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Introduccién general

1.1. Consideraciones generales sobre los hongos endofiticos.

Los hongos endofiticos habitan en el interior de las plantas durante todo o parte de
su ciclo de vida sin causarles sintomas aparentes. Se conoce de la existencia de este tipo de
hongos desde finales del siglo XIX, cuando Guerin (1898) y Vogl (1898) descubrieron
hongos en el interior de semillas de cizafa (Lolium temulentum). No obstante, estos hongos
no recibieron especial atencion hasta bien entrado el siglo XX. Fue precisamente en 1977
que se impulso el estudio de los endofitos, cuando Charles Bacon y sus colaboradores
demostraron que las toxicosis observadas en ganado vacuno estadounidense, eran debidas
al consumo de plantas de Lolium arundinaceum (=Festuca arundinacea), cuyas hojas y
tallos estaban infectados sistémicamente por el hongo Neotyphodium coenophialum, sin
que las plantas mostrasen ningun sintoma (Bacon et al., 1977). Mas tarde se descubrio que
las toxicosis eran debidas a la produccion de alcaloides por parte de N. coenophialum. Era
por lo tanto el endofito el agente causal de los trastornos del ganado. De este modo, la
presencia de un hongo productor de alcaloides resultaba beneficiosa para la planta
hospedadora, puesto que la protegia del estrés bidtico derivado del herbivorismo (Schardl
etal., 2004).

Hoy en dia, las especies del género Neotyphodium y de su teleomorfo Epichloé
constituyen el grupo mds conocido y estudiado dentro de los hongos endofiticos, y son
conocidos en su conjunto como hongos endofiticos sistémicos de gramineas. Estos hongos
pertenecientes a la familia Clavicipitaceae representan solo una pequefa fraccion de los
hongos asociados a gramineas, pues algunas de éstas, como Dactylis glomerata u Holcus
lanatus (Sanchez Marquez et al., 2007; 2010) pueden ser hospedadores de mas de cien
especies diferentes de hongos endofiticos. Son precisamente los hongos aislados de estas y
otras gramineas, los que se utilizaron para el andlisis de incidencia de micovirus en el
grupo de hongos endofitos no sistémicos de gramineas (Sanchez Marquez et al., 2011). Por
otra parte, los endofitos son ubicuos en el reino vegetal, en los Gltimos afios se han llevado
a cabo numerosos estudios de incidencia de endofitos, y todos ellos parecen apuntar a que
la mayoria de las especies vegetales presentes tanto en comunidades naturales como
antropogénicas, extendidas desde el artico a los tropicos, son hospedadoras de estos hongos
(Arnold, 2007; Stone et al., 2004).

Los hongos endofiticos colonizan normalmente el espacio intercelular de la planta a
la que infectan, localizandose tanto en las partes aéreas como en las subterraneas, pudiendo

ser especificos de un 6rgano. De este modo, pueden dar lugar a infecciones sistémicas,
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como ocurre en el caso de Neotyphodium y Epichlog, o a infecciones muy localizadas,
como en el caso de los endofitos no sistémicos (Rodriguez et al., 2009). Por otro lado, el
rango de hospedadores de las diferentes especies de endofitos también es variable,
habiendo especies con un unico hospedador y especies muy generalistas (Sanchez Marquez
etal., 2011; Stone et al., 2004).

El mecanismo de dispersion predominante entre los endofitos es la transmision
horizontal, como lo indica el hecho de que la mayoria de las semillas estén libres de
endofitos, y que la incidencia de endofitos sea mayor en las plantas a medida que aumenta
su edad (Arnold y Herre, 2003; Sanchez Marquez et al., 2011). Ahora bien, varias especies
de los géneros Neotyphodium y Epichloé tienen como medio de dispersion la transmision
vertical a las semillas (Schardl et al., 2004).

La relacion entre las plantas y los hongos parece datar de muy antiguo. El registro
fosil indica que estas asociaciones pudieron comenzar hace mas de 400 millones de afios,
en la era Paleozoica (Bacon y Hill, 1995; Oliver, 1903; Osborn, 1909). Este hecho revela la
importancia de estas asociaciones planta-hongo, pues en términos evolutivos los hongos
endofiticos podrian llevar ligados a las plantas desde que éstas dieron el salto a tierra y la
colonizaron, desempefiando desde entonces un papel crucial en la evolucion de las plantas
en el medio terrestre. Por este motivo, se cree que los hongos endofiticos mantienen en
ocasiones asociaciones mutualistas con sus hospedadores, establecidas posiblemente
gracias a un proceso de coevolucion (Hyde y Soytong, 2008). Un ejemplo de ello son las
establecidas por especies del género Epichloé, que como ya comentamos, producen una
serie de alcaloides que confieren a las plantas que infectan un aumento de la resistencia al
herbivorismo (Schardl et al., 2004). Otras especies de endofitos son conocidas por su
capacidad de mejorar la resistencia de sus hospedadores a ciertas enfermedades,
compitiendo directamente con el patdogeno por el espacio y los recursos, o incluso
produciendo compuestos nocivos para estos patogenos (Zabalgogeazcoa, 2008). Como
aplicaciéon, algunos hongos endofiticos cuando son inoculados artificialmente pueden
conferir a sus hospedadores resistencia a estreses abidticos tales como la falta de agua, la
salinidad, o las altas temperaturas, e incluso pueden producir un aumento en la biomasa de
las plantas a las que colonizan (Rodriguez et al., 2009; Waller et al. 2005). Ahora bien,
para la mayoria de especies de endofitos descritas hasta el momento, los efectos de la

asociacion simbidtica con su hospedador son desconocidos.
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1.2. Hongos endofiticos y entomopatogenos, dos grupos aparentemente

unidos.

Los hongos entomopatdogenos parasitan insectos causandoles graves dafios que
pueden incluso ocasionar su muerte. Existen estudios filogenéticos que apuntan a que el
origen de algunos hongos endofiticos podia estar en un ancestro entomopatogeno.
Miembros de la familia Clavicipitaceae como Epichloé o Neotyphodium, a los que nos
hemos referido en el apartado anterior por su naturaleza endofitica, podrian haber sido en
sus origenes parasitos de insectos. Se cree que estos hongos consiguieron el acceso a los
nutrientes vegetales a través del estilete de sus hospedadores o de las heridas que éstos
ocasionaban en las plantas, evolucionando asi hacia formas biotrofas vegetales (Rodriguez
et al., 2009). De este modo, estos hongos llegarian a desarrollar capacidad endofitica. Esta
idea queda reforzada por el hecho de que los endofitos Epichloé y Neotyphodium no
producen enzimas o toxinas para matar o degradar tejidos vegetales, lo cual podria facilitar
la colonizacion de las plantas al no favorecer mecanismos defensivos en éstas. Ademas, la
produccion por parte de estos hongos de compuestos bioldgicamente activos nocivos para
animales, especialmente insectos, es concordante con la idea de un ancestro
entomopatogeno (Rodriguez et al., 2009; Spatafora et al., 2007). Se ha visto que este grupo
de hongos produce efectos negativos a través de los alcaloides que producen en sus plantas
hospedadoras, en mas de 40 especies de insectos, estableciéndose asi una relacion
mutualista entre la planta y el hongo (Vega et al., 2008).

Otros hongos pertenecientes a las familias Cordycipitaceae y Ophiocordycipitaceae
(antiguos miembros de la familia Clavicipitaceae recientemente reclasificados) que
incluyen géneros de hongos considerados tradicionalmente entomopatéogenos, han sido
también descritos como endofitos naturales, parasitando plantas de naturaleza muy diversa,
que van desde gramineas, como el arroz o el maiz, hasta plantas dicotiledoneas, como el
cacao o el café. Estos géneros de entomopatogenos endofiticos son Beauveria,
Verticillium, Paecilomyces, Cladosporium, Metarhizium, Lecanicillium o Tolypocladium
(Sanchez Marquez et al., 2011; Vega, 2008).

Ademas de un estudio de la incidencia de micovirus en hongos endofiticos de
gramineas, en este trabajo también se analizardn los virus asociados a dos hongos
entomopatogenos también aislados como endofitos, Beauveria bassiana y Tolypocladium
cylindrosporum (Sanchez Marquez et al., 2007; 2010). Adicionalmente, también se

estudiara la capacidad endofitica de T. cylindrosporum. Por ello en este apartado dedicado
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a hongos endofiticos y entomopatdégenos se hard un pequefio repaso a las caracteristicas

generales de estas dos especies.

1.2.1. Tolypocladium cylindrosporum

El género Tolypocladium fue establecido por Gams en el afo 1971 basandose para
ello en mas de 10 aislados fungicos procedentes de suelos y céspedes de diferentes partes
de Europa. En un principio, Gams describié tres especies en este nuevo género: T.
inflatum, T. cylindrosporum y T. geodes (Weiser y Pillai, 1981). Barron atribuy6 a este
género otras dos especies aisladas de rotiferos T. parasiticum y T. trigonosporum (Barron,
1980; 1981). De este modo, el numero de especies que fueron incorporandose al género
Tolypocladium fue aumentando durante la década de los 80, hasta llegar al total de 15
especies que en la actualidad lo conforman (Bisset, 1983; Samson y Soares, 1984; Weiser
etal., 1991).

El género Tolypocladium ha sido recientemente clasificado en la familia
Ophiocordycipitaceae (Sung et al., 2007), dentro del orden Hypocreales. Al igual que el
resto de especies que componen el género, T. cylindrosporum se caracteriza por producir
colonias de aspecto algodonoso de crecimiento relativamente rapido, alcanzando 7-20 mm
de didmetro en 10 dias a 22 °C. Su coloracidn suele ser blanca al principio y a veces torna a
color crema en zonas donde la conidiacién es abundante. El reverso de las colonias va de
blanco a amarillo palido o naranja. Aunque no suele producir exudados, a veces puede dar
lugar a pequefias gotitas incoloras. En cuanto a la morfologia de las fidlidas, éstas
presentan la parte inferior mas o menos globosa y la superior se estrecha para dar lugar a
un cuello cilindrico largo (Fig. 1). Los conidios también son muy caracteristicos, de hecho
su morfologia da el nombre a la especie, ya que tienen forma de cortos cilindros (4.6 x 1.6
um) con ambos extremos totalmente redondeados. Suelen agregarse en pequefias cabezas
en las puntas de las fialidas, de hecho, en cultivos mas viejos estos conidios coalescen para

dar lugar a masas extensivas y viscosas (Bissett, 1983).
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Fig. 1. A. Representacion grafica de las caracteristicas morfologicas de T. cylindrosporum (Bisset, 1983). B.
Fotografia de hifas, fidlidas y esporas de la cepa 11 de T. cylindrosporum.

La mayoria de las especies de este género habitan en el suelo. Tolypocladium tiene
afinidad por suelos de zonas frias o de habitats sujetos a fuertes oscilaciones térmicas
diarias o estacionales. La temperatura optima de crecimiento del género en agar de
dextrosa y patata (PDA) es para todas las especies en torno a los 20 °C, y la minima se
situa en los 5 °C, todas las especies muestran tasas minimas de crecimiento a 30 °C, hasta
el punto que T. geodes deja de germinar o crecer a esta temperatura (Bissett, 1983).

Aunque nos hemos referido a este género como caracteristico de suelos, poco
después de su descubrimiento en 1971, T. cylindrosporum fue aislado en California de un
mosquito, Aedes sierrensis y después en Nueva Zelanda de Aedes australis. De hecho, se
han encontrado alrededor de 19 especies de mosquito susceptibles a este hongo,
incluyendo géneros como Aedes, Culex, Culiseta o Anopheles (Scholte et al., 2004), todos
ellos de gran interés por la relacion que guardan con la transmision del Plasmodium que
produce la malaria. También se han encontrado otros artropodos susceptibles a T.
cylindrosporum, entre los que destacan otros dipteros terrestres y acuaticos, lepidopteros,
algunos crustaceos como Daphnia carinata o Trigriopus sp. (Lam et al., 1988) e incluso

garrapatas de la familia Argasidae (Herrero et al., 2011; Zabalgogeazcoa et al., 2008).
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El proceso de infeccion de Tolypocladium comienza con la adhesion de las esporas
del hongo a la cuticula de sus hospedadores. La zona en que comienza este proceso de
infeccion es diferente segun el estado de desarrollo de los hospedadores. Estas esporas
germinardn y atravesardn la cuticula, comenzando asi la colonizacién del hemocele de la
victima. Los conidios también pueden llegar a colonizar el espacio interior del hospedador
utilizando para su entrada cavidades naturales. Asi, los conidios germinan en las
proximidades de la cavidad bucal y anal, ramificindose hasta alcanzar el hemocele
(Goettel, 1988). Durante el proceso de colonizacion, T. cylindrosporum produce
blastosporas en el hemocele, que germinaran y atravesaran de nuevo la cuticula del
hospedador para seguir desarrollandose en el exterior. La esporulacion del hongo en la
superficie del hospedador va a servir como fuente de indculo para otros posibles
hospedadores (Goettel, 1988). Durante la infeccion Tolypocladium produce una serie de
sustancias insecticidas que van a ayudar a terminar con el hospedador. Estas sustancias son
diversas y entre ellas destacan las efrapeptinas y la tolypina (Bandani et al., 2000; Weiser y
Matha, 1988). De este modo, T. cylindrosporum se convierte en un excelente candidato a
arma de control bioldgico, mas aun desde que se conoce su naturaleza endofitica, al haber
sido aislado como tal de las gramineas Holcus lanatus y Festuca rubra (Sanchez Marquez
etal., 2010).

Por otro lado, el género Tolypocladium es bien conocido por su importancia
biotecnoldgica en la produccion de ciclosporinas (Aarnio y Agathos, 1989). La
ciclosporina A es un péptido ciclico que presenta una fuerte y selectiva actividad
inmunosupresiva, habiendo llegado a convertirse en un agente imprescindible en la cirugia
de trasplantes dado que permite superar las barreras de la histocompatibilidad. Este
compuesto también se ha empleado en el tratamiento de enfermedades parasiticas o
autoinmunes, asi como en quimioterapia (Reed y Thomas, 2008) T. inflatum es la especie
que produce las mayores cantidades de ciclosporina, aunque T. cylindrosporum también

produce esta preciada sustancia (Aarnio y Agathos, 1989).

1.2.2. Beauveria bassiana

En 1835, Agostino Bassi fue el primero en describir a Beauveria como agente
causal del mal del segno, también conocido en Italia como calcinaccio o cannellino y
como muscardino blanco en Francia. Este hongo fue el causante de la devastadora

epizoosis que produjo importantes pérdidas economicas en la industria de la seda del sur de
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Europa, entre los siglos XVIII y XIX. La epidemia diezm¢6 las poblaciones de larvas de
gusanos de seda, y por ello se desarrollaron diversos estudios en este &mbito. En esta linea,
Bassi se dedico al estudio de Beauveria, y con ello, fue el primero en demostrar que los
microbios pueden actuar como patdgenos contagiosos de animales, una importante
aportacion a la teoria del germen de la enfermedad (Porter, 1973).

El primer reconocimiento taxondomico del hongo muscardino fue propuesto por
Balsamo-Crivelli, quien en honor a Bassi, denominé al hongo Botrytis bassiana. El género
Beauveria, en cambio, no fue descrito formalmente hasta 1912 por Vuillemin, y
actualmente se engloba en la familia Cordycipitaceae, dentro del orden Hypocreales. B.
bassiana presenta un aspecto algodonoso y tiene una coloracion blanca que en ocasiones
torna a crema o amarillo anaranjado. Presenta fidlidas cortas y globosas en la base y
estrechas en su parte superior, agrupadas normalmente en verticilos (Fig. 2). Cada una de
estas fidlidas porta un conidio en forma de balén (Vuillemin, 1912). Ahora bien, el
reconocimiento morfoldgico de las distintas especies que engloba el género Beauveria es
bastante complicado, puesto que las caracteristicas morfoldgicas son muy similares entre
especies. Actualmente la identificacion de los miembros de este género suele hacerse
molecularmente a través de la secuencia de espaciadores internos transcritos (ITSs) en los
operones de RNA ribosomico, y de factores de elongacion 1-alfa (EFI1-a) (Rehner y

Buckley, 2005).

Fig. 2. A. Cultivo de Beauveria bassiana en agar de dextrosa y patata. B. Representacion grafica de las

caracteristicas morfologicas de las fialidas y conidios de B. bassiana (Vuillemin, 1912).
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Introduccién general

Beauveria es un género muy cosmopolita que engloba a hifomicetes haploides que
habitan en el suelo de forma natural. B. bassiana es el hongo entomopatéogeno con mas
representacion en los suelos espafioles, tanto cultivados como naturales, de hecho existe un
estudio sobre la distribucion de este hongo en la peninsula y como las caracteristicas del
terreno afectan a dicha distribucion. Segln este estudio, B. bassiana tiene predileccion por
suelos con bajo contenido en materia organica y preferiblemente arcillosos, y suele
localizarse por lo general en latitudes bajas y altitudes por debajo de los 700 m (Quesada-
Moraga et al., 2007). Es preciso resaltar, que algunos de los aislados de B. bassiana
derivados de este estudio, sirvieron de material de partida para el estudio de incidencia de
micovirus en dicha especie desarrollado en este trabajo.

Este género es muy considerado en nuestros dias debido a su papel como patdégeno
de insectos y a su capacidad para producir metabolitos de interés médico. El modo de
infeccion de B. bassiana es similar al de T. cylindrosporum y conlleva la adhesion de las
esporas a la cuticula del insecto, seguido de la formacién de un tubo germinativo que a
través de acciones enzimdticas y mecanicas logra penetrar la cuticula. Una vez en el
hemocele, el crecimiento de las hifas causa dafios en los tejidos del insecto y absorbe sus
nutrientes. Dentro del insecto B. bassiana puede producir metabolitos secundarios, cuya
actividad insecticida, permite al hongo acabar con el insecto de una forma mas rapida
(Clarkson y Charnley, 1996). Algunas de las sustancias con propiedades insecticidas
producidas por el hongo son péptidos ciclicos, como la beauvericina, las eniatinas,
basiandlidos, o incluso compuestos de interés medicinal como las ciclosporinas o la
oosporina (Fuguet et al., 2004). Tras la invasion del hemocele, el hongo es capaz de volver
a atravesar la cuticula del hospedador y salir al exterior, donde puede continuar
desarrollandose saprofiticamente sobre los cadaveres en los que esporula, convirtiéndolos
en nuevos focos de diseminacion de esporas de Beauveria (Meyling y Eilenberg, 2007). Es
preciso resaltar que B. bassiana es el hongo entomopatdogeno que ha sido sujeto de mas
estudios de cara a su aplicacion comercial como biocontrolador. De hecho, son varias las
formulaciones de esporas que actualmente se comercializan con este objeto (Kaufman et
al., 2005).

Beauveria bassiana y su teleomorfo Cordyceps bassiana, han sido el centro de
multiples estudios como endofitos, de hecho, han sido descritos infectando de forma
natural a numerosos hospedadores, desde gramineas hasta dicotiledoneas como patata,

algodén 6 cacao. Ademas, se han realizado multiples ensayos de inoculacion artificial de
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B. bassiana en diferentes especies vegetales de interés comercial, como cacao, amapola,
banana o café, con el proposito de introducir a los entomopatégenos endofiticos como una
alternativa al uso de insecticidas quimicos (Quesada-Moraga et al., 2006a; Vega et al.,
2008). Por otra parte, B. bassiana también parece poseer una importante actividad
fungicida y bactericida, pues como ya hemos apuntado, el hongo es productor de una
enorme bateria de metabolitos bioactivos. En esta linea B. bassiana podria ser capaz de
proteger del ataque de microorganismos fitopatdgenos a la planta en la que se encuentra
como endofito (Ownley et al., 2010). De este modo, el habitat endofitico de B. bassiana
podria proporcionar beneficios tanto a la planta como al hongo, lo que se viene conociendo
como la “bodyguard hypothesis”. Segun esta hipotesis, las plantas favorecerian la
retencion de enemigos naturales de plagas herbivoras o de microorganismos fitopatégenos
para protegerse del ataque de éstos. Al mismo tiempo, el hongo quedaria protegido de
diversos estreses ambientales, y obtendria diversos nutrientes y exudados producidos por la

planta hospedadora (Elliot et al., 2000; Ownley et al., 2010).

El repaso realizado a estas dos especies entomopatdgenas que seran sujeto de
estudio en este trabajo, pone de manifiesto el paralelismo existente entre sus ciclos de vida.
De este modo, los dos hongos que parecen presentarse como hongos tipicos del suelo, en
algin momento, seguramente via conidios, van a ser capaces de parasitar insectos y
desarrollar parte de su ciclo vital en el interior de éstos. Ahora bien, también poseen la
capacidad de desarrollar un periodo de su ciclo de vida en el interior de una planta, como
endofitos. Asi, este habitat, podria servir como una especie de reservorio que proteja a
estas especies de la adversidad, para poder después colonizar los otros dos medios afines a
estos hongos y asi cerrar un ciclo. De este modo, los otros dos habitats en que los hongos
entomopatogenos son capaces de desarrollarse, suelo y en especial insectos, podrian ser
mas adecuados para la reproduccion, crecimiento y dispersion de estos hongos (Meyling y

Eilenberg, 2007; Vega et al., 2008).

1.3. Caracteristicas generales de los micovirus y su paralelismo con los

hongos endofiticos.
Los virus de hongos constituyen una parcela bastante inexplorada dentro de la

virologia. De hecho, su historia es bastante reciente y la primera descripcion de un
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micovirus data de 1962, ano en que Hollings descubrié particulas virales infectando
champifiones (Hollings, 1962). No obstante, a pesar de no haber recibido tanta atencion
como los virus de plantas o animales, han sido muchos los micovirus descritos en estos
casi 50 afios de estudio. Se han descrito virus en los cuatro phyla de los hongos,
Chytridiomycota, Zygomycota, Ascomycota y Basidiomycota, y también en oomicetos
patdgenos de plantas como Phytophthora y Phytium.

A diferencia de los virus animales o vegetales, que normalmente estan asociados a
enfermedades, muchos de los micovirus conocidos no son causantes de sintomas aparentes
en su hospedador, de hecho, segun refleja la literatura, la mayoria de los hongos infectados
no son fenotipicamente diferentes de los que no lo estdn, al menos en las condiciones en
que son observados en el laboratorio (Ghabrial, 1998; Ghabrial y Suzuki, 2008). Este tipo
de asociacion virus-hongo recuerda bastante a las ya comentadas entre hongos y plantas, en
las que los hongos endofiticos no causan una sintomatologia obvia a la planta a la que
infectan. De este modo, el desarrollo de nuevas formas de abordar el estudio de las
relaciones virus-hongo, quizas ayude en un futuro a entender la naturaleza de estas
relaciones simbidticas. No obstante, al igual que ocurre con los hongos endofiticos, existen
algunos casos en los que un micovirus produce un efecto observable en su hospedador,
causando en ocasiones hipovirulencia, es decir, una disminucion en la virulencia de su
hospedador hacia la planta a la parasita. Este fendmeno estd muy bien documentado para
Cryphonectria parasitica, el hongo causante del chancro del castafio (Deng et al., 2007).
También existe un caso en el que un micovirus causa enfermedad a su hospedador. Asi, la
enfermedad de La France del champiidn, que tantas pérdidas ocasiona en el sector
productor de este hongo, tiene su agente causal en el virus LIV (La France isometric virus)
(Romaine y Goodin, 2002). Sin embargo, otros micovirus pueden ser beneficiosos, siendo
este el caso de la relacion mutualista entre el micovirus CThTV (Curvularia termal
tolerance virus), el hongo endofitico Curvularia protuberata y su planta hospedadora
Dichanthelium lanuginosum, en la que el virus proporciona termotolerancia al conjunto
simbidtico mutualista (Marquez et al., 2007).

En cuanto a algunas caracteristicas bioquimicas de estos virus, es importante
sefialar que la mayoria de los micovirus conocidos poseen genomas de RNA bicatenario
(dsRNA), de hecho, la presencia de elementos de dSRNA en un hongo suele relacionarse
con una infeccion virica y la presencia de dsRNA suele usarse en diagnosis

(Zabalgogeazcoa et al., 1995). Ahora bien, también se han descrito varios micovirus con
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genomas de RNA monocatenario (ssSRNA). De hecho, algunos micovirus que se pensaba
que poseian genomas de dsRNA como los hypovirus, barnavirus y narnavirus poseen
genomas de ssSRNA. Asi, el dSRNA encontrado en los extractos de micelio de estos hongos
representaria estados intermedios de replicacion de un virus de ssRNA (Esteban y
Fujimura, 2003; Nuss, 2005; Revill, 2010). Es preciso sefialar que también existen dos
familias de micovirus, Pseudoviridae y Metaviridae, que aunque poseen genomas de RNA
necesitan un intermediario de DNA para su replicacion (ssSRNA-RT). Los genomas de
DNA no parecen ser comunes en este grupo de virus, y hasta el momento s6lo se conoce
un micovirus con genoma de DNA monocatenario (ssDNA) y circular, SSHADV-1
(Sclerotinia sclerotiorum hypovirulence-associated DNA virus 1) (Yu et al., 2010).

Atendiendo a todo lo mencionado sobre la naturaleza del genoma de los micovirus, es
preciso resaltar que la clasificacion de micovirus propuesta por el International Committee
for the Taxonomy of Viruses (ICTV) se basa en las caracteristicas del genoma de los
micovirus para su clasificacion taxonomica. Segun esta clasificacion en la actualidad se

conocen nueve familias y doce géneros de virus de hongos (Tabla 1).

Tabla 1. Clasificacion taxonémica de micovirus segin el ICTV Master Species List 2009

(http://talk.ictvonline.org/files/ictv_documents/m/msl/1231.aspx).

Genoma Familia Género
ss(+)RNA Barnaviridae Barnavirus
Hypoviridae Hipovirus
Narnaviridae Mitovirus
Narnavirus
ss(+) RNA-RT Pseudoviridae Hemivirus

dsRNA

Metaviridae
Chrysoviridae

Partitiviridae

Pseudovirus
Metavirus
Chrysovirus
Partitivirus

Reoviridae Mycoreovirus
Totiviridae Totivirus
Victorivirus
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Los micovirus poseen genomas bastante mas pequefios y simples que los virus
animales o vegetales, de hecho, existe una familia, Narnaviridae, cuyos miembros poseen
genomas de 3 kbp que codifican una RNA polimerasa dependiente de RNA (RdRp) que es
capaz de replicarles a ellos mismos (Esteban y Fujimura, 2003). Los mayores genomas los
vamos a encontrar en la familia Reoviridae, pero no van a superar los 23 kbp.

Ademas de su simplicidad, otra caracteristica que también parece ser comun a todos
los genomas de virus de hongos, es su linearidad (SSHADV-1 constituye una excepcion,
presentando genoma circular (Yu et al., 2010). No obstante, su organizacion puede variar
desde genomas monopartitos, como en los totivirus, narnavirus ¢ barnavirus, a genomas
segmentados. Asi, los partitivirus se caracterizan por genomas bipartitos, los chrysovirus
por tetrapartitos y los micoreovirus pueden tener genomas compuestos hasta por 12
segmentos de dsSRNA (Fauquet et al., 2005; Hillman, 2010). Generalmente estos genomas
van a estar encapsidados en particulas isométricas y proteicas. Si bien, los miembros de la
familia Hypoviridae, protegen sus genomas en el interior de vesiculas membranosas
originadas por el hospedador y los Narnaviridae carecen de toda envoltura, presentando
genomas desnudos.

El modo de transmision de los micovirus es muy distintivo de este grupo de virus.
Asi, a diferencia de los virus vegetales o animales, que pueden permanecer fuera de las
células del huésped y transmitirse por vectores u otros medios, los micovirus no tienen una
fase extracelular. El ciclo de vida de estos virus parece estar limitado a las células fingicas,
y su transmision a nuevos hospedadores depende de eventos de anastomosis en los que hay
intercambios citoplasmaticos entre diferentes aislados compatibles (Pearson et al., 2009).
Por otro lado, la transmision vertical de los virus a las esporas asexuales constituye un
medio comun de dispersion de los micovirus, en cambio, en algunas especies,
normalmente ascomicetes, parecen existir barreras para la transmision de virus durante la
reproduccion sexual y la formacion de esporas sexuales (Romo et al., 2007), aunque en
otras especies, que suelen coincidir con representantes del grupo de los basidiomicetes, la
transmision viral a las esporas sexuales puede ser muy elevada (Pearson et al., 2009). El
hecho de que la transmision de micovirus esté limitada a mecanismos intracelulares, hace
que el movimiento de virus entre distintas especies sea poco frecuente, ya que la
transmision de virus por fusion de hifas, requiere que esta tenga lugar entre grupos de
hongos compatibles de la misma especie. No obstante, existen casos en los que bajo

condiciones de estrés se ha observado la transmision de micovirus entre aislados no
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compatibles, e incluso entre hongos de distintas especies (Charlton y Cubeta, 2007; Melzer
etal., 2002).

En cuanto al origen de los micovirus, una de las hipdtesis sostiene que las
asociaciones entre los micovirus y sus hospedadores deben ser muy antiguas, defendiendo
una hipotesis coevolutiva. Asi, un largo periodo de coevolucién podria explicar la
existencia de fenotipos asintomaticos en muchas infecciones por micovirus (Pearson et al.,
2009). El caso de las infecciones sintomaticas por micovirus en el hongo Cryphonectria
parasitica no seria un buen ejemplo para avalar esta hipotesis de coevolucion, de hecho, a
la luz de este caso surge una nueva hipdtesis de origen de los micovirus. El estudio
comparado de secuencias de hypovirus con las de virus vegetales con genomas de ssSRNA
pertenecientes al género Potyvirus, revelan que existe una mayor relacion de los hypovirus
con los virus vegetales que con muchos de los micovirus asintomdticos conocidos. Surge
asi otra hipotesis que propone un ancestro comun entre los hypovirus y los potyvirus de
plantas, de manera que hongos patégenos o saprofiticos adquirieron virus con genomas de
ssRNA de las plantas y posteriormente perdieron su cépsida proteica y evolucionaron a
formas de dsRNA debido a diferentes presiones evolutivas (Pearson et al., 2009). Ahora
bien, la hipdtesis inversa también podria contemplarse y los micovirus habrian pasado a
tener por hospedador a la planta a la que el hongo parasitaba previamente, actuando el

hongo como vector (Sabanadzovic et al., 2009).
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Objetivos, metodologia, resultados y discusion

En esta seccion de la memoria se expondra el trabajo experimental y los resultados
obtenidos durante la realizacion de esta Tesis Doctoral. La presentacion del apartado se ha
dividido en cinco capitulos diferentes, aunque todos ellos se incluyen dentro del objetivo
global del trabajo, “Estudio de micovirus asociados a hongos endofiticos vy
entomopatogenos”.

Cada uno de los capitulos consta de manuscritos de articulos publicados o enviados
a revistas internacionales, asi como de manuscritos en preparacion para su publicacion.

Al comienzo de cada capitulo se ha afiadido un pequefio resumen en castellano en
el que se explican los antecedentes y objetivos del trabajo, asi como un resumen de los

principales resultados obtenidos.

Los capitulos incluidos en la presente memoria son:

CAPITULO I. Abundancia de micovirus en diferentes especies de hongos endofiticos de
gramineas.

Herrero, N., Sdnchez Marquez, S., Zabalgogeazcoa, I. 2009. Mycoviruses are common
among different species of endophytic fungi of grasses. Archives of Virology, 154, 327-
330.

CAPITULO II. Patogenicidad contra garrapatas, termotolerancia e infeccidn por virus en
Tolypocladium cylindrosporum.

Herrero, N., Pérez-Sanchez, R., Oleaga, A., Zabalgogeazcoa, I. Tick pathogenicity, thermal
tolerance and virus infection in Tolypocladium cylindrosporum. Annals of Applied Biology.

Enviado.

CAPITULO IIl. Micovirus que infectan al hongo endofitico y entomopatégeno
Tolypocladium cylindrosporum.
Herrero, N., Zabalgogeazcoa, |. Mycoviruses infecting the endophytic and

entomopathogenic fungus Tolypocladium cylindrosporum. Virus Research. Enviado.

19



Objetivos, metodologia, resultados y discusién

CAPITULO V. Capacidad endofitica del hongo entomopatdégeno Tolypocladium
cylindrosporum en plantas de tomate y judia.

Herrero, N., Sanchez Marquez, S., Zabalgogeazcoa, |. Endophytic establishment of the
entomopathogenic fungus Tolypocladium cylindrosporum in tomato and bean plants.

Manuscrito en preparacion.

CAPITULO V. Caracterizacion molecular y distribuciéon de micovirus en el hongo
entomopatdgeno Beauveria bassiana en Espafia y Portugal.

Herrero, N., Duefias, E., Quesada-Moraga E., Zabalgogeazcoa, 1. Molecular
characterization and distribution of mycoviruses in the entomopathogenic fungus

Beauveria bassiana in Spain and Portugal. Manuscrito en preparacion.
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Capitulo I. Abundancia de micovirus en diferentes especies de hongos

endofiticos de gramineas

Antecedentes

Como se ha descrito en la introduccion general, los hongos endofiticos son un
grupo de hongos que infectan partes aéreas o subterrdneas de las plantas sin causar
sintomas aparentes. Distintos estudios llevados a cabo durante los ltimos veinte afios han
puesto de manifiesto que no existe una sola especie vegetal sin una micobiota endofitica
asociada (Arnold, 2007; Hyde y Soytong 2008). Algunos de estos hongos endofiticos son
capaces de mantener relaciones mutualistas con sus hospedadores. Asi, pueden proteger a
sus hospedadores de ciertos estreses bidticos como el herbivorismo o el ataque por
patogenos vegetales, y también pueden conferir a sus hospedadores resistencia a ciertos
estreses abiodticos (Scharld et al., 2004; Waller et al., 2005; Zabalgogeazcoa, 2008). No
obstante, para la mayor parte de las especies endofiticas conocidas se desconoce el efecto
que producen en sus hospedadores.

Las asociaciones entre los virus de hongos y sus hospedadores son similares a las
asociaciones descritas entre plantas y hongos endofiticos. De este modo, a diferencia de los
virus animales o vegetales, los micovirus no producen una sintomatologia obvia en sus
hospedadores (Ghabrial y Suzuki, 2008). Ahora bien, existen algunos casos en que los
micovirus producen un efecto claro en su hospedador, asi, pueden producir hipovirulencia
en algunos hongos fitopatogenos, enfermedad en champifiones, e incluso, pueden producir
termotolerancia en el conjunto mutualistico formado por una graminea, un hongo
endofitico y su micovirus asociado (Deng et al., 2005; Marquez et al., 2007; Romaine y
Goodin, 2002). Dado que hasta el momento no existia un estudio que demostrase cuan
abundantes son los micovirus entre los hongos, en este capitulo se quiso estudiar si
también existia un paralelismo entre las relaciones micovirus-hongo y las relaciones
descritas entre endofitos y plantas en lo referido a su ubicuidad. Asi, se estudio la
abundancia de micovirus en el grupo de los hongos endofiticos no sistémicos de

gramineas.
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Objetivos

1. Estudio de la incidencia y diversidad de micovirus en una coleccion del grupo de

los hongos endofiticos no sistémicos de gramineas.

Resultados

1. Incidencia de micovirus en hongos endofiticos no sistémicos de gramineas

Para el estudio de incidencia de micovirus dentro del grupo de los hongos
endofiticos no sistémicos de gramineas se partid6 de 103 aislados pertenecientes a 53
especies diferentes escogidas al azar de entre una extensa coleccion de hongos endofiticos
no sistémicos de gramineas. De las 53 especies analizadas 12 resultaron estar infectadas
por micovirus, obteniéndose una incidencia de 22.6% especies de hongos endofiticos

infectadas.

2. Incidencia de micovirus en Beauveria bassiana y Torrubiella confragosa

Varios aislados fueron intencionadamente analizados de dos de las especies de
hongos endofiticos en estudio que a su vez eran entomopatogenas, Beauveria bassiana y
Torrubiella confragosa. Asi, 66.7% de los aislados analizados de B. bassiana resultaron
infectados. Por otra parte, 43 % de los aislados analizados de T. confragosa resultaron
albergar micovirus. De este modo, el 22.6% de incidencia de micovirus obtenido para el
total de especies endofiticas analizadas podria ser una infraestimacion. Asi, si se analizaran
mas aislados por especie hongo, la incidencia de micovirus entre el grupo de los endofitos

no sistémicos de gramineas podria aumentar.

3. Diversidad de micovirus entre los hongos endofiticos de gramineas

La deteccion de micovirus se baso en la deteccion de elementos de dsRNA, dado
que la mayor parte de los micovirus conocidos tienen genomas de dsRNA o de ssRNA
pero con intermediarios de replicacion de dsSRNA. Asi, se detectaron elementos de dsSRNA
con tamafios comprendidos entre 1.0 y 6.5 kbp. Ademas, algunos de los aislados infectados

contenian un Unico elemento de dsRNA y otros albergaban hasta cuatro. De este modo,
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aunque se necesitarian secuencias parciales de polimerasa o de proteina de capsida para
poder clasificar a los elementos de dsSRNA detectados dentro de una familia de micovirus,
las caracteristicas del tamafio y numero de estos dsRNAs permiti6 especular sobre su
naturaleza. Segun esto, los hongos endofiticos de gramineas analizados podrian albergar a
miembros de las familias, Partitiviridae, Chrysoviridae o Totiviridae. Ademas, algunas de

las especies analizadas como T. cylindrosporum podrian albergar infecciones mixtas.
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Brief Report

Mycoviruses are common among different species of endophytic fungi of

grasses

Noemi Herrero, Salud Sanchez Mérquez, Iiigo Zabalgogeazcoa

Instituto de Recursos Naturales y Agrobiologia, CSIC. Apartado 257, 37071 Salamanca,
Spain

Abstract

A survey of mycoviruses was made in a collection of 103 isolates belonging to 53
different species of endophytic fungi of grasses. Double-stranded RNA (dsRNA) elements
were detected in isolates of 12 of the species analyzed. The banding characteristics and
sizes of some of the dsRNA elements suggest that they might belong to previously
described mycovirus families. The observed incidence (22.6%) indicates that the presence

of mycoviruses could be common among species of this group of ubiquitous fungi.

Endophytes are a group of fungi which infect aerial or underground plant parts
without causing any apparent symptoms in their hosts. Endophyte surveys carried out in
the last twenty years indicate that most, if not all plant species, are hosts of these fungi.
Furthermore, numerous endophytic species, sometimes more than a hundred, can be
associated with a particular plant species (Arnold, 2007; Sanchez Marquez et al., 2006;
Stone et al., 2004). Some fungal endophytes maintain mutualistic associations with their
hosts. For example, seed transmitted Epichloé species systemically infect several species
of grasses, producing alkaloids which make the plants more resistant to herbivores
(Scharld et al., 2004). Other endophytic species are known to improve disease resistance or
abiotic stress tolerance in their hosts (Waller et al., 2005; Zabalgogeazcoa, 2008).
However, for most endophytic species the effects of the symbiotic association on their

hosts are unknown.
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The associations between fungal viruses and their hosts are similar to plant-
endophyte associations. Unlike plant or animal viruses, which are commonly associated
with disease, many of the known fungal viruses cause no obvious symptoms (Ghabrial,
1998; Ghabrial and Suzuki, 2008). Only a few mycoviruses are known to affect their hosts,
causing hypovirulence or disease (Deng et al., 2007, Romaine and Goodin, 2002), and
some are beneficial. In fact, a mutualistic association between mycoviruses, endophytes,
and their plant hosts, resulting in increased plant thermal tolerance, has been described
recently (Marquez et al., 2007). Mycoviruses have not received as much attention as
animal or plant viruses, but numerous fungal viruses have been described since the first
report of such a mycovirus was made by Hollings in 1962 (Hollings, 1962). Many of these
viruses have double-stranded RNA (dsRNA) genomes, but viruses having single-stranded
RNA (ssRNA), and double-stranded (dsDNA) genomes also exist (Ghabrial, 1998;
Ghabrial and Suzuki, 2008). The purpose of the present investigation was to determine if
mycoviruses were common in a collection of different species of endophytic fungi of
grasses.

The fungal material analyzed consisted of 103 fungal isolates belonging to 53
species chosen randomly from a collection of endophytic fungi isolated from the grasses
Ammophila arenaria, Alopecurus arundinaceus, Brachypodium sylvaticum, Cynodon
dactylon, Dactylis glomerata, Elymus farctus, Festuca rubra, Holcus lanatus, and Lolium
perenne. In endophyte surveys it is common for some species to be abundant, and for
others to be represented by a single isolate (Arnold, 2007; Sanchez Marquez et al., 2006;
2008). Because of this, in our collection some species were represented by a single isolate.
The species from which we purposely examined more isolates were Beauveria bassiana
and Torrubiella confragosa, two entomopathogenic fungi which have often been isolated
as endophytes from grasses and other plant species (Bills, 1996; Sanchez Marquez et al.,
2006; 2008).

The screening for mycoviruses was based on the detection of dsSRNA elements.
This method allows the detection of genomes of dsRNA viruses, and of replicative forms
of ssSRNA viruses (Morris and Dodds, 1979). Fungal isolates were cultured for 15-20 days
on cellophane disks layered on top of potato dextrose agar in Petri plates. Approximately
one gram of fresh mycelium was ground with liquid nitrogen, and dsSRNA was extracted by

CF-11 cellulose chromatography (Morris and Dodds, 1979). The purified dsSRNA was
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treated with DNase I (Ambion TURBO DNA free), subjected to gel electrophoresis and the
dsRNA elements visualized after staining with ethidium bromide.

DsRNA elements were detected in isolates belonging to 12 of the 53 endophytic
species analyzed (Table 1; Fig. 1). The size of the dsSRNA elements detected following
electrophoresis of CF-11 cellulose extracts ranged from ca. 6.5 to 1.0 kbp (Table 1). Some
infected isolates contained only one element, while others contained as many as four. The
size of known mycovirus-associated dsSRNA elements range from 13 kbp observed in the
replicative forms of some members of the Hypoviridae, a family of single-stranded (+)
RNA mycoviruses (Nuss et al., 2005; Zhang and Nuss, 2008), to 1.4 kbp in the bipartite
genomes of the Partitiviridae, a family whose members have dsSRNA genomes (Ghabrial et
al., 2005a). Therefore, the size, as well as the number of most observed dsRNA fragments

suggested that they may represent mycovirus genomes.

Fig. 1. Electrophoretic banding patterns of dsSRNA elements isolated from Tolypocladium cylindrosporum,
lane 1; Fusarium culmorum, 2; Mastygobasidium intermedium, 3; Curvularia inaequalis, 4; Penicillium sp.
5; Gaeumannomyces graminis 6; Rhizoctonia bataticola, 7. Two different dSRNA patterns were observed in
different isolates of Beauveriabassiana, 8, 9, and Torrubiella confragosa, 10, 11. Lanes M contain A-Hind III
size marker, numbers on left indicate kbp.
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Table 1. Endophyte taxa where mycovirus-like dsSRNA elements were detected. The host grass from where
the fungus was isolated is shown in parentheses. Hosts from where endophytes were obtained were A:
Ammophila arenaria, Al: Alopecurus arundinaceus, B: Brachypodium sylvaticum, C: Cynodon dactylon, D:
Dactylis glomerata, E: Elymus farctus, F: Festuca rubra, H: Holcus lanatus, L: Lolium perenne, P: Poa sp.
Size estimates were determined using agarose gel electrophoresis and dsDNA size markers.

Isolates DsRNA elements observed?
mft%ctI;eId / Host taxa Number Size (kbp)
analyzed

5/15 Beauveria bassiana ( D, A, E, H) 1 6.0
5/15 Beauveria bassiana (D, A, E, H) 2 1.9-23
1/1 Curvularia inaequalis (A) 2 45-34
2/2 Drechslera biseptata (D) 2 1.0-1.5
1/3 Fusarium culmorum (D, F) 2 3-44
2/2 Gaeumannomyces graminis (H) 1 2.6
1/1 Mastigobasidium intermedium (H) 2 14-57
1/2 Penicillium canescens (D) 2 1.6-1.8
12 Penicillium sp. (P, C) 3 35-38-45
1/1 Rhizoctonia bataticola (A) 1 6.9
2/2 Tolypocladium cylindrosporum (F, H) 4 34-37-42-5.1
2/7 Torrubiella confragosa (A, Al, B, D, E, L) 2 1.9-23
1/7 Torrubiella confragosa (A, Al, B, D, E, L) 1 6.0
1/1 Valsa sp. (D) 1 4.5

? No dsRNA was detected in any of the following endophytic species: Acremonium strictum (5 isolates
analyzed), Alternaria tenuissima (1), Ascochyta sp. (1), Aureobasidium pullulans (1), Botryosphaeria sp. (1),
Chaetomium funicola (1), Chaetomium sp. (4), Cochliobolus sativus (1), Colletotrichum sp. (1),
Coniothyrium cereale (2), Coprinellus radians (1), Cordyceps sinensis (1), Cryptococcus victoriae (1),
Diaporthe viticola (1), Discula quercina (1), Drechslera dactylidis (2), Drechslera sp. (3), Fusarium
oxysporum (2), Fusarium sporotrichoides (1), Gaeumannomyces cylindrosporus (1),  Glomerella
graminicola (1), Helgardia anguioides (5), Hypoxylon fuscum (1), Hypoxylon sp. (1), Lachnum sp. (1),
Leptodontidium orchidicola (3), Leptosphaeria sp. (1), Mortierella sp. (1), Paecilomyces lilacinus (1),
Penicillium janthinellum (1), Petriella guttulata (1), Phaeosphaeria nodorum (1), Phaeosphaeria sp. (2),
Phoma herbarum (1), Plectosphaerella cucumerina (1), Podospora sp. (3), Pyrenochaeta sp. (1),
Sporidiobolus sp. (1), Stemphylium solani (2), Stilbella sp. (2), Volutella sp. (1).

Although partial or complete sequences of the RNA-dependent RNA polymerase
(RdRp) or the coat protein gene are required to assign individual elements to mycovirus
families, some characteristics of the dSRNA elements we observed allow us to speculate on
the identity of some of the mycoviruses present in infected isolates. For example, several
endophytic species harboured dsRNA molecules of a similar size to those of a totivirus
genome, but also to the replicative form of some still unclassified ssSRNA mycoviruses
(Howitt et al., 2001; Xiec et al., 2006; Yokoy et al., 1999). The family Totiviridae
comprises viruses with dsSRNA genomes consisting of a single linear molecule of 4.6 to 6.7

kbp (Wickner et al., 2005). This could be the case for some Beauveria bassiana and
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Torrubiella confragosa isolates carrying a 6.0 kbp dsRNA, Mastigobasidium intermedium
(5.7 kbp), Rhizoctonia bataticola (6.5 kbp), Tolypocladium cylindrosporum (5.1 kbp), and
Valsa sp. (4.5 kbp) (Table 1; Fig. 1). In M. intermedium and T. cylindrosporum the
putative totivirus genomes, or sSRNA virus replicative forms of 5-6 kbp were accompanied
by smaller dSRNA elements. This could indicate mixed infections by two or more viruses.
Mixed infections by different mycoviruses, including totiviruses, have been reported in
several fungal species (Ghabrial and Suzuki, 2008), including Epichloé festucae, a grass
endophyte (Romo et al., 2007). In the case of T. cylindrosporum, the minor dsRNA bands
could correspond to the genome of a member of the family Chrysoviridae, whose genomes
are composed of 4 segments of 2.4 to 3.6 kbp (Ghabrial et al., 2005b). On the other hand,
these small dsRNA fragments that accompany the ca. 5 kb dsRNAs, could also be
replicative forms of ssRNA viruses (Yokoi et al., 2003), satellite RNAs, or defective
derivatives of replication (Yao et al., 1995; Zhang and Nuss, 2008). An unidentified
Penicillium species, Curvularia inequalis, and Fusarium culmorum also had dsRNA
elements of size similar to that of the Chrysoviridae. Other species showed dsRNA
patterns with characteristics of the family Partitiviridae, whose members have genomes
composed of two dsSRNA segments of 1.4-2.2 kbp (Ghabrial et al., 2005a). This is the case
for some of the Beauveria bassiana and Torrubiella confragosa isolates. The dsRNA
patterns observed in these two clavicipitaceous entomopathogenic endophytes were very
similar (Fig. 1). In endophytic Beauveria bassiana 10 out of 15 isolates that were analyzed
contained dsRNA. Two different dSRNA banding patterns were observed in this species,
and half of the infected isolates harboured one dsRNA element ca. 6.0 kbp in size, while
the other half had two dsRNAs ca. 1.9 and 2.3 kbp in size (Fig. 1). The incidence of virus
infection in the endophytic isolates of this species was 67 %, greater than the 17 %
observed in isolates obtained from soil in other studies (Melzer and Bidochka, 1998). In
Torrubiella confragosa 3 out of 7 isolates were infected. The banding patterns in this
species were very similar to those observed in Beauveria bassiana, with one type of
infection comprising a single dsRNA element ca. 6.0 kbp in size, and the other type
comprising two bands ca.1.9 and 2.3 kbp in size.

The occurrence of dsRNA elements and viruses has been previously reported in
some of the fungal genera analyzed in this study including Beauveria bassiana, in which
dsRNA elements, ca. 2 kbp in size, similar to the ones we describe here have been

observed (Dalzoto et al, 2006; Melzer and Bidochka, 1998). Also a mycovirus with a
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similar dSRNA banding pattern to the one found in Fusarium culmorum here has been
reported for F. graminearum (Chu et al., 2004) and some of the numerous viruses
described in Gaeumannomyces graminis have genomic dsRNA elements similar to the
ones we show here (Jamil et al., 1984). Also, a 6.4 kbp dsRNA associated with
hypovirulence occurs in some isolates of Rhizoctonia solani (Tavantzis et al., 2002). In
contrast, Curvularia thermal tolerance virus has a genome consisting of two segments ca.
2.1 and 1.9 kbp in size (Marquez et al., 2007), different from the larger dsSRNAs we
observed in Curvularia inaequalis (Fig. 1, Table 1), and while dsSRNAs associated with
hypovirulence have been described in Valsa sp. (Hammar et al., 1989), to our knowledge
the presence of virus-like dsRNAs had not been reported previously in any species of
Mastigobasidium, Tolypocladium, or Torrubiella. The sizes and banding patterns of the
dsRNAs found in the various endophytic fungi suggests that mycoviruses from several
known families are represented in our cohort, but until some molecular characterisation is
available they can not be assigned to any specific family.

Twenty-three percent of the 53 species analyzed contained virus-like dsRNA
elements. Furthermore, this incidence of mycoviral infection among species could be an
underestimation because several species that we analyzed were represented by a single
isolate. Due to the apparently asymptomatic nature of their infection, endophytic fungi
were almost unknown until twenty years ago, but now they are considered ubiquitous
organisms (Ghabrial and Suzuki, 2008). A similar situation exists with fungal viruses, and
since the first mycovirus was observed (Hollings, 1962), many more have been described
(Ghabrial and Suzuki, 2008). In conclusion, the results of this survey suggest that

mycoviral infections are relatively common among species of endophytic fungi of grasses.
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CAPITULO II. Patogenicidad contra garrapatas, termotolerancia e

infeccion por virus en Tolypocladium cylindrosporum

Antecedentes

Tolypocladium cylindrosporum resultdé ser una de las especies infectadas en el
estudio de incidencia de micovirus en hongos endofiticos no sistémicos de gramineas. Este
hongo ademas de colonizar plantas como endofito, es capaz de colonizar otros habitats, asi,
es un hongo tipicamente aislado de suelo, pero también es un conocido patdégeno de
especies de mosquitos que son vectores de patdgenos que causan importantes
enfermedades como la malaria, el dengue o la fiebre amarilla (Scholte et al., 2004). T.
cylindrosporum también es capaz de infectar otras especies de insectos e incluso aracnidos
como las especies de garrapatas Ornithodoros erraticus y Ornithodoros moubata (Lam et
al., 1988; Zabalgogeazcoa et al., 2008), las cuales son importantes vectores de distintos
patdgenos animales y humanos (Oleaga-Pérez et al., 1990; Vial, 2009). Por otra parte, el
género Tolypocladium, T. cylindrosporum incluido, es también conocido por la produccion
de ciclosporina. La ciclosporina es una sustancia muy preciada en medicina ya que se
emplea para evitar rechazos en los trasplantes de érganos (Aarnio y Agathos, 1989). Por
estas caracteristicas comentadas sobre T. cylindrosporum en esta tesis se ha prestado
especial atencion al estudio de diversos aspectos de la biologia de este hongo, asi como al
estudio de sus micovirus asociados.

En la actualidad, los principales medios para el control de garrapatas se basan en el
uso de acaricidas quimicos. Estos compuestos son efectivos pero tienen ciertas desventajas
como su elevado coste, el desarrollo de resistencias, o la contaminacion ambiental y de
alimentos que pueden producir. Asi, para evitar este tipo de problemas se ha evaluado el
uso de hongos entomopatégenos como bioacaricidas. Varias cepas de hongos
entomopatogenos com B. bassiana y M. anisopliae se han evaluado con este fin (Kaaya y
Hassan, 2000), y en este capitulo se pretendié hacer lo mismo con T. cylindrosporum.
Adicionalmente, se han descrito micovirus en otras especies de hongos entomopatdgenos,
como B. bassiana, Metarhizium spp., o Paecilomyces spp. (Dalzoto et al., 2006; Inglis y
Valadares-Inglis, 1997; Martins et al., 1999; Melzer y Bidochka, 1998), ahora bien, aunque

dos de estos trabajos proponen a un micovirus como el agente causal de hipervirulencia en
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M. anisopliae o de hipovirulencia en B. bassiana (Dalzoto et al., 2006; Melzer y Bidochka,
1998), hasta el momento, no se han descrito efectos claros producidos por micovirus en

hongos entomopatdgenos, al igual que ocurre con la mayoria de hongos infectados por

virus.

Objetivos

1. Estudio de la capacidad acaricida de varias cepas de T. cylindrosporum contra las
especies de garrapatas O. erraticus y O. moubata.

2. Estudio de la respuesta a altas temperaturas de T. cylindrosporum.

3. Estudio de la incidencia de micovirus en T. cylindrosporum, e influencia de los
micovirus en la patogenicidad y en la respuesta a las altas temperaturas de T.
cylindrosporum.

Resultados

1. Capacidad acaricida de T. cylindrosporum contra las especies de garrapatas O.

erraticus y O. moubata

Todos los estadios evolutivos de ambas especies de garrapatas, O. erraticus y O.
moubata fueron susceptibles a las cinco cepas de T. cylindrosporum usadas en el ensayo
(Fig. 1). No obstante, O. erraticus fue la especie mas susceptible a T. cylindroporum,
alcanzandose porcentajes de mortalidad para todos los estadios evolutivos de esta especie

muy cercanos al 70% con cuatro de las cepas evaluadas.

Fig. 1. A. O. erraticus macho y hembra sanos. B. O. erraticus infectado por T. cylindrosporum.

B
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2. Efecto de la temperatura en el crecimiento de T. cylindrosporum

El crecimiento radial de las once cepas de T. cylindrosporum en estudio fue
significativamente mayor a 22 °C que a 30 °C. En promedio, los didmetros de los aislados a
30 °C fueron 59% mas pequefios que los observados a 22 °C. Por otro lado, se encontraron
diferencias significativas entre los crecimientos de los distintos aislados a las distintas
temperaturas. También se observo la existencia de una correlacion significativa entre el
porcentaje de reduccién de crecimiento de las cepas a 30 °C y el didmetro de crecimiento
de éstas a 30 °C.

3. Incidencia de micovirus en T. cylindrosporum

Cinco de las 11 cepas de T. cylindrosporum analizadas resultaron albergar
micovirus. El tamafio de los dsRNAs detectados en las distintas cepas vari6 de 1.2 a 5.1
kbp. Ademas, todas las cepas infectadas contenian al menos dos moléculas diferentes de
dsRNA.

4. Influencia de los micovirus en la patogenicidad y la respuesta a las altas
temperaturas de T. cylindrosporum
La presencia de micovirus no afecto significativamente a los diametros medios de
los 11 aislados de T. cylindrosporum en estudio a 22 °C y a 30 °C. Lo mismo ocurrio6 con la
patogenicidad de T. cylindrosporum hacia O. erraticus y O. moubata, que no fue afectada

significativamente contra ninguna de las dos especies de garrapatas por la carga viral.
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Tick pathogenicity, thermal tolerance and virus infection in
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Merinas 40-52, 37008 Salamanca, Spain

Abstract

Tolypocladium cylindrosporum is a fungus which has been isolated from soil, from
asymptomatic plants as an endophyte, and has been shown to be pathogenic to several
species of arthropods. The objective of the present work was to study a collection of T.
cylindrosporum strains in order to evaluate the characteristics of this fungus as a
bioacaricide. The pathogenicity of five different strains of T. cylindrosporum was tested
against two tick species, Ornithodoros erraticus and Ornithodoros moubata. Both tick
species were susceptible to all the fungal strains. Mortality was greater for O. erraticus,
and differed among the five developmental stages of the ticks which were tested, and
among the fungal treatments. Mean mortality rates were close to 60% for O. erraticus,
similar to those reported for other entomopathogenic fungi used for this purpose. The
responses of eleven different strains of the fungus to 22 °C and 30 °C were also studied.
Significant differences in temperature tolerance occurred among the strains, and growth
inhibition was observed at 30 °C. Several mycoviruses were found infecting five of the
eleven strains. However, no clear relationship was found between the presence of viruses

and fungal growth or pathogenicity.

Keywords: Biological control, entomopathogens, mycovirus, endophyte, Argasidae,

Ornithodoros
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Introduction

The fungal genus Tolypocladium is well known because of its biotechnological
importance due to the production of cyclosporine (Aarnio and Agathos, 1989).
Tolypocladium cylindrosporum produces cyclosporine A, a cyclic peptide that exhibits a
strong and selective immunosuppressive activity, and became a crucial agent for the
development of transplant surgery across histocompatibility barriers (Aarnio and Agathos,
1989). This compound is also used for the treatment of autoimmune and parasitic diseases,
as well as in cancer chemotherapy (Reed and Thomas, 2008).

T. cylindrosporum was first reported as a soil-borne species, isolated from a variety
of soils and turfs (Gams, 1971), and later it was found causing epizootics in mosquito
populations of Aedes sierrensis, Aedes australis, and Culex tarsalis (Soares, 1982; Weiser
and Pillai, 1981). Although T. cylindrosporum was originally thought to have a life cycle
spent in soil and insects, this and other entomopathogenic species have been isolated as
fungal endophytes capable of asymptomatically infecting plant tissues (Quesada-Moraga et
al., 2006a; Sanchez Marquez et al., 2010; Vega et al., 2008).

In addition to cyclosporine A, T. cylindrosporum is known to produce high
amounts of tolypin and efrapeptins, substances which are toxic to insects (Bandani et al.,
2000; Weiser and Matha, 1988). After these discoveries were made, this entomopathogenic
fungus has been considered as a potential control agent for several mosquito genera,
including Anopheles and Aedes, that are vectors of pathogens causing important human
diseases such as malaria, dengue, and yellow fever (Scholte et al., 2004). T.
cylindrosporum has a wide host range, in addition to dipterans is pathogenic to insects of
other orders such as Lepidoptera and Ephemeroptera, as well as to crustaceans like
Daphnia carinata and Tigriopus spp. (Lam et al., 1988). Recently a strain of this fungus
has been reported as a pathogen of the argasid ticks Ornithodoros erraticus and
Ornithodoros moubata, which have great medical and veterinary importance as vectors of
African swine fever virus and several species of human relapsing fever borreliae
(Zabalgogeazcoa et al., 2008). O. erraticus is distributed in the Mediterranean basin and, in
southern Europe it lives in close association with swine on free range pig farms, hidden in
holes and fissures inside and around pig-pens (Manzano-Roman et al., 2007; Oleaga-Pérez
et al., 1990). O. moubata is distributed throughout South and East Africa and Madagascar,
where it colonizes wild and domestic habitats and feeds on warthogs, domestic swine, and
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humans (Vial, 2009). To date, the primary means of tick control are based on the use of
chemical acaricides. These compounds are very effective but have disadvantages such as
higher costs, development of resistance, or environmental and food contamination. In order
to overcome these problems researchers have evaluated the use of entomopathogenic fungi
as bioacaricides. Many strains of Beauveria bassiana and Metarhizium anisopliae have
been tested for this purpose (Kaaya and Hassan, 2000).

Viruses have been identified in many fungal species, including entomopathogens
like T. cylindrosporum, Beauveria bassiana, Metarhizium, and Paecilomyces spp. (Herrero
et al., 2009; Inglis and Valadares-Inglis, 1997; Martins et al., 1999; Melzer and Bidochka,
1998). A few mycoviruses are known to affect their hosts, causing hypovirulence in plant
and insect pathogens, or growth distortion in mushrooms (Ghabrial and Suzuki, 2009;
Melzer and Bidochka, 1998). However, unlike animal or plant viruses, most known fungal
viruses rarely cause obvious symptoms in their hosts. For example, virus-infected strains of
the entomopathogen Metarhizium anisopliae do not show a distinct culture phenotype,
reduced conidiospore production in vitro, or virulence against insects or ticks (Frazzon et
al., 2000; Melzer and Bidochka, 1998). Nevertheless, the fact that fungal viruses are
common among fungi, that their vertical transmission to spores is often very efficient, and
that their infections are very persistent, suggests that under some conditions some viruses
could be beneficial to their hosts (Ghabrial and Suzuki, 2008; Herrero et al., 2009; Romo
et al., 2007). For instance, a mutualistic virus which improves the thermal tolerance of a
plant-endophyte association has been recently reported (Marquez et al., 2007).

The main purpose of this research was to characterize a collection of T.
cylindrosporum strains in order to evaluate the potential of this fungus as a bioacaricide.
We studied how temperatures higher than optimal affected the growth of eleven T.
cylindrosporum strains, and tested the pathogenicity of five different isolates against two
species of Ornithodoros ticks. In addition, we analyzed the presence of mycoviruses in
these strains, and studied if the presence of viruses had an effect on fungal pathogenicity or

growth at higher temperatures.
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Materials and methods

Fungal strains and taxonomy

The T. cylindrosporum isolates used in this study (Table 1) were obtained from the
collections of the Centraalbureau voor Schimmelcultures (CBS), Coleccion Espafiola de
Cultivos Tipo (CECT), and the Merck, Sharp and Dohme collection (MSD). Strains 3398
and 11 were isolated as fungal endophytes from asymptomatic plants of the grasses Holcus
lanatus and Festuca rubra in natural grasslands of western Spain (Sanchez Marquez et al.,
2010). Strain 3398M is a subculture obtained from strain 3398 which spontaneously lost
one of the six dsRNA elements infecting the original 3398 strain. This characteristic was
maintained in the strain after being stored in the laboratory and subcultured several times.

All isolates were identified according to morphological characteristics (Bissett,
1983), as well as with the nucleotide sequence of their ITS1-5.8SrRNA-ITS2 region. These
sequences were obtained using the method described by Sanchez Marquez et al. (2007).
Sequences of other taxa were retrieved from the EMBL nucleotide database
(http://www.ebi.ac.uk/embl/). For sequence-based identification all sequences were aligned
using the program ClustalX (Thompson et al., 1997). A species dendrogram was
constructed with MEGA 3.1 software using the neighbor-joining method and a Tajima-Nei

model to calculate distances (Kumar et al., 2004).

Table 1. Tolypocladium cylindrosporum strains used in the study. Strain T2 is the type strain of the species
(Gams, 1971).

Strain Source Country of origin  Original substrate
3398 IRNASA Spain Holcus lanatus?
3398M° IRNASA Spain Holcus lanatus
11 IRNASA Spain Festuca rubra®
T1 CBS 719.70 Czech Republic Soil
T2 CBS 718.70 UK Peat soil
T4 CBS 276.82 New Zealand Mosquito
T5 CBS 612.80 USA Mosquito
T6 CBS 550.75 Argentina Sail
T7 CECT 20414 Ireland Mosquito
T8 MSD Unknown Unknown
T9 MSD Unknown Unknown

Holcus and Festuca are two genera of grasses. ° Strain 3398M was derived
from a subculture of strain 3398 which spontaneously lost a 5.1 kbp
dsRNA element.

38



Capitulo Il

Growth response to temperature

To study isolate responses to a temperature higher than optimal, the eleven strains
were cultured in potato dextrose agar (PDA) Petri plates at two different temperatures, 22
°C and 30 °C. Preliminary tests carried with isolates 11 and 3398M showed that in the
conditions used for this study, the isolates did not grow at 32 °C. Bissett (1983) reported
that 22 °C is the optimal temperature for growth on PDA for all the species of the genus.

A small block of mycelium, measuring about 3 x 3 mm was placed in the center of
a 9 cm PDA plate which was sealed with Parafilm. Six plates of each strain were placed in
two incubators set at 22 and 30 °C. The position of the 66 culture plates incubated together
at each temperature was randomized. After 21 days of incubation at each temperature, the
diameter of the fungal cultures was measured (Zabalgogeazcoa et al., 1998). At each
temperature, the statistical significance of the differences on the diameters of the fungal
strains was analyzed using a one way ANOVA followed by an LSD procedure. Values of p
< 0.05 were considered significant. To check if there was a relationship between the
percentage of growth inhibition observed in each isolate at the higher temperature, and its
diameter at 22 °C or 30 °C, simple linear correlation (Pearson correlation) was used. The
statistical analyses were done using the Statistica 5.0 (StatSoft, USA) software package.

Pathogenicity on ticks

The O. erraticus and O. moubata ticks came from two colonies maintained in our
laboratory. The colony of O. erraticus was established from specimens captured in
Salamanca, western Spain, and the colony of O. moubata from specimens obtained from
the Institute for Animal Health, Pirbright, Surrey, UK. These ticks are fed regularly on
rabbits, and kept at 28 °C and 80 % relative humidity (RH).

Five strains of T. cylindrosporum were chosen for this assay, 11 and 3398M were
obtained as grass endophytes, T4 was isolated from a mosquito host, and T1 and T6 were
isolated from soil (Table 1). To obtain conidial suspensions, each strain was grown on
PDA Petri plates at room temperature (22—25 °C). Conidia from 3-week old cultures were
released from the mycelium with a glass rod, after adding 5 ml of sterile water containing
0.01% Tween 80 to each plate. The conidial suspensions from the plates were collected
and centrifuged at 2000 x g for 5 min. The pellets were resuspended in sterile water and the
concentration of conidia was estimated with a Birker chamber (Zabalgogeazcoa et al.,
2008). To prepare these suspensions from T. cylindrosporum, on average we obtained 1.5 x
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107 spores from each gram of fresh mycelium. A 20 day culture on a PDA Petri plate
contained about 1.5 g of mycelium.

Five developmental stages from both Ornithodoros species were treated with the
five strains of T. cylindrosporum. Namely, males, females, nymphs-4, nymphs-3 (20
individuals of each stage), and nymphs-2 (50 individuals). Three replicate groups were
made from each tick species and developmental stage for testing each fungal strain. Each
group of three replicates was inoculated in parallel at the same time. All the tick specimens
used were newly moulted and unfed at the start of the pathogenicity experiments. For
inoculation each treatment group was placed in a vial containing 2 ml of the corresponding
conidial suspension (10® conidia/ml in water containing 0.01% Tween 80). After 5
minutes, the excess suspension was removed, and the ticks were incubated for 60 days at
28 °C and 80% RH. Also in parallel, three replicate groups of each tick species and
developmental stage were treated with a 0.01% Tween 80 aqueous solution without
conidia, and used as a negative control. Mortality was recorded for every group at 3, 7, 14,
28 and 60 days post-inoculation (d.p.i.), and the percentage of cumulative mortality was
calculated.

For the statistical analyses, the mortality data was transformed as the arcsin of the
square root of the proportion of dead ticks. The normality of the transformed data of each
observation period (d.p.i.) was tested using a Kolmogorov-Smirnov test. Differences in
mortality between tick species, developmental stages, and fungal treatments, were analysed
at each observation period (3, 7, 14, 28, and 60 d.p.i.) using three way ANOVA. The
control treatment was not included in the statistical analyses. Comparisons of the total
mortality caused by each fungal strain in each tick species at each observation period were
made using LSD values obtained from one way ANOVAs for each observation period with
fungal strain as main effect, and pooled values for all developmental stages of the ticks.

Values of p < 0.01 were considered significant.

Analysis of the presence of double-stranded RNA

The presence of double stranded RNA (dsRNA) molecules of sizes ranging from 1
to 12 kbp was used as a method to diagnose virus infection in isolates. This type of nucleic
acid can represent the genome of dsRNA mycoviruses, as well as replicative intermediates

of viruses with single-stranded RNA genomes (Morris and Dodds, 1979). However, not all
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RNA viruses can be detected by dsRNA isolation (de Blas et al., 1996), and DNA viruses,
recently discovered in fungi (Yu et al., 2010), would not be detected with this technique.

To determine if dSRNA might be present in the T. cylindrosporum strains, fungal
isolates were cultured for three weeks over cellophane disks layered on top of PDA in Petri
plates. Approximately 1.5 grams of fresh mycelium were harvested, ground with liquid
nitrogen, and dsRNA was extracted by CF-11 cellulose chromatography (Morris and
Dodds, 1979). The purified dsSRNA samples were treated with DNase | (Ambion TURBO
DNA-free), subjected to gel electrophoresis, and visualized after staining with ethidium
bromide.

Results

Isolate identification

All eleven strains listed in Table 1 had the characteristic cylindrical conidia of T.
cylindrosporum (Bissett, 1983). In addition, their I1TS1-5.8SrRNA-ITS2 nucleotide
sequences, including that of the type strain of T. cylindrosporum (strain T2, CBS718.70),
were identical. In a dendrogram based on nucleotide sequences, all T. cylindrosporum
strains grouped together in a clade separated from those of other species of the genus
included in this analysis (Fig. 1). The T. inflatum sequence differed only by four single
nucleotide gaps from the T. cylindrosporum sequence. Therefore, morphological and
molecular characters indicated that all our strains belonged to the same species: T.

cylindrosporum.
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Fig. 1. Dendrogram built using sequences from the ITS1-5.8SrRNA-ITS2 region of T. cylindrosporum
isolates included in the study. Other reference sequences were obtained from the EMBL nucleotide database;
numbers between parentheses indicate their accession numbers. The dendrogram was constructed using the
neighbor-joining method and a Tajima-Nei model to calculate distances. The type strain of T. cylindrosporum

(T2) is indicated by an asterisk.
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Effect of temperature on growth of fungal strains

'B. bassiana (CBS122186)

The radial growth of all strains was greater at 22 °C than at 30 °C (Table 2). The

higher temperature was not favorable for fungal growth, one strain did not grow, and on

average, culture diameters at 30 °C were about 59% smaller than those observed at 22 °C

(Table 2). ANOVA indicated significant differences in growth among strains at 22 °C (F
1055 = 340.97; P<0.01), as well as at 30 °C (F 1055 = 98.92; P<0.01). At 22 °C isolate
diameters ranged from 47.25 to 13.92 mm. At 30 °C isolate T1 did not grow at all, in
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concordance with its slow growth at the optimum temperature. Isolate T2 was also quite
sensitive to the higher temperature, and the remaining cultures showed growth rates double
or triple that the one of T2 at 30 °C. At this temperature, strains 3398, T5, T8 and T9
showed growth rates significantly greater (p < 0.05) than those of the remaining strains
(Table 2).

Table 2. Average diameter of cultures and percentage of growth inhibition observed at 30 °C in eleven
strains of Tolypocladium cylindrosporum after 21 days of growth at 22 °C and 30 °C.

Strain Diameter Diameter Diameter
22°C (mm) 30°C (mm)  reduction at

30°C (%)
3398 36.5 24.8 32.1
T5 46.5 23 50.5
T8 45.6 20.8 54.4
T6 39.1 17.4 55.5
T9 44.9 19.5 56.6
11 33.3 14.1 57.7
3398M 37.1 14.9 59.8
T4 43.3 14.1 67.4
T7 47.3 12.6 73.4
T2 39.6 8.7 78.0
T1 13.9 0 100

8LSD; d.f. 1.45; 55 1.99; 55

®_east significant difference and degrees of freedom; p<0.05

When the percentage of growth inhibition among strains at 30 °C was estimated, a
wide range of values, ranging from 100 to 32%, was observed (Table 2). There was a
strong correlation between the percentage of inhibition and the average diameter of each
strain at 30 °C (r = -0.96, p < 0.01), and a weak correlation at 22 °C, (r = -0.54, not
significant). Therefore, the diameter of a strain at 30 °C could be considered as a good

indicator of its heat tolerance.

Pathogenicity of fungi to O. erraticus and O. moubata

The five strains of T. cylindrosporum were pathogenic to both tick species (Figs. 2-
4). In both Ornithodoros species, dead ticks appeared swollen and with red coloration in
their cuticle and legs. About seven days after death, fungal mycelium showing
morphological characteristics of T. cylindrosporum were observed on the surface of dead
ticks.
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Fig. 2. Cumulative mortality (%) in males, females, nymphs 4 (N4), nymphs 3 (N3), and nymphs 2 (N2) of
O. erraticus at 3, 7, 14, 28, and 60 days post inoculation with T. cylindrosporum strains T1, T4, T6, 3398M
and 11. Control: tick specimens treated with 0.01% Tween 80 without fungal conidia.
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Fig. 3. Cumulative mortality (%) in males, females, nymphs 4 (N4), nymphs 3 (N3), and nymphs 2 (N2) of
O. moubata at 3, 7, 14, 28 and 60 days postinoculation with T. cylindrosporum strains T1, T4, T6, 3398M,
and 11. Control: tick specimens treated with 0.01% Tween 80 without fungal conidia.
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Fig. 4. A. Mortality (mean = standard error) observed on each developmental stage of O. erraticus (grey
bars) and O. moubata (white) at 28 days post inoculation. B. Mortality (mean + standard error) caused by
each fungal strain in each tick species in the same time period. M, males; F, females; N4, nymphs-4; N3,
nymphs-3; N2, nymphs-2.
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Mortality was significantly greater for O. erraticus than for O. moubata (Table 3;
Figs. 2-4). All developmental stages of O. erraticus were susceptible to all the strains of T.
cylindrosporum tested (Figs. 2, 4A). In most cases, the mortality of ticks began as early as
3 d.p.i., and after that increased rapidly, slowing down after 7 d.p.i. Little or no additional
mortality took place between 28 and 60 d.p.i. The exception to this rule were the males
treated with fungal strains T1 and T4, whose mortalities increased constantly throughout
the whole period observed. At 60 d.p.i. all fungal strains except T6 induced mean mortality
rates between 65% and 77%. In O. moubata mortality started at 3 d.p.i. and increased
slowly until 60 d.p.i. (Fig. 3). Mortality rates at 60 d.p.i. varied considerably among

developmental stages and fungal strains, hardly surpassing 50%.

Table 3. F values produced by the analyses of variance of mortality data at each of five periods post
inoculation.

Days post inoculation

Effect df 3 7 14 28 60
Tick species (T) 1 550.79%* 469.91%* 46025 207.21%* 24933**
Stage (S) 4 1150%%  1370%*  1583%%  17.58%%  20.14**
Fungus (F) 4 871**  560%  651**  338* 2.70*
xS 4 428  10.86%*  903**  295%  1.48™
TXF 4 55 BE5¥*  11.01%* 967  10.48**
SXF 16 210%%  267%  260%%  241%%  2.28%*
TXSXF 16 1.16™  1.78%  250%* 141  1.39™

** p<0.01; * p<0.05; ns: not significant

Significant differences in susceptibility to the fungi were observed among
developmental stages of both tick species (Figs. 2, 3, 4A). Although mortality was greater
for O. erraticus than for O. moubata, the same trend in mortality according to the
developmental stage was observed in both tick species (Fig. 4A); females and nymphs-2
had the greatest mortality rates. As a result, a significant interaction between tick species
and developmental stage was indicated by the ANOVA (Table 3). Similarly, the mortality
caused by each fungal strain was greater for O. erraticus than for O. moubata (Fig. 4B),
resulting in a significant interaction between tick species and fungal strain. In addition,
there was an interaction between developmental stage and fungal strains (Table 3). In O.
erraticus, at all observation dates there were significant differences among some fungal

treatments in the mortality of nymphs-3, and at four dates among nymphs-4 (Fig. 2). In this
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tick species there were significant differences in mortality among some developmental
stages at four dates for the treatments with strains T1 and T6, and at 3 dates for strain T4.
In O. moubata, at all observation dates there were significant differences among some
fungal treatments in the mortality of males, at three dates among nymphs-4, and at one date
among nymphs-3 and nymphs-2 (Fig. 3). There were significant differences among some
developmental stages at four dates for treatment T6, at 3 dates for T4, and at one date for
T1.

Considering the total mortality caused for all developmental stages, some fungal
strains appeared more virulent than others. In O. erraticus, strain T6 was significantly less
pathogenic than the others at several dates. In contrast, in O. moubata strain T1 was

significantly less virulent than the other strains at several d.p.i. (Table 4).

Table 4. Transformed values (arcsin[proportion of dead ticks 1) of the mean mortality across all

developmental stages observed on each tick species after each observation period. The significance of the
differences between the transformed means can be determined using the LSD (p<0.01).

Days post Fungal strain
inoculation
T1 T4 T6 3398M 11 4LSD; d.f.
O. erraticus
3 0.78 0.62 0.62 0.84 0.72 0.19; 70
7 0.85 0.67 0.68 0.87 0.77 0.20; 70
14 0.98 0.81 0.68 0.92 0.85 0.21; 70
28 1.05 0.89 0.73 0.98 0.91 0.20; 70
60 1.11 0.94 0.79 1.06 0.99 0.21; 70
O. moubata
3 0.19 0.09 0.04 0.07 0.31 0.17; 70
7 0.22 0.174 0.266 0.174 0.406 0.20; 70
14 0.28 0.266 0.358 0.276 0.52 0.19; 70
28 0.35 0.45 0.49 0.47 0.58 0.20; 70
60 0.41 0.55 0.60 0.55 0.65 0.21; 70

# Least significant difference; degrees of freedom.
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Presence of viruses in T. cylindrosporum strains

Mycoviral dsSRNA elements were detected in five of the eleven strains analyzed
(Fig. 5). The electrophoretic patterns observed revealed the existence of molecules of 11
different sizes, ranging from 1.2 to 5.1 kbp (Table 5). The size of these dSRNA molecules
are within the range of sizes observed in mycovirus genomes (Ghabrial and Suzuki, 2008).
All infected isolates contained at least two different dSRNA molecules. Isolates 3398 and
11, both obtained as endophytes from different grass species (Table 1), had an identical

dsRNA electrophoretic pattern.

Fig. 5. Electrophoretic banding patterns of dsSRNA elements present in eleven Tolypocladium cylindrosporum
isolates. Lanes M1 and M2 contain size markers and numbers on left and right indicate size in kbp.

M1 1133983398M T1 T2 T4 T6 T8 T9 T5 T7 M2

Strain 3398M had the same pattern as 3398 and 11, except for a 5.1 kbp band,
which was not present. Strain 3398M was derived from a culture of strain 3398 which lost
the 5.1 kbp dsRNA element. Therefore, this might indicate that strains 11 and 3398 are
infected by more than one virus, and one of them was lost in isolate 3398M. Totiviruses
have genomes consisting of a single dSRNA molecule of 4.5 to 7.0 kbp (Wickner et al.,
2005); the 5.1 kbp dsRNA band lost from isolate 3398 could have been a totivirus genome.
The sets of dsSRNA molecules detected in T5 and T7 are completely different from those
detected in the strains obtained from grass endophytes. Both strains were obtained from
mosquito hosts (Table 1).
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Table 5. T. cylindrosporum isolates where mycovirus-like dsSRNA elements where detected. Size estimates
were determined using agarose gel electrophoresis and dsDNA size markers.

dsRNA elements observed

Strain Number Size (kbp)
3398M 3 31-32-34-37-42
3398 4 31-32-34-37-42-51
11 4 31-32-34-37-4.2-51
T5 2 18-22
T7 6 12-13-15-22-23-26

The presence of mycoviruses did not seem to affect the average diameter of
cultures of the isolates at 22 and 30 °C. No statistical significance was found when a
Student’s t-test (p < 0.05) was used to test the difference between the mean diameters of
virus-infected and virus-free isolates. However, we observed a significant difference in the
growth of strains 3398 and 3398M. These strains are isogenic, but 3398M is not infected
by the 5.1 kbp dsRNA. At 22 °C the two strains did not differ significantly in their growth,
but at 30 °C, the diameter of strain 3398 was significantly greater (p < 0.05) than that of
3398M.

At each developmental stage, the mean tick mortality caused by all virus-infected
strains was compared to that caused by virus-free strains using a Student’s t-test. No
statistically significant differences between means were observed for any developmental
stage. These results suggest that mycoviruses do not seem to affect the pathogenic

processes of these fungi against O. erraticus and O. moubata.

Discussion

Fungi have been the main agents used in the early work in biological control
developed between the 19" and 20" centuries, this might be because they are the most
visible insect pathogens, and most are readily culturable (Lord, 2005). Nevertheless,
research on fungi for control of ticks is rather new, because chemical acaricides are
generally used for this purpose. However, biological control is becoming an attractive
approach for tick management (Fernandes and Bittencourt, 2008; Kaaya and Hassan,
2000).
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T. cylindrosporum is an interesting fungus that has not received as much attention
as other entomopathogens traditionally used in biological control. Several characteristics of
this fungus make it a very good candidate as a potential biological controller. The species
has a very good sporulation capability; the strains we analyzed produced about 1.5x10’
spores per gram of fresh mycelium. Its spores are very resistant to temperatures under 0 °C;
in our laboratory, a suspension of spores kept at -20 °C for one year germinated efficiently.
This characteristic might be useful for long term storage of spores. In addition, spores from
T. cylindrosporum are capable to persist in the soil for long periods of time (Bissett, 1983).
All the T. cylindrosporum isolates we included in the study had the same ITS1-5.8SrRNA-
ITS2 nucleotide sequence as the type strain of the fungus, and could be distinguished from
other related species (Fig. 1). Therefore this molecular character seems useful for the
identification of individuals of the species.

Another good characteristic of this species for its use in biological control is that
several strains showed a relatively low growth inhibition at the higher temperature tested,
and these strains might perform better than others in warm environments. To match the
thermal tolerance of a prospective fungal strain to the climatic conditions expected at the
target environment where it is going to be applied is desirable (Quesada-Moraga et al.,
2006b). We found that there is a good correlation between the percentage of growth
inhibition observed at 30 °C, and the average diameter of a strain at 30 °C. Therefore, a
screening for heat tolerant strains could be done in a collection by means of selecting those
strains having the largest diameters at 30 °C.

The results of pathogenicity tests showed that T. cylindrosporum has a good
potential for the biological control of ticks. The five different strains examined (3398M,
11, T1, T4 and T6) were pathogenic to both argasid species, O. erraticus and O. moubata,
but their virulence varied notably among tick species and developmental stages (Fig. 4).
With the exception of T6, about one month after inoculation all strains induced mean
mortality rates higher than 60% against O. erraticus. These rates are similar to those
reported in the literature for B. bassiana and M. anisopliae in ixodid ticks, which range
from 20% to 100% (Fernandes et al., 2003; Samish et al., 2004). On the other hand, all the
strains of T. cylindrosporum were less effective against O. moubata. Strain T1 caused the
lowest mean mortality rate (18%) in this species. This is curious because strain T1 caused

the highest mortality rate in O. erraticus, showed the smallest diameter at 22 °C, and was
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not viable at 30 °C. This fact suggests that there might be no relation between growth rate
and pathogenicity of T. cylindrosporum, at least in the experimental conditions used.

The presence of dsSRNA molecules was observed in 5 of the 11 isolates analysed.
These dsRNAs were detected in strains of different geographical origin (lreland, Spain,
and USA), obtained from different substrates (grass leaves and dead mosquitoes). All
dsRNA elements observed (Table 5) presented sizes similar to those of mycovirus
genomes, which range from 13 kbp in the replicative forms of some members of the
Hypoviridae family (Nuss et al., 2005) to 1.4 kbp in the bipartite genomes of the
Partitiviridae family (Ghabrial et al., 2005a). This incidence of mycoviruses is comparable
to those detected in other entomopathogenic fungi such as Beauveria bassiana, Torrubiella
confragosa, and Metarhizium anisopliae (Herrero et al., 2009; Melzer and Bidochka,
1998), and indicates that as in other insect pathogens, the presence of viruses seems to be
common in T. cylindrosporum.

A clear relationship between the presence of viruses and pathogenicity was not
found. This result is in concordance with those obtained in similar experiments performed
with strains of M. anisopliae, the presence of dsRNA did not affect the virulence of M.
anisopliae strains against ticks or insects (Frazzon et al., 2000; Giménez-Pecci et al.,
2002). In the same way, the presence of viruses did not seem to affect the radial growth of
fungal strains grown at 22 or 30 °C. However, it is interesting that strains 3398 and 3398M,
which differ in the presence of a 5.1 kbp dsRNA molecule, but presumably not in the
fungal genotype, showed different behaviors at 30 °C (Table 3). It is possible that the
presence of the 5.1 kbp dsRNA, which could represent a totivirus genome, might confer
some advantages at the higher temperature to the fungus. However, strain 11 has a dsSRNA
pattern similar to 3398 (Fig. 5), and its behavior at 30 °C was like that of strain 3398M.

In conclusion, T. cylindrosporum has good characteristics to be considered as a tick
control agent. It is known the fungus sporulates abundantly, and its spores are persistent in
storage. The present work shows that the species can be easily separated molecularly from
other members of the Tolypocladium genus, and strains are pathogenic against all stages of
O. erraticus, and to a less extent O. moubata. Although mycoviruses are present, these did
not appear to affect pathogenicity.

Given that some strains are functional at higher than optimal temperatures (30 °C)
and the host range is known to be wide, this fungus may have the potential to be applied
topically as a mycoinsecticide to eliminate at the same time ticks and other arthropod pests
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in livestock (Polar et al., 2008). However, additional studies are necessary in order to
better understand the effects of dsSRNA on conidiogenesis, persistence, production of
secondary metabolites, and other important traits that could interfere with the performance

of virus infected strains as biological control agents.
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CAPITULO Ill. Micovirus que infectan al hongo endofitico vy

entomopatogeno Tolypocladium cylindrosporum

Antecedentes

Como se ha comentado en el capitulo anterior T. cylindrosporum es un hongo que
entraia un elevado interés debido a su versatilidad en cuanto a los habitats que es capaz de
colonizar, a su potencial como biocontrolador, y como productor de sustancias de interés
médico. Debido a estas caracteristicas y al hecho de que las cepas endofiticas de T.
cylindrosporum estudiadas en los dos capitulos anteriores albergan micovirus, en este
capitulo se traté de identificar y secuenciar a los virus que infectan a estas cepas
endofiticas. Aunque se han encontrado micovirus infectando otros hongos
entomopatogenos como B. bassiana, M. anisopliae o Paecilomyces spp. (Bidochka et al.,
2000; Dalzoto et al., 2006; Inglis y Valadares-Inglis, 1997), ninguno de ellos ha sido
identificado hasta la fecha. Asi, el conocimiento del genoma de estos virus puede ayudar a
entender mejor las relaciones tritréficas virus-hongo-artropodo o virus-hongo-planta. No
obstante, el estudio de este tipo de interacciones entre los micovirus y sus hospedadores se
ha visto desfavorecido por el hecho de que la mayoria de estas infecciones son muy
persistentes y dificiles de eliminar (Martins et al., 1999; Romo et al., 2007), ademas, hasta
el momento no existen medios eficaces de curacién para estas infecciones o medios
efectivos de inoculacion artificial de micovirus, que ayudarian a este tipo de
investigaciones (Ghabrial y Suzuki, 2009). Asi, en este capitulo se probd el uso del

antiviral ribavirin en la curacion de los micovirus que infectan a T. cylindrosporum.

Objetivos

1. Estudio de la transmision a las esporas asexuales de los micovirus que infectan a T.

cylindrosporum.

2. Secuenciacion e identificacion de micovirus asociados a T. cylindrosporum.
3. Curacion de infecciones virales en T. cylindrosporum con la aplicacion del antiviral
ribavirin.
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4, Estudio de la influencia micovirus en la respuesta a las altas temperaturas de T.

cylindrosporum.

Resultados

1. Transmision a las esporas asexuales de los micovirus que infectan a T.

cylindrosporum

El hongo endofitico y entomopatégeno T. cylindrosporum resultdé albergar
infecciones mixtas por micovirus, como asi se dedujo de este estudio de trasmision a los
conidios de los diferentes dsSRNAs albergados por las cepas 11 y 3398M. La cepa 11
alberga a TcV1, TcV2 y TcV3, mientras que la cepa 3398M esta infectada solamente por
TcV2 y TcV3. TcV1 mostrd la tasa mas alta de transmision en la cepa 11, 81.4%, mientras
que TcV3 solo fue transmitido a un 4.7% de los conidios. En la cepa 3398, TcV2 fue

transmitido al 90% de las esporas asexuales, pero TcV3 no se transmitié a los conidios.

2. Secuenciacion e identificacion de micovirus asociados a T. cylindrosporum
TcV1 fue totalmente secuenciado. Asi, su genoma esta formado por una molécula
de dsRNA de 5196 bp que contiene dos fases de lectura abierta (ORFs) que codifican una
RNA polimerasa dependiente de RNA (RdRp) y una proteina de capsida (CP) (Apéndice
1). Un analisis filogenético basado en las secuencias de aminoacidos de RdRps y CPs de
otros micovirus de la familia Totiviridae, demostr6 que TcV1 constituye un nuevo
miembro del género Victorivirus. De hecho, TcV1 constituye el primer micovirus que
infecta a un hongo entomopatdgeno que ha sido totalmente secuenciado e identificado.
También se obtuvo la secuencia completa de uno de los dsSRNAs que componen el
genoma cuatripartito de TcV2. Este dsRNA tiene un tamafio de 3486 bp y contiene un
ORF que codifica para una RdRp (Apéndice 2). Adicionalmente, un estudio filogenético
demostré que es muy probable que TcV2 constituya un nuevo miembro de la familia
Chrysoviridae. Ahora bien, no se obtuvo ningin clon para TcV3. No obstante, se
comprobo que los tres micovirus estaban encapsidados, de hecho, se purificaron particulas

virales de TcV1.
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3. Curacion de micovirus con el antiviral ribavirin

Dos concentraciones diferentes del antiviral ribavirin (80 y 100 uM) se probaron
para curar a las dos cepas endofiticas de T. cylindrosporum de sus infecciones por
micovirus. TcVI1 resultd muy sensible al farmaco. Todos los aislados monosporicos
derivados de la cepa infectada tratada con las dos concentraciones diferentes de ribavirin
fueron curados de la infeccion por TcV1. En cambio, TcV3 resultd bastante resistente a las
concentraciones de ribavirin del ensayo. El efecto que el farmaco tuvo sobre TcV2 fue
dificil de evaluar debido a la baja tasa de transmision a las esporas asexuales que mostro
este virus. De acuerdo con los resultados obtenidos, el antiviral probado en este ensayo

tiene efectividades diferentes segun las especies de micovirus tratadas.

4. Influencia de los micovirus en la respuesta a las altas temperaturas de T.
cylindrosporum
No se observaron efectos claros atribuibles a un determinado virus en la respuesta

de T. cylindrosporum a las altas temperaturas.
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Abstract

Mixed mycoviral infections in the endophytic and entomopathogenic fungus
Tolypocladium cylindrosporum were deduced from a study of the transmission to conidia
of several double-stranded RNA (dsRNA) elements harboured by two fungal strains. Rates
of transmission for each dsRNA were different, because isolates harbouring different
combinations of the original set of five or six dSRNAs were obtained. A 5196 bp dsRNA
element was sequenced and represents the genome of Tolypocladium cylindrosporum virus
1 (TcV1), a new member of the genus Victorivirus in the Totiviridae family. This virus
was transmitted to 81.4% of the conidia produced by a strain with a multiple virus
infection. Four dsRNAs of 3.1-3.7 kbp were transmitted only to 4.7% of the monosporic
isolates produced by an infected isolate, and to none in the case of the other infected
isolate. These four dsSRNAs did not show segregation during transmission, one of them was
sequenced and encoded a RdRp, suggesting that the four dsSRNAs might represent the
whole genome of a multipartite chrysovirus. A third virus with a genome of approximately
4.2 kbp was transmitted to 79.1% and 90% of the monosporic isolates produced by the two
infected strains. None of the viruses, or their combinations, clearly affected the radial
growth of infected fungal isolates incubated at 22 °C or 29 °C. Ribavirin was used to cure
T. cylindrosporum from viruses, and TcV1 was sensitive to this drug. All monosporic
cultures derived from an infected strain treated with two different concentrations of the

drug (80-100 uM) were free of this virus.

Keywords: mycovirus, dsRNA, ribavirin, transmission, Victorivirus
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Introduction

The ascomycete Tolypocladium cylindrosporum (Fam. Ophiocordycipitaceae) was
first reported as a soil-borne species (Gams, 1971). Later it was found to be pathogenic to
several species of insects, including mosquito genera like Anopheles and Aedes, which are
vectors of pathogens causing human diseases such as malaria, dengue, and yellow fever
(Lam et al., 1988; Scholte et al., 2004; Weiser and Pillai, 1981). The fungus is also
pathogenic to crustaceans, and arachnids like the ticks Ornithodoros erraticus and
Ornithodoros moubata, which are vectors of African swine fever virus, and several species
of human relapsing fever borreliae (Zabalgogeazcoa et al., 2008). In addition, this fungus
has been reported as an endophyte, asymptomatically infecting the leaves of some grasses
(Sanchez Marquez et al., 2010). Other entomopathogenic fungi like Beauveria bassiana,
Lecanicillium lecanii, or Metarhizium anisopliae have also been reported as endophytes
and soil inhabitants, and they have been proposed and used as biological control agents for
invertebrate plant pests (Meyling and Eilenberg, 2007; Vega et al., 2008). The genus
Tolypocladium is also known because some of its species, T. cylindrosporum included,
produce cyclosporine A, a cyclic peptide that exhibits a strong and selective
immunosuppressive activity and is used for organ transplants (Fritsche et al., 2004).

Several families of fungal viruses have double-stranded RNA (dsRNA) genomes
encapsidated in isometric particles, but unencapsidated viruses with single-stranded RNA
(ssRNA) genomes, or single-stranded DNA (ssDNA) mycoviruses also exist (Ghabrial and
Suzuki, 2008; Yu et al., 2010). No extracellular route of infection is known for these
mycoviruses, they seem to be transmitted intracellularly during cell division, sporogenesis,
or cell fusion between compatible strains. Unlike plant or animal viruses, most known
fungal viruses seem to be avirulent, and do not produce obvious symptoms in their hosts.
Only a few mycoviruses are associated to phenotypic effects, causing hypovirulence in
fungal pathogens, disease in mushrooms, or even being beneficial, conferring thermal
tolerance to the grass host of a virus-infected endophyte (Hillman and Suzuki, 2004;
Marquez et al., 2007; Romaine and Goodin, 2002).

The presence of dSRNA molecules of viral origin has been reported in endophytic
strains of T. cylindrosporum, as well as in other species of entomopathogenic fungi such as

B. bassiana, M. anisopliae and Paecilomyces spp. (Bidochka et al., 2000; Dalzoto et al.,
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2006; Herrero et al., 2009; Inglis and Valadares-Inglis, 1997). However, in none of these
cases were these viruses classified.

Mycoviral infections can be very persistent, and difficult to eliminate from their
hosts (Martins et al., 1999; Romo et al., 2007). Many attempts to cure fungi from viruses
using different treatments have been reported, e.g., cycloheximide treatments, single
conidium subculture, hyphal tip transfer, incubation at low or high temperatures (Carroll
and Wickner, 1995; Marquez et al., 2007; Romo et al., 2007; Souza Azevedo et al., 2000),
but they were not always successful. These difficulties to cure fungi from viral infections,
and the lack of simple methods for the artificial inoculation of mycoviruses, have greatly
hampered progress in exploring mycovirus-host interactions (Ghabrial and Suzuki, 2009).

In this work we report the existence of mixed virus infections in two strains of T.
cylindrosporum. The evidence for mixed infections came from the segregation of the
dsRNA elements during their transmission to conidiospores, and from the sequencing of
two dsRNA elements, one corresponding to a complete virus genome, and another to a
component of a multipartite virus genome. In addition, the antiviral drug ribavirin was

used to cure virus infected strains.

Materials and Methods

Fungal strains

Two strains of T. cylindrosporum were used in this study. Strain 11 was isolated as
an endophyte from asymptomatic leaves of the grass Festuca rubra in natural grasslands of
western Spain. This strain harboured six dsSRNA elements with sizes approximately 5.1,
4.2, 3.7, 34, 3.2, and 3.1 kbp (Herrero et al., 2009). These dsRNA elements will be
referred according to their size, dSRNA1 being the largest, and dsSRNA6 the smallest (Fig.
1). Strain 3398M was derived from an endophytic strain isolated from the grass Holcus
lanatus (Sanchez Marquez et al., 2010). The original strain (3398) harboured six dsRNA
elements like those found in strain 11, but the dSRNA1 molecule was lost in a subculture
of this strain named 3398M. This characteristic dSRNA composition remained stable in

this strain.
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Fig. 1. A. Electrophoretic banding patterns of the dsRNA elements present in strains 11, and 3398M of T.
cylindrosporum. Lane M contains A-HindIIl size marker; numbers on the left and right indicate kbp. B.
Enlarged picture of the bands inside the frame following extended electrophoresis.
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dsRNA4 34 —
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Transmission of dsRNA elements to asexual spores

To determine the rate of transmission of the different dSRNA elements to asexual
spores (conidia), monosporic isolates obtained from strains 11 and 3398M were analyzed
to determine if all original dSRNA elements from the parental strain were transmitted. A
set of 43 monosporic isolates derived from strain 11, and another of 40 monosporic isolates
derived from strain 3398M were analyzed for the presence of dsRNA as explained in next
section. To obtain monosporic isolates, both parental strains, which were monosporic
isolates as well, were grown in potato dextrose broth (PDB) under shaking (110 rpm) for
12 days at 24 °C. After this period the cultures were filtered trough sterile gauze, and the
conidial suspensions in the filtrate were centrifuged for 5 min at 800 x g. Pellets were
resuspended in 200 pl of water and different dilutions of these suspensions were made and
added to water agar plates. Single germinated conidia were collected under the microscope
with a needle, and plated into potato dextrose agar (PDA) plates to obtain each monosporic
isolate.

This study of transmission of dsRNA elements to conidia had three main
objectives: to determine if equal rates of transmission were obtained for all the dsRNAs

carried by strains 3398M and 11, as reported in the literature for other fungi harbouring
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mixed virus infections (Chu et al., 2004; Romo et al., 2007; Tuomivirta and Hantula,
2005); to be used as a control for the ribavirin curing experiment, since this study was

carried parallel to this curing experiment; and to obtain cured isogenic isolates.

DsRNA purification and cDNA synthesis

Strain 11 was used to synthesize DNA complementary to some dsRNA elements
harboured by this isolate. The strain was cultured for three weeks over cellophane disks
layered on top of PDA plates. After this period the mycelium was harvested, and dsRNA
was extracted by CF-11 cellulose chromatography (Morris and Dodds, 1979). To eliminate
contaminating DNA, the purified dSRNA was treated with 5 units of DNasel for 30 min at
37 °C, and extracted with 1 vol. of phenol:chloroform (1:1). After that, contaminating
ssRNA was removed by treatment with 1 unit of S1 nuclease at 37 °C for 15 min. To check
its quality, an aliquot of the purified dSRNA was electrophoresed in a 1% agarose gel, and
visualized after staining with ethidium bromide (Fig. 1).

Approximately 2 pg of dsRNA dissolved in water were used for cDNA synthesis.
DsRNA was denatured by heating at 95 °C for 10 min in the presence of an excess (10 pg)
of a degenerate oligonucleotide named Totioligo (5°-
TTGAA(A/G)TC(A/G)TC(A/G)TA(A/G)TC(G/C)A(A/G)CA-3"). The design of this
oligonucleotide was based on the alignment of the RNA-dependent RNA polymerase
(RdRp) sequences of seven members of the Totiviridae family (Table 1). The nucleotide
sequences of motif IV of the RdRps were the most conserved among these viruses, and the
Totioligo sequence was based on this motif. The heat-denatured mixture was cooled in
liquid nitrogen, and cDNA was synthesized using the Universal RiboClone cDNA
Synthesis System (Promega). The cDNA synthesis products were adenylated at the 3’ end
by incubation in a solution containing Taq. polymerase and 10 mM dATP, and cloned in
vector pGEM-T (Promega). Escherichia coli strain JIM109 (Promega) was transformed and
screened to select plasmids containing inserts, which were sequenced. Gaps in the genome
sequence which were not covered by clones derived from the cDNA library, were
completed by reverse transcription and PCR primed by oligonucleotides complementary to
sequences flanking the gaps. The ends of the molecules were cloned using the RLM-RACE
method described by Coutts and Livieratos (2003).
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Table 1. EMBL nucleotide database accession numbers of members of the families Chrysoviridae and
Totiviridae used for phylogenetic analysis. Species used in the alignment for the design of the Totioligo

primer are in bold.

Virus

Abbreviation

Accession no.

Amasya cherry disease associated chrysovirus

Agaricus bisporus virus 1

Armigeres subalbatus totivirus
Aspergillus fumigatus chrysovirus
Aspergillus mycovirus 1816
Botryotinia fuckeliana totivirus 1
Chalara elegans RNA virus 1
Coniothyrium minitans RNA virus
Cryphonectria nitschkei chrysovirus 1
Drosophila melanogaster totivirus
Epichloé festucae virus 1

Fusarium oxysporum chrysovirus 1
Giardia lamblia virus

Gremmeniella abietina RNA virus L1
Gremmeniella abietina RNA virus-L2
Helicobasidium mompa totivirus 1-17
Helminthosporium victoriae-145S virus
Helminthosporium victoriae virus 190S
Infectious myonecrosis virus
Leishmania RNA virus 1-1

Leishmania RNA virus 2-1

Leishmania RNA virus 1-4
Magnaporthe oryzae virus 2
Magnaporthe oryzae chrysovirus 1
Omono River virus-AK4

Omono River virus-Y61

Penicillium chrysogenum virus
Saccharomyces cerevisiae virus-LA
Saccharomyces cerevisiae virus-L-BC
Sphaeropsis sapinea RNA virus 1
Sphaeropsis sapinea RNA virus 2
Tolypocladium cylindrosporum virus 1
Tolypocladium cylindrosporum virus 2
Trichomonas vaginalis virus 2
Ustilago maydis virus H1

Verticillium chrysogenum virus

ACDACV
AbV 1
AsTV
AfuCv
AV-1816
BfV1
CeRV1
CmRV
CnV-1
DTV

EfVl
FoCV-1
GLV
GaRV-L1
GaRV-L2
HmV-17
Hv-145S
Hv-190SV
IMNV
LRV1-1
LRV2-1
LRV1-4
MoV 2
MoCV1
OMRV-AK4
OMRV-Y61
PcV
ScV-L-A
ScV-L-BC
SsRV-1
SsRV-2
TcV 1
TcV 2
TVV
UmV-H1
\2Y%

AJ781397
CAA64144
EU715328
FN178512
EU289896
CAM33265.1
AY561500
AAO014999.1
ACT79255
GQ342961
CAKO02788.1
EF152346
L13218
AF337175
AY615210
BACR81754.1
AF297176
AAB94791.2
EF061744
M92355
U32108
U01899
BAF98178.1
BAJ15133
ABS555544
ABS555545
AF296439
J04692
U01060
AADI11601.1
AADI11603.1
FR750562
FR750563
AF127178
u01059
ADG21213

Northern blotting experiments

Two Northern blot hybridizations were done to determine to which dsRNA element

the cDNA contigs assembled belonged. DsSRNA extracts from strains 11 and 3398M were

electrophoresed in agarose gels, denatured, and transferred to nylon membranes
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(Zabalgogeazcoa et al., 1998). Hybridization and detection were done using the DIG High
Prime DNA Labeling and Detection Starter Kit IT (Roche).

Sequence analyses

Sequence similarity searches in the EMBL virus sequence database were conducted
using the FASTA program (Pearson, 1990). For phylogenetic analyses sequence
alignments of genes of T. cylindrosporum viruses and others of similar sequence were done
with ClustalX (Thompson et al., 1997). Phylogenetic analyses of amino acid sequences
were done with MEGA software (Kumar et al., 2004). Genetic distances were calculated
with the Poisson correction model. Phylogenetic trees were made using the neighbour-

joining method, and bootstrap test values were based on 1000 replications.

Virion purification

Strains 3398M, 11, and a monosporic isolate derived from isolate 11 and
harbouring only dsRNA1 (11-1L) were cultured over cellophane disks layered on top of
PDA plates for three weeks. Twenty grams of each isolate were used to obtain partially
purified virus preparations, as well as sucrose gradient purified preparations, using the
method described by Jiang and Ghabrial (2004).

To check which dsRNA elements were encapsidated in protein, partially purified
virus preparations obtained from strains 3398M and 11 were treated to disrupt virions.
Only encapsidated dsSRNA, which can be sedimented by high speed centrifugation, should
be present in these virus preparations, naked dsSRNA would not sediment at the high speed
centrifugation used for particle purification (Zabalgogeazcoa et al., 1998). For virion
disruption, the partially purified virus preparations were incubated for 20 min at 60 °C in
the presence of 0.1% SDS, and then treated with 1 volume of phenol:chlorophorm (1:1).
The aqueous phase was ethanol precipitated, and the presence of dSRNA was checked by
electrophoresis.

The molecular weight of proteins present in sucrose-gradient virus preparations
obtained from strain 11-1L, harbouring only dsRNA1, was determined in two experiments
using SDS-10% polyacrilamide gel electrophoresis. The gels were stained with coomassie

blue (Laemmli, 1970).
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Electron microscopy

Formvar-coated 300 mesh copper grids were placed on top of 20 ul drops of
sucrose gradient virus preparations of TcV1. Excess solution was absorbed from the grids,
which were then stained with 2% uranyl acetate, pH 4.5. The grids were examined in a

Zeiss 900 transmission electron microscope.

Curing experiments

The antiviral compound ribavirin was used in an attempt to cure dsSRNA infected
strains. Strains 11 and 3398M were grown under shaking (110 rpm) for 12 days at 24 °C in
two different curing media consisting of PDB containing 80 or 100 uM of ribavirin. The
range of biologically active concentrations of this compound is 10 to 100 uM (Parker,
2005). Monosporic isolates of each strain and treatment were obtained as explained before.
All monosporic isolates were analyzed for the presence of dsRNA by CF-11 cellulose
chromatography. Isolates apparently cured of infection by all mycoviruses were analyzed

two additional times.

DsRNA influence in the growth response to temperature

To study the effects of the different viruses in the growth of strains 11 and 3398M
at different temperatures, we used isogenic strains harbouring different combinations of the
dsRNA elements that originally infected the parental strains 11 and 3398M (Table 2).
These isogenic strains were obtained from the transmission experiments in liquid culture
without adding ribavirin. Four isolates derived from strain 11 and two derived from 3398M
plus the parental strains were analyzed. The eight isolates were cultured in PDA plates at
two different temperatures, 22 °C and 29 °C. Preliminary tests carried with isolates 11 and
3398M showed that in the conditions used for this study, the isolates did not grow at 32 °C.
Bissett (1983) reported that 22 °C is the optimal temperature for growth on PDA for all the
species of the genus. A 3 x 3 mm block of mycelium was placed in the center of a 9 cm
PDA plate which was sealed with Parafilm. Six plates of each isolate were placed in two
incubators set at 22 and 29 °C. The position of the 48 culture plates incubated together at
each temperature was randomized at each temperature, and the diameter of the colonies
was measured after 21 days.

For each temperature and group of isogenic strains, a one way ANOVA was used to

test the statistical significance of differences among the mean diameters of each isolates,
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and the LSD procedure was used to separate means; values of p < 0.05 were considered
significant. Statistica 5.0 (StatSoft, USA) software package was used to conduct these

analyses.

Table 2. Monosporic T. cylindrosporum isolates employed in studies of influence of dsSRNA elements in the
radial growth and response to temperature of T. cylindrosporum.

Isolate Code dsRNAs present Viral infection
11-6B All (dsRNA1-dsRNAG6) TeVI1+TeV2+TeV3
11-2B dsRNA1 + dsRNA2 TcV1+TcV3
11-1L dsRNA1 TcV1
11-1S dsRNA2 TcV3
11-0B None None

#3398-5B All (dsRNA2-dsRNA6) TcV2+TcV3
3398-1B dsRNA2 TcV3
3398-0B None None

*Parental strains.

Effect of temperature on dsRNA concentration

The cellular concentration of the victorivirus EfV1 greatly increases when the
fungus is grown at a higher temperature (Romo et al., 2007). An experiment was made to
find out if the same occurred with the viruses associated to T. cylindrosporum. Three
isogenic viral infected isolates derived from strain 11 and one derived from 3398M plus
these parental strains (Table 2), were grown at 22 and 29 °C for a period of 21 days on
cellophane disks placed on top of PDA plates. Four plates of each isolate were incubated at
each temperature. After this treatment the mycelium was lyophilized and dsRNA was
extracted from 0.15 g of mycelium from each isolate. The possible change in the
concentration of dsSRNA at each temperature was visualized by electrophoresis in 1%

agarose gels.
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Results

Transmission of dSRNA elements to asexual spores

Two monosporic strains of T. cylindrosporum, 11 and 3398M, were used to study
the transmission of dsSRNA elements to asexual spores. Strain 11 harboured six dsRNA
elements (dsRNA1 to dsRNAG6), with sizes ranging from 5.1 to 3.1 kbp, strain 3398M
harboured five dsRNA elements (dSRNA2 to dsRNA6), and dsSRNA1 was missing in this
strain (Fig. 1).

In both strains, different dSRNA elements showed different rates of transmission to
mitotic spores (Table 3). Among the 43 monosporic isolates obtained from strain 11,
dsRNA1 had the highest percentage of transmission, it was present in 81.4% of the
isolates, and dsRNA2 was transmitted to 79.1% of the monosporic isolates, alone or
together with dsRNA1. DsRNAs 3, 4, 5 and 6 showed the same rate of transmission to
mitospores, they were present only in 4.7% of the isolates, and always accompanied by
dsRNA1 and dsRNA2. Regarding strain 3398M, no monosporic isolates harbouring its five
original dsRNA elements were obtained from the 40 monosporic isolates analyzed.
DsRNAs 3, 4, 5 and 6 were not transmitted to any spore progeny. In contrast, dSRNA2 was

transmitted to 90% of the monosporic progeny, and four isolates were dsRNA-free.

Table 3. Transmission of dSRNA elements to monosporic strains derived from strain 11, which harbours six
dsRNA elements, and strain 3398, carrier of five dsSRNA elements. The parental strains were grown in
shaking cultures with or without ribavirin, and strains derived from the conidia produced in these cultures
were analyzed for the presence of dsRNA.

Number of strains/total

dsRNAs present in Natural
monosporic strains L 80 uM 100 uM
transmission

derived from parental o ribavirin  ribavirin
(no ribavirin)

Parental dsRNA elements
strain in parental strain

strain
11 dsRNA 1,2,3,4,5,6 All (dsSRNA1-dsRNA6) 2/43 0/47 0/48
dsRNAT1 + dsRNA2 27/43 0/47 0/48
dsRNA1 6/43 0/47 0/48
dsRNA2 5/43 26/47 38/48
None 3/43 21/47 10/48
3398M dsRNA 2,3,4,5,6  All (dASRNA2-dsRNA6) 0/40 0/47 0/44
dsRNA2 36/40 37/47 41/44
None 4/40 10/47 3/44
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The above results suggest that the six dSRNA elements are the product of a multiple
virus infection. Isolates infected only by dsRNA1 or by dsSRNA2 were obtained from both
strains. However, dsRNAs 3, 4, 5, and 6 did not segregate in conidial progeny. Therefore
dsRNA1 could be the genome of a virus and dsRNA2 the genome of another. The four
remaining dsRNAs could represent the multipartite genome of a third virus because in
addition to be transmitted together, the size of these dsRNAs (3.1-3.7 kbp) is too small to

be the genome of an encapsidated monopartite virus.

Nucleotide sequence and organization of the virus genomes

DsRNA purified from strain 11 was used as a template for the synthesis of a cDNA
library. Thirty five different cDNA clones were obtained using a degenerate primer, and
three contigs were obtained after sequencing and assembling these clones. The use of this
oligonucleotide instead of random hexamers improved the success of obtaining cDNA
libraries. Northern blot hybridizations using probes made with one clone from each contig
showed that two contigs were complementary to dsSRNA1, and the other one to dsSRNA3.
In addition, the hybridizations showed that the sequence of dsSRNA3 is similar in strains 11
and 3398M. No cDNA clones of the other four dSRNA elements were obtained. The gap
between the two contigs complementary to dsRNA1 was filled using specific primers
flanking it, and this experiment was performed three times. Four identical clones of the 5’
end and five identical clones of the 3’ end of dsRNAI1, obtained from two independent
RLM-RACE experiments for each terminus, were sequenced. To obtain a complete
sequence of dsRNA3, four identical cDNA clones of the 5’ end and three identical clones
of the 3’ end from two independent RLM-RACE experiments of each terminus were
sequenced.

The complete sequence of dSRNAT had 5196 bp, and contained two open reading
frames (ORFs) (Fig. 2). ORF1 consists of 2277 bp and encodes a hypothetical 758 amino
acid protein (79.9 kDa); ORF2 is 2523 bp long and encodes an 840 amino acid protein
(91.2 kDa). Both ORFs are in the same reading frame, the UAA stop codon from ORF1 is
directly followed by the AUG start codon of ORF2. No other possible ORFs longer than
350 nucleotides were found in any strand. The complete genome has a GC content of 61%.

The 5’ untranslated region (UTR) has 326 bp and a GC content of 59%. The
terminus of this region has a GAAAT sequence, similar to the GAAAA motif present in
the genomes of Ustilago maydis Virus (UmV) and the Saccharomyces cerevisiae viruses
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ScV-LA and ScV-L BC (Fujimura and Wickner, 1988; Kang et al., 2001). The 3° UTR has
a length of 70 bp, a GC content of 64% and the same terminal AUGC sequence as ScV-LA
(Wickner, 1996).

Fig. 2. A. Genome organization of Tolypocladium cylindrosporum virus 1 (TcV1). The 5196 kbp genome
contains two ORFs; ORF1 encodes a putative CP and ORF2 a putative RdRp. B. Organization of dsSRNA 3, a

3486 bp element which encodes a putative RdRp.

A
, ORF 1 ORF 2 )
5' UTR UAAAUG 2 UTR
cP RdRp
1 3% 2603 5126 5196
B
5' UTR ORF1 3 UTR
1 46 RdRp 44 3486

The amino acid sequence deduced from ORF1 of dsRNA1 exhibits a high degree of
identity to those of the capsid proteins (CP) of viruses of the family Totiviridae,
particularly to that of Botryotinia fuckeliana virus 1 (BfV1; 61.5%). The C-terminus of this
putative CP has an Ala/Gly/Pro-rich region, which occurs in mycoviruses of the
Victorivirus genus (Ghabrial and Nibert, 2009). The deduced amino acid sequence of
ORF2 from dsRNA1 resembled those of RdRps of viruses of the family Totiviridae,
particularly that of BfV1 (49% identity). The eight conserved motifs of the sequences of
RdRps of dsRNA viruses of simple eukaryotes (Bruenn, 1993) were found in the amino
acid sequence deduced from ORF2.

The size of dsSRNA1 and the genes present on it indicated that this molecule could
constitute the genome of a virus belonging to the Totiviridae family. We nominated this
new virus Tolypocladium cylindrosporum virus 1 (TcV1), and its complete genome
sequence has been deposited in the EMBL nucleotide sequence database with accession

number FR750562.
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DsRNA3 had a length of 3486 bp with a 50% GC content, and contained a 3399 bp
ORF that encodes an 1132 amino acid protein (127.7 kDa) (Fig. 2). The 5> UTR has 45 bp
and 33% GC content. The 3> UTR is 42 bp long and its GC content is 40%. Some
sequences similar to those described in the 5 termini of some chrysoviruses were observed
in or near the 5 UTR termini of dsSRNA3. For instance, a GAUAAA sequence similar to
the 5° termini of some chrysoviruses occurred in position 12 (Ghabrial, 2010), and an
AAAAAA sequence in position 4 (Jamal et al., 2010). The amino acid sequence deduced
from the unique ORF present in dsSRNA3 exhibited the highest identity to the RdRp of
Magnaporthe oryzae chrysovirus 1 (50% identity) (Urayama, et al., 2010), but also
resembled other chrysovirus replicases. The eight conserved motifs of the sequences of
RdRps of dsRNA viruses of simple eukaryotes (Bruenn, 1993) were also found in the
amino acid sequence deduced from the unique ORF present in dsSRNA3.

No clones were obtained from dsRNA2 but according with the results of the
transmission experiment, this dSRNA2 could constitute the complete genome of a virus

that was tentatively named TcV3.

Phylogenetic analysis

A phylogenetic analysis based on the amino acid sequence of the CP and RdRp of
selected members of the Totiviridae and Chrysoviridae families and those of TcV1
(dsRNAT1) and dsRNA3 was made (Fig. 3). This analysis showed that TcV1 resembles
most the mycoviruses included in a clade within the genus Victorivirus (Fam. Totiviridae).
The alignment of the 3 UTR sequences of all eleven known members of the Victorivirus
genus and TcV1 (dsRNA1), revealed a region of 18 bp that is conserved in most members
of the genus, except in Helicobasidium mompa totivirus 1-17 (HmV-17) and Coniothyrium
minitans RNA virus (CmRV) (Fig. 4).

The phylogenetic analysis confirmed that dSRNA3 is closer to the Chrysoviridae
family than to the Totiviridae. Since chrysoviruses have tetrapartite genomes of 2.4-3.6
kbp (Ghabrial et al., 2005b), the fact that dsSRNA3 encodes a putative chysovirus RdRp
supports the hypothesis of dsSRNAs 3, 4, 5 and 6 being the multipartite genome of a virus,
and in particular, of a member of the Chrysoviridae. We have named this virus
Tolypocladium cylindrosporum virus 2 (TcV2), and the sequence of dSRNA3, encoding the
viral RdRp, has been deposited in the EMBL nucleotide database with accession number

FR750563.
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Fig. 3. A Phylogenetic tree of viruses of the family Totiviridae based on CP amino acid sequences. B.
Phylogenetic tree based on RdRp amino acid sequences of members of the Totiviridae and Chrysoviridae
families. The unrooted phylogenetic trees are based on the neighbour-joining method. Numbers at nodes
represent bootstrap values as percentages estimated by 1000 replicates. The accession numbers of sequences
used in the analyses are given in Table 1.
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Fig. 4. Alignment of the 3> UTR sequences of eleven members of the Victorivirus genus and TcV1. A
conserved sequence (blue letters) among members of this genus is indicated.

Te¥l ACATGGGETTCGAGCACCCCCCGCGCACCTTTGTGCGCCARCGAAT TRGGCCCGCARGGGCCARARTGEG 37
53RVl TCAGAGACGAGCATTGGCCGCCCCARCCAGACCG--GGGCARCATACTAGTGEGCCCGCTRGGGCCARACTGLAG 3
Hv1905¥ CCGTTCTTARACGARGACGTAGCACCACGTGCCGCAAGATGCGGCTTCACCATTTGGGCCGECAAGGGCCARARAGE 3
SsRY2 AGGTGACAC-CTARCCTTACTCGCGCGGGGCGCGAGTCCACAGCGGGGGCCTACGGGCCCCAAATGEE 3
Ho¥2 AGACTCACTGRGRTGCGCGC-CGAGGTRTCAGCGCCARTCGCTGGGCCCACGGRGCCCATAATGE 37
CeRY1 ATACTGCCTCTAARATACCACCCTTAR---TTGGGTGCGACTTATTGGTCCCCTCGRGGACCCA-TGE 37
GaRY-L1 GCCACCCCAGCTTACGG---TGTCAAGAAAT TCGAGGCCCCARGGGGCCARATTGE  3°
GaRY-L2 GCTACCCCAGCTTACGG---TGTCAAGAAAT TCGAGGCCCTARGGGGCCARATTGE  3°
Ef¥l TCCCACACGACGTCARTCGTCGTGCATTTATATCCGGGGCCATTGGCCCCAGAARGCA 3°

Bf¥1 CGTGATGRCCOGATAGACGACCGGTTTTARACGCACTATGTGCGCACACTTATTGGCCCGCAAGGGCTAAARTGCCGTTAGGARTTARCTCTCATTACGCCGTAGGGTATGTGE 3°

Hu¥-17  GTGTGTTATTATACCTTCGARGCAGTTT--CGCGCATARAGTGC-TACCCTATCAGGAGCCCAGGATTGACCATCCTGTTTTACATTARAGCCCGARAGGGCCTARATAG 3
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Analysis of virus particles and structural proteins

Partially purified virions from strains 11 and 3398M were disrupted by treatment
with SDS and phenol in order to determine if all dsSRNAs infecting these strains were
encapsidated. All dsRNAs infecting each strain were recovered from the aqueous phase
obtained after the disruption treatment. This result suggests that all six dSRNA elements
are encapsidated in protein particles.

When a sucrose gradient purified virus preparation of strain 11-1L, harbouring only
dsRNA1, was examined by transmission electron microscopy (TEM), isometric virus like

particles of approximately 50 nm of diameter were observed (Fig. 5).

Fig. 5. A. SDS-PAGE analysis of purified TcV1 particles. Lane M, molecular weight marker (kDa); lane 1,
SDS-treated TcV1 virions. The structural proteins were visualized by coomassie blue staining. The 79.7 kDa
protein purified by electrophoresis (CP) has a molecular weight similar to the one estimated for the
hypothetical protein coded by ORF1 (79.87 kDa). B. Isometric virus-like particles observed by TEM from a
purified virus preparation from T. cylindrosporum 11-1L isolate harbouring only dsRNA1. Bar, 25 nm.
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A sucrose gradient virus preparation obtained from strain 11-1L, was separated by
SDS-PAGE in order to analyze virion proteins. Coomassie blue staining of the gel showed
a major polypeptide with an apparent molecular mass of 79.70 kDa (Fig. 5). This size is
similar to that expected from the hypothetical protein of 758 amino acids encoded by
ORF1 (79.87 kDa). Therefore, ORF1 appears to encode the CP of the virus whose genome
is dsRNAT.

Curing dsRNA elements

Different proportions of cured isolates were observed with each ribavirin treatment.
The lower concentration (80 uM) was the most efficient for both strains, 44.7% of the
monosporic isolates obtained from strain 11 were free of all six dSRNAs, and the rest only
harboured dsRNA2. In the absence of ribavirin only 7.0% of the isolates were completely
cured (Table 3). In the case of strain 3398M, 21.3% of the isolates were completely cured
and the remainder harboured only dsRNAZ2, in contrast, only 10% of the monosporic
progeny of this strain was virus free in the absence of ribavirin.

With the 100 uM ribavirin treatment 20.8% of the isolates derived from strain 11
were completely cured, and the remainder harboured only dsRNA2. At this concentration,
only 6.8% of the conidial progeny of strain 3398M were virus-free, and the remainder
carried dsRNA2.

The above results indicate that the effectiveness of ribavirin might be different for
each dsRNA element. DsSRNA1 was very sensitive to the drug; all the monosporic isolates
were free of this mycovirus at both concentrations of ribavirin, but in the absence of
ribavirin, the rate of transmission of dsSRNA1 to conidia was 81%. In contrast, dSRNA2
was not very sensitive to the action of the antiviral compound. For strain 11 the percentage
of transmission of dsSRNA2 to conidiospores ranged from 55.5% to 79.2% for isolates
treated with 80 and 100 uM concentrations of ribavirin, respectively. For this strain the
natural transmission of dsRNA2 to asexual spores was 79.1%, almost the same observed
with 100 uM ribavirin. Similarly, the rate of transmission of dsSRNA2 in strain 3398M was
similar with 100 pM ribavirin (93.2%) or without it (90.0%). With 80 uM ribavirin, the
transmission rate of dSRNA2 (78.7%) was somewhat lower than the negative control. The
natural transmission of dsSRNAs 3, 4, 5 and 6 to conidia was very low in both strains (4.7%
- 0%); therefore, it is difficult to evaluate the effect of ribavirin in the elimination of these

dsRNA:s.
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DsRNA influence in radial growth and response to temperature

An experiment was made to test the effects of the different dSRNAs on the radial
growth of strains 11 and 3398M at different temperatures. Isogenic strains harbouring
different combinations of the two or three possible viruses that originally infected the
parental strains 3398M and 11 were obtained from single conidium subcultures, and used
in the experiment (Fig. 1; Table 2).

Virus presence did not clearly affect the radial growth of the fungal strains (Fig. 6).
At 22 °C the diameter of strain 11 infected by the three viruses was not significantly
different than that of the same strain free of viruses. At this temperature the growth of
strain 3398M containing TcV2 and TcV3 was significantly greater than that of its isogenic
virus-free version. At 29 °C, strain 11 isolates harbouring the three viruses, grew less than
the virus free strain. The opposite occurred with the 3398M isogenic strains, the one
infected by TcV2 and TcV3 grew more than its versions harbouring TcV3 or dsSRNA-free.
Therefore, the differences observed were strongly influenced by the fungal genotypes, and

a plain virus effect is not obvious.

Fig. 6. Average diameter at 22 °C and 29 °C after 21 days of growth in groups of isogenic strains harbouring
different virus combinations. The isogenic strains were derived from isolate 11, originally infected by TcV1,
TcV2, and TcV3, or from isolate 3398M, originally infected by TcV2 and TcV3. In each group of columns,
strains sharing the same letter are not significantly different (LSD; p<0.05).
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High temperature did not seem to affect the cellular concentration of dsRNA in
infected isolates. The amount of each dsSRNA element observed in extracts obtained from
equal weight of mycelium of isogenic strains 3398-5B, 3398-1B, 11-6B, 11-2B, 11-1L,

and 11-1S, was similar when the strains were incubated at 29 °C or at 22 °C.

Discussion

The existence of mixed virus infections in strains 11 and 3398M could be deduced
from the nucleotide sequences obtained, and from the results of the transmission
experiments. In liquid cultures, the rate of transmission to conidia was different for each
dsRNA element harboured by T. cylindrosporum (Table 3). DsRNA1 was completely
sequenced and represents the genome of TcV1, a new member of the family Totiviridae.
TcV1 was transmitted to 81.4% of the monosporic isolates, some of these isolates were
infected only by this virus, but others contained additional dsRNAs. DsRNA2 was
transmitted to 79.1% of the conidia with or without other dSRNAs, so it could constitute
the complete genome of another mycovirus, which we tentatively named TcV3. In
contrast, dSRNAs 3, 4, 5 and 6 did not segregate and were always transmitted together to
conidia. There are several reasons to think that these four elements might constitute the
complete multipartite genome of a member of the Chrysoviridae family. DsSRNA3 was
completely sequenced and encodes an RdRp phylogenetically close to those of the
Chrysoviridae (Figs. 2 and 3). Members of this virus family have segmented genomes
composed of four dsSRNA elements with sizes between 2.4 and 3.6 kbp (Ghabrial et al.,
2005b). In addition, partial purification of virus particles indicated that the four dsRNAs
were encapsidated. Therefore, the four smaller dSRNA elements could constitute the
genome of a third virus infecting T. cylindrosporum, a hypothetical chysovirus that we
have called TcV2. The natural transmission rate of TcV2 to conidia was very low, 4.7% in
strain 11 and 0% in 3398M (Table 3). This suggests that perhaps in nature the transmission
of TcV2 might not be conidial, but horizontal by cell fusion, or trough cell division. This
possibility is supported by the fact that in our laboratory the four dsRNAs have been
persistent in cultures after several years of continuous plating, even after cultures were
frozen or exposed to high temperatures. Hypocrealean entomopathogens like T.

cylindrosporum or B. bassiana can live in soil, insects, and plants; however, their primary
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substrate for conidiation seems to be insects (Meyling and Eilenberg, 2007). Based on this,
an alternative explanation for the low rate of transmission observed for TcV2 could be that
when the fungus sporulates on insects, or another substrate, the transmission of viruses to
conidia could be more efficient than the one we have observed in laboratory cultures.

In all reported cases of naturally ocurring mixed virus infections in fungi (i.e.
Fusarium graminearum, Gremeniella abietina, Epichloé festucae, Heterobasidion
annosum) all the viruses infecting a strain were transmitted together to the conidial
progeny (Chu et al., 2004; Thrmark et al., 2002; Romo et al., 2007; Tuomivirta and
Hantula, 2005). In contrast, in T. cylindrosporum different rates of transmission occurred
for each virus, with values ranging from 0% to 90%, depending on the virus. To our
knowledge this is the first report of differential transmission rates among viruses in
naturally occurring mixed infections.

The dsRNA1 molecule infecting T. cylindrosporum has characteristics of a
complete virus genome. We have denominated this virus TcV1, and it is the first virus
infecting an entomopathogenic fungus whose genome has been sequenced. The genome
size (5196 bp) and organization of TcV1 (Fig. 2), as well as its virion morphology is
typical of the Totiviridae family, whose members have nonsegmented dsSRNA genomes of
4.6-6.7 kbp coding for a CP and an RdRp, and are encapsidated in isometric particles of ca.
40 nm (Ghabrial, 2010; Wickner et al., 2005). The phylogenetic analysis and some
characteristics of TcV1 allowed ascribing this virus to the Victorivirus genus (Fig. 3). Like
other victoriviruses, TcV1 infects a filamentous fungus, has a Pro/Ala/Gly-rich region near
the C-terminus of the CP, and has 5° and 3° UTRs with sizes similar to those from the
genus (Ghabrial and Nibert, 2009). Additionally, the alignment of the 3 UTRs of members
of the genus showed a highly conserved sequence of 18 bp in this region (Fig. 4). Several
victorivirus genomes, including that of TcV1, end with an AUGC 3' motif. This motif and
a preceding stem loop, also predicted in TcV1, have an important role in the replication of
Saccharomyces cerevisiae totivirus ScV-LA (Wickner, 1996), and could have a similar
function in victoriviruses. Nevertheless, TcV1 differs from other members of the
Victorivirus genus in the fact that its two ORFs are in the same reading frame and do not
overlap, as occurs with most members of the genus. In TcV1 the UAA stop codon of ORF1
is immediately followed by the AUG start codon of ORF2. A study performed with a
mutant of the mycovirus CHV1-EP713 proved that the non existence of an overlap

between ORF1 and ORF2 does not affect the translation of ORF2 (Guo et al., 2009).
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Therefore, TcV1 may also follow a coupled termination reinitiation mechanism of
translation, which is typical of victoriviruses (Ghabrial and Nibert, 2009).

As it happens with many mycoviruses, the ones from T. cylindrosporum did not
have an obvious effect in their host fungus. No clear relationship between the presence of
viruses and the radial growth of T. cylindrosporum strains at 22 or 29 °C was observed
(Fig. 6). In addition, the cellular concentration of the viruses did not seem to increase when
fungi were incubated at high temperature, as it occurs with the victorivirus EfV1 (Romo et
al., 2007).

Ribavirin is a nucleoside analog that induces mutations in RNA viral genomes, and
has demonstrated a broad spectrum antiviral activity (Parker, 2005). For example, when
tested in potyvirus-infected potatoes, about 50% of the treated plants were cured
(Mahmoud et al., 2009). This substance has also been used in therapy against human RNA
viruses such as hepatitis virus C or herpes virus (Parker, 2005). However, it was not
effective against a mitovirus infecting Chalara elegans (Park et al., 2006a). In this work
virus-infected strains of T. cylindrosporum could be cured using ribavirin, a concentration
of 80 or 100 uM of ribavirin in the culture medium of strain 11 resulted in the cure of
100% of the monosporic isolates from TcV1. In the absence of ribavirin this mycovirus
showed a high rate of transmission to asexual spores (81.4%), so the drug seems to be
responsible for the elimination of TcV1. To our knowledge, this has been the first time in
which ribavirin is tested succesfully against fungal viruses. However, ribavirin showed
different effectiveness for each mycovirus infecting T. cylindrosporum. Its effectivity
against TcV2 and TcV3 was not obvious. This difference in the response of different
viruses to the drug might explain why ribavirin did not work against a Chalara elegans
virus (Park et al., 2006a).

Viruses infecting insects from the Culex and Drosophila genera have been recently
described, and seem to be members of the Totiviridae, the same family as TcV1 (Isawa et
al., 2011; Wu et al., 2010). This hypothetical virus link between insects and
entomopathogenic fungi is very interesting because viruses might have flowed between
kingdoms.

In conclusion, this study presents the first reported sequences for mycoviruses
infecting an entomopathogenic fungus, and adds a new member to the genus Victorivirus,
TcV1. In addition, curing and transmission experiments indicate that the T. cylindrosporum
strain 11 is infected by three different viruses: TcV1 (dsRNA1); TcV2 (dsRNAs 3, 4, 5, 6),
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a hypothetical member of the Chrysoviridae family, and TcV3 (dsRNA2), an unknown
virus with a genome or a replicative form of approximately 4.2 kbp. Strain 3398M is only
infected by TcV2 and TcV3. The size of the genomes of these three viruses is similar to
that of some dsRNA elements reported in other hypocrealean entomopathogenic fungi such
as M. anisopliae, M. flavoviride, B. bassiana, P. amoenoroseus, or P. fumosoroseus
(Bidochka et al., 2000; Dalzoto et al., 2006; Inglis and Valadares-Inglis, 1997; Melzer and
Bidochka, 1998; Souza Azevedo et al., 2000).

In addition, this is the first report of the successful use of ribavirin to cure fungal
viruses. This drug could be very helpful to cure infected isolates, and therefore to study the
effects that viruses produce in their fungal hosts, something which is largely unknown in
spite of the ubiquity of viruses in the fungal kingdom.

Finally, this study constitutes the basis for further studies about the effects that
mycoviruses could produce in T. cylindrosporum. If mycoviruses affect the pathogenicity
of the fungus against insects or ticks; if these viruses are involved in the endophytic
capability of Tolypocladium; or if they affect the production of secondary metabolites
produced by the fungus, such as cyclosporine A, or fumonisins (Fritsche et al., 2004;
Mogensen et al., 2011), would be interesting points to be studied in the future.
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CAPITULO V. Capacidad endofitica del hongo entomopatdgeno

Tolypocladium cylindrosporum en plantas de tomate y judia

Antecedentes

Especies pertenecientes a géneros de hongos entomopatdégenos como, Beauveria,
Paecilomyces, Cladosporium, Metarhizium, Lecanicillium o Tolypocladium han sido
descritas como endofitos en diferentes especies de plantas monocotiledoneas vy
dicotiledoneas (Vega et al., 2008; Sanchez et al., 2011). Adicionalmente, algunos de estos
hongos entomopatdgenos han sido inoculados artificialmente en diferentes especies de
plantas, con el objeto de ser usados como potenciales agentes de control biol6gico contra
plagas de insectos fitofagos o incluso contra patdgenos de plantas. Asi, B. bassiana
produce metabolitos bioactivos que limitan el crecimiento de algunos patdgenos de plantas
(Ownley et al., 2010). B. bassiana ha sido descrito como endofito en cacao, maiz, plantulas
de café y platano, amapola, patata, palmera datilera o pino blanco, después de la
inoculacion artificial de dichas plantas con suspensiones concentradas de conidios (Ownley
y Griffin, 2008).

Algunas de las cepas de T. cylindrosporum analizadas en los capitulos anteriores
fueron aisladas originalmente como endofitos de gramineas. En este capitulo se estudio la
capacidad endofitica de T. cylindrosporum en otros dos hospedadores, tomate y judia.
Adicionalmente, como disponiamos de cepas isogénicas del hongo infectadas por TcV1y
libres de infeccidn, también se estudié el efecto de TcV1 en la capacidad endofitica de T.

cylindrosporum.

Objetivos

1. Estudio de la capacidad endofitica de T. cylindrosporum en plantas de tomate y
judia.

2. Estudio de la influencia de TcV1 en la capacidad endofitica de T. cylindrosporum

en plantas de tomate y judia.
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Resultados
1. Establecimiento de T. cylindrosporum como endofito en plantas de tomate y
judia

Las dos cepas isogénicas de T. cylindrosporum usadas en el bioensayo, 11-1L,
infectada por TcV1, y 11-0BR libre de infeccién, infectaron plantas de tomate y judia
cuando estas fueron inoculadas con soluciones de conidios de 1 x 10% conidios/ml. Ambas
cepas se establecieron como endofitos, ya que las dos fueron recuperadas de hojas de
tomate y judia cinco semanas tras su inoculacion.

Este resultado indica también que T. cylindrosporum es una especie generalista, ya
que fue originalmente aislada de gramineas y ha sido inoculada con éxito en plantas

dicotiledoneas como el tomate y la judia.

2. Influencia de TcV1 en la capacidad endofitica de T. cylindrosporum.

No se encontré un efecto significativo del virus en la capacidad endofitica de las
dos cepas de T. cylindrosporum empleadas en el bioensayo. No obstante, se observé una
interaccion significativa entre la presencia de virus y la especie vegetal hospedadora, asi,
las cepas de T. cylindrosporum infectadas por TcV1 entraron mejor en plantas de judia. Por
el contrario, en tomate las cepas libres de infeccion por el micovirus fueron las que mejor

entraron.
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Endophytic  establishment of the entomopathogenic  fungus

Tolypocladium cylindrosporum in tomato and bean plants

Noemi Herrero Asensio, Salud Sdnchez Méarquez, Ifiigo Zabalgogeazcoa

Instituto de Recursos Naturales y Agrobiologia de Salamanca (IRNASA-CSIC), Cordel de
Merinas 40-52, 37008 Salamanca, Spain

Abstract

The purpose of this work was to test if two strains of T. cylindrosporum, originally
isolated as endophytes from grasses could be artificially inoculated, and behaved as
endophytes in tomato or bean plants. T. cylindrosporum strains 11-1L and 11-0BR were
reisolated from leaf fragments of both plant species up to 35 days after their inoculation
with a concentrated suspension of 1 x 10° conidia/ml. Both fungal strains were isogenic,
differing only in the mycoviral infection by the Victorivirus TcV1 harboured by 11-1L,
strain 11-0BR was virus-free. The influence of TcV1 in the endophytic capability of T.
cylindrosporum was also evaluated. A significant interaction was observed among the
mycovirus infection and the capability of each strain to infect each plant host. Virus
infected T. cylindrosporum strain 11-1L penetrated better in bean plants than the virus-free
strain (11-0BR). The opposite tendency was observed in tomato plants, where the virus

free strain penetrated better than the infected strain.

Introduction

Endophytes are a group of fungi occurring inside plant tissues without causing any
apparent symptoms to them. Nonetheless, several roles have been attributed to endophytic
fungi, like providing resistance to abiotic stresses (Rodriguez et al., 2009), protection
against plant pathogenic nematodes and fungi (EImi et al., 2000; Wicklow et al., 2005;

Zabalgogeazcoa, 2008), or protection against herbivorous insects (Vega et al., 2008). The
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study of this group of fungi was greatly stimulated with the discovery of Neotyphodium
endophytes, which were found to be responsible for the toxicity of some species of grasses
used for animal production (Bacon et al., 1977; Fletcher and Harvey, 1981). Surveys of
endophytes in other plant families showed that Neotyphodium species and their Epichloé
teleomorphs are associated to a small number of grass species. However, these studies
revealed a large number of fungal species infecting asymptomatically many plant species,
and at the present time, no endophyte-free plant species has been reported (Arnold, 2007;
Hyde and Soytong, 2008).

Species belonging to entomopathogenic genera like, Beauveria, Paecilomyces,
Cladosporium, Metarhizium, Lecanicillium or Tolypocladium have been reported as
endophytes in different monocotyledonous and dicotyledonous plant species (Sanchez
Marquez et al., 2011; Vega et al., 2008). Some of these entomopathogenic fungi have been
artificially inoculated in different plant species in order to be used as biological control
agents against plant pests, or even against fungal pathogens of plants, since species as B.
bassiana are known to produce an array of bioactive metabolites that limit the growth of
some fungal plant pathogens (Ownley et al., 2010). According to this, B. bassiana has
been successfully established as an endophyte in cocoa, corn, coffee seedlings, opium
poppy, potato, banana, date palm or western white pine, after artificial inoculation with
concentrated suspensions of conidia (Ownley and Griffin, 2008).

Tolypocladium cylindrosporum is an entomopathogenic fungus that has been
isolated as an endophyte from grasses like Festuca rubra and Holcus lanatus (Sanchez
Marquez et al., 2010), and also from Theobroma cacao trees (Hanada et al., 2010).
Tolypocladium strains isolated from grasses have been reported to harbour mycoviruses
(Herrero et al., 2009; Herrero and Zabalgogeazcoa, 2011). The relationship between a
virus and its fungal host is similar to that of an endophyte and its host plant; mycoviruses
rarely cause obvious symptoms on their hosts. Nevertheless, in some cases mycoviruses
affect their hosts causing hypovirulence in some plant pathogens, or disease in Agaricus
bisporus mushrooms (Ghabrial and Suzuki, 2009; Nuss, 2005; Romaine and Goodin,
2002). A case of a mutualistic mycovirus which improves the thermal tolerance of a plant-
fungal endophyte association has been also reported (Marquez et al., 2007).

The main objective of this work was to test the endophytic capability of two strains
of the entomopathogenic fungus T. cylindrosporum, first isolated as grass endophytes, in
two plant species of agricultural interest, tomato and bean. The two T. cylindrosporum
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strains employed in the bioassay were isogenic but differed in the presence of the
mycovirus TcV1. This way, another objective of this work was to investigate if the
mycovirus affected the capability of T. cylindrosporum to behave as an endophyte in

tomato and bean plants.

Materials and Methods

Fungal strains and inoculum preparation

Two isogenic strains of T. cylindrosporum, 11-1L and 11-O0BR, were used in this
study. Both were monosporic isolates derived from the T. cylindrosporum monosporic
strain 11, which was originally isolated as an endophyte from the grass Festuca rubra in
natural grasslands of western Spain (Sanchez Marquez et al., 2010). Strain 11-1L is
infected by TcV1, a member of the family Totiviridae and genus Victorivirus, and strain
11-0B is an isolate cured of viral infection with the antiviral ribavirin (Herrero and
Zabalgogeazcoa, 2011).

To obtain conidial suspensions, each strain was grown on potato dextrose agar
(PDA) Petri plates at room temperature (22-25 °C) in the dark. Conidia from 20 day old
cultures were released from the mycelium with a glass rod, after adding 5 ml of sterile
water containing 0.01% Tween 80 to each plate. The conidial suspensions from the plates
were collected and centrifuged at 5000 x g for 10 min. The pellets were resuspended in
sterile water and the concentration of conidia was estimated with a Blrker chamber
(Zabalgogeazcoa et al., 2008). To prepare these suspensions from T. cylindrosporum, on
average we obtained about 1.5 x 10" spores from each gram of fresh mycelium. A 20 day
culture on a PDA Petri plate contained about 1.5 g of mycelium. Suspensions of 1 x 10°
conidia/ml in water containing 0.01% Tween 80 were used for the inoculations.

Plant material and inoculation

Two species of commercial interest, bean (cv. Blanca Planchada) and tomato (cv.
Tres Cantos), were chosen for the study. Seeds from both plant species were surface
sterilised with a 2 min immersion in commercial bleach (5% active chlorine), and rinsed
three times with sterile water. Individual seeds were germinated in 16 cm diameter pots
filled with a 50/50 mixture of peat and perlite substrate, which was previously sterilized in
an oven at 100 °C for 72 hours. The tomato and bean plants were grown in a greenhouse at
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temperatures that oscillated from 14 to 27 °C between day and night at an ambient
humidity. Tomato plants grew for 30 days, and bean plants for 15 days before the
inoculation.

Two ml of the conidial suspension (1 x 10° conidia/ml) or of the sterile 0.01%
Tween 80 control solution were applied to each tomato or bean plant by spraying with a
manual atomizer. The four first true leaves, in the case of tomato plants, and the first two
true leaves in the case of bean plants, were sprayed with the conidial suspension. Twenty
five plants of each species were inoculated with each fungal strain, and another 25 plants
of each species were mock inoculated with the control solution,

Determination of endophytic infection

Infection by the two isogenic strains of T. cylindrosporum, 11-1L and 11-0BR, in
bean and tomato plants was determined at 3, 7, 14, 21 and 35 days post inoculation (dpi),
by fungal reisolation. To isolate the fungi from the plants, small square leaf pieces,
measuring about 5 mm per side were cut from the inoculated leaves of five plants per
treatment at each sampling date. The leaf pieces from each plant were surface sterilized
with a solution of 20% commercial bleach (1% active chlorine) for 10 minutes, and rinsed
in sterile water. Thirty two leaf fragments from each plant were placed in two Petri plates
with PDA containing chloramphenicol (200 mg/l), and the Petri plates were incubated at
room temperature (22-25 °C) in the dark. The growth of T. cylindrosporum from each leaf
piece was recorded for 30 days after the sampling. The same procedure was followed with
the control plants.

To check if the fungus moved systemically, tomato and bean leaves formed after
the inoculation were also processed for the reisolation of T. cylindrosporum at the 21 and
35 day sampling intervals. In this case only one plate containing sixteen pieces of leaves
from each plant species and treatment were analyzed. Stems and roots were also checked
for T. cylindrosporum infection in the 35 sampling interval. Stem fragments were
processed as above described, and root pieces were surface-disinfected by means of a 5
minute rinse with ethanol, followed by treatment with a 1% active chlorine solution for 15
minutes, 2 minutes in ethanol, and a final rinse in sterile water (Bills, 1996). One plate
containing sixteen pieces of root or stem from each plant was analyzed for each plant
species and fungal treatment.
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To test whether the disinfection methods used were effective in eliminating surface
fungi, imprints of leaf fragments were made by pressing them against the surface of some
PDA plates which were incubated without plant parts. The plates were periodically
observed to determine if fungi emerged from the prints (Schulz et al., 1998).

Morphological characteristics were used to identify T. cylindrosporum colonies,
although the fungal identification was completed with the molecular identification of some
isolates of the reisolated fungi by means of the nucleotide sequence of their 1TS1-5.8S
rRNA-ITS2 region (Sdnchez Marquez et al., 2007).

Statistical analysis

For statistical analysis the percentage of leaf pieces showing positive fungal
isolation from each plant were square root transformed. The normality of the transformed
data was tested using a Kolmogorov-Smirnov test. Differences in the percentage of
infected leaf pieces between fungal treatments and host plant species at each sampling
interval (3, 7, 14, 21 and 35 dpi) were analysed using a three-way ANOVA. The control

treatment was not included in the statistical analysis.

Results

Both isogenic strains of T. cylindrosporum, 11-1L, infected by TcV1, and virus-free
11-0BR were able to penetrate tomato and bean plants when sprayed with suspensions of 1
x 10° conidia/ml (Fig. 1). No plants of bean or tomato showed any symptom after being
inoculated with the fungal strains. Tolypocladium mycelium started to emerge from pieces
of tomato and bean leaves about eight days after plating the leaf fragments in PDA plates
(Fig. 2). Except for a few isolates of other endophytic species, all reisolated fungi were
identified morphologically and molecularly as T. cylindrosporum.

ANOVA showed that the infection by the TcV1 mycovirus did not have a
significant effect in the success of both strains penetrating tomato or bean plants (Fy, g0 =
0.25; n.s.). Similarly, the mean percentage of infected leaf pieces obtained from bean or
tomato plants was not significantly different between both plant species (F1 g = 0.45; n.s.).
In contrast, significant differences in the percentage of infected leaf pieces occurred at the
different sampling dates (F4, so = 33.34; p<0.05). In bean and tomato plants, the percentage
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of infected leaf pieces decreased as sampling dates post inoculation increased (Fig. 1).
However, in both species the decrease with time was linear for those treated with strain 11-
0BR, but for those treated with the TcV1 infected strain there was an increment at 14 days

relative to the previous date.

Fig. 1. Percentage (. standard error) of infected plant fragments of (A) bean and (B) tomato leaves at 3, 7,
14, 21 and 35 dpi.
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A significant interaction between plant species and fungal strains was detected (F1,
g0 =11.87; p<0.05). According to this the TcV1-infected strain infected a greater amount of
bean leaf surface than the virus free strain, and the opposite occurred in tomato, where the

virus free strain was more effective infecting this host (Fig. 1).

Fig. 2. A. Petri plate with pieces of bean leaves which were sprayed 21 days before with a fungal suspension
of 1 x 10® conidia/ml showing growth of T. cylindrosporum strain 11-1L. B. Hyphae of strain 11-0BR
emerging from a piece of bean leaf inoculated 21 days before
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Both T. cylindrosporum strains were reisolated from leaves formed after the
inoculation of bean and tomato, 3.75% of infected leaf fragments with strain11-1L, and
1.25% with 11-0BR were obtained at 21 dpi. No fungi were recovered from these leaves at
35 dpi. However, at the 35 day interval Tolypocladium was reisolated from stems of
tomato (1.25% of infected stem fragments with 11-1L and 2.5% with 11-0BR) and bean
plants (1.25% of infected stem fragments with 11-1L). No T. cylindrosporum was isolated

from control plants.

Discussion

The two strains of T. cylindrosporum used in this bioassay (11-1L and 11-0BR)
were able to penetrate successfully in tomato and bean plants, and to our knowledge, this is
the first report of the endophytic establishment of T. cylindrosporum following foliar
application of conidia. The endophytic colonisation of corn and opium poppy following
foliar inoculation with conidia of B. bassiana has been reported (Wagner and Lewis, 2000;
Quesada-Moraga et al., 2006a). However, in the present work T. cylindrosporum was
reisolated from the plants for a longer period of time after the inoculation than in the above
works.

The Tolypocladium strains that we used were obtained from the grass Festuca
rubra (Sanchez Marquez et al., 2011). The fact that both strains can penetrate and behave
as endophytes in bean and tomato indicates that they behave as host generalists. In contrast
with these results, an endophytic strain of Tolypocladium spp. isolated from cocoa plants
could not be successfully reinoculated in its original host (Hanada et al., 2010).

Although the percentage of isolation of T. cylindrosporum decreased significantly
with each sampling interval, there was a case in which the percentage of infected leaf
pieces did not decrease with the sampling interval, and at 14 dpi strain 11-L1 was
reisolated with higher frequency than at 7 dpi in both plant species (Fig. 1). Nonetheless,
the decrease in the reisolation of T. cylindrosporum from leaves of tomato and bean plants
with increasing time could be related to a defensive response from the plant. The increase
observed at 14 dpi could be due to an initial success of the fungi in the colonization of the

plant before a defence response became effective.
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The results obtained do not demonstrate the systemic movement of the fungus in
bean or tomato plants. A small number of infected fragments from newly formed leaves
were observed, and these could be the result of local infection instead of systemic
colonization. Further studies could be made in order to test if using other inoculation
methods, the systemic colonization of plants by T. cylindrosporum can occur. Other
inoculation procedures, most of them applied to B. bassiana, have been described in the
literature. These methods involved dressing seeds with conidia, dipping roots or rhizomes
in conidial suspensions, injecting conidia in rhizomes or stems, or even applying conidia to
plant substrates (Akello et al., 2007; Gomez-Vidal et al., 2006; Posada and Vega, 2006;
Quesada-Moraga et al., 2006a).

The two T. cylindrosporum strains used in this work were isogenic, but they
differed in the presence of a mycovirus, TcV1. A significant tendency was observed, the
TcV1 infected fungal strain appeared to better penetrate bean plants. In contrast, the virus-
free strain seemed to be more successful entering in tomato plants. This suggests that the
presence of the virus could be favourable for the fungus in one host species, and
unfavourable in another host species. If we would have done this study only with one host,
for example with bean plants, we would have concluded that TcV1 produces a positive
effect in the endophytic capability of T. cylindrosporum, and we would have arrived to the
opposite conclusion using tomato as the unique host.

In conclusion, this study demonstrates that T. cylindrosporum strains originally
isolated as endophytes from the grass Festuca rubra were able to establish an endophytic
relationship with other plant species than its original host. Therefore, T. cylindrosporum
could be used for the biological control of invertebrate herbivores or even for the control of
plant pathogens, as have been proposed for other entomopathogenic fungi (Ownley et al.,
2010). T. cylindrosporum has several characteristics that make it suitable for this purpose,
like having wide host range, being pathogenic to several insect taxa, and to other
arthropods, and its cultures sporulate abundantly, being its spores persistent in storage
(Herrero et al., 2011).

90



Capitulo V

CAPITULO V. Caracterizacion molecular y distribucién de micovirus en
el hongo entomopatdgeno Beauveria bassiana en Espafia

y Portugal.

Antecedentes

Este ultimo capitulo se centrd en el estudio de los micovirus asociados a la especie
endofitica y entomopatdgena B. bassiana. B. bassiana es uno de los hongos con mayor
potencial como agente de control bioldgico de insectos fitéfagos, de acaros e incluso de
patogenos vegetales (Kaaya y Hassan, 2000; Meyling y Eilenberg, 2007 Ownley et al.,
2010). Ademés ha sido aislado de forma natural como endofito de diversas especies
vegetales, e inoculado artificialmente con éxito en otras tantas especies de interés
agronoémico (Ownley y Griffin, 2008; Vega et al., 2008). Por otro lado, infecciones por
micovirus han sido descritas en este hongo entomopatégeno pero ninguno de ellos ha sido
secuenciado e identificado hasta el momento (Castrillo et al., 2004; Dalzoto et al., 2006;
Melzer y Bidochka, 1998).

En este capitulo se describe un estudio de la incidencia de micovirus en 85 cepas
del hongo recogidas principalmente de suelos, filoplano de encina y de plantas adventicias

asociadas, asi como del interior de hojas de gramineas, en Espafia y Portugal.

Objetivos

1. Estudio de la incidencia, diversidad y distribucion de elementos de dsRNA en
aislados de B. bassiana recogidos en diferentes habitats de Espafia y Portugal.

2. Caracterizacion molecular e identificacion de micovirus asociados a B. bassiana.
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Resultados

1. Incidencia de micovirus en cepas de B. bassiana de areas cultivadas y

naturales de Espafia y Portugal

Un total de 85 aislados de B. bassiana obtenidos en diferentes habitats (suelo,
filoplano de encina y de las plantas adventicias asociadas, e interior de hojas de gramineas)
en Espafia y Portugal fueron analizados. 50 de los aislados analizados (58.8%) albergaban
elementos de dsRNA.

Las incidencias de micovirus fueron también analizadas por separado de acuerdo
con el habitat y la extension del area donde los hongos fueron aislados. El 53.7% de los 54
aislados de B. bassiana obtenidos de suelos en diversas zonas de Espafia y Portugal
albergaron elementos de dsRNA. La incidencia de micovirus encontrada en este grupo fue
la més baja, mientras que el 68.8% de los 16 aislados de B. bassiana muestreados en un
mismo punto geogréfico de suelo, filoplano de encina y de las plantas adventicias
asociadas a una encina fue la mas alta. El 66.7% de las quince cepas endofiticas aisladas de
gramineas resultaron infectados por virus. No obstante, todos los porcentajes de incidencia
de micovirus obtenidos entre estos tres grupos analizados de B. bassiana fueron bastante

elevados y a su vez muy parecidos entre si.

2. Diversidad y distribucion de micovirus en el hongo entomopatdgeno B.

bassiana

Una elevada diversidad de micovirus fue encontrada entre las 85 cepas de B.
bassiana analizadas en este estudio de incidencia. Asi, 28 perfiles de dsSRNA diferentes
fueron encontrados entres las 50 cepas infectadas. El tamafio de los dsSRNAs detectados
vario entre 1 y 6 kbp, mientras que el nimero de elementos de dsRNA por aislado estuvo
entre 1 y 11. Las caracteristicas en tamafio y nimero de los dsSRNAs detectados fueron
coincidentes con las de genomas de micovirus. De los perfiles de dsSRNA detectados se
pudieron deducir genomas multipartitos, ya que algunas combinaciones de dsRNAs se
repitieron entre aislados. De igual forma, infecciones mixtas pudieron deducirse, ya que
algunos elementos de dsRNA o bloques de dsRNAs se encontraron solos infectando a un
aislado o en compaiiia de otros dsRNAs infectando a otros aislados. No se encontro
ninguna relacién entre determinados perfiles de dsRNA y el hospedador o la localidad

donde los aislados de B. bassiana fueron muestreados.
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Por otro lado, la diversidad de micovirus encontrada no dependio del tamario del
area de muestreo, asi se encontré una diversidad similar en un mismo punto de muestreo,
bajo una Unica encina, que en un area de muestreo que comprendia toda la peninsula
Ibérica y las islas Canarias y Baleares. No obstante, la diversidad encontrada entre los
aislados endofiticos de B. bassiana fue muy baja, encontrandose sélo dos perfiles de
dsRNA entre los diez aislados infectados por micovirus muestreados en diferentes
localidades espafiolas. Ahora bien, esta elevada diversidad de micovirus encontrada entre
los aislados de B. bassiana analizados en este estudio se baso en las diferencias
encontradas entre los distintos perfiles de dSRNA detectados. No obstante, una hibridacién
usando como sonda un area del genoma de uno de los virus detectados en este trabajo,
BbRV1, revel6 que los 13 elementos de dsRNA con el mismo tamafio que BbRV1
detectados en el estudio de incidencia, no se correspondia con la misma especie de
micovirus. Lo cual hace pensar en que la diversidad de especies encontrada entre los
aislados de B. bassiana segun los perfiles de dsRNA detectados, podria ser mayor de lo
que se habia pensado en un principio, ya que un igual perfil de dsSRNA no tiene por que

corresponderse con la misma especie de micovirus.

3. Caracterizacion molecular e identificacion de micovirus asociados a B.

bassiana

El micovirus mas comudn encontrado entre los aislados de B. bassiana analizados en
este estudio de incidencia de micovirus fue totalmente secuenciado e identificado. El
genoma completo de este virus tiene 5228 bp y dos ORFs, ORF1 que codifica una CP y
ORF2 que codifica una RdRp (Apéndice 3). Un analisis filogenético basado en las
secuencias de aminoacidos de RdRps y CPs de otros micovirus de la familia Totiviridae y
aquellas del virus de B. bassiana, indicd que este virus pertenece al género Victorivirus

(Familia: Totiviridae), y ha sido denominado Beauveria bassiana RNA virus 1 (BbRV1).
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Abstract

A study of incidence showed that mycoviruses are widespread among B. bassiana
isolates collected from different habitats in Spain and Portugal, 58.8% of the 85 isolates
analyzed harboured dsRNAs of viral characteristics. High heterogeneity was observed in
the dsRNA profiles detected among strains, which indicated a high diversity of
mycoviruses among Beauveria bassiana strains. In fact, a study of incidence of
mycoviruses among B. bassiana isolates from a single holm oak revealed that the diversity
of mycoviruses found in a reduced area (0.64 dsRNA profiles/infected isolate) was similar
to that obtained among B. bassiana isolates collected throughout soils of Spain and
Portugal (0.66 dsRNA profiles/infected isolate). Surprisingly, only two different dsSRNA
profiles were obtained among ten endophytic B. bassiana isolates infected by viruses, and
collected at different locations in Spain. Nonetheless, the diversity of mycoviruses among
B. bassiana isolates could be higher than that estimated from comparisons of dsRNA
profiles. A hybridization using a DNA probe complementary to one of the detected
mycoviruses showed that equal dsRNAs profiles did not always correspond to the same
mycoviral infection. The complete genome of a new member of the Victorivirus genus was

also obtained in the present work, Beauveria bassiana RNA virus 1 (BbRV1).
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Introduction

Viruses have been detected in many species of fungi covering all four phyla of the
true fungi: Chytridiomycota, Zygomycota, Ascomycota and Basidiomycota. In general,
mycoviruses are very persistent, efficiently transmitted vertically to spores, and unlike
animal or plant viruses, they normally infect their hosts asymptomatically (Romo et al.,
2007; Ghabrial and Suzuki, 2009; Herrero et al., 2009). The symptomless phenotype of
many mycovirus infections could be explained by the ancient infection hypothesis,
reflecting a long period of coevolution in which reciprocal influences between the fungal
host and mycoviruses would have evolved to a non virulent state of the virus, resulting in a
symptomless virus-fungus association (Pearson et al., 2009). According to that, viruses
could be even beneficial to their hosts under some conditions, and a mutualistic mycovirus
which improves the thermal tolerance of a plant-fungal endophyte association could be an
example of this situation (Marquez et al., 2007). Nonetheless, all mycovirus associations
are not consistent with this hypothesis, and a few mycoviruses are pathogenic to their
hosts, causing hypovirulence in plant pathogens, or disease in mushrooms (Ghabrial and
Suzuki, 2009; Nuss, 2005; Romaine and Goodin, 2002).

The presence of fungal viruses has been commonly diagnosed by the presence of
double-stranded RNAs (dsRNAs), because most known mycoviruses have dsRNA
genomes or single-stranded RNA (ssRNA) genomes producing dsRNA replicative
intermediates (Morris and Dodds, 1979). The type of dsSRNA elements observed in fungal
isolates can be quite diverse, even in the same fungal species (Pearson et al., 2009). This
diversity can be noticed in terms of the number and size of the dSRNA elements detected in
a fungal strain, and several dsRNAs of different sizes infecting the same fungus could
indicate multipartite viral genomes, mixed infections, or even defective products of virus
replication (Ghabrial and Suzuki 2008). Therefore, because of characteristics like the
persistence or the efficient transmission to spores of mycoviruses, the polymorphic dsRNA
profiles detected in fungi have been proposed as markers for distinguishing isolates of
different origin within a species (Gillings et al., 1993; Howitt et al., 1995; Tooley et al.,
1989). These dsRNA profiles are sometimes associated to a geographical structure in some
fungal species (Park et al., 2006b; Voth et al., 2006), but often they are not (Rong et al.,
2001; Tsai et al., 2004).

The soil-inhabiting entomopathogenic fungus Beauveria bassiana is a natural

enemy of a wide range of insects and arachnids, and has a cosmopolitan distribution
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(Meyling and Eilenberg, 2007). Formulations of B. bassiana and other entomopathogenic
taxa like Metarhizium or Lecanicillium are commercialized for the biological control of
some agricultural pests (Mahmoud et al., 2009). B. bassiana is one of the most widespread
entomopathogenic fungal species in Spanish soils. In Spain and Portugal this fungus has
preference for non-agricultural and clay soils, and by southern latitudes (Quesada-Moraga
et al., 2007). In addition to insects and other invertebrates B. bassiana is able to infect
plants; the fungus has been recovered as an endophyte from several plant species (Vega et
al., 2008; Sanchez Marquez et al.,, 2011). This endophytic capability has been
demonstrated by artificial inoculation in different plant species of agricultural importance
(Quesada-Moraga et al., 2006a; Vega et al., 2008). Therefore, according to the endophytic
and entomopathogenic nature of B. bassiana, it has been proposed as a potential
biocontroller against diverse insect plant pests. In addition, the fungus is known to produce
an array of bioactive metabolites that limit the growth of some fungal plant pathogens, and
it has been suggested that its endophytic colonization may induce systemic resistance
against the pathogenic bacteria Xanthomonas axonopodis pathovar malvacearum in cotton
(Ownley et al., 2010). Because of this, it has also been considered as a potential biocontrol
agent against plant pathogens.

B. bassiana and other hypocrealean entomopathogens like Tolypocladium,
Metarhizium, Paecilomyces, or Lecanicillium spp. have been reported to harbour dsRNA
elements showing polymorphic profiles (Melzer and Bidochka, 1998; Herrero et al., 2009;
Inglis and Valadares-Inglis, 1997). In B. bassiana isolates obtained from insects or plants
in Brasil, North America, and Spain, dsSRNA elements were detected, indicating virus
infections in 16.7 to 66.7 % of the isolates analyzed. These dsRNA elements had sizes
from 0.7 to 6 kbp, and the number of elements harboured per fungal isolate ranged from 1
to 5 (Melzer and Bidochka, 1998; Castrillo et al., 2004; Dalzoto et al., 2006; Herrero et al.,
2009). However, no sequences of these dsSRNA elements are available at this date.

The main objective of the present work was to estimate the incidence, variability
and distribution of dsSRNA elements in soil and endophytic isolates of B. bassiana obtained
in cultivated and natural areas of Spain and Portugal. The molecular characterization of

some dsRNAs was an additional objective.
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Materials and Methods

Fungal isolates

Eighty five isolates of B. bassiana were used for a survey of the incidence of
mycoviruses in this species. Fifty four strains collected from soils in different habitats in
cultivated and natural areas of the Iberian Peninsula and the Canary and Balearic Islands
came from the collection of the Entomology Laboratory of the School of Agricultural and
Forest Sciences and Resources (AFSR) from the University of Cordoba (Spain) (Table 1)
(Quesada Moraga et al., 2007). To study the local distribution of fungal viruses, sixteen
isolates were collected at the same geographical point from the soil, phylloplane, and
adventitious plants of a single holm oak (Quercus ilex), in Castilblanco de los Arroyos
(Sevilla) (Table 2). Fifteen additional strains were isolated as endophytes from different
grasses in natural habitats of Spain (Table 3). The viral infections harboured by these
endophytic isolates were reported in a study of micoviruses in non-systemic endophytes of

grasses (Herrero et al., 2009).

Analysis of the presence of double-stranded RNA

The presence of dsSRNA molecules of sizes ranging from 1 to 12 kbp was used as an
indicator of virus infection in fungal isolates. This type of nucleic acid can represent the
genome of dsRNA mycoviruses, as well as replicative forms of viruses with ssSRNA
genomes (Morris and Dodds, 1979). However, not all RNA viruses can be detected by
dsRNA isolation (de Blas et al., 1996), and DNA viruses, recently discovered in fungi (Yu
et al., 2010), would not be detected with this technique.

To detect the presence of dsSRNA, each fungal isolate was cultured for three weeks
over cellophane disks layered on top of potato dextrose agar (PDA) in Petri plates.
Approximately 1.5 grams of fresh mycelium were harvested, ground with liquid nitrogen,
and dsRNA was extracted by CF-11 cellulose chromatography (Morris and Dodds, 1979).
To eliminate contaminating DNA, the purified dSRNA was treated with five units of
DNase | for 30 minutes at 37 °C, and extracted with one volume of phenol:chloroform
(1:1). Contaminating sSRNA was removed by treatment with one unit of S1 nuclease at 37
°C for 15 minutes, and extracted in the same way. DSRNA extracts were subjected to gel
electrophoresis, and visualized after staining with ethidium bromide. All dsRNA

extractions were independently repeated three times.
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Table 1. B. bassiana isolates collected from soils of Spain and Portugal, and analyzed for the presence of

dsRNA elements.

ISOLATE LOCATION HABITAT ISOLATE LOCATION HABITAT
Bb 01/145 Sevilla Olive grove Bb 01/22 Cordoba Scrubland
Bb 01/110 Sevilla Oak grove Bb 01/25 Cérdoba Olive grove
Bb 01/105 Sevilla Cotton field Bb 01/27 Cérdoba Wheat field
Bb 01/112 Sevilla Wheat field Bb 01/39 Malaga Almond grove
Bb 01/103 Sevilla Woodland Bb 04/06 Cérdaba Cork oak grove
Bb 01/125 Cadiz Fallow land Bb 04/08 Cordoba Hazel grove
Bb 01/33 Cadiz Olive grove Bb 00/08 Badajoz Grassland
Bb 01/130 Cédiz Pine forest Bb 04/02 Cantabria Source Ebro River
Bb 01/132 Cadiz Cotton field Bb 04/03 Cantabria Grassland
Bb 01/15 Almeria Desert Bb 04/05 Alava Leek field
Bb 01/75 Almeria Beach Bb 04/09 Madrid Grassland
Bb 00/16 Almeria Scrubland Bb 09/03 Ciudad Real Eucalyptus forest
Bb 01/164 Huelva Pine forest Bb 09/04 Ciudad Real Oak grove
Bb 01/168 Huelva Scrubland Bb 09/06 Ciudad Real Eucalyptus forest
Bb 01/171 Huelva Cotton field Bb 09/07 Ciudad Real Oak grove
Bb 01/19 Granada Wheat field Bb 09/08 Ciudad Real Wild olive grove
Bb 01/64 Granada Woodland Bb 09/09 Ciudad Real Olive grove
Bb 01/73 Granada Scrubland Bb 04/10 Gerona Olive grove
Bb 07/08 Granada Olive grove Bb 06/01 Ibiza Pine forest
Bb 01/34 Malaga Olive grove Bb 06/02 Fuerteventura Fallow land
Bb 01/35 Malaga Scrubland Bb 06/03 Fuerteventura Fallow land
Bb 01/36 Malaga Meadow Bb 07/15 Lugo Fallow land
Bb 00/10 Jaén Olive grove Bb 08/08 Portugal Olive grove
Bb 00/11 Jaén Scrubland Bb 08/09 Portugal Olive grove
Bb 00/13 Jaén Woodland Bb 01/87 Portugal Pine forest
Bb 01/43 Jaén Olive grove Bb 01/88 Portugal Sunflower field
Bb 01/07 Cérdoba Meadow Bb 01/89 Portugal Unknown

The size of the different dsSRNA elements was estimated in relation to DNA size
standards (1 kb DNA ladder, Promega). All dsSRNA bands, identified by their size, were

listed in a matrix of all the strains analyzed. In this matrix the presence of a dsRNA

element of a particular size in a fungal strain was indicated by a 1, and its absence by a 0.

In order to cluster similar dsSRNA profiles harboured by B. bassiana isolates, a dendrogram

was built by the unweighted pair group method with arithmetic mean (UPGMA), based on

the matrix of presence and absence of dSRNA bands in the isolates. For the construction of

dendrograms the Statistica 5.0 software package was used (StatSoft, USA).
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Table 2. Isolates of B. bassiana collected from a single holm oak (Quercus ilex) in Castilblanco de los
Arroyos (Seville), and analyzed for the presence of dsRNA elements.

ISOLATE HABITAT ORIENTATION
B27 Phylloplane West
B157 Phylloplane West
B167 Phylloplane West
B114 Adventitious plants West
B124 Adventitious plants West
B139 Phylloplane East
B70 Phylloplane East
B122 Phylloplane South
B123 Phylloplane South
B112 Phylloplane North
B136 Phylloplane North
B138 Phylloplane North
Bs7 Soil West
Bs20 Soil East
Bsl Soil South
Bs5 Soil North

Table 3. Endophytic B. bassiana strains collected from different species of grasses and analyzed for the
presence of dSRNA elements.

ISOLATE LOCATION HOST

E 183 Salamanca Dactylis glomerata
E 1764 Salamanca Dactylis glomerata
E 2720 La Coruia Elymus farctus

E 2773 La Coruiia Ammophila arenaria
E 2854 La Corufia Ammophila arenaria
E 2857 La Coruia Elymus farctus

E 3079 La Corufia Elymus farctus

E 3080 La Coruiia Elymus farctus

E 3111 La Coruia Elymus farctus

E 3154 Céceres Holcus lanatus

E 3155 Caceres Holcus lanatus

E 3158 Caceres Holcus lanatus

E 1923 La Coruia Ammophila arenaria
E 2175 Céceres Dactylis glomerata
E 2980 La Corufia Elymus farctus
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cDNA synthesis

Strain Bb 06/02, harbouring a single dsSRNA element of 5.8 kbp, was cultured for
three weeks over cellophane disks layered on top of PDA Petri plates. The dsRNA was
purified as explained before, and approximately 0.6 pg dissolved in water were used for
cDNA synthesis. The RLM-RACE procedure described by Coutts and Livieratos (2003)
was adapted in the present work for the construction of a cDNA library (Tuomivirta and
Hantula, 2003). The cDNA products obtained were cloned in T-A vectors (Invitrogen).
Escherichia coli strain DH5a was transformed and screened to select transformants
containing inserts, which were sequenced. Gaps in the assembled sequences, which were
not covered by clones derived from the cDNA library, were filled by reverse transcription
and PCR primed by oligonucleotides designed according to sequences flanking the gaps.
The ends of the molecule were cloned and confirmed using again the RLM-RACE method

described by Coutts and Livieratos (2003) in three independent experiments.

Norhern blotting experiments

Northern blot hybridization was done in order to confirm if the 5.8 kbp dsRNA
elements found in thirteen different strains (Bb 06/2, Bb 06/03, Bb 01/125, Bb 01/132, Bb
01/39, Bb 01/73, Bs1, Bb 09/03, Bb 09/08, Bb 01/75, Bb 07/08, Bb 09/04 and Bb 01/07)
were sequence-homologous. DSRNA extracts from these isolates were electrophoresed in
agarose gels, denatured, and transferred to nylon membranes (Zabalgogeazcoa et al.,
1998). Hybridization and detection was done using the DIG High Prime DNA Labeling
and Detection Starter Kit Il (Roche). A clone from the 5’ untraslated region (5°’UTR) of the
genome of Beauveria bassiana RNA virus 1 (BbRV1), which is a non conserved region in

the genome of the Totiviridae, was used as a specific probe.

Sequence and phylogenetic analyses

Sequence similarity searches in the EMBL virus sequence database were conducted
using the FASTA program (Pearson, 1990) (Table 4). For phylogenetic analyses sequence
alignments were performed using the ClustalX program (Thompson et al., 1997) and
MEGAZ3 software (Kumar et al., 2004). Genetic distances among amino acid sequences
were calculated with the Poisson correction model. Phylogenetic trees were made using the

neighbour-joining method, and bootstrap test values were based on 1000 replications.
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Table 4. EMBL nucleotide database accession numbers of members of the family Totiviridae used for
phylogenetic analysis.

Virus Short name Accession number

Armigeres subalbatus totivirus AsTV EU715328
Beauveria bassiana RNA virus 1 BbRV1 unpublished
Botryotinia fuckeliana totivirus 1 BfvV1l CAM33265.1
Chalara elegans RNA virus 1 CeRV1 AY561500
Coniothyrium minitans RNA virus CmRV AA014999.1
Drosophila melanogaster totivirus DTV GQ342961
Epichloé festucae virus 1 EfvV 1 CAK02788.1
Giardia lamblia virus GLV L13218
Gremmeniella abietina RNA virus-L1 GaRV-L1 AF337175
Gremmeniella abietina RNA virus-L2 GaRV-L2 AY615210
Helicobasidium mompa totivirus 1-17 HmV-17 BAC81754.1
Helminthosporium victoriae virus 190S Hv-190SV AAB94791.2
Infectious myonecrosis virus IMNV EF061744
Leishmania RNA virus 1-1 LRV 1-1 M92355
Leishmania RNA virus 2-1 LRV 2-1 U32108
Leishmania RNA virus 1-4 LRV 1-4 U01899
Magnaporthe oryzae virus 2 MoV-2 BAF98178.1
Omono River virus-AK4 OMRV-AK4 AB555544
Omono River virus-Y61 OMRV-Y61 AB555545
Saccharomyces cerevisiae virus LA ScV L-A J04692
Saccharomyces cerevisiae virus L-BC ScV L-BC u01060
Sphaeropsis sapinea RNA virus 1 SsRV 1 AAD11601.1
Sphaeropsis sapinea RNA virus 2 SsRV 2 AAD11603.1
Tolypocladium cylindrosporum virus 1 Tev1l FR750562
Trichomonas vaginalis virus 2 TVV AF127178
Ustilago maydis virus H1 UmV-H1 U01059

Transmission of dsSRNA elements to asexual spores

Strain B123, which harboured ten different dsSRNA elements, was used to study the
efficiency of transmission of its dsSRNA elements to asexual spores. This was done by
analyzing the dsRNAs present in monosporic isolates derived from single conidia
produced by strain B123. To obtain monosporic isolates, conidia were washed from PDA
cultures of strain B123 with water containing 0.001% Tween 80 and a glass rod. The
conidial suspension was centrifuged for 5 minutes at 800 x g. The pellet was resuspended
in 200 ul of water, and different dilutions from this suspension were made and added to
water agar plates. Single germinating conidia were observed under the microscope,
collected with a needle, and transferred to PDA plates to obtain the monosporic isolates.
To check the presence of dsSRNA elements in the different monosporic cultures, dSRNA

was purified and visualized as explained before.
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Results

Incidence and patterns of dsSRNA elements

Eighty five B. bassiana isolates were analyzed to study the incidence of
mycoviruses among isolates collected in different habitats (soil, phylloplane of holm oak
and associated adventitious plants, and internal tissues of grass leaves) in Spain and
Portugal (Tables 1-3). Fifty of these isolates (58.8%) harboured dsRNA elements.

Mycovirus incidence was also analyzed separately according to the habitat and
extent of the area from which the strains were isolated. Twenty nine out of fifty four
(53.7%) strains collected from soils of natural and cultivated areas throughout Spain and
Portugal harboured dsRNA elements (Figs. 1-2). The mycovirus incidence found in this
group was the lowest, while that found among B. bassiana isolates sampled in the same
geographical point from the soil, phylloplane and adventitious plants associated to a single
holm oak (Quercus ilex) was the highest, 68.8% of the sixteen analyzed strains harboured
dsRNA elements (Figs. 3-4). Two thirds (66.7%) of the fifteen endophytic isolates
obtained from grasses were infected by viruses (Fig. 5). The differences found in the
percentages of incidence in the three analyses were not large. In fact, the dsRNA
incidences among endophytic isolates and those collected in the same sampling point were

very similar.

Fig. 1. Electrophoretic banding patterns of dsSRNA elements isolated from different strains of B. bassiana.
Letters on the top indicate different isolates: A=Bb 01/39; B=Bb 01/75; C=Bb 01/33; D=Bb 01/132; E=Bb
06/02; F=Bb 06/03; G=Bb 09/03; H=Bb 09/08; I=Bb 00/08; J=Bb 00/11; K=Bb 01/15; L=Bb 01/35; M=Bb
01/110; N=Bb 09/07; O=Bb 01/88; P=Bb 08/09; Q=Bb 09/09; R=Bb 01/103. Lane MW contains a size
marker and numbers on the left indicate kbp.
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Fig. 2. Dendrogram constructed using the UPGMA method with euclidean distances showing the types of
dsRNA infections observed in B. bassiana strains isolated from natural and cultivated soils of Spain and
Portugal (Table 1). Numbers on the right indicate the sizes of the dSRNA elements harboured by the strains.
Locations of isolation of the cultures are also showed in the diagram. Equal sets of dsSRNA elements carried
repeatedly by different B. bassiana isolates are placed inside the same colour box.

Bb 01/110 Seuvilla
Bb 01/145 Seuvilla
Bb 01/89 Portugal
Bb 01/87 Portugal
Bb 01/105 Seuvilla
Bb 01/33 Cadiz
Bb 01/130 Cadiz
Bb 00/16 Almeria
Bb 01/164 Huelva
Bb 01/168 Huelva
Bb 01/19 Granada
Bb 01/34 Mélaga
Bb 01/36 Mélaga No dsRNA
Bb 00/10 Jaén

Bb 01/43 Jaén

Bb 01/25 Coérdoba

Bb 01/27 Cérdoba

Bb 04/06 Cordoba

Bb 04/08 Cordoba

Bb 04/02 Cantabria

Bb 04/03 Cantabria

Bb 04/05 Alava

Bb 04/10 Gerona

Bb 08/08 Portugal

Bb 06/01 Ibiza i
L—— Bb 01/22 Cérdoba “]1.0 kbp
L Bb 09/07 Ciudad Real ] 3.7 kbp
Bb 01/39 Malaga

Bb 01/73 Granada

Bb 01/125 Cadiz

— Bb 01/132 Cadiz

Bb 06/02 Fuerteventura
Bb 06/03 Fuerteventura _|
Bb 01/35 Méalaga 3.6 0.8 kbp

Bb 07/08 Granada ]5.8-27-24 1.2 kbp
Bb 01/75 Almeria 5.8 bp

Bb 01/15 Almeria 1.8 - 1.6fkbp

Bb 09/03 Ciudad Real
Bb 09/08 Ciudad Real

5.8 kbp

:|5.8 1.8-1.6§1.2 kbp

— Bb 00/08 Badajoz 12 kbp
Bb 07/15 Lugo
Bb 01/64 Granada 7]3.7-2.7-2.4-1.8kbp
———————— Bb 01/112 Seuilla ]3.8-35-33 m 1.5 kbp
. Bb 04/09 Madrid 2.7-2.4-2.1]1.6kbp

Bb 01/171 Huelva
2.7-2.4-2.1]15kbp
Bb 00/13 Jaén

Bb 09/09 Ciudad Real ~ ]4.0-3.8 33 bp

Bb 01/88 Portugal

Bb 08/09 Portugal :|4.0 bp

Bb 01/103 Seuvilla

Bb 01/07 Cérdoba 7]5.8-5.0-4.8-3.8-3.5kbp

Bb 00/11 Jaén 136427-2.4-21)18- 1.6' 1.4-1.2 kbp
T Bb 09/06 Ciudad Real ~ 7]3.5{2.7-2.4-2.1§1.2-1.1-0.9 kbp

L Bb 09/04 Ciudad Real  7]5.8-3.8 I 35-3.2- 3.1| 2.7-2.4- 2.1I 1.2-1.1-0.9 kbp

Al
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The heterogeneity of dsRNA profiles observed in the different B. bassiana strains
also differed among and within the three subgroups analyzed. Some infected soil isolates
contained only one element, while others had as many as eleven. The sizes of these dSRNA
elements ranged from 0.8 to 5.8 kbp (Fig. 1). In order to group soil isolates harbouring
similar dsRNA profiles, a tree diagram based in a similarity matrix of presence-absence of
the different dSRNA elements observed in the survey was constructed (Fig. 2). Nineteen
different dsRNA profiles were observed among soil strains, and while some isolates shared
similar dsSRNA profiles, others showed unique band patterns. A 5.8 kbp dsRNA was the
most widespread element; it was present in twelve isolates (Fig. 1-2). This 5.8 kbp dsRNA
was observed alone in some strains, and with other dsSRNA elements in others. Therefore,
the existence of mixed infections could be deduced from these combinations of dsSRNA
elements (Figs. 1-2).

In addition, several dSRNA elements were observed always together in different
strains: a set of two dsRNAs of 1.8 and 1.6 kbp occurred in seven soil isolates; another set
constituted by 2.7, 2.4 and 2.1 kbp dsRNAs was present in six soil isolates; and a third set
of 3.5, 3.2 and 3.1 kbp dsRNAs was found in three of the soil isolates (Fig. 2). Each of
these sets of dsRNA elements could represent genomes of mycoviruses belonging to
families with multipartite genomes like Chrysoviridae or Partitiviridae (Ghabrial et al.,
2005a,b).

In general, no concordance between similar dsSRNA profiles and particular locations
or habitats was found. For example, the 5.8 kbp dsRNA was found in isolates collected in
different habitats in south and central Spain, and in the Canary Islands.

The reproduction and dissemination of B. bassiana is based mainly in the
production of asexual spores. Transmission of dSRNA elements to asexual spores occur
with frequencies close to 100% in some ascomycetes (Park et al., 2006b; Romo et al.,
2007). According to this, in a reduced area B. bassiana clonal isolates harbouring similar
dsRNA infections could be more easily found than in a large area. To check this
hypothesis, a screening for the presence of dsSRNA elements among Beauveria strains
sampled in the same geographical point was made. Seven different dsSRNA profiles were
found among these isolates, but those observed in four strains (Bs27, B112, B114 and
B124) were quite similar, in fact, these profiles had in common from six to ten dsRNA
elements (Figs. 3-4). Three different sets of dSRNA elements were repeated in six isolates,
and they could constitute genomes from multipartite viruses (Fig. 4). One of these sets,
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consisting of three elements of 2.7, 2.4 and 2.2 kbp, was shared by six of the sixteen
analyzed isolates, this profile was almost coincident with one of the profiles found among
soil strains (2.7, 2.4 and 2.1 kbp); another set was composed of 1.3, 1.1 and 1.0 kbp
elements, and was present in five isolates; and the last set consisted of four elements of 3.8,
3.6, 3.4 and 3.2 kbp, and was shared by other five isolates. The profile composed by the
combination of these three sets of dsSRNA elements was observed in B114, B123 and
B167. On the other hand, the dsRNA element of 5.8 kbp, similar in size to the majority
element obtained in the survey developed among soil strains, was unique to the Bsl isolate.
A 3.2 kbp element was the only harboured by B139. Strains B70, B122 and B138
harboured the same single dsRNA element of 3.6 kbp.

Fig. 3. Electrophoretic banding patterns of dSRNA elements isolated from different strains of B. bassiana
sampled in the same geographical point (Castilblanco de los Arroyos - Seville). Letters on the top indicate
different isolates: A=Bsl; B=Bs5; C=Bs7; D=Bs20; E=B27; F=B70; G=B112; H=B114; 1=B122; J=B123;
K=B124; L=B136; M=B138; N=B139; O=B157; P=B167. Lanes marked as MW contains size marker;
numbers on the left indicate kbp.

MW A B CD E F GH I J KL M NO P MW

*DsRNA element of 3.2 kbp harboured by B139 is not observable in this
photograph due to its low concentration and the large electrophoretic time of run.

The number of different dsSRNA profiles per infected strain collected in the same
sampling point (0.64) was very similar to that observed with soil isolates (0.66). For that
reason, in contrast with the expressed hypothesis above, B. bassiana clonal isolates
harbouring similar dsRNA infections were not more common in a reduced area than in a
large area. Surprisingly, the dsSRNA patterns found among endophytic B. bassiana isolates
were not as variable as those from soils or the same sampling point, only two different

dsRNA profiles were found among them (Fig. 5). Actually, the endophytic Beaveria
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strains collected from different locations of western Spain harboured 0.20 different dSRNA

profiles per infected strain.

Fig. 4. Tree diagram constructed using the UPGMA method with euclidean distances showing the types of
dsRNA infections observed in B. bassiana strains isolated from the soil, the phylloplane of a single holm oak
tree, and adventitious plants under its canopy. Numbers on the right indicate the sizes of the dsSRNA elements
carried by the strains. Detailed locations of isolation of the cultures are also showed in the diagram: S=South,
N=North, E=East, W=West. Equal sets of dSRNA elements harboured repeatedly by different B. bassiana
isolates are placed inside the same colour box.

B157 Phylloplare W T

B136 Phylloplane N

Bs7 Soil W no dsRNA

Bs5 Soil N

Bs20Soi E i

B139 Phylloplane E J3.2kbp

B122 Phylloplare S h

B138Phylloplane N 3.6kbp

B70 Phylioplane E i

Bs1 Soil S J5.8kbp

B27 Phyloplane W Jez24-22 13 11 -1.0kbp
_|: B124 Adwertitious plants W J3:8-3.6-34-3.2 -1.6kbp

B112Phylloplane N J38-36-34-32[27-24-22-21-1.3-11-1.0kbp

B114 Adwertitious plants W
—| B123Phylloplare S (3.8-3.6-34-3.2 f1.3-1.1-1G kbp
B167 Phylloplare W

Fig. 5. Tree diagram constructed using UPGMA method with euclidean distances showing the dsRNA
infections found in each analyzed endophytic B. bassiana strains isolated from different grass species of
natural grasslands of western Spain. Numbers on the right indicate the sizes of the dsSRNA elements carried
by the strains. Locations and host of isolation of the cultures are also showed in the diagram. Hosts from
which endophytes were obtained were: E= Elymus farctus, D= Dactylis glomerata, A= Ammophila arenaria,
H= Holcus lanatus. Equal sets of dsSRNA elements harboured repeatedly by different B. bassiana isolates are
placed inside the same colour box.

E2980 La Corfa E
E2175 Céceres D
E1923 La Cowiia A No dsRNA
E3158 Caceres H
E3155 Caceres H
E3079 La Corfa E
E3080 La Cowiia E
E3111 La Comfia E 6 kbp
E183 Salamanca D
E3154 Caceres H

E1764 Salamanca D ]
E2720 La Comfia E

E2773 La Comufia A 2.3- 1.9kbp
E2854 La Comfia A
E2857 La Comfia E
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Transmission of dsRNA elements to asexual spores
The study of transmission of dsRNA elements to mitotic spores in strain B123
revealed that the 40 monosporic isolates obtained from this strain maintained the original

viral infection composed by 10 dsRNA elements.

Nucleotide sequence and genome organization of the viral genome

The 5.8 kbp dsRNA which was the most abundant element in the survey was
sequenced. Forty two different clones from a cDNA library were sequenced, and four
contigs were obtained from their assembly. The gaps between the four contigs were
resolved using specific primers flanking the gaps. These experiments were repeated three
times. Six identical clones of the 5 end and four identical clones of the 3’ end from two
independent RLM-RACE experiments of each terminus were sequenced.

The complete sequence of the dSRNA element harboured by strain Bb 06/02 is
5228 bp in length, and has a GC content of 55% (Fig. 6). It has two continuous open
reading frames (ORFs): ORF 1 has a length of 2229 bp and encodes a 742 amino acid
protein (78.41 kDa); ORF 2 is 2505 bp long and encodes an 834 amino acid protein (91.15
kDa). These two ORFs are separated by a pentanucleotide, UAAUG, that constitute the
stop codon of ORF1 and the start codon of ORF2, and they overlap by one nucleotide.
Other ORFs longer than 528 nt were not found in any strand. The 5” and 3° UTRs had 443
and 52 bp, respectively. The 5 UTR starts with a GAATA sequence similar to a GAAAA
motif that was proposed to have an important role in RNA replication and transcription in
Ustilago maydis Virus (UmV), and Saccharomyces cerevisiae viruses -LA and L1 (ScV-
LA, ScV-L1) (Fujimura and Wickner, 1988; Kang et al., 2001).

The amino acid sequence deduced from ORFL1 exhibits a high degree of identity to
those of the capsid proteins (CP) of viruses of the family Totiviridae, particularly to that of
Helmintosporium victoriae virus 190S (Hv-190SV; 56.6%). The C-terminus of this
putative CP has an Ala/Gly/Pro-rich region, which is shared by viruses in the Victorivirus
genus (Ghabrial and Nibert, 2009). The deduced amino acid sequence of ORF2 resembled
those of RdRps of viruses of the family Totiviridae, particularly that of Sphaeropsis
sapinea RNA virus 1 (SsRV-1; 45.3% identity). The eight conserved motifs of the
sequences of RdRps of dsSRNA viruses of simple eukaryotes (Bruenn, 1993) were found in

the amino acid sequences deduced from the ORF 2.
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Fig. 6. Genome organization of Beauveria bassiana RNA Virus 1 (BbRV 1). The 5228 bp genome contains
two ORFs; ORF1 encodes a putative CP and ORF2 a putative RdRp.

Stop

5’ UTR ORF 1 — ORF 2 3’ UTR
UAAUG
— Tean —
CcP RdRp
1 443 2672 5176 5228

Phylogenetic analysis of Beauveria bassiana RNA virus 1

Phylogenetic analyses based on the complete amino acid sequence of the CP and
RdRps of selected members of the Totiviridae family and those deduced from ORF1 and
ORF2 of the 5.8 kbp dsRNA were done (Fig. 7A). These two phylogenetic trees revealed
that the dsRNA infecting strain Bb 06/02 resembles most the genomes of mycoviruses
included in a clade within the genus Victorivirus. This genus is composed by viruses which
infect filamentous fungi (Ghabrial and Nibert, 2009). Therefore, these phylogenetic
analyses, and other mentioned characteristics of the dsRNA infecting B. bassiana strain Bb
06/02, like having a non-segmented dsRNA genome of 4.6-6.7 kbp coding for a CP and an
RdRp, having a Pro/Ala/Gly-rich region near the C-terminus of the CP, and a 5’ and 3’
UTRs with sizes similar to those from the genus Victorivirus (Wickner et al., 2005;
Ghabrial and Nibert, 2009), indicated that this dSRNA element represents the complete
genome of a new member of this genus, Beauveria bassiana RNA virus 1 (BbRV1).
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Fig. 7. Neighbor-joining phylogenetic trees of viruses of the family Totiviridae based on CP amino acid
sequences (A) and on RdRp amino acid sequences (B). The unrooted phylogenetic trees based on the
neighbour-joining method were created using MEGA software. Numbers at nodes represent bootstrap values
as percentages estimated by 1000 replicates. The accession numbers of sequences used in the analyses are
given in Table 4.
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Northern blotting experiments

A Northern blot hybridization was made to check if B. bassiana isolates sharing the
5.8 kbp dsRNA profile are infected by the same mycovirus. A 543 nucleotide (nt) clone
complementary to the 5> UTR of the genome of BbRV 1 was used as probe. This probe
represents a non conserved area among members of the Totiviridae, and its specificity for
BbRV1 is likely to be high. Only eleven of the thirteen isolates of B. bassiana harbouring
the 5.8 dsRNA hybridized with the BbRV1 probe (Fig. 8). Therefore, although strains Bb
01/132 and Bb 01/39 harbour a single 5.8 kbp dsRNA element, they seem to be infected by

a mycoviral species different to BboRV1.

110



Capitulo V

Fig. 8. Northern blot experiment using as probe a clone belonging to BbRV 1. Letters on the top indicate
different isolates: A=Bb 06/2; B=Bb 06/03; C=Bb 01/125; D=Bb 01/132; E=Bb 01/39; F=Bb 01/73; G=Bsl,
H=Bb 09/03; 1=Bb 09/08; J=Bb 01/75; K=Bb 07/08; L=Bb 09/04; M=Bb 01/07. Lane MW contains a size
marker and numbers on the left indicate kbp.
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Discussion

This study of incidence showed that mycoviruses are widespread among B.
bassiana isolates collected from different habitats in Spain and Portugal, 58.8% of the 85
isolates analyzed harboured dsRNAs of viral characteristics. Mycovirus incidence was also
analyzed separately according to the habitat or the extent of the area where isolates were
collected. The incidence observed among soil isolates was the lowest (53.7%), while those
obtained for isolates collected from soil, phylloplane or adventitious plants associated to a
single holm oak (68.8%) or among endophytic isolates (66.7%) were very similar. These
values are higher than the 16.7-23% incidences obtained in other surveys of viruses in B.
bassiana carried out in Brasil or North America; however, in each of these studies less than
eight isolates were analyzed (Melzer and Bidochka, 1998; Castrillo et al., 2004; Dalzoto et
al., 2006).

Mixed virus infections could be deduced from the dsRNA profiles observed; in
several isolates the same dsRNA element or a set of dSRNAs were observed alone, but in
other isolates the same element or elements were accompanied by other dsRNAs. For
example, the 5.8 kbp dsSRNA which corresponds to the genome of BbRV1 was found alone
in some isolates, and together with other dSRNAs of viral characteristics in others (Figs. 1
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and 8). Mixed mycovirus infections have been reported for other fungal species, including
the entomopathogenic fungus Tolypocladium cylindrosporum (Ghabrial and Suzuki, 2008;
Herrero et al., 2011).

The large number of different dsSRNA profiles obtained among all the B. bassiana
strains analyzed suggests that there is an important diversity of mycoviruses associated to
this entomopathogenic species. Although partial or complete sequences of all dsSRNA
elements would be necessary for their correct classification within a mycovirus family, the
observed electrophoretic band patterns could be helpful for a hypothetical classification of
Beauveria mycoviruses. Some sets of dsRNAs found repeteadly among isolates could
correspond to the multipartite genome of a single virus. For instance, some dsRNA profiles
could correspond to members of the families Partitiviridae (bipartite genomes of 1.4-2.2
kbp), Chrysoviridae (genomes composed by four segments of 2.4-3.6 kbp). One of the
three patterns consisting of a single dsSRNA band (5.8 kbp) was confirmed by sequencing
to belong in most isolates to BbRV1, a member of the Totiviridae (non-segmented
genomes of 4.6-6.7 kbp) (Figs. 2-4) (Ghabrial et al., 2005a,b; Wickner et al., 2005).
Intermediates of replication of members of the Barnaviridae family could also be
harboured by some isolates (genomes formed by a single ssRNA of ca. 4 kbp) (Fig. 2)
(Revill, 2010). Other dsRNA elements observed did not show characteristics of known
mycovirus families and could constitute members of new families, satellite RNAs, or
defective derivates of replication (Yao et al., 1995; Zhang and Nuss, 2008).

The three observed dsRNA sets observed among the isolates collected from the
phylloplane and the adventitious plants associated to a single holm oak could constitute
multipartite genomes of single viruses (Fig. 4). Alternatively, they could constitute the
complete genome of a member of the Mycoreoviridae family, since these three sets of
dsRNA elements were found together in four of the isolates (B112, B114, B123 and B167)
and Mycoreoviridae members have genomes composed by 10 to 12 segments of 0.7-4.1
kbp (Hillman, 2010). In addition, rearrangements of individual genome segments,
including extensions and/or delections of ORFs, have been described as common to
members of the Reoviridae (Eusebio-Cope et al., 2010), and for that reason, strains Bs27
and B124 could harbour the same mycoreovirus as B112, B114, B123 and B167, but with
some rearrangements in their genomes. This result would decrease the diversity of
mycoviruses found among B. bassiana strains from the same area. The dsRNA profile
information would indicate that the virus diversity among soil isolates collected throughout
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Spain and Portugal (0.66 dsSRNA profiles/infected isolate) is higher to that observed around
a single tree, if the mycorreovirus hypothesis would be true (0.36 dsSRNA profiles/infected
isolate). This result could support the hypothesis suggesting that in a reduced area, B.
bassiana clonal isolates harbouring similar dSRNA infections could be more easily found
than in a large area.

In addition to the large diversity indicated by dsRNA profiles, the Northern blot
experiments with a BbRV1 probe revealed that the 5.8 kbp dsRNA band was not sequence-
homologous to thirteen strains showing this dsSRNA element (Fig. 8). Therefore, similar
dsRNA profiles do not imply infections by the same mycoviruses, and a higher diversity of
mycovirus species than that predicted by electrophoretic dsRNA profiles could occur
among the B. bassiana isolates.

In contrast with the relatively high variation of dsSRNA patterns found among B.
bassiana isolates collected from soil (0.66 dsSRNA profiles/ infected isolate) or from soil,
phylloplane, and adventitious plants of a single holm oak (0.64 dsRNA profiles/ infected
isolate), only 0.20 dsRNA profiles per isolate analyzed were found among the fifteen
endophytic strains analyzed. Five isolates harboured a 6 kbp dsRNA element similar in
size to BbRV1, which could be a member of the Totiviridae; other five strains harboured a
set of a 2.3 and a 1.9 kbp dsRNAs, which could correspond to the bipartite genome of a
partitivirus, and another five isolates were virus-free. No relationship between the dsRNA
profile and the location or species of the grass host was found. The lower diversity of
profiles found among these isolates could be associated with their endophytic habit. Some
taxonomic studies indicate that B. bassiana might be a species complex that includes
several cryptic species (Rehner and Buckley, 2005). According to that, endophytic B.
bassiana isolates could represent a species different to those collected from other different
habitats. If this situation occurred, then only certain mycoviruses could be associated to
endophytic strains. Another hypothetical explanation could be that some mycoviruses
might be more compatible with an endophytic lifestyle than others. With this condition, the
endophytic environment could act as a filter against some viruses.

The results of the study of transmission of dSRNAs to asexual spores, showed a
100% transmission of the ten dsSRNAs harboured by strain B123 to its conidial progeny.
Similar rates of transmission of dSRNA elements to conidia have been observed in other
ascomycetes, even when they harboured mixed virus infections (Chu et al.,, 2004,
Tuomivirta and Hantula, 2005; Romo et al., 2007). Nevertheless, in Tolypocladium
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cylindrosporum, another entomopathogenic species, different rates of transmission were
found for each of the three mycoviruses that infect it (Herrero et al., 2011). The same
could occur among B. bassiana isolates, and the different combinations of similar dSRNA
elements or sets of dsSRNAs found among strains could be explained by different rates of
transmission for each mycovirus. If transmission rates to conidia would differ among
viruses in mixed infections, then dsRNA profiles would not be good markers for
distinguishing between different strains of B. bassiana, since the dsSRNA profiles detected
in this species would be unstable.

In addition to conidia, dsRNA elements might also be transmitted among
compatible strains of B. bassiana by hyphal anastomoses; however, the large number of
vegetative compatibility groups existing in the species may limit this type of transmission
(Castrillo et al.,, 2004). Horizontal transfer of dsRNA has been reported between
incompatible strains of the same species or between closely related species, this process
seems to occur with very low frequency and it is not stable (Charlton and Cubeta, 2007;
Melzer et al., 2002). The existence of a large number of different dSRNA profiles observed
in this study suggests that transmission by anastomoses between strains is not common.
However, if in multiple infections the rate of transmission would differ among viruses,
losses of individual viruses could occur, and this fact would explain also the existence of
the large number of different dSRNA profiles observed in this study.

The 5.8 kbp dsRNA was the most common element detected in the survey. Its size,
sequence, and genome organization, indicate that this dsSRNA constitutes the complete
genome of a new member of the Victorivirus genus (Family: Totiviridae), Beauveria
bassiana RNA virus 1 (BbRV1). The 5228 kbp dsRNA genome of BbRV1 has
characteristics of the Totiviridae family (Wickner et al., 2005): contains two ORFs that
overlap by one nucleotide (UAAUG), ORF1 encodes a CP and ORF2 an RdRp. The
phylogenetic analysis grouped this virus within the Victorivirus genus, and as other
members of this genus it has a Pro/Ala/Gly-rich region near the C-terminus of the CP, and
5" and 3° UTRs with sizes similar to those of other victoriviruses (Ghabrial and Nibert,
2009). For the expression of the RdRp, BbRV1 may follow the same strategy as other
victoriviruses, a coupled termination-reinitiation mechanism (Ghabrial and Nibert, 2009).
Another victorivirus infecting an entomopathogenic fungus has been recently described,
Tolypocladium cylindrosporum virus 1 (TcV1) (Herrero and Zabalgogeazcoa, 2011). It is

interesting that totiviruses have entomopathogenic fungi and insect hosts (Isawa et al.,
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2010; Wu et al., 2010). Could a host jump have occurred from the fungi to the insect or
vice versa?

The strains harboring BbRV1 were obtained in diverse habitats and locations (Fig.
2); this virus was found in strains from the south and center of the Iberian Peninsula, and in
the Canary Islands. The explanation of how isolates from distant locations harboured
BbRV1 may be found in the population dynamics of B. bassiana. As other
entomopathogenic fungi, B. bassiana is passively dispersed by the action of weather
components like wind and rain, but it can be also dispersed by living infected hosts which
may migrate long distances and die far from where they became infected (Meyling and
Eilenberg, 2007). This way of dispersion could also explain why a clear geographical
distribution of isolates harboring similar viral infections was not found in this analysis. The
same was observed in a study of viruses in another entomopathogenic fungus, Metarhizium
anisioplae (Melzer and Bidochka, 1998).

The effects that dSRNA infections produce in their hosts were not evaluated in the
present work; further molecular characterization of all the dSRNA elements harboured by
B. bassiana could help to study these possible effects. Such studies would also clarify our
hypothetical taxonomical classifications based on dsRNA size and numbers.
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3.1. Incidencia y diversidad de micovirus en hongos endofiticos y

entomopatdgenos.

Infecciones por micovirus han sido descritas en miembros de los cuatro phyla de
los hongos verdaderos: Chytridiomycota, Zygomycota, Ascomycota y Basidiomycota. De
hecho, varios estudios de incidencia de micovirus en especies de hongos como Monilinia
fructicola, Chalara elegans, Botrytis cinerea, Aspergillus spp., Metarhizium anisopliae 0
Ustilago maydis muestran incidencias muy elevadas dentro de una especie, que pueden
llegar incluso al 100% (Bottacin et al., 1994; Howitt et al., 1995; Melzer y Bidochka,
1998; Tsai et al., 2004; Van Diepeningen et al., 2006; Voth et al., 2006). En cambio,
parece haber algunas excepciones a esta ubicuidad, asi, nunca se han encontrado virus en
Neurospora crassa, y la causa parece residir en un mecanismo de defensa del hongo que se
basa en procesos de silenciamiento por RNA (Pearson et al., 2009). Ahora bien, aunque
existe cierta evidencia de que el silenciamiento por RNA actia como mecanismo de
defensa en los hongos (Segers et al., 2007), no parece ser muy eficiente contra los virus y
se habria evolucionado a una situacion en la que el parasito permanece causando el minimo
impacto en su hospedador. Este tipo de asociacion virus-hongo recuerda bastante a las ya
comentadas interacciones asintomaticas entre hongos endofiticos y plantas.

De acuerdo con este paralelismo endofito-micovirus y con el hecho de que los
estudios de incidencia de micovirus que existian hasta el momento se centraban
Unicamente en una determinada especie de hongos, sin dar una idea de cuan comunes son
los micovirus entre los hongos, en esta memoria se pretendié comprobar si también existia
un paralelismo endofito-micovirus en cuanto a la ubicuidad, puesto que hasta la fecha no
se conoce una sola especie vegetal sin una micobiota endofitica asociada (Arnold, 2007).
De este modo, el estudio de la incidencia de micovirus dentro del grupo de los hongos
endofiticos no sistémicos de gramineas puso de manifiesto que los micovirus son comunes
dentro de este grupo de hongos, encontrdndose en cerca del 25% de las especies
analizadas. Ahora bien, en este estudio el numero de aislados analizado por especie vario
bastante, desde un unico aislado por especie hasta siete u once en el caso de Beauveria
bassiana y Torrubiella confragosa. En vista de que en los casos en que se analizaron
varios aislados de una misma especie de hongo las incidencias de micovirus obtenidas
fueron mas elevadas, el 67% de los aislados analizados de B. bassiana y el 46% de los
aislados de T. confragosa resultaron infectados por micovirus, el 25% de incidencia de

micovirus obtenido para el conjunto de especies de hongos endofiticos no sistémicos de
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gramineas podria ser una infraestimacion. Asi, si se aumentase el nimero de aislados
analizados por especie, es muy probable que la incidencia de virus entre especies lo hiciera
tambien.

Es preciso resaltar que entre los endofitos no sistémicos de gramineas analizados en
el estudio de incidencia se encontraron infecciones por virus en tres especies que a su vez
son entomopatdgenas B. bassiana, T. confragosa y Tolypocladium cylindrosporum.
Existen otros trabajos que describen la presencia de micovirus en otros hongos
entomopatdgenos como Metarhizium anisopliae, Paecilomyces spp. y B. bassiana (Dalzoto
et al., 2006; Inglis y Valadares-Inglis, 1997; Melzer y Bidochka, 1998). Ahora bien, en
este trabajo se describen por primera vez infecciones por micovirus en T. confragosa 'y T.
cylindrosporum.

Los hongos entomopatdgenos constituyen un grupo que en la actualidad despierta
un gran interés como alternativa al uso de sustancias quimicas en la lucha contra plagas de
insectos herbivoros, garrapatas, o vectores de enfermedades vegetales, animales 0 humanas
(Kaaya y Hassan, 2000; Scholte et al., 2004; Quesada-Moraga et al., 2006). Por otro lado,
desde que se conoce su naturaleza endofitca, el interés hacia estos hongos se ha
incrementado aun méas de cara a su aplicacion en agricultura (Ownley et al., 2010; Vega et
al., 2008). Adicionalmente, hongos entomopatongenos como B. bassiana o T.
cylindrosporum presentan un atractivo afiadido, y es que son productores de sustancias de
interés médico como la ciclosporina, que es un inmunosupresor empleado en trasplantes de
Organos para evitar rechazos (Aarnio y Agathos, 1989). Estas caracteristicas de los hongos
entomopatogenos hicieron que en esta tesis los estudios se centrasen, de entre todas las
especies de hongos endofiticos analizados, en el estudio de micovirus asociados a hongos
entomopatogenos. Asi, se llevaron a cabo dos estudios de incidencia de micovirus en T.
cylindrosporum y B. bassiana.

En el analisis de incidencia de micovirus en T. cylindrosporum se incluyeron tres
aislados endofiticos y otras nueve cepas aisladas de suelos e insectos. Se detectaron virus
en el 45.5 % de los aislados analizados. En el estudio de incidencia de micovirus en cepas
de B. bassiana de areas naturales y cultivadas de Espafia y Portugal, se partio de un total
de 85 aislados, incluyendo 15 aislados endofiticos. El resto de los aislados incluidos en este
estudio procedian de otros tipos de habitat que B. bassiana es capaz de colonizar: suelos,
filoplano y superficie de plantas adventicias. En este trabajo se detectaron micovirus en el
62.5 % de los aislados de B. bassiana.
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La diversidad de micovirus observada en los tres estudios de incidencia fue
elevada. De los micovirus de los que no se obtuvo una secuencia parcial o completa, se
pudo especular acerca de su clasificacion basandose en el tamafio y nimero de los
elementos de dsRNA observados. De este modo, miembros de las familias Totiviridae,
Chrysoviridae, Partitiviridae, Barnaviridae o incluso Mycoreoviridae, podrian infectar a
distintas especies de endofitos, asi como a diferentes aislados de T. cylindrosporum y B.
bassiana. No obstante, la diversidad de micovirus encontrada en estos estudios de
incidencia podria ser mayor que la estimada segun la diversidad de perfiles de dsRNA
detectados. Esto se debe a que una hibridacion realizada con una sonda de DNA
complementaria a un area del genoma de uno de los virus secuenciados en esta tesis
(BbRV1) demostré que patrones similares de dsRNA no son siempre indicativos de una
infeccion por una misma especie de micovirus.

Las infecciones mixtas parecen ser comunes entre los hongos, de hecho, este tipo
de infecciones han sido descritas en diversas especies de hongos e incluso en la especie
endofitica Epichloé festucae (Ghabrial y Suzuki, 2008; Romo et al., 2007). En esta tesis se
detectd una infeccion triple en un aislado de T. cylindrosporum, que alberga a TcV1, TcV2
y TcV3. Este tipo de infecciones también se detectaron en B. bassiana y del mismo modo
podrian ocurrir en muchos de los aislados analizados que contienen maltiples elementos de
dsRNA. Por otra parte, los micovirus presentes en una infeccion mixta suelen tener tasas
de transmision a las esporas asexuales similares entre si. Sin embargo, en esta tesis se
describieron por primera vez tasas de transmision diferentes para cada uno de los virus que
infectaban a T. cylindrosporum.

Dentro de B. bassiana encontramos un fuerte contraste entre la diversidad de
micovirus encontrada en las cepas aisladas de suelo, filoplano o superficie de planta
adventicia, y la diversidad de micovirus en cepas aisladas como endofitos de gramineas.
Asi, mientras que en las cepas de B. bassiana aisladas de suelo, filoplano o superficie de
planta adventicia se encontraron hasta 26 perfiles de dsRNA diferentes, en las cepas
endofiticas solo se encontraron 2 perfiles. Esto sugiere que los aislados endofiticos podrian
tal vez diferir de los obtenidos en otros hébitats. Por otro lado, no se encontr6 relacion
entre el tipo de infeccion, sustrato, hospedador o localidad de origen del aislado. Asi, en
aislados de B. bassiana procedentes de un mismo punto de muestreo se llegaron a
encontrar hasta 7 distintos perfiles de dsRNA. Por el contrario, se encontr6é el mismo tipo
de infeccidn en varios aislados endofiticos procedentes de distintos puntos de la peninsula

121



Discusion general

y de distintos hospedadores. De este modo, dada la poca variabilidad encontrada dentro de
las infecciones por micovirus en aislados endofiticos de B. bassiana, y la elevada
diversidad de perfiles de dsRNA encontrada en aislados procedentes de suelo, filoplano y
planta adventicia, la capacidad endofitica de B. bassiana podria estar relacionada con
determinadas infecciones virales. Otra explicacién podria basarse en el hecho de que el
taxén B. bassiana podria albergar especies cripticas (Rehner y Buckley, 2005), asi, los
aislados endofiticos podrian representar un taxon distinto al resto de aislados del estudio,
de tal forma que solo determinados micovirus serian caracteristicos de las cepas
endofiticas.

Por otro lado, el hecho de que en los aislados endofiticos analizados de T.
confragosa se encontraran infecciones similares a aquellas encontradas en aislados
endofiticos de B. bassiana, podria estar relacionado con el hecho de que ambos hongos
pertenecen a la familia Cordycipitaceae, de forma que estos virus podrian haber estado
presentes en un ancestro y llevarian ligados a estos taxones desde antes de que se produjera
su especiacion. No obstante, seria necesaria la secuenciacion de estos virus para poder
afirmar que perfiles semejantes de dsRNA se comprenden con las mismas especies de
micovirus, lo cual no siempre ocurre, como asi lo demostro la hibridacion realizada usando

como sonda un area especifica del genoma de BbRV1.

3.2. TcV1l y BbRV1, dos nuevos victorivirus que infectan hongos

entomopatdgenos.

En esta tesis se describen por primera vez dos micovirus que infectan a hongos
entomopatogenos, TcV1 infecta a T. cylindrosporum y BbRV1 a B. bassiana. Asi, aunque
se han detectado micovirus infectando otras especies entomopatdgenas como B. bassiana,
M. anisopliae o Paecilomyces spp. (Dalzoto et al., 2006; Inglis y Valadares-Inglis, 1997;
Melzer y Bidochka, 1998), ninguno de estos virus habia sido secuenciado e identificado
hasta el momento.

Estos dos nuevos virus tienen un genoma de dsRNA cuyas secuencias completas
tienen 5196 bp en el caso de TcV1 y 5228 bp en el caso de BbRV1. Ambos presentan
genomas con una organizacion caracteristica de la familia Totiviridae, es decir, genomas
no segmentados de dsRNA de entre 4.6 y 6.7 kbp que codifican una proteina de capsida
(CP) y una RNA polimerasa dependiente de RNA (RdRp) (Wickner et al., 2005; Ghabrial,
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2010). Como es tipico de totivirus, los viriones de TcV1 tienen un diametro de cerca de 50
nm y la proteina mayoritaria en un andlisis de SDS-PAGE de particulas de virus
purificadas resulté tener un tamafio aproximado de 79 kDa, lo esperado de la traduccion
del ORF 1 de este virus que codifica una proteina de capsida. Por otro lado, estudios
filogenéticos basados en el alineamiento de secuencias de aminoacidos de CP y RdRp de
estos dos virus y otros virus pertenecientes a los diferentes géneros que componen la
familia Totiviridae, revelaron que TcV1 y BbRV1 agrupan perfectamente dentro del
género Victorivirus. De hecho, ambos virus comparten caracteristicas propias de este
género: infectan hongos filamentosos, poseen una region rica en Pro/Ala/Gly en la region
cercana al C-terminal de la CP, y tienen UTRs con tamafios que se ajustan a los del resto
del género, 61-574 nucleétidos (nt) para 5> UTR y 43-114 nt para 3 UTR (Ghabrial y
Nibert, 2009). Ademas al igual que otros victorivirus, TcV1 y BbRV1 podrian seguir un
sistema de expresion de su RdRp basado en un mecanismo de terminacion y reiniciacion
acoplados (Ghabrial y Nibert 2009). No obstante, TcV1 difiere del resto de miembros del
género en que los dos ORFs (fases de lectura abierta) presentes en su genoma no solapan
como ocurre en la mayoria de los victorivirus. Asi, en TcV1 ambos ORFs estan en la
misma fase de lectura, y el codon de parada de ORF1 esta directamente seguido por el
coddén de inicio de ORF2. Ahora bien, este tipo de organizacion es perfectamente
compatible con el mecanismo de terminacién y reiniciacion acoplados que los victorivirus
siguen para la expresion de su RdRp (Guo et al., 2009).

En lo referente al ciclo de vida de estos dos virus, es muy probable que éste sea
similar al desarrollado por la especie tipo del género, Helminthosporium victoriae virus
190S (HvV190S) (Ghabrial y Nibert 2009). No obstante, aunque se tienen ciertos datos
moleculares sobre este proceso en HvV190S, en general, el estudio del ciclo de vida de los
victorivirus continta siendo un terreno bastante inexplorado. De este modo, teniendo en
cuenta el ciclo descrito para HvV190S, los viriones maduros de TcV1 y BbRV1 podrian
contener en el interior de su capsida proteica una molécula de dsRNA correspondiente al
genoma completo del virus y varias RdRp (Fig. 1). Dentro del virion tendria lugar la
replicacion del material genético del virus por medio de la RdRp, y a continuacién esta
proteina cambiaria su funciéon replicativa a transcripcional. La transcripcion en HvV190S
parece ser asimétrica (sélo se generan cadenas de sentido positivo de RNA) y conservativa
(la cadena de sentido positivo es retenida como parte del duplex molde, mientras que las
cadenas de sentido positivo de RNA de nueva formacion son liberadas fuera del virion),
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luego TcV1 y BbRV1 por semejanza, podrian llevar a cabo una transcripcion de estas
caracteristicas. Una vez que las cadenas de RNA positivas son liberadas fuera del virion,
tendria lugar la traduccién proteica a cargo de la maquinaria del hongo hospedador. De
modo que, sintetizadas las nuevas CP y RdRp, se produciria de nuevo el proceso de
ensamblaje de los viriones, que empaquetarian una cadena de RNA de sentido positivo,
varias RARp e incluso alguna cadena defectiva de RNA o RNAs satélites, como ocurre en
el victorivirus Helicobasidium mompa totivirus 1-17 (Nomura et al., 2003). Ciertas
modificaciones post-traduccionales en las CP podrian ocurrir tras el ensamblaje de los
viriones como ocurre en HvV190S, donde las CP sufren procesos de fosforilacion
(Ghabrial, 2010). A continuacién, se producirian los viriones maduros tras la sintesis por
parte de la RdRp de las cadenas de sentido negativo de RNA para la formacion del daplex
de dsRNA que constituye el genoma completo del virus. Por Gltimo, para cerrar el ciclo en
HvV190S ocurren ciertos procesos de protedlisis en las CP que parecen estar relacionados
con la liberacion de las moléculas de RNA positivo fuera del virion (Ghabrial, 2010).
Ahora bien, la localizacion subcelular donde este ciclo de vida tiene lugar aun sigue siendo

un terreno bastante inexplorado.

Fig. 1. Hipotético ciclo de vida de TcV1 y BbRV1 basado en el ciclo de vida descrito para HvV190S.
Esquema adaptado de Ghabrial (2010).
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En cuanto a la biologia del género Victorivirus al que pertenecen TcV1y BbRV1,
es importante resaltar que al igual que para el resto de micovirus descritos no se conocen
en vectores para su transmision (Ghabrial y Nibert, 2009). Asi, los victorivirus se
transmiten de forma intracelular: verticalmente durante la division del hospedador y en la
esporogénesis; y horizontalmente mediante fendmenos de anastomosis hifal entre cepas
compatibles del hongo hospedador (Ghabrial y Nibert, 2009). Ahora bien, aunque algunos
de los victorivirus conocidos son excluidos en la formacién de ascosporas, éstos son
transmitidos a las esporas asexuales o conidios, siendo este medio su principal via de
diseminacion. De acuerdo con este tipo de transmision, cuando existen infecciones mixtas,
todos los virus que componen la infeccion se transmiten a los conidios con la misma
frecuencia (Romo et al, 2007; Tuomivirta y Hantula, 2005). Sin embargo, en esta tesis se
describieron por primera vez frecuencias de transmision diferentes para cada uno de los
tres micovirus, TcV1, TcV2, y TcV3, que infectaban al hongo endofitico y
entomopatogeno T. cylindrosporum.

TcV3 no fue identificado en esta memoria, pues no se consiguié ni un solo clon
perteneciente a su genoma. Sin embargo, TcV2 fue parcialmente secuenciado, asi, se
consiguid la secuencia completa de uno de los dsRNAs que compondrian el genoma
cuatripartito de TcV2. ElI dsRNA secuenciado codificaba para una RdRp similar a la de
micovirus miembros de la familia Chrysoviridae. Por otra parte, los resultados del
experimento de transmision a las esporas asexuales de cada uno de los seis elementos de
dsRNA que albergaba T. cylindrosporum, revelaron que cuatro de los elementos con
tamanos similares a los de la familia Chrysoviridae (2.4-3.6 kbp), entre ellos el que
codifica para la RdRp, siempre se transmitian juntos, o no se transmitian a las esporas
asexuales. Lo cual reafirmé la idea de que TcV2 podria ser un nuevo miembro de la
familia Chrysoviridae. Ademas, una purificacion parcial de los micovirus que infectan a T.
cylindrosporum, revel6 que los 4 dsRNAs que supuestamente componen el genoma de
TcV2 estan encapsidados, lo cual también concuerda con el hecho de que TcV2 sea un

posible miembro de la familia Chrysoviridae.
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3.3. Naturaleza dual de T. cylindrosporum: acaricida y endofito.

T. cylindrosporum ha sido una de las especies de hongos en que se ha centrado esta
tesis doctoral. Este hongo entrafia un doble interés, ya que ademéas de ser un hongo
entomopatogeno, las cepas objeto de estudio tienen naturaleza endofitica. De este modo,
también quisieron estudiarse estos dos aspectos inherentes a la biologia de T.
cylindrosporum, patogenicidad y endofitismo.

T. cylindrosporum es un conocido patdégeno de insectos, como por ejemplo
mosquitos de los géneros Aedes, Culex y Anopheles, los cuales se caracterizan por ser
vectores de parasitos que producen malaria, dengue o fiebre amarilla (Scholte et al., 2004).
En este trabajo se probd su capacidad como acaricida contra dos especies de garrapatas
Ornithodoros erraticus y Ornithodoros moubata, las cuales son vectores de patégenos
porcinos y humanos.

Cinco cepas de T. cylindrosporum aisladas de los distintos habitats que el hongo es
capaz de colonizar, suelo, insecto y el interior de hojas de graminea, fueron usadas en los
ensayos de patogenicidad. Ademas, dos de las cepas estaban infectadas por virus y las otras
tres estaban libres de infeccion. Ambas especies de garrapatas resultaron ser susceptibles a
todas las cepas de T. cylindrosporum incluidas en el ensayo. También se observaron
diferentes porcentajes de mortalidad entre los distintos estadios de desarrollo de las
garrapatas. Los porcentajes de mortalidad alcanzados después de un mes de la inoculacion
con cada una de las cepas de T. cylindroporum en estudio, fueron proximos al 60% para O.
erraticus. Estos porcentajes de mortalidad son similares a los obtenidos con dos hongos
que se estan comercializando como acaricidas, B. bassiana y M. anisopliae (Fernandes et
al., 2003; Ostfeld et al., 2006; Samish et al., 2004). Los resultados obtenidos en este
estudio indican que T. cylindrosporum podria usarse también con este fin, y ademas al ser
un hongo con amplio espectro de hospedadores, podria aplicarse en establos para controlar
al mismo tiempo garrapatas y otros insectos patogenos del ganado (Polar et al., 2008).
Adicionalmente, algunas de las cepas de T. cylindrosporum del estudio mostraron
resistencia a las altas temperaturas, asi, estos aislados podrian tener una mejor actuacion en
ambientes célidos. De hecho, esta seria una cualidad a tener en cuenta en la eleccion de la
cepa a aplicar segun las caracteristicas del medio (Quesada-Moraga et al., 2006b).

En lo referido al estudio de la capacidad endofitica de T. cylindrosporum, dos de las
cepas de T. cylindrosporum utilizadas en esta tesis fueron aisladas como endofios de dos

especies de gramineas, Festuca rubra y Holcus lanatus. Otros hongos entomopatdgenos
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como B. bassiana, M. anisopliae, L. lecanii, Paecilomyces spp. o Cladosporium spp. han
sido aislados como endofitos de distintas especies de plantas, monocotiledoneas y
dicotiledoneas (Vega et al., 2008). Asi, la capacidad endofitica de algunos hongos
entomopatogenos estd despertando un gran interés por su potencial uso en agricultura
como biocontroladores. Ademas, estos hongos no solo podrian aplicarse contra plagas de
insectos fitdfagos, sino también contra hongos y bacterias fitopatdgenas, ya que se ha
descubierto que algunos de los metabolitos que producen tienen actividad antifingica, y
algunos de estos hongos tienen la capacidad de inducir respuestas sistémicas en plantas
contra infecciones bacterianas (Ownley et al., 2010; Vega et al., 2008). Por todo ello, en
esta memoria se quiso comprobar la capacidad endofitica de T. cylindrosporum
inoculandolo artificialmente en plantas de tomate y judia.

Las dos cepas empleadas en el ensayo fueron capaces de penetrar en ambas
especies vegetales y establecerse como endofitos, puesto que ambas cepas se reaislaron 35
dias después de su inoculacion de plantas de tomate y de judia. De este modo, los
resultados obtenidos para la inoculacién artificial de T. cylindrosporum son comparables a
los obtenidos con otras especies entomopatdgenas como B. bassiana. De hecho esta
especie ha sido inoculada artificialmente con éxito en especies como amapolas del opio,
bananos, palmera datilera, café, maiz, patata o cacao (Ownley y Griffin, 2008). De la
misma forma, T. cylindrosporum podria tener también un amplio espectro de
hospedadores, ya que fue originalmente aislado de gramineas pero ha sido exitosamente
inoculado en plantas dicotiledéneas como son el tomate y la judia. De modo que T.
cylindrosporum podria ser un excelente candidato a tener en cuenta en sucesivos estudios

sobre biocontroladores endofiticos y entomopatogenos.

3.4. Efecto de los micovirus en T. cylindrosporum,

En esta tesis también se estudio el efecto que algunos micovirus producian en su
hospedador. Para ello se eligieron los virus asociados a T. cylindrosporum, abordandose el
estudio de las relaciones virus-hongo desde dos perspectivas: T. cylindrosporum
entomopatogeno y T. cylindrosporum endofito, puesto que las cepas de las que se disponia
tienen esta doble naturaleza. Hasta la fecha s6lo existen dos trabajos que atribuyan a un
micovirus la produccién de un efecto en su hospedador entomopatdgeno, hipervirulencia,

en M. anisopliae (Melzer y Bidochka, 1998), e hipovirulencia en B. bassiana (Dalzoto et
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al., 2006). No obstante, los miembros del género Victorivirus, entre los que se encuentra
TcV1, aunque estan asociados con infecciones persistentes, éstas son asintomaticas. Asi, a
pesar de que varios de los hospedadores de este grupo de virus son hongos fitopatdgenos,
no existen casos documentados en los que la patogenicidad del hongo hospedador sea
positiva o negativamente modulada por la infeccidn de un victorivirus (Ghabrial y Nibert,
2009).

En el estudio sobre la capacidad como acaricida de T. cylindrosporum se utilizaron
como ya comentamos dos cepas infectadas por micovirus y tres libres de infeccién. No se
detectaron efectos significativos claros atribuibles a la carga virica de las distintas cepas de
T. cylindrosporum en estudio, ni en su patogenicidad hacia las dos especies de garrapatas,
ni en su respuesta a altas temperaturas. No obstante, cuando se realizo este bioensayo no se
disponia de cepas isogénicas de T. cylindrosporum, con y sin infecciones viricas, para
poder atribuir mas claramente a un virus determinado un efecto en la patogenicidad o en la
resistencia a altas temperaturas de T. cylindrosporum.

Posteriormente, en el estudio de caracterizacion molecular de los micovirus
asociados a cepas endofiticas de T. cylindrosporum se obtuvieron cepas isogénicas del
hongo que albergaban diversas combinaciones de los virus TcV1, TcV2 y TcV3, o cepas
libres de infeccidn. Partiendo de este material seria posible probar si alguno de estos virus
tiene alguna implicacion en la patogenicidad de T. cylindrosporum contra O. erraticus u O.
moubata.

En un estudio sobre el efecto que TcV1, TcV2y TcV3 tenian en la respuesta a altas
temperaturas de las dos cepas endofiticas de T. cylindrosporum (11 y 3398M), no se
observo un efecto claro de los virus en la resistencia a las altas temperaturas. No obstante,
si s6lo se hubiera incluido una de las cepas en el estudio si podrian haberse sacado
conclusiones sobre el efecto virus. Por ejemplo, para el aislado 3398M, parece que existe
un efecto significativo producido por la combinacion de los virus TcV2 y TcV3. Asi las
cepas infectadas con esta mezcla de virus crecen mejor a 22 °C y en condiciones de estrés
térmico (29 °C) que las cepas libres de infeccion. No obstante, los efectos producidos en
una u otra cepa por un mismo virus en ocasiones son contrarios y por ello es dificil atribuir
un efecto claro a un virus determinado. En vista de estos resultados, habria que tener cierto
escepticismo respecto a afirmaciones sobre los efectos de micovirus basados en aislados
isogénicos de una unica cepa. Por ejemplo, dos trabajos concluyeron que la patogenicidad
de B. bassiana y M. anisopliae contra distintos insectos es afectada por la presencia de un
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micovirus, produciendo hipovirulencia en B. bassiana, e hipervirulencia en M. anisopliae
(Dalzoto et al., 2006; Melzer y Bidochka, 1998). En ambos casos solo se utilizaron
aislados isogénicos infectados y libres de infeccién provenientes de una unica cepa del
hongo.

Por otro lado, también se quiso ver que relacion guardaba la infeccién por TcV1
con la capacidad endofitica de su hospedador, T. cylindrosporum. Asi, se observo una
interaccion significativa entre el tipo de infeccién por micovirus y la especie de planta
hospedadora del hongo. De este modo, en judia las cepas de T. cylindrosporum infectadas
por TcV1 eran capaces de penetrar mejor en las plantas que las cepas sin virus. En cambio,
en tomate se observd exactamente lo contrario, es decir, que las cepas libres de virus

penetraban mejor en las plantas.

Los resultados obtenidos en esta tesis indican la existencia de una gran diversidad
de especies de micovirus en distintas especies de hongos endofiticos y entomopatdgenos.
De este modo, debido al potencial que estos dos grupos de hongos entrafian por su uso
como biocontroladores, como armas de mejora de las caracteristicas agrondmicas de
plantas de interés para el hombre, 0 como productores de metabolitos de importancia en
medicina, el estudio de las relaciones micovirus-hongo, podrian ayudar a entender mucho
mejor las relaciones hongo-planta u hongo-insecto. Asi, el estudio de estos tridngulos
simbioticos puede llevar en el futuro a una mejora de estos recursos naturales tan
importantes en la lucha contra plagas y patogenos vegetales, en la mejora de las cosechas e

incluso en la produccion de metabolitos de interés médico.
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Los micovirus son relativamente comunes en especies de hongos endofiticos de
gramineas. La incidencia observada entre especies (22.6%) podria ser una

infraestimacion, puesto que de muchas especies solo se analiz6 un aislado.

La incidencia de micovirus entre las especies entomopatdgenas Tolypocladium
cylindrosporum y Beauveria bassiana es elevada obteniéndose valores de

incidencia de micovirus entre aislados cercanos al 50% o superiores.

La diversidad de virus observada para los aislados analizados de B. bassiana
procedentes de diversos habitats fue muy alta, llegandose a obtener hasta 27
perfiles diferentes de dsRNA entre los 50 aislados infectados. No obstante, esta
diversidad de micovirus en B. bassiana podria ser mayor, ya que se comprob6 que
un mismo perfil de dsRNA no siempre se corresponde con una infeccion por la

misma especie de virus.

El virus mas comdn encontrado entre los aislados de B. bassiana analizados fue
completamente secuenciado e identificado. Beauveria bassiana RNA virus 1
(BbRV1) constituye un nuevo miembro del género Victorivirus (Familia:

Totiviridae).

En T. cylindrosporum se detectaron tres micovirus diferentes: Tolypocladium
cylindrosporum virus 1 (TcV1), Tolypocladium cylindrosporum virus 2 (TcV2) y
Tolypocladium cylindrosporum virus 3 (TcV3). TcV1 fue totalmente secuenciado e
identificado y constituye un nuevo miembro del género Victorivirus (Familia:
Totiviridae); TcV2 fue parcialmente secuenciado y es muy probable que constituya
un nuevo miembro de la familia Chrysoviridae. La eficiencia de transmision a las
esporas asexuales de TcV1, TcV2 y TcV3 es variable dependiendo del virus. Asi,
las frecuencias de transmision a las esporas asexuales de estos tres virus varian
entre 0% y 90%.
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6. T. cylindrosporum es un patogeno de O. erraticus, cuatro de las cinco cepas
analizadas de dicho hongo producen mortalidades entre los distintos estadios de
desarrollo de esta especie de garrapata cercanas al 70%. De este modo, T.

cylindrosporum podria ser un buen acaricida.

7. T. cylindrosporum es capaz de penetrar en plantas de tomate y judia y establecerse
con éxito como endofito, reaislandose hasta cinco semanas después de su
inoculacion. Ademas, T. cylindrosporum es capaz de comportarse como generalista
en cuanto a la especie hospedadora ya que fue aislado originalmente como endofito
de la graminea Festuca rubra. Asi, T. cylindrosporum podria usarse como agente
de control bioldgico de distintas plagas de insectos fitéfagos o de insectos vectores

de patdgenos vegetales.
8. La presencia de micovirus no produce un efecto claro en la capacidad endofitica de

T. cylindrosporum, en su patogenicidad contra garrapatas o en la resistencia a las

altas temperaturas de dicho hongo.
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Apéndice 1. Secuencia de nucledtidos del genoma completo de Tolypocladium

cylindrosporum virus 1 (TcV1)

>TcV1

t gaaatt caccgcccgcgaat caccgatt cccgagcgt accacgggecccccgceact gece
t cgcggggggacagcett agt gct gttt ccgt ggat ccgegt ccttct gt t aggacgacac
cggat ct gggccagt gggat cggcet gat gt gcgt t cccgt caact aactttccccccagg
gat aggccat ccat gct gaaaaagcgt gcgccct gaccgat aaggt gacgtt gt gt gegt
agaagt agggt agggct gcggcect ccgtt gat ct ct acgt at gcaacgtt at agtt gacg
gat atactcttctaaccccgcgagccatggatttcattattcgcaattctttcctttccg
gcgttatcgect ct cct cgecggt gggagect cgat aacgacaatcgttttcgtcgttatce
gtacttccgttcgcacgaccgccaccatt ggcggt aacgat gact cgcgcaccacctcta
tcttctacgaagt ggggcgt gcggt caacacgaagggccgcgceccttaaccgeccctccg
at ggcgccct gt gcat cgaagcggcett at cccacgaat act gt cct agect gaggatttca
tt ggt ct ggccaagaaat acaccaacttctctgcct cgttcgagtattcatcgcetcgcetg
gt gt cgccgagcegt ct cgececgegegcett gececgegt ccagegt ctt cacggacgt cgact
cgaacgacat ccgcggcggcgecgggct ggt cgt caacgcet gtt ggt actt acgacggcec
ccatctcct cgct caccaacacggt ct acat acct cgcct cgt caactcctctat caccg
gt gaagt ctt ct cggt cct ggcgaacgct gt at ct ggt gaaggct cct ccgtt gcgaccg
acat aat cgaact cgacgcaggt acccgccaacccct cat acct gaggtt gacccecgcetg
gact cgct gccgect gt gt t gacgecctt cgecat cgt cggtt ct aat at gatt gcaageg
accagggcccgctattctccctcgecgttacccegt ggt at ccaccgagtcctttcagtcg
tt ggccacaccgacgagggt ggcat cacccgcgacttgttacggtgectcgtctttcgecc
cgcctttcggeggceat ccact at gct ct cgagectt at gcagggtt gccecgecct ccaat
ttaccgcgttcceccgect acgeccgect acgt ggatt ccat cgececct aact accgecgcetg
t cgt cgcacacgct gaccccggt gt cat gt acggecggcet cttggttcccaaccttctaca
at ggcact gccgacagcgat ggcaccgtt cgccct ggccagaat caggccgggacggcag
ccat ggccaat cgt aaccgt gcccagcet ctt gggcet ccgegecggecttttt cagt gaat
acat ccgcggcect cgcaact at cttt ggt gcgt cgggt gact cct ccct cgect geecgcet
ttat gggcgcggcect cttat gct ct cccgcaggat ccgegecat ct ccgat acget accg
tgtccccctggttct ggat agagccgaccggt ct gct gccgcacgacttccttggetcta
aggccgaggcgaacggcgeggggt catt cget t ggaaggacaccacccgt act agggt cg
ctt gggacgaact aacccagcacggt gaggccgacaccacctt cagt gcat acgt cgcca
ggttcaggtctcctcgtcagcagt ggttcttcgcgcact ggat gaaccat cccct caacg
gcct cggegcet at ccgagt ccggecagcet cgat cct aacgggat cgt gcagccaggacagt
gcgt cgcgcaccccgacgt ccgt gaccgt gt t gaagccgacct acct tt cacagact acc
t at ggacacgcggccaat cgcccecceccccgeccccggcegagcett ct caactt gagegggt
ctgttggcttcctcgtccgecat ctaactt at gat gacgacggcgt cccgcat gaagaac
at gt cccaacgcgccgcgaat tt ct cgacaccacagt gacgat cgaggt gggt cgtcctg
t cggcat agcgacgggggct t cgaacgcgggcgacaaccacgt ccggcgt gccaggacca
aggct gct aacgaact agct gccgcet aggegt cgt gccget gt ct tt ggt cgt gccgacg
t ggct gagat gcccat act gact agcgcgceccgcet ct agccccgecccccagegecggtc
tt gagcgcggt agt gat cct ggcggt agcggcet cccagegt cgt gecegt cccggeeggtt
t gcccggaaacgacact t gggcgcgggagcect accggcegcet cct cgcaat ccecgt cceccc
accaccagcct ct ccgggcet cct caget cgegegt caagecggt ggt ct aggt ggcggceg
ccgcccectat ccceccecccect ccacct ggt gt cccecgeccecgect gecattgececccegetg
at gacgat aacgct ccgccagct cct gt ggccact gect ccccct gtt gccgacccccagg
ct at ggt gggcgaccagat cfi@@at ggt ct t cgt ct cgggt cgt gt gggt gaat tt ggt g
ccctgggcetcctacct acacgacttact ccccgagtt gggt gacgt gactgaatcttatg
ct gat ct cgagtt gaccgagcagct gattaagtttgcaacccact cagtgtctctccgeg
gt gt acat cct ct cggt cct gtt gcggt ct cact act at gt gt ggcct acccecgt ccagt
gtgatttccgcttgtcggat ctcacggececgt cctgecggcactcecttttcttttctcccac
aacgt gctcccctccttgagttaact gggct catt gagcggegegttaccct gcgcaagg
cccct gccacaat t ggggecct acacact aaagt cgecgegt cttt gt aact ccgat ageg
cggcgcegtt cccagtt gt ggccacccaaacgccacgeccgcagcet ggt acgaaggtt aata
tccgecttagcaccccttgecgt cgectt gt cacgcagcet acggt ccagect gget gggtc
gcgcact gact cct ct cgt gggct gcgcggaagacgcagttt gect gt gcacttctcctcg
cgact gcgct cgagccgcact t cgggcacct gggact cgaggt ggcccagt ct at gat cc
t cgagccgaacaacgct aagggcect gt ct aacgct ct caaggccct t ggct ggaact cca
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ctctcccecgget cgat get ggt t gagggcggggeact ccaaggecgeggt gt at cgeccg
tt gacat ggacgccgagat cgcct cgegt act acgect gacct cgt cact gacat ggt ca
tat cct cggct gct gagat ggct cct cacat ccgegct at act gget ct cgagettccca
gcaact ccggt t t gggagacct cgacgaat t ct ggt ccgcacggt ggttatggtgtgtta
acggt gcgcaaaat cgt gcat ccgaccgct ct ct caact t gccct cccecegt gcgeggeg
cgaaacgtt at cggcgcat ggct gct gaggaggt cagt t cgaaccccat at acgact ggg
acggcacgacgaacgt gt ct gcct caaccaagt t ggagccggggaagt cgcgegcecat ct
t cgcgt gcgacacct cgt cgt actt cgectt ct cgt ggat act cgat cgcgeccagegt g
act ggcgcggacaccgt gt cct cct t aacccgggagaggggggcect ct acggegt agcac
ggcgcgt caaaggt gcccagggcecgt ggcggegt caacgt cat gct cgact acgacgact
t caatt cgcaccact ccct cggegt ccagcaggaact cact cgccagct ct gccaact ct
acaacgct ccct cct ggt at accagcegt cct cgt ggact cctt cgaccgceat gt acat ca
cccaccgcegggt ct cgt aaacgcat t ct cggcacact gat gt ccgggcaccgeggcacat
cattcat caact ccgt gct gaacgccgcegt acat acgt gccgecgt gggt ggt get tt ct
ttgatcgcctcgt ct cgct gcacgcgggegat gacgett acat gecgtt gcagcacgettg
ccgaggcagcccacgt cct aact cget gt gccegt t t cgggt gecegt at gaat ccgacaa
aacagagt att ggtttccggcat gccgagtt cct caggct cggaat t ggt gacaaat at g
ccgtcggttacctttgecget cgat at ct act ct ggt t gcgggat cgt gggt t gcccecgg
accccct gagccccgaggacggecttact t ccgecgat cacgacagt ccgcagttgtatta
accgcgggt gt ccctcttctct ct ccecgt at cat cgcgaggacgt act cgt ccat acatg
gctaccccctcecgtgttttggat gcattacttagecggt gccgect gect t gaat caggeg
cggt ct acaacacggact at acct t acgccagt at cgt gt t gt ccggcccct ccccgat g
acct cccgcet ccct ccgcaacacagggagt acgccacccgcegagt acct t gccaat cacg
tct cacccat agaggcgcgggcagcacaact t gcgt cggcagat t t ggt gcggat cat gg
t gcggagcagct act ccaagggagt aacacgt cat ccat cat cccccacgt cgegecgt ¢
gtcctcaacttgtgtctttacccact gt caaggcaact ggt tt caccacagct gect gaac
t cgcaaaacgt caacct ccggt cgggaagcet t gct aactt cccgtt get ccggttaat cg
aggcccggcet cact gacgaccagat cagt gagt t act at cat t caat gggacccctcctg
gt ggt ct gcct cccecgeat agcagect t cggt gt t gaaggecat t gct gt aacgt cat ag
ggt acct accct act ct gacgcat gct cat acagcaagcgt acgacct gcgat aacatta
tcgccggtt act cagt ct at t ccfl@acat ggggt t cgagcaccccccgegeaccttt gt
gcgccaacgaat t gggcccgcaagggccaaaat gcg

--- Codon de inicio
B Codén de parada

OREF 1 — Proteina de capsida (CP)

327 gatttcattattcgcaattctttcctttccggegttatcgec
DFI1 I RNSFULSGVI A

372 tctcctcgeggt gggagect cgat aacgacaat cgttttcgtcgt
S PR GGSL DNUDNIRTEFRR

417 tatcgtacttccgttcgcacgaccgccaccattggcggt aacgat
Y R T SV RTTATI G GND

462 gact cgcgcaccacctctatcttctacgaagt ggggcgt gcggtc
DS RTT SI1I FYEVGRAYV

507 aacacgaagggccgcgcccttaaccgcccct ccgat ggcgecectg
N T K GRALNIRWPSDGA AL

552 tgcat cgaagcggcttat cccacgaat act gt cct agct gaggat

cCcl E A AY P TNTV L A E D
597 ttcattggtctggccaagaaat acaccaacttctctgectcgttc
F1 G L A KKY TNIFS A S F

642 gagtattcatcgctcgct ggt gt cgccgagegt ct cgeccecgegceg
EYSSLAGVAEWRILARA

687 cttgccgcegt ccagegt cttcacggacgt cgact cgaacgacatc
L AAS SV FTDVD SN DI
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732

777

822

867

912

957

1002

1047

1092

1137

1182

1227

1272

1317

1362

1407

1452

1497

1542

1587

1632

1677

1722

1767

1812

1857

1902

1947

1992

2037

cgcggcggegecgggct ggt cgt caacget gt t ggt act t acgac
R GG A GL VVNAVGT YD
ggccccat ct cct cget caccaacacggt ct acat acct cgectc
G P11 S SL TNTVY 1l P R L
gt caact cct ct at caccggt gaagt ctt ct cggt cct ggcgaac
V NS SI T G EV F SV L AN
gct gt at ct ggt gaaggct cct ccgt t gcgaccgacat aat cgaa
AV S GE GS SV AT DI I E
ct cgacgcaggt acccgccaacccct cat acct gaggt t gacccc
L bDbAGTROQPL 1 P EV DFP
gct ggact cget gccgect gt gt t gacgecct t cgeat cgt cggt
A GL A A ACVUDA ALIRI V G
t ct aat at gat t gcaagcgaccagggcccgct att ct ccct cgece
S NMI A S DOQGWPLF S L A
gttacccgt ggt at ccaccgagt cctttcagt cgttggccacacc
vV T R GGI HRV L SV V GHT
gacgagggt ggcat cacccgcgacttgttacggtgctcgtctttc
DEGGI TRDULULRZCS S F
gcceccgectttcggeggeat ccact at gct ct cgagect t at gca
AP PF GGI HY AL EUPYA
gggt t gcccgecct ccaatttaccgegttccececgect acgecgec
G L P AL QFTATFUPAY AA
tacgt ggat t ccat cgccct aact accgecgct gt cgt cgcacac
Y vbDSI AL TTAAYVYV AH
gct gaccccggt gt cat gt acggeggcet ctt ggtt cccaaccttc
A DP GV MY GG S WZFPTF
t acaat ggcact gccgacagcgat ggcaccgt t cgccct ggccag
Y NG T A D S D GT V R P G Q
aat caggccgggacggcagccat ggccaat cgt aaccgt gcccag
NQAGTAAMANTRNR RADOQ
ctcttgggct ccgegecggectttttcagt gaat acat ccgecgge

L L GS APAFF S EVY 1l R G
ctcgcaact at cttt ggtgcgt cgggt gact cct ccct cgect ge
L ATI F GAS GD S S L AC

cgctttatgggcgecggect cttat gct ct cccgcaggat ccgege
R FMGAASYALUPQDUPR
cat ct ccgat acgct accgt gt ccccct ggt t ct ggat agagecg
HLRY ATV SPWFWI E P
accggt ct gct gccgcacgact t cctt ggct ct aaggccgaggceg
T G L L PHDUZFUL GSKATEA
aacggcgcggggt cat t cget t ggaaggacaccacccgt act agg
N GA GSFAWKUDTTRTR
gt cgct t gggacgaact aacccagcacggt gaggccgacaccacc
V AWDELTQHGEADTT
ttcagt gcat acgt cgccaggt t caggt ct cct cgt cagcagt gg
F S AYV ARZFIRSWPRQQW
ttcttcgcgecact ggat gaaccat cccct caacggect cggegcet
FF AHWMNUM HUPLNGTL GA
at ccgagt ccggcagct cgat cct aacgggat cgt gcagccagga
Il RV ROQLUDPNGI V QPG
cagt gcgt cgcgcaccccgacgt ccgt gaccgt gt t gaagccgac
Q CV AHUPDVIRDIRYVE AD
ctacctttcacagact acct at ggacacgcggccaat cgcccccc
L PF TDYL WTRGO QS PP
cccgeccccggegagettct caact t gagecgggt ct gt t ggettce
P AP GEULULNLS GSV G F
ctcgtccgecat ct aact t at gat gacgacggegt cccgeat gaa
L VRHLTYDDUDGV P HE
gaacat gt cccaacgcgccgcgaat tt ct cgacaccacagt gacg
E HV PTRREWFLIDTTV T
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2082

2127

2172

2217

2262

2307

2352

2397

2442

2487

2532

2577

at cgaggt gggt cgt cct gt cggcat agcgacgggggct t cgaac
Il EV GR P V GI AT GA S N

gcgggcgacaaccacgt ccggcegt gccaggaccaaggct get aac
A GDNMHVRRARTKAAN
gaact agct gccgcet aggegt cgt geccget gt cttt ggt cgt gece
E L AAARRRAAVTFGRA
gacgt ggct gagat gcccat act gact agcgcgcccgcet ct agcc
DV AEMPI L TS APA AL A
ccgeccccccagegecggt ctt gagegeggt agt gat cct ggeggt
P PP SAGLEIRTGSDUZPGG
agcggct cccagcegt cgt gcecgt cccggecggt tt gcccggaaac
S GS QRRAVPAGL P GN
gacact t gggcgcgggagcect accggcgcet cct cgcaat ccegt ¢
DT WAREWPTGAPIRNPYV
ccccaccaccagcect ct ccgggcet cct caget cgegegt caagcec
P HHQPLIRAPI QL AROQA
ggt ggt ct aggt ggcggcecgecgceccct at ccccccccct ccacct
G GL GGGAAPI PP PPFP
ggt gt cccecgeecccgect gecatt gcccececgcet gat gacgat aac
GV PAPWPALPPADDDN
gctcctccaget cct gt ggccact gect cccecct gt t gccgaccce
AP P APV ATAPUPVADFP
caggct at ggt gggcgaccaggt ct aa 2603

Q AMY G D QV *

OREF 2 — RNA polimerasa dependiente de RNA (RdRp)

2604

2649

2694

2739

2784

2829

2874

2919

2964

3009

3054

3099

3144

3189

3234

gtcttcgtctcgggt cgt gt gggt gaat t t ggt gccct gggce
VvV F VS GRVYV GEZFGA AL G

tcct acct acacgact t act ccccgagt t gggt gacgt gact gaa
S YL HDUWLULPEUL G DV T E
tcttatgctgatctcgagttgaccgagcagcet gattaagtttgeca
S Y ADLEWLTEW QLI KF A
acccact cagt gt ct ct ccgcggt gt acat cct ct cggt cct gt t
T HS V S L RGVHWPL GUZPV
gcggt ct cact act at gt gt ggcct acccegt ccagt gt gatttc
A Vv S L L CVAYPV QCDF
cgctt gt cggat ct cacggccgt cct gcggcactccttttcetttt
R L S DULTAVULIRMHSF S F
ct cccacaacgt gct cccct cct t gagt t aact gggct cat t gag
L P QRAPULULETVLTGTL I E
cggcgcegt t accct gcgcaaggeccct gccacaat t ggggecct a
R RV TLRIKAPATI GAL
cacact aaagt cgcgcgt ct t t gt aact ccgat agcgcggcgegt
HT KV A RL CNZSUDSAA AR
tcccagtt gt ggccacccaaacgccacgccgecaget ggt acgaag
S QL WP P KIRHAAAGT K
gttaatatccgcttagcaccccttgecgt cgectt gt cacgcage
VvV NI RL A PL AV AL S R S
t acggt ccagcct ggct gggt cgcgcact gact cct ct cgt ggge
Y GP AWL GRALTWPL V G
t gcgcggaagacgcagt tt gct gt gcact t ct cct cgcgact geg
C AAEDAVCCAL L L ATA
ct cgagccgcact t cgggcacct gggact cgaggt ggcccagt ct
L EPHF GHULGLEV A QS
at gat cct cgagccgaacaacgct aagggcct gt ct aacget ctc
M1 L E P NNAIKGL S N AL
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3279

3324

3369

3414

3459

3504

3549

3594

3639

3684

3729

3774

3819

3864

3909

3954

3999

4044

4089

4134

4179

4224

4269

4314

4359

4404

4449

4494

4539

4584

aaggccct t ggct ggaact ccact ct ccccggcet cgat get ggt t
K AL GWNZSTULWPGSML V
gagggcggggcact ccaaggccgeggt gt at cgccecgtt gacat g
E GG AL Q  GRGV S PV DM
gacgccgagat cgcct cgegt act acgcct gacct cgt cact gac

DA EI A SRTTW®PWDUL V TD
at ggt cat at cct cggcet gct gagat ggct cct cacat ccgegct
MVI S SAAEMAPHI RA

at act ggct ct cgagctt cccagcaact ccggt t t gggagacct c
Il L AL EL P SNJSGL GDL
gacgaat t ct ggt ccgcacggt ggt t at ggt gt gt t aacggt gcg
DEFWSARWLWZCVNGA
caaaat cgt gcat ccgaccgct ct ct caact t gccct ccceegtg
Q NR A S DR SLNULUWPS PV
cgcggcgcgaaacgt t at cggcgeat ggct gect gaggaggt cagt
R GA KRYRRMAAEE V S
t cgaaccccat at acgact gggacggcacgacgaacgt gt ct gcc

S NP1 Y DWDGTTNWV S A
t caaccaagtt ggagccggggaagt cgcgegecat ctt cgegt gc
S T K L E P GKSRAI F AC

gacacct cgt cgt actt cgectt ct cgt ggat act cgat cgcgcec
DT SSYFAFSWI L DRA
cagcgt gact ggcgcggacaccgt gt cct cct t aacccgggagag
Q RDWRGHRVLL NP GE
gggggcct ct acggcgt agcacggcgegt caaaggt gcccaggge
G GL Y GV ARRYVYKGARQG
cgt ggcggcegt caacgt cat gect cgact acgacgactt caattcg
R GGV NV ML DY D DF N S
caccact ccct cggcgt ccagcaggaact cact cgccagcet ct gc
HHSLGVO QO OETLTR ROQLC
caact ct acaacgct ccct cct ggt at accagegt cct cgt ggac
QL Y NAPSWY T SV L V D
tccttcgaccgceat gt acat cacccaccgegggt ct cgt aaacgce
S FDRMY I THIRGSRKR
att ct cggcacact gat gt ccgggcaccgcggcacat cattcatc
Il L G T L MS GHRGT S F |
aact ccgt gct gaacgccgegt acat acgt gccgecgt gggt ggt
NS VL NAAYI RAAVYVGSGC
gctttctttgatcgectcgtctcget gcacgecgggegat gacget
A F FDRLVSLHAGTUDTUDA
tacat gcgt t gcagcacgct t gccgaggcagcccacgt cct aact
Y MR CSTUL A EAAUHV LT
cgct gt gccegt tt cgggt gccgt at gaat ccgacaaaacagagt
R C A RF G CWRMNWPTK QS
attggtttccggcat gccgagttcct caggct cggaat t ggt gac
Il GF R HAEUFULRL G111 GD
aaat at gccgt cggt t acct tt gccget cgat at ct act ct ggt t
K'Y AV GY L CRSI S TL V
gcgggat cgt gggt t gccccggaccccct gagccccgaggacgge
A G S WVAPUDWPL S PE DG
cttacttccgcgat cacgacagt ccgcagtt gt attaaccgcggg
L T S AI T TVRSTCI NRSG
tgtccctcttctctctcccgt at cat cgcgaggacgt act cgt cc
c PSS SL SRI I A RTY S S
at acat ggct accccctccgtgttttggat gcattacttagcggt
Il HGY PL RV L DALUL S G
gccgect gect t gaat caggecgeggt ct acaacacggact at acc
AACLESGAVYNTUDYT
ttacgccagtat cgt gt t gt ccggcccct ccccgat gacct cccg
L R QYRV VR RPLUPDUDILP
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4629

4674

4719

4764

4809

4854

4899

4944

4989

5034

5079

5124

ct ccct ccgcaacacagggagt acgccacccgcgagt acctt gec
L PP QHREYATIREY L A
aat cacgt ct cacccat agaggcgcgggcagcacaact t gcgt cg

NHV S PI EARAAQL A S
gcagat t t ggt gcggat cat ggt gcggagcagct act ccaaggga
A DL VR RI MVIRSSY S K G

gt aacacgt cat ccat cat cccccacgt cgcgecgt cgt cct caa
V T RHPSSPTSIRIRIRPAOQ
cttgtgtctttacccact gt caaggcaactggtttcaccacagct
L vsLPTVIKATGFTTA
gct gaact cgcaaaacgt caacct ccggt cgggaagctt gct aac
A EL A KIROQWPWPV G KL AN
ttccegttgetcecggttaat cgaggececcggcet cact gacgaccag
F P L L RLI EARLTDDQ
at cagt gagt t act at catt caat gggacccct cctggtggtctg
I S E L L S FNGTUPUPGGIL
cctccccgeat agcagcectt cggt gt t gaaggccat t gect gt aac
P PRI A AF GVEGHTCTCN
gt cat agggt acct accct act ct gacgcat gct cat acagcaag
vV I GY L PY SDATCSY S K
cgt acgacct gcgat aacat t at cgccggttactcagtctattcc
R T TCDWNI I A GY S V Y S
tag 5126

*

142



Apéndice

Apéndice 2. Secuencia completa de nucle6tidos de dsSRNA3. RNA polimerasa
dependiente de RNA (RdRp) de Tolypocladium cylindrosporum virus 2

>TcV2- RARp

cgcaaaaaagagat aaaggt at caattttttgcacact accagaaat ggct attaaattt
tct acggct agcgegt t ct cagaacagaaagcaacaat gggt gcat cgt acat t ggt gag
ccgt caggcgcaggcacact at t gat gccaaat gagcgagaaaggat cggggt cggcaaa
cttcacat gcat gcagtt gt gct gccagt gtt at gcggaaagagt ct gat gt gccacaag
tt cagt ggat at gacat t gacgacat cgt ggt gaat gaggaagcat t caagt gcgat caa
gagt gggaagagat gat t gacgcacgggaacggggct at t t cggt ggcgat aact ccggce
tacct cacat caaat cgcat aat gct acggcgggcgegt aggtttttcgacttgtttgtg
ggggat ggcaacgcgcct gt gt t at acgt gcaaacagccgagat ggcagaggcact t gga
gcagagat cat ct at gt gggt agt gt t gct cgt ggagt ggccgcggcgacgcecacgt t at
caggcact gt ct gacgaggagcaacgt t t gat gct gaagct t ct gat agagcaggacaat
gct aat gaggt gt at t gcgcacgacacggact acagt at gacggcat at ct aacggtt ac
gaggt acaggcacaacgt gt at cggaacggt t gcgt cgct gcggt t t gaacgcat t gacg
t cagcat cgcaagacgcgct t gacaggcet at acct t gagacttctttt cgt gggcgget g
aat caat cat gt gcgat t gcat gt aacgcagagt t aact gggt gggt cagggct gt ggcc
gcccgt gaggcgcaagt gect t gt cggeget gegt t accacaaggt gcgggccaagt gcat
aat cat gt gcgat gggct cgagt gat acacgct ct ggaacagcat gcact agcagt t gt t
ccgggcecct aagect gt gcgcaccagat ggagcgagaagt t t ccat acggaccagggaat
gct aaat t cgct ct cgccaagat aggt gacttt ct cgaat ccgt at cggagagggat t at
caaaat gggt acgcgt ggt t ccggcaact act gaaccgt gat gat t gct cgt at gaacgce
gcattgtgccacttgattatgggtgatgtttggtgctatgtcgeccceccgagttgaaaccg
ct cgt ggaaagt ct cagaat aggcggct t agct ccat t ggt gt t cgct gaggt gt gt aaa
gggatt cacacatt ggt ccgcgacact aagt cgat gct cggt gcggct ct aaacact cat
ggact agcgct gt gt acgt actt cgatt gt ct cgct ggccgcet act t cggt gaaggcgat
at agagaaggagat acat gaccgt acggt gt cgct t gagcct cggcact t t at aat gcct
gat ggcagcaaat ccgaggct gagt t t gacat gcggt t caagaat gct gt agct gat gt g
ttgcact ccacact agt t gacggt ggt gct cgcat at t acgagccagcaaaat aacaaag
agctttgacacgttcttggagcaccgt aaagcgt gggt gaggect gggt ct gt aact ggce
agcccgaaaact gat gt gt at at caaggt ggt cggt gat agagagat ggggat acgcgag
gt t gcggat gat ct gcat at gat gggt acgt at gt gct at ct agagt t agact t aacaag
gctgctacctttgagtttgagaagtttccggaact ggt gcgcgatt gcat aggt gattac
gt gcccaat agct t cacacgacact t cat aaagaacgagat t gcgaaagt gaagggt cga
gcattgttcccgtctcacgttgtgcactacatcgttgggacat at gt gct ccaact actc
at gaaggcagcgcct at t gaacacgcacgact gat accggat gaggcaacaccgagagac
gagcact ggat gt ggat ggaagcgcgt gact t caccgt agggct gat gct cgat t acgac
gact t caacgaaagccacgaaat t cgcgacat gcagat gatt att aatt cgctt aagggce
gtttaccgcagggcgggt gct tt aagccccgat ct gt cggct at gat agat t gggt ggt g
gaagcgt acgaaaagat ggt gt t t gaat t cgacgggaagcagt accact t cct gcat ggc
at gct gt cagggcaagcacct acgt caat gat aaacacagt cat caacaccgcaaacaaa
agggttat ccgcgagcaaat attt gcget att t ggt gagagegt gat gacaaaaaggact
t cagggggcgacgat gt t gct gcggagacat at gat gt t t t ccaggcagcgat gat agt g
aaagt cggggagat gat gggctt cgcgt t cagcacacacaagcagt t gat aagcacgagt
gattacgagttcttccggttatttgtctctgcggagggegtttat ggcagettaccgegt
gtattaggcagtttat gtt cagggcaat ggt cgaacagcgt gaaggct aagt t t at agat
ccagcttctaaact aaattccgttgttgagat ggct aggaaggcggcet cgccgggcgaaa
ggcaat at cacgtt cctt gagaagt t gt gcaat gcagcat t t agaaaat gggccactttc
ggcgagcat gagct t gt t gacggt t acgt acat ggcccacggaat aagggaggat t agga
gt accgat ggct gacgggagt at at acgat at agagccaat accagt ggat gat acgcct
ccggt ggagt t at t gggcet t accggact cagcgagccgagt agt ggcaaaagagcaaat a
agcgacgct aaaggt at agt cggt gaat cgggt gt ggt ggcagaggat caat t ggcacaa
aagat ggcagggcaggt gt t ccgt ggcaat at agct gcgat ggaaggt gcaat ggt t ggc
caaat at t aagcgat gcgcgagt gccgcct act gt agt gaacat cacgggt gt aaaat ca
at aagacgcgagcat t acgat aggcat gggcat gat gt gcacgt gt t caggcgagat t ac
gct cggt t aaagcacaggaccgacgcgct t aaaaacgct ggcgcacgat acgacgceattg
gcagcagcggt gaagcct ggt t acagaagacgat t ggcacat gt t gt aggcct cacat at
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gcggt t gat ggt gat ct act at act act ggaaggagaat tt aact ctttt cggct gcgge
acat act t act aacggaagat t act acaacgct gt gcagt t gat ggct t t agt gacggca
ccaggct acagt gacaat gagat aagcgagcgat t agcat act acgcgact gcgct t gct
aacagcaat at gat gaat t acfl@agcgt cat agt gcgaagacaggaat t caaaagaat t
tctacc

--- Codon de inicio
. Codon de parada

ORF 1 — RNA polimerasa dependiente de RNA (RdRp)

46 gctattaaattttctacggctagcgcegttct cagaacagaaa
Al K F S TASAFSE QK

91 gcaacaat gggt gcat cgt acat t ggt gagccgt caggcgcaggc
AT M GASY I GEP S GAG

136 acact att gat gccaaat gagcgagaaaggat cggggt cggcaaa
T L L MPNZEWREWRI GV G K

181 cttcacatgcatgcagttgtgctgccagtgttat gcggaaagagt
L HMHAVV L P VL CGK S

226 ctgatgtgccacaagttcagtggat at gacattgacgacatcgtg
L MCHIKUFSGYDI DDI V

271 gt gaat gaggaagcat t caagt gcgat caagagt gggaagagat g
V NE E A F KCDQEWEE M

316 attgacgcacgggaacggggct atttcggt ggcgat aact ccggc
I DA REWRGYF GGUDNS G

361 tacctcacat caaat cgcat aat gct acggcgggcgcgt aggttt
Y L T S NRI ML RRARRF

406 ttcgacttgtttgtgggggat ggcaacgcgcctgtgttatacgtg
F DL FV GDU GNAPVLYYV

451 caaacagccgagat ggcagaggcactt ggagcagagat cat ct at
QT AEMAEALGAETI | Y

496 gt gggt agt gttgct cgt ggagt ggccgcggcgacgcecacgtt at
vV G SV ARGVAAATUPRY

541 caggcact gt ct gacgaggagcaacgttt gat gct gaagcttctg
Q AL S DEEQRILMLKTLL

586 at agagcaggacaat gct aat gaggt gt att gcgcacgacacgga
I E Q D NANEV Y CARHG

631 ctacagt at gacggcat at ct aacggtt acgaggt acaggcacaa
L QY DGI S NGYEVQADOQ

676 cgtgtatcggaacggttgcgtcgcetgeggtttgaacgcattgacg
RV S ERLIRRCGLNAWLT

721 tcagcat cgcaagacgcgcttgacaggct at accttgagacttct
S A S QDALDWRLY L ET S

766 tttcgtgggcggct gaat caat cat gt gcgatt gcat gt aacgca
F R GRLNOQS ST CAI A CNA

811 gagttaact gggt gggt cagggct gt ggccgcccgt gaggcgcaa
E LT GWVRAVAAREADQQ

856 gtgcttgtcggcgcetgegttaccacaaggt gcgggccaagt geat
vV L VGAAL P QGAGOQVH

901 aat cat gt gcgat gggct cgagt gat acacgct ct ggaacagcat
NHVRWARVI HALEQH

946 gcactagcagttgttccgggccctaagcct gt gcgcaccagat gg
AL AVVPGPIKWPVRTRW

991 agcgagaagtttccat acggaccagggaat gctaaattcgctctc
S EKFPY GPGNAIKTFA AL

1036 gccaagat aggtgactttctcgaat ccgt at cggagagggatt at
A K1l GDZFLESVSEWRDY

1081 caaaat gggt acgcgt ggtt ccggcaact act gaaccgt gat gat
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1126

1171

1216

1261

1306

1351

1396

1441

1486

1531

1576

1621

1666

1711

1756

1801

1846

1891

1936

1981

2026

2071

2116

2161

2206

2251

2296

2341

2386

2431

Q NGY A WFROQL L NRDD
t gct cgt at gaacgcgcatt gt gccactt gattat gggt gat gt t
C S YERAL CHULI ™MGTDV
t ggt gct at gt cgcccccgagt t gaaaccgcet cgt ggaaagt ct ¢
wcCyYV A PELKWPL V E S L
agaat aggcggctt agct ccatt ggt gt t cgct gaggt gt gt aaa

R1 G GL A PL V F AUEVCK
gggatt cacacatt ggt ccgcgacact aagt cgat gct cggt gcg
Gl HTL VRDTIKS ML G A

gct ct aaacact cat ggact agcgct gt gt acgt act t cgat t gt
A L NTHGL AL CTY F DC
ct cgct ggeccgcet act t cggt gaaggcgat at agagaaggagat a

L A GRYF GEGUD I E K E I
cat gaccgt acggt gt cgct t gagect cggcact tt at aat gcct
HDWRTVSLEWPRMHFI MP

gat ggcagcaaat ccgaggct gagt t t gacat gcggt t caagaat
D GS K SEAEVFUDMMREFEF K N
gct gt agct gat gt gt t gcact ccacact agt t gacggt ggt gct
AV ADVLHSTULV DGGA
cgcat at t acgagccagcaaaat aacaaagagctttgacacgttc
R I L RASKI TKSFDTF
t t ggagcaccgt aaagcgt gggt gaggect gggt ct gt aact ggc
L EHRIKAWYVYRWPGS SV TG
agcccgaaaact gat gt gt at at caaggt ggt cggt gat agagag
S P K TDVY 1l KV YV G DR E
at ggggat acgcgaggt t gcggat gat ct gcat at gat gggt acg
M GI REV A DUDULHMMGT
tat gt gct at ct agagt t agact t aacaaggct gct accttt gag
Y V. S RVRLNIKAATFE
tttgagaagtttccggaact ggt gcgcgatt gcat aggt gattac
F E K FPELVRDT CI GUDY
gt gcccaat agct t cacacgacact t cat aaagaacgagat t gcg
V P NS F TRHUF I KNZEI A
aaagt gaagggt cgagcatt gtt cccgt ct cacgtt gt gcact ac
K vV K GRAL F P S HV YV HY
at cgt t gggacat at gt gct ccaact act cat gaaggcagcgcct
Il vV 6 T Y VL QL L MKAA AP
at t gaacacgcacgact gat accggat gaggcaacaccgagagac
Il EHARLI P DEATPRD
gagcact ggat gt ggat ggaagcgcgt gact t caccgt agggct g
E HWMWMEARUDUFTV G L
at gct cgat t acgacgact t caacgaaagccacgaaat t cgcgac
M L DY DDV FNIESMHTETI R D
at gcagat gattattaattcgcttaagggcgtttaccgcagggcg
M Q MI I NSL KGVYRRA
ggt gct t t aagccccgat ct gt cggcet at gat agat t gggt ggt g
GA L SPDL SAMI DWVYV
gaagcgt acgaaaagat ggt gt t t gaat t cgacgggaagcagt ac
E A Y E K MV F EF D GIK QY
cacttcctgcat ggcat gct gt cagggcaagcacct acgt caat g
HFL HGML S GQAWPT S M
at aaacacagt cat caacaccgcaaacaaaagggtt at ccgcgag

I N T VI NT ANIKIR VI R E
caaat atttgcgct attt ggt gagagcgt gat gacaaaaaggact
Ql F AL F GESVMTIKRT

t cagggggcgacgat gt t gct gcggagacat at gatgtttt ccag
S 6666 DDV AAETY DV F Q
gcagcgat gat agt gaaagt cggggagat gat gggctt cgegttc
AAAMI V KV GEWMMGTF A F
agcacacacaagcagt t gat aagcacgagt gat t acgagttcttc
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2476

2521

2566

2611

2656

2701

2746

2791

2836

2881

2926

2971

3016

3061

3106

3151

3196

3241

3286

3331

3376

3421

S T HKOQL 1 ST SODY E F F
cggttatttgtctctgcggagggegtttatggcagcettaccgegt
R L FV SAEGVYGSL PR
gtattaggcagtttat gttcagggcaat ggt cgaacagcgt gaag
V L GS L CS G QWS N S V K
gctaagtttatagatccagcttctaaactaaattccgttgttgag
A K F I DPASKILNSVVE
at ggct aggaaggcggct cgccgggcgaaaggcaat at cacgttc
M A RKAARRAIKU GNI TF
cttgagaagtt gt gcaat gcagcat tt agaaaat gggccactttc
L E KL CNAAFIRIKWAT F
ggcgagcat gagctt gt t gacggt t acgt acat ggcccacggaat
G EHETLV DGY V HGZPRN
aagggaggat t aggagt accgat ggct gacgggagt at at acgat
K 6L GV P MADGS S I Y D
at agagccaat accagt ggat gat acgcct ccggt ggagttattg
I E P 1 PV DDTUP PV E L L
ggcttaccggact cagcgagccgagt agt ggcaaaagagcaaat a
G L PDSASRVYV A KE QI
agcgacgct aaaggt at agt cggt gaat cgggt gt ggt ggcagag
S DAKGI V GE S GV V AE
gat caatt ggcacaaaagat ggcagggcaggt gt t ccgt ggcaat
D QL A QKWMAGA QQVFR GN
at agct gcgat ggaaggt gcaat ggt t ggccaaat at t aagcgat
I AAME GA MV GQ1l L S D
gcgcgagt gcecgect act gt agt gaacat cacgggt gt aaaat ca
AR Y PP TVV NI T GV K S
at aagacgcgagcatt acgat aggcat gggcat gat gt gcacgt g
I R R EHY DRMHGMHDV HV
tt caggcgagatt acgct cggtt aaagcacaggaccgacgcgctt
F R RDYARLIKMHRTDA AL
aaaaacgct ggcgcacgat acgacgcat t ggcagcagcggt gaag
K NA GA RY DAL A A A VK
cct ggtt acagaagacgat t ggcacat gt t gt aggcct cacat at
P GY RRRLAMHYVYVY GL TY
gcggt t gat ggt gat ct act at act act ggaaggagaat tt aact
AV D GDUWLULYY WKENILT
cttttcggctgcggcacat acttact aacggaagatt act acaac
L F GCGTYULULTETDY YN
gct gt gcagtt gat ggctttagt gacggcaccaggct acagt gac
AV QL MA L V TAWPGY S D
aat gagat aagcgagcgat t agcat act acgcgact gcgctt gct
N EI S ERULAYYATA AL A
aacagcaat at gat gaattact ag 3444

NS NMMN Y *
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Apéndice 3. Secuencia de nucledtidos del genoma completo de Beauveria bassiana
RNA virus 1 (BbRV1)

> BbRV1

gaat aacaagcaccgcagcct ggagtttgttat act cggcgt aggct ccctt ggacggaa
ggccccaccat acggt at gt t ggt t aat gaccaact gt aagaagggt cgt gct gcccccg
gcat aaacggggt cct cat gggact aat t gt cact at cat t gat ccgggat agt agct cg
ctgatacattgctatggtatagcctttttggettcctatgatgtgatgttataggacact
gt cggccaacagt ggt caagaat t t agt ct gt ggaccgggt ggcaccggt aaaagct at t
caacaccgaaagat gt t cgccct ggct t cacaggagat aagt gact t ggggagggt t ccg
ttgat ccaagccatttgtttccaacgact atctatctacgctttaacacacacaacctca
agttt gt cgaat ct cat at cgt cat gt ct act gt ccagact aacgcgttcctttccggtg
t cat agccaacgggaggggagccct ctt gacggct gacaaccagttccgccgttacgcgg
cgaacacacgct cct ccgeccaccat cggcggcaat gaagacgcacgt ct cgcccgt at ct
tttat gaggt cggacgggt ccat t caact aaggccagggct ct ggct gcggecccccgacg
gact cct acgagt cgat gcagct t at ccaaccaccggt acgt t ggccgaggagt t cat cg
gttt ggcaaagaagt acacgaact t cagcgccactttt gagtattccagtct ggct ggca
t agtt gagcgcat t gct aaaggact ggctt cacagt cagt gt t t ggt aat gt ggacaccg
gt gact t agcggccggt cgccccat aat t gt aaat gccct t ggt act tt cgacggt ccag
ttaattctctgaccaacacggttttcatccccecgtcttgttaactctagtgttactggag
acgtattttccgttttggttcacgccgeccgecgggcgagggagcet gecgattgetact gatt
t gct cgaact ggat gccgccaccagacagcccat t ct gaccgt cgt cgacgccgacggt ¢
tcgct cgt gett gt gt cgaggct ct gagat t gct cggcaccaacat gat ggccagt aacc
aggggcctctctttgecattggeccttt gt cgeggt ct gcat caggtt gt cact gttgtgg
gccacaccgacgaaggaggcat t gt t cgt gacct ctt acgccacagcgect t cggggt gc
cgttcggggggat ccattttagcct cgaacctt acgct ggcct ccct geect cgecacca
attctgtcccagatgtttgcetcttacgttgacgecct cgeget ct cgagt gcggcacttg
t cgcccat get gat ccaggacagct gt at gat ggcagat ggt accccaccttttacagtg
gaacttcttctgacgat gttgaagttcggcccggcgggaacct ccct ggaaccgat gaca
t ggcccgt cgaaacaggagt cagct cat cggt ggget gt ccecgttttt ccgaggt ct acg
t cagaggt t t ggcacagct cttt gcat gt cct ggt gacagccgggt cgegt ccacgt t ct
t caact cgagcgt ggct aacat cggegt gagt cgt cact t gcgat at gcat ccgt cgcac
cat acttctggat cgagcctacgtctttaatcccccatgattttttgggtact gacgecg
aggcctttggttccggt gcact ggct act aaggacgt t ccaagaact aaggggttctttg
aggact gt t gggcat ccggt gt aggcgacgcagcctt ct ct gggt at cacgt cat gt t ga
ggaaccccagat cggcctggttttttget cact ggtt gaat cacccgcgcaacggtttgg
gt ggaacacaggt t cgt cagt t ggacccgaacgcgat cat ccacccaggt ggacat gcca
cgttgcct gacat cagggaccgegt t gagat ggcat t gccat ggact gat t acct ct gga
ct cggggt cagt caccctt caat gct ccgggggaat t cct gaatt t agcgggceact get g
gtttcat ggt gaaccattacactttcgacgaggacggt at ccct cagt t agaacacct cc
cgacggct agagagt t cgcgagcggagaggt gacaat ct ccgt cggecgt ccgecagggt ¢
t cgct aat gggect t cgaat t ggggt gacagt aacgcacgt cgt gcacgcact cgagct a
cgcgcgaact cgccgecagt gccgeccgt gt acgggcect t cggacgt ccagat gt cgetg
agat gcccat ct t gacgact gcacct cagccacgcggct ct agggt gagaccagagcect g
cgagagcaaat gaccaggct ggagt cggcggt t ggcgt agggcet t caaact ct gct gggt
ccggt gaggcet gt acct gaaccat t t ggt gt cccacgggat gt t gt gcct caacaccagg
ctgtccgttaccctgtattggcet cgcaacct aggt gccggaggt ggcgt agcccacattc
ct cct ccgaat cgcgggeccagaaggt ggcgagaat gt t gaccct gt cgcaat t gcecggt g
ct gccccacccggagggccgaaccccgagii@at ggcgaccgt cactt cgceccgacacct t
cggaaagat t ggaat atat ctttccgatttact ccagcggt at gggacaaat aat ct gcc
gagaggt ggaacgt tt gt ct caagat t gat cact ct gcagaact ccttttcggcact ccg
gcacgcgcat cccttgttaccagcgget gcaaatttgttattacttgattttccactcca
gact gat at cggact ccacgat tt cat cgct ct ggt acgggaggcacact cgct gect cc
gatgtttgattctttgtgtatttctctatttccccct caacct ggcgagttggt cgacgt
cacgcacggt cgct t agt cagaaggctt gt ccggt cgt ct gagt t gcgggaccgtctctt
t cct ccaaagcegt ct cat agcgggggaaact aagacgaat gt gacgct cggaggat gt ct
t agat cggcccaacgact cct gggct cccacaagacggccct cat cgecccgagcegt gt at
cggcttaccagccgat catctat gcggtgttctcattttcttattctgecgect ggcggaa
act aggcgaaggagcact cggt gt ggcact ctt ctt gt cgt cccacccaaccgagggt aa
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gt acgcgt caat ggt gt t gaaggct ctt ggcct caat t ct acagat t ggggt gccct gt t
tt gt gaaacccagt gt t t ggccggacgt gcaacaggaacggt t gat gt gaaggcggaggc
tcgcegt cget gt gaccct t caaagt t gaccggt gagcet cat t gat gt t gacccagacac
act gagggaccat gt caggt cgat act aagggt t gagct ccct aat gggt gt act gt acc
taccct ggacgatttct ggacct ct cgat ggt t at ggt gcgt caacgggt ct cacact gg
cgccagct ccgacct t ct cggcat acccegt gattt cct gt ccgecgacccacgagegggt
gt acagacgt gcggct t cggagaccgt caaact agagcct ct cacgt cct gggacgggt a
cacctctgtttccgcgagt cagaagct agaacacggt aagacccgt gcaatcttcgettg
t gacaccaggagttacttcgccttct cgt gggt cttgggttct gttcagaaggect ggcg
caacagccgggt gat cct agat cccggaacaggaggacacct gggcat ggct cagcgceat
cat caacgct cagcgceggt ggcggagt gaacct gat gct cgatt at gat gacttcaattc
ccaccat t caaacggt gt cat ggccat ggt t t t cgacgaact ct gcaaacacgt cggcat
gcccgact ggt at cgggat gt gt t agt caaaagcttt gacaggat ct at t at act gacaa
t aat ggccgacat aagat t gcgggcacct t aat gagcgggcaccgagcaact acgt t cat
caacagcgt cct aaacgcggcect acat t cgt gcggecat t ggcagecggecggtttgattec
cct gct ct cget ccacaccggt gat gat gt gt acat acggt gt aacaccct ggccgact g
cgcccaaat act ggaggccacgaccgcct acggt t gt aggat gaacccggcaaagcagt ¢
aat cgggt tt aggagcgcet gagt t ct t acggat gggt at t cgcggagacaaggcct acgg
ctatttgtcccggtcgatctcctcact agttagt gggaact ggt cct ccaat gaccccct
cgccccact t gagt ccct acagaccct cat cacaggct gt agggcet gt t at aaaccgttc
gggagt gat t gat gt ggcggctttccttgecgeccggeacttcgttacccgect caacaaat
ct caaaccgaacact t at cgagct act t cgaggggaagt ggct ct t gaaggaagcccagt
cttcaacacccaaggccgt at acagaat t at gct gcgt acgt cccccgggcet gat gagcet
tcctattccctcttcat ggaaaaggcat gcgacgacggattacttgtcgtaccatgtctec
cccaat t gaggcggccgcect t agagt ggt cgggagcagacgcet ccgt ccctacttatt ge
ctct agct at t caaaagggct aaat aaggt cggggcggcgecgcet gect cecggtttegtt
t aagcggct gccggt t aagcacgcacgagggt acgt gt gt gccacggat ct at cgaagag
ggat gt t aaccccggggt t t t gaccaagt accccgt aat caacct agt caagt ct cgact
gacaaccgaggccat act t gat ct act ggt t gt agaact t ggat accgt ccaagt ggcga
tcct cgt gagat cgect t t ggcggcgaagcet gagagcaagt gt at at t cggcacact at ¢
at accccgacgcagcagcegtttt caaaact t accaccgccggt aacat at acaccctctt
tt caat agcaat gff@@gcggt ccagcet t cgggacccat at t ct gt t cgcceccgt aagggg
caaatctc

--- Codon de inicio
B Codén de parada
--- nt compartido entre el codon de inicio y el de parada

OREF 1 — Proteina de capsida (CP)

444 tctact gt ccagact aacgcgttcctttccggtgtcatagcc
S TV QTNAFL S GV I A

489 aacgggaggggagccct ctt gacggct gacaaccagttccgecgt
N GR GAL L TADNO QFRR

534 tacgcggcgaacacacgct cct ccgeccaccat cggcggcaat gaa
Y AANTIRSS ATI G G N E

579 gacgcacgtctcgcccgtatcttttat gaggt cggacgggt ccat
DARLARI FYEVGRVH

624 tcaact aaggccagggct ct ggct gcggcccccgacggact ccta
S T KARALAAAPUDTGTLL

669 cgagt cgat gcagctt at ccaaccaccggt acgtt ggccgaggag
RV DAAYPTTGT L A E E

714 ttcatcggtttggcaaagaagt acacgaacttcagcgccactttt

FI GL A KIKYTNUFSATF
759 gagtattccagtctggct ggcat agtt gagcgcattgct aaagga
E Y SSLAGI VERI A KG

804 ctggcttcacagtcagtgtttggtaat gtggacaccggtgactta
L ASQSV FGNVDTGUDL
849 gcggccggt cgccccat aat t gt aaat gcccttggtactttcgac
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894

939

984

1029

1074

1119

1164

1209

1254

1299

1344

1389

1434

1479

1524

1569

1614

1659

1704

1749

1794

1839

1884

1929

1974

2019

2064

2109

2154

2199

AAA GRPI I V NAL GTF D
ggtccagttaattctctgaccaacacggttttcatcccecegtcett
G PV NSLTNTVEFI P RL

gttaactctagtgttactggagacgtattttccgttttggttcac
V NS S Vv T GDVZF SV L V H
gccgeccgecgggcgagggaget gcgatt gect act gat tt gct cgaa

A A A GEGAAI A TDUL L E
ct ggat gccgccaccagacagcccat t ct gaccgt cgt cgacgec
L DA ATROQPI L TV V DA

gacggt ct cgct cgt gct t gt gt cgaggct ct gagat t gct cgge
D GL ARACVEA AL RLL G
accaacat gat ggccagt aaccaggggcct ct cttt gcatt ggcc
T NMMASNQGWPLF AL A
ctttgtcgcggtctgecat caggtt gt cact gttgtgggccacacc
L CRGLHOQVV TV V GHT
gacgaaggaggcat t gtt cgt gacct ctt acgccacagcgecttc
DEGGI VRDULULIRMHSAF
ggggt gccgt t cggggggat ccattttagecct cgaacctt acget
GVPFGGI HF SUL EPY A
ggcct ccctgecct cgeccaccaat t ct gt cccagat gttt get ct
G L P AL ATNJSVUPDVC S
tacgtt gacgccct cgcgcet ct cgagt gcggceact t gt cgeccat
Y VD AL AL S SAAL V AH
gct gat ccaggacagct gt at gat ggcagat ggt accccaccttt
A DP G QL Y D GRWYPTF
t acagt ggaacttcttct gacgat gt t gaagt t cggcccggcggg
Y S G T S S bDDVEVIRP GG
aacct ccct ggaaccgat gacat ggcccgt cgaaacaggagt cag
N L P GTDDMAIRIRNIRSOQ
ct cat cggt gggct gt cccgtttttccgaggt ct acgt cagaggt
L1 G GGL S RFSEVYVRG
ttggcacagct cttt gcat gt cct ggt gacagccgggt cgegt cc
L AQL F ACWPUGD SRV A S
acgttcttcaact cgagcgt ggct aacat cggegt gagt cgt cac
T FFNSSVANI GV S RH
tt gcgat at gcat ccgt cgcaccat actt ct ggat cgagcct acg
L RYASVAPYFWI EPT
tctttaatcccccatgattttttgggtact gacgccgaggecttt
S L1 P HDZFULGTDAEAF
ggt t ccggt gcact ggct act aaggacgt t ccaagaact aagggg
G S GA L AT K DVPRT K G
ttctttgaggact gtt gggcat ccggt gt aggcgacgcagecttc
F F EDCWASGVGDAAF
t ct gggt at cacgt cat gt t gaggaaccccagat cggcct ggt tt
S GY HV ML RNWPIRSAWF
tttgctcact ggttgaat cacccgcgcaacggt tt gggt ggaaca
F AH WL N HWPIRNGL GG T
caggtt cgt cagt t ggacccgaacgcgat cat ccacccaggt gga

QVROQLUDPNATI I HPGG
cat gccacgt t gcct gacat cagggaccgcegt t gagat ggcattg
H AT L P DI R DRV EMAL

ccat ggact gat t acct ct ggact cggggt cagt caccct t caat
P WTDY L WTIRGQS P F N
gct ccgggggaat t cct gaat t t agcgggcact gctggtttcatg
AP GEFULNLAGTAGTFM
gt gaaccattacact tt cgacgaggacggt at ccct cagt t agaa
V NHY TFDET DGI P QL E
cacct cccgacggct agagagt t cgcgagcggagaggt gacaat ¢
HL PTAREVFASGEV TI
t ccgt cggecgt ccgecagggt ct cget aat gggectt cgaat t gg
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2244

2289

2334

2379

2424

2469

2514

2559

2604

2649

S VGRPQGL A NGWPSNW
ggt gacagt aacgcacgt cgt gcacgcact cgagct acgcgcgaa
G DSNARRARTIRATRE
ct cgccgecagt gccgeccgt gt acgggect t cggacgt ccagat
L AASAARVIRAFGRWPD
gt cgct gagat gcccat ct t gacgact gcacct cagccacgcggce
vV A E M P I L T TAPQPRG
t ct agggt gagaccagagcct gcgagagcaaat gaccaggct gga
S RV RPEWPARANDQAG
gt cggcggt t ggcgt agggcet t caaact ct gct gggt ccggt gag
V GG WRIRASNSAGS G E
gct gt acct gaaccat tt ggt gt cccacgggat gt t gt gcct caa
AV P EPF GV PRDV YV P Q
caccaggct gt ccgtt accct gt at t ggct cgcaacct aggt gcc
HQAYVRYPVL ARNULGA
ggaggt ggcgt agcccacat t cct cct ccgaat cgcgggecagaa

GGGV AHI PP P NIRGZPE
ggt ggcgagaat gt t gaccct gt cgcaat t gccggt gect gcccca
G GENVDWPVAI A GAAWP

cccggagggccgaaccccgagt aa 2672
P G G P NP E *

OREF 2 — RNA polimerasa dependiente de RNA (RdRp)

2672

2717

2762

2807

2852

2897

2942

2987

3032

3077

3122

3167

3212

3257

3302

3347

3392

3437

gcgaccgt cact t cgcccgacacct t cggaaagat t ggaat a
AT Vv T S P DTF GK I G I
tatctttccgatttact ccagcggt at gggacaaat aat ct gccg

Y L S DL L QRY GTNNILP
agaggt ggaacgt tt gt ct caagat t gat cact ct gcagaact cc
R GG T F V S RUL 1 T L Q N S
ttttcggcact ccggcacgegceat ccctt gttaccagegget gca
F S AL RHAHWPULILUPAAMA
aatttgttattacttgattttccactccagact gatatcggactc
N L L L L DFPULQTDI GL
cacgatttcatcgct ct ggt acgggaggcacact cgct gecct ccg
HDFI ALV REAMHTSTLPP
atgtttgattctttgtgtatttctctatttccccct caacct gge
M F D SLCI S L F PP QP G
gagt t ggt cgacgt cacgcacggt cgct t agt cagaaggcttgtc
E L VDVTHG GRILVIRIRLYV
cggt cgt ct gagt t gcgggaccgt ctcttt cct ccaaagegtctc
R S S EL RDIRLUFWPWPKRL
at agcgggggaaact aagacgaat gt gacgct cggaggat gt ct t
I A G E T K TNV T L G G C L
agat cggcccaacgact cct gggcet cccacaagacggcecct cat c
R S AAQRULULGSHIKTAL I
gcccgagegt gt at cggett accagecgat cat ct at gcggt gt t

AR ACI GL P ADMHUL C GV
ctcattttcttattctgcgcct ggcggaaact aggcgaaggagcea
L1 FL FCAWRIKILGEGA

ctcggt gt ggcact cttctt gt cgt cccacccaaccgagggt aag
L GV AL FL S S HWPTE GK
t acgcgt caat ggt gt t gaaggct ct t ggcct caat t ct acagat
Y AS MV L K AL GL NS TD
t ggggt gccct gttt t gt gaaacccagt gt t t ggccggacgt gca
WGAL FCETOQZCLAGRA
acaggaacggt t gat gt gaaggcggaggct cgccgt cgct gt gac
T G T VDV K AEARIRRTZCD
ccttcaaagttgaccggt gagct catt gat gtt gacccagacaca
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3482

3527

3572

3617

3662

3707

3752

3797

3842

3887

3932

3977

4022

4067

4112

4157

4202

4247

4292

4337

4382

4427

4472

4517

4562

4607

4652

4697

4742

4787

P S KL TGEUL I DV DUZPDT
ct gagggaccat gt caggt cgat act aagggt t gagct ccct aat
L R DHVRSI L RV EUL PN

gggt gt act gt acct accct ggacgattt ct ggacct ct cgat gg
G CcCTV PTL DDFWT S R W
ttat ggt gcgt caacgggt ct cacact ggcgccagct ccgacct t
L WCVNGSHTGAS S DL
ctcggcat accccgt gatttcct gt ccgcgacccacgagegggt g
L 61 P RDZFUL SATHERYV
t acagacgt gcggct t cggagaccgt caaact agagcct ct cacg
Y R R A ASETVIKLEWPILT
t cct gggacgggt acacct ct gt t t ccgecgagt cagaagct agaa
S WD GY T SV S A S Q K L E
cacggt aagacccgt gcaat ctt cgctt gt gacaccaggagtt ac
H G KTIRAI F A CDTRSY
ttcgecttctcgtgggt cttgggttct gttcagaaggect ggcge
F AAF S WV L GSV Q K A WR
aacagccgggt gat cct agat cccggaacaggaggacacct gggce

N S RV I L DP GTGGMHUL G
at ggct cagcgcat cat caacgct cagcgcggt ggcggagt gaac
M A QRI1T I NAQRGG GGV N

ct gat gct cgat t at gat gactt caatt cccaccat t caaacggt
L ML DY DDV FNZSMHHS NG
gt cat ggccat ggt tt t cgacgaact ct gcaaacacgt cggcat g
vV MA MV F DELCIKHYV G M
cccgact ggt at cgggat gt gt t agt caaaagct tt gacaggat ¢
P DWYRDUVULV K S F DRI
tattat act gacaat aat ggccgacat aagat t gcgggcacctta
Y Y T DNNUGIRHIKI A GTL
at gagcgggcaccgagcaact acgt t cat caacagcgt cct aaac
M S GHRATTFI1 NSV L N
gcggect acat t cgt gcggecat t ggcagcggecggtttgattcce
AAY Il RAAI GS GRF D S
ct gct ct cget ccacaccggt gat gat gt gt acat acggt gt aac
L L S L HTGUDUDVY 1l R CN
accct ggccgact gcgecccaaat act ggaggccacgaccgcct ac
T L A DCAQI L EATTAY
ggt t gt aggat gaacccggcaaagcagt caat cgggt t t aggagc
GCRMNWPAIKQSI GF R S
gct gagt t ct t acggat gggt at t cgcggagacaaggcct acggce
A E F L RMGI R GDIKAY G
tatttgtcccggtcgat ctcct cact agtt agt gggaact ggt cc
Y L S RSI S SL VS GNWS
t ccaat gaccccct cgccccact t gagt ccct acagaccct cat ¢
S NDPL APLESL QT L I
acaggct gt agggct gt t at aaaccgtt cgggagt gattgat gt g
T GCRAVI NRS GV I DV
gcggcetttccttgecgecggeacttcgttacccgect caacaaatc
AAAFL A PAL RY PP Q QI
t caaaccgaacact t at cgagct act t cgaggggaagt ggct ct t
S NR T L I E L L R GE V A L
gaaggaagcccagt ctt caacacccaaggccgt at acagaat t at
EGSPVFNTU QOGRI QNY
gct gcgt acgt ccccecggget gat gagettcctattccctcttca
AAAY VPRADIZETLUPI P S S
t ggaaaaggcat gcgacgacggat t actt gt cgt accat gt ct cc
WKW RHATTDY L SY HV S
ccaat t gaggcggccgcect t agagt ggt cgggagcagacgct ccg
P11 E A A AL EWSGADA AP
tccctacttattgectctagcet att caaaagggct aaat aaggt ¢
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4832

4877

4922

4967

5012

5057

5102

5147

S L LI A SSY S K GL NKV
ggggcggcgecget gecctcecggttt cgt t t aagecgget geceggt t
GAAPLPWPV S FKRLPYV
aagcacgcacgagggt acgt gt gt gccacggat ct at cgaagagg
K HA R GY V CATDIL S KR
gat gtt aaccccggggt ttt gaccaagt accccgt aat caacct a
DV NWPGVLTI KYPVI NIL
gt caagt ct cgact gacaaccgaggccat act t gat ct act ggt t
v K S RL TTEAI L DL L V
gt agaact t ggat accgt ccaagt ggcgat cct cgt gagat cgcc
vV EL GY RP S GDUPRETI A
tttggcggcgaagct gagagcaagt gt at att cggcacact at ca
F GG EAE S KCI F GT L S
taccccgacgcagcagcegttttcaaaactt accaccgccggt aac
Y P DA AAF S KULTTAGN
at at acaccctcttttcaat agcaatgtaa 5176

Il Y T L F S1 A M?*
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