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ABSTRACT

Due to the unique environmental conditions and biological characteristics of Antarctic marine
environments, the effects of climate change can be devastating and may reflect future scenarios for
other regions. Antarctica is also a sink for some pollutants such as trace elements and the Antarctic
Peninsula is considered among the most affected areas by global change on the planet. The main
objective of this thesis is to deepen the knowledge of the Antarctic marine benthic ecosystems
studying biological interactions and the potential effect of environmental change. In shallow
Antarctic benthos, sponges often dominate the communities being a source of carbon for predators
like the nudibranch Doris kerguelenensis, a generalist spongivore. In Deception Island it was found
upon various species of sponges. Analyses of C and N stable isotopes and fatty acids of this mollusc,
the most abundant sponges in the area, and some primary producers were performed. The mollusc
feeds upon the sponges Dendrilla antarctica, Mycale acerata, Haliclona sp., and Axinella crinita, but
not exclusively. In Antarctica, a previous study detected a gradient in trace elements, larger to the
north (higher human presence) and decreasing towards the south. The presence of Cr, Pb, and Hg
was analyzed here in a benthic community along the Antarctic Peninsula, demonstrating that the
concentration of these elements was influenced by local conditions rather than by the north-south

human activity gradient.

Sponges maintain a very close relationship with their microbiota, which performs vital functions for
the animal. To evaluate the effect of heat stress on their microbiota, experiments were carried out
exposing sponges from different habitats to heat stress. The microbiota of the Antarctic sponges
seems to be more resistant to heat stress than that of temperate and tropical sponges, although the
effects on the physiology of the sponge remain to be investigated. Sponges use secondary
metabolites as defensive compounds. The chemical profile of Dendrilla antarctica showed a high
intraspecific variability, but also a differentiation in the predominant metabolites in sponges from
different islands. A new diterpene, deceptionin, was characterized. In conclusion, the study of
benthic communities from different perspectives has allowed us to build a broader picture of the

functioning and conditions of these little-known inhabitants of polar waters.












RESUMEN

Debido a las condiciones ambientales y caracteristicas bioldgicas Unicas de los ambientes marinos
antdrticos, los efectos del cambio climatico pueden ser devastadores y pueden reflejar el posible
futuro a gran escala de los ecosistemas marinos. La Antartida es, ademas, un sumidero de algunos
contaminantes como los elementos traza y la peninsula Antartica se considera una de las zonas mas
afectadas por el calentamiento global de todo el planeta. El objetivo principal de esta tesis ha sido
profundizar en el conocimiento de los ecosistemas benténicos marinos antarticos estudiando las
interacciones bioldgicas y el efecto del cambio global. En el bentos somero antartico, las esponjas
dominan la comunidad siendo fuente de C para una serie de depredadores como el nudibranquio
Doris kerguelenensis, un espongivoro generalista. En isla Decepcidn se observé la presencia de este
sobre diversas especies de esponjas. El andlisis de isétopos estables de Cy N y de acidos grasos de
este molusco y las esponjas mas abundantes de la zona, y de algunos productores primarios
demostraron que el molusco se alimenta, aunque no exclusivamente, de las esponjas Dendrilla
antarctica, Mycale acerata, Haliclona sp. y Axinella crinita. En un estudio previo en la Antartida se
detectd un gradiente norte-sur en la concentracion de elementos traza, siendo mayor al norte (con
mayor presencia humana). En nuestro trabajo se detectaron elementos traza (Cr, Pb, Hg) en una
comunidad bentdnica a lo largo de la Peninsula Antartica, demostrando que la concentracion de
estos estaba mas influenciada por las condiciones locales que por el gradiente norte-sur de la

actividad humana.

Las esponjas mantienen una relacion muy estrecha con su microbiota, la cual realiza funciones
vitales para el animal. Se evalud el efecto de un estrés térmico en la composicion y estructura de la
microbiota de las esponjas, siendo las esponjas antarticas mas resistentes al estrés térmico que la
de esponjas templadas y tropicales, aunque el efecto en la fisiologia de la esponja es desconocido.
Las esponjas utilizan metabolitos secundarios como compuestos de defensa. El perfil quimico de la
esponja Dendrilla antarctica mostré una alta variabilidad intraespecifica, y variabilidad en esponjas
de diferentes islas. Se caracterizé un nuevo diterpeno, la decepcionina. En conclusién, el estudio de
las comunidades bentdnicas desde diferentes perspectivas nos ha permitido construir una imagen
mas amplia del funcionamiento y condiciones de estos poco conocidos habitantes de las aguas

polares.
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INTRODUCCION GENERAL

1. La Antartiday el océano Austral

La Antartida constituye la masa terrestre situada mas al sur del planeta, y se encuentra aislada del
resto de zonas emergidas y rodeada por el océano Austral. Los movimientos tectdnicos que llevaron
al aislamiento de este continente y su océano finalizaron hace unos 25-35 millones de afios, con la
apertura del paso de Drake y la formacion de la corriente Circumpolar Antartica (Barker and Burrell,
1977; Livermore et al., 2004; Pfuhl and McCave, 2005; Barker et al., 2007; Lyle et al., 2007) (Figura
1). Este aislamiento, junto a la limitada radiacién solar recibida debido a su latitud, llevd a la
completa glaciacidn del continente y las aguas que lo rodeaban (Barker and Burrell, 1977; Livermore

et al., 2004; Pfuhl and McCave, 2005; Barker et al., 2007).

El continente antartico se divide en dos grandes regiones, separadas por las montaias
Transantdrticas: la Antartida Oriental (East Antarctica), de mayor area y salvo algunas zonas
costeras, cubierta permanentemente de un casquete glaciar o indlandsis de unos 3 km de grosor
medio; y la Antartida Occidental (West Antarctica), de terreno mas irregular y de la que forma parte
una alargada peninsula que alcanza latitudes tan al norte como 63°S, llamada Peninsula Antartica
(Figura 1) (Ferraccioli et al., 2006). La Antartida Oriental esta principalmente dominada por un
desierto helado, mientras que la Antartida Occidental comprende una serie de plataformas de hielo

y regiones costeras con un clima mas suave que el de la Antartida continental.

e
\ !
X

Antartida *‘

Figura 1. El continente antartico y el océano Austral.
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Rodeando el continente, y extendiéndose aproximadamente hasta los 60°S, se encuentra el océano
Austral. Esta masa de agua estd separada de los océanos con los que limita por una abrupta
transicién llamada Frente Polar Antartico o Convergencia Antdrtica, que aisla las frias aguas polares
de océanos mas cdlidos (Bargagli, 2008). Este, junto a la corriente Circumpolar Antartica, forman el
mayor sistema de corrientes del planeta, y fluyen en sentido horario impulsados por los fuertes
vientos del oeste (westerlies) (Lin et al., 2018). Estas corrientes y el océano Austral tienen una gran
influencia sobre las condiciones ambientales de la Antartida, especialmente de la Antdrtida
maritima, es decir, las zonas costeras, y especialmente la regién de la peninsula Antartica. Las
corrientes aislaron térmicamente el continente, lo que favorecié que la temperatura del océano
Austral cayera (actualmente entre -2 y 2°C), lo que a su vez llevé al enfriamiento del continente
(Francis et al., 2008). Este y otros factores ambientales llevan a considerar estas regiones ambientes
extremos, ya que representan limites maximos o minimos de determinados factores ambientales a
nivel del planeta. Las bajas temperaturas, junto a una fuerte estacionalidad en la irradiacion solar y
la productividad primaria, debido a la latitud y los procesos del hielo marino, son algunas de las
condiciones a las que se han adaptado los organismos antdrticos a lo largo de la evolucidn. Esto,
ademas de los periodos de glaciacién-deglaciacion, han favorecido la aparicidon de nueva biota, que
presenta un alto grado de endemismo (Linse et al., 2007; Griffiths et al., 2008; Downey et al., 2012),
ademas de toda una serie de adaptaciones para lidiar con estas exigentes condiciones (Peck, 2018;

Molina et al., 2022; Morley et al., 2022a).

2. La peninsula Antartica y las islas Shetland del Sur

La peninsula Antartica es una de las areas mas accesibles del continente, tanto por su latitud, como
por la presencia de zonas libres de hielo, para estudiar las comunidades benténicas (Clark et al.,
2017). Se trata también de una de las regiones del continente con una mayor concentracion de

bases cientificas y actividad humana.

Las costas de la peninsula Antdrtica estdn bafadas por el lado oeste por el mar de Bellingshausen, y
por el lado este por el mar de Weddell. La zona de estudio en la que se enfoca este trabajo es la
peninsula Antdrtica Occidental y las Islas Shetland del Sur (Figura 2). La circulacién general en la
peninsula Antdartica Occidental esta influenciada por la corriente Circumpolar Antartica, que supone

una entrada de agua relativamente calida y dulce que viene del mar de Bellingshausen; y por la
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circulacién del estrecho de Bransfield, que supone una entrada oriental de agua relativamente fria
y salada del mar de Weddell (Sangra et al., 2011). El archipiélago de las islas Shetland del Sur (South
Shetland Islands) se encuentra al noroeste del extremo de la Peninsula Antartica y separado de esta

por el estrecho de Bransfield (Figura 2).

Figura 2. A. Zona de la peninsula Antartica B. Islas Shetland del Sur, en el extremo de la peninsula

Antartica.
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Las islas Shetland del Sur forman parte de la Antartida maritima, que como se ha mencionado
anteriormente, engloba las regiones del continente que estdan mas influenciadas por el océano
Austral, particularmente las costas y la zona de la peninsula Antartica. Poseen un clima suave, y
aunque estan en gran parte recubiertas de glaciares y nieve, sus costas tienen mas superficies libres
de hielo que las costas continentales, lo que favorece la presencia de comunidades bentdnicas
marinas (Teixidd et al., 2002; Clark et al., 2017). La peninsula Antartica es la regién antartica que se
ha visto mas afectada por el calentamiento global, y una de las dreas que se ha calentado mas
rapidamente del planeta (Vaughan et al., 2003; IPCC, 2022). Los diferentes estudios recogidos aqui
se centran en diversos puntos a lo largo de la costa oeste de la peninsula Antartica, y en dos de las
islas Shetland del Sur, Livingston y Decepcion (Deception). La isla Livingston es la segunda isla de
mayor area del archipiélago, después de Rey Jorge, y presenta una geologia similar a la del resto del
archipiélago. Presenta un relieve montafioso, numerosas bahias (por ejemplo, Sur, Falsa y Hero), y
peninsulas estrechas como Hurd, donde se encuentra la BAE Juan Carlos |, o Byers (Figura 3). Sus
costas son en gran parte frentes glaciares que llegan hasta el mar, algunos acantilados rocosos,
playas de arenay playas pedregosas. Los fondos rocosos cercanos a glaciares estan erosionados por
el hielo que se desprende de los glaciares (ice scouring) y el retroceso de los glaciares como
consecuencia del cambio climatico ha dejado expuestas nuevas zonas rocosas. Estos fondos rocosos
son un sustrato adecuado para las comunidades bentdnicas, que alcanzan altos niveles de biomasa
en estas zonas (Dayton et al., 1974; Echeverria et al., 2005; Mincks et al., 2005; Krymarys, 2011). Isla
Decepcion, por su parte, es una isla con forma circular situada al sur de Livingston, con una bahia
interior (Puerto Foster) que se abre al exterior por un estrecho en el sudeste de la isla (los Fuelles
de Neptuno) (Figura 4). Se trata de un volcan activo, cuyo crater hundido se inundé, formando la
bahia interior. Isla Decepcidn presenta por tanto una geomorfologia y caracteristicas diferentes al
resto de islas del archipiélago. Algunas zonas tienen propiedades fisicoquimicas especiales, con
temperaturas del agua mas elevadas, mas turbidez por la naturaleza del sustrato, fondos blandos, y
quimica asociada a la actividad volcanica (diferentes niveles de pH, mayores concentraciones de
elementos traza, o compuestos sulfurados disueltos) (Barnes et al., 2007). La mayor parte del fondo
marino de las costas de Isla Decepcién estd dominada por fondos blandos, compuestos de ceniza
volcdnica y lapilli, aunque también hay zonas de fondos rocosos, que es donde se concentran las
comunidades bentdnicas dominadas por macroalgas y organismos filtradores (Angulo-Preckler et
al., 2018a). Debido a sus particularidades, esta isla podria representar un caso de estudio para los

potenciales futuros efectos del cambio climatico en otras dreas de la Antartida.
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Ademas de servir como modelo del efecto del cambio climatico en las comunidades bentdnicas del
planeta, las comunidades bentdnicas de la Peninsula Antartica proveen de servicios ecosistémicos
gue hasta ahora no habian sido demasiado atendidos. Los océanos juegan un papel clave en el ciclo
del carbono, absorbiendo casi el 30% del carbono de origen antrdpico (Takahashi et al., 2012),
siendo la mitad de este absorbida por el océano Austral. Las comunidades de los fondos someros
de la Peninsula Antartica son un importante sumidero de este carbono (Morley et al., 2022b), otra
razdn mas para estudiar su estructura y funcionamiento para poder predecir los cambios que estan

y sufriendo y sufrirdn y gestionar su conservacion.
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Figura 4. Isla Decepcion.

3. Interacciones bioldgicas en el bentos marino de la Antartida: la red
trofica

La estructura de los ecosistemas benténicos marinos estd determinada por factores tanto
ambientales como bioldgicos. Entre los bioldgicos, la historia filogenética, las relaciones ecoldgicas
(simbiosis, competencia, depredacidn, entre otras), los ciclos de vida y las tasas de colonizacién de
los organismos son cruciales para la supervivencia (Angulo-Preckler et al., 2020). Ademas de los
factores ambientales que perturban naturalmente las comunidades marinas, como los cambios
estacionales, el aumento de la temperatura provocado por el calentamiento global y la acidificacién
de los océanos estan afectando la supervivencia de las especies. Asi, varias especies de
invertebrados estan experimentando un desplazamiento hacia otras dreas, o un aumento en las
tasas de mortalidad, lo que esta facilitando la introduccién y/o nueva colonizaciéon de especies
invasoras (Vaughan et al.,, 2003; Barnes et al., 2007; Avila et al., 2020). Dichos efectos se han

observado principalmente en las complejas comunidades complejas de los arrecifes de coral y en
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zonas templadas (Gordon and Leggat, 2010). En las regiones antarticas, las comunidades también
se consideran muy complejas (Dayton et al., 1974), aunque su estructura y su vulnerabilidad a los

cambios ambientales estdn lejos de comprenderse todavia.

Ademas de la historia evolutiva de las especies, existen otras relaciones entre organismos que son
vitales para comprender la diversidad, estructura y distribucién de las comunidades benténicas. En
una escala de tiempo corta, la ecologia tréfica ilustra el flujo de energia que conecta los diferentes
compartimentos de una comunidad bioldgica (ver (Gillies et al., 2013)). El bentos antartico es la
seccion mas representativa en numero de especies dentro de la red tréfica marina, pero sus
funciones e interacciones son poco conocidas. En sistemas con limitacién periddica de nutrientes
como los ecosistemas polares, se ha propuesto que el suministro de carbono es el principal agente
de control de la macrofauna del lecho marino (Piepenburg et al., 2002). Gran parte del bloom
estacional de plancton se deposita en el lecho marino (Mincks et al., 2005) y su acumulacién local
parece estar influyendo en la distribucion de las especies bentdnicas (Kim and Thurber, 2007). Asi,
los cambios en las fuentes de carbono podrian provocar cambios directos en la distribucién y
abundancia de la fauna bentdnica, alterando significativamente su estructura y funcién (Massom
and Stammerjohn, 2010). Por tanto, comprender la relacion entre las fuentes de carbono vy los
consumidores es fundamental para para evaluar los efectos de la pérdida de cualquier componente
de la red tréfica (Barbraud and Welmerskirch, 2001). La evaluacién del flujo de energia y de las
relaciones tréficas dentro de la comunidad es un requisito fundamental para determinar los cambios
futuros en la estructura y funcion en los ecosistemas (Post, 2002). Ademads, las relaciones de
alimentacién entre organismos vagiles y sésiles en estas regiones han sido poco exploradas en el
océano Austral, y su conocimiento es esencial para identificar las respuestas bioldgicas a los cambios

ambientales en la Antartida (Turner et al., 2014).

La red tréfica del bentos somero antartico es en general compleja (Norkko et al., 2007), con
predominancia de estrategias generalistas y omnivoria, en respuesta a una disponibilidad de
alimento marcada por la fuerte estacionalidad (Barnes and Clarke, 1995). En general, los
suspensivoros o filtradores y los detritivoros dominan las aguas poco profundas y profundas (Gutt
et al., 2013), pero en determinados contextos, como zonas altamente perturbadas por el hielo,
estrategias como los carrofieros juegan papeles importantes en el flujo de energia y materia (Smale,
2007). Las redes tréficas de los ecosistemas antarticos poco profundos son probablemente estables,

muy interconectadas y con interacciones plasticas entre los miembros de la comunidad (Gillies et
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al., 2013). Sin embargo, el conocimiento existente es demasiado limitado y es necesario realizar mas

estudios antes de poder generalizar.

4. Interacciones bioldgicas en el bentos marino: el microbioma de los
invertebrados bentdnicos

Existe otro tipo de interacciones muy comun en el medio marino: las asociaciones existentes entre
microorganismos e invertebrados. Las relaciones ecoldgicas que establecen comunidades
microbianas con sus huéspedes pueden ser transitorias, simbidticas o invasoras (patdégenas) (Taylor
et al., 2007; Ueoka et al., 2015). Hentschel y colaboradores demostraron que las esponjas de
diferentes costas contenian microbiomas mas estrechamente relacionados entre si que con los de
las aguas circundantes (Hentschel et al., 2003). La naturaleza de la relacidon entre microbios y
macroorganismos todavia no se comprende completamente (Gordon and Leggat, 2010). Se sabe
gue las relaciones simbidticas son positivas y, en ocasiones, vitales, ya que pueden proporcionar
una mayor disponibilidad de nutrientes para los huéspedes, asi como proteccidon contra la
depredacién y el fouling a través de metabolitos defensivos (p. ej., (Webster et al., 2004; Gordon
and Leggat, 2010). La simbiosis bacteriana en comunidades de esponjas (ej (Sacristan-Soriano et al.,
2020; Ruocco et al., 2021; Happel et al., 2022) se encuentran entre las simbiosis estudiadas en la
Antartida. Sin embargo, estan lejos de ser completamente descritas y aln mas lejos de establecer

su relaciéon con los huéspedes.

En general, los organismos sésiles como esponjas y corales albergan una rica comunidad bacteriana,
que es en general especifica de cada especie de invertebrado (Sacristan-Soriano et al., 2020). En el
caso de algunas esponjas se ha descrito que las poblaciones microbianas pueden representar hasta
el 40% de la biomasa total (Wilkinson, 1978). Hasta el momento, se han encontrado mas de 30 filos
en estrecha asociacion con esponjas en todo el mundo (Fuerst, 2014). Se han asociado distintas
comunidades microbianas a diferentes especies de esponjas recolectadas en un solo lugar (Jackson
et al., 2012), lo que respalda la importancia de estas comunidades en la historia evolutiva de la
esponja. La ruptura de estas asociaciones debido a perturbaciones en los ecosistemas puede

resultar en la muerte del huésped (Ramsby et al., 2018).

El estudio de los simbiontes bacterianos es complejo debido a las limitaciones que plantean las

diferentes tecnologias disponibles (Ranjan et al., 2016; Callewaert et al., 2018; Pollock et al., 2018).
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Los estudios dependientes de cultivo hacen uso de diferentes medios de cultivo ricos o selectivos
para grupos particulares de bacterias para cubrir el maximo nivel de diversidad. Se estima que los
métodos basados en cultivos pueden identificar o aislar solo del 0.1 al 1% de la diversidad bacteriana
esperada (Staley and Konopka, 1985), suponiendo una distribuciéon uniforme de las especies. Con
este enfoque ha sido posible aislar miembros de los filos Actinobacteria, Bacteroidota,
Cyanobacteria, Firmicutes, Planctomycetota, Proteobacteria y Verrucomicrobiota (Taylor et al.,
2007). Las metodologias independientes de cultivo han revelado un nimero significativo de
especies que no habian sido cultivadas hasta el momento. Entre la metodologia independiente de
cultivo, las técnicas de secuenciacidon de nueva generacion (o Next Generation Sequencing) de
bibliotecas de amplicones de PCR son ampliamente utilizadas ya que proporcionan una enorme
cantidad de datos en un solo experimento, siendo la secuenciacién del gen 16S rRNA uno de los mas
utilizados (Callewaert et al., 2018). Sin embargo, estas técnicas tienen la limitacién de que algunas
bacterias pueden no ser detectadas (quizas por su baja abundancia relativa o por la baja eficiencia
de unién de los cebadores a determinadas especies diana). Por ejemplo, algunas especies que se
han aislado mediante métodos dependientes del cultivo y que pueden desempefiar un papel
importante en la esponja, no se detectan mediante andlisis metagendmicos (Sun et al., 2010;

Jackson et al., 2012).

Muy pocos estudios han evaluado el efecto del incremento de la temperatura en el microbioma o
lo han comparado en organismos de diferentes latitudes (pero ver (Cardenas et al., 2018). La
vulnerabilidad de las especies antarticas nos podria sugerir que los organismos polares serian mas
sensibles al incremento de temperatura que aquellos de zonas tropicales y templadas, aunque no

hay estudios previos que lo demuestren.

5. Interacciones bioldgicas en el bentos marino de la Antartida: ecologia
guimica

La mayoria de las interacciones bioldgicas entre organismos marinos, a nivel intra e interespecifico

y entre estos y su entorno, estan mediadas por metabolitos secundarios (productos naturales). Su

estudio proporciona asi informacion sobre la ecologia y biologia de las especies involucradas, y sobre

el funcionamiento y estructura de la comunidad. La red tréfica bentdnica antdrtica, con ecosistemas

formados principalmente por organismos sésiles, esta sujeta a una intensa depredacion,

principalmente causada por macroinvertebrados vagiles con habitos oportunistas omnivoros
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(Dayton et al., 1974). Algunos de los principales depredadores de estas comunidades bentdnicas
son la estrella de mar Odontaster validus y el nemertino gigante Parborlasia corrugatus (Angulo-
Preckler et al., 2020). También algunas especies de anfipodos bentdnicos son consumidores
importantes, ya que forman densas poblaciones asociadas con biosustratos como las esponjas o los
briozoos, que representan tanto habitats o refugios tridimensionales como fuentes potenciales de
alimento para estos pequenos crustaceos (Nufiez-Pons et al., 2012). La presién localizada ejercida
por estos anfipodos sedentarios a veces es mas influyente que la causada por depredadores mas
grandes, como peces o equinodermos. Ademds de la depredacidn, la competencia por el espacio y
la invasion microbiana (fouling) son fuentes de estrés ecoldgico que afectan a los organismos sésiles
bentdnicos (Figuerola et al., 2013; Angulo-Preckler et al., 2015, 2018b). La principal estrategia
defensiva descrita en los invertebrados bentdnicos para evitar la depredacion, la competencia o el
fouling es a través de defensas quimicas, a menudo mediante la produccién de metabolitos
secundarios, considerados asi por la falta de una funcidn metabdlica primaria. Asi, las presiones
ecoldgicas, junto con las estrategias de defensa quimica estructuran en gran medida las
comunidades benténicas en la Antdrtida, por lo que su estudio es de vital importancia para
comprender la dinamica de estos sistemas (Avila et al., 2008; Nufiez-Pons and Avila, 2015; Avila,
2016). De hecho, las moléculas con actividades de proteccién ecoldgica han demostrado ser muy
comunes en los organismos del océano Austral (Tabla 1) (Moles et al., 2015; Nufiez-Pons and Avila,
2015; Angulo-Preckler et al., 2020). Sin embargo, hasta el momento, casi nada se sabe acerca de las
defensas quimicas inducidas (por ejemplo, debido a la presién de depredacién), un fenémeno bien
conocido en los habitats terrestres entre insectos y plantas (Chen and Mao, 2020; Pereira et al.,
2021). Algunos de estos productos quimicos también han demostrado ser Utiles para humanos,
como precursores de moléculas activas para disefiar nuevos farmacos (e.g., (Avila et al., 2008;
Taboada et al., 2010; Avila and Angulo-Preckler, 2021) o con aplicaciones en la industria (Tian et al.,

2020).

De hecho, la naturaleza ha proporcionado a la humanidad una amplia variedad de compuestos
farmacolégicamente activos que se utilizan como farmacos para combatir varias enfermedades
mortales y como estructuras principales para nuevas drogas sintéticas (Newman and Cragg, 2016).
Los océanos son la fuente de muchos compuestos naturales Unicos producidos o acumulados por
invertebrados, microorganismos, algas y plantas vasculares (Khalifa et al., 2019a; Tian et al., 2020;
Ren et al., 2021). Es probable que estos productos naturales sean el resultado de presiones

evolutivas, como la depredacion o la competencia (Avila et al., 2008), y se han transformado en
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compuestos estructuralmente diversos con actividad bioldgica especifica, que rara vez se
encuentran en organismos terrestres (Carroll et al., 2022). El primer descubrimiento de metabolitos
marinos biolédgicamente activos fueron los nucledsidos aislados de una esponja del Caribe en Ila
década de 1950, que luego se usaron como elementos basicos para la elaboracién de medicamentos
antivirales comerciales (Ara-A (aciclovir) o Ara-C) (Sotomayor et al., 2002; Balzarini et al., 2016). Los
principales intentos de utilizar organismos marinos para obtener nuevos medicamentos
comenzaron a fines de la década de 1960. Desde entonces, varios grupos han estado activos en el
descubrimiento de farmacos marinos, y hasta el momento han informado de mas de 39000
productos naturales diferentes, muchos de los cuales tienen actividades farmacoldgicas (MarinLit).
La investigacion sobre productos naturales marinos ha tenido éxito hasta ahora en el
descubrimiento de farmacos con cinco productos ya en el mercado: Ara-C anticancerigeno, “Prialt”
analgésico y “Yondelis” y mesilato de erubilina anticancerosos (Khalifa et al., 2019; Shinde et al.,
2019). Varios compuestos (principalmente de invertebrados marinos) se encuentran actualmente
en etapas avanzadas de ensayos clinicos, principalmente como medicamentos contra el cancer
(Matulja et al., 2020). Por lo tanto, las posibilidades de encontrar candidatos a farmacos en este
campo son especialmente altas. Pero las fuentes marinas estan mucho menos exploradas que las
fuentes terrestres. Solo se ha analizado la composiciéon quimica del 1% de las especies marinas
registradas (Carroll et al., 2022). Alrededor del 10% de las 145.000 sustancias naturales descritas
provienen de organismos marinos (Carroll et al., 2022). Asi pues, las posibilidades de descubrimiento
de nuevos compuestos marinos y los campos de aplicacion siguen abiertos. Las funciones ecoldgicas
de los metabolitos secundarios para los organismos marinos, como la actividad antibacteriana para
evitar infecciones, la citotdxica para disuadir a los depredadores o la anti-fouling para evitar el
crecimiento de organismos en su superficie, suponen una fuente de recursos para avanzar en la
investigacion de remedios para enfermedades todavia sin cura como el cancer o enfermedades
infecciosas, y también para aportar soluciones a uno de los retos de salud del presente y futuro

cercano como son las resistencias a antibioticos.

El papel ecoldgico sin embargo estd muy poco estudiado, aunque se han llevado a cabo
experimentos para testar la capacidad de disuadir la depredacidn, de inhibir microorganismos
patdgenos, o la citotoxicidad con extractos y moléculas de diversos organismos, como una

importante representacion de organismos antarticos (Tabla 2; Angulo-Preckler et al., 2020).
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Tabla 1. Productos naturales de organismos bentdnicos antarticos descritos entre 2000-2018. Tabla

extraida de Angulo-Preckler et al. 2020.

Natural Products Phyllum Taxa Location References
Cystosphaerol Ochrophyta Cystosphaera jacquinotii WAP, South Shetland Islands Ankisetty et al. 2004b
Bromoform Desmarestia anceps WAP, South Shetland Islands Ankisetty et al. 2004b
Plastoquinones Desmarestia menziesii WAP, South Shetland Islands Ankisetty et al. 2004b
Phlorotanins, Acetogenins, Diterpenes Desmarestia menziesii, D. anceps, D. antarctica WAP, South Shetland Islands Ankisetty et al. 2004b

Himantothallus grandifolius, Ascoseira
mirabilis, Cystosphaera jacquinotii
Halogenated furanones, Pulchralides, Rhodophyta Delisea pulchra WAP, South Shetland Islands Ankisetty et al. 2004b
Halogenated organic compounds Delisea pulchra, Plocamium cartilagineum WAP, South Shetland Islands Maschek and Baker 2008
Halogenated terpenes Delisea pulchra, Plocamium cartilagineum, WAP, South Shetland Islands Argandona et al. 2002
Pantoneura plocamioides
Sulfated polysaccharides Iridaea cordata WAP, South Shetland Islands Kimetal.2017
P-hydroxybenzaldehyde,P-methoxyphenol Myriogramme smithii WAP, South Shetland Islands Ankisetty et al. 2004b
Epi-plocameneD Plocamium cartilagineum WAP, South Shetland Islands Ankisetty et al. 2004b
Norselic acids A-E Porifera Crella sp. Anvers island Ma et al. 2009
Darwinolide, Membranolide B, C, and D, Dendrilla membranosa Anvers Island Ankisetty et al. 2004, Witowski 2015, von
Dihydrogracilin A Salmetal. 2016, Ciaglia etal. 2017
Antifreeze peptide Homaxinella balfourensis McMurdo Sound Wilkins et al. 2002
Erebusinone, 3-Hydroxykyrunenine, Methyl Isodyctia erinacea Ross Island (20-30 m) Moon et al. 2000, Vankalaya et al. 2017
3-hydroxyanthranilate
Organohalogens Kirkpatrickia variolosa, Artemisina apollinis, King George Island Vetter and Janussen, 2005
Phorbas glaberrima, Halichondria sp., Leucetta
antarctica
Discorhabdin G Latrunculia apicalis McMurdo Sound Furrow et al. 2003
Discorhabdins, Tsitsikammamines Latrunculia biformis (deep sea sponge) Weddell Sea (303 m) Li etal. 2018
Discorhabdin R Latrunculia sp. Prydz Bay (depth of 544 m) Ford and Capon, 2000
Flabellone Lissodendoryx (Lissodendoryx) flabell Terranova Bay Cutignano etal. 2012
Suberitenones Aand B, Phorbas aerolatus Deception Island Solanki etal. 2018
Oxapyrosuberiterone, Isosuberiterone B, 19-
episuberiterone B, Isoxaspirosuberiterone
Caminatal, Oxaspirosuberitenone, 19- Suberites caminatus King George Island Diaz-Marrero et al. 2003, 2004
episuberiterone B, Suberiterone B
Suberitenones C and D, Suberiphenol Suberites sp. King George Island Lee et al. 2004
Linderazulene, ketolactone, C-16-Azulenoid Cnidaria Acanthogorgia laxa South Shetland Island Patifio-Cano etal. 2018
Ainigmaptilone Aand B Ainigmaptilon antarcticus Weddell Sea Iken and Baker, 2003
Illudalane sesquiterpenes Alcyonium antarcticum, A. grandis, A. haddoni, Weddell Sea, Deception Is. Carbone et al. 2009, Nufiez-Pons et al. 2013
A. paucilobulatum, A. roseum
Paesslerins Aand B Alcyonium paessleri South Georgia Islands Rodriguez Brasco et al. 2001
Alcyopterosins A-O Alcyonium paessleri South Georgia Islands Palermo etal. 2000
Steroids Anthomastus bathyproctus South Shetland Island Mellado et al. 2005
Trans-beta-farnesene, Isofuranodiene, Dasystenella acanthina Terranova Bay (deep water) Gavagnin etal. 2003
Furanoeudesmane
Hodgsonal Mollusca Bathydoris hodgsoni Weddell Sea Iken et al. 1998; Avila et al. 2000
Granuloside Charcotia granulosa Deception Is., Livingston Is. Cutignano etal. 2015; Moles etal. 2016
Diterpene glyderides Doris kerguelenensis Weddell Sea, Ross Sea and lken et al. 2002; Cutignano etal. 2011;
Antarctic Peninsula Maschek et al.2012; Wilson et al. 2013
Tambjamine A Bryozoa Bugula longissima Antarctica Lebar et al. 2007

Asterosaponins and steroids
Disulphated polyhydroxysteroids
Liouvilloside Aand B

Triterpene glycosides

Rossinones

Aplicyanins A-F
Meridianins
Rossinone B
Meridianins
Rossinone Aand B

Palmerolide A, Hyousterones A-D and
Abeohyousterone

Echinodermata

Tunicata

Diplasterias brucei

Gorgonocephalus chilensis

Staurocucumis liouvillei

Staurocucumis liouvillei, S. turqueti, Achlionice
violaecuspidata

A. falklandicum, A. fuegiense, A. meridi 1
A. millari, Synoicum adareanum

Aplidium cyaneum

Aplidium falklandicum, A. meridianum
Aplidium fuegiense

Aplidium meridianum, Synoicum sp.
Aplidium sp.

Synoicum adareanum

Terra Nova Bay
Antarctica (unknown locality)
Antarctica (unknown locality)

Weddell Sea

Weddell Sea

Weddell Sea
Weddell Sea
Weddell Sea
South Georgia Is., Anvers Island
Ross Sea

Anvers Island

Ivanchina et al 2006, 2011
Maier etal. (2000)
Maier et al. (2001)

Antonov et al. 2008; 2009; 2011; Silchenko et
al. 2013
Nufiez-Pons et al. 2010;2012b

Reyes et al. 2008
Nufiez-Pons et al. 2015
Carbone et al.2012; Nufiez-Pons et al. 2012b
Lebar and Baker 2010
Appleton et al. 2009
Diyabalanage 2006, Miyata 2007, 2008
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Tabla 2. Bioactividad de productos naturales de organismos bentdnicos antdrticos. Tabla extraida

de Angulo-Preckler et al. (2020).

Phyllum

Taxa Feeding deterrence

Macropredator Mesopredator

Bioactivity

Antimicrobial Citotoxicity Antifouling Antifreezin Growth
activity ftotoxicity Antifouling ANUTIEEZING 1 pipition

Allellopathy

Ochrophyta

Rhodophyta

Porifera

Cnidaria

Mollusca

Echinodermata

Tunicata

Ascoseira mirabilis *
Cystosphaera jacquinotii *
Desmarestia anceps *
Desmarestia antarctica *
Desmarestia mensiezii *
Hymantothallus grandifolius *
Delisea pulchra

Iridaea cordata *
Myriogramme smithii
Palmaria decipiens
Pantoneura plocamioides
Plocamium cartilagineum
Artemisina apollinis
Crella sp.

Dendrilla membranosa
Halichondria sp.
Homaxinella balfourensis
Isodictya erinacea

Kirk patrickia variolosa
Latrunculia apicalis *
Latrunculia biformis

Latrunculia sp.

Leucetta antarctica

Lissodendoryx flabellata

Phorbas areolatus *
Phorbas glaberrima
Suberites caminatus
Ainigmaptilon antarcticus
Alcyonium antarcticum
Alcyonium grandis
Alcyonium haddoni *
Alcyonium paessleri
Alcyonium paucilobulatum
Alcyonium roseum
Dasystenella acanthina
Bathydoris hodgsoni *
Doris kerguelenensis *
Achlionice violaecuspidata
Diplasteria brucei
Gorgonocephalus chilensis
Staurocucumis liouvillei
Staurocucumis turqueti
Aplidium cyaneum
Aplidium falklandicum
Aplidium fuegiense
Aplidium meridianum
Aplidium millari

Synoicum adareanum

*

*

*

*

*

*
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6. Impacto antropogénico en las comunidades bentdnicas: calentamiento
global

El calentamiento global como consecuencia de la actividad humana es uno de los mayores desafios
a los que se enfrenta la sociedad actual y estd generando un gran impacto en los ecosistemas.
Futuros escenarios de cambio climatico prevén un aumento de 1.8-4 °C en la temperatura superficial
del mar y un aumento proyectado del doble en la concentracién atmosférica de CO; para 2100, lo

que provocaria la acidificacion de los océanos (Bell et al., 2013; IPCC, 2022).

Debido a su aislamiento y evolucién independiente, los ambientes marinos antarticos poseen
caracteristicas Unicas, pero ello no impide que se vean también afectados por los efectos del cambio
global y otros impactos antropogénicos. A pesar de la aparente estabilidad ambiental en el
ecosistema marino antartico, existen fuentes de variabilidad y perturbaciones ambientales, como la
fuerte estacionalidad, los cambios en la capa de hielo, la accién erosiva producida por los icebergs
(Orejas et al., 2000; Barnes et al., 2007). Tanto estos factores ambientales, como las interacciones
entre organismos juegan un papel importante en la estructuracion de las comunidades (Dayton et
al., 1974; Paul et al., 2007), y los cambios en las condiciones ambientales asociados al fendmeno del
cambio global pueden afectar a ambos compartimentos. Ademas de verse afectados los habitats del
continente, los efectos del cambio climatico en la Antartida tienen o tendran consecuencias a nivel
global, ya que esta regidn tiene un papel vital en la regulacion del clima del planeta y las corrientes

marinas, entre otros.

Algunos estudios han demostrado una adaptacidn de la comunidad simbidtica de esponjas de los
arrecifes de coral, que se vuelve mas termotolerante (Oliver and Palumbi, 2011). Sin embargo, los
organismos de las regiones polares parecen ser mas vulnerables en comparacién con otras regiones
(Peck, 2005), dado que las especies polares son en general estenotermas y, por lo tanto, menos
capaces de soportar cambios de temperatura (Peck and Conway, 2000). Ademas, una de las regiones
antdrticas que mas se estd calentando en los ultimos afios es la Peninsula Antartica (Vaughan et al.,
2003; IPCC, 2022), pero las consecuencias de los cambios térmicos y otras alteraciones sobre los

organismos y sus comunidades estan todavia poco estudiadas (Peck, 2018).

Las alteraciones provocadas por el cambio climatico en las comunidades marinas se reportan cada
vez mas en todo el mundo. Sin embargo, aunque el aumento gradual proyectado en la temperatura
media superficial desde el presente hasta 2100 ha sido una caracteristica de la mayoria de los

estudios, es probable que las olas de calor marinas representen una amenaza mas inmediata y
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potencialmente devastadora (Garrabou et al., 2022). Los impactos de los eventos de temperatura
extrema se han reconocido durante mucho tiempo en los habitats tropicales (por ejemplo, el
blanqueamiento generalizado de corales; (Hughes et al., 2017), pero los impactos en los ecosistemas
marinos templados y polares solo se han reconocido mas recientemente (Pertierra et al., 2017,

2021).

7. Impacto antropogénico en las comunidades benténicas: contaminacion

Otro de los impactos antropogénicos que mas estd afectando al continente antartico es la
contaminacién por elementos traza. Esta contaminacidn tiene origen tanto global, proveniente de
otros continentes, como local, producida por la actividad humana, como el turismo o las bases

humanas (Bengtson Nash et al., 2011).

La contaminaciéon marina es un problema ambiental creciente en la actualidad (Hader et al., 2020).
En la Antartida y el Océano Austral, los efectos de las actividades antropogénicas son visibles y
amenazan la sostenibilidad de los delicados ecosistemas de esta region (Gutt et al., 2021). En el
pasado considerada una regidén pristina, la Antartida constituye un sumidero para contaminantes
como el mercurio (Hg), que condensan en esta zona fria tras evaporar y ser transportados por el
conocido como transporte de largo alcance (Dommergue et al., 2010; Angot et al., 2016). Como
consecuencia, el océano Austral presenta una de las mayores concentraciones de metilmercurio
(Cossa et al., 2011). En la Antartida se han detectado elementos traza como los llamados metales
pesados, compuestos organohalogenados, hidrocarburos y, mas recientemente, plastico en la biota,

sedimentos, agua de mar, aire, nieve y hielo marino (revisado en da Silva et al., 2023).

El estudio de la biodiversidad y las interacciones ecoldgicas de las comunidades bentdnicas
antdrticas proporciona la base para identificar y paliar las amenazas a la diversidad de estos
ecosistemas Unicos, que ademas constituyen un laboratorio bioldgico natural sujeto a condiciones
muy particulares. Dado que la estructura de las comunidades bentdnicas responde a diferentes
niveles y factores bioldgicos, para comprenderlas es fundamental abordarlas desde una perspectiva
multidisciplinar, analizando sus interacciones ecoldgicas, incluidas las relaciones simbidticas, y las
relaciones mediadas por moléculas quimicas (productos naturales). Esta informacién es

fundamental para prever posibles cambios en la supervivencia de dichas especies en funcion del
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impacto del cambio climatico en nuestro planeta. En la figura 5 se muestran las especies que han

sido objeto de esta tesis doctoral.

Materia Organica  Desmarestia Desmarestia Himantothallus  Palmaria
Particulada anceps menziesii grandifolius decipiens

Axinella
crinita

Dendrilla
antarctica

_ il .y
Sphaerotylus Kirkpatrickia Hemigellius Nacella
antarcticus variolosa pilosus concinna

Diplasterias Odontaster Anfipodo Doris kerguelenensis
brucei validus

Agelas oroides Acanthella
cavernosa

Figura 5. Especies de estudio. A. Especies antarticas. B. Especie mediterranea. C. Especie tropical.
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OBIJETIVOS

El objectivo principal de esta tesis es el estudio ecolégico del bentos antartico, incluyendo el analisis

de interacciones biolégicas como las relaciones troficas, simbidticas, y las mediadas por moléculas
quimicas (productos naturales) en diferentes invertebrados marinos bentdnicos, y la evaluacion de
su grado de afectacidn por el impacto antropogénico (aumento de temperatura y contaminacion

por elementos traza).

Los objetivos especificos son los siguientes:

1. Estudiar la ecologia trofica del molusco heterobranquio Doris kerguelenensis y su
comunidad bentdnica en la Isla Decepcién (Islas Shetland del Sur, Antartida) para conocer
su dieta utilizando is6topos estables de C y N y acidos grasos como trazadores troéficos

(Capitulo1).

2. Estudiar el grado de contaminacién por elementos traza presente en organismos bentdnicos
de diferentes niveles tréficos y evaluar la interconectividad entre estos organismos dentro

de la red tréfica propuesta (Capitulo ).

3. Evaluar la bioacumulacién y/o biomagnificacion de los diferentes contaminantes a través de
la red trofica bentdnica y compararlos con lo descrito en otras areas del Océano Austral

(Capitulo ).

4. Caracterizar la comunidad de microorganismos simbiontes asociada a especies de esponjas
similares de tres latitudes diferentes (Trdpico, Mediterraneo y Antdrtida), y analizar el
efecto del aumento de la temperatura del agua sobre la composicion de dicha comunidad

simbionte (Capitulo Ill).

5. Analizar la variabilidad de los productos naturales de la esponja marina Dendrilla antarctica
en las islas Decepcidn y Livingston (Islas Shetland del Sur, Antartida) y los cambios en la
composicion tanto cualitativa como cuantitativa de su perfil quimico producidos al

aumentar la temperatura del agua y ante la presion de depredacién (Capitulo V).
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Insights from stable isotope and fatty acids analysis on the diet of an Antarctic
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Recursos Marins Renovables, Passeig Maritim de la Barceloneta 37-49, 08003 Barcelona, Spain

Abstract

Doris kerguelenensis is an Antarctic heterobranch mollusc reported to feed on sponges, according
to gut content analysis. We used stable isotopes of carbon and nitrogen, and fatty acids to assess
the relative contribution to its diet of several species of demosponges (Axinella crinita, Dendrilla
antarctica, Hemigellius pilosus, Kirkpatrickia variolosa, Mycale acerata, Sphaerotylus antarcticus,
and Haliclona sp.). We also analyzed particulate organic matter (POM) and two macroalgae species
(Desmarestia anceps and Himantothallus grandifolius) to better characterize the diversity of sources
fueling the food web. D. anceps was the most 13C depleted species in our data set and phytoplankton
the most enriched. The 83C values of sponges and D. kerguelenensis laid in between, thus
suggesting that particulate organic matter was not the main source of carbon for sponges. The §°N
values of all the sponge species were above those of the primary producers, suggesting a trophic
position between 2 and 3 for A. crinita, D. antarctica, M. acerata and Haliclona sp., and between 3
and 4 for H. pilosus and S. antarcticus. K. variolosa was in between the two groups of sponges. The
8N values of D. kerguelenensis were also higher than those of primary producers and similar to
those of H. pilosus, K. variolosa and S. antarcticus. Mixing models including as the only sources
sponges with §°N values lower than those of D. kerguelenensis failed to resolve the diet of the
latter, because either the sponges were too enriched in 3C or the DTDF values available in the
literature for gastropods are unsuitable for this sea slug species. The fatty acid profiles of all the
sponge species and D. kerguelenensis differed largely from those of macroalgae, because of the very
high levels of 15:0 and EPA and low levels of arachidonic acid. However, the fatty acid profile of
POM and those of A. crinita, D. antarctica, K. variolosa, M. acerata, S. antarcticus, and Haliclona sp.

were rather similar, although the high 83C values of POM rule it out as a major dietary source for

57



CAPITULO |

sponges. H. pilosus differed from the other sponges because of its high levels of 17:0, 20:1n9 and
20:2. D. kerguelenensis, A. crinita, D. antarctica, K. variolosa, Haliclona sp., and S. antarcticus shared
a long chain fatty acid absent in phytoplankton and macroalgae. The high abundance of bacterial
fatty acid markers in H. pilosus, S. antarcticus and K. variolosa, as well as their high 8*°N values, rule
them out as major prey of D. kerguelenensis. The overall evidence suggests that A. crinita, D.
antarctica, M. acerata, and Haliclona sp. are consumed regularly by D. kerguelenensis, but do not

represent its only dietary sources.

1. Introduction

The analysis of the diet composition of organisms is crucial for understanding the basic ecology of
species and their trophic interactions within the food web (Kelly and Scheibling, 2012). This
knowledge is also required for predicting how biotic and abiotic changes may affect the community

and hence predict the response of ecosystems to anthropogenic change.

Antarctic benthic food webs are characterized by a strong seasonality, due to major changes in day
length and further light limitation during most of the year by the ice cover (Knox, 2006; Thomas et
al., 2008). As a result, pelagic primary production concentrates in the short ice-free season, and
consumers suffer from extreme food shortage during the rest of the year (Dayton et al., 1986;
Barnes and Clarke, 1995; Norkko et al., 2007; Thomas et al., 2008; Michel et al., 2019; Rossi et al.,
2019). Thus, carbon supply has been proposed as the main driver of seabed macrofauna structure
and functioning (Piepenburg et al., 2002; Kim and Thurber, 2007), which is characterized by high
levels of trophic redundancy and reliance on diverse carbon sources (Norkko et al., 2007; Mincks et
al., 2008; Cardona et al., 2021). On the other hand, western Antarctica is one of the regions of the
planet experiencing a more intense warming (Lee et al., 2017; Morley et al., 2020) and massive loss
of sea ice and hence there is an urgent need to understand the consequences of such changes on

the structure of Antarctic marine food webs, which are currently poorly known.

Suspension feeders often dominate benthic communities in Antarctica, and it is estimated that
sponges occupy around 10% of the known Antarctic shelf area (Gutt et al., 2013), where their low
metabolic rate contributes to their survival in this harsh ecosystem (reviewed in (McClintock et al.,
2005; Morley et al., 2016). Sponges are considered key ecosystem engineers, meaning they create

tri-dimensional spatial structure, which serves as habitat, substrate, nursery, or shelter to other
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invertebrates, contributing to increase biodiversity and biomass in the ecosystems (Bell, 2008). In
fact, the co-evolution of sponges and their epifauna has been proposed as a factor explaining
Antarctic benthic species richness (Gutt and Schickan, 1998). In tropical waters, sponges also play a
key role in bentho-pelagic coupling through the so-called sponge-loop (de Goeij et al., 2013), but

little is known about a similar functional role in Antarctic ecosystems (Rovelli et al., 2019).

Antarctic sponges rely mostly on phytoplankton, but also bacterioplankton or dissolved organic
matter (Cerrano et al., 2004; Thurber, 2007) and are consumed by many organisms, although most
of their skeletons are hardly digestible (Garrone, 1978; Bjorndal, 1990). Some of their predators are
specialist spongivorous, such as the seastars Perknaster fuscus and Acodontaster conspicuous. Other
predators such as Odontaster validus, O. meridionalis and diverse amphipod species are omnivores
that include sponges in their diets (Dayton et al., 1974; Mcclintock, 1994; Gillies et al., 2012). These
sponge predators have relevant roles in the benthic community dynamics. For example, in McMurdo
Sound, (Dayton et al., 1994) observed that P. fuscus specialized on Mycale acerata, controlling the
populations of this fast-growing and space-dominating demosponge, and thus contributing to
higher species diversity in the community (Dayton et al., 1974). The three dominant hexactinellid
sponges in McMurdo Sound were preyed by A. conspicuus and D. kerguelenensis, and the seastar
O. validus predated on both predator species’ larvae and on adult A. conspicuus, indirectly

contributing to the accumulation of sponge biomass (Dayton et al., 1974).

Spongivory is common in nudibranch molluscs (McDonald and Nybakken, 1997) and each species
usually specializes in one or few sponge prey species (Wéagele, 2004; Hoover et al., 2012; Goodheart
et al., 2017; Mikhlina et al., 2018, 2020; Ekimova et al., 2019; Imbs and Grigorchuk, 2019). However,
research on nudibranch trophic ecology is usually hindered by their small size and their scarcity,
which dramatically limits the sample size (Todd 1981). Nudibranch diet is usually inferred from
observation data and stomach content analysis, and more recently, using molecular markers such
as stable isotopes or fatty acids (e.g., Imbs and Grigorchuk, 2019; Camps-Castella et al., 2020;

Komisarenko et al., 2021).

Doris kerguelenensis (Bergh, 1884) is a heterobranch mollusk in the Dorididae family, with an
Antarctic circumpolar distribution and a broad bathymetric range, from 1 to 1,550 m (Moles et al.,
2017). In fact, it has been recently described to be a complex of crytic species, only distinguishable
by genetic analysis (Maroni et al., 2022). Doris kerguelenensis, as many nudibranchs, is considered

a spongivorous specialist, feeding on diverse demosponges and hexactinellid sponges (McDonald
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and Nybakken, 1997). Based on direct observations, its diet at McMurdo Sound (Ross Sea) was
reported to be based mostly on three species of Hexactinellid sponges (Anoxycalyx (Scolymastra)
joubini, Rossella nuda, and R. racovitzae) although smaller amounts of other species (Polymastia
invaginata, Haliclona dancoi, Calyx arcuarius, Sphaerotylus antarcticus, Tetilla leptoderma,
Microxina benedeni, Gellius tenella, Isodictya setifera, and Homaxonella sp.) were also consumed
(Dayton et al., 1970, 1974). Mycale acerata, Kirkpatrickia variolosa and Pachychalina pedunculata
were not observed as preys (Dayton et al., 1974). In Terra Nova Bay (Ross Sea), it was observed to
feed on various demosponges of the genus Gellius (Cattaneo-Vietti, 1991). Analysis of stomach
contents from samples collected at different stations at the Scotia Sea revealed feeding on
Ectyodoryx cf. ramilobosa and Rossella sp. (Garcia et al., 1993) and Wagele (1989) and (lken et al.,
2002) observed that small individuals often occur at the central cavity of sponges of the genera
Rossella and Anoxycalyx (Scolymastra) at different locations along the Weddell Sea, Antarctic
Peninsula, and Antarctic and subantarctic islands. At Borge Bay (Signy Island, South Orkney Islands)
they were observed on the surface of Dendrilla antarctica (Barnes and Bullough, 1996). It should be
noted, however, that D. kerguelenensis was reported to have a low predatory impact on their host
sponge, allowing them to feed on the same sponge for many years (Dayton et al., 1974; Barnes and
Bullough, 1996). Food-detection experiments using a Y-maze did not show a strong

chemodectection of D. kerguelenensis to one of its major prey R. racovitzae (lken et al., 2002).

To our knowledge, the information on D. kerguelenensis diet composition published so far comes
either from direct observation or stomach content analysis and hence could be highly biased. For
instance, spongivorous molluscs may only graze the sponge surface, and thus not all the types of
spiculae may be found in the stomach, hindering the identification of the sponge species (Wagele,
1989). The use of biochemical markers such as stable isotopes and fatty acids provide a time-
integrated observation, and can overcome some biases of gut content analysis Concretely, bulk
stable isotope analysis is commonly used to reconstruct the diet because the isotopic ratios of
animal tissue reflects the isotopic sighature of their diet plus a diet-to-tissue (DTDF) factor (Post,
2002). On the other hand, fatty acid (FA) analyses provide very valuable information in diet studies
(Graeve et al., 1994; Phleger et al., 1998), because primary producers have distinct FA profiles, which
are conservatively transferred to the consumers because heterotrophic organisms are not capable

of synthesizing all of the FAs that they require (Watanabe et al., 1983).
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Preliminary analysis using stable isotopes analysis revealed that Doris kerguelenenesis from the
Antarctic Peninsula had a trophic position similar to that of the starfish Odontaster validus, but
relied on a highly 3C-depleted sources, likely sponges (Cardona et al., 2021). The main objective of
this study is to provide further insights into the feeding ecology of Doris kerguelenenesis using
chemical markers (i.e., stable isotope and fatty acids analyses) to unravel their role in Antarctic

benthic ecosystems.

2. Materials and Methods
2.1. Area of study

Deception Island is an active volcanic island in the South Shetland archipelago. It has a central
flooded caldera, Port Foster, of 10x7 km? and a maximum depth of 160 m. Most part of the benthos
inside the island is characterized by fine-grain sediments. Ash is annually deposited into the bay.
The high sedimentation rate inhibits the suspension-feeding taxa, which are the dominant in
Antarctic shelf and shallow benthic communities. However, the entrance to Port Foster, Neptune’s
Bellows, has hard bottoms with communities dominated by macroalgae, sponges and bryozoans

(Arnaud et al., 1998; Angulo-Preckler et al., 2018).

Whalers Bay, next to the entrance of Deception Island, has one of the sites with higher species
richness of Port Foster (Angulo-Preckler et al., 2018). Macroalgal assemblages there are highly
diverse, as well as sponge assemblages, without an apparent dominance of any particular species.
The main species are Dendrilla antarctica, Mycale acerata, Hemigellius pilosus, Axinella crinita,

Kirkpatrickia variolosa, the ascidian Cnemidocarpa verrucosa and the anemone Isotealia antarctica.
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Figure 1. Sampling site is denoted by a triangle. Map generated using Quantarctica (ver. 3.2, see

https://www.npolar.no/quantarctica/; (Matsuoka et al., 2018) and QGIS (QGIS Development

Team, 2018).

2.2.Species of study

Samples were collected during February and March 2017, by scuba diving at depths between 10 and
15 m, with the exception of phytoplankton, which was collected with 50 um mesh size plankton net

at 5 m depth using a Zodiac boat at 1-2 kn speed. Samples were collected from two different sites

in Whalers Bay (Figure 1).

The species selected for this study where the sea slug Doris kerguelenensis, seven species of
demosponges (Axinella crinita, Dendrilla antarctica, Hemigellius pilosus, Kirkpatrickia variolosa,
Mycale acerata, Sphaerotylus antarcticus, and Haliclona sp.), the kelp-like macroalgae Desmarestia

anceps and Himantothallus grandifolius, and particulate organic matter (POM), dominated by

diatoms and dinoflagellates. All the samples were immediately frozen at -20 C after collection.
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Table 1. Species analyzed in this study. N= sample size

Phylum Species N

Several Particulate organic matter 5

Ochrophyta Desmarestia anceps Montagne, 1842 5
Himantothallus grandifolius (A. Gepp & E.S. 5
Gepp) Zinova, 1959

Porifera Axinella crinita Thiele, 1905 5
Dendrilla antarctica Topsent, 1905 5
Hemigellius pilosus (Kirkpatrick, 1907) 5
Kirkpatrickia variolosa (Kirkpatrick, 1907) 5
Mycale (Oxymycale) acerata Kirkpatrick, 1907 5
Sphaerotylus antarcticus Kirkpatrick, 1907 5
Haliclona Grant, 1841 6

Mollusca Doris kerguelenensis (Bergh, 1884) 21

Once in the laboratory at the University of Barcelona (UB), samples were thawed on ice and
processed prior to analytical determinations. Two ml of concentrated particulate organic matter
were collected and a 2 x 2 cm fragment of the macroalgae was selected. Sea slugs were dissected
and the gut and its contents removed. We took two aliquots of around 1 ml from each wet sample

of sponges and sea slugs.
2.3. Isotopic analysis

Samples were dried for 24 h at 55 °C and then ground to powder using a ceramic mortar and pestle.
We split the dry samples into two aliquots. We kept one aliquot for the determination of §°N values.
We treated the other subsample for lipid removal, adding chloroform/methanol (2:1, v:v) (1 ml) and
rotating overnight. The treatment was repeated until the liquid was transparent. To remove
inorganic carbonate, which can interfere in the determination of carbon signature, we further
treated the samples that contain carbonate (all, except the macroalgae) with 0.5 N HCl and left them
rotating overnight. The treatment was repeated until CO, bubbles were no longer produced. We
rinsed the samples with distilled water and dried them for 24h at 60 °C. After lipid and carbonate
removal, these second set of subsamples were used for 8'3C determination. The samples were kept
in the desiccator until weighted in tin capsules. We weighted an amount of 0.3 mg for the mollusc

samples and 0.7 mg for all other samples.

All tin cups were combusted at 900 °C and analyzed in a continuous-flow isotope ratio mass

spectrometer (Flash 1112 IRMS Delta C Series EA, Thermo Finnigan; www.thermofisher.com) at the
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“Centres Cientifics i Tecnologics de la Universitat de Barcelona” (www.ccit.ub.edu). Stable isotope

abundances were expressed in § notation according to the following expression:
oX = [(Rsample/Rstandard) - 1] x 1000

where X is 3C or >N and Rsample and Rstandard is the corresponding ratio 3C/**C or *N/**N of the sample
and the standard. The reference standards are Vienna Pee Dee Belemnite (VPDB) CaCOs for 8§'3C
and atmospheric nitrogen (AIR) for §°N. However, due to limited supplies of VPDB, we analyzed
instead isotopic reference materials, which included known isotopic compositions relative to
international measurement standards. For carbon, isotopic reference materials of known *3C/*2C
ratios, as given by the International Atomic Energy Agency (IAEA; www.iaea.org) in Vienna (Austria),
were used for calibration at a precision of 0.05%o. These included polyethylene (IAEA CH, §C =
-32.1%o), L-glutamic acid (IAEA USGS4o, 8*3C = —=26.4%o), and sucrose (IAEA CHg, 6'*C = =10.4%o). For
nitrogen, isotopic reference materials of known *N/*N ratios were used to a precision of 0.2%e,
and these were namely: (NH4),SO4 (IAEA N1, 6°N = +0.4%0 and IAEA N3, 8*°N = +20.3%o), L-glutamic
acid (IAEA USGSs0, 8°N = -4.6%o), and KNO; (IAEA NOs, 8N = +4.7%o). All these isotopic reference
materials were employed to recalibrate the system once every 12 samples and were analyzed to
compensate for any measurement drifts over time. The raw data were recalculated taking into

account a linear regression previously calculated for isotopic reference materials (Skrzypek, 2013).

2.4.Fatty acids analysis

We homogenized and freeze dried the samples for 24-48h. Total lipids of 50 mg of each sample were
extracted with a mixture of CH,Cl,/CH3;OH (2:1, v/v). CH,Cl,/CH30H (5 ml) were added to the sample
in a centrifuge tube. We sonicated for 20 min in the sonic bath and centrifuged (5 min x 5000 rpm).
The solvent was transferred to a round-bottom flask. We added additional solvent, and repeated
sonic extraction and centrifugation 2 more times. We combined all solvents and rotovaped off the
excess solvent to +1 ml. We added 6% KOH/CH3OH (6 ml) for saponification and left it overnight.
The next day, we added ultrapure water (6 ml) and shook for hydrolysis. Then, samples were
transferred to a separatory funnel. We rinsed the flask with hexane (3 x 6 ml) and transferred to the
separatory funnel. We mixed and allowed to form two phases. We discarded the organic phase
(neutral fraction) and transferred the aqueous phase to the original flask. We added new hexane to

the separatory funnel after rinsing the original flask and extracted the aqueous phase a second time.
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We allowed phases to separate, discarded the organic phase and retrieved the aqueous phase. We
repeated extraction a third time and combined the three extracts. We added to the resultant
aqueous phase HCI (1:1) until acidification and we extracted the acidic aqueous phase with hexane
in a separatory funnel as described above. The organic upper phase (acidic fraction) was retrieved
and the aqueous phase was extracted again twice more. We combined the acidic fractions and
rotovaped off the excess solvent to 1 ml. Then we added 20% BFs;/CHsOH (5 ml) for methylation
and left overnight. The next day, we added ultrapure water (6 ml) and shook for hydrolysis. We
extracted the aqueous phase with hexane in a separatory funnel as described above. The organic
upper phase (acidic fraction Il) was retrieved and the aqueous phase was extracted again twice
more. We passed the fractions through a filter with Na,SO4 to remove any water. We combined the
acidic fractions and rotovaped off the excess solvent to +1 ml. We transferred residue to a 4 ml
screw cap vial and rinsed with hexane (3 x 1 ml). We evaporated to full dryness under nitrogen and
stored the vials at -20 °C. The analysis was carried out using a GC Network System coupled to an
electronic impact-mass spectrometry detector. The capillary column was a BPX70 column (SGE, 30
m I., 0.25 mm i.d., 0.25 um film thickness). FAME composition was compared with the standard

FAME mix (C4—C24, 18919-1AMP, SUPELCO).

2.5. Data analysis

A mixing polygon was built to evaluate if an isotopic mixing model could be constructed based on
the potential preys proposed (Smith et al., 2013). As no species-specific diet-to-tissue discrimination
factor (DTDF) existed for Doris kerguelenenesis or any other sea slug, several DTDFs from the
literature were used to calculate the mixing polygon (Table 2). We used DTDFs from omnivorous,
detritivorous, and carnivorous gastropods in addition to a generalized one.

Differences among species in their fatty acid profiles were assessed through Principal Component
Analysis (PCA), considering only fatty acids that had an overall mean of >0.4% of total fatty acids
(Iverson et al., 2002). Bacterial fatty acids 15:0 and 17:0 were considered particularly relevant

markers of sponge consumption.
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3. Results

Desmarestia anceps was the most *C depleted species in our data set and particulate organic matter
the most enriched one. The 8'3C values of sponges and D. kerguelenensis laid in between. The §°N
values of all the sponge species were above those of the primary producers, suggesting a trophic
position between 2 and 3 for A. crinita, D. antarctica, M. acerata and Haliclona sp., and between 3
and 4 for H. pilosus and S. antarcticus. K. variolosa was in between the two groups of sponges. The
8N values of D. kerguelenensis were also higher than those of primary producers and similar to
those of H. pilosus, K. variolosa and S. antarcticus (Figure 2), hence suggesting that the latter were

not relevant diet sources for D. kerguelenensis.

Mixing polygons including as the only sources sponges with 8N values lower than that of D.
kerguelenensis (A. crinita, D. antarctica, M. acerata and Haliclona sp.) failed to enclose the isotopic
values of D. kerguelenensis inside, independently of the DTDFs values considered (Figure 3). As a

result, mixing models could not be run and the diet of D. kerguelenensis remained unresolved.

The two first components extracted in the PCA explained 32.2% of the overall variability in the fatty
acid profiles. The first component (PCA1) explained 18.3% of the overall variability in the fatty acid
profiles and mostly opposed the abundance of 14:00, 15:00, 16:00 and 22:6n-3 (negative values) to
that of fatty acids with 18 and 20 C atoms (Table 1). The second component (PCA2) explained 13.9%
of the overall variability in the fatty acid profiles and was strongly influenced by the abundance of
18:00, 18:1, 18:1n-9, 20:00 and 20:1n-9 (positive values) and that of odd fatty acids (15:00, 15:01,
17:00 and 21:00) and 20:1n-9 (negative values). The fatty acid profiles of all the sponge species were
similar to those of particulate organic matter but differed largely from those of macroalgae, because
of the very high levels of 15:0 and other odd fatty acids in sponges and particulate organic matter
(Table 3 and Figure 4). H. pilosus differed from the other sponges because of the high levels of 17:0,
20:1n9 and 20:2.

The fatty acid profile of D. kerguelenensis was distinct from that of macroalgae and sponges, thus
suggesting that other food sources were consumed, although the total amount of fatty acids of
bacterial origin in D. kerguelenensis was similar to that in the sponges Haliclona sp., A. crinita, D.
antarctica and M. acerata. Furthermore, D. kerguelenensis shared with A. crinita, D. antarctica, K.
variolosa, Haliclona sp., and S. antarcticus a long chain fatty acid absent from other sponges,
particulate organic matter and macroalgae, thus suggesting that Haliclona sp., A. crinita, and D.

antarctica were relevant diet sources for D. kerguelenensis, but not the only ones.
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Figure 2. Isoplot of primary producers (Desmarestia anceps, Himantothallus grandifolius and

particulate organic matter), D. kerguelenensis and several sponges from Whalers Bay (Deception

Island, Western Antarctica).

Table 2: Diet-to-tissue discrimination factors to calculate the different mixing polygons.

Species A™N A3C Type of consumer Reference

A General 3.4% 1.0%* General consumer Minagawa and Wada (1984)
B Neverita duplicata 3.58* 1.9* Omnivorous gastropod Casey et al. (2016)

C Ellobium aurisjudae 4.2 0.2 5.310.5 Detritivorous gastropod Teoh et al. (2018)

D Ellobium aurisjudae 6.0 0.2 3.2+0.5 Detritivorous gastropod Teoh et al. (2018)

E Neptunea heros 2.310.2 1.5+0.1 Carnivorous gastropod North et al. (2019)

F Neptunea heros 3.3+0.3 1.8 £0.3  Carnivorous gastropod North et al. (2019)

G Neptunea communis 1.810.3 1.3+£0.3  Carnivorous gastropod North et al. (2019)

*when standard deviation is not provided a +0.2 was used to provide certain variability to the discrimination

factor
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Figure 3. Mixing polygons for D. kerguelenensis using different DTDFs. A) 3.4+0.2 for AN and

1+0.2 for A3C (Minagawa and Wada, 1984); B) 3.58+0.2 for AN and 1.9+0.2 for A'3C (Casey et al.,

2016); C) 4.2 +0.2 for AN and 5.3 +0.5 for A3C (Teoh et al., 2018); D) 6.0 +0.2 for AN and 3.2

+0.5 for A3C (Teoh et al., 2018); E) 2.3 0.2 for AN and 1.5 0.1 for A3C (North et al., 2019); F)

3.3 +0.3 for AN and 1.8 +0.3 for A3C (North et al., 2019); G) 1.8 +0.3 for AN and 1.3 +0.3 for

ABC (North et al., 2019).
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Figure 4. Distribution of Doris kerguelenensis, several sponges, two macroalgae (Himantothallus

grandifolius and Desmarestia anceps) and particulate organic matter in the space defined by the

two first component extracted by PCA. High levels of fatty acids with 18 and 20 C atoms correlate

with positive scores along PC1. High levels of odd fatty acids correlate with low scores along PC2.

Table 3. Principal Components matrix.

PC1 PC2
al20 -.231 -.171
al40 -.568 135
aldl -.346 -.102
al50 -.476 -.381
al51 .039 -.197
al60 -.513 725
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al6l -.536 .244
al70 487 -.298
al7zl -.387 -.188
al80 .002 .652
al81not .326 .558
al81n9c .830 .138
al82n6t .010 -171
al82n6c .709 -.148
al83n3 -.197 .233
al83n6 310 .537
a200 212 751
a201n9 762 -.513
a210 .005 -.327
a202 .704 -.523
a203n3 .570 .649
a204n6 .743 191
a203n6 311 -.163
a220 -.216 -.038
a221n9 -.112 -.152
a205n6 -.207 -.551
az22?2 -.002 -.056
a240 -.046 -.081
a241n9 -.034 -.021
a226n3 -.433 -.205
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Figure 5. Distribution of Doris kerguelenensis and several sponges in the space delimited by the

amount of bacterial fatty acids and 6*°N, a proxy for trophic position.

4. Discussion

The results reported here suggest that the sponges Axinella crinita, Dendrilla antarctica, Haliclona
sp. and Mycale acerata play a relevant role in the diet of the nudibranch D. kerguelenensis, because
all them share several fatty acids of bacterial origin, but are unlikely to be its only food sources,
because the Cand N stable isotope ratios of D. kerguelenensis laid mostly outside the mixing polygon

formed by those of the four sponge species.

The uncertainty about species specific DTDF is one of the major limitations when using stable

isotope ratios to infer the diet of consumers, because DTDF vary according to diet composition and
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consumer metabolism (Kadye et al., 2020). No DTDF has been derived experimentally for gastropods
to our best knowledge and none of the values reported in the literature provide meaningful results.
This could be because of highly specific DTDF for nudibranchs, the absence of a major prey in the
mixing model or both. It should be noted that the mismatch between the stable isotope ratios of D.
kerguelenensis and its potential food sources is mostly on the 8C values, because the DTDF
reported in the literature for carnivorous snails provides a good prediction of the 8°N values. This
suggest that the mismatch is because of the absence of a major prey in the model. According to the
literature, only macroalgae and some ascidians are more depleted in 3C than sympatric sponges in
subtidal Antarctic ecosystems (Gillies et al., 2013; Pasotti et al., 2015; Michel et al., 2019; Cardona
et al., 2021; this study). Ascidians are commonly consumed by other nudibranchs (Millar 1971; Paul
et al. 1990) and hence they could perhaps be a likely candidate to be the missing prey for D.
kerguelenensis. Although nudibranchs may feed on many different invertebrates (sponges,
hydroids, bryozoans, ascidians, barnacles, anemones, or other nudibranchs; reviewed in McDonald
and Nybakken (1997), this would be quite surprising, since these group of dorid nudibranchs has
always been considered to rely only on sponges (Belmonte et al., 2015) and therefore should be

further investigated with more detail.

Alternatively, the 8'3C values of the spongin fibers that make most of the bulk of sponge samples
might differ from that of live sponge cells and endosymbionts, and thus the &%3C values of D.
kerguelenensis might reflect those of live cells and not spongin. Although a plausible explanation in
the absence of data on the stable isotope ratios of the different components of sponges, this is an
unlikely explanation, because the overall fatty acid profile of D. kerguelenensis is rather different
from that of sponges. Certainly, D. kerguelenensis is rich in bacterial fatty acids, but also on fatty
acids with 18 and 20 C atoms, which suggests that other prey species are also consumed. This
hypothesis is supported by the broad scatter of 8°N values reported for D. keguelenensis, spanning

one full trophic level.

The fact that D. kerguelenensis has recently been described as a cryptic species complex (Maroni et
al., 2022) could be related to the variability in the particular sponge species they prey upon, but it
should not affect the isotopes and FA results, since they are all very similar among the sea slug
specimens analyzed, and different from all other samples. Furthermore, since it is impossible to

distinguish them unless genetic studies are done, a specific study should be designed to analyze in
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parallel the genetics and the diet, which could be extremely difficult since many specimens would

be needed.

It should be noted also that the low water temperature experienced by Antarctic organisms results
in very low turnover rates and hence chemical markers may integrate dietary information over
extended periods. This might result in a mismatch between the habitat where an individual is
collected and previous foraging habitats during the winter months. The individuals of D.
kerguelenensis studied here were collected on the surface of sponges, but we ignore for how long
they had been foraging there. Stomach contents analysis certainly reveals only the most recent diet
and not surprisingly often includes sponge spicules for individuals collected on the surface of
sponges, which lead to the conclusion that D. kerguelenensis was a specialized spongivore. However,

the results reported here do not support such conclusion and point out a more diverse diet exists.
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Distribution of trace elements

in benthic infralittoral organisms
from the western Antarctic
Peninsula reveals no latitudinal
gradient of pollution

Paula De Castro-Fernandez™, Luis Cardona & Conxita Avila

Antarctica is considered one of the most pristine regions on Earth, but evidences of global and local
anthropogenic pollution exist. Chromium (Cr), lead (Pb) and mercury (Hg) are bioaccumulated and
sometimes biomagnified through the trophic web. We aim to determine whether a latitudinal gradient
of these trace elements exists in benthic organisms along the rocky shores of the Antarctic Peninsula
and the South Shetland Islands. Levels of Cr, Pb, and Hg were measured by ICP-MS in two macroalgae
(Palmaria decipiens and Desmarestia anceps or Desmarestia menziesii), one gastropod (Nacella
concinna), two starfishes (Odontaster validus and Diplasterias brucei), and suspended particulate
organic matter (SPOM) from five sampling sites ranging in latitude from 62°11'17"S to 67°33'47"S.
Levels of trace elements differed among sites and species, but no latitudinal gradient was observed
for these pollutants. Levels of Hg and Pb in animals were consistent with biomagnifications along the
food web, as were higher is starfish than in limpets. However, macroalgae and SPOM are unlikely to
be the main primary producers supporting those consumers, as Hg levels in macroalgae and Pb levels
in SPOM were much higher than in animals. The levels of trace elements detected were similar or
higher than in other Antarctic places and other regions of the world, thus indicating that the Antarctic
Peninsula area is as polluted as the rest of the world.

Trace elements current average concentration is less than about 100 parts per million atoms (ppma) or less than
100 pg g *'. They occur naturally in the earth crust, being present in soil parent materials and in the surface soil
in variable proportions®*, but human activities, mainly mining, metal processing, fossil fuel combustion, use
of pesticides, and waste disposal have introduced high quantities of them in the environment, thus resulting in
significant pollution levels>*>~7.

Antarctica is thought to be one of the last untouched and wild areas on Earth, since its remote location and
the only recent, scarce, and highly seasonal human presence®. Nevertheless, there has been evidence of diverse
anthropogenic impacts for a long time”!. Anthropogenic trace element pollution in Antarctica may either be the
result of global pollution or be produced locally'"'%. The arrival with marine currents is largely constrained by
the broad belt of the Southern Ocean’s water, namely the Antarctic Circumpolar Current, constituting a barrier
to this transport!®. Thus, trace elements from other continents, primarily those in the Southern Hemisphere, are
mainly transported with air masses that move towards Antarctica in what is called the long-range atmospheric
transport (LRAT)'316,

Recently, more attention has been paid to the contaminants emitted locally in Antarctica as a result of increas-
ing human activity'’. As early as 1987, it was determined that four-fifths of total Pb in Antarctic air at that time
had an anthropogenic origin'®. Later, it was observed that levels of some trace elements (such as Pb and Zn) in
the atmosphere over the Antarctic Peninsula were higher than it would be expected due to aerosol contribution?’.
Anthropogenic local pollution could be an explanation and local contamination caused by research stations and
their associated activities, such as ship operations, sewage production, fuel consumption, and waste disposal, are
the major sources of local contamination, as well as the developing tourism industry'®?*!, The Antarctic Penin-
sula and the South Shetland Islands are the most vulnerable regions to local pollution because they concentrate
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most of the human activity in the continent®'>**-2* Accordingly, Jerez et al.”® reported a latitudinal gradient in

the levels of Pb, Cr, Al, and Mn in feathers of Adélie penguins Pygoscelis adeliae nesting along the Antarctic Pen-
insula. However, such pattern might not exist for species inhabiting shallow benthic habitats, more influenced by
local processes. Currently, there is a wealth of studies reporting the levels of trace elements in Antarctic, benthic
organisms'?*"?, but we are not aware of any study addressing the existence of a latitudinal gradient in the levels
of any trace element in benthic species.

Mercury (Hg) and lead (Pb) are non-essential elements that are toxic even at low concentrations®. They may
displace other elements that act as enzymes cofactors and therefore diminish or block physiological processes™.
Chromium (Cr) is an essential trace nutrient element that can be toxic at high concentrations®?, for example
causing impairment of photosynthetic energetic pathway processes, blocking cell division or inhibiting enzyme
activity in microalgal cells**. Hg, Pb and Cr are among the most relevant anthropogenic trace pollutants in Ant-
arctica. Indeed, Pb and Hg are considered priority pollutants and Hg is also classified as a priority hazardous
substance by the regulation in force®. Hence, it is important to monitor the concentration of these—and other—
elements at different sites in Antarctica as they are highly related to human activities”*. Furthermore, assessing
the concentrations and effects of trace elements on Antarctic marine organisms could contribute to prevent the
loss of ecosystem services that Antarctic biodiversity provide®. The choice of these elements is further justified
since most invertebrates are not capable of regulating their body concentrations®” . Therefore, the levels of these
elements in the organisms represent or correlate to the levels in the environment. Hg is particularly interesting
because it biomagnifies through the food chain and may be therefore useful as trophic tracer®.

Sediment conditions usually represent the average state of the system as they have high physicochemi-
cal stability**2. They can act as trace elements or pollutants reservoirs, offering a history of pollution of the
environment*~*. Also, trace elements concentration in water masses could be extrapolated from sediments
analysis®. Therefore, determining trace element contamination in sediments could provide information about
marine environment conditions and represent average water quality*®. Nevertheless, some studies concluded that
measuring the concentration of a chemical in the organism is more useful to predict the effects of the substance in
the organism, i.e. toxicity, than analyzing environmental levels such as sediment or water concentration. Marine
organisms incorporate trace elements from the environment and accumulate some of them in their soft tissues,
where levels of contaminants are several orders of magnitude above the environmental levels?®. One advantage
of using body concentration as an indicator of bioavailability is that environmental chemical conditions, such as
salinity, pH, or temperature, as well as the chemical state of the element, which may affect the element toxicity,
can be avoided?”. Besides, this measure integrates the accumulation of the chemical due to exposures that may be
intermittent, from different origins and different compartments*®. However, the element must not be regulated
by the organism for body concentration to be a good indicator of toxic effects. Thus, the level of the element in
the organism must increase with increasing environmental concentrations.

In addition to bioaccumulation, some elements biomagnify trough the food chains, i.e., they are transferred
to higher trophic levels via dietary uptake®. As a consequence, organisms at higher trophic levels have higher
body levels of those elements than their prey, which makes them useful as trophic tracers. It should be noted,
however, that Antarctic benthic animals rely on a diversity of primary producers, including sympagic algae,
microphytobenthos, macroalgae, and phytoplankton®’-**, although phytoplankton dynamics plays a major role
in structuring the benthic marine food web of the region®.

The main aim of this study is to assess and compare the levels of the three trace elements (Cr, Pb, and Hg)
in suspended particulate organic matter and five benthic species from shallow, sheltered rocky bottom ecosys-
tems along a latitudinal gradient along the South Shetland Islands and the western Antarctic Peninsula to test
the hypothesis that the pollution levels decrease southward in parallel to human activity. The selected species
included three primary producers, one herbivore and two carnivores.

Materials and methods

Study area. Five sites along the South Shetland Islands and the Antarctic Peninsula were chosen for the
study: Fildes Bay (King George Island), Hope Bay, Cierva Cove, Paradise Bay, and Rothera Point (Fig. 1). These
locations cover a latitude from 62°12'7"S in Fildes Bay to 67°34'30"S in Rothera Point, and hence most of the
Antarctic Peninsula latitudinal extension. They provide a large enough extension to test the existence of a lati-
tudinal gradient in trace elements pollution. All stations are located in closed and sheltered coastal zones and
hence comprise highly sensitive local conditions. Furthermore, all the selected locations are situated near human
facilities, mainly research stations™, which are the most likely sources of local pollution.

Species selection and sampling. Subtidal, sheltered rocky bottoms around Antarctica share a similar
community, dominated by the canopy forming brown macroalgae Desmarestia anceps and Desmarestia men-
ziesii and a dense undergrowth of the red macroalga Palmaria decipiens®. Desmarestia menziesii is usually the
dominant species just below the heavy scour area, being eventually replaced at greater depths by Desmarestia
anceps”. However, there are locations where only one of these two Desmarestia species are present””. The starfish
Odontaster validus is also widespread around the whole continent®® and the starfish Diplasterias brucei is also
thought to be circumantarctic, although detailed information is missing®®. Both are very abundant in shallow
kelp forests off the western Antarctic Peninsula. Finally, the limpet Nacella concinna is restricted to the western
Antarctic Peninsula®, where it is one of the most conspicuous gastropods from the shallow kelp forests. Stable
isotope analysis has confirmed that Nacella concinna is an herbivore and the two starfish species are carnivores.

Five specimens of each of species were collected at five different sites along the South Shetland Islands and
the western Antarctic Peninsula during the DISTANTCOM cruise (CTM2013-42667/ANT) from February 12th

Scientific Reports |

(2021) 11:16266 | https://doi.org/10.1038/s41598-021-95681-5 nature portfolio



www.nature.com/scientificreports/

Fild

-
~slands.

Q

Antarctic 'Peninsula

|
|

Alexander island
v

Palmelr Land

Figure 1. Study area and location of the sampling sites. The map was created using the Free and Open Source
QGIS 3.16 software (http://www.qgis.org/) and the Quantarctica 3.2 project (https://www.npolar.no/quantarcti
ca/).

Several (SPOM) 5 5 5 5 5
Desmarestia anceps Montagne, 0 5 5 5 5
1842
Ochrophyta
Desmarestia menziesii ].Agardh, 5 0 0 0 0
1848
Palmaria decipiens (Reinsch)
Rhodophyta R.W.Ricker, 1987 > > 5 5 5
Mollusca Nacella concinna (Strebel, 1908) | 5 5 5 5 5
Diplasterias brucei (Koehler, 5 5 5 5 5
Echinodermata | 1907)
Odontaster validus Koehler, 1906 | 5 5 5 5 5

Table 1. Taxa, number and sites of collection of the samples. SPOM Suspended Particulate Organic Matter.

to February 22nd, 2016 (Table 1). A sample size of five or less is extensively used to determine the concentration
of trace elements in marine communities?»*$27-20,

Benthic organisms were collected by SCUBA diving at depths between 10 and 15 m. Organisms were detached
from the rocky bottom by hand or with the aid of a knife and were placed in 1 L clean plastic containers. Sus-
pended particulate organic matter (SPOM) was also collected at the five sampling sites, as sinking phytoplankton
plays major structuring the food web of shallow kelp forests®>. SPOM was collected with a 50 pm mesh size
plankton net towed horizontally at 5 m depth at low speed (1.85-3.7 km/h). Each SPOM sample is the result of
towing the plankton net for 4-10 min, depending on plankton density at each site.

Sample processing. Subsamples of Suspended Particulate Organic Matter (SPOM) were visually checked
under an optical microscope immediately after collection to assess the dominant groups. They consisted in
diatoms (Ochrophyta) and dinoflagellates (Myzozoa) in all cases. All samples were frozen at — 20 °C and once
in the laboratory at the University of Barcelona (UB), they were thawed on ice and processed prior to analytical
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determinations. Two ml of concentrated phytoplankton were collected and a 2 x 2 cm fragment of epibiont-free
blade of the macroalgae was selected. Limpets were dissected and the gut and its contents removed. Limpet
radulas and shells were also discarded. For starfishes, only 1 to 3 arms were sampled to analyze each specimen,
after discarding the gut. For trace elements determination, we followed the protocol established in the Scien-
tific and Technological Centers of the UB (CCiTUB, http://www.ccit.ub.edu/EN/), standardized and validated
in previous works®-*. In these works, the entire analytical procedure was validated by analysing one or more
blanks, replicates and one certified reference material for every batch of samples. Replicates were found to differ
below 10% and the recovery percentage fell between 90 and 100%°°-%>. Samples were dried for 24 h at 60 °C and
then homogenized to powder using a ceramic mortar and pestle. 100 mg dw of each homogenized sample were
digested with a 2:1 HNO; (69-70% Baker Instra—Analyzed Reagent) and H,O, (30% Suprapur Merck) solution
in Teflon vessels previously cleaned with HNO; under pressure at 90 °C for 24 h. For this, 2 mLof HNO; and
1 mL of H,0, were used. The digested solution was diluted with 20 mL of ultrapure water (HNO;:H,O 1:10). Cr,
Pb, and Hg were determined in the diluted digested solution by ICP-MS (PerkinElmer NexION 350D). Three
digestion blanks were prepared in each sample digestion series (25 samples) to assess contamination during the
analytical procedure.

Data analysis. General linear models (GLM) were used to assess differences in the levels of Cr, Pb, and Hg
across species and sites. Previous research has suggested that Odontaster validus and Diplasterias brucei fed on
Nacella concinna®. In order to check this hypothesis and assess the existence of a significant biomagnification
pattern, general linear models were performed for each trace element including only these three animal species.
A multivariate cluster analysis, using the squared Euclidean distance as a metric and UPGMA as the clustering
method, was performed to assess whether the distinct groups of samples recovered according to their levels of
Cr, Pb and Hg matched any latitudinal pattern. Furthermore, Principal Component Analysis (PCA) was per-
formed to assess the hypothesis that geographically close sampling sites would lay closer in the space defined
by the levels of Cr, Pb and Hg in the five benthic species. The main objective of PCA was to characterize each
sampling site by projecting the data in a much smaller sub set of new variables called principal components. To
do so, we characterized the benthic community from each sampling site using eighteen variables, corresponding
to the levels of each trace element in each species. All the variables were standardized prior to analysis. These
new variables extracted by PCA are linear combinations of the initial variables, but highlight the variance within
a data set and remove the redundancies, and are orthogonal. Only principal components with an eigenvalue
higher than 1 are considered for further analysis®-%. General linear models were performed using SPSS Statis-
tics v23 (IBM Corporation) and Principal Component Analysis was performed using PRIMER v7 (PRIMER-e).

Results

Levels of Cr, Hg, and Pb in all the studied species were measured at the five sites (Figs. 2 and 3). The data values
represented in Figs. 2 and 3 are provided in Supplementary Table 1. Cr and Pb levels were positively correlated
when the whole data set was considered (Pearson correlation; r=0.464, p <0.001), but were uncorrelated with
the level of Hg (Pearson correlation; Hg vs. Cr p=0.138; Hg vs. Pb p=0.339).

Species differed significantly in levels of Cr, Pb, and Hg. Site had a significant effect on Cr and Hg and was in
the verge of significance for Pb (Suppl. Tables 2-4). The interaction term was always significant, thus revealing
idiosyncratic variations among species across sites.

The levels of trace elements in primary producers (SPOM, Desmarestia spp. and Palmaria decipiens) were
usually higher than in the animal species from the same sampling site, with SPOM and Palmaria decipiens values
being higher than those of Desmarestia spp. (Figs. 2 and 3). This difference was even larger in the case of the
Hg values of macroalgae and those of animals (Fig. 2B). SPOM was highly enriched in Pb (Fig. 3), with values
ranging from 1.85 to 537.08 ng g/, therefore multiplying the highest value of the other species by a factor of 25.
At the same time, SPOM had in general lower Hg values than the sampled species, while both macroalgae (Pal-
maria decipiens and Desmarestia spp.) had higher values than the other species, as highlighted before (Fig. 2B).

Regarding the levels of Cr and Pb in consumers, they varied widely across species and zones, as there was a
significant (species x site) term in both models (Suppl. Tables 5 and 6). On the contrary, the interaction term
of the general linear model for Hg was not significant (Suppl. Table 7), thus revealing that the same pattern was
observed in the three animal species across sites, despite differences in the baseline levels among sites. The starfish
species had higher levels of Hg than the limpet at all the sites studied. This corroborates that both starfishes are
at a higher trophic level than the limpet.

Cluster analysis revealed no latitudinal pattern for any species, as groups always included samples from distant
sampling sites (Suppl. Fig. 1-6). For instance, most samples of SPOM, Desmarestia spp. and Nacella concinna
from the five sampling sites clustered together, and samples of Palmaria decipiens from Paradise Bay clustered
with samples from distant Fildes Bay and Hope Bay, but not with those from nearby Cierva Cove, which in turn
clustered with those from distant Rothera Point. Regarding Diplasterias brucei and Odontaster validus, samples
were split in three and four major groups respectively, all them including samples from at least three sites and
most including samples from the two most distant sites (Fildes Bay and Rothera Point).

PCA yielded four principal components with eigenvalues higher than 1 and PC 1, PC 2 and PC 3 explained
87.5% of the variance (Fig. 4). High scores of the first component (PC 1) corresponded to high levels of Cr, Pb,
and Hg in SPOM and Palmaria decipiens and low levels of these trace elements in Desmarestia spp. and the animal
species (Nacella concinna, Diplasterias brucei, and Odontaster validus) (Table 2). Contrarily, high scores of the
second component (PC 2) were associated to high levels of of Cr and Hg in the animal species and low Pb levels
in Nacella concinna, Diplasterias brucei and both macroalgae (Table 2). High scores of the third component (PC
3) corresponded to high levels of Hg in Desmarestia spp. (Table 2). Sampling sites were distributed independently
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Figure 2. Concentration of Cr and Hg in the different sites and species studied along the Antarctic Peninsula.
(A) Cr, values expressed as pg g-1 of dry weight. The values of Cr for the primary producers were much higher
than the animal species, so they were represented separately and scale changed accordingly. (B) Hg, values
expressed as ng g! of dry weight. Discontinuous Y-axis was used to facilitate visualization. Central lines show
the mean, boxes extend to the 25th and 75th percentile, whiskers extend to 1.5xIQR, dots and asterisks are
outliers. SPOM Suspended Particulate Organic Matter, Ds Desmarestia spp., Pd Palmaria decipiens, Nc Nacella
concinna, Db Diplasterias brucei, Ov Odontaster validus. The images of species were drawn by the authors of this

article.
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Figure 3. Concentration of Pb in the different sites and species studied. The values of Pb for the SPOM

were in different magnitude order than the benthic species, so they were represented separately and scale
changed accordingly. Values are expressed as pg g™! of dry weight. Discontinuous Y-axes were used to facilitate
visualization. Central lines show the mean, boxes extend to the 25th and 75th percentile, whiskers extend to
1.5xIQR, dots and asterisks are outliers. SPOM Suspended Particulate Organic Matter, Ds Desmarestia spp., Pd
Palmaria decipiens, Nc Nacella concinna, Db Diplasterias brucei, Ov Odontaster validus. The images of species
were drawn by the authors of this article.

from latitude in the space delimited by PC 1 and PC 2 axes. Certainly, Rothera Point and Paradise Bay had similar
PC 2 scores and the same was true for Cierva Cove and Hope Bay, thus supporting the existence of a latitudinal
gradient along that axis. However, the northernmost site, Fildes Bay, had intermediate values.

Cierva Cove and Paradise Bay sampling sites opposed to Rothera Point, Hope Bay and, to a less extent, Fildes
Bay along PC 1, and Paradise Bay and Rothera Point opposed to Cierva Cove, Hope Bay and, to a less extent,
Fildes Bay in relation to PC 2 (Fig. 4). Fildes Bay and Rothera Point were at opposite ends of PC 3 axis. However,
Hope Bay and Paradise Bay had similar PC 3 scores and Cierva Cove was the closest site to Rothera Point along
PC 3 axis (Fig. 4). Thus, concentrations of Cr, Pb, and Hg in Desmarestia spp. and the three animal species were
significantly higher for specimens from Cierva Cove and Paradise Bay, while in Rothera Point, Hope Bay, and
Fildes Bay, higher levels of these three trace elements were found in SPOM and Palmaria decipiens. In Paradise
Bay and Rothera Point, the levels of Pb in Nacella concinna, Diplasterias brucei, and the two macroalgae were
higher than in the other sites. On the other hand, Cierva Cove, Hope Bay, and Fildes Bay showed higher concen-
trations of Hg and Cr in the animal species than the other sampling zones. Importantly, there was no latitudinal
gradient in the ordination of the five sampling sites along any of the two axes.

Discussion

Levels of Cr, Pb, and Hg in primary producers and consumers from five sampling sites along a latitudinal gradient
in the South Shetland Islands and the Antarctic Peninsula revealed no clear latitudinal trend. Instead, the levels of
each trace element varied idiosyncratically, as revealed by the significant interaction (species x site) in GLMs. As
the species analyzed here belong to the same food web**~, the most plausible explanation to these idiosyncratic
changes in trace element burden is that local processes are more relevant for benthic communities than any lati-
tudinal gradient of human disturbance or natural transport of pollutants from areas at lower latitude. Certainly, a
latitudinal gradient has been previously reported for the levels of trace elements in the feathers of penguins®, but
this are pelagic, highly mobile predators, foraging at a much broader scale. On the contrary, the benthic species
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to be more sensitive to local differences in trace element pollution than to any latitudinal gradient.

Primary producers exhibited the highest levels of trace elements, particularly Cr and Pb, probably because of
accumulation mechanisms typical of micro- and macroalgae”. Alternatively, Farias et al.”! argued that high levels
of Cr and Pb in some species may be the consequence of not completely removing fine particulate matter during
washing of the specimens after collecting them, although we do not believe this is the case in our study. Even
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Component

Variable 1 2 3

Cr SPOM 0.920 | —0.068 | —0.248
Pb SPOM 0.763 | —0.335 | —0.243
Hg SPOM 0.897 | —0.183 | —0.223
Cr Ds -0.690 | —0.510 0.368
Pb Ds —-0.840 0.050 | —-0.256
Hg Ds -0.020 | -0.072 0.981
CrPd 0.837 0.211 0.346
Pb Pd 0.427 | —0.604 | —0.103
Hg Pd 0.595 | -0.011 0.330
Cr Nc 0.446 0.734 0.253
Pb Nc -0.029 | -0.770 0.461
Hg Nc —-0.268 0.862 | —0.097
Cr Db -0.339 0.897 0.001
Pb Db -0.585 | —0.651 0.401
Hg Db -0.501 0.731 0.412
Cr Ov 0.907 0.380 0.075
Pb Ov -0.806 | —0.051 | —0.013
Hg Ov 0.045 0.943 0.230

Table 2. PCA component matrix. Values represent the contribution of each variable to PC 1 and PC 2. SPOM
Suspended Particulate Organic Matter, Ds Desmarestia spp., Pd Palmaria decipiens, Nc Nacella concinna, Db
Diplasterias brucei, Ov Odontaster validus.

though the trace element content differs among species from the same habitat’>”, it has been widely reported that
macroalgae concentrate trace elements in their tissues, with concentration factors respect to sea water content as
high as 10,000 for Ti and with values of up to 500 for Cr in brown algae, as an example?*”2. Trace elements can be
accumulated in different extra- and intracellular compartments’>~”’. Both micro- and macroalgae take up trace
elements and other elements basically through two mechanisms: by attaching them to its cellular surface in a
process called biosorption, which is reversible, and by irreversibly binding additional elements after biosorption,
often through diffusion to the cytoplasm and binding to proteins or other intracellular structures”. Regarding
SPOM, its enrichment in trace elements had been reported previously’®. Diatoms silicic frustule turns to be a
highly adsorptive surface that is implicated in the removal of trace element ions from the water column”. The
attachment of Cr and Pb to diatoms surface would explain the high values reported for these trace elements
in the SPOM, since diatoms are the dominant taxa in phytoplankton communities of the inshore waters of the
Western Antarctic Peninsula during the summer season®-%.

The range and mean values of concentrations of the three elements in our species, together with levels
recorded in the literature for the same species from other places in the Antarctic continent are compared here
(Table 3). Cr, Pb and Hg levels obtained in the present study can be also compared to those reported in the litera-
ture from other regions of the world (Table 4) showing that trace element pollution in Antarctica is biologically
relevant. Taxonomically related and/or ecologically similar species were selected for this comparison. When the
same genus was not available, similar feeding strategy or same taxonomic group species were chosen. Particu-
larly, trace element levels in SPOM were quite striking, as highlighted before. The values obtained in the present
study were higher than those in the literature, except for mean Hg content compared to other Antarctic sites,
similar but slightly lower than that of the SPOM of Terra Nova Bay®%. Mean Cr content in our SPOM samples
was an order of magnitude higher than that reported for the White Sea and the World Ocean. SPOM’s Pb mean
level (57.57 pg g™' dw) was also an order of magnitude higher than the maximum value reported previously in
Antarctica and still higher than the mean value reported for the White Sea (36.05 pg g™! dw), and much higher
than the mean Pb value for the world ocean (8.70 pg g™ dw)®.

Regarding the red algae Palmaria decipiens, the mean Cr content doubled the recorded in other works and
the range obtained in this study was broad (Table 4). Pb content in the specimens collected in this study are from
one to two orders of magnitude higher than samples of edible red algae Palmaria palmata cultivated in Asia and
in the European Union®*, and with a lower mean value, even though still within the same range of values, than
those of Palmaria palmata sold in Italy?”. The mean Pb content in the Antarctic red algae was higher than that
of two other different Rodophyceae collected in India and Oman, the latter considered a relatively not impacted
place (Table 4).

For Cr, the mean content in Desmarestia spp. (2.4 pg g dw) fell between the mean value in Runcie and
Riddle®® (1.70 pg g™* dw) and that in Farias et al.”* (3.25 pg g™! dw), and was slightly lower than that reported in
Trevizani et al.”® near Comandante Ferraz station, in King Geoge Island (South Shetland Islands) (9.33 ug g™*
dw). Cr range values in Desmarestia spp. and other Phaeophyceae from such different sites as Australia, Svalbard
Islands, and Scotland fell within the same range (Table 4). Regarding Pb, the range of values in Desmarestia
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Cr (pgg' dw) Pb (ugg™' dw) Hg (ng g™ dw)
Sample Range Mean+SD | Range Mean+SD Range Mean+SD Locality Reference
Suspended Particulate Organic || o5 37 98 | 10.28+9.51 |1.85-537.08 | 57.57£109.48 | 15.12-107.26 | 33.49+21.82 | South Shetland Islands and Present study
Matter Antarctic Peninsula
Diatom Phaeodactylum tricor- Bellingshausen Dome, King 102
- - 6.3+0.20 - -
nutum George Island
Offshore waters, Maxwell Bay, 102
Phytoplankton - - - 57 - - King George Island
Nano and micro-phytoplankton | - - - 0.13+0.01 - - Terra Nova Bay, Ross Sea 103
Particulate Organic Matter - - - - 28.00-47.00 39.00 Terra Nova Bay, Ross Sea 84
Desmarestia anceps/ D. 046-6.11 |2.45+1.63 |056-422 |1.78+1.05 47.60-498.08 | 136.81+90.57 | South Shetland Islands and Present study
menziesii Antarctic Peninsula
Desmarestia anceps - - - - - 32.60 Admiralty Bay, King George 1
Island
Desmarestia anceps - 3.25+0.19 - <0.60 - - Potter Cove, King George Island | !
Desmarestia anceps - 1.70+£0.80 |- 9.40+7.60 - - East Antarctica 88
. Ullman Point, Admiralty Bay, 28
Desmarestia anceps - 3.25 - 0.82 - <QLM King George Island
Desmarestia menziesii - 9.33+2.69 - <QLM - <QLM Ferraz, Admiralty Bay, King 8
George Island
. o Botany Point, Admiralty Bay, 28
Desmarestia menziesii - 3 - 4.41 - <QLM King George Island
Palmaria decipiens 0.14-14.41 |539+452 [047-534  |244+4.08 10.17-1194.20 | 411.89+330.98 | South Shetland Islands and Present study
Antarctic Peninsula
Palmaria decipiens - - - - - 20.40 Admiralty Bay, King George i
Island
Palmaria decipiens - 2.05+0.10 |- <0.60 - - Potter Cove, King George Island | !
Palmaria decipiens - 2.80+0.30 |- 2.30+0.70 - - East Antarctica 88
Nacella concinna 026-3.85 |1.56+1.03 |0.14-0.62 | 0.34+0.14 9.66-22455 | 43554462 | South Shetland Islands and Present study
Antarctic Peninsula
Nacella concinna - 2.16+0.58 |- 1.42+0.39 - - Marian Cove, King George o
Island
Nacella concinna - <0.01 - 0.45+0.06 - - Potter Cove, King George Island |
Nacella concinna - - - - - 26.10 Admiralty Bay, King George 1
Island
. Ferraz, Admiralty Bay, King 2
Nacella concinna - 2.57 - <QLM - <QLM George Island
Diplasterias brucei 028-1.10 |078+036 |0.14-0.64 | 033+0.13 45.92-150.13 | 82.95+28.1 South Shetland Islands and Present study
Antarctic Peninsula
Odontaster validus 0.29-0.98 |074+029 |021-1.68 | 0.55+0.36 19.95-19242 | 76.47+47.4 South Shetland Islands and Present study
Antarctic Peninsula
Odontaster validus (arms) - 0.74+0.05 - 0.17+0.03 - - Cape Evans, Ross Sea 7
Odontaster validus (arms) - 0.70+0.05 - 0.13+0.03 - - Terra Nova Bay, Ross Sea 7
Odontaster validus (arms) - - - 0.51+0.22 - - Terra Nova Bay, Ross Sea 104
Odontaster validus (arms) - - - - - 40.00+10.00 Terra Nova Bay, Ross Sea 101
Odontaster validus (arms) - - - - 60.00-220.00 110.00 Terra Nova Bay, Ross Sea 84
Odontaster validus (integument) | — - - 0.60+0.28 - - Port Foster, Deception Island 9

Table 3. Trace elements concentrations (Cr, Pb, Hg) of the studied species in Antarctica. Data are given as
mean * SD, when possible. QLM: Quantification Limit of the Method.

anceps and Desmarestia menziesii was similar to that of Desmarestia aculeata collected in the Svalbard Islands and
Padina tenuis, another brown algae collected in Australian waters (Table 4). The mean Pb content in Desmarestia
spp. from the present study was ten times higher than that of the brown algae Nizamuddinia zanardinii from
a site in southern Oman®, suggesting the South Shetland Islands and the Antarctic Peninsula are impacted by
anthropogenic pollution. On the other hand, the values measured in other brown algae were higher than those
presented in this study. The maximum value in Padina tetrastromatica from Australia more than doubles the
highest concentration in Antarctic Desmarestia spp. and Fucus serratus. Pb minimum value was similar to the
highest value obtained in this study.

The Cr mean value for Nacella concinna fell between the mean values reported in Potter Cove® and Admiralty
Bay®, both in King George Island (South Shetland Islands), even though the maximum level obtained in our
study exceeded the highest value reported in the literature. Pb mean level in Nacella concinna was slightly lower
than that reported for the same species in Potter Cove®® and also fell below that reported in Marian Cove (King
George Island)®" (Table 3). Other limpet species in Southern Oman and the Spanish Mediterranean coast had
slightly higher levels of Pb than those reported in the present study (Table 4), although the maximum value here
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Cr (ngg ' dw) Pb (ug g™ dw) Hg (ng g™ dw)
Sample Range Mean+SD | Range Mean+SD Range Mean +SD Locality Reference
Suspended Particulate Organic | | o5 37 95 | 1028951 | 1.85-537.08 |57.57+10948 |15.12-107.26 | 33.49+21.82 | S°uth Shetland Islandsand Present study
Matter Antarctic Peninsula
Plankton 1.38 - 36.05 - 2.50 White Sea 106
Plankton 1.80 - 8.70 - 30.00 World Ocean 8
Desmarestia anceps/ D. 046-6.11 |245+1.63 |0.56-422 |1.78+1.05 47.60-49808 | 1368129057 | South ShetlandIslandsand | p ooy cuay
menziesii Antarctic Peninsula
Desmarestia aculeata 0.56-2.40 | - 0.08-1.60 - - - Spitsbergen, Svalbard Islands | '
Padina tenuis 1.40-10.00 |- 0.10-620 |- - - Townsville coastal waters, 1
Queensland, Australia
Padina tetrastromatica 1.60-9.90 |- 1.10-1020 |- - - Townsville coastal waters, 1
Queensland, Australia
Nizamuddinia zanardinii - - 0.17 - 6.00 Dhofar, southern Oman (rela- | 4
tively unspoiled)
Fucus serratus 0.70-2.60 | - 4.00-21.00 |- - - Scotland 72
Stypocaulon scoparium - - - 100.00-200.00 | - Port-Cros Bay, France s
Stypocaulon scoparium - - - - 30.00 Port-Cros National Park, 15
France
Palmaria decipiens 0.14-1441 |539+452 |047-534 |2.44+4.08 1017-119420 | 411.89+3309g | South Shetland Islands and Present study
Antarctic Peninsula
Palmaria palmata 0.16£0.15 |- 0.04%0.00 - - Asia (China, Japan, South 8
orea)
Palmaria palmata 0.08+0.05 |- 0.05+0.03 - - European Union 86
Palmaria palmata - - 4.40+0.30 - - Purchased in Italy 87
Gracilaria longissima 0.90+0.10 - 0.90+0.40 - - Gulf of Kutch, India 116
Gelidium sp. _ B 141 _ 8.00 ]?hofar, southern Oman (rela- | g
tively unspoiled)
Nacella concinna 026-3.85 |156+1.03 |0.14-062 | 0.34+0.14 9.66-224.55 435524462 | South Shetland Islands and Present study
Antarctic Peninsula
Patella caerulea - 0.67-1.29 0.98 - - Spanish Mediterranean coast | 7
Cellana rota - - 0.45 - 21.00 Dhofar, southern Oman (rela- | 5
tively unspoiled)
Diplasterias brucei 0.28-1.10 |0.78%0.36 |0.14-0.64 | 0.33%0.13 4592-150.13 | 82.95+28.1 South Shetland Islandsand | p oo srudy
Antarctic Peninsula
Odontaster validus 0.29-0.98 |0.74=0.29 |0.21-168 | 0.55£0.36 19.95-19242 | 76.47+47.4 South Shetland Islands and | p oo srudy
Antarctic Peninsula
Echinaster sepositus - - - 930.00-1620.00 | - Port-Cros Bay, France 15
Echinaster sepositus - - - - 100.00 Port-Cros National Park 1
Echinaster sepositus 0.83 - - - - Saronikos gulf, Greece %
Marthasterias glacialis - - - - 210.00 Port-Cros Bay, France 15
Marthasterias glacialis 1.64 - - - - Saronikos gulf, Greece o8
Astropecten aurentiacus - - - - 80.00 Port-Cros Bay, France 1s
Asterias rubens (oral body wall) - - 0.85+0.63 - - Belgian coast (polluted) 100
?V;tﬁ)r ias rubens (aboral body - - 0.36+0.19 - - Belgian coast (polluted) 100

Table 4. Trace elements concentrations of studied species and similar species from other regions of the world.
Data are given as mean + SD, when possible.

is higher than the average there. Hg mean value reported here for Nacella concinna almost doubles that reported
for the same species in King George Island and that reported for the limpet Cellana rota from southern Oman.

There were no previous data for Cr, Pb, and Hg levels in Diplasterias brucei in the literature. Both asteroids,
Diplasterias brucei and Odontaster validus, are carnivores consuming other invertebrates, such as molluscs,
crustaceans, ostracods, and sponges. Odontaster validus is known to exploit further feeding modes®*~*°. The
concentrations of trace elements were of the same order of magnitude in both starfish species. Both species had
similar Cr content than that measured in Odontaster validus in other studies from two areas in the Ross Sea”. Cr
mean content in both starfish was similar to the Cr content in Echinaster sepositus from Saronikos gulf, Greece,
and half the mean value of Marthasterias glacialis collected in the same site®. Pb values reported in the present
study for the starfishes were more than twice the Pb concentration in Odontaster validus reported by Grotti
et al.”” (Table 3) and were very similar to those reported for the same species in Deception Island (South Shetland
Islands)® and for the common starfish Asterias rubens in the Belgian coast'®. The Hg mean levels reported in our
study fell between the levels reported for Odontaster validus of Terra Nova Bay in Dalla Riva et al.'*! (40.00 ng g™")
and Bargagli et al.** (110.00 ng g™' dw). Hg concentrations were the same as those of Astropecten aurentiacus
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in Port-Cros Bay (France), but lower than those measured in Echinaster sepositus in Port-Cros National Park
(France), where low pollution is assumed, and Marthasterias glacialis in Port-Cros Bay (France) (Table 4).

In general, Cr, Pb, and Hg levels obtained here fell in the range of or were higher than those measured in
other sites around Antarctica, which indicates the reliability of the results in this study. The Cr levels in SPOM
and Palmaria decipiens levels were around 2 to 10 times higher than those of related species, suggesting trace
element levels in Antarctic biota are not negligible, but rather concerning. Regarding Pb, it seems to act as an
indicator of the human presence in Antarctica. The mean values obtained in the present study for the primary
producers were higher than those recorded for primary producers at three different sites in King George Island,
which Curtosi et al.” declared practically unaffected by pollution, and Terra Nova Bay in the Ross Sea, more
remote and less exposed to human local activity than the Antarctic Peninsula®. In Terra Nova Bay, however,
there are several research facilities, namely the stations McMurdo, Scott Base, Mario Zucchelli, Gondwana, and
Jang Bogo®® and previous reports of contamination exist'®. For the three animal species, values of Pb are either
similar or slightly lower than those measured in ecologically comparable species from other coastal regions of
the world. In general, Hg levels in our studied species were higher than those reported for the same species in
the literature and for other species from other regions of the world (Tables 3 and 4). Specifically, all the Hg con-
centrations measured by Santos et al.'! in Admiralty Bay, King George Island, were lower than those reported
in the present study. Santos et al.'! reported very low levels of trace elements, i.e. close to natural levels. The Hg
value reported for the World Ocean was reported to be doubtful in Demina and Nemirovskaya'® since it is an
order of magnitude higher than that measured in the White Sea in the mentioned study. The authors attributed
this to the utilization of different procedures for sample preparation and analyses.

Although there is a large diversity of macroalgae in shallow rocky bottoms around Antarctica®”'?’, they are
minor contributors to the carbon pool fueling the food web®**** because most of them are chemically defended
from herbivores through phlorotannins and other natural products®®!%-!12, This may explain why the levels of
trace elements in limpets and starfish are much lower than in macroalgae, assuming that they lack mechanisms
to remove these trace elements, i.e. detoxification. Phytoplankton is often considered to be the primary source
of carbon for shallow Antarctic food webs**->%. The levels of Hg in SPOM reported in this study are consistent
with this hypothesis, as they are lower than those observed in consumers from the same site. However, Pb lev-
els in SPOM were much higher than in limpets and starfish. As Pb is known to biomagnify, these results may
suggest limited reliance of the three consumers on SPOM. However, SPOM could be a relevant food source if
the Pb trapped in diatom frustules” is not absorbed by consumers relying on SPOM. Nevertheless, previous
research based on stable isotopes of C has shown that encrusting corallinaceous algae are a major dietary item
for limpets®, but unfortunately, we had not enough material to analyze Hg levels in encrusting algae. In any case,
the Hg content of the two starfish was higher than that of the limpet, a result consistent with their higher trophic
position** and demonstrative of the Hg biomagnification along Antarctic food webs.

Conclusions

A latitudinal Cr, Pb and Hg pollution gradient along the South Shetland Islands and the Antarctic Peninsula was
not observed in the studied representative benthic species, possibly because the sampling sites were sheltered
coastal zones more influenced by local factors than by processes operating at broader geographic scales. This
gradient may still exist, however, and further research is needed to prove it.

Differences in concentration among sites and species were found for the three trace elements studied. Nev-
ertheless, the existence of more globally polluted sites could not be demonstrated, as each species responded
independently at each sampling site. The primary producers included in this study have a higher trace element
content than the selected animal species, suggesting that neither the particulate organic matter nor the dominant
macroalgae in this community are the food web carbon source. This supports our previous results on trophic
analysis of this community, revealing encrusting corallinaceous algae as the most likely carbon source for the
limpet Nacella concinna. In agreement with previous research, the starfishes Odontaster validus and Diplasterias
brucei, top predators in the community, may be feeding on the limpet Nacella concinna.

In general, Cr, Pb and Hg levels fell in the range of or were higher than those measured in other Antarctic
places. Remarkably, trace element concentrations reported in this study are in general comparable to those of
taxonomically or ecologically similar species from other coastal regions of the world, thus indicating that at
least the Antarctic Peninsula and South Shetland Islands are not so pristine and unspoiled as it may be gener-
ally considered but they are as polluted as the rest of the world. Therefore, monitoring pollution levels in these
regions is an important and urgent task to be done.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.
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Supplementary table 1

Range and mean values * SD of Cr, Pb, and Hg in the studied species at each sampling site.

) Cr(ug gt dw) Pb (ugg'dw) Hg (ngg™ dw)

Species Range Mean + SD Range Mean *+ SD Range Mean * SD
Suspended Particulate
Organic Matter (SPOM)
Fildes Bay 3.49-25.33 1246 +8.41 10.53-89.61 30.55 £ 33.23 21.43-43.14 30.91+9.53
Hope Bay 6.18-32.87 14.51+10.6 15.73-117.79 48.07 £40.13 29.58-46.2 35.93+7.26
Cierva Cove 1.07-8.8 3.25+3.19 1.85-30.81 9.75+12.04 15.12-16.64 15.68 +0.71
Paradise Bay 1.05-32.98 8.11+13.92 2.12-120.04 27.66 £ 51.68 15.4-21.96 18.63+3.01
Rothera Point 7.25-24.7 13.07 £ 7.07 14.34-537.08  171.87 £212.28 37.23-107.26 66.31 + 25.88
Desmarestia anceps/
D. menziesii
Fildes Bay 1.23-4.63 2.36+1.41 0.56-1.71 1.05+0.5 47.6-140.06 94.97 £ 37.36
Hope Bay 0.46-4.23 191+1.41 0.56-1.26 0.87 £0.29 56.62-498.08  184.69 + 183.93
Cierva Cove 1.62-2.63 2.28+0.4 2.21-4.22 3.35+0.74 104.97-153.39  120.43 +19.78
Paradise Bay 4.22-6.11 4.85+0.9 1.62-3.41 2.17+0.73 70.94-294.34  164.46 +80.88
Rothera Point 0.47-1.41 0.85+0.39 1.18-1.79 1.46 £ 0.26 93.24-137.04 119.48 +18.3
Palmaria decipiens
Fildes Bay 2.31-3.81 3.12+0.68 0.47-0.99 0.76 £0.23 307.35-1123.31 645.41 + 354.88
Hope Bay 6.05-14 10.04 +2.94 1.50-1.89 1.7+0.14 531.99-718.65  620.83 +67.2
Cierva Cove 0.14-8.16 2.63+3.56 0.51-3.24 1.49+1.2 10.17-175.51 70.16 £ 75.63
Paradise Bay 0.8-4.04 2.13+1.18 2.27-3.76 2.93+0.64 240.7-577.29  382.28 +123.52
Rothera Point 2.87-14.41 9.05+5.14 0.87-21.49 5.34+9.05 58.1-1194.2 340.79 +479.3
Nacella concinna
Fildes Bay 0.66-1.35 1.03+0.28 0.14-0.22 0.18 +0.03 23.09-43.31 30.64 +7.88
Hope Bay 1.88-3.5 2.62+0.72 0.23-0.42 0.33+0.09 34.2-75.75 55.08 £ 17.02
Cierva Cove 0.92-3.85 1.85+1.22 0.15-0.43 0.26+0.1 23.57-224.55 86.04 £ 84.03
Paradise Bay 0.26-0.62 0.45+0.16 0.42-0.62 0.51+0.08 9.66-16.23 11.9+2.65
Rothera Point 1.25-3.28 1.84£0.85 0.27-0.48 0.41 +0.09 17.89-72.12 34.09 £ 23.05
Diplasterias brucei
Fildes Bay 0.61-1.41 0.94+0.33 0.14-0.28 0.19 + 0.06 47.99-87.37 67.26 £ 14.93
Hope Bay 0.53-1.39 0.95+0.37 0.2-0.34 0.27 £ 0.05 71.88-141.91  103.44 +25.33
Cierva Cove 0.72-1.39 1.1+0.28 0.25-0.45 0.33+0.07 77.25-150.13  111.84 +28.86
Paradise Bay 0.48-0.54 0.51+0.03 0.43-0.64 0.53+0.07 57.84-90.18 74.81 £11.73
Rothera Point 0.28-0.51 0.41+0.11 0.23-0.37 0.29 + 0.05 45.92-70.19 57.39 £ 11.27
Odontaster validus
Fildes Bay 0.5-0.92 0.74+0.16 0.23-0.32 0.25+0.04 33.74-80.79 61.87 £17.76
Hope Bay 0.76-1.31 0.98+0.21 0.21-0.91 0.38+0.3 63.97-192.42  123.79 £49.26
Cierva Cove 0.3-1.09 0.59+0.3 0.46-1.68 0.91+0.49 70.79-184.07 112.63 +44.9
Paradise Bay 0.29-0.54 0.43+0.1 0.61-1.02 0.72+0.17 19.95-45.28 25.79 £10.94
Rothera Point 0.73-1.27 0.95+0.2 0.32-0.91 0.48+0.24 37.19-78.29 58.26 £ 16.75
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Supplementary table 2
Results of the general lineal model used to assess the effect of species and site on standardized Cr

levels.
Tests of Between-Subjects Effects

Dependent Variable: Cr
Source Type Il Sum of Squares df Mean Square F Sig.
Corrected Model 83.294° 29 2.872 5.246 <0.001
Intercept 0.000 1 0.000 0.000 1.000
species 57.583 5 11.517 21.033 <0.001
site 6.466 4 1.617 2.952 0.023
species * site 19.245 20 0.962 1.757 0.033
Error 65.706 120 0.548
Total 149.000 150
Corrected Total 149.000 149

a. R Squared = 0.559 (Adjusted R Squared = 0.452)

Supplementary table 3
Results of the general lineal model used to assess the effect of species and site on standardized Pb

levels.
Tests of Between-Subjects Effects

Dependent Variable: Pb
Source Type Il Sum of Squares df Mean Square F Sig.
Corrected Model 63.824° 29 2.201 | 3.101 | <0.001
Intercept 0.000 1 0.000 .000 1.000
species 27.963 5 5.593 | 7.879 | <0.001
site 6.191 4 1.548 | 2.180 0.075
species * site 29.670 20 1.483 | 2.090 0.008
Error 85.176 | 120 0.710
Total 149.000 | 150
Corrected Total 149.000 | 149

a. R Squared = 0.428 (Adjusted R Squared = 0.290)
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Supplementary table 4

Results of the general lineal model used to assess the effect of species and site on standardized Hg

levels.

Tests of Between-Subjects Effects

Dependent Variable: Hg

Source Type Il Sum of Squares df Mean Square F Sig.
Corrected Model 101.303° 29 3.493 8.788 | <0.001
Intercept 0.000 1 0.000 0.000 1.000
species 68.752 5 13.750 | 34.594 | <0.001
site 5.230 4 1.307 3.289 0.013
species * site 27.322 20 1.366 3.437 <0.001
Error 47.697 | 120 .397

Total 149.000 | 150

Corrected Total 149.000 | 149

a. R Squared = 0.680 (Adjusted R Squared = 0.603)

Supplementary table 5

Results of the general lineal model used to assess the effect of species and site on standardized Cr

levels for the three animal species (N. concinna, D. brucei, O. validus).

Tests of Between-Subjects Effects

Dependent Variable: Cr

Source Type Il Sum of Squares df | Mean Square F Sig.
Corrected Model 49.671a | 14 3.548 8.750 | <0.001
Intercept 0.000 1 0.000 0.000 1.000
species 19.210 2 9.605 | 23.688 | <0.001
site 16.096 4 4.024 9.924 | <0.001
species * site 14.365 8 1.796 4.429 | <0.001
Error 24.329 | 60 0.405

Total 74.000 | 75

Corrected Total 74.000 | 74

a. R Squared = 0.671 (Adjusted R Squared = 0.595)
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Supplementary table 6
Results of the general lineal model used to assess the effect of species and site on standardized Pb
levels for the three animal species (N. concinna, D. brucei, O. validus).

Tests of Between-Subjects Effects
Dependent Variable: Pb
Source Type lll Sum of Squares | df | Mean Square F Sig.
CorrectedModel 44.465a | 14 3.176 6.452 | <0.001
Intercept 0.000 1 0.000 0.000 1.000
species 12.349 2 6.175 | 12.544 | <0.001
site 20.364 4 5.091 | 10.342 | <0.001
species * site 11.752 8 1.469 2.984 0.007
Error 29.535 | 60 0.492
Total 74.000 | 75
Corrected Total 74.000 | 74

a. R Squared = 0.601 (Adjusted R Squared = 0.508)

Supplementary table 7
Results of the general lineal model used to assess the effect of species and site on standardized Hg
levels for the three animal species (N. concinna, D. brucei, O. validus).

Tests of Between-Subjects Effects

Dependent Variable: Hg
Mean

Source Type Il Sum of Squares df Square F Sig.
CorrectedModel 42.799a | 14 3.057 5.879 | <0.001
Intercept 0.000 1 0.000 .000 1.000
species 11.549 2 5.775 | 11.105 <0.001
site 26.520 4 6.630 | 12.749 | <0.001
species * site 4.730 8 0.591 1.137 0.352
Error 31.201 | 60 0.520
Total 74.000 | 75
Corrected Total 74.000 | 74

a. R Squared = 0.578 (Adjusted R Squared = 0.480)
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Supplementary figure 1. Dendrogram for SPOM samples obtained using the squared Euclidean
distance as a metric and UPGMA as the clustering method.
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Supplementary figure 2. Dendrogram for Palmaria decipiens samples obtained using the squared
Euclidean distance as a metric and UPGMA as the clustering method.
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Supplementary figure 3. Dendrogram for Desmarestia sp. samples obtained using the squared
Euclidean distance as a metric and UPGMA as the clustering method.

Linkage distance
0 5 10 15 0 25
I I L | 1

Paradise Bav 3
Paradise Bay 4
Paradise Bay 1 f——
Paradise Bay5  f——
Rothera Point 4 |——|
Rothera Point 5 |——
Paradise Bay2 [——
Fildes Bay 4 —_—
Cierva Cove 1

Rothera Point 2
Fildes Bay 3
Fides Bay 2
Fildes Bay 5

Hope Bay 1 —_—

Sample

Rothera Point 1 |——
Fildes Bay 1 E——
Cierva Cove3d ||

Cierva Coves ||

Hope Bay 5
Hope Bay 3
Rothera Point 3
Hope Bay 2
Hope Bay 4
Cierva Cove 2
Cierva Cove 4

Supplementary figure 4. Dendrogram for Nacella concinna samples obtained using the squared
Euclidean distance as a metric and UPGMA as the clustering method.
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Sample

Supplementary figure 5. Dendrogram for Diplasterias brucei samples obtained using the squared
Euclidean distance as a metric and UPGMA as the clustering method.

Sample

Supplementary figure 6. Dendrogram for Odontaster validus samples obtained using the squared
Euclidean distance as a metric and UPGMA as the clustering method.
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How does heat stress affect
sponge microbiomes? Structure
and resilience of microbial
communities of marine sponges
from different habitats
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and Cristina Garcia-Aljaro™
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Biologia, Universitat de Barcelona (UB), Barcelona, Spain, “Red Sea Research Center, King Abdullah
University of Science and Technology, Thuwal, Saudi Arabia, *Division of Aquatic & Wildlife
Resources, Guam Department of Agriculture, Mangilao, GU, United States

Introduction: Sponges are key components of marine benthic communities,
providing many ecosystem functions and establishing close relationships with
microorganisms, conforming the holobiont. These symbiotic microbiotas
seem to be host species-specific and highly diverse, playing key roles in their
sponge host. The effects of elevated seawater temperature on sponges and
their microbiota are still poorly known, and whether sponges from polar areas
are more sensitive to these impacts respect to temperate and tropical species is
totally unknown.

Methods: We analyzed the microbiomes of different sponge species in their
natural habitat and after exposure to heat stress in aquaria by 16S rRNA
amplicon sequencing to (1) characterize the sponge microbiota covering a
latitudinal gradient (polar, temperate and tropical environments), and (2) asses
the effects of thermal stress on their microbial communities.

Results: Bacterial communities’ structure was different in the different sponge
species and also respect the surrounding seawater. The core microbiome is
maintained in most sponge species after a heat stress, although whether they
would recover to the normal conditions previous to the stress remains yet to be
further investigated. We observed increased abundances of transient bacteria
from unknown origin in sponge species exposed to heat stress.
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Discussion: Some of the transient bacteria may be opportunistic bacteria that
may benefit from the heat stress-associated dysregulation in the sponge by
occupying new niches in the holobiont. According to our results, sponges from
Antarctic waters could be more resilient than tropical and temperate sponges.
Both the microbiome composition and the changes produced by the heat
stress seem to be quite host species-specific, and thus, depend on the sponge
species. Under a global change scenario, the microbiomes of the tropical and
temperate sponges will probably be those suffering the most the heat stress,
and therefore the effects of global change may be dramatic for benthic

ecosystems since sponges are a fundamental part of them.

KEYWORDS

holobiont, heat shock, global warming, high microbial abundance, low microbial
abundance, metabarcoding

1 Introduction

Sponges (phylum Porifera) are among the most ancient
groups of metazoans (Bengtson, 1998; Feuda et al.,, 2017;
Simion et al., 2017), and are widely distributed along tropical,
temperate, and polar aquatic environments (Hooper and van
Soest, 2002). These organisms are key components of marine
benthic communities, providing ecosystem functions such as the
creation of three-dimensional habitats to a variety of animals,
giving shelter from predators, being source of food for
spongivorous species, and contributing to the nutrient cycling
(through the so-called benthic-pelagic coupling) due to their
filter feeding nature (Bell, 2008; Southwell et al., 2008; de Goeij
et al,, 2013; Maldonado et al., 2015). Sponges often establish
close relationships with diverse groups of microorganisms,
including archaea, bacteria, microalgae, fungi, and viruses, that
live within them, forming a complex structured ecosystem,
called the sponge holobiont (Webster and Taylor, 2012;
Thomas et al., 2016; Dittami et al., 2021; Leray et al., 2021).
This symbiotic microbiota plays key roles in nutrient
assimilation, waste metabolism, vitamin synthesis, or
production of compounds with antifouling and defense
properties, among many other aspects of the sponge’s
physiology and ecology (Taylor et al., 2007; Hentschel
et al,, 2012).

Marine sponge-associated microbial community has been
reported to be host species-specific and highly diverse, harboring
over 60 bacterial and four archaeal phyla (Lee et al, 2011;
Jackson et al., 2012; Schmitt et al.,, 2012a; Cleary et al., 2013;
Kennedy et al., 2014; Reveillaud et al., 2014; Thomas et al., 2016;
Moitinho-Silva et al., 2017a; Freeman et al., 2020). The sponge
microbiome generally consists of a core microbiome (microbial
species or amplicon sequence variants (ASVs) present in all
specimens of the sponge species) and a variable part (ASVs not
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present in all specimens or present but at very different
abundances) (Schmitt et al., 2012b; Blanquer et al., 2013;
Astudillo-Garcia et al,, 2017). Despite the continuous flow-
through of seawater within sponges, they manage to maintain
a specific microbiome that is different and often more diverse
than the surrounding seawater (Taylor et al., 2004; Taylor et al.,
2007; Webster et al., 2010; Schmitt et al., 2012b; Taylor et al,,
2013; Horn et al,, 2016; Thomas et al.,, 2016). Although how the
sponge selects and keeps certain microbial populations remains
still unclear, some studies suggest that a very specific recognition
system to discriminate symbiotic microbes may exist, with the
host’s immune system being involved (Hentschel et al., 2012;
Riesgo et al., 2014; Pita et al,, 2018).

In terms of microbiota’s contribution to the sponge biomass,
sponges have been classified as either high microbial abundance
(HMA) or low microbial abundance (LMA) (Hentschel et al.,
2003; Gloeckner et al., 2014). HMA sponges harbor microbes’
densities 2-4 orders to magnitude higher than LMA sponges
(Webster et al., 2001; Hentschel et al., 2006; Hentschel et al.,
2012). The microbiome of HMA sponges is richer and more
diverse than that of LMA sponges, which is usually dominated
by a few taxa (Bjork et al., 2013; Erwin et al., 2015; Moitinho-
Silva et al., 2017b). The dominant bacterial groups are also
different for LMA and HMA sponges. While LMA sponges are
usually dominated by Proteobacteria or Cyanobacteria, HMA
sponges are enriched in Chloroflexi, Actinobacteria, or
Acidobacteria, and usually harbor members of the phylum
Poribacteria (Giles et al., 2013; Simister et al., 2013; Moitinho-
Silva et al., 2017b). Despite the differences between HMA and
LMA sponges’ microbiomes, the core microbial functions in the
holobiont seem to be conserved independently of the HMA or
LMA nature of the sponge (Thomas et al., 2010; Fan et al., 2012).

Since the development of next generation sequencing
technologies in the late 1990s and early 2000s, the
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characterization of the microbiome diversity has grown
exponentially (Taylor et al., 2007; Thomas et al., 2016;
Webster and Thomas, 2016; Moitinho-Silva et al., 2017a;
Stevens et al., 2017; Pita et al,, 2018) The most common
technique used to characterize microbial communities’
composition (e.g., Earth Microbiome Project) is 16S rRNA
gene amplicon sequencing. Even though sponges’ microbiomes
have been studied worldwide, most studies have focused on
tropical and temperate sponges, and less attention has been paid
to polar species. This is reflected in “The sponge microbiome
project” (Moitinho-Silva et al., 2017a), where the microbiomes
of 268 temperate and tropical sponge species were analyzed, but
no polar species were included. However, in recent years, the
microbiota of 31 Antarctic sponge species (or probably less since
some of them were only identified to genus level) have been
studied using 16S rRNA amplicon sequencing analysis (Webster
et al,, 2004; Rodriguez-Marconi et al., 2015; Cardenas et al., 2018;
Cardenas et al., 2019; Lo Giudice et al., 2019; Steinert et al., 2019;
Diez-Vives et al., 2020; Moreno-Pino et al., 2020; Papale et al,,
2020; Sacristan-Soriano et al., 2020; Ruocco et al., 2021; Cristi
etal., 2022; Happel et al., 2022). This is still a very small amount,
considering that the most recent estimates of sponge species
richness in the Southern Ocean and neighboring oceanographic
regions were of 400 species as published in the Biogeographic
Atlas of the Southern Ocean (Janussen and Downey, 2014).
Anthropogenic climate change has for long been known to
have detrimental effects on marine environments (Smale et al.,
2019; Cooley et al,, 2022). For the last decades, along gradual
ocean warming, ocean acidification, deoxygenation, and sea level
rise, extreme events like heat waves have increased in frequency,
duration, intensity, and extension (Oliver et al., 2018; Collins
etal,, 2019; Cooley et al., 2022). There is evidence that these heat
waves have caused massive mortality events on marine benthic
environments (Garrabou et al., 2009; Hereu and Kersting, 2016;
Rubio-Portillo et al., 2016; Hughes et al., 2017; Ereskovsky et al.,
2019; Garrabou et al,, 2022). Although the sponge microbiome is
in general stable across geographical and temporal scales (Erwin
etal., 2012; Erwin et al., 2015; Cardenas et al., 2019; Happel et al.,
2022), it can also be influenced by environmental perturbations
(e.g. Webster et al.,, 2008; Lesser et al., 2016; McDevitt-Irwin
et al., 2017). Some studies have addressed the effect of elevated
seawater temperature particularly on sponges, both on their
physiology and on their microbiota (Simister et al., 2012b;
Simister et al., 2012a; Vargas et al., 2021). While some sponges
exposed to thermal stress suffered from tissue necrosis and
bleaching (e.g. Bennett et al., 2017; Perkins et al., 2022), others
seem to be less vulnerable (e.g. Gonzalez-Aravena et al., 2019).
Similarly, while warming produced changes and disruption on
the microbiota of some sponge species (e.g. Simister et al., 2012a;
Fan et al, 2013; Blanquer et al., 2016; Ramsby et al., 2018;
Rondon et al., 2020), others remained unaffected (Webster et al.,
2008; Erwin et al., 2012; Simister et al.,, 2012b; Strand et al.,
2017). Mostly, however, the effect of the temperature increase in
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the microbiota of the sponges remains to be further investigated.
Moreover, whether sponges from polar areas are more sensitive
to these impacts respect to temperate and tropical species is
totally unknown. The water temperature in Antarctic
environments is very stable all year round, whereas temperate
and tropical regions experience larger variations in seawater
temperature (Gonzalez-Acosta et al., 2006; Thébault et al., 2007;
Clarke et al,, 2008; Lie and Lee, 2010). The adaptation of
organisms to the particular environmental conditions of their
region have led to organisms in the Antarctic regions to survive
in a narrow temperature range (stenothermal organisms),
compared to temperate and tropical organisms (Peck and
Conway, 2000).

Here, the microbiomes of different sponge species from their
natural habitat along with that of sponge specimens exposed to
heat stress experiments in aquaria were assessed by 16S rRNA
amplicon sequencing to (1) characterize the sponge species
microbiota covering a latitudinal gradient (polar, temperate
and tropical environments), and (2) asses the effects of
thermal stress on their microbial communities.

2 Materials and methods
2.1 Sample collection

A total of 88 specimens belonging to four demosponge species
living in similar shallow rocky benthic environments were
collected at three regions representative of polar, temperate, and
tropical coastal environments. Mycale acerata (LMA) (Sacristan-
Soriano et al., 2020; Happel et al., 2022) and Dendrilla antarctica
(LMA) (Koutsouveli et al., 2018; Diez-Vives et al., 2020), common
yellow sponges in hard bottom benthic environments from polar
(Antarctic) waters; and Agelas oroides (HMA) (Vacelet and
Donadey, 1977; Blanquer et al., 2013), a lobed orange sponge
present in temperate (Mediterranean Sea and Eastern Atlantic)
waters; and Acanthella cavernosa (LMA) (Coelho et al,, 2018;
Cleary et al., 2019), a red spiky sponge present in tropical (Pacific
Ocean) waters. Both Antarctic sponges, M. acerata (n=28) and D.
antarctica (n=28) were collected at four different stations on
Deception and Livingston Islands (South Shetland Islands)
(Figure 1 and Table 1). The temperate species, A. oroides (n=25)
was collected at two different stations from the Western
Mediterranean coast (Costa Brava, Catalonia), while the Indo-
pacific sponge, A. cavernosa (n=25) was collected at two different
stations from Guam (Mariana Islands). Whole healthy sponge
specimens and 2 L of seawater adjacent to the animals were
collected manually by scuba diving at 10-25 m depths. Sponge
specimens were kept in independent plastic zip bags or screw cap
plastic containers filled with seawater and transported to the lab in
liquid N, or ice, within 1-2 h. Sampling took place in Antarctica
(polar site) during the austral Summer of 2018, and 2019, while
sampling in the Mediterranean Sea (temperate site) took place in
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May 2018 and sampling in Guam (tropical site) took place in
April 2019 (Figure 1). Seawater temperatures at the moment of
collection were -1 to 4°C in the South Shetland Islands, 14-15°C in
the Mediterranean coast, and 28-29°C in Guam Island. A total of
29 specimens were used to assess the bacterial composition of the
holobiont and 59 were used to simulate the effect of a heatwave in
the microbiome. A summary of the number of samples used in the
different experiments are shown in Table 1.

2.2 Heat stress experimental design

For the temperature experiments, at each locality, 20 different
individuals of each species (M. acerata, D. antarctica, A.
cavernosa, and A. oroides) were placed in aquaria at three
different temperatures, including local seawater temperature, to
be used as control temperature (CT), and at two higher
temperatures [heat stress temperature (HST) and extreme heat
stress temperature (EHST), around 4-5°C and 6-10°C higher than
the CT, respectively]. Temperatures were chosen on each site
according to the increase predicted by the IPCC and other reports,
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by duplicating the expected values and higher, and to the
aquarium possibilities available for us to carry out the
experiments on each place. Five more specimens of each species
were placed in the aquaria at the beginning of the experiment and
processed after 24 h to control for changes in the microbiota due
to the manipulation, transport, and placement in the aquaria
(aquaria adaptation control group). The experimental
temperatures are summarized in Table 1. Water temperature
was measured and controlled using a digital controller (Aqua
Medic T controller twin) connected to heating (Sera 50 W or 150
W) and/or cooling (Aqua Medic Titan 150) units. The system was
kept steady all along the experiment. Sponge specimens were kept
in compartmented tanks (volumes ranging between 24-112.5 and
480 L according to the organism sizes), with seawater circulating
through all the compartments, and were incubated for
approximately three weeks for the Antarctic, two weeks for
Mediterranean and one week for tropical sponge species.
Samples were incubated at different times because temperature
affects metabolism, and this is much fastest in the tropics and
slowest in Antarctica. Therefore, the experimental times were
adjusted to these different metabolisms.
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TABLE 1 Samples, number of sponge specimens, experimental conditions and sampling sites coordinates of the different specimens.

Host species Natural Aquaria Location
habitat Experiments Coordinates
HST EHST
Mpycale (Oxymycale) acerata 5 0.7 + 5.7 + 9.8 + 20 = Cormoran Town, Whaler’s Bay, -62.981666,
Kirkpatrick, 1907 1.2 0.7 0.8 Deception Island -60.554979
2 Polish Point, Livingston Island -62.661183,
-60.398817
1 Moore’s Peak, False Bay, Livingston -62.693056,
Island -60.338056
Dendrilla antarctica Topsent, 1905 3 0.5 + 54 + 9.7 + 16  Fildes, Whaler’s Bay, Deception Island -62.987531,
0.3 0.4 0.8 -60.556302
4 Cormoran Town, Whaler’s Bay, -62.981666,
Deception Island -60.554979
5 Moore’s Peak, False Bay, Livingston -62.693056,
Island -60.338056
Agelas oroides 3 15.6 + 20.1 + 247 + 12 Rostella Cove, Roses, Catalonia 42.243307,
Schmidt, 1864 0.2 0.2 0.3 3.227282
2 8  Es Caials Cove, Cadaqués, Catalonia 42.284554,
3.297230
Acanthella cavernosa Dendy, 1922 5 292 + 326 + 33.1 + 11 Jade’s Shoals, Guam Island 13.453844,
0.6 1.2 1.2 144.661835
9  Western Shoals, Guam Island 13.450547,
144.664566
N, number of samples; CT, control temperature; HST, heat stress temperature; EHST, extreme heat stress temperature. Temperature indicated in Celsius degrees. Temperature indicated
as mean * SD.

2.3 Total DNA extraction and PCR
amplification of 16S rRNA

All sponge specimens were washed with sterile seawater. An
amount of 250 mg of each sponge specimen was homogenized to
small pieces in a glass Petri dish with sterile scissors and blade.
DNA was extracted using FastDNA"" SPIN Kit for Soil (MP
Biomedicals, Illkirch, France). Extraction was performed
following manufacturer’s instructions. Isolation of bacterial
DNA from seawater collected from the surrounding
environment was performed using a concentration-filtration
method. One liter of each sample was filtered by vacuum
filtration through a 0.22 pum pore-size mixed ester cellulose
membrane. DNA from filter-retained bacteria was extracted
using the same DNA extraction kit. Each filter was fitted in a
5 ml flask so that the bacteria retaining side was exposed to
buffers and the beads in the first step of the kit’s protocol. The
DNA concentration was quantified by Qubit fluorometer
(Invitrogen). A negative control for all the extractions
were performed.

Frontiers in Marine Science

2.4 lllumina 16S rRNA amplicon
sequencing

Negative controls (blanks from the DNA extraction process,
as well as from the DNA amplification, and sterile seawater used
to wash the animals) as well as two different positive controls
(ABRF-MGRG 10 Strain Staggered Mix Genomic Material
(ATCC MSA-3002), and ZymoBIOMICS Microbial
Community DNA Standard (D6306) were included in the 16S
rRNA amplicon sequencing. Sample sequencing was performed
in three runs using the Illumina MiSeq platform at the Genomics
Unit of Centre for Genomic Regulation Core Facilities (CRG,
Barcelona). The data is available at Mendely Data public
repository (DOI: 10.17632/9¢6y62nv9z.1, DOI: 10.17632/
d67pjpc47g.1, DOL: 10.17632/fnjhzsybxj.1).

The V4 region was amplified from DNA sample extracts using
the primers from the Earth Microbiome Project [515F (Parada
et al, 2016) (5- GTGYCAGCMGCCGCGGTAA-3’) and 806R
(Apprill et al, 2015) (5-GGACTACNVGGGTWTCTAAT-3)]
The PCR was performed in 25 pl volume with 0.2 UM primer
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concentration and KAPA HiFi HotStart ReadyMix (Roche).
Cycling conditions were initial denaturation of 3 min at 95°C
followed by 25 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for
30 s, ending with a final elongation step of 5 min at 72°C. After
this first PCR step, water was added to a total volume of 50 pl and
reactions were purified using AgenCourt AMPure XP beads
(Beckman Coulter). The first PCR primers contain overhangs
allowing the addition of full-length Nextera adapters with
barcodes for multiplex sequencing in a second PCR step,
resulting in sequencing ready libraries with approximately 450
bp insert sizes. To do so, five pl of the first amplification were used
as template for the second PCR with Nextera XT v2 adaptor
primers in a final volume of 50 pl using the same PCR mix and
thermal profile as for the first PCR but only 8 cycles. After the
second PCR, 25 pl of the final product was used for purification
and normalization with SequalPrep normalization kit
(ThermoFisher Scientific), according to manufacturer’s protocol.
Libraries were eluted and pooled for sequencing. Final pool
libraries were analyzed using Agilent Bioanalyzer or Fragment
analyzer High Sensitivity assay to estimate the quantity and check
size distribution, and were then quantified by qPCR using the
KAPA Library Quantification Kit (KapaBiosystems) prior to
sequencing with Illumina’s Miseq 2x300bp.

2.5 Bioinformatic analyses

Cutadapt was used to trim adapters, primers, barcodes and
leading Ns from sequencing reads. Sequences were processed to
amplicon sequence variants (ASV) using the default parameters
of the Dada2 workflow (Callahan et al., 2016). Firstly, quality
filtering and the trimming of sequences was set to 180 bp (for
forward reads) and 150 bp (for reverse reads) with a maximum
number of expected errors allowed per read set at two (EE = 2).
This parameter has been shown to be a better filter than simply
averaging quality scores (Edgar and Flyvbjerg, 2015). Filtered
sequences were dereplicated, the forward and reverse reads were
aligned and merged. The sequences from the three runs were
merged, chimeras were removed and an amplicon sequence
variant (ASV) table was obtained. Taxonomy was assigned to
the resulting ASV's using the SILVA SSU 138 reference database
and was imported to the phyloseq R package for microbiome
analyses. To obtain more accurate profiling of microbial
communities, the decontam (Davis et al., 2018) R package was
used to remove sequences derived from contaminating DNA
present in extraction or sequencing reagents. In addition,
chloroplast and mitochondrial reads were removed. The
sequences of most abundant ASV that could not be identified
at genus level were searched against GenBank database (rRNA
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database for Archaea and Bacteria) using Blast tool from NCBI
(https://blast.ncbi.nlm.nih.gov/).

2.6 Data analyses

Alpha and beta diversity were analysed using the Phyloseq
(McMurdie and Holmes, 2013) and vegan (Oksanen et al., 2022)
R packages. For alpha diversity analysis, estimates of richness
(namely Chaol index, which is an estimate based on the
abundance but affected by the number of ASVs appearing few
times), and diversity indices (Shannon, which indicates both the
richness but also considers the abundance of ASV, and Inverse
Simpson, which is mostly affected by the dominance of certain
ASVs in the sample) were calculated after rarefying the ASV
table. In temperature experiments, rarefaction was performed to
the different experimental groups ASV table for each target
species. One-way analyses of variance (ANOVA) were used to
assess differences in the alpha diversity indices across species
(Mycale acerata, Dendrilla antarctica, Acanthella cavernosa,
Agelas oroides), followed by HSD Tukey post-hoc test for
significant ANOVAs. Student’s t-test was used to detect
differences in the alpha diversity indices between the sponge
specimens of the two Antarctic locations (Deception Island and
Livingston Island) for M. acerata and D. antarctica, and between
the sponge specimens of the two Mediterranean locations (Roses
and Cadaqués) for A. oroides. One-way analyses of variance
(ANOVA) were used to assess differences in the alpha diversity
indices across aquaria experimental groups (natural habitat,
adaptation group, control temperature, heat stress
temperature, and high heat stress temperature) within each
sponge species, followed by HSD Tukey post-hoc test for
significant ANOVAs. The univariate statistics were performed
using SPSS Statistics v27 (IBM Corporation). For beta diversity
analysis, the number of reads of each ASV was previously
transformed to relative abundance, the Bray Curtis distance
was calculated, and samples were ordinated by non-linear
multidimensional scaling (nMDS). Microbial core
communities were determined at the sponge species level,
defined as taxa shared (ASVs) by 100% of the sponge
specimens. Additionally, for those sponges collected at
different locations a separate core community was also
determined for each location.

Furthermore, SourceTracker2 package (Knights et al., 2011)
was used to determine the source of ASVs of sponge specimens
from different experimental groups. For this, the natural habitat
group, seawater, and aquarium water from the end of the aquaria
experiments were treated as “source”, whereas the aquaria
adaptation control group, control temperature (CT), heat
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stress temperature (HST) and extreme heat stress temperature
(EHST) groups from each sponge species were treated as
“sink” samples.

3 Results

3.1 Diversity of the sponge-associated
bacterial communities in their
natural habitat

A total of 2,947,270 reads were obtained after denoising and
quality filtering of the raw sequencing data of sponge specimens
collected from their natural habitat and their surrounding water.
Among these, after chloroplast and mitochondria removal,
2,583,832 reads (88%) affiliated to Bacteria, representing 5,183
ASVs, with an average of 80,744 reads per sample (ranging from
9,681 to 180,387 reads) (Table 2). A total of 689 ASVs were
recovered from M. acerata, 936 ASVs from D. antarctica, 2,071
ASVs from A. cavernosa, and 550 ASV's from A. oroides. Samples
of seawater recovered in the same area as the sponge specimens

10.3389/fmars.2022.1072696

had 480 ASVs on average. The sponge species were in all cases
enriched for ASVs in relation to the surrounding seawater with
the exception of the Mediterranean environment, from where
755 ASVs were recovered from the water whereas 550 ASVs
were recovered from A. oroides.

Around 3% of the reads affiliated to domain Archaea
(ranging from 3 to 25,329 reads per sample), showing an
uneven distribution between the different sponge species. In
fact, only two of the studied species (A. oroides and D.
antarctica) and their corresponding seawater samples harbored
Archaea at an abundance higher than 1% of the total reads [A.
oroides (8.08-18.84% and D. antarctica from Livingston (1.12-
2.22%)]. In both cases, the archaeal community was dominated
with 99-100% abundance by a unique genus, Cenarchaeum in A.
oroides and “Candidatus Nitrosopumilus” in D. antarctica,
respectively. Both genera belong to the Nitrososphaeria class
in the Crenarchaeota phylum. Seawater associated to A. oroides
were dominated by Marine Group II archaea (52%),
“Candidatus Nitrosopumilus” (28%), “Candidatus
Nitrosopelagicus” (11%) and Cenarchaeum (6%) genus, and
Marine Group III (4%). On the other hand, seawater

TABLE 2 Summary of reads, ASVs, and diversity of sponge species and water of the different geographic areas.

Sponge species

Average reads

Merged by species

Total ASVs

Core ASVs Chao1 Shannon InvSimpso

M. acerata 8 51,014 + 9,459 689 14 170 + 66 1.8 £ 04 24+07
D. antarctica 8 41,250 + 261,23 936 9 179 + 47 35+03 145 £ 5.7
A. oroides 5 130,001 + 34,336 550 94 212+8 39+02 29.5+93
A. cavernosa 5 133,296 + 29,838 2071 65 500 = 179 24+04 50+ 1.4
Merged by location

M. acerata DEC 5 44,905 + 2,236 438 35 153 + 60 1.7 +£0.3 22+03
M. acerata LIV 3 61,195 + 7,374 434 43 199 + 78 20+06 28+ 1.1
D. antarctica DEC 3 65,840 + 14,814 478 36 205 = 56 3.6+03 16.7 + 4.8
D. antarctica LIV 5 26,497 + 18,943 573 19 163 + 39 35+04 13.1 £6.3
A. oroides ROS 3 142,586 + 32,815 458 120 217 £ 4 3.8+£0.0 235+19
A. oroides CAD 2 111,124 + 37,075 294 147 203 +£2 41+02 385+82
Seawater

M. acerata/

D. antarctica DEC 94,819 374 NA 369 3.73

SW 1 15.06
M. acerata LIV SW 2 76,731 + 30,708 399 NA 282 =29 3.8+0.1 157 £ 0.4
D. antarctica LIV SW 1 78,026 412 NA 377 3.70 13.00
A. oroides CAD SW 1 113,801 755 NA 698 4.88 57.54
A. cavernosa SW 1 89,115 456 NA 410 4.44 28.32

SW, seawater. The surrounding seawater of M. acerata DEC and D. antarctica DEC was the same. No seawater for A. oroides ROS specimens was available. Number of reads, as well as
Chaol, Shannon, and InvSimpson indices indicated as mean + SD. NA, not aplicable; N, number of samples.
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associated to A. cavernosa was dominated by the Marine Group
IT (98%). Archaea were not included in further analyses.

The richness was significantly higher in the Tropical sponge
A. cavernosa (observed ASVs, 2071; and Chao 1 index, 500) than
in the other sponge species (p<0.001) (Table 2). It has to be
noted that more than 50% of these ASVs were found less than 10
times. A lower number of ASVs was observed for D. antarctica
(936), followed by M. (689), and A. oroides (550). A. oroides and
D. antarctica had the highest Shannon diversity index (3.9 and
3.4, respectively), followed by A. cavernosa (2.4) and M. acerata
(1.8) (Table 2). Statistically significant differences were observed
between M. acerata and the sponges D. antarctica, A. cavernosa
and A. oroides, and between A. cavernosa and the sponges M.
acerata, D. antarctica and A. oroides (p<0.001). This index
indicates both the richness but also considers the proportion
of ASV. In the case of the Inverse Simpson index, which is
mostly affected by the dominance of certain ASVs in the sample,
a similar trend was observed with the highest average value
Obtained for A. oroides (29.5), followed by D. antarctica (14.5),
A. cavernosa (5.0) and M. acerata (2.4) (Table 2). Statistically
significant differences were observed between M. acerata and the
sponges D. antarctica and A. oroides, between D. antarctica and
the sponge A. oroides, and between A. cavernosa and the sponges
D. antarctica and A. oroides. The effect of the sampling location
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FIGURE 2

Taxonomic affiliation of ASVs detected in sponge species and
seawater in their natural habitat at Phylum level. DEC, Deception
Island; LIV, Livingston Island; ROS, Roses; CAD, Cadaqués; GUA,
Guam; SW, seawater. Numbers on the right axis indicate sample
replicates.
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on the richness and diversity indices was also investigated
showing no statistically significant differences among the
different sampling locations of the same species. (p>0.05). The
exception was the Chaol index in A. oroides, which was higher
in the sponge specimens from Roses than in the sponge
specimens from Cadaques (p=0.025) (Table 2).

3.2 Taxonomic composition and
structure of the sponge-associated
bacterial communities in their natural
habitat

The taxonomic composition of the bacterial communities at
phylum level is shown in Figure 2 and Supplementary Table 1.
The bacterial communities of M. acerata were dominated by
Proteobacteria (86+7%), specifically class Gammaproteobacteria
(79+9%), independently of the sampling location. D. antarctica
was also dominated by Proteobacteria (62+13%), with
Alphaproteobacteria constituting 35+13% of the bacterial
community, followed by Bacteroidota (29+11%) and
Gammaproteobacteria (27+15%), also independently of the
sampling location. A. oroides was dominated by the phylum
Chloroflexi (37+9%), which was practically absent in the other
sponge species and the surrounding seawater, followed by
Gammaproteobacteria (22+4%), in both sampling locations.
Finally, A. cavernosa was dominated by Cyanobacteria (47
+14%), followed by Planctomycetota (27+7%), which was
present at <1% on average in the other sponge species and
seawater, and Gammaproteobacteria (20+22%).

The bacterial community of the seawater from the different
locations where the sponges were collected was dominated by
Proteobacteria (63+8%), followed by Bacteroidota (27+6%)
(Figure 2). Class Alphaproteobacteria was in all seawater
samples equal or more abundant than class
Gammaproteobacteria. Specifically, seawater surrounding M.
acerata hosted a bacterial community dominated by
Proteobacteria (67+6%) and Bacteroidota (30%+5%),
independently of the sampling location. The seawater
surrounding D. antarctica in Livingston Island had a
community dominated by Proteobacteria (66%) and
Bacteroidota (31%). Seawater surrounding A. cavernosa
specimens hosted a bacterial community dominated by
Proteobacteria (50%) (with Alphaproteobacteria as the most
abundant (37%) versus Bacteroidota (20%), Cyanobacteria
(17%), and Gammaproteobacteria (12%). Finally, seawater
around A. oroides (temperate sampling region), was enriched
in Proteobacteria (61%), Bacteroidota (24%), Cyanobacteria
(5%) and Campylobacterota (5%).

The majority of ASVs could not be affiliated to the genus
taxonomic rank, and therefore they were affiliated at a higher
taxonomic rank. The complete taxonomic affiliation from genus
to class is shown in Supplementary Figures 3. Notably, the ten
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FIGURE 3

Heatmap representation of the abundance of the 10 most
abundant ASVs of the different sponge species with its
taxonomic affiliation at the lowest taxonomic rank. Their
presence in all sponge species is shown.

most abundant ASV's from each sponge species were distributed
unevenly in the other sponges (Figure 3). For example, M.
acerata most abundant ASVs were affiliated to the family
EC94 with an abundance of 69% altogether. In this species, 4%
of the reads could not be affiliated at a lower taxonomic rank
below Bacteria kingdom. In D. antarctica, the most abundant
ASVs were an unidentified ASV affiliated to an unidentified
genus of class Alphaproteobacteria (>13%), Polaribacter (>12%),
an unidentified ASV affiliated to the family SAR116 clade (10%),
followed by Burkholderia-Caballeronia-Paraburkholderia (3%),
two unidentified ASVs affiliated to family Nitrincolaceae and
family $25-593, respectively, Kistimonas and the NS4 marine
group (all of them at relative abundance <3%). Among the ten
most abundant ASVs detected in A. cavernosa Cyanobium was
the most abundant (40%), followed by an unidentified ASVs
affiliated to family Pirellulaceae (23%), and ASVs affiliated to
Ralstonia (13%) and Synechococcus (6%). In A. oroides, again the
most abundant ASVs at a relative abundance higher than 5%
were not shared with the other species or were practically absent.
These included mostly unidentified genera from different
families or classes (family A4b (>14%), Sva0996 marine group
(6%), clade KI89A (5%), class TK17 (7%), PAUC43f marine
benthic group (3%), class TK30 (5%), and family
Caldilineaceae (2.5%)).

This distinct bacterial communities’ structure observed
between the different sponge species and between the
surrounding water and the corresponding sponges was also
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visualized by non-metric multidimensional scaling (nMDS) of
Beta-diversity (Bray-Curtis) coefficients (Figure 4). The samples
clustered together according to the sponge species. The Antarctic
sponges M. acerata and D. antarctica were closer between them
than the other sponge species, but without overlapping each
other. All sponge species were distant from seawater in the
multidimensional space, except from M. acerata specimens from
Livingston, that exhibited overlap with the group formed by
Antarctic seawater samples.

3.3 Core bacterial communities of the
sponges in their natural habitat

The core bacterial community of M. acerata from Deception
Island was composed of 35 ASVs, and that from Livingston
Island of 43 ASVs (Table 2). Considering all replicates from both
locations together, the core community of M. acerata was
restricted to 14 ASVs. It must be noted that although the most
abundant bacterial taxa in all M. acerata replicates was a
unidentified genus from the EC94 family, with relative
abundance ranging 68-78%, this genus was represented by a
total of 27 ASVs, none of which was shared by 100% of the
replicates. ASVs 1 and 3 (both affiliated to the EC94 family) were
the two most abundant ASVs in M. acerata specimens in
average. These ASVs showed the highest identity to different
Nitrosomonas spp using Blast against GenBank rRNA database
[Supplementary Table 3 (Table 1)]. All M. acerata replicates had
at least one of these ASVs. ASVs 1 and 3 were also present in
seawater samples, whereas ASV47 (also affiliated to the EC94
family) was only present in one seawater sample. Nevertheless,
they were up to 1000-2000 times more abundant in the sponge
specimens than in seawater. The most abundant ASV's shared by

Basic ordination plot Stress:  0.1106711
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FIGURE 4

Non-linear multidimensional scaling representation of the
different sponge species from the different geographic areas and
sampling locations and their surrounding water. DEC, Deception
Island; LIV, Livingston Island; GUA, Guam; ROS, Roses; CAD,
Cadaqués; SW, seawater.

frontiersin.org

117


https://doi.org/10.3389/fmars.2022.1072696
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

118

De Castro-Fernandez et al.

100% of the replicates of the sponge were affiliated to SAR11 Ia
clade and Polaribacter (around 2% on average). Both were more
abundant in seawater’s community than in the sponges’
communities: around ten times more abundant for the genus
affiliated to SAR11 Ia clade, and around two times for
Polaribacter. The other ASVs in M. acerata core community
were less abundant than 1% on average.

The core bacterial community of D. antarctica from
Deception Island included 36 ASVs, and that from Livingston
Island, 19 ASVs. Considering all specimens from both locations,
the core community of D. antarctica was composed of 9 ASVs.
The five most abundant ASVs on average were affiliated to a
unidentified genus of the SARI116 clade, Polaribacter, a
unidentified genus of the NS4 marine group, a unidentified
genus of the OM43 clade, and a unidentified genus of the
Nitrincolaceae family. These unidentified ASVs showed the
highest identity to genera Thalassobaculum, Kordia, Rivicola,
and Maribrevibacterium from GenBank DB, respectively
[Supplementary Table 3 (Table 1)]. SAR116 clade was not
present in the seawater samples, the ASVs associated to a
unidentified genus of the Nitrincolaceae family was equally
abundant in the sponge specimens and seawater (~1% on
average), and the other three were six to nine times more
abundant in the sponge specimens compared to seawater.

The core bacterial community of the tropical sponge A.
cavernosa included 65 ASVs. The five more abundant ASVs in
the core bacterial community represented on average around
80% of the whole bacterial community. These ASVs affiliated to
the genus Cyanobium, a unidentified genus of the Pirellulaceae
family (showing the highest identity to genus Botrimarina from
GenBank DB) [Supplementary Table 3 (Table 1)], Ralstonia
genus and Synechococcus genus. All these five ASV's were present
in the seawater community, with relative abundances under
0.5%, except for ASV34 (Synechococcus genus), which
represented the 14% of the seawater community.

The core bacterial community of the temperate sponge A.
oroides included 94 ASVs. Four out of the five more abundant
ASVs on average (with abundances 4-7% of the community)
belonged to bacteria in the Chloroflexi phylum. Specifically,
these bacteria belonged either to class TK17, family A4b or class
TK30 (showing the highest identity to genera Litorilinea,
Ornatilinea and Ammoniphilus, respectively, from GenBank
DB) [Supplementary Table 3 (Table 1)]. The third most
abundant bacterial taxa in the core community of A. oroides
was the KI89A clade (4.7% average relative abundance),
belonging to the oligotrophic marine Gammaproteobacteria
(OMG) group. These ASVs were either absent in the seawater
bacterial community (class TK30, KI89A clade), or were 1000-
2000 times more concentrated in the sponge specimens than in
the seawater (class TK17, family A4b).

There were four ASVs (ASV 1, 2, 18, 112) that were shared
among the four sponge species studied although not present in
100% of the replicates. The taxa assigned to them were a
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unidentified genus of the EC94 family, a unidentified genus of
the SAR11 Ia clade, Ralstonia, and a unidentified genus of family
Cryomorphaceae. These unidentified ASVs showed the highest
identity to genera Nitrosomonas, Pelagibacter and
Phaeocystidibacter, from GenBank DB) (Supplementary
Table 1). The ASVs relative frequencies varied among the
different sponge species being ASV 1 dominant in M. acerata
(39%), with respect to the other sponge species (0.01-0.02%).
The second most abundant shared ASV was ASV 18 in A.
cavernosa (14%), being detected in the other sponges at lower
relative abundances (with up to 4000 times lower relative
abundance in A. oroides). The other left ASVs were present at
lower frequencies (<2% in all of the sponge species). All except
ASV1 were found ubiquitously in the surrounding seawaters,
except ASV1, which was only found in the seawater sample from
Deception Island at very low relative abundance (0.03%).

3.4 Effect of heat stress

The results of the effect of a heat wave on the bacterial
communities of the sponge species are shown in Table 3 and
Supplementary Table 2. In all four species, the reads from the
adaptation control specimens mainly matched those of the
natural habitat group (M. acerata 91.8%, A. cavernosa 61.6%,
and A. oroides 82.8%), with lower percentage in D. antarctica,
46.6% (Table 3). At the end of the experiments, the percentage of
sequences that were tracked to the natural habitat specimens had
decreased in all cases. In the specimens exposed to extreme heat
stress temperature, the source of the highest percentage of reads
was the aquarium seawater in all cases. The experimental groups
maintained at CT were those with a higher percentage of
sequencing tracking the natural habitat specimens, although
only M. acerata retained most sequences of the natural habitat
specimens at CT condition. Taking into consideration the
increasing temperatures, the percentages of shared sequences
decreased as the temperature increased (p<0.05 in all
comparisons of HST vs. CT, and EHST vs. CT, except for D.
antarctica HST vs. CT).

In order to assess the effect of temperature in the
communities’ biodiversity, the richness of observed species and
Shannon index were analyzed (Figure 5). A general decrease
trend in the observed species richness and Shannon diversity
index with the increasing temperature was observed for the
tropical A. cavernosa and the temperate A. oroides. This trend
was reversed for the Antarctic sponges, although in the case of
M. acerata the diversity of the EHST experimental group was
between HST and CT experimental groups. The diversity of the
sponge specimens in their natural habitat was higher than the
corresponding experimental group mimicking the natural
conditions (CT) in the case of D. antarctica (p<0.05 for
Shannon index difference) and lower in the case of A.
cavernosa (p<0.05 for Shannon index difference). The diversity
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TABLE 3 Average contribution of reads (%) of the possible sources to the microbiome of the different sponge species experimental groups
detected in the aquaria exposed at different temperatures.

Natural SW Natural SW Control
habitat habitat group SW CT SW HST SW EHST Unknown
Mean SD Mean SD Mean SD  Mean Mean SD Mean SD Mean SD
M. acerata Control 91.8 6.0 4.1 4.1 1.0 0.6 0.3 0.2 0.3 0.2 0.5 0.3 1.9 1.9
M. acerata CT 71.9 24.0 1.9 2.7 3.0 2.7 182 21.4 2.4 2.1 1.9 0.9 0.7 0.5
M. acerata HST 126 10.1 0.2 0.2 2.8 1.9 22.6 15.6 50.8 20.7 33 1.4 7.7 1.8
M. acerata EHST 153 6.3 0.2 0.4 27.3 5.4 5.2 2.7 1.1 0.4 49.6 7.7 12 0.4
D. antarctica Control 46.6 28.1 8.7 5.3 34 6.4 0.7 0.9 0.4 0.5 17.6 215 22.7 241
D. antarctica CT 25.3 8.9 0.9 0.2 0.8 0.3 38.6 16.3 0.4 0.4 19.4 6.1 14.5 25.5
D. antarctica HST 19.4 6.2 3.0 23 1.1 0.9 0.8 0.5 4.4 4.4 55.6 7.6 15.7 5.9
D. antarctica EHST 9.3 5.7 25 1.3 0.6 0.8 6.9 14.1 1.5 2.4 61.6 10.0 17.6 8.5
A. oroides Control 82.8 7.5 6.1 4.9 6.1 7.4 0.2 0.1 0.3 0.1 0.3 0.1 43 2.3
A. oroides CT 6.9 3.0 33 22 4.1 3.7 9.6 5.6 159 13.0 6.9 5.2 53.3 20.6
A. oroides HST 2.2 1.1 2.1 1.3 33 1.8 17 0.8 252 8.8 355 10.6 30.0 8.1
A. oroides EHST 1.4 1.3 0.7 0.8 0.4 0.3 0.2 0.1 12 0.6 68.1 2.9 27.9 35
A. cavernosa Control 61.6 29.1 0.1 0.1 0.4 0.3 1.5 1.9 5.6 10.7 4.5 6.6 26.3 18.8
A. cavernosa CT 12.7 7.5 0.1 0.0 0.8 0.2 1.5 0.8 1.6 0.9 43 33 79.0 6.6
A. cavernosa HST 1.1 0.7 0.1 0.0 0.4 0.2 1.9 0.6 482 6.8 11.8 3.1 36.6 34
A. cavernosa EHST 0.6 0.5 0.2 0.0 0.8 0.4 53 1.4 18.7 5.2 383 23 36.1 23

SW, seawater; CT, control temperature; HST, heat stress temperature; EHST, extreme heat stress temperature; SD, Standard deviation.

in natural habitat and CT sponge specimens was comparable in community on average in CT sponge specimens but was
M. acerata (p>0.05 for Shannon index difference) and the same practically absent in the other groups’ communities.
was observed in A. oroides (p>0.05 for Shannon In A. oroides, Proteobacteria phylum was less abundant in
index difference). the sponge specimens of the heat stress experiment than in the
The diversity changes observed in the different experimental natural habitat group. Moreover, while in the natural habitat
conditions were also assessed taxonomically (Figure 6). Changes communities’ class Gammaproteobacteria was more abundant
were observed in the most abundant phyla among the different than class Alphaproteobacteria, this relationship was reversed in
experimental groups. The phylum Proteobacteria decreased in the communities of the three experimental groups. The three
M. acerata exposed to low heat stress (HST) compared to the experimental groups were enriched in Bacteroidota compared to
other experimental groups. Instead, Bacteroidota increased in M. the natural habitat group, but HST and EHST sponge specimens
acerata exposed to HST (28+9%) compared to the natural were less enriched than CT. The phylum Chloroflexi represented
habitat group, and slightly decreased at the extreme heat stress 37+9% of the bacterial community of the natural habitat group
(EHST). Additionally, an enrichment in Campylobacterales was in A. oroides but was practically absent in the communities of the
observed (14+2%), compared to the other experimental groups, experimental groups. Firmicutes was more abundant in the CT
where it was practically absent. Cyanobacteria decreased in M. group than in the natural habitat group. HST group was more
acerata exposed to experimental temperatures and was almost enriched in bacteria from this phylum than CT, and in EHST
absent in the EHST group. group, the abundance of Firmicutes was even higher than
In D. antarctica exposed to both heat stresses the abundance in HST.
of Proteobacteria increased compared to the natural habitat In A. cavernosa, the communities from the groups exposed
group. Additionally, the proportion of Gamma- versus to the three experimental temperatures were enriched in
Alphaproteobacteria was inversed in all experimental groups Proteobacteria compared to the natural habitat sponge
compared to the natural habitat group. Bacteroidota was less specimens’ communities. Also, while in the natural habitat
abundant in the three experimental groups than in the natural communities, class Gammaproteobacteria was more abundant
habitat group. Firmicutes represented 25+17% of the bacterial than class Alphaproteobacteria, this relationship was reversed in
Frontiers in Marine Science 11 frontiersin.org
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Alpha-diversity measurements of the bacterial communities of sponge specimens in aquaria experiments at the different experimental
temperatures (CT, control temperature, HST, heat stress temperature, EHST, extreme heat stress temperature) compared to the natural habitat
specimens: (A) M. acerata from Deception Island; (B) D. antarctica from Deception Island; (C) A. oroides from Cadaqués and Roses; (D) A.
cavernosa from Guam. AQ, aquarium experiments. * p-value <0.05.
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FIGURE 6

Taxonomic affiliation of ASVs at Phylum level in sponge species in their natural habitat and in the aquaria exposed at different temperatures (CT,
control temperature, HST, heat stress temperature, EHST, extreme heat stress temperature). DEC, Deception Island; MED, Roses and Cadaqués
origin; GUA, Guam; SW, seawater. Numbers on the right axis indicate sample replicates. AQ, aquarium experiments.

the communities of the three experimental groups in A.
cavernosa. Bacteroidota showed and increase trend with the
heat stress from lower than 1% in CT and natural habitat up to
38% in the EHST experimental group. Cyanobacteria was
markedly less abundant in A. cavernosa in aquaria
experiments compared to the natural habitat, being almost
absent at A. cavernosa EHST group. The bacteria belonging to
Planctomycetota were less abundant in A. cavernosa HST
experimental group compared to the other groups. Firmicutes
was more abundant in the CT group than in the natural habitat
group and even more in the HST group. Nevertheless, in EHST
group, the presence of Firmicutes was similar to CT.

Other phyla that were present in the natural habitat group
but were not in the aquaria experimental groups were
Acidobacteriota, Gemmatimonadota, and Actinobacteriota.
Conversely, Desulfobacterota was more abundant in the
communities of CT than natural habitat group, and its
presence was higher in HST and even higher in EHST
experimental groups. At genus level changes were also
observed between the different experimental groups. If we
focus on the core communities of the sponge species, the most
abundant core taxa were maintained in the different
experimental groups in the Antarctic sponges although with

Frontiers in Marine Science

changing relative proportions (Figure 7). Nevertheless, some
genera were practically lost from the core communities in all the
experimental conditions such as Oceanicoccus, SAR92 clade,
Sulfitobacter, Rubritalea, in D. antarctica, or Arenicella,
Rubidimonas, Ralstonia, Lutibacter and Winogradskyella in M.
acerata, among others.

The dominant taxa in the microbial communities of M.
acerata natural habitat group were also hosted by the sponge
specimens exposed to CT, HST and EHST (Figure 7A). The
mean relative abundances in the 5 CT replicates were as follows:
unidentified genus of family EC94 (67+22%), genus
Endozoicomonas (2+5%). The unidentified genus of Family
EC94 and genus Endozoicomonas were less abundant in CT
sponge specimens with respect to natural habitat sponge
specimens. In HST experimental group, family EC94
represented 12+9% of the bacterial community, while genus
Endozoicomonas was 2+1%. Regarding EHST experimental
group, unidentified genus of family EC94 represented 16+7%
of the bacterial community, and Endozoicomonas, 0.1+0.1%.

Concerning the dominant taxa in M. acerata exposed to
HST the dominant taxa were, after family EC94, genus
Pseudarcobacter (8+4%), genus Colwellia (8+3%), genus
Crocinitomix (7£4%), family Marinifilaceae (6+6%), and genus
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Psychrobium (5+5%). All these taxa were present in the
aquarium water, being 2-3 times less abundant in the water,
except for genus Crocinitomix, which was almost equally
abundant. In the EHST group bacterial communities, the most
abundant taxa were genus Colwellia (27+3%), which was also the
dominant taxa in the EHST aquarium water, family
Rhodobacteraceae (15+7%), genus Pseudoalteromonas (5+2%),
and genus Polaribacter (5+2%). All these taxa were practically
absent in the natural habitat group sponges.

Concerning the most abundant taxa, the range of
abundances in D. antarctica in the 5 CT replicates were as
follows: genus Polaribacter (14+2%), unidentified genus of class
Alphaproteobacteria (7+7%), clade SAR116 (6+8%), and
unidentified genus of family Nitrincolaceae (1£1%)
(Figure 7B). Genus Polaribacter was less abundant in CT
sponge specimens with respect to natural habitat sponge
specimens. Class Alphaproteobacteria and SAR116 clade had
half relative abundance in CT sponge specimens than in the
natural habitat sponge specimens. Family Nitrincolaceae was
more than 10 times less abundant in CT sponge specimens than
in natural habitat sponge specimens. Similarly, these taxa were
present in the HST sponge specimens’ communities, with similar
abundances to CT sponge specimens, with the exception of
Polaribacter (6+2%). The abundances of these taxa in the

microbial communities of the sponge specimens exposed to
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EHST were lower than in HST sponge specimens, except for
family Nitrincolaceae, which was more abundant in EHST
sponge specimens.

The dominant taxon in D. antarctica HST group
communities was group Burkholderia-Caballeronia-
Paraburkholderia (34+5%), almost absent in the aquarium
water. In the EHST group bacterial communities, the most
abundant taxon was also group Burkholderia-Caballeronia-
Paraburkholderia (29+17%). The relative abundance of
Burkholderia-Caballeronia-Paraburkholderia was similar in the
aquarium water communities and in EHST sponges. Genus
Burkholderia-Caballeronia-Paraburkholderia were practically
absent in the natural habitat group sponges.

In A. oroides, some genera were found in all experimental
groups such as the class TK17 and Sva0996 marine group
(Figure 7D). HST sponge specimens kept core taxa such as
family A4b, class TK30, or clades KI89A and SAR202 in most of
the specimens, which were lost in EHST sponge specimens. The
mean abundances in the 5 CT replicates were as follows: family
A4b (0.2+0.2%), KI89A clade (0.2-0.1%), class TK17 (0.04
+0.03%), and class TK30 (0.1+0.041%). These had lower
abundances in the microbial communities of the sponge
specimens exposed to HST, and even lower in EHST.

The dominant taxa in A. oroides HST group communities
were genus Fusibacter (23£6%), family Clostridiaceae (15£5%),
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family Marinifilaceae (13+7%), order Peptostreptococcales-
Tissierellales (5£2%), and genus Halodesulfovibrio (4£1%). In
the EHST group bacterial communities, the most abundant taxa
were family Clostridiaceae (40+£7%), genus Halodesulfovibrio (7
+3%), order Peptostreptococcales-Tissierellales (6+2%), and
group Clostridia vadinBB60 (5+0.6%). Only two of the
dominant taxa of the bacterial communities in HST and EHST
experimental groups were present in the natural habitat group:
family Clostridiaceae and genus Halodesulfovibrio, with
abundances <0.01% on average.

In the tropical sponge A. cavernosa, most taxa were still
present in CT sponge specimens although at lower abundance,
but lost in HST and EHST groups such as the unidentified genus
of Family EC94, Filomicrobium or Blastopirellula, or lost mostly
at the highest temperatures (in EHST group), such as
Synecococcus and Cyanobium. Still, the dominant taxa of the
sponge species’ core microbiota were present in HST sponge
specimens (Figure 7C). The range of abundances in the 5 CT
replicates were as follows: genus Cyanobium, 1+1%, family
Pirellulaceae, 2+1%, genus Ralstonia, 5+5%, and genus
Synechococcus, 0.3+0.1%. These had lower abundances in the
microbial communities of the sponge specimens exposed to
HST, and even lower in EHST.

The dominant taxa in A. cavernosa HST group communities
were family Clostridiaceae (14+6%), family Flavobacteriaceae (7
+2%), genus Ruegeria (6+2%), genus Winogradskyella (6+1%)
and family Rhodobacteraceae (5+0.6%). In the EHST group
bacterial communities, the most abundant taxa were family
Flavobacteriaceae (17+3%), genus Ruegeria (15+2%), family
Clostridiaceae (8+3%) and genus Muricauda (3£2%). All the
dominant taxa of the bacterial communities in HST and EHST
experimental groups were present in the natural habitat group,
except for genera Winogradskyella and Muricauda. The
abundances in the natural habitat group of the experimental
groups dominant taxa were <0.7%.

The number of ASVs shared between the sponge specimens
from natural habitat and those exposed to CT, HST and EHST
for each sponge species are shown in Table 4. As shown, the
number of ASV's shared between natural habitat specimens and
those exposed to HST and EHST decreased notably with the
increasing temperature specially for the temperate A. oroides and
the tropical A. cavernosa sponge species.

10.3389/fmars.2022.1072696

4 Discussion

Sponges, which are important components of benthic
environments both in biomass and in abundance, host species-
specific microbial communities that can also be very abundant
and diverse. In this study, we have described the microbiome of
four sponge species from three different environments (polar,
tropical and temperate) and examined the heat stress effect on
the abundances and diversities of their bacterial communities.
The effects of warming on the microbiome of sponges have been
previously reported to be different for different sponge species
(e.g. Fan et al,, 2013; Lesser et al., 2016; Ramsby et al., 2018).

The microbiome of the four sponge species studied here has
been analyzed also in previous works, although using different
methodologies. The diversity and composition of the microbiota
of the four studied species are comparable to those previously
reported in the literature (Webster et al., 2004; Gerge et al., 2011;
Ribes et al., 2012; Bjork et al., 2013; Blanquer et al., 2013; Ribes
et al., 2015; Erwin et al., 2015; Ribes et al., 2016; Steinert et al.,
2016; Cardenas et al., 2018; Coelho et al., 2018; Cardenas et al.,
2019; Cleary et al,, 2019; Diez-Vives et al., 2020; Papale et al.,
20205 Sacristan-Soriano et al., 2020; Ruocco et al., 2021; Happel
et al., 2022). Nevertheless, there are some remarkable differences
that must be noted. Similar Shannon and Inverse of Simpson
indices have been reported for M. acerata from other Antarctic
Peninsula spots (Cardenas et al., 2019; Sacristan-Soriano et al.,
2020), while a higher Shannon index was reported for the
microbiome of M. acerata from the distant Terra Nova Bay
(Ross Sea, Antarctica) (Papale et al., 2020). However, Papale and
colleagues amplified V1-V2 hypervariable regions from 16S
rRNA gene, while our study and the other works cited
amplified V4 or V4-V5 regions. Recent work showed high
variability in the Shannon diversity index of M. acerata’s
microbiome along the Western Antarctic Peninsula (0.65-3.79;
Happel et al., 2022). The diversity found here in D. antarctica is
comparable to that found previously (Diez-Vives et al., 2020),
both regarding observed ASVs and Shannon index in Deception
Island, but they found variability in diversity, with higher values
of Shannon index (up to 5) in specimens from the neighbor King
George Island (South Shetland Islands, Antarctica). In our study
we have not detected significant changes in M. acerata or D.
antarctica collected from either Livingston Island or Deception

TABLE 4 Number of ASVs shared between natural habitat sponge specimens and those from aquaria exposed to control temperature (CT), heat
stress temperature (HST) and extreme heat stress temperature (EHST) in the different sponge species.

Natural Habitat-AQ_CT

Natural Habitat-AQ_HST Natural_AQ_EHST

M. acerata 212
D. antarctica 126
A. oroides ‘ 183
A. cavernosa ‘ 456
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147 171
117 107
215 182
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Island. The microbiome of A. oroides from our study harbored
less bacterial richness (ASVs) than reported before from a
nearby location (243428 vs. 521+275), but similar Shannon
indices (3.9+0.2 vs. 4.3+0.4) (Ribes et al., 2015). Concerning A.
cavernosa, the bacterial community in our specimens was richer
compared to previously reported results of the same species from
Taiwan (Cleary et al., 2019), although our specimens had a
similar Shannon index (2.2-3.2 vs. 2.9-4.3). Slight variations may
be caused by the amplification of different 16S hypervariable
regions. While we amplified the V4 hypervariable region, they
amplified V3-V4 region.

The composition of the microbial communities observed in
our specimens agrees with their previous HMA-LMA
classification. The notably higher diversity indices (particularly
the Inverse Simpson index) in A. oroides with respect to the
other sponge species, agrees with the classification of this species
as HMA. Moreover, according to (Giles et al., 2013; Simister
et al., 2013), LMA sponges host microbiomes dominated by
Proteobacteria or Cyanobacteria, while HMA sponges host
Chloroflexi or other phyla as dominant (Moitinho-Silva et al.,
2017b). In our work, among the LMA sponges, M. acerata, and
D. antarctica were dominated by Proteobacteria, A. cavernosa by
Cyanobacteria, while the HMA A. oroides was dominated by
Chloroflexi. The presence of bacteria affiliated to phylum
Poribacteria only in A. oroides microbiome and its absence in
the other sponge species or the seawater samples adds evidence
to the assignment of HMA status to this sponge species
(Moitinho-Silva et al.,, 2017b). An unidentified genus affiliated
to the gammaproteobacterial family EC94 was the dominant
taxon of M. acerata’s bacterial microbiome, confirming what
was observed in previous studies (Cardenas et al., 2019;
Sacristan-Soriano et al., 2020; Ruocco et al., 2021; Happel
et al., 2022). This bacterial group has been reported to be
dominant in the microbiome of other LMA sponges (Jackson
etal., 2013; Jeong et al., 2015; Cardenas et al., 2019; Happel et al.,
2022) and of some corals (Yang et al.,, 2013; Gonzalez-Zapata
et al,, 2018). Recent research of the EC94 group suggested that
these bacteria became sponge symbionts quite early in the
evolutionary history and re-classified them as a new order,
“Candidatus Tethybacterales” (Taylor et al., 2020). These EC94
bacteria are heterotrophs and can use various carbon, nitrogen,
and sulfur sources (Taylor et al.,, 2020).

In a previous study in which the composition of the
microbiota of four Antarctic sponges (including D. antarctica)
was analyzed, a larger species intra-variability was found in the
microbiome composition compared to the other sponge species
studied (Sacristan-Soriano et al., 2020). Our results agree with
this large inter-individual variability. The presence of the Phyla
Proteobacteria and Bacteroidetes, accounting for most of the
bacterial community in this species, has been reported before
(Diez-Vives et al., 2020; Sacristan-Soriano et al., 2020). The most
abundant ASV on average were an unidentified genus and one
affiliated to family SAR116 clade, both affiliated to class
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Alphaproteobacteria. The role of the SAR116 clade in sponges
is still unknown with the small number of cultured
representatives but a significant role in the sulfur cycle has
been reported (Roda-Garcia et al., 2021).

The microbiome of the temperate sponge A. oroides has been
described as dominated by Chloroflexi phylum (Ribes et al.,
2012; Bjork et al., 2013; Blanquer et al., 2013; Ribes et al., 2016),
except for one study that found Proteobacteria as the main
phylum (Ribes et al., 2015). Bacteria belonging to the dominant
Chloroflexi clades in A. oroides microbiome (Anaerolineae,
Caldilineales, and SAR202) are involved in dissolved organic
matter degradation. Specifically, clades Anaerolineae and
Caldilineales have a wide gene repertoire in carbohydrates
degradation, and SAR202 in amino acid degradation. Bacteria
from SAR202 are also capable of cofactor production and
therefore this HMA sponges characteristic phylum is thought
to provide nutrients to the host, and also participate in nutrient
cycling in the benthic ecosystem (Bayer et al., 2018; Campana
et al,, 2021). Tt is worth noting that while A. oroides studied in
“The sponge microbiome project” had SAR202 as the most
abundant Chloroflexi clade (Moitinho-Silva et al., 2017a),
bacteria from class Anaerolineae were the dominant
Chloroflexi in our A. oroides specimens.

The microbiome of A. cavernosa was dominated by one
Cyanobacteria genus (Cyanobium), except for one specimen,
enriched in a Gammaproteobacteria genus (Ralstonia). The
microbiome of this tropical sponge has been reported before
to be dominated by Proteobacteria or Acidobacteriota (Steinert
etal,, 2016; Coelho et al,, 2018; Cleary et al., 2019). Differences in
irradiance due to seasonal change or depth have been suggested
to influence sponge-associated microbial communities, with
some phototrophic symbionts being less abundant with depth
(Morrow et al,, 2016) or being absent in winter (Alex et al,
2012). Cyanobacteria from the Cyanobium genus have been
reported from other marine sponges (Regueiras et al., 2017;
Pagliara et al, 2021), but not from previously studied A.
cavernosa specimens. However, bacteria from the same order,
Synechococcales, were reported (Steinert et al., 2016; Coelho
et al,, 2018). Chemical extracts from Cyanobium strains have
been reported to display cytotoxicity (Costa et al., 2015; Pagliara
et al,, 2021). Bacteria from genus Ralstonia have been found to
be autotrophic ammonia oxidizers (Calvo et al., 2004). This
genus has been previously reported in other sponges and
macroalgae too (Florez et al,, 2019).

Gradual ocean warming and more frequent heat wave
episodes, along with other phenomena associated to
anthropogenic climate change, have detrimental effects on
benthic communities (Smale et al., 2019; Cooley et al., 2022).
Environmental stress may cause imbalance of the microbial
communities of sponges and other benthic components,
disrupting or changing the holobiont’s functions, and
ultimately affecting the whole ecosystem (Pita et al., 2018;
Ramsby et al., 2018; Rondon et al., 2020; Rubio-Portillo et al.,

frontiersin.org


https://doi.org/10.3389/fmars.2022.1072696
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

De Castro-Fernandez et al.

2021; Vargas et al., 2021). Since responses to heat stress seem to
be related to the sponge host species, we assessed the effect of
heat stress and extreme heat stress in aquarium experiments on
the four sponge species analyzed previously, which are
important components of the benthos at different latitudes,
and therefore, adapted to different climate conditions.
According to our results, the microbiome of the sponges was
quite stable despite the manipulation of the sponge specimens
and after 24 h in the aquaria. The exception was D. antarctica,
with its microbiome being the most altered at control adaptation
aquarium group specimens. An “aquarium effect”, described as
the changes in the microbiome of the Control Temperature (CT)
experimental group compared to the natural habitat sponge
specimens, was observed for all sponge species with varying
degrees, being the microbiome of M. acerata the most conserved,
with more than 70% of the sequences of the natural habitat
control group, followed by D. antarctica (25%).

Differences were also found in the response of each sponge
species’ microbiome to the heat stress experiments, being again
the microbiomes of the Antarctic sponges, M. acerata and D.
antarctica, those maintaining a higher percentage of reads when
exposed to increasing temperatures (up to 20% for D. antarctica)
compared to the tropical species. The microbiome of D.
antarctica was highly altered at control specimens, but a fifth
of the microbiome exposed to heat stress seemed to be
maintained through the experiment, including the most
abundant core taxa from the natural habitat sponge
specimens. Both for the tropical A. cavernosa and the
Mediterranean, A. oroides (up to 2% for A. oroides), the
SourceTracker results suggest there was a shift in the
microbiomes by the end of control temperature exposure in
the aquarium experiment, with most sequences coming from
unknown sources. The microbiomes exposed to heat stress also
experienced a shift, modifying the proportions of rare or less
abundant bacteria, but mostly becoming more similar to the
microbiome found in the water in A. oroides. Concerning
bacterial diversity, the microbiomes of the tropical and
temperate sponge species lost diversity when exposed to a heat
stress. However, while in A. oroides the highest diversity is found
in the natural habitat specimens, in A. cavernosa, the diversity in
the natural habitat group is lower than in the experimental
groups (Figure 5). Contrastingly, the bacterial community
associated with M. acerata became more diverse after heat
stress exposure. We suggest warming boosted the activity of
previously scarce or inactive bacteria that could not be detected
previously due to the detection limit of the technique. Extreme
heat stress seemed to dysregulate the microbiome leading to
dysbiosis, and diversity was lost. The diversity in D. antarctica
microbiome was similar in the sponges from natural habitat,
HST and EHST, but was significantly lower in CT sponge
specimens (p<0.05).

The changes in diversity were also reflected in changes in
taxonomy. A shift in A. oroides microbiome occurred at sponge
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specimens exposed to CT even at phylum level (Figure 6).
Changes at phylum level could also be observed in D.
antarctica and A. cavernosa exposed to CT (“aquarium
effect”), but not in M. acerata (Figure 6). Phyla Bacteroidota
and Firmicutes were more abundant in the heat stress specimens
in all sponge species, except for D. antarctica. Firmicutes was
reported to also increased in diseased deep water Geodia barretti
(Luter et al., 2017) and Bacteroidota abundance increased in heat
stressed Antarctic sponge Isodictya kerguelenensis (Rondon
et al., 2020) and diseased Lubomirskia baicalensis (Kulakova
et al., 2018). Proteobacteria was more abundant after heat stress
in D. antarctica and A. cavernosa, and less abundant after heat
stress in M. acerata and A. oroides. Campylobacterota were
enriched in HST M. acerata. Cyanobacteria was less abundant in
A. cavernosa. Planctomycetota was less abundant after HST in A.
cavernosa. Chloroflexi was practically absent in A. oroides
exposed to HST.

The dominant taxa of the core microbiota were still present
in the sponge specimens exposed to heat stress in all the four
studied species. Nevertheless, different responses were observed
among them. Both Antarctic sponges (M. acerata and D.
antarctica) seem to host a microbiome that is more resistant
to heat stress. After exposure to heat and extreme heat stress, not
only the dominant core taxa were still present, but their relative
abundance was notable. In A. cavernosa and A. oroides, the
dominant taxa were present at very low abundances in heat
stress exposed sponge specimens and were virtually absent in
extreme heat stress sponge specimens. The exposure to heat
stress caused important changes in the microbiomes at phylum
level in many studies although not in all of them. Examples of
sponge holobionts that have reported to be resistant to heat
stress are found among tropical sponges (e.g. Simister et al,
2012a; Lesser et al., 2016) but there are also evidences of
resistance in a polar deep sea sponge (Strand et al., 2017).

The most abundant taxon in the microbiome of the
Antarctic sponge M. acerata, the EC94 group, was still present
at the specimens at the end of both the heat stress and extreme
heat stress experiments. We can presumably argue that the
functions that this group develops within the holobiont may
also be maintained even when exposed to stressful conditions.
The microbiome of sponge specimens exposed to heat or
extreme heat stress experienced a shift in composition, that
was more or less prominent depending on the sponge species.
There were some taxa, presumably opportunistic, that seemed to
benefit from the heat stress-associated dysregulation in the
sponge by occupying new niches in the holobiont, and other
taxa already present at natural habitat sponge specimens that
increased in abundance with temperature. In general, the most
abundant taxa in the microbiome of heat stress sponge
specimens were different for each sponge species. However,
some taxa were shared among stressed species, such as
bacteria from the family Marinifilaceae, more abundant in
heat stressed M. acerata and A. oroides, or the family
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Clostridiaceae, more abundant in the microbiome of A. oroides
and A. cavernosa. Genus Marinifilum (Bacteroidota, family
Marinifilaceae), and also genus Fusibacter (Firmicutes), which
was also more abundant in heat stressed A. oroides specimens,
were among the dominant taxa in the microbiome of necrotic
Rhopaloeides odorabile (Fan et al., 2013). An ASV affiliated to
family Marinifilaceae increased in abundance in the sponge
Leucetta chagosensis exposed to pH 7.8, 30°C in comparison to
those specimens exposed to present day conditions (Posadas
et al, 2021). In our experiment with M. acerata, the specimens
exposed to heat stress had higher abundances of genera
Colwellia, Crocinitomix, Pseudarcobacter, and Psychrobium.
Genus Colwellia (Gammaproteobacteria) was found to be
much more abundant in injured specimens than it was in
healthy specimens (Rondon et al, 2020). This genus was
present in healthy M. acerata in previous studies (Ruocco
et al, 2021). It is a denitrifying bacterium and produces
natural compounds (Ruocco et al., 2021). Members from
families Colwelliaceae and Flavobacteriaceae (Bacteroidota)
were more abundant in injured specimens (Rondon et al.,
2020), and were reported to be disease-related in necrotic and
stressed sponge specimens (Simister et al., 2012a; Fan et al,
2013). They were associated with disease and stress in corals
(Gajigan et al.,, 2017). Genera Crocinitomix (Flavobacteriales,
Bacteroidota) and Colwellia were reported from other Antarctic
benthic invertebrates such as sea anemones or soft corals
(Webster and Bourne, 2007; Murray et al., 2016). Genus
Psychrobium increased in abundance in the microbiota of
marine bivalves after a viral infection (de Lorgeril et al., 2018)
and after exposure to nanoplastics (Auguste et al., 2020). One
bacterial genus that was more abundant in the M. acerata
exposed to extreme heat stress than in the other groups in our
study was genus Pseudoalteromonas. Strains from this genus
have been found in other species of Mycale (Lau et al., 2005), and
have been reported to have a great biotechnological potential,
specially regarding cold-active enzymes (Borchert et al., 2017).
On the other hand, a strain from Pseudoalteromonas agarivorans
has been reported to be a pathogen of the tropical sponge R.
odorabile (Choudhury et al., 2015).

In heat stress exposed D. antarctica, we observed an increase
in the group Burkholderia-Caballeronia-Paraburkholderia
(Gammaproteobacteria). ASVs affiliated to this group were
among the most abundant in the microbiome of the coral
Acropora hyacinthus (Kriefall et al., 2022). Contrastingly, in
heat stressed A. cavernosa, we observed an increase in members
of several bacterial families (Clostridiaceae, Flavobacteriaceae,
Rhodobacteraceae) and two genera (Ruegeria and
Winogradskyella). Genus Clostridium (family Clostridiaceae,
Firmicutes) can be found in healthy Xestospongia muta
specimens (Leal et al., 2022), and order Clostridiales in
Leucetta chagosensis after experimental exposition to “present
day” seawater temperature and pH conditions (Posadas et al,
2021). Moreover, class Clostridia was more abundant in diseased
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than in healthy corals (reviewed in Mouchka et al., 2010). Phyla
Firmicutes and Bacteroidota were reported to be more abundant
in diseased sponge specimens (Luter et al, 2017). Orders
Flavobacteriales (Bacteroidota) and Rhodobacterales
(Proteobacteria) were reported to be more abundant in various
coral species exposed to stressors (reviewed in McDevitt-Trwin
et al, 2017), as well as in sponge species such as Isodictya
kerguelenensis (Rondon et al., 2020) and Lubomirskia baicalensis
(Kulakova et al.,, 2018). Previous literature has found an
important contribution of Operational Taxonomic Units
(OTUs) from order Flavobacteriales to the pool of OTUs
associated to coral diseases and stress (Gignoux-Wolfsohn and
Vollmer, 2015). Bacteria from order Rhodobacterales
(Alphaproteobacteria) have been reported to be fast growing
and opportunistic (Teeling et al., 2012), have been found in both
healthy and stressed corals (Meron et al., 2010; Sharp and
Ritchie, 2012) and have the potential to bloom when new
niches are available under stress periods (Welsh et al., 2017).
Order Rhodobacterales was more abundant in the microbiome
of the sponge Leucetta chagosensis experimentally exposed to
warming and acidification scenarios (Posadas et al,, 2021).
Photoheterotrophic members of the Rhodobacteraceae family
were more abundant in Neopetrosia compacta exposed to
acidification and warming scenario. Those were suggested to
provide heat tolerance to the sponge (Posadas et al., 2021). It also
was more abundant in Isodictya kerguelenensis exposed to heat
stress (Rondon et al.,, 2020). Genus Rhodobacter (family
Rhodobacteraceae) was more abundant in diseased than in
healthy corals (reviewed in (Mouchka et al.,, 2010)). Similarly,
the Rhodobacteraceae family increased fourfold in coral white
syndrome lesions compared to healthy tissues (Pollock et al.,
2017; Rosales et al., 2020) and are implicated in Stony Coral
Tissue Loss Disease that is currently affecting Caribbean reefs.
Bacteria affiliated to genus Winogradskyella has been described
from various sponge species. Species of this genus have been
reported to produce antibiofilm compounds (Pinnaka et al.,
2013; Schellenberg et al.,, 2017; Rizzo et al., 2021). Ruegeria
(family Rhodobacteraceae) species were found to increase in
abundance in diseased tissues of several Mediterranean corals
collected during a marine heat wave (Rubio-Portillo et al., 2021).
Ruegeria sp. was found to increase in corals exposed to stress
conditions and was proposed to be a microbial bio-indicator of
marine invertebrate diseases. This bacterium may be able to
protect corals from pathogenic Vibrio spp. by growth inhibition
(Miura et al, 2019; Rosado et al,, 2019). Apart from genus
Fusibacter and family Marinifilaceae, the microbiome of heat
stressed A. oroides was enriched in family Clostridiaceae, order
Peptostreptococcales-Tissierellales, and genera Halodesulfovibio.
Genus Halodesulfovibrio has been found in corals and species
from this genus seem to have antimicrobial properties (Shivani
et al., 2017; Chen et al., 2021).

Despite all the differences observed between studies it must
be noted that observed differences may be influenced by the use
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of different methodologies, e.g. DNA extraction method,
amplification primers targeting different 16S rRNA regions,
sequencing platform, or bioinformatic pipeline. Sampling and
experimental design should also be considered at comparisons.

Overall, we can say that the core microbiome is maintained in
most sponge species after a heat stress, although whether they
would recover to the normal conditions previous to the stress
remains yet to be further investigated. Although the core bacteria
may or may not change, it is clear that there is a change in
transient bacteria appearing new species from unknown origin,
some of which may be opportunistic pathogens finding this
opportunity to grow after a dysbiosis occurs. According to our
results, sponge species from Antarctic waters could be more
resilient than tropical and temperate sponge species, and
perhaps their recovery after the heat stress would be possible.
Changes produced by an extreme heat stress however do not seem
to be reversible for the sponge microbiomes in any of the sponge
species tested. Remarkably, both the microbiome composition and
the changes produced by the heat stress seem to be quite host
species-specific, and thus, depend on the sponge species, being
always different from the seawater. Therefore, we may conclude
that although there are some general trends, heat stress will affect
differently the different sponge species, as well as the different
bacterium species, and thus we may see winners and losers when
temperature increases high enough in the near future. Global
change is impacting significantly in marine environments and the
effects are particularly evident for sessile invertebrate species,
which often exhibit narrow ranges of thermal tolerance. For all
these reasons, tropical and temperate sponge species will probably
be those suffering the most the heat stress. Consequently, the
effects of global change may be dramatic for benthic ecosystems
since sponges are a fundamental part of them.
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Supplementary Figure 1. Taxonomic affiliation of ASVs detected in sponges and sea water in
their natural habitat at Genus level. DEC, Deception Island; LIV, Livingston Island; GUA, Guam;
ROS, Roses; CAD, Cadaqués; SW, sea water. Numbers on the right axis indicate sample replicates.
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Supplementary Figure 2. Taxonomic affiliation of ASVs detected in sponges and sea water in
their natural habitat at Family level. DEC, Deception Island; LIV, Livingston Island; GUA,
Guam; ROS, Roses; CAD, Cadaqués; SW, sea water. Numbers on the right axis indicate sample
replicates.
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Supplementary Figure 3. Taxonomic affiliation of ASVs detected in sponges and sea water in
their natural habitat at Order level. DEC, Deception Island; LIV, Livingston Island; GUA, Guam;
ROS, Roses; CAD, Cadaqués; SW, sea water. Numbers on the right axis indicate sample

replicates.
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Supplementary Figure 4. Taxonomic affiliation of ASVs detected in sponges and sea water in
their natural habitat at Class level. DEC, Deception Island; LIV, Livingston Island; GUA, Guam;
ROS, Roses; CAD, Cadaqués; SW, sea water. Numbers on the right axis indicate sample
replicates.
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1.2. Supplementary Tables

Supplementary Table 1. Taxonomic affiliation of the 15 most abundant ASVs from the different

sponge species analyzed.

Accession %
ASV Reads SILVADB GenBank DB Number identity
M. Nitrosomonas
acerata 1 160461 Family EC94 stercoris NR_146824.1 87.45
2 8138 Clade la Pelagibacter ubique NR_074224 100.00
Nitrosomonas
3 104104 Family _EC94 oligotropha NR_114770.1 90.55
12 9081 Polaribacter
25 1961 Family_Flavobacteriaceae  Altibacter lentus NR_126240.1 94.49
Maribrevibacterium
42 2735 Family_Nitrincolaceae harenarium NR_173646.1 94.07
Nitrosomonas
47 16213 Family_EC94 oligotropha NR_114770.1 89.37
Maribrevibacterium
53 1860 Family_Nitrincolaceae harenarium NR_173646.1 94.47
Sediminispirochaeta
69 13510 Kingdom_Bacteria bajacaliforniensis NR_029033.1 83.72
70 1862 Aurantivirga
77 1751 Ulvibacter
Phaeocystidibacter
112 3611 Family_Cryomorphaceae marisrubri NR_136475.1 92.94
177 7399 Robiginitomaculum


https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=148
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=148

Supplementary Material

223 8722 Endozoicomonas
Chakrabartia
503 2915 Kingdom_Bacteria godavariana NR_165009.1 80.31
D.
antarctica 12 32418 Polaribacter
24 4295 Sulfitobacter
Maribrevibacterium
53 4473 Family_Nitrincolaceae harenarium NR_173646.1 94.47
62 10020 Burkholderia-Caballeronia-Paraburkholderia
77 5751 Ulvibacter
Pseudorhodobacter
85 43275 Class_Alphaproteobacteria  wandonensis NR_109461.1 84.31
93 5015 Polaribacter
Thalassobaculum
100 31825 Family_SAR116 clade salexigens NR_116122.1 89.80
141 6651 NS4 marine group Kordia ulvae NR_149793.1 92.49
Rivicola
169 4663 OMA43 clade pingtungensis NR_133846.1 96.05
Maribrevibacterium
289 9210 Family_Nitrincolaceae harenarium NR_173646.1 94.07
336 7329 Polaribacter
Varunaivibrio
358 9569 Class_Alphaproteobacteria  sulfuroxidans NR_152005.1 88.67
Parasphingorhabdus
362 7493 Family_S25-593 pacifica NR_134813.1 88.19
363 8631 Kistimonas
A.oroides 56 48359 Class_TK17 Litorilinea aerophila NR_132330.1 83.4
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98 44992 Family_Ad4b Ornatilinea apprima NR_109544.1 83.4
Class_PAUCA43f marine Longimicrobium
101 21238 benthic group terrae NR_149251.1 85.55
Pseudomonas
109 32967 Family KIB9A clade marincola NR_117186.1 93.25
Ammoniphilus
113 30684 Class_TK30 oxalaticus NR_026432.1 84.98
Rhabdothermincola
127 24174 Sva0996 marine group sediminis NR_173681.1 87.06
135 15012 Order_Subgroup 9 Luteitalea pratensis NR_156918.1 85.83
Bellilinea
154 26209 Family_Ad4b caldifistulae NR_041354.1 82.61
Paludibaculum
156 15401 Order_PAUC26f fermentans NR_134120.1 84.25
Class_BD2-11 terrestrial Longimicrobium
168 12584 group terrae NR_149251.1 83.13
Actinomarinicola
184 16133 Sva0996 marine group tropica NR_171428.1 93.31
Thioalkalivibrio
192 12611 Order_Dadabacteriales thiocyanoxidans NR_025129.1 84.40
Quisquiliibacterium
194 20750 Family_Adb transsilvanicum NR_159181.1 80.31
Litorilinea
202 16631 Family_Caldilineaceae aerophila NR_132330.1 85.77
Alcanivorax
205 13881 Family KI89A clade sediminis NR_174285.1 91.67
A. Botrimarina
cavernosa 5 154922 Family_Pirellulaceae hoheduenensis NR_173585.1 90.87
8 196687 Cyanobium PCC-6307
11 1966 Halodesulfovibrio
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Ralstonia
Synechococcus CC9902
Cyanobium PCC-6307
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Abstract

Marine sponges usually host a wide array of secondary metabolites that play crucial roles in their
biological interactions, displaying deterrent, toxic or anti-fouling activities, among others. The
factors that influence the intraspecific variability in the metabolic profile of organisms, their
production or their ecological function remain unknown in most cases. Understanding this may help
predict changes in biological relationships due to environmental variations as a consequence of
ongoing climate change. The Antarctic sponge Dendrilla antarctica is common in shallow rocky
bottoms of the Antarctic Peninsula, and is known to produce a series of diterpenic compounds that
are supposed to have defensive roles in the sponge. Here, we used GC-MS to determine the major
diterpenes in two populations of D. antarctica from two islands, Livingston and Deception Island
(South Shetland Islands). In order to assess the potential effect of heat stress, we performed
experiments in aquaria exposing the sponge to a control temperature (similar to local), a heat stress
(five degrees higher) and an extreme heat stress (ten degrees higher). To test for defense induction
by predation pressure, we exposed the sponges to the omnivorous seastar Odontaster validus and
the amphipod Cheirimedon femoratus. Seven major diterpenes were isolated and identified from
the samples. While six of them were already reported in the literature, we identified one new

aplysulphurane derivative that was more abundant in the samples from Deception Island, so we
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named it deceptionin (7). The samples separated in the PCA bi-plot space according to the Island of
collection, with 9,11-dihydrogracilin A (1) being more abundant in the samples from Livingston
Island, and deceptionin (7) in the samples from Deception Island. We found a slight effect of heat
stress on the diterpene profiles of D. antarctica, with tetrahydroaplysulphurin-1 (6) being more
abundant in the group exposed to heat stress. However, predation pressure did not seem to
influence the metabolite production in the sponge. Further research on the bioactivity of D.
antarctica secondary metabolites, and the responses to environmental changes will help better

understand the functioning and fate of the Antarctic benthic ecosystems.

1. Introduction

Antarctic shallow rocky bottom communities are sponge-rich associations of organisms with a
complex network of biological interactions (Dayton et al., 1970). In these communities, sponges
provide habitat and food for many other species, being a fundamental element of these benthic
ecosystems (Janussen and Downey, 2014; Cardenas and Montiel, 2017; Costello and Chaudhary,
2017; Cardenas et al., 2018). Many of the species living in these communities use chemical
communication and therefore are rich in natural products (Lebar et al., 2007; Avila et al., 2008;
Figuerola et al., 2013; Moles et al., 2015; Nufez-Pons and Avila, 2015; Soldatou and Baker, 2017;
Angulo-Preckler et al., 2018b). As the rest of organisms, sponges produce biologically active natural
compounds to avoid predation, competition, pathogenic infections, or fouling, among others

(Puglisi et al., 2019; Carroll et al., 2022).

Dendrilla antarctica Topsent, 1905, is a common demosponge inhabiting shallow waters in coastal
areas of Antarctica (Goodwin et al., 2019). Its distribution area comprises the Antarctic Peninsula
but also Southern South America, the Falkland Islands, the subantarctic and other locations in
Antarctica (including McMurdo Sound, Wilheim Il Coast, Victoria Land, and Graham Coast) from
depths 10 — 549 m (Koltun, 1976; Brueggeman, 1998). It usually forms large and massive yellow
carpets covering rocks and other surfaces, sometimes reaching a few meters in size. Its surface is
bright in color and presents conspicuous spiky conules. It usually adopts a lobular or an encrusting
shape. Dendrilla antarctica forms three dimensional structures where other organisms may also live
(von Salm et al.,, 2022). It may also grow on top of other organisms (macroalgae or other

invertebrates).
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Its chemical defenses, mostly diterpenoids, provide the sponge with protection to avoid predation
(Molinski and Faulkner, 1987; Baker et al., 1995; Fontana et al., 1997; Ankisetty et al., 2004b; Salm
et al., 2016; Angulo-Preckler et al., 2018b; Bory et al., 2020; Prieto et al., 2022). Potential predators
for the species include sympatric generalist predators like the sea star Odontaster validus,
omnivorous amphipods, or the common nudibranch Doris kerguelenensis (Barnes and Bullough,
1996; Amsler et al., 2009). A recent study has shown that abundances of amphipod communities

living near the sponges are related to the metabolic profile of the sponge (von Salm et al., 2022).

The role of chemical ecology is pivotal in these communities (Avila, 2016), and the relevance for
sponges has become clear over recent years (Peters et al., 2009, 2010; Prieto et al., 2022; von Salm
et al., 2022). For D. antarctica, the defensive role of its metabolites represents an ecological
advantage that may be affected by global change, since increasing water temperatures may affect,
for example, the production of these chemicals and thus the sponge protection against potential
predators. Similarly, changes in predation pressures may also produce changes in the natural
products (Cronin and Hay, 1996). Some of the sponge compounds may also display relevant
bioactivities in the laboratory (Molinski and Faulkner, 1987; Ankisetty et al., 2004a; von Salm et al.,
2016; Bory et al., 2020; Shilling et al., 2020; Ottaviani et al., 2022). Dendrilla antarctica compounds
have been described as having antibacterial, antifungal, or cytotoxic activity, among others. Both
9,11-dihydrogracilin A and membranolide showed activity against B. subtilis (Molinski and Faulkner,
1987), whereas membranolide and darwinolide inhibited methicillin resistant S. aureus biofilm (von
Salm et al., 2016). The compounds 9,11-dihydrogracilin A and 9,11-dihydrogracillinone A were found
to have antifouling activity (Prieto et al., 2022). Tetrahydroaplysulphurin-1 displayed low
micromolar activity against the Leishmania parasite L. donovani (Shilling et al., 2020). Ciaglia and co-
workers suggested that 9,11-dihydrogracilin A exerts anti-inflammatory effects and has anti-edema

activity in vivo (Ciaglia et al., 2017).

Sponges have abundant and common associations with a wide range of microorganisms, forming
the “holobiont” (Thomas et al., 2016; Pita et al., 2018; Posadas et al., 2021). The sponge microbiota
may play a role in either the biological production or the compounds variability reported in Antarctic
species (Cardenas et al., 2018; lo Giudice et al., 2019; Murray et al., 2020; Sacristan-Soriano et al.,
2020; Happel et al., 2022). Their species composition is affected by geographic, environmental, and

host factors. This is relevant for the role they play within the sponge (Easson et al., 2020; Freeman
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et al., 2021). The microbiota of Dendrilla antarctica has been previously studied (Sacristan-Soriano

et al., 2020; De Castro-Fernandez et al., 2023).

In this study we aimed at (1) analyzing the secondary metabolites profile in the populations of the
sponge Dendrilla antarctica from Livingston and Deception Islands (South Shetland Island), and (2)
assessing the effects of heat stress and predation pressure in the chemical profile of the sponge.
The identification and structural characterization of a new terpene derivative from specimens

collected in Deception Island is presented.

2. Materials and Methods

2.1. Sample collection

Healthy whole specimens of D. antarctica were collected by hand using scuba from different stations
in Livingston (n=13) and Deception (n=30) Islands (South Shetland Islands, Antarctica) (Figure 1).
Additionally, bulk D. antarctica specimens were collected for the extraction of chemical standards
needed for quantification in study specimens. Collection sites were shallow (depths of 20-25 m)
rocky bottoms. Collection took place during January 2018 and January 2019. Sponge specimens
were kept in plastic containers and transported to the lab within less than 1 h. There, some

specimens were directly frozen at -20°C and some others were used for the aquaria experiments.
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Figure 1. Location of the sampling sites. A. Antarctic continent. B. Tip of the Antarctic Peninsula and

South Shetland Islands. C. Livingston Island (South Shetland Islands). D. Deception Island (South

Shetland Islands). Sampling stations are marked with dots.

2.2. Heat stress and predation pressure experiments in aquaria

To measure the effect of the heat stress in the production of metabolites, 15 specimens of D.

antarctica were placed in aquaria at three different temperatures, including local seawater

temperature, to be used as control temperature (CT), 0.5+0.3 °C (meanzSD temperature along the

experiment), and at two higher temperatures: heat stress temperature (HST), 5.4+0.4 °C, and

extreme heat stress temperature (EHST), 9.7+0.8 °C. Temperatures were chosen according to the

increase predicted by the IPCC and other reports, by duplicating the expected values and higher,

and to the aquarium possibilities available for us to carry out the experiments. Water temperature
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was measured and controlled using a digital controller (Aqua Medic T controller twin) connected to

heating (Sera 50 W or 150 W) and/or cooling (Aqua Medic Titan 150) units.

To measure the effect of the predation pressure in the production of metabolites, five specimens of
D. antarctica were placed in an aquarium at local seawater temperature with two specimens per
sponge of the red seastar Odontaster validus, an omnivorous predator with circumpolar
distribution. On a separate tank, five specimens of D. antarctica were placed along with ~200
specimens per sponge of the amphipod Cheirimedon femoratus, a spongivorous species very

common in these shallow benthic assemblages (De Broyer and Jazdzewska, 2014).

For both experiments, the system was kept steady all along the experiment. Sponge specimens were
kept in compartmented tanks (volumes ranging between 24-112.5 L according to the organism
sizes), with seawater circulating through all the compartments, and were incubated for ca. three

weeks.

2.3. General analysis

Optical rotation was measured on Jasco P-2000 digital polarimeter at 589 nm. FT-IR spectrum was
recorded on a Jasco FT/IR 4100 spectrophotometer. UV spectrum was acquired on a Jasco V-650
Spectrophotometer. 1D and 2D NMR spectra were recorded on a Bruker AVANCE™ 1ll HD-400,
equipped with a CryoProbe™ Prodigy or on a Bruker DRX-600 equipped with TXI CryoProbe™ in
CDCl; (6w values reported refer to CHCls protons at 7.26; 6¢ values refer to CDCl; carbon at 77.0
ppm). High resolution mass spectra were acquired on a Q-Exactive Hybrid Quadrupole-Orbitrap
Mass Spectrometer (Thermo Scientific, Milan, Italy). GC-MS analyses were performed on an ion-trap
MS instrument in El mode (70eV) (Thermo, Polaris Q) connected with a GC system (Thermo, GCQ)
by a 5% phenyl/methyl polysiloxane column (30 m x 0.25 mm x 0.25 um, Agilent, VF-5ms) using
Helium as gas carrier. HPLC analyses were performed on a Shimadzu high-performance liquid
chromatography system (Shimadzu, Milan, Italy) equipped with binary LC-20AD pumps in line with
a Diode Array Detector SPD-M20A. TLC plates (KieselGel 60 F254) and silica gel powder (Kieselgel 60
0.063-0.200 mm) were from Merck (Darmstadt, Germany). Chemicals were of analytical reagent
grade and solvents of HPLC/LCMS grade (Sigma-Aldrich, Milan, Italy) and were used without any

further purification.
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2.4. Metabolomic analysis

Ca 100 mg of each freeze-dried study specimen were extracted with dichloromethane (DCM) (3 x
10 ml). Phytyl acetate (80 pg) was added as an internal standard before the first extraction.
Combined extracts were concentrated under N, stream and redissolved in DCM (500 pl) for GC-MS
analysis. The following temperature gradient was applied: initial 160°C holding for 3 min, then
increase of 3°C min up to 260°C followed by 30°C mint up to 310°C, holding for 3 min at 310°C;
split flow 10 ml min’; Transfer line T= 280°C; Inlet T=290°C; lon source T=250°C; full scan m/z 50 —
450. Injection of 2 pl. Analytical runs were processed by using Xcalibur software (vers. 2.2 SP1.48)

(Thermo-Scientific). All samples were analyzed in duplicate.

2.5. Isolation and characterization of diterpenes from D. antarctica.

Three freeze-dried specimens (35.6 g) of D. antarctica collected in Livingston Island, were pooled
together and extracted with methanol (MeOH) (6 x 400 ml); the raw extract (16.1 g) was redissolved
in MeOH/H,0 9:1 and partitioned with n-hexane (4 x 100 ml) following the Kupchan method
(Kupchan et al., 1973). The n-hexane extract (1.9 g) was fractionated by silica chromatography on
column eluted with a gradient of solvents from 100% petroleum ether (PE) to 100% diethyl ether
(EE). Fraction PDC19I eluting with PE/EE 9:1 afforded pure 9,11-dihydrogracilin A (1) (10.1 mg).

Twelve freeze-dried specimens (30 g) collected in Deception Island were pooled together and
extracted with DCM (1 x 200 ml, 6 x 300 ml); the raw extract (1.4 g) was fractionated by silica
chromatography on column with gradient elution from 100% PE to 100% EE. The fractions eluted by
PE/EE 9:1 were further fractionated by normal phase-high performance liquid chromatography (NP-
HPLC) (Phenomenex Luna Silica column (250 x 4.6 mm, 5 um), flow rate 1 ml min) with PDA
detector; for the elution n-hexane (A) and n-hexane:isopropanol (97:3) (B) were used applying an
isocratic method: initial 60% A and 40% B holding for 30 min. Peak collected at Rt 8 min was analyzed

by MS and NMR and identified as 3 (0.7 mg) by comparison with literature data.

The fractions eluted by PE/EE 1:1 were further fractionated by normal phase-high performance
liguid chromatography (NP-HPLC) (Kromasil KR100-5-Sil column (250 x 10 mm, 5 um), flow rate 3.5
ml min’t) with PDA detector; for the elution n-hexane (A) and n-hexane:isopropanol (97:3) (B) were
used applying the following gradient: initial 60% A and 40% B holding for 35 min, followed by

increase to 100% B in 15 min, then returning to original conditions in one min; a re-equilibration
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time of 9 min was included between runs. Peaks collected at Rt 25, 31 and 42 min were analyzed by
MS and NMR and identified as 2 (0.6 mg), tetrahydroaplysulphurin-1 (6) (0.4 mg) and membranolide

(4) (1.2 mg) by comparison with literature data.

The fractions eluted by PE/EE 8:2 were further purified by silica chromatography on column and
then on NP-HPLC-PDA by using n-hexane (A) and n-hexane:isopropanol (97:3) (B) (Kromasil KR100-
5-Sil column (250 x 10 mm, 5 um), flow rate 3.5 ml mint) with PDA detector; for the elution n-hexane
(A) and n-hexane:isopropanol (97:3) (B) were used applying the following gradient: initial 80% A and
20% B, then increase to 30% B in 35 min, followed by increase to 65% B in 7.5 min, then returning
to original conditions in one min; a re-equilibration time of 6.5 min was included between runs.
Peaks collected at Rt 15 and 20 min were analyzed by MS and NMR and identified as aplysulphurin

(5) (4.1 mg) and deceptionin (7) (1.9 mg) by comparison with literature data.

2.6. Deceptionin (7): [a]p -7.38° (c 0.05, MeOH); IR (film) vmax= 2929, 2851, 1739, 1561,
1454, 1367, 1234, 1084, 1006, 933 cm™; UV Amax (€) =206 (3409); HRESIMS*: m/z 415.24348
[M+Na]* Ci3H3s0sNa* (theor. 415.24550). NMR data see Table 1.

2.7. Data analysis

The diterpenes were quantified using the internal standard phytyl acetate. The pg of each
metabolite was calculated from the peak area, and then normalized by the sponge sample dry
weight. Transformation of the data using fourth root was applied to the natural habitat samples
subset to achieve homoscedasticity. Untransformed data was used for the heat stress and predation
pressure experimental samples. Each subset of samples was standardized. Euclidean matrix
distance was generated after a fourth root transformation was applied to the natural habitat data
set, and a dendrogram was plotted with samples clustered using the complete method. Principal
Components Analysis and Permutational Analysis of Variance (PERMANOVA) were performed for
the three subsets of samples: natural habitat samples, heat stress experiment samples, and
predation pressure experiment samples. Analysis of variance (ANOVA) was performed for each
compound on the three subsets of samples. Wilcoxon pair-wise tests were used for comparisons

between the control group and the experimental group.
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Statistical tests were performed using R (version 4.2.0).

2.8. Antimicrobial assays

The Kirby-Bauer disk diffusion susceptibility test was used to assess the potential antimicrobial
activity of some of the isolated diterpenoids of D. antarctica. The metabolites 9,11-dihydrogracilin
A (1), membranolide (4), aplysulphurin (5), tetrahydroaplysulphurin-1 (6), and deceptionin (7) were
tested against the human pathogens E. coli 0157:H7 (ATCC 43888) and S. aureus (ATCC 9144). Two
hundred pg of each compound were loaded on 6-mm paper disks in a volume of 20 pl of chloroform,
which saturated the disk. Pure cultures of the bacterial strains were grown on TSA plates for 24 h.
Then, isolated colonies were suspended using a sterile cotton swab in a NaCl 0.85% solution until
reaching the turbidity of a McFarland 0.5 standard. A spread culture in Mueller-Hinton agar plates
was prepared from this solution using a sterile cotton swab. Disks were placed on the seeded plates
and plates were incubated at 37°C. A chloramphenicol disk (10 ug) was used as a positive control.
An unloaded disk and a disk loaded only with 20 pl of the solvent were used as negative controls.
The test was performed in duplicate. After 24 h, activity was checked observing the halo of growth
inhibition around the disks. When there was a halo, the diameter was measured. Growth inhibition

activity was classified following Mahon and co-workers criteria (Mahon et al., 2003).

3. Results

3.1. Major diterpenes in Dendrilla antarctica populations from two different localities

We analyzed the chemical profile of Dendrilla antarctica specimens collected from Deception (n=5)
and Livingston (n=13) Islands, in the South Shetland Archipelago, Antarctica. Data from Gas
Chromatography-Mass Spectrometry (GC-MS) revealed seven most prominent peaks in the extracts,
putatively identified as terpenes. The identity of six of them was confirmed after their purification
from the raw extract as 9,11-dihydrogracilin A (1) (Molinski & Faulkner 1987) (Rt=25.86) and the
gracilane norditerpene 2 (Diaz-Marrero et al. 2004) (Rt=24.21), the glaciolane norditerpene 3 (Mayol
et al. 1988) (Rt=27.89), and three aplysulphurane derivatives, membranolide (4) (Molinski &
Faulkner 1987) (Rt=29.14), aplysulphurin (5) (Karuso et al. 1984) (Rt=35.34) and
tetrahydroaplysulphurin-1 (6) (Karuso et al. 1986) (Rt=35.51) (Figure 2). The spectroscopic data of

the remaining compound did not match with any of the known terpenes and was characterized as
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a new aplysulphurane derivative especially abundant in the specimens from Deception Island, which

therefore we named deceptionin (Rt=20.2) (7, Figure 3).

GLACIOLANE SKELETON

GRACILANE SKELETON

OAc

H

APLY SULPHURANE SKELETON

Figure 2. Diterpene metabolites identified in Dendrilla antarctica in this study.

H

.”””’JH

T

OCOCH;
17
COOCH;

Deceptionin (7)

18 19

Figure 3. Chemical structure of deceptionin (7).
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3.2. Structural characterization of deceptionin (7).

Deceptionin (7) gave a molecular ion adduct [M+Na]* in HRESIMS at m/z 415.24348 which was
consistent with the molecular formula Cy3H3¢OsNa* (theor. 415.24550) requiring six degrees of
unsaturation. The 3C NMR spectrum showed four resonances attributable to sp? carbons. In
particular, quaternary carbon signals at d 128.8 and 146.0 ppm accounted for a tetra-substituted
non conjugated double bond (C-8/C-9) while two downfield shifted signals atd 174.9 and 170.6 ppm
were assigned to carbonyl ester groups, in agreement with the stretching band observed in the FT-
IR spectrum at 1739.48 cm™. In particular, the loss of 60 (AcOH) observed in ESIMS/MS spectra of
the molecular ion suggested the presence of an acetyl group while a deep interpretation of the
GCMS spectrum allowed to infer the occurrence of a methoxycarbonyl function due to consecutive
losses of MeOH and CO from the M-Me-AcOH fragment at m/z 317.12 (Supporting material). Hence,
the three remaining formal unsaturations had to be assigned to cycles. A diagnostic methine carbon
at 103.5 ppm (C-15), bearing a proton resonating as doublet at d 5.87 (J=2.4 Hz) in the 'H NMR
spectrum, was indicative of an acetal function which fulfilled the number of oxygens required by the
molecular formula. Starting from this latter proton, COSY and TOCSY correlations allowed to easily
depict the spin system of the bicyclic substructure including a cyclohexene ring fused with a cyclic
acetal (Figure xxx). In fact, the acetal proton (H-15) was coupled to an allylic proton at 2.91 (dd, J=
8.1,2.4 Hz, H-14) in turn coupled with a methine at 2.41 (H-13). This latter signal showed cross-peaks
in the COSY spectrum with one of the two protons of the oxygenated methylene C16 at d 4.09 (dd,
J= 8.6, 5.6 Hz) and the proton signal at d 1.26 of the methylene at C-12. The methylene H,-12 was
coupled with the allylic methylene at C-11; thus, with the support of HSQC and HMBC data the
planar structure of the bicyclic system was unambiguously assigned. The linkage with the remaining
cycle was secured by the HMBC correlation of the singlet methyl resonance at d 1.08 with the
olefinic carbon at 146.0 through the quaternary carbon at 40.5 ppm. The cyclohexane ring bearing
two geminal methyl groups at d 0.88 and 0.89 on C-4 was easily assigned by combining homo and
heteronuclear correlation data. Finally, a bis-allylic methine quartet at d 4.22 (J=6.9 Hz) coupled to
a methyl group at d 1.24, connected the carboxymethyl function to the olefinic carbon at 128.8 ppm
thus completing the elucidation of the aplysulphuran skeleton of the new diterpene molecule.
Spectroscopic signals of this metabolite resulted highly overlapping to the methyl ester derivative
obtained from the Pourewic acid A (Keyzers, EurJOC 2004) that are listed in Table 2 for comparative
purposes from which it differed having an acetoxy instead of a methoxy acetal system. Also relative

stereochemistry, determined by measuring vicinal coupling constants and inspecting nuclear
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Overhauser effects (nOe) in NOESY experiments, was suggested to be the same assigned for this
derivative and the tetrahydroaplysulphurin-1 (Karuso, 1986; Buckleton 1987); in particular,
diagnostic nOe correlations were observed between the acetal proton H-15 (d 5.88) and the
methine H-14 and between this latter with H-13 thus indicating that they lay from the same face of
the molecular plane; on the other hand, a clear cross-peak was observed between the bis-allylic
proton H-7 and the methyl moiety at d 1.07 (H3-20) as well as between the methyl group at d 1.24
(H3-6) and the proton at d 2.91 (H-14), thus securing the relative stereochemistry as depicted in

Figure 3 for deceptionin (7).

Table 1. *H and *C NMR data of deceptionin (7). (400 MHz, CDCls). Spectroscopic data of methyl

pourewate A are reported as a comparison from reference (Keyzers 2004).

Position Deceptionin Methyl Pourewate A
'H, d, mult, J (Hz) 13C, ppm H, d, mult, J (Hz) | 3C, ppm

1 1.19, m; 39.1 1.26, m; 39.2
2.09, m 2.18, m

2 1.49, m; 20.1 1.49, m; 20.0
1.80, m 1.94, m
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3 1.21, m; 40.0 1.18, m; 40.1
1.33, m 1.38, m
4 - 31.6 - 31.6
5 1.06, m; 50.7 0.97, m; 50.9
1.77,d, 135 1.84, m
6 1.24,d,6.9 15.9 1.20,d, 6.8 16.1
7 4.22,q,6.9 41.9 4.18,q,4.4 42.0
8 - 128.8 - 128.2
9 - 146.0 - 143.9
10 - 41.5 - 41.6
11 1.94 (ax), ddd, 16.0, 14.0, | 27.4 1.86, m; 27.7
4.2;
2.20, m
2.23 (eq), ddd, 16.0, 4.2, 4.2
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12 1.26 (ax), m; 30.2 1.24, m; 31.2
1.64 (eq), dg, 13.0, 4.2 1.65, m
13 2.41, m 37.8 2.34,q,7.6 38.0
14 2.91,dd, 8.1,2.5 47.1 2.65,dd,8.1,2.4 |49.0
15 5.87,d, 2.5 103.5 4.62,d,2.4 110.8
16 3.85,d, 8.6; 76.0 3.76, dd, 8.8, 3.4;
4.09, dd, 8.6, 5.6 4.02, dd, 8.5, 6.4
17 - 175.0 - 174.7
18 0.89, s 27.2 0.92 26.6
19 0.88, s 32.6 0.88 33.3
20 1.08, s 30.4 1.02 30.9
COCHs - 170.6
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COCH;s 2.04,s 215

OCHs 3.59,s 50.8 3.67 51.7

3.3. Terpene profile of sponges at their natural habitat

The results indicate that there is a high variability in the chemical profiles of the Dendrilla antarctica
specimens analyzed, as observed in standard deviation values for natural habitat samples (Table 2).
PCA extracted three components with an eigenvalue >1, which explained 80.2% of the overall
variability in the metabolites profiles. The first component (PC1) explained 38.6% of the overall
variability in the metabolites profiles and mostly opposed the abundance of 7 (positive value) to
that of 1 and 4 (negative values). The second component (PC2) explained 21.8% of the overall
variability in the metabolites profiles and was influenced by the abundance of 2 (negative value).
The third component (PC3) explained 19.8% of the overall variability in the metabolites profiles and
mostly opposed the abundance of 5 (positive value) to that of 3 (negative value). PCA revealed that
the sponge specimens separated in the biplot space according to the island of origin. In general,
sponge specimens from Deception Island were enriched in 7 whereas those from Livingston Island
were enriched in 1 and 4 (Figure 4). There were three specimens from Livingston Island that grouped
with Deception Island sponges, and one specimen from Deception Island that was enriched in 5 and
depleted in 2 and 3. PERMANOVA revealed the chemical profiles of the two groups of sponges were
significantly different (p<0.05) between islands. Univariate tests revealed that the concentrations
of 1 and 7 were significantly different between the two groups of sponges (Mann-Whitney-Wilcoxon
test; p<0.05). Also, total terpenes concentration was significantly higher on average in samples from
Livingston (6.18+3.61 mg/g dw) than in samples from Deception Island (2.48+0.75 mg/g dw)
(p<0.05).
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Table 2. Concentration values of the main terpene derivatives 1-7 in D. antarctica specimens. Values
are represented as meanisd (mg/g dw). CT=control temperature, HST= heat stress temperature,

EHST= extreme heat stress temperature.

1 2 3 4 5 6 7
Natural habitat
Deception Island 0.00+0.01 0.13+0.10 0.14+0.12 0.92+0.98 0.10+0.18 0.01+0.03 1.16+0.30
Livingston Island 2.35+2.00 0.29+0.23 0.12+0.10 2.99+2.76 0.03+0.07 0.07+0.16 0.30+0.42
Heat stress experiment
cT 0.02+0.03 0.05+0.06 0.20+0.11 1.44+40.85 0.55+0.38 0.15+0.14 1.04+0.53
HST 0.01+0.01 0.17+0.19 0.20+0.09 1.29+1.53 0.67+0.92 0.35+0.24 1.57+0.49
EHST 0.00+0.00 0.07+0.09 0.12+0.10 0.45+0.39 0.01+0.02 0.41+0.54 0.79+0.62
Predation experiment
Macropredation 0.04+0.04 0.14+0.11 0.19+0.06 1.3440.51 0.35+0.40 0.12+0.18 1.3240.15
Micropredation 0.02+0.03 0.06+0.08 0.21+0.04 0.81+0.84 0.21+0.34 0.22+0.28 1.28+0.43
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Figure 4. Biplots of the first three Principal Components extracted in the PCA of the samples from
the natural habitat. A. PC1 vs. PC2. B. PC1 vs. PC3. C. PC2 vs. PC3. Deception=samples from

Deception Island, Livingston=samples from Livingston Island. c(1-7)=compounds analyzed.
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3.4. Chemotyping

The relative abundance and dominance of the 7 major metabolites within individual samples
indicates that there are chemically distinct phenotypes within the D. antarctica populations of
Deception and Livingston Islands. The samples were clustered according to the abundance of the
metabolites and six chemotypes were identified in the natural habitat sponges (Figure 5). All
Livingston Island samples but three were clustered into three different chemotypes (chemotypes 4
to 6). Chemotype 4 was characterized by dominance of 1 over all other metabolites (Figure 6).
Chemotypes 5 and 6 were characterized by dominance of 4 and, to a lesser extent, 1, but chemotype
6 presented metabolites 5 and 6, virtually absent in chemotype 5. The other three Livingston
samples clustered with Deception Island samples in chemotypes 2 and 3. Chemotypes 1, 2, and 3
were characterized by higher abundance of 7, almost absent in chemotypes 4-6. One natural habitat
sample from Deception conformed chemotype 1, since it had only 4, 5, and 7 and in different
proportions than the other samples. The main difference between chemotypes 2 and 3 is the

presence of 6 in chemotype 2, absent in chemotype 3 (Figure 7).
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Figure 5. Chemotype clustering of the natural habitat samples. CH=Chemotype. DEC-I, DEC-

II=Sampling sites in Deception Island. LIV=Sampling site in Livingston Island.
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Figure 6. Average concentration of the seven most abundant diterpenes 1-7 from the natural

habitat D. antarctica for each chemotype. I1S= phytyl acetate.
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Figure 7. Representative chemical profiles of each chemotype for the natural habitat samples of D.

antarctica. Main terpene derivatives 1-7 are reported. IS=Internal Standard.
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3.5. Effect of experimental heat stress and predation pressure on the secondary

metabolites of Dendrilla antarctica

There was an effect of the temperature in the natural products of D. antarctica. PCA extracted two
components with an eigenvalue > 1, which explained 66% of the overall variability in the metabolites
profiles (Figure 8). The first component (PC1) explained 35.7% of the overall variability in the
metabolites profiles and mostly opposed the abundance of 4 and 5 (negative values) to that of 2
and 7 (positive values). The second component (PC2) explained 30.3% of the overall variability in
the metabolites profiles and was influenced by the abundance of 1 and 3 (negative values). The
samples did not seem to follow any pattern in the biplot space, and PERMANOVA revealed that the
chemical profile was not significantly different between the experimental groups (p>0.05).
Univariate ANOVAs revealed no significant difference in concentration of any of the seven
compounds between the experimental groups (p>0.05). Pair-wise tests of each compound revealed
a significant difference in the concentration of 6 between the control and the HST group (p<0.05).
Also, total terpenes concentration was higher on average in the HST group (4.25+2.03 mg/g dw)
than in the natural habitat group (2.48+0.75 mg/g dw), although the difference was not statistically

significant (p>0.05).
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Figure 8. Biplot of the PCA of the samples from the heat stress experiment. control=natural habitat
samples (Deception Island), CT=control temperature, HST= heat stress temperature, EHST= extreme

heat stress temperature. c(1-7)=compounds analyzed.
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There was no effect of predation in the natural products of D. antarctica. PCA extracted three
components with an eigenvalue > 1, which explained 76.9% of the overall variability in the
metabolites profiles (Figure 9). The first component (PC1) explained 39% of the overall variability in
the metabolites profiles and was influenced by the abundance of 1 and 5 (negative values). The
second component (PC2) explained 23.6% of the overall variability in the metabolites profiles and
was influenced by 3 and 7 (negative values). The third component (PC3) explained 14.3% of the
overall variability in the metabolites profiles and mostly opposed the abundance of 6 (positive value)
to that of 2 (negative value). The samples did not seem to follow any pattern in the biplot space,
and PERMANOVA revealed that the chemical profile was not significantly different between the
experimental groups (p>0.05). Univariate ANOVAs revealed no significant differences in
concentration of any of the seven compounds between the experimental groups (p>0.05). Pair-wise
tests of each compound neither revealed significant difference in the concentration of the individual
compounds between the control and the macro-predation group, nor between the control and the
micro-predation group (p>0.05). However, concentration of metabolite 1 was more abundant in the
macropredation samples than in the natural habitat samples, although the difference was not
statistically significant (p=0.075). Also, total terpenes concentration was higher on average in the
macropredation samples (3.52+0.91 mg/g dw) than in the natural habitat group (2.48+0.75 mg/g

dw), although the difference was not statistically significant (p=0.085).
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Figure 9. Biplot space of the PCA of the samples from the predation pressure experiment. A. PC1 vs.
PC2. B. PC1 vs. PC3. C. PC2 vs. PC3. control=natural habitat samples (Deception Island),
MACRO_P=samples exposed to macropredation, MICRO-P=samples exposed to micropredation.

c(1-7)=compounds analyzed.
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3.6. Antimicrobial assays

Membranolide (4) showed antimicrobial activity against E. coli 0157:H7 at 200 pg, presenting a zone
of inhibition of 10 mm in the two replicates performed. Following Mahon and co-workers criteria,
this could be considered as “strong” (+++) growth inhibition (Mahon et al., 2003). The other

compounds tested did not show any activity against the bacterial strains tested.

4. Discussion

Benthic invertebrates in general, and sponges in particular, are a rich source of bioactive molecules
that could serve as base for developing new drugs or have an industrial application. The samples of
Dendrilla antarctica contained seven major diterpenes, one of which was characterized as a new
aplysulphurane derivative, deceptionin (7). Further antimicrobial assays using different pathogenic
strains, as well as cytotoxicity and other bioactivity tests should be done to search for a potential

bioactivity of the compound.

The diterpenes profile was highly variable among the samples, even in the samples collected from
the same sampling site. Not only all seven metabolites were not present at all the samples, but also
the concentrations and proportions among compounds varied. This variability in the chemical
profile between individuals of the same species is not uncommon (Puyana et al., 2003; Cutignano
et al,, 2011; Rohde et al., 2012), and was already reported for D. antarctica populations around
Palmer Station (Anvers Island) (von Salm et al., 2022). Von Salm and co-workers also found high
variability in the terpenes concentration even between replicates from the same sampling site (von
Salm et al., 2022). Despite the high interindividual variability, in general the samples grouped
according to the island of origin. There were two main differences in the diterpenes profile between
the sponges from Livingston and Deception Island. One of them was the considerably higher
concentration of total terpenes in the sponges from Livingston Island than in the sponges from
Deception Island. The second one was the concentration of two of the major diterpenes: 9,11-
dihydrogracilin A (1), more abundant in Livingston Island samples, and deceptionin (7), more

abundant in Deception Island samples, while almost absent in Livingston Island samples.

Although both collection sites are shallow rocky bottoms harboring relatively similar benthic
communities, there are environmental factors that may be playing a role in D. antarctica chemical

profile: waters of Port Foster (the inner bay and caldera of the volcanic Deception Island) have
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higher water temperature (Ortiz et al., 1992), presence of suspended volcaniclastic particles (Smith
et al., 2003) and chemicals from local geothermal activity (Elderfield, 1972; Deheyn et al., 2005). We
could expect that sponges exposed to higher environmental pressures, presumably those from
Deception Island, would have higher concentration of defensive compounds (Puglisi et al., 2019).
However, regarding total terpenes concentration, we observed significantly higher concentration of
compounds in Livingston than in Deception Island. This could perhaps be related to a higher
predation pressure in Livingston Island, which should be further analyzed. The higher presence of
deceptionin (7) in D. antarctica from Deception Island could be a response to a particular stress

characteristic of the environment of Deception Island coasts.

The populations of D. antarctica analyzed so far are not chemically homogenous around the
continent. In McMurdo Sound, D. antarctica was reported to yield 9,11-dihydrogracilin A (1) and
membranolide (4) (Molinski and Faulkner 1987), and also dendrillin in a later study (Baker et al.,
1995). The ecological role of 9,11-dihydrogracilin A (1) has not been reported yet. It has been
suggested to play a role against predators found in areas not dominated by macroalgae and thus
with less abundance of amphipods (Shilling, 2019) Specimens from Terra Nova Bay, instead,
presented only 9,11-dihydrogracilin (1) and dendrinolide (Fontana et al., 1997). Populations from
around Palmer Station (Western Antarctic Peninsula) have been studied several times, with reports
including aplysulphurin (5), tetrahydroaplysulphurin-1 (6), and membranolide (4) as the major
diterpenoids (Ankisetty et al., 2004a; von Salm et al., 2022), another study including also darwinolide
(von Salm et al., 2016), and a more recent analysis identifying up to eleven diterpene derivatives,
the major constituents being 9,11-dihydrogracilin A (1), membranolide (4), aplysulphurin (5), and
tetrahydroaplysulphurin-1 (6), and the minor constituents glaciolide, the norditerpene 3, cadlinolide
C, and dendrillins A-D (Bory et al., 2020). To our knowledge, just one study considered the effect of
location on the chemical diversity of D. antarctica, but they found no significant effect. Sampling
locations were all within a small area around Palmer Station (von Salm et al., 2022). From the
evidence so far, we could suggest that there is not a single diterpenoid derivative found in every
studied population of the sponge. However, it seems that some compounds are found in the two
main regions studied (the Ross Sea and the Western Antarctic Peninsula), like 9,11-dihydrogracilin
A (1) and membranolide (4), while aplysulphurin (5), tetrahydroaplysulphurin-1 (6) and darwinolide
are only found in D. antarctica from the Antarctic Peninsula, and dendrinolide was only reported in
McMurdo Sound (Ross Sea). However, further studies on the influence of location on the chemical

profile of the sponge should be done. Also, the same populations collected around Palmer Station
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(Anvers Island, Western Antarctic Peninsula) showed differential diterpenoids profile depending on

the year of collection (Shilling et al., 2020).

Metabolic and genetic studies of some Antarctic benthic species, such as the rhodophyte Plocamium
cartilagineum (Young et al., 2013; Shilling et al., 2021) and the nudibranch Doris kerguelenensis
(Wilson et al., 2013) have shown significant metabolic variations between specimens mostly
corresponding to different phylogroups. Cycles of glaciation have isolated regions, allowing
independent divergence among individuals of the same species, which could lead to speciation, as
shown for Doris kerguelenensis (Maroni et al., 2022). High genetic connectivity and subsequent
homogeneity was found for D. antarctica populations from different locations off the South
Shetland Islands and Northern Antarctic Peninsula (Leiva et al., 2019). However, signs of local
adaptation were found for the samples of Deception Island, showing activation of genes mostly
involved in immune and stress responses. This was associated to the physicochemical particularities
of the island as an active volcano, with higher temperatures and distinct environmental conditions
than the surrounding islands. Specimens from Livingston Island were not analyzed in this genetic

study.

Significant differences between D. antarctica collections or populations led Von Salm and co-
workers to hypothesize that selective predation pressures may be driving its chemical diversity (von
Salm et al., 2022). These authors found different diterpene profiles in D. antarctica in the different
habitats where they lived: shallower zones dominated by canopy-forming macroalgae and with
abundance in omnivorous amphipods harbored D. antarctica that had more concentration of
tetrahydroaplysulphurin-1 (6) than those collected from deeper, more exposed, habitats depleted
in amphipods. In our study, the collection sites in both Islands are similar shallow rocky bottoms
dominated by similar species. However, Deception Island is a very particular place with peculiar
shallow water communities (Angulo-Preckler et al., 2018a). The bottoms of this island are covered
by volcanic pyroclasts, with a huge abundance of echinoderms, and with some rocky areas fully
covered by filter-feeding organisms (Angulo-Preckler et al., 2017). This particular environment may
have driven the selection and evolution of the natural metabolites production abilities present

there.

Methanolic extracts of D. antarctica showed chemotactic food response in the spongivorous seastar
Perknaster fuscus (Mcclintock, 1994; Baker et al., 1995) and lipophilic extracts showed deterrence

on the omnivorous amphipod Gondogeneia antarctica in feeding deterrence assays (Amsler et al.,
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2009). However, which molecules are responsible for this activity is yet to be discovered.
Membranolide (4) deterred the amphipod G. antarctica (Maschek, 2011), but was not found in
higher concentrations in the sponges from the high amphipod abundance habitat (von Salm et al.,
2022). In our study, we did not find any significant pattern of the effect of micropredation on the
diterpenoids profile of D. antarctica. Similarly, we did not find an effect of macropredation.
Exposure to predator species that may not elicit an antipredatory activity may have hindered the
effect of predation pressures. Maybe the exposure to predator species that are known to be
deterred by compounds produced by the sponge may elicit the chemical response of the sponge.
Also, using exclusively individuals with the same chemotype would help better ascertain the

potential effect of the factors tested on the chemistry of the sponge.

Although we did not find any significant changes in the chemical profile of sponges exposed to
predation pressure of macro- (Odontaster validus) and micropredator (Cheirimedon femoratus)
species, tetrahydroaplysulphurin-1 (6) was the only compound that was significantly more abundant
in the samples exposed to a heat stress of around 5°C above the local seawater temperature than

in the natural habitat samples from Deception Island.

Terpenes and terpenoids are a large class of natural products commonly regarded as of fungal and
plant origin whose biosynthesis by bacteria is attracting increasing research interest (Yamada et al.,
2015). Considering the broad distribution of terpene/terpenoid synthase genes across bacterial
genomes (Yamada et al.,, 2015), it is tempting to argue that terpenoid biosynthesis in marine
sponges could be mediated by bacterial symbionts, emerging as a further mechanism possibly
conferring host defense against natural enemies or mediating microbe—microbe interactions within

the sponge host.

Further characterisation of the chemical profile in Dendrilla antarctica from different sites should
be done to keep gaining insight into the factors affecting or regulating the chemical ecology in
benthic organisms. Further experiments with a larger number of samples and/or testing specimens
with the same chemotype or clones would allow a better observation of the effect of these stressors,

that clearly pose a risk to Antarctic communities in the frame of the current global change.
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DISCUSION GENERAL

El objetivo principal de esta tesis ha sido profundizar en el conocimiento de las interacciones
ecolégicas del bentos antartico y evaluar el impacto antropogénico desde dos perspectivas
diferentes, el impacto de la contaminacidn en las redes trdficas y el aumento de temperatura
asociado al calentamiento global. El aislamiento geografico, junto con las condiciones ambientales
extremas debido a su latitud, hacen de las comunidades bioldgicas antdrticas focos de biodiversidad,
con alto grado de endemismos, y adaptaciones Unicas a un ambiente de bajas temperaturas, fuerte
estacionalidad, o presencia de hielo marino. Las interacciones bioldgicas juegan un papel clave en
la estructuracion de estas comunidades. En las comunidades bentdnicas marinas, las interacciones
mas relevantes en esta estructuracion serian las relaciones trdéficas, las interacciones mediadas por
compuestos quimicos, y las que existen entre el huésped y su comunidad microbiana simbionte.
Entre los factores mds importantes que pueden alterar estos ecosistemas se encuentra la presencia
del ser humano, impulsor del cambio global al que nos estamos enfrentando, caracterizado por el
calentamiento y acidificacién de los océanos, o el aumento de la frecuencia de fendmenos extremos
como las olas de calor, entre muchos otros. La Peninsula Antartica es una de las areas que ha sufrido
una de las mayores tasas de calentamiento en las ultimas décadas, ademds de un aumento de la
intensidad de las olas de calor, consecuencia también del cambio climatico (Gonzalez-Herrero et al.,
2022). El bentos antartico, por las caracteristicas mencionadas anteriormente, constituye uno de los
habitats mas atractivos para explorar estas interacciones bioldgicas y cdmo el impacto
antropogénico puede alterarlas y desequilibrar asi el ecosistema, y en consecuencia alterar el

planeta de manera global.

Para poder observar y predecir los efectos y consecuencias de los impactos antropogénicos y el
cambio global sobre los ecosistemas, es necesario conocer la estructura y el funcionamiento de las
comunidades bioldgicas presentes en el ecosistema. Como hemos visto, las interacciones bioldgicas,
ademads de las condiciones ambientales, juegan un papel clave en la estructuracion de las
comunidades. Las relaciones tréficas son una de las interacciones entre organismos que nos aporta
mucha informacién sobre la estructura de la comunidad. Algunos depredadores de esponjas
antdrticas de aguas poco profundas son asteroideos como las especies espongivoras Perknaster
fuscus, depredador principal de Mycale acerata (McClintock et al., 2005), o Acodontaster
conspicuous. Otros depredadores como Odontaster validus o algunas especies de anfipodos son
omnivoros que incluyen esponjas en sus dietas (Gillies et al., 2012; Mcclintock, 1994). Doris
kerguelenensis es un molusco heterobranquio con distribucién circumpolar, que se encuentra

frecuentemente sobre diversas especies de esponjas y cuyas presas principales se consideran en
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general las esponjas hexactinélidas de las especies Rossella nuda y R. racovitzae y Scolymastra
(Anoxycalyx) joubini. En los fondos someros rocosos de Bahia Balleneros en Isla Decepcidn
(Archipiélago de las Shetland del Sur, al norte de la Peninsula Antartica) no se encuentran esponjas
de la clase Hexactinellida a poca profundidad, y se ha observado al molusco D. kerguelenensis sobre
diversas especies de demoesponjas. El andlisis de isdtopos estables de Cy N, y el perfil de acidos
grasos (capitulo 1) nos han permitido determinar parcialmente la dieta de este molusco. Los
resultados sugieren que de las siete especies de presas potenciales analizadas (Axinella crinita,
Dendrilla antarctica, Mycale acerata, Sphaerotylus antarcticus, Hemigellius pilosus, Kirkpatrickia
variolosa, y Haliclona sp.), las cuales dominan la comunidad macroscépicamente, el molusco estaria
obteniendo el C de D. antarctica, M. acerata, A. crinita y Haliclona sp. Sin embargo, las esponjas no
supondrian la Unica fuente de carbono de D. kerguelenensis, ya que la sefial isotépica de carbono
indica que existe otra presa mds empobrecida en C. Esta fuente de carbono desconocida podria
consistir en las bacterias simbiontes de dichas esponjas, o bien otra presa alternativa baja en C,
como por ejemplo una ascidia. Esto ultimo seria bastante atipico y requiere de muchos mas estudios
detallados. Los nudibranquios se consideran en general carnivoros, aunque se han descrito ejemplos
de estrategias alimentarias que contrastan con la norma general, como el caso de Polycerella
emertoni (Camps-Castella et al., 2020). El uso de un factor de discriminacién isotépica entre los
tejidos y la dieta (DTDF por sus siglas en inglés) general para invertebrados y no especifico para D.
kerguelenensis puede tener influencia en los resultados, y pone énfasis en la importancia de utilizar

DTDFs especificos siempre que sea posible.

Las relaciones tréficas pueden también estudiarse a partir del andlisis de elementos que pueden
biomagnificarse lo largo de las cadenas tréficas. En nuestro estudio (capitulo 11), en el que se incluyen
algunos de los organismos mas relevantes de la comunidad bentdnica de fondos rocosos someros
en isla Decepcion (Islas Shetland del Sur), el mercurio (Hg) y el plomo (Pb) mostraron cierta
biomagnificacidn entre las estrellas de mar depredadoras Odontaster validus y Diplasterias brucei,
y la lapa herbivora Nacella concinna. El hecho de que los productores primarios analizados (materia
organica particulada y las especies de macroalgas dominantes) tuvieran concentraciones de los
elementos traza mucho mayores que las de los animales nos permitié rechazarlas como posible
fuente de carbono para los consumidores. El uso de marcadores tréficos nos ha permitido no sélo
conocer las relaciones tréficas entre ellos, sino también conocer el grado de contaminacidn de estos.
El andlisis de la concentracion de determinados elementos traza en distintos puntos a lo largo de

gran parte de la latitud de la peninsula Antartica reflejé una concentracion similar a la que existe en
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otras partes del planeta. Por ello, no se puede considerar que sigue siendo una zona pristina, ya que

el impacto humano es muy relevante.

Las esponjas han desarrollado a lo largo de millones de afios de evolucién una serie de defensas
quimicas para evitar el fouling o crecimiento de otros organismos en su superficie, evitar ser
depredadas, o infectadas por microorganismos patégenos (Peters et al., 2010; Thakur & Singh,
2016). Las esponjas de las que presumiblemente se alimenta D. kerguelenensis en Isla Decepcién
estan protegidas quimicamente. La poblacidn de la esponja D. antarctica en esta isla posee siete
diterpenos derivados del espongiano, que utiliza para defenderse de la depredacidn. Sin embargo,
parece que estos compuestos no serian efectivos para disuadir a D. kerguelenensis. A diferencia de
otros depredadores de esponjas u otros invertebrados, se ha visto que la tasa de alimentacion del
molusco es muy baja, causando un impacto infimo en esponja, no comprometiendo su integridad
ni supervivencia (Barnes & Bullough, 1996; Dayton et al., 1974). Quizas esto explicaria que las

defensas de D. antactica no sean efectivas contra D. kerguelenensis.

D. kerguelenensis posee también un arsenal de metabolitos secundarios, entre los cuales se
encuentran diterpenos (Diyabalanage, 2006). Sin embargo, se ha sugerido que estos no derivan de
la dieta, como ocurre en muchos nudibranquios, si no que D. kerguelenensis seria capaz de
biosintetizarlos, ya que en las zonas en las que sus supuestas Unicas fuentes de carbono son esponjas
hexactinélidas como Rossella ruda, R. racovitzae, y Anoxycalyx (Scolymastra) joubini o
demoesponjas distintas de Dendrilla antarctica, que no poseen compuestos diterpénicos de este
tipo, D. kerguelenensis sigue produciendo los compuestos diterpénicos (lken et al., 2002). Los
diterpenos son metabolitos secundarios de estructura isoprenoide con 20C, que no tienen funcién
conocida en el metabolismo primario de los organismos que los producen, formando uno de los
grupos mas importantes de productos naturales. Son producidos tanto por plantas como por
hongos, ademas de algunos animales. Sin embargo, las sintasas implicadas en su produccién se han

estudiado sobre todo en plantas, hongos, y bacterias (Yamada et al., 2015).

Se cree que los simbiontes bacterianos, que juegan un papel importante en la fisiologia de la
esponja, podrian estar en el origen de muchos de los compuestos quimicos que se han detectado
en esponjas marinas (Rust et al., 2020). Asi pues, el estudio de estos simbiontes y sus metabolitos
ha atraido el interés de los investigadores en los ultimos afos, ya que representan una fuente para
la busqueda de nuevos compuestos bioactivos. Por ejemplo, se ha demostrado que las

proteobacterias y las actinobacterias producen metabolitos secundarios que complementan las

185



DISCUSION GENERAL

defensas inmunitarias del huésped (Hentschel et al., 2001). En esta tesis se han estudiado las
comunidades bacterianas de especies de esponjas de diferentes latitudes no sélo para conocer el
microbioma de estas especies sino para evaluar también el impacto del aumento de temperatura

sobre estas.

Experimentos de laboratorio en los que se han simulado los efectos del calentamiento y acidificacion
del mar han mostrado que en general estos organismos son mas sensibles al calentamiento y no se
ven tan afectados por la acidificacion (revisado en (Bell et al., 2018)). Sin embargo, se observé que
no todas las especies de esponjas tienen la misma respuesta a estos estresores, por lo que es posible
que la composicién de las comunidades de esponjas cambiase, desapareciendo aquellas especies
mas vulnerables, y aumentando sus poblaciones aquellas mas tolerantes. Comparando las esponjas
de zonas tropicales con otros organismos que forman parte de las mismas comunidades,
concretamente con corales calcareos en los arrecifes, se sugirié que las esponjas serian “ganadoras”
en un escenario de cambio climatico del futuro préximo, ya que los corales son mas sensibles a la
acidificacion y calentamiento del océano, y al disminuir sus poblaciones, disminuiria la competencia
por el espacioy las esponjas podrian aumentar sus poblaciones (Bell et al., 2018). Sin embargo, otros
estudios sugieren que habria otros factores que afectarian a las esponjas y limitarian su crecimiento.
(Lesser & Slattery, 2020) sugieren que una disminucién de la concentracidn de oxigeno en el océano
limitaria la productividad primaria, y por tanto la obtencién de carbono de las esponjas. Un aumento
de la abundancia absoluta de esponjas requeriria de un aumento de la productividad. A diferencia
de los arrecifes tropicales, las consecuencias del cambio climatico para las esponjas de zonas
templadas y polares parecen mas dificiles de predecir (Bell et al., 2018). A pesar de que en general
se considera que los organismos de zonas templadas podrian ser mds tolerantes a cambios
ambientales ya que estan adaptados a mayores variaciones de las condiciones ambientales que
aquellos de zonas tropicales o polares, se observd que esponjas de zonas templadas expuestas a
olas de calor eran vulnerables a estas (Bell et al., 2023). En dichos estudios se evaluaba la
supervivencia de los individuos, pero no se comprobd qué cambios en las esponjas llevaban a la

pérdida de funciones y eventual muerte de los organismos.

Segun la informacidn disponible, el cambio climatico ya podria estar afectando muchos organismos
antarticos de diferentes maneras (Ashton et al., 2017; Constable et al., 2014; Griffiths et al., 2017;
Poloczanska et al., 2016; Turner et al., 2014). Por ejemplo, los pingliinos se ven afectados por

muchos mas parasitos (Diaz et al., 2017), mientras que algunas especies bentdénicas pueden
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experimentar cambios en su distribucidn (Barnes et al., 2009; Fillinger et al., 2013; Gutt et al., 2011;
Pasotti et al., 2015), o incluso reducir algunas de sus relaciones interespecificas (Barnes et al., 2014).
Se ha estudiado la capacidad de responder fisiolégicamente al estrés térmico en diferentes taxones
antdrticos durante varios afios (revisado por Peck, 2018). Los resultados mostraron escasas
capacidades de supervivencia, pero parece haber diferencias a nivel de especie (Ashton et al., 2017).
En cuanto a los productos naturales, no se conoce bien todavia si los cambios de temperatura, pH,
calcificacién y otros, pueden afectar la produccion y/o el uso de productos quimicos por organismos
bentdnicos marinos en la Antartida. Metabolitos relacionados con una palatabilidad desagradable,
como monoterpenos halogenados (como anverene y epi-plocamene) que definen las relaciones
entre las macroalgas y herbivoros simpatricos, puede variar segun las condiciones ambientales, y
por lo tanto, las relaciones trdficas en los ecosistemas antarticos podrian estar fuertemente
afectadas por el cambio climatico (IPCC, 2022). La macroalga Desmarestia menziesii, por ejemplo,
aumenta la produccién de florotaninos cuando se expone a la acidificacion (Schoenrock et al., 2015).
Otro ejemplo podria ser la induccién de defensas quimicas (austrodoral y acido austroddrico) como
respuesta al estrés potencial en el nudibranquio Doris kerguelenensis (Gavagnin et al., 2003), que
forman parte del diverso arsenal quimico de este molusco (Avila et al., 2018), aunque es necesaria
mas investigacion en este sentido. También se ha citado alguna variacion en los productos quimicos
de la macroalga Plocamium cartilagineum de diferentes localidades (Shilling et al., 2021; Young et

al., 2013), asi como en D. kerguelenensis (Wilson et al., 2013).

En nuestro estudio, el aumento de temperatura no sélo afectd a las comunidades bacterianas de las
esponjas, sino que también, como se ha mostrado en el capitulo 1V, afectd a la produccion de uno
de los diterpenos que produce la esponja D. antarctica: la concentracidn de tetrahidroaplisulfurina-
1 fue mayor en el grupo expuesto a un estrés térmico. Este incremento de la produccién no va
asociado a una mayor concentracion de diterpenos totales en las esponjas, por lo que pareceria que
los recursos se concentran en producir mas cantidad de este compuesto quizas en detrimento de
otros. Los principales metabolitos se siguen produciendo en los especimenes de D. antarctica tras
la exposicidn a un estrés térmico, y no varia significativamente la cantidad de terpenos totales que
se producen. A priori, se podria pensar que, por ejemplo, el aumento de la temperatura del agua
seria un factor estresante que podria inducir a los organismos a dejar de producir metabolitos
secundarios, ya que esta es una estrategia costosa. Por el contrario, para algunas especies, una
temperatura mas alta podria conducir a un aumento de las defensas quimicas como reaccion para

protegerse contra el propio estrés. Nuestros experimentos sugieren que la esponja D. antarctica
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estaria utilizando esta segunda estrategia, produciendo en mayor cantidad el diterpeno
tetrahidroaplishulfurina-1 al estar expuesta a un estrés térmico. Factores como la estrategia de
produccién de las defensas quimicas deben tenerse en cuenta a la hora de analizar los efectos de
los estresores. Por ejemplo, es diferente estudiar un organismo que biosintetiza directamente los
compuestos, como podria ser el caso del molusco D. kerguelenensis, que aquellos en los que el
microbioma del organismo esta quizas implicado en la produccion, como podria ser el caso de las

esponjas.

Hay que tener en cuenta también que las variaciones de temperatura que pueden soportar las
comunidades microbianas pueden ser mayores que las de sus huéspedes. Asi pues, aunque el estrés
térmico produjo cambios en la comunidad de bacterias simbiontes de D. antarctica y M. acerata,
las bacterias que formaban parte de la comunidad core se mantuvieron presentes tras la exposicion
al estrés. No hemos realizado un estudio de la supervivencia o los efectos sobre la fisiologia de las
esponjas de las tres regiones estudiadas, por tanto no podemos asociar una mayor resistencia al
aumento de temperatura de la comunidad core de las esponjas antdrticas con una mayor resistencia
de las propias esponjas. A pesar de que las esponjas antarticas estudiadas (M. acerata y D.
antarctica) parece que mantienen mejor las comunidades bacterianas frente a un aumento de
temperatura respecto a especies tropicales o templadas, no podemos olvidar como la supervivencia
de los especimenes puede verse comprometida ante este estresor, y quizds no sea necesario un
gran cambio en la composicién de esas comunidades bacterianas, sino que seguramente, pequefios
cambios, o de determinados grupos, tienen una gran influencia en la fitness o eficacia bioldgica de

la especie.

La produccién de metabolitos secundarios en D. antarctica también mostré variabilidad en cuanto
a la produccidn de los principales diterpenos que produce esta esponja en funcidn de su procedencia
geogrifica, isla Livingston e isla Decepcion (Islas Shetland del Sur). El hecho de que el nuevo
compuesto descrito, decepcionina, esté mas presente en la poblacidn de D. antarctica de una zona
de alto estrés ambiental como es isla Decepcién podria implicar que posee una bioactividad
beneficiosa para la esponja (y tal vez con interés médico o industrial). También se observaron
variaciones en el perfil quimico de otros diterpenos mayoritarios. Estas variaciones podrian estar
relacionadas con la genética, la presion de depredacién, o el microbioma de las especies, pero

también con las condiciones ambientales de cada zona. Los andlisis del perfil de compuestos
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diterpénicos realizados hasta el momento en esta especie sugieren que algunos de estos
compuestos solo se producen en ciertas regiones del area de distribucidn de la especie (Bory et al.,
2020), pero ningun estudio hasta la fecha habia comparado diferentes localidades. Si esto podria
estar relacionado con la adaptacién al cambio ambiental requiere de mds investigacidn. Las diversas
aproximaciones a la biologia y ecologia de D. antarctica muestran que se trata de una especie con
alta variabilidad intraespecifica quimica, genética, y microbioldgica, aunque seguramente no se
deben a poblaciones genéticamente aisladas (Leiva et al., 2019); esta tesis). Futuros estudios en los
gue se compare la composicidon quimica y microbiolégica nos permitirdn conocer las relaciones

entre estos dos aspectos vitales de la esponja.

Conocer en profundidad la estructura y funcién de las comunidades bentdnicas antdrticas nos
permitira establecer estrategias para promover la conservacion de una biota diversa, en gran parte
propia de esta region, y analizar el impacto de los cambios ambientales sobre estas. Los resultados
obtenidos en esta tesis contribuyen a ampliar el conocimiento en diversos aspectos de la ecologia
bentdnica antartica, haciendo énfasis en la importancia de analizar los diferentes factores que
estructuran las comunidades bioldgicas y los cambios que estd provocando el fenédmeno del cambio

global.
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Las conclusiones que se derivan de los diferentes estudios realizados en esta tesis doctoral son:

1. El andlisis de isdtopos estables de C y N y el andlisis del perfil de acidos grasos ha permitido
determinar la dieta del molusco Doris kerguelenensis en la Isla de Decepcién. De acuerdo a los
perfiles de acidos grasos obtenidos D. kerguelenensis se alimenta de las esponjas Axinella crinita,
Dendrilla antarctica, Mycale acerata y Haliclona sp. aunque el analisis indica también que estas

esponjas no sus unicas fuentes de alimento.

2. Las discrepancias entre la relacién de isétopos estables en D. kerguelenensis y sus potenciales
fuentes de alimento son principalmente en los valores de 83C, ya que el DTDF descrito en la
literatura para gasterépodos carnivoros proporciona una buena prediccidn para los valores de 8°N.
Esto sugiere que las diferencias se deben a la ausencia de una presa principal en el modelo. La idea
de que D. kerguelenensis es un espongivoro especializado parece pues que se deberia cuestionar,

ya que nuestros resultados indican que presenta una dieta mas diversa.

3. La comunidad bentdnica antartica de la peninsula antartica y las islas Shetland del Sur esta
afectada por contaminacién antropogénica del mismo modo que otras partes del planeta ya que se
detectaron concentraciones de elementos traza (Cr, Hg y Pb) similares a las que se detectan en otras
regiones. Esta contaminacidn no sigue ningun gradiente latitudinal, si bien posiblemente esto pueda
estar enmascarado por factores locales relacionados con los puntos de muestreo, zonas costeras

protegidas en vez de lugares abiertos.

4. El andlisis de Cr, Hg y Pb en la red tréfica del bentos antartico en la que se incluyen tres
macroalgas, Palmaria decipiens, Desmarestia anceps y Desmarestia menziesii, como productores
primarios, el molusco gasterdpodo Nacella concinna y dos estrellas de mar, Odontaster validus y
Diplasterias brucei como consumidores, y la materia organica particulada ha mostrado diferencias
en la concentracion de éstos entre especies y en los diferentes puntos de muestreo pero sin seguir

un determinado patron.
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5. Los productores primarios analizados tienen una mayor concentracién de elementos traza que
los macroinvertebrados situados en los niveles superiores de la red tréfica lo cual sugiere que estos

productores primarios no constituyen su fuente de carbono principal.

6. Se ha demostrado bioacumulacion de Hg y Pb (biomagnificacién) obteniéndose mayores
concentraciones de estos elementos traza en las estrellas de mar, que son los que se encuentran en

el nivel superior de la red trdéfica, que en el molusco gasterépodo.

7. La tecnologia de secuenciacién masiva del amplicon 16S rRNA ha permitido caracterizar la
comunidad bacteriana asociada a las esponjas de tres zonas climaticas diferentes: Mycale aceratay
Dendrilla antarctica (antarticas), Acanthella cavernosa (tropical) y Agelas oroides (templada). Estas
esponjas presentan una comunidad bacteriana propia, dependiendo de la especie, que se diferencia

de la del agua de mar en la que habitan.

8. El estrés térmico ligero, ha provocado una pérdida general de especies microbianas respecto a
las esponjas mantenidas a la temperatura de su habitat, aunque mayoritariamente se mantiene la

microbiota core de las esponjas estudiadas.

9. Respecto a los indices de biodiversidad bacteriana, el estrés térmico ligero ha provocado una
disminucién significativa de la biodiversidad en las esponjas de clima tropical (A. cavernosa) y de
clima templado (A. oroides). Sin embargo, las comunidades bacterianas asociadas a esponjas
antarticas han mostrado una mayor resiliencia al aumento de temperatura, aunque la metodologia
empleada no permite diferenciar el estado metabdlico de las bacterias detectadas ni de las

esponjas.

10. El sometimiento a un estrés térmico extremo provoca la pérdida general de la microbiota
especifica de las diferentes esponjas, la cual acaba asemejandose a la detectada en el agua de los

acuarios. Esto afecta también a la supervivencia de las esponjas.
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11. El perfil quimico obtenido en Dendrilla antarctica ha mostrado siete compuestos de tipo
diterpeno presentes en estas esponjas en las islas de Decepcidn y Livingston, detectdndose perfiles
diferentes en funcidn del lugar de procedencia de las esponjas, aunque también se ha detectado
cierta variabilidad a nivel de individuo. Los siete compuestos mayoritarios han permitido agrupar
los diferentes individuos en seis quimiotipos diferentes en funcién de la distribuciéon y abundancia

de estos compuestos.

12. Se ha aislado un nuevo compuesto quimico especialmente abundante en individuos de Dendrilla
antarctica procedentes de la isla de Decepcidn, la decepcionina. Es un diterpeno con un esqueleto

aplisulfurano, cuya potencial bioactividad es aun desconocida.

13. El estrés térmico provoca cambios en la abundancia y en el perfil quimico de los terpenos
mayoritarios de Dendrilla antarctica particularmente en el compuesto tetrahidroaplisulfurina-1,
cuya concentracion es mayor en los individuos expuestos al estrés térmico en experimentos de

laboratorio.

14. La exposiciéon de Dendrilla antarctica a dos de sus depredadores, el macrodepredador
Odontaster validus y el microdepredador Cheirimedon femoratus, provoca un leve aumento en la

concentracion de terpenos, en experimentos de laboratorio.

15. El estudio de los ecosistemas bentdnicos antarticos ha permitido disponer de una imagen global
de su estado actual que permitira valorar en los préximos afios el avance del impacto antropogénico
y del cambio global al que nos enfrentamos. Los niveles de contaminacion detectados son
superiores a los que serian esperables en un lugar pristino como la peninsula antartica, por lo que
es necesario una monitorizacidn de estas regiones, asi como también continuar explorando los

efectos del cambio global en las especies que habitan en estos ecosistemas.
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