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ARTICLE INFO ABSTRACT

Keywords: The vibriosis of the European abalone, Haliotis tuberculata, is characterized by the rapidity of the infection by the
Haliotis tuberculata pathogen Vibrio harveyi ORM4, leading to death of animals only after two days. The lethality of the pathogen is
Vibrio harveyi linked to the production of the type III secretion system (T3SS) and to genes regulated by quorum sensing (QS).
sie;:g;};t:s The aim of this study was to investigate the colonization of the European abalone by both virulent and avirulent
Colonization V. harveyi strains, as well as the involvement of T3SS and QS during infection. Our results emphasize the

importance of gills for the bacterial establishment as the bacterial concentration of the avirulent V. harveyi strain
significantly decreased from 189.3 + 98.6 CFU/mg to 0.8 + 0.5 CFU/mg between 24 and 48 h post-infection
(hpi). In opposition, the pathogen V. harveyi ORM4 was able to maintain itself on the gills, with a concentra-
tion of 461.9 + CFU/mg at 48 hpi, which was allowed by the production of T3SS and a functional QS. Following
the infection cycle of V. harveyi ORM4 inside H. tuberculata, we also demonstrated that QS is essential for the
ability of V. harveyi ORM4 to colonize the abalone hemolymph and to maintain in it. In response to the presence
of V. harveyi, an increase in reactive oxygen species production was recorded, while the phagocytosis activity
remained unchanged. We also highlighted the involvement of both QS and T3SS to escape the immune system
activity, and that an overproduction of T3SS induced hemocyte mortality. This study provides the evidence that
both T3SS and QS are essential for the establishment of V. harveyi ORM4 inside the European abalone.

flow cytometry

1. Introduction

Abalones are environmentally- and economically important marine
mollusks, offering essential ecosystem services and a prized delicacy for
humans [1]. In Europe, only the species Haliotis tuberculata is able to
reach a size large enough to be harvested [2]. In the late 90s, wild and
farm populations of the European abalone located along the French
North Atlantic coast have suffered of mass mortalities, and dead animals
presented white pustules on their foot [3]. The responsible agent for the
disease was found to be a bacterial strain called ORM4 and belonging to
the species Vibrio harveyi, a serious pathogen of marine vertebrates and
invertebrates [3,4]. These mortalities have been reproduced in

laboratory and occurred when seawater temperature exceeded 17 °C
[5]. It has also been observed that sexually mature European abalone
developed this vibriosis, whereas immature or post-spawning in-
dividuals remained resistant to V. harveyi [5,6]. Previous studies have
identified the gills as the pathogen portal of entry into the European
abalone. These organs are located close to the heart and the circulatory
system, enabling V. harveyi ORM4 to spread rapidly within the animal
[7-9]. Vibriosis of the European abalone is characterized by the rapidity
of the infectious process of V. harveyi ORM4, since gills and hemolymph
are colonized within the first 3 h of contact [7-9]. Subsequently, the
pathogen is able to invade and multiply in the abalone circulatory sys-
tem, and the first mortalities were recorded two days after contact [5,9].

Abbreviations: Type III secretion system, T3SS; quorum sensing, QS; reactive oxygen species, ROS; Trimethoprim, Trim; filtered sterile seawater, FSSW; anti-
aggregant solution, AASH; 2',7'-dichlorofluorescein diacetate, DCFH-DA; dichlorofluorescein, DCF.
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This efficiency of host colonization has been observed in other Vibrio
species, such as Vibrio sp. PJ, which was detected in hemolymph and
stomach already 3 h post-infection of the shrimp Kuruma Penaeus
japonicus [10]. Furthermore, immunity genes in Penaeus monodon he-
mocytes were activated as soon as 6 h after an infection with V. harveyi
[11].

The reasons underlying the rapid infection of the European abalone
by V. harveyi have been studied, and the results demonstrated that
infection is favored by an absence of response from the immune cells in
hemolymph, caused by an activation delay of the p38 MAPK pathway
[12]. After the pathogen establishment, the hemocytes showed a sig-
nificant decrease in their phagocytosis activity and production of reac-
tive oxygen species (ROS), as well as a reduction of their viability,
suggesting a potential cell lysis induced by the pathogen [13].

During the past twenty years, the sensitivity of the European abalone
to the pathogen has been well studied, while the factors involved in the
establishment of V. harveyi ORM4 remain underexplored. Indeed, the
majority of our knowledge about Vibrio virulence factors has been
learned from the human pathogen Vibrio cholerae, but little is known
about the colonization mechanisms of marine pathogens [14]. Recently,
the development of genetic tools in V. harveyi ORM4 [15] allowed us to
demonstrate that both functional type III secretion system (T3SS) and
quorum sensing (QS) are required for V. harveyi ORM4 to induce Euro-
pean abalone mortalities [16]. T3SS is a syringe-like device commonly
associated with the virulence of Gram-negative bacteria, which injects
effector proteins from the bacterium cytoplasm directly into the cyto-
plasm of the target animal cell. The effectors then induce cell lysis by
interacting with host proteins or signaling pathways [17-19]. The
expression of T3SS genes is controlled by a major regulator encoded by
the exsA gene, the deletion of which from V. harveyi ORM4 genome leads
to a total loss of capacity to induce abalone mortality [16]. In addition,
18 of the 49 T3SS synthesis genes were shown to be over-expressed in
V. harveyi ORM4 biofilm forming cells [20], suggesting a potential
involvement of this lifestyle in the pathogenicity of the bacteria. Like
other virulence systems, the expression of T3SS is under the QS system
control [16,21-23]. Thanks to this cell-to-cell communication mediated
by signal molecules, bacteria collectively synchronize behavioral
changes across the population for their survival or adaptation inside
hosts in response to variations in cell density [24,25]. This system was
first discovered in Vibrio fischeri and since then, similar systems have
been described in most bacteria [21,24]. The QS system of Vibrio
campbellii ATCC BAA-1116 has been extensively studied, and is
composed of three signal-sensing pathways converging to a single reg-
ulatory transduction pathway involving the LuxO protein [26]. Inter-
estingly, all critical QS-genes have orthologs in the genome of V. harveyi
ORM4 [20]. Recent work showed that the deletion of luxO in the latter
strain led to an overexpression of the exsA gene, and to a loss of motility,
biofilm production and pathogenicity against the European abalone
[16].

On the basis of these advances and the accumulation of knowledge
about the interactions between the abalone and V. harveyi ORM4, we
sought to determine the role(s) T3SS and QS might have in the estab-
lishment of V. harveyi ORM4 in H. tuberculata, with a focus on gill and
hemolymph colonization.

2. Materials and methods
2.1. Abalone and bacterial strains

Mature European abalones (6-7 cm) were brought from France
Haliotis (Plouguerneau, France) and acclimated during 2 weeks in 100 L
tanks with circulating seawater at 20 °C. Only mobile and adherent
abalones showing no tissue damage or pedal muscle pustules were used
for this study. V. harveyi ORM4, V. harveyi LMG 7890 (a strain avirulent
towards abalone [12]) and their derivatives used in this study are listed
in Table 1. Each of these bacteria contains one plasmid conferring

Fish and Shellfish Inmunology 157 (2025) 110103

Table 1

Strains used in this study.
Strain name Characteristics Reference
V. harveyi ORM4 Wild-type strain isolated from moribund [3]

European abalone Haliotis tuberculata. Virulent

towards H. tuberculata.

Derivative of V. harveyi ORM4 containing the [16]
(pFD085) empty plasmid pFD085. Trim®

V. harveyi LMG Wild-type strain isolated from the kidney of a
7890 dead brown shark Carcharinus plumbeus. Non-

lethal strain for H. tuberculata.

Derivative of V. harveyi LMG 7890 containing [16]

the empty vector pFD085. Trim®

Derivative of V. harveyi ORM4 in which the [16]

exsA gene has been deleted and containing the

empty vector pFD085. Avirulent towards

H. tuberculata. Trim®

Derivative of V. harveyi ORM4 in which the [16]

luxO gene has been deleted and containing

pFD085. Avirulent towards H. tuberculata.

Trim®

Derivative of V. harveyi ORM4 AexsA [16]

containing pFD067 (exsA cloned into pJLS199)

for the complementation of exsA. The

complementation restores the virulence

towards H. tuberculata. Trim®

Derivative of V. harveyi ORM4 AluxO [16]

containing pFD084 (luxO cloned into pJLS199)

for the complementation of luxO. The

complementation restores the virulence

towards H. tuberculata. Trim®

V. harveyi ORM4

[12,46]

V. harveyi LMG
7890 (pFDO085)

V. harveyi ORM4
AexsA (pFD085)

V. harveyi ORM4
AluxO (pFD085)

V. harveyi ORM4
AexsA (pFD067)

V. harveyi ORM4
AluxO (pFD084)

trimethoprim resistance: either the empty pFD085 vector or this vector
carrying a functional gene (exsA and luxO in pFD067 and pFD084,
respectively) in order to complement the corresponding mutants
(Table 1) [16]. The bacteria were cultivated in Luria-Bertani Broth
(Lennox, Sigma, France) supplemented with NaCl (20 g/L, LBS final
concentration) and Trimethoprim (Trim, 10 pg/mL) at 20 °C overnight
under agitation.

2.2. Infection experiment

After 2 weeks of acclimation, 36 mature abalones per condition were
placed equally in three 20 L tanks containing 10 L of seawater at 20 °C
with a bubbling system. Abalones were infected for 24 h by balneation
with 5 x 10° CFU/mL of each of the V. harveyi strains listed in Table 1
[16]. The control group was made of 30 individuals not exposed to
bacteria. The seawater in the tanks was changed every day in every
tanks. For each condition of infection, one tank was used for sampling
after 24 h post-infection (hpi), another for sampling after 48 hpi, and the
final tank was used to monitor mortality for 10 days, during which dead
abalones were counted and removed daily.

2.3. Gills and hemolymph sampling

Gills and hemolymph were sampled from uninfected and infected
abalones at 24 and 48 hpi. At least 5 animals were sampled per time
point and infection condition. The hemolymph was collected from the
cephalic arterial sinus with a 2.5 mL syringe (Terumo, Tokyo, Japan)
and a needle (Terumo, Tokyo, Japan, 25G, 05 x 16 mm). Hemolymph
samples were divided into two microtubes, one used for bacterial
quantification and the other one to analyze hemocyte parameters. Then,
gills were dissected in sterile conditions, transferred into a 2 mL grinding
tube containing 5 to 6 ceramic beads (Ozyme France, Montigny-le-
Bretonneux, France, 2.8 mm and/or 1.4 mm), and kept on ice until
grinding. Between each dissection, the tools were rinsed with ethanol
and sterile distilled water. The grinding tubes containing the beads were
weighed before and after adding the gills, to obtain the mass of the
samples taken. After gills sampling, 500 pL of filtered sterile seawater
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(FSSW) were added to each sample. Gills were grounded using the
FastPrep-24 5G (MP Biomedicals, Santa Ana, CA, USA) with two 30-s
grinding cycles at 4.5 m/s and then placed on ice until bacterial
quantification.

2.4. Bacterial quantification

The cell concentration of the different V. harveyi strains was obtained
by plate counting from gills/hemolymph homogenates. 50 mg of
shredded gills or 500 pL of hemolymph were diluted in FSSW (10° to
10~%) and spread on LBS + Trim plates. All plates were incubated at
20 °C for 48 h and colonies were enumerated to obtain the bacterial
concentration in colony forming units (CFU) per mg of gill or per mL of
hemolymph.

2.5. Hemocyte parameters analysis by flow cytometry

Immediately after bacterial quantification, sampled hemolymph
from at least 5 animals per time point and infection condition were
filtered with a 80 pm nylon mesh to eliminate aggregates and debris.
Each filtered hemolymph sample was then analyzed as an individual
using the FACSVerse flow cytometer (Becton Dickinson, San Diego, CA,
USA) and its blue laser (488 nm) as an excitation wavelength. In parallel,
an anti-aggregant solution (AASH) was prepared according to Travers
et al. 2008 [6], with 6.25 g/L of NaCl, EDTA 1.5 % in a 0.1 M phosphate
buffer at pH 7.4, to prevent aggregation of abalone hemocytes.

2.5.1. Hemocytes viability and density

A total of 200 pL of each filtered hemolymph samples were added to
200 pL of AASH containing SYBR Green I (Molecular Probes, Eugene,
OR, 102 dilution of the commercial stock solution) and Propidium Io-
dide (10 pg/mL) and then incubated 30 min at 20 °C. Analyses were
performed using a flow cytometer (FCM) FacsVerse (Becton-Dick-
inson®, San Jose, USA), set on medium flowrate (around 80 pL min™!)
for 30 s. Flow rate was estimated each day by weighing H,O tube before
and after a 5 min run. The hemocyte cells were detected and counted
according to their green fluorescence level due to SYBR Green DNA
staining (FITC detector: 527/32 nm), and their forward/side scatter
(FSC/SSC) values. Hemocyte concentration was calculated in cell per mL
of hemolymph. Percentages of dead cells was obtained by counting cells
stained by the Propidium Iodide indicating a loss of membrane integrity
(Red fluorescence level, Per-CP-Cy5.5 detector: 700/54 nm), as
compared to SYBR Green-stained cells.

2.5.2. Phagocytosis index

The phagocytic index was measured according to Travers et al., 2009
[12]. Briefly, a total of 250 pL of 80 pm-filtered hemolymph, collected
from abalone infected for 24 and 48 h by balneation with the different
strains, were mixed with 250 pL of FSSW and the solution was added to a
24-wells plates (Cellstar, Greiner Bio-one). After hemocytes adhesion
during 15 min at 20 °C, 100 pL of 2 pm fluorescents beads (Polysciences,
1:200 in FSSW) were added in each well and incubated at 20 °C for 3 h.
The supernatant was subsequently removed and 200 pL of a trypsin
solution (2.5 mg/mL in ASSH) were added to detach adherent hemo-
cytes before 10 min of plates agitation. Finally, 200 pL of ASSH solution
were added to stop the reaction. Because of their fluorescence, beads are
detected by the cytometer and non-ingested beads are distinguished
from engulfed ones by their size. The phagocytosis index is defined as
the percentage of active hemocytes; active hemocyte means an hemo-
cyte with at least one engulfed bead [27].

2.5.3. Reactive oxygen species (ROS) production

The ability of hemocytes to produce ROS in the different infection
conditions was measured according to Lambert et al., 2003 [28]. Briefly,
300 plL 2,7-dichlorofluorescein diacetate (DCFH-DA, 0.1 mM final
concentration) diluted in FSSW was added to 300 pL of 80 pm-filtered
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hemolymph, and each sample was analyzed exactly 10 min after.
Oxidation of DCFH-DA by ROS produces dichlorofluorescein (DCF), a
green fluorescent molecule which is quantified by flow cytometry using
the FITC detector (527/32 nm). Results are given as intra-hemocyte
green fluorescence levels expressed in arbitrary units (A.U.).

2.6. Statistical analysis

Statistical analysis (comparison of bacterial quantification and he-
mocyte response) was performed using the Kruskal-Wallis test followed
by a pairwise Wilcoxon test to compare the difference between groups in
the RStudio software (R-4.2.0 version). A p-value of <0.05 was consid-
ered significant.

3. Results
3.1. Validation of abalone sensitivity to V. harveyi

In order to study the colonization of abalones, one had to ensure that
infected animals presented the same sensitivity to bacteria as demon-
strated previously [16]. European abalone mortalities following a 24 h
exposure to the different strains of V. harveyi were followed for 10 days
(Fig. 1). The first mortalities generated by V. harveyi ORM4 occurred 4
days after exposure and only 30 % of European abalones survived after
10 days. On the other hand, V. harveyi LMG 7890 and deletion mutants
of V. harveyi ORM4 caused either no mortality (Fig. 1A) or only 8 % of
mortality after 10 days (Fig. 1B).

The complementation of exsA and luxO mutations restored the
virulence of V. harveyi ORM4 (Fig. 1A and B). These results are in
agreement with the previous ones [12,16] and demonstrated that the
animals used in this study were mature and sensitive to V. harveyi ORM4,
which requires both functional QS and T3SS systems for its virulence.

3.2. Gills colonization

In order to investigate the barrier role of abalone gills during
V. harveyi infection and their ability to prevent bacterial establishment,
210 animals were infected using a balneation method to mimic the
natural process of Vibrio infection. At 24 and 48 hpi, 10 animals from
each infection condition were randomly sampled to collect the gills.
Bacteria were enumerated by plating gills homogenates on LBS medium
supplemented with trimethoprim, to which all bacteria used in this
experiment are resistant. No or a very small number of colonies were
obtained from non-infected animals (Fig. 2), showing that trimethoprim
resistance is an appropriate selection method to discriminate the used
V. harveyi strains from other bacteria present in these samples.

V.harveyi LMG 7890 was observed in gills at 24 hpi, but after 48 h the
bacterial concentration was significantly reduced from 189.3 + 98.6
CFU/mg to 0.8 + 0.5 CFU/mg (Fig. 2A and D, p-value <0.01). As a
result, V. harveyi LMG 7890 was considered absent from these organs at
48 hpi (Fig. 2A). Therefore, these results demonstrated that the inability
of V. harveyi LMG 7890 to cause mortality to European abalone is at least
partly due to its rapid curing by the host, as observed here with the gills
(Fig. 2A, compare time points 24 and 48 h). In contrast, the V. harveyi
ORM4 load in gills was 1232.0 + 287.9 and 491.9 + 126.7 at 24 and 48
hpi, respectively (Fig. 2A and D).

The exsA deletion resulted in a decreased capability to colonize gills,
since V. harveyi ORM4 AexsA concentration was 3-fold lower than that of
the wild-type strain in this organ for both time of sampling (Fig. 2B). The
complementation of the exsA deletion did not completely restore
V. harveyi ORM4 ability to colonize gills at 48 h, so we cannot draw
conclusions for this time (Fig. 2B). On the other hand, the luxO deletion
led to a 3-fold reduction in the number of bacteria detected in the
abalone gills at 24 hpi, as compared to the wild-type (Fig. 2C). However,
the V. harveyi ORM4 AluxO concentration significantly decreased when
comparing the time points at 24 and 48 h, from 399.8 & 72.2 CFU/mg to
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Fig. 1. Survival rate of European abalones after 10 days of infection with V. harveyi. Strains LMG 7890, ORM4 (A and B), ORM4 AexsA, ORM4 AexsA pFD067
(A), ORM4 AluxO, or ORM4 AluxO pFD084 (B) were used to infect 12 abalones by balneation, and surviving animals were counted daily. Note that black (control
tanks without added bacteria), orange (tanks infected with V. harveyi LMG 7890) and blue (tanks infected with V. harveyi ORM4 AexsA) curves overlap. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

94.9 + 81.2 CFU/mg of gills (Fig. 2D, p-value <0.01). In this mutant, the
complementation by the luxO gene restored the gill colonization by
V. harveyi ORM4 (Fig. 2C).

3.3. Hemolymph colonization

To follow the infectious cycle of V. harveyi ORM4 in the European
abalone, we then examined the ability of the different strains to colonize
and maintain in the hemolymph. V. harveyi LMG 7890, the avirulent
strain for the European abalone was presented at a bacterial concen-
tration of up to 1.82 x 10* CFU/mL at 24 h, before dropping to 3.73 x
102 CFU/mL at 48 hpi (Fig. 3A and D). In contrast, the pathogen
V. harveyi ORM4 was detected at concentrations ranging between 10* to
10° CFU/mL of hemolymph at both sampling times (Fig. 3A and D). The
exsA deletion did not alter the ability of V. harveyi ORM4 to colonize the
hemolymph (Fig. 3B). In opposition to these results, a defective QS in
V. harveyi ORM4 induced a decrease of V. harveyi ORM4 concentration
in hemolymph after 48 h of infection, which was 3-fold lower than that
of the wild-type strain (Fig. 3D). The complementation of the luxO
mutant restored the bacterial concentrations to levels similar to those
measured in hemolymph from abalones infected with the wild-type
strain (Fig. 3C).

3.4. Hemocyte mortalities in response to V. harveyi infections

As V. harveyi ORM4, its T3SS and QS mutants, and V. harveyi LMG
7890 are all able to penetrate into the circulatory system of the abalone
(the hemolymph) (Fig. 3), we next sought to quantify the hemocyte
mortalities induced by those bacteria. Flow cytometry was used to
quantify dead hemocytes (labeled with propidium iodide) and total
hemocytes (live + dead) were labeled with SYBR Green. The calculated
hemocyte density in hemolymph was between 1 x 10° and 3.5 x 10°
cells/mL and it remained stable between the non-infected control and
abalones infected with V. harveyi LMG 7890, V. harveyi ORM4 AexsA and
V. harveyi ORM4 AluxO (Fig. 4A). Infections with these bacteria also did
not induce hemocyte mortality (Fig. 4B).

On the other hand, V. harveyi ORM4 appeared to prevent the he-
mocytes from multiplying. Indeed, in the presence of the pathogen, the
hemocyte mortality tended to increase (Fig. 4B) and hemocyte density to
halve compared with the control (Fig. 4A) at 48 hpi. In addition, it

should be noted that in the presence of V. harveyi ORM4 AexsA pFD067,
the hemocyte density tended to increase at 24 hpi (Fig. 4A). This density
significantly decreased at 48 h (Fig. 4A, p-value <0.05), which may be
associated with the increase in hemocyte mortality recorded at the same
time in presence of this bacterium (Fig. 4B, p-value <0.001). In parallel,
based on the hemocyte (Fig. 4A) and V. harveyi concentrations (Fig. 3) in
the hemolymph, these results highlight the average hemocytes: bacteria
ratio was 100:1 for the various infection settings.

3.5. Hemocyte parameters in response to V. harveyi infection

Since V. harveyi strains only partially affect the viability of hemo-
cytes (Fig. 4B), we finally sought to characterize various hemocyte pa-
rameters following infection. We evaluated by flow cytometry the
response of hemocytes by measuring their ability to phagocyte fluores-
cents beads, and their ROS production by quantifying the production of
DCF by host cells (Fig. 5). No fluctuations in the hemocyte phagocytosis
index was recorded in infected animals as compared to the control
experiment (Fig. 5A). In line with this observation, the complementation
of both exsA and luxO genes did not affect this parameter (Fig. 5A).

In contrast, ROS production by hemocytes was influenced by the
presence of V. harveyi (Fig. 3). Indeed, as a result of infection with the
non-pathogenic strain LMG 7890, the ROS production was 2-fold higher
than in control animals after the two sampling times (Fig. 5B). When
infected by the virulent strain V. harveyi ORM4, ROS production was
greatly increased by hemocytes compared with the control condition,
with an 11-fold increase at 24 hpi, and a 3-fold increase after 48 h of
infection (Fig. 5B). Interestingly, hemocytes from abalone infected with
V. harveyi ORM4 AexsA showed a significant (p-value <0.05) 1.4-fold
higher ROS production as compared to V. harveyi ORM4 at 24 h
(Fig. 5B). This increased ROS production was maintained at 48 h,
although this increase was not significant (Fig. 5B). On the other hand,
the overexpression of exsA led to a significant increase in ROS produc-
tion (Fig. 5B). Finally, the absence of a functional QS by the deletion of
luxO did not alter the response of immune cells, since these hemocyte
parameters were similar to the ones observed during an infection with
V. harveyi ORM4 (Fig. 5B).
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Fig. 2. V. harveyi bacterial counts in gills of infected European abalones after 24 and 48 h. LMG 7890, ORM4 (A), ORM4 AexsA, ORM4 AexsA pFD067 (B),
ORM4 AluxO and ORM4 AluxO pFD084 (C) were enumerated by plating gill homogenates on LBS containing with trimethoprim. Calculated mean (+SEM) of the
bacterial concentrations measured in at least 7 animals (D). Statistical differences were obtained using a Kruskal-Wallis test followed by a pairwise Wilcoxon test.
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Fig. 3. Bacterial concentration of V. harveyi observed in hemolymph of infected European abalones after 24 and 48 h. LMG 7890, ORM4 (A), ORM4 AexsA
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4. Discussion

The purposes of this study were to characterize the colonization of
the European abalone by a pathogenic and a non-pathogenic strain of
V. harveyi, as well as to infer the involvement of both the QS and T3SS in
the establishment of V. harveyi ORM4.

Firstly, to be an efficient pathogen, V. harveyi ORM4 must be able to
colonize abalone and therefore bypass the host immune system to
maintain itself. Previous studies showed that using a V. harveyi ORM4
concentration of 5 x 10® CFU/mL to infect European abalone by im-
mersion was sufficient to detect the pathogen in the animal within the
first few hours following the infection. Here we demonstrated for the
first time that the V. harveyi LMG 7890 strain avirulent towards abalone
was able to initiate the colonization of both the gills and hemolymph,
but not to establish a long-term presence in abalone (Figs. 2A and 3A),
explaining at least in part its inability to cause abalone mortality (Fig. 1,
[16]). Interestingly, the genome of V. harveyi LMG 7890 harbors genes
for a T3SS. Whether this secretion system is functional or not in LMG
7890 has not yet been investigated, nor were explored potential
ORM4-specific T3SS effectors, which might explain the opposite viru-
lence phenotypes between LMG 7890 and ORM4. Travers and collabo-
rators [12] demonstrated that V. harveyi LMG 7890 is able of killing
abalone only when injected at a minimum concentration of 10°
CFU/animal [12]. During our experiments, although a higher concen-
tration of V. harveyi LMG 7890 was recorded in the hemolymph at 24 h
(1.8 x 10* CFU/mL), this decreased drastically at 48 h (7.9 x 102
CFU/mL). Taken together, this highlights the role and the importance of
gills as a barrier to bacterial establishment during infection.

In contrast, V. harveyi ORM4 was able to maintain itself at high
concentration in both the gills (1.2 x 10* CFU/mg and 4.9 x 102 CFU/
mg at respectively 24 and 48 hpi) and hemolymph (1.1 x 10° CFU/mL
and 2.5 x 10* CFU/mL at respectively 24 and 48 hpi) for a longer period,
ultimately leading to animal death (75 % of mortalities after 10 days). In
mollusks, the gills, which are the initial barrier that putative pathogenic
bacteria would confront [7,9], were shown to display strong antibac-
terial activities [29]. This has been demonstrated in the gills of the
mussel Mytilus galloprovincialis in which the expression of genes encod-
ing pathogen recognition proteins and immune effectors are activated in
presence of Vibrio splendidus [30], and in the oyster Crassostrea gigas
which produces several antibacterial proteases inside the mucus
covering the gills [31]. In the European abalone, hemocytes and
epithelial cells play a key role in the immunity in gills and are able to
phagocyte both pathogenic and non-pathogenic V. harveyi during in vitro
experiments [7]. However, the fact that only V. harveyi ORM4, but not
LMG 7890, is able to trigger host mortality suggests a specific response
of V. harveyi ORM4 to counteract the host immune system. An hypoth-
esis that can be put forward to explain the persistence of V. harveyi
ORM4 is the bacterium ability to overproduce biofilm in the presence of
abalone hemolymph, in contrast to V. harveyi LMG 7890 [16]. This
lifestyle is associated with host colonization, as is the case during an
infection with V. cholerae [32]. This hypothesis is supported by the
utilization of the QS mutant during our experiments, which is unable to
produce biofilm in microplates and did not show a biofilm over-
production in presence of host sample [16]. In line with this observation,
we demonstrated here that, in the absence of a functional QS, V. harveyi
ORM4 is almost unable to colonize gills (bacterial concentration divided
by a factor 5 after 48 h, p-value <0.05) and followed the same pattern as
the non-pathogenic strain with a strong decrease in bacterial concen-
trations between the two sampling times.

Our results therefore suggest that biofilm production is intimately
linked with virulence, as observed with V. cholerae during human
infection [32]. Indeed, some studies showed an upregulation of viru-
lence genes in Vibrio when grown in biofilm [33,34]. Recently, we
demonstrated that genes encoding proteins associated with the structure
of T3SS are up-regulated in V. harveyi ORM4 biofilm-forming cells [20].
Here, we showed that this secretion system is involved in the ability of
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V. harveyi ORM4 to colonize abalone gills, since the exsA deletion caused
an altered colonization (bacterial concentration divided by a factor 3
after 48 h, p-value <0.05). However, the link between biofilm formation
and T3SS remains to be determined, as an exsA mutant of V. harveyi
ORM4 is still able to produce a biofilm in microplate [16].

Pathogens can cause animal death by septicemia through prolifera-
tion in hemolymph, requiring outwitting the natural defenses of the
host. When confronted to V. harveyi LMG 7890, the European abalone is
able to wipe out the bacterial strain, avoiding deadly damage (from 1.8
x 10* CFU/mL to 7.9 x 102 CFU/mL at 48 hpi). During our experiments,
we showed that an abalone infection with the non-pathogenic V. harveyi
only marginally induced an increase in ROS production at 24 h, and that
even if the bacterium was present, no other hemocyte parameter was
modified (Figs. 4 and 5). Interestingly, the bacterial concentration of
V. harveyi LMG 7890 in hemolymph is 32-fold lower at 48 hpi than at 24
hpi (Fig. 3D) and this can be correlated with the observed increase in
ROS production (Fig. 5B). A previous work showed that V. harveyi LMG
7890 is eliminated in 3 h by rapid immune response activation through
phagocytosis and ROS production [12]. In the course of this study, a
ratio of 1 hemocyte per 25 bacteria was used during in vitro bacterial
challenges. On the other hand, during our study, the hemolymph of
infected abalones had less than one bacterium for each hemocyte, ac-
cording to our measurements of bacterial and hemocyte concentrations.
In line with these observations, we showed here that the absence of
phagocytosis is associated with a small load of V. harveyi LMG 7890 in
the hemolymph, but the animal contains the infection by preventing its
proliferation through ROS production. In contrast, an increase in ROS
production was observed during exposure to V. harveyi ORM4 (Fig. 5B),
with the other hemocyte parameters measured remaining unchanged
(Figs. 4 and 5A). The ratio of hemocytes to bacteria determined for the
avirulent strain was the same in the presence of the pathogenic strain
(hemocyte: bacteria ratio = 100:1). Thus, the low bacterial load could
result in the absence of an observed immune response. In addition,
during an infection, one of the first responses of the immune system is
the phagocytosis of the invaders by the host cells [35]. Therefore,
virulent strains frequently alter the phagocytosis activity of hemocytes
in order to escape the host immunity [36]. In contrast, ROS production
by hemocytes increased by 2- to 3-fold when they were exposed to
V. harveyi ORM4, as compared to ROS production by LMG 7890-exposed
hemocytes (Fig. 5B). Additionally, the concentration of V. harveyi ORM4
in hemolymph only decreased by a factor of 4 between the two sampling
times and remained high after 48 h of infection (Fig. 3D). During an
infection, Vibrio are known to develop different strategies to escape
immune cell actions, as observed with the synthesis of a capsule by
Vibrio parahaemolyticus or Vibrio vulnificus to prevent phagocytosis or
bacterial degradation [37,38], or by the production of enzymes to pre-
vent the oxidative burst induced by ROS [39,40].

In parallel, to become an efficient pathogen, Vibrio causes damages in
host by the secretion of hemolysins and other proteins, a phenomenon
widely described in V. harveyi [41] or V. parahaemolyticus [42], which
present a cytotoxicity and enterotoxicity against host cells. In addition,
Vibrio can produce extracellular proteases which degrade proteins in the
host tissue, as those used by V. harveyi against the shrimp Artemia
franciscana [41] or by V. alginolyticus [43]. In Gram-negative bacteria,
proteins can be exported via secretion systems, such as the T3SS which
enables the injection of effector proteins directly into target cells
[17-19]. In V. harveyi ORM4, the exsA deletion leads to a loss of path-
ogenicity against the European abalone [16]. In view of this system
function, we hypothesized its implication in abalone cell mortality [7,
13], which would allow V. harveyi to remain in the hemolymph [9,12].
Surprisingly, V. harveyi ORM4 cells with an impaired T3SS and unable to
cause abalone mortality were observed at the same concentration in
hemolymph as the wild-type strain (Fig. 3B and D). However, it is
important to note that complementation of the exsA gene with a
multicopy plasmid causes a slight increase in hemocyte mortality
(Fig. 4B). It is therefore conceivable that this system could be associated
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with the hemocyte mortality previously observed [13], but later in the
infection, enabling ORM4 to induce sepsis and host death [9,12,16]. As
observed with V. harveyi ORM4, the presence of V. harveyi ORM4 AexsA
induced a production of ROS by hemocytes (Fig. 5B). Nevertheless, this
hemocyte response is insufficient to affect the concentration of the exsA
mutant in the hemolymph, at least at 24 and 48 hpi (Fig. 3B and D).
Again, it is conceivable that the load of exsA mutant cells can decrease
after 72 h, a timepoint not tested in this study. At the beginning of an
infection with V. parahaemolyticus, proteins secreted by the T3SS help to
inactivate the p38 MAPK pathway [44], thus preventing the proper
functioning of a wide range of biological processes that are under its
regulation, such as inflammation, apoptosis, cell differentiation, growth,
and death [45]. An activation delay of this pathway, associated with the
decrease in immune response, was also observed in hemocytes of aba-
lones infected in vitro by V. harveyi ORM4 [12]. On the other hand, the
T3SS is mainly involved in cell death by injection of cytotoxic proteins
[17-19]. Here we showed that this apparatus in V. harveyi ORM4 did not
affect hemocyte viability during the first few days of infection. However,
the virulent strain requires the exsA gene to induce mortality in Europe
abalone (Fig. 1) [16]. Here we showed that even in the absence of the
principal activator of T3SS gene expression, V. harveyi ORM4 is able to
pass through abalone immunity to settle in the hemolymph. Taken
together, these results suggested that T3SS can be required by V. harveyi
ORM4 later in the infection when the bacterium is well established.

Finally, we demonstrated that a defective QS had an important
impact on the ability of V. harveyi ORM4 to maintain itself in hemo-
lymph since its concentration declined by a factor of 4 after 48 h of
infection when compared with the wild-type. In parallel to the bacterial
decrease, an increase in ROS production by hemocytes was observed in
the presence of this mutant (Fig. 5B). In V. harveyi, the QS regulates
hundreds of genes [22] and a disrupted system leads to numerous
altered phenotypes in bacteria, as observed for V. harveyi ORM4 in
which swimming motility, biofilm formation, host detection, T3SS gene
expression and lethality against H. tuberculata [16] were altered. It is
assumed that the autoinducers accumulate to let the bacteria know they
are "inside" the host rather than "outside" in the seawater, as observed
with V. fischeri which produces bioluminescence only under conditions
in which there is a positive advantage for the light in the squid E. scolopes
[24,25]. As described before, in V. harveyi LuxO is activated in the
presence of the host, inducing an overproduction of biofilm [16]. The
decrease in V. harveyi ORM4 AluxO concentration in hemolymph as well
as the increase in hemocyte-ROS production between the two sampling
times (Figs. 3D and 5B) let us hypothesize that the QS enables V. harveyi
ORM4 to sense host molecules, thus regulating genes associated with its
establishment, including those enabling it to override host defenses such
as ROS production.

Finally, it is important to note that in the absence of a functional QS
or T3SS, V. harveyi ORM4 is able to colonize hemolymph at high bac-
terial concentrations (Fig. 3B, C and D), but does not induce mortality in
European abalone (Fig. 1) [16]. This implies that, similar to V. harveyi
LMG 7890, the animal may contain the infection up to a certain
threshold of bacterial concentration.

5. Conclusion

In conclusion, we show for the first time that an abalone-avirulent
strain of V. harveyi is able to initiate the colonization but not to estab-
lish a long-term presence inside H. tuberculata. In opposition, pathogenic
V. harveyi can efficiently colonize the gills and hemolymph and escape
the host immunity. Here we show that a functional QS is essential for the
establishment of V. harveyi ORM4 in the European abalone, and con-
tributes to the bacterium resistance to the host immune activity. Then,
the exsA gene, which encodes the principal activator of T3SS, is essential
for gill colonization at 24 h and causes hemocyte mortality when it is
overexpressed. Further investigations will be required to fully charac-
terize the mode of action of these two systems, which makes them
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essential to the virulence of V. harveyi ORM4 against the European
abalone.

CRediT authorship contribution statement

Amandine Morot: Conceptualization, Data curation, Formal anal-
ysis, Investigation, Methodology, Writing — original draft, Writing —
review & editing. Christophe Lambert: Data curation, Formal analysis,
Methodology, Writing — review & editing. Adeline Bidault: Formal
analysis, Methodology, Writing — review & editing. Alain Dufour:
Conceptualization, Supervision, Writing — original draft, Writing — re-
view & editing, Funding acquisition. Sophie Rodrigues: Conceptuali-
zation, Supervision, Writing — original draft, Writing — review & editing,
Funding acquisition. Francois Delavat: Conceptualization, Supervision,
Writing — original draft, Writing — review & editing, Funding acquisition.
Christine Paillard: Conceptualization, Supervision, Writing — original
draft, Writing — review & editing, Funding acquisition.

Declaration of competing interest

None.

Acknowledgements

The authors would like to thank Nelly Le Goic and Morgan Perennou
for their help with abalone dissections. Amandine Morot was the
recipient of a doctoral fellowship (PhD COMPARO project) co-funded by
the Université de Bretagne Sud (UBS) and the Région Bretagne. This
work was supported by the ISblue project, Interdisciplinary graduate
school for the blue planet (ANR-17-EURE-0015) and co-funded by a
grant from the Région Bretagne under the project GIS EUROPOLE MER
2009. The LBCM is supported by European FEDER.

Data availability

Data will be made available on request.

References

[1] P.A. Cook, Recent trends in worldwide abalone production, J. Shellfish Res. 35
(2016) 581-583, https://doi.org/10.2983/035.035.0302.

[2] S. Huchette, J. Clavier, Status of the ormer (Haliotis tuberculata L.) industry in
Europe, J. Shellfish Res. 23 (2004) 951-955.

[3] J. Nicolas, O. Basuyaux, J. Mazurié, A. Thébault, Vibrio carchariae, a pathogen of
the abalone Haliotis tuberculata, Dis. Aquat. Org. 50 (2002) 35-43, https://doi.org/
10.3354/dao050035.

[4] X.-H. Zhang, X. He, B. Austin, Vibrio harveyi: a serious pathogen of fish and
invertebrates in mariculture, Mar, Life Sci. Today 2 (2020) 231-245, https://doi.
org/10.1007/542995-020-00037-z.

[5] M.-A. Travers, O. Basuyaux, N. Le Goic, S. Huchette, J.-L. Nicolas, M. Koken,

C. Paillard, Influence of temperature and spawning effort on Haliotis tuberculata
mortalities caused by Vibrio harveyi : an example of emerging vibriosis linked to
global warming, Global Change Biol. 15 (2009) 1365-1376, https://doi.org/
10.1111/j.1365-2486.2008.01764.x.

[6] M.-A. Travers, N. Le Goic, S. Huchette, M. Koken, C. Paillard, Summer immune
depression associated with increased susceptibility of the European abalone,
Haliotis tuberculata to Vibrio harveyi infection, Fish Shellfish Immunol. 25 (2008)
800-808, https://doi.org/10.1016/].fs1.2008.08.003.

[7] D. Pichon, B. Cudennec, S. Huchette, C. Djediat, T. Renault, C. Paillard, S. Auzoux-
Bordenave, Characterization of abalone Haliotis tuberculata—Vibrio harveyi
interactions in gill primary cultures, Cytotechnology 65 (2013) 759-772, https://
doi.org/10.1007/5s10616-013-9583-1.

[8] M.-A. Travers, P. Mirella Da Silva, N. Le Goic, D. Marie, A. Donval, S. Huchette,
M. Koken, C. Paillard, Morphologic, cytometric and functional characterisation of
abalone (Haliotis tuberculata) haemocytes, Fish Shellfish Immunol. 24 (2008)
400-411, https://doi.org/10.1016/].fsi.2007.10.001.

[9] M. Cardinaud, A. Barbou, C. Capitaine, A. Bidault, A.M. Dujon, D. Moraga,

C. Paillard, Vibrio harveyi adheres to and penetrates tissues of the European abalone
Haliotis tuberculata within the first hours of contact, Appl. Environ. Microbiol. 80
(2014) 6328-6333, https://doi.org/10.1128/AEM.01036-14.

[10] L.D.D.L. Pena, T. Nakai, K. Muroga, Dynamics of Vibrio sp. PJ in organs of orally
infected Kuruma prawn, Penaeus japonicus, Fish Pathol. 30 (1995) 39-45, https://
doi.org/10.3147/jsfp.30.39.


https://doi.org/10.2983/035.035.0302
http://refhub.elsevier.com/S1050-4648(24)00749-6/sref2
http://refhub.elsevier.com/S1050-4648(24)00749-6/sref2
https://doi.org/10.3354/dao050035
https://doi.org/10.3354/dao050035
https://doi.org/10.1007/s42995-020-00037-z
https://doi.org/10.1007/s42995-020-00037-z
https://doi.org/10.1111/j.1365-2486.2008.01764.x
https://doi.org/10.1111/j.1365-2486.2008.01764.x
https://doi.org/10.1016/j.fsi.2008.08.003
https://doi.org/10.1007/s10616-013-9583-1
https://doi.org/10.1007/s10616-013-9583-1
https://doi.org/10.1016/j.fsi.2007.10.001
https://doi.org/10.1128/AEM.01036-14
https://doi.org/10.3147/jsfp.30.39
https://doi.org/10.3147/jsfp.30.39

A. Morot et al.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

K. Somboonwiwat, P. Supungul, V. Rimphanitchayakit, T. Aoki, I. Hirono,

A. Tassanakajon, Differentially expressed genes in hemocytes of Vibrio harveyi-
challenged shrimp Penaeus monodon, BMB Rep 39 (2006) 26-36, https://doi.org/
10.5483/BMBRep.2006.39.1.026.

M.-A. Travers, R. Le Bouffant, C.S. Friedman, F. Buzin, B. Cougard, S. Huchette,
M. Koken, C. Paillard, Pathogenic Vibrio harveyi , in contrast to non-pathogenic
strains, intervenes with the p38 MAPK pathway to avoid an abalone haemocyte
immune response, J. Cell. Biochem. 106 (2009) 152-160, https://doi.org/
10.1002/jcb.21990.

M. Cardinaud, N.M. Dheilly, S. Huchette, D. Moraga, C. Paillard, The early stages of
the immune response of the European abalone Haliotis tuberculata to a Vibrio
harveyi infection, Dev. Comp. Immunol. 51 (2015) 287-297, https://doi.org/
10.1016/j.dci.2015.02.019.

F. Le Roux, Environmental vibrios: «a walk on the wild side, Environ. Microbiol.
Rep. 9 (2017) 27-29, https://doi.org/10.1111/1758-2229.12497.

F. Delavat, A. Bidault, V. Pichereau, C. Paillard, Rapid and efficient protocol to
introduce exogenous DNA in Vibrio harveyi and Pseudoalteromonas sp, J. Microbiol.
Methods 154 (2018) 1-5, https://doi.org/10.1016/j.mimet.2018.09.022.

A. Morot, S. El Fekih, A. Bidault, A. Le Ferrand, A. Jouault, J. Kavousi, A. Bazire,
V. Pichereau, A. Dufour, C. Paillard, F. Delavat, Virulence of Vibrio harveyi ORM4
towards the European abalone Haliotis tuberculata involves both quorum sensing
and a type III secretion system, Environ. Microbiol. 23 (2021) 5273-5288, https://
doi.org/10.1111/1462-2920.15592.

A.G. Portaliou, K.C. Tsolis, M.S. Loos, V. Zorzini, A. Economou, Type III secretion:
building and operating a remarkable nanomachine, trends in bioch, Sci. 41 (2016)
175-189, https://doi.org/10.1016/j.tibs.2015.09.005.

K. Matlawska-Wasowska, R. Finn, A. Mustel, C.P. O'Byrne, A.W. Baird, E.T. Coffey,
A. Boyd, The Vibrio parahaemolyticus Type III Secretion Systems manipulate host
cell MAPK for critical steps in pathogenesis, BMC Microbiol. 10 (2010) 329,
https://doi.org/10.1186,/1471-2180-10-329.

Z. Zhao, J. Liu, Y. Deng, W. Huang, C. Ren, D.R. Call, C. Hu, The Vibrio alginolyticus
T3SS effectors, Val1686 and Val1680, induce cell rounding, apoptosis and lysis of
fish epithelial cells, Virulence 9 (2018) 318-330, https://doi.org/10.1080/
21505594.2017.1414134.

A. Morot, F. Delavat, A. Bazire, C. Paillard, A. Dufour, S. Rodrigues, Genetic
insights into biofilm formation by a pathogenic strain of Vibrio harveyi,
Microorganisms 12 (2024) 186, https://doi.org/10.3390/
microorganisms12010186.

K. Papenfort, B.L. Bassler, Quorum sensing signal-response systems in Gram-
negative bacteria, Nat. Rev. Microbiol. 14 (2016) 576-588, https://doi.org/
10.1038/nrmicro.2016.89.

J.C. Van Kessel, S.T. Rutherford, Y. Shao, A.F. Utria, B.L. Bassler, Individual and
combined roles of the master regulators AphA and LuxR in control of the Vibrio
harveyi quorum-sensing regulon, J. Bacteriol. 195 (2013) 436-443, https://doi.
org/10.1128/JB.01998-12.

C.M. Waters, J.T. Wu, M.E. Ramsey, R.C. Harris, B.L. Bassler, Control of the type 3
secretion system in Vibrio harveyi by quorum sensing through repression of ExsA,
Appl. Environ. Microbiol. 76 (2010) 4996-5004, https://doi.org/10.1128/
AEM.00886-10.

K.H. Nealson, T. Platt, J.W. Hastings, Cellular control of the synthesis and activity
of the bacterial luminescent system, J. Bacteriol. 104 (1970) 313-322, https://doi.
org/10.1128/jb.104.1.313-322.1970.

M.B. Miller, Quorum sensing in bacteria, Annu. Rev. Microbiol. 55 (2001)
165-199.

R.R. Chaparian, A. Ball, J.C. Van Kessel, Hierarchical transcriptional regulation of
quorum-sensing genes in Vibrio harveyi, Microbiol. 202 (2020) e00047, https://doi.
org/10.1101/2020.01.22.916312, 20.

H. Hégaret, G.H. Wikfors, P. Soudant, Flow-cytometric analysis of haemocytes
from eastern oysters, Crassostrea virginica, subjected to a sudden temperature
elevation, J. Exp. Mar. Biol. Ecol. 293 (2003) 237-248, https://doi.org/10.1016/
S0022-0981(03)00236-3.

C. Lambert, P. Soudant, G. Choquet, C. Paillard, Measurement of Crassostrea gigas
hemocyte oxidative metabolism by flow cytometry and the inhibiting capacity of
pathogenic vibrios, Fish Shellfish Immunol. 15 (2003) 225-240, https://doi.org/
10.1016/S1050-4648(02)00160-2.

10

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Fish and Shellfish Inmunology 157 (2025) 110103

B. Allam, E. Pales Espinosa, Mucosal immunity in mollusks, in: B. Beck, E. Peatman
(Eds.), Mucosal Health in 590 Aquaculture, Academic Press, New York, 2015,
pp. 325-370.

A. Saco, M. Rey-Campos, B. Novoa, A. Figueras, Transcriptomic response of mussel
gills after a Vibrio splendidus infection demonstrates their role in the immune
response, Front. Immunol. 11 (2020) 615580, https://doi.org/10.3389/
fimmu.2020.615580.

N.T. Brun, N.W. Ross, A.D. Boghen, Changes in the electrophoretic profiles of gill
mucus proteases of the eastern oyster Crassostrea virginica in response to infection
by the Turbellarian Urastoma cyprinae, J. Invertebr. Pathol. 75 (2000) 163-170,
https://doi.org/10.1006/jipa.1999.4917.

Y.A. Millet, D. Alvarez, S. Ringgaard, U.H. Von Andrian, B.M. Davis, M.K. Waldor,
Insights into Vibrio cholerae intestinal colonization from monitoring fluorescently
labeled bacteria, PLoS Pathog. 10 (2014) e1004405, https://doi.org/10.1371/
journal.ppat.1004405.

S. Rodrigues, C. Paillard, S. Van Dillen, A. Tahrioui, J.-M. Berjeaud, A. Dufour,
A. Bazire, Relation between biofilm and virulence in Vibrio tapetis: a transcriptomic
study, Pathogens 7 (2018) 92, https://doi.org/10.3390/pathogens7040092.

A.L. Gallego-Hernandez, W.H. DePas, J.H. Park, J.K. Teschler, R. Hartmann,

H. Jeckel, K. Drescher, S. Beyhan, D.K. Newman, F.H. Yildiz, Upregulation of
virulence genes promotes Vibrio cholerae biofilm hyperinfectivity, Proc. Natl. Acad.
Sci. U.S.A. 117 (2020) 11010-11017, https://doi.org/10.1073/pnas.1916571117.
B. Allam, Immune responses to infectious diseases in bivalves, J. Invertebr. Pathol.
131 (2015) 121-136, https://doi.org/10.1016/].jip.2015.05.005.

A. Rahmani, F. Delavat, C. Lambert, N. Le Goic, E. Dabas, C. Paillard, V. Pichereau,
Implication of the type IV secretion system in the pathogenicity of Vibrio tapetis, the
etiological agent of Brown ring disease affecting the manila clam ruditapes
philippinarum, Front. Cell. Infect. Microbiol. 11 (2021) 634427, https://doi.org/
10.3389/fcimb.2021.634427.

A. Volety, S. McCarthy, B. Tall, S. Curtis, W. Fisher, F. Genthner, Responses of
oyster Crassostrea virginica hemocytes to environmental and clinical isolates of
Vibrio parahaemolyticus, Aquat. Microb. Ecol. 25 (2001) 11-20, https://doi.org/
10.3354/ame025011.

T. Williams, M. Ayrapetyan, H. Ryan, J. Oliver, Serum survival of Vibrio vulnificus:
role of genotype, capsule, complement, clinical origin, and in situ incubation,
Pathogens 3 (2014) 822-832, https://doi.org/10.3390/pathogens3040822.

H. Wang, S. Chen, J. Zhang, F.P. Rothenbacher, T. Jiang, B. Kan, Z. Zhong, J. Zhu,
Catalases promote resistance of oxidative stress in Vibrio cholerae, PLoS One 7
(2012) 53383, https://doi.org/10.1371/journal.pone.0053383.

Y. Chen, F. Wu, H. Pang, J. Tang, S. Cai, J. Jian, Superoxide dismutase B (sodB), an
important virulence factor of Vibrio alginolyticus, contributes to antioxidative stress
and its potential application for live attenuated vaccine, Fish Shellfish Inmunol. 89
(2019) 354-360, https://doi.org/10.1016/].51.2019.03.061.

S. Vanmaele, T. Defoirdt, I. Cleenwerck, P. De Vos, P. Bossier, Characterization of
the virulence of Harveyi clade vibrios isolated from a shrimp hatchery in vitro and in
vivo, in a brine shrimp (Artemia franciscana) model system, Aquaculture 435 (2015)
28-32, https://doi.org/10.1016/j.aquaculture.2014.09.015.

C.K. Gutierrez West, S.L. Klein, C.R. Lovell, High frequency of virulence factor
genes tdh , trh , and tlh in Vibrio parahaemolyticus strains isolated from a pristine
estuary, Appl. Environ. Microbiol. 79 (2013) 2247-2252, https://doi.org/
10.1128/AEM.03792-12.

Q. Wang, Q. Liu, Y. Ma, H. Rui, Y. Zhang, LuxO controls extracellular protease,
haemolytic activities and siderophore production in fish pathogen Vibrio
alginolyticus: LuxO regulate ECP production, J. Appl. Microbiol. 103 (2007)
1525-1534, https://doi.org/10.1111/j.1365-2672.2007.03380.x.

N.J. De Nisco, M. Kanchwala, P. Li, J. Fernandez, C. Xing, K. Orth, The cytotoxic
type 3 secretion system 1 of Vibrio rewires host gene expression to subvert cell
death and activate cell survival pathways, Sci. Signal. 10 (2017) eaal4501, https://
doi.org/10.1126/scisignal.aal4501.

L. New, J. Han, The p38 MAP kinase pathway and its biological function, Trends
Cardiovasc. Med. 8 (1998) 220-228, https://doi.org/10.1016/51050-1738(98)
00012-7.

S. Bertone, C. Gili, A. Moizo, L. Calegari, Vibrio carchariae associated with a chronic
skin ulcer on a shark, Carcharhinus plumbeus (Nardo), J. Fish. Dis. 19 (1996)
429-434.


https://doi.org/10.5483/BMBRep.2006.39.1.026
https://doi.org/10.5483/BMBRep.2006.39.1.026
https://doi.org/10.1002/jcb.21990
https://doi.org/10.1002/jcb.21990
https://doi.org/10.1016/j.dci.2015.02.019
https://doi.org/10.1016/j.dci.2015.02.019
https://doi.org/10.1111/1758-2229.12497
https://doi.org/10.1016/j.mimet.2018.09.022
https://doi.org/10.1111/1462-2920.15592
https://doi.org/10.1111/1462-2920.15592
https://doi.org/10.1016/j.tibs.2015.09.005
https://doi.org/10.1186/1471-2180-10-329
https://doi.org/10.1080/21505594.2017.1414134
https://doi.org/10.1080/21505594.2017.1414134
https://doi.org/10.3390/microorganisms12010186
https://doi.org/10.3390/microorganisms12010186
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.1128/JB.01998-12
https://doi.org/10.1128/JB.01998-12
https://doi.org/10.1128/AEM.00886-10
https://doi.org/10.1128/AEM.00886-10
https://doi.org/10.1128/jb.104.1.313-322.1970
https://doi.org/10.1128/jb.104.1.313-322.1970
http://refhub.elsevier.com/S1050-4648(24)00749-6/sref25
http://refhub.elsevier.com/S1050-4648(24)00749-6/sref25
https://doi.org/10.1101/2020.01.22.916312
https://doi.org/10.1101/2020.01.22.916312
https://doi.org/10.1016/S0022-0981(03)00236-3
https://doi.org/10.1016/S0022-0981(03)00236-3
https://doi.org/10.1016/S1050-4648(02)00160-2
https://doi.org/10.1016/S1050-4648(02)00160-2
http://refhub.elsevier.com/S1050-4648(24)00749-6/sref29
http://refhub.elsevier.com/S1050-4648(24)00749-6/sref29
http://refhub.elsevier.com/S1050-4648(24)00749-6/sref29
https://doi.org/10.3389/fimmu.2020.615580
https://doi.org/10.3389/fimmu.2020.615580
https://doi.org/10.1006/jipa.1999.4917
https://doi.org/10.1371/journal.ppat.1004405
https://doi.org/10.1371/journal.ppat.1004405
https://doi.org/10.3390/pathogens7040092
https://doi.org/10.1073/pnas.1916571117
https://doi.org/10.1016/j.jip.2015.05.005
https://doi.org/10.3389/fcimb.2021.634427
https://doi.org/10.3389/fcimb.2021.634427
https://doi.org/10.3354/ame025011
https://doi.org/10.3354/ame025011
https://doi.org/10.3390/pathogens3040822
https://doi.org/10.1371/journal.pone.0053383
https://doi.org/10.1016/j.fsi.2019.03.061
https://doi.org/10.1016/j.aquaculture.2014.09.015
https://doi.org/10.1128/AEM.03792-12
https://doi.org/10.1128/AEM.03792-12
https://doi.org/10.1111/j.1365-2672.2007.03380.x
https://doi.org/10.1126/scisignal.aal4501
https://doi.org/10.1126/scisignal.aal4501
https://doi.org/10.1016/S1050-1738(98)00012-7
https://doi.org/10.1016/S1050-1738(98)00012-7
http://refhub.elsevier.com/S1050-4648(24)00749-6/sref46
http://refhub.elsevier.com/S1050-4648(24)00749-6/sref46
http://refhub.elsevier.com/S1050-4648(24)00749-6/sref46

	Vibrio harveyi uses both type III secretion system and quorum sensing for the colonization of the European abalone
	1 Introduction
	2 Materials and methods
	2.1 Abalone and bacterial strains
	2.2 Infection experiment
	2.3 Gills and hemolymph sampling
	2.4 Bacterial quantification
	2.5 Hemocyte parameters analysis by flow cytometry
	2.5.1 Hemocytes viability and density
	2.5.2 Phagocytosis index
	2.5.3 Reactive oxygen species (ROS) production

	2.6 Statistical analysis

	3 Results
	3.1 Validation of abalone sensitivity to V. harveyi
	3.2 Gills colonization
	3.3 Hemolymph colonization
	3.4 Hemocyte mortalities in response to V. harveyi infections
	3.5 Hemocyte parameters in response to V. harveyi infection

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


