italy). Sizing of genomic DNA was also conducted in an 
Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) 
using the High Sensitivity DNA kit (Agilent Technologies). 
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Libraries for next-generation sequencing on the Illumina 
platform (Illumina, Inc.) using the KAPA HyperPlus Kit for 
Illumina (Roche Diagnostics, Mannheim, Germany). The 
genomes were then sequenced using short-read Illumina 
technology on a MiSeq platform (2 × 150 bp).

Genome Analysis

The read quality of the sequenced genomes was assessed 
with FASTQC, and low-quality regions were removed with 
Trimmomatic v. 0.32 (Bolger et al. 2014). Assembly was per
formed using the CLC Genomics workbench. The represen
tative genomes of Vibrio species have been obtained with 
ncbi-genome-download v. 0.3.3 (Blin 2023), using the fol
lowing command line: “ncbi-genome-download –genera 
Vibrio –refseq-categories representative.” Then, the as
sembled genomes and those downloaded from NCBI have 
been analyzed in the same way. First, genomes have been 
annotated with Prokka v. 1.14.6 (Seemann 2014), using 
this command line: “prokka –outdir SAMPLE/prokka/–force 
–prefix SAMPLE –genus Vibrio,” where SAMPLE denotes 
the identifier associated with the genome (e.g. GCF_ 
014050145.1 or EPR119). Then, the translations of the pre
dicted coding sequences (i.e. the Prokka output files with 
the.faa suffix) have been annotated according to the 
EggNOG database (v. 5.0.2) using the emapper utility 
(v. 2.1.10) and diamond (v. 2.1.4) (Huerta-Cepas et al. 
2019; Buchfink et al. 2021; Cantalapiedra et al. 2021). 
The annotation was a 2-step analysis, performing first a 
highly sensitive diamond run, followed by an annotation 
on the files generated with diamond. The commands used 
for the 2 steps are, respectively: “emapper.py -m diamond 
–sensmode more-sensitive –no_annot -i FAA -o OUT1 –cpu 
0 –override” and “emapper.py -m no_search –annotate_ 
hits_table OUT1.emapper.seed_orthologs -o OUT2 –dbmem 
–report_orthologs –override –target_orthologs one2one.” 
Here, FAA, OUT1, and OUT2 denote the input file with the 
aminoacid sequences, the output prefix of the diamond 
search, and the output prefix of annotation files, respectively.

The presence of genes related to virulence has been 
assessed using Abricate (v. 1.0.1) (Seemann) to map 
annotated genes on the Virulence Factors Database (VFDB; 
Chen et al. 2016) by running the command “abricate –no
path –datadir/home/bosi/pipelord/resources/dbs/abricate – 
threads 30 –db vfdb GBK,” using the GenBank file generated 
by Prokka (GBK) as input. Putative ARGs have been called 
with AMRFinderPlus (v. 3.11.2), as it follows: “amrfinder -n 
FNA -p FAA –gff GFF -o OUT –plus -d $(dirname $(which amr
finder))/data/latest -a prokka.” The names FNA, FAA, and GFF 
indicate the Prokka output files reporting the nucleotide se
quences, aminoacid sequences, and the annotation in GFF 
format, while OUT corresponds to the output directory. 
Biosynthetic clusters for secondary metabolites were called 
AntiSMASH (v. 7.0.0) with strictness relaxed (Blin et al. 2023).Ta

bl
e 

1 
Ta

bl
e 

of
 m

et
ad

at
a 

an
d 

ge
no

m
ic

 f
ea

tu
re

s 
fo

r 
EP

Rs

G
en

om
es

Re
ad

s
Si

ze
CD

Ss
A

nn
ot

at
ed

G
C

Si
te

 t
em

pe
ra

tu
re

 (°
C)

Sa
m

pl
e 

ty
pe

Co
or

di
na

te
s

D
ep

th
V

en
t 

si
te

EP
R1

17
10

69
17

88
51

36
64

2
45

96
44

79
44

,5
6

21
Bi

ofi
lm

 o
n 

ro
ck

9°
49

′N
 1

04
°1

7’
W

25
06

m
Ea

st
 P

ac
ifi

c 
Ri

se
 9

°N
EP

R1
19

95
88

39
2

51
36

45
8

45
98

44
81

44
,5

6
27

 t
o 

45
Bi

ofi
lm

 o
n 

ro
ck

9°
49

’N
 1

04
°1

7’
W

25
00

m
Ea

st
 P

ac
ifi

c 
Ri

se
 9

°N
EP

R1
21

92
86

24
6

51
35

94
1

45
94

44
78

44
,5

6
20

 t
o 

30
Bi

ofi
lm

 o
n 

co
lo

ni
za

ti
on

 d
ev

ic
e

9°
49

’N
 1

04
°1

7’
W

25
06

m
Ea

st
 P

ac
ifi

c 
Ri

se
 9

°N
EP

R1
23

10
92

59
50

51
37

11
1

45
94

44
80

44
,5

6
2 

to
 1

3
Bi

ofi
lm

 o
n 

co
lo

ni
za

ti
on

 d
ev

ic
e

9°
49

’N
 1

04
°1

7’
W

25
03

m
Ea

st
 P

ac
ifi

c 
Ri

se
 9

°N
EP

R1
36

10
53

96
26

51
35

69
8

45
94

44
79

44
,5

6
27

 t
o 

45
Bi

ofi
lm

 o
n 

ro
ck

9°
49

’N
 1

04
°1

7’
W

25
00

m
Ea

st
 P

ac
ifi

c 
Ri

se
 9

°N
EP

R2
18

11
68

15
54

51
35

75
9

45
96

44
78

44
,5

6
8 

to
 2

0
Se

di
m

en
t 

co
re

, s
ur

fi
ci

al
27

°0
’N

 1
11

°2
4’

W
20

04
m

G
ua

ym
as

 B
as

in
, G

ul
f 

of
 C

al
if

or
ni

a
EP

R2
19

81
73

65
2

51
35

92
0

45
97

44
81

44
,5

6
6

Be
gg

ia
to

a-
do

m
in

at
ed

 m
ic

ro
bi

al
 m

at
27

°0
’N

 1
11

°2
4’

W
20

01
m

G
ua

ym
as

 B
as

in
, G

ul
f 

of
 C

al
if

or
ni

a
EP

R2
24

11
81

51
26

51
36

58
9

45
98

44
82

44
,5

6
9

Se
di

m
en

t 
co

re
 w

it
h 

Be
gg

ia
to

a-
do

m
in

at
ed

  
m

ic
ro

bi
al

 m
at

27
°0

’N
 1

11
°2

4’
W

20
11

m
G

ua
ym

as
 B

as
in

, G
ul

f 
of

 C
al

if
or

ni
a

EP
R2

25
12

84
12

66
52

32
04

0
47

27
45

30
44

,6
3

9
Se

di
m

en
t 

co
re

 w
it

h 
Be

gg
ia

to
a-

do
m

in
at

ed
  

m
ic

ro
bi

al
 m

at
27

°0
’N

 1
11

°2
4’

W
20

11
m

G
ua

ym
as

 B
as

in
, G

ul
f 

of
 C

al
if

or
ni

a

EP
R2

46
69

20
77

4
51

35
15

7
45

97
44

81
44

,5
6

30
H

yd
ro

th
er

m
al

 fl
ui

ds
 f

ro
m

 v
en

t
9°

49
’N

 1
04

°1
7’

W
25

00
m

Ea
st

 P
ac

ifi
c 

Ri
se

 9
°N

Th
e 

ta
bl

e 
re

po
rt

s 
ge

no
m

ic
 f

ea
tu

re
s 

an
d 

m
et

ad
at

a 
re

la
te

d 
to

 is
ol

at
io

n 
si

te
 f

or
 t

he
 1

0 
EP

R 
st

ra
in

s 
re

po
rt

ed
 in

 t
hi

s 
w

or
k.

Pan-genome Provides Insights into Vibrio Evolution and Adaptation                                                                                 GBE

Genome Biol. Evol. 16(7) https://doi.org/10.1093/gbe/evae131 Advance Access publication 15 July 2024                                          3

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/16/7/evae131/7713166 by R

utgers U
niversity Libraries user on 06 August 2024



Pan-genome Analysis

The files generated by emapper report for each protein its 
annotated OG, spanning different taxonomic levels. The 
files, each corresponding to an individual genome, have 
been merged into a single table with a column specifying 
the sample of each entry. The table has been used to com
pute for each different OG the relative frequency across the 
considered genomes, i.e. OGs with a frequency equal to 
1 correspond to genes which are present in all genomes. 
Of note, multiple copies of an OG (paralogs) in a given gen
ome were counted only once for frequency computation. 
The frequency has been used to classify OGs into 3 categor
ies: Core genes, present in 95% or more genomes, shell 
genes, with frequency values between 5% and 95%, and 
cloud genes, present in less than 5% of genomes.

Core-genome phylogeny was performed considering 
single-copy genes which were present in all genomes. The 
aminoacid translations of these genes have been separately 
aligned using Muscle (Edgar 2004) as implemented in 
Biopython, using the parameters “clwstrict” and “diags.” 
The multiple sequence alignments (MSAs) generated in 
this way have been concatenated into a single MSA fasta 
file, with one concatamer for each genome. The concatamer 
has been used to compute a phylogeny with iqtree2 (Minh 
et al. 2020) with the parameters –alrt 1,000 -B 1000, result
ing in a maximum-likelihood phylogeny with 1,000 boot
straps. Model selection, as implemented in iqtree2, was 
performed with ModelFinder (Kalyaanamoorthy et al. 
2017) by testing different models and selecting the best fit 
according to Bayesian Information Criteria minimization. 
Phylogenetic tree visualization and annotation was per
formed with ITOL (Letunic and Bork 2021). Pairwise ANI 
was computed with fastANI (v. 1.33 [Jain et al. 2018]).

Phylogenetic Analysis of the Clade Vibrio alginolyticus

To improve the phylogenetic resolution within the clades al
ginolyticus and diabolicus, the genomes of the 10 se
quenced strains were used, together with those of the 
species V. antiquarius, V. diabolicus, and V. chemagurensis 
(genome identifiers: GCF_000024825.1, GCF_024748065.1, 
and GCF_012275705.1), as well as those of V. alginolyticus 
strains with a complete genome, to identify conserved poly
morphic SNP sites. To accomplish this we applied Snippy 
(https://github.com/tseemann/snippy), using the repre
sentative genome of the species V. alginolyticus 
(GCF_023650915.1) as a reference to identify the variants, 
and the snippy-core utility to extract universally shared vari
ant sites. The resulting alignment has been used to derive a 
phylogeny with iqtree2 as above.

Interaction With Bivalves

EPR strains were cultured in Zobell medium at 23 °C, re
spectively, under static conditions. After overnight growth, 

cells were harvested by centrifugation (4500 g, 10 min), 
washed with ASW (salinity 35 ppt) and resuspended to an 
A 600 = 1.2 (about 108 CFU/mL). TCBS agar (Scharlau 
Microbiology, Italy) was used for culturing both strains.

Mussels (Mytilus galloprovincialis, La Spezia, Italy) and 
Oysters (Crassostrea gigas, Bretagne, France) were purchased 
in autumn 2023 and acclimated for 24 h in static tanks con
taining aerated ASW, (35 ppt salinity for mussel and 31 ppt 
for oysters; 1 L/animal) at 18 °C. Bactericidal activity and 
LMS were determined in bivalve hemocyte monolayers as pre
viously described (Lasa et al. 2021; Auguste et al. 2022).

Results

Sequencing and Assembly of Vibrio spp. From Deep-Sea 
Vents

Sampling expeditions with deep-sea submersibles enabled 
the collection of 10 different Vibrio isolates from various 
sites at 2 deep-sea hydrothermal vent locations. These ten 
isolates represent the entirety of Vibrio strains collected 
from these sites, and most of them, detailed in Table 1, 
are from the East Pacific Rise (EPR). Consequently, they 
will hereafter be referred to collectively as EPR strains. The 
isolates are mesophiles, being able to grow on media 
such as Thiosulfate Citrate Bile Sucrose (TCBS), similar to 
other Vibrio strains isolated from nonextreme environ
ments. Genome sequencing and assembly delivered 10 
draft genomes, whose general features are reported in 
Table 1. To better understand these genomes in the context 
of the Vibrio genus, we built a genomic dataset with a rep
resentative genome for each Vibrio species. This dataset, in
cluding a total of 141 species, represents—to the best of 
our knowledge—the most comprehensive and diverse da
taset for the Vibrio genus, providing a view of the genomic 
variability of this taxon (supplementary table S1, 
Supplementary Material online). Considering the average 
genome size (Fig. 1A), EPRs display larger genomes (5.1 
Mbp) than most other vibrios (4.7 Mbp), which is reflected 
also in the average number of genes (4,609 vs. 4,220). Both 
differences are statistically significant (P < 0.05). From a 
compositional perspective, the average GC content of 
EPRs is in line with that of the genus (46.4% vs. 46.3%).

The Pan-Genome of the Genus Vibrio

To gain insights into the taxonomic affiliation of EPRs and 
their evolutionary relationships with other vibrios, the Vibrio 
dataset has been used, along with the 10 EPR genomes, to 
define the pan-genome of the genus. Briefly, EggNOG was 
used to cluster coding sequences (CDS) in Orthologous 
Groups (OGs). Each OG was classified as core, shell, or cloud 
according to its frequency across Vibrio genomes, such that 
core OGs correspond to genes found in more than 95% of 
Vibrio genomes, shell genes are present in a number of 
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genomes comprised of 5% and 95%, and cloud genes are 
identified in <5% of Vibrio genomes.

Considering all 151 genomes, there are 41,215 OGs, di
vided into 32,403 clouds, 7,235 shells, and 1,577 core 
genes (supplementary table S2, Supplementary Material on
line). Considering the proportion of these categories in each 
genome, on average there are 40% core, 50% shell, and 
10% cloud genes (Fig. 1B). The EPRs display a significantly 
(P < 0.05) different proportion with 36% of core, 63% of 

shell, and 1% of cloud genes. Such a low number of cloud 
genes are not observed in the other species (Fig. 1C). Of 
note, since the EPR group is larger (N = 10) than the fre
quency threshold to define cloud genes (lower than 5% 
or 7.55 genomes), shell genes can include genes present 
only in EPR genomes. Although the low number of cloud 
genes alone provides a strong indication that EPRs are 
very similar in gene content, we analyzed the distribution 
of OGs within this group to have a more comprehensive 

EPRs

core: OGs in >95% genomes
shell: OGs in >5% AND <95% genomes
cloud: OGs in <5% genomes
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Fig. 1. The pan-genome of the Vibrio genus: A) The boxplot reports the distribution of genome size of Vibrio representatives compared with EPRs. B) The 
proportion of core, shell, and cloud genes in the average Vibrio genome. C) The number of OGs for each pan-genome category is reported for each genome.
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picture. From a total of 4,823 OGs, 3,799 (79%) are present 
in 10/10 genomes, 490 (11%) are present in all genomes 
but EPR225 and 534 (10%) are present in a lower number 
of genomes, most of which (530) are specific to EPR225.

Phylogenomics of Vibrio

The 1,577 core genes included OGs which were present in 
multiple copies in a single genome (i.e. paralogs), and/or 
genes which were not found in a few strains, either due 
to recent gene loss events or fragmented genome assem
bly. Excluding genes falling in these categories, we ob
tained a total of 380 single-copy genes present in all 
genomes, which were aligned, concatenated, and used to 
build a maximum-likelihood phylogeny (Fig. 2A). The con
catamer embeds 82,197 sites, of which 35,869 constant, 
8,307 singletons, and 38,201 parsimony-informative. The 
phylogenetic tree was constructed using the “Q.yeast + I  
+ G + R10” model, identified as the best-fitting through 
model selection, and supported by 1,000 pseudo-bootstrap 
replications, shows how 9/10 EPRs fall in a distinct clade, 
close to the species V. alginolyticus, whereas the other 
strain (EPR225) was placed in a clade with the species V. 
chemaguriensis, V. diabolicus, and V. antiquarius. These 
clades, which will be referred to as clade A and D, respect
ively, fall within the V. harveyi clade, well-known for includ
ing pathogenic Vibrio species such as V. vulnificus, 
V. parahemolyticus, and V. alginolyticus.

The phylogenetic analysis strongly implies that 9 EPRs 
belong to the species V. alginolyticus. The clade diabolicus, 
comprising 3 different species in addition to EPR225, lies 
close to the alginolyticus clade, consistent with a previous 
comparative analysis (Turner et al. 2018) on the species 
V. alginolyticus, V. diabolicus, and V. antiquarius, which 
highlighted a substantial synonymy between representa
tives of these taxa. To better resolve the phylogenetic rela
tionships within the clade comprising alginolyticus and 
diabolicus (clade AD), we assembled a new dataset in which 
we included all representatives of V. alginolyticus with a 
complete genome available (N = 46), as well as those 
from the clade AD (N = 14), using the genomic sequences 
to identify single nucleotide polymorphisms (SNPs). There 
were a total of 379,566 conserved SNP variant sites which 
were aligned and used to perform a phylogenetic analysis. 
In parallel, the genomes were compared pairwise to compute 
their Average Nucleotide Identity (ANI) (supplementary table 
S3, Supplementary Material online).

The results of ANI and SNP phylogeny (Fig. 2B and C) are 
consistent, in that both highlight a clear separation be
tween a clade which includes the members of the diaboli
cus clade mixed with five V. alginolyticus strains. In the 
phylogenetic tree, the strain EPR225 has been placed to
gether with V. alginolyticus LHF01. The other EPRs cluster 
together in a distinct clade, clearly separated from the 

representative strain that was included in clade A. The infor
mation provided by this tree strongly implies the presence of 
two distinct species within this dataset. Considering the ANI 
results, EPR225 displays a higher similarity (ANI > 97%) with 
the other members of the mixed clade, with respect to the 
other strains (> 92%), whereas the other EPRs are extremely 
similar to each other (> 99%) and highly similar to the other 
V. alginolyticus strains (> 98%).

Functional Genomics

Annotation of functional elements in EPR genomes may pro
vide important insights regarding phenotypic traits of interest, 
such as adaptation to deep-sea conditions or production of 
secondary metabolites. Considering the similarities of EPRs 
with pathogenic vibrios, their genomes were scanned also 
for genes encoding putative virulence factors (VFs) and 
ARGs. Moreover, the annotation has been extended to the 
whole pan-genome dataset to better highlight peculiar fea
tures of EPRs in relation to other representatives of the genus.

Distribution of ARGs

Considering the whole pan-genome, there were 381 ARGs, 
divided into 52 OGs, identified in 138 different genomes 
(supplementary table S4, Supplementary Material online). 
The distribution of such elements, averaging at 2.5 ARGs 
per genome, is uneven, with most vibrios having few 
ARGs, if any, and with few strains harboring a large number 
of genes (Fig. 3A). For instance, the genome with the most 
ARGs is V. hepatarius, with 21 genes, followed by V. gangliei 
with 11. Compared with other vibrios, EPRs possess a rela
tively high number of ARGs, with all strains having 5 ARGs, 
except EPR225 with 6. The genes are highly conserved 
among EPRs: all strains have ampC and blaCARB, encoding 
beta-lactamases, tet(35) and tet(34), conferring resistance 
to tetracycline, and catC, encoding a chloramphenicol 
acetyltransferase; the gene fos is present only in EPR225. 
Analysis of the gene distribution within the pan-genome, 
as depicted in Fig. 3B, reveals distinct patterns of ARGs 
among the EPR strains: The gene tet(34), encoding a tetra
cycline inactivation enzyme, is widely distributed across the 
genus, the functionally associated gene tet(35) is mostly 
present in the clade harveyi. As for the other genes, i.e. 
the ampC and blaCARB, encoding beta-lactamases, and 
catC, conferring resistance to chloramphenicol, they are 
highly specific to the clades A and D.

Annotation of VFs

In the pan-genome dataset we identified a total of 1,479 
VFs in 134 genomes (supplementary table S5, 
Supplementary Material online). The distribution of these 
elements, as for ARGs, is uneven, with most of the species 
possessing few VFs or none, and with a few species having 
more than a hundred VFs, e.g. V. cholerae with 134. 
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Compared to the average number of VFs (9.8), EPRs have a 
higher number of VFs, i.e. 18 for EPR225 and 12 for the 
other strains (Fig. 3C). From a functional point of view, 
we identified 3 main categories present in EPRs: Type 3 

Secretion System 1 (T3SS1), flagella and chemotaxis. The 
T3SS1 VFs form an operon which encodes a molecular 
system previously characterized in pathogens such as 
Salmonella enterica and V. parahaemolyticus. These genes 
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Fig. 2. Phylogenomics of Vibrio: A) The phylogenetic analysis was conducted using a concatenated dataset of 380 single-copy genes, supported by 
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are almost absent in Vibrio, as they are highly specific to 
the clades A and D (Fig. 3D), in addition to the species 
V. parahaemolyticus which possesses an additional copy 
of a similar system (T3SS2). Although many Vibrio species 
harbor multiple VFs for the synthesis of flagellar proteins, 
EPR225 possesses 3 of such VFs, which are flgB, flgC, and 
fliG, while other EPRs have only flgB. Chemotaxis is a trait 
widely associated with Vibrio, and 2 VFs involved in this pro
cess, i.e. cheY and cheW, are widely distributed in a large 
clade (131 nodes) within the genus (Fig. 3D), with the for
mer being present in almost all genomes (127/131), and the 
latter being less prevalent (89/131). Notably, the chemo
taxis gene cheA is almost absent in Vibrio, being present 
in 4 species. Within the EPRs, clade D presents both cheY 
and cheW, while genomes from clade A only have cheY.

Production of Secondary Metabolites

The Vibrio genomes were probed to annotate biosynthetic 
clusters for secondary metabolites (supplementary table S6, 

Supplementary Material online). On average, vibrios con
tain 4.29 secondary metabolite clusters. All EPR genomes 
contain 4 biosynthetic clusters for producing the following 
molecule classes: ectoine, beta-lactone, arylpolyene, and 
NI-siderophore. These gene clusters are highly conserved, 
with EPR225 showing a slight variation in the cluster 
composition with respect to other EPRs (Fig. 4). The synthe
sis of such molecules is a feature shared with other Vibrio 
representatives: clusters associated with the production of 
beta-lactones are the most common, being found in a large 
number of species (130/151 genomes), followed by ectoine 
(103/151), while clusters for arylpolyene and NI-siderophore 
are less prevalent (81/151 and 55/151).

Genes Related to Extreme Environmental Conditions

Previous analyses on Vibrio strains isolated in deep-sea 
hydrothermal vents (V. antiquarius) or warm bathypelagic 
deep waters (V. bathopelagicus) highlighted genes possibly 
advantageous in these particular environments. By 
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Fig. 3. Distribution of ARGs and VFs in Vibrio. A) Distribution of ARGs in EPRs compared with the rest of Vibrio. B) Phyletic pattern of ARGs found in EPRs 
within the Vibrio phylogeny. C) Distribution of VFs in EPRs compared with the rest of Vibrio. D) Phyletic pattern of VFs found in EPRs within the Vibrio 
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searching these sequences in the pan-genome, we assessed 
that they can be found not only in EPRs but also in 
several other Vibrio species (supplementary fig. S1, 
Supplementary Material online). To find genes possibly as
sociated with deep-sea vent lifestyle we performed an en
richment analysis, leading to the identification of 147 
genes significantly (FDR ≤ 0.05) over-represented in deep- 
sea genomes (supplementary fig. S2, Supplementary 
Material online), which have been sorted according to their 
enrichment score (supplementary table S7, Supplementary 
Material online). The 3 genes with the highest enrichment 

in deep-sea vibrios are: (i) luxO, encoding a response regu
lator of the two-component family of signal transduction 
molecules involved with quorum sensing, luminescence 
and biofilm formation (Freeman and Bassler 1999), (ii) an 
unnamed hypothetical protein, and (iii) rpoE, encoding a 
sigma factor of the 70 families (Lonetto et al. 1992). 
Focusing on the functional roles of the top 60 genes, mostly 
found within the clades A and D (Fig. 5A), revealed that their 
main KEGG categories are “metabolic pathways,” followed 
by “Valine, leucine and isoleucine degradation” and 
“Two-component system” (Fig. 5B). Considering the COG 
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Fig. 4. Distribution of biosynthetic clusters found in EPRs in the Vibrio phylogeny. The number of genes associated with each of the 4 classes of secondary 
metabolites (ectoine, beta-lactone, arylpolyene, and NI-siderophore) are reported across the Vibrio tree.

Pan-genome Provides Insights into Vibrio Evolution and Adaptation                                                                                 GBE

Genome Biol. Evol. 16(7) https://doi.org/10.1093/gbe/evae131 Advance Access publication 15 July 2024                                          9

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/16/7/evae131/7713166 by R

utgers U
niversity Libraries user on 06 August 2024

http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae131#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae131#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae131#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae131#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae131#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae131#supplementary-data


A
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C

Fig. 5. Top 60 genes enriched in deep-sea hydrothermal vents Vibrios: A) Phyletic pattern of the 60 genes most significantly enriched in the genomes of 
12 Vibrio isolates from deep-sea hydrothermal vents. B) Distribution of KEGG terms from the 60 most enriched genes. C) Distribution of GO terms from the 60 
most enriched genes.
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ontology, the most represented categories are “Function 
unknown (S),” “Energy production and conversion (C),” 
and “Cell wall/membrane/envelope biogenesis (M)” 
(Fig. 5C).

Since phylogenetic signals might confound the enrich
ment analysis, we also highlighted genes potentially asso
ciated with deep-sea lifestyles using a more stringent 
evolutionary method based on Pagel’s model (Pagel 
1994). This approach identified a total of 17 genes signifi
cantly (FDR ≤ 0.05) enriched in deep-sea genomes 
(supplementary table S8, Supplementary Material online) 
that have been ranked according to the enrichment score. 
The most enriched genes include an orthologue of ParB, a 
transcription factor involved in chromosome partitioning 
(Ireton et al. 1994), a gene encoding a trypsin-like serine 
protease, and a gene with a WYL domain, possibly involved 
in the regulation of CRISPR–Cas adaptive immunity 
(Makarova et al. 2014).

In Vitro Models of EPRs Interactions With Bivalves

The bactericidal activity of mussel and oyster hemocyte 
monolayers was evaluated after in vitro incubation of 
EPRs in artificial seawater medium (ASW [10⁶ CFU/mL]) 
for 90 min. Given the extreme relatedness of most EPRs, 
the tests were performed on EPR225 and EPR117, as refer
ence strains for the clades D and A, respectively. Both 
strains showed increased survival when incubated with oys
ter hemocytes compared to those with mussel hemocytes 
(Fig. 6). Strain EPR117 showed the lowest survival rate, 
reaching 57% and 67% after 90 min of incubation with 
mussel and oyster hemocytes, respectively, whereas the va
lues for EPR225 were 75% and 83%.

In parallel, lysosomal membrane stability (LMS) was mea
sured as a proxy for cellular stress in hemocytes challenged 
with EPRs at different concentrations (106, 107, and 108 

CFU/mL), and compared with untreated cells. The results 
obtained (supplementary table S9, Supplementary 
Material online) showed a strong decrease in LMS with in
creasing EPR concentrations (until almost complete desta
bilization at the highest concentration tested) for both 
bivalve species. Of the two strains, EPR117 induced the 
strongest LMS reduction, whereas for both strains the lar
ger effect was observed in oysters rather than mussels 
(supplementary fig. S3, Supplementary Material online).

Discussion
Deep-sea hydrothermal vents are among the most pristine 
and remote ecosystems on Earth (Grassle 1987). Fueled by 
microbial chemosynthesis these areas harbor unique micro
bial communities (Dick 2019), displaying active chemical 
cycling and peculiar conditions which could potentially mir
ror those that occurred at the origin of life on our planet, as 
they represent one of the earliest types of environments 
that existed on Earth (Martin et al. 2008). Representatives 
of the Vibrio genus are heterogeneous and can colonize dif
ferent niches including deep-sea environments. Vibrio spp. 
are responsible for the majority of human diseases attribu
ted to the indigenous microbiota in coastal marine environ
ments (Baker-Austin et al. 2018). According to these 
features, studies investigating the biology of Vibrio spp. in 
hydrothermal vent settings may help to elucidate funda
mental aspects concerning their origin, evolution and 
pathogenic potential (Hasan et al. 2015; Lasa et al. 2021).

To the best of our knowledge, the pan-genome we de
fined represents the first attempt at leveraging Vibrio diver
sity to investigate phylogeny and genomic peculiarities of 
Vibrio isolates. When constructing the dataset for our 
study, we included a representative sequence for each spe
cies to avoid redundancies, which could artificially distort 
the landscape of genetic variability within the genus. 
While for most of the hundreds of available species, there 
are few available genomes, there are a few species (e.g. 
V. cholerae and V. parahemolyticus) for which thousands 
of genomes are available, often with negligible differences. 
Taxonomic classification of Vibrios is challenging due to 
their elevated genomic plasticity and recombination rates 
(Thompson et al. 2006; Hunt et al. 2008); however, the 
phylogenetic analysis we performed using more than 300 
shared protein-coding genes delivered a robust reconstruc
tion which placed EPRs in 2 closely related clades. The 
SNP-based phylogeny provided an increased resolution to 
inspect the relationships within these clades, showing 
that one of these, including most (9/10) EPRs, encompassed 
only the species V. alginolyticus, while the other embedded 
four different species, i.e. V. alginolyticus, V. chemaguriensis, 

Fig. 6. In vitro bactericidal activity in hemocyte monolayers of the 
M. galloprovincialis and C. gigas. Percentages of survival of bacterial cells 
(106 CFU/mL) incubated on hemocyte monolayers for different periods 
of time (30 to 90 min), compared to values obtained at time 0.
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V. antiquarius, and V. diabolicus, with the last 2 previously 
isolated from deep-sea vents. This mixed clade was first 
described by Turner et al. (2018), who considered it an 
extended diabolicus species. We expanded this clade 
with the species V. chemaguriensis, as well as another 
V. alginolyticus strain and EPR225. The results obtained 
for ANI are consistent with such groups, in that the 2 clades 
represent distinct, although closely related, species.

Considering the distribution of strains isolated from 
deep-sea vents, these are paraphyletic, i.e. EPR225, 
V. antiquarius and V. diabolicus belong to the clade D, 
whereas the other EPRs belong to the clade A, implying 
that colonization of such niches occurred recently after 
the speciation of these 2 clades. With this classification, 
we are also able to highlight a biogeographic pattern, in 
that all representatives of the clade D have been isolated 
from East Pacific Rise hydrothermal vents located at 9N, 
whereas members of clade A were also found in Guaymas 
Basin, where the East Pacific Rise extends into the Gulf of 
California. While all strains isolated from the Pacific Ocean 
are similar and belong to the harveyi clade, the other deep- 
sea species present in our dataset, V. bathopelagicus (Lasa 
et al. 2021), differs in several aspects: Taxonomically, as it 
belongs to the splendidus clade, unrelated to harveyi, geo
graphically (isolated from the Mediterranean Sea), and en
vironmentally distinct (not isolated from a hydrothermal 
vent). However, it is important to consider that, with only 
10 genomes from two sites, our ability to make definitive 
conclusions at the population level is limited; a larger sample 
size could reveal greater diversity and improve the evolu
tionary insights of deep-sea adaptation. As more isolates 
from different geographical locations will be available, it 
will be possible to provide a clearer picture of the biogeog
raphy of Vibrio from deep-sea hydrothermal vents.

The taxonomic relationship of EPRs with the clade harveyi 
is intriguing, as it embeds several species able to infect 
humans and animals (Doni et al. 2023), with potentially 
severe consequences [e.g. V. vulnificus can cause necrotiz
ing fasciitis with fatal outcomes (Tsai et al. 2021)]. In parti
cular, the species V. alginolyticus, the closest known 
relative of EPRs, is an established pathogen for both humans 
(Hornstrup and Gahrn-Hansen 1993; Citil et al. 2015) and 
aquatic animals (Ahmed et al. 2016), with relevance also 
for the mariculture industry due to its strong pathogenicity 
toward bivalves and shrimps (Dong et al. 2020). In particu
lar, the V. alginolyticus strain included in our dataset, 
E110, was isolated from the hepatopancreas of diseased 
white-leg shrimp from aquaculture in South China (Li 
et al. 2022). The genomic analysis of EPRs provided a strong 
indication of their pathogenic potential, as EPRs have the 
same VFs of V. alginolyticus E110, including genes encoding 
a T3SS which are found also in V. parahaemolyticus (Wu 
et al. 2020). Regarding the other close relatives of EPRs, 
both V. diabolicus and V. antiquarius have been isolated 

from deep-sea hydrothermal vent environments 
(Raguénès et al. 1997; Hasan et al. 2015), while V. chema
guriensis was identified in the estuarine waters of the 
Chemaguri creek of the Sundarbans, Bengal bay, a brackish 
water environment (Ghosh and Bhadury 2019).

The virulence potential of EPR strains was further inves
tigated by in vitro assay challenging bivalve hemocytes 
showing how inoculation of EPRs elicits a strong cellular 
stress compared with control conditions. As a comparison, 
the LMS reduction induced by the EPR strains was compar
able, if not greater (in mussels), to V. tasmaniensis, an es
tablished oyster pathogen (Gay et al. 2004; Lasa et al. 
2021). At the same time, results of bacterial killing indi
cated that hemocytes were not able to recognize and kill 
EPRs efficiently, although this could be influenced also by 
the cellular stress induced by bacteria.

Surprisingly, the genomes of EPRs present a large num
ber of ARGs (5) compared with other vibrios (2.5). The dis
tribution of such genes in the pan-genome highlighted 
how 4 genes (blaCARB, ampC, catC, and tet35) are preva
lently found within the harveyi clade, unlike tet34, which is 
present in various Vibrio species. Although these genes 
were already associated with resistant phenotypes in 
V. parahaemolyticus and V. harveyi (Teo et al. 2002; 
Zhang et al. 2019; Deng et al. 2020), it is unclear the extent 
to which anthropogenic factors (e.g. exposure to antibiotics 
in mariculture and their possible over usage) contribute to 
their emergence in Vibrio strains. The presence of ARGs 
in EPR genomes, found in the relatively undisturbed and re
mote deep-sea hydrothermal vents, suggests they are not a 
result of exposure to antibiotics of human origin, but natur
ally occurring elements which might play a role in microbial 
warfare (D’Costa et al. 2011; Scott et al. 2020). The high 
concentration of heavy metals in hydrothermal vents could 
be another factor contributing to ARG selection, as previ
ously reported (Xu et al. 2017; Anedda et al. 2023).

In our comprehensive analysis of Vibrio genomes, we an
notated secondary metabolites biosynthetic clusters, re
vealing an average presence of 4.29 clusters per genome. 
Notably, all EPR genomes contained four specific biosyn
thetic clusters for synthesizing ectoine, beta-lactone, aryl
polyene, and NI-siderophore. Such clusters were highly 
conserved across the EPR samples, with only minor com
positional variations observed in EPR225. The ubiquity of 
these clusters highlights their potential role in environmen
tal adaptation and stress response, particularly in osmo
regulation and iron acquisition which are critical in marine 
environments: The beta-lactone cluster, the most prevalent 
across the surveyed genomes (130/151 genomes), may be 
involved in bacterial interactions since these molecules ex
hibit antibiotic properties (Scott 2017), which can be crucial 
in the competitive environments that Vibrio species often 
inhabit. Arylpolyene has been typically associated with pro
tection against UV radiation or oxidative stress (Schöner 
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et al. 2016), while NI-siderophores play a role in iron acqui
sition, particularly important in aquatic environments since 
iron rapidly precipitates or is not readily bioavailable 
(Hopkinson and Morel 2009). Finally, ectoine is involved 
in osmoregulation, since this molecule is a compatible sol
ute maintaining cell volume and protects cellular proteins 
under hyperosmotic stress conditions, which are common 
in marine environments (Graf et al. 2008).

Pan-genome analysis reveals the presence of genetic ele
ments that are notably enriched in deep-sea Vibrio strains. In 
particular, the analysis yielded a list of 147 genes, including 
some previously recognized for their roles in adapting to ex
treme environments (supplementary table S7, Supplementary 
Material online). For example, rpoE, known to encode a 
stress-response sigma factor, has been linked to piezo- 
and psychro-tolerance in other deep-sea bacteria (Chi and 
Bartlett 1995), while luxO, associated with bioluminescence 
regulation (Miyamoto et al. 2000), is thought to contribute 
to baro-tolerance and the management of reactive oxygen 
species (Bao et al. 2023). Intriguingly, many of these genes 
have yet to be functionally characterized and should be sub
jected to future studies aimed at understanding the molecu
lar mechanisms of deep-sea adaptation.

Overall our study provides new insights into molecular 
phylogeny and ecology of bacterial strains related to patho
genic Vibrio species in deep-sea environments.

Statistics
For statistical analysis, data normality was tested using the 
Shapiro–Wilk test. Descriptive statistics were calculated to 
summarize the data. Differences between groups were as
sessed using ANOVA or Kruskal–Wallis tests, depending 
on the data distribution. Categorical data (i.e. deep-sea 
gene enrichment) was analyzed with the Fisher exact test. 
Phylogenetically aware detection of deep-sea gene enrich
ment was performed by fitting Pagel ‘94 model of correlated 
evolution of two binary characters (Pagel 1994), as imple
mented in phytools (Revell 2024). An enrichment score 
was defined by summing the value of the transition matrix 
corresponding to the states “0|Deep-sea” to “1|Deep- 
sea,” and by subtracting the value corresponding to the 
states “0|Not Deep-sea” to “1|Not Deep-sea.” For multiple 
test corrections, the Benjamini–Hochberg procedure was 
applied to control the false discovery rate. A P-value of 
<0.05 was considered statistically significant. Statistical 
analyses were conducted using either the module stats of 
the library scipy (Virtanen et al. 2020) or pandas 
(Mc Kinney).

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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