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Abstract

Vibrio vulnificus is an aquatic bacterium causing septicemia and wound infection in humans. To understand this pathogen at
the genomic level, it was performed whole genome sequencing of a cefoxitin-resistant strain, V. vulnificus 1908-10 possessing
virulence-related genes (vwhA, viuB, and vcgC) isolated from Gadeok island coastal seawater in South Korea. The genome of V.
vulnificus 1908-10 consisted of two circular contigs and no plasmid. The total genome size was estimated to be 5,018,425 bp
with a guanine-cytosine (GC) content of 46.9%. We found 119 tRNA and 34 rRNA genes respectively in the genome, along with
4,352 predicted protein sequences. Virulence factor (VF) analysis further revealed that V. vulnificus 1908-10 possess various viru-
lence genes in classes of adherence, antiphagocytosis, chemotaxis and motility, iron uptake, quorum sensing, secretion system,
and toxin. In the comparison of the presence/absence of virulence genes, V. vulnificus 1908-10 had fur, hlyU, luxS, ompU, pilA, pilF,
rtxA, rtxC, and vvhA. Of the 30 V. vulnificus comparative strains, 80% of the C-genotype strains have all of these genes, whereas
40% of the E-genotype strains have all of them. In particular, pilA were identified in 80% of the C-type strains and 40% of the
E-type strains, showing more difference than other genes. Therefore, V. vulnificus 1908-10 had similar VF characteristics to those
of type C strains. Multifunctional-autoprocessing repeats-in-toxin (MARTX) toxin of V. vulnificus 1908-10 contained 8 A-type re-
peats (GXXGXXXXXG), 25 B.1-type repeats (TXVGXGXX), 18 B2-type repeats (GGXGXDXXX), and 7 C-type repeats (GGXGXDXXX).
The National Center for Biotechnology Information (NCBI) Basic Local Alignment Search Tool (BLAST) showed that the RtxA
protein of V. vulnificus 1908-10 had the effector domain in the order of cross-liking domain (ACD)-C58_PaToxP-like domain- a/3
hydrolase-C58_PaToxP-like domain.
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Introduction

Vibrio vulnificus is an aquatic bacterium infected with ingestion
of raw or undercooked seafood or with exposure of wounds to
seawater causing gastroenteritis, wound infection, and sepsis. In
the case of primary sepsis, the fatality rate reaches more than 50%
(Hlady & Klontz, 1996; Oliver, 2005; Shapiro et al., 1998). In South
Korea, where seafood intake is high, V. vulnificus has been steadily
detected nationwide, and 37 to 88 cases of Vibrio sepsis have been
reported every year from 2000 to 2020, and the mortality rate
is 45.7% from 2011 to 2020 (Cho & Park, 2019; KDCA, 2021;
Kim et al., 1987; 1990; Park et al., 2019). V. vulnificus has several
virulence factors (VF) such as capsular polysaccharide (CPS),
iron uptake, hemolysin (vvhA), protease (vvpE), repeats-in-toxin
(RTX) toxin, lipopolysaccharide, pili, and flagella, and various
factors regulating them have been reported for the pathogenicity
of V. vulnificus, and studies such as identification of the toxic
activation mechanisms have been conducted, too (Jones & Oliver,
2009; Lee et al., 2019).

Along with the development of next-generation sequencing
technology, genome analysis of many pathogenic bacteria
important in public health has been performed, and in the case
of V. vulnificus, starting with the first genome report in 2003,
whole genome analysis has been conducted to identify genomic
characteristics and various attempts are being made such as
comparison between clinical and environmental genotypes (Chen
et al,, 2003; Morrison et al., 2012; Pan et al,, 2017; Pang et al.,
2020; Roig et al., 2018). However, compared to other pathogenic
bacteria such as Salmonella enterica and Staphylococcus aureus,
the genome analysis of V. vulnificus is insignificant, and even
compared to the same genus Vibrio, it is less than that of Vibrio
parahaemolyticus and Vibrio cholerae (NCBI, 2023).

The eastern coast of Gadeok island is provided good
conditions for the habitat of V. vulnificus due to the inflow of the
Nakdong river. Additionally, the final treated water from three
sewage treatment plants is flowing in this area, and it is possible
to influx pollutants from the land. Our previous studies identified
the detection tendency of V. vulnificus in the seawater of the
eastern coast of Gadeok island, the genetic characteristics related
to pathogenicity, and the antibiotic resistance characteristics
of the isolates (Oh et al., 2020, 2021). In this study, whole
genome sequencing analysis was performed on the pathogenic
V. vulnificus isolated from the coast of Gadeok island, and the

characteristics of VFs were looked for.
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Materials and Methods

Bacterial strain and DNA extraction

V. vulnificus 1908-10 used for whole genome sequencing analysis
was isolated in August 2019 from the seawater of the eastern coast
of Gadeok island in a previous study (Oh et al., 2020, 2021). This
strain possessed virulence-related genes (vwhA, viuB, and vcgC),
B-hemolysis activity, and cefoxitin resistance (minimal inhibitory
concentration 32 pg/mL). The strain was cultured at 35°C with
Luria-Berani broth (NEOGEN, Lancing, MI, USA) supplemented
with 1% NaCl for 12 h, and the genomic DNA was extracted
using Genomic DNA extraction kit (Bioneer, Daejeon, Korea)
according to the manufacturer’s procedure.

Whole genome sequencing and annotation

Two different genomic DNA libraries were constructed according
to the manufacturer’ instructions for the Illumina and the PacBio
platform. Sequencing was performed using PacBio Sequel I
System (Pacific Biosciences, Menlo Park, CA, USA) and Illumina
HiSegX ten sequencer (Illumina, San Diego, CA, USA). CANU
v1.7 (Koren et al., 2017) and Pilon v1.21 (Walker et al., 2014)
were used for de novo assembly. The completeness of the genomic
data was assessed by BUSCO v5.1.3 (Manni et al., 2021). The
genome sequences of V. vulnificus 1980-10 were deposited in the
National Center for Biotechnology Information (NCBI) GenBank
server under the accession numbers CP118438 and CP118439
for chromosome I and II. Gene annotation was conducted using
prokka v1.13 (Seemann, 2014), eggnog 4.5 (Huerta-Cepas et al.,
2016) and PATRIC v.3.6.12 (Wattam et al., 2017). The functional
classification for coding sequences was performed through
Position-Specific Iterative Basic Local Alignment Search Tool
(PSI-BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi) based on
the Clusters of Orthologous Genes (COGs) database (2014 update
version; http://www.ncbi.nlm.nih.gov/COG/) and was visualized
with a circular map using CIRCOS v.0.69-63 (http://circos.ca).

Comparative genome analysis

The identity of V. vulnificus 1908-10 was confirmed by
comparative phylogenetic analysis using MEGA11 v.11.08
(Tamura et al., 2021) against 16S rRNA sequences of the genus
Vibrio. Average nucleotide identity (ANI) matrix was constructed
via EDGAR 3.0 (Dieckmann et al., 2021). The NCBI dataset was
used for comparative genomic analysis of V. vulnificus in this
study (Table 1).
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Table 1. Attributes of Vibrio vulnificus used for comparative genomic analysis in this study

Strain name Genotype Isolation source Country Collected year Size (Mb) Accession No.
V. vulnificus
07-2444 C Blood USA 2007 523 GCA_009764115.1
1676-80 C Water USA Unknown 5.04 GCA_012275045.1
2497-87 E Blood USA Unknown 5.03 GCA_014211935.1
93U204 C Oreochromis Taiwan 2004 5.13 GCA_000746665.1
ATCC 27562 E Human blood USA 1979 5.01 GCA_002224265.1
CECT4606 E Healthy eel Spain 1990 5.19 GCA_002891755.1
CECT4999 E Diseased eel Spain 1990 5.16 GCA_002215135.1
CECT7030 E Eel Denmark 2004 5.11 GCA_002903505.1
CECT898 E Eel Japan 1979 520 GCA_002903765.1
CG100 C Oyster Taiwan 1993 5.21 GCA_002903465.1
CladeA-yb158 C Tilapia Israel 2005 5.29 GCA_001013325.1
CMCP6 C Human South Korea 2003 5.13 GCA_004355205.1
Envi1 E Oyster USA Unknown 4.95 GCA_003047125.1
FDAARGOS_119 E Human USA Unknown 498 GCA_001558515.2
FDAARGOS_663 E Human USA Unknown 497 GCA_008693685.1
FORC_017 C Human blood South Korea 2014 523 GCA_001675245.1
FORC_036 C Mactra veneriformis South Korea Unknown 6.07 GCA_002117205.1
FORC_037 C Mya arenaria oonogai Makiyama South Korea Unknown 5.12 GCA_002204915.1
FORC_053 E Mactra veneriformis South Korea 2013 6.02 GCA_003522555.1
FORC_054 E Konosirus punctatus South Korea 2014 5.12 GCA_002863725.1
FORC_077 C Human South Korea 2017 5.02 GCA_004319645.1
JY1305 E Oyster USA Unknown 495 GCA_000269725.1
JY1701 E Oyster USA Unknown 494 GCA_000269765.1
LSU1015 C Human USA Unknown 5.59 GCA_002906245.1
MO6-24/0 C Human South Korea Unknown 5.01 GCA_000186585.1
Vv180806 C Human blood China 2018 536 GCA_014107515.1
VV2014DJH E Human blood China 2014 5.07 GCA_002850455.1
VVyb1(BT3) E Tilapia Israel 2004 575 GCA_000342305.2
YJO16 C Human blood Taiwan <2003 5.26 GCA_000009745.1
Vibrio parahaemolyticus RIMD 2210633 Human Japan 1996 5.17 GCA_000196095.1
V. parahaemolyticus DLM1799 Seawater China 2019 5.11 GCA_023205915.1
Vibrio cholerae RFB16 Fresh water USA 2017 4.14 GCA_008369605.1
V. cholerae 1154-74 Diarrhea India 1974 393 GCA_000969235.1
Clostridium perfringens ATCC13124 Type strain Unknown Unknown 3.26 GCA_000013285.1

Identification of virulence factors and multifunctional-auto-
processing repeats-in-toxin (MARTX) toxin

The VFs of the V. vulnificus 1908-10 genome were analyzed
using the virulence factor database (VFDB) 2019 (Liu et al.,
2019) and their locations were edited on a visualized circular
map using Adobe Photoshop 2023. Virulence gene presence/
absence comparison was performed by obtaining comparison
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strains information from the NCBI dataset and reannotating
using prokka. We used PROSITE (Sigrist et al., 2012) to find
multifunctional-autoprocessing repeats-in-toxin (MARTX) toxin
repeat regions and used MEGA 11 to identify the number and
location of repeat sequences described by Roig et al. (2011). NCBI
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to
perform and compare searches for the effector domains.
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Antimicrobial resistance genes

The search for antibiotic resistance genes in V. vulnificus 1908-
10 was performed using ResFinder (Bortolaia et al., 2020) and
Comprehensive Antibiotic Resistance Database (CARD) (Alcock
etal., 2020).

Results and Discussion

Genome properties and annotation

As a result of whole genome analysis, V. vulnificus 1908-10
was composed of two circular contigs, and no plasmid was
identified. The total length of the genome was 5,018,425 bp,
and its GC content was 46.9%. Contigs 1 and 2 were 3,273,700
bp and 1,744,725 bp long, respectively, with 46.7% and 47.3%
corresponding guanine-cytosine (GC) contents. Total coding
sequences (CDS) were 4,352, with 2,890 in contig 1 and 1,462
in contig 2. 119 tRNAs and 34 rRNAs were identified and were
mainly distributed in contig 1 (Table 2).

As a result of analysis based on the COGs, the genome of V.
vulnificus 1908-10 had the most genes related to metabolism at
31.6%, genes related to cell processing and signals at 29.3% and
genes related to information storage and process were 16.2%.
Mobilome-related genes such as prophages and transposons were
1.8% (Fig. 1). In detail, genes involved in signal transduction
mechanisms were the most common at 8.3%, followed by genes
involved in transcription at 7.1%, genes involved in amino acid

Fisheries and Aquatic Sciences FA S

Table 2. Summary of whole-genome sequencing for Vibrio
vulnificus 1908-10

Property
Methods reads

V. vulnificus 1908-10

PacBio Sequel I System

Total filtered subreads 169,959
N50 12,142
lllumina HiSegX ten
Total filtered reads 8,211,314
Q30 (%) 98.16
Results of assembly Contig 1 Contig 2 Total
Contigs 1 1 2
Total contig bases 3,273,700 1,744,725 5,018,425
N50 3,273,700
GC (%) 46.7 473 469
Depth 326.8 272.0 307.8
Genome annotation
CDS 2,890 1,462 4,352
tRNA 106 13 119
rRNA 31 4 34

GC, guanine-cytosine; CDS, coding sequence.

transport and metabolism at 6.8%. Genes involved in cell wall/
membrane/envelope biogenesis were 5.7%. The COGs of V.
vulnificus Vv180806 and V. vulnificus VV2014DJH have been
reported and generally show similar trends. However, in the
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Fig. 1. Functional classification of the protein coding sequence in Vibrio vulnificus 1908-10 based on COG categories. COG,

clusters of orthologous gene.
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cytoskeleton category, V. vulnificus Vv180806 and V. vulnificus
VV2014DJH had no corresponding genes, while two genes were
identified in V. vulnificus 1908-10 showing differences (Pan et al,,
2017; Pang et al., 2020).

Phylogenetic tree and average nucleotide identity (ANI)

In a phylogenetic analysis comparing 16s rRNA using MEGA
11 software, this strain was identified as V. vulnificus distinct
from other Vibrio spp. and outgroup (Fig. 2A). When comparing
the similarity of genomes using EDGAR based on the NCBI
dataset, V. vulnificus 1908-10 was the most similar to V. vulnificus
FORC_077, with about 99.41% similarity, followed by V.
vulnificus CMCP6 and V. vulnificus FORC_053 was 99.02%. V.
vulnificus FORC_017 followed with 98.92%. Strain FORC_077,
CMCP6, and FORC_017 were of type C, often found in clinically
isolated strains when classified based on genotype. V. vulnificus
FORC_053 was of type E. Twelve (80%) of the top 15 isolates with
an ANI greater than 98% were type C, so V. vulnificus 1908-10
was similar to type C overall (Fig. 2B). 95% ANI corresponded to
the recommended cut-off point for species delineation (Goris et
al,, 2007).

Identification of virulence factors
As a result of analyzing through VFDB, V. vulnificus 1908-10 had
genes of VFs such as mannose-sensitive hemagglutinin type IV
pilus, CPS, flagella, metalloproteinase, vibriobactin related to iron
absorption, heme receptor, and periplasmic binding ATP binding
cassette (ABC) protein transport system. It possessed the [uxS
gene of autoinducer-2 in the quorum sensing class, and among the
secretion systems, the EPS type II secretion system was identified.
Toxin factors like vvhA, tlh, and RTX gene clusters (rtxABCD)
were identified (Table 3). Genes related to attachment, motility,
and secretion systems were located in contig 1 of the genome,
while genes for metalloproteinases, iron uptake vibriobactin,
transport systems, and toxins such as hemolysin and RTX were
identified in contig 2. CPS genes were identified in both contig 1
and contig 2 (Fig. 3). CPS has been reported to be biochemically
and genetically diverse among strains (Pettis & Mukerji, 2020),
and V. vulnificus 1908-10 was found to have cpsABCDFHI], hpl,
wbfU, wbfV/wcvB, wbfY, wza, wzb, and wzc (Table 3).

Compared to the 29 V. vulnificus strains in the NCBI dataset,
V. vulnificus 1908-10 had fur, hlyU, luxS, ompU, pilA, pilE, rtxA,
rtxC, and vwhA genes. All 30 strains including 1908-10, had hlyU,
ompU, pilF, and vwhA genes in common. On the other hand, fur
was identified in 96.7%, rtxA in 90%, luxS in 83.3%, rtxC in 76.7%
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and pilA in 60% of the strains. Particularly, pilA, which is part of
the type IV pili operon, was found in 80% of type C strains but
in 40% of type E strains, showing differences between genotypes
(Table 3 and Fig. 4). hlyU regulates the expression of rtxA1 at the
transcriptional level, affecting its cytotoxicity and virulence (Liu
et al., 2007). ompU is a factor involved in bacterial adhesion to
host cells (Goo et al., 2006). pilF is a protein gene required for
the assembly of type IV pili, whose functions include surface
motility of the strain, colony, and biofilm formation, and host cell
adhesion (Alm & Mattick, 1997; Hobbs & Mattick, 1993). vwwhA
is a hemolysin/cytolysin gene of V. vulnificus. Fur regulates the
production of hemolysin, rtxA encodes the RTX toxin and rtxC
encodes the toxin activator (Lee et al., 2013; Lin et al., 1999). luxS
is an autoinducer-2 synthase gene in the quorum sensing system
and has been reported to affect the transcription of vvhA and
vwpE (Kim et al., 2003). Overall, V. vulnificus 1908-10 had more
similar virulence characteristics to type C strains, as 80% of type
C strains had all nine genes compared, while 40% of type E strains
did.

Multifunctional-autoprocessing repeats-in-toxin (MARTX)
toxin

MARTX toxins are large single polypeptide toxins produced by
various gram-negative bacteria. They deliver numerous effector
proteins from the bacteria to the host cell to alter the target
cell physiology. In contrast to the conservation of the MARTX
toxin domain structure among most of the V. cholerae isolates,
the V. vulnificus MARTX toxins are strikingly diverse (Kim,
2018; Satchell, 2015). Ten different effector domains have been
recognized among the various MARTX toxins of Vibrio spp.,
although any one toxin carries only two to five effectors (Satchell,
2015). MARTX toxin of V. vulnificus 1908-10 contained 8 A-type
repeats (GXXGXXXXXG), 25 B.1-type repeats (TXVGXGXX),
18 B2-type repeats (GGXGXDXXX), and 7 C-type repeats
(GGXGXDXXX). NCBI BLAST showed that the RtxA protein
of V. vulnificus 1908-10 had the effector domain in the order of
actin cross-liking domain (ACD)-C58_PaToxP-like domain-a/
B hydrolase-C58_PaToxP-like domain (Fig. 5), with the same
domain sequence as V. vulnificus FORC_017, V. vulnificus
FORC_053, and V. vulnificus CECT4999 (NCBI, 2023). Their
amino acid sequence of the effector domain was 100% identical
to V. vulnificus FORC_017, but there were differences in some
amino acids when compared to V. vulnificus FORC_053 and V.
vulnificus CECT4999. ACD disrupts the cell cytoskeleton and
inhibits the engulfing activity of phagocytic immune cells of the
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Fig. 2. Phylogenetic tree based on 16S rRNA sequence (A) and median ANI matrix tree (B) of Vibrio vulnificus 1908-10. AN,
average nucleotide identity.
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Table 3. Virulence factors of Vibrio vulnificus 1908-10 identified using the virulence factor database

Virulence class Virulence factors and genes

Presence

Absence

Adherence MSHA type IV pilus

-mshA, mshB, mshC, mshD, mshE, mshf, mshG, mshH, mshl, mshJ, mshK,

mshL, mshM, mshN
Type IV pilus
-pilA, pilB, pilC, pilD

Antiphagocytosis Capsular polysaccharide

-cpsA, cpsB, cpsC, cpsD, cpsF, cpsH, cpsl, cpsJ, hp1, wbfU, wbfV/wcvB,

wbfY, wza, wzb, wzc

Chemotaxis and Flagella

Accessory colonization factor

-acfA, acfB, acfC, acfD

Toxin-coregulated pilus (typelVB pilus)

-tepD, tepk, tepF, tepH, tepl, tepJ, tepN/toxT, tepP, tepQ, tepR, tepS, tepT

Capsular polysaccharide
-cpsE, ¢psG, rmlA, rmiIB, rmiC, rml D, wbfB, wbfC, wbfT, wbjD/wecB, wbuB,
wcal, wecA, wecC

Flagella

motility -cheA, cheB, cheR, cheV, cheW, cheY, cheZ, filM, flaA, flaB, flaC, flaD, flaE, ~ -flaC
flaG, flal, figA, figB, figC, figD, figk, figF, figG, figH, fgl, figJ, figK, figL,
flgM, figN, flhA, flhB, fihF, fIhG, fliA, fliD, fliE, fliF, fliG, fliH, flil, fliJ, fliK, fliL
fliM, fliN, f1iO, fliP, fliQ, fliR, fliS, fIrA, firB, firC, motA, motB, motX, motY
Enzyme Metalloproteinase Neuraminidase
-hap/vvp -nanH
Iron uptake Heme receptors Enterobactin receptors
-hutA, hutR -irgA, vctA
Periplasmic binding protein dependent ABC transport systems Heme receptors
-vctC, vetD, vetG, vetP -hasR
Vibriobactin Periplasmic binding protein dependent ABC transport systems

-VibA, vibB, vibC, vibD, vibE, vibF, vibH, viuA, viuB

Autoinducer-2
-luxS

EPS type II secretion system

Quorum sensing

Secretion system

-epsG, epsk, epsF, epsG, epsH, epsl, epsJ, epsK; epsL, epsM, epsN, gspD

Toxin Hemolysin/cytolysin
-vhA

RTX toxin

-trxA, rtxB, rtxC, rtxD
Thermolabile hemolysin

-tlh

-viuG, viuD, viuG, viuP

VAS effector proteins

-hep-1, hep-2, vgrG-1, vgrG-2, vgrG-3

VAS type VI secretion system

-vasA, vasB, vasC, vasD, vasE, vasF, vasG, vasH, vasl, vasJ, vasK

MSHA, mannose-sensitive hemagglutinin; ABC, ATP binding cassette; EPS, extracellular protein secretion; VAS, virulence associated secretion; RTX, repeats-in-toxin.

host. a/f hydrolases reduce the intracellular phosphatidylinositol
3-phosphate levels and blocked autophagic/endosomal pathways.
The C58_PaToxP-like domain, also known as makes caterpillars
floppy-like domain (MCF), is associated with apoptotic cell death
(Kim, 2018).

V. vulnificus FORC_077, which had a high ANI value for
its genome, had the effector domain sequence of membrane
localization domain (MLD)-a/B hydrolase-C58_PaToxP-like
domain. V. vulnificus CMCP6 and YJ016 had domains of MLD-a/
B hydrolase-C58_PaToxP-like domain-toxin_MLD (toxin effector
region membrane localization domain)-RtxA-like domain (C2-
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2 like domain of various multidomain toxins) (NCBI, 2023).
Biochemical mechanisms and direct target molecules for specific
effector domains of MARTX toxins have been characterized,
but some still require further study (Kim, 2018). Meanwhile,
the diversity of effector domains in the MARTX toxin was
independent of genotype (data not shown).

Antimicrobial resistance genes

Regarding antibiotic resistance in V. vulnificus 1908-10, no
acquired resistance genes were identified in the analysis using
ResFinder. On the other hand, CARD analysis identified the
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Fig. 3. Circular genome maps of Vibrio vulnificus 1908-10 based on COGs and VFDB analysis. A: Contig 1. B: Contig 2. Marked
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content and GC skew. All annotated ORFs were colored differently according to the COG assignments. COG, clusters of orthologous
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Genome
Strain name  Size (Mb)
1908-10 5.02
07-2444 5.23
1676-80 5.04
2497-87 5.03
93uU204 5.13
ATCC27562 5.01
CECT4606 5.19
CECT4999 5.16
CECT7030 5.11
CECT898 5.20
CG100 5.21
CladeA-yb158  5.29
CMCPB 5.13
Envi1 4.95
FDAARGOS_119 4.98
FDAARGOS_663 4.97
FORC_017 5.23
FORC_036 6.07
FORC_037 5.12
FORC_053 6.02
FORC_054 5.12
FORC_077 5.02
J¥Y1305 4.95
Y1701 4.94
LSU1015 5.59
MOB-24/0 5.01
Vv180806 5.36
WVV2014DJH 5.07
VWyb(BT3) 5.75
¥J016 5.26

ENNEE N

Fig. 4. Comparison of virulence genes of Vibrio vulnificus 1908-10 and other V. vulnificus strains.

https://doi.org/10.47853/FAS.2023.e48

https://www.e—fas.org| 565



FA S Fisheries and Aquatic Sciences

Whole genome sequencing and virulence factors of Vibrio vulnificus

Conserved hypothetical protein

[IIIIIII Repeat regions
E====4 ACD (actin cross-linking domain)

B c58_PaToxP-like domain

Region of various effectors

E=== /B hydrolase
RS CPD (autoprocessing cysteine protease domain)

Fig. 5. rtx gene cluster (A) and domain organization of the MARTX toxin (B) of Vibrio vulnificus 1908-10. MARTX, multifunctional-

autoprocessing repeats-in-toxin.

antibiotic resistance genes crp, adeF, varG, parE, and ftsI in this
strain. Of these, ftsI was detected from a protein variant model
associated with antibiotic target alteration in cephalosporins,
but whether it was a factor of cefoxitin resistance in this strain
requires further study (data not shown).

Genome analysis of V. vulnificus 1908-10 isolated from the
eastern coast of Gadeok-do revealed that this strain was similar
to C-genotype V. vulnificus in terms of ANI and VFs. MARTX
toxin sequence was identified also. V. vulnificus is continuously
threatening food hygiene and public health. Among strains that
genomes have been reported in South Korea, there has been no
report of isolates from riverine seawater. The genomic information
of this strain can be used as basic data for the genome of the strain
according to the isolation environment as well as understanding
the genomic characteristics and virulence of V. vulnificus.

Competing interests
No potential conflict of interest relevant to this article was re-
ported.

Funding sources

This research was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education (2021R1A6A1A03039211).

Acknowledgements
Not applicable.

Availability of data and materials
Upon reasonable request, the datasets of this study can be avail-

566 | https://www.e-fas.org

able from the corresponding author.

Ethics approval and consent to participate
This study conformed to the guidance of animal ethical treat-
ment for the care and use of experimental animals.

ORCID
Hee-kyung Oh
Nameun Kim

https://orcid.org/0009-0004-6172-9863
https://orcid.org/0000-0002-0366-5871
https://orcid.org/0000-0001-7315-1297
https://orcid.org/0000-0003-1669-6586
https://orcid.org/0000-0003-4091-6606
https://orcid.org/0000-0002-5812-8846
https://orcid.org/0000-0002-2465-8013

Do-Hyung Kim
Hye-Young Shin
Eun-Woo Lee
Sung-Hwan Eom
Young-Mog Kim

References

Alcock BP, Raphenya AR, Lau TTY, Tsang KK, Bouchard M,
Edalatmand A, et al. CARD 2020: antibiotic resistome
surveillance with the comprehensive antibiotic resistance
database. Nucleic Acids Res. 2020;48:D517-25.

Alm RA, Mattick JS. Genes involved in the biogenesis and func-
tion of type-4 fimbriae in Pseudomonas aeruginosa. Gene.
1997;192:89-98.

Bortolaia V, Kaas RS, Ruppe E, Roberts MC, Schwarz S, Cattoir
V, et al. ResFinder 4.0 for predictions of phenotypes from
genotypes. ] Antimicrob Chemother. 2020;75:3491-500.

Chen CY, Wu KM, Chang YC, Chang CH, Tsai HC, Liao TL,
et al. Comparative genome analysis of Vibrio vulnificus, a
marine pathogen. Genome Res. 2003;13:2577-87.

https://doi.org/10.47853/FAS.2023.e48



Hee-kyung Oh, et al.

Cho ED, Park KS. Distribution of pathogenic Vibrio species in
seawater in Gomso bay and Byeonsan, West coast of Korea.
Korean ] Fish Aquat Sci. 2019;52:625-30.

Dieckmann MA, Beyvers S, Nkouamedjo-Fankep RC, Hanel
PHG, Jelonek L, Blom J, et al. EDGAR3.0: comparative
genomics and phylogenomics on a scalable infrastructure.
Nucleic Acids Res. 2021;49:W185-92.

Goo SY, Lee HJ, Kim WH, Han KL, Park DK, Lee HJ, et al.
Identification of OmpU of Vibrio vulnificus as a fibronec-
tin-binding protein and its role in bacterial pathogenesis.
Infect Immun. 2006;74:5586-94.

Goris ], Konstantinidis KT, Klappenbach JA, Coenye T, Van-
damme P, Tiedje J]M. DNA-DNA hybridization values and
their relationship to whole-genome sequence similarities.
Int J Syst Evol Microbiol. 2007;57:81-91.

Hlady WG, Klontz KC. The epidemiology of Vibrio infections in
Florida, 1981-1993. ] Infect Dis. 1996;173:1176-83.

Hobbs M, Mattick JS. Common components in the assembly of
type 4 fimbriae, DNA transfer systems, filamentous phage
and protein-secretion apparatus: a general system for the
formation of surface-associated protein complexes. Mol
Microbiol. 1993;10:233-43.

Huerta-Cepas J, Szklarczyk D, Forslund K, Cook H, Heller D,
Walter MC, et al. eggNOG 4.5: a hierarchical orthology
framework with improved functional annotations for eu-
karyotic, prokaryotic and viral sequences. Nucleic Acids
Res. 2016;44:D286-93.

Jones MK, Oliver JD. Vibrio vulnificus: disease and pathogenesis.
Infect Immun. 2009;77:1723-33.

Kim BS. The modes of action of MARTX toxin effector do-
mains. Toxins. 2018;10:507.

Kim SY, Lee SE, Kim YR, Kim CM, Ryu PY, Choy HE, et al.
Regulation of Vibrio vulnificus virulence by the LuxS quo-
rum-sensing system. Mol Microbiol. 2003;48:1647-64.

Kim YM, Lee BH, Lee SH, Lee TS. Distribution of Vibrio vul-
nificus in sea water of Kwangan beach Pusan, Korea. Bull
Korean Fish Soc. 1990;22:385-90.

Kim YM, Shin IS, Chang DS. Distribution of Vibrio vulnificus
the coast of South Korea. Bull KoreanFish Soc. 1987;20:591-
600.

Korean Disease Control and Prevention Agency [KDCA]J.
Infectious disease surveillance yearbook, 2020 [Internet].
KDCA. 2021 [cited 2022 May 7]. https://npt.kdca.go.kr/npt/
biz/npp/portal/nppPblctDtaView.do?pblctDtaSeAt=1&p-
blctDtaSn=2452

https://doi.org/10.47853/FAS.2023.e48

Fisheries and Aquatic Sciences FA S

Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillip-
py AM. Canu: scalable and accurate long-read assembly via
adaptive k-mer weighting and repeat separation. Genome
Res. 2017;27:722-36.

Lee HJ, Kim JA, Lee MA, Park SJ, Lee KH. Regulation of hae-
molysin (VvhA) production by ferric uptake regulator (Fur)
in Vibrio vulnificus: repression of vvhA transcription by Fur
and proteolysis of VvhA by Fur-repressive exoproteases.
Mol Microbiol. 2013;88:813-26.

Lee Y, Kim BS, Choi S, Lee EY, Park S, Hwang J, et al. Makes
caterpillars floppy-like effector-containing MARTX tox-
ins require host ADP-ribosylation factor (ARF) proteins
for systemic pathogenicity. Proc Natl Acad Sci USA.
2019;116:18031-40.

Lin W, Fullner KJ, Clayton R, Sexton JA, Rogers MB, Calia KE,
et al. Identification of a Vibrio cholerae RTX toxin gene clus-
ter that is tightly linked to the cholera toxin prophage. Proc
Natl Acad Sci USA. 1999;96:1071-6.

Liu B, Zheng D, Jin Q, Chen L, Yang J. VFDB 2019: a compara-
tive pathogenomic platform with an interactive web inter-
face. Nucleic Acids Res. 2019;47:D687-92.

Liu M, Alice AE, Naka H, Crosa JH. The HlyU protein is a pos-
itive regulator of rtxA1, a gene responsible for cytotoxicity
and virulence in the human pathogen Vibrio vulnificus. In-
fect Immun. 2007;75:3282-9.

Manni M, Berkeley MR, Seppey M, Siméo FA, Zdobnov EM.
BUSCO update: novel and streamlined workflows along
with broader and deeper phylogenetic coverage for scoring
of eukaryotic, prokaryotic, and viral genomes. Mol Biol
Evol. 2021;38:4647-54.

Morrison SS, Williams T, Cain A, Froelich B, Taylor C, Bak-
er-Austin C, et al. Pyrosequencing-based comparative ge-
nome analysis of Vibrio vulnificus environmental isolates.
PLOS ONE. 2012;7:€37553.

National Center for Biotechnology Information [NCBI]. Ge-
nome [Internet]. NCBI. 2023 [cited 2023 Feb 1]. https://
www.ncbi.nlm.nih.gov/genome

Oh HK, Jeong HJ, Jeong GJ, Shin HY, Shin JH, Jung WK, et al.
Detection characteristics and antimicrobial resistance of
Vibrio vulnificus isolated from sea water along the Gadeok
island coast. Korean J Fish Aquat Sci. 2021;54:912-7.

Oh HK, Jeong HJ, Kim YM. Distribution and molecular charac-
teristics of Vibrio vulnificus isolated from seawater along the
Gadeok island coast. Korean J Fish Aquat Sci. 2020;53:688-
93.

https://www.e-fas.org | 567



F /\ o o Whole genome sequencing and virulence factors of Vibrio vulnificus
Fisheries and Aquatic Sciences

~A

Oliver JD. Wound infections caused by Vibrio vulnificus and
other marine bacteria. Epidemiol Infect. 2005;133:383-91.

Pan J, Sun Y, Yao W, Mao H, Zhang Y, Zhu M. Complete genome
sequence of the Vibrio vulnificus strain VV2014DJH, a hu-
man-pathogenic bacterium isolated from a death case in
China. Gut Pathog. 2017;9:67.

Pang R, Li Y, Liao K, Guo P, Li Y, Yang X, et al. Genome- and pro-
teome-wide analysis of lysine acetylation in Vibrio vulnificus
Vv180806 reveals its regulatory roles in virulence and antibi-
otic resistance. Front Microbiol. 2020;11:591287.

Park K, Mok JS, Kwon JY, Ryu AR, Shim KB. Seasonal and spatial
variation of pathogenic Vibrio species isolated from seawater
and shellfish off the Gyeongnam Coast of Korea in 2013-
2016. Korean ] Fish Aquat Sci. 2019;52:27-34.

Pettis GS, Mukerji AS. Structure, function, and regulation of the
essential virulence factor capsular polysaccharide of Vibrio
vulnificus. Int ] Mol Sci. 2020;21:3259.

Roig FJ, Gonzalez-Candelas F, Amaro C. Domain organiza-
tion and evolution of multifunctional autoprocessing re-
peats-in-toxin (MARTX) toxin in Vibrio vulnificus. Appl
Environ Microbiol. 2011;77:657-68.

Roig FJ, Gonzalez-Candelas F, Sanjuan E, Fouz B, Feil EJ, Llorens
C, et al. Phylogeny of Vibrio vulnificus from the analysis of
the core-genome: implications for intra-species taxonomy.
Front Microbiol. 2018;8:2613.

Satchell KJE. Multifunctional-autoprocessing repeats-in-toxin
(MARTX) toxins of vibrios. Microbiol Spectr. 2015;3:10-
1128.

Seemann T. Prokka: rapid prokaryotic genome annotation. Bioin-
formatics. 2014;30:2068-9.

Shapiro RL, Altekruse S, Hutwagner L, Bishop R, Hammond R,
Wilson S, et al. The role of Gulf coast oysters harvested in
warmer months in Vibrio vulnificus infections in the United
States, 1988-1996. J Infect Dis. 1998;178:752-9.

Sigrist CJA, de Castro E, Cerutti L, Cuche BA, Hulo N, Bridge A,
et al. New and continuing developments at PROSITE. Nucle-
ic Acids Res. 2012;41:D344-7.

Tamura K, Stecher G, Kumar S. MEGA11: molecular evolutionary
genetics analysis version 11. Mol Biol Evol. 2021;38:3022-7.

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar
S, et al. Pilon: an integrated tool for comprehensive microbial
variant detection and genome assembly improvement. PLOS
ONE. 2014;9:112963.

Wattam AR, Davis J], Assaf R, Boisvert S, Brettin T, Bun C, et al.
Improvements to PATRIC, the all-bacterial bioinformatics

568 | https://www.e-fas.org

database and analysis resource center. Nucleic Acids Res.

2017;45:D535-42.

https://doi.org/10.47853/FAS.2023.e48



