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SUMMARY

Vibrio vulnificus es un patégeno humano emergente que es autoctono de
ecosistemas acuaticos salobres de climas templados, tropicales y subtropicales. La
especie se subdivide en 3 biotipos (Bt), de los cuales el Bt2 contiene un grupo de
cepas que, ademas de poder infectar al hombre, pueden causar infecciones en peces.
Este grupo es un complejo clonal serolégicamente homogéneo que denominamos
serovar E o serovar zoonotica (VvBt2SerE). Como patégeno humano, VvBt2SerE
causa casos esporadicos de infecciones graves en heridas que pueden derivar en
septicemia secundaria en pacientes inmunocomprometidos y como patégeno de
peces, brotes o epizootias de una septicemia hemorragica conocida como vibriosis
de aguas cdlidas. La presente Tesis se centra en averiguar el papel en la virulencia
de VvB2SerE de genes seleccionados en base al conocimiento que existe sobre los
otros biotipos de la especie, en especial el Btl, y su patogenicidad para humanos. En
concreto, se han seleccionado los genes rtxA1s, hupA, hutR, vuuA, vep20y fur. Los

resultados mas relevantes que se han encontrado, se discuten a continuacién.

rtxAls codifica una toxina de la familia MARTX (Multifunctional
Autoprocessatve Repeat in Toxin) unica en la especie (tipo III) que en el Bt1 (tipo I)
esta relacionada con invasion y resistencia a la fagocitosis. Nuestro trabajo
demuestra que la toxina tipo III ejerce la misma funcién que la tipo I en mamiferos
y una funcidn diferente en peces. Encontramos que la mutacion del gen no produce
efectos en la capacidad de colonizacién e invasion de VvBt2SerE pero anula su
virulencia para anguila, lo que unido a que el patégeno causa la muerte sin alcanzar
los tamafios poblacionales en drgano interno propios de otros vibrios, sugiere que
la toxina produce la muerte de los animales por choque toxico. Demostramos que el
gen rtxAls se expresa in vivo y que se activa sélo tras el contacto directo de la
bacteria con células eucaridticas y lo relacionamos con citotoxicidad para distintos
tipos celulares, incluyendo células de defensa (eritrocitos y neutréfilos) por lo que
hipotetizamos que el choque toxico se produce porque la toxina desencadena una
tormenta de citoquinas como consecuencia de la interaccién de la bacteria con las
células de defensa. Asimismo, pudimos relacionar la toxina con resistencia a
predacion por amebas y ampliar su papel de factor de virulencia a factor de
supervivencia fuera del hospedador, lo que explicaria por qué el gen rtxA1s esta
presente en todos los clones y complejos clonales del Bt2 y por duplicado, en

plasmido y cromosoma.
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hupA, hutR y vuuA son tres genes cromosémicos que en el Btl codifican para
tres receptores relacionados con crecimiento en condiciones restrictivas en hierro.
vep20 es un gen plasmidico, no estudiado, que presenta homologia con receptores
para hemina/hemoglobinay transferrina. Este trabajo relaciona hupA con captacion
de hemina (hutR es un gen secundario) y vuuA con captacion de vulnibactina por
VvBt2SerE y demuestra que la anulacion del sistema de captacion de hemina
dependiente de HupA o del sistema de captacion de vulnibactina por mutacién de
los receptores reduce la virulencia para peces y mamiferos mientras que la
anulaciéon de ambos sistemas atenda ain mas la virulencia para peces y elimina
completamente la virulencia de la bacteria para mamiferos. Ademas, los resultados
obtenidos con el mutante en vep20 sugieren que hay un tercer sistema de captacién
de hierro en la serovariedad zoonética, esta vez plasmidico, que probablemente
depende del reconocimiento de una proteina almacenadora de hierro o, lo mas
probable, del quelante transferrina, especificamente para peces. La secuenciacién
de los tres genes en una amplia coleccion de cepas de la especie y su posterior
analisis filogenético demuestra que hupA y vuuA son genes antiguos que pertenecen
al core de la especie y que presentan un grado de variacion indicativo de presion de
seleccidn relacionada con procedencia del aislado (competencia por sideréforos,
adaptacion a hemoglobina de los peces...) mientras que vepZ0 es un gen de

adquisicion reciente y no presenta variacion.

Finalmente, dada la importancia que el hierro tiene en la virulencia de esta
especie para peces y mamiferos, hemos obtenido un mutante en el gen regulador
fur, que hemos caracterizado fenotipicamente y valorado usando un microarray
disefiado especificamente para VvBt2SerE. Los resultados preliminares confirman
que hay cientos de genes regulados por Fur, de forma dependiente o no de hierro, y
regulados por hierro, y que Fur, ademas de un represor, puede actuar como
activador y que, en conjunto, controlan funciones tan dispares como: movilidad,
quimiotaxis, produccién de capsula y lipido A, resistencia a péptidos microcidas y a
formas reactivas del oxigeno, resistencia al suero, al choque térmico, etc. Parte de
estas funciones han sido confirmadas disefiando experimentos y comparando las
diferencias entre cepa parental y mutante o entre condiciones de crecimiento, con y

sin hierro.
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En conclusién, VvBt2SerE posee un set de genes que le capacita tanto para
sobrevivir en el medio ambiente como para infectar hospedadores tan distintos
como peces y mamiferos, que contribuyen directamente a la colonizacion, invasion
y destruccion de los tejidos/érganos del hospedador, siendo este proceso y otros

tantos regulados por la concentracion de hierro y el regulador global Fur.



SUMMARY

Vibrio vulnificus is an emerging human pathogen that inhabits aquatic
ecosystems in temperate, tropical and subtropical climates. The species is
subdivided in three biotypes (Bt), of which the Bt2 comprises a group of strains that
can infect both human and fish. This group is a clonal complex, serologically
homogeneous, denominated serovar E or zoonotic serovar (VvBt2SerE). As human
pathogen, VvBt2SerE causes sporadic cases of wound infections that can derive to
secondary septicemia in immunocompromised patients, and as fish pathogen causes
outbreaks of a primary septicemia known as warm-water vibriosis. The present
Thesis is focused on find out the role in the VvBt2SerE virulence of selected genes,
chosen in basis of the other biotypes of the species, specially the Btl, and its
pathogenicity for humans. Specifically, the genes rtxA1s, hupA, hutR, vuuA, vep20 and

fur were selected. The results are discussed below.

rtxA1s codifies for a toxin of the MARTX family (Multifunctional
Autoprocessatve Repeat in Toxin) exclusive in the species (type IlI) that in the Btl
(type I) is involved in invasion and resistance to phagocytosis. Our work
demonstrates that type III toxin exerts the same function that type I in mammals but
a different one in fish. We found that gene mutation did not produce effects in
colonization and invasion of the VvBt2SerE but abolished the virulence for eels, and
considering that the pathogen causes the animal death without rising a high number
population common in other Vibrio species, the results suggest that the toxin
produce the animal death by toxic shock. We demonstrated that the gene rtxA1sis
expressed in vivo and only when the bacteria is in direct contact with eukaryotic
cells, and that present a high cytotoxic activity towards different cellular types,
including cells of the immune system (erythrocytes and neutrophils), so we
hypothesized that the toxic shock is produced because the toxin triggers a cytokine
storm as consequence of the interaction with immune cells. Moreover, we could
relate the toxin with the resistance to amoeba predation and extend its role of
virulence factor as a survival factor outside the host, what is according with the fact
that the gene rtxA1sis present in all clones and clonal complexes of the Bt2 and by

duplicated, in the plasmid and the chromosome.

hupA, hutR and vuuA are chromosomic genes that in the Bt1 codify for three

receptors related with growth in iron restricted conditions. Vep20 is an
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uncharacterized plasmidic gene that present homology with hemin/hemoglobin
and transferrin receptors. This work relates hupA with the use of hemin (hutR is a
secondary heme-receptor) and vuuA with the use of ferric vulnibactin by VvBt2SerE
and demonstrate that the inactivation of the HupA- or VuuA-dependent systems
reduce the virulence degree for fish and mammals while the inactivation of both
decreases even more the virulence degree for fish and abolishes completely the
virulence for mammals. Moreover, the results obtained with the vep20 mutant
suggest that there is a third iron acquisition system in the zoonotic serovar, in this
case plasmidic, that is probably involved in the scavenge of iron from transferrin,
specifically for fish. The sequencing of the three genes in a wide group of strains and
the phylogenetic analysis demonstrate that hupA and vuuA belong to the core genes
of the species and present sequence variability, while vep20 is a recently acquired

gene without variation.

Finally, given the importance of iron in the virulence of this species for fish
and mammals, we obtained a mutant in the fur gene to characterize it phenotypically
and use it in a microarray designed specifically for VvBt2SerE. The preliminary
results confirm that there are hundreds of genes under control of Fur and iron, and
that Fur can also work as an activator in addition to as a repressor, controlling
phenotypes such as: motility, chemotaxis, capsule and lipid A synthesis, resistance
to microcide peptides, plasma, heat shock, etc. Part of these functions have been
confirmed with phenotypic assays by comparing the effects of fur mutation and the

presence/absence of iron.

In conclusion, VvBt2SerE possesses a set of genes that enables both survive
in the environment and infect different hosts such as fish and mammals,
contributing directly to the colonization, invasion and destruction of hosts
tissues/organs, being this process and many others regulated by the iron

concentration and the global regulator Fur.
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HYPOTHESIS AND OBJECTIVES

HYPOTHESIS

1. rtxA13, hupA, hutR, vuuA and vep20 are virulence factors for

V. vulnificus biotype 2 serovar E.

2. Iron, throughout Fur and/or other regulators controls

virulence in V. vulnificus biotype 2 serovar E.

OBJECTIVES

1. To find out the role of MARTX type III (encoded by rtxA13) in the

virulence and survival of V. vulnificus biotype 2 serovar E.

Milestone 1. To study the expression of rtxA13 and get single and
double mutants (the gene is duplicated in chromosome Il and plasmid) and
the corresponding complemented strains.

Milestone 2. To determine the virulence degree as well as the
colonization and invasion degree of the mutant and complemented strains
and compare them with that of the wild-type strain.

Milestone 3. To determine the role of rtxA1s in the interaction
bacteria/eukaryotic cells by using primary cultures and cell lines of epithelial
and defensive cells from fish and mammals, and including amoeba isolated

from fish at cellular level.



HYPOTHESIS AND OBJECTIVES

2. To investigate the role of hupA, hutR, vuuA and vepZ20 in the

virulence of V. vulnificus biotype 2 serovar E as well as to determine
the phylogeny of each gene.
Milestone 1. To study the expression hupA, hutR, vuuA and

vep20 and get single and multiple mutants, and the corresponding
complemented strains.

Milestone 2. To determine the virulence degree as well as the
colonization and invasion degree of the mutant and complemented strains
and compare them with that of the wild-type strain.

Milestone 3. To determine the role of hupA, hutR, vuuA and

vep20 in the growth of the bacterium in plasma and different iron-deficient
media.
Milestone 4. To sequence the genes in a wide collection of strains of

the species and analyze phylogenetically the sequences.

3. To determine the regulon Fur and iron in V. vulnificus biotype 2
serovar E.

Milestone 1. To design and validate a microarray platform
containing oligoprobes for all the ORF identified in the genome of the strain
of VvBt2SerE CECT4999.

Milestone 2. To get a fur defective mutant and its complemented
strain and test their phenotype with respect to the wild-type strain

Milestone 3. To identify the whole Fur regulon and iron-regulon by
using the microarray platform.

Milestone 4. To test the veracity of the microarray results by

performing a selection of specifically-designed experiments.
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INTRODUCTION

I.  Vibrio vulnificus and its zoonotic variant

A. Taxonomic context: biotypes and serotypes

Vibrio vulnificus is a gram-negative, oxidase-positive, facultative-anaerobic
and rod-shaped bacterium that is motile due to a polar flagellum. The species is
considered a pathogenic aquatic bacterium, autochthonous from marine and
estuarine ecosystems located in tropical, subtropical and temperate areas

distributed worldwide.

The first isolation of this species occurred in 1976 when Hollis and cols.
(Hollis et al., 1976) identified a halophilic Vibrio in clinical samples of blood and
spinal fluid, in the USA. Those Vibrio isolates could ferment lactose and presented a
lower tolerance for sodium chloride than Vibrio parahaemolyticus (Hollis et al.,
1976). In the same year, Reichelt and cols. (Reichelt et al, 1976) described the
species Beneckea vulnifica by in vitro DNA/DNA hybridizations and classified the
clinical isolates of Hollis et al. together with a collection of environmental isolates
into this new species. In 1979 the species was re-assigned to the genus Vibrio and

renamed as V. vulnificus (Farmer J] 3rd, 1979).

Biotypes and serotypes. In 1975, vibrios phenotypically similar to the isolates
of Hollis et al. but indole-negative were recovered from diseased eels (Anguilla
japonica) in Japan (Muroga et al., 1976). Later, the isolates of Hollis et al. together
with those from diseased eels were analyzed in depth by Tison and cols. who
described two biotypes within V. vulnificus: the biotype 1 comprising the human
isolates that are positive for indole production, ornithine descarboxylase activity,
growth at 429C and acid production from mannitol and sorbitol, and the biotype 2
clustering the eel isolates that are negative for the four previously indicated tests
(Tison et al, 1982). According to Tison et al., the eel isolates were serologically
identical and virulent for mice and eels. The serovar was designated serovar E by
Biosca and cols. in 1996 who established a serotyping scheme based on outer

membrane extraction, separation of their components by electrophoresis and
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immunostaining with polyclonal antibodies against the O-antigen. (Biosca et al,
1996b). The same year, an outbreak of human vibriosis among the workers of a
tilapia-farm was registered in Israel. The new isolates were avirulent for eels,
differed phenotypically from biotypes 1 and 2 and were grouped in a third biotype
in 1999 (Bisharat et al, 1999). In parallel, Amaro and Biosca reported that the
biotype 2 was potentially virulent for humans after the identification of one human
blood isolate from the ATCC as belonging to biotype 2 (Amaro and Biosca, 1996).
From this year, the scientific community recognized that the biotype 2 was a
zoonotic variant of the V. vulnificus species. Later, it was reported the isolation of
new serovars within the biotype 2 isolated from diseased eels cultured in
freshwater-eel farms in Denmark (Fouz and Amaro, 2003). The new serovars are
less virulent for eels than the serovar E and were avirulent for mice (animal model
used to predict virulence for humans) (Fouz et al, 2010). Thus, the zoonotic variant

of V. vulnificus is restricted to the serovar E of the biotype 2.

B. Vibriosis

1. Human vibriosis: modalities, risk factors and clinical signs

V. vulnificus is an opportunistic pathogen that cause a disease in humans with
multiple pathologic presentations collectively called “human vibriosis”. The human
vibriosis can be classified in two main forms related to the disease transmission or
the route of entry of the pathogen into the human body; skin contact or injuries
during seawater-associated activities versus ingestion of raw or undercooked
seafood. In both cases, the disease can lead to death by sepsis depending on a series

of risk factors that are:

e Chronic liver diseases: i.e. chronic hepatitis B or C, cirrhosis due to an
excess of alcohol consumption, etc.

¢ Immunodeficiency: i.e. due to acquired immunodeficiency syndrome,
cancer or immunosuppressive chemotherapy.

e Gastrointestinal disorders.

e Diabetes mellitus.
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e Renal diseases.
¢ Hematological disorders that cause an increase of the iron levels on

serum: i.e. hemochromatosis or thalassemia.

The most dangerous of all these risk factors is the hemochromatosis; the high
iron levels in serum provoke transferrin saturation levels higher than 70% (normal
values are around 30%) and favor the growth of V. vulnificus in blood. Table 1
represents the percentage of patients with risk factors that suffered V. vulnificus and

other Vibrio infections in USA (Horseman and Surani, 2011).

From the three biotypes, only the biotype 1 has been proved to infect by the
oral route and cause death by primary septicemia after raw seafood consumption.
The clinical signs are abdominal pain, cramps, nausea, vomiting, diarrhea, fever and
chills, followed by a bacteremia produced by the invasion of the bloodstream. It is
believed that the portal of entry in the bloodstream is the small intestine or the
proximal colon with the ileum as the most likely site (Chen et al, 2002). This primary
septicemia presents a mortality rate higher than 50%, and symptoms usually occur
within 7 days after infection, although they can be delayed until 14 days in some
cases (Haq et al, 2005).

The three biotypes are able to cause severe wound infections that can be pre-
existent or be produced while fish-handling or fishing or doing some aquatic sports
(Oliver ]. D., 2005). In this case, the bacterium colonizes the wound (punctures,
lacerations, scratches or abrasions) and causes a severe skin infection. Common
clinical signs are bullae, cellulitis, ecchymosis, fever, chills, necrotizing fasciitis,
necrotizing vasculitis and gangrene (Oliver ]. D., 2005). Symptoms usually occur
between 7 and 12 days following exposure. In patients with the mentioned
underlying diseases, the three biotypes of V. vulnificus can invade the bloodstream
and cause bacteremia that is known as secondary septicaemia (Figure 1) (Horseman

and Surani, 2011).
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Table 1. Percentage (%) of patients with risk factors by clinical syndrome and

epidemiology study

| Risk factors

Tacketetal., Klontzetal, Pariketal.,

Shapiro et al.,
1998

Gastrointestinal
Liver disease
Alcoholism
Diabetes mellitus
Gastrointestinal

disease/surgery?

Heart disease
Hematological disorder
Immunodeficiency b
Malignancy

Renal disease

Any chronic disease

Primary septicemia
Liver disease
Alcoholism
Diabetes mellitus
Gastrointestinal

disease/surgery?

Heart disease
Hematological disorder
Immunodeficiency b
Malignancy

Renal disease

Any chronic disease

Wound infection
Liver disease
Alcoholism
Diabetes mellitus
Gastrointestinal

disease/surgery?

Heart disease
Hematological disorder
Immunodeficiency b
Malignancy

Renal disease

Any chronic disease

1984 1988 1995
n=7
14
28
14
28
n=18 n=38 n=92
66 79
73
4
89
n=9 n=17
12
56

n=23
14
14

11

10

n=181
80
65
35
18

26
18
10
17

97

n=189
22
32
20
10

aIncludes gastritis, pancreatitis, regional enteritis, peptic ulcer disease and ischemic bowel disease.

b Includes HIV: patients receiving chemotherapy or immunosuppressive drugs (including chronic
corticosteroid use) for cancer, organ transplantation, rheumatoid arthritis or other autoimmune
disorders; and leukopenia or neutropenia.
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Figure 1. Lesions from infected wounds (A) and derivates from a secondary
septicemia (B) caused by V. vulnificus (images from ].D. Oliver).

2. Eel vibriosis: Biology and “culture” of eels; Modalities and
clinical signs; Route of transmission, portals of entry and disease

process

V. vulnificus biotype 2 is the aetiological agent of the warm-water vibriosis, a
disease that affects fish cultured in brackish-water (0.3-2% NaCl) at warm
temperatures such as tilapia and eel (Tison et al, 1982; Fouz et al, 2002; Fouz et al,
2007). The disease is a hemorrhagic septicaemia that is triggered irrespectively of

the immune status of the fish. The model to study this kind of disease is the eel

Eels are catadromous fish that present a complex life-cycle with true
metamorphoses (Tesch, 2003; Van Ginneken and Maes, 2005). The spawning area

of American and European eels is the Sargasso Sea and that of Japanese eels is the
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western North Pacific Ocean (Tesch, 2003; Van Ginneken and Maes, 2005). In all
cases, it is believed that spawning takes place at a depth of hundreds meters. In the
case of the European eel, the young larvae (leptocephali) drift towards Europe with
the Gulf Stream and arrives approximately 1-3 years later (Bonhommeau et al,
2010). When approaching the coast, the larvae metamorphose into the "glass eel”
stage, enter estuaries and start migrating upstream. During this second migration,
the glass eels metamorphose into elvers (young eels) and colonize ponds, lagoons,
lakes, etc. The elver grows and turns yellow ("yellow eel" or adult eel) and, after 5-
20 years, some of the eels metamorphose again, become sexually mature ("silver
eels") and migrate back to the Sargasso sea to spawn (more than 6000 km against
the Gulf Stream) (Tesch, 2003; Van Ginneken and Maes, 2005). The European eel
(Anguilla anguilla) currently occupies a position in the International Union for
Conservation of Nature (IUCN) red list as a critically endangered species due to
multiple anthropogenic factors including habitat destruction, pollution, disease and

overfishing (http://www.iucnredlist.org).

The life cycle of the eel is so complex and poorly understood that no
successful methodology has been developed for its reproduction in captivity. Thus,
production of eels is based on the capture of wild glass eels or elvers, and their
continued growth in farms under intensive conditions (at high density in tanks) by
using recirculation technology (Tesch, 2003). The physico-chemical parameters for
optimal eel production are water temperature around 24 ¢C, water salinity around
1% and high density in tanks (i.e. for eels weighing 50 g, densities of 100-150 kg/m?)
(Tesch, 2003). These conditions are favourable for V. vulnificus survival and warm-
water vibriosis transmission (Marco-Noales et al,, 2001; Marco-Noales et al., 1999).
The stressing conditions in tanks (high density, handling, periodical grading...)

make eels more susceptible to infectious diseases such as warm-water vibriosis.

The eel vibriosis presents two modalities depending on water salinity. The
“brackish-water” modality (salinity 0.5-2%) occurs in farms as epizootics or
outbreaks of high mortality and is caused by the serovar E (Biosca et al, 1991;
Biosca et al, 1996b) (or serovar 04 according to Hgi et al, 1998), while the
freshwater (salinity 0,3-0,9%) modality occurs as outbreaks of low mortality and is

caused by serovars A and I (Fouz et al, 2006; unpublished results) (serovar I is
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equivalent to serovars 03 and 03/04, according to Hei et al. [Hei et al.,, 1998]). In
both cases, the external lesions appear first as petechiae on the abdomen,
hemorrhaging of the anal fin and a reddening in the opercular region (Figure 2).
Protrusion of the rectum is also sometimes observed. The anterior part of the belly
is often swollen and the skin shows pathological changes which sometimes progress
to large ulcers (2-4 cm in diameter) with central whitish-yellow necrotic tissue
(Figure 2). Some ulcers can develop small perforations in the center. Common
internal signs are inflammation of tissues and the intestinal canal, pale and
hemorrhagic liver, swollen kidney and purulent ascitic fluid in the abdominal cavity.
The specific clinical signs are ulcers on the head, in the case of the brackish water

modality, and jaw degradation in the case of the freshwater modality (Figure 2).

Figure 2. Clinical signs of warm water vibriosis in eels. A) Eels affected by
vibriosis caused by serovar E with the typical clinic signs (hemorrages [b],
protruding annus [c] and petequias [d]) as well as the specific of serovar E (ulcers
[a]); B) eel showing the specific clinical sign of the serovar A (raw degradation)
(image from Biosca et al, 1991).
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Water is the prime vehicle for the transmission of both modalities of
vibriosis, serovar E adapted to be optimally transmitted in “brackish-water” and
serovars A and I in “fresh-water”. In addition, serovar E and non-serovar E strains
use different portals of entry into the eel’s body: the gills, in the case of serovar E,
and the anus, in the case of non-serovar E, which correlates with the hemorrhagic
faeces observed in the tanks during the outbreaks caused by non-serovar E strains
(Marco-Noales et al, 2001; Fouz et al, 2010). Examination of the survivors by
indirect immunofluorescence and scanning electron microscopy shows that V.
vulnificus biotype 2 forms a biofilm-like structure on the eel’s skin surface (Marco-

Noales et al, 2001) (Figure 3).

It has been a matter of speculation if V. vulnificus also infects eels in nature.
The most accepted hypothesis is that eels become infected with V. vulnificus in the
coastal waters, mainly estuarine waters, and carry V. vulnificus to the aquaculture
installations when they are captured. In fact, some mild warm-water vibriosis cases
among wild-eels in lakes have been reported. These cases were produced by non-

serovar E strains (Amaro et al, 1995).

Eel colonization and invasion experiments performed with serovar E
demonstrated that this serovar multiplies on the gills following saturation
dynamics, subsequently invades the blood stream by an unknown mechanism and
spreads to the internal organs where it reaches population sizes that are notably
lower than those associated with other vibriosis (Valiente et al, 2006; Valiente et al,

2008a).

10
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Figure 3. Images from Scanning Electron Microscope of the eel surface.
Samples correspond to the covering that presented some dead eels by a V. vulnificus
serovar E infection, after 15 days in which cohabitation between healthy and disease
fishes was studied. In A, B and C can be observed that the covering is the eel skin,
concretely the epidermis and the dermis. In B, both strata are randomly positioned,
as consequence of sample preparation and in C can be observed the typical structure
of the skin; in both images, epidermis is marked with an arrow. Groups of bacteria
were found (D-G) adhered to the epidermis by an extracellular substance that also
covered bacteria (D-G). In D is marked with an arrow a part of the image enlarged
in image E. In F the arrow marks a bacterial flagella. In H, V. vulnificus serovar E in
the surface of an infected eel visualized by a micrography of epifluorescence by
using an antiserum anti-V. vulnificus. Bars represent 100 um (A), 50 um (B), 10 pm
(C), 5 um (D), 1 um (E and F), 0.5 pm (G) or 2 um (H). Image from Marco-Noales et
al. (2001).

11
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Parallel to bacterial spreading, extensive hemorrhages are produced in all the
organs and the animal dies in less than 72 h (Valiente et al, 2008a). The observation
with light and electronic microscopy of the internal organs of diseased animals
shows that hemorrhages are the only evident alteration. Although hemolysis is not
obvious, non-specific changes, such as a slight alteration of the mitochondria
structure in the hematopoietic cells of head kidney, and mildly increased number of
phagocytosed erythrocytes in the spleen at 24 h and 48 h after challenge, are
observed (Figure 4). Finally, the granulocytes are the main cell type that show clear
signs of damage, which is evidenced by the release of cytoplasmic content, including
granules (Figure 4). Either none, or very few bacteria are observed in the tissues of
infected eels, and they are mostly close or within the lumen of capillary vessels
(Figure 4). The rapid death of eels without gross clinical signs after infection by
serovar E is congruent with studies that suggest that the eels die from a peracute

septic shock.

12
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Figure 4. Histological analysis of the eels infected with the wild-type
strain CECT4999. A) Two bacteria (marked with arrows) in a renal capillary. Notice
that one of them is closely associated to an endoteliocyte. Bar, 1 um B) macrophage
with damaged erythrocytes (marked with arrows) engulfed within its cytoplasm.
Bar, 1 um. C) Three images of headkidney showing damaged granulocytes (marked
with arrows): a) bar, 1 um; b) bar, 5 pm, and c) bar, 2 pm. Image from Lee et al
(2012).

13
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C. Epidemiology, habitat and reservoirs

V. vulnificus (in fact, the biotype 1) inhabits water as free living form or
associated to the mucous surface of aquatic animals, algae and plankton (Oliver,
2006). Filter organisms, such as oysters, clams and mussels accumulate this
microorganism especially in warmer months and are considered as the main
reservoir of this human pathogenic biotype. Temperature and salinity are the two
major factors that determine the distribution of V. vulnificus biotype 1 in the aquatic
environment. Thus, this biotype can be recovered in culturable form from water
with a sanity between 4 and 37 9/00, with an optimum at 10-25 9/¢0,and at a range
of temperatures between 7 and 362C with an optimum around 20 2C (Motes, 1998).
Out of these values of temperature and salinity, it is hypothesized that V. vulnificus
biotype 1 can survive but in a viable but non culturable state (i.e. at temperatures

between 0 and 4°C and salinities between 0 and 4 9/00) (Oliver, 1995).

An important point that influences the geographical distribution of V.
vulnificus biotype 1 and that of most of the marine bacteria is the global climate
change. Global changes in temperature, even only the small ones, affect the biology
of marine bacteria and therefore their geographical distribution and abundance. In
fact, an increment of 52C has been shown to play a significant role in the increase of
incidence of Vibrio infections (Baker-Austin et al, 2010). In the last decades changes
in water temperature has been observed in Southern Europe and in the Black Sea
region where the increase has been around 4-5 2C, and in Western Europe with an
increase of 2.5 - 3.5 2C (Baker-Austin et al, 2010). These alterations extend the areas
in which a marine pathogen like V. vulnificus biotype 1 can be present and therefore
increase the risk of contact and transmission to humans. In fact, about 85% of
human vibriosis occur between May and October, when the water temperature is
closer to the optimal (18-202C) (Baker-Austin et al, 2010). Similarly, low-level
flooding associated with sea-level change leads to a decrease of the salinity of some
areas and potentially expands the geographic distribution of V. vulnificus biotype 1,
as well as other natural phenomena that produce the same effect, like hurricane
Katrina in August 2005, since this Vibrio prefers low salinity levels (Baker-Austin et

al, 2010).

14
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Although human vibriosis infections are relatively rare, V. vulnificus biotype
1 is one of the food-borne pathogens that has shown a great increase in its incidence
in the last years. In fact, recent data estimates that between 1996 and 2005 the
annual incidence of V. vulnificus biotype 1 has increase 41% (Baker-Austin et al,
2010). There are several possible explanations for these data, i.e. the increase in
consumption of seafood in the last years that is much higher than in the early 1970s,
thus expanding the contact of V. vulnificus biotype 1 to humans with risk factors. On
the other hand, there has been an increase of individuals with pre-disposing risk
factors in the global population due to an expansion of HIV that alter the immune
system and the longer expectancy of life of people with liver chronic diseases or
serum iron disorders. In Europe and surrounding areas, cases of V. vulnificus
infections (regardless the biotype) have been detected in Israel, Denmark, Turkey,
Germany, Sweden, Spain, Greece and Belgium, as it can be seen in Figure 5. In most
of the cases, there is a clear relationship with water temperature, since the infections

were registered in the warmest months (Baker-Austin et al, 2010).

V. vulnificus biotype 2 emerged in Japan in 1976 and arrived to Europe with
carrier eels in the early 80’s. The European and Japanese isolates belonged to
serovar E. These first isolates differed from biotype 1 strains in a few biochemical
tests (see above) and in host specificity. The serovar E spread from Spain to Nordic
countries and caused important economic losses in multiple eel farms mainly

located in Spain, Germany, Holland and Denmark.

In the mid 80’s, fish farms decided to change brackish water by freshwater to
control the severity of vibriosis outbreaks in spite of the reduction in market-eel
production. This measure was good since the incidence of outbreaks of eel vibriosis
reduced significantly. However, the measure propitiated the emergence of new
serological variants of biotype 2 better adapted to the new salinity conditions. The
new serovars, called serovars A and I, differed from serovar E in that they were
biochemically similar to biotype 1 isolates, less virulent to eels and avirulent to
humans (the mouse was used as animal model). Serovars A and | emerged at the end

of 80’s in Nordic countries and arrived to Spain in 2000.

15
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Figure 5. Selection of reported infections of V. vulnificus in Europe,
indicating geographical spread of reported cases.

V. vulnificus biotype 2 was considered to be an obligate eel pathogen whose
main reservoir was the farmed-eel. Marco-Noales and cols. performed a series of
experiments of survival in natural and artificial microscosms to demonstrate that
this biotype, and in particular, the zoonotic serotype, is also part of the natural
aquatic microbiota (Marco-Noales et al, 1999). The authors showed that the
zoonotic variant survived in artificial water microcosms under starvation for years
either associated (biofilm) to hydrophilic and hydrophobic surfaces or as a free
living form (Marco-Noales et al, 1999). They also demonstrated that the survival of
the zoonotic variant in natural water microcosms was mainly controlled by biotic
factors such as competence with other bacteria (including the biotype 1 of the

species) and predation by protozoa. In any kind of microcosms, the survival of the

16
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biotype 2-serovar E was controlled by water salinity and temperature as it occurs
with the biotype 1 of the species. Later, Sanjudn and Amaro developed a two-step
protocol for its specific isolation from aquatic samples that uses saline eel plasma
instead of alkaline peptone water as enrichment broth (Sanjuan and Amaro, 2004).
The protocol allowed the isolation of this biotype and serovar from water samples
and healthy fish demonstrating that the zoonotic variant is part of the natural

aquatic microbiota.

In 1996, it was reported that serovar E isolates were potentially virulent for
humans after the identification of one human blood isolate from the ATCC as
belonging to biotype 2 and serovar E. This isolate came from a septicemic case
registered at the USA. After this report, a few additional human isolates from
Germany, Holland, Sweden, France and Australia (a country where eels are not
cultivated) were also identified as belonging to biotype 2 and serovar E, confirming
that this serovar is a zoonotic variant that constitutes a potential risk of infection.
The correctly traced human isolates of biotype 2 came from necrotic wounds and
secondary septicemia cases after wild or cultured fish manipulation. These
epidemiological data lead us to conclude that the zoonotic variant can infect
sporadically human wounds after fish manipulation that can produce a secondary

septicemia if the patient belongs to a group of risk.

D. Phylogeny

To find out the evolutionary history of V. vulnificus, sequence-based analyses
of housekeeping genes was performed by Cohen and cols. (Cohen et al, 2007). The
phylogenetic tree was generated on basis on variability of sequences of six
housekeeping genes and divided the species into two lineages that they called
Clinical and Environmental, since they were apparently related to human
pathogenic potential. The Clinical lineage grouped most of the biotype 1 isolates
from human clinical cases and was more diverse than the Environmental one, which
clustered most of the environmental biotype 1 isolates including all the analysed

biotype 2 strains, all of them of serovar E and isolated from diseased eels. The strains

17
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of biotype 3, as well as two strains of biotype 1, did not cluster with none of these
lineages. Later, Sanjuan and cols. (Sanjuan et al, 2011) performed a similar study
with the objective of clarifying the phylogeny of the biotype 2. To this end, the
authors used more than 100 strains of the three biotypes, including biotype 2 strains
belonging to the three serovars from both clinical (from diseased humans and
animals) and environmental origin (water, shrimps and fish). The authors
sequenced and analysed the variability of three virulence-associated genes and four
housekeeping ones and performed a multilocus sequence analysis. They found that
V. vulnificus species had a mixed population structure formed by multiple single
sequence types from different origins together with clones and clonal complexes, all
of them from fish-farm-related environments. The concatenated phylogenetic tree
clearly shows that the species is divided in three lineages (Sanjuan et al, 2011)
(Figure 6). LI, corresponding to the predefined Environmental lineage of Cohen and
cols. (Cohen et al, 2007), groups biotype 1 and 2 strains from environmental
samples mostly related to fish farms, biotype 2 strains from diseased animals and
biotypes 1 and 2 strains from human cases of wound infections and secondary
septicaemia. LII cluster all the biotype 3 isolates, which constitute a clon (Figure 6).
Finally, LIII, corresponding to the previously described Clinical lineage by Cohen and
cols. (Cohen et al, 2007), comprises biotype 1 isolates from the seawater and
seafood but not cultured fish, and human isolates from blood (most of them from
primary septicaemia) (Figure 6). Interestingly, biotype 2 isolates appeared in LI
distributed within different subgroups related to the serovar, and in each subgroup,
they were closer to biotype 1 isolates from fish-farms than to each other (Figure 6).
These results strongly suggest that acquisition of new information by horizontal
gene transfer (HGT) and further recombination could have given rise to the
emergence of the so-called biotype 2. In fact, the authors found evidences of
recombination affecting some of the studied genes in the biotype 2 strains. Finally,
the authors suggested that the polyphyletic origin of so-called biotype 2 would
support its reclassification within the species as a pathovar (pv. piscis) that would
group the strains with pathogenic potential to infect and develop vibriosis in fish.
The rest of the strains of the species should be classified in genogroups with
different phylogenetic origin and potential to infect humans. This proposal needs

more experimental support to be accepted by the scientific community.
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The phylogenetic study of Sanjudn and cols. also evidenced that the human
isolates of V. vulnificus of the three biotypes could be separated from the others on
the basis of variations in the pilF gene sequence. Later, Roig and cols. (Roig et al,
2010) demonstrated that pilF is a good genetic marker for human virulence
potential in this species because it is correlated to human plasma resistance. The
same authors developed a multiplex PCR methodology to identify the strains
potentially dangerous for public health and, later, Baker-Austin and cols. (Baker-
Austin et al, 2012) a real-time PCR assay for their detection from oysters. PilF is a
protein required for pilus type IV assembly, whose mutation in other bacterial
pathogens is involved in attenuated virulence for mice (Chakraborty et al, 2008).
The exact role of pilF in virulence for mice/humans in V. vulnificus species has yet to

be determined.
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Figure 6. Maximum likelihood phylogenetic tree of 115 V. vulnificus
isolates obtained from the alignment of 7 concatenated loci. Black, biotype 1
isolates; blue, biotype 2 serovar E isolates; red, biotype 2 non-serovar E isolates;
green, biotype 3 isolates; #, human isolates; §, diseased fish isolates. Branches where
recombination events involving the indicated loci might have occurred are indicated
by arrows. The numbers at the nodes represent the percentage values given by
bootstrap analysis of 1.000 replicates. Image from Sanjuan et al. (2011).

E. Genomes and plasmids

Genomes

The first genome of V. vulnificus was sequenced and published in 2003 (Chen
et al, 2003). The sequenced strain, called Y]J016, is a biotype 1 strain isolated from
blood of a septicemic patient in Taiwan. Its genome contains a large and a small
chromosome together with a conjugal plasmid, pY]J016, with a total of 5.028 ORFs
(Open Reading Frames), including virulence genes such as those for cytolysins,
proteases, and capsular polysaccharide biosynthesis as well as iron-uptake systems.
In the same year, Kim and cols. (Kim et al, 2003a) published the genome of another
biotype 1 strain also from blood of a septicemic patient, the strain CMCP6, in this
case isolated in South Korea. This strain was re-sequenced and the genome was re-
annotated years later by the same research group (Kim et al, 2011). The genome is
also formed by two chromosomes of similar size to those of the strain YJ016 and also
presents a similar G+C content. The authors identified some genomic islands
probably acquired by horizontal gene transfer events that confirmed the findings of
Quirke and cols. (Quirke et al. 2006) obtained after amplification and sequencing of
specific zones by using primers derived from Y]016 and CMCP6 strains. These
authors hypothesized that these horizontal gene transfer (HGT) phenomena would
have been the responsible ones for the diversification of each genome, leading to an
increase on fitness of this species under varying environmental conditions (Quirke
et al. 2006). The main features of the genome of the strain YJ016 are summarized in

Table 2.
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Since then, many V. vulnificus strains have been sequenced by diverse
research groups; M06-24/0 (Park et al, 2011), B2 (Wang et al, 2012), E64MW
(Morrison et al, 2012), JY1305 (Morrison et al, 2012), JY1701 (Morrison et al,
2012), VVyb1 (Danin-Poleg et al, 2013) and ATCC27562 (Li et al, 2012), and other
genome projects are in progress. One of these projects is the genome of one strain
belonging to the zoonotic variant, the strain CECT4999. This strain was isolated in

1999 from a diseased European eel.

The main features of the genome of strain CECT4999 in comparison of that
of strain YJ016 are summarized in Table 2. The zoonotic strain has two
chromosomes and a plasmid higher than pY]J016 with a total of 4.533 coding DNA
sequences or ORF. An 82% (3.698) of ORF show significant homology to previously
identified genes and the rest corresponds to hypothetical proteins. The genome
sizes of the two strains are comparable and both harbor a large super-integron of

195 kb on the chromosome 1 (Table 2).

Table 2. Global features of the V. vulnificus genomes (unpublished data).

Location YJo16 CECT4999
(Biotype 1) (Biotype 2)

Size (bp) Chrl 3.354.505 3.394.464

Chrll 1.857.073 1.700.225

Plasmid 48.508 68.446

Chrll 47.2 471

Plasmid 449 43.8

Total number of ORFs [l 3.262 3.030
Chrll 1.697 1.432

Plasmid 69 71

Number of tRNAs Chrl 100 103
Chrll 12 15

Plasmid 0 0

Number of rRNA Chrl 8 (25 ORFs) 8 (25 ORFs)
operons Chrll 1 (3 ORFs) 1 (3 ORFs)
Plasmid 0 0

1.791.850 - 1.930.850 1.371.914 - 1.567.221

Super-Integron Chri (138 kb) (195 kb)
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The distribution of proteins in different Clusters of Orthologous Groups

(COGs) was also similar, except for the carbohydrate transport/metabolism [G] and

replication/recombination/repair [L], which were more abundant in YJ016 and

CECT4999, respectively (Figure 7). Overall the profile of the two biotypes of V.

vulnificus is very similar and differs only slightly from that of Vibrio anguillarum 775,

presented for comparative purpouses. The distribution of COGs on the two

chromosomes is also similar in all the three genomes with chromosome 1 encoding

a majority of housekeeping and other essential genes and chromosome 2 encoding

genes related to virulence and adaptations to the respective environments.

Functionunknown [S]

General function prediction only [R]

Secondary metabolites biosynthesis, transport and catabolism [Q]-

Inorganic ion transport and metabolism [F]
Lipidtransport and metabolism [I]

Coenzyme transport and metabolism [H]
Carbohydrate transport and metabolism [G]
Nucleotide transport and metabolism [F]

Amino acid transport and metabolisin [E]

Energy production and conversion [C]

Replication, recombination and repair [L]
Transcription [K]

Translation, ribosomal structure and biogenesis [J]
Defense mechanisims [V]

Intracellular trafficking, secretion, and vesicular transport [U]

Signal transduction mechanisins [T]

Posttranslational modification, protein turnover, chaperones [O]

Cell motility [N]

Cell wall/mermbrane/envelope biogenesis [M]

Cell cycle control, cell division, chromosome partitioning [D]

Chr2_BT1
Chr2_BT2
BChr2_VA

_— Chrl_BT1
Chrl BT?
EChrl VA
0 2 4 6 8 12 14
Percentage (%99)

Figure 7. Percentage COGs distribution of predicted ORF in the V. vulnificus
strain CECT4999 (BT2), strain Y]J016 (BT1), and fish pathogenic Vibrio anguillarum

775 (VA) (unpublished data).
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Out of 469 ORF uniquely present in CECT4999, 236 (50%) were annotated
as hypothetical proteins and 94 (20%) were annotated as transposases and other
mobile elements. Among the remaining 30% of the genes, are those involved in
carbohydrate transport and metabolism, cell wall biogenesis, the dnd cluster,
restriction and modification related methyltransferases and endonucleases,
transcriptional regulators, chemotaxis related and histidine kinases involved in
signal transduction, and toxin-antitoxin related are a few most prevalent ones. 60
biotype 2 unique ORF were predicted as putative extracellular proteins of which 42
(70%) were hypothetical in nature. An N-terminal signal peptide cleaved by signal
peptidase I were found in 24 biotype 2 unique ORF confirming their secretory
nature including a transthyretin like protein and a transferrin-binding protein A
precursor encoded by the plasmid pR99 (described later). Other 10 proteins were
predicted as lipoproteins based on the presence of an N-terminal signal peptide for
the signal peptidase II, including the known eel virulence factor ‘RTX toxin and
related CaZ2+-binding protein’ encoded by the plasmid pR99. Interestingly, most of
these ORF are located in mobile genetic elements such as genomic island and
plasmids, corroborating the hypothesis of Quirke and cols. (Quirke et al. 2006) about
the role of genetic mobile elements in adaptation to specific niche or environment.
Special importance deserves the plasmid pR99 identified in the genome of the

zoonotic strain, which will be described in depth.

Plasmids

In 2005, Lee and cols. (Lee et al, 2005) hypothesized that the virulence
determinants for eels in V. vulnificus biotype 2 should reside in the DNA regions that
are common to all biotype 2 strains, but are absent from biotypes 1 and 3. To identify
these genetic regions, the authors compared the whole genome of one biotype 2-
serovar E strain with those of three biotype 1 strains by Suppression Subtractive
Hybridization (SSH). The authors identified eight sequences, of which only three
were present in all biotype 2 strains, regardless of its serovar, and absent in the rest
of the biotypes. The three specific-biotype 2 sequences were plasmid-borne, which

suggested the involvement of plasmids in virulence for eels. Related to this
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discovery, Biosca and cols. (Biosca et al,, 1996b) and later Lewin and cols. (Lewin et
al, 2000) had previously reported that biotype 2-serovar E isolates carried a
plasmid of 68-70 kb and that this plasmid was strongly conserved among strains
since restriction length polymorphism and hybridization analysis did not reveal
substantial differences. Lee and cols. (Lee et al, 2008a) sequenced the plasmid of
the CECT4999 strain, named pR99. The main features of the pR99 plasmid are

shown in Figure 8.

mazE 6844611

\ -I?FvepOT

% seq10
i seq51

ID2 seq2s

pR99
68,446 bp

rixC rixg XD

Figure 8. Main features of the plasmid pR99 in V. vulnificus strain
CECT4999. Some of the predicted ORFs are indicated with arrows. The ORFs
associated with production of an RTX toxin, conjugative transfer of plasmids, and
other functions are indicated in gray, white and black, respectively. Regions ID1 and
ID2 are indicated with stippled bars. Image from Lee et al. (2008a).
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Plasmid pR99 had a size of 68.5 kb and show a G+C content of 43.3%,
containing 71 predicted open-reading frames (ORFs) (Figure 8). Plasmid pR99
contained genes encoding RTX (repeats in toxin) toxin and those related with
transposition and other known and unknown functions (Figure 8) and presented
the operon mazEF encoding a toxin-antitoxin system involved in maintenance of
plasmids. Intriguingly, the pR99 plasmid presented two homologous zones
designated as ID1 and ID2, whose function will be described later (Figure 8). The
presence of transposons together with the high similarity to other genes present in
plasmids from other aquatic bacteria suggests that this plasmid, like many other
plasmids, is a mosaic composed of regions from multiple sources that might have

been formed via horizontal gene transfer between aquatic bacteria.

To demonstrate that pR99 was a virulence plasmid, Lee and cols. (Lee et al,
2008a) obtained a pR99-cured strain from CECT4999, and tested it for eel virulence
and resistance to eel plasma. To obtain the cured strain, it was necessary to
inactivate the operon mazEF, involved in the maintenance of the plasmid in V.
vulnificus. The cured strain was completely avirulent for eel and sensitive to fresh
eel plasma (Lee et al, 2008a; Valiente et al, 2008c). The introduction of pC4602-2
plasmid, 92% identical in nucleotide sequence to pR99, into the cured strain
restored the virulence and the ability to grow in fresh eel plasma, demonstrating
that both pR99 and pC4602-2 are virulence plasmids (generally called pVvbt2 to
appoint the virulence plasmid for all biotype 2 strains) (Lee et al, 2008a). Thus,
pVvbt2 encodes a system of resistance to the bactericidal activity of eel plasma that
allows the bacterium to invade and spread to the internal organs of the eel. None of
the annotated ORFs show significant homology with known genes related to
resistance to plasma killing, vep07 and vep20 are the only identified genes that are

putatively involved in resistance to eel plasma (see later).

To find out whether pVvbt2 also plays a role in the initial steps of infection,
the wild-type strain and the cured strain were used in colonization experiments
(Valiente et al, 2008c). The results demonstrated that this plasmid does not play a
significant role in surface colonization, since both strains were equally
chemoattracted towards and adherent to eel mucus and gills. In addition, the cured

strain persisted in the gills of bath-infected eels for weeks post-infection (Valiente
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et al, 2008c). The virulence plasmid was later found in all the analysed biotype 2
strains and its high homology was confirmed by hybridization with specific probes

(Roig and Amaro, 2009).

Interestingly, loss of virulence plasmid does not affect either the virulence in
mice or growth in human blood, which suggests that encodes for host-specific
virulence system (Lee et al, 2008a). To find out if this host specificity could be
extended to other fish species, the virulence and resistance to plasma from sea bass
(Dicentrarchus labrax) of the cured and the wild-type strains was determined. The
cured strain showed attenuated virulence and a significant reduction in resistance
to sea bass plasma, suggesting that this plasmid codes for resistance to a general
bactericidal mechanism developed by teleosts (unpublished data). The
identification of such a mechanism would be crucial for a better understanding of

both the pathogenesis of warm-water vibriosis and the innate immunity in teleosts.

According to the hypothesis based on the chromosomal phylogenetic study
of Sanjuan et al. (Sanjuan et al, 2011), biotype 2 is polyphyletic and would have
emerged by the acquisition of new genetic information by horizontal gene transfer
in the nutrient-enriched fish farming environment. Lee and cols. (Lee et al,, 2008a)
identified the genetic element as a virulence plasmid and the transference
mechanism as conjugation facilitated by a conjugative plasmid. The acquisition of
pVvbt2 could have occurred before or after the divergence of the common ancestor
for biotype 2 strains. In the first case, avirulent fish isolates that are close to biotype
2 isolates in the phylogenetic tree would have lost the virulence plasmid. In the
second case, the process of plasmid acquisition would have been produced several
times, favored by the nutrient-enriched environment of fish-farms. The second
possibility seems to be less plausible since the virulence plasmid seems to be highly
conserved, as little or no genetic variation has been observed in the sequences of
some genes from a selection of biotype 2 strains belonging to three different
serovars (Lee et al, 2008a; Roig and Amaro, 2009; unpublished results).
Nevertheless, to clarify the origin of the so-called biotype 2, more plasmids should
be sequenced and their phylogeny constructed and compared to that of the

chromosomes.
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II. Animal models to test virulence of V. vulnificus

The use of animal models in the study of infectious diseases is considered as
an essential tool for discovering their causes, treatment and prevention as well as to
find out the role of bacterial specific factors or genes in virulence. Ideally, an animal
selected as the model to study human or fish infections should acquire the disease

by the natural route and manifest the same clinical signs than the natural disease.

To perform these experiments is required to get a permit from an
Institutional Ethical Committee. The essential question is; does the model involve
causing significant pain to the animal? To minimize unnecessary animal pain and
suffer, the researcher has to justify the necessity of the animal experiments. For this
reason, it is desirable that animal experiments should be designed to test critical
hypothesis that can provide useful information for understanding or controlling the
bacterial disease studied; i.e. the role of a gene in virulence. The protocol to be
approved should explain why the proposed model was chosen, ways to minimize
the number of animals required and obtain statistically significant results,
precedent of the use of the model by the scientific community and documentation
of appropriate training by the laboratory personal. All the protocols with animals
used in the present work were approved by the Ethical Committee of the University

of Valencia.

Two are the animal models used to study the septicemic variant of the human
and fish vibriosis caused by V. vulnificus; the first one, the European eel (Anguilla
anguilla), the main natural host for the warm-water vibriosis, and the second one,
the mouse, the most commonly animal model used to emulate the human vibriosis.
Both animal models are infected by different routes (see later) with serial ten-fold
dilutions of a known bacterial inoculum, the course of the infection is followed for
1-2 weeks, and death is recorded only if the bacterium is recovered in pure culture
from internal organs of the moribund animals. Then, the virulence degree is
calculated as fifty lethal dose (LDso) by applying the formulation of Reed and Miinch
(Reed and Miinch, 1938). In the colonization and invasion experiments, external and

internal organs are sampled at different time intervals and the number of bacteria
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per gram of organ is expressed as colony forming units on general agar media.
Usually, the number of CFU per gram of organs is plotted in a log. scale and the
graphs corresponding to the wild-type strain and their mutants or to different

isolates compared by using different statistics to test significance.

A. Eels

Two types of experiments are performed with eels; virulence degree
determination and colonization/invasion assays. For both assays adult non-
immunized farmed eels are maintained in tanks containing brackish water (1.5 % of
salt) at 252C with constant aeration. In both assays, eels can be infected by
immersion, orally, intraperitoneally or anally. The intraperitoneal route is the
preferred one to compare the virulence degree of different strains or that of the
wild-type strain with their mutants. The bacteria are injected (0.1 ml of a known
dilution) with a syringe directly in the peritoneal cavity. By this route, bacteria are
able to access the bloodstream and the internal organs provoking the death of the

host in less than 72 h (the experiment last 1 week).

The second route of eel infection that is commonly used is the immersion
challenge. This is the natural route of warm-water vibriosis transmission caused by
the zoonotic strains, and for this reason, the conclusions of the experiments can be
translated directly to the natural disease. Basically, it consists in place the eels in a
solution of bacteria at a given concentration for a determined time (generally 1
hour), and then, infected fishes are placed in common storage conditions recording
deaths. Contrary to the i.p. injection, the death of the fishes is commonly slower and
the experiment lasts 1 week. Although theoretically, death by this route of infection
can be influenced by external factors, such as starvation, storage stress or
interaction with other fishes, and it is not possible to know the exact inoculum of
bacteria that enters in blood, this infection model is quite repetitive and
reproducible. This route of infection is used for the colonization and invasion
experiments whose objective is to determine the exact role of a gene in virulence;
i.e. either involved in colonization or in invasion or in tissue/cell destruction. To this

end, eels are bath infected and a sample from organs is taken from a pool of three
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fishes (i.e. from liver, brain, blood, kidney, spleen...) at different time intervals and

processed for bacterial counts on general media.

B. Mice

Mice are the commonly accepted model to study human virulence of V.
vulnificus. These mammals are easy to handle, its breeding can be controlled without
apparent difficulties and the results are highly reproducible. In addition, the
researchers can buy specific strains of genetically identical mice, which minimize
the differences among experiments. Two kinds of general murine models of
infection are used regardless the infection route, the normal one and the iron-
overloaded model. This last model relates a decrease in LDso with an increase of iron
in blood, the most important risk for death among humans infected with V.
vulnificus. Briefly, it consist in an intraperitoneal (i.p.) injection of a source of non-
toxic iron two hours before the experiment. The most common iron sources are

hemoglobin, hemin, and ferric ammonium citrate.

The i.p. injection in mice is the route of choice in case of the septicemic variant
of the vibriosis caused by V. vulnificus. The procedure, the time to death and the time
period of the experiment are the same than the used with eels differing in the
volume of bacterial dilution inoculated per mouse, 0.2 ml. The intradermical
injection is another route of infection where the bacterial inoculum is applied
directly in the dermis. In this route the dose takes more time to take effect, and is
used generally to emulate an infected open wound, one of the ways of entry of V.
vulnificus, where the dermis is exposed and in contact with the pathogen. Although
this route can be used by the zoonotic serovar to infect humans, the results obtained
by different laboratories are not reproducible, which advises against its use. Finally,
another way by which a patient can be infected with V. vulnificus is through ingestion
of contaminated seafood. V. vulnificus is considered one of the most important
emerging foodborne pathogens, and details of the vibriosis infection through the
oral-contamination are interesting points to be studied. To this end, the model of
infant mouse intragastric model is the most currently used. In brief, it consists in

applying a bacterial inoculum directly into the stomach of the mouse with a syringe
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and assesses different parameters like virulence degree. This animal model is
particularly useful when studying, i.e., virulence factors that are involved in
destruction of intestinal epithelium and invasion of the bloodstream, but it is only

applied to biotype 1 strains.

III. Virulence factors

Most of the virulence studies on V. vulnificus have been performed with
biotype 1 strains and have been focused on human virulence by using the mouse as
animal model. Assuming that no plasmid is present in the majority of the sequenced
biotype 1 strains from clinical origin, it can be concluded that the human virulence
genes are located in one or the two chromosomes and the fish virulence genes are

located both in the plasmid and in the chromosomes.

To better understand how warm-water vibriosis of biotype 2 occurs, the
disease can be divided into three temporal phases: gill colonization (colonization
phase), blood invasion and spreading to the internal organs (invasion phase), and,
finally death by a hemorrhagic septic shock (lesional phase). Since all the work has
been performed with the zoonotic serovar, the putative role of each virulence factor
in human vibriosis will be described and the differences between the two hosts

(teleosts and mammals) commented on.

A. Colonization and invasion factors

1. Appendages: flagellum and pili.

The flagellum is a locomotive organelle that confers bacteria the ability to
swim in liquid and swarm on solid surfaces contributing substantially to the
adhesion, biofilm formation and invasion of host cells and tissues (Duan et al,, 2011).

In V. vulnificus biotype 1, the flagellum has been proved to be directly involved in
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pathogenesis since diverse flagellin gene-mutants presented a significant reduction
in motility, adhesion and cytotoxicity concomitantly to an attenuation of virulence
and capacity of invasiveness both in vivo and in vitro (Kim and Rhee, 2003; Lee et al,

2004a). No similar study has been performed in the zoonotic variant of V. vulnificus.

Adhesins are specialized surface proteins that mediate bacterial adhesion
and are located on the bacterial surface or at the end of pili. Adhesins bind
specifically to receptors on the surface of target host cells, determining tissue
tropism of the pathogen and having a role in bacterial colonization of host cells
(Klemm and Schembri, 1999). There are not many studies on adhesins in V.
vulnificus. The pathogen possesses 2 types of type [Va pilus (MSHA and the chitin-
regulated) and one of type IVb pilus (Flp) (Aagesen and Hase, 2012), but the only
characterized has been the chitin-regulated. In 1998 Paranjpye and cols. (Paranjpye
et al., 1998) obtained a mutant in a clinical isolate of biotype 1 that was deficient in
a peptidase/N-methyltransferase pilD (originally designated vvpD). This enzyme
converts pre-pilin of a type IV pilum in mature pilin. The mutant did not form pili,
was unable to secrete several extracellular degradative enzymes, and was
significantly less adhesive to and cytotoxic for eukaryotic cells, as well as less
virulent, although plasma resistance and capsule formation were not affected. The
same research group characterized the phenotype of a second mutant deficient in
pili, a pilA mutant deficient in the main pilin of the pilus, which showed reduced
ability to form biofilms, lower adherence to HEp-2 epithelial cells and virulence for
iron-overloaded mice (Paranjpye et al, 2005). Both works confirm the important
role that adhesion proteins have in pathogenicity of V. vulnificus biotype 1 to
humans. No study on adhesins has been performed in the zoonotic variant of V.

vulnificus.

2. Bacterial surface

The capsule is a virulence factor for V. vulnificus biotype 1 whose putative
function is to protect the microorganism from the bacteriolytic action of human
plasma complement and from phagocytosis, facilitating the spread of the pathogen

in blood and the invasion and colonization of internal organs (Simpson et al.,, 1987;
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Wright et al, 1990). The encapsulated cells form opaque colonies on agar plates and
the non-capsulated translucent ones (Simpson et al, 1987). There have been
described various serological types of capsules in V. vulnificus biotype 1, but all of
them seem to act in the same way in the host, protecting from the innate immunity.
The biotype 2 cells also produce capsules and opaque and translucent isoforms can
spontaneously revert to the opposite in the laboratory in a similar rate to that of

biotype 1 (Biosca et al, 1993).

Eel virulence assays demonstrate that the capsule is not essential for eel
virulence by the i.p. route because the translucent variants are still virulent (Biosca
etal, 1993). Nevertheless, the loss of capsule increases LDsoin 1 log unit, suggesting
that the capsule exerts some role in the virulence for eels (Biosca et al, 1993). Hence,
the capsule is not required for resistance to the bactericidal effect of fresh eel plasma
and phagocytosis by eel granulocytes, although the translucent variant grows less
efficiently in fresh eel plasma, fixes more complement and is more sensitive to the
antimicrobial peptides than the corresponding capsulated isoform, which could
explain the 1 log attenuation in virulence (Valiente et al, 2008d). In contrast, the
capsule seems to be definitely required for virulence through water, the natural
route for fish infection, since the translucent variants are completely avirulent by
immersion challenge (Amaro et al, 1995). Related to this, experiments performed
in vitro and in vivo demonstrate that the translucent isoform colonizes the gills in
vivo less efficiently than the opaque isoform, resulting in a population size that could
be even below the minimum needed for a successful infection (Amaro et al,, 1995,
Valiente et al,, 2008d) (Figure 9). Thus, the capsule appears to be a factor needed for

successful gill colonization more than to eel invasion.
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Figure 9. Capsule and in vivo gill colonization. Bacteria recovered from gills
(CFU/gr) after immersion challenge with the two variants, opaque (with capsule)
and translucent (without capsule), of the biotype 2-serovar E strain CECT4999.
Image from Amaro et al. (1995).

The comparison between the opaque and translucent variants of the zoonotic
serovar of biotype 2 for their virulence in mice by the i.p. route and resistance to
human plasma demonstrates that the capsule is absolutely essential for these two
properties (Amaro et al, 1994). In consequence, the capsule of the zoonotic strain
seems to act as an invasion factor in mammals, as has been described for biotype 1.
These results suggest that some differences exist in the innate immunity displayed
by mammals and teleosts and, as a result of this, different virulence gene sets are

used by V. vulnificus to trigger septicaemia in mammals and teleosts.

Amaro and cols. (Amaro et al, 1994) suggested that LPS from serovar E
strains may be involved in eel virulence and plasma resistance after testing a
spontaneous rugose mutant in a series of in vivo and in vitro assays. A gne mutant,
deficient in UDP-N-acetylgalactosamine (UDP- GalNAc) 4-epimerase activity, an
enzyme that catalyzes the conversion of UDP-GalNAc to UDP-N-acetylglucosamine
(UDP-GIcNACc), lacked O-antigen, suggesting that the O-polysaccharide chain of

serovar E may contain GIcNAc residues in each of its repeated units (Valiente et al,
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2008d). This was later confirmed by characterizing the purified LPS of a biotype 2-
serovar E strain (Knirel et al, 2009). The O-antigen deficient mutant showed
reduced swarming and swimming on semisolid surfaces in parallel to impaired
biofilm formation on eel mucus (Valiente et al, 2008d). In addition, the mutant
showed deep alterations in the outer membrane architecture concomitantly to a
noticeable increase in sensitivity to cationic peptides and fresh plasma from eels and
humans as well as to the phagocytosis by eel phagocytes (Valiente et al,, 2008d). As
expected, the O-antigen deficient mutant was completely avirulent for eels both by
i.p. and immersion routes, and was almost avirulent for mice by the i.p. route. These
results confirm the multi-factorial role of the O-antigen of V. vulnificus biotype 2-
serovar E in virulence for teleosts and mammals. Thus, the O-antigen acts as
colonization factor in fish by facilitating the attachment and biofilm formation on
the gills, and as an invasion factor in fish and mammals by protecting the bacteria
from common factors present in plasma and from phagocytosis. Interestingly, the O-
deficient mutant can grow efficiently in complex media and, therefore, could be a
good candidate for the development of a live vaccine against eel vibriosis, at least

against those caused by the zoonotic serovar of V. vulnificus biotype 2.

3. Exoenzymes: metalloprotease VvpE.

The metalloprotease, VvpE, of V. vulnificus biotype 1 is an exoenzyme that has
been extensively studied (Miyoshi et al, 1987). This protease belongs to the
thermolysin family (Miyoshi and Shinoda, 2000). VvpE exhibits a broad range of
biological activities: i) it can degrade multiple host proteins, such as structural
(laminin, elastin and collagen) and serum (transferrin) proteins, heme
(hemoglobin) and intestinal mucus proteins (lactoferrin IgA) (Miyoshi et al,, 1999;
Kim et al, 2007; Nishina et al, 1992; Okujo et al, 1996b); ii) it can increase vascular
permeability and cause serious hemorrhagic damage after being injected in mice
(Miyoshi et al, 2000); iii) it can inactivate the human hemolysin (Shao and Hor,
2000). However, the role of vvpE in human pathogenesis remains unclear, as VvpE-
deficient mutants show comparable, or higher, virulence than wild-type strains in

mouse models (Shao and Hor, 2000). Recent studies showed the vvpE gene is highly
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conserved among biotypes, serovars or phylogroups, suggesting a common role of

VvpE for all biotypes (Valiente et al, 2008a).

Valiente et al. (Valiente et al, 2008a) discovered that, in a biotype 2-serovar
E strain, and contrary to what was expected, VvpE was involved in fish colonization,
but not in invasion and lesion formation. This conclusion is supported mainly by the
fact that the mutant strain was avirulent by immersion while it caused the classical
warm-water vibriosis, with all the associated clinical signs (including the
hemorrhages), and the same LDso as the wild-type strain after i.p. injection. Eel
colonization experiments highlighted the importance of the mucus that covers the
gills in the colonization process since V. vulnificus biotype 2-serovar E was able to
attach to the gills only when the cells or gills are covered with mucus (Figure 10).
Additional experiments of chemotaxis and attachment to different types of fish
mucus (skin, gill and gut mucus) showed that the wild-type strain was chemo-
attracted and attached significantly better than the mutant strain to all types of

mucus, especially the gill mucus (Figure 10) (Valiente et al, 2008a).
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Figure 10. Role of mucus and the protease Vvp in the attachment to gills.
A) Electron micrographs of cultured gills incubated with the biotype 2-serovar E
strain CECT4999 without (1) or with (2) mucus. B) Chemotaxis towards mucin (M),
algae mucus (AM), eel skin mucus (SM), eel gill mucus (GM), eel intestine mucus (IM)
and eel plasma (ES). CECT4999, the wild type strain; CT201, AvvpE mutant; CT250,
CT201 complemented in trans with vvpE; CT218, cured strain; Y]J016, a biotype 1
strain isolated from human blood. Chemotaxis was measured as the chemotaxis
response (CR) ratio (Valiente et al, 2008a). Asterisk: significant differences with the
wild-type strain with p<0.05. Image from Valiente et al. (2008a).

4. Iron acquisition systems

Nutritional immunity is the most ancient system of defense against
pathogens common to all vertebrates (Weinberg, 2009). Basically, it consists in
metabolic adjustments in order to make iron unavailable to microorganisms, i.e. by
increasing synthesis of the iron-binding proteins such as lactoferrin in the mucous

tissues and transferrin (Tf) in blood. Iron is an essential element for almost all living
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bacteria, being the high iron concentration one of the factors that contributes to the
rapid growth in both the environment and inside the host (Hor et al, 2000). This
trait is especially relevant in the cases of patients that present a high iron
concentration in serum, whose are significantly more susceptible to suffer bacterial
infections, where those caused by V. vulnificus have an outstanding role. In fact, the
hematological disorders characterized by elevated iron levels in serum are a clear
risk factor in case of human vibriosis caused by V. vulnificus (Strom and Paranjpye,
2000). To overcome the iron restricted conditions imposed by hosts, bacteria have
evolved acquiring systems that allow them to sequester iron from host proteins and

use it for their metabolic processes.

a) Siderophores

One of the strategies is the based on siderophores, low-molecular weight
compounds with a high binding affinity for iron that are produced by bacteria and
fungi in iron starvation conditions. Siderophores can sequester iron in ferric form
from iron-containing host proteins for bacterial growth (Winkelman, 2002). There
are more than 500 types of bacterial siderophores classified into the following
categories depending on the functional group that binds the ferric ion and the

formed complex (Crosa and Walls, 2002):

1. Catechols
2. Hydroxamates

3. A-hydroxicarboxilic acids
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Siderophores show a value of ferric ion-binding constant between 1022 and
1055, value that is higher than that of proteins like transferrin or ferritin, allowing
siderophore to catch Fe*3 directly from these host proteins (Neilands et al, 1995).
This binding is specific because siderophores can discriminate iron from aluminum,
calcium, copper and zinc. The mechanism by which the siderophores are
internalized to the cytoplasm after scavenge iron from host proteins is detailed in
Figure 11.

V. vulnificus biotype 1 produces a siderophore of catechol type called
vulnibactin (Okujo et al, 1996a). The mutants deficient in vulnibactin production
show attenuation in virulence degree (measured as LDso) for mice around 1 and 2
log units (Litwin et al, 1996). Some authors have described that some strains of
biotypes 1 and 2 can produce a hydroxamate siderophore in addition to vulnibactin
although the biosynthesis genes have not been identified (Simpson and Oliver, 1983;
Biosca et al, 1996a). Finally, some biotype 1 strains produce a system that can bind
and internalize exogenous hydroxamates produced by other bacteria and the
genetic basis for such system has been identified and described (Tanabe et al,

2005).
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Figure 11. Mechanism of internalization of ferri-siderophore complex to
the cytoplasm. A) The ferri-siderophore interacts specifically with the outer
membrane receptor (it has been observed cases where the apo-form of the
siderophore joins the receptor). B) The interaction triggers conformational changes
in the structure of the receptor and leads to the interaction with TonB complex with
the TonB box, a region of the receptor that contact directly with the TonB complex.
C) The TonB complex induces conformational changes by using the protonmotive
force in the outer membrane receptor thus releasing the ferri-siderophore to the
periplasm (it is not clear if the ferri-siderophore passes across a channel or if it is
translocated together with the plug domain). D) The periplasmic-binding proteins
carry the ferri-siderophore to the ATP-binding casset (ABC) transporter of the inner
membrane, that that finally internalizes it to the cytoplasm by an energy (ATP)-
dependent process. Once in the cytoplasm, iron is released from the siderophore
after a reduction process of Fe*3 to Fe*2 carried out by ferric reductases, since the
affinity of the siderophore for Fe*2 is low. Image from Faraldo-Gomez y Sansom
(2003).
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b) Heme/Hemoglobin receptors

Other host iron-containing proteins are the hemoproteins. The heme group
is constituted by a protoporphirin IX molecule with a central iron atom (Figure 12).
Heme is an important cofactor that is involved in many metabolic processes such as

oxygen transport and energy production.

HOOC

COOH

Figure 12. Structure of a protoporphirin IX molecule.

These classes of hemoproteins comprise hemoglobin, haptoglobin,
hemopexin, cytochromes, catalases, peroxidases and albumin. Hemoglobin storage
constitutes the major part of the cell iron content (up to 65%) and is considered an

important source of iron for bacteria (Litwin and Calderwood, 1993).

To be able to use this iron, bacteria have developed outer membrane
receptors that specifically recognize heme or hemoglobin, as well as low molecular
weight compounds, hemophores, that are secreted and bound to the hemoglobin
and carry it to the outer membrane receptor, to be posteriorly internalized to the
cytoplasm and used as an iron source (Genco and Dixon, 2001). In Figure 13 is

detailed the mechanism by which bacteria can acquire iron from hemoproteins.
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Figure 13. Mechanism of utilizarion of heme/hemoglobin as iron
source. Hemin/hemoglobin can be released to the media by the activity of
hemolysins against red blood cells and be internalizated by several ways. A)
heme/hemoglobin interact with an outer membrane receptor that recognizes the
ligand specifically. B) heme/hemoglobin binds to a hemophore that drives them to
the outer membrane receptor. C) Extracellular or outer membrane proteases
degrade the hemoglobin releasing heme group and leading to its binding to the outer
membrane receptor. In all cases, the outer membrane receptor internalizes the
heme to the periplasm and subsequently to the cytoplasm helped by the TonB
complex and an ABC transporter in an energy-dependent manner, respectively. In
the cytoplasm it is hypothesized that an oxigenase releases the iron from the
protoporphirin IX. Image from Genko and Dixon (2001).

This system has been described in V. vulnificus biotype 1, where the
expression of hupA gene was under control of Fur protein and a mutation in hupA
decreased the virulence degree for mice (Litwin et al, 1998; Oh et al, 2009).
Moreover, a new mechanism of heme uptake has been recently identified in V.

vulnificus, but has only been characterized in the biotype 1 (Datta and Crosa, 2012).
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c) Transferrin receptors

Other iron acquisition system is the one dependent on transferrin outer
membrane receptors. The best characterized transferrin receptor is that of
Neisseria, being considered important iron acquisition system and virulence factor
that determine the pathogenicity of bacteria (Renauld-Mongénie et al, 2004). As
explained in Figure 14, the receptor interacts specifically with transferrin and, since
the receptor Fe3* binding constant is higher than that of the transferrin, the iron is
released from transferrin and internalized by using a similar mechanism to the
explained for siderophores and heme receptors. In some bacteria, there can be a
second outer membrane receptor protein that acts coordinately with the first one to
scavenge iron from transferrin (Stokes et al, 2005). This system has not been

described in V. vulnificus
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transferrin

Periplasm

Inner Membrane

Figure 14. Mechanism of utilizarion of holo-transferrin as iron source.
The transferrin binding protein A (TbpA) is an outer membrane receptor that
interacts specifically with holo-transferrin. In some cases, a lipoprotein (TbpB) acts
together with TbpA and contributes to the correct binding of transferrin directing
the transferrin to the TbpA. The TonB complex provides the energy for this
transport, and in the periplasm, iron binds to a Fbp (ferric binding protein) that
drives it to the cytoplasm via a FpbB/C inner membrane transporter. Image from
Trevor Moraes web page (http://biochemistry.utoronto.ca/moraes/).

5. Lesional factors

a) Hemolysin VvhA

The vwhA hemolysin of V. vulnificus is a cytolysin that has been reported to
cause cytolysis of various eukaryotic cells including erythrocytes (Yamanaka et al,

1990; Yamanaka et al, 1987). The role of vwvhA in pathogenicity of V. vulnificus is
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controversial, basically because the vvhA deficient mutants obtained by different
authors in biotype 1 strains are not attenuated in virulence degree for mice either
by the intraperitoneal or intradermal route. However, these results contrast with
the high toxic potency for mice of the purified VvhA; dose below 1 microgram per
animal kill mice when are administered intraperitoneally (Lee et al, 2004b). Due to
this toxicity, many authors still work under the hypothesis that VvhA is one of the
virulence factors that contribute to the pathophysiological lesions observed during
V. vulnificus infection (Lee et al, 2004b). Jeong and Satchell found that this cytotoxin
collaborates with another one, the MARTX toxin (see later) to promote early in vivo
growth in orally infected mice and dissemination of this pathogen from the small
intestine to other organs (Jeong and Satchell, 2012). Using histopathological
techniques, the authors find that both cytotoxins can cause villi disruption, epithelial
necrosis, and inflammation in the mouse small intestine and that a double mutant,
deficient in both cytotoxins is essentially avirulent, do not cause intestinal epithelial
tissue damage, and is cleared from infected mice by 36 hours by an effective immune

response (Jeong and Satchell, 2012).

b) Multifunctional Autoprocessing Repeat in Toxin (MARTX)

The RTX toxin family is a group of cytotoxins produced by Gram-negative
bacteria with a wide variety of functions. The RTX family is defined by two common
features: characteristic repeats in the toxin protein sequences and extracellular
secretion by the type I secretion system (T1SS). The name RTX (repeats in toxin)
refers to the glycine and aspartate-rich repeats located at the C-terminus of the toxin
proteins, which facilitate export by a dedicated T1SS encoded within the rtx operon.
RTX have been related to virulence for mammals and/or resistance to amoebal
predation (Satchell, 2011). There is a group of RTX, named MARTX (Multifunctional
Autoprocessing RTX) that is present in at least eight gram-negative species
including V. vulnificus. MARTX are modular toxins much larger than RTX toxins that
are exported by modified type 1 secretion systems containing an additional ABC-
transporter. MARTX contain external modules that are conserved at protein
sequence level and an internal module subdivided into the functional domains that

are the responsible of the toxic activity. The accepted model for MARTX action
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(Satchell, 2007) consists in that the external modules interact with the membrane
of the target eukaryotic cell, a pore is formed in the membrane and the functional
domains of the internal module are translocated into the cytoplasm. Finally, a
common CPD (cysteine protease) domain processes the toxin releasing active
domains to the cytosol, which can move freely through the cell to access cellular
targets (Figure 15). The repertoire of activities carried by these multifunctional

toxins would ultimately be dictated by the selection of activity domains that they

carry.
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Figure 15. Mechanism of action of MARTX toxins. It is proposed that the N-
and C-terminal repeat regions form a structure within the eukaryotic cytosolic
membrane that is necessary to translocate centrally located activity domains across
the membrane. Upon transfer of the CPD into the cytosol, the toxin would be

autoprocessed, releasing active domains to the cytosol, where they could move
freely through the cell to access cellular targets. Image from Satchell (2007).
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MARTX of V. vulnificus is a widely recognized virulence factor involved in
toxic action against intestinal epitheliocytes and phagocytic cells from the innate
immune system (Lee et al, 2007a; Kim et al, 2008). As we have previously
discussed, this toxin seems to act additively with VvhA and both are essential for
mice virulence of V. vulnificus biotype 1 by the oral route (Jeong and Satchell, 2012).
V. vulnificus species produces at least three different types of MARTX (types I-III)
that differ in the functional domains of the internal module (Roig et al,, 2011; Kwak
et al, 2011). The three types present in the virulent strains are shown in Figure 16.
The biotype 2 strains produce MARTX type III, regardless the serotype (Roig et al,
2011). The gene encoding this toxin, rtxA1s is present in duplicate both in the
chromosome II and in the virulence plasmid. MARTX type III mainly differs from
types I and II in that possesses an actin-cross-linking domain or ACD, present in
MARTX of Vibrio cholerae but absent in the rest of MARTX of V. vulnificus (Roig et al,
2011).
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Figure 16. The protein structure of the MARTX types I (approx. 5200
aa), II (approx. 4700 aa) and III (approx. 4600 aa). The external regions, the
repeats (vertical lines) and the internal domains for each toxin are color coded as
indicated at the bottom. The putative domains are: RID, Rho-GTPase inactivation;
HCR, highly conserved regions; CPD, autocatalytic cysteine protease; DUF, domain
with an unknown function; ACD, actin cross-linking; a/f hydrolase; rtx P.
asymbiotica, rtxA domain of Photorhabdus asymbiotica; Efal/LifA, lymphostatin.
Diagrams are drawn to scale. Figure adapted from Roig et al. (2011).

The phylogenetic analysis performed by Roig and cols. (Roig et al,, 2011) with
the complete rtxA1 gene sequences shows that V. vulnificus forms a well-supported,
monophyletic group with two main subgroups, one corresponding to biotype 2 and
the other to biotypes 1 and 3. This result suggests that, at least for this gene, biotype
2 has an evolutionary history different from that of biotypes 1 and 3, and that
biotype 3 has emerged within the biotype 1 group.

48



INTRODUCTION

According to the phylogenetic study of Sanjuan and cols. (Sanjuan et al,
2011), biotype 2 is polyphyletic and has emerged by acquisition of a virulence
plasmid by commensal isolates from fish-farms. Kwak and cols. (Kwak et al, 2011)
and Roig and cols. (Roig et al,, 2011) found evidences that support the hypothesis
that the acquisition of the virulence plasmid would have favoured a recombination
process between the chromosomal and plasmid rtx genes giving rise to a new
variant of the mosaic gene that has probably been advantageous for the bacterium
in the fish farming related environment. The presence of identical duplicated genes
in the genome of the biotype 2 isolates suggests that either the acquisition has been
recent, or a strong purifying selection is acting against mutations that modify the

gene function.

IV. Virulence regulation

Coevolution between bacteria and their hosts determines characteristics of
the interaction, the bacterial virulence genes involved, and the regulatory systems
controlling expression of virulence genes. The association between V. vulnificus and
their hosts appears to be a recent event since the first vibriosis cases were registered
in the 70s of 20t century. By this reason, the virulence-regulatory networks in V.
vulnificus are in the first steps of an evolutive process probably from the commensal-
regulatory networks involved in the relationships of this pathogen with their
natural animal reservoirs. In this context, a series of virulence regulators have been

studied in V. vulnificus biotype 1 taking as reference the model V. cholerae-humans.

A. Virulence transcription regulators

1. SmcR

Quorum sensing (QS) is a process of cell-cell communication that allows

bacteria to share information about cell density and adjust gene expression
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accordingly. This process enables bacteria to express energetically expensive
processes as a collective only when the impact of those processes on the
environment or on a host will be maximized (Xavier and Blassler, 2003). Among the
many traits controlled by QS is the expression of virulence factors by pathogenic
bacteria. The QS phenomenon has been poorly characterized in V. vulnificus. The
biotype 1 harbors homologs of LuxPQ, a sensor for a borate diester autoinducer (Al-
2), and carries a luxS gene, encoding the Al-2 synthase (Kim et al, 2003b). A
homoserine lactone autoinducer (Al-1) has been detected in some biotype 2 strains
(Valiente et al, 2009); however, in many other well-studied strains, such as Y]J016,
CMCP6, and MO6-24/0, whose genome sequences have been completely
determined (Chen et al, 2003; Kim et al, 2003a; Park et al, 2011), the effort to
identify an Al-1 compound or a gene responsible for Al-1 biosynthesis has been
unsuccessful. An analysis of the genome sequences of these three strains has
uncovered homologs of luxU and [uxO, which encode proteins responsible for the
transduction of signals via a phosphorelay from a sensor protein (Roh et al, 2006).
These signals are funneled to the master regulator SmcR, a homolog of LuxR in V.
harveyi, which subsequently induces the expression of vvpE (Jeong et al, 2003)and
represses yegD, a gene encoding a chaperone (Lee et al, 2008b). SmcR also
represses the expression of hlyU (Shao et al, 2011) (see later), a gene encoding an
activator that induces the expression of the virulence factors vvhA and rtxA1-1 (Kwak
et al, 2011). Mutation of smcR gene alters multiple phenotypes in V. vulnificus
biotype 1: biofilm formation, colony morphology, motility and survival under acidic

or hyperosmotic stressing conditions as well as virulence to mice (Lee et al, 2007b)

2. Hlyu

This protein belongs to a family of small metal-regulatory transcriptional
repressors. The V. vulnificus HlyU of biotype 1 is a 11.9-kD protein that is very
similar to the V. cholerae one (93% of similarity and 82% identity) (Liu and Crosa,
2012). The in silico modeled structure of V. cholerae and V. vulnificus HlyU shows
that it do not have the key metal-sensing residues. It is thus possible that both HlyU
evolved from an ancestral transcriptional repressor by loss of the metal-binding

sites and they are the only member of this family that has a positive regulatory
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function (Liu and Crosa, 2012). HlyU of V. vulnificus biotype 1 differs from that of V.
cholerae in that it does not act as a direct transcriptional activator but instead HlyU
acts as a derepressor of the global repressor H-NS, which in turn repressed the
expression of rtxA1-;1 (and probably vvhA) (Liu and Crosa, 2012). Like other
members of this family, V. vulnificus HlyU contains a helix-turn-helix motif and binds
to DNA by forming a homodimer. According to the model of Liu and Crosa prior to
the bacterium contacting the host cells, H-NS binds to multiple AT-rich upstream
and downstream regions of the rtxA1-1 operon promoter. The H-NS binding causes
the DNA molecule to bend forming a DNA:H-NS:DNA bridge that either impedes the
movement of RNA polymerase or excludes the entry of this enzyme thus repressing
the expression of the rtxA1-;1 operon. Once the bacterium is ingested or invades open
wounds, the bacterium contacts the host cells and somehow the expression of the
HlyU protein is induced. HlyU binds to the upstream region of the rtxA1.1 promoter
and replaces some of the H-NS molecules interfering and breaking the DNA:H-

NS:DNA structure, resulting in rtxA1 gene expression (Liu and Crosa, 2012).

3. cAMP receptor protein (CRP)

Bacteria have developed several mechanisms which allow the preferred
utilization of the most efficiently metabolizable carbohydrates when these
organisms are exposed to a mixture of carbon sources. Interest