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I. Global changes and diseases 

It is increasingly accepted that global changes, characterized by the increase of 

greenhouse gases emission, result in numerous climatic hazards such as warming, 

droughts or floods, among others. According to the World Health Organization (WHO), 

climate changes are the greatest challenge of the 21st century, thus increase the threat to 

human lives and health (WHO, 2015). Indeed, climatic hazards can impact respiratory 

diseases (asthma associated to air pollutant exposure), allergies (increased production of 

pollen), cardiovascular disease (air pollutant and heatwaves), heat strokes (heatwaves), 

but also infectious diseases (WHO, 2015).  

1. Climatic hazards and infectious diseases 

Climate hazards can result in emergence of new infectious diseases, and in resurgence 

and expansion of existing infectious diseases (Figure 1). Those hazards can affect 

simultaneously the wide taxonomic diversity of human pathogens (viruses, bacteria, 

parasites…) and the transmission types (vector-, food-, waterborne…) (Mora et al., 2022). 

Moreover, those hazards can also increase human and pathogens proximity, strengthen 

pathogens (reproduction, life cycle, virulence…) and also decrease human capacity to 

fight these pathogens (stress, malnutrition…) (Mora et al., 2022).  

 

Figure 1. Pathogenic diseases aggravated by climatic hazards (Mora et al., 2022). 

2. Vibriosis cases 

Among those pathogenic diseases, the increase of vibriosis cases was shown to be 

associated to global change, in particular to ocean warming (Baker-Austin et al., 2013; 
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Vezzulli et al., 2015). Vibriosis are caused by gram negative bacteria of Vibrio genus, 

composed of 137 species (https://lpsn.dsmz.de/genus/vibrio) which can infect marine 

organisms (corals, molluscs, fishes…) but also human (de Souza Valente and Wan, 2021; 

Ina-Salwany et al., 2019; Thompson et al., 2004). Vibrio spp. are halophilic bacteria 

commonly found in estuarine and marine environment, and whose the proliferation is 

affected by the surface seawater temperature (SST) (Froelich et al., 2019). Human 

pathogenic Vibrio are principally represented by three species: Vibrio cholerae, Vibrio 

vulnificus and Vibrio parahaemolyticus. Data from USA (Figure 2) and France (Centre 

National de Référence des Vibrions et du Choléra, 2021) showed that the increase in 

vibriosis cases was principally due to an increase in V. parahaemolyticus-associated cases. 

 

Figure 2. Incidence per 100,000 population of V. cholerae (pink circle),  

V. parahaemolyticus (green triangle) and V. vulnificus (blue square) cases (FoodNet 
Fast | CDC). 

II. Vibrio parahaemolyticus: biology and ecology 

Vibrio parahaemolyticus is a curved or straight bacillus of 0.5 - 1 µm wide and 1.2 - 3.5 µm 

long with a polar flagellum (Figure 1B) that allows motility. In the environment,  

V. parahaemolyticus can be found in two forms: swimmers (i.e. free-living form) and 

swarmers (i.e. form adapted for motility on surface or in very viscous environments) 

characterized by different morphologies (McCarter, 1999). The swimmers are 

characterized by small and opaque colonies while swarmers are larger and translucent 

colonies on agar plates. At the phenotypic level, the difference between the two forms is 

the presence of lateral flagella on surface of swarmers allowing their attachment to solid 

surface (Figure 1A). Swarmers are the principal morphologies found in biofilms 

(McCarter, 1999). 

https://lpsn.dsmz.de/genus/vibrio
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Figure 3. Swarmer (A) and swimmer (B) cells of V. parahaemolyticus. Expression of 
lateral flagella in swarmer conformation whereas only the polar flagella in swimmer 

conformation. Figure from (Zhang et al., 2016) 

Vibrio parahaemolyticus is aero-anaerobic, able to live in both marine environment 

(aerobic) and human gut (anaerobic) and is heterotroph, needs exogenous organic 

matter to produce their constitutive elements (Joseph et al., 1982). V. parahaemolyticus is 

a mesophilic organism because of the duality marine bacteria – human pathogens, thus 

can grow in medium with temperatures ranging from 5°C to 43°C, salinity from 0.5% to 

30% and pH from 4.8 to 11 (WHO/FAO, 2011). However, V. parahaemolyticus optimal 

growth is obtained at 35-37°C, 1.5-3% of salinity and pH of 7.8 – 8.6 (Joseph et al., 1982).  

3. Ecology of Vibrio parahaemolyticus in environment 

Vibrio parahaemolyticus is considered a common inhabitant of environmental 

compartment which constitute its ecological niches: seawater column (Deter et al., 2010; 

Johnson et al., 2012), shellfishes (Deter et al., 2010; Johnson et al., 2010; Johnson et al., 

2012), sediments (Caburlotto et al., 2010; Deter et al., 2010; Johnson et al., 2012) and is 

associated to zooplankton (Caburlotto et al., 2010; Rehnstam-Holm et al., 2014). It 

appears that V. parahaemolyticus abundance in these different niches varies according to 

diverse factors.  

 Factors influencing V. parahaemolyticus ecology 

Seawater temperature 

Seawater temperature was shown to be the main environmental determinant of  

V. parahaemolyticus abundance worldwide. Total V. parahaemolyticus was positively 

correlated with temperature in seawater (Caburlotto et al., 2010; Deter et al., 2010; 

Johnson et al., 2010; Johnson et al., 2012; Rehnstam-Holm et al., 2014), in oysters (Johnson 

et al., 2010; Johnson et al., 2012) and in sediments (Johnson et al., 2012). Thus,  

V. parahaemolyticus proliferation follow a seasonal dynamics with an increase from May 

to July-August and decrease until October in northern hemisphere (Caburlotto et al., 

2010; Johnson et al., 2010).  
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Salinity 

Salinity was shown to be an environmental determinant of V. parahaemolyticus 

abundance and distribution, thus was positively (Johnson et al., 2010; Rehnstam-Holm 

et al., 2014) or negatively (Caburlotto et al., 2010) correlated with total V. parahaemolyticus 

in seawater. Same conflicted results were observed in oysters (Johnson et al., 2010) but 

only positive correlations were observed in sediments (Deter et al., 2010; Johnson et al., 

2010). Indeed, higher salinity lead to higher sedimentation allowing V. parahaemolyticus 

to resist to low temperatures in particular during winter (Deter et al., 2010). 

Other abiotic factors 

Turbidity was positively correlated with total V. parahaemolyticus in seawater (Johnson 

et al., 2012; Rehnstam-Holm et al., 2014), in oysters (Deter et al., 2010; Johnson et al., 2012) 

and in sediments (Deter et al., 2010; Johnson et al., 2012). However, pH showed more 

contrasted results about its impact on total V. parahaemolyticus concentrations. Indeed, 

seawater is well-buffered, thus, its pH does not vary drastically. Though, most studies 

have found little to no correlation between pH and total V. parahaemolyticus 

concentration (Caburlotto et al., 2010). Dissolved organic carbon and phosphate were 

positively correlated with total V. parahaemolyticus in seawater (Rehnstam-Holm et al., 

2014) and in oysters (Johnson et al., 2012) while nitrate and nitrite (Rehnstam-Holm et 

al., 2014) were negatively correlated with total V. parahaemolyticus in seawater.  

Planktons 

Studies of phytoplankton were often investigated by the proxy of chlorophyll a in 

seawater. Chlorophyll a was positively correlated with total V. parahaemolyticus 

concentrations in seawater (Caburlotto et al., 2010; Rehnstam-Holm et al., 2014), in 

mussels (Deter et al., 2010) and in sediments (Johnson et al., 2012). Moreover, presence 

of diatom was positively correlated with total V. parahaemolyticus concentrations in 

seawater (Rehnstam-Holm et al., 2014). 

 Response to stress: viable but nonculturable state 

Variations of these factors could lead to stress on bacterial population, thus, resulting in 

viable but nonculturable (VBNC) bacteria. This state is characterized by rounded cells, 

incapacity to growth on agar medium and decrease of metabolic activity. VBNC  

V. parahaemolyticus can be induced at low temperatures (~ 3.5°C) under starvation 

conditions (Jiang and Chai, 1996) followed by regrowth, showed by cell division and 

recovery of culturability (Coutard et al., 2007). In the VBNC state, V. parahaemolyticus can 
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resist to thermal stress (47°C), low salinity (0% NaCl) and acidification (pH 4) (Wong 

and Wang, 2004).  

4. Context of global changes 

Various studies showed an increase in Vibrio spp. infection cases in years in USA 

(Froelich et al., 2019; Newton et al., 2012; Tack et al., 2019), around Baltic sea (Baker-

Austin et al., 2013), in Australia (Harlock et al., 2022) and in V. parahaemolyticus infection 

cases in Canada (Galanis et al., 2020). These increased incidences have been associated 

to global changes characterized principally by an increase of SST. According to the most 

recent projection of the Intergovernmental Panel on Climate Change (IPCC), the 

different scenarios predicted an increase of SST of 1.0-1.8°C and of 3.3-5.7°C by 2081-

2100 in the best and worst cases, respectively (IPCC, 2021). As indicated previously, 

higher temperatures promote proliferation of Vibrio spp. and of V. parahaemolyticus 

(Johnson et al., 2010; Johnson et al., 2012). In the epidemiological history of V. 

parahaemolyticus infection, outbreaks and epidemic expansion were often correlated with 

anomalies in seawater temperatures such as an unusual warm coastal seawater 

temperatures detected parallelly with new outbreaks or high Vibrio cases (Baker-Austin 

et al., 2010; González-Escalona et al., 2008; McLaughlin et al., 2005). Projections of future 

effects of climate change on temporal and spatial concentrations of V. parahaemolyticus 

are necessary to predict future microbial risks for public health. In particular, Muhling 

et al. (2017) showed that the concentration of V. parahaemolyticus in oysters from 

Chesapeake Bay could increase from 1.5 to 3 times by 2071-2100 (Muhling et al., 2017) 

and by 1.2 on Mexico coasts by 2100 (Ortiz-Jiménez, 2018). Moreover, they suggested 

that future climate change could also increase season length, spatial habitat and infection 

rates of V. parahaemolyticus. A recent study showed that V. parahaemolyticus 

concentration in oysters in Taiwan could increase up to 39-86% by 2081-2100 (Ndraha 

and Hsiao, 2022). All of these predictions allow a good forecasting in future public health 

issues concerning V. parahaemolyticus infections, emphasizing the need to further 

characterize V. parahaemolyticus and to develop methods to protect consumers from 

infection.  
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III. Vibrio parahaemolyticus: public health issues 

1. Human pathogen Vibrio 

Vibrio spp. can be characterized by their serotype according to combination of antigenic 

structures found on their surfaces: 13 variants of O (lipopolysaccharide) and 71 variants 

of K (polysaccharidic acid) antigens (ANSES, 2011). Ten Vibrio species are pathogens for 

human (Table 1) and are divided in two groups: choleric or non-choleric. Choleric 

vibriosis are caused by Vibrio cholerae O1 or O139 while non-choleric vibriosis are 

principally caused by V. cholerae non O1/O139, V. parahaemolyticus and Vibrio vulnificus, 

and in rarer cases by six other Vibrio species (Table 1) (Quilici and Robert-Pillot, 2011). 

Table 1. Human pathogenic species of Vibrio genus 

Species frequently isolated 

Vibrio cholerae 

Vibrio parahaemolyticus 

Vibrio vulnificus 

Vibrio alginolyticus 

Species rarely isolated 
Vibrio fluvialis 

Vibrio mimicus 

Species with non-defined pathogenicity 

Vibrio metschnikovii 

Vibrio cincimatiensis 

Vibrio furnissii 

1. Transmission and symptoms 

To this day, V. parahaemolyticus is classified as the first causal bacterial agent in seafood-

gastroenteritis worldwide, in particular in Asia and USA (Chen et al., 2022; Scallan et al., 

2011). Infections are in most cases the result of consumption and manipulation of raw or 

undercooked contaminated seafood but also wound infection. Symptoms appear 

between 4 and 24 h after ingestion of the contaminated food and can last up to 2 weeks. 

Most frequents symptoms are diarrhoea, abdominal cramps, nausea, vomiting, 

headache, fever and chills, and in rarer cases, sepsis (Baker-Austin et al., 2018).  

2. Epidemiology and pandemic clones 

 Vibrio parahaemolyticus infection epidemiology 

Vibrio parahaemolyticus was first identified in food poisoning outbreak in 1951 in Japan 

causing 272 cases and 20 deaths (Fujino et al., 1953).  Starting in 1969, cases of  

V. parahaemolyticus food poisoning were recorded in USA (Molenda et al., 1972), in 

Alaska (McLaughlin et al., 2005) and in Canada (CDC, 2006). In Europe, only sporadic 
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outbreaks were caused by V. parahaemolyticus in Spain (Lozano-León et al., 2003) and in 

France (Lemoine et al., 1999). Nowadays, V. parahaemolyticus is a common cause of 

foodborne poisoning in Asia, in particular in China (Chen et al., 2022), Japan (Alam et 

al., 2002) and USA (Scallan et al., 2011). In France, the National Reference Laboratory at 

the Institut Pasteur, Paris (Centre National de Référence des Vibrions et du Choléra, 

CNRVC) is confirming identification of Vibrio species isolated from clinical cases. Their 

annual report showed that the number of non-cholera infections was between seven and 

12 between 1995 and 2014 and increase to 69 cases in 2019 (Centre National de Référence 

des Vibrions et du Choléra, 2021), but this is probably underestimated due to the lack of 

mandatory notification. 

 O3:K6 pandemic clone Vibrio parahaemolyticus 

In 1996, a sudden outbreak occurred in Calcutta (India) and a unique clone of  

V. parahaemolyticus, never isolated previously, was identified as serotype O3:K6 

representing 50 to 80% of infections during this outbreak (Okuda et al., 1997). This 

serovar1  rapidly spread to other Asiatic countries (Matsumoto et al., 2000), American 

continent (Velazquez-Roman et al., 2014), Africa (Ansaruzzaman et al., 2005) and Europe 

(Martinez-Urtaza et al., 2005), thus, becoming pandemic (Figure 2). Various 

serovariants2 i.e. O4:K68, O1:K25 or O1:KUT emerged worldwide (Nair et al., 2007). In 

Asiatic countries, percentage of pandemic clones implicated in outbreaks rose with time 

(Chiou et al., 2000; Yamazaki et al., 2003), thus representing 67% of V. parahaemolyticus 

clinical isolates in China between 2007 and 2012 (Li et al., 2014). In France, only a few 

cases caused by O3:K6 were identified (Quilici et al., 2005). 

 Pacific northwest Vibrio parahaemolyticus sequence type 36 

Prior to 1997, a specific serovar of V. parahaemolyticus, O4:K12, was associated to 

gastroenteritis cases recorded on USA and Mexican Atlantic coasts (Abbott et al., 1989). 

In 1997-1998 an important outbreak occurred on the USA and Canadian Pacific coasts 

associated to the serovar O4:K12 (Daniels et al., 2000). In 2012, two outbreaks occurred 

simultaneously on the USA and Spanish Atlantic coasts associated to the serovar O4:K12 

(Martinez-Urtaza et al., 2013; Turner et al., 2013). This serovar was associated to the 

sequence type 36 (ST36) and was confirmed as endemic from USA and Mexican Pacific 

coasts (Turner et al., 2013) (Figure 2). 

                                                      

1 Bacterial population characterized by one serotype of O and K antigens 
2 Bacterial populations with similar genotype and molecular profiles of O3:K6  
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Figure 4. Geographical expansion of the Pandemic (red) and the Pacific Northwest 
(PNW, black) clones. Figure from Martinez-Urtaza and Baker-Austin (2020). 

In France, prevalence of V. parahaemolyticus in environment is high (Cantet et al., 2013; 

Deter et al., 2010; Esteves et al., 2015) but low number of cases/outbreaks are recorded 

each year (Centre National de Référence des Vibrions et du Choléra, 2021). Indeed, 

pathogeny of V. parahaemolyticus in humans depend on virulence factors, thus, it is 

important to distinguish non-pathogenic (also qualified as non-toxigenic) from 

potentially pathogenic V. parahaemolyticus strains isolated from environment. In order to 

manage infection issue, anticipation and characterization of virulence and proliferation 

in environment are crucial research axis.  

IV. Vibrio parahaemolyticus genome and virulence 

1. Circular genome 

The physical card of genome of clinical strain AQ4673 of V. parahaemolyticus was 

determined in 1999 allowing to highlight that the genome was constituted to two circular 

chromosomes (Yamaichi et al., 1999), a characteristic shared within the Vibrio genus. 

Whole genome sequencing (WGS) of the strain AQ4673 showed that chromosomes have 

sizes around 3.3 Mbp and 1.9 Mbp for chromosome 1 and 2, respectively (Yamaichi et 

al., 1999). WGS of the strain RIMD2210633, selected as reference strain in most studies, 

revealed that the number of coding sequences are around 3,000 and 1,800 for 

chromosome 1 and 2, respectively (Makino et al., 2003). This study allowed to confirm 

that chromosome 1 harbours coding sequences for essential functions such as growth, 



Scientific context 

27 

replication and motility whereas chromosome 2 harbours mainly genes for 

environmental adaptation and virulence. 

2. Virulence and markers 

 Pathogenicity 

The bacterial pathogenicity is the capacity of a microorganism to produce disease 

(qualitative notion) and virulence is the degree of pathogenicity (quantitative notion). 

Virulence factors, molecules or mechanisms involved in virulence, can be of different 

natures and functions such as protease, transporters, toxins or secretion systems 

(Falkow, 2008). 

Pathogenic and non-pathogenic (non-toxigenic) strains of V. parahaemolyticus were 

classified according to the result of the “Kanagawa Phenomenon”, consisting in a culture 

on Wagatsuma agar 3 . Pathogenic strains are characterized as KP+ “Kanagawa 

phenomenon-positive”, able to induce haemolysis, while non-pathogenic as KP- 

“Kanagawa phenomenon-negative”, enable to induce haemolysis (Miyamoto et al., 

1969). The main drivers of virulence in V. parahaemolyticus was identified as two 

haemolysins and two type III secretion systems. 

 Thermostable Direct Haemolysin (TDH) and TDH-Related Haemolysin 

Sakurai et al. (1973) purified a haemolysin, called the Thermostable Direct Haemolysin 

(TDH), starting from filtrate of KP+ V. parahaemolyticus culture (Sakurai et al., 1973). In 

1985, strains isolated from clinical cases were identified as KP-. The TDH-Related 

Haemolysin (TRH) was purified from these V. parahaemolyticus strains (Honda et al., 

1988). 

Gene and protein characteristics 

The TDH protein is encoding by tdh gene in the form of five variants, named tdh1 to tdh5, 

located on chromosome 2 (Baba et al., 1991; Nishibuchi and Kaper, 1990). The tdh gene 

encodes a protein composed of the mature TDH of 165 amine acids (aa) and a signal 

peptide in N-terminal of 24 aa. The C-terminal is important for the oligomerization of 

the four monomers of TDH forming the active protein (Nishibuchi and Kaper, 1985). 

Origin of the haemolysin thermostability comes from a phenomenon known as 

Arrhenius effect characterized by structural modifications of the dimer resulting in 

haemolysin inactivation when temperature ranges from 60 to 80°C. In this temperature 

interval, homodimer formed -strands called fibrils (Fukui et al., 2005).  

                                                      

3 Culture medium composed of rabbit erythrocytes allowing haemolysis 
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The trh gene in the form of two variants, trh1 and trh2 (Kishishita et al., 1992) which are 

located on chromosome 2, are similar at 54% and 68% to the tdh gene, respectively, and 

encodes a protein composed of the mature TRH (165 aa) and a signal peptide (24 aa) like 

the tdh gene. The two toxins are immunologically similar but not identical (Nishibuchi 

et al., 1989). 

Modes of action 

TDH and TRH haemolysins form pores (pore-forming toxins) of approximately 2 nm in 

the lipidic bilayer of erythrocytes through which water and ions (K+, Na+, Cs+ or Li+) 

enter in the cytoplasm. These ionic and watery imbalances are responsible for the lysis 

of human and other mammal cells but not horse erythrocytes (Honda et al., 1988; Zen-

Yoji et al., 1971). Absence of ganglioside receptor GT1 in horse and inactivation of 

haemolysis activity of TDH by inhibition of GT1 suggested that GT1 is a good candidate 

for potential TDH receptor on erythrocytes, although haemolysin receptor is still 

unknown (Verma and Chattopadhyay, 2021). 

TDH and TRH exhibit numerous activities: modifications of cytoplasm (Sakurai et al., 

1976), changes within cytoskeleton (Fabbri et al., 1999), apoptosis induction (Naim et al., 

2001), cardio-cytotoxicity (Honda et al., 1976a), cytotoxicity (Honda and Iida, 1993). 

Moreover, it was shown that both TDH and TRH induced a fast increase of free calcium 

(Ca2+) in target cells (Fabbri et al., 1999; Takahashi et al., 2000). This Ca2+, secondary 

messenger in phosphorylation pathway of kinase protein, play a role in various cellular 

processes such as induction of cellular death in presence of different toxins (Schanne et 

al., 1979). 

 Type III secretion system 

The type III secretion system (T3SS) is a secretion mechanism often identified in gram 

negative bacteria and is composed of more than 20 proteins (Coburn et al., 2007). This 

system allows injection of proteins, called effectors, in a target cell. According to 

translocated effectors, symptoms could vary. Makino et al. (2003) highlighted the 

presence of two clusters encoding T3SS in the genome of the V. parahaemolyticus clinical 

strain RIMD2210633, i.e. T3SS1 and T3SS2. Proteins composing the T3SS are classified in 

three groups in function of their localization: structural proteins (cytoplasmic and 

intramembrane), translocon proteins (plasma membrane of target cell) and effector 

proteins (secreted) (Appendix 1). 
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Gene and protein characteristics 

The first T3SS, located on chromosome 1 (VP1656-VP1702)4, encodes the T3SS1 and 

possesses a gene organization like those observed in other bacterial species such as 

Yersinia spp. (Coburn et al., 2007). It seems that this cluster, with a GC content similar to 

the remaining genome (i.e. approximatively 45%), was acquired by a common ancestor 

of these species and was conserved across bacterial multiplication. However, it was 

shown recently that this cluster could vary between strains of V. parahaemolyticus with 

three profiles of T3SS1 in V. parahaemolyticus, called VP-I to VP-III according to genes 

present in variable region previously identified (Figure 3) (Wu et al., 2020). Presence of 

T3SS1 in all V. parahaemolyticus strains (Makino et al., 2003) suggests its involvement in 

avirulent interactions with marine organisms (Zhang and Orth, 2013). This mechanism, 

although non-required for colonization, could influence severity of infection (Ritchie et 

al., 2012).  

 

Figure 5. Genetic organisation of region encoding effectors of T3SS-1 in V. 
parahaemolyticus. Genes (arrow) are in the same colour when they are an orthologous in 
RIMD2210633. In contrary, genes are in another colour and indicated by a letter as 
followed: a: GNAT-family N-acetyltransferase, b: EamA-family transporter, c: LysR-
family transcriptional regulator, d: HlyD-family secretion protein, e: MFS transporter, f: 
TetR/AcrR-family transcriptional regulator. Figure and legend from Wu et al. (2020). 

The second T3SS, located on chromosome 2 (VPA1321-VPA1370), encodes the T3SS2 and 

possesses a different gene organization than all the T3SS described in other bacterial 

species (Makino et al., 2003). Moreover, study of a clinical strain tdh- trh+ (TH3996) 

                                                      

4 Nomenclature of genes according their accession number in the strain RIMD2210633 
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reveals differences in genes encoding T3SS2 in comparison to the one initially identified 

in RIMD2210633 (Okada et al., 2009). Distinction was made between the first cluster 

identified in RIMD2210633 called thereafter T3SS2 and this newly identified cluster, 

called T3SS2. Studies showed that T3SS2 variant was present in all trh+ strains, even 

in tdh+ trh+ strains (Jones et al., 2012), suggesting that trh gene was concomitant with the 

T3SS2 variant.  

Effector proteins and action modes 

Effectors ARNm possess in 5’ a fragment that is a potential translocation signal resulting 

in a coupling of translation with secretion (Coburn et al., 2007). Chaperon proteins, often 

encoding near respective effector genes, protect effectors against early interaction with 

other component of the secretion system or their degradation by proteases (Coburn et 

al., 2007). The Table 2 list effectors of the two T3SS systems (Broberg et al., 2011). T3SS1 

is involved in general cytotoxicity (cellular lysis) while T3SS2 is involved in 

enterotoxicity and pathogenicity resulting in symptoms such as fluidic accumulation, 

inflammation and diarrhoea (Ham and Orth, 2012). Absence of one or more effectors 

could explain absence of virulence of some strains (Park et al., 2004b). 



Scientific context 

31 

Table 2. Effectors of T3SS1 and T3SS2 identified in RIMD2210633. ND: Not determined. 

 Effector Gene Activity Biological activity 

T
3
S

S
-1

 

VopQ VP1680 Pore-forming Autophagy, cellular lysis 

VopS VP1686 Inhibition of Rho GTPases Actin cytoskeleton disorganization 

ND VPA0450 Inositol polyphosphate 5-phosphatase Cellular lysis 

VopR VP1683 Binds PIP2 in membrane Chaperone effectors 

T
3
S

S
-2

 

VopC VPA1321 Activation of Rac1 and Cdc42 Bacterial invasion 

VopT VPA1327 ADP-ribosylation of Ras Cytotoxicity induction 

VopZ VPA1336 Inhibition of TAK1 and downstream MAPK and NF-κB Intestinal colonization and diarrhoea induction 

VopA/VopP VPA1346 Inhibition of MAPK by acetylation of MKK Immune response and cellular growth inhibitions 

VopV VPA1357 Actin binding and bundling Enterotoxicity 

VopL VPA1370 Actin nucleation Fibrillar stress 

ND VPA1380 Cysteine protease Pore-forming in host cells 

VopO VPA1329 Polymerise actin Actin stress fiber, remodel tight junction 

VopW VPA1345 Translocate T3SS2 effectors Colonization and fluid accumulation in rabbit intestine 

VgpA VPA1360 
Gate way of T3SS2 secretion Switches secretion of T3SS2 translocon and effector 

VgpB VPA1359 
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 Pathogenicity Island number 7  

In numerous bacteria, regions called pathogenicity island regroup genes encoding 

potential virulence factors. These regions have often a different GC percentage and 

harbour a different codon utilization in comparison to the rest of the genome (Hacker 

and Kaper, 2000). In pandemic O3:K6 V. parahaemolyticus, seven pathogenicity islands 

called VPaI-1 to VPaI-7 (for “Vibrio-pathogenicity island”) were characterized (Hurley 

et al., 2006). VPaI-1 to VPaI-6 were present in only few strains while the most studied 

was the VPaI-7 (39% GC) located on chromosome 2 and harbouring virulence factors 

previously described: TDH, TRH and T3SS2 cluster (Makino et al., 2003). VPaI-7 seemed 

to be integrated by homologous recombination by means of a translocator from the Tn7 

superfamily (Sugiyama et al., 2008). In actual V. parahaemolyticus strains, Tn7 is non-

functional due to lack of genes encoding biosynthesis proteins (Sugiyama et al., 2008).  

 Other virulence factors 

For the past fifteen years, studies showed that between 6.6 and 28% of V. parahaemolyticus 

clinical isolates do not harbour TDH, TRH and/or T3SS2 genes (Chen et al., 2019; Jones 

et al., 2012). Other factors were investigated to further characterize mechanisms 

potentially involved in virulence of these strains. 

Type VI secretion system 

The Type VI secretion system (T6SS) was described for the first time in 2006, with 

structural and genetic similarities suggesting a parallel evolution with bacteriophages 

such as T4 (Records, 2011). Locus of T6SS share 13 conserved essential genes (Appendix 

2) with a total of 15 to 20 genes (Records, 2011). In V. parahaemolyticus, it was shown that 

clinical strain RIMD2210633 harbour two clusters of T6SS: the T6SS1 (VP1386-VP1414) 

composed of 29 genes located on chromosome 1 and the T6SS2 (VPA1024-VPA1046) 

composed of 23 genes on chromosome 2 (Appendix 2) (Makino et al., 2003). The T6SS2, 

present in all V. parahaemolyticus strains, is involved in adhesion and host cell invasion 

whereas the T6SS1, present only in few V. parahaemolyticus strains, take part in 

antibacterial activities (Salomon et al., 2013). 

Motility: flagella role 

Motility is an important virulence factor allowing access to the target niche in the host.  

Vibrio parahaemolyticus have a polar flagella constitutively expressed and lateral flagella 

expressed only in stress condition such as environmental changes (McCarter, 1999). 

Polar flagella allow swimming in liquid media whereas lateral flagella allow swarming 

on solid surfaces. Flagella is composed of three structural entities: a filament, a hook and 
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a basal body, which are assembled in hierarchical manner starting from intracellular to 

extracellular structures (Chaban et al., 2015). Genes encoding the two structures were 

identified in RIMD2210633: 60 genes organised in five clusters on chromosome 1 for the 

polar flagellum constitutively expressed and essential for swimming motility (Kim and 

McCarter, 2000) and 38 genes in two clusters on chromosome 2 for lateral flagella whose 

expression is induced in viscous media or on surface, allowing swarming motility 

(Stewart and McCarter, 2003) (Figure 5). 

 

Figure 6. Genetic organization of polar and lateral flagella clusters in RIMD2210633. 
Figure based on (Kim and McCarter, 2000; Stewart and McCarter, 2003) 

Adhesion and colonization of host cells 

In order to colonize host tissues, bacteria need to adhere to cells. Pili such as type IV 

pilus allow adhesion via proteins present on cell surfaces. In V. parahaemolyticus, two 

type IV pili were identified: the chitin-regulated pilus (ChiRP, VP2523-VP2526) and the 

Mannose-sensitive hemagglutinin (MSH, VP2693-VP2707) represented in Annexe 3 

(Marsh and Taylor, 1999). Both are involved in attachment to chitin and biofilm 

formation (Shime-Hattori et al., 2006). 

Polysaccharides 

Extracellular surface-polysaccharides are essential components of biofilm matrix. In  

V. parahaemolyticus, two polysaccharides are known: the capsular polysaccharide (CPS) 

encoding by cps locus (VP0190-VP0237) (Chen et al., 2010) and the lipopolysaccharide 

(LPS) presumably encoding by lps locus (VPA1402-VPA1412) (Okura et al., 2008). These 

two polysaccharides are used for serotyping with the K-typing with CPS and O-typing 

with LPS. K antigen CPS may play an important role in adherence of V. parahaemolyticus 

to enteric cells (Hsieh et al., 2003) while the O antigen LPS was poorly studied. Recently, 

the polysaccharide biosynthesis clusters scv (VPA1458-VPA1469 and VPA1473-
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VPA1476) locus, implicated in biofilm formation, was identified in V. parahaemolyticus 

(Liu et al., 2022).  

Iron Acquisition 

Iron is essential in cellular composition, intermediary and secondary metabolisms, and 

in enzymatic activity as a cofactor. Microorganisms secrete proteins called siderophores 

able to capture and transport iron from surrounding environment to bacteria. Two types 

of siderophores are distinguished: endogenous siderophores that are recognized by 

bacteria which produced them, and xenosiderophores that are recognized by bacteria 

which are not able to produce them but that possess the corresponding receptor.  

Vibrio parahaemolyticus encoded one endogenous siderophore (vibrioferrine) and 

receptors for three exogenous siderophores (aerobactin, ferrichrome and enterobactine) 

(Table 3) (León-Sicairos et al., 2015). Iron has a signalling function on gene expression 

involved in colonization and virulence (Gode-Potratz et al., 2010). 

Table 3. List of iron acquisition mechanisms identified in V. parahaemolyticus. 

Receptor Ligand Transporter TonB 

PvuA1 
Fe3+-Vibrioferrine PvuBCDE 

TonB2 

PvuA2 TonB1-B2 

IutA Fe3+-Aerobactin ND TonB2 

FhuA Ferrichrome FhuBCD TonB-B2 

VctA/IrgA 

Fe3+-Enterobactine VctPGCD 

TonB1-B2 

IrgA TonB1-B2 

PeuA TonB2 

ND: not determined 

Factors involved in virulence are more or less known but their presence do not 

necessarily mean expression. Use of in vitro and in vivo models is essential to evaluate 

virulence expression and determine virulence phenotypes. These models are also useful 

for confirming the role of newly identified genes in virulence. Each model can bring 

different information about virulence phenotype of a strain. 

V. Virulence expression of Vibrio parahaemolyticus 

Study of human pathogens and understanding of mechanisms involved in pathogenicity 

need use of models. These models, in vitro or in vivo, allow an accurate characterization 

of virulence phenotype of bacterial strains.  
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1. In vitro cell lines 

Cell lines are cultures of animal cells than can propagate repeatedly and can be useful 

for examination of alterations in cell structure and biology resulting from infection by a 

bacterial pathogen. Various cell lines were used to investigate roles of haemolysins and 

T3SS. The majority of cell lines used with V. parahaemolyticus derived from human 

intestinal epithelium: HCT 116 (Bhattacharjee et al., 2005), Intestine 407 (Tang et al., 

1995), Caco-2 (Kodama et al., 2007; Raimondi et al., 2000) and HCT-8 (Kodama et al., 

2007). Cell lines derived from rat intestine (IEC-6) (Fabbri et al., 1999; Raimondi et al., 

2000) and human uterus epithelium (HeLa) (Ono et al., 2006) were also used. This 

method is reduced to the interaction bacteria-cell does not inform on global bacteria 

phenotype, in particular enteritis in V. parahaemolyticus case. In this purpose, in vivo 

models are needed. Several in vivo models have been used to study V. parahaemolyticus 

infection.  

2. In vivo mice model 

The laboratory mouse is frequently used as first instance for studying bacterial infection 

in vivo. Indeed, this model is low cost and easy to housing, and characterized by rapid 

reproduction and large litter numbers. Moreover, existence of genetically identical 

mouse strains allowed to study specific immune response (Sarkar and Heise, 2019). 

Mouse was the first in vivo model used for the study of V. parahaemolyticus virulence. 

This model allowed, among others, to characterize the cytotoxicity of TDH (Honda et 

al., 1976b) and TRH (Honda et al., 1988) using intra-peritoneally infected mice. 

Moreover, intraperitoneal systemic infection of mice revealed roles for T3SS1 in mice 

lethality (Hiyoshi et al., 2010; Piñeyro et al., 2010). More recently, VopC role in invasion 

of intestinal mucosa was shown using oro-gastrically infected mice (Yang et al., 2019). 

Intraperitoneal-infected mice were previously used to characterize virulence 

phenotypes of strains isolated in the Laboratoire Santé Environnement Microbiologie 

(Ifremer – Centre Bretagne, France) and showed that some trh+ strains were avirulent in 

this model (Coutard, 2007). Although showing interesting results, this model is not the 

most accurate in V. parahaemolyticus virulence characterization. 

3. In vivo infant rabbit model 

Development of an in vivo model that allowed investigation of colonization, host 

response, histopathology and inflammation appeared to be essential to decipher the 

entire pathogenicity of V. parahaemolyticus. This model uses infant rabbits that are small 

animals that allowed non-surgical infection. Ritchie et al. (2012) showed that the  
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V. parahaemolyticus strain RIMD2210633 colonized the small intestine of infant rabbits 

(Ritchie et al., 2012). Decrease in permeability of epithelial barrier and tissues 

inflammation were observed in infected rabbits. Bacteria, suggested to be in « swarmer » 

form (McCarter, 1999), created micro-colonies that adhered to epithelial cells.  

Vibrio parahaemolyticus disrupted intestinal villi resulting in cavities that protected and 

increased nutriment access to V. parahaemolyticus. Tight junctions were also 

redistributed, thus, resulting in permeability of paracellular integrity. Finally, epithelial 

cells were dropped in intestinal lumen resulting in diarrhoea. This study confirmed the 

role of T3SS-2 but not of T3SS-1 in enterotoxicity, fluid accumulation and colonization of 

the small intestine. Results invalidated the role of TDH in fluid accumulation (Ritchie et 

al., 2012) in comparison to what was shown with ligated ileal loops (Hiyoshi et al., 2010; 

Park et al., 2004a). Although this model reproduced the inflammatory enteritis and 

watery diarrhoea, no blood in the stools was detected in infected rabbits. This model is 

the more accurate regarding the infection way fitting the natural infection by ingestion. 

4. In vivo Caenorhabditis elegans nematode model 

The use of non-mammal models for the study of bacterial pathogens allows a broad 

screening at low coasts. Nematode Caenorhabditis elegans appeared to be a suitable model 

to study the mechanisms of microbial pathogenicity and innate immunity (Sifri et al., 

2005). In laboratory, experiments with C. elegans to study bacterial pathogenicity are 

simplified by the fact that infection is performed by replacement of the food source, 

Escherichia coli OP50, by the pathogenic bacteria. Colonization of C. elegans by a non-

toxigenic strains of V. parahaemolyticus was performed (Durai et al., 2011). In this study, 

it was shown that V. parahaemolyticus colonized nematode intestine resulting in the death 

after 12 h. However, precise mechanisms involved in this phenotype need to be further 

described to expect the use of this in vivo model to assess V. parahaemolyticus 

pathogenicity.   

5. In vivo Galleria mellonella larvae model 

Another non-mammal in vivo model, the larvae of Galleria mellonella, a wax moth, was 

shown to be sensitive to fungi and bacteria (Tsai et al., 2016). Galleria mellonella was used 

to investigate virulence of pathogenic (tdh+ and/or trh+ and T3SS2+) and non-toxigenic 

strains (trh-, tdh-, T3SS2-) of V. parahaemolyticus (Wagley et al., 2018). These authors 

showed that G. mellonella was sensitive to pathogenic and to non-toxigenic strains of  

V. parahaemolyticus. Moreover, V. parahaemolyticus strains deleted of mutT gene, encoding 
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a Nudix hydrolase5, were not able to kill larvae, suggesting  involvement of this gene in 

pathogenicity of V. parahaemolyticus in this model (Wagley et al., 2018). 

Characterization of factors involved in virulence of V. parahaemolyticus could be useful 

for a more accurate detection of potentially pathogenic strains in environment. Indeed, 

the French Food General Administration bases the compliance control of seafood and 

shellfishes for the presence of V. parahaemolyticus on detection of tdh and/or trh genes 

(absence in 25 g of tissues and shell fluid). When batches of seafood or shellfishes are not 

in compliance (i.e. detection of tdh and/or trh), they are removed from the market (DGAl, 

2019), resulting in economical loss for farmers/fishermen. Although prevalence of  

V. parahaemolyticus differs among countries and marine organisms, according to the 

meta-analysis of Odeyemi (2016)6, V. parahaemolyticus was isolated in 63% of oysters 

followed by 53% and 28% of clam and mussel/scallop, respectively (Odeyemi, 2016). 

VI. Pacific oyster Crassostrea gigas 

Cupped oysters, Crassostrea spp., are the marine organism identified as most frequently 

involved in V. parahaemolyticus infection cases in humans. The two species the most 

studied are Crassostrea gigas and Crassostrea virginica. Crassostrea gigas was introduced in 

France in 70’s after the collapse of Crassostrea angulata and Ostrea edulis production due 

to viral and parasitic infections.  

1. Oyster production in numbers 

Due to their flavour and nutritional value, oysters are one of the most popular seafood 

products in the world. In 2019, the global production of oysters exceeded 6 million 

metrics (FAO, 2021), represented at 85% by China, thus making it the top oyster-

producing country. The Republic of Korea, US, Japan, France, Philippines, Thailand, 

Taiwan, Canada and Ireland were the other countries in the top 10 of oyster production 

in 2019 (Table 4). French production represented 77% of the European production of 

oysters, with more than 85.000 tonnes (5th country worldwide) for more than 4 million 

USD (2nd country worldwide).  

                                                      

5 Superfamily of hydrolytic enzymes able to cleave nucleoside diphosphates (NDP) linked to any moiety 

into nucleoside monophosphate (NMP).  
6 This meta-analysis included 48 studies published between 2003 and 2015 from 24 countries  
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Table 4. Top 10 countries producing oysters. Statistics of oyster production in quantity 
(tonnes, t) and values (USD 1000). (FAO, 2021) 

COUNTRY TONNES (t) VALUES (USD 1000) 

China 5,225,595 (85.5%) 5,627,966 (78,6%) 

Republic of Korea 326,190 (5.3%) 196,326 (2.7%) 

US 174,570 (2.9%) 215,949 (3%) 

Japan 162,100 (2.7%) 286,007 (4%) 

France 85,947 (1.4%) 445,838 (6.2%) 

Philippines 36,194 (0.6%) 13,626 (0.2%) 

Thailand 27,300 (0.4%) 69,889 (1.0%) 

Taiwan 19,332 (0.3%) 117,091 (1.0%) 

Canada 14,903 (0.2%) 40,879 (0.6%) 

Ireland 10,716 (0.2%) 51,975 (0.7%) 

 

2. Oyster anatomy and biology 

 Anatomy 

Cupped oyster, Crassostrea spp., is composed of a soft body inside a mineral shell (Figure 

7). This shell is constituted of two asymmetrical valves linked together by a hinge 

ligament that can be opened. Gills play a role in nutrient intake by creating water flow 

and transport particles to the mouth. An initial sorting was performed along gills with 

discarding of large particles as pseudo-faeces, followed by a second sorting at the mouth 

level. Remaining particles are transported to the stomach where they are shredded by a 

mechanical (crystalline style) and an enzymatic processes (diastases). This nutritive 

shred is transported to the digestive gland, and digested intracellularly. Debris of this 

digestion are transported to the intestine and are discarded as faeces. Gills are also 

responsible for capture of dissolved O2 that is transported in circulatory apparatus 

allowing oxygenation of all the oyster tissues.  

 

Figure 7. Graphic of left valve of diploid Crassostrea gigas oysters 
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 Immune system 

Oysters exhibit an efficient innate immune system mainly ensured by circulating cells 

called haemocytes. These cells circulate through an open system, called haemolymph, 

allowing haemocyte circulation in all the tissues. Haemocytes are able to phagocytosis 

and to cytotoxic reactions such as respiratory burst (Goedken and De Guise, 2004). 

Recognition of microorganisms can be performed by a direct (binding of a receptor at 

the haemocytes surface to surface components) or by an indirect (serum component as 

bridge between microorganism and haemocytes) manner.  

Whereas adaptative immune system does not exist in oysters, an innate immune 

memory was described and called “immune priming”. This phenomenon is explained 

by a primary stimulation to a specific pathogen leading to an increased immune 

response during a second exposure to this pathogen. In case of bacterial pathogen, such 

as Vibrio splendidus, the priming was characterized by an increase of total haemocytes 

count and an enhanced phagocytic rate (Zhang et al., 2014). For viral pathogen, such as 

Ostreid herpes virus (OsHV-1), the priming was characterized by an increase in immune 

gene expression (Lafont et al., 2020). 

 Oyster-associated microbiota 

Host-associated microbiota play key role in host health and physiology. It was shown 

that seagrass microbiota can detoxify sediments to improve the plant growth (Crump et 

al., 2018). Moreover, microbiota was shown to be involved in regulation of intestinal 

absorption and fatty acids metabolism in the zebrafish (Semova et al., 2012). Concerning 

oyster-associated microbiota, whereas their roles in bivalve health just starting to be 

investigated (Paillard et al., 2022), it was shown that communities can differ in function 

of tissues (Lokmer et al., 2016a), environment (Dupont et al., 2020; Lokmer and Wegner, 

2015) or pathogen presence (Lokmer and Wegner, 2015). 

Some phyla were frequently identified in oyster microbiota such as Firmicutes (in 

particular Mollicutes class) in Crassostrea gasar and Crassostrea arhizophorae (Horodesky et 

al., 2020), in C. virginica (King et al., 2012; Pimentel et al., 2021) and in C. gigas (Wegner 

et al., 2013; Yang et al., 2022). Proteobacteria were also frequently identified in oyster 

microbiota of C. virginica (King et al., 2012; Pimentel et al., 2021) and C. gigas (Fernandez-

Piquer et al., 2012; Wegner et al., 2013; Yang et al., 2022). 
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 Reproduction 

Sex-determination of cupped oysters induced a lot of contradictory studies with two 

paradigms: either oysters are sequential hermaphrodites7 or oysters are protandrous 

hermaphrodites8. A recent study monitored individual C. gigas oysters from two cohorts 

over the six first-years of their lifespan and sexed them each year (Broquard et al., 2020). 

From this study, it appeared that C. gigas reproduction could only involve sequential 

hermaphrodites and some rare simultaneous hermaphrodites9. According to this study, 

59 to 67% of oysters are females during the first year of their lifespan, and that 53 to 66% 

of oysters did not change sex between the first and the second year. This percentage 

increased with years and reached approx. 90% after the fifth year, suggesting a decrease 

of sex change with the oyster age (Broquard et al., 2020). During the reproduction, 

gametes are expulsed in environment and fecundation happen immediately when an 

ovule meet a spermatozoid. The embryo follows a classical development cycle (morula, 

blastula and gastrula), then form trochophore larva and pelagic veliger larva. These 

larval forms allow dissemination of the species in environment. After this stage, the 

pediveliger larva develops a foot that allow adhesion to a substrate, signal for 

metamorphosis into spat followed by adult stage.  

Mature oyster life cycle is composed of three stages (in northern hemisphere): an inactive 

stage from September to March, a gametogenesis stage between March and August, and 

a spawning stage from August to September. During gametogenesis, commercialization 

of diploid oysters decrease because consumers do not appreciate gravid oysters (Allen 

and Downing, 1991), that is why work was performed to produce triploid oysters. 

3. Triploid oysters: economical and biological progress 

To overcome the decrease in diploid oyster commercialization during summer, triploid 

oysters are commonly raised in several countries such as USA, France, Australia and 

New Zealand. To this day, almost all the French production from hatcheries is triploid 

C. gigas oysters. 

 Triploidy induction 

Two approaches were developed to induce triploidy in oysters: inhibition of polar body 

release during meiosis I or II after fertilization, or crossing diploid and tetraploid oysters. 

                                                      

7 Oysters sex change at some point during their lifespan 
8 Oysters born males and become female 
9 One oyster has the two sexual organs and can produce both gamete types 
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Triploid oysters were originally developed in USA using cytochalasin B (CB) (Stanley et 

al., 1981), which is a chemical product potentially toxic for the operator. Other methods 

were investigated with relative low triploidy yield (Gérard et al., 1999; Nell, 2002). The 

only method allowing 100% triploidy is the crossing of tetraploid males with diploid 

females, or tetraploid females with diploid males, which only depend on availability of 

tetraploid breeding stocks (Guo et al., 1996). Nowadays, in France, triploid oysters are 

only produced using this method (Dégremont et al., 2019). 

 Triploidy advantages and disadvantages 

Gonadal development in triploid oyster is limited and delayed but not absent in 

comparison to diploid oysters (Allen and Downing, 1990). This limited gametogenesis 

allows commercialization of triploid oysters during summer when diploid oysters are 

gravid (Allen and Downing, 1991). Moreover, it was shown that triploid oysters can 

reallocate the energy, initially allocated to gametogenesis, to somatic processes such as 

cellular process and growth, resulting in faster growth of triploid oysters (Allen and 

Downing, 1986). Production time of triploid oysters (i.e. reaching the commercial size) is 

shorter, thus limiting the time during which oysters might be exposed to disease, 

compared to diploid oysters. Moreover, it was suggested that triploidy could confer 

higher resistance for Perkinsus marinus in C. virginica (Dégremont et al., 2012) and for 

Bonamia roughleyi in Saccostrea glomerata (Hand et al., 1998). However, studies showed 

lower survival rates of triploid over diploid oysters to experimental challenges with V. 

aestuarianus  (Azéma et al., 2016), and to summer mortalities in the Puget Sound (Cheney 

et al., 2000), the Chesapeake Bay (Guévélou et al., 2019) and the northern Gulf of Mexico 

(Wadsworth, 2018), possibly triggered by environmental stressors such as high 

temperatures and low salinity. Moreover, triploid oyster seeds increase culture cost for 

farmers, dependent to commercial hatcheries. However very few studies were 

performed concerning human pathogens in diploid and triploid oysters (Jones et al., 

2020; Walton et al., 2013) 

In order to reduce V. parahaemolyticus infection risk for oyster consumers, standard 

protocols were developed to detect V. parahaemolyticus in seafood before 

commercialization using cultural, biochemical and molecular methods.  
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VII. Detection ofVibrio parahaemolyticus in shellfish 

1. Detection methods 

Presence and concentrations of V. parahaemolyticus in shellfish depend on detection 

methods, sampling time and localization. Variation in prevalence and abundance of  

V. parahaemolyticus was shown to depend on environmental factors such as seawater 

temperature and salinity as presented above. Prevalence and abundance of  

V. parahaemolyticus also vary according to the detection methods (Parveen et al., 2008; 

Parveen et al., 2020). Regulatory standard methods were developed in order to detect 

and/or enumerate bacteria with the Food & Drug Administration - Bacteriological 

Analytical Manual (FDA-BAM) (FDA-BAM, 2004) and the ISO/TS 21872-1:2017 (ISO 

stand for International Organization of Standardization) (ISO, 2017). Both methods 

require a preliminary enrichment from seafood homogenates and are culture-based 

detection methods associated to biochemical confirmations. Identification of  

V. parahaemolyticus can also be performed using molecular methods.  

 Most probable Number 

The most probable number (MPN) is used to estimate the viable bacteria in a sample. 

This method is a statistical approach according to the principle of extinction dilution 

consisting of serial dilutions of samples until no more viable bacteria is present. In this 

purpose, multiple serial dilutions are inoculated into a suitable growth medium and the 

turbidity is used as the growth indicator. The pattern of positive replicates for growth 

and statistical probability tables (available here: https://standards.iso.org/iso/7218/) 

are used to estimate the concentration of bacteria in the original sample (MPN.g-1 or 

MPN.mL-1 according the sample type). The more replicate tubes are used, the greater 

and the more precise the estimation of bacterial concentration is. According to the FDA-

BAM, a three-tube MPN method is accepted for enumeration of V. parahaemolyticus 

potentially pathogenic. This method is also based on specificity and accuracy of agar 

medium used to determine positive replicates.  

 Cultural methods 

Detection and enumeration of V. parahaemolyticus can be performed on selective 

Thiosulfate Citrate Bile Saccharose (TCBS) agar plates as recommended in the standard 

methods FDA and ISO. This medium allows Vibrio growth and differentiation between 

Vibrio species according to the colour of the colony. Indeed, V. parahaemolyticus and  

V. vulnificus colonies are blue-green while V. cholerae and V. alginolyticus colonies are 

https://standards.iso.org/iso/7218/
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yellow. If selective for Vibrio spp., this medium does not allow a reliable differentiation 

of Vibrio species (Hara-Kudo et al., 2001; Oliver, 2011). Various medium were 

investigated and chromogenic media such as CHROMagar Vibrio (Di Pinto et al., 2011) 

or Bio-Chrome Vibrio medium (Su et al., 2005) were shown to be more accurate than 

TCBS agar for Vibrio species identification. The ISO standard method (2017) advise to 

use TCBS and a second medium such as chromogenic media for V. parahaemolyticus 

identification. 

 Colony hybridization 

The colony hybridization method involves fluorescent-labelled probes to detect and 

identify microbial organisms at the species or genus levels, followed by an analysis with 

a fluorescence microscope. Colony material was transferred onto a membrane and was 

then hybridized with labelled-DNA probes. For V. parahaemolyticus identification, 

probes labelled with alkaline phosphatase and digoxigenin were developed for tlh, tdh 

and trh (FDA-BAM, 2004; McCarthy et al., 2000; Nordstrom et al., 2006). However, this 

method lack sensibility, that is why molecular methods were developed for 

identification of total and potential pathogenic V. parahaemolyticus.  

 Molecular methods 

Both the FDA-BAM and ISO standard methods recommend polymerization chain 

reaction (PCR) method as a final step for the identification procedure (FDA-BAM, 2004; 

ISO, 2017). Detection of tlh, toxR or R72H DNA sequence allow V. parahaemolyticus 

identification, while detection of tdh and trh allows identification of potentially 

pathogenic V. parahaemolyticus. Real-time PCR was developed to detect R72H DNA 

sequence (Robert-Pillot et al., 2010) and toxR gene (Messelhäusser et al., 2010). Multiplex 

PCR (Bej et al., 1999) as well as multiplex real-time PCR (Messelhäusser et al., 2010) were 

developed to detect tlh, tdh and trh in seafood samples at the same time. To this day, 

these methods are more accurate, and detection and identification of V. parahaemolyticus 

are faster. 

These standard methods are used by Institutions to set regulation about  

V. parahaemolyticus contamination in shellfish.  

2. Regulations for Vibrio parahaemolyticus contamination in oysters 

Using these standard methods, regulations were implemented in Japan, Peru, Brazil and 

US while only recommendations were suggested in Australia, New Zealand and the 

United Kingdom concerning V. parahaemolyticus contamination in ready-to-eat seafood 
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(Table 5). Neither regulation nor recommendation are suggested by the European 

commission concerning V. parahaemolyticus contamination in ready-to-eat seafood 

regarding current available scientific data (European Commission, 2005). With the 

increase of V. parahaemolyticus infection cases in countries already concerned (Froelich et 

al., 2019) and with the appearance of V. parahaemolyticus infection in new countries 

associated to global changes (Baker-Austin et al., 2013), control of seafood contamination 

and surveillance of V. parahaemolyticus infection cases could prevent serious outbreaks 

in the coming years. Especially since the absence of mandatory notification could result 

in an underestimation of V. parahaemolyticus infection cases. 

Table 5. Contamination limits for total V. parahaemolyticus level in ready-to-eat raw 
shellfishes in some countries. 

Country Regulation level Reference 

Canada 100/g (CFIA, 2011) 

Japan  100/g  (JETRO, 2010) 

USA 30/g (US FDA, 2022) 

Peru Undetectable for 25 g (MINSA, 2008) 

Brazil 103/g (ANVISA, 2001) 

Country Recommendation level Reference 

United 
Kingdom 

103/g (UKHPA, 2009) 

Australia 102/g (FSANZ, 2022) 

New Zealand 102/g (FSANZ, 2022) 

 

In order to satisfy these recommendations, physical, chemical and biological methods to 

reduce V. parahaemolyticus in oysters were developed.  

VIII. Processes to reduce Vibrio parahaemolyticus 

The particularity of bivalves such as oysters, which directly impact consumer security, 

is that they are filter-feeder organisms. By this process, contaminants present in seawater 

such as bacteria, virus, toxins or chemical pollutants are accumulated in oyster tissues 

resulting in a risk for consumer health. Thus, to protect consumers, aquaculture areas 

are under strict surveillance (Lee et al., 2008). Various physical, chemical or biological 

methods were investigated to reduce contaminants before commercialization, called 

post-harvest processes (PHP). In order to validate a PHP, a 3.52 log reduction of viable 
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bacteria and a V. parahaemolyticus contamination reduction to undetectable level (< 30 

MPN.g-1) is recommended (NSSP, 2017). 

1. Traditional processes for depuration 

Depuration exploits the natural capacity of bivalve filtration in order to eliminate 

contaminants from the tissues. This process consists to place bivalves in a recirculated 

system allowing them to filtrate “clean” seawater to purify their tissues. It showed good 

results for enterobacteria (Escherichia coli, Enterococcus faecalis) and moderate efficacies 

for other contaminants and even some bacteria (Love et al., 2010). This method has to be 

coupled to inactivation methods such as chlorination, ultraviolet (UV) light and ozone 

(Lee et al., 2008). However, these methods are rather inefficient concerning  

V. parahaemolyticus elimination (Croci et al., 2002; Vasconcelos and Lee, 1972), and 

chlorine and ozone produce components that can be harmful to oysters and/or humans 

(Lee et al., 2008). For these reasons, various alternative methods were investigated.  

2. Alternative methods for depuration 

 Physical methods 

Various physical methods were investigated for a more efficient elimination of  

V. parahaemolyticus in oysters before commercialization such as fast freezing (Shen et al., 

2009), radiations (Mahmoud and Burrage, 2009), low temperature pasteurization 

(Andrews et al., 2000) and high hydrostatic pressure (Ye et al., 2012). However, these 

methods can be detrimental for oysters (Campus, 2010) or modify sensory qualities of 

oysters (Mudoh et al., 2014; Ye et al., 2012). Moreover, although efficient to reduce  

V. parahaemolyticus to undetectable levels, some of these methods can be difficult to 

accept for consumers (irradiated oysters) or provide oysters not to their taste (frozen 

oysters in France). Finally, these methods can be very expensive for oyster farmers.  

 Chemical methods 

Some chemical methods, such as electrolyzed oxidizing water (Ren and Su, 2006) or use 

of antimicrobial agents such as lactic acid, chitosan and tea extract (Shirazinejad et al., 

2010; Terzi and Gucukoglu, 2010; Xi et al., 2012) were investigated with promising 

results. Electrolyzed oxidizing water can result in oyster death and can only be applied 

on oysters with low V. parahaemolyticus levels.  

 Biological methods 

Biological methods were recently investigated for oyster depuration. The first is the use 

of bacteriophages that are viruses which infect specific bacteria without affecting 
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surrounding cells. Since the approval of the FDA in 2006 for use of bacteriophage for the 

control of Listeria monocytogenes in food, studies of bacteriophages as biocontrol agent 

for food pathogens increased. Although the use of bacteriophages for V. parahaemolyticus 

elimination from oysters showed interesting results (Jun et al., 2014; Rong et al., 2014), it 

is difficult for consumers to accept seafood treated with virus. The second method, is the 

use of probiotics. A general definition of probiotic is “a live microbial feed supplement 

that is beneficial to health” (Salminen et al., 1998). Probiotics are widely accepted by 

people as “beneficial bacteria”, thus resulting in an easy food application (FAO and 

WHO, 2006). Their use is appreciated in aquaculture to prevent appearance of multidrug 

resistance bacteria. 

3. Probiotics in aquaculture 

An aquatic organism has a particular relationship with its environment in contrast to 

terrestrial organisms. Indeed, aquatic organism microbiota is subject to environmental 

factors and to presence of potential pathogens while living or feeding. The general 

definition of probiotics was slightly modified for aquatic environment as “a live 

microbial adjunct which has a beneficial effect on the host by modifying the host-

associated or ambient microbial community” (Verschuere et al., 2000). The potential 

probiotics used in aquaculture include gram-positive lactic acid bacteria (LAB) such as 

Lactococcus and Latilactobacillus, other gram-positive bacteria such as Bacillus, and gram-

negative bacteria such as Aeromonas, Pseudomonas and Vibrio (Hoseinifar et al., 2018). 

Probiotic benefits are improvement of growth, disease resistance, stress response and 

health status, as shown for the Pacific white shrimp Litopenaeus vannamei using 

Latilactobacillus sp. resulting in an increase of body weight, immune and digestive 

enzyme activities, and decrease mortalities (Zuo et al., 2019). 

 Probiotic in shellfish aquaculture 

Until today, most of the studies investigating the use of probiotics in shellfish 

aquaculture have focused on white shrimps production (Ringø, 2020). In oyster farming, 

probiotics were mainly investigated for their implication in survival and growth of 

larvae (Campa-Córdova et al., 2011; Douillet and Langdon, 1994; Gibson et al., 1998; 

Karim et al., 2013; Kesarcodi-Watson et al., 2012) and less as PHP to reduce bacteria 

levels in oysters after depuration (Kang et al., 2018; Khouadja et al., 2017; Xi et al., 2014). 

Mechanisms explaining the decrease of bacterial loads are diverse and appeared to 

depend on probiotic species. 
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 Mechanisms of action 

Firstly, exclusive competition was suggested to prevent pathogens colonization by 

adhering to epithelium or mucus cells in the host. Moreover, some of the probiotic 

microorganisms are able to produce bactericidal or bacteriostatic molecules such as 

bacteriocins, siderophores, lysozymes, proteases or even hydrogen peroxide which 

target surrounding microorganisms (Teplitski et al., 2009; Verschuere et al., 2000). 

Finally, it was also shown that probiotics could improve immune response of host in 

order to increase resistance against pathogens (Zuo et al., 2019) 

 Probiotics and cupped oysters 

The use of probiotics in cupped oyster production mainly focused on resistance to oyster 

pathogens Vibrio such as V. harveyi, V. tubiashii , V. coralliilyticus or V. alginolyticus (Table 

6). Only few studies investigated the impact of bioprotective agents such as Enterococcus 

faecium or Latilactobacillus spp. on oyster depuration capacities to eliminate  

V. parahaemolyticus (Kang et al., 2018; Khouadja et al., 2017; Xi et al., 2014). However, 

these studies were not conclusive because reduction of V. parahaemolyticus loads were 

limited (less than 0.8-log reduction) compared to control conditions (without the 

bioprotective agent). Thus, further assays are needed to determine the parameters 

allowing an optimal depuration, including bioprotective agent species, bacterial 

concentrations, time of exposure, seawater temperature among others.  
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Table 6. Non-exhaustive list of probiotics used with Crassostrea spp. oysters. ↑: increase, ↓: decrease 

Probiotic Species Observations References 

LAB strain NS61 

Pseudomonas aeruginosa YC58 

Burkholderia cepacian Y021 

Crassostrea corteziensis 

(larvae) 
↑ survival (Campa-Córdova et al., 2011) 

Bacillus licheniformis MAt32 

Bacillus subtilis Mat43 

B. subtilis GAtB1 

Crassostrea sikamea 

(spat) 

↑ survival 

↑ growth 
(Sánchez-Ortiz et al., 2020) 

Pseudoalteromonas sp. D41 

Phaeobacter gallaeciensis S4 

Crassostrea gigas 

(larvae) 

↑ resistance against V. coralliilyticus (Kesarcodi-Watson et al., 2012) 

Bacillus sp. 
↓ haemocytes mortality 

↑ resistance against V. harveyi 
(Fdhila et al., 2017) 

Aeromonas media A199 
↑ resistance againstV. tubiashii 

(Gibson et al., 1998) 

Unintentified P02-45 and P02-1 (Douillet and Langdon, 1994) 

Unidentified S21 ↑ resistance against V. alginolyticus (Elston et al., 2008) 

Phaeobacter sp. S4 

B. pumilus RI06-95 Crassostrea virginica 

(larvae) 

↑ resistance against  

V. tubiashii and Roseovarius crassostreae 
(Karim et al., 2013) 

Phaeobacter sp. S4 

B. pumilus RI06-95 
↑ resistance against V. tubiashii 

(Karim et al., 2013) 

 

Enterococcus faecium HL7 C. virginica (juvenile) 

↓ establishment of V. parahaemolyticus 

(Kang et al., 2018) 

L. plantarum ATCC 8014 C. gigas 

(adult) 

(Xi et al., 2014) 

Latilactobacillus spp. L5, L9, L10, L11 (Khouadja et al., 2017) 
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IX. Thesis objectives and general methodology 

In most cases and studies, virulence of V. parahaemolyticus was explained by haemolysins 

and type III secretion systems, although some clinical strains were found to lack these 

virulence factors. Extended characterization of factors involved in V. parahaemolyticus 

virulence is crucial in order to better identify and improve detection of potentially 

pathogenic V. parahaemolyticus in environmental samples. Moreover, V. parahaemolyticus 

proliferation and concentrations in seawater, sediment and oysters were shown to vary 

according to environmental abiotic parameters, while biotic parameters of oysters were 

rarely studied. These observations need to be further investigated in order to decrease 

any risk for human health. The principal objective of the thesis « Towards a better 

overview of virulence and risk management of V. parahaemolyticus, a marine bacterium 

potentially pathogenic for humans » was to investigate Vibrio parahaemolyticus virulence 

genes and factors influencing risk of V. parahaemolyticus infections associated to oyster 

consumption. My thesis work was organized as followed: 

What are the genetic traits and virulence phenotypes of environmental and 

clinical Vibrio parahaemolyticus strains selected and sequenced for this 

study? 

Characterization of V. parahaemolyticus clinical isolates lacking haemolysins and type III 

secretion systems (Jones et al., 2012) highlighted the necessity 1) to further identify 

factors involved in virulence and especially since the pathogenic potential of  

V. parahaemolyticus is currently based on detection of haemolysin genes, and 2) to 

evaluate virulence expression of V. parahaemolyticus strains  presenting different gene 

profiles. 

Thus, for this chapter, 11 V. parahaemolyticus strains collected by the laboratory were 

selected and sequenced, to determine their whole genome, and annotated to identify 

genes present. Genomic analyses were performed in order to further characterize the 

selected strains considering the general genomic organization and the presence of 

virulence genes, principally. Two in vivo models, infant rabbits and wax moth Galleria 

mellonella larvae, were used to further characterize virulence phenotypes of the selected 

V. parahaemolyticus strains.  
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Does life history and/or ploidy level of Crassostrea gigas oysters impact 

Vibrio parahaemolyticus accumulation and depuration? 

Accumulation refers to the process that allows increase of contaminant concentrations 

in oysters, whereas depuration is a purification process during which oysters are placed 

in fresh seawater resulting in decrease of contaminant concentrations. Previous studies 

mostly investigated the influence of environmental factors on accumulation and/or 

depuration of oysters concerning V. parahaemolyticus. Here, we proposed to investigate 

the impact of life history and/or ploidy level of oysters on V. parahaemolyticus 

experimental accumulation and depuration. 

In order to perform oyster experimentations and be able to distinguish experimental  

V. parahaemolyticus strain from indigenous V. parahaemolyticus in oysters, we 

electroporated V. parahaemolyticus strains with a plasmid harbouring Green Fluorescent 

Protein (GFP) gene (Vp-gfp+). Experimental design for oyster experimentations and 

methodological developments for Vp-gfp+ quantification and sample collections were 

undertaken. Quantification of Vp-gfp+ in oysters was investigated in haemolymph and 

in oyster tissues by flow cytometry and plate enumeration. The V. parahaemolyticus 

IFVp201-gfp+ strain (environmental, tdh+ trh+) was selected to perform experimental 

contamination of oysters.  

To study the impact of oyster life history on V. parahaemolyticus accumulation and 

depuration in C. gigas, we used two groups of oysters: oysters grown in inland controlled 

facilities at Ifremer and oysters grown in an intertidal area (three batches in each group). 

Each batch was individually exposed to IFVp201-gfp+ strain for one night and depurated 

for 24 h. Concentrations of IFVp201-gfp+ in oyster haemolymph were determined by flow 

cytometry after the overnight accumulation and 24 h of depuration. 

To study the impact of ploidy level on V. parahaemolyticus accumulation and depuration 

in C. gigas, three batches of diploid and three batches of triploid oysters were brought 

from a commercial hatchery and maintained in the intertidal environment (La Floride, 

Charente Maritime – France) for a few months before the experimentations. Oysters 

were collected once a month between May and November 2021 and were analysed for 

their i/ contamination in indigenous V. parahaemolyticus and ii/ experimental 

accumulation and depuration of IFVp201-gfp+. Oyster contamination with indigenous  

V. parahaemolyticus was analysed using MPN-qPCR. Concentrations of experimental 

IFVp201-gfp+ in haemolymph of oysters were determined by flow cytometry after the 

overnight accumulation, and 24 h and 48 h of depuration.  
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Could marine lactic acid bacteria be used to reduce Vibrio parahaemolyticus 

levels in C. gigas oysters? 

Reduction of V. parahaemolyticus levels in oysters is crucial to ensure consumer health 

and shellfish safety but it is often limited using classical methods of depuration. 

Different depuration processes such as fast freezing, high hydrostatic pressures, 

irradiation were investigated (Ndraha et al., 2020). So far, very few studies propose 

biological treatments to reduce V. parahaemolyticus levels in oysters. Here, we proposed 

to investigate the impact of lactic acid bacteria (LAB) on V. parahaemolyticus experimental 

depuration in oysters.  

A collection of salt and cold tolerant LAB strains isolated from seafood products was 

tested for their capacity to inhibit growth of the V. parahaemolyticus strain LMG2850T in 

vitro (ViLAB project, Ifremer). Three of these LAB strains were tested for their inhibition 

activities against the 11 V. parahaemolyticus strains previously selected for the genomic 

and virulence analyses, and were then evaluated for their capacities to accelerate 

depuration of C. gigas experimentally-exposed to four Vp-gfp+ strains. For these assays, 

juvenile oysters were exposed overnight to each Vp-gfp+ strain individually and then 

exposed to one of the three LAB strains tested for 24 h.
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Contexte 

Vibrio parahaemolyticus est une bactérie marine responsable de gastroentérites liées à la 

consommation de fruits de mer crus ou insuffisamment cuits. Des facteurs tels que la 

TDH, la TRH et le système de sécrétion de type III (SST3), ont été identifiés comme étant 

impliqués dans la virulence de V. parahaemolyticus par l’utilisation de mutants délétés 

pour ces gènes chez modèles d’études in vitro et in vivo (Hiyoshi et al., 2010). Cependant, 

l’isolement de souches de V. parahaemolyticus ne possédant ni les hémolysines ni le SST3 

dans des cas cliniques (Jones et al., 2012) questionne quant à la pertinence de ne prendre 

en compte que ces gènes en tant que prédicteurs de la virulence de V. parahaemolyticus.  

La recherche de nouveaux facteurs de virulence de V. parahaemolyticus est d’intérêt afin 

de distinguer les souches de V. parahaemolyticus potentiellement pathogènes de celles 

non pathogènes et ainsi prévenir le risque d’infection de façon plus fiable. L’analyse de 

génomes ne permet pas à elle seule d’identifier des facteurs de virulence, la présence 

d’un gène ne signifie pas forcément qu’il est exprimé. L’infection de modèles in vitro et 

in vivo par une souche bactérienne permet de définir un phénotype (pathogène ou non 

pathogène) de cette souche. Ces modèles peuvent être étudiés afin de suivre l’apparition 

des symptômes, la colonisation bactérienne au sein des tissus ou même la mort des 

individus. Les données issues de ces modèles, couplées à des données de génomiques, 

peuvent permettre de mettre en évidence des gènes uniquement présents chez les 

souches pathogènes. Le recours à des mutants délétés pour ces gènes permet de vérifier 

leur implication dans la virulence de la souche.  

Dans ce chapitre, le séquençage des génomes complets de 11 souches de  

V. parahaemolyticus (10 environnementales et une clinique) a permis d’étudier la présence 

de facteurs de virulence connus chez cette espèce (hémolysines et système de sécrétion 

de type III) ainsi que des facteurs plus généraux. Ce séquençage a également permis de 

prédire la présence de prophages et d’ilots de pathogénicité décrits précédemment. 

Deux souches, dont l’une (IFVp201) présentant des caractéristiques génomiques 

particulières, ont été testées sur le modèle lapin. Toutes les souches (11) ont été testées 

sur un modèle chenille Galleria mellonella qui a pour objectif de déterminer s’il pouvait 

être utilisé en première attention comme modèle simple et à bas coût permettant le 

criblage d’un large spectre de souches de V. parahaemolyticus. Le protocole utilisé pour 

le modèle lapin permet une voie d’infection par ingestion comme chez l’Homme à la 

différence de la chenille (injection).   
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Publication I 

 

Titre de l’article “Comparative genomics and in vivo virulence analysis of 

environmental Vibrio parahaemolyticus” 

Statut de l’article Draft en cours 

Objectif de l’étude Comparaison génomique de souches de V. parahaemolyticus et 

étude in vivo de l’expression de la virulence chez deux 

modèles animaux : les larves de chenille Galleria mellonella et 

le lapin 

Résultats  

principaux 

Le séquençage et l’analyse comparative des 11 génomes de  

V. parahaemolyticus révèlent des combinaisons différentes de 

gènes associés à la virulence. Une souche tdh+ trh+ a induit 

rapidement les symptômes chez les lapins alors qu’une 

souche tdh+ était non virulente. Bien que le modèle des larves 

G. mellonella a permis de bien discriminer les souches de  

V. parahaemolyticus en fonction de leur potentiel de virulence 

(Kéomurdjian, 2015), les phénotypes observés chez ce modèle 

étaient l’opposé de ceux observés chez les lapins (Hervio 

Heath et al., 2016). Les infections en utilisant les mutants ont 

suggéré que le système de sécrétion de type III numéro 1 

participait aux mortalités larvaires. 

Conclusions Les souches environnementales de V. parahaemolyticus sont 

génétiquement différentes et sont capables de provoquer la 

maladie. La présence des hémolysines ne signifie pas 

forcément que la souche est virulente. 
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Abstract:  

Vibrio parahaemolyticus is a leading cause of gastroenteritis associated with seafood 

comsumption worldwide. Characterization of virulence mechanisms is essential in order 

to establish a reliable detection method of pathogenic strains in environment and 

prevent infections in humans. Although virulence factors were identified (TDH, TRH 

and type III secretion system 2), strains lacking these factors are isolated in clinical cases, 

suggesting existence of other virulence mechanisms. This study aimed to investigate 

genomic and genetic particularities of 11 new V. parahaemolyticus genomes and 

characterize their phenotypes using two in vivo models: infant rabbits and Galleria 

mellonella larvae. Comparative genetic analyses of the isolates revealed different 

combinations of virulence-associated genes, with the majority encoding tdh and/or trh 

genes. A tdh/trh positive isolate induced rapid disease onset in infant rabbits while a tdh 

positive isolate was avirulent. Although G. mellonella larvae was a good model to 

discriminate Vp strains according to their virulence potential, phenotypes observed in 

this model were the opposite of those observed in rabbits. Infection using defined 

mutants suggests that Vp’s T3SS1 take part in larvae mortality. When taken together, our 

findings highlight the diversity of Vp isolates found in the environment and their 

potential to cause disease. 

1. Introduction 

Vibrio parahaemolyticus (Vp), a common halophilic bacterium that inhabits estuarine 

and marine environments, is the leading cause of infection associated with the 

consumption of raw or undercooked 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 

temperatures support Vp proliferation in the environment and have contributed to the 

global expansion of Vibrio illness in temperate regions (Baker-Austin et al., 2013; Deter 

et al., 2010; Vezzulli et al., 2013). The prevailing dogma asserts that not all Vp 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 (Kanagawa phenomenon), a phenotype 

attributed to the production of thermostable direct hemolysin (TDH) encoded by tdh 

gene in the form of five variants named tdh1 to tdh5 sharing 96 to 99% of homologies 

(Baba et al., 1991; Nishibuchi and Kaper, 1990; Sakurai et al., 1973). Subsequently, TDH-
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related haemolysin (TRH) producing strains (encoding by trh gene in the form of two 

variants trh1 and trh2 sharing 84% of homologies) were recognised, and, despite being 

Kanagawa negative, these were also linked to disease cases (Honda et al., 1988; 

Kishishita et al., 1992). Conversely, TDH and/or TRH producing strains were rarely 

found in the environment (Nair et al., 2007), providing evidence for their role as major 

virulence factors. However, recent years has seen a number of studies documenting 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) as well as the recovery of non-TDH/TRH producing isolates from patients 

(Bhoopong et al., 2007; Jones et al., 2012; Ottaviani et al., 2012). While it is recognised that 

there are several possible explanations for the latter including colony selection bias 

(Bhoopong et al., 2007), polystrain infections and loss of genes during laboratory 

isolation, the pathogenic risk of such strains remains unclear. Moreover, whole genome 

sequencing (WGS) has revealed that Vp harbours an extensive arsenal of pathogenic 

attributes including two type six secretion systems (T6SS), various adhesins and toxins, 

and two type three secretion systems (T3SS) that are located on chromosome 1 (T3SS1) 

and 2 (T3SS2), respectively (Makino et al., 2003). Notably, while T3SS1 has been detected 

in all Vp, T3SS2 of which there are two types, T3SS2α and T3SS2β, were found in trh- and 

trh+ isolates respectively, has not been detected in all Vp (Park et al., 2000).  

Most research on T3SS1 and T3SS2 activities has occurred in the pandemic 

reference isolate RIMD2210633 (Makino et al., 2003) but less is known about the 

pathogenic impact of trh+ isolates. Epidemiological data suggest such strains have higher 

attack rates and cause more severe diseases (Martinez-Urtaza et al., 2016; McLaughlin et 

al., 2005). Progress in understanding Vp pathogenesis has been further complicated by 

the emergence of novel genetic variants of clinical relevance (e.g. ST36, ST88), and a 

paucity of data from mammalian models which recapitulate the disease. 

Several in vivo models have been used to study Vp infection. Rabbit illeal loops 

have been used to demonstrate the enterotoxic nature of Vp infection and uncover roles 

for tdh and T3SS2 (Hiyoshi et al., 2010; Park et al., 2004a). Conversely, intraperitoneal 

systemic infection of mice revealed role for T3SS1 in mice lethality (Hiyoshi et al., 2010; 

Piñeyro et al., 2010).  Microbiota-based colonisation resistance limits murine oral 

infection studies although models based on antibiotic pre-treatment or germ-free mice 

have recently been developed (Santos et al., 2021; Yang et al., 2019). However, microbiota 

loss could create a bias in deciphering Vp pathogenicity as it was shown that microbiota 

could play a potentially role in Vp infection (Wang et al., 2020). Infant rabbits are 
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susceptible to oral infection of Vp and use of this host has revealed insights into the 

pathological changes that occur during the course of infection for tdh+ pandemic strain 

RIMD2210633 (Ritchie et al., 2012) and identified critical factors involved in intestinal 

colonisation (Zhou et al., 2012; Zhou et al., 2013). The use of non-mammalian model 

hosts such as those utilising wax moth (Galleria mellonella) larvae is increasing in bacterial 

infection studies for deciphering virulence and antimicrobial efficacy (Champion et al., 

2016; Ménard et al., 2021) and is promising in particular with enteric bacteria due to 

similarities between intestinal epithelial cells from larvae and mammalian digestive 

tracts (Mukherjee et al., 2013). Moreover, insects harbour an innate immune system 

similar to that of mammals, comprising of haemocytes and soluble effector molecules 

(Wojda, 2017). Injection of larvae with a range of clinical and environmental Vp strains 

revealed a role for mutT, a gene coding for a nudix hydrolase, in TDH/TRH-negative 

strains (Wagley et al., 2018). However, the impact of haemolysin or the T3SSs was not 

assessed.  

The purpose of this study was to examine the genetic diversity of Vp isolates 

collected from shellfish production areas in France and Portugal and assess their 

pathogenic potential using two models of Vp infection. Comparative genetic analyses of 

the isolates revealed different combinations of virulence-associated genes, with the 

majority encoding tdh and/or trh genes. Surprisingly, a tdh/trh positive isolate induced 

more rapid disease onset in infant rabbits than the pandemic tdh+ isolate, but failed to 

cause mortality in wax moth larvae. Infection using defined mutants suggests that Vp’s 

T3SS1 take part in larvae mortality. When taken together, our findings highlight the 

diversity of Vp isolates found in the environment and their potential to cause disease.  

2. Results 

 General features of V. parahaemolyticus genomes 

Eleven isolates (hereafter called IFVp) were sequenced to further characterize the 

genomic features of environmental Vp (Table S1). IFVp genomes were 4.9 to 5.4 Mbp in 

size, exhibited GC contents between 45.12 and 45.59% and contained on average 3,223 

and 1,888 kbp in chromosomes 1 and 2, respectively. A total of 4,715 to 5,420 coding 

sequences (CDS) were predicted. One strain, IFVp182, contained a 40.45 kbp plasmid 

with 45 CDS, including a recognised type IV secretion system (Table S1). Genomic 

comparisons revealed that some previously described virulence 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 1). Additionally, it 
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revealed that strain IFVp5 was highly similar to that of the reference strain 

RIMD2210633, both clinical O3:K6 sequence type three (ST3) strains. Vp island-7 (VPaI-

7) of RIMD2210633 which contains the organism’s second T3SS was absent in IFVp18 

and IFVp69 but present with varying levels of homology in the other IFVp strains. 

Cluster of Orthologous Genes (COG) analysis of the 11 strains revealed similar 

proportions of genes were involved in cellular processes and signalling (24%), 

information storage and processing (15%), metabolism (33%) or poorly characterized 

(19%) (Fig S1).  

 

Fig 1. Comparison of environmental Vp genomes with RIMD2210633 as 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 Vp number 7. 

 

 Haemolysin contents 

To enable comparisons, the genomes of eight previously published complete Vp 

genomes (hereafter called NCBI genomes) containing varying tdh and/or trh gene 

profiles were included in subsequent analysis (see Table S2). A minimum evolution tree 

was performed with tdh and trh sequences from IFVp and NCBI genomes, determined 

using BLAST+ (see Fig S2). Determination of haemolysin variants was performed by 

adding sequences from NCBI database of four variants of tdh (tdh1 to tdh4) and the two 

variants of trh (trh1 and trh2) in the analyses (see Fig S2). In our analysis, we observed 

five profiles of haemolysin variant combinations: tdh1, tdh1 tdh2, tdh3 trh1, trh1 and trh2 
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(Table 1), thus suggesting that tdh2 and tdh3 could not be present alone and that trh2 

could be only present alone. This analysis showed also that FDA_R31 harboured a TDH 

haemolysin (M634_24535) which shared 89%, 91%, 92% and 92% of homologies with 

tdh1, tdh2, tdh3 and tdh4, respectively, thus did not allow a clear classification of this tdh 

gene.   

 Genomic features and phylogenetic analyses 

The pan genome of all 19 genomes (11 IFVp and eight NCBI genomes) comprised of 

9,161 coding genes including 3,616 (39%) core genes and 5,545 (61%) accessory genes 

(Fig 2A). The number of accessory genes ranged from 915 to 1,800 depending on the 

strain (Table S2). As evident in Fig 2A, Vp has an open pan-genome structure as the 

number of total coding genes increased with the addition of each new genome, while the 

number of new genes decreased (Fig 2B). Scoary analysis indicated that no genes were 

significantly over- or under-represented in accessory genome of clinical versus 

environmental strains, or of tdh+ versus tdh- strains. However, 51 genes were over-

represented in accessory genome of trh+ strains compared to trh- strains including those 

coding for the urease operon and some for the T3SS2 cluster (Table S3).  

 

Fig 2. Pan-genome analysis and core-genome phylogenetic tree of the 19 Vp strains. 

(A) Estimated number of the core (3,616 genes) and pan-genomes (9,161 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. 
  
Phylogenetic analysis of the core genomes showed that the clinical strain IFVp5 (tdh1+ 

tdh2+) clustered with RIMD2210633 (tdh1+ tdh2+) but not with BB22OP (tdh1+ tdh2+) (Fig 
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2C). Additionally, IFVp18 (tdh- trh-) clustered together with CDC_K4557 (tdh- trh-), but 

not with IFVp69 (tdh- trh-). Conversely, MAVP-Q (tdh+ trh+) did not cluster with IFVp201 

and IFVp203 (tdh+ trh+) and FDA_R31 (tdh+ trh-) did not cluster with IFVp195 and 

IFVp408 (tdh+ trh-). Finally, IFVp182 (tdh- trh- T3SS2+) did not cluster with FORC_014 (tdh- 

trh- T3SS2+), and IFVp136 (tdh- trh+) and IFVp177 (tdh- trh+) did not cluster with VN-008 

(tdh- trh+) (Fig 2C). These observations suggest that core gene phylogeny was not 

associated with haemolysin gene content; instead, strains with the same sequence type 

(ST) (Table S1) were found to cluster more closely i.e. IFVp5 and RIMD2210633, IFVp201 

and IFVp203, and IFVp195 and IFVp408. 

 Potentially virulent gene content 

The presence of known virulence genes, determined using BLAST+, are shown in Table 

2. T3SS2 was present in 16 strains and T6SS1 was present in 12 strains. Heatmap of T3SS2 

genes showed that the presence of the T3SS2 was concomitant with the presence of the 

trh gene even in tdh+ trh+ strains, except for FDA_R31 (tdh+ trh-) which harboured the 

T3SS2 (Fig 3). Among the 19 strains, zot and hly genes were detected in five and four 

strains, respectively. A cellulose operon (bcs) was identified in six strains that lacked the 

T6SS1 gene cluster (Table 1). Although T3SS1 was present in all the Vp strains, its 

organization differed between strains. Indeed, gene region VP1676-VP1679 was absent 

in IFVp201, IFVp203 and FDA_R31 strains (Fig 3) but was replaced by three new genes 

in IFVp201 and IFVp203: a secretion protein, a MFS transporter and a TetR/AcrR family 

transcriptional regulator gene. Moreover, the ATCC 17802 harboured three new genes 

between VP1676-VP1679 and vopQ gene: a N-acetyltransferase, a transporter protein and 

a LysR family transcriptional regulator genes. Concerning the T3SS1 effectors, the four 

(VopQ, VopS, VopR and VPA0450) were present in all the strains. 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.  
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Table 1. Distribution of known virulence genes in Vp strains by in sillico detection 

Strains 
Haemolysins T3SS T6SS Toxins Type IV pili  

Polar 
flagella 

Lateral 
flagella 

Colonization Iron-acquisition genes Biofilm 

tdh trh T3SS-2 T3SS-1 T6SS1 T6SS2 ZOT hly RTX MSH ChiRP fla laf VPA1701 acfD acfC pvs-pvu IutA irgA-vctA bcs 

Vp18      + + + +     + + + + +  +  + + +   
Vp69      +   +      + + + + +  +  + + +   

Vp182      + + +       + + + +  +  + + +   
Vp195 1    + + +     + + + + +  + + + + +   
Vp408 1    + + +     + + + + +  + + + + +   

Vp5 1+2    + + +      + + + + + +  + + +   
Vp201 3 1  +   +     + + + + +  +  + + + + 
Vp203 3 1  +   + +   + + + + +  +  + + + + 
Vp136   1  + + + + +  + + + + + +  + + +   
Vp177   1  +   +     + + + + +  +  + + + + 
Vp22   2  + + +   + + + + + +  +  + + +   

                                    

CDC_K4557    + + +       + + + +  +  + + +   
FORC_014    +   + +    + + + + + + + + + + + 
FDA_R31 *   +   + + +  + + + +  +  + + + + 

RIMD2210633 1+2   + + + +    + + + +  +  + + +   
BB22OP 1+2   + + +     + + + + +  +  + + +   
MAVP-Q 3 1  +  +    + + + +  +  + + + + 

VN-0028  1   + +  +       + + + +  +  + + +   
ATCC_17802  2  + + +   + + + + + +  +  + + +   

*:  novel tdh variant  



 

65 

 

Fig 3. Heatmaps of the two T3SS clusters in the 19 Vp 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 arrow: genes with known function. Grey arrow: genes with unknown function
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 Prediction of prophages and genomic islands 

Intact prophages were predicted by PHASTER in 13 Vp genomes including eight IFVp 

and five NCBI genomes (Table S4). The analysis revealed the presence of intact VfO3K6 

prophages in IFVp18, IFVp136, IFVp203, FDA_R31, FORC_014 and RIMD2210633. This 

prophage was shown to harbour a zot gene (Castillo et al., 2018a) which is in accordance 

with the presence of zot gene in these strains as shown previously (Table 1). Moreover, 

intact VFJ prophages were detected in IFVp195, IFVp408, IFVp201, IFVp203 and 

CDC_K4557. Vibrio 12A4 prophages, mainly composed of hypothetical proteins, were 

identified in IFVp201, IFVp203, IFVp177 and FORC_014. Moreover, prophage identified 

in Aeromonas media called phiO18P was predicted in FDA_R31 and BB22OP while the 

Vibrio phage VPSUM 8 was predicted in FORC_014. Vibrio phage Vf12, which harbours 

a zot-like gene, was detected in IFVp182.  

Genomic islands defined in RIMD2210633 (Hurley et al., 2006) were investigated in the 

19 Vp genomes and those present in each strain are indicated in Table S5. BLASTp 

analysis revealed that VPaI-1 was partially present in IFVp18, IFVp5, CDC_K4557 and 

VN-0028 while it was absent 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. 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 identified in the 19 

Vp genomes is shown in Fig S3A. These results showed that the VPaI-7 was absent from 

IFVp18, IFVp69 and CDC_K4557 (Fig S3A) and that the island organization mainly 

depended upon presence/absence and variants of tdh and/or trh genes, except for 

FDA_R31. This analysis showed that a gene encoding the accessory colonization factor 

D (acfD) was present near the T3SS-2 cluster. These results confirmed that the urease 

operon was present in all the trh+ strains. Moreover, we observed the presence of toxin 

B gene only in the trh2+ strains while the hly operon (hlyCABD) was present in some trh+ 

strains (IFVp136, IFVp22 and ATCC 17802). The COG analysis of the VPaI-7 showed 

variation in proportion according to haemolysins presence/absence (Fig S3A). Indeed, 

excluding FDA_R31,  the trh+ strains had higher proportion of metabolism (28 ± 4%) and 

lower unknown function (11 ± 4%) than in trh- strains (7 ± 2% and 31 ± 3%, respectively).  

 Infant rabbit infections 

To begin to assess the pathogenic potential of the IFVp isolates, 2-3 days old infant 

rabbits were orogastrically inoculated with either IFVp201 or IFVp195; strains which 
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harboured contrasting virulence features (IFVp201: tdh3/trh1, T3SS2β, T6SS1- vs IFVp195: 

tdh1, T3SS2α, T6SS1+; see Table 1). IFVp201 caused diarrhoea with most rabbits 

contaminated by liquid faeces from about 12 hours post infection (HPI). By 15 HPI, 

significant amounts of fluid had accumulated in their small intestines and between 108 

to 109 CFU.g-1 could be recovered from this region (Fig 4). In marked contrast, IFVp195 

failed to cause observable diarrhoea 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 15HPI, the only timepoint where direct 

comparisons were possible (p ≤ 0.001). IFVp195 concentrations increased to 

approximatively 6 log CFU.g-1 by 38 HPI, then appeared to stabilise. A few animals 

infected with IFVp201 were found to contain ~103 CFU.g-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 the tdh+ IFVp195 strain. 

 

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 x 108 CFU of IFVp201 or IFVp195 
and disease state, intestinal fluid accumulation ratios (FAR) and recovery of Vp 
determined at 15, 38 and 120 hours post infection (HPI). A Disease was recorded for 
individual animals. BFluid accumulation ratios (FAR) were represented as mean ± 
standard deviation of all rabbits within the group. C Concentrations of Vp recovered in 
intestinal homogenates taken from the proximal (I1), mid (I2) and distal regions (I3) of 
the small intestine. 
  

 Galleria mellonella larvae infections 

While infant rabbits offer a useful model to dissect Vp pathogenesis, they are not suited 

to high-throughput studies. Thus, in order to explore the pathogenic potential of all the 
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sequenced Vp strains, Galleria mellonella larvae were trialled as an alternative infection 

model (Fig 5A). First, we sought to determine the impact of tdh and the two T3SS on Vp-

induced killing of the larvae. Using the same mutants as examined in infant rabbits 

(Ritchie et al., 2012), larvae were infected with approx. 7 log CFU.mL-1 and G. mellonella 

survival was evaluated after 24 h. While wild type, Δtdh, and T3SS2 mutants were 

highly virulent killing 100% of larvae, 38 and 20% of those infected with T3SS1 or the 

triple mutant survived (Fig 5B).  

Next, larvae survival was compared following injection of the IFVp strains sequenced in 

this study. Slighter lower concentrations of IFVp strains (range from 6.52 to 6.84 log 

CFU.mL-1) were used due to minor differences in growth conditions in the different 

laboratories. Larvae survival ranged widely, revealing that four strains (IFVp182, 

IFVp201, IFVp203 and IFVp22) were less virulent (larvae survival > 75%), five strains 

(IFVp18, IFVp69, IFVp408, IFVp4 and IFVp177) were highly virulent (larvae survival < 

15%) with the remaining two strains (IFVp195 and IFVp136) induced an intermediate 

phenotype (Fig 5C) (Kéomurdjian, 2015). Differences in virulence corresponded to the 

experimentally-determined lethal dose (LD)50 of the strains, with those exhibiting 

greater virulence having LD50 values close to the injected concentrations (Table S6). 

Notably, non-toxigenic strains could be found in both high (IFVp18, IFVp69) and low 

(IFVp182) virulence groups, respectively. Further studies uncovering the pathogenic 

mechanisms and threat to human health posed by these and other Vp strains are urgently 

needed.  

 

Fig 5. Galleria mellonella infections.  

(A) Images of healthy and dead larvae. (B) Percentage of survival of larvae at 24 h post-
injection with approx. 1 x 107 CFU.mL-1 of RIMD2210633 and mutants. Data represented 
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mean ± standard error. (C) Percentage of survival of larvae at 24 h post-injection with 
approx. 5 x 106 CFU.mL-1 of IFVp strains. Data are represented as mean ± standard error. 

3. Discussion/perspectives 

Identification of human pathogenic Vp is necessary to reduce the risk of infection 

for seafood consumers. Yet, the presence of classical genetic markers (i.e. tdh, trh) do not 

seem to accurately reflect pathogenic potential as non-toxigenic strains lacking the 

aforementioned genes, have been associated with clinical cases in some countries (Jones 

et al., 2012; Ottaviani et al., 2012). Here, we sequenced 11 new Vp genomes and compared 

their features to 8 previously published strains. Two infection models were used to 

explore their pathogenic potential.  

The core genome of all 19 strains used in this study consisted of 3,616 genes, slightly 

smaller than that of some non-toxigenic strains (Castillo et al., 2018b; Ronholm et al., 

2016) and slightly larger than one of O3:K6 strains (Chen et al., 2011) and of Vp strains 

isolated from ready-to-eat food (Pang et al., 2019). In our study, the open pan genome 

suggested constant gene gain allowed by high rates of horizontal gene transfers, 

frequent in environmental strains, thus increasing bacterial fitness in the environment 

(McInerney et al., 2017). Core genome phylogeny of these strains showed that the 

clustering was not related to haemolysin content. However, we observed that strains 

with the same ST clustered together (RIMD2210633 and IFVp5, and IFVp195 and 

IFVp408) as found previously for clinical and environmental Vp strains (Jesser et al., 

2019; Ronholm et al., 2016). 

As a measure of virulence potential of Vp strains, we determined in silico presence 

of known virulence factors, specific or not to Vp. All the strains harboured a T3SS1 

cluster as previously shown (Hazen et al., 2015). It was also shown that organisation of 

the T3SS1 around VP1676-VP1679 genes can vary between Vp strains, thus, 

distinguishing three groups called VPI to VPIII (Wu et al., 2020). Analyses of gene 

syntheny of this cluster showed that among the 19 strains, two were VPIII (IFVp201 and 

IFVp203), one was VPII (ATCC 17802), one presented a unique organization not 

observed previously (FDA_R31) and the remaining strains were VPI. Deletion of 

VP1676-VP1679 has previously been shown to have no cytotoxic effect on mammalian 

(Ono et al., 2006) or fish cells (Wu et al., 2020), and thus remained with an unknown 

function. As shown previously by Hazen et al. (2015) and Jones et al. (2012), the relation 

between variants of T3SS2 and the presence of trh was confirmed in our study, i.e. the 

T3SS2 variant was present in trh+ strains (even in tdh+ trh+ strains) and the T3SS2 

variant in trh- strains, with the exception of FDA_R31 which harboured a T3SS2 variant 
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while this strain is trh-. All the Vp strains carried the T6SS2 cluster (Yu et al., 2012) while 

only 12 of the 19 strains harboured the T6SS1. T6SS1 may enhance Vp fitness in marine 

environments via conferring anti-bacterial activity that outcompetes other bacteria 

(Salomon et al., 2013). Interestingly, a cellulose operon (bcs) was identified in strains 

lacking T6SS1. This operon was suggested to be involved in survival in aquatic 

environment and to replace T6SS1 (Meparambu Prabhakaran et al., 2021). Some strains 

harboured a zot gene, encoding a secreted toxin which increases intestinal permeability 

that was firstly identified in Vibrio cholerae (Fasano et al., 1991). It was shown that the zot 

gene was encoded in the filamentous phage f237 associated to pandemic O3:K6 Vp 

strains (Nasu et al., 2000), but zot gene was identified in non-toxigenic strains as well 

(Castillo et al., 2018b). Analyses of prophages identified in our strains showed that the 

prophage VfO3K6 (Table S4) harboured a zot gene and that zot+ strains in our study all 

possessed the prophage VfO3K6. BLASTp of VfO3K6 proteins showed high homologies 

(> 90%) with f237 proteins from RIMD2210633, except for ORF10 (> 59%) and ORF8 

(ranging from 22 to 26%) (not shown). Interestingly, the pandemic O3:K6 strain IFVp5 

isolated in 2004 did not harbour ORF8 and ORF10. Previous studies of VPaI identified 

in RIMD2210633 showed that VPaI-1, VPaI-4, VPaI-5 and VPaI-6 were restricted to 

pandemic post-1995 O3:K6 strains (Hazen et al., 2015; Hurley et al., 2006). In our study, 

we observed contradictory, yet interesting results. Indeed, IFVp18 strain (tdh- trh- T3SS-

2-) was shown to harbour the VPaI-1 almost intact, and the entire VPaI-4 and VPaI-5 

while these three VPaI were absent from IFVp5 (pandemic post-1995 O3:K6). Otherwise, 

VPaI-2 and VPaI-3 were partially present in all strains, as shown previously (Ronholm 

et al., 2016). Global organization of VPaI-7 was suggested to depend on haemolysins 

content. Difference in COG proportions (metabolism group) could be explained by 

presence of urease operon in trh+ strains but not in tdh+. Collectively, virulence genes, 

prophages and pathogenicity islands are important for Vp fitness in the environment, 

providing genetic adaptability in response to changing conditions. Evaluation of 

pathogenicity of a bacterial strain need in vivo experiments using animal models. 

Two environmental Vp strains, IFVp201 and IFVp195, were selected for phenotypic 

characterization of virulence using the infant rabbit model of Vp infection (Ritchie et al., 

2012). These two strains exhibited two distinct virulence phenotypes. Indeed, IFVp201 

(tdh3+ trh1+ T3SS2+) showed a highly virulent phenotype in this model, even more 

virulent than the one of the reference strain RIMD2210633 concerning FAR (0.69 ± 0.44 

and 0.29 ± 0.13, respectively) (Ritchie et al., 2012), but similar to the disease kinetics seen 

in rabbits infected with non-O1, non-O139 V. cholerae (Shin et al., 2011). It was shown 
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that most of the disease caused by Vp RIMD2210633 could be attributed to the activity 

of T3SS2α, and in particular VopZ (VPA1336) with tdh and T3SS1 playing more minor 

roles (Ritchie et al., 2012; Zhou et al., 2013). In our study, presence of T3SS2, tdh3 variant 

and a trh gene could explain the high virulence phenotype of IFVp201. Interestingly, the 

tdh3 variant showed lower haemolytic activity than tdh1 and tdh2 variant (Nishibuchi 

and Kaper, 1990). Moreover, IFVp201 harbours the same haemolysin variants (tdh3+ 

trh1+) as ST36 strains that caused severe disease in Spain and Pacific northwest coast of 

USA (Martinez-Urtaza et al., 2013; McLaughlin et al., 2005). Conversely, IFVp195 (tdh1+ 

T3SS2+) appeared less virulent, with the amount of fluid present in the distal small 

intestine of infected rabbits (0.04 ± 0.03) similar to that seen for historic mock infected 

rabbits (0.05 ± 0.02) (Ritchie et al., 2012). These results suggested that T3SS2 does not 

explain all the pathogenicity in this model and that other virulence mechanisms are 

involved. In order to decipher Vp pathogenicity and its mechanisms, it appears essential 

to perform phenotypic characterization of Vp strains presenting a wide range of genetic 

content.  

Use of G. mellonella as a model to study Vp infection was evaluated. Infection with 

RIMD2210633 mutants showed that the deletion of T3SS1 resulted in less lethality 

among the larvae. These findings suggest that contrary to infant rabbits, G. mellonella 

larvae were more sensitive to the activities of T3SS1, and possibly lend support to a role 

for TDH in dampening the immune response as noticed previously (Ritchie et al., 2012). 

Moreover, these results correlate with results observed in intraperitoneally infection 

mice (Hiyoshi et al., 2010; Piñeyro et al., 2010), suggesting a role of T3SS1 in systemic 

infections. In the present and in previous studies, infection with IFVp strains showed 

varying virulence phenotypes. Interestingly, IFVp195 was virulent (28% of larvae 

survival) whereas IFVp201 was less virulent (78 % of larvae survival) in G. mellonella 

larvae (Kéomurdjian, 2015). Thus, disease outcomes associated with the two Vp strains 

did not correlated in the two model hosts, this may provide insights into different 

aspects of Vp infection. Difference in virulence phenotype between the two models 

tested in our study could be explained by the difference in immune response associated 

to infection way (injected in larvae and oro-gastrically in rabbits). Indeed, using murine 

model, it was shown that virulence mechanisms differed using intra-peritoneally 

infected mice (T3SS1) (Hiyoshi et al., 2010) and oro-gastrically infected mice (T3SS2) 

(Yang et al., 2019), respectively. A protocol of bacterial infection using a forced feeding 

of G. mellonella larvae was established and could allow to avoid this injection bias 

(Ramarao et al., 2012). Intriguingly, reduced virulence in both RIMD2210633 ΔT3SS1 and 
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IFVp182, IFVp201, IFVp203 and IFVp22 strains, appears to correlate with loss of, or 

reduced homology of VP1678 in T3SS1. VP1678 encodes a putative dienelactone 

hydrolase (Nydam et al., 2014) that could be involved in Vp virulence in this model. 

Indeed, a dienelactone hydrolase was shown to be involved in virulence of the fungi 

Fusarium pseudograminearum in cereal host wheat (Gardiner et al., 2012). Moreover, Vp 

need to compete with microbiota to successfully colonize and survive in the host. Thus, 

the T6SS, known to play a role in antimicrobial competition, could be involved in Vp 

virulence. Indeed, T6SS was identified as a potential virulence factor involved in 

virulence of Francisella tularensis (Brodmann et al., 2021) and Campylobacter jejuni (Liaw 

et al., 2019) in G. mellonella larvae model. However, the mutT gene encoding a nudix 

family protein identified as a potential virulence factor of Vp in G. mellonella (Wagley et 

al., 2018) was present in all our strains, thus it did not corroborate with virulence 

phenotype in this model. Further genomic analyses are needed to identify mechanisms 

involved in Vp virulence in larvae. 

To conclude, we sequenced genetically different strains of Vp which could be useful 

to further identify potential virulence mechanisms, in association to phenotypic 

characterization in in vivo models. Use of infant rabbit model in this study showed that 

understanding of mechanisms involved in Vp virulence was not a simple task and 

needed more accurate characterization of Vp strains. The phenotypic characterization of 

a wide range of Vp strains using G. mellonella larvae can reproduce phenotype readout 

of some disease aspects, thus, could be useful for high throughput screening, even if 

mechanisms involved Vp virulence in this model need to be further identified. Criteria 

used by national institutions to characterize the potential pathogenicity of Vp strains are 

tdh and trh, thus when detected in seafood/shellfish result in their removal from market 

or farms closure (DGAl, 2019; NSSP, 2017). According to our study, presence of these 

genes does not necessarily mean virulence, thus made these criteria not enough accurate 

to identify potentially pathogenic strains. Further studies using more diverse Vp strains, 

in vivo models and genomic analyses are needed to identify more relevant criteria. 

4. Materials and methods 

 Bacterial strains 

Eleven Vp strains (IFVp), mainly isolated from the environment and selected from a 

larger collection to represent a range of isolation date, sample origins and serotype 

(Table 1), were sequenced in this study. Data from eight additional previously 

sequenced Vp genomes were collected from NCBI (NCBI genomes) for genomics 
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analyses: five clinical isolates (RIMD2210633 (Makino et al., 2003), ATCC 17802 (Yang et 

al., 2015), CDC_K4557 (Lüdeke et al., 2015), MAVP-Q (Xu et al., 2017) and VN-0028 

(Accession no. MVKK00000000.1)) and three environmental isolates (FORC_014 (Ahn et 

al., 2016), FDA_R31 (Lüdeke et al., 2015), and BB22OP (Jensen et al., 2013)). The reference 

strains were selected based on their complete genomes (except for VN-0028) and tdh/trh 

gene profiles. Previously described genetically defined deletion mutants of 

RIMD2210633 were used for Galleria mellonella infection experiments: tdh, T3SS-1, 

T3SS-2 and deletions in of all three virulence factors (aka triple mutant) (Hiyoshi et al., 

2010).  

Table 2. Characteristics of V. parahaemolyticus strains used in this study 

Strain Isolation year Country Source Serotype 

IFVp18 1999 France E (mussel, Mytilus edulis) O2:KUT 

IFVp69 2002 France E (mussel, M. edulis) O3:KUT 

IFVp182 2005 France E (seawater) O11:KUT 

IFVp195 2010 France E (seawater) O4:KUT 

IFVp408 2014 France E (oyster, Crassostrea gigas) O4:K37 

IFVp5 2004 France Clinical O3:K6 

IFVp201 2009 France E (mussel, M. edulis) O5:KUT 

IFVp203 2009 France E (mussel, M. edulis) O5:KUT 

IFVp136 2004 Portugal E (mussel, Mytilus galloprovincialis) O11:KUT 

IFVp177 2006 Portugal E (oyster, C. gigas) O11:KUT 

IFVp22 1999 France E (mussel, M. edulis) O2:KUT 

E: environmental, KUT: K-untypeable 

 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 g.L-1 of peptone, 20 g.L-1 of sodium chloride) 

and subsequent incubation with shaking for 18 h at 37°C. DNA was extracted from the 

bacterial cells using a 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 (BioTek, USA). DNA extracts were sent to the GATC platform 

(Eurogentec, France) for sequencing (Illumina HiSeq 4000 type paired-end (2 x 150 bp) 

450 bases, approximately 5 million read pairs and 100X average coverage). DNA 

integrity was verified by electrophoresis with a 2% agarose gel.  

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 
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v1.2.10 (Zerbino and Birney, 2008). The two chromosome sequences were determined by 

alignment against the Vp 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 Magnifying 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/organisms/vibrio-

parahaemolyticus) (Jolley et al., 2018).  

 Core and accessory genome analyses 

Prokka v1.14.6 (Seemann, 2014) was used to collect GFF format using Fasta files of the 

19 Vp genomes. Roary v3.13.0  (Page et al., 2015) was used to analyse the total core and 

accessory genomes of Vp strains. Core genes were defined to be present in all the strains 

and accessory genes to be absent in at least one strain (sum of shell and cloud genes). 

Software packages were used under default settings. “Pan/Core-Genome” tool from 

MaGe platform was used to determine accessory gene numbers (sum of variable and 

strain-specific genes) present in each strain. 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. 

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 (Brynildsrud 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.  

 Characterization of genome 

Cluster of orthologous genes 

Distribution of protein coding genes was determined within the Cluster of orthologous 

genes (COG) functional categories using the COG automatic classification tool on MaGe 

platform in each chromosome. These values are computed using the automatic results 

obtained with the COGNiTOR software (http://www.ncbi.nlm.nih.gov/COG/).  

In silico identification of known virulence genes  

In sillico identification of known virulence genes was performed using BLAST+ v2.11.0 

(Camacho et al., 2009). Genes identified in this study were tdh1-4 (Nishibuchi and Kaper, 

1985; Nishibuchi and Kaper, 1990), trh1-2 (Kishishita et al., 1992; Nishibuchi et al., 1989), 

https://pubmlst.org/organisms/vibrio-parahaemolyticus
https://pubmlst.org/organisms/vibrio-parahaemolyticus
http://www.ncbi.nlm.nih.gov/COG/
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T3SS-1 and T3SS-2 (Makino et al., 2003; Okada et al., 2009), T6SS-1 and T6SS-2 (Salomon 

et al., 2013), polar (Kim and McCarter, 2000) and lateral (Stewart and McCarter, 2003) 

flagella, type IV pilus (Marsh and Taylor, 1999), iron-acquisition genes (León-Sicairos et 

al., 2015), toxins such as ZOT (VP1558), HlyA (VCA0219) and RtxA (WP_010895441), 

and colonization factors such as VPA1701 (Gu et al., 2019) and AcfCD (Peterson and 

Mekalanos, 1988). 

Sequences of tdh and trh from 14 Vp genomes (eight IFVp and six NCBI genomes) and 

six NCBI haemolysin reference sequences (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 and prophages 

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 haemolysin genes, was identified using the MaGe platform “Regions 

of Genome Plasticity” (RGP) tool. COG analyses were performed on VPaI-7 regions as 

described above. 

Integrated prophage regions were identified and annotated using PHASTER (Arndt et 

al., 2016). PHASTER provided the best hit prophage as well as the position, the length 

and the GC content of the region. Determination of completeness scores are described in 

(Zhou et al., 2011).  

 Infant rabbit experiments  

All experimental protocols were approved by the local Animal Welfare 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 females were 

obtained from a commercial breeder (Harlan Laboratories, UK). Experiments were 

performed 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. The number of animals 

per litter varied but for the two test Vp strains (IFVp201 and IFVp195) and for each 

timepoint (15, 38 and 120 h post infection (HPI)), infections were performed on animals 

derived from at least two independent litters to counter reporting of litter-specific 

effects. Low birth weight rabbits (‘runts’) were removed from the litters prior to the 

experiment commencing as these animals tend to exhibit different disease kinetics. 

http://itol.embl.de/
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Otherwise, all animals within a litter were infected. Experiments were performed 

generally as described (Ritchie et al., 2012), except animals were pre-treated with 

ranitidine (5 mg.kg-1 bodyweight via intraperitoneal injection; GlaxoSmithKline) 3 hr 

prior to oro-gastric inoculation. Vp 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 5,000 g) and the cell pellet resuspended in 

sodium bicarbonate solution (2.5g in 100ml; pH 9) to give a final concentration of ~ 1.109 

CFU.mL-1. Rabbits were oro-gastrically 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 

Vp 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 Vp (in log CFU.g-1) were 

determined in tissue samples taken from the proximal (I1), mid (I2) and distal (I3) 

regions of the small intestine. Tissue samples were homogenised between two glass 

slides using 2 mL sterile PBS prior to serial dilution and plating on tryptone soy agar. 

Colonies were confirmed as Vp following growth on thiosulfate-citrate-bile salts-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 Vp. 

 Galleria mellonella larvae experiments 

Pathogenicity of RIMD2210633 mutants and IFVp strains were evaluated using the 

Galleria mellonella model, 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, washed once in an 

equivalent volume of PBS and then adjusted with PBS to yield a final concentration of 

~1.107 CFU.mL-1. When testing the IFVp strains, due to issues with its growth, IFVp5 

was replaced with IFVp4, which was also O3:K6 and harboured the same haemolysin 



Genomic analysis and in vivo virulence of Vibrio parahaemolyticus 

77 

and T3SS profile (unpublished data). 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, 12H2O; 

7.2 g.L-1 of NaCl) to obtain a Vp inoculum with final concentration of 5.106 CFU.mL-1 

(confirmed by plate enumeration onto HIS at 37°C for 24 h).  

In both laboratories, larvae of G. mellonella measuring 2.0 to 3.0 cm in body length (body 

weight of approx. 200 to 300 mg) were used in infection experiments. For each 

experiment, 10 µL of Vp inoculum (~ 5.104 CFU of bacteria) was injected into the right 

foremost proleg of larvae (n = 20) 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 

melanisation and survival were recorded. The percentage of survival was determined 

for all the strains at 24 HPI. Larvae were scored as dead when they did not show any 

response to touch. Three independent infection experiments were performed for each 

Vp strain. Data represent the mean survival (± standard error) of three independent 

experiments each consisting of 20 larvae per group.  

Determination of LD50 was performed as described above by larvae injection with 

concentrations of Vp inoculum ranging from 5.102 to 5.106 CFU of bacteria. Mortality was 

recorded at 24 HPI as described above. LD50 was calculated as the concentration 

inducing 50% of mortality and was expressed in CFU.mL-1. 

 Statistical analyses  

All statistical analyses of the data were performed using RStudio 2021.09.0+351 "Ghost 

Orchid" Release (2021-09-20) for Windows (Core R Team, 2019) 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 proportion of infant rabbits infected with IFVp201 and IFVp195 

at 15 HPI were compared using Fisher’s exact test. Fluid accumulation ratios between 

IFVp201 and IFVp195 at 15 HPI in the three regions of small intestine were analysed 

using unpaired Student t-test. Concentrations of IFVp201 and IFVp195 at 15 HPI in the 

three regions of small intestine were log transformed prior to analyses using unpaired 

Student t-test. Percentages of larvae survival during bacterial infections between 

RIMD22210633 and its mutants, and between IFVp strains were evaluated using 
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ANOVA with strain as factor, followed by the post hoc Tukey test to determine where 

differences occur.  

 Genome accession numbers 

Draft genomes of Vp strains are available from the European Nucleotide Archive (Project 

ID: PRJEB53525) under accession number shown in Table S1. 

ACKNOWLEDGEMENTS 

We thank Amine M. Boukerb for his advices concerning genome assembling, the 

LABGeM (CEA/Genoscope & CNRS UMR8030), the France Génomique and French 

Bioinformatics Institute national infrastructures for support within the Microscope 

annotation platform. 

This work was supported from several sources, DHH by the Society for Applied 

Microbiology (Laboratory Fellowship Grant Award) and JMR by Royal Society Award 

(RG120193) and a faculty Research Support Fund Award from the University of Surrey. 

REFERENCES 

Ahn, S., Chung, H. Y., Lim, S., Kim, K., 
Kim, S., Na, E. J., Caetano-Anolles, K., 
Lee, J. H., Ryu, S., Choi, S. H., et al. (2016). 
Complete genome of Vibrio 
parahaemolyticus FORC014 isolated from 
the toothfish. Gut Pathogens 8, 1–6. 

Alikhan, N. F., Petty, N. K., Ben Zakour, 
N. L. and Beatson, S. A. (2011). BLAST 
Ring Image Generator (BRIG): Simple 
prokaryote genome comparisons. BMC 
Genomics 12,. 

Arndt, D., Grant, J. R., Marcu, A., Sajed, 
T., Pon, A., Liang, Y. and Wishart, D. S. 
(2016). PHASTER: a better, faster version 
of the PHAST phage search tool. Nucleic 
Acids Research 44, W16–W21. 

Baba, K., Shirai, H., Terai, A., Takeda, Y. 
and Nishibuchi, M. (1991). Analysis of the 
tdh Gene Cloned from a tdh Gene- and trh 
Gene-Positive Strain of Vibrio 
parahaemolyticus. Microbiology and 
Immunology 35, 253–258. 

Bacian, C., Verdugo, C., García, K., Perez-
Larruscain, J., de Blas, I., Cachicas, V. and 
Lopez-Joven, C. (2021). Longitudinal 
Study of Total and Pathogenic Vibrio 
parahaemolyticus (tdh+ and/or trh+) in Two 

Natural Extraction Areas of Mytilus 
chilensis in Southern Chile. Frontiers in 
Microbiology 12,. 

Baker-Austin, C., Trinanes, J. A., Taylor, 
N. G. H., Hartnell, R., Siitonen, A. and 
Martinez-Urtaza, J. (2013). Emerging 
Vibrio risk at high latitudes in response to 
ocean warming. Nature Climate Change 3, 
73–77. 

Bhoopong, P., Palittapongarnpim, P., 
Pomwised, R., Kiatkittipong, A., 
Kamruzzaman, M., Nakaguchi, Y., 
Nishibuchi, M., Ishibashi, M. and 
Vuddhakul, V. (2007). Variability of 
properties of Vibrio parahaemolyticus 
strains isolated from individual patients. 
Journal of Clinical Microbiology 45, 1544–
1550. 

Brodmann, M., Schnider, S. T. and Basler, 
M. (2021). Type VI Secretion System and 
Its Effectors PdpC, PdpD, and OpiA 
Contribute to Francisella Virulence in 
Galleria mellonella Larvae. Infection and 
Immunity 89,. 

Brynildsrud, O., Bohlin, J., Scheffer, L. 
and Eldholm, V. (2016). Rapid scoring of 
genes in microbial pan-genome-wide 



Genomic analysis and in vivo virulence of Vibrio parahaemolyticus 

79 

association studies with Scoary. Genome 
Biology 17, 1–9. 

Camacho, C., Coulouris, G., Avagyan, V., 
Ma, N., Papadopoulos, J., Bealer, K. and 
Madden, T. L. (2009). BLAST+: 
Architecture and applications. BMC 
Bioinformatics 10, 1–9. 

Castillo, D., Kauffman, K., Hussain, F., 
Kalatzis, P., Rørbo, N., Polz, M. F. and 
Middelboe, M. (2018a). Widespread 
distribution of prophage-encoded 
virulence factors in marine Vibrio 
communities. Scientific Reports 8, 2–10. 

Castillo, D., Pérez-Reytor, D., Plaza, N., 
Ramírez-Araya, S., Blondel, C. J., Corsini, 
G., Bastías, R., Loyola, D. E., Jaña, V., 
Pavez, L., et al. (2018b). Exploring the 
genomic traits of non-toxigenic Vibrio 
parahaemolyticus strains isolated in 
southern Chile. Frontiers in Microbiology 9, 
1–15. 

Champion, O. L., Wagley, S. and Titball, 
R. W. (2016). Galleria mellonella as a model 
host for microbiological and toxin 
research. 

Chen, Y., Stine, O. C., Badger, J. H., Gil, 
A. I., Nair, G. B., Nishibuchi, M. and 
Fouts, D. E. (2011). Comparative genomic 
analysis of Vibrio parahaemolyticus: 
Serotype conversion and virulence. BMC 
Genomics 12, 294. 

Core R Team (2019). A Language and 
Environment for Statistical Computing. R 
Foundation for Statistical Computing 2, 
https://www.R--project.org. 

Deter, J., Lozach, S., Véron, A., Chollet, J., 
Derrien, A., Hervio Heath, D., Julie, D., 
Solen, L., Antoine, V., Jaufrey, C., et al. 
(2010). Ecology of pathogenic and non-
pathogenic Vibrio parahaemolyticus on the 
French Atlantic coast. Effects of 
temperature, salinity, turbidity and 
chlorophyll a. Environmental Microbiology 
12, 929–937. 

DGAl (2019). Jugement de conformité des lots 
de produits de la pêche et de coquillages vivants 
trouvés contaminés par des Vibrio suite à des 
contrôles officiels (version modifiée de l’IT 
2014-487). 

Fasano, A., Baudry, B., Pumplin, D. W., 
Wasserman, S. S., Tall, B. D., Ketley, J. M. 
and Kaper, J. B. (1991). Vibrio cholerae 
produces a second enterotoxin, which 
affects intestinal tight junctions. 
Proceedings of the National Academy of 
Sciences of the United States of America 88, 
5242–5246. 

Gardiner, D. M., McDonald, M. C., 
Covarelli, L., Solomon, P. S., Rusu, A. G., 
Marshall, M., Kazan, K., Chakraborty, S., 
McDonald, B. A. and Manners, J. M. 
(2012). Comparative Pathogenomics 
Reveals Horizontally Acquired Novel 
Virulence Genes in Fungi Infecting Cereal 
Hosts. PLoS Pathogens 8, 1002952. 

Gu, D., Meng, H., Li, Y., Ge, H. and Jiao, 
X. (2019). A GntR family transcription 
factor (VPA1701) for swarming motility 
and colonization of Vibrio parahaemolyticus. 
Pathogens 8,. 

Hazen, T. H., Lafon, P. C., Garrett, N. M., 
Lowe, T. M., Silberger, D. J., Rowe, L. A., 
Frace, M., Parsons, M. B., Bopp, C. A., 
Rasko, D. A., et al. (2015). Insights into the 
environmental reservoir of pathogenic 
Vibrio parahaemolyticus using comparative 
genomics. Frontiers in Microbiology 6, 1–14. 

Hervio Heath, D., Colwell, R. R., Derrien, 
A., Robert-Pillot, A., Fournier, J. M. and 
Pommepuy, M. (2002). Occurrence of 
pathogenic Vibrios in coastal areas of 
France. Journal of Applied Microbiology 92, 
1123–1135. 

Hiyoshi, H., Kodama, T., Iida, T. and 
Honda, T. (2010). Contribution of Vibrio 
parahaemolyticus Virulence Factors to 
Cytotoxicity, Enterotoxicity, and Lethality 
in Mice. Infection and Immunity 78, 1772–
1780. 

Honda, T., Ni, Y. and Miwatani, T. (1988). 
Purification and characterization of a 
hemolysin produced by a clinical isolate of 
Kanagawa phenomenon-negative Vibrio 
parahaemolyticus and related to the 
thermostable direct hemolysin. Infection 
and Immunity 56, 961–965. 

Hurley, C. C., Quirke, A. M., Reen, F. J. 
and Boyd, E. F. (2006). Four genomic 
islands that mark post-1995 pandemic 



Genomic analysis and in vivo virulence of Vibrio parahaemolyticus 

80 

Vibrio parahaemolyticus isolates. BMC 
Genomics 7, 1–19. 

Jensen, R. V., DePasquale, S. M., 
Harbolick, E. A., Hong, T., Kernell, A. L., 
Kruchko, D. H., Modise, T., Smith, C. E., 
McCarter, L. L. and Stevens, A. M. (2013). 
Complete Genome Sequence of 
Prepandemic Vibrio parahaemolyticus 
BB22OP. Genome Announcements 1, 2–3. 

Jesser, K. J., Valdivia-Granda, W., Jones, 
J. L. and Noble, R. T. (2019). Clustering of 
Vibrio parahaemolyticus isolates using 
MLST and whole-genome phylogenetics 
and protein motif fingerprinting. Frontiers 
in Public Health 7,. 

Jolley, K. A., Bray, J. E. and Maiden, M. C. 
J. (2018). Open-access bacterial population 
genomics: BIGSdb software, the 
PubMLST.org website and their 
applications. Wellcome open research 3,. 

Jones, J. L., Ludeke, C. H. M., Bowers, J. 
C., Garrett, N., Fischer, M., Parsons, M. B., 
Bopp, C. A. and DePaola, A. (2012). 
Biochemical, Serological, and Virulence 
Characterization of Clinical and Oyster 
Vibrio parahaemolyticus Isolates. Journal of 
Clinical Microbiology 50, 2343–2352. 

Kéomurdjian, N. (2015). Caractérisation et 
expression de la virulence chez Vibrio 
parahaemolyticus. Master 2 RIBS report, 
pp. 34. 

Kim, Y. K. and McCarter, L. L. (2000). 
Analysis of the polar flagellar gene system 
of Vibrio parahaemolyticus. Journal of 
Bacteriology 182, 3693–3704. 

Kishishita, M., Matsuoka, N., Kumagai, 
K., Yamasaki, S., Takeda, Y. and 
Nishibuchi, M. (1992). Sequence variation 
in the thermostable direct hemolysin-
related hemolysin (trh) gene of Vibrio 
parahaemolyticus. Applied and Environmental 
Microbiology 58, 2449–2457. 

Kumar, S., Stecher, G., Li, M., Knyaz, C. 
and Tamura, K. (2018). MEGA X: 
Molecular evolutionary genetics analysis 
across computing platforms. Molecular 
Biology and Evolution 35, 1547–1549. 

Langmead, B., Wilks, C., Antonescu, V. 

and Charles, R. (2019). Scaling read 
aligners to hundreds of threads on 
general-purpose processors. Bioinformatics 
35, 421–432. 

León-Sicairos, N., Angulo-Zamudio, U. 
A., de la Garza, M., Velázquez-Román, J., 
Flores-Villaseñor, H. M. and Canizalez-
Román, A. (2015). Strategies of Vibrio 
parahaemolyticus to acquire nutritional iron 
during host colonization. Frontiers in 
Microbiology 6, 1–14. 

Liaw, J., Hong, G., Davies, C., Elmi, A., 
Sima, F., Stratakos, A., Stef, L., Pet, I., 
Hachani, A., Corcionivoschi, N., et al. 
(2019). The Campylobacter jejuni Type VI 
Secretion System Enhances the Oxidative 
Stress Response and Host Colonization. 
Frontiers in Microbiology 10, 2864. 

Lüdeke, C. H. M., Kong, N., Weimer, B. 
C., Fischer, M. and Jones, J. L. (2015). 
Complete Genome Sequences of a Clinical 
Isolate and an Environmental Isolate of 
Vibrio parahaemolyticus. Genome 
Announcements 3, e00216-15. 

Makino, K., Oshima, K., Kurokawa, K., 
Yokoyama, K., Uda, T., Tagomori, K., 
Iijima, Y., Najima, M., Nakano, M., 
Yamashita, A., et al. (2003). Genome 
sequence of Vibrio parahaemolyticus: a 
pathogenic mechanism distinct from that 
of V. cholerae. Lancet 361, 743–749. 

Marsh, J. W. and Taylor, R. K. (1999). 
Genetic and Transcriptional Analyses of 
the Vibrio cholerae Mannose-Sensitive 
Hemagglutinin Type 4 Pilus Gene Locus. 
Journal of Bacteriology 181, 1110–1117. 

Martinez-Urtaza, J., Baker-Austin, C., 
Jones, J. L., Newton, A. E., Gonzalez-
Aviles, G. D. and DePaola, A. (2013). 
Spread of Pacific Northwest Vibrio 
parahaemolyticus Strain. New England 
Journal of Medicine 369, 1573–1574. 

Martinez-Urtaza, J., Powell, A., Jansa, J., 
Rey, J. L. C., Montero, O. P., Campello, M. 
G., López, M. J. Z., Pousa, A., Valles, M. J. 
F., Trinanes, J., et al. (2016). 
Epidemiological investigation of a 
foodborne outbreak in Spain associated 
with U.S. West Coast genotypes of Vibrio 
parahaemolyticus. SpringerPlus 5, 87. 



Genomic analysis and in vivo virulence of Vibrio parahaemolyticus 

81 

McInerney, J. O., McNally, A. and 
O’Connell, M. J. (2017). Why prokaryotes 
have pangenomes. Nature Microbiology 2, 
1–5. 

McLaughlin, J. B., DePaola, An., Bopp, C. 
A., Martinek, K. A., Napolilli, N. P., 
Allison, C. G., Murray, S. L., Thompson, 
E. C. E. C., Bird, M. M. and Middaugh, J. 
P. (2005). Outbreak of Vibrio 
parahaemolyticus Gastroenteritis 
Associated with Alaskan Oysters. The New 
England Journal of Medicine 353, 1463–1470. 

Ménard, G., Rouillon, A., Cattoir, V. and 
Donnio, P. Y. (2021). Galleria mellonella as a 
Suitable Model of Bacterial Infection: Past, 
Present and Future. Frontiers in Cellular and 
Infection Microbiology 11,. 

Meparambu Prabhakaran, D., Patel, H. 
R., Sivakumar Krishnankutty Chandrika, 
S. and Thomas, S. (2021). Genomic 
attributes differ between Vibrio 
parahaemolyticus environmental and 
clinical isolates including pathotypes. 
Environmental Microbiology Reports. 

Mukherjee, K., Raju, R., Fischer, R. and 
Vilcinskas, A. (2013). Galleria mellonella as 
a model host to study gut microbe 
homeostasis and brain infection by the 
human pathogen Listeria monocytogenes. 
Advances in biochemical 
engineering/biotechnology 135, 27–39. 

Nair, G. B., Ramamurthy, T., 
Bhattacharya, S. K., Dutta, B., Takeda, Y. 
and Sack, D. A. (2007). Global 
dissemination of Vibrio parahaemolyticus 
serotype O3:K6 and its serovariants. 
Clinical Microbiology Reviews 20, 39–48. 

Nasu, H., Iida, T., Sugahara, T., Park, K., 
Yokoyama, K., Nasu, H., Iida, T., 
Sugahara, T. and Yamaichi, Y. (2000). A 
Filamentous Phage Associated with 
Recent Pandemic Vibrio parahaemolyticus 
O3:K6 Strains. Journal of Clinical 
Micrbiology 38, 2156–2161. 

Nishibuchi, M. and Kaper, J. B. (1985). 
Nucleotide sequence of the thermostable 
direct hemolysin gene of Vibrio 
parahaemolyticus. Journal of Bacteriology 162, 
558–564. 

Nishibuchi, M. and Kaper, J. B. (1990). 
Duplication and variation of the 
thermostable direct haemolysin (tdh) gene 
in Vibrio parahaemolyticus. Molecular 
Microbiology 4, 87–99. 

Nishibuchi, M., Taniguchi, T., Misawa, 
T., Khaeomanee-Iam, V., Honda, T. and 
Miwatani, T. (1989). Cloning and 
nucleotide sequence of the gene (trh) 
encoding the hemolysin related to the 
thermostable direct hemolysin of Vibrio 
parahaemolyticus. Infection and Immunity 57, 
2691–2697. 

NSSP (2017). Guide for the Control of 
Molluscan Shellfish. National Shellfish 
Sanitation Progarm 547. 

Nydam, S. D., Shah, D. H. and Call, D. R. 
(2014). Transcriptome analysis of Vibrio 
parahaemolyticus in type III secretion 
system 1 inducing conditions. Frontiers in 
Cellular and Infection Microbiology 4,. 

Okada, N., Iida, T., Park, K. S., Goto, N., 
Yasunaga, T., Hiyoshi, H., Matsuda, S., 
Kodama, T. and Honda, T. (2009). 
Identification and characterization of a 
novel type III secretion system in trh-
positive Vibrio parahaemolyticus strain 
TH3996 reveal genetic lineage and 
diversity of pathogenic machinery beyond 
the species level. Infection and Immunity 77, 
904–913. 

Ono, T., Park, K., Ueta, M., Iida, T. and 
Honda, T. (2006). Identification of Proteins 
Secreted via Vibrio parahaemolyticus Type 
III Secretion System 1. Infection and 
Immunity 74, 1032–1042. 

Ottaviani, D., Leoni, F., Serra, R., 
Serracca, L., Decastelli, L., Rocchegiani, 
E., Masini, L., Canonico, C., Talevi, G. 
and Carraturo, A. (2012). Nontoxigenic 
Vibrio parahaemolyticus Strains Causing 
Acute Gastroenteritis. Journal of Clinical 
Microbiology 50, 4141. 

Page, A. J., Cummins, C. A., Hunt, M., 
Wong, V. K., Reuter, S., Holden, M. T. G., 
Fookes, M., Falush, D., Keane, J. A. and 
Parkhill, J. (2015). Roary: rapid large-scale 
prokaryote pan genome analysis. 
Bioinformatics 31, 3691–3693. 



Genomic analysis and in vivo virulence of Vibrio parahaemolyticus 

82 

Pan, T. M., Wang, T. K., Lee, C. L., Chien, 
S. W. and Horng, C. B. (1997). Food-borne 
disease outbreaks due to bacteria in 
Taiwan, 1986 to 1995. Journal of Clinical 
Microbiology 35, 1260–1262. 

Pang, R., Xie, T., Wu, Q., Li, Y., Lei, T., 
Zhang, J., Ding, Y., Wang, J., Xue, L., 
Chen, M., et al. (2019). Comparative 
genomic analysis reveals the potential risk 
of Vibrio parahaemolyticus isolated from 
ready-to-eat foods in China. Frontiers in 
Microbiology 10, 1–10. 

Park, K. S., Iida, T., Yamaichi, Y., Oyagi, 
T., Yamamoto, K. and Honda, T. (2000). 
Genetic characterization of DNA region 
containing the trh and ure genes of Vibrio 
parahaemolyticus. Infection and Immunity 68, 
5742–5748. 

Park, K. S., Ono, T., Rokuda, M., Jang, M. 
H., Iida, T. and Honda, T. (2004). 
Cytotoxicity and Enterotoxicity of the 
Thermostable Direct Hemolysin-Deletion 
Mutants of Vibrio parahaemolyticus. 
Microbiology and Immunology 48, 313–318. 

Peterson, K. M. and Mekalanos, J. J. 
(1988). Characterization of the Vibrio 
cholerae ToxR regulon: identification of 
novel genes involved in intestinal 
colonization. Infection and Immunity 56, 
2822. 

Piñeyro, P., Zhou, X., Orfe, L. H., Friel, P. 
J., Lahmers, K. and Call, D. R. (2010). 
Development of two animal models to 
study the function of Vibrio 
parahaemolyticus type III secretion systems. 
Infection and Immunity 78, 4551–4559. 

Ramarao, N., Nielsen-Leroux, C. and 
Lereclus, D. (2012). The insect Galleria 
mellonella as a powerful infection model to 
investigate bacterial pathogenesis. Journal 
of visualized experiments : JoVE. 

Rissman, A. I., Mau, B., Biehl, B. S., 
Darling, A. E., Glasner, J. D. and Perna, 
N. T. (2009). Reordering contigs of draft 
genomes using the Mauve Aligner. 
Bioinformatics 25, 2071–2073. 

Ritchie, J. M., Rui, H., Zhou, X., Iida, T., 
Kodoma, T., Ito, S., Davis, B. M., Bronson, 
R. T. and Waldor, M. K. (2012). 

Inflammation and disintegration of 
intestinal villi in an experimental model 
for Vibrio parahaemolyticus-induced 
diarrhea. PLoS Pathogens 8,. 

Ronholm, J., Petronella, N., Chew Leung, 
C., Pightling, A. W. and Banerjee, S. K. 
(2016). Genomic Features of 
Environmental and Clinical Vibrio 
parahaemolyticus Isolates Lacking 
Recognized Virulence Factors Are 
Dissimilar. Applied and Environmental 
Microbiology 82, 1102–1113. 

Sakurai, J., Matsuzaki, A. and Miwatani, 
T. (1973). Purification and 
Characterization of Thermostable Direct 
Hemolysin of Vibrio parahaemolyticus. 
Infection and Immunity 8, 775–780. 

Salomon, D., Gonzalez, H., Updegraff, B. 
L. and Orth, K. (2013). Vibrio 
parahaemolyticus Type VI Secretion System 
1 Is Activated in Marine Conditions to 
Target Bacteria, and Is Differentially 
Regulated from System 2. PLoS ONE 8,. 

Santos, L. de O., de Lanna, C. A., Arcanjo, 
A. C. da C., Bisch, P. M. and von Krüger, 
W. M. A. (2021). Genotypic Diversity and 
Pathogenic Potential of Clinical and 
Environmental Vibrio parahaemolyticus 
Isolates From Brazil. Frontiers in 
Microbiology 12, 406. 

Seemann, T. (2014). Prokka: Rapid 
prokaryotic genome annotation. 
Bioinformatics 30, 2068–2069. 

Shin, O. S., Tam, V. C., Suzuki, M., 
Ritchie, J. M., Bronson, R. T., Waldor, M. 
K. and Mekalanos, J. J. (2011). Type III 
Secretion Is Essential for the Rapidly Fatal 
Diarrheal Disease Caused by Non-O1, 
Non-O139 Vibrio cholerae. mBio 2, 1–11. 

Stamatakis, A. (2014). RAxML version 8: a 
tool for phylogenetic analysis and post-
analysis of large phylogenies. 
Bioinformatics (Oxford, England) 30, 1312–
1313. 

Stewart, B. J. and McCarter, L. L. (2003). 
Lateral flagellar gene system of Vibrio 
parahaemolyticus. Journal of Bacteriology 185, 
4508–4518. 



Genomic analysis and in vivo virulence of Vibrio parahaemolyticus 

83 

Su, Y.-C. and Liu, C. (2007). Vibrio 
parahaemolyticus: A concern of seafood 
safety. Food Microbiology 24, 549–558. 

Vallenet, D., Engelen, S., Mornico, D., 
Cruveiller, S., Fleury, L., Lajus, A., Rouy, 
Z., Roche, D., Salvignol, G., Scarpelli, C., 
et al. (2009). MicroScope: a platform for 
microbial genome annotation and 
comparative genomics. Database 1–12. 

Vezzulli, L., Colwell, R. R. and Pruzzo, C. 
(2013). Ocean Warming and Spread of 
Pathogenic Vibrios in the Aquatic 
Environment. Microbial Ecology 65, 817–
825. 

Wagley, S., Koofhethile, K., Wing, J. B. 
and Rangdale, R. (2008). Comparison of V. 
parahaemolyticus isolated from seafoods 
and cases of gastrointestinal disease in the 
UK. International Journal of Environmental 
Health Research 18, 283–293. 

Wagley, S., Borne, R., Harrison, J., Baker-
Austin, C., Ottaviani, D., Leoni, F., 
Vuddhakul, V. and Titball, R. W. (2018). 
Galleria mellonella as an infection model to 
investigate virulence of Vibrio 
parahaemolyticus. Virulence 9, 197–207. 

Wang, R., Deng, Y., Deng, Q., Sun, D., 
Fang, Z., Sun, L., Wang, Y. and 
Gooneratne, R. (2020). Vibrio 
parahaemolyticus Infection in Mice Reduces 
Protective Gut Microbiota, Augmenting 
Disease Pathways. Frontiers in Microbiology 
11, 1–13. 

Wojda, I. (2017). Immunity of the greater 
wax moth Galleria mellonella. Insect Science 
24, 342–357. 

Wu, C., Zhao, Z., Liu, Y., Zhu, X., Liu, M., 
Luo, P. and Shi, Y. (2020). Type III 
Secretion 1 Effector Gene Diversity 
Among Vibrio Isolates From Coastal Areas 
in China. Frontiers in Cellular and Infection 
Microbiology 10, 1–11. 

Xu, F., Gonzalez-Escalon, N., Drees, K. P., 
Sebra, R. P., Cooper, V. S., Jones, S. H. 
and Whistler, C. A. (2017). Parallel 
evolution of two clades of an Atlantic-
endemic pathogenic lineage of Vibrio 

parahaemolyticus by independent 
acquisition of related pathogenicity 
islands. Applied and Environmental 
Microbiology 83,. 

Yang, N., Liu, M., Luo, X. and Pan, J. 
(2015). Draft genome sequence of Strain 
ATCC 17802T, the type strain of Vibrio 
parahaemolyticus. Marine Genomics 24, 203–
205. 

Yang, H., Santos, M. de S., Lee, J., Law, H. 
T., Chimalapati, S., Verdu, E. F., Vallance, 
B. A. and Orth, K. (2019). A novel mouse 
model of enteric Vibrio parahaemolyticus 
infection reveals that the type III secretion 
system 2 effector vopC plays a key role in 
tissue invasion and gastroenteritis. mBio 
10, 1–19. 

Yu, Y., Yang, H., Li, J., Zhang, P., Wu, B., 
Zhu, B., Zhang, Y. and Fang, W. (2012). 
Putative type VI secretion systems of 
Vibrio parahaemolyticus contribute to 
adhesion to cultured cell monolayers. 
Archives of Microbiology 194, 827–835. 

Zerbino, D. R. and Birney, E. (2008). 
Velvet: Algorithms for de novo short read 
assembly using de Bruijn graphs. Genome 
Research 18, 821–829. 

Zhou, Y., Liang, Y., Lynch, K. H., Dennis, 
J. J. and Wishart, D. S. (2011). PHAST: A 
Fast Phage Search Tool. Nucleic Acids 
Research 39, 347–352. 

Zhou, X., Ritchie, J. M., Hiyoshi, H., Iida, 
T., Davis, B. M., Waldor, M. K. and 
Kodama, T. (2012). The hydrophilic 
translocator for Vibrio parahaemolyticus, 
T3SS2, is also translocated. Infection and 
Immunity 80, 2940–2947. 

Zhou, X., Gewurz, B. E., Ritchie, J. M., 
Takasaki, K., Greenfeld, H., Kieff, E., 
Davis, B. M. and Waldor, M. K. (2013). A 
Vibrio parahaemolyticus T3SS effector 
mediates pathogenesis by independently 
enabling intestinal colonization and 
inhibiting TAK1 activation. Cell reports 3, 
1690–1702. 

 

 



Genomic analysis and in vivo virulence of Vibrio parahaemolyticus 

84 

SUPPLEMENTARY FIGURES AND TABLES 

 

 

 

Fig S1. Cluster of Orthologous Genes of Vibrio parahaemolyticus genomes.  
 
 
 

 

Fig S2. Minimum evolution tree (ME) constructed from TDH and TRH sequences 
Tree was constructed using MEGA X and annotated using iTOL v6. Bold: reference 
sequences 
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Fig S3. Pathogenicity island number 7 of Vibrio parahaemolyticus (VPaI-7).  

(A) Schematic representation of the VPaI-7 from the 19 strains used in this study. (B) 
Cluster of Orthologous Genes (COG) analysis of the VPaI-7. Blue: poorly characterized, 
light green: metabolism, light orange: information storage and processes, red: cellular 
processes and signalling.  

 

Table S1. General features of V. parahaemolyticus genomes sequenced in this study 

  

Strain Replicon Size (kbp) %GC Genes CDS rRNA tRNA ST Biosample accession No.

Ch. 1 3,300 45.19 3,281 3,145 5 93

Ch. 2 1,805 45.43 1,685 1,657 2 10

Ch. 1 3,004 45.17 2,949 2,833 4 77

Ch. 2 1,965 45.59 1,847 1,802 1 25

Ch. 1 3,329 45.21 3,308 3,172 3 88

Ch. 2 2,076 45.2 2,112 2,060 1 29

Plasmide 40.18 41.45 46 45 0 0

Ch. 1 3,000 45.19 2,891 2,787 2 68

Ch. 2 1,851 45.26 1,824 1,796 2 9

Ch. 1 3,203 45.26 3,110 2,999 2 71

Ch. 2 1,853 45.27 1,826 1,794 2 13

Ch. 1 3,217 45.28 3,107 2,988 5 77

Ch. 2 1,868 45.32 1,795 1,763 2 11

Ch. 1 3,266 45.32 3,214 3,085 4 84

Ch. 2 1,864 45.39 1,853 1,818 3 15

Ch. 1 3,262 45.31 3,226 3,097 3 86

Ch. 2 1,862 45.38 1,847 1,814 3 13

Ch. 1 3,306 45.12 3,238 3,107 3 90

Ch. 2 1,850 45.3 1,772 1,736 3 15

Ch. 1 3,281 45.26 3,283 3,149 5 90

Ch. 2 1,877 45.22 1,772 1,742 3 10

Ch. 1 3,284 45.26 3,267 3,138 4 86

Ch. 2 1,898 45.2 1,868 1,831 3 15

IFVp18 2581 ERS12231012

IFVp69 2935 ERS12231019

IFVp182 1294 ERS12231013

IFVp195 1140 ERS12231014

IFVp408 1140 ERS12231018

IFVp5 3 ERS12231020

IFVp201 2942 ERS12231015

IFVp203 2942 ERS12231016

IFVp22 987 ERS12231017

Ch.: Chromosome, ST: Sequence Type, *: new ST

IFVp136 73 ERS12231010

IFVp177 1584 ERS12231011
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Tables S2. Gene count for each genome of V. parahaemolyticus. 

 

Tables S3. Genes over or under-represented in the accessory genome of trh+ and trh-  

V. parahaemolyticus strains. Results from Scoary analysis 

  

Total Core Accessory Core Accessory

IFVp18 4,802 3,616 1,228 75 26

IFVp69 4,635 3,616 1,132 78 24

IFVp182 5,275 3,616 1,698 69 32

IFVp195 4,579 3,616 915 79 20

IFVp408 4,79 3,616 1,149 75 24

IFVp5 4,748 3,616 1,118 76 24

IFVp201 4,903 3,616 1,245 74 25

IFVp203 4,911 3,616 1,263 74 26

IFVp136 4,843 3,616 1,310 75 27

IFVp177 4,890 3,616 1,386 74 28

IFVp22 4,966 3,616 1,481 73 30

CDC_K4557 4,844 3,616 1,278 75 35

FORC_014 5,064 3,616 1,704 71 47

FDA_R31 5,117 3,616 1,800 71 50

RIMD 2210633 5,131 3,616 1,687 70 47

BB22OP 4,818 3,616 1,397 75 39

MAVP-Q 5,178 3,616 1,739 70 48

VN-0028 4,891 3,616 1,447 74 40

ATCC 17802 5,112 3,616 1,586 71 44

No. of CDS % of total CDS
Strains

Gene Annotation gene present in trh+ gene present in trh- gene absent in trh+ gene absent in trh- p -value

appA Oligopeptide-binding protein AppA 8 1 0 10 0.013

ddpC putative D	D-dipeptide transport system permease protein DdpC 8 1 0 10 0.013

group_1068 hypothetical protein 8 1 0 10 0.013

group_121 hypothetical protein 8 0 0 11 0.013

group_1522 hypothetical protein 8 1 0 10 0.013

group_1524 hypothetical protein 8 1 0 10 0.013

group_1758 hypothetical protein 8 1 0 10 0.013

group_1759 hypothetical protein 8 1 0 10 0.013

group_1760 hypothetical protein 8 1 0 10 0.013

group_1761 hypothetical protein 8 1 0 10 0.013

group_196 hypothetical protein 8 1 0 10 0.013

group_2486 hypothetical protein 8 1 0 10 0.013

group_2488 hypothetical protein 8 1 0 10 0.013

group_2492 hypothetical protein 7 0 1 11 0.013

group_2494 hypothetical protein 8 1 0 10 0.013

group_2497 hypothetical protein 8 1 0 10 0.013

group_2502 hypothetical protein 8 1 0 10 0.013

group_2504 hypothetical protein 8 1 0 10 0.013

group_2647 hypothetical protein 8 1 0 10 0.013

group_2648 hypothetical protein 8 0 0 11 0.013

group_2650 hypothetical protein 8 1 0 10 0.013

group_2651 hypothetical protein 8 1 0 10 0.013

group_3647 hypothetical protein 8 1 0 10 0.013

group_3649 hypothetical protein 8 1 0 10 0.013

group_416 hypothetical protein 8 1 0 10 0.013

group_472 hypothetical protein 8 0 0 11 0.013

group_473 hypothetical protein 8 0 0 11 0.013

group_476 hypothetical protein 8 1 0 10 0.013

group_602 hypothetical protein 8 1 0 10 0.013

group_666 hypothetical protein 8 1 0 10 0.013

group_913 hypothetical protein 8 1 0 10 0.013

group_915 hypothetical protein 8 1 0 10 0.013

hns_2 DNA-binding protein H-NS 8 1 0 10 0.013

hrcN Type III secretion ATP synthase HrcN 8 1 0 10 0.013

nikE Nickel import system ATP-binding protein NikE 8 1 0 10 0.013

ompA_8 Outer membrane protein A 8 1 0 10 0.013

oppB_4 Oligopeptide transport system permease protein OppB 8 1 0 10 0.013

oppD_6 Oligopeptide transport ATP-binding protein OppD 8 1 0 10 0.013

pdeG_2 putative cyclic di-GMP phosphodiesterase PdeG 8 1 0 10 0.013

sctC_4 Type 3 secretion system secretin 8 1 0 10 0.013

spaP_2 Surface presentation of antigens protein SpaP 8 1 0 10 0.013

ureA Urease subunit gamma 8 1 0 10 0.013

ureB Urease subunit beta 8 1 0 10 0.013

ureC Urease subunit alpha 8 1 0 10 0.013

ureD Urease accessory protein UreD 8 1 0 10 0.013

ureE Urease accessory protein UreE 8 1 0 10 0.013

ureF Urease accessory protein UreF 8 1 0 10 0.013

ureG Urease accessory protein UreG 8 1 0 10 0.013

ureR Urease operon transcriptional activator 8 1 0 10 0.013

yedA putative inner membrane transporter YedA 8 1 0 10 0.013

yscU_2 Yop proteins translocation protein U 8 1 0 10 0.013

Number of strains
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Table S4. Prophages regions in the 19 V. parahaemolyticus genome. 

Results from PHASTER analysis. Green: intact prophages, blue: questionable prophages 

and red: incomplete prophages. 

 

 

strain Chromosome REGION_LENGTH COMPLETENESS(score) MOST_COMMON_PHAGE_NAME(hit_genes_count)GC_PERCENTAGE

1 20.4Kb incomplete(40) PHAGE_Entero_mEp390_NC_019721(2),PHAGE_Edward_GF_2_NC_026611(2),PHAGE_Pectob_ZF40_NC_019522(2),PHAGE_Salmon_SPN3UB_NC_019545(1),PHAGE_Stx2_II_NC_004914(1),PHAGE_Pseudo_MD8_NC_031091(1),PHAGE_Bdello_phi1402_NC_015721(1),PHAGE_Entero_VT2_Sakai_NC_000902(1),PHAGE_Pseudo_F116_NC_006552(1),PHAGE_Entero_lambda_NC_001416(1),PHAGE_Acinet_LZ35_NC_031117(1),PHAGE_Pseudo_Dobby_NC_048109(1),PHAGE_Pseudo_phiCTX_NC_003278(1),PHAGE_Entero_UAB_Phi20_NC_031019(1),PHAGE_Staphy_StB12_NC_020490(1),PHAGE_Phage_Gifsy_2_NC_010393(1),PHAGE_Entero_HK106_NC_019768(1),PHAGE_Stx2_c_1717_NC_011357(1),PHAGE_Strept_SMP_NC_008721(1),PHAGE_Phage_Gifsy_1_NC_010392(1),PHAGE_Entero_HK630_NC_019723(1),PHAGE_Acinet_AB1_NC_042028(1),PHAGE_Pseudo_PMG1_NC_016765(1),PHAGE_Escher_phiV10_NC_007804(1),PHAGE_Entero_cdtI_NC_009514(1),PHAGE_Salmon_SEN34_NC_028699(1),PHAGE_Entero_ES18_NC_006949(1),PHAGE_Pseudo_H66_NC_042342(1),PHAGE_Pseudo_YMC11/07/P54_PAE_BP_NC_030909(1),PHAGE_Bacter_APSE_2_NC_011551(1),PHAGE_Entero_mEp237_NC_019704(1),PHAGE_Vibrio_VvAW1_N41.84%

1 8.5Kb intact(131) PHAGE_Vibrio_VfO3K6_NC_002362(8),PHAGE_Vibrio_VfO4K68_NC_002363(7),PHAGE_Vibrio_VCY_phi_NC_016162(4),PHAGE_Vibrio_VEJphi_NC_012757(3),PHAGE_Vibrio_Vf12_NC_005949(3),PHAGE_Vibrio_Vf33_NC_005948(2),PHAGE_Vibrio_KSF_1phi_NC_006294(2),PHAGE_Staphy_187_NC_007047(1),PHAGE_Pseudo_Pf1_NC_001331(1),PHAGE_Vibrio_VGJphi_NC_004736(1),PHAGE_Salmon_SEN8_NC_047753(1),PHAGE_Vibrio_vB_VpaM_MAR_NC_019722(1),PHAGE_Salini_SMHB1_NC_047775(1),PHAGE_Vibrio_VFJ_NC_021562(1),PHAGE_Erysip_SE_1_NC_029078(1),PHAGE_Vibrio_SHOU24_NC_023569(1),PHAGE_Vibrio_VP882_NC_009016(1)44.95%

2

1 39.1Kb incomplete(50) PHAGE_Escher_500465_1_NC_049342(7),PHAGE_Acinet_Bphi_B1251_NC_019541(1),PHAGE_Escher_ECD7_NC_041936(1),PHAGE_Entero_GEC_3S_NC_025425(1),PHAGE_Entero_JSE_NC_012740(1),PHAGE_Entero_mEp237_NC_019704(1),PHAGE_Mycoba_Panchino_NC_031281(1),PHAGE_Lactob_BH1_NC_048737(1),PHAGE_Entero_HK225_NC_019717(1),PHAGE_Staphy_StauST398_5_NC_023500(1),PHAGE_Entero_N15_NC_001901(1),PHAGE_Vibrio_VP882_NC_009016(1),PHAGE_Stenot_S1_NC_011589(1),PHAGE_Entero_phi80_NC_021190(1),PHAGE_Halomo_phiHAP_1_NC_010342(1),PHAGE_Entero_Phi1_NC_009821(1),PHAGE_Entero_RB49_NC_005066(1),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Entero_P4_NC_001609(1),PHAGE_Clostr_vB_CpeS_CP51_NC_021325(1),PHAGE_Klebsi_ST15_OXA48phi14.1_NC_049454(1),PHAGE_Clostr_phiCD38_2_NC_015568(1)41.25%

2

1 9Kb intact(150) PHAGE_Vibrio_Vf12_NC_005949(7),PHAGE_Vibrio_VEJphi_NC_012757(7),PHAGE_Vibrio_Vf33_NC_005948(7),PHAGE_Vibrio_fs1_NC_004306(4),PHAGE_Vibrio_VGJphi_NC_004736(4),PHAGE_Vibrio_VfO3K6_NC_002362(4),PHAGE_Vibrio_VfO4K68_NC_002363(3),PHAGE_Vibrio_VFJ_NC_021562(1),PHAGE_Pseudo_Cr39582_NC_042121(1),PHAGE_Vibrio_VCY_phi_NC_016162(1),PHAGE_Cronob_ESSI_2_NC_047854(1),PHAGE_Vibrio_KSF_1phi_NC_006294(1),PHAGE_Pseudo_PM2_NC_000867(1),PHAGE_Klebsi_3LV2017_NC_047817(1),PHAGE_Klebsi_ST16_OXA48phi5.4_NC_049450(1),PHAGE_Vibrio_VSK_NC_003327(1),PHAGE_Burkho_ST79_NC_021343(1),PHAGE_Burkho_phiE12_2_NC_009236(1)46.86%

1 56.8Kb questionable(80) PHAGE_Vibrio_12A4_NC_021068(22),PHAGE_Escher_Lys12581Vzw_NC_049917(9),PHAGE_Shigel_POCJ13_NC_025434(8),PHAGE_Escher_ArgO145_NC_049918(7),PHAGE_Stx2_c_Stx2a_WGPS9_NC_049923(6),PHAGE_Stx2_c_Stx2a_F451_NC_049924(6),PHAGE_Shigel_Ss_VASD_NC_028685(5),PHAGE_Escher_PA28_NC_041935(3),PHAGE_Vibrio_VBM1_NC_020850(2),PHAGE_Escher_SH2026Stx1_NC_049919(2),PHAGE_Vibrio_12B8_NC_021073(2),PHAGE_Entero_Sf101_NC_027398(2),PHAGE_Thalas_BA3_NC_009990(2),PHAGE_Stx2_c_86_NC_008464(2),PHAGE_Escher_TL_2011c_NC_019442(2),PHAGE_Shewan_1/41_NC_025458(2),PHAGE_Entero_933W_NC_000924(2),PHAGE_Escher_phi191_NC_028660(2),PHAGE_Serrat_Parlo_NC_048758(1),PHAGE_Entero_HK544_NC_019767(1),PHAGE_Pseudo_H101_NC_029094(1),PHAGE_Stx2_vB_EcoP_24B_NC_027984(1),PHAGE_Pseudo_C5a_NC_047790(1),PHAGE_Aeromo_vB_AsaM_56_NC_019527(1),PHAGE_Entero_N15_NC_001901(1),PHAGE_Entero_phi80_NC_021190(1),PHAGE_Acinet_Bphi_B1251_NC_019541(1),PHAGE_Bacill_phBC6A51_NC_004820(1),PHAGE_Entero_SfV_NC_003444(1),PHAGE_Vibrio_vB_VpS_PG07_NC_048041(1),PHAGE_Sinorh_PBC5_NC_00332443.31%

2

1 14Kb incomplete(20) PHAGE_Klebsi_ST147_VIM1phi7.1_NC_049451(4),PHAGE_Klebsi_ST13_OXA48phi12.1_NC_049453(4),PHAGE_Vibrio_KVP40_NC_005083(1),PHAGE_Mycoba_ZoeJ_NC_024147(1),PHAGE_Klebsi_KpS8_NC_048873(1),PHAGE_Sinorh_phiN3_NC_028945(1),PHAGE_Mycoba_Findley_NC_051598(1),PHAGE_Cyanop_KBS_S_2A_NC_020854(1),PHAGE_Leptos_LE3_NC_048678(1),PHAGE_Mycoba_Milly_NC_026598(1),PHAGE_Synech_S_CBS1_NC_016164(1),PHAGE_Bacill_TsarBomba_NC_028890(1),PHAGE_Leptos_LE4_NC_048679(1),PHAGE_Sinorh_phiM7_NC_041929(1),PHAGE_Synech_S_CBS3_NC_015465(1),PHAGE_Bacill_BCP78_NC_018860(1),PHAGE_Bacill_G_NC_023719(1),PHAGE_Bacill_CAM003_NC_024216(1),PHAGE_Bacill_vB_BanS_Tsamsa_NC_023007(1),PHAGE_Mycoba_Mufasa_NC_028759(1),PHAGE_Sinorh_phiM12_NC_027204(1),PHAGE_Vibrio_nt_1_NC_021529(1),PHAGE_Bacill_T_NC_024205(1),PHAGE_Bacill_BCU4_NC_047735(1),PHAGE_Mycoba_Timshel_NC_041983(1),PHAGE_Caulob_Sansa_NC_047756(1),PHAGE_Escher_Av_05_NC_025830(1),PHAGE_Brevib_Sundance_NC_028749(1)43.45%

1 23.7Kb incomplete(30) PHAGE_Escher_500465_1_NC_049342(7),PHAGE_Entero_P4_NC_001609(2),PHAGE_Staphy_StauST398_5_NC_023500(1),PHAGE_Stenot_S1_NC_011589(1),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Ralsto_RSY1_NC_025115(1),PHAGE_Klebsi_ST15_OXA48phi14.1_NC_049454(1)43.61%

2 14.7Kb intact(112) PHAGE_Vibrio_VFJ_NC_021562(9),PHAGE_Vibrio_fs2_NC_001956(6),PHAGE_Vibrio_VfO3K6_NC_002362(3),PHAGE_Entero_If1_NC_001954(3),PHAGE_Burkho_phiE12_2_NC_009236(2),PHAGE_Entero_fd_NC_025824(2),PHAGE_Vibrio_VCY_phi_NC_016162(2),PHAGE_Vibrio_VGJphi_NC_004736(2),PHAGE_Vibrio_VEJphi_NC_012757(2),PHAGE_Entero_I2_2_NC_001332(2),PHAGE_Xantho_Xf109_NC_043028(1),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Burkho_ST79_NC_021343(1),PHAGE_Ralsto_RSS30_NC_021862(1),PHAGE_Pseudo_PM2_NC_000867(1),PHAGE_Stenot_phiSMA7_NC_021569(1),PHAGE_Aeromo_phiO18P_NC_009542(1),PHAGE_Pseudo_Cr39582_NC_042121(1),PHAGE_Vibrio_Vf33_NC_005948(1),PHAGE_Cronob_ESSI_2_NC_047854(1),PHAGE_Vibrio_Vf12_NC_005949(1),PHAGE_Erwini_ENT90_NC_019932(1),PHAGE_Vibrio_VfO4K68_NC_002363(1),PHAGE_Entero_M13_NC_003287(1)44.36%

1 13.9Kb incomplete(20) PHAGE_Klebsi_ST147_VIM1phi7.1_NC_049451(4),PHAGE_Klebsi_ST13_OXA48phi12.1_NC_049453(4),PHAGE_Klebsi_KpS8_NC_048873(1),PHAGE_Bacill_BCU4_NC_047735(1),PHAGE_Leptos_LE4_NC_048679(1),PHAGE_Mycoba_ZoeJ_NC_024147(1),PHAGE_Synech_S_CBS3_NC_015465(1),PHAGE_Mycoba_Findley_NC_051598(1),PHAGE_Cyanop_KBS_S_2A_NC_020854(1),PHAGE_Bacill_T_NC_024205(1),PHAGE_Bacill_vB_BanS_Tsamsa_NC_023007(1),PHAGE_Bacill_G_NC_023719(1),PHAGE_Vibrio_nt_1_NC_021529(1),PHAGE_Mycoba_Mufasa_NC_028759(1),PHAGE_Escher_Av_05_NC_025830(1),PHAGE_Sinorh_phiM7_NC_041929(1),PHAGE_Brevib_Sundance_NC_028749(1),PHAGE_Sinorh_phiN3_NC_028945(1),PHAGE_Bacill_BCP78_NC_018860(1),PHAGE_Leptos_LE3_NC_048678(1),PHAGE_Sinorh_phiM12_NC_027204(1),PHAGE_Mycoba_Timshel_NC_041983(1),PHAGE_Bacill_TsarBomba_NC_028890(1),PHAGE_Mycoba_Milly_NC_026598(1),PHAGE_Bacill_CAM003_NC_024216(1),PHAGE_Synech_S_CBS1_NC_016164(1),PHAGE_Vibrio_KVP40_NC_005083(1),PHAGE_Caulob_Sansa_NC_047756(1)43.43%

1 23.7Kb incomplete(30) PHAGE_Escher_500465_1_NC_049342(7),PHAGE_Entero_P4_NC_001609(2),PHAGE_Stenot_S1_NC_011589(1),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Staphy_StauST398_5_NC_023500(1),PHAGE_Ralsto_RSY1_NC_025115(1),PHAGE_Klebsi_ST15_OXA48phi14.1_NC_049454(1)43.61%

2 14.7Kb intact(112) PHAGE_Vibrio_VFJ_NC_021562(9),PHAGE_Vibrio_fs2_NC_001956(6),PHAGE_Vibrio_VfO3K6_NC_002362(3),PHAGE_Entero_If1_NC_001954(3),PHAGE_Vibrio_VCY_phi_NC_016162(2),PHAGE_Burkho_phiE12_2_NC_009236(2),PHAGE_Vibrio_VEJphi_NC_012757(2),PHAGE_Entero_I2_2_NC_001332(2),PHAGE_Entero_fd_NC_025824(2),PHAGE_Vibrio_VGJphi_NC_004736(2),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Ralsto_RSS30_NC_021862(1),PHAGE_Xantho_Xf109_NC_043028(1),PHAGE_Vibrio_Vf12_NC_005949(1),PHAGE_Cronob_ESSI_2_NC_047854(1),PHAGE_Burkho_ST79_NC_021343(1),PHAGE_Aeromo_phiO18P_NC_009542(1),PHAGE_Erwini_ENT90_NC_019932(1),PHAGE_Pseudo_Cr39582_NC_042121(1),PHAGE_Vibrio_Vf33_NC_005948(1),PHAGE_Vibrio_VfO4K68_NC_002363(1),PHAGE_Pseudo_PM2_NC_000867(1),PHAGE_Stenot_phiSMA7_NC_021569(1),PHAGE_Entero_M13_NC_003287(1)44.36%

1 14.7Kb incomplete(20) PHAGE_Klebsi_ST13_OXA48phi12.1_NC_049453(4),PHAGE_Klebsi_ST147_VIM1phi7.1_NC_049451(4),PHAGE_Mycoba_Marshawn_NC_051623(1),PHAGE_Mycoba_Milly_NC_026598(1),PHAGE_Vibrio_KVP40_NC_005083(1),PHAGE_Caulob_Sansa_NC_047756(1),PHAGE_Sinorh_phiM12_NC_027204(1),PHAGE_Vibrio_nt_1_NC_021529(1),PHAGE_Bacill_vB_BanS_Tsamsa_NC_023007(1),PHAGE_Sinorh_phiN3_NC_028945(1),PHAGE_Escher_Av_05_NC_025830(1),PHAGE_Sinorh_phiM7_NC_041929(1),PHAGE_Mycoba_Findley_NC_051598(1),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Synech_S_CBS1_NC_016164(1),PHAGE_Synech_S_CBS3_NC_015465(1),PHAGE_Cyanop_KBS_S_2A_NC_020854(1),PHAGE_Leptos_LE4_NC_048679(1),PHAGE_Brevib_Sundance_NC_028749(1),PHAGE_Leptos_LE3_NC_048678(1),PHAGE_Mycoba_Mufasa_NC_028759(1),PHAGE_Klebsi_KpS8_NC_048873(1),PHAGE_Mycoba_ZoeJ_NC_024147(1),PHAGE_Bacill_G_NC_023719(1)44.63%

1 24.3Kb incomplete(40) PHAGE_Escher_500465_1_NC_049342(7),PHAGE_Stenot_S1_NC_011589(2),PHAGE_Ralsto_RSY1_NC_025115(1),PHAGE_Entero_P4_NC_001609(1),PHAGE_Klebsi_ST15_OXA48phi14.1_NC_049454(1),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Staphy_StauST398_5_NC_023500(1),PHAGE_Pseudo_C5a_NC_047790(1),PHAGE_Burkho_KL3_NC_015266(1)42.33%

2

2 13.7Kb intact(100) PHAGE_Vibrio_VFJ_NC_021562(8),PHAGE_Vibrio_fs2_NC_001956(6),PHAGE_Burkho_phiE12_2_NC_009236(2),PHAGE_Pseudo_Cr39582_NC_042121(2),PHAGE_Entero_fd_NC_025824(2),PHAGE_Entero_I2_2_NC_001332(2),PHAGE_Pseudo_PM2_NC_000867(2),PHAGE_Entero_If1_NC_001954(2),PHAGE_Vibrio_VfO3K6_NC_002362(2),PHAGE_Vibrio_1.202.O._10N.222.45.E8_NC_048066(2),PHAGE_Vibrio_VEJphi_NC_012757(1),PHAGE_Vibrio_VCY_phi_NC_016162(1),PHAGE_Vibrio_Vf12_NC_005949(1),PHAGE_Vibrio_VfO4K68_NC_002363(1),PHAGE_Vibrio_VGJphi_NC_004736(1),PHAGE_Entero_M13_NC_003287(1),PHAGE_Vibrio_Vf33_NC_005948(1)47.38%

2 8.4Kb incomplete(40) PHAGE_Mannhe_vB_MhM_1127AP1_NC_047750(2),PHAGE_Entero_HK022_NC_002166(1),PHAGE_Salmon_SJ46_NC_031129(1),PHAGE_Mannhe_vB_MhM_587AP1_NC_028898(1),PHAGE_Salmon_SE4_NC_048764(1),PHAGE_Bacill_Shbh1_NC_030925(1),PHAGE_Escher_RCS47_NC_042128(1),PHAGE_Mannhe_vB_MhS_1152AP2_NC_028956(1),PHAGE_Salmon_SE13_NC_048763(1)39.82%

1 15.3Kb incomplete(50) PHAGE_Escher_500465_1_NC_049342(8),PHAGE_Proteu_PM135_NC_042090(1),PHAGE_Staphy_StauST398_5_NC_023500(1),PHAGE_Escher_500465_2_NC_049343(1),PHAGE_Clostr_phiCD111_NC_028905(1),PHAGE_Klebsi_ST15_OXA48phi14.1_NC_049454(1),PHAGE_Clostr_phiCD38_2_NC_015568(1),PHAGE_Pseudo_EL_NC_007623(1),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Entero_P88_NC_026014(1),PHAGE_Yersin_phiR1_37_NC_016163(1),PHAGE_Proteu_Stubb_NC_048086(1),PHAGE_Salmon_SSU5_NC_018843(1),PHAGE_Entero_P4_NC_001609(1)44.32%

1 71.1Kb intact(100) PHAGE_Vibrio_12A4_NC_021068(22),PHAGE_Shigel_POCJ13_NC_025434(7),PHAGE_Escher_ArgO145_NC_049918(7),PHAGE_Escher_Lys12581Vzw_NC_049917(7),PHAGE_Stx2_c_Stx2a_WGPS9_NC_049923(6),PHAGE_Stx2_c_Stx2a_F451_NC_049924(6),PHAGE_Shigel_Ss_VASD_NC_028685(5),PHAGE_Escher_PA28_NC_041935(3),PHAGE_Shigel_Stx_NC_029120(3),PHAGE_Entero_933W_NC_000924(3),PHAGE_Shewan_1/41_NC_025458(2),PHAGE_Escher_phi191_NC_028660(2),PHAGE_Vibrio_12B8_NC_021073(2),PHAGE_Escher_SH2026Stx1_NC_049919(2),PHAGE_Vibrio_VBM1_NC_020850(2),PHAGE_Thalas_BA3_NC_009990(2),PHAGE_Escher_P13374_NC_018846(2),PHAGE_Pseudo_H103_NC_028819(1),PHAGE_Vibrio_nt_1_NC_021529(1),PHAGE_Escher_K1_dep(1)_NC_027994(1),PHAGE_Pseudo_C5a_NC_047790(1),PHAGE_Staphy_StauST398_5_NC_023500(1),PHAGE_Burkho_vB_BmuP_KL4_NC_047958(1),PHAGE_Aeromo_vB_AsaM_56_NC_019527(1),PHAGE_Stx2_c_1717_NC_011357(1),PHAGE_Acinet_vB_AbaS_TRS1_NC_031098(1),PHAGE_Serrat_Parlo_NC_048758(1),PHAGE_Acinet_Bphi_B1251_NC_019541(1),PHAGE_Entero_SfV_NC_003444(1),PHAGE_Psychr_Psymv2_NC_023734(1),PHAGE_Yersin_PY5443.66%

1 15.3Kb incomplete(50) PHAGE_Escher_500465_1_NC_049342(8),PHAGE_Clostr_phiCD38_2_NC_015568(1),PHAGE_Pseudo_EL_NC_007623(1),PHAGE_Salmon_SSU5_NC_018843(1),PHAGE_Entero_P88_NC_026014(1),PHAGE_Klebsi_ST15_OXA48phi14.1_NC_049454(1),PHAGE_Proteu_Stubb_NC_048086(1),PHAGE_Proteu_PM135_NC_042090(1),PHAGE_Entero_P4_NC_001609(1),PHAGE_Yersin_phiR1_37_NC_016163(1),PHAGE_Escher_500465_2_NC_049343(1),PHAGE_Staphy_StauST398_5_NC_023500(1),PHAGE_Clostr_phiCD111_NC_028905(1),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1)44.32%

1 6.6Kb intact(131) PHAGE_Vibrio_VfO3K6_NC_002362(8),PHAGE_Vibrio_VfO4K68_NC_002363(7),PHAGE_Vibrio_VCY_phi_NC_016162(4),PHAGE_Vibrio_KSF_1phi_NC_006294(3),PHAGE_Vibrio_VEJphi_NC_012757(3),PHAGE_Vibrio_Vf12_NC_005949(3),PHAGE_Vibrio_Vf33_NC_005948(3),PHAGE_Vibrio_VGJphi_NC_004736(1),PHAGE_Vibrio_CTX_NC_015209(1),PHAGE_Vibrio_VFJ_NC_021562(1)46.88%

1 71.1Kb intact(100) PHAGE_Vibrio_12A4_NC_021068(22),PHAGE_Escher_ArgO145_NC_049918(7),PHAGE_Escher_Lys12581Vzw_NC_049917(7),PHAGE_Shigel_POCJ13_NC_025434(7),PHAGE_Stx2_c_Stx2a_WGPS9_NC_049923(6),PHAGE_Stx2_c_Stx2a_F451_NC_049924(6),PHAGE_Shigel_Ss_VASD_NC_028685(5),PHAGE_Entero_933W_NC_000924(3),PHAGE_Escher_PA28_NC_041935(3),PHAGE_Shigel_Stx_NC_029120(3),PHAGE_Vibrio_VBM1_NC_020850(2),PHAGE_Escher_phi191_NC_028660(2),PHAGE_Thalas_BA3_NC_009990(2),PHAGE_Escher_P13374_NC_018846(2),PHAGE_Shewan_1/41_NC_025458(2),PHAGE_Vibrio_12B8_NC_021073(2),PHAGE_Escher_SH2026Stx1_NC_049919(2),PHAGE_Escher_TL_2011c_NC_019442(1),PHAGE_Entero_HK544_NC_019767(1),PHAGE_Vibrio_KVP40_NC_005083(1),PHAGE_Vibrio_phiVC8_NC_027118(1),PHAGE_Acinet_vB_AbaS_TRS1_NC_031098(1),PHAGE_Lactob_Ldl1_NC_026609(1),PHAGE_Pseudo_SL20_NC_047839(1),PHAGE_Stx2_c_86_NC_008464(1),PHAGE_Erwini_vB_EhrS_59_NC_048198(1),PHAGE_Lactoc_TP901_1_NC_002747(1),PHAGE_Vibrio_PVA1_NC_023605(1),PHAGE_Burkho_vB_BmuP_KL4_NC_047958(1),PHAGE_Aeromo_vB_AsaM_56_NC_019527(1),PHAGE_Sinorh_PBC5_NC_43.66%

2 12Kb intact(100) PHAGE_Vibrio_VFJ_NC_021562(8),PHAGE_Vibrio_fs2_NC_001956(6),PHAGE_Entero_I2_2_NC_001332(2),PHAGE_Vibrio_1.202.O._10N.222.45.E8_NC_048066(2),PHAGE_Burkho_phiE12_2_NC_009236(2),PHAGE_Vibrio_VfO3K6_NC_002362(2),PHAGE_Entero_If1_NC_001954(2),PHAGE_Entero_fd_NC_025824(2),PHAGE_Pseudo_Cr39582_NC_042121(1),PHAGE_Vibrio_VEJphi_NC_012757(1),PHAGE_Vibrio_VfO4K68_NC_002363(1),PHAGE_Pseudo_PM2_NC_000867(1),PHAGE_Vibrio_VCY_phi_NC_016162(1),PHAGE_Vibrio_Vf12_NC_005949(1),PHAGE_Entero_M13_NC_003287(1),PHAGE_Vibrio_Vf33_NC_005948(1),PHAGE_Vibrio_VGJphi_NC_004736(1)47.05%

2 8.4Kb incomplete(40) PHAGE_Mannhe_vB_MhM_1127AP1_NC_047750(2),PHAGE_Salmon_SE13_NC_048763(1),PHAGE_Salmon_SE4_NC_048764(1),PHAGE_Entero_HK022_NC_002166(1),PHAGE_Escher_RCS47_NC_042128(1),PHAGE_Mannhe_vB_MhM_587AP1_NC_028898(1),PHAGE_Bacill_Shbh1_NC_030925(1),PHAGE_Salmon_SJ46_NC_031129(1),PHAGE_Mannhe_vB_MhS_1152AP2_NC_028956(1)39.82%

1 31.8Kb incomplete(60) PHAGE_Escher_500465_1_NC_049342(7),PHAGE_Pantoe_vB_PagM_AAM37_NC_048766(1),PHAGE_Staphy_StauST398_5_NC_023500(1),PHAGE_Gordon_Trine_NC_047991(1),PHAGE_Entero_P4_NC_001609(1),PHAGE_Klebsi_ST15_OXA48phi14.1_NC_049454(1),PHAGE_Gordon_Gustav_NC_042088(1),PHAGE_Idioma_1N2_2_NC_025439(1),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Pantoe_vB_PagM_PSKM_NC_048767(1),PHAGE_Bacill_0305phi8_36_NC_009760(1)40.21%

1 16.2Kb incomplete(40) PHAGE_Edward_GF_2_NC_026611(2),PHAGE_Pectob_ZF40_NC_019522(2),PHAGE_Entero_HK106_NC_019768(1),PHAGE_Lactob_LBR48_NC_027990(1),PHAGE_Pseudo_pYD6_A_NC_020849(1),PHAGE_Pseudo_MD8_NC_031091(1),PHAGE_Mannhe_vB_MhS_535AP2_NC_028853(1),PHAGE_Shigel_POCJ13_NC_025434(1),PHAGE_Pseudo_PMG1_NC_016765(1),PHAGE_Salmon_SEN34_NC_028699(1),PHAGE_Entero_ES18_NC_006949(1),PHAGE_Entero_lambda_NC_001416(1),PHAGE_Phage_Gifsy_2_NC_010393(1),PHAGE_Stx2_II_NC_004914(1),PHAGE_Entero_mEp390_NC_019721(1),PHAGE_Bdello_phi1402_NC_015721(1),PHAGE_Staphy_StB12_NC_020490(1),PHAGE_Pseudo_phiCTX_NC_003278(1),PHAGE_Entero_VT2_Sakai_NC_000902(1),PHAGE_Entero_phiP27_NC_003356(1),PHAGE_Entero_mEp237_NC_019704(1),PHAGE_Salmon_SPN3UB_NC_019545(1),PHAGE_Acinet_AB1_NC_042028(1),PHAGE_Phage_Gifsy_1_NC_010392(1),PHAGE_Acinet_LZ35_NC_031117(1),PHAGE_Pseudo_YMC11/07/P54_PAE_BP_NC_030909(1),PHAGE_Vibrio_VBP47_NC_020848(1),PHAGE_Entero_HK97_NC_002167(1),PHAGE_Endosy_APSE_1_NC_000935(1),PHAGE_Lactoc_bIL312_NC_002671(1),PHAGE_Lactoc_Q54_NC_008364(1),PHAGE_Ent40.86%

1 12.2Kb intact(135) PHAGE_Vibrio_VfO3K6_NC_002362(9),PHAGE_Vibrio_VfO4K68_NC_002363(7),PHAGE_Vibrio_VCY_phi_NC_016162(5),PHAGE_Vibrio_VEJphi_NC_012757(4),PHAGE_Vibrio_Vf33_NC_005948(3),PHAGE_Vibrio_Vf12_NC_005949(3),PHAGE_Vibrio_KSF_1phi_NC_006294(3),PHAGE_Vibrio_VGJphi_NC_004736(2),PHAGE_Vibrio_VFJ_NC_021562(2),PHAGE_Entero_M13_NC_003287(1),PHAGE_Staphy_phiRS7_NC_022914(1),PHAGE_Lactob_T25_NC_048625(1),PHAGE_Vibrio_1.202.O._10N.222.45.E8_NC_048066(1),PHAGE_Lactob_jlb1_NC_024206(1),PHAGE_Entero_fd_NC_025824(1),PHAGE_Bacill_SPbeta_NC_001884(1),PHAGE_Entero_If1_NC_001954(1),PHAGE_Xantho_Xf109_NC_043028(1),PHAGE_Entero_Ike_NC_002014(1),PHAGE_Vibrio_CTX_NC_015209(1),PHAGE_Staphy_85_NC_007050(1),PHAGE_Xantho_Cf1c_NC_001396(1),PHAGE_Entero_I2_2_NC_001332(1)43.71%

2

1 22.2Kb incomplete(40) PHAGE_Escher_500465_1_NC_049342(8),PHAGE_Escher_500465_2_NC_049343(1),PHAGE_Pseudo_EL_NC_007623(1),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Klebsi_ST15_OXA48phi14.1_NC_049454(1),PHAGE_Clostr_phiCD111_NC_028905(1),PHAGE_Pseudo_PaMx11_NC_028770(1),PHAGE_Dinoro_vB_DshS_R5C_NC_041921(1),PHAGE_Roseob_2_NC_041958(1),PHAGE_Staphy_StauST398_5_NC_023500(1),PHAGE_Proteu_PM135_NC_042090(1),PHAGE_Yersin_phiR1_37_NC_016163(1),PHAGE_Pseudo_vB_PaeS_PAO1_Ab18_NC_026594(1),PHAGE_Clostr_phiCD38_2_NC_015568(1),PHAGE_Entero_P88_NC_026014(1),PHAGE_Salmon_SSU5_NC_018843(1),PHAGE_Proteu_Stubb_NC_048086(1),PHAGE_Pseudo_vB_PaeS_PAO1_Ab19_NC_042115(1)45.02%

1 57.5Kb intact(100) PHAGE_Vibrio_12A4_NC_021068(22),PHAGE_Escher_ArgO145_NC_049918(7),PHAGE_Escher_Lys12581Vzw_NC_049917(7),PHAGE_Shigel_POCJ13_NC_025434(5),PHAGE_Stx2_c_Stx2a_WGPS9_NC_049923(5),PHAGE_Stx2_c_Stx2a_F451_NC_049924(4),PHAGE_Shigel_Ss_VASD_NC_028685(4),PHAGE_Shigel_Stx_NC_029120(3),PHAGE_Escher_SH2026Stx1_NC_049919(2),PHAGE_Entero_933W_NC_000924(2),PHAGE_Shewan_1/41_NC_025458(2),PHAGE_Thalas_BA3_NC_009990(2),PHAGE_Vibrio_12B8_NC_021073(2),PHAGE_Vibrio_VBM1_NC_020850(2),PHAGE_Escher_TL_2011c_NC_019442(2),PHAGE_Escher_PA28_NC_041935(2),PHAGE_Stx2_c_86_NC_008464(2),PHAGE_Erwini_PEp14_NC_016767(2),PHAGE_Sinorh_PBC5_NC_003324(1),PHAGE_Acinet_Bphi_B1251_NC_019541(1),PHAGE_Pseudo_pYD6_A_NC_020849(1),PHAGE_Salmon_bering_NC_049502(1),PHAGE_Staphy_DW2_NC_024391(1),PHAGE_Escher_K1_dep(1)_NC_027994(1),PHAGE_Vibrio_1.097.O._10N.286.49.B3_NC_049431(1),PHAGE_Yersin_PY54_NC_005069(1),PHAGE_Klebsi_vB_KpnM_KpS110_NC_047932(1),PHAGE_Entero_N15_NC_001901(1),PHAGE_Clostr_phiMMP01_NC_028883(1),PHAGE_Pseudo_H103_NC_028819(1),PHAGE_Stx2_c_43.39%

1 16Kb incomplete(40) PHAGE_Pectob_ZF40_NC_019522(2),PHAGE_Edward_GF_2_NC_026611(2),PHAGE_Stx2_II_NC_004914(1),PHAGE_Mannhe_vB_MhS_1152AP2_NC_028956(1),PHAGE_Entero_phiP27_NC_003356(1),PHAGE_Vibrio_VBP32_NC_020868(1),PHAGE_Stx2_c_1717_NC_011357(1),PHAGE_Shigel_Stx_NC_029120(1),PHAGE_Entero_UAB_Phi20_NC_031019(1),PHAGE_Staphy_StB12_NC_020490(1),PHAGE_Vibrio_1.097.O._10N.286.49.B3_NC_049431(1),PHAGE_Entero_lambda_NC_001416(1),PHAGE_Pseudo_pYD6_A_NC_020849(1),PHAGE_Pseudo_H66_NC_042342(1),PHAGE_Entero_HK629_NC_019711(1),PHAGE_Entero_HK97_NC_002167(1),PHAGE_Salmon_SEN34_NC_028699(1),PHAGE_Escher_phiV10_NC_007804(1),PHAGE_Phage_Gifsy_2_NC_010393(1),PHAGE_Bdello_phi1402_NC_015721(1),PHAGE_Acinet_LZ35_NC_031117(1),PHAGE_Pseudo_YMC11/07/P54_PAE_BP_NC_030909(1),PHAGE_Lactoc_bIL312_NC_002671(1),PHAGE_Vibrio_VBP47_NC_020848(1),PHAGE_Pseudo_Dobby_NC_048109(1),PHAGE_Lactob_LBR48_NC_027990(1),PHAGE_Entero_mEp390_NC_019721(1),PHAGE_Pseudo_phiCTX_NC_003278(1),PHAGE_Entero_HK106_NC_019768(1),PHAGE_Lactoc_Q54_NC_008364(1),PHAGE_Entero_cdtI_NC_0095140.83%

2

1 20Kb incomplete(40) PHAGE_Escher_500465_1_NC_049342(8),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Yersin_phiR1_37_NC_016163(1),PHAGE_Clostr_phiCD111_NC_028905(1),PHAGE_Escher_pro483_NC_028943(1),PHAGE_Proteu_PM135_NC_042090(1),PHAGE_Klebsi_ST15_OXA48phi14.1_NC_049454(1),PHAGE_Entero_P88_NC_026014(1),PHAGE_Staphy_StauST398_5_NC_023500(1),PHAGE_Vibrio_TSL_2019_NC_048747(1),PHAGE_Clostr_phiCD38_2_NC_015568(1),PHAGE_Proteu_Stubb_NC_048086(1),PHAGE_Cronob_vB_CsaM_GAP32_NC_019401(1)43.40%

1 56.2Kb questionable(90) PHAGE_Vibrio_12A4_NC_021068(23),PHAGE_Escher_Lys12581Vzw_NC_049917(8),PHAGE_Escher_ArgO145_NC_049918(7),PHAGE_Stx2_c_Stx2a_WGPS9_NC_049923(6),PHAGE_Stx2_c_Stx2a_F451_NC_049924(6),PHAGE_Shigel_POCJ13_NC_025434(5),PHAGE_Shigel_Ss_VASD_NC_028685(5),PHAGE_Shigel_Stx_NC_029120(3),PHAGE_Entero_933W_NC_000924(3),PHAGE_Shewan_1/41_NC_025458(2),PHAGE_Vibrio_12B8_NC_021073(2),PHAGE_Escher_TL_2011c_NC_019442(2),PHAGE_Escher_phi191_NC_028660(2),PHAGE_Stx2_c_86_NC_008464(2),PHAGE_Escher_SH2026Stx1_NC_049919(2),PHAGE_Vibrio_VBM1_NC_020850(2),PHAGE_Thalas_BA3_NC_009990(2),PHAGE_Escher_PA28_NC_041935(2),PHAGE_Lactoc_TP901_1_NC_002747(1),PHAGE_Plankt_PaV_LD_NC_016564(1),PHAGE_Vibrio_VH7D_NC_023568(1),PHAGE_Clostr_phiMMP01_NC_028883(1),PHAGE_Staphy_DW2_NC_024391(1),PHAGE_Salmon_9NA_NC_025443(1),PHAGE_Burkho_vB_BmuP_KL4_NC_047958(1),PHAGE_Entero_phiEap_2_NC_028695(1),PHAGE_Pseudo_SL20_NC_047839(1),PHAGE_Klebsi_phiKO2_NC_005857(1),PHAGE_Vibrio_ValKK3_NC_028829(1),PHAGE_Entero_Min27_NC_010237(1),PHAGE_Erwini_vB_EhrS_59_NC_048198(42.88%

1 16.2Kb incomplete(40) PHAGE_Edward_GF_2_NC_026611(2),PHAGE_Pectob_ZF40_NC_019522(2),PHAGE_Pseudo_pYD6_A_NC_020849(1),PHAGE_Vibrio_VvAW1_NC_020488(1),PHAGE_Entero_HK630_NC_019723(1),PHAGE_Phage_Gifsy_1_NC_010392(1),PHAGE_Mannhe_vB_MhS_535AP2_NC_028853(1),PHAGE_Salmon_SEN34_NC_028699(1),PHAGE_Vibrio_VBP32_NC_020868(1),PHAGE_Pseudo_YMC11/07/P54_PAE_BP_NC_030909(1),PHAGE_Pseudo_Dobby_NC_048109(1),PHAGE_Endosy_APSE_1_NC_000935(1),PHAGE_Shigel_Stx_NC_029120(1),PHAGE_Salmon_SEN22_NC_028696(1),PHAGE_Entero_HK629_NC_019711(1),PHAGE_Entero_HK97_NC_002167(1),PHAGE_Escher_phiV10_NC_007804(1),PHAGE_Salmon_SPN3UB_NC_019545(1),PHAGE_Mannhe_vB_MhS_1152AP2_NC_028956(1),PHAGE_Pseudo_F116_NC_006552(1),PHAGE_Staphy_StB12_NC_020490(1),PHAGE_Entero_cdtI_NC_009514(1),PHAGE_Entero_HK106_NC_019768(1),PHAGE_Acinet_AB1_NC_042028(1),PHAGE_Vibrio_1.097.O._10N.286.49.B3_NC_049431(1),PHAGE_Pseudo_PMG1_NC_016765(1),PHAGE_Bacter_APSE_2_NC_011551(1),PHAGE_Entero_lambda_NC_001416(1),PHAGE_Pseudo_phiCTX_NC_003278(1),PHAGE_Lactob_LBR48_NC_027990(1),PHAGE_Stx2_II_NC_040.88%

2 6.7Kb incomplete(30) PHAGE_Shigel_SfII_NC_021857(2),PHAGE_Shigel_Sf6_NC_005344(2),PHAGE_Paenib_Likha_NC_048693(1),PHAGE_Synech_S_SM1_NC_015282(1),PHAGE_Cyanop_Syn30_NC_021072(1),PHAGE_Synech_Bellamy_NC_047838(1),PHAGE_Synech_S_SM2_NC_015279(1),PHAGE_Bacill_TP21_L_NC_011645(1),PHAGE_Faecal_FP_Taranis_NC_047914(1),PHAGE_Bacill_BMBtp2_NC_019912(1),PHAGE_Burkho_phi6442_NC_009235(1),PHAGE_Bordet_vB_BbrM_PHB04_NC_047861(1),PHAGE_Cyanop_S_TIM5_NC_019516(1),PHAGE_Anoxyb_A403_NC_048701(1)40.57%

1 8.5Kb intact(116) PHAGE_Vibrio_VFJ_NC_021562(8),PHAGE_Vibrio_fs2_NC_001956(7),PHAGE_Entero_If1_NC_001954(3),PHAGE_Vibrio_VfO3K6_NC_002362(2),PHAGE_Entero_I2_2_NC_001332(2),PHAGE_Entero_fd_NC_025824(2),PHAGE_Vibrio_VGJphi_NC_004736(1),PHAGE_Entero_M13_NC_003287(1),PHAGE_Pseudo_PM2_NC_000867(1),PHAGE_Vibrio_VCY_phi_NC_016162(1),PHAGE_Vibrio_VfO4K68_NC_002363(1),PHAGE_Entero_PsP3_NC_005340(1),PHAGE_Burkho_phiE12_2_NC_009236(1),PHAGE_Vibrio_VEJphi_NC_012757(1)45.82%

2

1 38.9Kb intact(150) PHAGE_Vibrio_8_NC_022747(21),PHAGE_Vibrio_K139_NC_003313(21),PHAGE_Aeromo_phiO18P_NC_009542(18),PHAGE_Haemop_HP1_NC_001697(14),PHAGE_Haemop_HP2_NC_003315(12),PHAGE_Pseudo_phi3_NC_030940(12),PHAGE_Pasteu_F108_NC_008193(8),PHAGE_Salmon_Fels_2_NC_010463(3),PHAGE_Salmon_SEN1_NC_029003(2),PHAGE_Entero_186_NC_001317(2),PHAGE_Pseudo_BS5_NC_031917(1),PHAGE_Bacill_SP_15_NC_031245(1),PHAGE_Pseudo_PMG1_NC_016765(1),PHAGE_Vibrio_SHOU24_NC_023569(1),PHAGE_Vibrio_VBP47_NC_020848(1),PHAGE_Escher_ECBP5_NC_027330(1),PHAGE_Escher_TL_2011b_NC_019445(1),PHAGE_Vibrio_VP882_NC_009016(1),PHAGE_Pseudo_PH1_NC_031908(1),PHAGE_Pseudo_MD8_NC_031091(1),PHAGE_Strept_EJ_1_NC_005294(1),PHAGE_Entero_PsP3_NC_005340(1),PHAGE_Brucel_BiPBO1_NC_031264(1),PHAGE_Salmon_RE_2010_NC_019488(1),PHAGE_Salmon_PVP_SE1_NC_016071(1),PHAGE_Entero_933W_NC_000924(1),PHAGE_Entero_4MG_NC_022968(1),PHAGE_Vibrio_vB_VpaM_MAR_NC_019722(1),PHAGE_Vibrio_VP58.5_NC_027981(1),PHAGE_Salmon_SSE_121_NC_027351(1),PHAGE_Lactob_PLE3_NC_031125(1),PHAGE_Pseudo_D3_NC_002484(1),PHA45.57%

1 9.6Kb intact(150) PHAGE_Vibrio_VEJphi_NC_012757(9),PHAGE_Vibrio_Vf33_NC_005948(7),PHAGE_Vibrio_VGJphi_NC_004736(7),PHAGE_Vibrio_fs1_NC_004306(5),PHAGE_Vibrio_VfO3K6_NC_002362(5),PHAGE_Vibrio_VSK_NC_003327(3),PHAGE_Vibrio_VfO4K68_NC_002363(3),PHAGE_Vibrio_VFJ_NC_021562(2),PHAGE_Vibrio_VCY_phi_NC_016162(2),PHAGE_Vibrio_KSF_1phi_NC_006294(1),PHAGE_Entero_mEp390_NC_019721(1)43.79%

1 66.7Kb intact(100) PHAGE_Vibrio_12A4_NC_021068(21),PHAGE_Shigel_POCJ13_NC_025434(8),PHAGE_Entero_933W_NC_000924(6),PHAGE_Entero_VT2_Sakai_NC_000902(5),PHAGE_Shigel_Ss_VASD_NC_028685(5),PHAGE_Escher_P13374_NC_018846(5),PHAGE_Stx2_II_NC_004914(4),PHAGE_Stx2_vB_EcoP_24B_NC_027984(4),PHAGE_Stx2_c_86_NC_008464(4),PHAGE_Escher_TL_2011c_NC_019442(3),PHAGE_Escher_phi191_NC_028660(3),PHAGE_Shigel_Stx_NC_029120(3),PHAGE_Vibrio_12B8_NC_021073(2),PHAGE_Shewan_1/41_NC_025458(2),PHAGE_Entero_Sf101_NC_027398(2),PHAGE_Entero_Min27_NC_010237(2),PHAGE_Vibrio_VBM1_NC_020850(2),PHAGE_Thalas_BA3_NC_009990(2),PHAGE_Acinet_vB_AbaS_TRS1_NC_031098(1),PHAGE_Shigel_Sf6_NC_005344(1),PHAGE_Cellul_phi10:1_NC_021802(1),PHAGE_Pseudo_14_1_NC_011703(1),PHAGE_Pseudo_H101_NC_029094(1),PHAGE_Vibrio_KVP40_NC_005083(1),PHAGE_Entero_SfV_NC_003444(1),PHAGE_Entero_phi80_NC_021190(1),PHAGE_Vibrio_ValKK3_NC_028829(1),PHAGE_Vibrio_nt_1_NC_021529(1),PHAGE_Entero_mEp234_NC_019715(1),PHAGE_Bacill_phBC6A51_NC_004820(1),PHAGE_Vibrio_PVA1_NC_023605(1),PHAGE_Psychr_Psymv2_NC_02343.68%

2 8Kb intact(95) PHAGE_Vibrio_VCY_phi_NC_016162(7),PHAGE_Vibrio_VfO3K6_NC_002362(6),PHAGE_Vibrio_VGJphi_NC_004736(5),PHAGE_Vibrio_VfO4K68_NC_002363(5),PHAGE_Vibrio_VEJphi_NC_012757(5),PHAGE_Vibrio_KSF_1phi_NC_006294(4),PHAGE_Vibrio_VSK_NC_003327(3),PHAGE_Vibrio_VFJ_NC_021562(3),PHAGE_Vibrio_fs1_NC_004306(2),PHAGE_Vibrio_fs2_NC_001956(1),PHAGE_Pseudo_Pf1_NC_001331(1)43.19%

1 8Kb intact(135) PHAGE_Vibrio_VfO3K6_NC_002362(9),PHAGE_Vibrio_VfO4K68_NC_002363(7),PHAGE_Vibrio_VCY_phi_NC_016162(5),PHAGE_Vibrio_VEJphi_NC_012757(5),PHAGE_Vibrio_Vf33_NC_005948(3),PHAGE_Vibrio_VGJphi_NC_004736(3),PHAGE_Vibrio_KSF_1phi_NC_006294(3),PHAGE_Vibrio_VFJ_NC_021562(2),PHAGE_Vibrio_fs1_NC_004306(1),PHAGE_Vibrio_CTX_NC_015209(1),PHAGE_Salmon_SSU5_NC_018843(1)45.69%

1 57.7Kb incomplete(60) PHAGE_Vibrio_12A4_NC_021068(23),PHAGE_Shigel_POCJ13_NC_025434(7),PHAGE_Stx2_vB_EcoP_24B_NC_027984(6),PHAGE_Shigel_Ss_VASD_NC_028685(5),PHAGE_Entero_933W_NC_000924(5),PHAGE_Escher_P13374_NC_018846(5),PHAGE_Stx2_II_NC_004914(4),PHAGE_Entero_VT2_Sakai_NC_000902(4),PHAGE_Stx2_c_86_NC_008464(4),PHAGE_Escher_TL_2011c_NC_019442(3),PHAGE_Thalas_BA3_NC_009990(3),PHAGE_Shigel_Stx_NC_029120(3),PHAGE_Vibrio_12B8_NC_021073(2),PHAGE_Shewan_1/41_NC_025458(2),PHAGE_Entero_cdtI_NC_009514(2),PHAGE_Entero_Min27_NC_010237(2),PHAGE_Vibrio_VBM1_NC_020850(2),PHAGE_Escher_phi191_NC_028660(2),PHAGE_Acinet_vB_AbaS_TRS1_NC_031098(1),PHAGE_Sinorh_PBC5_NC_003324(1),PHAGE_Cellul_phi10:1_NC_021802(1),PHAGE_Pseudo_14_1_NC_011703(1),PHAGE_Pseudo_H101_NC_029094(1),PHAGE_Vibrio_KVP40_NC_005083(1),PHAGE_Yersin_PST_NC_027404(1),PHAGE_Entero_SfV_NC_003444(1),PHAGE_Entero_phi80_NC_021190(1),PHAGE_Vibrio_ValKK3_NC_028829(1),PHAGE_Vibrio_nt_1_NC_021529(1),PHAGE_Entero_mEp234_NC_019715(1),PHAGE_Escher_slur14_NC_028448(1),PHAGE_Vibrio_PVA1_NC_023605(143.68%

1 48.8Kb intact(150) PHAGE_Aeromo_phiO18P_NC_009542(21),PHAGE_Vibrio_8_NC_022747(20),PHAGE_Vibrio_K139_NC_003313(19),PHAGE_Haemop_HP2_NC_003315(14),PHAGE_Haemop_HP1_NC_001697(14),PHAGE_Pasteu_F108_NC_008193(13),PHAGE_Pseudo_phi3_NC_030940(13),PHAGE_Salmon_SEN1_NC_029003(3),PHAGE_Entero_PsP3_NC_005340(2),PHAGE_Entero_186_NC_001317(2),PHAGE_Entero_Tyrion_NC_031077(1),PHAGE_Pseudo_14_1_NC_011703(1),PHAGE_Pseudo_SN_NC_011756(1),PHAGE_Vibrio_VP882_NC_009016(1),PHAGE_Burkho_phi52237_NC_007145(1),PHAGE_Pseudo_vB_PaeP_Tr60_Ab31_NC_023575(1),PHAGE_Ralsto_RS138_NC_029107(1),PHAGE_Vibrio_12B12_NC_021070(1),PHAGE_Erwini_ENT90_NC_019932(1),PHAGE_Pseudo_PAJU2_NC_011373(1),PHAGE_Salmon_RE_2010_NC_019488(1),PHAGE_Salmon_g341c_NC_013059(1),PHAGE_Salmon_PVP_SE1_NC_016071(1),PHAGE_Entero_4MG_NC_022968(1),PHAGE_Vibrio_vB_VpaM_MAR_NC_019722(1),PHAGE_Burkho_phiE12_2_NC_009236(1),PHAGE_Pseudo_PB1_NC_011810(1),PHAGE_Vibrio_VP58.5_NC_027981(1),PHAGE_Salmon_SSE_121_NC_027351(1),PHAGE_Salmon_Fels_2_NC_010463(1),PHAGE_Pseudo_vB_PaeM_PAO1_Ab27_NC_026586(1),P45.28%

2 27.3Kb intact(150) PHAGE_Vibrio_VEJphi_NC_012757(9),PHAGE_Vibrio_Vf33_NC_005948(7),PHAGE_Vibrio_VGJphi_NC_004736(7),PHAGE_Vibrio_fs1_NC_004306(5),PHAGE_Vibrio_VfO3K6_NC_002362(5),PHAGE_Vibrio_VSK_NC_003327(3),PHAGE_Vibrio_VfO4K68_NC_002363(3),PHAGE_Vibrio_VFJ_NC_021562(2),PHAGE_Vibrio_VCY_phi_NC_016162(2),PHAGE_Pseudo_F116_NC_006552(1),PHAGE_Vibrio_KSF_1phi_NC_006294(1)43.18%

1 10.6Kb intact(150) PHAGE_Vibrio_VfO3K6_NC_002362(10),PHAGE_Vibrio_VfO4K68_NC_002363(8),PHAGE_Vibrio_VCY_phi_NC_016162(5),PHAGE_Vibrio_Vf33_NC_005948(3),PHAGE_Feldma_species_virus_NC_011183(3),PHAGE_Vibrio_Vf12_NC_005949(3),PHAGE_Vibrio_KSF_1phi_NC_006294(3),PHAGE_Vibrio_VEJphi_NC_012757(3),PHAGE_Ectoca_siliculosus_virus_1_NC_002687(2),PHAGE_Vibrio_VGJphi_NC_004736(2),PHAGE_Vibrio_VFJ_NC_021562(2),PHAGE_Vibrio_fs1_NC_004306(1),PHAGE_Pseudo_Pf1_NC_001331(1),PHAGE_Vibrio_CTX_NC_015209(1)43.98%

2

1 32.9Kb intact(140) PHAGE_Aeromo_phiO18P_NC_009542(19),PHAGE_Vibrio_8_NC_022747(14),PHAGE_Vibrio_K139_NC_003313(14),PHAGE_Haemop_HP1_NC_001697(13),PHAGE_Haemop_HP2_NC_003315(12),PHAGE_Pseudo_phi3_NC_030940(12),PHAGE_Pasteu_F108_NC_008193(8),PHAGE_Salmon_SEN1_NC_029003(2),PHAGE_Salmon_SEN5_NC_028701(2),PHAGE_Vibrio_VP58.5_NC_027981(2),PHAGE_Entero_186_NC_001317(2),PHAGE_Entero_mEp460_NC_019716(2),PHAGE_Pseudo_H101_NC_029094(1),PHAGE_Mannhe_vB_MhM_3927AP2_NC_028766(1),PHAGE_Pseudo_H105/1_NC_015293(1),PHAGE_Entero_mEp235_NC_019708(1),PHAGE_Vibrio_SHOU24_NC_023569(1),PHAGE_Shewan_Spp001_NC_023594(1),PHAGE_Vibrio_VBP47_NC_020848(1),PHAGE_Vibrio_VP882_NC_009016(1),PHAGE_Burkho_BcepIL02_NC_012743(1),PHAGE_Pseudo_DMS3_NC_008717(1),PHAGE_Burkho_phi52237_NC_007145(1),PHAGE_Clostr_phiMMP02_NC_019421(1),PHAGE_Shigel_pSf_2_NC_026010(1),PHAGE_Salmon_SEN4_NC_029015(1),PHAGE_Vibrio_12B12_NC_021070(1),PHAGE_Salmon_g341c_NC_013059(1),PHAGE_Pseudo_MP22_NC_009818(1),PHAGE_Vibrio_vB_VpaM_MAR_NC_019722(1),PHAGE_Burkho_phiE12_2_NC_009236(1),PHAGE_Rhiz49.85%

2 7.8Kb incomplete(20) PHAGE_Gordon_GMA6_NC_030906(2),PHAGE_Bacill_G_NC_023719(1),PHAGE_Plankt_PaV_LD_NC_016564(1),PHAGE_Mycoba_Lolly9_NC_028843(1),PHAGE_Altero_vB_AmaP_AD45_P1_NC_021532(1),PHAGE_Mycoba_Whirlwind_NC_022052(1),PHAGE_Mycoba_Snenia_NC_028778(1),PHAGE_Edward_GF_2_NC_026611(1),PHAGE_Bacill_SPbeta_NC_001884(1)43.05%

1 3.7Kb incomplete(10) PHAGE_Gordon_Schwabeltier_NC_031255(1),PHAGE_Entero_M13_NC_003287(1),PHAGE_Vibrio_VCY_phi_NC_016162(1),PHAGE_Burkho_ST79_NC_021343(1),PHAGE_Entero_Ike_NC_002014(1),PHAGE_Staphy_85_NC_007050(1),PHAGE_Entero_fd_NC_025824(1),PHAGE_Burkho_phiE12_2_NC_009236(1),PHAGE_Lactob_jlb1_NC_024206(1),PHAGE_Strept_9871_NC_031069(1),PHAGE_Xantho_Cf1c_NC_001396(1),PHAGE_Vibrio_VGJphi_NC_004736(1),PHAGE_Vibrio_VfO3K6_NC_002362(1),PHAGE_Entero_I2_2_NC_001332(1),PHAGE_Vibrio_VFJ_NC_021562(1),PHAGE_Bacill_SPbeta_NC_001884(1),PHAGE_Staphy_phiRS7_NC_022914(1),PHAGE_Entero_If1_NC_001954(1)42.22%

1 16.3Kb incomplete(20) PHAGE_Stx2_vB_EcoP_24B_NC_027984(2),PHAGE_Entero_Min27_NC_010237(2),PHAGE_Entero_HK022_NC_002166(2),PHAGE_Pectob_ZF40_NC_019522(2),PHAGE_Entero_933W_NC_000924(2),PHAGE_Stx2_c_86_NC_008464(2),PHAGE_Edward_GF_2_NC_026611(2),PHAGE_Bacter_APSE_2_NC_011551(1),PHAGE_Entero_mEp235_NC_019708(1),PHAGE_Pseudo_PMG1_NC_016765(1),PHAGE_Mannhe_vB_MhS_1152AP2_NC_028956(1),PHAGE_Azospi_Cd_NC_010355(1),PHAGE_Entero_lambda_NC_001416(1),PHAGE_Vibrio_VBP47_NC_020848(1),PHAGE_Endosy_APSE_1_NC_000935(1),PHAGE_Entero_HK106_NC_019768(1),PHAGE_Entero_mEp390_NC_019721(1),PHAGE_Staphy_StB12_NC_020490(1),PHAGE_Vibrio_VBM1_NC_020850(1),PHAGE_Phage_Gifsy_1_NC_010392(1),PHAGE_Lactoc_Q54_NC_008364(1),PHAGE_Pseudo_MD8_NC_031091(1),PHAGE_Vibrio_VvAW1_NC_020488(1),PHAGE_Bdello_phi1402_NC_015721(1),PHAGE_Mannhe_vB_MhS_535AP2_NC_028853(1),PHAGE_Geobac_E2_NC_009552(1),PHAGE_Entero_mEp237_NC_019704(1),PHAGE_Escher_HK75_NC_016160(1),PHAGE_Pseudo_phiCTX_NC_003278(1),PHAGE_Salmon_SPN3UB_NC_019545(1),PHAGE_Entero_phiP27_NC_003356(1),PHAGE_Acinet_AP22_40.80%

1 10.1Kb incomplete(30) PHAGE_Acinet_vB_AbaS_TRS1_NC_031098(1),PHAGE_Salisa_1_NC_017983(1),PHAGE_Bacill_vB_BanS_Tsamsa_NC_023007(1),PHAGE_Pseudo_PAJU2_NC_011373(1),PHAGE_Cyanop_KBS_S_2A_NC_020854(1),PHAGE_Cyanop_PSS2_NC_013021(1),PHAGE_Vibrio_KVP40_NC_005083(1),PHAGE_Helico_1961P_NC_019512(1),PHAGE_Synech_S_CBS1_NC_016164(1),PHAGE_Mycoba_Phantastic_NC_024148(1),PHAGE_Mycoba_Mufasa_NC_028759(1),PHAGE_Mannhe_phiMHaA1_NC_008201(1),PHAGE_Vibrio_nt_1_NC_021529(1),PHAGE_Mycoba_Milly_NC_026598(1),PHAGE_Mycoba_ZoeJ_NC_024147(1),PHAGE_Synech_S_CBS3_NC_015465(1),PHAGE_Brevib_Sundance_NC_028749(1),PHAGE_Pseudo_vB_PaeP_Tr60_Ab31_NC_023575(1),PHAGE_Bacill_JBP901_NC_027352(1),PHAGE_Mycoba_HINdeR_NC_021308(1),PHAGE_Bacill_G_NC_023719(1),PHAGE_Helico_KHP30_NC_019928(1),PHAGE_Helico_phiHP33_NC_016568(1),PHAGE_Helico_KHP40_NC_019931(1)45.87%

2

1 24.8Kb incomplete(40) PHAGE_Escher_500465_1_NC_049342(7),PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(1),PHAGE_Pantoe_vB_PagM_PSKM_NC_048767(1),PHAGE_Mycoba_Wanda_NC_022067(1),PHAGE_Klebsi_ST15_OXA48phi14.1_NC_049454(1),PHAGE_Mycoba_Minerva_NC_026584(1),PHAGE_Mycoba_Optimus_NC_041844(1),PHAGE_Staphy_StauST398_5_NC_023500(1),PHAGE_Pantoe_vB_PagM_AAM37_NC_048766(1)42.59%

2

1

2

VN-0028
No phage were found in this sequence!

ATCC 17802
No phage were found in this sequence!

No phage were found in this sequence!

MAVP-Q

No phage were found in this sequence!

IFVp136

No phage were found in this sequence!

IFVp177

No phage were found in this sequence!

Vp22

CDC_K4557
No phage were found in this sequence!

FORC_014

FDA_R31

RIMD 2210633
No phage were found in this sequence!

BB22OP

IFVp203

IFVp18

No phage were found in this sequence!

IFVp69
No phage were found in this sequence!

IFVp182

No phage were found in this sequence!

IFVp195

IFVp408

IFVp5

No phage were found in this sequence!

IFVp201
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Tables S5. Distribution of pathogenicity island in V. parahaemolyticus strains. Results 
from BLASTp. 

 

 

Table S6. Lethal dose 50 (LD50) of IFVp strains in Galleria mellonella larvae 

(Kéomurdjian, 2015) 

VPaI-1 VPaI-2 VPaI-3 VPaI-4 VPaI-5 VPaI-6

VP0380-VP0403 VP0635-VP0643 VP1071-VP1094 VP2131-VP2144 VP2900-VP2910 VPA1253-VPA1270

IFVp18

VP0380 + 

VP0382-VP0384 + 

VP0386-VP0388 + 

VP0394-VP0396 + 

VP0398 + VP0400 + 

VP0402-VP0403

VP0635-VP0636 + 

VP0643

VP1088 +

VP1091-VP1094

VP3131-VP3139 +

VP3142-VP3144

VP2900-VP2903 +

VP2905-VP2910
-

IFVp69 -
VP0635-VP0636 +

VP0638

VP1088 +

VP1091-VP1094
- - -

IFVp182 -
VP0635-VP0636 + 

VP0643

VP1088 +

VP1091-VP1094
- - VPA1258

IFVp195 -
VP0635-VP0636 + 

VP0643

VP1088 +

VP1091-VP1094
- - VPA1258

IFvp408 -
VP0635-VP0636 + 

VP0643

VP1088 +

VP1091-VP1094
- - VPA1258

IFvp5

VP0380 + 

VP0382-VP0384 + 

VP0386-VP0389 + 

VP0391-VP0392 + 

VP0394-VP0395 +

VP0635-VP0639 + 

VP0641-VP0643

VP1071  + 

VP1079-VP1088 +

VP1091-VP1094

- -
VPA1254-VPA1263 +

VPA1266-VPA1270

IFVp201 -

VP0635-VP0636 + 

VP0638-VP0639 + 

VP0641-VP0643

VP1088 +

VP1091-VP1094
- - -

IFVp203 -

VP0635-VP0636 + 

VP0638-VP0639 + 

VP0641-VP0643

VP1088 +

VP1091-VP1094
- - -

IFvp136 -
VP0635-VP0636 + 

VP0643

VP1088 +

VP1091-VP1094
- - -

IFVp177 VP0394

VP0635-VP0636 + 

VP0638-VP0639 + 

VP0641-VP0643

VP1088 +

VP1091-VP1094
- - VPA1258

IFvp22 -

VP0635-VP0636 +

VP0638-VP0639 +

VP0643

VP1088 +

VP1091-VP1094
- - VPA1258-VPA1259

CDC_K4557

VP0380 + VP0394 + 

Vp0398-VP0400 + 

VP0402-VP0403

VP0635-VP0639 + 

VP0641-VP0643

VP1090 +

VP1093-VP1094
- - -

FORC_014 -
VP0635-VP0636 + 

VP0643

VP1088 +

VP1091-VP1094
- - -

FDA_R31 VP0394
VP0635-VP0636 + 

VP0643

VP1088 +

VP1091-VP1094
- -

VPA1258-VPA1259 +

VPA1266-VPA1270

RIMD 2210633 + + + + + +

BB22OP -

VP0635-VP0636 +

VP0638-VP0639 +

VP0643

VP1088 +

VP1091-VP1094
- VP2901-VP2903 VPA1257-VPA1258

MAVP-Q - VP0635-VP0643
VP1088 +

VP1091-VP1094
- - VPA1258-VPA1259

VN-0028

VP0386 + VP0395

VP0388-VP0389 +

VP0391-VP0392

VP0635-VP0636 + 

VP0638-VP0639 + 

VP0641-VP0643

VP1088 +

VP1091-VP1094
- - -

ATCC 17802 -
VP0635-VP0636 + 

VP0643

VP1088-VP0089 +

VP1091-VP1094
- - VPA1253

Strains
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Conclusion 

 

 

Figure 8. Résumé graphique de l'étude de genomes complets de V. parahaemolyticus 
et de l’expression in vivo de la virulence chez le modèle lapin et le modèle Galleria 
mellonella pour IFVp201 et IFVp195. +++ : très virulence, ++ : moyennement virulente, 
- : non virulente. 

 

Cette étude comparative de génomes de V. parahaemolyticus et de l’expression in vivo de 

leur virulence chez deux modèles animaux soulignent la nécessité et l’importance de 

bien caractériser les marqueurs et mécanismes impliqués dans la virulence – d’autant 

Strain DL50 (CFU/mL)

IFVp182 ND

IFVp69 2,26 x 10
1

IFVp182 1,70 x 10
6

IFVp195 3,67 x 104

IFVp408 6,02 x 10
3

IFVp5 7,08 x 10
3

IFVp201 4,27 x 105

IFVp203 1,11 x 10
6

IFVp136 7,81 x 10
4

IFVp177 5,72 x 10
5

IFVp22 ND

ND: not determined
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plus que ces marqueurs sont utilisés pour détecter les V. parahaemolyticus 

potentiellement pathogènes chez les produits issus de la mer. Afin de mieux gérer le 

potentiel risque d’infection à V. parahaemolyticus, il est aussi important d’identifier les 

facteurs influençant l’accumulation et la dépuration de V. parahaemolyticus chez les 

organismes marins, et plus particulièrement chez l’huître creuse, C. gigas.
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Contexte 

Les huîtres, sentinelles de l’environnement, sont des bivalves filtreurs capables 

d’accumuler des contaminants chimiques et biologiques présent dans l’eau. 

L’accumulation est le processus induisant l’augmentation de la concentration d’un 

contaminant dans l’huître. A contrario, la dépuration représente la diminution de cette 

concentration. La compréhension des facteurs influençant ces processus est cruciale pour 

évaluer les risques pour les consommateurs concernant les pathogènes humains tels que 

V. parahaemolyticus (Ndraha et al., 2020). De nombreuses études ont montré que les 

paramètres abiotiques tels que la température (Johnson et al., 2010) ou la salinité 

(Caburlotto et al., 2010; Rehnstam-Holm et al., 2014) influençaient la contamination des 

huîtres par V. parahaemolyticus. Cependant, des paramètres biotiques liés à l’huître 

peuvent être considérés comme des facteurs influençant cette contamination. Il a été 

montré que l’origine parentale, la génétique (Azéma et al., 2017; Dégremont et al., 2019), 

le microbiote (Petton et al., 2015) ou le système immunitaire (Lafont et al., 2020) des 

huîtres pouvaient être associés à une résistance ou sensibilité à une infection par OsHV-

1 et/ou Vibrio spp.. A notre connaissance, l’implication de tels facteurs dans la 

contamination par V. parahaemolyticus chez l’huître n’a pas encore été étudiée. 

Dans ce premier chapitre, nous avons cherché à savoir si l’historique de vie de l’huître 

d’une part et le niveau de ploïdie de l’huître d’autre part pouvaient impacter 

l’accumulation et la dépuration de V. parahaemolyticus. En effet, il a été montré que ces 

deux paramètres pouvaient influer sur la survie des huîtres lors d’épisodes de mortalités 

(Azéma et al., 2016; Fallet et al., 2022).  

Dans un premier temps, nous avons étudié l’accumulation et la dépuration 

expérimentales d’une souche de V. parahaemolyticus chez des huîtres C. gigas élevées 

dans des installations contrôlées et des huîtres élevées dans la zone intertidale afin 

d’évaluer l’impact de l’exposition des huîtres à un environnement naturel sur la 

contamination en V. parahaemolyticus. Afin de différencier les V. parahaemolyticus 

indigènes et expérimentaux, les souches ont été génétiquement modifiées pour exprimer 

la GFP (Publication II). 

Dans un second temps, nous avons cherché à savoir si le niveau de ploïdie impactait la 

contamination par V. parahaemolyticus. Nous avons utilisé trois lots d’huîtres 3N et 

d’huîtres 2N que nous avons collectées sur l’estran une fois par mois entre mai et 

novembre 2021 pour estimer la contamination naturelle de V. parahaemolyticus et 

l’accumulation et la dépuration expérimentale de V. parahaemolyticus (Publication III).   
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Publication II 

  

Titre de l’article “Life history of oysters influences Vibrio parahaemolyticus 

accumulation in Pacific oysters (Crassostrea gigas)” 

Statut de l’article Publié dans Environmental Microbiology 

DOI: 10.1111/1462-2920.15996 

Objectif de l’étude Caractériser l’effet de l’historique de vie de l’huître C. gigas dans 

l’accumulation et la dépuration de V. parahaemolyticus  

Résultats  

principaux 

Nous avons développé une méthodologie simple basée sur de 

l’électroporation, afin de différencier les V. parahaemolyticus 

indigènes et expérimentaux par l’expression de la GFP, et de la 

cytométrie en flux, afin de quantifier les V. parahaemolyticus GFP+ 

dans des huîtres collectées en environnement. En utilisant cette 

méthodologie, nous avons montré que des huîtres élevées dans la 

zone intertidale accumulaient moins de V. parahaemolyticus que des 

huîtres élevées dans des structures sécurisées lors de 

contaminations expérimentales. 

Conclusions Moins de contamination à V. parahaemolyticus chez des huîtres 

élevées dans la zone intertidale que dans des structures sécurisées.  
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Supplementary figures 

 

Figure S1. Experimental protocols with IFVp201-gfp+ for the preliminary assay in 
February 2021 (A) and the challenge test with naive and environmental oysters in 
October 2021 (B). 
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Conclusion 

 

 

 

Figure 9. Résumé graphique de l’impact de l’historique de vie de C. gigas sur 
l’accumulation de V. parahaemolyticus lors de contaminations expérimentales avec la 
souche IFVp201-gfp+. (A) huîtres élevées dans des structures sécurisées (huîtres 
naïves). (B) huîtres élevées dans la zone intertidale (huîtres environnementales). 
Bactérie : niveau de contamination en V. parahaemolyticus.  
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Publication III 

  

Titre de l’article “Impact of ploidy level of Crassostrea gigas oysters on Vibrio 

parahaemolyticus accumulation and depuration” 

Statut de l’article Publié dans Aquaculture 

DOI : 10.1016/j.aquaculture.2022.738992 

Objectif de 

l’étude 

Evaluer l’impact du niveau de ploïdie de l’huître C. gigas sur la 

contamination naturelle par V. parahaemolyticus, et l’accumulation et 

la dépuration expérimentales de V. parahaemolyticus. 

Résultats  

principaux 

Nous n’avons pas observé de différence en termes de contamination 

ou de profils géniques de virulence (tdh et/ou trh) des V. 

parahaemolyticus indigènes entre des huîtres 2N et 3N. Une tendance 

est cependant visible en Novembre 2021 avec moins de V. 

parahaemolyticus indigènes chez les 3N que chez les 2N. Il n’y a pas de 

différence d’accumulation et de dépuration expérimentales de V. 

parahaemolyticus entre les 2N et 3N. Nous avons cependant observé la 

variation des profils géniques de virulence des V. parahaemolyticus 

indigènes ainsi que des profils de dépuration expérimentale en 

fonction des saisons ploïdies confondues. 

Conclusions Le niveau de contamination de V. parahaemolyticus chez C. gigas n’est 

pas influencé par le niveau de ploïdie. Des variations saisonnières des 

V. parahaemolyticus indigènes (totaux et potentiellement pathogènes) 

et de la dépuration expérimentale de V. parahaemolyticus sont 

observées.  
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SUPPLEMENTARY FIGURE AND TABLES 

 

Fig S1. Kinetic of seawater temperature (°C) from 1st through 30th September 2021 within 
oyster bags.  

 

Table S1. Wet tissues weights (A) and shell lengths (B) from May to November 2021 of 
diploid and triploid oyster batches (n = 30). Data are represented as the mean of 30 
oysters per batch ±  standard error 

  

A D1 D2 D3 T1 T2 T3

May 5.62 ± 0.33 4.48 ± 0.25 5.88 ± 0.45 5.12 ± 0.22 5.23 ± 0.24 5.62 ± 0.31

June 6.63 ± 0.28 5.41 ± 0.29 6.71 ± 0.37 6.36 ± 0.38 6.15 ± 0.41 7.63 ± 0.47

July 7.64 ± 0.28 6.57 ± 0.27 8.67 ± 0.45 8.23 ± 0.49 6.62 ± 0.32 8.63 ± 0.45

August 6.7 ± 0.42 6.66 ± 0.38 8.73 ± 0.41 8.11 ± 0.35 8.01 ± 0.41 8.52 ± 0.48

September 6.41  ± 0.43 6.16 ± 0.41 6.77 ± 0.38 8.39 ± 0.46 ND 9.63 ± 0.76

November 6.67 ± 0.37 7.15 ± 0.45 7.93 ± 0.50 9.76 ± 0.36 ND 10.32 ± 0.46

B D1 D2 D3 T1 T2 T3

May 6.85 ± 0.16 6.38 ± 0.14 6.89 ± 0.19 6.62 ± 0.13 6.73 ± 0.11 6.67 ± 0.12

June 7.20 ± 0.13 6.88 ± 0.15 7.13 ± 0.15 7.04 ± 0.15 7.63 ± 0.16 7.60 ± 0.15

July 7.68 ± 0.17 7.41 ± 0.17 7.66 ± 0.16 8.26 ± 0.18 7.68 ± 0.14 7.87 ± 0.16

August 7.53 ± 0.21 7.82 ± 0.19 7.45 ± 0.18 8.38 ± 0.16 7.94 ± 0.15 8.51 ± 0.20

September 7.54  ± 0.15 7.42 ± 0.16 7.55 ± 0.17 8.13 ± 0.15 ND 8.65 ± 0.14

November 7.43 ± 0.16 7.34 ± 0.20 7.15 ± 0.14 7.92 ± 0.13 ND 8.25 ± 0.14

ND: Not determined

Diploid Triploid

Diploid Triploid

Shell Length (cm)

Wet Tissues Weight (g)
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Table S2. Concentrations of IFVp201- gfp+ in seawater before (n = 3) and after 

accumulation (n = 3), and the log reduction (n = 1) of oysters. D1, D2, D3: batches of 

diploid oysters, T1, T2, T3: batches of triploid oysters. Data are represented as the mean 

of three replicates per batch ± standard error 

 

  

Sampling Date Batch Before accumulation After accumulation log reduction

D1 4.91 ± 0.01 4.43 ± 0.01 0.48

D2 4.90 ± 0.01 4.26 ± 0.01 0.64

D3 4.85 ± 0.01 3.96 ± 0.00 0.9

T1 4.88 ± 0.00 3.90 ± 0.02 0.98

T2 4.85 ± 0.01 4.07 ± 0.01 0.78

T3 4.88 ± 0.01 4.20 ± 0.01 0.67

D1 5.93 ± 0.00 5.41 ± 0.00 0.53

D2 5.92 ± 0.01 5.45 ± 0.00 0.47

D3 5.93 ± 0.00 5.42 ± 0.01 0.5

T1 5.92 ± 0.00 5.24 ± 0.00 0.67

T2 5.91 ± 0.00 5.33 ± 0.01 0.58

T3 5.92 ± 0.00 5.26 ± 0.00 0.66

D1 5.85 ± 0.01 4.30 ± 0.00 1.56

D2 5.88 ± 0.01 5.01 ± 0.00 0.86

D3 5.88 ± 0.00 4.38 ± 0.01 1.5

T1 5.87 ± 0.04 4.16 ± 0.01 1.71

T2 5.90 ± 0.02 5.54 ± 0.00 0.36

T3 5.92 ± 0.01 4.47 ± 0.01 1.46

D1 6.07 ± 0.00 4.90 ± 0.01 1.16

D2 6.06 ± 0.00 5.43 ± 0.01 0.62

D3 6.03 ± 0.00 5.08 ± 0.01 0.95

T1 6.06 ± 0.00 5.19 ± 0.00 0.87

T2 6.01 ± 0.04 5.01 ± 0.00 1,00

T3 6.03 ± 0.01 5.32 ± 0.00 0.71

D1 6.06 ± 0.03 5.45 ± 0.00 0.61

D2 6.07 ± 0.01 5.47 ± 0.01 0.61

D3 6.04 ± 0.06 5.52 ± 0.03 0.51

T1 6.07 ± 0.03 5.26 ± 0.00 0.81

T2 ND ND ND

T3 6.10 ± 0.01 5.27 ± 0.01 0.82

D1 6.10 ± 0.01 5.71 ± 0.01 0.39

D2 6.10 ± 0.05 5.77 ± 0.01 0.34

D3 6.11 ± 0.06 5.70 ± 0.00 0.41

T1 6.05 ± 0.03 5.55 ± 0.00 0.5

T2 ND ND ND

T3 6.16 ± 0.06 5.55 ± 0.01 0.61

ND: Not determined

Concentration of IFVp201-gfp+ (log bacteria,mL-1)

November

May

June

July

August

September
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Table S3. Concentration of IFVp201-gfp+ in haemolymph of oysters after 24 h of 

accumulation, after 24 h and 48 h of depuration (n = 3) and log reductions after 24 h and 

48 h of depuration for each batch of oysters. D1, D2, D3: batches of diploid oysters. T1, 

T2, T3: batches of triploid oysters. 24 h of accumulation: mean of two pools of five oysters 

± standard error. 24 h and 48 h of depuration: mean of three pools of five oysters ± 

standard error 

 

Table S4. p-values of ANCOVA with wet tissue weight as covariable and sampling date 

as factor for accumulation and log reduction in haemolymph of diploid and triploid 

oysters. In red, significant p-value 

  

24 h of accumulation

Sampling Date Batch log bacteria.mL-1 log bacteria.mL-1
log reduction log bacteria.mL-1

log reduction

D1 3.48 ± 0.14 2.37 ± 0.14 1.12 2.34 ± 0.16 1.15

D2 3.09 ± 0.35 2.18 ± 0.17 0.91 1.78 ± 0.12 1.31

D3 2.35 ± 0.45 1.78 ± 0.21 0.57 1.51 ± 0.06 0.83

T1 3.00 ± 0.23 2.22 ± 0.12 0.78 2.11 ± 0.04 0.88

T2 3.03 ± 0.32 2.06 ± 0.10 0.98 1.69 ± 0.07 1.35

T3 2.93 ± 0.25 2.19 ± 0.11 0.74 2.04 ± 0.06 0.89

D1 3.42 ± 0.34 1.17 ± 0.46 2.25 ND ND

D2 3.70 ± 0.56 1.68 ± 0.28 2.02 ND ND

D3 3.01 ± 0.36 1.79 ± 0.13 1.22 ND ND

T1 3.48 ± 0.44 1.00 ± 0.53 2.48 ND ND

T2 2.49 ± 0.59 1.71 ± 0.18 0.79 ND ND

T3 3.10 ± 0.39 1.53 ± 0.13 1.57 ND ND

D1 2.93 ± 0.07 1.59 ± 0.38 1.33 0.39 ± 0.39 2.53

D2 3.11 ± 0.02 0.80 ± 0.42 2.31 0.49 ± 0.49 2.62

D3 2.67 ± 0.19 0.33 ± 0.33 2.34 0.33 ± 0.33 2.34

T1 2.77 ± 0.18 2.15 ± 0.32 0.62 0.97 ± 0.55 1.8

T2 3.97 ± 0.04 2.20 ± 0.26 1.77 0.91 ± 0.47 3.07

T3 2.68 ± 0.12 1.20 ± 0.27 1.48 0.50 ± 0.50 2.18

D1 3.06 ± 0.08 1.34 ± 0.16 1.72 1.42 ± 0.15 1.63

D2 2.62 ± 0.39 1.69 ± 0.07 0.93 1.46 ± 0.25 1.15

D3 2.10 ± 0.17 0.81 ± 0.41 1.29 0.47 ± 0.00 1.63

T1 2.87 ± 0.17 1.34 ± 0.17 1.52 0.47 ± 0.23 2.4

T2 2.61 ± 0.11 2.04 ± 0.17 0.57 1.73 ± 0.13 0.88

T3 3.30 ± 0.22 1.48 ± 0.18 1.82 1.60 ± 0.34 1.70

D1 2.15 ± 0.12 2.03 ± 0.30 0.12 2.23 ± 0.15 -0.08

D2 2.97 ± 0.20 2.51 ± 0.03 0.46 2.41 ± 0.04 0.55

D3 2.72 ± 0.18 2.49 ± 0.08 0.23 1.74 ± 0.15 0.98

T1 2.30 ± 0.14 2.34 ± 0.06 -0.05 2.17 ± 0.08 0.12

T2 ND ND ND ND ND

T3 2.55 ± 0.08 2.58 ± 0.08 -0.03 2.37 ± 0.14 0.18

D1 2.73 ± 0.11 1.40 ± 0.18 1.34 2.41 ± 0.23 0.33

D2 2.62 ± 0.06 1.79 ± 0.11 0.84 2.31 ± 0.12 0.31

D3 2.56 ± 0.14 1.50 ± 0.09 1.06 2.69 ± 0.11 -0.13

T1 2.17 ± 0.15 0.98 ± 0.10 1.19 2.17 ± 0.16 0

T2 ND ND ND ND ND

T3 2.72 ± 0.19 1.51 ± 0.10 1.21 2.45 ± 0.13 0.28

ND: Not determined

August

September

November

Concentration of IFVp201-gfp +

24 h of depuration 48 h of depuration

May

June

July

Accumulation Log reduction 24 h Log reduction 48 h

May vs  June 0.01 < 0.001 ND

May vs  July 0.145 0.005 < 0.001

May vs August 0.888 0.037 0.027

May vs  September 0.261 0.186 0.153

May vs  November 0.583 0.135 0.073

June vs  July 0.297 0.549 ND

June vs  August 0.014 0.134 ND

June vs  September < 0.001 < 0.001 ND

June vs  November 0.583 0.07 ND

July vs August 0.126 0.32 0.002

July vs September 0.002 < 0.001 < 0.001

July vs  November 0.011 0.143 < 0.001

August vs  September 0.138 < 0.001 < 0.001

August vs  November 0.376 0.58 < 0.001

September vs  November 0.5 0.002 0.468

ND: Not determined

p -values
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Conclusion 

 

Figure 10. Résumé graphique de l’effet du niveau de ploïdie de l’huître C. gigas sur la 
contamination naturelle, et l’accumulation et la dépuration expérimentales en V. 
parahaemolyticus au cours de l’étude. Le niveau de contamination en V. 
parahaemolyticus des huîtres est imagée par le nombre de bactérie(s) pour chaque analyse. 
Les chromosomes représentent la ploïdie de l’huître (deux pour diploïde et trois pour 
triploïde). Les croix noires représentent l’absence de donnée pour ces dates. Les ronds 
bleus barrés représentent l’absence de V. parahaemolyticus pour ces dates. La dépuration 
expérimentale particulière en Novembre est représentée par une couleur différente des 
bactéries.  

Les études sur l’effet de l’historique de vie et de la ploïdie de l’huître dans l’accumulation 

et la dépuration de V. parahaemolyticus apportent d’importants résultats quant au risque 

associé pour l’Homme. Malgré la dépuration, le risque d’infection à V. parahaemolyticus 

est présent car les critères sanitaires de contrôle des huîtres avant commercialisation 

(coliformes et Escherichia coli) ne permettent pas d’assurer l’absence totale de  

V. parahaemolyticus. De nombreuses techniques ont été développées pour éliminer  

V. parahaemolyticus, e.g. la congélation ultra rapide ou l’irradiation. Cependant ces 

techniques peuvent avoir des impacts négatifs pour l’ostréiculteur (coût d’installation et 

de maintenance), pour l’huître (pessimisme des consommateurs face à certaines 

méthodes comme l’irradiation, préservation du goût). Le développement de nouvelles 

méthodes afin d’assurer l’élimination de V. parahaemolyticus des huîtres est aujourd’hui 

nécessaire, ce qui fait l’objet du travail suivant.
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Contexte 

L’utilisation de probiotiques a été suggérée dès le début du 20e siècle, bien que le terme 

« probiotique » en lui-même date des années 60. En effet, les travaux de Tissier et de 

Metchnikoff sont considérés comme les pierres fondatrices de la notion de bactéries 

bénéfiques pour l’Homme. Metchnikoff a suggéré de modifier la flore de nos corps en 

remplaçant les bactéries intestinales néfastes par des bactéries utiles. Tissier, quant à lui, 

a montré que les selles d’un enfant sain et d’un enfant diarrhéique se distinguent par 

rapport à leur contenu bactérien, notamment des bactéries en « Y » uniquement 

présentes chez l’enfant sain. Leurs travaux ont été mis de côté jusque-là fin du 20e siècle, 

où la recherche sur la sélection et la caractérisation de probiotiques a considérablement 

augmenté. De nos jours, de nombreux probiotiques sont disponibles à la consommation 

parmi lesquels, Latilactobacillus et Bifidobacterium sont les genres bactériens les plus 

représentés. Les bienfaits sur la santé humaine sont principalement orientés sur 

l’amélioration du transit et de la digestion ainsi que sur le traitement d’infections 

bactériennes causant des diarrhées (FAO and WHO, 2006).  

Dès 1980, il a été suggéré que les bactéries pouvaient être utiles pas uniquement pour 

l’alimentation humaine, mais également comme contrôleurs biologiques pour les 

maladies des poissons et comme activateurs de la régénération des nutriments (Yasuda 

and Taga, 1980). Le nombre d’études portant sur l’utilisation de contrôles biologiques en 

aquaculture s’intensifie à partir des années 90 (Gatesoupe, 1999) et continue 

d’augmenter (Hoseinifar et al., 2018). L’utilisation des probiotiques, tels que des 

bactéries lactiques (lactic acid bacteria en anglais, LAB) des genres Latilactobacillus et 

Lactococcus, est largement étudiée en aquaculture en bassins fermés. Cependant, 

l’application de probiotiques est complexifiée pour la production aquacole en milieu 

naturel telle que la conchyliculture. Seulement quelques études ont montré que 

l’utilisation de souches de LAB permettaient une meilleure dépuration de  

V. parahaemolyticus chez l’huître (Kang et al., 2018; Xi et al., 2014). Il reste cependant 

encore beaucoup de travail à réaliser afin de déterminer les paramètres optimums pour 

l’utilisation de LAB pour l’élimination de V. parahaemolyticus lors de la dépuration 

d’huîtres. 
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Objectif de 

l’étude 

Etudier l’utilisation de bactéries lactiques (LAB) comme potentiel 

traitement post-récolte pour la dépuration de V. parahaemolyticus 

de l’huître C. gigas.  

Résultats  

principaux 

Un screening de 30 LAB isolées de produits de la mer et 

supposées adaptées à des conditions de croissance en eau de mer 

(Projet Vi-LAB) a permis de sélectionner 3 souches d’espèces 

différentes capables d’inhiber in vitro 10 souches de  

V. parahaemolyticus avec des efficacités variables. Les résultats 

suggèrent que cette inhibition est principalement due à de 

l’acidification. L’intérêt de ces 3 LAB quant à l’élimination de  

V. parahaemolyticus lors de la dépuration d’huîtres a été étudiée 

chez des d’huîtres contaminées avec 4 souches de  

V. parahaemolyticus. En plus de montrer des profils de dépuration 

variables selon les souches de V. parahaemolyticus, cette étude a 

permis de montrer jusqu’ a 1 log CFU.mL-1 de diminution de  

V. parahaemolyticus par rapport à la condition contrôle. 

Conclusions L’ajout de LAB lors de la dépuration d’huîtres semblent être une 

voie intéressante à explorer pour l’élimination de  

V. parahaemolyticus. 
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SUMMARY:  

Aims: This study aims to assess the use of marine lactic acid bacteria (LAB) to reduce  

V. parahaemolyticus levels during oyster depuration process.  

Methods and Results: The inhibitory effect of thirty marine LAB strains against  

V. parahaemolyticus strains was evaluated by in vitro assays. Three positive strains 

(Latilactobacillus sakei SF1583, Lactococcus lactis SF1945 and Vagococcus fluvialis CD264) 

were selected for V. parahaemolyticus levels reduction during oyster depuration. Pacific 

oysters Crassostrea gigas were artificially and independently contaminated by four GFP-

labelled V. parahaemolyticus strains (IFVp201, IFVp69, IFVp195 and LMG2850T) at 105 

CFU.mL-1 and then exposed by balneation to 106 CFU.mL-1 of each LAB strains during 

24 h, at 19°C.  Quantification of V. parahaemolyticus in haemolymph by flow cytometry 

revealed variations in natural depuration of the different V. parahaemolyticus strains 

alone. Furthermore, the addition of LABs improved up to 1-log bacteria.mL-1 the 

reduction of IFVp201 concentration in comparison to the control condition.  

Conclusions: Although further optimizations of procedure are needed, addition of 

marine LABs during oyster depuration is an interesting strategy to reduce  

V. parahaemolyticus levels in C. gigas. 

Significance and impact of the study: Our study provides promising ways to develop 

a depuration process which could potentially be implemented in oyster farms. 

 

Keywords: V. parahaemolyticus, Lactic acid bacteria, flow cytometry, oyster depuration, 

challenge test, seafood safety  
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1. Introduction 

Vibrio parahaemolyticus is the first causative bacterial agent of acute gastroenteritis in 

humans worldwide associated to consumption of raw or undercooked seafood, 

especially oysters. V. parahaemolyticus can naturally be found in marine estuaries and 

coasts, and in molluscan shellfishes (Odeyemi, 2016). Probiotics, firstly investigated as 

replacement for antibiotics to avoid increase of antibiotic-resistant bacteria (Hossain et 

al., 2022), were shown to inhibit V. parahaemolyticus growth using in vitro co-culture 

methods (Charernjiratragul et al., 2010; Girija et al., 2018) or inhibition tests in cell lines 

(Le and Yang, 2018; Satish Kumar et al., 2011), and in vivo models such as mice (Wang et 

al., 2022) or marine organisms (Girija et al., 2018; Liu et al., 2015). Indeed, probiotics are 

now widely used in aquaculture, resulting in growth increase of shellfish, nutritional 

advantage and immunostimulant effects as prophylactic (Ringø, 2020). Use of probiotics 

with Crassostrea spp. oyster, improved larval growth and increased resistance against 

oyster pathogens (Campa-Córdova et al., 2011; Douillet and Langdon, 1994; Gibson et 

al., 1998; Karim et al., 2013).  

To ensure the safety of oysters, depuration is performed before commercialization by 

transferring oysters for 24 to 48 h in UV-treated seawater (Lee et al., 2008). Oyster safety 

for consumers is assessed by determination of Escherichia coli and coliform levels but not 

V. parahaemolyticus levels (Lee et al., 2008) except in some countries such as Japan (Hara-

Kudo and Kumagai, 2014). However, it is known that traditional depuration process is 

not efficient enough for the removal of V. parahaemolyticus from oysters (Shen et al., 

2019). Various post-harvest processes (PHP) such as irradiation (Mahmoud and Burrage, 

2009), high pressure (Berlin et al., 1999), low temperature pasteurization (Andrews et al., 

2000) and fast freezing (Liu et al., 2009) were also developed to reduce  

V. parahaemolyticus levels in oysters before commercialization. Due to economic 

investment in such materials and to regular oyster death occurring during processes, 

there is a need to develop new PHP to reduce V. parahaemolyticus levels in oysters. New 

approaches were investigated using biological treatments. Until now, only few studies 

investigated the inhibition activities of bioprotective agents against V. parahaemolyticus 

as PHP during oyster depuration (Kang et al., 2018; Khouadja et al., 2017; Xi et al., 2014). 

Khouadja et al. (2017) showed a reduction of V. parahaemolyticus concentration in oysters 

challenged by injection with a V. parahaemolyticus strain (106 CFU/ml) and exposed to 

Latilactobacillus sp. strains (106 CFU.mL-1) after nine days (Khouadja et al., 2017). 

However, in such experiments, using an injection method to contaminate oysters with 

V. parahaemolyticus is questionable that is why balneation is generally favoured. Xi et al. 



Investigation of lactic acid bacteria as oyster post-harvest treatment 

130 

(2014) showed a V. parahaemolyticus reduction of 0.65 log MPN.g-1 in oyster tissues after 

a balneation with 104 CFU.mL-1 of V. parahaemolyticus for 20 h followed by a balneation 

with 107 CFU.mL-1 of Lactilactobacillus plantarum for four days when compared to 

controls. Moreover, Kang et al. (2018) showed that a simultaneous exposure of oysters 

by balneation to 105 CFU.mL-1 of V. parahaemolyticus and Enterococcus faecium at 25°C for 

24 h resulted in a V. parahaemolyticus reduction of 0.88 log CFU.g-1. However, if of interest 

as a biocontrol agent against V. parahaemolyticus, virulence of E. faecium is questionable 

(Vancanneyt et al., 2002),  thus may be not suitable for food application. Further studies 

are needed to determine optimal conditions for use of bioprotective agents to reduce  

V. parahaemolyticus concentration in oysters during depuration, in particular for the 

selection of bioprotective agents and V. parahaemolyticus strains. Indeed, Lactic Acid 

Bacteria (LAB) which are Generally Recognized As Safe (GRAS organisms) and are 

largely used for fermented food production (Wang et al., 2021) and food biopreservation 

(Borges et al., 2022) could be further investigated for depuration process. Furthermore, 

as different V. parahaemolyticus strains can exhibit different depuration profiles in oysters 

(Aagesen et al., 2018), several strains of V. parahaemolyticus should be selected for PHP 

evaluation. 

In this study, we screened a collection of salt and cold tolerant marine LAB strains 

isolated from refrigerated seafood products for their growth inhibition capacities of  

V. parahaemolyticus strains in vitro. Three of the LAB strains tested in vitro and four 

different V. parahaemolyticus strains selected according to their origin, genetic content 

and their sensitivity to LAB strains were used to evaluate depuration in spat C. gigas 

oysters. We established a simple and accurate depuration procedure consisting of an 

initial exposure of oysters to V. parahaemolyticus strains followed by 24 h of depuration 

with or without LAB strains in balneation, in accordance to the depuration process (Lee 

et al., 2008) which could potentially be implemented in oyster farms and plants.  

2. Materials and methods 

 Bacterial strains and growth conditions 

Marine lactic acid bacteria (LAB) strains used in this study are listed in Table 1. LAB 

strains were isolated from seafood products by the laboratory of Microbial Ecosystems 

and Marine Molecules for Biotechnology (EM3B, MASAE, Ifremer). LAB strains were 

cultivated starting from a -80°C glycerol stock in the appropriate medium as indicated 

in Table 1, i.e. Man Rogosa Sharpe (MRS, Biokar Diagnostics) or Brain Heart Infusion 
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supplemented with 1.5 % NaCl (BHIS, Biokar Diagnostics), for two successive cultures 

at 30°C for 24 h.  

Table 1. Bacterial strains, sample origins and culture media. 

Species Strain Origin Medium 

Vagococcus fluvialis CD264 Peeled shrimp BHIS 

Latilactobacillus sakei SF1583 Smoked salmon MRS 

Lactococcus lactis SF1945 Smoked salmon BHIS 

Weissella hellenica SF1637 Smoked salmon MRS 

Vibrio parahaemolyticus IFVp5 Clinical BHIS 

V. parahaemolyticus IFVp18 Mussel (Mytilus edulis) BHIS 

V. parahaemolyticus IFVp22 Mussel (M. edulis) BHIS 

V. parahaemolyticus IFVp69 Mussel (M. edulis) BHIS 

V. parahaemolyticus IFVp136 Mussel (Mytilus galloprovincialis) BHIS 

V. parahaemolyticus IFVp177 Oyster (C. gigas) BHIS 

V. parahaemolyticus IFVp182 Seawater BHIS 

V. parahaemolyticus IFVp195 Seawater BHIS 

V. parahaemolyticus IFVp201 Mussel (M. edulis) BHIS 

V. parahaemolyticus IFVp203 Mussel (M. edulis) BHIS 

V. parahaemolyticus IFVp408 Oyster (C. gigas) BHIS 

V. parahaemolyticus LMG2850T Clinical BHIS 

V. parahaemolyticus IFVp201-gfp+ GFP-tagged LBS50 

V. parahaemolyticus IFVp69-gfp+ GFP-tagged LBS50 

V. parahaemolyticus LMG2850-gfp+ GFP-tagged LBS50 

V. parahaemolyticus IFVp195-gfp+ GFP-tagged LBS50 

MRS: Man Rogosa Sharpe, BHIS: Brain Heart Infusion Salt, LBS50: Luria Bertani 3% 

NaCl supplemented with 50 µg.mL-1 of trimethoprim 

 

V. parahaemolyticus strains used in this study were selected among the Vibrio collection 

of the laboratory of health environment and microbiology (LSEM – Ifremer) in Brest 

(France) (Table 1). The V. parahaemolyticus LMG2850T (ATCC17802T) strain was used in 

this study as a reference strain. V. parahaemolyticus strains were cultivated in BHIS for 24 

h at 30°C starting from -80°C glycerol stock.  

GFP-tagged V. parahaemolyticus strains. IFVp195, IFVp69 and LMG2850 strains were 

electroporated with the pFD086 plasmid harbouring gfp gene and trimethoprim-

resistance expression cassettes as previously described for IFVp201-gfp+ (Sorée et al., 

2022). The Vp-gfp+ strains were cultivated in Luria Bertani 3% NaCl supplemented with 
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50 µg.mL-1 of trimethoprim (LBS50) starting from -80°C glycerol stock for approx. 18 h 

at 37°C. Mutants were validated by plasmid stability determination and growth 

comparison between wild type and gfp+ clone as previously described (Sorée et al., 2022).  

 Quantification of bacterial strains 

LAB concentration was measured by calculation of colony forming units per mL of 

culture log transformed (log CFU.mL-1) in their appropriate medium agar plates (Table 

1).  

Vp-gfp+ cultures were quantified using a Cyflow Space (Sysmex-Partec, Munster, 

Germany) by detection of their green fluorescence (FL1 detector of the flow cytometer) 

and their relative size and granularity (Forward SCatter [FSC]; Side SCatter [SSC]). The 

bacterial counting was performed according to the number of cells detected by the flow 

cytometer in a volume of 200 µL of sample and was expressed in log of bacteria.mL-1 

(Sorée et al., 2022). 

 Identification of marine LAB strains by 16S rRNA gene sequencing 

LAB strains presenting inhibition capacities against V. parahaemolyticus LMG2850T were 

identified using partial 16S rRNA gene sequencing. Briefly, 500 µL of a 24 h culture was 

centrifuged for 3 min at 13,000 g and the pellet was washed with 300 µL of phosphate 

buffered- saline (PBS, Sigma-Aldrich, France). To avoid degradation of genomic DNA, 

200 µL of Tris-EDTA (10 mM Tris-HCl, 1mM EDTA, pH 7.5) was added into the pellet. 

Nucleic acids were extracted by thermal lysis (15 min at 95°C) using a thermoblock 

(ThermomiMixer® C, Eppendorf, Germany). After another centrifugation for 3 min at 

13,000 g, 200 µl of the supernatant was conserved at -20°C. The 16S rRNA gene was 

amplified from 1 µL of supernatant using with PCR universal primers, 8F (5′-

AGAGTTTGATCATGGCTCAG-3′) and 1489R (5’-GTTACCTTGTTACGACTTCAC-3’) 

(Lane, 1991; Weisburg et al., 1991). PCR amplification was performed using the 

DreamTaq Green polymerase Master mix (Thermo Fisher Scientific, France) following 

the manufacturer recommendation and the following thermal conditions: initial 

denaturation at 95°C for 5 min, 30 cycles of amplification (95°C for 30 s, 52°C for 30 s, 

72°C for 1 min), and final extension for 10 min at 72°C using a T100TM Thermal Cycler 

(Bio-Rad, Hercules, U.S.A). The Sanger sequencing of amplified products was carried 

out by Genoscreen (Lille, France). A consensus sequence was built using forward and 

reverse sequences with BioEdit software. Strain identification was performed using 

nucleotide BLAST on the NCBI website and n/r databank. 
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 Vibrio parahaemolyticus growth inhibition 

The spot-on lawn method was used to assay inhibition of V. parahaemolyticus by LAB 

strains. Briefly, V. parahaemolyticus strains were grown in BHIS for 24 h at 37°C and 

stationary cultures were 100-fold diluted with BHIS to reach an initial concentration of 

~104 CFU.mL-1. Diluted-cultures were seeded (1 mL) onto Zobell (4 g.L-1 of tryptone, 1 

g.L-1 of yeast extract, 33.3 g.L-1 of NaCl) supplemented with 2% glucose and 1% agar 

plates (Z2G 1%), and these plates were air dried for 45-50 min. LAB strains were 

cultivated twice successively in appropriate medium (Table 1) in 96-deep well plate; 4 

replicates for each strain (2 biological and 2 technical replicates to avoid repeatability 

issues) were carried out at 25-30°C for 24 h. LAB cultures, supernatant and buffered 

supernatants were spotted (5 µL) on the surface of Z2G 1% agar plates seeded with one 

of the V. parahaemolyticus strain. The supernatant was obtained by filtering LAB cultures 

using nitrocellulose filter of 0.22 µm (VWR, USA) and buffered using NaOH 2N to pH 

6- pH 7 determined with pH-indicator strips pH 0-14 (VWR, Belgium). 

Inhibition halos (clear zones around the spot) were observed after a 48-hour incubation 

at 30°C, indicating an inhibition. Halo intensity was described as: 0 for no growth 

inhibition, 1 for an inhibition at the colony spot, 2 for a weak or partial inhibition and 3 

for a high inhibition. 

 Lactic acid bacteria persistence in filtered and sterile seawater 

To verify LAB persistence in filtered and sterile seawater (FSSW, natural seawater 

filtered with 1 µm polypropylene mesh and treated with UV), bacterial strains were 

grown as previously described. The optical density at 600 nm of the washed-culture was 

measured to estimate the concentration and was inoculated in 1 L of FSSW to a final 

concentration of 106 CFU.mL-1 and maintained at 19°C. LAB concentrations were 

measured at 0 h, 4 h, and 24 h, in seawater samples after inoculation onto appropriate 

agar medium plates (Table 1) at 30°C for 24 h. 

 Challenge tests with oysters 

Spat Crassostrea gigas diploid oysters were produced according to a methodology that 

allowed pathogen-free oysters (« Naissain standardisé Ifremer », (Petton et al., 2013)) 

and maintained in controlled inland experimental platforms in Argenton (Finistère, 

France) and Bouin (Vendée, France) using sand-filtered and UV-treated seawater. These 

oysters were produced in 2020; they were 12.7 ± 4.0 g of total weight (tissues and shell) 

and 4.5 ± 0.5 cm long), and have never been exposed to environmental marine natural 

microflora. Effects of three LAB strains (CD264, SF1583 and SF1945) on Vp-gfp+ 
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elimination during oyster depuration were investigated during in vivo experimental 

bacterial challenge tests with oysters (Figure 1).  

 

Figure 1. Experimental protocol of challenge tests of oysters with Vp-gfp+ and LAB 

strains. Tanks of 5 L and 3 L for  of filtered and sterile seawater. Stars: Vp-gfp+ 
quantification by flow cytometry in haemolymph. Circles: LAB enumeration in 
haemolymph on agar plates. n: number of oysters. 

Overnight accumulation of Vp-gfp+ in oysters. Before experimentation with oysters, 

stationary cultures of Vp-gfp+ were centrifuged and the pellets were washed twice in 

buffered physiological-water (BPW, 0.4 g.L-1 of K2H3PO4; 4.5 g.L-1 of Na2HPO4, 12H2O; 

7.2 g.L-1 of NaCl). Each washed-culture of Vp-gfp+ was inoculated in separate 5 L tank of 

FSSW with an initial concentration of 105 CFU.mL-1 of seawater that was confirmed by 

flow cytometry. Oysters (n = 77) were transferred in contaminated tanks and exposed to 

Vp-gfp+ for approximately 18 h at 20°C. A control tank with oysters (n = 29) not exposed 

to Vp-gfp+ was maintained in the same conditions. Aeration was provided to all tanks. 

After the overnight accumulation, concentration of Vp-gfp+ in seawater was determined 

by flow cytometry and oysters were transferred one hour into “fresh” FSSW to remove 

potential Vp-gfp+ present on shells and in shell fluid. After this hour, concentrations of 

Vp-gfp+ in haemolymph (one pool of five oysters for each condition) were determined by 

flow cytometry. Haemolymph samples were collected using sterile tools and 

workstation. Each oyster was shucked, and abductor muscles were cautiously cut with 

a scalpel to allow opening of the shell and avoid damaging of the pericardial cavity. 

Haemolymphs were collected into the pericardial cavity using a 25G needle and 1 mL 

insulin syringe. Collected haemolymphs were filtered on a 30 m nylon mesh to remove 

aggregates and/or debris (Sorée et al., 2022).  
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Oyster exposure to LAB strains. Before experimentation with oysters, stationary LAB 

cultures were centrifuged and the pellet was washed twice in BPW, and plated onto 

respective medium (Table 1) to determine culture concentrations (48 h at 30°C). Washed-

LAB cultures were inoculated in separate 3 L tanks of FSSW at a final concentration of 

106 CFU.mL-1 as described in Figure 1. Seawater samples from each tank were plated 

onto MRS or BHIS agar (48 h at 30°C) to enumerate the initial concentrations of LAB in 

seawater. Oysters previously exposed (n = 18) and not exposed to Vp-gfp+ (n = 18) were 

transferred in separate 3 L LAB inoculated tanks for 24 h at 20°C. Oysters exposed to Vp-

gfp+ (n = 6) and control oysters (n = 6) were maintained as negative controls in the same 

conditions but not exposed to LAB strains (Figure 1). After the 24 h exposure to LAB, 

haemolymphs were collected from three pools of five oysters for LAB-exposed oysters 

and from one pool of five oysters for non-exposed oysters. LAB enumerations were 

performed by plating of haemolymph onto MRS or BHI agar (48 h at 30°C) and Vp-gfp+ 

quantifications were performed by flow cytometry. Seawater pH was determined using 

pH-indicator strips pH 0-14 (VWR) in each tank. 

 Statistical analyses 

All statistical analyses were performed using RStudio 2021.09.0+351 "Ghost Orchid" 

Release (2021-09-20) for Windows. Data are presented as means ± standard error and a 

p < 0.05 indicated a statistically significant difference.  Normality and homogeneity of 

variables were verified using Shapiro test and Levene test, respectively. 

Concentrations of Vp-gfp+ in oyster haemolymph after 24 h of depuration were analysed 

using an ANOVA and post hoc Tukey test grouped by Vp-gfp+ strain and Bonferroni 

adjusted with the condition (with or without LAB during the depuration) as factor.  

3. Results 

 Inhibition of Vibrio parahaemolyticus strains by LAB 

The inhibition capacities of 30 seafood LAB against the V. parahaemolyticus LMG2850T 

strain were assessed using miniaturized spot-on lawn method (Table S1). Strain 

identification by 16S rRNA gene sequencing revealed that no inhibition was observed 

for Enterococcus sp. and Vagococcus sp. in the screening conditions. Fifteen positive 

strains were identified: 4 among 12 (4/12) Carnobacterium sp. strains, 1/1 Lactococcus 

lactis strain, 2/5 Latilactobacillus sp. strains and 8/8 Weissella sp. strains. Three strains 

from different genera were selected for further inhibition tests: Latilactobacillus sakei 

SF1583, Lactococcus lactis SF1945 and Weissella hellenica SF1637. The capacity of these 

three LABs to inhibit eleven V. parahaemolyticus growth was then investigated, using the 
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miniaturized spot-on lawn method. Results suggested variable inhibition profiles of  

V. parahaemolyticus growth by LAB strains (Table 2). 

In these experimental conditions, the L. sakei SF1583 and W. hellenica SF1637 cultures and 

supernatants displayed inhibitory activities against most V. parahaemolyticus. On the 

contrary, L. lactis SF1945 culture was inactive against four V. parahaemolyticus strains 

while supernatant was inactive against all strains but IFVp195. Five V. parahaemolyticus 

(IFVp22, IFVp182, IFVp201, IFVp203, and IFVp408) showed the same behaviour as 

LMG2850T towards LAB cultures, independently of their clinical or environmental 

origin (Table 1). Results showed that IFVp195 appeared particularly sensitive to the 

three LAB cultures whereas IFVp177 seemed resistant. This could be probably related to 

acid resistance; indeed, the loss of supernatant activity when adjusted at pH 7 suggested 

an inhibitory effect by acid production (Table 2). These results were in accordance with 

the pH of cultures. SF1583 and SF1637 exhibiting average to high inhibitory activities, 

reached a pH of 4 in MRS medium at the stationary phase. The SF1945 strain, exhibiting 

null to low inhibitory activities, had a pH of 6 when cultured in BHI medium.  

Table 2. Inhibitory activity profiles of LAB strains according to V. parahaemolyticus 
strains, by spot-on lawn method. Inhibitory activity was related to halo size. 0: no 
inhibition, 1 to 3: weak to strong inhibition. 

  LAB whole cultures LAB supernatant (SN) LAB buffered-SN 

  SF1583 SF1945 SF1637 SF1583 SF1945 SF1637 SF1583 SF1945 SF1637 

V
. 

p
a

ra
h

a
em

o
ly

ti
cu

s 
st

ra
in

s 

LMG2850T 2 1 1 3 0 3 0 0 0 

IFVp5 1 0 1 3 0 3 0 0 0 

IFVp18 1 0 1 3 0 3 0 0 0 

IFVp22 2 1 1 3 0 3 0 0 0 

IFVp136 1 0 1 3 0 3 0 0 0 

IFVp177 1 0 0 3 0 3 0 0 0 

IFVp182 2 1 1 3 0 3 0 0 0 

IFVp195 3 2 3 3 1 3 0 0 0 

IFVp201 2 1 1 3 0 3 0 0 0 

IFVp203 2 1 1 3 0 3 0 0 0 

IFVp408 2 1 1 3 0 3 0 0 0 

 

 Persistence of LAB strains in seawater 

Persistence of selected LAB strains in seawater needed to be considered before 

investigating them for oyster depuration. The strain Vagococcus fluvialis CD264 was 

added to the analysis although none of the Vagococcus strains tested in the in vitro 

screening assay inhibited V. parahaemolyticus (Table S1) because this strain previously 

showed inhibition capacity against Vibrionacaeae such as Photobacterium phosphoreum 
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(Wiernasz et al., 2017). Inoculated between 5.1 and 6.7 log CFU.mL-1 in seawater à 19°C, 

all three LAB strains persisted at approximately 5 log CFU.mL-1 after 24 h of 

experimentation (Figure 2). CD264 remained at 5.1 log CFU.mL-1 from 0 h to 24 h of 

persistence. SF1583 and SF1637 significantly decreased at 5.3 log CFU.mL-1 after 4 h, and 

at 5.4 and 5.1 CFU.mL-1 after 24 h, respectively. SF1945 concentration remained stable 

during 4 hours and a significant decrease was observed to 5.5 CFU.mL-1 after 24 h. 

 

Figure 2. LAB strains persistence in seawater, at 19°C, during 24 h. Vagococcus 
fluvialis CD264, Latilactobacillus sakei SF1583, Weissella hellenica SF1637 and 

Lactococcus lactis SF1945. Data represents mean ± standard error 

 

 Validation of Vp-gfp+ mutants 

Four strains of V. parahaemolyticus were selected for this experiment: the reference strain 

LMG2850T, and IFVp18, IFVp195 and IFVp201 displaying different virulence gene 

content (Sorée et al., in preparation), origins (Table 1) and LAB sensitivities (Table 2). 

GFP-tagged V. parahaemolyticus (Vp-gfp+) strains were then constructed to quantify them 

by flow cytometry according to a method previously described (Sorée at al., 2022). For 

unknown reasons, electroporation of IFVp18 failed, and it was thus replaced by the 

IFVp69 strain which harboured the same genetic profile concerning tdh, trh and T3SS 

genes than IFVp18 (Sorée et al., in preparation). Assays of plasmid stability showed that 

pFD086 plasmid persisted after 24 h at 100% in IFVp195-gfp+ and IFVp69-gfp+, and at 

96% in LMG2850-gfp+ strains after an initial inoculation of 105 CFU.mL-1 in FSSW. The 

differences of doubling time between wild type and GFP-tagged strains were of 0 min 

(doubling time = 43 min) for LMG2850T, 1 min (35 and 34 min, respectively) for IFVp69 

and 5 min (60 and 65 min, respectively) for IFVp195, showing that the pFD086 plasmid 

did not impact growth of these strains. 
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 Challenge tests of oysters with IFVp201-gfp+ and LAB strains 

Effects of three LAB strains (CD264, SF1583 and SF1945) on Vp-gfp+ removal during 

oyster depuration were investigated during in vivo experimental bacterial challenge tests 

with oysters. Because of experimental costs and time, only one of the two Lactobacillaceae 

SF1583 and SF1637 was retained. Spat C. gigas oysters were exposed to an initial 

concentration of Vp-gfp+ in seawater that ranged from 4.4 to 4.6 log bacteria.mL-1 (Figure 

3A). Concentrations of Vp-gfp+ after the balneation with oysters ranged from 3.1 to 4.0 

log bacteria.mL-1 in seawater (Figure 3B) and from 2.1 to 2.4 log bacteria.mL-1  in oyster 

haemolymph (Figure 3C), corresponding to a 100-fold decrease when compared to 

initial concentration. Oysters were then washed and put in clean seawater for natural 

depuration, containing LAB strains or not. After 24 h, Vp-gfp+ concentrations in oyster 

haemolymph ranged from 1.3 to 3.6 log bacteria.mL-1 in the absence of  LAB strains 

(Figure 3D).  

 

Figure 3. Concentrations of Vp-gfp+ in seawater and haemolymph during challenge 

test. (A) Initial concentration of Vp-gfp+ in seawater. (B) Concentrations of Vp-gfp+ in 
seawater after the overnight balneation with oysters. (C) Concentrations of Vp-gfp+ in 
oyster haemolymph after the overnight exposure with oysters. (D) Concentration of Vp-
gfp+ in oyster haemolymph after 24 h of natural depuration. (□): IFVp201-gfp+, (○): 
IFVp69-gfp+, (■): IFVp195-gfp+, (●): LMG2850-gfp+. Data represents the mean ± standard 
deviation. 

 

LAB strains were inoculated in seawater at concentrations ranging from 5.2 to 5.7 log 

CFU.mL-1 for CD264, from 5.4 to 5.9 log CFU.mL-1 for SF1583 and from 5.8 to 6.1 log 

CFU.mL-1 for SF1945. After LAB exposure (24 h), no oyster mortality was recorded, 

neither in the Vp-gfp+ exposed tanks, nor in control tanks, and concentrations of CD264, 

SF1583 and SF1945 in oyster haemolymph were of 3.6, 3.9 and 4.4 log CFU.mL-1, 

respectively. Only IFVp201-gfp+ depuration was significantly higher with CD264  

(p = 0.01), SF1583 (p = 0.03) and SF1945 (p = 0.02) compared to control condition, without 

LAB (Figure 4). IFVp195-gfp+ and LMG2850-gfp+ were rapidly eliminated by the oyster 
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after 24 h of depuration but V. parahaemolyticus concentrations were slightly lower in 

presence of LAB strains in comparison with the control condition (p > 0.05). IFVp69-gfp+ 

depuration was not promoted by LAB presence with concentrations ranging from 2.4 to 

2.7 log bacteria.mL-1 in haemolymph after 24 h of depuration, and concentration was 

even slightly higher in presence of SF1945 compared to the control condition (Figure 4).  

 

Figure 4. Vp-gfp+ quantification in oyster haemolymph after an overnight exposure of 

oysters followed by 24h-incubation with different LAB. (○): Vp-gfp+ alone, (■): Vp-gfp+ 
and V. fluvialis CD264, (●): Vp-gfp+ and L. sakei SF1583, and (▲): Vp-gfp+ and L. lactis 
SF1945. Control: data are represented as the mean of technical replicates of one pool of 
five oysters ± standard error. CD264, SF1583 and SF1945: data are represented as the 
mean of three pools of five oysters ± standard error. *: p < 0.05 

 

4. Discussion  

Probiotics are widely used in aquaculture as replacement of antibiotics. Growth of  

V. parahaemolyticus, marine bacteria known as foodborne pathogen, was shown to be 

inhibited in vitro by a range of probiotics (Charernjiratragul et al., 2010; Girija et al., 2018). 

Bioprotective agents could be helpful in depuration process when other methods either 

failed to completely eliminate V. parahaemolyticus, or are detrimental for oysters or too 

expensive for oyster farmers. In this study, marine and thus, salt and cold resistant LAB 

strains were investigated for their anti-V. parahaemolyticus activities in vitro and for  

V. parahaemolyticus removal during Crassostrea gigas depuration. 

In our study, among the six LAB genera investigated, some strains of Latilactobacillus sp., 

Carnobacterium sp., and Lactococcus lactis, and all tested strains of Weissella sp. showed 

inhibitory activities against V. parahaemolyticus. Antimicrobial activities of LAB may be 

caused by acid, hydrogen peroxide or bacteriocin production (Lindgren and Dobrogosz, 

1990). In our study, LAB cultures adjusted to pH 7 no longer exhibited inhibition activity 
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against V. parahaemolyticus growth, suggesting an inhibition by acid production. Indeed, 

V. parahaemolyticus strains were shown to be acid sensitive (Beuchat, 1976; Fan et al., 

2022). Moreover, variations in acid sensitivity of V. parahaemolyticus could explain the 

variations in inhibition between V. parahaemolyticus strains observed in our study 

(Chiang et al., 2012). To our knowledge, it was the first study showing antimicrobial 

activity of Weissella sp. strains against V. parahaemolyticus, but as some species of Weissella 

can cause infections in human and rainbow trout (Fusco et al., 2015), the SF1637 was not 

selected for the following oyster experimentations. According to these results, the two 

strains, Latilactobacillus sakei SF1583 and L. lactis SF1945 as well as the Vagococcus fluvialis 

CD264 strain were selected for practical application for oyster depuration.  

The LAB strains used in this study were isolated from refrigerated marine seafood. Their 

origins probably explain their persistence in seawater, seafood matrix is an ecological 

niche characterized by low temperature and depleted in carbohydrates easily 

assimilable. Oysters were firstly contaminated with V. parahaemolyticus and exposed to 

LAB strains to investigate a depuration procedure which would answer to PHP and 

regulation issues, and would be easily accessible to oyster farmers and processing oyster 

plants. Oysters were contaminated in average by 2.25 log bacteria.mL-1 of  

V. parahaemolyticus corresponding to concentrations found in environmental oysters 

(Jones et al., 2014; Kirs et al., 2011). As the depuration profiles in oysters was shown to 

vary according to V. parahaemolyticus strains (Aagesen et al., 2018), we thus tested the 

LAB efficiency against four different V. parahaemolyticus strains. Indeed, results showed 

higher depuration of IFVp195 and LMG2850T from oysters than of IFVp201 and IFVp69 

to a lesser extent. LAB strains were able to concentrate in oyster tissues after 24 h with 

approximately 4 log CFU.ml-1, which is slightly less than the concentration used for other 

oyster bioprotective agents (Xi et al., 2014). LAB strains did not promote  

V. parahaemolyticus proliferation in oysters, even if a slightly higher concentration of 

IFVp69 with SF1945 was observed when compared to the control condition. 

Furthermore, in our conditions, LAB effects varied according to V. parahaemolyticus 

strains. The natural depuration of IFVp195 and LMG2850T allowed to observe a slight 

LAB effect with lower V. parahaemolyticus concentrations in presence of LAB in 

comparison to control conditions. IFVp69 depuration was not enhanced by the presence 

of LAB strains. These results were a little more promising to those of previous 

experimentations (Kang et al., 2018; Xi et al., 2014). Indeed, we obtained similar results 

to Kang et al. (2018) but with a seawater temperature of 20°C, more suitable for 

depuration process in oyster plants and farms than 25°C. With the use of a L. plantarum 
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strain, Xi et al. showed a difference of 0.12 and 0.65 log CFU/ml at 15°C and 10°C, 

respectively, suggesting that these low temperatures could not be optimal for LAB 

activity. LAB strains used in our study were isolated from refrigerated seafood products, 

which could be an advantage for their survival in seawater and for the reduction of  

V. parahaemolyticus in oysters as it was shown that V. parahaemolyticus depuration was 

higher at lower temperatures (15°C) (Chae et al., 2009). Differences in LAB 

concentrations inoculated in seawater, 105 (Kang et al.) and 106 CFU.mL-1 (our study), 

did not seem to impact depuration efficacy. Similarly, the exposure of oysters with  

V. parahaemolyticus and LAB strains at the same time (Kang et al., 2018) or successively 

(our study) did not seem to impact depuration efficacy.  

Prophylactic treatment of oyster larvae with probiotics could improve effects on  

V. parahaemolyticus by lowering contamination of spat and adult oysters in natural 

environment and facilitate reduction of V. parahaemolyticus levels during depuration. 

Indeed, previous studies showed that prophylactic use of probiotics in oyster larvae 

production increased growth, survival, resistance against pathogens and immune 

system (Campa-Córdova et al., 2011; Fdhila et al., 2017; Sánchez-Ortiz et al., 2020). 

Moreover, bioprotective agent cocktails previously showed a stronger inhibition 

response against human pathogens such as Escherichia coli (Ferreira et al., 2021; Kumar 

et al., 2016) or Vibrio cholerae (VidyaLaxme et al., 2014). In the same idea, bioprotective 

agents could be used in a synergistic manner with another PHP to increase oyster 

depuration. With this in mind, further studies could focus on combination of 

prophylactic (larval hatchery) and therapeutic (depuration process) treatments with 

bioprotective agents, and on bioprotective agents cocktails against V. parahaemolyticus ; 

this would allow to comply with the National Shellfish Sanitation Program (NSSP) from 

the US Food and Drug Administration (FDA) which recommends a reduction of  

V. parahaemolyticus to non-detectable levels (< 30 MPN.g-1) and to achieve a minimum 

3.52 log reduction (FDA, 2019) to validate a PHP. 

In our study, we evaluated inhibition activities of marine LAB strains against  

V. parahaemolyticus growth. Use of LAB strains during oyster depuration is an interesting 

way to overcome the issues with existing post-harvest processes concerning  

V. parahaemolyticus elimination from oysters before commercialization. However, further 

studies are needed to determine optimal conditions and improve and validate 

appropriate depuration methods for an efficient reduction of V. parahaemolyticus levels 

in oysters like the use of bioprotective agent cocktails or combined-prophylactic 

treatments. Moreover, before implementation in oyster plants and farms, sensory 
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analyses will be needed to evaluate the impact of LAB strains on the smell and taste of 

oysters (Wiernasz et al., 2017). 
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SUPPLEMENTARY TABLES 

Table S1. LAB Inhibition capacities against V. parahaemolyticus LMG2850 strain by 

spot on lawn method, on Z2G medium agar (Zobell broth supplemented with 2% 
glucose and 1% agar). 0 :no inhibition, 1 to 3: weak to strong inhibition. R1, R2: biological 
replicates, a and b : technical replicates. 

 

 

Table S2. Initial concentrations of LAB strains in seawater for each condition 

 

V. parahaemolyticus  strains CD264 SF1583 SF1945

IFVp69 5.23 ± 0.04 5.94 ± 0.02 5.79 ± 0.06

IFVp201 5.24 ± 0.14 5.70 ± 0.20 5.93 ± 0.07

IFVp195 5.66 ± 0.21 5.45 ± 0.07 6.07 ± 0.07

LMG2850 5.57 ± 0.18 5.42 ± 0.04 6.01 ± 0.01

LAB strains
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Conclusion 

 

 

 

 

Figure 11. Résumé graphique de l’activité d’inhibition des bactéries lactiques sur la 
croissance in vitro de souches de V. parahaemolyticus et lors de la dépuration d’huîtres C. 
gigas.  ND : non déterminé.  / : dépuration naturelle donc effet des LAB faiblement 
visibles, ++ : forte inhibition, + : inhibition (in vitro inhibition) ou élimination (oyster 
depuration) moyenne, - : pas d’inhibition (in vitro inhibition) ou d’élimination (oyster 
depuration) 
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I. General discussion 

Vibrio parahaemolyticus is a marine bacterium naturally present in coastal and estuarine 

environment and represents a public health issue in many countries (Iwamoto et al., 

2010). In USA, V. parahaemolyticus infection cases need to be mandatory declared to 

health authorities (CDC, 2017). In Europe, no regulation about mandatory declaration is 

established for now although vigilance concerning Vibrio risk is settled with the Vibrio 

map viewer https://www.ecdc.europa.eu/en/publications-data/vibrio-map-viewer). 

In France, incidence of V. parahaemolyticus infection is really low, while prevalence of  

V. parahaemolyticus in oysters and surrounding environment is high and can rise 100% 

of positive samples during the summer (Deter et al., 2010; Esteves et al., 2015; Robert-

Pillot et al., 2014). Many studies suggested that surface seawater temperature (SST) is the 

main factor involved in variation of V. parahaemolyticus concentration in oysters and their 

surrounding environment (Johnson et al., 2012). In the global change and the increased 

SST context, many authors warned about the increase of Vibrio spp. proliferation and 

Vibrio infection cases (Baker-Austin et al., 2013; Froelich et al., 2019). Indeed,  

V. parahaemolyticus was isolated in oysters at higher latitudes (Baltic sea) and during a 

longer period than what was observed 20 years ago (Baker-Austin et al., 2013; Vezzulli 

et al., 2016), these observations were reinforced by forecasting models for the following 

100 years (Hartwick et al., 2019). In this context, efforts should be made in order to 

further characterize environmental strains and their virulence (Publication I – In silico 

genetic analysis and in vivo virulence of Vibrio parahaemolyticus strains), as well as  

V. parahaemolyticus risk factors associated to shellfish (Publication II and III – Life history 

and ploidy of Crassostrea gigas and Vibrio parahaemolyticus contamination) and decrease 

V. parahaemolyticus risk during oyster consumption (Publication IV – Lactic acid bacteria 

to eliminate V. parahaemolyticus from oysters before commercialization).  

1. In sillico genetic analyses and in vivo virulence of Vibrio 

parahaemolyticus strains 

The Laboratory of Health Environment and Microbiology (LSEM - Ifremer, Brest, 

France) isolated more than 300 environmental V. parahaemolyticus strains between 1999 

and 2012 from various samples (shellfishes, seawater, sediment…) collected from French 

coastal areas (Hervio Heath et al., 2002; Tall, 2013). Ten environmental and one clinical 

V. parahaemolyticus strains were selected, based on virulence gene content by qPCR 

methods, and their whole genome was sequenced. The genotypic diversity of these 11 

V. parahaemolyticus strains was characterized in silico according to composition of core 

https://www.ecdc.europa.eu/en/publications-data/vibrio-map-viewer


General discussion, conclusions and perspectives 

152 

and accessory genomes, presence of various presumably and known virulence genes, 

and prediction of prophages and pathogenicity islands (Publication I).  

A parallel is made between the origin of V. parahaemolyticus isolates (clinical or 

environmental) and pathogenicity according to presence of tdh and/or trh genes but 

clinical isolates were once environmental isolates, and nothing say that an 

environmental isolate could not be involved in clinical cases in the future. Indeed, 

studies showed that haemolysin genes can be absent in clinical isolates (Jones et al., 

2012), and conversely haemolysin genes can be present in environmental isolates 

(DePaola et al., 2003a; Jones et al., 2012). Percentage of strains harbouring the haemolysin 

genes could be biased by the technology employed such as PCR primers (Gutierrez West 

et al., 2013). In this thesis work, we showed during enumerations of indigenous  

V. parahaemolyticus in 2N and 3N oysters that 100% of oyster samples tested were trh2+ 

in July and 96% were tdh+ in November (Publication III). Presence of these genes in 

environmental isolates suggested the possibility that haemolysins and/or other 

virulence factors could be part of adaptative strategies for their survival in response to 

environmental stress or bacterial competition and that V. parahaemolyticus could simply 

be an opportunistic pathogen in humans and other animals. The 11 environmental  

V. parahaemolyticus strains sequenced in our study harbour various haemolysin gene 

content concerning tdh/trh combinations and variants (Publication I – Table 2 and Figure 

S2). The strains exhibit also some characteristics common to all V. parahaemolyticus 

strains, such as presence in all strains of T3SS1, T6SS2, flagella and type IV pili clusters. 

Moreover, all the trh+ strains harboured the urease operon and the T3SS2 while the 

other strains harboured the T3SS2 (Park et al., 2000), except for IFVp18 and IFVp69 

which did not harbour a T3SS2 cluster.  

However, some particularities were identified in these 11 strains. Firstly, IFVp201 and 

IFVp203 exhibited a VPIII organization of the T3SS1 cluster resulting in the replacement 

of the VP1676-VP1679 region by three other genes (Wu et al., 2020). These three new 

genes were also identified by BLASTp on chromosome I of five other V. parahaemolyticus 

genomes (IFVp18, IFVp22, IVp177, IFVp195 and IFVp408). This region was not be 

involved in cytotoxicity in HeLa cells using deleted mutant of the region VP1676-VP1679 

(Ono et al., 2006) and in fish cells by comparison of strains harbouring different T3SS1 

organizations (Wu et al., 2020). Analyses of their putative function suggested that they 

were part of a tripartite efflux pump operon with a major facilitator superfamily (MFS) 

transporter, a periplasmic adaptor protein and a TetR regulator, while the outer 

membrane factor was encoded outside of this operon, as frequently seen in other gram-
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negative bacteria (Alav et al., 2021). Tripartite efflux pumps were shown to be mainly 

involved in antibiotic resistance but also in virulence, quorum sensing or biofilm 

formation (Alav et al., 2021). Furthermore, a biosynthesis cellulose operon (bcs) was 

identified in strains lacking the T6SS1 (IFVp201, IFVp203 and IFVp177). Meparambu 

Prabhakaran et al. suggested that this operon could be involved in environmental fitness 

in place of the T6SS1 (Meparambu Prabhakaran et al., 2021) and presented a similar 

organization to the one of E. coli and Salmonella enterica serovar Typhimurium (Krasteva 

et al., 2017). Cellulose was identified as a major component of biofilm involved in 

environmental survival (Augimeri et al., 2015) and in virulence as shown for V. cholerae 

which exhibited a hyper-infectious phenotype when bacteria were grown in biofilm 

(Tamayo et al., 2010). As suggested above, presence of these genes does not mean a 

virulent phenotype, thus in vivo experiments are needed to determine pathogenicity of 

V. parahaemolyticus strains.  

Using the infant rabbit model, IFVp201 (tdh3+ trh1+) showed a highly virulent phenotype 

while IFVp195 (tdh1+) an avirulent phenotype. These results obtained with IFVp195 were 

interesting especially since this strain harbours the T3SS2, shown to play an important 

role in virulence of the RIMD2210633 strain in rabbit model (Ritchie et al., 2012). This 

result could be explained by different parameters. First, an effector, which can be 

translocated by the T3SS2 only, can be present in RIMD2210633 but absent in IFVp195, 

thus explaining differences in virulence phenotype between these two strains. Second, 

low IFVp195 concentrations in intestinal homogenates 120 HPI could reflect the absence 

of colonization of the small intestine by the bacteria and/or a low survival rate in 

intestinal tracts of infant rabbits. Bacterial survival in intestinal tract can be associated to 

different processes, and in particular to acid sensitivity. Indeed, as shown in Chapter III, 

IFVp195 showed a particular high sensitivity to acid production by LAB strains during 

in vitro inhibition tests in comparison to the other V. parahaemolyticus strains (Publication 

IV). The pH of rabbit stomach is of 1-2 (Merchant et al., 2011) which could have a 

negative impact on IFVp195 survival, and thus on intestine colonization. In 2019, Wang 

et al., using in vitro simulated digestive fluid, demonstrated that among the four 

genotypes (tdh+ trh+, tdh+ trh-, tdh- trh+ and tdh- trh-), tdh+ trh+ V. parahaemolyticus strains 

had a greater survival rate than tdh+ trh- strains (Wang et al., 2019). These results could 

explain why IFVp201 (tdh+ trh+) appeared more virulent than RIMD2210633 (tdh+ trh-) 

(Ritchie et al., 2012). It is important to note that the absence of virulence of IFVp195 

(tdh1+) strain in infant rabbit question about reliability of haemolysins as criteria of 

potential pathogenicity of V. parahaemolyticus, especially since controls of seafood based 
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their methods on tdh/trh detection in samples resulting in the removal of the seafood 

product and/or farm closure (DGAl, 2019; NSSP, 2017) 

The wax moth Galleria mellonella appeared as a promising model to study virulence 

potential of various bacterial species (Bokhari et al., 2017; Miyata et al., 2003; Tran et al., 

2010). We showed that systemic infection of larvae by V. parahaemolyticus was partially 

induced by the T3SS1 using historical mutants of RIMD2210633 (Ritchie et al., 2012). 

However, the systemic infection was not entirely explained by the T3SS1, because 

infection with the mutant resulted in only 38% of larvae survival. Other mechanisms 

should be involved in V. parahaemolyticus virulence in larvae after an infection by 

injection, among which the presence and expression of VP1678 gene or T6SS cluster 

(Brodmann et al., 2021; Liaw et al., 2019).  

2. Life history and ploidy level of Crassostrea gigas oysters, and Vibrio 

parahaemolyticus contamination 

Presence and concentration of V. parahaemolyticus in seafood, e.g. oysters, is a critical 

turning point in public health issue. Abiotic factors influencing abundance of  

V. parahaemolyticus in oysters were widely studied in comparison to biotic factors 

associated to host as oysters. 

Here, we firstly investigated the life history of oysters on accumulation and depuration 

of V. parahaemolyticus in C. gigas (Publication II) using three batches of diploid C. gigas 

oysters maintained year-round and all their life in Ifremer secured infrastructures (naive 

oysters) and three batches of oysters grown in the intertidal environment (environmental 

oysters). Experimental IFVp201 accumulation and depuration between naive and 

environmental oysters were compared. Then, the impact of ploidy levels of oysters on 

accumulation and depuration of V. parahaemolyticus in C. gigas (Publication III) was 

investigated with three batches of each ploidy (2N and 3N) maintained in intertidal 

environment and collected once a month from May to November 2021. Natural  

V. parahaemolyticus contamination (indigenous V. parahaemolyticus), and experimental 

IFVp201 accumulation and depuration between 2N and 3N oysters were compared. Life 

history appeared to impact IFVp201 experimental accumulation but not depuration, 

while ploidy level did not seem to have an impact on natural contamination with  

V. parahaemolyticus (except with a tendency in autumn/winter), or on experimental 

accumulation and depuration.  

Given that V. parahaemolyticus is not an oyster pathogen, it is conceivable to think that 

oysters did not respond to the presence of V. parahaemolyticus in their tissues. Indeed, it 
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was shown in another oyster species, C. virginica, that haemocytes were not 

chemoattracted by live or heat-killed V. parahaemolyticus ATCC17802T (Cheng and 

Howland, 1979). However, other studies showed that C. virginica haemocytes were able 

to kill V. parahaemolyticus in vitro (Genthner et al., 1999; Volety et al., 2001). Taken 

together, these results suggested that oyster haemocytes may be able to recognize and 

eliminate V. parahaemolyticus. Moreover, haemocyte activity was suggested to be 

modulated by environmental parameters such as temperature and salinity (Gagnaire et 

al., 2006), and thus could explain the re-accumulation observed for 2N and 3N oysters 

in November between 24 h and 48 h of depuration. Indeed, it was shown that 

haemocytes killed less V. parahaemolyticus in winter than in summer (Genthner et al., 

1999). Furthermore, difference between environmental temperature at the time of 

collection (10-11°C) and experimental temperature (19°C) could have also favoured  

V. parahaemolyticus proliferation. Furthermore, oysters harbour an immune memory 

allowed by a phenomenon called immune priming which results in a higher immune 

response when exposed a second time to a pathogen. To our knowledge, this 

phenomenon has not been investigated yet for human pathogens such as  

V. parahaemolyticus but it was shown for oyster pathogens like Vibrio splendidus in C. gigas 

(Zhang et al., 2014). According to the concentrations of indigenous V. parahaemolyticus 

observed in 2N and 3N oysters (Publication III), we could hypothesize that 

environmental oysters were exposed to natural V. parahaemolyticus during the summer 

prior to experimentations (life history of C. gigas, October 2021). This first exposure to 

indigenous V. parahaemolyticus could have led to higher immune response unlike naive 

oysters and thus resulted in elimination of V. parahaemolyticus. Moreover, presence of 

indigenous V. parahaemolyticus in oysters during this experimentation could result in 

niche competition with IFVp201. However, this could not be confirmed as no difference 

was observed in IFVp201 accumulation in 2N and 3N oysters whatever the concentration 

of indigenous V. parahaemolyticus. Nevertheless, depuration rates of 2N and 3N oysters 

were inversely proportional to concentrations of indigenous V. parahaemolyticus. 

Indigenous V. parahaemolyticus could prevent colonization by IFVp201 and thus result in 

rapid depuration, as shown with V. vulnificus (Froelich and Oliver, 2013; Groubert and 

Oliver, 1994).  

Differences in oyster microbiota composition and dynamics could partially explain these 

results. Indeed, Offret et al. (2020) showed that after 3.5 month of implantation of naive 

oysters from Ifremer hatchery in the intertidal environment, their microbiota were 

drastically changed (Offret et al., 2020). Although oyster microbiota was close to clam 
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microbiota it was surprisingly distinct from the one of surrounding seawater and 

sediments. Microbiota can be also influenced by oyster genetic, environmental 

conditions, temporal variations and spatial location (Lokmer et al., 2016b; Nguyen et al., 

2020). Indeed, a recent study showed that microbiota can be mainly shaped by host 

genetics even when oysters were maintained in the same environment (Unzueta-

Martínez et al., 2022). Whereas determination of “core” microbiota is a difficult thing, 

identification of opportunistic bacteria which colonized oysters during summer 

mortalities resulted in more consensus results. Indeed, oysters susceptible to summer 

mortalities always harboured Vibrio genus (Clerissi et al., 2020; Corr et al., 2007; de 

Lorgeril et al., 2018; King et al., 2019a; King et al., 2019b; Lokmer and Wegner, 2015; 

Richard et al., 2021), were often associated with Photobacterium (Clerissi et al., 2020; King 

et al., 2019a; Lokmer and Wegner, 2015) and Arcobacter genera (de Lorgeril et al., 2018; 

King et al., 2019b; Lokmer and Wegner, 2015; Richard et al., 2021), and sometimes with 

Streptococcus (King et al., 2019a; Li et al., 2022) and Roseovarius genera (King et al., 2019a; 

Ramachandran et al., 2018). These increased levels in opportunistic bacteria during 

summer mortalities could result in higher susceptibility to bacterial colonization, 

including V. parahaemolyticus, and thus, could partly explain the seasonal dynamic of V. 

parahaemolyticus concentrations observed in 2N and 3N oysters. However, dynamics of 

tdh+ and trh+ strains were not similar to dynamic of total V. parahaemolyticus. 

Indeed, prevalence of tdh+ V. parahaemolyticus in oysters was higher in autumn 

(November) than in summer (July), suggesting a higher environmental fitness of these 

strains or less bacterial competition at this season. Similar results were previously 

observed in C. virginica (DePaola et al., 2003b; López-Hernández et al., 2015; Williams et 

al., 2017) and in C. gigas (Flynn et al., 2019) with higher potentially pathogenic V. 

parahaemolyticus in autumn/winter than in spring/summer. Added to these 

observations, authors of previous studies concluded that prevalence of tdh+  

V. parahaemolyticus was higher when concentration of tlh+ (total V. parahaemolyticus) was 

lower (DePaola et al., 2003b; Flynn et al., 2019). In Europe, consumption of oysters is 

high during autumn/winter for Christmas and New Year celebrations. This higher 

prevalence of potentially pathogenic V. parahaemolyticus strains at this period highlights 

the need of V. parahaemolyticus detection in seafood control year-round. Indeed, the 

IFVp201 strain (tdh+ trh+), isolated from mussels (Mytilus edulis) on the French Atlantic 

coast in December 2009, was shown to be highly virulent in rabbit model (Publication I).  

In this chapter (Publication II and III), some factors such as life history and ploidy level 

of oysters could slightly impact V. parahaemolyticus accumulation and/or depuration in 
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oysters. However, the natural occurrence of V. parahaemolyticus in oysters requires 

treatments or methods to eliminate them from oysters before commercialization. 

3. Lactic acid bacteria to eliminate Vibrio parahaemolyticus before 

commercialization 

As elimination of V. parahaemolyticus by classical methods of depuration was not 

successful or sufficient, we investigated the potential of probiotics like lactic acid bacteria 

(LAB) to inhibit growth of V. parahaemolyticus in vitro and to promote elimination of  

V. parahaemolyticus from oysters during depuration (Publication IV). 

In our study, LAB strains showed varying inhibitory capacities against  

V. parahaemolyticus growth by acid production. A previous study observed variations in 

acid tolerance (pH 4 to pH 7) between V. parahaemolyticus strains (Chiang et al., 2012). In 

our study, IFVp195 was the most sensitive to inhibition by LAB strains, suggesting a 

higher acid sensitivity than the other strains. This result can be linked to lower survival 

in infant rabbit intestines of IFVp195 than IFVp201 (Chapter 1). According to these 

results and the genetic profiles (Publication I), four V. parahaemolyticus strains (IFVp201, 

IFVp195, IFVp69 and LMG2850T) were selected to investigate LAB use during oyster 

depuration.  

Experimental accumulation and depuration of V. parahaemolyticus in oysters showed 

varying depuration rate between strains, as previously described (Aagesen et al., 2018). 

Persistence of V. parahaemolyticus in oysters appeared to be associated to type IV pili and 

flagella (Aagesen et al., 2013) even though no correlation was made between persistence 

in oysters, motility and biofilm formation (Aagesen et al., 2018). In our study, no 

correlation was observed between the persistence of the four V. parahaemolyticus strain 

in oysters, biofilm formation and motility assays (unpublished data).  

Only few studies investigated use of LAB strains for V. parahaemolyticus elimination 

during oyster depuration (Kang et al., 2018; Xi et al., 2014). Comparison of our results as 

well as the experimental parameters with results of these other studies will be useful to 

identify optimal parameters to ensure the maximal V. parahaemolyticus elimination. 

Three major parameters were usually investigated concerning V. parahaemolyticus 

depuration: time of processing, and seawater salinity and temperature (Campbell et al., 

2022), added to LAB species selection and type of process (balneation or injection). In 

comparison to our study, Kang et al. simultaneously exposed oyster to  

V. parahaemolyticus and Enterococcus faecium, which could result in an inhibition of  

V. parahaemolyticus directly in seawater before entering in oysters, which is not what we 
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wanted to investigate. Xi et al. showed little to no difference in log reduction between 

control condition and LAB treatment. In Xi et al., the time of depuration was of four days, 

non-adapted to classical depuration process (24 – 48 h) in oyster farms, in comparison to 

24 h in our study. However, it was shown that a longer time of depuration increase the 

log reduction of V. parahaemolyticus in oysters (Phuvasate et al., 2012), suggesting that 

the longer LAB exposure time should not be involved in the lower log reduction of  

V. parahaemolyticus. Since seawater salinities and bacterial concentrations were similar 

between the two studies, the last parameter which could explain the lower LAB efficacy 

during depuration in Xi et al. was the seawater temperature. Indeed, Xi et al. exposed 

oysters to LAB at 10 and 15°C, in comparison to 20°C in our study. Experiment 

temperatures were previously shown to impact LAB efficiency (Douillet and Langdon, 

1994). Although some parameters need to be optimally determined, use of LAB strains 

for elimination of V. parahaemolyticus seems a promising method.  

II. Conclusions 

This thesis work provided many interesting insights concerning virulence of  

V. parahaemolyticus strains, factors involved in accumulation and depuration of  

V. parahaemolyticus in oysters and method for elimination of V. parahaemolyticus during 

post-harvest depuration. We can firstly conclude that presence of virulence factors such 

as TDH and T3SS2 did not necessarily result in a virulent phenotype in rabbit model 

(Publication I). Then, life history but not ploidy impact V. parahaemolyticus experimental 

accumulation but not depuration (Publication II and III). However, interesting results 

were observed in November 2021 with less natural contamination in 3N than in 2N 

oysters and presence of potentially more virulent V. parahaemolyticus strains (Publication 

III). Finally, use of LAB as post-harvest process to eliminate V. parahaemolyticus appeared 

to be a promising method (Publication IV).  

III. Perspectives 

Some perspectives could be considered following this thesis work, to further 

characterize potential virulence genes in V. parahaemolyticus and determine their 

phenotype in vivo. Then, to identify factors associated to oysters involved in  

V. parahaemolyticus accumulation, persistence and depuration. Finally, to develop an 

efficient and reliable method to eliminate V. parahaemolyticus from oysters in order to 
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respect the 3.52 log reduction rule requested by the US FDA through the National 

Shellfish Sanitation Program (NSSP, 2017).  

1. In sillico and in vivo virulence of Vibrio parahaemolyticus strains 

Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-

TOF MS) is increasingly used for identification of bacteria. It is rapid, low in cost and 

suitable for high-throughput characterization (Mellmann et al., 2009; Mougin et al., 2020; 

Seng et al., 2009). Although Li et al. (2018) asked for caution for the use of MALDI-TOF 

to distinguish serovariants of V. parahaemolyticus due to its taxonomic resolution often 

over-estimated (Li et al., 2018), identification of potentially pathogenic strains appeared 

to be promising (Paauw et al., 2014; Rahmani et al., 2021). However, as for genomic 

analyses, MALDI-TOF analyses need to be associated to in vivo virulence experiments to 

identified proteins only present in pathogenic strains (Rahmani et al., 2021).  

Considering our results with infant rabbit model, virulence characterization of  

V. parahaemolyticus appeared complex and experimentations with more strains with 

diversified in sillico potential virulence gene profiles are needed to decipher 

pathogenicity of V. parahaemolyticus. It is known that sub-variants of trh2+ exist (Bechlars 

et al., 2015) and, to our knowledge, their virulence phenotype was never determined 

using in vivo models, thus it could be interesting to characterize virulence phenotype of 

V. parahaemolyticus strains with various trh2+ sub-variant. Moreover, strains lacking 

haemolysins but with T3SS2 (typically IFVp182 in our study) could be also interesting 

for in vivo experiments to investigate the role of T3SS2 in virulence by avoiding use of 

deletion mutants. Moreover, GFP-tagged V. parahaemolyticus strains could be used for in 

vivo experiments to investigate the localization, colonization and structural changes in 

rabbit epithelial cells, as previously investigated with RIMD2210633 (Ritchie et al., 2012). 

All these experiments could help to identify more factors involved in virulence, and 

thus, refine identification of potential virulence factors besides haemolysins and T3SS.  

Though we suggested a role of T3SS1 in V. parahaemolyticus virulence in G. mellonella 

larvae, other factors can be involved especially since the deletion of T3SS1 resulted in 

only 38% of larvae survival. For this purpose, we could investigate involvement of T6SS 

using deletion mutants like those used in Salomon et al. (2013). Moreover, the important 

factor which can bias results in in vivo models is the infection route. Indeed, as observed 

for murine model, factors involved in virulence in intra-peritoneally and orogastrically 

infected mice were different (Hiyoshi et al., 2010; Yang et al., 2019). The same 

assumptions can be made concerning G. mellonella larvae. This way, we could investigate 
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V. parahaemolyticus virulence in larvae using an oral infection (Ramarao et al., 2012) and 

study factors involved in virulence using deletion mutants as used in our study.  

2. Life history and ploidy level of Crassostrea gigas and Vibrio 

parahaemolyticus accumulation 

One of the limits of experimental accumulation and depuration is the fact that after 18 h 

or 24 h of V. parahaemolyticus accumulation, the interaction was transient, thus do not 

reflect the real association between oyster and autochthonous bacteria (Froelich and 

Oliver, 2013). As a continuous contamination by V. parahaemolyticus concentrations 

reflecting those in the environment could be technically difficult, we could, for example, 

investigate accumulation of V. parahaemolyticus directly in environment. In this context, 

oysters grown in secured infrastructures, i.e. naive oysters, could be implemented in 

environment before summer and analysed after summer for V. parahaemolyticus levels, 

in comparison to oysters grown in environment. As investigated in a previous study 

(Offret et al., 2020), 3.5 months implementation resulted in microbiota composition 

changes. Thus, if naive oysters accumulated V. parahaemolyticus as much as 

environmental oysters after this implementation, microbiota could be the major factor 

influencing V. parahaemolyticus accumulation. Whereas, if naive oysters maintained their 

“permissiveness” toward V. parahaemolyticus in comparison to environmental oysters, it 

could mean that oyster genetic or immune response could be major factors involved in 

V. parahaemolyticus accumulation. In all cases, microbiota analyses of naive and 

environmental oysters and surrounding waters before and after the summer could be 

performed in order to further characterize stable and transient microbiota of oysters. In 

the second case, immune priming assays could be considered to investigate immune 

response of oysters following V. parahaemolyticus accumulation. If these assays revealed 

an immune priming, identification of recognition and elimination mechanisms of  

V. parahaemolyticus by the oyster immune system could be useful to consider 

“vaccination” of oysters during their larval stage. Indeed, it was shown that exposure of 

larval C. gigas oysters to microorganism-enriched environment increased survival rate 

during summer mortalities during adult stage and that this resistance was transmitted 

in the following generation (Fallet et al., 2022). Vaccination in aquaculture consisted in 

exposure to either entire or part of the fish pathogen (Mondal and Thomas, 2022). With 

this in mind, we could imagine an immersion vaccination using formalin inactivated 

bacteria according to vaccines already commercially available for fin-fish (Brudeseth et 

al., 2013), and because oral or injected vaccines would be out of the question for oysters. 
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Selection of oyster families harbouring resistance against OsHV-1 and Vibrio aestuarianus 

(Azéma et al., 2017) was performed to counteract summer mortalities of juvenile oysters 

on French Atlantic coast. A transcriptomic study showed that oyster families resistant to 

OsHV-1 exhibited an early induction of genes involved in antiviral defences (de Lorgeril 

et al., 2018). Recent studies identified a significant region associated to host resistance to 

(survival and viral load) located in chromosome 6 of C. gigas oysters (Gutierrez et al., 

2018) and a transcript encoding a Toll-like Receptor (TLR), involved in immune 

response. This transcript was overrepresented in three OsHV-1-resistant families over 

OsHV-1-sensitive families (De Lorgeril et al., 2020). These results represent interesting 

ways for future studies to understand the mechanisms underlying in oyster resistance 

to summer mortalities. These resistant oyster families could represent an economic 

advantage for oyster farmers. In that respect, investigation of the resistance or 

susceptibility to OsHV-1 of these oyster families to human pathogens such as V. 

parahaemolyticus is an upmost sanitary importance. 

The difference in indigenous V. parahaemolyticus levels between 3N than 2N oysters in 

November was an intriguing result (even if non-significant). In this context, it would be 

interesting to collect more 2N and 3N oysters during autumn/winter to validate or not 

these results. If these results were confirmed, 3N oysters, besides representing an 

economic interest due to their faster growth, could represent a sanitary interest over 2N 

oysters concerning V. parahaemolyticus risk. To understand this potential difference, 

characterization of their physiological parameters, e.g. filtration rate or clearance rate, 

could be useful. Indeed, a lower filtration rate or higher clearance rate of 3N oysters 

could explain the lower contamination by V. parahaemolyticus than in 2N oysters. Thus, 

characterization of oyster microbiota in 2N and 3N oysters could be useful, firstly, in 

identification of core microbiota of the two oyster types and, secondly, in understanding 

factors involved in V. parahaemolyticus accumulation in oysters.  

While biotic and abiotic parameters shaping total V. parahaemolyticus levels in 

environment were well studied (Blackwell and Oliver, 2008; Johnson et al., 2012; Parveen 

et al., 2008), factors governing proliferation of potentially pathogenic V. parahaemolyticus 

in environment, which are the real threat to human health, were slightly analysed. As 

discussed previously, more potentially pathogenic (like IFVp201) V. parahaemolyticus 

were detected in November than during the other months and independently of ploidy 

level. It would be useful to identify biotic and abiotic factors involved in variations of 

potentially pathogenic V. parahaemolyticus proliferation to determine periods with 

higher infection risks for human during complementary experiments.  
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3. Elimination of Vibrio parahaemolyticus before commercialization 

In oyster farming, probiotics were often used at the larval stage in hatchery to increase 

growth and survival to environmental pathogens such as Vibrio tubiashii or Vibrio 

coralliilyticus (Gibson et al., 1998; Kesarcodi-Watson et al., 2012). To our knowledge, such 

experiments were also performed using human pathogenic Vibrio but to a lesser extent, 

thus, prophylactic treatment of oyster larvae with probiotics to decrease potential future 

V. parahaemolyticus contamination could be considered in future experiments. Especially 

since use of probiotics with shrimp larvae against acute hepatopancreatic necrosis 

disease (AHPND)10-induced V. parahaemolyticus showed higher survival to AHPND 

(Lim et al., 2020; Ramirez et al., 2022). Indeed, early life treatments with enriched-

microorganisms seawater (Fallet et al., 2022) or probiotics (Yin et al., 2021) appeared to 

increase immune response in C. gigas and in large yellow croaker (Larimichthys crocea), 

respectively. This prophylactic treatment performed in hatchery at the larval stage could 

be associated to post-harvest treatment with probiotics to maximize elimination of  

V. parahaemolyticus in oysters. In this context, optimal conditions (temperature, salinity, 

concentration, time of processing, administration mean, seawater system, food or 

starvation…) need to be further determined by doing new experiments with varying 

conditions. It was shown that marine aggregates11 showed significantly higher bacterial 

up take in vitro than bacteria alone (Froelich et al., 2013; Kach and Ward, 2008). Thus, we 

could consider to integrate probiotic bacteria into marine aggregates to ensure a maximal 

accumulation in oysters and maximal V. parahaemolyticus elimination. Furthermore, 

synergistic antimicrobial activities between different probiotics could be explored in the 

future (Ferreira et al., 2021; Lim et al., 2020; VidyaLaxme et al., 2014) to increase 

inhibitory activities up to 3.52 log reduction of V. parahaemolyticus levels (NSSP, 2017). 

Finally, use of LAB in food can result in modification of sensorial aspect, due to their 

acidification activity. With this in mind, a sensory evaluation should be performed to 

evaluate the impact of LAB on smell and taste of oysters (Wiernasz et al., 2017; Wiernasz 

et al., 2020).

                                                      

10 Acute hepatopancreatic necrosis disease (AHPND) affects shrimp production worldwide resulting in 

shrimp mortalities (Kumar et al., 2021). 
11  These particles naturally consist of fecal pellets, larvacean houses, phytoplankton, microbes, and 

inorganics. In the mentioned study, these aggregates were laboratory-created using deionized water and 

hyaluronic acid 
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Appendixes 

Appendix 1.  

Function and localization of each gene from T3SS cluster. 

 

T3SS part Information Protein

pore VopB

pore VopD

chaperone VcrH

Tip VcrV

chaperone VcrG

body VscF

chaperone VscG

chaperone VscE

chaperone VscR

polymerization control VscH

lenght control VscP

OM ring VscC

chaperone VscX

inner rod VscI

IM ring exterior VscD

IM ring interior VscJ

C-ring, socket/Cup VscR

C-ring, socket/Cup VscS

C-ring, socket/Cup VscT

C-ring, socket/Cup VscU

C-ring, socket/Cup VcrD/VscV

C-ring, secretion specificity VscX

C-ring, secretion specificity VscY

ATPase VscN

cytoplasmic VscK

cytoplasmic VscL

cytoplasmic VscQ

Secretion VopN

Secretion Vcr1

Secretion VscB

Secretion Vcr2

Substrate recycling? VscO

T3SS transcription ExsA

T3SS transcription ExsC

T3SS transcription ExsD

T3SS transcription ExsE

Translocon

Structural

Regulators
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Appendix 2.  

T6SS genes according to official nomenclature (A), and T6SS1 (B) and T6SS2 (C) 

operons in RIMD 2210633. 

 

 

 

 

Appendix 3.  

ChiRP (A, pil genes) and MSH (B, msh genes) operons in RIMD2210633. 
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Résumé : Vibrio parahaemolyticus (Vp) est une 
bactérie marine considérée comme la principale 
cause bactérienne de gastroentérites liées à la 
consommation de produits de la mer crus ou 
insuffisamment cuits chez l’Homme dans le monde 
entier. L’absence de facteurs de virulence connus 
(TDH, TRH, système de sécrétion de type III 
(T3SS)) chez des souches Vp isolées de cas 
cliniques souligne la nécessité de mieux 
caractériser ces facteurs et leur expression dans 
des modèles in vivo. De plus, un réel manque existe 
concernant l’implication de facteurs biotiques 
associés à l’hôte, ici l’huître Crassostrea gigas, sur 
l’accumulation et la dépuration de Vp dans leurs 
tissus. Les objectifs de cette thèse sont de mieux 
caractériser le potentiel pathogène des souches 
environnementales de Vp et identifier les facteurs 
associés aux huîtres qui pourraient avoir un impact 
sur les niveaux de contamination de ces bactéries 
dans leurs tissus. 
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Dans un premier temps, une analyse génomique a été 
combinée à une caractérisation phénotypique de la 
virulence grâce à deux modèles in vivo : le lapin et larves 
de Galleria mellonella. Les résultats ont montré que, d’une 
part, la TDH n’est pas un indicateur pertinent de la 
pathogénicité de Vp chez le modèle lapin, et d’autre part, 
que le T3SS-1 de Vp joue un rôle dans la mortalité des 
larves. Il s’agit de nouvelles observations très 
intéressantes qui devront être examinées davantage. Les 
expérimentations sur C. gigas ont montré que les huîtres 
cultivées dans des structures sécurisées accumulaient 
expérimentalement plus de Vp que les huîtres cultivées en 
milieu intertidal et que, le niveau de ploïdie des huîtres 
(diploïde vs triploïde) n’a pas eu d’impact sur la 
contamination naturelle, l’accumulation expérimentale et 
la dépuration de Vp. Enfin, l’utilisation de bactéries 
lactiques présentant des activités d’inhibition de la 
croissance de Vp in vitro, a permis d’obtenir des résultats 
prometteurs concernant l’élimination de Vp pendant la 
dépuration d’huîtres. 
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Abstract :  Vibrio parahaemolyticus (Vp) is a 
marine bacterium considered as a leading cause of 
gastroenteritis associated with raw or undercooked 
seafood consumption in humans worldwide. 
Isolation of Vp strains lacking known virulence 
factors (TDH, TRH, type III secretion system 
(T3SS)) in clinical cases highlighted the need to 
better characterize these factors and their 
expression in in vivo models. Moreover, factors 
associated to the host, the oyster, Crassostrea 
gigas, should be considered to better accumulation 
and depuration of Vp from their tissues. The 
objectives of this thesis were to better characterize 
the pathogenic potential of environmental strains of 
Vp and to identify factors associated to oyster which 
could impact the contamination levels of these 
bacteria in their tissues. 
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The genomic analysis combined to phenotypic 
characterization of virulence in the infant rabbit and Galleria 
mellonella larvae models revealed that, the TDH does not 
seem to be the most relevant indicator of Vp pathogenicity, 
and that larvae mortality was probably explained by Vp’s 
T3SS-1. These are very interesting new observations 
which need to be further addressed. Experiments on C. 
gigas showed that oysters grown in secured structures 
accumulated experimentally more Vp than oysters grown 
in intertidal environment and that the ploidy level of oysters 
(diploid vs. triploid) did not impact the natural contamination 
and the experimental accumulation and depuration of Vp. 
Finally, the use of Lactic acid bacteria which inhibited the 
growth of Vp in vitro, provided promising results concerning 
Vp elimination during oyster depuration. 
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