N
N

N

HAL

open science

Adaptation to host in Vibrio vulnificus , a zoonotic
pathogen that causes septicemia in fish and humans

Carla Hernandez-cabanyero, Chung-te Lee, Verénica Tolosa-enguis, Eva

Sanjuan, David Pajuelo, Felipe Reyes-l6pez, Lluis Tort, Carmen Amaro

» To cite this version:

Carla Hernandez-cabanyero, Chung-te Lee, Verénica Tolosa-enguis, Eva Sanjuan, David Pajuelo, et
al.. Adaptation to host in Vibrio vulnificus , a zoonotic pathogen that causes septicemia in fish
and humans. Environmental Microbiology, 2019, 21 (8), pp.3118-3139.

hal-04648576

HAL Id: hal-04648576
https://hal.science/hal-04648576v1
Submitted on 30 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1111/1462-2920.14714 .


https://hal.science/hal-04648576v1
https://hal.archives-ouvertes.fr

Adaptation to host in Vibrio vulnificus, a zoonotic pathogen
that causes septicemia in fish and humans

Carla Hernandez-Cabanyero 1
Chung-Te Lee 2

Verdnica Tolosa-Enguis 1

Eva Sanjuan 1

David Pajuelo 1+

Felipe Reyes-Lopez 3

Lluis Tort 3

Carmen Amaro 1

1 ERI-Biotecmed, University of Valencia, Dr. Moliner, 50, 46100,
Valencia, Spain.

2 Department of Microbiology and Immunology, College of
Medicine, National Cheng Kung University, Tainan, Taiwan.

3 Department of Cell Biology, Physiology and Immunology,
Universitat Autonoma de Barcelona, 08193, Bellaterra, Spain

Summary

Vibrio vulnificus is a siderophilic pathogen spreading due to
global warming. The zoonotic strains constitute a clonal-
complex related to fish farms that are distributed worldwide.
In this study, we applied atranscriptomic and single gene
approach and discover that the zoonotic strains bypassed the
iron requirement of the species thanks to the acquisition of two
iron-regulated outer membrane proteins (IROMPs) involved in
resistance to fish innate immunity. Both proteins have been
acquired by horizontal gene transfer and are contributing to
the successful spreading of this clonal-complex. We have also
discovered that the zoonotic strains express a virulent
phenotype in the blood of its main susceptible hosts (iron-
overloaded humans and healthy eels) by combining a host-
specific  protective  envelope with the common
expressionoftwo toxins (VvhA and RtxA1l), oneofwhich (RtxA1)
is directly involved in sepsis. Finally, we found that both
IROMPs are also present in other fish pathogenic species and
have recently been transmitted to the phylogenetic lineage
involved in human primary sepsis after raw seafood ingestion.
Together our results highlight the potential hazard that the
aquaculture industry poses to public health, which is of
particular relevance in thecontextofawarmingworld.

Introduction

Vibrio vulnificus is a zoonotic pathogen that inhabits temperate,
tropical and subtropical aquatic ecosystems whose
geographical and epidemiological distribution is spreading
alarmingly to traditionally cold areas due to global warming
(Oliver, 2015; Baker-Austin and Oliver, 2018). This bacterium
infects humans or fish (especially farmed fish species) either by
contact or by ingestion causing a variety of diseases called

vibriosis (Amaro et al., 2015; Oliver, 2015). If the infected host
is a human risk patient or a farmed eel, the pathogen can
invade the bloodstream, resist the innate immunity and cause
death by sepsis (Horseman and Surani, 2011; Oliver, 2015).
Epidemiological studies suggest that the main risk factor
predisposing to sepsis caused by V. vulnificus in humans is a
high iron concentration in blood due to various pathologies
(Horseman and Surani, 2011; Oliver, 2015) while septicemia in
eels occurs in healthy specimens (Amaro et al., 2015).

A recent phylogenomic study classified V. vulnificus into five
phylogenetic lineages plus one pathovar (pv. piscis), which
includes all the strains harbouring a fish virulence plasmid
(pVvBt2) (Roig et al., 2018). This pathovar is further subdivided
into three serovar-related subgroups, one of which, serovar E,
constitutes a zoonotic clonal-complex (Sanjuan et al., 2011;
Roig et al., 2018). Currently, the zoonotic clonal-complex is
present worldwide and includes strains isolated over a 40-year
period from humans, diseased/healthy animals and water-
samples (Roig et al., 2018). The most relevant virulence factors
described in the zoonotic clonal-complex are the RtxAl toxin,
involved in invasion and death by sepsis (Jeong and Satchell,
2012; Lee et al., 2013; Callol et al., 2015; Murciano et al., 2017),
a capsule, involved in resistance to human serum, and the O-
antigen, conferring resistance to eel serum (Amaro et al., 1994;
Amaro et al., 1997). No role has been assigned to VvhA, an
hemolysin that seems to have an additive function to RtxAl in
strains from which it has been analysed, all of which belong to
lineage 1 (Jeong and Satchell, 2012). Recently, Pajuelo et al.
(2016) described the iron stimulon and the Fur (ferric uptake
regulator) regulon in the zoonotic clonal-complex and
demonstrated that the proportion of capsular antigen vs O-
antigen changes in response to iron content in the external
medium.

The aim of this work was to gain insights into the
mechanisms that V. vulnificus uses to cause sepsis in hosts as
evolutionarily distant as humans and fish and to evaluate its
implication in the epidemiology of this bacterial species in a
warming world. To this end, we analysed the transcriptome of
a zoonotic strain (Pajuelo et al., 2016) in serum from each host
[ex vivo model of septicemia (Sanjuan and Amaro, 2004)] and
validated the results by genetic (RT-gPCR) and phenotypic
assays (metabolic, virulence, resistance to innate immunity,
etc.) with selected mutants. Our results show the association
between high iron content in blood and septicemia caused by
the zoonotic clonal-complex in humans, but not in eels, thus
highlighting the role of iron as one of the external markers
triggering a host-adapted virulent phenotype. This phenotype
consists basically of a generalist but host-dependent protective
envelope plus the common overexpression of RtxAl and VvhA.
In the case of humans, the envelope would be enriched in the
capsule, while in eels it would contain two outer membrane
proteins (OMPs) conferring the specific ability to resist fish
innate immunity. Interestingly, the genes encoding both



proteins have been recently transmitted to other phylogenetic
groups within V. vulnificus. This horizontal transmission most
likely contributes to the persistence of this pathogenic species
in and between hosts in nature, therefore increasing the
probability of human infections, especially in a warming world.

Results
Transcriptome in serum and phenotypic validation

We analysed the differentially expressed genes of strain R99
(Supporting Information Table S1) in eel serum, human serum,
and human serum supplemented with iron (ironoverloaded
human serum) [to mimic the bloodstream of a risk patient
affected from haemochromatosis (Murciano et al., 2017)] (Fig.
1). Remarkably, the affected cellular processes were the same
than those revealed by the transcriptomic study performed by
Pajuelo et al. (2016). Supporting Information Figure S1 shows
the number of differentially expressed genes in serum in
common with iron stimulon and/or Fur regulon (Pajuelo et al.,
2016), Supporting Information Tables S2-S4 show the
differentially expressed genes in each serum, Tables 1-3
provide a selection of differentially expressed genes grouped
by putative function, and Table 4 provides a comparison
between fold-change values obtained by hybridization with the
R99-specific microarray and by RT-qPCR.

Eel serum. We obtained strong evidence of a switch from
aerobic to anaerobic metabolism in eel serum vs minimal
medium (M9 supplemented with casamino acids) (Miller,
1972), mainly highlighted by the upregulation of arcA
(anaerobic metabolism repressor) together with most of the
genes for nitrate/nitrite respiration (Table 1 and Supporting
Information Table S2). This result was phenotypically
confirmed by a dissimilatory reduction of nitrate/nitrite in eel
serum but not in CM9 at 6 h post-inoculation (Supporting
Information Fig. S2A). The pathogen upregulated Irp, encoding
a master regulator for N-compound metabolism, plus multiple
genes for organic nitrogen organic compound uptake/
transport/metabolism (Table 1 and Supporting Information
Table S2) (Brinkman et al., 2003; Ho et al., 2017). In parallel,
genes for regulators/sensors related to nitrogen, phosphorus

and nucleoside starvation (cytR) were also differentially
expressed in eel serum vs CM9 (Table 1 and Supporting
Information Table S2). Regarding CytR, it has also been
described to regulate competence (Antonova et al., 2012),
which is activated in V. cholerae by chitin or their derivative
amino sugars (e.g. N-acetyl-glucosamine) (Meibom et al.,
2005). Accordingly, the main competence regulator TfoX
(Metzger and Blokesch, 2016), and genes for specific N-acetyl-
glucosamine uptake/transport were also upregulated
concomitantly with the downregulation of two genes for amino
sugar metabolism repressors (uxuR and kdgR) (Nieckarz et al.,
2017) (Table 1 and Supporting Information Table S2). R99 strain
also downregulated fur and upregulated most of the genes for
vulnibactin biosynthesis/uptake/transport, as well as for
transport/utilization of the host’s heme compounds and fish
transferrin (Table 1 and Supporting Information Table S2).

We obtained strong evidences of cell damage and stress
response in eel serum, because multiple genes related to
membrane regeneration were highly upregulated as well as
genes for different stress-related protective proteins (Mathur
and Waldor, 2004; Mathur et al., 2007; Phadtare and Severinov,
2010; Manganelli and Gennaro, 2017) (Table 1 and Supporting
Information Table S2). Remarkably, the R99 strain seemed to
respond specifically against oxidative/ nitrosative stress by
downregulating genes for two repressors, ohr and nsr, and
upregulating an activator, norR, together with genes for various
hydroperoxidases, a glutathione synthetase and a
hydroxylamine reductase (Fuangthong et al., 2001; Rodionov et
al., 2005) (Table 1 and Supporting Information Table S2). In
addition, a significant proportion of the genes involved in
flagellum biosynthesis were downregulated in eel serum (Table
1 and Supporting Information Table S2). This result was also
phenotypically confirmed as strain R99 was non-motile on eel
serum supplemented with 0.3% agar, while it was motile on
CM9-agar (Supporting Information Fig. S2B). Finally, some
genes for capsule/O-antigen biosynthesis, vwhA, rtxAl plus
genes for regulators involved in toxin production, quorum
sensing (QS) and a gene for a DNA-binding H-NS protein
(silencing protein mainly for mobile genetic elements
transcription) were also differentially expressed (Table 1 and
Supporting Information Table S2).



Interestingly, more than 90% of the mentioned genes
belong to iron stimulon and/or Fur regulon (Table 1 and
Supporting Information Table S2).

Human serum. Strain R99 was unable to multiply efficiently in
human serum, inability that was reversed by adding iron
(Supporting Information Fig. S2C). Consequently, few
differentially expressed genes were upregulated in human
serum vs CM9, specifically only those related to siderophore
biosynthesis/uptake, resistance/protection against oxidative
stress, and MSHA biosynthesis, most of which also
overexpressed in eel serum (Table 2 and Supporting
Information Table S3). In contrast, a more diverse
transcriptomic response was observed in iron-overloaded
human serum vs CM9 (Table 3 and Supporting Information
Table S4), where most of the differentially expressed genes
were oppositely regulated to what we observed in eel serum,
i.e. genes for nitrite/nitrate respiration, siderophore
biosynthesis/uptake, flagellum biosynthesis and motility
(Tables 1 and 3 and Supporting Information Tables S2 and S4).
We phenotypically confirmed most of these transcriptomic
evidence as strain R99 was unable to respire nitrate/nitrite and
was more motile in iron-overloaded human serum
supplemented with 0.3% agar than in CM9-agar (or eel serum
supplemented with 0.3% agar) (Supporting Information Fig.
S2B). As in eel serum, R99 seemed to present an anaerobic
respiratory metabolism in ironoverloaded human serum,
probably based on organic compounds (i.e. fumarate) and
using glycogen/glucan and derived sugars (e.g. maltose) as the
main energy and carbon sources (Table 3 and Supporting
Information Table S4). This result was partially confirmed by a
significant positive result for increased growth after exogenous
maltose addition in iron-overloaded human serum but not in
CM9 (or human serum) (Supporting Information Fig. S2D).

The pathogen also upregulated genes for protection against
different stresses, regeneration of damaged proteins, lipids and
membranes in iron-overloaded human serum, many of which
differed from those found in eel serum (Tables 1 and 3 and
Supporting Information Tables S2 and S4). As in eel serum, vwhA
and rtxA1 were also differentially expressed in iron-overloaded
human serum, as were some genes for LPS/capsule
biosynthesis (Table 3 and Supporting Information Table S4).
Finally, genes for different transcriptional regulators, most not
found in eel serum, were also differentially expressed in iron-
overloaded human serum [i.e. HlyU, the main activator of rtxA1
(Liu et al., 2011); VieB, a repressor for the virulence activator
VieA (Lee et al., 1998; Mitchell et al., 2015); SmcR, the main QS
regulator (Kim et al., 2013); QseB, a regulator that responds to
iron and QS signals (Weigel et al., 2015); and VpsT, a biofilm
formation activator (Krasteva et al., 2010)] (Table 3 and
Supporting Information Table S4).

Approximately, a 90% of all the above genes belong to iron
stimulon and/or Fur regulon (Table 3 and Supporting
Information Table S4).

Virulence factors differentially expressed in serum

Toxins. vwhA and vvhB [encoding a secretory protein for VvhA
(Yamamoto et al., 1990)], were the most strongly upregulated
genes in eel serum, while rtxA1 and rtxC [encoding an enzyme
for RtxAl post-transcriptional modification (Satchell, 2011)]
were downregulated (Table 1 and Supporting Information
Table S2). We demonstrated that vvhA is involved in virulence
and in vivo survival in the blood since both LDso (Table 5) and
bacterial counts in the blood from bath-infected eels (Fig. 2A)
were significantly impaired in a mutant strain deficient in vwhA.
To uncover the role of VvhA in survival in the blood, we
evaluated the hemolysis by R99 vs AvvhA strains in artificial eel
blood (eel serum supplemented with erythrocytes, see
Experimental procedures) as well as the transcription of vhA
by R99 strain for 6 h postinfection. In these experiments, we
also included the mutants ArtxA1 and AvvhAArtxA1 as controls,
as RtxA1l can also cause haemolysis in vitro (Wright and Morris,
1991; Kim et al.,, 2008). First, we found that rtxAl was
upregulated when erythrocytes were added to eel serum (fold-
change value changing from 2.6 in eel serum to 5.8 in artificial
eel blood at 6 h post-infection), which correlated with previous
results obtained in vivo (Lee et al., 2013). Second, vvhA was
transcribed before rtxA1 and appeared to be mainly
responsible for hemolysis at 6 h post-infection (Fig. 2B). This
result correlated well with those obtained in vivo, as vwvhA and
rtxA1 were upregulated in the blood of bath-infected eels (vwhA
at 3 hand rtxA1 at 9 h post-infection with fold induction values
of 8.7 £ 0.5 and 3 * 0.2 respectively). We repeated the
experiments with artificial iron-overloaded human blood
[ironoverloaded supplemented with erythrocytes (see
Experimental procedures)] and observed that rtxA1 and vvhA
were transcribed in parallel from the beginning of the
experiment, achieving a similar fold induction value at 6 h post-
infection, however in this case, the hemolysis at 6 h seemed to
be mainly due to RtxA1l (Fig. 2B).

Envelope polysaccharides. Capsule and O-antigen are involved
in resistance to the human and fish innate immunity (Amaro et
al., 1994; Amaro et al., 1997).

Transcriptomic results showed that multiple genes related to
both LPS and capsule biosynthesis were differentially
expressed in serum (Tables 1 and 3 and Supporting Information
Tables S2 and S4; Fig. 3A). Therefore, we analysed the
polysaccharide profile from R99 strain grown in eel serum,
human serum and iron-overloaded human serum. The



pathogen changed the proportion of capsule vs O-antigen in
human serum, producing more capsule in iron-overloaded
human serum (Fig. 3B). In case of eel serum, the pathogen
seemed to produce an intermediate pattern with similar
amounts of capsule and O-antigen, without major differences
to those seen in CM9 (Fig. 3B).

Remarkably, the O-antigen contained the high/medium
molecular weight bands previously described to be involved in
resistance to eel complement (Amaro et al., 1997). Although
we could not estimate free iron in serum, we determined the
total iron (free and protein associated) and found that eel
serum contains more iron (1.1 mg I-1) than human serum (0.75
mg ml-1), suggesting that eel serum is less restrictive.

VepO07. One of the upregulated genes in both eel serum and
human serum was vep07 (Supporting Information Tables S2
and S3), a gene encoding a hypothetical protein involved in
virulence in eels but not in mice (Lee et al., 2008). An in silico
analysis of this protein [using two bacterial lipoprotein
prediction programs, LipoP (Juncker and Willenbrock, 2003)
and DOLOP (Madan and Sankaran, 2002)] revealed that Vep07
is probably an outer membrane (OM) lipoprotein. Therefore,
we analysed the presence of Vep07 in different bacterial
fractions by immunostaining with the antibody antirVep07 and
confirmed that Vep07 is an OM protein (OMP) of
approximately 55 kDa that is regulated by iron as it was only
expressed under iron-restricted conditions, either imposed by
aniron chelator or by eel serum (Fig. 4A). Additional in vitro and
ex vivo experiments showed that vep07 was mainly transcribed
during the first hours of growth both in eel serum and iron
deficient minimal medium (CM9 supplemented with human
transferrin) (Fig. 4B). To determine the role of VepO7 in
virulence, we used R99 and Avep07, cvep07, Aftbp and
AftbpAvep07 strains in a series of in vivo and ex vivo assays
(Supporting Information Table S1). Similar to Aftbp (Pajuelo et
al., 2015), Avep07 was severely impaired in virulence for eels,
growth in eel blood and resistance to eel serum and did not
show changes in virulence for mice and resistance to human
serum (Table 5). The inhibitory effect of eel serum on Avep07
was reversed by the inactivation of both the alternative and
classical pathways of complement or by the inactivation of the
alternative pathway alone, but it was not reversed when iron
was added or when the classical pathway alone was inactivated
(Table 6). As expected, the inhibitory effect of eel serum on
Aftbp was only reversed by adding iron (Table 6). Additionally,
Avep07 was sensitive to phagocytosis (Table 5). The sensitivity
to complement and phagocytosis was reversed by the inclusion
of the gene in trans in the mutant (Table 5). The double mutant
in ftbp and vep07 was completely avirulent for eels, died in eel
serum and was still sensitive after either iron addition or eel
complement inactivation (Tables 5 and 6). Finally, in vivo
experiments of colonization/invasion showed that Avep07 was

impaired in internal colonization not only for blood but also for
the other internal organs we analysed (Fig. 4C).

ftbp has been reported to be horizontally transmitted to
other fish pathogenic bacteria (Pajuelo et al., 2015). Therefore,
we analysed the presence of vep07 in other genomes and
constructed a phylogenetic tree for all the found sequences
(Fig. 4D). vep07 was present together with ftbp not only in pv.
piscis but also in recent isolates of V. vulnificus from other
phylogenetic lineages not previously linked to disease in fish
(Roig et al., 2018), as well as in the plasmid of one V. harveyi
strain isolated from diseased seabass. Interestingly, two main
groups were established on the basis of vep07 variability, one
group with all the pv. piscis isolates which have the ability to
infect eels, and the other one with V. vulnificus isolates from
the other phylogenetic groups together with the V. harveyi
strain (Fig. 4D).

Discussion

In this work, we aimed to characterize the strategies used by V.
vulnificus to survive within hosts as evolutionarily distant as
human and fish, in order to gain a better understanding of the
epidemiology of this bacterial species in a warming world. Our
main conclusions from the transcriptomic study performed in
serum plus the complementary assays are summarized in the
models presented in Figs 5 and 6. Because approximately one
out of every two differentially expressed genes in the serum
belong to the previously described Fur regulon and/or iron
stimulon (Pajuelo et al., 2016), we selected the most relevant
differentially expressed genes encoding regulators, sensors,
and virulence factors, all of which (with a very few exceptions)
belong to one or both regulatory systems. Figure 5 shows the
predicted regulatory networks, external stimuli and phenotype
presented by zoonotic strains growing in serum, while Fig. 6
summarizes the main virulence factors that the pathogen
would express in the blood per susceptible host, healthy eels
and high-risk patients (those with high iron levels in blood), as
well as its putative role in virulence.

Zoonotic clonal-complex activates an anaerobic metabolism
to survive and grow in the blood regardless of the host and iron
levels (Fig. 5) and even oxygen levels, since the values of
dissolved oxygen were similar in all the inoculated sera and
control media after 6 h of incubation (1-— 2 mg |2 0,). This
anaerobic metabolism would probably be based on N-
compound utilization and nitrate/nitrite respiration in eels or
glycogen (maltose)-related compound utilization and organic
compounds respiration (such as fumarate) in high-risk human
patients. Although the external signals triggering this metabolic
switch are unclear, it seems reasonable to hypothesize that
membrane attack by complement and microcidal peptides
(common to fish and human sera) would disrupt proton motive
force, thus activating pspABC system [belonging to Fur regulon



and upregulated in both sera, especially in iron-overloaded
human serum (Tables 1-3)]. This in turn would activate
anaerobic metabolism as it has been described for Escherichia
coli (Jovanovic et al., 2006) (Fig. 5). In addition, the upregulation
of arcA in eel serum [linked to the upregulation of pspABC
(Manganelli and Gennaro, 2017)], as well as the upregulation
of gseB in iron-overloaded human serum, could also contribute
to anaerobic metabolism activation. Indeed, QseB has been
described as an activator of anaerobic metabolism in iron-
overloaded media in response to catecolamines (Weigel et al.,
2015) as well as an activator of motility (Weigel and Demuth,
2016), a phenotype that is induced in iron-overloaded human
serum (Table 3 and Supporting Information Fig. S2B). Our
transcriptomic results also suggest that Fur would play a central
role in determining the preferable nutrient to be used, either
as apo-Fur through Lrp (Ho et al., 2017) in eel serum or as holo-
Fur through unknown pathways in iron-overloaded human
serum as all the glycogen metabolism-related differentially
expressed genes belong to the Fur regulon (Supporting
Information Table S4 and Fig. 5). The ability to respire
nitrate/nitrite in eel blood provides the pathogen with an
additional advantage as the protective mechanisms against
nitric oxide (a respiration byproduct) that are concomitantly
activated (Table 1) would protect it against this important
microcidal molecule produced by the host, contributing to the
high virulence of the zoonotic clonal-complex for eels.
Besides this metabolic adaptation, our transcriptomic results
also suggest that the zoonotic clonal-complex responds to
more signals of nutrient starvation in eel serum than in iron-
overloaded human serum (Tables 1 and 3). We highlight that
the zoonotic clonal-complex would respond in eel serum to iron
and nucleotide starvation, which would involve Fur and CytR
[belonging to Fur regulon (Pajuelo et al., 2016)], respectively,
resulting in the upregulation of different genes involved in the
uptake of both kinds of nutrients (i.e. vulnibactin biosynthesis,
receptors for different exogenous iron sources, and nucleoside
transporters) (Supporting Information Tables S2 and S4). As a
secondary consequence of cytR upregulation, competence
could be activated, at least partially, in eel serum, which is
supported by the upregulation of tfoX (Fig. 5). We hypothesize
that this putative competence activation could indicate that
the zoonotic clonal-complex might activate this state in its
natural habitat, i.e. fish mucosae (Carda-Diéguez et al., 2017),
as V. cholerae does (Metzger and Blokesch, 2016), and that iron
starvation could play a role in the process as both eel serum
and fish mucosae are iron restricted environments (Pajuelo et
al., 2015; Carda-Diéguez et al., 2017).

The zoonotic clonal-complex expresses a toxin phenotype in
the blood of its susceptible hosts, which is based on VvhA plus

RtxA1l production. Our transcriptomic and phenotypic results
suggest that iron, Fur, SmcR and HlyU could play a significant
role in the activation of this toxic phenotype (Fig. 5). In case of
high-risk patients, RtxAl and VvhA could act additively in the
blood as both genes were upregulated in iron-overloaded
human serum and were transcribed in parallel and
exponentially in artificial iron-overloaded human blood during
the 6 h of incubation we analysed. A role for this additive
function in blood invasion from the intestine has already been
suggested for V. vulnificus strains, other than the zoonotic ones
(Jeong and Satchell, 2012). In addition, the regulation of smcR,
fur and hlyU in iron-overloaded human serum was as expected
according to both the observed toxin gene transcription and
the published literature (Shao et al., 2011; Kim et al., 2013) (Fig.
5). In consequence, a highly toxic phenotype would be induced
in the zoonotic clonalcomplex when infecting high-risk patients,
which agrees with clinical data on human septicemia
(Horseman and Surani, 2011; Oliver, 2015).

The scenario was different in the case of eels, as the results
were unexpected. First, rtxA1, a gene essential for eel death by
sepsis (Lee et al., 2013), was downregulated in eel serum, while
vvhA, a gene with an unknown role in eel virulence, was one of
the most strongly upregulated (Fig. 5). The complementary
experiments performed in artificial eel blood and in vivo
demonstrated that the rtxA1 transcription requires contact of
the bacteria with host cells as previously suggested for the
function of this toxin (Kim et al., 2008), and supporting previous
results (Lee et al.,, 2013). Second, hlyU was downregulated
which correlated with rtxA1 transcription but not with vwhA
transcription, suggesting that iron starvation, in the absence of
HIyU, could trigger vwhA transcription through an unknown
regulatory pathway (Fig. 5). Additional experiments to unravel
the role in eel virulence of vwvhA by using a mutant and the
corresponding complemented strain demonstrated that vvhA is
a virulence gene probably involved in early fitness in eel blood.
Interestingly, vwhA was transcribed before rtxA1, both in
artificial eel blood and in vivo, and in both cases the fold-
change/induction value was much lower than that observed in
eel serum at 6 h post-infection (Fig. 2B). All these results
highlight a new hypothesis on hemolysin transcription in vivo:
the temporality in the transcription of rtxA1 and vvhA could
depend on changes in iron concentration in the bacteria’s
surrounding environment. A model summarizing the role of
both toxins per host is shown in Fig. 6. This model incorporates
the hypothesis that VvhA (transcribed first in eel serum) would
lyse erythrocytes and create an iron-rich microenvironment
(heme) that would favour the transcription of rtxAl in eel
blood. More studies are necessary to prove these hypotheses.



The zoonotic clonal-complex produces a protective envelope
in the blood against complement from each susceptible host in
terms of capsule vs O-antigen ratio. Our transcriptomic and
phenotypic results suggest that iron and Fur would have a role
in the production of this protective envelope as all the
identified capsule/LPS biosynthetic differentially expressed
genes belonged to the Fur regulon and most of them also to
iron stimulon (Supporting Information Tables S2 and S4 and Fig.
5). Accordingly, the selected zoonotic strain produced a
capsule enriched envelope in iron-overloaded human serum
and an envelope without capsule but O-antigen enriched in
human serum (Fig. 3B), which supports the hypothesis of
Pajuelo et al. (2016) regarding the role of iron in capsule/O-
antigen production. The fact that the zoonotic clonal-complex
is unable to produce capsule in human serum would by itself
explain why this pathogen does not cause septicemia in healthy
patients as the invading bacteria would be destroyed by human
complement (Amaro et al., 1994). In partial accordance, the
envelope produced in eel serum by the analysed strain
contained both capsule and high/medium molecular weight O-
antigen, both participating in protection against eel
complement (Biosca et al., 1993; Amaro et al., 1997). The role
of capsule and O-antigen (LPS) in human and fish septicemia is
summarized in Fig. 6.

Capsule production is inversely linked to the biofilm
formation in V. wvulnificus (Joseph ad Wright, 2004;
CasperlLindley and Yildiz, 2014). Accordingly, we found that the
biofilm formation was significantly higher (p < 0.001) in CM9
than in iron-overloaded human serum (values of Absssg after
crystal violet staining of 0.29 + 0.04 and 0.01 + 0.001
respectively) confirming that the biofilm formation s
downregulated in iron-overloaded human serum (Fig. 5). We
also found transcriptomic evidences: i.e. the downregulation of
smcR, linked to the downregulation of vpsT, an activator of the
biofilm formation (Krasteva et al., 2010) plus the upregulation
of fur linked to the downregulation of vieB, a repressor of VieA,
which forms with VieS a two-component system that represses
the biofilm formation (Mitchell et al., 2015).

The external envelope of the zoonotic clonal-complex
contains two host-range related IROMPs that confer resistance
to the innate immunity of specific fish species. These two
proteins are Ftbp, a recently described receptor for eel
transferrin that can bind transferrin from seabass as well
(Pajuelo et al., 2015; unpublished result), and vep07, encoding
a multifunctional OMP (probably a lipoprotein) conferring
resistance to eel complement, activated by the alternative
pathway, and phagocytosis. We propose the description, name
‘Fish Phagocytosis and Complement Resistance Protein’ [Fpcrp]
for this protein. Both proteins would constitute a ‘survival in
fish blood kit’ conferring both specific adaptation to resist the
fish innate immunity and high virulence for healthy eels (Fig. 6).
Our hypothesis is that Fpcrp binds an unknown fish

complement inhibitor, thus preventing bacterial killing and
efficient opsonization/ phagocytosis. Incubation of purified
rVep07 with aloumin-free eel serum and further identification
of the ligand by liquid chromatography and tandem mass
spectrometry (LC-MS/MS) (Pajuelo et al., 2015) were
unsuccessful, probably because the eel protein target has not
yet been sequenced (results not shown). Future analysis of the
eel serum proteome is ongoing in order to identify the Fpcrp
ligand. The role of both proteins in eel sepsis is summarized in
Fig. 6.

The gene fpcrp, as ftbp, has been acquired by HGT probably
in the fish farm environment. As expected, a homologous gene
to fpcrp was present together with ftbp in all the pv. piscis
strains sequenced to date with an identity and coverage of
almost 100% and it was also in a conjugative-virulence plasmid
(pVh1) (Pajuelo et al., 2015) harboured by one strain of V.
harveyiisolated from a diseased farmed seabass (Pajuelo et al.,
2015). Surprisingly, both genes were also present in other
recently isolated V. vulnificus strains, one from a woman
infected after ingestion of raw fish (sushi) and the other from a
fish farm water (Danin-Poleg et al., 2015; Chung et al., 2016)
(Fig. 4D). Both strains belong to lineage 1 (Roig et al., 2018), the
most dangerous phylogenetic group from the public health
perspective becuase it includes most of the isolates related to
primary septicemia in humans (Roig et al., 2018). Further, the
phylogenetic analysis of fpcrp divided the strains in two groups,
one that included the pv. piscis strains and the other that
included the new strains belonging to lineage 1 together with
the V. harveyi isolate. Therefore, the differences in the gene
sequences between both groups of strains could indicate that
the new V. vulnificus isolates would have acquired the gene
from a bacterium other than the zoonotic group and closer to
V. harveyi probably in fish farms environments.

Conclusions

In summary, we have unravelled some of the mechanisms that
enable the zoonotic strains of V. vulnificus to cause septicemia
in hosts as evolutionary distant as humans and fish and clarified
the link between virulence and iron content in the blood. First,
zoonotic strains would only be able to cause septicemia in
humans with elevated iron levels in blood because, only under
iron excess would be able to produce a capsule enriched
envelope that would allow it to multiply efficiently in the blood
and to express the highly toxic phenotype responsible for
patient death by sepsis. Second, V. vulnificus has horizontally
acquired a ‘survival in fish blood kit’ that allows it to resist fish
innate immunity and multiply in the blood expressing a toxic
phenotype responsible for animal death by sepsis. If the
disease occurs in a fish farm, it could lead to an outbreak and
the subsequent amplification of the genetically transformed
clone. In fact, we have found evidences that this kit has already



been transmitted to the most dangerous phylogenetic group,
the one related to primary sepsis after raw seafood ingestion.
In conclusion, our results highlight the risk that the aquaculture
industry poses to public health, especially in the case of such
zoonotic pathogens as V. vulnificus whose multiplication and
spreading to new areas is being favoured by global warming.

Experimental procedures
Strains, media and bacterial growth

Bacterial strains (Supporting Information Table S1) were grown
in TSA-1 (TSA, 1% NaCl), CM9 (Miller, 1972), CM9+ Tf [CM9 +
10 uM human transferrin (Sigma-Aldrich)]), CM9-Fe [CM9 +
200 or 400 uM of the iron chelator 2,2’ bipyridyl (Sigma-
Aldrich)], CM9+Fe (CM9 + 100 uM FeCls), eel serum [obtained
as previously described (Lee et al., 2013)], iron-overloaded eel
serum (eel serum + 2.5, 5 or 100 uM FeCls), human serum
(Sigma-Aldrich), and ironoverloaded human serum [human
serum +100 uM FeCls (Murciano et al., 2017)]. Unless clearly
specified, 2.5 ml of each serum/broth were inoculated with
washed bacteria (10> CFU ml-1) and incubated with agitation
(50 rpm) at 28°C (eels) or 37°C (humans). Bacterial growth was
monitored as CFU ml-1at regular time intervals.

Animal maintenance and extraction of blood, serum,
erythrocytes and phagocytes.

Mice (6- to 8-week-old female BALB/c mice, Charles River,
France) and farmed eels (European eel, Anguilla anguilla,
purchased from a local eel farm that does not vaccinate against
V. vulnificus) were maintained and handled in the facilities of
the Central Service for Experimental Research (SCSIE) of the
University of Valencia (Spain) according to that specified in
ethic statement. Blood and serum as well as erythrocytes and
phagocytes were obtained from eels as previously described
(Lee et al., 2013). Human blood was obtained from volunteers
as described in ethic statement.

Virulence, colonization and invasion assays

Virulence for mice and eels was determined as LDso (Reed and
Muench, 1938) after infecting the animals (around 20 g) with
serial bacterial 10-fold dilutions in PBS either by intra-
peritoneal injection (groups of six animals per dose) or
immersion (only eels: groups of 10 animals per dose) as
previously described (Amaro et al., 1994; Amaro et al., 1995).
Mortalities were only considered if the inoculated strain was
recovered as a pure culture from internal organs. Eel
colonization and invasion assays were performed by
immersion of groups of 24 eels (around 50 g) per strain in an
infective bath adjusted at the LDsofor R99 strain (Amaro et al.,
1995). Three live eels per group were randomly sampled at 0,
9, 24 and 72 h, sacrificed and sampled for bacterial counts (CFU

ml-1) and for quantification of selected genes by RT-qPCR
according to Pajuelo et al. (2015) (see next section). In all cases,
an extra group was infected with sterile PBS as a control
(Amaro et al., 1995).

Transcriptomic experiments and data analysis

Bacterial transcriptome was analysed in serum vs CM9 after 6
h of incubation (Absgzs 0.3) (serum complement starts to be
significantly inactivated from 6 h of incubation) according to
Pajuelo et al. (2016). Briefly, total RNA was extracted using the
Direct-zol™ RNA Miniprep kit (Zymo), subjected to DNase
treatment using the TURBO™ DNase (Ambion) and cleaned
using the RNA Clean & Concentrator™ kit (Zymo). Only samples
with a RIN 27.5 (measured using a 2100 Bioanalizer, Agilent)
were selected to get labelled cDNA that was hybridized with
the R99-specific microarray (Pajuelo et al., 2016). The data
were analysed using the Genespring 14.5 GX software (Agilent
technologies) with 75% percentile normalization for the
following comparisons: eel serum vs CM9, human serum vs
CM9 and iron-overloaded human serum vs CM9. Student’s t-
test (p < 0.05) available in Genespring software was applied to
reveal transcriptomic profile differences between the
conditions. Results are presented as averages of the fold
change [the ratio between two conditions (serum vs CM9)
which gave the absolute ratio of normalized intensities
between the average intensities of three independent
samples]. The same samples used for the microarray analysis
as well as the samples from eel tissues were analysed by RT-
gPCR to calculate the expression of the selected genes (primers
listed in the Supporting Information Table S5). The recA gene
was used as standard and the fold induction (2-22t) for each
gene was calculated according to Livak and Schmittgen (2001).

Resistance to innate immunity in serum and blood

Bacteria were incubated (102 CFU ml?) in 96-well plates
(NUNC) containing 200 ul of each sample (serum/blood) for 4
h. The effect of iron or complement inactivation on the
bacterial survival was determined by comparing the bacterial
growth in fresh vs treated serum. Serum + iron and inactivated
serum were obtained as previously published (Sunyer and Tort,
1995; Pajuelo et al., 2015; Murciano et al., 2017). The survival
index after 4 h of incubation (Sl4n) was determined (Lee et al.,
2013).

Resistance to phagocytosis

Blood eel phagocytes were seeded in poly-L-lysine treated 96-
well plates (10° cells/well). Bacteria were added in a
multiplicity of infection (moi) of 10 in a final volume of 200
ul/well. Bacterial counts were performed at 0 and 90 min to



calculate the percentage of bacteria that survived after
phagocytosis (Lee et al., 2013).

Haemolysis

Artificial blood was prepared by adding erythrocytes (106 cells
ml-1) to serum (either eel or iron-overloaded human serum
respectively). Artificial blood was seeded in 96-well plates and
bacteria were added at a moi of 0.5 in a final volume of 200 pl
well-1, Erythrocytes counts were performed at 0, 1.30, 3 and 6
h post-infection to calculate the percentage of cell lysis. In
parallel, samples for RNA extraction and quantification of vwhA
and rtxA1 were taken.

Motility

Motility was assayed on CM9, eel serum, human serum and
iron-overloaded human serum, 0.3% agar (wt/vol) as
previously described by Pajuelo et al. (2016).

Metabolism

The ability to respire nitrate/nitrite was determined in strain
R99 grown for 6 h in 96-well plates containing 200 pl of CM9,
eel serum oriron-overloaded human serum by adding NIT1 and
NIT2 reagents (API°, BioMérieux) to each well. The ability to
grow from exogenous maltose added to CM9, human serum
and ironoverloaded human serum was determined by growing
R99 in glass tubes and after 6 h of growth 0.2% (wt/vol)
maltose was added. Growth was measured as bacterial counts
(CFU ml-1) at 0 and 30 min after the addition of maltose.

Envelope analysis

Surface cell-associated-polysaccharides (LPS plus capsule) of
R99 were obtained as described by Hitchcock and Brown
(1983). About 10 pg of cell-associated-polysaccharides,
quantified using the Total Carbohydrate Assay Kit (BioVision),
were separated by SDS-PAGE, transferred onto a PVDF
membrane and subjected to immunoblot analysis with
antibodies against R99 cell envelopes (Amaro et al., 1994). The
blots were developed following incubation with appropiated
dilution of horseradish peroxidase-conjugated secondary
antibodies using Immunobilon Western Chemiluminescent
HRP Substrate (Millipore).

Biofilm production

R99 was grown in glass tubes containing 2 ml of CM9 or iron-
overloaded human serum and biofilm production was
quantified by staining with crystal violet (Pajuelo et al., 2016)
at 24 h post-incubation.

Isolation of Avep07Avep20 double mutant

The Avep07Aftbp mutant was isolated by introducing the Aftbp
DNA fragment which contains a 1407-bp in-frame deletion in
ftbp into the Avep07 mutant strain by the allelic exchange
technique (Lee et al., 2008). Briefly, two DNA fragments
amplified from R99 (Supporting Information Table S5) were
cloned into a suicide plasmid, pCVD442 (Philippe et al., 2004)
between Sacl and Xbal sites, resulting a 1407-bp in-frame
deletion in ftbp. The pCVD442 derivative with the deletion in
ftbp was transformed into E. coli S17-1Apir (Hanahan, 1983)
and then transferred to the Avep07 mutant strain by
conjugation. The transconjugants were selected by ampicillin.
The plasmid-integrated strain was then grown in LB containing
10% sucrose for 24 h and those resistant to 10% sucrose and
sensitive to ampicillin were selected and confirmed by PCR and
southern blotting as the double mutants (Pajuelo et al., 2015).

Generation of anti-rVEPO7 serum and immunoblots

A 17 kDa partial recombinant Vep07 (rVep07) with a C-terminal
six-histidine tag was overexpressed by inducing E.coli BL21
strains containing partial vep07 gene cloned into pE30a with 1
mM IPTG for 16 h at 30C. Bacterial pellets disrupted by
sonication and rVep07 were purified by affinity binding with
the Ni2* chelating sepharose (Chelating Sepharose™ Fast Flow,
GE Healthcare Life Sciences). Six weeks old female mice were
immunized by subcutaneous injection with the 6xhistagged
partial rVep07 accordingly to previously describe by Pajuelo et
al. (2015). For the vep07 gene translation studies, R99 was
cultured in different iron conditions. A 5 pug of the insoluble
fraction of each total cell lysate [quantified using the Pierce
BCA Protein Assay Kit (Thermo Scientific)] were fractionated by
SDSpolyacrylamide gel electrophoresis and then transferred
onto a PVDF membrane. The membranes were probed with
mouse anti-Vep07 serum. The blots were developed as
described above.

Phylogenetic reconstruction

Phylogenetic trees were constructed with MEGA7 using the
Maximum Likelihood method (Tamura, 1992; Kumar et al.,,
2016). Support for the groupings derived in these constructions
was evaluated through bootstrapping using 1000 replicates
(Felsentein, 1985). Maximum-Likelihood trees were obtained
using PhyML (Guindon and Gascuel, 2003). The best
evolutionary model for the sequences according to jModelTest
(Posada, 2008) and considering the Akaike information
criterion (AIC) was the general time-reversible model of
substitution with a gamma distribution (GTR + G) (Masatoshi
and Kumar, 2000). The sequences were obtained from
GenBank.



Statistical analysis

Data are presented as averages * standard error of at least
three independent experiments. Statistical analysis was
performed using SPSS 19.0. The significance of the differences
between averages was tested by using the unpaired Student’s
t-test with a p < 0.05. When the effect of more than two
inependent variables was taken into account an ANOVA
analysis was performed.

Ethic statement

Whole human blood was obtained from healthy volunteers at
the University of Valencia. Assays were approved by the
Institutional Committee on Human Research (project licence
H1487946643442) following the Declaration of Helsinki. All
assays involving animals were approved by the Institutional
Animal Care and Use Committee and the local authority
(Generalitat Valenciana), following European Directive
2010/63/EU and the Spanish law ‘Real Decreto’ 53/2013 and
were performed in the SCSIE facilities by using the protocols
2016-USC-PEA-00033 type 2 (virulence in eels), 2014 VSC PEA
00195 type 2 (virulence in mice) and 2016-USC-PEA-00033 type
2 (colonization and invasion in eels). We also have a permission
from Generalitat Valenciana to use eel for scientific research
purposes.
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Table S1. Bacterial strains and plasmids used to genetically
modify the strains.

Table S2. Genes differentially expressed by V. vulnificus R99
strain in eel serum (ES) vs CM9 compared with those
previously described in iron stimulon and Fur regulon
(Pajuelo et al., 2016). *: present in iron stimulon or Fur regulon
but with upside down regulation.**: only values of fold change
-2 £ X £ 2 with a p-value cut-off of 0.05 were considered. +:
gene up-regulated in eel serum; —: gene down-regulated in eel
serum.

Table S3. Genes differentially expressed by V. vulnificus R99
strain in human serum (HS) vs CM9 compared with those
previously described in iron stimulon and Fur regulon
(Pajuelo et al., 2016). *: present in iron stimulon or Fur regulon
but with upside down regulation. **: only values of fold change
-2 < X £ 2 with a p-value cut-off of 0.05 were considered. +:
gene upregulated in human serum; —: gene down-regulated in
human serum.

Table S4. Genes differentially expressed by V. vulnificus R99
strain in iron-overloaded human serum (HS+Fe) vs CM9
compared with those previously described in iron stimulon
and Fur regulon (Pajuelo et al., 2016). *: present in iron
stimulon or Fur regulon but with upside down regulation. **:
only values of fold change -2 < X < 2 with a p-value cut-off of
0.05 were considered. +: gene up-regulated in ironoverloaded
human serum; -: gene down-regulated in ironoverloaded
human serum.

Table S5. Primers used in this study.

Figure S1. Number of differentially expressed genes in serum
in common with iron stimulon and/or Fur regulon (previously
described by Pajuelo et al. (2016)) represented as Venn
diagrams.

FigureS2.Phenotypic assays to validate microarray data in
serum. (A) Nitrate and nitrite respiration. Nitrate and nitrite
respiration was measured with the API20E™ kit (Biomerieux,
Spain) after incubation of R99 strain in eel serum (ES),
ironoverloaded human serum (HS+Fe) and CM9. Positive
results (red coloured wells) were obtained for eel serum at 3, 6
and 9 h post-incubation (a slight positive result could be
observed in one of the replicates CM9 after 3 h of incubation).
(B) Motility was measured as Motility rate (Mr) (colony surface
in mm?/log of colony bacterial number in CFU ml-1) according
to Pajuelo et al. (2016). The assay was performed on plates of
CM9- or serum-agar (0.3%). Eel serum (ES)-agar plates were
incubated at 28C and iron-overloaded human serum (HS+Fe)-
agar plates at 37C. Three independent biological replicates of
each experiment were performed. CM9-agar column and bar
present the average and standard error corresponding to 6
plates (3 incubated at 28C and 3 at 37C). *: significant
differences (P < 0.05) serum-agar vs CM9-agar. (C) Survival in
serum: R99 strain was inoculated in CM9 and serum (eel serum
[ES], human serum [HS] or iron-overloaded human serum
[HS+Fe [FeCl3 100 uM]]) and incubated for 6 h at 28C (CM9/ES)
or 37C (CM9/HS/HS +Fe). % Survival: ratio bacterial counts at
selected time intervals vs O h. Points and bars show the average
and standard error from three independent experiments. *:
significant differences (P < 0.05) serum vs CM9; #: significant
differences (P < 0.05) HS vs HS+Fe. (D) Growth from exogenous
maltose. R99 was grown in tubes containing CM9, human
serum (HS) and iron-overloaded human serum (HS+Fe) for 6 h
at 37C. Maltose (0.2% wt/vol) was added to half of the tubes
and all the tubes were incubated for additional 30 min. %




Growth: ratio bacterial counts at 30 min vs 0 min postmaltose
addition. Data are represented as a dot blot graph in which
points are the averages and bars the standard deviations from
three independent experiments. *: significant differences
found with ANOVA analysis (P < 0.05) HS/HS+Fe vs CM9.
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Table 1. Selected differentially expressed genes in eel serum vs CMA.

Gena(s)® Fc* Iron stimulon Fur regulon Putative functioniprocess®
Metabolic regulators and sensors
cptR 14.3 Mo Yes Repressor (response to nucleoside
starvation, competence) (Antonova et al..
2012)
acA 35 Mo Yes Repressor for aerchic metabolism
Cyn operon transcriptional activator 3 Mo as Activator of cyanide metabolism, a
subproduct from urea
fabR -25 Yes Yes Repressor for unsaturated fatty acid
binaynthesis
fur -23 Mo Yes Regulator of iron-uptake mainly acting as a
repressor
Fer -2.7 Mo Yes Aerotaxis sensor recepior profein
phaR, phod —(2.7-3.8) Yes MoYes PhoR (histidine kinase/phosphatass for
PhoB) and Phol (positive transcriptional
factor for Pho regulon) involved in
phosphate stanation
Nitrogen regulatory protein P-11 6.8 Yes Yes Mitragen starvation
kdghR -B.2 Yes Yes Repressor for oligogalacturonide
metabolizm (Mieckarz et &l., 2017)
[TET e —8.4 Yes Yes Repressor for oligoglucuronide metabaolism
[Rodicnov et al., 2000)
fruA [cra) -84 Yes Yes Catabolite repressor/activator (Cra) protein
Aneercbic respiration
Nitrate reductase cytochrome c550-type subunit 13 Yes o Mitrate reductase complex subunit
napA, napC, napD, napF, napG, napH 37114 Some Some Subunits of the periplasmic nitrate
reductass,
ccol 1 Mo Yes Cytochrome ¢ oxidase subunit
mnfBCD 4659 Mo Mo Formate-dependent nitrite reductase
complex
Peptide/amino acid/ammonium metabolism (including transporters)
nupC 137 Yes Yes Permease for nucleoside uptake
rbzBD 4289 Mo Ko Ribose ABC transport system
PTS systemn, M-acetylglucosamine-specific 11B 87 Yes Mo Aminosugar transport
component
Serine transporter TE Yes Mo Aminoacid transpom
Tail-specific protease precursor as Yes Yes Protein degradaftion
Peptide ABC transporters 4222 Mo Yes Peptide transport
N-Acetyl-D-glucosamine ABC fransport system 22 Mo Mo Aminosugar transport
Gilutamine synthetase typa | 23 Mo Yes Ammonia assimilation cycle
ABC transporer, periplasmic spemmidine 2 Yes Polyamine transport
putrescine-binding protein PotD Yes
Iron uptake
Vulnibactin biosynthetic genes B4-2 Yes Yes Vulnibactin biosynthesis and transport
Heme'Hamin transport 54-31 Yes Yes Hame/Hemin transport and utilization
Ferric iron ABC transporters 4327 Yes Yes Farmic iron transport
Aerobactin transport 32 Yes Yes Aerobactin transport
fibp (or vep20) 3 Yes o Eel transfermin binding (Pajuelo et al.. 2015)
Stress protection related genes
Anaerobic glycerol-3-phosphate dehydrogenase 22-33 Mo Ko Phospholipid biosynthesis/membrane
subunits (&, B, C) regeneration
Gilycerophosphoryl diester phosphodiesterase 248 Mo o Phaspholipid biosynthesis/membrane
regenaration
Gilyceral kinase 24.3 Mo Yes Phospholipid biosynthesis/membrane
regeneration
hcp 138 Mo Mo Hydroxgylamine reductase, a putafive
scavenger of potentially toxic
by-products of nitrate metabolism
Allyl hydroperoxide reductase subunit G-like 10.3 Yes Yes Resistance to oxidative stress
protein
cspE, capG 6.3-85 Yes as Caold shock proteina recently involved in
stress caused by membrane damage
Formate efflux transporter & Yes Yes Resistance to microcidal peptides
madi & Mo Yes Resistance to microcidal peptides
usp8 53 Mo Yes Universal stress protein family 8 related to

resistance to cxidative stress

(Confinues)



Table 1. Continued

Gene(s)* Fc" Iron stimulon Fur regulon Putative function/process™

1-acyl-sn-glycerol-3-phosphate acylransierase 4.8 o Mo Phospholipids biosynthesis/membrane
regeneration

Thiol peroxidase, Bop-type 4.7 Yes Yes Resistance to oxidative stress

plsX 42 Mo Yes Phosphate: acyl-ACP acyltransferase
imrolved in phospholipid
biosynthesis/membrane regeneration

Glutathione synthetase 348 Mo Mo Resistance to oxidative stress

pspABC 26-35 o Some Phage shock proteins involved in
resistance fo different stresses
(Manganelli and Gennaro, 2017)

Cold-shock DEAD-box protein A (helicase of RNA) KR o Yes Resistance to different stresses

Isopentenyl-diphosphate delta-isomerase 3 Mo Mo Phospholipids biosynthesis/membrans
regensration

norR 28 Mo Mo Anaerchic nifric oxide reductase
transcription regulator

dndDE 2 o Yes DA phosphorothioate modification,
& process that seems to protect DMA
from both HaOs and hydrowyl radicals in
wivo

Cardiolipin synthetase 21 Moes Yes Phospholipids biosynthesis/membrane
regensration

ompll 2 ‘fes Yes Resistance to microcidal peptides (Mathur
et al, 2007)

rzeABC —(2.6-5.4) Yes Some Negative regulatory proteins for RpoE.
& sigma factor for envelope stress
=ty

Organic hydroperodde resistance transcriptional -248 o Yes Repressor for organic hydroperoxide

reguilator ohr resistance

rpolD) -7 Mo Mo Nitric oxide-sensitive repressor of genes
imvolved in protecting the cell against
nitrosative siress

nzrR -T2 Yes Yes Repressor for resistance to nitrosative
SirEES

Flagellum and pili

MSHA, cluster 4.68-28 Some Some Pili M5HA bicsynthesis

flaDEF —(2-3.9) Some Yes Flagellin proteins

il -22 ‘fes Yes Controls the rotational direction of flagella
during chemaotaxis

fis -22 Yes Yes Flagellar secretion chaperone

figABCDE, fighG -[2.4-5) Some Some Flagellar basal-body rod proteins

fhF -25 Yes Yes Flagellar biosynthesis protein

fie —-4.4 Yes Yes Flagellar synthesis regulator

RMA polymerase sigma factor for flagellar operon -4.4 Yes Yes Flagellar biosynthasis

matX -52 Yes Yes Sodium-type polar flagellar protein

fight —-6.1 o Yes Flagellar biosynthesis protein

fighd -8.7 Yes Yes Hook associated protein

matA -12.1 Yes Yes Flagellar motor notation protein

LPS and capsule

e, wzbc, waal, b 4.2-21 Yes es LPS bicaynthesis

wza, [prg 23 o Yes LP'S bicaynthesis

yoi8 -38 Yes Yes LPS (core) biosynthesis and assembly

cpsC -2 o Yes Capsule biosynthesis

sppd -248 Yes Yes Capsule biosynthesis

505 response, DNA repair and competence

HfoX KR Yes Yes Positive regulator of competence

uwrc a2 ‘fes Mo Excinuclease ABC subunit C for DNA
repair

JaxA -31 Mo Yes Repressor of S0S5 response

dns -58 Yes Yes Competence related: degradation of DMNA
for nutrient uptake

Virulence factors and related regulators

vvhAB 31-118 Yes Mo Haemotysin (vulnificolysin) and transport
protein

rixAT -26 Mo Mo Toxin involved in cytokine storm in mice

(Murciano et ai_, 2017)

(Continues)



Table 1. Continued

Genae(z)® Fc® Iron stimulon  Fur regulon Putative functioniprocess”

x> -5 No Yes Cytolysin-activating lysine-acyltransferase,
rmxAT activator

o 24 Yes Yes Gilobal regulator imvolved in virulence that
is upregulated under nutrient starvation
(Ho et al., 2017)

smcR 2 No Yes Master regulator of quorwm sen=ing. i
downregulates hiyl (Kim et al., 2013)

e ld -2 Yes Yes Phosphorelay protein Luxl involved in
QUADFLIT SENSing

0 -3 Yes Yes Indirectly represees smchH transcription

card -3 Yes Yes Carbon storage regulator, a global
repressor of mulfiple virulence factors

hiyLl —d.& No ‘fas rixAT activator

DMA-binding protein H-NS =-10.2 Yes Yes DMNA-binding protein implicated in

tranecriptional repression (silencing) of
mobile genetic element transcription

a. Identified differentially expressed genes are indicated.

b. Fc: fold-change value or range of fold-change values for each individual gene or for a group of related genes respectively. See Supporting
Informaticn Tabde 52 for specific gene and fold-change value.

c. Putative function for the gene and related process.



Table 2. Selected differentially expressed genes in human semum ve CME.

Gene(s)” Fc* Iron stimulon Fur regulon Putafive functioniprocess™
Protection against oxidative stress

Manganese superoxide dismutase 9.4 Yes Yes Craidative stress
S-{hydroxymethyljglutathione dehydrogenase) 56 Mo Mo Cradative stress

Glutathione peroxidase 316 Yes fes Craidative stress

dmdD 29 Mo Yes DMA sulphur modification
Metabolism

fruR -8 fes fes Catabolite repressor/activator (Cra) protain
Iron uptake

‘Vulnibactin biosynthetic genes 443 Yes fes Vulnibactin biosynthesis and transport
Flagellum and pili

MSHA cluster 89-35 Some Some Pili M5HA biosynthesis

figF —-3.1 Mo fes Flzgellar basal-body rod protein

fBEF (3. 7—4.T) ‘YeaMo Yes Flagellin proteins

motY —4.2 Yes fes Sodium-type flagellar protein

muotX -5 s es Sodium-type polar flagellar protain
motd &7 Yes Yes Flzgellar motar rotation protein

a. Identified differentially expressed genes are indicated.
b. Fc: fold-change value or fold-change range for each individual identified gene or for a group of related genes respectively. See Supporting

Information Table 53 for specific gene and value.

¢. Putative function for the gene and related process.



Table 3. Selected differentially expressed genes in iron-overloaded human senum vs CMS.

Gene(s)* Fc* Iron stimulon Fur regulon Putative function/process®

Metabolic regulators

fabf —2.4 Yes Yas Repressor for unsaturated fatty acid
biosynthesis

rpR -4 Yes Yeas Aminoacid (Trp) biosynthesis

maetJ —id.4 Mo Yas Aminoacid (Met) bicsynthesis (repressor)

yvod —d.5 Mo No 2-aminoethylphosphonate uptake and
metabolism regulator (phosphonate
metabolism)

kdgR -6.2 Yes Yes Repressor for aminosugars metabolism

(Mieckarz et al_, 2017)
Metabolic and nutrient transport genes (including iron)

nirB 635 Mo Yas Assimilatory nitrite reductase

malQ 44.8 Mo Yas 4-alpha-glucanotransferase (amylomaltass)

Mitrate ABG transporter, nitrate-binding protein 222 Mo No Nitrogen metabolism

malk, maiG, mall 19.4-3.8 Mo Yes Maliose/maltodextrin ABC fransporter

gigB, gigx 64-15.3 Mo Yes Glycogen branching and debranching
ENZYMES

Amine oxidase, flavin-containing 1.6 Mo Yas Nitrogen metabolism

amtg8 1 Mo No Ammonium transporer

dctM, defQ 6554 Mo No TRAP dicarboxylate fransporens

murP 6.4 Mo No Aminosugar transport (PST system)

ABC-type phosphate transport system 587 Mo No Phosphate transport

artl, ar} 5531 Mo No Arginine ABC transporiers

Cd-dicarboxylate like ransporter 5 Mo No Dicarboxilate transport

sap8 4.7 Mo Yas Pepiide transport system permeass

Predicted ferric reductase 4.1 Mo Yeas Femic reductase

M-Acetyl-D-glucosamine ABC transport system 36 Mo No Aminosugar transport

vuuA -5 ‘Yes Yas Femic vulnibactin receptor

Stress protection related genes

pspABC 6959 Mo Some Phage shock proteins involved in
resistance to different siresses

Phosphoglycerol transferase | 272 Yes Yas Phospholipid biosynthesis/membrane
regeneration

Anaerobic glycerod-3-phosphate dehydrogenase 10-8 Mo No Phospholipid biosynthesis/membrane

subunits (B, C) regensration

S-{hydroxymethyljglutathione dehydrogenase a Mo No Peroxilipid detoxification

Glutathione S-transferase 59 Mo Yas Peroxilipid detoxification

Thiol paroxidase, Bop-type 4.4 ‘fes Yes Resistance to oxidative stress

Glutathione synthetase 38 Mo No Resistance to oxidative siress

msrd 3a Mo No Pepiide methionine sulfoxide reductase
imvolved in reparation of oxidized
proteins

YigC precursor 38 Yes Yeas Outer membrane integrity

degld, degs 3327 MNo/res No Outer membrane integrity

cspA, capE 28 ‘fes YesMo Cold shock proteins involved in
resistance to different
stresses

Flagellum and pili

rpoiN T8 Yes No RMA polymerase sigma factor

mshE, mzhd, mshQ 4528 Mo Some Fili MSHA

Von Willebrand factor type A domain protein 4.2 Mo No Pili MSHA

fiH, fLMNG 3626 Soma Some Flagellar biosynthasis proteins

figF, figJ, figT 252 Some Some Flagellar proteins

Probable type IV pilus assembly FimV-related 28 Mo No Fili MSHA

LPS and capsule

O-antigen acetylase 102 Mo Yas LP'S modification

sypdP 3353 Mo No Capsule biosynthesis

cpsD 38 Mo No Capsule biosynthesis

Virulence factors and related regulators

gsed 1.5 Mo No Positive regulation of flagalla and motility

kirB 6.2 Mo No Potassium uptake protein involved in
Serum resistance

rixAT 6.1 Mo No Toxin involved in cytokine storm in mice
(Murciano ef al_, 2017)

vhA 4.2 Yes No Haemotysin (vulnificohysin)

{Continues)



Table 3. Continued

Gena(s)® Fc* Iron sfimulon  Fur regulon Putative function/process”

ompR 3 No es Vinulence regulator that responds to
oamotic pressure

ATX toxin transporiar 23 No Yes MARTX transporier

hiylt 2 No es rixAT activator

vpsT -4 Yes Mo Repressor of biofilm and biofilm related
polysaccharide formation (Krasteva
at al., 2010)

wied -4.3 No ea Controls VieA that activates virulenca
genes. (Mitchell et al., 2015)

e -4.3 No Mo Repressor of flagellum bicsynthesis

smch -6.2 No Mo Master regulator of gquorum zenzing. i

downregulates hiyl! (Kim et al., 2013)

a. Identified differentially expressed genes are indicated.

b. Fc: fold-change value or fold-chanmge range for each individual identified gene or for a group of related genes respectively. See Supporting
Information Table 54 for specific gene and value.

¢. Putative function for the gene and related process.



Table 4. Comparison of fold-change valuwes obtained by armay and HT;EFGFI with the V. vulnificus RS9 strain. In case of RT-gPCH. results were

obdained using recA as the reference gene and the fold induction (2~ for each gene was calculated.
Fold change®
Sample® Gene for Amay RT-gPCR
ES we CMS Cold shock protein CspE B.48 [+) 251 (+)
dTDP-4-dehydrorhamnose 3,5-epimerase 247 (+) 126 (=)
RueA 262 (-) -7.03(-)
Wvha 3092 (+++) 636 [+)
WwhB 118.28 (+++) 521 (+)
CpsC -1.58 (=) -5.62 [-)
Vepd? 587 (+) 720 (+)
3-deoxy-D-manno-octulosonate 8-phosphate phosphatase KsdC —225(-) —-0.71(=)
Acyl-[acyl-carner-protein]-UDP-MN-acatylglucosamine 209 (+) 288+
O-acyltransferase LpxA
UDP-3-0-[3-hydroegymyristoyl] glucosamine M-acyltransferase NP 2587 (+)
LpD
Tetraacyldisacchande 4'-kinase Lpxk NP 272 (+)
Lipid A core-O-antigen ligase Waal 24 (+) 485 (+)
Ompl 1.97 (=) 2.9 (+)
Hiyl —i.B4 () —2.88 [-)
HE ws CM3 NADPH:quinone reductase 1.82 (=) 1.51 (=)
RueA NP —0.72 (=)
Wvha NP 247 (4)
Acyl-[acyl-carmer-protein}-UDP-MN-acetylglucosamine NP 1.01 (=)
O-acyltransferase LpxA
UDP-3-0-[3-hydroogyrmyristoyl] glucosamine M-acyltransferase NP 1.08 (=)
LpxD
Tetraacyldisaccharide 4'-kinase LpxK NP 1.7314)
Lipid A core-0-antigen ligase Waal MNP 243 (+)
Glycosyliransferase Sypd NP 367 (#)
HS+Fe wvs CMEO Glycogen phosphorylase 275 (++4) 27314
RueA 6.08 (+) A0.TH [+++)
WvhA 416 (+) 4_28 (+)
WwhB NP —4.78 (-]
Glycosyltransferase Sypd 532 (+) 31314
Capsular polysaccharnde synthesis enzyme CGpsD, AT5(+) B.73(+)
exopolysacchande synthesis
Potassium uptake protein, integral membrane component kirB 6.18 (+) 316 (+)
Maltosefmaltodextrin ABC transporter, permease protein MalG 380 (+) 10.32 (++)
VieB —4.26 () —-1.85 (=)
QseB 11.46 (++) 3.59 (+)
Hiyl 210+ 1.83 (=)
CpsA —5.5T (-} —-5.82 (-]
CpsB NP 5.14 (#)
CpsH NP 3.48 (+)
FUR MNP 5.12 (+)
FruR NP 2.88 (+)

a. RMA samples were obtained from & h cultures in CMS, ES (eel serum), HS {human serum) and H5+Fe (iron-overdoaded human serum) by
using the Direct-zol™ AMNA Miniprep kit (Zymo), TURBO™ DMAse (Ambion) and RMA Clean & Concentrator™ Kit (Zyma).

b. Quelitative classification: =, -2 < X < 2; 4+, 25 X <10, ++, 10 s X < 25, +++, B s X, —, -0« X5 -2, —— -5 < X 5 10, — X 5 -25
MP: there was not detected as differentially expressed by microarray hybridization.



Table 5. Virulence and resistance of strain R99 and its derivative mutants to innate immunity in blood.

Virulenca® Resistance to innate immunity in blood®
Eel Mice Eel Human

Sirains intra-peritoneal immersion intra-pentoneal Blood Blood Phagocyies Serum Blood Sarum
Rg9 1.7 =10 2% 108 4 =10 4+ + 4+ s +
Avep0? 52 % 107 =10% 6w 107 + £ +* + +
cvepl7 1.4 %10 6% 10° 710 ++ + 4+ Y &
AvepOF Afthp =107 =10" 6x10° - NT - 3 3
Afthp 1x10% =10% NT + MT s* MT NT
AvvhA 3310 14 =107 NT 4+ NT 4+ MNT NT

a. Virulence was expressed as LDeg in CFU per fishimouse in case of intra-peritoneal injection and CFU mi™" in case of bath infection (Amaro
et al., 1985). Mice (6- to 8-week-old female BALB/c mice, Charles River, France) and farmed eels (Eurcpean eel Anguills anguilla, purchased
from a local eal-farm that does not vaccinate against V. vuinificus).

b. Resistance to innate immunity in blood was measured as the ratio between bacterial counts at 4 b and 0 h of incubation in blood, phagocyte
suspension and serum (Sla): -, no survival; £, 0 < Sl < 1+, 1 2 Slan < 10; +4, 10 = Shis < 25; 44+ = 25

NT, non tested.

Asterisk (*) denofes significant differences in survival index after 4 h of incubation Slg, (o < 0.01) between R98 and the derivative mutants.



Table 6. Resistance to human and eal serum of strain RS9 and its derivalive mutants: effect of inon and complement inactivation.

Esl plasmig®
Human serum® COI'I‘p‘EI‘I‘uEI‘It inactivation®

Complement Alternative-lectin Classical
Sitrains Fresh  Iron overoad® inactivation®  Fresh Iron overicad®  All pathways pathway pathway
R&4 * + + +tt+ +=t i+ “+ 4
Awepl7 + + + + +° -t - +*
cvepl? + + - -t +=+ -t - 4=
Avep7 Afthp + + + - - +* +* +*
Afthp + + + + e +* & +*

8. Resistance to innate immunity in blood was measured as the ratio between bacterial counts at 4 h and 0 h of incubation in blood, phagocyte
suspension and plasma'serum (Sl): -, no survival; £, 0 < Sly, < 1; +, 1 < Sl < 10; 4+, 10 = Sl < 25; +++ = 26,

b. lron-owverioaded serum was obtained by adding 100 pM FeCls to fresh serum. Complement activity was completely abolished by heating eel
and human-serum at 56°C for 30 min and 1 h respectively. Altemative-lectin pathway was inactivated by heating at 47°C 20 min and classical
pathway by incubating with EGTA-MgCls (Sunyer and Tort, 1985; Amaro et &, 1947).

NT, non tested.
Asterisk (*) represents significant difierences in Sy, (p < 0.001) between the derivative mutants and the R%9 strain.
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Fig. 1. Differentially expressed genes by V. vulnificus R99 strain in serum vs a minimal medium (CM9). Genes that exhibited a value of fold-change -2 < X <2
with a p-value cut-off of 0.05 (averages from three independent biological samples) were considered as differentially expressed genes. Left: distribution of the
differentially expressed genes per regulation category (upregualted, downregulated or nonregulated) and replicon (two chromosomes and one plasmid). The
categories are represented as a colour code. Right: main differentially affected virulence- and survival-related processes according to Pajuelo et al. (2016). Red
colour: upregulated genes; Green colour: downregulated genes; Black colour: a group of related genes for the same biological process, some upregualted and
other downregulated.
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Fig. 2. Role of vwhA in eel colonization and haemolysis. A. Eel colonization and invasion. Groups of 24 eels per strain (three animals per sampling point) were
infected by immersion with either R99 strain or the mutant strain (AvvhA) at the same dose (2 x 106 CFU ml-1) and gills, blood, liver, head kidney and spleen
were sampled for bacterial counting on TSA-1 (1% NaCl) at 0, 9, 24 and 72 h post-infection. Results are presented as average (+ standard error) of three
independent biological experiments (three sampled animals per experiment, sampling time and organ). *Significant differences in bacterial counts from R99
vs AvhA infected eels using the unpaired Student’s t-test (p < 0.05). B. Haemolysis and gene expression in artificial blood. Artificial eel and human (iron-
overloaded) blood were prepared by adding erythrocytes to their respective sera (106 cells mI-1). Then, artificial blood samples were infected with either R99
or each one of its derivative mutant strains (AvvhA, ArtxA1 and AvvhAArtxA1) at a moi of 0.5. Haemolysis [percentage of lysed cells (% lysis)] and vwhA/rtxA1
transcription [fold induction (FI) in artificial blood vs serum] were determined at 1, 3 and 6 h post-infection. Results are presented as average (t standard error)
of three independent biological experiments. *Significant differences in % lysis between R99 and each mutant strain were determined using the unpaired
Student’s t-test (p < 0.05); # significant differences between FirtxA1 and FlvwwhA were determined using the unpaired Student’s t-test (p < 0.05).
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Fig. 3. LPS and capsule of V. vulnificus R99 strain in serum and the related-transcriptomic results. A. Transcriptomic results. Selection of differentially
expressed genes in serum [eel serum (ES), human serum (HS) and iron-overloaded human serum (HS+Fe)] involved in capsule and LPS biosynthesis. Numbers
represent fold-change values in ES (ES vs CM9), HS+Fe (HS+Fe vs CM9), *iron stimulon (CM9-Fe vs CM9 +Fe) (Pajuelo et al., 2016) and *Fur regulon (Afur vs
R99) (Pajuelo et al., 2016). NAN: gene with no accession number assigned. B. LPS and capsule in serum. Bacteria were grown for 6 h in CM9, ES, HS and HS+Fe.
Then, cell-associated polysaccharides (LPS + capsule) were extracted with the method of Hitchcock and Brown (1983) and quantified using the Total
Carbohydrate Assay Kit (BioVision). A 10 ug of cellassociated-polysaccharides were separated by SDS-PAGE on discontinuous gels (4% stacking gel, 10%
separating gel), transferred to a PVDF membrane, subjected to immunoblot analysis with antibodies against cell-envelopes of R99 (diluted 1:3000) and
developed following incubation with anti-rabbit 1gG HRP-conjugated secondary antibody [diluted 1:10000 (Sigma)] using Immobilon Western
Chemiluminescent HRP Substrate (Millipore). HMW, high molecular weight. MMW, medium molecular weight.
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Fig. 4. vepO07: protein characterization, transcription, role in virulence and phylogeny. A.Translation vs iron concentration. R99 was cultured in CM9 [without
(-)] or with the iron-chelator 2,2’-bipyridyl (Che) or eel serum (ES) [without (-) or with added iron as FeCls (Fe)] for 18 h. The cells were lysed, and 5 pg of the
insoluble protein fraction were separated by SDS-PAGE on discontinuous gels (4% stacking gel, 10% separating gel) and immunostained with anti-rVep07
serum. B. Transcription vs growth. vep07 transcription levels (solid line) vs bacterial growth (dotted line) in CM9 supplemented with human transferrin 10 uM
(CM9 + Tf) or eel serum (ES). Each point represents the average of the fold induction (compared with CM9) or the ODsoo values of three independent biological
samples (t standard error) that were statistically analysed using the unpaired Student’s t-test (p < 0.05). C. Eel colonization and invasion. Groups of 24 eels per
strain (three animals per sampling point) were infected by immersion with either the wild type or the mutant strain at the same dose (2 x 106 CFU ml-) and
gills, blood, liver, head kidney and spleen were sampled for bacterial counting on TSA-1 (1% NaCl) at 0, 9, 24 and 72 h post-infection. Results are presented as
average (t standard error) of three independent biological experiments (three sampled animals per experiment, sampling time and organ). *Significant
differences between the R99 and vep07 mutant strain (p < 0.05). D. Phylogeny. The evolutionary history was inferred by using the Maximum Likelihood method
based on the Tamura 3-parameter model (Tamura, 1992). The initial tree(s) with the highest log likelihood (-2065.08) is shown. The percentage of the trees
in which the associated taxa clustered together is shown next to the branches. The initial tree(s) for the heuristic search were obtained automatically by
applying the Neighbour-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood approach and then
selecting the topology with the superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.
The analysis involved 20 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 1396 positions in the
final dataset. The evolutionary analyses were conducted using MEGA7 (Kumar et al., 2016).
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Fig. 5. Regulatory network, external stimulus and phenotype presented by zoonotic V. vulnificus growing in serum: a holistic model per susceptible host.
The models show the main regulators and sensors that would response to the putative external signals in the serum as well as the resultant phenotype. The
models are based on our transcriptomic and phenotypic results as well as on data from the literature (Brinkman et al., 2003; Meibom et al., 2005; Krasteva et
al., 2010; Shao et al., 2011; Antonova et al., 2012; Kim et al., 2013; Weigel et al., 2015; Pajuelo et al., 2016; Ho et al., 2017). The regulators and sensors are
presented as bubbles in red (upregulated in our transcriptome), green (downregulated in our transcriptome) and blue (predicted according to the literature
but not found in our transcriptome) surrounded by line purple [belongs to both iron stimulon and Fur regulon (Pajuelo et al., 2016)], brown [belongs to the Fur
regulon (Pajuelo et al., 2016)] or grey [belongs to the iron stimulon (Pajuelo et al., 2016)]. Direct/indirect interaction between regulators and the predicted
bacterial phenotype are shown as lines (confirmed results supported by this work and the literature) or dotted lines (proposed in this work but without previous

evidences in the literature). See the full text for further information.
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Fig. 6. Main virulence- and survival-related factors expressed by zoonotic V. vulnificus in host blood and their predicted function in septicemia. Model in eel.
In eel blood, V. vulnificus cells detect iron starvation and express an adapted external envelope that contains two plasmid outer membrane proteins (OMPs),
a receptor for eel transferrin (Ftbp) and a protective protein against eel complement and phagocytosis (Fcprp), embedded in an LPS enriched in the
high/medium molecular weight part of the O-antigen and surrounded by a capsule (1). As a consequence, the bacteria resist in serum and multiply, secreting
VvhA (yellow balls), a cytotoxin that lyses erythrocytes, which are very abundant in eel blood (approximately 10° cell mI-1), which in turn, liberate haemoglobin
creating a microenvironment rich in heme iron (2). In these conditions, and after contact with blood cells, the RtxA1 (in grey) is produced and secreted, entering
into the eukaryotic cell (3) and causing a hypothetic cytokine storm, by unknown signalling cascades (4). Model in an iron-overloaded human. In the blood
from a risk patient, the V. vulnificus cells detect iron excess (red balls) and express an adapted external envelope enriched in a capsule that protects them
against both complement and phagocytosis (1). The protected bacteria multiply and produce both VvhA (yellow ball) and RtxA1 (grey bars), which collaborate
in cellular destruction (3). When RtxAl interacts with the appropriate immune cell, it triggers a cytokine storm by inducing the overexpression of inflammation
mediators as described by Murciano et al. (2017) [Figure modified from the work of Murciano et al. (2017)]. Bacterial and eukaryotic cells are



