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Symbiotic scyphozoan jellyfish are poorly understood in terms of their symbionts and traits, as well as the ecological significance of this association. Dinoflagellate symbionts of the medusae Cotylorhiza tuberculata, Phyllorhiza punctata, and Cassiopea xamachana collected in the Mediterranean Sea and Cabo Frio (Rio de Janeiro, Brazil) were phylogenetically identified based on 28S rDNA and ITS2 haplotypes. The studied medusae harbour only one phylotype of symbionts in a time, but scyphozoan jellyfishes can associate with several types of symbionts. This study confirmed that the main symbionts of investigated scyphozoans belong to the genera Symbiodinium, Philozoon, and Breviolum. The associations between dinoflagellate symbionts and Cotylorhiza tuberculata changed from year to year, hosting Philozoon one year and Breviolum another. Invasive species in the Mediterranean Sea Phyllorhiza punctata harboured dinoflagellate symbionts of genus Symbiodinium as in the native areal. Pigment analysis of two shallow-water symbiont species Breviolum sp. and Philozoon medusarum revealed characteristic profiles for each genus.
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Introduction

The mutualistic association between symbiotic dinoflagellates (with trivial name zooxanthellae) and corals, which form the basis of all shallow-water coral reefs on Earth, is one of the most widely studied examples of such a relationship (LaJeunesse, 2020). The biogeography of both corals and their symbionts, as well as the phylogeny of those symbionts, has been extensively studied in recent decades (Baker, 2003; Stat et al., 2006; LaJeunesse et al., 2018). In contrast, less attention has been paid to the association between scyphozoan jellyfishes and their symbionts. This association provide an important key traits as mixotrophic way of nutrition, because zoxanthellate medusae are holobionts and derive their nutrition from predation and photosynthesis. Possession of dinoflagellate symbionts in polyps is rarely necessary for surviving of polyps, but notable trait is a key role of symbionts in the life cycle of the jellyfish by allowing or facilitating strobilation of polyps to secure medusa with suitable symbionts (Djeghri et al., 2019). Of the 79 valid genera in Scyphozoa, only 11 harbour symbionts: Linuche, Nausithoe (Coronamedusae), Bazinga, Cephea, Cassiopea, Cotylorhiza, Netrostoma, Mastigias, Phyllorhiza, Thysanostoma, and Versugia, most belonging to the suborder Kolpophorae and all of which with a metagenic life cycle (Djeghri et al., 2019). The best-studied genus among the zooxanthellate Scyphozoa is Cassiopea, with its symbionts serving as a holobiont model to reveal various aspects of their mutualism (Lampert, 2016; Ohdera et al., 2018). The symbionts of the species Cotylorhiza tuberculata (Macri, 1779) and Phyllorhiza punctata (von Lendenfeld, 1884) have not yet been described in detail (LaJeunesse et al., 2021). The fried egg jellyfish Cotylorhiza tuberculata is one of the rare symbiont-bearing scyphozoans from temperate latitudes, distributed in the Mediterranean Sea and around the Canary Islands (Collins et al., 2021). It is predominantly distributed in oligotrophic environments; however, it can also occur in eutrophic areas, as in the Mar Menor Lagoon in the Balearic Sea (Pérez-Ruzafa et al., 2002). Phyllorhiza punctata is an invasive species introduced into the eastern Mediterranean Sea in the 1990s from oligotrophic tropical seas from the south-central coast of eastern Australia (Galil et al., 1990; Galil et al., 2009). Cassiopea xamachana (Bigelow, 1892) is sedentary in oligotrophic, shallow waters and is distributed in the Gulf of Mexico, the Caribbean Sea, and warmer areas of the western Atlantic Ocean (Verde & McCloskey, 1998). While the symbionts of Cassiopea xamachana have already been studied in terms of their mode of transmission (Thornhill et al., 2006; Mellas et al., 2014; Ohdera et al., 2018) and parasitic potential (Sachs & Wilcox, 2006), the symbionts of Cotylorhiza tuberculata and Phyllorhiza punctata have not yet been characterised in detail (LaJeunesse et al., 2021).

The dinoflagellate family Symbiodiniaceae is characterised by a rich genetic diversity within evolutionary divergent lineages (LaJeunesse et al., 2018; LaJeunesse et al., 2021). Members of this family are symbionts in foraminifera, ciliates, poriforans, cnidarians and molluscs (Venn et al., 2008; Hansen and Daugbjerg, 2009). The taxonomy of the flourishing algae of the family Symbiodiniaceae have recently been resolved by the 28S rDNA and ITS2 regions (LaJeunesse et al., 2018; LaJeunesse et al., 2021) which provide sufficient resolution to species delimitation (Moestrup and Daugbjerg, 2007). In details, the 28S rDNA ribosomal markers and the ITS2 regions of nuclear and chloroplast (cp23S region domain V) DNA have a phylogenetic signal that can resolve clades at the species level (Savage et al., 2002; Casado-Amezúa et al., 2014; LaJeunesse et al., 2018). Both markers (28S rDNA and cp23S region domain V) have similar levels of resolution (Sampayo et al., 2009), although the 28S rDNA region has been widely used to assign clades and phylotypes to zooxanthellae isolates and infer relationships between them (Coffroth and Santos, 2005; Barbrook et al., 2006). ITS markers are more commonly used to obtain phylogenetic resolution at the subclade level, especially at the species level (LaJeunesse, 2001; Rodriguez-Lanetty et al., 2001; Meron et al., 2012; Grajales et al., 2016). The relevance of ITS2 is based on the different secondary structure of ITS2 in the specific clades B, C, F and H (Meron et al., 2012). LaJeunesse et al. (2018) published a phylogenetic analysis of the Symbiodiniaceae (previously assigned Symbiodinium clades from A to H), interpreted the evolution of the group, and provided a redescription of clades A, B, and C into new genera. The former clade A is recognised now as the genus Symbiodinium (Hansen and Daugbjerg, 2009), with Symbiodinium natans as the type species (LaJeunesse et al., 2018). The most studied zooxanthellate jellyfish is Cassiopea xamachana and the majority of symbiont phylotypes associated with Cassiopea xamachana belong to the genera Symbiodinium (previously clade A, especially phylotype A1) (Thornhill et al., 2006; Lampert et al., 2012), Breviolum (previously clade B with common phylotype B1), or Cladocopium (previously clade C with phylotype C3) (LaJeunesse et al., 2003; LaJeunesse et al., 2018). The former phylotype “Temperate A”, which occurs in a variety of hosts from temperate zones, was recently redescribed as Philozoon (Geddes, 1882), containing several species, most closely related to the genus Symbiodinium (LaJeunesse et al., 2021).

Previous studies on mutualistic association between Symbiodiniaceae members pointed out that some of its members are host generalists (Baker, 2003; LaJeunesse et al., 2018), while others are thought to be specialists due to their rarity (LaJeunesse et al., 2004a; LaJeunesse et al., 2004b). Host specialists spread through preferential vertical transmission, while host generalists are transmitted horizontally from the pool of free-living cells into the host (Fabina et al., 2012). Horizontal transmission gives the host the opportunity to acquire locally adapted algal cells (Van Oppen, 2004), thus increasing its fitness to occupy available niches and respond to environmental changes (Bongaerts et al., 2015). This assumption is based on the high genetic diversity of species within the genera of Symbiodiniaceae, which supports their functional diversity as light harvesting and utilization under variable conditions (Stat et al., 2008; see review Suggett et al., 2008). In vertical transmission (Fabina et al., 2012), symbiont diversification is maintained by high genetic plasticity and twinning when the symbiont is isolated from the external population (Sachs & Wilcox, 2006). Meanwhile, horizontally transmitted symbionts are translocated into the host in each generation, limiting the possibility of coevolution.

In the present study, we used a phylogenetic approach using nuclear 28S rDNA and ITS2 markers to identify symbionts in Cotylorhiza tuberculata and Phyllorhiza punctata from the Mediterranean Sea during blooming period and Cassiopea xamachana collected at Cabo Frio (Rio de Janeiro, Brazil). In addition, symbionts were isolated from Cotylorhiza tuberculata and Cassiopea xamachana and cultivated symbiotic cells were used in cloning experiment to reveal the diversity of the ITS2 region of the dinoflagellate cells within individual host medusa. Photosynthetic pigments of two different genera of symbionts from Cotylorhiza tuberculata were characterised.



Material and Methods


Sampling Area

A total of 123 medusae of Cotylorhiza tuberculata were collected in five different locations in the Mediterranean Sea [Gulf of Trieste, Lake Mljet (Adriatic Sea), Vlicho Bay (Ionian Sea), and Mar Menor Lagoon (Balearic Sea)]; seven medusae of Phyllorhiza punctata were also collected in Vlicho Bay. Medusae were collected between November 2009 and September 2013. Three medusae of Cassiopea xamachana were collected from the coast of Cabo Frio (Rio de Janeiro, Brazil) in September 2012 (see map on Figure 1 and Table S1 in Supplementary Material for details on sampling locations). Symbionts were isolated from live medusae by scraping cells from the subumbrella and oral arms immediately after collection. Part of sample was stored for pigment analysis and another part was stored in cryotubes in 96% ethanol and kept at -80°C for DNA extraction.




Figure 1 | Sampling sites of Cotylorhiza tuberculata and Phylorhiza punctata in the Mediterranean Sea and the sampling site of Cassiopea xamachana from the coast of Cabo Frio (Rio de Janeiro, Brazil).





Isolation and Cultivation of Symbionts From Scyphozoan Hosts

Symbionts were isolated for cultivation from three medusae of Cotylorhiza tuberculata collected in the Gulf of Trieste (Mediterranean Sea) and from one individual of Cassiopea xamachana collected from the coast of Cabo Frio (Rio de Janeiro, Brazil). Tissue samples from Cotylorhiza tuberculata (subumbrella) and Cassiopea xamachana (subumbrella and oral arms) were minced and isolated under a dissecting microscope using a micropipette and then transferred to sterile growth medium B (Agatha et al., 2004). They were washed by re-isolating them twice in sterile growth medium. Following the last passage, an antibiotic mixture (working concentration: 50 mg L-1 kanamycin, 50 mg L-1 streptomycin, and 100 mg L-1 penicillin G) was added and the cultures were transferred to an antibiotic-free medium after four days. A strain obtained from Cassiopea xamachana (strain T4) was isolated without antibiotics to test for a possible selective effect on the cultivation of Symbiodiniaceae strains when adding antibiotics (Santos et al., 2001). In this case, washing of about 200 to 300 cells with fresh sterile medium was continued twice a day for three days. The strains grew best between 20°C and 25°C with a 12 h/12 h light/dark cycle. 28S rDNA and ITS2 markers were amplified from the cultures of the symbionts and used for phylogenetic analysis.



Extraction of DNA, PCR Amplification, and Sequencing of Nuclear Ribosomal Markers From Symbionts

DNA was extracted from scrapings of symbionts living in the oral arms and subumbrella of Cotylorhiza tuberculata, Phyllorhiza punctata and Cassiopea xamachana, as well as from cultured symbionts isolated from Cotylorhiza tuberculata and Cassiopea xamachana. A CTAB-based DNA kit (E.Z.N.A., Omega Bio-Tek, USA) was used for DNA extraction according to the protocol. The symbiont cells removed from the host were stored at -80°C, thawed on ice and ethanol evaporated in a vacuum concentrator before DNA extraction.

The 28S rDNA of the symbionts was amplified with dinoflagellate-specific primers (28Forward: 5’- CCC GCTGAATTTAAGCATATAAGTAAGCGG -3’ and 28Reverse: 5’- GTTAGACTCCTTGGTCCGTGT TTCAAGA -3’) designed by Zardoya and colleagues (Zardoya et al., 1995) at position 26 onward, and reverse primers at position 741 containing the variable domain D1 and D2. The length of the amplified 28S rDNA fragments was approximately 630 base pairs. The major components of the PCR mixture were added at the following concentrations: 0.625 unit TopTaq polymerase (Qiagen), 2 mM MgCl2, 0.05 µg µL-1 bovine serum albumin, and 10 ng DNA µL-1 in 25 µL PCR. The thermal profile included an initial denaturation at 94°C and an annealing temperature of 57°C for a total of 30 amplification cycles. Due to the low amplification efficiency of some samples, re-amplification with a further 25 cycles at an annealing temperature of 60°C was required; 5 µL of the PCR products were used as template, and the final reagent concentrations were the same as for the previous PCR.

Amplification of ITS2 from symbionts was performed using a dinoflagellate-specific primer (ITSintfor2 5’ GAATTGCAGAACTCCGTG-3’), which annealed to a conserved region of the 5.8S rDNA, and the Chlorophyta-specific reverse primer (ITSreverse 5’- GGGATCCATA TGCTTAAGTTCAGCGGGT -3), as described by LaJeunesse (2002). The length of the amplified fragments was between 300 and 330 base pairs. The optimal concentrations for PCR were 0.625 units of GoTaq polymerase (Promega, USA), 2 mM MgCl2, and up to 10 ng of DNA in a volume of 20 µL. The thermal profile of the touch-up PCR began with an initial denaturation step, followed by annealing at a starting temperature of 52°C for 40 seconds, which was then increased to 61°C, with subsequent annealing at this temperature for a further 20 cycles. In some cases, re-amplification was required. For this, 5 µL of the PCR mixture was transferred to a new tube, to which the PCR reagents were added at the same concentration as the first PCR and amplified at an annealing temperature of 54°C for a further 30 cycles. Sanger sequencing was performed at the commercial supplier Macrogen (The Netherlands) using the same primer pairs as the PCR.



Cloning of ITS2 Region From Cotylorhiza tuberculata

Our aim was to reveal the diversity of the ITS2 region within the ribosomal operon of the symbiont harboured by Cotylorhiza tuberculata collected in November 2009 from the Mar Menor Lagoon (Balearic Sea) to verify mixed or homogeneous infection by symbionts in individual medusa. DNA extraction and ITS2 amplification were performed as described above. The PCR product (fragment length 330 base pairs) was cloned into chemically competent One Shot Top 10 cells from the TA Cloning Kit (Invitrogen, USA) according to the manufacturer’s instructions. A total of 273 transformants were screened, of which 184 white transformants were transferred to Luria-Bertani medium with 10% glycerol and allowed to grow overnight before plasmid extraction and Sanger sequencing.



Phylogenetic Analysis

Consensus sequences were generated from both strands using Chromas Pro 1.7.6 (Technelysium, Australia) and manually checked for ambiguous bases. Sequences from our study were compared to those deposited in GenBank by BLAST, and the most similar sequences were added to the dataset for alignment. 28S rDNA and ITS2 sequences were aligned separately using MAFFT v. 7 (Katoh & Standley, 2013); specifically, sequences were aligned according to the clade to which they belonged based on similarity by BLAST, applying a strategy used in a previous study (Correa & Baker, 2009). Subsequently, all groups were aligned together, gaps were removed, and sequences were trimmed to the shortest sequence. Identical haplotypes were checked in both datasets using DAMBE (Xia, 2013), and only unique haplotypes were used for phylogenetic analysis. The substitution models were calculated using jModeltest 2.1.1 (Darriba et al., 2012), which resulted in TIM3+I+G for 28S rDNA and HKY + G for ITS2 datasets. Phylogenetic analyses were performed using MrBayes ver. 3.2.1 (Ronquist and Huelsenbeck, 2003) for 28S rDNA and ITS2 datasets separately. Calculations were performed using 2 000 000 generations with four chains, and a 25% burn-in of the trees and stationarity of the calculations were checked using Tracer (Rambaut et al., 2018) for 28S rDNA and for ITS2 rDNA, respectively. The calculated trees of 28S and ITS2 were visualised in FigTree 1.4.2 (Rambaut, 2014).



Pigment Analysis

Symbionts were isolated from live medusae by scraping cells from the subumbrella and oral arms from Cotylorhiza tuberculata (sampling sites Mar Menor and Gulf of Trieste), immediately after collection. Symbiont samples were then stored in cryotubes at -80°C until analysis. Phylogenetic analysis revealed that samples of symbionts harboured by Cotylorhiza tuberculata belongs to Breviolum sp. (collected in Mar Menor in 2010) and Philozoon medusarum (collected in the Gulf of Trieste, Adriatic Sea, in 2011). Photosynthetic pigments of the endosymbionts were determined using high-performance liquid chromatography (reversed-phase HPLC) (Mantoura and Llewellyn, 1983; Barlow et al., 1993). Samples of the isolated endosymbionts were extracted by sonication in 90% acetone and centrifuged at 4 000 rpm for 10 min to remove particles. A mixture (1:1) of clarified extract and 1 mol L-1 ammonium acetate was injected into the HPLC system (1260 Infinity, Agilent Technologies) equipped with a 3 µm C18 reversed-phase column (Pecosphere, 35x4.5 mm, Perkin Elmer) to determine the composition of photosynthetic pigments (chlorophylls and carotenoids) in the endosymbionts. Chlorophylls and carotenoids were detected by absorbance at 440 nm using a Diode Array Detector (DAD; Agilent Technologies, model 1290 Infinity).




Results


Cultivation of Symbionts Isolated From Host Medusae

Three cultures (T1, T2, and T3) of symbionts were isolated from three individuals of Cotylorhiza tuberculata, and two cultures (T4 and T5) were isolated from two individuals of Cassiopea xamachana. During cultivation, the organisms were mostly attached to the culture vessel in an immobile form and underwent up to two divisions within the same cyst. Motile dinoflagellate cells were formed almost exclusively during the light phase of the light-dark cycle by one or two binary divisions. The motile forms of the different strains were indistinguishable from one another under light microscopy. Symbionts from all cultures isolated from Cassiopea xamachana and Cotylorhiza tuberculata harboured symbionts of Breviolum sp. as revealed by phylogenetic analysis (see Figure 2 and Figure S1). Strains T1 and T5 are available in the Collection of Sea Microorganisms (CoSMi) at the Istituto Nazionale di Oceanografia e di Geofisica Sperimentale under strain numbers 1062 and 1065, respectively.




Figure 2 | Bayesian inference based on 28S rDNA sequences of symbionts from Cotylorhiza tuberculata, Phylorhiza punctata, and Cassiopea xamachana under the TIM3+I+G model. Numbers at the nodes indicate posterior probabilities. Labels indicate GenBank accession number, genus name, isolate name, host, and sampling site; sequences from this study are in bold.





Sequence Analysis and Phylogenetic Inference of Symbionts 28S rDNA and ITS2

28S rDNA was amplified (D1/D2 hypervariable region) from symbionts of Cotylorhiza tuberculata, Phyllorhiza punctata and Cassiopea xamachana and from cultures of symbionts derived from Cotylorhiza tuberculata (sequences KP015124*, KP015125* and KP015126*) collected in the Gulf of Trieste and from two medusae of Cassiopea xamachana (sequence KP015128* from T4 culture, KP015130* from culture T5 and KP015130* from culture T5A) collected in Cabo Frio (Rio de Janeiro, Brazil). The dataset of 28S rDNA for phylogenetic analysis consisted of 72 sequences (18 unique sequences from this study and 46 sequences from GenBank) of species representing the genera Symbiodinium, Breviolum, Cladocopium, Durusdinium, Effrenium, Fugacium, Gerakladium, and clades H and I as defined by LaJeunesse et al. (2018). The recently redescribed genus Philozoon with the species Philozoon medusarum (Geddes, 1882) was also included in the analysis (see Table S2 in Supplementary Material for details of the sequences used). The outgroup consisted of the following species: Pelagodinium beii (JN558106), Protodinium simplex (JN558103), Biecheleriopsis adriatica (AB858356), and Polarella glacialis (AY571373 and JN558110). The dataset for Symbiodinium contained 29 sequences (five sequences from this study and 24 of the most similar sequences). The dataset for Breviolum contained 17 sequences (12 sequences from this study and five of the most similar sequences), and the dataset for Cladocopium consisted of Cassiopea xamachana sequence KP015084 and six of the most similar sequences. Table S2 shows the full list of sequences and details, and Figure 2 depicts the Bayesian inference tree based on 28S rDNA sequences. Phylogenetic analysis of the 28S rDNA revealed that the symbionts of Cotylorhiza tuberculata, Phyllorhiza punctata, and Cassiopea xamachana belong to the genera Symbiodinium, Philozoon, Breviolum, and Cladocopium. In particular, the sequences of symbionts from Cotylorhiza tuberculata pertain to Philozoon and Breviolum, while those from Phyllorhiza punctata were placed in the genus Symbiodinium; 12 sequences of symbionts from Cotylorhiza tuberculata and Cassiopea xamachana were placed in Breviolum, and one sequence of symbionts from Cassiopea xamachana was placed in Cladocopium (KP015084). Sequence KP015071, belonging to a symbiont of Phyllorhiza punctata, belongs to Symbiodinium sp. type A1, which was recently characterised as Symbidinium microadriaticum (LaJeunesse, 2017). In addition, two sequences (AY574348 and AY574347) of symbionts of Phyllorhiza punctata collected in Australia are in the same group, indicating the wide distribution of this symbiont type (see Figure 2).

Several sequences belong to the genus Philozoon and originate from samples of Cotylorhiza tuberculata collected in the Adriatic Sea: Gulf of Trieste (KP015080), Lake Mljet (KP015074, KP015072), and the Ionian Sea (KP015070), but not from the Balearic Sea. Medusae of Cotylorhiza tuberculata from the Balearic Sea (KP015078, KP015077, and KP015076), Ionian Sea (KP015068), and Adriatic Sea (KP015082, KP015079, and KP015081) harboured symbionts of Breviolum, especially those of type B2. In addition, the symbionts of Cassiopea xamachana collected in Cabo Frio (Rio de Janeiro, Brazil) pertain to this group (KP015087, KP015088, and KP015086). All of the groups mentioned have high bootstrap support of the nodes. Other sequences within the groups are derived from symbionts from a variety of hosts, including corals, anemones, scyphozoans, and free-living species (see Table S2 for more details).

The phylogenetic tree for the ITS2 dataset consisted of sequences belonging to species of the genus Symbiodinium (type species Symbiodinium natans (Hansen & Daugbjerg, 2009) and the still unclassified groups A1, A2, A3, A4), the genus Philozoon with the species Philozoon medusarum and Philozoon actiniarum (Geddes, 1882), the genus Breviolum (type species Breviolum minutum (LaJeunesse et al., 2018) and two other unclassified groups, B1 and B2); Polarella glacialis (JN558110) was used as an outgroup. Table 3 (in Supplementary Material) shows the full list of sequences analysed. The ITS2 sequences of symbionts from Cotylorhiza tuberculata samples collected in the Vlicho Bay, Lefkada (Ionian Sea) and the Adriatic Sea (Gulf of Trieste and Lake Mljet) belong to Philozoon medusarum and the Breviolum group, respectively. Furthermore, symbionts collected in samples of Cotylorhiza tuberculata from the Mar Menor pertain only to the Breviolum group. Several symbionts were found in medusae of Cotylorhiza tuberculata from the Gulf of Trieste, the most common being members of genus Breviolum (type B2), though members of genus Philozoon were also found in 2010 and 2011. Symbionts from Phyllorhiza punctata (KP015090 and KP015089) collected in the Ionian Sea were identified as Symbiodinium sp. (type A1). The symbionts of Cassiopea xamachana were identified as Breviolum sp., specifically type B1 (KP015088, KP015087, KP015086). We found that Philozoon medusarum forms a symbiosis with Cotylorhiza tuberculata and anthozoan Cladocora caespitosa (MG991827, KF886573), both collected in the Gulf of Trieste. Members of this large group can form symbioses with various hosts around the Mediterranean Sea. The same group also includes the ITS2 sequences of symbionts from the anthozoan Paranemonia cinerea (Contarini, 1844) from the Mar Menor Lagoon, Balanophyllia europaea (Risso, 1826) from Ischia, and Anemonia viridis (Forsskål, 1775) from the Balearic Sea and the Algerian Basin.

The diversity of the ITS2 operon within the host medusae Cotylorhiza tuberculata was demonstrated using a clone library: among the 20 sequenced clones, we found 16 unique ITS2 haplotypes. Unique ITS2 haplotypes from the clone library were included in the phylogenetic analysis under accession numbers KP015094 – KP015106, KP015109, KP015111, KP015114, and KP015115 (see Table S3). All haplotypes were nearly identical and therefore assigned to the genus Breviolum (see Figure S1).



Pigment Analysis

We estimated the contribution of four different pigments (chlorophyll c2, peridinin, diadinoxanthin, and β,β-carotene) with and without chlorophyll a (Table 1 and Figure 3). Dinoflagellate symbionts collected from two geographically distant populations of Cotylorhiza tuberculata differed in the contribution of pigments (chlorophyll a, chlorophyll c2 and peridinin), while their contributions of diadinoxanthin and β,β-carotene did not differ. In the Mar Menor samples, the contribution of peridinin (38.7% ± 1.5) was greater than in the Gulf of Trieste samples (15.2% ± 2.2), while the latter samples had a greater contribution of chlorophyll a and chlorophyll c2 (Figure 3).


Table 1 | Contribution of four different pigments (chlorophyll c2, peridinin, diadinoxanthin, and β,β-carotene) with and without chlorophyll a.






Discussion

We identified symbionts in the scyphomedusae Cotylorhiza tuberculata, Phyllorhiza punctata and Cassiopea xamachana by phylogenetic analyses of 28S rDNA and ITS2 haplotypes as these markers provide sufficient resolution to species delimitation (Moestrup et al., 2007) and have recently been used to resolve the evolution of the flourishing algae of the family Symbiodiniaceae (LaJeunesse et al., 2018; LaJeunesse et al., 2021). In the present study, medusae of Cotylorhiza tuberculata collected in the Mediterranean Sea (Adriatic, Ionian, and Balearic Seas) were confirmed to harbour symbionts of the genus Philozoon or the genus Breviolum. In more details, medusae of Cotylorhiza tuberculata collected at Mar Menor (Balearic Sea) harbour only symbiotic dinoflagellate cells of Breviolum. We also confirmed presence of Breviolum in Cassiopea xamachana (type B1), while Breviolum (type B2) was found in Cotylorhiza tuberculata (Gulf of Trieste). Type B2 is common in temperate latitudes and tolerates a wide range of temperature, light, and other conditions (photosynthetic optimum at 25°C and minimum at 10°C), being able to recover quickly from low temperatures (Thornhill et al., 2006). In this regard, cultures offer the possibility to work on the free-living stage of the species, which are essential for a valid description of dinoflagellate species. Symbiotic dinoflagellates are difficult to isolate from a host in axenic culture (Liu et al., 2017). Therefore, antibiotics are used by default during the cultivation, as it is almost impossible not to transfer the organic matter of the host inhabited with other symbionts and commensals together with symbiotic cells (Agatha et al., 2004). Bacteria that grow on the host’s organic matter usually attack the symbionts as well. We have only managed to isolate one strain without antibiotics. In addition, there are many other conditions that influence the success or failure of isolating dinoflagellates, for example: salinity, light intensity and medium used (Agatha et al., 2004). This means that we could overlooked other types of symbionts. However, we would like to emphasise that the identity of isolated strains and symbionts taken from the host prior the cultivation were confirmed by phylogenetic analysis during study. But no distinctive features at light microscopic level could be found for the isolated strains. For additional morphological information a careful examination at ultrastructural level (SEM) of the different clades and species is indicated as an important completion of the genetic, physiological, and ecological data cited above.

Medusae of the non-native species Phyllorhiza punctata collected in the Mediterranean Sea (Ionian Sea) harbour symbionts of Symbiodinium microadriaticum (type A1), as confirmed in our study. Moreover, our analysis confirmed the presence of the same type of symbionts as in the native range of Phyllorhiza punctata. The sequences of the symbionts from the Mediterranean Sea, together with the sequences AY574347 and AY574348 (from Lake Illawarra, New South Wales, Australia), are combined in a 28S phylogenetic tree (see Figure 2), indicating the widespread occurrence of Symbiodinium microadriaticum. Closely related to the symbionts of Phyllorhiza punctata are those of Cotylorhiza tuberculata (see Figure 2 and Tables S2 and S3 in Supplementary Material), now classified as the genus Philozoon (Geddes, 1882) (LaJeunesse et al., 2021). In our 28S rDNA phylogenetic tree, all sequences of Philozoon are grouped together, though the sequences of Philozoon in the ITS2 tree revealed finer structure into two subgroups (see Figure S1 in Supplementary Material). The first subgroup contained sequences isolated from anemone and coral hosts (Paranemonia and Cladocora), a pattern that has pointed to more specialised group of symbionts (Meron et al., 2012). The other subgroup is formed by Philozoon medusarum from a variety of hosts such as Cotylorhiza tuberculata and hydrozoan species like Anemonia viridis, with the mean distance within this group measured as 0.007 ± 0.003, indicating very little difference between haplotypes of ITS2 (Raspor Dall’Olio, 2016). Philozoon includes earlier groups with the trivial names “A temperate” and “Mediterranean A” (Hunter et al., 2007), both groups are now reclassified into several species (LaJeunesse et al., 2021). They are identified in many hosts (Savage et al., 2002; Lee et al., 2015) with a known range in the Mediterranean Sea and circumglobally in temperate latitudes (Visram et al., 2006; Casado-Amezúa et al., 2014). Well known hosts are the marine snail Pteraeolidia ianthina from South Australia (Loh et al., 2006) and the anemone Anthopleura hermaphroditica along the coast of New Zealand (Howe, 2013).

We noted that the abundant Mediterranean blooming species Cotylorhiza tuberculata can establish a symbiosis with species of Breviolum or Philozoon (see Figures 2, S1). However, the symbiosis in individual medusae only develops with one species at a time, as confirmed for Cotylorhiza tuberculata (Thornhill et al., 2006; Astorga et al., 2012; Newkirk et al., 2018). This is an important indication of the co-existence of free-living species and subsequent selection of symbionts in polyps, with the best-adapted symbionts subsequently transferred by strobilation in ephyra (Astorga et al., 2012; Newkirk et al., 2018). Polyps play a crucial role in infection with symbionts and can be infected with several types of them at the same time, leading to the selection of the most suitable symbiont (Ohdera et al., 2018). To investigate the diversity of the ITS2 haplotypes of dinoflagellate symbionts within the single host medusa Cotylorhiza tuberculata we constructed a clone library from amplified ITS2 region to gain insight into the diversity of ITS2 haplotypes. Cloning of ITS2 haplotypes was performed in a subset of the samples to check for the possibility that more than one type of symbiont is present in the host medusa, which could compromise the analysis and be a source of chimaeras. In addition, cloning all samples would be very tedious and time-consuming (preparation of clone libraries, selection of positive colonies and sequence analysis). The results show that all cloned ITS2 haplotypes form the same phylogenetic group within Breviolum and the differences were negligible and do not reveal differences over the species level. Unique ITS2 haplotypes from the clone library were included into the phylogenetic analysis (see Table S3 in the Supplementary Material).

Successful acquisition of symbionts at the polyp stage also affects the efficiency of strobilation, and in some species (e.g., Cassiopea xamachana), only symbiotic scyphystomae strobilate (Newkirk et al., 2018). Moreover, the efficiency of strobilation depends on the phylotype of the symbiont (cf. Mellas et al., 2014). All of the species investigated in the present study have a metagenic life that includes a scyphistoma, strobilation reproduction, and adult medusae, which reproduce sexually and produce planulae that develop into polyps. According to experimental models, Cassiopea polyps show extreme flexibility in the types of symbionts they acquire from free-living species in their external environment (Mellas et al., 2014; Lampert, 2016; Newkirk et al., 2018). Free-living species of Symbiodiniaceae provide the largest reservoir of symbiotic cells (Coffroth et al., 2006; Pochon & Gates, 2010; Newkirk et al., 2018). Cotylorhiza tuberculata reproduces sexually in the Gulf of Trieste in late August and early September, and polyps are grown from planulae within a few days (A. Ramšak, personal observation). Moreover, environmental conditions like sea temperature during this period are conducive to symbiont infection (hot summer, high light intensity vs colder summer with fewer sunny days). When the polyps acquire symbionts in a temperate climate in a shallow Mediterranean coastal environment is still unknown, though two possibilities emerge: i) immediately after the transformation of planulae into polyps that survive the winter period with colder temperatures, or ii) the polyps acquire the symbionts after the winter. Furthermore, symbiosis is not solely required for strobilation: other factors (e.g., increased temperatures) also trigger strobilation (Prieto et al., 2010; Astorga et al., 2012). Kikinger (1992) observed that the planulae were asymbiotic in a stationary population of Cotylorhiza tuberculata from the Ionian Sea and that the scyphystomae already had symbionts. Besides, the author found that the scyphystomae strobilated only if they had symbionts. In the laboratory, asymbiotic polyps did not strobilate for years and only reproduced by budding (maintaining the population of polyps that can acquire symbionts), and that strobilation occurred after they were fed on tissues of Anemonia sulcata with their symbionts (Kikinger, 1992). During ephyra development, symbionts are clustered in the mesoglea and are particularly numerous along the endodermal lining of the gastrovascular system, indicating their importance for feeding (Kikinger, 1992).

Breviolum psygmophilum has been recorded in Cotylorhiza tuberculata from the Adriatic Sea (Gulf of Trieste), an environment known for its marked temperature variability with minimum values around 8°C and maximum values around 26°C (Boicourt et al., 2021). Most evidence of seasonal and geographical distribution of cnidarian symbionts is available from anthozoan hosts such as Bunodeopsis strumosa (Visram et al., 2006) and Oculina patagonica (Casado-Amezúa et al., 2014). Breviolum psygmophilum is widespread in the temperate latitudes of the western Atlantic Ocean and the Mediterranean Sea (Thornhill et al., 2008; LaJeunesse et al., 2012). We have confirmed that Cassiopea xamachana from the coast of Cabo Frio (Rio de Janeiro, Brazil) harbours symbionts of the genera Breviolum and Cladocopium. Several symbionts harboured by Cassiopea xamachana in different parts of the world (Florida, Hawaii, Bermuda, Japan, and Australia) have been identified as Breviolum minutum (AF333511, JN602457, HQ317740, and AF184940), Breviolum antillogorgium (formerly Symbiodinium antillogorgium KT149341), Breviolum endomadracis (formerly Symbiodinium endomadracis KT149342), and Breviolum pseudominutum (formerly Symbiodinium pseudominutum KT149344). In addition, Symbiodinium type A1 was detected in Cassiopea xamachana and Cassiopea andromeda from the Gulf of Mexico and the Red Sea (see Figure 2). The reported diversity of symbionts of Cassiopea xamachana in Mexican coral reefs was much higher than the present study, and symbiosis with several species of the genus Symbiodinium, Breviolum and Cladocopium has been confirmed (Zardoya et al., 1995; LaJeunesse, 2001; Garcia-Cuetos et al., 2005). Previous studies have found that Symbiodinium type A1 is most likely to be harboured by Cassiopea xamachana in the adult phase, which has been sampled in Puerto Morelos (LaJeunesse, 2002), Florida (LaJeunesse, 2001; Thornhill et al., 2006), the Bahamas (LaJeunesse et al., 2009), Bermuda and the Caribbean (Rowan & Powers, 1991). Furthermore, even clade F symbionts have been detected in Cassiopea xamachana (Santos et al., 2002). Several conditions influence the acquisition of symbionts and their selection in the host. Benthic corals or anemones have different symbionts at the same time e.g., mixed infection with Philozoon sp. and Breviolum psygmophylum detected in Cladocora caespitosa from the island of Ischia (Meron et al., 2012), while scyphozoans have only one type of symbiont. Although exclusive host specificity is very rare (Fabina et al., 2012; Silverstein et al., 2012), some anthozoan hosts are capable of associating with a limited number of species, as in the case of Plesiastrea versipora, which hosts only Cladocopium (Rodriguez-Lanetty et al., 2001) and Echinophyllia aspera (LaJeunesse et al., 2004a). However, other studies have confirmed instances of multiple infections in corals (Coffroth and Santos, 2005; Bongaerts et al., 2011). The fitness of the symbiosis can be optimised in host animals if the symbiont is transferred vertically from the mother to the daughter of the host animal, such that the partners become specialist symbionts (Fabina et al., 2012).

We found only one symbiont species in the host medusae at a time, although many host species in coral reefs are capable of symbiosis with more than one species of Symbiodiniaceae. Mosaicism in coral colonies is a well-known process that depends on local light conditions (Thornhill et al., 2006). Their different environmental preferences have also been noted in cultures and during cultivation (Santos et al., 2001). Such ecological adaptation (mosaicism) is not necessary for individual medusae due to their motile lifestyle. However, adaptation to highly fluctuating light conditions and transition between heterotrophic and mixotrophic states is advantageous. A recent study investigated the adaptability and invasion potential of the holobiont Cassiopea sp. (Mammone et al., 2021). Cassiopea polyps were infected by Cladocopium sp., which showed efficient photosynthetic plasticity at both low and high irradiance as well as during sudden changes in light exposure. Both partners are under strong constraints that lead to the selection of certain morphological, biochemical, and physiological traits (Mammone et al., 2021). The optimisation of photosynthesis is a clear example of these constraints. The dilemma between optimal light exposure and low UV radiation requires balancing and adaptations by both partners.

The advantage of scyphozoan jellyfish with symbiotic medusae is the increase in fitness through physiological changes and their ability to switch between mixotrophic and heterotrophic states. Symbiotic scyphozoans are polytrophic (planktivorous, ingest particulate food, capable of autotrophy) because they grow very fast and have high nutrient requirements to ensure rapid medusa growth (Pitt et al., 2005). Algal endosymbionts accelerate the excretory process of their hosts by recycling ammonium-rich animal wastes (Cates & McLaughlin, 1976) and contributing to the host’s energy requirements through the direct transfer of algal photosynthates (Hofmann & Kremer, 1981). Symbiotic species such as Mastigias sp. probably have little predatory influence on zooplankton and co-occur with the zooplanktivorous Aurelia in the saltwater lakes of Palau (Hamner & Hauri, 1981), while blooms of Cotylorhiza tuberculata also co-exist with zooplanktivorous jellyfish such as Rhizostoma pulmo (Pestorić et al., 2021).

The stability of cnidarian-algal symbiosis depends on symbionts photosystem and on protective role of host mediated by colour pigments, which influence photosynthetic activity in endosymbionts by either providing the photosystem with irradiance of appropriate wavelength or protecting it from excessive and potentially harmful light (Lampert et al., 2012). The main aim of this study was the identification of the symbionts, while the analysis of pigments content and their ratio in the genera Breviolum and Philozoon, which are common symbionts of Cotylorhiza tuberculata from the Adriatic Sea and the Balearic Islands, especially the Mar Menor lagoon, provides valuable complementary data. Details on this part of symbiotic association between symbiotic dinoflagellate cells and Cotylorhiza tuberculata are scarce and limited on analysis of composition and ratio of pigments. Recent advance in taxonomy of Symbiodiniaceae enable to connect knowledge from photobiology with identified symbiont species, in our study case being Cotylorhiza tuberculata and its symbionts Breviolum and Philozoon. The pigment profile of dinoflagellate symbionts Breviolum and Philozoon had a high content of chlorophyll c2, peridinin, and diadinoxanthin, as well as chlorophyll a. The differences observed in the proportions of chlorophyll a, chlorophyll c2, and peridinin were notable between dinoflagellate cells of Breviolum and Philozoon hosted by Cotylorhiza tuberculata collected in two different environments. In details, a higher proportion of peridinin was detected in dinoflagellate cells of Breviolum from Cotylorhiza tuberculata collected at the Mar Menor Lagoon and a higher proportion of chlorophyll c2 was detected in cells of Philozoon from Cotylorhiza tuberculata at the Gulf of Trieste (see Figure 3). Pigment analyses have revealed differences between both genera, and according to the study of Enrique-Navarro et al. (2022), the pigment ratio does not change between free-living symbionts and the cells living “in hospite”, and in this regard we think that the number of samples analysed is sufficient to confirm differences between both symbiotic genera. The recent study provide evidence that the light environment influence on differences in the amount of pigments as chl a, chl c2 and peridinin (Enrique-Navarro et al., 2022) and dinoflagellate cells have adaptations enable them to survive in variable light conditions and intensity as PCPs are light-collecting complexes made of chl a and peridinin, on the other side host provide stable and more protected environment for symbionts. We collected Cotylorhiza tuberculata specimens in two different environments: Mar Menor, a shallow coastal lagoon (4 m average depth), and Gulf of Trieste, the northernmost part of the Mediterranean Sea (15 m average depth). However, the optimal depth for holobiont Cotylorhiza tuberculata can be affected by light penetration, water turbidity, seasonal light intensity, and cloud cover. Therefore, zooxanthellate jellyfish will respond to changes in the vertical water column by selecting a depth that matches their optimal physiological tolerance and maximises photosynthesis (Enrique-Navarro et al., 2022). We pointed out the higher peridinin content in symbionts from Mar Menor. Symbionts therefore occur in both pigmented and non-pigmented host tissues. As reported by Enrique-Navarro et al. (2022) the dinoflagellate symbionts are heterogeneously distributed within the host body being more concentrated in the medusa oral arms as a consequence of the tissue role, their high metabolic activity and their sinuous folding. This study also reveal that the endosymbionts revealed no significant differences in size neither chlorophyll a concentration within the oral arms and the umbrella.




Figure 3 | Contribution of five different pigments (chlorophyll a, chl a; chlorophyll c2, chl c2; peridinin, per; diadinoxanthin, diadino; β,β-carotene, ββ car) in the symbionts identified as Breviolum sp. (Mar Menor, Balearic Sea; October 2010) and Philozoon medusarum (Gulf of Trieste, Adriatic Sea, August 2011) isolated from Cotylorhiza tuberculata.





Conclusions

Symbionts in medusae of Cotylorhiza tuberculata, Phyllorhiza punctata, and Cassiopea xamachana collected in the Mediterranean Sea and from the coast of Cabo Frio (Rio de Janeiro, Brazil) were identified by haplotypes of 28S rDNA and ITS2. We confirmed that the predominant symbionts in the investigated scyphozoan jellyfishes Cotylorhiza tuberculata belong to genera Breviolum and Philozoon, while non-indigenous species Phyllorhiza punctata harbour Symbiodinium. Cassiopea xamachana hosted Breviolum and Cladocopium symbiotic dinoflagellates. The individual medusae studied harbour only one phylotype of symbionts at a time as confirmed with detailed analysis of the ITS2 region within the ribosomal operon of the symbiont, although symbionts in zooxanthellate jellyfish can be different between years as we confirmed in Cotylorhiza tuberculata from the eastern Mediterranean Sea. The population of medusae from Mar Menor hosted only symbionts of Breviolum, while Breviolum and Philozoon were present in medusae from the Adriatic Sea. Furthermore, the possession of zooxanthellae is a unique feature of scyphozoans jellyfish that allows them to occupy several niches compared to non-zooxanthellate species due to mixotrophic way of nutrition.
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