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RESUMEN

La expansion de zonas hipdxicas en ambientes marinos costeros
representa una de las consecuencias mas criticas del cambio climético y
del aumento de las actividades humanas. Este fendmeno se ha
intensificado en areas de alta productividad, como la Region de Los Lagos
en el sur de Chile. En esta zona, factores como la limitada renovacién de
aguas, el aumento de la temperatura, la acumulacién de materia organica
y los residuos generados por actividades acuicolas han favorecido
procesos de eutrofizacion, disminuyendo progresivamente los niveles de
oxigeno disuelto. Estas condiciones amenazan directamente la
supervivencia y el desempefio fisioldgico de especies marinas de interés
econdémico, entre ellas Mytilus chilensis (chorito), un bivalvo
ampliamente cultivado en la region. En los moluscos bivalvos, la
exposicion prolongada a hipoxia altera el equilibrio homeostatico,
forzando la redistribucion del gasto energético hacia mecanismos de
compensacion. Esto ocurre a expensas de funciones bioldgicas esenciales
como el crecimiento, la reproduccion y la inmunidad. Aunque existen
mecanismos adaptativos frente a la hipoxia, la magnitud y el tipo de
respuesta pueden variar entre especies, tejidos y escalas temporales. En el

caso especifico de M. chilensis, aun se desconocen con precision las
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respuestas moleculares, microbianas y epitranscriptémicas que se activan
frente a condiciones hipdxicas sostenidas y su posterior reoxigenacion.
Esta tesis tuvo como objetivo general caracterizar de manera integrada las
respuestas transcriptémicas, epitranscriptdmicas y microbianas de M.
chilensis expuesto experimentalmente a condiciones de hipoxia (2,0 mg
de oxigeno por litro) y reoxigenacion (7,2 mg de oxigeno por litro). Para
ello, se aplicO una estrategia metodoldgica de mdaltiples niveles, que
incluy6 analisis transcriptomicos mediante RNA-seq, caracterizacion del
microbioma a través de la secuenciacion del gen 16S rRNA, y
secuenciacion directa de ARN de molecula tnica utilizando la plataforma
Oxford Nanopore Technologies. Los analisis se realizaron en tres tejidos
fisiologicamente relevantes: branquias, glandula digestiva y musculo
aductor. Los resultados transcriptomicos revelaron la expresion
diferencial de 15.056 genes en branquias, 11.864 en glandula digestiva y
9.862 en musculo aductor. Se observaron cambios relevantes en vias como
la sefializacion Toll-like, mTOR, metabolismo del ciclo del acido citrico
y apoptosis. Estos hallazgos sugieren una transicion hacia el metabolismo
anaerdbico y una supresion de la respuesta inmunitaria. También se
identificd una regulacion génica especifica en los cromosomas 1, 9 y 10,

vinculada al estrés del reticulo endoplasmico, la generacion de especies
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reactivas de oxigeno, la autofagia y el metabolismo energético. En
paralelo, el analisis del microbioma evidencid un desequilibrio
significativo inducido por la hipoxia. Se registré una disminucion en la
abundancia de bacterias comensales, como las pertenecientes al orden
Rhodobacterales, y un aumento de patégenos oportunistas como Vibrio y
Aeromonas. Estas alteraciones microbianas estuvieron asociadas a la
pérdida de funciones metabodlicas e inmunoldgicas esenciales, lo que
podria afectar la estabilidad fisiologica del organismo hospedador. A nivel
epitranscriptomico, se obtuvieron 476.915 y 587.120 lecturas limpias en
condiciones de normoxia e hipoxia, respectivamente, con tasas de mapeo
superiores al 50 %. Se construyeron 3.260 transcritos consenso en
normoxia y 4.437 en hipoxia. Ademas, se identificaron 5.237 transcritos
nuevos, de los cuales 4.796 no presentaron similitud con anotaciones
gendémicas previas. El analisis de expresion diferencial detecté 289
transcritos significativamente regulados, con 90 sobreexpresados y 199
subexpresados en hipoxia. Se identificaron multiples sitios de metilacion
méA 'y m°C, y se observaron 48 transcritos con metilacion m°A diferencial.
Asimismo, se detectaron diferencias en la metilacion m°C entre
condiciones y se reconocieron sitios de pseudouridina (¥), modificando

potencialmente la funcionalidad de los transcritos involucrados. En



conjunto, los hallazgos de esta investigacion proporcionan una Vision
completa y detallada de los mecanismos de adaptacion de M. chilensis
frente a la hipoxia. La interaccion entre el transcriptoma, la microbiota y
las modificaciones epitranscriptomicas constituye un eje central en la
respuesta del organismo al estrés ambiental. Esta informacion es clave
para desarrollar estrategias de manejo acuicola mas sostenibles y
resilientes, considerando el impacto creciente del cambio climatico sobre

los ecosistemas marinos.



INTRODUCCION

1. Cambio climatico e hipoxia

El oxigeno es un factor ecologico dominante sobre la biomasa y la
composicidn de especies bentonicas (Levin, 2003). La hipoxia es el déficit
de oxigeno disuelto disponible en la columna de agua, siendo un
importante factor de estrés para la mayoria de los animales marinos que
requieren oxigeno para sobrevivir y completar sus ciclos (Calle et al.,
2019; Garcia et al., 2008; Haider et al., 2020). El incremento de las areas
hipdxicas en los sistemas costeros se produce principalmente por accién
combinada de la eutrofizacion y el calentamiento global (Breitburg et al.,
2018; Capet et al., 2013; Conley et al., 2009; Haider et al., 2020). La
eutrofizacion es un proceso inducido por la acumulacion excesiva de
nutrientes inorganicos, principalmente nitrogeno y fosforo. Aunque estos
compuestos no constituyen materia organica por si mismos, estimulan una
elevada productividad primaria, lo que conduce a la generacion y
acumulacién de materia organica autdctona. La posterior degradacion
microbiana de esta materia incrementa la respiracion heterdtrofa,
provocando una disminucion significativa en las concentraciones de

oxigeno disuelto en el ecosistema acuético. (Ledesma et al., 2013; Silva &



Vargas, 2014). En las aguas superficiales, las concentraciones de oxigeno
disuelto son el resultado de un equilibrio entre la produccion de oxigeno a
través de la fotosintesis, el consumo provocado por la respiracion y el
intercambio con la atmdsfera, donde el ultimo tiende a mantener el
oxigeno disuelto cerca de la saturacion, segun la temperatura y la salinidad
(Silva & Vargas, 2014). El aumento de temperatura provoca una
disminucidn de la solubilidad de oxigeno en el agua y un incremento de la
estratificacion (Melzner et al., 2013; Scanes et al., 2021; Scanes et al.,
2020). En los ecosistemas marinos costeros se han utilizado umbrales de
referencia considerando los efectos biologicos y ecologicos en los que
interviene la cantidad de oxigeno disuelto (OD) en el océano (Choumiline
etal., 2019; Conley et al., 2009; Diaz & Rosenberg, 2008; Hofmann et al.,
2011; McArley et al., 2018; Moffitt et al., 2015; Sattari et al., 2013). Por
ejemplo, hiperoxia (10,0 mg L*<OD < 6,0 mg L), normoxia (6,0 mg L-
1< 0D < 3,0 mg L), baja concentracion de oxigeno (3,0 mg L*<OD <
2,0 mg L), hipoxia moderada (2 mg L < OD < 0,7 mg L), hipoxia
severa (0,7 mg Lt < OD < 0,1 mg L?), y anoxia (OD < 0,1 mg L?)
(Choumiline et al., 2019; Conley et al., 2009; Diaz & Rosenberg, 2008;
Hofmann et al., 2011; McArley et al., 2018; Moffitt et al., 2015; Sattari et

al., 2013). Estos umbrales de hipoxia han sido ampliamente utilizados en



los organismos marinos, sin embargo, algunos pueden variar de acuerdo a
la regiony a la especie (Choumiline et al., 2019; Conley et al., 2009; Diaz
& Rosenberg, 2008; Hofmann et al., 2011; McArley et al., 2018; Moffitt
et al., 2015; Sattari et al., 2013). Por ejemplo, en Chile el umbral de
hipoxia de 2 mL L* (2,9 mg Lt mediante el factor de conversién 1 mL L
1=1,43 mg L), se ha utilizado para distinguir condiciones hipdxicas en
el mar interior de la Patagonia (Diaz, 2001; Diaz & Rosenberg, 1995; Silva
& Vargas, 2014). Los eventos de surgencia, que se caracterizan por el
ascenso de masas de agua bajas en oxigeno disuelto producido por el
viento (transporte de Ekman), aumentaran debido al calentamiento global,
favoreciendo asi la intensidad y magnitud de las hipoxias naturales (sin
intervencion antropogenica) entre 1y 7% durante el proximo siglo (Bakun
et al., 2015; Cerda et al., 2010; Gattuso et al., 2015; Hernandez-Miranda
et al., 2017; Schmidtko et al., 2017). EIl cambio climéatico afecta a las
precipitaciones y a la descarga de los rios en los fiordos (Bianchi et al.,
2020; Iriarte et al., 2014). Esto repercutira en el grosor y la extension de
la capa de baja salinidad en la parte superior de los fiordos, lo que
ralentizara el ritmo de la circulacion y la renovacion de las aguas
profundas, afectando asi a las concentraciones de oxigeno del fondo

(Bianchi et al., 2020; Iriarte et al., 2014), dando como resultado



consecuencias perjudiciales para la pesca y las economias costeras

(Schmidtko et al., 2017).

2. Efecto de la hipoxia en organismos marinos bentdnicos

Durante los eventos de hipoxia, los moluscos bivalvos sesiles
cierran sus valvas para mantener concentracion Optima de oxigeno
disuelto en su interior (Kim et al., 2021; Levin et al., 2009), a diferencia
de los organismos acuaticos maéviles que pueden migrar lejos de las areas
con poco oxigeno. Cuando la duracion o exposicion severa a eventos de
hipoxia superan la tolerancia de los organismos marinos, esto conduce a
multiples efectos negativos, que pueden ser letales y subletales con
consecuencias a largo plazo (Breitburg et al., 2018; Hernandez-Miranda

etal., 2017).

La exposicion a hipoxia puede ser de corta duracién (horas a dias),
estacional (semanas a meses), y permanente (Breitburg et al., 2018;
Haider et al., 2020; Hernandez-Miranda et al., 2017). Los eventos a corto
plazo pueden originarse por el ascenso de aguas hipdxicas asociado a
procesos de surgencia, o por los ciclos diurnos de fotosintesis y respiracion

(Breitburg et al., 2018; Haider et al., 2020). Por ejemplo, en la bahia de



Coliumo, frente a la costa centro-sur de Chile, se ha reportado un evento
hipdxico con una duracién de 5 dias que provoco una mortalidad masiva
y varamiento de moluscos bivalvos (Hernandez-Miranda et al., 2010;
Hernandez-Miranda et al., 2017; Hernandez-Miranda et al., 2012; Labra
et al., 2015). Estacionalmente, por ejemplo, en la bahia de Tongoy se han
registrado eventos hipdxicos en noviembre y diciembre, con un
importante aumento de la mortalidad de adultos de Argopecten purpuratus
(>45 mm) (Lagos et al., 2015). La hipoxia permanente ocurre
naturalmente en algunos mares y zonas de minimo oxigeno como cuencas
marinas aisladas y fiordos (Breitburg et al., 2018; Greenwood et al., 2010;
Haider et al., 2020; Levin et al., 2009). Por ejemplo, en la bahia de
Mejillones, ubicada en el norte de Chile, se han registrado valores de
oxigeno disuelto inferiores a 0,7 mg L™ a menos de 50 m de profundidad,
lo que constituye una barrera quimica para la distribucion y migracion
vertical de varias especies (Escribano et al., 2000; Valdés & Ortlieb,

2001).

Se ha informado con frecuencia que el estrés por hipoxia y
reoxigenacion tiene efectos negativos en la fisiologia de organismos

bentonicos (Follo et al., 2019; Haider et al., 2020; Kim et al., 2021,



Rabalais et al., 2014; Shen et al., 2019; Steckbauer et al., 2015; Tripp-
Valdez et al., 2019). Por ejemplo, algunos eventos naturales de hipoxia,
como los provocados por la surgencia costera, pueden disminuir la
supervivencia, causar mortalidad masiva y provocar varamientos a gran
escala. (Breitburg et al., 2018; Chu et al., 2018; Conley et al., 2009;
Grantham et al., 2004; Haider et al., 2020; Herndndez-Miranda et al.,
2010; Hernandez-Miranda et al., 2017; Levin et al., 2009; Rabalais et al.,
2014; Reed & Harrison, 2016; Yu & Wu, 2006). La hipoxia provocada
por alta demanda respiratoria provoca una disminucion de las tasas de
alimentacion y muerte en invertebrados marinos bentonicos (Bell &
Eggleston, 2005; Goodman & Campbell, 2007; Roberts et al., 2011). El
nivel exacto de oxigeno disuelto que produce efectos negativos sobre la
fisiologia depende de la especie (Essington & Paulsen, 2010). En
consecuencia, debido a las condiciones cambiantes y la no linealidad de
los procesos ecologicos, los ecosistemas no vuelven a su estado de
perturbacién previa de oxigeno disuelto en el agua, incluso si se alivian
las condiciones que causaron la desoxigenacion inicial (Duarte et al.,

2009).



El efecto de la hipoxia puede ser dramético y tener importantes
consecuencias para las especies bentonicas que no estdn adaptadas a
superar entornos con baja concentracion de oxigeno disuelto durante
largos periodos de tiempo (Hernandez-Miranda et al., 2017; Rabalais et
al., 2014). Por lo tanto, la creciente aparicion de hipoxia en aguas costeras
se considera un problema medioambiental global y un importante factor
de estrés para los organismos acuaticos, afectando a miles de kilometros
cuadrados (Breitburg et al., 2018; Conley et al., 2009; Diaz & Rosenberg,
2008; Gutiérrez et al., 2009; Haider et al., 2020; Rabalais et al., 2014; Yu
& Wu, 2006). Ademas, a finales de este siglo se proyecta una reduccion
del indice metabolico de la capa superior del océano en un 20% a nivel
mundial. Este indice representa la relacion entre el oxigeno disponible en
el ambiente y la cantidad minima gue un organismo necesita en reposo.
Cuando este valor disminuye, se reduce el margen fisioldégico necesario
para funciones vitales como el movimiento, la alimentacién y la
reproduccion, limitando asi la habitabilidad del medio marino (Deutsch et

al., 2015).



3. Efecto de la hipoxia en la fisiologia de moluscos bivalvos

Los moluscos bivalvos estan expuestos con frecuencia a niveles
fluctuantes de oxigeno, provocando estrés por hipoxia y reoxigenacion en
las zonas costeras (Babarro & De Zwaan, 2008; Breitburg et al., 2018;
Chu et al., 2018; Diaz & Rosenberg, 2008; Haider et al., 2020; Hill et al.,
2012; Kim et al., 2021). Estudios experimentales reportan para Mytilus
edulis un aumento en la tasa de aclaramiento y de respiracion (Gu et al.,
2019). La tasa de aclaramiento se define como el volumen de agua filtrada
por unidad de tiempo y se calcula mediante la diferencia de
concentraciones de microalgas al principio y al final de un periodo de
tiempo en un volumen determinado de agua de mar (Munari et al., 2020).
La tasa de respiracion se define como la cantidad de oxigeno disuelto
consumido en un periodo de tiempo y se calcula en un respirébmetro
mediante la diferencia de concentraciones de oxigeno disuelto al principio
y al final del periodo de una hora en un volumen de agua determinado

(Wang et al., 2015)



4. Efecto de la hipoxia en las células de moluscos bivalvos

A nivel celular, el efecto por hipoxia-reoxigenacion puede producir
aumento de la autofagia, el estrés oxidativo y la disminuciéon de la
viabilidad celular (Falfushynska et al., 2020; Follo et al., 2019; Haider et
al., 2020; Kim et al., 2021; Rabalais et al., 2014; Shen et al., 2019;
Steckbauer et al., 2015; Tripp-Valdez et al., 2019). La autofagia es un
proceso homeostatico mediante el cual la célula degrada su propio
contenido (proteinas mutantes y organulos defectuosos) mediante enzimas
lisosomales como la catepsina D para utilizarlo como fuente de energia
(Antunes et al., 2018; Falfushynska et al., 2020; Kroemer et al., 2009;
White, 2012). La hipoxia provoca el cierre de las valvas y el cese de la
alimentacion en los moluscos bivalvos, por lo tanto, la autofagia se utiliza
como un mecanismo de tolerancia a la hipoxia en el corto plazo. Sin
embargo, cuando la hipoxia es prolongada, se genera una activacion de
autofagia excesiva y descontrolada provocando la pérdida de moléculas y
organelos esenciales y, por consiguiente, una muerte celular autofagica
(Pefia-Sanoja & De Sanctis, 2013; Ramirez-Sagredo et al., 2016). El estrés
oxidativo es el aumento significativo de las moléculas oxidantes sobre las
moléculas antioxidantes y para su identificacion se utiliza como

biomarcador las variantes del grado de peroxidacion lipidica, evidenciado



por el aumento en los niveles de malondialdehido (MDA) a nivel de la
membrana lipidica en la célula (Moret et al., 2014). La viabilidad celular
es el nimero de células vivas en la hemolinfa que sobreviven a periodos
de hipoxia y se puede determinar mediante la adicion del colorante Rojo
Neutro a los hemocitos, en donde las células vivas tienen la capacidad de
retener el colorante y ser tefiidas (Borenfreund & Puerner, 1985;
Falfushynska et al., 2020; Fang & Trewyn, 2012; King, 2000; Kroemer et

al., 2009).

5. Efecto de la hipoxia a nivel molecular en moluscos bivalvos

Estudios a nivel molecular reportan el estrés por hipoxia prolongado
produce la detencion de la sintesis y el aumento del catabolismo de las
proteinas, asi también, cambios en el ciclo de la urea y cambios en la
expresion de genes asociados a apoptosis, mecanismos de respuesta
inflamatoria y neoplasia (Falfushynska et al., 2020; Haider et al., 2020;
Kim etal., 2021; Sokolova, 2018; Storey & Storey, 2004). En condiciones
de normoxia el gen HIF -1a (factor inducible por hipoxia) funciona como
regulador de la homeostasis del oxigeno en los moluscos bivalvos (Huang
& Zhou, 2020; Jung-whan et al., 2006). La homeostasis es el conjunto de

reacciones coordinadas y automaticas que mantienen la constancia en la
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composicion y propiedades del medio interno de un organismo (Grijalba-
Uche & Echarte, 2015). En condiciones de hipoxia, la transcripcion del
gen HIF genera cambios en el metabolismo celular como el incremento
del catabolismo que consiste en la degradacion de proteinas en
aminoacidos (Huang & Zhou, 2020; Jung-whan et al., 2006). El
metabolismo se define como las reacciones quimicas en el interior de la
célula para procesar y aprovechar los nutrientes (moléculas organicas
ingeridas en los alimentos) como fuente de energia (Alonso et al., 2016).
Los aminoacidos estan compuestos por un grupo amino y un acido (Haider
et al., 2020; Sokolov & Sokolova, 2019). Cuando se agrega una moléecula
de hidrégeno al grupo amino se forma el amonio, el cual es toxico (Haider
et al., 2020). Este amonio debe ser transformado en urea a través del ciclo
de la urea para que pueda ser acumulado en los musculos, siendo un
mecanismo de tolerancia a la hipoxia por su menor toxicidad (Haider et
al., 2020; Soldatov et al., 2010; Soldatov et al., 2009; Velasco-Martinez et
al., 2016). Durante la hipoxia, el aspartato es un aminoacido que sirve
como sustrato anaerobico para la produccion de alanina en el citosol y la
generacion mitocondrial de succinato, importante para la generacion de
energia a traves de ATP (Grieshaber et al., 1994; Haider et al., 2020). En

el ciclo de la urea se convierten los iones amonio en urea mediante los
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intermediarios ornitina, citrulina, argininosuccinato y arginina (Haider et
al., 2020). El exceso de moléculas oxidantes (ROS) producidas durante el
metabolismo anaerobico activa la apoptosis 0 muerte celular programada,
a través de la via intrinseca regulada por los genes p53 (gen supresor de
tumores) y BAX (proteina X asociada a bcl-2) (Falfushynska et al., 2020;
Sokolova et al., 2019). El desequilibrio metabolico provoca la activacion
de la via extrinseca de apoptosis mediante la caspasa 2 (enzima iniciadora)
y la caspasa ejecutora 3 (enzima ejecutora) (Fava et al., 2012; Movassagh
& Foo, 2008). EIl incremento de las moleculas oxidantes (ERO)
promueven la activacion de la via inflamatoria a través de la activacién
del gen TBK1 (proteina Quinasa Serina/treonina) y del factor de
transcripcion NF-kB (factor nuclear potenciador de las cadenas ligeras
kappa de las células B activadas) (Adli et al., 2010; Angelo et al., 2008;
Falfushynska et al., 2020; Kaltschmidt et al., 2000; Moret et al., 2014;
Thornton et al., 2017). La estimulacion de la via NF-kB promueve la

apoptosis (Carella et al., 2015).

Estudios realizados evidencian que la hipoxia tiene poco impacto
en la expresion de las proteinas mitocondriales en las células, sin embargo,

eleva el contenido de ADNmt (ADN mitocondrial) (Pastukh et al., 2016).
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Algunos tipos de células responden a la hipoxia incrementando el nimero
de copias de ADNmt en algunos tejidos, como el cerebro, el higado, el
corazon, la placenta, el esperma y las células sanguineas, seguido por
modificaciones oxidativas en el genoma mitocondrial (en la region del
bucle D) (Lacedonia et al., 2015; Luo et al., 2013; Pastukh et al., 2016).
Las ROS generadas durante la hipoxia conducen a un dafio oxidativo del
ADN y a la activacion de la reparacion por escision de bases en secuencias
promotoras clave (Pastukh et al., 2016). Las lesiones oxidativas del bucle
D bajo exposicion hipoxica son de caracter transitorio y finalmente son
reparadas mediante enzimas de reparacion del ADN (Pastukh et al., 2016;

Perillo et al., 2008; Pohjoismaéki et al., 2012).

6. Respuesta inmune en moluscos bivalvos expuestos a hipoxia y

Vibrio anguillarum.

El sistema inmune innato de los moluscos bivalvos es el encargado
de la defensa del huésped, posee una especificidad limitada, y responde a
patogenos y estresores ambientales como la hipoxia (Bouallegui, 2019;
Toche, 2012). Se ha determinado que la hipoxia tiene un mayor efecto en

la respuesta inmune de los moluscos bivalvos adultos debido a su mayor
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capacidad de acumular productos derivados del estrés oxidativo en los
hemocitos (Clark et al., 2013). Esta acumulacion puede ser toxica para las
células; por lo tanto, la respuesta inmune es generar la produccion de
moléculas antioxidantes reguladas por los genes catalasa y superdéxido
dismutasa (Carvajal, 2019; Clark et al., 2013; Echeverri & Mockus, 2008).
El Vibrio anguillarum es una de las especies de Vibrio méas peligrosas y
es el agente causante de la vibriosis, la cual es devastadora para las
empresas miticolas (Hickey & Lee, 2018). Los esfuerzos para comprender
y controlar la virulencia de V. anguillarum han sido de alta prioridad entre
los estudios internacionales de investigacion acuatica debido a lo costoso
de sus medidas de prevencion o tratamiento (Hickey & Lee, 2018). Estos
vibrios suelen entrar en la hemolinfa de los moluscos bivalvos cuando las
valvas de la concha estan abiertas para alimentarse, respirar y excretar
residuos (Todgham & Stillman, 2013). El aumento de la temperatura de la
superficie del mar y los eventos climaticos que causan una gran
escorrentia terrestre provocados por el cambio climatico promoveran la
abundancia de V. anguillarum en las zonas costeras (Hernroth & Baden,
2018). El efecto a través del patdgeno bacteriano Vibrio anguillarum
comienza con la activacion del gen LITAF (factor alfa de necrosis tumoral

inducido por lipopolisacaridos) en el citoplasma para que se transcriba en
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el ndcleo y promueva la expresion de citoquinas como TNF-a (factor de
necrosis tumoral alfa) (Hickey & Lee, 2018; Li et al., 2012; Zou et al.,
2015). Las citoquinas son proteinas cuya funcion es coordinar la respuesta
del sistema inmunoldgico a través de los hemocitos entre si para eliminar
a los vibrios (Bouallegui, 2019; Hopkins, 2003). La Mitilina b es un
péptido antimicrobiano (antibidtico natural con efecto microbicida) que se
almacena en los granulos y se libera hacia la hemolinfa con el objetivo de
neutralizar y eliminar el Vibrio (Bouallegui, 2019). Cuando existe mas de
un factor estresante, los organismos responden al tipo y magnitud de sus
efectos sincronizados (Todgham & Stillman, 2013). En este caso los
organismos utilizan los mismos mecanismos de proteccion, elevando la
tolerancia a un segundo factor o haciéndolo mas susceptible (Todgham &
Stillman, 2013). Debido a que la hipoxia altera el desarrollo de hemocitos,
es posible inferir que en bivalvos expuestos a hipoxia habra un efecto
negativo en la respuesta inmune haciéndolos susceptibles a patdgenos. Por
ejemplo, algunas especies de Vibrio no patdgenas que son importantes
para la digestion de las algas en bivalvos pueden provocar mortalidad al
combinarse con factores de estrés adicionales (Green et al., 2019; Li et al.,

2019; Lokmer & Mathias, 2015; Tanaka et al., 2016).
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7. Efecto de la hipoxia en el transcriptoma de moluscos bivalvos

En la dltima década, el desarrollo y aplicacién de herramientas
transcriptomicas ha revolucionado la comprension de las respuestas
moleculares frente a la hipoxia en organismos no modelo, incluyendo
bivalvos (Amorim et al., 2021; Cheng et al., 2024). La transcriptémica
permite analizar simultdneamente la expresion de miles de genes, lo que
proporciona una vision global de las rutas metabdlicas y mecanismos
celulares activados o reprimidos en condiciones hipoxicas. Las técnicas
de RNA-seq, microarrays y gRT-PCR han sido aplicadas para caracterizar
los perfiles transcriptomicos de mudltiples especies de bivalvos bajo
diferentes regimenes de exposicion a hipoxia (Giannetto et al., 2015; Hall
et al., 2023). Los resultados revelan una reprogramacion génica compleja,
especie-especifica y dependiente del tejido, tiempo de exposicion,
intensidad del estrés y condiciones ambientales concomitantes, como la

temperatura o la salinidad (Martinez et al., 2023).

La expresion de HIF-1 alfa, un regulador clave de las respuestas a
la hipoxia, y de genes asociados con el metabolismo anaerobico se

incrementa en condiciones de hipoxia, mientras que los genes
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relacionados con el metabolismo aerobico y la expresion de hemoglobina
disminuyen notablemente (Hatano et al., 2025). A pesar del creciente
numero de estudios transcriptomicos sobre hipoxia en bivalvos, persisten
vacios importantes en el conocimiento. Muchos trabajos se han enfocado
en un namero limitado de especies, frecuentemente de interés comercial,
lo que limita la extrapolacion de resultados a un contexto ecolégico méas
amplio (Wang et al.,, 2022). Asimismo, existe una heterogeneidad
metodologica significativa en términos de disefio experimental,
parametros fisiologicos medidos, tiempos de muestreo y analisis
bioinformaticos empleados (Falfushynska et al., 2020). Estas diferencias
dificultan la comparacion inter-especifica y la identificacion de patrones
transcriptomicos conservados o adaptativos (Steffen et al., 2020). La
mayoria de los trabajos se han enfocado en tejidos especificos, como las
branquias o el hepatopancreas, dejando de lado una vision sistémica que
integre multiples 6rganos o niveles de organizacion bioldgica (Wang et

al., 2019).

Otro aspecto critico es la limitada integracion de la transcriptémica
con otras capas de andlisis émico, como la epigendmica, proteémica y

metabolomica, lo que impide una comprension holistica de las respuestas
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bioldgicas frente a la hipoxia (Falfushynska et al., 2020). Asimismo, aln
se requiere avanzar en la validacion funcional de genes candidatos
identificados mediante estudios transcriptomicos, asi como en la
elucidacion de sus interacciones reguladoras y su papel en la fisiologia
adaptativa (Giannetto et al., 2015). También es escasa la informacion
sobre la heredabilidad y estabilidad transgeneracional de los cambios
transcriptomicos inducidos por hipoxia, aspectos clave en un contexto de
cambio climético global (Martinez et al., 2023).

En este contexto, el objetivo especifico uno de la presente tesis se
orienta a caracterizar los mecanismos moleculares implicados en la
tolerancia de M. chilensis expuestos a condiciones experimentales de
hipoxia y etapas de reoxigenacion, mediante el analisis comparativo del
transcriptoma en branquias, glandula digestiva y musculo aductor, con
énfasis en las rutas de sefializacion asociadas al metabolismo, la respuesta

inmune y el estrés del reticulo endoplasmatico.

8. Efecto de la hipoxia en la microbiota de moluscos bivalvos

Los moluscos bivalvos constituyen un grupo filogenéticamente

diverso de invertebrados acuaticos que cumplen funciones ecoldgicas y
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productivas clave en ecosistemas costeros y sistemas de acuicultura. Una
de sus caracteristicas fisiologicas mas distintivas es su estrategia trofica
por filtracion, la cual no solo facilita la captura eficiente de particulas en
suspension, sino que también los expone de manera constante a los
cambios fisicoquimicos del ambiente circundante (Kueh & Chan, 1985).
Este modo de alimentacion promueve el establecimiento de comunidades
microbianas complejas en sus tejidos, particularmente en las branquias y
el aparato digestivo, configurando un microbioma especifico que
comprende géneros como Vibrio, Pseudomonas, Acinetobacter,
Photobacterium, Moraxella, Aeromonas, Bacillus, Alcaligenes,
Flavobacterium, Cytophaga, Spongiobacter, Shewanella, Escherichia,
Chromobacterium, Desulfovibrio, Rhodococcus, Microbacterium y
Micrococcus (Beleneva et al., 2003; Cavallo et al., 2009; Dunkai et al.,
2023; Kueh & Chan, 1985; Li et al., 2018). Esta relacion simbidtica es
altamente dinamica y estd modulada por variables fisioldgicas,
ontogénicas y ambientales (Beleneva et al., 2003; Cavallo et al., 2009;
Dunkai et al., 2023; Li et al., 2018; Paillard et al., 2022; Zannella et al.,

2017).
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El microbioma cumple funciones esenciales para el hospedador,
tales como la digestion de macromoléculas, la biosintesis de compuestos
bioactivos, la inmunomodulacion y la defensa frente a agentes patdgenos
(Hashem, 2025; Kim, 2018; Kogut et al., 2020). En Crassostrea gigas, por
ejemplo, se ha demostrado que la exposicién temprana a ambientes
microbianos complejos durante el desarrollo larval contribuye a la
maduracion del sistema inmunolégico mediante mecanismos
epigenéticos, fortaleciendo la inmunocompetencia en fases posteriores del
ciclo vital (Destoumieux-Garzon et al., 2024). Sin embargo, esta
asociacion mutualista es especialmente vulnerable a factores ambientales
estresantes, siendo la hipoxia uno de los principales disruptores de dicha

homeostasis (Pollock et al., 2007).

Aungue los bivalvos presentan una tolerancia fisioldgica moderada
a condiciones hipoxicas en comparacion con otros organismos bentonicos,
esta situacion puede desencadenar una serie de efectos deletéreos sobre el
metabolismo del hospedador (Song et al., 2024; VVaquer-Sunyer & Duarte,
2008). Entre ellos se encuentran la disminucion de la tasa de filtracion, la
reprogramacion del metabolismo energético hacia rutas anaerdbicas, la

inmunosupresion y, en casos severos, la mortalidad (Song et al., 2024;
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Vaquer-Sunyer & Duarte, 2008). La susceptibilidad a la hipoxia varia
significativamente entre especies, y esta influenciada por el tamafio
corporal, la fisiologia interna y el estadio de desarrollo del organismo. En
este contexto, estudios realizados en Argopecten irradians, Crassostrea
virginica, Mytilus edulis y Mercenaria mercenaria han evidenciado
patrones divergentes de tolerancia a la hipoxia, destacando la necesidad
de abordajes especificos por especie (Mizutani et al., 2025; Stevens &

Gobler, 2018).

Ademas del impacto sobre el hospedador, la hipoxia impone una
presion selectiva directa sobre las comunidades microbianas del agua,
sedimentos y tejidos de los moluscos (Mizutani et al., 2025).
Investigaciones recientes en Anadara kagoshimensis han demostrado que
esta condicion ambiental altera de forma significativa la composicién
bacteriana, con un aumento en la abundancia de familias como
Arcobacteraceae 'y  Alkalispirochaetaceae en  branquias, Yy
Metamycoplasmataceae en el hepatopancreas (Mizutani et al., 2025). Este
ultimo organo, clave en el metabolismo y la inmunidad, mostrd una
marcada sensibilidad a la hipoxia, presentando rutas metabolicas

asociadas a la reduccion de sulfato y respiracion del hierro, lo que sugiere

21



una reconfiguracion funcional adaptativa (Mizutani et al., 2025). En C.
virginica, se ha documentado un incremento en la diversidad y carga
bacteriana en condiciones hipdxicas, incluyendo especies potencialmente
patdgenas como Vibrio vulnificus, lo cual apunta a un estado de disbiosis
con implicancias clinicas relevantes (Khan et al., 2018). Asimismo, se ha
vinculado la exposicion prolongada a hipoxia con una mayor
susceptibilidad a infecciones por Perkinsus marinus, como resultado de
una respuesta inmunolédgica comprometida (Breitburg et al., 2015; Keppel

etal., 2015).

Desde un enfoque holistico, el concepto de holobionte —entendido
como la unidad funcional integrada por el hospedador y su microbiota
asociada— ofrece un marco tedrico robusto para interpretar la
complejidad de estas interacciones (Lasa & Romalde, 2021). La
estabilidad funcional del holobionte en bivalvos depende de la resiliencia
de su microbiota frente a perturbaciones ambientales (Dittami et al.,
2021). La hipoxia, al inducir el desplazamiento de taxa aerobios por
anaerobios facultativos, puede alterar profundamente funciones
simbioticas clave, tales como la digestion, la sintesis de metabolitos

inmunomoduladores y la inhibicion competitiva de patégenos.

22



A pesar de los avances recientes en la caracterizacion del
microbioma de moluscos bivalvos, persiste una importante brecha de
conocimiento respecto a los efectos especificos de la hipoxia sobre la
composicién, funcionalidad y estabilidad de estas comunidades
microbianas. Esta limitacion obstaculiza el desarrollo de modelos
predictivos precisos para evaluar la respuesta del holobionte frente a
escenarios de cambio ambiental, asi como la implementacion de
estrategias acuicolas basadas en la manipulacion dirigida del microbioma.
En este contexto, el objetivo especifico dos de la presente tesis se orienta
a evaluar el impacto del estrés hipdxico en la composicion, estructura y
potencial funcional de las comunidades microbianas asociadas a las
branquias y la glandula digestiva de M. chilensis, mediante secuenciacién
directa del ADN mediante tecnologia Oxford Nanopore y analisis
funcional, para identificar cambios microbianos relevantes para la

homeostasis del hospedador bajo condiciones de oxigenacion fluctuante.
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9. Efecto de la hipoxia en el epitranscriptoma de moluscos

bivalvos

La regulacién de la expresidn génica en eucariotas es un proceso
complejo que no se limita exclusivamente al control transcripcional, sino
que incluye una amplia gama de mecanismos postranscripcionales
capaces de modular la estabilidad, localizacion, procesamiento y
traduccion de los transcritos (Chokkalla et al., 2020). En este contexto, la
epitranscriptomica ha emergido como un campo de estudio innovador que
examina las modificaciones quimicas reversibles que ocurren en los
acidos ribonucleicos (ARN), sin alterar la secuencia nucleotidica
subyacente (Boo & Kim, 2020; Chokkalla et al., 2020; Gatsiou & Stellos,
2018; Radbakhsh et al., 2025). Estas modificaciones, conocidas
colectivamente como marcas epitranscriptomicas, constituyen una capa
adicional de regulacion génica de gran dinamismo y especificidad,
permitiendo una respuesta celular rapida frente a sefiales ambientales y

enddgenas sin necesidad de transcripcion genica de novo.

Actualmente, se han identificado mas de 170 modificaciones
postranscripcionales distribuidas entre diversas clases de ARN, entre las

que destacan la N6-metiladenosina (mPA), 5-metilcitosina (m°C), 7-
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metilguanosina (M’G), 1-metiladenosina (m!A), pseudouridina (¥),
acetilacion en C4 de citidina (ac4C) y 2'-O-metilacion de ribosa (2'-O-
Me) (Boccaletto et al., 2018; Jung & Goldman, 2018; Radbakhsh et al.,
2025). Estas modificaciones estan reguladas por un sistema enzimatico
dindmico compuesto por "escritores™, que catalizan la adicion de marcas
quimicas; "lectores”, que reconocen e interpretan estas modificaciones
modulando procesos como splicing, traduccién y degradacion del ARN; y
"borradores”, encargados de remover dichas marcas, permitiendo una
regulacion reversible y especifica en tiempo y espacio (Radbakhsh et al.,
2025; Yang et al., 2018). Esta compleja maquinaria de regulacion ha sido
asociada con multiples procesos fisiologicos, incluyendo diferenciacion
celular, desarrollo embrionario, plasticidad neuronal, respuestas
inmunoldgicas, y adaptacion al estrés (Alkhammash, 2025; Chokkalla et
al.,, 2020; Gatsiou & Stellos, 2018; Kumar & Mohapatra, 2021;

Radbakhsh et al., 2025).

En organismos modelo como mamiferos, peces y plantas, la
epitranscriptomica ha demostrado ser sensible a condiciones de estres
ambiental tales como temperatura extrema, radiacion UV, estrés oxidativo

y, particularmente, hipoxia (Hu et al., 2022; Yang & Chen, 2021). La
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exposicion a ambientes con bajo oxigeno desencadena reprogramaciones
rapidas en los patrones de modificacion del ARN, posibilitando una
adaptacion celular eficiente sin requerir nuevos eventos transcripcionales.
Esta plasticidad regulatoria representa una ventaja adaptativa sustancial
frente a fluctuaciones ambientales agudas o cronicas, facilitando la

homeostasis celular en condiciones adversas (Park et al., 2020).

Sin embargo, a pesar del creciente cuerpo de conocimiento en
modelos experimentales clasicos, el estudio de la epitranscriptomica en
invertebrados marinos continda siendo incipiente (Du et al., 2025; Frye et
al., 2016; Gilbert et al., 2016; Nishikura, 2016; Patil et al., 2018;
Roundtree et al., 2017). Dentro de este grupo, los moluscos bivalvos
representan un modelo de estudio particularmente relevante debido a su
estilo de vida bentonico y su exposicion constante a condiciones
ambientales variables, tales como cambios en temperatura, salinidad, pH
y niveles de oxigeno disuelto (Liao et al., 2025; Sleight et al., 2025).
Especificamente, M. chilensis, una especie clave para la acuicultura en el
cono sur, se ve frecuentemente sometida a episodios de hipoxia en zonas
costeras y estuarinas con alta carga organica o influencias antropogénicas

(Ledn-Mufioz et al., 2021). A pesar de la importancia ecologica y

26



econdmica de esta especie, los mecanismos moleculares que subyacen a
su tolerancia hipoxica, y en particular el papel de la epitranscriptdmica en

este proceso, permanecen sin caracterizar.

Uno de los principales obstaculos histéricos en la investigacion
epitranscriptomica ha sido la falta de metodologias capaces de detectar de
manera precisa y sensible estas modificaciones a escala de nucleétido
(Cerneckis et al., 2024). No obstante, avances recientes en tecnologias de
secuenciacion directa de ARN, particularmente mediante plataformas
como Oxford Nanopore Technologies, junto con algoritmos
bioinformaticos especializados, han permitido el mapeo sistematico de
modificaciones epitranscriptomicas en organismos no modelo (Cerneckis
etal., 2024; Gatsiou & Stellos, 2018; Gilbert et al., 2016; Roundtree et al.,
2017; Zhang et al., 2018). Estos avances han impulsado el reconocimiento
del campo, culminando con la concesion del Premio Nobel de Fisiologia
0 Medicina 2023 a Katalin Karik6 y Drew Weissman por sus
descubrimientos sobre las modificaciones del ARNm y su impacto en la
inmunogenicidad y traduccion (Karikoé et al., 2005; Kariké et al., 2008;
Kumar & Mohapatra, 2021; Liu et al., 2025; Nance & Meier, 2021). Estas

herramientas posibilitan una caracterizacion integral del epitranscriptoma
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bajo diferentes condiciones fisiologicas y ambientales, incluyendo estrés

hipdxico.

En este contexto, el objetivo especifico tres de la presente tesis se
orienta a Caracterizar el epitranscriptoma de M. chilensis mediante
secuenciacion directa de ARN utilizando tecnologia Oxford Nanopore,
con el fin de obtener una vision integral de las modificaciones post-
transcripcionales, incluyendo tanto modificaciones quimicas de
nucleotidos como m°A y m’C, como la caracterizacion estructural del
ARN a través del andlisis de la longitud de las colas poliadeniladas y la

identificacion de transcritos de longitud completa.

10. M. chilensis como modelo de estudio

Mytilus chilensis, cominmente llamado chorito, es un molusco
bivalvo filtrador, con una talla minima de extraccion de 5 cm y tamafios
méaximos de 8 cm (Subpesca, 2021). Sexualmente son gonocoricos (con
sexos separados) con fecundacién externa y dimorfismo sexual interno

(Oyarzin et al., 2011). EI macho presenta la gonada color amarillo

28



cremoso, y la hembra un tono anaranjado (Oyarzun et al., 2011). Mediante
sus palpos bucales es capaz de separar los alimentos que no va a ingerir,
y al generar pseudofecas puede eliminar el material capturado sin ingerir
(Salas-Yanquin et al.,, 2018). Posee branquias desarrolladas que
intervienen en la alimentacion y la respiracion (Puerta, 1995). En
condiciones normales, un mejillon adulto filtra de 4 a 5 litros de agua por
hora (Puerta, 1995). Se distribuye desde la costa del Océano Pacifico en
Chile central hasta la costa de la Patagonia Argentina en el Atlantico
(Navarro et al., 2016; Rios et al., 2018). Es capaz de vivir en un amplio
rango de salinidad, destacandose una alta abundancia en fiordos (Osores
et al., 2017; Taraska & Anne, 2013). Se considera un recurso marino
importante para el ecosistema en virtud de ser fuente vital de alimento, y
proporcionar servicios ecoldgicos (Osores et al., 2017; Scanes et al.,
2021). La sobreexplotacion de este recurso trajo consigo un aumento en
su valor comercial. Esto significo un estimulo para aumentar la
produccion de choritos a través del cultivo, debido al menor tiempo de
crecimiento en sistemas suspendidos (IFOP, 2000). Comenzando con la
captacion de semilla en su medio natural, luego son transportadas hasta
las concesiones de acuicultura para el proceso de engorde hasta alcanzar

la talla comercial, donde son procesados para su comercializacion (IFOP,
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2000). En Chile la actividad miticultora genera 17.000 empleos y
representa el 25% del total de las cosechas acuicolas, convirtiéndola en el
tercer productor de moluscos a nivel mundial por debajo de Chinay Corea
del Sur (Blanc et al., 2018; Lohrmann et al., 2019; Subpesca, 2019;
Yevenes et al., 2019). En los altimos afios la produccidn de choritos se ha
incrementado alcanzando la produccién de 399 millones de toneladas,
equivalente a mas de 200 millones de ddlares en exportaciones dirigidas
en su mayor parte a Europa (Blanc et al., 2018; FAO, 2018; IFOP, 2000;
Lohrmann et al., 2019; Subpesca, 2019). La captacién de semilla de
chorito se concentra en el fiordo de Reloncavi y la engorda se realiza en
sistemas de cultivos ubicados en la Isla de Chiloé, Region de Los Lagos
(Yevenes et al., 2019). En ambas zonas se producen eventos de hipoxia
que son provocados principalmente por la surgencia y la eutrofizacién
(Silva & Vargas, 2014). La eutrofizacién es provocada principalmente por
efecto de la actividad acuicola y por la baja tasa de recambio de agua en
la zona (Daneri et al., 2012; Mardones et al., 2021; Montero et al., 2011;

Silva & Vargas, 2014).

El mar interior de Chiloé alberga la totalidad de la industria de

chorito, sin embargo, esta region se ve cada vez mas afectada por eventos
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ambientales relacionados tanto con la variabilidad climatica como con la
influencia humana (Narvaez et al., 2019). La elevada variabilidad del
oxigeno disuelto puede tener importantes implicaciones para la adaptacion
local de las poblaciones marinas ante los cambios en las condiciones
ocednicas (Vargas et al., 2017), y justifica una investigacion a nivel
experimental de los choritos, para evaluar la capacidad de adaptacién ante
la variabilidad de las condiciones ambientales a diferentes escalas
espaciales y temporales (Narvaez et al., 2019). Por lo tanto, una mejor
comprension de la respuesta del chorito a condiciones experimentales de
hipoxia es relevante para tenerse en cuenta en la gestion y planificacion
de la industria acuicola en el contexto de los futuros escenarios climaticos
en esta region altamente productiva y socioeconémicamente importante

(Narvaez et al., 2019).

Debido a las alteraciones en condiciones ambientales derivadas del
cambio climatico y a la importancia de M. chilensis en la produccion
acuicola de Chile y en el ecosistema, este estudio busca determinar la
medida en que la hipoxia costera influye en la alteracion del transcriptoma,

el microbioma y el epitranscriptoma del chorito.
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HIPOTESIS

H1: El estrés ambiental en M. chilensis producido por la hipoxia genera
una modulacion a nivel transcriptomico asociada con cambios
epitranscriptomicos y en la comunidad microbiol6gica de los organismos

expuestos a bajos niveles de oxigeno disuelto.

OBJETIVOS

Objetivo general

Analizar las respuestas a nivel de transcriptoma, microbiota vy

epitranscriptoma de Mytilus chilensis expuesto a condiciones de hipoxia.

Objetivos especificos

1. Caracterizar los mecanismos moleculares implicados en la
tolerancia de M. chilensis expuestos a condiciones experimentales
de hipoxia y etapas de reoxigenacion, mediante el analisis

comparativo del transcriptoma en branquias, glandula digestiva y
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musculo aductor, con énfasis en las rutas de sefializacion asociadas
al metabolismo, la respuesta inmune y el estrés del reticulo
endoplasmatico.

. Evaluar el impacto del estrés hipdxico en la composicidn, estructura
y potencial funcional de las comunidades microbianas asociadas a
las branquias y la glandula digestiva de M. chilensis, utilizando
secuenciacion directa del ADN con tecnologia Oxford Nanopore y
andlisis funcional, para identificar cambios microbianos relevantes
para la homeostasis del hospedador bajo condiciones de
oxigenacion fluctuante.

. Caracterizar el epitranscriptoma de M. chilensis mediante
secuenciacion directa de ARN utilizando tecnologia Oxford
Nanopore, con el fin de obtener una vision integral de las
modificaciones  post-transcripcionales, incluyendo  tanto
modificaciones quimicas de nucledtidos como m°A y m°C, como la
caracterizacion estructural del ARN a traves del analisis de la
longitud de las colas poliadeniladas y la identificacion de transcritos

de longitud completa
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METODOLOGIA

La comprension de las respuestas fisiologicas y microbiologicas de
los bivalvos marinos frente al estrés hipdxico constituye un eje central en
la evaluacion de los impactos derivados del cambio climatico y la
eutrofizacion en ecosistemas costeros, especialmente en aquellas especies
con relevancia para la acuicultura. A pesar de que multiples estudios han
documentado los efectos de la hipoxia aguda, con exposiciones que varian
entre 15 minutos y 36 horas, asi como los procesos subsecuentes de
reoxigenacion de entre 10 minutos y 24 horas, persiste una importante
brecha de conocimiento en torno a las consecuencias fisioldgicas y
ecologicas de exposiciones cronicas a concentraciones persistentemente
bajas de oxigeno disuelto (Adzigbli et al., 2024; Adzigbli et al., 2022;
Amorim etal., 2021; Falfushynska et al., 2020; Haider et al., 2020; Ivanina
& Sokolova, 2016; Liu et al., 2024; Sokolov et al., 2019; Steffen et al.,
2020). Esta laguna reviste especial gravedad considerando que en
ambientes litorales se han registrado eventos hipdxicos prolongados, con
duraciones de hasta seis dias e incluso 25 dias en condiciones extremas,
lo que pone de relieve la urgencia de incorporar estos escenarios
prolongados en los esquemas experimentales destinados a comprender las

estrategias adaptativas y de tolerancia desarrolladas por los bivalvos frente
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a dichos desafios ambientales (Haider et al., 2020; Li et al., 2014; Linford

etal., 2024; Yang et al., 2023; Yang et al., 2020).

Bajo este marco, el presente estudio fue concebido para evaluar los
efectos de la hipoxia progresiva de largo plazo, superando las limitaciones
metodoldgicas de los enfoques convencionales centrados en eventos
hipdxicos agudos (Yang et al., 2023). El disefio experimental se basé en
condiciones ambientales reales observadas en los fiordos del sur de Chile,
caracterizados por su morfologia compleja, e intercambio hidrodindmico
limitado como lo indica un tiempo de residencia del agua cercano a los 98
dias en el fiordo de Reloncavi (Calvete & Sobarzo, 2011; Caceres et al.,
2002; Silva & Vargas, 2014). Con el proposito de reproducir estas
condiciones de manera realista, se emplearon coeficientes de marea
obtenidos de fuentes publicas (https://tablademareas.com, consultado el 7
de marzo de 2022), que reflejan las fluctuaciones en la amplitud de las
mareas dentro del area de estudio durante aproximadamente 10 dias. Esta
aproximacion metodoldgica ofrece una plataforma solida para la
investigacion de los mecanismos de resiliencia fisiologica y de

reconfiguracion microbiana que emergen en bivalvos sometidos a
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condiciones hipoxicas prolongadas, proporcionando asi una visién mas

integral de su capacidad adaptativa en entornos costeros vulnerables.

Objetivo 1. Caracterizar los mecanismos moleculares implicados en
la tolerancia de M. chilensis expuestos a condiciones experimentales
de hipoxia y etapas de reoxigenacién, mediante el analisis
comparativo del transcriptoma en branquias, glandula digestiva y
musculo aductor, con énfasis en las rutas de sefializacion asociadas al
metabolismo, la respuesta inmune y el estrés del reticulo

endoplasmatico.

Aclimatacion de los ejemplares de M. chilensis

Durante el mes de abril de 2022, se recolectaron especimenes
adultos de chorito en bancos naturales de Puerto Montt, Chile, registrando
una longitud valvar promedio de 6,26 + 0,50 cm y un peso fresco medio
de 18,57 + 3,85 g. Los individuos fueron trasladados en condiciones
controladas a la Estacion de Biologia Marina de Dichato, dependiente de
la Universidad de Concepcién. Antes del inicio de los ensayos

experimentales, se realizd una rigurosa seleccion morfoldgica,
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excluyéndose aquellos individuos que presentaban fracturas en las valvas
0 evidencia de epibiosis. Posteriormente, se efectud una limpieza
mecanica para eliminar organismos incrustantes y otras formas de

biofouling adheridas a las conchas.

Los ejemplares fueron sometidos a un periodo de aclimatacion de
38 dias en un sistema de recirculacion cerrado, empleando un tanque de
fibra de vidrio con capacidad de 7 m3, bajo condiciones fisicoquimicas
estandar: temperatura de 12,5 + 0,94 °C, salinidad de 34,5 + 0,32 unidades
practicas de salinidad (UPS), pH de 7,2 £ 0,12 y concentracion de oxigeno
disuelto de 7,5 + 1,11 mg/L. Estos parametros fueron monitorizados
diariamente mediante una sonda multiparamétrica HI9829 (Hanna
Instruments®). La alimentacion se llevd a cabo mediante suministro
pasivo diario de una mezcla de microalgas (Isochrysis sp. y Pavlova sp.),
complementada con una renovacion del 80 % del volumen total de agua
cada 24 horas, a fin de mantener condiciones 6ptimas de calidad
ambiental. Conforme a la normativa nacional vigente, M. chilensis no se
encuentra categorizada bajo ninguna condicion de conservacion por la
UICN, por lo cual no fue necesario gestionar permisos especificos para su

recoleccion y manipulacion.
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Disefio experimental

El disefio experimental se baso en un modelo de series temporales
de oxigeno disuelto, con el objetivo de simular las fluctuaciones naturales
de OD observadas en bancos de cultivo del sur de Chile (Narvéez et al.,
2019). Finalizado el periodo de aclimatacion, un total de 480 individuos
fueron asignados aleatoriamente a dos condiciones experimentales con

tres réplicas por tratamiento (n = 80 individuos/réplica):

1. Grupo Control (Normoxia): Tres réplicas (N1, N2 y N3) mantenidas

bajo niveles normales de OD (7,2 £ 0,2 mg/L).

2. Grupo Experimental (Hipoxia): Tres réplicas (H1, H2 y H3)

expuestas a condiciones de hipoxia controlada (2,0 mg/L de OD).

Las condiciones experimentales de temperatura (12,5 + 1 °C) y salinidad
(34,5 £ 0,5 UPS) se mantuvieron constantes durante toda la fase de
exposicion. En el tratamiento hipoxico, se aplicé diariamente una
inyeccion controlada de burbujas de nitrogeno para alcanzar y mantener

la concentracion deseada de OD (2,0 mg/L) en el sistema de recirculacion.
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Preparacion de muestras para secuenciacion del transcriptoma

Se recolectaron muestras de ARN total a partir de tres tipos de
tejido: branquias, glandula digestiva y muasculo aductor, obtenidas en
distintos intervalos temporales tanto del grupo control como del grupo
expuesto a hipoxia. Se extrajeron tres muestras bioldgicas
independientes por tipo de tejido, condicion experimental y punto
temporal. Todos los tejidos, incluyendo el liquido extrapalial, fueron

congelados inmediatamente a —80 °C para su posterior procesamiento.

Extraccion de ARN y Preparacion de la Biblioteca

Para la secuenciacion del transcriptoma, se tomaron muestras de
tejidos de las branquias, la glandula digestiva y el musculo aductor de los
grupos de control y expuestos a hipoxia a los 10, 20, 40, 50 y 60 dias. Los
tejidos se almacenaron en RNA Later (Ambion, Austin, TX, EE. UU.) a
—80 °C hasta la extraccion del ARN. Las extracciones de ARN se
realizaron por triplicado para cada grupo experimental utilizando el
reactivo Trizol (Invitrogen, Carlsbad, CA, EE. UU.) de acuerdo con las
instrucciones del fabricante. Se crearon grupos de 9 individuos para cada

réplica. La concentracion de ARN extraido se midio utilizando el
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instrumento QUBIT 4 (Thermo Fisher Scientific, Pittsburgh, Pensilvania,
EE. UU.), y la calidad se determiné utilizando el instrumento TapeStation
2200 (Agilent Technologies Inc., Santa Clara, California, EE. UU.). Las
bibliotecas de ADNc de doble cadena se prepararon utilizando el kit
TruSeq RNA Sample Preparation Kit v2 (Illumina®, San Diego, CA, EE.
UU.), siguiendo las instrucciones del fabricante, utilizando 1 ug de ARN
tisular por grupo. Cada una de las tres réplicas bioldgicas por grupo
experimental se envio a la Replblica de Corea, donde Macrogen, Inc.
realizd la secuenciacion del transcriptoma de novo utilizando la
plataforma Illumina. El tipo de lectura fue paired-end, con una longitud

de lectura de 101.

Analisis transcriptomico y anotacion funcional

Las lecturas obtenidas fueron sometidas a un proceso de control de
calidad y eliminacion de adaptadores mediante el software CLC
GenomicWorkbench v23 (Qiagen Bioinformatics, Redwood City, CA,
EE. UU.), utilizando un umbral de calidad de 20, longitud minima de
lectura de 50 pb y ventana deslizante de 4 pb, con recorte en ambos
extremos. La cuantificacion de la expresion génica se basd en valores

normalizados de TPM. La asignacion se realizé sobre el genoma V1 de M.
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chilensis. Se utilizo6 distancia Euclidiana para la construccion de la matriz

de expresion y agrupamiento k-means con 5-6 iteraciones.

Las transcripciones con un cambio relativo >12| y un valor p < 0.05
se consideraron diferencialmente expresadas. Los valores p fueron
corregidos para maultiples comparaciones mediante la tasa de
descubrimientos falsos (False Discovery Rate, FDR), de modo que se
controla la proporcion esperada de falsos positivos entre los hallazgos
declarados significativos (Korthauer et al., 2019; Pawitan et al., 2005;
Storey & Tibshirani, 2003). Las anotaciones funcionales se realizaron
utilizando BLAST contra bases de datos Nr, Nt, eggNOG, Pfam, Swiss-
Prot, GO, KO y KEGG, con un valor de corte de 1x10-° (Aleksander et
al., 2023; Altschul et al., 1998; Bateman et al., 2022; Kanehisa et al., 2022;
Tatusov et al., 2001). Posteriormente, los transcritos fueron organizados
en matrices de Excel, filtrados y clasificados para generar mapas de calor
con TBtools v2.007. Se construyeron diagramas de Venn con la
herramienta en linea Venny.

El anélisis de enriquecimiento de términos GO se efectué mediante
ShinyGO, empleando listas de genes y anotaciones GO obtenidas desde

TBtools. Se utilizd un umbral FDR de 0,05, y se aplicaron funciones para
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reducir redundancia y abreviar vias funcionales. La representacion grafica
se realizd con ggplot2 (R). Para los mapas de calor, se utilizd
agrupamiento jerarquico y medidas de distancia Euclidiana. La seleccion
de genes se basd en criterios de expresion diferencial, relevancia

fisiol6gica y asociacion con rutas bioldgicas clave.

Analisis de la Expresion Génica Cromosémica (CGE)

Los datos sin procesar fueron alineados al genoma V1 de M.
chilensis para estimar el indice de expresion génica cromosémica (CGE),
siguiendo la metodologia descrita en investigaciones previas (Gallardo-
Escarate et al., 2023; Valenzuela-Muiioz et al., 2022). EI CGE evalla la
variabilidad transcripcional entre condiciones normoxicas e hipoxicas,
estimando la cobertura media de transcripcion en regiones cromosomicas
especificas. Se emplearon ventanas maéviles de cinco posiciones con un
rango de umbral de 2.000 a 100.000 lecturas. Los calculos se realizaron
con la herramienta Graph Threshold Areas del software CLC
GenomicsWorkbench v23. Aquellos cromosomas con valores de CGE
superiores al 60 % fueron visualizados con Circo (version 0.69-9),
incorporando mapas de cobertura de transcripcion para cada condicion

experimental (Cui et al., 2021).
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Disponibilidad de los Datos

Los datos del transcriptoma para el analisis del ARNm se depositaron en
la base de datos NCBI-SRA (Sequence Read Archive) con el nimero de

acceso PRINA1099139.

Objetivo 2. Evaluar el impacto del estrés hipoxico en la composicion,
estructura y potencial funcional de las comunidades microbianas
asociadas a las branquias y la glandula digestiva de M. chilensis,
utilizando secuenciacion directa del ADN con tecnologia Oxford
Nanopore y analisis funcional, con el fin de identificar cambios
microbianos relevantes para la homeostasis del hospedador bajo

condiciones de oxigenacion fluctuante.

Disefio Experimental (Aclimatacién de M. chilensis, Exposicién a

Hipoxia y Muestreo para Analisis Microbioldgico)

Este estudio se estructurd bajo un enfoque experimental controlado,
orientado a evaluar los efectos sistémicos de la hipoxia y la reoxigenacion
prolongada en M. chilensis, con especial énfasis en las alteraciones

microbiologicas de los tejidos branquiales y de la glandula digestiva. El
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experimento, de 50 dias de duracion, consistid en fases alternas de hipoxia
(2,0 mg/L de oxigeno disuelto) y normoxia (7,2 + 0,2 mg/L). A partir de
una poblacion inicial de 480 individuos, se seleccionaron 36 ejemplares
que fueron distribuidos aleatoriamente en tres réplicas experimentales (n
= 12 individuos por réplica). La duracion de cada fase hipdxica se definio
con base en protocolos metodolégicos previamente establecidos.

El régimen de muestreo fue estructurado para captar la dindmica
temporal de la microbiota. Se recolectaron muestras de branquias y
glandulas digestivas de tres mejillones por réplica en condiciones
hipdxicas en el dia 10 (n = 9), en normoxia tras reoxigenacion en los dias
20 (n=9) y 40 (n = 9), y nuevamente bajo hipoxia el dia 50 (n = 9). En
total, se analizaron 18 muestras provenientes de condiciones hipoxicas y
18 correspondientes a condiciones de reoxigenacidén. No se incluyd un
grupo control adicional, dado que el disefio comparativo entre fases
hipdxicas y normoxicas respondié al objetivo de evaluar directamente los
efectos de la fluctuacion de oxigeno sobre la microbiota. La inclusion de
multiples puntos temporales permitié detectar alteraciones progresivas y
acumulativas, fundamentales en escenarios de cambio climatico y

eutrofizacion.
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El oxigeno disuelto fue monitoreado y ajustado diariamente
mediante inyeccion de nitrdgeno en el sistema de recirculacion para
mantener los niveles deseados. Se priorizd el analisis de tejidos
branquiales por su rol en la respiracion, alimentacion por filtracién y su
alta exposicion a factores ambientales (Mardones et al., 2024; Sun et al.,
2024). La glandula digestiva se seleccion0 por su relevancia en la
digestion, metabolismo e inmunorrespuesta (Borkovic-Mitic et al., 2013;
Sforzini et al., 2018). Bajo hipoxia, el cierre valvar reduce la filtracion y
respiracion, lo que puede inducir disbiosis (Porter & Porter, 2018; Tang
& Riisgard, 2018). El objetivo buscé identificar patrones microbianos

perturbados como posibles biomarcadores del estrés hipoxico.

Para minimizar la variabilidad interindividual, se agruparon tejidos
de tres individuos por réplica, lo que generd muestras representativas de
nueve mejillones por condicion experimental (Sun et al., 2020). Las
muestras se conservaron en etanol grado molecular, transportadas a 4 °C

y almacenadas a —80 °C hasta su procesamiento.
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Aislamiento de ADN y Amplificacion del gen 16S rRNA

El ADN bacteriano total se extrajo de tejidos homogeneizados de
branquias y glandulas digestivas mediante el protocolo fenol-cloroformo.
Se utilizaron entre 20 y 30 mg de tejido por muestra (n = 9 por
tratamiento), que fueron descongelados, lavados, picados vy
homogeneizados con perlas ceramicas en vortex. Se adicioné 1 mL de
tampon de lisis (10 mM Tris-HCI, 400 mM NaCl, 100 mM EDTA, 0.4 %
SDS y 100 pg/mL proteinasa K, pH 8.0) e incubado a 37 °C durante 2 h
(Valenzuela-Miranda et al.,, 2024). Posteriormente, se realizaron
extracciones sucesivas con fenol-cloroformo y cloroformo puro, seguidas
de una precipitacion con etanol absoluto. La fase acuosa purificada fue
transferida a columnas DNeasy Blood and Tissue (Qiagen®) para

completar la extraccion.

La calidad y pureza del ADN se evaluaron con espectrofotometria
(Nanodrop One), su integridad mediante electroforesis en gel de agarosa
al 1% (tampén TAE) y la concentracion por fluorometria (Qubit 4)
utilizando el kit dsSDNA BR. Para la amplificacion del gen 16S rRNA se

emplearon 50 ng/uL de ADN como molde en reacciones de 25 pL con
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LongAmp Taq DNA Polimerasa (New England Biolabs®) y cebadores
universales 27F y 1492R (Valenzuela-Miranda et al., 2024). Las
condiciones térmicas incluyeron desnaturalizacion inicial a 95 °C (1 min),
25 ciclos de 95 °C (20s), 56 °C (30's), 65 °C (2 min), y extension final a
65 °C (5 min). La amplificacion se confirmo por electroforesis en gel de

agarosa al 1.2 %.

Preparacion de la Biblioteca y Secuenciacion Nanopore

Los amplicones generados se purificaron con perlas Agencourt
AMPure XP para eliminar productos no especificos y cuantificados
mediante Qubit 4. Las bibliotecas fueron construidas con el kit 16S
Barcoding Kit (SQK-16S024, Oxford Nanopore Technologies®)
conforme a las instrucciones del fabricante. Los amplicones fueron
codificados por PCR adicional y purificados. La calidad y distribucién de
tamario fueron verificadas en TapeStation 2200 (Agilent®) con DNA
ScreenTape. La concentracion final fue validada con D5000 ScreenTape.

Se incluyé un control estandar (ZymoBiomics® Microbial
Community Standard) para asegurar calidad y reproducibilidad. Las
bibliotecas se normalizaron equimolarmente, agrupadas para

multiplexacion y cargadas en una celda de flujo Spot-ON para

47



secuenciacion en la plataforma MinlON (Oxford Nanopore
Technologies®). La ejecucidon y rendimiento fueron monitoreados en

tiempo real mediante MinKNOW (version 5.8.12).

Procesamiento de Datos y Asignacién Taxonomica

Las lecturas se sometieron a basecalling con Guppy (v6.3.2) y
filtrado por calidad (Q > 7). Se empled Porechop para eliminacion de
adaptadores y demultiplexacion (Bonenfant et al., 2023). Las lecturas
clasificadas se analizaron con el algoritmo Emu, optimizado para
secuencias completas de 16S rRNA generadas por secuenciacion
Nanopore (Curry et al., 2022). Se utiliz6 una base de datos personalizada
y se establecio un umbral minimo de abundancia de 0.01. Las lecturas
fueron agrupadas en unidades taxonomicas operativas (OTU) con un

umbral de similitud del 97 %.

Perfilado de la Comunidad y Analisis Estadistico

Las tablas OTU se analizaron en MicrobiomeAnalyst v2.0. Se eliminaron
OTU unicas, se aplico transformacion logaritmica y se generaron analisis

de coordenadas principales (PCoA) utilizando la distancia Bray-Curtis. Se
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realizaron pruebas ANOSIM para evaluar diferencias entre grupos y

curvas de rarefaccion con el paquete Vegan de R (Dixon, 2003).

Visualizacién del Arbol de Calor

Los datos se analizaron en R (v4.3.3) mediante los paquetes
Metacoder, Dplyr y Vegan (Beckerman et al., 2017; Dixon, 2003). Se
eliminaron taxa con <5 lecturas y aquellos sin presencia en al menos el
20% de las muestras. Se generaron arboles de calor jerarquicos,
estructurando la jerarquia taxonémica con taxmap. Los nodos fueron
dimensionados por abundanciay coloreados segun diferencias estadisticas

entre condiciones.

Analisis Discriminante Lineal (LEfSe) y Redes de Correlacion

Se aplico LEfSe para identificar taxa diferenciales (FDR <0.05;
LDA >4.0). Las 15 -caracteristicas discriminativas principales se
visualizaron mediante graficos de puntos. Las redes de coocurrencia se

construyeron con SparCC (100 permutaciones, p <0.05, r >0.3).
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Prediccion del Potencial Funcional Metagenomico

Se utilizd PICRUSt2 y el paquete ggpicrust2 para inferencias
funcionales a partir de regiones V3-V4 extraidas con HyperEx (Douglas
et al., 2020). Se empled la base MetaCyc para construccién de vias y el
uso del software R v4.3.3 para visualizacion (Caspi et al., 2016). Se aplicé
STAMP con correccion FDR de Benjamini-Hochberg (FDR <0,05),

seleccionando vias con >0,5 % de abundancia relativa (Parks et al., 2014).

Disponibilidad de los Datos

Los datos de secuenciacién Nanopore se encuentran disponibles en la base

NCBI-SRA bajo el numero de acceso BioProject RINA1240298.

50



Objetivo 3. Caracterizar el epitranscriptoma de M. chilensis mediante
secuenciacion directa de ARN utilizando tecnologia Oxford
Nanopore, con el fin de obtener una visidn integral de las
modificaciones post-transcripcionales, incluyendo tanto
modificaciones quimicas de nucledtidos como m°A y m*C, como la
caracterizacion estructural del ARN a través del analisis de la
longitud de las colas poliadeniladas y la identificacién de transcritos

de longitud completa.

Preparacion de Bibliotecas de ARN Directo

Este estudio empled una aproximacion metodoldgica avanzada
basada en la secuenciacion directa de ARN de molécula unica, utilizando
la plataforma Nanopore (Oxford Nanopore Technologies®) (Reddy et
al., 2020). Esta tecnologia de tercera generacidon permitié superar las
limitaciones inherentes a la secuenciacién de ARN complementario
(cADN), como los sesgos de amplificaciéon, la ambigiiedad en la
identificacion de isoformas y las restricciones en la longitud de lectura,
ofreciendo una resolucion integral del transcriptoma a nivel de molécula

completa y especifica de cadena.
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La preparacion de las bibliotecas comenz6 con la extraccion
selectiva de ARN mensajero poliadenilado [ARN poli(A)].
Posteriormente, se realiz6 la ligacidén de adaptadores dT y adaptadores
motores conforme al protocolo del fabricante, lo que permitid la
secuenciacion directa sin necesidad de retrotranscripcion ni sintesis
enzimatica. Este método conservd la orientacion nativa del ARN y

permitié preservar modificaciones epitranscriptomicas.

Secuenciacion y Control de Calidad de los Datos

Las bibliotecas generadas fueron cargadas en un flowcell de
secuenciacion Nanopore. Durante la lectura, las moléculas individuales
de ARN generaron perturbaciones caracteristicas en la corriente ionica
al atravesar los nanoporos. Estas sefiales eléctricas fueron decodificadas
en secuencias de bases mediante una red neuronal recurrente (RNN)

implementada en el software GUPPY.

Los archivos obtenidos en formato fast5 fueron convertidos a
formato fastq y sometidos a control de calidad. Se aplicaron filtros

estrictos que excluyeron lecturas con puntuaciones de calidad inferiores

52



a Q7 y longitudes inferiores a 50 pb, asegurando asi la integridad y

confiabilidad de los datos empleados en los anélisis posteriores.

Mapeo al Genoma de Referencia y Analisis de Transcritos

Las lecturas depuradas fueron alineadas contra un genoma de
referencia. Se conservaron unicamente aquellas con alineamiento unico.
Para la construccion de transcritos consenso y su cuantificacion, se
utilizé el software FLAIR (v1.5.0) (Tang et al., 2020). Posteriormente,
la estructura de los transcritos fue refinada con el software StringTie
(v2.1.4), mapeando las secuencias consenso al genoma de referencia de

forma conservadora (Pertea et al., 2015).

Para identificar genes y transcritos previamente no anotados, se
implemento el software gffcompare (v0.12.1), el cual permitié comparar
las nuevas secuencias con las anotaciones genOmicas existentes,
revelando un total de 5.237 transcritos nuevos, de los cuales 4.796 no
presentaron homologia con regiones previamente conocidas (Pertea &

Pertea, 2020).
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Prediccion de Secuencias Codificantes (CDS)

Se utilizd TransDecoder (v5.5.0) para predecir las regiones codificantes
(CDS) en los transcritos no anotados (Cossio-Bayugar et al., 2024). Este
paso permitio distinguir entre transcritos codificantes y no codificantes,

y facilito el andlisis funcional y estructural de nuevas regiones génicas.

Optimizacion de la Estructura de los Transcritos

La estructura de los transcritos consenso fue comparada con las
anotaciones conocidas del genoma mediante gffcompare (v0.12.1). Las
regiones 5’ y 3’ de 1os transcritos fueron extendidas cuando se detectaron
limites no coincidentes, lo cual permitié una correccion y optimizacion
de las regiones no traducidas (UTRs) y una mejor definicion de los

limites génicos (Pertea & Pertea, 2020).

Analisis de Expresion Diferencial

El andlisis de expresion diferencial se realizd con el software
edgeR (v3.32.1), a partir de los conteos de lecturas por transcripto. Se

consideraron como diferencialmente expresados aquellos transcritos con
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FDR < 0,05 y |logFC| > 1, permitiendo identificar los genes con
expresion significativamente alterada entre condiciones experimentales

(Robinson et al., 2010).

Identificacion de Metilaciones en ARN (m°A y m°C)

La identificacion de sitios metilados se realizd para las
modificaciones epitranscriptdmicas m°C y m®A. Para m°C, se empleo el
modelo alternativo de Tombo (Zhang et al., 2020), mientras que para
moA se utilizé el modelo de novo del mismo software, complementado
con el pipeline MINES (Lorenz et al., 2020). Este enfoque permitid

detectar con alta precision sitios metilados a nivel de base.

Analisis de Motivos de Metilacion

Se analizaron los motivos nucleotidicos asociados a los sitios de
metilacion, dado que las enzimas responsables del establecimiento o
eliminacion de estas modificaciones reconocen secuencias especificas.
Estos motivos se analizaron para comprender la relacion entre la

metilacion y la regulacion de la expresion geénica.
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Anélisis Diferencial de Sitios m°C

Para detectar diferencias significativas en los patrones de metilacién m°C
entre grupos experimentales, se utilizd el software methylKit (Akalin et
al., 2012). En presencia de mdltiples réplicas, se aplicd regresion
logistica; en caso contrario, se empled la prueba exacta de Fisher. Esta
estrategia permitid identificar sitios diferencialmente metilados con alta

sensibilidad.

Anélisis de Pseudouridina (V)

La modificacion de pseudouridina (¥), reconocida como la mas
abundante en ARN, fue evaluada mediante el software Nanopsu,
utilizando un umbral de probabilidad posterior P > 0,9 (Jain et al., 2022).
Esta modificacion estructural fue incluida en el anélisis
epitranscriptomico como marcador potencial de estabilidad vy

funcionalidad de las moléculas de ARN.
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RESULTADOS

Capitulo 1: La hipoxia en el mejillon azul Mytilus chilensis induce un
cambio en el transcriptoma asociado con el estrés del reticulo
endoplasmico, el metabolismo y la respuesta inmunitaria.

Cita entera del articulo publicado: Montufar-Romero, M.; Valenzuela-
Mufoz, V.; Valenzuela-Miranda, D.; Gallardo-Escéarate, C. Hypoxia in
the Blue Mussel Mytilus chilensis Induces a Transcriptome Shift
Associated with Endoplasmic Reticulum Stress, Metabolism, and
Immune Response. Genes 2024, 15, 658.
https://doi.org/10.3390/genes15060658

Resumen

El aumento de los episodios de hipoxia, como consecuencia del cambio
climético en los ecosistemas costeros y fiordos, afecta a la salud y la
supervivencia de los mejillones. Estos organismos despliegan respuestas
fisiologicas y moleculares como mecanismo de adaptacién para
mantener la homeostasis celular bajo estrés ambiental. Sin embargo, se
desconocen los efectos especificos de la hipoxia en mejillones de interés
socioeconomico, como Mytilus chilensis. Mediante secuenciacion de
ARN, investigamos los perfiles transcriptomicos de las branquias, la
glandula digestiva y el musculo aductor de M. chilensis en condiciones
de hipoxia (10 dias a 2 mg L—1) y reoxigenacion (10 dias a 6 mg L—1).

Se identificaron 15.056 transcritos expresados de forma diferencial en
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las branquias, 11,864 en la glandula digestiva y 9,862 en el mdsculo
aductor. La respuesta varido entre los tejidos, mostrando cambios
cromosomicos en Chrl, Chr9 y Chrl0 durante la hipoxia. La hipoxia
reguld los genes de sefializacion en las vias Toll-like, mTOR, ciclo del
citrato y apoptosis en las branquias, lo que indica alteraciones
metabolicas e inmunoldgicas. Estos cambios sugieren que la hipoxia
indujo un cambio metabdlico en los mejillones, reduciendo la
dependencia de la respiracién aerébica y aumentando la dependencia del
metabolismo anaerobico. Ademas, la hipoxia parecié suprimir la
respuesta inmunitaria, o que podria aumentar la susceptibilidad a las
enfermedades, con implicaciones negativas para la industria del cultivo
de mejillones y las poblaciones de lechos naturales. Este estudio
proporciona informacion fundamental sobre las adaptaciones
metabolicas e inmunologicas a la hipoxia en M. chilensis, y ofrece genes

candidatos para rasgos adaptativos.
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Abstract: The increase in hypoxia events, a result of climate change in coastal and fjord ecosystems,
impacts the health and survival of mussels. These organisms deploy physiological and molecular
responses as an adaptive mechanism to maintain cellular homeostasis under environmental stress.
However, the specific effects of hypoxia on mussels of socioeconomic interest, such as Mytilus chilensis,
are unknown. Using RNA-seq, we investigated the transcriptomic profiles of the gills, digestive
gland, and adductor muscle of M. chilensis under hypoxia (10 days at 2 mg L) and reoxygenation
(10 days at 6 mg L™!). There were 15,056 differentially expressed transcripts identified in gills, 11,864
in the digestive gland, and 9862 in the adductor muscle. The response varied among tissues, showing
chromosomal changes in Chrl, Chr9, and Chr10 during hypoxia. Hypoxia regulated signaling
genes in the Toll-like, mTOR, citrate cycle, and apoptosis pathways in gills, indicating metabolic
and immunological alterations. These changes suggest that hypoxia induced a metabolic shift in
mussels, reducing reliance on aerobic respiration and increasing reliance on anaerobic metabolism.
Furthermore, hypoxia appeared to suppress the inmune response, potentially increasing disease
susceptibility, with negative implications for the mussel culture industry and natural bed populations.
This study provides pivotal insights into metabolic and immunological adaptations to hypoxia in
M. chilensis, offering candidate genes for adaptive traits.

Keywords: bivalve mollusks; hypoxia; oxidative stress; reoxygenation; gills; transcriptome;
metabolism; immunity

1. Introduction

Hypoxia is the dissolved oxygen deficiency in the water column and is a significant
stress factor for most marine animals that require oxygen to survive [1-3]. It can disrupt
biodiversity and productivity in aquatic ecosystems [1-4]. Recently, the increase in hypoxic
areas in coastal systems, primarily caused by the combined action of eutrophication and
global warming, has attracted significant attention from the scientific community due to its
potential ecological repercussions worldwide [3,5-8]. In surface waters, dissolved oxygen
concentrations result from a balance between oxygen production through photosynthesis,
consumption caused by respiration, and exchange with the atmosphere, where the latter
tends to maintain dissolved oxygen close to saturation, depending on temperature and
salinity [9]. According to projections of increased sea surface temperatures in southern
Chile caused by climate change, there would be a decrease in the solubility of oxygen in
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the water and an intensification of the stratification [10-13]. Furthermore, climate change
affects precipitation and river discharge into fjords [14,15]. This could disturb the thickness
and extent of the low-salinity layer at the top of the fjords, slowing down the rate of
circulation and renewal of deep waters, thereby affecting bottom oxygen concentrations
and resulting in detrimental consequences for fisheries and coastal economies [14-16].

Under hypoxia conditions, bivalve mollusks display several physiological and molec-
ular responses as an adaptive coping mechanism for environmental stress [17]. Sessile
bivalve mollusks can close their valves or reduce water flow during hypoxic events, decreas-
ing oxygen consumption, energy expenditure, and ATP production [18-20]. In contrast,
mobile aquatic organisms can migrate away from areas with low oxygen [19,21]. When the
duration or severe exposure to hypoxic events exceeds the tolerance of marine organisms,
it leads to various detrimental effects, which can be lethal or sublethal, with long-term
consequences [5,22]. Hypoxia is involved in molecular mechanisms that trigger mass
mortality during the summer, explaining the negative impacts on benthic organisms during
these events [23,24]. Adaptation in response to hypoxia is critical for maintaining cellular
and organismal homeostasis [25]. Gills play an essential role in gas exchange, where the
increase in reactive oxygen species (ROS) caused by hypoxia decreases antioxidant agents,
causing cellular damage [26-28]. Molecular studies report that the duration of hypoxia
stress leads to the cessation of protein synthesis and increased protein catabolism, as well
as changes in the urea cycle and the expression of genes associated with apoptosis, inflam-
matory response mechanisms, and neoplasia [3,18,25,29-31]. Hypoxia is a common feature
of numerous diseases and a frequent player in several cell malignancies and neoplasia [32].
Under normoxia conditions, the HIF-1«x gene is the primary regulator of oxygen home-
ostasis in bivalve mollusks [33,34], promoting the ability of cells to adapt to hypoxia and
playing an essential role in immune system cells [35,36]. Excessive production of reactive
oxygen species (ROS) during anaerobic metabolism activates apoptosis or programmed
cell death through the intrinsic pathway regulated by the p53 and BAX genes [29,37]. Addi-
tionally, metabolic imbalance activates the extrinsic apoptosis pathway through caspases 2
and 3 [38,39]. Increased ROS stimulates the inflammatory pathway by activating the TBK1
gene and the NF-kB transcription factor, which promotes apoptosis [29,40-45].

Sequencing technology development based on short and long reads provides an indis-
pensable tool for a better understanding of RNA biology, giving pivotal insights about when
and where transcription occurs in response to a set of ecological processes [46—48]. Notably,
the recently published chromosome-level genome assembly for M. chilensis (Hupe, 1854)
represents a valuable resource for exploring the molecular responses of mussel’s genomes
facing the marine environment [49]. For instance, transcriptome studies conducted in M.
chilensis generated molecular markers related to environmental and biological stressors [50-52].
Furthermore, the exploration of molecular markers linked to immune response resulted in the
identification of saxitoxin immunoreceptors present in harmful algal blooms, the use of mito-
chondrial genes as biomarkers for environmental fluctuations such as temperature and salinity,
and the exploration of genes related to shell biomineralization, which functions as protection
against predators and anatomical support [50-53]. These analyses help determine the adapta-
tion of populations when transferred from natural seed banks to aquaculture farms [50-52].
These genes could be affected by variations in pH caused by ocean acidification [53].

The Chilean mussel, M. chilensis (commonly known as “chorito” in Chile), is Chile’s
most commercially crucial filter-feeding bivalve mollusk and holds socio-ecological rele-
vance. Its distribution ranges from the Pacific Ocean coast in central Chile to Patagonia in
southern Argentina [54-58] The minimum size for extraction is 5 cm, and individuals can
reach up to 8 cm [58]. They are gonochoric, with external fertilization and internal sexual
dimorphism [59]. Males have a creamy yellow gonad, while females have an orangish
tone [59]. Through their buccal palp, they can sort out food particles, eliminating captured
material without ingestion through pseudofeces [60]. They can tolerate a wide range of
salinity and are particularly abundant in fjords [55].
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M. chilensis is an essential marine resource because it provides ecosystem services [55,61].
The cultivation of mussels begins with collecting seedlings from their natural environment,
which are then transported to farms for growing until they reach commercial size [62].
They are then processed for marketing purposes [62]. The species accounts for 98.4% of
the shellfish cultivation in Chile and ranks first in worldwide exports [63,64]. In 2021,
424.3 thousand tons were produced, equivalent to over USD 271 million in exports, with
the majority directed to Europe [54,62,63,65]. However, in recent years, the mussel farming
industry has faced an increased risk of exposure to hypoxia events mainly caused by
upwelling and eutrophication in the Los Lagos Region, where 100% of the seed collection
and mussel harvesting occurs [9,63,66].

Sessile bivalve mollusks have traditionally been used as indicators of water quality.
In this context, the feasibility of using Mytilus sp. as an environmental biosensor model
organism through the characterization of its transcriptome has been proposed, as it
can adapt its metabolism to ecological changes [67-69]. In recent decades, hypoxia has
caused massive mortality and bivalve mollusks’ stranding along Chile’s central southern
coast [22,70-72]. Therefore, understanding the tolerance mechanisms of bivalve mollusks
to hypoxia is currently of utmost importance in contributing to the sustainability of this
industry [3,73-85]. Thus, the effects of hypoxia on the physiological energetics, intermedi-
ary metabolites, cell survival, and inflammatory responses of the genus Mytilus suggest that
hypoxia significantly affects the adaptation mechanisms of M. chilensis [3,29,74]. Despite
the number of studies conducted on the subject and the available technology for carrying
them out, the molecular mechanisms generated in response to the stress adaptation of
mussels caused by hypoxia still need to be discovered.

This study adopted the RNA-seq approach to investigate the transcriptomic profiles
of the gills, digestive gland, and adductor muscle of M. chilensis under hypoxia and
reoxygenation conditions. This work aimed to identify differentially expressed genes
and their expression patterns under low oxygen levels to gain a better understanding of
transcriptomic regulation in response to hypoxia-reoxygenation stress and to investigate
the hypoxia-induced changes in the expression of gene pathways involved in hypoxia
regulation in M. chilensis. Meanwhile, the differentiated response in each analyzed tissue
in M. chilensis under experimental hypoxia conditions was investigated. These results
provide a deep understanding of the molecular regulatory mechanism in different tissues
that adapt to hypoxia-reoxygenation in M. chilensis. Additionally, the findings of this study
can help develop strategies to mitigate the adverse effects of hypoxia in the mussel farming
industry. Therefore, studying the transcriptomic response of the native Chilean blue mussel,
M. chilensis, to hypoxia is crucial for better understanding marine organism biology and
addressing current environmental issues.

2. Materials and Methods
2.1. Mussel Acclimation, Hypoxia Challenge, and Sample Preparation

In April 2022, adult mussels measuring 6.26 £ 0.50 cm in length and weighing
18.57 4= 3.85 g were collected from Puerto Montt, Chile. They were transported from
the cultivation area to the laboratory, where mussels with shell defects were discarded, and
the rest were cleaned to remove shell fouling. The mussels were acclimated for 38 days in a
7-ton fiberglass tank containing water at 12.5 + 0.94 °C and a 34.5 4= 0.32 ppt salinity. Other
water quality parameters were measured during the experiment (pH: 7.2 4 0.12, dissolved
oxygen: 7.5 = 1.11 mg/L). All mussels were fed a mixture of Isochrysis sp. and Pavlova sp.
once a day before and after the hypoxia challenge. The water was changed daily to remove
waste products from the mussels. M. chilensis is a native species without risk of extinction
or protection status, so no special permits were required for this research.

The exposure time for the hypoxia assays was based on the average values of the tidal
coefficient progression in the area where this organism is cultured. This information is
available at the following link: https:/ /tablademareas.com/ (accessed on 7 March 2022).
The experimental design for this study is visually outlined in Figure 1A. After acclimation,
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a total of 480 mussels were randomly divided into two groups and three replicates for
the following treatments: (1) control group in normoxia (N1, N2, and N3) maintained at
normal oxygen levels (7.2 £ 0.2 mg/L); (2) experimental group subjected to hypoxia (H1,
H2, and H3) maintained at a low oxygen concentration (2.0 mg/L). The dissolved oxygen
concentration in the recirculation system was controlled daily by injecting nitrogen bubbles
until reaching a dissolved oxygen value of 2.0 mg/L. The oxygen content and salinity of
the seawater were measured using a multiparameter device (HI9829) (Hanna Instruments
Inc., Woonsocket, RI, USA). The water temperature and salinity were 12.5+ 1 °C and
34.5 & 0.5 ppt, respectively. For transcriptome sequencing, samples of total RNA were
extracted from the gill, digestive gland, and adductor muscle from the control and hypoxia-
exposed groups at different time intervals. Each sample was obtained in triplicate. The
extracted tissues and extrapallial fluid were frozen at —80 °C for further processing.
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Figure 1. Experimental design and principal component analysis (PCA). (A) Experimental design of
M. chilensis under hypoxia and reoxygenation conditions for 60 days. (B) PCA of genes expressed
in gills (G), digestive gland (DG), and adductor muscle (AM) under hypoxia and reoxygenation
conditions. Circles indicate a differential response by tissue.
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2.2. RNA Extraction and Library Preparation

Tissues from the gills, digestive gland, and adductor muscle of the control and hypoxia-
exposed groups were sampled at 10, 20, 40, 50, and 60 days. The tissues were stored in
RNA Later (Ambion, Austin, TX, USA) at —80 °C until RNA extraction for transcriptome
sequencing. RNA extractions were performed in triplicate for each experimental group
using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Pools made each replicate of 9 individuals. The extracted RNA concentration
was measured using the QUBIT 4 instrument (Thermo Fisher Scientific, Pittsburgh, PA,
USA), and the quality was determined using the TapeStation 2200 instrument (Agilent
Technologies Inc., Santa Clara, CA, USA). Double-stranded cDNA libraries were prepared
using the TruSeq RNA Sample Preparation Kit v2 (Illumina®, San Diego, CA, USA), follow-
ing the manufacturer’s instructions, using 1 ug of tissue RNA per group. Each of the three
biological replicates per experimental group was sent to the Republic of Korea, where de
novo transcriptome sequencing was performed by Macrogen, 180 Inc., using the Illumina
platform. The type of read was paired-end, with a read length of 101.

2.3. Transcriptome Analysis and Gene Ontology Annotation

The reads obtained from sequencing were trimmed by quality, and the adapters
were removed using the CLC Genomic Workbench software v23 (Qiagen Bioinformatics,
Redwood City, CA USA). The trimming parameters included a quality score threshold of
20, a minimum read length of 50 nucleotides, and a sliding window size of 4 nucleotides,
and trimming was performed at both ends. Transcriptomic analysis was performed using
the M. chilensis genome V1 as a reference [49]. RNA-seq analyses were based on all contigs’
normalized TPM (transcripts per million mapped reads) values per sample. The Euclidean
distance method was employed to compute the distance metric, and it involved subtracting
the mean expression level from 5-6 iterations of k-means clustering. All expression analyses
and statistical comparisons included the three biological replicates for each experimental
group. The group conducted statistical assessments on TPM values, achieving this by
calculating the fold change concerning the control group (normoxia) and then applying
Kal’s test for filtering. Transcripts displaying a fold change exceeding 12| and a p-value
below 0.05 were identified as differentially expressed and subsequently extracted for gene
annotation. The p-values reported in the analysis were adjusted using the FDR correction
to ensure the robustness and reliability of the results. Differentially expressed transcripts
were annotated using the BLAST algorithm against the Nr, Nt, egg NOG, Pfam, Swiss-
Prot, GO, Ko, KO, and KEGG databases [86-90]. The BLAST E-value cut-off used for
annotating the differentially expressed transcripts was set at 1 x 107°. To conduct the
analysis of differential gene expression, these transcripts were translated into an Excel
matrix. Subsequently, using filters, the transcripts were sorted in descending order, and
those showing the highest level of differentiation were selected for generating heatmaps in
TBtools Version No.2.007. For the construction of Venn diagrams, online software available
at https:/ /www.biotools.fr/misc/venny (accessed on 6 March 2023) was utilized.

Functional enrichment analysis of Gene Ontology (GO) terms was conducted to iden-
tify key pathways regulated during the experiment. TBtools, available for free download
from https://github.com/CJ-Chen/TBtools-II (accessed on 10 April 2023), was utilized to
prepare the gene list for analysis with ShinyGO (http:/ /bioinformatics.sdstate.edu/go/
(accessed on 15 May 2023)), an online gene enrichment tool [91,92].

For the TBtools analysis, gene IDs and a corresponding GO annotation file are neces-
sary. The software conveniently provides a downloadable “go-basis.obo” file accessible
within its “GO & KEGG” and “GO Enrichment” options.

The analysis focused on the blue mussel, employing a significance threshold (FDR) of
0.05 in ShinyGO. To ensure the clarity of the results, options to remove redundant terms
and abbreviate pathways were employed. Visualization plots were generated using the
ggplot2 tool implemented in R.
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Hierarchical clustering methods were used in the analysis of the heatmaps to classify
the data, and Euclidean distance measures were employed to assess the similarity between
genes. Not all differentially expressed genes (DEGs) were necessarily included, but rather
those considered most relevant for the condition under study. The selection of genes was
based on criteria such as their level of differential expression, their association with known
biological pathways, and their involvement in physiological functions relevant to the study.

2.4. Chromosome Gene Expression (CGE) Analysis

The unprocessed data from each sequencing process were aligned to the M. chilensis
genome V1 [49] to evaluate the CGE index, according to Valenzuela-Muroz et al., 2022 [93].
The CGE index measures the transcriptional variation across the two experimental groups
(hypoxia and normoxia). To do this, we determined the average transcript coverage in nor-
moxia within a specific chromosomal region and compared it under different experimental
conditions. We applied a threshold range of 2000 to 100,000 reads within a 5-position
window to calculate transcript coverage values. The Graph Threshold Areas tool within
CLC Genomics Workbench v23 software computed these threshold values for each chromo-
somal region. Chromosomes exhibiting CGE index values exceeding 60% were visualized
alongside the transcript coverage in each dataset using Circo’s software version 0.69-9 [94].

2.5. Data Availability

The transcriptome data for mRNA analysis were deposited in the NCBI-SRA (Sequence
Read Archive) database under the accession number PRINA1099139.

3. Results
3.1. Principal Component Analysis (PCA) of Gene Expression Profiles in M. chilensis Tissues
under Hypoxia and Reoxygenation

In this study, principal component analysis (PCA) was carried out to identify and
compare the gene expression patterns in the gills, digestive gland, and muscle, which
contributed to 40.5% of the total variability present in the dataset (Figure 1B). The PCA
results indicated that PC1 was mainly related to the separation in gene expression observed
in the digestive gland tissue. On the other hand, PC2 allowed a clear distinction in gene
expression patterns between gill and adductor muscle tissues (Figure 1B). Likewise, along
the PC2 axis, a relationship in the expression of transcripts between the gill tissues and the
adductor muscle was identified. Generally, it was possible to observe a lower dispersion
of the expression data in the digestive gland, gill, and abductor muscle. However, both
reoxygenation and hypoxia conditions were observed grouped for all tissues evaluated.

3.2. Differential Regulation of Transcripts under Normoxia and Hypoxia Conditions in Multiple
Tissues of M. chilensis

To determine gene expression patterns for normoxia, reoxygenation, and hypoxia
conditions simultaneously, this study identified two data clusters with marked differences
in transcript regulation under normoxia and hypoxia conditions (Figure 2A). Performing
RNA-seq analyses revealed distinctive patterns between the experimental groups. For
example, cluster 1 showed upregulation of genes in response to hypoxia. In contrast,
cluster 2 stood out for the downregulation of genes in all tissues analyzed, including gills,
digestive gland, and adductor muscle (Figure 2B). When the UpSet plot was examined
to compare the transcriptional regulation of tissues under hypoxic conditions, it was
observed that a more significant number of genes were upregulated in cluster 1 in all
tissues analyzed. In particular, the gills presented the highest number of upregulated
transcripts, followed in order by the adductor muscle and the digestive gland (Figure 2C).
In cluster 1, 137 transcripts were identified that were differentially expressed in the tissues
evaluated. In cluster 2, 34 transcripts were shared among tissues (Figure 2C).
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Figure 2. Transcript cluster analysis. (A) K-medoids analysis of relevant transcripts for each tissue
under normoxia, hypoxia, and reoxygenation conditions. (B) Heatmap representation of transcripts
for each tissue under normoxia, hypoxia, and reoxygenation conditions. Main clusters 1 and 2 are
identified in red and blue, respectively. (C) The UpSet plots of transcripts differentially expressed
in cluster 1 and cluster 2. Each horizontal bar represents the size of the set of differentially ex-
pressed transcripts at a particular time point and treatment. The vertical bars indicate the number of
transcripts present in the clusters for each tissue.

For cluster 1, 20 significantly enriched Gene Ontology (GO) terms were identified
(Figure 3A), and for cluster 2, 23 terms significantly enriched GO terms were identified
(Figure 3C). These terms formed a network connecting the differentially expressed genes
(Figure 3B,D). In total, 43 GO terms were identified in both categories. GO category map-
ping for both clusters ultimately revealed a wide variety of biological processes, including
terms such as “Negative regulation of endoplasmic reticulum unfolded protein response”,
“TORC1 signaling”, and “Regulation of nucleotide-binding oligomerization domain contain-
ing signaling pathway” for cluster 1 and “Host cellular component”, “Symbiont-containing
vacuole membrane”, and “Thiopurine S-methyltransferase activity” for cluster 2.

Gene expression cluster analysis was used to identify differentially expressed genes
(DEGs) associated with hypoxia in the gill, digestive gland, and adductor muscle tissues
(see genes marked in red in Figure 4). Evaluation of the DEGs was performed by analyzing
the transcriptome in clusters, visualized using a Circos plot to identify specific loci where
the DEGs were highly transcribed. The calculated fold-change values revealed elevated
levels of transcription on chromosomes Chr1, Chr9, and Chr10, which exhibit more excellent
modulation in response to the hypoxia event (Figure 4A). On the other hand, genes present

on chromosomes 5, 7, and 12 showed expression during normoxia events.
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Figure 3. Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGs).
(A) GO enrichment analysis of DEGs found in Cluster 1. (B) Network analysis of relevant GO
terms identified in cluster 1. (C) GO enrichment analysis of DEGs found in cluster 2. (D) Network

analysis of relevant GO terms identifies in cluster 2.

The analysis of the M. chilensis genome allowed the identification of 25 genes with
a high identity index with hypoxia. Among them, the MCHO002084.1 gene (haloacid
dehalogenase-like hydrolase) located on chromosome 1 stands out, and its association with
hypoxia in bivalve mollusks is reported for the first time. The HAD (haloacid dehalogenase-
like hydrolase) gene superfamily was activated in response to phosphate deprivation
induced by environmental stressors [95,96]. This superfamily comprises a diversity of
proteins involved in the hydrolysis of specific substrates, including phosphatases and
ATPases [97]. This finding suggests a possible explanation for how oxygen availability may
influence the ability of cells to synthesize ATP through aerobic respiration, which could
eventually result in metabolic changes and energy production.

When analyzing the genes that were directly involved in the hypoxia events, their
relationship with key biological processes such as “Regulation of miRNA transcription”,
“nuclear ubiquitin ligase complex”, and “negative regulation of RNA biosynthetic process”

was observed (Figure 4B).
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Figure 4. Differentially expressed genes (DEGs) analyzed in M. chilensis under hypoxia and normoxia
conditions and evaluated through transcriptome analysis in clusters. (A) The Circos plot depicts
the genomic features of the 14 chromosomes. The DEGs identified in the two analyzed clusters
are shown in the Circos plot. From outer to inner circle: gene density, DEG cluster 1, and DEG
cluster 2. Red genes represent DEGs associated with hypoxia. Histograms display transcriptional
expression levels of G (gill), DG (digestive gland), and AM (adductor muscle). Cluster 1 corresponds
to hypoxia (red), and cluster 2 to normoxia (blue). (B) Gene Ontology (GO) enrichment network of
highly regulated transcripts.

3.3. Differential Expression Analysis of Transcripts Expressed in M. chilensis Gills under Hypoxic
and Reoxygenation Conditions

The gills subjected to 10 and 50 days of hypoxia experienced significant modifications
in their transcriptome, as evidenced in the heatmap (Figure 5A). However, at 20 and 40 days
of reoxygenation, the modification in the transcriptome was less pronounced compared to
hypoxia (Figure 5A). However, during reoxygenation, recovery and adaptation processes
were observed in the gills. Six transcript clusters with different expression patterns were
identified (Figure 5A). In particular, clusters 5 and 6 showed upregulation in the control
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group, whereas clusters 1 to 4 displayed downregulation (Figure 5A). A total of 15,056 tran-
scripts were identified, showing regulation during the 10- and 50-day hypoxia periods, as
well as during the 20- and 40-day reoxygenation periods, and a core set of 1221 transcripts
were found to be commonly present in all periods of hypoxia and reoxygenation (Figure 5B).
The highest amount of differentially expressed transcripts was observed after 10 days of
hypoxia, followed by hypoxia at 50 days, reoxygenation at 20 days, and finally reoxygena-
tion at 40 days (Figure 5B). This suggests a more pronounced transcriptome response to
hypoxia compared to reoxygenation (Figure 5B). Furthermore, an apparent adaptation
of the transcriptome over time in response to hypoxia and reoxygenation exposures was
evident (Figure 5B). In the Venn diagram analysis (Figure 5C) it was interesting to observe
that the number of differentially expressed transcripts was higher under hypoxic conditions
compared to reoxygenation. In particular, the gill presented more transcripts that were only
expressed in hypoxia than those that were only expressed in reoxygenation. Transcripts
regulated in both hypoxia and reoxygenation were found to be less numerous compared to
those expressed exclusively in one or the other state (Figure 5C).

A GO enrichment analysis was performed to examine the response at the metabolic
level and in the immune system under hypoxic and reoxygenating conditions in the gills of
M. chilensis (Figure 5D). Compared to reoxygenation, hypoxia showed an association with
a series of significant biological processes and molecular functions (Figure 5D). In hypoxia,
GO terms related to stress response, response to external stimuli, regulation of response
to stimuli, cellular response to stimuli, and response to oxygen-containing compounds
were observed (Figure 5D). In addition, terms related to biosynthetic processes, defensive
response, immunological response, and regulation of metabolic processes were highlighted.
These results indicate a metabolic and immune system response under hypoxic conditions
in the gills of M. chilensis (Figure 5D). In the case of reoxygenation, a lower abundance
of annotated terms was recorded compared to hypoxia (Figure 5D). However, important
terms were still identified, such as small-molecule metabolic processes, stress response, re-
sponse to external stimuli, lipid metabolic processes, immune response, defensive response,
carbohydrate metabolic processes, and biological processes related to interaction with the
host (Figure 5D). In summary, the results suggest a marked response at the metabolic level
and in the immune system under conditions of hypoxia and reoxygenation in M. chilensis,
being more pronounced in hypoxia (Figure 5D).

3.4. Differential Expression Analysis of Transcripts Observed in the Digestive Gland of M.
chilensis under Hypoxic and Reoxygenation Conditions

The digestive gland subjected to 10 and 50 days of hypoxia experienced significant
modifications in its transcriptome, as reflected in the heatmap (Figure 6A). However, at 20
and 40 days of reoxygenation, the modification in the transcriptome was less marked com-
pared to hypoxia (Figure 6A). During reoxygenation, a recovery and adaptation process was
evident in the digestive gland. Three transcript clusters with different expression patterns
were identified in this organ (Figure 6A). Specifically, clusters 2 and 3 showed upregulation.
In contrast, cluster 1 showed downregulation (Figure 6A). A total of 11,864 transcripts were
identified that underwent regulation during both the 10- and 50-day hypoxia periods and
the 20- and 40-day reoxygenation periods, and a core group of 1064 transcripts was found
to be consistently present in all the periods of hypoxia and reoxygenation (Figure 6B). The
highest number of differentially expressed transcripts was observed at 50 days of hypoxia,
followed by hypoxia at 10 days, reoxygenation at 20 days, and finally reoxygenation at
40 days (Figure 6B). These findings suggest a more pronounced response of the transcrip-
tome to hypoxia compared to reoxygenation (Figure 6B). Venn diagram analysis (Figure 6C)
revealed that more transcripts were exclusively expressed in response to hypoxia com-
pared to those that underwent regulation during reoxygenation. On the other hand, the
transcripts that showed regulation in both the hypoxia and reoxygenation periods turned
out to be significantly less numerous compared to those that expressed exclusively in one
or the other state (Figure 6C).
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Figure 5. RNA-seq transcriptome analysis in gills illustrating differential RNA-seq expression data.
(A) The heatmap shows comparisons for each group (normoxia, hypoxia 10 days, reoxygenation 20 days,
hypoxia 50 days, and reoxygenation 40 days). Red, positive log fold-change (log FC) indicates higher
expression in each treatment; blue, negative log FC. Log FC was calculated using the base 2 logarithm.
Grouping was applied by columns (groups compared) and rows (transcripts analyzed), divided into
clusters. (B) Venn diagram shows the number of unique and overlapping transcripts differentially
expressed after exposure to hypoxia-reoxygenation. Sampling was performed at 10 and 50 days of
hypoxia and 20 days and 40 days of reoxygenation. A total of 2648 transcripts were differentially expressed
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in the gill only at 10 days subjected to hypoxia and were not differentially expressed in any other
sampling. The most common overlapping transcripts were 1299 differentially expressed at 10 days
subjected to hypoxia and 20 days subjected to reoxygenation. Genes regulated in hypoxia are
highlighted in red, while those regulated in reoxygenation are highlighted in blue. (C) Venn diagram
shows overlapping genes differentially expressed compared with aerated controls in hypoxia and
reoxygenation in gills. Genes regulated in hypoxia are highlighted in red, while those regulated
in reoxygenation are highlighted in blue. (D) Function annotation and Gene Ontology (GO) term
enrichment analysis of DEGs in upregulated and downregulated genes in response to hypoxia in gills.
FDR: false discovery rate. The most representative and significant molecular functions, biological
processes, and cellular components are shown. The circumference size indicates the number of
DEGs associated with the process, and the dot color indicates the significance of the enrichment
(FDR-corrected p-values).

3.5. GO Enrichment Analysis in the Digestive Gland of M. chilensis under Hypoxia and
Reoxygenation Conditions

Hypoxia showed a significant association with a variety of biological processes (Figure 6D).
Among the GO terms identified were stress response, response to external stimuli, re-
sponse to endogenous stimuli, response to abiotic stimuli, regulation of molecular function,
regulation of biological processes, immune response, immunological effector process, cellu-
lar response to stimuli, cell development, cell population proliferation, cell motility, cell
growth, cell death, cell communication, cell adhesion, catabolic processes, biosynthetic
processes, and development of anatomical structures (Figure 6D). These results indicate a
metabolic and cellular response in growth and the immune system in the digestive gland
of M. chilensis under hypoxic conditions. In comparison, reoxygenation showed fewer
annotated GO terms relative to hypoxia. However, transcript counts per term were similar
(Figure 6D). Terms identified include response to external stimuli, protein folding, molting
cycle, immune response, and cell adhesion. In addition, terms that were not found in
hypoxia were recorded in reoxygenation, such as glycosylation, embryonic implantation,
digestion, demethylation, and coagulation. These findings revealed a marked difference
in the metabolic and immune system response of the digestive gland of M. chilensis under
hypoxic conditions compared to reoxygenation.

3.6. Differential Expression ANALYSIS of transcripts Observed in the Adductor Muscle of M.
chilensis under Hypoxic and Reoxygenation Conditions

The adductor muscle exhibited significant changes in its gene expression profile after
10 and 50 days of hypoxia, which was reflected in the heatmap (Figure 7A). However,
during days 20 and 40 of reoxygenation, modifications in the transcriptome were less
marked compared to what was observed during hypoxia (Figure 7A). During the reoxy-
genation phase, a recovery and adaptation process was recorded. Four groups of transcripts
with different expression patterns could be identified in the adductor muscle (Figure 7A).
Specifically, clusters 3 and 4 consisted of upregulated transcripts, while clusters 1 and 2
included downregulated transcripts (Figure 7A). A total of 9862 transcripts were identified
that underwent regulation during both the 10- and 50-day hypoxia periods and the 20-
and 40-day reoxygenation periods, and a core group of 1129 transcripts was found that
remained consistent across all periods of hypoxia and reoxygenation (Figure 7B). The
highest number of differentially expressed transcripts was observed at 50 days of hypoxia,
followed by hypoxia at 10 days, reoxygenation at 40 days, and finally reoxygenation at
20 days (Figure 7B). These results suggested a more pronounced response of the transcrip-
tome to hypoxia compared to reoxygenation and also indicated a greater sensitivity of
this tissue to hypoxic and reoxygenating conditions over time (Figure 7B). Venn diagram
analysis (Figure 7C) highlighted that there was a more significant number of differentially
expressed transcripts in the hypoxic conditions compared to the reoxygenation conditions.
In the adductor muscle, a more substantial number of transcripts were observed that were
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only expressed during hypoxia, in contrast to those that showed exclusive regulation in
reoxygenation (Figure 7C). Interestingly, transcripts that experienced upregulation in both
the hypoxia and reoxygenation periods were found to be more numerous compared to
those that were exclusively manifested during reoxygenation.
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hypoxia 50 days, and reoxygenation 40 days). Red, positive log fold-change (log FC) indicates higher
expression in each treatment; blue, negative log FC. Grouping was applied by columns (groups
compared) and rows (transcripts analyzed), divided into clusters. (B) Venn diagram shows the
number of unique and overlapping transcripts differentially expressed after exposure to hypoxia—
reoxygenation. Sampling was performed at 10 and 50 days of hypoxia and 20 days and 40 days of
reoxygenation. A total of 1475 transcripts were differentially expressed in the digestive gland at
50 days subjected to hypoxia and were not differentially expressed in any other sampling. There
were 1078 most common overlapping transcripts, which were differentially expressed both at 10 days
and 50 days under hypoxia conditions. Genes regulated in hypoxia are highlighted in red, while
those regulated in reoxygenation are highlighted in blue. (C) Venn diagram shows overlaps of genes
differentially expressed compared with aerated controls in hypoxia and reoxygenation in the digestive
gland. Genes regulated in hypoxia are highlighted in red, while those regulated in reoxygenation
are highlighted in blue. (D) Function annotation and Gene Ontology (GO) term enrichment analysis
of DEGs in upregulated and downregulated genes in response to hypoxia in the digestive gland.
FDR: false discovery rate. The most representative and significant molecular functions, biological
processes, and cellular components are represented. The circumference size indicates the number
of DEGs associated with the process, and the dot color indicates the significance of the enrichment
(FDR-corrected p-values).

3.7. GO Enrichment Analysis in the Adductor Muscle of M. chilensis under Hypoxic and
Reoxygenation Conditions

To identify the altered biological processes in the adductor muscle of M. chilensis
under hypoxic and reoxygenating conditions, GO enrichment analysis was performed
(Figure 7D). This analysis revealed that hypoxia is significantly associated with a variety
of biological processes, including response to oxygen, response to extracellular stimuli,
response to external stimuli, response to abiotic stimuli, regulation of membrane potential,
regulation of localization, recognition of phagocytosis, immune response, effector process
of the immune response, humoral immune response, defense response, cellular response to
external stimuli, cellular response to environmental stimuli, cellular recognition, cellular
mobilization, cell death in response to oxidative stress, bone remodeling, and movement
based on actin filaments (Figure 7D). In comparison, reoxygenation showed a lower number
of annotated GO terms relative to hypoxia (Figure 7D). Furthermore, the transcript count at
the terms was lower (Figure 7D). Common terms identified in reoxygenation and hypoxia
included response to extracellular stimuli, response to external stimuli, response to abiotic
stimuli, and hormone level regulation (Figure 7D). In addition, terms that were not found in
hypoxia were recorded in reoxygenation, such as vitamin metabolism, transport, regulation
of hormone levels, keratinocyte differentiation, localization establishment, and digestion.
These results suggest that hypoxia induced a series of biological changes in the adductor
muscle of M. chilensis. These changes included activating the immune response, the cellular
response to external stimuli, and regulating energy metabolism. Reoxygenation, however,
was associated with less activation of these processes.

3.8. Identification and Expression of the mTOR Signaling Pathway in M. chilensis under Hypoxia

In this study, gene expression analysis was carried out in the gills, digestive gland, and
adductor muscle of M. chilensis under hypoxic conditions. Through the transcripts generated
from sequencing, 38 key genes involved in different stages of the mTOR signaling pathway
were identified in M chilensis under hypoxia. These findings allowed the construction of
a putative model of the mTOR signaling pathway under hypoxic conditions (Figure 8A).
Some key genes stood out in these clusters. Different regulatory patterns were recorded in
several tissues in response to hypoxia and reoxygenation (Figure 8B). For example, TELO2
showed similar behavior in the digestive gland and gills, being downregulated in hypoxia
and upregulated in reoxygenation. In contrast, in the adductor muscle, it was upregulated
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in both conditions. The MTOR gene showed differential regulation in the three tissues, with
both downward and upward responses depending on hypoxia and reoxygenation.
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muscle of M. chilensis. (A) Heatmap and hierarchical clustering show the most robust upregulated genes
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in red and downregulated genes in blue. The dendrogram clusters genes with similar expression
change patterns. (B) Venn diagram shows the number of unique and overlapping transcripts dif-
ferentially expressed after exposure to hypoxia-reoxygenation. Sampling was performed at 10 and
50 days of hypoxia and 20 days and 40 days of reoxygenation. A total of 1180 transcripts were differ-
entially expressed in the adductor muscle at 50 days subjected to hypoxia and were not differentially
expressed in any other sampling. There were 1129 most common overlapping transcripts, which
were differentially expressed at both 10 and 50 days under hypoxia conditions, as well as at 20 and
40 days under reoxygenation conditions. Genes regulated in hypoxia are highlighted in red, while
those regulated in reoxygenation are highlighted in blue. (C) Venn diagram shows overlapping genes
differentially expressed compared with aerated controls in hypoxia and reoxygenation in adductor
muscle. Genes regulated in hypoxia are highlighted in red, while those regulated in reoxygenation
are highlighted in blue. (D) Function annotation and Gene Ontology (GO) term enrichment analysis
of DEGs in upregulated and downregulated genes in response to hypoxia. FDR: false discovery
rate. The most representative and significant molecular functions, biological processes, and cellular
components are represented. The circumference size indicates the number of DEGs associated with
the process, and the dot color indicates the significance of the enrichment (FDR-corrected p-values).
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Figure 8. Illustration of the mTOR signaling pathway in M. chilensis under hypoxia conditions.
(A) Interaction between hypoxia and the mTOR signaling pathway in gills. (B) Heatmap and
hierarchical clustering to show MTOR under hypoxic conditions and reoxygenation in the digestive
gland (DG), gill (G), and adductor muscle (AM).

3.9. Transcriptional Response of HIF and PHD in Different Tissues of M. chilensis during Hypoxia
and Reoxygenation Phases

The HIF gene is located on chromosome 9, while PHD resides on chromosome 4
(Figure 9A). The relative expression levels of HIF and PHD mRNA in each tissue revealed
heterogeneous regulation patterns (Figure 9B). In the gill, HIF experienced upregulation
in all treatments including the control group, while PHD showed downregulation in
all treatments including the control group (Figure 9B). An increase in the expression of
transcripts for HIF and a decrease in transcripts for PHD was observed in the gill after
the first 10 days of exposure to hypoxia, followed by a stabilization of the levels of both
transcripts from day 20 to day 50 (Figure 9C). Similarly, upregulation of HIF and PHD was
detected in this tissue during hypoxia compared to reoxygenation (Figure 9C). Subsequently,
after reoxygenation on day 40, the upregulation of HIF and PHD was higher compared to
reoxygenation on day 20 (Figure 9C). In the adductor muscle, an upregulation of HIF and
PHD was observed in the control group and in reoxygenation at 40 days, while in the rest
of the treatments, HIF was downregulated and PHD was upregulated (Figure 8B). HIF and
PHD exhibited upregulation in the digestive gland in all cases (Figure 9B).
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Figure 9. Comparative analysis of HIF and PHD genes in M. chilensis under hypoxia conditions.
(A) Localization of Hif-&x and Phd on chromosomes. HIF is located in chromosome 9, and PHD in
chromosome 4. (B) Heatmap and hierarchical clustering to show HIF and PHD mRNA regulation
patterns in gills, digestive gland, and adductor muscle under hypoxia and reoxygenation conditions.
(C) Standard deviation of HIF and PHD expression in gills versus mean expression in reoxygenation
and hypoxia. At 10 days in hypoxia, HIF is upregulated, and PHD is downregulated. The red line
represents HIF, while the blue line represents PHD.

3.10. Identifying and Expressing Transcripts in the Toll-like Receptor, Citrate Cycle (TCA), and
Apoptosis Signaling Pathways in the Gills of M. chilensis under Hypoxia

Through the de novo assembly of the transcripts obtained by sequencing, key genes
involved in various stages of the Toll-like receptor signaling pathway, the citrate cycle
(TCA), and apoptosis in the context of hypoxia were identified, which allowed the con-
struction of putative models for each of these pathways (Figures 10A,C and 11A). The
results revealed significant changes in the expression of genes related to Toll-like receptor
signaling pathways, citrate cycle (TCA), and apoptosis in the gills of M. chilensis under
hypoxia. In the case of the Toll-like receptor signaling pathway, three hierarchical clusters
of RPKM values were generated, allowing a detailed view of its regulation to be obtained
(Figure 10B). This analysis highlighted significant changes in gene expression of genes
related to this pathway. Cluster 1, which includes genes such as TLR2, NF-kB, and RAC1
related to immune response, showed downregulation during the reoxygenation process at
20 days (Figure 10B). Regarding the apoptosis signaling pathway, six clusters were gener-
ated to identify differentially expressed transcripts (Figure 10D). Cluster 2 of this pathway
was composed of the genes ENDOG, ITPR 1, CASP 9, CTSF, and CTSL, which play a
critical role in cell death (Figure 10C). These genes exhibited upregulation under normoxia
conditions and downregulation under hypoxia and during reoxygenation (Figure 10D).
Finally, regarding the citrate cycle (TCA), eight hierarchical clusters were generated to
identify differentially expressed transcripts (Figure 11B). This also revealed significant
changes in the gene expression of genes related to this pathway. Cluster 1 of this pathway
was composed of the MDH1 and FH genes, and cluster 2, formed by the DLD and ACO
genes, plays a fundamental role in the enzymatic reactions that convert carbohydrates, fats,
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and proteins into energy. These genes showed upregulation under hypoxic conditions and
downregulation during normoxia and reoxygenation (Figure 11B).
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Figure 10. Illustration of the Toll-like receptor signaling and apoptosis pathways in M. chilensis gills
under hypoxia conditions. (A) Toll-like receptor is an inducible transcription factor that inactivates
JUN, thereby regulating the hypoxia process. (B) Heatmap and hierarchical clustering show JUN
downregulated under hypoxic conditions and upregulated under reoxygenation. (C) In the intrinsic
apoptotic pathway, cellular stress leads to Bak oligomerization, which permeates the mitochondrial
outer membrane, releasing apoptogenic factors, including cytochrome c. In the cytosol, cytochrome ¢
activates caspase 9, which cleaves and activates executioner caspases, such as caspase 6 and 7. In the
extrinsic apoptotic pathway, ligating death receptors lead to the recruitment of adaptor proteins and
subsequent activation of caspase 8, which activates executioner caspases. In addition, activation of
apoptosis by the extrinsic pathway was mediated by TNF-«. (D) Heatmap and hierarchical clustering
show genes regulated under hypoxia conditions and reoxygenation in the apoptosis pathway.
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Figure 11. Illustration of the citrate cycle (TCA cycle) in M. chilensis gills under hypoxia conditions
(A). Under hypoxic conditions, the metabolic activity shifted from oxidative to glycolytic metabolism.
This metabolic switch was primarily regulated by increased hypoxia-inducible factor (HIF) activity
and enhanced glycolysis. Genes upregulated of the cycle are highlighted in blue. Genes downregu-
lated of the cycle are highlighted in red. (B) Heatmap and hierarchical clustering show genes related
to the citrate cycle under hypoxic and reoxygenation conditions. Genes with similar expression pat-
terns are grouped through hierarchical clustering, providing insights into the coordinated regulation
of genes involved in the citrate cycle under hypoxia and reoxygenation conditions.

4. Discussion

Oxygen is a dominant ecological factor affecting benthic organisms” biomass and
species composition [98]. Therefore, the effect of hypoxia can be dramatic and have
essential consequences on benthic species that are not adapted to low dissolved oxygen
environments for extended periods [22,99]. The Chilean mussel’s capacity for adaptation
to hypoxia has yet to be well known. Thus, this study aimed to analyze the transcriptome
of M. chilensis and elucidate the specific gene expression in three tissues (gills, digestive
gland, and adductor muscle) subjected to hypoxia. Most Chilean aquaculture farms are
in Chiloé Island in the Los Lagos Region. Therefore, the mussels were collected from a
farm in Puerto Montt, where there was a risk of hypoxic events caused by upwelling and
eutrophication. This study is the first conducted on the effect of hypoxia in M. chilensis.

Hypoxia activates various molecular pathways in bivalve mollusks as an adaptive
mechanism to restore oxygen homeostasis [100]. In recent decades, transcriptomic re-
sponses to hypoxia have been studied in several marine bivalve species [82,101-103]. In
this study, a transcriptomic reaction was observed in the gills, adductor muscle, and di-
gestive gland in response to hypoxic stress, indicating the importance of these tissues in
regulating hypoxia in the Chilean mussel. Different tissue-specific changes in gene expres-
sion were observed in the three analyzed tissues, suggesting a tissue-specific response in
the mussel. The insulin-like growth factor binding protein complex acid labile subunit gene
was expected to be expressed in all tissues. This is a growth factor known to activate signal
transduction pathways that lead to the expression of HIF-1«, thereby stabilizing HIF-1x
under normoxic conditions [104].
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According to the PCA of differential expression, PC1 and PC2 play a significant role
in explaining the global variation in gene expression. The findings also reveal noticeable
disparities in expression patterns across different tissue types, providing valuable insights
into the underlying gene expression patterns in the studied tissues. These results help
identify crucial components responsible for gene expression variation and highlight tissue-
specific differences in the transcriptome, consistent with previous studies [3,29].

For aerobic organisms, post-hypoxic reoxygenation is associated with additional
challenges due to the energy needed to restore cellular homeostasis and replenish energy
stores [29]. The re-establishment of oxygen and nutrient supply, along with the restart of
mitochondrial energy production, leads to oxidative damage through an increase in reactive
oxygen species (ROS) from the mitochondrial electron transport system (ETS) [29,105].
However, a partial recovery of the gene transcription profiling after hypoxia was observed
during reoxygenation, consistent with prior research [29,106]. This is the first time it has
been reported that hypoxia generates a more significant response to regulatory patterns
than reoxygenation.

In contrast to other studies where changes are more pronounced during reoxygena-
tion, such as in the profile of apoptotic, inflammatory, and autophagic biomarkers [29],
the current findings indicate that physiological and cellular stress associated with
reoxygenation typically occurs within minutes to hours after the return of oxygen [3].
These findings highlight the importance of regulating cell survival pathways in tol-
erating intermittent hypoxia in marine bivalves and demonstrate the effectiveness of
molecular markers in sentinel marine bivalves for monitoring hypoxia-induced stress
in estuarine and coastal habitats.

This section addresses the increasing contribution of the unfolded protein response
(UPR) in the endoplasmic reticulum (ER) under hypoxic conditions for the first time
in bivalve mollusks. The ER is a dynamic intracellular organelle with multiple critical
functions in a wide range of processes, including cellular homeostasis; development; the
stress response; protein synthesis, folding, modification, and transport; lipid transport;
storage of calcium ions within its lumen and their regulated release to the cytoplasm;
metabolic regulation; reactive oxygen species (ROS) signaling; autophagy; and signaling
and adaptation to constantly changing environments [107]. High protein synthesis,
folding, modification, and transport levels are required to initiate and maintain effective
immune responses, all coordinated by the endoplasmic reticulum [108]. It is important
to note that various conditions inside and outside the cell can affect the ability of this
organelle to process proteins, resulting in a state known as “endoplasmic reticulum
stress”, which activates the unfolded protein response (UPR) [108]. The UPR is a cel-
lular signaling system that readjusts the folding capacity of the ER to restore protein
homeostasis in response to endoplasmic reticulum stress [109]. Unfolded or misfolded
proteins activate the UPR pathway to cope with ER stress, activating a series of cell death
pathways [110]. Apoptotic proteins such as caspase 3, calpains, and cytochrome c inter-
act with and regulate IP3Rs, playing a crucial role in apoptotic cell death [111]. On the
other hand, increased ROS levels result in misfolded /unfolded proteins accumulating,
activating the unfolded protein response (UPR) [112]. Furthermore, abnormal activation
of the UPR may contribute to the development of various diseases, such as neoplasia
and metabolic disorders [108].

Endoplasmic reticulum (ER) stress and the activation of the unfolded protein response
(UPR) have been associated with intracellular lipid accumulation [113]. The ER, as a site
of synthesis of a variety of essential lipids, including cholesterol, triacylglycerols, and
phospholipids, plays a critical role in the lipid homeostasis of organisms, including bivalve
mollusks [114,115].

Furthermore, the fact that the proteins and lipids that make up the Golgi apparatus
originate in the endoplasmic reticulum (ER) underlies this organelle’s importance in
synthesizing and processing molecules destined for cellular secretion [116]. The close
association between the UPR and lipid homeostasis in the context of metabolic diseases
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suggests the possible involvement of these processes in the pathogenesis of various
diseases [105,117]. Despite significant advances in treating some pathologies, there is
still a gap in our complete understanding of the role of the UPR. Therefore, additional
research is required to explore the broad therapeutic opportunities that UPR could offer
to treat several diseases [118].

In the GO enrichment analysis, differentially expressed transcripts assigned to KEGG
pathways related to metabolism, cellular processes, and environmental sensing were
observed, in addition to ubiquitin binding as shown in Figure 3C, consistent with what
was found in other studies [119].

A differential expression of transcripts associated with enzymes involved in the
metabolism of amino acids, such as V-ATPase as shown in Figure 8A and in the amino
acids alanine, aspartate, glutamate, tyrosine, and arginine as shown in Figure 11A, was
also observed. Amino acids are essential in the anaerobic metabolism of bivalves [119].
Protein catabolism has also been demonstrated in bivalves during hypoxia as a potential
mechanism for maintaining amino acid stores, as amino acids are essential in the osmotic
balance [3,119,120]. In the present study, differential expression of transcripts associated
with amino acid metabolism was observed; for example, MDH1 was upregulated in hypoxia
and downregulated in normoxia and reoxygenation, PCK was upregulated in hypoxia and
downregulated in reoxygenation, ACLY was downregulated in hypoxia and reoxygenation
and upregulated in normoxia, and IDH3 was downregulated in hypoxia and upregulated
in reoxygenation and normoxia. This mechanism may be associated with maintaining free
amino acids as an essential strategy for survival under hypoxic conditions [119]. Aspartate
is usually depleted during anaerobic transamination reactions [121].

Figure 11 records an underexpression of transcripts associated with critical enzymes
related to aerobic respiration and the progression of the citric acid cycle, which is consistent
with what was found in other studies [119].

The increased upregulation of ACO during hypoxia, concomitant with a decrease
in normoxia and reoxygenation, points to a critical role of this enzyme in isocitrate pro-
duction under conditions of low oxygen availability. Similarly, the upregulation of PCK
during hypoxia and a decrease in normoxia and reoxygenation indicate its involvement in
pyruvate production under hypoxic conditions. These changes in transcript expression are
significant findings, given that these genes are associated with aerobic respiration, and their
modification in expression could indicate an alteration in aerobic metabolic pathways [119].

Furthermore, it is essential to highlight that the UPR, an adaptive response to hypoxia,
nutrient deprivation, and stress, plays a crucial role in several types of neoplasia, acting as
a dynamic promoter in developing these diseases. This finding suggests that regulation of
the UPR could be a promising strategy for cancer treatment [118].

A fundamental characteristic of neoplastic cells is their ability to metabolize glucose
rapidly and their high proliferation rate [122]. This phenomenon may result in poor
vascularization of the tumor mass, leading to insufficient oxygen supply [122]. Furthermore,
neoplastic cells require high levels of protein synthesis to maintain their uncontrolled
growth and proliferation [123]. The endoplasmic reticulum (ER) stress and activation of
the UPR typically trigger these oncogenic conditions [124].

Several oncogenic, transcriptional, and metabolic abnormalities in various malig-
nancies collaborate to create hostile microenvironments that perturb ER homeostasis in
malignant cells [124]. These changes induce a persistent stress state in the ER, which has
been shown to regulate multiple tumor-promoting characteristics in neoplastic cells [124].
Therefore, ER stress sensors” abnormal activation and subsequent signaling pathways
have emerged as critical tumor growth and metastasis regulators [124]. Physiological or
pathological activation of the UPR can affect the survival, metabolism, function, and fate of
immune cells [108].

Efficient cellular function depends on oxygen availability to maintain normal cell
function. However, using oxygen at this level generates free radicals, which can lead to
oxidative stress. An intricate network of surveillance mechanisms is required to regulate
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this system effectively to maintain adequate oxygen homeostasis [125]. Maintaining the
organism’s homeostasis depends on integrating external and systemic signals and the
ability to perceive cellular perturbations to trigger adaptive responses [117].

Furthermore, enriched with a high concentration of mitochondria, cells exhibit a de-
manding requirement for glucose as an energy substrate. This heightened energy demand
generates intense mitochondrial activity, inevitably producing free radicals as a byproduct.
Cells resort to adaptive stress response pathways, which allow them to survive oxidative
stress and minimize cellular damage to preserve this balance. These stress response path-
ways depend on optimal endoplasmic reticulum (ER) function and activation. The UPR is
a critical cellular pathway that maintains normal ER function and cell survival [125]. The
UPR transmits information about the folding state of proteins to the nucleus and cytosol to
adjust the protein folding capacity of the cell [117].

Interestingly, the UPR consists of two opposing signaling pathways: one that pro-
motes cell survival by reducing ER damage during stressful situations and another
that induces apoptosis if the stress is prolonged or not adequately mitigated [125]. As
described in Figure 3A, the homeostasis of the endoplasmic reticulum (ER) is achieved
thanks to the presence of the response to misfolded proteins (UPR), which is essential
for the maintenance of the integrity and function of the ER in the context of hypoxic situ-
ations. Figure 8A describes, for the first time in bivalve mollusks, the effect of the UPR
on cellular metabolism by attenuating general protein translation through the phospho-
rylation of elF4B activated by S6K. This downregulation reduces protein loading in the
ER and increases ATP availability for processes such as protein folding and degradation,
consistent with other studies [105].

Apoptosis, autophagy, translation, energy metabolism, and inflammation are
fundamental cellular processes coordinated by intracellular signaling pathways, partic-
ularly the regulatory complex known as mTOR and the endoplasmic reticulum stress
response (UPR) [126]. mTOR, a protein kinase, is crucial in regulating cell prolifer-
ation, survival, metabolism, and immune response. On the other hand, adenosine
monophosphate-activated protein kinase (AMPK) acts as a critical sensor of cellular
energy, influencing lipid homeostasis and glucose metabolism. These pathways con-
verge in autophagy [127]. The induction of the UPR arises in response to the decrease
in cellular ATP resulting from glucose deprivation, which affects the function of the
endoplasmic reticulum calcium pump and intracellular calcium levels. Under pro-
longed endoplasmic reticulum stress, nTORC1 participates in apoptotic signaling by
inhibiting the survival kinase Akt and selectively activating the JNK protein kinase
pathway [126].

When the ability of the UPR to maintain proteostasis is overwhelmed due to ER stress,
it triggers activation of the canonical apoptosis pathway, which involves conformational
activation of proapoptotic members of the BCL-2 family in the mitochondria, BAX, and
BAK, with simultaneous assembly of the apoptosome and activation of executioner caspase
3. The BCL-2 family proteins, including PUMA and NOXA, are essential factors mediating
ER-stress-induced apoptosis in various cellular systems, where activation mechanisms
involve only transcriptional regulation and post-translational modifications of proapoptotic
BCL-2 proteins. The UPR is widely involved in the signal transduction of inflammatory
responses. PERK-mediated phosphorylation of e[F2x attenuates global protein synthesis
and promotes the activation of nuclear factor-«B to induce pro-inflammatory genes [117].
PERK-mediated phosphorylation of elF2« is observed in Figure 10C, in addition to the
activation of the nuclear factor-«B signaling pathway.

In genomics and molecular biology, regulating gene expression in response to oxy-
gen availability is vital for cellular adaptation to changing conditions caused by climate
change. In this context, hypoxia-inducible factor-1 (HIF-1) emerges as a central figure
in orchestrating cellular responses to hypoxia as an adaptive response. Under normoxia
conditions, HIF-1«, one of the subunits of HIF-1, is constantly synthesized but undergoes
rapid degradation mediated by the HIF-prolyl hydroxylase (PHD) complex. This pro-
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cess depends on intracellular oxygen since PHD requires molecular oxygen as a cofactor.
Hydroxylation of specific residues on HIF-1a by PHD marks the protein for proteasomal
degradation. Therefore, HIF-1c is maintained at low levels under normoxia conditions
due to its continuous degradation, which prevents the activation of target genes associated
with the hypoxia response [128].

However, in a hypoxic environment, oxygen availability decreases, inhibiting PHD
activity. Lack of oxygen prevents the hydroxylation of HIF-1«, stabilizing this subunit.
Stabilized HIF-1x undergoes translocation to the cell nucleus, where it forms an active
complex with HIF-1§3, and together, they act as a transcription factor that binds to hy-
poxia response regulatory elements (HREs) in target gene promoters. The activation of
HIF-1 triggers a cascade of molecular events that impact cellular physiology in multiple
ways. HIF-1-regulated target genes are involved in anaerobic glycolysis, cell signaling,
and oxidative phosphorylation. This allows the cell to adapt to hypoxia by increasing
glucose uptake and utilization, improving cell survival, and modulating the immune
response. These results, in addition to suggesting post-translational regulation of HIF-«x
through PHD, strongly indicate that an oxygen-dependent mechanism plays a funda-
mental role in the stability and activity of HIF-«. Although HIF-« is regulated through
PHD, the latter is controlled by HIF-, forming a negative feedback loop. The results of
the present study, as described in Figure 6B, show a differential transcriptional response
of Hif-« and PHD in the tissues analyzed. Gills showed a prominent expression that
was less marked in the digestive gland, which is consistent with other studies. The high
sensitivity of the oxygen-sensing pathway in the gills to hypoxia can be attributed to
their direct exposure to seawater, thus making them the first tissue to feel the detrimental
effects of hypoxia [82].

Furthermore, these structures play a fundamental role in regulating essential biological
processes, such as gas transfer and osmotic balance, and activating adaptive responses to
hypoxia [128]. The upregulation of Hif-c in the gills indicates an adaptation to hypoxic
conditions. At the same time, the decrease in PHD in this tissue could be involved in
stabilizing Hif-o.

In the adductor muscle, after 40 days of reoxygenation, transcript expression resembles
the control group, suggesting long-term adaptation. In the subsequent reoxygenation phase
at 20 days (Figure 6C), the expression of hif-oc mRNA was not affected by normoxia, while
the reduction observed in the amount of HIF-« protein at 40 days of reoxygenation could be
attributable to degradation by PHD activity, being consistent with other studies [128]. Fur-
thermore, the significant role played by HIF-« may be restricted to initiating the sequence
of events that occur a few hours after oxygen deprivation [128]. There were no significant
differences in the digestive gland regulation of Hif-« and PHD in the different treatments.

In summary, this study’s findings revealed that the gills and adductor muscles were
more sensitive to the effects of hypoxia than the digestive gland. These results provided
a better understanding of the regulation of Hif-« and PHD in various tissues. They
established a basis for future investigations into the function of these genes in adaptive and
pathological responses.

Marine organisms subjected to hypoxia face the critical challenge of reduced energy
supply due to oxygen deficiency, as energy is essential for the normal functioning of all
biological systems [129]. To cope with energy shortages under hypoxic conditions, these
organisms rely heavily on hypoxia-inducible factor-1 (HIF-1), which plays a crucial role
in regulating oxygen transport genes and energy production through processes such as
glycolysis [130]. Various investigations in mussels have reported findings on the impact
of hypoxia on gene expression related to oxidative stress and the activity of antioxidant
enzymes [17,131]. This is directly related to increased production of reactive oxygen species
(ROS) in cells, posing a potential risk of oxidative damage. Exposure to hypoxia may also
have repercussions beyond cellular biochemistry [84]. In bivalve mollusks, hypoxia can
inhibit gonadal development [132]. These effects can be attributed to changes in energy
balance due to hypoxia, which, in turn, negatively affects reproduction and population
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dynamics [133]. HIF-1 activation and accumulation depend on the presence of reactive
oxygen species (ROS), posing an exciting paradox [78]. Although these species are necessary
for HIF-1 signaling, they can also induce oxidative stress in the organism [79]. Itis in
this context that superoxide dismutase (SOD) emerges as an irreplaceable enzyme. SOD
specifically catalyzes the decomposition of excess superoxide, playing an essential role in
protecting the organism against oxidative stress [78]. Previous research in marine animals
has confirmed the importance of SOD by significantly increasing its activity under hypoxic
conditions [83].

Blue mussels lack adaptive immunity, relying instead on innate immunity for survival
and defense against biological and environmental threats [78]. Hypoxia negatively impacts
the immunity of blue mussels by suppressing their immunocompetence [78,134]. Therefore,
it is crucial to understand the ability of mussels to maintain their innate immunity under
hypoxic conditions, which determines their adaptation and survival in changing and chal-
lenging environments [78]. This study is the first to record hypoxia’s effect on the mussel
immune system in multiple tissues, including the gill, adductor muscle, and digestive gland.
The results indicate that this effect was maintained mainly in the gill and digestive gland
during reoxygenation. Interestingly, in all tissues analyzed, the impact on the immune
system was more pronounced during hypoxia than reoxygenation. This finding raises
important questions about adapting the mussels” immune system to fluctuations in oxygen
levels. The specificity of the immune response in the gill and digestive gland suggests
the existence of unique regulatory mechanisms in these tissues, which could be related
to their direct exposure to variations in oxygen concentration. It is crucial to highlight
that, uniformly in all tissues analyzed, hypoxia caused a more pronounced impact on the
immune system than reoxygenation. This fact highlights the importance of thoroughly
understanding the effects of hypoxia on mussel immunity and its potential implications for
the health of marine populations in the context of environmental change. This study lays
the foundation for future research to unravel the molecular mechanisms underlying these
specific immune responses in mussels, which could have significant implications for the
conservation and management of marine ecosystems.

The blue mussel is known for its outstanding tolerance to hypoxia [78]. It is considered
a conformist organism in terms of its response to dissolved oxygen in the environment [78].
This behavior means it adapts to the amount of oxygen available in its environment
without adequate regulation, and its respiration rate varies directly with the external
oxygen level [78]. When the dissolved oxygen concentration drops below 5-6 mg L-1, the
blue mussel decreases its respiration rate and reduces its total energy requirement [78]. This
ability to adjust their metabolism in the face of hypoxic conditions is an impressive example
of an adaptation of marine organisms to changing and challenging environments [78]. In
previous research on the gills of Mytilus galloprovincialis, it has been suggested that these
mollusks have an adaptive response to hypoxic conditions [79]. In the present study, a
notable decrease in gene expression in the gills was observed when comparing the first and
third exposures of mussels to hypoxia, as evidenced in Figure 2. This finding reinforces
the growing body of evidence showing that mytilids can adapt to environments with
reduced oxygen levels, hinting at a genomic response to these challenging conditions. It
is essential to highlight that the adaptation mechanism differs between different tissues
since the digestive gland and the adductor muscle do not follow this same trend observed
in the gills. This suggests that the gill, being the tissue most exposed to hypoxia due to its
function in gas exchange, is the one that adapts most quickly to these adverse conditions.
These findings provide valuable insight into the molecular mechanisms underlying mussel
adaptation to hypoxia and highlight the importance of understanding how different tissues
can respond differently to the same environmental challenges.
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5. Conclusions

For the first time, this study investigated the transcriptomic response of three tissues
in M. chilensis under hypoxic stress using the Illumina platform technology. It provides new
insights and a comprehensive understanding of the molecular mechanisms underlying
tolerance and resistance to hypoxia in the Chilean mussel. The differential expression
of transcripts detected in the gills, digestive gland, and adductor muscle offers a list of
candidate adaptive genes that control multiple fitness-related traits in populations subjected
to hypoxia. It highlights the adaptation mechanisms of the Chilean mussel to hypoxia
induced by climate change. These candidate adaptive genes could be used to select future
breeding lines of M. chilensis broodstock for laboratory production of seedlings intended
for cultivation or restocking.

Moreover, the identified Gene Ontology terms, such as negative regulation of endo-
plasmic reticulum unfolded protein response and TORC1 signaling, offer valuable insights
into the molecular mechanisms underlying the adaptation of M. chilensis to hypoxic con-
ditions. The negative regulation of endoplasmic reticulum unfolded protein response
suggests potential mechanisms for downregulating cellular stress and maintaining protein
homeostasis under oxygen-deficient conditions. The involvement of TORC1 signaling indi-
cates a potential role in coordinating cellular responses to hypoxia, providing insights into
metabolic pathway regulation and environmental adaptation. The GO enrichment analysis
revealed that Wnt and -catenin are key signaling pathways involved in the adaptation
mechanism of the Chilean mussel to hypoxia, offering valuable information for further
investigation of critical molecules regulating hypoxia tolerance and gaining new insights
into mechanisms of resistance to stress caused by hypoxia in marine bivalves.

Furthermore, these findings serve as biomarkers for detecting natural seed beds and
farms that have experienced hypoxic events. These new genomic resources provide tools for
designing a genetic selection plan for this commercially important species in aquaculture
and contribute to the sustainable expansion management of an industry threatened by
climate change. Additionally, they lay the groundwork for future research using RNA-seq
and gene expression patterns on proteins involved in hypoxia, which can help explain the
amount of genetic information inherited through epigenetic changes and the response of
mussels to other environmental stressors or pathogenic agents.
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Capitulo 2: La disbiosis de la microbiota en Mytilus chilensis es
inducida por la hipoxia, lo que tiene consecuencias moleculares y
funcionales.

Cita entera del articulo publicado: Montufar-Romero, M.; Valenzuela-

Miranda, D.; Valenzuela-Mufioz, V.; Morales-Rivera, M.F.; Gallardo-

Escarate, C. Microbiota Dysbiosis in Mytilus chilensis Is Induced by

Hypoxia, Leading to Molecular and Functional Consequences.

Microorganisms 2025, 13, 825.

Resumen

La microbiota de los bivalvos desempefia un papel fundamental en la

salud del huesped, ya que contribuye al procesamiento de nutrientes, la

inmunidad y la resistencia a las enfermedades. Sin embargo, el aumento

de la hipoxia en las aguas costeras chilenas, causado por el cambio

climatico y la eutrofizacion, amenaza con alterar este equilibrio

microbiano, lo que podria favorecer la proliferacion de patdgenos y

afectar a funciones esenciales. Mytilus chilensis es vulnerable a los ciclos

de hipoxia-reoxigenacion, pero los efectos sobre su microbiota siguen

sin conocerse bien. Este estudio investiga el impacto de la hipoxia en la

estructura y el potencial funcional de las comunidades microbianas que

residen en las branquias y las glandulas digestivas de M. chilensis.

Mediante la secuenciacion completa del gen 16S rRNA, exploramos los

efectos de la hipoxia en la diversidad microbiana y la capacidad

90



funcional. Nuestros resultados revelaron alteraciones significativas en la
composicién microbiana, con un cambio hacia anaerobios facultativos
que prosperan en entornos con bajo nivel de oxigeno. Cabe destacar que
se produjo una disminucion de los taxa bacterianos dominantes, como
Rhodobacterales, mientras que los patégenos oportunistas, como Vibrio
y Aeromonas, mostraron una mayor abundancia. El analisis funcional
indico una disminucion de las funciones microbianas criticas asociadas
al metabolismo de los nutrientes y al apoyo inmunoldgico, lo que podria
poner en peligro la salud y la supervivencia del huésped. Este estudio
arroja luz sobre las complejas interacciones entre la microbiota asociada
al huésped y los factores de estrés ambientales, subrayando la
importancia de gestionar la microbiota ante el cambio climatico y las

practicas acuicolas.
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Abstract: Bivalve microbiota play a vital role in host health, supporting nutrient processing,
immunity, and disease resistance. However, the increasing hypoxia in Chilean coastal
waters, caused by climate change and eutrophication, threatens to disrupt this microbial
balance, potentially promoting pathogens and impairing essential functions. Mytilus chilen-
sis is vulnerable to hypoxia-reoxygenation cycles, yet the effects on its microbiota remain
poorly understood. This study investigates the impact of hypoxia on the structure and
functional potential of the microbial communities residing in the gills and digestive glands
of M. chilensis. Employing full-length 165 rRNA gene sequencing, we explored hypoxia’s
effects on microbial diversity and functional capacity. Our results revealed significant
alterations in the microbial composition, with a shift towards facultative anaerobes thriving
in low oxygen environments. Notably, there was a decrease in dominant bacterial taxa such
as Rhodobacterales, while opportunistic pathogens such as Vibrio and Aeromonas exhibited
increased abundance. Functional analysis indicated a decline in critical microbial functions
associated with nutrient metabolism and immune support, potentially jeopardizing the
health and survival of the host. This study sheds light on the intricate interactions between
host-associated microbiota and environmental stressors, underlining the importance of
managing the microbiota in the face of climate change and aquaculture practices.

Keywords: gills; digestive gland; 16s rRNA sequencing; facultative anaerobes; metabolic
efficiency; aquaculture; microbial dysbiosis

1. Introduction

Dissolved oxygen (DO) levels are critical for the survival and health of marine or-
ganisms [1]. In coastal marine ecosystems, reference thresholds have been established to
consider the biological and ecological effects of dissolved oxygen levels in the ocean [2-8].
Normoxia is defined as the condition in which DO levels range between 9.0and 3.0 mg L™,
while hypoxia occurs when DO levels fall between 2.0 and 0.1 mg L~! [2-8]. Hypoxia on
the south-central coast of Chile is a pressing issue severely affecting the region’s bivalve
mollusks, with potentially severe consequences for the marine ecosystem [9-13]. Long-
term research reveals that hypoxic zones occupy substantial portions of the water column
during upwelling seasons, with an intensifying trend linked to climate change and altered
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oceanographic processes [14]. These trends portend a grim outlook for marine organisms
reliant on stable oxygen availability [14].

Hypoxia-induced stress can severely impact bivalves, ranging from physiological
to molecular levels [15,16]. Physiologically, this stress can increase clearance and res-
piration rates and reduce food intake, potentially resulting in stunted growth in these
organisms [15,17]. Additionally, hypoxic stress can negatively affect the immune system
of bivalves, increasing their susceptibility to pathogen infections [18,19]. At the cellular
level, hypoxia can trigger autophagy, increase oxidative stress, and reduce cell viability [20].
Molecularly, prolonged hypoxia can affect protein metabolism, inflammation-related genes,
and programmed cell death [20,21]. In extreme cases, hypoxic stress can lead to mass
mortality and stranding of bivalves [10].

Within bivalve mollusks, the microbiota is characterized as a dynamic and interac-
tive consortium of microorganisms, encompassing bacteria, archaea, viruses, fungi, and
protozoa, which establish residence within diverse biological niches, including the mantle,
gills, digestive gland, hemolymph, gonad, byssus gland, adductor muscle, and mucus.
This engagement results in intricate symbiotic relationships with the host, modulating
and executing critical physiological processes [22-30]. The microbiota associated with
the host plays a crucial role in animal health by providing vital functions such as disease
protection and nutrient processing [15,22]. Moreover, microbiota composition influences
the host’s physiology, stress tolerance, and fitness [31]. The microbiota is considered an
organ that regulates host metabolism and is essential for maintaining a healthy balance
in the host immune system due to its relationship with specific diseases [32-35]. Recent
studies have shown that a diverse and balanced microbiota can indicate better metabolic
health [36]. Greater microbiota diversity is associated with improved lipid profiles, lower
levels of pro-inflammatory cytokines, and higher levels of anti-inflammatory cytokines [36].
Furthermore, bivalve mollusks have also shown correlations between microbiota diversity,
enzyme activity, and genetic pathways related to metabolism and health [36-38].

Intestinal microbiota significantly influence the host’s physiology, reproduction, de-
velopment, energy balance, behavior, and life history [39]. The intestinal microbiota of
bivalve mollusks play an essential role in their health and nutrition [40]. The diversity and
abundance of microorganisms in their digestive tract assist in food digestion, strengthen
the immune system, and may influence their growth and development [40-42]. However,
stress-induced alterations in microbial communities, such as those caused by hypoxia, may
increase disease risk and compromise bivalve health [43,44]. For example, the proliferation
of opportunistic pathogens, including those from the Vibrio and Arcobacter genera, could
significantly increase the host’s susceptibility to diseases, contributing to increased mortal-
ity [45]. Furthermore, fluctuations in the external environment, such as abiotic factors, can
alter the structure, species richness, and diversity of intestinal microbiota [15].

Muytilus chilensis is a bivalve species of ecological and economic importance in the
coastal waters of the Los Lagos Region in Chile [46,47]. Climate change, manifested in
declining oxygen levels in the water, induces systematic changes in bivalve mollusks
and their bacterial symbionts [15,48,49]. Economically valuable bivalve species, including
M. chilensis, are increasingly exposed to hypoxic conditions, threatening their viability
and sustainability [50,51]. The aquaculture industry in southern Chile, heavily relies on
seed collection from the Reloncavi Fjord and grow out operations around Chiloé Island,
faces recurrent hypoxia episodes exacerbated by seasonal upwelling and anthropogenic
eutrophication [52,53].

The Reloncavi system, comprising the Reloncavi Fjord and Reloncavi Sound, is partic-
ularly vulnerable to hypoxia due to the influx of suspended allochthonous organic matter
from rivers, especially during late winter and early spring [53-55]. This period is marked

93



Microorganisms 2025, 13, 825

3 0f34

by glacial meltwater contributions, dominating precipitation-driven runoff [53-55]. Major
riverine inputs, including the Puelo, Petrohué, and Cocham6 Rivers, deliver substantial
organic material, fueling microbial decomposition and oxygen consumption [56,57]. Recent
risk assessments identify the Reloncavi estuarine system as a hotspot for high inorganic
nutrient concentrations, intense phytoplankton blooms, and elevated chlorophyll levels,
particularly in late winter (August-September) [58-60]. These conditions, driven by eu-
trophication from intensive salmon aquaculture, promote the formation of low dissolved
oxygen water (LDOW) zones, where stratification and particulate organic matter deposition
exacerbate oxygen depletion [60]. The prolonged water residence times in the Reloncavi
system, coupled with high biological oxygen demand—including phytoplankton respi-
ration and bacterial remineralization of organic material—underscore the urgent need to
investigate hypoxia’s impact on M. chilensis, particularly at the microbiota level [53,60-63].

Therefore, our objective is to understand the influence of hypoxia on the intestinal
and gill microbiota of the native mussel M. chilensis. Specifically, a comparative evaluation
of the bacterial communities in the intestine and gills of M. chilensis exposed to hypoxia
was conducted using 165 rRNA sequencing with nanopore technology. Our study is the
first to investigate the effects of hypoxia on M. chilensis from a hologenome concept. This
knowledge could enhance our understanding of host-specific microbiotas and their roles in
supporting host ecology. Additionally, it can help elucidate the physiological responses of
M. chilensis to hypoxia and infer potential health and disease changes that may arise from
future stress factors.

2. Materials and Methods

2.1. Experimental Design (Mussel Acclimatization, Hypoxia Challenge, and Sampling for
Microbiological Analysis)

Understanding marine bivalves’ physiological and microbiological responses to hy-
poxic stress is crucial for assessing the impacts of climate change and coastal eutrophication
on aquaculture species. While numerous studies have examined short-term hypoxia (15 min
to 36 h) and subsequent reoxygenation cycles (10 min to 24 h) [20,21,64-71], research on
prolonged hypoxic exposure remains limited despite reports of hypoxia lasting up to
six days [21,60] in some coastal environments and 25 days [72-74] in others. This study was
designed to simulate long-term progressive hypoxia rather than replicate singular hypoxic
events, which naturally persist for at least two days in Chilean coastal ecosystems [14]. To
approximate future oxygen variability, the experimental design was based on tidal coeffi-
cients obtained from publicly available tidal data (https://tablademareas.com accessed
on 7 March 2022), reflecting fluctuations in tidal amplitude within the study area over
approximately 10 days. The southern Chilean fjords, characterized by their complex coastal
morphology and low water exchange rates (e.g., a residence time of approximately 98 days
in the Reloncavi fjord), provide an ideal setting to investigate the impacts of prolonged
hypoxia [53,75,76].

This study employed a controlled experimental approach to assess the systemic effects
of long-term hypoxia and reoxygenation on M. chilensis, with a particular emphasis on
microbiological shifts in gill and digestive gland tissues. The experimental design simulated
environmental conditions projected under climate change and eutrophication scenarios.

Blue mussels (M. chilensis) utilized in this study were sourced in April 2022 from the
experimental laboratory at the Marine Biological Station of the Universidad de Concepcién,
Chile. The experiment spanned 50 days and consisted of alternating hypoxic (dissolved
oxygen concentrations of 2.0 mg/L) and normoxic (dissolved oxygen concentrations of
7.2 £ 0.2 mg/L) phases.
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From an initial pool of 480 individuals, 36 mussels were selected and distributed into
three experimental replicates (1 = 12 mussels per replicate). The duration of each hypoxic
exposure was determined based on methodologies established in prior studies [77]. The
experimental design incorporated a structured sampling regime: Gill and digestive gland
samples of three mussels were collected under hypoxic conditions at day 10 (1 = 9 total
mussels across replicates); gill and digestive gland samples of three mussels were taken
following reoxygenation (normoxic conditions) at day 20 (1 = 9); gill and digestive gland
samples of three mussels were collected following reoxygenation at day 40 (n =9); and gill
and digestive gland samples of three mussels were sampled under hypoxic conditions at
day 50 (17 =9). In total, 18 gill and digestive gland mussel samples were under hypoxia,
and 18 were under reoxygenation. In the present experimental design, a control group
was not included due to the primary focus on direct comparisons between hypoxic and
reoxygenation conditions. Furthermore, a singular sampling event on days 10 and 20 would
have critically compromised the study’s temporal resolution, precluding the detection of
progressive effects or prolonged microbial shifts. The serial sampling at days 40 and
50 provided a detailed perspective on the long-term, cumulative effects of hypoxia and
reoxygenation, essential for evaluating the impacts of oxygen variability on bivalves under
climate change and eutrophication scenarios. This approach is fundamental for developing
effective management and conservation strategies for M. chilensis in the face of evolving
environmental conditions.

Before the hypoxia challenge, mussels were acclimatized for 38 days in filtered seawa-
ter (12.5 £ 0.94 °C) under continuous flow, aeration, and feeding. Following acclimatization,
dissolved oxygen concentrations within the recirculation system were monitored daily and
adjusted using nitrogen gas injection to maintain the target hypoxic level of 2.0 mg/L.

Gill and digestive gland tissues were selected due to their critical roles in bivalve
physiology. Gills, as the primary interface between the organism and its environment,
are central to respiration and filter feeding [78,79]. Given their constant exposure to
ambient conditions, gills are particularly susceptible to hypoxia-induced physiological
stress. Consequently, microbial changes within gill tissues were investigated as potential
biomarkers of hypoxia-induced stress [80].

In addition to gills, the digestive gland was analyzed due to its multifunctional role
in nutrient assimilation, metabolic regulation, and immune response [81-84]. Under hy-
poxic conditions, bivalves often exhibit valve closure, significantly reducing filtration and
respiration rates [85,86]. Since hypoxia impacts filtration-dependent nutrient processing
and metabolic activity, the digestive gland microbiota shifts were examined to elucidate
the broader physiological consequences of hypoxia-induced dysbiosis. This study aimed
to identify shared perturbation patterns and assess the physiological implications of hy-
poxia exposure in M. chilensis by examining microbial dynamics in both gill and digestive
gland tissues.

To reduce inter-individual variability in the microbiota associated with gill and diges-
tive gland tissues, samples from three mussels were pooled to create a single biological
replicate, with each sequencing sample representing nine pooled individuals [87]. This
pooling strategy, utilizing nine individuals per sequencing sample, was implemented to
enhance the detection of consistent microbial patterns while optimizing sequencing re-
sources. Figure 1A,B, 3, 4, and 7 present microbiota composition from pooled samples at
control time points (days 20 and 40, n = 9 mussels each) and hypoxic phases (days 10 and
50, n = 9 mussels each). Conversely, Figure 1C, 2, 5, and 6 display microbiota composition
from combined normoxic samples at days 20 and 40 (1 = 18 total mussels) and combined
hypoxic samples at days 10 and 50 (1 = 18 total mussels).
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Figure 1. Alpha and beta-diversity analysis for M. chilensis microbiota exposed to normoxia (blue)
and hypoxia (red). The figure shows the rarefaction curves for all the samples. The digestive gland
is represented as D. Gland (A). In the principal coordinate analysis (PCoA), the digestive gland is
represented as NDG (normoxia) and HDG (hypoxia), while the gills are denoted as NG (normoxia)
and HG (hypoxia) (B). Different alpha diversity indexes were estimated for gills and digestive glands
under the experimental conditions (C).

The samples were preserved in molecular-grade ethanol, transported at 4 °C, and
stored at —80 °C until further processing for microbiological analysis.

2.2. DNA Isolation and 16S Amplification

Total bacterial DNA was isolated from homogenized gill and digestive gland tissues
of mussels using the phenol-chloroform extraction method.

Gill and digestive gland tissues (20-30 mg) were collected from three mussels per
group (nine per treatment), thawed, washed, minced, and vortexed to facilitate homog-
enization using ceramic beads. Each sample was then mixed with 1 mL of lysis buffer
(10 mM Tris-HCI, 400 mM NaCl, 100 mM EDTA, 0.4% SDS, and 100 ug/mL Proteinase
K, pH 8.0) and incubated at 37 °C for 2 h under constant agitation to ensure complete
lysis [88].

After incubation, 1 volume of phenol-chloroform was added to each sample, followed
by centrifugation at 12,000 rpm for 5 min at room temperature. The aqueous phase was care-
fully collected, and an equal volume of chloroform was added, followed by an additional
centrifugation at 12,000 rpm for 5 min. The resulting aqueous phase was mixed with molec-
ular grade absolute ethanol and transferred to a DNeasy Blood and Tissue column (Qiagen,
Germantown, MD, USA) to continue purification following the manufacturer’s protocol.
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The quality and purity of the extracted DNA were assessed using a Nanodrop One
spectrophotometer (Thermo Scientific, Waltham, MA, USA), and its integrity was verified
through electrophoresis in a 1% agarose gel prepared in TAE buffer (Tris-Acetic Acid-EDTA).
DNA concentration was further quantified by fluorescence using a Qubit 4 fluorometer
(Thermo Scientific, Waltham, MA, USA) with the dsSDNA BR Assay Kit (Thermo Scientific,
Waltham, MA, USA).

For 165 rRNA gene amplification, the isolated DNA was diluted to a concentration
of 50 ng/uL and used as a template in a 25 pL. PCR reaction containing LongAmp Taq
DNA polymerase (New England Biolabs, MA, USA) and universal 16S primers: 27F
(5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3) [88].
The thermal cycling conditions included an initial denaturation step at 95 °C for 1 min,
followed by 25 cycles of 95 °C for 20 s, 56 °C for 30 s, and 65 °C for 2 min, with a final
extension at 65 °C for 5 min. The resulting 16S rRNA PCR amplicons were confirmed by
electrophoresis in a 1.2% agarose gel prepared in TAE buffer.

2.3. Library Preparation and Nanopore Sequencing

Nanopore sequencing is an advanced technique for characterizing microbial commu-
nities by sequencing the 165 rRNA gene amplicon [89]. Following the PCR amplification of
the 16S rRNA gene, the resulting amplicons were pooled according to the experimental
groups and purified using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA)
to remove primer dimers and nonspecific amplification products. The purified amplicons
were then quantified using a Qubit 4 fluorometer (Thermo Scientific, Waltham, MA, USA)
to ensure the appropriate library concentration for sequencing.

Library preparation was conducted using the 16S Barcoding Kit (SQK-165024, Oxford
Nanopore Technologies, Oxford, UK) following the manufacturer’s protocol. The amplicons
were barcoded through a PCR reaction using LongAmp Taq polymerase (New England
Biolabs, Ipswich, MA, USA) and purified according to the supplier’s instructions.

The quality and size distribution of the prepared libraries were evaluated using the
2200 TapeStation system (Agilent, Santa Clara, CA, USA) with DNA ScreenTape (Agilent,
CA, USA). This ensured that the amplicons were within the expected size range and mini-
mized the presence of adapter dimers or residual primers. The final library concentration
was determined using the Qubit 4 fluorometer with the High Sensitivity D5000 ScreenTape
(Agilent, Santa Clara, CA, USA). A mock microbial community (ZymoBiomics Microbial
Community Standard, Zymo Research, Irvine, CA, USA) was included in the analysis as a
quality control standard to ensure accuracy and mitigate potential batch effects.

According to the manufacturer’s guidelines, libraries were pooled at equimolar con-
centrations for multiplexing and loaded onto a Spot-ON Flow Cell for sequencing using
the MinION platform (Oxford Nanopore Technologies, Oxford, UK). The sequencing effi-
ciency and run quality were monitored in real-time using the MinKNOW software (Oxford
Nanopore Technologies) version: 5.8.12, enabling comprehensive and high-resolution
microbial community profiling.

2.4. Data Processing and Taxonomic Assignment

A rigorous data processing pipeline was applied to the nanopore sequencing reads
to ensure robust and reliable results. First, base-calling was performed using the Guppy
software (version 6.3.2), which ensured high-quality nucleotide base identification. Sub-
sequently, a strict quality filter (Q-score > 7) was applied to remove low-quality reads,
thereby maintaining the resulting dataset’s integrity.

The resulting FASTQ files were processed using Porechop to remove adapter se-
quences and to demultiplex the reads, assigning them to their respective samples [90].

97



Microorganisms 2025, 13, 825

7 of 34

The demultiplexed reads were then used as input for taxonomic classification through the
Emu algorithm, specifically designed to annotate full-length 16S rRNA sequences gener-
ated from nanopore sequencing [91]. Emu utilizes an expectation-maximization approach,
which enables precise and reliable taxonomic assignments, minimizing false positives and
negatives [91].

To further refine taxonomic assignment, a customized 16S rRNA database was con-
structed by combining reference databases with sequences derived from previous studies.
A minimum abundance threshold of 0.01 was established to exclude low-representative
taxa or potential artifacts. Classified reads were grouped into operational taxonomic units
(OTUs) at a 97% similarity threshold, which enabled the operational definition of the
different bacterial species present in the samples.

2.5. Community Profiling and Statistical Testing

The resulting OTU table was analyzed using the Microbiome Analyst software version
2.0 to obtain a comprehensive overview of the microbial community structure and diversity.
Initially, singleton OTUs—those present in only one sample—were removed to reduce noise
and enhance the robustness of the analyses. Subsequently, a logarithmic transformation was
applied to the abundance data to normalize the distribution and improve the interpretability
of the results.

Principal Coordinates Analysis (PCoA) was performed based on a Bray-Curtis distance
matrix to assess differences in the microbial community composition across sample groups.
This analysis facilitated the visualization of sample relationships and the identification
of clusters with similar microbial compositions. In addition, an Analysis of Similarities
(ANOSIM) was conducted to determine whether statistically significant differences existed
in community structure between the compared groups.

Furthermore, a rarefaction curve was constructed using the Vegan package in R to
evaluate sampling coverage and microbial community richness [92]. This curve assessed
whether the number of sequences obtained was sufficient to capture the total community
diversity and if there were differences in richness between the sample groups.

2.6. Data Processing and Heat Tree Visualization of Microbial Communities

The heat tree analysis was performed using the R programming language (version
4.3.3) and the integrated development environment RStudio. Several R libraries were
utilized, including Metacoder for hierarchical taxonomic data analysis and visualization,
Dplyr for efficient data manipulation, and Vegan for ecological diversity analysis [92,93].
These tools were selected for their robustness and widespread use in microbiota data analysis.

The microbiota dataset used in this study was derived from 16S rRNA sequencing
data processed through the MicrobiomeAnalyst pipeline [94]. The dataset comprised two
primary files: one containing taxonomic read abundance per sample and another with
metadata detailing sample attributes, such as experimental treatments and tissue sources.
Both files were imported into R, and an initial exploratory analysis was conducted to assess
data integrity and structure.

A rigorous filtering process was implemented to ensure data reliability and mitigate the
influence of sequencing artifacts. Taxa with low read counts, specifically those with fewer
than five reads, were removed to minimize the impact of sequencing errors. Furthermore,
taxa exhibiting zero abundance across all samples were excluded. A prevalence threshold
of 20% was applied, ensuring that only taxa present in at least 20% of the samples were
retained. This filtering process was conducted separately for tissue types, including gills
and digestive glands, for potential tissue-specific variations in microbial communities.
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The heat tree visualization was generated using the Metacoder package, which enables
the hierarchical representation of microbial communities [95]. In this visualization, node
size corresponds to taxon abundance, while node color indicates statistical differences across
experimental conditions. Prior to visualization, the dataset was transformed into a format
compatible with the Metacoder package. Taxonomic hierarchies were structured according to
lineage, and a taxmap object was created to organize and analyze taxonomic relationships.

2.7. Linear Discriminant Analysis Effect Size (LEfSe) and Correlation Network Analysis

The linear discriminant analysis effect size (LEfSe) method was employed to identify
significant differences in bacterial species abundance between gill samples from challenged
and controlled individuals. A significance threshold of FDR-adjusted p-value < 0.05 and
a logarithmic, linear discriminant analysis (LDA) score > 4.0 were set as cut-off values
to identify differentially abundant taxa. The top 15 discriminative features were visu-
alized using a dot plot highlighting the primary bacterial taxa driving the differences
between groups.

To further explore microbial interactions, a network correlation analysis was per-
formed to evaluate the co-occurrence patterns of microbial taxa in the samples. Networks
were constructed using the Sparse Correlations for Compositional Data (SparCC) algorithm,
which is particularly suited for microbiota data due to its ability to handle compositional
structures. The correlation network was estimated using 100 bootstrap permutations, with
a significance threshold of p < 0.05 and a minimum correlation coefficient of 0.3. These
parameters were chosen to ensure the identified associations’ robustness and minimize the
inclusion of spurious correlations. This approach helps identify potential interactions and
dependencies among bacterial species within the microbiota.

2.8. Prediction of Metagenomic Functional Potential

PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unob-
served States) was employed to infer the functional potential of the microbiota in the gill
and digestive gland tissues of M. chilensis under hypoxic conditions based on marker gene
sequences [96]. The R package ggpicrust2 was used to facilitate the functional analysis
and visualization [97]. Given that PICRUSt2 is optimized for short-read sequencing data,
a preprocessing step was necessary to adapt our long-read amplicon sequences gener-
ated through nanopore technology. The software HyperEx v0.1.0 extracted the V3-V4
regions from the full-length 16S rRNA sequences, generating a FASTA file suitable for
downstream processing.

The resulting FASTA and BIOM files generated from the operational taxonomic unit
(OTU) table were used as input for PICRUSt2 analysis. The functional pathways were
constructed using the MetaCyc database to provide a comprehensive functional profile
of the microbial communities [98]. The relative abundances of pathways were visualized
using the R software version 4.3.3. Statistical Analysis of Metagenomic Profiles (STAMP)
was employed [99] to test for significant differences in pathway contributions between
groups. A chi-square test corrected with the Benjamini-Hochberg false discovery rate
(FDR) was applied to control for multiple comparisons, with a significance threshold set at
an FDR-adjusted p-value of <0.05.

For visualization purposes, the final plots included only data with a minimum relative
abundance of 0.5% to focus on the most relevant functional changes. This approach enabled
a detailed evaluation of pathway-level functional shifts associated with the microbiota’s
response to hypoxic stress, providing insights into the potential functional adaptations
within the microbial community.
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2.9. Data Availability

The nanopore data for DNA analysis were deposited in the National Center for
Biotechnology Information Short Reads Archive (NCBI-SRA) under the BioProject accession
number PRJNA1240298.

3. Results
3.1. Alpha and Beta Diversity Analysis of M. chilensis Microbiota Under Normoxia and Hypoxia

Alpha and beta diversity analyses of the M. chilensis microbiota under normoxic
and hypoxic conditions revealed significant differences in microbial composition and
structure across both studied tissues (gills and digestive gland) (Figure 1). Rarefaction
curves (Figure 1A) showed an apparent decrease in microbial diversity under hypoxia
compared to normoxia, particularly pronounced in the gills. The digestive gland showed
lower diversity only during the first hypoxic sampling. Principal Coordinate Analysis
(PCoA) (Figure 1B) revealed a distinct clustering of normoxic and hypoxic samples for
both tissues, indicating substantial shifts in microbial community composition. Alpha
diversity indices (Figure 1C) confirmed a significant decrease in microbial diversity in
both tissues under hypoxia. This decline was more pronounced in the gills, suggesting
a greater sensitivity of the microbial community present to low oxygen compared to the
digestive gland.

3.2. Taxonomic Shifts in the Microbiota of M. chilensis Under Normoxia and Hypoxia

Figure 2 presents a heat tree analysis, where branch color reflects the log2 of the
mean ratio between bacterial taxa’s relative abundance under normoxia (blue) and hypoxia
(red). This approach visualizes taxonomic changes across hierarchical levels, highlighting
variations induced by oxygen conditions.

Gills Digestive Gland

Log 2 ratio of median proportions
Normoxia [EEImm] Hypoxia

Figure 2. Heat tree analysis evidencing the taxonomical changes in the microbiota of gills and
digestive gland of M. chilensis exposed to different levels of oxygenation. The color of the branches
represents the log2 ratio of median proportions between normoxia (blue) and hypoxia (red).
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In gills, an apparent decrease in the relative abundance of specific taxa under hypoxia
was observed, while others exhibited an increase. This difference is represented by branch
color: taxa with decreased abundance under hypoxia are blue, and those with increased
abundance are red. Dominant taxa under normoxia included Roseobacteraceae, Oceani-
cola, Roseobacter, Thalassobius, Phaeobacter, Octadecabacter, Sulfitobacter, Leisingera, Ruegeria,
Loktanella, Tateyamaria, Roseovarius, Litoreibacter, Pelagimonas, Pacifibacter, Shimia, Actibac-
terium, Saggitula, Rhodobacteraceae, Aliiroseovarius, Yoonia, Pseudophaeobacter, Planktotalea,
Sedimentitalea, Amylibacter, Aestuariibius, and Neptunicoccus. Conversely, taxa representative
of hypoxia included Campylobacterales, Poseidonibacter, Arcobacteraceae, Campylobacter-
aceae, Campylobacter, Aliarcobacter, Arcobacter, Malaciobacter, Halarcobacter, Thiovulaceae, Eliza-
bethkingia, Weeksellaceae, Saccharicrinis, Paludibacter, Crocinitomix, Crocinitomicaceae, Labilibacter,
Prolixibacteraceae, Marinifilum, Olleya, Antarticcibacterium, Firmicutes, and Bacillales.

The digestive gland displayed a similar response, with differential patterns in taxo-
nomic abundance under hypoxia. Hypoxia significantly altered the microbiota composi-
tion, with several taxa exhibiting notable changes in relative abundance. Dominant taxa
under normoxia included Octadecabacter, Sulfitobacter, Thalassobius, Phaeobacter, Roseobac-
ter, Leisingera, Antarctobacter, Roseovarius, Tateyamaria, Shimia, Pacificibacter, Litoreibacter,
Pelagimonas, Aliiroseovarius, Amylibacter, Sedimentitalea, Planktotalea, Rhodobacteraceae,
Lacipirellulaceae, Polaribacter, and Aquimarina. In contrast, taxa enriched under hypoxia
were Acidovorax, Delftia, Curvibacter, Burkholderia, Cupriavidus, Paraburkholderia, Neisseria,
Massilia, Desulfovibrio, Solidesulfovibrio, Pseudodesulfovibrio, Acidithiobacillus, Acidiferrobac-
teraceae, Nevskiales, Steroidobacteraceae, Ectothiorhodospiraceae, Marinobacterium, Pseu-
doalteromonas, Shewanella, Vibrio, Francisella, Yersinia, Serratia, Pectobacteriaceae, Enterobacte-
riaceae, Ancylomarina, Marinifilaceae, Marinilabiliales, Bacteroidales, and Flavobacteriales.

3.3. Analysis of Bacterial Genus Relative Abundance in the Microbiota of M. chilensis Under
Normoxia and Hypoxia

Heatmap analysis revealed distinct shifts in the relative abundance of bacterial genera
in the gill and digestive gland microbiotas of M. chilensis under normoxic and hypoxic
conditions (Figures 3 and 4). The microbial communities clustered into two distinct groups
in both tissues, reflecting differential responses to oxygen availability. Figures 3A and 4A
illustrate these patterns, with normoxic (blue) and hypoxic (red) conditions highlighting
specific genera that were differentially distributed, suggesting a tissue-specific microbial
adaptation to hypoxia.

Cluster 1 consisted of bacterial genera that showed a marked decrease in abundance
under hypoxic conditions. In the gills (Figure 3B), these genera exhibited a significant
reduction in relative abundance during hypoxia exposure, with a similar trend observed in
the digestive gland (Figure 4B). Representative genera in the gill cluster included Salmonella,
Thalassobius, Roseobacter, Cocleimonas, Nitratireductor, Planktomarina, Marinicella, Yoonia,
Neptunicoccus, Tenacibaculum, Cellulophaga, Leucothrix, Tritonibacter, Jannaschia, Lacinutrix,
Boseongicola, Sedimentitalea, Pseudahrensia, Pseudoruegeria, and Phaeobacter. In the digestive
gland, prominent genera included Thiomicrorhabdus, Mobilisporobacter, Klebsiella, Helicobac-
ter, Spongiibacter, Paraglaciecola, Citrobacter, Shewanella, Cellvibrio, Vibrio, Solidesulfovibrio,
Rheinheimera, Serratia, Aquella, Glaciecola, Franconibacter, Latilactobacillus, Oceaniserpentilla,
Lacticaseibacillus, and Labilibaculum.
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Figure 3. Heatmaps showing the relative abundance of various bacterial genera in the microbiota
of gills (A) of M. chilensis exposed to normoxia (blue) and hypoxia (red). For each condition, two
clusters were identified. “Cluster 1” includes genera that exhibited decreased abundance in the gills
of mussels exposed to hypoxia (B). In contrast, “Cluster 2” comprises genera that increased their
abundance in hypoxic conditions in the gills (C).
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Figure 4. Heatmaps illustrating the relative abundance of different bacterial genera in the microbiota
of the digestive gland (A) of M. chilensis exposed to normoxia (blue) and hypoxia (red). Two distinct
clusters were identified for each condition. “Cluster 1” consists of genera that decreased in abundance
in the digestive glands of mussels exposed to hypoxia (B), while “Cluster 2” includes genera that
increased in abundance under hypoxic conditions (C).
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In contrast, Cluster 2 comprised bacterial genera that increased in abundance under
hypoxia. In the gills (Figure 3C), these genera showed a significant rise in relative abun-
dance in response to hypoxic exposure, and a similar pattern was evident in the digestive
gland (Figure 4C). The predominant gill genera under hypoxia included Poseidonibacter, Ar-
cobacter, Phocaeicola, Marinifilum, Halarcobacter, Methylothermus, Azospirillum, Labilibaculum,
Bacteroides, Saccharicrinis, Francisella, Salegentibacter, Draconibacterium, Paludibacter, Eliza-
bethkingia, Polaribacter, Pedobacter, Malaciobacter, Roseimarinus, and Aliarcobacter. The diges-
tive gland featured hypoxia-associated genera such as Sideroxydans, Planktotalea, Marinicella,
Nitratireductor, Mariniblastus, Ahrensia, Litoreibacter, Profundibacter, Pseudahrensia, Seohae-
icola, Jannaschia, Pelagimonas, Lentibacter, Olleya, Thalassobius, Octadecabacter, Sulfitobacter,
Amylibacter, Fuerstiella, and Aliiroseovarius.

3.4. Linear Discriminant Analysis

Linear Discriminant Analysis (LDA) demonstrated distinct bacterial community com-
positions in the gills and digestive gland of M. chilensis under normoxic and hypoxic
conditions (Figure 5).

In the gills (Figure 5A), 31 bacterial species were significantly more abundant under
normoxia, including Aquimarina macrocephali, Aquimarina muelleri, and Flavobacteriaceae
bacterium. Conversely, 19 species exhibited increased abundance under hypoxia, such as
Poseidonibacter parvus, Poseidonibacter lekithochrous, and Arcobacter nitrofigilis.

Similarly, the digestive gland (Figure 5B) displayed 14 bacterial species enriched under
normoxia, including Polaribacter sp. ALD11, Polaribacter sp. BM10, and Plaribacter atrinae.
In contrast, six species showed increased abundance under hypoxia, including Francisella
tularensis, Citrobacter freundii, and Shigella sonnei.

3.5. Functional Potential Prediction of the M. chilensis Microbiota Under Normoxia and Hypoxia

Picrust2 analysis revealed alterations in the functional potential of the M. chilensis
microbiota between normoxia and hypoxia conditions (Figure 6). Among the metabolic
pathways analyzed, only the degradation/utilization/assimilation category showed a
significant difference between conditions (Figure 6A,B). Notably, both tissues exhibited a
higher proportion of sequences assigned to degradation/utilization/assimilation pathways
under normoxia compared to hypoxia (Figure 6C,D).

The metabolic pathways enriched under normoxia and hypoxia differed between the
gills and digestive gland (Figure 6EF). All degradation/utilization/assimilation pathways
were different for both tissues, except for the TCA cycle which was more enriched than
other pathways in the digestive gland. In the gills, normoxia favored pathways related
to cofactor, prosthetic group, and electron carrier biosynthesis, as well as fatty acid, lipid,
and carbohydrate biosynthesis, whereas the digestive gland exhibited a predominance
of the TCA cycle, amine and polyamine degradation, and aspartate metabolism. Under
hypoxia (Figure 6E), the gills showed an increase in cofactor, prosthetic group, electron
carrier biosynthesis, carbohydrate biosynthesis, and the TCA cycle, accompanied by a
decline in fatty acid and lipid biosynthesis, nucleoside and nucleotide degradation, and
secondary metabolite degradation. In the digestive gland (Figure 6F), hypoxia induced
an upregulation of the TCA cycle and hexuronide and hexuronate degradation, while
pathways related to amine and polyamine degradation, aspartate metabolism, S-adenosyl-
L-methionine biosynthesis, and the methylaspartate cycle were downregulated.
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Figure 5. Linear Discriminant Analysis (LDA) scores of differentially abundant species in mussels
exposed to normoxia and hypoxia conditions for gills (A) and digestive gland (B). Species with blue
bars were significantly abundant in normoxia conditions, while the red ones were more abundant in

hypoxic conditions.
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Figure 6. Prediction of the functional potential of the microbiota from gills and digestive gland of M.
chilensis based on Picrust2. Bars represent the mean proportions of microbiota pathways in normoxia
(blue) and hypoxia (red) individuals. The differences between the conditions for the Metacyc top level
are presented for gills (A) and digestive gland (B) with their respective corrected p-values. (C,D) show
the specific values for the degradation /utilization /assimilation pathways for gills and digestive gland,
respectively. Finally, the Metacyc secondary levels for degradation/ utilization/assimilation with
significant differences (corrected p-value < 0.05) within experimental conditions are also presented
for gills (E) and digestive gland (F).

3.6. Dynamics of Bacterial Pathogens

We evaluated the presence and abundance of specific groups to explore whether
changes in the microbiota due to hypoxia lead to anincrease in the community of pathogenic
bacteria. The objective was to assess whether hypoxia promotes bivalves as reservoirs
for aquatic pathogens. Figure 7 presents a scatter plot illustrating the dynamics in the
relative abundance of various fish bacterial pathogens in M. chilensis under normoxic and
hypoxic conditions. Each point on the graph represents the relative abundance of a specific
pathogen at different levels of oxygen.

In the gills of M. chilensis, an increase in the relative abundance of some bacterial
pathogens was observed under hypoxic conditions compared to normoxia. Pathogens
that showed a significant increase included Arcobacter cryaerophilus, with smaller increases
seen in Citrobacter freundii and Klebsiella pneumoniae. Conversely, some bacterial pathogens
in the gills of M. chilensis disappeared under hypoxic conditions compared to normoxia.
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These pathogens included Flavobacterium columnare, Salmonella enterica, and Tenacibacu-
lum ovolyticum.
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Figure 7. Dot plot showing the dynamics in the relative abundance of fish bacterial pathogens
associated with gills and digestive glands of M. chilensis exposed to different oxygenation levels.

Similarly, the digestive gland of M. chilensis also experienced an increase in the relative
abundance of several bacterial pathogens under hypoxia. Pathogens that showed a notable
increase included Aliivibrio wodanis, Pseudomonas fluorescens, Moritella marina, and Vibrio
mimicus. Additionally, in the digestive gland of M. chilensis, several bacterial pathogens
disappeared under hypoxic conditions compared to normoxia. Pathogens that disappeared
included Flavobacterium columnare, Tenacibaculum maritimum, and Tenacibaculum dicentrarchi.
Moreover, a reduction in the relative abundance of Vibrio cholerae, Pseudomonas chlororaphis,
and Citrobacter freundii was also observed.
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4. Discussion

This study highlights the importance of conducting controlled hypoxia exposure ex-
periments to understand and predict changes in the microbiota of bivalve mollusks, such
as M. chilensis, under environmental stress associated with climate change [15]. Hypoxia,
regarded as a significant environmental stressor, interacts in complex ways with other
environmental factors, significantly affecting the health and performance of marine organ-
isms [100,101]. Advancing our understanding of the microbiota’s role in the physiological
response of organisms to these stressors has become essential, as it can reveal critical mech-
anisms of adaptation and resilience [30,102-104]. Expanding on previous studies, this work
focused on evaluating the impact of hypoxia on the gill and digestive gland microbiota of
M. chilensis [15,105,106].

In this context, our study is pioneering in demonstrating the effects of oceanic hypoxia
on the gill and digestive gland microbiota of mussels at the species level. The gills, in addi-
tion to their respiratory function, play a key role in nutrition and immune defense, hosting
symbiotic microbial communities that contribute to carbon and nitrogen fixation [107-110].
Our results indicate that hypoxia induces profound changes in both the composition and
function of the microbiota in these tissues, primarily by eliminating bacterial groups unable
to tolerate low oxygen conditions. The observed restructuring of the microbiota under
hypoxia suggests adaptive and selective effects, reinforcing the microbiota’s ability to re-
spond to environmental stress. These changes likely result from selective pressure favoring
bacterial communities with greater tolerance to hypoxic conditions, possibly mediated by
adaptive mechanisms such as quorum sensing, which regulate colonization, virulence, and
stress resistance in oxygen-depleted environments [27,28,108,111-115]. However, this adap-
tive capacity also presents potential risks. The selective pressure exerted by hypoxia may
facilitate the proliferation of opportunistic pathogens, potentially compromising the host’s
immune system and its ability to resist infections and other environmental stressors. Our
results provide evidence of this selective pressure, manifested in a reduction of bacterial
species richness and diversity, particularly in the gills, aligning with responses observed in
other aquatic ecosystems [1,116,117]. Functional changes in the microbiota of M. chilensis,
especially in lipid and fatty acid biosynthesis pathways, suggest metabolic adaptations to
hypoxia. These findings corroborate previous studies in other bivalves [15]. These changes
are likely strategies to optimize energy efficiency and minimize biomass production in
resource-limited environments [16,118].

Alterations in the functionality of the microbiota have direct implications for host
physiology [119]. Reducing the production of essential metabolites, such as vitamins and
amino acids, may affect the nutrition and overall health of M. chilensis [120]. Additionally,
the decrease in microbial diversity and functionality could limit the microbiota’s ability to
contribute to critical metabolic processes, such as nutrient digestion and the production
of immunomodulatory compounds [121]. The results reveal a decrease in the activity
of degradation, utilization, and nutrient assimilation pathways in the digestive gland
under hypoxic conditions. This phenomenon could affect essential cellular processes,
such as proliferation and differentiation, limiting the mussel’s growth and adaptive ca-
pacity in response to additional stress factors [122,123]. The complex interaction between
biosynthesis, metabolite generation, and degradation pathways under hypoxia indicates a
co-evolutionary adaptation process between M. chilensis and its microbiota. This symbiotic
relationship is crucial for maintaining host homeostasis; any disruption in this balance may
lead to dysbiosis, increasing susceptibility to opportunistic or polymicrobial infections. In
aquaculture and marine environments, dysbiosis has been associated with mass mortal-
ity events and disease outbreaks, underscoring the importance of the microbiota in host
health [124].
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The variation in the intestinal microbiota composition of Mytilus across individuals
and populations reflects the influence of diet, host genetics, and environmental condi-
tions [125-130]. Aquaculture practices also shape this microbial structure, as seen in the
differences between the microbiota of farmed and wild mussels [131]. In the gills of
M. chilensis, the increased presence of bacterial groups associated with hypoxic environ-
ments is a clear consequence of the selective pressure of low oxygen availability. These
adaptations may involve the production of antioxidants and the utilization of alternative
metabolic pathways, indicating a complex metabolic interaction between the bacteria and
the host [132,133].

The dominant microbiota in the digestive gland of M. chilensis includes bacteria
from the phyla Actinobacteria, Proteobacteria, Bacteroidetes, and Firmicutes, consistent
with other mussel species and aquatic organisms [15,44,134-148]. In contrast, the gill
microbiota is dominated by Proteobacteria and Firmicutes, suggesting specialized and
complementary roles in mussel physiology. Our findings are consistent with previous
studies in other aquatic environments [136]. The prevalence of Bacteroidetes and Firmicutes
in the digestive tract indicates a specialized symbiotic relationship with an enzymatic
arsenal for degrading complex polysaccharides, such as cellulose and chitin, found in
plankton and marine detritus [135,149-151]. These bacteria produce various bioactive
compounds, such as antibiotics and pigments, which can benefit both the host and the
microbiota [152]. Antibiotics may protect the host from pathogens, while pigments may
function as antioxidants, reducing oxidative stress [153,154]. Firmicutes, with their ability
to form spores, contribute to the stability of the intestinal microbiota under stressful
conditions [155-157]. Additionally, some Firmicutes produce short-chain fatty acids as
fermentation byproducts, which have anti-inflammatory properties and modulate the
host’s immune response [158].

Hypoxia significantly altered the microbial community structure of M. chilensis, favor-
ing facultative anaerobes and opportunistic pathogens while reducing beneficial microbial
functions. Proteobacteria in the gills of M. chilensis participate in the degradation of or-
ganic matter in marine environments [159-162]. Their metabolic versatility allows them
to utilize a wide range of organic compounds, significantly contributing to nutrient cy-
cling [163-168]. However, a shift toward Vibrio, Aeromonas, and Desulfovibrio was observed
under hypoxic conditions, indicating an increased risk of pathogenicity and altered sulfur
metabolism [169-171]. The selective pressure exerted by low oxygen availability may en-
hance the survival of bacteria capable of utilizing alternative electron acceptors, potentially
increasing oxidative stress in the host and disrupting metabolic homeostasis [172-176].

The study of the microbiota associated with M. chilensis reveals the dominance of
bacteria belonging to the classes Alphaproteobacteria, Bacteroidia, Epsilonproteobacteria,
and Gammaproteobacteria in the gills and digestive gland. These classes exhibit diverse
and ecologically relevant metabolic functions in aquatic ecosystems, participating in bio-
geochemical and ecological cycles [167,177-181]. The presence of Epsilonproteobacteria in
the gills suggests an adaptation to sulfuric niches and a potential symbiotic role in the oxi-
dation of reduced compounds [182,183]. Alphaproteobacteria and Gammaproteobacteria
are key components of the M. chilensis microbiota, particularly under normoxic conditions.
Their abundance may correlate with water quality, serving as potential bioindicators of
dissolved organic matter from anthropogenic sources [184,185]. Gammaproteobacteria play
a crucial role in the degradation of complex organic compounds, contributing to nutrient
biogeochemical cycles [186-188]. The order Rhodobacterales, within the class Alphapro-
teobacteria, dominates the gill and digestive microbiota of M. chilensis. These bacteria
break down organic matter, facilitating the host’s nutrient absorption [181]. Furthermore,
they may modulate the immune response, enhancing the mussel’s survival in challenging
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environments [189,190]. A significant aspect is the Roseobacteraceae family’s sensitivity to
hypoxia. The reduction of these bacteria under low oxygen conditions suggests a disruption
in microbial trophic networks, potentially affecting host health [191-193].

The taxonomic analysis of the digestive gland reveals the dominant presence of
bacterial genera Shewanella, Aeromonas, and Vibrio as key components of the core bacterial
community in the digestive gland. These bacteria are known for their pathogenic potential
and ability to act as reservoirs of plasmids encoding antibiotic resistance genes [194-196].
The horizontal transfer of these genes, facilitated by conjugation, transformation, and
transduction mechanisms, increases the risk of antimicrobial resistance dissemination,
posing a significant public health concern [197-202]. This phenomenon is not limited to
clinical settings but has also been documented in natural aquatic ecosystems, suggesting
that these environments can serve as global reservoirs of resistance genes [203-205].

The increasing antimicrobial resistance, exacerbated by climate change and the indis-
criminate use of antibiotics in aquaculture, highlights the urgent need to develop more
effective control strategies [206-211]. Under hypoxic conditions, a reduction in the popula-
tions of Shewanella and Vibrio was observed, while Aeromonas demonstrated a remarkable
ability to adapt and maintain its presence. This adaptability may be related to its diverse ge-
netic repertoire, which includes virulence factors and the ability to form biofilms [212-217].

Pathogenic species such as Aeromonas hydrophila and Aeromonas salmonicida cause
significant losses in aquaculture and pose a global health threat due to their ability to
acquire antibiotic resistance genes [201,206,218-227]. The coevolution between Aeromonas
and hosts such as M. chilensis suggests a symbiotic relationship in which the bacteria
may facilitate digestion and offer protection against other pathogens [228-246]. However,
this symbiosis can be disrupted under environmental stress, such as hypoxia, promoting
Aeromonas as an opportunistic pathogen.

The decrease in Shewanella under hypoxic conditions is noteworthy, considering its
ability to utilize nitrate as an electron acceptor in anaerobic environments [247-249]. This
reduction in abundance could be due to competition for nutrients or the production of
antimicrobial compounds by other microbial species’. The presence of Vibrio in the core
microbiota of M. chilensis suggests a potential mutualistic relationship, which is consistent
with other studies [240,250,251]. However, some Vibrio species are pathogenic to both
bivalves and humans [250,252-257]. Although Vibrio demonstrates ecological adaptability,
its dependence on oxygen reduces its prevalence under hypoxic conditions. This decrease
may benefit the health of M. chilensis by reducing Vibrio-induced diseases, but it could also
increase vulnerability to other pathogenic species such as Vibrio mimicus. This pathogen has
been associated with disease outbreaks in various bivalve species, causing high mortality
rates and significant economic losses in aquaculture [258]. V. mimicus thrives in hypoxic
conditions and poses a threat due to biofilm formation, antibiotic resistance, and zoonotic
potential [259,260]. An increase in the genus Acinetobacter was observed in the digestive
gland under hypoxic conditions. This genus is notable for its ability to persist in diverse
environments and facilitate horizontal gene transfer, including those conferring resistance
to multiple clinically relevant antibiotic classes. Pathogenic strains of Acinetobacter, charac-
terized by their multidrug resistance, represent a critical public health threat in both clinical
settings and natural ecosystems [222].

Our findings confirm the absence of Psychrilyobacter in farmed M. chilensis compared
to wild populations, indicating that habitat characteristics significantly influence microbial
composition [131]. Anaerobic conditions in natural ecosystems support Psychrilyobacter col-
onization, whereas suspended aquaculture systems limit such environments [163,261-264].
Reduced microbial diversity in aquaculture could impair mussel adaptation to environ-
mental changes and increase susceptibility to pathogens over time [265]. The presence of
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Aquimarina macrocephali in the gills of M. chilensis under normoxic conditions suggests an
adaptation to this oxygen-rich environment. This is supported by its enzymatic profile for
reducing oxidative stress and its potential role in the degradation of organic matter [266].
This bacterium may contribute to the cleaning of gill surfaces, facilitating nutrient acqui-
sition and enhancing host health. Additionally, its ability to degrade chitin suggests a
possible symbiotic interaction with the mussel, as chitin is a common structural component
in plankton and microorganisms that form part of the bivalve diet [151,266]. However, A.
macrocephali’s resistance to multiple antibiotics raises concerns about its role as a reservoir
of resistance genes, potentially facilitating the spread of these genetic elements within the
marine ecosystem and the food chain [266-270]. Antibiotic resistance in A. macrocephali
could be linked to acquiring plasmids and exposure to subtherapeutic antibiotic doses in
the aquatic environment, stemming from aquaculture and wastewater [271,272].

The comprehensive integration of transcriptomic and microbiota profiling in M. chilen-
sis exposed to hypoxic stress has revealed a tightly interconnected network of metabolic
reprogramming, immune modulation, and microbial community restructuring, underscor-
ing the profound physiological consequences of oxygen deprivation. Hypoxia-induced
metabolic shifts, characterized by the suppression of aerobic respiration and the upregula-
tion of anaerobic pathways, were accompanied by significant alterations in the microbiota,
favoring facultative anaerobes and opportunistic pathogens, thereby indicating microbial
dysbiosis that could compromise host metabolic efficiency and overall homeostasis. Con-
currently, immunosuppression was evident through the downregulation of immune-related
genes, increased oxidative stress marked by elevated reactive oxygen species (ROS) levels,
and a greater abundance of pathogenic taxa, collectively suggesting heightened host vulner-
ability to infections. The response exhibited tissue specificity, with gill tissues displaying
more pronounced transcriptomic and microbial shifts than the digestive gland, potentially
engaging compensatory metabolic pathways to mitigate hypoxia-induced stress [77].

A more personalized approach will be required to effectively manipulate immune func-
tions through microbiota-based therapies, one that identifies specific microorganism-host
relationships [104]. In the context of bivalves, high-throughput sequencing has been instru-
mental in managing diseases in aquaculture [273,274]. Prebiotics and probiotics in mussel
farming offer a promising approach to enhancing larval resistance to adverse effects such
as climate change [273,275]. These adaptations could support the survival of populations
in an evolving marine environment. Early colonization by a complex microbiota or specific
symbionts can induce lasting epigenetic modifications, promoting protective immunity
and greater resilience to environmental stressors associated with climate change [276-278].
These early epigenetic alterations can have long-term protective effects, reducing the risk
of diseases in later life stages and enhancing the organism’s adaptive capacity [276-278].
Additionally, molecular research on the interactions between hypoxia and other environ-
mental factors, such as temperature, pH, and salinity, is crucial for managing the impacts
of hypoxia on aquatic ecosystems [274,279]. Monitoring oxygenation conditions in marine
habitats will be essential to maintaining the health and robustness of key species. Iden-
tifying bacterial genera sensitive or resistant to hypoxia will provide critical insights for
developing sustainable management strategies.

An integrated approach based on the hologenome concept is recommended. This
approach includes developing predictive models that incorporate environmental, microbial,
and host factors to better understand and manage the effects of hypoxia in these ecosystems.
Moreover, expanding studies on the M. chilensis hologenome, which includes viruses and
microeukaryotes whose identities and functions are still in the early stages of research,
is necessary [280]. Implementing sustainable management practices, such as reducing
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eutrophication and restoring coastal habitats, could improve water quality and protect
marine biodiversity.

5. Conclusions

This study represents the first comprehensive report on the effects of hypoxia, a global
environmental concern, on the gills and digestive glands of the mussel M. chilensis. Our
findings show that hypoxia significantly affects the structure, relative abundance, com-
munity composition, species richness, and diversity of microbial communities associated
with these tissues. The changes in the microbiota induced by hypoxia have substantial
implications for mussel physiology, influencing essential processes such as digestion, nu-
trient absorption, and immune response. Additionally, our results suggest that hypoxia
encourages the growth of opportunistic and pathogenic bacteria, underscoring the need
for further investigation into the underlying mechanisms of these changes and their func-
tional implications for the organism. Thus, maintaining optimal dissolved oxygen levels in
aquaculture systems is crucial for preserving the health of M. chilensis and ensuring the
sustainability of aquaculture practices. Future research is necessary to develop mitigation
strategies that can reduce the negative impacts of this stressor on aquatic ecosystems.
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Capitulo 3: Secuenciacion Directa de ARN Mediante Nanoporo
Revela  Reconfiguracion  Epitranscriptomica y  Dinamica

Postranscripcional en Mytilus chilensis Bajo Estrés Hipdxico

Resumen

Las modificaciones epitranscriptdmicas como la N6-metiladenosina
(mPA), 5-metilcitosina (m°C) y la pseudouridina (¥) han emergido como
capas fundamentales de regulacidn post-transcripcional en eucariotas. En
organismos marinos como Mytilus chilensis, la comprension de estos
mecanismos es aun limitada, particularmente bajo condiciones de estrés
ambiental como la hipoxia, fenomeno cada vez mas frecuente en
sistemas costeros debido al cambio climatico. En este estudio, se utilizé
secuenciacion directa de ARN mediante la plataforma Nanopore para
caracterizar de manera integral las modificaciones epitranscriptomicas
inducidas por hipoxia en tejidos de branquia y glandula digestiva. El
analisis reveld un perfil diferencial en la distribucion y frecuencia de
metilaciones m°A y m°>C entre condiciones de normoxia e hipoxia, con
un incremento significativo en la cantidad de genes metilados en
regiones 3' UTR y CDS bajo hipoxia. Se detectd ademas un
enriquecimiento de motivos especificos como GGACA y AGACT en

sitios de mPA, asi como una redistribucion cromosémica de genes
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modificados. La hipoxia también produjo una reduccion generalizada en
la longitud de las colas poli(A), lo que sugiere una regulacion activa de
la estabilidad y degradacion del ARN. Por otro lado, el analisis de
pseudouridina evidencio patrones de modificacién dependientes de la
condicion ambiental, sin correlacion significativa con la profundidad de
lectura, lo cual valida la robustez del enfoque. Estos hallazgos evidencian
una reprogramacion epitranscriptémica inducida por hipoxia en M.
chilensis, y subrayan el papel funcional de estas marcas quimicas como
posibles mediadores adaptativos ante cambios ambientales. La presente
investigacion establece las bases para el desarrollo de biomarcadores
epitranscriptomicos en moluscos y aporta nuevas herramientas para el

monitoreo de salud ambiental en ecosistemas costeros.

Palabras clave: m®A, m°C, Pseudouridina, Modificaciones quimicas del

ARN, Biomarcadores ambientales, Adaptacion al estrés
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Introduccion

Las modificaciones epitranscriptomicas del ARN, particularmente
N6-metiladenosina (m®A), 5-metilcitosina (m°C) y pseudouridina (),
han emergido como capas criticas de regulacion post-transcripcional en
eucariotas, modulando procesos clave como la estabilidad del ARN, la
eficiencia de traduccion y la respuesta a sefiales ambientales (Li et al.,
2017; Zaccara et al., 2019). A diferencia de las modificaciones
epigenéticas del ADN, las marcas epitranscriptomicas son dindmicas y
reversibles, lo que permite a las celulas responder rapidamente a

condiciones cambiantes del entorno, incluyendo el estrés hipoxico.

La hipoxia representa un estrés ambiental significativo que
desencadena reprogramaciones transcripcionales y post-
transcripcionales, especialmente en organismos acuaticos expuestos a
zonas de oxigeno reducido por causas naturales o antrépicas (Shen et al.,
2023; Vaquer-Sunyer & Duarte, 2008). En moluscos bivalvos, como M.
chilensis, especie endémica de importancia ecologica y comercial en el
cono sur de Sudamérica, la adaptacion a fluctuaciones en la

disponibilidad de oxigeno es fundamental para su supervivencia,

128



distribucién y rendimiento acuicola. Sin embargo, a pesar de su
relevancia, el paisaje epitranscriptomico de esta especie en respuesta a

hipoxia permanece inexplorado.

Estudios previos en modelos vertebrados y vegetales han
demostrado que la hipoxia puede modular la deposicién y eliminacion
de marcas como mCA, impactando la estabilidad y destino de los
transcritos asociados a metabolismo energético, respuesta oxidativa y
muerte celular (Frye M. et al., 2018; Zhou et al., 2016). En paralelo, se
ha documentado que m°C participa en la regulacién del transporte
nuclear del ARN vy la traduccién en condiciones de estrés (Yang et al.,
2017), mientras que la pseudouridilacion contribuye a la arquitectura
secundaria del ARN y a su interaccion con ribonucleoproteinas (Carlile
et al., 2014). La aplicacién de tecnologias de secuenciacién directa de
ARN, como Oxford Nanopore, ha permitido detectar estas
modificaciones de forma simultanea, sin requerir retrotranscripcion ni
amplificacion, preservando asi las sefiales nativas del ARN (Workman

etal., 2019).
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En este contexto, el presente estudio se propuso caracterizar por
primera vez el epitranscriptoma de M. chilensis bajo condiciones
experimentales de hipoxia y normoxia, utilizando secuenciacion directa
de ARN por Nanopore. Se analiz6 de forma integrada la expresion
diferencial, la distribucién de metilaciones m®A y m°C, los motivos
nucleotidicos asociados, la pseudouridina y la dinamica de la cola
poli(A). Esta aproximacion busca no solo expandir el conocimiento
basico sobre regulacién post-transcripcional en bivalvos, sino también
sentar las bases para el desarrollo de biomarcadores moleculares
aplicables en estudios de ecotoxicologia, fisiologia comparada y

adaptacion marina al cambio climatico.

Metodologia

Disefio experimental y condiciones de exposicion

Se utilizaron ejemplares de M. chilensis provenientes de cultivos
ubicados en el sistema estuarino de Reloncavi, Regién de Los Lagos,
Chile. Los organismos fueron aclimatados durante 38 dias en

condiciones controladas de laboratorio (12,5+0,94 °C, agua de mar
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filtrada, flujo continuo y alimentacién regular), previo al inicio del
tratamiento experimental. El experimento tuvo una duracion de 50 dias
y consistio en la exposicién alternante de los organismos a condiciones
de hipoxia (2,0 mg/L de oxigeno disuelto) y normoxia (7,2 = 0,2 mg/L).
La hipoxia fue inducida mediante inyeccidn controlada de nitrégeno
gaseoso Yy los niveles de oxigeno se monitorearon diariamente utilizando

sondas multiparamétricas calibradas.

Muestreo y extraccion de ARN

Las muestras biologicas fueron recolectadas en cuatro puntos
temporales: dias 10 y 50 bajo hipoxia, y dias 20 y 40 bajo normoxia. En
cada punto de muestreo se extrajeron tejidos de branquias y glandulas
digestivas de tres individuos por réplica bioldgica, totalizando nueve
individuos por condicion. Los tejidos fueron preservados en etanol
molecular, transportados a 4°C y almacenados a —80°C hasta su
procesamiento. Se generd un pool de tejidos por réplica experimental
para minimizar la variabilidad interindividual. La extraccion de ARN
total se realizd mediante homogeneizacion tisular en buffer litico y

posterior separacion organica con fenol-cloroformo. La calidad e
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integridad del ARN se verificaron mediante electroforesis en gel y
espectrofotometria, y las fracciones de ARNm fueron purificadas y

seleccionadas para analisis epitranscriptomico.

Preparacidn de bibliotecas y secuenciacion directa de ARN

Se empled secuenciacién directa de ARN de molécula Unica
usando la plataforma de tercera generacion Nanopore (Oxford Nanopore
Technologies®). Esta metodologia evitdO la necesidad de
retrotranscripcion y amplificacion enzimatica, permitiendo preservar la
orientacion nativa del ARN y sus modificaciones epitranscriptomicas.
Las bibliotecas se prepararon mediante ligacion de adaptadores poli(dT)
y adaptadores motores conforme a las especificaciones del fabricante,

con carga posterior en flowcells activas.

Durante la secuenciacion, las moléculas de ARN generaron
sefiales de corriente idnica al atravesar los poros de proteina, las cuales
fueron decodificadas mediante el algoritmo de red neuronal GUPPY'. Los

archivos fast5 fueron convertidos a formato fastg, y posteriormente
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sometidos a un control de calidad que excluyo lecturas con puntuacion

inferior a Q7 y longitud menor a 50 pb.

Mapeo al genoma de referencia y anotacion de transcritos

Las lecturas depuradas fueron alineadas al genoma de referencia
de M. chilensis utilizando alineadores especializados en lecturas largas.
Solo se conservaron lecturas con alineamientos Unicos. Para construir y
cuantificar los transcritos consenso se emple6 FLAIR (v1.5.0), y su
refinamiento estructural se realizo con StringTie (v2.1.4). Para comparar
los transcritos obtenidos con las anotaciones gendémicas existentes, se
utilizo gffcompare (v0.12.1), identificando 5.237 nuevos transcritos, de
los cuales 4.796 no mostraron homologia con regiones previamente

descritas.

Prediccion de regiones codificantes y optimizacion estructural

TransDecoder (v5.5.0) fue utilizado para predecir regiones
codificantes (CDS) en los transcritos no anotados. Las regiones 5’y 3’ de

los transcritos fueron extendidas cuando se detectaron limites no
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coincidentes con las anotaciones previas, lo que permitié una mejora

sustancial en la definicion de los UTRs y de los limites génicos.

Analisis de expresion diferencial

Los conteos de lectura por transcripto fueron procesados mediante
el paquete edgeR (v3.32.1). Se consideraron como diferencialmente
expresados aquellos transcritos con FDR < 0,05 y |logFC| > 1, lo que
permitidé detectar alteraciones significativas en la expresion entre las

condiciones de hipoxia y normoxia.

Identificacién de modificaciones epitranscriptdmicas (m®A, m°C y ¥)

La deteccion de sitios m°C se realizd6 mediante el modelo
alternativo de Tombo, mientras que los sitios m®A fueron identificados
usando el modelo de novo del mismo software, complementado con el
pipeline MINES. Para la pseudouridina (¥), se empled el software
Nanopsu con un umbral de probabilidad posterior superior a 0,9,

permitiendo una deteccion robusta de esta modificacion estructural.
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Analisis de motivos y distribucién epigendmica

Los motivos de metilacion fueron evaluados mediante anélisis de
secuencias flanqueantes a los sitios modificados. Asimismo, se analiz
la distribucién cromosdmica y estructural de los genes modificados,

discriminando entre regiones CDS, UTRs y secuencias no anotadas.

Analisis estadistico y validacién

Las diferencias en la fraccion de expresion de regiones
modificadas fueron evaluadas mediante pruebas ANOVA de Welch, con
ajustes por Bonferroni para comparaciones multiples. La asociacion
entre profundidad de lectura y probabilidad de motivo fue examinada
mediante correlaciones de Pearson y Spearman, sin hallarse significancia
estadistica, lo que respalda la consistencia técnica de la deteccion de

motivos independientemente del nivel de cobertura.
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Visualizacion y procesamiento de datos

Los analisis estadisticos y graficos fueron realizados en R (version
4.2.2), utilizando paquetes como ggplot2, dplyr, data.table y ggpubr. Los
analisis epitranscriptomicos fueron complementados con herramientas
especializadas como Tombo y Nanocompore. Los criterios de inclusion
de eventos modificados consideraron un umbral de probabilidad > 0.95
para asegurar la confiabilidad en la identificacion de las modificaciones

epitranscriptomicas.

Resultados

El andlisis de la distribucion de genes con metilacion m°A en
funcion de sus regiones estructurales revel6 patrones diferenciales entre
condiciones de normoxia e hipoxia en M. chilensis (Figura 1). Se
observaron incrementos consistentes en el nimero de genes modificados
bajo hipoxia en todas las regiones estructurales evaluadas, lo que sugiere
una intensificacion global de la regulacion epitranscriptomica ante la

disminucion del oxigeno ambiental.

136



2.000

1.500 Condicién

m Hipoxia
B Normoxia

1.000

NUmero de genes

500

CDS 3'UTR 5" UTR

Estructura génica

FIGURA 1. Distribucion de genes modificados con m®A segln regiones estructurales
del transcrito en M. chilensis bajo condiciones de hipoxia y normoxia. El grafico de
barras representa el nimero de genes asociados a metilacion m°A en distintas regiones
del ARN mensajero: secuencia codificante (CDS), region no traducida 5’ (5' UTR) y
region no traducida 3’ (3' UTR), en condiciones de hipoxia (rojo) y normoxia (azul)

La region 3’ UTR fue la mas frecuentemente modificada,
destacando un total de 2.273 genes bajo hipoxia frente a 1.762 en
normoxia. Esta observacion sugiere que la metilacion mPA en dicha
region podria desempefiar un papel clave en la modulacion de la
estabilidad del ARNm, el silenciamiento post-transcripcional y el

reclutamiento de proteinas de union bajo condiciones de estrés hipdxico.

Asimismo, la secuencia codificante (CDS) mostré un aumento
considerable en hipoxia (1.619 genes) en comparacion con normoxia

(1.183 genes), indicando una posible participacion directa de la
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metilacion en la regulacion de genes funcionales esenciales durante la
adaptacion fisiologica. Del mismo modo, la region 5’ UTR presento una
mayor frecuencia de modificacién bajo hipoxia (1.361 vs. 1.042 genes),
lo cual podria relacionarse con mecanismos que afectan la eficiencia de

la traduccion o la seleccion de sitios de inicio alternativos.

El analisis comparativo de motivos epitranscriptdmicos asociados
a sitios de metilacion m®A en M. chilensis reveld un enriquecimiento
diferencial dependiente de la condicion ambiental (Figura 2). Se
identificaron cinco motivos principales (AGACT, GGACA, GGACC,
GGACT y NA), cuya frecuencia vario significativamente entre normoxia

e hipoxia.

El motivo GGACA fue el mas representado en ambos grupos, con
una frecuencia notablemente mayor bajo hipoxia (~2.000 vs. ~1.550 en
normoxia), lo que sugiere un posible rol regulador central en condiciones
de bajo oxigeno. ElI motivo AGACT también mostr6 una mayor
prevalencia en hipoxia (~1.600 frente a ~1.250), lo que podria reflejar su
implicacion en rutas transcripcionales especificas inducidas por estrés

hipoxico. Del mismo modo, los motivos GGACT y GGACC exhibieron
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frecuencias elevadas bajo hipoxia (~1.000 vs. ~750 y ~650 vs. ~450,
respectivamente), reforzando el patron de enriquecimiento selectivo de
secuencias reconocidas por las metiltransferasas m m°éA A en ambientes

de oxigeno reducido.
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FIGURA 2. Frecuencia comparativa de motivos de metilacion m®A en M. chilensis
bajo condiciones de hipoxia y normoxia. El grafico de barras muestra la distribucién
de cinco motivos nucleotidicos asociados a sitios de metilacion m®A en condiciones
de hipoxia (rojo) y normoxia (azul).

El perfil de poliadenilacion revelo una variacion dependiente de
las condiciones en las distribuciones de la longitud de la cola poli(A) en
M. chilensis sometida a estrés hipoxico (Figura 3). Se analizaron un total
de 93.870 transcritos en el grupo normoxico (control), que mostraron una

longitud media de la cola poli(A) de 77,19 nucleétidos, con valores del
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primer cuartil (Q25), mediana (Q50) y tercer cuartil (Q75) de 39.37,
64.52 y 104.03 nucledtidos, respectivamente. Por el contrario, el grupo
tratado con hipoxia incluyd 138.950 transcripciones con una longitud
media de la cola poli(A) ligeramente reducida de 74,07 nucle6tidos, y
valores cuartiles de 39,21 (Q25), 62,04 (Q50) y 97,81 (Q75). El anélisis
del gréafico de violin confirmo visualmente un cambio global hacia colas

de poli(A) més cortas en condiciones de hipoxia.
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FIGURA 3. Distribucion de la longitud de la cola poli(A) en M. chilensis. Gréficos de
violin que ilustran la distribucién comparativa de las longitudes de la cola poli(A) en
muestras normoxicas (control, rojo) frente a hipoxicas (tratamiento, azul).

El analisis gendmico completo de los sitios de metilacion del ARN
en condiciones normoxicas reveld una distribucion cromosomica
distintiva de las modificaciones de 5-metilcitosina (m°C) y N6-
metiladenosina (m°A) en M. chilensis (Figura 4). La distribucion de los
sitios de modificacion m°C (panel izquierdo) mostré una amplia

cobertura en multiples cromosomas, con sitios dispersos por todo el
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genoma, aungue con regiones de mayor densidad de metilacion en
cromosomas  especificos, lo que sugiere una regulacion
epitranscriptomica localizada. Por el contrario, los sitios m®A (panel
derecho) mostraron una distribucion mas desigual, caracterizada por una
agrupacion prominente dentro de regiones cromosomicas distintas. Este
patron indica posibles puntos criticos para la regulacion del ARN

mediada por m°A.

a
Bajo Alto . -
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1 2 3 4 5 6 7 8 9 10 1112 13 14 1 2 3 4 56 7 8 91011 12 1314
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FIGURA 4. Distribucion cromosémica de los sitios de modificacién por metilacion
del ARN en M. chilensis en condiciones normoxicas. Distribucion cromosomica de los
sitios de modificacion por metilacion del ARN en M. chilensis en condiciones
normoxicas. Panel izquierdo: Distribucion y densidad de los sitios identificados de 5-
metilcitosina (m°>C) en los cromosomas. Panel derecho: Distribucion y densidad de los
sitios de modificacion de N6-metiladenosina (m®A) identificados. Los gréficos ilustran
la localizacion espacial y la abundancia relativa de cada tipo de metilacion del ARN
en todo el genoma, reflejando los patrones epitranscriptdmicos de referencia en
condiciones de normoxia.
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FIGURA 5. Distribucion cromosémica de genes asociados a metilacion m®A en M.
chilensis bajo condiciones de normoxia e hipoxia. El gréafico de barras muestra el
niimero de genes con modificaciones m®A distribuidos por cromosoma en condiciones
de normoxia (azul) e hipoxia (rojo). Se observa una tendencia general hacia un mayor
numero de genes modificados bajo hipoxia en practicamente todos los cromosomas,
lo que sugiere una respuesta transcripcional dependiente de la condicion ambiental.

El andlisis de la distribucion cromosomica de genes con
modificaciones m°A en M. chilensis revel6 una reconfiguracion
significativa en respuesta a la hipoxia (Figura 5). En casi todos los
cromosomas, se observé un aumento en el nimero de genes modificados
en condiciones hipoxicas en comparacion con normoxia, lo cual sugiere
una activacion diferencial del epitranscriptoma bajo estrés por baja

disponibilidad de oxigeno.
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Tabla 1. Distribucion cromosdmica de genes asociados a metilacion
m®A en M. chilensis bajo condiciones de normoxia e hipoxia

Conteo de Conteo de
Cromosoma Cromosoma
(Hipoxia) G_eneg (Normoxia) Genes_

(Hipoxia) (Normoxia)
Cromosoma 1 746 Cromosoma 1 579
Cromosoma 4 576 Cromosoma 4 427
Cromosoma 6 488 Cromosoma 6 368
Cromosoma 8 462 Cromosoma 8 339
Cromosoma 10 442 Cromosoma 9 317
Cromosoma 9 398 Cromosoma 10 310
Cromosoma 2 386 Cromosoma 2 292
Cromosoma 5 342 Cromosoma 11 288
Cromosoma 3 317 Cromosoma 5 260
Cromosoma 11 316 Cromosoma 3 224
Cromosoma 12 246 Cromosoma 12 184
Cromosoma 14 221 Cromosoma 14 171
Cromosoma 13 161 Cromosoma 13 116
Cromosoma 7 152 Cromosoma 7 11

Total 5253 3886

Los cromosomas 1, 4, 6 y 8 concentraron el mayor nimero
absoluto de genes con metilacion m®A en hipoxia, con diferencias
notables respecto a normoxia (Tabla 1). Estos resultados destacan estas
regiones cromosomicas como posibles nacleos funcionales de regulacion

epitranscriptomica en respuesta a condiciones hipoxicas.
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En contraste, los cromosomas 13, 14 y 7 presentaron la menor
representacion en ambos estados, aunque mantuvieron la tendencia de
mayor frecuencia bajo hipoxia (Tabla 1), lo que sugiere que incluso en
regiones de baja expresion global, la hipoxia genera una reprogramacion

selectiva del patron de metilacion.
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FIGURA 6. Motivos secuenciales que rodean los sitios de modificacion por
metilacién del ARN en M. chilensis. Panel izquierdo: Distribucion de secuencias de
nucleétidos (9 pb) que flanquean los sitios de modificacion por 5-metilcitosina (m°C)
identificados. Panel derecho: Distribucion de secuencias de nucleétidos (5 pb) que
flanquean los sitios de modificacion de N6-metiladenosina (mPA). Los logotipos de
secuencia ilustran la frecuencia de nucleé6tidos en cada posicion, donde la altura de
las letras representa la frecuencia relativa y la conservacion, destacando las
preferencias de motivos dependientes del contexto para la metilacion del ARN en
respuesta a condiciones hipoxicas.

Los andlisis de motivos secuenciales revelaron preferencias
contextuales distintas en torno a los sitios de metilacion del ARN en M.
chilensis (Figura 6). Concretamente, la distribucion de los nucleétidos
que flanquean los sitios de modificacion de 5-metilcitosina (m°C)
identificados indicé un motivo consenso conservado de cinco bases en el
que destacan los residuos de citosina (C) en la posicién central, con
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residuos de adenina (A) enriquecidos situados predominantemente
upstream (posiciones -2 y -1) y residuos de uracilo (U) downstream
(posiciones +1 y +2). Por el contrario, los sitios de modificacion de N6-
metiladenosina (m®A) mostraban un motivo consenso de cinco bases
diferente, caracterizado por un fuerte enriquecimiento de residuos de
guanina (G) en las posiciones -2 y -1, adenina (A) en el sitio de
modificacion central y una presencia constante de citosina (C) y uracilo

(U) en las posiciones aguas abajo (+1y +2).

El perfil epitranscriptomico de M. chilensis bajo condiciones de
normoxia e hipoxia reveld patrones diferenciados en la abundancia
relativa de eventos de metilacién del ARN en sitios m°C y m°A (Figura
7). El anélisis de diagramas de caja mostré que la metilacion mSA
presentd una reduccion pronunciada bajo hipoxia, evidenciada por una
mediana mas baja y un rango intercuartilico reducido en comparacién
con las condiciones normoxicas. En contraste, la metilacion m°C
mantuvo una distribucion mas estable entre ambas condiciones

experimentales, con medianas y dispersion similares.
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FIGURA 7. Distribucion comparativa de sitios de metilacion de ARN en nucleétidos
m°C y mPA en M. chilensis bajo condiciones de hipoxia y normoxia. Las proporciones
fueron estimadas a partir de secuenciacion directa de ARN mediante tecnologia de
nanoporo, utilizando los modelos de deteccion de Tombo para m°C y la combinacion
Tombo + MINES para mPA. Los diagramas de caja representan el rango intercuartilico
(IQR), con la linea horizontal indicando la mediana y los puntos individuales
representando valores atipicos. Se evidencié una reduccion significativa en la
frecuencia relativa de modificaciones mPA bajo hipoxia, mientras que las
modificaciones m®C mostraron una distribucion mas estable. Estos resultados reflejan
una reconfiguracion epitranscriptomica sensible al estado redox, con posibles
implicancias en la regulacion post-transcripcional de genes relacionados al
metabolismo energético y respuesta al estrés ambiental.

Bajo normoxia, la sefial de m®A exhibié mayor variabilidad y una
fraccion de modificacion significativamente mas alta, lo que indica un
paisaje de metilacion mas activo y extendido en presencia de niveles
6ptimos de oxigeno. Por el contrario, la supresion de m°®A bajo hipoxia
sugiere una posible regulacion negativa, a nivel transcripcional o

enzimatico, del sistema de metilacién m°A en respuesta a condiciones de
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bajo oxigeno. Estos hallazgos evidencian una reprogramacion
epitranscriptomica dependiente del estado redox, donde la marca m°A se
muestra especialmente sensible. La estabilidad relativa de la metilacion
m°C entre condiciones sugiere funciones regulatorias distintas,
posiblemente orientadas al mantenimiento de la estabilidad

transcripcional basica frente al estrés ambiental.
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FIGURA 8. Diagrama de Venn y logotipo del motivo secuencial que representan los
sitios de modificacion de pseudouridina (¥) en M. chilensis. Panel izquierdo: diagrama
de Venn que ilustra la superposicion y la singularidad de los sitios de pseudouridina
identificados en muestras de control frente a muestras tratadas con hipoxia. Panel
derecho: logotipo del motivo secuencial consensuado que representa la preferencia de
nucleotidos y la probabilidad posicional relativa que rodea a los sitios de modificacion
de pseudouridina. La altura de cada nucleétido corresponde a su frecuencia en la
posicion respectiva, lo que destaca un contexto conservado rico en U.

El perfil de los sitios de modificacion de pseudouridina (‘W) revelo
patrones de distribucion distintos entre las muestras de M. chilensis del
grupo de control y las tratadas con hipoxia (Figura 8). El analisis del
diagrama de Venn mostro un total de 1.373 sitios unicos de modificacion

de pseudouridina en el grupo de control, 1.947 sitios Unicos en el grupo
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tratado con hipoxia y 359 sitios compartidos entre ambas condiciones.
Ademas, el analisis de motivos secuenciales adyacentes a los sitios de
pseudouridina revelé un motivo consenso conservado y enriquecido en
uridina, caracterizado predominantemente por residuos consecutivos de
uridina con alta frecuencia en las posiciones -2, -1, +1 y +2 con respecto
al sitio de modificacidon, lo que sugiere un contexto estructural y
funcional conservado para la pseudouridilacion en las transcripciones de

M. chilensis bajo estrés ambiental.

El analisis de la relacion entre la profundidad de secuenciacion y
la probabilidad de deteccion de motivos para sitios de pseudouridina (‘)
en M. chilensis (Figura 9) mostro patrones consistentes bajo condiciones
de normoxia e hipoxia. En normoxia, la mayor concentracion de puntos
se observo en profundidades de lectura entre 0y 200, con probabilidades
de deteccion de motivos predominantemente comprendidas entre 0,925
y 1,0, destacando una fuerte densidad en torno a 0,95. Esta distribucion
indica que la deteccion de motivos de pseudouridina se mantiene estable
y con alta confianza a través de un amplio rango de profundidades de
secuenciacion, lo que evidencia una uniformidad en la prediccion de

modificaciones incluso en condiciones de baja cobertura.
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FIGURA 9. Relacion entre la profundidad de secuenciacion y la probabilidad de
deteccion de motivos para sitios de pseudouridina (W) en condiciones de normoxia e
hipoxia en M. chilensis. Los graficos de dispersion ilustran la asociacion entre la
profundidad de lectura (eje X) y la probabilidad de deteccion de motivos (eje Y) en
transcritos modificados con pseudouridina, identificados mediante secuenciacion
directa de ARN. (A) Las muestras normoxicas (azul) presentan una alta densidad de
motivos con probabilidades de modificacion consistentemente elevadas a lo largo de
un amplio rango de profundidades de secuenciacion. (B) Las muestras hipdxicas (rojo)
muestran una distribucion global comparable, aunque con una mayor dispersion en
profundidades bajas, lo que sugiere una variabilidad dependiente de la condicién en la
deteccidn de motivos de pseudouridina.
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Bajo condiciones de hipoxia, la distribucion general fue
comparable, aunque se registré una mayor dispersion en los niveles de
baja profundidad de secuenciacion. A pesar de esta variabilidad, las
probabilidades de deteccion de motivos permanecieron consistentemente
elevadas, cercanas a 1,0 en la mayoria de los casos, lo que confirma la
solidez del procedimiento analitico aplicado. En conjunto, los resultados
sefialan que la probabilidad de deteccion de motivos de pseudouridina es
altamente robusta frente a variaciones en la profundidad de lectura,
aportando respaldo a la fiabilidad de la identificacion de modificaciones
epitranscriptdmicas en transcritos con representacion diferencial bajo
condiciones ambientales contrastantes.
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FIGURA 10. Relacion entre la estructura génica y la distribucién de motivos en M.
chilensis bajo condiciones normdxicas. El grafico de barras apiladas normalizadas
representa la proporcion relativa de motivos de pseudouridina (V) detectados en
diferentes regiones estructurales del ARN mensajero: CDS, 5' UTR y 3' UTR. Cada
segmento de color dentro de las barras indica un motivo especifico, y la altura relativa
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de cada segmento refleja su frecuencia proporcional dentro de la estructura
correspondiente.

El analisis de distribucion proporcional de motivos de pseudouridina en
diferentes estructuras génicas revel6 una alta homogeneidad
composicional entre regiones codificantes (CDS) y regiones no
traducidas (5'UTR y 3'UTR). La representacion grafica mediante barras
apiladas normalizadas permitié visualizar las proporciones relativas de
motivos identificados en cada categoria estructural, indicando una
distribucidon amplia y compartida de secuencias modificadas en todas las

regiones analizadas.

Las regiones CDS y 3'UTR presentaron la mayor diversidad de
motivos, con patrones de color altamente coincidentes, lo que sugiere
una distribucion funcionalmente redundante de modificaciones ¥ en
segmentos tanto codificantes como post-traduccionales. La categoria
5'UTR, en contraste, mostrd una menor diversidad de motivos,
posiblemente reflejando restricciones estructurales o selectividad

funcional en regiones implicadas en la iniciacion de la traduccién.
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El analisis estadistico mediante prueba de independencia Chi-
cuadrado no arrojé diferencias significativas en la composicion de
motivos entre las estructuras génicas (p = 0,4853), lo que respalda la
hipbtesis de una distribucion no estructuralmente preferencial de los
motivos de pseudouridina. Este patron sugiere que la deposicion de ¥
podria estar regulada de forma contexto-independiente, o bien que
maultiples estructuras funcionales comparten mecanismos comunes de

modificacion epitranscriptémica.

Discusion

Los resultados de este estudio proporcionan la primera evidencia
sistematica de una reprogramacion epitranscriptomica inducida por
hipoxia en M. chilensis, abarcando las principales modificaciones
quimicas del ARN: N6-metiladenosina (m°A), 5-metilcitosina (m°C) y
pseudouridina (V). Esta caracterizacion revela una plasticidad molecular
altamente sensible al estado redox del entorno, con implicancias
funcionales relevantes para la regulacion postranscripcional en bivalvos

marinos no modelo.
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Uno de los hallazgos més notables es la redistribucion diferencial
de sitios m°A bajo hipoxia, con un enriquecimiento significativo de
motivos como GGACA, AGACT y GGACC. Este resultado se asemeja
a otras investigaciones en donde entre las metilaciones de ARN
detectadas, la abundancia de m°A del motivo GGACA fue la més alta,
seguida de GGACC y AGACT (Xu et al., 2023). En bivalvos, si bien las
enzimas writer-reader-eraser no han sido plenamente caracterizadas,
nuestros datos sugieren que M. chilensis podria contar con ortdlogos
funcionales capaces de inducir una remodelacion epitranscriptomica

dependiente del ambiente.

La observacion de una mayor frecuencia de modificaciones m°A
en regiones estructurales funcionalmente relevantes —como CDS y 3’
UTR— bajo hipoxia, refuerza la nocion de un control fino sobre la
eficiencia de traduccion, estabilidad del ARNm y localizacion
subcelular. Estudios recientes han descrito una nueva via de degradacion
del ARNm que depende del m®A en la secuencia codificante del ARNm
(CDS) (Zlotorynski, 2025). En este contexto, el patron observado en M.
chilensis sugiere una posible estrategia de priorizacién funcional

mediada por metilacion.
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En paralelo, la modificacion m°C se mantuvo relativamente
estable entre condiciones, lo que sugiere un rol mas constitutivo que
adaptativo, posiblemente asociado al mantenimiento de la integridad
transcripcional y la homeostasis génica basica. Este hallazgo difiere de
estudios en peces donde m°C es upregulated en condiciones de hipoxia
(Li et al., 2022). Asimismo, la plasticidad de m®A refuerza su rol como

marcador dinamico de la respuesta al estrés ambiental.

Respecto a la pseudouridina, los resultados muestran un patron de
deposicion homogénea entre estructuras genicas, con ausencia de
preferencias estructurales significativas. Esto podria indicar una funcién
global en la estabilizacion del ARN mensajero o en el mantenimiento de
la conformacidn secundaria, independientemente de la region gendémica.
Estudios recientes en células humanas han reportado que ¥ puede actuar
como modulador estructural bajo condiciones de estrés oxidativo y
privacion de oxigeno (Luo et al., 2023), lo que sugiere funciones

evolutivamente conservadas.

La modulacion de la cola poli(A) también constituye un aspecto

destacado. Bajo hipoxia se observo un acortamiento significativo de la
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longitud media, lo cual se ha asociado en plantas en donde la hipoxia
provoca un aumento del numero de isoformas de ARNm con extremos
3’ poliadenilados que se mapean en regiones 5’ no traducidas (UTR),
intrones y regiones codificadoras de proteinas (de Lorenzo et al., 2017).
Esta dindmica sugiere que la hipoxia no solo reconfigura las
modificaciones quimicas del ARN, sino también los procesos de
maduracion y degradacion postranscripcional, lo que representa un nivel

de regulacién adicional ain inexplorado en moluscos.

Desde una perspectiva gendmica, la redistribucion de genes
metilados a lo largo de los cromosomas bajo hipoxia sugiere la existencia
de zonas reguladoras epitranscriptomicas activadas diferencialmente por
el ambiente. Este hallazgo coincide con la nocion emergente de "hotspots
epitranscriptomicos™ observada en animales y plantas (Dominissini et
al., 2012; Shen, 2025) donde determinadas regiones cromosémicas

concentran modificaciones asociadas a funciones especificas.

En cuanto a la robustez metodoldgica, la ausencia de correlacion
significativa entre la profundidad de lectura y la probabilidad de

deteccion de motivos valida la estabilidad del pipeline analitico y
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refuerza la reproducibilidad de los resultados. ElI empleo de
secuenciacion directa de ARN mediante nanoporo, en combinacién con
algoritmos como Tombo, Nanocompore y Nanopsu, permitié una
deteccidn precisa y contexto-especifica de las modificaciones, superando
las limitaciones clasicas de métodos indirectos como MeRIP-Seq o m°C

bisulfito.

Sin embargo, el estudio también presenta limitaciones que deben
ser abordadas en trabajos futuros. La falta de validacion funcional
mediante ensayos de ganancia/perdida de funcion impide establecer
relaciones causales entre modificaciones y expresion genica. Asimismo,
la carencia de anotaciones especificas para las enzimas
writer/reader/eraser en M. chilensis limita la interpretacion mecanistica,
subrayando la necesidad de profundizar en la gendmica funcional de
especies no modelo. También es importante considerar que, aungue se
emplearon umbrales conservadores de deteccion, la resolucion intrinseca
de la secuenciacion por nanoporo aun puede introducir sesgos en la

identificacion de sitios con estructuras secundarias complejas.
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En conjunto, este estudio amplia el horizonte de Ia
epitranscriptomica ambiental en moluscos marinos, revelando una
reprogramacion adaptativa del ARN mensajero frente a la hipoxia. La
integracién de estos hallazgos con datos transcriptomicos, protedGmicos
y fisioldgicos permitira avanzar hacia una comprension holistica de la

plasticidad fenotipica en ambientes costeros vulnerables.

Conclusion

Este  estudio constituye la primera  caracterizacion
epitranscriptomica integral en M. chilensis bajo condiciones controladas
de hipoxia, utilizando tecnologia de secuenciacion directa de ARN por
Nanopore. Los resultados obtenidos revelan una reconfiguracion
epitranscriptomica sustancial asociada al estrés hipoxico, evidenciada
por alteraciones en los patrones de metilacion m®A y m°C, redistribucion
cromosémica de genes modificados, enriquecimiento especifico de
motivos nucleotidicos, y una reduccién generalizada en la longitud de las
colas poli(A), lo cual sugiere una modulacion post-transcripcional

dependiente del oxigeno ambiental.
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La identificacion de motivos como GGACA y AGACT como
elementos prevalentes bajo hipoxia sugiere que estas secuencias podrian
representar sitios funcionalmente relevantes en la regulacion adaptativa.
Asimismo, la estabilidad de los patrones m°C frente a la plasticidad
observada en m®A resalta la existencia de mecanismos diferenciales de
sensibilidad epitranscriptomica frente a condiciones ambientales
adversas. La incorporacion del analisis de pseudouridina complementé
este panorama, sugiriendo una remodelacion estructural adicional del

ARN como parte de la respuesta al estrés.

Estos hallazgos no solo expanden el conocimiento actual sobre la
regulacion post-transcripcional en moluscos bivalvos, sino que tambiéen
abren nuevas perspectivas para el desarrollo de biomarcadores
epitranscriptomicos aplicables en estudios de ecotoxicologia, acuicultura
sostenible y resiliencia marina frente al cambio climatico. En conjunto,
esta investigacion posiciona a la epitranscriptomica como un
componente clave en la comprension de la biologia adaptativa en

organismos no modelo sometidos a presiones ambientales emergentes.
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DISCUSION

Los resultados obtenidos en esta tesis doctoral consolidan un
marco integrador para comprender la respuesta fisioldgica, molecular y
microbiana de M. chilensis frente a condiciones de hipoxia y
reoxigenacion. Se evidencia una dindmica coordinada entre el
hospedador y su microbioma, lo que refuerza la nocion del holobionte
como unidad funcional de adaptacion ecologica, en linea con
planteamientos recientes sobre la integracidn funcional entre genoma y

microbioma en organismos acuaticos (Khan et al., 2021)

El presente estudio demuestra, mediante una aproximacion
multiomica sin precedentes en M. chilensis, que la hipoxia no actda como
un estresor aislado, sino como un disruptor sistémico que reconfigura la
fisiologia del hospedador a través de una interaccion dinamica entre su
transcriptoma, epitranscriptoma y microbioma. Esta interaccion define
un fenotipo integrado de tolerancia que trasciende la respuesta individual

de cada capa molecular (Wang et al., 2024).

En este sentido, la integracion critica de los resultados revela que

la disbiosis inducida por hipoxia (aumento de Vibrio y Aeromonas) no
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puede entenderse de forma aislada, sino en interaccién con la
reprogramacion epitranscriptomica. La pérdida de bacterias mutualistas,
como Rhodobacterales, podria intensificar el estrés del reticulo
endoplasmatico (Catta-Preta et al., 2022; Kumar et al., 2020; Li et al.,
2021), mientras que la metilacion diferencial de m°A en genes de la via
Toll-like modula la traduccion de receptores inmunitarios que responden
a sefiales bacterianas (Kariko et al., 2005; Zong et al., 2021). Esta
interdependencia muestra que la hipoxia reestructura simultdneamente
rutas metabolicas internas y el didlogo hospedador-microbioma,
generando un circulo de retroalimentacion negativa que compromete la

resiliencia.

La reconfiguracion transcriptbmica observada en tejidos
metabdlicamente activos como branquias y glandula digestiva, con una
modulacion significativa de las vias mTOR y del ciclo del acido citrico,
es consistente con mecanismos adaptativos descritos en otros bivalvos.
En Mytilus edulis, por ejemplo, se ha documentado que la hipoxia induce
fosforilacion reversible de proteinas mitocondriales, facilitando la
reorientacion del flujo respiratorio y mitigando el estrés oxidativo

durante la reoxigenacion (Sokolov et al., 2021). Asimismo, se destaca la
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capacidad de los mitilidos para modular la expresion genica y activar
rutas de depresion metabdlica y metabolismo anaerobio, lo que respalda

los hallazgos de esta tesis (Tomanek, 2015).

Desde una perspectiva eco-evolutiva, los resultados sugieren que
esta plasticidad molecular y microbiana no representa un simple ajuste
fisiologico, sino una estrategia adaptativa conservada en la familia
Mytilidae. La plasticidad fenotipica observada en M. chilensis puede
considerarse un mecanismo de resiliencia evolutiva, donde el holobionte
(hospedador + microbioma) actua como unidad de seleccion bajo
escenarios de hipoxia recurrente, contribuyendo a explicar su éxito en
ecosistemas costeros variables. Estudios comparativos en especies
vegetales como Solanum habrochaites también han demostrado que la
adaptacion a la hipoxia implica una reprogramacién transcripcional y
protedmica orientada a la flexibilidad metabodlica y la homeostasis
energética, lo que sugiere que estos mecanismos podrian estar
conservados evolutivamente en distintos reinos biolégicos (Zhang et al.,

2025).
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En cuanto a la regulacion epitranscriptomica, los resultados
adquieren especial relevancia al revelar modificaciones como m°®A, m°C
y pseudouridinas, junto con una correlacién entre la longitud de la cola
poli(A) y los niveles de expresion génica. Estos hallazgos sugieren que
la regulacion post-transcripcional constituye un eje critico para la

respuesta rapida al estrés (Hernandez-Elvira & Sunnerhagen, 2022).

La metilacion diferencial de mC®A, particularmente el
enriquecimiento de motivos GGACA, GGACC y AGACT en
condiciones de hipoxia, sugiere la existencia de un codigo de metilacion
hipoxia-dependiente. Este cadigo probablemente regula la estabilidad y
traduccion de transcritos claves involucrados en la apoptosis (e.g.,
caspasas), la autofagia y el estrés del reticulo endoplasmatico,
amortiguando asi los efectos deletéreos de la hipoxia a nivel
postranscripcional (Cai et al., 2025). Ademas, la significativa reduccion
en la longitud de la cola poli(A) bajo hipoxia refuerza este hallazgo,
indicando una activacién global de mecanismos de decaimiento del
ARNmM para reconfigurar rapidamente el proteoma celular sin un coste

energetico transcripcional elevado (Wang et al., 2021).
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Esta plasticidad reguladora ha sido reportada en Apostichopus
japonicus, donde la hipoxia combinada con temperatura elevada induce
una reprogramacion epitranscriptomica en genes antioxidantes e
inmunoldgicos (Wang et al., 2025). Ademas, estudios recientes han
demostrado que la epitranscriptomica modula la respuesta al estrés
térmico en peces (Jiang et al., 2025), y que tecnologias como Nanopore
permiten detectar una amplia gama de modificaciones post-
transcripcionales con alta resolucién (Vujaklija et al., 2024). Estos datos
refuerzan la idea de que la epitranscriptdmica es una estrategia
conservada en organismos acuaticos para enfrentar fluctuaciones

ambientales.

Desde el punto de vista microbioldgico, la alteracion de la
microbiota inducida por hipoxia en M. chilensis se alinea con
investigaciones en Mytilus coruscus, donde estresores combinados como
acidificacion, temperatura elevada e hipoxia provocan una alteracion

profunda del microbioma intestinal (Khan et al., 2021).

En este estudio, se observd una disbiosis caracterizada por el

declive de comensales mutualistas como Rhodobacterales—cruciales en

163



el ciclado de nutrientes y la sintesis de vitaminas—y la proliferacion de
patdgenos oportunistas como Vibrio y Aeromonas. Esta disbiosis no es
meramente una consecuencia pasiva, sino un factor activo que exacerba
el estado de estrés. La pérdida de funciones microbianas inferidas,
especialmente aquellas relacionadas con el metabolismo de aminoacidos
y la biosintesis de cofactores, probablemente priva al hospedador de
metabolitos esenciales precisamente cuando mas los necesita, creando
un circulo vicioso de disfuncion metabdlica e inmunosupresion (Ingala

etal., 2021; Liu et al., 2023; Murga-Garrido et al., 2023).

La relacion entre disbiosis e inmunidad es critica, como lo
demuestran investigaciones que reportan que la hipoxia en vertebrados
genera un desorden metabolico y compromete la funcién inmune,
aumentando la susceptibilidad a enfermedades (Villareal & Xue, 2024;

Zhang et al., 2022)

A nivel ecoldgico y evolutivo, estudios sobre diferenciacion
genetica en genes inmunoldgicos y metabdlicos entre poblaciones
silvestres y de cultivo de M. chilensis aportan una perspectiva

complementaria (Yévenes et al, 2022). Esta variabilidad
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interpoblacional sugiere que los resultados transcriptdmicos y
microbioldgicos podrian estar modulados por el origen genético de las
poblaciones, lo que debe ser considerado en futuras investigaciones.
Ademas, una revision sistematica reciente sobre la sensibilidad de la
familia Mytilidae a estresores ambientales combinados (Rynkowski et
al., 2025) contextualiza la relevancia de los mecanismos adaptativos
identificados en esta tesis. La plasticidad del transcriptoma y del
microbioma de M. chilensis podria explicar su resiliencia relativa frente
a perturbaciones ambientales, sugiriendo la existencia de mecanismos
compensatorios que favorecen su supervivencia en escenarios de cambio

climatico (Ross et al., 2023).

La integracion de los resultados obtenidos permite proponer un
modelo conceptual unificado en el que la exposicion ciclicay prolongada
a episodios de hipoxia seguidos de reoxigenacion desencadena una
repriorizacion epitranscriptomica en el hospedador, orientada a
optimizar la supervivencia celular. Esta reprogramacion molecular
conlleva una respuesta inmunometabolica compensatoria, caracterizada
por la supresion de vias inmunologicas de alta demanda energética y por

una modificacion estructural en la composicion del microbioma (Burnett
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& Burnett, 2022; Sui et al., 2017; Zhan et al., 2022). En este contexto, se
favorece la seleccion de comunidades microbianas mas anaerobias y con
menor grado de mutualismo (Golub et al., 2024). La disfuncion
microbiana resultante intensifica el estrés fisiolégico del organismo,
comprometiendo su homeostasis y afectando negativamente su salud a
largo plazo (Miro-Blanch & Yanes, 2019). Esta interaccion dindmica y
bidireccional entre el hospedador y su microbiota, bajo condiciones
sostenidas de estrés oxidativo y restriccion energética, emerge como un
eje central en los mecanismos de resiliencia ambiental observados en

bivalvos (Balbi et al., 2021).

Si bien este estudio sienta las bases transcriptomicas,
epitranscriptomicas y microbioldgicas de la respuesta al estrés, un marco
verdaderamente integrador del holobionte requiere la incorporacion de
capas omicas adicionales. Estudios futuros deberian dirigirse hacia una
aproximaciéon multiomica que incluya la epigendmica, para descifrar los
mecanismos de memoria transcripcional a largo plazo inducidos por la
hipoxia (Brown & Rupert, 2014; Leung et al., 2013); la protedmica, para
validar funcionalmente los cambios observados a nivel de ARN vy

cuantificar las respuestas enzimaticas clave (Kim et al., 2025); y la
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metabolomica, para caracterizar el perfil de metabolitos resultante y
cerrar la brecha entre la expresion génica y el fenotipo fisiologico final
(Yang et al., 2023). La integracion de estos datos mediante enfoques de
biologia de sistemas permitiria modelar las redes de regulacion del

holobionte en su totalidad, identificando nodos criticos de resiliencia.

Ademas, futuros estudios deberian incorporar tecnologias de
célula anica (single-cell y single-nucleus RNA-seq), capaces de resolver
la heterogeneidad celular en tejidos clave como branquias y glandula
digestiva (Denisenko et al., 2020; Jin et al., 2025). Este enfoque
permitiria identificar subpoblaciones celulares con distinta sensibilidad
a la hipoxia, mapear circuitos inmunometabolicos especificos y
descubrir células centinela responsables de coordinar la respuesta del
holobionte. Integrar estos datos con otras capas Omicas abriria la
posibilidad de construir atlas celulares de resiliencia en bivalvos, recurso

estratégico para la investigacion basica y la acuicultura adaptativa.

Maés alla de su valor en la investigacion basica, los resultados de
esta tesis presentan implicancias directas para la acuicultura sostenible.

Las firmas epitranscriptomicas identificadas, como los motivos GGACA
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y GGACC, podrian ser utilizadas como biomarcadores tempranos de
estres hipdxico en sistemas de monitoreo ambiental. A largo plazo, la
caracterizacion funcional de las enzimas writers y erasers de m°A en M.
chilensis abre la posibilidad de desarrollar estrategias nutracéuticas o
programas de seleccion genética orientados a promover individuos con
respuestas epitranscriptdmicas mas resilientes (Pilala et al., 2025). De
forma complementaria, la manipulacion especifica del microbioma
mediante  consorcios  probidticos disefiados —por  ejemplo,
formulaciones orientadas a la reposicion de bacterias del orden
Rhodobacterales— (Zhao et al., 2025) se perfila como una estrategia
prometedora de manejo microbiologico para mitigar la disbiosis inducida
por hipoxia y optimizar la productividad en condiciones de oxigenacion

fluctuante.

De igual modo, la aplicacion de técnicas de enriquecimiento para
modificaciones epitranscriptomicas, la validacion funcional de genes
clave mediante herramientas como CRISPR-Cas9, y el uso de
metagendmica shotgun para una caracterizacion funcional mas profunda
del microbioma, representan pasos logicos para avanzar en la

comprension del holobionte (Sandoval-Quintana et al., 2023; Sarkar et
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al., 2021; Yang et al., 2025). Asimismo, la evaluacion de estresores
multiples y la comparacion entre poblaciones genéticamente
diferenciadas permitiran extrapolar los resultados a contextos ecoldgicos

mas amplios y robustos.

En conjunto, esta investigacion demuestra que la resiliencia de M.
chilensis frente a la hipoxia es una propiedad emergente del holobionte,
resultado de interacciones dindmicas entre la expresion génica del
hospedador, la regulacion epitranscriptomica y la composicion de su
microbioma. Estos hallazgos no solo profundizan la comprension de los
mecanismos moleculares y ecologicos que sustentan la adaptacion de los
bivalvos, sino que también proporcionan un marco conceptual robusto y
herramientas técnicas aplicables al desarrollo de estrategias de manejo
sostenible en acuicultura, especialmente en el contexto de creciente

presion ambiental derivada del cambio climatico.
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CONCLUSION

La presente tesis doctoral abordd de manera integral la respuesta
fisioldgica y molecular del molusco bivalvo M. chilensis frente al estrés
por hipoxia y posterior reoxigenacién, mediante un enfoque multiescala
que integré analisis transcriptomicos, epitranscriptomicos vy
microbiologicos. Los resultados obtenidos permiten delinear un modelo
de afectacion sistémica que compromete tanto al hospedador como a sus
comunidades microbianas asociadas, consolidando el concepto de
holobionte como unidad funcional de estudio en contextos de estrés

ambiental.

En el primer capitulo, se evidencié una notable plasticidad
transcriptomica en tejidos clave —branquias, glandula digestiva y
musculo aductor— bajo condiciones de hipoxia prolongada. La
modulacion de rutas metabolicas centrales, como el ciclo de Krebs, junto
con la regulacion de vias de sefializacion asociadas a mTOR y apoptosis,
sugiere una estrategia adaptativa orientada a la conservacion energética
y a la inmunosupresion sistémica. Estos hallazgos revelan una
priorizacion funcional por parte del hospedador destinada a optimizar su

supervivencia en entornos adversos.
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El segundo capitulo demostré que estas alteraciones fisiologicas
se correlacionan con una disbiosis microbiana significativa. El analisis
del microbioma, mediante secuenciacion del gen 16S rRNA, evidencio
una transiciobn hacia comunidades dominadas por anaerobios
facultativos, acompafiada de una disminucion de taxa comensales
beneficiosos como Rhodobacterales, y un aumento en la abundancia de
géneros patdgenos oportunistas como Vibrio y Aeromonas. Este
desequilibrio compromete la funcionalidad del holobionte, afectando

negativamente procesos metabodlicos e inmunoldgicos esenciales.

En el tercer capitulo, la aplicacion de secuenciacion directa de
ARN mediante tecnologia Nanopore permitié una caracterizacion sin
precedentes de la regulacidbn génica post-transcripcional. La
identificacion de modificaciones epitranscriptomicas como m°C, m°A 'y
pseudouridinas, junto con la correlacion entre la longitud de la cola
poli(A) y los niveles de expresion génica, resalta el rol central de la
epitranscriptomica en la respuesta répida de M. chilensis frente a

condiciones hipdxicas. Ademas, se generd un catalogo funcionalmente
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anotado de transcritos, constituyendo un recurso bioinformatico de alto

valor para investigaciones futuras en genémica funcional de bivalvos.

En conjunto, esta investigacion demuestra que la resiliencia de M.
chilensis frente a la hipoxia constituye una propiedad emergente del
holobionte, resultado de interacciones dindmicas entre la expresion
génica del hospedador y la estructura de su microbioma. Los hallazgos
aqui presentados no solo profundizan en la comprension de los
mecanismos moleculares y ecoldgicos que subyacen a la adaptacion de
los bivalvos, sino que también proporcionan un marco conceptual
robusto y herramientas técnicas aplicables al desarrollo de estrategias de
manejo sostenible en acuicultura, particularmente en un escenario de

creciente presion ambiental asociada al cambio climatico.
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