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Summary

This dissertation explores the complex and fascinating biology of photosymbiotic
sea slugs, molluscs that have independently evolved a form of photosymbiosis. Pho-
tosymbiosis is a nutritional symbiosis in which a heterotrophic host partners with
a photosynthetic organism, gaining organic carbon and other metabolites derived
from photosynthesis in exchange for shelter, nutrients, and protection. Situated at
the intersection of symbiosis research, microbiome ecology, and ecotoxicology, this
dissertation combines molecular, ecological, and behavioural approaches to better
understand the dynamics of these multipartite associations and their vulnerability
to environmental stress. Two model systems are central to the work: the klepto-
plastic sacoglossan Elysia viridis (Montagu, 1804), which sequesters and maintains
algal chloroplasts, and the cladobranch Berghia stephanieae (A. Valdés, 2005), which
incorporates intact dinoflagellate symbionts of the family Symbiodiniaceae from its
cnidarian prey.

The research begins by situating photosymbiosis within a broader evolutionary and
ecological context. Photosymbiosis is shown to be a recurring strategy among ma-
rine heterobranch gastropods. These associations are highly diverse and shaped
by the identity of the symbionts, the physiology of the host, and the surrounding
ecological conditions. By framing sea slugs within the holobiont concept, the dis-
sertation emphasises that photosymbiosis does not occur in isolation but is part
of a larger network of interactions, including symbiotic bacteria, contributing to
host function and health. To investigate the diversity and stability of photosym-
biosis in Cladobranchia, high-throughput metabarcoding of the slugs” photobionts
(Symbiodiniaceae) was employed. The results reveal genus- and species-specific
patterns, with stable symbioses, meaning a maintenance of the photobiont for more
than two weeks, most consistently linked to the Symbiodiniaceae genus Cladocopium,
whereas unstable symbiosis (maintenance of the photobiont for some days) tend to
involve Symbiodinium or Breviolum. Building on this, molecular analyses of Berghia
stephanieae identify Collectin-12, a C-type lectin, as a candidate receptor involved
in photobiont recognition. Spatial transcriptomic and in situ analyses demonstrate
its expression in tissues housing symbionts, suggesting a potential role in symbiont
uptake and pointing to a conserved immune mechanism shared with cnidarians.
The behavioural ecology of photosymbiosis is addressed through phototaxis exper-
iments in Elysia viridis. While kleptoplastic slugs generally prefer illuminated areas,
this preference does not correlate with the photosynthetic state of the chloroplasts.
Even under conditions where photosynthesis was chemically blocked, the slugs con-
tinued to orient towards light. These findings challenge the view that photobehavior
evolved to optimise photosynthetic performance of kleptoplasts, suggesting instead
that it reflects daily periodic activity patterns or food-searching strategies, thereby
questioning the extent to which kleptoplasty functions as an adaptive nutritional
strategy. The microbiome dimension of the holobiont is investigated in both Elysia



viridis and Berghia stephanieae. Distinct microbial communities are shown to be as-
sociated with different symbiotic states, feeding conditions, and environmental con-
texts, underscoring the dynamic role of bacteria in shaping holobiont physiology.
Shifts in microbiome composition are highlighted as potential early indicators of
stress, with implications for both ecological understanding and biomonitoring appli-
cations. Finally, the dissertation examines the impact of metal pollution, focusing on
nickel and cobalt, elements of growing economic importance due to their role in bat-
tery production. Controlled exposure experiments reveal that these metals disrupt
the microbiome and bacterial metabolic pathways of Berghia stephanieae, while also
impairing embryonic development and ontogenesis. Early life stages proved par-
ticularly vulnerable, raising concerns about population-level consequences. These
findings demonstrate not only the ecological sensitivity of photosymbiotic holo-
bionts but also their potential utility as sentinel species for detecting environmental
contamination.

Taken together, this dissertation provides a comprehensive and integrative view of
photosymbiotic sea slugs as model systems for understanding symbiosis, host-mi-
crobe interactions, and environmental stress responses. By linking molecular recog-
nition, symbiont diversity, microbiome ecology, behaviour, and toxicology, it ad-
vances our knowledge of how multipartite symbioses evolve, how they contribute
to ecological success, and how they may be disrupted by human activity. In do-
ing so, it positions photosymbiotic sea slugs as powerful but vulnerable models for
studying the resilience of marine holobionts in a changing world.



Introduction

Photosymbiosis

Photosymbiosis describes a nutritional symbiosis between a heterotrophic host and
a phototrophic partner, wherein the host provides symbionts with physical protec-
tion, as well as carbon dioxide and nitrogen, in exchange for photosynthetically
derived metabolites such as sugars and amino acids (Dean et al., 2016; Decelle,
2013; Yee et al., 2025). This form of symbiosis plays a crucial role in marine ecosys-
tems, especially in oligotrophic environments. In such environments, photosymbio-
sis allows animals to supplement or even completely replace heterotrophic nutrition
through autotrophic input, significantly increasing their adaptability and survival.
The mixotrophic holobiont, formed by this association, can overcome nutrient limi-
tations by recycling and remineralising particulate organic matter internally. As a re-
sult, photosymbiosis is particularly advantageous in nutrient-deficient tropical and
subtropical waters, supporting the productivity and ecological success of diverse
marine lineages, including planktonic foraminifera and corals, by combining het-
erotrophic and autotrophic nutritional strategies (Caron, 2000; Norris, 2000; Stoecker
etal., 2009)

At its core, photosymbiosis represents a spectrum of interactions ranging from
facultative, short-lived associations to obligate, long-term dependencies (Emery et
al., 2024; Killam et al., 2023; Liao et al., 2025; Serensen et al., 2020). It can involve
whole phototrophic cells (endosymbiosis), as in many coral-algae systems, or the
retention of isolated plastids (organelle-level symbiosis), as seen in some marine
invertebrates (Hu et al., 2020; Maselli et al., 2021; Ochsenkiihn et al., 2017; Rauch
et al., 2017; Van Steenkiste et al., 2019). The nutritional contribution of the symbiont
varies considerably depending on the host and environmental context. Still, in some
cases, it can cover the host’s energy demands entirely, and even exceed them under
optimal conditions (Muscatine et al., 1984; Thomas et al., 2023; Tremblay et al., 2012).

Photosymbiosis is phylogenetically widespread, having evolved independently
in several metazoan lineages. Documented host groups include cnidarians, sponges,
flatworms, molluscs, ascidians, and even amphibians, with photobionts drawn from
diverse groups such as cyanobacteria, green algae, diatoms, and dinoflagellates (Melo
Clavijo et al., 2018). Most well-known examples occur in marine environments, es-
pecially coral reef systems, although a few freshwater cases, such as in the fresh-
water sponge order Spongillida, are known (Proschold & Darienko, 2020). The
establishment and maintenance of photosymbiosis require extensive physiological
and morphological adaptations. Many host organisms exhibit increased body sur-
face area, specialised tissue structures, or light-accessing behaviours to enhance the
exposure of symbionts to sunlight. For example, some molluscs possess highly
branched digestive glands, while certain cnidarians such as the sea anemone Lebru-
nia neglecta Duchassaing & Michelotti, 1860 extend symbiont-rich tentacles during
daylight (Moore & Gosliner, 2011; Norton et al., 1992; Venn et al., 2008). To mitigate
light and thermal stress, hosts produce protective compounds like mycosporine-like
amino acids (MAAs) and fluorescent proteins (Roth, 2014; Shick & Dunlap, 2002),



or regulate light exposure behaviorally via tissue retraction and vertical migration
(Djeghri et al., 2019; Sorek et al., 2014).

Within the marine gastropod clade Heterobranchia, photosymbiosis has evolved
independently at least twice, giving rise to two fundamentally different strategies:
chloroplast retention (kleptoplasty) in Sacoglossa and whole-cell dinoflagellate sym-
biosis in Cladobranchia (Héandeler et al., 2009; Rola et al., 2022). These lineages
diverged early within Panpulmonata, yet both evolved mechanisms to exploit au-
totrophic resources in nutrient-poor marine environments (Klussmann-Kolb et al.,
2008). Phylogenetic analyses suggest that these photosymbiotic traits arose indepen-
dently from non-photosymbiotic ancestors, driven by ecological opportunity and
morphological preadaptations such as a branched digestive gland system (Moore &
Gosliner, 2011; Rola et al., 2022).

(—{"‘?}— Nudibranchia ————

Nudipleura L Pleurobranchiodea

Umbraculida

Cephalaspidea

Aplysiida

Euopisthobranchia Pteropoda

r/é!}— Sacoglossa ———

Panpulmonata L Pneumopulmonata

FIGURE 1: Evolution of photosymbiosis in Heterobranchia. Photosymbiosis with Sym-
biodiniaceae is indicated by a round algae icon, and kleptoplasty is indicated by a chloro-
plast icon. Phylogeny is based on Wégele et al., 2003.

Kleptoplasty in Sacoglossa

Kleptoplasty, the functional retention of chloroplasts within animal cells, is a spe-
cial form of photosymbiosis. Unlike classical endosymbioses involving unicellular
algae, kleptoplasty refers to the intracellular sequestration of chloroplasts, known as
"kleptoplasts", from algal prey. This phenomenon can be found in sacoglossan sea
slugs (Gastropoda: Heterobranchia), a specialised clade of marine herbivores that
feed primarily on green algae (N. Curtis et al., 2005; Handeler & Wagele, 2007). Af-
ter ingestion, the chloroplasts are incorporated into epithelial cells of the digestive
gland, where they can remain photosynthetically active for days, weeks, or even
months, depending on both the host species and the algal source (Rauch et al., 2018;
Fig. 2). Based on these differences in retention ability, sacoglossans are classified into
three functional groups: non-retaining (NR), short-term retaining (StR), and long-
term retaining (LtR) species (Handeler et al., 2009). For example, kleptoplast pho-
tosynthesis persists for extended periods without additional feeding in Elysia timida
(Risso, 1818) and Elysia chlorotica A. Gould, 1870, while Elysia viridis (Montagu, 1804)
a species which is usually not able to incorporate kleptoplasts, can exhibit either



short- or long-term retention depending on the algal species consumed (Cruz et al.,
2020; Rauch et al., 2018).

FIGURE 2: Morphology of E. viridis and microscopic details showing location of klep-
toplast in the host cell. nc: nucleus, cp: chloroplast. The microscopic image was taken
from Martin et al., 2015 with permission.

Within Sacoglossa, kleptoplasty likely evolved as a derived trait and exhibits no-
table variation in both physiological integration and evolutionary occurrence (Fig.3).
Phylogenetic analyses indicate that the ability to sequester chloroplasts is ances-
tral to the group, with long-term retention having evolved independently in mul-
tiple lineages through gradual physiological adaptations (Christa et al., 2015). These
adaptations include modified cellular architecture in digestive tissues, delayed lyso-
somal fusion, and molecular strategies for mitigating oxidative stress (De Vries et al.,
2014; Laetz et al., 2017a).

The functional role of kleptoplasts in host metabolism remains debated. Early
radioisotope studies suggested that photosynthetically fixed carbon can be incorpo-
rated into host tissues and may support reproduction or survival during starvation
(Cruz et al., 2020; Trench et al., 1974). Behavioural observations support a functional
role (Cartaxana et al., 2018; Weaver & Clark, 1981). For instance, E. timida displays
phototactic behaviour, orienting its body toward light to presumably optimise pho-
tosynthetic output (Schmitt & Wagele, 2011). Such observations lead to the assump-
tion that kleptoplasty is an actively maintained trait rather than a passive conse-
quence of herbivory. However, the absence of algal nuclei and thus the genes re-
quired for chloroplast maintenance raises questions about how kleptoplasts remain
functional over extended periods (Rauch et al., 2015). Some researchers have pro-
posed that kleptoplasts serve primarily as temporary energy storage devices rather
than fully integrated organelles (Frankenbach et al., 2021, 2023; Laetz et al., 2017b).
Recent ultrastructural and transcriptomic analyses in the LtR species Elysia crispata
Morch, 1863 show that kleptoplasts are housed within a specialised host-derived
organelle-like structure, referred to as a "kleptosome" (Allard et al., 2025). This find-
ing resolves the long-standing debate over whether plastids are enclosed by host
membranes after uptake, providing strong evidence that kleptoplasts are indeed in-
tegrated into the host cell environment. One of the key challenges in maintaining
intracellular plastids is to prevent their degradation through the normal endoso-
mal-lysosomal pathway. Typically, this pathway is regulated by the transition from
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short-term retaining (StR); dark green - long-term retaining (LtR), and orange - NR, StR
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RAB5, an early endosomal marker, to RAB7, which promotes vesicle fusion with
lysosomes and subsequent digestion (Chen et al., 2004). In kleptoplastic tissues,
however, RAB7 has been observed at plastid membranes already during feeding,
suggesting that plastid turnover is an ongoing process rather than being fully sup-
pressed, in contrast to what is known from cnidarian—-algal symbioses (Bastiirk et
al., 2025). Interestingly, not all plastids show RABY7 localisation, which may reflect
different stages of plastid processing: newly incorporated plastids remain free of
RAB7, while older ones gradually become marked for degradation. These obser-
vations point to a dynamic balance in kleptoplasty, where plastid persistence is not
achieved by complete inhibition of degradation, but by a regulated equilibrium be-
tween initial retention and subsequent digestion.

Photosymbiosis in Cladobranchia

In contrast to sacoglossan sea slugs, cladobranch sea slugs incorporate entire
photosynthetically active cells of the dinoflagellate family Symbiodiniaceae into the
epithelial cells of their digestive gland system. These symbionts are acquired hor-
izontally, either directly from the environment, as observed in Melibe engeli Risbec,
1937, or indirectly through the consumption of photosymbiotic cnidarian prey, as in
Berghia stephanieae (A. Valdés, 2005) and various species of Phyllodesmium (Burghardt
& Wigele, 2014; Kempf, 1984; Rudman, 1981; Wagele, 2004). After ingestion, the al-
gal cells are selectively phagocytosed into the host’s digestive epithelial cells, which
extend throughout the body and into dorsal appendages on the back of the slug’s
body, so-called cerata (Fig. 4). There, the symbionts can remain photosynthetically
active for variable periods of time (Burghardt, Schrodl, & Wagele, 2008; Burghardt
et al., 2005; Kempf, 1991; Monteiro et al., 2019). In B. stephanieae, for example, intact
Symbiodiniaceae cells are phagocytosed and transiently maintained in the digestive
gland, but the association is unstable: the symbionts are typically lost within days



unless replenished through feeding on photosymbiotic cnidarians (Melo Clavijo et
al., 2022; Monteiro et al., 2019). In contrast, closely related taxa such as Phyllodesmium
longicirrum (Bergh, 1905) can establish stable photosymbioses that last for weeks to
months and, under sufficient light, support growth and even reproduction in the ab-
sence of heterotrophic food sources (Burghardt, Schrodl, & Wigele, 2008; Rudman,
1981, 1991).

FIGURE 4: Morphology of B. stephanieae and histological cross-section through a cerata
showing the host cells of the cerata bearing the photobiont. nc: nucleus, cp: chloroplast.
The microscopic image was taken from Rola et al., 2022 with permission.

The Symbiodiniaceae symbionts themselves exhibit remarkable diversity in ge-
netic, physiological, and ecological traits. Formerly grouped under the single genus
Symbiodinium, this family is now divided into multiple genera, including Symbio-
dinium, Cladocopium, Durusdinium, Fugacium, and Breviolum based on molecular phy-
logenies (Guiry, 2024; LaJeunesse et al., 2018). These clades differ significantly in
characteristics such as cell size, chlorophyll concentration, photoprotective pigment
synthesis, thermal tolerance, and photosynthetic efficiency, which influence both
free-living ecology and symbiotic compatibility (Brading et al., 2013; Hennige et
al., 2009; LaJeunesse, 2002; LaJeunesse et al., 2018). Metabarcoding and Symbio-
diniaceae profiling based on ITS2 have shown that B. stephanieae, for instance, asso-
ciates primarily with Breviolum minutum (LaJeunesse, J.E.Parkinson & J.D.Reimer)
J.E.Parkinson & LaJeunesse, 2018, a genus known for its broad ecological range and
frequent occurrence in cnidarian hosts (Bayliss et al., 2019; Melo Clavijo et al., 2022).

The evolutionary origins of photosymbiosis in Cladobranchia remain only par-
tially resolved (Fig. 5). Not all species with access to photosymbiotic prey estab-
lish symbioses, and morphological traits often associated with symbiosis, such as
highly branched digestive glands and enlarged, light-exposed cerata, are not uni-
versally present among symbiotic taxa (Moore & Gosliner, 2011). The ability to form
photosymbioses is scattered across multiple cladobranch superfamilies, including
Aeolidioidea, Fionoidea, Arminoidea, and Dendronotoidea, indicating multiple in-
dependent evolutionary origins (Johnson & Gosliner, 2012; Moore & Gosliner, 2014;
Moore & Gosliner, 2011; Wagele & Willan, 2000).

A key yet still underexplored aspect of these associations is the recognition and
incorporation of photobionts by the host. In cnidarians, recognition involves pattern
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recognition receptors (PRRs) of the host cell, such as scavenger receptor class B (SR-
B) and scavenger receptor class E (SR-E), thrombospondin type-1 repeat domain-
containing proteins (TSRs) and C-type lectins, which bind to microbe-associated
molecular patterns (MAMPs) on the algal surface, triggering immune modulation
and consequently phagocytosis of the photobiont (Davy et al., 2012). Transcriptomic
studies in photosymbiotic heterobranchia, such as in different sacoglossan Elysia
species and the cladobranch B. stephanieae, have identified several candidate PRRs
which may play a similar role in photobiont-specific recognition in sea slugs (Melo
Clavijo et al., 2020, 2022; Mendoza et al., 2023).

Holobiont Concept

The holobiont concept describes a host organism and its associated microbial and
symbiotic partners as a single, functionally integrated biological entity (Baedke et
al., 2020; Rohwer et al., 2002). Originally proposed in the context of microbiome
studies, the term has gained particular attention in coral reef biology, where it helps
explain the tight metabolic and functional integration between reef-building cnidari-
ans and their complex symbiotic communities (Fig. 6). In this context, the coral holo-
biont typically includes the animal host, intracellular photosynthetic dinoflagellates
(Symbiodiniaceae), bacterial and archaeal microbiota, viruses, and sometimes even
fungi (Bourne et al., 2016; Peixoto et al., 2017; Rosenberg et al., 2007). These compo-
nents interact dynamically and are crucial to the host’s health, resilience, and eco-
logical function. For instance, Symbiodiniaceae provide the majority of the coral’s
fixed carbon via photosynthesis, while microbial associates are involved in nitrogen
cycling, sulfur metabolism, and protection against pathogens (Peixoto et al., 2017;
Raina et al., 2009; Venn et al., 2008). The holobiont framework thus shifts the focus
from a single-species perspective to a more systemic view of organismal function
and adaptation, allowing a better understanding of host responses, including sym-
biont dynamics or symbiont loss (bleaching) as responsive actors to environmental
stress (Bourne et al., 2009; Weis et al., 2008).
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FIGURE 6: Holobiont concept highlighting possible roles and relationships between
corals and their symbionts (Peixoto et al.,, 2017). (1) Gen transfer and natural phage
therapy; (2) Main carbon source and DMSP supplier for coral/coral provides shelter
and protection; (3) Nutrient cycling (S, C and N) for coral, pathogen control, DMSP
degradation/coral provides shelter and protection; (4) Antimicrobial activity. (A) Bac-
teria provide N/photobiont provides C and S through DMSP production; (B) Bacteria
provide C and S through DMSP catabolism/Nutrient exchange.

Transferring the holobiont framework to other animal systems offers promising
opportunities to investigate symbiosis from an integrative perspective (Dittami et
al., 2021). Marine heterobranch slugs, though morphologically and phylogenetically
distinct from cnidarians, represent a particularly compelling example. Their photo-
synthetic partnerships, whether based on retained plastids or intact algal cells, are
embedded within a broader network of microbial associations that together form a
dynamic and interactive system. In this context, the host and its phototrophic part-
ners constitute only part of a complex consortium that also includes diverse bacte-
rial, archaeal, viral, and potentially fungal associates, all of which may contribute
to nutrient cycling, metabolic supplementation, immune modulation, and symbiont
regulation. Morphological and behavioural traits that promote light capture or en-
hance symbiont stability can thus be interpreted not as isolated adaptations, but
as elements of a coordinated system shaped by the interplay of host, photobionts,
and associated microbes. Importantly, microbial community structure is increas-
ingly recognised as a sensitive indicator of host health, stress response, and overall
system stability (Bourne et al., 2009; Peixoto et al., 2017). Shifts in microbial com-
munity structure can signal stress or impending dysbiosis well before visible symp-
toms appear, making microbiome analyses a valuable tool not only for ecological
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and physiological insight, but also for assessing organismal health and environmen-
tal resilience (Stévenne et al., 2021).

Pollution by Toxic Heavy Metals

Metals are naturally occurring elements defined by their metallic properties, includ-
ing high electrical and thermal conductivity, malleability, and, in the case of toxic
heavy metals and metalloids, high atomic weight or density (Jeong et al., 2023). In re-
cent years, these metals have become a major global concern due to their persistence,
non-degradable nature, and potential to accumulate in food webs (Cérdoba-Tovar
et al., 2022; Laoye et al., 2025; Oros, 2025). Unlike organic pollutants, which can de-
grade over time, metals remain in soils, sediments, and aquatic systems, where they
may bioaccumulate in organisms and biomagnify through trophic levels, ultimately
reaching humans (Cérdoba-Tovar et al., 2022; Kumar et al., 2022; Naz et al., 2025).
Industrialisation, mining, smelting, fossil fuel combustion, and intensive agriculture
have dramatically increased the release of toxic metals such as cadmium, lead, mer-
cury, nickel, and cobalt into the environment (Dagdag et al., 2023; Gautam et al.,
2016; Masindi & Muedi, 2018; Real et al., 2024). This has raised concerns not only
for human health, where metal exposure is linked to neurological, developmental,
and carcinogenic effects, but also for ecosystem stability and biodiversity (Ajala et
al., 2025; Kumar et al., 2022). In aquatic invertebrates, for instance, metals can im-
pair growth, reproduction, and survival by inducing oxidative stress and disrupting
metabolic pathways. Because metals cannot be destroyed and continue to circulate
between air, water, soil, and organisms, even low-level contamination can pose long-
term risks (Gashkina, 2024; Jeong et al., 2023; Sousa et al., 2024). These issues have
positioned toxic metals as one of the most pressing pollution threats globally, partic-
ularly in regions undergoing rapid industrial and resource extraction activities (Hou
et al., 2025).

Nickel (Ni) and cobalt (Co) are naturally occurring metals that play essential roles as
micronutrients in various biological systems. Nickel serves as a cofactor in specific
metalloenzymes such as Urease, while cobalt is a central component of vitamin B,
which is critical for DNA synthesis and cellular metabolism (Martens et al., 2002;
Mulrooney & Hausinger, 2003). Under natural conditions, these metals enter ma-
rine systems via processes such as weathering, volcanic activity, and riverine input
(Saravanan et al., 2024). However, elevated concentrations can be toxic, impairing
enzymatic activity, disrupting ion regulation, inducing oxidative stress, and affect-
ing growth and reproduction in a wide range of marine organisms (Correia et al.,
2025; J. S. Meyer et al., 2020; Saili et al., 2021).

Global demand for nickel and cobalt has risen sharply over the past two decades,
primarily due to their essential role in rechargeable batteries for electric vehicles,
consumer electronics, and renewable energy storage systems (European Commis-
sion, 2018; US Geological Survey, 2023). This growth has not only intensified the
demand for seabed mining but has also led to an expansion of terrestrial mining
activities, particularly in tropical coastal regions where lateritic nickel and cobalt de-
posits occur. Major extraction sites are located in Indonesia, the Philippines, and
New Caledonia, which together supply a significant portion of the world’s produc-
tion (Devezas, 2025). In these regions, ore processing and waste disposal often oc-
cur close to the shoreline, increasing the risk of metal-rich effluents entering coastal
waters. In tropical islands and archipelagos, mining activities frequently coincide
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with sensitive marine habitats such as coral reefs, seagrass beds, and mangrove
ecosystems (The Metals Company, 2023). Runoff from mined areas can carry fine
sediments, processing chemicals, and dissolved metals directly into adjacent bays
and lagoons, leading to elevated concentrations of nickel and cobalt in seawater and
sediments, as already documented, for example, in New Caledonia (Fernandez et
al., 2006; Merrot et al., 2019; Noél et al., 2015). These inputs can alter benthic com-
munity structure, smother filter-feeding organisms, and cause bioaccumulation of
metals in food webs, with potential impacts on fisheries and biodiversity (Gall et al.,
2015; Gao et al., 2013; Purser et al., 2016).

Ecotoxicological studies indicate that both metals can impair key physiological
processes in marine organisms, including reproduction, growth, and immune func-
tion (Dos Reis et al., 2024; Ou et al., 2023; Saili et al., 2021). Among tested species, the
tropical copepod Acartia sinjiensis Mori, 1940 and the sea urchin Diadema antillarum
(Philippi, 1845) appear particularly sensitive to nickel, with chronic effect concentra-
tions as low as 2.9 pg/L in early sea urchin life stages and an effect concentration
(EC10) of 5.5 ng/L for copepod larval development (Gissi et al., 2018, 2020). In the
case of cobalt, the diatom Ditylum brightwellii Grunow, 1885 has been reported as
especially vulnerable, with an average lethal concentration (LC50) of 300 ng/L af-
ter 96 hours (Saili et al., 2021). While cobalt is less extensively studied than nickel,
both have been shown to induce oxidative stress, disrupt ion regulation, and af-
fect enzyme activity at environmentally relevant concentrations (Ates et al., 2016;
Blewett & Leonard, 2017; Blewett et al., 2016, 2018; Sun et al., 2020). Early life stages,
such as embryos and larvae, often display heightened sensitivity, raising concerns
about long-term population-level effects (Connor, 1972; Gopalakrishnan et al., 2007;
Noetzel et al., 2025). In phototrophic or photosymbiotic invertebrates, such as corals
and certain gastropods, metal exposure may further disrupt the delicate balance be-
tween host and symbiont, potentially leading to bleaching or loss of photosynthetic
efficiency (Biscéré et al., 2018; Rodriguez et al., 2016). Because many of these species
have restricted ranges and low dispersal capacities, recovery from contamination
events can be slow or incomplete.

Given the projected continuation of nickel and cobalt mining in coastal tropi-
cal regions, there is an urgent need to better understand their ecological impacts,
particularly on sensitive and functionally important organisms. Holobiont-based
model systems integrating host physiology and microbiome composition offer valu-
able tools to detect early signs of stress and to assess the long-term consequences of
metal exposure on marine ecosystem health.

Aims and Scope of the Present Dissertation

Understanding the complex interactions between marine heterobranch sea slugs,
their photosynthetic partners, and associated microbial communities requires an in-
tegrative research approach. While photosymbiosis and kleptoplasty in gastropods
have been the focus of several physiological and ecological studies, comparatively
little is known about the role of the microbiome in these associations, how it re-
sponds to environmental stressors, and whether it can be used as a sensitive indi-
cator of host condition. This thesis addresses these gaps by combining microbiome
profiling, behavioural analysis, and controlled stress experiments in two model sys-
tems: the kleptoplastic sacoglossan Elysia viridis and the photosymbiotic cladobranch
Berghia stephanieae.
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By examining holobiont structures under varying symbiotic states, evaluating be-
havioural responses related to light acquisition, and assessing the impact of heavy
metal exposure on both adults and early life stages, this work aims to broaden the
holobiont perspective in photosymbiotic sea slugs. In doing so, it seeks to provide
insights into the ecological significance of their multipartite associations and to ex-
plore their potential as bioindicator species for monitoring environmental change.

This dissertation seeks to find answers to the following questions:

I. How can photosymbiotic sea slugs serve as model organisms for studying the
molecular mechanisms, ecological implications, and behavioural aspects of photo-
symbiosis?

Chapter 1, Chapter 2 and Chapter 3.

II. How do photosymbiotic sea slugs function as holobiont model systems for in-
vestigating the structure and diversity of their associated symbionts, and how are
these communities shaped by host species, symbiotic state, and ecological context?
Chapter 1, Chapter 4 and Chapter 5

ITI. What are the effects of metal exposure (nickel and cobalt) on the microbiome
structure and stability of Berghia stephanieae and its eggs, and can microbiome analy-
ses serve as sensitive indicators for environmental stress and animal welfare? Chap-
ter 6 and Chapter 7.
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Chapter 1

Diversity of Symbiodiniaceae (Dinophyceae) in the Sea Slug Clade Cladobranchia
(Nudibranchia)

Corinna Sickinger, Michael Briick, Sabrina Bleidifsel, Gilles Gasperoni, Sascha Tier-
ling, Cessa Rauch, Angelika Preisfeld and Gregor Christa

Published: 2 December 2025, Organisms Diversity & Evolution 25, 517-529 (2025)
https:/ /doi.org/10.1007 /s13127-025-00688-9

This study investigates the diversity of algal symbionts (Symbiodiniaceae) in Clado-
branchia sea slugs, particularly in the genus Phyllodesmium, which maintain long-
term associations with their algae symbiont. Using ITS2 metabarcoding, we dis-
covered that Phyllodesmium species predominantly host the Symbiodiniaceae genus
Cladocopium, with genus- and species-specific symbiont profiles.

Chapter 2

Collectin-12 - A Promising Symbiont Recognition Receptor in Berghia stephanieae
(A. Valdés, 2005)

Corinna Sickinger, Rebecca Lopez-Anido, Sofia Paz Sedano, Gregor Christa, Ange-
lika Preisfeld and Jessica Goodheart

Unpublished data

This study explores the role of Collectin-12 as pattern recognition receptor in the
photosymbiotic sea slug Berghia stephanieae. Spatial transcriptomics and in situ hy-
bridisation revealed that Collectin-12 is expressed mainly in the digestive gland tis-
sue hosting photobionts, but not in regions storing nematocysts, suggesting a poten-
tial role in photobiont recognition.

Chapter 3

The Phototactic Behaviour of the Kleptoplastic Sea Slug Elysia viridis (Montagu,
1804) is not Connected to the Photosynthetic Activity of Kleptoplasts
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Corinna Sickinger, Elisa Weimann, Johannes Wenning and Gregor Christa

Published: 18 November 2025, Marine Biology Research 21(8-10), 417-426
https:/ /doi.org/ 10.1080/17451000.2025.2577445

This study examined whether the phototactic behaviour of the sacoglossan sea slug
Elysia viridis is linked to enhancing the photosynthetic activity of its retained chloro-
plasts (kleptoplasts). In side-choice experiments under different light conditions and
treatments, the slugs consistently preferred illuminated areas regardless of feeding
state or photosynthetic inhibition.

Chapter 4

Photosymbiosis Shapes the Microbiome of the Saccoglossan Sea Slug Elysia viridis
(Montagu, 1804)

Corinna Sickinger, Katarina Kodzoman, Angelika Preisfeld and Gregor Christa
Unpublished data

This study investigated how kleptoplast presence and functionality affect the micro-
biome of the sacoglossan sea slug Elysia viridis. Comparing slugs with functional
kleptoplasts, inhibited photosynthesis, and no kleptoplasts, we found significant
shifts in microbial composition and metabolic pathways depending on kleptoplast
presence and activity.

Chapter 5

Microbiome Origin and Stress-Related Changes in Bacterial Abundance of the
Photosymbiotic Sea Slug Berghia stephanieae (A. Valdés, 2005)

Corinna Sickinger, Sofie Marie Brackwehr, Jenny Melo Clavijo, Gilles Gasperoni,
Sascha Tierling, Angelika Preisfeld and Gregor Christa

Published: 14 June 2024, Symbiosis Volume 93, pages 177-192, (2024)
https:/ /doi.org/10.1007 /s13199-024-00995-3

This study examined the microbiome of the sea slug Berghia stephanieae and its cnidar-
ian prey Exaiptasia diaphana to explore how bacterial communities shift under light
and starvation stress. The slug’s microbiome differed markedly from that of its prey,
suggesting vertical transmission rather than environmental acquisition.
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Chapter 6

Nickel and Cobalt Disrupt the Microbiome and Metabolic Function of the Photo-
symbiotic Sea Slug Berghia stephanieae (A. Valdés, 2005)

Corinna Sickinger, Jana Kosky, Andriy Tkach, Alicia Thiel, Julia Bornhorst , Gre-
gor Christa and Angelika Preisfeld

Published: 17 January 2026, Marine Environmental Research 216, 107845 (2026)
https://doi.org/10.1016 /j.marenvres.2026.107845

This study investigated how exposure to nickel and cobalt affects the microbiome
of the cladobranch sea slug Berghia stephanieae. Both metals caused concentration-
dependent behavioural stress as well as significant shifts in microbial composition
and metabolic activity.

Chapter 7

Cobalt and Nickel Inhibit the Ontogenesis of the Cladobranch Sea Slug Berghia
stephanieae (A. Valdés, 2005)

Corinna Sickinger, Jana Kosky, Alicia Thiel, Julia Bornhorst, Gregor Christa and An-
gelika Preisfeld

Unpublished data

This study examined the effects of nickel and cobalt on the embryonic and larval
development of the sea slug Berghia stephanieae. Both metals caused developmental
delays and decreased hatching success, with cobalt exerting a negative impact on
egg survival at lower concentrations than nickel.
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1.1 Abstract

In members of Cladobranchia sea slugs, unique adaptations to incorporate cnido-
cysts and algal symbionts from their cnidarian prey have evolved. However, many
aspects underpinning the recognition and maintenance of these stolen cellular com-
ponents are still unclear. Regarding the algal symbionts, little is known about the
exact Symbiodiniaceae species and their abundance and diversity in Cladobranchia.
Yet, understanding the diversity of Symbiodiniaceae inside the slugs can help better
understand the symbionts” role in establishing and maintaining the symbiosis. We
analysed the Symbiodiniaceae diversity across multiple Cladobranchia genera and
species, focusing on the genus Phyllodesmium, which contains most of the known
cladobranchs in a long-term symbiosis with the algae. Using high-throughput meta-
barcoding of the Symbiodiniaceae ITS2 region, we found that species of the genus
Phyllodesmium harboured primarily Cladocopium, showing a genus-specific Symbio-
diniaceae profile. Within a cladobranch genus, we also uncovered species-specific
intragenomic variants of the respective symbiodiniacean genus. Our results reveal a
previously unexplored diversity of algal symbionts in Cladobranchia and that Clado-
copium might be particularly relevant for establishing long-term symbiosis. Clado-
copium exhibits enhanced carbon fixation capabilities in symbiosis with corals, which
may thus facilitate the symbiosis from the symbionts’ side. Consequently, studying
symbiont diversity and abundance in Cladobranchia is essential for understanding
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the mechanism of symbiosis initiation and maintenance.

Keywords Cladobranchia - Symbiodiniaceae - metabarcoding - photosymbiosis - Sym-
Portal

1.2 Introduction

Cladobranchia (Nudibranchia) are often called the "butterflies of the sea" due to
their elaborate morphology and vivid colouration (see Fig. 1.1). These sea slugs
are specialised feeders, primarily preying on cnidarians, with a particular emphasis
on taxa within the classes Anthozoa and Hydrozoa (Goodheart et al., 2017; Wagele
& Klussmann-Kolb, 2005). Most cladobranch species possess the remarkable ability
to sequester cnidocysts from their cnidarian prey (Goodheart & Bely, 2017). These
cnidocysts are transported through the digestive gland system to the distal ends
of the cerata (dorsal appendages characteristic of these nudibranchs). Within the
cerata, the cnidocysts are phagocytosed by specialised cells that form the cnidosac,
where they are retained, matured, and repurposed as a defensive mechanism against
potential predators (Goodheart et al., 2018; Obermann et al., 2012).

FIGURE 1.1: Cladobranchia are known for their striking and often very colourful mor-
phology, such as Coryphella lineata (Lovén, 1846) (A), Berghia coerulescens (Laurillard,
1832) (B) and Phyllodesmium briareum (Bergh, 1896) (C). Images were taken by Cessa
Rauch (A) and Sabrina Bleidif8el (B and C).

Many cladobranch species additionally phagocytose the prey’s algal symbionts
(Symbiodiniaceae) into the epithelial cells of the digestive gland system. In some
species, the algae are immediately digested intracellularly. Yet, in members of the
cladobranch superfamilies Arminoidea Iredale and O’Donoghue (1923), Fionoidea
Gray (1827), and Aeolidioidea Gray (1827), the algal symbionts remain photosyn-
thetically active inside the new host for some days to months (Wégele et al., 2010).
This so-called photosymbiosis evolved independently in each family, and recent ob-
servations suggest that the symbiont recognition processes may partially resemble
those known from their cnidarian prey (Melo Clavijo et al., 2022). Little is known
about the mechanisms by which the slugs retain the symbionts and whether any nu-
trient exchange occurs between the slug and its algal symbionts (Rola et al., 2022),
which is key for a successful photosymbiosis in cnidarians. Cladobranch species
are generally categorised based on the period during which the algae remain active
in the slugs’ cytosol. Species that harbour the algae for a couple of weeks possess
an unstable photosymbiosis and do not seem to benefit from the photosynthesis
performed by the acquired photobionts (Monteiro et al., 2019). These species can-
not maintain their biomass when relying solely on the photobionts as a nutritional
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source, and even excrete the photobionts after a couple of days. Species that main-
tain the symbionts for up to several months are in a stable symbiosis, such as Me-
libe engeli Risbec, 1937 or Phyllodesmium briareum, and can rely to a certain degree
solely on their photobionts, including growth and long-term reproduction without
any reduction in the quantity or quality of their egg masses (Burghardt, Stemmer, &
Wigele, 2008; Burghardt & Waigele, 2014; Burghardt et al., 2005).

While nutrient exchange is central to establishing long-term symbiosis, the spe-
cific Symbiodiniaceae species acquired from the cnidarian prey may also play a crit-
ical role in initiating the association. Symbiodiniaceae is divided into twelve phylo-
genetic genera (often referred to as clades; see Table 1.1) based on their molecular,
morphological, physiological, and ecological differences, and are further subdivided
into multiple subclades or types (Guiry, 2024; LaJeunesse et al., 2018; Nitschke et al.,
2020). The different Symbiodiniaceae genera are associated with functional differ-
ences, including thermal tolerance, photosynthetic performance, and advantages for
host growth. These Symbiodiniaceae properties are particularly relevant for coral
reef restoration, as certain subclades exhibit greater thermal tolerance than others
and might help the corals facing global warming (Howells et al., 2020). For instance,
members of the genus Cladocopium are physiologically diverse, with some adapted
to a wide range of temperatures and irradiances (LaJeunesse et al., 2018). In cnidar-
ians, Cladocopium symbionts are often associated with corals that highly depend on
their symbiont (Davies et al., 2020; Martinez et al., 2022). This tight connection might
be based on the high CO, fixation and translocation ability of Cladocopium to the an-
imal host (Stat et al., 2008). However, the growth of juvenile colonies of the coral
Acropora tenuis (Dana, 1846) harbouring Durusdinium was faster than when bearing
Cladocopium (Yuyama & Higuchi, 2014) Moreover, representatives of the genus Sym-
biodinium, reported for a variety of soft and hard corals, but also for the upside-down
jellyfish Cassiopea sp. (Lampert, 2016; Ravindran et al., 2022), tend to become para-
sitic to the coral host as observed in Acropora cytherea (Dana, 1846), which resulted in
health reduction of the coral host, probably based on an insufficient nutritional input
from the symbiont to the coral (Lesser et al., 2013; Rouzé et al., 2016; Stat et al., 2008).
Hence, it appears that the physiological properties of the symbiodiniacean strain in
combination with a particular host are relevant to establish a mutualistic symbiosis.

TABLE 1.1: Clade and genus names of the 12 genera described and accepted for the fam-
ily Symbiodiniaceae following the classification of the World Register of Marine Species
(WORMS) and Algae Base (Guiry, 2024)

Clade Genus Authorities
A Symbiodinium LaJeunesse, 2017
B Breviolum J.E.Parkinson & LaJeunesse, 2018
C Cladocopium LaJeunesse & H.J.Jeong, 2018
D Durusdinium LaJeunesse, 2018
E Effrenium LaJeunesse & H.J. Jeong, 2018
F Fugacium LaJeunesse, 2018
Fr3 Freudenthalidium | M.Nitschke, C.Branddo & C.Fidalgo, 2020
G Gerakladium LaJeunesse, 2018
H Halluxium Calado, Craveiro & Frommlet, 2020
no clade name Miliolidium Pochon & LaJeunesse, 2021
no clade name Philozoon Geddes, 1882
no clade name Zooxanthella K. Brandt, 1881
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To better understand the diversity of Symbiodiniaceae in corals and other pho-
tosymbiotic animals, SymPortal, an analytical framework for coral algal symbiont
NGS ITS2 profiling, was developed (Hume et al., 2019), enabling the identification
of symbionts based on metabarcoding of the Symbiodiniaceae ITS2 region. Sym-
Portal leverages the multicopy nature of the ribosomal RNA gene in Symbiodini-
aceae—with hundreds to thousands of ITS2 copies per genome—that independently
accumulate mutations. This intragenomic sequence diversity can then be used for
fine-scale taxonomic identification (Hume et al., 2018). SymPortal utilizes this di-
versity and identifies unique sets of intragenomic ITS2 sequence variants (defining
intragenomic variants; DIVs), to establish taxonomic units known as ITS2 type pro-
files representing specific Symbiodiniaceae taxa (Gardner et al., 2019).

To date, only a few studies have investigated the diversity of symbiodiniacean
species within Cladobranchia. A comprehensive analysis of the stable photosym-
biotic Pteraeolidia semperi (Bergh, 1870) species complex revealed a geographically
dependent composition of Symbiodinium, Cladocopium, and Durusdinium (Yorifuji et
al., 2015). Breviolum, Cladocopium, and Durusdinium were mainly identified in Phyl-
lodesmium lizardense Burghardt, Schrodl, and Wégele, 2008 (stable photosymbiosis),
whereas Symbiodinium was only occasionally detected (FitzPatrick et al., 2012). In
the non-photosymbiotic species Aeolidiella alba Risbec, 1928 and Phestilla lugubris, the
symbiodiniaceans Breviolum and Cladocopium were identified (Wecker et al., 2015).
Using the SymPortal metabarcoding approach, Breviolum subclade B1 was recently
identified as the symbiont in Berghia stephanieae (A. Valdés, 2005) (unstable pho-
tosymbiosis), which the slugs acquired from their food source, Exaiptasia diaphana
(Rapp, 1829) (Melo Clavijo et al., 2022). To address the knowledge gap in Symbio-
diniaceae diversity in Cladobranchia and to understand whether slugs with stable
photosymbiosis harbour certain algae, we analysed 16 cladobranch species, focusing
on the genus Phyllodesmium, using a combined approach including the SymPortal
framework.

1.3 Materials and Methods

Sample collection and DNA extraction

Slugs were collected between 2000 and 2022 from Australia, Indonesia, Egypt, the
Philippines, Italy, France, and Norway and originated from the collection of Sabrina
Bleidifsel and Gregor Christa (Additional file 1: Table 1). The animal material was
fixed in 98% ethanol and stored at -20 °C. Each sample was shock-frozen in liquid
nitrogen and then carefully broken up using a mortar. Following the manufacturer’s
instructions, DNA from each sample was extracted using the DNeasy Plant Kit (Qi-
agen, Germany) or the E.Z.N.A. Invertebrate DNA Kit (Peqlab, USA). Information
on cnidarian food sources and the photosymbiotic relationship between sea slugs
and Symbiodiniaceae was obtained from the literature (Additional file 1: Table 1).
The photosymbiosis was then categorised as non-photosymbiotic (immediate diges-
tion), unstable (maintenance for some days), or stable (maintenance for more than
two weeks).

Molecular identification of Symbiodiniacaea

For the molecular identification of Symbiodiniaceae, the ribosomal Internal Tran-
scribed Spacer 2 (ITS2) region was amplified using primers containing Illumina
adapters (underlined) targeting parts of the 5.8S and 23S regions as well as the entire
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ITS2 rRNA gene: ITS-Dino-fwd (5-TCTTTCCCTACACGACGCTCTTCCGATCT GT
GAATTGCAGAACTCCGTG-3) (Pochon et al., 2001), ITS2-Dino-rev2 (5'-GTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT CCTCCGCTTACTTATATGCTT-3) (Stat
et al., 2009). Using these primers, an adapter PCR was performed in a total vol-
ume of 20 puL: 5 pL template cDNA, 10 uL DreamTaq Green PCR Master Mix (2X)
(Thermo Fisher, USA), and 2 pL of 10 uM of each primer. Each sample was adjusted
to 20 pL with distilled and sterilised water. The PCR amplification was performed
with 30 cycles of denaturation at 94°C for 1 min, annealing at 54°C for 1 min, and
extension at 72°C for 1 min. The initial denaturation and final elongation were 95°C
for 15 min and 72°C for 10 min, respectively. The PCR products were cleaned with
Agencourt AMPure XP magnetic beads (Beckman Coulter, USA). Subsequently, an
indexing PCR was performed to add Illumina sequencing adapters containing True-
Seq indices. Index PCR was conducted in a 20 pL volume using 5 pL of the previ-
ously purified adapter PCR product, 10 pL Q5® High-Fidelity 2X Master Mix (New
England Biolabs, USA), 1 uL of 10 pM of the respective forward and reverse index
primer, and 3 pL distilled and autoclaved water. Amplification was performed in a
3-step reaction with an initial denaturation of 5 min at 95 °C, 8 cycles of 1 min at 94 °C
denaturation, 1 min at 52 °C annealing, and 1 min at 70 °C for elongation, followed
by 10 min of final elongation at 70 °C. Indexed PCR products were cleaned using
the Agencourt AMPure XP magnetic beads. Final DNA concentrations were quan-
tified on a QubitTM 4 Fluorometer using the dsSDNA-HS kit (Thermo Fisher, USA),
pooled equimolarly, and sent to the University of Saarbriicken for sequencing on an
[llumina MiSeq platform. Sequencing was conducted with a 2x250 bp paired-end
approach according to the manufacturer’s instructions. Raw reads were deposited
at GenBank under Bioproject PRINA1244770 (Additional file 1: Table 1).

Simbiodiniaceae assignment

The quality of raw reads was inspected using fastqc, and sequences were then quality-
trimmed using BBDuk implemented in BBMerge v38.91 (Bushnell et al., 2017) with
qtrim=rl, trimq=20, and minlen=100 parameters. Subsequently, filtered sequences
were imported into QIIME 2 v.2021.4 (Bolyen et al., 2019), setting the p-trunc to
140, and were denoised with a maximum error rate of 2 using the DADA2 plugin
(Callahan et al., 2016). The taxonomic assignment of Amplicon Sequence Variances
(ASVs) was obtained using the RefSeq database extracted from SymPortal (Hume et
al., 2019). Additionally, using the SymPortal analytical framework (SymPortal.org)
defining intragenomic variant (DIV) profiles were identified (Hume et al., 2019).
Raw, demultiplexed MiSeq reads were directly processed through the SymPortal
pipeline. Sequence quality control was conducted as part of the SymPortal pipeline
using Mothur 1.39.5 (Schloss et al., 2009), the BLAST+ suite (Camacho et al., 2009),
and the minimum entropy decomposition method (Eren et al., 2015). ITS2 type pro-
files (representative of putative Symbiodiniaceae taxa or genotypes) were predicted
and characterised by specific sets of DIVs.

We applied these two complementary approaches to assess Symbiodiniaceae di-
versity. The use of ASVs enables high-resolution discrimination of sequence data
at the level of single-nucleotide differences, which is particularly useful for identi-
tying diversity at the genus level (e.g., Cladocopium, Durusdinium, or Symbiodinium)
(Cunning et al., 2017; Fujise et al., 2018). This approach is particularly valuable
for identifying broad distribution patterns across various hosts or geographic re-
gions. However, the ASV method treats all sequence variants equally, regardless of
whether they represent intragenomic copies of a single symbiont strain or distinct
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taxa, which can lead to an overestimation of diversity (Apprill & Gates, 2007; Thorn-
hill et al., 2007). To address this, we also applied the DIV concept as implemented in
SymPortal. This approach allows for subclade-level resolution by identifying char-
acteristic combinations of intragenomic ITS2 variants, so-called ITS2-type profiles,
that are representative of specific Symbiodiniaceae strains (LaJeunesse, 2002; Smith
et al., 2017). It explicitly accounts for the multicopy structure of the ITS2 region
in Symbiodiniaceae and leverages within-genome diversity to distinguish between
intra- and intergenomic variation, without requiring additional markers such as ps-
bAncr (Smith et al., 2017; Thornhill et al., 2007). As previously shown, even a one-
base-pair difference in the dominant ITS2 sequence may reflect great evolutionary
divergences (Thornhill et al., 2014), highlighting the importance of fine-scale res-
olution. Our decision to use both approaches in parallel was based on the distinct
strengths of each method: ASVs enable reproducible, marker-independent classifica-
tion at higher taxonomic levels, while DIV profiles provide deeper resolution within
individual clades and are particularly suited for detecting ecologically relevant sym-
biont strains. This combined strategy not only confirmed expected diversity patterns
at the genus level but also revealed subtle differences within subclades—differences
(LaJeunesse et al., 2018; Sampayo et al., 2009).

Alpha and Beta diversity

Alpha and beta diversity calculations and statistical analyses were performed in QI-
IME2 v2023.9 (Bolyen et al., 2019) and R v4.0.3 (R Core Team, 2021), with differ-
ences considered significant at p <0.05. To describe and compare the alpha diver-
sity across samples, we used the Shannon index that quantifies species richness and
evenness, with higher values indicating a more diverse and evenly distributed sym-
biont community within a sample (Shannon, 1948). Differences in Shannon diver-
sity were evaluated by one-way analysis of variance (ANOVA, Girden, 1992) or if
data deviated from normality and/or homogeneity of variance by Kruskal-Wallis-
Test (Kruskal & Wallis, 1952). A Non-Metric Multidimensional Scaling (NMDS) plot
showing the variation in community composition among food source, sea slug gen-
era, and country based on Bray-Curtis distance values was compiled in R v4.0.3 us-
ing the packages vegan (Dixon, 2003) and ggplot2 (Wickham, 2016). The Bray-Curtis
distance quantifies compositional dissimilarity between samples based on the pres-
ence and relative abundance of shared symbiont taxa, with values ranging from 0
(identical communities) to 1 (entirely dissimilar communities) (Bray & Curtis, 1957).
To assess the effects of food source, genus, country, and photosymbiotic status on
the symbiont composition, a Permutational Multivariate Analysis of Variance (PER-
MANOVA, M. ]J. Anderson, 2014) was performed based on the Bray-Curtis dissim-
ilarities using the adonis2 function from the vegan package in R v4.0.3, with 999
permutations. PERMANOVA tests were carried out for each factor individually to
evaluate whether there were significant differences in the community structure be-
tween groups. To account for potential differences in group dispersion, the betadis-
per function was used to test the homogeneity of multivariate dispersions. Signifi-
cant differences between the individual groups were subsequently analysed using a
pairwise PERMANOVA.
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1.4 Results

The diversity of Symbiodiniaceae within cladobranch sea slugs was analysed across
the 28 specimens from 16 species, considering their geographical origin, photosym-
biotic status, and food source using giime2 and the SymPortal analytical framework
(Fig. 1.2). Overall, 272.383 ITS sequences were obtained, with an average of 8.769
sequences per sample.

Cladocopium is the dominant symbiont in Phyllodesmiun

The analysis of Symbiodiniaceae ASV and DIV profiles revealed differences between
cladobranch genera and the photosymbiotic state of the sea slugs (Additional file 1:
Table 2-5). In non-symbiotic species such as Coryphella lineata, three different Sym-
biodiniaceae genera were detected in the ASV profile, with Breviolum (42.8%) be-
ing the most abundant, followed by Symbiodinium (29.6%) and Cladocopium (27.4%).
Only 0.2% of the sequences were assigned to Durusdinium (Fig. 1.2A). In contrast,
species collected in Italy with unstable photosymbiosis, Aeolidiella alderi (Cocks, 1852),
Spurilla neapolitana (Delle Chiaie, 1841), and Berghia coerulescens, predominantly har-
boured ASVs identified as Symbiodinium, with Breviolum being only present to 10.9%
in B. coerulescens. However, Spurilla neapolitana from France displayed a different
pattern, containing Breviolum (55%), Symbiodinium (16.6%), and Cladocopium (23.3%).
In species with stable photosymbiosis, such as Pteraeolidia ianthina and Phyllodesmium,
the dominant photobiont in our ASV profile was Cladocopium. Pteraeolidia ianthina
collected in Australia also contained Durusdinium (34.7%), whereas the individual
from Egypt additionally harboured Symbiodinium (11%). Most Phyllodesmium speci-
mens displayed an ASV symbiont community exclusively composed of Cladocopium,
regardless of their collection location. A notable exception is Phyllodesmium macpher-
sonae (Burn, 1962), which predominantly harboured Durusdinium (84.1%), while Cla-
docopium was present only at lower levels (15.9%).

The analysis of DIV profiles using SymPortal showed a species-specific com-
position with less diversity in symbiodiniaceae genera in cladobranchs with stable
symbiosis (Fig. 1.2). The non-photosymbiotic Coryphella lineata exhibited a highly
diverse DIV profile containing four different ITS2 types: Albo (7%), A4 (20%), Bl
(31%), and C1-C1b-Clc (11%). The four cladobranch species exhibiting an unstable
photosymbiosis showed no divergence between their ASV and DIV profiles. Aeoli-
diella alderi and Spurilla neapolitana collected in Italy exclusively harboured the ITS2
type Albo of Symbiodinium, while Berghia coerulescens also contained type B2 at a
relative abundance of 6%. In contrast, Spurilla neapolitana from France displayed a
more diverse DIV profile, comprising Breviolum Bl (41%), Symbiodinium A4 (17%),
and Cladocopium C1-C1b-Clc (17%).

Both specimens of Pteraeolidia ianthina showed a dominance of Cladocopium, con-
sistent with their ASV profiles. The individual from Australia harboured two dis-
tinct ITS2 types of Cladocopium (C1-C1b-Clc (22%) and C3 (14%)) as well as the Du-
rusdinium type D51 (19%). In contrast, the Egyptian specimen contained only the
Cladocopium type C1-C1b-Clc at 57% and Symbiodinium Al at 14%.

Stable photosymbiotic species of the genus Phyllodesmium showed a maximum
of two different ITS2 types. Interestingly, while P. macphersonae exhibited a more
diverse ASV profile with a proportion of Cladocopium and Durusdinium, its DIV
profile exclusively contained ITS2 type D5. Minor differences were also observed
for example, for Phyllodesmium rudmani Burghardt and Gosliner, 2006 sample num-
ber 9, which exhibited a DIV profile consisting mainly of C1378 (13%) and C1381
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(16%) without Durusdinium, Breviolum or Symbiodinium as indicated in the ASV pro-
tile. Several Phyllodesmium species showed a species-dependent DIV profile, such as
Phyllodesmium crypticum Rudman, 1981, which had a homogeneous profile consist-
ing of C1-C1b-Clc, or Phyllodesmium magnum Rudman, 1991, which exclusively har-
boured C65/C65a independent of their collection site. Similarly, both Phyllodesmium
lembehensis Burghardt, Schrodl, and Wagele, 2008 and Phyllodesmium koehleri Burg-
hardt, Schrodl, and Wégele, 2008 exclusively harbored ITS2 type C1381, without any
Durusdinium, Breviolum, or Symbiodinium. P. briareum 2 and 3, which were collected
in the Philippines showed a similar DIV profile with C2665 and C1.
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Alpha and Beta diversity

Phyllodesmium briareum 2 had the highest alpha diversity, with Shannon indices of
3.94. In contrast, Aeolidiella alderi showed the lowest value at 0.62 (see Supple-
mentary Material File 1: Table 6 and 7). Grouping by family revealed significant
differences, specifically between Facelinidae (Pteraeolidia ianthina) and Aeolidiidae
(Aeolidiella alderi, Berghia coerulescens, Baeolidia australis (Rudman, 1982) and Spurilla
neapolitana) (p = 0.036), showing that Facelinidae had significantly higher alpha di-
versity. Further, Myrrhinidae (Phyllodesmium spp.) had significantly higher Shannon

Photosymbiosis

O Actinaria unspecific
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indices compared to specimens of the family Aeolidiidae (Aeolidiella alderi, Berghia
coerulescens, Baeolidia australis and Spurilla neapolitana) (p = 0.01) (Fig. 1.3A). Among
countries, species from Italy had significantly lower Shannon indices compared to
Indonesia (p = 0.026) and the Philippines (p = 0.017 (Fig. 1.3B). We also found a food-
source-based difference in alpha diversity with species feeding on Actinaria having
a significantly lower Shannon index compared to Hydrozoa-feeding (p = 0.0048116)
and Octocorallia-feeding (p = 0.0044188) species (Fig. 1.3C). Neither the food source
genus nor the photosymbiotic state (non, unstable, stable) yielded significant differ-
ences regarding the Shannon index.
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FIGURE 1.3: Boxplots showing Shannon diversity indices of Symbiodiniaceae in various
cladobranch species grouped for family (A), country (B) and food source (class) (C). Sig-
nificant differences between groups are indicated by asterisks (*p <0.05; **p <0.005).

The Bray-Curtis distance analysis and the NMDS ordination revealed a distinct
cluster of the food source genus Sinularia, which is also reflected in the clustering
pattern of the genus Phyllodesmium (here Phyllodesmium magnum) (Fig. 1.4A). Ad-
ditionally, some Phyllodesmium species clustered with Pteraeolidia ianthina, suggest-
ing similarities in their symbiont composition (Fig. 1.4B). Interestingly, most Phyl-
lodesmium species clustered together independent of their country of origin, such as
Phyllodesmium magnum (from Indonesia and Egypt) or Phyllodesmium briareum (from
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the Philippines or Indonesia) (Fig. 1.4C). However, the species Spurilla neapolitana,
known for its unstable photosymbiosis, collected in Italy, did not cluster with its
conspecifics from France but instead grouped with the other unstable species, Aeo-
lidiella alderi and Berghia coerulescens, which were also collected in Italy. The NMDS
ordination based on geographic origin did not show a clear separation of samples
by country, indicating that symbiont community composition is not primarily struc-
tured by geographic location. The specimen of Spurilla neapolitana collected in France
clustered with the only non-photosymbiotic species, Coryphella lineata collected in
Norway.

A permutational multivariate analysis of variance (PERMANOVA) was conduc-
ted using Bray-Curtis distances (see Supplementary Material File 1: Tables 8 and
9) to assess differences in symbiont composition. The analysis revealed that only
the factor food source genus had a significant effect on the overall symbiont com-
munity structure (F = 1.7056, p = 0.002 ~, R? = 0.50083). A pairwise PERMANOVA
revealed significant differences between the groups Xenia - Sinularia (F = 4.8293389,
p =0.0180000 °, R? = 0.28695951), Rapharia - Sinularia (F = 10.3199873, p = 0.0270000 *,
R2 = 0.63235266), Sinularia - Briareum (F = 7.2199804, p = 0.0270000 *, R2 = 0.50773490)
and Sinularia - Actinaria unspecific (F = 6.3090635 p = 0.0170000 ~, R? = 0.47404263).
None of the factors, genus, country, or photosymbiotic status, significantly affected
the Bray-Curtis distances between samples. The PERMANOVA results for genus (F
=0.996, p = 0.466, R? = 0.221), country (F = 0.873, p = 0.743, R? = 0.166), and pho-
tosymbiotic status (F = 0.791, p = 0.861, R? = 0.059) indicate that variation within
groups exceeds any potential group-level differences.

1.5 Discussion

This study is the first to examine the Symbiodiniaceae diversity in several species
of Cladobranchia using a metabarcoding approach, providing a foundation for fu-
ture research. Our results revealed genus-specific patterns in symbiont composi-
tion among Cladobranchia, with Cladocopium being the most abundant symbiont in
slugs with a stable photosymbiosis, particularly in Phyllodesmium. We also found
a species-specific set of DIVs with C1, C65, and C-1381 as most abundant, par-
ticularly in Phyllodesmium. Cladocopium is known for its broad host range, asso-
ciating not only with corals and other cnidarians but also with clams, flatwormes,
foraminifera, and sponges (Fay et al., 2009; Hikosaka-Katayama et al., 2012; Hill et
al., 2011; Lee et al., 2020; Riewluang & Wakeman, 2023; Vega de Luna et al., 2019).
Specific subclades of Cladocopium, such as Cladocopium sodalum LaJeunesse & C.C.
Butler, 2023 (ITS2 type C3) or C. proliferum LaJeunesse, C.C. Butler, Nitschke & van
Oppen, 2023 (ITS2 type C1), exhibit stress tolerance and contribute significantly to
carbon fixation and release (Abrego et al., 2008; Butler et al., 2023; van Oppen &
Berkelmans, 2006). In contrast, species with a stable photosymbiosis of the families
Facelinidae and Aeolidiidae only showed a portion of Cladocopium symbionts and
predominantly incorporated Symbiodinium and Breviolum, similar to species with an
unstable or no photosymbiosis. Representatives of the genera Symbiodinium and Bre-
violum are widespread in corals which prefer shallow, light-flooded waters such as
Litophyton arboretum Forskal, 1775, Erythropodium caribaeorum (Duchassaing de Fon-
bressin & Michelotti, 1860) or Paralemnalia eburnean Kiikenthal, 1913 (Barneah et al.,
2004; Goulet & Coffroth, 2004; Goulet et al., 2008). Several types of Symbiodinium are
known to adapt to high or fluctuating light conditions and continuously produce
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Curtis distance matrix. Colour represents either food source genus (A), cladobranch
genus (B) or country (C). Shape represents photosymbiosis status

UV-absorbing mycosporine-like amino acids (MAAs) (Banaszak et al., 2006; LaJe-
unesse, 2002). These compounds, which absorb light in the UVA and UVB range
(310-362 nm), play a crucial role in photoprotection by acting as antioxidants and
reducing damage caused by singlet oxygen (Hoegh-Guldberg & Jones, 1999; Rosic
& Dove, 2011). In response, Symbiodinium exhibit enhanced capabilities for alterna-
tive photosynthetic electron transport pathways. They can dissociate their antenna
complexes from the reaction centers of photosystem II under high light conditions,
which helps cnidarians hosting Symbiodinium to tolerate better intense light expo-
sure (Reynolds et al., 2008). However, several coral hosts show a reduction in health
when harbouring symbionts of the genus Symbiodinium that may result from the host



Chapter 1 27

not receiving sufficient nutritional input from this symbiont lineage (Rouzé et al.,
2016; Stat et al., 2008). On the contrary, polyps of the upside-down jellyfish Casiopea
sp. showed the highest survival rate when harbouring exclusively Symbiodinium,
and adult Casiopea sp. showed a stable photosymbiosis without any reduction in
health when incorporating Symbiodinium (Lampert, 2016). An exception to all other
species examined was Phyllodesmium macphersonae, in which predominantly Durus-
dimium was found. The genus Durusdinium includes extremophile species adapted
to strong temperature and turbidity fluctuations, such as the widespread ITS2 type
D1-4 (Swain et al., 2017). Symbioses with these symbionts are particularly resistant
to dissociation, such as coral bleaching. Studies have shown that corals in high-
temperature environments often host a higher abundance of Durusdinium, consid-
ered the most thermally tolerant among Symbiodiniaceae clades (Abrego et al., 2009;
Bay et al., 2016; Jones et al., 2008). Additionally, corals often shift their symbiont
communities following bleaching events, replacing their original symbionts (clades
A, B, C, or F) with Durusdinium, a strategy known as symbiont shuffling thought
to enhance resilience against future bleaching and improve survival under rising
ocean temperatures (Hume et al., 2016; Thinesh et al., 2019; van Oppen & Berkel-
mans, 2006).

Thus, the physiological and ecological properties assigned to different Symbio-
diniaceae genera and types, such as the parasitic characteristics of Symbiodinium,
appear to be more host-specific than being attributed to the symbiont (Goulet et al.,
2019). As most specimens in our study that incorporated Symbiodinium—partially or
exclusively—exhibited unstable or no photosymbiosis, this genus may not be suit-
able for establishing a stable photosymbiosis in Cladobranchia. In contrast, Clado-
copium may be a more suitable photobiont for cladobranch slugs. Experiments in-
volving cladobranch species with an unstable photosymbiosis, in which a different
Symbiodiniaceae genus, such as Cladocopium, is introduced instead of Symbiodinium,
would be exciting to determine whether the physiological traits of the algae facilitate
the evolution of stable photosymbiosis in Cladobranchia.

While the presence of a suitable symbiont may play a role in enabling photosym-
biosis in Cladobranchia, our data did not reveal a consistent association between
the photosymbiotic state or geographic origin and the occurrence of specific Sym-
biodiniaceae clades. Yet, the food source seems to influence the diversity of sym-
biodiniaceans within Cladobranchia. Cladobranchia acquire their symbionts hori-
zontally by feeding on cnidarians and incorporating the photobionts of their prey
into the cells of their digestive gland system (Rola et al., 2022). However, the diet
of most species examined here remains poorly documented. For example, the food
source of Phyllodesmium macphersonae has only been documented by photographs in
the slug’s natural habitats, without confirmation through molecular analyses or lab-
oratory experiments. Additionally, many slugs are polyphagous, so the symbiont
community’s composition in the slugs might be a mix of different food organisms.
To better understand symbiont acquisition and composition in Cladobranchia, fu-
ture studies should also focus on sampling and analysing the cnidarian prey to de-
termine whether the abundance and diversity of the symbionts are conserved in the
slugs after preying on the food source. This would also contribute to a better under-
standing of the symbiont communities associated with cnidarian prey. For example,
while Phyllodesmium briareum is known to feed on both Briareum asbestinum (Pallas,
1766) and Briareum violaceum (Quoy & Gaimard, 1833), Symbiodiniaceae have only
been characterised in B. asbestinum from Mexico (Ramsby & Goulet, 2019). For most
cnidarian species serving as potential food sources for Cladobranchia, the composi-
tion of associated Symbiodiniaceae remains unknown.
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Our combined approach, using ASVs and DIVs, provided detailed insight into
the diversity of Symbiodiniaceae in Cladobranchia. Yet, in some cases, a discrep-
ancy between ASVs and DIVs occurred. For instance, in Phyllodesmium macpher-
sonae we identified a proportion of Cladocopium ASV, but exclusively obtained ITS2
type D5 (Durusdinium) regarding its DIV profile. This discrepancy likely reflects the
higher sensitivity of ASV-based methods to low-abundance sequences, including
potential background noise or minor co-occurring types. In contrast, the DIV ap-
proach focuses on the dominant, intragenomically consistent ITS2 variant patterns
that define biologically relevant symbiont taxa (Apprill & Gates, 2007; Thornhill et
al., 2007). Therefore, we suggest that future studies combine both approaches to
obtain the maximum information regarding symbiont diversity and abundance in
Cladobranchia.

1.6 Conclusion

Our study presents the first comprehensive analysis of Symbiodiniaceae diversity
across multiple Cladobranchia species using ITS2 metabarcoding. It enhances our
understanding of photosymbiosis in marine slugs and underscores the role of sym-
biont diversity in shaping ecological and evolutionary dynamics within Cladobran-
chia. Species with stable photosymbiosis (Pteraeolidia ianthina and Phyllodesmium
spp.) primarily harbour Cladocopium, known for its high CO, fixation and thermal
tolerance, while those with unstable or no photosymbiosis (Coryphella lineata, Aeoli-
diella alderi, Spurilla neapolitana and Berghia coerulescence) host Symbiodinium and Bre-
violum. We observed a correlation between symbiont profile and food source, with
Cladocopium being more common in species with a stable photosymbiosis, suggest-
ing it may promote symbiosis stability in Cladobranchia. However, whether these
physiological traits directly facilitate the evolution of stable photosymbiosis remains
to be investigated. The physiological and ecological properties associated with dif-
ferent Symbiodiniaceae genera, such as the parasitic tendencies of Symbiodinium, ap-
pear to be host-specific and context-dependent rather than solely determined by the
symbiont itself. Our study provides a starting point for future research to explore
whether introducing alternative Symbiodiniaceae genera can improve symbiont re-
tention in species with unstable photosymbiosis.
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2.1 Abstract

The cladobranch sea slug Berghia stephanieae exhibits a unique biological strategy
by incorporating both nematocysts and symbiotic microalgae (photobionts) from its
cnidarian prey. While the anatomical localisation of these components is well doc-
umented, the molecular mechanisms by which B. stephanieae recognises and incor-
porates its photobionts remain poorly understood. The detection and subsequent
incorporation of potential symbionts is a crucial step in this process. Research on
photosymbiotic Cnidarians has emphasised the importance of unique photobiont
surface molecules, so-called microbe-associated molecular patterns (MAMPs), in
recognition by pattern recognition receptors (PRRs) on the host cell’s membrane.
In Cnidarians, specific PRRs can recognise symbiont-specific MAMPs to initiate the
phagocytosis of potential symbionts. In this study, we investigated the potential
role of the C-type lectin Collectin-12 in B. stephanieae’s endosymbiosis. To do so,
we analysed gene expression patterns using spatial transcriptomics and in situ hy-
bridisation chain reaction (HCR) in both starved and refed slugs. Our results show
that Collectin-12 is predominantly expressed in the digestive gland and proximal
cerata regions, sites of photobiont localisation, but absent in the distal cnidosac,
which is responsible for nematocyst storage. These findings indicate a possible role
for Collectin-12 in photobiont recognition, potentially analogous to innate immune
recognition pathways observed in cnidarians. The increased expression in refed
slugs further implies a dynamic regulation in response to photobiont presence. This
study is the first step towards identifying a specific PRR involved in algal recognition
in a cladobranch sea slug, highlighting conserved molecular mechanisms underly-
ing metazoan photosymbiosis.
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2.2 Introduction

Many cladobranch sea slugs possess the remarkable ability to incorporate two bio-
logically distinct components from their cnidarian prey: Nematocysts and microal-
gae of the family Symbiodiniaceae Fensome, Taylor, Norris, Sarjeant, Wharton &
Williams, 1993 (Goodheart et al., 2018; Wégele et al., 2010). Nematocysts, venomous
stinging organelles, are transported to and stored in the cnidosac, a specialised struc-
ture at the distal tip of the cerata, where they can be reused for defence (Fig.2.1).
Additionally, some species phagocytose the microalgae of their food source, called
photobiont, into epithelial cells of the digestive gland in the proximal region of the
cerata, maintaining them photosynthetically active for extended periods (Rola et al.,
2022).

FIGURE 2.1: Berghia stephanieae (A) and close up of the cerata with the cnidosac at the
distal end and the digestive gland system containing the photobionts at the proximal
end (B). cs = cnidosac, dg = digestive gland.

Despite the evolutionary relevance of this incorporation strategy, the underly-
ing molecular mechanisms of recognition and maintenance in the slug host remain
poorly understood. The photosymbiosis found in Cnidaria, especially Anthozoa, is
probably the best-studied endosymbiotic relationship between a heterotrophic host
and a phototrophic symbiont (Davy et al., 2012; Rosset et al., 2021; Weis et al., 2008).
The host has to recognise and ingest the specific photobiont, a foreign organism,
which comes with considerable risks, as it requires a modification of the immune
system and, in the case of false recognition, carries the risk of introducing pathogens
into the host’s cells (Emery et al., 2024; McFall-Ngai et al., 2013). In cnidarians, a
well-studied mechanism to distinguish specific symbionts from pathogens, and to
regulate the immune system accordingly, is the interaction between specific surface
molecules of the photobiont called microbe-associated molecular patterns (MAMPs)
and pattern recognition receptors (PRRs) of the host (Davy et al., 2012; Mansfield
& Gilmore, 2019). In this system, MAMPs of the phototrophic microorganism are
recognised by PRRs located on the host’s cell membrane. If the host cell recognises
the microbe as a suitable symbiont, phagocytosis is initiated, a signalling cascade
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regulating the immune system is triggered, and specific activator proteins, which
induce the early phagosome formation by the recruitment of Rab5 are produced. As
a result, the symbiont is incorporated into the host cell. The resulting membrane, re-
ferred to as a symbiosome, surrounds the photobiont intracellularly and is crucial for
the nutrient exchange between host and photobiont (Malcolm & April, 2012). One of
the best-supported mechanisms for symbiont recognition in dinoflagellate-cnidarian
symbioses involves interactions between lectins in PRRs of the host and surface gly-
cans on the potential symbiont. The use of the glycan-lectin signalling is backed by
evidence of a wide variety of glycans on dinoflagellates and a high number of lectin
genes in the host genomes (Davy et al., 2012; Jimbo et al., 2005; Kvennefors et al.,
2008; Tivey et al., 2020; Wood-Charlson & Weis, 2009). Interestingly, comparative
genomic studies suggest that an expansion of lectin gene families even correlates
with symbiotic capabilities in cnidarians (Hamada et al., 2018; Shinzato et al., 2011).

Berghia stephanieae (A. Valdés, 2005) is capable of incorporating both nemato-
cysts and the microalga Breviolum minutum (LaJeunesse, ].E.Parkinson & J.D.Reimer)
J.E.Parkinson & LaJeunesse, 2018 from its prey, Exaiptasia diaphana (Rapp, 1829).
The microalgae remain photosynthetically active for a short period. However, no
stable symbiosome is formed, likely due to an unrepressed immune response and
the absence of phagosome maturation arrest, leading to the eventual digestion and
expulsion of the algae after a few days (Melo Clavijo et al., 2022). Although B.
stephanieae does not establish a mutualistic and stable photosymbiosis, microscopy
studies show that the microalgae are still taken up intracellularly in the digestive
gland system, and the question remains how the microalgae Breviolum minutum is
recognised by the slug cell (Borgstein et al., 2024a; Melo Clavijo et al., 2022; Monteiro
et al., 2019). Bulk differential gene expression analyses of the cladobranch sea slug
B. stephanieae revealed the upregulation in expression of several genes annotated as
PRRs, including a variety of C-type lectins (Goodheart et al., 2025; Melo Clavijo et
al., 2022). One expression upregulated C-type lectin, named Collectin-12, is known
for its role in innate immunity and broad-spectrum recognition of MAMPs such as
bacterial lipopolysaccharides and fungal components in vertebrates (Ma et al., 2015;
Zhang et al., 2020). In cnidarians, other C-type lectins similar to Collectin-12, such
as Millectin, PdC-Lectin or AtTL-2 have been described to bind to the microalgae
in vivo, indicating a strong role in symbiont recognition (Kuniya et al., 2015; Kven-
nefors et al., 2008, 2010; Zhou et al., 2018). This suggests that Collectin-12 might play
a potential role in symbiont recognition.

In this study, we performed spatial transcriptomic analysis as well as in situ hy-
bridisation chain reaction (HCR) on starved and refed specimens of B. stephanieae
to locate the expression pattern of Collectin-12 in the slugs tissue. If Collectin-12 is
involved in the recognition of photobionts, we would expect its expression to be up-
regulated in the proximal regions of the cerata, around the digestive gland, where
the microalgae are located. As a positive control, we included the previously char-
acterised cnidosac-specific gene Collagen alpha-1(VIII) (UNK10) (Goodheart et al.,
2024, 2025), which may play a role in extracellular matrix maintenance and tissue
organisation (Q. Li et al., 2024).
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2.3 Materials and Methods

To investigate the spatial expression of putative photobiont recognition genes, we
chose COLEC12, a C-type lectin (jg39838; annotated as Collectin-12) due to its up-
regulated expression in the proximal cerata tissue based on the genome and tran-
scriptome data available for B. stephanieae (Goodheart et al., 2024; Melo Clavijo et al.,
2022).

Spatial Transcriptomics

We used a spatial-transcriptomics dataset of an adult animal and cerata with pre-
liminary clusters of B. stephanieae created by Jessica Goodheart and Rebecca Lopez-
Anido using a Visium Spatial Transcriptomics Platform (10xGenomics) to validate
the spatial expression of COLEC12 in the cerata. The Space Ranger pipelines (version
1.1.0; 10xGenomics) were used to map Illumina short read data to the genome of
B. stephanieae. The computational tool for single-cell omics scvi-tools (Gayoso et al.,
2022) was used to perform cluster analysis and K-means clustering were visualised
in Loupe Browser (10xGenomics).

Sample preparation for HCR

Berghia stephanieae were maintained in 1 L glass containers with lids, filled with artifi-
cial seawater (ASW) at 25 °C. The light intensity was set to 30 pmol photons m 2571,
following a 12 h / 12 h day-night cycle. The water was replaced once a week with
freshly prepared ASW (salinity: 33 PSU, temperature: 25 °C). Slugs were fed three
times per week with small E. diaphana anemones (7 mm foot and 4 mm oral disk
or 4 mm foot and 3 mm oral disk). Previous transcriptomic analyses revealed the
strongest expression of COLEC12 in starved and refed B. stephanieae (Melo Clavijo
et al., 2022). Thus, for the in situ HCR, two adult B. stephanieae specimens per group
were chosen: one group was starved for one week before fixation, the second group
was also starved for one week, then refed with a small E. diaphana anemone and
fixed one hour after feeding.

Fixation
Adult specimens of B. stephanieae were relaxed at -20°C until fully immobile, which
required approximately 30 to 50 minutes. Freezing was avoided to preserve tissue
integrity. Relaxed specimens were subsequently fixed overnight at 4°C in 4% PFA
prepared in DEPC-treated 1x phosphate-buffered saline (PBS) under a fume hood.
A fixative-to-tissue ratio of approximately 10:1 was maintained, using 1.5 mL of fix-
ative per specimen.

Embedding
Following fixation, specimens were rinsed three times for 5 minutes each in DEPC-
PBS (1x) at room temperature. Dehydration was performed through a graded metha-
nol series consisting of 25%, 50%, and 75% methanol in DEPC-PBS (1x), each for 5
minutes, followed by three washes in 100% methanol for 5 minutes each. Samples
were then stored in 100% methanol at -20°C until further processing. For paraffin
embedding, fixed specimens stored in methanol were first rehydrated by two suc-
cessive washes in 100% ethanol (1-2 minutes each). The samples were then cleared
in 100% histosol under a fume hood for three consecutive incubations of 20 minutes
each. Tissue was subsequently transferred into a tissue cassette and transitioned
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into paraffin wax using a series of increasing wax concentrations. The cassette was
incubated in a 50% histosol-50% paraffin wax solution for 30 minutes, followed by
overnight incubation in 100% paraffin wax at 60°C. The following day, the samples
underwent additional wax infiltration with four changes of 100% paraffin wax, each
for 1 hour at 60°C. For embedding, specimens were carefully transferred into appro-
priately sized metal moulds using pre-warmed forceps. The mould was filled with
molten paraffin wax, and the tissue was positioned to ensure optimal orientation for
sectioning. Mixing the wax with warm forceps helped prevent layering artefacts.
The paraffin blocks were allowed to partially solidify (30-50%) at room temperature
before being transferred to 4°C for complete solidification. Embedded samples were
stored at 4°C until sectioning.

Sectioning

Paraffin-embedded specimens were carefully trimmed using a razor blade to remove
excess wax and expose the tissue. Sectioning was performed using a microtome
(Thermo EprediaTM HM 340E Electronic Rotary Microtome, Fisher Scientific), with
the blade replaced before each session to ensure precise and clean cuts. The section
thickness was set to 6 pm. Adhesion slides (Fisherbrand™ Superfrost™ Plus Micro-
scope Slides, Fisher Scientific) were labelled in advance, and sections were carefully
transferred onto them. To facilitate adhesion, the sections were floated on a thin
layer of DEPC-treated water applied between the slide and the sample using a mi-
cropipette. The slides were then placed on a slide warmer at 37°C for 15-20 minutes
to promote tissue adherence. After drying, excess water was carefully removed us-
ing a Kimwipe tissue, and the slides were transferred to a slide holder wire basket.
The slides were then incubated at 37°C overnight to ensure complete drying. The
following day, dried slides were stored in a labelled slide box at 4°C until further
processing.

Throughout the entire sample preparation, all tools and surfaces were decontami-
nated with RNase Zap to prevent RNA degradation, and RNA-safe techniques were
practised to maintain sample integrity.

HCR probe design

UNKT10 (jg13556; annotated as Collagen alpha-1(VIII)) was chosen as a positive con-
trol (Goodheart et al., 2024). For both, UNK10 and COLEC12 protein IDs were
retrieved from B. stephanieae genome annotations and corresponding transcript se-
quences were identified using the Integrative Genomics Viewer (IGV) (Robinson et
al., 2011). The transcript with the greatest length and minimal variation was se-
lected, ensuring a sequence of at least 1000 bp to generate sufficient probes. Further,
the transcript sequence was analysed using the Expasy translation tool (Gasteiger
et al., 2005) to determine the appropriate reading frame, identified as the longest
uninterrupted open reading frame. Translation in Geneious Prime was adjusted ac-
cordingly, ensuring the frame was in the 53" orientation. If the sequence was in
the 3’5" orientation, a reverse complement was generated before proceeding. The
non-coding regions were trimmed, leaving approximately 200 nucleotides on either
side. HCR probes were designed using the HCR 3.0 probe maker (Kuehn et al.,
2022), which was run via the command line. The software was installed within a
dedicated Conda environment, ensuring compatibility with required dependencies
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(biopython, bio, blast, numpy, pandas, openpyxl). Probe sequences were submit-
ted to the IDT Pool Submission Format via the IDT website, and 50 pmol oPools™
Oligos with no 5" modifications were ordered for each probe.

In situ Hybridisation chain reaction

In situ HCR was performed on paraffin-embedded sections of B. stephanieae (Choi et
al., 2018; Criswell & Gillis, 2020). The procedure was carried out over three consec-
utive days, involving hybridisation with target-specific probes, amplification using
fluorophore-labelled hairpins, and counterstaining with DAPI (Fig. 2.2).
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FIGURE 2.2: In situ HCR protocol. Sample preparation: The sample is fixed and perme-
abilised. Detection stage: custom probes with HCR initiator (i.e. I1 and I2) hybridise to
RNA target. Amplification stage: fluorescently labelled HCR hairpins (H1 and H2) bind
to custom probes, and self-assembly of a fluorescent amplification polymer is initiated.
Imaging: targeted RNA of the sample is visualised using a microscope. Figure was cre-
ated with BioRender.

Probe hybridisation
Before starting the procedure, all glassware and tubes were treated with RNase Zap
to eliminate potential RNA contamination. A humidifying chamber was prepared
using 50% formamide in 2x SSC, and 10 pg/mL proteinase K in DEPC-treated PBS
was pre-warmed to 37°C. Solutions for rehydration, including a graded ethanol se-
ries (100%, 90%, 70%, and 50% ethanol in DEPC-PBS), DEPC water, and DEPC-PBS
with 0.1% Tween-20, were freshly prepared.

Slides were first deparaffinised by incubating them twice in Histosol for 5 min-
utes each, followed by rehydration through successive incubations in 100% ethanol
(2x 5 min), 90%, 70%, and 50% ethanol in DEPC-PBS (2 min each), and finally DEPC
water and DEPC-PBS with 0.1% Tween-20 (2 min each). To improve probe pene-
tration, sections were treated with 10 ng/mL proteinase K in DEPC-PBS at 37°C for
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10 minutes. The reaction was stopped by rinsing the slides in DEPC water for 2
minutes.

Pre-hybridisation was performed by applying 2 mL of pre-warmed hybridis-
ation buffer (HCR™ Probe hybridisation Buffer, Molecular Instruments) per slide,
followed by incubation for 30 minutes in a humidifying chamber (2.6 L glass con-
tainer, PyrexTM) at 37°C. During this step, probe sets were diluted by adding 0.8
pL of each 1 pM probe stock per 100 pL of hybridisation buffer and maintained at
37°C. After pre-hybridisation, the hybridisation buffer was drained, and 250 pL of
probe-containing hybridisation buffer was applied to each slide except the negative
control. Slides were then coverslipped with Parafilm and incubated overnight at
37°C in a humidifying chamber.

Signal Amplification
The following day, a humidifying chamber with DEPC water was prepared, and all
required wash solutions were pre-warmed to 37°C. Hybridised slides were washed
to remove unbound probes using a series of decreasing concentrations of HCR wash
buffer and increasing concentrations of 5x SSCT (75%, 50%, 25%, and finally 100%
5x SSCT), with each wash performed for 15 minutes at 37°C. A final wash in 5x SSCT
was performed at room temperature for 5 minutes.

For pre-amplification, 2.5 mL of amplification buffer (HCR™ Amplifier Buffer,
Molecular Instruments) was applied per slide, and slides were incubated at room
temperature for 30 minutes in a humidifying chamber. Fluorophore-labelled HCR
hairpins (B2-647, HCR™ Amplifier, Molecular Instruments) were prepared by heat-
ing 8 pL of each hairpin at 95°C for 90 seconds, followed by cooling at room tem-
perature in the dark for 30 minutes. Hairpins were then diluted in amplification
buffer (200 uL per slide) and briefly vortexed. The pre-amplification buffer was re-
moved from the slides, and the hairpin mixture was applied within 4 minutes to
ensure proper integration. Slides were coverslipped with Parafilm and incubated
overnight in a humidifying chamber at room temperature in the dark.

DAPI Staining and Mounting
DAPI stain (0.1 mg/mL) was prepared by diluting the DAPI stock solution (5 mg/mL,
DAPI and Hoechst Nucleic Acid Stains, Invitrogen™) in 5x SSCT. The mounting
medium was prepared by mixing 990 pL of Fluoromount-G with 10 pL of DAPI
solution (0.1 mg/mL).

Slides were washed in the dark in 5x SSCT for 5 minutes, followed by two
washes in 5x SSCT for 15 minutes, and one wash in 5x SSCT for 5 minutes. Af-
ter washing, two dime-sized drops of Fluoromount-G with DAPI were placed on
each slide—one near the centre and the other near the edge. A coverslip was gen-
tly laid down from one edge to prevent air bubbles, and excess mounting medium
was removed if necessary. Slides were stored in the dark overnight to allow proper
curing before imaging.

Samples were imaged with a Zeiss LSM microscope with an AxioCam HRm cam-
era. The images were analysed using the image processing software Image]J FIJI.



Chapter 2 43

2.4 Results

Spatial Transcriptomics

Spatial transcriptomics analysis revealed distinct gene expression patterns of COL-
EC12 (jg39838) across different anatomical regions of B. stephanieae. Preliminary clus-
tering of the spatial transcriptomics data identified several spatially distinct regions
within the whole animal section, each corresponding to a unique transcriptional pro-
tile (Fig. 2.3A). Based on morphology, cluster 1, 2 and 3 are suggested to represent
the digestive system, including the digestive gland and cluster 7, the cnidosacs at
the distal end of the cerata.

The spatial distribution of COLEC12 exhibited a heterogeneous expression pat-
tern throughout the whole animal section (Fig. 2.3B). Elevated expression levels
were primarily detected in the digestive system, while the central body showed
comparatively lower expression. A more detailed examination of the cerata revealed
a pronounced enrichment of COLEC12 expression, particularly in the proximal re-
gions where the digestive gland system is located (Fig. 2.3C). Notably, expression
was much lower at the distal ends of the cerata, where the cnidosacs are found.

The cluster-specific regulation of COLEC12 was further confirmed by a quan-
titative analysis across clusters (Fig. 2.3D). Each violin represents the distribution
of gene expression levels of COLEC12 within a specific cluster, with the width of
the violins representing the density of data points at each expression level. The di-
gestive system-associated cluster 1 and 2 display the highest median expression of
COLEC12.

HCR

The negative control without any added probe showed no signal or background
from the Alexa 647 amplifier in refed or starved slugs (see Fig. 2.4). The positive
control, UNK10, showed a clear signal for both samples and was localised in the
distal cerata within the cnidosac. For our designed COLECI12 probes, a signal was
detected in both starved and refed slugs, specifically around the digestive gland,
where photobiont sequestration is known to occur. The signal, however, appeared
stronger in the refed slug (see Fig. 2.4A) compared to the starved slug (see Fig. 2.4B).

2.5 Discussion

The mechanisms by which Berghia stephanieae selectively incorporates the microalgae
Breviolum minutum without digesting it remain largely unresolved. In cnidarians,
photobionts are recognised through specific pattern recognition receptors (PRRs)
that bind to microbial-associated molecular patterns (MAMPs) on the algal surface
(Davy et al., 2012; Mansfield & Gilmore, 2019). It has been proposed that similar
molecular pathways may operate in photosymbiotic cladobranchs (Goodheart et al.,
2025; Melo Clavijo et al., 2022). Transcriptomic data from B. stephanieae revealed the
upregulation of 14 transcripts identified as PRRs, including a C-type lectin classified
as Collectin-12, which was strongly upregulated in both starved and refed individ-
uals (Melo Clavijo et al., 2022). Collectin-12 belongs to the collectin family of C-type
lectins and is well-established in innate immunity for its ability to bind carbohydrate
structures on pathogens and facilitate phagocytosis (Zhang et al., 2020). Structurally,
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FIGURE 2.3: Preliminary spatial transcriptomic data for B. stephanieae. Image of a tissue
section of a whole adult animal and the corresponding preliminary clusters (A). Tissue
cluster analysis of COLEC12 in a whole animal section (B) and the cerata (C) inside a 10X
target capture area. Spots represent regions where RNA was captured, and colours de-
limit clusters from the counts analysis. Violin plot showing expression of the COLEC12
(jg39838) gene across all clusters (D). Clusters 1, 2 and 3 are suggested to represent the
digestive system and cluster 7 the cnidosac, based on morphology. c¢s = cnidosac, n =
nematocysts, dg = digestive gland.

it contains a carbohydrate-recognition domain that enables binding to glycan motifs
such as galactose and fucose on symbiont surfaces, similar to C-type lectins in corals
such as Millectin, PdC-Lectin or AtTL-2 which bind to Symbiodiniaceae (Kuniya et
al., 2015; Kvennefors et al., 2008, 2010; Veldhuizen et al., 2011; Zhou et al., 2018). Our
study is the first to examine Collectin-12 in an endosymbiotic context and reveal its
potential role in photobiont recognition.

Our spatial transcriptomic analysis results showed that Collectin-12 is mainly ex-
pressed in the digestive system and the proximal part of the cerata of B. stephanieae,
where the photobionts are located. Additionally, our HCR analysis showed pro-
nounced signals exclusively around the digestive gland. Notably, no expression of
Collectin-12 was observed in the distal region of the cerata, including the cnidosac,
in either condition. These results suggest that Collectin-12 does not seem to be in-
volved in nematocyst recognition but could play a role in the recognition of B. min-
utum. Although Collectin-12 has not been associated with photobiont recognition,
several members of the collectin family, including Collectin-10, -11, and -12, have
been identified in the saccoglossan sea slugs Elysia chlorotica, Elysia cornigera, Elysia
timida, Elysia viridis and Elysia crispata (Allard et al., 2025; C. X. Chan et al., 2018;
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FIGURE 2.4: In situ HCR results in sections of B. stephanieae stained with DAPI and Alexa
647 are shown for the negative control (no probes added), UNK10 (Collagen alpha-
1(VIID)), and COLEC12 (Collectin-12) in a refed slug (A) and a starved slug (B). cs =
cnidosac, n = nematocysts, dg = digestive gland.

Melo Clavijo et al., 2020; Mendoza et al., 2023).

Interestingly, Collectin-12 expression was strongest in refed individuals and lower,
but still detectable, in starved slugs, which contrasts with the transcriptomic data
previously reported for B. stephanieae where starved slugs showed the highest TMM
values (average of 1108) and refed slugs moderate TMM values (average of 570)
(Melo Clavijo et al., 2022). Transcriptomic analyses reveal average RNA abundance
from the sampled tissue, often pooling many cell types and may capture transient
upregulation or changes that do not translate into robust protein (or localised mRNA)
presence at the time of the HCR analysis (Trapnell, 2015; Z. Wang et al., 2009). In
starved slugs, upregulation detected by transcriptomics could be widespread but
moderate, while in refed slugs, gene expression could be more spatially focused or
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intense in certain regions, resulting in a stronger local HCR signal in refed slugs even
if the overall average is lower, as observed in our samples.

The observed HCR expression pattern in our samples could reflect a physiolog-
ical response to the presence of microalgae in the digestive system. Studies in other
species have demonstrated that pattern recognition receptors like collectins are dy-
namically regulated according to immune challenges and the physiological state of
the host (Ma et al., 2015). For example, the saccoglossan sea slug Elysia chlorotica
shows a significant upregulation of genes involved in the MAMP-PRR signalling
cascade (including Collectin-11) upon initial exposure to its food algae. This pattern
suggests that these genes may play a role in the initial recognition and intracellular
uptake of symbionts and less in the maintenance of photosymbiosis in E. chlorot-
ica, as these gene expression patterns gradually return to baseline (C. X. Chan et al.,
2018).

As mentioned before, B. stephanieae is unable to establish a stable photosymbiosis
with the microalga B. minutum. The algae are recognised and subsequently incorpo-
rated into the epithelial cells of the digestive gland system, as shown by microscopic
analyses, potentially mediated by the C-type lectin Collectin-12 (Borgstein et al.,
2024a; Rola et al., 2022). However, the algal cells are not retained within the host
tissue and are excreted after a couple of days. This study represents an important
first step toward identifying potential PRRs in a cladobranch sea slug and demon-
strates that Collectin-12 expression is upregulated around the digestive gland in the
proximal region of the cerata in response to the presence of photobionts. Further
spatial transcriptomic and in situ HCR analyses in sea slugs with stable photosym-
bioses, such as Phyllodesmium or Pteraeolidia, would help to disentangle which PRRs
are specifically involved in symbiont recognition and long-term maintenance.

2.6 Conclusion

Our results provide the first spatial results that the pattern recognition receptor
Collectin-12 may be involved in the recognition of the microalgae B. minutum in
Berghia stephanieae. The specific expression of Collectin-12 in the digestive gland and
proximal cerata, combined with its absence in the cnidosac, suggests a targeted role
in mediating algal recognition and uptake. These findings support the hypothesis
that B. stephanieae uses conserved innate immune pathways, similar to those found in
cnidarian hosts. This work represents an initial step toward uncovering the molec-
ular mechanisms underlying photosymbiosis in Cladobranchia and contributes to a
growing understanding of host-symbiont interactions in metazoans.
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3.1 Abstract

Sacoglossan sea slugs are particularly famous for the ability of some species to retain
photosynthetic chloroplasts in their cells. While it is still uncertain how and to what
degree the slugs might benefit from these alien organelles (kleptoplasts), some stud-
ies investigated whether a phototactic behavior could be related to increasing the
kleptoplasts” photosynthetic activity. To address whether this behavior is connected
to increasing photosynthetic activity, we investigated the plastid-bearing Sacoglossa
Elysia viridis. Using a side-choice experiment, we analyzed the time the slugs spent
in either white or red light compared to a shaded area. We also investigated the gen-
eral mobility of the slugs and determined the number of changes between the two
areas. We performed our experiments with freshly fed and several weeks-starved
animals, and performed the same experiments with animals constantly exposed to a
photosynthetic blocker. Most of the slugs spent approximately 80% of the time in the
illuminated area, independent of the experimental set-up, suggesting that the pho-
tobehavior of Elysia viridis is not connected to increasing the photosynthetic activity
of the kleptoplasts. Yet, tested under white light, the photosynthetic blocker induced
a shift in behavior during the first two weeks of starvation, leading to a more bal-
anced distribution between shaded and illuminated areas. This shift could be linked
to higher stress levels, potentially resulting from greater kleptoplast damage.
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3.2 Introduction

Sacoglossa are a clade of heterobranch sea slugs that are particularly known for
the ability of some species to retain photosynthetic chloroplasts. Only non-shelled
species selectively incorporate the algae’s chloroplasts into cells of the digestive
gland system, while the basal, shelled species extracellularly digest the chloroplasts
(Christa et al., 2015; Handeler et al., 2009; Hirokane et al., 2022). The slugs obtain
these chloroplasts by piercing the cell walls of their food algae with their radula teeth
and subsequently suck out the cytosol (Gascoigne, 1977). Incorporating chloroplasts
is known as kleptoplasty (Christa, 2023; Cruz & Cartaxana, 2022; Trench, 1969), but
species differ significantly in the ability to maintain the chloroplasts photosynthet-
ically active inside their cells. Most non-shelled Sacoglossa incorporate the klepto-
plasts photosynthetically dysfunctional and digest them rapidly after incorporation
(non-retention, NR) (Handeler et al., 2009; Laetz et al., 2017a). The ability to main-
tain the chloroplasts for a couple of weeks during starvation (short-term retention;
StR) evolved twice independently within the Sacoglossa, and only five species are
known to keep the chloroplasts for several months photosynthetically active (long-
term retention; LtR) (Christa et al., 2015). This difference in the retention ability
is not exclusively related to the exact food source because NR and LtR forms feed
on the same algae (Christa et al., 2014a; Handeler et al., 2010), and it seems that a
combination of slug intrinsic factors and robustness of the chloroplasts is needed
de Vries et al., 2014. Independent of the retention ability, feeding slugs digest the
kleptoplasts (Cartaxana et al., 2023; Frankenbach et al., 2023; Maeda et al., 2012),
and even the LtR species intracellularly digest the kleptoplasts while starving, albeit
with reduced digestion activity (de Vries et al., 2015; Laetz et al., 2017a).

This so-called functional kleptoplasty in Sacoglossa is an extraordinary symbio-
sis between an animal and a photoautotrophic organism. In most cases, the sym-
biont is an entire organism and provides nutrients, such as sugars, to the host, while
the host supplies the symbiont with CO2 and nitrogen (Davy et al., 2012; Stanley Jr
& Lipps, 2011). This nutrient exchange is essential for the stability of the symbioses,
and disrupting this nutrient cycle leads to a symbiosis breakdown (Raddecker et al.,
2021). The exact mechanisms of this nutrient exchange have not been fully eluci-
dated and are primarily studied in corals. There is no evidence of a nutritional cycle
in Sacoglossa, but in the LtR species Elysia timida, the kleptoplasts accumulate starch
during starvation. This accumulation of assimilates questions an active export, and
some studies suggest that the slugs can presumably acquire these resources by recy-
cling the chloroplast and its contents via autophagy (Frankenbach et al., 2023; Laetz
et al., 2017b). Nonetheless, some studies indicate that the slugs show a positive
phototactic behavior to increase the photosynthetic activity, and consequently the
synthesis of nutrients, of the kleptoplasts (Cartaxana et al., 2018; Miyamoto et al.,
2015; Schmitt & Wagele, 2011). If true, such behavior would promote communi-
cation between the kleptoplasts and the slugs’ cytosol. How this communication
would be realized is unknown, but behavior to optimize the symbiont’s photosyn-
thesis is known from other animals such as the acoel Symsagittifera roscoffensis (Serd-
dio et al., 2011; Strumpen et al., 2022). Nonetheless, several studies in Sacoglossa
have analyzed the phototactic behavior of different species (Cartaxana et al., 2018;
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Miyamoto et al., 2015; Schmitt & Wagele, 2011; Weaver & Clark, 1981). Species bear-
ing functional kleptoplasts preferred slightly higher light intensities than their orig-
inal culturing conditions, while avoiding light intensities exceeding. It was further
proposed that the kleptoplast’s photoacclimation condition might induce a selective
preference of the slugs for light (Cartaxana et al., 2018). Moreover, in Elysia timida,
the opening of the parapodia was correlated with enhancing the light availability
and, consequently, the kleptoplast’s photosynthesis (Schmitt & Wagele, 2011). Fur-
ther, some species preferred blue light and avoided red light, while others showed
an opposite behavior unrelated to bearing functional kleptoplasts (Weaver & Clark,
1981). Although the slugs preferred lower light intensities than the algae’s chloro-
plasts were acclimated to, most of the data were interpreted as reducing photodam-
age to the kleptoplasts and increasing their photosynthetic efficiency. Hence, the
photobehavior can also be a photoprotection to reduce light-induced damage to the
kleptoplasts that would otherwise damage the photosynthetic machinery (Cartax-
ana et al., 2019; Christa et al., 2018; Havurinne et al., 2021). However, more research
is still needed to determine whether all reported behavioral tendencies are based on
actively enhancing photosynthesis in kleptoplasts. A noteworthy finding was that
some LtR species avoided red light, which is essential for photosynthesis, and that
starving individuals preferred light over shade even when their kleptoplasts were no
longer functional (Miyamoto et al., 2015). Even in the acoel Symsagittifera roscoffen-
sis (Graff, 1891), the red light was equally avoided as complete darkness (Nissen et
al., 2015), suggesting that the photobehavior of the worm is not exclusively linked
to optimizing the photosynthesis of the algae and could be based on a diurnal cy-
cle. To further understand the phototactic behavior of Sacoglossa, we tested Elysia
viridis (Montagu, 1804) from the Baltic Sea under photosynthetic and photosynthe-
sis blocked conditions and during starvation, which also eventually leads to non-
photosynthetic conditions. We conducted a side-choice experiment using a white or
red light on one side and a shaded area on the other. Our results suggest that the
behavior of the slugs is not connected to optimizing the photosynthetic activity of
the kleptoplasts.

3.3 Materials and Methods

Collection and culturing of slugs Specimens of Elysia viridis were collected from Bry-
opsis sp. in Bockholmwik (Germany, 54°49'51.8"N, 9°36’51.4"E) in August 2022. The
slugs were transported to our laboratory and cultivated in groups of 20 individu-
als in 2 L plastic containers in artificial seawater (ASW) (ABReef Salt, Aqua Medic,
Germany) with a salinity of 18 PSU matching the salinity at the collection site. We
cultured the slugs under a 12 h light / 12 h dark day/night cycle, starting the illumi-
nation at 8 a.m. Slugs were cultured at 21 °C and under 25 umol photons m-2 s-1 of
white light (sunrise daylight, sera, Germany) and were fed with Bryopsis sp. three
days a week with the container’s water changes during the provision of new food.
The algae were cultured under the same conditions as the slugs, except for enrich-
ing the ASW with F/2 (Guillard 1975) medium at a salinity of 30 PSU and providing
constant aeration. We were not successful in culturing the algae at a salinity of 18
PSU, so we had to culture the algae at 30 PSU. To ensure that the algae’s salinity tran-
sition did not interfere with the function of the kleptoplasts in the slugs, we fed the
slugs for three months before the phototactic behavior experiments and measured
the maximum quantum yield (Fv/Fm) of photosystem II of randomly chosen slugs
on a weekly basis. For Fv/Fm measurements, the slugs were dark adapted for five
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minutes and Fv/Fm was measured using a DIVING PAM (Pulse Amplitude Modu-
lated fluorometer) (Walz, Germany) by placing the fiber optic approx. 2 mm above
the pericard region and applying a saturation pulse (> 4.000 umol photons m-2 s-1)
to obtain the ground fluorescence FO and the maximum fluorescence Fm, where Fv
is the variable fluorescence calculated as Fm — F0. All measurements of freshly fed
slugs exceeded a Fv/Fm of 0.7, which is well within the known range of E. viridis
collected at different localities, indicating that the salinity switch did not affect the
functionality of kleptoplasts.

Side-choice experiment
We randomly selected specimens with a size between 1 and 1.5 cm and isolated them
into small plastic boxes containing 50 mL of fresh ASW (Normal) or 50 mL of fresh
ASW supplemented with 2 ug Monolinuron / mL (Mono). Mono completely blocks
the CO2-fixation of kleptoplast (Christa et al., 2014a; de Vries et al., 2015; Rauch et al.,
2018) and thus serves as an alternative to DCMU often used in corals (Jinkerson et
al., 2022), for instance. Both chemicals are herbicides, but because Mono is used for
controlling algae blooms in aquaria, we consider Mono to be a less harmful herbicide
with fewer effects on the physiology of the slugs than DCMU. Nonetheless, we do
not exclude that the behavior of the slugs can be affected by the blocker. Previous ex-
periments, however, showed that at least for the survival time of the slugs, Mono has
no negative effects on Elysia viridis (Rauch et al. 2018). Both groups were starved for
three weeks under identical conditions as described above. Immediately after sep-
arating the two groups and before starting the light-choice experiments, the Fv/Fm
of kleptoplasts was measured as described above. The Fv/Fm was also measured
before the water was supplemented with Mono for the Mono group. For the side-
choice experiment, slugs were placed with a random orientation of the head in the
middle of one of eight compartments (each 8 cm in length, 3 cm in width, and 4 cm in
height) of a plastic container. Each slug was tested in the same compartment at each
starvation time. Each compartment was filled with 50 mL of freshly prepared ASW,
either with or without Monolinuron, according to the group tested. The container
was illuminated with the same light source as under culturing conditions (White) or
with 25 pmol photons m-2 s-1 red vision LED chips (Red) (sera, Germany, emission
peak at 625 nm). Half of the container was shaded with a black cover, resulting in an
area beneath the cover with a light intensity of < 3 pmol photons m-2 s-1 and 8 pmol
photons m-2 s-1 at the border between the shaded and the illuminated area. Light
intensities were always confirmed before the experiment run using the miniature
light sensor of the DIVING-PAM (Walz, Germany). We then recorded the behavior
of the slugs for one hour using an iPad 11 (Apple, USA) (Figure 1). We determined
the time the slugs spent in the illuminated and shaded areas, respectively, and how
often the slugs changed between both areas. A change was considered when at least
half of the slugs” body was head first in the respective area. Our preliminary trials,
in which we either let the slugs acclimate for 20 min or only started recording the
slugs after each side was at least visited for one minute, did not reveal a difference in
the time spent on each side. A potential exploration of the plastic container can thus
be considered less relevant, as shown in other studies before (Miyamoto et al., 2015;
Schmitt & Wagele, 2011). Hence, we did not include an acclimation phase before the
start of the recording, similar to other studies (Cartaxana et al., 2018; Miyamoto et
al., 2015; Schmitt & Wiagele, 2011; Weaver & Clark, 1981). We conducted our experi-
ments during the daytime (between 10 a.m. and 2 p.m.) and thoroughly cleaned the
container with distilled water after each experimental run. This set-up resulted in
four groups composed of White/Normal (n=12), White/Mono (n=12), Red/Normal
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(n=24), and Red /Mono (n=24) that were observed freshly fed (Fed), after one (St_1),
two (St_2), and three (St_3) weeks of starvation.
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FIGURE 3.1: Scheme of the experimental setup. The behavior of the slugs was recorded
for one hour, and the number of changes between the two areas and the time spent
in each area were determined. Each slug was always tested in the same compartment
during the starvation experiment. We either used the culturing light of the slugs, or red
vision LED chips with an emission peak at 625 nm.

Statistical analyzes

We statistically analyzed whether there were differences in the time spent in light,
the number of changes between the two areas, and differences between the groups
during each observation time point. The statistical analyses were conducted using
the SciPy module in Python 3.10.10 (Virtanen et al., 2020). The data were first tested
for normality using the Shapiro-Wilk test and then analyzed using the independent
t-test or the Mann-Whitney U test when comparing White and Red samples, or the
Kruskal-Wallis test when comparing the additional effect of different observation
points within White or Red. Data were visualized using the Seaborn and Matplotlib
modules implemented in Python.

3.4 Results

The slugs prefer light, also under non-photosynthetic conditions We analyzed the
behavior of the slugs using a side choice experiment with a white-light illuminated
and a shaded area. Freshly fed animals in White/Normal (n=12) spent 82% =+ 16% of
their time in the illuminated area, and this general behavior pattern did not change
during starvation (Figure 2A). Fed animals exposed to White/Mono (n=12) spent
92% £ 12% of the experimental time in the illuminated area (Fig. 2B), but sig-
nificantly less when starved for one week (49% =+ 30%, Independent t-test; p =
0.0002; Fig. 1B). After two and three weeks of starvation, White/Mono animals
spent more time in the light compared to the first week of starvation (60% =+ 36%,
Mann-Whitney U test; p = 0.08 and 83% =+ 12%, Mann-Whitney U test; p = 0.005,
Figure 2B). We found a significant difference between the White/Normal and the
White/Mono group for fed specimens (Mann-Whitney U test; p = 0.03), where the
White/Normal group spent significantly more time in the white-illuminated area
after one week of starvation (Mann-Whitney U test; p = 0.006).

Subsequently, we performed the same experiments but used a red light instead
of a white light. Like under white light, freshly fed animals (Red/Normal; n=24)
spent 87% =+ 14% of their time in the red-illuminated area (Fig. 2C), which decreased
gradually during the three weeks of starvation to 74% =+ 30% but not significantly
(Mann-Whitney U test; p > 0.3). When exposed to Mono, fed slugs (Red/Mono;
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FIGURE 3.2: Relative time of individuals of Elysia viridis spent in the illuminated and
shaded area of our side-choice experiment while freshly fed (Fed), or starved for one
(St_1), two (St_2), or three (St_3) weeks. (A) Individuals cultured under regular con-
ditions and tested with white light (White / Normal; n=12), (B) Individuals cultured
in the presence of the photosynthesis blocker Monolinuron and tested with white light
(White / Mono; n=12), (C) Individuals cultured under regular conditions, and tested
with red light (Red / Normal; n=24), (D) Individuals cultured in the presence of the
photosynthesis blocker Monolinuron and tested with red light (Red / Mono; n=24). Col-
ored bars represent time spent in the illuminated area; black bars represent time spent in
the shaded area. Error bars are the standard deviation.

n=12) spent 76% =£ 37% of their time in the red-illuminated area, which is com-
parable to the Red/Normal group (Fig. 2C, D) and then decreased to 69% =+ 31%
after three weeks of starvation. We could not find significant differences between
Red/Normal and Red/Mono starvation time points. When comparing the light
source, only Red/Mono animals starved for one week spent significantly more time
in the illuminated area than White/Mono animals (Mann-Whitney U test; p=0.002).

The activity of the slugs decreases under red light
Freshly fed White/Normal specimens showed high activity with 16 & 12 changes
during our one-hour experiment (Fig. 3A). The activity of the slugs decreased to
10 + 5 changes after three weeks of starvation (St_3), but not statistically signifi-
cant (Independent t-test > 0.05). Fed White/Mono specimens showed significantly
lower activity with 4 £ 5 changes than animals fed under regular conditions (Inde-
pendent t-test; p = 0.007). During starvation, the activity of White/Mono specimens
increased significantly to 9 + 8 changes (Independent t-test, p = 0.009) and subse-
quently decreased significantly to 6 &= 6 and 5 & 6 (Independent t-test, p = 0.047 and
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p = 0.009) after two and three weeks of starvation. White/Mono specimens starved
for three weeks were also significantly less active than White/Normal specimens
(Mann-Whitney U test, p = 0.013).
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FIGURE 3.3: Number of changes of individuals of Elysia viridis between the illumi-
nated and shaded area and the photosynthetic activity of kleptoplasts while freshly fed
(Fed), or starved for one (St_1), two (St_2), or three (St_3) weeks. (A) Individuals cul-
tured under regular conditions or in the presence of the blocker were tested with white
light. (B) Individuals cultured under regular conditions or in the presence of the blocker
were tested with red light. (C) Maximum quantum yield of individuals cultured under
regular conditions, tested under white or red light. Error bars are the standard devia-
tion. White/Normal (n=12), White/Mono (n=12), Red/Normal (n=24), and Red /Mono
(n=24)

Generally, specimens exposed to red light were less active than those in white
light (Figure 3B). Freshly fed Red/Normal animals changed the sites 7 & 9 times,
which was significantly less than under White/Normal (Mann-Whitney U test, p =
0.034). During starvation, the activity of Red/Normal slugs stayed at a low level
but was only significantly lower compared to the White/Normal group after three
weeks of starvation (5 & 5, Mann-Whitney U test, p = 0.004). Fed Red/Mono slugs
were significantly less active (2 £ 2) than fed Normal/Red slugs (Mann-Whitney
U test, p = 0.028). The activity did not change substantially during starvation un-
der Mono/Red but was significantly lower after one week of starvation than under
Mono/White conditions (Mann-Whitney U test, p = 0.005).

The photosynthetic activity of kleptoplasts decreased during starvation
We monitored Fv/Fm during the experiments to ensure that the kleptoplast of all
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animals were physiological intact and in the range of known measurements of pre-
vious studies. In both groups, White/Normal and Red/Normal, the Fv/Fm de-
creased significantly during starvation from 0.694 + 0.047 and 0.741 £ 0.050, respec-
tively to 0.369 4 0.138 and 0.318 &£ 0.099 after our three-week starvation experiment
(Independent t-test, p < 0.001; Fig. 3C). Additionally, after the three weeks of star-
vation, there was a significantly lower Fv/Fm in Red/Normal starved animals than
White/Normal (Independent t-test, p = 0.015). Still, these values fall well below 0.4
— a level at which PAM-derived fluorescence signals increasingly conflate with in-
strument noise or baseline shifts (Kalaji et al., 2014; Zhang et al., 2020) — suggesting
that the differences are unlikely to reflect genuine physiological variation and may
instead arise from measurement artefacts or sampling uncertainty.

3.5 Discussion

Our results show that Elysia viridis spent the most time in the illuminated area, in-
dependent of the light source, the starvation condition, and kleptoplast photophys-
iological state. This behavior of E. viridis is likely driven by searching for food, at
least in a laboratory setting, because the slug species was reported to avoid food
in darkness (Cartaxana et al., 2021). Other sacoglossans feed at night, such as the
NR species Oxynoe antillarum Morch, 1863 and the StR species Elysia tuca Ev. Mar-
cus & Er. Marcus, 1967 (Weaver & Clark, 1981). These species preferred either low
light conditions or darkness over light, which is probably based on their feeding
behavior. Species known to feed during the late afternoon, such as the LtR species
Elysia crispata Morch, 1863 (Weaver & Clark, 1981) or during the day, such as the LtR
species Costasiella ocellifera (Simroth, 1895), chose the light over darkness (Weaver &
Clark, 1981). Furthermore, these previous and our experiments were performed at
midday. Hence, the phototactic behavior we observed might simply be based on
searching for food algae. This food-oriented photobehavior is common to other ani-
mal that are not harboring photosynthetic symbionts (Jékely, 2009) and suggests that
the orientation towards light is a fundamental behavior of Elysia viridis. In addition,
the nudibranchs were kept in the laboratory and acclimatized to unnatural condi-
tions. Future experiments should therefore also be carried out with animals freshly
collected in the field under natural light conditions. In this way, the natural behavior
of nudibranchs could be better understood.

The positive phototactic behavior of different Sacoglossa does not necessarily
have to be adaptive to increase the photosynthetic activity of the kleptoplasts, as
suggested before for another species (Miyamoto et al., 2015). Such an adaptive be-
havior would be relevant if the slugs and the kleptoplasts would actively exchange
nutrients, which is known, for instance, to occur in corals and giant clams (Arm-
strong et al., 2018; Matthews et al., 2017). In Sacoglossa, whether the slugs and
kleptoplasts exchange nutrients is still unclear. During starvation, a constant ac-
cumulation of photosynthates in the kleptoplasts indicates a non-existing export of
these assimilates (Laetz & Wagele, 2019; Laetz et al., 2017b). The distribution of
photosynthates in the slug tissue during the day (Cruz et al., 2020) further favors the
digestion of kleptoplasts, which was shown to occur while feeding (Cartaxana et al.,
2023; Frankenbach et al., 2021; Maeda et al., 2012). During starvation, however, au-
tophagy is the most likely option to obtain the assimilates (Frankenbach et al., 2023;
Laetz et al., 2017a). Furthermore, because the Fv/Fm values significantly decreased
in the starving slugs, as also reported in former studies (Evertsen & Johnsen, 2009;
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Frankenbach et al., 2023; Laetz et al., 2017a; Rauch et al., 2018; Vieira et al., 2009; Ya-
mamoto et al., 2013), the dependency on fresh kleptoplasts to ensure photosynthetic
activity suggests that photosynthesis per se cannot be of significant influence for E.
viridis and its photobehavior.

Additionally, there was no difference in the photobehavior between white and
red light in E. viridis. This behavior is comparable to Berthelinia caribbea Edmunds,
1963, a non-kleptoplastic species, and the short-term-retention species Elysia tuca
(Weaver & Clark, 1981). On the contrary, the non-kleptoplastic Oxynoe antillarum
and the two long-term-retention species Elysia crispata and Costasiella ocellifera ac-
tively avoided red light (Weaver & Clark, 1981). This red-avoidance behavior re-
sembles the acoel Symsagittifera roscoffensis (Nissen et al., 2015). Yet, avoiding red
light would also inhibit photosynthesis. If these organisms behave to increase the
photosynthetic activity of their photobionts, red light should be equally preferred
as white or blue light. Yet, albeit E. viridis chose the red light, the slugs became less
motile and entered some sort of resting phase. This decline in activity during starva-
tion, which was also partially observed for individuals tested in white light, could
also stem from a stress response and lower metabolic activity in general, as proposed
in former studies (Frankenbach et al., 2023; Miyamoto et al., 2015). Why red light
induces different behavior in the slugs remains to be tested, but the presence or ab-
sence of specific photoreceptors could be relevant, as shown for corals (Gornik et al.,
2021).

We also found that Monolinuron induces a switch in the behavior during star-
vation. The reasons for this switch remain unknown, but starvation and blocked
photosynthesis (and concomitant faster degradation of the chloroplasts) might trig-
ger an increased generation of reactive oxygen species (ROS) that the slugs try to
avoid. This would then be similar to reducing damage to the kleptoplasts by avoid-
ing excessive light intensities (Miyamoto et al., 2015; Schmitt & Wagele, 2011) due to
photoprotection mechanisms that cannot fully protect the photosystems from dam-
age (Cartaxana et al., 2019; Christa et al., 2018; de Vries et al., 2013; Havurinne et al.,
2021). In prolonged starvation periods, the kleptoplasts are likely entirely damaged,
and the behavior is similar to the freshly fed state in which a constant replacement
of kleptoplasts occurs (Frankenbach et al., 2021). Thus, although Monolinuron does
not influence the life span of the animals in our experiments, it impacts the behavior
of the slugs in the first two weeks of starvation. Further studies are needed to un-
derstand why this behavior occurs and whether other slugs behave similarly with
and without functional kleptoplasts.

Previous results on Elysia viridis revealed that the slug preferred high light inten-
sities when acclimated to these light conditions (Cartaxana et al., 2018). The results
were interpreted that the kleptoplasts modulate the photobehavior of the slugs. Yet,
the study missed experiments that included low light acclimated slugs feeding on
high light acclimated algae, to understand whether the light history of the slug or the
kleptoplast is indeed relevant for the phototactic behavior. Our results point towards
a modulation of the photobehavior of the slugs based on the light history. If the klep-
toplasts were to trigger a photobehavior, we would have expected that slugs in the
photosynthesis blocker would crawl around more randomly to search for light con-
ditions that enable photosynthesis, or spend more time in the dark, similar to some
non-symbiotic animals that favor darkness over light conditions (Weaver & Clark,
1981). An algal photoacclimation-induced photobehavior was shown for the acoel
Symsagittifera roscoffensis (Serddio et al., 2011). Yet, in this system, the symbiont is
a complete organism actively supporting the worm with nutrients. For Sacoglossa,
it appears that a species-specific diurnal cycle is more relevant than optimizing the
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photosynthetic activity of the kleptoplasts. Hence, the active search for light of Elysia
viridis might simply be for searching food that inhabits the phototrophic zone.

3.6 Conclusion

The phototactic behavior of the sea slug Elysia viridis is likely based on a diurnal cy-
cle rather than increasing the photosynthetic activity of the kleptoplasts. Whether
this holds for other species, especially long-term retention species, has yet to be
tested. However, the need to search for light might simply be based on searching
for food. Chemically blocking the photosynthesis induces a behavior change un-
der white light, possibly due to increased damage to the kleptoplasts. On the other
hand, red light causes some sort of resting phase in the slugs. This induction of a
resting phase also shows that the behavior is not connected to the photosynthetic
activity of the kleptoplasts.
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4.1 Abstract

Kleptoplasty, the functional retention of photosynthetically active chloroplasts stolen
from algae, is a unique form of photosymbiosis found in sacoglossan sea slugs such
as Elysia viridis. While the question of whether sacoglossans benefit from klepto-
plasty has been extensively studied, little is known about how the presence and
functionality of kleptoplasts influence the host’s associated microbial community.
In this study, we analysed the microbiome of E. viridis under three different condi-
tions: non-incorporation of kleptoplasts (slugs fed with Cladophora sp.), short-term
retention with functional kleptoplasts (slugs fed with Bryopsis sp.), and short-term
retention with chemically inhibited photosynthesis (slugs fed with Bryopsis sp. and
kept in monolinuron). Despite identical food algae in two of the treatments, the mi-
crobial community structure and functional profiles differed significantly depend-
ing on the presence and activity of kleptoplasts. Photosynthesis inhibition led to
a distinct microbiome composition characterised by increased sulfur metabolism
pathways, such as sulfate reduction and sulfide oxidation, likely induced by oxida-
tive stress from Monolinuron treatment and disrupted photosynthesis. In contrast,
slugs, which were fed with Bryopsis sp. and retained functional chloroplasts, showed
lower microbiome diversity and were dominated by Rhodobacteraceae and Candi-
datus Megaira sp., with moderate activity in sulfur metabolism and an upregulation
of dehalogenation pathways. Interestingly, slugs fed with Cladophora sp. and lack-
ing chloroplast retention harboured the most diverse microbiome and showed up-
regulation of pathways involved in xylan and aromatic hydrocarbon degradation.
Our findings highlight the importance of considering the holobiont perspective in
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kleptoplastic systems, where microbial partners may support or respond to photo-
symbiotic function.

Keywords Kleptoplasty - Photosymbiosis Status - Monolinuron - Core Microbiome

4.2 Introduction

Among Metazoans, different forms of photosymbiosis, a symbiotic relationship be-
tween a phototrophic symbiont and a host, can be found (Melo Clavijo et al., 2018).
Within the Heterobranchia, two forms of photosymbiosis have evolved indepen-
dently: the symbiosis with dinoflagellates of the family Symbiodiniaceae and the
so-called functional kleptoplasty. The first one can be found in a group of Nudi-
branchs, the Cladobranchia, which show different modes of stability of this pho-
tosymbiosis (Rola et al., 2022). The latter has only evolved within the group of
Sacoglossa. Sacoglossan sea slugs can "steal" the photosynthetically active chloro-
plasts from their food algae and incorporate them into their cytosol (Hdndeler et al.,
2009). Species are distinguished by whether the stolen chloroplasts (kleptoplasts) re-
main photosynthetically active for up to two weeks (short-term retention: StR), for
several months (long-term retention: LtR) or if they are not able to incorporate them
at all (non-incorporation: NI; Handeler et al., 2009; Rauch et al., 2018.

The benefit of the photosymbiosis for Sacoglossa is still not well understood.
Since the ingested kleptoplasts are sequestered intracellular by the slug, adapting
both osmotically and metabolically to the new cellular environment many sacoglos-
san slugs resemble their food algae in colour, earning the nickname "crawling leaves"
(Cruzetal., 2013; Jensen, 1997; Miyamoto et al., 2015; Rumpho et al., 2006). Sacoglossa
may deter predators by using algae pigments for camouflage, known as nutritional
homochromy (Marin & Ros, 2004). Additionally, the high survival rate of short-
term and long-term retention species (StR and LtR) during starvation, lasting from
two weeks up to a month, suggests that photosynthesis and the additional energy
from photosynthetic assimilates play a key role for the slug (Cartaxana et al., 2017;
Hinde & Smith, 1975; Mitoh & Yusa, 2021). Previous studies using radio-labelled
carbon and nitrogen showed that sacoglossan slugs may use photosynthates, for ex-
ample, in the reproductive system (Cruz et al., 2020; Trench et al., 1974). However,
the active transfer of photosynthetic products from kleptoplasts to the slug’s cells
remains controversial. To enable nutrient exchange, a symbiosome membrane with
transmembrane transporters surrounding the symbiont is crucial (Matthews et al.,
2017; A. Mohamed et al., 2016). Just recently, phagosomes specialised for the main-
tenance of functional chloroplasts, so-called kleptosomes, were identified in the LtR
species Elysia crispata (Morch, 1863) (Allard et al., 2025). The study demonstrated
that E. crispata relies on these kleptosomes to retain and sustain functional chloro-
plasts. However, when starvation persists for more than six weeks, the slugs shift
from preserving the chloroplasts to breaking them down, tapping into them as a
final energy reserve. Studies on Elysia viridis (Montagu, 1804) have shown that klep-
toplasts function as storage units for starch produced during photosynthesis, hold-
ing the polysaccharides for a certain period until the slug digests the kleptoplasts
to endure longer periods of starvation (Frankenbach et al., 2021, 2023; Laetz et al.,
2017a, 2017b). In StR species, whether nutrient transporters exist in the membrane
surrounding kleptoplasts or how they access photosynthetically derived assimilates
is still unknown.
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Photosymbiosis is a complex interaction that goes beyond the relationship be-
tween host and phototrophic organisms and also involves other microorganisms
shaping the so-called holobiont. A holobiont refers to the close ecological unit con-
sisting of a host and all its associated microbial organisms. This community in-
cludes bacteria, fungi, viruses and other microorganisms that live in or on the host.
Holobionts form complex, interdependent relationships in which the microorgan-
isms often fulfil essential functions for the host, such as aiding digestion, protecting
against pathogens and regulating the immune system. The concept of the holobiont
expands the understanding of an organism from a single species-based entity to an
integrated ecosystem comprising many species that work together and contribute
to the health and function of the overall system (Baedke et al., 2020; Bordenstein &
Theis, 2008). Research on corals has demonstrated that their bacterial communities
(microbiome) play a vital role in the host’s physiology and are essential for main-
taining stable photosymbiosis. These dynamic communities are thought to support
photosymbiosis by providing the host with key elements such as carbon, nitrogen,
and sulfur (E. Curtis et al., 2023; Meunier et al., 2021; K. B. Ritchie, 2011; Rothig et al.,
2016; Voolstra & Ziegler, 2020). Beyond nutrient cycling, these bacteria may also en-
hance the host’s defence mechanisms by producing antimicrobial compounds and
outcompeting potential opportunistic pathogens (Bourne et al., 2016; Daniels et al.,
2015; Radecker et al., 2015; Silveira et al., 2017).

Aside from corals, little is known about the interaction between the microbiome
and other photosymbiotic hosts. Only a few studies have examined the microbiomes
of photosymbiotic sea slugs, and most have focused on describing the observed bac-
teria without conducting metabolic profiling. For example, Elysia rufescens’ (Pease,
1871) microbiome was dominated by Mycoplasma spp. and Vibrio spp. and showed
a high bacterial richness in its mucus (Davis et al., 2013). Elysia chlorotica A. Gould,
1870 harbours a diverse microbiome, mainly consisting of Actinobacteria, Bacilli,
Flavobacteria, and Sphingobacteria with notable differences between wild-caught
and laboratory-reared slugs (Devine et al., 2012). Mahadevan and Middlebrooks
(2020) conducted a microbiome analysis of eight wild-caught Elysia crispata and
identified significant variation in the metabolic pathways between individuals, sug-
gesting that many of these microbiome relationships are opportunistic rather than
obligate, with the microbiome primarily shaped by the food algae. However, a study
on the photosymbiotic cladobranch Berghia stephanieae (A. Valdés, 2005) found that
its microbiome does not originate from its food source or the water column, suggest-
ing a vertical transfer of symbiotic bacteria, which appear to be essential for nitrogen
cycling (Sickinger et al., 2024).

We chose Elysia viridis for our microbiome and metabolic profiling analysis as
it is classified as non-incorporation (NI), StR, or LtR depending on its food algae.
Kleptoplasts from the algae Codium tomentosum can remain functional in E. viridis
for several weeks (LtR), whereas kleptoplasts from Bryopsis sp. are of limited use
in terms of photosynthetic capacity (StR). The plastids of Cladophora sp. cannot be
taken up by the slug at all (NI; Rauch et al., 2018). This now enables us to understand
functional kleptoplasty in a more detailed way. The object of the current study was
to understand if the bacterial community of E. viridis shifts in the presence or ab-
sence of kleptoplasts by feeding the slug Bryopsis sp. or Cladophora sp.. Additionally,
we treated E. viridis fed with Bryopsis sp. with the photosynthesis blocker Mono-
linuron, to assess whether a non-functioning kleptoplast and chemically inhibiting
photosynthesis affects the slug’s microbiome.
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4.3 Methods

Culturing and sampling

Elysia viridis was collected in the Baltic Sea in the area of Bockholmwik, Germany
(54°4952.3"N 9°36’51.3"E) in August 2022 from either Bryopsis sp. or Cladophora sp.
and subsequently cultivated in the laboratory of the University of Wuppertal, Ger-
many. All organisms were cultured in artificial seawater (ASW) at a salinity of 18
ppt with a weekly water change and maintained at 21 + 1 °C, with a light intensity
of 25-30 pmol photons m~2 s~ ! (provided by Daylight Sunrise 520, Sera), following
a 12-hour day/night cycle. Elysia viridis were kept in groups of 10 individuals in
600 ml for two months and were provided with the food source they were collected
from. After the acclimation phase, five randomly chosen slugs from each group were
snap frozen in liquid nitrogen.

The third group was fed with Bryopsis sp. for five months and were kept as
stated above. For the experiment, five slugs were randomly chosen and kept in ASW
containing the photosynthesis blocker Monolinuron (JBL Algol®) of a concentration
of 2ug/ml (M1-5) for three weeks. After these three weeks, all five slugs were snap-
frozen in liquid nitrogen for further preparation.

RNA extraction

RNA extraction was performed using the my-Budget DNA/RNA Mini Kit (Bio-
Budget Technologies GmbH, Germany) following the manufacturer’s guidelines.
RNA concentrations were quantified using a QubitTM 4 fluorometer (Invitrogen,
USA) and cDNA templates generated with 50 ng of each RNA sample using the
LunaScript® RT SuperMix Kit (NewEngland Biolabs, USA), following the manufac-
turer’s protocol.

The cDNA was used as a PCR template to analyse the bacterial community of the
slugs. We amplified the V1-V2 region of the 165 rRNA gene using primers that con-
tained Illumina adapters (underlined): V1V2forward (5-TCTTTCCCTACACGACG
CTCTTCCGATCT AGAGTTTGATCCTGGCTCAG-3), V1V2rev (5-GTGACTGGAG
TTCAGACGTGTGCTCTTCCGATCT TGCTGCCTCCCGTAGGAGT-3’) (Weisburg et
al., 1991). The adapter PCR was conducted in a total volume of 20 pL, comprising 5
pL of template cDNA, 10 pL DreamTaq Green PCR Master Mix (2X) (Thermo Fisher,
USA), and 2 pL of 10 pM primer for each. The reaction volume was adjusted to 20
pL with distilled and sterilised water. PCR amplification included 30 cycles of de-
naturation at 94°C for 1 min, annealing at 54°C for 1 min, and extension at 72°C for
1 min, with initial denaturation at 95°C for 15 min and final elongation at 72°C for
10 min. PCR products were purified using the Monarch® PCR & DNA Cleanup Kit
(NewEngland Biolabs, USA). Subsequently, an indexing PCR was performed using
the purified adapter PCR products to attach Illumina sequencing adapters contain-
ing TrueSeq indices. Index PCR was executed in a 20 pL volume with 5 pL of the
previously purified adapter PCR product, 10 uL Q5® High-Fidelity 2X Master Mix
(NewEngland Biolabs, USA), 1 pL of 10 uM forward and reverse index primer each,
and 3 pL distilled and autoclaved water. The index PCR products were purified
with the Agencourt AMPure XP magnetic bead system (Beckman Coulter, USA).
Final DNA concentrations were quantified using a QubitTM 4 Fluorometer before
equimolar pooling of samples. The pooled samples were sequenced on an Illumina
MiSeq platform, utilising a 2x250bp paired-end approach, targeting at least 30,000
reads per sample.
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Sequencing data workflow and diversity analyses

Raw, demultiplexed MiSeq reads were joined in QIIME2 v2023.9 (Bolyen et al., 2019),
and denoising was performed with the DADA2 plugin (Callahan et al., 2016), ap-
plying a maximum error rate of 2. Taxonomic assignments were executed in QI-
IME2 against a SILVA database (v132) (Quast et al., 2012). Any amplicon sequence
variants (ASVs) identified as eukaryotes, mitochondria, or chloroplasts were subse-
quently filtered out. The relative abundance of bacterial families, along with alpha
and beta diversity calculations, as well as statistical analyses, were conducted in QI-
IME2 v2023.9 (Bolyen et al., 2019) and R v4.0.3 (R Core Team, 2021), with significance
set at p <0.05. The Shannon index (Shannon, 1948) was employed to describe and
compare alpha diversity across samples. Differences in Shannon diversity between
samples were assessed using one-way analysis of variance (ANOVA, Girden, 1992).
Beta diversity differences were examined using Bray—Curtis dissimilarity matrices
(Bray & Curtis, 1957) and tested via permutational multivariate analysis of variance
(PERMANOVA, M. J. Anderson, 2001). A Principal Coordinate Analysis (PCoA) plot
illustrating the variation in community composition among samples, paired with the
Shannon index, was generated in R v4.0.3 using the packages devtools (Wickham et
al., 2022), ggplot2 (Wickham, 2016), tidyverse (Wickham et al., 2019), and giime2R
(Bisanz, 2018). Differences in pathway abundance between groups were evaluated
using ANOVA or, if the data deviated from normality and/or homogeneity of vari-
ance, by Kruskal-Wallis-Test (Kruskal & Wallis, 1952).

Core Microbiome

The core microbiome was analysed in QIIME2 v.2021.4. Using the command giime
feature-table core-features, a list of ASVs, present in at least 80% of the samples
analysed was created for each sample group. Venn diagram, dot plot and pie charts
were created in R v4.0.3 using the packages ggplot2 and RColorBrewer (Neuwirth,
2022).

Pathway Abundance

ASV IDs were removed and ASVs sharing the same taxonomic assignment were ag-
gregated utilising the web server METAGENassist (Arndt et al., 2012). Furthermore,
unassigned and unmapped reads were omitted and filtered based on the interquar-
tile range (IQR; Hackstadt and Hess, 2009). The resultant dataset comprised 935
variables normalised across samples by sum and across taxa by Pareto scaling.

Subsequently, data analysis focused on the "metabolism" phenotype, employing
the Spearman distance measure to cluster the most prevalent metabolic processes.
Differences in pathway abundance among conditions were assessed using META-
GENassist through one-way analysis of variance (ANOVA) and Tukey HSD post
hoc comparison of means. Statistical significance was established at p <0.05.

A heatmap combined with agglomerative hierarchical clustering depicting pu-
tative functional disparities based on the bacterial community composition of each
sample was generated using METAGENassist.

44 Results

DNA sequencing produced 8,403,136 reads across all samples (n = 15). After merg-
ing, denoising, and chimera filtering, 4,127,574 reads remained. After removing
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contaminants, 2,808,468 ASVs were kept (Additional File 1: Table 1 and 2). Rarefac-
tion curves for bacterial sequences plateaued in all samples, suggesting sufficient
sequencing depth to capture bacterial species diversity (Additional File 2: Figure 1).

The core microbiome of E. viridis reflects the functionality of retained chloro-
plasts

E. viridis fed with Cladophora sp. (C) showed the highest alpha-diversity metric
(Shannon indices), while one slug fed with Bryopsis sp. (B1) showed the lowest
Shannon indices. A one-way ANOVA revealed a statistically significant difference
in Alpha-diversity metrics (Shannon index) between at least two groups (F(5,12) =
15.96, p <0.001). Subsequent Tukey’s HSD Test for multiple comparisons indicated
that the groups C-M and B-C differed significantly (Additional File 1: Table 3). In
contrast, slugs fed with Bryopsis sp. (B) and Mono+Bryospis sp. (M) did not differ
significantly compared to each other (Additional File 1: Table 3). PCoA visualisa-
tion of beta-diversity using the Bray—Curtis dissimilarity index revealed a coherent
grouping of group B, C, and M, respectively (Fig. 4.1A; Additional File 1: Table 4).
PERMANOVA testing (999 permutations) indicated that bacterial community struc-
ture varied significantly depending on the feeding condition (pseudo-Fz = 10.2782,p
= 0.001). Pairwise comparisons between all conditions did yield significant differ-
ences between all groups (Additional File 1: Table 5).
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FIGURE 4.1: (A) Principal Coordinate Analysis (PCoA) plot of alpha- and beta-diversity
based on Bray-Curtis dissimilarity. Size of circle indicates Shannon diversity index, and
colour of circle represents the feeding condition (fed with Bryopsis sp. (B), Cladophora
sp. (C), or with Bryopsis sp. and kept in Monolinuron (M). (B) Venn diagram comparing
core microbiome composition of E. viridis under different feeding conditions. Numbers
indicate the total abundance of either unique or shared ASVs.

On the species level, all slugs shared 61 ASVs of their core microbiome. Slugs of
the group M and B shared only 10 ASVs, group C and M 34 ASVs, and group B and
C 71 ASVs of their core microbiome. Slugs fed with Cladophora sp. (C) showed the
highest number of unique ASVs with 128, followed by slugs fed with Bryopsis sp. (B,
63 ASVs) and slugs of group M (46 ASVs) (Fig. 4.1B, Additional File 3: Figure 1).

Almost all 61 shared ASVs were represented in very small numbers with a rel-
ative frequency lower than 4%. The uncultured bacterium of the family Rhodobac-
teraceae was the only bacterium with an abundance of over 4% shared between all
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slugs. Group C and M further shared the bacterium Marivita sp., which also oc-
curred in group B, but with under 1% much less abundant (Additional File 1: Table
6 and 7).

In slugs of group B, an uncultured bacterium of the family Rhodobacteraceae
accounted for 32.3% of the core microbiome, Alteromonas sp. for 15.6%, an uncul-
tured Gammaproteobacterium for 12.4%, and 11.4% was identified as a bacterium
of the obligate symbiotic genus Candidatus Megaira. ASVs that were present less
than 4% were clustered under "Others". The core microbiome of E. viridis fed with
Cladophora sp. (C) consisted of 17.3% of an uncultured bacterium Phaedactylibacter
sp., 14.2% of Marivita sp., 9.6% of an uncultured bacterium Rhodobacteraceae, 9%
of Tenacibaculum sp. and 4.7% of the family Cyclobacteriaceae. In slugs of group M
the core microbiome showed 16.5% classified as Catenovulum sp., 16.4% as Marivita
sp., 10.7% as uncultured Rhodobacteraceae, 10.4% as Donghicola sp., 5.1% as an un-
cultured bacterium of the family Simkaniaceae, and 4.6% as Owenweeksia sp.. (Fig.
4.2).

17.3%

27.5%
\ 44.1%

9%
15.6%

14.2%

Phaedactylibacter sp. Marivita sp.
[l Cyclobacteriaceae B Candidatus Megaira sp.
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Tenacibaculum sp. Alteromonas sp.
[ Rhodobacteraceae Catenovulum sp.
[l Donghicola sp. B simkaniaceae
Others

FIGURE 4.2: Core microbiome of E. viridis under different feeding conditions. All ASVs
found in at least 80% of all samples of the corresponding condition were classified as "B
core microbiome", "C core microbiome", or “M core microbiome”. Each colour denotes a
unique ASV represented by more than 4%; rare ASVs have been condensed in the group
"Others" and are shown in grey.

The change in bacterial communities causes significant differences in the
regulation of metabolic pathways

We further determined the metabolic pathway abundances of each sample and com-
pared them regarding the condition (Additional File 1: Table 8).

E. viridis of group M and C clustered together, respectively, indicating homo-
geneity in the enrichment and depletion of metabolic pathways. Group B did not
cluster together due to sample B3, which clustered closer to group C (Fig. 4.3).

Testing for differences (ANOVA or Kruskal-Wallis Test) and Post hoc testing (ei-
ther Tukey’s HSD or Dunn’s test with Bonferroni correction; see Additional File 1:
Table 9 for further information) revealed the most statistically significant differences
in the regulation of the metabolic pathways between group M and C, with a total
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FIGURE 4.3: Taxonomy-based functional profiling of bacterial communities. Heatmap
combined with agglomerative hierarchical clustering displaying changes in putative
functional differences between the three groups B (fed with Bryopsis sp.), C (fed with
Cladophora sp.), or M (fed with Bryopsis sp. + Mono) on a relative scale, with enrichment
indicated in red and depletion in blue.

of 6 pathways out of 11. The pathways which differed were Sulfate reducer, De-
halogenation, Sulfide oxidiser, Chitin degradation, Xylan degrader and Degrades
aromatic hydrocarbons, whereby the first four pathways were upregulated in group
M and the last two pathways were upregulated in group C. Group M and B showed
significant differences in 4 pathways: Sulfide oxidiser, Chlorophenol degrading, and
Sulfur metabolising were the pathways upregulated in group M, whereas Denitrify-
ing was downregulated in group M. Based on testing for differences, Groups B and
C showed significant differences in 4 pathways. In group C, the pathways Sulfide
oxidiser, Degrades aromatic hydrocarbons and Streptomycin producer were upreg-
ulated and the pathway Denitrifying downregulated.

4.5 Discussion

Depending on its food source, E. viridis can be classified as a non-, short-, or long-
term photosymbiotic slug. In this study, we fed E. viridis with the alga Cladophora sp.,
whose chloroplasts are not retained by the slug, and Bryopsis sp., from which the slug
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incorporates chloroplasts, making it a short-term retention form (Rauch et al., 2018).
Additionally, we kept group M in artificial seawater (ASW) with Monolinuron, an
algicide commonly used in photosynthesis studies with Elysia sp. to investigate the
influence of a non-functioning chloroplast on the microbiome of the slug.

Slugs fed with Cladophora sp., which do not retain chloroplasts and lack active
photosynthetic performance, exhibited the highest alpha diversity based on the Shan-
non index. In contrast, Groups B and M showed no significant differences in alpha
diversity. However, beta diversity analysis using the Bray-Curtis index revealed
clear clustering patterns, indicating that while Groups B and M had similar diver-
sity and abundance, all three groups differed significantly in their overall bacterial
community composition. The core microbiome analysis showed that only 61 out of
413 ASVs were shared across all three groups, albeit at very low abundances. The
core microbiome refers to a group of microbial taxa, along with their genomic and
functional traits, that are consistently associated with a specific host or environment
(Risely, 2020; Turnbaugh et al., 2007). We applied an 80% occurrence threshold,
meaning that any ASV present in at least 80% of samples was considered a core
member, even if at low abundance, to account for rare taxa with potential ecological
or functional relevance (Neu et al., 2021). Rhodobacteraceae was the most abundant
ASV in the core microbiome of E. viridis, regardless of the feeding alga. This di-
verse family of gram-negative bacteria includes both chemoorganotrophic and pho-
toheterotrophic species (Pujalte et al., 2014). Group M had the lowest number of
unique ASVs (46), followed by Group B (63), while Group C exhibited the highest
number of unique ASVs (128). This suggests that the absence of functional chloro-
plasts in Group C allows for greater microbiome diversification compared to the
other groups.

Group B vs. Group M

Interestingly, groups B and M shared the fewest ASVs, with only 10 matches, al-
though the slugs were fed with the same algae; one group was treated with Mono-
linuron. The cluster formation, as well as the few overlaps between group B and
M, clearly show that Monolinuron affects the microbiome. The core microbiome of
group B was dominated by Rhodobacteracea, followed by Alteromonas sp., Gamma-
proteobacteria and Candidatus Megaira sp.. Candidatus Megaira sp. is an obligate
symbiont and can be found in a diversity of eukaryotic hosts such as protist (i.e.
Paramecium spp.; Davison et al., 2023; Pasqualetti et al., 2020), green algae (i.e. Bry-
opsis sp., Volvox carteri; Hollants et al., 2013; Kawafune et al., 2015) and cnidarians
(i.e. Hydra sp., Montastraea faveolate; Augustin et al., 2017; Sunagawa et al., 2009). We
assume that Candidatus Megaira sp. is associated with the gut content of E. viridis, as
it has previously been detected in the gut content of various other species, including
ascidians, fish, and worms (Dishaw et al., 2014; Miyake et al., 2016; Murakami et al.,
2017). Moreover, this bacterium was exclusively found in group B, and since Candi-
datus Megaira sp. has already been detected in Bryopsis sp., its presence in E. viridis
seems plausible (Hollants et al., 2013). Group B was the only group that did not
group together in the taxonomy-based functional profiling of bacterial communities,
as sample B3 coincided with group C and showed downregulation in all indicated
pathways. Slugs of group B overall showed low bacterial activity in the sulfur cycle,
but an upregulation of sulfate reduction and dehalogenation. In contrast, in slugs
treated with Monolinuron and fed with Bryopsis sp., there was a significant increase
in the bacterial sulfur cycle, particularly in the pathways sulfur metabolising, sulfur
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reducer and sulfide oxidiser. Monolinuron is a herbicide that disrupts photosynthe-
sis in photosystem II (PSII) by binding to the plastoquinone binding site (QB) of the
D1 protein in chloroplasts, thereby preventing the normal electron transport process
(Gatidou et al., 2015). As a result, the excess light energy that cannot be utilised
accumulates, leading to oxidative stress. This oxidative stress causes damage to
lipids and other cellular components within the photosynthetic organism (Krieger-
Liszkay, 2005). As a result, glutathione is formed, which reduces hydrogen peroxide
and lipid peroxide (Lu, 2013). A key factor in glutathione synthesis is the availability
of cysteine, a sulfur-containing amino acid. The y-glutamyl cycle enables the contin-
uous recycling of glutathione as a cysteine source. In this cycle, glutathione forms
y-glutamyl compounds with amino acids, which are then broken down, regenerat-
ing glutathione and releasing the amino acid inside the cell. Most cells efficiently
absorb cysteine, which is primarily reincorporated into glutathione, while some is
used for protein synthesis or converted to sulfate (Lu, 2013; Ripps and Shen, 2012;
Turley et al., 1988; Additional file 4: Figure 1). This would explain the upregula-
tion of the pathways Sulfate reducer, Sulfide oxidiser and Sulfur reducer as the extra
Sulfate released by the cysteine degradation is metabolised by sulfate-reducing bac-
teria and sulfide-oxidising bacteria Bradymonadales sp. or Paracoccus sp., which were
more present in group M. This highlights the effect of Monolinuron and the result-
ing oxidative stress in shaping the microbiome and differentiating it from Group B,
despite both groups consuming the same algae. Further experiments, such as glu-
tathione quantification and measurement of the superoxide dismutase enzymatic
activity, would give more insights into the effect of Monolinuron on E. viridis.

Although slugs in Group M were fed for a longer period (five months) compared
to Group B (two months), we do not consider feeding duration to be a major factor
influencing microbiome composition. If time had a strong impact, we would expect
Group B, having a shorter feeding period and thus a supposedly less stabilised mi-
crobiome, to show greater variability among samples. However, microbiome com-
position within Group B is remarkably consistent, suggesting that a stable commu-
nity is already established after two months. Conversely, if prolonged feeding time
alone shaped the microbiome, Groups B and M, both fed with Bryopsis sp., should
exhibit similar microbial communities. Instead, we observe significant differences
between them, indicating that even three weeks of Monolinuron treatment were suf-
ficient to induce distinct shifts in the microbiome. This is further supported by the
lower number of unique ASVs in Group M, pointing to a more selective and poten-
tially stress-adapted microbial community shaped by Monolinuron exposure rather
than by feeding duration.

Group B vs Group C

Group B and group C shared the highest number of ASVs, with 71 bacteria. Slugs
that were fed Cladophora sp. and did not retain chloroplasts had a core microbiome
primarily composed of Phaedactylibacter sp. and Marivita sp., followed by Tenacibac-
ulum sp., Rhodobacteraceae, and Cyclobacteriaceae. The genus Tenacibaculum, part
of the Flavobacteriaceae family, includes eight species known to be fish pathogens.
These species are responsible for tenacibaculosis, a disease characterised by epider-
mal lesions, skin and fin erosion, and respiratory distress (Avendafio-Herrera et al.,
2006; Frisch et al., 2018). In this study, Tenacibaculum sp. was detected not only in
group C but also in groups M and B, though at lower abundances (<4%). How-
ever, it remains unclear whether the Tenacibaculum sp. found here has pathogenic
potential. All slugs appeared healthy, showing no signs of distress and continuing
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to feed normally throughout the experiment. Beyond its role as a pathogen, the eco-
logical function of Tenacibaculum spp. is not yet fully understood. Many members
of the Flavobacteriaceae family are capable of degrading polymers such as polysac-
charides, chitin, agar, and cellulose, contributing significantly to carbon cycling in
marine environments (Almeida et al., 2021; Romero et al., 2014). Specifically, envi-
ronmental Tenacibaculum spp. are enriched in response to increased polysaccharide
availability (Bunse et al., 2021; Taylor et al., 2014).

Interestingly, group C showed downregulation in all anaylsed pathways except
for the pathways Degrades aromatic hydrocarbonates and Xylan degrader, which
were significantly upregulated compared to group B and M. Polycyclic aromatic
hydrocarbons are hydrophobic, planar aromatic molecules composed of two to six
benzene rings arranged in linear, clustered, or angular configurations (Mojiri et al.,
2019; Patel et al., 2020). Due to their hydrophobic nature, polycyclic aromatic hydro-
carbons can diffuse across cell membranes and accumulate within cells (Gao et al.,
2013). Once inside, these compounds can disrupt membrane function and interfere
with embedded proteins, making them particularly harmful. Cladophora vagabunda
(Linnaeus) Hoek, 1963, but also other algae species such as Ulva lactuca Linnaeus,
1753 are known to accumulate and to metabolise polycyclic aromatic hydrocarbons
(Gonzaélez et al., 2021, 2022; Kirso & Irha, 1998; Othman et al., 2023). This would
promote the occurrence of bacteria such as those known to metabolise PHAs in slugs
which were fed with Cladophora sp. in our study.

Group C vs Group M

While Groups C and M differed in their overall microbiome composition, they shared
more ASVs compared to Group B. Groups C and M shared a total of 34 ASVs, of
which the bacterium Marivita sp. showed the highest abundance of the shared bacte-
ria. The genus Marivita belongs to the family Rhodobacteraceae, and several species
have been described to have aerobic anoxygenic photosynthesis genes (Budinoff et
al., 2011; Hwang et al., 2009). Aerobic anoxygenic phototrophic bacteria are thought
to play an important role in carbon cycling by relying on organic matter substrates
and acting as sinks for dissolved organic carbon (A. E. Ritchie & Johnson, 2012).
Her,e it seems that the absence of a functioning chloroplast promotes the abundance
of Marivita sp..

4.6 Conclusion

This study is the first to investigate how the photosymbiotic status of E. viridis, rang-
ing from non-retaining to short-term chloroplast retention with or without photo-
synthetic activity, influences its associated microbiome. We show that both the pres-
ence and functionality of kleptoplasts significantly shape the microbial community
composition and predicted metabolic potential. Slugs with inactive or absent chloro-
plasts exhibited higher microbial diversity, while those with functional kleptoplasts
harboured distinct communities with altered functional profiles. Inhibition of pho-
tosynthesis by Monolinuron led to pronounced shifts in sulfur metabolism, likely as
a response to oxidative stress. These findings underscore the role of photosymbiosis
in structuring the E. viridis holobiont and emphasise the importance of considering
symbiotic function in microbiome studies.
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Supplementary Materials

The supplementary material is included in the digital version of this thesis.

Additional File 1

— Table 1. ASV table. Number of ASVs organised by sample and treatment and after
filtering and denoising. Biosample ID and Accession number are included for each
sample. — Table 2. Absolute abundance of bacterial families across all samples. —
Table 3. Results of ANOVA based on Shannon alpha diversity metric and pairwise
t-tests between conditions. — Table 4. List of vectors PC1 and PC2 of PCoA plot and
Shannon entropy for each sample. — Table 5. Results of PERMANOVA based on
Bray-Curtis beta diversity metric and pairwise comparison of conditions. — Table
6. Absolute abundance of core bacteria species for all samples. — Table 7. Relative
abundance of core bacteria species for all samples. — Table 8. List of absolute path-
way abundance for all samples. — Table 9. Results of the statistical analysis of the
metabolic pathways between the different conditions.

Additional File 2

— Figure 1. Rarefaction curves illustrate ASV richness as a function of sequencing
depth for subsampled dataset. The three groups shown correspond to E. viridis fed
with Bryopsis sp. (B), with Cladophora sp. (C), Bryopsis sp. + Monolinuron (M).

Additional File 3

— Figure 1. Dot plot showing absolute frequencies of the 61 shared ASVs of E.
viridis’ core microbiome under different feeding conditions. B (fed with Bryopsis
sp.), C (fed with Cladophora sp.), or M (fed with Mono+Bryopsis sp.). Colour scale
indicates relative frequency, circle size indicates absolute frequency.

Additional File 4

— Figure 1. Cysteine degradation to sulfate and the resulting sulfate degradation by
bacterial metabolic pathways.
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5.1 Abstract

The precise mechanisms that allow animals and phototrophic organisms to form a
stable photosymbiotic relationship are still unknown. While previous studies fo-
cused on genomic adaptations of the animal host, more recent research looked into
the role of bacteria in photosymbiosis. Here, we analyzed the core microbiome of
the sea slug Berghia stephanieae and its food source Exaiptasia diaphana to understand
if the microbiome and the linked bacterial metabolic pathways differ between unsta-
ble and stable photosymbiosis. This sea slug feeds solely on the model cnidarian E.
diaphana and steals their photobionts which the slug can only maintain for a week.
We additionally examined the influence of light and starvation stress on the slug’s
bacterial composition, which are common experimental set-ups to elucidate the pho-
tosymbiotic relationship in the slugs. Our results show that the core microbiome of
B. stephanieae and E. diaphana differed significantly suggesting that the slug’s mi-
crobiome is not obtained from its food source or the water column and indicates
a vertical transmission. Further, differences in metabolic pathways imply that the
microbiome of B. stephanieae does not support a stable photosymbiosis due to an
insufficient nitrogen cycle on part of the photobiont. Starving the slugs induced a
shift towards an increased abundance of potential pathogens and led to a downreg-
ulation in the sulphur cycle. Yet, starvation in darkness resulted in the depletion
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of most bacteria and induced a metabolic switch toward bacterial nitrogen fixation.
This emphasizes that different holobiont members contribute to essential nutrient
cycles, and it is important to look beyond the photobiont to understand the sea slug
holobiont.

Keywords Exaiptasia diaphana - Nudibranchia - Photosymbiosis - Core microbiome
- Starvation - Light stress

5.2 Introduction

Photosymbiosis is a symbiotic relationship between a heterotrophic and a phototro-
phic organism (Cowen, 1988). While this symbiosis is best known for corals that
harbour Symbiodiniaceae Fensome, Taylor, Norris, Sarjeant, Wharton & Williams,
1993 (Muscatine & Porter, 1977) photosymbiosis is quite prevalent among meta-
zoans (Melo Clavijo et al., 2018). Porifera, for instance, can establish symbiotic re-
lationships with photoautotrophic cyanobacteria, chlorophyte algae, or Symbiodini-
aceae (Diaz et al., 2007; Hill et al., 2011; Reisser, 1984). Tropical colonial ascidians
establish photosymbiosis with cyanobacteria of the genus Prochloron (Hirose, 2015)
or Synechocystis trididemni (Hirose et al., 2009) and even several molluscs, includ-
ing bivalves and heterobranch sea slugs, are photosymbiotic. While bivalves are in
symbiosis with Symbiodiniaceae, in Heterobranchia Burmeister, 1837 two types of
photosymbiosis can be distinguished. Sacoglossa Bergh, 1867 can incorporate pho-
tosynthetically active chloroplasts in their cytosol from their food algae (Handeler
et al., 2009; Rauch et al., 2018), a phenomenon known as functional kleptoplasty
(Héndeler et al., 2009). Among Nudibranchia Cuvier, 1817 members of the suborder
Cladobranchia are known to incorporate symbionts of the family Symbiodiniaceae.
These slugs must acquire new symbionts (photobionts) in each generation by feed-
ing on photosymbiotic cnidarians and, in a special case, by filtering water (Burghardt
& Wigele, 2014). The photobionts are then incorporated into epithelial cells of the
digestive gland system and remain photosynthetic (Burghardt, Stemmer, & Wagele,
2008; Burghardt et al., 2005; Rola et al., 2022).

Photosymbiosis is considered to be highly advantageous for the animal host. Yet,
aside from corals, the photobionts” contribution to the hosts” physiology is poorly
understood. Previous studies used starvation experiments under photosynthetic
and non-photosynthetic conditions to investigate the stability and benefits of the
photosymbiosis between Heterobranchia sea slugs and their photobionts (Kempf,
1991; Melo Clavijo et al., 2018; Monteiro et al., 2019; Silva et al., 2021; Teugels et
al., 2008). When starved in the light, the slugs lost weight less rapidly compared
to those starved in the dark (Hawes & Cobb, 1980; Hinde & Smith, 1975; Hinde &
Smith, 1972). This indicates a beneficial effect of light on the slugs probably due to
the nutritional support by the photobionts. Further, degraded cells of Symbiodini-
aceae in the feces of starving photosymbiotic sea slug species, suggest that slugs can
also obtain nutrients by digesting the algae (Kempf, 1984). Aside from starvation,
light stress is also often used that leads to the photodynamic production of reactive
oxygen species (ROS) by the photobiont, causing additional stress for the host (Hal-
liwell & Gutteridge, 1985). This formation of ROS has also been observed for Sym-
biodiniaceae which have been kept in the dark (Tolleter et al., 2013). Melo Clavijo
et al. (2022) showed that starvation stress before feeding enhances ROS quenching
in the sea slug Berghia stephanieae, notably inducing glutathione peroxidase (Melo
Clavijo et al., 2022). These studies, however, neglect that the slugs not only harbour
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algal symbionts but also host a variety of bacteria phyla. Consequently, light and
starvation stress may also affect these symbiotic bacteria, which could have conse-
quences for the entire holobiont. Such a holobiont is a biological system composed of
a eukaryotic host organism and cohabiting species from different phyla that perform
diverse metabolic, immune, and environmental adaptation-related tasks (Baedke et
al., 2020; Bordenstein & Theis, 2008). For example, the composition of the hosts’
symbiotic bacteria is important for the host and the photobiont, leading towards
an increased photochemical performance if certain bacteria are present (Matthews
et al., 2023). Hence, it is crucial to identify all organisms involved in this system to
better understand the physiology of the holobiont and its photosymbiosis.

The concept of holobiont has already been implemented in coral research, but
it’s only been in the past ten years that the microbiome’s importance for corals has
become apparent(Hernandez-Agreda et al., 2017; A. R. Mohamed et al., 2023; K. B.
Ritchie, 2011; Rosenberg et al., 2007). The bacterial communities appear to be highly
dynamic and seem to contribute significantly to photosymbiosis, providing the host
with carbon, nitrogen, and sulphur (Meunier et al., 2021; K. B. Ritchie, 2011; Rohwer
et al., 2002; Rothig et al., 2016; Voolstra & Ziegler, 2020). Despite the importance of
the microbiome for the coral holobiont and its photosymbiosis, only a few studies
investigated the bacterial communities of other photosymbiotic animals (Britstein
et al., 2020; Luter et al., 2020; Mahadevan & Middlebrooks, 2020; Ng et al., 2022;
Posadas et al., 2022; Prazeres et al., 2017; Rothig et al., 2021).

Sea slugs and their symbiotic bacteria received increased attention in past years
due to antitumor and antibiotic potential of specific heterobranch-associated bacte-
ria (Abdelrahman et al., 2021; Bohringer et al., 2017; DZunkovda et al., 2023; Elfeky et
al., 2023; Gerwick & Fenner, 2013; Kristiana et al., 2019). The detection of typical bac-
terial fatty acids, as well as ultrastructural analyses, revealed a high abundance of
bacteria, especially in the notum, indicating the involvement of bacteria in nutrition
and defence against predators (Doepke et al., 2012; Leal et al., 2012; Martinez-Pita et
al., 2005; Zhukova & Eliseikina, 2012). Heterobranchs probably obtain some of their
symbiotic bacteria horizontally from their food source (Davis et al., 2013; Mahade-
van & Middlebrooks, 2020; Schuett & Doepke, 2013), yet, the diversity of symbiotic
bacteria, as well as their contribution to the slug holobiont and photosymbiosis, are
still not well understood.

Here, we used Berghia stephanieae (A. Valdés, 2005) to shed light on the origin,
abundance, and impact of stressors on the microbiome of photosymbiotic clado-
branchs. B. stephanieae feeds exclusively on the sea anemone Exaiptasia diaphana
(Rapp, 1892), and incorporates the photobionts of its food source into cells of its
digestive gland system where they remain active for up to a week before being di-
gested or excreted (Rola et al., 2022). Both species are well-studied model organisms
in the realm of mollusc-dinoflagellate ecology (Monteiro et al., 2019; Rola et al., 2022;
Silva et al., 2023; Weis et al., 2008). E. diaphana has already been studied intensively
regarding its microbiome. Various studies showed strong overlaps in the bacterial
phyla and core microbiome (the microbial taxa shared by two or more samples from
the same host or environment) of different clonal lines of E. diaphana. These results
favoured a horizontally obtained microbiome in the anemones (Hartman et al., 2020;
Herrera Sarrias et al., 2017; Maire et al., 2021). Contrarily, Curtis et al. (2023) could
not replicate these findings and were unable to identify a shared core microbiome for
different clonal lines of E. diaphana kept under identical rearing conditions. Hence,
the microbiome in the anemones seems to be genetically shaped (vertical transmis-
sion) (E. Curtis et al., 2023). Furthermore, aposymbiotic and symbiotic E. diaphana
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show different bacterial microbiomes and core microbiomes, which seem to signifi-
cantly impact the cnidarian holobiont and indicates a horizontal microbiome acqui-
sition. These ramifications support the hypothesis that the entire holobiont adapts
to the symbiotic state and that the microbiome likely plays a significant part in pho-
tosymbiosis (E. Curtis et al., 2023; Rothig et al., 2016; Xiang et al., 2022).

In our present study, we investigated the bacterial community of the sea slug
Berghia stephanieae (A. Valdés, 2005) and its food source Exaiptasia diaphana (Rapp,
1829) as well as the aquarium water to determine the origin of the slug’s micro-
biome, hypothesizing that the slug’s bacterial composition may originate from its
food source, similar to its photobiont. Concurrently, we explored how starvation-
induced stress, combined with different light conditions (regular, high, and dark-
ness), may impact the microbiome over a week-long period. By analyzing bacterial
abundance and metabolic pathways, we aim to understand the impact of applied
light and starvation stress on symbiotic bacteria in B. stephanieae and their associ-
ation with the photobiont. While previous studies have examined photosymbiosis
under stress, none have delved into the symbiotic bacteria possibly shaping the pho-
tosymbiosis. We anticipate stress to influence bacterial composition and pathways,
potentially leading to a reduction in bacterial abundance during starvation and a
shift in composition under light stress. This investigation sheds light on the intricate
interplay between the slug and its symbiotic bacteria within the context of photo-
symbiosis.

5.3 Methods

Exaiptasia diaphana culture

Several specimens of E. diaphana were purchased from a local provider (Seepferd-
chen24 Meeresaquaristik GmbH, Germany) in January 2022 and maintained in a 55
L tank (60 cm x 30 cm x 30 cm) filled with circulating artificial seawater (ASW) (AB
Reef Salt, Aqua Medic, Germany) at a light intensity of 30 umol photons m~2 s~!
(Daylight Sunrise 520, Sera), on a 12h light/ 12h dark cycle. The salinity was kept
at 33 Practical Salinity Unit (PSU), the temperature at 21 °C, and two BactoBalls
(Fauna Marin GmbH, Germany) were added and replaced every two weeks. Fur-
ther, Artemia nauplii were cultivated using the Artemio® Set (JBL, Germany) and 16
g of Ready-to-use Artemia (brine shrimp) mixture (JBL, Germany). Anemones were

tfed with freshly hatched Artemia nauplii two times per week.

Berghia stephanieae culture

Six breeding pairs of B. stephanieae were purchased from a local provider (Seepferd-
chen24 Meeresaquaristik GmbH, Germany) in February 2019. Each pair was kept in
a 75 mm diameter plastic container with a lid (FAUST, Germany) in 35 ml ASW at
21°C, a light intensity of 30 pmol photons m2s1 (Daylight Sunrise 520, Sera), and
a day/night cycle of 12 h / 12 h. Water was changed three times per week, using
freshly prepared ASW with a salinity of 33 PSU, a pH of 8.0, and a temperature of 21
°C. Slugs were fed with small E. diaphana anemones (7 mm foot and 4 mm oral disk
or 4 mm foot and 3 mm oral disk) three times per week. Once the breeding pairs
spawned, the egg masses were collected and placed individually in 55 mm diame-
ter plastic containers with lids (FAUST, Germany) in 20 ml ASW and maintained as
stated above. The larvae were observed and fed with tentacles of E. diaphana three
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times a week immediately after hatching. When the juvenile stage was reached, the
slugs were fed with small anemones three times a week.

Sampling and sample processing

Twenty adult cladobranchs were randomly selected from the culture and separated
into four groups (n=5). Each group was placed in one 75 mm diameter container
with 35 ml ASW, and water was changed three times a week. The first group was
kept under standard husbandry conditions as described above (Fed; BS 1-5) and
were sampled directly after feeding. The second group was starved under regular
light conditions of 30 pmol photons m~2 s™! (Starved L; BS 11-15). The third group
was starved under high light with a light intensity of 90 pmol photons m~2 s~1
(Starved HL; BS 16-20), and the last group was starved under complete darkness
(Starved D; BS 21-25). After a starvation period of seven days, all slugs were snap-
frozen at -80 °C until further preparation. Five whole E. diaphana specimens were
sampled directly from the tank after feeding and snap-frozen at -80 °C until further
preparation. Water samples (W1-W5) were sampled from the aquarium and directly
processed.

Following the manufacturer’s instructions, RNA from each sample was extracted
using the TRItidy GTM (PanReac AppliChem, Spain) to get an understanding of
the functional microbiome. RNA concentrations of samples were quantified on a
QubitTM 4 Fluorometer (Invitrogen, USA). To generate a cDNA template, 50 ng of
each RNA sample or 1 pL of aquarium water was used with the LunaScript® RT Su-
perMix Kit (NewEngland Biolabs, UK) following the manufacturer’s instructions.
For DNA sequencing, bacterial DNA was amplified by PCR using primers with II-
lumina adapters (underlined) targeting the V1-V2 regions of the 16S rRNA gene:
V1V2forward (5-TCTTTCCCTACACGACGCTCTTCCGATCT AGAGTTTGATCCT
GGCTCAG-3'), V1V2rev (5-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT T
GCTGCCTCCCGTAGGAGT-3") (Weisburg et al., 1991). Adapter PCR was performed
in a total volume of 20 puL: 5 pL template cDNA, 10 nL DreamTaq Green PCR Master
Mix (2X) (Thermo Fisher, USA), and 2 pL of 10 uM of each primer. Each sample was
adjusted to 20 pL with distilled and sterilised water. The PCR amplification was per-
formed with 30 cycles of denaturation at 94°C for 1 min, annealing at 54°C for 1 min,
and extension at 72°C for 1 min. The initial denaturation and final elongation were
95°C for 15 min and 72°C for 10 min, respectively. The PCR product for each sample
was cleaned with the Agencourt AMPure XP magnetic bead system (Beckman Coul-
ter, USA). Subsequently, an indexing PCR was performed to add Illumina sequenc-
ing adapters containing TrueSeq indices. Index PCR was conducted in 20 pL volume
using 5 L of the previous purified adapter PCR product, 10 uL Q5® High-Fidelity
2X Master Mix (NewEngland Biolabs, UK), 1 pL of 10 pM of the respective forward
and reverse index primer, and 3 pL distilled and autoclaved water. The PCR am-
plification was performed following the manufacturer’s instructions. Indexed PCR
products were cleaned using the Agencourt AMPure XP magnetic bead system. Fi-
nal DNA concentrations of samples were quantified on a QubitTM 4 Fluorometer
and samples were then pooled in equimolarly and sent to the University of Saar-
brucken for sequencing on an Illumina MiSeq platform. Sequencing was conducted
with a 2x250bp paired-end approach according to the manufacturer ‘s instructions
aiming at 30,000 reads per sample.
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Sequencing data workflow and diversity analyses

Raw, demultiplexed MiSeq reads were joined in QIIME2 v.2021.4 (Bolyen et al.,
2019), and denoised using the DADAZ2 plugin (Callahan et al., 2016) with a maxi-
mum error rate of 2. Taxonomy was assigned in QIIME2 against a SILVA database
(v132) (Bolyen et al., 2019) and amplicon sequence variants (ASVs) identified as
eukaryotes, mitochondria, or chloroplasts were removed (Additional File 1; Table
1). Relative abundance of bacterial families, alpha and beta diversity calculations,
as well as statistical analyses, were performed in QIIME2 v2023.9 (Bolyen et al.,
2019) and R v4.0.3 (R Core Team, 2021) with differences considered significant at
p <0.05. Shannon index (Shannon, 1948) was used to describe and compare alpha
diversity across samples. Differences in Shannon diversity between samples were
evaluated by one-way analysis of variance (ANOVA, Girden, 1992. Differences in
beta diversity were analysed using Bray—Curtis dissimilarity matrices and tested via
permutational multivariate analysis of variance (PERMANOVA, (M. J. Anderson,
2001). Principal Coordinate Analysis (PCoA) plot showing the variation in com-
munity composition among samples paired with the Shannon index was compiled
in R v4.0.3 using the packages devtools (Wickham et al., 2022), ggplot2 (Wickham,
2016), tidyverse (Wickham et al., 2019) and qiime2R (Bisanz, 2018). Differences in
pathway abundance between groups were evaluated by ANOVA or if data deviated
from normality and/or homogeneity of variance by Kruskal-Wallis-Test (Kruskal &
Wallis, 1952).

Core Microbiome

The core microbiome was analysed in QIIME2 v.2021.4. Using the command giime
feature-table core-features, a list of ASVs, present in at least 80% of the samples
analysed, was created for each sample group. Venn diagrams and Pie charts were
created in R v4.0.3 using the packages ggplot2 and RColorBrewer (Neuwirth, 2022).
ASVs that were present less than 1% were clustered under "Others".

Pathway Abundance

ASV IDs were stripped and ASVs with the same taxonomic assignment were com-
bined using the web server METAGENassist (Arndt et al., 2012). Further, unas-
signed and unmapped reads were excluded, and 7 taxa were filtered out based on
interquartile range (IQR) (Hackstadt & Hess, 2009). The remaining 146 taxa were
normalized across samples by sum and across taxa by Pareto scaling. Data were
analysed by phenotype “metabolism” using the Spearman distance measure to clus-
ter the most abundant metabolic processes. Differences in pathway abundance be-
tween the conditions were evaluated using METAGENassist by one-way analysis
of variance (ANOVA) and Tukey HSD post hoc comparison of means. Statistical
analyses were considered significant when p <0.05. A Heatmap displaying putative
functional differences based on the bacterial community composition of each sample
was created in METAGENasisst.

5.4 Results

DNA sequencing produced 646,391 reads across anemone samples (n = 5) and slug
samples (n = 20). After merging, denoising, and chimera filtering, 372,783 reads re-
mained. After removing contaminants, 346,225 ASVs were kept. Rarefaction curves
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for bacterial sequences plateaued in all samples, suggesting sufficient sequencing
depth to capture bacterial species diversity (Additional File 2: Figure 1).

B. stephanieae’s distinct bacterial composition shifts during starvation

Sequence identification at the family level revealed noticeable differences between
the most abundant bacterial communities associated with E. diaphana and B. stepha-
nieae (Fig. 1; Additional file 1: Table 2). For instance, Endozoicomonadaceae, Clostri-
diaceae, Pleomorphomonadaceae, and Rhodocyclaceae, were the most common bac-
terial families in E. diaphana, accounting for more than 50% of all identified bacteria
(Fig. 1). In the slugs, Mycoplasmataceae, Pseudoalteromonadaceae, and Rhodobac-
teraceae were the most dominant and accounted for more than 50% of all bacte-
ria, irrespective of the experimental condition. Mycoplasmataceae were absent in
anemones, but Comamonadaceae (clustering under others for B. stephanieae fed, Fig.
5.1), Flavobacteriaceae, Propionibacteriaceae, and Beijerinckiaceae (all clustering un-

der others for E. diaphana, Fig. 5.1) were present in almost all anemones and slugs,
albeit on a low abundance.
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FIGURE 5.1: Relative frequency of the most abundant bacterial families. The ten most
abundant bacterial families across all anemone and all slug samples are represented by
a different colour. Less abundant families are grouped under “Others”
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To further identify patterns of differential abundance of ASVs, we determined
the core microbiome for each condition group (all ASVs present in at least 80% of all
samples of the respective condition; Additional File 1: Table 3 and 4). The core
microbiome of the anemones contained 41 ASVs, with 40 ASVs exclusive to the
anemones (Fig. 3 and 4A). On the ASV level of the core microbiome, several bac-
teria were highly abundant in the anemones, including Clostridium sensu stricto 11
sp. 2 (25.51 %), Rhizobiales sp. (18.42 %), Azirospira sp. (11.11 %), and Endozoicomonas
sp- (9.83 %) that in combination account for approximately 65 % of total reads of the
anemones’ core microbiome. The fed slugs’ core microbiome contained 28 ASVs,
with Mycoplasma sp. as the most abundant bacteria, accounting for 43.39 %. Be-
sides Mycoplasma sp., an unclassified Rhodobacteraceae (7.36 %), Cytophaga sp. (6.98
%), and Kordiimonas sp. (5.9 %) dominated the core microbiome of fed slugs (Fig. 3).
Only Endozoicomonas sp. was present in both the anemones” and the fed slugs’ core
microbiome (Fig. 3 and 4A).

From the 216 ASV detected in the water samples, 9 were shared with the slugs
and 4 with the anemones. None of these ASV could be taxonomically assigned dif-
ferently than "uncultured bacteria"(see Additional file 1: Table 5 and Additional File
2A).

In the slugs, starvation resulted in a microbiome composition shift, including an
increase in Mycoplasmataceae. For example, in the fed sample BS2 (B. stephanieae
fed), Mycoplasmataceae represented approximately 42% of the total, whereas in the
dark-starved sample BS 25 (B. stephanieae starved in darkness), Mycoplasmataceae
represented 76% of the total (Fig. 1). Starvation further induced the depletion of
Pseudoalteromonadaceae and Cryomorphaceae in most samples and an increase in
Moraxellaceae. Moreover, Alteromonadaceae were found only in starved slugs.

On the ASV level, starvation led to a depletion of 17 bacterial species identified
in the core microbiome of fed slugs. Fed and starved slugs shared only two bacterial
species, Mycoplasma sp. and Cutibacterium sp. in their core microbiome (Fig. 5.3B).
In starved L slugs, Mycoplasma sp. accounted for 93.19 % of all 27 identified ASVs,
Cutibacterium sp. for 2.59 %, and the remaining 25 ASVs accounted for 4.22% (Fig.
5.2). Only in starved L slugs, Enhydrobacter sp. (0.9 %, included in "Others") could
be identified (Fig 4B). The core microbiome of starved HL slugs contained 43 ASVs,
out of which 80.96 % of the reads were Mycoplasma sp., 3.49 % Methylobacterium sp.,
2.58 % Cutibacterium sp., and the remaining ASVs with an abundance lower than
2 % (Fig. 5.2). Among the starved slugs, HL slugs showed the highest number of
unique ASVs (17; Fig. 5.3B) and shared the most ASVs with a total of 15 bacterial
phyla with slugs starved in regular light (L; Fig. 5.3B). Lawsonella sp. was only
present in the core microbiome of starved L and HL slugs. In starved D slugs, the
core microbiome contained 94.70 % Mycoplasma sp., 2.84 % Alteromonas sp., and 14
ASVs that accounted for 2.46 % in total (Fig. 5.2). Paracoccus marinus, Coxiella sp.,
and unclassified Terasakiellaceae were exclusive to the core microbiome of starved
D slugs (Fig. 5.3B).

The diversity of the microbiome declines during starvation

Anemones showed the highest alpha-diversity metric (Shannon indices), while one
starved L slug (BS14) showed the lowest Shannon indices. A one-way ANOVA re-
vealed a statistically significant difference in Alpha-diversity metrics (Shannon in-
dex) between at least two groups F(459) = 20.93, p <0.001; Fig. 5.4). Subsequent
Tukey’s HSD Test for multiple comparisons indicated that the starved groups (L,
HL, and D) did not differ significantly from each other (Additional File 1:Table 4). In
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FIGURE 5.2: Core microbiome of anemone and slugs kept under different husbandry
conditions. All ASVs found in at least 80% of all samples of the corresponding condition
were classified as "E. diaphana core microbiome", "B. stephanieae fed core microbiome", “B.
stephanieae starved L core microbiome”, “B. stephanieae starved HL core microbiome”,
and “B. stephanieae starved D core microbiome”. Each colour denotes a unique ASV
represented by more than 1%; rare ASVs have been condensed in the group "Others"
and are shown in grey.
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FIGURE 5.3: Venn diagrams comparing core microbiome composition of anemone and
slug. Shared ASVs of the core microbiome of E. diaphana and fed B. stephanieae (A) and
all B. stephanieae samples (fed, starved in light (L), high light (HL) and darkness (D)) (B).
Numbers indicate total abundance of either unique or shared ASVs.
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contrast, fed slugs and the anemones differed significantly compared to all starved
groups but not to each other (Additional File 1: Table 6). PCoA visualization of beta-
diversity using the Bray—Curtis dissimilarity index revealed a coherent grouping of
anemones, fed slugs, and starved slugs, respectively (Fig. 5.4; Additional File 1: Ta-
ble 7). PERMANOVA testing (999 permutations) indicated that bacterial community
structure varied significantly depending on the husbandry condition (pseudo-F4 =
24.01,p = 0.001). Pairwise comparisons between all conditions did yield significant
differences between all groups except between Starved L and HL (Additional File
1: Table 8). Analysis of the water samples revealed significant differences in alpha
and beta diversity between water samples and fed slugs (statistical results and see
Additional Material File 1: Table 9).
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FIGURE 5.4: Principal Coordinate Analysis (PCoA) plot of alpha- and beta-diversity.
PCoA plot based on Bray-Curtis dissimilarity. Shape of circle represents taxon (anemone
or slug), size of circle indicates Shannon diversity index, colour of circle represents hus-
bandry condition (fed, starved in darkness (starvedD), high light (starvedHL), or regular
light(starvedL)

The change in bacterial communities causes significant differences in the
regulation of metabolic pathways

The observed differences in the relative abundance of bacterial taxa in E. diaphana
and B. stephanieae could indicate a functional change in the bacterial composition.
Therefore, we determined the metabolic pathway abundances of each sample and
compared them regarding the condition (Additional File 1: Table 10). Anemones and
fed B. stephanieae clustered together, indicating homogeneity in the enrichment and
depletion of metabolic pathways. However, starved L, HL, and D slugs did not clus-
ter and differed in the enrichment and depletion of metabolic pathways (Fig. 5.5).
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Regarding the regulation of metabolic pathways, “Dehalogenation” and “Ammo-
nia oxidizer” were enriched for all anemones and B. stephanieae fed samples, while
“Nitrogen fixation” was upregulated only in starved B. stephanieae samples. “Chitin
degradation”, “Sulfur metabolizing” and “Xylan degrader” were only enriched in
anemone samples (Fig. 5.5). Testing for differences (ANOVA or Kruskal-Wallis Test;
see Additional File 1: Table 11 for further information) revealed a statistically sig-
nificant difference in the regulation of the metabolic pathways between at least two
groups for all pathways except "Sulfate reducer”" (p <0.05). Post hoc testing was
conducted using either Tukey’s HSD or Dunn’s test with Bonferroni correction (Ad-
ditional File 1: Table 11 and Additional File 4: Figure 1). These revealed significant
differences in the regulation of 4 metabolic pathways between E. diaphana and B.
stephanieae fed “Chitin degradation”, “Xylan degradation”, “Sulfur metabolizing”,
and “Nitrite reducer”) with the first 3 being depleted in the slug and the last one
in the anemone. Between fed slugs and all starved slugs, significant differences in
the regulation of 1 metabolic pathway was detected (“Nitrogen fixation”) being the
only pathway significantly enriched in starved slugs. Compared to fed slugs, in HL
starved slugs, an additional 5 bacterial metabolic pathways were enriched (“Xylan
degrader”, “Degrades aromatic hydrocarbon”, “Atrazine metabolism”, “Sulfur oxi-
dizer”, and “Carbon fixation”), and in LL starved slugs 4 ("Ammonia oxidizer", De-
halogenation", "Sulfide oxidizer" and "Atrazine metabolism"). Furthermore, in HL
slugs, the pathway "Chlorophenol degrading" was significantly enriched compared
to dark-starved slugs. LL starved slugs showed no significant changes in metabolic
pathways compared to the other starved slugs.

5.5 Discussion

The slug microbiome differs from the anemone

The horizontal acquisition of the microbiome is usual for marine organisms, and
we anticipated that the slugs obtain at least part of their bacteria simultaneously
with their photobionts from the anemones. The slugs are maintained in plastic
containers devoid of any substrates (i.e. stones) capable of transmitting microbes
through physical contact, thereby minimizing potential microbial transmission. The
anemones provided for the slugs’ feeding represent the sole organisms introduced to
the container harbouring potential symbiotic microbes. Moreover, the slugs not only
consume these anemones but also manoeuvre in their proximity, facilitating phys-
ical contact and, consequently, exposure to the microbes inhabiting the anemone’s
surface. Thus, alongside the bacteria hypothesized to inhabit the slug’s gut owing
to dietary intake, an anticipated microbial overlap between the anemones and the
slugs due to physical interaction was expected. Nonetheless, such overlap was not
evident in our investigation. Additionally, we analysed the bacterial composition of
the water housing both the slugs and the anemones to ascertain whether the slugs
acquire symbiotic bacteria from this source. Our slugs exhibited an overlap of 9
out of 28 bacteria species in their core microbiome with the water. Nevertheless, all
corresponding bacteria elude species-level identification and are classified as uncul-
tured. Analysis of alpha and beta diversity further unveiled significant disparities
between the water and slug samples. According to our data, B. stephanieae receives
the majority of its microbiome vertically, not by feeding on its food anemone E. di-
aphana or the water column. Vertical transmission from parent to offspring is essen-
tial in ensuring the accuracy of the microbiome for the next generation (Rosenberg &
Zilber-Rosenberg, 2021). For instance, Porifera are known for their “sponge-specific”
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FIGURE 5.5: Taxonomy-based functional profiling of bacterial communities. Heatmap
displaying changes in putative functional differences between the five groups (E.
diaphana(anemone), B. stephanieae fed and starved in light (StarvedL), high light
(StarvedHL), and darkness (StarvedD) on a relative scale, with enrichment indicated
in red and depletion in blue.

microbiome, inherited from the parental lineage (de Oliveira et al., 2020; Funkhouser
& Bordenstein, 2013). In sea slugs, little is known about the microbiome and its ori-
gin. While the microbiome has been studied in a handful of different sea slugs, its
origin has not been explored (Abdelrahman et al., 2021; Davis et al., 2013; Mahade-
van & Middlebrooks, 2020; Ng et al., 2022). Further microbiome studies in sea slugs
will enhance our understanding of their biology and also will shed light on their
adaptations to changing environments and their potential roles in marine ecosystem
health and resilience.

The use of RNA and subsequently cDNA for microbiome analyses comes with a
few biases as well as challenges related to transcript abundance leading to an over-
representation of certain taxa compared to others, differential expression, and tem-
poral dynamics. However, we have decided to use RNA for our analysis because
we prioritize gaining functional insights into microbial communities, understand-
ing metabolic activities, and tracking responses to environmental stimuli. Despite
potential issues such as temporal bias and RNA stability concerns, RNA sequenc-
ing allows us to identify active microbial taxa and differentiate functionally redun-
dant species. Thus, we can delve deeper into microbial community dynamics and
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uncover their functional roles, ultimately enhancing our understanding of complex
ecosystems (A. L. Brown et al., 2022; Giroux et al., 2022; Laroche et al., 2017; Stewart,
2013).

In E. diaphana, Clostridium sensu stricto 11 sp. 2 and Rhizobiales sp. were the most
abundant bacteria of the core microbiome. Clostridium are ambient pathogens, es-
pecially in soils and as normal flora in the intestines of higher organisms (Wiegel
et al., 2006). Rhizobiales are diazotrophs belonging to the Alphaproteobacteria and
reside in the tissue, skeleton, and mucus of several coral species (Herrera Sarrias
et al., 2017; Lesser et al., 2007; Rohwer et al., 2002; Shashar et al., 1994). In addi-
tion to the photobiont, they are known to be involved in the production of bacterial
dimethylsulfopropionate (DMSP) (Curson et al., 2017; Kuek et al., 2022). DMSP is a
stable and soluble sulfate source and an important molecule in the marine sulfur cy-
cle involved in several cellular processes, such as antioxidant, osmolytic functions,
or cryptoprotection (Kiene et al., 2000). In our E. diaphana, the microbiome was up-
regulated in “Sulfur metabolizing” by bacteria metabolizing sulfur to DMSP, while
“Sulfate reducer” was mostly down-regulated. One possibility might be that the ab-
sorbed sulfate gets transformed into DMSP by Rhizobiales in the anemones providing
excessive sulfate to other bacterial groups as substrate. Further, we identified two
species of Endozoicomonas, a genus that is generally the highest abundant bacterial
group in the coral microbiome (Bayer et al., 2013; Hernandez-Agreda et al., 2017;
J. L. Meyer et al., 2014). According to Neave et al. (2016), the main functions of Endo-
zoicomonas for the coral holobiont are nutrient metabolism, microbiome structuring,
and antimicrobial activity (Neave et al., 2016).

In the slugs, Mycoplasma sp. is the most abundant bacterial genus, followed by
Methylobacterium cerastii and Cytophaga sp.. Mycoplasmas are obligate parasitic, in-
tracellular, and extracellular bacteria that can be the cause of numerous diseases in
humans and vertebrates. They live on and in epithelial cells from which they ob-
tain essential growth factors such as cholesterol, nucleotides, amino acids, and fatty
acids (Johansson & Pettersson, 2002; Razin et al., 1998). Still, they seem to be a key
phylum of the microbiome of many marine animals such as fish but also sea slugs
(Abdelrahman et al., 2021; Davis et al., 2013; Mahadevan & Middlebrooks, 2020; Ng
et al., 2022; Rasmussen et al., 2021, 2023). Moreover, in B. stephanieae “Sulfate metab-
olizing” is down-regulated, while “Sulfate reducer” is up-regulated, the opposite to
its food anemone.

Nitrogen fixation, meaning the conversion of elemental dinitrogen into ammo-
nia, is a fundamental process for corals to increase the input of fixed nitrogen into
the reef ecosystem (Rddecker et al., 2015). Here, the pathway “Nitrogen fixation”
is down-regulated in both E. diaphana and B. stephanieae and thus not performed by
specific bacteria. Nitrogen is a limiting nutrient in the coral holobiont, and the den-
sity of algal symbionts is controlled by nitrogen availability (Falkowski et al., 1993).
Thus, in anemones, the photobiont is the primary nitrogen metaboliser, and the
abundance of nitrogen-cycling bacteria in corals may be dependent on the presence
of a photobiont (Rothig et al., 2016). The first essential step of nitrification is ammo-
nia oxidation, the conversion of ammonia to nitrite and further to nitrate (Lehtovirta-
Morley, 2018). Although nitrification ("Ammonia oxidizer") is up-regulated in E. di-
aphana, resulting in nitrite, denitrifying pathways are down-regulated or not present.
The photobiont prefers dissolved inorganic nitrogen in the form of ammonium (D’elia
etal., 1983; Taguchi & Kinzie Iii, 2001). Nitrification may eventually limit the amount
of nitrogen available for the photobiont’s growth (Rddecker et al., 2015). Further,
denitrification is an energy-consuming process. Xiang et al. (2022) proposed that
denitrifying bacteria may be regulated by the holobiont’s nutritional status and thus
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contribute to the maintenance of a nitrogen-limited state (Xiang et al., 2022). In B.
stephanieae “Nitrogen fixation” is down-regulated, while “Ammonia oxidizer”, as
well as “Nitrite reducer”, are up-regulated. This suggests that the photobiont is still
the primary nitrogen fixator, with bacteria converting the resulting ammonia to ni-
trite. In contrast to E. diaphana, the formed nitrite is then probably further reduced
by bacteria (Additional File 5: Figure 2 A and B).

Thus, there are distinct differences between the anemone and the slug regarding
their roles as holobionts in nitrogen cycling. In E. diaphana, the photobiont is the
primary nitrogen fixator, and its growth is regulated through controlled nitrogen
limitation. In B. stephanieae, the photobiont seems to be involved in nitrogen fixation
but does not contribute to the nitrogen cycle any further and is not controlled by
nitrification and/or denitrification regulation.

The bacterial metabolic pathway abundance of B. stephanieae is similar in func-
tion to aposymbiotic E. diaphana. Aposymbiotic E. diaphana show downregulation in
"Sulfur metabolizing" and "Sulfur oxidizer", whereas "Sulfide oxidizer", "Sulfate re-
ducer" and "Nitrite reducer” are upregulated (Rothig et al., 2016). Unlike symbiotic
E. diaphana, aposymbiotic anemones are unable to produce DMSP (Van Alstyne et
al., 2009) and are restricted in their sulfur cycling. Further, aposymbiotic E. diaphana
show an increased abundance in denitrifying bacteria as more nitrogen is available
due to the missing photobiont. We observed a similar pathway abundance pattern
for B. stephanieae in the presence of its photobiont Breviolum. This indicates that the
core microbiome of this sea slug is not adapted for a photobiont and could help
to explain why B. stephanieae is not suited for stable photosymbiosis and lacks core
molecular adaptations (Melo Clavijo et al., 2018). Microbiome analyses of Clado-
branchia with a stable photosymbiosis like Phyllodesmium briareum would give valu-
able insights into the relevance and interplay of bacteria with the photobionts and
animal host.

Furthermore, we see differences in the metabolic pathways "Chitin degradation”
and "Xylan degrader", which can be explained because E. diaphana has a different
mode of life than B. stephanieae. Both pathways are up-regulated in the anemones,
which is consistent with the results of other studies (Herrera Sarrias et al., 2017;
Rothig et al., 2016). The anemones in our study were fed with Artemia nauplii which
contain chitin, thus, it is plausible that bacteria that utilize chitin are also more abun-
dant in anemones than in slugs. Xylan is a common carbohydrate component of
plant cell walls that is required for vascular tissue development and appropriate
cell wall construction (Curry et al., 2023)."Xylan degrader” is up-regulated in the
anemones indicating an involvement of xylan-degrading bacteria, such as Clostrid-
ium in the carbon cycling related functions (Zverlov et al., 2005).

Influence of starvation

Starvation is a great stressor for an organism triggering a cascade of reactions and
greatly impacting the microbiome in the slugs. Particularly, there was a strong de-
cline in the diversity and abundance of bacterial groups. However, the most striking
was the increase in Mycoplasma sp., which accounts for over 80% of the total core
microbiome of starved slugs. Because Mycoplasmatales were also found in high
abundance in other sea slugs like Chormodoris quadricolor, Pteraeolidia semperi, Elysia
rufescens, and Elysia crispata, Mycoplasma sp. seems to be a significant part of the
core microbiome of B. stephanieae (Abdelrahman et al., 2021; Davis et al., 2013; Ma-
hadevan & Middlebrooks, 2020; Ng et al., 2022) but could nevertheless increase the
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stress of the host during starvation. The exact role of these bacteria in the hetero-
branch holobiont is not yet clarified. Here, reducing the microbiome composition
due to starvation seems to give the Mycoplasma enough space to spread and possibly
become pathological, reducing the slug’s fitness.

Starvation caused a decrease in the diversity and abundance of bacterial phyla,
which was followed by severe changes in the slug’s metabolic pathways. Thus, the
pathways "Dehalogenation", "Sulphide oxidizer", and Ammonia oxidizer" showed
significant differences between fed slugs and slugs starved in light. Whereas the
pathways "Xylan degrader", "Degrades aromatic hydrocarbonates", "Sulfur oxidizer"
and "Carbon fixation" were significantly different between fed and starved in high
light slugs. Worthy to note is that out of the analysed pathways, "Nitrogen fixation"
was the only pathway that was significantly up-regulated in all starved slugs re-
gardless of the light condition. B. stephanieae has an unstable symbiosis with its pho-
tobiont, which means that, unlike other Cladobranchia, the slug cannot rely solely
on its photobiont for nutrition. Further, the symbionts remain photosynthetically ac-
tive for up to five days before they get digested or expelled (Melo Clavijo et al., 2022;
Monteiro et al., 2019). If the slug is not provided with any prey containing Symbio-
diniaceae, the slug loses its photobiont turning into an aposymbiotic state. Here, we
starved B. stephanieae for one week, meaning that after this week, the slug lost almost
all its photobionts that provide a range of functions, including nitrogen fixation, as
shown in this study. Nitrogen is considered to be the limiting factor for the photo-
biont. As a result, excessive available nitrogen caused by the loss of the photobiont
may encourage the growth of diazotrophic bacteria, which then take over nitrogen
fixation in the slug. Further, nitrifying as well as denitrifying pathways are down-
regulated, indicating an insufficient nitrogen cycle in starved slugs (Additional File
5: Figure 2C).

Light and darkness

Slugs starved in high light showed the highest number of total and unique bacterial
phyla compared to the other starved groups and showed the most significant dif-
ferences in metabolic pathways compared to fed slugs. Additionally, B. stephanieae
starved L and HL shared the most common bacterial phyla such as the cyanobacte-
ria Microcoleus sp., Nostoc sp., and Arthrospira sp.. This is contrary to slugs starved
in darkness which showed the lowest number of total bacterial phyla and a sig-
nificant difference in beta-diversity to L and HL slugs. Studies that looked at the
influence of light on the microbiome of photosymbiotic sponges observed similar
results. The heterotrophic species Stylissa flabelliformis and lanthella basta remained
unaffected by light stress, while the phototrophic species Cliona orientalis and Carte-
riospongia foliascens underwent a significant change in microbiome composition and
discoloured after a few days in the darkness caused by loss of Cyanobacteria (Curdt
et al., 2022; Pineda et al., 2016). This alteration in the microbiome could imply an
attempt at symbiont shuffling to a community that can operate better under low
light conditions which has been observed for Rhopaloeides odorabile (Webster et al.,
2011). However, we assume that the shift in the microbiome of slugs starved in dark-
ness can be attributed to the lack of light. Due to the deprivation of light, the slug
loses its symbiont Breviolum and phototrophic bacteria such as cyanobacteria, which
gives more space to non-light-dependent bacteria such as Mycoplasmatales. Further,
"Chlorophenol degrading" was the only pathway that differed significantly between
HL and D and was upregulated in HL slugs. Chlorophenols are aromatic ring struc-
tures that have one or more hydroxyl and chlorine atoms attached to benzene rings
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and are highly toxic due to their carcinogenic, mutagenic, and cytotoxic properties.
Bacteria that can use Chlorophenol as a source of carbon and energy through aerobic
degradation include several species of the genus Pseudomonas, which were found to
be abundant in HL slugs (Arora & Bae, 2014). The significant differences in beta-
diversity between slugs starved in the dark (D) and slugs starved in the light (L and
HL) indicate that darkness as a stress factor has a greater impact on the microbiome
composition than high light stress however with little effect on metabolic pathway
abundance.

5.6 Conclusion

In coral research, the microbiome’s importance and the holobiont’s idea have al-
ready found wide acceptance. In terms of photosymbiotic molluscs, the cladobranch
B. stephanieae is a well-studied model organism. Our results indicate a vertical trans-
mission of the slug’s microbiome since B. stephanieae and its food source E. diaphana
differed significantly in their alpha and beta diversity, as well as in their core mi-
crobiome. The microbiome of Berghia stephanieae is not accommodated to support
photobionts which can explain why B. stephanieae cannot maintain its photobionts
in the long term. In addition, our data show that light and starvation experiments,
which are commonly used in photosymbiosis research, induce a shift in the slug’s
microbiome towards an increased abundance of potential pathogens, with serious
consequences for metabolic pathways such as sulphur and nitrogen cycling. These
results emphasize that B. stephanieae is more than just a host to its photobiont, and
it is time to apply the concept of the holobiont to other photosymbiotic animals like
molluscs.
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Additional File 1

— Table 1. ASV table. Number of ASVs organised by sample and treatment, as
well as after filtering and denoising. Biosample ID and Accession number are in-
cluded for each sample. — Table 2. Absolute abundance of bacterial families cross
all samples. — Table 3. Absolute abundance of core bacteria species for all samples.
— Table 4. Relative abundance of core bacteria species for all samples. — Table 5.
ASVs shared with water samples. — Table 6. Results of ANOVA based on Shannon
alpha diversity metric and pairwise t-tests between conditions. — Table 7. List of
vectors PC1 and PC2 of PCoA plot and Shannon entropy for each sample. — Table
8. Results of PERMANOVA based on Bray-Curtis beta diversity metric and pair-
wise comparison of conditions. — Table 9. Shannon alpha diversity and Bray-Curtis
beta-diversity between water samples and all groups. — Table 10. List of absolute
pathway abundance for all samples.— Table 11. Results of the statistical analysis of
the metabolic pathways between the different conditions.

Additional File 2

— Figure 2. Rarefaction curves illustrate ASV richness as a function of sequenc-
ing depth for subsampled dataset. The five groups shown correspond to E. diaphana
(Symbiotic), B. stephanieae fed and starved in light (StarvedL), high light (StarvedHL),
and darkness (StarvedD).

Additional File 3

— Figure 3 A - B. Venn diagrams comparing core microbiome composition of anemone,
fed slugs and water. Numbers indicate total abundance of either unique or shared
ASVs (A). Principal Coordinate Analysis (PCoA) plot of alpha- and beta-diversity.
PCoA plot based on Bray-Curtis dissimilarity. Shape of circle represents taxon (anemone,
slug or water), size of circle indicates Shannon diversity index, colour of circle repre-
sents husbandry condition fed, starved in darkness (starvedD), high light (starved HL),
regular light(starvedL), anemone or water.

Additional File 4

— Figure 4 A - M. Boxplots of post-hoc Tukey’s HSD pair- wise test between con-
ditions for each metabolic pathway with original and normalised abundance. The
five groups are indicated by different colours: E. diaphana in pink, B. stephanieae fed
in red, starved in light (StarvedL) in light blue, starved in high light (StarvedHL) in
dark blue and starved in darkness (StarvedD) in green. Additional

Additional File 5

— Figure 5 A - C. Differences in nitrogen cycle of E. diaphana (A), B. stephanieae fed
(B) and B. stephanieae starved (C). Created with BioRender.com.
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6.1 Abstract

The rapid global expansion of electromobility has increased demand for nickel and
cobalt, which are key components in lithium-ion batteries. As a result, mining ac-
tivities are intensifying, yet their ecological impact on marine ecosystems remains
poorly understood. In this study, we examine the effects of nickel and cobalt on the
microbiome composition and bacterial metabolic pathways of the marine photosym-
biotic gastropod Berghia stephanieae. Preliminary toxicity tests showed concentration-
dependent metal uptake, with behavioural stress responses such as lethargy, cessa-
tion of feeding, and shedding of cerata occurring at high concentrations (around 18
mg/L for nickel and cobalt). Microbiome analysis across three concentrations (1,
3, and 17 mg/L for nickel and cobalt) revealed significant changes in community
composition and function. At 1 mg/L, the observed effects were concentration-
dependent rather than metal-specific, as indicated by a decline in alpha diversity
and a shift in community composition, characterised by a reduction in Mycoplasma
sp. and an increase in Pseudofulvibacter and Endozoicomonas sp.. At 3 mg/L, She-
wanella spp. abundance increased and metal-specific effects emerged, with a strong
downregulation of the metabolic pathways denitrification and lignin degradation
for cobalt and an upregulation of sulfur oxidation for nickel. At 17 mg/L, many
functional pathways were downregulated, aligning with observed host stress and
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pointing to a possible loss of functional redundancy. Overall, nickel and cobalt ex-
posure led to distinct microbiome alterations, with intermediate levels eliciting the
strongest metabolic response.

Keywords core microbiome - holobiont - bacterial metabolic pathways - core mi-
crobiome - metal pollution - ICP-OES

6.2 Introduction

In recent years, a shift away from reliance on fossil fuels toward sustainable en-
ergy sources, including renewable energy and electric mobility, has commenced.
Cobalt and nickel significantly benefit from the electric vehicle revolution as they are
integral components of lithium-ion batteries (International Energy Agency, 2021).
Nickel concentrations in open ocean waters typically range between 0.2-0.7 ng/L
(Apte et al., 2006; Donat & Bruland, 1988). However, in areas impacted by mining,
concentrations are significantly elevated. Environmental contamination by nickel
has been reported in regions such as Australia, Canada, Cuba, Russia, and South
Africa, with levels ranging from 100 to 2000 pg/L (Wood et al., 2012). The most
severe nickel pollution has been observed in Sudbury, Ontario (Canada), a major
nickel mining hub, where contamination has extended across both terrestrial and
aquatic environments (Arnott et al., 2001; Pyle & Couture, 2011). This Canadian site
is also one of the most cobalt-contaminated areas globally, with surface water con-
centrations reaching up to 2028 pg/L (Environment and Climate Change Canada,
2017). In the United States, cobalt concentrations in surface waters near mining ar-
eas have been reported between 0.1-1000 pg/L (Mebane et al., 2015), far exceeding
natural seawater levels, which are typically in the range of 0.002-0.02 pg/L (Donat
& Bruland, 1988; Schrauzer, 1991).

Despite these alarming values, determining the exact concentrations of nickel
and cobalt in mining-affected marine ecosystems remains difficult, particularly in
countries like Indonesia and New Caledonia, where mining is expanding rapidly
and operations are often located close to rivers or coastlines. In New Caledonia,
sediment samples from coastal areas have revealed extreme nickel enrichment, with
concentrations up to 7700 mg/kg (Fernandez et al., 2006; Merrot et al., 2019; Noél
et al., 2015), but comparable marine water measurements are largely missing. Simi-
larly, for Indonesia, a country now ranking among the top global producers of both
nickel and cobalt, detailed and consistent data on metal concentrations and their
ecological consequences remain scarce (Naryono, 2023).

To date, most studies on the effects of nickel and cobalt have focused primarily
on classical toxicity endpoints in temperate marine organisms. In contrast, sublethal
effects, such as disruptions to physiological functions or shifts in host-associated
microbial communities, have received little attention (Gissi et al., 2016; A. Reichelt-
Brushett, 2012; Van Dam et al., 2008). Yet, microbiome analyses represent a powerful
tool to assess precisely such hidden effects, as they offer insights into how environ-
mental pollutants influence symbiotic relationships, developmental processes, and
host resilience (Brocco French, 2024; J. Li et al., 2023). Microbial communities as-
sociated with marine invertebrates can adapt to chemical stress through shifts in
taxonomic composition or transposon-mediated genetic plasticity (Xu et al., 2025).
Moreover, host-associated microbiomes often harbour bacterial taxa capable of de-
grading complex compounds such as hydrocarbons or even metals (Ansari et al.,
2021; Bayat et al., 2015; Diner et al., 2024; Fragoso ados Santos et al., 2015). This
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functional plasticity can be highly beneficial for the host, enhancing its ability to
cope with environmental stressors and supporting detoxification processes under
metal exposure.

Metals such as nickel or cobalt are often accumulated in host tissues, impairing
ion transport, disrupting metabolic and developmental processes, and triggering ox-
idative stress (Gissi et al., 2018; Kimbrough, 2008; Nechev et al., 2006; Ravera, 2001;
Sun et al., 2020). Although cobalt is an essential trace element and a component of
vitamin B12, its biological role is limited, and only minimal amounts are required
for normal cellular function (Eitinger et al., 2005). Excessive cobalt levels can trig-
ger the production of reactive oxygen species (ROS), particularly within lysosomes,
leading to oxidative DNA damage and mitochondria-mediated apoptosis (Zeeshan
et al., 2017). Similarly, nickel exposure has been shown to induce oxidative stress,
impairing key biomolecules such as DNA, proteins, and lipids. One proposed mech-
anism is that nickel may substitute essential metals in metalloproteins or interfere
with enzymatic activity through allosteric inhibition, either by binding directly to
catalytic residues or outside the active site. These disruptions can compromise cel-
lular homeostasis and ultimately impair organism health (Macomber & Hausinger,
2011). For example, individuals of the tunicate Botryllus schlosseri collected from the
coast of Connecticut contained a high amount of nickel (up to 9 mg/L) and cobalt
(up to 1 mg/L), which were at substantially higher concentrations compared with
the surrounding seawater. In B. schlosseri, nickel was negatively correlated with sev-
eral unannotated metabolites and with bacteria from the order Pirellulales, suggest-
ing sensitivity of these compounds and microbes to elevated nickel levels. Cobalt
showed strong negative correlations with known metabolites such as thalassospi-
ramide D and talaroconvolutin D, indicating potential chelating interactions that
may affect cobalt availability and metabolic processes (Guillén Matus et al., 2024).
On the other hand, the hard coral Acropora muricata showed no changes in its micro-
biome composition when exposed to nickel concentrations of 45, 90, 470, 900, and
9050 ng Ni/L, although bleaching was already observed at a concentration of 470
pg/L (Gissi et al., 2019).

In this study, we conducted the first preliminary toxicity test on nickel and cobalt,
the metal bioavailability, and the effects of nickel and cobalt on the microbiome of the
photosymbiotic sea slug Berghia stephanieae (A. Valdés, 2005). B. stephanieae belongs
to the gastropod clade Cladobranchia and feeds exclusively on the sea anemone Ex-
aiptasia diaphana (Rapp, 1829). B. stephanieae is known for its unstable photosymbio-
sis with the symbiotic unicellular algae of the family Symbiodiniaceae from its food
source. These unicellular algae are incorporated into cells of the digestive gland sys-
tem of the slug and kept photosynthetically active for a couple of days before they
are expelled (Rola et al., 2022). B. stephanieae is a mollusc model organism and has
been studied extensively regarding its genome (Goodheart et al., 2024), transcrip-
tome (Clavijo et al., 2022), and microbiome (Sickinger et al., 2024). This study repre-
sents the first comprehensive investigation of how nickel and cobalt exposure affect
the microbial community structure and the predicted bacterial metabolic pathways
of a marine gastropod. While previous research on metal stress in marine inver-
tebrates has largely focused on corals and sponges, our approach combines taxo-
nomic profiling with functional pathway analysis, offering unprecedented insight
into how nickel and cobalt may reshape the microbiome and its potential metabolic
contributions in Berghia stephanieae. We hypothesise that nickel and cobalt exposure
destabilise the microbiome of the nudibranch B. stephanieae by reshaping community
composition and microbial metabolic functions. Such disruptions are expected to be
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concentration-dependent and may have downstream consequences for nutrient cy-
cling processes.

6.3 Materials and Methods

Berghia stephanieae culture

Adult individuals of B. stephanieae were obtained in January 2023 from a local sup-
plier (Seepferdchen24 Meeresaquaristik GmbH, Germany). Breeding pairs were kept
separately in plastic containers (75 mm diameter, 35 mL artificial seawater, ASW) at
21 °C under a 12 h light/dark rhythm (light intensity approximately 30 pmol pho-
tons m~2 s~!, Daylight Sunrise 520, Sera). The ASW (33 PSU, pH 8.0) was replaced
three times per week. Animals were provided with small polyps of Exaiptasia di-
aphana (7 mm foot and 4 mm oral disk or 4 mm foot and 3 mm oral disk). Follow-
ing spawning, egg masses were transferred into 55 mm containers (25 mL ASW)
and reared under identical conditions. Juveniles were supplied with tentacles of the
anemone until reaching maturity.

Exaiptasia diaphana culture

Specimens of Exaiptasia diaphana were obtained from a commercial supplier (Seep-
ferdchen24 Meeresaquaristik GmbH, Germany) in January 2022 and maintained in a
55 L aquarium (60 x 30 x 30 cm) containing recirculating artificial seawater (AB Reef
Salt, Aqua Medic, Germany). Animals were kept under a 12 h light / 12 h dark cycle
at an irradiance of 30 umol photons m~2 s~! (Daylight Sunrise 520, Sera). Salin-
ity and temperature were held at 33 PSU and 21 °C, respectively. To support water
quality, two BactoBalls (Fauna Marin GmbH, Germany) were added and replaced
every two weeks. Artemia nauplii were reared using the Artemio® Set (JBL, Ger-
many) with 16 g of ready-to-use brine shrimp mixture (JBL, Germany). Anemones
were fed freshly hatched Artemia twice per week.

Preliminary toxicity range-finding

To assess tolerance thresholds and metal uptake, preliminary range-finding assays
were conducted for nickel and cobalt. Stock solutions (150 mg/L) were prepared in
ASW from nickel(Il) chloride hexahydrate (99.9%, Aldrich) and cobalt(Il) chloride
hexahydrate (99.998%, Puratronic, Alfa Aesar). From these, test solutions at five
concentrations plus a seawater control were generated (cobalt: 3-32 mg/L; nickel:
3-37 mg/L; see Table 6.1). Five slugs per concentration were randomly selected
and incubated individually in 75 mm containers for 96 h, with mortality checked
at defined intervals (0, 1, 6, 12, 18, and 24 h, and every 24 h thereafter). The 96-h
exposure period was selected to align with standard acute toxicity testing protocols
and to facilitate comparison with previous metal-toxicity studies in marine inverte-
brates (USA2002methods). Death was defined as cessation of pericard contraction.
Surviving and deceased animals were snap-frozen at -80 °C.

Metal quantification

Bioavailability of cobalt and nickel was determined by inductively coupled plasma-
optical emission spectrometry (ICP-OES, Amaya et al., 2023). Each slug was ho-
mogenised in 2 mL isolation buffer (pH 8.0, containing Tricin, MgCl,, and NaCl) on
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TABLE 6.1: Concentration of cobalt and nickel used for the toxicity range finding test
and ICP OES analysis. Concentrations correspond to elemental cobalt measured with
ICP OES. For each group n = 5.

group name ‘ c(Co) [mg/L] ‘ group name ‘ c(Ni) [mg/L]

Coa 3.7 Nig 3.7

Cop 11.12 Nip 14.82
Coc 18.53 Nic 18.53
Cop 247 Nip 32.11
Cor 32.11 Nig 37.05

ice, followed by centrifugation (20,817 rcf, 4 °C, 15 min). Supernatants and pellets
were separated and stored at —20 °C until analysis. Pellets were digested overnight
with a mixture of hydrogen peroxide (30%) and nitric acid (65%) at 90 °C. Samples
were spiked with 100 png/L Yttrium as internal standard and analysed with an Avio
220 Max ICP-OES (PerkinElmer). Metal concentrations were normalised to protein
content determined by Bradford assay. Certified reference materials BCR-274 and
SRM 1643f served as quality controls.

Exposure experiment

Based on preliminary results, three concentrations were selected for subsequent mi-
crobiome analyses (Table 6.2): 1 mg/L, representing levels common in contaminated
habitats; 3 mg/L, corresponding to first detectable uptake; and 17 mg/L, where ini-
tial behavioural stress symptoms (lethargy, loss of feeding, cerata shedding) were
recorded. For each concentration and the seawater control, five slugs were randomly
selected and exposed in individual containers for 96 h.

TABLE 6.2: Concentration of cobalt and nickel used for microbiome analysis. Concen-
trations correspond to elemental cobalt measured with ICP OES.

group name ‘ c(Co) [mg/L] ‘ group name ‘ c(Ni) [mg/L]

Col 1 Nil 1
Co2 3.22 Ni2 3.21
Co3 17.3 Ni3 17.2

Nucleic acid extraction and sequencing

The microbiome analysis in this study was based on 16S rRNA gene amplicon se-
quencing. Total RNA was isolated from each sample using the my-Budget DNA /RNA
Mini Kit (Bio-Budget Technologies GmbH, Germany). RNA quantity was assessed
with a Qubit™ 4 Fluorometer (Invitrogen, USA). cDNA was synthesised from 50
ng RNA using the LunaScript® RT SuperMix Kit (New England Biolabs, USA) fol-
lowing the manufacturer’s instructions. The V1-V2 region of the 165 rRNA gene
was amplified by PCR with primers containing Illumina adapters: V1V2forward (5'-
TCTTTCCCTACACGACGCTCTTCCGATCT AGAGTTTGATCCTGGCTCAG-3%), V1
V2rev (5-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TGCTGCCTCCCGT
AGGAGT-3’) (Sickinger et al., 2024; Weisburg et al., 1991). Adapter PCR was per-
formed in a total volume of 20 pL: 5 pL template cDNA, 10 nL DreamTaq Green
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PCR Master Mix (2X) (Thermo Fisher, USA), and 2 pL of 10 uM primers. Each sam-
ple was diluted to 20 pL using distilled and sterilised water. The PCR amplifica-
tion was carried out in 30 cycles: denaturation at 94°C for 1 minute, annealing at
54°C for 1 minute, and extension at 72°C for 1 minute. The initial denaturation and
final elongation temperatures were 95°C for 15 minutes and 72°C for 10 minutes,
respectively. The Agencourt AMPure XP magnetic bead system (Beckman Coulter,
USA) was used to clean the PCR product of each sample. To add Illumina sequenc-
ing adapters with TrueSeq indices, an indexing PCR was performed. Following the
manufacturer’s instructions, 5 nL of the previously purified adapter PCR product,
10 uL Q5® High-Fidelity 2X Master Mix (NewEngland Biolabs, UK), 1 uL of 10 pM
of the corresponding forward and reverse index primer, and 3 uL of distilled and
sterilised water were used to perform index PCR in a 20 uL volume. Subsequently,
index-based PCR products were cleaned with Agencourt AMPure XP magnetic bead
technique, and samples were pooled in equimolar amounts after their final DNA
concentrations were measured using a QubitTM 4 Fluorometer. Sequencing was
performed on an Illumina MiSeq platform with 2 x 250 bp chemistry, yielding ap-
proximately 30,000 reads per sample at the Competence Centre for Genomic Analy-
sis (Kiel).

Bioinformatic processing and diversity analysis

Demultiplexed reads were processed with QIIME2 (v2021.4) (Bolyen et al., 2019).
Using DADA2 with a maximum error rate of 2, sequencing errors were modelled
and corrected, and noisy, chimeric reads, as well as singletons, were removed. Prior
to paired-end merging, forward and reverse reads were quality filtered and trun-
cated at 230 bp and 100 bp, respectively, based on inspection of quality score pro-
files. The denoised paired-end reads were then merged and dereplicated to gen-
erate high-resolution amplicon sequence variants (ASVs). Taxonomic assignment
was performed against the SILVA v132 reference database. Non-bacterial reads (eu-
karyotic, mitochondrial, chloroplast) were excluded. Alpha diversity (Shannon in-
dex) and beta diversity (Bray—Curtis distances) were calculated in R (v4.0.3). Al-
pha diversity (Shannon index) was compared among treatment groups using a one-
way ANOVA and Tukey’s Honestly Significant Difference (HSD) post hoc test. Dif-
ferences in beta diversity were assessed using Bray—Curtis distance matrices and
Aitchison distances, and evaluated with a PERMANOVA. Differences were consid-
ered significant at p <0.05. Principal Coordinate Analyses (PCoA) were visualised in
R (v4.0.3) using the devtools, ggplot2, tidyverse, and giime2R packages.

Core microbiome

Amplicon sequence variants (ASVs) present in at least 80% of replicates within each
treatment were defined as core members. Venn diagrams and pie charts were pro-
duced in R using ggplot2 and RColorBrewer. Taxa below 2% relative abundance
were pooled under the category “Others”.

Functional profiling

Functional predictions were carried out using METAGENassist (Arndt et al., 2012).
Taxonomic profiles were aggregated at genus level, normalised by sample sum and
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Pareto scaling, and subjected to comparative analyses. Predicted metabolic path-
ways were analysed using both z-score-based enrichment and log, fold-change cal-
culations to quantify functional differences between treatment groups. Z-scores
were computed relative to the control group to identify significantly enriched or de-
pleted pathways. Log, fold-changes were calculated for each treatment comparison,
and pathway abundances were statistically evaluated using group-wise ANOVA or
Kruskal-Wallis tests (depending on data distribution), followed by adjusted post-
hoc comparisons. This approach allowed for quantitative assessment of functional
shifts despite the predictive nature of amplicon-based pathway inference. Heatmaps
were created to visualise z-transformed data and log, fold changes relative to con-
trols. Enrichment is shown in red, depletion in blue. All tests and visualisations
were conducted in R (v4.0.3).

6.4 Results

Lethal responses of B. stephanieae to cobalt and nickel

Throughout the 96-hour preliminary toxicity range-finding test (cobalt: 3 mg/L - 32
mg/L; nickel: 3 mg/L - 37 mg/L), all slugs in the control group remained healthy,
and feeding and movement were observed within 96 hours. For cobalt and nickel,
lethargic behaviour (no feeding, no movement, cerata autotomy) was noticed at a
concentration of around 18 mg/L for nickel and cobalt.

Since the protein concentrations obtained from the dead slugs were too low,
normalisation to the sample protein amount was only possible for the slugs that
survived the toxicity range-finding test (Additional file 1: Table 1). The ICP-OES
analysis revealed that with increasing cobalt and nickel concentrations, the metal
bioavailability increased (Kruskal Wallis test: cobalt: H = 18.234, p = 0.002657 **, df
= 5; nickel: H = 20.192, p = 0.00115 **, df = 5; Additional file 1: Table 2-5). First
significant differences to the control were already observed in group Co, (3 mg/L)
with an average of 9 pg Co/ng protein (Dunn’s test with Bonferroni correction: p
= 0.04167 *). With an average of 24 pg Co/pg protein, the cobalt concentration in
the group Coc (18 mg/L) differed significantly from the control group (Dunn’s test
with Bonferroni correction: p = 0.0009 **). Also, the group Cog (32 mg/L) differed
significantly from the control group with an average cobalt concentration of 33 pg
Co/pg protein (Dunn’s test with Bonferroni correction: p = 0.0024 **; Additional Fig.
1A). Interestingly, the nickel content of the control group already showed a relatively
high concentration with an average of 5 pg Ni/ng protein (Additional file 1: Tables
6 and 7). All groups differed significantly in their averaged nickel concentration to
the control group, reaching a concentration of 45 pg Ni/ug protein in group Nig (37
mg/L) (Dunn’s test with Bonferroni correction: Nig (3 mg/L): p = 0.0325 *, Nip (14
mg/L): p =0.0016 **, Nic (18 mg/L): p =0.0117 *, Nip (32 mg/L): p = 0.0186 *, Nig
(37 mg/L): p = 0.0042 **; Supplementary Material 1: Table 6 and 7). Further post hoc
testing revealed that the groups Nig (14 mg/L) and Nig (37 mg/L) differed signif-
icantly from group Nig (3 mg/L) (Dunn’s test with Bonferroni correction: Nip (14
mg/L): p =0.047 *, Nig (37 mg/L): p = 0.0336*; Additional Fig. 1B).

Microbiome diversity metrics

Sequencing generated a total of 1,079,009 raw reads from all 36 samples. Following
quality processing (merging, denoising, and chimera removal), 400,104 reads were
retained, corresponding to an average of 11,114 sequences per sample. Rarefaction
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analyses reached saturation for all datasets, indicating that bacterial diversity was
adequately captured.

The control samples exhibited the highest alpha diversity, with slightly lower
values observed in slugs exposed to 1 mg/L nickel or cobalt (N1 and C1; Fig. 1A).
In contrast, the lowest diversity was recorded in one replicate of the 17 mg/L cobalt
treatment (C3), which reached a Shannon index of 2.1 (Additional file 2: Table 3).
One-way ANOVA showed significant variation in Shannon indices among the groups
(F(6,20) = 8.047, p < 0.001; Additional file 2: Table 4). Post hoc Tukey’s HSD tests re-
vealed that all cobalt treatments (1, 3, and 17 mg/L) differed significantly from the
control. For nickel, only the lowest (N1, 1 mg/L) and highest (N3, 17 mg/L) concen-
trations showed significant differences from the control group. A direct comparison
between treatments indicated one additional significant contrast, namely between
the 3 mg/L nickel group (N2) and the 17 mg/L cobalt group (C3).

Principal coordinate analysis (PCoA) based on Bray—Curtis dissimilarities showed
distinct clustering patterns. Along the first two axes (PC1 and PC2), samples grouped
consistently by treatment: controls clustered together with the highest exposure
groups (N3 and C3), the lowest exposure groups (C1 and N1) formed another cluster,
and the intermediate groups (N2 and C2) clustered separately (Fig. 1B). When visu-
alised along PC2 and PC3, however, the control samples separated clearly from all
metal-exposed groups, indicating that exposure strongly altered community compo-
sition (Fig. 1C). These patterns were supported by PERMANOVA analysis (999 per-
mutations), which confirmed that beta diversity differed significantly among treat-
ments (pseudo-F7 = 7.142927, p = 0.001). Pairwise post hoc tests detected significant
contrasts between nearly all treatment combinations, with the sole exception of N1 (1
mg/L nickel) and C1 (1 mg/L cobalt), which did not differ significantly (Additional
file 2: Tables 5 and 6; Additional Fig. 3). To account for compositional effects, beta
diversity was additionally assessed using Aitchison distances calculated from cen-
tered log-ratio (CLR)-transformed relative abundances. PCoA based on Aitchison
distances showed clustering patterns consistent with the Bray—Curtis results. PER-
MANOVA on Aitchison distances confirmed a significant treatment effect for both
metal groups (metal C: pseudo-F3 = 5.41, R? = 0.49, p = 0.001; metal N: pseudo-F; =
5.05, R? = 0.49, p = 0.001), indicating that the observed beta diversity patterns were
robust to the choice of distance metric.

Core microbiome

The core microbiome of the control group comprised 40 ASVs. Among these, My-
coplasma spp. accounted for 35.2% of the total reads, followed by members of the
Rhodobacteraceae (19.3%) and uncultured bacteria affiliated with the NS10 marine
group (5.2%) (Fig. 6.2).

Within the cobalt-treated group, the C1 (1 mg/L) group harboured the highest
number of unique ASVs (18) and shared the greatest number of ASVs with N1, en-
compassing taxa from 12 different bacterial phyla (Additional file 2: Tables 7 and
8). In C1, Mycoplasma sp. remained dominant (45%), followed by Pseudofulvibacter
(24%). The core microbiome of C2 (3 mg/L) consisted of 12 ASVs, with Shewanella
sp. (33%), Mycoplasma sp. (25%), Alteromonas sp. (21%), and Rhodobacteraceae
(8.9%) being the most abundant taxa. In contrast, C3 (17 mg/L) exhibited the lowest
ASV richness (11 ASVs), with Mycoplasma sp. reaching a relative abundance of 52%,
followed by Arcticibacterium luteifluviistationis (14.4%), Alteromonas sp. (11.6%), and
Roseivirga sp. (10.3%). Among all cobalt-treated groups, C1 shared the most ASVs
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FIGURE 6.1: Box plots displaying alpha-diversity based on Shannon entropy of the dif-
ferent groups (A). Colours indicate exposure dose (control, Cobalt groups: C1 =1mg/L;
C2=3mg/L; C3 =17 mg/L. Nickel groups: N1 =1mg/L;N2=3mg/L; N3=17mg/L).
Principal coordinate analysis (PCoA) illustrating patterns of alpha- and beta-diversity.
Plots show sample distribution along PC1 vs. PC2 (B) and PC2 vs. PC3 (C) based on
Bray—Curtis distances. Circles denote treatment groups (control, cobalt, nickel); colours
indicate exposure condition (control, Cobalt groups: C1 =1 mg/L; C2 =3 mg/L; C3 =
17 mg/L. Nickel groups: N1 =1 mg/L; N2 =3 mg/L; N3 = 17 mg/L); circle size reflects
the Shannon index. Principal coordinate analysis (PCoA) illustrating patterns of beta-
diversity based on Aitchison distances for cobalt (D) and nickel (E). Colours represent
different exposure condition (control, Cobalt groups: C1 =1 mg/L; C2 =3 mg/L; C3 =
17 mg/L. Nickel groups: N1 =1mg/L; N2 =3 mg/L; N3 =17 mg/L).
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FIGURE 6.2: Core microbiome of B. stephanieae treated with different Co or Ni concentra-
tions. All ASVs found in at least 80% of all samples of the corresponding condition were
classified as core microbiome. Each colour denotes a unique ASV represented by more
than 2%, rare ASVs have been condensed in the group “Others” and are shown in grey.
Cobalt groups: C1 =1mg/L; C2 =3 mg/L; C3 =17 mg/L. Nickel groups: N1 =1mg/L;

N2 =3mg/L; N3 =17 mg/L.

with the control (11 shared ASVs), followed by C1 and C2, which had 8 ASVs in

common (Fig. 6.3A).

In the nickel-treated group, N1 (1 mg/L) harboured 21 ASVs, with Mycoplasma
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sp. again being the most dominant (42.3%), followed by Pseudofulvibacter (16.1%)
and Algicola sp. (11.7%) (Additional File 4: Tables 9 and 10). The N2 (3 mg/L) group
shared 13 ASVs with N1, out of a total of 21 ASVs (Fig. 6.3B). Dominant taxa in N2
included Mycoplasma sp. (21.1%), Rhodobacteraceae (18.7%), Shewanella sp. (16.3%),
and uncultured bacteria from the NS10 marine group (12.3%). N3 (17 mg/L) dis-
played the lowest ASV richness among the nickel-treated groups (12 ASVs), with
Mycoplasma sp. reaching 50.1% relative abundance. Other major taxa included Al-
teromonas sp. (27.6%) and Alteromonadaceae EF3B-B802 (10.1%).

Across all treatments, five ASVs were consistently present in the core micro-
biome: Mycoplasma sp., Rhodobacteraceae, Alteromonas, Vibrio, and an unclassified
member of Gammaproteobacteria, suggesting a shared core community indepen-
dent of metal exposure.

C2 c3 N2 N3

4 H 0 ﬁ
(6.8%) @)
4 25
(68%) “24%)

control

control

FIGURE 6.3: Comparison of core microbiomes of B. stephanieae across metal treatments
using Venn diagrams. Shared and unique ASVs are indicated for the control versus
cobalt groups (A) and for the control versus nickel groups (B). Numbers represent the
counts of ASVs in each category. Cobalt groups: C1 =1 mg/L; C2 =3 mg/L; C3 =17
mg/L. Nickel groups: N1 =1mg/L; N2 =3 mg/L; N3 =17 mg/L.

Pathway abundance

We further analysed the absolute abundances of metabolic pathways in each sample
and compared them across treatment groups (Additional file 2: Table 11; Additional
Fig. 4). Clustering based on z-transformed data revealed distinct groupings of the
samples (Fig. 4A; Additional file 2: Table 12). Samples from groups N2 and C2 (both
3 mg/L) formed a tight cluster, along with one N3 sample (17 mg/L; N4), indicating
strong similarity in metabolic activity within this subset. Another clearly defined
cluster comprised a mix of C1 and N1 samples (both 1 mg/L), suggesting compara-
ble pathway profiles between these groups. The remaining samples, including most
of C3, N3, and the controls, grouped together in a broader cluster, with the exception
of one C1 sample (C15), which deviated from its group and associated with this set.

Clustering based on log2 fold changes in pathway abundance relative to the con-
trol revealed distinct treatment group patterns (Fig. 4B; Additional file 2: Table 13).
Groups C3 and N3 (both 17 mg/L) clustered closely together, largely driven by a
pronounced downregulation of the “Denitrifying” pathway and a general trend of
mild downregulation across most pathways, with “Atrazine metabolism” slightly
upregulated in N3. Group C2 (3 mg/L) grouped near C3/N3, reflecting a similarly
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strong reduction in “Denitrifying.” Across all four groups — C1 and N1 (both 1
mg/L), N2, and C2 (both 3 mg/L) — the pathway “Stores polyhydroxybutyrate”
was consistently downregulated, while “Atrazine metabolism” showed a modest
upregulation. N2, however, clustered with C1 and N1, likely due to upregulation of
pathways such as “Lignin degrader,” “Denitrifying,” and “Sulfur oxidizer,” which
distinguished it from C2. Overall, C1 and N1 displayed highly similar profiles,
though C1 showed a stronger downregulation of the “Xylan degrader” pathway.
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FIGURE 6.4: Taxonomy-based functional profiling of bacterial communities. Heatmaps
illustrate predicted functional shifts across the seven treatment groups (control, C1-C3,
N1-N3). Pathway abundances are shown on a z-transformed scale (A), and log2 fold
changes relative to the control are displayed (B). Enrichment is indicated in red, deple-
tion in blue, with treatment groups distinguished by colour. Cobalt groups: C1 =1
mg/L; C2=3mg/L; C3 =17 mg/L. Nickel groups: N1 =1mg/L; N2 =3mg/L; N3 =17
mg/L.

Statistical analyses using either ANOVA or Kruskal-Wallis tests revealed signif-
icant differences in the regulation of all 14 predicted metabolic pathways across at
least two treatment groups. To identify which groups differed, appropriate post hoc
tests were applied: Tukey’s HSD, Games-Howell, or Dunn’s test with Bonferroni
correction, depending on the underlying data distribution (Additional file 2: Ta-
ble 14 for details). Significant differences between control and cobalt-treated slugs
were observed in three metabolic pathways: "Chitin degradation" (C1), "Atrazine
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metabolism" (C2), and "Denitrifying" (C2). For the nickel-treated groups, two path-
ways differed significantly from the control: "Chitin degradation" (N1) and "Xy-
lan degrader" (N2). In addition, six pathways showed significant differences be-
tween cobalt- and nickel-treated slugs. Notably, group C3 (17 mg/L) differed from
all nickel-treated groups in the pathway "Dehalogenation". Furthermore, groups
N2 (3 mg/L) and C3 showed significant differences in three pathways: "Ammo-
nia oxidizer", "Sulfate reducer", and "Nitrite reducer". Group N3 (17 mg/L) also
differed from C3 in "Ammonia oxidizer" and "Degrades aromatic hydrocarbons",
while N2 differed from C1 (1 mg/L) in the pathways "Sulfate reducer" and "Ni-
trite reducer”. Apart from the pathway "Dehalogenation" (N3-C3), no significant
differences were observed between groups treated with the same metal concen-
tration. Within the cobalt-treated groups, five metabolic pathways differed signif-
icantly. Group C2 (3 mg/L) showed elevated "Sulfate reducer" and "Nitrite reducer"
activity compared to C1 and C3. In addition, C2 differed significantly from C3 in
three further pathways: "Ammonia oxidizer", "Degrades aromatic hydrocarbons",
and "Atrazine metabolism". Among the nickel-treated groups, seven metabolic path-
ways were significantly different. Group N1 (1 mg/L) differed from N2 in "Nitro-
gen fixation" and "Denitrifying", and from N3 in "Stores polyhydroxybutyrate" and
"Sulfide oxidizer". Group N2 also differed from N3 in five metabolic pathways:
"Degrades aromatic hydrocarbons", "Stores polyhydroxybutyrate", "Denitrifying",
"Lignin degrader", and "Sulfur oxidizer". All were upregulated in N2, except "Stores
polyhydroxybutyrate".

6.5 Discussion

In preliminary toxicity tests, we investigated the effects of nickel and cobalt expo-
sure on B. stephanieae. Metal uptake increased with rising concentrations, and the
tirst signs of strong lethargic behaviour (little movement, no feeding, shedding of
the cerata) were observed at a relatively high concentration of around 18 mg/L for
nickel and cobalt. In cnidarians, the photobionts play a central role in the regu-
lation of internal metal concentrations. The photobionts accumulate significantly
more metal than their coral host, and under stress conditions, e.g. increased metal
exposure, the symbiosis can break down, leading to expulsion of the photobiont, a
reaction commonly referred to as bleaching (Douglas, 2003). This loss is thought to
act as a detoxification strategy, allowing the host to reduce the intracellular metal
load by removing the symbionts that have accumulated these metals (Bastidas &
Garcia, 2004; Hardefeldt & Reichelt-Brushett, 2015; Meehan & Ostrander, 1997; Pe-
ters et al., 1997; A.J. Reichelt-Brushett & McOrist, 2003). In our study, individuals of
B. stephanieae exposed to a concentration of around 18 mg/L of nickel or cobalt be-
gan to actively shed their cerata, a behaviour not observed at lower concentrations.
Since the photobionts are stored intracellularly in the epithelial cells of the diges-
tive gland system located within the cerata, this autotomy behaviour may serve as
a detoxification strategy, allowing the slug to discard tissue compartments in which
metal-accumulating symbionts reside (J. W. Brown et al., 2024). Similar to bleaching
in corals, the loss of cerata could therefore represent a stress-induced mechanism to
mitigate intracellular metal burden by eliminating the symbiont-bearing structures.

Interestingly, individuals from the control group already exhibited relatively high
baseline levels of nickel. One possible explanation for this observation is the pres-
ence of the metalloenzyme urease, which contains two nickel ions at its active site.
Urease plays a key role in nitrogen metabolism by catalysing the hydrolysis of urea
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into ammonia and carbon dioxide. In the photosymbiotic giant clam Tridacha squamosa,
for example, urease enables the host to supply nitrogen to its algal symbionts in the
form of urea, which the symbionts then utilise for their own metabolism (Ip et al.,
2020). A similar mechanism may exist in B. stephanieae, in which the slug provides
nitrogen to the intracellularly retained Symbiodiniaceae. However, further experi-
mental evidence is needed to confirm this hypothesis, such as the quantification of
urease gene expression.

The metal concentrations used for the microbiome analysis in this study were
selected based on both environmentally measurements and results from our prelim-
inary toxicity tests. A concentration of 1 mg/L (group C1/N1) reflects values already
exceeded in mining-impacted coastal waters such as those in Canada and New Cale-
donia, and lies within the range of estimated EC10 values reported for some marine
molluscs such as Mytilus galloprovincialis and Crassostrea gigas (Environment and Cli-
mate Change Canada, 2017; Fernandez et al., 2006; Merrot et al., 2019; Noél et al.,
2015; Saili et al., 2021). Our intermediate concentration of 3 mg/L (group C2/N2)
was chosen based on our pre-tests showing the first significant uptake of cobalt in
B. stephanieae. The highest test concentration, 17 mg/L (group C3/N3), was selected
because it induced the first clear behavioural stress responses in the slugs during
our initial preliminary toxicity range finding tests.

Our results demonstrate that both nickel and cobalt exposure cause concentration-
dependent shifts in the bacterial microbiome of B. stephanieae, with changes de-
tectable already at 1 mg/L. This contrasts with findings from coral studies, such
as Acropora muricata, where similar nickel concentrations did not elicit microbiome
shifts (Gissi et al., 2019). In tropical marine invertebrates, chronic nickel toxicity
studies report effects primarily on survival, growth and reproduction across taxa
such as copepods, echinoderms and gastropods, with chronic effect concentrations
ranging from approximately 1 — 3.7 mg Ni/L (Gissi et al., 2020). This highlights that
the microbiome of B. stephanieae may represent a particularly sensitive and early-
responding compartment compared to classical ecotoxicological endpoints in other
invertebrate models. At our lowest concentration, alpha diversity declined signifi-
cantly, and beta diversity analyses revealed marked shifts in bacterial composition,
regardless of whether nickel or cobalt was applied. This suggests that the micro-
biome responds primarily to metal concentration at low exposure levels, rather than
to the specific metal itself. For example, both C1 and N1 (1 mg/L) were dominated
by Mycoplasma sp., but Pseudofulvibacter sp. and Endozoicomonas sp. also increased
compared to the control. Pseudofulvibacter are widespread in marine environments,
having been found in hydrothermal fluid sediments, oil-polluted coastal areas, and
microbial mats (Acosta-Gonzélez et al., 2013; R. E. Anderson et al., 2013; Bai et al.,
2009; Goudriaan et al., 2024; Schauer et al., 2010). Endozoicomonas sp. are known as
parasites and pathogens in fish and clams but are also the most common and most
frequently found bacterial genus in photosymbiotic Cnidarians worldwide (Epstein
et al., 2025; Hochart et al., 2023; Katharios et al., 2015; McCauley et al., 2023). They
are involved in various metabolic pathways such as carbon and nitrogen cycling,
as well as sulphur (DMSP) and phosphorus degradation (Maire et al., 2023; Neave
etal., 2017; Pogoreutz et al., 2022; Tandon et al., 2020). Therefore, Endozoicomonas are
considered an important mutualist for photosymbiosis in corals and have also been
detected in other marine slugs such as Elysia crispata (Keller-Costa et al., 2021; Ma-
hadevan & Middlebrooks, 2020; McDevitt-Irwin et al., 2017). In this context, the rela-
tive increase of Endozoicomonas at 1 mg/L metal exposure suggests that taxa typically
associated with coral health and stress mediation may also contribute to functional
buffering under metal stress in non-cnidarian hosts, analogous to proposed roles in
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coral probiotic or microbiome-transplant frameworks (Doering et al., 2021). At 3
mg /L, metal-specific effects began to emerge: while bacterial richness remained sta-
ble, community composition changed drastically, leading to strong upregulation of
functional pathways. Mycoplasma sp. declined further, while Shewanella sp., a genus
known for its broad metal reduction capabilities (Dikow, 2011), increased notably
in both cobalt (C2) and nickel (N2) treatments. Although Shewanella is not known
to reduce Co(II) or Ni(Il), its metabolic versatility and potential for metal binding
or sequestration may offer a competitive advantage under metal stress (Cerbino et
al., 2023; Heidelberg et al., 2002). Similar patterns of metal-induced physiological
and metabolic responses, including oxidative stress and shifts in microbial associa-
tions, have been reported in marine bivalves such as Mytilus spp. exposed to nickel,
where altered biomarker profiles point to community-level adaptation rather than
uniform collapse under chronic exposure (Correia et al., 2025). At this concentra-
tion, several functional pathways were slightly upregulted in N2, such as "Lignin
degrader", "Denitrifying" and "Sulfur oxidizer", clustering with group N1 and CI.
In C2 "Denitrifying" was strongly downregulted, similar to the groups C3 and N3.
It therefore appears that C2 and N2 represent a transitional concentration regard-
ing bacterial pathway shifts as the groups cluster either with N1/C1 or N3/C3 in
terms of their log2 fold change. This non-linear response is consistent with observa-
tions from multi-stressor metal studies on marine invertebrates, where intermediate
contamination levels often coincide with pronounced metabolic and transcriptomic
reprogramming, while very low or very high levels show weaker relative change
(Bonaventura et al.,, 2022; Brooks et al., 2023; Poynton et al., 2014) Interestingly,
many of these functional changes were downregulated again at 17 mg/L (C3 and
N3), which manifests itself in lethargic behaviour of B. stephanieae as observed in
our preliminary tests. This suggests a potential tipping point at which functional
redundancy is lost, or key microbial contributors are no longer present. The over-
all pattern indicates that intermediate concentrations (3 mg/L) elicit the strongest
metabolic responses, likely driven by a shift toward stress-tolerant or opportunistic
taxa that can temporarily compensate for lost functions before overall microbial re-
silience declines under high metal exposure. In contrast to corals, where microbiome
structure often remains comparatively stable across a range of metal exposures and
most documented effects manifest in host physiology and calcification, B. stephanieae
shows that the microbiome itself is a primary and sensitive target of nickel and
cobalt stress (Gissi et al., 2019; A. R. Mohamed et al., 2023; Ruiz-Toquica et al., 2025).
A major strength of the present study is the integrative approach combining metal
bioavailability, host stress responses, microbiome composition, and predicted micro-
bial metabolic functions. Moreover, this is the first study to investigate nickel- and
cobalt-induced microbiome shifts in a photosymbiotic marine gastropod, thereby
extending metal ecotoxicology beyond traditional coral models. This study is di-
rectly relevant to the United Nations Sustainable Development Goals (SDG), partic-
ularly SDG 14 (Life Below Water), as it improves our understanding of how metal
pollution affects marine host-microbiome systems (United Nations, Department of
Economic and Social Affairs, 2015b). Furthermore, our findings contribute to SDG
12 (Responsible Consumption and Production) by highlighting potential ecological
trade-offs associated with the growing demand for nickel and cobalt in renewable
energy technologies (United Nations, Department of Economic and Social Affairs,
2015a). Future studies should focus on long-term exposures to assess chronic ef-
fects of metal contamination on host-microbiome stability. Integrating metatran-
scriptomic or metabolomic approaches would allow direct validation of predicted
functional shifts. Moreover, extending this framework to field-based studies and
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other photosymbiotic marine invertebrates will be essential to evaluate the broader
ecological relevance of microbiome-mediated stress responses.

6.6 Conclusion

This study is a first step towards how nickel and cobalt affect the microbiome and
microbial metabolic pathways in a marine gastropod, B. stephanieae. Our results
demonstrate that even low metal concentrations (1 mg/L), already reported in mining-
impacted coastal regions, are sufficient to trigger significant shifts in bacterial diver-
sity and community structure. These early changes appear to be primarily concentra-
tion-driven rather than metal-specific. At intermediate concentrations (3 mg/L),
metal-specific effects emerged, with distinct alterations in microbiome composition
and a strong downregulation of functional pathways related to nitrogen and sulfur
cycling as well as lignin degradation for cobalt-treated samples. Interestingly, these
effects were attenuated at the highest concentration (17 mg/L), suggesting a poten-
tial threshold beyond which the microbiome loses functional redundancy, possibly
due to toxicity-induced loss of key bacterial taxa. These findings highlight the po-
tential of microbiome analyses as an early-warning indicator for host stress due to
metal pollution, underscoring the relevance for coastal conservation and environ-
mental monitoring efforts.
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7.1 Abstract

Nickel and cobalt are increasingly released into marine ecosystems due to the global
rise in battery metal mining, especially in tropical coastal regions. While the tox-
icity of these metals is well-documented for some marine organisms, their effects
on the early development of less-studied invertebrates remain largely unknown. In
this study, we investigated the impact of nickel and cobalt on embryonic and larval
development in the photosymbiotic sea slug Berghia stephanieae. Both metals de-
layed development and induced morphological abnormalities, with cobalt showing
a stronger effect on egg survival than nickel. Our findings reveal the vulnerability
of early developmental stages in marine gastropods to metal exposure and highlight
the need to include such taxa in future ecotoxicological assessments.

Keywords Cobalt - Nickel - ontogenesis - veliger larvae

7.2 Introduction

As global industries expand and the demand for critical raw materials continues
to rise, environmental contamination by heavy metals has emerged as a pressing
concern (International Energy Agency, 2021). Nickel (Ni) and cobalt (Co), in partic-
ular, have gained increasing attention due to their widespread use in technologies
such as lithium-ion batteries, pigments, and metal alloys. Their release into aquatic
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environments, primarily through mining operations, industrial discharge, and im-
proper waste management, has led to measurable increases in their concentrations
in both coastal and open-water systems (Arnott et al., 2001; Mebane et al., 2015; Pyle
& Couture, 2011; Wood et al., 2012). Once introduced into the marine environment,
these metals can persist, accumulate in sediments, and bioaccumulate in organisms
across trophic levels, ultimately posing risks to ecosystem health and biodiversity
(De Schamphelaere et al., 2008; Foroutan et al., 2019; Pyle & Couture, 2011; Raju et
al., 2022).

While the toxicological effects of metals on human health and some well-studied
marine species are relatively well understood, little is known about their impact on
non-commercial invertebrates such as sea slugs, particularly during early develop-
mental stages (Jaishankar et al., 2014; Jomova et al., 2025; Santhosh et al., 2024; Y.
Wang et al., 2022). Yet, these organisms play an essential role in coral reef ecosys-
tems by contributing to the breakdown of plant and animal material. Many sea slugs
are grazers or predators that feed on algae, sponges, hydroids, bryozoans, and even
other sea slugs, helping to regulate populations and facilitate nutrient cycling within
the reef environment (H. Y. Chan et al., 2022; Fritts-Penniman et al., 2020). Among
marine gastropods, species in the clade Cladobranchia are of particular interest due
to their unique biological traits, such as the evolution of photosymbiosis (harbour-
ing photosynthetic symbionts), diverse strategies for prey acquisition and their use
as model organisms in studies of evolutionary biology, symbiosis, and marine bio-
diversity (Rola et al., 2022). However, data on the effects of metal pollution on their
early developmental stages remain scarce.

The sea slug Berghia stephanieae (A. Valdés, 2005) is a member of Cladobranchia
and has been used as a model organism in various studies due to its ease of labo-
ratory culture and relatively short life cycle (Monteiro et al., 2019; Silva et al., 2021,
2023). Early life stages are typically considered the most sensitive phases in marine
invertebrates’ life cycles, as they involve rapid morphogenesis, organogenesis, and
high metabolic demand (Chiarelli & Roccheri, 2014; Lange & Marshall, 2017; Pineda
et al.,, 2012). Stressors like metal exposure can therefore have disproportionate ef-
fects, altering developmental trajectories and potentially impairing survival and re-
productive fitness (Campbell et al., 2014; McDougall et al., 2022). These disruptions
during early development can act as bottlenecks for population persistence and may
have long-term consequences for reproductive success and species survival (Byrne,
2012; Leal et al., 2022)

In this study, we investigate how exposure to nickel and cobalt affects the em-
bryonic and larval development of B. stephanieae, focusing on developmental timing
and morphological progression under controlled laboratory conditions. By exam-
ining these early life stages, we provide valuable insight into how metal pollution
may influence the ontogeny of marine gastropods. Our findings offer a first step
toward better understanding the sensitivity of coral reef-associated invertebrates to
environmental contamination during their most vulnerable developmental phases.

7.3 Materials and Methods

Berghia stephanieae culture

In January 2022, six breeding pairs of B. stephanieae were purchased from a local
provider (aquaPro2000 GmbH, Germany). Each pair was kept in a 75 mm diameter
plastic container with a lid (FAUST Lab Science) in 35 ml artificial seawater (ASW)
at 21°C, 30 pmol photons m~2 s~! light intensity (Daylight Sunrise 520, Sera), and a
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day/night cycle of 12h / 12h. Freshly prepared ASW with a salinity of 33 PSU, pH
of 8.0, and a temperature of 21°C was changed three times per week, and slugs were
fed small E. diaphana anemones (7-mm foot and 4-mm oral disc or 4-mm foot and
3-mm oral disc). Once the breeding pairs spawned, the egg masses were collected
and placed in 55 mm diameter plastic container with a lid (FAUST Lab Science) in 25
ml ASW. The egg masses were maintained as stated above, monitored and fed with
anemone tentacles as soon as the larvae hatched.

Toxicity tests eggs

Stock solutions (100 mg/L) of nickel and cobalt were prepared using nickel(II) chlo-
ride hexahydrate (99.9%, Aldrich) and cobalt(Il) chloride hexahydrate (99.998%, Pu-
ratronic, Alfa Aesar) in ASW. All test solutions were freshly prepared using stock
solution and ASW at test beginning and for each 48-h renewal treatment. Five con-
centrations and a seawater control were used for both metals (see Table 7.1). For each
metal concentration, five egg masses were randomly selected, individually placed
in a 55 mm diameter plastic container with a lid, and maintained as stated above.
Every 48-h embryological development was checked under a microscope (SteREO
Discovery.V8, Zeiss) and noted. As soon as the slugs hatched, they were fed with
anemone tentacles. The embryological development of the slugs was categorised
into the following stages: 1. Multicell, 2. Early veliger larvae, 3. Veliger larvae, 4.
Hatching (Kristof & Klussmann-Kolb, 2010). As embryos and larvae can develop at
different rates within one egg mass, the developmental stage at which the majority
of embryos or larvae were found was recorded. The embryos or larvae were con-
sidered dead if they showed signs of dissolution and no rotation, or if there was no
detectable rotation of the embryos or larvae in the egg capsules for at least two con-
secutive days of observation. When the embryos or larvae were not distinguishable
from the inner membrane of the egg, it was considered dissolved. In contrast to the
developmental stages, the egg mass was only classified as dead when the above cri-
teria applied to all embryos or larvae and not just the majority. All statistical analyses
were conducted in R (Version 2023.09.1+494; R Core Team, 2021).

TABLE 7.1: Concentration of Co and Ni used for the egg toxicity test and the regarding
group names. Concentrations correspond to elemental Co or Ni measured with ICP OES.
For each groupn =5.

group name | c(Co) pg/L | group name | c(Ni) pg/L
Co, 420.5 Ni, 1678.4
Coy 350.5 Ni, 978.9
Co, 280.3 Ni, 839.5
Coy 2102 Ni, 559.5
Co, 140.1 Ni, 419.6

7.4 Results

Regardless of the cobalt concentration, all embryos developed to the early veliger
stage (Fig.7.2A). The average time to reach this stage was four days for the control
group, nine days for the Co, group, and 4.8 days for the Co. group. None of the
embryos reached the veliger stage when exposed to a concentration of 771 ng/L
Co, and were classified as dead after no movement was noted, and the eggs started
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FIGURE 7.1: Egg mass of B. stephanieae (A). Close-up of egg mass with eggs in the
multicell stage (B). C = capsule, scale bar represents 100 pm. Early veliger stage larva
with a shell and a ciliated velum (C). S = shell, V = velum, scale bar represents 100 pm.
Veliger stage larva with eyes and elaborated propodium (D). E = eyes, PP = propodium,
scale bar represents 100 pm.

dissolving. All embryos reached the veliger stage in the remaining lower concen-
trations. However, the embryos took an average of nine to twelve days to develop
to the veliger stage, which is longer than the control group’s average of 8.4 days.
The addition of cobalt notably inhibited embryo development up to hatching. The
time from multicell stage to hatching averaged 19 days for group Co. and 20 days
for group Co,, while the control group needed only 11.75 days (see Supplementary
Material 1: Table 1). A Kruskal Wallis test showed that there was a statistically signif-
icant difference between at least two groups in the time to reach each development
stage (early veliger stage: Chi square = 18.117, p = 0.002804 **, df = 5; veliger stage:
Chi square = 91.383, p = 0.02751 *, df = 3; hatching: Chi square = 20.637, p = 0.02282*,
df = 2; see Supplementary Material 1, Table 2). Post hoc Dunn’s test with Bonferroni
correction found that the mean value of days was significantly different between
group Co, and all other groups, except group Co; to reach the early veliger stage
(control: p = 0.001 **, Co.: p =0.0359 *, Co,: p =0.0221 *, Co,: p = 0.0221 *; see Figure
(Fig.7.2B). For the veliger stage, only the control and Co,; group differed significantly
from each other (p = 0.0216 *), and the group Co, took significantly longer to hatch
than the control group (Co, p = 0.0106 *).

For nickel, all embryos developed to the early veliger stage (Fig.7.3A). The em-
bryos of group Ni, needed an average of seven days to reach the early veliger stage,
and was the only group that was considered dead before reaching the second state,
the veliger stage. All lower concentrations developed up to the veliger stage, need-
ing more than 10 days, which differed notably from the control group (8.4 days).
Even though two groups, Ni; and Ni,, made it to hatching, they took longer com-
pared to the control group with 14 and 19.5 days (see Supplementary Material 1:
Table 3). A Kruskal Wallis test or one-way ANOVA was performed to compare the
effect of nickel on the time of development till each stage which revealed a signifi-
cant difference between at least two of the groups for all developing stages (early
veliger: Chi square = 14.368, p = 0.01343 *, df = 5; veliger: F(4,11) = 10.13, p =
0.00109 **; hatching: F(2, 4) = 14.25, p = 0.0151 *; see Supplementary Material 1,
Table 4). Post hoc Dunn'’s test with Bonferroni correction showed that there was no
significant difference in days between the groups for the early veliger stage except
between the control and group Ni, (p = 0.0227 *) as well as control and Ni, (p =
0.0273 *; Fig.7.3B). However, for the veliger stage significant differences were indi-
cated between the control group and the groups Nij,, Ni. and Ni, (Tukey’s HSD: Ni,
p =0.001068981 **, 95% C.I. = 2.7560958, 10.04390422; Ni. p = 0.016689955 *, 95% C.I.
=0.7560958, 8.04390422; Ni, p = 0.013398532 *, 95% C.I. = 0.7283769, 6.57162310; see)
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FIGURE 7.2: Egg development under Co exposure. The average duration in days to
reach each developmental stage (multicell, early veliger, veliger and hatching) is shown
for the control, Co,, Cop, Co., Coy, Co, (A) and the statistical differences in the dura-
tion of egg development under Co (B). Colours represent the control and metal-treated
groups. Significant differences are depicted as follows: p <0.0005 “***, p <0.005 “**’, p
<0.05 *".

as well as between Nij, and Ni; (Tukey’s HSD: p = 0.048422163, 95% C.1. = -7.9758255,
-0.02417454). Further, only group Nij; differed significantly from the control group
regarding their time to reach the hatching stage (Tukey’s HSD: p = 0.0129873 *, 95%
C.I. =2.573774, 12.926226).

In addition, we employed Fisher’s Exact Test to explore the relationship between
exposure to nickel or cobalt and mortality. The analysis was conducted using a
contingency table that cross-tabulated group membership (including five different
groups and one control group) against mortality status (alive or dead). The result-
ing p-value from Fisher’s Exact Test was 0.0001153 for cobalt and 0.01636 for nickel,
indicating a significant association between metal exposure and mortality.
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FIGURE 7.3: Egg development under Ni exposure. The average duration in days to
reach each developmental stage (multicell, early veliger, veliger and hatching) is shown
for the control, Ni,, Ni,, Ni., Nig, Ni, (A) and the statistical differences in the duration of
egg development under Ni (B). Colours represent the control and metal-treated groups.
Significant differences are depicted as follows: p <0.0005 ***, p <0.005 “**’, p <0.05 “*’.

7.5 Discussion

Both nickel and cobalt significantly affected the ontogeny of Berghia stephanieae, with
developmental delays observed already at the lowest concentrations tested. Incom-
plete larval development was first observed at 1852 pg/L for Ni and 463 pg/L for
Co, indicating that cobalt exerted stronger developmental toxicity at lower concen-
trations. Interestingly, all embryos developed normally through the multicellular
stages, and developmental disruptions only became apparent from the early veliger
stage onward. This stage, characterised by larval rotation within the egg capsule
and the onset of ciliary movement, appears particularly sensitive to metal stress.
Comparative studies with other marine and freshwater species show a wide
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range of sensitivities to both metals. For example, sea urchin (Diadema africanum Ro-
driguez, Hernandez, Clemente & Coppard, 2013) larvae failed to progress beyond
the blastula/gastrula stages at just 101 ng/L Ni, demonstrating a markedly higher
sensitivity to nickel than what we observed in B. stephanieae (Bielmyer et al., 2005).
Similarly, in zebrafish (Danio rerio (Hamilton, 1822)), nickel inhibited hatching at 40
pg/L, while cobalt only had comparable effects at much higher concentrations (3840
png/L) (Dave & Xiu, 1991). In our study, the highest cobalt concentration tested (926
ng/L) resulted in high egg mortality, while the same concentration of nickel did not
significantly impair survival, underlining cobalt’s greater toxicity to B. stephanieae
embryos.

Sensitivity also varies across molluscan taxa and between marine and freshwater
species. Six species of Australian freshwater mussels showed similar LC50 values for
both metals, ranging from 1826.83 to 3005 pg/L, indicating comparable sensitivity
to nickel and cobalt (Markich, 2017). In contrast, larvae of the tropical marine gastro-
pod Nassarius dorsatus (Roding, 1798) showed 50% inhibition of growth and meta-
morphosis only at 458 pg/L Ni, and Haliotis rufescens Swainson, 1822 (red abalone)
had an EC50 for 48-hour development at 145.5 pg /L Ni (Gissi et al., 2018; Hunt et al.,
2002). These comparisons illustrate the importance of species-specific assessments,
particularly when evaluating the ecological risks of metal pollution during early life
stages. More importantly, our findings, in line with previous studies, clearly show
that early life stages, such as eggs and larvae, are considerably more susceptible to
metal exposure than adult individuals. While adult B. stephanieae tolerate higher
concentrations of nickel and cobalt without visible impairments; embryonic and lar-
val development were already compromised at significantly lower concentrations
(Sickinger et al., 2026). This differential sensitivity between life stages has important
implications for natural populations. Even if adult invertebrates or molluscs are rel-
atively resilient to elevated metal levels, successful reproduction and recruitment
may still be compromised, ultimately threatening long-term population stability in
polluted environments.

7.6 Conclusion

This study shows that early developmental stages of Berghia stephanieae are highly
sensitive to nickel and cobalt, with cobalt exerting stronger toxic effects at lower con-
centrations. Developmental impairments became apparent from the early veliger
stage onward, highlighting this phase as particularly vulnerable to metal stress.
While adults tolerate higher concentrations, our results confirm that embryonic and
larval stages represent a critical bottleneck for population persistence in polluted en-
vironments. These findings underscore the importance of species- and stage-specific
assessments when evaluating the ecological risks of metal pollution. As demand for
critical raw materials increases, understanding the impacts of heavy metals on early
life stages of marine invertebrates is essential for predicting consequences for biodi-
versity and supporting effective conservation strategies.
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Discussion

Photosymbiotic Sea Slugs as Model Organisms to Understand
Photosymbiosis

Photosymbiotic sea slugs are powerful model organisms for dissecting the inter-
play between host biology and photosynthetic symbionts at multiple levels. In
Heterobranchia, photosymbiosis has evolved independently twice: kleptoplasty in
Sacoglossa, where functional algal plastids are sequestered and maintained for vary-
ing periods, and whole-cell photosymbiosis in Cladobranchia, where intact Symbio-
diniaceae cells are hosted intracellularly (Héndeler et al., 2009; Rola et al., 2022).
These associations enable direct investigation of the molecular mechanisms of sym-
biont recognition and immune modulation, the ecological determinants of symbio-
sis stability across habitats, and the behavioural adaptations, such as phototaxis,
that can influence light acquisition and, in turn, the performance and persistence of
the symbionts. Cladobranch sea slugs form a diverse, functionally versatile group of
marine heterobranchs that have independently evolved the ability to host photosyn-
thetic dinoflagellates from Symbiodiniaceae (Rola et al., 2022). These associations
range from short-term retention, lasting only days, to months-long maintenance
that can sustain growth and reproduction in the absence of heterotrophic feeding
(Burghardt, Schrodl, & Wagele, 2008; Rudman, 1981, 1991).

Our study shows, for the first time, that in Cladobranchia, a correlation exists be-
tween the Symbiodiniaceae genera and the stability of the symbiosis in cladobranch
slugs, and their occurrence appears to depend on both host species and environ-
mental conditions (Sickinger et al., 2025a). For example, Berghia stephanieae exhibits
an unstable photosymbiosis: without continuous feeding on photosymbiotic cnidar-
ians, the dinoflagellates are lost within days, and there is little evidence for a long-
term mutualistic relationship (Monteiro et al., 2019). Interestingly, this species con-
sistently harbours Breviolum minutum, a genus also common in coral hosts and known
for broad ecological tolerance (Monteiro et al., 2019; Silva et al., 2021, 2023). In
our study, species with no or unstable photosymbiosis typically hosted Breviolum
or Symbiodinium as dominant symbionts. In contrast, cladobranchs with stable pho-
tosymbiosis, such as Phyllodesmium magnum Rudman, 1991, which can retain pho-
tobionts for weeks to months and survive under light without heterotrophic input,
almost exclusively harboured Cladocopium clades (Burghardt, Schrodl, & Wagele,
2008; Wégele et al., 2010).

This raises the question of whether symbiosis stability is determined primarily
by the photobiont, as Symbiodiniaceae clades differ in their adaptations to factors
such as thermal stress or light intensity (Lesser, 2019). Gorman et al. (2025) anal-
ysed the regulation of symbiont populations in Exaiptasia diaphana and showed that
stability varies depending on the Symbiodiniaceae partner, with Durusdinium ex-
hibiting lower host regulatory control and reduced long-term stability compared to
Breviolum (Gorman et al., 2025). Breviolum species vary widely in their responses to
environmental stress, particularly heat, a key factor in coral bleaching. Strains such
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as B. minutum are highly heat-sensitive, whereas others are more tolerant (Dang et
al., 2019). Heat or light stress can trigger phototrophic organisms to adjust photo-
synthetic pathways, including the use of alternative electron transport mechanisms,
to reduce photo-damage and oxidative stress (Oakley et al., 2023). However, the
prevalence and efficiency of these adaptations differ among Breviolum strains, influ-
encing symbiotic performance. Ecologically, Breviolum is a key symbiont for a broad
range of cnidarians, including corals, sea anemones, hydrozoans, and occasionally
jellyfish (Dall’Olio et al., 2022).

Symbiodinium exhibits a wide range of stress adaptations, allowing survival in di-
verse and sometimes extreme marine environments. Compared to Breviolum, many
Symbiodinium strains cope better with reactive oxygen species and protect their pho-
tosynthetic machinery under light stress by dissociating their antenna complexes
from the reaction centres of photosystem II under strong light conditions, thereby
increasing their capacity for cyclic electron flow and avoiding bleaching (Aihara et
al., 2016; Reynolds et al., 2008). While both genera include heat-tolerant and heat-
sensitive strains, Symbiodinium often displays broader photoprotective diversity and,
in some cases, “stress memory,” enabling faster responses to repeated stress (Dang
et al., 2019; Levin et al., 2016; Oakley et al., 2023). Adaptation in Symbiodinium tends
to involve rapid activation of protective and metabolic pathways, whereas Breviolum
often excels in trophic and metabolic flexibility under nutrient-rich conditions (Kirk
et al., 2020). Some corals experience reduced health when hosting Symbiodinium,
likely due to lower nutrient contributions from this symbiont (Rouzé et al., 2016;
Stat et al., 2008). In contrast, the upside-down jellyfish Cassiopea sp. can rely entirely
on Symbiodinium, maintaining a stable photosymbiosis without any decline in health
(Lampert, 2016). In our study, species hosting Symbiodinium showed no signs of com-
promised health, indicating that any potential parasitic effects are likely host-specific
rather than a general feature of the genus (Goulet et al., 2019). Nonetheless, apart
from a small proportion found in Pteraeolidia ianthina (Angas, 1864), this photobiont
genus was detected only in species exhibiting absent or unstable photosymbiosis.

Cladocopium differs from Breviolum and Symbiodinium in both ecological role and
stress response. Uptake by coral cells is generally slower and less efficient compared
to other Symbiodiniaceae genera, and initial infection rates are lower, suggesting
different adaptation mechanisms or more specific host preferences (de Souza et al.,
2022; Ng et al., 2024; Sikorskaya et al., 2024). While Cladocopium can exhibit thermal
tolerance comparable to or exceeding that of some Breviolum strains, the mechanisms
are highly strain-dependent (Ng et al., 2024; Sikorskaya et al., 2024). Unlike Sym-
biodinium, it is less associated with strong cyclic electron transport in photosystem
II, but it thrives in a broad range of coral hosts, especially in warm, shallow reefs,
where it contributes to long-term symbiotic stability (de Souza et al., 2022). Globally,
Cladocopium is among the most widespread Symbiodiniaceae genera in coral reefs,
associating with many coral species across diverse regions (J. Li et al., 2025). In-
terestingly, in corals such as Acropora tenuis (Dana, 1846) or Acropora humilis (Dana,
1846), Symbiodinium, Breviolum, and Durusdinium are often acquired first and domi-
nant during larval stages, with Cladocopium becoming more dominant in adulthood,
likely reflecting changing environmental and physiological needs (Ng et al., 2024). In
cladobranch sea slugs, we were able to show that Cladocopium correlates with long-
term, stable symbiosis (maintenance of the photobiont for more than two weeks),
whereas Symbiodinium and Breviolum are more often linked to transient or unstable
associations (photobiont is immediately digested or maintained for some days).

Our data also show a correlation between the stability of photosymbiosis and
food source, meaning that cladobranch species with a stable symbiosis mainly feed



Chapter 7 140

on Octocorallia and species with no or an unstable symbiosis feed on Actinaria.
However, no single Symbiodiniaceae genus appears to be exclusive to either Octo-
corallia or Actiniaria and both cnidarian clades host overlapping Symbiodiniaceae
genera, including Cladocopium, Durusdinium, and Breviolum. For example, the octo-
corals Briareum and Erythropodium, both consumed by Cladobranchia species with
stable photosymbiosis, host symbionts from the genus Breviolum and Cladocopium at
the same time (Goulet & Coffroth, 2004; Goulet et al., 2008). In the sea slugs feeding
on these corals, however, only Cladocopium is present. Future studies should also fo-
cus on sampling and analysing the cnidarian prey of the slugs to determine whether
the abundance and diversity of symbionts in cladobranchs are maintained after they
feed on their food source. This could provide initial answers to the question of
whether cladobranchs actively select their symbionts. Could species such as Phyl-
lodesmium have the ability to specifically select certain symbionts, while Coryphella or
Berghia lack this ability? For answering this question, however, the molecular basis
of photobiont recognition and maintenance is also important.

In cnidarian—-dinoflagellate systems, symbiont acquisition is known to depend on
highly specific molecular recognition processes. The host has to recognise and in-
gest the specific photobiont, a foreign organism, which comes with considerable
risks, as it requires a modification of the immune system and, in the case of false
recognition, carries the risk of introducing pathogens into the host’s cells (Emery
et al., 2024; McFall-Ngai et al., 2013). In cnidarians, a well-studied way to distin-
guish specific symbionts from pathogens and to regulate the immune system accord-
ingly is the interaction between specific surface molecules of the photobiont called
microbe-associated molecular patterns (MAMPs) and pattern recognition receptors
(PRRs) of the host (Davy et al., 2012; Mansfield & Gilmore, 2019; Rosset et al., 2021).
Here, MAMPs of the phototrophic microorganism are recognised by PRRs located
on the host’s cell membrane. If the host cell recognises the microbe as a suitable
symbiont, phagocytosis is initiated, a signalling cascade regulating the immune sys-
tem is triggered, and specific activator proteins, which induce the early phagosome
formation by the recruitment of Rab5 are produced (Fig. 7.4). As a result, the sym-
biont is phagocytised into the host cell. The resulting phagosome, referred to as a
symbiosome, surrounds the photobiont intracellularly and is crucial for the nutrient
exchange between host and photobiont (Malcolm & April, 2012). In a stable pho-
tosymbiosis, as observed for corals, the phagosomal maturation is inhibited, and a
functional symbiosome is established (Chen et al., 2003, 2004).

It is both possible and likely that different Symbiodiniaceae genera, such as Bre-
violum, Symbiodinium, and Cladocopium, exhibit distinct MAMPs. This stems from
the considerable genomic and physiological divergence within the family Symbio-
diniaceae, which is marked by deep evolutionary splits between its genera (Liu et
al., 2018; Lo et al., 2022). Comparative genomic analyses have revealed significant
differences in genome content and the expansion of specific gene families, includ-
ing those involved in the biosynthesis and modification of cell surface structures,
which are directly linked to MAMP composition and presentation (Aranda et al.,
2016; Levin et al., 2016). Importantly, such molecular divergence has ecological
implications. Differences in MAMPs are likely to contribute to the degree of host
compatibility, the specificity of the symbiotic relationship, and the resilience of the
coral-algal partnership under environmental stress. Instances in which corals alter
or “shuffle” their symbiont communities during thermal stress events may partly re-
flect the need to establish immune-compatible partnerships based on MAMP recog-
nition (Baker, 2004; Cunning et al., 2015; Voolstra et al., 2024). Variation in MAMPs is
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cessful symbiosis, phagosomal maturation is halted and a stable symbiosome forms,
enabling nutrient exchange through bicarbonate, glucose, and ammonium transporters
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also supported by host recognition and symbiosis specificity studies. Coral cell cul-
ture experiments have shown that coral host immune responses vary depending on
the symbiont genus. Coral cells tend to more readily engulf symbionts from Symbio-
dinium and Breviolum than those from Cladocopium, suggesting that the host immune
system perceives these genera differently, likely due to differences in their surface-
exposed molecular patterns (Davy et al., 2012; Neubauer et al., 2016). Such speci-
ficity implies that specific PRRs on the host’s side interact with distinct molecular
configurations on the algal cell surface. This also means that compatibility is likely
determined on the photobiont’s side as well, depending on whether the MAMPs
expressed by the photobiont match the PRRs expressed by the host. In cnidarians,
promising PRR categories include scavenger receptor class B (SR-B) and class E (SR-
E), thrombospondin type-1 repeat domain-containing proteins (TSRs), and C-type
lectins (Chen et al., 2004; Davy et al., 2012; A. Mohamed et al., 2016; Neubauer et al.,
2016). Berghia stephanieae maintains an unstable photosymbiosis with its photobiont
Breviolum minutum, acquired from its food source Exaiptasia diaphana (Rapp, 1829).
Unlike in cnidarians, Melo Clavijo et al., 2022 could show that in the slug, immune
responses to the photobiont are not suppressed, nor is phagosome maturation inhib-
ited. Consequently, a functional, stable symbiosome, essential for nutrient exchange,
cannot form. Still, the question remains as to the mechanism by which the slugs ini-
tially recognise the symbionts and temporarily takes them up into its epithelial cells.
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Our transcriptome analysis shows that in the presence of the symbiont B. minu-
tum, B. stephanieae upregulates 14 transcripts classified as PRRs (Melo Clavijo et al.,
2022). One C-type lectin identified as Collectin-12, was significantly upregulated
and thus considered a first promising receptor for symbiont recognition. Spatial
transcriptomics and in situ hybridisation chain reaction (HCR) localisation revealed
strong Collectin-12 expression in epithelial cells surrounding the digestive gland in
the proximal cerata, the main site of the photobionts (see Chapter 2). Collectins,
a subgroup of C-type lectins, possess carbohydrate-recognition domains linked to
collagen-like regions, allowing them to bind specific glycans on microbial surfaces
(Zhang et al., 2020). The targeted expression of Collectin-12 in symbiont-rich tis-
sues of the host indicates a potential role in photobiont recognition and selective
uptake by the slug cell, mirroring lectin-mediated mechanisms described in cnidar-
ian-Symbiodiniaceae systems (Kvennefors et al., 2008). Interestingly, transcriptomic
studies in different scoglossan species have identified several PRRs that are poten-
tially relevant for the recognition of kleptoplasts, among these Collectin-12, Collectin-
11 and Collectin-10 (Allard et al., 2025; C. X. Chan et al., 2018; Melo Clavijo et al.,
2020; Mendoza et al., 2023). Although their functional role has yet to be experi-
mentally validated, the presence of these collectin transcripts suggests that lectin-
like proteins seem to play a role in symbiont recognition in heterobranch sea slugs,
even in kleptoplasts. These results indicate that photosymbiosis depends on mul-
tiple factors, including the compatibility between photobiont-derived MAMPs and
host PRRs, as well as immune system adaptations of the slug host. Such principles
likely apply not only to photosymbiosis in Cladobranchia but also to kleptoplasty in
Sacoglossa.

Some studies even suggest that sacoglossan slugs such as the LtR species Plako-
branchus ocellatus van Hasselt, 1824 exhibit positive phototactic behaviour in the
course of successful symbiont recognition and maintenance in order to increase klep-
toplast photosynthesis and thus nutrient production (Cartaxana et al., 2018; Miyamoto
etal., 2015; Schmitt & Wagele, 2011; Weaver & Clark, 1981). Elysia viridis offers a par-
ticularly compelling case for such experiments, as its retention capacity spans the
full range from non-retention to long-term retention depending on the food algae,
enabling direct tests of whether and how host behaviour is modulated by the quality
and persistence of its kleptoplasts (Handeler et al., 2009; Rauch et al., 2015). Our re-
sults demonstrate that E. viridis consistently exhibited positive phototaxis, spending
the majority of time in the illuminated area regardless of light source, starvation con-
dition, or kleptoplast photophysiological state. This indicates that light-seeking be-
haviour in this species is constitutive rather than context-dependent, and is not mod-
ulated by short-term changes in nutritional status or plastid performance (Sickinger
et al., 2025c¢). Interestingly, other LtR species, such as E. crispata, were reported in an
earlier study to actively avoid red light (Weaver & Clark, 1981), whereas E. viridis
showed a light preference towards red light. However, a more recent investigation
by Burgués Palau et al., 2024 showed that E. crispata did not exhibit consistent light-
avoidance behaviour. Instead, this LtR species relies on effective photoprotective
strategies: it can contract its parapodia to shade the kleptoplast-bearing tissues and
reduce incident light by about 50%, and it maintains dense kleptoplast aggregations
that provide self-shading and mitigate oxidative stress. In contrast, two short-term
retention (StR) species, Elysia velutinus Pruvot-Fol, 1947 and Elysia ornata (Swainson,
1840), displayed strong negative phototaxis and consistently crawled away from
high light intensities. E. velutinus depends mainly on hiding within its food algae
and by that reduces potential photodamage and consequently oxidative activity,
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while E. ornata did not hide or show any photoprotective mechanisms, resulting in
high oxidative activity, explaining the quick turn over rate of kleptoplasts (3 days).
E. viridis inhabits shallow, flat environments where it is regularly exposed to the
tull solar spectrum, including substantial red light (Baumgartner & Toth, 2014; Hay-
ward & Ryland, 2017) but does not have photoprotection mechanisms that can fully
protect the photosystems from damage. However, similar to E. crispata, E. viridis
adjusts its parapodial folds in response to light intensity; under high irradiance, the
parapodia close, shielding the kleptoplasts from excess light and thereby reducing
photo-induced damage (Cartaxana et al., 2019; Cartaxana et al., 2018; Christa et al.,
2018; de Vries et al., 2013; Havurinne et al., 2021). In Cladobranchia, phototactic
experiments remain scarce. Field observations indicate that species with stable pho-
tosymbioses, such as Melibe engeli and Phyllodesmium briareum (Bergh, 1896), often
engage in “sun-bathing” behaviour, consistent with positive phototaxis (Burghardt
& Wigele, 2014; Rudman, 1991). By contrast, Phidiana lynceus Bergh, 1867 exhibits
strong light avoidance in both field and laboratory settings (Borgstein et al., 2024b).
Although this species is capable of retaining algal symbionts, it is primarily noc-
turnal and actively avoids light, thereby limiting photosynthesis and the potential
nutritional benefits it could provide. Thus, phototactic behaviour in photsymbiotic
sea slugs, for example, the sacoglossan species E. viridis is likely based on individual
daily periodic activity of the species and, thus, if behavioural or molecular photo-
protective adaptations are present, rather than actively increasing the photosynthetic
activity of their kleptoplasts.

Photosymbiotic Sea Slugs in the Holobiont Framework

Photosymbiosis in heterobranch sea slugs is commonly investigated through exper-
imental manipulations such as starvation, chemical inhibition of photosynthesis, or
maintaining in darkness. These approaches aim to determine whether, and to what
extent, photobionts or kleptoplasts contribute to host metabolism. In sacoglossan sea
slugs such as E. viridis, individuals starved in darkness shrank and lost weight more
rapidly than those starved in the light, indicating that kleptoplasts might provide
an advantage under starvation (Cartaxana et al., 2017; Casalduero & Muniain, 2008;
Maeda et al., 2021; Shiroyama et al., 2020). To avoid confounding effects of darkness,
some studies have instead applied photosynthesis inhibitors such as monolinuron,
which yielded starvation tolerances comparable to those observed under photosyn-
thetically active conditions, suggesting that E. viridis rather slowly digests the klep-
toplasts than using them for active photosynthesis (Christa et al., 2014b; de Vries
et al., 2015; Laetz et al., 2017b). Within photosymbiotic Cladobranchia, the aeolid
B. stephanieae has become a well-established model. Here, starvation experiments or
comparison experiments between symbiotic and aposymbiotic (symbiont-free) spec-
imens showed that B. stephanieae has an unstable symbiosis with its photobionts and
seems to represent a transition form towards stable photosymbiosis as observed, for
example, in Phyllodesmium briareum (Melo Clavijo et al., 2022; Monteiro et al., 2019;
Silva et al., 2021). Light stress has frequently been applied as an experimental tool
to evaluate the photobiont retention within the slug, since high light induces the
photodynamic production of reactive oxygen species (ROS) and thereby increasing
host stress (Halliwell & Gutteridge, 1985). More recently, Melo Clavijo et al. (2022)
demonstrated that in B. stephanieae starvation stress prior to feeding enhances the
ability of the slug to quench ROS, partly through the induction of glutathione per-
oxidase.
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However, these studies have largely focused on the role of algal symbionts and
have often overlooked the presence of bacterial partners. Sea slugs maintain diverse
microbial communities, which can also be affected by experimental stressors such
as light, starvation, or chemical inhibition. As a result, the outcomes of these ma-
nipulations are not limited to the algal symbionts but can impact the functioning
of the entire holobiont. The holobiont, defined as the host together with its asso-
ciated microbial communities, constitutes an integrated system in which microbes
contribute to metabolism, immunity, and adaptation to environmental stress. While
these experiments provide valuable insights into photobiont persistence, they over-
look that host-associated microbiomes can undergo profound shifts in response to
stress (Gatidou et al., 2015; Hinde & Smith, 1975; Teugels et al., 2008). Coral research
has already demonstrated the central role of bacterial symbionts in supporting pho-
tosymbiosis, for example, through nitrogen, carbon, and sulfur cycling, as well as
defence against pathogens (Meunier et al., 2021; K. B. Ritchie, 2011; Rothig et al.,
2016; Voolstra & Ziegler, 2020). In corals, the microbiome is widely recognised as a
key health indicator, and the holobiont framework is increasingly incorporated into
reef restoration strategies. By contrast, photosymbiotic heterobranchs remain com-
paratively understudied. Existing research on sea slug microbiomes has primarily
catalogued bacterial taxa, with only limited efforts to elucidate their functional con-
tributions (Davis et al., 2013; Devine et al., 2012; Mahadevan & Middlebrooks, 2020;
Ng et al., 2022; Zhukova & Eliseikina, 2012; Zhukova et al., 2022).

In our study, we focused on the sacoglossan species E. viridis, fed with Cladophora
sp.- (NR) and Bryopsis sp. (LtR), as well as individuals fed with Bryopsis sp. but
kept in the photosynthesis blocker monolinuron and analysed not only the abun-
dance of the bacteria but also their potential involvement in metabolic pathways.
We were able to show that monolinuron has strong effects on the microbiome and
that there is a significant shift in the bacterial community towards Sulfate reducer,
Sulfide oxidiser and Sulfur reducer, such as Bradymonadales sp. and Paracoccus sp..
Monolinuron is a herbicide that interferes with photosynthesis by binding to the
plastoquinone binding site (QB) of the D1 protein in the PSII, thereby blocking elec-
tron transport in the chloroplast (Gatidou et al., 2015). As a consequence, absorbed
light energy can no longer be efficiently used, leading to its accumulation and the
onset of oxidative stress. This stress damages lipids and other cellular components
of the photosynthetic organism (Krieger-Liszkay, 2005). In response, glutathione
is produced to neutralise reactive molecules such as hydrogen peroxide and lipid
peroxides (Lu, 2013). The synthesis of glutathione depends strongly on cysteine, a
sulfur-containing amino acid. Through the y-glutamyl cycle, glutathione can be con-
tinuously recycled, both regenerating itself and providing cysteine. In this process,
glutathione forms y-glutamyl derivatives with amino acids, which are subsequently
broken down to release the amino acid into the cell and restore glutathione. Most
cells readily take up cysteine, which is primarily channelled back into glutathione
production, though it can also be incorporated into proteins or oxidised to sulfate
(Lu, 2013; Ripps & Shen, 2012; Turley et al., 1988). Thus, the extra sulfate released
by the cysteine degradation can be metabolised by sulfate-reducing bacteria and
sulfide-oxidising bacteria in E. viridis (Fig. 7.5).

In B. stephanieae blocking photosynthesis by keeping slugs in the dark induced a sig-
nificant shift and reduction in microbiome diversity compared to slugs kept in the
normal light or high-light indicate that darkness as a stress factor has a greater im-
pact on the microbiome composition than high-light stress (Sickinger et al., 2024).
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FIGURE 7.5: Potential bacterial sulfate reduction in E. viridis treated with Monolinuron.

However, with little effect on metabolic pathway abundance. Interestingly, starva-
tion induced an increase in nitrogen-fixing bacteria and a reduction of both nitrifying
and denitrifying bacteria, indicating an alteration in the nitrogen cycle in starving
slugs compared to the control group, regardless of the light condition (Fig. 7.6). In
contrast to other Cladobranchia, B. stephanieae cannot rely solely on its photobiont
for nutrition due to its unstable photosymbiosis; the symbionts are photosyntheti-
cally active for up to five days before being digested or expelled (Melo Clavijo et al.,
2022; Monteiro et al., 2019). If the slug is not given any Symbiodiniaceae-containing
prey, it loses its photobiont and turns aposymbiotic. In this study, we starved B.
stephanieae for one week. As a result, the slug lost nearly all of its photobionts, which
are included in a variety of metabolic pathways, such as nitrogen fixation (Pupier
et al.,, 2021). Alongside phosphate, nitrogen is a critical limiting nutrient for pho-
tobionts in corals, as both elements play key roles in controlling symbiont growth
and metabolic performance (Buckingham et al., 2022; Morris et al., 2019; Rddecker et
al., 2015). In photosymbiotic slugs, it remains unclear whether the host regulates its
photobionts through nitrogen limitation; however, our results suggest that in the ab-
sence of photobionts, nitrogen availability increases, as indicated by the significant
rise in diazotrophic bacteria.

Cladobranchia have to acquire their photobionts horizontally anew in each gen-
eration via their food source (Melo Clavijo et al., 2018; Rola et al., 2022; Sickinger
et al., 2025a). In contrast, the bacterial communities in B. stephanieae do not appear
to be acquired horizontally through food nor the environment, as we found little to
no overlap between the microbiome of the food anemone Exaiptasia diaphana or the
surrounding water and that of the slugs, strongly suggesting vertical transmission,
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meaning an inherited microbiome. A well-known example of vertically transmit-
ted microbiome are Porifera, which maintain a characteristic “sponge-specific” mi-
crobiome that is passed down through the parental lineage to ensure the accuracy
of the microbiome for the next generation (de Oliveira et al., 2020; Funkhouser &
Bordenstein, 2013; Rosenberg & Zilber-Rosenberg, 2021). The core microbiome of B.
stephanieae was dominated by Mycoplasma sp., which increased significantly in abun-
dance in slugs starved in light, high light or darkness. Mycoplasmatales were also
found in high abundance in other sea slugs like Chromodoris quadricolor (Riippell &
Leuckart, 1830), Pteraeolidia semperi (Bergh, 1870), Elysia rufescens (Pease, 1871), and
Elysia crispata Morch, 1863 (Abdelrahman et al., 2021; Davis et al., 2013; Mahadevan
& Middlebrooks, 2020; Ng et al., 2022). The exact role of these bacteria in the het-
erobranch holobiont is not yet clarified. Although Mycoplasmatales have been de-
scribed in other Elysia species, this bacterial taxon was not present in our samples of
E. viridis and a dominant taxa was not observed in the core microbiome of E. viridis.
Interestingly, in E. viridis the microbiome composition and the resulting metabolic
pathways differed significantly depending on whether functional kleptoplasts were
present.

An important limitation to our study on the microbiome of E. viridis is that we
were not able to include the microbiome analysis of the algal food sources them-
selves, which limits our ability to distinguish between host-specific bacteria and
those introduced with the diet. It therefore remains possible that part of the E. viridis
microbiome is acquired horizontally through ingestion of algal-associated bacteria,
which would be in contrast to our findings in B. stephanieae (Sickinger et al., 2024).
Mahadevan and Middlebrooks, 2020 proposed that sacoglossan microbiomes are
largely opportunistic and shaped by the bacterial communities of their algal food
sources, although they were also unable to analyse the microbiome of the food algae
directly.

Metal Toxicity and Holobiont Response of B. stephanieae

Metal pollution has emerged as an increasing concern in marine ecosystems as in-
dustrial mining and coastal runoff introduce elevated concentrations of elements
such as nickel (Ni) and cobalt (Co) into the ocean (Arnott et al., 2001; Fernandez
et al., 2006; International Energy Agency, 2021; Merrot et al., 2019; Noél et al., 2015;
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Pyle & Couture, 2011; Wood et al., 2012). These metals are widely used in modern
technologies such as electric cars, and their accumulation in coastal waters poses
potential risks to sensitive organisms (Naryono, 2023). In coral reef systems, stud-
ies have shown that exposure to trace metals can disrupt symbiotic stability, impair
calcification, and induce oxidative stress, thereby threatening both coral health and
reef resilience (Biscéré et al., 2018; de Barros Marangoni et al., 2017; Iglic, 2011; T. Li
et al., 2020; Montalbetti et al., 2021; Rodriguez et al., 2016). Such findings highlight
the need to better understand how metal contamination affects other photosymbi-
otic marine invertebrates beyond corals, including gastropod holobionts.

In our study, we investigated the effects of nickel and cobalt on the marine gastropod
B. stephanieae (Sickinger et al., 2026). In order to establish suitable experimental con-
centrations for Ni and Co, we first conducted preliminary range-finding tests. These
range-finding assays show that adults tolerate a window between 3 mg/L - 32 mg/L
for Co and 3 mg/L - 37 mg/L for Ni, and ICP-OES analyses verified that the nom-
inal concentrations increased with increasing metal concentrations. Elevated con-
centrations around 18 mg/L of Ni and Co lead to visible signs of stress, such as no
movement, no feeding and shedding of the cerata. Ni exposure is known to gener-
ate oxidative stress, which in turn damages critical biomolecules such as DNA, pro-
teins, and lipids. Nickel can displace essential metals in metalloproteins or disrupt
enzymatic activity through allosteric effects, either by binding directly to catalytic
residues or to adjacent sites, thereby altering protein function (Cammack, 1988; Ma-
comber & Hausinger, 2011). Such disruptions interfere with cellular homeostasis
and can ultimately compromise organismal health (Macomber & Hausinger, 2011).
Cobalt, by contrast, is an essential trace element as a component of vitamin B12, but
its biological role is limited, and only very small quantities are required for normal
cellular processes (Eitinger et al., 2005). In Hydra magnipapillata, elevated Co concen-
trations triggered the formation of reactive oxygen species (ROS), also within lyso-
somes, which suppressed the expression of antioxidant and stress-sensitive genes.
This led to DNA damage and apoptosis mediated through mitochondrial pathways
(Zeeshan et al., 2017). Marine molluscs show varying levels of tolerance to nickel
and cobalt, with marked differences in sensitivity between species and exposure
conditions. Most marine molluscs begin to show signs of physiological stress at con-
centrations significantly lower than susceptible fish or some other invertebrates, but
a few species can endure rather high concentrations before lethal or sublethal effects
appear (Lehel et al., 2023; Potet et al., 2018; Saili et al., 2021). Bivalves, for example
Muytilus galloprovincialis Lamarck, 1819 and Chamelea gallina (Linnaeus, 1758) have
been found to accumulate high nickel content without apparent lethality, with some
recorded tissue concentrations up to 92 mg/kg (Lehel et al., 2023). For cobalt, Saili
et al. (2021) conducted chronic toxicity tests, including Mytilus galloprovincialis and
Magallana gigas (Thunberg, 1793). However, the cobalt concentrations tested (1660
ng/L Co for M. galloprovincialis and 2760 ng/L Co for M. gigas) were too low to
detect a significant effect on these molluscs (Saili et al., 2021).

Our results indicate that B. stephanieae has relatively high tolerance against ele-
vated Niand Co exposure. However, when shifting the focus from adult B. stephanieae
to early developmental stages, our results revealed that eggs and embryos are a lot
more sensitive towards Ni and Co exposure. When exposed to increasing metal
concentrations (Co: 140 — 420 ng/L; Ni: 419 — 1678 pg/L), we demonstrated that
embryos displayed clear, dose-dependent responses to both metals, with elevated
concentrations leading to prolonged developmental time period and reduced hatch-
ing success. The critical developmental stage was the early veliger stage, as the
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multicell stage was reached by all eggs regardless of the metal and the concentra-
tion. The early veliger stage in molluscs, particularly in nudibranchs, is a critical
developmental period characterised by the initial formation of the larval shell and
the onset of rotational movement (Khan et al., 2020; Tyler-Walters & Williams, 2023).
This stage is highly sensitive to environmental conditions and is considered a vul-
nerability point for the organism regarding exposure to contaminants. The rotation,
along with the movement of the velar cilia, amplifies contact with environmental
contaminants, especially those dissolved or suspended in the water column (Car-
riker, 2001; Hayashi & Nakano, 2024). Inactive larvae and abnormal developmental
outcomes have been documented, for example, in oysters at higher contaminant
concentrations, indicating sensitivity peaks during early veliger motility (Khan et
al., 2020). Interestingly, eggs seemed to endure Ni better than Co, as the highest
concentration tested for Co (420 ng/L) induced only slight changes in the develop-
mental time frame for Ni samples. Co’s structural similarity to other critical ions
(e.g., magnesium and calcium) could lead to it substituting in biomolecules and in-
terfering with vital processes more readily than Ni, thus, higher concentrations of Ni
might be endured (Bida et al., 2025). Interestingly, the control group of our prelim-
inary range finding test with adult B. stephanieae displayed relatively high baseline
concentrations of Ni. A plausible explanation for this finding is the activity of the
metalloenzyme urease, which requires two Ni ions at its catalytic centre. Urease is
essential in nitrogen metabolism, as it hydrolyses urea into ammonia and carbon
dioxide. In the photosymbiotic giant clam Tridacna squamosa Lamarck, 1819, for in-
stance, urease enables the host to deliver nitrogen to its algal symbionts in the form
of urea, which the algae then assimilate into their own metabolic processes (Ip et
al., 2020). A comparable process may also take place in B. stephanieae, where the
host could facilitate nitrogen supply to the intracellularly retained Symbiodiniaceae,
thus Ni would be an important trace element for adult B. stephanieae. Nevertheless,
this hypothesis requires further validation, for example, through the quantification
of urease gene expression.

Based on the results of our preliminary range finding test of adult B. stephanieae,
we selected a gradient of concentrations that encompassed low, sublethal levels as
well as higher doses that were expected to induce measurable changes in holobiont
physiology and conducted a microbiome and bacterial metabolic pathway analysis
under exposure to Ni and Co. Although visible signs of stress (no movement, no
feeding and shedding of the cerata) were only observed at a concentration around
18 mg/L for both metals, our microbiome analyses revealed significant changes in
bacterial composition already at a concentration of 1 mg/L for Ni and Co (group N1
and C1). Interestingly, at this concentration, no significant difference was observed
between the two metals, indicating a dose-dependent shift in the microbiome re-
gardless of the metal itself. Both groups, N1 and C1, were dominated by Mycoplasma
sp. (seemingly a key taxa as already observed in our microbiome analyses with B.
stephanieae exposed to light stress and starvation (Sickinger et al., 2024) and increas-
ing abundance of Pseudofulvibacter sp. and Endozoicomonas sp.. From 3 mg/L Ni and
Co (group Ni2 and Co2), clear differences between the two groups emerged. Group
N2 showed more similarities to C1 and N1 in terms of metabolic pathways, while C2
clustered with N3 and C3. This indicates that at 3mg/L a shift in microbiome com-
position occurs, resulting in significant changes in bacterial pathways. The highest
concentration tested (17 mg/L, N3 and C3) showed a downregulation of almost all
14 observed metabolic pathways clustering with the control group. Still, C3 and N3
showed significant differences in microbiome composition compared to the control



Chapter 7 149

group, thus indicating a potential tipping point at which functional redundancy is
lost, or key microbial contributors are no longer present and potential pathogens
such as Mycoplasma sp. increase rapidly.

Our findings show that exposure to nickel and cobalt led to clear, concentration-
dependent alterations in the bacterial microbiome of B. stephanieae, with detectable
changes already occurring at concentrations as low as 1 mg/L. This sensitivity con-
trasts with results from corals, for example, in Acropora muricata (Linnaeus, 1758),
where comparable nickel levels did not induce noticeable shifts in microbial com-
munity composition (Gissi et al., 2019). The highest concentration tested, 9050 ug/L
Ni, caused coral bleaching; however, no changes in the composition of their micro-
biome communities were observed. In cnidarians, the photobionts are key players
in controlling internal metal levels. Compared to their coral hosts, these symbionts
accumulate much higher amounts of metals, especially Ni, and when exposed to
elevated concentrations, the coral can expel its photobionts and which eventually
results in bleaching (Douglas, 2003). This response is thought to function as a detox-
ification mechanism, enabling the host to lower its intracellular metal burden by
eliminating the symbionts that have accumulated the excess metals (Bastidas & Gar-
cia, 2004; Hardefeldt & Reichelt-Brushett, 2015; Meehan & Ostrander, 1997; Peters
et al., 1997; A. J. Reichelt-Brushett & McOrist, 2003). While corals are able to emit
their symbionts and the accumulated metal, thus, probably stabilising their micro-
biome, B. stephanieae is not able to expel its symbionts that easily. In B. stephanieae
the symbionts are stored within epithelial cells of the digestive gland system, which
spreads into the cerata. Several nudibranchs, including B. stephanieae are able to
shed their cerata as a defence mechanism. This self-amputation is typically trig-
gered by predator attacks and plays an important role in survival, though it comes
with energetic costs and functional trade-offs (Bickell-Page, 1989; Edmunds, 1966;
Miller & Byrne, 2000; Piel, 1991). In our experiments, B. stephanieae individuals ex-
posed to approximately 18 mg/L of Ni or Co displayed active shedding of their
cerata, a response not observed at lower concentrations. This cerata autotomy could
be a detoxification strategy, enabling the slug to eliminate tissue regions that contain
metal-accumulating symbionts (J. W. Brown et al., 2024). However, regenerating lost
cerata is energetically costly and temporarily reduces the nudibranch’s respiratory,
digestive, and defensive capabilities, leaving them more vulnerable to predators and
less competitive until full regeneration, which may require several weeks (Marin et
al., 1991; Miller & Byrne, 2000). Therefore, it seems likely that in B. stephanieae, cer-
ata shedding represents a last-resort strategy to eliminate accumulated metals, oc-
curring only at relatively high concentrations. Unlike corals, which can expel their
symbionts to probably stabilising their microbiome, this mechanism is not available
at lower concentrations, and thus the microbiome of B. stephanieae becomes desta-
bilised even at 1 mg/L.

Our experiments clearly show that although adult B. stephanieaea seem to be quite
tolerant to Ni and Co exposure; it is important to look at the early life stages in
particular, as these are usually much more sensitive to pollution, and successful re-
production and recruitment may still be compromised, ultimately threatening long-
term population stability in polluted environments. Further, the first signs of stress,
such as reduced mobility, no feeding, and eventually cerata shedding, were only
observed at comparatively high concentrations of around 18 mg/L, suggesting that
adults can withstand short-term exposure without acute mortality. However, our
microbiome analyses revealed that significant changes in bacterial community struc-
ture occurred at much lower concentrations, as early as 1 mg/L, well before any
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behavioural or morphological symptoms became apparent. Such microbial restruc-
turing could therefore be considered a sensitive early warning signal of holobiont
health, offering a valuable tool for detecting sublethal impacts of pollution.



Outlook

Although this dissertation advances our understanding of photosymbiotic sea slugs
as holobiont model systems, it also highlights several unresolved questions that war-
rant future investigation. A central question is how molecular and cellular mecha-
nisms shape the difference between stable and unstable symbioses in Sacoglossa and
Cladobranchia, which are still only partly understood. Some key questions that re-
main are: Are there differences in MAMPs among the various Symbiodiniaceae gen-
era? Which PRRs are expressed by the host slug, and do these differ between clado-
branch species with stable versus unstable photosymbioses? In sacoglossans, do
species classified as short-term retainers (StR) also form a kleptosome, or is this fea-
ture restricted to long-term retainers (LtR) and thus responsible for the duration and
stability of kleptoplasty? Finally, do kleptoplasts display MAMPs similar to those of
Symbiodiniaceae, and which PRRs are involved in their recognition by sacoglossan
hosts?

The role of the microbiome in shaping holobiont physiology also remains an open
field. While this thesis demonstrated shifts in microbial communities depending
on symbiotic state and environmental stress, it remains to be shown whether these
changes are cause or consequence of altered host physiology. Furthermore, the ori-
gin of the microbiome remains an open question. In B. stephanieae, evidence points
to vertical inheritance, whereas in E. viridis it is widely assumed to be acquired hor-
izontally. It is possible that the source of the microbiome differs between Clado-
branchia and Sacoglossa, reflecting distinct strategies to adapt to changing environ-
mental conditions.

Finally, an important challenge is to place photosymbiotic sea slugs into the context
of global change. Rising sea surface temperatures, ocean acidification, and increas-
ing pollution will likely act in concert, creating complex stress scenarios for marine
holobionts. Future studies should therefore adopt multilevel experimental designs
that look at the whole organism as a holobiont, in which host and symbiotic part-
ners interact and influence one another rather than examining them individually.
This would allow us to gain insights early on, before the host exhibits pronounced
signs of stress, and could thus serve as a valuable early warning system.

In summary, the dissertation underscores the promise of photosymbiotic sea slugs
as tractable models for exploring the evolution, function, and vulnerability of an-
imal-algal symbioses. By combining molecular, microbial, behavioural, and eco-
toxicological approaches, future research can resolve long-standing questions about
the mechanisms of symbiosis and provide urgently needed insights into how these
delicate associations will fare in an era of accelerating environmental change.
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