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The nudibranch Berghia
stephanieae (Valdés, 2005) is
not able to initiate a functional
symbiosome-like environment
to maintain Breviolum minutum
(J.E.Parkinson & LaJeunesse 2018)

Jenny Melo Clavijo1*, Corinna Sickinger1, Sabrina Bleidißel1,
Gilles Gasparoni2, Sascha Tierling2, Angelika Preisfeld1

and Gregor Christa2*

1Institute for Zoology and Didactic of Biology, University of Wuppertal, Wuppertal, Germany,
2Department of Genetics, Saarland University, Saarbrücken, Germany
Photosymbiosis is found in different animal lineages and is best understood in

cnidarians. A successful initiation and maintenance of the symbiosis between

the animal hosts and the photosymbiotic partners is based on a recognition by

specific host receptors. This triggers signaling cascades that promote the

photobiont tolerance by the host, including an interpartner nutrient

exchange and the ability of the host to cope with increased levels of reactive

oxygen species (ROS) generated by the photobiont. Key to the successful

symbiosis is the inhibition of the phagosomal maturation resulting in the

formation of the symbiosome. In animals other than cnidarians, little is

known about the photosymbiosis initiation and maintenance, for instance in

sea slugs belonging to the Nudibranchia. Here, we investigated the gene

expression profile of Berghia stephanieae, which is able to incorporate

Breviolum minutum from its cnidarian prey Exaiptasia diaphana (Rapp, 1829)

but is not able to maintain the algae for more than a couple of days during

starvation. We show that the recognition of the algae is based on similar

mechanisms present in cnidarians, and we identified some additional candidate

genes that might be molluscan specific for photobiont recognition.

Downstream, B. stephanieae responds to increased levels of ROS but is not

able to stop the phagosomal maturation or decrease the immune response

against B. minutum, which seem to be the key factors missing in B. stephanieae

that accounts for the unstable symbiosis in this slug. Hence, B. stephanieae can

be considered a transitional state toward a stable photosymbiosis and can help

to elucidate general aspects of the evolutionary processes involved in

establishing photosymbioses in animals.
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Introduction

Several animal lineages evolved the ability to engage in a

symbiotic relationship—the so-called photosymbiosis—with

unicellular algae or Cyanobacteria (Melo Clavijo et al., 2018).

This symbiosis is especially beneficial for the animal host in

oligotrophic environments (Stanley and Lipps, 2011; Roth, 2014)

and is based on a nutritional exchange between the animal host

and the photosynthetic symbiont (the photobiont) (Matthews

et al., 2017; Rädecker et al., 2021). Most photosymbiotic animals

acquire the photobiont from the environment (horizontal

transmission), but some marine slugs belonging to the

Cladobranchia (Gastropoda, Nudibranchia) evolved a unique

strategy. Cladobranchs feed on photosymbiotic cnidarians and

specifically incorporate the prey’s symbiotic dinoflagellates

(Symbiodiniaceae) into epithelial cells of their own digestive

gland system (Rudman, 1987; Burghardt and Wägele, 2004;

Burghardt et al., 2005; Burghardt and Wägele, 2006; Burghardt

et al., 2008; Wägele et al., 2010). This process makes the slugs the

only known secondary host of photobionts in the animal

kingdom (Rousseau, 1934; Rousseau, 1935; Wägele and

Johnsen, 2001). Depending on the Cladobranchia species, the

algae are then directly digested intracellularly (non-symbiotic

species) or maintained physiologically active for variable times

as photobionts, ranging from a couple of weeks (unstable

symbiosis) to several months (stable symbiosis) (reviewed in

Rola et al., 2022). In species with unstable symbiosis, the

photobionts are often found photosynthetically active in the

animal’s feces, suggesting a symbiont expelling mechanism that

might be based on vomocytosis (Jacobovitz et al., 2021); in

species with stable symbiosis, the healthy photobionts are not

expelled and are even able to divide intracellularly (Kempf, 1991;

Burghardt and Wägele, 2004; Burghardt and Wägele, 2004;

Burghardt et al., 2005; Burghardt and Wägele, 2006; Burghardt

et al., 2008; Wägele et al., 2010; Rola et al., 2022).

The evolution of photosymbiosis in Cladobranchia, and

hence the mechanisms underpinning the selective photobiont

recognition and the subsequent maintenance for the varying

time periods, remains unknown. Regardless of the evolutionary

distance between the slugs and their cnidarian prey, photobiont

recognition and maintenance mechanisms might indeed be

similar (Chan et al., 2018; Melo et al., 2020). The winnowing,

a series of complex steps that occur to establish a stable

symbiosis (Nyholm and McFall-Ngai, 2004), has been well

described in cnidarians (Davy et al., 2012) and can serve as a
02
reference to understand if the same mechanisms are at play in

Cladobranchia. For instance, in cnidarians the successful

initiation of the photosymbiosis is initiated by the interaction

of pattern recognition receptors (PRRs) of the host, such as

scavenger receptors and lectins, with membrane-associated

molecular patterns (MAMPs) of the photobiont like glycans

(reviewed in Davy et al., 2012, and Mansfield and Gilmore,

2019). This is followed by an inhibition of the phagosomal

maturation, where Rab proteins, V-ATPases, and lysosomes are

highly involved (Davy et al., 2012). The resulting membrane

surrounding the photobiont intracellularly is known as

symbiosome (Neckelmann and Muscatine, 1983; Hinde and

Trautman, 2001; Kazandjian et al., 2008) and is highly relevant

for interpartner nutritional exchange (Hill and Hill, 2012;

Mohamed et al., 2016). A stable photosymbiosis is then based

on tolerating the photobiont, involving processes like the

quenching of reactive oxygen species (ROS), a constant

nutrient exchange (Rädecker et al., 2021), and the decrease of

the innate immune response where the complement system and

signaling pathways like the transforming growth factor-beta

(TGF-b), the Toll-like receptor (TLR), and the nuclear factor

kappa-light-chain-enhancer of activated B cells (NF-kB) are

major players (Mansfield and Gilmore, 2019). Only recently,

the initial steps of the photosymbiosis establishment have been

addressed in the context of the functional kleptoplasty of

Sacoglossa sea slugs, revealing evidence for a recognition

machinery that is in part conserved among evolutionary

distant related taxa (Chan et al., 2018; Melo Clavijo et al.,

2020). Yet, in Cladobranchia, and other photosymbiotic

animals, mechanisms involved in the establishment of

photosymbiosis have not yet been studied.

In the present study, we address this knowledge gap by using

the cladobranch Berghia stephanieae (Valdés, 2005). B.

stephanieae obtains its photobionts by feeding on sea

anemones from the genus Exaiptasia (Carroll and Kempf,

1990; Valdés, 2005; Dionıśio et al., 2013) and is considered a

transitional form toward a stable photosymbiosis: even though

the photobionts are kept for a few days to 1 week, their

maintenance does not seem to provide any physiological

advantages to the slug (Kempf, 1991; Bleidißel, 2010; Mies

et al., 2017; Monteiro et al., 2019a, b). Moreover, Exaiptasia

diaphana is used as a model organism to study the

photosymbiosis in cnidarians (Dungan et al., 2020), and both

animals can be cultivated in symbiotic and aposymbiotic

(symbiont-free) states under laboratory conditions. Hence, B.
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stephanieae is an ideal organism for studying the evolution of

photosymbiosis in Cladobranchia, because it allows a direct

comparison of known mechanisms involved in photobiont

recognition and maintenance in taxonomically divergent taxa.

Studying the gene expression of B. stephanieae, we found that

one major step toward the evolution of a stable photosymbiosis

in Cladobranchia might be based on the inhibition of the

photobiont digestion/expulsion and the immunosuppression

response of the host against the photobiont.
Methods

Exaiptasia diaphana culture

Symbiotic individuals of Exaiptasia diaphana were obtained

from a local provider (Seepferdchen24 Meeresaquaristik GmbH,

Germany) in February 2019 and were maintained in a 55-l tank

(60 cm × 30 cm × 30 cm) filled with circulating artificial seawater

(ASW) (AB Reef Salt, Aqua Medic, Germany), keeping the

salinity at 33 Practical Salinity Units (PSU), the temperature at

25°C, pH at 8, and light intensity at 30 µmol photons m-2 s-1

provided by RGB top light for reef tanks (Daylight Sunrise 520,

Sera), on a 12-h light/12-h dark cycle. To ensure a stable

microbiome in the tank (Godoy-Olmos et al., 2019; Xiao et al.,

2019), 2 BactoBalls (Fauna Marin GmbH, Germany) were added

and replaced every 2 weeks. In parallel, brine shrimp Artemia

were cultivated using the Artemio Set and 16 g of ArtemioMix

eggs + salt (JBL, Germany). The anemones were fed with freshly

hatched brine shrimp nauplii Artemia two to three times

per week.

In order to produce aposymbiotic individuals of E.

diaphana, 40 animals were placed in a separate 10-l tank with

circulating artificial seawater and menthol (20% w/v in ethanol;

Carl Roth, Germany) at a final concentration of 0.19 mM as

recommended by Matthews et al. (2016). Minor changes to this

procedure were done and are described as follows: to induce

bleaching without causing mortality, the anemones were placed

in the menthol tank for 6 h at light intensity of 30 µmol photons

m-2 s-1 provided by RGB top light for reef tanks and later

incubated in another 55-l tank with ASW and 0.21 M

monolinuron (Algol, JBL, Germany) for 18 h in total darkness.

At the beginning of this 18-h incubation period, the anemones

were fed with freshly hatched nauplii of Artemia three times per

week. Monolinuron acts as a photosynthesis blocker, thus

preventing unwanted algal blooms and reducing the possibility

of any symbiont recolonization (Arnaud et al., 1994). This

process of menthol + monolinuron incubation was done for 4

consecutive days, with a 3-day pause, during which the

anemones were kept in the monolinuron tank in total

darkness. The bleaching procedure was performed for 1

month at 23°C, with pH 8, and the salinity was kept at 33

PSU, compensating any loss due to evaporation with newly fresh
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water. The bottom of all tanks was cleaned, and 30% of the water

was changed weekly. To confirm the aposymbiotic status,

individuals were visually inspected with the stereo microscope

(SteREO Discovery V.8, Zeiss, Germany), light microscope

(Imager A2, Zeiss, Germany), and fluorescence microscope

(Biozero, Keyence, Japan).
Berghia stephanieae culture

Six breeding pairs of B. stephanieae were obtained from a

local provider (Seepferdchen24 Meeresaquaristik GmbH,

Posthausen) in February 2019 and cultivated in the lab at 23°

C, at a day/night cycle of 12 h/12 h. Each pair was kept in a 50-ml

plastic container with a lid (75 mm, FAUST, Germany) in 35 ml

of ASW. Water changes (50%) were made three times per week,

with freshly prepared ASW with a salinity of 33 PSU, pH of 8.0,

and temperature of 23°C. The slugs were fed with small

symbiotic 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 25-ml plastic containers with lids

(55 mm, FAUST, Germany) with ASW and maintained as

stated above.

The embryological development was monitored, and as soon

as the animals hatched they were separated into two groups:

symbiotic and aposymbiotic. Depending on the group, the

animals were given several cut tentacles as food, symbiotic

tentacles for the symbiotic group and aposymbiotic tentacles,

or small aposymbiotic anemone pieces for the aposymbiotic

group, three times a week. When the animals had developed

cerata and were around 1 cm in length, they were fed with small

symbiotic or aposymbiotic anemones (7-mm foot and 4-mm

oral disk or 4-mm foot and 3-mm oral disk), according to their

feeding group.
Symbiodiniaceae identification

In order to identify the Symbiodiniaceae genotype present in

B. stephanieae and in its anemone prey E. diaphana, total DNA

was extracted from three anemones and three slugs from our

cultures using the E.Z.N.A®Mollusc DNA Kit, Omega (Georgia,

USA). Then, in a total volume of 20 µl, 5 µl of the total DNA was

used as a PCR template using 10 µl of 2× concentrated GoTaq®

Green Master Mix (Promega, USA) and 10 mM of forward and

reverse primers for the Internal Transcriber Space 2 (ITS2) gene

attached to Illumina adapter sequences (ITS2 forward: TCT

TTC CCT ACA CGA CGC TCT TCC GAT CT GTG AAT TGC

AGA ACT CCG TG (Pochon et al. (2001)); ITS2 reverse: GTG

ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC T CCT

CCG CTT ACT TAT ATG CTT (Stat et al. (2009)); Illumina

adapter sequence underlined). A three-step PCR was done using
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a Gradient Mastercycler® (Eppendorf, Germany), with a 15-min

initial denaturation at 95°C, followed by 30 cycles of 1-min

denaturation at 94°C, 1 min of primer annealing at 54°C, and

1 min of elongation at 70°C, and ending in a 10-min final

elongation at 70°C. The PCR products were visualized with an

electrophoresis gel and subsequently purified with 0.7 volume of

AMPure XP beads (Beckman Coulter, USA). A second PCR was

performed with 10 µl of 2× Q5®High-Fidelity Master Mix (New

England Biolabs, UK), 10 mM of Illumina sequencing adapters

containing TruSeq indexes, and 5 µl of purified PCR products as

template in a 20-µl total volume. The amplification protocol

included a 5-min initial denaturation at 95°C, 9 cycles of 1 min

at 94°C denaturation, a 1-min annealing step at 52°C, and 1 min

of elongation at 70°C, ending with a 10-min elongation at 70°C.

The PCR products were purified with 0.7 volume of AMPure XP

beads, quantified with a Qubit fluorometer (Thermo Fisher,

USA), and concentrated equimolarly to 5 nM. The samples were

sequenced on a MiSeq platform (Illumina, Germany) at the

Saarland University using the MiSeq Reagent Nano Kit v2 (500-

cycle) chemistry (Illumina, Germany). The quality of raw reads

was inspected using FastQC v0.11.8 Andrews (2010), adapters

were removed, and sequences were quality trimmed using

cutadapt v1.15 Martin (2011) with -m 10 -O 17 -e 0 -q 20,20

parameters. Subsequently, the sequences were imported into

QIIME 2 v2021.4 (Bolyen et al., 2019) and were denoised with a

maximum error rate of 2 using the dada2 plugin (Callahan et al.,

2016). For Symbiodiniaceae assignment, we first trained an ITS2

classifier using the Symbiodatabacea database published by

Fujise et al. (2021) and then followed the qiime2 pipeline to

obtain Symbiodiniaceae annotations for our samples.

Annotations were only considered valid if at least 150

sequences could be assigned to the according annotation for

each sample (Supplementary Table 1, Supplementary Figure 1;

BioProject ID: PRJNA812737; BioSample IDs: SAMN29176735-

SAMN29176740; GenBank SRA: SRR19736587-SRR19736592).
Experimental design and
sample collection

Nine nudibranchs fed with symbiotic anemones were

selected from the culture, and each individual was placed in

one 25-ml container with ASW. The animals were separated into

three groups, with three animals per group. The first group was

fed three times a week with symbiotic anemones (Fed). One hour

after feeding, they were snap frozen on dry ice in a -80°C freezer

until processing. The second group was fed only once followed

by a starvation period of 7 days (Starved). Once the starvation

period ended, the animals were snap frozen at -80°C until

processing. The third group was fed only once, starved for 7

days, and refed with small symbiotic anemones (Re-fed). One

hour after refeeding, they were snap frozen at -80°C

until processing.
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The same experimental design was applied for other nine

nudibranchs fed with aposymbiotic anemones, divided into

three groups, with three animals per group. The groups were

as follows: Fed with aposymbiotic anemones, Starved, and Re-

fed with aposymbiotic anemones after starvation.

During the experiment, the water of all 18 containers was

changed (50%) three times a week and they were maintained

with the parameters previously described. For each feeding

group, samples were collected and stored as stated before.
RNA isolation and sequencing

For the 18 slug samples corresponding to six feeding

conditions described before (BioSample IDs: SAMN26426654-

SAMN26426659), total RNA was extracted from whole animals

using the my-Budget RNA Mini Kit (Bio-Budget Technologies,

Germany) following the manufacturer’s instructions. The RNA

concentration was quantified with Qubit fluorometric

quantification (Thermo Fisher, USA) and NanoDrop™ One/

OneC (Thermo Fisher, USA). A total amount of 800 µg RNA per

sample was used for sequencing with Novogene (UK). Poly(A)

mRNA enrichment, library preparation using NEBNext®

Ultra™ RNA Library Prep Kit for Illumina® (New England

Biolabs, USA), and 150-bp paired-end sequencing using the

Illumina NovaSeq 6000 System were done by Novogene (UK).

Samples were run in multiple lanes separating symbiotic from

aposymbiotic samples, and all samples were multiplexed using

double indices. Batch effects based on using different lanes are

excluded based on principal component analysis (PCA) showing

that the separation of samples is based on symbiont presence/

absence or on feeding state.
Transcriptome assembly and annotation

A total of 1,210,391,662 reads were obtained (Supplementary

Table 2; BioProject ID: PRJNA812737; GenBank SRA:

SRR18218271-SRR18218254). Given the presence of the prey

and the symbiont genes in the raw reads, a filtering step was

performed by mapping the raw reads to the nucleotide sequences

of the genome scaffolds of E. diaphana (Baumgarten et al., 2015),

Cladocopium sp. C1acro, Fugacium kawagutii (Liu et al., 2018), S.

microadriaticum (Aranda et al., 2016), and Breviolum minutum

(Shoguchi et al., 2013) using BBSplit as implemented in BBTools

v38.90 with qin=33 as input parameter (Bushnel l ,

sourceforge.net/projects/bbmap/). This filtering step resulted in

1,038,020,410 reads that could not be mapped to either the

anemone or the dinoflagellates (Supplementary Table 2). An

assembly for these unmapped reads was done using Trinity

v2.12.0 (Henschel et al., 2012; Haas et al., 2013), which resulted

in 1,554,424 transcripts. The assembled transcriptome was then

clustered with CD-HIT-EST v4.8.1 with -c 0.9 -n 7 -B 1 -g 1 -s
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0.9 parameters (Li and Godzik, 2006; Fu et al., 2012), which

reduced the assembly to 1,274,094 transcript clusters

(Supplementary Data 1). TransDecoder v5.5.0 (Haas and

Papanicolaou, 2016) was then used to translate the transcript

clusters into the longest open reading frame (Supplementary

Data 2). To assess sequence completeness, the amino acid

sequences were compared against the mollusca_odb10 BUSCO

database using BUSCO v5.1.3 (Supplementary Table 3). The

amino acid dataset was then annotated by a BLASTP search

(part of the BLAST+ package v2.9.0) against the UniProt

database version 03/2021 (The UniProt Consortium, 2021),

the genomes of Fugacium kawagutii, Cladocopium sp. C1acro

(Liu et al., 2018), S. microadriaticum (Aranda et al., 2016), and

Exaiptasia diaphana (Baumgarten et al., 2015), setting the E-

value to 1e-10. Functional annotations of Gene Ontology (GO)

terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)

identifiers were obtained using eggNOG-mapper v2

(Cantalapiedra et al., 2021). Taxonomic assignment for each

protein sequence was done using the UniProt taxonomic

database. Sequences were subsequently filtered for metazoan

annotations excluding annotations with their best hit to

Exaiptasia and annotations of bacteria, fungi, and plants

(Supplementary Data 3). The annotations were then screened

for innate immune elements involved in symbiont recognition

and maintenance such as scavenger receptors, C-type lectins,

Tol l - l ike receptors , complement components , the

thrombospondin-type-1 repeat (TSR) domain-containing

proteins, components of the TGF-ß signaling pathway, genes

associated with immune suppression, apoptosis, phagosome

maturation, nutrient transporters, and reactive oxygen species

(ROS) quenching. An additional search with InterProScan was

done in order to identify the transcripts with a characteristic

domain architecture correspondent to the innate immune

recognition receptors that were not identified based on the

annotation, following the classification done in our previous

work (Melo Clavijo et al., 2020). Additionally, KEGG pathways

of apoptosis, autophagy, Toll-like receptor, complement, and

TGF-ß signaling pathways were reconstructed using the online

KEGG Mapper tool (https://www.genome.jp/kegg/tool/map_

pathway.html).
Differential gene expression analysis

The transcript abundance of sequences was estimated with

kallisto v0.46.1 (Bray et al., 2016) following the Trinity pipeline

v2.12.0 (Henschel et al., 2012; Haas et al., 2013). Differential

expression analysis was done with DeSeq2 v1.32.0 (Love et al.,

2014) implemented in Trinity. Differentially expressed genes

(DEGs) were defined with FDR p-values of 0.005 and 0.05.

Genes with expression values of more than three TMM in at least

two replicates of one condition were considered. The normalized

expression data corresponding to all genes found in the
Frontiers in Marine Science 05
transcriptome, the annotated ones, and the DEGs were

analyzed via principal components using the prcomp function

in R v4.0.2 (R Core Team, 2021). Gene ontology analysis with

adaptive clustering were performed using the GOMWU R

package (https://github.com/z0on/GO_MWU) to measure

whether each GO category was significantly enriched

according to the expression value (Wright et al., 2015).

EuKaryotic Orthologous Groups (KOG) class enrichment tests

were performed using the KOGMWU R Package v1.2 (Dixon

et al., 2015) and published gene expression data of animals under

different experimental conditions: the coral Stylophora pistillata

exposed to heat stress (Meyer et al., 2011; Dixon et al., 2015),

different fluorescence morphotypes of the larvae of the coral

Acropora millepora (Strader et al., 2016), symbiotic vs.

aposymbiotic states of the anemone prey Exaiptasia diaphana

(Lehnert et al., 2014), and the dauer and diapause dataset of the

nematode Caenorhabditis elegans (Sinha et al., 2012) and

the midge Sitodiplosis mosellana (Gong et al., 2013). With the

KOGMWU analysis, delta ranks are computed as the difference

between the mean rank of genes in a KOG class and the mean

rank of all other genes (Dixon et al., 2015; Matz, 2019). These

comparisons using KOG classes and delta ranks of different

datasets aid to identify a general pattern of expression in our

samples, and the effect of the presence of the symbiont and the

starvation as a stress factor. Schematic models were created

with BioRender.com.
Results

E. diaphana and B. stephanieae both harbored Breviolum

minutum as a photobiont. Only in one anemone did we

additionally identify Cladocopium and Symbiodinium, but in

low frequency (248 and 191 sequences, respectively;

Supplementary Figure 1, Supplementary Table 1).
Gene expression plasticity depends on
symbiotic state and starvation

Overall, the gene expression pattern of animals feeding and

refeeding with symbiotic prey were distinctly separated in a

principal component space from each other and from all other

experimental conditions (Figure 1). The samples corresponded

to animals feeding and refeeding with aposymbiotic prey, and

starved symbiotic and aposymbiotic animals clustered together,

independently of the group of genes selected for the analysis

(only annotated genes, only differentially expressed genes).

For the comparison between symbiotic vs. aposymbiotic fed

animals and symbiotic vs. aposymbiotic refed animals,

significantly enriched gene ontology (GO) terms were

identified in the Biological Processes (BP), Cellular

Components (CC), and Molecular Function (MF) categories
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(Supplementary Figure 2). No significantly enriched GO terms

could be found for starved animals.

In symbiotic fed animals, the GO term “antigen processing

and presentation of peptide antigen via MHC class II” in the BP

category was predominantly upregulated. Processes in the BP

category related to protein hydrolysis such as “positive

regulation of peptidase activity” and “positive regulation of

cysteine-type endopeptidase activity,” “regulation of cell

death,” “metabolic and biosynthetic processes,” and “gene

expression” were predominantly downregulated. Within the

CC category, the GO term “plasmodesma,” important in

cellular communication, was enriched exclusively among the

upregulated genes. Regarding the MF category, GO terms

associated with protein endohydrolysis were strongly

upregulated, while s ignal ing receptor act ivi ty was

downregulated in fed animals.

In refed animals, cellular components and biological

processes depending on the microtubule cytoskeleton and

related to cellular division were enriched among the

upregulated genes. GO terms related to the extracellular region

and the nucleoplasm were downregulated in symbiotic refed

animals (Supplementary Figure 2).

We then compared the KOG delta ranks with previously

published data on cnidarians that were exposed to heat stress

(Meyer et al., 2011; Dixon et al., 2015), on different fluorescence

morphotypes of the larvae of the coral Acropora millepora

(Strader et al., 2016), on the anemone prey Exaiptasia

diaphana, for which a comparison of the gene expression

between symbiotic and aposymbiotic animals is available

(Lehnert et al., 2014), and with the dauer and diapause dataset

of the nematode Caenorhabditis elegans (Sinha et al., 2012) and

the midge Sitodiplosis mosellana (Gong et al., 2013), respectively

(Figure 2). Two main clusters were identified: one cluster

included animals under stress conditions, while the other one

consisted of unstressed animals. Comparisons of the gene

expression between symbiotic vs. aposymbiotic fed and refed
Frontiers in Marine Science 06
B. stephanieae and its prey E. diaphana clustered within the

unstressed group. Starvation in B. stephanieae resulted in a

similar gene expression compared to heat-stressed corals,

regardless of the symbiotic state. In the stressed cluster, KOG

terms belonging to the category “Metabolism” are

predominantly downregulated, while KOG terms belonging to

“Cellular processes and signaling” and “Information storage and

processing” are mainly upregulated. Only the KOG term

“Translation, ribosomal structure and biogenesis” was

significantly enriched among upregulated genes in symbiotic

vs. aposymbiotic fed B. stephanieae , while the terms

“Transcription” and “Signal transduction mechanisms” were

significantly enriched among the downregulated genes. In

aposymbiotic starved vs. fed animals, the term “Cytoskeleton”

was significantly enriched among downregulated genes. The

term “Posttranslational modification, protein turnover,

chaperones” was significantly enriched among upregulated genes.
Symbiont recognition in B. stephanieae

The symbiont recognition process in E. diaphana is a

receptor-mediated contact of the host’s PRRs and the

symbiont’s MAMPs. Among the PRRs, the scavenger receptors

from class B (SR-B) and E (SR-E), C-type lectins (like collectins),

thrombospondin‐type‐1 repeat domain‐containing proteins

(TSRs), and the complement system have been previously

linked to the symbiont recognition process (Figure 3A)

(reviewed in Davy et al., 2012; Mansfield and Gilmore, 2019).

The role in the onset of the photosynthetic symbiosis of other

PRRs like Toll-like receptors (TLRs), nucleotide oligomerization

domain (NOD)-like receptors (NODs), fibrinogen-related

proteins (FREPs), and peptidoglycan recognition proteins

(PGRPs) is unknown. We found most of these aforementioned

receptors in our gene expression analyses of Berghia

stephanieae (Table 1).
BA

FIGURE 1

Principal component analysis of rlog-transformed counts for (A) all differentially expressed genes (DEGs) (n = 184,798) and (B) all annotated
genes (n = 40,229) identified in the transcriptome of Berghia stephanieae.
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Overall, 15 genes were classified as scavenger receptors,

from which six belong to class B, three to class E-like, and six to

class I. In order to find potential candidates involved in

symbiont recognition, we compared the gene expression of

these receptors between symbiotic and aposymbiotic refed

animals, after a 7-day starvation period. We expected those

genes relevant for symbiont recognition to be upregulated in

symbiotic refed animals, because our chosen time frame of

refeeding of 1 h after a starvation period should induce a

photobiont-specific gene expression. In animals regularly fed,

this expression pattern might be lost, as observed in Acropora

digitifera (Mohamed et al., 2016). Out of the six SR-B genes,

two were significantly upregulated: a homologue of the

lysosome membrane protein 2 (DN954_c6_g1; L2FC 4.53)

was upregulated in symbiotic refed animals, while the other

SR-B homologue annotated as SRB1 (DN224730_c0_g3; L2FC

5.33) was upregulated in aposymbiotic refed animals
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(Supplementary Figure 3). From the three identified SR-E-

like receptors, a snaclec agkisacutacin subunit A (p < 0.005:

DN2954_c1_g1, L2FC 3.43) and fibulin-5 (p < 0.05:

DN4915_c0_g1, L2FC 1.85) were significantly upregulated in

symbiotic refed animals (Supplementary Figure 3). None of the

SR-I genes were differentially expressed (Supplementary Data

3). Forty-one genes were classified as C-type lectins, and out of

them, one C-type mannose receptor was significantly

differentially expressed in symbiotic refed animals (p < 0.005:

DN264_c2_g1, L2FC 1.36). Additionally, collectin 12 and a

low-affinity immunoglobulin epsilon Fc receptor were highly

expressed in symbiotic refed animals (Supplementary Figure 3

and Table 1). Nine genes were grouped as SRCR, but none of

them was differentially expressed (Supplementary Data 3).

Among the TSRs, eight genes were classified as ADAMTS (a

disintegrin and metalloproteinase with thrombospondin

motifs), 15 as semaphorins, three as plexins, 11 as sequences
FIGURE 2

Gene expression profile based on KOG classes. Clustered heatmap of enriched KOG classes in B. stephanieae compared to publicly available
datasets of other organisms exposed to stress factors: different fluorescence morphotypes of the larvae of the coral Acropora millepora (Strader
et al., 2016), heat-stressed coral Stylophora pistillata (Meyer et al., 2011; Dixon et al., 2015), symbiotic vs. aposymbiotic Exaiptasia diaphana
(Lehnert et al., 2014), the dauer state of the nematode Caenorhabditis elegans (Sinha et al., 2012), and the diapause state of the midge
Sitodiplosis mosellana (Gong et al., 2013). KOG classes within three main KOG categories are shown. The regulation of the KOG classes is
color-coded, where red indicates upregulation and blue downregulation based on the delta rank score. Asterisks show the KOG classes that
were significantly enriched (FDR = 0.1).
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FIGURE 3

Model of the cellular events involved in the symbiont recognition and maintenance in the sea anemone Exaiptasia diaphana (A-D) based on
previously published works (Chen et al., 2003, 2004, 2005, Davy et al., 2012, Detournay et al., 2012, Fransolet et al., 2012, Lehnert et al., 2014,
Mohamed et al., 2016, Neubauer et al., 2016, 2017, Ishii et al., 2019) and our results on Berghia stephanieae (E-I). In E. diaphana, the first step of
the winnowing is the recognition of the potential symbiont (A) mediated by the host’s pattern recognition receptors (PRRs) such as SR-Bs, SR-
E-like, C-type Lectins, and TSRs. (B) The recognition by TSRs and/or SR-Bs seems to trigger the tolerogenic TGF-b pathway, with a high
phosphorylation (P) of the transcription factor SMAD2/3 that promotes an immunosuppression response. (C) The phagocytosis of the potential
symbiont takes place, where activator proteins like EEA-1, VPS34, and DYN-1 induce the early phagosome formation by the recruitment of
Rab5. The phagosomal maturation continues by the replacement of Rab5 with Rab7, which induces the recruitment of lysosome-associated
membrane protein (LAMP) and the fusion of the phagosome with lysosomes (L). Once the phagosome content is successfully degraded, the
recyclement of the phagosome is triggered by the replacement of Rab7 with Rab11. (D) In stable symbiosis, the phagosomal maturation is
inhibited and a functional symbiosome is established, where a nutrient exchange takes place via bicarbonate, glucose, and ammonium
transporters, among others. In B. stephanieae, the recognition of the photobiont (E) might be mediated by PRRs such as SR-Bs, SR-E-like, C-
type Lectins, TSRs, and/or FREPs. (F) The tolerogenic TGF-b pathway is not regulated, and core components like TGF-b ligand and TGF-bRII are
missing. (G) During the early phagosome formation, only the activator protein VPS34 (PIK3C3) is activated and the recruitment of Rab5 is
triggered. In contrast with its prey, in B. stephanieae there is no selective symbiont elimination, instead, the phagosomal maturation continues
for healthy symbionts, marked by the expression of Rab7. Once the photobiont is successfully digested, the phagosome recycling is activated by
the replacement of Rab7 with Rab11. (H) Since the phagosomal maturation is not inhibited, it seems that no functional symbiosome can be
established or maintained, so no nutrient exchange takes place. (I) The alternative is that the photobionts cannot escape vomocytosis, given that
MyD88 is activated preventing the maintenance of the photobiont in the animal host, and promoting the expulsion of healthy photosynthetically
active dinoflagellates.
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containing only the TSP1 (thrombospondin‐type‐1) domain

with transmembrane region (TM), 103 as TSP1 without TM,

one astacin metallopeptidase, 2 as F-spondin-like, and 27 as

sequences containing TSP1 in combination with other

domains (Supplementary Data 3). Out of the 114 TSRs, eight

were significantly differentially expressed in symbiotic refed

animals (p < 0.005). From those eight TSRs, one was annotated

as Coadhesin (DN47020_c0_g1, L2FC 7.15), one as ADAMTS

adt-1 (DN23670_c0_g4, L2FC 7.69), five as Hemicentin-1

(DN24418_c0_g1, L2FC 7.69; DN31129_c0_g1, L2FC 7.29;

DN50968_c0_g1, L2FC 6.74; DN82106_c0_g1, L2FC -2.32,

DN9953_c4_g1, L2FC 1.9) , and one as Spondin-1

(DN33987_c0_g2, L2FC 7.17) (Supplementary Figure 3).

Furthermore, 35 activator genes of the complement

system were identified (Supplementary Data 3), yet none of

them were significantly differentially expressed. Only one

mannose-binding protein A and one mannose-binding

protein C were highly expressed in symbiotic refed animals

compared to aposymbiotic refed ones (Supplementary

Figure 4; Table 1).

We identified 40 genes involved in the TLR pathway, out of

which 30 were classified as Toll-like receptors (TLRs), five as

myeloid differentiation primary response protein (MyD88), and

five as the nuclear factor NF-kappa-B (NF-kB). Further, 13 genes

were grouped as NOD-like receptors (Supplementary Data 3).
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None of the TLRs, MyD88, NF-kB, and NODs was significantly

differentially expressed, except for one MyD88 that was

upregulated in symbiotic refed animals (Supplementary

Figure 4; Table 1). Sixty-eight genes were classified as

fibrinogen-related proteins (FREPs), and three peptidoglycan

recognition proteins (PGRPs) were identified, but none of these

genes were differentially expressed in symbiotic refed animals

(Supplementary Data 3; Supplementary Figure 4). Only one

FREP annotated as fibroleukin (Supplementary Figure 4) and

one PGRP annotated as peptidoglycan recognition protein 3

were upregulated in symbiotic refed animals compared to

aposymbiotic refed ones (Supplementary Figure 4; Table 1).
TGF-b signaling pathway is not
responsible for symbiont tolerance
in B. stephanieae

Once the symbiont is recognized in cnidarians, signaling

cascades like the TGF-b signaling pathway might be triggered,

leading to an immunosuppression response (Detournay et al.,

2012) (Figure 3B). However, in B. stephanieae, core elements

like the activation ligand TGF-b sensu stricto and TGF-b
receptor II (TGFbRII) were not present (Figure 3F), and only

one bone morphogenetic protein 1 (BMP1) (DN5506_c0_g1,
TABLE 1 Innate immune genes potentially involved in the photosymbiosis initiation in Berghia stephanieae.

Receptor group Gene ID UniProtKB annotation Protein entry L2FC re-fed Apo vs. Sym

SR-B DN954_c6_g1 Lysosome membrane protein 2 P27615 4.53**

SR-B DN224730_c0_g3 Scavenger receptor class B member 1 (SRB1) P16671 5.33**

SR-E-like DN2954_c1_g1 Snaclec agkisacutacin subunit A Q9IAM1 3.43**

SR-E-like DN4915_c0_g1 Fibulin-5 Q9WVH9 1.85*

SR-E-like DN1503_c0_g3 Low affinity immunoglobulin epsilon Fc receptor P20693 2.11

C-type lectin DN264_c2_g1 C-type mannose receptors Q9UBG0 1.36**

C-type lectin DN79_c0_g1 Collectin-12 A6QP79 1

C-type lectin DN52138_c0_g1 Low affinity immunoglobulin epsilon Fc receptor P20693 0.3

TSR DN47020_c0_g1 Coadhesin B3EWZ3 7.15**

TSR DN23670_c0_g4 ADAMTS adt-1 G5ECS8 7.69**

TSR DN24418_c0_g1 Hemicentin-1 D3YXG0 7.69**

TSR DN31129_c0_g1 Hemicentin-1 Q96RW7 7.29**

TSR DN50968_c0_g1 Hemicentin-1 D3YXG0 6.74**

TSR DN82106_c0_g1 Hemicentin-1 Q96RW7 -2.32**

TSR DN9953_c4_g1 Hemicentin-1 D3YXG0 1.9**

TSR DN33987_c0_g2 Spondin-1 Q8VCC9 7.17**

Complement DN16476_c0_g1 Mannose-binding protein A P39039 0.13

Complement DN2766_c0_g2 Mannose-binding protein C Q66S61 0.65

TLR pathway DN4567_c0_g1 Myeloid differentiation factor 88 A5HNF6 0.59

FREPs DN72561_c0_g1 Fibroleukin Q29RY7 0.66

PGRPs DN1038_c0_g5 Peptidoglycan recognition protein 3 Q96LB9 1.81
List of candidate proteins for photobiont recognition in Berghia stephanieae identified by comparing the gene expression between symbiotic re-fed animals and apo-symbiotic re-fed
animals. Asterisks denote the p-value < 0.005 (**) and p-value < 0.05 (*).
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L2FC -2.63) was significantly downregulated in symbiotic refed

animals. None of the other TGF-b signaling pathway

components were expressed above three TMM in any of the

feeding conditions (Supplementary Data 3).
Phagosome maturation: Photobiont
digestion and maintenance
occur simultaneously

In cnidarians, the potential photobionts are phagocytized,

after the successful recognition, into cells of the animal host

and are still surrounded by the phagosomal membrane. In

order to maintain the photobiont, the phagosomal maturation

has to be prevented (Figure 3C) (Hill and Hill, 2012). Usually,

newly formed phagosomes fuse with early endosomes and

acquire the necessary proteins for maturation including Ras-

related protein 5 (Rab5), early endosomal antigen 1 (EEA1),

dynamin (DYN-1), and vacuolar sorting protein-34 (VPS34,

also known as PIK3C3) (Kinchen and Ravichandran, 2008; Lee

et al., 2020). In E. diaphana, Rab5 is only present in

phagosomes with healthy photobionts (Chen et al., 2004).

The early phagosome matures into late phagosome by the

replacement of Rab5 with Rab7, promoting the fusion with

lysosomes via lysosome-associated membrane protein

(LAMP1 and LAMP2) recruitment, the accumulation of V-

ATPases, and the subsequent acidification of the late

phagosome (Lee et al., 2020). Once phagosomal degradation

is initiated, the endosome is recycled by the replacement of

Rab7 and the recruitment of Rab11. In cnidarian

photosymbiosis, proteins like Rab22, amyotrophic lateral

sclerosis2 (ALS2), TBC1 domain family member 9 (TBCD9),

rabenosyn-5 (RBNS5), and Ras-related and estrogen-regulated

growth inhibitor (RERG) might block Rab7 by the constant

activation of Rab5, preventing the maturation of the

phagosome (Mohamed et al., 2016; Lee et al., 2020). In B.

s t ephan i eae , Rab5A (DN60084_c0_g1) and Rab7

(DN353992_c0_g1) were significantly upregulated in

symbiotic fed and refed animals (p < 0.005: Rab5A L2FC

8.25, L2FC 7.39; Rab7 L2FC 7.71, L2FC 8.09, respectively)

(Supplementary Figure 5). Rab7A (DN23467_c1_g2, L2FC

1.90) was significantly upregulated only in symbiotic refed

animals (Supplementary Figure 5). None of the activators of

Rab5 (EEA1, dynamin) was significantly differentially

expressed in any feeding condition; only VPS34/PIK3C3 was

upregu la ted in symbio t i c f ed and re f ed an ima l s

(Supplementary Figure 5). Rab11A and Rab11B were

downregulated in symbiotic fed animals, while they were

upregulated in symbiotic refed animals. LAMP1 was

significantly differentially expressed in symbiotic refed

animals (DN5522_c5_g1, L2FC 1.33, p < 0.05). V-ATPases

were significantly upregulated during feeding (p < 0.005:

DN35123_c0_g2, L2FC 10.69; p<0.05: DN23173_c0_g1,
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L2FC 1.62; DN4712_c0_g1, L2FC 1.3) and refeeding with

symbiotic prey (p < 0.005: DN35123_c0_g2, L2FC 8.39; p <

0.05: DN10201_c0_g2, L2FC 1.09; DN13065_c0_g2, L2FC

1.06; DN32461_c0_g1, L2FC 2.55; DN4147_c0_g1, L2FC

0.66) (Supplementary Data 3).
Functional phagosome: Amino acid
metabolism and nutrient transporters

In cnidarians, the arrested phagosomes harboring healthy

photobionts that evade maturation would communicate with

the animal host via membrane transporters to obtain the

necessary compounds for photosynthesis (dissolved inorganic

carbon in the form of bicarbonate or as CO2), translocate

produced organic compounds to the host (e.g., glycerol,

glucose, amino acids, lipids), and recycle the host’s waste

products like nitrogen (Figure 3D) (Matthews et al., 2017).

The metabolic exchange is key for the stability of the symbiosis.

In B. stephanieae, we compared symbiotic and aposymbiotic

animals for each experimental condition and identified several

transporters such as ammonium, bicarbonate, and glucose

transporters (Figure 3H; Supplementary Figure 6).

Ammonium transporters were significantly upregulated in

symbiotic fed animals (p < 0.05: DN2986_c0_g2, L2FC 2.01),

symbiotic refed animals (p < 0.005: DN340748_c0_g1, L2FC

8.29), and starved symbiotic animals (p < 0.05: DN8797_c3_g2,

L2FC 2.24). Bicarbonate transporters were significantly

downregulated in symbiotic starved animals (p < 0.005:

DN3291_c0_g2, L2FC -3.58; p < 0.05: DN3291_c0_g1, L2FC

-3.41), but not differentially expressed in any other

comparison. Once transported over the phagosomal

membrane, bicarbonate must be converted to CO2, to make

it available for photosynthesis, by carbonic anhydrases (Weis,

1993). Several carbonic anhydrases (Supplementary Figure 6)

were significantly upregulated in symbiotic refed (p < 0.005;

DN78523_c0_g1, L2FC 1.6; DN72715_c0_g1, L2FC 3.04) and

symbiotic starved animals (p < 0.05; DN5108_c0_g1, L2FC

-2.46; DN78523_c0_g1, L2FC 1.73; DN87999_c0_g1,

L2FC 1.48).

For the animal host, the received glucose is a major

nutrient and is essential to assimilating waste products, like

ammonium, for the synthesis of amino acids. Hence, we

expected that glucose transporters were upregulated in all

symbiotic animals, in order to maintain the photobionts. Yet,

in B. stephanieae glucose transporters were only significantly

upregulated in symbiotic refed animals (p < 0.05:

DN1101_c0_g1, L2FC 1.28) (Supplementary Figure 6).

Ammonium is mainly used in the amino acid synthesis

through the glutamine synthetase (GS)— glutamine

oxoglutarate aminotransferase (GOGAT). In this GS-GOGAT

cycle, glutamate dehydrogenases (GDH) convert ammonium

into glutamate and GS transforms ammonium into glutamine.
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In B. stephanieae, one GDH was significantly downregulated in

symbiotic refed animals (p < 0.05: DN134779_c0_g1, L2FC 2.16)

(Supplementary Figure 6). One GS homologue was significantly

upregulated in symbiotic refed animals (p < 0.005:

DN34097_c3_g2, L2FC 2.16) and symbiotic starved animals (p

< 0.05: DN34097_c3_g2, L2FC 1.99) (Supplementary Figure 6).

No GOGAT homologue could be identified.
Host oxidative stress is promoted by the
photobiont presence

The presence of the photobiont may induce additional stress

to the animal host by photosynthetic-derived reactive oxygen

species (ROS). The maintenance of the photobiont is linked to the

ability of the host to cope with this additional stress induced by the

photobiont (Richier et al., 2005; 2006; Lesser, 2011). Hence, we

expected ROS quenching mechanisms to be active in symbiotic

animals. In B. stephanieae, catalases were significantly upregulated

in symbiotic refed animals (p < 0.005: DN2499_c9_g2, L2FC 1.83)

but also during feeding and refeeding with aposymbiotic prey (p <

0.005: DN5526_c0_g1, L2FC -2.46, -2.63, respectively)

(Supplementary Figure 7). Glutathione peroxidases were also

significantly upregulated in symbiotic refed animals (p < 0.005:

DN11199_c1_g1, L2FC 2.42; p < 0.05: DN39313_c1_g1, L2FC

1.92) but significantly downregulated in aposymbiotic refed

animals (DN39313_c1_g2, L2FC -4.59). Glutathione S-

transferases were significantly upregulated in symbiotic refed

animals (p < 0.005: DN57713_c0_g1, L2FC 2; p < 0.05:

DN32195_c4_g1, L2FC 0.89). Likewise, peroxiredoxins and

peroxiredoxin-like proteins were significantly differentially

expressed during feeding and refeeding with symbiotic prey

compared to aposymbiotic fed and refed animals (p < 0.005:

DN1905_c0_g2, L2FC 8.75, 9.10; DN40077_c0_g2, L2FC 11.03,

9.63, respectively) (Supplementary Figure 7).
Discussion

In the present study, we provide the first differential gene

expression analysis of a dinoflagellate-bearing sea slug

belonging to Cladobranchia. The comparison of symbiotic

and aposymbiotic animals either feeding, refeeding, or

starving revealed a unique insight into mechanisms involved

in the recognition of Symbiodiniaceae obtained from the slugs’

cnidarian prey (Figure 3E). Starvation induced a gene

expression profile similar to heat-stressed corals (Meyer

et al., 2011; Dixon et al., 2015), including a downregulation

of essential metabolic processes (Figure 2). Moreover, in

Berghia stephanieae mechanisms to cope with reactive

oxygen species are induced in the presence of the photobiont

(Supplementary Figure 7). Yet, the immune response against

the photobiont is not suppressed and the phagosome
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maturation is not inhibited. Thus, the slug are probably not

able to maintain the photobionts in the long term perhaps due

to the inability to initiate the formation of a functional and

stable symbiosome that supports a nutrient exchange between

host and photobiont.

B. stephanieae and E. diaphana harbored the same

symbiodiniaceae genotype (Supplementary Figure 1,

Supplementary Table 1), and we found that the recognition of the

algae in B. stephanieae (Figure 3E) might depend on the same

molecular machinery present in its cnidarian prey E. diaphana,

involving SR-B, SR-E-like, C-type lectins, and TSRs (reviewed in

Mansfield and Gilmore, 2019) (Figure 3A). Hence, the photobiont

recognition seems to be conserved among taxonomically divergent

host taxa and independent on the phylogenetic origin of the

phototrophic organism, or organelle (Melo Clavijo et al., 2020).

Yet, SR-B has multi-ligand recognition and diverse cellular

functions. For instance, SR-Bs recognize MAMPs from pathogens

like fungi and bacteria, polyanionic ligands such as high-density and

low-density lipoproteins (HDL, LDL), and oxidized phospholipids,

apoptotic cells, and amyloid proteins (PrabhuDas et al., 2017).

Additionally, SR-B is involved in lipid transport and phagocytosis

(Silverstein and Febbraio, 2009; Yu et al., 2021). Furthermore, SR-B

homologues are also highly expressed in aposymbiotic B.

stephanieae. Hence, in the case of SR-B, the determination of a

clear involvement in symbiont recognition in the slugs is

complicated. This also applies to the other aforementioned

receptors, but at least experimental verification has shown the

relevance of SR-B, C-type lectins, and TSRs in symbiont

recognition in cnidarians (Jimbo et al., 2000; Koike et al., 2004;

Neubauer et al., 2016; Neubauer et al., 2017), which is why we

consider these receptors as promising candidates for photobiont

recognition in B. stephanieae.

Further candidates in photobiont recognition and

photosymbiosis initiation in cnidarians belong to the TLRs

and NODs, although their involvement is debated (Mansfield

and Gilmore, 2019). TLRs and NODs can activate the NF-kB
transcription factor, which play a central role in the immune

response, inflammatory process, and cytokine release

and modulation (Doyle and O’Neill, 2006; Dev et al.,

2010). In cnidarian symbiosis, NF-kB is downregulated by

Symbiodiniaceae (DeSalvo et al., 2010; Wolfowicz et al., 2016;

Mansfield et al., 2017; Mansfield and Gilmore, 2019), yet in B.

stephanieae NF-kB is not regulated, nor are TLRs or NODs

(Supplementary Figure 4).

A potential new candidate in symbiont recognition in

cladobranchs is fibroleukin, which belongs to a highly

diversified group of glycoproteins in mollusks known as

FREPs. Members of FREPs contain a fibrinogen domain

followed by different domains (Romero et al., 2011), can

recognize bacteria and fungi (Kenjo et al., 2001; Middha and

Wang, 2008; Wu et al., 2011; Xiang et al., 2014; Huang et al.,

2015), and are involved in agglutination, clotting, and

phagocytosis during the destruction of pathogens (Huang
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et al., 2015; Buchmann, 2014). There is no evidence for an

involvement of fibroleukin in other photosymbioses, but more

detailed analyses could illuminate a potential function.

Finally, PGRP 3 was highly expressed in symbiotic B.

stephanieae, which belongs to receptors containing a

peptidoglycan-binding type 2 amidase (PGRP) domain that

binds to peptidoglycan (PG), lipopolysaccharides (LPS), and

lipoteichoic acid (Royet et al., 2011). Their main role is in

pathogen defense in invertebrates and in the host-microbiota

symbiosis establishment, for instance, between the

bioluminescent bacteria Vibrio fischeri and the Hawaiian

bobtail squid Euprymna scolopes (Dierking and Pita, 2020).

LPS and PG are mostly present in the outer cell walls of

bacteria (Diks et al., 2001), but so far there is no evidence of

their presence in dinoflagellates. Yet, in B. stephanieae PGRP

might be involved in bacterial recognition inducing a shift in

the bacteriome related to the presence of a photobiont, as

previously shown in its prey E. diaphana (Röthig et al., 2016).

After recognizing the algae and a subsequent phagocytosis,

B. stephanieae is mainly digesting or excreting the algae and is

not establishing a stable mutualistic symbiosis. Well-known

photobiont maintenance mechanisms in cnidarians such as the

TGF-ß pathway (Detournay et al., 2012; Berthelier et al., 2017),

the complement system (Poole et al., 2016), the TLR pathway

(Jacobovitz et al., 2021), and downstream NF-kB activation

(DeSalvo et al., 2010; Wolfowicz et al., 2016; Mansfield et al.,

2017) were not present or regulated in B. stephanieae, which

would be essential for symbiont tolerance (reviewed in Mansfield

and Gilmore, 2019).

For instance, the recognition of Symbiodiniaceae, possibly

via SR-B and/or TSRs, triggers tolerogenic pathways like the

TGF-b pathway that leads to the suppression of the host innate

immune response in E. diaphana (Detournay et al., 2012)

(Figure 3B). Yet, in B. stephanieae, none of the elements of

this pathway were regulated. Moreover, core elements of the

TGF-ß pathway were missing (e.g., the ligand TGF-b sensu

stricto and the TGF-b receptor II); thereupon, there is no

immunosuppression via the TGF-b pathway (Figure 3F).

Indeed, TGF-b sensu stricto and TGF-b RII are missing in

several mollusks (Herpin et al., 2004), which is why alternative

pathways could be relevant for immunosuppression, such as the

pathways of the complement system.

The complement system is relevant for recognition and

promotes phagocytosis (Poole et al. , 2016), and its

downregulation seems to play a role in the onset and

maintenance of the photosymbiosis in cnidarians (Kvennefors

et al., 2010; Ganot et al., 2011; Poole et al., 2016; Mansfield and

Gilmore, 2019). The activation of the complement system can be

achieved through different pathways (Rus et al., 2005;

Dunkelberger and Song, 2010; Kemper et al., 2010), resulting

in the cleavage of the C3 protein that labels pathogens and

recruits the macrophages for phagocytosis (Dunkelberger and

Song, 2010). In B. stephanieae, we could only identify a potential
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triggering of the lectin pathway of the complement system

through the mannose binding lectin (MBL2) and/or a possible

activation via the alternative pathway through collectin-12 (Ma

et al., 2015). Yet, essential ficolins and downstream components

for this pathway were not differentially expressed in B.

stephanieae (Supplementary Data 3). Thus, the complement

pathway might not be relevant for the symbiosis onset in B.

stephanieae either.

The transcriptional repression of MyD88 and NF-kB may also

promote symbiosis establishment (DeSalvo et al., 2010; Wolfowicz

et al., 2016; Mansfield et al., 2017; Mansfield and Gilmore, 2019;

Jacobovitz et al., 2021). However, MyD88 is activated and NF-kB is

not regulated in the symbiotic B. stephanieae, pointing to an active

immune response against the algae, rather than an

immunosuppression. Furthermore, it has been shown that the

same symbiodiniaceae genotype performs differently depending

on the host (Goulet et al., 2019). Thus, even though E. diaphana

is in a stable photosymbiosis with Breviolum minutum B1/B2, B.

stephanieae might not be able to establish a stable photosymbiosis

with the strain due to photobiont intrinsic properties. Further, E.

diaphana can be colonized by other less beneficial and productive

Symbiodiniaceae such as Symbiodinium microadriaticum and

Durusdinium trenchii (Gabay et al., 2018), or the heterologous

Cladocopium goreaui (Tortorelli et al., 2020). In previous studies, B.

stephanieae fed with anemones harboring S. microadriaticum A1

was able to incorporate these photobionts but only retained them

for 10 days maximum (Mies et al., 2017; Monteiro et al., 2019b).

Whether B. stephanieae can incorporate and maintain other

Symbiodiniaceae genotypes present in its prey remains to be seen.

To date, there is no report that identified the native symbiont

genotype of this slug in the wild.

Vital for the stability of the symbiosis in intracellular

photosymbioses is the inhibition of the phagosome

maturation (Hill and Hill, 2012; Mohamed et al., 2016;

Mohamed et al., 2020). The high expression of Rab7 in

symbiotic B. stephanieae in combination with lysosomes

recruiting LAMPs and the V-ATPases rather suggest an

ongoing phagosome maturation leading to the photobiont

digestion, instead of its maintenance and the establishment

of the functional symbiosome (Chen et al., 2003; Chen et al.,

2004; Fransolet et al., 2012) (Figure 3G). Yet, V-ATPases can

also act as carbon concentration mechanisms by acidifying the

phagosome (Kinchen and Ravichandran, 2008; Kinchen et al.,

2008). This would then lead to a conversion of bicarbonate to

CO2 and a subsequent translocation of CO2 to the photobiont

in cnidarians and mollusks (Armstrong et al., 2018; Barott

et al., 2022), promoting photosynthesis (Barott et al., 2015). For

the system to work properly, carbonic anhydrases and

bicarbonate transporters would be needed (Weis et al., 1989;

Weis and Levine, 1996; Grasso et al., 2008; Ganot et al., 2011;

Meyer and Weis, 2012; Ip et al., 2017; Chew et al., 2019), but

carbonic anhydrases were highly expressed only in symbiotic B.

stephanieae (Supplementary Figure 6).
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Other mollusks use different hosting strategies for harboring

Symbiodiniaceae and are able to establish stable symbioses. In

clams belonging to the family Cardiidae, Symbiodiniaceae are

located in extracellular spaces known as the zooxanthellal tubular

system (Norton et al., 1992; Hernawan, 2008). In these clams, a

symbiosome per se is absent. Yet, the ectodermal membrane

surrounding the zooxanthellal tubular system may act as some

sort of symbiosome involved in signaling, acidification, and

molecule transport (Armstrong et al., 2018) to establish a stable

symbiosis, similar toother extracellular stablephotosymbioses such

as the acoelomorph Symsagittifera roscoffensis and the green algae

Tetraselmis convolutae (Bailly et al., 2014).

In addition, some ammonium and glucose transporters

were upregulated in symbiotic B. stephanieae, but starvation

had no effect on the expression of these transporters

(Supplementary Figure 6), which would be expected in a

stable symbiosis. Particularly, ammonium is important for

the algae in hospite to ensure a high photosynthetic activity

(Taylor, 1978; Koop et al., 2001; Yellowlees et al., 2008), which

is actively provided to the algae and is used to control the algal

growth (Rädecker et al., 2018; Cui et al., 2019; Xiang et al.,

2020). When heat stressed, corals increase the catabolic

degradation of amino acids to fuel the GS-GOGAT cycle to

generate a-ketoglutarate needed for the tricarboxylic acid

(TCA) cycle but simultaneously increase the translocation of

ammonium to the algae (Rädecker et al., 2021). As a result, the

algae use their photosynthates to grow instead of translocating

these to the host (Baker et al., 2018). In the slug’s prey E.

diaphana, the GS-GOGAT cycle is highly upregulated (Cui

et al., 2019), while in the slug we could only observe an

upregulation of GS in symbiotic animals when feeding, but

not during starvation (Supplementary Figure 6). Thus, the GS-

GOGAT cycle is probably not connected to a symbiotic

relationship in B. stephanieae and is likely used to catabolize

proteins during starvation to fuel the TCA cycle, similar to

heat-stressed corals.
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In addition to a nutrient exchange, the swift detoxification of

reactive oxygen species (ROS) produced primarily by the

photobiont is fundamental in a stable photosymbiosis. In B.

stephanieae, ROS quenching mechanisms were predominantly

activated in the presence of the algae (Supplementary Figure 7),

similar to photosymbiotic cnidarians (Ganot et al., 2011; Meyer

and Weis, 2012; Matthews et al., 2017; Yuyama et al., 2018).

Starvation-induced stress prior to feeding seemed to enhance

ROS quenching, particularly inducing the glutathione peroxidase.

In summary, the main challenges for cladobranchs to

establish a stable photosymbiosis are thus the inhibition of

the phagosomal maturation, which might be based on the

successful nutrient exchange with the algae and suppressing

immune responses that promote the expulsion of the

photosynthetic partner. In combination with previous

observations of both digested and intact photobionts in

juveniles and in the feces of B. stephanieae (Figure 4)

(Kempf, 1991; Bleidißel, 2010; Mies et al., 2017; Monteiro

et al., 2019b), symbiophagy is probably the dominant process

that might be even accompanied by vomocytosis as the TLR

pathway is not downregulated (Jacobovitz et al., 2021)

(Figure 3I). Given that gene regulation can take place at

different steps and levels (posttranscriptional, translational,

posttranslational, epigenetic), changes in gene expression are

not definitive evidence of activation/inhibition of signaling

pathways but provide information of the overall regulation of

cellular processes at a certain time (Day & Tuite, 1998; Gibney

and Nolan, 2010; Zhao et al., 2017).
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FIGURE 4

Fecal pellet of B.stephanieae containing intact, photosynthetically active dinoflagellates. Image taken (A) by Corinna Sickinger with a stereo
microscope (SteREO Discovery.V8, Zeiss, Germany), 80× magnification, (B) by Jenny Melo with a light microscope (Imager A2, Zeiss, Germany),
200×, and (C) with a fluorescence microscope (BZ-X800E, Keyence, Japan), using the Texas Red Filter and a 400× magnification.
frontiersin.org

https://doi.org/10.3389/fmars.2022.934307
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Clavijo et al. 10.3389/fmars.2022.934307
Author contributions

JC and GC sourced, processed the data, performed the data

analyses, and edited the figures. GG and ST performed the MiSeq

library preparation, sequencing, and data demultiplexing. JC, CS,

SB, AP, and GC discussed and interpreted the results and wrote the

manuscript. All authors contributed to the article and approved the

submitted version.
Funding

Thanks are due to the central research-funding budget at the

University of Wuppertal (ZEFFT) for the financial support of

our work.
Acknowledgments

We would like to thank Sabine Stratmann-Lettner and

Christina Lo Porto for assistance in the lab. We acknowledge

support from the Open Access Publication Fund of the

University of Wuppertal, Germany.
Frontiers in Marine Science 14
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fmars.2022.934307/full#supplementary-material

Additional Supplementary Data can be found at online at:

10.6084/m9.figshare.19690843.
References
Andrews, S. (2010) FastQC: A quality control tool for high throughput sequence
data. Available at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

Aranda, M., Li, Y., Liew, Y. J., Baumgarten, S., Simakov, O., Wilson, M. C., et al.
(2016). Genomes of coral dinoflagellate symbionts highlight evolutionary adaptations
conducive to a symbiotic lifestyle. Sci. Rep. 6 (1), 1–15. doi: 10.1038/srep39734

Armstrong, E. J., Roa, J. N., Stillman, J. H., and Tresguerres, M. (2018). Symbiont
photosynthesis in giant clams is promoted by V-type h+-ATPase from host cells. J.
Exp. Biol. 221 (18), p.jeb177220. doi: 10.1242/jeb.177220

Arnaud, L., Taillandier, G., Kaouadji, M., Ravanel, P., and Tissut, M. (1994).
Photosynthesis inhibition by phenylureas: A QSAR approach. Ecotoxicol. Environ.
Saf. 28 (2), 121–133. doi: 10.1006/eesa.1994.1040

Bailly, X., Laguerre, L., Correc, G., Dupont, S., Kurth, T., Pfannkuchen, A., et al
(2014). The chimerical and multifaceted marine acoel Symsagittifera roscoffensis:
from photosymbiosis to brain regeneration. Front. Microbiol. 5, 498.

Baker, D. M., Freeman, C. J., Wong, J. C., Fogel, M. L., and Knowlton, N. (2018).
Climate change promotes parasitism in a coral symbiosis. ISME J. 12 (3), 921–930.
doi: 10.1038/s41396-018-0046-8

Barott, K. L., Thies, A. B., and Tresguerres, M. (2022). V-Type h+-ATPase in the
symbiosome membrane is a conserved mechanism for host control of
photosynthesis in anthozoan photosymbioses. R Soc. Open Sci. 9 (1), 211449.
doi: 10.1098/rsos.211449

Barott, K. L., Venn, A. A., Perez, S. O., Tambutté, S., and Tresguerres, M. (2015).
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