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Originality-Significance Statement 

This study explores for the existence of trade-offs mechanisms acting upon environmental vibrio 

population. As non-obligatory parasites, vibrios suffer outside-host selection of traits that could impact 

the within-host fitness. In the Splendidus clade, a high O-antigen diversity has been already been 

described due to the gene organization plasticity of the wbe region, responsible for O-antigen 

synthesis. Here we show that this plasticity can drive the selection of O-antigen structures that confer 

resistance to grazers, and likely favors environmental survival, but impacts the within-host bacterial 

competitiveness and immune reactivity leading to a moderate virulence. 

 

Summary 

A major debate in evolutionary biology is whether virulence is maintained as an adaptive trait and/or 

evolves to non-virulence. In the environment, virulence traits of non-obligatory parasites are subjected 

to diverse selective pressures and trade-offs. Here we focus on a population of Vibrio splendidus that 

displays moderate virulence for oysters. A MARTX (Multifunctional-autoprocessing repeats-in-toxin) 

and a type-six secretion system (T6SS) were found to be necessary for virulence toward oysters, while 

a region (wbe) involved in O-antigen synthesis is necessary for resistance to predation against 

amoebae. Gene inactivation within the wbe region had major consequences on the O-antigen 

structure, conferring lower immunogenicity, competitive advantage and increased virulence in oyster 
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experimental infections. Therefore, O-antigen structures that favor resistance to environmental 

predators result in an increased activation of the oyster immune system and a reduced virulence in 

that host. These trade-offs likely contribute to maintaining O-antigen diversity in the marine 

environment by favoring genomic plasticity of the wbe region. The results of this study indicate an 

evolution of V. splendidus toward moderate virulence as a compromise between fitness in the oyster 

as a host, and resistance to its predators in the environment.  

 

 

Introduction 

Parasite virulence encompasses two features of a disease producing capacity, i) infectivity, i.e. the 

capacity to colonize a host and ii) the ability to cause damage in a host (Pirofski and Casadevall, 2012). 

A major debate in evolutionary biology is whether virulence can evolve to non-virulence while 

maintaining the ability to provide other adaptive advantages (Bull and Lauring., 2014; Alizon and 

Michalakis., 2015; Cressler et al., 2016). On the one hand, as virulence affects host fitness, it may select 

for host resistance leading to a permanent non-virulence state. On the other hand, as a parasite 

evolves, it may counteract host resistance and maintain (or increase) virulence in a co-evolutionary 

arms race. For non-obligatory infectious agents, selection upon virulence traits will continue outside 

the host (Levin, 1996; Matz and Kjelleberg, 2005; Brown., et al 2012). This condition is exemplified by 

coincidental selection of bacterial genes involved in resistance to grazing in the environment and 

cytotoxicity to host immune cells, e.g., the macrophage (Adiba et al., 2010). However, experimental 

evolution in the context of single or multiple predators has revealed that the resultant bacterial 

resistance is frequently associated with an accompanying attenuation of virulence through pleiotropic 
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effects on growth or infectivity (Friman et al., 2009; Mikonranta., et al 2012; Friman and Buckling, 

2014), extending the long-standing debate regarding virulence evolution. Indeed, in the environment, 

virulence traits can be subjected to a multitude of pressures, yet relevant theories lack empirical data 

on the mechanisms of virulence gene acquisition, maintenance or loss (Ferenci., 2016). 

Species of Vibrionaceae (herein named vibrio) are marine heterotrophic bacteria that are ecologically 

and metabolically diverse members of planktonic and animal-associated microbial communities 

(Takemura et al., 2014). The genus encompasses the well-studied human pathogen, V. cholerae, as 

well as some very important albeit less thoroughly characterized animal pathogens (Le Roux and 

Blokesch, 2018). Vibrio-associated diseases in Crassostreae gigas have been steadily rising over the 

past decade (Le Roux et al., 2015) and this oyster species is now considered as a model in which to 

explore vibrio disease dynamics in wild animals (Le Roux et al., 2016). Moreover vibrios have been 

subjected to population genetic analyses, which has allowed the delineation of functionally and 

genetically cohesive ecological populations (Cordero and Polz, 2014; Shapiro and Polz, 2014). This 

population genetic structure provides a framework for the mapping of disease properties, the analysis 

of vibrio ecological and evolutionary dynamics, and the interpretation of selective mechanisms. We 

previously showed that some vibrio populations are preferentially associated with oyster tissues 

compared to the surrounding water (Bruto et al., 2017). Within the diverse Splendidus clade, virulence 

represents an ancestral trait that has been lost in several populations (Bruto et al., 2018). We identified 

diverse loci that are necessary for virulence, resulting in population-specific mechanisms that converge 

to a common end: cytotoxicity to immune cells and immune evasion (Piel et al., 2019; Rubio et al., 

2019). To date the non-virulence status of Splendidus-related strains has been related to gene loss 

(Bruto et al., 2018); however, whether and why gene acquisition could result in virulence attenuation 

remains to be determined.  
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Here we focused on a population taxonomically assigned to the marine species V. splendidus and 

positively associated with oysters (Bruto et al., 2017). All members of this population were isolated in 

Spring, before oyster disease events. This sampling approach precludes biases associated with the 

selection of bacterial genotypes encoding high virulence potential (Bruto et al., 2017). We show that, 

while members of this population display moderate virulence, at least one strain is non-virulent. Two 

loci, a MARTX gene clusters and a type six secretion system (T6SS), were found necessary for virulence. 

A third locus (wbe), involved in O-antigen synthesis, distinguished between strains based on their 

combination of virulence and O-antigen structure. Gene inactivation within the wbe region resulted in 

increased virulence, competitive advantage and lower immunogenicity in oyster, whereas it 

suppressed protection against grazing by marine amoebae. Our results suggest that a conversion of O-

antigen structure resulting from wbe genes shuffling is involved in a trade-off between resistance to 

environmental grazing and virulence to oysters.  

 

Results  

Despite the presence of two virulence loci, V. splendidus strains can show a relatively moderate 

virulence toward oysters. 

We previously demonstrated the coincidence of vibrio ecological population delineation with virulence 

for oyster (Bruto et al., 2018). Here we focused on three populations positively associated with oysters. 

Strains of V. splendidus (population #23), associated to healthy oysters in spring, were significantly less 

virulent (82.1 % mean survival rate 24 hpi, ANOVA, p < 0.05 and Tukey HSD test) than populations 

isolated from diseased oysters in the summer (Bruto et al., 2017, 2018) (Fig. 1A). Moreover, contrasting 
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virulence phenotypes were observed between strains of V. splendidus #23 when generating Kaplan-

Meier survival curves over 6 days (Fig. 1B). Indeed, only 40-60% of oysters injected with strains 4G4_4, 

4D1_8 and 3T8_11 were alive at day 3, and generally remained viable until day 6. To contrast with V. 

crassostreae and V. splendidus #24 (Fig. 1A), we classify these strains as moderately virulent. By 

comparison, strain 4G1_8 had no significant effect on oyster survival (survival > 82 %, Log-rank p-value 

= 0,035, Bonferroni corrected for 10 comparisons) over the 6 days.  

We performed comparative genome analyses between the moderately virulent strains (3T8_11, 

4D1_8, 4G4_4) and the non-virulent strain (4G1_8) to investigate the genetic bases of this moderately 

virulent phenotype. A total of 419 genes were found to be specific to the moderately virulent strains 

(maxLrap > 0.8; identity > 60%) (Table S1). Among these genes, 38 clustered in two loci potentially 

involved in virulence. A first locus (rtxACHBDE, gene labels GV4G44_v1_300029 to 300034 in 4G4_4) 

encodes a putative toxin (MARTX, gene rtxA), a putative acyltransferase (rtxC), an uncharacterized 

protein (rtxH), and a putative type I secretion system (rtxBDE) (Fig. S1A). The MARTXs found in 3T8_11, 

4D1_8, 4G4_4 (5,088 amino acids) show 97.88% identities with the MARTX found in V. splendidus 

strain ZS185 (Bruto et al., 2018) and contain a core structure composed of two conserved regions at 

the amino- and carboxyl-termini, a cysteine-protease domain (CPD), a Ras/Rap1-specific 

endopeptidase (RRSP), an actin cross-linking domain (ACD), an α/β hydrolase (ABH) and two other 

cysteine-protease effector domains (MCF) (Fig. S1B). We assessed genetically the importance of the 

MARTX encoding gene for V. splendidus #23 virulence in strain 4G4_4 by inactivation of the rtxA (rtxA-

i). Inactivation did not impair growth in culture media (Fig. S2) but increased significantly survival of 

infected oysters, from 71.7 % to 82.5 %, when determined 24 hpi (p<0.05) (Fig. 2).  
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A second locus (GV4G44_v1_320001 to 320032 in 4G4_4) encodes a type VI secretion system (T6SS), 

a contact-dependent contractile nanomachine used by many Gram-negative bacteria as weapons 

against a variety of prokaryotic and eukaryotic organisms (Cianfanelli et al., 2016). The locus (herein 

named T6SS4G4_4) is organized into, at least, three operons containing genes involved in the structure 

and assembly of the contractile complex (Fig S3). Specifically, for the strain 4G4_4 next to the gene 

encoding a PAAR-motif protein (DUF4150 domain and 380 amino acid extension of unknown function), 

we identified a putative immunity system for nucleic acid degrading toxins. The putative effector 

(GV4G44_v1_320031 in 4G4_4) contains an AHH (Ala-His-His) nuclease domain found in bacterial 

polymorphic toxin systems (Zhang et al., 2011). In many bacterial models, T6SSs are involved in killing 

competing bacteria (Cianfanelli et al., 2016). Here, we did not observe inter-bacterial killing in vitro 

when using 4G4_4 as a predator and E. coli ML35p (Lehrer et al., 1988) as a prey (Fig S8). This result 

suggests that this T6SS4G4_4 may not function in bacterial killing or are restricted to congeners. 

Alternatively, T6SS4G4_4 expression could be restricted to specific conditions such as oyster infection. 

We also tested whether T6SS4G4_4 could mediate toxicity toward eukaryotic cells. This showed that the 

three moderately virulent strains of V. splendidus #23, as well as the non-virulent strain 4G1_8, which 

lacks the T6SS4G4_4 were all significantly cytotoxic, as they induced 25.9 to 51.3% hemocyte lysis over 

18 h (p<0.05), as opposed to 4.1% for the negative control V. tasmaniensis LMG20012T (Fig S4A). 

Consistent with this observation, we found that inactivation of vipA in 4G4_4 (GV4G44_v1_320017), 

which encodes a component of the T6SS#23 contractile sheath, did not alter strain cytotoxicity, in 

contrast to the vipA1-i inactivation of T6SSchr1-LGP32 in V. tasmaniensis LGP32 (Fig. S4B). On the other 

hand, the 4G4_4 vipA-i mutant showed attenuated virulence, as determined by a significant increase 

in oyster survival after vibrio injection, from 71.7 % (wild-type 4G4_4) to 90.8 % (4G4_4 vipA-i), p<0.05 
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(Fig. 2). Hence, the presence of T6SS4G4_4 affects virulence in the oyster, although its molecular 

mechanisms and cellular target(s) remain to be determined. 

 

Specific O-antigen structure antagonizes with V. splendidus virulence 

The O-antigen is a highly diverse structure of the lipopolysaccharide (LPS) molecules, and is displayed 

at the outer surface of Gram-negative bacteria. In V. splendidus, the wbe region involved in O-antigen 

synthesis was previously shown to exhibits extensive genetic diversity (Wildschutte et al., 2010). Here, 

we found that the moderately virulent strains of V. splendidus #23 presents a wbe region structure 

(GV4G44_v1_410010 to GV4G44_v1_370009 in 4G4_4) that highly differs from that of the strain 

4G1_8 (Table 1). To assess the possible consequences of wbe genetic organization on O-antigen 

structure, we analyzed the electrophoretic profiles of the LPS expressed by four strains of V. splendidus 

#23. All LPS were of smooth type (Pupo and Hardy, 2007), as indicated by the typical ladder-like 

electrophoretic profiles of molecules containing different numbers of O-antigen repeating units (Raetz 

and Whitfield, 2002)(Fig. 3A). Short-chain molecular species containing only lipid A and core 

oligosaccharides migrated to the bottom of the gel, and were observed in all bacterial strains. 

However, several major differences were observed between the non-virulent strain 4G1_8 and the 

three moderately virulent strains (4G4_4, 3T8_11 and 4D1_8). First, the non-virulent 4G1_8 displayed 

an LPS of higher molecular weight with a lower number of monosaccharide residues per O-antigen 

repeating unit, as indicated by the tighter spacing between bands (Fig. 3A). Second, the LPS profile of 

all moderately virulent strains showed a prominent band of molecules of moderate size that may 

indicate the attachment to the core of a fixed number of O-antigen repeating units, or of an 

oligosaccharide side chain. In contrast to the polysaccharide moieties, no difference could be 
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evidenced in the Lipid A anchor, as determined by MALDI-TOF-MS (Fig S5). To determine the functional 

consequences of such distinct LPS structures, we compared the ability of V. splendidus #23 strains to 

bind to cytochrome C, a cationic molecule that binds to the negatively-charged membranes of bacteria 

(Saar-Dover et al., 2012; Cullen et al., 2015). Cytochrome C bound significantly more to the non-

virulent 4G1_8 (80.8 %) than to the three moderately virulent strains, which all showed a similar 

degree of binding (25.3 to 34.6 %), p<0.001 (Fig. 3B). This result strongly suggests that genetic diversity 

in the wbe region of V. splendidus #23 strains determines strain O-antigen structure, with 

consequences on the strain’s ability to interact with macromolecules (Fig. 3B). 

The importance of the wbe region for O-antigen synthesis and strain serotypes was further addressed 

genetically. To this aim, a gene encoding a glycosyltransferase (epsE, GV4G44_v1_370043 in 4G4_4) 

was inactivated in two strains. The LPS structure of the epsE-i mutant showed a reduced number of 

monosaccharides per repeating units (tighter spacing of the bands) as well as a higher molecular 

weight than the wild-type 4G4_4 (Fig. 3A), confirming that the wbe region determines the O-antigen 

profile. Moreover, epsE inactivation in strain 4G4_4 was sufficient to increase cytochrome C binding 

from 33.7% in the wild type strain 4G4_4 to 71.6% in epsE-i  (p<0.001) reflecting important changes in 

the bacterial surface properties. Identical phenotypes on O-antigen structure and binding capacity 

were obtained for the epsE-i mutant derived from another moderately virulent strain, 4D1_8 (Fig S6).  

We next explored the effect of epsE inactivation on virulence. The epsE-i mutant was found 

significantly more virulent that the wild type strain 4G4_4 in oyster experimental infections. Indeed, 

oyster survival rate dropped from 71.7% when injected with wild type 4G4_4 down to 58.8% upon 

4G4_4 epsE-i injection, p<0.05 (Fig. 2). In addition, the epsE-i mutant showed a significant competitive 

advantage over their wild-type parents, 4G4_4 and 4G1_8 in oyster colonization, as indicated by 

competitive index values > 0.5 (Fig. 4A).  
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Because the O-antigen is a well-known determinant of bacterial immunogenicity (Chatterjee and 

Chaudhuri, 2011), we next asked whether the oyster immune response depended upon the O-antigen 

structure. Cells of 4G4_4 wild type and epsE-i mutant were injected into juvenile oysters after removing 

all traces of culture medium (potentially immunogenic). Oyster immune gene expression was then 

measured by RT-qPCR 2 hpi to capture the oyster`s early response to infection. We selected 8 genes 

(IL 17-1, IL 17R, NFκB, MyD88, TNF-14, CgLBP, CgBPI, CgBigDef-1) involved in recognition, immune 

signaling and pathogen control that were previously shown to respond to vibrio infections (Gonzalez 

et al., 2007; Rosa et al., 2011; Rubio et al., 2019; Sun et al., 2019). Only genes encoding cytokines or 

involved in signaling pathways, namely IL 17-1, MyD88 and TNF-14, were significantly more induced 

by injection of the wild type 4G4_4 cells relative to an injection of sterile seawater (SSW) (Fig. 4B; 

Fig. S7). Interestingly none of these important immune pathways was significantly induced by the 

4G4_4 epsE-i mutant at this early time point. Therefore, the LPS structure harbored by the moderately 

virulent strains appears as more immunogenic than that of the corresponding epsE-i mutant. This 

lower immunogenicity could be responsible for the higher competitiveness and virulence of the 4G4_4 

epsE-i mutant in oyster experimental infections (Fig 2 and 4A).  

 

Trade-off between immunogenicity and grazing resistance is mediated by O-antigen structure 

As non-obligate parasites, vibrios can encounter a variety of hosts and predators in the marine 

environment. To determine whether the O-antigen structure of V. splendidus #23 affects other biotic 

interactions, we tested each strain`s resistance to grazing by a marine amoeba isolated from the oyster 

environment (Robino et al., 2019). The wild-type 4G4_4 was resistant to grazing by Vannella sp. 

AP1411, as indicated by a stable relative fluorescence of the bacterial strain up to ten days after the 
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beginning of the grazing experiment (Fig 5A). In agreement Vannella sp. AP1411 did not grow on a 

4G4_4 grazing lawn (Fig 5B). In contrast, the epsE-i derivative was significantly grazed, as indicated by 

the decrease of the relative fluorescence down to 46.8% (p < 0.05) of the vibrio lawn (Fig 5A) and 

enabled a significant amoeba growth (407 cells/mm2, p < 0.05) after 12 days (Fig 5B). The grazer-

susceptible control V. tasmaniensis LMG20012T was almost completely grazed in the same time span, 

giving rise to a significant level of amoeba growth at day 12 (651 cells/mm2, p < 0.05) (Fig.5). Taken 

altogether, these results show that the LPS structure present in moderately virulent strains of V. 

splendidus #23 is protective against amoeba grazing but immunogenic during the interaction with 

oysters. 

 

Discussion 

In the environment, vibrios are exposed to a diversity of selective pressures, that may have effects on 

their virulence (Cui et al., 2015; Shapiro et al., 2016; Roig et al., 2018; Sakib et al., 2018; López-Pérez 

et al., 2019) Here, we identified in a population of vibrios, trade-offs between traits needed for 

resistance to a grazer and traits involved in virulence to oysters. Illustrating the “conflicting selection 

hypothesis” (Mikonranta et al., 2012), an O-antigen structure conferring resistance to predation by 

marine amoebae showed increased immunogenicity, and lower competitiveness and virulence in 

oysters, showing that selection in the outside-host environment might conflict with optimized 

pathogenicity.  

V. splendidus population #23 has been previously described as preferentially associated with oyster 

tissues, suggesting that oysters represent a permissive habitat for this population. This is supported 

here by the ability of all tested strains to kill the oyster hemocytes and thus potentially evade the host 
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immune response. To date cytotoxicity toward the oyster hemocytes has been described as a common 

trait of virulent vibrios, although based on population specific molecular determinants (Piel et al., 

2019; Rubio et al., 2019). The present study shows that dampening of oyster cellular defenses is a trait 

not restricted to virulent populations but shared by moderately and non-virulent strains that constitute 

the microbiota of healthy oysters. 

Although less virulent than vibrios associated to disease (V. splendidus #24 and V. crassostreae), some 

V. splendidus #23 strains were able to affect oyster survival in experimental infections. This moderate 

degree of virulence results at least in part from the acquisition of two loci encoding effector delivery 

systems, a MARTX gene complex and a T6SS. The MARTX toxins are multifunctional effector cargo 

translocation, processing and delivery machines that can deliver functionally diverse cytopathic 

bacterial effectors to target eukaryotic cell (Satchell, 2015). In V. splendidus #23, MARTX effector 

domains are potentially involved in:  i) modulation of small GTPases and manipulation of host cell 

signaling (RRSP); ii) disruption of cytoskeletal integrity (ACD) ; iii) inhibition of endocytic trafficking and 

autophagy (ABH) ; and iv) induction of apoptotic cell death (MCF) (Gavin and Satchell, 2015). The V. 

splendidus #23 MARTX share the same overall structure as V. vulnificus MARTX type III, i.e. an MCF 

domain, an ABH domain, and then a second copy of MCF follow the ACD domain. In V. vulnificus the 

MARTXs appear to be essential for protection both from fish phagocytic cells and from predation by 

amoeba (Lee et al., 2013) . 

The T6SS nanomachines and its effectors are highly diverse in vibrios, acting against bacterial 

competitors (Unterweger et al., 2014), amoeba or phagocytic cells during an intracellular stage (Ma et 

al., 2009)  or directly by contact with the target eukaryotic cell. Our cytotoxicity assays suggest that in 

V. splendidus #23, the T6SS does not target oyster hemocytes, in contrast to V. tasmaniensis or V. 
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crassostreae (Piel et al., 2019; Rubio et al., 2019). The presence of toxin and immunity modules in the 

T6SS loci would rather indicate anti-bacterial activity. However the T6SS might also be tightly regulated 

transcriptionally or post-translationally by lifestyle of the bacterium, or by membrane damage due to 

conjugation or membrane-targeting antibiotic (Ho et al., 2013). Indeed a within-host restricted 

expression was previously observed in V. tasmaniensis for T6SSChr2-LGP32, one of the two chromosomal 

T6SS identified in this population (Rubio et al., 2019). Future work should explore the environmental 

conditions necessary for its expression and function in order to formally demonstrate its role in inter-

bacteria competition. Overall, the selection of specific effector domains within the T6SS or MARTX loci 

may arise as a result of the evolutionary arms race between bacteria, competitors and predators and 

could have correlative effects on bacterial virulence, hence supporting the “coincidental selection 

hypothesis” (Levin, 1996; Matz and Kjelleberg, 2005; Brown et al., 2012). 

Various biotic interactions can also lead to a trade-off on virulence (Friman et al., 2009; Mikonranta et 

al., 2012; Friman and Buckling, 2014). We showed here that the acquisition of genes involved in the 

synthesis of the LPS O-antigen confers a phenotype resistant to predation by an amoeba but results in 

a reduced virulence in the oyster. LPS is major components of the outer membrane in Gram-negative 

bacteria. These molecules are composed of a conserved lipid structure that is embedded in the outer 

membrane, and a polysaccharide referred to as the O-antigen (Raetz and Whitfield, 2002). O-antigen 

structures are highly variable across strains of a species (Seif et al., 2019) and the wbe region was 

identified as a hypervariable locus in V. splendidus, contributing to structural variations of O-antigen 

(Wildschutte et al., 2010). Wildschutte et al. observed extensive gene shuffling in the wbe region, 

which provides a means for O-antigen structure selection. However, they did not find any predominant 

serotype within hosts but conversely observed closely related serotypes, expressing the same O-

antigen, among different hosts (Wildschutte et al., 2010), which raises the questions about 
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whether/how the selection of O-antigen structures occurs outside the host. In nature this outer 

membrane structure directly interacts with ambient surfaces in the environment and, thus is  subject 

to environmental selective pressures (Wildschutte et al., 2004; March et al., 2013). Indeed O-antigens 

constitute a first line of defense against predators (Simkovsky et al., 2016) and have been shown to 

mediate antimicrobial resistance (Band and Weiss, 2015). Here we found that mutation of the wbe 

region was detrimental to the resistance of amoeba grazing. Indeed, a V. splendidus #23 lost its 

resistance upon mutation of the wbe region. Therefore, selective forces exerted by environmental 

predators may have favored the maintenance of this wbe encoded O-antigen structure. 

In the host, O-antigens play a key role in both the activation of innate immunity and resistance to host 

immune effectors (Raetz and Whitfield, 2002). This dual function has important consequences on 

disease outcomes. In the rainbow trout (Oncorhynchus mykiss) pathogen Vibrio anguillarum, O-

antigen polysaccharides were reported to determine the capacity to evade phagocytosis by skin 

epithelial cells (Lindell et al., 2012). In Vibrio vulnificus, O-antigen polysaccharides are protective 

against serum complement, playing a key role in virulence for eels (Amaro et al., 1997). Here, mutation 

of the wbe region yielded a modified O-antigen structure that significantly increased strain 

competitiveness and virulence. The O-antigen modification affected the polysaccharide structure and 

reduced strain immunogenicity, as indicated by the lack of induction of important oyster immune 

pathways involved in vibrio recognition (Rubio et al., 2019) during early infection stages. This result 

indicates that strains of V. splendidus #23 with moderate virulence harbor an O-antigen structure easily 

recognized by the oyster immune system, leading to suboptimal colonization capacity. A trade-off 

between virulence and resistance to predators outside of host tissue was previously reported for 

Salmonella enterica O-antigen structure, which is under epigenetic control (Cota et al., 2015). In this 

species, the O-antigen is a receptor for phage, and resistance is acquired by phase variation of O-

This article is protected by copyright. All rights reserved.



 
 

antigen chain length, i.e. phenotypic plasticity. Adaptations to phage predation involving trade-offs in 

evolutionary fitness and virulence have also been described for V. cholerae. Resistance to the lytic 

phage ICP2 results from mutations within either ompU, which encodes the major outer membrane 

porin, or its direct regulator toxR and results in virulence attenuation (Seed et al., 2014). 

Epidemiological success of non-obligate parasites depends on their environmental persistence in 

addition to the ability to produce major virulence factors. In complex microbial ecosystem such as the 

marine environment or the oyster microbiota, the outcomes for virulence trait selection can be 

positive (coincidental selection), neutral (relaxed selection), or negative (conflicting selection) 

(Mikonranta et al., 2012). It has been argued that high virulence resulting in rapid killing of the host 

can be maladaptive as it does not allow parasite niche maintenance by the parasite (Alizon and 

Michalakis, 2015). Our genomic and phenotypic data suggest that V. splendidus #23 has evolved as a 

moderately virulent population with high fitness in its host, thereby supporting the theoretical 

prediction that moderate virulence can maximize parasite overall fitness (Alizon and Michalakis, 2015).  
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Experimental procedures 

Strains, plasmid and primers 

Vibrio strains used in this study were V. splendidus 3T8_11, V. splendidus 4D1_8, V. splendidus 4G1_8, 

V. splendidus 4G4_4 (Bruto et al., 2018). Vibrio strains were cultured at 20°C in Luria Bertani medium 

(LB) supplemented with 0.5M NaCl (LBS). For Vibrio splendidus strains carrying either  the integrative 

suicide plasmid pSW23T (Demarre et al., 2005) or the pMRB-PLACGFP replicative plasmid (Le Roux et 

al., 2011), the culture media were supplemented with 5μg/mL of Cm. For strains carrying a pMRB-

PLACGFP replicative plasmid with a spectinomycin (Spc) resistance cassette, 100 µg mL-1 Spc was used. 

Escherichia coli strains were cultured at 37°C in LB medium. Marine amoebae Vannella sp. AP1411 

(Robino et al., 2019)  was grown for 3 days prior experiments at 18°C in 70% sterile seawater (70% 

SSW), , using E. coli SBS363 as a nutritive source. Other strains, plasmids and primers used are included 

in Tables S2-S3-S4. 

Animals   

For experimental infections, we used Crassostrea gigas diploid oysters from a batch of standardized 

Ifremer spats (NSI) produced from a pool of 120 genitors. Animals were from both sexes. For hemocyte 

cytotoxicity assays, hemolymph was collected from adults (18 months old) produced from a pool of 

120 genitors (ASI). All oysters were produced at the Ifremer hatchery in Argenton, France.  

Experimental infections 

Experimental infections were performed at 20 °C, as previously described (Rubio et al., 2019). Juvenile 

oysters (1.5-2 cm) were anesthetized for 3 h. by immersion in seawater with 50 g L-1 MgCl2 (Suquet et 

al., 2009). Stationary phase cultures (20 h. at 20°C with agitation at 150 rpm) were prepared for 
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injection into the adductor muscle. For survival curves, two groups of 20 individuals were used. Each 

animal received an intramuscular injection of stationary phase culture (2 x 107 CFU per animal) or an 

equivalent volume of fresh culture medium. Each group of injected oysters was placed in a separate 

tank containing 3 L of seawater. Mortalities were monitored at 24h or daily for a 6-day period. The 

non-parametric Kaplan Meier test was used to estimate log-rank, including Bonferroni p-value 

correction for multiple comparison. Each phenotyping was repeated twice. For gene-expression 

analysis, stationary phase culture were washed three times in sterile seawater (SSW) and adjusted to 

2 x 108 CFU/mL before injection into oyster adductor muscle. For each condition tested, 40 oysters 

were injected with 100 µL of the washed bacterial culture or SSW only. 4 pools of 10 oysters were 

collected at time 0 (untreated controls) and at 2 h post injection (hpi) for each experimental condition. 

Pools of oyster tissues were snap frozen in liquid nitrogen and pulverized with a bead mixer mill (Retsch 

MM400). Pulverized pools were kept at -80 until RNA extraction. Experimental infections were 

performed according to the Ifremer animal care guidelines and policy. 

Growth curves 

Strains from -80ºC stocks were plated on LB NaCl agar plates and incubated at 20°C for 24 h. Single 

colonies were used to seed LB NaCl broth. After overnight at 20ºC with agitation at 150 rpm, cultures 

were adjusted to an OD600 of 0,1 in fresh LB NaCl 0.5M broth. For each bacterial suspension, 300 ul 

were disposed in triplicate in a 96 well platen and OD600 was measured every 15 minutes in a TECAN 

infinite plate reader for 18 h.  

Killing Assay 
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Vibrios strains were grown at 20°C in LBS media containing 5μg mL-1 chloramphenicol when needed 

and E. coli ML35p was grown at 37°C in LB media containing 100 μg mL-1 ampicillin. 

Cultures of Predator and prey strains were normalized to an OD600 of 1 and mixed at a MOI of 10. 50 μl 

of cell suspension were spotted on a 0.45 μm membrane (MF-Milipore™ MCE) placed in LBS agar to 

allow cell to cell contact and incubated at 20°C for 5 h. Filters were recovered and bacteria 

resuspended in LBS media. CFU of surviving E. coli per milliliter was determined by plating serial 

dilutions and selective growth at 37°C on LB agar containing 100 μg mL-1 ampicillin.  

 

Competitive index in mixed infections 

For competitive assays of mix infections, adult oysters (ASI) were anesthetized and injected as 

described above with a 1:1 mixture of strains (2 x 107 CFU total) in LB NaCl medium. 24 hpi, 8 oysters 

per group were sampled and homogenized with an ULTRA-TURRAX® homogenizer after adding 1 mL 

of SSW per g of flesh. Tissue homogenates were serially diluted in SSW and plated onto TCBS agar 

plates. Colonies were randomly selected after 48h at 20°C and tested by PCR with strain-specific 

primers (Table S4) to determine the ratio of strains present on each individual. Multiplex PCR with 

strain-specific primer couples 4G4_4F: 5’- TGCTATTGAGGAGGGACTGG-3’/4G4_4R: 5’- 

CACCTGAACCCAAAAATCGT-3’ and 4G1_8F:5’-CAGAACTCTCTGGGCATGTG-3’/4G1_8R: 5’- 

AAAATCACACCCGACTCGAC -3’, were used to discriminate between strains 4G4_4 and 4G1_8. To 

discriminate between 4G4_4 and 4G4_4*epsE-i, the external primers used for mutant control 

Ext*epsE-F: 5’- TCTCTGATGACTGCTCAACTG -3’ and Ext*epsE-R: 5’- TAAATAGACACGAAGGACCC -3’ 

were used to identify epsE-i strains from wild type. To discriminate between 4G1_8 and 4G4_4 epsE-i 

This article is protected by copyright. All rights reserved.



 
 

a first multiplex PCR was performed to differentiate between 4G4_4 and 4G1_8 strains and a second 

pcr with the epsE-i control primers to confirm that 4G4_4 identified colonies corresponded to espE-i 

mutants. The competitive index was calculated as the ratio of the strains in the input inoculum over 

the ratio of the strains in the output obtained after 24 hpi. Competitive indices were then log 

transformed. Significant differences from a hypothetical value of 0 (no fitness advantage between 

strains) were determined with a one sample Student’s t-test. 

Molecular microbiology 

Vibrio strains were grown at 20°C in LB NaCl medium. Escherichia coli strains were grown at 37°C in LB 

medium for cloning and conjugation experiments. Chloramphenicol (Cm) at 5 or 25 μg mL-1 depending 

on the strain, Spectinomycin (Spc) at 100 ug mL-1, thymidine (0.3 mM) and diaminopimelate (0.3 mM) 

were added as supplements when necessary. Conjugations between E. coli and Vibrio were performed 

at 30 °C as described previously (Le Roux et al., 2007). Gene inactivation was performed by cloning ~ 

500 bp of the target gene in pSW23T (Demarre et al., 2005)  and selecting on Cm (5 μg / mL) the suicide 

plasmid integration obtained by a single recombination (Le Roux et al., 2009). Mutants were screened 

for insertion of the suicide vector by PCR using external primers flanking the different targeted 

sequence for plasmid insertion (Table S4). To label bacteria with fluorescent emission, strains were 

transformed with the pMRB plasmid containing the green fluorescent protein (gfp) gene known to be 

stable in Vibrio spp (Le Roux et al., 2011)  resulting in a constitutive expression from a Plac promoter 

under chloramphenicol or spectinomycin selection. 

Grazing assay and monitoring of amoeba growth 
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To prepare the co-culture of GFP-expressing vibrios and amoebae, 1 mL of vibrio overnight culture (3 

x 109 CFU / mL) was mixed with 100 μL of a 3 day-old Vannella sp. AP1411 culture (5 × 105 cells / mL) 

resuspended in 70% SSW. For the control without amoeba, the vibrio culture was mixed with 100 μL 

of 70% SSW. For grazing experiments, 500 μL of 70% SSW containing 1% agar were deposited in the 

wells of a 24-well plate (transparent flat bottom). Each well was covered with 50 μL of the mixed 

vibrio/amoeba cultures and let dry for 4 h at 20°C under a sterile laminar flow. The 24-well plates were 

then incubated at 18°C in a humid atmosphere. GFP fluorescence intensity was measured daily over 

12 days using a TECAN plate reader (λex 480 nm/λem 520 nm). To estimate the effect of the amoebae 

grazing activity on the abundance of GFP-expressing vibrios, the fluorescence intensity of the wells 

containing amoebae was compared with the fluorescence of vibrios lawn without amoebae, and 

expressed as a ratio. Each condition was performed in technical triplicates, and the more 

representative experiment is depicted out of at least three independent experiments. Error bars 

represent the standard error of the mean + SD. Statistical analysis was performed using RM-ANOVA 

and Tukey’s HSD comparison test. 

The proliferation of Vannella sp. AP1411 was monitored at days 6, 9 and 12 in grazing assays. Amoebae 

were directly imaged by phase-contrast microscopy and enumerated in triplicate for each condition. 

Every experiment was performed in technical triplicates, and the more representative experiment is 

depicted out of at least three independent experiments. Error bars represent the + SD. Statistical 

analysis was performed using ANOVA, p < 0.001 and Tukey HSD test.  

LPS isolation and molecular characterization 

LPS were prepared from 4 L of stationary phase cultures of vibrios growth in LB NaCl 0.5M. Cultures 

were centrifuged at 1500 g for 20 min and bacterial pellets were washed with SSW before fixation with 
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2 % paraformaldehyde (18 h at 4°C). Fixed bacteria were centrifuged (3000g for 20 min) and washed 

twice with 0.1 M Phosphate Buffer Saline before shipping in dry ice to LPS Bioscience, University Paris 

Sud, 91400 Orsay France. LPS structures were characterized by electrophoresis and/or MALDI-TOF-MS 

by as described in (Trent et al., 2012). Briefly, Lipids A were isolated from lyophilized bacteria by mild 

acid hydrolysis followed by an extraction with an appropriate chloroform-methanol-water mixture. 

Bacterial lysates were treated with Proteinase K and loaded to a 4-15% polyacrylamide gel for 

electrophoresis. Gels were silver-stained. MALDI-TOF-MS analysis was performed in negative-ion [M-

H]- / linear mode. A purified lipid A from Escherichia coli was used as a standard for external calibration 

of V. splendidus lipids A mass-spectra.  

RT -qPCR monitoring of immune gene expression  

Total RNA was extracted from 10 mg of pulverized oysters using Direct-zol RNA extraction kit (Zymo 

research). cDNA was synthetized using M-MLV RT (Invitrogen Inc.) with 1 µg of RNA and 250 ng of 

random primers (Promega). Real-time qPCR was performed on 40 ng/µl of cDNA at the qPHd plateform 

of qPCR in Montpellier with the Light-Cycler 480 System (Roche) and using the oyster gene specific 

primers (Table S4). Relative expression was calculated using the 2-ΔΔCq method (Pfaffl, 2001) , with 

normalization to the C. gigas EF1-α (GenBank AB123066). One-way ANOVA followed by Tukey HSD test 

for multiple comparisons was used to analyze the data. 

 

In vitro cytotoxicity assays 

Hemolymph was collected from the oyster adductor muscle sinus using a 2-mL ice cold-syringe 

equipped with a 23-G needle to prevent cellular aggregation. Hemocytes were counted in a KOVA® 
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slide and plated onto 96 well-plates to create a cell monolayer (2 x 105cells per well). After 1h at 20°C, 

plasma was removed and 5µg µl-1 Sytox Green (Molecular Probes) diluted in 200µl sterile seawater 

was added to each well. Cell-free hemolymph (plasma) was obtained by centrifugation (3,000g, 15 min, 

4°C) and filtration through a 0,2 μm syringe filter. Vibrios were centrifuged and resuspended in the cell 

free plasma for opsonization (60 minutes at 20°C). The OD600 of the vibrio suspension was normalized 

in SSW to 1 (109 CFU mL -1) and vibrio were added to the wells at a MOI of 50:1. Hemocytes were 

incubated at 20°C for 18 h after which the Sytox fluorescence was measured (ƛex 480nm / ƛem 550nm) 

using a TECAN infinite microplate reader. Fluorescence intensity was compared to the total cytolysis 

determined in control wells where hemocytes were lysed by adding 0.1% Triton X-100. An ANOVA 

followed by a Tukey’s HDS test was perform on the data. 

 

Cytochrome C binding assay 

Stationary phase cultures (20 h, 20°C, 150 rpm) were wash twice by centrifugation (1500g, 20°C) with 

20 mM MOPS buffer (pH 7,2) supplemented with sucrose for a final osmolarity of 450 mOsm to make 

it compatible with the hyper saline environment of marine bacteria but to eliminate interfering 

charged salts. After washing by centrifugation (1500g, 20 min), bacterial pellets were suspended in 

MOPS sucrose buffer and the suspension was adjusted to an OD600 of 6. Cytochrome C solution was 

prepared in MOPS-Sucrose buffer to a concentration of 5 mg mL-1. Then, 900 μL of bacterial suspension 

were placed in 1.5 mL polypropylene microcentrifuge tubes with 0.5 mg mL-1 cytochrome c. Tubes 

were incubated for 15 min at 20°C and then centrifuged at 6000g at room temperature for 15 min. The 

OD530 of the supernatants was measured in a TECAN microplate reader (300 µL transferred in triplicates 
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to 96 wells plates). The percentage of bound cytochrome c to bacteria was calculated relative to the 

OD530 value of a 0.5 mg/mL cytochrome c control solution not exposed to bacteria. 
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Figure legends. 

Figure 1. V. splendidus #23 shows moderate virulence in oyster experimental infections.  

(A) Oyster survival was measured after injection with fifteen Vibrio strains representative of three 

ecological populations (x-axis). Strains from V. splendidus #23 have been isolated from healthy oysters 

in spring, while strains from V. crassostreae and V. splendidus #24 have been isolated from diseased 

oyster in summer. A dose of 107 CFU was injected intramuscularly to individual juvenile oysters and 

the percentage of survival was measured after 24 hours (y axis). A significantly higher oyster survival 

was observed for V. splendidus #23, which appeared less virulent than the two other populations 

tested, (ANOVA, p < 0.05 and Tukey HSD test). Experiment was performed in duplicate and repeated 

once. (B) Kaplan Meier survival curves were generated for four strains of V. splendidus #23 (2 x 107 CFU 

per oyster). Mortalities were counted daily in two tanks containing 20 oysters for 6 days. Significant 

difference in survival curves (Log-rank p-value=0.0016, Bonferroni corrected for 10 comparisons) was 

recorded for strains 4G1_8 (non virulent) and 4G4_4 (moderately virulent). Data are representative of 

two independent experiments. 

Figure 2. Oyster mortality in response to experimental infection with Vibrio wild type (wt) strains 

and isogenic mutants.  

The rtxA, vipA and epsE genes were inactivated in V. splendidus #23 strain 4G4_4. The wild type strains 

4G4_4 (virulent) and 4G1_8 (non-virulent), and the 4G4_4 mutants were injected to 40 oysters (2.107 

CFU per animal). Data represent the survival percentage measured 24h post injection in three 

independent experiments. Mean values are displayed ± SD. Different letters indicate a significant 

difference between them (ANOVA, p < 0.05 and Tukey HSD test). The rtxA-i and vipA-i mutants are 
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attenuated (higher oyster survival) in contrast to the epsE-i mutant, which is more virulent that the 

wild type 4G4_4 strain (lower oyster survival). 

 

Figure 3. Distinct gene contents in the wbe region are responsible for LPS variability in V. splendidus 

#23 

A- Silver-stained 4-15% polyacrylamide gel of LPS extracted from bacterial stationary phase cultures. 

Salmonella typhimurium Ra (rough type LPS lacking O-antigen) and Escherichia coli O111B4 (smooth 

type LPS containing O-antigen polysaccharides) are included as references. All strains from V. 

splendidus #23 are smooth type (presence of O-antigen). Strain 4G1_8 shows an LPS profile distinct 

from the rest of V. splendidus #23. The main differences between strains are highlighted with roman 

numerals. I shows different sizes of the Lipid A -oligosaccharide core (low size bands). II and III show 

differences in the O-antigen structure both at intermediate (II) and high size (III and IV). The epsE-i 

mutant shows important modifications of the O-antigen structure. B- Cytochrome C binding unraveling 

the effect of O-antigen structure on the interaction of bacteria with macromolecules. The ability of 

bacterial strains to bind cytochrome C is displayed. Data represent mean values of 3 independent 

experiments ± SD. Different letters indicate a significant difference (ANOVA, p < 0.05 and Tukey HSD 

test). 

Figure 4. O-antigen structure influences bacterial fitness and immune recognition in oysters.  

A- Competitive index (CI) between wild type strains and epsE-i mutant of V. splendidus. Randomly 

selected colonies isolated from injected animals were identified by PCR. The competitive index was 

calculated as the ratio of the strains in the input inoculum over the ratio of the strains in the output at 
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24 hpi. Each dot represents the log10 of the CI obtained from colonies isolated from individual oysters. 

Means significantly higher than value 0 (t-test, p < 0.01) were considered as a competitive advantage 

of the strain. B- Relative expression of immune genes in response to Vibrio injection. 4 pools of 10 

oysters were sampled 2 hours after being injected either with sterile seawater (SSW) or  wild type (wt) 

and epsE-i mutant of V. splendidus (2x107 CFU/animal). RNA was extracted from the 4 pools. For each 

pools, RT-qPCR was performed on immune genes to determine their expression relative to the 

elongation factor 1 alpha (EF1-α). The ΔΔct method was used (Pfaffl, 2001). Data are presented as the 

mean ± SD. Different letters indicate a significant difference between them (ANOVA, p < 0.05 and Tukey 

HSD test). 

 

Figure 5. Resistance to grazing by marine amoeba is dependent on LPS structure.  

A- Bacterial resistance to grazing by Vannella sp. 1411 was assessed for V. splendidus strains 4G4_4 

and epsE-i by measuring the fluorescence of the GFP-expressing bacteria after contact with amoebae 

over 12 days. The strain V. tasmaniensis LMG20012T was used as a grazing-susceptible control. Results 

show the mean of three technical replicates ± SD. Data are representative of three independent 

experiments. Different letters indicate a significant difference, p<0.001 (RM-ANOVA). B- Amoeba 

growth was monitored at day 6, 9 and 12 by manual counting under phase light microscopy. Each 

condition was counted in three technical replicates. The results shown are representative of three 

independent experiments. For each time point, different letters indicate a significant difference 

(ANOVA, p < 0.001 and Tukey HSD test). 

Figure S1. The rtxACHBDE cluster in V. splendidus #23.  
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A- The figure shows gene replacement between non-virulent and moderately virulent strains leading 

to loss/acquisition of the MARTX encoding genes cluster. B- MARTX effector domains. The domain 

abbreviations are: Rtx = Repeats-in toxin; ACD = Actin Cross-linking Domain; ABH = α/β Hydrolase; MCF 

= Makes Caterpillars Floppy; RRSP = Ras/Rap1-specific endopeptidase; CPD = Cysteine Protease 

Domain (Satchell, 2015) 

Figure S2.  Growth curves of mutants versus wild type strains in LB NaCl medium.  

Data show mean values of technical triplicates ± SD. 

Figure S3. Genetic organization of the T6SS cluster in V. splendidus #23.  

The figure shows gene replacements (in blue) between non-virulent and moderately virulent strains 

leading to loss/acquisition of a chromosomal T6SS-encoding gene cluster. Genes in green are 

specifically found in the non-virulent strain 4G1-8. Genes in red are specifically found in virulent strains 

and contain the T6SS genes. The gene cluster of the virulent strains is present on two contigs (genes 

GV4G44_380041 - GV4G44_380047 and GV4G44_320001 - GV4G44_320044). From the complete 

genome of V. tasmaniensis LGP32, which contains the same gene cluster, we found that genes 

GV4G44_380047 and GV4G44_320001 (hatched red genes) form a single large gene that is splitted in 

our assemblies due to numerous repeats. 

Figure S4.  Strains of V. splendidus #23 are cytotoxic towards hemocytes.  

Maximum cytotoxicity exerted by V. splendidus over oyster hemocytes in vitro. A hemocyte monolayer 

was exposed to vibrios at a MOI of 1:50 and the percentage of cell lysis was monitored by the SYTOX 

Green assay. (A) shows that the four strains of V. splendidus #23 are cytotoxic towards hemocytes. 
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Data are representative of five independent experiments. (B) shows that the vipA-i mutant derived 

from V. splendidus 4G4_4 does not show any attenuation of its cytotoxicity towards hemocytes, unlike 

the vipA1-I mutant derived from V. tasmaniensis LGP32. Data are representative of three independent 

experiments. Mean values of three technical replicates are displayed ± SD. Identical letters indicate a 

non-significant difference (ANOVA, p < 0.05 and Tukey HSD test). 

Figure S5. Lipid A inferred structure does not differ between strains 4G1_8 and 4G4_4.  

(A) Data show the MALDI-TOF spectra of 4G1_8 and 4G4_4 Lipid A. MALDI-TOF-MS analysis was 

performed in negative-ion [M-H]- / linear mode. A major Lipid A molecular species was observed at 

m/z 1740.1-1740.7, which by analogy with V. cholerae Lipid A could be attributed to a hexa-acyl (6 FA) 

molecular species (Hankins et al., 2011, 2012), with one suggested exception i.e. the presence of non-

hydroxylated 12:0 fatty acid at the secondary C3’ position. As a consequence, no molecular species 

with Glycine substitution was found in either strain. Moreover, no substitution of phosphate groups 

with charged amino derivatives such as phosphoethanolamine or aminoarabinose could be inferred 

from our MS spectra. An additional peak, common to both strains was observed at m/z 1976.1-1977.4, 

which could be tentatively attributed to a hepta-acyl Lipid A molecular species (7 FA) carrying an 

additional 16:0 or 16:1 fatty acid. This molecular species appeared more intense in the virulent 4G4_4 

than in the non-virulent 4G1_8. (B) Lipid A structure from Vibrio cholerae O1 adapted from Hankins et 

al. (2012), Fig.2. The upper panel shows the MALDI-TOF spectra of V. cholerae Lipid A with a major 

molecular species at m/z 1756.1. The lowel panel shows the corresponding hexa-acyl molecular species 

(6 FA). Numbers indicate the number of carbons per acyl chain. 

Figure S6. Inactivation of epsE in strains 4G4_4 and 4D1_8 generates the same O-antigen 

modifications and cytochrome C binding phenotype.  
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(a) SDS PAGE electrophoresis of LPS extractions from bacterial cultures in stationary phase. (b) 

Percentage of cytochrome C bound to the bacterial surface of wild type strains and epsE-i isogenic 

mutants. Data represent mean values of 3 independent experiments ± SD. Different letters indicate a 

significant difference (ANOVA, p < 0.05 and Tukey HSD test). 

Figure S7. Immune genes that do not respond to early infection by V. splendidus. 4 pools of 10 oysters 

were sampled 2 h after being injected either with sterile seawater (SSW) or vibrio strains (2x107 CFU 

per animal). RNA was extracted from the 4 pools. For each pool, RT-qPCR was performed on immune 

genes to determine their expression relative to the elongation factor 1 alpha (EF1-α). The ΔΔct method 

was used (Pffafl., 2001). Data are presented as the mean ± SD. Different letters indicate a significant 

difference (ANOVA, p < 0.05 and Tukey HSD test). 

Figure S8. Strain 4G4-4 do not show killing activity against E. coli ML35p in-vitro. Cells were co-

incubated in agar media for 4 h to allow cell to cell contact and T6SS mediated killing. Bars represent 

the mean CFU per milliliter of surviving E. coli from two replicates (+ SD). Means were compared by a 

Student’s t-test ns= p > 0,05 
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Table 1. Gene content of the wbe regions from V. splendidus 4G4_4, 4G1_8, and V. tasmaniensis LGP32. The epsE gene mutated in 4G4_4 appears in boldface. 1 

Gene labels of strain 4G4_4 are used to represent the homolog genes of the moderately virulent strains of V. splendidus Pop#23 2 

Pop#23 
        4G1_8   

 
LGP32   

 
ORF# 

  Locus  tag   Putative function or gene name  ORF# Locus  tag 

% nt 

s imilarity ORF# Locus  tag 

% nt 

s imilarity 

1   GV4G44_v1_410010   gmhD 1 GV4G18_v1_20068 97.4 1 VS_0201 94.9 

2   GV4G44_v1_410009   UDP-glucose 6-dehydrogenase 2 GV4G18_v1_20067 94.8  _  

3   GV4G44_v1_410008   Transcriptional regulator 3 GV4G18_v1_20066 100 2 VS_0202 98.1 

4   GV4G44_v1_410007   protein of unknown function _     _  

5   GV4G44_v1_410006   Peptidase 4 GV4G18_v1_20065 97.1 3 VS_0203 89.6 

6   GV4G44_v1_410005   Serine acetyltransferase 5 GV4G18_v1_20064 100 4 VS_0204 100 

7   GV4G44_v1_410004   NAD(P)H-glycerol-3-phosphate dehydrogenase 6 GV4G18_v1_20063 95.1 5 VS_0205 95.4 

8   GV4G44_v1_410003   Export protein SecB 7 GV4G18_v1_20062 97.5 6 VS_0206 98.1 

9   GV4G44_v1_410002   Rhodanese-related sulfurtransferase 8 GV4G18_v1_20061 99.3 7 VS_0207 100 

10   GV4G44_v1_370056   protein of unknown function _     _  

11   GV4G44_v1_370055   GDP-mannose mannosyl  hydrolase _     _  

12   GV4G44_v1_370054   mannose-1-phosphate guanyltransferase _     _  

13   GV4G44_v1_370053   Phosphomannomutase _     _  

14   GV4G44_v1_370052   GDP-D-mannose dehydratase, NAD(P)-binding _     _  

15   GV4G44_v1_370051   Bi functional GDP-fucose synthetase _     _  

16   GV4G44_v1_370050   O-unit flippase _     _  

17   GV4G44_v1_370049   CDP-4-dehydro-6-deoxy-D-glucose 3-dehydratase (fragment) _     _  

18   GV4G44_v1_370048   Membrane protein of unknown function; putative O-atigen 
fl ippase 

15 GV4G18_v1_20054 18.6  _  

19   GV4G44_v1_370047   Putative glycosyl transferase family 11 _     _  

20   GV4G44_v1_370046   Putative Uncharacterized glycosyltransferase HI_1578 _     _  

21   GV4G44_v1_370045   Putative glycosyltransferase 37 GV4G18_v1_20032 26.5  _  

22   GV4G44_v1_370044   Putative glycosyltransferase _     _  

23   GV4G44_v1_370043   Putative Glycosyl transferase, group 2 family epsE _     _  

24   GV4G44_v1_370042   Putative glycosiltranferase 13 GV4G18_v1_20056 29.2  _  

25   GV4G44_v1_370041   O-antigen polymerase Wzy     19 VS_0220 22.3 

26   GV4G44_v1_370040   Putative glycosyltransferase 12 GV4G18_v1_20057 37.3  _  



27   GV4G44_v1_370039   UDP-GlcNAc:undecaprenylphosphate GlcNAc-1-phosphate 
transferase 

18 GV4G18_v1_20051 81.1  _  

28   GV4G44_v1_370038   Regulator of length of O-antigen component of l ipopolysaccharide 

chains 

19 GV4G18_v1_20050 68.9  _  

29   GV4G44_v1_370037   Conserved membrane protein of unknown function _    8 VS_0208 84 

30   GV4G44_v1_370036   Outer membrane lipoprotein _    9 VS_0209 95.7 

31   GV4G44_v1_370035   Conserved hypothetical protein _    10 VS_0210 85.3 

32   GV4G44_v1_370034   Lipoprotein 22 GV4G18_v1_20047 20.3 11 VS_0212 93.9 

33   GV4G44_v1_370033   wza 23 GV4G18_v1_20046 94.7 12 VS_0213 90.5 

34   GV4G44_v1_370032   wzb 24 GV4G18_v1_20045 98.6 13 VS_0214 93.8 

35   GV4G44_v1_370031   wzc 25 GV4G18_v1_20044 97.4 14 VS_0215 92.2 

36   GV4G44_v1_370030   Conserved protein of unknown function 26 GV4G18_v1_20043 96.4  _  

37   GV4G44_v1_370029   protein of unknown function _     _  

38   GV4G44_v1_370028   N-acetylmuramoyl-L-alanine amidase 29 GV4G18_v1_20040 91.8  _  

39   GV4G44_v1_370027   Conserved protein of unknown function 30 GV4G18_v1_20039 90.5  _  

40   GV4G44_v1_370026   Conserved protein of unknown function 32 GV4G18_v1_20037 71.8  _  

41   GV4G44_v1_370025   Conserved protein of unknown function 33 GV4G18_v1_20036 95.2  _  

42   GV4G44_v1_370024   HAD hydrolase, family I IA (fragment)      _  

43   GV4G44_v1_370023   HAD hydrolase, family I IA (fragment)      _  

44   GV4G44_v1_370022   protein of unknown function      _  

45   GV4G44_v1_370021   protein of unknown function      _  

46   GV4G44_v1_370020   putative CDP-glycerol:poly(Glycerophosphate)  

glycerophosphotransferase 

    _  

47   GV4G44_v1_370019   membrane protein of unknown function 35 GV4G18_v1_20034 24.6  _  

48   GV4G44_v1_370018   Family 2 glycosyltransferase      _  

49   GV4G44_v1_370017   membrane protein of unknown function      _  

50   GV4G44_v1_370016   conserved protein of unknown function      _  

51   GV4G44_v1_370015   putative glycosyl transferase, group 1 39 GV4G18_v1_20030 31.1  _  

52   GV4G44_v1_370014   Galactosyl-transferase 40 GV4G18_v1_20029 79.5 32 VS_0233 37.1 

53   GV4G44_v1_370013   Putative acetyltransferase 41 GV4G18_v1_20028 89.9  _  

54   GV4G44_v1_370012   Perosamine synthetase (WeeJ) 42 GV4G18_v1_20027 93.6  _  

55   GV4G44_v1_370011   Mannosyl-transferase 43 GV4G18_v1_20026 96.3 33 VS_0234 89.2 

56   GV4G44_v1_370010   Conserved protein of unknown function 44 GV4G18_v1_20025 98  _  

57   GV4G44_v1_370009   Phosphoglyceromutase 45 GV4G18_v1_20024 99.2 34 VS_0235 97.3 
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