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Abreviaturas
Ago Argonauta
ARNdc ARN doble cadena
ARNpq ARN pequefios
EVs Vesiculas extracelulares
FBT trematodos de transmision alimentaria
IL Interleuquina
mARN ARN mensajero
miARN micro ARN
ncARN ARN no-codificante
NEJ Juvenil recientemente desenquistado
NTD Enfermedades tropicales desatendidas
piARN ARN piwi
rARN ARN ribosomal
RdARP ARN polimerasa dependiente de ARN
RI Respuesta inmune
RISC RNA-induced silencing complex
siARN ARN pequefio interferente
snARN ARN pequefio nuclear
tARN ARN de transferencia
tRDF fragmentos derivados de tARNs
3'UTR Region no-traducida 3’
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Resumen

Los platelmintos constituyen uno de los principales filos de animales invertebrados, habitan una
amplia gama de ecosistemas y son uno de los filos mas exitosos en adaptarse a la vida
parasitaria. Los ARN pequefios no codificantes (ncARNs) han sido implicados en la regulacién de
complejas transiciones del desarrollo en especies parasitarias modelos. Estudios recientes han
demostrado que los miARNs de los pardsitos pueden liberarse al medio del huésped regulando

la expresidn de sus genes y, mas aun, se han detectado en la circulaciéon de animales infectados.

En este trabajo estudiamos la expresion de ncARNs contenidos en vesiculas extracelulares y el
patrén de expresion de pequefios ARNSs a través de los estadios intra-mamifero del ciclo de vida
del platelminto parasito Fasciola hepatica, que junto con F. gigantica son los agentes causantes

de la Fascioliasis, una de las enfermedades helminticas del ganado mas extendida.

Generamos un pipeline para la prediccién de genes diana putativos que informa solo los sitios
conservados entre tres herramientas de prediccidn diferentes. Este pipeline se probd contra
una base de datos curada de regiones 3'UTR de genes de F. hepatica para detectar mecanismos
regulados. Hallamos que los genes blancos de los miARNs diferencialmente expresados entre
estadios estaban vinculados a la regulacion del desarrollo y a la invasién. Entre estos ultimos, se
destaca la posible regulacién de la liberacion de vesiculas entre los estadios metacercaria y
juvenil. Ademas, para evaluar el papel putativo de los miARNs secretados por el parasito en la
interaccion con el huésped, predijimos blancos en las regiones 3" UTR de Homo sapiens.
Hallamos que varias funciones relacionadas con la inmuno-respuesta y otras vias de
sefializacion relevantes estdn enriquecidas entre los blancos de los miARNs parasitos mas
expresados, destacando que podrian ser actores relevantes para establecer y mantener la

infeccion.

A su vez, utilizando datos transcriptdmicos y gendmicos, analizamos, contrastamos y
comparamos la conservacion de las vias de ARN pequefios entre varias especies de vida libre

(un grupo parafilético tradicionalmente conocido como 'turbelarios') y especies parasitarias
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(organizadas en el clado monofilético Neodermata), para desentrafar posibles adaptaciones en
la transicién al parasitismo. Nuestros hallazgos mostraron que las vias completas de miARN y
ARNi estan presentes en todos los gusanos planos de vida libre analizados. Sorprendentemente,
mientras que todos los "turbelarios" tienen proteinas Piwi, éstas se perdieron en los
neodermatas pardsitos. Ademas, dos grupos de genes Argonauta de la clase Piwi estan
presentes en todos los "turbelarios". Curiosamente, identificamos una clase Argonauta-Piwi
divergente en gusanos planos de vida libre exclusivamente, a la que llamamos "Fliwi".
Adicionalmente, otras proteinas clave de las vias Piwi estan conservadas en "turbellarios",

mientras que ninguna de ellas se detecté en Neodermatas.

En conclusion, los resultados muestran evidencia de posibles adaptaciones notables en la
transicidn al parasitismo, y arrojan luz sobre un mecanismo aun incipientemente estudiado,

pero potencialmente relevante, de interaccién huésped-parasito.
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Introduccion

1. Los pardasitos helmintos

1.1. Los platelmintos: problema de salud publica

Con 30.000 especies descriptas, y posiblemente muchas mas por ser descubiertas, los
platelmintos comprenden uno de los mayores filos de animales invertebrados. Habitando un
vasto rango de ecosistemas, desde formas microscépicas viviendo sobre y entre los granos de
arena hasta gusanos multicoloridos en los arrecifes de coral, las formas de vida libre estdn en
todos lados, pero son raramente obvias. Por otro lado, el filo platelminto es uno de los mas
exitosos en adaptarse al parasitismo. A diferencia de lo que sucede en nematodos, entre los
platelmintos el parasitismo obligado surgid solo una vez, en el clado de los neodermata, siendo
todas las especies parasitos de animales, tipicamente con un huésped intermedio invertebrado
y uno definitivo vertebrado (Zarowiecki & Berriman, 2015)(Figura 1). El clado Neodermata esta
dividido en las clases: Monogenea, Cestoda y Trematoda. Tanto las tenias (clase Cestoda) como

los Trematodos producen un impacto importante para la salud humana y del ganado.
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Figura 1. Arbol filogenético con la relacién en el filo platelminto. Las formas de vida libre o
‘turbelaria’ habitan ecosistemas diversos. El clado Neodermata estd compuesto por pardsitos
obligados y estd dividido en las clases: Monogenea, Cestoda y Trematoda. (Tomado y
modificado de (Collins, 2017)).



Doctorado en Ciencias Bioldgicas | Santiago Fontenla

La schistosomiasis, causada por trematodo Schistosoma, es la helmintiasis humana causada por
platelmintos mas comun, siendo endémica en 70 paises, y afecta a mas de 190 millones de
personas (King, 2019; Robinson & Dalton, 2009). Le siguen las trematodiasis alimentarias,
causadas por Opisthorchis, Clonorchis, Fasciola and Paragonimus, con 75 millones de casos, y si
bien no se tienen cifras claras sobre la prevalencia de las cestodiasis, se estima que la
neurocisticercosis sintomatica o asintomatica (causada por Taenia solium) afecta a 2.56-8.30
millones de personas a nivel mundial
(https://www.who.int/publications/i/item/9789240032231). Las helmintiasis en general
pertenecen al grupo de las enfermedades tropicales desatendidas (NTDs) y estdn directamente
relacionadas a la pobreza. Las infecciones estan ampliamente distribuidas en areas tropicales y
subtropicales, con un mayor nimero de infectados en los paises en desarrollo del Africa
subsahariana, las Américas y el este de Asia (Figura 2). Las NTDs causan discapacidades fisicas
severas, sufrimiento crénico y enormes pérdidas econdmicas, contribuyendo asi a un ciclo

arraigado de pobreza.
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Figura 2. Distribucion mundial de las helmintiasis. Helmintiasis transmitidas por el suelo (STH),
filariasis linfatica (LF), oncocerquiasis (Oncho) y schistosomiasis (SCH). Tomado de (King, 2019).
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1.2. El impacto econémico causado por F. hepatica

Fasciola hepatica pertenece a la clase Trematoda del phylum platelmintos y junto a F. gigantica
producen la fasciolosis, una zoonosis de distribucion mundial. Ambas especies se superponen
en varias areas de Africa y Asia, mientras que F. hepatica se distribuye predominantemente en
areas templadas y es el agente causante de la enfermedad en las Américas, Europa y Oceania
(Figura 3) (Mas-Coma et al., 2005). La fasciolosis afecta fundamentalmente al ganado
productivo resultando en pérdidas estimadas en 3000 millones de USD anuales (Spithill et al.,
1999). En la mayoria de los paises Sudamericanos la fascioliasis es un problema productivo
relevante, siendo endémica en muchas areas dedicadas a la cria de ganado bovino y ovino, con
varias otras especies oficiando de reservorio (Carmona & Tort, 2017). En Uruguay, constituye
una de las parasitosis mas relevantes, con presencia en todo el territorio nacional y una
prevalencia promedio de 33.9% en ganado bovino (da Costa et al., 2019). Segun datos de la
Auditoria de Calidad de la Cadena Carnica de 2007-08 se pierden anualmente 6 millones de
ddlares solo a causa del decomiso de higado. A esto se le debe sumar las pérdidas directas (por
disminucion de peso, disminucién de la fertilidad, calidad de la carne, lana o leche) e indirectas

(por los costos de tratamiento).

A pesar de su impacto, el cardcter crénico y cuasi asintomatico de la enfermedad ha llevado a
gue casi no se desarrollen politicas de control ni se inviertan recursos en el desarrollo de
nuevas terapias. A su vez, si bien la enfermedad es tratable con antihelminticos como el
triclabendazol, ya han sido descriptas cepas resistentes a esta droga en varios paises como
Australia, Irlanda, Reino Unido, Paises Bajos, Espafia y Uruguay (Kelley et al., 2016; Canevari et

al., 2013).

10
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Fasciola gigantica

Fasciola hepatica

"8 Ambas infecciones e intermediarios

? Ocurrencia desconocida

Figura 3. Distribucion de Fasciola spp. F. hepatica se distribuye predominantemente en dreas
templadas mientras que F. gigantica predomina en dreas tropicales de Africa y Asia. Tomado y
modificado de http://www.infectionlandscapes.org/2012/07/liver-flukes-part-2-
fascioliasis.html.

1.3. Un ciclo de vida complejo que debe estar finamente regulado

El ciclo de vida de F. hepatica comienza cuando los huevos, liberados al ambiente en las heces
contaminadas del huésped definitivo, alcanzan un espejo de agua fresca donde se desarrollan a
miracidios. Los miracidios liberados del huevo infectan caracoles del género Lymnea, que son el
huésped intermediario (Figura 4). Dentro del caracol los miracidios se transforman en
esporocistos, y estos, por amplificacién asexual dan lugar a redias (una forma intermedia, que
permanece parasita del caracol) y cercarias. Las cercarias se liberan del caracol y se enquistan
en plantas acuaticas. Estas formas quisticas de resistencia denominadas metacercarias, son las

gue infectan al huésped definitivo al ser ingeridas junto a la vegetacién (o vegetales infectados

en el caso humano) (Keiser & Utzinger, 2005).

11
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Hospedero definitivo

Ingesta de plantas acuéticas
contaminadas con metacercarias

)

Las metacercarias se activan
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-\
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Cercaria se e&uu a; se

: . @) Cercarias abandonan
convierte en metacercagia »

el caracol
entran en el higado
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Miracidio penetra el los ductos biliares

caracol

Huevos eclosionan
en agua

Los huevos pasan al intestino delgado;
se liberan en la heces

Figura 4. Ciclo de vida de F. hepatica. Tomado y modificado de (Alatoon et al., 2008).

Una vez en el tubo digestivo del huésped definitivo diversos factores (las enzimas digestivas, las
sales biliares, el potencial redox, el pH, la temperatura) activan a la metacercaria, que se
desenquista a una forma juvenil (NEJ por sus siglas en ingles). Los juveniles atraviesan la pared
duodenal y migran en la cavidad peritoneal hasta alcanzar y penetrar el higado. Las formas
inmaduras que migran por el parénquima hepatico generan lesiones importantes que son la
causa principal de la enfermedad aguda. El destino de esta migracién son los canaliculos biliares
mayores donde el parasito madura sexualmente alcanzando el estadio adulto y genera miles de

huevos diarios.

Desde el punto de vista clinico, la invasidén del huésped definitivo estd marcada por eosinofilia,
dolor abdominal y fiebre, ademas de cambios en las concentraciones de proteinas del plasma

(albumina, globulina) e incrementos en los niveles de las enzimas hepaticas en sangre. Aparte

12
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de esta forma aguda de la enfermedad, una etapa crdénica, cuando el pardsito esta establecido
en los ductos biliares, se caracteriza por obstrucciones intermitentes, causando sintomas que

asemejan célicos biliares y colecistitis (Garcia et al., 2007).

1.4. Variacion de la expresion génica a lo largo del ciclo de vida

Durante la invasion el parasito se enfrenta a diferentes ambientes, trabajos de nuestro grupoy
otros mas recientes han demostrado que se producen cambios en la expresién génica ya en las
primeras horas de la invasién (Cancela et al., 2008, 2010) y a lo largo de los distintos estadios
posteriores (Cwiklinski et al., 2018). Un claro ejemplo es la expresidn diferencial las catepsinas,
gue pertenecen a la familia de las cisteinproteasas similares a papaina y representan las
proteasas mas abundantes en la secrecién de F. hepatica. A pesar de que dependen de solo dos
clases de catepsinas [catepsina L (CL) y catepsina B (CB)], estas se han expandido y divergido
formando familias multigénicas. En una publicacidn reciente identificamos 14 secuencias CLy
14 secuencias CB en el genoma de F. hepatica (Choi et al., 2020, ver ANEXO ll). A su vez, algunas
de estas peptidasas se expresan preferencialmente en estadios especificos. Resumidamente,

CL3, CL4, CB1, CB2 y CB3 se expresan altamente en metacercaria y juvenil (Figura 5).

Juveniles migrando

Metacercaria

Catepsinas
secretadas

((Fncen) ((Fnca2) (Pnce3) ‘ FhCB1 F?BZ (Fhces’ ' (newr)
(Fhews) (Fhows) COICY, (Pnei2) (FheLs)

Metacercaria Atravesandola Pasaje porel Excavandoel
desenquiste pared intestinal peritoneo parénquima hepatico

Migracién y desarrollo del parasito

Figura 5. Regulacion estadio especifica de las catepsinas de F. hepatica. (Tomado y modificado
de Gonzales -Miguel et al., 2020)

13
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Cuando el gusano inmaduro ingresa al higado la expresidn de las catepsinas mencionadas cae y
la expresion de otras CL (principalmente CL1) aumenta ((McNulty et al., 2017), ver ANEXO II).
Estos cambios estdn correlacionados con el desarrollo del parasito y con el pasaje por los
tejidos del hospedero. Especificamente, la habilidad de CL3 para digerir colageno o las
propiedades bioquimicas de CB1 para resistir la inhibicién por cistatinas del huésped, junto con
el momento de mayor expresion, soportan el rol de estas peptidasas en la migracién del
parasito a través de la pared intestinal. Por lo tanto, la expresion génica a lo largo del ciclo de
vida de F. hepatica debe estar finamente regulado para poder responder a cambios en el

desarrollo y el ambiente.

2. Los ARN pequefios (ARNpq) como reguladores generales de la transcripcion

En el silenciamiento génico mediado por ARN pequeiios (ARNpq) los principales mediadores de
la regulacién de la expresion génica son ARNs de 20-30 nucledtidos de los cuales los mas
conocidos son los microARNs (miARNs), los ARN pequeiios interferentes (siARNs) y los ARNs de

union a proteinas Piwi (piARNSs).

Otros grupos de ARN pequefios con capacidad de regular la expresién génica han sido
identificados recientemente, como los tARN halves derivados de tARNs (Thompson & Parker,
2009), heterochormatin small interfering RNA (hc-siARN), trans acting siRNA (ta-siARN), natural
antisense short interfering RNA (nat-siARN), DNA damage-induced small RNA (qiARN)
(Choudhuri, 2009) y los vault ARN (vtARN)(Frascotti et al., 2021). Aunque poco se sabe de estos
nuevos ARN pequefios su descubrimiento plantea nuevas interrogantes sobre los sistemas de

regulacion génica en los seres vivos.

2.1. Los miARNs pueden regular el desarrollo

Los miARNs constituyen una clase de ARN no-codificante simple hebra de 21 a 25 nucleétidos
de largo. Fueron inicialmente descriptos por su papel regulador en el desarrollo. Por ejemplo, el
primer miARN descripto, lin-4, es esencial en el pasaje del estadio larvario 1 (L1) a L2 del

nematodo Caenorhabditis elegans (Lee et al., 1993). En cambio, let-7, el segundo miARN en ser

14
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descripto, es esencial en el pasaje del estadio L4 a adulto (Reinhart et al., 2000).
Posteriormente, los miARNs fueron descriptos en otros organismos modelo, como Bantamy
mir-14 en Drosophila, cuya pérdida produce letalidad, asi como defectos en el desarrollo
corporal. Estos primeros miARNs fueron descubiertos en cribados para identificar genes
vinculados al desarrollo, debido a que su pérdida afecta dramaticamente la progresion del
estadio larvario. Estos miARNSs se expresan en muchos, si no en todos, los tejidos, y afectan
comportamientos esenciales de las células como la divisidn, diferenciacion o muerte. En un
segundo grupo, se encuentran miARNs como Isy-6 en C. elegans, que es expresado en una sola
neurona sensorial y es esencial para la especificacion de esa sola neurona. Andlogamente, mir-
279 de Drosophila y mir-96 en el ratén también han sido implicados en contextos sensoriales
muy especificos, como el censado de CO2 y la audicidn, respectivamente (revisado por (Alberti

& Cochella, 2017)).

En el caso de los platelmintos, la primera descripcion de los miARNSs se hizo en el gusano de
vida libre Schimidtea mediterranea (Palakodeti et al., 2006). La conservacion de miARNs en
platelmintos fue confirmada en reportes posteriores que apuntaron a estudiar el rol de estos
en la regeneracion por la expresion en células madre (también llamadas neoblastos) o la
expresion diferencial en tejidos especificos en estos organismos (Cao et al., 2020; Friedlander et
al., 2009; Gonzalez-Estévez et al., 2009; Lu et al., 2009; Sasidharan et al., 2013; H. Liu et al,,
2021). A su vez, los miARNs han sido descriptos en todas las clases de platelmintos pardsitos
(revisado por (P. Cai et al., 2016)). Durante la tesis de maestria contribuimos a este
conocimiento estudiando la presencia de ARNpq reguladores en F. hepatica (Fontenla et al.,
2015). Puesto que existian datos muy parciales de presencia de miARNs en el estadio adulto (Xu
et al., 2012), nos propusimos analizar su presencia en los primeros pasos de la invasion en el
huésped definitivo. Generamos datos de ARNpgs del juvenil recientemente desenquistado que
nos permitié expandir a 20 familias el miRNoma de F. hepatica y la descripcidén de 5 familias
nuevas especificas. A su vez, aunque ampliamos el set de miARNs descriptos nos encontramos
con que varios miARNs altamente conservados en todos los animales y otros conservados en el
supergrupo de los Lophotrochozoa no estdn presentes ni en F. hepatica ni en otros platelmintos

pardasitos (Figura 6).
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Figura 6. Conservacion de familias de miARNs en platelmintos comparados con otros
metazoarios. El set de datos de F. hepatica fue comparado con aquellos presentes en otros
linajes y fue incluido en el dataset ‘Trematodes’. Los miARNs descriptos en el estadio juvenil se
indican en letras rojas. Las perdidas de familias génicas se indican como bloques vacios.
Inferencias sobre la conservacion fueron tomadas de la literatura y confirmadas por busquedas
en las bases de datos miRBase y mirOrtho. (tomado de Fontenla et al. 2015).
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Por otro lado, el rol regulador que juegan los miARNs en el desarrollo de Fasciola spp. ha sido
muy escasamente estudiados hasta el momento, con un Unico reporte reciente en la especie

hermana F. gigantica (R. S. Hu et al., 2021).

3. ARN pequefios contenidos en vesiculas extracelulares

Las vesiculas extracelulares (EVs) son pequefias vesiculas cubiertas por membrana secretadas
por practicamente todas las células para facilitar la transferencia de carga, principalmente
lipidos, proteinas y especies de ARN. Las EVs se pueden dividir en términos generales en dos
categorias principales: exosomas y microvesiculas. Los exosomas tienen un origen endosémico
ya gque se forman por invaginacién de la membrana endosdmica y miden entre 30 y 100 nm de
diametro; las microvesiculas se generan por la brotacion y la fision hacia afuera de la

membrana plasmatica y varian entre 50 y 1000 nm (van Niel et al., 2018)(Figura 7).

Brotacion
microvesicular

Exosomas
liberados

Figura 7. Biogénesis de las vesiculas extracelulares. Las EVs se pueden dividir en exosomas y
microvesiculas. Los exosomas tienen un origen endosomico ya que se forman por invaginacion
de la membrana endosémica; las microvesiculas se generan por la brotacion y la fision hacia
afuera de la membrana plasmdtica. Tomado y modificado de https://www.echelon-
inc.com/exosomes-and-extracellular-vesicles-methods-and-applications/.
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Los miARNs pueden ser liberados al medio extracelular en EVs o en complejo con proteinas
(Ortiz-Quintero, 2016). La secrecién de EV se describié inicialmente como un medio para
eliminar compuestos innecesarios de la célula (Johnstone et al., 1987). Posteriormente, trabajos
pioneros reportaron la carga de mRNAs y miARNs dentro de las EVs de células de mamiferos
(Mitchell et al., 2008; Valadi et al., 2007). Casi de inmediato, se identifico el potencial de estos
miARN circulantes en suero como biomarcadores tempranos de cancer (Chin & Slack, 2008).
Subsecuentemente se han ido detectando miARNs contenidos en EVs en muchos organismos,
con evidencia creciente sobre su papel en la regulacion de la expresién génica remota
(Bayraktar et al., 2017). En helmintos, los miARNs contenidos en los EV se informaron por
primera vez en el trematodo Dicrocoelium dendriticum (Bernal et al., 2014), seguidos pronto
por hallazgos similares en varios nematodos y en cestodos o trematodos, incluido F. hepatica

(revisado por Sotillo et al., 2020).

4. Modulacidn de la expresion génica del huésped mamifero

Actualmente se sabe que la respuesta inmune (RI) innata tiene un rol directo frente a la
infeccion por helmintos. Los helmintos han desarrollado estrategias para modular la Rl
asegurando su supervivencia. Los efectos tempranos de inmunomodulaciéon juegan un rol
esencial en el establecimiento y desarrollo del parasito y es llevado a cabo directamente por
moléculas secretadas por el parasito y por el huésped que activan mecanismos de reparacién

(Maizels et al., 2018).

La primera interaccion de las células T CD4 naive con antigenos especificos presentes en las
células presentadoras de antigenos promueve su diferenciacién. Dependiendo del contexto las
células T naive se diferenciardn en los linajes Th1, Th2, Th17 o células T regulatorias (Treg).
Cada linaje estd especificado por factores de transcripcidn particulares vy, a su vez, producen

perfiles de citoquinas distintos (Figura 8).
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Figura 8. Distintos linajes de las células T CD4 en respuesta a distintos agentes patdégenos. Los
helmintos inducen una respuesta de tipo Th2. El factor de transcripcion GATA-3 induce la
diferenciacion en el linaje Th2 en respuesta a IL-4. Las células Th2 producen citoquinas
especificas como IL-4, IL-5 e IL-13 (tomado y modificado de (). Zhu & Paul, 2008)).

Las citoquinas producidas por las células Th2 estan involucradas en la respuesta a parasitos
extracelulares como los helmintos. La respuesta Th2 también induce una respuesta protectora
en el huésped al reducir el dafio por la respuesta inmune. Esta respuesta evita, por ejemplo,
gue se genere un dafo severo en respuesta a huevos de Schistosoma atrapados en la pared
intestinal de animales infectados (Fairfax et al., 2012). A su vez, los helmintos también
suprimen la respuesta Th1, aumentando la susceptibilidad a otros patdgenos. Esta supresiéon de
la respuesta Th1 estd posiblemente asociada a la predisposicidn a las infecciones bacterianas en
el ganado infectado por F. hepatica (Mabbott, 2018). En |a etapa crdnica, los helmintos
modulan la respuesta inmune para inducir la expansion de células regulatorias
(mayoritariamente Treg) y suprimir la respuesta inmune Th2. De esta manera el pardsito pasa a
ser tolerado por el sistema inmune como un organismo no daiino o “comensal” (Maizels et al.,
2018). La induccion de tolerancia inmunoldgica esta mediada entre otros por agonistas de los

receptores de TGF-B. Esta podria, por ejemplo, ser la razén por detrds del declive en la
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respuesta Th2 a la schistosomiasis luego del pico a las 9 semanas de infecciéon (Dunne & Cooke,

2005)(Figura 9).
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Figura 9. Respuesta inmune a lo largo de la infeccion por S. mansoni. Luego de la infeccion la
respuesta inicial desarrolla una respuesta Th1l. A medida que el gusano se desarrolla y se
depositan los huevos, se activan las células natural killer (NKT), las células dendriticas producen
mds IL-10 y se pasa a una respuesta de tipo Th2. Posteriormente, la poblacion de macrdfagos
alternativamente activados y células T regulatorias aumenta llegando a la tolerancia del
sistema inmune. Tomado de (Dunne & Cooke, 2005).

El amplio éxito de los helmintos se basa en el desarrollo de estrategias bioldgicas complejas que

involucran diferentes factores a lo largo de milenios de coevolucidén con sus huéspedes. Si bien
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los estudios iniciales se han centrado en gran medida en las proteinas, glicoproteinas y lipidos
como posibles inmunomoduladores, el descubrimiento de los miARN secretados por el parasito

reveld nuevos mediadores en la interaccién huésped-parasito.

4.1. Modulacion mediada por miRNAs parasitarios contenidos en EVs

El papel de las EVs de origen parasitario y su rol en la interaccidon e inmunomodulacién del
huésped han sido propuestos, tanto en patdgenos intracelulares, como protozoarios parasitos,
hasta patégenos extracelulares, como los hongos o helmintos (Coakley et al., 2015). En
helmintos, ya desde 2012 se reportd la internalizacidn activa de EVs de Echinostoma caproni
por células del huésped cultivadas in vitro (Marcilla et al., 2012) y, en 2014, se describié por
primera vez el potencial inmunomodulador de los miARNs contenidos en EVs del nematodo
gastrointestinal Heligmosomoides polygyrus (Buck et al., 2014). La supresion de los principales
genes blanco de H. polygyrus en el huésped, dusp1 e 1133r, conduce a la disminucion de la
respuesta inmune tipo 2, sin embargo, solo la supresion de duspl parece estar mediada por
miARNs. Desde entonces otros estudios han contribuido a describir el potencial regulador de lo
miARNs producidos por pardsitos helmintos en la comunicaciéon e inmunomodulacidn del
huésped, la mayoria publicados en los ultimos 3 anos (ver Tabla 1; la versidon completa de la
Tabla 1 esta disponible en:
https://docs.google.com/spreadsheets/d/1HuS2NYUk6lIrOaCOFGSRa3yaA4iC9bkSG/edit?usp=s
haring&ouid=111873225318883238450&rtpof=true&sd=true). Sin embargo, en algunos
reportes se analizd el efecto modulador luego del tratamiento con EVs enteros aislados del
pardsito (marcados con ‘* en la columna “Effect”), por lo que, es posible que otras moléculas
ademas de los miARNs participen modulando la interaccién con el huésped. Los genes que
varian su expresion como resultado de la interaccion directa con los miARNs parasitarios fueron

resaltados en rojo en la columna “Gene effect”.
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Tabla 1. Funcion propuesta de los miARNs secretados por helmintos durante la infeccion
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Platyhelminthes
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Para estudiar el papel regulador putativo de los miARNs contenidos en EVs de helmintos, en
general, se ha seguido una primera estrategia de aproximacién en base a predicciones in-silico,
utilizando distintas herramientas informaticas (Tabla 1). Esto permite identificar a escala
transcriptomica posibles sitios de union de miARNs de origen parasitario en las regiones 3’UTR
de los transcriptos del huésped. Estas predicciones pueden ser luego comprobadas
experimentalmente utilizando métodos como medir la expresidn génica luego del tratamiento
con mimics de miARNSs, que son moléculas disefiadas con idéntica secuencia a los miARNs
parasitarios. De esta manera, se pudieron identificar vias de sefializacidn relevantes como
mTOR, MAPK, Wnt, PI3k, NF-kB, receptores tipo Toll, sefalizacién mediada por citoquinas y
factores de crecimiento entre otras (ver Tabla 1), que parecen estar siendo reguladas durante la
infeccidn por helmintos. La modulacién de estas vias afecta la proliferacion celular, los efectos
patogénicos, la reparacion del daio tisular y/o la respuesta inmune dependiendo del origen de

las EVs y del tipo celular que los recibe.

En este sentido, al igual que otras moléculas moduladoras producidas y excretadas/secretadas
por los helmintos durante la infeccidn, los miARNs contenidos en EVs parecen modular la
respuesta inmune de manera distinta dependiendo del estadio, generando una respuesta
inflamatoria Th2 en estadios larvarios, y la supresién de la respuesta inmune en el estadio
adulto (Figura 9). Por ejemplo, las EVs producidos por el estadio larvario en el musculo de
Trichinella spiralis (Yang et al., 2020), el cisticerco de Taenia pisiformis (L. Wang et al., 2021; L.
Q. Wang et al., 2020), y el estadio juvenil de F. hepatica (Tran et al., 2021) modulan citoquinas
y/u otros genes que participan en vias de sefializacion que llevan al desarrollo de una respuesta
inmune Th2 y/o a la supresion de la respuesta Thl. En el mismo sentido, los miARNs contenidos
en las EVs del estadio adulto de H. polygyrus (Buck et al., 2014), Nippostrongylus brasiliensis
(Eichenberger, Ryan, et al., 2018) y S. mansoni (Meningher et al., 2020) parecen suprimir la
respuesta pro-inflamatoria o la respuesta Th2. A su vez, evidencia experimental ha mostrado
gue miR-71a, que es abundante en las EVs de huevos de S. japonicum, puede favorecer la

respuesta Treg, suprimiendo la fibrosis hepatica (L. Wang et al., 2020).

Por otro lado, también hay algunos reportes que describen una respuesta pro-inflamatoria

frente a EVs o miARNs especificos (Tabla 1)(Yan et al., 2021; Zamanian et al., 2015). Si bien esto
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puede parecer contraintuitivo, en S. japonicum se reporté que la induccidn en la produccion de
TNF-a y el incremento en la poblaciéon de macréfagos y monocitos asociado a los miARNs
contenidos en EVs parece incrementar la supervivencia del parasito (J. Liu et al., 2019). Seran

necesarios mas estudios para conocer si efectos similares ocurren en otros helmintos.

A diferencia de lo que ocurre en otros helmintos como S. japonicum, el potencial regulador de
los miARNSs de F. hepatica sobre el huésped definitivo ha sido muy escasamente estudiado,

habiendo solo dos reportes previos basados en datos obtenidos a partir de la secuenciacion de
EVs (Ovchinnikov et al., 2020; Tran et al., 2021), y en el caso del estudio del estadio adulto solo

una muestra fue analizada (Ovchinnikov et al., 2020).

5. Las vias de generacion de ARNpg

Las vias de regulacion mediadas por ARN pequefios han sido estudiadas principalmente en el
nematodo Caenorhabditis elegans, primer organismo en que se describio la interferencia de
ARN (ARNi) por medio de un ARN doble cadena exdégeno (ARNdc) (Fire et al., 1991, 1998), y en

el que se identificd por primera vez un miARN, lin-4 (Lee et al., 1993).

En el afio 1999 se reportan los primeros genes participantes de las vias de ARN pequeiios por la
identificacion de cepas mutantes de C. elegans resistentes a la interferencia (Ketting et al.,
1999; Tabara et al., 1999). A partir de entonces, rdpidamente comenzaron a identificarse

miembros de estas vias en otros organismos tan diversos como humanos e insectos.

En 2001, Grishok y col. (Grishok et al., 2001) identificaron el ortélogo en C. elegans de Dicer, la
proteina central de las vias de ARNs pequefios, que fuera reportada ese mismo ano en
Drosophila (Bernstein et al., 2001), y construyen el primer modelo de las vias. En este modelo
ya se diferencian las tres grandes vias de generacién de ARN pequenos, la via de microARNs, la
via de ARNi exdgeno, y la via de ARNi enddgeno aun poco conocida en ese momento. En
general, las tres vias funcionan de manera similar: un primer complejo dependiente de Dicer

procesa el ARN precursor, y un segundo complejo formado por una proteina de la familia
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Argonauta junto con ARNpq llamado RNA-Induced Silencing Complex o RISC, actia como

complejo efector o silenciador (Figura 10).
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Figura 10. Esquema de las vias de ARNpgq. Se diferencian tres grandes vias de generacion de
ARNpq, la via de microARNs, la via de ARNi y la via de ARNs enddgenos. Tomado de (Grishok et
al., 2001).

5.1. Dicer es la proteina central de las vias de sintesis de ARN pequerfios

Dicer fue identificada como una ribonucleasa que funciona al inicio de la ARNi (Bernstein et al.
2001). Pertenece a la familia de las enzimas ribonucleasas de tipo Il (RNasa Ill), un grupo de
enzimas que tienen especificidad por ARNdc. La familia de las RNasa Il se divide en tres clases
estructurales. Dicer pertenece a la clase lll y contiene un dominio DEXH-box, un dominio ARN
helicasa, dos dominios Ribonucleasa Ill, un dominio PAZ y un dominio de unién a ARNdc (DSRM

o dsRBD) (Figura 11).
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Figura 11. Estructura de Dicer. Tomado de (MacRae et al., 2006).

Las Dicer tienen un centro de procesamiento de ARN. Dentro de este centro, cada dominio
RNasa lll cliva una de las hebras del ARNdc. La dimerizacién intramolecular de los dominios
RNasa lll, en cooperacion con los dominios de unién a ARN, PAZ y dsRBD, resultan en un centro
de procesamiento que genera ARNdc de aproximadamente 21 nt, con un desfasaje de dos

nucledtidos en 3’ (Jaronczyk et al., 2005).

5.2. La superfamilia Argonauta

Las proteinas Argonauta forman una superfamilia altamente conservada que se encuentran en
diversos organismos desde archaeas a humanos (Jaronczyk et al., 2005). En algunos nematodos
como C. elegans, la familia Argonauta esta amplificada, habiéndose descripto 26 genes
codificados en su genoma, y cumplen funciones altamente especializadas (Dalzell et al., 2011;

Hutvagner & Simard, 2008).

Las Argonautas contienen dos dominios funcionales, un dominio PAZ y un dominio C-terminal,
PIWI. El dominio PAZ se une al desfasaje de 2 nucledtidos en 3’ de los ARNdc pequeiios
generados por Dicer y el dominio catalitico PIWI cliva la hebra complementaria o pasajera de
los ARNdc pequeiios (Hutvagner and Simard, 2008). Esto genera que el ARN pequefio maduro
(siARN o miARN) que se mantiene asociado a la proteina Argonauta, y junto a otros factores
forman el complejo efector RISC que silencia la traduccién del ARNm (Figura 12)(Fischer, 2010;

Grishok, 2005).
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Figura 12. Formacion del complejo RISC. Los ARNdc largos son procesados por Dicer generando
ARNdc de 21 nt de largo, con un desfasaje de dos nucledtidos en el extremo 3’ de cada hebra.
Ago se une al desfasaje de 2 nucledtidos en 3’y cliva la hebra complementaria o pasajera. El
ARN pequefio maduro que se mantiene asociado a la proteina Argonauta, y junto a otros
factores forman el complejo efector RISC que silencia la traduccion del ARNm.

6. Las vias de ARNpq en platelmintos

La utilidad del ARN interferente como herramienta de gendmica funcional y la capacidad
reguladora de los miARNSs, despertd el interés por evaluar la completitud de las vias de ARNpq
en distintos organismos. Este interés fue especialmente relevante en organismos no modelo,
donde no existia informacién gendmica para hacer silenciamiento por knockout. En estos
organismos el knockdown por ARNi era la Unica herramienta para el analisis de la funcién

génica.

Dada la escasa informacidn que habia respecto a la completitud de las vias de ARNpqg en
platelmintos, durante la Maestria en Bioinformatica analizamos y comparamos la conservacidn
de los genes que participan en la biogénesis de los ARNpq en los genomas de 22 especies de
platelmintos parasitos y en 2 especies de platelmintos de vida libre (clase Rhabditiphora)
disponibles en repositorios publicos (Tabla 2). Estos resultados se plasmaron, durante el
doctorado, en una publicacién en una revista arbitrada internacional ((Fontenla et al., 2017),

ver ANEXO I).
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Tabla 2. Especies analizadas (tomado de Fontenla et al., 2017)

CLASS ORDER FAMILY SPECIES GENOME SIZE GEME COUNT  BIOPROJECT 1D
RHABDITOPHORA  Macrostomida Macrostomidae Macrastomum lignana (MIi) 1040 60,534 PRINAZB4736
lricladida Dugesidae Schmidtea mediterranea (Sme) 900 29850 PRINATZ2585
MOMOGEMNEA Monopisthocotylea  Gyrodactylidae Gyrodactylus salaris {Gsa) 67 15436 PRINAZ44375
Palyopisthocotylea  Polystomatidae Protopolystoma xenopodis (Pxe) a17 37906 PRIEB1201
TREMATODA Opisterchida Opistorchiidae Clonorchis sinensis (Csi) 547 13434 PRIDAZ2781
Opistarchis wiverrini (Ovi) 634 16,356 PRINAZ22628
Echinostamida Echinostomatidae  Echinostoma caproni (Eca) B34 18607 PRIER1207
Fasciolidas Fasciola hepatica (FHO) 1139 15,739 PRINAT79522
Fasciola hepatica (FHL) 1275 22676 PRIEBG6ET
Smgeidida Schistosomatidae  Trichobilharzio regenti (Tre) 702 22,185 PRIEB46G2
Schistosoma haematobium (Sha) 385 13073 PRINAZB285
Schistosoma japonicum (Sja) 398 12,738 PRIEA34885
Schistosomea mansani (Sra) 362 10,772 PRIEAZBSTT
CESTODA Cyclophyllidea Hymenolepididae  Hymenalepis diminuta (Hdi) 166 11,271 PRIEBSO7
Hymenaolepis microstorma (Hmil 141 12,368 PRIERI 24
Hymenolepis nana (Hna) 163 13777 PRIEBS08
Taeniidae Echinococcus granwlosus (Egr) 114 10,245 PRIEBIZT
Echinococcus multilocwlaris (Emu) 114 10,663 PRIERIZ2Z
Taenia asiatica (Tas) 136 10331 PRIEBS32
Taenia solium (Tsa) 122 12481 PRINATFOR1 3
Hydatigera taeniaeformis (Hta) 104 11,649 PRIEBS 34
Mesocestoididae Mesocestoides corti (Mco) 117 105614 PRIEBS 10
Diphyliobotridea Diphyllcbothriidae  Diphyllobothrium latum (Dla) 531 19,966 PRIER1 206
Schistocephalus solidus (S50) 539 20228 PRIEBSZF
Spirarmetra erinaceieuropael (Ser) 1259 39557 PRIER1202

Species abbreviation are indicated between brackets. Genome sizes (in Mb)

6.1. La via de miARNs

Los pri-miARNs son transcriptos por la ARN polimerasa Il, estos son procesados a pre-miARNs

de 60-100 nucledtidos de largo dentro del nucleo por el complejo microprocesador formado

por una proteina con actividad RNasa Il lamada Drosha y una proteina de unién a ARN doble

cadena (ARNdc) llamada Pasha (Figura 13). Los pre-miARNSs tienen una estructura en horquilla'y

son exportados al citoplasma desde el nicleo por un canal transmembrana llamado Exp-5, en

vertebrados y moscas, o su andlogo funcional en C. elegans, Xpo-1. A continuacion, los pre-

miARNSs son procesados por Dicer junto con una proteina argonauta de la clase miAgo (Ago-1

en insectos). Ago-1 separa la hebra madura de la complementaria, generando un miARN

maduro. La hebra madura junto con Ago-1y otros factores asociados forman el complejo
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miRISC. Detectamos que en general la via de generacién de miARNs esta conservada en todas

las especies analizadas.
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Figura 13. Conservacion de genes de la via de generacion de miARNs en platelmintos. Los pri-
miARNSs son transcriptos la ARN polimerasa Il y procesados en pre-miARNs por Pasha y Drosha.
El pre-miARN es exportado al citoplasma por una proteina transmembrana Xpol, donde es
procesado por Dicer a ARNdc cortos. Ago remueve la hebra complementaria del miARN maduro.
EI miARN con Ago y otros factores asociados al complejo miRISC hibridaran con el ARNm blanco
(Tomado de Fontenla et al. 2017).

Los miARNs hibridan con los mARNs blanco reprimiendo la traduccion. En los sitios donde el
apareamiento Watson-Crick es extenso, los miARNs de metazoarios pueden inducir el clivaje
del ARNm mediado por Ago. Sin embargo, mas cominmente, los miARNs de metazoarios se
aparean perfectamente con su sitio blanco en la regidon 5’ del miARN centrados en los

nucledtidos 2-8 llamada regidn ‘seed’ o ‘semilla’. Por fuera de esta regidn el apareamiento es
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mas laxo conduciendo a la represién de la traduccidn, desestabilizacién el ARNm o ambos

(Figura 14)(Bartel, 2009).

3 miRNA &’
1
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Figura 14. Apareamiento entre un miARN y su sitio blanco en un ARNm. Mds comunmente, los
miARNs de metazoarios se aparean perfectamente en la region 5’ del miARN llamada region
‘seed’ o ‘semilla’. Tomado y modificado de Fuchs Wightman et al., 2018.

6.2. La via de interferencia por ARNdc exégeno

La via de ARNi estd conservada a lo largo de la evolucién y posiblemente surgiéo como un
mecanismo de defensa contra ARNdc virales u otros parasitos genéticos (Tomari & Zamore,
2005). El mecanismo se desencadena cuando un ARNdc largo es internalizado por una proteina
de canal transmembrana andloga a SID-1 de C. elegans (Figura 15). En C. elegans, el ARNdc es
reconocido en el citoplasma por una proteina de unién a ARNdc llamada RDE-4 y presentado a
Dicer para su procesamiento. RDE-4 estd conservado solo en algunas especies de nematodos.
Por lo tanto, también procuramos ortélogos del andlogo funcional de RDE-4 en D.
melanogaster, lamado R2D2. Sin embargo, no identificamos proteinas similares en
platelmintos. De todas maneras, dado que la interferencia por ARNdc ha probado ser funcional
en varias especies de platelmintos, es probable que una via alternativa u otro mediador aun no

caracterizado esté operando en estos organismos.
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Figura 15. Conservacion de los genes de la via de interferencia por ARN exégeno en
platelmintos. Un ARNdc exdgeno es internalizado por un canal transmembrana, SID-1. En el
citoplasma el ARNdc es reconocido por RDE4 (un ortdlogo de R2D2 de Drosophila
melanogaster), esto promueve la formacion del complejo DICER que procesa el ARNdc largo en
ARNdCc de 22 nt de largo. La proteina argonauta RDE1 (homdloga a Ago2 de D. melanogaster)
procesa el ARNdc liberando el ARN pequefio interferente maduro, que junto con otros factores
formaran el complejo efector siRISC. (Tomado de Fontenla et al. 2017)

Una proteina con dominio DexH-box/Helicasa (DRH-1) y una proteina Argonauta de la clase
siAGO (llamada Ago-2 en insectos o RDE-1 en C. elegans) también forman parte de este
complejo. Ago-2 se une a los ARN pequefios interferentes (siARNs) estabilizdndolos y cliva la
hebra complementaria o pasajera. Los siARNs maduros permanecen unidos a Ago-2 formando

el complejo siRISC.

XRN-1 es una exonucleasa 5’->3’ asociada a Dicer que degrada el ARNm blanco del complejo
RISC y esta conservada en platelmintos. Por el contrario, solo detectamos ortélogos de Mut-7
en el platelminto de vida libre Macrostomum lignano, y RDE-2 no fue detectado en ninguna de
las especies analizadas. Mut-7 y RDE-2 forman un complejo que forma parte de la ARNi en C.

elegans cuya funcidn es aun poco conocida.
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6.3. La via de interferencia por ARNdc enddgeno

Ademas de las vias de miARNs y siARNs existe una via de interferencia dependiente de ARNdc
largos enddgenos derivados de ARN antisentido de secuencias codificantes y elementos
transponibles, que parecen regular genes expresados en la linea germinal (Figura 16). En C.
elegans, los transcriptos primarios son procesados por el complejo ERI (o Enhancer of RNA
Interference) formado por Dicer, DRH-3, ERI-1, ERI-3, ERI-5, ERI-6, ERI-7 y RRF-3, una ARN
polimerasa dependiente de ARN (RdRP). Los factores ERI fueron nombrados de esta manera en
base a resultados que indicaban que la supresién de estos genes potenciaba el efecto de la

ARNi exdgena, lo que sugirié que las vias de ARNi enddgeno y exdgeno compartian factores en

comun.
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Figura 16. Conservacion de los genes de la via de interferencia por ARN endégeno en
platelmintos. El ARNnc conteniendo una region de ARNdc es transcripto en el nucleo y
procesado en el citoplasma por el complejo ERI. Luego de unirse al ARNdc, ERI-1 remueve una
de las hebras no apareadas creando una estructura en horquilla pasible de servir como primer
para la sintesis de ARNdc largo por RRF-3. Dicer y DRH-3 luego clivan el ARNdc largo, y ERGO-1

(un homdlogo de Ago2) cargado con un siARN gatilla la degradacion del ARN blanco. (Tomado
de Fontenla et al. 2017)
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En platelmintos, detectamos la presencia de homdlogos de ERI-1, una enzima con actividad
exonucleasa 3’->5’. Mientras que en platelmintos pardsitos no pudimos detectar otros
miembros del complejo ERI, si encontramos ortélogos de ERI-7 en ambas especies de vida libre

analizadas, y genes con dominio RdRP solo en Macrostomum lignano.

6.4. Biogénesis de piARNs

En paralelo a los ARN pequeiios de 21-23 nt se descubrieron otros ARN mayores de entre 26-30
nt expresados fundamentalmente en las células de la linea germinal de la mayoria de los
metazoarios. Estos ARNs fueron denominados piARNSs, pues interactiian con Argonautas de la
clase Piwi y parecen ser fundamentales para silenciar la expresion de elementos transponibles.
En la linea germinal la funcidon de los piARNs unidos a las Piwi previene la acumulacion de

cambios en el genoma en las siguientes generaciones.

La metilasa HEN-1, implicada en la ARNi y en la via de piARNs asociados a Argonautas (Agos)
tipo Piwi (Montgomery et al., 2012) fue detectada Unicamente en M. lignano y S. mediterranea,
lo que es consistente con la presencia Agos tipo Piwi en los platelmintos de vida libre
estudiados y su ausencia en los parasitos. A su vez, Vasa, otro factor clave de la via de piARNSs,
también parece estar ausente en platelmintos parasitos (Skinner et al., 2014), lo que soporta la
hipétesis de una pérdida evolutiva de los piARNs en los Neodermata y su conservaciéon en
platelmintos de vida libre. Sin embargo, esta hipdtesis esta fundada en el andlisis de un nimero
muy escaso de especies de vida libre. Por lo tanto, nos preguntamos si las vias estaran
conservadas de la misma manera en otros clados del grupo parafilético ‘Turbelaria’. Si esto es
asi, nuestros hallazgos podrian indicar una relacién directa entre la divergencia en las vias de los

ARNpq y los mecanismos que condujeron al parasitismo de los Neodermatas.
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Hipotesis

En funcidén de los antecedentes presentados es posible que los ARNpq jueguen un papel en el
desarrollo de F. hepatica y en el contexto de la interaccion huésped-parasito al ser secretados
en vesiculas extracelulares. A su vez, dada la relevancia de los ARNpq en la regulacién de
diversas funciones, la ausencia de genes de las vias de ARNpq entre los neodermata versus
otros clados de platelmintos podria estar vinculada al parasitismo. En consecuencia, nos
planteamos la siguiente hipdtesis: los ARN pequefios deben cumplir un papel esencial en la
regulacién del desarrollo y en la interaccidn con el huésped, y a su vez, podrian haber
divergencias asociadas a la conservacion de las vias de sintesis de ARN pequeiios que podrian

estar involucrados en la adaptacidn al parasitismo en platelmintos.
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Objetivos

A partir de la hipétesis de trabajo nos planteamos dos objetivos generales:

A) Analizar los perfiles de ARNpq en los estadios asociados al huésped mamiferoy en

B)

vesiculas extracelulares de F. hepatica, y estudiar su potencial regulador.

Objetivos especificos:

i)

Identificar y comparar la expresién de miARNs entre los estadios intra-mamifero de
F. hepatica, y entre el estadio adulto y EVs.

Identificar los genes blanco y las funciones reguladas por los miARNs
diferencialmente expresados entre estadios de F. hepatica.

Identificar los genes blanco y las funciones reguladas en el huésped por los miARNs
mas abundantes en las EVs de F. hepatica.

Caracterizar otras especies de ARNnc menos estudiadas como los tARNs y los vault

ARNS.

Comparar la conservacion de las vias de ARNpqg entre platelmintos de vida libre y

parasitos.

Objetivos especificos:

i)

Identificar transcriptomas de buena calidad de distintas especies de platelmintos de
vida libre disponibles en base de datos publicas.

Identificar los genes involucrados en las vias de generacién ARNpq en base a
ortologia.

Inferir la relacion evolutiva de familias génicas claves de las vias de ARNpqg.

Estudiar la conservacion de secuencia a nivel de dominios e inferir si hay seleccién

positiva entre las subfamilias génicas de Argonauta.

37



Doctorado en Ciencias Bioldgicas | Santiago Fontenla

Materiales y métodos

Dado que los resultados presentados en el presente trabajo ya se han publicado en revistas
arbitradas internacionales, los materiales y métodos estan descriptos en las secciones
correspondientes de los articulos presentados. En la siguiente seccion se describe la estrategia
seguida para abordar cada uno de los objetivos planteados. Adicionalment, en el ANEXO Il se

encuentran los programas y parametros usados en la tesis.
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Estrategia general

A) Analizar los perfiles de ARNpq en los estadios intramamifero y en vesiculas
extracelulares de F. hepatica, y estudiar su potencial regulador.

Se analizaron muestras correspondientes a diversos estadios de vida intra-mamifero. Las
muestras de metacercarias dormante (MD) y activadas in vitro (MA) y gusanos adultos (AD1;
AD2) fueron generadas por nosotros en el marco del proyecto del genoma de F. hepatica
(estudio SRP040521). Para la obtencion de estas muestras el ARN total se extrajo usando el kit
mirVana Total Isolation (Thermo Fisher) separando las fracciones grande (>200 pb) y pequefia
(<200 pb). Las bibliotecas se construyeron utilizando el kit NEBNext Multiplex Small RNA Library
Prep.

Los datos de juveniles (NEJ) fueron generados y analizados previamente por nosotros (Fontenla
et al., 2015), y reanalizados y comparados con otros estadios en este trabajo. En este caso se
utilizé el kit RNeasy Mini para la extraccion del ARN total. Este se separd por tamafio en gel de
poliacrilamida, seleccionando posteriormente la fraccién de ARN pequefio. Se uso la
transcriptasa reversa Superscript Il (Invitrogen) e lllumina small RNA RT-Primer segun
instrucciones del fabricante para la retrotranscribir el ARN y construir las bibliotecas.

Las muestras de EV se obtuvieron de gusanos adultos recuperados de ganado vacuno infectado
naturalmente en un matadero local en Dungannon, Irlanda del Norte. El ARN total de estas
muestras se aislé usando TRizol (Life Technologies). Los ARN pequefios fueron
subsequentemente aislados usando el kit SeraMir (SystemBio). Las bibliotecas se generaron
usando el kit TailorMix miRNA Sample Preparation Version 2 (SegMatic LLC). La construccion de
las bibliotecas y la secuenciacidn de estas muestras fueron realizadas por System Biosciences,
USA.

Las lecturas de secuenciacidon fueron procesadas en paralelo. Se removieron los adaptadores y
se filtraron las lecturas de secuenciacion eliminando aquellos de baja calidad y tamafio menor a

18 nucleétidos. Las lecturas restantes se mapearon con Bowtie (Langmead et al., 2009) al
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genoma de F. hepatica, permitiendo un maximo de 2 mismatches. Identificando sucesivamente
las lecturas correspondientes a mRNA, tRNA, rRNA, snRNA y regiones repetitivas del genoma
(es decir, transposones, regiones de baja complejidad o repetidos en tdndem) (Figura 17).

Las lecturas no asignadas a ARN funcionales se colapsaron y remapearon al genoma de F.
hepatica. Se utilizo el pipeline de miRDeep?2 (Friedlander et al., 2012) para identificar y
cuantificar los miARN nuevos y conservados, usando miARNs depositados en miRBase v22.1y
otros miARNSs de F. hepatica identificados previamente, pero no depositados en miRBase

(Ricafrente et al., 2021) como set de miARNSs "conocidos" (ver ANEXO I1).
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Ademas, la presencia de secuencias derivadas del huésped se evalud volviendo a mapear las

lecturas que no mapearon en el genoma de F. hepatica, al genoma de Bos taurus.

miRNA targets prediction in F.hepatica
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Figura 17. Esquema de la estrategia seguida en el objetivo (A).

El andlisis estadistico de la expresion de miARNs se realizé con DEGUST v4.1.1
(https://degust.erc.monash.edu/). Las muestras se agruparon por estadio; y se analizaron con
el método Voom/Limma, con normalizacién a conteo por millon (CPM). Los miARN con un
log2FoldChange > 2 y una tasa de descubrimientos falsos (FDR) < 0.01 fueron considerados

como diferencialmente expresados entre estadios.
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Se utilizaron tres algoritmos: miRanda (Betel et al., 2010), PITA (Kertesz et al., 2007) y
TargetScan v7.0 (Agarwal et al., 2015), con opciones por defecto para predecir los blancos de
los miARNSs noveles y conservados diferencialmente expresados en una base de datos
conteniendo 7626 regiones 3' no traducidas (3'UTR) anotadas en el ensamblaje PRJEB25283 de
F. hepatica y 1612 3'UTR de transcriptos nuevos obtenidas de una re-prediccion génica
(Langleib et al. en preparacion). Se consideraron solo aquellas predicciones coincidentes entre
los tres algoritmos.

Se utilizd TopGO (Alexa & Rahnenfuhrer, 2019) para identificar las ontologias génicas
enriquecidas (GO) entre los blancos de los miARN expresados diferencialmente, los términos
GO con P-valores inferiores o iguales a 0.01 se consideraron significativamente enriquecidos.
Para predecir los blancos en el huésped mamifero se descargaron los 3'UTR de humanos de la
base de datos TargetScan (http://www.targetscan.org/cgi-
bin/targetscan/data_download.vert72.cgi). Como se describié anteriormente, las predicciones
se ejecutaron con opciones predeterminadas. Se utilizé la base de datos DAVID (Huang et al.,
2009) para identificar funciones reguladas en genes blanco, considerando solo las vias
reguladas por dos o mas miARN. Ademas, se utilizé InnateDB (Breuer et al., 2013) para
identificar los genes relacionados con la inmunidad bajo regulacién.

Las lecturas que se asignaron a la base de datos de ARNt se cuantificaron y clasificaron
mediante scripts propios. Para cada fragmento de ARNt, la secuencia con el recuento mas alto
se us6 para la prediccién in-silico de plegamiento y dimerizacidn utilizando la herramienta 'Fold
RNA Biomolecular' del paquete RNAstructure6.3 (Bellaousov et al., 2013).

Para la identificacién de vault RNAs (vtARNs) conservados en el genoma de F. hepatica se utilizé
la regidon mas conservada de los vtARNs identificados en Lottia gigantea y Helobdella robusta
obtenido de la base de datos Rfam (https://rfam.xfam.org/ RFO0006) para realizar una
busqueda por BLASTn en el genoma de F. hepatica. Los vtARNs putativos se inspeccionaron
adicionalmente con MEME suite (Bailey et al., 2009) para confirmar la conservacion de motivos

relevantes, y RNAfold (Lorenz et al., 2011) para evaluar la presencia de la caracteristica
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estructura secundaria similar a un ‘mango de sartén’. A continuacidn, utilizamos fragrep2

(Mosig et al., 2006) para re-inspeccionar el genoma de F. hepatica.

B) Comparar la conservacion de las vias de ARNpq entre platelmintos de vida
libre y pardsitos.

Las proteinas de las vias de ARNpqg de Macrostomum lignano, Schmidtea mediterranea,
Gyrodactylus salaris, S. mansoniy E. multilocularis junto con otras especies de Neodermatas ya

habian sido caracterizadas previamente por nosotros (Fontenla et al., 2017, ANEXO 1).

Los transcriptomas de platelmintos turbelarios no-modelo fueron publicados por Laumer et al.
(2015). El transcriptoma del monogenea basal Eudiplozoon nipponicum fue publicado por
(llgova et al., 2017). También se utilizaron los datos genémicos publicados recientemente por
nosotros de los trematodos F. gigantica y Fasciolopsis buski ((Choi et al., 2020), ver ANEXO Il), y
los genomas de cuatro especies del género Paragonimus publicados por (Oey et al., 2018; Rosa
et al.,, 2020). Todos los datos fueron descargados de repositorios publicos y/o estan disponibles

publicamente.

Previo a analizar la conservacién de las vias de ARNpq en los datos transcriptomicos, se estudio
la calidad de los datos con BUSCO. En base a esto, se seleccionaron siete ensamblajes que
abarcaran razonablemente la diversidad del clado Turbelaria. Se utilizé TransDecoder para

definir los marcos abierto de lectura (ORF) y traducir los transcritos (Figura 18)(ver ANEXO lII).
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Figura 18. Estrategia seguida en el objetivo B. (*) Datos generados por (Laumer et al., 2015) y
por (llgova et al., 2017), respectivamente. () Genomas de F. gigantica y F. buski generados por
(Choi et al., 2020); genomas de Paragonimus generados por (Oey et al., 2018; Rosa et al., 2020).

Siguiendo un esquema similar al utilizado previamente (Fontenla et al., 2017), se aplicé una

estrategia de BLASTp reciproco para identificar los genes vinculados a las vias de ARNpq en los

transcriptomas traducidos y en los genomas publicados recientemente. El BLASTp directo se

realizé usando como ‘carnada’ los genes de las vias de ARNpq identificadas en platelmintos, y

genes particulares de C. elegans y Drosophila melanogaster no detectados en nuestro andlisis
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previo. A suvez, se comprobé la homologia funcional de las proteinas putativas detectadas

mediante predicciones de dominios proteicos por HMMScan.

Para evitar sobreestimar el nimero de genes en los datos transcriptémicos o reportar
duplicaciones gendmicas enteras como duplicaciones génicas (como ocurre en el genoma

tetraploide de M. lignano), se agruparon las secuencias con una similaridad mayor al 90%.

MAFFT con opcidn de alineamiento local e informacidn estructural fue usado para generar los
alineamientos de secuencias. PhyML fue usado para construir los arboles filogenéticos de

familias génicas claves en las vias de biogénesis de ARNpq.

Previamente habiamos reportado la ausencia de Argonautas de la clase Piwi en Neodermatas y
la aparicion de un cluster de genes de la familia Argonauta especifico de platelmintos,
denominado ‘FL-Agos’ por nosotros, que presentaban amplificaciones independientes en las
especies parasitas (Fontenla et al., 2017). Estos resultados obtenidos en nuestro set extendido
de especies eran, a su vez, coincidentes con resultados publicados por otros grupos en sets mas
reducidos (Skinner et al., 2014; Zheng, 2012). Sospechando que podia estar ocurriendo un
fendmeno de diversificacion en la familia de las Argonautas, decidimos estudiar la conservacién
de secuencia a nivel de dominios proteicos e inferir si habia seleccion positiva entre las

subfamilias génicas de Argonauta de platelmintos.
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Resultados

Los resultados correspondientes a las distintas secciones indicadas en Objetivos y Estrategia
General, ya han sido publicados en revistas arbitradas internacionales, por lo que se incluyen

estas publicaciones en las sub-secciones correspondientes.

A. Rol de los ARN pequefios en el desarrollo de Fasciola hepatica y en la interaccion con
el huésped

ARTICULO: Rol de los ARN pequefios de Fasciola hepatica en la interaccién con el huésped
mamifero.

Santiago Fontenla, Mauricio Langleib, Eduardo de la Torre Escudero, Maria Fernanda
Dominguez, Mark W. Robinson, José Tort.

Frontiers Cellular and Infection Microbiology (2022), doi: 10.3389/fcimb.2021.812141

En este trabajo, presentamos los resultados que responden al objetivo (A): Analizar los perfiles
de ARNpq en los estadios asociados al huésped mamifero y en vesiculas extracelulares de F.

hepatica, estudiando su potencial regulador.

Hallamos que los perfiles de expresion de miARNs de los estadios intramamifero muestran
importantes variaciones, a pesar de que hay un set de miARNs que es altamente expresado en
todos los estadios. En base al pipeline de prediccidn de interaccion 3’"UTR-miARNs, detectamos
funciones relevantes vinculadas al desarrollo y otras que podrian ser relevantes en el proceso
invasivo entre los blancos de los miARNs diferencialmente expresados entre estadios de F.
hepatica. A su vez, entre los blancos génicos en el huésped de los miARNs mas abundantes en
EVs de F. hepatica, hallamos varias funciones relacionadas con la modulacién o respuesta

inmune.
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Adicionalmente, detectamos fragmentos derivados del procesamiento de tARNs en todos los
estadios del desarrollo analizados, y documentamos la presencia de fragmentos largos noveles
de tARNs enriquecidos en vesiculas. También, confirmamos la presencia de al menos 5 vtARNs

putativos, que son expresados en los estadios estudiados y estan enriquecidos en vesiculas.
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Role of Fasciola hepatica Small
RNAs in the Interaction With the
Mammalian Host

Santiago Fontenla”, Mauricio Langleib ", Eduardo de la Torre-Escudero®,
Maria Fernanda Dominguez’, Mark W. Robinson® and José Tort™"

! Departamento de Genética, Facultad de Medicina, Universidad de (2 Repdbliica (Lde@R), Montevideo, Uniguay,
2 Departamento de Desarrofo Biotacnoldgeo, Instituta de Higiene, Facuftad de Medicine, Universidad de la Repdbica
(UdeaR), Montewidea, Uniguay, < School of Binogical Sciences, Quean's University Beffast, Balfast, freland

MicroRNAs (miRNAs) are important post-transcriptional regulators of gene expression
being involved in many different biological processes and play a key role in developmental
timing. Additionally, recent studies have shown that miRNAs released from parasites are
capable of regulating the expression of host genes. In the present work, we studied the
expression patterns of ncRNAs of various intra-mammalian life-cycle stages of the liver
fluke, Fasciola hepatica, as well as those packaged into extracellular vesicles and shed by
the adult fluke. The miRNA expression profie of the intra-mammalian stages shows
important variations, despite a set of predominant miRNAs that are highly expressed
across all stages. No substantial variations in miRNA expression between dormant and
activated metacercariae were detected, suggesting that they might not be central players
in regulating fluke gene expression during this crucial step in the invasion of the definitive
host. We generated a curated pipeline for the prediction of putative target genes that
reports only sites conserved between three different prediction approaches. This pipeline
was tested against an iso-seq curated database of the 3" UTR regions of F. hepatica
genes to detect miRNA regulation networks within liver fluke. Several functions related to
the host immune response or modulation were enriched among the targets of the most
highly expressed parasite miRNAs, stressing that they might be key players during the
establishment and maintenance of infection. Additionally, we detected fragments derived
from the processing of tRNAs, in all developmental stages analyzed, and documented the
presence of novel long tRNA fragments enriched in vesicles. We confirmed the presence
of at least 5 putative vault RNAs (vtRNAs), that are expressed across different stages and
enriched in vesicles. The presence of tRNA fragments and vtRNAs in vesicles raise the
possibility that they could be involved in the host-parasite interaction.

Key Fasciola
(EVs), host-parasite

micro RNA (miRNA), development, tRNA, vault RNA (vtRNA), Extracellular vesicles
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INTRODUCTION

Fasciolosis, or liver fluke disease, is caused by infection with two
major liver fluke species: Fasciola hepatica in temperate regions
of all continents and Fasciola gigantica, which is more restricted
to tropical regions. Fasciolosis in ruminants is widespread and is
responsible for massive economic losses to the livestock industry,
estimated globally to be US$3.2 billion annually due to reduced
production yields and associated treatment costs (Zerna et al,
2021). It is now also recognized as a neglected tropical disease of
humans by the World Health Organization (WHO) (World
Health Organization, 2007) with 17 million people being
infected and another 180 million people at risk of acquiring
the infection predominantly in developing countries. However,
the actual numbers of infections in humans and animals are
likely underestimated due to the lack of comprehensive or
coordinated investigations, and limited availability of
diagnostic tools in some developing countries (Harrington
et al,, 2017).

Liver flukes have complex life cycles. The definitive hosts,
(either livestock or humans) acquire the infection by consuming
water or plants (e.g., watercress) contaminated with parasite
cysts (metacercariac). Gastric and duodenal contents promote
excystation, and the newly excysted juveniles (NEJs) actively
migrate across the intestinal wall into the peritoneal cavity, and
then into the liver parenchyma. The final destination are the
biliary ducts within the liver where they reach maturity,
producing thousands of eggs that are released to the
environment in the stool (Keiser and Utzinger, 2009).

Clinically, the acute phase of F. hepatica infection is
characterized by marked ecosinophilia, abdominal pain and
fever. Beyond this acute form of the disease, a chronic stage
once the parasite is established is characterized by intermittent
obstruction of bile ducts, causing symptoms that resemble biliary
colic and cholecystitis (Garcia et al., 2007). Like most helminths,
Fasciola spp. have developed strategies to modulate the host
immune response to promote their survival and reproduction.
These play an essential role in the establishment of infection and
are mediated by molecules secreted by the parasite and those of
the host that activate repair mechanisms (Dalton et al., 2013).

While initial studies have focused largely on proteins as
possible immunomodulators, the discovery of microRNAs that
are secreted by the parasite revealed new mediators in the host-
parasite interaction. MicroRNAs (miRNAs) are single-stranded
non-coding 21 to 25 nucleotide long sequences, that negatively
regulate the translation of messenger RNAs (mRNAs) by
blockage of translation and/or mRNA destabilization (Bartel,
2009). MiRNAs were first described in the roundworm
Caenorhabditis elegans with roles in the regulation of
development (Lee et al, 1993; Reinhart et al, 2000). Since
then, miRNAs have been described in all eukaryotes (Wheeler
et al., 2009; Tarver et al, 2013) and perform varied functional
roles including cellular differentiation, apoptosis, metabolism
and silencing of transposable elements (Bushati and Cohen,
2007; Tristan-Ramos et al., 2020). MiRNAs have also been
described in several platyhelminths (Palakodeti et al, 2006;
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Basika et al., 2016; Cai et al,, 2016; Stroehlein et al, 2018),
including the NE]J and adult stages of F. hepatica (Xu et al., 2012;
Fontenla et al., 2015; Fromm et al., 2015) and more recently in
eight stages of the life cycle of F. gigantica (Hu et al., 2021).

The secretion of EVs was initially described as a means of
eliminating unneeded compounds from the cell (Johnstone et al,,
1987) but later works reported the mRNA and miRNA cargo
within the EVs of mammalian cells suggesting that they have
roles in regulation of gene expression (Valadi et al, 2007;
Mitchell et al., 2008). In helminths, miRNAs contained in EVs
was first reported in the trematode Dicrocoelium dendrticum,
soon followed by reports in the clade V nematode
Heligmosomoides polygyrus (Bernal et al,, 2014; Buck et al,
2014), and later by similar findings in several other nematode,
trematode and cestode species (Fromm et al., 2015; Nowacki
et al, 2015; Sotillo et al., 2020; Avni and Avni, 2021; Cucher
et al., 2021).

Parasite-specific miRNAs have been detected in the blood of
hosts infected with several nematodes including Onchocerca
ochengi and O. volvulus (Quintana et al, 2015), Loa (Tritten
et al,, 2014b), Direfilaria immitis (Tritten et al, 2014a),
Lit ides sigmodontis (Buck et al, 2014; Quintana et al,
2019) and trematodes such as schistosomes (Cheng et al,, 2013;
Hoy et al., 2014; Cai et al,, 2015; Nowacki et al,, 2015; Meningher
et al, 2017; Mu et al,, 2020) and F. gigantica (Guo and Guo,
2019). These findings have stimulated interest in the possible
value of worm-derived miRNAs as diagnostic biomarkers for
helminthiases [reviewed by Mu et al,, (2021)].

Alongside this diagnostic interest, recent efforts have focused
on investigating the immunomodulatory potential of secreted
helminth miRNAs (Arora et al., 2017). For example, H. polygyrus
EV miRNAs can be internalized by the mouse epithelial cell line
Mode K, and inhibit host type 2 innate immunity (Buck et al,
2014). In line with this, miR-10 contained in Schistosoma
mansoni EVs, internalized by T helper cells, inhibits NF-xB
activity essential for Th2 differentiation (Meningher et al., 2020).
Several miRNAs of S. japonicum were reported to be involved in
the regulation of host macrophages by inducing TNF-o
production and monocyte proliferation (Liu et al, 2019). In
another case, a particular S. japonicum miRNA (miR-3096)
showed antitumor effects both in vive and in vitre (Lin
et al,, 2019).

Numerous miRNAs have been identified within the EVs
secreted by F. hepatica (Fromm et al, 2015). Moreover, F.
hepatica EVs can be internalized by host macrophages (de la
Torre-Escudero et al,, 2019) and their miRNAs have been
detected in macrophages of infected animals (Tran et al,
2021), indicating that F. hepatica secreted miRNAs, cither in
vesicles or free, could also be regulating host genes. However,
miRNAs are not the only small RNA class with potential
regulatory roles detected in the EVs of helminths (Cucher
et al, 2021). To further characterize possible liver fluke
regulatory RNAs, we compiled and analyzed the repertoire and
expression of diverse small non-coding RNAs (sncRNA) in the
key stages in the invasion and establishment of F. hepatica
infection in the definitive host. Additionally, we studied the
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profile of sncRNAs contained in EVs released by the adult stage.
Diverse miRNAs show expression differences across the life
stages analyzed, and by miRNA target prediction both on the
parasite and hosts genes, we attempted to gain insights in the
regulation of the internal homeostasis of the parasite and its
interaction with the host. Beside these, we found a restricted set
of tRNA fragments (tRFs) that are abundant in all samples
analyzed. Interestingly, those enriched in EVs can form
homodimer structures that are, potentially, more stable and
resistant to degradation by nucleases. Furthermore, we
identified a new class of ncRNA previously unreported in
trematodes, vault RNAs (vtRNAs), that are abundant in EVs.

METHODS

Data Generation and Sequencing

Analyzed samples corresponding to diverse life stages (including
dormant (MD) and in vitro activated metacercariae (MA), and
adult worms (AD1; AD2) were generated by us and sequenced at
The Genome Center at Washington University in St. Louis,
Missouri, USA (WUGSC) within the frame of F. hepatica
genome project (study SRP040521), (McNulty et al, 2017).
Briefly, total RNA was extracted using mirVana Total Isolation
kit (Thermo Fisher) in large (>200 bp) and small (<200 bp)
fractions. Small RNA sequencing libraries were constructed
using the NEBNext Multiplex Small RNA Library Prep Set for
[llumina (New England Biolabs, Beverly, MA) according to the
manufacturer’s instructions, and sequenced on the Illumina
platform. Sequencing data is publicly available under accession
numbers: SRR3584125 [MD], SRR3584124 [MA], SRR3584126
[AD1], SRR3584122 [AD2]. Newly excysted juveniles (NEJ
[SRS862512]) data have been generated and analyzed by us
previously (Fontenla et al, 2015).

EV samples were obtained from 50 adult worms recovered
from a naturally-infected cow at a local abattoir in Dungannon,
Northern Ireland. Briefly the flukes were thoroughly washed with
PBS (3 x 200ml) to void their gut contents and then maintained
in RPMI 1640 culture medium containing 0.1% glucose, 100 U
penicillin and 100 mg/ml streptomycin (Sigma), at 2 worms/ml
for 5 h at 37°C. EVs were isolated from the culture media by
differential centrifugation as described by Cwiklinski et al. (2015)
and treated with RN Aase (Qiagen) to remove extracellular RNA
not packaged within the EV. Total RNA was isolated from EV
pellets using TRizol (Life Technologies) according to the
manufacturer’s instructions. Small RNAs were subsequently
isolated from the F. hepatica EV RNA preparations using the
SeraMir kit (SystemBio). Libraries were generated with the
TailorMix Micro RNA Sample Preparation version 2 protocol
(SeqMatic LLC, Fremont, USA), amplified and Illumina
sequenced. EV library construction and next generation
sequencing was performed by System Biosciences, US.
Sequencing data was deposited at the SRA repository with the
accession number PRINA782636.

All the data are freely available from SRA repository (https://
www.ncbi.nlm.nih.gov/sra) with the given accession numbers.
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Quality and consistency of samples were evaluated by
multidimensional scaling (MDS) (Mead, 1992) showing that
they were comparable, despite being obtained from field
isolates since lab pure lines or strains are still unavailable for
F. hepatica.

Quality Control and Genome Mapping

Trim galore (https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/) was used to trim adapters and to
remove reads shorter than 18 bp or with a phred score lower
than 20. The remining reads were mapped to PRJEB25283 F.
hepatica genome (https://parasite.wormbase.org) with Bowtie
(Langmead et al., 2009), allowing a maximum of 2 mismatches
(option -v 2). The coordinates corresponding to mRNAs, tRNAs,
rRNAs, snRNAs and repetitive regions of the genome (ie.
transposons, low complexity regions or tandem repeats) were
parsed out from the genome annotation, and the sequences
obtained with bedtools getfasta with option -s (Quinlan and
Hall, 2010). Next, Bowtic was used to classify reads by
subsequently mapping to each dataset. Remaining reads were
used to detect novel and conserved miRNAs.

Additionally, the presence of host-derived sequences was
assessed by re-mapping the reads that failed to map to the
genome of F. hepatica, to the genome of Bos taurus
(downloaded from https://www.ensembl.org/Bos_taurus/Info/
Index) with Bowtie (option -v 2) (Table S1).

A pipeline with the commands and scripts used in the analysis
is available at GitHub repository (https://github.com/santifo/
miRNA_analysis/blob/main/Pipeline).

Since MDS did not show significant differences in small RNA
species and quantities between duplicated samples, and also
between dormant and activated metacercariae (Figure S1),
samples were considered as duplicates, pooled and averaged by
stage: metacercariae (MC), adult (AD) and extracellular vesicles
(EV), for further analysis.

Classification and Identification of Known
and Novel miRNAs

Reads not mapped to functional RNAs were collapsed and
remapped to the genome with Bowtie with identical options as
before. SAM output files were converted to arf format with
bwa_sam_converter.pl. MiRDeep2 pipeline (Friedlander et al,
2012). was used to identify and quantify conserved and novel
miRNAs, with a “known™ dataset consisting of miRNAs
deposited in miRBase v22.1 (Kozomara and Griffiths-Jones,
2014) and other F. hepatica miRNAs identified previously, but
not deposited in miRBase (Ricafrente et al., 2021). Putative novel
miRNAs were manually inspected, removing those with a score <
5 and/or that showed drifting in the read stacking and/or had
poor folding. Furthermore, BLAST and SSEARCH tools available
at miRBase were used to confirm that novel miRNAs were not
detected previously in other species. Additionally, MAFFT with
local alignment parameters (Katoh and Standley, 2013), was used
to align novel F. hepatica miRNAs to all Lophotrochozoan
miRNAs deposited in miRBase, to search for identical ‘seed’
homology. Furthermore, a BLASTn (e-value le-4) was
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implemented to inspect if the novel precursors detected in
F. hepatica could be conserved in any of the other
platyhelminthes genomes deposited in WormBase Parasite
(https://parasite.wormbase.org). No homologies were found
except in the sister species F. gigantica (Table S2).

Statistical Analysis of miRNA Expression
Statistical analysis of miRNA expression was performed with
DEGUST v4.1.1 (https://degust.erc.monash.edu/). Samples were
grouped by stage; and analyzed with Voom/Limma method, with
count per million (CPM) normalization. Differentially expressed
miRNAs were defined from pairwise comparisons of the log,-
transformed expression estimates, establishing a minimum fold
change of 2 and a false discovery rate (FDR) corrected P-values
lower or equal to 0.01. MiRNAs with a total count below 10 reads
were removed from the analysis. A hierarchical clustering with
helust function, was applied to differentially expressed miRNA
between metacercariae, NEJ and adult.

MiRNA Target Prediction and Functional
Enrichment of F. hepatica Gene Targets

F. hepatica conserved and novel miRNAs were used to predict
targets in an iso-seq curated database of F. hepatica genes
(FHISCDB). This database consisted of 7626 3’ untranslated
regions (3'UTRs) annotated in PRJEB25283 assembly, and 1612
3'UTRs of novel transcripts obtained from a prediction based on
remapping all RNA-seq data available in repositories, and iso-seq
sequencing reads from intra snail stages of F. hepatica (Langleib
et al. in preparation). Transdecoder (available at https://github.
com/TransDecoder/TransDecoder/) was used to predict the
open reading frame (ORFs) and 3'UTR on novel transcripts.

Three prediction algorithms were used: miRanda (Betel et al,,
2010), PITA (Kertesz et al., 2007) and TargetScan v7.0 (Agarwal
et al,, 2015), with default options. Given that each algorithm
implements different mechanisms to predict target sites
[reviewed by (Peterson et al, 2014)], they usually differ in a
few bases since they include different lengths outside the seed
region. Therefore, to provide a consistent matching position of
each target, we have reported the position on the 3'UTR
matching the first base (start) of the “seed region” of the
miRNA in column D of Table S4.

Genes defined in the FHISCDB were functionally reannotated
with eggNOG-mapper (Huerta-Cepas et al,, 2019). TopGO
(Alexa and Rahnenfuhrer, 2019) (with option: statistic =
“fisher”) was used to identify enriched gene ontology (GO)
terms between the gene targets of differentially expressed
miRNAs, GO terms with a P-values lower or equal to 0.01
were considered significantly enriched.

miRNA Target Prediction in Mammals and
Identification of Regulated Functions

The conserved and novel miRNAs of F. hepatica were used to
predict complementary target sites in host species genes. 3'UTRs
from sheep, cattle and human were downloaded from
TargetScan database (http://www.targetscan.org/cgi-bin/
targetscan/data_download.vert72.cgi). Although the initial idea
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was to use a 3 by 3 strategy, retaining only the targeted positions
within the 3'UTR predicted by the three algorithms (miRanda,
PITA and TargetScan v7.0) conserved in the three host species,
the low quality of 3' annotation in the sheep and cattle datasets
resulted in many sites conserved only in human and one of the
ruminant species. Consequently, we decided to retain all those
targets identified by the three algorithms in the human dataset.
As described previously, predictions were run with defaults
options. DAVID database (Huang et al, 2009) was used to
identify regulated functions in targeted genes, considering only
the pathways regulated by two or more miRNAs. Furthermore,
InnateDB (Breuer et al., 2013) was used to identify the genes
related to immunity under regulation,

Quantification and Folding of tRNA
Derived Fragments

The reads that mapped to the tRNA database were quantified
and classified using in-house scripts. Reads containing a terminal
CCA-3" anchor were subsequently quantified using a similar
processing, except that the tRNAs of reference were modified by
adding a ‘CCA’ trinucleotide anchor to their 3° end. The output
files were analyzed to obtain the information on alignment
positions from first to end base found in the tRNA precursor.
These positions were used to categorize the tRNAs fragments.
The fragments resulting from the cleavage at the anticodon loop
were named 5 tRNA half fragment (5'tHF) and 3' tRNA half
fragment (3'tHF); if the fragment was contained but shorter than
the 5" or 3' halves they were named 5' fragments (5'tRF) and 3'
fragments (3'tRFs). The fragments that started at the 5" or 3" ends
and were longer than the 5'tHF or 3'tHF were classified as 5
tRNA long fragments (5'tLF) or 3' tRNA long fragments (3'tLF).
The fragments that were not contained within these categories or
that corresponded to full tRNAs were poorly represented and
were not further classified. For each tRNA fragment, the
sequence with the highest count was used as input for in-silico,
folding and dimerization prediction using the ‘Fold RNA
Biomolecular’ tool of RNAstructure6.3 package (Bellaousov
et al, 2013).

Detection of Vault RNAs
Vault RNAs are short (80 to 150 nt) polymerase III transcripts,
that show no sequence conservation except in two short regions,
box A and box B, that correspond to internal polymerase 111
promoter elements. Since finding them by traditional homology
methods is unpractical, we followed a modified version of the
approach described by Stadler et al. (Stadler et al., 2009). We
used the most conserved region, the box A, plus the 3' flanking
‘TTACTTCG' of L. gigantea and H. robusta obtained from Rfam
database (RF00006 (https://rfam.xfam.org/).) to perform a
relaxed BLASTn search in the genome of F, hepatica. Typical
polymerase Ili-terminator motifs (consisting mainly of a run of
T’s) were sought in the 150 pb region downstream of the blast
HSPs hits.

Putative vtRNAs were further inspected with MEME suite
(Bailey et al, 2009) to confirm the conservation of relevant
motifs, and RNAfold (Lorenz et al, 2011) to evaluate the
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presence of the characteristic panhandle-like secondary
structure. Next, we used fragrep2 (Mosig et al., 2006) pipeline
to align and generate a F. hepatica specific pattern of vtRNAs
with the conserved motifs. Fragrep2 tool implements an
algorithm for detecting the pattern fragments that occur in a
given order but are interrupted by non-conserved sequences of
highly variable length. The pattern was used to re-search the
genome. Additional putative vtRNAs detected were also
evaluated as described. The genomic locations of all viRNAs
were inspected to confirm that no other features were annotated
and that the viRNAs genes were being expressed.

RESULTS

Small Non-Coding RNAs Are Present in All
Stages, and Also in Secreted Vesicles

Small RNAs produced by metacercariae, newly excysted
juveniles (NEJ) and adults of F. hepatica were analyzed and
compared with novel data generated from the sequencing of
small RNAs present in extracellular vesicles (EV) released by the
adult stage.

Sequencing data samples were analyzed in parallel as
described in the methods section. Despite differences in the
initial number of raw reads, roughly 77% passed the quality
filtering and trimming stages (Table S1). More than 80% of these
high-quality reads mapped to the genome of F. hepatica
(PRJEB25283), except for NEJ where the mapping values were
lower at 66% (Table S1). The length distribution of the reads that
mapped to the genome showed a prominent peak at 21-22 nt in

SmaliRNAs Divarsity n Fascioi hepatica

all samples, consistent with the presence of miRNAs, and a
secondary less prominent peak at 31-33 nt that is consistent with
our previous analysis (Fontenla et al., 2015) and that
corresponded to sequences that mapped to tRNAs (see below)
(Figure S2). Reads that mapped to the genome were
subsequently classified by mapping to different datasets (see
Methods). While the majority of the reads mapped to coding
RNA and repeated regions, a small but significant fraction
corresponded to putative functional non-coding RNA. On
average, 13.7% of the reads corresponded to the category of
functional ncRNAs that grouped: miRNAs, tRNAs, rRNAs and
VtRNAs (described here for the first time in trematodes). In all
samples, miRNAs were the most abundant ncRNA followed by
tRNA-derived fragments (Figure 1).

MiRNA Profiles Vary Greatly Between
Different Stages

Compiling all the data published so far on Fasciola hepatica
miRNAs (Table $2), we observe that F. hepatica’s miRNome is
still reduced with respect to other Lophotrochozoans or even
free-living flatworms [flatworms are expected to share at least 46
miRNA families (Tarver et al., 2013)]. As described previously by
us and others (Fromm et al, 2013; Fontenla et al, 2015),
neodermatans are characterized by a reduction in the
conserved miRNA families. At present the miRNome of F.
hepatica is composed of 34 conserved families (13 of them
with more than one miRNA within the family). An almost
identical complement of miRNAs was recently reported in F.
gigantica (Hu et al, 2021) and previously in S. mansoni
(Ovchinnikov et al,, 2020) (summarized in Figure 2A),

- 100%
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ncRNA 90%
80%
70%
Coding 60%
RNA
50%
40%
30%
Repeated & 20%
unassigned o
regions 1
%
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B Unassigned @ Movile elements & Repat_regions @ mRNA @ miRNA ® rRNA ~ tRNA ® snRNA & viRNA
FIGURE 1 | Mapp ¢ emall ANA sequences from different stages of Fasciolz hepatica 1o the genome. Samples were cbitaned from metacercana (MC), nemly

excysted uvenil |

J) adult worms {AD), and adull-released extracellilar vesicles (EVs). Mappng reads were classified in three main categories: functional non

coding (nciRNA (fRNA, tRNA, small nuclear {sn)RNA, vauit (viENA and miRNA}, coding RNAs [mRNA) and those associated to repeat and unassigned regions
{mcbile elements (e.q., transposons), regons with repeated sequences or regions that remain unannatated)
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FIGURE 2 | MRNA complement and relative abundance across species and stages. (A) Updated miRNA complements in F. hepatica, F. ggantca and S. manson.
ndividual mIRNAs belonging to the same mIRNA family have the same ki pius an indwidual precursor number, Shaded blocks indicate evolutive conservation across:
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the miRNA has not been detected n the species (B) Heatmap depicting the comparative abundance of ndivicual mIRNAS between MC, NEJ, AD stages, and the
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miRNA shows that only a reduced set are always upregulated,
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indicating that these losses could have been in the origin of the
adaptation to parasitism of the clade. In addition, to the
conserved miRNA, 15 novel F. hepatica exclusive miRNAs
have been described previously (Ricafrente et al., 2021), four of
which were also confirmed in the miRNA complement of F.
gigantica (Hu et al,, 2021). Here, we further extended the Fasciola
specific miRNome by adding nine new well supported miRNAs
(the-miR-NEW-1 to 9 in Figure 2 and Figure $3), with seven of
them, also predicted to be conserved in the F. gigantica genome
(Table S2).

When the normalized expression of miRNAs was compared
across the intra-mammalian stages, we observed that a reduced
set of evolutionary conserved families are very predominant
(Figure 2B and Table $3). The metazoan conserved fhe-miR-
10-P2a (named fhe-miR-125b in miRBase) was the most highly
expressed miRNA across all stages and in the EV fraction of the
adult stage, despite variations in the proportional representation.
Other conserved miRNAs highly expressed across stages and
EVs were fhe-miR-71-P1b found in all bilaterians, and bantam, a
miRNA characteristic of protostomes (Figure $4).

Interestingly, 13 of the 28 miRNAs conserved between
Bilaterians were significantly more expressed in MC respect to

SmallBNAs Diversity n Fascici hepafica

the other stages [(*) in Figure 2B], while more than a third of the
protostomian specific miRNAs showed higher abundance in NEJ
(Figure 2B). miRNAs conserved across Lophotrochozoans and
Flatworms showed low expression in all samples, despite
significant variations for the-miR-1992, the-miR-1989 and fhe-
miR-3479. However, when we compared our results with those
described in the sister species F. gigantica (Hu et al,, 2021), we
noticed that several lophotrochozoan and flatworm conserved
miRNAs (e.g. miR-1992, miR-1989, miR-2160-P1 & -P2, and
miR-11584), showed higher expression in egg and the intra-snail
stages (Figure S5). Significant variations were also detected for
several Fasciola specific miRNAs across diverse stages.

MiRNAs as Regulators of Development
and Metabolism in F. hepatica

To analyze the role of miRNAs in the regulation of the
homeostasis of F. hepatica, we classified the differentially
expressed mature and two co-mature star miRNAs into five
expression clusters (Figure 3A). Target sites in the transcripts of
F. hepatica were predicted for the five clusters (Table S4). We
found 8851 targeted positions in 3369 transcripts predicted
by the three algorithms used, including 423 transcripts

FIGURE 3 | GO terms envichment of diferentially expressad miRNAs between metacercarize, NEJ and acult stages. (A) Heatmap of the differences in the
expressicn between stages. MIRNAs were grovped into 5 clusters based an ther expression profiles: cluster 1 (green), cluster 2 (olue), cluster 3 (purple), cluster 4
{yellow) and cluster § (pink). A gradual change in color ranging from blue 10 red indicates the low-to-high expression, additionally light-blue line reflects the vanation in
the Log2FC, (B=F) Top 5 biclogical process (BP), molecular function (MF} and celular compenent (OC) terms ordered by p-vale, erriched in the pradicted targeted
genes of clusters 1-5, respectively {a color code ke in A was applied). Enrichment score was cacuated as -Log of p-value, terms with a score = 2 {p-value = 0.01,

dashed line) were considered significant.
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corresponding to novel genes predicted by us (see Methods
section, Langleib et al. in preparation). GO enrichment analysis
of the targeted genes by each cluster of miRNA suggests that they
might be regulating functions related to development, signaling
pathways and transport, among others (Figures 3B-F and
Figures S6A-E).

Cluster 1 represents a set of miRNAs highly expressed in MC
while lowly expressed in NEJs, probably highlighting the
regulation of relevant genes in the first interaction with the
host and in the invasion process. Interestingly the genes targeted
by cluster 1 miRNAs are enriched in function and processes
associated with vesicle organization and transport, and
membrane fusion (Figure 3B and Figure S6A).

MiRNAs strongly downregulated in MC while upregulated in
NE] and adults are grouped in cluster 2 (Figure 3A). Genes
related to the Golgi are enriched within cluster 2 targets,
suggestive of a role in vesicular cargo maturation and
trafficking, Since some of the enriched targets to Cluster 2
miRNAs are genes involved in positive regulation of IL-12
signaling, the upregulation of these miRNAs in NEJ and adults
might have a role dealing with the IL-12 mediated responses
generated by the host macrophages and dendritic cells
(Figure 3C). Other functions highlighted in the top 20
processes enriched like “response to inorganic substances” and
“response to temperature stimuli” (Figure S6B) could be related
to sensing stimuli relevant for excystment and development.

Cluster 3 includes miRNAs highly expressed in adults, and
enrichment terms on targeted genes include: cell differentiation
and tissue morphogenesis of epithelial cells and cell to cell
contact. These processes are very relevant in the maturation of
juvenile forms, during the formation of the syncytial tegument
(Figure 3D and Figure S6C).

On the other hand, Cluster 4 contains miRNAs highly
expressed in NEJ but strongly downregulated in adults. Here
we found functions associated with nervous development,
transcription regulation and interestingly some terms related to
germinal functions, that might be associated with the production
of eggs in the adult stage (Figure 3E and Figure S6D).

Cluster 5 represents miRNAs strongly downregulated in
adults but expressed in MC and NE]J, and here enriched terms
are related to signal transduction particularly those associated
with vacuolar proton transport ATPases. These enzymes are
associated with the acidification of vacuoles, a requisite for the
function of several proteases relevant in feeding and the
interaction with the host (Figure 3F and Figure S6E).

A Reduced Set of miRNAs Are Highly
Represented in the EVs of Trematodes

The analysis of miRNAs cargo in EVs showed a sharply
reduced set of miRNAs with a highly biased enrichment of
particular miRNA signatures, e.g., the top 10 abundant
miRNAs corresponding to 87.9% of the miRNA population.
Additionally, 16 miRNAs were significantly upregulated in EVs
with respect to the adult stage (Figure 2B), most prominently
fhe-let-7-P1, -P2, -P3 and fhe-miR-279 that were among the
most highly expressed miRNAs in the EV data but were
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significantly less dominant in the cellular fraction of the adult
stage (Figure S4).

When we compared our F. hepatica EV miRNA profile with
those previously reported for F. hepatica and S. mansoni
(Ovchinnikov et al., 2020), we observed that the same reduced
set of miRNA families were overrepresented but with differences
in ranking between species and studies (Figure 4). For example,
miR-10-P2a and miR-71-P1b were in the top 10 of the three
experiments (Figure 4A), with the former being the most
abundant both in the cellular and EV fractions in our samples
of F. hepatica’s and in the S. mansoni study (Ovchinnikov et al,,
2020) (Figure 4B). Interestingly, we observed more similarities
between the profiles we obtained and those reported for S.
mansoni than with the other F. hepatica experiment
(Figure 4A). If we extend the analysis to all the adult EV
miRNAs detected in trematodes (reviewed by Sotillo et al,
2020; Avni and Avni, 2021), we consistently observed that the
top 10 abundant miRNAs accounted for more than 80% of the
total miRNA population. These highly expressed miRNAs
correspond to ancient metazoan miRNA families, including
miR-10, let-7, miR-71 and the lophotrochozoan specific
families: bantam, miR-2, miR-279 and miR-277, among others
(Table S5).

Analysis of Putative Host Genes Targeted
by Parasite EV-Derived miRNAs Highlights
Relevant Regulatory Functions

We predicted complementary binding position in the 3' UTR of
host genes for the most abundant F. hepatica miRNAs detected
in both EVs studies (indicated in Figure 4B). We found 7105
targeted sites, with identical coordinates between the algorithms
used, in 3385 different genes (Table $6). Next, we used DAVID
database (https://david.nciferf.gov/tools.jsp) to identify enriched
pathways only retaining those that were regulated by more than
one miRNA. Several fundamental signaling pathways such as
Ras, MAPK, PI3K-Akt, ErgB and Wnt emerged as putative
enriched targets (Figure 5). Additionally, pathways specifically
related to immune response such as TNF signaling, Platelet
activation, T cell receptor signaling, B cell receptor signaling
and leukocyte transendothelial migration were also found under
regulation. Therefore, we consulted InnateDB (https://www.
innatedb.com/), to better identify the genes related to
immunity under regulation by the miRNAs contained in the
EVs of F. hepatica. From the initial gene set identified, we only
retained 77 genes that were targeted in two or more positions, as
they may be under a more rigorous regulation by the miRNAs of
F. hepatica (Table S7). Interestingly, the miRNAs with most
targets among these genes (fhe-let-7-P1 & -P2, fhe-miR-10-P2a
& -P2b, fhe-miR-1 and fhe-miR-277-P1 & -P2) were also among
the most abundant miRNAs both in our data and in the previous
F. hepatica EVs study (Ovchinnikov et al., 2020).

TRNAs-Derived Fragments Were Detected
in EVs and in All Somatic Samples

Similar to what we have previously reported in NEJ only
(Fontenla et al., 2015), reads mapping to tRNAs corresponded
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to a longer class of small RNA sequences (31-35 nucleotides in
length, with a prominent peak at nucleotide 32) (Figure S7).
These reads corresponded predominantly to diverse fragments
generated from cleavage of a restricted set of tRNAs. By
inspecting read alignments, we detected diverse cleavage points
over the mature tRNAs resulting in distinct type of fragments
(classified and described in Methods, Figure 6A). Overall, the
most abundant class across all samples were the 5’halves of
tRNAs (5'tHF) generated by cleavage in the anticodon loop, but
also other fragments were detected. Shorter 5' tRF were
frequently detected in metacercarial samples and were the
product of cleavage before the anticodon loop or in the D loop
of the precursor tRNA, while short 3'fragments were abundant in
adult samples and were produced by cleavage at the T loop.
Longer 5' fragments (5'tLF) generated by cleavage at the T loop
were observed in EVs (Figure 6B and Figure S7). Full length
tRNAs were only found in EVs, representing less than 5% of the
tRNA mapping reads, although 65% of them correspond to the
Selenocysteine tRNA%TCA (Table S8).

Similarly, a marked skew in representation of tRNA precursors
was observed in all fragment classes. Within 5'tHFs, five precursors
corresponding to tRNAY-SCC (RNAMY-TTT (RNACH-6CA,
RNAMSAT gnd (RNAMP-CTC were preferentially retained in all
the samples, although in different proportions (Figure 6B). 5'tRFs
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l'?mcularly abundant in the MC stage, with tRNAY-9C,
tRNA GTAtRNAY-CC representing more than half of them.
These same S'tRF species were also enriched in other stages and EVs
although they were proportionally less significant. In adult samples,
3tRF were abundant, enriched particularly in tRNAY*-SAC
generated by cleavage at the T-loop (in 99.4% of the cases), and
to a lesser extent in the 3'tRF derived from tRNAM*CAT, Within
EVs, a substantial fraction (26%) of tRNA derived molecules were
5'tLFs, (corresponding to the prominent peak at nucleotide 53 in
Figure $7), but again with a very skewed representation, with
tRNA"-CTS derived molecules representing more than 75% of
their class.

Since it has been proposed that homo and heterodimerization
can stabilize tRNA fragments, preventing their degradation in
the extracellular medium (Tosar et al,, 2018), we analyzed the
preferred cleavage site of the tRNAs packed in EVs, and used the
resulting fragments to predict if homodimer structures were
possible (Figure 7). Interestingly, 5'tHF- tRNACY-CCC) 5L F-
tRNAS™-CTS and 5'tHF-RNA“™-A, the most abundam in
EVs, formed homodimeric structures that hid the 3’ ends in a
similar way to what was described for the 5° tRNA“Y-5CC (HFs
of humans (see Figures 7A-D). Despite similarities, the F.
hepatica Gly-GCC homodimer is maintained by an
uninterrupted 8 nt-long stretch of Watson and Crick or G:U
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FIGURE 5 | Heatmap showing the significant pathways reguiated by the miBNAs contained in the EVs of F. hepatica. DAVID database was used to calculate
anrichad pathways. Counts of genes targeted within each pathway are indicated by a color scale. The kst of targeted transcripts is reporied in Table 86 and those

ralated to smmunity are presented in Table S7.

pairing, while there are 12 base pairings in the human
counterpart (Figures 7A, B). Additionally, we observed the
formation of a stable homodimer from a 5'tLF, generated by
cleavage at the T-arm of IRNA“"-“" (Figure 7C, blue arrows),
around the pseudouridine, instead of the anticodon loop. This
Glnepe/Glnerg homodimer tRDFs is bonded by the interaction
of 10 nt, with an uninterrupted stretch of 6 nt.

While the STHE-RNAM"“*" generates homodimers with hidden
3" ends, only 4 bp bonded the monomers, suggesting it might be more
prone to dissociation (Figure S8A). In contrast, the homodimers

predicted with other frequent tRNA fragments as 5tHE-RNAY*"",
STHE-RNAM-STC or STLE-RNAD-TC generated structures with
free 3'ends that are probably more susceptible to degradation by
exonucleases (Figures S8B-D). No stable heterodimers were
predicted for any of the tRNA fragments analyzed.

Vault (vt)RNAs Are Present in All Stages
but Enriched in EVs

Besides the well-known presence of miRNA and tRNA
fragments in EVs, the detection of the major vault proteins
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to the tRNA of arigin and the sequence of the anticodon

(MVP) as part of the EVs cargo (Cwiklinski et al., 2015) raised
the question if the corresponding vtRNAs were also present.
Vault particles are short polymerase III transcripts with lengths
varying between 80 and 150 nucleotides, with sequence
conservation restricted to two short regions, box A and box B,
that correspond to internal polymerase III promoter
elements (Figure 8A).

For the detection of vtRNAs, we applied a combination of
relaxed homology and pattern searches, motif detection,
structural prediction and manual curation (described in detail
in ‘Methods’). We detected 5 putative vtRNAs that passed the
filtration process. By using MEME suite, we found two common
motifs between the putative F. hepatica’s viRNAs and recognized
animal vtRNAs sequences (motifs 1 and 3 in Figure 8A). While
the conserved box A was included in motif 1, the box B included
in motif 2 was not detected by MEME suite and was inferred
from the sequence alignment. The sequence conservation of box
B was very low being limited mostly to the sequence ‘G1'TC’ or
one nucleotide variations of it (Figure 8A). The folding
prediction of the putative viRNAs produced panhandle-like
secondary structures with an extended stem-loop connecting 5’
and 3" ends similar to those characterized in other animals
(Figure 8B) (Stadler et al., 2009).

Interestingly four of the five putative vtRNAs detected were
clustered in a 133.3 Kb region on the scaffold 1448, with the
remaining structure (vtRNA4) in another scaffold (scaffold 1781,
Table $9). While all of them were expressed in all stages
analyzed, vtRNA3 was predominant in all samples, and
particularly enriched in EVs (more than 20-fold in relation to
the corresponding adult stage) (Figure 8C).

When we inspected the genomic regions predicted to contain
VtRNA in the wormbase parasite database, we found good RNA-
seq reads coverage in samples from different stages and diverse
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experiments, confirming their expression. Once again, vtRNA3
was the most expressed overall (Figure $9).

DISCUSSION

In this study we analyzed the presence of diverse small RNA
populations across distinct life stages of F. hepatica, and those
present in vesicles secreted by the adult stage. Although samples
were obtained and sequenced at different times, those from
similar stages tend to cluster in multidimensional analysis,
suggesting they represent the population consistently found at
these stages (Figure S1). Furthermore, read data were
normalized to account for differences in sequencing depth. A
complex set of different small RNAs was identified in all samples
analyzed, composed by miRNAs, tRNA fragments and the
longer vtRNAs.

MiRNAs Are Associated With Host
Invasion and Development of F. hepatica
Our analysis of the miRNome of the main stages of F. hepatica
associated with the definitive host, adds nine novel miRNAs to
those already described and recompiled recently (Ricatrente
et al,, 2021). The comparison with a recent study in the sister
species F. gigantica (Hu et al,, 2021), confirms the presence of 34
conserved families and a growing set of miRNAs described so far
only in Fasciolidae.

Additionally, we in-silico correlated the differentially expressed
miRNAs with the putative biological processes under regulation,
with results suggestive of relevant roles in the normal
development of the parasite and possible roles in the invasion
process. Even though, our results await further experimental
validation, the regulatory roles of miRNAs are well known
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(Bushati and Cohen, 2007). Studies in the model animals
C. elegans and Drosophila, show that the most conserved
animal miRNAs are abundant and usually involved in core
developmental process, while scarce miRNAs are usually related
to specific functions, and sometimes expressed in very restricted
groups of cells or tissues (Alberti and Cochella, 2017). In this
sense, in planarians, particular miRNA families (also conserved in
F. hepatica), were found to show preferential expression in
neoblasts or to be upregulated in the regenerating tissue

(Gonzalez-Estevez et al., 2009; Sasidharan et al., 2013;
Cao et al, 2020). It is possible that similar cell type-miRNA
preference occurs in F. hepatica, however, additional experiments
are needed to corroborate this hypothesis. In parasitic
neodermatans, the role of miRNAs in the regulation of cellular
processes, up until now, was mainly restricted to descriptions in
Schistosomes (Sun et al., 2014; Zhu et al, 2016; Protasio et al.,
2017; Yu et al, 2019), Echinococcus spp. (Guo et al, 2017;
Macchiaroli et al, 2017; Perez et al, 2019; Bai et al., 2020;
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Macchiaroli et al., 2021) and more recently F. gigantica (Hu et al,,
2021). Orthologous miRNAs of those described in these studies
are present in F. hepatica, suggestive of common regulatory
pathways. Interestingly, our enrichment study highlighted
different clusters of miRNA expression, that in turn might
regulate diverse processes. Is interesting that several of the
miRNAs (fhe-miR-71-P1b, fhe-miR-71-P2, fhe-miR-1-P1, fhe-
miR-1-P2, the-miR-96 and fhe-miR-7-P1) might be regulating
the formation and release of vesicles. A recent characterization of

; Platyhelminthes: Macrostomum ignano. Motifs 1 and 3 were detected with
MEME suite, motif 2 was inferred from the sequence algnment, Motif 1 and motdf 2 contain the intemal promoter sites of RNA polymerase Il indicated as BOX A
{highlighted n purpie) and BOX B (highighted In Sght bluel]. The sequence range in the varabie region tetvaeen the motifs are indicated, (B) Fhe-vtANAs panhandie-
ike secondary structure, Box A is highlighted. (C) Bar chart with the expression profils of the vIRNAS in the stages aralyzed. Reads were averaged between
samples, normalized to count par milion and a logarithmic scale was applied to improve data visualization.

EVs in different developmental stages of F. hepatica has reported
the secretion of large amounts of different types of vesicles in NEJ.
These vesicles were found to be pre-formed in the metacercariae
(Sanchez-Lopez et al, 2020). Furthermore, secretory vesicles
with distinct morphologies were observed in the tegument of
F. gigantica NEJs before and after penetration of the host intestine
indicating that secretion by this life-cycle stage requires a fine level
of control (Hanna et al, 2019). Therefore, the change in the
expression of the miRNAs of cluster 1 (Figure 3A) could be, at
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least in part, regulating the release of the preformed vesicles until
appropriate signals from the host trigger their release from the
apical plasma membrane.

MiRNAs Contained in F. hepatica EVs May
Target Immune-Related Host Genes

During the establishment of the infection the strategy adopted by
helminth parasites is to manipulate and modulate immunity in
order to defuse immune defenses. Multiple mediators (i.e.
proteins, glycans, lipids and nucleic acids) intervene in this
process (Coakley et al, 2016). The presence of miRNAs and
other small RNAs packed in EV's suggests that they might also be
involved in this regulation.

Reasoning in a dose-effect manner, we studied the possible
effects of the most abundant EV miRNAs, by predicting targeted
sites in the 3' UTR of host genes. Several essential pathways like
TGF-B, MAPK, PI3K/AKT, Wnt signaling and particular
pathways related to the establishment of an immune response
were highlighted as putative enriched targets (Figure 5),
suggesting a possible role in modulating host’s responses.
These results are consistent with previous reports in helminths
(reviewed by (Arora et al,, 2017)) and with more recent
publications that highlight several signaling pathways (Wnt,
MAPK, TNF and NOD-like) as potential targets of F.
hepatica's miRNAs (Ovchinnikov et al., 2020; Tran et al.,
2021). In this sense, fhe-miR-125b (named miR-10-P2a here)
was found as the most abundant parasitic miRNA within
peritoneal macrophages of infected mice (Tran et al, 2021).
Similarly, parasite-derived sma-miR-10 and sma-bantam were
found in cells isolated from Peyers patches and mesenteric lymph
nodes of S. mansoni infected mice (Meningher et al,, 2020). A
reduction of MAP3K7 expression and reduced NF-kB activity by
sma-miR-10 was observed in vitro, suggesting a mechanism for
the downregulation of the Th2 response. Additionally, sja-
bantam and sja-miR-125b were found to induce Th2 key
mediator, TNF-o¢ in macrophages in vitro and in vive,
facilitating parasite development and egg deposition (Liu et al,,
2019). Furthermore, parasite-derived let-7 has been predicted to
regulate the Wnt signaling pathway and T/B cell activation in
mouse genes, and to induce a Th2 immune response in
macrophages treated with miRNA mimics in cestodes
(Ancarola et al,, 2017; Wang et al, 2021). Th2 modulation is a
common theme in parasite immune-evasion (Coakley et al,
2016). Interestingly, the miR-10, bantam and let-7 family
members are consistently amongst the most abundant miRNA
signatures in EVs secreted by adult trematodes (Table S5),
suggesting that their enrichment is not produced by chance,
therefore, constituting central players in modulating host
responses to the parasite.

EVs Pack Homodimeric tRDFs That Could
Resist Exonuclease Degradation

From early on, tRNA-derived fragments (tRDF) have been
claimed to be involved in the regulation of cellular stress, since
their emergence was upregulated in cells exposed to different
types of stress stimuli. These tRDFs have been linked to diverse
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processes including translational regulation, proliferation,
apoptosis, stress-granule formation, mRNA stabilization,
transposon expression, ribosome biogenesis and the
inheritance of acquired traits (Tosar and Cayota, 2020).

Our analysis highlighted that a diverse set of fragments
derived from a restricted set of tRNAs were present in different
stages related to the mammalian invasion, and in the
extracellular vesicles of the adult worm. While 5 HF from
almost every tRNA precursor can be found, their abundance is
skewed with those derived from tRNASY-9“C g5 the prominent
in all the stages analyzed, and only four others (namely Lys_TTT,
Cys_GCA, Asp_GTC, and Met_CAT) highly represented in
somatic or EVs samples (Figure 6B). Similarly, shorter tRNA
fragments detected showed a marked skew in representation,
with those derived of tRNA“Y-9CC again as one of the
predominant classes. Interestingly, we detected the presence of
a novel type of fragment generated by preferential cleavage at the
T loop of the precursor, derived mainly from tRNA “"-“T (hat
were highly abundant in EVs. Moreover, most of the tRNA
precursors highlighted here were also abundant along the life
cycle of F. gigantica (Hu et al,, 2021) or in the EVs of S. mansoni
(Nowacki et al, 2015). A marked skew in the representativity of
the tRNA derived molecules contained in EVs have also been
reported in several species of nematodes, trematodes and
cestodes was also evident (Nowacki et al, 2015; Quintana
et al, 2019; Wang et al., 2020; Cucher et al., 2021). This could
be a consequence of sub-representation due to the difficulties
imposed by modified bases in the amplification/sequencing
process (Potapov et al, 2018). Novel methods relying on
different enzymes and adapters are being developed to
overcome this technical restriction, allowing the capture and
sequencing of RNAs containing modified bases (Qin et al., 2016;
Xu et al,, 2019; Shi et al., 2021; Tosar et al., 2021). Surely these
methods would provide in the future a more complex picture
of the tRNA derived fragments. But so far, we could analyze
and compare those detected by the more traditional small
RNA sequencing methodologies in different species. On the
other hand, the repeated enrichment of certain fragments
across stages and species might correspond to their increased
resistance to degradation. It has been reported that human tRNA
fragments form homodimers and heterodimers that hide the
3'ends and show resistance to degradation by exonucleases
(Tosar et al,, 2018). We show that the three abundant tRNA
fragments found in F. hepatica could form homodimers with
hidden 3" ends, similar to those described in humans. While in
humans the tRDFs with dimerization capacity were found to be
more abundant in the extracellular space, not associated to the
EV fraction (Tosar et al., 2018), we found them in EVs, but we
did not investigate so far their presence as free circulating tRDFs.

The roles of tRDFs are still poorly understood in
platyhelminthes, however it was recently reported that they
may be involved in the regeneration of planaria (Cao et al,
2020). Interestingly, in these organisms, Piwi proteins and Agol,
but not Dicer or Ago2, were associated with the generation and/
or function of 5'tHFs and 5'tRFs, respectively (Lakshmanan et al,,
2021). However, the absence of Piwi genes in all Neodermatans
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implies that, at least the biogenesis of 5'tHFs could be different in
trematodes and cestodes (Fontenla et al,, 2017; Fontenla et al,,
2021) to those described in free-living flatworms. In any case,
many questions related to the mechanisms of generation and the
possible roles of tRDFs remain open.

VtRNAs Are Enriched in the

Secreted Fraction

Vault ribonucleoproteins are large hollow barrel-like shape
particles in the cytoplasm of many eukaryotic cells. Although
little is known yet on their function, they have been involved in
key regulatory roles including autophagy, apoptosis and
modulation of gene expression [reviewed by Frascotti et al,
(2021)]. Even more, recent evidence has shown that human
vtRNA1-1 could guide sequence-specific cleavage of a
complementary target RNA (Frascotti et al, 2021).

Within flatworms vtRNAs have only been identified
previously in Macrostomum lignano (https://rfam.xfam.org/),
and although they were expected to be present in S. mansoni
since a homolog of the Major Vault Protein (MVP) is coded in its
genome, no clear sequences were identified (Copeland et al,
2009). Proteomic analysis of F. hepatica EVs detected the
presence of MVPs, raising the question if the corresponding
vtRNAs were also present. Our approach based on a relaxed
homology search with a short but most conserved region of
phylogenetically proximal lophotrochozoan vtRNAs, followed by
a thorough manual curation was key to detect 5 putative viRNAs
in F. hepatica. The identified sequences have short, conserved
regions similar to other vtRNAs and can be folded producing
similar structures, suggesting they are bona-fide vtRNAs.
Furthermore, a rapid analysis of available transcriptomic data
provided evidence of their expression in diverse samples and
stages. Taken together, these results suggest that a similar
approach can now be followed to seek their presence in other
trematodes. Although the functional role of vtRNAs from F.
hepatica is unknown, their selective packaging into fluke EVs
suggests that they could participate in host-parasite interactions.

CONCLUSIONS

We have analyzed the profiles of expression of the small RNAs
complement in three intra-mammalian stages of the life cycle of
F. hepatica, We consistently detected the presence of miRNAs,
tRNA derived molecules and vtRNAs in all the samples. This is
the first description of the still little known vtRNAs in
trematodes. Interestingly the same three types of RNAs were
present in EVs generated by the adult worms, stressing their
putative role in crosstalk to the host.
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ARTICULO: Perdidos y encontrados: las vias de Piwi y Argonauta en gusanos planos
Santiago Fontenla, Gabriel Rinaldi, José Tort.

Frontiers Cellular and Infection Microbiology 11 (2021), doi: 10.3389/fcimb.2021.653695

En este trabajo, presentamos los resultados que responden al objetivo (B): Comparar la
conservacion de las vias de ARNpq entre platelmintos de vida libre y pardsitos. Para esto
analizamos la conservacion de las vias de ARNpq entre varias especies del grupo parafilético
tradicionalmente conocido como ‘turbelarios’ y especies pardsitas (organizadas en el clado
monofilético Neodermata) para desentrafiar posibles adaptaciones durante la transicién al
parasitismo. Nuestros hallazgos muestran que las vias de miARNs e ARNi estan presentes en
todas las especies de vida libre analizadas. A su vez, mientras que todos los ‘turbelarios’ tienen
proteinas Piwi, estas se perdieron en todos los Neodermatas. Inclusive, identificamos dos
clusters de genes Piwi en ‘turbelarios’, uno de ellos notoriamente divergente, que
denominamos ‘Fliwi’. Adicionalmente, otros factores clave de la via Piwi, como Vasa o Zucchini,

también estdn conservados en todos los ‘turbelarios’ pero ausentes en Neodermatas.

Ademas, confirmamos que las Argonautas platelminto-especifica denominada ‘FL-Ago’ esta
conservada ancestralmente en los todos platelmintos pero esta expandida solo en especies

parasitas.

A nivel de la secuencia proteica, hallamos menor conservacién entre las FL-Agos respecto a
otras subfamilias de las Argonautas, sugiriendo que podrian haber sufrido una mayor presion

evolutiva.
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Lost and Found: Piwi and Argonaute
Pathways in Flatworms

Santiago Fontenla’", Gabriel Rinaldi” and Jose F. Tort"*

! Departamento de Genetica, Facitad de Medicina, Unversidad oe iz Repahica (UDELAR), Montewdeo, Uniguay,
2 Welcome Sanger Institute, Hinxton, Unitad Kingdom

Platyhelminthes comprise one of the major phyla of invertebrate animals, inhabiting a wide
range of ecosystems, and one of the most successful in adapting to parasitic life. Small
non-coding RNAs have been implicated in regulating complex developmental transitions
in model parasitic species. Notably, parasitic flatworms have lost Piwi RNA pathways but
gained a novel Argonaute gene. Herein, we analyzed, contrasted and compared the
conservation of small RNA pathways among several free-living species (a paraphyletic
group traditionally known as ‘turbellarians') and parasitic species (organized in the
monophyletic clade Neodermata) to disentangle possible adaptations during the
transition to parasitism. Our findings showed that complete miRNA and RNAI pathways
are present in all analyzed free-living flatworms. Remarkably, whilst all ‘turbellarians’ have
Piwi proteins, these were lost in parasitic Neodermantans. Moreover, two clusters of Piwi
class Argonaute genes are present in all ‘turbellarians’. Interestingly, we identified a
divergent Piwi class Argonaute in free living flatworms exclusively, which we named ‘Fliwi'.
In addition, other key proteins of the Piwi pathways were conserved in ‘turbellarians', while
none of them were detected in Neodermatans. Besides Piwi and the canonical Argonaute
proteins, a flatworm-specific class of Argonautes (FL-Ago) was identified in the analyzed
species confiming its ancestraliity to all Platyhelminthes. Remarkably, this clade was
expanded in parasitic Neodermatans, but not in free-living species. These phyla-specific
Argonautes showed lower sequence conservation compared to other Argonaute
proteins, suggesting that they might have been subjected to high evolutionary rates.
However, key residues involved in the interaction with the small RNA and mRNA cleavage
in the canonical Argonautes were more conserved in the FL-Agos than in the Piwi
Argonautes. Whether this is related to specialized functions and adaptations to parasitism
in Neodermatans remains unclear. In conclusion, differences detected in gene
conservation, sequence and structure of the Argonaute family suggest tentative
biological and evolutionary diversifications that are unique to Platyhelminthes. The
remarkable divergencies in the small RNA pathways between free-living and parasitic
flatworms indicate that they may have been involved in the adaptation to parasitism
of Neodermatans.

Keywords: Piwi, Ago, Vasa, RNAi pathways, miRNA, piRNA, siRNA, flatworms
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INTRODUCTION

At the beginning of this century an unexpected and complex
‘RNA world' started to be unveiled (Guil and Esteller, 2015),
resulting in the discovery of novel layers of fine-tuned
mechanisms for gene expression regulation, unimaginable until
then. Regulatory activities were assigned to a growing range of
new species of non-coding RNAs (Guil and Esteller, 2015). Single
stranded non-coding RNAs of 20 to 30 nucleotides long are key
mediators in small RNA pathways that underlie diverse
biological processes. MicroRNAs (miRNAs) are post-
transcriptional regulators involved in cell development and
differentiation, metabolism, DNA methylation, neurological
development, immune response, defense against viral
infections and cancer (Huang and Zhang, 2014). Piwi-RNAs
(piRNAs) are small non-coding RN As specifically involved in the
maintenance of genome stability by silencing transposable
elements (TE) in germline cells (Weick and Miska, 2014).
Finally, RNA interference (RNAi) is a pathway mediated by
short-interfering RNAs (siRNAs) that might have originally
emerged as response to double-strand RNA (dsRNA)
generated during some virus infections (Ding and Voinnet,
2007). The presence of dsRNA molecules in the cell cytoplasm
triggers a post-transcriptional degradation of complementary
mRNA molecules. Consequently, this pathway has been
exploited as a reverse genetic tool to silence specific genes
(Han, 2018). Currently, more than two decades after it was
first applied to a flatworm species (Sanchez Alvarado and
Newmark, 1999), it is still the main tool to study gene function
in worms (Mourdo et al,, 2012; Wang et al,, 2020).

The regulatory pathways mediated by small RNAs have been
extensively studied in the nematode Caenorhabditis elegans, first
model species in which post-transcriptional gene-silencing
mediated by dsRNA was described (Fire et al, 1998). In
addition, C. elegans was the first organism from which a
miRNA was isolated: lin-4, (Lee, 1993). On the other hand,
Schmidtea mediterranea was the first free-living flatworm species
to be silenced by RNAi (Sanchez Alvarado and Newmark, 1999).
Planarians have long been models for tissue regeneration and
stem cells homeostasis, and the emergence of RNAi as functional
genomic tool has transformed the field (Reddien and Alvarado,
2004; Blythe et al,, 2010; Sandmann et al., 2011).

Planarians are free living flatworms of the order Tricladida,
phylum Platyhelminthes. Platyhelminthes are one of the major
phyla of invertebrate animals, traditionally divided into four
classes: the free living ‘turbellarians’, the ectoparasitic
Monogenea, and the endoparasitic Trematoda (flukes) and
Cestoda (tapeworms). All the parasitic classes are grouped in
Neodermata given they all share the presence of a syncytial
unciliated epidermis (the neodermis) that seem to be crucial for
host immune system evasion and nutrient absorption (Caira and
Littlewood, 2013). Studies based on rRNA (Larsson and
Jondelius, 2008; Laumer and Giribet, 2014) and transcriptomic
data (Egger et al, 2015; Laumer et al, 2015) showed that the
‘turbellarians’ constitute a paraphyletic group, splitting now the
phylum Platyhelminthes into two clades; the ancestral
Catenulida and the Rhabditophora, that contains several free-
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living orders and the parasitic neodermatans. More recently the
Macrostomorpha was placed as the earliest diverging
Rhabditophoran linage and the Tricladida as part of the later
evolved ‘turbellarians’ (Egger et al., 2015; Laumer et al., 2015)
(Figure S1).

The success of RNAi in planarians encouraged its use in
parasitic species where genetic tools were desperately needed.
RNAi has proven to be functional in other free-living and
parasitic species (Orii et al., 2003; Rinaldi et al, 2008; Kuales
et al, 2011; Dell'Oca et al, 2014; Moguel et al,, 2015) and
miRNAs have been detected in almost all flatworm lincages
(Palakodeti et al., 2006; Cucher et al., 2011; Fromm et al,, 2013;
Fontenla et al., 2015; Cai et al., 2016; Protasio et al., 2017). Whilst
piRNAs were early found in free living planarians (Palakodeti
et al,, 2008; Friedlinder et al., 2009), remarkably, they have not
been identified in parasitic species.

Our previous analysis of the small RNA pathways in parasitic
flatworm genomes strongly indicated relevant gene losses within
the neodermatans that may have been associated with the
adaptation to parasitism (Fontenla et al, 2017). However, these
observations were limited by the paucity of data from free-living
species, represented only by Macrostomum lignano and the
planaria S. mediterranea.

The availability of transcriptomic data from several early
diverging free-living species (Laumer et al, 2015) allowed us
now to expand our analysis and provide a complete picture of the
phylum Platyhelminthes, including a representative set of
‘turbellarian’ species', adding also novel monogenean (Ilgova
etal, 2017) and trematode genomes (Oey et al., 2018; Choi et al,
2020; Rosa et al., 2020). The emerging picture provides evidence
of substantial differences in the distribution of small RNA
pathways proteins suggestive of diverse regulatory possibilities
in both free living and parasitic flatworms. Additionally, these
findings shine a light into tentative relations between the
divergency of small RNA pathways and mechanisms driving
parasitism in organisms that are responsible for an enormous
disease burden in both human and animals.

METHODS
Data Acquisition

Small RNA pathways proteins of Macrostomum lignano,
Schmidtea mediterranea, Gyrodactylus salaris, Schistosoma
mansoni and Echinococcus multilocularis together with other
Neodermata species were characterized as described (Fontenla
et al, 2017). The recently published genomes of the trematodes
Fasciola gigantica and Fasciolopsis buski (Choi et al., 2020) and
four species of the genus Paragonimus (Oey et al, 2018; Rosa
et al, 2020) were also included. Transcriptomic data on several
early diverging flatworms (Laumer et al, 2015) were obtained
from public repository Data Dryad (doi: 10.5061/dryad.622q4).
Transcriptomic data on Eudiplozoon nipponicum was

" Here and across the manuscript we used the old term ‘turbellarian’ as a proxy to
refer to all the non-Neodermatan species, including the Catenulida and the early
diverging Rhabdithopora taxons,
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downloaded from GitHub repository (Ilgova et al, 2017). To
study the quality of the transcriptomic data, BUSCO v4.1.4
(Seppey et al,, 2019) was used with option -1 metazoa to search
for conserved Metazoan genes. Considering the levels of missing
and fragmented transcripts we selected the seven best
‘turbellarian’ assemblies, comprising a reasonable overview of
the ‘turbellarian’ clade diversity. The species analyzed were
Stenostomum leucops, Prostheceraeus vittatus, Geocentrophora
applanata, Rhynchomesostoma rostratum, Monocelis fusca,
Kronborgia cf. amphipodicola and Bothrioplana semperi.
TransDecoder.LongOrfs function of TransDecoder v4.1.0
software (available at https://github.com/TransDecoder/
TransDecoder/) was used to predict longest open reading
frames (ORFs) on transcripts. Detailed information and source
of other sequences used in the construction of the gene trees can
be found in Table $10.

Identification of Small RNA

Pathways Proteins

Flatworm small RNA pathways proteins previously identified by
us (Fontenla et al.,, 2017), and C. elegans factors that we failed to
detect in our previous search were used as query to interrogate
with BLASTp the translated transcriptomes and genomes. We
also inspected the presence of D. melanogaster’s Zuc and Vasa
(Fontenla et al., 2017) using the same approach against all
the species. Matched sequences were acquired and used to
perform reverse BLASTp against the proteomes of S. mansoni,
M. lignano, C. elegans and D. melanogaster retaining only the
best hit. HMMScan (Johnson et al.,, 2010) was used to predict the
functional domains in putative small RNA pathways proteins,
and sequences with no functional domains were discarded from
the analysis. HMMScan prediction was performed in the

SmallRNA Pathways in Flatworms

complete transcriptomes of S. mediterranea and S. mansoni as
quality control, to confirm that distant homologous genes with
the conserved function were not discarded in the BLAST search.
The procedure did not show a different outcome to the blast
results Detected sequences are available as Supplementary
Material (Folder S1).

Construction of Phylogenetic Trees

To avoid overestimating the number of genes in transcriptomic
data or report entire genome duplications as gene expansions,
CD-HIT (Huang et al., 2010) was used to cluster sequences with
more than 90% similarity (option -c 0.9). MAFFT (Katoh and
Standley, 2013) with local alignment option and structural
information was used to align the selected sequences. Due to
the fragmented nature of transcriptomic data, sequence
alignments were manually curated using BioEdit (Hall, 1999),
removing sequences that were too short (< 140 aa). Maximum
Likelihood trees with statistical branch support (SH-like) were
generated with PhyML (Guindon et al, 2010), with models
inferred with Smart Model Selection (SMS) (Lefort et al.,
2017). Trees were visualized with Evolview (He et al., 2016),
and enriched by adding domain structure information.
Argonaute unrooted tree (Figure 1) was visualized with
MEGA version X (Kumar et al,, 2018),

Molecular Evolutionary Analysis of
Argonaute Subfamilies

For the heatmap showing the sequence conservation of the
Argonaute subfamilies, the consensus function of R package
seqinR (Charif and Lobry, 2007) was used to build matrices with
the residues count at each position of the alignments. Next, we
applied a color scale to the most abundant residue at each

-

&1

sesjssnssnsssens

FIGURE 1 | Distribution of mRNA, pIRNA and RNAI proteins across flatworms, arthropods and nematodes, White crcles ndicate abisence, arey cirdes indicate one
homalogue detected, black circles indicate two or more homologues detected. In arthropods and nematodes cnly presence/absence Is indicated,
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position. To calculate the percentage of conserved positions by
domain, the positions with conserved residues in more than 50%
of the sequences were added and corrected by the domain length.

For positive selection inference, Argonaute transcripts were
codon aligned in MEGA version X (Kumar et al, 2018) with
Muscle aligner. The alignment was edited with BioEdit (Hall,
1999) and MEGA version X Codon-based Z-test of Selection tool
used to compute synonymous and nonsynonymous substitutions:
the hypothesis tested was positive selection (dN>dS) in sequence
pairs with the Nei-Gojobori method (Nei and Gojobori, 1986), with
a p-value threshold < 0.05.

Additionally, we tested for evidence of positive selected sites
(PSSs) using the mixed effects model of evolution (MEME)
(Murrell et al., 2012) method. MEME applies a branch-site
random effects phylogenetic framework that allows the
distribution of dN/dS to vary from site to site as well as from
branch to branch, thereby identifying residues that have
undergone episodic selection (i.e. positive selection that varies
temporally throughout the tree). Only likelihood ratio test (LRT)
with p-value < 0.05 were considered as statistically significant
evidence of PSSs.

RESULTS

While miRNA and siRNA Pathways Are
Conserved Across Platyhelminths, the
Complete Piwi Pathway Is Lost in

Parasitic Flatworms

The presence of small RNA pathways was investigated on available
transcriptomes from 25 early diverging flatworms (Laumer et al,
2015). We first evaluated the quality of the assemblies against a set
of conserved metazoans genes using BUSCO v 4.1.4. Based on the
level of fragmentation and number of missing orthologues, we
selected assemblies from seven species, that added to M. lignano,
and S. mediterranea capture the diversity of free-living flatworms. In
addition, we included a novel dataset from underrepresented
monogeneans and six novel trematode genomes (Oey et al,, 2018;
Choi et al, 2020; Rosa et al., 2020). Taken together this dataset
provides a comprehensive phylogenetic view of the platyhelminth
clade diversity (Figure S1).

The homology search with a curated set of proteins involved
in small RNA pathways not only showed the presence of most of
them in all free-living species, but also outstanding absences in
neodermatans. While several proteins show differential
distribution among diverse classes (Figures $2-S§6 and Tables
§1-86), a remarkable feature is the complete absence of all the
piwi pathway components in all parasitic species (Figure 1).

The absence of piwi proteins in parasitic trematodes and
cestodes have been previously proposed (Skinner et al, 2014;
Fontenla et al, 2017), raising questions on how the parasitic
species control the activity of repetitive mobile elements. Our
extensive search of other piwi pathway genes across flatworms
clearly shows that the complete pathway is missing in
neodermatans while is conserved in free-living species.

Frontiers in Celudar and Infaction Microbiology | www.frontisesin.org

SmallRNA Pathways in Flatworms

Amplifications in the Argonaute Family
Show Differential Distributions Across
Flatworms

Argonautes, small-RNA binding proteins, are central
components of all the small RNA pathways (Niaz, 2018).
Phylogenetic studies have traditionally classified the family into
the Ago class (that is further subdivided in two subclasses
comprising miRNA Agos and the siRNA associated proteins),
the Piwi class, and the Wago clade, this latter, comprising
nematode specific argonaute proteins (Wynant et al., 2017).

The comparison of Argonaute superfamily proteins from
diverse metazoans, now including our extended sampling of
flatworms, reveals interesting differences in their distribution,
particularly between free-living and parasitic species.

All flatworms have putative orthologues to miRNA class
proteins that constitute a well-defined clade.

Rather than grouping with siRNA class Agos from basal
metazoans (poriferans and cnidarians), ecdysozoans (nematodes
and arthropods) or other lophotrochozoa (mollusks, annelids,
gastrotrichs and rotifers), all the other flatworm Ago sequences
cluster together in a well-defined clade (Figure 2). This flatworm
specific clade has been previously reported by us and others, and
termed FLAgos (Zheng, 2012; Skinner et al., 2014; Fontenla
et al,, 2017).

Interestingly, while a single gene is found in all the free-living
species (with the only exception of S. mediterranea that showed a
gene duplication), the parasitic cestodes and trematodes have
experienced gene amplifications leading to two or more genes
(Figures 2 and 3). The two FLAgo genes from the model
trematode S. mansoni (Smp_179320 and Smp_102690) are
organized in tandem in chromosome 1, but show clear
differential expression among developmental stages (Figure
$7). While a similar tandem gene arrangement could be
detected in S. japonicum genome, it is not possible to assess if
this is a general trend in trematodes due to the still fragmentary
nature of the assemblies for other species. Similarly, within
cestodes three FLAgo genes are in tandem in Echinococcus
multilocularis and a more complex array of amplified genes is
evident in Hymenolepis microstoma. With the information
available so far these amplifications appear as independent
events in cestodes and trematodes (Figure 3). Since single
genes are recovered in all free-living species, a more
parsimonious hypothesis would be an initial duplication at the
origin of neodermatans. However, more detailed analyses and
better genome assemblies are needed, in particular considering
that the gene trees suggest these are rapidly evolving Agos.

Two subgroups of piwi class genes have been previously
described (Wynant et al., 2017; Jehn et al., 2018). Consistently
within the free-living flatworms Piwis two sub-groups are
evident. But while single genes from all free-living species
cluster within the Piwi2 clade, a second separate clade is
formed with all the remaining Piwi genes from free-living
Rhabditophorans, here termed FLiwi (Figures 2 and 4). The
complete absence of any piwi homologue in neodermantans is
quite evident in monogeneans, trematodes and cestodes, and
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this is confirmed based on the extensive sampling on
available genomes.

The FLiwi cluster showed several independent gene
duplications that have probably occurred after speciation,
although we cannot rule out that gene duplications might be
overestimated in those species in those species for which only
transcriptomic data is available. We cannot rule out that transcripts
from different genes were counted as one if the sequences were too
similar due to very recent gene duplication events, as was the case
for S. mediterranea’s FLiwis (Kim et al, 2020). Interestingly, S.
mediterranea displayed the widest expansion of FLiwis (Figure 4
dark green arch). Here, eight genes clustered in this group, some
with identical sequences that can be collapsed to five quite similar
genes (SmeT032534, SmeT030029, SmeT030034 and SmeT030033
present >99% identity). Whether these are functional genes or

FIGURE 2 | Urrooted maximum fkelihcod phylogenstic tree of Argonaute proteins belonging to Deuterostomia (»: Hsa, Homo saplens; Gga, Galus galus; Dre,
Dama(a'#o Bfl, Branchiostama flovidae; Cin, C:ommasms&s) Ecdysozoea (+: Cel, Caenarhabditis elagans; Nam, Necator americanus; Dme, Drosophia

; Lpo, Limuus palyphemus), Malusca & Annelida (+: Obn Octopus bmaam:des Bdl,
Biomphalaria glatvata; Lgl, Lottia gigantea; Cle, Capitela teleta), Rotifera & Gastrotricha (+; Bea, Brachionus calycifiorus; Lsq, Lepich 1:

Caterudida (e: Sle, Stenastornum leucops), ‘turbellara’ Rhabditophora {=: Mi, Macrostomum fgnano; Py, Prosthecevaeus vittatus; Gap, Geooantrophora anplanate;
Rro, Riynchomesostoma rostratum: Mfu, Monocelis fusca; Kam, Kronborgia amphipoaicola; Bss, Bothnoplana semperi), Monogensa (: Eni, Eudipazoon
nippanicum; Gsa, Gyrodactius satans), Trematode (+: FBU, Fasciolopsis busk; FHE, Fasciola hepatica; FGI, Fasciola gigantica;, Ovi, Opistharchis vivemini, Clanorchis
sinensis; Smp, Schisfosama manson; Sip, Schistosoma aponcum), Cestode (+:
multiocudans; Egr, Echinococcus granwiosus), Coidaria & Porlfera (»: Nve, NMemastela vectensis: Agu, Amphnedon queensiandical. Black branches indicate SH-ike
approximate likelihood ratios = 90. Archas indicates tha subgroups of Arganautes (blue shaded) and Piwi (green shaded) genes.

g s Tea, Tribalum ca : Pte, P clank

represent transcribed pseudogenes remains unknown (Kim
et al., 2020).

Interestingly, single Ago (Sle67413) and Piwi (Sle58342)
genes can be detected in the catenulid S. leucops, that generally
is placed outside of the clades from other flatworms. It is not
possible to assess if the absence of further genes is real or is due to
partial sampling of the available transcriptome. In any case, it is
quite interesting the placing outside of other flatworms since the
inclusion of the group within platyhelminthes was in debate until
recently (Larsson and Jondelius, 2008; Laumer and
Giribet, 2014).

The phylogenetic tree shown in Figure 2 suggests that FLAgo
and FLiwi have probably experimented highly evolutionary
rates, as indicated by their long branches. This may also
explain the observed branching pattern inconsistent with the

Hmi, Hymenalepis microstoma; Tso, Taenia solum; Emu, Echinococcus
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FIGURE 3 | A maximum Ikelihcod tree of canonical Argonaute proteins and FLAgos. SH-lke approximate tkelihocd ratios are indicated, Conserved protein domaing
were predicted with HMMScan, Biue, purple and red arches correspond to miRNA Ago-class, SIRNA Aga-class and FL-Agos, respectively. Abbrevations are as

rudicated in Figure 2.

species tree (Figure 2). In this sense, a parsimonious
explanation would be that FLAgo might represent rapidly
evolving siRNA class genes, while Fliwi could correspond to
fast evolving piwil type proteins. Further evidence is needed
to functionally validate these proteins.; therefore, we decided to
investigate other aspects of these intriguing genes.

FLAgos and FLiwis Structures Are More
Variable Than Canonical Ago and

Piwi Counterparts

Argonaute proteins consist of five distinct domains: the N-
terminal, PAZ, Mid, PIWI and two linker regions, L1 and L2.
When analyzing the domain conservation among the Argonaute
proteins detected across flatworms, it was obvious that while
canonical miAgo class genes are highly conserved in their
structure, FL-Agos have a more variable structure with MID
domain being poorly detected. Both Piwi subfamilies display
PAZ and PIWT domains, and while the N-terminal and linker 1
domain are generally identified in the free-living Piwi 2 genes,
they are devoid of the linker 2 domain (Figures 3 and 4).
Conversely, although more structurally variable probably due
to independent gene amplifications, most of the FLiwi proteins
have linker 2 domain in addition to PAZ/PIWI domains, while
the detection of the other domains is more scattered.

Frontiers in Celudar and Infection Microbiology | www.frontiersin.org

Next, we studied the conservation at sequence level of the
flatworm Argonaute genes. The canonical miAgo family showed
the highest overall conservation which reached up to 85% of
conserved positions in the MID domain (Figure 5A and
Table $7 for complete list of conservation by domain). Piwi,
FLiwi and FLAgos showed lower general sequence conservation.
The most conserved domain across clades at amino acid level is
the PIWI domain (Figure 5A). Remarkably, the less conserved
domain in the canonical Ago (i.e. the N-terminal domain)
showed more conservation than any of the domains in both
Piwi clades and FL-Agos (Figure 5A and Table S7). This is
suggestive of faster evolution rates of the FLAgo and FLiwi
clades, consistent with previous reports (Wynant et al,, 2017).

Since the differences in sequences conservation may be
associated with selection, we measured the variation in the rate
of non-synonymous/synonymous (dN/dS) substitutions of
Argonaute family proteins. We found that within each
subgroup of Argonautes, the FLAgos showed the highest
number of statistically significant dN/dS substitutions when
free-living to parasitic pairs of genes were considered (Table
$8). The second group with dN>dS was the FLiwis followed by
the miRNA class Agos and the Piwis. When considering
variation between subfamilies the highest rate of dN/dS
substitutions were observed between the Agos vs FLAgos, Ago/
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FIGURE 4 | A maximum |kelihcod tree of Pid proteins. Wagos were used as outgroup. SH-lke approximate fkelhood ratios are indicated. Conserved protein
domaing were predicted with HMMScan. Light green, yellow and green arches commesponds to the cluster of the Phwi 2, Piwi 1 and Flivds, respectively.

Abbrewations are as Indcated in Figure 2.

Piwis, followed by Piwi/FLAgos and Ago/FLiwi. Using MEME,
we aimed to detect sites that were subjected to positive or
diversifying selection (see Methods). FLAgos showed the
highest count of positions under positive diversifying selection,
with a significant likelihood ratio test (LRT) of non-synonymous
to synonymous substitutions (p-value < 0.05) (dots in Figure
5A). Meanwhile, the Piwis showed 3 putative sites under positive
selection, and the FLiwis and canonical Agos groups only had
one position each (Figure 5A).

Small RNA Binding and Catalytic Amino
Acids Conservation in FLAgos and FLiwis
Structural studies have shined a light on the mechanisms of
action of Argonautes. Human Ago2 bonded to miRNA has a bi-
lobed architecture, with the guide miRNA threaded through a
central cleft formed by the N-PAZ and MID-PIWI domains.
Multitude interactions within this tight binding pocket were
identified, involving mainly residues of the MID domain capped
on the 5' side by PIWI domain residues (Elkayam et al,, 2012;
Kong et al,, 2017). There, the target mRNA has access to mate
with the miRNA and is cleaved by a RNAase H fold comprised
by the Asp-Asp-His (DDH) triad in the PIWI domain (Tolia and
Joshua-Tor, 2007). Consequently, we sought conservation of
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these active sites and functional residues in the different Ago
classes {indicated by black and grey bars at Figure 5A).

Fourteen out of 51 functionally relevant positions were
generally conserved in all the Argonaute proteins. Further
fifteen positions were conserved between Ago-like and FLAgos,
and a minor group of residues were shared between Piwi and
FLiwi (Figure $8). These include four of the eight residues
involved in positioning the guide RNA with respect to the
active site to ensure that cleavage of targets occurs at a well-
defined and predictable position. Three other positions are
conserved only between canonical Agos and FLAgos
(Figure $8). On the other hand, both Piwis and FLiwis present
well conserved substitutions at positions 588 [K— polar (Q)] and
845 [R— hydrophobic (L, M or F)] (Figure $8), that could also
be relevant in the binding to the small RNA.

The QSKN motif (positions 566 to 569) of the MID domain
(blue bar in Figures 5A and $8) was reported to be involved in
the binding to the seed region of the miRNA in the Echinococcus
canadensis canonical Ago genes (Maldonado et al, 2017).
Interestingly, while this QSKN motif is conserved in all
Neodermatans, (Figure $8), the second position was occupied
by a non-polar Alanine residue (QAKN), in ‘turbellarians’ as in
D. melanogaster and C. elegans. In Deuterostomes, the same
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([Ekayam et al., 2012), Grey bars indicate the postions of the catalytic DO triad, Blue bar indicate the position that has been reported 10 interact with the seed

region of miBNAs (Maklonado et al,,

2017). Dots ndicate positions with statstically significant LRT (p-vals < 0.05) detected with MEME tool. (B) Highlight of three

regions of the MID and PIWI domans that produce a signature for each Ago subfamily. Black bars indicate the positions that have been reported to nteract with the

miRNA, Grey bars indicate the positions of the catalytic DOH tnad.

position was occupied by the non-polar aliphatic residue Valine
(QVKN) (or Methionine in Has_Ago2, QMKN). Although the
functional implications of this substitution are not clear, the
restricted conservation of this motif in the Ago-like genes
suggests that it is relevant in this subfamily, and importantly,
may be useful as a marker of linage in the future.

The RNase H activity associated with a conserved DDH triad
(grey bars in Figures 5A and $8) is well conserved in all the
miRNA class Ago genes of Platyhelminthes. In the case of the
Piwi class subfamily only SmeT002173 possess substitutions in
the catalytic triad. The absence of the DDH triad would not
imply that the catalytic activity was lost, as Dme_piwi has been
shown to possess “slicer” activity even though it contains a DDK
active site (Tolia and Joshua-Tor, 2007). Furthermore, it was
shown for Hsa Ago3 that irrespective of RNase triad
conservation, the catalytic activity changes depending on the
guide RNA that is loaded (Park et al, 2017). In any
event, additional in silico approaches as structural homology
modeling, ligand docking and molecular dynamics, as well as,
experimental evidence involving site-specific mutagenesis and
cleavage assays are needed to define the ligand-protein
interaction and characterize the catalytic activity of the diverse
flatworm Argonautes.

Based on the residue conservation we selected three short
motifs with different conserved residues among the diverse
flatworm Argonaute subfamilies that can be useful to
differentiate them, classifying and assigning novel members
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(Figure 5B). The first motif consists of a duo located in the
carboxi-terminal end of the MID domain and is an Asn (N)
preferentially followed by Ser (S) in canonical Agos and Asn-Trp
(NW) in FLAgos. The non-polar Asn is substituted by Leu (L)
and Ala (A) or Pro (P) in Piwi and FLiwis, respectively. The
second and third motifs are within the PTWI domain. Motif 2 is
TSRPSH in miRNA class Agos, while is TSKPxH in FLAgos,
TVTPTH in Piwi and TVTPTN or TATPTN in FLiwis. The third
motif contains the Histidine residue of the DDH triad and
corresponds to a sextet that has the sequence YALHVA in
Ago-like, YSLHAA or YALHAA in FLAgos, YAHKLA in Piwis
or YAHRLA in FLiwis. We suggest that the analysis of these
motifs may be useful to classify Argonaute proteins in flatworms,
and also might provide a means of rapidly identify members in
other metazoan species,

Trematodes Display a Shorter

Dicer-2 Gene

Ribonuclease III family proteins represent central player in the
small RNA pathways. Dicers belong to the ribonuclease III
family with the ability to process dsRNA. Dicer (Dcr) is
responsible for recognizing a hairpin (in pre-miRNA) or long
dsRNA and processing them into 22-23 nt miRNA-miRNA* or
siRNA duplexes (Jaronczyk et al, 2005). These small RNA
duplexes are bound and processed by Ago proteins to form the
RNA interference silencing complex (RISC). Like arthropods,
flatworms have two Dcr genes, Der-1 and Der-2 (including a
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putative S. leucops Dcr-2 placed in the root of Dcr-1 group) with
a paralogue of Dcr-2 in some species we named Dcr-3
(Figure 6A) (Gao et al,, 2014; Fontenla et al,, 2017).

In Neodermatans, Dcr-2 is variable in number and
organization (Fontenla et al., 2017). Strikingly, trematodes in
contrast to cestodes have a shorter version of Decr-2 with only the
RNAse III domains and, in some cases, a PAZ domain
(Figure 6A). Additionally, a duplication of Der-2 is evident in
foodborne trematodes (FBT) compared to blood flukes (BF)
(Figure 6A green arch). In FBT Dcr-2 and Der-3 genes are
organized as inverted tandem repeats with the exception of F.
buski and Paragonimus spp, where the fragmented nature of the
assembled genomes does not allow to confirm or discard this
gene arrangement,
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The comparison of Dcr-2 genes from the cestode E.
multilocularis, the planaria S. mediterranea and the trematode
S. mansoni showed that the second exon of Sma033600 matches
with exon 15 of the cestode or planarian counterparts. In
contrast, exon 1 of cestode Dcr-2 matches with exon 1 in the
planarian gene (Figure 6B). This observation suggests that the
shortening of Der-2 is the result of a genomic reorganization that
occurred ancestrally in trematodes, probably by an unequal
crossover between different chromatids or an intra-chromatid
recombination that resulted in the deletion of about half of the
ancestral gene. Consequently, this may have led to the absence of
the helicase and dsRNA binding domains. It is tempting to
speculate that these proteins might only recognize ssSRNA as
substrates, but experimental evidence is missing,
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FIGURE 6 | Ribonuclease Il subfamilies of flatworms (A) A maximum ikelhood tree of Ribonuciease lll subfamiies. SH-like approximate likefihood ratios are
ndicated. Conserved protein domains were predicted with HMMScan, Dor -2 (red arch) duplcations are highlighted in green, Dcr-2 s ancestrally duplcated in FBT
{chcer-3, graen arch), Der-2 has missing domains in trematodes compared to cestodes, similar structural heterogenaity was cbserved between ‘turbellarians’
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Although some variation in the structure of ‘turbellarians’
Dicers was also detected, we cannot rule out these may be
artefactual due to the fragmented nature of these transcriptomes.

Belle/PL10 Is Duplicated in Flatworms
While Vasa Is Lost in Neodermatan
Parasites

Since several other piRNA pathway genes, besides piwi itself,
seem to be absent in neodermatans, we investigated in more
detail other relevant members involved in the pathway. Vasais a
germline specific DEAD box RNA helicase and plays an essential
role in regulating germ cell differentiation (Abdelhaleem, 2005).
Taking advantage of our extended set of transcriptomes and
genomes of free-living and parasitic flatworms, we analyzed the
conservation of Vasa and its paralogous gene, Belle. We founded
that while ‘turbellarians’ conserved homologue genes to Vasa
and Belle (green and blue arches in Figure 7), Neodermatans
have lost vasa orthologues while maintaining Belle/PL10
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homologs (blue branches in Figure 7). The only exception is
Ngvlg3 a Vasa orthologue detected in the monogenean
Neobenedenia girellae. Interestingly, this gene was not found to
be expressed in any tissue and its knockdown by RN A1 produced
no phenotypic effect on the worm (Ohashi et al., 2007). Thus, we
speculate that given the basal position of N. girellae within the
Neodermatans is possible that Ngvlg3 may be a non-functional
pseudogene of the free-living ancestors.

Notably, Belle-like gene is duplicated in all Neodermatans
and in B. semperi, the closest free-living ancestor of the
Neodermatans (blue arch in Figure 7). We also found a third
group of helicases that we classified as Belle related (light blue
arch in Figure 7) given that they show a higher percentage of
identity with Belle and/or laf-1 compared to other of the D.
melanogaster/C. elegans helicases (Table $9). All genes
considered within this family have a similar domain structure,
with conserved DEAD/DEAH-box and C-terminal helicase
domains (Figure 7). An amino terminal repeat of Zinc knuckle

FIGURE 7 | A maximum likeihcod tree ¢f Vasa and Vasa-like proteins, SH-ike approximate likethood ratios are indicated. Conserved protein domains were
predicted with HMMScan, Green and biue arches comespond 1o Vasa and Bele/PL10, respectively. Light biue arch corresponds to flatworm PLI0. Red branches
corespond to Necdermatan species. Species abbreviations are indicated as in Figure 2.
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was detected in several Vasa genes and in the C. elegans ortholog
(GLH gene). Remarkably, Vasa homologous genes were
amplified in several ‘turbellaria’ including M. lignano where 4
genes were detected after clustering highly similar sequences.

Other PiwiRNA Pathway Proteins Are
Conserved Only in Free Living Flatworms
An RNA dependent RNA polymerase (RARP) amplifies the
signal leading to the generation of secondary siRNAs in C.
elegans. Two “turbellarian’ species (G. applanata and M. fusca)
had sequences with RARPs functional domains (Figures 8B, S5
and Table $6) in addition to M. lignano, (Fontenla et al,, 2017).
RdARPs were not detected in 8. leucops or P. vittatus the two other
most ancestral species of Platyhelminthes analyzed here.
Interestingly, we found RdRPs in the phylum Gastrotricha,
sister phylum to all Platyhelminthes (Egger et al, 2015;
Laumer et al, 2015) (Figure S5B), suggesting that RARPs were
conserved in the common ancestor to both phyla and were lost
during the evolution of Platyhelminthes. While, it is clear that the
PiRNA pathway does not depend on RARPs in §. mediterreanea
and probably other species where RARPs are not present, it might
be possible to occur in species where RARPs are conserved, as in
C. elegans (Figure 8B).

We also found homologues to other piwi pathway genes like
HEN1, Zuc or Mut7 in almost all ‘turbellarian’ species although
they are completely absent in neodermatans. (Figures 1, 8A

D melanogaster

SmallRNA Pathways in Flatworms

and Table $6). MUT-7 is a protein that contains an exonuclease
domain that, in complex with RDE-2, is required in the RNAi
pathway in C. elegans (Tops et al., 2005)(Figure S4). However,
in D. melanogaster RDE-2 is missing and the orthologue of
MUT-7, Nibbler (Nbr), is involved in the maturation of piRNA
3' ends (Wang et al,, 2016). As in insects, RDE-2 is missing in
flatworms suggesting that the MUT-7/Nbr homolog in
‘turbellarians’ is involved in piRNA biogenesis but not in the
RNAi pathway in free living flatworms (Figures 1, 8A and
Table S6).

DISCUSSION

Platyhelminthes comprise one of the early diverging phyla of
bilateral metazoans, originated approximately 839 million years
ago (Hedges et al,, 2015), inhabiting a wide range of ecosystems
and particularly successful in adapting to parasitic life. Since
small non-coding RNAs have been implicated in regulating
developmental transitions, we reasoned that they might be
involved in the adaptation to parasitism way of life. Therefore,
comparing the conservation of small RNA pathways
among the paraphyletic group of free-living (‘turbellarians’)
and the monophyletic parasitic Neodermatans may provide
evolutionary clues to disentangle possible adaptations
to parasitism.

C. elogens

FIGURE 8 | Prvi-interacting RNA pathways. (A) PIRNA patinway in 0. meanogaster. PIRNA precursors are cleaved by a protein of the mitochondrid membrane,
Zucchin (Zuc) producing the primary piRNAs that are loaded nto Aub, maturation of pIRNA requires the 2-0 methyfation and cleavage of the piRNA 3' end by HEN1
and NBR (MUT?), respectively, The primary piRNA and Aub form the piRISC, secondary piRNAs are generated in a slicer-dependent ampification lcop that slence
cyteplasmic TE transcripts named *Ping-Pong” cycle {(Toth et al,, 2016). (B) PIRNA pathway In C. elegans. In the cytoplasm, plRNAs are bounded by a PRG protein
and methylated at the 3' end by HEN1. The processad piRNA with PRG form the piRISC that will cleavage targat RNA, target recognition is fallowed by the
generation of secondary sRNAs mediated by RdRPs (Weick and Miska. 207 4). Circles indicate spacies with missing homologous genes {"Species Distribution Code”
box). A ‘shape’ code was used 1o indicate predicted function of factors {*Protein Function Codg” box).
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The Argonaute Gene Family

We have previously shown (Fontenla et al, 2017) that key
proteins involved in small RNA pathways are conserved in all
major clades of Platyhelminthes; however, clear differences
between clades are evident, particularly the complete absence
of the Piwi pathway genes in Neodermatans,

While miRNA class Ago proteins are conserved in all
flatworms, a platyhelminth-specific family that we named
FLAgos (Fontenla et al, 2017), showed independent gene
amplifications in Trematodes and Cestodes but not in
‘turbellarians’, with the only exception of a duplication in §.
mediterranea (Figure 3). This group might have originated as a
highly divergent siRNA class Ago, that was further amplified and
diversified. On the other hand, while the parasitic Neodermatans
lack Piwi-like proteins, these are amplified in free-living
flatworms, including the canonical Piwi 2 class, and a new
group, the FLiwis, specific of free living Rhabditophora
(Figure 4). As in FLAgos, since Piwil class homologues are
missing, is possible that the Fliwi group represents a fast-evolving
piwil class that diverged within flatworms. Interestingly, neither
FLAgos, nor FLiwi are shared by other lophotrochozoans
lineages analyzed in this study, despite amplifications can also
been detected within them.

Piwi proteins are involved in the biogenesis and activities of
piRNAs, being crucial at silencing transposable elements. In S.
mediterranea, Piwi genes were reported to be essential in the
regeneration and homeostasis of neoblasts, the pluripotent stem
cells of Platyhelminthes (Reddien et al., 2005; Palakodeti et al.,
2008). Additionally, S. mediterranea piwi-1 (SmeT036375) is
highly expressed in blastomeres and is critical during
embryogenesis and organogenesis (Davies et al,, 2017). The
highest levels of piwi-1 are found in epidermal progenitors and
tetraspanin-1-positive neoblasts. Differentiation of pluripotent
neoblasts into fate-determined progenitors and terminally
differentiated cells is accompanied by a successive reduction of
piwi-1 levels (Kim et al, 2020). In M. lignano, piwi-1
(M1i034222) but not piwi-2 (MIi016226) was found to be
involved in the piRNA pathway in both germline and somatic
cells, as well as in the maintenance of stem cells (Zhou et al,
2015). It is of interest to decipher if similar functional restrictions
or labor division is found in other ‘turbellarians’, now that we
show that the key genes are conserved.

FLAgo proteins show less sequence conservation, due to a
higher substitution rate, a feature generally associated with
acquiring novel functions. We show evidence of site-specific
diversifying selection mainly in FLAgos compared to other
Argonaute groups. We hypothesize that the sequence variation
observed for FLAgos might have been associated to specialization
in the gene function within this cluster. Further experimental
evidence is needed in to validate this hypothesis, for instance
evaluating if the substitutions detected are associated with
changes in functional domains or protein conformations. Even
more, flatworm-specific proteins like the FLAgos (not conserved
in the host) could be targets for new drugs or vaccines. In that
sense, a drug that specifically target this highly diverting
subgroup could be a potential innovation in the treatment of
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helminthiasis. Such drug has already been proposed in in silico
modeling to target Hsa Ago-2 (Schmudt et al,, 2013).

The Dicer Family

In flatworms, the Dicer family is organized in two subgroups.
While the Dcr-1 group is invariable with only a single gene per
species, the Dcr-2 group is heterogenous both in number of
copies and structure (Figure 6A). The shortening of Decr-2 is
probably the consequence of a genomic reorganization that
eliminated the first 14 exons of the gene in the ancestor of all
trematodes (Figure 6B). Transposable elements (TE) are
recognized as contributors to genomic innovation as well as
genomic instability across a wide variety of species (Klein and
O'Neill, 2018). We have previously reported the accumulation of
TEs in the genomes of trematodes, especially FBT, as an extreme
example, more than 50% of the genomes of Fasciola spp.
corresponds to repetitive elements (Choi et al, 2020). It is
tempting to speculate that the accumulation of TEs in the
ancestor of the trematode class has driven the Der2
reorganization and, possibly, further accumulation of TEs in
the FBTSs contributed to generate a duplication of Der2 (Der3) in
that linage. Whether these shorter Der 2/3 are functional or
represent a pseudogene awaits confirmation. However, while
Derl and Der2 are express across different stages, Der3 seems to
be limited to eggs (Fontenla et al., 2017),

The detection of Der-2 proteins in G. applanate and M. fusca
with very similar structures to the ones in trematodes, may
indicate that the genomic reorganization detected in trematodes
may have occurred more than once during the evolution of
flatworms. However, given the fragmentation of the ‘turbellarian’
transcriptomes, further genomic data are needed to verify
these observations.

The Vasa and Vasa-Like Genes

Vasa genes in planarians are expressed in ovary and testis of
sexual worms and in the totipotent cells (neoblasts) of asexual
ones (Shibata et al., 1999). Increase in the expression of Vasa was
detected in growing blastema of regenerating planarians and lost
in irradiated organisms (Shibata et al., 1999). Belle (also known
as PL10), on the other hand, is a Vasa-related protein, that has
conserved roles in fertility and development, and co-localizes
with Vasa to the germline (Johnstone et al., 2005). Vasa was
proposed to be part of the biogenesis of piRNAs and to be
differentially conserved between ‘turbellarians’ and
Neodermatans (Skinner et al., 2014). Like the absence of Piwi,
the absence of Vasa in Neodermatans results puzzling. Piwi and
Vasa are widely known among developmental biologists as
germline markers. Vasa was even found to be expressed in the
germline of early branching Metazoans like the ctenophore clade,
suggesting a central role in the development of all Metazoans
(Mochizuki et al., 2001; Rebscher et al., 2007; Alie et al,, 2011).
Even more, vasa mutants in D. melanogaster fail to form pole
cells, the precursor of the gonadal germ cell population, and
show deletions of abdominal segments (Schupbach and
Wieschaus, 1986). It has been proposed that Vasa genes arose
by duplication of an ancestral PL-10-related gene before
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appearance of sponges but after the diversion of fungi and plants
(Mochizuk: et al., 2001). Our data suggest that a second
duplication of PL-10 took place in an early ancestor of the
Platyhelminthes producing a flatworm specific family of PL-
10-related genes. If that is the case, we speculate that a redundant
role of Vasa, PL-10-related and flatworm PL-10 in ‘turbellarians’
was further simplified in Neodermatans with the loss of Vasa.
Why the loss of Vasa was evolutionary favored in Neodermatans
is still unknown; however, the germline expression and role in
the gametogenesis of flatworm specific PL-10 has been reported
in Neodermatans by RNAi assays (Ohashi et al., 2007).
Moreover, vasa-like genes, i.e. PL-10 are strongly expressed in
the ovary of Schist i female adult worms and
showed high expression in female adults and eggs laid in vitro
by worms in culture (Skinner et al,, 2012). More recently, RNAi
against vasa/PL10-like gene -1 in 8. mansoni adult female worms
resulted in smaller ovaries and a reduced number of ovarian
dividing cells (Skinner et al., 2020). Similarly, the knockdown of
vasa-like genes in 8. japonicum induced changes in the
morphology of the reproductive organs, especially in the
female ovary, vitellarium and the male testes. In addition, a
significant reduction in egg production in knocked-down
parasites was evident (He et al,, 2018).

PiRNA Biogenesis in ‘Turbellarians’
The piwiRNAs (piRNAs) are generated either from RNA
transcripts of active transposable element (TE) copies or from
transcripts originated from specialized loci in the genome called
piRNA clusters. In general, piRNAs generated from piRNA
clusters are mostly antisense to TE mRNA sequences (Toth
et al, 2016). However, these regulatory non-coding RNAs are
also originated from different biogenesis pathways depending on
the species. In D. melanogaster and vertebrates, piRNAs are 26-
30 nt in length. These are derived from single-stranded piRNA
precursors and processed in the cytoplasm by Zucchini (Zuc).
This is a protein with endonuclease activity for single-stranded
RNA and expressed in the mitochondrial surface with a
predicted phospholipase D-like domain (Figure 8A). The
PiRNAs generated this way preferentially have a 5-end uracil.
HENI is required for 2'-O-methylation of maturing piRNAs
(Horwich et al., 2007; Montgomery et al,, 2012). Mature piRNAs
are bounded by the Piwi protein Aubergine (Aub), to form the
PiRISC that targets and degrades TE mRNAs. Ago3, on the other
hand, binds to TE mRNA cleaved sequences that contains an
adenosine residue at position 10 and will target piRNA sequences
resulting in an amplification loop named ping-pong cycle (Weick
and Miska, 2014). The ping-pong cycle includes not only Aub
and Ago3, but also Vasa, that has two proposed roles in piRNA
processing. First, Vasa participates in the assembly of the ping-
pong complex (Xiol et al, 2014). Second, the RNA-unwinding
activity of Vasa helps to release cleaved products from the
piRNA-protein complex to facilitate the ping-pong cycle
(Nishida et al,, 2015).

C. elegans piRNAs are shorter (21 nt long), also with a 5
uracil, and require methylation by HEN1 for maturation. Mature
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piRNAs bound to the Piwi orthologue PRGI, form the piRISC
complex that targets and silence TE mRNAs. However, instead of
the ping pong mechanism, the amplification of the silencing
signal relies on RNA dependent RNA polymerases (RdRPs)
(Figure 8B) (Weick and Miska, 2014).

The conservation of Zuc, Nbr, Vasa and RdRPs in some
‘turbellarian’ species rises a question about the biogenesis of
piRNAs in the free-living clades. In M. lignano, it has been
reported that the knock down of vasa produce a severe reduction
in the piRNA fraction (Zhou et al, 2015). Additionally, in M.
lignano, S. mediterranea and Dugesia japonica where the small
RNA population has been sequenced, piRNAs are ~32 nt in
length preferentially displaying U at the 5" end (Palakodeti et al,,
2008; Friedlinder et al., 2009; Qin et al,, 2012; Zhou et al,, 2015)
like the ones described in D. melanogaster. Besides, a preference
for A at position 10 and the overlap of reads by 10 nt suggest that
a ping-pong cycle occur in these species with no evidence of any
other mechanism of amplification. Therefore, it is possible to
speculate that the RARPs detected in M. lignano (and some other
‘turbellarians’) might not be involved primarily in the
amplification of piRNAs. In any event, additional experimental
evidence, possibly involving RNAi against RARPs genes and
sequencing of the small RNA population, is needed to test
this hypothesis.

Alternative Solutions to Piwi Absence

in Parasites

The absence of Piwi in addition to the amplification of the
FLAgos in Neodermatans raise the hypothesis that some of the
FLAgos substitute the role of the Piwi proteins in this clade
(Skinner et al., 2014). In this regard, Cai et al. (2012) sequenced
the population of small RNAs associated to the FL-Ago SjAgo2
(Sja_0045200) and found that it was preferentially associated
with siRNAs derived from LINE and LTR retrotransposons, the
main targets of Piwi proteins (see below). This observation
suggests that the FLAgos could be at least partially mimicking
the role of the lost Piwi genes in Neodermatans. Furthermore, the
silencing of SmAgo2 resulted in a moderate increased expression
of transposable elements, suggesting that this protein might be
involved in regulating transposons in Schistosoma mansoni
(Protasio et al., 2020),

The absence of piwi pathway proteins in parasitic species
seems 1o be a consistent trend. We here provide strong evidence
of the complete absence of the pathway across all parasitic
flatworms. Similarly, the absence of Piwi have been reported in
all nematode clades, except clade V, the one containing the
model species C. elegans, and some animal parasites as
Haemonchus contortus and Pristionchus pacificus (Sarkies et al,
2015). Other proteins of the piwi pathway were also absent in
non-clade V nematode, confirming the absence of a functional
pathway. Furthermore, the piwi pathway was also found absent
in the dust and scabies mite genomes (Mondal et al, 2018). Both
in nematodes and in dust mites there is evidence that alternative
siRNA related mechanisms are involved in controlling TEs. The
amplification of genes associated with the main small RNA
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pathways in parasitic flatworms is suggestive of a similar
cooption of functions. Furthermore, as already mentioned
primary evidence show that this might be the case in parasitic
flatworms (Cai et al,, 2012; Protasio et al,, 2020). Since TEs are
recognized as contributors to genomic innovation as well as
genomic instability across a wide variety of species (Klemn and
O'Neill, 2018), is tempting to speculate that piwi loss might be
associated to rapid genomic reorganization leading to adopt a
parasitic way of life.

CONCLUSIONS

We provide a strong bioinformatic support for the presence and
absence of key proteins involved in small RNA pathways in early
diverging free-living flatworms, suggesting that miRNA
regulation, piRNA mediated silencing and RNAi are ancestral
regulatory mechanisms in flatworms. In addition, differences
observed in later evolving parasitic species strongly suggest that
small RNA mediated mechanisms might have been also relevant
during the transition to parasitism.

A long and still unsettled discussion has taken place regarding
the biological simplification occurred in flatworms, especially in
the parasitic Neodermatans. It is unclear, yet, if the process of
loss of redundancy is the product of an adaptive mechanism to
parasitism (Tsai et al, 2013; McNulty et al, 2017) or is an
ancestral characteristic acquired by the Neodermata clade (Hahn
etal, 2014). Interestingly, in the present study we found that the
‘turbellarian’ parasite K. amphipodicola showed no major
differences in the conservation of small RNA pathway factors
respect to other phylogenetically related free-living
‘turbellarians’, like S. mediterranea, including the conservation
of a putative functional piRNA pathway that has been lost in
Neodermatans (Skinner et al,, 2014). Then, it is possible to
hypothesize that the overall simplification associated to the
Neodermatans is not a characteristic needed for parasitism in
the phylum Platyhelminthes. However, the complete absence of
the piwi pathway mediators in all trematodes and cestodes is
suggestive of an early loss in an ancestor of the Neodermatans.
This single loss might have had dramatic evolutionary
consequences, since transposable elements might have driven
genome instability that led to biochemical, morphological and
functional transformations, for instance the origin of the
neodermis (Caira and Littlewood, 2013), and other changes
that favored the adaptation to a novel lifestyle. Along these
lines, it is tempting to think that the later independent
amplification of FLAgos, and Belle/PL10 in trematodes and
cestodes might have resulted from an adaptation to these
changes, either for control of transposons, and/or generating
novel regulatory mechanisms mediated by small non-
coding RNAs.

Different experimental approaches can be considered to test
this hypothesis. Functional genomic tools tested in flatworms
like RNAi (Dell'Oca et al, 2014), transgenesis (Rinaldi et al,
2012; Suttiprapa et al,, 2016), genome-editing by CRISPR-Cas9
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(Lok et al., 2017; Ittiprasert et al., 2019; Sankaranarayanan et al,,
2020) and immunoprecipitation assays (Free et al., 2009) could
be used to define the function of the factors reported here or to
detect novel ones. Additionally, experimental evidence involving
chromatin immunoprecipitation of nucleosome core particles
followed by high throughput sequencing has proven to be useful
to detect chromatin modification triggered by dsRNA (Gu
et al., 2012).

To conclude, these findings together with our previous report
(Fontenla et al, 2017), describe novel features of the biology and
evolution that are unique to Platyhelminthes, implying that
subtle mechanisms involved in the small RNA pathways of
flatworms are different to the ones described in model
organisms like mammals, C. elegans or D. melanogaster.
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Discusion General

Dado que los resultados ya fueron discutidos en detalle las secciones correspondientes de los

articulos presentados, aqui solo se discutiran algunos aspectos generales.

A. Rol de los ARN pequeiios en el desarrollo de Fasciola hepatica y en la interacciéon con

el huésped

En este estudio analizamos la presencia de diversas poblaciones de ARNpq a lo largo de
distintos estadios de vida de F. hepatica, y aquellos presentes en EVs del estadio adulto. Si bien
las muestras se obtuvieron y fueron secuenciadas en tiempos diferentes, aquellas
pertenecientes a estadios similares tendieron a agruparse en el andlisis multidimensional
(Figura S1 del manuscrito presentado en Resultados A), lo que sugiere que representan
poblaciones consistentemente encontradas en esos estadios. A su vez, los conteos fueron
normalizados para tener en consideracién diferencias en la profundidad de la secuenciacion. En
nuestros datos identificamos un set complejo de ARNpg, compuesto por miARNSs, fragmentos

de tARNs y vtARNs.

Entre los miARNs diferencialmente expresados entre estadios, nuestras predicciones in-silico
sugieren roles relevantes en el desarrollo y posiblemente en el proceso de invasidn parasitario.
Si bien es necesaria validacién experimental, los roles reguladores de los miARNs son bien
conocidos (Bushati & Cohen, 2007). Entre estas se destaca la regulacién de la formacién y
liberaciéon de vesiculas durante la invasiéon del huésped, dado que la secrecién de EVs durante la
invasidon parece ser un proceso finamente regulado (Hanna et al., 2019; Sdnchez-Lépez et al.,
2020) (ver Figura 3B y Figura S6A del manuscrito presentado en Resultados A). Los cambios en
la expresion de los miARNs durante la invasion podrian, al menos en parte, estar controlando la

liberacién de vesiculas preformadas.
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Curiosamente, otro analisis en estadios similares a los analizados por nosotros, pero con una
estrategia diferente, publicado con posterioridad a la publicaciéon de nuestros datos, reporté
gue los miARNs de F. hepatica pueden ser reguladores de vias metabdlicas y de sefializacién, y
también podrian estar regulando procesos vinculados a la invasion (Herron et al., 2022). En este
caso, por la regulacion de la secrecion de proteasas, factores vinculados a la adquisicion de

nutrientes, componentes individuales de exosomas entre otros.

A su vez, los miARNs mads abundantes en las EVs correspondieron a familias conservadas
posiblemente dirigidas a regular vias de sefalizacién e inmunomodulacién del huésped (Figura
5, Tabla S6 y S7 del manuscrito presentado en Resultados A). En concordancia con nuestros
resultados, Herron y col. (Herron et al., 2022) también reportaron la regulacidn de vias de
sefalizacion, como FOXO, o genes vinculados a la respuesta inmune, como IL-4 e IL-13, entre los
blancos génicos en el huésped de los miARNs contenidos en EVs de F. hepatica. Curiosamente,
esta parece ser una estrategia comun en los helmintos, con un numero creciente de reportes
describiendo la absorcion de miARN derivados de parasitos por parte de las células huésped, y
evidencia in vitro de disminucidn en la expresién de genes del huésped asociados con la
respuesta inmune (Arora et al., 2017)(Tabla 1). La modulacién Th2 es un tema comun en la
evasiéon inmune de parasitos (Coakley et al., 2016). Resulta interesante que los miembros de la
familia miR-10, bantam y let-7 vinculados a la modulacion de esta respuesta se encuentran
consistentemente entre los miARN mds abundantes en las EVs secretados por trematodos
adultos (Tabla S5 del manuscrito presentado en Resultados A), lo que sugiere que su
enriguecimiento no se produce por casualidad y, por lo tanto, constituyen elementos centrales

en la modulacion de la respuesta del huésped.

Los fragmentos derivados de tRNA (tRDF) han sido relacionados con la regulacién de diversos
procesos que incluyen la traduccidn, la proliferacién, la apoptosis, la formacién de granulos de
estrés, la estabilizacion del ARNm, la expresién de transposones, la biogénesis de los ribosomas
y la herencia de rasgos adquiridos (Tosar & Cayota, 2020). En este trabajo, detectamos una
poblacién sesgada de tRDFs en todas las etapas analizadas y describimos una nueva clase de
fragmento de ARNt, producido por la escisidon en el T-loop particularmente abundante en la

fraccién EV (Figura 6B y S7 del manuscrito presentado en Resultados A). Los fragmentos de
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ARNt mds abundantes de la fraccién EV pueden formar estructuras homodiméricas estables

gue podrian explicar su mayor estabilidad.

Las funciones de los tRDFs son aun poco conocidas en los platelmintos, sin embargo,
recientemente se informé que pueden estar involucrados en la regeneracion de las planarias
(Cao et al., 2020). De todas maneras, las funciones de estos fragmentos en la regulacién de F.
hepatica y/o en la interaccion con el huésped son especulativas y requieren validacion

adicional.

Las ribonucleoproteinas vault son particulas grandes y huecas en forma de barril que se
encuentran en el citoplasma de muchas células eucariotas. Aunque todavia se sabe poco sobre
su funcidn, parecen estar involucradas en funciones reguladoras clave que incluyen la
autofagia, la apoptosis y la modulacién de la expresidn génica (revisado por Frascotti et al.,

2021).

Nuestro enfoque basado en una busqueda por homologia laxa seguido de una curaciéon manual
exhaustiva fue clave para detectar vtARNs putativos en el genoma F. hepatica (Figura 8 y S9, y
Tabla S9 del manuscrito presentado en Resultados A). Aunque se desconoce el papel funcional
de los vtRNA de F. hepatica, su empaquetamiento selectivo en EVs de trematodos sugiere que

podrian participar en las interacciones huésped-parasito.
B. Comparacion de las vias de ARNpq entre platelmintos de vida libre y parasitos.

A principio de este siglo se develo un inesperado ‘mundo de ARN’, que ha adicionado nuevas
capas de regulacidn a los sistemas bioldgicos, en muchos casos poco comprendidos aun hoy en
dia, especialmente en organismos no modelo. Estas actividades regulatorias son mediadas por
un numero creciente de clases de ARNs no codificantes. En el caso de los piARNSs, estos son
necesarios para silenciar elementos transponibles en las células de la linea germinal y mantener
la estabilidad cromosdmica. Previamente mostramos que proteinas claves involucradas en las
vias de ARNpq estan conservadas en los clados mayoritarios de platelmintos (Fontenla et al.,
2017); sin embargo, detectamos evidentes diferencias entre clados, particularmente la

completa ausencia de los genes de la via Piwi en Neodermatas.
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Si bien las proteinas de clase Ago de miARN se conservan en todos los platelmintos, una familia
especifica de platelmintos que llamamos FLAgos (Fontenla et al., 2017), mostré amplificaciones
génicas independientes en trematodos y cestodos. Este grupo podria haberse originado a partir
de una clase Ago de siARN altamente divergente, que se amplificé y diversificd rapidamente.
Por otro lado, mientras que los Neodermatas parasitos carecen de proteinas tipo Piwi, estas se
amplificaron en platelmintos de vida libre, incluyendo la clase candnica Piwi 2, y un nuevo
grupo, los FLiwis, especificos de Rhabditophora de vida libre (Figuras 2 y 4 del manuscrito
presentado en Resultados B). Al igual que en FLAgos, dado que faltan los homaélogos de la clase
Piwil, es posible que el grupo Fliwi represente una clase piwil de rdpida evolucion que divergid

dentro de los platelmintos.

A su vez, las proteinas FLAgo mostraron una menor conservacion de secuencia, debido a una
mayor tasa de sustitucidn, una caracteristica generalmente asociada con la adquisicidén de
funciones noveles. Mostramos evidencia de seleccién diversificadora sitio-especifica
principalmente en FLAgos en comparacién con otros grupos de Argonauta (Figura 5 del
manuscrito presentado en Resultados B). Dada el sesgo evolutivo de las FLAgos (no
conservados en el huésped) creemos que podrian ser blancos para el desarrollo de nuevos
medicamentos o vacunas. Farmacos anti-Ago ya se han propuesto en modelos in silico (Schmidt

et al.,, 2013).

Entre los genes de la familia Dicer, reportamos el acortamiento de Dcr-2 en todos los
trematodos analizados con una posterior duplicacién (Dcr-3) en los FBT (Figura 6 del manuscrito
presentado en Resultados B), posiblemente como consecuencia de reorganizaciones gendmicas
por la acumulacion de TEs (Klein & O’Neill, 2018). Queda por confirmar si las Dcr 2/3 mas cortos
son funcionales o representan pseudogenes. La deteccidn de proteinas Dcr-2 en G. applanata 'y
M. fusca con estructuras muy similares a las de los trematodos, puede indicar que la
reorganizacion gendmica detectada en los trematodos pudo haber ocurrido mds de una vez
durante la evolucion de los platelmintos. Sin embargo, dada la fragmentacién de los
transcriptomas de ‘turbelarios’, se necesitan mas datos gendmicos para verificar estas

observaciones.
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Vasa es parte de la biogénesis de los piRNA y se encuentra diferencialmente conservada entre
‘turbelarios’ y neodermatas (Skinner et al., 2014). Al igual que la ausencia de Piwi, la ausencia
de Vasa en Neodermatas resulta desconcertante. Piwi y Vasa son ampliamente conocidos entre
los bidlogos del desarrollo como marcadores de la linea germinal. Incluso se encontré que Vasa
se expresa en la linea germinal de metazoos de ramificacion temprana como el clado ctenéfora,
lo que sugiere un papel central en el desarrollo de todos los metazoos (Alié et al., 2011;
Mochizuki et al., 2001; Rebscher et al., 2007). Se ha propuesto que los genes Vasa surgieron por
duplicacién de un gen ancestral relacionado con PL-10 antes de la aparicion en las esponjas,
pero después de la separacién de hongos y plantas (Mochizuki et al., 2001). Nuestros datos
sugieren que una segunda duplicacién de PL-10 tuvo lugar en un ancestro temprano de los
platelmintos que produjo una familia especifica de genes relacionados con PL-10 en
platelmintos (Figura 7 del manuscrito presentado en Resultados B). Todavia se desconoce por
qué la pérdida de Vasa fue favorecida evolutivamente en los neodermatas; sin embargo, la
expresion en la linea germinal y el papel en la gametogénesis de PL-10 especifico de
platelmintos ha sido reportado en los neodermatas (Ohashi et al., 2007). De igual forma, se ha
reportado que los genes vasa-like, es decir, PL-10, se expresan en células de ovario, testiculo y

huevo de S. mansoniy S. japonicum (S. He et al., 2018; Skinner et al., 2012, 2020).

En el mismo sentido, comprobamos que otros genes de la via Piwi también estan ausentes en
Neodermatas pero conservados en todos los ‘turbelarios’. La ausencia de proteinas de la via
piwi en especies parasitas parece ser una tendencia constante. Asimismo, se ha reportado la
ausencia de Piwi en todos los clados de nematodos, excepto en el clado V, que contiene la
especie modelo C. elegans, y algunos parasitos animales como Haemonchus contortus y
Pristionchus pacificus (Sarkies et al., 2015). Otras proteinas de la via piwi también estan
ausentes en nematodos que no pertenece al clado V, lo que confirma la ausencia de una via
funcional. Ademas, la via piwi también se encontré ausente en los genomas de los acaros del
polvo y la sarna (Mondal et al., 2018). Tanto en los trematodos como en los nematodos y en los
acaros, existe evidencia de que mecanismos alternativos relacionados con el siARN estan
involucrados en el control de los TEs (P. Cai et al., 2012; Protasio et al., 2020). La amplificacion

de genes asociados con las principales vias de ARNpq en platelmintos parasitos sugiere una
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adaptacion similar de funciones. Dado que se reconoce que los TEs contribuyen a la innovacién
gendmica, asi como a la inestabilidad gendmica en una amplia variedad de especies (Klein &
O’Neill, 2018), es tentador especular que la pérdida de la via Piwi podria estar asociada con una

rapida reorganizaciéon gendmica que ha llevado a adoptar una forma de vida parasitaria.
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Conclusiones y Perspectivas

Hemos analizado los perfiles de expresion del complemento de ARNs pequefios en tres estadios
intra-mamifero del ciclo de vida y en las vesiculas extracelulares del estadio adulto de F.
hepatica. Detectamos perfiles de miARNs que varian significativamente su expresion y, a casi 30
afios de la primera descripcién del rol de miARNSs en la regulacién del desarrollo de C. elegans,
realizamos la primera descripcién in-silico de la funcion putativa de los miARNs en los estadios
invasivos de F. hepatica. A su vez, hallamos que los miARNs pueden ser relevantes no solo en la
regulacidn de procesos vinculados al desarrollo, sino que también pueden estar regulando
mecanismos directamente vinculados a la invasidon. En el mismo sentido, describimos las vias
centrales de sefializacidn y las vinculadas a la respuesta inmune del huésped que podrian estar
siendo reguladas por los miARNs parasitarios contenidos en EVs. Este puntapié inicial serd de
gran valor en ensayos experimentales que pretendan abordar el estudio de miARNs clave tanto
para el desarrollo o el proceso de invasién, como en la regulacién de blancos génicos en el

huésped.

Por otro lado, trabajos recientes han propuesto el potencial uso de los miARNSs circulantes
como biomarcadores no invasivos en sangre. A su vez, se han detectado miRNAs libres
circulantes en la sangre de huéspedes infectados con varias especies de nematodos y
platelmintos (Mu et al., 2021). Es posible que los miARN mads abundantes en EVs sean
detectables en la circulacién de animales infectados con F. hepatica. Si este es el caso, se

podrian desarrollar nuevos mecanismos para el diagndstico de la enfermedad.

Estudiamos las poblaciones de fragmentos de ARNt en todas las etapas analizadas, y
describimos una nueva clase de fragmento de ARNt particularmente abundante en la fraccidn
extravesicular. A su vez, inferimos por predicciones in-silico que los fragmentos de ARNt mas
abundantes de la fraccién EV podrian estar formando estructuras homodiméricas estables,
futuros ensayos posiblemente mediante tratamiento con exonucleasas podran corroborar esta

observacion. Del mismo modo, sera relevante corroborar si estas estructuras resistentes a la
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degradacion se encuentran en la fraccion libre, no asociada a EVs, como ha sido descripto en

humanos (Tosar et al., 2018).

Realizamos la primera descripcion de vtARNs en Neodermatas, el método utilizado en nuestro
trabajo podra ser utilizada para caracterizaciones similares en otros platelmintos. Si bien las
moléculas vault son aun poco conocidas pueden ser potencialmente relevante dado las
multiples funciones regulatorias en las que estan involucradas en organismos modelo (Frascotti
et al., 2021). A su vez dada su abundancia en EVs, sera relevante estudiar el rol que pueden

estar jugando en la interaccién con el huésped.

Por otro lado, brindamos fuerte evidencia bioinformatica sobre la presencia y ausencia de
proteinas clave involucradas en las vias de ARNpq en platelmintos de vida libre de divergencia
temprana, lo que sugiere que la regulacién por miARNSs, el silenciamiento mediado por piARN y
ARNi son mecanismos regulatorios ancestrales en platelmintos. Ademas, las diferencias
observadas en especies parasitarias que evolucionaron mas recientemente sugieren
fuertemente que los mecanismos mediados por ARN pequefios podrian haber sido también

relevantes durante la transicidn al parasitismo.

La ausencia total de los mediadores de la via piwi en todos los trematodos y cestodos sugiere
una pérdida temprana en un ancestro de los neodermatas. Esta Unica pérdida podria haber
tenido consecuencias evolutivas dramdticas, ya que los elementos transponibles podrian haber
impulsado la inestabilidad del genoma que condujo a transformaciones bioquimicas,
morfoldgicas y funcionales, por ejemplo, el origen de la neodermis (Caira & Littlewood, 2013), y
cambios similares que favorecieron la adaptacién a un nuevo estilo de vida. En esta linea
altamente especulativa, es tentador pensar que la posterior amplificacién independiente de
FLAgos y Belle/PL10 en trematodos y cestodos podria haber resultado de una adaptacion a
estos cambios, ya sea para el control de los transposones y/o para generar nuevos mecanismos

reguladores mediados por ARN pequeiios no codificantes.

Se pueden considerar diferentes enfoques experimentales para probar esta hipdtesis.
Herramientas gendmicas funcionales probadas en platelmintos como ARNi (Dell’Oca et al.,

2014), transgénesis (Rinaldi et al., 2012; Suttiprapa et al., 2016), edicién del genoma mediante

91



Doctorado en Ciencias Bioldgicas | Santiago Fontenla

CRISPR-Cas9 (Ittiprasert et al., 2019; Lok et al., 2017; Sankaranarayanan et al., 2020) u ensayos
de inmunoprecipitacién (Free et al., 2009) podrian usarse para definir la funcion de los factores

informados aqui y/o para detectar otros nuevos.

En todo caso, se necesitan mas enfoques experimentales para comprender las funciones de
todas las clases de ARN pequenos detectados; su presencia combinada en las EVs sugiere una
accion concertada en la interaccién y modulacién de las respuestas del huésped, que merece
ser investigada. A su vez, la presente descripcidn de las vias de ARNpg, junto con nuestro
informe anterior (Fontenla et al., 2017), describen caracteristicas novedosas de la biologiay la
evolucién que son exclusivas de platelmintos, lo que implica que hay sutiles mecanismos
involucrados en las vias de ARNpq de los platelmintos que son diferentes a los descritos en

organismos modelo como mamiferos, C. elegans o D. melanogaster.

En conclusion, si bien queda mucho terreno por investigar nuestros resultados aportan nuevas
perspectivas en campos aun insipientemente estudiados que podrian redundar en el diseiio de
nuevos mecanismos de control y tratamiento de enfermedades negligenciadas pero con un

impacto enorme para el desarrollo humano.
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ANEXO |

Parte de los resultados obtenidos durante la maestria en bioinformatica fueron publicados en el
periodo del doctorado, y se incluyen aqui como anexo.

e Conservation and Diversification of Small RNA Pathways within Flatworms.
Fontenla, Santiago, Gabriel Rinaldi, Pablo Smircich, and Jose F. Tort.

BMC Evolutionary Biology 17 (2017), 215.

Dado el escaso conocimiento que habia sobre los factores involucrados en las vias de ARNpq en
platelmintos al momento de redactar este articulo, nos propusimos analizar su conservacion en
24 especies de platelmintos con ensamblaje gendmico disponible, la mayoria de ellas especies
parasitas. Para ello empleamos factores de las vias de ARNpq que han sido bien caracterizados
en la especie modelo C. elegans, para realizar busquedas bioinformaticas en las bases de datos

de platelmintos.

Entre nuestros resultados hallamos una familia de Argonauta especifica de platelmintos (que
denominamos FL-Agos), que presentd amplificaciones independientes en los diferentes linajes y
la pérdida de la familia Ago Piwi en todos los neodermata analizados. Detectamos una
duplicacién de Dicer en todos los platelmintos, con diferencias estructurales de Dicer-2 entre
trematodos, cestodos y platelmintos de vida libre. A su vez, describimos por primera vez, la

presencia de homdlogos de un factor clave del complejo miRISC, GW182 en platelmintos.

Creemos que estos hallazgos contribuyeron a reflejar innovaciones especificas de la evolucién
de los platelmintos presumiblemente asociadas a mecanismos noveles de regulacion de la
expresion génica mediada por vias de ARNpq, que difieren con lo que ha sido descripto

clasicamente en organismos modelo.
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Conservation and diversification of small
RNA pathways within flatworms

Santiago Fontenla', Gabriel Rinaldi?, Pablo Smircich'* and Jose F. Tort'*

Abstract

Background: Small non-ceding RNAs, including miRNAs, and gene silencing mediated by RNA interference have
been described in free-living and parasitic lineages of flatworms, but only few key factors of the small RNA pathways
have been exhaustively investigated in a limited number of species. The availability of flatworm draft genomes and
predicted proteomes allowed us to perform an extended survey of the genes involved in small non-coding RNA
pathways in this phylum,

Results: Overall, findings show that the small non-coding RNA pathways are conserved in all the analyzed flatworm
linages; however notable peculiarities were identified. While Piwi genes are amplified in free-living worms they are
completely absent in all parasitic species, Remarkably all flatworms share a specific Argonaute family (FL-Ago) that has
been independently amplified in different lineages. Other key factors such as Dicer are also duplicated, with Dicer-2
showing structural differences between trematodes, cestodes and free-living flatworms. Similarly, a very divergent
GW182 Argonaute interacting protein was identified in all flatworm linages. Contrasting to this, genes involved in the
amplification of the RNAI interfering signal were detected only in the ancestral free living species Macrostomum lignano.
We here described all the putative small RNA pathways present in both free living and parasitic flatworm lineages.

Conclusion: These findings highlight innovations specifically evolved in platyhelminths presumably associated
with novel mechanisms of gene expression regulation mediated by small RNA pathways that differ to what has
been classically described in model organisms. Understanding these phylum-specific innovaticns and the
differences between free living and parasitic species might provide clues to adaptations to parasitism, and would
be relevant for gene-silencing technology development for parasitic flatworms that infect hundreds of million
people worldwide.

Keywords: Flatworms, Small RNA pathways, miRNA, RNAI, Dicer, Argonaute

Background

RNA interference (RNAI) is a reverse genetic tool that
triggers post-transcriptional knock-down of a target
mRNA by the introduction of complementary double-
stranded RNA (dsRNA) molecules. It is almost the only
available tool to study a gene function in helminths [1].
In platyhelminthes, while this technique has been routinely
established in the study of gene function in planarians [2],
is still poorly developed in parasitic species. In parasitic
flatworms, RNAI techniques have been optimized in schis-
tosome species [3], and it has been proven to be functional
in other few trematode species like Fasciola hepatica
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[4-7], Opisthorchis viverrini (8], Clonorchis sinensis [9],
O. felineus [10] and in the Cestodes Moniezia expansa
[11], Hy lepis microst: [12], Echinococcus gran-
ulosus [13], E. mudtilocularis [14] and Taenia crassiceps
[15]. While this suggest that the mechanism is fully
functional, several caveats exist even in the more stud-
ied species, since inefficient or inconsistent transcript
knockdown have been reported, highlighted by variable
levels of gene silencing between parasite developmental
stages and the unsuccessful silencing of target genes in
S. mansoni [16-19] and F. hepatica [6]. Is still not clear
if these variations could be related to difference in the
accessibility of interfering molecules among developmen-
tal stages and/or variations in the RNAi silencing pathway
trough the development. Therefore, measuring the expres-
sion levels of factors involved in RNAI in different stages
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would be relevant for the optimization of this functional
approach. However, the lack of information regarding the
genes involved in the RNAI pathway has been a limiting
obstacle for this goal.

While the information on RNAi pathways in flatworms
is fragmentary, several reports have detected the presence
of microRNAs (miRNAs) in almost all the flatworm line-
ages [20-33]. MicroRNAs are relevant post-transcriptional
regulators of gene expression conserved throughout all
metazoa and plants [34]. Regulation mediated by miRNAs
has been described in diverse biological processes including
metabolism, cell development and differentiation, DNA
methylation, chromatin modifications, neurological devel-
opment, immune response, defense against viral infections,
and cancer [35]. However, recent reports have shown a
reduced miRNA complement in flatworms with signifi-
cant sequence divergence in conserved families [23, 26],
highlighting peculiarities of flatworm small RNA pathways.

The piRNA pathway is a small RNA mediated mech-
anism involved in the silencing of transposable elements
in germline cells and hence, maintaining the genome
stability [36]. While canonical 30-32 nt small RNAs typ-
ical of Piwi associated were detected in early studies in
planarias [37-39], and later in M. lignano [22], they
haven’t been found in the major parasitic flatworms.
Consistent with this absence early studies seeking the
PIWI-like protein in the model trematodes failed, lead-
ing to the question of how these organisms maintain
their genome stability throughout generations [40].

Despite increasing evidence supporting the conservation
of functional small RNA pathways in flatworms, they are
still poorly described in most of the platyhelminth species.
Reports comparing small RNA pathways among flat-
worms generally focus on the two main proteins, Dicer
and Argonaute [40-42], while more comprehensive sur-
veys of factors are limited to the analyses of one species at
a time (22, 31, 43]. Given the scarce knowledge of the fac-
tors involved in small RNA pathways in platyhelminthes,
we employed well-characterized biogenesis pathways of
small non-coding RNAs in the model organism Caenor-
habditis elegans to conduct a bioinformatic search in flat-
worms with available transcriptomic/genomic data.

Results and discussion

The availability of 25 flatworm genome sequences, ranging
from free living to parasitic monogenan, digenean and
cestode lineages (Table 1) offer a good opportunity to
compare and complete the still fragmentary knowledge of
the small non-coding RNA pathways in platyhelminthes.
Since the best described small non-coding RNA pathways
are from C. elegans, we used a curated complete set of
these factors as queries for comparisons (complete list in
Additional file 1: Table S1).

Page 2 of 16

We observed that while the core of the pathways are
generally conserved, several factors are absent in flatworms
and/or have diverged to a degree that are unrecognizable
on the primary sequence level, as described in the follow-
ing sections. Is worth to mention here that genome anno-
tation quality varies between different flatworm species,
and for that reason we did not rely only on predicted pro-
teomes for the study, since this might lead to misreporting
unannotated or fragmented models as gene losses or gains.
To avoid this issue we also performed full genomic
searches and corrected gene annotations based on these re-
sults, extending partial genes or fully annotating putative
novel ones (see Methods).

Core ribonuclease Il factors are differentially distributed
in flatworms

The cleavage of long double stranded RNAs (dsRNA) by
ribonuclease 11l enzymes is a key step in the biogenesis
of small non-coding RNAs. Dicer (Dcr) belongs to this
group of ribonucleases and process dsRNA into 22-23 nt
RNAs with two-nucleotide 3° overhangs that are recog-
nized by Argonaute proteins [44]. Similarly, the nuclear
protein Drosha (Drsh-1), involved in the generation of
miRNA precursors, belongs to this group of ribonucle-
ases. A complete conservation of drsit-1 gene in all ana-
lyzed flatworms was observed, consistent with its central
role in miRNA biogenesis (Fig. 1). While a single drsh-1
gene has been described, two subfamilies of Dicer has
been identified; a canonical Der-1 conserved in all meta-
zoans, and a second subfamily, Dcr-2 present only in
some species of invertebrates [41]. In C. elegans, there is
an orthologue of Dcr-1, while in D. melanogaster there
are orthologues of both subfamilies [41]. Expectedly, we
found Dcr-1 conserved in all the flatworms analyzed,
but also detected orthologues of Dcr-2 in all flatworms
(Fig. 1). Interestingly, two copies of dcr-2 genes were
identified in all trematodes with the exception of the
blood flukes (Additional file 1: Table S2). Dcr-2 and the
second copy named Dcr-3, probably originated by an
inverted duplication in a common ancestor of Fascioli-
dae and Opistorchidae (Additional file 2: Figure S1). To
gain further insight into the organization of this family
we analyzed the presence of functional domains. Flatworm
Drsh-1 proteins showed two putative Ribonuclease I1I do-
mains, a dsRNA-binding domain and N-termini rich in
proline, serine and arginine residues (Fig. 1). On the other
hand, variability in the organization of functional domains
of Der-1 and Der-2 subfamilies has been reported [41].
The canonical Dcr-1 protein is characterized by an N-
terminal DEAD/H-box helicase, a PAZ domain, two
Ribonuclease 11l domains, and dsRNA-binding domain
at the Carboxyl-end [44]. The predicted flatworm Dcr-1
proteins generally lack most amino terminal helicase
domains conserving the remaining structure. While
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Table 1 Analyzed species
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CLASS ORDER FAMILY SPECIES GENOME SIZE  GENE COUNT  BIOPROJECT 1D
RHABDITOPHORA  Macrostomida Macrostomidae Macrostormum fignano (MIi) 1040 60,534 PRINAZ84736
Tricladida Dugesidae Schrmidtea meditercanea {Sme) 900 29850 PRINAT 2585
MONOGENEA Monopisthocotylea  Gyrodactylidae Gyrodactylus salaris (Gsa) 67 15436 PRINAZ44375
Polyopisthocotylea  Polystomatidae Protopolystoma xenopodis (Pxe) 617 37906 PRIEBT201
TREMATODA Opistorchida Opistorchiidae Clonorchis sinensis (Csi) 547 13634 PRIDA7278T
Opistorchis vivermnnl (Ow) 634 16356 PRINA222628
Echinostomida Echinostomatidae  Echinastoma caproni (Eca) 834 18607 PRIEBT 207
Fasciolidae Fasciola hepatica (FHC) 1139 15,739 PRINAT 78522
Fasciolo hepatica (FHL) 1275 22676 PRIEB6EST
Strigeidida Schistosomatidae  Trichobitharzia regenti (Tre) 702 22,185 PRIEB4662
Schistosoma haemorobium (Sha) 385 13073 PRINAZ8265
Schistosoma japonicum (5ja) 398 12,738 PRIEA34855
Schistosoma mansoni (Sma) 362 10,772 PRIEA36577
CESTODA Cyclophyllidea Hymenolepididae  Hymenolepis diminuta (Hdi) 166 11271 PRIEBSO7
Hymenalepis microstoma (Hmi) 141 12,368 PRIEBT24
Hymenalepis nana {Hna) 163 13,777 PRIEBSOS
Taeniidae Echinococcus granulosus (Egr) 114 10,245 PRIEBI2T
Echinococeus multilocularts (Emu) 114 10663 PRIEBTZZ
Taenia asiatica (Tas) 136 10,331 PRIEBS32
Taenia solium (Tso) 122 12,481 PRINAT 70813
Hydatigera taenioeformis (Hta) 104 11,649 PRIEBS34
Mesccestoididae Mesocestoides cortl (Mco) 17 10614 PRIEBS10
Diphyllobotridea Diphyllobathridae  Diphyliobothrium latum (Dla) 531 19,966 PRIEBT 206
Schistocephalus solidus (Sso) 539 20228 PRIEBS27
Spirometra eninaceieuropael (Ser) 1259 39,557 PRIEBT 202
Species abb ion are indi d b brack sizes (in Mb)

Dcr-2 proteins of insects present the conserved domain,
this is drastically reduced in flatworms. In cestodes both
the PAZ domain and the C-terminal dsRNA binding do-
main are absent. An even shorter Dcr-2 is present in
trematodes, with only two RNAse Il domains. A PAZ
domain was also identified in schistosomes and in C.
sinensis, suggesting the presence of highly divergent
domains in the remaining trematodes. The presence of
divergent Dcr-2 in flatworms, and Der-3 in Fasciolidae
and Opistorchidae may indicate functional redundancy
or different roles for both proteins. Available transcrip-
tomic data from S, mansoni and F. hepatica shows that
all these variants are expressed among different develop-
mental stages; particularly, F. hepatica dcr-3 is predomin-
antly expressed in eggs (Additional file 2: Figure S1).

In D. melanogaster Dcr-1 and Dcr-2 proteins have
evolved different roles, Dcr-1 processes pre-miRNA, ie.
miRNA precursor molecules, while Dcr-2 processes
dsRNA in the RNAi pathway [45]. Dcr-1 would preferen-
tially bind and process non-complementary stretches of
dsRNA, characteristic of miRNAs, while Decr-2 requires

perfect complementarity between the dsRNA and target
mRNA [46]. Due to the conservation of both subfamilies
is tempting to hypothesize that a similar phenomenon
may be occurring in flatworms, however this hypothesis
awaits to be demonstrated.

Parasitic flatworms have two groups of Argonaute, while
planarians have three
Argonaute proteins are essential for gene regulatory
mechanisms mediated by small RNAs. The Argonaute
(Ago) genes have been classified into four paralogous
groups: (1) Argonaute-like (Ago-like) proteins, similar to
Arabidopsis thaliana Agol; (2) Piwi-like proteins, closely
related to D. melanogaster PIWI; (3) a specific group
identified in C. elegans called group 3 [47, 48], reported
to be conserved in nematodes [49]; and (4) a cluster of
proteins flatworm-specific recently identified and named
cluster 1 by Zheng [42] and cluster 4 by Skinner [40].

In agreement with previous reports, our exhaustive
homology search among diverse flatworms showed mul-
tiple hits in all species ranging from 3 in cestodes to
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Fig. 1 A maximum likelihood tree of Ribonuclease Il subfamilies. SH-like approximate likelihood ratios are indicated, values below 04 are not
shown, Conserved protein domains were predicted with HMMScan. Der-2 (red arch) has missing domains in trematodes compared to cestades,
monogeneans and planarians Dicer-2 are duplicated in Fasciolidae and Opisthorchiidae but not in blood flukes, the genes preduct of duplication
were named Dicer-3 (yellow arch). Species abbreviation are indicated in Table 1

more than a dozen in free-living species. A more de-
tailed phylogenetic analysis aided by structure determin-
ation allowed us to further classify these hits.

We found single orthologues of the canonical Ago
subfamiliy in most parasitic flatworms, and an expansion
in free living species. While S. mediterranea showed tree
paralogues, in M. lignano thirteen paralogous sequences
were detected (Fig. 2, Additional file 1: Table S3); this
massive amplification seem consistent with the suspected
tetraploidy of M. lignano [50].

Besides this, the monogenan G. salaris showed two
inverted paralogous genes adjacent on the same contig
suggest a recent duplication. Also in F. hepatica two
paralogues were detected by genomic scanning, one of
them unannotated in both genome assemblies available
(Fig. 2, Additional file 1: Table S3). However, this novel

unannotated gene has an unusual gene structure and is
poorly expressed, suggesting that it might correspond to
a pseudogene.

Interestingly, the domain architecture of these Ago-like
proteins is very conserved from vertebrate to flatworms,
i.e. an N-terminal domain followed by a linker 1 domain,
the PAZ domain, which is important for the small RNA
association along with the PIWI domain [48], a linker 2
domain, followed by the mid domain and PIWI, the cata-
Iytic domain (Fig. 2).

The PIWI-like proteins are core factors of the piRNA
pathway involved in transposable elements (TE) silen-
cing, and hence, maintaining the genome stability in
germline cells [36]. This group was first reported in S.
mediterranea |37, 38] and Dugesia japonica [39), and
more recently in M. lignano [22]. According to these
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Fig. 2 A maximum likelihood tree of Argonautes, SH-like approximate likelihood ratios are indicated, values below 0.4 are not shown. Congerved
protein domains were predicted with HMMScan, Green branches indicate the expansion of canonical Ago-like (yellow arch) in M. fignano. Blue
branches and red branches indicate of PIWIHike (brawn arch) in 5. mediterranea and M. fignana, respectively. FL-Agos are indicated with the red

early observations, we detected Piwi-like genes only in tur-
bellarians, with a notable amplification in the genomes of
both free-living species (Fig. 2, Additional file 1: Table S3).
Again, the distribution of copies in M. lignano show amp-
lification rounds consistent with tetraploidy. Surprisingly,
structure of PIWI-like proteins from free-living flatworms
showed some variations, while most S. mediterranea
PIWIs have the linker 2 domain besides the PAZ and
PIWT domains, M. lignano's have the linker 1 and mid do-
mains instead (Fig. 2). The apparently loss of PIW1I-like
genes during the evolution of parasitic platyhelminthes
led to the question of how these organisms maintain their
genome stability throughout generations [40].

While the presence of flatworm-specific Agos have
been previously noticed in model species [40, 42], we
now found that this group of flatworm-specific Agos
(named FL-Ago by us), is actually amplified, being

represented by two or three paralogous genes identified
in each of the parasitic species (Fig. 2, Additional file 1:
Table S3). The phylogenetic analysis suggests that inde-
pendent duplications within the FL-Ago have occurred
in both trematodes and cestodes. We used HMMScan
and MEME to inspect FL-Agos domains finding that in
most of them the mid domain was missing. The mid do-
main intervenes in the anchor of the 5° phosphate of
siRNA or miRNA and contains a cap-binding region that
is required for efficient regulation of translation [48].
Additionally, the transcriptomic data of S. mansoni, F.
hepatica and E. granmulosus showed that FL-Agos were
being expressed in several stages (Additional file 3:
Figure S2). Even though we can speculate that the
function of FL-Agos might be relevant it remains un-
known. However, Cai et al. [51] sequenced the popula-
tion of small RNA associated to Ago2 of S. japonicum,

Doctorado en Ciencias Bioldgicas | Santiago Fontenla

114



Fontenla et al. BMC Evolutionary Biology (2017)17:215

detecting 19-22 nt endo-siRNA derived from TE.
These results suggested that Sj.Ago2 might be a func-
tional homologue of the D. melanogaster Ago2 in the
short-interfering RNA (siRNA) pathway suppressing
active TE in both the somatic and germline cells [40].
Considering that in all flatworm lineages different Ago
proteins are amplified is tempting to speculate that
they might represent diverse adaptations to cope with
similar phenomena.

Most proteins of the miRNA pathway are conserved in
flatworms

Pri-microRNAs are transcribed by RNApol II and proc-
essed into 60-100 nucleotides long pre-miRNA by the
RNase III Drosha and its partner Pasha in a complex
named microprocessor [52]. We confirmed that Drosha
and Pasha are conserved in all the flatworm analyzed
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(Fig. 3, Additional file 1: Table S4). In addition, we iden-
tified orthologous genes of the transmembrane channel
Xpo-1 that transports pre-miRNAs into the cytoplasm
in C. elegans [53]. In vertebrates and flies Exp-5, that
connects the nucleoplasm with the cytoplasm, is in-
volved in the miRNA pathway; however, in nematodes
no Exp-5 orthologue has been identified and it has been
hypothesized that Xpo-1 replaces its function [53, 54].
An orthologue of Exp-5 has already been described in S.
mansoni [43] and we detected orthologues in other flat-
worms by using SmExp-5 as query in tBLASTn search
(Additional file 1: Table S4). In C. elegans, Dcr-1 further
process pre-miRNAs into a ~ 22 nt RNA duplex [55]. In
D. melanogaster, however, Dcr-1 requires Loquacious
(Logs), a dsRNA-binding protein, for pre-miRNA pro-
cessing [45). Logs orthologues were identified in most of
flatworm species analyzed (Additional file 1: Table S4),

of factors {"Protein Function Code® box)

Effector response Y'Y 'Y

Fig. 3 MicroRNA pathway genes detected in flatworms. Pri-microRNA is transcribed in the nucleus by RNA polymerase Il and processed into
pre-microRNA by Pasha and Drosha (the microprocessor compiex). Pre-miRNA is exported to the cytoplasm by the transmembrane protein
Xpol where is processed by Dicer into a 21 ~ nucleotides dsRNA. Ago1/2 removes the passenger strand from the mature miRNA. The miRNA
with Agol and other factors assaciated to the miRISC complex will anneal the target mRNA with 100% complementarity to the seed region
{nucleotides 2-8 of miRNA) blocking the translation and sequestering the mRNA to the P-body. Factors involved in the microRNA pathway
with homologeus genes detected in flatworms are indicated ("Flatworm Distribution Code” box). A ‘shape’ code was used to indicate predicted function

Doctorado en Ciencias Bioldgicas | Santiago Fontenla

115



Fontenla et al. BMC Evolutionary Biology (2017)17:215

suggesting that this protein may be relevant for RNAi
processing in flatworms.

Argonaute gene products (ALG-1 or ALG-2 in
C.elegans, Agol in D. melanogaster) recognize short RNA
duplexes, cleaving the passenger strand from the mature
miRNA. The Ago protein in tandem with the miRNA
and other associated factors form the miRNA Induced
Silencing Complex (miRISC) that lead to the degradation
of target mRNAs [55].

GW182 Is conserved in free living M. lignano and
divergent in parasitic parasites

GW182 is one of the most critical miRISC factors. In D,
melanogaster, Gawky (GW182 orthologue) contributes
to translation repression and ‘label’ the target mRNA for
decay via deadenylation and decapping [56]. Moreover,
knock-down of GW182 resulted in the suppression of
mRNA silencing mediated by miRNA with no effect on
the expression levels of corresponding miRNAs or Argo-
naute protein [57]. GW182 family members share a
common domain characterized by a central ubiquitin
associated-like domain (UBA) and C-terminal RNA rec-
ognition motif (RRM). These domains are embedded in
regions predicted to be unstructured that include three
blocks of glycine-tryptophan repeats (the N-, middle-
and C-terminal GW-repeats), and a glutamine-rich (Q
rich) region located between the UBA and the RRM do-
mains, that are difficult to retrieve by simple homology
searches (Fig. 4) (reviewed at [57]). On the other hand,
two proteins (AIN-1 and AIN-2) with a low number of
GW-repeats but no Q-rich region or UBA and RRM
domains has been described in C. elegans. This lack of
common domain architecture suggests that AIN-1 and
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AIN-2 may not be members of the GW182 protein
family, but rather represent functional analogs [57].

AIN-1 and AIN-2 from C. elegans, Gawky from D.
melanogaster, and a GW182 family member recently
reported in Crassostrea gigas [58], were employed as
queries to interrogate the flatworm genomes in Worm-
base parasite. Hits were only identified in the genome of
M. lignano using the C. gigas sequence, probably due to
closer evolutionary distance between these species. The
M. lignano sequence was predicted to contain UBA and
RRM domains like the GW 182 family member. Despite
the unstructured nature of GW182 family members,
outside UBA and RRM domains there are two short but
well conserved motifs in the Ago-binding domain and
the silencing domain (Fig. 4) [57]. Using MEME suite,
motifs were found to be partially conserved in M. lig-
nano sequence (Fig. 4). In addition, we found a Q-rich
region with 22.7% of glutamine residues between the
UBA domain and the conserved motif of silencing do-
main as previously described for the Gawky sequence
(Fig. 4). This suggests that the free living M. lignano has
at least one GW182 family member. Next, we used this
M. lignano putative GWI182 as bait to search by
tBLASTn in the genomes of other flatworms, finding
several hits with different confidence, mainly in proteins
with unknown function (Additional file 1: Table S4).
MEME search on these putative GW182 orthologues
identified the presence of dispersed sequence conserva-
tion (Additional file 4: Figure S3). Experimental valid-
ation of the role of the putative GW182 is now needed
to confirm its essentiality in miRNA-driven gene silen-
cing and the interaction with the miRISC complex in
flatworms,
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Fig. 4 Conserved regions in M. ignano GW182 family member. GW182 interacts with Ago and label’ mRNAs for decay, A GW182 family member
has two protein domains; a central Ubiquitin domain (UBA), and a RNA recognition motif {RRM), and unstructured regions in between domains,
The N-termini region (N-GW) binds to Ago, and the middle (M-GW) and carboxi-terminal region (C-GW) mediate the decay. Each of these regions
consists on a variable number of GW repeats (number between brackets). Additionally, there is a low complex regicn rich in glutamine (Q-rich)
between UBA domain and M-GW regicn. There are two highly conserved sequences in N-GW (yeliow box) and M-GW (green box) regions that
we found to be conserved in M. lignane sequence
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Other miRISC factors are moderately conserved in
flatworms

Besides the factors analysed above, other proteins have
been described in the miRISC, mainly RNA binding
proteins [55, 59, 60]. Homologues genes of TSN-1
and VIG-1 were identified in almost all flatworms
(Additional file 1: Table S4). We confirmed the presence
of an orthologue to Fragile X Retardation factor (FXR)
involved in miRNA silencing in mammals previously
reported in S. mansoni [43]. On the other hand, no RNA
binding protein GLD-1 orthologues were identified in our
survey; however, we detected orthologue proteins for
ASD-2, a paralog of GLD-1 in C. elegans, which might
be a functional homolog in flatworms.

The exoRNA interference is functional in flatworms

The RNAi pathway discovered at the dawn of the century
in C. elegans, is now known as the exo-RNAi pathway
(Fig. 5). The mechanism is triggered when a long dsRNA
molecule is internalized by the cell by a transmembrane
channel protein called SID-1 [61]. Other transmembrane
coding genes paralogous to SID-1 in C. elegans have been
described; CHUP-1, Y37H2C1 and CO08A9.3. However,
none of them seem to be involved in RNAi, CHUP-1 in
particular, is expressed mainly in the intestine and the
terminal bulb of the pharynx where is involved in the
internalization of cholesterol [62]. Interestingly, in a
pairwise distance matrix of aligned sequences we
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observed that platyhelminthes, insects and vertebrates
SID-1 homologues {named Sid-like by [63]) are closely
related to CHUP-1 than to SID-1. Thus, platyhelmin-
thes, insects and vertebrates SID-like transporters might
instead be orthologous of C. elegans CHUP-1 [63]. It has
been recently reported that like C. elegans SID-1, verte-
brates SID-like binds to dsRNA through its extracellular
domain [64] suggesting that the role of SID-1 might be
exerted by SID-like proteins in other organisms.

Other key transmembrane protein involved in dsRNA
uptake in C. elegans is SID-2. Interestingly, SID-2 is re-
quired for RNAI delivered by dsRNA soaking or feeding
(environmental RNAI), but not for systemic RNAi. The
protein is mainly expressed in the apical intestinal mem-
brane where in coordination with SID-1 internalizes the
interfering molecules [65]. Even though RNAI by soaking
has been proven to be functional in platyhelminthes
[5, 9, 16], we did not detected orthologues of SID-2 in
flatworms. Therefore, it is possible that the role of
SID-2 has been substituted by other proteins that en-
able the preliminary uptake of dsRNA like SID-1 [65].

In C. elegans, the dsRNA is first recognized by the
dsRNA-binding protein RDE-4 and presented to DCR
for processing in the cytoplasm [66]. RDE-4 is conserved
only in some nematode species [16, 49], hence, ortholo-
gues of R2D2, the functional homologous of RDE-4
reported in D. melanogaster [67], were searched. No
proteins similar to RDE-4 or R2D2 were identified in

exo-RNA interference pathway

Fig. 5 Exagenous RNA interference pathway genes detected in flatworms, An exogenous double-stranded RNA is internalized by transmembrane
channels SID-1. In the cytoplasm the dsRNA is recognized by RDE4 (an orthologous of R2D2 described in 0. melanogaster), this promotes the
formation of the DICER complex that pracess the long dsRNA into 22 nucleotides long dsRNA. The Argonaute protein RDE1 (homologous to
Ago2 in 0. melanogaster) further process the dsRNA releasing matures siRNA that together with other factors form the effector complex siRISC
mRNAs targeted by siRISC are degraded, XRN1 has 53’ exonuclease activity and intervenes In this process. Mut-7 and RDE-2 act downstream of RDE-1
and RDE4 and are required for siRNA accumulation. Exagenous BNAI pathway factors with hemologous genes detected in flanvorms are indicated

{(*Flatworm Distribution Cede” box). A shape code was used 1o indicate predicted function of factors ("Protein Function Code® box)
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Fig. 6 Endogenous RNA interference pathway genes detectad in flatworms, The non-coding RNA (ncRNA) containing a dsRNA region is transcribed in
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flatworms, an intriguing observation considering its crit-
ical role in the generation of siRNAs [68]. However,
since RNAi has proven to be functional in several flat-
worms, an alternative pathway or other yet uncharacter-
ized mediators might be operating in these organisms.

In addition to Dcr and Ago genes, we identified puta-
tive homologs of DRH-1, a DExH-box helicase protein
associated to Der and XRN-1, a 5'-to-3" exonuclase that
degrades the mRNA targeted by the RISC complex
(Fig. 5) (Additional file 1: Table S5).

No homologs of Mut-7 and RDE-2 in flatworms were
detected; these factors are involved in a protein complex
in C. elegans, required for downstream events in the
RNAi not well understood [69]. In addition, Mut-7
orthologues were described in D. melanogaster and H.
sapiens [70].Therefore, we used Nbr (the orthologue of
Mut-7 in D. melanogaster) as query to search by tBLASTn
on the flatworm genomes. Only M. lignano showed three
genomic regions with high similarity (43.3% on average),
two of them with annotated genes. These genes were used
as bait to test the other flatworm genomes with no hits
identified. Therefore, it is possible that Mut-7 homologs
has been lost in the evolution of flatworms or a high evo-
lution rate within the flatworm phylogeny made them

undetectable by our method. RDE-2, on the other hand,
has only been detected in C. elegans and other Caenor-
habditis species [49, 71]. We can speculate that either the
role of this complex is not crucial in flatworms or that
there are other non-evolutionary related factors playing a
similar role.

The endo-RNAi pathway is reduced in parasitic flatworms
In C. elegans, in addition to exo-siRNA, a endo-RNAi
pathway triggered by endogenous dsRNAs derived from
overlapping genes, long hairpins, and TE in the germ-
line, has been reported [72, 73]. The primary transcripts
are processed by the Enhancer of RNA Interference
(ERI) complex formed by Dcr-1, DRH-3, ERI-1, ERI-3,
ERI-5, ERI-6, ERI-7 and RRF-3, a RNA-dependent RNA
polymerase (RARP) [73-75]. The suppression of the ERI
factors increased the RNAI effect triggered by exogenous
dsRNA [76, 77], suggesting that the exogenous and en-
dogenous RNAI pathways shared common factors (74, 78].

In flatworms, we only detected the presence of ERI-1,
a ribonuclease with an 3°-5" exonuclease domain (Fig. 6).
Interestingly, ERI-1 putative orthologues were lost in
the teanid and hymenolepid cyclophilidean cestodes,
while still present in M. corti. In addition, in the

118



Fontenla et al. BMC Evolutionary Biology (2017)17:215

Diphyllobothriidae order only D. latum seem to have
lost this gene (Additional file 1: Table S6). On the
other hand, we detected homologue sequences of
R0O2D3.8, a paralogous of ERI-1, in almost all platyhel-
minthes, including the species lacking an ERI-1 ortholo-
gue (Additional file 1: Table S6). It is possible that in
cestode species lacking ERI-1 its function has been
substituted by homologs of RO2D3.8. In any case, experi-
mental evidences are needed to prove this hypothesis,
While we were unable to detect any other member of the
ERI group in parasitic flatworms, putative orthologues of
NTP hydrolase ERI-7, are found in the free living species
M. lignano and the planarian S. mediterranea. As happens
with other factors already described, M. lignano, has three
predicted genes with high homology to RRF-3, ie. the
RdRP of the endo-RNAI, and like the ERI factors, it has
been reported that the silencing of RRF-3 increased the
effect of exo-RNAI [79].

The RNAi amplification pathway is functional in M.
lignano

In addition to the primary silencing, a pathway that
amplifies the interfering signal has been reported in C.
elegans [55]. RNA dependent RNA Polymerases (RARP)
that polymerase dsRNA using the target mRNA bonded
to the siRNA as template are protagonists in this path-
way. The amplification pathway is not conserved in
metazoans, being absent in insects and mammals [70].

Among the thirteen C.elegans factors involved in the
amplification pathway, we identified PIR-1, SMG-2
and SMG-6 conserved in flatworms, but no RDE-3
orthologues were detected. However, we did find hom-
ologous sequences to its paralogous gene GLD-2
(Fig. 7a, Additional file 1: Table S7).

In addition, four RARPs were identified in M. lignano,
one of them with high homology to EGO-1, which plays
a critical role in the adult germline exo-RNAi pathway
[80]. To detect low conserved homologs of RdRPs in
other flatworms, we used M. lignano genes as queries in
tBLASTn searches; however, no evident homologs were
detected.

RdRPs are conserved in early branches of the tree of
life, i.e. plants, fungi, yeast and nematodes [49, 81]
Therefore, the possibility that M. lignano RdRPs derived
from contaminants such as virus, fungi or yeast cannot
be ruled out. However, a phylogenetic analysis that in-
cluded virus, fungi, yeast, plant, C. elegans and M. lignano
RARPs strongly suggested that the M. lignano genes are
coded by the nuclear genome (Additional file 5: Figure S4).

M. lignano has a basal place in the evolution of platyhel-
minthes [82]. The absence of RARP genes in other flat-
worms may be due to the acquisition of other amplification
mechanism or functional RARP homologs. In humans, for
example, the telomerase reverse transcriptase (TERT) show
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RARP activity by using a snoRNA as RNA template, add-
itionally, the dsRNAs produced by this TERT are processed
by Dicer, and drive the silencing of the target RNA [83].
However, RARPs family might display a high divergence at
the protein sequence in platyhelminthes, not allowing their
detection by blast search.

Additionally, we detected genes involved in the persist-
ence of RNAL This persistence depends on SMG genes
2-, 5- and 6-, possibly by facilitating the amplification of
the RNAi signal [84] (Fig. 7a, Additional file 1: Table S7).

Spreading of RNAi

In C. elegans, the cell-to-cell spread of the interfering
signal has been reported, allowing a systemic silencing
via endo/exo-RNAi pathways [55]. This phenomenon
depends on SID-1 and the products of the RSD (from
RNA spreading deficient) genes -2, -3 and -6. Mutants
for RSD-2, RSD-3 and RSD-6 still retain the systemic
RNAi in somatic cells, but are unable to further spread
dsRNAs to the germline [85]. In C.elegans RSD-2, a pro-
tein with no predicted domains interacts with RSD-6, a
Tudor domain containing protein. RSD-3 encodes an
epsin N-terminal homology (ENTH) domain, suggesting
that RSD-3 may play a role in the traffic of vesicles dur-
ing systemic RNAI [85].

In flatworms, among all the factors of this pathway
only homologous genes of RSD-3 were identified (Fig. 7b,
Additional file 1: Table S8), suggesting that the RSD-2/
RSD-6 system is either not conserved, or is too divergent
to be detected by our method. Interestingly, similar results
have been reported in insects [63], consistent with the ob-
servation that systemic RNAi is not possible in D. melano-
gaster. The demonstration of RNAI silencing by feeding in
planaria [86] supports the existence of a functional
spreading mechanism at least in this free living flatworm.
No reports of similar feeding approaches have been re-
ported so far in parasitic flatworms, so is not clear if
spreading is limited to planaria or extended to all flat-
worms. In any case, efforts to unravel the players in RNAi
spreading in planaria are warranted.

Chromatin remodeling mediated by siRNA is possible

In addition to the cytoplasmic RNAi, in C. elegans
mRNAs are silenced within the nucleus. NRDE-3, an
Ago protein, binds to secondary siRNAs in the cyto-
plasm, transports them into the nucleus, and interacts
with nascent transcripts in an siRNA-dependent manner
[87]. We did not detected specific orthologues of NRDE-
3 in flatworms; however, it is possible that the role of
NRDE-3 is played by any of the other Agos detected in
flatworms, including the flatworm-specific Agos. On the
other hand, the absence of a canonical amplification
pathway in all flatworms with the only exception of M.
lignano, suggests that secondary siRNA might not be
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produced and consequently co-transcriptional silencing
might not be operational in parasitic species.

It has been shown that RNAI also induces transcrip-
tional gene silencing by modifying the chromatin struc-
ture [71]. If the targeted genes are expressed in the
germline the silencing signal can be transmitted epige-
netically to the next generations [71]. Interestingly here
as well, a differential distribution was observed. Seven
genes were conserved across flatworms, including GFL-1,
the ATP-dependent DEAD/H box RNA helicase RHA-1,
the metyl transferase PRMT-5, the heterochromatic

protein HPL-1, the chromodomain containing protein
MRG-1 and the polycomb complex proteins MES-2
and MES-6 (Fig. 7c, Additional file 1: Table $9). Only
MES-3, a member of the polycomb complex, was not
detected in flatworms, but it has been reported that
MES-3 is a novel acquisition of nematodes and is not
conserved in D. melanogaster, which only have functional
homologs of MES-2 and MES-6 [88]. Remarkably, the
zinc finger protein ZPF-1 was detected only in free living
species and trematodes, being absent in cestodes. How-
ever, three paralogous genes of ZPF1 exist (PHF-14,
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PHF-15 and LIN-49 in Additional file 1;: Table S9), be-
ing all of them present in flatworms, suggesting that
the function might be conserved.

Absence of a canonical PIWI pathway in parasitic flatworms
The methylase HEN-1, implicated in the siRNAs and
piRNA associated to PIWI-like Argonautes [89] is only
detected in M. lignano and S. mediterranea consistent
with the exclusive presence of PIWI-like Agos in free
living flatworms (Additional file 1: Table S9).

The absence of Vasa, another key factor of piRNA
pathway [40] and the lack of piRNA in small RNA se-
quencing data of parasitic platyhelminthes (Table 1) sup-
port the hypothesis of an evolutionary loss of piRNAs in
parasitic flatworms. However, it has been reported that
FL-Ago-2 and PL10 (a homolog of Vasa) transcripts are
enriched in germline cells of S. mansoni [90], and as we
mentioned above, FL-Ago-2 may be involved in TE
silencing, suggesting that parasitic flatworms might have
an alternative pathway to the PIWI pathway. In any case,
other approaches as functional genomics analyses employ-
ing RNAI and transgenesis to define pathways and enzymes
that participate in silencing of TEs and immunoprecipita-
tions to characterize binding partners are needed to further
decipher this enigma,

Conclusions

Our data indicate that in all analyzed species most of the
small RNA pathways are conserved, providing a strong
bioinformatic evidence that gene-silencing mediated by
RNAi and endogenous gene expression regulation medi-
ated by small RNAs is possible in all the members of the
phylum. While in parasitic flatworms there is a marked
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reduction in the repertoire of small RNA pathway fac-
tors, in S. mediterranea reduction is less pronounced
and even lesser in M. lignano where a putative amplifica-
tion pathway of siRNAs was identified (Fig. 8).

A general phenomenon of simplification has occurred in
flatworms, especially in parasitic species [91-93]. We found
that the losses of metabolic pathways are differential and re-
lated to the environment in the invaded tissue. In addition,
a reduction in the set of flatworm miRNAs, greater in para-
sitic species compared to free-living organisms [23, 26,
might suggest that the absence of miRNA families could be
related to the loss of target mRNAs. This process of loss of
redundancy in the biological system appears very early in
the evolution of parasitic flatworms and is still unclear if it
represents an adaptation to parasitism or is an ancestral
characteristic shared between the Neodermata (as proposed
by Hahn et al. [93]). However, it is tempting to hypothesize
that, in the case of small RNAs, factors with similar func-
tion have been removed of the genomes of parasitic flat-
worms, while remaining factors could display multi-role in
different pathways. This reduction in the small RNA ma-
chinery could affect the biogenesis of some small RNA, and
could be related to the reported pronounced loss of
miRNAs in the Neodermata species [23, 26].

On the other hand, we detected flatworm specific ampli-
fications and variants. We found that Der-2 is structurally
different in trematodes and that is duplicated in Opis-
torchidae and Fasciolidae. In addition, a flatworm specific
group of argonaute proteins (FL-Agos) exist, being ex-
panded independently in the diverse linages (Fig. 8). The
relevance of these novelties are currently unknown, stud-
ies that combine both in silico and experimental ap-
proaches are needed to unravel their function.
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Here we used a strict homology search method against
genomes that are in most cases in a draft stage. We did
not rely only in current annotation (since this might be
partial or incorrect for many species) adding a whole
genome homology search to confirm the putative absences.
We are quite confident that this combined approach
provide a good picture of the main aspects of small RNA
pathways in flatworms, Other in silico approaches like PSI-
BLAST search [94], a method for low-homology structural
search [95] or transitive homology approaches [96] can be
used in the future to search for more divergent sequences.

Additionally, experimental approaches are needed to
confirm some of the results reported here and to detect
novel factors that could be developed uniquely in flat-
worms. Functional genomics utilizing RNAi [5], trans-
genesis [97, 98], and more recently genome-editing by
CRISPR-Cas9 [99] would help to define the function of
some of the factors reported here, while immunoprecipi-
tation assays could be used in the identification of novel
factors [100].

In any case, we believe that the results reported here
are relevant not only to shine a light on the basic biology
and gene regulation mechanisms in these organisms, but
also to optimize the RNAI as functional genomic tool for
parasitic worms, agents of neglected tropical diseases
affecting hundreds of million people worldwide.

Methods

Identification of small RNA pathways proteins and
generation of local repository

Sixty-one proteins involved in small non-coding RNA
pathways in C. elegans were identified from the literature
(Additional file 1: Table S1), and the sequences were
downloaded from wormbase (www.wormbase.org, release
WS244). A local repository with the genomes and pro-
teomes of 8 species of Trematodes, 12 species of Cestodes,
2 Monogeneans and 2 Turbelaria was generated (Table 1).
The data was downloaded from Wormbase Parasite (http://
parasite.wormbase.org) and The Gyrodactylus salaris
Genome Project (http://invitro.titan.uio.no/gyrodactylus/).
Results were later corroborated with the new genomic
annotations published in Wormbase Parasite release 8.

Homologous search with BLAST
The protein sequences of all C. elegans small RNA path-
ways factors were used to interrogate the proteomes of
platyhelminthes using BLASTp [101]. All hits in the platy-
helminthes proteomes with an expected value <1 E-05
were retained and reciprocally BLASTed (using the same
e-value cut-off) to the C. elegans proteome. Only the best
reciprocal hits between flatworms and C. elegans were
retained for further inspection.

When no homologous protein was identified or the re-
trieved gene was incomplete or fragmented, a genomic
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search using tBLASTn was conducted. A careful inspec-
tion of the resulting High-scoring Segment Pairs (HSP)
aligned to the genomes were useful to extend gene an-
notation or to fully annotate putative novel genes. These
were confirmed by reverse tBLASTn to C. elegans. Alter-
natively, if a positive hit was retrieved in some flatworm
species but not in others, these were used as queries for
new genomic and proteomic reciprocal blast searches.
This strategy helped to overcome the disparity on quality
and completeness of genomic assemblies and/or gene
annotation among the genomes deposited in Wormbase
Parasite (http://parasite.wormbase.org/).

Protein domains prediction

To confirm that the identified sequences from platyhel-
minthes were functional homologs of the C. elegans pro-
teins, domains were predicted with HMMScan [102], using
an expected value cut-off of 1 E-03, Only those sequences
with a similar functional profile to the C. elegans protein
were considered as orthologs. However, we consider
flatworm genes to be homologs when reverse BLAST
produced a hit to a paralogous of the gene of C. elegans
involved in the small non-coding RNA pathways, to
avoid confusion these cases are explicitly indicated in
the results section. In cases where protein domains
were not detected with HMMScan, MEME suite [103]
was used to identify conserved amino acidic positions.

Sequence alignment and phylogenetic tree building

Local alignment with MAFFT [104] was used to align the
detected sequences in platyhelminthes with the C. elegans
reference proteins and orthologous detected in other spe-
cies. Alignments were visualized and edited when needed
with BioEdit version 7.25 [105). The alignments were
used to build Maximum Likelihood (ML) phylogenetic
trees with PhyML [106], with statistical branch support
(SH-like). The model used to build the trees was inferred
with Modelgenerator [107]. The trees were visualized with
Evolview [108].
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conserved metif af AGO binding domain was also fourd in all flatworms
{yellow box). Twe additional motifs canserved only among flatwerms
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ANEXO 11

Durante el transcurso de la tesis colabore activamente con otros proyectos en curso del grupo,
los que resultaron en la publicacion de 4 articulos que se incluyen como anexos.

e Genomes of Fasciola hepatica from the Americas Reveal Colonization with Neorickettsia
Endobacteria Related to the Agents of Potomac Horse and Human Sennetsu Fevers.

McNulty, Samantha N., Jose F. Tort, Gabriel Rinaldi, Kerstin Fischer, Bruce A. Rosa, Pablo
Smircich, Santiago Fontenla, Young-Jun Choi, Rahul Tyagi, Kymberlie Hallsworth-Pepin,
Victoria H. Mann, Lakshmi Kammili, Patricia S. Latham, Nicolas Dell'Oca, Fernanda
Dominguez, Carlos Carmona, Peter U. Fischer, Paul J. Brindley, and Makedonka Mitreva.

PLoS Genetics 13 (2017), e1006537.

Este trabajo se realizé como parte de un vinculo de colaboracién que mantiene nuestro
grupo con el grupo de la Dra. Mitreva en la Universidad de Washington (Missouri, USA),
para secuenciar y analizar genomas de FBT. Desde Uruguay aportamos muestras y
participamos en el andlisis de uno de los genomas de referencia de F. hepatica. Entre los
hallazgos principales, describimos diversas adaptaciones como la expansion de familias
génicas relevantes en el proceso de invasion y la reduccion o pérdida de vias metabdlicas
gue podrian estar vinculadas a la adquisicién del modo de vida parasitario. Sin embargo,
nuestro andlisis de gendmica comparada indico que F. hepatica y otros FBT parecen ser

menos restringidos metabdlicamente que schistosomas y cestodos.

A su vez, detectamos una endobacteria asociada a los aislados de F. hepatica de Uruguay y
Oregon, USA. La endobacteria detectada esta cercanamente emparentada al género
Neorickettsia, agente etioldgico de la fiebre Sennetsu en humanos y de Potomac en
caballos. Esta fue la primera descripcién de interaccidn trans-reinos asociada a F. hepatica, y

podria tener implicancias bioldgicas, evolutivas y etiopatogénicas en ambos organismos.
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Adaptive Radiation of the Flukes of the Family Fasciolidae Inferred from Genome-Wide
Comparisons of Key Species

Choi, Young-Jun, Santiago Fontenla, Peter U. Fischer, Thanh Hoa Le, Alicia Costabile, David
Blair, Paul J. Brindley, Jose F. Tort, Miguel M. Cabada, and Makedonka Mitreva.

Molecular Biology and Evolution 37 (2020), 84-99.

Continuando con el vinculo de colaboracién con el grupo de la Dra. Mitreva, publicamos los
ensamblajes de los genomas de F. gigantica y Fasciolopsis buski, y realizamos un analisis de
gendmica comparada entre gusanos de la familia Fasciolidae: F. hepatica, F. gigantica y F.
buski. Entre los resultados mds relevantes reportamos la expansion del tamafio de los
genomas en Fasciola respecto a otros trematodos. Estas expansiones gendmicas no
mostraron estar asociadas a un aumento en el nimero de genes, pero si a un aumento en el
tamarfio de los mismos y ocurrieron, sobre todo, por la acumulacion de elementos
transponibles y secuencias repetidas. Esta acumulacién mostro ser linaje-especifica con la
expansion preferencial de familias de TEs particulares entre los Fasciolidae. Detectamos
expansiones diferenciales de familias génicas como Cistein-Catepsin proteasas, proteinas de
union a acidos grasos, proteinas disulfide-isomerasas y chaperonas moleculares, que
resaltan la importancia de las proteinas excretadas-secretadas para los gusanos hepaticos, y
que parecen estar vinculadas a los mecanismos de invasién y/o al medio ambiente del

6rgano parasitado en el huésped definitivo por cada especie.

Analizamos los tiempos evolutivos de ramificacion de los distintos linajes e inferimos que
podrian asociados a rdpidos eventos de cambio ecolégico o climatico. Este estudio ha
proporcionado nuevos conocimientos sobre la evolucidn del genoma de estos importantes
patégenos, y ha generado recursos gendmicos que permitirdn el desarrollo de mejores

herramientas diagndstico y nuevos farmacos.
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Pleiotropic Alterations in Gene Expression in Latin American Fasciola Hepatica Isolates with
Different Susceptibility to Drugs.

Radio, Santiago, Santiago Fontenla, Victoria Solana, Anna C. Matos Salim, Fldvio Marcos
Gomes Araljo, Pedro Ortiz, Cristian Hoban, Estefan Miranda, Valeria Gayo, Fabiano
Sviatopolk-Mirsky Pais, Hugo Solana, Guilherme Oliveira, Pablo Smircich, and José F. Tort.

Parasites & Vectors 11 (2018), 56.

Este trabajo fue realizado en el marco de un proyecto CABBIO, e involucro a grupos de
Argentina, Brasil, Pert, México y Uruguay. En este estudio apuntamos a la caracterizacién
del transcriptoma de dos aislados Sudamericanos resistentes a drogas para conocer los
mecanismos moleculares putativos subyacentes a la resistencia. Se estudiaron tres aislados,
la cepa Cajamarca aislada de Peru, resistente a triclabendazol y albendazol, y el aislado
Rubino de Uruguay, resistente a albendazol pero sensible a triclabendazol, que fueron
comparadas con una cepa completamente sensible a ambas drogas (aislado de Cenapa,
Mexico). Entre los resultados mas destacados estd la identificacidon de variaciones en la
expresion de proteinas del citoesqueleto, la adenilato ciclasa, entre otros lo cual es
consistente con los blancos putativos reportados del triclabendazol y con posibles métodos

de detoxificacion.

Estos resultados pusieron énfasis en el valor de las aproximaciones transcriptémicas para
proveer de nuevas visiones apuntadas a mejorar el entendimiento de los modos de accion y
los mecanismos de resistencia a las drogas, y seran de valor para el desarrollo de nuevas

estrategias de tratamiento.
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Compositional Analysis of Flatworm Genomes Shows Strong Codon Usage Biases Across All
Classes.

Lamolle, Guillermo, Santiago Fontenla, Gastdn Rijo, Jose F. Tort, and Pablo Smircich.
Frontiers in Genetics 10 (2019), 771.

Este trabajo fue parte de un esfuerzo realizado por bioinformaticos nacionales. Hicimos un
analisis comparativo en base a los genomas de 22 especies representativas de los
principales clados y estilos de vida del filo Platelmintos. Seleccionamos un conjunto de 700
genes ortélogos conservados en todas las especies, midiendo los cambios en el contenido
de GC, el uso de codones y aminodcidos en posiciones ortdlogas. Los valores de GC en la 3°"
posicidn del coddn abarcé un amplio rango, lo que permitié discriminar dos grupos
diferentes entre los turbelarios, cestodos y trematodos, respectivamente. A su vez, un
agrupamiento jerarquico por uso de codones difirié notablemente del arbol filogenético.
Ademas, detectamos un sesgo en el uso de codones sindbnimos que fue mds dramatico en
genomas extremadamente pobres o ricos en GC, es decir, los esquistosomas pobres en GC
prefirieron usar codones sindnimos terminados en AT, mientras que M. lignano rico en GC
mostro la conducta contraria. Curiosamente, estos sesgos afectaron el uso de aminodcidos,
con el uso preferencial de aminodcidos codificados por codones siguiendo la tendencia del
contenido de GC. Estos estan asociados con sustituciones no sindnimas en posiciones
ortélogas. El analisis detallado de los cambios sinébnimos y no sindnimos proporciond
evidencia de un mecanismo de dos golpes en el que tanto las fuerzas de mutacién como las

de seleccidon parecen impulsar las diversas estrategias de codificacién de los platelmintos.
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Abstract

Food borne trematodes (FBTs) are an assemblage of platyhelminth parasites transmitted
through the food chain, four of which are recognized as neglected tropical diseases (NTDs).
Fascioliasis stands out among the other NTDs due to its broad and significant impact on
both human and animal health, as Fasciola sp., are also considered major pathogens of
domesticated ruminants. Here we present a reference genome sequence of the common
liver fluke, Fasciola hepatica isolated from sheep, complementing previously reported iso-
late from cattle. A total of 14,642 genes were predicted from the 1.14 GB genome of the liver
fluke. Comparative genomics indicated that F. hepatica Oregon and related food-borne
trematodes are metabolically less constrained than schistosomes and cestodes, taking
advantage of the richer millieux offered by the hepatobiliary organs. Protease families differ-
entially expanded between diverse trematodes may facilitate migration and survival within
the heterogeneous environments and niches within the mammalian host. Surprisingly, the
sequencing of Oregon and Uruguay F. hepatica isolates led to the first discovery of an endo-
bacteria in this species. Two contigs from the F. hepatica Oregon assembly were joined to
complete the 859,205 bp genome of a novel Neorickettsia endobacterium (nFh) closely
related to the etiological agents of human Sennetsu and Potomac horse fevers. Immunohis-
tochemical studies targeting a Neorickettsia surface protein found nFhin specific organs
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and tissues of the adult trematode including the female reproductive tract, eggs, the Mehlis'
gland, seminal vesicle, and oral suckers, suggesting putative routes for fluke-to-fluke and
fluke-to-host transmission. The genomes of F. hepatica and nFh will serve as a resource for
further exploration of the biology of F. hepatica, and specifically its newly discovered trans-
kingdom interaction with nFh and the impact of both species on disease in ruminants and
humans.

Author Summary

This report presents novel findings revealing (a) the genome sequence of the food-borne
trematode Fasciola hepatica (the liver fluke) isolated from sheep, which stands out among
neglected tropical diseases due to its zoonotic impact on both human and animal health
and (b) the first instance (and the genome) of the rickettsial endobacterium of the genus
Neorickettsia in F. hepatica. Using stage-specific gene expression data, we identified liver
fluke proteins likely involved in host-parasite interactions, and using immunolocalization,
we confirmed Neorickettsia in organs and tissues of the adult trematode. The presence of
the bacteria in fluke reproductive tissues and eggs suggests a possible mechanism for verti-
cal transmission, and the presence of bacteria in the oral sucker used to anchor flukes to
the lining of the biliary tract suggests a potential mechanism for horizontal transmission
to the mammalian host. This is of interest because related Neorickettsia cause severe, even
deadly, illness in a variety of species, including humans. This is the first report to localize
Neorickettsia endobacteria within the tissues of adult F. hepatica. The discoveries in our
manuscript have wide impact for the fields of both the pathophysiology and evolution of
Fasciola and related FBTSs, and the transmission strategies of Neorickettsia.

Introduction

Food borne trematodes (FBTs) are an assemblage of platyhelminth parasites that are transmit-
ted through the food chain [1]. Among the four major groups of FBT infections recognized as
neglected tropical diseases (NTDs) by the World Health Organization [2], fascioliasis stands
out due to its zoonotic impact on both human and animal health [3]. Fasciola species are
major pathogens of domesticated ruminants, but they infect numerous other species of mam-
mals, including people [4]. Due to the significant burden to livestock globally, with annual
losses exceeding US $3.2 billion [5] and public health with ~50 million infected people [4],
these parasites are among the most-extensively studied FBTs.

Like other digenetic trematodes, Fasciola hepatica has a complex developmental cycle [1].
The hermaphroditic adult stage resides in the host bile ducts and reproduces sexually, releasing
thousands of eggs each day that pass with the bile into the intestines and exit in the fecal
stream. Eggs that reach fresh water embryonate over a couple of weeks, hatching a free-swim-
ming miracidium that seeks out and infects a snail of the family Lymnaeidae. Within the snail,
the parasite progresses through sporocyst, redia, and daughter redia stages by asexual replica-
tion and development, resulting in the release thousands of the cercariae [6]. The free-living,
aquatic cercaria encysts as the metacercarial stage on solid substrates, including vegetation at
the margins of the watercourse, When infected vegetation (for example, uncooked watercress)
are ingested by a suitable host, the metacercaria excysts in the duodenum, transverses the wall
of the small intestine, migrates through the peritoneal cavity, and penetrates the Glisson’s
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capsule of the liver [7]. The migration of the juvenile fluke though the liver parenchyma into
the biliary ducts damages the liver and provokes reactions associated with the acute phase of
the infection. This phase is accompanied by systemic disease including fever, nausea and
abdominal pain. Once the adult is established in the bile ducts, anemia, inflammation, fibrosis,
cholangitis and biliary stasis may ensue. In this chronic phase adult worms can survive several
years in the absence of intervention [8, 9]. Despite its potent and broad action against other
human parasitic flatworms the anthelmintic drug praziquantel has no effect on F. hepatica
[10]. Triclabendazole (TCBZ) is the drug of choice since its effective against juveniles and
adult liver flukes, but resistance to this benzimidazole has emerged in livestock in different
countries [11]. There have been recent reports of human fascioliasis refractive to TCBZ treat-
ment in Peru and Chile [12, 13], highlighting a need for alternative drugs and treatments.

In addition to being important pathogens themselves, some digeneans serve as vectors of
bacterial pathogens. Neorickettsia (family Anaplasmataceae) belongs to a poorly characterized
assemblage of obligate, intracellular a-Proteobacteria associated with serious, even fatal disease
in mammals [14]. These bacteria can be horizontally transmitted from the fluke to host tissue
invading and multiplying within mammalian cells such as macrophages, monocytes and other
cells types, e.g. intestinal epithelium, eventually leading to severe disease. Neorickettsia can be
detected by PCR in trematodes spanning the major lineages of the Digenea [15, 16], but it has
never been reported from a trematode that is itself a prevalent human and livestock pathogen.
Furthermore, the fact that Neorickettsia is not found among all fluke species (or all members of
infected species) suggests that these endobacteria are not essential to fluke survival. Indeed, the
exact nature of their relationship is remains unclear,

Here we describe the second reported reference genome of the common liver fluke, F.
hepatica and the first discovery and genome sequences of the Neorickettsia endobacteria of F.
hepatica. In contrast to the previously sequenced isolate from cattle from the UK, the presently
described strain, taken from a sheep in Oregon, US, was infected with a Neorickettsia species
closely related to the etiological agents of Potomac horse and Sennetsu fevers. Histological,
PCR, and gene sequence analyses revealed its presence in tissues of liver fluke isolates from
Oregon, and in one of several liver fluke isolates from Uruguay that were screened. Taken
together, these genomes represent a benchmark resource for studies of trematode and Neorick-
ettsia biology, pathogenesis and evolution.

Results and Discussion
The general features of the nuclear genome of Fasciola hepatica

The nuclear genome of F. hepatica Oregon was sequenced and assembled with a total length of
1.14 Gb, N50 number of 2,036 and N50 length of 161 kb (S1 Table). Completeness was esti-
mated at 90.6% using the CEGMA method [17]. GC content was similar to other Food Borne
Trematodes (FBTs) including Clonorchis sinensis [18] and Opisthorchis viverrini [19], but dif-
fered from blood flukes. Intriguingly, the genome of F. hepatica Oregon had a markedly higher
repeat content (55.29%, S1 Table) than other FBTs, including the recently published genome
of F. hepatica United Kingdom (32.0%) isolated from cattle. We detected > 92 Mb corre-
sponding to LTR elements, 268 Mb corresponding to LINEs, and 235 Mb of unclassified repet-
itive sequences, values all higher than other trematodes. Functional RNAs including rRNA,
tRNA and miRNA (52 Table) were identified, representing 0.002% of the coding genome,
most supported by RN Aseq data,

Consistent with other FBTs [19, 20, a very small percentage of the genome assembly was
predicted to encode proteins (1.08%, considering only exonic regions). A total of 14,642 pro-
tein-coding genes were identified using a combination of de nove and evidence-based
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methods. Predicted genes had an average of 3.3 exons and 2.3 introns, average footprint of
3,078 bp, and average coding length of 837 bp (S1 Table). Comparisons of protein-coding
genes between F. hepatica Oregon and F. hepatica UK (S1 Fig) revealed that most functional
elements (e.g. KEGG orthologous groups) were shared, despite the fact that the gene models
showed relatively poor overlap. In general, both genome annotations showed a predominance
of short genes compared with other trematodes. This could be an indication of incomplete
gene models in both assemblies, as the size, complexity, and incompleteness of both hindered
gene prediction. Accordingly, long reads from third generation sequencing and additional
RNAseq data will be needed to improve gene predictions, as demonstrated for 8. mansoni [21]
and C. sinensis [20].

Comprehensive functional annotation of the deduced proteins of F. hepatica Oregon is pro-
vided in 53 Table, including (a) 3,907 unique InterPro protein domains predicted from 8,609
proteins, associated with 1,147 unique gene ontology (GO) terms, (b) 3,175 proteins associated
with 2,685 KEGG orthologous groups, (c) 339 proteins classified as putative proteases, (d) 65
proteins classified as protease inhibitors, and (e) 855 of proteins predicted to be secreted.
Majority of the genes (94% of the predicted 13,740/14,642) were supported by RNAseq data
from the developmental stages sampled for this study (eggs, metacercariae, and adult flukes; 52
Fig). Of the 6,000 genes expressed in these stages, ~2,500 showed no differential expression,
with GO terms related to core cellular functions such as translation, RNA processing, and
vesicular transport (53 Table).

Among the differentially expressed gene sets resulting from the DESeq analysis, stage-spe-
cific overexpressed gene sets were identified (e.g., for metacercariae, genes significantly overex-
pressed in the metacercarial stage relative to the adult and to the egg, but not differentially
expressed between adult and egg). Using these criteria, four of the top five most significantly
metacercaria-overexpressed genes (2,076 total) were cysteine proteases, including four papain-
like family proteases and one C13-family protease (P < 107" for all comparisons), while the
most significantly adult-overexpressed was also a papain-family cysteine protease (P < 107,
Among the other 1,169 adult-overexpressed genes, four of the top 11 were tubulin genes
(P < 107%°). Fewer genes (259) were egg-overexpressed since adult females contain eggs
expressing transcripts, but the most significantly differentially expressed gene in this set
(P < 107") was a glucose-6-phosphate dehydrogenase.

Comparative analysis reveals phylogenetic conservation and
diversification among trematodes

Approximately 88.5% of the 14,642 inferred proteins from the F. hepatica Oregon isolate
found at least one BLAST hit (E < 1e™) to non-Fasciola proteins in the non-redundant data-
base (NR), with most matching sequences from other FBTs (particularly the liver flukes C.
sinensis and O. viverrini). 11.5% of genes are Fasciola-specific with respect to NR (S3 Table),
4.9% of which were assigned additional functional annotations (Interpro domains, GO terms
or KEGG orthologous groups; compared to 67.7% for genes with non-Fasciola NR matches).
The putative Fasciola-specific genes were enriched for GO terms related to cysteine-type endo-
peptidase inhibitor activity and neurotransmitter secretion (54 Table).

Protein conservation among flatworm parasites and their hosts was analyzed by clustering
predicted proteins from 10 genomes into orthologous protein families (OPFs; Fig 1A), and
7,624 F. hepatica proteins were included in 5,721 unique OPFs with proteins from other flat-
worms including the free-living planarian Schmidtea mediterranea, trematodes (including
schistosomes, the liver flukes C. sinensis and O. viverrini), and mammalian hosts (human, cow
and sheep). Some 2,875 F. hepatica proteins (1,451 OPFs) were conserved across the 10 species,
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Fig 1. Protein families in trematodes. (A) A Venn diagram demonstrating the phylogenetic distribution of orthologous protein families among the
trematode species analyzed (B) Differential amplification of cathepsins L and F in trematodes. A maximum likelihood tree of the genes annotated as
members of the C1A protease family from trematodes shows that while a single set of psins F are detected in Schistc and F. hepatica strains,
an expansion of cathepsins F is observed in O. viverrini and C. sinensis (green arch). Similarly, the cathepsins L-like of the trematodes (yellow arch) show
a basal node more related to the mammalian enzymes and several independent amplifications in schistosomes, opistorchiids and Fasciola. Most known
cathepsins vari are supp 1 by expression data in different stages (red, green and blue bars), and proteomic data (yellow, green and blue dots) from
a recent report [34], Several putative novel variants are indicated, most of them not expressed at the stages analyzed. (C) Cathepsin B subfamily of the
C1A protease family. A basal cathepsin B node and diff ial expansions in schi: atids (red arch), fasciolids (blue arch) and opisthorchiids (purple
arch) is observed. As in cathepsins L novel isoforms are identified, some of them supported by exp ion data. (D) Leg in is differentially amplified in
food borne trematodes. Maximum likelihood tree of the genes annotated as members of the C13 protease family. While a single gene corresponding to the

I.nh bt 4

glycosyl-phosp: y itol anchor transamidase exists in all trematodes, amplification of the legumains was evident in the food borne trematodes F.
hepatica, C. sinensis and O. viverrini, but not in the blood flukes S. mansoniand S. japonicum. These amplification events are independent in the different
lineages. Species included in the tree are color coded (human, Id dots, pl. ia (grey) des (yellow) S. faponicumn (dark red) S. mansoni
(orange) C. sir is (purple) O. viverrini (pink), F. hepatica Oregon strain (sky blue) F. hepatica Liverpool strain (navy).

doi:10.1371/journal. pgen.1006537.9001
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and these were more likely than other genes to be differentially expressed across developmen-
tal stages of F. hepatica (P =7 x 10~°, binomial distribution test; $3 Table). In contrast, 393 F.
hepatica genes (359 OPFs) were conserved between F. hepatica and at least one other FBT (C.
sinensis and/or O. viverrini); these were significantly enriched for GO terms related to microtu-
bule-based processes, cysteine endopeptidase activity and pH regulation (54 Table). An addi-
tional 29 genes (29 OPFs) were conserved with at least one FBT and at least one host species;
these were significantly enriched for the GO terms related to phagocytosis and L-ascorbic acid
binding.

OPF analysis also enabled the identification of gene sets specific to schistosomes; 1,365
OPFs conserved among at least two of the three species of Schistosoma were analyzed. Like the
FBTs, these were significantly enriched for GO terms related to microtubule activity and cyste-
ine endopeptidases (see below). This suggests that certain functions are conserved across the
platyhelminth clades despite clear divergence at the sequences level, a possible indication of
rapid evolution [22].

Expanded families of secreted/excreted proteases suggest a role in
host-parasite interaction

Excreted and secreted proteins (ESPs) play a crucial role in parasitism. We identified 855
(5.8%) proteins with computationally predicted signal peptides but no transmembrane
domains (S3 Table), indicating they may be secreted/ excreted. These proteins were signifi-
cantly enriched for GO terms related to proteolysis (54 Table). Again, the most significantly
enriched molecular process GO term was “cysteine-type endopeptidase activity”
(GO:0004197). Secreted cysteine proteases have a well-defined role in the biology of F. hepatica
and liver fluke disease [23]. Cathepsin L’s are predominant in adult ESPs, where they partici-
pate in feeding, immune evasion and immune modulation. Distinct suites of cathepsin L's and
cathepsin B’s are abundant in the juvenile fluke, participating in excystment, migration
through gut wall and liver capsule, and immune evasion [24, 25]. Although it was known that
liver fluke cathepsins constitute a multigene family [26], the complexity and diversity within
the family is now apparent. In addition to the six known cathepsin L's, other isoforms were
detected consistently in both the Oregon and the UK isolates, raising the total count to 14;
most of these overexpressed in the adult stage (Fig 1B). Independent amplifications of cathep-
sin L's occurred in schistosomes and the opisthorchiids, but the resulting gene copy number is
less than in F. hepatica. In contrast, Cathepsin F's showed a divergent pattern in these lineages,
with single enzymes in Fasciola and schistosomes, and an amplified family in the carcinogenic
fish-borne liver flukes (Fig 1B). A similar pattern of independent amplifications among trema-
todes was observed for cathepsin B's (Fig 1C), again with a distinct expansion in F. hepatica. In
contrast to cathepsin Ls, cathepsin Bs were overexpressed in metacercariae (MC), confirming
biochemical, genetic and proteomic evidence of differential expression along the life cycle
[27]. Interestingly, within both the cathepsins L and B, a clade comprising a single enzyme
from each trematode species and vertebrates was identified, which might be basal to all the
lineage-specific expansions. F. hepatica enzymes of this clade have not been described yet, and,
notably, they are expressed in eggs (Fig 1B and 1C).

The remarkable amplification and diversity of secreted cysteine proteases in trematode line-
ages suggests key roles during parasite adaptation. Diverse trematodes express different (and
amplified) subfamilies of cathepsins, reflecting their host parasite relationships, including host
niche, organ sites, and transmission strategies. For example, cathepsins B and an L3 (CL3) par-
ticipate in transit of the juvenile liver fluke through the gut wall with collagenolysis [28, 29],
whereas juvenile of the fish-borne liver flukes ascend into the biliary tree through the ampulla
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of Vater [30]. In turn, cathepsins F and the aspartic protease cathepsin D are characteristically
overrepresented in these carcinogenic liver flukes [19, 31]. The blood flukes, on the other
hand, invade the skin of their hosts, with conserved serine proteases essential to this process,
with the cysteine protease cathepsin B providing critical activities in some species [32].

Asparaginyl endopeptidases, Class C13 (also known as legumain) [33] were expanded in F.
hepatica with >10 members, and were also differentially expanded among the trematodes; 3
copies in 8. mansoni, 5 in S. japonicun, 4 in C. sinensis and ~ 100 in O. viverrini. (Fig 1D).
These proteases might participate in the activation of cathepsins and the digestion of infected
host tissues, liberating essential amino acids.

A recent proteomic study of ESPs from juvenile and adult F. hepatica provide further sup-
port for the differential expression of these gene families [34], confirming our transcriptomic
data (S3 Table). For example, within the cathepsin B family, members of 10 out of 13 clusters
are detected by LC-MS/MS in ESPs; while 3 isoforms are exclusively expressed by adults, 2 are
characteristic of juveniles (also detected by RNAseq in metacercariae), and 5 are expressed in
both stages but clearly predominant in juveniles (Fig 1C). Similarly, a predominance of expres-
sion of cathepsin Ls variants in adults is observed at proteomic level consistent with our tran-
scriptomic data (Fig 1B). Within these some of the novel clades here described were detected
as being expressed.

FBTs are metabolically less constrained than blood flukes and cestodes

Metabolic pathways predicted in the F. hepatica Oregon strain were compared to those of
other sequenced flatworms. All parasitic flatworms showed a significant reduction in meta-
bolic capabilities compared to free living platyhelminth species, including planaria (Fig 2). As
shown previously [35], parasitic flatworms depend on the hosts for provision of fatty acids.
Unlike the blood flukes, however, F. hepatica and the other liver flukes possess enzymatic path-
ways for fatty acid elongation by reversal of beta-oxidation (S3A Fig) and fatty acid catabolism
(S3B Fig), allowing them to take advantage of the fatty acid rich environment of bile.

Additional differences between blood and liver flukes were evident in amino acid metabo-
lism. Inabilities to synthesize several amino acids were generally observed in neodermatan flat-
worms, including Fasciola. However, the liver flukes operate a complete catabolic pathway of
aliphatic amino acids, and enzymes of these pathways (e.g. branched chain amino acid amino-
transferase [BCAT, EC. 2.6.1.42]) are missing in schistosomes (S3C Fig). Aliphatic amino
acids are more abundant in the bile than in blood, which may have been exploited since it facil-
itates access to protein synthesis precursors and alternative energy sources. While expanded
families of secreted proteases are involved in protein digestion, conserved oligopeptide trans-
porters that mediate the uptake of di- and tri-peptides in metazoans were not identified [36],
suggesting the lack of these specific transporters in trematodes at large. Consequently, protein
digestion up to individual amino acids may occur extracellularly, explaining the rare presence
of usually cytoplasmic enzymes as leucine aminopeptidase in the secreted products and vesi-
cles released by the parasite [37].

Further metabolic differences may have evolved in liver flukes compared to blood flukes in
relation to an environment characterized by low oxygen tension. Flukes switch from aerobic
to anaerobic metabolism in the low oxygen environment of the bile duct, but instead of fer-
menting carbohydrates to lactate, the parasite exploits the more energy-efficient malate dismu-
tation pathway [38], where phosphoenolpyruvate from glycolysis is converted to oxaloacetate
via the phosphoenolpyruvate kinase (PEPCK), and further reduced to malate. After entering
the mitochondria, some malate is oxidized to acetate, and some is reduced to succinate and
transformed to propionate, in a series of reactions that reverts the Krebs cycle (Fig 3A),
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Fig 2. Metabolic pathway reduction in parasitic flatworms. The global number of proteins assigned to
different metabolic pathway was compared between different parasitic flatworms, the free-living planaria and
cattle predicted proteomes. Those pathways showing a significant reduction in the parasitic species in relation
to those present in planaria are indicated (strongly reduced: less than 30% conservation; reduced:
conservation between 30 and 80%; not significantly reduced: more than 80% conservation). While in general
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several pathways are reduced in alI parasmc species, some pathways are differential between food borne

ydes (F. h ica, O. j, C. sinensis), bloodtlukes(s mansoniand S. japonicum) and cestodes
(E. muitiloculari: H. I and T. solium). Most notably some lipid metabolism and amino acid
hways (i.e. aliphatic amino acid d -n) are not reduced in FBT (green) while they are reduced in the

olher groups. In general, FBT seem to »be less constrained than blood flukes, with cestodes being the most
restricted metabolically,

doi:10.1371/journal. pgen.1006537.9002

providing a source of electrons for the respiratory chain finally yielding five ATP molecules
per glucose molecule. While the whole pathway was precisely described biochemically, we now
for the first time identify the cognate enzymes (Fig 3A).

To provide further insight into the metabolism of F. hepatica, we compared the metabolic
pathway modules present and complete in F. hepatica, the carcinogenic liver flukes C. sinensis
and O. viverrini, the blood fluke S. mansoni and mammalian hosts of F. hepatica (sheep, cow
and human) were incorporated in the analysis (S4A Fig). Twenty-five KEGG pathway modules
were complete in our assembly (i.e., contain the complement of KO's necessary to convert the
initial substrate to the final product based on strict completion [39]). These values are similar
in other trematodes, but far lower than in mammals. Use of a lenient completion criterion of
<2 missing steps in a module extended these values, with similar trends (548 Fig). The analysis
also identified modules that differ between the liver flukes and S. mansoni. Module M00020
(serine biosynthesis) also showed differences consistent with those observed in amino acid
metabolism. Further differences in inositol phosphate metabolism were detected with two
steps missing in S. mansoni (R03427 and R04372, INPP1 and INPP4 phosphatases). Module
MO00087 (beta-oxidation) occurs in liver flukes but is absent from schistosomes. Notably, this
module revealed differences with the host, since in step 2 (R04738), F. hepatica shares two KOs
with mammals, but there is an additional, putative platyhelminth-specific ortholog (K01692,
EC 4.2.1.17) corresponding to enoyl coA-hydratase, which warrants investigation in flat-
worms. Differences between liver fluke and mammal were evident in module M00009m, cor-
responding to the tricarboxylic acid cycle (Fig 3B). The fumarate forming reaction (R01082) is
dependent on fumarate hydratase class IT enzyme (EC 4.2.1.2B, K01679) by the hosts, while a
second fumarate hydratase, class I enzyme for this step (EC 4.2.1.2A, K01676), was detected in
trematodes, an enzyme that might participate in the reverse step of the malate dismutation
pathway (above).

A complete Neorickettsia genome identified in F. hepatica Oregon and
Uruguay

The most striking feature of the F. hepatica Oregon isolate was an apparent infection with
Neorickettsia endobacteria (nFh). Alpha-protobacterial sequences were first identified among
“contaminating” sequences in the F. hepatica genome and the presence of Neorickettsia was
confirmed and validated by both PCR and 16S rRNA sequencing (55 Fig). The genome of nFh
was assembled from 241,957 2x100bp read pairs that were identified during the sequencing of
F. hepatica Oregon. A single 859,205 bp scaffold with average 56.3x sequence coverage was
constructed from two contigs joined by 189 bp of inferred gaps (Fig 4). This novel Neorickett-
sia genome was similar in size and GC content to those of previously sequenced Neorickettsia
species (40, 41]. Full genome alignments indicated that, with the exception of a small inver-
sion, it shared nearly complete synteny with the genomes of Neorickettsia risticii and N. sen-
netsu (Fig 5A). Synteny among Neorickettsia species may reflect the lethality of large genome
rearrangements due to a reduced set of DNA repair genes, but this may have increased the
genetic variation in a stable intra-trematode environment by accumulation of mutations in
non-essential genes [41].
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pyruvate; AcCoA, acetyl-CoA; CITR, citrate. Enzymes indicated are: PK, pyruvate kinase; LDH, lactate dehydrogenase, PEPCK, phosphenolpyruvate
carboxykinase (ATP dependent); MDH, malate dehydrogenase; ME, malic enzyme; PDH, pyruvate dehydrogenase; ASCT, acetate:succinate CoA-

i SCS, inyl-CoA synthetase; FH, fi hydrat: FRD, fi reductase; SDH, succinate dehydrogenase, MMM
methyimalonyl-CoA mutase; PCC, propionyl-CoA carboxylase. (B) Parasite specific enzyme usage in TCA cycle. The KEGG module for TCA cycle
(MOO009) is shown with groups of orthologous enzymes indicated using KEGG orthology (KO) IDs. An interesting example of alternate enzyme usage
is shown for fumarate hydratase (| ion R01082), catalyzed by a class Il enzyme (EC 4.2,1.2B; K01679) in both the host and parasite. However, F.
hepatica also has a Platyhelminthes-specific class | fumarate hydratase (EC 4.2.1.2A; KO1676), not annotated in any of the host proteomes. Such
knowledge can be leveraged to design worm specific therapies with pc ially low (or no) impact on the host health.

d0i:10.1371/journal pgen.1006537.9003

Table 1 outlines the inferred features of nFh. Similar to related species, nFh encodes 33
tRNA genes and one copy each of 55, 165, and 23S rRNA genes. A total of 744 protein-coding
genes were predicted, slightly fewer than N. risticii and N. sennetsu (Table 1). Gene conserva-
tion analysis among representative bacterial species of the Anaplasmataceae identified three
orthologous protein families (OPFs) that were conserved in all analyzed species except nFh (55
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Table 1. The seq dg of Neorick ia species.
i Neorickettsia of F. hepatica Neorickettsia sennetsu Neorickettsia risticli Neorickettsia helminthoeca
Trematode host F. hepatica Unknown Acanthatrium orgo Nanophyetus salmincola
Vertebrate host [ Human Horse, bat Canids
Disease Unknown Sennetsu fever Potomac horse fever Salmon poisoning of dogs
RefSeq Accession NZ_AGCN NC_007798.1 NC_013009.1 NZ_CP007481.1
00000000.1
Assembly size 859,205 bp 859,006 bp 879,977 bp 884.232 bp
Length of nferred gaps | 189 bp - - -
GC content 41.4% 41.1% 41.3% 41.7%
RNA '3 3 3 3
1RNA 33 33 33 33
ncRNA [1 3 1 1
Pseudo genes 8 2 11 17
Protein coding genes | 744 753 759 772
Average CDS length 968 bp 966 bp 962 970
Minimum CDS length I 4,761 bp 5,766 bp 4,761 bp 4,776 bp
Maximum CDS length 156 bp 156 bp 147 bp 135bp
% coding | 83.8% 84.7% 82.9% 84.6%
doi:10.1371/journal.pgen.1006537.1001
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Table). Closer inspection revealed that these genes may be present and intact, although absent
from the gene calls. Two additional OPFs were conserved in all sequenced Neorickettsia except
nFh (S5 Table), but in both of these cases the corresponding sequences were identified but
stop codons appeared to disrupt them.

S5 Table presents a functional annotation of the 744 predicted proteins of nFh, including (a)
1,453 unique InterPro protein domains predicted from 620 proteins and associated with 596
unique gene ontology (GO) terms, (b) 720 proteins associated with 509 KEGG orthologous
groups, further binned into 120 enzymatic pathways and 101 pathway modules, (c) 25 proteins
classified as putative proteases, (d) two protease inhibitors, and (¢) 25 proteins with secretion
signals (which were enriched for biological process GO terms related to proteolysis and protein
transport; S4 Table). Protein transporters such as porins, identified in previous proteomic stud-
ies might transport nutrients from the host cytoplasm [42]. Whether Neorickettsia enzymes
interact with those of the fluke is a fascinating but unresolved question. Revealingly, however,
N. risticii synthesizes nucleotides, vitamins, and cofactors that the fluke cannot, raising the pos-
sibility that they may be harvested by the trematode for their mutual advantage [41].

While sequencing reads from the previously reported UK strains (SRA Project ID:
ERP006249) did not map to our nFh genome (Fig 6), suggesting that no Neorickettsia DNA was
present in the samples, one of our Uruguay isolate (out of five that were screened) tested posi-
tive for the presence of Neorickettsia by 16S rDNA PCR (55 Fig). Whole genome sequencing of
this sample recovered the genome of nFh (99.9% breadth of genome coverage; S6 Table), allow-
ing a comparative analysis of sequence variation in both the Neorickettsia and the fluke
genomes. In total, 15 single nucleotide variants were identified between the two nFh genomes,
11 of which occurred within the coding regions (7 non-synonymous and 4 synonymous vari-
ants; 57 Table). Notably, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (EC
2.7.7.60; AS219_00645), a key enzyme in the MEP pathway of isoprenoid biosynthesis [43], was
found among the genes that harbored non-synonymous SNPs. It has been hypothesized that
the Wolbachia endosymbionts of Brugia malayi and Dirofilaria inumitis rely on their helminth
host for the completion of the MEP pathway [44, 45]. Additionally, in many pathogenic and
opportunistic bacteria, the MEP pathway intermediate (HMB-PP) has the capacity to modulate
vertebrate host immune response [46], suggesting an interesting possibility of the involvement
of the isoprenoid biosynthesis pathway in the host-parasite-endosymbiont interactions. Over-
all, the genetic distance (1-ibs, identity by state) between the Oregon (US) and Uruguay (UY)
nFh genomes (1.75 x 107°) was three orders of magnitude lower than that estimated between
the respective nuclear genomes of F. hepatica (1.08 x 1073 S8 Table). The observed level of
genetic divergence between the US and UY isolates indicated that these flukes are not substan-
tially more closely related to each other than either is to the five published UK isolates (58
Table) although their Neorickettsia endosymbionts are genetically close to each other.

Phylogenetic affinities of Neorickettsia endobacteria of F. hepatica

A phylogenetic analysis was undertaken using the 16S rRNA sequences from nFh and 16 other
species and isolates; the findings were similar to those previous reports [15]. Based on the 168
rRNA locus, nFh is closely related to the agent of Sennetsu fever (a strain of N. sennetsu) and a
Neorickettsia isolate isolated from species of Metagonimoides (Heterophyidae) (Fig 5B). A
complementary phylogenetic analysis was undertaken with conserved, single-copy homo-
logues from sequenced species of Neorickettsia and representatives of the Anaplasmataceae
(Fig 5C); in regard to this collection of 473 gene families, nFh appeared to be closer to N. risticii
and N. sennetsu than to N. helminthoeca, the agent of salmon poisoning in dogs, consistent
with synteny-based observations.

PLOS Genetics | DOI:10.1371/journal.pgen.1006537 January 6, 2017 13/25
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Fig#6. | fluorescence detection of Neorick iain adult F: D using polyclonal anti-serum raised against a recombinant
surface p in of Neorick of P. eleg (PeNsp-3, green labeling). DAPI (blue) and wheat hemagglutinin (red) were used to detect double
stranded DNA and plasma membranes, respectively. (A) No green labeling was seen in the tegument of F. hepatica from Uruguay that were known to be
devoid of Neorickettsia, (B) Clusters of Neorickettsia (arrows) in the tegument close to tegumental nucleiin F. hepatica from Oregon. (C) Numerous
‘donut'-shaped endobacteria (arrows) in the parenchyma in F. hepatica from Oregon, (D) Labeling of large numbers of Neorickettsia in the Mehlis' gland
and labeling of single endobacterium in the ootype or intrauterine eggs of F. hepatica from Oregon. (E) Magnification of a region proximal to (D) showing
granular staining of single endobacterium in intrauterine eggs. (F) Clusters of Neorickettsia rods (arrows) in the cytoplasm of Mehlis' cells of F. hepatica
Oregon. (G) Individual Neorickettsia endobacteria (arrows) in a vitelline follicle with different stages of vitelline cells of F. hepatica Oregon. (H) No green
staining indicative of Neoricketisia were found in the testis of F. hepatica from Uruguay tested negative for Neorickettsiaby PCR. (1) Neorickettsia
endobacteria (arrows) in the testis of F. hepatica Oregon with spermatogonia in the periphery and developing spermatozoa in the center. N, nucleus; Ts,
tegument spine; P, parenchyma; Mg, Mehlis’ gland; Ot, ootype; Ut, uterus; Mc, Mehlis' cell; Sg1/2, primary and secondary spermatogonia; Bar
corresponds in A-B, D-Ito 100 pmandin Cto 1 pm.

d0i:10.1371/jounal.pgen. 1006537.9006

Approximately 97% of the predicted proteins of nFh showed BLASTP matches in NR (e-
value < le-05, S5 Table). The top hits were to N. risticii or other Neorickettsia species. Indeed,
most nFh genes (721 of 744) belonged to 719 OPFs shared with other Neorickettsia species (55
Table). Of the 22 genes that were excluded from OPFs, 17 failed to find a match in NR and
most lacked other functional annotations; the other five matched to hypothetical proteins
from N. risticii and N. sennetsu. A single OPF was identified with members from nFh, Wolba-
chia species, Anaplasma phagocytophilum and Ehrlichia chaffeensis. The nFh gene assigned to
this OPF was annotated as a replicative DNA helicase. Further assessment will be needed to
validate these genes and explore their roles.

A set of 625 OPFs contained members common to all four sequenced Neorickettsia
genomes; 83 of these OPFs were specific to Neorickettsia. The nFh proteins included in the
Neorickettsia-specific OPFs were enriched for cellular component GO terms related to the
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outer membrane and biological process GO terms related to transport (54 Table). The associa-
tion with the cell surface suggested a role in endobacterial-digenean host interactions.

Neorickettsia-like endobacteria localized within tissues of F. hepatica
Oregon

Although reports of Neorickettsia-infected trematodes have emerged, they relied on detection
by PCR; localization within the trematode was poorly established. Gibson et al. [47] employed
Ig from the serum of a horse infected with N. risticii to detect Neorickettsia in eggs from the
bat-infecting trematode Acanthatrium oregonense to support the hypothesis of vertical trans-
mission. The same serum was used to localize Neorickettsia in discrete developmental stages of
Plagiorchis elegans, a trematode of rodents and birds [14]. We attempted to use the horse
serum to localize #nFh in adult F. hepatica Oregon, but background staining interfered with
interpretation of the signals. However, polyclonal antibodies raised against recombinant sur-
face protein-3 of P. elegans Neorickettsia (PeNsp-3) provided useful to support localization
studies (Fig 6). The PeNsp-3 protein (Genbank KX082665) and of nFh (AS219_03540; 55
Table) share 98% identity. Minimal background signal occurred with the PeNsp-3 antisera,
and nFh were sensitively detected as a ‘donut’-shaped structure surrounding the blue DAPI-
stained nucleus, consistent with the staining pattern expected for surface proteins (Fig 6C)
[48]. Whereas staining of Neorickettsia surface protein was not observed in Neorickettsia-nega-
tive (as confirmed by PCR; Fig 6A and 6H) F. hepatica from Uruguay endobacteria were
detected in six of six individual adult F. hepatica worms from Oregon.

Because of the size of F. hepatica (~2 cm; F) and because Neorickettsia may be transmitted
vertically, analysis focused on intra-uterine eggs and reproductive tissues. Endobacteria were
frequently detected in varying numbers in the ovary, ootype, Mehlis' gland, vitelline glands
and in intrauterine eggs (Fig 61)-6G) as well as mature eggs isolated from liver tissue (Fig 7).
The presence of nFh in female reproductive tissue is highly suggestive of vertical transmission.
Furthermore, we analyzed by PCR adult flukes obtained after an experimental infection with
Oregon metacercariae, detecting a few individual worms positive for the presence of nFh (57
Fig). More interestingly, eggs collected from this assay were both PCR positive and presented
the characteristic images of Neorickettsia supports the notion of vertical transmission.

Surprisingly, we also observed nFh in the testis and other parts of the male reproductive
organs (Fig 6] and S8 Fig). Although F. hepatica is a hermaphrodite, cross-fertilization is
assumed to be the usual reproductive strategy [49]. The presence of Neorickettsia in spermato-
zoa and seminal fluid could provide an alternative route for fluke-to-fluke transmission, as it
was described for tick-borne pathogens [50], though further studies will be needed to explore
this possibility.

The somatic tissues of F. hepatica Oregon were mostly Neorickettsia-free. Clusters of nFh
were occasionally seen in the tegument adjacent to some syncytial nuclei (Fig 6B) and in intes-
tinal tissue, particularly near the oral suckers. Liver flukes use the oral suckers to penetrate the
host tissues and anchor themselves to the bile ducts, thus providing a potential mechanism for
fluke-to-host transmission of nFh. Several infectious diseases described in the medical and vet-
erinary literature are attributable to Neorickettsia carried by digenean parasites; among the
more relevant are the ‘Salmon Poisoning Disease’ (SPD) of dogs and the Elokomin fluke fever
(EFF) of fish-eating mammals in the west coast of North America, Sennetsu fever described in
humans mainly in Japan and southeast Asia, and Potomac Horse Fever (PHF) in the east coast
of North America [15, 16]. Notably, PHF, also known as ‘churrido equino’, has been described
in horses in the Lake Merin region of Uruguay and Brazil (reviewed in [51]). Several species of
Neorickettsia based on pathology, serology, antigen profile and/or genomic sequence, are
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Fig 7. Inémunofluorescence detection of Neorickettsia in eggs of F. hepatica from Oregon using polyclonal anti-serum raised againsta
recombinant surface protein of Neorickettsia of P. elegans (PeNsp-3, green labeling, D-F). (A) Unstained eggs recovered from the liver by regular
light microcopy. (B) and (C) Unstained eggs recovered from the liver by immunofluorescence microscopy using different filters demonstrating auto-
fluorescence. (D-F) Cross-sections of eggs showing various amounts of Neorickettsia (arrows). Bar corresponds to 50 ym.

d0i:10.1371/joumal.pgen.1006537.g007

considered the causative agents for these diseases; in particular, Neorickettsia (Ehrlichia) sen-
netsu causes acute, debilitating, mononucleosis-like disease [52], and has been implicated as a
significant cause of human fevers of unknown etiology in southeastern Asia [53, 54].

Whereas the disease potential of Neorickettsia found in F. hepatica remains to be estab-
lished, the F. hepatica-nFh association should be explored as a cryptic rickettsial pathogen of
humans and ruminants in regions endemic for fasciolosis [55]. Additionally, more thorough
studies of both the vertical transmission of nFh among the developmental stages of the liver
fluke, and the potential horizontal transmission to the mammalian host might shine a light on
the mechanisms behind the pathology induced by Neorickettsia endosymbionts of digenean
parasites.

Methods
Liver flukes

Two isolates of Fasciola hepatica were analyzed: adult worms collected from livers of naturally
infected sheep from a commercial slaughterhouse in Oregon (provided by Baldwin Aquatics
Inc., Monmouth, Oregon), i.e. Oregon isolate; and worms isolated from livers of naturally
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infected sheep obtained from a commercial slaughterhouse in Montevideo, Uruguay, i.e. Uru-
guay isolate. For transcriptomic analysis, total RNAs were obtained from the egg, metacercarial
and adult developmental stages (in duplicate). Eggs were collected from gall bladder of natu-
rally infected sheep. Metacercariae were purchased from Baldwin Aquatics Inc. (Monmouth,
Oregon). Tissue sections for the histological analysis were prepared from adult worms of the
Oregon and Uruguay isolates.

DNA & RNA isolation, sequencing, assembly, annotation of the genome
of F. hepatica Oregon isolate and transcriptome analysis

Fresh or ethanol-preserved adult worms were fragmented using a scalpel blade, and genomic
DNA (gDNA) was extracted and purified using the kit E.Z.N.A. SQ Tissue DNA Kit (Omega
Bio-tek), and the yield and purified assessed by Bio-Analyzer. Whole genome shotgun frag-
ment and paired-end sequencing libraries (3 kb and 8 kb) were constructed from the gDNAs,
as described [39, 56], and sequenced on the Illumina HiSeq2000 platform.

Linker and adapter sequences were trimmed, and cleaned reads were assembled using ALL-
PATHS-LG [57]. Pygap, an in-house assembly improvement tool, was used to join and extend
contigs using unassembled reads when possible. Annotation of different features present in the
assembly was done as previously described [58] and outlined in 51 Text.

Total RNA was extracted from eggs and adults from the gall bladder of naturally infected
sheep and metacercariae (Baldwin Aquatics Inc., Monmouth, Oregon) using TRIzol reagent
(Invitrogen/Life Technologies, Carlsbad, CA) according to the manufacturer’s instructions,
and treated with Ambion Turbo DNase (Ambion/Applied Biosystems, Austin, TX). As previ-
ously described [59], RNA quality and yield were assessed, the purified RNA was poly(A)
selected, reverse transcribed, paired-end cDNA libraries were generated, sequenced on the
IHlumina HiSeq 2000 platform and reads were analytically processed. Remaining, high-quality
RNAseq reads (from one egg, two metacercariae and two adult biological replicates) were
aligned to the genome assembly and constitutively expressed and differentially expressed
genes were identified using standard protocols outlined in $1 Text.

Identification, assembly and annotation of the genome of Neorickettsia
from F. hepatica Oregon, isolate nFh

A total of 126 contigs were identified as being from bacterial origin in the F. hepatica genome
assembly, and BLAST analyses indicated significant homology to Neorickeftsia species. The
total complement of raw reads were re-mapped to the 126 Neorickettsia contigs using BWA--
MEM version 7.10 with default parameters [60], and matching reads were assembled and
assembly improved using standard protocols (see S1 Text). The genome assembly was anno-
tated via the NCBI prokaryotic genome annotation pipeline [61].

Functional annotation of deduced proteins of F. hepatica and nFh, and
MultiParanoid analyses

Deduced protein sequences were subjected to BLASTP against informative databases, includ-
ing NCBI NR, InterPro, gene ontology (GO), KEGG, MEROPS using default cutoffs and
release versions as specified in the S1 Text. Module completion was assessed as described [39],
and transmembrane domains and classical secretion peptides were predicted using standard
protocols (see S1 Text).

Inferred protein sequences of F. hepatica were compared to proteins from other trematodes
& cognate mammalian hosts and from Neorickettsia were compared to proteins from

PLOS Genetics | DOI:10.1371/journal.pgen.1006537 January 6, 2017 17/25

146



@PLOS l GENETICS

Doctorado en Ciencias Bioldgicas | Santiago Fontenla

The Liver Fluke Fasciola hepatica Carries the Endobacteria Neorickettsia

representative species from the Anaphasmataceae, included all four fully sequenced Neorickett-
siq (accession numbers are provided in S1 Text). Orthologous protein families (OPFs) were
constructed from pairwise InParanoid comparisons using MultiParanoid [62]. More detailed
phylogenetic analyses at a level of rRNA sequences or single copy genes were performed as
outlined in the S1 Text. F. hepatica Oregon and F. hepatica UK gene sets were compared using
orthologs identified by Orthofinder v. 0.7.1 [63].

Genetic variation in Neorickettsia and F. hepatica nuclear genomes

We sequenced the genomic DNA of an F. hepatica isolate from Uruguay that was PCR-positive
for Neorickettsia using the Illumina platform (2 x 100bp paired-end sequencing), as previously
described [56]. We included the published genomes of the United Kingdom isolates (SRA
Project ID: ERP006249) in the variant analysis to help contextualize our data. Genomic reads
were mapped against the combined Oregon reference assembly of Neorickettsia and F. hepatica
using bwa v0.7.15 [60], followed by removal of PCR and optical duplicates using picard tools
v2.6.0 [64]. Single-nucleotide variants were called via local de-novo assembly of haplotypes
using the GATK pipeline v3.6 [65]. The following set of quality filters were applied to obtain
high-confidence SNP calls: DP (maximum depth) > median depth+(median absolute devia-
tionx1.4826)x2; QD (variant confidence divided by the unfiltered depth of non-reference sam-
ples) < 2.0; FS (Phred-scaled p-value using Fisher’s Exact Test to detect strand bias in the
reads) > 60.0; MQ (Root Mean Square of the mapping quality of the reads across all samples)
< 40.0; MQRankSum (Mann-Whitney Rank Sum Test for mapping qualities) < -12.5; Read-
PosRankSum (Mann-Whitney Rank Sum Test for the distance from the end of the read for
reads with the alternate allele) < -8.0. Using SnpEff [66], variants were annotated based on
their genomic locations and predicted coding effects. The genetic distance between isolates
(1-ibs, identity by state) were computed using PLINK v1.90 after excluding loci with missing
genotypes in any of the isolates.

Detection of Neorickettsiaby PCR

To investigate vertical transmission of nFh, genomic DNA was extracted from individual
worms obtained after two experimental infections in bovines (Bos taurus) performed at the
Experimental Farm of the Institute of Hygiene, Montevideo, Uruguay, following international
standards for care of research animals, and approved by the National Committee of Experi-
mental Animal Health (CHEA). Polled Hereford calves negative to F. hepatica by fecal egg
count and ELISA (Piacenza et al, 1999) and treated orally with ivemectin 1% (Mexiver, Labor-
atorios Santa Elena), were used in immunization studies that included challenge infection by
mouth with 400 metacercariae (MCs). The MCs were obtained from Baldwin Aquatics, Ore-
gon (assay 1) or DILAVE, Uruguay (assay 2). The cattle were euthanized at a commercial abat-
toir on week 20, and adult flukes were recovered from the liver of each of the calves, and flukes
from each calf stored separately in >70% ethanol. Liver fluke eggs from the gall bladder of the
calves also were recovered, and stored in the immunization group. DNA was extracted from
individual worms of each assay, and from the pooled eggs, as described above. The presence of
Neorickettsia within the F. hepatica adult flukes was investigated by nested PCR directed to the
16s rRNA gene, as described [67].

Histological examination of F. hepatica and its Neorickettsia
endobacterium

Oregon strain flukes from sheep (and Neorickettsia-negative flukes from Uruguay) were
fixed first in 70% ethanol and then in 10% buffered formalin overnight, tissue processed
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(Shandon 1000 Tissue Processor, Thermo Scientific, Waltham, MA, USA), embedded in par-
affin, sectioned at 5 um. Serial sections were used for immunohistochemical studies and
hematoxylin & eosin staining (56 Fig). The sections stained with hematoxylin & eosin
(according to standard technique) were used to assess morphology and determine the ana-
tomical structures to be expected on adjacent slides used for immunohistochemical localiza-
tion of nFh. Unstained tissue sections were rehydrated and blocked with 5% bovine serum
albumin (Sigma, St. Louis MO, USA) for 30 min to prevent non-specific antibody binding.
Polyclonal mouse antisera raised against a recombinant Neorickettsia surface protein from
Plagiorchis elegans (Genbank Accession KX082665, PeNsp-3) diluted 1:250 in phosphate
buffered saline containing 0.1% Triton-X and 1% bovine serum albumin was used as the pri-
mary antibody. Anti-mouse IgG Alexa Fluor 488 (Invitrogen) was used as a secondary anti-
body for fluorescence microscopy. Wheat germ agglutinin 633 (200 pg/ml, Invitrogen,
Carlsbad, CA, USA) and DAPI (Prolong Antifade with DAPI, Molecular Probes by Life
Technologies, Carlsbad, CA, USA) were used to label membranes and double-stranded
DNA, respectively. Sections were examined using a wide field fluorescence microscope
(WFFM, Zeiss Axios Imager Upright Fluorescence Microscope) with plan-apochromat 100X
oil, 63X or 40X objectives. Fluorescence microscopy was performed at the Washington Uni-
versity Molecular Microbiology Imaging Facility (http://micro.imaging.wustl.edu/).

Supporting Information

S1 Fig. A comparison of the protein coding genes of Fasciola hepatica Oregon and Fasciola
hepatica UK. (A) Histogram indicates the size distribution of the predicted protein coding
sequences of both Fasciola genomes. F. hepatica UK contains an abundance of very short
genes (as small as 3bp) but more large (>600bp) genes. While the proteins predicted from the
two genomes do not correspond well with one another (B), functional elements appear to be
shared (C). KEGG Orthologous groups (KO) shared among the F. hepatica genomes.

(PDF)

S$2 Fig. Gene expression information for Fasciola hepatica. Gene expression was profiled in
eggs, metacercariae (MC), and sexually mature adults (hermaphrodites). (A) Clustering of
samples based on gene expression (fragments per kilobase per million reads mapped, FPKM)
indicated that eggs were more closely related to adults (which, themselves, contain eggs) than
to metacercariae, (B) Differential expression of F. hepatica genes between the diverse egg,
metacercariae and adult life cycle stages. Differentially expressed genes were significantly more
likely than other genes to be phylogenetically conserved across all species test (P = 0.006) and
more likely to contain transmembrane domains (P = 0.015). Genes with higher expression in
metacercariae were enriched for several GO terms related to signal transduction and organis-
mal development (54 Table), and were less likely to be conserved with other FBTs (P = 1x
1077), which is not surprising given that F. hepatica metacercariae encyst on plants rather than
within fish or crustaceans. In contrast, the 3,811 genes upregulated in adult flukes were
enriched for microtubule based movement, redox regulation, and metabolic processes (54
Table), as previously found in expression studies of F. hepatica from the UK [68]. The genes
overexpressed in adults compared to metacercariae were more likely to be FBT conserved and
specific (P =2 x 1077) and to have orthologs in mammals but not the free-living platyhelminth
S. mediterranea (P = 6 x 107'7), suggesting potential roles in host interaction. (C) Summary of
Illumina RNAseq reads, and SRA accessions.

(TIF)
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$3 Fig. Metabolic and catabolic liver fluke pathway details. (A) Fatty acid elongation by
reversal of beta-oxidation (B) Fatty acid degradation (C) Aliphatic amino acid catabolism.
Enzymes present in F. hepatica are identified in yellow, and those present in S. mansoni in
blue. Image generated with the KEGGscan_pathway at trematode.net (http:/trematode.net).
(TIF)

S$4 Fig. Clustering of species and modules. Clustering based on complete (A) and lenient (B)
completion of KEGG metabolic pathways modules in each species (light green is “incomplete
with < 3 reaction steps. Modules with 2 steps have been manually filled in after combining
“strict” and “lenient” results). Oa = Ovis aries, Bt = Bos taurus, Hs = Homo sapiens, FAORE-
GON = F. hepatica, Oregon strain, FhUK = F. hepatica, UK strain, Sm = Schistosoma manson,
Cs = Clonorchis sinensis, Ov = Opisthorchis viverrini.

(TIF)

S5 Fig. PCR analysis for Neorickettsia from diverse isolates of Fasciola hepatica. Nested
PCR for the bacterial 16s RNA gene in five different F. hepatica flukes from Uruguay (lanes
3-7) and the reference Oregon strain (8). nFh-positive signals were observed in one sample
from Uruguay and the Oregon isolate.

(TIF)

$6 Fig. Examples of standard H&E stain of sections of adult F. hepatica to help identify
organs and tissues examined for localization of Neorickettsia. (A) Cross-section of the proxi-
mal part of F. hepatica. (B) Cross-section of the distal part of . hepatica. (C) Longitudinal sec-
tion of F. hepatica. Bar corresponds to 1 mm.

(TIF)

S7 Fig. Detection of nFh 16s rRNA gene by PCR. Primary (top panel) and secondary (nested)
PCR for the bacterial 16s RNA gene following protocol previously described [65]. DNA from
nFh-negative sample from Uruguay (lane 11) and nFh-positive sample from Oregon (lane 13).
To further test if the bacteria might have been transmitted through the parasite, we tested by
PCR individual flukes isolated after two different experimental infections performed with
metacercariae from Uruguay (lanes 3-10) and Oregon (lanes 16-23) respectively, and eggs col-
lected from these experimental infections (lanes 1-2, and 14-15). Since nested PCR was per-
formed using dilution of primary amplicons without band purification, carry over of first
round primers occurred, visible as a doublet band below the primary amplification, corre-
sponding to the expected nested product (lower band) and byproducts between the external
and internal primers. The identity of the nFh 16s rRNA gene was confirmed by nucleotide
sequencing,

(TIF)

S8 Fig. Localization of Neorickettsia in male reproductive tissue of F. hepatica Oregon. (A)
Cross-section of the vas deferens with overlay of the individual stains for plasma membranes
(wheat germ agglutinin, WGA), double stranded DNA (DAPI) and Neorickettsia (Nsp). (B)
Individual stain for plasma membranes (red). (C) Individual stain for DNA. Note the strong
blue stain of spermatozoa and the lighter bluish stain of low DNA content Neorickettsia
(arrows). D. Individual green stain for Neorickettsia (arrows). Bar corresponds to 100 pm.
(TIF)

S1 Table. The nuclear genome assemblies of F. hepatica Oregon and other food borne
trematodes.
(DOCX)
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$2 Table. Repetitive elements, tRNA and rRNA in the genome of Fasciola hepatica Oregon.
(DOCX)

§3 Table. F. hepatica genome summary table.
(XLSX)

$4 Table. Functional enrichment among F. hepatica gene sets of interest.
(XLSX)

S§5 Table. Neorickettsia F. hepatica genome summary table.
(XLSX)

§6 Table. Coverage statistics for Fasciola hepatica and Neorickettsia.
(DOCX)

§7 Table. Non-synonymous SNPs between the Neorickettsia genomes of Fasciola hepatica
Oregon (US) and Uruguay (UY) isolates.
(DOCX)

$8 Table. Genetic distance (1-ibs, identity by state) between Fasciola hepatica isolates
based on the nuclear SNPs.
(DOCX)

S1 Text. Supporting materials and methods.
(DOCX)
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Abstract

Liver and intestinal flukes of the family Fasciolidae cause zoonotic food-borne infections that impact both agriculture
and human health throughout the world. Their evolutionary history and the genetic basis underlying their phenotypic
and ecological diversity are not well understood. To close that knowledge gap, we compared the whole genomes of
Fasciola hepatica, Fasciola gigantica, and Fasciolopsis buski and determined that the split between Fasciolopsis and
Fasciola took place ~90 Ma in the late Cretaceous period, and that between 65 and 50 Ma an intermediate host switch
and a shift from intestinal to hepatic habitats occurred in the Fasciola lineage. The rapid climatic and ecological changes
occurring during this period may have contributed to the adaptive radiation of these flukes. Expansion of cathepsins,
fatty-acid-binding proteins, protein disulfide-isomerases, and molecular chaperones in the genus Fasciola highlights the
significance of excretory-secretory proteins in these liver-dwelling flukes. Fasciola hepatica and Fasciola gigantica di-
verged ~-5 Ma near the Miocene-Pliocene boundary that coincides with reduced faunal exchange between Africa and
Eurasia. Severe decrease in the effective population size ~10 ka in Fasciola is consistent with a founder effect associated
with its recent global spread through ruminant domestication. G-protein-coupled receptors may have key roles in
adaptation of physiology and behavior to new ecological niches. This study has provided novel insights about the genome
evolution of these important pathogens, has generated genomic resources to enable development of improved inter-
ventions and diagnosis, and has laid a solid foundation for genomic epidemiology to trace drug resistance and to aid
surveillance.

Key words: food-borne flukes, Fasciola hepatica, Fasciola gigantica, Fasciolopsis buski, genome evolution, adaptive
radiation.

Introduction

Digenetic trematodes (flukes) are a major group of helminth
parasites of humans and animals. Among them, Fasciolopsis
buski (Fb. buski), Fasciola gigantica (Fa. gigantica), and Fasciola
hepatica (Fa. hepatica), the intestinal and liver flukes of the
family Fasciolidae, cause zoonotic food-borne infections that
have a substantial impact on both agriculture (3 billion USD
per year) and human health (~-90,000 disability-adjusted life
years) throughout the world (Torgerson et al. 2015; Cwiklinski
et al. 2016). Fasciolopsis buski (subfamily Fasciolopsinae) is a
large fluke (up to 7.5cm long, 2.5 cm wide) that infects the
small intestine of humans and pigs in East and Southeast Asia,
causing diarrhea, abdominal pain, fever, ascites, and bowel
obstruction. Fasciola hepatica and Fa. gigantica (subfamily

Fasciolinae) cause liver disease in ruminants and humans in
Europe, the Americas and Australasia (where only Fa. hepat-
fca is transmitted) and in Africa and Asia (where the two
species overlap). When present, clinical symptoms include
fever, malaise, abdominal pain, eosinophilia, and hepatomeg-
aly during the acute phase, whereas biliary tree obstruction
symptoms predominate in chronic disease. Fasciolid flukes
have a heteroxenous life cycle, which involves a definitive
vertebrate host (where the adult worms live, mate, and pro-
duce eggs), an intermediate molluscan host (where the larval
stages develop and multiply), and a carrier (suitable aquatic
plants). A previous phylogenetic study of the family
Fasciolidae (Lotfy et al. 2008) indicates that Fp. buski
(subfamily Fasciolopsinae) is descended from a relatively

L The Auithar(s) 2019, Published by Oxford University Press on behalf of the Society for Malecular Biology and Evolution,
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early-diverging lineage, whereas Fa. gigantica and Fa. hepatica
are derived sister species. Somewhere along the line leading to
Fasciola species and other members of the Fasciolinae, two
events of great importance occurred: a host switch from
planorbid snails to lymnaeid snails, and a habitat switch by
adults from intestinal sites to the liver. Here, we present the
genomes of Fp. buski and Fa. gigantica, making the genomes
of all three human-infecting fasciolid flukes available and via
comparisons provide a better understanding of their evolu-
tionary history and diversification, and the genetic bases un-
derlying their phenotypic and ecological divergence and
adapration to different host species and habitats.

364.5
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Results and Discussion

Genome Features of the Intestinal and Liver Flukes in
the Family Fasciolidae

The nuclear and mitochondrial genomes of Fb. buski and
Fa. gigantica were sequenced, assembled, and annotated (ta-
ble 1 and supplementary table 1, Supplementary Material
online). To facilitate more robust interspecies comparisons,
our previously published Fa. hepatica genome (GenBank
accession number: GCA_002763495) (McNulty et al. 2017)
was reannotated using an improved methodology and
updated RNA-seq and protein homology databases. The total
assembly lengths of Fp. buski and Fa. gigantica draft genomes
were 748 Mb and 1.13 Gb, respectively. Although the former
is comparable to outgroup species in the family
Opisthorchiidae, the latter with its expanded genome size
is similar to Fa. hepatica (1.14 Gb), suggesting that the in-
creased genome size is a derived trait that emerged in the
lineage leading to Fasciola. Despite the genome size differ-
ences, the total numbers of protein-coding genes annotated
in Fp. buski and the two Fasciola species were similar, ranging
from 11,218 to 12,647 and representing 91.5% to 93.0%
BUSCO completeness, These numbers were also comparable
to other distantly related digenean taxa (table 1), suggesting
that the relatively larger Fasciola genomes did not evolve
through whole-genome duplications. Interestingly, the pat-
terns of variation in transposable element (TE) contents of
these and related genomes indicate that lineage-specific dif-
ferential accumulation of TE families may have played a cen-
tral role in genome size evolution in Fasciolidae (fig. 1A). The
nonrepeat genome sizes are similar in Fp. buski (400 Mb), Fa.
hepatica (372Mb), Fa. gigantica (409Mb), and the
Opisthorchiidae, while smaller in the Schistosomatidae
(200 Mb). However, the genomic regions containing inter-
spersed repetitive elements are more than twice as long in
Fasciola spp. (658-707 Mb) than in Fp. buski (318 Mb), and
longer in fasciolids than in other trematodes. Most of the
enrichment in repetitive elements is due to intergenic ele-
ments, although intronic elements are twice as long in
Fasciola spp. than in Fp. buski. Notably, Fasciola genomes
carry about 3-4 times more DNA transposons (e.g, Tcl/
mariner) and about seven times more long-terminal-repeat
retrotransposons (e.g, Gypsy, Pao, Copia) as compared with
the Fp. buski genome (fig. 1B and supplementary table 2,
Supplementary Material online). These are strongly enriched

1,591
2,757
69

Clonorchis
GCA_000236345
5473
4175
408
13,634
72.5
135

2,036

1,138.3
161.1
14,642
439
353
837
2,902
32
11

Fasciola hepatica

Original A
GCA_002763495

1,1383
161.1
2,036
11,218
78.6
129
1,633
4,170
1.6

JXXN00000000

Fasciola hepatica
after Reannotation

Fasciola
gigantica

SUNJ00000000

1,128
181.8
1,805
12,647
77.2
149
1,376
3,982

Fasciolopsis
buski
LUCMO00000000
748.5
190.8
1,104
11,747
73.9
19.1
1,420
3,708
2.2

Y

Wl

Table 1. Assembly and Annotation Statstics of Analyzed Genomes.
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Fic. 1. Trematode genome nonrepetitive and repetitive contents. (A) Relative genome sizes of different trematodes, with nonrepetitive fraction
(blue) represented to the left of the central axis, and repetitive fractions to the right indicating intronic (yellow) and intergenic (orange) repeats,
respectively. (B) Classification of repeated elements present in intronic locations (to the left of the central axis) and intergenic repeats (to the right
of the axis). Repeats classes are color coded. (C) Variation in gene, CDS, and intron lengths for the different trematode species. Statistically

significant differences are indicated.

in intergenic regions, but other abundant long interspersed
nuclear elements (LINEs) such as RTE-BovB are equally dis-
tributed between intronic and intergenic locations (fig. 1B).
Gene length has also increased in Fasciolinae, due to longer
introns, consistent with the increased presence of TEs within
them (fig. 1C). As repeat elements degenerate through time,
the sequence similarity measured as per-copy distances to
consensus provides reasonable evidence that TE activity is

currently low in the fasciolid genomes (supplementary fig.
1, Supplementary Material online).

The influence of TEs on animal genome size variation is
widely accepted, and it is increasingly recognized that changes
in TE activity may have a major effect on adaptation of
populations and species facing novel habitats and large envi-
ronmental perturbations (Chenais et al. 2012). TEs are potent
sources of mutation that can rapidly create genetic variance,
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especially following genetic bottlenecks and severe environ-
mental changes, providing bursts of allelic and phenotypic
diversity upon which selection can act (Stapley et al. 2015;
Schrader and Schmitz 2018). Thus, our data lead to the hy-
pothesis that TE-mediated genomic changes likely have con-
tributed to the increased adaptive capacity of Fasciola spp. to
new habitats and host species after their divergence from
Fasciolopsis. Because TEs are highly mutagenic, either directly
(e.g. insertions in coding or regulatory regions) or indirectly
(e.g, chromosomal rearrangements), molecular countermeas-
ures such as chromatin modifications suppress their activity
and TE-derived transcripts are targeted for cleavage by npc
silencing and piwi-interacting RNAs (Slotkin and Martienssen
2007). Interestingly the main silencing mechanism, the Piwi
pathway, is incomplete in all parasitic flatworms including the
Fasciolidae here analyzed and alternative silencing mecha-
nisms based on conserved duplicated flatworm-specific
Argonaute proteins (FLAgos) have been suggested (Skinner
et al. 2014; Fontenla et al. 2017) (supplementary fig. 2,
Supplementary Material online). Environmentally induced
physiological or genomic stress can modulate TE activity by
activating transposition or by inhibiting genomic silencing
mechanisms (Rey et al. 2016), thus facilitating adaptive
responses in species experiencing changed or diverse environ-
ments, as faced by invasive, pathogenic or parasitic species
during the developmental cycle (Schrader and Schmitz 2018).

Lineage Diversification, Trait Evolution, and Historical
Demography

Despite their public health and veterinary significance, the
evolutionary history of fasciolid flukes remains understudied.
The Fasciolidae may have originated in African proboscideans
and later radiated in Eurasian herbivores (Lotfy et al. 2008). As
the family diversified, host shifts occurred in both molluscan
and mammalian hosts. There was also a switch in habitat
within the definitive host from the small intestine to the liver
(fig. 2). Morphological, ecological, and molecular phylogenetic
data support relatively basal divergence for the lineage leading
to Fp. buski and a derived position for the species of the genus
Fasciola (Lotfy et al. 2008). Although the former genus has a
planorbid snail as intermediate host, the latter genus exploits
the Lymnaeidae, indicating a host-switch at some point in the
lineage leading to Fasciola. The intestinal fluke Fp. buski has a
large ventral sucker and simple bifurcated digestive ceca,
whereas branched digestive caeca and a reduced ventral
sucker are characteristics of the liver flukes. Accordingly, the
comparative analysis of their genomes offers the opportunity
to gain insights into the evolution of key processes of para-
sitism such as host selection, tissue tropism, and morpholog-
ical adaprtations. To investigate prospective correlations
between biogeographical events and lineage diversification
in the Fasciolidae, we constructed a dated phylogeny
using a Bayesian multilocus coalescent method with 30
nuclear protein-coding genes (supplementary table 3,
Supplementary Material online) and a node height prior
taken from the age of Protostomia estimated in a previous
fossil-calibrated eukaryote phylogeny (Parfrey et al. 2011). The
molecular dating revealed that the split between the

4

genera Fasciolopsis and Fasciola took place around 88.1 Ma
(73.0-102.9, 95% highest posterior density [HPD]) in the late
Cretaceous period, and the divergence between Fa. hepatica
and Fa. gigantica occurred around 5.3 Ma (3.4-7.2, 95% HPD)
near the Miocene-Pliocene boundary (supplementary fig. 3,
Supplementary Material online). The estimated date for the
divergence of Fasciolopsis and Fasciola seems rather ancient,
given what we know about the evolution of mammals.
Monotreme mammals were already established at 112-121
Ma (Rowe et al. 2008). Meredith et al. (Meredith et al. 2011)
have placentals as arising around 100 Ma, mammals as a
group arising much earlier than this, and ungulates a bit later.
It is possible that fasciolids originated early in another group
of mammals and switched into their current host groups
later. Lotfy et al. (2008) suggested that fasciolids emerged in
proboscideans, a hypothesis supported by the fact that the
extant more basal fasciolid (Protofasciola robusta) lives in the
small intestine of African elephants. The proboscideans
evolved in Africa and radiated to Eurasia, and the host tran-
sition to ungulates might have occurred during this disper-
sion. To narrow down the time-window during which the
most distinctive apomorphic traits of the Fasciolinae (genera
Fasciola and Fascioloides) (i.e, lymnaeid snail hosts, hepatic
habitats, branched intestinal caeca, dendritic testes and ova-
ries) originated, the ages of the stem node (the last common
ancestor of Fasciolinae and Fasciolopsinae) and the crown
node (the last common ancestor of all living members of
Fasciolinae) were estimated using a published phylogeny of
Fasciolidae that included Parafasciolopsis fasciolaemorpha
(Fasciolopsinae) (Lotfy et al. 2008) and a whole-genome mi-
tochondrial phylogeny including Fascioloides magna
(Fasciolinae) (fig. 2 and supplementary fig. 4, Supplementary
Material online). The data suggested that the intermediate
host switch and shift from intestinal to hepatic habitats oc-
curred between 65 Ma (stem node; 43.2-85.7, 95% HPD) and
55.9 Ma (crown node; 42.0-70.8, HPD) in the lineage leading
to Fasciolinae. The profound climatic and ecological changes
that occurred during this period (e.g, Cretaceous—Paleogene
mass extinction and Paleocene-Eocene Thermal Maximum)
may have contributed to the adaptive radiation of these
flukes to new niches. The divergence time estimate of 53
Ma between Fa. hepatica and Fa. gigantica is substantially
more recent than the previously suggested date of 19 Ma
based on cathepsin L-like cysteine proteases (Irving et al.
2003). Most notably, our speciation time estimate coincides
with the Miocene—Pliocene boundary that was characterized
by a reduced faunal exchange between Africa and Eurasia
(Bibi 2011), which may have contributed to the speciation
process through an increased and sustained disruption of
gene flow, resulting in two locally adapted sister taxa, that
is, Fa. gigantica in Africa and Fa. hepatica in Eurasia. Based on
comparative data on infectivity, life span, egg shedding and
immunity among modern hosts, it was proposed that Fa.
hepatica emerged in Eurasian ovicaprines, whereas Fa. gigan-
tica originated in an African ruminant phylogenetically close
to present-day bovines (Mas-Coma et al. 2009). These sister
taxa still hybridize producing an intermediate form in regions
where they currently occur sympatrically in Africa and Asia
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Fic. 3. Nuclear (left) and mitochondrial (right) phylogeny of Fasciola
hepatica based on genome-wide SNPs showing mito-nuclear discor-
dance. US, USA; UY, Uruguay; PE, Peru; GB, United Kingdom.

(Saijuntha et al. 2018). This has important implications for
epidemiology such as the potential for crossover of anthel-
mintic resistance between the two species or emergence of
more pathogenic variants.

Using genome-wide variation data of 13 samples from the
United States, Uruguay, Peru, and the United Kingdom (sup-
plementary table 1, Supplementary Material online), genetic
structuring within Fa. hepatica was assessed. A moderate to
low-level, geographic population structure, reflecting the
country of origin, was observed in the nuclear genome
(fig. 3) (e.g. Fsr between Uruguay and the United Kingdom:
0.094). Mitochondrial genome variation, however, revealed a
striking pattern of discordance in which two deeply diverged
clades were apparent. These haplogroups correspond to the
two previously reported mitochondrial lineages in Fa. hepat-
ica (defined based on a ~1.4-kb region that overlaps with
cytochrome oxidase subunit Ill gene, tRNA-His gene, and cy-
tochrome b gene) in geographically diverse European and

Australian populations (Teofanova et al. 2011; Walker et al.
2011, 2012) (supplementary fig. 5, Supplementary Material
online). Interestingly, both mitochondrial lineages were ob-
served in Peru, suggesting that both haplogroups have been
introduced to the New World, although their precise fre-
quency and distribution in the Americas will need to be de-
termined. Our molecular dating analysis indicated that these
haplogroups originated around 1.1 Ma (0.07-2.7, 95% HPD)
in the Pleistocene period (supplementary fig 4,
Supplementary Material online). Domesticated sheep (Ovis
aries) fall into five mitochondnial haplogroups, whose radia-
tion has been dated to be 0.92 = 0.19 Ma, substantially pre-
dating the domestication event (~8-11 ka) (Meadows et al.
2011). It is thus tempting to hypothesize that a process of
host-parasite codiversification has played a central role in the
development of these haplogroups in Fa. hepatica where
haplogroup formation in the host led to genetic structuring
in the parasite. The observed mito-nuclear discordance is
consistent also with high levels of nuclear gene flow and
mixing of alleles within each metapopulation (Beesley et al.
2017) in contrast to the patterns of (nonrecombining) mito-
chondrial allelic diversity where ancestral haplotypes can per-
sist in a population alongside derived forms.

We reconstructed the historical demography of Fasciola
and found evidence of a rapid decline in its effective popula-
tion size (i.e, a signature of founder effect) ~10-11 ka, which
is consistent with a recent global spread associated with the
ruminant domestication (fig. 4). An evolutionarily very recent
spread of Fasciola spp. from their origin in the Eurasian Near
East area (Fa. hepatica) and East Africa (Fa. gigantica) has been
proposed based on the ribosomal DNA sequence diversity,
and the spread of both species in postdomestication times
likely has led to their present overlap in Africa and Asia where
lymnaeid snails are suitable for the development of both
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species (Mas-Coma et al. 2009). Abnormal ploidy and asper-
mic parthenogenesis in hybrids between the two species also
suggest their near-complete genetic isolation and separate
evolution in predomestication times (Mas-Coma et al. 2009).

Gene Family Dynamics in Medically Important
Trematodes

To understand the genomic changes underlying phenotypic
variation within fasciolid species and between families

6

of digenetic trematodes of medical importance
(Schistosomatidae, Opisthorchiidae, and Fasciolidae), we in-
vestigated large-scale differences in gene complements
among lineages. Using orthologous groups (OGs) of genes
identified across eight digenean species with sequenced
genomes (supplementary table 4, Supplementary Material
online), we modeled gene gain and loss while accounting
for the species' phylogenetic history (Han et al. 2013)
(fig. SA). Based on the birth~death () parameter estimate
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(0.00575), statistical significance of the observed family size
differences among taxa was assessed. Gene families of interest
that displayed most pronounced differential expansions or
contractions included the cathepsin cysteine proteases (L,
F, and B families), fatty-acid-binding proteins, protein
disulfide-isomerases and molecular chaperones, highlighting
the significance of excretory-secretory proteins in lineage-
specific adapration (fig. 5B). Although several of these protein
families were highlighted as relevant in adapration by
Fa. hepatica (McNulty et al. 2017), the present study provides
evidence that their amplification occurs at or after the split
between Fasciolinae and Fasciolopsinae.

The cathepsin superfamily encompasses several cysteine
protease genes present in diverse flatworms with differential
expression according to the parasite stage and multiple over-
lapping functions (Caffrey et al. 2018). Cathepsins constitute a
substantial fraction of the excretory-secretory products and
endow Fasciola with the ability to migrate through tissue and
digest matrix, to break down proteins including hemoglobin
for nutrition, and to modulate the immune response through
digestion of immunoglobulins (Cancela et al. 2008;
McGonigle et al. 2008; Robinson et al. 2008). In Fa. hepatica,
a particular cathepsin L (FhCL3) with an unusual collageno-
lytic activity and several cathepsin Bs have been implicated in
the early stages of invasion through the intestinal wall (Corvo
et al. 2009; Cancela et al. 2010; Robinson et al. 2011; Meemon
and Sobhon 2015). Five cathepsin B genes are annotated in
Fp. buski, whereas 16 genes are annotated in Fa. hepatica and
Fa. gigantica. Comparative analysis within cathepsins Bs
(OG0000035) shows four conserved enzymes present in the
three species as well as other trematodes, namely CatB9,
CatB6, and a tandem duplication of CatB8 (fig. 6A and B).
The remaining single gene in Fp. buski is at the base of an
expansion of cathepsin Bs in the Fasciola spp. resulting in
more than ten discrete genes. Given that almost all of these
novel genes are shared between Fa. hepatica and Fa. gigantica,
the genomic event that conferred this gene gain predated the
separation of these species. A subclade of the novel cathepsin
B genes occurring in Fasciola spp. corresponds to those that
are differentially expressed during the intestine invasive stage
in Fa. hepatica (fig. 6A and B). Similarly, within the cathepsin
Ls (OG0000050), although some members are conserved
(particularly CatL0, expressed in eggs in Fa. hepatica), an ex-
pansion and diversification process has taken place in the
Fasciolinae lineage after it diverged from the Fasciolopsinae
(fig. 6C). A tandem array of at least three cathepsin L genes
with repeated exons that might produce diverse transcripts
by alternative splicing is present in the Fp. buski genome
(fig. 6D). Similar complex structures occur repeatedly in di-
verse contigs within the genomes of Fa. gigantica and
Fa. hepatica, giving rise to more than a dozen cathepsin Ls
(fig. 6C). It is noteworthy that the clade including the colla-
genolytic juvenile-specific cathepsin L3 with a suggested role
in early invasion and the clade containing the mature cathep-
sin L1 members involved in immune evasion both seem to be
related to the same Fp. buski cluster (fig. 6C). Although the
still fragmentary status of the three assemblies does not allow
to trace precisely the possible duplication events, it is

plausible to consider that a region similar to the Fp. buski
CatL cluster might have been the origin of the amplifications
in the Fasciolinae lineage. In addition to amplifications of
cathepsins B and L in genomes of the Fasciolinae, other in-
dependent amplifications of these gene families are observed
in the Opisthorchiidae and Schistosomatidae. By contrast,
cathepsin F genes (OG0000076) are amplified only in the
Opisthorchiidae (Kang et al. 2010; Sripa et al. 2010) (fig. 6C).
Notably, the exopeptidase cathepsin C (0G0007199), which is
implicated in terminal processing of peptides in schistosomes
(Hola-Jamriska et al. 1998; Caffrey et al. 2018) and Clonorchis
(Liang et al. 2014), was absent from the three species of the
Fasciolidae studied here. Cathepsin C is conserved in the
Schistosomatidae and Opisthorchiidae (fig. 6A).

Asparaginyl endopeptidases, better known as legumains
have been implicated in the maturation of cathepsin proen-
zymes (Robinson et al. 2009). We observed that Fa. gigantica
shares the amplification of legumains (OG0000019) already
described for Fa. hepatica (McNulty et al. 2017). By contrast, a
restricted set of only three legumain genes is present in
Fp. buski (supplementary fig. 6A, Supplementary Material on-
line). The coincident amplification of cathepsins and legu-
mains in the genus Fasciola might reflect the likely
diversification of regulatory legumains involved in the matu-
ration of the diverse cathepsin proenzymes. Other regulatory
proteins of cysteine protease activity, such as the cystatin
family of cysteine-protease inhibitors occurs broadly and
similarly across the Fasciolidae (supplementary fig. 6B,
Supplementary Material online).

Analysis of gene gain and loss showed that an orthogroup
corresponding to CAP  domain-containing  proteins
(OG0001149) was extensively amplified in the Fasciolidae
compared with other trematodes. Proteins with this domain,
which also is known as the SCP/TAPS domain, appear to be
involved in helminth parasite-mammalian host interactions.
These proteins are excreted and secreted, and are differen-
tially expressed in the parasitic stages of hookworms (Datu
et al. 2008). In platyhelminths, most studies have been un-
dertaken in Schistosoma mansoni, in which different super-
family members are expressed in different developmental
stages. Some CAP domain-containing proteins are specifically
expressed in the intrasnail stages or in the intramammal
stages (Chalmers et al. 2008; Rofatto et al. 2012). Several
specific duplications have been reported for this superfamily
among diverse helminth taxa (Tang et al. 2014; Hunt et al.
2016; Costabile et al. 2018; International Helminth Genomes
Consortium 2019). In particular, these duplications are lineage
specific, implying that each lineage has duplicated and main-
tained particular superfamily members, influenced by the bi-
ological differences in hosts and/or life cycle stages. To explore
this further, all the orthogroups with genes annotated as CAP
domain-containing proteins from trematodes were retrieved
and analyzed. The phylogenetic analysis (fig. 7) reveals that
although several orthogroups are lineage specific, most of
them are phylogenetically related to other lineage-specific
orthogroups. The Fasciolidae-specific OG0001149 is phyloge-
netically related to five Opisthorchiidae-specific orthogroups
that diverged after the Fasciolidae/Opisthorchiidae split
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Fic. 6. Cathepsins in trematodes of medical importance. (A) Phylogenetic tree of cathepsins B and C from the family Fasciolidae and other

t des. (B) Circos repi

ation of the cathepsin B-containing contigs in Fasciolopsis buski (green), Fasciola hepatica (blue), Fasciola gigantica

(light blue). The relative position of the diverse cathepsin B genes is indicated. Conservation between Fp. buski and the Fasciolinae cathepsin Bs is
highlighted in black and those between the Fasciolinae cathepsin Bs in red. (C) Phylogenetic tree of cathepsins L and F from the family Fasciolidae
and other trematodes. (D) Visualization of the gene structure of the cathepsins L cluster present in Fp. buski contig 4155 (top) and Fa. gigantica
contig 4972 (bottom). Conserved regions (as detected by BLAST) are indicated in red, gene CDS are indicated in green (Fp. buski) and sky blue (Fa.
gigantica). Repetitive sequences are indicated in gray. Note the presence of repeated exons that allow alternative transcripts from the same gene.

Several of their members are preferentially expressed in the
invasive stage. Four other small OGs occur exclusively in the
Fasciolidae, expressed across diverse life stages such as those
presented in the phylogenetically conserved OG0000070. As
reported for other helminths, different lineages have

mechanisms,

duplicated specific groups of genes, and this may be related
to the differences in their life cycles and host immune-evasion

Other excretory-secretory product components like the
fatty-acid-binding proteins have potent immunomeodulatory
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effects inhibiting activation of TLR4 and macrophages, allow-
ing the parasite to establish a long-lasting infection
(Figueroa-Santiago and Espino 2014; Martin et al. 2015)
(supplementary fig. 7A, Supplementary Material online).
Lipid transporters, such as the NPC2 protein, were also
amplified in the Fasciolinae, confirming observations on
Fa. hepatica (McNulty et al. 2017). This may represent a
metabolic adaptation to the rich lipid conditions charac-
teristic of the biliary tract, the predilection site for the
adult stage of Fa. gigantica and Fa. hepatica (supplemen-
tary fig. 7B, Supplementary Material online). Heat-shock

proteins expanded in fasciolid flukes (supplementary fig.
8, Supplementary Material online). Flatworm heat-shock
proteins perform crucial roles in protein homeostasis and
protection from stress-induced damage. They also partic-
ipate in development and modulation of immune
responses through their immunogenic and immunomo-
dulative properties (Yang et al. 2012; Chung et al. 2017).
The protein disulfide isomerases described in Fasciola
may contribute to survival of the parasite in an environ-
ment like the bile ducts, with high oxidative stress and
protein damage (Salazar-Calderon et al. 2003).
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Genome-Wide Signatures of Adaptive Evolution in
Fasciola

We examined genome-wide signatures of selection from pat-
terns of genetic polymorphism (within Fa. hepatica) and di-
vergence (between Fa. hepatica and Fa. gigantica) using
SnIPRE, a Bayesian implementation of the McDonald and
Kreitman (MK) test developed for genome-wide analysis
(Eilertson et al. 2012). The Kolmogorov-Smirnov test was
performed to identify enriched gene ontology (GO) terms

Table 2. Enriched GO Terms among Fasciola Genes with Signatures
of Adaptive Evolution (i.e, high gamma values indicating positive
selection).

GO Term Kolmogorov-
Smirnov Test
P-Value
Biological GPCR signaling pathway 9.3E-09
process
Potassium ion transport 3.0E-04
Transmembrane transport 3.6E-03
Molecular GPCR activity 17E-11
function
lonotropic glutamate receptor 3.4E-04
activity
Extracellular-gl gated 3.8E-04
ion channel activity
Calcium ion binding 7.3E-04
Potassium channel activity 8.9E-04
G-protein-coupled peptide re- 9.4E-03
ceptor activity
Cellular Integral component of 2.6E-11
Membrane 4.9E-08
A
S. mansoni IRETREETE D EEPRREN
F hepatica  IEEDNERCIEZNN D TSN

F ggantica IEETREESIESIN T I AT

Fousi  EECSE
0 20 4 60 8 100 120 140 160 180
mClass A - biogenic amine mClass A- opsin
mClass A - orphan amine wClass A - peptide (FLPR-like)
WClass A - paptide (NPY- F- FF-4ke) MClass A - PROF
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Selection coafficient (gamma)
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among genes with high selection coefficient y (indicating
positive selection) (table 2). A marked enrichment was ob-
served in GO terms related to G-protein-coupled receptors
(GPCRs), indicating that GPCRs are more likely to be under
positive and/or relaxed purifying selection than other genes,
suggesting their involvement in adaptive evolution of these
flukes. Using S. mansoni GPCRs (n = 115) as the reference
(Hahnel et al. 2018), putative Fa. hepatica (117), Fa. gigantica
(126), and Fp. buski (142) GPCRs were assigned into classes A,
B, C, and F (fig. 8A and 8B). Class A GPCRs were further
classified into aminergic receptors (including orphan amines,
biogenic amines, and opsins), peptidergic receptors (including
neuropeptide Y, neuropeptide F, and neuropeptide FF, and
FMRFamide-like peptide), and the platyhelminth-specific
rhodopsin-like orphan-family. Phylogenetic analysis indicated
Fasciolidae-specific expansions among biogenic and orphan
amine receptors (fig. 88). The selection coefficient () of
GPCRs, on average, was higher than those of all other genes
(Kruskal-Wallis test, P= 1.7 x 10~ '%), and this pattern was
observed across all classes of GPCRs except for opsins (fig. 8C).
GPCRs translate sensory inputs into cellular responses and are
thus crucial for tuning physiology and behavior in response to
the environment. Expansion of GPCR odorant receptors
(ORs), for example, increases the repertoire of odorant signals
that species detect, allowing them to occupy new ecological
niches (e.g, terrestrial vs. aquatic vertebrates) (Kishida 2008).
As a comparison, genomes of great apes contain about 1,000
OR genes, of which one-third appear to be functional, as
acquisition of trichromatic color vision in primates caused
the parallel pseudogenization of OR genes (the "vision-prior-
ity" hypothesis) (Gilad et al. 2004). Hence, it is reasonable to
hypothesize that differential gene family expansion and
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Fic. 8. G-protein-coupled receptor (GPCR). (A) total GPCR gene counts in each genome. (B) phylogeny of GPCRs and classification into different
classes using Schistosoma mansoni GPCRs as the reference. Fasciolopsis buski (green), Fasciola hepatica (blue), Fasciola gigantica (light blue), S.
mansoni (yellow) (C) selection coefficient of GPCRs showing signatures of positive and/or relaxed purifying selection. Positive gamma values
indicate positive selection and negative gamma values indicate purifying selection,
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positive selection of GPCRs, along with parallel pseudogeni-
zation of genes under relaxed purifying selection, represent
one mechanism by which species of Fasciola adapted to a
new ecological niche.

Conclusions

This comparative analysis provides novel insight into the bi-
ology and evolution of Fasciolidae and other fluke families of
medical importance. Rapid climatic and ecological changes
may have contributed to the adaptive radiation of fasciolids,
which were accompanied by lineage-specific gene family
expansions and differential rates of molecular evolution
among different gene families. The genomic resources that
these studies have provided should enhance development of
novel interventions and diagnesis, and underpin genomic
epidemiologic investigation of new disease outbreaks, viru-
lence and drug resistance.

Materials and Methods

Parasite Specimens

Genomes of Fa. gigantica and Fp. buski were assembled de
novo using specimens from Uganda (cattle liver) and
Vietnam (pig intestine), respectively. Adult Fa. gigantica
were isolated from the livers of Ankole cattle at the abattoir
of Fort Portal in the Western Region of Uganda in 1993. The
samples of Fp. buski belong to the HT strain and were col-
lected in Ha Tay town, near Hanoi, Vietnam. Parasites were
stored in 80% ethanol at —20 “C until isolation of nucleic
acids. Whole-genome resequencing data for Fa. hepatica were
generated using specimens collected from  Uruguay
(Montevideo) and Peru (Cusco), which were analyzed to-
gether with published samples from the United States
(McNulty et al. 2017) and the United Kingdom (Cwiklinski
et al, 2015).

DNA/RNA Isolation, Genome Sequencing, and
Assembly

Mucleic acids were extracted using QIAGEN DNeasy (DNA)
and RNeasy (RNA) mini kits and cleaned up by ethanol pre-
cipitation for Fo. gigantica. For Fp. buski, ethanol-preserved
adult worms were chopped up using a scalpel blade, and
genomic DNA (gDNA) was extracted and purified using the
kit EZ.N.A and SQ Tissue DNA Kit (Omega Bio-tek), and the
yield and purity were assessed by Bio-Analyzer as described
(McNulty e al. 2017). DNA small-insert (fragment) and mate-
pair (jump) libraries were constructed using gDNA extracted
from an individual adult worm and sequenced on lllumina
HiSeq platform (2X100bp) as described {McNulty et al. 2017).
Pacific Biosciences sequencing (PacBio RS Il P5-C3/P6-C4, 20-
kb library) was performed to complement the lllumina data
and improve scaffolding and gap-filling. ALLPATHS-LG (re-
lease 44837) (Gnerre et al. 2011) was used to assemble the
llumina reads after adapter sequences were removed with
Trimmomatic v0.36 (Bolger et al. 2014). To scaffold the as-
sembled contigs, SSPACE-standard v3.0 (Boetzer et al. 2011)
and SSPACE-longread v1.1 (Boetzer and Pirovano 2014) were
sequentially run using the lllumina and PacBio reads,

respectively. Gapfiller v1.10 (Boetzer and Pirovano 2012)
and PBlelly v15.8.24 (English et al. 2012) were used to close
gaps. and the resulting assembly was error-corrected using
Pilon v1.20 (Walker et al. 2014) and screened for contami-
nants  using blobrools v09.19. Mitochondrial genomes
(mtDNA) were assembled with NOVOPlasty v2.6.3 using
the lllumina fragment reads (Dierckxsens et al. 2017).

Genome Annotation

The nuclear genomes of Fa. gigantica and Fp. buski were an-
notated using the MAKER pipeline v2.31.8 (Holt and Yandell
2011). The published Fa. hepatica genome assembly
(GenBank accession number: GCA_002763495.1) was
reannotated using the same pipeline. Repetitive elements
were soft-masked with RepeatMasker v4.0.6 using a species-
specific repeat library created by RepeatModeler v1.08,
RepBase repeat libraries (Bao et al. 2015), and a list of known
TEs provided by MAKER (Holt and Yandell 2011). From the
NCBI Sequence Read Archive, Fa. hepatica (SRR2038730,
SRR2038734, SRR2038743, SRR2039050, SRR2039051,
ERS524681-3, ERS524685-91, ERS524693,  ERS524696),
Fa. gigantica (SRR094761), and Fp. buski (SRR941773,
SRR5929441) RMA-seq data were obtained. Additional
RNA-seq was performed for Fa. gigantica in biological dupli-
cates (adult stage) on the lllumina HiSeq platform (2X100bp
TruSeq Stranded mRNA library) to support the genome an-
notation. After adapter trimming using Trimmomatic v0.36
(Bolger et al. 2014), RNA-seq reads were aligned to their re-
spective genome assernblies using HISAT2 v2.05 (Kim et al.
2015) with the —dta option and subsequently assembled us-
ing StringTie v1.24 (Pertea et al. 2015). The resulting align-
ment and transcript assembly were used by BRAKER (Hoff
et al. 2016) and MAKER pipelines, respectively, as extrinsic
evidence dara. In addition, mRNA and EST sequences for each
species were retrieved from NCBI and passed to MAKER as
transcript evidence. Protein sequences from UniRef100
(UniProt  Consortium  2017)  (Trematoda-specific,
n=205161) and WormBase ParaSite WBPS7 (Howe et al.
2017) (Clonorchis sinensis PRIDAT2781, Opisthorchis viverrini
PRINA222628, 5. mansani PRIEA36577) were provided to
MAKER as protein homology evidence. Ab initio gene pre-
dictions from BRAKER v1.2 (Hoff et al. 2016) and AUGUSTUS
v3.22 (wained by BRAKER and run within MAKER) were
refined using the transcript and protein evidence. Previously
unpredicted exons and untranslated regions were added, and
split models were merged. The best-supported gene models
were chosen based on Annotation Edit Distance (Eilbeck et al.
2009). To reduce false positives, gene predictions without
supporting evidence were excluded during building the final
annotation, with the excepton of those encoding Pfam
domains, as detected by InterProScan v5.19 (Jones et al.
2014). These Pfam domain sequences were rescued to im-
prove the overall annotation accuracy by balancing sensitivity
and specificity (Holt and Yandell 2011; Campbell et al. 2014).
Unfiltered set of gene models are available upon request.
PANMNZER? (Koskinen et al. 2015) and sma3s v2 (Casimiro-
Soriguer et al. 2017) were employed to name gene products.
The completeness of annotated gene sets was assessed using
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BUSCO v3.0 (Waterhouse et al. 2017). GO and KEGG anno-
tations were performed using InterProScan v5.19 (Jones et al.
2014) and BlastKOALA (Kanehisa et al. 2016), respectively.
rRNA and tRNA were annotated using RNAmmer v1.2.1
(Lagesen et al. 2007) and tRNAscan-SE v1.23 (Lowe and
Eddy 1997), respectively. Mitochondrial genomes were anno-
tated using MITOS2 (Bernt et al. 2013).

Repeat Analysis

RepeatModeler v1.0.8 (with WU-BLAST as its search engine)
was used to build, refine, and classify consensus models of
putative interspersed repeats for each species. With the
resulting repeat libraries, genomic sequences were screened
using RepeatMasker v4.0.6 in “slow search” mode to generate
a detailed annortation of the interspersed and simple repeats.
Per-copy distances to consensus were calculated (Kimura
two-parameter model, excluding CpG sites) and were plotted
as repeat landscapes where divergence distribution
reflected the activity of TEs on a relative time scale
per genome using the calcDivergenceFromAlign.pl
and createRepeatlandscapepl scripts included in the
RepeatMasker package. Intergenic and intragenic repeats
were identified by comparing the genic and repeat annota-
tion coordinates. The distribution of gene lengths, coding,
and intronic sequences for different species were calculated,
and the statistical significance of the observed size differences
among taxa was assessed.

Molecular Divergence Dating Analysis

Diversification timeframe for Fasciolidae was estimated using
StarBEAST2, a multiindividual, multilocus coalescent method
implemented in *BEAST v2.4.7 (Ogilvie et al. 2017). To infer
times to the most-recent common ancestor for Fasciolopsis—
Fasciola and Fa. hepatica-Fa. gigantica, 30 single-copy pro-
tein-coding nuclear loci were selected randomly from OGs of
genes identified across 11 protostome taxa using OrthoFinder
v1.1.4 (Emms and Kelly 2015). In S. mansoni, which is cur-
rently the only trematode for which a chromosome-level as-
sembly is available, all 30 loci are located on autosomes and at
least 500kb apart from each other, suggesting that these
genes are unlinked and evolve independently. For each
orthologous gene group, PRANK (Loytynoja and Goldman
2005) was used within the framework of GUIDANCE2 (Sela
et al. 2015) to generate codon-based multiple sequence align-
ments with removal of unreliable columns (below the default
cutoff of 0.93). A relaxed molecular clock analysis was run
with the Calibrated Yule model (Heled and Drummond 2012)
and bModelTest (Bouckaert and Drummond 2017) as the
tree prior and the site model, respectively. A most-recent
common ancestor prior was set on the root height for the
species tree, taken from the age of Protostomia estimated in a
previous fossil-calibrated eukaryote phylogeny (Parfrey et al.
2011)—a normal prior with mean = 632 Ma, SD = 29.3 Ma.
Twenty independent Markov chain Monte Carlo chains were
run, each for 2 x 10° generations, sampling every 10° states.
The topology was held constant when estimating other
parameters, including divergence times. Convergence, mixing,
and ESS values for each parameter were assessed using Tracer

12

v1.6 (Rambaut et al. 2018). The last 2 x 10" trees sampled
from the stationary posterior distribution of each of the 20
Markov chain Monte Carlo runs were combined using
LogCombiner v1.84, and a maximum clade credibility tree
was generated using TreeAnnotator v2.4.7. An earlier fasciolid
phylogeny (based on 285, ITS1, ITS2, NAD1) (Lotfy et al. 2008)
and a whole-genome mitochondrial phylogeny were dated,
using the same methods, but adjusting gene ploidy for mito-
chondrial loci, and using the resulting divergence time esti-
mates (Fasciolopsis—Fasciola: mean = 88.1 Ma, SD = 7.7 Ma;
Fa. hepatica-Fa. gigantica: mean = 529 Ma, SD = 0.9 Ma) as
node age priors.

Gene Family Evolution

OGs of genes were inferred with OrthoFinder v1.1.4 (Emms
and Kelly 2015) using the longest isoform for each gene. The
CAFE method (Han et al. 2013) was employed to model gene
gain and loss while accounting for the species’ phylogenetic
history based on an ultrametric species tree, generated as
described above for molecular dating, and the number of
gene copies found in each species for each gene family.
Birth—death () parameters were estimated, and the statisti-
cal significance of the observed family size differences among
taxa was assessed. Gene trees from selected Fasciolidae-
enriched families were generated by aligning with MAFFT
(Katoh and Standley 2014) and PHYML tree building
(Guindon et al. 2010), with models predicted by Model
Generator (Keane et al. 2006). Trees were visualized with
Evolview (He et al. 2016). Cryptic or partial copies of gene
family members were captured by tBLASTn on the genomes
with coding sequence (CDS) of OG members as queries, and
visualized and inspected manually with Artemis (Carver et al.
2012).

Genome Variation Analysis

Individual worm gDNA reads from lllumina small-insert li-
braries were aligned to the corresponding genome assemblies
using BWA-MEM v0.7.15 (Li and Durbin 2009). Polymerase
chain reaction and optical duplicates were removed using
picard tools v2.83 (http://broadinstitutegithub.io/picard;
last accessed February 9, 2017). Reads that aligned on the
edges of indels were realigned to achieve the most consistent
placement. Single-nucleotide variants were called via local de
novo assembly of haplotypes using GATK v3.7 (McKenna
et al. 2010) and quality-filtered as previously described (Van
der Auwera et al. 2013; McNulty et al. 2017). For mitochon-
drial loci, sample ploidy was set to 1. Full mitochondrial hap-
lotype sequences were reconstructed based on single
nucleotide polymorphisms (SNPs) for individual Fa. hepatica
samples and were used to build maximum-likelihood phylo-
genetic trees with RAXML v8.2.9 under GTRCAT model and
with autoMRE bootstrapping (Stamatakis 2014). The pairwise
genetic distance between samples (1-ibs, identity by state)
was computed using PLINK v1.90 after excluding loci with
missing genotypes in any of the samples for both the nuclear
and mitochondrial genomes. The computed distances were
subsequently used to generate a tanglegram based on
neighbor-joining trees in Dendroscope v3.59. To correlate
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our mitochondrial genome sequences with the previously
published ~1.4-kb partial mitochondrial sequences overlap-
ping with cytochrome oxidase subunit Ill (cox3) gene, tRNA-
His gene, and cytochrome b (cytb) gene, the corresponding
regions were extracted from the genomes and subjected to
phylogenetic analysis using MAFFT and RAXML (Katoh and
Standley 2014; Stamatakis 2014). Variants were annotated
according to their genomic locations and predicted coding
effects using SnpEff (Cingolani et al. 2012).

Historical Demography

The Pairwise Sequentially Markovian Coalescent (PSMC)
model (Li and Durbin 2011) was used to characterize histor-
ical demography by examining heterozygosity densities in
100-bp sliding windows across the genome. Consensus geno-
mic sequence data (contig length > 50 kb) were generated
for each diploid individual worm using SAMtools/BCFtools
(mapping quality > 20; base quality > 20; median x
033 < depth of coverage < median x 2) (Li et al. 2009) based
on the deduplicated and indel-realigned alignments. Because
PSMC is sensitive to variation in coverage depth, it was run
wwice for each individual using parameters -N25 -t15 -r5 -p
"44+25"24+4 +6." First, it was run utilizing all mapped se-
quence data and then utilizing data down-sampled to 10x
coverage using the DownsampleSam tool (picard). Results
were scaled by a mutation rate estimated based on genome
size (1.6 x 10 ® per base pair per generation for Fasciola spp.)
(Crellen et al. 2016) and a generation time of 0.25 years
(Phalee et al. 2015), resulting in distributions of N, through
time. Subsequently, 100 PSMC bootstrap replicates were per-
formed for both full-coverage and down-sampled data to
confirm consistent distributional patterns.

Genome-Wide Analysis of Signatures of Adaptive
Evolution

To identify genome-wide signatures of selection from pat-
terns of genetic polymorphism (within Fa. hepatica) and di-
vergence (between Fa. hepatica and Fa. gigantica), we
performed the MK test within a Bayesian framework using
SnIPRE (Eilertson et al. 2012). The MK table of fixed or poly-
morphic replacement and silent substitutions was prepared
using PopGenome (Pfeifer et al. 2014) based on exonic SNPs
(identified using the GATK pipeline as described above) in
13Fa. hepatica and 1Fa. gigantica samples. Gene loci with
>8x sequencing coverage over >70% CDS length in all
samples were included in the analysis (n=9,398). The
Kolmogorov-Smirnov test was performed to identify
enriched GO terms among gene with high gamma (positive
selection).

GPCR Annotation and Analyses

Based on available high-confidence GPCR sequences in S.
mansoni (Hahnel et al. 2018) and Fa. hepatica (McVeigh
et al. 2018), orthologous GPCR sequences were identified in
our fasciolid genomes by Inparanoid v4.1 (Sonnhammer and
Ostlund 2015) and Reciprocal Best Hits methods. These
sequences were supplemented with those annotated with
the GO term GO:0004930 (GPCR activity) by InterProScan

v5.19. False-positive GPCR sequences were removed through
manual curation involving an iterative process of inspecting
multiple sequence alignments, building phylogenetic trees,
and identifying anomalous phylogenetic placements using
the S. mansoni phylogeny (Hahnel et al. 2018) as the refer-
ence. Multiple sequence alignments were generated using
TM-Aligner (Bhat et al. 2017), and phylogenetic trees were
inferred by maximum likelihood using IQ-TREE (Nguyen et al.
2015) with the best-fit model automatically selected
(Kalyaanamoorthy et al. 2017) and the SH-aLRT test
(Guindon et al. 2010) performed with 10,000 replicates.

Command lines used to perform the analyses are made
available in supplementary text 1, Supplementary Material
online.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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Abstract

Background: Fasciola hepatica is the main agent of fasciolosis, a zoonctic disease affecting livestock worldwide,
and an emerging food-borne disease in humans, Even when effective treatments are available, drugs are costly and
can result in tolerance, liver damage and normally they do not prevent reinfection. Drug-resistant strains in livestock
have been reported in various countries and, more worryingly, drug resistance in human cases has emerged in
South America. The present study aims to characterize the transcriptome of two South American resistant isolates,
the Cajamarca isolate from Peru, resistant to both triclabendazole and albendazole (TCBZR/ABZR) and the Rubino
isolate from Uruguay, resistant to ABZ (TCBZS/ABZR), and compare them to a sensitive strain (Cenapa, Mexico,
TCBZS/ABZS) to reveal putative molecular mechanisms leading to drug resistance,

Results: We observed a major reduction in transcription in the Cajamarca TCBZR/ABZR isolate in comparison to the
other isolates. While most of the differentially expressed genes are still unannotated, several trends could be detected.
Specific reduction in the expression levels of cytoskeleton proteins was consistent with a role of tubulins as putative
targets of triclabendazole (TCBZ), A marked reduction of adenylate cyclase might be underlying pleiotropic effects on
diverse metabolic pathways of the parasite. Upregulation of GST mu isoforms suggests this detoxifying mechanism as
one of the strategies associated with resistance,

Conclusions: Our results stress the value of transcriptomic approaches as a means of providing novel insights to advance
the understanding of drug mode of action and drug resistance. The results provide evidence for pleiotropic vanations in

drug-resistant isolates consistent with early observations of TCBZ and ABZ effects and recent proteomic findings.

Keywords: Fascola hepatica, Drug resistance, American isolates, Triclabendazole, Albendazole, Transcriptomics

Background

Fasciolosis is indisputably one of the most widely distrib-
uted zoonotic diseases, affecting no less than 300 million
cattle and 250 million sheep worldwide. The economical
cost of the disease has been valued at 3 billion dollars annu-
ally [1, 2]. This huge economic impact from direct losses
might be an underestimate considering indirect costs of
treatment, or loss of animal workforce in less industrialized
countries, Furthermore, fasciolosis is emerging as a relevant
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issue in human health, affecting roughly 2.6 million people
worldwide. For this reason it has been considered as a re-
emerging neglected disease by the WHO [3]. In the
Americas the disease is widespread in livestock and is an
important human food-borne infection in the Altiplano
region of Bolivia and Peru [4].

Although effective treatments are available, drugs are
costly and usually do not block reinfection. Liver fluke
drug resistance is a preoccupying productive problem in
Latin America and a concern in medicine since human
cases have emerged [4]. Triclabendazole (TCBZ) treat-
ment failure has been reported in Brazil [5], Argentina [6]
and Peru [7-9]. Moreover, resistance to albendazole
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(ABZ) has been reported in Argentina [10], Uruguay [11],
Chile and Bolivia [5]. More worryingly, ABZ resistance
accompanied by reduced effectivity of TCBZ has been
registered in Bolivia [12] and Peru [13], and resistance to
both drugs has been described in an isolate from the
Cajamarca valley of Peru [9, 11]. This phenomenon of
double resistance compromises the idea of combined drug
treatments. More recently, TCBZ resistance in humans
has been reported in Chile and Peru [14, 15], There is a
pressing need to understand epidemiological and mechan-
istic aspects of drug resistance emergence.

Despite being in use for more than 30 years, the exact
mechanism of action of TCBZ is still not completely
elucidated [16]. One of the earliest and more complete
biochemical studies provides early evidence of
pleiotropic effects [17]. The study documented that the
drug was absorbed through the tegument affecting the
motility of the parasite in a dose-dependent manner.
This effect was associated with changes in the worm’s
resting tegument membrane potentials. In addition, an
effect on tubulin binding was also observed. Further-
more, an anaerobic metabolic stimulation was suggested
by the increase in propionate and acetate production
without affecting ATP levels. A general reduction of
secreted proteases was also described [17], an effect that
might be associated with a reported general inhibition of
protein synthesis [18]. Several studies have focused on
tegument disruption, one of the major effects of drug
treatment [19-24]. This was generally associated with a
putative role of tubulin as target, based on similarities to
findings on other benzimidazole effects against nema-
todes [16, 25]. The ability to compete with colchicine, a
known inhibitor of tubulin polymerization, was an early
test for tubulin binding [17, 26]. The role of microtu-
bules in TCBZ pathogenesis was further suggested by
several lines of evidence, like the detection of cell
division inhibition in vitelline and reproductive cells
[27-29], the reduction in the transport of tegumental
secretory bodies [22], and the inhibition of tubulin
immunostaining [30, 31]. Surprisingly, TCBZ was recently
reported to inhibit adenylate cyclase activity in yeast,
activating the stress response [32]. This effect has not been
observed in the liver fluke so far, but considering the role of
¢AMP as second messenger, it might provide an explan-
ation for the pleiotropic effects of the drug.

Interestingly, TCBZ is quite specific for fasciolids,
being ineffective against nematodes. On the other hand,
out of the benzimidazolic drugs used for gastrointestinal
roundworms, only ABZ is effective against the adult
stage of Fasciola spp. [33]. These differences and the fact
that ABZ is usually effective against TCBZ-resistant
isolates suggest that different mechanisms might be
underlying the effect of each benzimidazolic drug. ABZ
also induces tegument damage, disruption of tegumental
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vesicle traffic, alterations in reproductive tissues and
vitelline cells, and reduction in egg production [33, 34].
However, despite these similarities, differences in the
metabolism of worms treated with these drugs are
suggestive of diverse targets or mechanisms.

It has been shown that the metabolism of TCBZ to
triclabendazole sulphoxide (TCBZ.SO) and TCBZ.SO to
triclabendazole sulphone (TCBZ.SO2) is greater in
TCBZ-R than in TCBZ-S isolates [35-37]. Interestingly,
the uptake of TCBZ and TCBZ.SO by TCBZ-R fluke
isolates is significantly lower than in TCBZ-S flukes, while
the uptake of ABZ is similar in both strains [35, 38]. The ef-
fect can be reversed by incubating the TCBZ-R flukes in
the presence of ivermectin, a substrate of P-glycoprotein
(PGP) drug efflux pump, While disruption of the tegument
is markedly reduced in TCBZ-R flukes, the co-incubation
with R(+)-verapamil, another PGP inhibitor, gives rise to
severe tegumental lesions [39, 40], highlighting PGP as one
of the possible detoxifying mechanisms. A similar effect of
increased tegument disruption is seen when TCBZ-R flukes
are incubated with methimazole, an inhibitor of the flavin
mono-oxigenases (FMO) [41]. Ketoconazole, an inhibitor
of CYP450 [42, 43] also produce as similar phenotype, sug-
gesting that these pathways might be associated with drug
resistance as well. It was hypothesized that some of these
enzymes might be upregulated in the resistant strains [35,
36]. Consistent with this, an increased enzyme activity of
detoxifying enzymes gluthatione S-transferase (GST),
carboxyl esterase and carbonyl reductase, was observed in
TCBZ-treated worms [44], and a higher GST response was
observed in the TCBZ-R Sligo strain in comparison to the
Cullompton sensitive isolate [45]. A comparative proteomic
study of the Sligo and Cullompton isolates showed
variation in energy metabolic enzymes, detoxifying enzymes
and structural proteins, confirming the pleiotropic nature
of TCBZ effects, and reinforced suggestions of differential
expression of several proteins [46].

1t is therefore clear that anthelmintic drugs produce com-
plex effects on the liver fluke, affecting the metabolism,
physiology and morphology of the parasite. Drug-resistant
isolates seem to utilize diverse detoxifying mechanisms to
cope with these drugs [47]. We sought to shed new light
into drug resistance by using a genomics approach, which
has been demonstrated to be very powerful in schistosomes
[48-52]. Similar efforts have been initiated in F. hepatica
[53], starting from well characterized European TCBZ-R
and TCBZ-S isolates and their genome sequences [54, 55].
In this work we add a transcriptomic perspective to the
current knowledge via an in depth analysis of the basal
transcriptomic state of three isolates from the Americas
with different susceptibilities to TCBZ and ABZ. This
report would set the baseline for upcoming comparative
studies on variations of gene expression upon exposure to
the different anthelminthic drugs.
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Methods

Strains

Three Fasciola hepatica isolates with different susceptibil-
ities to triclabendazole (TCBZ) and albendazole (ABZ) were
analyzed. The “Cajamarca” isolate was originally obtained by
Dr Pedro Ortiz from infected cattle in Cajamarca, Peru. It
has been maintained for five years in sheep and character-
ized in their laboratory as resistant to both ABZ and TCBZ
[9, 11]. The “Rubino” isolate (originally obtained from cattle
in Salto, Uruguay) is resistant to ABZ but sensitive to TCBZ
[11]. It has been maintained in sheep for eight years by Dr
Valeria Gayo in the DILAVE “Miguel C. Rubino”. The iso-
late is routinely used to test formulations of Closantel and
TCBZ, since it is sensitive to both. Similarly, “Cenapa” is an
isolate sensitive to both drugs that has been maintained for
more than a decade in sheep, and is routinely used by the
veterinary health authorities of the Mexican government to
evaluate the efficacy of anthelminthics. The Cenapa isolate
was kindly provided by Dr Estefan Miranda. The three
laboratories followed protocols approved by the respective
local Committees of Animal Experimentation, in accordance
to the recommendations of Guide for the Care and Use of
Laboratory Animals [56]. All isolates are maintained in
sheep without selective drug pressure.

RNA-sequencing and pre-processing of the reads

Adult flukes were obtained from infected sheep livers and
stored immediately in RNAlater. No macroscopic mor-
phological differences were observed between flukes.
PolyA+ RNA was purified from single adult worms of the
different isolates in duplicates and used to generate paired
end (PE) libraries using the TrueSeq LT kit (Illumina, San
Diego, USA). Samples were sequenced in the Illumina
Platform at the CPqRR sequencing facilities at FIOCRUZ,
Belo Horizonte, to obtain 117 million 76 bp pair end
reads. The resulting sequences were quality trimmed and
mapped to the F. hepatica reference genome (WormBase
Parasite Acc: PRJEB6687) [54] using CLC Genomics
Workbench v7 (Qiagen, Aarhus C, Denmark) with default
parameters. A good coverage of predicted genes (over
80%) was observed. A summary of the number of reads
obtained in each step is shown in Additional file 1: Table
S1. Raw sequencing data were submitted to SRA under
accession PRINA339158.

Differential expression (DE) determination

Differential expression was analyzed using different tools of
the Bioconductor suite of bioinformatics packages [57, 58].
To obtain expression estimates, mapped reads were
counted for each gene using the summarizeOverlaps
function from the GenomicAlingments package [59] and
log,-transformed. To account for sequencing depth in
differential expression analysis, raw read counts were
normalized with DESeq2 [60]. Replicate consistency was
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established by computing pairwise Pearson’s correlation
coefficients in R. Differentially expressed genes were defined
using DESeq2 (using the Wald Test implemented in the
package with 4 degrees of freedom) from pairwise compari-
sons of the log,-transformed normalized expression
estimates, establishing a minimum fold change of 2 and a
false discovery rate (FDR) (controlled using the Benjamini &
Hochberg's method [61]) corrected P-value lower than 0.05.

Functional enrichment analysis

Lists of DE genes were analyzed with the TopGO
Biocondutor package in R [62] to assess enriched gene
ontology categories (using Fisher’s exact test implemented
in the package with 2 degrees of freedom; a P-value < 0.01
was considered significant). The parameters orderBy
= “classicFisher” and ranksOf = “classicFisher” were set for
visualization. GO annotation was retrieved from Wormbase
Parasite (parasite.wormbase.org) [63].

SNP calling

SNPs were called from RNAseq mappings to the reference
genome using mpileup (-uf parameters) and beftools (-mv
parameters) from samtools [64]. Putative phenotypic effects
of the variants called were assessed with the variant effect
predictor script (part of the Ensembl tools [65]. Synonymous
codon variants and other low impact mutations were not
included in the analysis.

KEGG orthology annotation

The GhostKOALA tool [66] was used to annotate the
predicted proteome. Genes belonging to common
housekeeping functions were identified using the KEGG
Brite reconstruction list [67]. Selected categories, gene
IDs and genome annotation are shown in Additional
files as indicated in the text.

Results and discussion

A lower transcription level is observed for a significant
amount of Cajamarca genes

To obtain a global picture of the differences of the transcrip-
tomic profiles of the different isolates, samples were clus-
tered and pairwise correlations were computed. Figure la
shows that while duplicates were very consistent, the
Cajamarca isolate displayed the lowest level of correlation to
the other samples. This difference is mostly explained by
comparatively low mRNA steady state levels of many
transcripts in this strain (Fig. 1b and Additional file 2: Figure
Sla). On the other hand, differences in the gene expression
were subtler between the Rubino and Cenapa samples
(Additional file 2: Figure S1b).
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Housekeeping gene expression is not biased between
isolates

Since we saw a reduction of transcription in the TCBZR/
ABZR Cajamarca isolate in relation to the other two iso-
lates, we wanted to check if the asymmetrical distribution
of differentially expressed genes (DEG) among the strains
was due to a general lower transcript level in the Cajamarca
isolate that normalization was not able to account for.
Interestingly, we detected that housekeeping genes (such as
aminoacyl tRNA synthetases, DNA polymerase subunits,
proteasome subunits and spliceosome subunits) do not
show differences of expression among any of the strains
(Fig. 2 and Additional file 3: Figure S2). These results
indicate that Cajamarca samples are not globally skewed
toward less expression, but rather different gene families
might be differentially affected. These results are puzzling
since no drug selective pressure was applied to these
worms, and it might reflect a basal status of the isolate.
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Fig. 2 Correlation of housekeeping gene expression, Scatterpiot
showing the correlation of Rubino normalized counts per gene versus
therr Cajamarca counterpants. Filled circles highlight the exgression of
genes belonging to housekeeping functions: dark cyan, aminoacyl tRNA
synthetases; dark green, core DNA polymerase suburits; dark magenta,

core proteasome subunits; light green, core splicecsome subunits

Notably, early studies of the effect of TCBZ reported a
marked drop in protein synthesis [18], consistent with
morphological observations of changes in heterochromatin,
the disappearance of the nucleolus and the subsequent
reduction of ribosomes, reduction in Golgi complexes, and
secretory bodies in tegumental cells [22]. Therefore, it is
tempting to consider that the study of differentially
expressed (DE) genes might help to pinpoint some possible
candidates involved in the resistance phenotype.

The top differentially expressed genes are mostly not
annotated

Pairwise comparisons were performed between the isolates
using DESeq2 package. Almost half of the downregulated
or upregulated genes in each pairwise list are currently
devoid of any annotation. We focused on the top 20
upregulated or downregulated DEG in each pairwise
comparison (Additional file 4: Table S2). Even within this
selected set, 41 out of 58 of the downregulated DEG are of
unknown function, and diverse functions are present in the
remaining annotated genes. A similar scenario was
observed for the upregulated DEG where 37 of 47 were
unannotated, highlighting the still incomplete nature of the
available genome annotation. However, 3 out of 10 of the
annotated DEGs upregulated in the Cajamarca and Rubino
resistant  strains, contain putative CUB domains
(IPRO00859). This domain (for Complement C1r/Cls, Uegf
and Bmpl) comprises more than 100 amino acids and is
usually found in the extracellular- or plasma membrane-
associated proteins with diverse functions. Several mamma-
lian CUB containing proteins are proteases with calcium
binding EGF domains, taking part in pleiotropic functions
like complement activation, developmental patterning,
neurotransmission and cell signaling [68]. CUB domain
containing proteins found in the F. hepatica genome are
generally short with no other associated domains, but this
might well be a consequence of the still fragmented nature
of the assembly. Interestingly, upregulation of CUB domain
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containing proteins has been observed in C. elegans in
response to albendazole administration [69]. Although little
is known of the relevance or function of these proteins in
helminths, the upregulation in the resistant isolates even
without exposure to the drug is noteworthy.

Cytoskeleton related genes are less expressed in the
Cajamarca strain

The entire lists of DEG in each pairwise comparison were
subjected to GO functional category enrichment analysis.
Remarkably, several terms related to cytoskeleton structure
and function showed a significant enrichment in the list of
downregulated genes in the resistant strains, especially in
the Cajamarca isolate (Fig. 3 and Additional file 5: Table S3).
This is an interesting observation taking into account the
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putative role of tubulins as targets of ABZ, TCBZ and other
benzimidazole-based drugs [70, 71].

These results prompted us to further characterize the
expression of cytoskeleton-related gene families. Figure 4
shows the expression profile of the a and  tubulin gene
families (Fig. 4a, b) and motor protein families (kinesins
and dyneins Fig. 4c, d). In all cases the Cajamarca isolate
showed lower levels of gene expression for these families
when compared to the other strains, which were not sig-
nificantly different among them (Student’s t-test P < 0.05,
see legend of Fig. 4 for exact P-values of each compari-
son). In particular, a-tubulin and B-tubulin mRNAs
showed differential expression between the strains being
down-represented in the Cajamarca isolate (Fig. 4a, b and
Additional file 6: Table S4). Finding a skewed expression

genome for the GO category

Fig. 3 Gene ontolegy (GQ) enrichment of Cajamarca downvegulated genes, Directed acyclic graph showing cellular component GO categories present in
the downregulated genes when comparing the Cajamarca with the Cenapa samples. Colors indicate category overrepresentation, with red being most
significant. Text lines indicate GO number, category description, Fisher's Pavalue and the number of genes in the set aver the total number of genes in the

GOOMR29

Time

175



Doctorado en Ciencias Bioldgicas | Santiago Fontenla

Radio et al. Parasites & Vectors (2018) 11:56

Page 6 of 11

]
-

oy
o
i

Normalizaed Counts (log2)
)
V

.

5.
0- U .
cA RU CE
s | T
L I'_nsﬁ
10-

Normalizaed Counts (log2) €)

5- +
0- ®
CA RU CE

o

(—ll_ng—l

%
g 10'
8 ﬁ
g
g s- t
: !
0- '
RU CE
d,.
3 r—a'r—nsﬁ
§1o-
N
0- . .
CcA RU CE

Fig. 4 Expression levels of cytoskeleton related gene families. Boxplot showing the expression kevels for mRNAs coding for a-tubulins (@), f-tubulins (b),
kinesirs (€) and dyneins {d) in each sample, Samples were compared using a two-sided Student’s ¢-test in R For a-tubulins CA vs RU: tap =-3.586, P< 0001;
CAvs CE: 135 =-2148, P=0039, RU v CE: 125, = 1515, P=0.139 For B-tubuling CA vs RU: 85 =-2529, P=0023; CA vs CE: 415 =-1372, P=018% RU vs CE

T = 1162, P=0262. For kinesins CA 15 BU: fisg =-5092, P < 0007; CA vs CE typn =-3522, P <0001; RU vs CE tyy = 1508, P=0112. For dyneins CA vs RL:
lraan = -2473, P = 0014; CA vs CE: I5ay = -0207, P=0836; RU vs CE tiz:7 = 2407, P= 0017, Significant compariscns are marked with asterisks (<005, “P<

01, ***P < 0001). Abbraviations: CA, Cajamarca; RU, Ruine; CE, Cenapa; ns, not significant

of tubulins and other cytoskeleton genes in a double
resistant isolate reinforces the notion of tubulin as a
putative TCBZ target.

SNPs in the B-tubulin genes have been reported as
molecular mechanisms of resistance development in
nematodes, and in particular three amino acid substitu-
tions in the Haemonchus contortus p-tubulin have been
associated with resistance [72, 73]. Initial studies
attempting to find the same variations in F. hepatica
failed to find association between these changes and
resistant status [30, 74]. Despite this, a strongly reduced
tegument damage and little disruption of tubulin immu-
nostaining were observed in TCBZ resistant flukes in
comparison to a sensitive isolate [30]. Similarly, disrup-
tion of tegument and reduction of tubulin immunostain-
ing were also observed upon exposure to albendazole
sulphoxide (ABZ-SO) [34] highlighting tubulin as one of
the putative targets in F. hepatica. Our results support
the association of these proteins with the resistance
phenomenon, but in our case, mRNA level variations
and not SNPs were revealed as the putative molecular
mechanism. Notably, a similar reduction in tubulin

expression has been observed in H. contortus drug-
resistant strains [75, 76). However, a previous study
failed to detect differences in transcription levels of
diverse f-tubulins between the TCBZ resistant Oberon
and the Leon TCBZ sensitive isolates [77]. While these
contradictory observations might be pointing to different
mechanisms of resistance in different strains, the
observation that other motor proteins mRNA levels are
reduced (Fig. 4c, d) clearly relates to the previous
finding and further associates the resistance phenotype
with microtubule cytoskeleton function.

Interestingly, collagen coding mRNAs were under-
expressed in the Rubino isolate compared to the other
strains. The difference is particularly significant with the
Cajamarca isolate where an average 5-fold transcription
level was detected for collagen (Additional file 7: Table S5).

Only a few genes associate with detoxifying pathways are
differentially expressed

Since several putative candidates genes involved in drug
resistance have been advanced [47, 78], we verified their
differential expression in our three isolates. One of the
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first mechanisms proposed in detoxification is the oxida-
tion of the incoming drug by proteins involved in redox
activity (defined by annotation of functional domains)
(Additional file 8: Table S6). We detected downregula-
tion of several redox proteins in the Cajamarca strain
when compared with the other two isolates, and we
observed extreme variations.

Another proposed mechanism for drug resistance is the
conjugation of the primary metabolite to proteins, such as
the glutathione S-transferase family (GST), and other
detoxification enzymes. The expression pattern of these
candidates was analyzed, and no significant differences were
observed for the complete set when a FC>2 cut-off was
applied. However, while there is no global trend when all
enzymes are considered, it is interesting to point out that
some GST genes, particularly of the mu type, do have sta-
tistically significant variation and a modest upregulation in
the resistant strains (FC > 2, see Additional file 9: Table S7).
This is consistent with previous biochemical studies that
have shown increased GST activity in the Sligo resistant
strain when compared to the Cullampton sensitive strain
(44, 45]. Also an increase in GST mu was observed in the
only comparative proteomic study available so far [46].

Among the detoxification proteins, some mRNAs were
significantly different between the strains (Additional file 9:
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Table S7). It has been hypothesized that ABC transporters
might be upregulated in drug-resistant strains [79]. Indeed,
an ABC transporter-like protein (BN1106_s3396B000087)
was upregulated in the TCBZ resistant isolate
(Additional file 9: Table S7). Whether this is further
upregulated upon drug exposure still needs to be addressed.

Adenylate cyclase is reduced in TCBZR isolate

Recently it was reported that TCBZ can inhibit adenylate
cyclase (AC) activity in yeast [32], but despite being widely
studied in F. hepatica [80], there are still no in vitro studies
of AC variation in response to drug administration. To gain
insight into this possible mechanism, we investigated if AC
expression was skewed in our samples. Surprisingly we
observed a significant variation on the expression levels of
several AC isoforms in both the resistant isolates in relation
to the Cenapa sensitive strain. Notably, all isoforms tend to
have consistently low transcription levels in the Cajamarca
isolate with some of them being significant, while variations
in both directions were found in the ABZR Rubino isolate
(Table 1).

The described inhibition of AC upon exposure to
TCBZ in yeast would not necessarily reduce their tran-
scription levels. Considering the central role of AC in
metabolism, its downregulation in the Cajamarca isolate

Table 1 Pairwise comparisons for all annotated adenylate cyclase genes

Gene Cajamarca vs Cenapa Rubino vs Cenapa

Cajamarca vs Rubino Genome annotation Kegg annotation

Fald change (fog2) FDR

Fold change (log2) FDR

Fold change (log2) FDR

BN1106_sB20B000180  -2.54 1.00e-06 078

BN1106é_s5842B8000024 -2.42 410e03 1.78

BN1106_515828000143 126804 1.24

'
=
@
-

BN1106_s30828000130 34302 136

w

'
o
";‘
e

BN1106_s27588000091 -1.61 1.20e02 167

BN1106_s7958000308 -1.05 7.20e-02 -1.91
BNT106_s4518000364 058 654¢-01 -1.98

BN1106_s4307B000027 048 na 061 na
BNT1106_s158288000215 -0.12 na -1.02 na

BN1106_s15888000216 0.13 93%-01 078

14901
380203 g
5.50e-03
27e-02
20%e-03 -328
265e-04 085

250e-02 140

420201 09

-332

142011 Adenylyl cyclase class-3/4/ K0B049 ADCY9
guanylyl cyclase

(Nuclecude cyclase)
7.78e-09 Adenylyl cydase class-3/4/  K08049 ADCY9
guanylyl cyclase
(Nucleotide cyclase)
942e-13  Adenylyl cydase class-3/4f -
guanylyl cyclase
(Nuclectide cyclasel
620e-06 Adenylyl cyclase class-3/4/ -
guanylyl cyclase
(Nucleotide cyclase)
890e-10  Adenylyl cydase class-3/4/  K08041 ADCY1
guanylyl cyclase
(Nuclectide cyclase)
Adenylyl cyclase class-3/4/ K08049 ADCY9
guanylyl cydlase
(Nuclectide cyclase)
Adenylyl cyclase class-3/4f  KDB0D49 ADCY9
guanylyl cyclase
(Nuclectide cydase)

w
g
a

'
w
“'..
o

240e-01

207e-00

K08049 ADCYQ
K08043 ADCY9

0.00 na na

091 646e-07  Adenylyl cydase class-3/4/
guanylyl cyclase

(Nuclectide cyclase)

Adenylyl cydase class-3/4/ KO8049 ADCY9
guanylyl cyclase

(Nucleotide cyclase)

4 60e-01

1Ds of DEG genes [FC> 2 or < -2 {log2 FC >1 or <-1) and an FDR < 0.05] in any compaﬂsun are hlghllghted in bold. The log2FC value is highlighted in

italics and underlined for the upregulated genes and in bold and double

d for the d G d ones
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may account for the pleiotropic reduction in gene
expression observed. Since cyclic AMP is a relevant second
messenger, we investigated the expression levels of the
main mediators Protein Kinase A (PKA) and the RAP
guanine nucleotide exchange factors. Both genes showed
no alterations in their transcription profile. Nevertheless,
the reduction in AC might result in a concomitant AMPc
drop, which in turn would activate diverse stress responses
through all these effectors without altering their transcrip-
tion levels. This might provide an explanation for the
pleiotropic effects on motility, cytoskeleton, carbohydrate
metabolism, and activation of stress and detoxifying
enzymes. In any case, carefully controlled in vitro
experiments of TCBZ inhibition of AC activity in flukes are
needed to confirm these hypotheses.

Interestingly, our results are generally consistent with the
comparative proteomics results that found variations in
several metabolic enzymes, as well as in stress response
proteins and structural proteins [46]. Several of the proteins
and genes found to be differentially expressed at transcript
level in this study (Additional file 10: Table S8) were also
reported as differential in the previous proteomics work,
such as the detoxifying enzymes already mentioned (redox
proteins and GSTs).

Conclusions

In the first transcriptomic analysis of F. hepatica isolates
with different levels of drug susceptibility, we were able to
highlight diverse protein functions and families that show
differential gene expression. Notably, several of the affected
genes and pathways correspond to those that are being
proposed as normally altered upon drug exposure. The
presence of variation in expression levels in these pathways
in resistant isolates is suggestive, but we cannot conclude
with the available evidence that it is related to the resistant
phenotype. Further experiments assessing expression levels
of these mRNAs in the different isolates upon controlled
exposure are necessary to either confirm or reject that RNA
levels actually vary upon drug exposure. While those experi-
ments are on the way, we can highlight that the differentially
expressed genes in resistant isolates are diverse, and
correlate quite well with initial biochemical and structural
observations of the pleiotropic nature of drug effects,
particularly in the case of TCBZ [17-24]. Moreover they
also are coincident with more recent proteomic
characterization of drug sensitive and resistant isolates from
European origins [46]. Interestingly a recent transcriptomic
study of drug-resistant isolates of Trypanosoma cruzi also
showed altered expression of genes associated with putative
drug action mechanisms [81]. The fact that the parasites can
survive drug exposure strongly suggests that resistance is
the result of additive subtle changes in the expression, and
consequently protein metabolic activity. A corollary of this
observation is that resistance in different isolates might rely
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on diverse mechanisms or targets. This highlights the need
for studying diverse isolates in order to gain a better
understanding of drug action and parasite resistance
mechanisms. The results provided by this work are a step in
this direction that we hope will impact future methods for
parasite control.
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In the present work, we performed a comparative genome-wide analysis of 22 species
representative of the main clades and lifestyles of the phylum Platyhelminthes. We
selected a set of 700 orthologous genes conserved in all species, measuring changes in
GC content, codon, and amine acid usage in orthologous positions. Values of 3 codon
position GC spanned over a wide range, allowing to discriminate two distinctive clusters
within freshwater turbellarians, Cestodes and Trematodes respectively. Furthermore, a
hierarchical clustering of codon usage data differs remarkably from the phylogenetic tree.
Additionally, we detected a synonymous codon usage bias that was more dramatic in
extreme GC-poor or GC-rich genomes, i.e., GC-poor Schistosomes preferred to use
AT-rich terminated synonymous codons, while GC-rich M. lignano showed the opposite
behavior. Interestingly, these biases impacted the amino acidic usage, with preferred
amino acids encoded by codons following the GC content trend. These are associated
with non-synonymous substitutions at orthologous positions. The detailed analysis of the
synonymous and non-synonymous changes provides evidence for a two-hit mechanism
where both mutation and selection forces drive the diverse coding strategies of flatworms.

yword: . GC ynony d
acid usage, mutation, selection

codon usage, non-synonymous substitutions, amino

INTRODUCTION

‘The phylum Platyhelminthes with more than 30,000 species is one of the major phyla of invertebrate
animals containing an enormous diversity of life forms that had colonized very diverse niches
(Caira and Littlewood, 2013). Almost three quarters of the flatworms are parasitic and belong to
the Neodermata, a monophyletic clade characterized by a syncytial tegument and the presence of
diverse specialized organs to attach to hosts like suckers and hooks. The Neodermata comprise
three classes: the Monogenea (primarily external parasites of cold-blooded aquatic vertebrates), the
Cestoda (obligate endoparasites of vertebrates), and the Trematoda (endoparasites of vertebrates as
adults, with intermediate stages endoparasitic in other invertebrates, mainly mollusks) (Caira and
Littlewood, 2013). Besides the parasitic Neodermatans, an enormous diversity of species occurs in
seas, rivers, and lakes and on all continental land masses comprising one of the successful phyla of
invertebrates (Collins, 2017). A few species exist as either commensals or occasional parasites of
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invertebrates, but most of them are free-living predator species
forming a single paraphyletic group collectively referred to as
“turbellarians” (Caira and Littlewood, 2013). Studies based on
rRNA (Larsson and Jondelius, 2008; Laumer and Giribet, 2014)
and transcriptomic data (Egger ct al, 2015; Laumer et al,, 2015)
showed that the phylum Platyhelminthes split carly into two
clades: the ancestral Catenulida and the Rhabditophora, which
includes several free-living orders and the Neodermatans (Table 1),
Taxonomically, the Macrostomorpha was placed as the earliest
diverging Rhabditophoran linage and the order Tricladida,
which contains the model organism Schmidtea mediterranea, as
part of the later-evolved “turbellarians.”

The huge diversity of flatworm’s life forms seems to be
paralleled at genomic level. The recent publication of several
genomic assemblies of the phylum (most of them corresponding
to parasitic Neodermatans) has revealed a wide genomic diversity.
For example, genome sizes range from 67 or 104 Mbases in the
monogenean Gyrodactilus salaris or the cestode Hydatigera
taeniaeformis, respectively, to 1,200 Mbases in the trematode
Fasciola hepatica (Coghlan et al, 2019). Interestingly, this
variation has little correlation with gene set completeness among
genomes and is mostly due to non-coding elements, including
repetitive and non-repetitive elements, with repeat content
ranging from less than 4% in the smallest genomes of cestodes
to 68% in Fasciola hepatica. Additionally, guanine and cytosine
(GC) contents are very diverse from 28% in the planaria S.
mediterranea and 33% in Monogenea Gyrodactylus salaris, to
more than 45% in M. lignane and the food-borne trematodes
(FBT) E hepatica, C. sinensis, and O. volvulus (Coghlan et al, 2019).

We wondered if these large variations in genomic
composition and structure could be correlated with the
morphological and ecological diversity. It is well known that
genomic GC content determines codon usage across species

Codon Bas n Piatyhelminthes

(Bernardi and Bernardi, 1985; Plotkin and Kudla, 2011) and
the use of alternative synonymous codons is a non-random
process (Sharp et al., 2010; Plotkin and Kudla, 2011). Due to
the degeneracy of the genetic code, most amino acids, with the
exceptions of methionine and tryptophan, are encoded by more
than one codon. Codon usage bias (CUB) is a phenomenon
where synonymous codons are not used with equal frequencies
in coding DNA. It has been suggested that codon usage bias
is the result of an equilibrium between mutational bias and
natural selection and that natural selection could be acting
in presumably highly expressed genes (Sharp et al, 2010;
Plotkin and Kudla, 2011). Besides the effect at synonymous
codon usage, it has been shown that strong GC bias could lead
to changes in amino acid frequencies (Behura and Severson,
2013; Li et al., 2015). While this has not been explored widely
in flatworms, several advances have been made in nematodes
(Cutter et al,, 2006; Mitreva et al.,, 2006; Mazumder et al.,
2017a; Mazumder et al,, 2017b). It is not clear yet how genomic
GC differences could be influencing the codon usage and
amino acid composition of proteins in Platyhelminthes and if
these variations correlate with the ecological and physiological
diversity in the phylum.

First reports of flatworm codon usage predated the genomic era
and were based on a low representative number of sequences in
Schistosomesand Echinococcus. Heterogeneity was evidencedsince
Schistosomes preferred A+T-rich codons, while Echinococcus
favored GC3-rich codons (Meadows and Simpson, 1989; Alvarez
et al, 1993; Kalinna and McManus, 1994; Milho and Tracy,
1995). Further analysis in larger sets of genes showed that codon
bias was not uniformly distributed between genes introducing the
possibility of isochores (regions that differ in GC content) in the
genomes of flatworms (Ellis and Morrison, 1995; Ellis et al,
1995). In agreement, a more recent compositional analysis of

TABLE 1 | List of speces analyzed and their GC content.FL, Free-ilving; PR, parasitic; G.GC, genomic GC percentage; T.GC. transcript (CDS) GC percentage,

Class Subclass/order Species iati G.GC TGC
CATENULIDA Stencstomum leucops Sleu FL 540
RHABDITOPHORA Macrostomorpha Macrostormun fgnano Miig FL 45.9 58.7
RHABDITCPHORA Lecithoepitheliata Geocentrophora applanata Gapp FL 378
RHABDITCPHORA Polycladida Prostheceraeus vittatus Puit 28 46.4

RHABDITCPHORA Neodalyelida/Rhabdocoeta Rfiynchomesostoma rostratum Rros FL 401

RHABDITOPHORA Dalyellicida/Fecampida Kronborgia amehipoadicola Kamp PR 40.3
RHABDITOPHORA Seriata/Proseriata Monocets fusca Mius FL 408
RHABDITOPHORA Seriata/Bothroplanida Botrhiaplana sempen Bsem 28 53.0
RHABDITCPHORA Seriata/Tricladida Schmidfea mediterranea Smed FL 239 36.6
MONOGENEA Monopisthocotylea/Gyradactylidea Gyrodactius salans Gasal PR 339 433
MONCGENEA Polyopisthocotylea/Polystomatidea Protopolystoma xenopodis Pxen PR 37.7 50.2
TREMATODA Digenea/Strigeidida Schistosama manson Sman PR 355 36.0
TREMATODA Digenea/Strigeidida Schistosoma japoncum Sjap PR 341 36.0
TREMATODA Digenea/Strigeidida Trichobiharzia regenti Treg PR 37.4 3r.2
TREMATODA Digenea/Plagiorchiida Fasciola hepatica Fhep PR 441 47.8
TREMATODA Digenea/Opisthorchida Clonorchis sinensts Csin PR 440 48.4
TREMATODA Digenea/Opisthorchida Opistorchys woerrwy Oviv PR 438 485
CESTODA Eucestoda/Diptwlobothriidea Schistocephalus soldus Ssol PR 430 518
CESTCDA Eucestoda/Cyclophylidea Mesaocestoides corti Mcor PR 38.7 514

CESTCDA Eucestoda/Cyclophylidea Hymenoepis diminuta Hdim PR 35.2 44.2
CESTODA Eucestoda/Cyclophylidea Echinococcus granulosus Egra PR 419 50.0
CESTCOA Eucestoda/Cyclopinyiidea Echinococcus muitifocwarts Emul PR 422 499

FL, free-fang; PR, parasitic; G.GC, genomic GC percentage; T.GC, transerpt (COS) GU percentage.
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the S. mansoni genome reported an isochore-like organization
(Lamolle et al., 2016). Early studies analyzing the forces behind
codon bias found evidences of both mutational pressure (Musto
et al,, 1998) in S. mansoni and selection (Fernandez et al., 2001)
in Echinococcus spp. as preponderant forces. More recently,
studies on S. haematobium and S. japonicum confirmed a major
role of natural selection in shaping the codon usage bias in
these species (Mazumder et al., 2017a; Mazumder et al., 2017b).
Several studies analyzed codon usage on the available genomes
and transcriptomes of Taenidae species showing weak codon
bias and a higher GC3 in highly expressed genes explained by
combined mutational and selection forces (Chen et al., 2013;
Yang et al, 2014; Yang et al,, 2015; Huang et al,, 2017). A more
preponderant contribution of selection shaping codon usage
was identified in a comparative analysis in Echinococcus species
(Maldonado et al, 2018). While these studies highlight that
platyhelminthes are compositionally varied, they are focused just
in the schistosomes and tapeworms. We took advantage of the
wide array of transcriptomes and genomes now available to extend
the study to a phylum-wide analysis of codon usage patterns,
as a proxy of the molecular organization of flatworm genomes.
We performed a comparative analysis at the genomic level of
22 species representative of the main clades and lifestyles of the
phylum Platyhelminthes. Within these species, we picked a set of
700 orthologous gene groups conserved across the 22 species and
measured changes in GC content, codon, and amino acid usage
in orthologous positions. We found a class independent-wide
diversity in codon and amino acid usages. Based on the study
of orthologous positions in selected pairs of species with diverse
GC content, we provide evidence of a combined contribution of
mutational forces and selection that enforced synonymous codon
usage bias and differential amino acid usage.

METHODS

Data Acquisition

Genomic and coding sequences of 22 flatworm species were used
in this work. To ease data visualization, a four-letter code was
used to name the species (Table 1). Genomic and transcriptomic
data of Mlig, Smed, Gsal, Pxen, Csin, Oviv, Fhep, Treg, Sjap,
Sman, Mcor, Hdim, Egra, Emul, and Ssol were obtained from the
public repository Wormbase parasite (Howe et al,, 2017) (https://
parasite.wormbase.org/). Transcriptomic data on Sleu, Gapp,
Pvit, Rros, Mfus, Kamp, and Bsem were generated by Laumer
et al. (2015) and downloaded from the public repository Data
Dryad (doi:10.5061/dryad.622q4).

Orthologues Determination

In-house Per] and Bash scripts that implemented a BLASTp best
reciprocal hit strategy were used to identify a core of orthologous
genes. An e-value cutoff of le-5 was used to define significant
hits. The restrictive method produced one orthologue gene per
species. A total of 700 orthologous groups were detected in all 22
species, and these sequences were used for the analysis, adding to
more than 8 million codons analyzed (8.242.428).

Frontiers in Genetics | wvawe.frontiersin.arg
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Expression data for S. mansoni in reads per kilobase per million
(RPKM) were taken from the study of Protasio et al. (2012).
Expression data were available for 696 of the 700 S. mansoni
orthologs. Expression data for the adult stages of E hepatica, E.
granulosus, H. diminuta, S. mediterranea, and M. lignano were
downloaded from WormBase Parasite (Howe ct al,, 2017).

Gene Alignment and Phylogenetic Tree

Each group of 22 orthologous sequences were translated with an
in-house Perl script and aligned individually with Mafft (Katoh
and Standley, 2013). Individual alignments were concatenated
into a unique alignment. This alignment was used to build a
phylogenetic tree with PhyML (Guindon et al., 2010). PhyML
was run with the following options: -b -4, to calculate statistical
branch support, -s BEST, for tree topology estimation, -m LG,
to indicate the model substitution matrix, and -o tl, for tree
topology and branch length optimization.

For the hierarchical clustering based on GC content of
synonymous codons (RSCU), several clusters were built using
helust from R Stats package with different option settings (R
Core Team, 2019). A final consensus cluster was made with
the Ape package (Paradis et al., 2004), which retained the most
frequent groupings.

Codon Usage Analysis

Codon usage and compositional analyzes were done in R with
the package seqinR (Charif and Lobry, 2007). Correlations
between frequencies of each codon and GC3 were represented as
heatmap with the R "Corrplot” package (Wei and Simko, 2017).
In-house R scripts were used to evaluate significance of changes
in frequencies between high- and low-expressed gene sets and
defined preferred codons. A codon was considered “preferred”
if its frequency (RSCU) significantly increases in a set of high-
expression genes, compared with a low-expression set, regardless
of whether it becomes the main codon for that amino acid or not.
Correspondence analysis (COA) was performed in R.

Neutrality and Effective Number of
Codons Plots

Neutrality plots (Sueoka, 1988) (GC3 vs GC12) of the 22 species
were used to evaluate the relationship among the three codon
positions. Additionally, a unique plot showing general GC3-
GC12 for all species was calculated by using a concatenated super
gene for each species.

The effective number of codons (ENC) is used to quantify
the variation in codon usage, ranging from 20 (when only one
codon per amino acid is used) to 61 (when all possible codons
are used). GC3 vs ENC charts are useful to estimate selection
contribution to CUB. Expected values of ENC based on mutation
pressure generate a bell curve, so in these charts, the points that
fall directly on the curve represent genes with neutral evolution,
while the points under the curve suggest action of natural
selection (Wright, 1990),
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Amino Acid and Codon Substitutions
Matrices
From the amino acid alignments of each COG, the sites that
had gaps in one or more sequences were eliminated, Degapped
COGs with less than 35 amino acids were eliminated. The
resulting sequences were then concatenated, generating a
“super-peptide” (without gaps) for each species. Then, the
amino acid changes between each pair of species were counted
(with a homemade R script), creating 20 by 20 substitution
matrices. Each value of the matrix (A,y) represents how
many times amino acid Z is present in one species, while
amino acid X is present in the corresponding orthologous
position in the other species, being, therefore, an asymmetric
matrix. The diagonal of the matrix represents the unchanged
sites, while the sum of the remaining values in each column
or row represents the total substitutions for each amino
acid. To test for deviations in the amino acid usage between
species, the total count for each amino acid in the species
of a pair was calculated, and the average was considered as
expected value to perform chi-square tests (Figure 5). For
each reciprocal changes in the matrix (A, ; By ;), a chi-square
test was performed considering the average of the counts
as expected value. For simplicity of analysis, we focused in
three comparisons between species with different global GC:
cestodes (Hdim and Egra), trematodes (Sman and Fhep), and
free-living species (Smed and Mlig). The last comparison
involved the two more divergent species in GC content.
Based on the back-translation of the alignments, we generated
a 61 x 61 (stop codons deleted) codon substitution matrix for
the six selected species following similar procedures as the ones
described in the previous section.

RESULTS

Global GC Composition Varies Across
Diverse Flatworm Taxa

As a first approach to analyze if there is a GC compositional
difference in the phylum Platyhelminthes, we inspected the
difference in the global genomic and transcriptomic G+C
content. At first glance, it was clear that there is no correlation
between genomic and transcriptomic GC, so it was not possible
to use transcript GC to infer genomic GC. In most of the species,
transcripts were GC richer than global genomic GC with the only
exception of 1. regenti(Table 1). However, while Schistosomatidae
species show almost no difference in GC content between the
overall genome and the coding region, Cestodes transcripts, for
example, were on average 9.7% GC richer than all the genome
considered together.

GC Composition Varies Across Diverse
Flatworm Taxa

To further analyze the GC composition in the coding region,
we searched for a set of orthologous conserved genes in
the available genomes and transcriptomes. Based on a best
reciprocal hit BLAST search, we selected 700 orthologous
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genes present in the 22 species. A maximum likelihood tree
confirmed that the orthologous groups strongly represented
the accepted phylogeny of the species analyzed (organisms
form the same group cluster together, with the only exception
of the two Monogenea, which represent two distinct
subclasses) (Figure 1A). Since GC varies across the different
species, we calculated the relative synonymous codon usage
(RSCU) and the GC values by codon position in this set of
conserved genes. The clustering of the species based on the
relative synonymous codon usage (RSCU) data showed an
important reorganization respect to the phylogenetic tree
(Figure 1B). Three main clusters were clearly appreciable: the
first with high GC3 (with free-living species), the second with
low GC3 values (including other free-living species and the
schistosomatids), and a third with intermediate GC3 values.
GC2 was the less variable between groups (0.42, 0.38, and 0.41
on average in groups 1, 2, and 3, respectively). Additionally,
we noticed three subgroups within group 3: one that had lower
GC1-2 than the rest but had high GC3 composed only by the
monogean G. salaris; the cluster of P. xenopodis, P. vittatus, M.
fusca, and the cestode H. diminuta that had lower GC3; and the
subgroup composed by trematodes (E hepatica, O. viverrini,
C. sinensis) and cestodes (8. solidus, M. corti, E. multilocularis,
and E. granulosus) that had higher G1-3 compared with other
species of the group. This shows that global synonymous
codon usage varies widely across the phylum.

The relation of GC values in 1* and 2 position versus
those presented in 3* codon position (neutrality plot) is
usually used to evaluate if the variations in codon usage are
driven by mutation or selection. Neutrality plots for the 22
organisms based on the 700 orthologue genes were analyzed.
In all cases, low slopes were found for the regression curve
(maximum value of 0.2) (Supplementary Figure 1). Careful
inspection of the plots indicates that this can be explained by
a low variability of GC1/2 among the genes (ranges between
0.4 and 0.6). These results suggest a contribution of selection
in shaping codon usage for these organisms. To visualize
all species together, we plotted the GC1-2 versus GC3 of the
concatenated orthologue groups (COGs) for each species (see
Methods). Expectedly, while GC1-2 presented little variation
across species, the best discriminator was variation at GC3
(Figure 2). For example, between the most GC biased genomes,
the GC-poor S. mediterranea and the GC-rich M. lignano,
there was only 10% variation in GC1-2 axis but 40% variation
in GC3. Interestingly, based on GC3 variability, we found
two distinctive clusters within the freshwater “turbellarians,”
trematodes and cestodes. The trematodes species clearly
differentiated the blood-dwelling flukes grouped on the lowest
side of the GC3 spectrum to the food-borne liver flukes
allocated in the middle upper GC3 range. Similarly, cestodes
tend to cluster on the upper side of the GC3 range with the
exception of the Hymenolepidae that fall on the lower-middle
of the GC range. Freshwater “turbellarians™ showed the largest
variability in both the GC12 and GC3 range grouping into very
distant clusters. However, we found no clear evolutionary-GC
content correlation as species belonging to different lineages
were mixed in both groups.
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GC Bias in Coding Sequences Affect
Codon Usage

Codon usage bias is a general feature of genomes that has been
widely associated with GC content (mutational bias) and natural
selection (Bernardi and Bernardi, 1985; Sharp et al., 2010; Plotkin
and Kudla, 2011). In this context, we decided to study its extent
and its relationship with the genomic GC frequency discussed
in the previous section. To this end, heatmaps were plotted
to visualize the correlations between GC3 and codon usage
(Palidwor et al., 2010). While codon usage bias is observed for all
species, the more compositionally skewed organisms (the three
plots on the right) show more intense correlations, indicating
that the phenomena are stronger in these organisms as might
be expected. Also, in most cases, the correlation values were
positive for GC-ended codons and negative for the AT-ended
ones (Figure 3). To further characterize this relationship, the
distribution of the frequency of synonymous codons was analyzed
for all organisms. A dramatic split of GC- vs AT-ended codons is
observed in the species with the more biased GC genomes as the
AT-rich model trematode S. mansoni. Notably, the split is seen in
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opposite directions in the free-living flatworms S. mediterranea
and M. lignano that are at the extremes of the GC distribution
(Figure 4). A less marked but significant difference is seen within
the cestodes consistent with a more balanced GC content, a
feature confirmed in the analysis of the 22 species across flatworm
diversity (Supplementary Figure 2). These observations suggest
that genome-wide mutational bias is a major contributor to the
observed codon frequency profiles for each organism.

The GC3 vs ENC charts for the analyzed species (Supplementary
Figure 3) show a combined contribution of selection and mutation
for most of the species supporting the trends observed previously,
while heavily biased genomes of Schistosomes fall on the curve,
suggesting a strong effect of mutational bias.

Differential Codon Usage Is Associated
With Expression Levels

While mutation bias influences codon usage in a genome-wide
fashion, selection may also act on coding sequences to select for
specific codons. This theory predicts that more frequent codons are
actually more efficient and/or more accurate during translation of
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the mRNA (Sharp et al,, 2010; Plotkin and Kudla, 2011). To test if this
phenomenon is observed in flatworms, steady-state mRNA levels
for the available species were collected to differentiate high- and
low-expression genes. As shown in Figure 5, where the two main
components of a PCA of codon usage for S. mansoni are plotted,
high- and low-expression genes do present a distinct usage profile.
Interestingly, when comparing the 10% higher- and lower-expressed

Codon Bias n Platyhelminthes

genes in the adult stage, a preference for using GC-rich codons is
observed narrowing the distribution in the highly expressed genes
and extending it in the lowly expressed (Supplementary Figure 4). Even
though these results may be explained by biased repair mechanisms
acting on highly transcribed sequences, this result is also compatible
with translational selection acting on these genes to drive the
observed bias.

Amino Acid Usage Is Also Biased in
Diverse Flatworm Lineages

The strong bias observed in codon usage is expected to be associated
with the 3" codon position allowing synonymous changes. However,
variations might also exist at the amino acid level (Li et al,, 2015).
To investigate this, we analyzed the amino acid usage within the set
of 700 orthologue genes in pairs of species. Subtle but significant
differences in the amino acid frequencies can be detected in
cestodes and trematodes mainly involving the amino acids encoded
by AT-rich [Ile (AUR), Asn (AAY), Lys (AAR)] or GC-rich [Arg
(CGN), Ala (GCN)| codons (Figure 6 and Supplementary Table 1).
The variations are more pronounced in the comparison of the free-
living species, and in all the cases, the variation follows the GC trend
of the species. Since these results are based on a set of orthologue
genes, the variations in amino acid frequencies indicate that not only
synonymous changes account for the variability observed but also
non-synonymous substitutions are taking place.

Synonymous and Non-Synonymous
Substitutions in Conserved Orthologous
Genes

We decided to investigate if particular directional changes could
be detected when analyzing orthologous positions in the three
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FIGURE 3 | Heatmaps of correlations between codon usage and GC3. Correfation values are coded according to the color scade depicted in the side bar (plue =
positive, red = negative). Color ntansity and the size of the rectangle are proportional to the correlation coefficients, Black squares: ATG (Met), TGG (Trp), and STOP

codons. Organism name abbreviations are as in Table 1.
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paired species. For this, we selected the ungapped regions of each
pairwise alignment of orthologues and generated substitution
matrixes based on the aligned orthologous positions. Amino acid
conservation was generally high, with tryptophan (Trp) and glycine
(Gly) as the more conserved residues in all the species, confirming
Ile, Ser, Ala, Asn, and Arg as the more variable (Supplementary
Table 2). Expectedly, the most frequent changes involved amino
acids with similar properties (Figure 7A), particularly those
involving aliphatic and hydrophilic residues. However, several
reciprocal changes showed significant differences in the counts
(Figure 7B). Similar effects can be observed in the other pairwise
comparisons (Supplementary Figure 5).

To gain further insights into these phenomena, we evaluated
the substitutions at the codon level generating substitutions
matrices for the three pair of species selected (Supplementary
Table 3).

The conservation at codon level as expected was much lower
with a strong component of synonymous changes (Supplementary
Table 3). The lower frequency of GC-rich codons in S, mansoni
(depicted in Figure 4) is explained by a marked increase of
synonymous substitutions toward AT-rich codons (Figure 8).
Similarly, in M. lignano, synonymous substitutions toward
GC-rich codons are associated with reduced AT codon counts
(Supplementary Figure 6).
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The analysis of the non-synonymous changes at the codon
level showed an increased complexity (Supplementary Table 3).
One striking feature is that amino acid changes involving
two substitutions are more common than those explained
by simple substitutions. A detailed example is presented in
Figure 9.

Ala is a relatively GC-rich codon (GCN) that is frequently
substituted by the more GC neutral Ser (TCN + AGY) and
vice versa (Figures 7 and 9). When this substitution takes
place, it is expected that the GCN codon would change for the
corresponding TCN variant, i.e., that GCA would turn into
TTA and GCG into TCG. In 49 positions in the alignment, a
GCG coding Ala is present in E hepatica, while Ser codons are
present in S. mansoni (second row). The simple transversion
GCG to TCG is underrepresented with only six occurrences,
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while the changes toward TCA and TCT are more abundant
(23 and 15 occurrences, respectively). Similarly, the GCC to
TCC transversion (third row) represents only a 15% of the
Ala (GCC) changes to Ser, while the more AT-rich variants
(TCA and TCT) represent more than 56% of the substitutions.
Notably, when the AT-ending Ala codons (GCA and GCT, 1*
and 4" rows) are substituted, the more common codon is the
one expected by a single 3" position change.

The reciprocal Ser (in E hepatica) to Ala (in S. mansoni)
changes are less common (169 times vs 263 Ala to Ser), but
again, in 77% of the cases, they are enforced to 3™ position T or
A irrespective of the original Ser codon. Similar effects can be
seen when analyzing other amino acid changes (Supplementary
Table 3) and particularly in those regarded as significant (from
Figure 7) as Ile to Val or Lys to Arg (Supplementary Figure 7).
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FIGURE 7 | Non-synanymous amino acid changes between £ hepatica and S. mansovy. (A) Graphical rapresentation of a substitution matrix of amino acids
present at arthologous positions in alignments. The residues are indicated. Amino acids present on S. mansoni are ardered and color coded by property. (B) Non-

synonymaus recprecal changes that show significant differences,

Taken together, these results are strongly suggestive of a
combined effect of mutation and selection in order to maintain
both the compositional GC skew of the species and the property
of the coded amino acid. In other words, whenever an amino acid
change occurs through a simple substitution, this is then rapidly
switched to those that follow the GC of the species.

DISCUSSION

Platyhelminthes classes show a wide range of GC composition,
even within groups. Our results show that GC3 content explains
most of the observed variability in the codon usage as reflected
by the variation in the RSCU values. Based on GC3 variability,
we found different clusters within the free-living species,
trematodes, and cestodes. This can be clearly seen when the
species tree is compared with the tree representing codon usage
similarity. Indeed, Platyhelminthes show great differences
between both trees, while this phenomenon is not seen in
other models as different as bacteria and hexapoda (Behura
and Severson, 2012; Dilucca et al, 2018). A similar study in
nematodes show a comparably wide distribution of GC values,
although the variations are more consistent with the phylogeny
(Cutter et al,, 2006). These results suggest more recent and strong
compositional shifts for these groups of organisms. Further work
is needed to explain this particular phenomenon in flatworms.
Codon usage bias is a generalized feature of the genomes
of many organisms that is deeply influenced by evolutionary
phenomena and results basically from the balance between
mutational bias and natural selection (see Plotkin and Kudla,
2011, for a review). To assert the relative influence of these
two factors, a plot of GCI-2 vs GC3 for all the species taken
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together was generated. This “pseudo” neutrality plot shows
a slight slope, indicating that GC3 shows a different behavior
when compared with GC1-2, a result that is generally taken as
evidence that selection is acting to shape codon usage (Sueoka,
1988). Furthermore, this plot shows clearly distinctive clusters
within trematodes, cestodes, and free-living species based on
GC content. Notably, these differences seem to blurrily reflect
the diversity of lifestyles and niches of the diverse flatworms. The
observed differences question the use of single species as a model
for each class; a clear demonstration of this is the differences
between the model S. mansoni and other trematodes observed
in the boxplot of Figure 4. Codon usage bias in flatworm
mitochondrial genomes has also been reported (Le et al,
2004; Mazumder et al., 2018). Even though considering genic
and genomic large differences, they may follow evolutionary
pressures independent from the nuclear genomes.

Interestingly, a similar study across nematodes found robust
evidence for selection on codon usage bias in free-living species,
a feature found marginally in parasitic ones, and particularly
in the most compositionally biased (Cutter et al,, 2006). The
association of selective bias in free-living or parasitic species is
not clear-cut in the case of flatworms, which might be reflecting
diverse evolutionary strategies.

In agreement with the hypothesis of translational selection
driving synonymous codon usage bias, we observe a clear
association of gene expression levels with codon usage where
highly expressed genes are rich in GC-rich codons, while the
opposite is observed for low-expression genes. Similar results
have been previously reported for cestodes, among others
(Chen et al,, 2013; Yang et al,, 2014; Yang et al., 2015; Huang
etal, 2017; Maldonado et al., 2018). Even in highly AT-biased
genomes—as observed for the schistosomes—the GC content

September 2019 | Volume 10 | Aricle 771

190



Doctorado en Ciencias Bioldgicas | Santiago Fontenla

Lamoie et al Codon Bias n Platyhelminthes
. S.mansoni codon frequencies SMAN GC=0.36 p~0
100%
o
L)
N
“n
o%
L)
0%
o
0%
o
Wireq fcons)  ®freg fyn) W ieq {m)
F.hepatica codon frequencies FHEP GC=0.48 p~0
100%
o
L)
N
wn
o
s
o~
o
0%
M GECNEEEEEERERHEEIEEEEBEEEEE

' 1 s e 1Y Inla]l ciw

we |wm
™M

Wiveg (cand)  #freq luwn) = beg {n)

FIGURE 8 | Codon changes between S. mansony and £ hepatica. The substitution state for each codon n pairvdse dignments is represented in bars, indicating
conserved codons (dark green), synonymous substitutions (palie green), and non-synonymous changes (orange). Note the eanchment of synonymaous changes in
GC3-poor codons in 8. mansan {top) in comparison with £ hepetica bottom). For comparison, the figure is overlaid with the coden frequencies of Figure 3.

of highly expressed genes is relatively high when compared
with that of the general trend. It is worth to mention that the
bias in repair mechanisms of actively transcribed DNA has
also being proposed to explain this observation.

The observed differences in CG and codon usage
among these organisms are also reflected in the amino
acid composition. Recently, Li et al. (2015) show the strong
relationship of synonymous codon usage and differential
amino acid usage, using a strategy based on classifying amino
acids in three groups (high, medium, and low GC content)
according to the GC composition of their corresponding
codons. Our results on amino acid frequencies in the different
flatworm species are consistent with these observations.
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Furthermore, when orthologues positions are considered,
we mainly observed amino acid substitutions conservative of
the physicochemical properties as would be expected. However,
these changes frequently involve codons of completely different
GC content that follow the differences observed in general GC
content of the genomes, ic., Ile (AUH) vs Leu (CCN, UCR).
In this way, AT-rich genomes accumulate changes to amino
acids in the low GC group, while the opposite is observed in
GC-rich genomes.

Remarkably, when the frequency of a certain amino acid
substitution is not reciprocal between two given organisms, the
amino acids involved belong to the different groups defined by
Li et al. (2015). An interesting case is observed for the Lys to
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toward GC3-nich codons and the enrichment in synonymous substitutions
that imply two substitutions.

Arg substitution. Even though these amino acids have similar
physicochemical properties, they belong to opposite groups,
being Lys coded by the most AT-rich group of codons, while Arg
is on the highest GC content side.

A detailed analysis of the non-synonymous changes showed
a higher-than-expected frequency of codon changes involving
two nucleotides. This is paralleled by a marked reduction in
the counts of the expected codon substitutions involving a
single change. A plausible explanation for this phenomenon
is offered by a two-hit mechanism, providing a clear example
of the combined effect of mutation and selection. The two-hit
hypothesis proposed implies that when a mutation changes the
coded amino acid, this non-synonymous substitution is rapidly
adapted to the general GC content of the genome by a second
synonymous change.
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CONCLUSIONS

GC bias has a great influence on synonymous codon and aminoacid
usage across Platyhelminthes, a feature not shared by all metazoans,
Both free-living and parasitic species show the phenomena, and
no clear correlation with lifestyles or evolutionary closeness is
evident so far. The changes introduced by GC bias impact not only
in synonymous codon usage but also in amino acid frequencies.
The evidence so far suggests that both mutation and selection are
acting to shape the coding strategies of the diverse flatworms.
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ANEXO 11

Softwares, paquetes y parametros utilizados durante el Objetivo |

# Adapter trimming and quality control
trim_galore -q 20 --length 18 --fastqc infile.fq > outfile.fq

#Collapse reads

collapse _reads.pl reads.fa > collapsed_reads.fa

# Mapping

bowtie -q -v 2 -S -p 10 index infile.fq outfile.sam --al aligned_reads.fa
# Identification and quantification of miRNAs

bwa_sam_converter.pl -i mapped_reads.sam -a mapped_reads.arf

miRDeep2.pl collapsed_reads.fa genome.fa mapped_reads.arf species_mature.fa

other_mature.fa species_precursor.fa -s species_star.fa> report.log
## miRNA target predictions

#TargetScan

perl targetscan_70.pl miR_seeds.txt 3UTR_sequences.txt outfile
#PITA

perl pita_prediction.pl -utr 3UTR_sequences.fa -mir miR_mature.fa -prefix string
#Miranda

miranda miR_mature.fa 3UTR_sequences.fa -out outfile

#Script for comparison of target predictions

#!/usr/bin/python

fm = open("miranda_targets_list", 'r')
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fp

fg = open("tscan_targets_list", 'r')

open("pita_targets_list", 'r')

fc = open("output", 'w')
a = list()
b = list()
d = list()
e = list()

for line in fm:
line=line.strip("\n")

a.append(line)

for line in fp:
line=line.strip("\n")

b.append(line)
for line in fg:
line=line.strip("\n")

d.append(line)

def compare_intersect(x, y):

return set(x).intersection(y)

c_set=compare_intersect(a,b)
c=list(c_set)

e _set=compare_intersect(c,d)
e=list(e_set)

print(e, end="", file=fc)
fm.close()

fp.close()

fg.close()

fc.close()

#GO enrichment was performed in R

library(topGO)

# gene IDs and background annotation
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file_background <- "GO_background.txt"
Nodes <- 20 # number of processes to show

Ontology <- "GOs"

# Create temp file

data <- read.csv(file_background, sep = "\t", header = TRUE, row.names =
NULL)[, (c('query', Ontology))]

file_temp <- paste@(file_background,"2")

write.table(data, file = file_temp, sep = "\t", quote = FALSE, col.names =

row.names = FALSE)

# Get background annotation
GOesByID <- readMappings(file = file_temp)
bg _genes <- names(GOesByID)

# Get gene IDs for the enrichment
file <- "targets.txt" #ID of targeted genes
tg <- read.csv(file, header=F)$Vi

# Compare genes vs bg_genes
compared_genes <- factor(as.integer(bg_genes %in% tg))

names(compared_genes) <- bg genes

# Create topGO object

GO_BP_data <- new("topGOdata", ontology = "BP", allGenes = compared_genes,
annot = annFUN.gene2GO, gene2GO = GOesByID)

GO_MF_data <- new("topGOdata", ontology = "MF", allGenes = compared_genes,
annot = annFUN.gene2GO, gene2GO = GOesByID)

GO_CC_data <- new("topGOdata", ontology = "CC", allGenes = compared_genes,
annot = annFUN.gene2GO, gene2GO = GOesByID)

##t## Run Fisher test #H#

result_BP_Fisher <- runTest(GO_BP_data, algorithm = "classic", statistic =

result_MF_Fisher <- runTest(GO_MF_data, algorithm

"classic", statistic

result_CC_Fisher <- runTest(GO_CC_data, algorithm = "classic", statistic =

# Create and print table with enrichment result

FALSE,

"fisher")

"fisher")

"fisher")

all BP_Res <- GenTable(GO_BP_data, classicFisher = result_BP_Fisher, topNodes = Nodes)

#optionally numChar=1000 prevents trimming of GO descriptions
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all BP_Res$classicFisher <- as.numeric(all_BP_Res$classicFisher)
all BP_Res <- all BP_Res[all BP_Res$classicFisher<e.01, ]

all BP_Res <- all BP_Res[,c("GO.ID","Term","classicFisher")]

all BP_Res

Softwares, paquetes y parametros utilizados durante el Objetivo Il

# Evaluacién de la calidad de los ensamblajes

busco -c 10 -i input.fa -o busco_output -1 metazoa_odbl® -m tran

# Prediccién de ORFs

TransDecoder.LongOrfs -t input

# Busqueda por BLAST

blastall -p blastp -b 1 -e ©.00001 -i input -d database -m 8 > output

# Prediccidén de dominios funcionales

hmmscan --domE ©0.001 --tblout tblout_seq --domtblout tblout_dom --pfamtblout pfamformat_out -

-cpu 20 Pfam-A.hmm input

# Agrupamiento de secuencias

cd-hit -c 0.9 -i input -0 output

# Alineamiento de secuencias

mafft --thread 4 --threadtb 5 --threadit @ --reorder --dash --originalseqonly --maxiterate 2 -

-retree 1 --localpair input > output

# Conversidon de formato fasta a phylip

t_coffee -convert -infile=input.fas -outfile=output.phy -output=phylip

# Construccién de arboles filogenéticos

phyml -i input.phy -d aa -b -4 -m model --no_memory_check -quiet

# Construccidén de matrices con conteo de residuos en cada posicién del alineamiento
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library("seqinr")

input=read.alignment(file = "input.fas", "fasta")

matriz <-as.matrix(input) #Convierte los alineamientos a una matriz de secuencias/posicion

perfil<-consensus(matriz,method = c("profile")) #Genera una tabla posicion/frecuencia de aa

perfil<-perfil[-c(1),] #saco la primera linea que tiene la frencuencia de los "-" del

alineamiento

write.table(perfil, file="output.csv",sep=";",dec =",") #Exporta una salida tabular
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