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RESUMEN

La piscirickettsiosis es una enfermedad contagiosa sistémica de los peces teleosteos
cuyo agente causal es Piscirickettsia salmonis, una bacteria gram negativa intracelular
facultativa. Esta enfermedad se ha descrito esporadicamente en distintas areas geograficas y
especies de peces en el mundo, pero es endémica y particularmente severa en salmonidos
criados en agua de mar en Chile. En esta tesis se investigaron algunos aspectos de la
patogénesis de esta enfermedad, estudiandose la infectividad de P. salmonis, tanto in vitro
como in vivo, y buscandose ademas evidencias de la capacidad de secretar exotoxinas por
parte de esta bacteria. Los ensayos de infectividad en células CHSE-214, procedentes de
embrion de salmoén chinook (Oncorhynchus tshawytscha), mostraron que existe una rapida
adherencia de la bacteria a la superficie de la membrana plasmatica (< 5 min
posinoculacion) seguida de su incorporacion al citoplasma de estas células, proceso que
ocurre entre las 3 y las 6 h posinoculacion. Por su parte, el estudio de infectividad in vivo,
que se realizd en trucha arcoiris (O. mykiss), revel6 que este proceso comprende tres etapas
principales: (i) una fase de rapida adhesion a células epiteliales principalmente de piel y
branquias, pero también del canal alimentario; (ii) una invasion progresiva desde los sitios
de entrada hacia tejidos mas profundos hasta alcanzar el torrente sanguineo y; (iii) una
rapida diseminacion via hematogena para alcanzar virtualmente todos los tejidos
corporales. Finalmente, se demostrdé que P. salmonis puede secretar exotoxinas
termolabiles que tienen un efecto citotoxico selectivo segun la célula blanco expuesta y
que, probablemente, son parte de los factores de virulencia involucrados en la patogénesis

de la piscirickettsiosis.



SUMMARY

Piscirickettsiosis is a contagious systemic disease of teleost fish caused by
Piscirickettsia salmonis, a gram negative facultative intracellular bacterium. This condition
has been reported sporadically in different geographical areas of the world, but it is
endemic and particularly severe in maricultured salmonid fish in Chile. In this research
some aspects of the piscirickettsiosis pathogenesis were studied including the infectivity of
P. salmonis, by means of in vitro and in vivo time-course assays, and the searching for
evidence of exotoxin secretion of this bacterium. The in vitro infectivity assays conducted
in CHSE-214 cells, which are derived from chinook salmon (Oncorhynchus tshawytscha)
embryo cells, showed that there is a fast attachment step of this bacterium to the cell
surface (< 5 min post-inoculation) followed by a plasma membrane penetration to reach
cell cytoplasm, which occurs mainly between 3 and 6 h post-inoculation. In turn, the in vivo
infectivity study, which was carried out in rainbow trout (O. mykiss), revealed that this
process would comprise three major stages: (i) a rapid attachment to epithelial cells mainly
of skin and gills, but also of the alimentary canal; (ii) a progressive invasion from the sites
of entry to deeper underlying tissues until reaching the bloodstream and; (iii) a rapid
haematogenous spread to virtually all body tissues. Finally, it was shown that P. salmonis
can secrete heat-labile exotoxins, that produce a selective cytotoxicity depending on the
type of targeted cell, which may be some of the virulence factors of this bacterium and

probably play a role in the piscirickettsiosis pathogenesis.



JUSTIFICACION

La poblacion humana requiere productos alimenticios en cantidad, calidad y
variedad suficiente para satisfacer en primer término sus necesidades nutricionales (United
Nations, 2013), pero también, entre otras importantes, aquellas de tipo gastrondmicas y
sociales (Connor y Armitage, 2002; Fox, 2014). A pesar de las notables mejorias en la
produccion y distribucion de alimentos que han existido en el ultimo siglo, ain hoy a nivel
global hay alrededor de 800 millones de personas que sufren desnutricion (Wu et al., 2014).
Ademas, y segtin indican las proyecciones demograficas, habré en las proximas décadas un
aumento de la poblacion humana, con expectativas de que existan en total cerca de diez mil
millones de personas el ano 2050, por lo cual se espera que el requerimiento de alimentos
se incremente significativamente en el futuro venidero (United Nations, 2015). En cuanto a
la composicion de la futura demanda, ésta deberia aumentar en mayor proporcion para los
alimentos de origen animal que la de aquellos de fuente vegetal debido a que se espera un
cambio en tal sentido empujado por un, también supuesto, aumento de los ingresos
economicos promedios de la poblacion, especialmente en los paises en vias de desarrollo
(Alexandratos y Bruinsma, 2012; Wu et al., 2014).

Los animales acuaticos, principalmente peces, moluscos y crustaceos, representan
un componente fundamental del total de alimentos de origen animal en la actualidad, y se
prevé que jugaran un papel ain mas relevante en el futuro para contribuir a la seguridad
alimentaria del ser humano (Tacon y Metian, 2013; TWB, 2013). La produccién mundial
de animales acuaticos, en cifras del afio 2012, alcanzo un total de 158 millones de toneladas
(MMT). De éstas, aproximadamente un 58% (91,3 MMT) provino de la pesca de captura y
un 42 % (66,3 MMT) de la acuicultura (FAO, 2014b). Aunque los desembarcos pesqueros

del afio 2012 tuvieron un leve incremento respecto de periodos anteriores, los volimenes de
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peces capturados a nivel mundial se han mantenido relativamente constantes ya desde
finales de la década de 1980 alcanzando las cantidades que, seglin se estima, estdn cercanas
a su maximo sustentable (FAO, 2014b). En contraste, la acuicultura se ha incrementado
significativamente durante las ultimas décadas expandiéndose progresivamente el nimero
de especies cultivadas, las areas geograficas dedicadas a esta actividad, su valor econémico
y su volumen de produccion (Naylor et al., 2000), proporcionando actualmente casi la
mitad de todo el pescado usado para consumo humano (FAO, 2014a). Asi, en el afio 1982,
globalmente se generaron 5,7 MMT de productos derivados de la acuicultura de animales
acuaticos, cifra que crecid progresivamente de tal manera que tras solo tres décadas, en
2012, alcanz6 un valor 10 veces superior respecto al mencionado inicialmente (FAO,
2015). Uno de los grupos de especies de mayor importancia en la acuicultura mundial, por
su relativamente elevado valor econémico y vigorosa demanda en distintos mercados, es el
de los peces teleosteos de la subfamilia Salmoninae, que comprende las distintas especies
de truchas y salmones, también denominados genéricamente como salmoénidos (Asche y
Bjerndal, 2011). A nivel mundial, entre los grupos de especies de peces, los salmonidos
solo son superados por aquellos de la familia Ciprinidae (carpas), aunque por gran
diferencia, en tamafio de produccioén por acuicultura (Naylor et al., 2000; FAO, 2015).
Chile tiene una serie de ventajas comparativas para la acuicultura de salmonidos (Heen et
al., 1993; Asche y Bjerndal, 2011) y es el segundo productor mundial de estas especies,
después de Noruega, cosechando el afio 2014 un total bruto aproximado de 955 mil
toneladas (SERNAPESCA, 2015a) con un valor free on board de las exportaciones de este
rubro superior a los cuatro mil millones de ddlares (Gonzalez, 2015). La industria
salmonicultora es de gran importancia econdmica para Chile, especialmente en las regiones

donde ésta se desarrolla, siendo el segundo producto més exportado después del cobre y
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estimdndose que genera mas de 70 mil puestos de trabajo entre empleos directos e
indirectos (SALMONCHILE, 2015).

Los peces salmonidos no son nativos del hemisferio sur y cuando su cultivo en
jaulas flotantes se inicid en Chile, a inicios de la década de 1980, los problemas
ocasionados por enfermedades estaban practicamente ausentes en estos peces (Heen et al.,
1993). Sin embargo, con el incremento de la biomasa de peces, numerosas enfermedades
infecciosas han afectado progresivamente estas poblaciones de salmonidos mantenidos en
cautiverio. En términos de impacto econdémico, la anemia infecciosa del salmon (ISA) y la
piscirickettsiosis (también denominada “septicemia rickettsial salmonidea” o por su sigla
“SRS”) han sido las condiciones sanitarias mas severas de la acuicultura en Chile (Smith et
al., 2011). Aunque ISA caus6 un enorme dafio econémico durante los afios 2007 y 2009
(Asche et al., 2009), esta afeccion ha sido controlada, manifestandose con muy pocos
brotes subsecuentes hasta la fecha. Contrariamente, la piscirickettsiosis es una enfermedad
endémica en el ambiente marino y estuarino de la zona sur de Chile (Rees et al., 2014;
Rozas y Enriquez, 2014). A pesar de que hay numerosas vacunas comerciales contra P.
salmonis que se aplican en Chile (SAG, 2015) no se ha logrado controlar la enfermedad,
cuya incidencia incluso ha tendido a aumentar en los Gltimos afios (Rees et al., 2014),
generando elevadas mortalidades en los peces que a su vez derivan en pérdidas cuantiosas
que regularmente han excedido los 100 millones de dolares anuales (Bustos, 2006; Bravo y
Midtlyng, 2007; Almendras, 2015). Un problema adicional es el alto uso de antibioticos
administrados en intentos terapéuticos contra la piscirickettsiosis, lo que conlleva una mala
percepcion de los consumidores y un eventual riesgo de salud publica. Al respecto, el afio
2014 se usaron aproximadamente 563 toneladas de antibidticos en salmonicultura en Chile

de los cuales el 86% se us6 para el tratamiento de piscirickettsiosis (SERNAPESCA,
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2015c¢). Debido a la importancia de esta enfermedad en Chile, se instaur6 un programa
oficial gubernamental destinado a su control a partir del afio 2013 (SERNAPESCA, 2012).

Por las razones expuestas es indudable que el desarrollo de conocimientos y
herramientas que contribuyan efectivamente a prevenir y/o controlar esta enfermedad es
actualmente un desafio de real importancia para Chile.

Piscirickettsia salmonis es una bacteria gram negativa intracelular facultativa
(Gomez et al., 2009), agente causal de la piscirickettsiosis (Fryer et al., 1992). Esta tltima
es una enfermedad infecto-contagiosa muy severa de los salménidos criados en jaulas
marinas en Chile (Venegas et al., 2004), lugar donde esta entidad fue por primera vez
descrita a nivel mundial (Bravo y Campos, 1989; Cubillos et al., 1990; Fryer et al., 1990;
Cvitanich et al., 1991). La presencia de piscirickettsiosis en salménidos ha sido también
documentada en Noruega (Olsen et al., 1997; Karatas et al., 2008), en las costas del océano
Pacifico y del Atlantico de Canada (Brocklebank et al., 1993; Jones et al., 1998), Irlanda
(Rodger y Drinan, 1993) y Escocia (Grant et al., 1996; Birrel et al., 2003). Aunque los
hospedadores principales de P. salmonis son los salmonidos, esta bacteria ha sido
detectada, por aislamiento o reaccion en cadena de la polimerasa, en otras especies de peces
teledsteos enfermos tales como Atractoscion nobilis (Arkush et al., 2006) y Dicentrarchus
labrax (McCarthy et al., 2005; Zrn¢i¢ et al., 2015).

En las ultimas dos décadas, numerosas bacterias fastidiosas gram negativas y que se
replican intracelularmente en sus células hospedadoras, ya sea de modo obligado o
facultativo, han sido reconocidas como agentes causales de enfermedades importantes en
animales acuaticos incluidos moluscos, crustaceos y peces teledsteos (Mauel et al., 2008;
Galeotti et al., 2015). Este grupo emergente de patogenos por sus similitudes fenotipicas

han sido denominados laxamente como “rickettsia-like organisms” y/o “Piscirickettsia-like
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organisms” (Mauel y Miller, 2002). Dentro de este grupo de microorganismos, P. salmonis
fue el primer caso en que se demostrd que era un patéogeno de alta virulencia y que
ocasionaba una enfermedad devastadora en animales acuaticos, particularmente en
salmonidos (Fryer y Hedrick, 2003).

Se han realizado numerosos estudios sobre P. salmonis y varios de ellos han
permitido obtener importantes avances como, por ejemplo, obtener una clasificacion
taxondmica mas precisa, comprender, al menos en parte, la respuesta inmune contra esta
enfermedad y recientemente conocer la secuencia del genoma de algunas cepas de esta
especie bacteriana (Fryer et al., 1992; Marshall et al., 2007; Rozas y Enriquez, 2014; Yafez
et al., 2014; Pulgar et al., 2015). No obstante lo anterior, el conocimiento sobre la
patogénesis de la piscirickettsiosis en general y, en forma mas especifica, acerca de la
relacion patdogeno-hospedador y de los mecanismos de virulencia de esta bacteria es atn
muy limitado y fueron estos aspectos el foco de estudio de la presente tesis.

Aunque esta investigacion fue fundamentalmente descriptiva, en congruencia con
cada uno de los tres objetivos especificos se plantearon las siguientes hipotesis: 1) “P.
salmonis se adhiere rapidamente (en minutos postexposicion) a la membrana de células
hospedadoras y luego en las siguientes horas es endocitada e incorporada al citoplasma
dentro de vacuolas donde procede a multiplicarse por fision binaria”; 2) “P. salmonis tras
ingresar por piel y mucosas en sus hospedadores, invade progresivamente tejidos
subyacentes hasta alcanzar el torrente sanguineo para distribuirse entonces a todo el
organismo” y 3) “P. salmonis secreta productos extracelulares como parte de sus factores
de virulencia los cuales contienen exotoxinas que generan un efecto citotéxico en células

hospedadoras”.



En cuanto a los antecedentes que respaldan la primera hipdtesis se debe sefialar que
P. salmonis es un patogeno intracelular facultativo que es capaz de crecer en varias lineas
celulares continuas derivadas de tejidos de peces (Rozas y Enriquez, 2014). Entre ellas, la
principal es la linea CHSE-214, de tipo epitelioide y originada de embrion de salmén
chinook (Oncorhynchus tshawytscha), segtin lo descrito por Lannan et al. (1984). Debido a
que se sabe que las células CHSE-214 son susceptibles a la bacteria, ellas fueron las que se
usaron en esta investigacion como modelo biologico para describir la secuencia de invasion
y la estructura o compartimento de la célula hospedera donde se encuentra P. salmonis en
un tiempo determinado posexposicion. Se esperaba que la adhesion fuese rapida debido a
que estudios anteriores habian demostrado que la bacteria se une a la superficie de las ovas
en un tiempo muy breve (Larenas et al., 2003). Respecto a la segunda hipotesis, se habia
descrito previamente que P. salmonis podria utilizar como rutas de ingreso a sus
hospedadores tanto piel como epitelio branquial ya que se generaron mortalidades, tanto en
trucha arcoiris (O. mykiss) como en salmoén coho (O. kisutch), luego de usar parches de
contacto embebidos en el patdgeno para exponer dichas localizaciones (Smith et al., 1999;
Smith et al., 2004). Como consecuencia, se conjeturd que si los peces fuesen expuestos en
forma completa, mediante bafios con una suspension que contuviese el patdégeno, en la
forma en que se llevd a cabo en este estudio, la bacteria usaria estos epitelios a modo de
puerta de ingreso y posteriormente invadiria progresivamente los tejidos subyacentes, como
fue planteado en la hipotesis, generando finalmente una infeccion sistémica usando la via
hematogena en los peces infectados. En cuanto a la tercera hipotesis, se sabe que muchas
bacterias gram negativas del ser humano y de animales mamiferos secretan factores y
exotoxinas como factores de virulencia (Wilson, 2006; Ye y Blanke, 2006), lo que

igualmente podria ocurrir en P. salmonis. Esta posibilidad se veia adicionalmente apoyada
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por cuanto también la secrecion de productos extracelulares (PECs) con funcion de
exotoxinas se habia descrito en otras bacterias gram negativas especificamente patogenas
de peces, como es el caso de Aeromonas salmonicida y de Yersinia ruckeri (Tobback et al.,
2007), y ademas debido al descubrimiento de genes que codifican exotoxinas en
Francisella novicida (Siddaramappa et al., 2011), una bacteria que estd taxonomica y
genéticamente relacionada con P. salmonis.

El fracaso de las acciones hasta ahora emprendidas para el control de la
piscirickettsiosis indica que el estudio cientifico de esta enfermedad y su agente causal es
necesario, ya que permitird tener las bases para el eventual descubrimiento de las medidas
terapéuticas y de control adecuadas para mitigar el efecto de esta patologia. El
conocimiento de la patogenia de una enfermedad resulta fundamental, ya que, segin se
deduce de numerosos ejemplos en medicina humana y veterinaria, esta informacion puede
permitir detener o intervenir este proceso en favor del hospedador, ya sea mediante
medidas terapéuticas o profilacticas (Mims et al., 2001; Gyles y Prescott, 2010). En esta
tesis se hicieron investigaciones dirigidas a comprender la patogenia de la piscirickettsiosis
en salmonidos; avanzandose concretamente en la descripcion de la cinética de infeccion de
P. salmonis en células y tejidos de sus hospedadores y en identificar la capacidad de
secretar exotoxinas con efecto citotoxico que serian parte de los mecanismos de virulencia
usados por este importante patdgeno acuatico para generar el dafo patoldgico en los peces

afectados.



REVISION BIBLIOGRAFICA

Introduccion

La piscirickettsiosis es una enfermedad septicémica infecto-contagiosa que puede
tener un curso agudo o crénico y sus hospedadores principales corresponden a especies
salmonidas. Su agente causal es una bacteria intracelular facultativa gram negativa aerdbica
perteneciente al orden Thiotrichales denominada Piscirickettsia salmonis (Fryer y Hedrick,
2003; Rozas y Enriquez, 2014). Esta patologia se evidencia normalmente en peces durante
su etapa de engorda en ambiente marino y, en cierto grado, en estuarios, donde puede
causar mortalidades muy significativas (Rozas y Enriquez, 2014). Debe destacarse que
antes de su observacion en Chile no habia registros de la existencia de esta enfermedad en
ningun otro lugar del mundo (Cvitanich et al., 1990; Fryer et al., 1990). Esta entidad
ictiopatologica ha causado dafios econdmicos muy importantes en la acuicultura chilena.
Asi, desde el surgimiento de los primeros brotes de piscirickettsiosis -los cuales ocurrieron
a finales de la década de 1980- hasta la actualidad, se estima que las pérdidas para la
salmonicultura en Chile superarian con creces los dos mil millones de dolares (Almendras,
2015). La piscirickettsiosis, a pesar de la enorme gravitacion de la anemia infecciosa del
salmon (ISA) ocurrida entre los afios 2007 y 2009 (Asche et al., 2009; Mardones et al.,
2009), a largo plazo, ha sido la enfermedad con mayor impacto economico en el cultivo de
salmonidos en Chile y actualmente sigue siendo la causa primordial de mortalidad por
enfermedades de los peces en fase marina (SERNAPESCA 2015b) que es la etapa donde el
precio de cada ejemplar tiene un valor superior. Junto con un elevado impacto economico
directo, esta afeccion ha obligado a un alto uso de antimicrobianos para su tratamiento

(SERNAPESCA 2015c), con implicacion afiadida de riesgo de dafio ambiental y de
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percepcion negativa de los consumidores. Adicionalmente, supone un problema de
bienestar animal en los peces que enferman (Smith et al., 2011). Todo lo anterior sefala
que la piscirickettsiosis es una entidad patologica relevante en acuicultura y los estudios
conducentes a aumentar el conocimiento sobre esta enfermedad (y su agente causal) son de
importancia, ya que deberian contribuir a encontrar adecuados métodos de tratamiento e

idealmente de prevencion de la misma.

Agente etiologico

Como ya se ha mencionado, el agente causal de la piscirickettsiosis es el
microorganismo denominado actualmente como Piscirickettsia salmonis. Esta relacion
causal quedd demostrada en forma conclusiva mediante el aislamiento de esta bacteria
como agente Unico desde peces que cursaban la enfermedad en forma natural y a través de
ensayos posteriores en que se completaron los postulados clasicos de Koch,
reproduciéndose la enfermedad y reaislindose el agente en peces inoculados
experimentalmente (Cvitanich et al., 1990; Fryer et al., 1990; Garcés et al., 1991).

El primer aislamiento de P. salmonis se realizdo desde un salmon coho con signos
clinicos de la enfermedad (Fryer et al., 1990) en cultivos celulares de la linea CHSE-214.
Este microorganismo fue denominado con la sigla LF-89 y corresponde a la cepa tipo de P.
salmonis (Fryer et al., 1992). Esta cepa es la que se encuentra mejor caracterizada (Mauel y
Miller, 2002) y esta depositada en la “American Type Culture Collection” como ATCC VR
1361 (Fryer et al., 1992; Lannan y Fryer, 1993).

El agente aislado fue clasificado inicialmente en el orden Rickettsiales y en la
familia Rickettsiaceae (Fryer et al., 1990) y mas tarde ubicado en un nuevo género,

Piscirickettsia, proponiéndose el nombre de la especie como Piscirickettsia salmonis (Fryer
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et al., 1992). El analisis comparativo de las secuencias de los genes que codifican el acido
ribonucleico ribosémico (rRNA, por su sigla en inglés) de la subunidad 16S revel6 que este
microorganismo debia ser clasificado como miembro del subgrupo gamma de las
Proteobacterias (Mauel et al., 1999). Se demostr6 ademas que P. salmonis estaba
filogenéticamente relacionada, aunque distantemente, con los géneros Francisella (Mauel
et al., 1999; Titball et al., 2003) y Coxiella (Mauel et al., 1999). Subsecuentemente, el
género Piscirickettsia fue ubicado en un nuevo orden, Thiotrichales, y en una nueva
familia, Piscirickettsiaceae, claramente separado de las bacterias de la familia
Rickettsiaceae (Fryer y Hedrick, 2003; Garrity et al., 2005).

Las bacterias de la familia Piscirickettsiaceae se caracterizan por ser gram
negativas, aerdbicas, con forma cocoide, de bacilo o de espiral, ocasionalmente
pleomorficas y por ser cominmente aisladas desde ambientes acuaticos marinos. Esta
familia esta formada por seis géneros; Piscirickettsia, Cycloclasticus, Hydrogenovibrio,
Methylophaga, Thioalkalimicrobium y Thiomicrospira, que estin relacionados
filogenéticamente, pero que poseen pocas caracteristicas fenotipicas en comun (Fryer y
Hedrick, 2003; Fryer y Lannan, 2005).

P. salmonis es la tnica especie descrita en el género Piscirickettsia (Fryer y
Hedrick, 2003) y corresponde a una bacteria inmoévil, no capsulada, pleomorfica,
generalmente cocoide, pero que también se encuentra en pares o en forma de anillo (Fryer
et al., 1990). Normalmente se divide por fision binaria (Cvitanich et al., 1990; Fryer et al.,
1990), pero en ocasiones puede replicar por gemacion (McCarthy et al., 2008). La bacteria
tiene un tamano aproximado 0,5-1,5 pum de didmetro (Fryer y Hedrick, 2003), aunque se
describe que puede generar variantes pequefias con tamafios inferiores a 0,2 um (Rojas et

al., 2008).
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Este patogeno se multiplica dentro de vacuolas intracitoplasmaticas de sus células
hospedadoras y genera efecto citopatico (ECP) en varias lineas celulares provenientes de
peces (Fryer et al., 1990; Cvitanich et al., 1991; Fryer et al., 1992) y también en una linea
originada desde una especie de ranas (Xenopus laevis) y en otra proveniente del insecto
Spodoptera frugiperda (Birkbeck et al., 2004).

El rango de temperatura Optimo para el crecimiento de P. salmonis esta entre los 15
y 18 °C, disminuyendo significativamente su replicacion bajo los 10 °C y sobre los 20 °C y
no visualizandose sobre los 25 °C (Fryer et al., 1992). Los cultivos de células CHSE-214
que presentan ECP completo alcanzan titulos del orden de 10° a 107 dosis infectantes de
cultivo de tejidos 50% por mL (DICTs¢/mL) (Fryer et al., 1990). Es interesante sefialar que
se consiguen titulos mas elevados que en las células CHSE-214 cuando esta bacteria es
multiplicada en una linea celular de insecto (Birkbeck et al., 2004). La multiplicacion
bacteriana en la linea CHSE-214 se evidencia por la presentacion gradual de un ECP tipico,
que comienza entre los dias 5 a 6 posinfeccion y que se caracteriza por la aparicion de
grupos de células globosas que aumentan en ntimero, para posteriormente desprenderse
progresivamente hasta que la monocapa celular es destruida completamente a los 14 dias
posinfeccion (Fryer et al., 1990; Garcés et al., 1991). Cabe indicar que si bien se estimaba
tradicionalmente que P. salmonis era un patdgeno intracelular estricto, informaciones mas
recientes sugieren que en realidad se trataria de un organismo intracelular facultativo
(Gomez et al., 2009). La afirmacion anterior es congruente con lo descrito en cuanto a que
P. salmonis puede desarrollarse, aunque en forma limitada, en medios de cultivo
enriquecidos pero libres de células eucariotas (Mauel et al., 2008; Mikalsen et al., 2008;
Yafiez et al., 2012; Henriquez et al., 2013). Sin embargo, resulta probable que en la

naturaleza esta bacteria sélo se multiplique intracelularmente debido a que en
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observaciones microscopicas de tejidos de peces infectados siempre se le ha encontrado
dividiéndose dentro de vacuolas intracitoplasmaticas y no extracelularmente (Fryer et al.,
1990; Cvitanich et al., 1990; Garcés et al., 1991; McCarthy et al., 2008). Esta situacion
podria ser analoga a lo observado con F. tularensis, en que luego de conocerse e
interpretarse su genoma se concluyd que en la naturaleza actGa como un patdégeno
intracelular obligado a pesar de que puede ser cultivado en medios de cultivo

bacteriologicos acelulares apropiados (Larsson et al., 2005; Birkbeck, 2011).

Epidemiologia

Historicamente, los primeros brotes de piscirickettsiosis que registra la literatura se
presentaron en Chile en el afo 1989 (Bravo y Campos, 1989; Cvitanich et al., 1990), en
canales marinos de la localidad de Calbuco en la X Region (Alvarado et al., 1990; Cubillos
et al., 1990), lugares que tenian una gran densidad de sitios de cultivo con salmoén coho. A
pesar de ello, existen antecedentes de que los brotes ya habian comenzado a finales del afio
1988 y mediante analisis retrospectivos de muestras de tejidos de salmén coho se ha
concluido que la bacteria se encontraba al menos desde 1987. En los meses que siguieron a
los brotes detectados en Calbuco (Bravo y Campos, 1989; Alvarado et al., 1990), esta
condicion se extendio a los centros costeros ubicados en otras areas de la X Region para
posteriormente alcanzar también los sitios con cultivos marinos de la XI Region. En los
ultimos afos se ha registrado la presencia de piscirickettsiosis entre las Regiones IX y la
XIII pero con mayor incidencia y prevalencia en las Regiones X y XI que son las zonas de
mayor concentracion de centros marinos de cultivo de salmdnidos (Mancilla y Bustos,

2015; SERNAPESCA, 2015b)
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Normalmente, en un lote de peces determinado, la enfermedad se comienza a
manifiestar una vez transcurridas seis a doce semanas después de la transferencia de los
“smolts” al agua de mar (Alvarado et al., 1990; Fryer et al., 1990). Al respecto, se ha
propuesto que el proceso de esmoltificacion puede incrementar la susceptibilidad de los
peces infectados (Graumann et al., 1997). Originalmente, las epizootias surgian en el otoflo
y la primavera de cada afio (Lannan y Fryer, 1994), cuando las temperaturas del agua
fluctuaban entre los 9 y los 16 °C (Cvitanich et al., 1991; Lannan y Fryer, 1994).
Posteriormente su presentacion cambid sin tener la marcada estacionalidad anteriormente
sefalada, puesto que esta enfermedad se comenzo a presentar en cualquier época del afio
(Monasterio, 2008). En los ultimos aios la piscirickettsiosis, si bien ocurre durante todo el
afo, tiene con una mayor severidad durante los meses de verano y en las fases finales del
ciclo de engorde en el mar (SERNAPESCA, 2015b).

La piscirickettsiosis se considera basicamente una enfermedad marina. Esta
aseveracion se sustenta sobre la base de que la vasta mayoria de los brotes ocurre en peces
criados en jaulas localizadas en el mar y en menor medida en aquellos ubicados en aguas
estuarinas que tienen influencia marina. No obstante lo anterior, excepcionalmente la
enfermedad se ha reportado en agua dulce y la literatura describe dos hallazgos en este tipo
de ambiente acuatico, uno de ellos comunicado por Bravo (1994) y el otro por Gaggero et
al. (1995).

Si bien esta enfermedad se describi6 originalmente sélo en el salmén coho (Bravo y
Campos, 1989; Cubillos et al., 1990; Branson y Nieto Diaz-Muiioz, 1991; Cvitanich et al.,
1991), en los afios que siguieron afectd a todas las especies de salmonidos producidas en
Chile, describiéndose en salmén del Atlantico, salmén chinook, trucha arcoiris (Garcés et

al., 1991; Fryer et al., 1992; Fryer y Mauel, 1997) y salmoén cereza (O. masou) segun lo
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descrito por Bravo (1994). El salmo6n coho resulté mas susceptible que la trucha arcoiris en
una infeccién experimental (Smith et al., 1996a). No obstante lo anterior, un estudio
epidemiologico de la situacion de campo reciente en Chile mostrd que al comparar los
brotes de piscirickettsiosis entre el salmon del Atlantico y la trucha arcoiris, en esta ultima
especie se registraron las mayores mortalidades y ademas los brotes de esta enfermedad se
iniciaban antes (Jakob et al., 2014).

Aunque los hospedadores principales de P. salmonis son peces de los géneros
Oncorhynchus y Salmo de la subfamilia Salmoninae, existen reportes de la presencia de
esta bacteria en otras especies de peces como D. labrax (McCarthy et al., 2005; Zrn¢ic¢ et
al., 2015) y A. nobilis (Arkush et al., 2006). Ambos brotes de piscirickettsiosis en D. labrax
han ocurrido en peces cultivados en el mar Mediterraneo cursando con cuadros de
encefalitis severa. El primero de ellos tuvo lugar en las costas de Grecia y en muestras de
tejidos de estos peces se reconocid por criterios seroldgicos, histologicos y de analisis
genomico la presencia de P. salmonis (McCarthy et al., 2005); el segundo caso es mas
reciente, ocurrio en la costa de Croacia y la bacteria fue detectada en tejidos de los peces
mediante hibridacion in situ y secuenciacion del gen que codifica el rRNA 16S (Zrnéi¢ et
al., 2015). Por su parte, la identificacion de P. salmonis en A. nobilis ocurrié desde peces
juveniles, cultivados en estanques con agua de mar en California (EE.UU.), que cursaban
con mortalidades y lesiones hepaticas similares a las que se presentan en peces salmonideos
con piscirickettsiosis. En este caso, la bacteria fue aislada y se demostr6 también su
patogenicidad para salmén coho mediante inoculaciones experimentales (Chen et al.,
2000). Finalmente, atin cuando no serian hospedadores naturales, se ha logrado generar

mortalidades de un 10% en embriones de peces zebra (Danio rerio) inyectados con P.
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salmonis, lo que serviria de modelo experimental para el estudio de esta enfermedad
(Berger, 2014).

Posteriormente al aislamiento de P. salmonis en Chile, esta bacteria se ha
encontrado en salmoénidos cultivados en diferentes zonas geograficas del mundo,
registrandose casos de piscirickettsiosis en Canada, en sus costas este (Cusack et al., 2002)
y oeste (Brocklebank et al., 1992), Irlanda (Palmer et al., 1997), Escocia (Birrell et al.,
2003), y Noruega (Olsen et al., 1997). En el hemisferio sur, la identificacion especifica e
inequivoca de la presencia de P. salmonis solo ha ocurrido en Chile, aun cuando una
bacteria con caracteristicas fenotipicas similares fue aislada desde salmones del Atlantico
cultivados en la isla de Tasmania en el sur de Australia (Corbeil et al., 2005). Aunque ya
existia la descripcion de algunos hallazgos microscopicos de organismos similares a P.
salmonis, el descubrimiento de la piscirickettsiosis aumento el interés de la comunidad
cientifica para investigar la presencia de este tipo de agentes causales y su papel en
enfermedades de otros animales acuaticos. Asi, se han detectado bacterias denominadas
como “organismos similares a rickettsias” (“Rickettsia like organisms” o “RLO”) y/o
“organismos similares a Piscirickettsia” (“Piscirickettsia like organisms” o “PLO”) en una
amplia variedad de especies acuaticas, incluidos moluscos, crustaceos y peces, y en algunos
casos son agentes causales de enfermedades de importancia por su alta prevalencia y/o tasa
de mortalidad (Correal, 1995; Venegas, 1996; Mauel y Miller, 2002). Cabe sefalar, sin
embargo, que a pesar de la similitud fenotipica de los RLO y los PLO con P. salmonis, el
conocimiento sobre las relaciones taxonomicas y filogenéticas entre estos
microorganismos es aun incompleto.

En cuanto a la transmision de P. salmonis en el ambiente acuético, en funcion de un

estudio epidemioldgico en Chile, se concluyd que este patdgeno puede diseminarse a través
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del agua a distancias bastantes considerables (hasta 10 km) desde un centro de cultivo
marino afectado a otro con peces sanos (Rees et al., 2014) lo cual seria uno de los factores
que dificultaria el control de esta enfermedad. Estos mismos autores determinaron que otros
factores de riesgo que condicionan el inicio y la severidad de los brotes de
piscirickettsiosis, ademas de la distancia con un centro de cultivo afectado, son la cantidad
de otros centros de cultivo de salmdnidos vecinos y la temperatura del agua, en el sentido

de que un aumento de ésta incrementa el riesgo (Rees et al., 2014).

Aspectos clinico-patologicos

Como ya se ha mencionado, los cuadros clinicos se presentan en los salmoénidos
cultivados casi exclusivamente cuando estan en el mar o en aguas estuarinas (Smith et al.,
2011; Rozas y Enriquez, 2014). Los peces enfermos exhiben signos clinicos inespecificos
tales como un desplazamiento cerca de la superficie, erratico, incoordinado, lento, y a veces
en tirabuzon, lo que refleja alteraciones del sistema nervioso en estos individuos (Cvitanich
et al., 1991; Larenas et al., 1995; Larenas et al., 2000). Ademas, se ha descrito letargia,
anorexia, choque contra las mallas de las balsas-jaulas y orillamiento (Olsen et al., 1997;
Larenas et al., 2000).

Las alteraciones macroscopicas externas mas relevantes incluyen oscurecimiento y
descamacion de la piel (Cvitanich et al., 1991; Larenas et al., 1995; Monasterio, 2008),
ademas de lesiones en este tejido que comprenden desde pequefias areas de
solevantamiento hasta tlceras hemorragicas de hasta 2 cm de didmetro (Branson y Nieto
Diaz-Mufioz, 1991). También se describe la presencia de hemorragias petequiales y
equimoticas en la piel de la base de las aletas, del vientre y de la zona perianal y en algunos

casos, hemorragias perioculares, que generalmente son bilaterales (Alvarado et al., 1990;
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Cubillos et al., 1990). Otro hallazgo importante es la aparicion de palidez branquial, lo que
refleja una anemia severa, corroborada por bajos niveles de hematocrito (Olsen et al.,
1997). Ademas, se ha observado neutrofilia, con niveles 10 a 20 veces mas altos que los
rangos normales (Branson y Nieto Diaz-Mufioz, 1991).

En el examen anatomo-patologico macroscopico de drganos internos, se aprecia que
la mayoria de los peces afectados presenta diferentes grados de ascitis y de peritonitis
(Branson y Nieto Diaz-Mufioz, 1991). En relacion al primer hallazgo, Larenas et al. (1995)
sefalan que la ascitis s6lo se observa en peces moribundos y, por lo tanto, sugieren que
podria considerarse mas bien como una alteracion de tipo terminal. Por otra parte, se
aprecian frecuentemente hemorragias petequiales en estobmago, intestino, ciegos piloricos,
vejiga natatoria, grasa visceral (Cvitanich et al., 1991), musculatura abdominal (Larenas et
al., 1995) y peritoneo (Branson y Nieto Diaz-Mufioz, 1991). En cuanto al higado, éste
exhibe un aumento de volumen (Branson y Nieto Diaz-Mufioz, 1991); y ademas puede
mostrar un aspecto “moteado”, debido a la presencia de pequefios nodulos subcapsulares
blanquecinos a amarillentos distribuidos difusamente en toda su superficie (Larenas et al.,
1995; Olsen et al., 1997). Al respecto, se sefiala que la presencia de estos nodulos puede ser
sefial de un grado mas avanzado de cronicidad del cuadro clinico (Almendras et al., 2000).
Ocasionalmente, este organo se ve palido y hemorragico (Cvitanich et al., 1991). La
vesicula biliar estd generalmente pletorica (Alvarado et al., 1990; Cubillos et al., 1990),
evidenciando que los peces no han comido por un tiempo prolongado (Alvarado et al.,
1990). En tanto, el rindén exhibe pérdida de su apariencia brillante, tornandose marron-
grisaceo opaco (Alvarado et al., 1990) y con aumento de su tamano (Fryer et al., 1990;
Branson y Nieto Diaz-Mufioz, 1991). A nivel del bazo, se presenta esplenomegalia en

diferentes grados, observandose en reiteradas ocasiones las mismas lesiones blanquecinas
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descritas en el higado (Alvarado et al., 1990; Cubillos et al., 1990; Fryer et al., 1990). En el
estdbmago, se encuentra un liquido transparente seromucoso (Alvarado et al., 1990; Schafer
et al., 1990), lo cual confiere la impresion de que el pez ha tragado agua (Alvarado et al.,
1990). El intestino generalmente no posee alimento (Alvarado et al., 1990; Branson y Nieto
Diaz-Muioz, 1991), evidenciandose enteritis en el tercio distal (Alvarado et al., 1990);
adicionalmente, el lumen de esta viscera puede contener un gran volumen de mucus
amarillento (Schifer et al., 1990). El corazén, en ocasiones, también presenta focos
necréticos y hemorragias petequiales de tipo difuso (Cubillos et al., 1990) y en un 2% de
los peces moribundos se observa la presencia de una pseudomembrana que lo cubre,
sugiriendo la presencia de pericarditis (Cvitanich et al., 1991). Ademas, se aprecia un
aumento en el volumen del liquido cefalorraquideo, acompafiado en muchos casos de
congestion de las meninges (Larenas et al., 1995). Por la gran variedad de 6rganos que
presentan lesiones, se puede desprender que esta enfermedad tiene una naturaleza sistémica
(Fryer y Hedrick, 2003) y, aunque ciertos tejidos tienen un dafio mas severo, como el
inmunopoyético renal (Venegas et al., 2004) y el cardiaco (Monasterio, 2008), la bacteria
se multiplica en una variedad muy amplia de células, mostrando una escasa especificidad

en este sentido.

Patogénesis de la piscirickettsiosis vy mecanismos de virulencia de Piscirickettsia

salmonis

Para establecer y mantener una infeccion exitosamente, los microorganismos
patogenos en general han desarrollado una variedad de estrategias para invadir el
hospedador, evitando o resistiendo la respuesta inmune innata, el dafio de las células y

multiplicindose en regiones especificas y normalmente estériles (Tizard, 1992; Cossart y
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Sansonetti, 2004). Al igual que en mamiferos, las bacterias patogenas de peces tienen
mecanismos de infeccion que estan directamente relacionados con los factores de virulencia
de éstas mediante los cuales pueden colonizar y penetrar las barreras epiteliales de sus
hospedadores para luego subsistir, multiplicarse en sus tejidos y producir las alteraciones
patologicas caracteristicas, superando las barreras inmunoldgicas de estos animales
acuaticos (Evelyn, 1996). Conviene sefialar que la relativa importancia de una enfermedad
infecciosa para la salud de humanos y animales no siempre coincide con la profundidad en
el entendimiento de su patogénesis (Peterson, 1996). La piscirickettsiosis se encuentra en
esta situacion, puesto que la patogénesis de ésta y los factores de virulencia de P. salmonis
son, en general, pobremente conocidos. La nueva localizacion taxonomica de P. salmonis
ha mostrado que tiene una relacion filogenética con bacterias del género Francisella y no
asi con aquellas del género Rickettsia como se habia pensado originalmente, debido a
similitudes en las caracteristicas fenotipicas (Fryer y Hedrick, 2003). Este hecho es
interesante puesto que ultimamente se ha descrito el aislamiento de bacterias del género
Francisella en distintas especies de peces (Hsieh et al., 2007; Mauel et al., 2007; Mikalsen
etal., 2007; Ottem et al., 2007 a y b), incluido en salmonidos cultivados en Chile (Birkbeck
et al., 2007). F. tularensis, la especie mas conspicua de este género, es ¢l agente causal de
tularemia, enfermedad que afecta en forma severa a humanos y a una variedad de especies
animales (Splettstoesser et al., 2005). Al igual que P. salmonis, esta bacteria es capaz de
sobrevivir y multiplicarse dentro de macrofagos y su patogenia también es conocida en
forma muy limitada (Carlson et al., 2007). Al respecto, se ha descrito que, asi como en el
caso de muchas otras bacterias, F. tularensis también secreta un conjunto de proteinas que
segun Hager et al. (2006) actuarian como factores de virulencia. Asi, mediante el uso de

protedmica y bioinformatica se identificaron siete proteinas exportadas por F. tularensis,
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las cuales emplean el sistema secretor tipo IV. Dos de estas proteinas serian quitinasas y las
otras, con funciones de proteina de union a la quitina, proteasa y glucoxidasa,
respectivamente (Hager et al., 2006). Otros autores, comparando una cepa viva que se usa
experimentalmente como vacuna contra F. tularensis denominada LCV y una variante de
ésta, consignada como ACV que origina una mayor produccion de factor de necrosis
tumoral y de varias interleuquinas, por medio de electroforesis en dos dimensiones,
demostraron que hay una expresion diferencial de varias proteinas las que actuarian como
factores de virulencia (Carlson et al., 2007). No obstante los hallazgos recién sefialados,
dado que no se ha logrado demostrar la presencia de genes que codifiquen exotoxinas en F.
tularensis se ha puesto en duda que esta bacteria sea capaz de sintetizar este tipo especifico
de proteinas (Siddaramappa et al., 2011).

En cuanto a la patogénesis de la piscirickettsiosis los principales aspectos en que se
ha avanzado son en el conocimiento de algunas de sus rutas de ingreso a sus hospedadores,
la deteccion de estructuras de adhesion a las ovas, las fuentes de excrecion del agente
causal desde los peces infectados y la capacidad de P. salmonis de persistir y multiplicarse
en células macrofagicas. Respecto de los sitios de ingreso, hay tres trabajos en que se
infectaron experimentalmente ciertos lugares anatdmicos seleccionados en peces
salmonidos para conocer los tejidos que usa como sitio de entrada P. salmonis en sus
hospedadores. El primero de ellos se efectu6 en salmones del Atlantico juveniles,
exponiendo los peces a la bacteria mediante inyeccion intraperitoneal, intubacion gastrica e
instilacion branquial. Las mortalidades acumuladas obtenidas fueron 57, 41 y 45%,
respectivamente, sugiriendo que las rutas que usa P. salmonis son la branquial y la oral
(Almendras et al., 1997). En la segunda de estas investigaciones, truchas arcoiris juveniles

fueron expuestas a P. salmonis mediante las siguientes seis diferentes vias: intraperitoneal,
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subcutanea, piel, branquias (en ambos casos aplicando por 1 min parches de contacto
embebidos con dosis conocidas de la bacteria), intraintestinal e intragéstrica (las dos
ultimas mediante intubacion). Las mortalidades acumuladas resultantes fueron 98, 100, 52,
24, 24 y 2%, respectivamente, concluyéndose que los principales sitios de entrada de esta
bacteria son piel y branquias y que la ruta oral, contrariamente a lo sugerido por Almendras
et al. (2007), no seria el método mas eficiente para iniciar la infeccion en sus hospedadores,
o al menos en esta especie de salmonidos, por parte de P. salmonis (Smith et al., 1999).
Finalmente, un tercer estudio sobre esta materia se llevo a cabo en salmones coho juveniles,
los cuales fueron expuestos, con dos dosis distintas, por inyeccion intraperitoneal,
instilacion de piel y branquias e intubacion intestinal y géstrica. Las mortalidades
acumuladas con la dosis mas elevada fueron 82, 46, 28 y 20% y con la dosis menor 58, 32,
16 y 12%, respectivamente, indicando que las vias de ingreso mas efectivas de P. salmonis
en salmon coho son la piel seguida por las branquias, dado que si bien la intubacion
intestinal gener¢ altas mortalidades, esa manera de administrar la bacteria no simula las
condiciones de exposicion natural de los hospedadores (Smith et al., 2004). En relacion a
estructuras que permitan la adhesion de P. salmonis, se ha documentado por microscopia de
barrido la presencia de unas prolongaciones de su superficie que permitirian su anclaje a las
ovas, en este caso de trucha arcoiris, y por lo tanto favorecerian la eventual transmision
vertical de esta bacteria (Larenas et al., 2003). No obstante lo anterior, es dudoso que la
transmision vertical ocurra realmente en condiciones de campo, ya que los brotes de
piscirickettsiosis en agua dulce han sido muy excepcionales, habiéndose reportado s6lo dos
casos en la literatura cientifica (Bravo, 1994; Gaggero et al., 1995). En cuanto a las vias de
excrecion de P. salmonis desde sus hospedadores, si bien éstas no estan totalmente

aclaradas, se ha documentado que alevines de truchas arcoiris, experimentalmente
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infectados, excretan este patdgeno a través de las heces y también, aunque en menor
medida, desde la bilis y la orina (Salinas, 1998). La eliminacion de esta bacteria a través de
las heces ha sido también corroborada en la misma especie, pero en condiciones de cultivo
(Peirano, 2015). Un aspecto de importancia en el conocimiento de la patogénesis de la
piscirickettsiosis consistid en la verificacion de que esta bacteria es capaz de sobrevivir y
multiplicarse en macrofagos obtenidos de rifidn anterior de trucha arcoiris (McCarthy et al.,
2005) lo que fue coherente con las numerosas observaciones histologicas ya existentes de
peces infectados natural y experimentalmente con P. salmonis (Branson y Nieto Diaz-
Muiioz, 1991; Cvitanich et al., 1991, Venegas et al., 2004). Es interesante mencionar que
P. salmonis no usaria el método de otras bacterias intracelulares, de escapar al citoplasma
antes de la fusion del fagolisosoma, como mecanismo para sobrevivir dentro de los
macréfagos (McCarthy et al., 2005).

Respecto a los factores de virulencia de P. salmonis, ademas de las estructuras de
adhesion observadas cuando interactian con ovas de trucha arcoiris, éstos son poco
conocidos. Sin embargo, tras la reciente secuenciacion del genoma de algunas cepas de P.
salmonis se han detectado distintos genes que podrian codificar varios factores de
virulencia de acuerdo a distintos analisis bioinformaticos. En ese contexto distintos autores
describen la presencia de genes que codifican para el sistema de secrecion tipo IV (SSTIV)
y de flagelos bacterianos (Eppinger et al., 2013; Yafez et al., 2014). Es curioso que P.
salmonis tenga la informacion genética para sintetizar flagelos puesto que hasta ahora se ha
caracterizado como una bacteria inmovil y tampoco se ha visto por microscopia electronica
la presencia de estas estructuras. Junto con el hallazgo de genes que codifican para SSTIV,
tanto Yafiez et al. (2014) como Pulgar et al. (2015) describen la presencia de genes

relacionados con la adquisicion de hierro que codificarian posibles factores de virulencia
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(siderdforos) de importancia para esta bacteria. Finalmente, ademas del SSTIV, Yaiiez et
al. (2014) descubrieron en una cepa de P. salmonis la presencia de genes de los sistemas de
secrecion tipo I y II, ampliando el repertorio de posibles factores de virulencia de este
patégeno. No se habia detectado la capacidad de producir ECPs con propiedades de
exotoxinas en P. salmonis antes de las investigaciones que se presentan en uno de los
articulos de la presente tesis. A pesar de que no es comun que las bacterias intracelulares
secreten exotoxinas, habia dos antecedentes que nos indicaban que P. salmonis podia
liberar este tipo de proteinas. El primero de ellos fue una evidencia indirecta, ya que en
funcion del tipo de dafio patologico se sospechd de la accion de la presencia de eventuales
hepatotoxinas en casos clinicos de piscirickettsiosis en Noruega (Olsen et al., 1997). El
segundo antecedente es que se habia observado desde el punto vista lesional microscopico
que con ciertas cepas, como la SLGO-95, se produce un severo dafio en algunos tejidos de
los peces sin encontrarse la presencia de la bacteria en €stos o en niveles muy bajos no
compatibles con la severidad de las alteraciones observadas (Rojas, 2000), sugiriendo que
existe algiin componente soluble que actuaria a distancia, probablemente PECs con efecto
de exotoxinas. En consecuencia, algunas de las investigaciones de esta tesis se orientaron a
intentar aclarar si P. salmonis tiene la capacidad de sintetizar algun tipo de exotoxinas que

medie su accion patogénica.

Diagndstico

El diagnostico presuntivo se realiza sobre la base de los antecedentes epidemiologicos, la
signologia clinica y los hallazgos anatomopatologicos macroscopicos de acuerdo a lo
descrito anteriormente (Fryer et al., 1990; Fryer y Hedrick, 2003; Monasterio, 2008). Este

diagnostico presuntivo se puede acompainar de tinciones de frotis de tejidos como Gram,
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Giemsa y azul de toluidina para observar la morfologia bacteriana, y de andlisis
histologicos para corroborar las lesiones microscopicas consistentes con lo descrito para
esta enfermedad (Branson y Nieto Diaz-Muioz, 1991; Cvitanich et al., 1991; Larenas et al.,
1995). La identificacion definitiva de la presencia de P. salmonis en los peces afectados se
hace a través de técnicas inmunoldgicas como inmunofluoresencia (Lannan et al., 1991) e
inmunohistoquimica (Alday et al., 1994) o de reaccion en cadena de la polimerasa (Mauel
et al., 1996; Marshall et al., 1998). No obstante sus dificultades técnicas, mayor tiempo y
coste del procedimiento, el aislamiento y posterior identificacion de la bacteria es el
estandar de oro para el diagnéstico de la presencia de P. salmonis viable en peces

sospechosos de estar cursando un cuadro de piscirickettsiosis (OIE, 2006).

Tratamiento y control

Una vez que la enfermedad se ha desencadenado, una de las principales medidas de
control que se emplea es el tratamiento de los peces mediante el uso de distintos
antimicrobianos administrados via oral o por inyeccion intraperitoneal (Almendras y
Fuentealba, 1997; Groff y LaPatra, 2000; Larenas et al., 2000). Si bien inicialmente la
aplicacion de estos productos tenia un resultado positivo en cuanto a la reduccion de las
mortalidades, con el transcurrir de los afios la efectividad fue disminuyendo y, en definitiva,
la terapia con estas drogas ha tenido un éxito s6lo parcial en el control de esta enfermedad
(Smith et al., 1995; OIE, 2006; Mancilla y Bustos, 2015). Se ha sugerido que la
localizacion intracelular de esta bacteria puede hacer posible que un niimero considerable
de microorganismos esté fuera del alcance de las concentraciones bactericidas y, de esta
manera, la infeccion puede persistir (Lannan y Fryer, 1993). Més aun, las pérdidas debido a

este agente patdogeno se han incrementado progresivamente debido, aparentemente, a la
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resistencia de las cepas actuantes a los antibioticos (Smith et al., 1996b). Antimicrobianos
como oxitetraciclina, acido oxolinico y flumequina, han sido utilizados ampliamente por
varios afios en Chile para el tratamiento de piscirickettsiosis y, por lo tanto, una seleccion
genética de cepas resistentes puede ser la razoén de la pérdida de la sensibilidad de P.
salmonis a estas drogas. Por otro lado, debido a las marcadas variaciones en los patrones de
sensibilidad de los diferentes aislados de P. salmonis estudiados, no se recomienda el uso
de un régimen universal para el tratamiento de todos los brotes (Smith et al., 1996b).
Aunque historicamente se han usado varios antimicrobianos para el tratamiento de esta
enfermedad tales como oxitetraciclina, acido oxolinico, flumequina, enrofloxacina,
sarafloxacina y florfenicol (Bravo et al., 2005), en los ultimos afios estas terapias se
encuentran restringidas casi exclusivamente al uso de florfenicol y de oxitetraciclina
(SERNAPESCA, 2015c).

Debido a las limitaciones existentes en la eficacia de los antibidticos y a los
problemas derivados de su uso excesivo, varios grupos de investigacion han dirigido sus
esfuerzos para intentar desarrollar una vacuna efectiva contra la piscirickettsiosis (House y
Fryer, 2002; OIE, 2006; Bravo y Midtlyng, 2007; Olson y Criddle, 2008). Como sucede en
el caso de varias enfermedades de peces, la vacunacién ha demostrado ser una herramienta
eficiente para ayudar a prevenir la presentacion de brotes infecciosos en estos animales
acuaticos (Bravo y Midtlyng, 2007; Gjedrem y Baranski, 2009), siendo ademas considerada
por algunos autores como la principal causa de la notoria reduccion en el uso de
antimicrobianos que ha experimentado la salmonicultura en algunos paises (Bravo y
Midtlyng, 2007). Ensayos iniciales que utilizaron bacterinas producidas con la bacteria
completa mostraron resultados variables e inconsistentes (Smith et al., 1995; Smith et al.,

1997; Fryer y Hedrick, 2003). Posteriormente, en un ensayo efectuado en salmones coho,
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se incrementd el porcentaje de supervivencia relativa de éstos al ser inyectados con
bacterinas acompanadas con adyuvantes acuosos u oleosos (Kuzyk et al., 2001a).

Por otro lado, se han realizado varios estudios de la caracterizaciéon antigénica de P.
salmonis (Kuzyk et al., 1996; Barnes et al., 1998; House y Fryer, 2002; Henriquez et al.,
2003; Yuksel et al., 2006b). En este mismo ambito, también se ha experimentado con
vacunas de ADN (Miquel et al., 2003) y de proteinas recombinantes (Kuzyk et al., 2001a;
Kuzyk et al., 2001b; Sommerset et al., 2005; Wilhelm et al., 2006). También se ha descrito
que una vacuna desarrollada para prevenir la enfermedad bacteriana del rifion, compuesta
por células vivas de una bacteria ambiental no patdégena para peces, llamada Arthrobacter
davidanieli, es efectiva para reducir la mortalidad en salmones coho infectados con P.
salmonis, tanto en condiciones de laboratorio como de campo (Salonius et al., 2005). Esta
vacuna ha sido autorizada para su uso en salmonidos cultivados en Canada (Salonius et al.,
2005) y en Chile (Sommerset et al., 2005), si bien ha tenido una aceptacion limitada en el
mercado chileno (Bravo y Midtlyng, 2007). La primera vacuna comercial contra P.
salmonis fue lanzada al mercado chileno en 1999 y desde entonces han ido apareciendo
nuevos productos de este tipo pero, a diferencia de los resultados logrados en otras
enfermedades bacterianas, la vacunacion contra este agente patdégeno no ha reducido
significativamente la necesidad de continuar tratando los cuadros de piscirickettsiosis con
antibioticos, y el uso de éstos, en términos cuantitativos, se mantiene a niveles similares
(Bravo y Midtlyng, 2007). Actualmente, hay ocho laboratorios comerciales que tienen
vacunas registradas en Chile contra P. salmonis. Algunas de éstas estan dirigidas solo
contra P. salmonis y otras son multivalentes, en diferentes combinaciones con otros
antigenos bacterianos y/o virales, con un repertorio de 37 preparados antigénicos. Una de

estas vacunas se aplica por inmersion, dos de ellas por via oral y las 34 restantes se
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administran por inyeccion intraperitoneal (SAG, 2015). Es interesante sefialar que un
estudio de caracter epidemioldgico en Chile concluyd que no hay diferencias en los niveles
de mortalidad acumulada atribuidas a P. salmonis entre peces inmunizados con vacunas
comerciales contra piscirickettsiosis y aquellos no vacunados (Flores, 2012). En igual
sentido, y mas recientemente, Jakob et al. (2014) describen que estas vacunas no reducen la
mortalidad acumulada ocasionada por la piscirickettsiosis y solo retardarian la aparicion de
los brotes. Los antecedentes anteriores y la experiencia histérica de campo en general
sugiere que estos productos son poco efectivos (Mancilla y Bustos, 2015).

Como sucede en la mayoria de las enfermedades infectocontagiosas que afectan a
peces de cultivo, existe un conjunto de medidas de manejo que se recomienda poner en
practica, tanto para la prevencion como para el control de la piscirickettsiosis (OIE, 2006;
Yuksel et al., 2006a; Olson y Criddle, 2008). En este sentido, se preconiza la formulacion y
aplicacion de programas sanitarios asi como la adopcion de procedimientos generales de
bioseguridad (Groff y LaPatra 2000; Fryer y Hedrick, 2003; OIE, 2006). Entre las medidas
operacionales que se han recomendado para disminuir la incidencia de la piscirickettsiosis
se encuentran: desinfectar la superficie de las ovas con yodoforos (Fryer y Hedrick, 2003),
seleccionar “stocks” o familias de peces que hayan demostrado mayor resistencia a brotes y
menor mortalidad (Cassigoli, 1994), disminuir las manipulaciones de los peces
(vacunaciones, cambios de redes, tratamientos inyectables, etc.) para asi aminorar el estrés
(Bravo y Campos, 1989; Bravo y Gutiérrez, 1991; Larenas et al., 2000; Leal y Woywood,
2007), evitar altas densidades de biomasa por jaula, centro y por area geografica (Cassigoli,
1994; Olson y Criddle, 2008), ingresar los peces a los centros marinos a nimero final, es
decir mantener el nimero de individuos que se destina a una jaula hasta la cosecha (Leal y

Woywood, 2007), trasladar los “smolts” directamente desde agua dulce a salada, sin pasar
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por estuarios (Leal y Woywood, 2007), extraer rapidamente los peces enfermos y muertos
desde las balsas-jaulas (Cassigoli, 1994; Almendras y Fuentealba, 1997; Larenas, 1999),
realizar pruebas diagnoésticas para detectar la presencia temprana de la bacteria (Marshall et
al., 1998), evitar que la materia organica derivada de las cosechas llegue al mar (Cassigoli,
1994), fomentar el descanso sanitario de los centros previo al ingreso de nuevos peces
(Cassigoli, 1994; Fryer y Hedrick, 2003), evitar la presentacion de factores primarios que
produzcan lesiones de la piel (erosiones y tlceras), ya sea de origen traumatico (Larenas et
al., 2000) o por ectoparasitos (Smith et al., 1999; Larenas et al., 2000; Fryer y Hedrick,
2003) y mantener limpias las redes de las balsas-jaulas (Olson y Criddle, 2008).

Ademas de su relevancia historica, la pisciricketsiosis sigue siendo una enfermedad
de primera importancia para la salmonicultura chilena. Actualmente subsiste en forma
endémica con brotes frecuentes en una amplia zona marina. A pesar de que la erradicacion
de P. salmonis del ambiente acuatico es virtualmente imposible, ya que se ha detectado que
poblaciones de salmonidos asilvestrados son portadores de esta bacteria (Pérez et al.,
1998), por diferentes razones debiera ser prioritario continuar los esfuerzos para disminuir
la incidencia de piscirickettsiosis en nuestros cultivos marinos. Ademas del dafio evidente
derivado de la mortalidad de peces que ocasiona la enfermedad, otro efecto indeseable es el
uso de altos niveles de antimicrobianos para su tratamiento. Por otra parte, un factor que
normalmente no se considera, pero que es de importancia desde la Optica veterinaria, es que
los salmones enfermos padecen de distintos grados de sufrimiento y que un nivel de
morbilidad tan alta implica un problema de bienestar animal que se debe intentar disminuir
al méaximo posible. Los crecientes avances en la generacion de conocimientos cientificos,
tanto basicos como aplicados, deberian contribuir a entregar mejores herramientas

especificas para el control de esta enfermedad. Es un hecho constatable que con las actuales
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medidas de tratamiento, control y prevencion no se ha logrado mitigar el enorme dafio que
causa la piscirickettsiosis en Chile. Por lo anterior, es evidente que falta mayor
investigacion que provea las bases para elaborar productos bioldgicos que permitan una
terapéutica y prevencion eficaz de esta bacteria intracelular. Uno de los variados topicos
donde se requiere profundizar es acerca de la patogénesis in vitro e in vivo de la
piscirickettsiosis asi como de la posible produccién de exotoxinas de P. salmonis como
parte de sus factores de virulencia y son éstos los aspectos que fueron abordados en los

articulos cientificos que aqui se presentan.
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OBJETIVOS ESPECIFICOS Y LOS ARTICULOS RESPECTIVOS DONDE
ESTOS FUERON ABORDADOS

Objetivo 1. Describir la secuencia de infeccion de P. salmonis en cultivos de células
CHSE-214 y establecer la permisividad de la linea celular ASK a este patégeno.
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“Infectivity study of Piscirickettsia salmonis in CHSE-214 cells by confocal and

transmission electron microscopy”

P.A. Smith, F. Reveco, J. Contreras, M. E. Rojas, C. Venegas and A. Guajardo

Department of Animal Pathology

Faculty of Veterinary Sciences, University of Chile, Santiago, Chile

Casilla 2 Correo 15 Santiago, Chile

ABSTRACT
Piscirickettsia salmonis is the etiological agent of piscirickettsiosis, a fish disease described in
different locations of the world but particularly severe in maricultured salmonids in Chile. A time-
course study was performed in order to observe the infection process of P. salmonis on CHSE-214
cells by confocal laser microscopy (CLM) and transmission electron microscopy with both a
standard procedure (TEM) and immunogold (IG-TEM). For the CLM examination, monolayers
seeded on round coverslips were studied at the following post-inoculation (pi) times: 5 min, 10
min, 15 min, 30 min, 1 h, 3 h, 6 h, 12 h and 24 h. P. salmonis was visualized using an indirect
fluorescence antibody test. In TEM and IG-TEM, monolayers grown in 25 mL culture flasks were
infected and later fixed at the following pi times: 15 min, 1 h, 4 h, 6 h, 24 h, 45 h and 8 days.
Results showed that P. salmonis was found attached to the plasma membrane as early as 5 min pi.

The microorganisms remained on the cell surface from 5 to 30 min pi. At 1 and 3 h pi the bacteria
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were observed on the cell surface and/or embedded in the plasma membranes. Finally, from 4 h
and longer pi times, P. salmonis was found inside the cell cytoplasm. According to the results it
seems that the early infectivity events of P. salmonis in CHSE-214 cells involve a fast attachment
step (<5 min pi) and a further cell penetration through the plasma membrane which occurs mainly

between 3 and 6 h pi.

INTRODUCTION

Piscirickettsia salmonis is a gram-negative intracellular bacterial pathogen of fish
(Fryer & Hedrick, 2003). This bacterium is the causative agent of piscirickettsiosis (Fryer
et al., 1992) which is a major infectious disease of salmonid fish cultured in sea cages in
Chile (Venegas et al., 2004) where the first worldwide isolation of this agent took place
(Fryer et al., 1990; Cvitanich et al., 1991). Piscirickettsiosis has also been reported in
salmonid fish in Norway (Olsen et al., 1997), Canada (Brocklebank et al., 1993), Ireland
(Rodger & Drinan, 1993) and Scotland (Grant et al., 1996;). Although the principal hosts
for P. salmonis are salmonid fish, there are reports of its isolation from diseased fish of
other species such as Dicentrarchus labrax (McCarthy et al., 2005) and Atractoscion
nobilis (Arkush et al., 2006). P. salmonis can be grown in cell lines of an insect, a frog
(Birkbeck et al., 2004) and of a number of fish (Fryer & Hedrick, 2003), the Chinook
salmon embryo (CHSE-214) cells (Lannan et al., 1984) being the most commonly used to
culture this bacterium (Birkbeck et al., 2004). Besides cell cultures, it has recently been
reported that P. salmonis may also be grown in cell-free media (Mauel et al., 2008;
Mikalsen et al., 2008). In this work, a time-course study of the infectivity of the CHSE-214
by P. salmonis was performed using confocal, standard (TEM) and immunogold (IG-TEM)

electron microscopy.
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MATERIAL AND METHODS

Cells. The CHSE-214 cell line, kindly provided by the late Prof. J.L. Fryer (Oregon
State University, USA), was used. Cells were grown in Eagle’s Minimum Essential
Medium with Earle's salts (Automod, Sigma-Aldrich Inc., MO, USA), supplemented with
10% foetal calf serum (MEM-10) (Gibco BRL, NY, USA) without antibiotics and

antimycotics.

Bacterium. The SLGO-95 strain of P. salmonis (Smith et al., 1996) was used. Prior
to being used as inoculum to infect the CHSE-214 cells, the bacterium was cultured in
monolayers of the same cell line at 18 °C and harvested when cytopathic effect reached
approximately 100%. The titre of this infectious supernatant, which was obtained by end-
point dilution assay in 96-well plates with 6 wells per dilution (Reed & Muench, 1938),
was 10%° TCIDso mL™". This bacterial suspension was filtrated with 5 um pore membrane
(Millipore, Orange Scientific, Belgium) to remove debris aggregates and non-disrupted

cells and then was used as inoculum.

Confocal microscopy. CHSE-214 cells were cultured as previously described to
obtain monolayers on round coverslips of 15 mm in diameter placed in 24-well microplates
(Nunc, NY, USA). These monolayers, were infected with 100 pL of the P. salmonis
suspension described above. Then, coverslips were washed three times with phosphate
buffer solution 0.1 M pH 7.2 (PBS) and fixed with pure methanol for 3 min at the following
post-inoculation (pi) times: 5 min, 10 min, 15 min, 30 min, 1 h, 3 h, 6 h, 12 h and 24 h. P.
salmonis was labelled by means of an indirect fluorescent antibody test (IFAT) according
to the method of Lannan et al. (1991), but using monoclonal antibodies against P. salmonis
(Bios Chile, Chile) and a rabbit anti-mouse Ig G (whole molecule)-FITC as a secondary
antibody (Sigma-Aldrich Inc., MO, USA). Working dilutions of the antibodies were 1:100

and 1:70, respectively. At each observation time, non-inoculated monolayers, which also
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underwent the IFAT procedure, were included as negative controls. Two coverslips were
used for each pi time and observations were made under a confocal microscope (Zeiss
Axiovert 135M, Germany), using 488 nm as excitation wavelength and the LSM 3.9

program for image analysis.

Standard TEM. A pool of cells obtained by trypsinization of monolayers from two
150 ¢cm?® flasks (Corning Glass Works, Corning, NY, USA) was seeded in eight 25 cm?
flasks (Corning Glass Works, Corning, NY, USA) which were incubated at 18 °C for three
days. Seven of them were then infected with 3 mL of the inoculum each and the remaining
flask was left without inoculation. The infected flasks were fixed at the following pi times:
15 min, 1 h, 4 h, 6 h, 24 h, 45 h and 8 days. The non-infected monolayer was used as
negative control and it was fixed at 45 h pi. The monolayers of each flask were fixed with
3mL of PBS containing paraformaldehyde (2%) and glutaraldehyde (0.2%) for 20 min.
After discarding the supernatant the cells were scarified and suspended in 3 mL of the same
fixative solution. Cell suspension was divided in two aliquots of 1.5 mL and centrifuged
(1500 g for 10 min); one of the pellets was processed for standard TEM and the other for
IG-TEM. The cell pellets used for standard TEM were held for 18 h at room temperature
(rt) with a fixative of paraformaldehyde (4%) and glutaraldehyde (2%) in a 0.1 M sodium
cacodylate buffer (pH 7.2). The fixative was then discarded and the pellets were kept for 12
h at 4 °C with the 0.1 M sodium cacodylate buffer (pH 7.2) The pellets were post-fixed
with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer (pH 7.2) for 90 min at rt.
They were washed three times with distilled water and stained with 1% uranyl acetate for
60 min at rt. Preparations were dehydrated with acetone (50, 70, 95 and 100%) for 20 min
at each concentration with the last one (100% acetone) carried out three times. Then, they
were infiltrated with epon: acetone (1:1) overnight and pre-included in pure epon resin
(Pelco Medcast Resin, Ted Pella Inc, CA) for 24 h at rt. These samples were included in a

flat mould (Ted Pella Inc, CA) with pure epon resin and polymerized at 60 °C for 48 h. The
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blocks were first cut to obtain 1 pm thick sections (Sorvall Porter Blum MT-IIB) which
were stained with 1% toluidine blue and 1% sodium borate to be observed under a light
microscope. After selecting the appropriate areas, 60 to 80 nm ultrathin sections were
obtained with a diamond knife, and placed on 200 mesh Cu grids (Ted Pella Inc, CA).
Preparations were contrasted with 4% uranyl acetate in pure methanol for 2 min and with
lead citrate (Reynolds, 1963) for 5 min. Finally, the sections were observed and
photographed in a transmission electron microscope (Philips, Tecnai 12 Bio-Twin,

Holland) at 80 kV.

IG-TEM. The cell pellets used for this procedure were first held in PBS containing
2% paraformaldehyde and 0.2% glutaraldehyde for 3 h at 4 °C. They were then washed
with PBS for 12 h at 4 °C. Preparations were dehydrated for 20 min with acetone once at 50
and 70% and thrice at 95% concentration. After dehydration, samples were infiltrated with
LR White (London Resin Company, England) 1:1 (v/v) with ethanol and held under
agitation at 4 °C overnight and next included in pure LR White for 24 h at rt changing the
resin three times during the latter procedure. Preparations were placed in size 2 gel capsules
(Ted Pella Inc, CA) and resins polymerized at 50 °C for 24 h. The blocks were treated with
the same method as that described for the standard TEM but the ultrathin sections were
placed in 200 mesh nickel grids (Polysciences, Inc. PA). Grids with the sections were
placed upside-down on calibrated drops (30 uL) with 1% of bovine serum albumin (BSA)
diluted in Tris buffer 0.5 M pH 7.5 with 0.02% triton (TBS), for 30 min at rt. After a gentle
touch with a filter paper, grids were placed on 30 uL drop containing rabbit polyclonal
antibodies against P. salmonis (1:50) (Lannan et al., 1991) and incubated in a humid
chamber 12 h at 4 °C. They were then washed four times with TBS (30 pL) for five min
each time. After the washing step, the secondary antibody, which was a goat anti rabbit IgG
conjugated with 10 nm gold spheres (Sigma-Aldrich Inc., MO, USA) diluted 1:50 in 0.1%

BSA/TBS, was applied for 1 h at rt. Afterwards, grids were washed four times for 5 min

56



each at rt, the first two times with 40 pL of TBS and the last ones with 40 puL of double
distilled water. After this washing step grids were dried with a filter paper. Samples were
counterstained for 5 min first with 2% uranyl acetate and then with 2% lead citrate
(Reynolds, 1963) and observed in the same microscope described above for the standard
TEM at 80 kV. Two kinds of negative control of the immunogold technique were used.
One of them consisted in performing the immunogold technique as previously described
from infected and non-infected monolayers with P. salmonis, but substituting TBS for the
first antibody. The other negative control was performed using the whole immunogold

procedure in samples derived from non-infected cell monolayers.

RESULTS

Confocal microscopy: Results showed that P. salmonis was found attached to the
plasma membrane as early as 5 min pi. The microorganisms remained on the cell surface
from 5 to 30 min pi. At 1 and 3 h pi the bacteria were observed on the cell surface and/or
embedded in the plasma membranes. Finally, from 6 h and longer pi times (12 and 24 h) P.
salmonis was found inside the cytoplasm of the cells. Figures 1 and 2 illustrate some of the
results obtained with the confocal microscopy, showing different orthogonal sections of the

selected preparations.

Standard TEM: At 15 min pi a number of rounded empty structures, made up of a
single or double membrane and similar in size to P. salmonis, were found outside but close
to the plasma membrane of the eukaryotic cells. At 1h and 4 h pi P. salmonis was observed
close to or attached to the plasma membrane. At 6 h, 24 h, 45 h and 8 days pi, P. salmonis

was found in membrane-bound vacuoles inside the cytoplasm of the CHSE-214 cells.

IG-TEM: At 15 min pi neither the bacteria nor the empty structures observed in
standard TEM were detected. At 1 h pi the bacteria were observed either close to or

attached to the cell surface. At 4 h and 6 h pi P. salmonis was detected close to, attached to
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the cell surface, or in vacuoles inside the cytoplasm located near the plasma membrane.
Finally, as in the standard TEM, from 24 h and longer pi times (45 h and 8 days) P.
salmonis was found in vacuoles within the cytoplasm of the CHSE-214 cells. Figures 3, 4,

5 and 6 show photomicrographs of the standard TEM and IG-TEM results.

DISCUSSION

Results in the present work showed that the use of different methods to visualize the
infection process by P. salmonis is valuable because they give complementary information

helping to have a more accurate idea of the phenomenon under study.

Although resolution with confocal microscopy was lower than with standard and
IG-TEM, the bacteria were readily located in all observations, which did not happen with
the other techniques. Thus, among the methods used, confocal microscopy appeared as the
most appropriate one for a screening procedure for having a faster picture of the invasion

process.

In IG-TEM samples, some non-specific randomly distributed gold spheres appeared
as a background, but their concentration was clearly higher when associated to the bacteria.
It should be noted that the bacteria appeared gold-labelled in both their outer membranes
and inner structures. IG-TEM allowed one to observe P. salmonis earlier in the cell
cytoplasm than the standard TEM, showing a higher sensitivity in detecting the bacterium

but, as expected, morphological details were more distinctly seen with the standard TEM.

As to the attachment of P. salmonis to the eukaryotic plasma membrane, it was
detected as soon as 5 min pi. Hence this is a rather fast process. For the success of in vivo
infection, a short attachment time would be necessary to prevent the water flow from
restraining the pathogen-host interaction. The fact that horizontal transmission of P.

salmonis may occur in fresh water (Almendras et al., 1997) even though the bacterium is
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inactivated quite rapidly in this environment (Lannan & Fryer, 1994; Chen et al., 2000 )
also suggests that the pathogen should have a fast attachment step for surviving and

infecting its target cells.

The invasion sequence of P. salmonis in cell cultures appeared to be rather similar
to that of other gram-negative fish pathogenic bacteria such as Edwardsiella tarda, and
Photobacterium damselae subsp. piscicida but faster relative to Listonella anguillarum and

Photobacterium damselae subsp. damselae.

In studies of infectivity of E. tarda, Ling et al. (2000) reported that both virulent and
avirulent strains were detected at 30 min pi already attached and inside the cytoplasm in
epithelioma papillosum of carp (EPC) cells. Similar results were obtained by Rao et al.
(2001) with blue gourami (Trichogaster trichopterus) phagocytes. Photobacterium
damselae subsp. piscicida, in EPC showed adherence at 15 min pi and internalization at 1 h
pi reaching a plateau at 3 h pi (Lopez-Doriga, 2000). In turn, and also in EPC cell cultures,
a number of Vibrio anguillarum (at present L. anguillarum) strains showed some bacterial
adherence but minimum internalization at 24 h pi. At the same pi time Vibrio damselae (at
present P. damselae subsp. damselae) showed a lower level of adhesion and invasion was
negligible (Wang et al., 1998). Although the adherence times were 15 and 30 min for P.
damselae subsp. piscicida and E. tarda, respectively, it is not possible to state that P.
salmonis is faster in attaching to cells (5 min) because shorter times were not considered for

those bacteria.

It is interesting to notice that no surface projections and/or attachment structures
were seen in P. salmonis, not even when observed very close or when attached to the
surface of the plasma membrane of the CHSE-214 cells (Fig. 3). This is different to the
findings described by Larenas et al., (2003) where filament structures described as

attachment factors were reported. This difference could be explained by the fact that the
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study of Larenas et al. (2003) was performed using scanning electron microscopy and the
bacteria in their study were attached to ova experimentally infected with this pathogen and

not to in vitro cultured cells.

The pathogenesis of piscirickettsiosis is very likely a complex interplay between the
bacteria and different types of cell and other tissue components of the hosts. Although
tissue culture models are useful in providing information about this disease pathogenesis, it
is essential to examine the invasion pathway in a natural host to fully understand the

infection process of P. salmonis.
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Figure legends:

Fig. 1. Confocal microscopy. CHSE-214 cells 3 h post-inoculation with Piscirickettsia
salmonis. Over the main picture, two orthogonal sections (X and Yy axis) of one coordinate
are shown. P. salmonis is embedded in the plasma membrane.

Fig. 2. Confocal microscopy. CHSE-214 cells 6 h post-inoculation with Piscirickettsia
salmonis. Over the main picture, two orthogonal sections (X and Yy axis) of one coordinate
are shown. P. salmonis is in the cells cytoplasm.

Fig.3. Immunogold. Ultrathin section of CHSE-214 cells 4 h post inoculation with P.
salmonis. A bacterium is closely attached to the cell surface.

Fig. 4. Immunogold. Ultrathin section of CHSE-214 cells 6 h post inoculation with P.
salmonis. A bacterium is visible inside the cell cytoplasm.

Fig. 5.Immunogold. Ultrathin section of CHSE-214 cells 8 days post inoculation with P.
salmonis. A bacterium is within a vacuole inside the cell cytoplasm.

Fig. 6. Standard transmission electron microscopy. Ultrathin section of CHSE-214 cells 8

days post inoculation with P. salmonis. A bacterium is within a membrane-bound vacuole
inside the cell cytoplasm. Note the rippled cell wall and electron-lucent structures.
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Fig. 1. Confocal microscopy. CHSE-214 cells 3 h post-inoculation with Piscirickettsia
salmonis. Over the main picture, it is shown two orthogonal sections (X and y axis) of one
coordinate. P. salmonis is embedded in the plasma membrane.

Fig. 2. Confocal microscopy. CHSE-214 cells 6 h post-inoculation with Piscirickettsia
salmonis. Over the main picture, it is shown two orthogonal sections (X and y axis) of one
coordinate. P. salmonis is in the cells cytoplasm.
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Cell cytoplasm

P. salmonis

Fig.3.Immunogold. Ultrathin section of CHSE-214 cells 4 h post inoculation with P.
salmonis. A bacterium is closely attached to the cell surface.

P. salmonis

Fig. 4. Immunogold. Ultrathin section of CHSE-214 cells 6 h post inoculation with P.
salmonis. A bacterium is inside a cell cytoplasm.
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Fig. 5.Immunoold. Ultrathin section of CHSE-214 cells 8 days post inoculation with P.
salmonis. A bacterium is within a vacuole inside the cell cytoplasm.

Lk Sl - ’
Fig. 6. Standard transmission electron microscopy. Ultrathin section of CHSE-214 cells 8
days post inoculation with P. salmonis. A bacterium is within a membrane-bound vacuole

inside the cell cytoplasm. Note the rippled cell wall and electron-lucent structures.
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SHORT COMMUNICATION
Effect of Piscirickettsia salmonis inoculation on the ASK continuous cell line
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Piscirickettsia salmonis (P. salmonis) is a Gram-negative aquatic pathogen that causes
piscirickettsiosis, a contagious systemic disease which was first described in coho salmon
Oncorhynchus kisutch (Walbaum) cultured in sea net pens (Fryer, Lannan, Garcés, Larenas
& Smith 1990). Since then this condition has been detected in a variety of teleost fish from
distant geographic regions in the world, but so far it has been consistently more severe in
salmonid species reared in the South Pacific Ocean in Chile (Arkush & Bartholomew 2011;
Rojas, Galleguillos, Diaz, Machuca, Carbonero & Smith 2013).

First isolation of P. salmonis was in the chinook salmon, O. tshawytscha (Walbaum),
embryo (CHSE-214) cell line (Fryer et al. 1990), and these cells were since then the most
extensively used substrate for this bacterium propagation (Arkush & Bartholomew 2011;
Rojas et al. 2013). For some years it was thought that P. salmonis could replicate in vitro
only in cell cultures, but rather recently it was found that it can also be grown in some

enriched artificial media (Mauel, Ware & Smith 2008; Mikalsen, Skjervik, Wiik-Nielsen,
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Wasmuth & Colquhoun 2008) and, therefore, at present it is characterized as a facultative,
instead of an obligated, intracellular organism. Although several fish cell lines in which P.
salmonis replicates have been described, no attempts have been made to know if the
Atlantic salmon, Salmo salar L., kidney (ASK) cell line developed by Devold, Krossey,
Aspehaug & Nylund (2000) is permissive to this bacterium. The objective of this work
was to determine the effect of P. salmonis inoculation on ASK cells through the cytopathic

effect (CPE) description and bacterial titration after cell exposure to this fish pathogen.

Monolayers of the ASK (ATCC CRL 2797) and the CHSE-214 (ATCC CRL 1681) cell
lines, both cultured at 18 °C in absence of antimicrobials, were used. The ASK cells were
cultured with L-15 Leivobitz medium with L-glutamine (2.05 mM) and supplemented with
B mercaptoethanol (38.5 uM) and foetal calf serum (FCS) at 10% (all from Gibco, Life
Technologies, Carlsbad, CA). The CHSE-214 cells were grown in Eagle’s minimal
essential medium with Earle’s salts (Automod Sigma-Aldrich, Lenexa, KS), L-glutamine (2

mM) and FCS (10%).

An isolate of P. salmonis obtained from an Atlantic salmon suffering clinical
piscirickettsiosis, sampled at a sea-site of the south of Chile, was used. It was cultured in
CHSE-214 cells. Infectious supernatant was harvested when CPE reached 100% and it was
titered by end-point dilution assay using 96-well microplates containing monolayers of
CHSE-214 cells, with 6 wells per dilution, employing the method of Reed & Miiench
(1938) to estimate the tissue culture infectious dose 50% per mL (TCIDso mL™). Finally,
the inoculum used to expose the cells in the infectivity assays explained below was a

bacterial suspension having 10”7 TCIDs contained in 0.2 mL.
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In the infectivity assays, which were replicated once, fresh monolayers of ASK cells
cultured in 25 cm? flasks were exposed to the P. salmonis inoculum and observed daily
under inverted microscope for 20 post-inoculation (p.i.) days. Concurrently, for
comparison, CHSE-214 cells were infected and treated in the same way as the ASK cells.
Non-infected ASK and CHSE-214 cells were also included as experimental controls. At the
end of the assays methanol-fixed smears from supernatants of the infected and non-infected
cell cultures were obtained. These smears were stained with Gram and Giemsa and also
labelled to detect P. salmonis by indirect immunofluorescence test (IFAT) according to

Lannan, Ewing & Fryer (1991).

Titration of ASK cell supernatants post P. salmonis infection was carried out once CPE
approached 100% in these cells, which occurred at 20 p.i. days. Supernatants were titrated
in microplates containing CHSE-214 cells as previously explained. Titration was also
conducted after a second passage of P. salmonis in ASK cells which, in turn, were infected

with 0.2 mL of supernatant of infected ASK cells with approximately 100% of CPE.

Monolayers of ASK cells exhibited a conspicuous and distinctive CPE after P. salmonis
infection. First morphological changes were evident quite early, starting at day 3 p.i., and
were characterized by the presence of rounded intracytoplasmatic vacuoles in few cells. As
time elapsed the number of affected cells and the vacuoles in them progressively increased
in such a way that in some cells more than 50 vacuoles of different size and morphology
could be counted. The smaller vacuoles were almost circular with a diameter starting from
ca. 1 um. Some of the larger vacuoles showed the same shape of the smaller ones, but
others were more asymmetrical, some of them reaching ca. 5 pm in their longer axis, as

shown in Fig. 1 (B and C). Some vacuoles contained structures consistent with P. salmonis
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morphology while others looked empty. In time, a progressive ASK cell detachment
occurred homogeneously without leaving the discrete large spaces observed in the CPE
when P. salmonis infects CHSE-214 cells (Fryer et al. 1990). The CPE difference between
ASK and CHSE-214 cells infected with P. salmonis can be seen in illustrations C and D
(Fig. 1) at 5 p.i. days and in E and F (Fig. 1) at 11 p.i. days. At day 20 p.i., detachment of
the infected ASK cells approached 100%. Detachment was clearly higher in ASK than in
CHSE-214 cells at a given time, as shown in pictures G and H (Fig. 1).

In advanced infection stages, P. salmonis compatible particles, extracellularly suspended,
were seen with inverted microscope in a higher number and larger size in ASK compared to
CHSE-214 cultures. Nevertheless, observation under standard optical microscopy of smears
of ASK cells infected with P. salmonis, stained either with Gram or Giemsa or IFAT
labelled, showed the typical morphological features widely described for this bacterium
(Fryer et al. 1990; Lannan et al. 1991; Fryer & Hedrick 2003; Arkush & Bartholomew

2011).

The replication ability of P. salmonis in ASK cell monolayers shown here was expected for
at least two reasons. The first one is that these cells originate from Atlantic salmon and it is
widely known that salmonid fish are highly susceptible to P. salmonis infection in natural
and under experimental conditions (Fryer et al. 1990; Garcés, Larenas, Smith, Sandino,
Fryer & Lannan 1991; Fryer & Hedrick 2003; Arkush & Bartholomew 2011). The second
reason is that the ASK line is derived from kidney cells (Devold et al. 2000) which are one
of the main target tissues of P. salmonis (Branson & Nieto Diaz-Mufioz 1991; Venegas,
Contreras, Larenas & Smith 2004; McCarthy, Bron, Brown, Pourahmad, Bricknell,

Thompson, Adams & Ellis 2008). It is worth mentioning that there are 11 cell lines so far
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reported as permissive to P. salmonis, nine of them from teleosts (salmonid and non-
salmonid fish) and the remaining two, from an amphibian and an invertebrate species.
Salmonid cell lines, besides CHSE-214, are CSE-119 (coho salmon embryo), RTG-2
(rainbow trout gonad), CHH-1 (chum salmon heart) (Fryer et al. 1990), RTS11 (rainbow
trout spleen) (Rojas, Galanti, Bols & Marshall 2009) and SHK-1 (salmon head kidney)
(Vera, Isla, Cuevas & Figueroa 2012). From non-salmonid fish are EPC (epithelioma
papulosum cyprini), FHM (fathead minnow) (Fryer et al. 1990) and BB (brown bullhead)
cells (Almendras, Jones, Fuentealba & Wright 1997). The cell lines of amphibian and insect
origin are XTC-2 and Sf21 from Xenopus laevis (Daudin) and Spodoptera frugiperda (J.E.
Smith), respectively (Birkbeck, Griffen, Reid, Laidler & Wadsworth 2004).

The titre obtained from supernatants of infected ASK cells was 10°° TCIDsy mL™. Same
results were achieved when P. salmonis inocula for infecting the ASK monolayers came
from infected CHSE-214 or ASK cell supernatants. These titres are approximately ten
times lower than the values reached in CHSE-214 cells in which normal titres range from
10° to 10’ TCIDso mL! (Fryer et al. 1990; Cvitanich, Garate & Smith 1991). It should be
noted that the highest yields described so far are reached in the Sf21 insect cell line in
which 100 times more P. salmonis infecting units are obtained compared to those in CHSE-
214 cells (Birkbeck et al. 2004). The relatively low titres obtained in ASK cells indicate
that these cells would not be a good option for high production of viable P. salmonis.

In conclusion ASK cells are permissive to the P. salmonis infection and therefore they
expand the cell line repertoire that can be used for primary isolation as a diagnostic tool
and, most importantly, for a wide scope of research studies, such as those focussed to

understand the host-parasite interactions.
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(A (B)

(C (D)
(E (F
G (H)

Figure 1 Monolayers of ASK [(A), (B), (C), (E) and (G)] and CHSE-214 cells [(D), (F) and
(H)]. Inverted microscope with phase contrast. (A) Uninfected ASK cells. 100x.
[lustrations (B) to (H) show cells after different post-inoculation (p.i.) days with
Piscirickettsia salmonis. (B) ASK cells after 5 p.i. days. 100x. Some cells show
intracytoplasmatic vacuoles. (C) and (D), ASK and CHSE-214 cells, respectively, 5 p.i.
days. 200x. (C) Intracytoplasmatic vacuoles are observed with higher magnification than in
(B). (D) Typical clusters of rounded refringent cells observed at the beginning of the
cytopathic effect (CPE) caused by P. salmonis in CHSE-214 cells. (E) and (F), ASK and
CHSE-214 cells, respectively, 11 p.i. days. 100x. (E) Extensive cell vacuolization and
detachment of some of them. (F) Typical CPE in CHSE-214 cells with discrete foci of cell
detachment surrounded by rounded refringent cells. (G) and (H), ASK and CHSE-214 cells,
respectively, 14 p.i. days. 100x. (G) Detachment of more than 60% of the ASK cell
monolayer. (H) Massive presence of rounded refringent CHSE-214 cells, but with less than
the 15% of detachment of the cell monolayer. Bars =20 um.
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Piscirickettsia salmonis is an obligate bacterial pathogen which causes
piscirickettsiosis, a systemic disease affecting some anadromous and marine teleost fish
species. To investigate the pathogenesis of this disease, a time-course study was conducted,
using immunohistochemistry, after challenging rainbow trout Oncorhynchus mykiss
(Walbaum) fry by an immersion bath with P. salmonis.

To carry out this assay, fish (total n = 72; weight = 2.5 g) were allotted to six
subgroups (12 fish each) held in individual 50-L tanks supplied with a flow-through
freshwater system (25 L h™) at 15.4 °C (SD 0.8).

The SLGO-95 strain of P. salmonis (Smith, Vecchiola, Oyanedel, Garcés, Larenas
& Contreras 1996) was used. Bacteria, after thawing, were cultured and titered, by end-
point dilution assay, in the CHSE-214 cell line. Cells were cultured at 18 °C in Eagle’s

minimal essential medium with Earle’s salts (MEM), which is autoclavable (MEM Auto-
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Mod Sigma-Aldrich, KS, USA), supplemented with 2 mM L-glutamine and 10% of foetal
calf serum (both from Gibco, Life Technologies, CA, USA).

For the experimental challenge, four fish subgroups (A;, A,, B; and B;) were
exposed to P. salmonis, each one as an independent batch, by immersion for 15 min in a
50-mL bacterial suspension (in MEM) containing ~10° tissue culture infectious dose 50%
per mL. After exposure, each subgroup was kept for 30 min in 1-L sterile MEM, although
some fish were sampled within this period, and was then replaced in the 50-L tanks. Fish
from subgroups A; and A, were used to record clinical signs, mortalities and gross and
histological lesions (standard haematoxylin and eosin) for 30 days after the immersion
challenge, as a bacterial virulence control. Methanol-fixed smears from the kidneys of dead
fish were obtained for Gram staining and also for labelling to detect P. salmonis by the
indirect immunofluorescence test (IFAT) according to Lannan, Ewing & Fryer (1991). Two
additional fish subgroups (C; and C,) were included as non-infected controls. Excepting
that these fish were sham-exposed, they were treated as subgroups A; and A;. All these
immersion procedures were carried out under permanent aeration at 16.5 (+/- 0.5) °C.

Fish of subgroups B; and B, were sequentially sampled. Three fish were euthanized
by anaesthetic overdose (Tricaine Sigma-Aldrich, MO, USA) at each of the following post-
exposure (post-exp) times counted from the start of the immersion with P. salmonis: 5 min,
15 min, 30 min, 1 h, 3 h, 6 h, 18 h and 3 days. Fish were formalin fixed and processed by
standard histological methods. Five-um sagittal sections of the whole body, excepting the
tail, were examined, using an immunoperoxidase test to detect P. salmonis in the tissues.

No mortalities or clinical signs occurred in the mock-treated fish (subgroups C; and
C,). In exposed fish (subgroups A; and A;), cumulative mortalities reached 91.7% at day

23 post-exp (Fig. 1), indicating that fry were very susceptible to this P. salmonis strain.
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Clinical signs of diseased fish were anorexia, skin darkness, lethargy and, usually when
near to death, uncoordinated swimming behaviour close to the water surface. Gross
pathology was characterized by pale gills, petechiae in the wall muscles of the coelomic
cavity and liver, spleen and kidney enlargement and mucohaemorrhagic content in the large
bowel. Histopathology showed haemorrhagic and necrotic foci mostly in haemopoietic
kidney, liver, spleen and intestine. These tissues also exhibited perivascular and endothelial
necrosis with associated thrombi. Examination of kidney smears, stained with Gram or
labelled with IFAT, showed organisms with the characteristic morphology widely
described for P. salmonis (Fryer, Lannan, Garcés, Larenas & Smith 1990; Lannan et al.
1991; Fryer & Hedrick 2003; Arkush & Bartholomew 2011). The clinical and pathological
findings were consistent with those associated with acute piscirickettsiosis in salmonid fish
in the field (Branson & Nieto Diaz-Mufioz 1991) or under experimental conditions (Garcés,
Larenas, Smith, Sandino, Fryer & Lannan 1991; Smith, Contreras, Garcés, Larenas,
Oyanedel, Caswell-Reno & Fryer 1996). This immersion-bath method allowed the
experimental reproduction of piscirickettsiosis, which could thus be used as a model to
develop challenging tests mimicking the natural way of fish exposure. Appropriate
challenging methods are required to test vaccines and therapeutic drugs against fish
pathogens in a reliable way (Adams, Leschen, Wilson & Horne 1987).

The outcome of the sequential tissue sample examination is shown in Table 1. In
summary, the time-course of events, considering the first post-exp time that P. salmonis
was detected in a particular tissue, was as follows: at 5 min it was found attached to the
surface of the external epithelial cell layer of the skin and gills; from 15 to 30 min it was
detected within the epithelial layer of skin, gills, oesophagus, pyloric caeca and intestine;

from 3 to 6 h it was present in the wall muscle layers of oesophagus and stomach and in
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skin dermis, and from 18 h onward it was evidenced in the lumen of blood vessels and
virtually in all the fish organs.

Hence, these results show that there was a relatively steady progression of the
bacterial invasion at early stages from skin, respiratory and digestive epithelia to deeper
tissues, followed by a rapid spread to probably all the irrigated tissues of the fish body,
once the micro-organism reached the blood stream. As already mentioned, the bacterium
was found attached to the epithelial cells as early as 5 min post-exp (Fig. 2a), which is
consistent with the results obtained in an in vitro infectivity study of P. salmonis in CHSE-
214 cells (Smith, Reveco, Contreras, Rojas, Venegas & Guajardo 2010). An efficient
attachment ability is expected in successful aquatic pathogens because without it these
organisms would run the risk of being washed off the host or being voided from the host’s
gastrointestinal tract (Evelyn 1996). The mechanisms and/or structures used by P. salmonis
for attachment to the epithelial cells are unknown, although the membrane extensions that
are reported to allow the anchorage of this bacterium to the ova chorion (Larenas,
Bartholomew, Troncoso, Fernandez, Ledezma, Sandoval, Vera, Contreras & Smith 2003)
may have occurred with a similar function in the present study.

The invasion kinetics from the attachment time to the moment when the blood
stream was reached by this bacterium was too rapid to be explained only by cell to cell
contiguity spreading. In this respect, although the multiplication rate of P. salmonis might
be higher in vivo than in vitro, at least in an axenic culture medium, the generation time of
P. salmonis (= 12 h) is relatively slow (Vera, Isla, Cuevas & Figueroa 2012) and the time it
takes in vitro to be incorporated into the cytoplasm after cell exposure is 1 h in rainbow
trout kidney macrophages (McCarthy, Bron, Brown, Pourahmad, Bricknell, Thompson,

Adams & Ellis 2008) and is 3 to 6 h in CHSE-214 cells (Smith et al. 2010). The
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mechanisms that P. salmonis uses to invade fish tissues in vivo are unknown, but the outer
membrane lipopolysaccharides (Vadovi¢, Fodorovda & Toman 2007; Vinogradov,
Frimmelova & Toman 2013) and the recently described exotoxins (Rojas, Galleguillos,
Diaz, Machuca, Carbonero & Smith 2013) of this bacterium might play a role in this
phenomenon.

In the digestive tube walls, attachment and invasion were earlier in the epithelial
layers of the anterior than in the posterior segments of this tract (Table 1), which probably
reflects the normal way of transit of the digestive content in the alimentary canal. It is
relevant to note that the oesophagus wall was invaded by P. salmonis (Table 1), including
the muscularis externa layer (image not shown). This site of bacterial entry has not been
described in previous infectivity studies of this pathogen in salmonid fish (Almendras,
Fuentealba, Jones, Markham & Spangler 1997; Smith, Pizarro, Ojeda, Contreras, Oyanedel
& Larenas 1999; Smith, Rojas, Guajardo, Contreras, Morales & Larenas 2004) and neither
has it been reported among the usual routes of entry of fish pathogens in general (Evelyn,
1996; Birkbeck & Ringe 2005). Nevertheless, the infectious haematopoietic necrosis virus
also uses the oesophagus as an entrance site in rainbow trout fry (Drolet, Rohovec & Leong
1994; Helmick, Bailey, La Patra & Ristow 1995), which suggests that this section of the
digestive tract might be a more common entry portal for fish infectious agents than what
has been reported to date.

Piscirickettsiosis is almost exclusively a sea-water disease (Fryer et al. 1990; Mauel
& Miller 2002; Arkush & Bartholomew 2011) and given the fact that fish in this
environment drink large volumes of water (Edwards & Marshall 2013), in which P.

salmonis can be suspended (Lannan & Fryer 1994; Olivares & Marshall 2010), it is
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possible that the gut epithelium, especially that of the oesophagus and intestine, plays a role
as an attachment point and subsequent route of entry of P. salmonis in natural conditions.

Although the bacterium was also found attached to the gastric epithelial lining (Fig.
2b and Table 1) and inside the wall muscle of the stomach (Table 1), it was clearly present
in lower amounts than in the oesophagus and intestine (Table 1). It therefore appears that
the stomach wall might be a potential entry portal for P. salmonis, at least in rainbow trout
fry, although probably less efficient than other segments of the digestive tract. In a previous
work to assess the routes of entry of P. salmonis in juvenile rainbow trout (Smith et al.
1999), fish were exposed by patch contact in skin and gills and by intubation in stomach
and intestine. Cumulative mortalities were 52, 24, and 2 and 24 %, respectively. These
results are consistent with those obtained here with respect to skin and gills as important
entry portals and the gastric environment as a probable hostile medium, although not 100%
lethal, to P. salmonis.

A final consideration about the gut infectivity results is that the bacterium
reappeared in the intestine epithelium at advanced stages of infection (Table 1), which is
consistent with the severe enteritis found in fish having piscirickettsiosis in the field
(Branson & Nieto Diaz-Mufioz 1991) and in the exposed rainbow trout fry here.

In addition to the variety of cell types that P. salmonis has already been described to
infect, the bacterium in this study was also found in the cytoplasm of goblet cells of the
skin epidermis (Fig. 2c¢), which occurred from 15 min to 6 h post exp, and in skeletal
muscular cells in more advanced stages of infection, from 18 h post exp (Fig. 2d and Table
1). The role of the goblet cells in the establishment of P. salmonis infection is unknown, but
during differentiation these cells migrate to the superficial epithelial layers and remain there

(Roberts & Ellis 2001; Janice & Khan 2013); it could therefore be hypothesised that they
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do not aid movement of the bacterium into deeper tissues and probably have a defensive
function instead. It has been well documented that goblet cell mucus is an important
component of non-specific immunity against infectious agents in a wide variety of
vertebrates including teleost fish (Ellis 2001; Janice & Khan 2013). However, it should also
be taken into account that fish mucus can be beneficial to some pathogens either as a source
of nutrients and/or chemoattractants, as it occurs with Vibrio (at present, Aliivibrio)
anguillarum (Garcia, Otto, Kjelleberg & Nelson 1997; O'Toole, Lundberg, Fredriksson,
Jansson, Nilsson & Wolf-Watz 1999).

Non-specific and specific immunity is developed to a large extent in salmonid fry of
even smaller size (weight) than those of 2.5 g used here (Tatner 1996; Gadan, Sandtre,
Marjara, Santi, Munang’andu & Evensen 2013), but fully mature immunocompetence is
obtained at later ontogenic stages, which in rainbow trout occurs in fish weighing over 4 g
(Johnson, Flynn & Amend 1982). Due to this ontogenic variation in the immune response,
together with other physiological changes, it is not possible to directly infer the results
obtained here in fry to post-smolts or adult fish, in which the disease normally occurs.

In summary, infectivity of P. salmonis in rainbow trout fry would comprise three
major stages: 1) a rapid attachment to epithelial cells mainly of skin and gills, but also of
the alimentary canal; 2) a progressive invasion from the sites of entry to deeper underlying
tissues until reaching the bloodstream and; 3) a rapid haematogenous spread to virtually all
body tissues. It is evident that P. salmonis is very successful in systemically infecting its
hosts, but the mechanisms this bacterium uses to breach, circumvent, or use to its advantage
the many physical (starting from the mucus), anatomical and immunological barriers that

healthy fish possess to avoid invasion by pathogenic micro-organisms are elusive and
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intriguing so far. Therefore further research is necessary to reveal the pathogenesis,

specially at a cellular and molecular level, of this significant fish disease.
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Figures and Tables
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Figure 1 Cumulative mortality (%) of rainbow trout (Oncorhynchus mykiss) fry exposed to
Piscirickettsia salmonis via an immersion bath.

(a)

Figure 2 Immunoperoxidase test. Tissue sections of rainbow trout (Oncorhynchus mykiss)
fry exposed by an immersion bath with Piscirickettsia salmonis (P.s.) at different post-
exposure (post-exp) times counted from the moment of the initiation of the exposure. P.s.
presence is indicated by black arrows. (a) P.s. on gill epithelial surface at 5 min post-exp.
(b) P.s. on the surface of columnar epithelial cell of the gastric mucosa at 30 min post-exp.
(c) P.s. inside a goblet cell cytoplasm at 1 h post-exp. (d) P.s. cluster in skeletal muscle at 3
days post-exp. Bars = 10 um. 1,000x.
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Table 1 Time-course detection of Piscirickettsia salmonis by immunoperoxidase in selected
tissues obtained from rainbow trout (Oncorhynchus mykiss) exposed to this bacterium by
an immersion bath'

Post-exposure time
Tissue 5min [15min [30min| 1h 3h 6 h 18h | 72h

Gills

Epithelium surface 3 3 2 3 1 0 0 0

Epithelium 0 0 1 1 3 2 2 2
Skin

Epithelium surface 3 3 2 2 1 0 0 0

Epidermis 0 1 1 2 2 2 1 0

Dermis 0 0 0 0 0 1 1 1
Subcutaneous tissue 0 0 0 0 0 0 1 0
Oesophaqus

Epithelium 0 3 2 2 1 0 0 0

Muscle layers 0 0 0 0 1 2 3 3
Stomach

Epithelium surface 0 0 1 0 0 0 0 0

Muscle layers 0 0 0 0 1 0 1 0
Pyloric caeca

Epithelium surface 0 0 1 0 1 0 0 0

Epithelium 0 0 1 0 2 1 0 0
Intestine

Epithelium surface 0 0 1 1 1 0 0 0

Epithelium 0 0 2 1 3 2 0 1

Muscle layers 0 0 0 0 0 0 0 1
Liver 0 0 0 0 0 0 3 3
Spleen 0 0 0 0 0 0 2 3
Skeletal muscle 0 0 0 0 0 0 3 3
Kidney 0 0 0 0 0 0 3 3
Cardiac muscle 0 0 0 0 0 0 3 3
Blood 0 0 0 0 0 0 3 3
Brain 0 0 0 0 0 0 1 1
Spinal cord 0 0 0 0 0 0 1 1

'Figures show the number of fish in which P. salmonis was detected in a particular tissue.
The tissues were obtained from three fish at each sampling time.
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Abstract
Piscirickettsia salmonis is the etiological agent of piscirickettsiosis, a disease which affects
a variety of teleost species and that is particularly severe in salmonid fish. Bacterial-free
supernatants, obtained from cultures of three isolates of Piscirickettsia salmonis, were
inoculated in Atlantic salmon (Salmo salar L) and in three continuous cell lines searching
for evidences of the secretion of extracellular products (ECPs) by this micro-organism.
Although steatosis was found in some liver samples, no mortalities or clinical signs
occurred in the inoculated fish. Clear cytotoxicity was observed after inoculation in the cell
lines CHSE-214 and ASK, derived from salmonid tissues, but not in MDBK, which has a
mammal origen. The degree of cytotoxicity of the ECPs was different among the P.
salmonis isolates tested. The isolate that evidenced the highest cytotoxicity in its ECPs
exhibited only an intermediate virulence level after challenging fish with bacterial

suspensions of the three P. salmonis isolates. Almost complete inhibition of the cytotoxic
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activity of ECPs was seen after proteinase K treatment, indicating their peptidic nature, and
a total preclusion of the cytotoxicity was shown after their incubation at 50 °C for 30 min.
Results show that P. salmonis can produce ECPs and at least some of them are thermolabil

exotoxins that probably play a role in the pathogenesis of piscirickettsiosis.

Keywords: Piscirickettsia salmonis, pathogenicity, exotoxins, salmon, virulence.

Introduction

At present, a number of fastidious gram negative bacteria which replicates
intracellularly in their hosts, either obligated or in a facultative mode (Mauel, Ware &
Smith 2008), are associated as causative agents of important diseases in aquatic animals
including mollusks, crustaceans and teleost fishes. This emergent group of pathogens has
been named loosely as rickettsia-like organisms and/or Piscirickettsia-like organisms
(Mauel & Miller 2002). Within this bacterial group, Pisicrickettsia salmonis was the first
microorganism that was confirmed as a highly virulent pathogen, being the etiological
agent of piscirickettsiosis, a devastating disease in salmonid fish (Fryer & Hedrick 2003). A
significant number of studies on this bacterium have allowed to get important advances
such as obtaining a more accurate taxonomic classification and to understand, at least
partially, the immune response against it and the routes of entrance in its hosts (Fryer,
Lannan, Giovannoni & Wood 1992; Smith, Pizarro, Ojeda, Contreras, Oyanedel & Larenas
1999; Marshall, Conejeros, Zahr, Olivares, Goémez, Cataldo & Henriquez 2007).
Nevertheless, the virulence factors of this pathogen are poorly known. In this work, it was
explored if P. salmonis is able of exporting extracellular products (ECPs) through their

possible biological effects either in vitro in fish cell lines and/or in vivo in salmonid fish.
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Material and Methods

Fish. In total, 560 Atlantic salmon (Salmo salar L.) pre-smolts, held in fiberglass tanks
supplied with a flow-through system of fresh water, were used. Some fish (n=400) were
employed for testing the virulence of the P. salmonis isolates and the remaining ones, to
test the effect of bacteria-free supernatants.

Cells. Monolayers of the chinook salmon (Oncorhynchus tschawytscha Walbaum) embryo
CHSE-214 (Lannan, Winton & Fryer 1984), Atlantic salmon kidney ASK (Devold,
Krossoy, Aspehaug & Nylund 2000) and Madin-Darby bovine (Bos taurus L.) kidney
MDBK (Madin & Darby 1958) cell lines were used. All of them were grown in absence of
antibiotics and antimycotics. Salmonid cells (CHSE-214 and ASK) were incubated at 17 °C
and mammal cells (MDBK), unless explained, at 37 °C. The CHSE-214 and MDBK cells
were cultured using Eagle’s minimal essential medium with Earle’s salts (Auto-mod,
Sigma, MO) added with L-glutamine (EMEM) and with 10% of foetal calf serum (EMEM-
10). The ASK cells were grown using L-15 Leibovitz medium with L-glutamine
supplemented with B-mercaptoethanol and with 10% of foetal calf serum (all of them from
Gibco, CA).

Bacteria. Three isolates of P. salmonis, named Ps-1, Ps-2 and Ps-3, obtained from rainbow
trout (O. mykiss Walbaum), Atlantic salmon and coho salmon (O. kisutch Walbaum),
respectively, were used in this study. Bacteria were isolated from fish suffering
piscirickettsiosis outbreaks from three different sea sites in the south of Chile. After the
primary isolation, bacteria were preserved at -196°C in liquid nitrogen until used. They

were cultured in all the experiments in monolayers of the CHSE-214 cell line and incubated
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at 17 °C. Bacterial titration was carried out using the end-point dilution method (Reed &
Miiench 1938) in 96 well microplates.

Virulence test of P. salmonis isolates. Ten experimental groups, with 40 fish each, were
used. Fish were distributed equally in two 2.5 m’ tanks, each having 200 tagged animals in
total, with 20 fish per experimental group. Fish were inoculated with three different doses
(10°, 10* and 10° TCIDs fish™") of each isolate. Bacterial suspensions were intraperitoneally
(ip) injected (0.1 mL per individual) in fish of the two tanks (i.e. 40 fish per dose of each
isolate). Forty sham-inoculated fish (20 individuals per tank), injected ip with 0.1 mL of a
sterile suspension of CHSE-214 cells, were used as control of the assay. Mortalities were
recorded up to 46 post-inoculation (p.i.) days. Dead fish were examined by necropsy.
Besides, kidney smears, fixed in absolute methanol, were gram stained and also analysed
by an indirect immunofluorescence test (IFAT) (Lannan, Ewing & Fryer 1991) to confirm
the presence of P. salmonis in these tissues.

Toxicity test in fish of P. salmonis-free supernatants (Ps-fs). Four experimental groups
with 40 fish each were used. Fish of three groups were injected ip with 0.1 mL of a Ps-fs
obtained from isolates Ps-1, Ps-2 and Ps-3, respectively. The fish belonging to the
remaining group were sham-inoculated. Fish of each group were allotted equally in two 100
L tanks (8 tanks in total). Piscirickettsia salmonis-free supernatants were obtained from
supernatants of CHSE-214 cells infected with P. salmonis and harvested when cytopathic
effect reached approximately 100%. Those supernatants were centrifuged twice at 5°C.
First centrifugation was at 1,000 x g for 15 min. The pellet was discarded and then the
supernantant centrifuged at 10,000 x g for 1h. The pellet was again discarded and finally
the supernatant was filtered through a membrane of mixed cellulose ester (DISMIC-25AS,

Toyo Roshi Kaisha, Ltd., Japan) with 0.2 pm size pores. The experiment lasted 47 p.i. days.
99



At the end of the assay, three fish per group were euthanised by anesthetic overdose
(Benzocaine at 200 mg/L) to obtain tissue samples (gills, heart, kidney, liver and spleen)
for histological examination.

Cytotoxicity test of Ps-fs in CHSE-214, ASK and MDBK cell cultures. Fresh
monolayers of cells grown in 25 cm’ flasks were inoculated in duplicated with 1 mL of
individual Ps-fs obtained from the isolates Ps-1, Ps-2 and Ps-3. Inoculated cells were
observed daily until day 25 p.i. under inverted optical microscope and their morphology
was compared with sham-inoculated cell monolayers. CHSE-214 and ASK cells were
always incubated at 17 °C while MDBK cells were incubated in two different temperature
regimes: at 37 °C during all the assay or at 17 °C for 7 days after the inoculation time and
then at 37 °C until the end of the experiment at day 25 p.i..

Titration of Ps-fs cytotoxicity and effect of temperature and proteinase K on its
cytotoxic ability in CHSE-214 cell cultures. Only the Ps-fs obtained from the Ps-3 isolate
was tested. Unless otherwise explained, the incubations were at 17 °C and the general
method described just above was used in these assays. For titration, ten-fold dilutions of
Ps-fs were used. For the temperature test the Ps-fs were incubated at 50 °C and 60 °C for
30 min and then inoculated in cell monolayers. Proteinase K assay was carried out treating
a Ps-fs with 3.5 uM of this enzyme (United States Biological, Swampscott, MA). After a

48 h incubation period, the enzymatic reaction was stopped adding AEBS (4-(2-amino-
ethyl) benzenesulfonyl fluoride hydrochloride, Sigma, St. Louis, MO) at 0.5 mM.

Solutions were inoculated in cell cultures 40 min after AEBS addition. Besides, the
following solutions were used as controls of this assay: a) Ps-fs obtained from Ps-3 isolate;

b) EMEM-10 with proteinase K (3.5 uM); ¢) EMEM-10 with proteinase K (3.5 uM) and
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AEBS (0.5 mM); d) EMEM-10 with AEBS (0.5 mM) and e) EMEM-10. After an
incubation period of 48 h, solutions a, b and e were directly inoculated in cells. In solutions
c and d the AEBS was added after the incubation of 48 h and 40 min later they were

inoculated in the cell monolayers.

Results

Virulence of P. salmonis isolates. Disecase was reproduced with the three isolates
inoculated. Sick fish showed clinical signs of piscirickettsiosis and dead fish exhibited
gross pathology consistent with this disease. Examination of kidney smears of dead fish by
IFAT showed the presence of P. salmonis in these tissues. No clinical signs or mortality
occurred in the mocked-inoculated fish. Total cumulative mortalities of salmon inoculated
with doses 10°, 10* and 10° TCIDs, fish™ were, respectively, 82.5%, 100% and 100% for
isolate Ps-1; 50%, 67.5% and 87.5% for isolate Ps-2 and finally, 65%, 77.5% and 100% for
isolate Ps-3. Within each of these doses there were significant differences in survivability
among fish groups (Log rank test p< 0.05). The order of the isolates, depending on the
survivability they caused in the inoculated fish, was Ps-2 > Ps-3 > Ps-1 (Fig. 1).

Ps-fs toxicity in fish. No diseased fish or mortalities were observed throughout the assay.
Histopathology showed lesions in the liver of the fish inoculated with the Ps-3 isolate
characterised by severe steatosis and focal necrosis. Livers of fish inoculated with isolates
Ps-1 and Ps-2 had moderate steatosis, but same findings were observed in sham-inoculated
fish.

Cytotoxicity test of Ps-fs in cell cultures. Monolayers of CHSE-214 cells inoculated with

Ps-fs of each of the three isolates showed morphological abnormalities compared with the
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sham-inoculated cells. The most dramatic and fastest changes occurred in the cells
inoculated with a Ps-fs prepared from the isolate Ps-3, which exhibited from day 4 p.i. foci
of rounded refringent cells with morphology resembling cells infected with whole P.
salmonis. In addition, boundaries between cells were conspicuous and some cells showed
pleomorphism, hypertrophy and cytoplasm vacuolation (Fig. 2). Cytotoxicity progressed
with time reaching about 80% of the monolayer at day 15 p.i.. Cells exposed with Ps-fs of
isolates Ps-1 and Ps-2 also showed cytotoxicity, but the morphological changes appeared
later (at day 10 p.i.), with only about 50% of the monolayer being affected at day 25 p.i.. A
similar pattern, but milder cytotoxic effect, was observed in ASK cells. No evidence of
cytotoxicity was observed in MDBK cells either when they were always incubated at 37 °C
or when they were held for 7 days after inoculation at 17 °C and then at 37 °C.

Titration. Ps-fs of the isolate Ps-3 in CHSE-214 showed cytotoxic effect up to dilution 10
2.

Temperature effect. No cytotoxic effect was caused by Ps-fs after these were subjected to
either 50 or 60 °C for 30 min.

Proteinase K. The cytotoxic effect of the Ps-fs treated with proteinase K was completely
inhibited until day 18 p.i., but from day 19 to 25 p.i. the intercellular boundaries were more
distinctly, although subtly, observed. As expected, cells inoculated with solution a, from
day 4 p.i. exhibited a clear cytotoxic effect. Addition of AEBS did not cause cytotoxicity

(solution d) and suppressed the proteinase K effect on cells (solution C).
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Discussion

Bacterial pathogens contain genes that code for virulence factors which in turn
allow these organisms to infect and frequently cause disease in their hosts (Mims, Nash &
Stevens 2000; Alberts, Johnson, Lewis, Raff, Roberts & Walter 2008). To succeed as
infectious agent, pathogenic bacteria must colonize their host, reach an appropriate niche,
avoid host defenses, replicate, exit from the invaded eucaryote and be transmitted to a new
susceptible host (Mims et al. 2000; Gyles & Prescott 2010). In spite of these basic steps of
all bacterial infections, the specific mechanisms and virulence factors that pathogens use to
cause disease in their hosts are as diverse as these microorganims themselves (Alberts et al.
2008).

There are no published works related to ECPs of P. salmonis and their pathogenic
function but there is some information about other possible virulence mechanisms of this
bacterium. Surface projections that would allow the attachment of P. salmonis to the
chorion of the salmonid ova have been observed by scanning electron microscopy (Larenas,
Troncoso, Ledezma, Fernandez, Sandoval, Vera, Contreras & Smith 2003). Generation of
antibiotic resistance of P. salmonis has been reported (Smith, Vecchiola, Oyanedel, Garcés,
Larenas & Contreras 1996), although the molecular mechanisms which would explain this
phenomenon are unknown. The ability of P. salmonis to survive and replicate in the
cytoplasm of macrophages has been documented (McCarthy, Bron, Brown, Pourahmad,
Bricknell, Thompson, Adams & Ellis 2008). A similar pathogenic strategy is also used for
other intracellular pathogens (Alberts et al. 2008). Besides macrophages, also P. salmonis
invades a variety of cells that are normally non-phagocytic (Branson & Nieto Diaz-Mufioz

1991; Cvitanich, Géarate & Smith 1991). Therefore, it is likely that this bacterium induces
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its own endocytosis by such cells. On the other hand, structural features of the predominant
P. salmonis lipid A, representing the hexaacyl form, show a high degree of similarity with
these classical forms of enterobacterial lipid A (Vadovi¢, Fodorova & Toman 2007). This
finding suggests that the lipopolysaccharides (LPS) of this bacterium may have a strong
endotoxic activity which could explain the cause of the disseminated intravascular
coagulation described in cultured coho salmon infected with P. salmonis (Cvitanich et al.
1991). The transcriptomic response of Atlantic salmon experimentally inoculated with P.
salmonis showed a downregulation of genes involved in the adaptive immune response, G
protein signaling pathway and apoptotic process which may be reflective of virulence
mechanisms used by this pathogen to survive, replicate and escape host defenses (Tacchi,
Bron, Taggart, Secombes, Bickerdike, Adler, Takle & Martin 2011).

Results here in show that P. salmonis secretes ECPs and at least one of their
components have cytotoxic effects in vitro and probably mediates some tissular damage in
Vvivo in salmonid fish infected with this microorganism. The almost complete inhibition of
the in vitro effect of the P. salmonis ECPs by proteinase K treatment indicates their peptidic
nature and therefore they can be categorized as exotoxins. The slight residual cytotoxicity
of ECPs may have been caused by an incomplete hydrolysis of proteins because of an
insufficient incubation time and/or dose used of the proteinase K or, although unlikely, by
the presence of some proteins resistant to that enzyme (Butler, Kotani, Kong, Frick,
Evancho, Stanbridge & McGarrity 1991; Dabaghian, Zerr, Heinemann & Zanusso 2008).
Another hypothetical explanation could be the action of LPS released to the culture
medium (Brunson & Nicolson 1978).

The effect of these exotoxins seems to be selective depending on the target cells

because any of the ECPs of the three P. salmonis isolates tested produced damage in
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eucaryotic cells (MDBK) and all of them caused higher cytotoxicity in CHSE-214
compared with ASK cells. On the other hand, it appears that the quality and/or the quantity
of the secreted ECPs may vary depending on the P. salmonis strain. This is supported by
the fact that the degree of the cytotoxic effect of the ECPs in the fish cell lines was clearly
different according to the isolate used to obtain these supernatants.

There was no clear association between the virulence degree of the isolates,
measured through fish inoculation with bacterial suspensions, and the cytotoxic effect of
their ECPs on cell monolayers. The isolate Ps-3 showed only an intermediate virulence,
compared with the other two isolates, but its ECPs had the highest cytotoxic effect on cell
cultures. In turn, ECPs of the most virulent isolate (i.e. Ps-1) exhibited a lower cytotoxicity
compared with those of the isolate Ps-3. These findings, along with the fact that the ECPs
injection in fish did not reproduce the disease, suggest that there are other virulence factors
besides the exotoxins evidenced here that are important in the pathogenicity of P. salmonis
in salmonid fish.

The in vitro toxigenic potency of P. salmonis ECPs appears to be significant
because they still cause cytotoxicity in cultured cells after a 107 dilution. Conversely, it
seems that the in vivo potency of these exotoxins would be low because, as already
mentioned, fish injected with undiluted ECPs did not show clinical signs of
piscirickettsiosis. These last results, however, should be interpreted cautiously because the
inoculation procedure used in this work, in terms of dose, administration via and/or other
factors, may have not been adequate to evidence the pathogenic effect of these ECPs.
Probably, P. salmonis secretes ECPs permanently while infecting their hosts, therefore a
single dose, which was the method used here to inoculate the fish, may not replicate the

effect produced in the natural course of the disease. Histopathology of fish, both sham-
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inoculated and inoculated with ECPs of the three isolates, showed some level of liver
steatosis, but the severity of such lesions were clearly higher in fish inoculated with ECPs
of the isolate Ps-3. This finding is consistent with the highest cytotoxicity of ECPs in vitro
shown by the Ps-3 isolate, suggesting an association between the in vitro and in vivo effect
of exotoxins of P. salmonis. Nevertheless, since the histopathology was carried out only in
a reduced number of animals and, in addition, this was not a time-course study these results
are not conclusive.

Although there are no publications referred to P. salmonis ECPs, many authors have
reported their presence and significance as virulence factors in a number of other gram
negative salmonid pathogens, including bacteria of the genera Aeromonas, Flavobacterium,
Moritella, Photobacterium, Tenacibaculum, Vibrio (Listonella) and Yersinia (Austin &
Austin 2007; Tobback, Decostere, Hermans, Haesebrouck & Chiers 2007; van Gelderen,
Carson & Nowak 2009; Bjornsdottir, Gudmundsdottir & Gudmundsdottir 2011; Frans,
Michiels, Bossier, Willems, Lievens & Rediers 2011). Bacteria belonging to the genera
Francisella and Coxiella are phylogenetically related to P. salmonis and thus it is worth
discussing, at least briefly, if their virulence mechanisms include the ability of secreting
exotoxins. With respect to Francisella tularensis, the most conspicuous species of this
genus, there is no consensus opinion on the synthesis of exotoxins, and genes encoding
toxins have not been found in this species. Nevertheless, in F. novicida-like isolates, which
are close relatives of F. tularensis, genes coding for putative RTX exotoxins have been
recently found (Siddaramappa, Challacombe, Petersen, Pillai, Hogg & Kuske 2011). In the
case of Coxiella burnetii no exotoxins have been described and LPS is indeed the only
defined virulence factor (Gilk, Voth & Heinzen 2009). However, it shoud be noticed that C.

burnetii isolates have genes encoding a type IV secretion system predicted to deliver to the
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host cytosol effector proteins that mediate the formation of the parasitophorus vacuole, in
which it replicates, and other cellular events (Voth, Beare, Howe, Sharma, Samoilis,
Cockrell, Omsland & Heinzen 2011).

In summary, main conclusions of this work are that P. salmonis secretes ECPs
which contain heat-labile exotoxins that produce a selective cytotoxicity in vitro depending
on the type of targeted cell; the quality and/or quantity of the secreted exotoxins is
heterogencous among P. salmonis strains; and, finally, these exotoxins probably play a role
in the piscirickettsiosis pathogenesis. It is important to know the virulence factors of
pathogenic microorganisms for several practical reasons such as to develop vaccines,
therapeutic and diagnostic methods and to discover epidemiological markers. As it is also
widely known, toxoids have been succesfully employed to prevent some important bacterial
diseases in humans and domestic animals and therefore this is an obvious potential use of
P. salmonis exotoxins. Although this work has provided some information about the
virulence factors of P. salmonis it is evident that further knowledge is required to fully
understand the mechanisms of pathogenicity of this bacterium. Identification and
characterization of the P. salmonis exotoxins is one, among many, of the tasks that remain
to be done and the use of genomic and proteomic tools should be very helpful to

accomplish these objectives.
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Figure 1 Survival curves of Atlantic salmon inoculated with high (HD) and intermediate
(ID) doses of three P. salmonis isolates (Ps-1, Ps-2 and Ps-3). Abbreviation p. means
probability. HD and ID were 10° and 10* TCIDs, ﬁsh'l, respectively.

Figure 2 Monolayers of CHSE-214 cells. Right: uninoculated. Left: cytotoxic effect nine
days after inoculation with extra cellular products of Piscirickettsia salmonis (isolate Ps-3).
Phase contrast 100x.
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CONCLUSIONES
1-Los eventos iniciales de la infectividad in vitro de P. salmonis en células CHSE-214,
originadas de embrion de salmon chinook, involucrarian una etapa de adherencia rapida de
la bacteria a la superficie de la membrana plasmatica (< 5 min posinoculacion) seguida de
una penetracion de ésta e incorporacion al citoplasma celular, proceso que ocurre entre las

3 y las 6 h posinoculacion.

2-Las c¢lulas ASK, derivadas de rifion de salmon del Atlantico, son permisivas a la
infeccion con P. salmonis donde esta bacteria es capaz de multiplicarse y generar un efecto

citopatico caracteristico.

3-El proceso de infectividad in vivo de P. salmonis en alevines de trucha arcoiris
comprenderia tres etapas principales: (i) una fase de rapida adhesion a células epiteliales
principalmente de piel y branquias, pero también del canal alimentario; (ii) una invasion
progresiva desde los sitios de entrada hacia tejidos més profundos hasta alcanzar el torrente
sanguineo y; (iii) una rapida diseminacion via hematdgena para alcanzar virtualmente todos

los tejidos corporales.

4-Piscirickettsia salmonis puede secretar exotoxinas termolabiles, que tienen un efecto

citotoxico selectivo segun la célula blanco expuesta, y, que probablemente son parte de los

factores de virulencia involucrados en la patogénesis de la piscirickettsiosis.
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