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Summary

Environmental Vibrio strains represent a major threat
in aquaculture, but the understanding of their viru-
lence mechanisms heavily relies on the transposition
of knowledge from human-pathogen vibrios. Here,
the genetic bases of the virulence of Vibrio harveyi
ORM4 towards the European abalone Haliotis
tuberculata were characterized. We demonstrated
that luxO, encoding a major regulator of the quorum
sensing system, is crucial for the virulence of this
strain, and that its deletion leads to a decrease in
swimming motility, biofilm formation, and
exopolysaccharide production. Furthermore, the bio-
film formation by V. harveyi ORM4 was increased by
abalone serum, which required LuxO. The absence of
LuxO in V. harveyi ORM4 yielded opposite pheno-
types compared with other Vibrio species including
V. campbellii (still frequently named V. harveyi). In
addition, we report a full type III secretion system
(T3SS) gene cluster in the V. harveyi ORM4 genome.
LuxO was shown to negatively regulate the promoter
activity of exsA, encoding the major regulator of the
T3SS genes, and the deletion of exsA abolished the
virulence of V. harveyi ORM4. These results unveil
virulence mechanisms set up by this environmentally
important bacterial pathogen and pave the way for a

better molecular understanding of the regulation of
its pathogenicity.

Introduction

Vibrio-associated diseases cause major economic and
ecological plagues worldwide and are linked to extensive
sanitary concerns. Global warming and the associated
increase in seawater temperature are thought to amplify
these phenomena. Studying Vibrio pathogens is therefore
of prime importance in a future attempt to mitigate infec-
tions. Particularly, the molecular mechanisms involved
during infection need to be better understood, and the
key factors have to be deciphered. However, those fac-
tors have been most extensively studied in Vibrio models
that are human pathogens such as Vibrio cholerae, while
non-model (i.e. non-human) pathogens remain far less
studied (Le Roux, 2017). Nevertheless, non-model Vibrio
represent a major source of pathogenic bacteria in
marine environments, causing high mortality both in natu-
ral environments and in aquaculture (Paillard et al., 2004;
Travers et al., 2015; Ina-Salwany et al., 2019) and the
overall economic impact of marine pathogens is esti-
mated in billions dollars yearly (Bondad-Reantaso
et al., 2005). Among the pathogens of marine organisms,
one can cite Vibrio alginolyticus, which can infect
humans but also fishes, clams or shrimps (for review,
see Ruwandeepika et al., 2012), or Vibrio para-
haemolyticus, which can also infect shrimps
(Vandenberghe et al., 1999). Finally, Vibrio harveyi is
notoriously known to infect many economically important
marine organisms, including fishes and shrimps (Lee
et al., 2002; Austin and Zhang, 2006).

In many bacteria, quorum sensing (QS) systems con-
trol collective bacterial behaviours including virulence
(Miller and Bassler, 2001). Gene regulation by QS sys-
tems is dependent on the concentration of signal mole-
cules called autoinducers, the concentration of which
depends on bacterial density. This phenomenon was first
described by Nealson et al. (1970) who analysed the reg-
ulation of bioluminescence production in Vibrio fischeri.
In the Harveyi clade, the QS system of V. harveyi BAA-
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1116, reclassified as Vibrio campbellii BAA-1116 (Lin
et al. 2010), has been largely described, and three types
of autoinducers were identified. The binding of
autoinducers to their respective histidine kinase receptor
feeds a single regulatory signal transduction pathway
involving the LuxO protein. At low cell density, the
autoinducer concentrations are below the detection
threshold of receptors, which induces their
autophosphorylation. This autophosphorylation allows the
phosphorylation of LuxU and then of LuxO. Phosphory-
lated LuxO, together with the alternative sigma factor σ54,
activates the transcription of genes encoding small non-
coding regulatory RNAs (ncRNAs) (Milton, 2006). These
ncRNAs, together with the RNA-binding protein Hfq,
inhibit the translation of the major QS regulator gene luxR
(Miyamoto et al., 2003; Ball et al., 2017). At high cell den-
sity, the autoinducer concentrations reach the detection
threshold of receptors, leading to an inhibition of the
kinase activities in the phosphorelay. As a consequence,
the non-phosphorylated LuxO is unable to induce the
expression of the ncRNAs, leading to an increased trans-
lation of luxR (Lorenz et al., 2017). The LuxR protein reg-
ulates directly or indirectly the expression of up to
625 genes in V. campbellii (van Kessel et al., 2013; Ball
and van Kessel, 2019), notably triggering an increased
virulence (Noor et al., 2019) and motility (Yang and
Defoirdt, 2015), and a decreased biofilm formation
(Anetzberger et al., 2009)..
Importantly, while this above-described regulatory net-

work is highly conserved among Vibrio (Ng and
Bassler, 2009), the downstream genes regulated by the
LuxR/HapR family of proteins and the phenotypical out-
comes of this gene regulation can greatly differ from spe-
cies to species (Ng and Bassler, 2009; Boyaci
et al., 2016; Ball et al., 2017). Given the recent
reclassification of V. harveyi BAA-1116 as V. campbellii,
any conclusion using V. campbellii as a reference can
lead to over- or mis-interpretation of the QS machinery
system and regulation when studying true V. harveyi
strains. This bias highlights the necessity to establish a
new model for a true V. harveyi species to decipher the
virulence mechanisms of this species. The strain ORM4
used in the present work is a true V. harveyi, as shown
by pairwise genome comparisons (Supporting Informa-
tion Table S1).
V. harveyi ORM4 is a potent pathogen of the European

abalone Haliotis tuberculata, a marine gastropod of high
economic value. It was isolated during a severe disease
outbreak, which resulted in the mortality of 50%–90% of
the natural European abalone stock in Brittany and Nor-
mandy (France) in the late 90s (Nicolas et al., 2002). This
strain also provokes massive abalone mortality in labora-
tory experiments, with between 70% and 90% of
death occurring within 3 days post-infection (Travers

et al., 2008; Cardinaud et al., 2014a). It has been demon-
strated that V. harveyi ORM4 is causing an immune-
suppression in H. tuberculata, by reducing hemocyte
activities (Cardinaud et al., 2015). Moreover, a host-
centered RNA sequencing approach allowed the de novo
assembly and annotation of the transcriptomic profiles of
H. tuberculata under different conditions, including upon
infection by V. harveyi ORM4 (Harney et al., 2016). Inter-
estingly, earlier work showed that V. harveyi ORM4 is
incapable of causing abalone death when the water tem-
perature is below 17�C or when the abalone is immature,
not ready to spawn and not stressed, while an increase
of the seawater temperature by only 1� (18�C) is suffi-
cient to trigger up to 80% of abalone mortality (Travers
et al., 2009a; Cardinaud et al., 2014b). Global climate
change and its associated increase in seawater tempera-
ture can therefore lead to rapid declines in bioresources,
as already observed in Europe for H. tuberculata
(Huchette and Clavier, 2004) and in the United States,
where Haliotis sorenseni and Haliotis cracherodii are offi-
cially classified as endangered species (Hobday
et al., 2001; Gruenthal and Burton, 2008). Thus, the
V. harveyi–H. tuberculata system can be an ideal model
to study the effect of global change on the pathogenicity
of marine vibrios.

In summary, while knowledge about the response of
the abalone upon infection is accumulating, our under-
standing of the molecular mechanisms of V. harveyi
ORM4 during infection remains limited. Increasing our
knowledge on this environmental strain requires us to set
up appropriate genetic tools. The recent development of
an efficient electroporation protocol allowed us to rapidly
introduce exogenous DNA (replicative plasmids and mini-
transposons) within V. harveyi ORM4 (Delavat
et al., 2018). Using this procedure, transcriptional fusions
have been constructed and introduced into V. harveyi
ORM4, which showed at the single-cell level that the
expression of a flagellar gene is subjected to phenotypic
heterogeneity within an isogenic population of V. harveyi
ORM4 (Delavat et al., 2018). Despite these advances,
the key bacterial factors important for abalone infection
remain unknown, hampering our understanding of their
lifestyle and behaviour during infection.

The objectives of this study were to unveil the genetic
bases involved in the virulence of V. harveyi ORM4
towards abalone and to shed a new light on similarities
and differences with established knowledge on
V. campbellii BAA-1116. To reach these objectives, we
report here the in vitro and in vivo phenotypic character-
izations of both an exsA mutant and a luxO mutant,
affected in their type III secretion system and quorum
sensing system, respectively. Our results pave the way
for a better molecular understanding of the regulation of
its pathogenicity in response to climate change.
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Experimental procedures

Strains and culture conditions

Unless otherwise stated, Escherichia coli strains were
routinely grown at 37�C in LB, and V. harveyi strains
were cultivated at 28�C in LBS [LB containing 20 g l�1

NaCl (final concentration)]. If necessary, agar (15 g l�1),
kanamycin (Km, 100 μg ml�1 for E. coli, 250 μg ml�1 for
V. harveyi), chloramphenicol (Cm, 5 μg ml�1), trimetho-
prim (Trim, 10 μg ml�1), ampicillin (Amp, 100 μg ml�1),
glucose (Glc, 0.3 g l�1), diaminopimelic acid (DAP,
0.3 mM), L-arabinose (L-ara, 0.2%), Congo Red
(40 μg ml�1) or Coomassie Blue (15 μg ml�1) were added
to the media. Strains and plasmids used in this study are
listed in the Supporting Information Tables S2 and S3
respectively.

Doubling times of the different Vibrio strains were
determined by spectrophotometry. Briefly, one colony of
each strain was used to inoculate 5 ml of LBS in tubes,
which were incubated for 8 h at 20�C or 28�C with shak-
ing. A total of 100 μl were subsequently used to inoculate
5 ml LBS in tubes, in triplicates, and tubes were incu-
bated overnight with shaking at their respective tempera-
tures. The 50 μl of each triplicate was then used to
inoculate 100 ml Erlenmeyers containing 20 ml LBS, and
OD600nm was measured regularly over 10 h. Doubling
times were calculated from the exponential growth phase
of each culture.

Strain constructions and DNA techniques

Molecular techniques were performed according to stan-
dard procedures and by following the recommendations
of the reagent suppliers. Targeted chromosomal dele-
tions were performed by double homologous recombina-
tion between a suicide plasmid and the chromosome.
Briefly, around 800 bp of the upstream and downstream
regions of each gene [luxO (HORM4v2_520006) and
exsA (HORM4v2_240097)] to be deleted were amplified
by PCR (Supporting Information Table S4), and a Splic-
ing by Overlap Extension PCR (SOEing PCR) was per-
formed to fuse the two fragments. The obtained fragment
was cloned in the pGEM-T vector (Promega), sequenced
to verify the absence of point mutation, and subcloned
into pLP12 (Luo et al., 2015), using unique cloning sites.
These newly constructed suicide plasmids were trans-
formed in E. coli β-3914 (Le Roux et al., 2007) carrying a
RP4 origin of transfer. Matings were performed by grow-
ing the E. coli donor strains (strain β-3914 carrying each
suicide plasmid pFD067 or pFD083), V. harveyi ORM4
and, if necessary, an E. coli helper strain carrying the
pEVS104 plasmid (Dunn et al., 2006), overnight. The lat-
ter strain increases the chance of the suicide plasmid to
conjugate from the donor strain to the recipient strain.

After overnight growth, 200 μl of the E. coli donor strain
culture was centrifuged, 200 μl of the E. coli helper strain
were added to the pellet, centrifuged again, and 800 μl of
V. harveyi ORM4 was added to the pellet, before a final
centrifugation. The pellet was resuspended with 20 μl of
a LBS + DAP+Glc solution, which was spotted in a sin-
gle drop on a 0.2 μm acetate filter placed on a
LBS + DAP+Glc plate. Matings were allowed to incubate
for 24 h at 28�C. Filters were subsequently removed,
rinsed with 1 ml filter-sterilized seawater (FSSW), and the
cell suspension was concentrated by centrifugation and
plated on LBS + Glc + Cm plates. After 24–48 h incuba-
tion, colonies were restreaked on LBS + Glc + Cm, and
the integration of the suicide plasmid in V. harveyi ORM4
was verified by colony-PCR. At least one colony with an
integration of the suicide plasmid in the ‘upstream’ region
and one in the ‘downstream’ region were grown over-
night in 5 ml LBS, before being serially diluted and plated
on LBS + L-ara. Colonies obtained after overnight incu-
bation were restreaked on LBS + L-ara and LBS + Cm
to control their Cm-sensitivity. The genetic background
(revertant wild type or deletion mutant) of the Cm-
sensitive clones was determined by colony-PCR. Dele-
tion mutants were finally stored at �80�C in glycerol
stocks.

Complementations of the exsA and luxO mutants were
obtained by amplifying the corresponding genes and their
respective promoters and cloning them into the multi-copy
plasmid pJLS199 and derivatives. The amplified fragments
were cloned in the pGEM-T vector and sequenced to verify
the absence of mutations. Fragments were then subcloned
(NheI/BamHI digestion) into pJLS199 yielding pFD067 (for
the exsA gene) or into pFD077 yielding pFD084 (for the
luxO gene). The newly constructed plasmid pFD067 was
transferred to the exsA mutant by electroporation, using a
recently established protocol (Delavat et al., 2018), but
using MgCl2, 6H2O instead of MgCl2. pFD084 was trans-
ferred by tri-parental mating, using strains V. harveyi ORM4
ΔluxO and two E. coli strains carrying pEVS104 and
pFD084, respectively. Complemented mutants were stored
at �80�C in a glycerol stock, and trimethoprim was always
used to maintain the plasmid in these strains.

The luxO and T3SS annotated genomic regions of
V. harveyi ORM4, and genes HORM4_520123 and
HORM4_520124 were deposited in the European Nucle-
otide Archive (ENA, https://www.ebi.ac.uk/ena/browser/
home) under the accession numbers LR992915,
LR992914, HG993337 and HG993338, respectively.

mRNA assay by reverse transcription-quantitative PCR

RNA extractions were performed from LBS-grown cul-
tures. One colony of V. harveyi ORM4, the ΔexsA and
ΔluxO strains were used to inoculate 5 ml of LBS in
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tubes and incubated for 8 h at 20�C with shaking; 100 μl
of each culture was used to inoculate in triplicate 5 ml
LBS and tubes were incubated overnight at 20�C with
shaking. The next morning, 50 μl were used to inocu-
late 20 ml LBS (in 100 ml Erlenmeyer). Cultures were
harvested at OD600nm 0.1 centrifuged, and pellets
were subsequently resuspended in the same volume of
LBS. Tubes were incubated at 20�C with shaking for
1 h. After incubation, tubes were centrifuged for 10 min
at 4000 g at 4�C, and the supernatant was discarded.
Total RNA were extracted with TRI reagent according
to the manufacturer’s procedure (Sigma-Aldrich).
Residual DNA were eliminated using the Turbo DNAse
(Thermo Fisher Scientific). A total of 1 μg of RNA was
converted to single-stranded cDNA using the RevertAid
H Minus First Strand cDNA Synthesis kit (Thermo
Fisher Scientific) according to the manufacturer’s
instructions. The concentration and quality of RNA
before and after DNAse treatment were, respectively,
measured with a fluorometer (Qubit 4, Thermo Fisher
Scientific) and by electrophoresis (Bioanalyzer Agilent
2100). mRNA of interest were quantified by real-time
PCR of their cDNA. Each primer pair used to amplify
within HORM4v2_240099, HORM4v2_240127 and
HORM4v2_1190007 (Supporting Information Table S4)
were validated by verifying that the PCR efficiency
(E) was above 0.95. The 15 μl reactions contained
7.5 μl of 2X SYBR Green I Master Mix, 0.1 μg of cDNA
and 0.3 μM of each primer. The conditions were 95�C
for 7 min and 40 cycles at 95�C for 10 s, 60�C for 20 s
and 72�C for 20 s. PCR reactions were performed in
triplicate (LightCycler 480 Instrument II, Roche Life Sci-
ences). The relative quantification of mRNA was
obtained by the comparative CT (2�ΔΔCT) method
(Livak and Schmittgen, 2001) using hfq mRNA as
endogenous control as previously reported (Waters
et al., 2010).

Motility

V. harveyi strains were grown overnight in LBS at 20�C
or 28�C and diluted to a concentration of 5 � 108

CFU ml�1 (Travers et al., 2008). The 2 μl of this
concentration-adjusted suspension was plated on LBS
containing 0.2% agar, or on ‘poor motility plate’ (0.2%
agar, 1% tryptone, 2% NaCl and 35 mM MgSO4)
(Tischler et al., 2018). Halo diameters were measured
regularly.
The complemented exsA and luxO mutants were

grown in LBS + Trim and compared with V. harveyi
ORM4 containing the empty pFD085 plasmid. After 10 h
of incubation at their respective temperature, the halo
diameters of each strain were recorded. Every strain was
tested at least in triplicate.

Biofilm production

Biofilm production was measured from cultures grown in
LBS + Trim or in serum + Trim. Serum was prepared by
pipetting abalone haemolymph with a 2.5 ml syringe
(Terumo) and a needle (Terumo, 25G, 0.5 � 16 mm).
Haemolymph was centrifuged for 5 min at 1150 g at 4�C,
and supernatant was filter-sterilized using a 0.22 μm filter
to obtain the serum (kept on ice). Strains carrying either
pFD085 (empty plasmid) or the plasmid used for comple-
mentation were grown overnight in LBS + Trim at 20�C
or 28�C. Every suspension was diluted with LBS + Trim
to OD590nm 0.1, and aliquots of 200 μl were transferred to
individual wells (in quadruplicate) of a 100-well polysty-
rene microplate (Bioscreen plates Honeycomb, Thermo
Scientific) for the production of biofilms in LBS + Trim.
For biofilm production in serum, 900 μl of this OD-
adjusted suspension was centrifuged, and pellets were
resuspended with 900 μl serum + Trim, before 200 μl
were aliquoted in the microplate (in quadruplicate).
Microplates were placed in a Bioscreen microplate
reader (Labsystems) without shaking at 20�C or 28�C,
and the OD590nm was measured every 10 min. After
48 h, cell suspensions were removed by inversion, and
220 μl of a Crystal Violet (CV, 0.1%) solution were
added in every well and left for 10 min. Wells were
washed twice with distilled water and the microplate
was left for drying at room temperature for 24 h. CV was
dissolved by adding 30% acetic acid for 10 min, and
OD590nm was measured. The absorbance measured in
every well was normalized, by dividing the OD590nm

measured after crystal violet staining by the maximal
OD590nm measured during the growing time of the
corresponding well.

Polysaccharide production

Overnight cultures of strains carrying either pFD085
(empty plasmid) or pFD084 (complementation of luxO)
were diluted 1:100 in fresh LBS + Trim medium, and
exponentially growing suspensions were diluted to an
OD600nm at 0.2. The 10 μl of these OD-adjusted suspen-
sions was spotted on LBS plates containing Congo Red
and Coomassie Blue (Bassis and Visick, 2010). Plates
were incubated for 24 h, before the colour of each spot
was observed by eyes and pictures were acquired. The
red/brown-shifted colour intensity of the spot is used as a
proxy for EPS production (Bassis and Visick, 2010).

Fluorescence microscopy

Strains V. harveyi ORM4 and V. harveyi ORM4 ΔluxO,
carrying the PexsA-gfp transcriptional fusion from the
pFD090 plasmid were grown for 8 h in 5 ml LBS + Trim,
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and 100 μl was used to inoculate 5 ml LBS + Trim in
tubes, in triplicates. The next morning, 5 μl was used to
inoculate 5 ml LBS + Trim in tubes (1/1000 dilution). At
least five pictures per replicate were acquired from the
overnight cultures, and after 3, 6 and 9 h of growth, using
the Zeiss Axio Imager.M2 microscope equipped with a
100X Apochromat oil objective, at 200 ms exposure time
(with 25% LED intensity). Fluorescence of single cells
was quantified using an in-house written Matlab script
(Delavat et al., 2016), with at least 1209 cells per
condition.

Infection experiments

Mature abalones (6–7 cm) were brought from France
Haliotis (Plouguerneau, France) and left in a 1 m3 tank
with circulating seawater (19.5�C � 1�C). After 2 weeks
of acclimation, 12 abalones per condition (in triplicate)
were placed in smaller tanks containing 10 l seawater
at the same temperature, with a bubbling system.
Tanks were infected for 24 h by balneation with
5 � 106 CFU ml�1 (Travers et al., 2008) of V. harveyi
ORM4, of the different deletion mutants of V. harveyi
ORM4 or of V. harveyi LMG 7890, an abalone-avirulent
strain (Travers et al., 2009b), all grown overnight in
LBS. Balneation allows reproduction of the natural
route of animal infection, since bacteria are inoculated
into seawater and are not injected directly in the ani-
mal. For the second infection experiment using the
complemented mutants, all strains carried either the
empty plasmid pFD085 or the plasmid used for comple-
mentation and were all grown overnight in
LBS + trimethoprim. Seawater was renewed every
24 h in every tank, and dead abalones were counted
and removed daily.

Statistical analyses

All statistical analyses were performed using GraphPad
Prism. P values < 0.05 were considered statistically
significant.

Results

The quorum sensing LuxO regulator does not affect the
growth characteristics of V. harveyi ORM4

To unveil the role(s) of the QS system of V. harveyi
ORM4, we inactivated the luxO gene, encoding the
homologue of a major regulatory protein described exten-
sively in V. campbellii BAA-1116. To obtain a ΔluxO
mutant, we constructed the pFD083 suicide plasmid
using the pLP12 vector, which has originally been
designed for Vibrio strains and relies on the L-arabinose-
inducible Vmi480 toxin to force the second recombination
event and the excision of the cointegrate (Luo
et al., 2015). The pFD083 suicide plasmid, containing
around 800 bp of each of the two regions flanking the
luxO gene, could be integrated into the genome of
V. harveyi ORM4, as observed by the growth of -
chloramphenicol-resistant colonies and by dedicated
colony-PCR. Induction of Vmi480 led to the excision of
the vector from the genome, ultimately leading to the
generation of a V. harveyi ORM4 ΔluxO deletion mutant
in 7 out of the 15 clones tested by PCR.

V. harveyi ORM4 grew optimally at 28�C in LBS, dis-
playing a doubling time of 36.5 � 1.9 min (Fig. 1), simi-
larly (two-tailed t-test, P = 0.443) to the ΔluxO mutant
(35.4 � 1.3 min at 28�C). A decrease in temperature to
20�C (permissive temperature for abalone infection;
Travers et al., 2009a) led to an about 1.9-fold longer dou-
bling time, both for V. harveyi ORM4 and for V. harveyi
ORM4 ΔluxO (65.7 � 1.9 min and 68.7 � 0.7 min,
respectively). Thus, despite the supposed pleiotropic
effect of the QS system (van Kessel et al., 2013), the
absence of LuxO did not influence significantly the dou-
bling time of V. harveyi ORM4 under these conditions.
Moreover, a complementation of luxO in the ΔluxO
mutant, through the use of the multi-copy plasmid
pFD084, did not impair the growth phenotype (Supporting
Information Fig. S1).

The luxO mutant showed an altered motility capacity

Bacteria from the genus Vibrio are frequently motile, and
this swimming capacity could play a role during infection,
by allowing the bacteria to swim toward their host and
colonize it. Therefore, we tested whether V. harveyi
ORM4 is motile, and whether the QS system regulates,
via LuxO, the motility in this strain. Using 0.2% agar
plates, we could demonstrate that the wild type strain
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Fig 1. Doubling times of V. harveyi ORM4 and V. harveyi ORM4
ΔluxO. ORM4 (strain 1) and ORM4 ΔluxO (strain 243) were grown
in Erlenmeyers with shaking at the indicated temperature, and
OD600nm was measured regularly to calculate the doubling time. An
unpaired two-tailed t-test was performed for each temperature.
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was highly motile, both on rich (LBS) and ‘poor’ plates,
with a higher motility level on ‘poor’ plate (Fig. 2). As
expected, motility was higher on both plates at 28�C, the
optimal growth temperature of V. harveyi ORM4, as com-
pared to the motility at 20�C. Interestingly, the ΔluxO
mutant was impaired in motility, with 1.5- to 2-fold
decrease in the swimming diameters under every tested
condition.
We subsequently complemented the deletion of luxO

by introducing in trans the functional luxO gene and its
own promoter on the pFD084 plasmid. Surprisingly, the
standard electroporation protocol recently developed for
V. harveyi ORM4 and other marine bacterial strains
(Delavat et al., 2018) was inefficient for the ΔluxO
mutant, despite repeated attempts. The plasmid was
therefore introduced into the ΔluxO strain by tri-parental
mating. This complementation restored the motility phe-
notype to the wild-type level, at both temperatures on the
two media (Supporting Information Fig. S2). Therefore,
an intact QS system is required for full swimming motility
of V. harveyi ORM4.

The luxO mutant has an impaired biofilm formation
capacity

Since biofilm formation could be important for the infection
process and is likely QS-dependent, biofilms of V. harveyi
ORM4 and V. harveyi ORM4 ΔluxO were grown in microti-
ter plates without shaking at 20�C and 28�C, and the bio-
film amounts were quantified. V. harveyi ORM4 was able to
form biofilms when grown in LBS, irrespective of the incu-
bation temperature (Fig. 3), and this biofilm was mostly
located at the bottom of the wells. Interestingly, the biofilm
biomasses increased fivefold to 10-fold when cells where
incubated in the presence of serum from abalone
haemolymph, as compared to the one on LBS medium
(Fig. 3E and F). This suggests that the serum somehow
induces biofilm formation in V. harveyi ORM4. This induc-
tion of biofilm formation seems to be strain-specific,
because biofilm production was not induced by serum
when using V. harveyi LMG 7890, an abalone-avirulent
strain (Nicolas et al., 2002). V. harveyi ORM4 ΔluxO
showed a twofold to threefold decrease in the amount of
biofilm formed in LBS and a 10- to 200-fold decrease in
serum (Fig. 3C and D), compared with V. harveyi ORM4
(Fig. 3A and B). Moreover, this mutant failed to produce
more biofilm in the presence of serum (Fig. 3E and F),
suggesting that the induction of biofilm formation in abalone
serum is QS-dependent. As expected, a functional comple-
mentation in the ΔluxO mutant restored the production of
biofilm and its induction in the presence of serum
(Supporting Information Fig. S3).

Since exopolysaccharides (EPS) are major components
of biofilms matrixes (Casillo et al., 2018), we evaluated the
EPS production of V. harveyi ORM4, the ΔluxO mutant and
the luxO complemented mutant strains by spotting them
onto LBS plates containing the Congo Red dye, which
binds polysaccharide-containing structures. After 24 h of
incubation, the spots corresponding to V. harveyi ORM4
showed a reddish colour and a red ring close to the extrem-
ity of the spot, indicating the presence of some EPS. On
the same plate, the spot of the ΔluxO mutant is much paler
and the reddish ring is basically absent, while com-
plementing the deletion of luxO restored the wild-type phe-
notype (Fig. S4). The reduced EPS production by the
ΔluxO mutant could be at least in part responsible for its
decreased biofilm formation ability.

LuxO is crucial for virulence of V. harveyi ORM4

The decreased motility (Fig. 2) and biofilm formation
capacities (Fig. 3) displayed by the ΔluxO mutant
prompted us to examine whether the pathogenic proper-
ties are also affected in this mutant. To address this
question, mature abalones (6–7 cm) were infected by bal-
neation with V. harveyi ORM4, V. harveyi LMG 7890, or
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ORM4 (strain 1) and ORM4 ΔluxO (strain 243) were spotted on
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halos overlapped, and that no expansion of the colony diameter due
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V. harveyi ORM4 with the ΔluxO mutant for every condition, except
for the condition LBS at 8 h at 20�C (non-parametric, Wilcoxon test).
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V. harveyi ORM4 ΔluxO, and the number of surviving
abalones was counted every day. V. harveyi ORM4 trig-
gered rapid mortality, since only 44.4 � 19.2% of aba-
lones survived infection after 5 days, and only 25 � 8.3%
5 days later (Fig. 4A). On the other hand, infection with
V. harveyi LMG 7890 did not result in any abalone mortal-
ity, with 100% of survival after 10 days (Fig. 4A). When
using V. harveyi ORM4 ΔluxO, the mortality of abalones
was abolished, since 95.8 � 5.9% of abalones survived
after 10 days of balneation (Fig. 4A). Thus, LuxO, and
therefore a fully functional QS system, seems to be
essential to the virulence of this strain.

Because variability between abalone killing may occur
from experiment to experiment, we repeated the infection

experiment, and included the V. harveyi ORM4 ΔluxO
mutant complemented with the wild-type luxO gene. This
second infection experiment confirmed our previous find-
ings, i.e. that V. harveyi ORM4 is a potent pathogen, that
the abalones used in this second experiment were still
sensitive to vibriosis, and that the deletion of luxO led to
an impaired virulence of V. harveyi ORM4 (Fig. 4B).
Moreover, the complementation restored the wild-type
virulent phenotype, with 13.9 � 4.8% of survivors after
10 days (two-way ANOVA at day 10, P = 0.1831 in com-
parison with the wild type). Host death was furthermore
accelerated when using the complemented mutant, since
only 22.2 � 4.8% of abalones survived after 5 days, com-
pared with 50 � 8.3% for the wild type (P < 0.0001). This
could be due to an overexpression of the luxO gene
since the latter is carried by a multi-copy plasmid in the
complemented strain. These results confirmed that
the observed increase in survival rate was due to the
luxO deletion. Thus, LuxO plays a key role in the regula-
tion of the molecular mechanism(s) involved directly or
indirectly in infection of the European abalone
H. tuberculata by V. harveyi ORM4.

V. harveyi ORM4 harbours genes for a complete type III
secretion system

An expert annotation of the genome sequence of
V. harveyi ORM4 led to the identification of a 33-kb
genetic region encoding a putative T3SS. This region is
very similar to the region encoding the T3SS1 in
V. parahaemolyticus strain RIMD2210633, responsible
for the cytotoxicity in host cells during infection (Zhou
et al., 2010) (Fig. 5 and Table S5). All genes encoding
the structural proteins and the regulators ExsA
(HORM4v2_240097), ExsC (HORM4v2_240092), ExsD
(HORM4v2_240098) and ExsE (HORM4v2_240091) are
found in this region, suggesting a functional secretion
system in V. harveyi ORM4 (Supporting Information
Table S5).

Importantly, we identified in the genome of V. harveyi
ORM4 orthologs for VopQ (HORM4v2_240119) and
VPA0450 (HORM4v2_520123, which lies outside of the
T3SS gene cluster), with 82.72% and 89.74% of amino
acid identity, respectively. VopQ and VPA0450 are two of
the four proteins known to be secreted by the T3SS1 in
V. parahaemolyticus (VopQ, VPA0450, VopR and VopS).
VopQ affects lysosomal homeostasis by deacidification
(Sreelatha et al., 2013) in V. parahaemolyticus, while
VPA0450 is an inositol polyphosphatase that destabilizes
plasma membranes (Broberg et al., 2010). The transloca-
tion of VPA0450 requires VPA0451, a cargo chaperone
protein (Waddell et al., 2014) for which an orthologue
was found in V. harveyi ORM4 outside the T3SS region
and next to the gene for VPA0450 (HORM4v2_520124).
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Fig 3. Biofilm production by V. harveyi ORM4, V. harveyi ORM4
ΔluxO and V. harveyi LMG 7890. Strains ORM4 (strain 242), ORM4
ΔluxO (strain 267) and LMG 7890 (strain 263) were grown in LBS
(A and B) and in abalone serum (C and D), both at 20�C (A and C)
and 28�C (B and D) without shaking in microplates, and biofilm was
stained after 48 h using crystal violet. (E) and (F) Show the media
effect (LBS vs. serum) for all three strains, at 20�C in (E) and 28�C
in (F). A one-way ANOVA (with Tukey test) was performed for every
condition in panels A to D, and an unpaired two-tailed t-test was per-
formed for to compare the media effect in panels E and F.
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In close vicinity to vopQ, a large ORF (963 codons)
encoding an arginine ADP-ribosyltransferase was further-
more identified in V. harveyi strain ORM4
(HORM4v2_240111). Once translocated in eucaryotic cells,
the ADP-ribosyltransferase of V. cholerae catalyses the
transfer of ADP-ribose to guanine nucleotide regulatory
(G) proteins, ultimately leading to increased cAMP level,
efflux of chloride ions into the lumen, causing diarrhoea (for
a review, see Herrera and Satchell, 2020). This protein,
possibly secreted by the T3SS of V. harveyi ORM4, may
play a similar role in the virulence of this strain and would
deserve further studies.

LuxO regulates the expression of the T3SS

To assess a possible link between LuxO and the
T3SS of V. harveyi ORM4, the promoter activity of the

exsA gene, encoding the major activator of the T3SS
genes, was quantified by epifluorescence microscopy
at the single cell level. This was performed by following
the expression of a PexsA-gfp transcriptional fusion,
expressed from the pFD090 plasmid introduced in
V. harveyi ORM4 and V. harveyi ORM4 ΔluxO, and by
quantifying the GFP activity in single cells for both
genetic backgrounds. We could demonstrate that exsA
is expressed under in vitro condition in V. harveyi
ORM4, as revealed by the fluorescence emission in
this genetic background (Fig. 6B). Moreover, its
expression was higher in early exponential phase,
when cells were at low cell density (Fig. 6A, one-way
ANOVA with Tukey test, comparing time 3 h with the
other time points, P < 0.0001). Importantly, these
results also showed that the PexsA-gfp reporter gene
was more expressed in the ΔluxO mutant, at all time
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points (Fig. 6A), demonstrating that the QS system reg-
ulates the expression of the exsA gene. In addition,
RT-qPCR experiments showed that the core T3SS

genes HORM4v2_240099 and HORM4v2_240127 are
both overexpressed in the ΔluxO mutant (Fig. 6C),
demonstrating the T3SS regulation by QS, either
directly or indirectly, in V. harveyi ORM4 .

The T3SS-regulator ExsA is essential for the virulence of
V. harveyi ORM4

Since LuxO plays a key role in the virulence of V. harveyi
ORM4 toward abalones and regulates the expression of
the T3SS via exsA, the exsA gene has been deleted in
strain V. harveyi ORM4. We first demonstrated by RT-
qPCR experiments that ExsA regulates genes of the
T3SS, since HORM4v2_240099, encoding a protein from
the YscB family involved in preventing the secretion of
effectors through the T3SS (Plano and Schesser, 2013),
is induced in the ΔexsA mutant, while the T3SS ATPase
(HORM4v2_240127) is repressed (Fig. 6C).

Importantly, apart from the inactivation of the T3SS,
the ΔexsA mutant showed physiological characteristics,
which are similar to those of the wild-type V. harveyi
ORM4. Indeed, its doubling time (67.3 � 1.6 min at 20�C
and 34.7 � 1.1 min at 28�C) appeared indistinguishable
from that of the wild type (Supporting Information
Fig. S5), its motility was similar to the motility of the wild
type (Supporting Information Fig. S6), and this mutant
was not impaired in biofilm formation (Supporting Infor-
mation Fig. S7).

However, when abalones were infected with V. harveyi
ORM4 ΔexsA, the mortality was abolished, as no aba-
lone had died after 10 days, a result identical to non-
infected abalones (two-way ANOVA, P > 0.9999;
Fig. 7A). This experiment thus demonstrated that the
T3SS is essential for V. harveyi ORM4 to induce mortality
in abalones. To confirm this result, we complemented the
deletion of exsA in V. harveyi ORM4 by transferring
the pFD067 plasmid, containing the exsA gene and its
own promoter, in V. harveyi ORM4 ΔexsA. Com-
plementing the deletion of exsA restored the virulence of
V. harveyi ORM4 ΔexsA, since 55.6 � 19.2% of aba-
lones survived after 5 days (two-way ANOVA,
P = 0.9188 comparing with V. harveyi ORM4) and
33.3 � 22% (P = 0.7726) after 10 days (Fig. 7B).

Taken together, these experiments demonstrated that
the T3SS of V. harveyi ORM4 is essential for the viru-
lence of this strain.

Discussion

Although V. harveyi is a major marine pathogen, the
mechanistical details involved in the virulence of true
V. harveyi strains are scarce since the best-known strain
within this species, V. harveyi BAA-1116, has been
reclassified within the V. campbellii species (Lin et al., 2010).
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In this study, we aimed at filling this gap, by deploying
a dual genetic and functional approach to assess the
role of potential major molecular regulators of virulence
in V. harveyi ORM4, which is a true V. harveyi strain
(Supporting Information Table S1). We first focused on
luxO, encoding a major regulator of the QS system
(Miyamoto et al., 2003), regulating the translation of
LuxR and ultimately modulating the expression of up to
625 genes in V. campbellii (van Kessel et al., 2013;
Ball and van Kessel, 2019).

In strains belonging to various species from the genus
Vibrio, including V. campbellii BAA-1116 (Tu and
Bassler, 2007), V. cholerae like El Tor strain C6706
(Ng and Bassler, 2009), V. fischeri strains (Miyashiro and
Ruby, 2012) and V. parahaemolyticus BB22 (Gode-
Potratz and McCarter, 2011), a luxO deletion locks the
cells in a ‘high cell density’-like state, with an increased
production of LuxR. Given the conserved QS network

architecture, it is widely accepted that it is conserved
among Vibrionaceae. The following discussion will there-
fore refer to the physiological state of the luxO mutant of
ORM4 as a ‘high cell density’ -like state. A thorough
future study will be however necessary to confirm this
hypothesis, by the construction and physiological charac-
terization of various mutants including, but not restricted
to, luxR.

In this study, we deleted the luxO gene of V. harveyi
ORM4, and the mutant was physiologically characterized.
Despite the supposedly pleiotropic effect of LuxO, the
deletion of its gene did not affect the growth rate of
V. harveyi ORM4 under in vitro conditions, and the
mutant as well as the wild-type strain grew faster at 28�C
than at 20�C (Fig. 1). This absence of difference between
V. harveyi ORM4 and the ΔluxO mutant is rather surpris-
ing, since a mutant of V. campbellii BAA-1116 in which
the luxO gene has been inactivated by a Tn5 transposon
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grows twice slower than the parental strain (Nackerdien
et al., 2008). This difference might be due to the fact that
V. campbellii BAA-1116 is a luminescent bacterium, and
that locking cells in a ‘high cell density’-like state by
inactivating luxO leads to a constitutive overproduction of
luminescence, which is energetically costly for the cells.
However, it might also be because V. campbellii BAA-
1116 is genetically and physiologically different from
V. harveyi ORM4, and so might be their QS.
In contrast to the absence of growth phenotype,

V. harveyi ORM4 ΔluxO shows a clear decrease in motil-
ity, as compared to the wild-type motility measured on
swimming plates both at 20 and 28�C (Fig. 2). It should
be noted that motility was not completely abolished in the
ΔluxO mutant, which could be explained by the presence
of lateral flagella in V. harveyi, which is mainly responsi-
ble for swimming (Montanchez and Kaberdin, 2020). This
observation is opposite to what is known for V. campbellii
BAA-1116, where locking cells in a ‘high cell density’-like
state (by the D47A mutation in LuxO) leads to a signifi-
cant increase in motility compared with the motility of
cells producing the wild type LuxO, while a constitutively
inactive QS (by the D47E mutation in LuxO) leads to a
decreased motility (Yang and Defoirdt, 2015). Thus,
LuxO seems to have opposite effects on motility in
V. harveyi ORM4 and V. campbellii BAA-1116.
Of note, ‘temperature’ and ‘quantity of nutrients’ are

two important factors for V. harveyi ORM4 motility, since
cells swim faster at 28�C than at 20�C, and twice faster
on a ‘poor plate’ than on a rich plate (Fig. 2). This can be
explained by the necessity for cells to prospect for nutri-
ents on the ‘poor plate’ experiment (Adler, 1966).
Motility and biofilm formation are tightly linked. Indeed,

work on V. cholerae showed that mutants impaired in
motility also have a decreased capacity in biofilm forma-
tion (Watnick and Kolter, 1999), and that blocking flagel-
lar rotation leads to an inhibition of expression of the vps
cluster involved in Vibrio polysaccharide production
(Lauriano et al., 2004). In addition, biofilm production can
be an important process for host colonization. Indeed,
V. fischeri colonization of its squid host Euprymna
scolopes is dependent on the symbiosis polysaccharide
(syp) gene locus, the expression of which leads to biofilm
formation (Yip et al., 2005). In our study, we demon-
strated that V. harveyi ORM4 is able to form biofilms, and
that the biofilm amount does not change, whether cells
were grown at 20 or 28�C (Fig. 3). Interestingly, this bio-
film formation is dependent on an intact QS system,
since the ΔluxO mutant forms much less biofilm (Fig. 3)
and less EPS (Supporting Information Fig. S4) as com-
pared to the wild type. It means that locking cells of
V. harveyi ORM4 in a ‘high cell density’-like state (in the
ΔluxO mutant) is detrimental to biofilm formation. This
observation is similar to what is known from V. compbellii

BAA-1116. Indeed, a luxO deletion in BAA-1116 leads to
a decrease in biofilm production, and this decrease is
linked with the generation of a more homogeneous popu-
lation, highlighting that phenotypic heterogeneity is impor-
tant for biofilm formation (Anetzberger et al., 2009). In
addition, a ΔluxO mutant of V. cholerae also leads to a
decreased biofilm production (Zhu et al., 2002). This is
due to the overproduction of HapR (the LuxR homologue
in V. cholerae) in this mutant strain, which is a repressor
of the Vibrio polysaccharide synthesis (vps) operons
(Zhu and Mekalanos, 2003).

Interestingly, the quantity of biofilm formed by
V. harveyi ORM4 is fivefold to 10-fold higher when cells
grew in the presence of serum from abalone
haemolymph as compared with the quantity of biofilm
formed in LBS (Fig. 3). Moreover, this induction by aba-
lone serum is abolished in the V. harveyi ORM4 ΔluxO
mutant. This suggests that LuxO is activated, either
through a signalling molecule found in serum or through
a yet-unknown mechanism, and this activation is relayed
via the QS system to the biofilm production regulatory
machinery. However, we also demonstrated that serum
induction of biofilm formation is absent in V. harveyi LMG
7890, an abalone-avirulent strain. This would suggest
that the induction of biofilm formation by molecules found
in the abalone serum is a specific response of the
abalone-pathogen strain V. harveyi ORM4..

In line with these findings, we monitored the virulence
of the V. harveyi ORM4 ΔluxO mutant by comparing the
survival rates of abalones following infection by either this
mutant or the ORM4 wild-type strain. V. harveyi ORM4
triggered a high mortality level, with 75% of death occur-
ring within 10 days (Fig. 4). This mortality rate is similar
to earlier results, confirms that V. harveyi ORM4 is a
potent abalone pathogen, and that the abalones used in
this study were mature and sensitive to V. harveyi ORM4
(Travers et al., 2009a,b). Interestingly, when balneated
with V. harveyi ORM4 ΔluxO, the survival rate of abalone
drastically increased. This demonstrates that locking cells
in a ‘high cell density’-like state is detrimental for full viru-
lence of V. harveyi ORM4. This is the exact opposite to
observations recently reported for V. campbellii BAA-
1116. In this strain, locking cells in a ‘maximally active
QS’ state (by the amino acid substitution D47A in LuxO)
leads to a much lower survival rate of tiger grouper larvae
(Epinephelus fuscoguttatus), as compared to
larvae infected by the wild type strain. In contrast, locking
cells to a ‘low cell density’ state (by the amino acid sub-
stitution D47E in LuxO) leads to an increased survival
rate of these larvae (Noor et al., 2019).

QS is known to regulate virulence, notably through the
regulation of secretion systems. Various secretion sys-
tems are thought to be involved in the pathogenicity of
Vibrio toward molluscs, such as the T3SS in
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V. campbellii BAA-1116 (Ruwandeepika et al., 2015), or
the type IV secretion system in Vibrio tapetis (Dias
et al., 2018; Rahmani et al., 2021). Interestingly, the
genome of V. harveyi ORM4 harbours a complete set of
T3SS genes (Fig. 5), but the role of the T3SS in the viru-
lence of this strain and its QS-dependent regulation have
never been addressed prior to this study. In V. campbellii
BAA-1116, T3SS genes, such as exsA, encoding the
major regulator of the T3SS (Zhou et al., 2008; Waters
et al., 2010), or vopD, vcrD and vscP, encoding proteins
involved in the structure and functioning of the T3SS, are
repressed when cells are at ‘high cell density’-like state
(Waters et al., 2010; Ruwandeepika et al., 2015). To
assess the link between QS and T3SS-mediated viru-
lence in V. harveyi ORM4, we first monitored the expres-
sion of its exsA gene and compared it to its expression in
the ΔluxO background. Single-cell microscopy experi-
ments showed that exsA is expressed in V. harveyi
ORM4 under the tested conditions, and RT-qPCR con-
firmed that core T3SS-genes are expressed in this strain
(Fig. 6). Moreover, expression of exsA is higher in early
exponential phase, when cells are still at low cell density,
as already demonstrated for V. campbellii BAA-1116
(Waters et al., 2010). However, the expression of exsA is
also higher in the ΔluxO mutant, as compared to the
expression in the wild type, under all growth phases. This
is rather surprising, given that this mutant is thought to be
locked in a ‘high cell density’-like state, while in
V. campbellii BAA-1116, exsA expression is higher when
cells are locked at low cell density (Waters et al., 2010).
Indeed, in the latter strain, LuxR directly represses exsA
(Chaparian et al., 2020) by binding to its promoter, at
both low and high cell densities (van Kessel et al., 2013).
Our experiment shows that the regulation of the T3SS by
QS is different between V. harveyi ORM4 and
V. campbellii BAA-1116.

To further confirm that the T3SS is important for the vir-
ulence of V. harveyi ORM4, we subsequently constructed
a derivative of V. harveyi ORM4 deficient in T3SS, by the
deletion of the exsA gene. This strain has similar physio-
logical characteristics as the wild type and is still able to
form biofilms (Supporting Information Figs. S5–S7), but
fails to express T3SS genes (Fig. 6C). Importantly, when
used in vivo by balneation with mature abalones, we
observed that the ΔexsA mutant is unable to induce mor-
tality (Fig. 7A), while functional complementation restored
the virulent phenotype in a similar level as the wild-type
one (Fig. 7B). These results demonstrate that the T3SS
of V. harveyi ORM4 is essential for its virulence, similar
to its role in V. parahaemolyticus (Zhou et al., 2010).

Taken together, our results suggest a different infection
strategy between V. harveyi ORM4 and V. campbellii
BAA-1116. Indeed, V. campbellii BAA-1116 is thought to
have a so-called frontal attack strategy, where the

expression of the T3SS operons of V. campbellii BAA-
1116 is induced within 12 h after infection of brine
shrimps when cells are at low cell density, before expres-
sion decreases, at least 1 day before host death
(Ruwandeepika et al., 2015). In contrast, V. harveyi
ORM4 would express T3SS genes later in the process,
when cells are at high cell density, possibly after biofilm
formation. In this scenario, locking cells at ‘high cell den-
sity’-like state through the deletion of luxO is detrimental
for ORM4 virulence, because of an incorrect timing of
T3SS expression. Alternatively, the fact that the luxO
mutant, despite overexpressing exsA, and an exsA dele-
tion mutant are both avirulent toward abalone might imply
that another, but yet-unknown, pathway is involved in the
virulence. This pathway would be inactivated in the luxO
mutant, rendering cells avirulent, independently of the
presence of a functional T3SS.

Genetic and transcriptomic comparisons between
V. harveyi ORM4, the luxO mutant and the avirulent
strain LMG 7890, as well as the physiological characteri-
zation of a double exsA-luxO deletion mutant will allow
unveiling the genetic basis of virulence of V. harveyi
ORM4 and its link with QS, and this will be the subject of
a future work..

In conclusion, the molecular mechanisms involved dur-
ing infection of the European abalone H. tuberculata by
V. harveyi ORM4 were investigated. Using genetic and
functional approaches, we could demonstrate that the vir-
ulence of V. harveyi ORM4 is dependent on an intact QS
system. This loss of virulence is correlated with a
decreased motility and a lower ability to produce biofilm.
Moreover, we could demonstrate that this loss of viru-
lence is associated with a deregulation of the expression
of the T3SS-regulator ExsA, and that the T3SS is essen-
tial to induce abalone mortality. Finally, we observed mar-
ked difference in phenotypes in the ΔluxO mutant, as
compared to what is known from the literature for
V. campbellii BAA-1116 (formerly called V. harveyi; Lin
et al., 2010). Thus, previously raised conclusions on the
virulence mechanisms and strategy of V. harveyi strains
using data from V. campbellii BAA-1116 may be over-
extrapolated, and new V. harveyi model strains have to
be established. With this study, we propose to use
V. harveyi ORM4 as a new model strain to study the viru-
lence mechanism of the V. harveyi species.
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Fig. S1. Doubling time of V. harveyi ORM4, ORM4 ΔluxO,
and complemented ORM4 ΔluxO. ORM4 (strain 256),
ORM4 ΔluxO (strain 306) and ORM4 ΔluxO compl-luxO
(strain 272) were grown in erlenmeyers with shaking, and
OD600nm was measured regularly to calculate the doubling
time. A one-way ANOVA (with Tukey test) was performed for
every condition.
Fig. S2. Motility of V. harveyi ORM4, ORM4 ΔluxO, and
complemented ORM4 ΔluxO. ORM4 (strain 256), ORM4
ΔluxO (strain 306) and ORM4 ΔluxO compl-luxO (strain
272) were spotted on 0.2% agar plates, and swimming

diameter was recorded after 10 h at 20�C (A and B) and
28�C (C and D), on LBS (A and C) and ‘poor’ (B and D)
swimming plates. A one-way ANOVA (with Tukey test) was
performed for every condition.
Fig. S3. Biofilm production by V. harveyi strains. ORM4
(strain 256), ORM4 ΔluxO (strain 306), ORM4 ΔluxO compl-
luxO (strain 272) and LMG 7890 (strain 283) were grown at
28�C, both in LBS (A) and in abalone serum (B) without
shaking in microplates, and biofilm was stained after 24 h
using crystal violet. A one-way ANOVA (with Tukey test)
was performed for every condition.
Fig. S4. Exopolysaccharide production of V. harveyi
ORM4, ORM4 ΔluxO, and complemented ORM4 ΔluxO.
ORM4 (strain 256), ORM4 ΔluxO (strain 306) and ORM4
ΔluxO compl-luxO (strain 272) were spotted on LBS + Trim
plates containing Congo Red, and incubated for 24 h.
Fig. S5. Doubling time of V. harveyi ORM4 and V. harveyi
ORM4 ΔexsA. ORM4 (strain 1) and ORM4 ΔexsA (strain
131) were grown in erlenmeyers with shaking, and OD600nm

was measured regularly to calculate the doubling time. Note
that the result for ORM4 is identical to the one in Fig. 1,
because experiments were performed at the same time. An
unpaired two-tailed t-test has been performed for each
temperature.
Fig. S6. Motility of V. harveyi ORM4, ORM4 ΔexsA, and
complemented ORM4 ΔexsA. ORM4 (strain 256), ORM4
ΔexsA (strain 293) and ORM4 ΔexsA compl-exsA (strain
162) were spotted on 0.2% agar plates, and swimming diam-
eter was recorded after 10 h, both at 20�C (A and B) and
28�C (C and D), both on LBS (A and C) and ‘poor’ (B and
D) swimming plates. A one-way ANOVA (with Tukey test)
was performed for every condition.
Fig. S7. Biofilm production by V. harveyi ORM4,
V. harveyi ORM4 ΔexsA and V. harveyi LMG 7890. ORM4
(strain 242), ORM4 ΔexsA (strain 264) and LMG 7890
(strain 263) were grown at 20�C (A and B) and 28�C (C and
D), both in LBS (A and C) and in abalone serum (B and D)
without shaking in microplates, and biofilm was stained after
24 h using crystal violet. Note that the results for ORM4 and
LMG 7890 are identical to the ones in Fig. 3, because exper-
iments were performed at the same time. A one-way ANOVA
(with Tukey test) was performed for every condition.
Table S1. JSpeciesWS: a web server for prokaryotic species
circumscription based on pairwise genome comparison
(Richter et al., 2016).
Table S2. Strains used in this study.
Table S3. Plasmids used in this study. All in silico plasmid
sequences and maps are available upon request.
Table S4. Primers used in this study.
Table S5. V. harveyi ORM4 T3SS proteins and amino acid
percentage of identity with T3SS1 proteins of
V. parahaemolyticus RIMD2210633.
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