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Epidemiological Investigation of a Foodborne Outbreak in
Lebanon caused by Vibrio parahaemolyticus
Leila Fattel

ABSTRACT
Vibrio parahaemolyticus is a halophilic, Gram-negative, marine bacterium. It is
found inhabiting as part of the microbiota in aquatic animals, especially shellfish,
and is non-pathogenic but can cause acute hepatopancreatic necrosis in shrimps in
the presence of two toxins PirAVP and PirBVP. An unconventional V.
parahaemolyticus strain has been linked to disorders in humans too. Upon
consumption of contaminated seafood, the virulent strain causes gastroenteritis
through hemolysins, such as tdh, trh, and tlh. V. parahaemolyticus is still generally
susceptible to various groups of antibacterial drugs, however, its resistance to blactams was previously detected. A pandemic strain of V. parahaemolyticus
belonging to serotype O3:K6 is responsible for most of the clinical outbreaks
worldwide. The pandemic spread of this strain was correlated to the acquisition of
orf8 via a bacteriophage, leading to an increase in virulence. In addition,
pathogenicity islands and mobile elements contributed to the evolution of the O3:K6
serotype. In this study, V. parahaemolyticus was collected from the Middle East
Institute of Health University Hospital in Lebanon. The isolates were analyzed and
compared using whole-genome sequencing. Virulence was tested by the detection of
hemolysins tdh, trh, and tlh. Resistance was analyzed by antibiotic susceptibility
testing and the performance of PCRs for b-lactamases, and quinolone resistance
determinants. Genetic relatedness of the isolates was studied by multilocus sequence
typing (MLST), pulsed-field gel electrophoresis (PFGE), and whole genome-based
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SNP analysis (wgSNP). All of the isolates had the tdh+, trh-, GS-PCR+ genotype,
which is a characteristic of the O3:K6 pandemic clone. The isolates were resistant to
ampicillin (100%), ceftazidime (86%), ticarcillin (14%), and amikacin (14%). All of
the isolates belonged to ST3 and had very similar phylogenetic fingerprints. The
isolates undertaken in this study exhibited almost identical resistance, virulence, and
phylogenetic patterns, indicating an outbreak linked to the spread of the pandemic
O3:K6 serotype in the country.

Keywords: Vibrio parahaemolyticus, gastroenteritis, tdh, O3:K6, outbreak,
Lebanon.
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Chapter One
Introduction
1.1.

Overview of V. parahaemolyticus
Vibrio parahaemolyticus is a Gram-negative, halophilic marine bacterium

found in estuarine environments (Kongrueng et al., 2017). Most members of this
species are non-pathogenic and can be found dominating the microbiota of the gut in
fish (Jammal et al., 2017). This bacterium was discovered by Tsunesaburo Fujino in
1950 after a large outbreak, caused by a food-borne pathogen, occurred in Japan
(Letchumanan et al., 2014). It is the causative agent of acute hepatopancreatic
necrosis disease (AHPND) in shrimps, and has led to huge production loss in the
shrimp farming industry at an estimated cost of $1 billion per year (Lee et al., 2015;
Palanisamy et al., 2017; Suong et al., 2017). Moreover, a virulent strain of V.
parahaemolyticus can cause food-borne gastroenteritis in humans upon consumption
of mishandled, undercooked or raw seafood (Baker-Austin et al., 2008; Zhu et al.,
2017). This disease is, most of the time, self-limiting, and includes symptoms such as
diarrhea, abdominal pain, vomiting, nausea, and low-grade fever (Ghenem et al.,
2017). Nonetheless, reports of a more dysenteric form of gastroenteritis have been
documented, as well as, rare incidences leading to wound infections or septicemia
(Zhang & Orth, 2013; Ghenem et al., 2017). Septicemia caused by V.
parahaemolyticus is correlated with a high mortality rate (Zhang & Orth, 2013). For
severe infections, tetracycline is usually used as the drug of choice for treatment
(Han et al., 2007). Mechanisms associated with the spread of such strains include
ballast water, ocean currents, the transportation of mollusks between regions, but
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exclude person-to-person transmission (Gonzalez-Escalona et al., 2017). Hence, the
distribution and emergence of pathogenic strains is due to the evolution of this
species in the ocean, in addition to the change in the global climate and the rise of
ocean temperatures (Espejo et al., 2017; Letchumanan et al., 2017).

1.2.

Genetic identifiers for Vibrio species
Closely related Vibrio species are phenotypically similar, resulting in

inaccurate differentiation using biochemical techniques. Previously, 16S rRNA
sequencing was used to distinguish between the members of the Vibrionaceae
family. However, due to the high level of sequence similarity between the members
of the genus (~0.1 to 0.2% difference), 16S rRNA sequencing was useless in this
case (Silvester et al., 2017). Thereafter, alternative genetic identifiers for accurate
species discrimination for the Vibrio species were used (Espejo et al., 2017; Ghenem
et al., 2017; Silvester et al., 2017). The toxRS operon, which carries the toxR and
toxS genes, codes for transmembrane proteins that regulate virulence genes, and is a
genetic marker used for intraspecies variation (Espejo et al., 2017; Ghenem et al.,
2017). The groEL gene, known as HSP60, can also be used for Vibrio species
identification since the gene is more heterogeneous than the 16S rRNA (Silvester et
al., 2017). Finally, a unique open reading frame, orf8, acquired as a result of
bacteriophage f237 infection, is another suitable marker for the identification of
pandemic strains of V. parahaemolyticus (Turner at al., 2016; Espejo et al., 2017;
Ghenem et al., 2017).

1.3.

Virulence Factors

1.3.1 Quorum sensing and bacterial surface sensing
A wide range of virulence factors are found in pathogenic strains of V.
parahaemolyticus to facilitate host cell infection. Quorum sensing (QS) in V.
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parahaemolyticus is important in maintaining survival and proliferation of the
pathogen (Zhang & Orth, 2013). QS is a cell-to-cell communication process that is
based on the bacterial density and allows the control of collective behavior and
regulation of gene expression through the secretion of signaling molecules known as
autoinducers (Hurley & Bassler, 2017). V. parahaemolyticus transcriptional
regulator, OpaR, is induced with increasing bacterial density in response to the
production of autoinducers, including autoinducer 2 (AI-2) (Zhang & Orth, 2013;
Ghenem et al., 2017). The role of OpaR encompasses the regulation of transcription
factors found downstream, leading to the control of the expression of cell surface and
adhesion genes, virulence factors and secretion systems, surface-specific regulon
such as chemotaxis and the lateral flagellar system (laf), and some other functions
(Stewart & McCarter, 2003; Ghenem et al., 2017). For example, an increase in the
production of OpaR represses the cytotoxic activity of the type three secretion
system 1 (T3SS1). However, at low cell densities, an opposing transcriptional
regulator, AphA, is expressed, resulting in the repression of OpaR and allowing the
transcription of T3SS1 genes to ensure bacterial survival (Zhang & Orth, 2013). In
addition to QS, bacterial surface sensing contributes to the increase in pathogenicity
of V. parahaemolyticus. The rotation and regulation of the flagellum mediates
surface sensing, and has been found to result in the upregulation of virulence genes
and the increase of cytotoxicity levels (Zhang & Orth, 2013). Furthermore, a recent
study has shown that the presence of catecholamine significantly increases the
swimming motility of V. parahaemolyticus, which is considered to be a virulence
factor (Suong et al., 2017).
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1.3.2. Adhesion molecules
For an infection to occur, the presence of multivalent adhesion molecules
(MAMs) at the bacterial surface of Gram-negative bacteria is essential for a highaffinity binding and the delivery of virulence factors into the host cell (Krachler,
Ham, & Orth, 2011). In V. parahaemolyticus, the adhesin MAM7 is constitutively
expressed to allow its attachment to different types of cells including epithelial cells,
macrophages, and fibroblasts (Ghenem et al., 2017). MAM7 contains a hydrophobic
stretch of 44 amino acids at the N-terminus that is highly conserved (Zhang & Orth,
2013; Ghenem et al., 2017). Both fibronectin and membrane phosphatidic acid lipids
have been demonstrated to be its receptors (Broberg et al., 2011). In addition, V.
parahaemolyticus produces a capsule with different combinations of somatic (O) and
capsular (K) antigens (Ghenem et al., 2017).
1.3.3. Iron acquisition
The acquisition of iron is another important factor that aids bacteria to infect
a host cell. V. parahaemolyticus has developed two methods to obtain iron: first, the
production of siderophores, and second, the use of heme (Broberg et al., 2011).
Vibrioferrin is a siderophore produced by this bacterium and synthesized by proteins
from the pvsABCDE operon. Proteins PvuA1 and PvuA2 are subunits of an outer
membrane receptor that plays a role in recognizing vibrioferrin, and ultimately
leading to its import to the inside of the bacterial cell. The ferric uptake regulation
protein Fur, which represses iron absorption by the regulation of downstream genes,
maintains the vital process of iron acquisition (Ghenem et al., 2017).
1.3.4. The tdh and trh hemolysins
Most pathogenic strains of V. parahaemolyticus have genes that encode for
thermostable direct hemolysin (tdh) and/or thermostable direct hemolysin-related
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hemolysin (trh) (Gonzalez-Escalona et al., 2017). These virulence factors were first
identified in the 1980s, and are known to cause a hemolytic reaction on a type of
blood agar called Wagatsuma’s medium, which is used to identify clinical isolates of
V. parahaemolyticus containing these toxins (Zhang & Orth, 2013; Ghenem et al.,
2017). This reaction is known as the Kanagawa phenomenon (Letchumanan et al.,
2014). Biological functions of tdh include hemolysis, cytotoxicity, enterotoxicity,
and cardiotoxicity (Laskowski-Arce & Orth, 2008; Ghenem et al., 2017;
Letchumanan et al., 2017). The tdh secreted toxin is a tetramer with a central pore
that allows the diffusion of small molecules through it (Zhang & Orth, 2013). The
four soluble monomers are able to attach to liposomes, and form large pores on the
membrane of erythrocytes, allowing the flow of water and ions outside the
membrane, leading to colloidal osmotic lysis (Ghenem et al., 2017). In addition, the
targeting of the epithelial and intestinal host cells results in alteration in ion flow
leading to diarrhea seen in infected patients (Letchumanan et al., 2017). Similar to
tdh, the trh toxin has been demonstrated to have hemolytic activity and both share a
70% homology (Ghenem et al., 2017). The trh toxin also exists as a tetramer and
alters the influx through the activation of Cl- channels (Letchumanan et al., 2017;
Zhang & Orth, 2013). However, studies have reported that even in the absence of the
tdh and trh genes, some pathogenic strains of V. parahaemolyticus can remain
virulent, suggesting the presence of other virulence factors (Pazhani et al., 2014).
Other virulence related genes are usually encoded on pathogenicity islands
(Gonzalez-Escalona et al., 2017).
1.3.5. The tlh hemolysin
The thermolabile hemolysin (tlh) is an additional toxin found in V.
parahaemolyticus that has both hemolytic and phospholipase activity (Ghenem et al.,

5

2017). The expression of tlh is upregulated in the human intestine (Letchumanan et
al., 2017). Since tlh is a species-specific marker, it can be used in the genetic
detection of V. parahaemolyticus (Ghenem et al., 2017). Hfq (or HF-1), a small
hexameric global post-transcriptional regulator that binds to RNA, regulated the
production of hemolysins in V. parahaemolyticus, and repressed the activity of T3SS
(Nakano et al., 2008; Chao & Jörg, 2010).
1.3.6. The PirAVP and PirBVP toxins
Additional toxins have been found in AHPND V. parahaemolyticus isolates.
A unique large extrachromosomal plasmid pVA1 (~69 kbp) can be found in all
AHPND-causing isolates but not in non-AHPND ones (Han et al.,2015; Lee et al.,
2015; Kongrueng et al., 2017). The plasmid carries genes that encode for toxins
PirAVP and PirBVP that are homologs to the Photorhabdus and Xenorhabdus insectrelated toxins PirA and PirB (Dong et al., 2017; Kongrueng et al., 2017). PirBVP acts
in the initial stage of the infection in shrimps and can be found in the hepatopancreas,
causing cellular damage and the sloughing off the epithelial cells of the tubule into
the lumen, and is therefore sufficient to cause the characteristic symptoms of
AHPND alone (Lee et al., 2015; Kongrueng et al., 2017). PirAVP is present in the
later stage of infection, and the expression of this deadly binary toxin leads to
mortality in the infected shrimp (Campa-Córdova et al., 2017; Kongrueng et al.,
2017; P. Li et al., 2017). It is important to note that the prevalence of plasmids in V.
parahaemolyticus is less than 25%, and the usual plasmid size is typically between
2.4 kbp to 23.0 kbp (Lee et al., 2015).
1.3.7. The T3SSs and their effector proteins
The type III secretion system (T3SS) is an important virulence factor also
found in V. parahaemolyticus. The T3SS needle-like bacterial machinery injects

6

effector proteins directly into the eukaryotic host cell cytoplasm as a method to avoid
the extracellular environment (Ghenem et al., 2017; Zhang & Orth, 2013). The
apparatus consists of a basal body spanning the inner and outer bacterial membrane,
a needle that connects the bacterial and host cell membranes for the passage of
toxins, and a translocon pore that penetrates the host cell membrane (Zhang & Orth,
2013; Ghenem et al., 2017; Letchumanan et al., 2017). The structural components of
T3SS are usually conserved between species, however activities and the targets of
the effector proteins may vary (Zhang & Orth, 2013). Whole-genome sequencing of
V. parahaemolyticus RIMD 22106633 has identified two sets of T3SS gene clusters,
each on one of its two circular chromosomes, and hence were named T3SS1 and
T3SS2 (Ghenem et al., 2017).
T3SS1 has been found in all clinical and environmental V. parahaemolyticus strains,
and is located on the first pathogenicity island in chromosome I (Ghenem et al.,
2017; Zhang & Orth, 2013). It plays an important role in cytotoxicity (Letchumanan
et al., 2017), and can be induced by lowering the concentration of calcium or by
raising the temperature (Zhang & Orth, 2013). The regulation of the transcription of
T3SS1 in this species is due to the ExsACDE regulatory cascade and the heat-stable
nucleoid-structuring protein (H-NS) (Ghenem et al., 2017). Under non-inducing
conditions, ExsD, an anti-activator, binds ExsA, the master transcriptional regulator.
However, during inducing conditions, ExsE is secreted and releases ExsC, an antianti-activator, and binds to ExsD, freeing ExsA, and thus inducing the transcripton of
T3SS1 genes (Zhang & Orth, 2013; Ghenem et al., 2017). In addition, H-NS plays a
role in repressing the exsA gene, thereby preventing the expression of the T3SS1
genes (Ghenem et al., 2017). After the activation of the T3SS1, a series of events
follows that involve rapid autophagy, cell rounding, and the eventual lysis of the cell
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(Zhang & Orth, 2013; Ghenem et al., 2017). So far, four T3SS1 effectors have been
identified: VopQ, VopS, VPA0450, and VopR. VopQ is responsible for the rapid
induction of autophagy, inhibiting recruitment of phagocytes during infection. VopS,
also known as VP1686, plays a role in inhibiting actin assembly by modifying a
threonine residue found on Rho, Rac, and Cdc42 with adenosine-5’-monophosphate
(AMP). VPA0450 disrupts the integrity of the host membrane, plays a role in cell
lysis, and aids in cytotoxicity. VopR promotes the refolding of the T3SS1 effectors
after being delivered into the host cell, thereby playing a role in infection of the host
cell (Zhang & Orth, 2013; Ghenem et al., 2017).
T3SS2 is mainly expressed in clinical isolates of V. parahaemolyticus, and is found
on chromosome II on pathogenicity island VPaI-7, along with tdh and trh, suggesting
that these strains acquired virulence through horizontal gene transfer (Ghenem et al.,
2017; Letchumanan et al., 2017). T3SS2 plays a vital role in enterotoxicity
(Letchumanan et al., 2017). Regulation of T3SS2 is done by the two transcriptional
regulators, VtrA and VtrB (Ghenem et al., 2017). It has been shown that bile salts
induce VtrA to initiate the transcription of VtrB, leading to the production of the
T3SS2 effector proteins (Ghenem et al., 2017; Letchumanan et al., 2017). Seven
T3SS2 effector proteins have been described so far. Briefly, VopA/P (VPA1346) has
been shown to suppress the host cell’s innate immune cell response. The second
effector protein VopC can lead to changes in the actin cytoskeleton and facilitates
bacterial invasion. Effectors VopT and VopV play a role in cytotoxicity and
enterotoxicity, respectively. The multifunctional effector VopZ has been shown to be
crucial for the pathological phenotypes caused by V. parahaemolyticus (Ghenem et
al., 2017). However, the role of the most recently identified effector VPA1380,
which is a cysteine protease, is still unknown (Zhang & Orth, 2013; Ghenem et al.,
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2017). Finally, VopL hijacks the actin cytoskeleton and prevents the activation of the
NADPH oxidase (NOX) at the host cell membrane, resulting in the inhibition of the
production reactive oxygen species (ROS), promoting the intracellular survival of the
bacterium, and establishing a successful replicative environment in the host (de
Souza Santos et al., 2017).
1.3.8. The T6SSs
The

newly

discovered

type

6

secretion

system

(T6SS)

in

V.

parahaemolyticus was predicted to play a role in actin cross-linking, intracellular
trafficking, secretion and vesicular transport, as well as, induction of autophagy in
macrophages (Zhang & Orth, 2013; Ghenem et al., 2017). Similar to T3SS, a set of
T6SS is found on each of the two chromosomes and are therefore named as T6SS1
and T6SS2 (Letchumanan et al., 2017). T6SS1 was found to be associated with
clinical isolates, while all strains of V. parahaemolyticus encode T6SS2 (Ghenem et
al., 2017). Moreover, T6SS1 was activated under warm marine-like conditions,
whereas low salt conditions activated T6SS2. Also, quorum sensing and bacterial
surface sensing played a role in regulation of both T6SS systems (Letchumanan et
al., 2017).

1.4. Different STs of V. parahaemolyticus
Multilocus Sequence Typing (MLST) is an important tool for the
characterization of bacterial isolates and the control of outbreak scenarios, based on
the sequences of seven housekeeping genes (Kimura, 2017; B. Li et al., 2017). A
total of 1681 Sequence Types (STs) of V. parahaemolyticus were described in
different geographical regions (Gonzalez-Escalona et al., 2017). For example, ST36
typically was detected in the Pacific Northwest of Canada and the United States of
America, especially serotype O4:K12 isolates (Gonzalez-Escalona et al., 2017; Xu et
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al., 2017). Strains belonging to ST120 suddenly emerged, causing an outbreak in
Peru in 2009, while ST8 strains were located in Asia (Gonzalez-Escalona et al.,
2017). An endemic V. parahaemolyticus pathogen belonging to ST631 emerged in
the East Coast of USA after the introduction of the Pacific native lineages, ST36,
ST43, and ST636 (Xu et al., 2017). Interestingly, ST631 diverged into two clades
resulting in a total of three hemolysin profiles, due to the independent acquisition of
different pathogenicity islands on different chromosomes (Xu et al., 2017). Clade I
includes isolates that either have no hemolysins or a pathogenicity island that
contains trh. Meanwhile, clade II includes the clinical V. parahaemolyticus isolates
that have a tdh gene inserted adjacent to the urease (ure) cluster, which was found in
the Pacific native lineages (Xu et al., 2017). Moreover, clinical serovar O3:K6, a
member of ST3, emerged as the first pandemic strain, and caused severe outbreaks
globally, which was an unusual trait for this bacterium (Turner at al., 2016; Ghenem
et al., 2017; Gonzalez-Escalona et al., 2017; Xu et al., 2017). The first appearance of
this isolate was in Calcutta, India in 1996 (Li et al., 2014; Ghenem et al., 2017). It
was suggested that the outspread of the Asian-derived O3:K6 was mainly due to the
possession of an open reading frame orf8, allowing the isolate to be more adhesive to
the intestinal cells of the host (Ghenem et al., 2017; Xu et al., 2017). These pandemic
isolates belonged to a group called C3, and portrait the following phenotype, trh-,
tdh+, and GS-PCR+, the later meaning it can be identified by the amplification of its
distinctive toxRS gene (Espejo et al., 2017; Han et al., 2017).

1.5. Pathogenicity islands
In general, bacterial genomes evolve via two main mechanisms: the loss of a
gene, either by a spontaneous mutation or a deletion, and the insertion of a new gene
via horizontal gene transfer (HGT) (Loyola et al., 2015; Espejo et al., 2017).
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However, the evolution of the pandemic V. parahaemolyticus O3:K6 is mainly due
to the acquisition of pathogenicity islands and mobile elements (Loyola et al., 2015;
Turner et al., 2016; Espejo et al., 2017). Analysis of the reference genome of the
pandemic strain, RIMD 2210633, displayed the existence of seven genomic islands,
VPaI-1 to VPaI-7, with four of the islands, VPaI-1 and VPaI-4 to 6, being exclusive
to O3:K6 (Espejo et al., 2017). VPaI-7, the pathogenicity island that has been studied
the most, was found on chromosome 2, and contained the following: a T3SS2
(T3SS-a), two copies of the tdh gene (tdh1 and tdh2), an exoenzyme T gene, a
cytotoxic necrotizing factor, and five transposase genes, all of which contributed to
the progression of infection in the human host (Turner et al., 2016; Espejo et al.,
2017; Letchumanan et al., 2017). Another T3SS2, known as T3SS-b, was found on a
different pathogenicity island, and linked to strains encoding the trh gene
(Letchumanan et al., 2017). In addition, a new pathogenicity island was also reported
in V. parahaemolyticus clinical strains, VPaI-8, and contributed to the rise of a new
serovariant O3:K59 in Chile and Peru (Li et al., 2014).

1.6. Whole-genome sequencing
Since V. parahaemolyticus is a bacterium with low group diversity, but has
the ability to live in different environments, whether being in the gut of a marine
organism or as a human pathogen, it is important to compare its whole-genome and
contrast it with that of the core (Loyola et al., 2015; Espejo et al., 2017; GonzalezEscalona et al., 2017). Whole-Genome Sequencing (WGS) facilitated understanding
of the mechanisms leading to the increase in virulence in foodborne pathogens,
previously marked as non-pathogenic, such as V. parahaemolyticus (GonzalezEscalona et al., 2017). In addition, WGS accelerated outbreak detection and tracking,
leading to better control and management through rapid identification of pathogens
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and their susceptibility profiles (Quainoo et al., 2017). In this study, an outbreak
linked to V. parahaemolyticus infections was investigated. Isolates were recovered
from patients hospitalized in the Middle East Institute of Health suffering from
gastroenteritis during summer 2017. Detailed molecular characterization was
conducted on all recovered isolates using WGS and other PCR based approaches.
This study is particularly noteworthy in that it represents, to our knowledge, the first
report in Lebanon.
The objectives of this study were to:
•

Determine the pathogenicity groups of the outbreak isolates

•

Examine antibiotic resistant profiles and determine resistance mechanisms

•

Study the genetic profiles and estimate the differences

•

Determine the phylogenetic groups

•

Construct a genome-based phylogeny

•

Study the virulence patterns
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Chapter Two
Materials and Methods
2.1 Ethical approval
Ethical approval was not required since the isolates were gathered and stored as
part of routine clinical care. Patient records and information were anonymized before
analysis.

2.2 Sample collection
All isolates were collected from the Middle East Institute of Health University
Hospital in Lebanon over a period of four months, from July to October 2017. All
the isolates were recovered from patients suffering from gastroenteritis between the
ages of 33 to 80. Isolates were designated as VP1-VP7.

2.3 DNA extraction
The clinical isolates were grown on TSA plates with 3% (w/w) NaCl and
incubated overnight at 37°C. DNA was first extracted from the bacterial isolates by
using the Nucleospin® Tissue kit (by MACHEREY-NAGEL) according to the
manufacturer’s instructions.

2.4 Antibiotic susceptibility testing
The antibiotic susceptibility of the clinical V. parahaemolyticus isolates was
examined by the disk agar diffusion method in accordance with the guidelines of the
Clinical and Laboratory Standards Institute (CLSI, 2010). Susceptibility testing was
done using Muller-Hinton agar and a panel of 16 antibiotic disks including cefepime,
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ceftazidime, ampicillin, piperacillin and tazobactam, ticarcillin, ciprofloxacin,
amikacin, gentamicin, tobramycin, imipenem, meropenem, chloramphenicol,
aztreonam, colistin, levofloxacin, and tetracycline.

2.5 Identification of V. parahaemolyticus species by PCR
amplification of toxR
Strains were identified by targeting the regulatory gene, toxR, according to a
previously described PCR protocol (Kim et al., 1999). The reaction mixture of 50 µl
contained the following components: 10X Taq buffer, 25 mM MgCl2, 5U/µl of Taq
polymerase, 2.5 mM deoxynucleoside triphosphate, 20 pmol/µl of each primer,
50ng/µl of template DNA and high purity water. The amplification conditions of the
toxR gene consisted of a total of 20 cycles of denaturation at 94°C for 60 sec,
annealing at 63°C for 90 sec, and extension at 72°C for 90 sec. The forward and
reverse primer sequences used are listed in Table 1. The target amplicon size of 368
base pairs was resolved by gel electrophoresis on 1% agarose.

2.6 Amplification of virulence genes and genetic markers
Detection of the three hemolysins, tdh, trh, and tlh, was based on a previously
described PCR protocol (Bej et al., 1999). The standardized reaction mixture with a
final volume of 25 µl was prepared using 10X Taq buffer, 25 mM MgCl2, 5U/µl of
Taq polymerase, 2.5 mM deoxynucleoside triphosphate, 20 pmol/µl of each primer,
50ng/µl of template DNA and PCR gradient water.
Detection of the nucleotide sequence pR72H serves as a species-specific genetic
marker. The PCR conditions were based on a previously described protocol (Lee et
al., 1995). The reaction mixture with a final volume of 25 µl was prepared using 10X
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Taq buffer, 25 mM MgCl2, 5U/µl of Taq polymerase, 2.5 mM deoxynucleoside
triphosphate, 20 pmol/µl of each primer, and 50ng/µl of template DNA.
Amplification of the pandemic strain marker, orf8, was done as previously described
(Myers et al., 2003). The 25 µl reaction mixture was prepared using 10X Taq buffer,
25 mM MgCl2, 5U/µl of Taq polymerase, 2.5 mM deoxynucleoside triphosphate, 20
pmol/µl of each primer, 50ng/µl of template DNA and PCR gradient water.
The forward and reverse primer sequences for each target gene are listed in Table 1
(Guerrero et al., 2017). The products of the PCR reactions were visualized on a 1%
agarose gel.
Table 1: PCR primer sequences and target sizes of genetic identifiers and virulence
genes

Gene

toxR
tlh
trh
tdh
orf8
pR72H

Primer Name

Primer Sequence

toxR-F
toxR-R
tlh-F
tlh-R
trh-F
trh-R
tdh-F
tdh-R
O3MM824-F
O3MM1192-R
VP33-F
VP32-R

GTCTTCTGACGCAATCGTTG
ATACGAGTGGTTGCTGTCATG
AAAGCGGATTATGCAGAAGCACTG
GCTACTTTCTAGCATTTTCTCTGC
TTGGCTTCGATATTTTCAGTATCT
CATAACAAACATATGCCCATTTCCG
GTAAAGGTCTCTGATTTTGGAC
TGGAATAGAACCTTCATCTTCACC
AGGACGCAGTTACGCTTGATG
CTAACGCATTGTCCCTTTGTAG
TGCGAATTCGATAGGGTGTTAACC
CGAATCCTTGAACATACGCAGC
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Target
Size
(base
pairs)
394
450
500
269
369
387

2.7 Detection of antibiotic resistance genes
The VPA0477 gene, encoding the b-lactamase gene bla, and the VPA0095
gene, encoding quinolone resistance qnr, were amplified according to the
parameters, primers (Table 2), and conditions described by Pazhani et al. (2014).

The b-lactamase genes, blaSHV, blaOXA, and blaTEM, were investigated by PCR assays,
according to Letchumanan et al. (2014). The final volume used was 20 µl and
included the following: 10X Taq buffer, 25 mM MgCl2, 5U/µl of Taq polymerase,
2.5 mM deoxynucleoside triphosphate, 20 pmol/µl of each primer, 50ng/µl of
template DNA and PCR gradient water. The primer pairs used for those assays are
listed in Table 2 (Kim et al., 2013).
The aadA1 (aminoglycoside 3’-adenylyltransferase gene) and strA (streptomycin
resistance encoding gene) were detected as previously described (Maidhof et al.,
2002) (Table 2) with some modifications. The total volume used was 25 µl and
included the following: 10X Taq buffer, 25 mM MgCl2, 5U/µl of Taq polymerase,
2.5 mM deoxynucleoside triphosphate, 20 pmol/µl of each primer, and 50ng/µl of
template DNA.
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Table 2: PCR primer sequences and target sizes of antibiotic resistance genes
Gene
aadA1
strA
blaTEM
VPA0477
VPA0095
blaSHV
blaOXA

Primer
Name
aadA1a-F
aadA1a-R
strA-F
strA-R
TEM-9F
TEM-9R
VP-bla-F
VP-bla-R
QnrVPF
QnrVPR
FW
RV
FW
RV

Primer Sequence
AACGACCTTTTGGAAACTTCGG
TTCGCTCATCGCCAGCCCAG
CCAATCGCAGATAGAAGGCAAG
ATCAACTGGCAGGAGGAACAGG
ATAAAATTCTTGAAGAC
TTACCAATGCTTAATCA
CCTGTTGGTTGGGCTGATGGTT
GAAGCGAAAGGTCTGTGTCTGTGA
CGAATATCCAGCCCGTCCAGTT
AATCCAAAGCGCTAGAAGGGTGTA
TTATCTCCCTGTTAGCCACC
GATTTGCTGATTTCGCTCGG
ACCAGATTCAACTTTCAA
TCTTGGCTTTTATGCTTG

Target
Size
352
580
1073
773
431
796
589

2.8 Pulsed field gel electrophoresis
PFGE was performed according to the PulseNet International protocol
(www.pulsenetinternational.org) using the restriction enzyme NotI (Kam et al., 2008)
. The PFGE patterns obtained were analyzed using BioNumerics (Applied Maths,
Belgium). Clustering was done using unweighted group method and a 1.5%
tolerance as the dice coefficient with a 80% similarity cutoff value.

2.9 Whole-genome sequencing and data analysis
The Illumina Nextera XT (Illumina, San Diego, CA, USA) library preparation
kit was used to prepare a library using 1 µg of DNA. The DNA was subjected to endrepair, A-tailing, ligation of adaptors including sample-specific barcodes as
recommended by the manufacturer’s protocol. Quantitative PCR was performed for
the resultant libraries using Qubit. Finally, the samples were sequenced on an
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Illumina MiSeq with paired-end 500 cycles protocol to obtain reads for at least 250
base pairs in length.
Genome assembly was performed de novo using Spades Genome Assembler version
3.6.0 (Bankevich et al., 2012). The procedures of data cleaning, contig assembly,
error correction, quality control and scaffolding were done using FastQC version
1.0.0 (Andrews, 2010).
The RAST server was used to annotate the resulting de novo assemblies
(http://rast.nmpdr.org). It allowed the assignment of gene functions, and the
prediction of subsystems in the genome (Aziz et al., 2008; Overbeek et al., 2014;
Brettin et al., 2015). The number of tRNAs were identified using ARAGORN
v1.2.36 (Laslett & Canback, 2004), while the RNAmmer Prediction Server 1.2 was
used for the number of rRNAs (Lagesen et al., 2007).
The ResFinder 3.0 web server (www.genomicepidemiology.org) was used to screen
high throughput sequencing data and detect acquired antimicrobial resistance genes
(Zankari et al., 2012). However, ResFinder cannot determine the expression and
functional integrity of those genes.
The MLST of each isolate was determined by mapping the high throughput
sequencing data to the online database using the CGE MLST 1.8 server (Larsen et
al., 2012) found on CGE (www.genomicepidemiology.org).
The detection of virulence genes, such as the hemolysins, was done through
screening the sequencing data using the V. parahaemolyticus locus/sequence
definitions database (University of Oxford, UK).
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The Phage Search Tool Enhanced Release (PHASTER) (http://phaster.ca) was used
for the identification of phages (Zhou et al., 2011; Arndt et al., 2016). This tool aids
in the determination of the site of phage integration and the assignment of a phage
family.
The CGView server was used to create a circular comparative figure of the genomes
(Grant & Stothard, 2008). This server is publically available on the Stothard
Research Group website (http://stothard.afns.ualberta.ca/cgview_server/).
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Chapter Three
Results
3.1 Antibiotic resistance
Antibiotics representing different classes were used to determine antibiotic
sensitivity. All the isolates were resistant to ampicillin, 14% to ticarcillin, 86% to
ceftazidime, and 14% to amikacin. Meanwhile, 14% showed intermediate resistance
to ceftazidime, 14% to ciprofloxacin, and 43% to amikacin (Figure 1). All the
isolates, however, were susceptible to cefepime, piperacillin and tazobactam,
gentamicin, tobramycin, imipenem, meropenem, chloramphenicol, aztreonam,
colistin, levofloxacin, and tetracycline.

Figure 1: Antibiotic resistance profile of the V. parahaemolyticus isolates. Darker
shades of gray indicate more resistance. The antibiotic groups that showed resistance
were: cephalosporins (CS), penicillins (PN), fluoroquinolones (F), and
aminoglycosides (A). The antibiotic drugs shown in this figure are ceftazidime
(CAZ), ampicillin (AMP), ticarcillin (TIC), ciprofloxacin (CIP), and amikacin
(AMK). VP: V. parahaemolyticus.
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3.2 V. parahaemolyticus sequence typing
All of the isolates belonged to the MLST ST3 as revealed by the MLST 1.8
server (Larsen et al., 2012) found on CGE and was confirmed using the V.
parahaemolyticus locus/sequence definitions database (University of Oxford, UK),
with 100% alignment to each of the seven housekeeping genes.

3.3 Genetic markers of V. parahaemolyticus
The successful detection of the species-specific toxR gene and pR72H sequence
in all the isolates confirms and verifies the sequence-based identification. Moreover,
the detection of the open reading frame orf8 in all the isolates revealed that all
belonged to the pandemic strain O3:K6 (Figure 2).

3.4 Virulence determinants
To test for hemolysins (tdh, trh, and tlh) a PCR based assay was used. Results
obtained revealed that all the isolates were positive for tdh and tlh, and negative for
trh. Based on that, all the isolates had the following genotype: tdh+, trh-, tlh+ (Figure
2).

3.5 Resistance determinants
The gene corresponding to VPA0477, also known as a b-lactamase bla, and qnr
(VPA0095) encoding for quinolone resistance were detected in all isolates. Since
VP1 has intermediate resistance to ciprofloxacin, a fluoroquinolone, the VPA0095
sequence was compared between all isolates, but no mutations were found in the
gene, upstream, or downstream of it. None of the following were detected: blactamase encoding genes (blaSHV, blaOXA, and blaTEM), aminoglycoside 3’adenylyltransferase encoding gene (aadA1), and streptomycin resistance encoding
gene (strA) (Figure 2).
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Figure 2: PCR results of genetic identifiers, virulence genes, and antibiotic
resistance genes in V. parahaemolyticus.

3.6 Typing using Pulsed Field Gel Electrophoresis (PFGE)
The PFGE profiles of all the isolates were determined, and the patterns obtained
were analyzed. A dendogram was generated using BioNumerics software (Applied
Maths, Belgium). Using 80% similarity cutoff point grouped all the isolates in three
clusters except for VP1, which was untypable (Figure 3).

Figure 3: Dendogram of the V. parahaemolyticus isolates following PFGE using the
restriction enzyme NotI. Image was generated using BioNumerics software (Applied
Maths, Belgium).
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3.7 Single nucleotide polymorphism
A phylogenetic SNP (Single Nucleotide Polymorphism) based tree was
generated using BioNumerics software (Applied Maths, Belgium). The whole
genomes of the collected V. parahaemolyticus isolates were aligned and compared to
the genomes of three other reference strains. The three chosen strains were V.
parahaemolyticus RIMD 2210633, AQ3810, and AQ4037. The seven outbreak
isolates were closest to RIMD 2210633, which is the pandemic clone commonly
used as a reference strain, having at least 99% similarity with each other. AQ3810
and AQ4037 showed 75% and 71% similarity, respectively. The tree was rooted with
Klebsiella pneumoniae UCLAOXA232KP. The SNP based phylogenetic analysis
clearly showed the close association between the isolates undertaken in this study
and the pandemic strain O3:K6 (Figure 4).

Figure 4: Phylogenetic SNP tree of the V. parahaemolyticus isolates. Figure was
generated by using the BioNumerics software (Applied Maths, Belgium). The V.
parahaemolyticus isolates are almost identical to each other, indicating an outbreak
scenario caused by the pandemic strain O3:K6. RIMD 2210633, AQ3810, and
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AQ4037 are known V. parahaemolyticus strains. K. pneumoniae UCLAOXA232KP
was used as an outgroup in this dendogram.

3.8 Comparative analysis of circular genomes
Figure 5 represents whole-genome comparison between the phenotypically
identical isolates VP6, VP7, and the reference genome RIMD 2210633. Circular
alignment of VP6 and VP7 to the representative pandemic clone shows a 100%
match. On the other hand, figure 6 represents whole-genome comparison between
VP2, RIMD 2210633, and AQ3810. VP2 matched fully with the representative
pandemic clone RIMD 2210633, while gaps were detected when compared with
AQ3810, an O3:K6 strain isolated in Japan in 1983. This difference was due to some
additional genetic elements in VP2 missing in AQ3810. VP1 and VP4 were also
compared to the current representative pandemic clone RIMD 22106333, which
completely matched that of O3:K6 clone (Figure 7).
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Figure 5: Comparative analysis of the circular genomes of VP6, VP7, and RIMD
22106333. This image was generated by CGView server (Grant & Stothard, 2008).
The circular tracks represent from outside to inside: VP6, VP7, and reference strain
RIMD 2210633. The black lines represent the GC content, the green lines represent
the positive GC skew, and the purple lines represent the negative GC skew. This
figure shows how similar isolates VP6 and VP7 are identical to each other, as well as
to the pandemic reference strain.
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Figure 6: Comparative analysis of the circular genome of VP2 with two reference
strains RIMD 2210633 and AQ3810. This image was generated by CGView server
(Grant & Stothard, 2008). The circular tracks represent from outside to inside: VP2,
RIMD 2210633, and AQ3810. The black lines represent the GC content, the green
lines represent the positive GC skew, and the purple lines represent the negative GC
skew. This figure shows how VP2 and RIMD 2210633 are identical to each other.
The gaps in AQ3810 represent sequences not found in the other sequences, which is
consistent with the fact that AQ3810 lacks pathogenicity islands found in
RIMD2210633, as well as one of the T6SSs.
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Figure 7: Comparative analysis of the circular genomes of VP1, VP4, and RIMD
22106333. This image was generated by CGView server (Grant & Stothard, 2008).
The circular tracks represent from outside to inside: VP1, VP4, and RIMD 2210633.
The black lines represent the GC content, the green lines represent the positive GC
skew, and the purple lines represent the negative GC skew. This figure shows how
the three genomic sequences are identical to each other.
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Chapter Four
Discussion
V. parahaemolyticus outbreaks have been reported worldwide in countries such as
Japan, China, Spain, France, Italy, Mexico, and the United States (Chen et al., 2016;
Martinez-Urtaza et al., 2016; Han et al., 2017). The gain of the orf8 from the
vibriophage f237 has contributed to the widespread of the pandemic strain O3:K6, as
well as provided a suitable genetic marker for its detection (Nasu et al., 2000; Hazen
et al., 2015; Wang et al., 2017). In this study, a number of isolates recovered from
patients suffering from gastroenteritis during summer 2017, were recovered from
stool samples, identified and characterized through whole-genome sequencing and
molecular typing. We confirmed that all the outbreak associated isolates were V.
parahaemolyticus. Further analysis also revealed the presence of orf8, linking the
isolates to the well-known pandemic O3:K6 serotype. The warm weather commonly
prevailing in the summer is positively correlated to an increase in the growth and
detection of V. parahaemolyticus, which may have contributed to an increase in
food-borne contamination (Young et al., 2014).
Pandemic O3:K6 strains have the tdh+,trh-,GS-PCR+ genotype (Anjay, 2016). This
was in harmony with our results where all proved to be positive for tdh and toxR
genes, while negative for the trh gene (Figure 2). Therefore, all of the isolates had
the typical O3:K6 genotype. Whole-genome sequence analysis confirmed the
presence of two copies of tdh, tdh1 and tdh2, on chromosome 1 and 2, respectively;
this is typical for hemolysin-producing V. parahaemolyticus (Bhowmik et al., 2014),
which goes hand in hand with gastroenteritis.
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The toxin tlh is a species-specific marker, as well as a hemolysin, and encodes a
phospholipase A2 (Federici et al., 2018). Its detection alongside toxR confirms
genotypically the ID of the outbreak strains (Cheng et al., 2016; Kong et al., 2018).
The species-specific fragment pR72H is another important marker for V.
parahaemolyticus (Federici et al., 2018). pR72H is a non-coding DNA fragment,
found on chromosome 1, detected in both clinical and environmental isolates
(Coutard et al., 2005). The amplification of this fragment was developed as a method
to detect environmental V. parahaemolyticus strains, found in seafood, since those
isolates do not have the species-specific hemolysin tlh (Lee et al., 1995). All the
tested isolates were positive for tlh and pR72H, which additionally verified the
species.
Vibrio species, in general, are susceptible to most antimicrobial agents (Elmahdi et
al., 2016). However, V. parahaemolyticus has intrinsic resistance to penicillin (Chiou
et al., 2015; Li et al., 2016), which agreed with our results with all the isolates
showing resistance to ampicillin (Figure 1). Moreover, VPA0477, a b-lactamase,
specific for V. parahaemolyticus was detected in all the isolates (Figure 2). Studying
the genetic environment of the VPA0477 revealed the presence of ferric reductase, a
cobalt-zinc-cadmium resistance protein CzcA, a cobalt-zinc-cadmium efflux RND
transporter, and a heavy metal RND efflux outer membrane protein, upstream of the
gene. A GGEDF domain, a spermidine N1-acetyltransferase, a long-chain fatty acid
transport protein, and an inner membrane transporter CmeB of the RND efflux
system detected downstream of the b-lactamase. BLAST analysis of the b-lactamase
sequence showed that it matched with CARB-22, a carbenicillin-hydrolyzing class A
b-lactamase in V. parahaemolyticus RIMD2210633 found on chromosome 2 (Chiou
et al., 2015). The blaCARB genes were observed in a broad range of microorganisms,
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possibly due to mobile genetic elements. Carbenicillinases where also found on
chromosome 2 of V. cholera (Petroni et al., 2004). The other b-lactamases, blaSHV,
blaOXA, and blaTEM, were not detected in this study (Figure 2).
The chromosomal VPA0095 gene corresponds to quinolone resistance in V.
parahaemolyticus (Aedo et al., 2014). This gene is related to qnrA, a quinolone
resistance determinant, located on a plasmid in different bacteria such as Proteus
mirabilis and Klebsiella pneumoniae (Aedo et al., 2014). In this study, the qnr gene
was present in all of the V. parahemolyticus isolates. However, quinolone resistance
is not expressed by any of the isolates once treated with levofloxacin (Figure 1).
Furthermore, intermediate resistance to ciprofloxacin, a fluoroquinolone, was
exhibited by VP1. Aligning the VPA0095 gene of each isolate showed that there are
no mutations in this sequence, or in its corresponding upstream and downstream
flanking regions, so the difference in expression between the isolates is not due to a
mutation found in the VPA0095 gene in VP1. However, point mutations in DNA
gyrase and/or topoisomerase genes can lead to decreased susceptibility to
fluoroquinolones, as seen in VP1 (Piddock, 2012).
All of the isolates in this study had the same MLST ST type, serotype, virulence
genes, and resistance patterns. Their genetic fingerprints were also analyzed to
confirm a food-borne outbreak. PFGE is the best typing approach to reveal the
relatedness between the different isolates (Jones et al., 2016). Analysis of the PFGE
results revealed that the isolates were closely related and clustered in three
pulsotypes, with VP1 being untypable, which is a major PFGE drawback when
studying Vibrio species (Ellingsen et al., 2008). Untypable Vibrio isolates were
reported in many studies. In the case of V. vulnificus, 12% of the isolates were
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untypable (Wong et al., 2004), while 19% V. parahaemolyticus isolates were
untypable by PFGE (Tanil et al., 2005). As a result, we conducted whole-genome
based SNP (wgSNP) analysis, which can also help to reveal the relatedness between
the outbreak isolates (Tsai et al., 2017). A wgSNP tree was computed using the
BioNumerics software to compare the isolates at the whole-genome scale (Figure 4).
Accordingly, all the isolates in this study were found to be 98% or more similar and
are closely related to the pandemic strain RIMD 2210633. RIMD 2210633 is a V
parahaemolyticus strain recovered from a patient with travelers’ diarrhea at the
Kansai International Airport quarantine station in 1996 (Makino et al., 2003). This
strain is the current reference genome for the pandemic O3:K6 isolates (Espejo et al.,
2017). V. parahaemolyticus AQ3810 and AQ4037 are O3:K6 strains recovered from
travelers at the Osaka Airport Quarantine Station in Japan in 1983 and 1985,
respectively (Okuda et al., 1997). The two pre-1996 pandemic strains are noticeably
distant from the isolates in this study and the current representative of O3:K6 (Figure
4). This can be explained by the absence of six pathogenicity islands in the pre-1996
isolates (Espejo et al., 2017). The phylogenetic wgSNP based analysis was a better
approach in studying outbreak related isolates, especially that the PFGE untypable
VP1 was closely related to all the others.
Comparative circular genomes were generated using whole-genome data from all
isolates. VP6 and VP7, closely related based on wgSNP analysis (Figure 4), were
compared to the reference strain RIMD 2210633, and the three genomes fully
matched (Figure 5). The genome RIMD 2210633 is known to contain two circular
chromosomes with seven integrated pathogenicity islands (PAI): VPaI-1 (VP0380VP0403), VPaI-2 (VP0635-VP0643), VPaI-3 (VP1071-VP1094), VPaI-4 (VP2131VP2144), VPaI-5 (VP2900-VP2910), VPaI-6 (VPA1253-VPA1270), and VPaI-7
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(VPA1312-VPA1398) (Chi & Wong, 2017; Espejo et al., 2017). Alignment and
comparison of known genes in the different PAIs of the collected isolates with
RIMD 2210633 showed that they all contain the seven PAIs. VPaI-1 includes a type
I restriction endonuclease, VPaI-2 has a ribonuclease H1 protein, VPaI-3 encodes a
methyl accepting chemotaxis protein, VPaI-4 includes the M protein, VPaI-5
contains two integrases, and VPaI-6 has 2 putative colicin proteins (Hurley et al.,
2006). VPaI-7, found on chromosome 2, is the most studied island and contains two
tdh genes and a T3SS, a cytotoxic necrotizing factor, an exoenzyme T gene, and five
transposase genes (Makino et al., 2003; Espejo et al., 2017). The presence of the
seven PAIs, in addition to the genotypes of the isolates in this study, verified that
they have all the characteristics of the current pandemic clone. Comparative analysis
between VP2, RIMD 2210633, and AQ3810, demonstrated that VP2 is identical to
the reference genome (Figure 6). However, the presence of gaps in the AQ3810
sequence revealed that AQ3810 had missing genomic elements compared to the
collected isolates. Alignment of VP2, RIMD 2210633, and AQ3810 showed a long
stretch of nucleotides to be missing in AQ3810. Blasting the sequence showed that it
corresponds to PAIs. Figure 6 shows a gap associated with a high GC content, which
is a characteristic of PAIs. This goes hand in hand with the fact that AQ3810 has six
PAIs missing in its genome (Espejo et al., 2017). The other gaps found in the
AQ3810 sequence where due to the missing two T6SSs that are present in
RIMD2210633 (Espejo et al., 2017). Finally, VP1 was compared to VP4 and
RIMD2210633 to confirm that VP1 is similar to the rest of the outbreak isolates and
to the reference strain, although being untypable, and accordingly we confirmed that
it was also linked to the outbreak (Figure 7).
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To our knowledge, this is the first proven V. parahaemolyticus linked outbreak in
Lebanon, as well as in the Middle East. Previous studies about V. parahaemolyticus
in Lebanon involved its presence in the microbiota of aquatic animals (Abdelnoor &
Roumani, 1980), and as one of the aquatic microorganisms (Kassaify et al., 2009).
The ability of the O3:K6 strain to spread on a global scale is concerning, especially
for a bacterium that is not usually pathogenic. The identification of the tdh+, trh-, GSPCR+ genotype in all of the isolates confirms that they belonged to the pandemic
strain. WGS is an important tool for rapid detection and identification of such
isolates. With decreasing costs and improved efficiency, WGS serves as a better
approach for subtyping bacterial isolates, especially those linked to outbreaks. More
studies should be done to build a genome-based comparison between clinical and
environmental isolates in order to better elucidate and understand the source/s of
contamination.
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