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A B S T R A C T   

Vibrio parahaemolyticus is the leading bacterial cause of gastroenteritis associated with seafood consumption 
worldwide. Not all members of the species are thought to be pathogenic, thus identification of virulent organisms 
is essential to protect public health and the seafood industry. Correlations of human disease and known genetic 
markers (e.g. thermostable direct hemolysin (TDH), TDH-related hemolysin (TRH)) appear complex. Some iso
lates recovered from patients lack these factors, while their presence has become increasingly noted in isolates 
recovered from the environment. Here, we used whole-genome sequencing in combination with mammalian and 
insect models of infection to assess the pathogenic potential of V. parahaemolyticus isolated from European 
Atlantic shellfish production areas. We found environmental V. parahaemolyticus isolates harboured multiple 
virulence-associated genes, including TDH and/or TRH. However, carriage of these factors did not necessarily 
reflect virulence in the mammalian intestine, as an isolate containing TDH and the genes coding for a type 3 
secretion system (T3SS) 2α virulence determinant, appeared avirulent. Moreover, environmental 
V. parahaemolyticus lacking TDH or TRH could be assigned to groups causing low and high levels of mortality in 
insect larvae, with experiments using defined bacterial mutants showing that a functional T3SS1 contributed to 
larval death. When taken together, our findings highlight the genetic diversity of V. parahaemolyticus isolates 
found in the environment, their potential to cause disease and the need for a more systematic evaluation of 
virulence in diverse V. parahaemolyticus to allow better genetic markers.   

1. Introduction 

Vibrio parahaemolyticus, a common halophilic bacterial species that 
inhabits estuarine and marine environments, is the leading bacterial 
cause of infection associated with the consumption of raw or under
cooked seafood worldwide (Su and Liu, 2007). Historically most cases of 
human infection have been reported in tropical and sub-tropical regions 
(Nair et al., 2007; Pan et al., 1997). However, climate-driven increases 
in seawater temperature have contributed to the global expansion of 
Vibrio-related illnesses in temperate regions (Baker-Austin et al., 2013; 
Deter et al., 2010; Martinez-Urtaza et al., 2018; Vezzulli et al., 2013). 
The prevailing dogma asserts that not all V. parahaemolyticus strains are 
pathogenic; however, correlations between genetic markers for 

virulence and clinical infections are not straightforward (Froelich and 
Noble, 2016). 

Early studies identified an association between human infection and 
strains that exhibit hemolytic activity on Wagatsuma’s media, a 
phenotype commonly known as the Kanagawa phenomenon and 
attributed to the production of thermostable direct hemolysin (TDH) 
encoded by the tdh gene. Five variants of tdh (tdh1-tdh5) have been re
ported with 96–99% nucleotide similarity (Baba et al., 1991; Nishibuchi 
and Kaper, 1990; Sakurai et al., 1973). TDH-related hemolysin (TRH) 
producing strains have also been described, and while these isolates 
appear Kanagawa negative, they have also been linked to disease 
(Honda et al., 1988; Kishishita et al., 1992). TRH, encoded by the trh 
gene, exists as two variants, trh1 and trh2, which share 84% nucleotide 
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similarity (Kishishita et al., 1992). Previously, TDH and/or TRH pro
ducing strains were rarely recovered from the environment (Nair et al., 
2007). However, in recent years a number of studies have documented 
the isolation of TDH and/or TRH-producing isolates from shellfish, 
seawater or sediments (Bacian et al., 2021; Hazen et al., 2015; 
Hervio-Heath et al., 2002; Jones et al., 2012; Wagley et al., 2008). 
Concomitantly, non-TDH/TRH-producing isolates have been recovered 
from patients (Bhoopong et al., 2007; Jones et al., 2012; Ottaviani et al., 
2012; Xu et al., 2015). Consequently, the factors that equate to species 
pathogenicity have become less clear, further complicated by the dis
covery that V. parahaemolyticus harbours an extensive arsenal of attri
butes which may affect V. parahaemolyticus virulence. This arsenal 
includes two type six secretion systems (T6SS), various adhesins and 
toxins (e.g. ZOT, HlyA), and two type three secretion systems (T3SS), 
located on chromosome 1 (T3SS1) and chromosome 2 (T3SS2) (Makino 
et al., 2003). Notably, while T3SS1 has been detected in all 
V. parahaemolyticus, this is not the case for T3SS2; the two recognised 
clades, T3SS2α and T3SS2β, are found in trh- and trh+ isolates, respec
tively (Park et al., 2000). 

Most research has focused on the tdh+ (trh-) O3:K6 pandemic refer
ence isolate RIMD2210633 (Makino et al., 2003). Less is known about 
the pathogenic properties of trh+ isolates although the emergence of 
genetic variants of clinical relevance has occurred. For example, the 
highly pathogenic ST36 clonal group came to the fore in 2012 following 
disease outbreaks in the Pacific Northwest, the Northeast coast of the 
United States, and the Northwest coast of Spain (Martinez-Urtaza et al., 
2018). Epidemiological data suggest that trh+ strains have higher attack 
rates and cause more severe disease (Martinez-Urtaza et al., 2016; 
McLaughlin et al., 2005), although their pathogenic mechanisms remain 
less well explored (Raghunath, 2014), in part hindered by a paucity of 
data from mammalian models. 

Several in vivo models have been used to study V. parahaemolyticus 
infection. The enterotoxic nature of V. parahaemolyticus infection was 
first demonstrated using rabbit ileal loops, where roles for tdh and 
T3SS2α were uncovered (Hiyoshi et al., 2010; Park et al., 2004). 
Conversely, intraperitoneal infections in mice revealed role(s) for T3SS1 
in systemic infection (Hiyoshi et al., 2010; Pineyro et al., 2010). Gut 
microbiota-based colonisation resistance limits murine oral infection 
studies although models based on antibiotic pre-treatment or germ-free 
mice have recently been described (Yang et al., 2019). However, 
microbiota loss could create a bias in deciphering V. parahaemolyticus 
pathogenicity as it was recently shown that microbiota appear to play a 
role in augmenting V. parahaemolyticus infection (Wang et al., 2020). 
Infant rabbits are susceptible to oral infection of V. parahaemolyticus and 
use of this host has revealed insights into the pathological changes that 
occur during the course of infection for RIMD2210633 (Ritchie et al., 
2012) and identified roles for effectors involved in intestinal pathology 
and colonisation (Hu et al., 2021; Zhou et al., 2013, 2012). 
Non-mammalian model hosts such as wax moth (Galleria mellonella) 
larvae offer an alternative system for deciphering virulence (Champion 
et al., 2016). While infection of larvae revealed a putative role for mutT, 
a gene coding for a nudix hydrolase, in TDH/TRH-negative strains 
(Wagley et al., 2018), the impact of hemolysin(s) or the T3SSs has not 
been assessed. 

The purpose of this study was to examine the diversity and patho
genic capability of V. parahaemolyticus isolates collected from the 
environment of European Atlantic shellfish production areas. Whole 
genome sequencing and comparative analysis was used to explore the 
genetic diversity of the species whereas pathogenic capability was 
assessed using a mammalian infection model and an insect larvae 
mortality model. When taken together, our findings highlight gaps in 
knowledge about the food safety risk posed by V. parahaemolyticus iso
lates found in the shellfish environment and the virulence mechanisms 
that underpin their ability to cause disease. 

2. Materials and methods 

2.1. Bacterial strains 

Eleven V. parahaemolyticus isolates were selected based on sampling 
date, location and origin from a larger collection of mainly environ
mental isolates obtained over a 15-year period to provide a diverse 
group of organisms for subsequent genetic analysis (Table 1). These 
isolates were designated IFVp. In addition, eight previously sequenced 
V. parahaemolyticus genomes were obtained from the NCBI database 
(hereafter designated NCBI genomes): five clinical isolates 
(RIMD2210633 (Makino et al., 2003), ATCC 17802 (Yang et al., 2015), 
CDC_K4557 (Ludeke et al., 2015), MAVP-Q (Xu et al., 2017) and 
VN-0028 (NCBI 2015)) and three environmental isolates (FORC_014 
(Ahn et al., 2016), FDA_R31 (Ludeke et al., 2015), and BB22OP (Jensen 
et al., 2013)) for genetic comparisons. The NCBI genomes were selected 
based on having complete genomes (except for VN-0028) and distinct 
tdh/trh gene profiles. For the infection experiments in G. mellonella, the 
following previously described deletion mutants of RIMD2210633 were 
used: ΔtdhAS (aka POR1), ΔT3SS1 (ΔvscN1), ΔT3SS2 (ΔvscN2) and the 
triple mutant (aka POR3, ΔtdhAS ΔvcrD1 ΔvcrD2) (Hiyoshi et al., 2010). 

2.2. Whole-genome sequencing (WGS), assembly, and annotation 

IFVp strains for WGS were initially grown on Luria-Bertani agar 
containing 3% NaCl (LBS) at 37◦C for approx. 18 h, prior to the aseptical 
transfer of a single colony into 1.5 mL of peptone buffered-water (PBW: 
20 gL− 1 of peptone, 20 gL− 1 of sodium chloride) and subsequent incu
bation with shaking for 18 h at 37◦C. DNA was extracted from the 
bacterial cells using the GenElute™ Bacterial Genomic DNA kit (Sigma- 
Aldrich, UK) following manufacturer’s recommendations. The purity 
and concentration of extracted DNA was assessed from 260/280 nm 
readings taken using the Epoch™ Microplate Spectrophotometer (Bio
Tek, USA). DNA integrity was verified by electrophoresis with a 2% 
agarose gel. DNA extracts were sent to the GATC platform (Eurofins, 
France) for sequencing (Illumina HiSeq 4000 type paired-end 
(2×150bp) 450 bases, approximately 5 million read pairs and 100X 
average coverage). 

Quality of reads was verified using FastQC v0.11.5 and reads were 
mapped using Bowtie2 (Langmead et al., 2019). The sequences were 
assembled using Velvet de novo v1.2.10 (Zerbino and Birney, 2008). The 
two chromosome sequences were determined by alignment against the 
V. parahaemolyticus RIMD2210633 reference strain using Mauve Aligner 
(Rissman et al., 2009) and visualized using BRIG v0.95 (Alikhan et al., 
2011). Genome annotation was performed with the interface Magni
fying Genomes (MaGE) of the MicroScope web-based service from 
GenoScope (Vallenet et al., 2009). The sequence type (ST) of each 
genome was determined using PubMLST (https://pubmlst.org/organis 
ms/vibrio-parahaemolyticus) using seven loci (dnaE, gyrB, recA, dtdS, 
pntA, pyrC, tnaA) (Jolley et al., 2018). 

2.3. Core and accessory genome analyses 

Prokka v1.14.6 (Seemann, 2014) was used to collect GFF format 
using Fasta files of the 19 V. parahaemolyticus genomes (11 IFVp and 8 
NCBI). Roary v3.13.0 (Page et al., 2015) was used to analyse the total 
core and accessory genomes of V. parahaemolyticus strains. Core genes 
were defined as those present in all strains and accessory genes are those 
absent in at least one strain. The “Pan/Core-Genome” tool from Micro
scope platform was used to determine accessory gene numbers (sum of 
variable and strain-specific genes) present in each strain (Vallenet et al., 
2009). Software packages were used under default settings. The 
core-alignment, generated by Roary, was used to construct a 
maximum-likelihood phylogeny using RaxML v8.2.4 (Stamatakis, 2014) 
with a general time reversible gamma model and 100 bootstrap values. 

Sequences of tdh and trh from 14 V. parahaemolyticus genomes (eight 
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IFVp and six NCBI genomes) and six NCBI hemolysin reference se
quences (two trh and four tdh sequences) were aligned using MUSCLE 
and a minimum evolution (ME) phylogeny with 1000 bootstrap was 
constructed using MEGA X (Kumar et al., 2018). This analysis involved 
26 amino acid sequences. Tree was annotated using Interactive Tree of 
Life (iTOL v6) (http://itol.embl.de). Pathogenicity islands VPaI-1 to 
VPaI-6, characterized in RIMD2210633 (Hurley et al., 2006), were 
determined using BLASTp. VPal-7, which was composed of the T3SS2 
cluster and tdh/trh hemolysin genes, was identified using the Microscope 
platform “Regions of Genome Plasticity” (RGP) tool (Vallenet et al., 
2009). In silico identification of known virulence genes was performed 
using BLAST+ v2.11.0 (Camacho et al., 2009). Genes identified in this 
study were tdh1 to 4 (Nishibuchi and Kaper, 1985, 1990), trh1 and trh2 
(Kishishita et al., 1992; Nishibuchi et al., 1989), T3SS1 and T3SS2 
(Makino et al., 2003; Okada et al., 2009), T6SS1 and T6SS2 (Salomon 
et al., 2013), phage f237 (Nasu et al., 2000), biofilm bcs cluster 
(Meparambu Prabhakaran et al., 2022) and toxins encoded by zot 
(Perez-Reytor et al., 2020) and hlyA (VCA0219) genes. 

The relationships between accessory gene presence-absence and (i) 
origin (i.e. clinical and environmental), (ii) tdh presence-absence and 
(iii) trh presence-absence were investigated using Scoary v1.6.16 (Bry
nildsrud et al., 2016). For these analyses, the gene presence-absence 
matrix, generated by Roary, and a binary matrix indicating the traits 
of each strain were used. Pairwise comparisons were deemed significant 
when the Benjamini-Hochberd adjusted p-values were less than 0.05. 

2.4. Infant rabbit experiments 

All experimental protocols were approved by the local Animal Wel
fare and Ethical Review Body, the Home Office and carried out in 
accordance with the UK Animals (Scientific Procedures) Act 1986. Time- 
mated adult New Zealand White female rabbits were obtained from a 
commercial breeder (Harlan Laboratories, UK). Experiments were per
formed on individual litters of 2–3 days old infant rabbits that were 
housed as a group in a nest box with the lactating doe for the duration of 
the study. Infections with the two test V. parahaemolyticus strains 
(IFVp201 and IFVp195) were performed on animals derived from at 
least two independent litters to counter reporting of litter-specific ef
fects. Low birth weight rabbits < 40 g bodyweight were removed as 
these animals tend to exhibit different disease kinetics. Otherwise, all 
animals within a litter were infected and euthanised at either 15, 38 or 
120 h post infection (HPI). 

Experiments were performed as described (Ritchie et al., 2012), 
except animals were pre-treated with the histamine H2-receptor antag
onist, ranitidine (5 mgkg− 1 bodyweight via intraperitoneal injection; 
GlaxoSmithKline), 3 h prior to orogastric inoculation to transiently in
crease stomach pH. V. parahaemolyticus inoculum was prepared from 
stationary phase cultures grown with shaking in tryptone soy broth 
(TSB) at 37◦C for 18 h. For IFVp201, TSB or tryptone soy agar (TSA) was 
supplemented with carbenicillin (50 µg mL− 1). Cells were collected by 
centrifugation (5 min at 5000 g) and the cell pellet resuspended in so
dium bicarbonate solution (2.5 g in 100 mL; pH 9) to give a final con
centration of ~ 1×109 CFU mL− 1. Rabbits were orogastrically 
inoculated using a size 4 French catheter at a dose equivalent to 0.5 mL 
per 90 g rabbit bodyweight and then after monitored frequently for signs 
of disease. Disease was recorded when visible signs of solid or liquid 
faecal contamination were observed on the anus or ventral surface of the 
rabbits; healthy rabbits remained clean with no signs of contamination. 
At the indicated time points, rabbits were humanely killed and the entire 
intestinal tract from the duodenum to the rectum was removed and 
processed to determine levels of fluid accumulation and 
V. parahaemolyticus colonisation. Fluid accumulation ratios (FAR) were 
obtained by determining the weight of fluid present in a section of the 
distal small intestine divided by the entire weight (fluid and tissue) of 
the section. Concentrations of V. parahaemolyticus (in log CFUg− 1) were 
determined in tissue samples taken from the proximal (I1), mid (I2) and 
distal (I3) regions of the small intestine. Tissue samples were homoge
nised between two glass slides using 2 mL sterile PBS prior to serial 
dilution and plating on TSA. Colonies were confirmed as 
V. parahaemolyticus following growth on thiosulfate-citrate-bile salt
s-sucrose (TCBS) agar. For some rabbits, the internal organs including 
the gall bladder, spleen and liver were also collected, homogenized and 
plated on selective media to check for systemic spread of 
V. parahaemolyticus. 

2.5. Galleria mellonella larvae experiments 

Pathogenicity of RIMD2210633 mutants and IFVp strains were 
evaluated using G. mellonella, with minor differences in inoculum 
preparation due to the work being performed in different laboratories. 
RIMD2210633 derived mutants were grown on TSA and incubated at 
37◦C for 24 h. Following growth, 1–2 discrete colonies were inoculated 
into 5 mL TSB and incubated with shaking at 37◦C for 18 ± 2 h. The 
resulting cell suspensions were centrifuged to remove spent media, 

Table 1 
Characteristics of V. parahaemolyticus strains used in this study.  

Strain Isolation 
year 

Country Source Sequence type (ST) Serotype Ref 

IFVp5  2004 France Clinical  3 O3:K6 This study 
IFVp18  1999 France (Atlantic coast) E (mussel, Mytilus edulis)  2581 O2:KUT This study 
IFVp22  1999 France 

(English Channel) 
E (mussel, M. edulis)  987 O2:KUT This study 

IFVp69  2002 France (Atlantic coast) E (mussel, M. edulis)  2935 O3:KUT This study 
IFVp136  2004 Portugal (Atlantic coast) E (mussel, Mytilus galloprovincialis)  73 O11:KUT This study 
IFVp177  2006 Portugal (Atlantic coast) E (oyster, C. gigas)  1584 O11:KUT This study 
IFVp182  2005 France (Atlantic coast) E (seawater)  1294 O11:KUT This study 
IFVp195  2010 France (Atlantic coast) E (seawater)  1140 O4:KUT This study 
IFVp201  2009 France (Atlantic coast) E (mussel, M. edulis)  2942 O5:KUT This study 
IFVp203  2009 France (Atlantic coast) E (mussel, M. edulis)  2942 O5:KUT This study 
IFVp408  2014 France (Atlantic coast) E (oyster, Crassostrea gigas)  1140 O4:K37 This study 
RIMD2210633  1996 Japan Clinical  3 O3:K6 (Makino et al., 2003) 
CDC_K4557  2007 USA Clinical  799 O1:K33 (Ludeke et al., 2015) 
VN-0028  1995 Germany Clinical  966 UNK (NCBI 2015) 
MAVP-Q  2011 USA Clinical  631 UNK (Xu et al., 2017) 
FORC_014  2015 South Korea E (toothfish)  1629 UNK (Ahn et al., 2016) 
BB22OP  1980 Bangladesh E  88 O4:K8 (Jensen et al., 2013) 
FDA_R31  2007 USA E (oyster)  23 O1:KUT (Ludeke et al., 2015) 
ATCC 17802  1951 Japan Clinical  1 O1:K1 (Yang et al., 2015) 

E: environmental, KUT: K untypable, UNK: unknown 
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washed once in an equivalent volume of PBS and then adjusted with PBS 
to yield a final concentration of ~1×107 CFU mL− 1. IFVp strains were 
initially grown on Heart Infusion (DIFCO ™, USA) agar containing 0.5% 
NaCl (HIS) at 37◦C for 24 h, prior to aseptically transfer of a single 
colony into 20 mL of HIS broth and subsequent incubation with shaking 
for 8 h at 37◦C. After incubation, cultures were washed twice and diluted 
with buffered-physiological water (BPW: 0.4 g L− 1 of K2H3PO4; 4.5 g L− 1 

of Na2HPO4, 12 H2O; 7.2 g L− 1 of NaCl) to obtain a V. parahaemolyticus 
inoculum with final concentration of 5×106 CFU mL-1 (confirmed by 
plate enumeration onto HIS at 37◦C for 24 h). 

G. mellonella infections with RIMD2210633 mutants were performed 
at the University of Surrey (United Kingdom) while G. mellonella in
fections with IFVp strains were performed in IFREMER laboratories 
(Brest, France). In both laboratories, larvae of G. mellonella measuring 
2–3 cm in body length (body weight of approx. 200–300 mg) were used. 
For each experiment, 10 µL of V. parahaemolyticus inoculum (~ 5×104 

CFU of bacteria) was injected into the right foremost pro-leg of larvae 
using a syringe pump (KD Scientific, USA). Control groups (n = 20) were 
inoculated with PBS or BPW in the same conditions. Larvae were 
maintained in Petri dishes at 37◦C in the dark. All larvae were monitored 
for 24 h and percentage survival determined. Larvae that did not 
respond to touch were scored as dead. Three independent infection ex
periments were performed for each V. parahaemolyticus strain. Data 
represent the mean survival (± standard error) of three independent 
experiments each consisting of 20 larvae per group. 

Determination of LD50 was performed on a subset of strains as 
described above by larvae injection with concentrations of 
V. parahaemolyticus inoculum ranging from 5×102 to 5×106 CFU of 
bacteria. Mortality was recorded at 24 HPI. LD50 was calculated as the 
concentration inducing 50% mortality and was expressed in CFU mL− 1. 

2.6. Statistical analyses 

All statistical analyses of the data were performed using RStudio 
2021.09.0+351 "Ghost Orchid" Release (2021–09–20) for Windows or 
in GraphPad Prism (version 8.4.3). Data are presented as means ±
standard error and the significance level was set to p < 0.05. The 
following statistical analyses were performed to compare IFVp201 and 
IFVp195 infection parameters in rabbits; proportion of infected rabbits 
(Fisher’s exact test), fluid accumulation ratios (unpaired two-tailed 
Student t-test) and V. parahaemolyticus concentrations (unpaired two- 
tailed Student t-test). Percentages of larvae survival during bacterial 
infections between RIMD22210633 and its mutants, and between IFVp 
strains were evaluated using one way ANOVA with strain as a factor, 
followed by Tukey honest significant differences post hoc test to deter
mine where differences occur. 

2.7. Genome accession numbers 

Draft genomes of the V. parahaemolyticus strains are available from 
the European Nucleotide Archive (Project ID: PRJEB53525) under the 
accession numbers shown in Table S1. 

3. Results 

3.1. Source and genetic properties of V. parahaemolyticus 

Eleven IFVp isolates, originally sourced from shellfish (n=8), 
seawater (n=2) and from a clinical case (n=1), were subject to WGS and 
their sequences compared to 8 previously published V. parahaemolyticus 
genomes from NCBI, chosen to reflect the diversity within the species. 
Within the IFVp collection, seven serotypes, and 9 STs based on multi- 
locus sequencing typing (MLST) including 2 that were novel (ST2935 
and ST2942), were detected (Table 1). One strain, IFVp5, exhibited the 
same ST as the pandemic reference strain RIMD2210633 (ST3). The 
IFVp draft genomes ranged in size from 4.9 to 5.4 Mb with a GC content 

of 45.1–45.6% and contained on average 3223 and 1888 Kb in chro
mosomes 1 and 2, respectively (Table S1). A total of 4715 to 5420 coding 
sequences (CDS) per genome were predicted. One strain, IFVp182, 
contained a 40.2 Kb plasmid encoding 45 CDS including genes for a type 
IV secretion system, similar to the plasmid found in FORC_014 (Ahn 
et al., 2016). 

The pan genome of the 19 V. parahaemolyticus genomes comprised of 
9161 coding genes including 3616 (39%) core genes and 5545 (61%) 
accessory genes. The number of accessory genes ranged from 915 to 
1800 per strain (Table S2). Our results showed that the number of 
V. parahaemolyticus genes in the pan genome increased (Fig. 1A) and the 
number of new core genes decreased (Fig. 1B) with the addition of each 
V. parahaemolyticus genome. This suggests V. parahaemolyticus has an 
open pan genome. Phylogenetic analysis based on core genomes 
demonstrated that the isolates were genetically diverse and clustered 
according to sequence type e.g. clinical strain IFVp5 (tdh1+ tdh2+) and 
RIMD2210633 (tdh1+ tdh2+), are both ST3 (Fig. 1C). 

Next, we examined if genes associated with the previously described 
filamentous phage f237 were restricted to O3:K6 and closely related 
serovars (Iida et al., 2001; Nasu et al., 2000). Phage f237 contains 10 
ORFs, including ORF7 that encodes the ZOT toxin. BLAST analysis 
revealed that ORF1 to ORF7 were present in four non-O3:K6 genomes at 
>97% homology (FDA_R31, IFVp18, IFVp136 and IFVp203) (Fig. S1). 
ORF8, the f237 target gene, was missing in all strains whereas ORF9 was 
present at 90–95% of homology in the previously mentioned 4 strains, 
and ORF10 was present at 100% homology in FDA_R31 and 59% ho
mology in the three other strains (IFVp18, IFVp136 and IFVp203). 
Interestingly, none of f237 ORFs were detected in IFVp5, an O3:K6 
clinical isolate. 

3.2. Environmental V. parahaemolyticus hemolysin and virulence gene 
content 

To identify the hemolysin variants present in the V. parahaemolyticus 
strains used in this study, four TDH (TDH1 – TDH4) and two TRH 
(TRH1, TRH2) reference protein sequences were aligned with the an
notated protein genomes and a minimum-evolution phylogenetic tree 
was generated (Fig. S2). Five hemolysin profiles were identified within 
the IFVp isolates: TDH1 (n=2), TDH1-TDH2 (n=1), TDH3-TRH1 (n=2), 
TRH1 (n=2), and TRH2 (n=1), while three isolates lacked hemolysins 
(Table 2). Two TDH variants, TDH2 and TDH3 co-existed with other 
hemolysins, whereas TRH2 was found alone. FDA_R31 harboured a TDH 
hemolysin (M634_24535) that shared 89%, 91%, 92% and 92% simi
larity with tdh1, tdh2, tdh3 and tdh4, respectively. 

Genomic comparisons also revealed that previously described viru
lence clusters such as the mannose-sensitive hemagglutinin (MSH), 
chitin-regulated pilus (ChiRP), polar and lateral flagella, T6SS2, and 
T3SS1 were present in all IFVp strains (Fig. 2). The presence/absence of 
key virulence factors in relation to each strains’ hemolytic profile can be 
found in Table 2. One isolate, IFVp182, lacked TDH or TRH but con
tained genes comprising T3SS2α demonstrating that the link between 
these two virulence determinants, which tend to be co-located on the 
same pathogenicity region, is not absolute. T6SS1 was present in 12 
strains whereas a cellulose secretion operon (bcs) was identified in 6 of 7 
strains that lacked T6SS1. 

We next examined the distribution of the seven genomic islands 
(VPaI-1–7) (Hurley et al., 2006). BLASTp analysis revealed that VPaI-1 
was partially present in IFVp18, IFVp5, CDC_K4557 and VN-0028 and 
missing in all other strains, except for the presence of a single gene 
(VP0394) in IFVp177 and FDA_R31. VPaI-2 and VPaI-3 were partially 
present in all strains, whereas VPaI-4 was partially present only in 
IFVp18 (Table S3). VPaI-5 was also partially present in IFVp18 and 
BB22OP, while VPaI-6 could be found in IFVp5, IFVp22, FDA_R31, 
BB22OP and MAVP-Q. A schematic illustration of VPaI-7, which also 
contains the T3SS2 cluster, highlighted that VPaI-7 was absent in 
IFVp18, IFVp69 and CDC_K4557 and that the island’s organization 
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varied (Fig. S3). Analysis of genes and clusters present in VPaI-7 showed 
that a gene encoding the accessory colonization factor D (acfD) was 
located near the T3SS2 gene cluster in all cases. We also confirmed the 
presence of the urease operon in all trh+ strains (Fig. S3). We observed 
that the gene encoding toxin B, a catalytic glycosyltransferase domain 
containing protein, was found in trh2+ strains while the hly operon 
(hlyCABD) was present in only some trh+ strains (IFVp136, IFVp22 and 
ATCC 17802) (Fig. S3; Table 2). 

While T3SS1 was present in all 19 V. parahaemolyticus strains, we 
noticed some differences in gene organisation in this region. For 

example, region VP1676-VP1679 was missing in IFVp201, IFVp203 and 
FDA_R31 strains (Fig. 3A). This region was replaced by three new genes 
in IFVp201 and IFVp203: a secretion protein, a MFS transporter and a 
TetR/AcrR family transcriptional regulator gene, all previously 
described (Wu et al., 2020). ATCC 17802 harboured three additional 
genes coding for a N-acetyltransferase, a transporter protein and a LysR 
family transcriptional regulator, located between VP1679 and vopQ. All 
four previously described T3SS1 effectors, VopQ, VopS, VopR, and 
VPA0450, were found in all strains. 

T3SS2 was present in 16 of 19 strains (missing in IFVp18, IFVp69 and 

Fig. 1. Pan-genome analysis and core-genome phylogeny of V. parahaemolyticus strains. (A) Estimated number of core and pan genes, and (B) number of new genes. 
(C) Maximum-likelihood tree obtained from concatenated nucleotide sequence alignment of core genes using RaxML with 100 bootstraps. 

Table 2 
In silico detection of known virulence genes in V. parahaemolyticus strains.  

Strains Hemolysins T3SS T6SS Toxins Biofilm 

tdh trh T3SS2 T3SS1 T6SS1 T6SS2 ZOT hly Toxin B bcs 

IFVp18     + + + +

IFVp69     + +

IFVp182    α + + +

IFVp195 1   α + + +

IFVp408 1   α + + +

IFVp5 1+2   α + + +

IFVp201 3  1 β + + +

IFVp203 3  1 β + + + +

IFVp136   1 β + + + + +

IFVp177   1 β + + +

IFVp22   2 β + + + + +

CDC_K4557     + + +

FORC_014    α + + +

FDA_R31 *   β + + + + +

RIMD2210633 1+2   α + + + +

BB22OP 1+2   α + + +

MAVP-Q 3  1 β + + +

VN-0028   1 β + + +

ATCC_17802   2 β + + + + +

* : novel tdh variant 
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CDC_K4557) (Fig. 3B). Homology heatmaps of the T3SS2 region showed 
distinct differences in T3SS2α and T3SS2β gene content, and that 
T3SS2β was concomitant with the presence of the trh gene even in tdh+

trh+ strains. While isolates that encode only tdh+ typically harboured the 
T3SS2α variant, FDA_R31 (tdh+ trh-) proved an exception and contained 
genes corresponding to T3SS2β (Fig. 3B). T3SS2 effectors VopC, VopZ, 
VopP, VopL and VPA1380 were present in all the strains while VopT and 
VopV were absent in trh+ and tdh+ trh+ strains. 

Finally, we used Scoary analysis to look for associations between 
pan-genome components and phenotypes (Brynildsrud et al., 2016). 
This analysis failed to detect any genes that were significantly over- or 
under-represented in the accessory genome of clinical versus environ
mental strains, or of tdh+ versus tdh- strains. However, 51 genes were 
over-represented in the accessory genome of trh+ strains compared to 
trh- strains including those coding for the urease operon and some genes 
within the T3SS2 cluster (Table S4). 

3.3. Infant rabbit infections 

To begin to assess the pathogenic potential of the IFVp isolates, 2–3- 
day old infant rabbits were orogastrically inoculated with either 
IFVp201 or IFVp195; strains which harboured contrasting virulence 
features (IFVp201: tdh3/trh1, T3SS2β, T6SS1- vs IFVp195: tdh1, T3SS2α, 
T6SS1+; see Table 2). IFVp201 caused diarrhoea with most rabbits 
contaminated by liquid faeces from ~12 hours post infection (HPI). By 
15 HPI, significant amounts of fluid had accumulated in their small in
testines, and between 108 and 109 CFUg− 1 could be recovered from this 
region (Fig. 4). In marked contrast, IFVp195 failed to cause overt diar
rhoea or fluid accumulation in the cecum of rabbits even by 120 HPI. 
Concentrations of IFVp195 were nearly 5 logs lower than those of 
IFVp201 in all regions of the small intestine at 15 HPI (p ≤ 0.001), the 
only time point where direct comparisons were possible. IFVp195 con
centrations increased to approximatively 6 log CFUg− 1 by 38 HPI, then 
appeared to stabilise. A few animals infected with IFVp201 were found 
to contain ~103 CFUg− 1 in bile and spleen but cross-contamination from 
the intestine at the time of organ collection could not be ruled out. 
Overall, our findings suggest that IFVp201 induced more severe disease 
and appeared more able to colonise the mammalian intestine than 
IFVp195. 

3.4. Galleria mellonella larvae infections 

Prior to testing the IFVp isolates in larvae, we sought to better un
derstand the factors that impact G. mellonella mortality (Fig. 5A) using a 
set of previously described RIMD2210633 mutants (Hiyoshi et al., 
2010). While wild type, Δtdh, and ΔT3SS2 mutants were highly virulent 
killing 100% of larvae, survival was significantly greater in those 
infected with the ΔT3SS1 (38%) or the triple mutant (20%) (Fig. 5B, 
p<0.05). These findings suggest that a functional T3SS1 plays an 
important role in V. parahaemolyticus virulence in G. mellonella larvae 
infected by injection. 

Next, we assessed larval survival following injection of the individual 
IFVp strains. Larvae survival ranged widely, revealing that four strains 
(IFVp182, IFVp22, IFVp201 and IFVp203) were poorly virulent (larvae 
survival > 75%), four strains (IFVp18, IFVp408, IFVp177 and IFVp69) 
were highly virulent (larvae survival < 15%) while the two remaining 
strains (IFVp195 and IFVp136) induced an intermediate phenotype 
(larvae survival ~ 25–30%) (Fig. 6). We determined the LD50 of one 
strain from each category to confirm their relative virulence. LD50 values 
for IFVp201 (4.3×105 CFU mL− 1), IFVp195 (3.7×104 CFU mL− 1) and 
IFVp408 (6.0×103 CFU mL− 1) (Fig. S4) confirmed their virulence 
ranking with IFVp408 having the lowest LD50 value and IFVp201 the 
highest. Notably, non-hemolytic strains could be found in both high 
(IFVp18, IFVp69) and low (IFVp182) virulence groups, respectively. 

4. Discussion 

Given the marine niche of V. parahaemolyticus and filter-feeding 
behaviour of shellfish, the identification of pathogenic 
V. parahaemolyticus is critical to reduce the risk of infection for seafood 
consumers. Growing evidence indicates that the presence of classical 
genetic markers (i.e. tdh, trh, T3SS2) no longer accurately reflects 
pathogenic potential (Jones et al., 2012; Ottaviani et al., 2012). Here, 
we used in silico genetic characterisation and in vivo infection models to 
explore the pathogenic potential of 11 V. parahaemolyticus isolates 
collected from shellfish production areas in the European Atlantic. 

The core genome of V. parahaemolyticus strains described in our 
study was slightly smaller than some non-hemolytic strains (Castillo 
et al., 2018; Ronholm et al., 2016), and slightly larger than O3:K6 
pandemic strains (Chen et al., 2011). Core genome phylogenies 
confirmed strain clustering in accordance to ST (e.g. RIMD2210633 and 

Fig. 2. Comparison of environmental V. parahaemolyticus genomes using RIMD2210633 as a reference. Analysis performed by BLASTn using BRIG software. Left: 
chromosome 1, right: chromosome 2. From the inside out: RIMD2210633 (grey), GC content (black), IFVp18 (light blue), IFVp69 (purple), IFVp182 (dark blue), 
IFVp195 (light pink), IFVp408 (pink), IFVp5 (light orange), IFVp201 (orange), IFVp203 (yellow), IFVp136 (green), IFVp177 (turquoise) and IFVp22 (light turquoise). 
Names of previously described virulence clusters are indicated on the external ring; MSH: mannose-sensitive hemagglutinin, ChiRP: chitin-regulated pilus, T3SS: type 
III secretion system, T6SS: type VI secretion system, VPaI-7: Pathogenicity Island of V. parahaemolyticus number 7. 
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IFVp5, IFVp195 and IFVp408) as previously reported (Jesser et al., 
2019; Ronholm et al., 2016). Our findings also demonstrated the open 
pan genome of the species, which infers gene gain and high rates of 
horizontal gene transfer that could contribute to increased bacterial 
fitness (adaptability) in the environment (McInerney et al., 2017). 

As has been reported previously, we found that all strains harboured 
a T3SS1 gene cluster (Hazen et al., 2015), although the organisation of 
genes within the non-conserved ‘effector’ region allowed further 
grouping. Using the groups originally proposed by Wu and colleagues 
(Wu et al., 2020), our collection contained two strains (IFVp201 and 
IFVp203) belonging to VPIII where VP1676–1679 are replaced by 3 new 
genes, one strain (ATCC 17802) belonging to VPII where 3 additional 
genes are located adjacent to the VP1676–1679 genes, one strain 
(FDA_R31) with a unique organization not previously described, and the 
remaining 14 strains belonged to VPI where gene arrangements 
mirrored that of RIMD2210633. VP1676-VP1679 genes appear to have 
no impact on the organism’s cytotoxicity to mammalian (Ono et al., 
2006) or fish cells (Wu et al., 2020), although these genes were signif
icantly upregulated when V. parahaemolyticus switched from a smooth to 

a wrinkly colony morphology (Wu et al., 2022), a physiological state 
that may aid bacterial growth and survival. Whether the alternative 
3-gene cluster contributes to in vivo virulence remains to be explored. 
Moreover, we showed that G. melonella survival was greater when larvae 
were injected with a non-functional T3SS1 mutant of RIMD2210633, 
suggesting that larvae offer an alternative model for studying the cyto
toxic impacts of infection. 

Consistent with the findings of other reports (Hazen et al., 2015; 
Jones et al., 2012), we noted a relationship between T3SS2 and trh, i.e. 
the T3SS2β variant co-existed in trh+ strains (even in tdh+ trh+ strains) 
whereas T3SS2α was found in trh- strains, with exception of the 
FDA_R31, which lacks trh, harboured T3SS2β and a novel tdh variant. All 
V. parahaemolyticus strains carried the T6SS2 gene cluster (Yu et al., 
2012) while only 12 of the 19 strains contained T6SS1. T6SS1 may 
enhance V. parahaemolyticus fitness in marine environments by confer
ring anti-bacterial activity that allows the organism to outcompete other 
bacteria (Salomon et al., 2013). Interestingly, a cellulose secretion 
operon (bcs) was identified in most strains lacking T6SS1, perhaps 
providing an alternative survival strategy for these organisms 

Fig. 3. Heatmaps of the two T3SS clusters in the 19 V. parahaemolyticus strains. (A) T3SS1 cluster. (B) T3SS2 cluster. Results are based on BLASTp analyses with 
RIMD2210633 sequences as reference: T3SS1 (VP1656-VP1702) and T3SS2 (VPA1321-VPA1370). Black arrows: proteins with known function. Grey arrows: proteins 
with unknown function. 
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(Meparambu Prabhakaran et al., 2022). Presence of f237 and VPaI re
gions, shown to be restricted to pandemic O3:K6 V. parahaemolyticus 
strains (Nasu et al., 2000) (Hurley et al., 2006), in non-toxigenic (tdh- 

and trh-) and non-O3:K6 strains suggested high horizontal gene transfer 
rates in environment between V. parahaemolyticus strains. Presence of 
these regions in non-toxigenic strains, corroborated with previous 
studies (Ronholm et al., 2016), arise questions about their implication in 
environmental fitness rather than in pathogenicity. Moreover, in our 
study, ORFs of f237 are present in three strains expressing varying 
virulent phenotypes in larvae assays (IFVp18 highly virulent, IFVp136 
intermediate and IFVp203 poorly virulent) and no correlation can be 
made between presence of VPaI regions in strain genomes and their 
virulence in larvae. Collectively, virulence genes, prophages and path
ogenicity islands are important for V. parahaemoluticus fitness, providing 
genetic adaptability in response to changing environmental conditions. 

The environmental V. parahaemolyticus strains, IFVp201 and 

IFVp195, showed contrasting phenotypes when tested in the two 
infection models. IFVp201 (tdh3+ trh1+ T3SS2β+) appeared highly 
virulent in infant rabbits but caused only 28% mortality in larvae 
whereas IFVp195 (tdh1+ T3SS2α+) appeared avirulent in rabbits and 
caused 78% mortality in larvae. The avirulent nature of IFVp195 in 
rabbits was surprising given the tdh+ T3SS2α phylotype of this strain and 
the previous results using RIMD2210633 (Ritchie et al., 2012). Whether 
variation in tdh allele, T3SS2 effector profile or other genetic changes 
explain this finding remains to be determined. It was also notable that 
infection with IFVp201, an T3SS2β phylotype strain that shares the same 
hemolysin profile as the highly pathogenic ST36 (North-West Pacific) 
lineage (Martinez-Urtaza et al., 2013; McLaughlin et al., 2005), yielded 
disease phenotypes more severe than those seen for the tdh+ T3SS2α 
pandemic reference strain. For example, intestinal fluid accumulation in 
IFVp201 and RIMD2210633 infected animals was 0.69 ± 0.44 and 0.29 
± 0.13 (Ritchie et al., 2012), respectively. Indeed, the gross appearance 

Fig. 4. Kinetics of disease, fluid accumulation and intestinal colonisation of 
infant rabbits infected with V. parahaemolyticus IFVp201 and IFVp195. Infant 
rabbits were oro-gastrically inoculated with ~5 ×108 CFU of IFVp201 or 
IFVp195 and disease state, intestinal fluid accumulation ratios (FAR) and re
covery of V. parahaemolyticus determined at 15-, 38- and 120-hours post 
infection (HPI). A Disease, evident as diarrhoea, was recorded for individual 
animals. BFluid accumulation ratios (FAR) were represented as mean ± stan
dard deviation of all rabbits within the group. C Concentrations of 
V. parahaemolyticus recovered in intestinal homogenates taken from the prox
imal (I1), mid (I2) and distal regions (I3) of the small intestine. 

Fig. 5. Galleria mellonella infections with RIMD2210633 and genetic derivatives. (A) Images of healthy and dead larvae. (B) Percentage of survival of larvae at 24 h 
post-injection with approx. 1×107 CFU mL− 1 of RIMD2210633 and mutants. Data represented mean ± standard error after triplicate independent groups of 20 larvae 
were infected. 

Fig. 6. G. mellonella larvae survival following infection with IFVp strains. 
Percentage of larvae survival at 24 h post-injection with approx. 5 ×106 CFU 
mL− 1 of IFVp strains. Data are represented as mean ± standard error after 
triplicate independent groups of 20 larvae were infected. Green: larvae survival 
> 75%, orange: 75% > larvae survival > 15%, red: larvae survival < 15%. Key 
V. parahaemolyticus virulence gene content for each strain is indicated below the 
graph. Data for IFVp5 was not determined. 
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of the gastrointestinal tract appeared similar to that seen in rabbits 
infected with AM19226, a T3SS2α-encoding non-O1, non-O139 strain of 
V. cholerae (Shin et al., 2011). Most of the disease caused by 
RIMD2210633 and AM19226 can be attributed to the functional activity 
of T3SS2α (Ritchie et al., 2012; Zhou et al., 2013); similarly, disease in 
T3SS2β-encoding variants has been broadly ascribed to the functional 
activity of T3SS2β (Okada et al., 2009). While nine effectors have now 
been identified for T3SS2 (Matsuda et al., 2020), their biological impact 
is usually described in the T3SS2α strain lineage and a broader evalua
tion of their role in T3SS2β-encoding strains is urgently needed to help 
inform risk. 

Disease outcomes associated with the two model hosts did not appear 
to correlate, however, comprehensive assessment of all IFVp isolates in 
the mammalian host was beyond the scope of the project. Differences in 
disease outcomes may reflect the physiological challenge encountered 
by the bacterium due to the different routes of infection (oral vs direct 
injection) or host developmental stage. It is also possible that the models 
are complementary as the different routes may enable different aspects 
of V. parahaemolyticus pathogenicity to be studied. For example, oro- 
gastric inoculation of germfree mice revealed roles for T3SS2 (Yang 
et al., 2019), whereas intraperitoneal injection of the same host found 
roles for T3SS1 (Hiyoshi et al., 2010). Forced feeding of G. mellonella 
larvae may provide a viable non-mammalian alternative (Ramarao 
et al., 2012), although differences in the structure and composition of 
microbiota within hosts should be taken into account (Kostic et al., 
2013). Finally, we were unable to corroborate a role for mutT as a po
tential virulence factor of V. parahaemolyticus (Wagley et al., 2018) as 
this gene was present in all our strains. 

To conclude, we recovered a range of genetically diverse 
V. parahaemolyticus from shellfish production areas, many of which 
contained historically recognised virulence markers. Yet phenotypic 
testing using two models of infection failed to agree ranking based on 
pathogenic potential thereby highlighting a need for fuller under
standing of virulence in this species. The importance of this quest cannot 
be understated as current national institutions rely on the use of tdh and 
trh as markers of disease risk, leading to the removal of seafood/shellfish 
from the food chain and/or the closure of shellfish production areas 
(NSSP, 2017). Further studies using more diverse V. parahaemolyticus 
strains, in vivo models and genomic analyses are needed to identify more 
relevant criteria. 
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