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ARTICLE INFO ABSTRACT

Keywords: Vibrio is a genus of bacteria commonly found on seafood products and includes many important human path-
Vibrio ) ogens. Most seafood is produced using aquaculture systems, which frequently use antimicrobial agents. Here we
Genomics aimed to determine if method of seafood production was associated with Vibrio pathogenic to humans and/or
Antimicrobial resistance - . . o . .

Aquaculture antimicrobial resistant (AMR) Vibrio. Retail prawn and salmon samples that were produced using aquaculture or
Se?afoo q were wild-caught were cultured for Vibrio spp. Isolates were sequenced to identify the species and AMR genes
Plasmids (ARGs) present, followed by long-read sequencing of a subset of genomes to identify mobile genetic elements

(MGEs). Vibrio was cultured from 136/279 of prawn and 4/157 of salmon samples, and ARG-containing Vibrio
and Vibrio pathogenic to humans were associated with aquacultured prawn samples. A quarter of ARGs were
found on plasmids, mostly in close vicinity to the insertion sequence type 1S6/1S26. Most intrinsic chromosomal
ARGs were not associated with an MGE, but most acquired chromosome ARGs were associated with a MGE, most
commonly IS91. Vibrio isolates belonging to different species contained ARGs associated with similar MGEs.
Vibrio has an arsenal of MGEs that can facilitate the spread of ARGs. Aquaculture practices may need to be
adjusted in order to prevent the spread of AMR Vibrio and Vibrio pathogenic to humans.

treatment (Leibovici-Weissman et al., 2014; Yun and Kim, 2018); anti-
microbial resistant (AMR) Vibrio are frequently isolated from retail
seafood samples (Tan et al. 2020; Janecko et al., 2021) and are a
growing concern for public health agencies. These strains are harder to
treat and have the mechanisms to transmit resistance to other bacteria
(Nonaka et al., 2022). Preventing human morbidity and mortality
associated with Vibrio infections relies in part on understanding food
production systems that may promote the acquisition of resistance and
transmission of Vibrio pathogenic to humans.

Aquaculture (seafood farming) has increased dramatically since the
1960s, replacing capture fishery as the largest type of seafood produc-
tion in 2013 (Ritchie, 2019). Aquaculture intensification and increasing
pathogen incidence within the production system drives antimicrobial
usage, with an expected 33 % increase in antimicrobial usage from 2017
to 2030 (Schar et al., 2020). Antimicrobial usage in aquaculture farms is
selecting for AMR bacteria, including human pathogens such as Vibrio
(Cabello et al., 2016; Jeamsripong et al., 2022). However, the genetic

1. Introduction

Vibrio is a genus of Gram-negative bacteria associated with aquatic
environments and the animals that inhabit those environments. Some
Vibrio species are pathogenic to humans, causing a range of diseases
from gastroenteritis and wound infections to life-threatening conditions
such as sepsis. The most relevant Vibrio species to human public health
are Vibrio parahaemolyticus, V. vulnificus and V. cholerae, including non-
01/non-0139 V. cholerae (Koutsoumanis et al., 2024). Vibrio can also be
pathogenic to other animals, especially aquatic animals (Goulden et al.,
2012; Talpur et al., 2011). A wider range of Vibrio species are known to
cause disease in aquatic animals (Lavilla-Pitogo et al., 1990; Zhang
et al., 2014). Although this study is focused on Vibrio from seafood, it
focuses on those species that are dangerous to humans and the food-
borne infections they may cause.

Treating Vibrio-associated diseases often requires antimicrobial
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Abbreviations

AMR Antimicrobial resistance

ARG Antimicrobial resistance gene

bp Base-pair

DNA Deoxyribonucleic acid

ICE Integrative and conjugative elements
IME Integrative and mobilisable elements
IS Insertion sequence

MDR Multi-drug resistance

NCBI National Center for Biotechnology Information
MGE Mobile genetic element

SCI Sedentary chromosomal integron
SRA Sequence Read Archive
ST Sequence type

T3SS Type 3 secretory system
VFDB Virulence finder database

mechanisms that facilitate the spread of AMR in Vibrio on food have not
been widely studied.

Vibrio has a plastic genome, able to gain, lose and rearrange genetic
material using mobile genetic elements (MGEs) such as plasmids (Rivard
et al., 2020), integrons (Vit et al., 2021), integrative and conjugative
elements (ICE) (Sarkar et al., 2019) and integrative and mobilisable
elements (IME) (Pérez-Duque et al., 2021). We previously tested 214
prawn samples at retail in the United Kingdom for Vibrio, analysed 148
Vibrio genomes collected from the 100 samples that tested positive for
this bacterium, and found a wide range of Vibrio species and strains
which contained AMR genes (ARGs) (Janecko et al., 2021). This was a
part of a wider food study (Janecko et al., 2023) and in this current study
we investigate the remaining 65 prawn and 157 salmon samples for
Vibrio to investigate factors associated with AMR Vibrio and Vibrio
pathogenic to humans, and additionally used long-read sequencing to
identify genetic elements allowing AMR to spread amongst Vibrio.

2. Materials and methods
2.1. Vibrio isolation and metadata collection

A population- and market share-weighted longitudinal repeated
cross-sectional study, previously described, was used to collect prawn (n
= 279) and salmon (n = 157) products at retail in Norfolk, UK, between
May 2018 and November 2019 (Janecko et al., 2023). Prawns and
salmon were investigated as they are the most commonly produced and
imported seafood types in the UK (Lofstedt et al., 2025). Samples were
cultured for Vibrio using an adapted 1S021872-1:2017 method, and up
to two typical presumptive Vibrio isolates from thiosulfate citrate bile
salt (TCBS) agar were selected from each sample and analysed further.
The exception was three prawn samples where six isolates were previ-
ously selected and analysed to measure within sample Vibrio diversity
(Janecko et al., 2021). Metadata collected included, where available,
how the sample was produced, sample origin and the species of prawn or
salmon present (Janecko et al., 2023).

2.2. Short-read genome analysis

Vibrio genomes were sequenced using short read technology as
described previously (Janecko et al., 2021). DNA was extracted using
the Maxwell RSC Cultured Cells DNA Kit (Promega, Madison, Wisconsin,
USA), according to the manufacturer’s instructions. Libraries were
created using the Nextera XT DNA Library Preparation Kit (Illumina, San
Diego, California, USA) and sequenced on a NextSeq 550 System (Illu-
mina) as 150 bp paired-end reads.
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Genomic analyses were performed on the Cloud Infrastructure for
Microbial Bioinformatics (CLIMB) server (Connor et al., 2016). Illumina
reads were trimmed using Trimmomatic v0.36 (Bolger et al., 2014)
(Supplementary material). Trimmed reads were assembled using Spades
v3.11.1 (Bankevich et al., 2012) in “careful” mode. The quality of the
assemblies was assessed using QUAST v4.6.3 (Gurevich et al., 2013),
CheckM v1.1.2 (Parks et al., 2015) and by aligning reads to assemblies
using the Burrows-Wheeler aligner (BWA) v0.7.17 (Li and Durbin,
2009). Assemblies were accepted if they consisted of less than 500
contigs that were over 500 bp, less than 50 duplicate genes and had a
mean read depth of the four largest contigs above 30. Vibrio species were
predicted using the Genome Taxonomy Database Toolkit (GTDB-Tk)
v2.2.2 (Chaumeil et al., 2022).

ARG determinants, virulence genes and plasmid replicons (genetic
elements of interest) were identified using ARIBA v2.14.4 (Hunt et al.,
2017) and the NCBI AMR (Feldgarden et al., 2019), virulence finder
database (VFDB) (Chen et al., 2016) and PlasmidFinder (Carattoli et al.,
2014) databases, respectively. Isolates were classified as multi-drug
resistant (MDR) strains if the genomes contained ARGs that encoded
resistance to three or more antimicrobial agent classes.

2.3. Vibrio parahaemolyticus analysis

Enterobase (Zhou et al.,, 2020) was interrogated for all
V. parahaemolyticus genomes to compare food-derived isolates with
isolates collected from human and other sources. For all genomes
downloaded, paired reads were processed and assembled using the QC
parameters previously described. MLST v2.16.1 (https://github.com/t
seemann/mlst) was used to predict the sequence types (STs), and
ARIBA was used to identify the genetic elements of interest. Virulence
gene analysis targeted those encoding toxins and type 3 secretory system
(T3SS) effectors (Wang et al., 2015).

V. parahaemolyticus genome SAMD00058707 was used as the refer-
ence genome. Phaster (Arndt et al., 2016) was used to identify phage
regions that were then blocked out. Snippy v3.2 (https://github.com/ts
eemann/snippy) was used to align reads to this reference genome.
Gubbins v2.3.1 (Croucher et al., 2015) was used to remove single
nucleotide polymorphisms (SNPs) putatively associated with recombi-
nation before the number of SNPs between isolates was quantified.

2.4. Vibrio cholerae analysis

All V. cholerae genomes were uploaded to PathogenWatch (https://p
athogen.watch/) to predict the ST and compare genomes with similar
strains. ARIBA was used to identify the genetic elements of interest.

2.5. Long-read genome analysis

A subset of 68 Vibrio isolates were selected for long-read sequencing.
For the most commonly isolated Vibrio species in this study, V. para-
haemolyticus, 57 isolates were chosen to be representative of the
V. parahaemolyticus STs isolated in this study. An additional three iso-
lates of V. cholerae and eight additional isolates representing eight other
Vibrio species were selected to represent the other Vibrio isolated in this
study. Libraries for the selected isolates were formed from genome ex-
tractions using the Native barcoding kit and were sequenced on a
MinION (Oxford Nanopore Technologies, Oxford, UK). Filtlong v0.2.0
(https://github.com/rrwick/Filtlong) was used to trim long reads using
a 1000 bp cut-off. Long reads were assembled using Canu v2.2 (Koren
et al., 2017), Flye v2.9 (Kolmogorov et al., 2019) and Raven v1.1.10
(Vaser and Siki¢, 2021). To create hybrid assemblies utilising the trim-
med long and short reads, Unicycler v0.4.8 (Wick et al., 2017) was used.
To correct for mismatches, short reads were aligned to the assemblies
using BWA and corrected using five rounds of Pilon v1.22 (Walker et al.,
2014).

ART v2.5.8 (Huang et al., 2012) was used to simulate paired Illumina
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reads from the assemblies. ARIBA was used to search the Illumina and
simulated reads against the NCBI AMR and PlasmidFinder databases.
Abricate v0.9.9 (https://github.com/tseemann/abricate) was used to
help investigate any discrepant ARIBA results between the long/hybrid
assemblies and the short reads. Assemblies that consisted of circular
contigs and were not missing any ARGs or plasmid replicons found using
short reads were taken forward for further investigation.

Abricate with the NCBI AMR, PlasmidFinder and VFDB were used to
identify the location of ARGs, plasmid replicons and virulence genes,
respectively. Abricate matches with identity and coverage values over
90 % were accepted. tBLASTn v2.9.0 (Gertz et al., 2006) was used with
the BacMet database (Pal et al., 2014) to determine the location of
metal-tolerance genes using 90 % identity and coverage cut-offs. ISES-
can v1.7.1 (Xie and Tang, 2017) was used to determine the location of
“complete” insertion sequences (ISs). Genes of interest within 10,000 bp
of an IS were classified as “in close proximity”. IntegronFinder v2.0.3
(Néron et al., 2022) was used to identify integrons. ICEfinder v1.0 was
used to identify ICEs and IMEs.

Plasmid sequences were annotated using BAKTA v1.8.2 (Schwengers
et al., 2021) and genes were clustered using Roary v3.10.2 (Page et al.,
2015) using an identity cut-off of 90 %. EggNOG v5 (Huerta-Cepas et al.,
2019) was used to predict the function of the plasmid-located genes.
MOB-Typer v3.0.3 (Robertson and Nash, 2018) was used to predict the
mobility of the plasmids. The Jaccard distance amongst plasmid se-
quences was estimated based on the presence and absence of genes, with
a dendrogram formed based on the Jaccard distances. Plasmids were
clustered using pling v1.1 (Frolova et al., 2024); Easyfig v2.1 (Sullivan
etal., 2011) was used to align plasmid sequences that clustered together
and IQ-TREE v2.1.2 (Nguyen et al., 2015) was used to form a maximum
likelihood tree of ARG-containing plasmid communities based on core
gene alignments produced using Roary.

For groups of ARGs found on chromosomes (ARGs within 10 kb of
each other), the sequences were extracted along with 10 kb margins on
each side of the ARGs. For each species, the sequences had the ARGs
blocked out before the margins were annotated, then the sequences were
clustered based on the presence of genes and a dendrogram formed for
each species as was performed with the plasmid sequences. For ARG
regions belonging to V. cholerae and V. parahaemolyticus, their closest
location on the reference genomes SAMN12572458 and
SAMDO00058707, respectively, were determined. This was achieved
using BLASTn v2.6.0 and by extending the margins of the ARG regions to
50 kb as using 10 kb margins returned no matches for some ARG regions.
A representative of each chromosomal ARG sequence cluster from each
species was compared using Roary and Easyfig to determine if these
regions were similar amongst Vibrio species.

2.6. Statistical analyses

Statistical analyses were performed in R v4.1.2 (R core team, 2019).
Outside of sequence alignments, figures were created using the
GenomicRanges v1.46.1 (Lawrence et al., 2013), ggbio v1.42.0 (Yin
et al., 2012), ggplot2 v3.4.4 (Wickham, 2016) and ggtree v3.2.1 (Yu
et al., 2017) packages.
2.7. Data availability

Raw Illumina reads were uploaded to the Sequence Read Archive
(SRA) under bioprojects: PRJNA699735, PRJNA1107692 and
PRJNA1155317. Raw MinION reads were uploaded to SRA under
project PRINA1155659.
3. Results
3.1. Vibrio species

A total of 279 prawn and 157 salmon samples were collected from
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retail outlets in Norfolk and cultured for Vibrio, as part of a population-
and market share-weighted longitudinal repeated cross-sectional study
(Janecko et al., 2023). In total, 111 stores were visited: 269 prawn and
153 salmon samples were collected from supermarket chains, and ten
prawn and four salmon samples were collected from independent stores
such as independent grocers and fishmongers.

Salmon and prawn samples were randomly chosen within retail
stores to keep the samples representative of those available to con-
sumers. Of those, 136/279 (49 %) prawn and 4/157 (2.5 %) salmon
samples were confirmed positive for Vibrio (Table 1). Up to two
morphologically typical isolates from TCBS agar were collected from
these samples, preserved and tested further. The exception was three
prawn samples where six isolates were previously collected to measure
diversity of Vibrio present. Analysing more than two TCBS colonies did
not identify more species of Vibrio but did identify more sequence types
(STs) belonging to the same species (Janecko et al., 2021). In total, 202
Vibrio isolates were short-read sequenced for genome analysis.

Of the total prawns collected, 224 were derived from aquaculture-
type production systems, 41 were labelled as wild-caught, and 14
samples did not contain production type information. Vibrio was iden-
tified in 127 (57 %) aquacultured samples, whilst four (9.8 %) wild-
caught samples contained Vibrio, a statistically significantly difference
(two proportion t-test: p = 7.8 x 1079 (Fig. 1). Vibrio was identified in
five (36 %) samples from unknown production systems. V. anguillarum
and V. diabolicus were cultured from both aquacultured and wild-caught
prawns. V. aestuarianus, V. alginolyticus, V. brasiliensis, V. campbellii, V.
cholerae, V. harveyi, V. hepatarius, V. metschnikovii, V. mimicus, V. owensii,
V. parahaemolyticus, V. sp006124995, V. vulnificus and a putative novel
V. species were only isolated from aquacultured prawn samples or
samples whose production system was unknown (Fig. 2). The potential
novel species was isolated from two prawn samples and could only be
classified to the Vibrio genus level by GTDB-Tk, however, the isolates
contained 99.96 % average nucleotide identity to each other. No Vibrio
species were solely isolated from wild-caught prawns.

Of the total salmon samples collected, 96 were derived from aqua-
culture production systems, 58 were derived from wild-caught produc-
tion systems and three samples did not have production type
information. Vibrio was identified in three (3.1 %) aquaculture samples,
whilst one (1.7 %) wild-caught sample contained Vibrio (Fig. 1). Vibrio
was not recovered from the unknown production type samples.
V. anguillarum were isolated from both aquacultured and wild-caught
salmon. V. alginolyticus was only isolated from aquacultured salmon.
No Vibrio species were solely isolated from wild-caught salmon.

Vibrio was associated with specific prawn species (Fisher’s exact test:
p-value <1 x 10~7) but not salmon species (Fisher’s exact test: p-value
= 0.19), although only four salmon samples were positive for Vibrio.
However, food production system was associated with prawn (Fisher’s
exact test: p-value <1 x 1077) and salmon (Fisher’s exact test: p-value
<1 x 107) species. (Fig. S1). For prawns, Litopenaeus vannamei
(whiteleg shrimp) and Penaeus monodon (giant tiger prawn) were the
most commonly sampled species and all Vibrio species identified in this
study were found on one or both of these prawn species. In addition,

Table 1
Number of seafood samples investigated.

Commodity ~ Samples Vibrio-positive Vibrio isolates
investigated samples investigated®

Prawns 279" 136 (49 %) 198"

Salmon 157 4 (2.5 %) 4

@ Up to two Vibrio isolates were isolated from each positive sample apart from
three prawn samples where six samples were investigated.

b 214 prawn samples were previously investigated in Janecko et al. (2021)
yielding 148 Vibrio isolates; an additional 65 prawn samples yielding 50 addi-
tional Vibrio genomes as well as the 157 salmon samples were examined in this
study.
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B. Prawn proportion
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Fig. 1. Number (A and C) and proportion (B and D) of prawn (A and B) and salmon (C and D) that were positive for Vibrio by culture, separated by their method of
production. The error bars represent the 95 % confidence intervals using a binomial distribution, and the brackets indicate if the proportions are signifi-

cantly different.

V. anguillarum was also isolated from Pleoticus muelleri (Argentina red
shrimp), and V. diabolicus was also isolated from Crangon crangon
(brown shrimp), Pandalus borealis (caridean shrimp) and P. muelleri. For
salmon, V. anguillarum was isolated from Oncorhynchus nerka (sockeye
salmon) and Salmo salar (Atlantic salmon), and V. alginolyticus was
isolated from S. salar.

The origin of seafood samples varied amongst food commodities. For
prawn samples, four (1.4 %) were produced domestically, 232 (83 %)
were imported and the origin was unknown for 43 samples (15 %)
(Fig. S2). Vibrio was isolated from 3/4 (75 %) of domestic prawn samples
and 129/232 (56 %) of imported prawn samples, but these percentages
were not significantly different (Fisher’s exact test: p-value = 0.63). For
salmon samples, 53 (34 %) were produced domestically, 22 (14 %) were
imported, 23 (15 %) were associated with a mixture of imported and
domestic sources, and the origin was unknown for 59 samples (38 %).
Vibrio was isolated from 3/53 (5.7 %) of domestic salmon samples and
none of the imported salmon samples, but these percentages were not
significantly different (Fisher’s exact test: p-value = 0.55).

3.2. Vibrio ARG determinants

Vibrio isolates contained 0-16 different ARGs using ARIBA (Fig. 2).
No ARGs were identified in V. aestuarianus, V. brasiliensis, V. diabolicus,
V. harveyi, V. hepatarius or V. mimicus. ARGs were identified in
V. alginolyticus, V. anguillarum, V. campbellii, V. cholerae, V. metschnikovii,
V. owensii, V. parahaemolyticus, V. sp006124995, V. vulnificus and the
putative novel Vibrio species. A larger percentage of Vibrio from aqua-
cultured prawns (82 %) contained ARGs compared to wild-caught
prawns (0 %) and these percentages were significantly different (two
proportion t-test: p-value = 7.3 x 107°). A larger percentage of Vibrio
from salmon (67 %) contained ARGs compared to wild-caught salmon
(0 %), but these percentages did not significantly differ (two proportion

t-test: p-value = 0.37), likely due to the small number of Vibrio isolates
from salmon. MDR was identified in V. cholerae (3/10), V. owensii (1/
12), V. parahaemolyticus (40/125), V. sp006124995 (4/17) and
V. vulnificus (1/3), all derived from aquacultured prawn samples or
prawn samples whose production system was unknown.

3.3. V. parahaemolyticus comparison with publicly available genomes

V. parahaemolyticus was the most common Vibrio species isolated in
this study (125/202) and was exclusively from aquacultured prawns or
prawns whose production type was unknown. This set of isolates was
compared with publicly available V. parahaemolyticus genomes for
context (n = 1447) (Fig. S3). Publicly available V. parahaemolyticus
genomes were attributed to birds, clams, crabs, deer, environment, fish,
humans, molluscs, otters, planktons, prawns or an unknown source.
Genomic comparisons between V. parahaemolyticus genomes sequenced
in this study and publicly available genomes identified two ARGs
considered core ARGs (>95 % of isolates): blaCARB (99.9 % of isolates)
and tet(35) (99.4 % of isolates) genes. V. parahaemolyticus genomes that
contained more than these core ARGs were isolated from environmental,
fish, human, mollusc, plankton, prawn (those collected in this study and
those that are publicly available) or unknown sources (Fig. S3).

Virulence gene analysis of V. parahaemolyticus isolates found 38 core
and 35 accessory virulence genes. The distribution of the number of
virulence genes was bimodal, with 1400 V. parahaemolyticus genomes
containing 27-43 virulence genes, and 172 containing 55-72 virulence
genes (Fig. S3). The V. parahaemolyticus isolates collected in this study
contained 30-41 virulence genes. All prawn-derived isolates contained
the tlh toxin gene and genes encoding for T3SS1 effectors, but these
virulence genes are core to V. parahaemolyticus (Table S1). None of the
prawn V. parahaemolyticus isolates collected from this study or publicly
available isolates from prawns contained genes associated with
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Fig. 2. Number of Vibrio isolates by species from prawns (A) and salmon (B), and the number of antimicrobial resistant genes found in Vibrio from prawns (C) and

salmon (D), coloured by method of production.

gastrointestinal disease (tdh or trh toxin genes, or genes encoding T3SS2
effector proteins), nor did 32 % of the analysed publicly available
V. parahaemolyticus isolates from humans.

Analysis of known plasmid replicons found IncA/C2 in 4 % of
V. parahaemolyticus isolates from prawns in this study and 1 % of prawn
isolates from other studies. IncQl was identified in 8 % of
V. parahaemolyticus isolates from prawns in this study, 3 % of publicly
available isolates from prawns, and 0.2 % of publicly available isolates
from molluscs. Six other plasmid replicons were identified in the pub-
licly available dataset of V. parahaemolyticus genomes, but none of these
six were found in prawns from this study.

The V. parahaemolyticus genomes sequenced in this study and in the
publicly available dataset belonged to 577 STs, 353 of which had pre-
viously been described, leaving 224 undescribed STs (Table S2).
V. parahaemolyticus cultured from prawns in this study belonged to 72
STs. However, only two of these STs were also identified from human
sources: ST-674 and a novel ST (FY). The most closely related human-
derived V. parahaemolyticus ST-674 isolate to a seafood-derived isolate
from this study differed by 324 SNPs and was isolated from the United
States in 2006 (Fig. S4). For novel ST-FY, the most closely related human
isolate differed by 81 SNPs and was isolated from China in 2010
(Fig. S5).

3.4. Vibrio cholerae comparison

V. cholerae was isolated from ten aquacultured prawn samples and a
single isolate from each sample was analysed. These ten V. cholerae
isolates contained 139-147 virulence genes, but none contained genes
encoding for the cholera toxin genes ctxA or ctxB, and no isolates were
identified as belonging to the pandemic V. cholerae lineages O1 or 0139.
Of the V. cholerae isolates, 0-12 ARGs were identified with one isolate
containing the carbapenemase encoding gene, blaNDM-1. This isolate
also contained the IncA/C2 plasmid replicon. No other plasmid replicons
were found in the remaining V. cholerae isolates. Two of the V. cholerae
isolates belonged to ST-833, and the rest belonged to novel STs. Path-
ogenWatch had no other isolates belonging to these STs, therefore no
further comparison was possible.

3.5. Long-read analysis

Long-read genomics were used to determine what MGEs were asso-
ciated with ARGs in Vibrio, which may enable AMR to spread in this
genus. The 125 V. parahaemolyticus isolates collected from prawns in this
study belonged to 72 STs. ST-722 was the most common ST, with 30 ST-
722 isolated from prawns. For the remaining 71 STs, 1-4 isolates were
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cultured from prawns. Three ST-722 V. parahaemolyticus genomes were
long-read sequenced along with 54 other V. parahaemolyticus genomes
representing 54 additional STs. In addition, three V. cholerae, one
V. diabolicus, one V. harveyi, one V. hepatarius, one V. metschnikovii, one
V. mimicus, one V. owensii, one V. sp006124995 and one V. vulnificus
genomes were long-read sequenced to represent the other Vibrio species
isolated from seafood.

Of the 68 Vibrio genomes that were long-read sequenced, 64 con-
tained ARGs identified using Abricate. Abricate identified additional
ARGs to ARIBA in one V. cholerae, one V. diabolicus and two
V. parahaemolyticus isolates, likely because these ARGs were found in
duplicate in the assemblies, or were close to the 90 % identify coverage
cut-off, preventing their detection by ARIBA.

Collectively, the 68 Vibrio long-read assemblies contained 261 ARGs
using Abricate, 64 (25 %) of which were found on plasmids and 197 (75
%) on chromosomes. However, only eight of these isolates contained
ARG-containing plasmids: seven V. parahaemolyticus and one V. cholerae
genome (Fig. S6). Of the ARGs found on plasmids, 98 % were in close
proximity to an IS, whilst 37 % of those on chromosomes were in close
proximity to an IS (Fig. 3). On plasmids, ARGs were predominantly in
close proximity to IS6/1526 (64 %) (Fig. 3).

Chromosomal Vibrio ARGs could be intrinsic or acquired.
V. parahaemolyticus has two intrinsic ARGs on its chromosomes: bla-
CARB and tet(35). The blaCARB ARG found on the V. diabolicus genome

A. Plasmid
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is also likely intrinsic (Sebastian et al., 2025). These intrinsic ARGs
comprised 58 % of the chromosomal ARGs and only 8.7 % were asso-
ciated with an IS (Fig. S7). The remaining 42 % of chromosomal ARGs
we presumed to be acquired and 76 % of which were in close proximity
to an IS, most commonly to IS91 (41 %).

Metal-tolerance genes were investigated as they can be co-selected
for with ARGs (Kang et al., 2018). A total of 1329 metal-tolerance
genes were identified in the 68 isolate subset that were long-read
sequenced, 62 (4.7 %) of which were found on plasmids and 1257
(95 %) were found on chromosomes. Of those found on plasmids, all
were in close proximity to an IS, whilst 6 % of those on chromosomes
were in close proximity to an IS (Fig. 3). Metal-tolerance genes on
plasmids were predominantly in close proximity to IS6/1S26 (77 %) and
IS110 (37 %), whilst on the chromosomes there was no IS type pre-
dominantly in close proximity to metal-tolerance genes. Collectively,
2413 virulence genes were identified in the 68 isolate long-read subset,
all of which were found on chromosomes, and 2 % were in close prox-
imity to an IS. There was no IS type predominantly in close proximity to
virulence genes.

3.6. Plasmid analysis

Eighty-one plasmids were identified in the 68 isolate long-read
subset and clustered into 34 plasmid communities (Fig. S8). One of
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the plasmid communities consisted of three plasmid sequences that
contained the IncA/C2 plasmid replicon and ARGs, another plasmid
community consisted of five plasmid sequences that contained ARGs,
and one plasmid community consisted of a single plasmid sequence that
contained an ARG. The remaining 31 plasmid communities consisted of
plasmid sequences without any known ARGs.

Alignments of the plasmid communities that contained the IncA/C2
replicon (Fig. 4A) and the other plasmid community that consisted of
multiple plasmid sequences that contained ARGs (Fig. 4B) demonstrated
that they had conserved backbones with variable regions that contained
ARGs and ISs. Vibrio isolates with ARG-containing plasmids were
collected from different Litopenaeus vannamei prawn samples aqua-
cultured in Thailand or Vietnam. Plasmids belonging to these commu-
nities also contained metal-tolerance genes. The function of the 72 non-
ARG-containing plasmids is unclear as there was variation in the pres-
ence of genes attributed to different functional groups (Fig. S9).

3.7. Chromosome ARG analysis

Vibrio has two chromosomes, and long-read analysis enabled deter-
mination of the genetic content of the Vibrio chromosomes, the location
of ARGs and whether or not the ARGs were associated with any MGEs.
The location of the 167 chromosomal ARGs amongst the 68 isolate
subset were compared amongst the Vibrio species.

Analysis of the ARGs on the chromosomes of the 57
V. parahaemolyticus genomes that were long-read sequenced identified
12 regions that contained ARGs (Fig. S10). All genomes contained a
region on chromosome 1 that contained tet(35) (Region 1) and a region
on chromosome 2 that contained a blaCARB gene (Region 2). There was
variation in the blaCARB gene with Abricate identifying different bla-
CARB genes at this position for different isolates. This was supported by
ARIBA short-read analysis that also found different blaCARB gene vari-
ants in different isolates but found sufficient sequence similarity to
cluster them together: 4-20 SNPs difference (97.7-99.5 % identity). The
remaining ten ARG-containing regions were variably found in
V. parahaemolyticus genomes throughout chromosome 1 (Regions 3-12)
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(Fig. S11).

Analysis of ARGs on the chromosomes of the three V. cholerae ge-
nomes identified four regions that contained ARGs (Fig. S12). All three
V. cholerae genomes contained varG on chromosome 1 (Region 1).
However, one V. cholerae isolate that was not long-read sequenced
contained no ARGs, so this ARG region is not common to all V. cholerae
genomes. Chromosome 1 also contained two other regions that con-
tained ARGs, but these were variably found in the three V. cholerae
isolates analysed (Regions 2-3) (Fig. S13). ARGs were identified within
chromosome 2 of all three isolates, where the Sedentary Chromosomal
Integron (SCI) is located (Region 4). Due to the repetitive nature of this
SCI, some V. cholerae isolates contained multiple copies of the same ARG
in this region.

In the remaining Vibrio species, V. diabolicus, V. metschnikovii, V.
sp006124995 and V. vulnificus genomes, each contained one ARG-
containing region. The V. harveyi, V. hepatarius, V. mimicus and
V. owensii genomes examined contained no ARG-containing regions.
Comparisons of chromosomal ARG regions amongst Vibrio species
identified four chromosomal ARG regions that were similar amongst
different Vibrio species (Fig. 5): two contained similar ARGs, ISs and
margins, indicating a potentially transmissible element with a predi-
lection for certain regions of the Vibrio genome (A and C); one contained
similar margins and ARGs but no ISs to move them, indicative of an ARG
region conserved amongst different Vibrio species (B); and one consisted
of similar ARG regions and ISs but the margins were different, indicative
of an ARG region found in different sections of the genome (D). Cluster D
was found in a V. metschnikovii and two V. parahaemolyticus genomes,
but in separate genome regions for these isolates. Clusters A, C and D
consisted of isolates obtained from L. vannamei prawns produced in
Vietnam or multiple countries including Vietnam (Table S3). Cluster B
was found in all V. parahaemolyticus isolates, preventing further com-
parisons with sample metadata.

Amongst the 68 Vibrio isolates, 106 ICEs and 46 IMEs were identified.
ICEs and IMEs were found in 63/68 of the long-read Vibrio subset; they
were not found in the V. harveyi genome, one of the V. cholerae genomes
and three of the V. parahaemolyticus genomes. Amongst V. cholerae and
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Fig. 5. Alignments of representative chromosomal ARG-containing regions found in different Vibrio species (Clusters A-D), with dendrograms based on the presence
and absence of genes, metadata on the Vibrio species from which they originate and genetic elements highlighted. Bars between plasmid sequences represent

sequence similarity.

V. parahaemolyticus genomes, ICEs/IMEs were found on chromosomes 1
and 2. Five chromosomal ARG regions co-located with ICEs/IMEs:
V. parahaemolyticus ARG regions 1 (3/57), 3 (1/1) and 9 (1/1).
V. parahaemolyticus ARG region 9 is part of the cluster D ARG region
cluster with V. parahaemolyticus ARG region 7 and the ARG region
identified in V. metschnikovii, but these other ARG regions were not co-
located with ICEs/IMEs.

Amongst the 68 Vibrio isolates, 6135 integrons were identified: 4183
were complete, 1898 were clusters of attCs lacking an associated
integron-integrase (CALIN), and 54 were missing gene cassettes (InO
element). These were identified in all Vibrio species. Amongst V. cholerae
and V. parahaemolyticus genomes, integrons were found on chromosome
1 and 2. Four chromosomal ARG regions were co-located with integrons:
V. cholerae ARG regions 3 (1/1) and 4 (2/5), and V. parahaemolyticus
ARG region 11 (1/1). These ARG regions were not shared between Vibrio
species.

4, Discussion

Vibrio is the most important genus of human bacterial pathogens
associated with marine and coastal waters, and seafoods associated with
these environments. Human Vibrio infections are increasing in incidence
worldwide in part due to climate change increasing ocean temperatures
and the regions in which Vibrio can thrive (Archer et al., 2023; Vezzulli
et al., 2016), a lack of regulations regarding traded seafood, and more
frequent use of coastal waters for recreation (Baker-Austin et al., 2024).

This study took a molecular approach to characterise the potential
transmissibility of ARGs in Vibrio by using genomics to investigate the
potential health risk from consuming contaminated seafood.
Aquaculture is the cultivation of aquatic organisms in a controlled
environment. This often involves a large density of these organisms,
where risk of infection and disease is high, including disease caused by
Vibrio (Sony et al., 2021). In response, antimicrobials are often used in
aquaculture to prevent and treat disease (Chowdhury et al., 2022).
Prawns produced through aquaculture systems are associated with
increased contamination with Vibrio, as we have previously shown
(Janecko et al., 2023). In this study, we demonstrated that species
pathogenic to humans such as V. cholerae, V parahaemolyticus and
V. vulnificus were only isolated from aquacultured prawns or prawns
whose production could not be determined. Vibrio species V. alginolyticus
and V. anguillarum were isolated from aquacultured and wild-caught
salmon but were rarely identified (2.5 %) and rarely cause human in-
fections (Sinatra and Colby, 2018; Uh et al., 2001). A larger percentage
of Vibrio isolates from aquacultured prawns were associated with AMR
Vibrio compared to isolates from wild-caught prawns, but insufficient
Vibrio isolates from salmon were recovered to determine if this is the
case for salmon. The increase in aquaculture-produced seafood and
associated AMR may be contributing to the increased detection of AMR
Vibrio from patients (Koutsoumanis et al., 2024). It is possible that if
more wild-caught prawn samples were cultured for Vibrio then we may
isolate AMR or Vibrio pathogenic to humans. However, the proportion of
wild-caught prawn samples that were positive for AMR or Vibrio
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pathogenic to humans were lower than that of aquacultured prawns.

Vibrio species vary in their tolerance to different salinities (Naughton
et al.,, 2009). The wild-caught prawn were likely caught at sea and
exposed to salinity of 33-37 parts per million (ppm) (NOAA, 2023).
Aquaculture environments for prawns vary between prawn species but
are usually lower in salinity compared to the ocean (Li et al., 2017;
Tantulo and Fotedar, 2006). This may explain why Vibrio species not
tolerant to high salt concentrations such as V. cholerae (Miller et al.,
1984) were not found in wild-caught prawns. However, V. cholerae has
been detected in coastal and transitional regions of the ocean associated
with reduced salinity (Goh et al., 2017; Gyraite et al., 2019).

The V. parahaemolyticus species includes strains that are and are not
pathogenic to humans, and this species was associated with aqua-
cultured prawn samples. We previously demonstrated how diverse the
population of Vibrio on prawns can be, including the presence of mul-
tiple V. parahaemolyticus STs on individual samples (Janecko et al.,
2021). V. parahaemolyticus strains that are and are not pathogenic to
humans have been isolated from seafood sources (Lopez-Joven et al.,
2015). V. parahaemolyticus isolates from human clinical cases are often
associated with thermostable direct hemolysin (TDH) or TDH-related
hemolysin (TRH), which form pores in host cells, altering the intracel-
lular concentration of various ions (Honda et al., 1992; Takahashi et al.,
2000), and the T3SS2 that injects many effector proteins into host cells
(Meador et al., 2007). We did not identify any V. parahaemolyticus iso-
lates from prawn samples in this study that contained genes encoding for
these toxins or TS332, nor were these genes found in any of the publicly
available V. parahaemolyticus genomes from prawns compared in this
study, suggesting that V. parahaemolyticus from prawns may be
non-pathogenic to humans. However, similar to other studies (Jones
et al., 2012), we found that 32 % of the publicly available
V. parahaemolyticus isolates from humans, which would predominantly
derive from clinical cases, also did not contain these genes. In addition,
two V. parahaemolyticus isolates collected from prawns in this study
belonged to the same ST as isolates collected from humans, despite the
small number of publicly available human isolates for comparison (n =
340). Furthermore, Lynch et al. (2005) found that V. parahaemolyticus
can damage host cells using other mechanisms in the absence of these
toxins. This suggests that prawns do have the potential to contribute to
human V. parahaemolyticus infection cases, and V. parahaemolyticus
pathogenicity must be examined outside of the tdh, trh and T3SS2
virulence genes.

Long-read sequencing enabled the determination of which MGEs
were potentially responsible for the transmission of AMR. We identified
multiple communities of plasmids, but only three contained ARGs. The
ARGs on plasmids were usually in close proximity to 1S6/1S26 that
facilitate the movements of ARGs in other Gram-negative bacteria
(Bloomfield et al., 2022). One of the plasmid types, IncA/C2, was found
in V. cholerae and V. parahaemolyticus and has previously been described
as an important vehicle of ARG transmission for these species (Li et al.,
2015), including epidemic cholera strains (Folster et al., 2014). In this
study the carbapenemase resistant gene, blaNDM-1, was located on this
plasmid. The presence of this plasmid type in different Vibrio species
suggests it can spread ARGs across the species barrier. However, most of
the plasmids we identified in this study had no plasmid type marker or
ARGs, but did contain a range of genes of various functions; therefore,
their overall effect on their Vibrio host remains to be determined.

ARGs can be found throughout the genome, not only on plasmids,
and in Vibrio we found that three quarters of the ARGs were found on the
chromosome. These may be more stable than plasmid-encoded ARGs
and allow for ARG distribution in the absence of an antimicrobial se-
lective pressure (Hirai et al., 2013). However, they were not evenly
distributed across the two Vibrio chromosomes, with most chromosomal
ARG regions on V. cholerae and V. parahaemolyticus associated with
chromosome 1. However, one ARG region was found on chromosome 2
of V. cholerae, associated with its SCI that consists of a promoter fol-
lowed by a cassette of genes that can be re-arranged and those closest to
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the promoter are expressed (Vit et al., 2021). Transcriptomics and
phenotypic testing would be required to determine if ARGs in this SCI
are expressed.

Vibrio chromosomes can carry both intrinsic and acquired ARGs.
V. parahaemolyticus comprised most of the genomes selected for long-
read sequencing, and all isolates contained two ARGs, tet(35) gene on
chromosome 1 and blaCARB on chromosome 2. blaCARB has been
described as intrinsic to V. parahaemolyticus, responsible for resistance to
ampicillin (Jiachi et al., 2015). tet(35) has also been described to be
intrinsic to V. parahaemolyticus (Vandeputte et al., 2024), but many
V. parahaemolyticus isolates with the tet(35) gene are susceptible to
tetracycline (Wang et al., 2025). V. diabolicus is also predicted to have an
intrinsic blaCARB gene (Sebastian et al., 2025). This ARG was missed by
ARIBA likely due to its low identity compared to the closest reference
but was identified using Abricate to be in a similar chromosomal region
to the intrinsic blaCARB gene in V. parahaemolyticus, supporting it being
classified as intrinsic to V. diabolicus. All the V. metschnikovii isolates
collected in this study had the tet(B) gene. However, all V. metschnikovii
isolates in this study were recovered from one sample and
tetracycline-sensitive V. metschnikovii isolates have been isolated
(Hakonsholm et al., 2020) so we did not classify tet(B) as intrinsic to this
species. Few intrinsic ARGs were associated with an MGE; 8.7 % were
associated with an IS, 2.6 % were associated with an ICE/IME and none
were associated with integrons. Excluding these, we were left with the
presumptive acquired chromosomal ARGs, 76 % of which were associ-
ated with an IS, most commonly IS91, 2.4 % of which were associated
with an ICE/IME and 12 % of which were associated with an integron.

Comparisons of chromosomal ARG regions amongst different Vibrio
species identified three ARG regions that were similar, associated with
MGEs and found in different Vibrio species, indicating that chromosomal
ARG regions could potentially be transmitted amongst different Vibrio
species. This highlights the plasticity of the Vibrio genome and how this
might allow the genus to transmit ARGs through a variety of mecha-
nisms (Verma et al., 2019).

Vibrio isolates containing ARG plasmids or chromosomal ARG re-
gions similar amongst different Vibrio species were isolated from
L. vannamei from Thailand, Vietnam or attributed to multiple countries
including these two countries. However, 67 % of prawn samples inves-
tigated were L. vannamei, and 2.9 % were from Thailand, 33 % were
from Vietnam, and 14 % were attributed to multiple countries. There-
fore, it is difficult to determine if this species of prawn or these countries
are associated with increased ARG spread in Vibrio or if they are simply
the most commonly imported prawn food type to the United Kingdom.
In addition, during the time that these seafood samples were investi-
gated and since then, Thailand and Vietnam have introduced regulations
and monitoring to decrease antimicrobial usage in the aquaculture
sector (Carrique-Mas et al., 2023; Lekagul et al., 2023). Further research
is required to determine if this has altered the prevalence of AMR Vibrio
on prawns from these countries.

One of the limitations of this study is that we only investigated
genotypic evidence of AMR not phenotypic evidence. This is important
as many studies have found discrepancies between the presence of ARGs
in Vibrio and AMR phenotypes (Lepuschitz et al., 2019; Sebastian et al.,
2025). Vibrio AMR is further complicated by how culture conditions can
influence the AMR phenotype, e.g., aerobic versus anaerobic environ-
ments (Creasy-Marrazzo et al., 2022). Despite this, through the use of
long-read sequencing this study was able to identify ARGs associated
with MGEs that have the potential to be spread amongst Vibrio and
identify other factors that may influence the AMR phenotype, e.g., the
location of ARGs on SCIs. This approach may be used to identify the
mobility potential of other genetic risk factors.

Aquaculture practices vary worldwide but could be adjusted to
prevent the spread of AMR Vibrio. This could include reducing the use of
antimicrobials (Tendencia and de la Pena, 2001), preventing fish and
prawns being exposed to pathogenic and AMR bacteria by stopping
livestock waste being used as a nutrient source (Petersen and Dalsgaard,
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2003), and sterilising recirculated water (Wang et al., 2019). The
development of vaccines (Lin et al., 2013) and maintaining aquatic
environments that encourage strong immune systems (Lin et al., 2012)
could also decrease the risk of infectious diseases and therefore the need
for antimicrobials.

5. Conclusions

Aquacultured prawns were associated with AMR Vibrio and Vibrio
pathogenic to humans. The high level of AMR is made possible by the
large arsenal of MGEs found in the Vibrio genome that enable ARGs to be
spread amongst Vibrio belonging to the same and different species.
Aquaculture practices may need to be adjusted in order to prevent the
spread of pathogenic and AMR Vibrio.
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