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ABSTRACT

Bivalve hatcheries are a fundamental tool in aquaculture expansion, ensuring the seed
demand for shellfish aquaculture. However, the industry faces several challenges, with
mortalities caused by opportunistic pathogens of the genus Vibrio being one of the most
significant bottlenecks. These mortalities, resulting from diseases generally referred as
vibriosis, hinder the stable availability of bivalve seed for grow-out, as they primarily affect
larval stages, leading to significant economic losses. The pathogenic potential of Vibrio species
is determined by virulence factors, along with host-dependent and environmental factors. Given
the rapid progression of these infections, prevention is considered the main tool against them.

Vibrio europaeus, a recently described species, has been linked to mortalities at different
developmental stages of various bivalve species, with a broad geographic distribution. This
study examines this species from a genomic perspective, sequencing 39 strains obtained from
mollusc hatcheries in various geographic regions and associated with different species and life
stages. These strains constitute the entire collection available until the present.

First, the pangenome of V. europaeus was constructed with all those genomes, which
represents the complete genetic repertoire of a microbial species. It consists of a core genome
shared by all strains and an accessory genome, which includes genes not shared across the
species. The pangenome of V. europaeus was characterized as belonging to a species capable
of efficiently adapting to its environment by acquiring exogenous DNA. Additionally, the
intraspecific variability of V. europaeus was analysed using various methods that utilized the
entire genomes (hierarchical clustering of ANIb values), the core genome (phylogeny and SNP
count differences), and the accessory genome (hierarchical clustering based on gene
presence/absence). This analysis grouped the strains into three main phylogenetic branches with
eight clusters. Spanish strains exhibited lower genetic diversity than French strains, suggesting
a single radiation event followed by local hatchery dispersal. In contrast, French strains
displayed greater variability. Strains from other countries (Chile and the USA) formed distinct
clusters, suggesting an intercontinental transmission of the species, likely facilitated by human
activities such as seed, juvenile, or mollusc lot trade. Furthermore, the study of clonal strains
isolated at Hatchery B allowed researchers to infer a pathogen dissemination model through

phytoplankton used as feed.
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Second, genes relevant to the ecology of V. europaeus and thus with impact on aquaculture
management were analysed. Each strain was characterized for genes related to virulence factors,
antibiotic resistance, secondary metabolite production, and phage defence systems.
Additionally, virulence and defence gene profiles were established, allowing comparisons
between strains. Phenotypic assays were also conducted, including virulence challenges in
juvenile Japanese clams (Ruditapes philippinarum) and antibiotic susceptibility tests. This led
to the identification of key virulence factors in this species, such as type II (T2SS) and type VI
(T6SS1 and T6SS2) secretion systems, adhesion and colonization factors (MSHA type IV pilus
and flagella), antiphagocytosis mechanisms (capsular polysaccharides), enzyme and toxin
production, and iron uptake systems (metalloproteases, collagenases, enterobactin, heme
receptors, hemolysins, and ABC transporter systems). Additionally, quorum sensing
mechanisms (autoinducers-1 and 2) were identified.

By combining in silico and phenotypic results on antibiotic resistance, it was determined
that the species is resistant to erythromycin and cephalexin by core genes. Some Spanish strains
isolated between 2011 and 2012 also showed multidrug resistance to sulfonamides and
streptomycin, suggesting horizontal gene transfer of resistance genes. Regarding secondary
metabolite clusters, highly conserved families were identified across all strains, including
NRPS, RiPP-type, betalactone, arylpolyene, and ectoine, which may play roles in resistance to
osmotic and oxidative stress, among other functions. Finally, a large diversity of phage defence
systems was identified, highlighting the ability of V. europaeus to adapt to phage predation.
This poses a challenge for implementing phage-based therapies to prevent vibriosis.

Lastly, the accessory genome of V. europaeus was characterized, consisting mainly of
plasmids and chromosomal plasticity regions. Among these components, mobile genetic
elements were identified, forming the mobilome of the species, which is crucial for bacterial
evolution via horizontal gene transfer (HGT). This mechanism facilitates adaptation to specific
niches by frequently acquiring genes related to antibiotic resistance, virulence, secondary
metabolites, and defence systems. The plasmids were classified as conjugative, mobilizable, or
non-mobilizable, while conjugative/mobilizable elements (ICEs/IMEs), prophages, and
microsatellites were identified within chromosomal plasticity regions. Additionally, genes of
interest identified in previous analyses were assigned to different accessory genome elements.

The plasmids of V. europaeus were classified into five groups, with pVE1-related plasmids

being the largest and most prevalent plasmid and harbouring numerous genes related to defence,
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virulence, and biosynthesis, including an additional T6SSi5 secretion system (T6SS2) apart
from the one found in the chromosome (T6SS1). Among the chromosomal RGPs, 78
ICEs/IMEs and 55 prophages were identified, classified into 14 and 10 groups, respectively,
primarily associated with defence systems. Approximately 10% of the genes in the V. europaeus
pangenome were linked to the mobilome. Lastly, in the plasticity regions that could not be
classified as part of the mobilome—possibly due to mutations in mobilization genes or
unknown mobility mechanisms—a wide variety of genes related to antibiotic resistance,
virulence, secondary metabolites, and defence systems were found.

This thesis aims to expand knowledge on the emerging pathogen V. europaeus from a
genomic approach that determines its intraspecific diversity and evolution, as well as key
genetic characteristics related to its virulent potential, resistance to treatments, and genetic
transfer mechanisms that enhance its environmental adaptation. Additionally, it seeks to
establish a foundation for developing innovative strategies to mitigate its impact on aquaculture,

promoting the sustainability of the sector.



RESUMEN

Los criaderos de bivalvos son una herramienta fundamental para garantizar la demanda de
los mismos. Sin embargo, la industria se enfrenta a varios problemas, siendo las mortalidades
producidas por patdégenos oportunistas del género Vibrio uno de los cuellos de botella mas
importantes. Estas mortalidades, consecuencia de las patologias llamadas de forma general
vibriosis, impiden la disponibilidad estable de semilla de bivalvos para engorde ya que afectan
especialmente a los estadios larvarios, suponiendo grandes pérdidas economicas. El potencial
de los vibrios para producir enfermedad estd determinado por los factores de virulencia,
conjuntamente con factores dependientes del hospedador y ambientales. Dada la rapida
progresion de estas infecciones, se considera que la prevencion es la principal herramienta
contra las mismas. V. europaeus, una especie descrita recientemente, se ha vinculado con
mortalidades en diferentes etapas de desarrollo de varias especies de bivalvos, abarcando una
amplia distribucion geografica. A lo largo de este trabajo se ha estudiado esta especie desde un
punto de vista gendomica, para lo que se secuenciaron 39 cepas obtenidas de criaderos de
moluscos en varias regiones geograficas y asociadas a distintas especies y estadios de vida, y
que constituyen toda coleccion de cepas disponible hasta el momento.

En primer lugar, se ha estudiado conjuntamente todos los genomas mediante la
construccion del pangenoma, es decir, el repertorio genético completo de una especie
microbiana, que se divide en un genoma central compartido por todas las cepas, y un genoma
accesorio, que incluye genes no compartidos por toda la especie. Se ha podido caracterizar el
pangenoma de V. europaeus como el de una especie capaz de adaptarse eficazmente al ambiente
mediante la adquisicion de ADN exogeno. Por otro lado, se ha estudiado la variabilidad
intraespecifica de V. europaeus usando varios métodos que implicaron la utilizacion de la
totalidad de los genomas (clusterizacion jerarquica de los valores de ANIb), la fraccion core
(filogenia y diferencia en el nimero de SNPs), y la fraccion accesoria (clusterizacion jerarquica
de la presencia/ausencia de genes), lo que ha permitido separar las cepas en tres ramas
filogenéticas principales con ocho clusteres. Las cepas espafiolas mostraron menor diversidad
genética que las francesas, lo que sugiere un evento de radiacion Unico seguido de dispersion

en criaderos locales. Por el contrario, las cepas francesas exhibieron mayor variabilidad que las
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espafiolas. Las cepas de otros paises (Chile y EE. UU.) se agruparon en clusteres diferenciados,
sugiriendo un salto intercontinental de la especie, posiblemente facilitada por actividades
humanas, como el comercio de semilla, juveniles, o lotes de moluscos. Ademas, el analisis de
las cepas clonales aisladas en el Criadero B, permitieron inferir un modelo de diseminacion del
patogeno a través del fitoplancton utilizado como alimento.

En segundo lugar, se estudiaron los genes de interés para la ecologia de V. europaeus y, por
lo tanto, con impacto en la gestion acuicola. Para cada cepa, se caracterizaron los genes
relacionados con factores de virulencia, resistencia a antibidticos, produccion de metabolitos
secundarios y sistemas de defensa anti fagos. Ademas, se establecieron perfiles de genes
relacionados con la virulencia y los sistemas de defensa, permitiendo comparar las cepas entre
si. De forma paralela se realizaron ensayos fenotipicos de las cepas, como desafios de virulencia
en juveniles de almeja japonesa (R. philippinarum) y antibiogramas. De esta manera, se
identificaron factores de virulencia clave en esta especies, como pueden ser los sistemas de
secrecion tipo II (T2SS) y tipo VI (T6SS), la adhesion y colonizacion (MSHA pilus tipo IV y
flagelo), antifagocitosis (polisacarido capsular), la produccién de encimas, toxinas, y sistemas
de captacion de hierro (metaloproteinasas, colagenasas, enterobactina, receptores hemo,
hemolisinas, collagenasas, enterobactina, receptores hemo, hemolisinas, y sistemas de
transporte ABC dependientes de proteinas de union), y quorum sensing (autoinductores-1y 2).
Por otro lado, mediante la combinacion de los resultados in silico y los fenotipicos para la
resistencia a antibidticos, se determind que la especie presenta resistencia generalizada a
eritromicina y cefalexina. Ademads, algunas cepas espanolas aisladas entre 2011 y 2012
presentan multirresistencia a la sulfonamida y la estreptomicina, sugiriendo una transferencia
horizontal de genes de resistencia. En cuanto a los clusteres de metabolitos secundarios, se
pudieron encontrar algunas familias muy conservadas en todas las cepas, de los tipos NRPS,
tipo RiPP, betalactona, arilpolieno, y ectoina, que pueden tener, entre otros, roles resistencia al
estrés osmotico y oxidativo. Por tltimo, se identifico una gran diversidad de sistemas de defensa
contra fagos, resaltando la capacidad de V. europaeus para adaptarse a la depredacion de los
mismos. Esto representa un desafio para la implementacion de terapias basadas en fagos para
prevenir la vibriosis.

Por ultimo, se caracterizo el genoma accesorio de V. europaeus, compuesto principalmente
por plasmidos y regiones de plasticidad cromosdmicas. Entre estos componentes se

identificaron elementos genéticos moviles, que conforman el moviloma de la especie, esencial
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en la evolucion bacteriana mediante transferencia horizontal de genes (HGT). De esta forma,
facilitan la adaptacion a nichos especificos al incorporar con frecuencia genes de resistencia a
antibidticos, virulencia, metabolitos secundarios y sistemas de defensa. Los plasmidos fueron
clasificados como conjugativos, movilizables o no movilizables, mientras que se buscaron
elementos conjugativos/movilizables (ICEs/IMEs), profagos y microsatélites entre las regiones
de plasticidad cromosomicas. Ademads, se asignaron los genes de interés encontrados en el
apartado anterior a los distintos elementos del genoma accesorio. Asi, se clasificaron los
plasmidos de V. europaeus en 5 grupos, siendo pVEI1 es el mas grande y prevalente, albergando
numerosos genes relacionados con sistemas de defensa, virulencia y biosintesis, incluido un
T6SSi5 adicional al que se encuentra en el cromosoma. Ademas, entre los RGPs cromosdmicos
se encontraron 78 ICEs/IMEs y 55 profagos, que pudieron ser clasificados en 14 y 10 grupos,
respectivamente, y en los que se identificaron, principalmente, sistemas de defensa. De esta
forma, se consigui6 asociar al moviloma alrededor de un 10% de los genes pertenecientes al
pangenoma de V. europaeus. Por ultimo, en las regiones de plasticidad que no pudieron ser
clasificadas como moviloma, presuntamente por mutaciones en los genes implicados en la
movilizacion o por la existencia de mecanismos de movilidad no conocidos, se encontraron
gran variedad de genes de resistencia a antibidticos, virulencia, metabolitos secundarios y
sistemas de defensa.

Esta tesis pretende aumentar el conocimiento del patogeno emergente V. europaeus, a
través de un enfoque gendémico que permita determinar su diversidad y evolucion
intraespecifica, asi como caracteristicas genéticas clave relacionadas con su potencial virulento,
resistencia a tratamientos y los mecanismos de transferencia genética que favorecen su
adaptacion al medio ambiente. Ademas, se espera establecer una base que contribuya al disefio
de estrategias innovadoras para mitigar su impacto en la acuicultura, promoviendo la

sostenibilidad del sector.



RESUMO IN EXTENSO

Estimase que para o ano 2050, a producion mundial de alimentos debe aumentar entre un
70 % e un 110 % para satisfacer a crecente demanda poboacional, enfrontandose a desafios
como a inestabilidade econdémica, o cambio climatico e a degradacion do solo. Neste
paradigma, os alimentos de orixe acudtica constitien unha peza clave, xa que o seu consumo
global creceu de 28 millons de toneladas en 1961 a 162 millons en 2021, aportando o 17 % da
ingesta mundial de proteinas animais, chegando ata o 50 % nalgunhas rexions. Porén, a pesca
extractiva alcanzou o seu limite de explotacion na década de 1990, estancandose nos 80 millons
de toneladas. En 2012, a acuicultura superou en volume & pesca extractiva, momento a partir
do cal pasou a ser o principal motor de crecemento na producion de alimentos marifios. Este
crecemento mantivose constante, alcanzando un récord de 130,9 millons de toneladas en 2022,
cun valor de 312.800 millons de dolares. Asia domina a producién acuicola co 87,9 % do total.
Os moluscos foron o terceiro grupo de animais acuicolas mais cultivados en 2022,
representando o 15,6 % da producion, con 88 especies cultivadas. Os bivalvos, en particular a
ostra xaponesa € a ameixa xaponesa, estan entre as especies marifias mais cultivadas a nivel
mundial. Porén, o cultivo dun niimero limitado de especies ameaza a biodiversidade, os habitats
naturais e facilita a propagacion de enfermidades e especies invasoras. No contexto europeo,
Espana lidera a producion acuicola co 23,7 % do volume total. Porén, en 2022, a producién
marifia seguiu sendo maioritariamente extractiva (74,9 %), mentres que a acuicultura
representou s6 0 25,1 %. O mexillon Mytilus galloprovincialis foi a especie mais cultivada con
255.218 toneladas, 0 97 % procedentes de Galicia. Ainda que rendible, o seu monocultivo xera
baixos marxes de beneficio (0,65 €/kg en 2024). Outras especies como a ostra plana (Ostrea
edulis), a ostra do Pacifico (M. gigas), e as ameixas xaponesa (R. philippinarum), fina
(Ruditapes decussatus) e babosa (Venerupis corrugata) tefien menor producion a pesar do seu
alto valor comercial, o que resalta a necesidade de diversificar a acuicultura.

Historicamente, os bancos naturais foron a principal fonte de sementes para a acuicultura
de bivalvos. Porén, a sobreexplotacion, o cambio climatico e a contaminacién reduciron a stia
capacidade de abastecemento. Ante isto, os criadeiros gafiaron relevancia, ofrecendo unha serie

de vantaxes como un subministro estable, especies melloradas xeneticamente e reducindo a
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presion sobre as poboacions silvestres. Ademais, permiten mellorar as condicions de producion,
como a temperatura e a dispoiiibilidade de alimento, favorecendo sementes mais resistentes e
cunha producidon mais estable. A pesar das stias vantaxes, os criadeiros enfrontanse a desafios
como a necesidade de ubicacions con auga de alta calidade e custos elevados de explotacion. A
maior dificultade radica nas mortalidades explosivas producidas por patéxenos oportunistas do
xénero Vibrio, que constitien o grupo mais diverso e con maior impacto na industria. As
mortalidades producidas por vibrios en bivalvos, cofiecidas de forma xeral como vibriose,
impiden a dispoiiibilidade estable de semente de bivalvos para engorde xa que afectan
especialmente aos estadios larvarios, supofiendo grandes perdas econdmicas. Os criadeiros son,
a pesar das suas limitacions, a clave para a sostibilidade e expansion da acuicultura de bivalvos.

As bacterias son esenciais nos ecosistemas marifios, participando no ciclo do carbono e do
nitréxeno, estando 4 sua vez estreitamente ligadas aos bivalvos, xa que son capaces de filtrar
grandes volumes de auga. As bacterias ligadas a eucariotas marifios, incluidos os bivalvos,
presentan relacions simbidticas cos mesmos, que poden ser comensais, mutualistas ou
patoxenas. Asi, os bivalvos presentan microbiotas complexas que incluen unha comunidade
residente estable ¢ unha microbiota transitoria, estando, especialmente esta ltima, influida por
factores ambientais. Como xa comentamos, as bacterias patoxenas do xénero Vibrio adoitan
formar parte da comunidade bacteriana transitoria dos bivalvos. O xénero Vibrio ¢ un grupo
diverso de bacterias Gram-negativas, mobiles e anaerobias facultativas, pertencentes a
familia Vibrionaceae. Actualmente, conta con 152 especies descritas, organizadas en 35 clados
segundo andlise de secuencias de xenes esenciais (MLSA). Os patoxenos Vibrio que afectan
bivalvos agrapanse en varios clados,
incluindo Anguillarum, Harveyi, Mediterranei, Orientalis, Pectenicida e Splendidus, afectando
diversas etapas do desenvolvemento de moluscos como ostras, ameixas e mexillons.

O desenvolvemento da vibriose estd altamente relacionado coa existencia dunha serie de
moléculas, compofientes estruturais e caracteristicas implicadas na patoxénese, que constituen
unha peza clave na aparicion e desenvolvemento da enfermidade. Entre os factores de virulencia
presentes en vibrios patoxenos de bivalvos atopamos: (i) toxinas, incluindo endotoxinas como
o LPS, que provoca apoptose en hemocitos, e exotoxinas como hemolisinas e metaloproteasas,
esenciais para a invasion e degradacion de tecidos, (i1) encimas como fosfolipasas e quitinases,
que contribuen 4 degradacion de membranas celulares e estruturas do hdspede, (iii) adhesinas,

que facilitan a adhesion a hemocitos e a colonizacion de superficies tisulares, (iv) motilidade e
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quimiotaxe, que permite ao Vibrio moverse de forma autdbnoma a entornos como os tecidos do
hoéspede, favorecendo a infeccion, (v) evasion inmune, que comprende mecanismos como a
variabilidade do antixeno O no LPS e a inhibicion da fagocitose, que permite 4 bacteria
sobrevivir a acciéon dos hemocitos, (vi) formacion de biofilmes, agregados densos de
microorganismos nunha matriz de exopolisacaridos que protexen s bacterias e facilitan a
resistencia a antibioticos, (vii) quorum sensing, un sistema de comunicacion bacteriana baseado
en autoinductores que regulan a expresion xénica en funcion da densidade celular, influindo na
virulencia e formacién de biofilmes, (viii) sistemas de secrecion, que transportan substancias
que desempeian funcions clave na patoxenicidade e competencia microbiana, e (ix) adquisicion
de ferro, o que lles permite sobrevivir en medios con dispoiiibilidade limitada deste metal, como
o interior dos bivalvos.

Ademais da existencia de factores de virulencia no patoxeno, o desenvolvemento da
vibriose depende de factores ambientais que tefien influencia no desempeno destes factores de
virulencia, as dinamicas nas poboacions de vibrios e na predisposicion do hédspede. Asi,
observouse que as poboacions de Vibrio varian estacionalmente, correlacionandose
positivamente coa temperatura. Ademais, a temperatura parece estar relacionada cun aumento
na expresion de xenes de virulencia na maioria dos casos. Outro factor ambiental clave ¢ a
salinidade, que, ademais de modular as poboacions de vibrios dunha forma non tan clara como
a temperatura, influencia a motilidade, colonizacion e expresion de xenes asociados a
virulencia. Por outra banda, estes factores ambientais, e outros como a presenza de
contaminantes, poden xerar estrés no hospede, debilitando o seu sistema inmunitario e
favorecendo o desenvolvemento de enfermidades. Finalmente, algunhas especies de bivalvos
son mais susceptibles a4 vibriose que outras, dependendo da sua eficiencia inmunoloxica e do
seu desenvolvemento, sendo as etapas larvarias mais susceptibles 4 vibriose debido ao
desenvolvemento incompleto do seu sistema inmunitario, sendo mais vulnerables durante a fase
de asentamento.

A patoxénese da vibriose en larvas de bivalvos, ou proceso polo cal un patéxeno causa
dano ao hospede, desenvolvese en tres fases: a fase de incubacion, a fase de difusion rapida e a
fase de mortalidade aguda. A infeccion xeralmente entra a través do sistema dixestivo e
propagase a outros organos, causando necrose e dexeneracion. Alguns vibrios poden colonizar

tecidos sen causar enfermidade inicialmente, pero volvense patoxenos ao adquirir plasmidos.
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Ademais, os vibrios poden utilizar a hemolinfa para estender a infeccion a outros o6rganos e
tecidos, o que compromete as defensas inmunoldxicas do hdspede e leva 4 stia morte.

Dada a rapida progresion destas infeccions, considérase que a prevencion € a principal
ferramenta contra as mesmas. Esta prevencion incliie o mantemento dunhas condicions Optimas
ao longo das distintas fases de cultivo, como poden ser a temperatura, salinidade e densidade
de animais, o que implica unha reducion do estrés dos animais e unha menor propension a
enfermidade. Porén, hai outros enfoques, que poden ser complementarios, que tefien como
estratexia a eliminacion total da carga bacteriana da auga do criadeiro. Asi, son comuns
procesos de desinfeccion como UV-C, ozonizacién e cloracion, que tefien como desvantaxe ser
operacionalmente custosos, perder eficacia en determinadas condicidns como a presenza de
particulas na auga ou xerar formas toxicas para os bivalvos. Existen alternativas sen estas
desvantaxes, como a fotodindmica antimicrobiana, que involucra a xeracion de formas de
osixeno de vida curta, moi reactivas contra microorganismos. En calquera caso, as estratexias
que involucran a eliminacion total da carga bacteriana da auga dificilmente conseguen este
obxectivo, xa que un criadeiro non ¢ unha instalacion axénica, existindo fontes de bacterias
como os reprodutores ¢ o plancto. Ademais, o desequilibrio da microbiota xerado por estes
métodos pode favorecer o aumento de bacterias oportunistas, incluidos vibrios patéxenos.

Outro enfoque implica o uso de antibidticos que, debido ao rapido desenvolvemento da
vibriose, usaronse en criadeiros como profilaxe. O emprego de antibidticos fomenta a aparicion
e diseminacion de resistencias que supofien un risco para a saude animal e humana, o que
propiciou a redaccidon de normativa europea regulando o seu uso. Probidticos e nanoparticulas
demostraron ter unha eficacia variable e, nalglins casos, chegaron a mostrar toxicidade para as
larvas. Ademais, requiren estudos adicionais para garantir a sua seguridade e viabilidade
econdmica a grande escala. Por outra banda, as bacterias demostraron adaptarse rapidamente a
depredacion por fagos, polo que a aplicacion da terapia fagica a escala industrial en criadeiros
sup6n un desafio. Por ultimo, existen estratexias como o immune priming, consistente na
activacion da memoria defensiva dos bivalvos por estimulacion do seu sistema inmunitario
innato mediante bacterias inactivadas ou subcompostos especificos das mesmas, ou a seleccion
xenética de bivalvos resistentes que destacan polo seu potencial contra a vibriose, ainda que
necesitan mais investigacion para poder ser implementadas de forma efectiva na industria.

V. europaeus, unha especie descrita recentemente, vinculouse con mortalidades en

diferentes etapas do desenvolvemento de varias especies de bivalvos, abarcando unha ampla
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distribucion xeografica. Ao longo deste traballo estudouse esta especie dende un punto de vista
xenodmico, para o que secuencidronse 39 cepas obtidas de criadeiros de moluscos en varios
paises e asociadas a distintas especies e estadios de vida, e que constitiien toda a coleccion de
cepas dispoiiible.

En primeiro lugar, estuddronse conxuntamente todos os xenomas mediante a construcion
do panxenoma, ¢ dicir, o repertorio xenético completo dunha especie microbiana, que se divide
nun xenoma central compartido por todas as cepas € un xenoma accesorio, que inclue xenes
non compartidos por toda a especie. Pudemos establecer que o panxenoma de V.
europaeus comprende 9.860 xenes, o cal ¢ comparable con outros patéxenos marifios do
xénero Vibrio, como Vibrio anguillarum e V. tapetis. Ademais, puidose establecer que se trata
dun panxenoma aberto, mediante o estudo da relacidon entre os xenes comuns, ou core, € 0S
presentes s6 nun subconxunto de cepas, ou accesorio. Este panxenoma aberto permitiu
caracterizar a V. europaeus como unha especie capaz de adaptarse eficazmente ao ambiente
mediante a adquisicion de ADN exoxeno, favorecido pola riqueza microbiana en ambientes
altamente favorables como os criadeiros. Por outra banda, atopamos que V. europaeus presenta
unha maior proporcidon de xenoma core no seu panxenoma que o doutras especies cun rango
mais amplo de hospedes, como € o caso de V. anguillarum, Vibrio tapetis e Vibrio fluvialis, o
cal encaixa coa observacion de que maiores proporcions de xenoma core son propias de
especies mais especializadas. Por outra banda, estudouse a variabilidade intraespecifica de V.
europaeus usando varios métodos que implicaron a utilizacion da totalidade dos xenomas
(clusterizacion xerarquica dos valores de ANIb), a fraccion core (filoxenia e diferenza no
niumero de SNPs) e a fraccidbn accesoria (clusterizacion xerarquica dos perfis de
presenza/ausencia de xenes), 0 que permitiu separar as cepas en tres ramas principais con oito
clusteres. A clusterizacion xerarquica dos perfis de presenza/ausencia de xenes da fraccion
accesoria permitiu observar diferenzas entre cepas moi proximas en clasificacidns que usaron
unicamente o xenoma core, o cal apunta a unha rapida adquisicion horizontal de xenes. Estas
diferenzas no xenoma accesorio das cepas poden incluir xenes relevantes para a ecoloxia da
bacteria, en aspectos como a virulencia, a resistencia a antibidticos, a sintese de metabolitos
secundarios e a defensa contra fagos, polo que estudaremos estes aspectos nos sucesivos
capitulos. Por outra banda, as cepas espafiolas mostraron menor diversidade xenética que as
francesas, o que suxire un evento de radiacion Unico seguido de dispersion en criadeiros locais.

Pola contra, as cepas francesas exhibiron maior variabilidade, a pesar de que a maioria foron
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illadas case simultaneamente nun mesmo entorno. As cepas doutros paises (litoral do Pacifico
en Chile e EE. UU.) agruparon en clusteres diferenciados, suxerindo un salto intercontinental
da especie, posiblemente facilitado por actividades humanas, como o comercio de larvas ou
lotes de moluscos. Ademais, obtivéronse resultados compatibles cunha diseminaciéon do
patdxeno a través do fitoplancto utilizado como alimento en criadeiros, o cal pode axudar a
desefiar estratexias de control para o patdoxeno.

En segundo lugar, estudaronse os xenes de interese para a ecoloxia de V. europaeus e, polo
tanto, con impacto na xestion acuicola. Para cada cepa, caracterizaronse os xenes relacionados
con factores de virulencia, resistencia a antibidticos, producion de metabolitos secundarios e
sistemas de defensa antifagos. Ademais, establecéronse perfis de xenes relacionados coa
virulencia e os sistemas de defensa, permitindo comparar as cepas entre si, en funcion dos seus
xenes de interese accesorios. De forma paralela realizaronse ensaios fenotipicos das cepas,
como desafios de virulencia en xuvenis de ameixa xaponesa (R. philippinarum) e
antibiogramas. Deste xeito, atopouse que arredor dun 60% dos xenes relacionados coa
virulencia pertencian ao xenoma core, tendo un papel central no desempefio patoxénico da
especie. Estes xenes puideron ser englobados en distintas clases de factores de virulencia, como
resistencia a acidos, adherencia, antifagocitose, formacion de biofilms, quimiotaxe e
motilidade, enzimas, captacion de ferro, quorum sensing, sistemas de secrecion e toxinas,
incluindo factores de virulencia como os sistemas de secrecion tipo II (T2SS) e tipo VI (T6SS),
o pilus MSHA tipo IV e o flaxelo, o polisacarido capsular, metaloproteinas, colaxenases,
enterobactina, receptores hemo, hemolisinas e sistemas de transporte ABC dependentes de
proteinas de union, e autoindutores-1 e 2 relacionados co quorum sensing. Por outra banda,
mediante a combinacion dos resultados in silico e os fenotipicos para a resistencia a
antibidticos, determinouse que a especie presenta resistencia xeneralizada a eritromicina e
cefalexina. Ademais, algunhas cepas espafiolas illadas entre 2011 e 2012 presentan
multirresistencia a sulfonamida e 4 estreptomicina relacionada coa presenza dos ARGs aph(3")-
Ib e aph(6)-1d, e sul2, respectivamente, suxerindo unha transferencia horizontal de xenes de
resistencia. En canto aos clusteres de metabolitos secundarios, puidéronse atopar algunhas
familias moi conservadas en todas as cepas, dos tipos NRPS, tipo RiPP, betalactona, arilpolieno
e ectoina, que poden ter, entre outros, roles de resistencia ao estrés osmotico e oxidativo. Por
ultimo, identificouse unha gran diversidade de sistemas de defensa contra fagos, que incluian

sistemas adaptativos, innatos, de infeccién abortiva, de sinalizacion e de mecanismo
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desconecido. Do total de 49 sistemas de defensa atopados no pangenoma de V. europaeus, a
dGTPasa foi a unica atopada en todos os xenomas, resaltando a capacidade da especie para
adaptarse & depredacion dos mesmos. Isto representa un desafio para a implementacion de
terapias baseadas en fagos para previr a vibriose.

Por ultimo, caracterizouse o xenoma accesorio de V. europaeus, composto principalmente
por plasmidos e rexions de plasticidade cromosémicas, elementos que potencialmente contefien
o mobiloma da especie. A importancia dos elementos mobiles reside en que facilitan a
adaptacion a nichos especificos ao incorporar con frecuencia xenes de resistencia a antibioticos,
virulencia, metabolitos secundarios e sistemas de defensa e son, ademais, a principal forza que
impulsa a evolucion dos xenomas bacterianos, dada a ausencia de reproducion sexual. Para a
extraccion dos plasmidos, desefiouse unha estratexia ad hoc que implicou a comparacion dos
contigs coas secuencias de pldsmidos atopados nos xenomas cerrados da especie, asi como por
analise e curado dos contigs non alifiados con rexions cromosdmicas de ditas cepas. Para a
extraccion das rexions de plasticidade cromosdmica, extraéronse os clusteres de xenes
accesorios mediante panRGP. Entre estes compofientes identificaronse elementos xenéticos
mobiles, que conforman o mobiloma da especie, esencial na evolucidon bacteriana mediante
transferencia horizontal de xenes (HGT), mediante a deteccion de homoélogos de xenes
relacionados coa mobilidade xenética, como son as relaxasas, integrases e recombinases.
Outros elementos mobiles como profagos e os seus satélites foron identificados mediante a
utilizacion de programas especificos. Para definir este mobiloma, os plasmidos clasificaronse
como conxugativos, mobilizables ou non mobilizables, mentres que se buscaron elementos
conxugativos/mobilizables (ICEs/IMEs), profagos e microsatélites entre as rexions de
plasticidade cromosomicas. Ademais, realizouse unha busca dos xenes de interese atopados no
apartado anterior tanto nos plasmidos como nas rexions de plasticidade. Asi, determinouse que
todos os plasmidos de V. europaeus son potencialmente moébiles, podendo ser clasificados en 5
grupos, sendo pVE1 o mais grande e prevalente, albergando numerosos xenes relacionados con
sistemas de defensa, virulencia e biosintese, incluido un T6SS similar ao que se atopa no
cromosoma, € que poderia estar relacionado coa competencia con outras bacterias. Ademais,
entre 0s RGPs cromosomicos atoparonse 78 ICEs/IMEs e 55 profagos, que puideron ser
clasificados en 14 e 10 grupos en base & similitude da sua secuencia, respectivamente, € nos
que se identificaron, principalmente, sistemas de defensa contra fagos. Desta forma,

conseguiuse asociar ao mobiloma arredor dun 10 % dos xenes pertencentes ao panxenoma de V.
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europaeus, o cal ¢ comparable ao atopado en Vibrio crassostreae, outro patéxeno de bivalvos.
Finalmente, nas rexions de plasticidade que non puideron ser clasificadas como mobiloma,
presuntamente por mutacions nos xenes implicados na mobilizacion, perda dos mesmos xenes
por atoparse no borde de contigs ou pola existencia de mecanismos non cofiecidos, atoparonse
gran variedade de xenes de resistencia a antibidticos, virulencia, metabolitos secundarios e
sistemas de defensa. Ademais, identificouse unha rexion variable, localizada no chamado "spot
16", que contén xenes do LPS, polo que esta relacionada co glicotipo das cepas, € que ten
potencial no desenvolvemento de estratexias de immune priming para a prevencion da vibriose
causada por esta especie.

Esta tese pretende aumentar o cofiecemento do patdoxeno emerxente V. europaeus, a través
dun enfoque xendémico que permita determinar a sua diversidade e evolucion intraespecifica,
asi como caracteristicas xenéticas clave relacionadas co seu potencial virulento, resistencia a
tratamentos e os mecanismos de transferencia xenética que favorecen a stia adaptacion ao medio
ambiente. Ademais, espérase establecer unha base que contribua ao desefio de estratexias
innovadoras para mitigar o seu impacto na acuicultura, promovendo a sustentabilidade do

sector.
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PCA Principal component analysis
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INTRODUCTION

1.1  Bivalve aquaculture production

It is estimated that by 2050, global food production must increase by 70 to 110% to grant
population requirements. This increase must take place in a context of inequality in access to
food due to the constant increase in the world population, economic instability, changes in trade
policies and in production techniques, and environmental problems such as climate change and
soil degradation, which entail risks to food security, especially for low-income communities

(van Dijk et al. 2021).

Diversity and characteristics to constitute a healthy diet make aquatic food a viable solution
to the demand current and future demand increases (FAO 2024b). Thus, the global consumption
of aquatic animal foods increased from 28 million tons in 1961 to 162 million tons in 2021, and
it is expected to continue growing (FAO 2024b; Bjerndal, Dey, and Tusvik 2024). At present,
aquatic foods supposes the 17% of mean per capita intake of animal protein, being up to 50%
in some African and southeast Asian states (FAO 2024b). In the 1990s, extractive production
reached the maximum sustainable yield, stagnating at around 80 million tons, therefore the
sustained growth in aquatic food production is due to aquaculture. Thus, aquaculture production
surpassed extractive production in volume in 2012, while if we consider only animal production

it did so in 2022 (FAO 2024b).

Following the general trend, global aquaculture production reached a new record in 2022
with 130.9 million tons, with an estimated value of USD 312.8 billion, of which 94.4 million
tons corresponded to animals, with an estimated value of USD 295.7 billion. This figure places
2022 as the second year with the highest aquaculture animal production, behind 2018 with 96.5
million tons, and the first in which it exceeds the volume of aquatic animals captured, which
are estimated at 91 million tons. Asian countries continued to lead the production of cultured
animals in 2022, with 5.9 million tons, that supposes the 87.9 % of the global production (FAO
2024b).
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In 2022, molluscs were the third most abundant group of animals produced through
aquaculture with 1 million tons, representing 15.6%, including 88 taxonomically recognized
species (FAO 2024). However, molluscs are overrepresented among animals cultivated in
marine or coastal environments. Thus, among the 20 declared animals most cultivated in marine
or coastal environments in 2024 appears 7 species of bivalves (Table 1) (FAO 2024a). Despite
the large number of farmed mollusc species, a few species dominate the market, especially the
Pacific oyster and the Manila clam. This lack of diversity has consequences in the loss of
biodiversity of natural molluscs, habitat destruction and the introduction of diseases and exotic

species. (Mckindsey et al. 2007; Peng et al. 2021; Tan et al. 2023).

Table 1. Evolution of production, in terms of weight (x10k t), of the 20 most produced animal

taxonomically recognized species in marine and coastal environments in 2022. Bivalve species are
marked in bold.

Species 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022
Magallana gigas | 442 462 480 498 528 557 582 592 607 648 688
Litopenaeus

. 251 255 294 313 343 1412 435 476 516 563 605
vannamei

R. philippinarum | 362 372 384 388 418 423 414 402 427 434 443
Salmo salar 206 207 233 238 225 236 242 263 272 290 287
Chanos chanos 87 98 98 101 108 103 119 115 117 117 110

Sinonovacula

69 69 75 76 80 86 85 87 86 86 85

constricta
Penaeus
66 71 70 73 70 73 75 72 72 74 76
monodon
Mytilus chilensis | 24 24 24 21 30 34 37 38 40 42 43
Anadara
38 44 43 43 43 40 44 45 46 41 41
granosa
Sparus aurata 14 16 16 17 19 22 23 26 28 32 34
Oncorhynchus
16 15 16 14 12 18 17 22 22 23 26
kisutch
Argyrosomus
. 9 10 12 14 16 18 20 23 25 25 26
regius

Dicentrarchus

15 15 16 16 19 22 24 26 28 30 29
labrax

Apostichopus
) | 16 19 19 20 20 22 18 18 20 23 26
japonicus
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Trachinotus
11 11 11 11 12 14 15 16 16 24 25
ovatus
Oncorhynchus
. 33 24 23 20 21 18 19 21 23 21 24
mykiss
Lateolabrax
. . 12 12 11 12 14 16 17 18 20 20 22
japonicus
Patinopecten
. 19 17 19 25 22 14 18 16 17 19 20
yessoensis
Mytilus edulis 18 17 17 16 17 16 16 17 15 17 16
Scylla
. 12 13 13 14 15 15 16 16 16 15 15
paramamosain

Spain is the main European producer of aquaculture products, with 23.7% of the total
volume. Despite this, in Spain, sea food production is primarily extractive, with 74.9%, while
aquaculture occupied the remaining 25.1% in 2022 (APROMAR 2023). The most abundant
species in aquaculture production was the mussel (M. galloprovincialis), with 255,218 tons in
2022, representing an estimated value of 159.3 million euros. This mussel production depends
of the traditional culture in Galicia, which produced 97% in 2022. The monoculture of this
species, although generating important profits, has low profits per unit of production, standing
at around 0.65 euros per kg in 2024, and making Spain the fourth largest aquaculture producer.
Other notable cultured species include flat oyster (O. edulis) and Pacific oyster (M. gigas;
formerly Crassostrea gigas), with a combined production volume of 1463 tons in 2022, as well
as Manila clam (R. philippinarum), grooved carpet clam (R. decussatus), and pullet carpet clam
(V. corrugata), with a combined production volume of 993 tons in 2022. These species,
although they have a high market value, have reduced productions in relation to their potential
(APROMAR 2023). In this sense, there is a pressing need to diversify the sector by

implementing cultivation of new species that help to revalue it (Cai et al. 2023).
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1.2 Role of mollusc hatcheries in bivalve production

Traditionally, natural banks have been the most important source of seed for bivalve
aquaculture production. However, many natural breeding areas lack the capacity to meet the
growing demand for seed, which has led many of these banks to overexploitation, often
exceeding their sustainable limits (Olivares-Bafiuelos 2018). On the other hand, urban
development and demographic pressures, together with the generation of environmental
problems such as climate change and eutrophication, reduce the capacity of the environment to
supply seeds (Brown, Therriault, and Harley 2016; Olivares-Bafiuelos 2018; Gobler et al.
2022). Finally, the availability of seed from natural banks is strongly conditioned by the natural
reproductive cycles of the species, as well as by the quality and viability of natural spawning

(Olivares-Banuelos 2018).

The challenges in obtaining bivalve seed from natural sources have led to the increased use
of specialized facilities known as hatcheries (Helm, Bourne, and Lovatelli 2004). Currently,
hatcheries play a crucial role in supporting bivalve aquaculture in regions with high production,
as M. gigas in China (Li et al. 2011). Hatcheries offer several advantages, including a reliable
supply of seeds, providing farmers with consistent access to seeds earlier in the growing season
compared to natural collection methods. Additionally, hatcheries can produce specific varieties,
including exotic or genetically improved types, which may not be available in natural banks,
enhancing growth potential and adaptability to local conditions. Advances in technology have
also made hatcheries more economically viable, often becoming the primary source of seeds
for commercial aquaculture in certain regions. Furthermore, hatcheries reduce pressure on
natural bivalve populations, promoting sustainability as many wild populations are nearing
unsustainable levels. In addition, hatcheries can optimize seed production conditions, such as
temperature and food availability, resulting in healthier, more resilient seeds (Olivares-
Bafiuelos 2018). Lastly, the use of hatcheries for seed production allows implementing selective
breeding to improve growth rate, disease resistance, and resilience towards environmental

perturbation (Nascimento-Schulze et al. 2021).

However, seeds production in bivalve hatcheries faces a series of difficulties that limits it
expansion. First, bivalve hatcheries require suitable locations to carry out the activity. The most
important factor is the possibility of obtaining good quality water all over the year, with the

temperature, salinity and dissolved oxygen within the ranges for the target species to grow. This
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usually implies proximity to the coast, which requires favorable government regulation.
Although waters of inappropriate quality can be remedied to suit the physiological needs of the
target species, these processes are usually economically expensive, further increasing the

difference with the cost of obtaining natural seed (Olifirenko and Rutta 2024).

Conversely, sensitivity of bivalves to contaminants and toxic substances at trace
concentrations, can cause abnormal development and slow growth, especially in larvae. These
contaminants can come from the intake of seawater when it comes from surface waters or near
the sediment, since these layers can accumulate hydrocarbons, heavy metals, proteins and
lipids. On the other hand, products used to disinfect facilities or water, such as hypochlorite and

ozone, are directly toxic to larvae. (Jones 2006).

However, the greatest difficulty in producing bivalve larvae is the presence of bacterial
pathogens in the bacterial load associated with the facilities, causing pathologies. This problem
is related, firstly, to the optimal physicochemical parameters for the development of bivalve
larvae and seed, which favours the growth of a wide spectrum of microorganisms originating
from the water and phytoplankton inputs in the form of food, or from the breeders, including
opportunistic pathogens (Prado et al. 2005; Dubert, Barja, and Romalde 2017). Secondly, with
the capacity of many of these microorganisms to generate biofilms, which favours their
association with the facilities and makes their control difficult (Karunasagar, Otta, and

Karunasagar 1996; Miller et al. 2015; Almatroudi et al. 2016).

1.3 The role of bacteria in marine ecosystems: a focus on shellfish microbiota

Bacteria constitute a ubiquitous group of microorganisms in the marine environment,
inhabiting the water column, sediments, and the surfaces, tissues, and organs of eukaryotic
organisms. They play a fundamental role in driving a multitude of ecological processes (Bik et
al. 2016; Huang et al. 2021; Minich et al. 2022; Masanja et al. 2023; McCauley et al. 2023;
Harbeitner et al. 2024). Both cyanobacteria and heterotrophic bacteria are integrally involved
in the oceanic carbon cycle. Cyanobacteria contribute to atmospheric carbon fixation through
photosynthesis, while heterotrophic bacteria play a central role in the hydrolysis of

polysaccharides derived from phytoplankton degradation, which generates particulate organic
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carbon. Additionally, they facilitate the mobilization of dissolved organic carbon to higher
trophic levels through the microbial loop (Azam et al. 1983; Salazar and Sunagawa 2017; Giljan
et al. 2023). Various bacterial groups also participate in the complex marine nitrogen cycle,
which underpins marine productivity. The biogeochemical processes within this cycle involving
bacteria include atmospheric nitrogen fixation, multiple nitrification pathways, nitrate/nitrite
ammonification or dissimilatory nitrate reduction to ammonium, denitrification, and anaerobic

ammonium oxidation (Pajares and Ramos 2019).

Bacteria associated with eukaryotic organisms engage in symbiotic relationships that can
be commensal, mutualistic, or pathogenic in nature (Pierce and Ward 2018). Bivalves host a
variable and complex bacterial microbiota, with bacterial concentrations exceeding by an order
of magnitude those found in the surrounding environment (Cavallo, Acquaviva, and Stabili
2008; Pierce and Ward 2018). The ability of bivalves to filter large volumes of water for feeding
exposes them to a wide array of bacteria, including both free-living species and those associated
with particles (Pierce and Ward 2018). The bacterial complexity in bivalves is enhanced by the
presence of a transient microbiota, which is temporally variable and influenced by
environmental changes and host interactions with the environment (Fig. 1). This transient
microbiota is particularly affected by seasonal changes, closely linked to variations in water
temperature. Temperature has been shown to correlate with bacterial taxonomic and functional
diversity, as well as bacterial abundance, with the genus Vibrio being especially favoured
(Pierce and Ward 2018; 2019; Paillard et al. 2022; Gignoux-Wolfsohn et al. 2024). In contrast,
the resident bivalve microbiome comprises the stable bacterial community persisting over time
within an individual. These communities can vary between individuals depending on dietary

patterns or environmental conditions (Pierce and Ward 2018; Akter et al. 2023).

Bacterial communities exhibit compositional differences across the various organs of
bivalves (Masanja et al. 2023). For instance, the gills and the pallial cavity of oysters have been
found to harbour a higher diversity of bacteria compared to the digestive glands or gonads. This
difference is likely attributable to a greater proportion of transient bacteria resulting from direct

contact with the surrounding water (Pierce and Ward 2018).
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Figure 1. Dynamics of resident and transient microbiota affecting functional and genetic diversity

(Pierce and Ward 2018) (Explicit permission from the editor; Annex 1).

The functional role of the microbiota in bivalves remains unclear; however, various studies
suggest that it may confer a range of beneficial effects on host enantiostasis and niche

adaptation. The most notable effects include:

Q) Pathogen resistance through mechanisms such as resource competition
in the digestive tract, production of antimicrobial substances, secretion of cell-
signalling molecules, or regulation of host gene expression (Garcia et al. 2014;
Modak and Gomez-Chiarri 2020; Ringg 2020).

(i) Production of digestive enzymes that aid in the breakdown of complex
polysaccharides, as seen in Vibrio halioticoli in abalones. Moreover, those are
essential in xylophagous species such as those in the family Teredinidae
(Sawabe 2006; Betcher et al. 2012; Dai et al. 2022; Masanja et al. 2023).

(iii)  Direct resistance to thermal stress through the production of heat shock
proteins, chaperones, and antioxidants (Masanja et al. 2023).
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Some commensal bacteria in bivalves possess pathogenic potential, leading to disease and
mortality depending on complex interactions among intrinsic and extrinsic factors within the
environment-host-pathogen-microbiota system (Fig. 2) (Zannella et al. 2017; Paillard et al.
2022). Intrinsic, host-dependent factors include species, population, genotype, developmental
stage, and the composition of the associated microbiota. In contrast, extrinsic factors pertain to
environmental conditions such as temperature, salinity, organic matter availability, and the
presence of contaminants (Zannella et al. 2017; Paillard et al. 2022). The strong dependence on
host-independent factors suggests that many bacterial pathogens of bivalves function as
opportunistic pathogens. Notable examples include Nocardia crassostreae and Roseovarius
crassostreae, which cause nocardiosis and Roseovarius Oyster Disease, respectively (Maloy et
al. 2007; Engelsma, Roozenburg, and Joly 2008; Carella et al. 2013). However, bacterial
pathogens of the genus Vibrio represent the most significant group in terms of species diversity

and their overall impact (Paillard, Roux, and Borrego 2004).
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Figure 2. Diversity of factors influence bivalve microbiota, capable to generate dysbiosis, diseases and

recovery (Paillard et al. 2022) (Elsevier 5925830163124; Annex 1).
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1.4 Bivalve pathogens in the diverse genus Vibrio. V. europaeus characteristics

The genus Vibrio comprises Gram-negative bacteria that are generally small, motile bacilli,
either straight or curved. They are mesophilic, facultative anaerobes, and typically oxidase- and
catalase-positive. These bacteria commonly grow on the selective/differential medium TCBS
(thiosulfate-citrate-bile-sucrose). Vibrio belongs to the class Gammaproteobacteria, within the
family Vibrionaceae, which also includes the genera Aliivibrio, Allocatenococcus, Allomonas,
Corallibacterium, Echinimonas, Enterovibrio, Grimontia, Listonella, Lucibacterium,
Photobacterium, Salinivibrio, and Veronia (Farmer III et al. 2015; Hettiarachchi et al. 2018;
Gomez-Gil et al. 2021). The genus is highly diverse, currently comprising 152 described species
(Parte et al. 2020). The most recent taxonomic classification of Vibrio, based on multilocus
sequence analysis (MLSA) of eight housekeeping genes (fisZ, gapA, gyrB, mreB, pyrH, recA,
rpoA, and topA), organizes the species into 35 distinct clades (Fig. 3) (Jiang et al. 2021).
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Figure 3. Clade classification of 191 Vibrionaceae species constructed by the MLSA analysis of 8

housekeeping genes. Asterisk indicates Vibrio clades. Adapted from (Jiang et al. 2021) (Springer Nature
5925830830104; Annex 1).

Vibrio pathogens of bivalves belong to Anguillarum, Coralliilyticus, Harveyi,
Mediterranei, Orientalis, Pectenicida and Splendidus clades (Table 2) (Beaz-Hidalgo et al.
2010; Destoumieux-Garzon et al. 2020).
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Table 2. Relation of Vibrio species pathogens to bivalves in different development stages.

Vibrio
Clade Host References
pathogen
M. gigas larvae (Jeffries 1982)
M. edulis larvae (Wang et al. 2021)
(Anguiano-Beltran, Lizarraga-
V. anguillarum M. galloprovincialis larvae Partida, and Searcy-Bernal
2004)
Anguillarum
(Jeffries 1982; Lodeiros et al.
0. edulis larvae
1987)
. (Garnier et al. 2007; Coyle et
Vibrio M. gigas adults
al. 2023)
aestuarianus
Cerastoderma edulis adults (Garcia et al. 2021)
M. gigas adults (Yang et al. 2021)
Vibrio Magallana hongkongensis adults (Mao et al. 2021)
alginolyticus Perna viridis adults (Laith et al. 2021)
Harveyi R. decussatus larvae (Gomez-Leon et al. 2005)
Vibrio harveyi Scapharca broughtonii adults (Wei et al. 2019)
V.
. P. yessoensis adults (Geng et al. 2022)
neocaledonicus
Sinonovacula constricta larvae and
] ) (Fan et al. 2023)
v juveniles
Mediterranei ) . Magallana sikamea larvae and
mediterranei ) ) (Fan et al. 2023)
juveniles
Pinna nobilis juveniles (Prado et al. 2020)
Argopecten purpuratus larvae (Rojas et al. 2019)
(Dubert, Romalde, Prado, et al.
Donax trunculus larvae
2016)
. . (Dubert, Romalde, Prado, et al.
Vibrio 0. edulis larvae 2016
bivalvicida )
(Dubert, Romalde, Prado, et al.
R. decussatus larvae
. . 2016)
Orientalis
L (Dubert, Nelson, Spinard, et al.
R. philippinarum larvae
2016)

V. europaeus

A. purpuratus larvae

(Rojas et al. 2021)

M. gigas spat

(Saulnier et al. 2010; Travers et
al. 2014)

0. edulis larvae

(Prado, Dubert, and Barja
2015)
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R. decussatus larvae and adults

(Dubert, Nelson, Spinard, et al.
2016)

R. philippinarum larvae, spat and

juveniles

(Prado, Dubert, and Barja
2015; Dubert, Nelson, et al.
2016; Martinez et al. 2022)

Vibrio

tubiashii

M. gigas larvae

(Hasegawa et al. 2008)

Crassostrea virginica larvae

(Richards et al. 2015)

Babylonia areolate adults

(Dai et al. 2022)

Mercenaria mercenaria spat

(Estes et al. 2004)

Pectenicida

V. pectenicida

Pecten maximus larvae

(Lambert et al. 1998;
Kesarcodi-Watson et al. 2012)

Splendidus

V. chagasii A. purpuratus larvae (Urtubia et al. 2023)
. ) (Bruto et al. 2017; Piel et al.
V. M. gigas juveniles and adults
2020)
crassostreae
M. edulis larvae (Islam et al. 2022)
Vibrio
. . Mytilus coruscus adults (Li et al. 2019)
cyclitrophicus
Vibrio
S. broughtonii adults (Huang et al. 2021)
kanaloae
A. purpuratus larvae (Rojas et al. 2015)
. ) ) (Le Roux et al. 2002; Wang et
M. gigas spat and juveniles
al. 2021)
Vibrio
Mytillus edulis \arvae (Wang et al. 2021)
splendidus _ _
Patinopecten yessoensisis larvae (Liu et al. 2015)
R. decussatus larvae (Gomez-Leon et al. 2005)
R. philippinarum adults (Le Roux et al. 2002)
M. gigas juveniles (Bruto et al. 2017)
V.

tasmaniensis

M. edulis larvae

(Islam et al. 2022)

P. yessoensisis larvae

(Liu et al. 2015)

Coralliilyticus

Vibrio

coralliilyticus

M. gigas larvae

(Richards et al. 2015; Kim, Jun,
Giri, Kim, et al. 2020; Kim,
Jun, Giri, Chi, et al. 2020;

Ushijima et al. 2022)

C. virginica larvae

(Richards et al. 2015)

M. galloprovincialis larvae and adults

(Balbi et al. 2019)

O.edulis larvae

(Kesarcodi-Watson et al. 2012)

P. maximus larvae

(Kesarcodi-Watson et al. 2012)

Perna canaliculus adults

(Nguyen et al. 2018)

Tridacna crocea adults

(Xu et al. 2020)

Vibrio

neptunius

0. edulis larvae

(Prado et al. 2005; Galvis,
Barja, et al. 2021)
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R. philipinarum larvae and adulsts (Galvis, Ageitos, et al. 2021)
Vibrio
Ostreicida . M. gigas spat and larvae (Prado et al. 2014)
ostreicida
R. philippinarum adults (Paillard and Maes 1990)
Tapetis Vibrio tapetis
R. decussatus adults (Paillard and Maes 1990)

Within the Orientalis clade, V. europaeus emerged from the reclassification of V. tubiashii
subsp. europaeus as a new species, based on a comprehensive study employing multilocus
sequence analysis (MLSA) of eight housekeeping genes, in silico DNA-DNA hybridization
(eDDH), phenotypic and chemotaxonomic characterization through MALDI-TOF-MS (Matrix-
Assisted Laser Desorption/Ionization Time-Of-Flight Mass Spectrometry) and fatty acid
methyl ester (FAME) analysis (Dubert, Romalde, Spinard, et al. 2016). Currently, V. europaeus
is recognized as an etiological agent in outbreaks of vibriosis affecting clam and oyster
hatcheries in France and Spain, with subsequent detection in Chile (Rojas et al. 2021). This
species is capable of causing significant impacts on bivalve aquaculture, as it not only induces
mass larval mortality but also exhibits pathogenicity in adult stages, leading to substantial
economic losses (Prado et al. 2005; Travers et al. 2014). From a phenotypic perspective, V.
europaeus is a motile, facultative anaerobic, Gram-negative, with oxidase and catalase
activities, susceptible to the vibriostatic agent O/129, and sensitive to ampicillin (AMP10). It
can reduce nitrates to nitrites and grow on TCBS (thiosulfate-citrate-bile salts-sucrose agar).
However, it lacks lysine decarboxylase, valine arylamidase, cysteine arylamidase, acid
phosphatase, naphthol-AS-BI-phosphohydrolase activities, as well as lipase and esterase-lipase
activity, and cannot hydrolyze ONPG (o-nitrophenyl-p-D-galactopyranoside). Regarding its
utilization of carbon sources, V. europaeus is incapable of metabolizing aspartic acid and citrate
but can utilize glucose, melibiose, gluconic acid, sucrose, D-mannitol, and D-galactose. It is
unable to metabolize myo-inositol and putrescine but can metabolize tyrosine and L-citrulline.
Furthermore, it ferments salicin but cannot ferment arbutin or D-turanose. It does not grow at
temperatures of 4°C or 35°C, nor at 8% salinity (Prado, Dubert, and Barja 2015; Dubert,
Romalde, Spinard, et al. 2016).
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15 Role of Virulence Factors in virulence of Vibrio

The degree of damage intensity caused by a pathogen to its host is known as virulence. The
ability of a bacterial pathogen to inflict such damage depends on the presence of what are
termed virulence factors, components capable of harming a susceptible host, which are encoded
by multiple genes involved in a multifactorial molecular strategy (Paillard, Roux, and Borrego
2004; Casadevall and Pirofski 2009). Virulence factors play a role in the ability of the pathogen
to invade the host, evade host defences, proliferate within the host environment, counteract
immune responses, acquire iron and nutrients from the environment, and respond to
environmental changes. Understanding these virulence factors and their roles in pathogenesis
is critical for developing sustainable disease management strategies and distinguishing between

virulent and non-virulent strains (Dubert, Barja, and Romalde 2017a; Vandeputte et al. 2024).

Although most virulence factors participate in various processes, both related and unrelated
to virulence, they are often categorized into functional groups (Casadevall and Pirofski 2009).
The primary categories of virulence factors associated with vibrios affecting bivalves are as

follows:

(i)  Toxins: In general, toxins can be classified into endotoxins and
exotoxins. Endotoxins are components of the outer membrane, while exotoxins are
a group of soluble proteins secreted by bacteria that can enter host cells and alter
their physiology (Vandeputte et al. 2024). Endotoxins are part of the
lipopolysaccharide (LPS) complex, which is released when the pathogen's cell wall
breaks down, either through autolysis or external lysis, leading to hemocyte
apoptosis (Nguyen et al. 2019). On the other hand, exotoxins are not essential for
bacterial survival, but they are often crucial for disease production. This, combined
with their high presence in mobile genomic elements such as phages and plasmids,
explains the existence of Vibrio species with both pathogenic and asymptomatic
strains (Casadevall and Pirofski 2009; Hossain et al. 2020). The most abundant
toxins in the Vibrio genus are hemolysins, which cause the lysis of erythrocytes and
other blood cells, as well as tissue damage in vertebrates. Although there are no
studies specifically addressing the role of hemolysins in bivalve vibriosis, they have
been described in pathogenic strains, including V. europaeus (Le Roux et al. 2009;
Spinard et al. 2016). Additionally, proteolytic toxins are crucial for virulence in
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bivalves. These toxins assist bacteria in invading host tissues and can degrade
proteins, making amino acids available for the pathogen’s growth and survival, such
as the metalloprotease VtpA in V. tubiashii (Hasegawa et al. 2008; Vandeputte et al.
2024). Metalloproteases have also been found to inhibit the host's immune response,
such as Vam in V. aestuarianus, which inhibits immune responses and is cytotoxic
to hemocytes (Labreuche et al. 2010). Furthermore, in the specific case of V.
europaeus, the metalloprotease VemA aids in the colonization of bivalve mucus,
enhancing the infection process (Martinez et al. 2022). Lastly, there are critical
toxins involved in the virulence of pathogenic vibrios in bivalves, such as the
MARTX complex (Multifunctional-Autoprocessing Repeats-in-Toxin), whose
involvement in the virulence of V. splendidus strains in oysters has been
demonstrated, although the specific mechanism remains unknown (Bruto et al.
2018).

(i)  Enzymes: Enzymes play a significant role in microbial virulence by
targeting host components and causing tissue damage, thereby facilitating infection
and providing nutrients for the microbes (Casadevall and Pirofski 2009). In addition
to the aforementioned proteolytic enzymes, there are phospholipases, such as VnpA
in V. neptunius, which facilitate its ability to infect and cause disease by degrading
cell membranes, as well as chitinases, such as those present in V. tapetis, which
seemingly enable the utilization of chitin, a component of the shell organic matrix,
as a carbon source (Galvis, Barja, et al. 2021).

(iii)  Adhesins: Adhesins, also known as adhesion factors, are microbial
molecules that facilitate attachment to surfaces as part of the invasion, colonization,
and hemocyte survival processes (Paranjpye et al. 2007; Duperthuy et al. 2011),
which are critical steps for infection and growth, making them key virulence factors.
Adhesins include a variety of chemical structures such as proteins, polysaccharides,
and cell wall components. For instance, it has been found that the porin OMPu is
essential for the attachment of V. splendidus to oyster hemocytes as part of its
pathogenic process (Duperthuy et al. 2011). Additionally, fiber-like transmembrane
structures known as pili, specifically type IV pili and mannose-sensitive
hemagglutinin (MSHA) type 1V pili, as well as lateral flagella, are involved in

surface colonization and persistence in bivalves (Kirov 2003; Paranjpye and Strom
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2005; Paranjpye et al. 2007; Vezzulli et al. 2015;). Finally, the presence of LPS
contributes to the hydrophobicity of the pathogen, thereby facilitating attachment to
cell membranes (Lee and Yii 1996).

(iv) Motility and Chemotaxis: Motility refers to the ability of an organism
to move independently using metabolic energy, which enables pathogens to adapt
to new environments, invade host tissues, and spread. Bacteria often rely on flagella
for movement, which also play a crucial role in attachment and biofilm formation
(Casadevall and Pirofski 2009). Two types of motility occur: (i) swimming in liquid
media, mediated by the polar flagellum, and (ii) swarming on solid surfaces,
mediated by the lateral flagella (Karlsen et al. 2008). On the other hand, chemotaxis,
the movement of an organism in response to a chemical stimulus, allows organisms
to navigate toward favourable environments or away from harmful substances.
Chemotaxis involves membrane receptors, such as the Methyl-accepting
Chemotaxis Proteins family, regulators like CheA, CheB, and CheR, and flagella to
drive the movement (Zboralski and Filion 2020; Ushijima et al. 2022). During
vibriosis, chemotaxis plays a role in the initial infection, leading to the colonization
of mucosal surfaces. For example, it has been demonstrated that V. europaeus
exhibits positive chemotaxis toward the mucus of juvenile clams (Martinez et al.
2022), and possibly also in the colonization of various organs during the infection
process. Regarding vibriosis in bivalve larvae, mechanisms similar to those
described for other pathogens, such as V. anguillarum in fish, and V. harveyi and
Vibrio parahaemolyticus in adults of Haliotis tuberculata, Haliotis discus ssp.
hannai, and Ostrea chilensis, have been speculated (Dubert, Nelson, Spinard, et al.
2016).

(v) Immune Evasion: Immune evasion is the ability of bacteria to escape
the host's immune system, which in the case of bivalves consists of immune-
competent cells, or hemocytes, and various immune effectors and soluble factors
produced by them. Escaping immune recognition allows bacteria to inhabit the
hemolymph or use it as a medium for expansion during disease development
(Parizadeh et al. 2018). Several mechanisms are involved in immune evasion: the
hypervariability of the wbe region, which encodes the immune-recognizable portion

of the O-antigen LPS, has been proposed as a feature that allows pathogen survival
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under the selective pressure exerted by hemocytes (Wildschutte et al. 2010).
Furthermore, some pathogenic vibrios of bivalves, such as V. splendidus, V.
aestuarianus, and V. tubiashii, or their extracellular products, are capable of altering
the function of hemocytes, decreasing their adhesion and phagocytosis (Labreuche
et al. 2006; Tanguy et al. 2013; Mersni-Achour et al. 2014; Cheikh et al. 2016).
Although the mechanisms behind this alteration are poorly studied, the activity of
the metalloprotease Vam in V. aestuarianus has been linked to the alteration of
hemocyte morphology by affecting the cytoskeleton, which is involved in
phagocytosis (Labreuche et al. 2010). On the other hand, some pathogenic bacteria
can survive inside host cells, evading the immune response. As previously
mentioned, V. splendidus can adhere to hemocytes through the OMPu porin, after
which it is phagocytosed, surviving through the expression of antioxidants and by
altering lysosomal membranes and blocking the formation of acid vacuoles,
ultimately causing the cytolysis of the hemocyte (Duperthuy et al. 2011; Balbi et al.
2013). Actively killing hemocytes is considered a mechanism of immune evasion,
for which there are various molecular mechanisms. For instance, V. crassostreae,
through direct contact with the hemocyte, employs an unidentified protein with
cytotoxic effects, while V. tasmaniensis requires a Type 6 Secretion System (T6SS)
to carry out this cytotoxicity (Rubio et al. 2019; Piel et al. 2020).

(vi) Biofilm Formation: Biofilms are dense aggregates of microorganisms
within an exopolysaccharide matrix, playing a critical role in the pathogenesis of
certain infectious diseases. Microbes in biofilms exhibit distinct gene expression
compared to their planktonic counterparts, affecting properties such as cell surface
characteristics and biosynthetic capacity. Biofilm formation is interconnected with
processes such as quorum sensing, adherence, and signalling. Biofilms can form on
biotic or abiotic surfaces, through a dynamic process consisting of the following
steps: (i) Reversible attachment: the initial binding of the bacterium to a surface,
dependent on environmental conditions; (ii) Irreversible adhesion: irreversible
adhesion involves membrane adhesins, creating a more stable structure; (iii)
Formation of small colonies: The formation of an exopolysaccharide matrix
corresponds to the early development of the biofilm structure, and its formation is

dependent on quorum sensing; (iv) Biofilm maturation: the biofilm continues to
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grow and mature, developing a complex structure that includes channels and clusters
of cells, which enhances nutrient transport and communication; (v) Cell separation
and diffusion: prompted by external or internal factors, some cells in the biofilm
detach and disperse, potentially colonizing other areas (Fig. 4) (Liu et al. 2023). The
formation of biofilms allows the pathogen to improve its survival in the
environment, making it more resistant to antibiotic treatments (Liu et al. 2023).
Furthermore, the biofilm structure facilitates the horizontal transmission of genes,
including antibiotic resistance and virulence genes (Antonova and Hammer 2011).
Finally, biofilm formation contributes to host colonization, enabling survival against
antibacterial peptides present in the epithelial mucus, as observed in V. europaeus
(Martinez et al. 2022) (Fig. 4).
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Figure 4. Key phases of the development and formation of biofilm. Adapted from Liu et al.
(2023) (Creative Commons Attribution (CC BY 4.0); Annex 1).

(vii) Quorum Sensing: Quorum sensing is a form of bacteria-to-bacteria
communication that utilizes autoinducers: small signalling molecules capable of
modulating bacterial behaviour based on their density. Vibrios employ a unique
quorum sensing system involving multiple signalling molecules, known as the

multi-channel system. They can produce up to three types of autoinducers:
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homoserine lactone (AHL), autoinducer-2 (Al-2), and cholerae autoinducer-1 (CAl-
1), which are specifically detected by membrane receptors LuxN, LuxPQ, and CqgsS,
respectively. This binding triggers a signal transduction pathway that leads to the
expression of multiple genes (Defoirdt 2014). In addition to biofilm formation,
quorum sensing has implications for the pathogenicity of certain fish pathogens,
regulating motility and the secretion of enzymes such as proteases, hemolysins,
phospholipases, chitinases, as well as siderophores (Defoirdt 2014; Islam et al.
2022). There is a significant lack of understanding of how quorum sensing regulates
virulence in bivalve pathogens, with studies having only been conducted on V.
tasmaniensis and V. crassostreae, where a relationship with motility was found, but
not with protease expression (Islam et al. 2022).

(viii) Secretion Systems: Vibrios secrete substances through various
mechanisms known as secretion systems of types I-V1, which differ in their structure
and specific functions (Defoirdt 2014). These systems can be classified into one-
step translocation (e.g., T1SS, T3SS, T4SS, and T6SS), where substances are
directly transported from the bacterial cytosol to the extracellular space or the target
cytoplasm, and two-step translocation (e.g., T2SS and T5SS), where an intermediate
step occurs in the periplasmic space (Defoirdt 2014; Y. Luo et al. 2023). The
secretion systems show a variable relationship with the pathogenicity of Vibrio,
being implicated in other virulence factors: (i) T1SS: Although this system is the
least associated with virulence, atypical forms have been shown to be involved in
the secretion of MARTX toxins in several pathogenic Vibrio species (Vandeputte et
al. 2024); (i) T2SS: This system is involved in various pathogenic processes,
including tissue degradation, immune evasion, and biofilm formation through the
secretion of extracellular polymeric Substances (EPS) and matrix proteins
(Cianciotto and White 2017; Vandeputte et al. 2024); (iii) T3SS: This system plays
a prominent role among the secretion systems with implications in Vibrio virulence,
being responsible for the injection of toxic effectors into eukaryotic cells, causing
morphological changes and cell death (Osorio 2018; Vandeputte et al. 2024); (iv)
T4SS: Although its primary function is the horizontal gene transfer, a clear
relationship with the virulence of V. tapetis in R. philippinarum has been observed,

although the specific mechanism remains unclear (Rahmani et al. 2021). In other

35



SERGIO RODRIGUEZ RODRIGUEZ

36

Gram-negative bacterial groups, the T4SS has been found to participate in bacterial-
bacterial competition and the delivery of toxins into eukaryotic cell cytoplasm
(Bhatty, Gomez, and Christie 2013; Souza et al. 2015); (v) T5SS: Despite being
widely distributed in bacteria, information regarding its prevalence and involvement
in the virulence of Vibrio is limited, though it may be implicated in adherence to
host cells or the extracellular matrix, invasion of host cells, immune evasion,
cytotoxicity, protease activity, and biofilm formation, often in collaboration with
other secretion systems (Abby et al. 2016; Pena et al. 2019; Luo et al. 2023); and
(vi) T6SS: Several functions of this secretion system are related to virulence. Thus,
T6SS is involved in the antibacterial activity of pathogens, causing dysbiosis in
complex microbial communities and promoting infection. Furthermore, T6SS
effectors can disrupt host cell membranes, interfering with host signalling pathways
during infection, manipulating the cytoskeleton, and evading innate immunity (Lin
et al. 2021). In the case of bivalve pathogens, the involvement of a T6SS in the
destruction of eukaryotic cells by injecting various toxic effectors into them has been
demonstrated (Mass, Cohen, Gerlic, et al. 2024). As mentioned earlier, T6SS has
been identified as a mediator of cytotoxicity in hemocytes in V. crassostreae and V.
tasmaniensis (Rubio et al. 2019; Piel et al. 2020).

(ix) Iron Acquisition: Due to the importance of iron for bacterial growth,
bacteria possess various mechanisms to acquire it from several bacterial sources
(Wandersman and Delepelaire 2004). This active iron acquisition enables bacteria
to thrive in environments with iron deficiency or low availability, such as eukaryotic
tissues, where part of the iron is confined within transport or storage molecules
(Braun and Hantke 2011). In bivalves, these forms include heme groups,
transferrins, and ferritins (Huan et al. 2014; Taniguchi, Dobbs, and Dunn 2017;
Gianazza et al. 2021). Thus, many pathogenic vibrios of bivalves are capable of
synthesizing these mechanisms, such as V. neptunius, which synthesizes the
siderophores piscibactin and amphibactin, and V. tubiashii, which encodes the
siderophore vibrioferrin and the hemophore HutA (Beaubrun et al. 2011; Galvis,
Ageitos, et al. 2021; Dai et al. 2022).
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1.6 Additional key drivers of Vibrio populations, virulence, and pathogenicity

As previously mentioned, the ability of vibrios to cause disease and death results from a
highly complex system in which, in addition to the ability to express virulence factors, a variety
of environmental and host-dependent factors are involved (Zannella et al. 2017; Paillard et al.

2022).

It is widely recognized that Vibrio populations are subject to seasonal variations that affect
both their composition and abundance (Romero et al. 2014; Lopez-Hernandez et al. 2015; Neu
et al. 2021; Hartwick et al. 2021). Among these seasonal parameters, temperature appears to
play a particularly important role in the increase of microbiota associated with the Vibrio genus,
suggesting that temperature influences both the growth rate and pathogenicity (Elston et al.
2008; Romero et al. 2014), being clearly linked to the occurrence of marine fauna mortality
events (Vezzulli et al. 2010). In general, high temperatures modulate the pathogenicity of Vibrio
by increasing the expression of virulence-associated genes, which enhance bacterial virulence.
However, exceptions exist, such as the case of hemolysin and siderophore production in V.
kanaloae (Huang et al. 2021). Several virulence factors related to motility, host degradation,
secretion of effectors with anti-eukaryotic activity, antimicrobial resistance, and transcriptional
regulation have been identified as positively temperature-correlated in V. coralliilyticus (Kimes
et al. 2012; Ushijima et al. 2018; Mass, Cohen, Podicheti, et al. 2024). Similarly, Vibrio harveyi
increases its expression of lytic enzymes, secretion systems involved in the mobilization of
virulence elements, and proteins involved in biofilm formation, motility, and quorum sensing

(Montanchez et al. 2019; Lee et al. 2023).

Similarly, variations in salinity affect the composition of marine bacterial communities,
including those associated with bivalves (Conceicdo et al. 2021; Dai et al. 2023). The
relationship between Vibrio and salinity is more complex than that with temperature, with a
clear species-dependent pattern reflecting adaptation to different niches. On one hand, several
studies conducted in natural environments have observed changes in Vibrio populations, with a
positive correlation to salinity, including an increase in human pathogenic vibrios such as Vibrio
cholerae and V. parahaemolyticus (Kopprio et al. 2017; Ferndndez-Juérez et al. 2024), whereas
Vibrio vulnificus increases in brackish waters but may disappear during events of high salinity
(Randa, Polz, and Lim 2004; Froelich et al. 2012; Ferndndez-Juarez et al. 2024). In recirculating

systems, it has been observed that while there are changes in microbiota composition with
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varying salinity, shrimp pathogens such as V. parahaemolyticus, V. owensii, and V. campbellii

are favored by medium salinity concentrations (15 psu) (Bauer et al. 2021).

This adaptation to the niche is also observed when studying the relationship between the
pathogenicity of marine vibrios and salinity, where it serves as a trigger to switch key processes
in disease development. Thus, salinity appears to play an important role in the activation of
motility and colonization mechanisms of the shrimp pathogen V. harveyi. On one hand, it has
been found that the flagellation genes flid, fIrB, and fliR, involved in adhesion, biofilm
formation, motility, and flagella synthesis, have increased expression at low salinity (8 psu),
whereas some genes of the flagellin subunits, as well as the flagellar protein FilL and chitinase,
are activated at high salinities (40 psu), suggesting the importance of this parameter in the
activation of host searching and colonization (Qi et al. 2022; Kloska et al. 2022). On the other
hand, Vibrio salmonicida, the causative agent of cold-vibriosis in fish, exhibits salinity-
dependent motility. Salinities that are compatible with the external environment activate
motility, enabling host colonization, while salinities compatible with the host's internal
environment trigger a flagellin protein shutdown, promoting energy conservation that allows
the pathogen to thrive and develop cold-vibriosis (Karlsen et al. 2008; Nerstebe et al. 2017). It
has been demonstrated that the tricarboxylic acid cycle and the flagellar assembly pathway,
involved in adhesion to fish mucus in V. alginolyticus, are sensitive to abiotic changes, including
salinity (Wang et al. 2015; Huang et al. 2016). The expression of the genes fIr4, fIrB, and fIrC,
which are part of the flagellar assembly pathway, increases at salinities of 8 and 45 psu,
compared to salinities of 15 to 35 psu (Luo et al. 2016). Furthermore, high salinities play a role
in the onset of EMS/AHPND (Early Mortality Syndrome/Acute Hepatopancreatic Necrosis
Disease) in shrimp, caused by virulent strains of V. parahaemolyticus carrying a plasmid that
encodes the binary toxin PirAB (Hossain et al. 2020). It has been shown that the expression of
PirA, a component of the PirAB binary toxin, increases when the bacteria grow at salinities of

35 psu, while it is almost nonexistent at 20 psu (Lopez-Cervantes et al. 2021).

Environmental variables also have an effect on the host, favoring the appearance of disease
when they act as stressors. Thus, high temperatures have been linked to increased oxidative
stress, immune response, elevated host metabolic expenditure, and disturbance of the gut
microbiota, which facilitates pathogen entry and disease development (Forberg et al. 2012; Li
et al. 2023; Lee et al. 2023; Tian et al. 2024). Similar to what is described for temperature, there

is a synergistic effect between host salinity changes and bacterial infection, favouring disease
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development and mortality. For example, it has been observed that low salinity stress promotes
mortality in oysters infected with V. alginolyticus, due to gut microbiota disruption that allows
pathogen proliferation, excessive inflammatory response, and consequent immune
dysregulation (Li et al. 2022). Similarly, salinity changes that affect the innate defence
mechanisms of Haliotis diversicolor supertexta have been shown to favor disease onset when

confronted with V. parahaemolyticus (Cheng, Juang, and Chen 2004).

On the other hand, certain bivalve species are more susceptible to vibriosis than others.
These differences in susceptibility reflect variations in the immune efficiency of each species,
as demonstrated by studies on the hemocytes of M. galloprovincialis, which exhibit a greater
ability to kill Vibrio bacteria compared to those of M. gigas (Cheikh et al. 2016). Regarding
host development, it has been shown that adult animals exhibit greater genetic resistance to
Vibrio infections (Dégremont et al. 2020; Zhai et al. 2021; Nordio et al. 2021; Dietrich et al.
2022).

1.7  Pathogenesis of Vibrio infection in bivalves

Pathogenesis refers to the process by which a pathogen causes harm to its host (Paillard,
Roux, and Borrego 2004). Although mortality associated with vibriosis has been reported at all
developmental stages of bivalves, the larval stages are more susceptible to such events, with a
possible explanation being incomplete immune development (Tirapé et al. 2007). Within the
larval stages, the greatest vulnerability occurs during the settlement phase, e.g., when there is a
transition from a planktonic to a benthic lifestyle. In aquaculture production, this may be related
to the higher concentration of pathogenic bacteria present at the tank bottom, associated with
moribund larvae or organic detritus, joined with the lower resistance of the larval stages to
vibriosis (Romalde 2012; Dégremont et al. 2020; Zhai et al. 2021; Nordio et al. 2021; Dietrich
etal. 2022). The first descriptions of vibriosis in bivalves date back to the 1960s, when bacillary
necrosis was reported in larvae of various bivalve species. Signs of this bacillary necrosis
appear 4-5 hours after exposure to the pathogen and consist of the extension of the velum and
impaired motility (Beaz-Hidalgo et al. 2010). Later, Elston y Leibovitz (1980) established a
classification of vibriosis in bivalve larvae based on developmental stage and specific signs: (i)
Pathogenesis I, which occurs at all larval stages, leading to the loss of swimming ability and
colonization of the mantle and pallial cavity, (i1) Pathogenesis I1, which affects the veliger larva,

resulting in damage to the velum and swimming, as well as visceral atrophy, and (iii)
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Pathogenesis III, which affects the pediveliger larva, causing loss of swimming ability and

progressively leading to visceral atrophy and lesions in the digestive tract organs.

In the specific case of larval vibriosis caused by V. europaeus, Dubert, Nelson et al. (2016)
conducted infection tracking using bacteria labelled with GFP. It was established that the
infection caused by these pathogens develops in three distinct stages. During the first stage, the
pathogens colonize the digestive tract through what is believed to be a chemotactic response to
one or more compounds from this organ. After two hours of proliferation, the pathogenic vibrios
spread through the visceral cavity from the dorsal to the ventral region (second stage),
eventually colonizing the entire larva between 14 and 24 hours (third stage), after which 100%
mortality was reached by 36 hours. Associated with this infectious peak, bacterial aggregations,
or swarming, are commonly observed around the dead and moribund larvae. Anyway, after the
first 2-4 hours, the infection process in irreversible. The larval pathogenesis described is
consistent with that observed by Rojas et al. (2019) for V. bivalvicida in A. purpuratus larvae

using the same methodology.

Pathogenesis studies of vibriosis in bivalve larvae suggest that the pathogen enters through
the digestive system. Furthermore, Wang et al. (2021) studied the infection of M. edulis larvae
by V. splendidus and V. anguillarum, using also bacteria labelled with green fluorescent protein
(GFP) alongside with histopathological analyses (Fig. 5). Three phases of infection were
established: First, Phase I, also known as the incubation phase, is characterized by the initial
colonization of the larval stomach, presumably through the capture of bacteria and food
particles by the larval velum. This initial colonization of the digestive tract begins 6 hours after
exposure to the pathogen, a period required for the bacteria to degrade the stomach’s mucus
layer. Disruption of the digestive epithelium was confirmed by histopathology. The infection
then progresses to Phase II, termed the rapid diffusion phase, which occurs between 36 and 48
hours after exposure. During this phase, vibrios spread extensively to nearby organs,
particularly the ventral region of the larva, causing necrosis in the digestive organs and velum
degeneration, along with disorganized stomach cilia. Finally, Phase III, or the acute mortality
phase, occurs between 72 and 96 hours after pathogen exposure. This phase is characterized by
larval mortality resulting from extensive damage caused by the infection, culminating in the

complete degradation of the larval soft tissues.
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Figure 5. Vibriosis progression in M. edulis larvae, by histological observation (H b-h), phase contrast

(P a-h), and epifluorescence microscopy (F b-h) (Wang et al. 2021) (Elsevier 5925840589316; Annex
1).
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As previously mentioned, the Vibrio-host dynamics is complex and dependent on multiple
factors. Thus, vibrios that cause vibriosis in non-larval stages may be part of the transient
microbiota or be previously associated with host tissues without causing disease (Destoumieux-
Garzon et al. 2020). In the case of V. crassostreae, its ability to colonize various oyster tissues,
including the hemolymph, has been demonstrated, where it can establish itself without causing
disease, becoming pathogenic through the acquisition of a plasmid (Bruto et al. 2017). On the
other hand, Parizadeh et al. (2018) demonstrated that V. aestuarianus can remain asymptomatic
in oysters, particularly during the colder months. Furthermore, it has been shown that bivalves
can filter bacteria present in the water column, whether associated with particles or not, and
these bacteria may either be digested, expelled in feces, or survive and spread to other organs
(Cabello, Espejo, and Romero 2005; Parizadeh et al. 2018). The occurrence of early tissue
damage in organs outside the digestive tract when bivalves are subjected to bath challenges
with pathogenic vibrios raises the possibility of alternative infection routes. In addition to
affections in the digestive tract, Loor et al. (2023) found damage in the abductor muscles and
gills of juvenile oysters infected with V. coralliilyticus, which included infiltration of
inflammatory cells into the interstitium of the abductor muscle bundles and damage to the gill
filaments, ranging from cilia loss to structural degeneration, with infiltration of hemocytes.
Meanwhile, Parizadeh et al. (2018) observed lysis of the sub-epithelial connective tissue in the
mantle, as well as hemocyte lysis and/or infiltration by hemocytes and/or hemocyte

agglutination in hemolymph vessels.

Regardless of the origin of the infection, pathogenic vibrios spread to other organs, using
the hemolymph as a medium for proliferation and colonization of additional tissues, while
simultaneously inducing lysis of the hemolymph, thereby compromising the host's immune
defences (Cabello, Espejo, and Romero 2005; Parizadeh et al. 2018). The damage associated
with the systemic infection resulting from this colonization of other organs and connective

tissues leads to host mortality (Parizadeh et al. 2018; Destoumieux-Garzon et al. 2020).
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1.8  Vibriosis management in bivalve aquaculture

Bivalve aquaculture presents a series of particularities that complicate the management of
infectious diseases. First, the rapid progression of vibriosis in bivalve larvae limits the use of
remediation strategies (Dubert, Nelson, Spinard, et al. 2016). Additionally, the lack of an
acquired immune system in invertebrates has prevented the use of vaccines (Yang et al. 2021).
Finally, the grow-out phase, which involves juveniles and adults, is typically carried out in the
natural environment, making the application of treatments unfeasible. As a result, prevention

remains the primary approach for combating these diseases.

The most widely used approaches for preventing vibriosis in bivalve hatcheries are those
aimed at completely eliminating the bacterial load from the water. Thus, all modern hatcheries
are equipped with a water filtration and disinfection system. The filtration system generally
consists of the following components: (i) primary filtration: this involves various mechanical
filters for the retention of large particles (>20-40 um), typically a sand filter or a rotating drum
filter if the water is directly sourced from the sea or a recirculation system, combined with a
series of progressively smaller cartridge filters capable of retaining smaller particles (>10 pm).
In hatcheries that source water from wells, primary filtration occurs naturally as the water
passes through porous rock or sediments; (ii) secondary filtration: this employs filters capable
of retaining particles larger than 1 um; (iii) disinfection: commonly, UV-C radiation (direct
photolysis), ozone, chlorination, or heat are used (Castagna 1983; Helm, Bourne, and Lovatelli
2004; Jorquera et al. 2002; Teitge et al. 2020), although there are less costly alternatives, both
in terms of materials and operational procedures, as well as more bivalve-friendly options, such
as photodynamic antimicrobial chemotherapy. This method involves the release of porphyrin-
type photosensitizers that, upon exposure to light, generate a highly reactive and short-lived

singlet oxygen ('02), capable of killing pathogens (Malara et al. 2017).

As previously mentioned, the rapid development of vibriosis in bivalve larvae makes
treatment with antibiotics unviable (Dubert, Nelson, Spinard, et al. 2016). However, there is a
prophylactic use of antibiotics, especially in regions with lax regulations (Campa-Cordova et
al. 2005; Baralla et al. 2021; Hossain et al. 2022). Furthermore, the use of antibiotics in
aquaculture is associated with risks, such as the development of resistance due to the fixation
of antibiotic resistance genes (ARGs), which can be horizontally transferred to other bacteria,

including human pathogens (Hossain et al. 2022). Additionally, antibiotics lose their
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effectiveness when pathogens are forming biofilms, and do not prevent their formation
(Karunasagar, Otta, and Karunasagar 1996; Barja et al. 2023). The significant impact of
antibiotic use in aquaculture has led to strong regulations in the European Union, including the
prohibition of chloramphenicol, nitrofurans, and furazolidone in aquaculture (Lulijwa, Rupia,

and Alfaro 2020).

The nonspecific elimination of bacteria from the hatchery water is an unattainable goal and
may favour opportunistic bacteria. Hatcheries are not axenic environments, as bacteria enter
from various sources, such as the broodstock, which can transmit part of their microbiota to the
offspring, and phytoplankton (Dubert, Barja, and Romalde 2017a). Additionally, bacteria,
including pathogenic vibrios, are capable of forming biofilms on culture surfaces, making them
resistant to a variety of treatments and serving as a source of bacterial dispersal (Karunasagar,
Otta, and Karunasagar 1996). Finally, such measures can lead to an imbalance in the
composition of the microbiota, with opportunistic pathogens being favoured due to the lack of
competition (Schulze et al. 2006). In contrast, maintaining appropriate culture conditions, such
as optimal temperature and salinity, along with low stocking densities, constitutes an important
preventive resource against vibriosis, as environmental stressors contribute to the susceptibility
of bivalves to developing bacterial diseases (Guo and Ford 2016; Zannella et al. 2017; Sanches-
Fernandes, Sa-Correia, and Costa 2022).

Bacteriophage prophylactic therapy refers to the use of viruses (bacteriophages or phages)
that specifically infect and kill bacteria as a means of preventing bacterial infections. In
aquaculture, it is emerging as a promising alternative to antibiotics due to its specificity, high
efficiency, and environmental friendliness (Oliveira et al. 2012; Richards 2014; Liu et al. 2022).
However, phage therapy also has a number of drawbacks. First, the evolutionary pressure
exerted by phages on bacteria leads to the continuous emergence of resistance against them
(Hampton, Watson, and Fineran 2020). To delay the development of resistance and reduce the
specificity of these treatments, multiple phages are administered together in what is known as
phage cocktails (Mateus et al. 2014; Richards et al. 2021). On the other hand, phages can
mediate horizontal gene transfer between bacteria, including antibiotic resistance genes
(ARGs), raising concerns about the potential consequences in natural environments and human
health (Liu et al. 2022; Hossain et al. 2022). Finally, there are challenges related to the technical
viability of such therapies, including methods for the production, delivery, preservation, and

large-scale administration of phages (Richards et al. 2021; Liu et al. 2022).
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The use of bacterial strains as probiotics, that is, administered live to generate a benefit for
the host by modifying its microbiota or the environment (Verschuere et al. 2000), has been
proposed as an alternative strategy to the use of antibiotics and other chemicals. Although
studies on the efficacy of probiotics in preventing vibriosis in bivalves are scarce compared to
those available for other aquaculture species, a variety of bacterial species have been identified
that can improve survival during vibriosis. These bacteria include Alteromonas,
Pseudoalteromonas, Aeromonas, Bacillus, Roseobacter, Phaeobacter, and Vibrio (Prado,
Romalde, and Barja 2010; Ringe 2020). While probiotics can provide various benefits to the
host, such as improvements in water quality and growth enhancement, the main mechanisms
involved in improving survival to vibriosis are the production of antibacterial substances and
competition with pathogens (Sohn et al. 2016). The effectiveness of probiotics is highly species-
specific, with improvements in survival observed in scallop larvae treated with the probiotic
bacteria Phaeobacter inhibens and Bacillus pumilus when challenged with V. coralliilyticus,
while they were ineffective in northern quahogs, razor clams, and blue mussels (Sohn et al.
2016). Among these variable effects, some probiotics, such as Phaeobacter gallaeciensis, can
be toxic to larvae (Ruiz-Ponte et al. 1999). On the other hand, the effectiveness of probiotics
can be influenced by environmental factors such as temperature and salinity. These variables
affect the physiological state of bivalves and their interaction with probiotics, adding

complexity to their use (Sohn et al. 2016).

Among the promising prophylactic treatments for the prevention of vibriosis in bivalve
hatcheries is the use of nanoparticles, tiny elements typically ranging in size from 1 to 100 nm,
with unique physical and chemical properties due to their small size and high surface area.
Nanoparticles are attractive for biological applications because of their high surface-to-mass
ratio, quantum properties, and ability to absorb and transport compounds such as drugs and
proteins. In aquaculture, they show potential for preventing microbial growth and reducing
bacterial infections with minimal risk of resistance. However, their toxicity to aquatic organisms
and the risks of accumulation requires further studies, as well as the economic feasibility of
large-scale production. While there are no specific studies on the use of nanoparticles to control
pathogenic Vibrio populations in bivalve hatcheries, bactericidal effects of copper, silver, and
gold nanoparticles, growth inhibition with zinc nanoparticles, and antibiofilm activity of copper
nanoparticles have been observed in various Vibrio species affecting fish and crustaceans (Sem

et al. 2023).
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Despite the absence of adaptive immunity in invertebrates, the recent increase in
knowledge about their immune memory has enabled the development of pathogen protection
strategies equivalent to vaccination in fish. (Yang et al. 2021). The process begins when the
immune system encounters a pathogen for the first time. Hemocytes use specific receptors to
recognize pathogen antigens (e.g., peptidoglycans or LPS), triggering their growth and
specialization to better engulf and destroy pathogens in future encounters. The immune system
also develops memory, enabling faster and stronger responses to similar pathogens later. This
memory includes sustained production of immune molecules and improved receptor diversity,
which helps the immune system recognize and clear the pathogen more effectively. Finally,
long-lasting defence molecules, such as antimicrobial peptides, provide ongoing protection,
ensuring a stronger response to future infections (Yang et al. 2021). Additionally, the protection
generated by immune priming can be passed on to offspring through what is known as trans-
generational immune priming. However, negative consequences for both parties have been
observed, likely due to fitness costs (Tetreau et al. 2019). Immune priming has primarily been
studied in arthropods, though there are also studies in bivalves. For example, immune memory
in M. gigas against Vibrio has been demonstrated when the bivalve is prepared through injection
of sublethal doses, heat-killed, or formalin-inactivated bacteria (Zhang et al. 2014; Arfatahery
et al. 2024; Wang et al. 2024). On the other hand, in immune priming against Ostreid herpes
virus / (OsHV-1), the duration of this protection has been estimated at least 5 months, which
could serve as a partial solution to the inability to treat bivalves once they are growing in the

natural environment (Lafont et al. 2017).

Disease resistance in marine molluscs is heritable and can be improved through selective
breeding. This approach is becoming increasingly prevalent in mollusc aquaculture, which
could accelerate genetic advancements using genomic tools (Roch 1999; Potts et al. 2021).
Currently, breeding programs have been developed for the production of bivalves resistant to
infection, particularly from parasites, such as Bonamia ostreae and Marteilia sydneyi, and
viruses such as OsHV-1 (Jiang et al. 2024). A positive response to selection has been found to
increase resistance to V. aestuarianus, V. coralliiyticus, V. harveyi, and V. alginolyticus in M.
gigas (Dégremont et al. 2020; Nordio et al. 2021; Zhai et al. 2021; Dietrich et al. 2022). As
genomic technologies continue to advance, there is potential for more effective breeding
strategies to enhance Vibrio resistance, which could lead to improved sustainability in

molluscan aquaculture (Potts et al. 2021).
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OBJECTIVES

The overall objective of this work is to expand the genomic knowledge of the emergent

mollusc pathogen V. europaeus, enabling the development of future prevention and control

strategies. To this end, a genomic approach will be employed, involving the whole genome

sequencing and analysis of all V. europaeus strains identified to the date. To achieve this general

objective, the following specific objectives have been defined:

1.

To determine the intraspecific diversity of V. europaeus and construct its
pangenome. This will enable the identification and characterization of core
and accessory genes, providing genomic insights into the intra-specific
diversity of the species, evolutionary history, and potential strategies to
mitigate its impact on aquaculture.

To annotate the genes of the V. europaeus pangenome and determine their
classification as core or accessory genes. This will facilitate the evaluation
of their roles in virulence, secondary metabolite production, and resistance
to potential preventive treatments (e.g., antibiotics and phage therapy), as
well as the analysis of genetic diversity among V. europaeus strains based
on the accessory genome.

To characterize the structural organization of the of the accessory genome
of V. europaeus, including the plasticity regions and its mobile genetic
elements, including plasmids, prophages, and integrative and conjugative
elements. This analysis will assess the distribution of genes and elements of
interest identified in the accessory genome, providing insights into the
species' evolution, mobilome composition, and the mechanisms of
horizontal gene transfer that contribute to bacterial survival and adaptation

under environmental stress.



MATERIAL AND METHODS

1.1.1 Strains origin
All strains identified to date as V. europaeus (n=39) were used for the pangenome
reconstruction, including 36 V. europaeus strains sequenced in this study and three

genomes retrieved from NCBI (strains 071316F, NPI-1 and CECT8426; Table 1).

Table 1.1. Main features of all strains identified to date as V. europaeus.

Strain

Source

Location

Year

Mortalities
*2

Reference

EX1

0. edulis larvae

Hatchery A
(Galicia, Spain)

Jul/85

Y

A

PP-654

0. edulis larvae

Hatchery B
(Galicia, Spain)

Mar/01

Y

B

PP-660

0. edulis larvae

Hatchery B
(Galicia, Spain)

Mar/01

PP-635

0. edulis seawater
tank

Hatchery B
(Galicia, Spain)

Mar/01

CECT8136*

0. edulis seawater
tank

Hatchery B
(Galicia, Spain)

Mar/01

CECT8427*

H. tuberculata
spat

Hatchery C
(Normandy,
France)

Jan/2004

Cc,D

CECT8426*

M. gigas spat

Hatchery D

(Nouvelle-

Aquitaine,
France)

Jun/07

c,D

07/038 2T2

M. gigas spat

Hatchery D

(Nouvelle-

Aquitaine,
France)

Aug/2007

Cc,D

07/108 T1

M. gigas spat

Hatchery D

(Nouvelle-

Aquitaine,
France)

Aug/2007

07/110 T1

M. gigas spat

Hatchery D

(Nouvelle-

Aquitaine,
France)

Aug/2007

Cc,D

07/112 T1

M. gigas spat

Hatchery D

(Nouvelle-

Aquitaine,
France)

Aug/2007

07/115 T2

M. gigas spat

Hatchery D

(Nouvelle-

Aquitaine,
France)

Aug/2007

07/116 T1

M. gigas spat

Hatchery D

(Nouvelle-

Aquitaine,
France)

Aug/2007
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Hatchery D
. (Nouvelle-
07/117 T1 M. gigas spat Aquitaine, Aug/2007 c,D
France)
Hatchery D
. (Nouvelle-
07/120 T1 M. gigas spat Aquitaine, Aug/2007 D
France)
Hatchery D
. (Nouvelle-
07/121 1T1 M. gigas spat Aquitaine, Aug/2007
France)
PP2-843 R. philippinarum Ha'tc'hery E' Nov/08 B
spat (Galicia, Spain)
PP2-978 R. philippinarum Ha.tc.hery E. Nov/08 B
spat (Galicia, Spain)
R. decussatus Hatchery B
2909 seawater tank (Galicia, Spain) May/11 E
R. decussatus Hatchery B
2895 seawater tank (Galicia, Spain) May/11 E
R. decussatus Hatchery B
2930 larvae (Galicia, Spain) May/11 E
R. decussatus Hatchery B
2951 larvae (Galicia, Spain) May/11 E
R. decussatus Hatchery B
2945 seawater tank (Galicia, Spain) May/11 E
R. decussatus Hatchery B
2967 larvae (Galicia, Spain) May/11 E
R. decussatus Hatchery B
2968 seawater tank (Galicia, Spain) May /2011 E
2969 R. decussatus Ha.tc.hery B. May /2011 E
larvae (Galicia, Spain)
R. decussatus Hatchery B
2971 seawater tank (Galicia, Spain) May/2011 E
2974 R. decussatus Ha.tc.hery B. May /2011 E
larvae (Galicia, Spain)
R. decussatus Hatchery B
2975 seawater tank (Galicia, Spain) May/2011 E
D. trunculus Hatchery B
3454 larvae (Galicia, Spain) May/2012
D. trunculus Hatchery B
3492 seawater tank (Galicia, Spain) Jun/2012
R. decussatus Hatchery B
3610 broodstock (Galicia, Spain) Jul/2012 F
Hatchery B
3614 R. decussatus eggs (Galicia, Spain) Jul/2012 F
A. purpuratus Hatchery F
NPI1 . Pl P (Coquimbo, Feb/2015
arvae .
Chile)
Netarts Bay
071316F Seawater (Oregon, US) Jul/2016
L2 P. rhomboides Ha.tc.hery B. Mar/2018
larvae (Galicia, Spain)
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L3 E. arcuatus larvae HaF ghery B. Mar/2018 Y
(Galicia, Spain)

L4 E. arcuatus larvae HaF ghery B. Mar/2018 Y
(Galicia, Spain)

120 R. philippinarum Hanhery B. May/2018 Y
larvae (Galicia, Spain)

*ISynonymous names: V. europaeus CECT8136=PP-638 (Prado, Dubert, y Barja 2015);
V. europaeus 04/002 1T2 = CECT8427 and V. europaeus 07/118 T2 (CECT8426)
(Travers et al. 2014); *2 Strains isolated from mortalities (see references for more
information). References: A (Lodeiros et al. 1987); B (Prado, Dubert, y Barja 2015); C
(Saulnier et al. 2010); D (Travers et al. 2014); E (Dubert et al. 2017); F (Dubert et al.
2016).

1.1.2 DNA extraction, whole genome sequencing and assembly

Two sequencing approaches were followed for genome assembly:

(1) Short-read sequencing. 150 bp paired-end Illumina sequencing was performed
in the V. europaeus strains (n=36) for assembling at the contig level (Table 1.1). Strains
were grown overnight in Trypto—Casein Soy agar supplemented with 2% (w/v) sodium
chloride (TSA-2, Condalab) at 25°C. Subsequently, a single colony was picked and
grown under the same bacterial culture conditions but in broth (TSB-2) with vigorous
shaking. High-molecular weight (HMW) DNA was extracted from an aliquot of the
overnight culture (200 pl) using the DNeasy Blood & Tissue Kit (QIAGEN) following
the manufacturer instructions. Quantity, quality and integrity of each DNA extraction
was evaluated using NanoDrop One (Thermo Scientific), Qubit (Thermo Scientific) and
by electrophoresis in a 1% (w/v) agarose gel. Genomic libraries and sequencing
(HiSeq4000 sequencer, Illumina) were performed by the SNPsaurus company. Quality
of lllumina reads was performed using Trimmomatic (Bolger, Lohse, and Usadel 2014)
and paired-end short reads were assembled at contig level using SPAdes 3.15.4 using
default arguments (Prjibelski et al. 2020).

(i) Long-read sequencing (Pacific Biosciences, PacBio, or Oxford Nanopore
Technologies, ONT). Four representative strains (the type strain, CECT8136 and the
isolates CECT8427, PP2-843 and EX1; Table 1.1) were long-read sequenced to achieve
high resolution assemblies including polishing with Illumina reads. For this, each

bacterial strain was grown as described previously and HMW DNA was extracted from



Material and methods

4 ml of an overnight culture using Qiagen Genomic-tips 100/G kit (QIAGEN). Quantity,
quality, and integrity of HMW DNA extractions was evaluated as described above.
CECT8136, CECT8427 and PP2-843 strains were sequenced using a PacBio Sequel Il
sequencer (PacBio) by SNPsaurus, while EX1 genome was sequenced in our lab using
MinlON sequencer using the Rapid sequencing gDNA-barcoding kit (ONT).
Assemblies from PacBio and ONT reads were performed using de novo long-read
assembler Flye (Kolmogorov et al. 2019) and polished by Racon (Vaser et al. 2017).
Finally, each assembly was polished using Illumina reads with Pilon using default
arguments (Walker et al. 2014). Thus, a total of six whole genome chromosome-level
assemblies (CECT8136T, CECT8427, PP2-843 and EX1 sequenced in this study; and
NPI-1 and CECT8426 retrieved from NCBI) were used in this study for pangenome
analyses (Table 1.1).

1.1.3 Genome annotation and pangenome construction

Each genome assembly (n=39; Table 1.1) was annotated by Prokka 1.14.4 using
default arguments (Seemann 2014). The gff3 file was used to construct the V. europeus
pangenome using Roary 3.13.0, with the core gene alignment with MAFFT option (Page
et al. 2015). The core genome was constructed including those genes that were present
in the 100% of the V. europaeus genome strains, while the accessory genome was further
classified as shell core, soft and cloud genome if a gene was present in the 95-99%, 15-
95% or 0-15% of the genomes respectively. Genes classified into core, shell core, soft
or cloud fractions were plotted with ggplot2 3.3.6 R package (Wickham 2016).

The micropan R package (Snipen and Liland 2015) was used to determine if the V.
europaeus pangenome was open or closed by the calculation of the Heaps alpha value
setting 1000 permutations and results plotted as described above.

Gene sequences from each pangenome fraction (e.g., core, shell core, soft and
cloud) were retrieved from the Roary’s pan_genome_reference file using SeqKit 2.1.0
(Shen et al. 2016). Subsequently, each gene was functionally annotated using
reCOGnizer 1.7.0 using default arguments (Sequeira et al. 2022) to obtain the
distribution of Cluster of Orthologous Group (COGQG) categories within the V. europaeus

pangenome. The percentage of genes assigned to the different COG categories per
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pangenome fraction was calculated and the resulting matrix was plotted in a heatmap
using the ComplexHeatmap 2.11.1 R package (Gu 2022).

Identification of tRNAs and rRNAs from each genome assembly was done using
tRNAscan-SE 2.0.1 (Chan et al. 2021) and barrnap 0.9

(https://github.com/tseemann/barrnap) using default arguments, respectively.

1.1.4 Phylogenomic comparisons: phylogenetic tree, SNPs identification and
Average Nucleotide Identity (ANI) calculations

Genes from the core fraction of each genome assembly (n=39), previously aligned
by Roary 3.13.0 using MAFFT, was used to build a phylogenomic tree with IQ-TREE
(Nguyen et al. 2015) based on the maximum likelihood (ML) algorithm with the
UNREST model by bootstrapping over 1000 replications and the phylogenomic tree was
visualized in iTOL v6.6 (Letunic and Bork 2021).

Single nucleotide polymorphisms (SNPs) were identified across the core genes
alignment created with MAFFT using an ad hoc Phyton script (available in
https://github.com/sergio-c-r/core-snps/blob/main/snp_dif.py).

Average nucleotide identity (ANI) among the different V. europaeus genome
assemblies was calculated by PYANI 0.2.11 (Pritchard et al. 2016) with default
parameters and plotted in a heatmap as described above.

A hierarchical clustering was using to construct a dendrogram of the accessory gene
profiles was constructed using the stats package in R, based on the presence/absence
matrix generated by Roary. To illustrate the presence/absence genes profiles, these were
plotted as a heatmap using the R package ComplexHeatmap 2.11.1, and plot together
the dendrogram. Finally, a principal component analysis (PCA) based on the

presence/absence matrix of pangenome genes was computed by R.

1.1.5 Experimental infections
A total of 38 V. europaeus strains (71316F was not available in our bacterial

collection; Table 1.1) were tested in virulence challenges using Manila clam (R.
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philippinarum) juveniles (14+1 mm). Virulence challenges were performed following
the infection protocol described by Martinez et al. (Martinez et al., 2022) and V.
breoganii C5.5 was used as negative control. Briefly, bacterial strains were grown
overnight and bacterial suspensions were made in sterile sea water (SSW) adjusted to
ODgoo=1 and confirmed by decimal dilution series onto TSA-2 plates (~10® CFU ml™).
Experimental challenges included two steps:
Infection: tanks were filled with filtered seawater (FSW; 0.22 uM Nalgene Rapid—
Flow, Thermo Scientific) containing a bacterial suspension adjusted to a final
concentration of 107 CFU ml1. Subsequently, 15 Manila clam juveniles were added
to each tank and kept for 24 h at room temperature (RT=~20°C) for active bacteria

filtration. Experimental challenges were performed in triplicate.

(i)  Post-infection: challenged juveniles were taken out from the infection tanks and

maintained for 8 h at RT to internalize the bacteria within the pallial cavity. Then,
juveniles were transferred to “fresh tanks” filled with 200 ml FSW and maintained
at RT with aeration. Mortalities were monitored at 8 h, 20 h, 32 h, 44 h, 56 h, 68 h
and 80 h post—infection and clams were immediately removed when the valves were
open (dead juveniles), or siphons were not retracted following stimulation
(moribund juveniles) and were recorded as a percentage of survival. FSW was
renewed once per day (or if it was turbid).

1.1.6 In silico identification of the virulence genes

Genes related to virulence were identified in each V. europaeus genome (n=39)
using the VFDB database using default arguments (Liu et al. 2021). An additional set of
well-known proteins whose role in virulence was experimentally demonstrated was
included in the analyses by BLASTp comparisons. The resulting presence-absence
matrix was used to plot a heatmap as described above.

Subsequently, a principal component analysis (PCA) was performed using the
prcomp function available in R base, and plotted with ggplot2 to compare the virulence
genes belonging to the non-core fractions among the different V. europaeus strains.
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1.1.7 Characterization of the antibiotic resistance profile

Antibiotic resistance profiles were obtained based on the consensus obtained
between the in silico and in vitro analyses, and plotted in a presence-absence matrix
using ComplexHeatmap 2.11.1:

(i) Search for antibiotic resistance genes was performed using the web-based
servers RGI 5.2.1 (McArthur et al. 2013) using the CARD database being considered
only strict and perfect matches (bitscore > 500), and ResFinder 4 (Bortolaia et al. 2020)
with 80% of threshold and minimum length.

(i) Available bacterial strains (n=38) were grown as described above and
antibiograms were carried out by the disc diffusion method on Mdeller—Hinton agar
(Oxoid) supplemented with 1% NaCl (MHA-1) with commercial discs (Oxoid, UK).
The antibiotics tested were tetracycline (TE, 30 pg), oxytetracycline (OT, 30 ug),
cephalexin (CN, 30 pg), ampicillin (AMP, 10 pg), amoxycillin (AML, 25 ug),
erythromycin (E, 15 pg), enrofloxacin (ENR, 5 pg), flumequine (UB, 30 pg), cefoxitin
(FOX, 30 pug), chloramphenicol (C, 30 pg), florfenicol (FFC, 30 ug), streptomycin (S,
10 pg), sulfonamide (SULDD, 25 ug) and gentamicin (CN ,10 ug). After incubation (24
h at 25°C), the zones of inhibition around the discs were measured and compared against
recognized zone size ranges established by the manufacturer for specific antimicrobial
agents.

1.1.8 Search for secondary metabolite biosynthetic gene clusters

Biosynthetic gene clusters (BGC) were identified in each bacterial genome (n=39)
using antiSMASH 7.0 web server (https://antismash.secondarymetabolites.org/) with
default parameters and considering only strict findings. Genetic diversity within each
BGC cluster among the 39 strain genomes was evaluated using BIG-SCAPE 1.1.5 using
default arguments (Navarro-Mufioz et al. 2020), including the determination of
biosynthetic gene cluster families (GCF). To deep into the intra-family sequence
diversity of BGCs, the minimum and the average of BGC pairs belonging to the same
phylogenetic cluster were estimated from each GCF using the Jaccard Index values
obtained with BIG-SCAPE. To visualize the internal diversity of the GCFs, a vector

image was generated by joining for each GCF the phylogenetic tree and the schemes of
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their respective BGCs generated by BIG-SCAPE, for which an ad hoc python script was
used (available at https://github.com/sergio-c-r/BIG-SCAPE merge). To simplify the

images, branches with no diversity were manually collapsed.

1.1.9 Characterization of anti-phage defence systems

All genome assemblies (n=39) were individually analysed using the following web-
based servers: Defence-Finder (Tesson et al. 2022) and PADLOC v1.1.0 (v1.4.0) (Payne
et al. 2022) with CRISPRDetect option (Biswas et al. 2016). A consensus between
Defence-Finder and PADLOC outcomes was shown with an absence-presence matrix

and a PCA was performed with each strain profile as described above.
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1.1.10 Identification of plasmids

Long reads Short reads

h 4

Fully resolved genomes Fragmented genomes | 4——

Mauve

Representative plasmids | ——p

Candidate contigs Roary

Complete chromosomes | ——p

Phaster
viralVerify

COPLA oriTfinder

| v
PTU Relaxase similar plasmids OriT/ICEs
| I | |

b

Classification

Figure 3.1. Bioinformatic workflow to identify and classify plasmids from the contigs. Red
arrows represent deletion of elements. Genome assemblies from long and/or short reads were

described in Chapter 1 and represented in yellow. Software used in each step is also indicated.
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Fully resolved genomes (CECT 8136, CECT 8427, CECT 8426, PP2-843, EX1, and
NPI-1 strains; Table 1.2) assembled from long-reads yielded whole plasmids
(hereinafter referred to as representative plasmids). Plasmids from genome assemblies
at scaffold (n=32; Table 1.2) and contig levels (n=1; Table 1.2) were identified by
aligning contigs/scaffolds against each fully resolved genome using Mauve 2.4.0 with
default parameters (match seed weight 15) (Darling et al. 2004) (Fig. 3.1). Contigs
aligned with representative plasmids were designated as candidate contigs. On the other
hand, contigs not aligned with the bacterial representative chromosomes were subjected
to further analyses. Then, those contigs were analyzed using Phaster (https://phaster.ca/)
(Arndt et al. 2016) and viralVerify 1.1 (https://github.com/ablab/viralVerify), and

discarded if positive match was found. To ensure the detection of true plasmidic regions,

an additional search was performed by subtracting previously detected plasmidic
sequences from genomes (Fig. 3.1). Then, homology between plasmid genes and the
remaining genomes was assessed with Roary as explained in Chapter 1.

Plasmidic regions, including representative and putative plasmids, were analysed
with COPLA 1.0 with default parameters (Redondo-Salvo et al. 2021) to find the closest
relative plasmids and to be classified according the following criteria: (i) a plasmid
taxonomic unit (PTU) and (ii) their relaxases via MOBscan (Garcillan-Barcia et al.
2020). Finally, OriTfinder and ICE finder 1.0 (Li et al. 2018; Liu et al. 2019) were used
to evaluate if plasmids are non-mobilizable, mobilizable or conjugative (Fig. 3.1).

Among the plasmids identified, pVE1-related plasmids were distributed across the
38 V. europaeus genomes analysed. pVE1-related plasmids were aligned with Mauve
using default parameters (Darling et al. 2004), and the consensus sequence was obtained
with Jalview (Waterhouse et al. 2009). This consensus sequence was used as reference
to visualize and plot all pVEl-related sequences using the GView server
(https://server.gview.ca/). Additionally, genes related to virulence, antibiotic resistance,
biosynthetic gene clusters and anti-phages defence systems, identified previously in
Chapter 2, as well as integrative and conjugative elements, were identified on each

plasmid.
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3.1.1 Identification of chromosomic RGPs
Genomes
Plasmidic contigs +}
seqtk
Chromosomes
panRGP SatelliteFinder
RGPs Spots of v
coordinates insertion
BEDtools .
BinDash| .~ ppaster
v

T TN

hrr%mer
v PF00589 and PF07508 \

<.____

BinDashl BinDash BinDash
v
1EEE Gl RGP families Prophage clusters
ICEbergi v |
v
similar ICEs/IMEs similar prophages

Figure 3.2. Bioinformatic workflow to identify and classify chromosomic RGPs, ICEs/IMEs,
prophages, and phage satellites. Red arrows represent deletion of elements. Methodology
described in other chapters are represented in yellow. The processes that required the

establishment of homologies with BLAST are indicated with dashed lines.
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Plasmids identified as described above were removed from genome assemblies
using seqtk (https://github.com/lh3/seqtk) (Fig.3.2). Then, resulting chromosomes were
reannotated with Prokka as described in Chapter 1. The obtained gff3 files were used to
identify all the chromosomal RGPs with panRGP, using default arguments (Bazin et al.
2020). The RGPs genomic coordinates obtained with panRGP were used to extract the
sequences from the chromosomic contigs, using the getfasta utility from BEDtools
2.31.1 (Quinlan and Hall 2010), and subsequently annotated with Prokka for further
analysis (Fig. 3.2).

Final dataset was curated to remove chromosomic RGPs associated to chromosomic
MGEs such as ICEs/IMEs, prophages and phage satellites for further analyses as
described below and this dataset designated as unclassified chromosomic RGPs. To
evaluate the chromosomic RGPs diversity, the mutation distance and the Jackard Index
of each pair of RGPs were calculated with BinDash 1.0 using default arguments (Zhao
2019). Pairs of RGPs with Jaccard Index value higher than the arithmetic mean were
used to construct a network of RGPs using Cytoscape 3.10.0 (Shannon et al. 2003) (Fig.
3.2). The relationship between RGPs not assigned to a spot of insertion (hereafter
designated as decontextualized RGPs) and the fragmentation of the genome was studied
by calculating of the Kendall rank correlation coefficient between the number of
fragments of the V. europaeus genomes (contigs or scaffolds) and the proportion of

decontextualized RGPs, using R.

1.1.11 Identification of ICEs/IMEs, prophages and phage satellites
ICEs/IMEs, prophages and phage satellites were identified from the bacterial genomes
(Fig. 3.2) such as:

(i) ICEs/IMEs: RGP proteome obtained with Prokka was examined with hmmer
3.4 (http://hmmer.org/) to search for relaxases, integrases, and recombinases using the
MOBfamDB (Garcillan-Barcia et al. 2020) and the Pfam accessions PF00589 and
PFO7508, respectively (Fig. 3.2). RGPs with homologs for relaxase and
integrase/recombinase were considered as a putative ICE/IME. Putative ICE/IME were
clustered by calculating the Jaccard Index using BinDash 1.0 (Zhao, 2019) with a cut-
off similarity value of 0.95 and clusters (C1-C14) were plotted in a heatmap using the
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ComplexHeatmap 2.11.1 R package (Gu 2022). The distribution of the different
ICES/IMEs clusters (clusters composed of more than one ICE/IME) within bacterial
hosts was shown by the construction of a hierarchical edge bundling plot using the

ggraph 2.1.0 R package (https://ggraph.data-imaginist.com) combined with the

phylogenetic tree based on the core genome (see Chapter 1). Additionally, the
Multigeneblast comparison method available in the ICEberg 3.0 database online tool

(https://tool2-mml.sjtu.edu.cn/ICEberg3) was used to search similar ICES/IMEs (Fig.

3.2). Finally, RGPs identified as ICEs/IMEs were removed from the RGP sequences
pool for further analysis.

(it) Prophages: prophages were identified by Phaster (Arndt et al. 2016) and only
“intact” matches (high number of coding DNA sequences (CDS) of a region attributable
to prophages, and presence of phage-related genes) were considered as prophages for
further analysis (Fig. 3.2). In order to study the similarity among detected prophages,
the Jaccard Index between pairs of sequences was calculated with same methodology
and criteria described above for ICES/IMEs. The nucleotide sequences of identified
prophages were queried in the nt NCBI database using megaBLAST to look for similar
prophages (Camacho et al. 2009) (Fig. 3.2). Resulting prophages were associated with
the RGPs previously identified by megaBLAST (Camacho et al. 2009) and removed
from the RGP pool for further analysis.

(iii) Phage satellites: Detection of phage satellites was carried out using
SatelliteFinder
(https://galaxy.pasteur.fr/root?tool_id=toolshed.pasteur.fr/repos/fmareuil/satellitefinder
/SatelliteFinder/0.9) (Abby et al. 2014) (Fig. 3.2). The obtained phage satellites were
associated with the RGPs previously identified by megaBLAST using default arguments

(Camacho et al. 2009), and removed from the RGP pool for further analysis.

Gene annotation of the accessory genome

The enrichment of genes identified in Chapter 2 and related to virulence, antibiotic

resistance, anti-phages defence, and secondary metabolism production was determined in

plasmids, ICEs/IMEs, prophages, phage satellites and unclassified chromosomic RGPs.

Nucleotide sequences of these regions were used to construct a database with the makeblastdb
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application of BLAST, using default arguments in both cases (Camacho et al. 2009). Then,
genes of interest were blasted (blastn) against our database using megaBLAST using default
parameters (Camacho et al. 2009). For RGPs, results were manually marked in the networks of
RGPs obtained previously and summarized and plotted as a bubble plot with the ggplot2 3.3.6
R package (Wickham 2016).

Two different T6SSs (T6SS1 and T6SS2) were identified in Chapter 2. T6SS1 was
encoded by the chromosome 1 and T6SS2 was only located in the pVE1-related plasmids. Thus,
T6SS was characterized in SecReT6 3.0 (Zhang et al. 2023) using the nucleotide sequences
from the CECT8136 genome as reference. A phylogenetic analysis of T6SS1 and T6SS2 was
performed: (i) the complete T6SS dataset available in the SecReT6 3.0 database was
downloaded and filtered to retain only the NCBI accession sequences containing T6SSs type 15
(accessed on May 13, 2024), as well as the genomic coordinates of these systems; (ii) T6SS
sequences were extracted from the nucleotide sequences obtained from NCBI and the
CECT8136 genome using the getfasta utility from BEDtools 2.31.1 (Quinlan and Hall 2010)
and GBK files obtained with Prokka as described in Chapter 1; (iii) GBK files were used to
construct a T6SS core-protein phylogeny with CORASON
(https://github.com/nselem/corason), using the tssB gene and the T6SS sequence of CECT8136

as references, with default parameters. The resulting Newick tree was visualized in iTOL v6.6
(Letunic and Bork 2021). The Scalable Vector Graphics (SVG) file containing the phylogenetic
tree with the T6SS synteny was manually modified to show the minimal clade containing the

chromosomic (T6SS1) and plasmidic (T6SS2) T6SS sequences of V. europaeus.

1.1.13 Distribution of accessory genetic elements among the pangenome accessory
fractions
The nucleotide sequences of plasmids, ICEs/IMEs, prophages, phage satellites and

unclassified chromosomic RGPs corresponding to each V. europaeus genome were
separated into multifasta to study their distribution in the accessory fractions of the
pangenome (soft core, shell genes, and cloud genes; Chapter 1). These multifasta files
were annotated with Prokka (Seemann 2014) to obtain a ffn file with the protein-coding
sequences. Subsequently, these ffn files were compared using megaBLAST using

default arguments (Camacho et al. 2009) with the ffn file corresponding to each strain
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(obtained in Chapter 1). Gene ID of perfect matches were assigned to an accessory
genome fraction using the gene_presence_absence.csv file generated by Roary (Page et
al. 2015) as described in Chapter 1 and an ad hoc Phyton script

(https://github.com/sergio-c-r/gene-freq-from-roary/blob/main/converge).
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CHAPTER I: EVOLUTIONARY HISTORY AND PANGENOME
OF THE MARINE MOLLUSCS PATHOGEN Vibrio europaeus

1.1 Introduction

The term bacterial pangenome has been defined as the whole gene repertoire of a
microbial species (Mclnerney, McNally, and O’Connell 2017). Advances in the study
of the bacterial pangenome have had an impact on the understanding of the genomic
adaptations of bacteria to environments, and its implications in taxonomy and evolution
(Liao et al. 2021; Fu et al. 2021; Simonsen 2022). The determination of a pangenome
reflects indeed the diversity within a bacterial taxon, but also enables the identification
of shared genes across strains or lineages, usually known as the core genome, while the
accessory genome would encompass the heterogeneity of genomes across strains or
populations (Mclnerney, McNally, and O’Connell 2017). The core genome can intersect
at various taxonomic levels providing the genomic basis of the species phylogeny and
is composed by genes fundamental for bacterial survival (Mclnerney, McNally, and
O’Connell 2017). The accessory genome enables the bacterial adaptation to ecological
niches, providing the variability underlying specific traits such as a virulence, phage
defence systems or antimicrobials resistance (Jackson et al. 2011; Vassallo et al. 2022).

Pangenome inspection is especially interesting for studying pathogenic strains in
activities with high-economic impact such as aquaculture. Bivalve aquaculture is the
second most important activity within the world aquaculture and its expansion is
constrained (i) by the negative impact of bacterial diseases such as vibriosis promoted
by different Vibrio spp., specially at hatchery level, endangering the continuous supply
of seed to shellfish beds for grow-up and harvesting (Prado et al. 2005; Dubert, Barja, y
Romalde 2017); and (i1) the lack of effective and eco-friendly treatments to fight those
pathogens (Dubert, Barja, and Romalde 2017b). Despite this, the pangenome studies
about bacterial pathogens affecting bivalve aquaculture are scarce (Dias et al. 2018).
Among Vibrio pathogens, V. europaeus is an emergent species with great impact on
bivalve aquaculture worldwide affecting the most important molluscs species reared
even at different stages of development in the main producer countries such as Spain,

France, Chile or US (Prado et al. 2005; Mersni-Achour et al. 2014; 2014b; Prado,
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Dubert, and Barja 2015; Dubert et al. 2017; Rojas et al. 2021). This emergent pathogen
has been responsible of mortality events in different mollusc species, such as clams (R.
decussatus, R. phillipinarum, D. trunculus, Ensis arcuatus, and Politapes rhomboides),
oysters (M. gigas and O. edulis), scallops (A. purpuratus) or abalones (H. tuberculata)
(Prado et al. 2005; Mersni-Achour et al. 2014; Travers et al. 2014; Prado, Dubert, and
Barja 2015; Dubert, Romalde, Spinard, et al. 2016; Rojas et al. 2021).

The aim of this Chapter was to characterize the pangenome of the bivalve pathogen
V. europaeus to gain knowledge about genomics on this species, and to use this
information to minimize its negative impact in aquaculture. For this purpose, all the
existing V. europaeus strains were whole genome sequenced using Illumina short-read
and, in some cases, also by third generation sequencing to obtain fully resolved and
accurate assemblies. Finally, core and accessory genes were identified and inspected to

elucidate basic questions related to evolution and intra-specific variability.

1.2 Results

1.2.1 Pangenome description

The features of V. europaeus strains used in this study are summarized in Table 1.2.
The V. europaeus pangenome was composed by a total of 9860 gene clusters and it was
open according to the alpha value obtained (0.68) (Fig. 1.1). Among these gene clusters,
the 39% (3846 gene clusters) was assigned to the core genome, whereas 61% (n=6014
gene clusters) belonged to the accessory genome (Fig. 1.2A and B). Within the accessory
genome, the 26%, 4% and 70% was assigned to the shell, soft, and cloud gene fractions
respectively (Fig. 1.2A and B). The main source of cloud genes proceeds from the French
strains (CECT8427=666 genes; 07/115 T2==617 genes; 07/038 2T2=487 genes; 07/117
T1=468 genes; 07 108 T1=455 genes; CECT8426=321 genes; and 07/120 T1=316
genes), two Spanish strains (EX1=388 genes and PP2-843=320 genes) and the American
strain (071316F=542 genes) (Fig. 1.2A).



Table 1.2. Genomic information (assembly level and accession number) of the V.

europaeus strains (n=39) used in this study.

Strain Assembly*1 CDS Accession number
EX1 comp (4) 4936 CP180205-CP180207
PP-654 cont (38) 4921 JAPFJT000000000.1
PP-660 cont (34) 4891 JAPFJS000000000. 1
PP-635 cont (38) 5014 JAPFJR000000000. 1
CECT8136T*1 comp (4) 4936 LUAX00000000. 1
CECT8427*1 comp (4) 4941 JAPFJQO000000000.1
CECT8426*1 comp (3)*2 4935 GCA_015654285.1
07/038 2T2 cont (44) 5008 JAPFJP000000000. 1
07/108 T1 cont (43) 4887 JAPFJO000000000.1
07/110 T1 cont (43) 4880 JAPFJN000000000. 1
07/112 T1 cont (36) 4878 JAPFJM000000000. 1
07/115 T2 cont (47) 4856 JAPFJL000000000. 1
07/116 T1 cont (37) 4851 JAPFJK000000000.1
07/117 T1 cont (37) 4908 JAPFJJ000000000.1
07/120 T1 cont (41) 4998 JAPFJI000000000.1
07/121 1T1 cont (39) 4883 JAPFJH000000000. 1
PP2-843 comp (4) 5086 GCA_028447005.1
PP2-978 cont (32) 5015 JAPFJF000000000. 1
2909 cont (34) 5019 JAPFJE000000000. 1
2895 cont (33) 4884 JAPFJD000000000. 1
2930 cont (36) 4952 JAPFJC000000000.1
2951 cont (37) 4944 JAPFJB000000000. 1
2945 cont (33) 4844 JAPFJA000000000.1
2967 cont (33) 5015 JAPFIZ000000000.1
2968 cont (34) 4940 JAPFIY000000000. 1
2969 cont (37) 4941 JAPFIX000000000.1
2971 cont (35) 4943 JAPFIW000000000. 1
2974 cont (39) 5124 JAPFIV000000000. 1
2975 cont (35) 4941 JAPFIU0O00000000. 1
3454 cont (45) 5205 JAPFIT000000000.1
3492 cont (45) 5203 JAPFIS000000000. 1
3610 cont (40) 5199 JAPFIR000000000.1
3614 cont (40) 5129 JAPFIQ000000000. 1
NPI1 comp (3)*2 4811 GCA_013154935.1
071316F cont (85)*2 4923 VTYH00000000.1
L2 cont (40) 5049 JAPFIP000000000. 1
L3 cont (40) 5011 JAPFI0000000000. 1
L4 cont (36) 4881 JAPFIN000000000. 1

Chapter 1
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L20 ‘ cont (37) ‘ 5011 ‘ JAPFIM000000000. 1 ‘

*I Assembly level: cont (contig), compl (full resolved); ** Assemblies from other studies (See

references in Table 1)
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Figure 1.1. Relation between the number of genes (core and total) and the number of genomes.

o, coefficient value of Heap's Law for conserved curve is shown.
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The 69% of the pangenome (n=6781 genes) was accurately assigned to specific
COG functions, representing the 61%, 3%, 12% and 24% of the core, shell core, soft,
and cloud fractions, respectively (Fig. 1.2C). Core genes were more abundant (>50%)
than the accessory genes in most COG categories (Fig. 1.2C) such as “cytoskeleton”
(100%), “energy production and conversion” (89%), “inorganic ion transport and
metabolism” (81%,), “signal transduction mechanisms” (78%), “translation, ribosomal
structure and biogenesis” (77%), “amino acid transport and metabolism” (77%),
“coenzyme transport and metabolism” (74%), “carbohydrate transport and metabolism”
(71%), “nucleotide transport and metabolism” (68%), “function unknown” (66%),
“transcription” (64%), “lipid transport and metabolism” (62%), “cell motility” (61%),
“posttranslational modification, protein turnover, chaperones” (61%), and “general
function prediction only” (56%). The COG functions where accessory genes were
predominant (>50%), always involved the cloud category as the most abundant, and
included “Cell cycle control, cell division, chromosome partitioning”, “Defence
mechanisms”, “Extracellular structures”, “Intracellular trafficking, secretion, and
vesicular transport”, “Mobilome: prophages, transposons”, “Replication, recombination
and repair” and “Secondary metabolites biosynthesis, transport and catabolism” (Fig.

1.2C).
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Differences in the number of RNA coding genes were found between the six

chromosome-level assembled genomes and the Illumina’s assemblies. Among the
[llumina assemblies, tRNAs ranged from 88 (071316F) to 122 (CECT8427) (Table 1.3)

with an average of 106 tRNAs/genome. However, the six highly contiguous

chromosome-level assembled genomes encoded the highest number of tRNAs, ranging
from 118 tRNAs (CECT8136 and NPI-1) to 122 tRNAs (CECT8427), (Table 1.3).

Furthermore, rRNAs from Illumina assemblies displayed a lower copy number (1 copy
for 16S rRNA, 1-4 copies for 5S rRNA and 1-2 for 23S rRNA) than the fully resolved
genomes (9-10 copies for 16S rRNA, 10-11 copies for 5S rRNA and 9-10 copies for 23S
rRNA) (Table 1.4).

Table 1.3. tRNAs found from the V. europaeus genomes used in this study. Strains with fully
resolved genomes are marked with asterisks.

. tRNAs with .
Strain tRNAs decoding undetermined/unknown Predicted Total tRNA
Standard 20 AA . pseudogenes
isotypes

07/038 2T2 101 2 3 106
07/108 T1 100 1 0 101
07/110 T1 106 1 0 107
07/112 T1 106 0 0 106
07/115 T2 107 0 1 108
07/116 T1 107 0 0 107
07/117 T1 102 1 1 104
07/120 T1 101 0 2 103
07/121 1T1 108 1 0 109
071316F 85 0 3 88
2895 104 2 0 106
2909 97 1 2 100
2930 97 3 1 101
2945 98 2 0 100
2951 100 3 0 103
2967 100 1 1 102
2968 101 3 0 104
2969 101 2 0 103
2971 105 3 1 109
2974 97 1 1 99
2975 101 3 0 104
3454 95 2 0 97
3492 102 3 0 105
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3610 99 3 0 102
3614 102 3 0 105
CECT8136T* 116 2 0 118
CECT8426* 119 0 2 121
CECT8427* 121 0 1 122
EX1* 118 0 1 119

L2 101 2 1 104

L20 97 3 0 100

L3 100 3 1 104

L4 103 3 0 106
NPI-1* 116 1 1 118
PP2-843* 119 1 1 121
PP2-978 102 1 2 105
PP-635 100 3 0 103
PP-654 100 2 0 102
PP-660 100 3 0 103
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Table 1.4. rRNAs found from the V. europaeus genomes used in this study. Strains with fully

resolved genomes are marked with asterisks.

Strain

16S rRNA

5S rRNA

23S rRNA

07/038 2T2

2

1

07/108 T1

07/110 T1

07/112 T1

07/115 T2

07/116 T1

07/117 T1

07/120 T1

07/121 1T1

071316F

2895

2909

2930

2945

2951

2967

2968

2969

2971

2974

2975

3454

3492

3610

3614
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1.2.2 Phylogeny and genetic differentiation between strains

The phylogenomic tree based on the concatenated sequences of the core-genes
showed a topology with three main branches containing a total of eight robust clusters
(boostrap value=100; terminal or sub terminal branches distance > 0.006): branch I
(cluster I), branch II (cluster IT) and branch III (clusters III-VIII), being clusters I and 11
differenced in sub clusters (boostrap value=100; terminal branches distances from
0.0003 to 0.0025) (Fig. 1.3). Cluster I was the largest group (n=25 strains), and it was
exclusively constituted by Spanish strains distributed in two sub-clusters (Ia=19 strains;
Ib=6 strains) (Table 1.1). These strains were isolated from two Spanish hatcheries
(Hatchery B=23 strains; Hatchery E=2 strains), in different years (2001, 2008, 2011 and
2018) and from a broad host range (Table 1.1) covering all stages of the bivalve life
stages including eggs (R. decussatus), larvae (O. edulis, R. decussatus, D. trunculus, P
rhomboides or E. arcuatus), spat of (R. philippinarum) and adults (R. decussatus) and
directly from the seawater associated to culture tanks.

These phylogenetic relationships were supported by ANIb values (Fig. 1.4), higher
than 0.979 in all pairwise comparisons, and around 0.995 for the strains belonging to the

same cluster including between closely related sub-clusters.
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A complementary analysis to establish genetic differentiation and diversity within
and between clusters and strains was done using the SNPs detected in the coding regions
of the genomes of the 39 strains. According to this analysis (Fig. 1.5A), the genetic
diversity within sub-clusters was low including a maximum of 197 SNPs among the
strains belonging to the sub-cluster Ia (CECT8136T vs. 2968) and 162 SNPs to the sub-
cluster Ib (2974 vs. L2), and more than 2300 SNPs between those sub-clusters. Based
on the core-genome SNP dataset, some clonal strains could be identified coming from:
(1) the same bivalve species culture (not necessarily in the same sampling date) in the
sub-cluster Ia (3454 and 3492, 0 SNPs; 2895, 2930, 2945, 2951, 2969, 2971 and 2975:
1-2 SNPs; (i) L3 and L4: 5 SNPs; and PP-654 and PP-660: 1 SNP) and sub-cluster Ib
(2909, 2974 and 2967: 1 SNP; and PP2-843 and PP2-978: 14 SNPs); (ii) from
broodstock to the offspring after spawning: 0 SNPs, 3610/3614 (Table 1.1); (iii) different
hatcheries, hosts and/or dates (Table 1.1), for example: 3 SNPs between PP2-978 and
2909/2974/2967; 5 SNPs between L20 and L3/L4; 1 SNP between 3454/3492 and
3610/3614; 5 SNPs between 2895/2930/2945/2951/2969/2971/2975 and 3454/3492 or
6 SNPs with 3610/3614; 19 SNPs between PP-654/PP-660 and L20, L3 and L4. In
contrast, there were SNP differences among strains isolated from the same sampling
despite they were assigned to the same sub-cluster, such as 89 SNPs between PP-635
and PP-660/PP-654 or 146 SNPs between PP-635 and CECT8136; and (118 SNPs
between 2968 and 2895/2930/2945/2951/2969/2971/2975).

EX1, the only Spanish strain located out of cluster I, constituted a well-
differentiated group in the branch III (cluster VII; Fig. 1.3). EX1 was the oldest V.
europaeus strain (year=1985) and the unique isolated from the Spanish Hatchery A
(Table 1.1).

Despite the same origin of most French strains (n=10/11; Table 1.1), they exhibited
much more genetic diversity than the Spanish strains (Fig. 1.3), being distributed in six
different clusters: branch II (cluster II=sub-clusters Ila, IIb and Ilc) and branch III
(clusters III, IV, VI and VIII). Within the cluster Ila, the strains 07/110 T1, 07/112 T1,
and 07/121 T1 were nearly clonal (<2 SNPs), and they were differentiated by >55 SNPs
with the strain 07/116 T1 (Fig. 1.5B). Within the sub-cluster IIb, 28 SNPs were found
between the strain 07/120 T1 and CECT8426 (Fig. 1.5B). Cluster III (Fig. 1.3) was
formed by two strains (07/117 T1 and CECT8427) from two different origins (Hatchery
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D and Hatchery C, located in Nouvelle-Aquitaine and Normandy respectively) and hosts
(C. gigas spat and the non-bivalve species H. tuberculata) and 182 SNPs were identified
among them (Fig. 1.5B). Other strains isolated from Hatchery D (07/138 2T2, 07/115
T2 and 07/108 T1) constituted by themself independent clusters (clusters IV, VI and
VIII) supported by differences of more than 50k SNPs with their contemporary strains
belonging to sub-cluster Ila, IIb and cluster III (Fig. 1.5B).

Despite the Chilean strain NPI-1 was closely related to sub-cluster IIb, it constituted
an independent group (sub-cluster Ilc; Fig. 1.3) supported by a difference of 11.208
SNPs (Fig. 1.5B).

The American strain 071316F was the only one non-isolated from a hatchery
environment and it also grouped in an independent cluster (cluster V), sharing a node

with the French strain 07/115 T2 (Fig. 1.3).
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Analysis of the accessory genes encoded by different strains revealed a clustering
similar with the clusters established through the core genome phylogeny (Fig 1.6A).

PCA of the accessory genes revealed a higher variability within the same cluster
than the observed from the core genome clusters (Fig. 1.3 and 1.6B), This is the case of
the strains of the phylogenetic subcluster la, which showed some specific gene blocks
of the accessory genome, but, at the same time, homogeneous within clades; see for
instance the clades (2930, 2969, 2975, 2951, 2971, 2895, 2945) vs (PP-654, PP-660); or
the specific block in the subcluster Ib of the clade constituted by strains PP2-843 and
2974 vs (2967, 2909, PP2-978) (Fig 1.6A and B).
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1.3  Discussion

As pangenome metrics fits to a dynamic adaptative model, large pangenome size
might be associated with the ability to colonize new ecological niches, as well as reflect
high effective population sizes (Maistrenko et al. 2020). Pangenomes for species of the
genus Vibrio show a broad size range (Dias et al. 2018; Hansen, Kudirkiene, and
Dalsgaard 2020; Guardiola-Avila et al. 2021; Zheng et al. 2022; Du et al. 2022)
reflecting high genomic diversity within the genus, which matches with its well-known
ecological diversity (Nathamuni et al. 2019; Sampaio et al. 2022). The pangenome of V.
europaeus comprehends 9860 genes, which is comparable to other Vibrio pangenomes
such as the multi host pathogens V. anguillarum (9537 genes) and V. tapetis (11213
genes) (Dias et al. 2018; Hansen, Kudirkiene, and Dalsgaard 2020).

Since the core genome size differs between prokaryotes groups, the percentage of
core genes in the pangenome seems to be strongly related to their evolutionary history
and lifestyle. Thus, free-living species with high degree of dispersion have a small
proportion of core genomes (Mclnerney, McNally, and O’Connell 2017). V. europaeus
exhibits a higher proportional core genome (39.00%) than other marine broad host-
range Vibrio pathogens, such as V. anguillarum (28.24%) and V. tapetis (29.90%) (Dias
et al. 2018; Hansen, Kudirkiene, and Dalsgaard 2020). In addition, it is noteworthy that
this percentage is significantly higher than that observed in the human and marine
pathogen V. fluvialis (15.36%) (Zheng et al. 2022). The proportion of core genes of V.
europaeus aligns with its apparently restricted mollusc host range (Lodeiros et al. 1987;
Mersni-Achour et al. 2014; Prado, Dubert, and Barja 2015; Dubert et al. 2017; Rojas et
al. 2021).

V. europaeus strains were isolated from environments associated to mollusc
hatcheries. Bacteria circulate among production compartments within the hatcheries,
and there is also an external influx of bacteria from either the broodstock, open waters
or the phytoplankton used as food (Dubert, Barja, and Romalde 2017b). Also,
environmental conditions, particularly the elevated levels of organic matter, contribute
to the development of microbial communities within mollusc hatcheries (Timmins-
Schiffman et al. 2021; Ishaq et al. 2023). These environments favour species with a high
capacity to acquire exogenous DNA, which implies high rate of horizontal gene transfer

as V. europaeus and other opportunistic bacterial species (Mira 2010; Rouli et al. 2015).
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From a functional perspective, it is remarkable that most of the pangenome COG
functions assigned to V. europaeus genes were associated with core genes, reflecting
the presence of basal functions of the species in the core genome. Gene functional
profiles of the pangenome fractions is conserved across bacterial species, being the core
genome enriched in niche-related functions while the accessory genome in specialized
functions (Hyun, Monk, and Palsson 2022).

A substantial difference on the abundance of structural RNAs (tRNA and rRNA)
were found between the six long-read sequencing assemblies and those sequenced with
short-read Illumina technology. The six chromosome-level assembled genomes showed
the highest number of RNAs, probably due to the limitations of short-read to identify
different genes of the same family, especially if they are tandemly arranged (Miyamoto
et al. 2014).

The capacity of a pangenome to reflect the full genomic diversity of a species is
limited by the number and nature of strains employed for its construction, and it should
be evaluated when comparing pangenomes of different species (Andrey et al. 2011).
Analysis of the core genome allowed to evaluate the evolutionary history and
intraspecific diversity of V. europaeus. For example, the Spanish strains belonging to
phylogenetic sub-clusters la and Ib displayed a lower genetic variability in core genes
than the French strains. Similarly to what was described for the radiation event of the
clonal type of the bacterium V. parahaemolyticus Sequence Type 3 by Campbell et al.
(2024), we can assume that those Spanish populations came from a monophyletic
radiation event, and that it was recently dispersed artificially or naturally throughout the
hatcheries under study (Hatchery B and E). In contrast, French strains exhibited a higher
variability than the Spanish strains, even though the geographical and temporal
distribution of its isolation were more restricted (10/11 in Hatchery D in 2007). In the
case of Chilean strain NPI-1, its closeness to strains of sub-cluster I1b strongly suggest
an intercontinental transference of V. europaeus, probably mediated by the anthropic
movement of mollusc spats, broodstoks or phytoplankton stocks.

In addition, the monitoring of the clonal strains in Hatchery B allowed to
hypothesize the potential reservoir of this bacteria in the hatchery. Broodstock,
phytoplankton or seawater are proposed as key players in the Vibrio dissemination

within the hatchery environment (Dubert et al., 2017). Strain 3610 was isolated from R.
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decussatus broodstock conditioned a constant temperature and continuously fed with a
mixture of phytoplankton produced in the hatchery (Dubert et al., 2015; 2016). For the
spawning induction, those broodstocks were placed in a tray with UV-sterilized
seawater and additional stimuli were provided by adding gametes stripped from one of
the conditioned bivalves and mixture of phytoplankton (Dubert et al., 2016). After
fertilization, the embryos were transferred to larval culture tanks filled with filtered UV-
irradiated seawater and no food was supplied during embryo incubation. Thus, a vertical
transmission of clonal strains (SNPs=0) was demonstrated from R. decussatus
broodstock (strain 3610) to eggs (strains 3614) (Fig. 1.7), discarding in this case other
potential sources of bacterial contamination such as the seawater tank or food. Then,
how could V. europaeus colonize those broodstocks? The hypothesis for which V.
europaeus form part of the regular microbiota is discarded because it was only isolated
from the broodstock fed with the mixture of phytoplankton but not from those depurated
with seawater in absence of food (Dubert et al., 2016). It is important to remark that the
same phytoplankton diet based on a mixture of Isochrysis galbana, Diacronema lutheri,
Tetraselmis suecica, Chaetoceros sp. and Skeletonema marinoi was previously supplied
to other larval cultures reared in May’11 and May-June’12 (Dubert et al., 2017) from
which some clonal strains (1-6 SNPs) to the isolates 3610/3614 were isolated (Fig. 1.7).
Thus, we hypothesized that phytoplankton is the main source of V. europaeus to the
larval cultures, directly supplied to the larval tanks as food or by a vertical transmission
from broodstock previously feed with this mixture of phytoplankton. Once in the larval
tank, V. europaeus could survive the water changes forming biofilms on the inner tank
as reported with other Vibrio pathogens (Prado et al., 2014). Also, the exchange of
phytoplankton stocks and broodstock among hatcheries can justify the finding of clonal

strains in different Spanish hatcheries.
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CHAPTER 2: IDENTIFICATION OF V. europaeus GENES WITH
POTENTIAL IMPACT ON AQUACULTURE ENVIRONMENTS

2.1 Introduction

Among the more than 130 described species of the genus Vibrio, several of them are
capable of producing mortality outbreaks, commonly known as vibriosis, in bivalve
populations, both wild and cultivated (Sanches-Fernandes, Sa-Correia, and Costa 2022).
Vibriosis is recognized as one of the main bottleneck affecting early bivalve production,
carried out in hatcheries, which means great losses for the industry (Gray et al. 2022). Vibrios
are commonly considered as opportunistic pathogens, with differences in their inter and
intraspecific virulence (Li et al. 2018; Naknaen et al. 2024). This variability is closely linked
to virulence factors (VFs), implied in different infection stages, including those related to
adherence, invasion and survival in the environment of the host (Shapiro-Ilan et al. 2005; Le
Roux, Wegner, and Polz 2016; Parizadeh et al. 2018; Destoumieux-Garzon et al. 2020). A
diverse range of VFs has been identified in Vibrio species pathogenic to aquatic animals,
including flagellum, biofilm formation, iron uptake, lipopolysaccharides, quorum sensing,
secretion systems and enzymes such as proteases, lipases, DNases, chitinases and hemolysins
(Frans et al. 2011; Natrah et al. 2011; Osei-Adjei, Huang, and Zhang 2018; B. Yang et al. 2021;
Nurhafizah et al. 2021; Choi and Choi 2022; Choi and Choi 2022). Until the present study,
some VFs have been identified in V. europaeus, such as the metalloprotease VemA, the main
protein of the extracellular products, and the T3SS and T6SS (Mersni-Achour et al. 2014;
Spinard et al. 2016; Martinez et al. 2022).

The economic losses in the industry caused by vibriosis have led to an indiscriminate use
of antibiotics, often as a prophylactic treatment (Baralla et al. 2021; Hossain et al. 2022). This
has led to the acquisition of resistance genes, which are easily disseminated among bacteria
through horizontal gene transfer mechanisms (Pepi and Focardi 2021). This gene transfer
poses a threat to human health, the environment and fisheries, but it also reduces the available
treatments for commercial aquaculture putting food safety and nutrition at risk (Schar et al.
2021). The generation of resistance and its associated risks has led to strong regulation by the
European Union with the prohibition of chloramphenicols, nitrofurans, and frurazolidone in

aquaculture, although the majority of large producers, especially the Asian ones, are not taking
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measures in this regard (Lulijwa, Rupia, and Alfaro 2020; Hossain et al. 2022). Numerous
species of vibrios isolated from aquaculture environments have been shown to be resistant to
antibiotics, including ampicillin, amoxicillin-clavulanic, gentamycin, imipenem, cefotaxime,
cefuroxime, meropenem, and trimethoprim/sulfamethoxazole (Nurhafizah et al. 2021;
Sanches-Fernandes, Sa-Correia, and Costa 2022; Ferri et al. 2024; Sharma et al. 2024).
Previous studies found no antibiotic resistance in two French strains of V. europaeus
(CECT8426 and CECT8427) being sensitive to flumequine, erythromycin, chloramphenicol,
gentamicin, kanamycin, tetracycline, sulphamethoxazole/trimethoprim, streptomycin,
sulfonamides, and trimethoprim (Mersni-Achour et al. 2014).

As alternatives to the use of antibiotics, some microorganism-based therapies have been
proposed as an eco-friendly alternative to prevent or treat vibriosis in aquaculture. This is the
case of phage therapy, which has been tested in the laboratory against pathogens such as V.
alginolyticus, V. coralliilyticus, and V. tubiashii (Kalatzis et al. 2018; Doron et al. 2018;
Richards et al. 2021; Liu et al. 2022). However, phage therapy presents practical problems for
its application. One of these problems is the existence of a bacterial immune system, composed
of multiple defence systems with a variety of mechanisms (Doron et al. 2018; Chevallereau
and Westra 2022; Hochhauser, Millman, and Sorek 2023). These systems are highly dynamic,
boosting an arm-race through a co-evolution between bacteria and phages that implies the
appearance of resistance by the host and new survival strategies by the phages (R. Liu et al.
2022; Murtazalieva et al. 2024). A deep understanding of the immune response to phages will
be critical for advancing phage therapy, potentially leading to the discovery of new biological
mechanisms (Federici, Nobs, and Elinav 2021).

The aim of this Chapter was to annotate the genes of the V. europaeus pangenome and to
determine its affiliation to the core or accessory genome. This allowed: (i) to evaluate the role
of those genes over the virulence, production of secondary metabolites or the resistance to
potential preventive treatments such as antibiotic or phage therapy; and (i1) to study the genetic
variability among V. europaeus strains based on the analyses of the annotated-genes associated

to the accessory genome.
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2.2 Results

2.2.1 Pathogenicity of V. europaeus: infection challenges and virulence factors

According to the virulence challenges, all the V. europaeus strains tested (n=38) were
virulent against Manila clam juveniles. Survival rates ranged from 0-7% in most cases (32/38
strains), 22-27% for 3/38 strains (CECT8427,07/116 T1 and 2967) and 9-16% for 3/38 strains
(07/121 1T1; 2968 and 2969) (Fig. 2.1A).

A total of 231 genes (Fig. 2.1B; Table 2.1) were identified as putative virulence factors
from the V. europaeus pangenome and they were distributed in 15 virulence factor classes
(VFC1-15) (Fig. 2.1B and C). The 75% of the virulence factors (Fig. 2.1B and C) were
assigned to three classes (VFC 14, secretion systems; VFC 5, chemotaxis and motility; VFC
2, adherence) and the remaining ones (VFC 1, 3, 4, 6-13 and 15) harboured each less than 6%,
ranging from 5.6% (toxins, VFC 13) to 0.4% (VFC classes constituted by one gene: VFC 4,
biofilm formation; VFC 8, glycosylation system; VFC 11, nutritional factors).

Among these genes, 59.3% (n=137) were assigned to the core genome (Fig. 1B and 1C).
Core virulence genes were found in the most abundant VFC and were related to: (i) VFC 1,
acid resistance: urease (ureB and ureG); (ii) VFC 2, adherence: mannose-sensitive
hemagglutinin (MSHA) type IV pilus (mshA-H, msh), mshL-M), type IV pilus (pi/B and pi/D)
and tad locus (fadA and tadA?2); (iii) VFC 3, antiphagocitosis: capsular polysaccharide (wbfU,
wbfV and wbfY); (iv) VFC 4, biofilm formation: AdeFGH efflux pump/transport autoinducer
(adeG); (v) VFC 5, chemotaxis and motility: flagella (cheA, cheB, cheR, cheV, cheW, cheY
and cheZ; filM; flaA-G and flal; flgA-M; flhA, fIhB, fIhF and fIhG; fliA, fliD-], fliL and fliN-
S; fIrA-C; motA-B and motX-Y); (vi) VFC 7, enzymes: metalloproteinases (vemA and prtV)
and collagenases (colA and colP); (vii) VFC 10, iron uptake: enterobactin (vctA) and heme
receptors (hutA) and periplasmic binding protein-dependent ABC transport systems (vctC,
vetD, vetG and vetP); (viil) VFC 13, quorum sensing: autoinducer 1 (cgsA) and 2 (/uxS); (ix)
VFC 14, secretion systems: type 2 secretion system (T2SS; epsC-M), VAS type 6 secretion
systems (T6SS; vasA-K; tssE; impB/~ipA and impC/vipB; hcp and PAAR repeat protein); (x)
VFC 15, toxins: thermostable direct hemolysin (#/4), phytotoxin coronatine, hemolysin (A/y11I)
and other five hemolysins. In contrast, some VFC such as endotoxins (VFC 6), glycosylation
system (VFC 8), immune evasion (VFC 9), nutritional factors (VFC 11) and others (VFC 12)

did not contain any gene assigned to the core-genome.
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Figure 2.1. Characterization of virulence genes identified from V. europaeus genomes: (A) Percentage
of survival of Manila clam juveniles after V. europaeus infection (B) Presence/absence of virulence
genes. (C) Relative abundance of the different Virulence Factor classes (VFCs) in the V. europaeus
pangenome. VFs (Virulence Factors) associated with these genes are indicated on the left and VFCs
on the right. Geographical origin of the V. europaeus strains, as well as their phylogenetic cluster and

virulence factors profiles (VFP) stablished in Fig. 2.2 are indicated at the bottom.
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The PCA analysis based on the non-core virulence factors revealed the existence of
genetic differentiation among the 39 strains with the 18 different virulence factors
profiles (VFP) identified. Analyses of the VFPs revealed a higher genetic variability
among strains (Fig. 2.2A), than the found in the core-genome analyses described in
Chapter I and from we have defined eight clusters based on the core-genome (I: Ia and
Ib; II: IIa, IIb and Ilc; III-VIII).

In the Spanish strains isolated from Hatchery B (sub-clusters Ia and Ib) and
Hatchery E (sub-cluster Ib), a total of five and two distinctive VFPs, respectively, were
identified (Fig. 2.1B). Sub-cluster Ia was only constituted by strains isolated from
Hatchery B and most of those strains (n=18/19) showed a homogeneous profile (VFP 1;
Fig. 2.1B), regardless of the sampling date/host, and shared a total of 70 non-core
virulence factor genes (Fig. 2.2B; Table 2.1). However, the strain L4 was exclusively
associated with VFP2 because it encoded an additional non-core gene, the immune
evasion gene ctrD (Fig. 2.1B and 2.2A), absent even in its clonal strains. Sub-cluster Ib
included strains isolated from hatcheries B (2909, 2967 and 2974) and E (PP2-843 and
PP2-978) (Fig. 2.1B), and three and two different VFPs were identified from the strains
isolated in Hatchery B and E respectively (Fig. 2.1A): VFP 3 (2967 and 2974), VFP 4
(2909), VFP 5 (PP2-843), VFP 6 (PP2-978) and VFP 7 (L2) (Fig. 2.2B). All these strains
shared 69 non-core virulence factors (Fig. 2.1B and 2.2B; Table 2.1). Despite the core-
genome clonality found in the strains 2967, 2974, 2909, PP2-843, and PP2-978, they
differed in the presence/absence of some genes, for example the VAS effector protein
coding genes vgrG-2 (present in 2967, 2974 and 2909) and vgrG-2_3 (present in PP2-
978), the toxins coding genes cysC1 (present in the strains 2967, 2974 and PP2-978) or
rtxE (present only in 2909), and the allantoin utilization gene allA (present in 2967,
2974, 2909 and PP2-843) (Fig. 2.1B; Table 2.1). Interestingly, the strain L2 (VFP 7; Fig.
2.1A) harboured the highest number of virulence genes (n=82) among the V. europaeus
strains and it included 13 additional non-core virulence genes such as those encoding an
additional VAS effector proteins of the T6SS encoded in the accessory genome (/cp-
2 2, vgrG-2, vgrG-2 3 and vgrG-3), toxins (rtxB, rtxD, rixE, hlyA and cysCl),
endotoxins (kdsA and kpsF), immune evasion (ctrD) and allantoin utilization (allA)

(Fig. 2.1A; Table 2.1).
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These results revealed the co-existence of different VFPs in the same environment,
such as VFP 5 and VFP 6 formed by the closely related phylogenetic strains PP2-843
and PP2-978, respectively (Hatchery E; Nov/2008). This was also observed in Hatchery
B along the time series (2001-2018) (Fig. 2.2B): VFP 1 was always detected, being the
unique profile in Mar/2001, May/2012, Jun/2012 and Jul/2012 and it co-existed with
VPF 3 and VPF 4 in May/2011 and with VFP 2 and VFP 7 in Mar/2018.

The only Spanish strain isolated from hatchery A (EX1; Table 1.1), encoded the
lowest number of non-core virulence genes (n=38; VFP 8) because it was the only one
without the T3SS genes in their genome (Fig. 2.1B and 2.2A; Table 2.1).

French strains isolated from Hatchery D showed a higher VFP variability than the
Spanish strains, coexisting 8 different VFP in a same environment (Fig. 2.1B). Sub-
cluster Ila (07/112 T1, 07/121 1T1, 07/110 T1, and 07/116 T1) (Fig. 2.1A) showed the
same profile (VFP 9; Fig. 2.2A) sharing 71 additional non-core genes (Fig. 2.1B).
However, this was very different in sub-cluster IIb where the strains CECT8426 and
07/120 T1 (Fig. 2.1B), although sharing 72 non-core genes, differed in the type 4 pili
tapQ and the toxin cysC1 (only present in 07/120 T1) and r#xE and al/A (only present in
CECT8426), supporting its position in the PCA as independent profiles (VFP 10 and
VFP 11) (Fig. 2.1B and 2.2A; Table 2.1). Strains 07/117 T1 and CECT8427, isolated
from Hatchery D and C, respectively, and belonging to cluster III, showed independent
virulence factor profiles (VFP 12 and VFP 13; Fig. 2.1A) since they differed in the type
IV pili pilW and VAS effectors, such as icp-2_ 2 and vgrG2 3, present only in the strain
07/117 T1 (Fig. 2.1B and 2.2A). The other three strains isolated from hatchery D (07/038
2T2,07/115 T2 and 07/108), which constituted by themselves three independent clusters
in the core phylogeny (clusters IV-VIII; Fig 2.1B), held their own VFPs (VFP 14-16;
Fig. 1B). Interestingly, we have found two different T6SS: one encoded in the core-
genome (T6SS1) and the other one (T6SS2) encoded in the accessory genome because
it was harboured by most of V. europaeus strains only with the exception of the French
strain 07/115 T2. For this reason, 07/115 T2 encoded a lower number of non-core
virulence genes (n=57; VFP 15; Fig. 2.1B) than their contemporary strains.

Although they do not harbour unique genes, the American strains constituted two

completely different VFPs (071316F, VFP 17; NPI-1, VFP 18; Fig. 2.1B).
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Figure 2.2. (A) Genomic variability of V. europaeus strains based on their virulence factors
profiles (VFPs). (B) Temporal evolution (2001-2018) of VFPs encoded by V. europaeus strains
isolated from Hatchery B. Phylogenetic core-genome clusters were showed in different color in
PCA. Strains codes belonging to cluster Ia (light gray) were omitted for readability and its
location were labelled with a light gray arrow. In Fig. 2B, presence/absence of accessory

virulence-related genes were displayed in rows.

2.2.2 Antibiotic resistance profiles

A concordance between the in silico and phenotypic results was required to stablish
the final antibiotic resistance profile. For example, all V. europaeus strains (n=38) were
resistant to erythromycin (E, 15 pg) according to the disc diffusion method, which
agreed with the presence of the antibiotic resistance gene (ARG) CRP (Fig. 2.3). The
strains 3454, 3492, 3610 and 3614 were also resistant to streptomycin (S, 10 pg) and
sulfonamide (SULDD, 25 pg) by the presence of the ARGs aph(3")-Ib and aph(6)-Id
genes and sul2 gene, respectively, in their genomes (Fig. 2.3).

Some discrepancies were found between in silico and phenotypic results, and thus
in silico data were curated with the results obtained by the disc-diffusion method. For
example, despite no cephalosporin resistance gene was found in CARD and ResFinder
database, all V. europaeus (n=38) strains were resistant to cephalexin on MHA-1 plates.
On the other hand, some resistance genes found by in silico analyses rendered a negative
phenotypic result: (i) floR gene was identified in the genomes of the strains 3454, 3492,
3610 and 3614 by ResFinder (identities ranged from 98.19%-98.27%), however, they
were sensitive to florfenicol (FFC, 30 ng); (i) suggestive tetracycline resistance genes
were found in all strains in both databases (gene identity >85%), however they were

sensitive to tetracycline (TE, 30 pg).
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Figure 2.3. Antibiotic resistance phenotypes of the V. europaeus strains. Antibiotics are

depicted by columns and grouped by antibiotic families as indicated in the right legend

2.2.3 Characterization of secondary metabolite biosynthetic gene clusters

V. europaeus genomes encoded a total of 254 biosynthetic gene cluster (BGCs).
Most of the strains encoded 6-7 BGCs, ranging from the 5 BGCs encoded by the French
strain 07/115 T2 (cluster VI) to the 8 BGCs of the American strain 071316F (cluster V)
(Fig. 2.4 and Fig. 2.5).

Study of the intra-BGC diversity allowed its classification in four major classes:
PKS-NRP hybrids (14.57%), RiPPs (15.75%), NRPS (15.75%), and Others (53.94%).
Within those classes, 12 biosynthetic gene clusters families (GCF) could be defined (Fig.
2.4 and 2.5): GCF1 and GCF2 presumably produces PKS-NRP hybrids; GCF3 and
GCF4 post-translationally modified peptides (RiPPs); GCF5 and GCF6, non-ribosomal
peptide synthetases (NRPS); GCF7 and GCF8, ectoine; GCF9, arylpolyene-NRPS
hybrids; GCF10, butyrolactone; GCF11, betalactone; GCF12, arylpolyene.

GCF4, GCF6, GCF11 and GCF12 contains BGCs of all the V. europaeus strains
analysed and thus they were assigned to the core-genome (Fig. 2.4 and 2.5). GCF1,
GCF2, GCF7, GCF8, and GCF9 are conformed by sequences of just a subset of strains
(Fig. 2.4 and 2.5): GCF1 and GCF9, cluster la; GCF2, clusters Ib, lla-c, I, 1V, V, and
VII; GCF7, clusters la, lla-c, 111, VIII, and 1V; GCF8, clusters Ib, lla-b, V, VI, VII.
Moreover, out of three GCFs singletons found, GCF3 and GCF5 were only encoded by
the strain 071316f (US; phylogenetic cluster V), whereas GCF10 was only detected in
the strain 07/108 T1 (France; phylogenetic cluster VIII) (Fig. 2.4). According to
antiSMASH results, GCF5 present a 100% similarity to the siderophore amphibactin B
biosynthetic gene cluster of V. neptunius, and GCF12 present an 85-90% similarity to
arylpolyene Vf BGC of Aliivibrio fischeri ES114.
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EX-1

071316F

07 115 t2

07 38 2T2
077117 T1
CECT 8427
07 110 T1

077112771

07 T21 TT1

07 116 T1

- 1 g7120T1

L CECT 8426

Product prediction

B NRPS
NRPS.T1PKS

I NRPS.arylpolyene
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Figure 2.4. Heatmap showing the GCFs located along V. europaeus strains. Colour indicates
the product prediction of the BGCs. The phylogenetic tree previously obtained with the core

genome was reshaped and plotted on the left.
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To study the intra-family sequence diversity of BGCs, minimum Jaccard Index and
mean between BGC pairs belonging the same phylogenetic cluster were computed.
More diverse families showed a minimum Jaccard Index lower than 0.5: GCF8 (0.27),
GCF7 (0.25), GCF2 (0.32), GCF5 (0.46), and GCF3 (0.44). In contrast, a high similarity
was found for GCF11 (0.51), GCF12 (0.58), and GCF9 (0.88) and GCF1 (0.99), both
only encoded by the strains belonging to phylogenetic cluster la (Fig. 2.4 and 2.5).
Regarding the phylogenetic dependency of BGCs, all strains belonging the same
phylogenetic cluster based on the core-genome showed a high BGC homogeneity
(>0.90), being the more diverse GCF2 (0.91), and GCF11 (0.97) (Fig. 2.5).
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2.2.4 Characterization of anti-phage defence systems encoded by V. europaeus

V. europaeus genomes were enriched in phage defence systems: a total of 49 systems
were identified among the studied genomes (Fig. 2.6). Only the dGTPase system was
common to all strains indeed (Fig. 2.6). Interestingly, Gao Hhe system was absent only
in the French strain 07/115 T2 (Fig. 2.6). However, most of the anti-phage defence
systems were non-core, and PCA analyses revealed the genetic variability among V.
europaeus strains is mainly determined by the anti-phage defence systems in comparison
with other accessory genes such as virulence, ARG or BGCs because 20 different anti-
phage defence system profiles (ADSP) were found in the accessory genome (Fig. 2.7A).

Among the Spanish strains isolated from Hatchery B and Hatchery E, seven (ADSP
1-7) and two (ADSP 8-9) different ADSPs were identified, respectively (Fig. 2.6 and
2.7A). Within the strains belonging to sub-cluster la (n=19; Hatchery B, Fig. 2.6), the
oldest strains isolated in this hatchery (CECT8136, PP-654, PP-660 and PP-635;
Mar/2001, Fig. 2.6) encoded eight defence systems (dGTPase, Gabija, Gao Hhe, Gao
Qat, Gao Upx, PD T7 1, PD T2 7 and RM type I; ADSP 1). However, they constituted
two ADSP (ADSP 1 and 2) because PP-635 harboured five additional copies of the Gao
Qat system and two copies of the CBASS II, respectively (ADSP 2). Those eight defence
types were remained along time in the V. europaeus strains belonging to sub-cluster la
isolated from Hatchery B and new defence systems were added, such as BREX I,
Lamassu Fam, Rloc, RM type IV and Rst 3HP in ADSP 3 (2895, 2930, 2945, 2951,
2969,2971,2975, and 2968, isolated in May/2011; 3454 in May/2012 3492 in June/2012
and 3610 and 3614, in July/2012; Fig. 2.7B) or Lamassu Fam and RM type IV in ADSP
4 (L3, L4 and L20, isolated in Mar/2018; Fig. 2.6).

Within the sub-cluster Ib, the four strains (2909, 2967, 2974 and L2) isolated from
hatchery B contained three ADSPs (ADSP 5, 2909 and 2967; ADSP 6, 2974; ADSP 7,
L2). Interestingly, ADSP 4 and ADSP 5 were closely related to the two Spanish strains
isolated from hatchery E (ADSP 8, PP2-843; ADSP 9, PP2-978; Fig. 2.6 and 2.7A). In
fact, those five strains (2909, 2967, 2974, PP2-843 and PP2-978) shared 14 defence
systems BREX I, CBASS II, dGTPase, Gabija, Gao Hhe, Lamassu Fam (two copies),
NLR like bNACHTO09, PD lambda 5, PD T7 2, Retron II, RM type I, RM type IV and
SspBCDE. The latter was the defence profile of the strain PP2-978 (ADSP 9), but

additional systems were encoded by the remaining strains such as: PP2-843 (RosmerTA;
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ADSP 8), 2909 and 2967 (PD T4 7; ADSP 5) or 2974 (PD T4 7 and RosmerTA; ADSP
6) which constituted the most protected V. europaeus strain against phage predation with
16 full systems. On the other hand, L2 was the other strain to sub-cluster Ib and it showed
a very different profile than its contemporary strains L3, L4 and L20 (Fig. 2.6). L2
(ADSP 7) harboured a total of eight defence systems (CBASS II, dGTPase, Gao Hhe,
Hachiman, NLR like bNACHTO09, PD T4 7, PfiAT, and RM type I) and it was the only

V. europaeus strains encoding the PfiAT system.
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Figure 2.6. Heatmap showing the set of anti-phage defence systems encoded by V. europaeus.
Components are coloured by the number of copies and grouped by a specific defence system.
Geographical origin of the V. europaeus strains, the phylogenetic cluster based on the core

genomes and the anti-phage defence system profiles (ADSPs) are indicated on the left.

As observed in the virulence profiles related to the Spanish strains isolated in
Hatchery B and E, different ADSPs coexisted to effectively protect the V. europaeus
population from the phage predation in the same environment, e.g. ADSP § (PP2-843)
and ADSP 9 (PP2-978) (Fig. 2.6). In Hatchery B, the genetic variability was evaluated
along a time series (2001-2018) (Fig. 2.7B). ADSP variability along the time series was
higher than the observed for the virulence profiles (=5 different VFP types vs 7 different
ADSP types) and there was no correspondence among them (Fig. 2.7A and B). ADSP 1
and ADSP 2 profiles co-existed in Mar 2001 (Fig. 2.7B). ADSP 1 evolved by the
addition/deletion of new defence systems, including new profiles such as: (i) ADSP 3
(Fig. 2.7B). ADSP 3 coexisted with ADSP 5 and 6 in May 2011, where it was unique in
strains isolated 2012 (Fig. 2.7B); or ADSP 4, which coexisted with ADSP 7 (Fig. 2.7B).
Additional copies of some defence systems were encoded by some strains such as the
five additional copies of Gao Qat system (PP-635; ADSP 2) or the duplicated PD_T7 2
in all the strains with the ADSP 3 (Fig. 2.6 and 2.7B).

On the other hand, the Spanish strain EX1 (cluster VII), isolated from Hatchery A,
showed an exclusive ADSP (ADSP 10), and the DarTG and SanaTA systems were only
identified in this genome (Fig. 2.6).

French strains isolated from hatchery D also showed high variability, supporting the
coexistence of seven different profiles in the same hatchery (ADSP 11-17) (Fig. 2.6).
Within the sub-cluster Ila, three strains 07/110 T1, 07/112 T1 and 07/121 1T1 encoded
seven systems such as dGTPase, and three copies of Drt 4, Druantia II, Dsr I, Gao Hhe,
PD lambda I and RM type II (ADSP 11). The remaining strain belonging to this sub-
cluster (07/116 T1) showed a similar profile to ADSP 11 (only lacking DRT 4); however,
it harboured two additional systems being the only V. europaeus strains encoding the
DRT 5 and RM type IIG systems (ADSP 12) (Fig. 6 and 7A). Strains belonging to sub-
cluster IIb (CECT8426 and 07/120 T1) included the ADSP 13 (Fig. 2.6 and 2.7A)
encoding 10 systems (CBASS 1, dGTPase, Dsr I, Gabija, Gao Hhe, Kiwa, RM type 1,
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RM type II, Rst 3HP and Septu). The remaining strains isolated from Hatchery D (Fig.
2.6) such as 07/117 T1 (cluster III), 07/038 2T2 (cluster IV), 07/115 T2 (cluster VI) and
07/108 T1 (cluster VIII) contained independent ADSPs (ADSP 14-17) with exclusive
defence systems, for example: (i) PD-Lambda-2 system only encoded by 07/117 T1
(ADSP 14); (ii) Retron IA system only encoded by 07/038 2T2 (ADSP 15), which it is
the strain with the lowest number of defence systems with only six full systems; (iii)
AVAST III, Dsr II, Menshen and Mokosh Type I only encoded by 07/115 T2 (ADSP
16); (iv) AbiU and Dnd ABCDEFGH systems only encoded by 07/108 T1 (ADSP 17).
The only French strain isolated from a different hatchery (CECT8427; Hatchery C,
Normandy; Fig. 2.6) showed an independent ADSP (ADSP 18; 11 defence systems:
CBASS 11, dGTPase, Gao Hhe, Lamassu Fam, PD-lambda 1, PD-lambda 5, PD-T7 1,
RloC, RM Type I, RM Type IV and Septu) and it was the only one with two copies of
the genes of CBASS (Fig. 2.6). The American strains NPI-1 (Chile; cluster IIc) and
071316F (US; cluster V) showed exclusive ADSPs encoded for a total of 7 (ADSP 19)
and 9 (ADSP 20) (Fig. 2.7A) defence systems respectively. Interestingly, some defence
systems were only harboured by those strains such as AbiO and Retron VI systems only

encoded by the strain 071316F or ShosTA system by the Chilean strain NPI-1.
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Figure 2.7. Variability of ADSPs in V. europaeus strains. (A): PCA based on ADSPs.
Colour represents the phylogenetic cluster of the strain (B): Heatmap showing the
temporal evolution of ADSPs (marked with different colours) in strains isolated from

hatchery B.

2.3 Discussion

Analyses of the virulence genes revealed that 60% of those genes belonged to the
core genome. It is important to remark that all V. europaeus strains were highly virulent
towards Manila clam juveniles. However, different percentage mortalities were found
among bacteria encoding the same virulence factor profiles (e.g. VFP 3: 2967 vs. 2974).
Those differences can be supported by some bias related to the experimental infections
such as the genetic diversity of the juvenile’s stock or bacteria inoculum.

The high virulence of V. europaeus is indeed a key feature of our bacterial
collection, and thus, it is expected that critical virulence factors are encoded in the core
genome. Bacterial pathogenic capacity depends on the concurrence of various genomic
virulence factors (Casadevall and Pirofski 2009). In the case of Vibrio involving in
bivalves mortalities, pathogenesis depends on a combination of different factors, such
as successful chemotaxis, adherence and a first colonization of bivalve tissues; survival
to bivalve immune system and proliferation in hemolymph; colonization of the
connective tissue, and a loop of proliferation and nutrient acquisition, which finally
causes tissular disruption and host death (Parizadeh et al. 2018; Destoumieux-Garzén et
al. 2020). This sequence of facts fits with that found on previous studies of V. europaeus
pathogenesis (Dubert, Nelson, Spinard, et al. 2016b; Martinez et al. 2022) and with the
core virulence genes observed in this study. Basis on our comparative analyses, we
hypothesized that the pathogenic capacity of V. europaeus depends on successful host
adhesion and colonization (MSHA type IV pilus and flagella) (van der Woude and
Baumler 2004; Paranjpye and Strom 2005; Aagesen and Hase 2012; Konieczna et al.
2012; Zhu, Kojima, and Homma 2013; He et al. 2015; Pu and Rowe-Magnus 2018),
antiphagocytic (capsular polysaccharide), nutrient acquisition (metalloproteinases,
collagenases, enterobactin, heme receptors, periplasmic binding protein-dependent ABC

transport systems, type 2 secretion system, VAS type 6 secretion systems, thermostable
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direct hemolysin, phytotoxin coronatine, and hemolysins) (Miyoshi and Shinoda 2000;
Mey and Payne 2001; Mey et al. 2002; Aagesen and Hase 2012; Miyoshi 2013; Galvis,
Barja, et al. 2021; Akhtar and Turner 2022), and it is conceivable modulated by quorum
sensing (autoinducer-1 and 2). Additionally, the participation of core genes belonging
to incomplete virulence factors, such as urease, tad locus, type 1V pilus, and biofilm
formation in V. europaeus pathogenicity is unclear. Conversely, accessory genes
associated with immune evasion (VCF 9) may lead to increased diversity in capsular
polysaccharides within V. europaeus, enhancing its ability to circumvent host immune
defences and ensuring survival in hemolymph (Chatzidaki-Livanis, Jones, and Wright
2006; Shu et al. 2009; Nakhamchik et al. 2010). It is important to note that virulence
factors of V. europaeus were strictly analysed here by comparative genomics. However,
genetic manipulation is essential to demonstrate the role of those gene in virulence.

Due to their presence in all strains, fundamental pathogenic effectors seem to be
driven by the core-secretion systems T2SS and T6SS. Virulence-related functions of
T2SS includes the participation in attachment, biofilm formation and colonization, as
well as the secretion to the extracellular medium of proteins capable to produce tissue
disruption, such as proteases, pectinases, phospholipases, lipases, and toxins (Sandkvist
2001; Cianciotto and White 2017). In the other hand, T6SS is a cell-to-cell injector
which participates in bacteria-bacteria competition and pathogenesis, existing numerous
effects described in eukaryotic cells including adhesion modification, stimulating
internalization, cytoskeletal rearrangements, and evasion of host innate immune
responses (Smith et al. 2020; Feria and Valvano 2020). Interestingly, the redundancy of
T6SS structural components found in most V. europaeus strains encoded in both
pangenome fractions is not an unusual phenomenon in Bacteria, and may reflects the
importance of niche-competition (Sarris et al. 2011; Santos et al. 2020).

The T3SS, arecognized virulence factor of Gram-negative bacteria capable to inject
effectors of variable functions into host cells (Cornelis and Van Gijsegem 2000; Park et
al. 2004; Osorio 2018), is present in all the V. europaeus strains except for the first V.
europaeus isolated strain EX1, suggesting a recent horizontal acquisition of that operon
(Brown and Finlay 2011). The gene set found in our V. europaeus collection correspond
to T3SS1 described in V. parahaemolyticus, that has been reported to be mainly related

to biofilm formation, motility and cytotoxicity (Hiyoshi et al. 2010; Calder et al. 2014).
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Due the remarkable absence of T3SS in pathogenic strain EX1, its role in the
pathogenicity of the species would deserve further investigation.

Genes vemA and prtV encoding for M4 metalloproteinases and colA and colP
encoding for collagenases, and seven hemolysin toxins were encoded in the V.
europaeus core-genome. Metalloproteinases VemA and PrtV and their homologues
were found related to virulence factor such as proteolysis and colonization in a broad
range of Vibrio taxa, such as V. cholerae, V. anguillarum, V. aestuarianus, V.
coralliilyticus, V. neptunius, and V. splendidus (Vaitkevicius et al. 2006; Binesse et al.
2008; Hasegawa et al. 2008; Varina et al. 2008; Mo et al. 2010; Galvis, Barja, et al.
2021). In a previous study, Martinez et al. (2022) determined that V. europaeus type
strain CECT8136 mutant defective in the vemA gene resulted in a slightly slow
pathogenic process in larvae and juveniles of Manila clam and presented a deprecated
chemotaxis to the clam mucus.

Accessory genes related to virulence and mainly the anti-phage defence systems
associated explained the intra-specific variability of V. europaeus in groups formed by
more than one strain better than the phylogenetic clusters based on the core-genome.
Thus, we could observed genetic differences among clonal strains (clonal strains were
previously defined due to the low number SNPs among core genes). Interestingly,
several VPFs can coexist in a close temporal and even physical space, as is the case of
VFP1 and VFP2 (PC la), VFP3 and VFP4 (PC Ib), VFP5 and VVFP6 (PC Ib), and VFP10
and VFP11 (PC lib). Despite the variability of VFPs showed by V. europaeus genomes,
there are subtle differences in the number of genes, and therefore their relevance on
pathogenicity of the species is questionable. The scarcity of virulence-related genes in
the accessory genome of V. europaeus points to a lesser importance of horizontal gene
transfer mechanisms in defining the virulence of this species (Jackson et al. 2011).

All the studied V. europaeus strains, only showed resistance to cephalexin and
erythromycin and they were sensitive to most of the antibiotics tested. This fits with
previous studies that showed high prevalence of macrolides and cephalosporins
antibiotic resistance genes among Vibrio species, including the aquaculture pathogen V.
parahaemolyticus (Albini et al. 2022; Ha et al. 2023). Interestingly, erythromycin
appears cited as a vibriosis control agent in aquaculture (Campa-Cordova et al. 2006;

Dubert, Barja, and Romalde 2017b). It is important to note that four strains isolated from
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Spanish Hatchery B between May and July of 2012, were antibiotic multiresistant. This
demonstrates that hatcheries are reservoirs of antibiotic resistances genes (Dubert,
Osorio, Prado, et al. 2016). Hatcheries and bivalves are optimal environments to
stimulate the bacterial acquisition and fixation of antibiotic resistances, due to the
extended use of antibiotic compounds to prevent and control bacterial diseases, and the
capacity of bioaccumulation of antibiotics in bivalve tissues (Dubert, Barja, and
Romalde 2017b; Baralla et al. 2021; Kijewska et al. 2023). This highlights the risk of
using antibiotics in shellfish aquaculture to prevent and control bacterial diseases despite
most of the antibiotics tested can be useful to fight V. europaeus (Dubert, Barja, and
Romalde 2017b; Kijewska et al. 2023; Baralla et al. 2021). The genetic basis of
resistance to cephalosporins in V. europaeus has not been determined in this work, and
may be due to specific mutations (Palace et al. 2020).

From an environmental perspective, secondary metabolites are connected to the
capacity of the bacteria to occupy its ecological niche, facilitate access to a specific
nutrient, competing for resources or stablishing relationships with microorganism
(Giubergia et al. 2016; Modolon et al. 2020). Regarding V. europaeus, most of the BGCs
types shared by all the studied strains (NRPS, RiPP-like, betalactone, arylpolyene, and
ectoine) match with those previously described for marine vibrios (Burks et al. 2017;
Alex et al. 2021), suggesting its importance for the correct performance in this
environment. This idea is reinforced by the coexistence of two GCFs encoding ectoine
of which, at least one is present in each V. europaeus genome. Thus, identified
biosynthetic products common to V. europaeus genomes are related with nutrient
acquisition and environment adaptation. A highly conserved amphibactin system was
found in V. europaeus strains (GCF5). The amphibactin system was previously found
widespread in commensal and pathogenic Vibrio associated to bivalve hemolymph,
included V. europaeus, being related to the capacity to acquire iron (Galvis et al. 2020).
On the other hand, ectoine and arylpoliene role may be related to bacterial fitness in
osmotic and oxidative stress (Cimermancic et al. 2014; Czech et al. 2018). Due to its
high prevalence in the studied V. europaeus strains, the ecological role of the RiPP
GCF3, the arylpolyene GCF12, and the PKS-NRP hybrid families GCF1 and GCF2,
must be clarified to draw the complete ecological profile of the species.
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As we exposed above, our results demonstrated that intra-specific variability is
mostly due to the presence of different anti-phage defence systems. This shed light on
the vast -and diverse- repertoire of phage defence systems encoded by V. europaeus,
recently named as defensome (Beavogui et al. 2024). Hence, with the only exception of
a dGTPase system, all the V. europaeus defensome is part of the accessory genome.
According to Hussain et al. (2019), protection is cumulative, and those defence systems
constitute a large fraction of the accessory genome, accounting even for more than 90%
of the accessory genome among closest relatives. This means the phage defence
elements can evolve and transfer from cell to cell without interfering with metabolic
processes required to synthesize essential cell surface molecules (Hussain et al. 2021).
The association of anti-phage system genes to accessory genome reflects the host’s
adaptation in the arms-race phage-bacteria. This idea is supported by the presence of
multiple defence profiles in a close temporal and physical space, especially in strains
belonging the same phylogenetic cluster (Bernheim and Sorek 2020; Rocha and Bikard
2022; Botelho et al. 2023). Understanding the defensome is important when considering
the therapeutic use of phages in aquaculture. In this sense, phage therapy could be not
effective against V. europaeus due to the important and diverse defence arsenal encoded
by the accessory genome. Some authors have demonstrated the rapid acquisition of
bacterial resistance against phages offers a parallel to the spread of antibiotic resistance
on plasmids in bacteria (Hussain et al. 2021). Then, the routine administration of a phage

cocktail in shellfish aquaculture could be problematic.



CHAPTER 3: STRUCTURAL ORGANIZATION OF THE
ACCESSORY GENOME AND ITS RELATIONSHIP WITH THE
MOBILOME OF V. europaeus

3.1 Introduction

The accessory genome is formed by: (i) genes that are present in most individuals
of the studied clade (known as shell core or persistent genome), conceptually similar to
the core genome but it is more adapted to large-scale genomic comparisons as it allows
for missing genes due to punctual evolutionary loss events or technical reasons, such as
assembly or gene calling artifact (Bazin et al. 2020); (ii) genes that are conserved
between some individuals of the group but not most (known as shell soft genome or shell
genome) and (iii) genes that are rare within the population and found only in one or a
few individuals (known as cloud genome) (Page et al. 2015; Bazin et al. 2020). As most
newly acquired genes are expected to arise from horizontal gene transfer (HGT) events,
it is expected that most of the genes included in the shell and cloud genomes have a non-
vertical origin (Bazin et al. 2020). HGT is a major source of variability in prokaryotic
genomes and allows an efficient niche adaptation (Narra and Ochman 2006; Dobrindt et
al. 2010). HGT is mediated by three main mechanisms: (i) transformation, which
involves the capture of external free DNA by bacteria; (i1) transduction, which involves
the mediation of phage components to transfer DNA between bacterial hosts; and (iii)
conjugation, the direct transfer of DNA between two adjacent bacteria via pili structures
(Thomas and Nielsen 2005).

The accessory genome is organized principally into polymorphic strain-specific
DNA segments that are missing in at least one of the genomes analysed (Ogier et al.
2010). These segments are named regions of genomic plasticity (RGPs), which are
clusters of genes located in highly variable genomic regions (Ogier et al. 2010; Bazin et
al. 2020). RGPs are inserted in spots of insertion, which are more active than the rest of
the genome in terms of acquisition rate of new elements and tend to have a much more
diverse gene content even between closely related individuals (Bazin et al. 2020). Most
of the RGPs arose from HGT and correspond to genomic islands (Gls) (Bazin et al.

2020). GIs are clusters of consecutive genes found in the accessory genome,
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characterized by their large size (> 10 Kb) with a different G+C content that the rest of
the host’s chromosome for recent acquisitions and are often associated with mobile
genetic elements (MGEs) (Bazin et al. 2020).

MGEs are genetic material capable of intra- and intercellular mobility and the entire
set of MGEs in a genome constitute the microbial mobilome (Carr et al. 2021; Botelho,
Cazares, and Schulenburg 2023). The microbial mobilome include transposons,
integrons, integrative and conjugative/mobilizable  elements (ICEs/IMEs),
microsatellites, prophages, plasmids, among others (Siefert 2009; Carr et al. 2021). In
some cases, MGEs could progressively lose their capacity to move due to mutation or
deletion of the genes that constitute the mobility mechanisms (Bellanger et al. 2014).

Plasmids are extra-chromosomal DNA molecules capable of autonomous
replication of chromosomes. Plasmid size is largely variable, from less than one kilobase
to megabases, being usually the largest components of the mobilome (Dagan, Artzy-
Randrup, and Martin 2008; Siefert 2009; Carr et al. 2021). According to their ability to
move, plasmids can be characterized as conjugative, mobilizable or non-mobilizable.
Conjugative plasmids are those that encode in their sequence the machinery necessary
to be transmitted by conjugation, which it is the most important transfer mechanism of
plasmids. This is made up of four components: (i) an origin of transfer (oriT); (i1) a
relaxase; (ii1) a type IV coupling protein (T4CP); (iv) and a mating pair formation (MPF)
complex encoded by the T4SS genes that facilitates the assembly and functionality of
the mating channel (Smillie et al. 2010; Thomas and Nielsen 2005). Mobilizable
plasmids are those whose transfer is dependent on their association with other
conjugative plasmids. This is because they lack at least the MPF and it uses an MPF of
another genetic element present in the cell (Smillie et al. 2010). These plasmids tend to
be of small size (<30kb) (Siefert 2009; Smillie et al. 2010). Some plasmids are non-
mobilizable because they are neither conjugative nor mobilizable (Smillie et al. 2010).
They can be transmitted by transduction, natural transformation, or cointegration in
mobile plasmids (Smillie et al. 2010). Most very large plasmids are non-mobilizable,
with evidence of domestication into secondary chromosomes (Smillie et al. 2010).

ICEs/IMEs are a diverse group of genetic elements found in bacteria that can
integrate into the bacterial chromosome or a plasmid, ranged from 10-700 kb for ICEs

and 2-50 kb for IMEs (Bellanger et al. 2014; Guédon et al. 2017). ICEs have the ability
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to excise from the host genome, transfer through conjugation, and re-integrate into the
host DNA. In contrast, IMEs need the conjugation machinery of co-resident conjugative
elements to transfer (Bellanger et al. 2014; Delavat et al. 2017).

Prophages are products of the lysogenic cycle of a phage, which involves the
insertion of the phage genome into the host. It can be integrated either into the host's
genome (integrated phage), or take the form of a linear or circular plasmid (plasmid
prophages) (Canchaya et al. 2003). Prophages can return to their active form through the
lytic cycle or degenerate into residual forms through the inactivation of their genes
(Canchaya et al. 2003).

Phage satellites act as parasites of bacterial phages, using their machinery to
transcribe and transmit horizontally between bacteria (de Sousa et al. 2023). Although
the molecular mechanisms by which phage satellites exploit helper phages are diverse,
they have a significant impact on phage-bacteria interactions. Four families of phage
satellites have been identified to the date based on their genetic diversity and taxonomic
distributions. These families are P4-like, phage-inducible chromosomal islands (PICI),
capsid-forming PICI, and PICI-like elements (PLE) (de Sousa et al. 2023).

MGEs often harbour genes conferring selective advantages, such as virulence
genes, antibiotic resistance genes (ARGs) and anti-phage defence systems, which aid to
bacterial niche adaptation, shaping bacterial evolution and dissemination of these traits
(Rodriguez-Valera, Martin-Cuadrado, and Lopez-Pérez 2016; Carroll and Wong 2018;
Patel and Maxwell 2023). These traits act as a trade-off for the survival of MGEs in
bacterial genomes, since hosts tend to eliminate unnecessary genetic material to avoid
metabolic burden (Dionisio et al. 2005; Carroll and Wong 2018; Ramisetty and
Sudhakari 2019; Taylor et al. 2019). For instance, in the case of plasmids, although
cryptic plasmids exist, have traditionally been classified by their function such as: (i)
Col plasmids, which are involved in bacterial killing; (i1) resistance plasmids, which
carry ARGs; (ii1) degradative plasmids, which allow the digestion of unusual substrates;
or (iv) virulence plasmids, which encode genes involved in pathogenicity (Siefert 2009).
In the same way, ICEs/IMEs are also classified according to their function, including
fitness islands, virulence islands, secretion islands, defence islands, ecological islands,

saprophytic islands, resistance islands, symbiosis islands, metabolic islands, and
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symbiosis islands among others identified (Patel 2016; Hochhauser, Millman, and Sorek
2023).

Therefore, understanding the structural organization of the accessory genome might
shed light on the evolution of the V. europaeus related to the composition of the
mobilome and the mechanisms underlying horizontal gene transfer with biological

implications for the bacterial survival and adaptation under environmental stress.



Chapter 3

3.2 Results

3.2.1 Characterization of the V. europaeus plasmidome

The V. europaeus plasmidome was formed by a total of 52 plasmids and they were
classified around five different groups (Table 3.1): pVEIl-like plasmids (size range:
308.9-419.27 kb; n= 38), pVE2-like plasmids (64.02—82.13 kb; n= 8), pVE3-like
plasmids (168.72—168.83 kb; n=4), pVE4 (41.65 kb; n=2), and pVES (71.05 kb; n=1).

Plasmids pVEl-like were present in most strains (n=38/39), including Spanish,
French (excluding only the strain 07/115 T1), American, and Chilean strains (Table 3.1).
Interestingly, pVEI-like plasmids were the only one in 29 strains (Table 3.1.). Some
strains harboured two plasmids through the combination of plasmids pVE1-like with
other plasmids, such as: (i) pVE2-like (CECT8136 and 2930); (ii) pVE3 (3614); (iii)
pVE4 (L3); and (iv) pVES (CECT8427) (Table 3.1). In addition, some strains harboured
even three plasmids, such as: (i) 3610, 3454, and 3492 (pVEl-like, pVE2-like, and
pVE3-like) or L3 and L20 (pVEl1-like, pVE2-like, and pVE4) (Table 3.1).

V. europaeus plasmids could not taxonomically classified because any plasmid
taxonomic unit (PTU) was identified by COPLA. However, other closely related
plasmids were found in the COPLA’s database (Table 3.1): (i) p251 (NZ_CP009356.1;
V. tubiashii ATCC 19109) with pVEI-like; (i1) pS7 (NZ_CP009358.1; V. tubiashii ATCC
19109) with pVE2-like; and (iii) pl (CP092386.1; Vibrio gigantis LMG 22741) with
pVE3-like plasmids. Although no related plasmids were found for pVE4 and pVES,
significative similarities matched in short regions (2% and 1%, respectively, e-value =
0.0) with V. tubiashii ATCC 19109 plasmid p48 (CP009359.1) and Vibrio sp. THAF190c
plasmid pTHAF190c_e (CP045343.1) (Table 3.1).

Despite any oriT sequences were identified from the plasmidome, most of the V.
europaeus plasmids were conjugatives because most of pVE1-like and all pVE2-like
and pVE3-like plasmids encoded the whole conjugative machinery (relaxases; the type
IV coupling protein, T4CP; and the gene cluster for the bacterial type IV secretion
system, T4SS) (Table 3.1). Interesting exceptions were found in the pVE1-like plasmids
(Table 3.1 and Fig. 3.3): (1) pVEI from the strain 07/108 T1 and from the fully resolved
assembly NPI-1, only contained the relaxase gene and, thus, were considered

mobilizable (Table 3.1; Fig. 3.3); (ii) some T4CP and T4SS genes were missing in two
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strains (NPI-1 and 07 108 t1). In the conjugative pVE1-like, the relaxase and the T4CP
genes (TrwB_AAD bind/TraD; Table 3.1) were located very close on the backbone (Fig.
3.3) and they encoded a T4SS (Table 3.1; Fig. 3.3). On the other hand, pVE4 lacked the
T4CP genes and thus it was classified as mobilizable. Interestingly, pVES was classified
as potentially mobilizable because it encoded the T4SS and T4CP genes but any known
relaxase was identified (Table 3.1).

Regarding relaxase families, pVEI-like and pVE2-like plasmids contained a
relaxase from the MOBF family, while pVE3-like and pVE4 harboured relaxases from
the MOBH and MOBC families (Table 3.1). Interestingly, a second relaxase (MOBC)
was found in the pVEI plasmids of three French strains (07/121 T1, 07/112 T1 and
07/110 T1, belonging to subcluster IIa based on the core-genome phylogeny) (Table 3.1).

Plasmids pVEIl-like were indeed the MGEs encoding the highest number of
virulence traits, defence systems, and secondary metabolites production and a significant
number of anti-phage defence systems (Fig. 3.4). No traits were found in pVE2 to pVES,
while pVEI annotation revealed a wide variety of traits, accounting in the V. europaeus
accessory genome the 32.90% of the defence systems, 59.61% of the virulence-related

genes, and 94.91% of the BGCs (Fig. 3.4).
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Chapter 3

Figure 3.3. Genetic structure of pVE1-like plasmids. Strains are arranged by phylogenetic
cluster (as determined in Chapter 1). Plasmids from fully resolved assemblies are marked with
an asterisk, and plasmid sizes are shown in brackets. Traits and conjugative transfer machinery
are highlighted with colours: defence systems (purple), BGCs (dark blue) encoding GCF1 and
GCF2 PKS-NRP hybrid, and GCF9 arylpolyene-NRPS hybrids (see Chapter 2), virulence genes
(dark blue), T6SS (green), relaxase (pink), TACP (orange), MPF (T4SS) (light green), and
integrases (light blue).
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Strains within the same phylogenetic cluster based on the core-genome (see
Chapter 1) exhibited similar defence system profiles in their pVE1-like plasmids
(Fig. 3.3). For example, in addition to the Gao Hhe system which is common to
all pVEI1-like plasmids, subcluster Ia harbored the Gabija and PD-T7-1 systems,
while subcluster Ib the the Mokosh Typell systems and PD-T4-7 system, with the
exception of the strains 2909 and 2967 which lacked the latter system. Subcluster
ITa is characterized by two DRT 4 systems, PD-Lambda-1, and Mokosh Typell,
though strain 07/116 T1 lacked both copies of DRT 4. Subcluster IIb displays the
CBASS 1, Kiwa, and RM_Type I systems, whereas subcluster Ilc features the
Lamassu-Fam and Mokosh Typell systems. pVE1 plasmids from Cluster III
shared a similar defence system profile, including the Lamassu-Fam, PD-T7-1,
and Mokosh_Typell systems, excluding strain 07 117 _T1, which lacked PD-T7-
1. Cluster IV exclusively harboured the Mokosh_Typell system, while Cluster V
presents the NLR like bNACHTO09 and Mokosh_Typell systems. Cluster VII is
characterized by the Hachiman and SanaTA systems, and Cluster VIII features the
RM Type Iand Dnd ABCDEFGH systems (Fig. 3.3).

The most noteworthy discovery regarding virulence in the V. europaeus
plasmidome was the presence in all pVE1-like plasmids of a complete set of
structural components for the T6SS (T6SS2) (Fig. 3.3 and 3.5B), additional to the
other T6SS (T6SS1; Fig. 3.5A) encoded in chromosome | (Fig. 4.5B). T6SS1 and
T6SS2 synteny was very similar and only differed for the location of the tube-
spike genes (Tssl/VgrG and PAAR) (Fig. 3.5).

Both T6SS were classified as the i5 subtype and the TssB phylogeny of the
340 i5 T6SSs (338 from the SecReT6 database and the T6SS1 and T6SS2 from V.
europaeus CECT 8136) clustered T6SS1 and T6SS2 within a common clade of
129 sequences (Fig. 3.6A). TssB1 and TssB2, and TssC1la and TssC2a showed an
amino acid sequence homology of 77,06% and 71,40% respectively. However,
amino acid sequence comparisons obtained by blastp revealed homologies below
40% among most of the core proteins such as TssA, TssC2(2), TssE, TssF, TssG,
Tssl/VgrG, TssJ, TssK, TssL and TssM, supporting both systems were different.

133



SERGIO RODRIGUEZ RODRIGUEZ

'SOUS 9} UO PAJOUAP Ik SUTBWOP IO Surdjoid papoouy “uondrosuer) 9y} JO UONIIIP pAjoIpaid o) pajedIpur SMOLIe AQ PIIOUdp a1k souds3 SS9

‘A[oAn0adsax sprwseld o1- g A d pue [ SwosowoIy)) 9y} Ul papodud a1am (g) ZSS9.L pue (V) 1SS9.L 'somoudsd snavdo.ina 1 Ul punoy s191sn[o dud3 SS91. °S € "SI

ujs30.d [eapayedAy BSBUD| UIBI0.d JYL/ISS T Sseupy URseD ZrssL uzgosd Buipuiq aje3sqns Jayodsuen Dgy TOssL Z3ssL ZassL

a <J « < <= a a

11 ®i-uoud buipuiq Jjwsejduad

ZHvvd uia04d |eanRYI0dAY ZHBR) | Jauodsuen) S4W zdoH
¢ < <= <] sCa—— o B s R cosi Doeooss JEECR o
_aooAmu .ooolo.q. E ST ﬂ _oh 01 Fem NmeF Am

aseby| elv-a eiv-a

TrssL d b A 2av T3ssL TassL uR30ud [eaRayIodAy
e
exds-oqm <l <« < a a <
BSBUPY UIRY0Ud JYL/I3S T dSeury ulpsed 11 3jij-ujajod Buipuiq Jwse|diad
AH_ 1 tHBey | Apwepadns Japodsues Sdi 19851 Tdoy Tuvvd
1810 P ~ T Gm T = == ]
—.——. A Grec.mw E.EN AA..I A E 100001 ‘nﬁ .
ausbopnesd AH_ = SS9l ?«

fuosseooe

si00

134



Chapter 3

Interestingly, while some strains harboured two copies of the T6SS i5, only the V.
europaeus strains and the closely related species V. tubiashii ATCC 19109 house one of
these copies located on a plasmid and the other one encoded in the chromosome (Fig.
3.6A).

Out of T6SS2, other virulence genes were identified in pVE1-like plasmids such
as: (i) the rtx cluster (rtxB, rtxD, and rtxE) encoded by pVEL of NPI-1; and (ii) single
copies of the cysCl gene, identified in thirteen pVE1-like plasmids (Fig. 3.3).
Interestingly, secondary metabolite biosynthetic genes were mainly encoded by
plasmids (Fig. 3.4). Three biosynthetic gene clusters (described in Chapter 2) were
present in most pVE1-like plasmids (only with the exception of the 07/108 T1 strain)
(Fig. 3.3): GCF1 and GCF2, which encoded PKS-NRP hybrid polyketides and were
distributed across all pVEL plasmids (GCF1 in Cluster la and GCF2 in other clusters);
and GCF9, which produces arylpolyene-NRPS hybrids and was only found in strains
from Cluster la (Fig. 3.3).
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Figure 3.6. (A) Phylogenetic relationship of T6SS i5 sequences based on the core TssB
protein (168 aa) and (B) Genetic structure and homology among T6SS-core proteins
(TssA-M). Phylogenetic tree was constructed using the maximum likelihood method
implemented in CORASON. The blue branch highlights the minimal clade containing
both plasmidic (T6SS2) and chromosomal T6SS (T6SS1) from V. europaeus. Tags with
NCBI sequence IDs are highlighted in orange if the T6SS is encoded in a plasmid. Arrows
indicated the V. europaeus T6SS sequences, with green arrows for T6SS2 and red arrows
for T6SS1. Red circles denote bootstrap values above 70. Proteins homologous to the
reference sequence are shown with an e-value cutoff of 1E-15 and are color-coded to
represent different levels of homology. The intensity of the colours indicates the degree

of homology with the reference sequence.

3.2.2 Identification and characterization of chromosomic RGPs

We have obtained a dataset composed by a total of 1135 chromosomic RGPs
from V. europaeus genomes, 531 had a size between 3-10kb, 335 between 10-
19kb, 180 between 19-35kb, 81 between 36-50kb, and 8 between 50-66kb.Among
those chromosomic RGPs, 895 were assigned to a spot of insertion. RGPs not
assigned to any spot (n=241), referred as decontextualized RGPs, were
predominant in no fully-resolved genomes. Thus, a genomes fragmentation was
positively correlated with the number of decontextualized RGPs (tau = 0.6738, p-
value = 6.708e-09; Fig. 3.7).
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A total of 78 insertion spots were identified for RGPs, with 53 spots
containing multiple RGPs (3-39 RGPs) and 25 spots containing single RGPs (Fig.
3.8). Based on mutation distances and applying a Jaccard Index cutoff of 0.394, a
network of 228 RGP families was established. The spot of insertion was identified
for 159 families whereas were assigned to 69 families were not assigned to any
spot and, thus, composed of decontextualized RGPs (labelled as NS.1 to NS.69 on
Fig. 3.8). Interestingly, three families contained RGPs from different insertion
spots (24/55.1, 37/62.1, and 28/51/53.1) (Fig. 3.8). A total of 78 insertion spots
were identified for RGPs, with 53 spots containing multiple RGPs (3-39) and 25
spots containing single RGPs (Fig. 3.8). Based on mutation distances and applying
a Jaccard Index cutoff of 0.394, a network of 228 RGP families was established.
The spot of insertion was identified for 159 families whereas were assigned to 69
families were not assigned to any spot and, thus, composed of decontextualized
RGPs (labelled as NS.1 to NS.69 on Fig. 3.8). Interestingly, three families
contained RGPs from different insertion spots (24/55.1, 37/62.1, and 28/51/53.1)
(Fig. 3.8).



Chapter 3

T

S-epquen

£1-Qd ‘Usysusly ‘ZIsp
axu ‘gxu

\

|

dd

9
91T
.

v v
S'1Z v'1cC

1"2dA INY

IA"uolRY |
[ |

u

® @

|4 WarA !

€12

% %
[l ¥4

el

T'6T

z4s1y ‘|esd ‘4esd ‘Dasd ‘gesd ‘adam ‘giAl 'v|dg ‘njam
vidq ‘g1A3 ‘gdgm ‘gasd
‘gdgm

vidqg *giay
ST+
I 2dAY Wy ‘enuenup

aju ‘ojua

°

‘L

V1I3WSOY ‘D 1ep—
Tuonas 9% 57
"odAY Y — ¢ %

a!

|"adA

we4-nssewie

Dasd ‘4asd ‘|1asd ‘z4siy

‘gasd ‘Dasd

A} ‘ddgm

1 uewiydey

V- uoJial _

nidasg

Jasd

josd

8V LY

axu ‘gxu
T-epqwe-ad

141



SERGIO RODRIGUEZ RODRIGUEZ

6t

~_redAy iy

L7

VL

90 wyuew ‘Heom ‘jasd

/A 1I"2dA1 Wy
A

TSy

[ 4 Tty

we4-nssewen
/0\ 80

Tuosiey t'1if o

Dosd ‘(z)gasd ‘Lygm ‘ajud

xdn ‘gogvieb

Ty

T°'€G/TG/8€E

Z-L1-ad ‘dHE

Z-946n ‘z-doy
SOUS 'V1S0ys /.,‘.,

/tmm
aoavdss
\ o o

/ £°CE C'cE

01409
\ % % g-epquei-ad

" eliqeh '0€ md/m\

n1das ‘| adAy Ny

T'1E /

17ssvad

142



A
A
I\ e
N e
Al
I e
]|
all e
el
al e
el

J21sn)d
J132uabolAyd

abeydoid-doy \/
IW3ADI-doY <>

o ()

2dA} dOY

0Z'SN

S-epquiet-ad ¢1d

12]d42
wa o
A @ L
69'SN 89'SN L9'SN 99'SN S9'SN F9'SN €9'SN ¢9'SN T9'SN 09'SN 6G'SN 8G'SN
% 9409
’ > k2 % > @ @ £ L) @ o L) @ L7 L) @ L] L) @
LG'SN 9S9°'SN GG'SN PG'SN €G'SN ZS'SN TS'SN 0SSN 6%'SN 8¢'SN LP'SN 9%'SN St'SN +P'SN EF'SN ZP'SN T¥'SN OF'SN 6£°SN
9| 2dAY Iy
_ ¥10 _
¢H_‘,umu S ._.mm 4 Il SSVED
© o o o ) 9 °© o o . % ©°© o 9o o o

BE'SN LE'SN 9E'SN SE'SN PE'SN E£E'SN

6T'SN 8T'SN LT'SN 9T'SN ST'SN ¥I'SN ET'SN <I'SN

ZE'SN TESN OSSN 6Z°SN 8Z'SN LZ'SN 9ZSN SZT'SN vZ'SN E£Z°SN ZZ'SN TT'SN

n13dAL ysoxow ‘1adAL ysoxop ‘efigeb
zins ‘pi-(9)ude 'qj-(,,£)yde

TT'SN OT'SN 6'SN
4-1-odAigns-T1sseD sy N O T -
v s-epque-ad ans D SY2 1l 2dAY 1SVYAY ~ B
z-,1-0d ‘ClaY 7 7 4-I-2dfyans-1sse|dy Svo wed-nssewe II'ssvad
v ®; > 2 ) L) > @ ..._w, ® @ ® ...,v ) 7 ) _a. o .,v
8L T/LL T9. TSL TvL TEL TeL TIL TOL T69 T'89 T/9 T99 TG TPv9 T€9 TT9 109 T65 18 LS T9S T'vS T°0S




SERGIO RODRIGUEZ RODRIGUEZ

144

Figure 3.8. Network showing the different spot of insertions (1-78) with the associated RGPs
families (named x.y, where x is the name of the spot and y is the number of the cluster) and the
decontextualized RGPs (NS.1 to NS.69). Jaccard Index cutoff of 0.394 was used. Gray-filled
nodes represent RGPs assigned to an insertion spot, while white-filled nodes represent
decontextualized RGPs. The colour of each node border identifies its phylogenetic cluster origin.
RGP families were grouped by their spot of insertion and. RGPs assigned to an ICE/IME or a

prophage are represented as thombuses or triangles.

From the perspective of the phylogenetic origin, most of the families are constituted
by RGPs from a single cluster or sub-cluster (n= 178; Fig. 3.9A), while those shared
between several groups (2 to 9) are less represented (n = 52). The most broadly
distributed families are 34.1 (Ia, Ib, IIa, IIb, Ilc, IV, V, VI, and VIII), 14.1 (Ia, IIa, IIb,
IIc, IV, V, and VIII), and 35.1 (Ia, Ib, IIa, IIb, Ilc, IV, and VIII) (Fig. 3.8). Among the
decontextualized RGP families, only NS.1 is composed of RGPs from more than one
phylogenetic origin (Ib, Ila, and VIII) (Fig. 3.8 and 3.9A).

On the other hand, most of the identified insertion spots (n = 44) are occupied by a
single RGP family, while 34 spots are shared by more than one RGP family. The most
variable spots of insertion, in terms of the diversity of RGP families present, were 4, 24,

and 3, with 9, 7, and 6 RGP families, respectively (Fig. 3.8 and 3.9B).
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Chromosomic RGPs not associated with mobile elements harbour a wide variety of
traits such as the 40.28% of the virulence-related genes, 49.51% of the defence systems,
100% of the ARGs, and 5.08% of the BGCs (Fig. 3.4).

A total of 396 genes related to virulence were located in chromosomic RGPs (Fig.
3.4). Virulence genes harboured by chromosomic RGPs are mainly related to
antiphagocytosis (capsular polysaccharide: wbfU, cpsC, rmlC, rmID, wbfY, wbfT, pseC,
tviB(2), vipB/tviC), endotoxin (LPS, LOS: bplA, kpsF), adherence (LPS O-antigen, Type
IV pili: tviB, hisF2), toxins (RTX toxins: rtxB, rtxD), and the glycosylation system
(pseB). Virulence genes located in RGPs are distributed across 13 RGP families (1.1,
1.2, 1.3, 15.3, 16.1, 16.2, 19.1, 21.3, 32.4, 44.1, 44.2, 48.1, and 48.2), which were
allocated in 8 insertion spots (Fig. 3.7). Each RGP in families 1.1 (phylogenetic clusters
I, I, and VII) and 1.3 (phylogenetic cluster VIII) harboured a single copy of cpsC, while
RGPs from family 1.2 (phylogenetic clusters III, IV, V, and VI) contain ¢psC, tviB, and
vipB/tviC. Among the RGPs in spot 16, family 16.1 (phylogenetic clusters I and II)
showed three similar sets of virulence genes (with a common core formed by the genes
psel, pseF’, wbpD, pseB, pseC, bplA, tviB; two sets with hisF2; and one with whfU),
while family 16.2 (phylogenetic clusters 111, IV, V, and VI) carried only #viB and wbpP.
Both families 48.1 and 48.2 harboured kpsF and ctrD. Families 15.3 and 21.3 harboured
rtxB and rtxD. Families 19.1 and 32.4 harboured rm/D and rmlC, and hcp-2 and vgrG-
2, respectively (Fig. 3.7).

A total of 44 RGP families, of which five are partially composed of RGPs identified
from ICEs/IMEs, showed defence systems (Fig. 3.8). Furthermore, spots of insertion
usually contained multiple RGPs or ICE/IME families with distinct defence systems.
For example, spot 2 includes families 2.1, 2.2, and 2.3 (RosmerTA, RM_type I, and PD-
Lambda-2, respectively); spot 4 families 4.1, 4.2, 4.3, 4.4, 4.5, and 4.6 (Lamassu-Fam,
Septu, retron I-A, RM type I, Hachiman type I, and darTG and RosmerTA,
respectively); spot 12 families 12.2 and 12.3 (RM_type Il and Retron VI, respectively);
spot 15 families 15.2 and 15.3 (Gabija and retron II, and PD-Lambda-1, respectively);
spot 31 families 31.1 and 31.2 (CBASS_II and Gabija, respectively); spot 32 families
32.1 and 32.3 (SspABCD, and ShosTA, respectively); spot 41 families 41.1 and 41.2
(both with BREX I); spot 45 families 45.1 and 45.2 (3HP and PD-T7-2, and
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RM type II, respectively); and spot 46 families 46.1 and 46.2 (both with BREX 1) (Fig.
3.8).

On the other hand, families 17.2 (druantia and RM_type II), 27.1 (RM_type I and
Septu), 30.2 (PD-Lambda-5), 36.4 (RM type III), 40.1 (qatABCD and upx), 54.1
(CBASS 1II), 58.1 (Lamassu-Fam), 63.1 (CAS Classl-Subtype-I-F), 65.1
(AVAST type III), 67.1 (AbiO and PD-T7-2), 73.1 (CAS_Classl-Subtype-I-F), and
75.1 (PD-Lambda-5) are the only families that harbour defence systems in their
respective spots.

Decontextualized RGP families NS.7, NS.11, NS.22, and NS.34 also carry defence
systems (Gabija, Mokosh_Typel and Mokosh Typell, DRT 4, CBASS II, and DRT 5,
respectively) (Fig. 3.7).

The ARG genes aph(3")-Ib, aph(6)-Id, and sul2, which were responsible for
resistance to streptomycin and sulfonamide detected in strains 3454, 3492, 3610, and
3614 (see Chapter 1), were located in RGP family NS.6 (Fig. 3.8).

The 3 BGC singletons (see Chapter 2) were detected in RGPs: GCF10, which
produces butyrolactone in strain 07/108 T1, constituted RGP family 31.3; GCF4 and
GCF6 (which produced RiPPs and NRPS, respectively, in strain 071316f) appeared in
the decontextualized families NS39 and NS38, respectively (Fig. 3.8).

3.2.3 Identification of ICEs/IMEs

A total of 78 chromosomic RGPs, with a size range from 7.86 to 57.45 kb, were
designated as ICE/IMEs based on the detection of both integrases and relaxases in their
sequences, and they were detected in 25 of the 39 V. europaeus genomes (Table 3.2).
ICE/IMEs were grouped into 14 ICE/IMEs clusters (C1-C14) using a Jaccard Index
threshold of 0.95 (Fig. 3.10A, Table 3.2). Those belonging to ICE/IME clusters C1 and
C2 were in all strains of the phylogenetic sub-cluster Ia. ICE/IME clusters C3 and C4
were partially distributed in sub-cluster Ia: C3 was identified in most of the strains
belonging to this sub-cluster with the exception of the strains 3610 and 3614 the only
ones with C4 (Table 3.2). The average Jaccard Index value between these two groups
was 0.84. ICE/IME cluster C5 was present in a subset of strains from the phylogenetic
sub-cluster Ia (3614, 2975, 2971, 2969, 2968, 2951, 2945, and 2895).C6 is found in a
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subset of the phylogenetic sub-cluster Ib (PP2-978, PP2-843, and 2967). C7 was
identified in 75% of strains from sub-cluster Ila (07 121 1T1, 07 116 T1, and
07 112 T1). The remaining putative ICE/IME clusters corresponded to singletons: C8
and C12 were found in 07/117 T1; C9 in 07/038 2T2; C10 and C13 in 07/115 T2; C11
in NPI-1; and C14 in 07/116 T1 (Fig. 3.10A and B).

Of the 78 ICEs/IMEs detected, 54 matched with a closely related ICE/IME
deposited in the ICEberg3 database, namely for ICE/IME clusters C2, C3, C4, C5, C6,
C8, C9, C10, C11, and C12 (Table 3.2). Only C5 and C6 obtained a total score higher
than 5, which were found to be similar to ARG-carrier ICEs/IMEs (SXT) such as
ICEVchBan9 from V. cholerae MJ-1236, ICEPmiCHN3300 from Proteus mirabilis
TJ3300, ICEVchInd4 from V. cholerae Ind4 (9.5 and 10 TS, for each, respectively),
SXT MOI0 from V. cholerae STX, and ICEPdaSpal from Photobacterium damselae
subsp. Piscicida (9 and 10 TS, for each, respectively), and R391 from Providencia
rettgeri (9.5 TS, both). The Multigenblast results showed that the similarity between C5
and C6 with the SXT ICEs/IME:s is limited to the genes belonging to the BREX I
defence system, with aminoacidic homologies ranging from 40% for BrxA to 78% BrxL
for both C5 and C6 ICEs/IMEs to its ICEVchBan9 homologs.

RGPs identified as putative ICEs/IMEs are distributed in specific insertion spots.
ICEs/IME:s cluster C1 made up the RGP family 52.1; however, only one RGP from the
fully resolved genome CECT8136 was assigned to insertion point 52 (Fig. 3.8), while
the others are decontextualized. Spot 41 contains the putative ICEs/IMEs C2 (family
41.1), C8 (family 41.4), C10 and C9 (family 41.2), and C11 (family 41.3) (Fig. 3.8).
Both RGP families 41.2 and 41.3 also include decontextualized RGPs from strain 07/108
T1 (07/108 T1 scaffold24 RGP _0 and 07 108 T1 scaffold25 RGP_3, respectively).
ICE/IME cluster C3 and C4 made up a single family at spot 40 (40.1) (Fig. 3.8).
ICE/IME cluster C7 made up family 36.3 together with an RGP not identified as mobile
(07 110 _T1 scaffold18 RGP 2). C12, C13, and C14 constitute singletons (NS.69,
66.1, and NS.32, respectively) (Fig. 3.8).

ICEs/IMEs encoded only 0.10% of the virulence-related genes in the accessory
genome of V. europaeus but the16.93% of the accessory defence systems (Fig. 3.4).
Thus, the only ICE/IME with a gene related to virulence was NS.69, which harboured a
pilW gene (related to adherence; Type IV pili) (Fig. 3.8).



Chapter 3

ICEs/IMEs from seven RGP families (corresponding to 8 identified ICEs/IMEs)
contained antiphage defence systems, and two were composed exclusively of these
mobile elements. Defence systems have been found in ICEs/IMEs cluster C3 and C4
(qatABCD, and qatABCD and upx, respectively), C11 (Retron II), C8 (Lamassu-Fam),
CS5 and C6 (BREX 1), C14 (RM_type 2G), and C12 (PD-Lambda-5) (Fig. 3.8).
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Figure 3.10. ICE/IMEs identified in V. europaeus genomes. (A) Heatmap showing the results of
the Jaccard Index comparisons for the ICE/IME pairs found. (B) Distribution of ICEs/IMEs
across V. europaeus strains. The clusters, labelled on the left (C1-14), were established using an
index cutoff of 0.95. The strains are ordered according to the phylogeny obtained through the
comparison of core genes (Chapter 1), which is represented in the outer ring as a circular tree.

The red dot indicates the presence of unique ICEs/IMEs in the strain.

3.2.4 Prophages identification

A total of 55 intact prophages were identified with Phaster but they were detected
only in 34 V. europaeus genomes out of 39 studied (Table 3.3). These prophages were
clustered into 10 different groups (prophage clusters A-J) using a cutoff similarity
Jaccard index of 0.95 (Fig. 3.11A, Table 3.3). Some clusters were represented by only
one prophage, such as: (i) cluster A (VE-PP42; length: 41 kb), B (VE-PP36; length: 33.6
kb), F (VE-PP41; length: 43.7 kb), and H (VE-PP4; length: 5.9 kb) (Table 3.3). In
contrast, the remaining clusters were made up by at least two prophages (Fig. 3.11B,
Table 3.3): clusters C (n= 3 prophages; length: 36.3-39,9 kb), D (n=5 prophages; length:
46 kb), E (n=9 prophages; length: 31.3-31.9 kb), G (n=9 prophages; length: 41.2 kb), I
(n=2 prophages; length: 8.5 kb), and J (n=23 prophages; length: 6-14.6 kb).

Among the Spanish strains, only the oldest Spanish strain (EX-1) did not harbour
any prophage in its genome. All the 19 Spanish strains from sub-cluster Ia were infected
by prophages from cluster J (Table 3.3; Fig. 3.11B), only parasitized by those phages
(strains L20, L4, L3, 2930, 2895) or also by other cluster phages such as (Fig. 3.11B;
Table 3.3): (1) the strains isolated in 2001 (PP-635, PP-660, PP-654, and CECT8136)
were infected by prophages from clusters J and E; (i1) strains 3492, 3454, 3610, 3614,
2951, 2969, 2971, 2975, and 2968 parasitized by phages from cluster J and G.

Prophages from clusters A, D and F exclusively infected strains of sub-cluster Ib
(Fig. 3.11B & B): (i) A and F prophages parasitized only the strain L2; and (i1) strains
PP2-843, PP2-978, 2909, 2967, and 2974 were infected by prophages from clusters D.
The prophages from cluster E infected only some Spanish strains but associated to both
sub-clusters (Fig. 3.11B; Table 3.3): sub-cluster la (PP-635, PP-660, PP-654,
CECT8136) and sub-cluster Ib (2967, 2974, 2909, PP2-843 and PP2-978) (Fig. 3.11A
and 9B, Table 3.3).
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Among the French strains, no prophages were detected in strains 07/108 T1, 07/115
T2, and 07/117 T1 (Fig. 3.11B). The French strain 07/116 T1 was infected by two
prophages (clusters H and J) (Fig. 3.11B and Table 3.3), while the remaining strains were
only infected by one prophage (Fig. 3.11B and Table 3.3). Cluster I prophages
parasitized only French strains affiliated to sub-cluster IIb (CECT8426 and 07/120 T1)
(Table 3.3; Fig. 3.11B). In contrast, prophages in cluster C exhibit the highest intra-
cluster diversity among the identified prophage clusters, with an average Jaccard Index
of 0.96 (Fig. 3.11A; Table 3.3).

Only phages from clusters C and J infected strains isolated from different countries
(Fig. 3.11B; Table 3.3). Phages from cluster C parasitized French and American strains
(bacterial clusters III and IV) and American strains (cluster V). Prophages from cluster
J were the only ones found in the Spanish and French strains, specifically among all
strains in sub-cluster Ia and sub-cluster I1a (07/121 T1, 07/110 T1, and 07/116 T1) (Fig.
3.11B). However, there was intra-specific variability between the prophages of J cluster,
supported by size differences (prophages infecting French strains, 6 kb; prophages
infecting Spanish strains, 14,6 kb) and the Jaccard Index (0.97-0.99) (Table 3.3).

Regarding to the taxonomic affiliation of those prophages, prophages of clusters A,
E, F, G, H, and the French subset of cluster J were aligned with known prophages (Table
3.3).
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Figure 3.11. Prophages identified in V. europaeus genomes. (A) Heatmap showing the results of
the Jaccard Index comparisons for the prophage pairs found. (B) Distribution of prophages
across V. europaeus strains. The clusters labelled on the left (A-J) were established using an
index cutoff of 0.95. The strains are ordered according to the core-genome phylogeny obtained
in the Chapter 1, which is represented in the outer ring as a circular tree. The red dot indicates

the presence of unique prophages in the strain.

Prophages represents the 4.84% of the chromosomic RGPs of V. europaeus.
Regarding the distribution of the identified prophages in the defined RGP families, RGPs
associated to prophages from clusters A, B, and F were found as singletons (78.1, NS.55,
and NS.26, respectively) (Fig. 3.8). The three prophages forming cluster C included
RGPs separated in different RGP families despite those RGPs were inserted in the same
spot (RGP families 21.4, 21.5, and 21.6; Fig. 3.8). Prophages from clusters D, G, and I
included RGP families 37.1, NS.2, and NS.18, respectively (Fig. 3.8). Prophages from
cluster E included RGPs classified into one RGP family but inserted in three different
insertion spots (38, 51, and 53.1) (Fig. 3.8). Prophages from cluster J included RGPs
divided into two families infecting different bacterial hosts (RGP 3.1 and NS.9 found in
prophages infecting hosts from the phylogenetic clusters la and Ila respectively (Fig.
3.8; Table 3.3). RGP 3.1 contained, in addition to part of cluster J, the only prophage
from cluster H, associated with a decontextualized RGP, although it presents an average
Jaccard Index of 0.62 with the other components (Fig. 3.8).

Some prophages were associated with decontextualized RGPs, as is the case of
prophages B (1/1), F (1/1), G (9/9), H (1/1), 1 (2/2) and J (6/23).

No virulence factors, ARGs, or BGCs were encoded by the prophages and only
encoded antiphage defence systems (Fig. 3.4). Prophages VE-P40 and VE-P1 (cluster
C) encoded the PD-Lambda-5 anti-phage defence system associated to RGP 21.5 and
21.6 (Fig. 3.8).

3.2.5 Phage satellites
Only two phage satellites were identified: (i) cfPICI family microsatellite in the
strain 07/038 2T2, including RGPs classified in the single RGP family NS.66 (Fig. 3.8);
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(1) a PICI family microsatellite in the PP-635 strain, with RGPs included in the large
RGP family 13.1 (Fig. 3.8).

3.2.6 Distribution of the pangenome accessory fractions among the different
genetic elements.

The 72.49% (n=4391 genes, 44.53% of the pangenome genes) of the accessory
genome was assigned to the genetic elements studied in this chapter (unclassified
chromosomic RGPs, plasmids, ICEs/IMEs, prophages or phage satellites). Most of those
genes (68%) were associated to unclassified chromosomal RGPs (Fig. 3.12). Mobile
plasmids (mobilizable and conjugative) harboured the 26% of the accessory genes The
remaining 6% were found in ICEs/IMEs (5%), prophages (0.8%), and phage satellites
(0.2%) (Fig. 3.12).

Any known mobility genes, homologs for relaxases and integrases/recombinases,
were identified from unclassified chromosomic RGPs sequences and, thus, they were
not included in the well-characterized V. europaeus mobilome. Therefore, we assigned
the 19.88% of the accessory genes to the well-characterized mobilome — e.g., mobile
plasmids, ICEs/IMEs, prophages and phage satellites-, corresponding to the 12.12% of
the total pangenome genes.

The assignation of each accessory fraction (cloud, shell or soft core) to all genetic
elements identified in this study revealed that 53% (n=2206) of the cloud genes and the
24% (n= 732 genes) of the shell genes were found in unclassified chromosomic RGPs
(Fig. 3.12). In fact, unclassified chromosomic RGPs were mainly formed by genes
belonging to both fractions: 74% and 25% of the unclassified chromosomic RGPs genes
were assigned the cloud and shell gene fraction respectively (Fig. 3.12).

Plasmids harboured the 17% (n=731) of the cloud genes and the 19% (n=305) of
the shell genes (Fig. 3.12). However, the relative gene fraction was similar to
unclassified chromosomic RGPs and plasmid genes were mainly constituted by cloud
genes (64%) and shell genes (26%) (Fig. 3.12). Similar proportions were found in
ICEs/IMEs and phage satellites (Fig. 3.12). For instance, cloud and shell genes
constituted respectively the 60% and 36% of the genes associated to ICES/IMEs and the
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73% and 19% in the case of phage satellites (Fig. 3.12). In contrast, genes associated to
prophages were mainly cloud genes (97%) (Fig. 3.12).
Interestingly, the 46% of the soft-core genes were encoded by plasmids whereas the

remaining 53% could not assigned to any genetic element (Fig. 3.12).
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Figure 3.12. Characterization of the accessory genome of V. europaeus. (A) Percentage of
the accessory genome assigned to mobilome; (B) Scatter plot showing homologous proteins
between the different fractions of the accessory genome and the different elements thereof
identified.
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3.3 Discussion

As we have seen in Chapter 1, the accessory genome constituted the largest fraction
(61%) of the V. europaeus pangenome and this has been found in many bacterial
pangenomes (Azarian, Huang, and Hanage 2020). In this report most of the accessory
genes (72%) have been assigned to the genetic elements (e.g. ICEs/IMEs, plasmids,
prophages, phage satellites and unclassified chromosomic RGPs) identified from the V-
europaeus pangenome. Thus, the structural organization of the accessory genome has
been defined for first time in a pathogenic Vibrio species for shellfish aquaculture using
a large -and high quality- genome collection.

Unclassified chromosomic RGPs were the most abundant genetic elements
associated to the accessory genome (63%). However, those RGPs did not encode any
known mobility genes and, thus, they were not included as the part of the well-
characterized mobilome. However, unclassified chromosomic RGPs were mostly
formed by genes associated to the cloud (74%) and shell (25%) gene fractions and both
accessory fractions are expected to arise from HGT events (Bazim et al., 2020). HGT is
a major source of variability in prokaryotic genomes and is, due to the absence of sexual
reproduction in bacteria, the main force that drives bacterial evolution (Narra and
Ochman 2006; Dobrindt et al. 2010). In V. europaeus, the fraction of genes in the
pangenome originated putatively by HGT -and associated to genetic elements such as
ICEs/IME:s, plasmids, prophages, phages satellites or unclassified chromosomic RGPs-
was more than double that found for another bivalve pathogen such as V. crassostreae
(44.53 and 19%, respectively) (Piel et al., 2022). Those authors classified the 47% of the
RGPs into putative MGEs, accounting for less than 10% of the total genes in the
pangenome similar to the 12% of total associated to mobilome obtained in our case (Piel
et al. 2022).

The mobility of unclassified chromosomic RGPs was not clear because the absence
of mobile related genes may correspond to their inactivation by random mutations or
deletions (Bellanger et al. 2014). It is also possible that some RGPs are mobilized
through mechanisms that remain unidentified and, thus, they could be classified as
putative MGEs (Hochhauser, Millman, and Sorek 2023). In any case, many

chromosomic RGPs may represent ancient prophage insertions or recombination events
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that have undergone mutation decay (Casjens 2003; Bellanger et al. 2014). Despite this,
it has been shown that these immobilized components, such as defective prophages, can
endow significant biological traits to their bacterial hosts (Casjens 2003; Ogier et al.
2010).

On the other hand, undetected mobile elements could exist due to the loss of genes
from RGPs located at the edges of contigs (Bazin et al. 2020). In our case, this
underestimation could be one of the causes of the lower proportion of prophages (4.84%)
found in the V. europaeus chromosomic RGPs than other pathogenic species (32%)
((Botelho, Cazares, and Schulenburg 2023). However, we cannot rule out the existence
of the prophage as a non-integrated form of a plasmid prophage (Canchaya et al. 2003).
The presence of plasmid prophages in V. europaeus genomes is suggested by the
presence of a decontextualized prophage (I) in the chromosome-level assembled genome
of CECT8426. Undetected or defective plasmid prophages could explain the existence
of decontextualized RGPs in other fully-resolved V. europaeus genomes, such as in PP2-
843 and CECT8427, belonging to NS.3, NS.5, and NS.68.

Similarly, the detection of ICEs/IMEs could be affected by this bias, being a possible
explanation of the presence of decontextualized RGPs in families clearly associated with
ICEs/IMEs clusters such as 40.1, 46.1, and 46.2. The fragmentation of complete
sequences also accounted for the underestimation of a single phage satellite in the large
RGP family 13.1, where we only detected PICI clusters with several decontextualized
RGPs. As discussed in Chapter 1, the existence of structural RNAs may be related to the
higher likelihood of contig fragmentation, with a larger number of these elements
detected in full-resolved genomes in our case (Miyamoto et al. 2014). Since mobile
elements are prone to inserting into specific tRNA sites (Hudson, Lau, and Williams
2015), it is expected that there may be a loss of information in the RGPs, including those
associated with MGEs, in the contig-level genomes analysed.

Distinct RGPs were inserted in the same spot of insertion. The RGP families
identified in V. europaeus suggested that at least two recombination events occurred
involving different spots of insertion reflected in the two phylogenetic clusters of strains
identified. Remarkably these strains coexist in the same environment, which represents
a nice example of adaptive convergence. For instance, the prophage from cluster C is

found in both the 38/51/53.1 spot (Hatchery A) and the 24/55.1 spot (Hatchery D).



Chapter 3

Network analyses using RGP sequences revealed that various RGP family clusters
consist of a mix of sequences from at least two different phylogenetic clusters. This
observation indicates that recombination events between strains from different
phylogenetic clusters may have occurred (Botelho et al. 2023).

V. europaeus frequently harboured RGPs with various anti-phage defence systems
at specific insertion sites, a characteristic also observed in other species such as
Escherichia coli and Pseudomonas aeruginosa, which are well known for their defence
hotspots (Hochhauser, Millman, and Sorek 2023; Johnson et al. 2023). This clustering
of defence systems along mobile elements is likely influenced by selective pressures that
favour the host's fitness in environments rich in phages and promote the co-dispersion
of these elements across genomes (Rocha and Bikard 2022; Botelho et al. 2023;
Hochhauser, Millman, and Sorek 2023). Consequently, chromosomal RGPs encode the
majority of defence systems and resulting in highly diverse defence profiles between the
different strains (Botelho et al. 2023). Among all the defence systems identified this
study, the PD-Lambda-1, PD-Lambda-2, PD-Lambda-5, PD-T7 1, PD-T7 2, and
DarTG systems are characteristic of prophages (Patel and Maxwell 2023). Notably, only
two out of eight PD-Lambda-5 systems were encoded prophages, reinforcing the notion
that defective prophage sequences are prevalent among the RGPs in V. europaeus.

The virulence genes encoded by the V. europaeus RGPs are primarily associated
with the synthesis of polysaccharides. These polysaccharides play crucial roles in
forming cell surface structures such as the O-chain of lipopolysaccharides (LPS) and
capsular polysaccharides, as well as glycosylating external features like flagella. In
Gram-negative bacteria, glyco-type variability is influenced by three key components
present in replacement-type RGPs: the O-chain (O-antigen) of the LPS, and optionally,
the exopolysaccharide or capsular polysaccharide, and flagellar glycosylation. These
RGPs undergo recombination events that contribute to glyco-type variability (Lopez-
Pérez and Rodriguez-Valera 2016; Puente-Sanchez et al. 2023). As discussed in Chapter
2, this glyco-type variability within pathogenic species enhances their ability to evade
host immune defences and ensures survival. Additionally, glyco-types are involved in
the specific recognition of phages, thereby contributing to population regulation through
a process of negative selection (Chatzidaki-Livanis, Jones, and Wright 2006; Shu et al.

2009; Nakhamchik et al. 2010; Lopez-Pérez and Rodriguez-Valera 2016). Further
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analyses should be performed about the spot of insertion 16, which included the RGPs
encoding LPS genes, due to its possible implication in the development of vibriosis
prevention strategies through immune priming (Wildschutte et al. 2010; Yang et al.
2021).

We have shown that virulence genes, anti-phage defence systems, secondary
metabolite biosynthetic gene and antibiotic resistance genes can be rapidly turned over
on the V. europaeus populations linked to well-characterized MGEs such as ICEs/IMEs,
plasmids, prophages and phage satellites. Encoding those genes on MGEs can make a
fast-changing phenotypic trait independent of physiological or metabolic traits encoded
by the core genome (Hussain et al. 2021). Anti-phage defence systems were the unique
genes found in those MGEs, although mainly in plasmids and ICEs/IMEs, harbouring
the 37% of the defence systems found in V. europaeus genomes. If we also consider
unclassified chromosomic RGPs as -putative or ancient- MGEs, this percentage rises to
73%, similar to the 72% found in V. crassostreae and confirming that HGT events play
a major role in the emergence of phage resistance by acquisition of MGEs (Piel et al.
2022). Phage resistance is the most important selective force determining clonal
bacterial diversity, with anti-phage defence systems explaining a very large portion of
the accessory genome (Hussain et al. 2021). This allows the core genome to be
maintained over the long term even in the face of phage predation. Although phages may
exert negative frequency-dependent selection on their hosts, this selection is largely
acting at the level of MGEs containing anti-phage defence systems (Hussain et al. 2021).
Interestingly, some prophages also encoded known anti-phage defence systems.
Prophages are vulnerable to predation of their host bacterium by exogenous phages.
Different anti-phage systems have been encoded by prophages to defend host cells
against exogenous phage attack without sacrificing the ability to replicate lytically (Patel
and Maxwell 2023).

The presence of numerous traits related to virulence, anti-phage defence systems,
and secondary metabolite biosynthetic genes -but not antibiotic resistance genes-
distinguished pVEIl-like plasmids from other MGEs found from V. europaeus
pangenome. These genes are associated with survival in novel environments and
conditions and may provide an advantage for adaptation in certain environments (Carroll

and Wong 2018). These plasmids were the most common MGE in our bacterial collection
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(97,4% of V. europaeus strains harboured pVEl-like plasmids), highlighting the
significance of the pVE1-like plasmids in the biology of V. europaeus. Despite most of
pVEl-like plasmids were conjugative, some pVEI plasmids such as those harboured by
the strains NPI-1 or 07/108 T1 were mobilizable due to the absence of MPF and T4CP
(Smillie et al. 2010). This transition from conjugative to mobilizable often involved gene
loss and a reduction of plasmid size, which is associated with the presence of transposable
elements within the plasmid (Coluzzi et al. 2022). In fact, pVEI in NPI-1 was the smallest
plasmid within its phylogenetic cluster or pVE1 in the strain 07/108 T1, which also lacked
BGCs, supported this hypothesis.

Presence of different anti-phage defence systems encoded in the same pVEI
plasmid could be explained by: (i) preventing the entry of alien DNA, providing
protection against invasion by prophages and other mobile elements (Picton et al. 2021),
and (ii) preventing plasmid loss during bacterial division through post-segregation killing
or addiction mechanisms (Hall et al. 2022). In last example, several studies indicated that
RM (restriction-modification) systems are responsible for maintaining plasmid stability
within their host (Mochizuki et al. 2006; Shaw, Rocha, and MacLean 2023). However, it
has been found that only 10.50% of a large set of plasmids harbour RM systems, with a
higher prevalence in conjugative and mobilizable plasmids (Oliveira, Touchon, and
Rocha 2014). In the case of pVE1 from V. europaeus, RM_Type I systems were detected
in strains 07/108 T1, CECT8426, and 07/120 T1. Toxin-Antitoxin (TA) systems have also
been identified as contributors to the stabilization of mobile elements (Makarova et al.
2011; Hall et al. 2022), but only an AbiE/SanTA system was found in the pVE1 plasmid
of strain EX1. Most of the defence systems in pVE1-like plasmids were encoded within
a flexible region characterized by highly conserved flanks that encompass multiple anti-
phage defence islands. The homology of certain anti-phage defence system genes across
all pVEI-like sequences, such as the flanking Gao Hhe in all strains, suggested that this
flexible region is additive, resulting from multiple discrete integrations (Rodriguez-
Valera, Martin-Cuadrado, and Lépez-Pérez 2016). Moreover, the presence of PD-T7 1
and PD-Lambda-1 in some pVE]1 plasmids suggested possible integration of prophages
into its flexible defence islands (Rodriguez-Valera, Martin-Cuadrado, and Lopez-Pérez

2016; Patel and Maxwell 2023).
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Further analyses are needed to confirm the role of the second T6SSi5 (T6SS2)
encoded by pVE1-like plasmids in V. europaeus. T6SS1, encoded in the Chromosome I,
and T6SS2 were two different systems supported by the low aminoacidic similarity
among homologous genes found in most cases. Genetic structure of T6SS1 and T6SS2
was very similar among them and to other T6SSi5s found in pathogenic vibrios such as
the bivalve pathogens V. crassostreae, V. aestuarianus or V. coralliilyticus (Piel et al.
2020; Mass, Cohen, Gerlic, et al. 2024). Interestingly, T6SS2 was closely related to the
only T6SSi5 found in V. crassostreae J5-20 genome which it was also encoded in a
plasmid (pGV) (Piel et al. 2020). The pathogenicity of V. crassostreae depends on a
novel transcriptional regulator, which activates the bidirectional promoter of a T6SS
genes cluster and caused haemocyte (oyster immune cell) cytotoxicity (Piel et al. 2020).
Those authors proposed that haemocyte cytotoxicity was a lethality trait shared by a
broad range of mollusc pathogens such as V. aestuarianus or V. tapetis and suggested
that T6SS was involved in parallel evolution of pathogen for molluscs. It is important to
remark that T6SS1 was similar to the T6SS found in V. coralliilyticus OCNOOS, which
mediated anti-eukaryotic toxicity and contributes to mortality during infection of an
aquatic model organism, Artemia salina (Mass et al., 2024). In basis of both reports,
T6SS1 and T6SS2 would have a cytotoxic activity. However, the role of T6SS2 in
bacteria-bacteria competition could not be discarded because the virulence towards
Manila clam juveniles was similar between the unique V. europaeus strain without a
pVE-1 plasmid (07/115 T2) and to strains with pVEI-like plasmids (see Chapter 2). In
any case, the distribution of the T6SSs in the genome of V. europaeus is noteworthy,
given the general absence of chromosomal T6SS in bacteria harbouring T6SS-encoding
plasmids (Morgado and Vicente 2022).

pVEl-like plasmids encoded the most of BGCs associated to MGEs, supporting the
significance of those plasmids for the adaptation of V. europaeus to its ecological niche.
While the ecological role of PKS-NRP hybrids (GCF1 and GCF2) will require further
investigation, the arylpolyene-NRPS hybrid (GCF9) is likely associated with
colonization through utilization of chitin (Giubergia et al. 2017).

Plasmids are prone to be lost when selective pressure diminishes, thereby being
irrelevant or slightly detrimental for bacterial fitness due to metabolic energy waste

(Smith and Bidochka 1998; Chen et al. 2017; Carroll and Wong 2018). The lack of the
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pVEI plasmid in strain 07/115 T2 suggests it may have been lost by this reason. Bacterial
fitness is a multifactorial trait influenced by the strain's genetic background, including
prophages, horizontally transferred genes, and other traits (Andersson and Hughes 2010;
Gordo, Perfeito, and Sousa 2012; Bondy-Denomy and Davidson 2014; Knoéppel et al.
2014; Taylor et al. 2019). Although the impact of plasmid presence on bacterial fitness
varies depending on the genetic context of both the host and the plasmid, it is generally
accepted that carrying a plasmid incurs a fitness cost (Dionisio et al. 2005; Vogwill y
MacLean 2015; Carroll y Wong 2018; Alonso-del Valle et al. 2021). The specific
reasons for this cost are not fully understood but may involve increased resource
demands for replication and gene expression, potential misexpression of chromosomal
genes, and interference with host structures and functions (Carroll and Wong 2018;

Alonso-del Valle et al. 2021).
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Through the analysis of the pangenome of V. europaeus presented in this work, new
insights into the species have been provided, enhancing the understanding of its
intraspecific variability and ecology, and laying a foundation for the development of
novel prevention and control strategies. The key conclusions drawn from this analysis
are as follows:

1. V. europaeus has an open pangenome, indicating the acquisition of external
genes. This pangenome is mainly composed by accessory genes (61%), with
those belonging to the cloud genome standing out, highlighting the
versatility for adaptation to specific ecological niches of the species.

2. V. europaeus strains isolated from Spanish hatcheries exhibited lower
genetic diversity than French strains, suggesting a monophyletic radiation
event followed by subsequent dispersal across Spanish hatcheries. Also, the
exchange of phytoplankton stocks and broodstock among hatcheries can
justify the finding of clonal strains in different Spanish hatcheries.

3. The American strains, particularly the Chilean one, were closely related to
French strains, pointing to an intercontinental movement of V. europaeus,
likely facilitated by the trade of spat, juveniles or adult bivalves.

4. The study of clonal strains isolated in Hatchery B allowed us to hypothesize
that the phytoplankton is the main bacterial source of V. europaeus, at least
in this facility.

5. Virulence is probably due to the core virulence factors. This is supported
because most virulence genes (>60%) were encoded in the core genome and
all V. europaeus strains were virulent in infection assays.

6. All V. europaeus strains were resistant to cephalexin and erythromycin,
being sensitive to most of the tested antibiotics. However, the presence of a
subgroup of strains were also resistant to streptomycin and sulfonamide.
This demonstrated the additional acquisition of antibiotic resistance and
highlighted the risk of using antibiotics as preventive tool in hatchery

environments.



7.

10.

11.

Conclusions

Most of the studied V. europaeus strains shared biosynthetic gene clusters
such as NRPS, RiPP-like, betalactone, arylpolyene, and ectoine types,
suggesting their importance for the proper ecological performance of the
species.

All V. europaeus strains encoded an important repertoire of anti-phage
defence systems. The accessory nature of the defence systems demonstrated
the rapid adaptation of V. europaeus in the arm-race against phage predation,
allowing the core genome to remain unchanged. Thus, the use of phage
therapy to control this pathogen is questionable.

The 72% of the accessory genome of V. europaeus came from HGT and
mobilome (ICEs/IMEs, mobile plasmids, prophages, phage satellites)
comprised the 20% of the accessory genome. Unclassified chromosomal
RGPs constituted the most abundant genetic element, however, they could
not be assigned to mobilome despite their HGT origin.

The broad presence of virulence genes, anti-phage defence systems, BGCs,
and ARGs in the mobilome and in the unclassified chromosomal RGPs
supported the ability of V. europaeus to rapidly acquire or transfer these
traits.

The pVE1-like plasmid stood out among the genetic elements identified in
the pangenome of V. europaeus due to its size, abundance, prevalence, and
the presence of important traits (e.g., defence systems, BGCs, T6SS2...),

suggesting an important role in the bacterial survival and competition.
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Pathogens of the Vibrio genus represent one of the main threats
to bivalve hatchery production, often leading to the loss of
entire batches. The high virulence of these infections renders
control methods ineffective once mortality is detected,
focusing efforts instead on preventive strategies that are
limited, environmentally costly, and often ineffective. Vibrio
europaeus is an emerging pathogen reported in both Europe
and the Americas, capable of causing mortalities across
various developmental stages of multiple bivalve species. This
study presents a genomic characterization of all available

V. europaeus strains to date, including pangenome analysis,
phylogeny, characterization of key genes and elements, and

a study of the accessory genome.
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