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Introduction

The northern Red Sea has been coined a refuge for reef corals due to the exceptional thermal tolerance of these organisms. With ocean warming threatening coral reefs worldwide, a panoptic characterization of corals living in extreme conditions may provide insights into future responses of corals to environmental change. Among other factors, the genotype of the endosymbiotic algae in the family Symbiodiniaceae has been shown to have major implications on the distribution and resilience of their coral hosts. In this study, we aim at genotyping the Symbiodiniaceae communities associated with three depth generalist and one depth specialist coral species, characterized by the ability to withstand environmental conditions that are apparently limiting for other corals and occurring in a unique geographical region.





Methods

We sampled 50 corals from the northern Saudi Arabian Red Sea and the Gulf of Aqaba, covering a 97 m bathymetric gradient. We used high-throughput ITS2 gene sequencing and recovered different patterns of host–algal associations.





Results and discussion

The majority of the recovered algal genotypes appeared host- and environment-specific, while others were more widely distributed. At large, coral specimens were overwhelmingly associated with symbionts from the genus Cladocopium and specifically with many previously undescribed genotypes. This suggests the selection of specific genotypes, which might confer resistance and/or resilience to their host counterparts. Interestingly, we found a limited association with Durusdinium spp. and other known tolerant taxa in mesophotic corals in the northern Red Sea, but not in the Gulf of Aqaba. The broad absence of Durusdinium spp., typically ascribed to be stress tolerant, warrants further investigation into Symbiodiniaceae species that convey environmental resilience. Our data will serve as a baseline to explore the occurrence of specific symbionts that might be contributing to coral acclimation and adaptation and to assay how biodiversity might be impacted if subjected to increasing stressors.
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Introduction

The Red Sea is a semi-enclosed basin with unique abiotic regimes (temperature, light, oxygen concentration, etc.) due to latitudinal and bathymetric environmental gradients (Purkis et al., 2012; Rowlands et al., 2014; Berumen et al., 2019). Temperature, salinity, and nutrient concentration vary from the north to the south (Raitsos et al., 2013; Wafar et al., 2016; Chaidez et al., 2017), and these conditions shape the diversity, distribution, and evolution of Red Sea marine organisms (Berumen et al., 2019). Being one of the warmest and saltiest extant seas on Earth, the Red Sea is often referred to as a “natural laboratory,” and the organisms adapted to live in it are studied to provide insights into the genetic adaptations of marine organisms to potential environmental scenarios driven by environmental change (Berumen et al., 2019). In particular, corals living in the basin regularly experience thermal conditions predicted for reefs elsewhere in the upcoming 50 years (Grimsditch and Salm, 2006). Within the Red Sea, its northernmost area (i.e., the north Red Sea and Gulf of Aqaba) has been attracting increasing attention, as its fauna seems adapted to withstand exceptional thermal conditions in comparison with the prevailing temperature regimes (Fine et al., 2013; Osman et al., 2018). Indeed, the northern Red Sea hosts coral species living below their bleaching thresholds, despite the thermal extremes to which they are exposed, rendering this unique region a potential thermal refuge in a rapid climate change context. In corals, thermal thresholds are in part determined by the symbiont type, and associating with more resilient symbionts is one of the mechanisms allowing corals to thrive under thermal extremes (Ziegler et al., 2015). Yet, the composition of the algal community of these corals and the molecular mechanisms which might help them thrive under such extremes remain largely unknown. As ocean warming is threatening the survival of coral reef ecosystems worldwide (Hughes et al., 2017), genotyping algal communities associated with corals living in extreme environments may provide insights into specific algal genotypes able to drive future responses of corals to climate change (Riegl et al., 2012a; Hume et al., 2013; D’Angelo et al., 2015; Davies et al., 2018; Howells et al., 2020).

The Red Sea organisms have also adapted to warm and salty conditions in deeper waters (>30 m), as well as to an oligotrophic and oxygen-limited environment (Roder et al., 2013; Qurban et al., 2014). Elsewhere in the world, mesophotic and deep-water corals occur at temperatures between 12°C and 4°C (Roberts et al., 2006). The Red Sea water temperature, however, stabilizes at 21°C–22°C even below 2,000 m depth (Sofianos and Johns, 2007; Roder et al., 2013); notwithstanding, it is inhabited by peculiar deep-sea coral species (e.g., Qurban et al., 2014; Chimienti et al., 2022). In the Red Sea, high water transparency due to its oligotrophic conditions increases the lower depth limit of the photic zone allowing the survival of photoautotrophic organisms deeper in the water column when compared with other localities (Kahng et al., 2014; Kheireddine et al., 2018). Several zooxanthellate coral species are unable to survive at depths deeper than 60 m where photosynthetic active radiation is limited (Loya et al., 2016). Yet, mesophotic coral ecosystems (MCEs), i.e., light-dependent communities between approximately 30-40 and 150 m depth, include symbiotic coral species that persist along the tropical and subtropical belts (Lesser et al., 2009; Hinderstein et al., 2010; Baker and Harris, 2016; Pyle and Copus, 2019). Adaptations of corals to depth regimes remain largely unknown (Schlesinger et al., 2018), but evidence indicates that among other factors, the bathymetric niche partitioning of photoautotrophic symbiont communities might play a fundamental role (Sampayo et al., 2009; Cooper et al., 2011; Bongaerts et al., 2013; Einbinder et al., 2016; Eckert et al., 2020). Overall, the symbionts’ genotype contributes to the distribution of Scleractinia across environmental regimes, with some coral species occurring both at shallow and mesophotic depths (i.e., depth generalist species) and others specialized to particular depths (i.e., depth specialist species).

Corals are most often associated with a single dominant alga at any given time, the identity of which is often primarily driven by a combination of host identity and the environment. Association with multiple algae from distinct genera is also not uncommon, especially with the increasing prevalence of stress events (e.g., increasing global bleaching events) with an iconic example being the (sometimes transient) association with Durusdinium trenchii LaJeunesse, 2018 in stress-characterized environments (LaJeunesse et al., 2009). There is a large genetic and phenotypic diversity within Symbiodiniaceae, with some algal symbionts displaying a high host fidelity, while others may associate with a broader range of host genotypes. The coral host may make use of the large diversity by associating with algae that are best suited to prevailing conditions. These algal symbionts are often resolved using the ITS2 rDNA gene, where the algae are characterized according to one or more abundant ITS2 sequences found in their genomes (e.g., the nomenclature of C11–C11N4 would represent an alga characterized by a dominance of the C11 and C11N4 ITS2 sequences; this will be used throughout this manuscript). For example, it has been shown that the symbiont C11–C11N4 lineage appears deeper than 20-30 m depth and might enable adaptation to low light regimes in Agaricia lamarcki Milne Edwards and Haime, 1851 and Helioseris cucullata (Ellis and Solander, 1786) in Curaçao (Bongaerts et al., 2013; Bongaerts et al., 2015a; Bongaerts et al., 2015b) and Puerto Rico (Lucas et al., 2016). Similarly, in the central Red Sea, C39 and C63, respectively, only occur in the upper mesophotic in Leptoseris Milne Edwards and Haime, 1849 corals and C39 appear between 20 and 30 m depth in Podabacia Milne Edwards and Haime, 1849 (Ziegler et al., 2015). However, not all symbionts are partitioned along the host’s depth gradient. For example, depth generalist lineages such as C3/t and C3nt consistently span the depth distribution of Seriatopora hystrix Dana, 1846 on the Great Barrier Reef (Bongaerts et al., 2011) and the Gulf of Eilat, respectively (Nir et al., 2011), as well as C15 in Porites Link, 1807 from the central Red Sea (Ziegler et al., 2015).

Genotyping efforts of Symbiodiniaceae communities along the depth gradient have been, so far, restricted to a few localities comprising the Caribbean (Frade et al., 2008a; Bongaerts et al., 2013; Bongaerts et al., 2015a; Bongaerts et al., 2015b), the Great Barrier Reef (Bongaerts et al., 2011; Bongaerts et al., 2013), and Hawaii (Wagner et al., 2011; Pochon et al., 2015; Padilla-Gamiño et al., 2019). In the Red Sea, the vast majority of the publications addressing Symbiodiniaceae characterization in MCEs are restricted to the Eilat coast (Gulf of Aqaba) and few model coral species (Winters et al., 2009; Nir et al., 2011; Byler et al., 2013; Nir et al., 2014; Einbinder et al., 2016; Turner et al., 2017; Ben-Zvi et al., 2020), with only one study from the central Saudi Arabian coast (Ziegler et al., 2015). To date, the symbiont communities along depth gradients in this region have been characterized in nine coral species distributed from the shallow to the upper mesophotic [see Goulet et al. (2019) for a review]. Therefore, the composition and zonation patterns of Symbiodiniaceae communities associated with scleractinian corals in Red Sea MCEs are unknown in the majority of the hosts.

In this study, we aim at filling this knowledge gap by genotyping, for the first time, the Symbiodiniaceae community associated with three depth generalist corals, namely, Coscinaraea monile (Forskål, 1775), Blastomussa cf. merleti (Wells, 1961), and Psammocora profundacella Gardiner, 1898, and the depth specialist Craterastrea levis Head, 1983. The four species have been reported to broadcast spawn their gametes in the Red Sea (Bouwmeester et al., 2015; Bouwmeester et al., 2016; Baird et al., 2021), which theoretically should reduce algal specificity as opposed to specific vertically transmitted symbionts in brooders (Baird et al., 2009). The investigated coral species occur within and outside the Red Sea with different distributions. In particular, P. profundacella is reportedly from all over the Indo-Pacific, B. cf. merleti and C. monile occur from the Indian Ocean to the western Pacific Ocean, while C. levis is only known in the Red Sea and the western Indian Ocean (Veron, 2000). Both P. profundacella and C. monile are common components of the coral communities all around the Arabian Peninsula, and their distribution extends into the Arabian Gulf (Sheppard and Sheppard, 1991; Claereboudt, 2006; Pichon et al., 2010; Riegl and Purkis, 2012c; Riegl et al., 2012b). There, they can withstand what are arguably among the harshest environmental conditions for scleractinian corals in terms of temperature and salinity extremes as well as environmental fluctuations and anthropogenic impacts (Sheppard et al., 2010; Riegl et al., 2012b). Blastomussa cf. merleti is not recorded from the Arabian Gulf but is common in the Gulf of Oman and the Arabian Sea, where it survives the pseudo-high latitude effect of the seasonal upwelling limiting other coral species and the formation of coral reefs (Sheppard et al., 1992; Benzoni et al., 2003; Claereboudt, 2006). Craterastrea levis is known to be restricted to low-light conditions and can occur at depths above 30 m exclusively in turbid and low-light environments (Benzoni et al., 2012). The remaining corals, although considered shallow water species, were previously recorded below 30 m in the Red Sea (Fricke and Schuhmacher, 1983; Scheer and Pillai, 1983; Eyal et al., 2019). As none of the corals examined in this study is considered a model species for research on coral biology and ecology, their symbionts remain largely uncharacterized thus far, despite their widespread distribution and ability to withstand environmental conditions that are apparently limiting for other corals. Therefore, we decided to focus on these to contribute to the unraveling of the role of different symbiont genotypes in their ecology. Our study covers a 97-m bathymetric range, comprising shallow and mesophotic communities in the northern Saudi Arabian Red Sea (NEOM region) and encompassing latitudinal and environmental depth gradients. We used next-generation sequencing of the ITS2 amplicon to generate ITS2 profiles representative of putative symbiont genotypes associated with each host species to investigate the distribution of algal assemblages along depth and latitudinal gradients.





Materials and methods




Choice of coral species and their identification

The four scleractinian coral species targeted in this study (Figure 1) belong to the Robust clade (Kitahara et al., 2016), and their systematic position has been revised through an integrated morphomolecular approach (Benzoni et al., 2010; Benzoni et al., 2012; Benzoni et al., 2014).




Figure 1 | In situ images of the four Scleractinia host species analyzed in the present study. Blastomussa cf. merleti: (A) SA4621—shallow and (B) NTN0060-19—mesophotic. Coscinaraea monile: (C) SA4639—shallow and (D) NTN0060-22—mesophotic. Psammocora profundacella: (E) SA4775—shallow and (F) NTN0048-14B—mesophotic. Craterastrea levis: (G) NTN0043-20—mesophotic.







Sample collection

In October and November 2020, 50 coral colonies were collected during the Red Sea Deep Blue Expedition on board the M/V OceanXplorer. A total of nine coral colonies belonging to the species B. cf. merleti (1), C. monile (3), P. profundacella (1), and C. levis (4) were collected using a Triton 3300/3 submersible (Sub) with a Schilling T4 hydraulic manipulator between 57 and 97 m depth in the Saudi Arabian Gulf of Aqaba (three sites) and in the northern Red Sea (three sites). One colony of B. cf. merleti was sampled using an Argus Mariner XL Remotely Operated Vehicle (ROV) and ROV Suction Sampler (Cellula Robotics Ltd., Burnaby, Canada) at 95 m in the northern Red Sea (one site). The Sub and ROV dives were video-recorded, and frame grabs of the colonies were extracted from the videos using the open-source software MPC-HC (Media Player Classic – Home Cinema) available at https://github.com/mpc-hc/mpc-hc. A total of 14 colonies of B. cf. merleti, 16 colonies of C. monile, and 10 colonies of P. profundacella were collected between 0 and 30 m depth while scuba diving, using a hammer and chisel (Figure 1). Prior to sampling, the colonies were photographed in situ using a Nikon Coolpix W300 underwater digital camera. Scuba sampling occurred at eight sites in the Gulf of Aqaba and 14 sites in the northern Red Sea (Figure 2, Table 1).




Figure 2 | (A) Map of the Saudi Arabian Red Sea. (B) Close-up map showing sampling sites for the current study. Blue sequential numbers indicate scuba diving sites, light blue NTN codes indicate submarine sampling sites, and pink CHR codes indicate ROV sampling sites. Black CTD codes indicate CTD cast sites.




Table 1 | List of coral specimens collected in the Saudi Arabian Red Sea for the current study, including voucher code, genus and species identification, and collection metadata.



After collection, approximately 1 cm2 of coral tissue from each colony was preserved in 99% EtOH for molecular analyses. The rest of the corallum was bleached in sodium hypochlorite to remove fresh tissue and then air-dried. The coral skeletons and tissue samples are stored at the King Abdullah University of Science and Technology (KAUST, Saudi Arabia).





Environmental data acquisition

Environmental data (conductivity, temperature, depth) profilings were recorded using a Sea-Bird SBE 19+ CTD mounted on the submersible for sub dives (RBR data corresponding to submersible dive sites) or a Sea-Bird 911 CTD mounted on a rosette from the mother ship (CTD data). Both CTDs were calibrated prior to the cruise. Data from both sensors were extracted and processed using SBE’s Seasoft software.





Symbiodiniaceae library preparation and sequencing

Symbiodiniaceae genomic DNA was extracted from coral tissues using the DNeasy® Blood and Tissue Kit (Qiagen Inc., Hilden, Germany). Symbiodiniaceae library preparation and sequencing the ITS2 rDNA gene (ITS2) on the Illumina MiSeq platform. The primers ITSintfor2 and ITS2-reverse (LaJeunesse, 2002) with Illumina adapters were used. For each sample, PCRs were run with 11 µl of Qiagen Multiplex PCR Kit (Qiagen, Hilden, Germany), 2 µl of 10 µM primers, and 5 µl of DNA, in a total volume of 25 µl. The following PCR conditions were used: 15 min at 94°C, followed by 35 cycles of 94°C for 30 s, 51°C for 30 s, 72°C for 30 s, and a final extension step of 10 min at 72°C. PCR products were using the QIAxcel capillary electrophoresis machine, with the DNA Screening Kit (2400), a 3-kb marker, and the AM320 method (Qiagen, Hilden, Germany). The PCR products were pooled and cleaned with Agencourt AMPure XP magnetic bead system (Beckman Coulter, Brea, CA, USA). Nextera XT indexing and sequencing adapters were added via PCR (8 cycles) following the manufacturer’s instructions. Samples were normalized and pooled using SequalPrep Normalization Plate Kit (Thermo Fisher Scientific, Waltham, MA, USA). The samples were then quantified on Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) and qPCR (Thermo Fisher Scientific, Waltham, MA, USA) to check library size and concentration, respectively. Libraries were sequenced using the Illumina MiSeq platform (Illumina, San Diego, CA, USA) and kit reagents v3 (2 × 300 bp pair-ended reads) at KAUST Bioscience Core Lab (Thuwal, Saudi Arabia), following the manufacturer’s protocol.





Symbiodiniaceae MiSeq data processing

Demultiplexed paired fastq.gz files were submitted online to SymPortal (https://symportal.org, Hume et al., 2019). The SymPortal pipeline consists of running sequence quality control (QC) for each sample using mothur 1.39.5 (Schloss et al., 2009), BLAST+ executables against the symClade.fa-based BLAST database (Camacho et al., 2009), and finally, minimum entropy decomposition (MED; Eren et al., 2015). Then, ITS2 profiles are discovered by searching for re-occurring sets of ITS2 sequences and assigned to samples. The post-MED ITS2 sequence relative abundance count table (Appendix S2) and the ITS2 profile relative abundance count table (Appendix S3), together with the respective absolute counts, between sample distances and between profile distances, were downloaded from the online framework. Here, we use the ITS2 profile predictions as proxies for Symbiodiniaceae genotypes. We produced stacked bar plots to associate the Symbiodiniaceae genotypes with different categorical levels (host species, body of water, sampling depth) with the R package ggplot2 (Wickham et al., 2016). Patterns of specificity and generalism were visualized using Venn diagrams.






Results




Environmental profiles

The environmental parameters measured during the expeditions are summarized in Appendices S1, S2 (CTD data and RBR data). The abiotic profiles recovered evidenced the presence of two distinct masses at the time of sampling for this study: the northern Red Sea and the Gulf of Aqaba (Figure 3). The upper water column in the northern Red Sea is warmer and less saline (28°C ± 0.7°C, 40.8 ± 0.1) than the Gulf of Aqaba, which is cooler and more saline (26.7°C ± 0.2°C, 44 ± 0.1). The northern Red Sea is marked by higher variability due to the physical dynamics in this region (i.e., the presence of a cyclonic circulation, the eastern boundary current, and the influence of the Gulf of Aden inflow water).




Figure 3 | Temperature–salinity diagram with isopycnal contours in the water column of the Gulf of Aqaba stations (red dots) and the northern Red Sea stations (blue dots).







Host, site, and depth partitioning of Symbiodiniaceae ITS2 profiles

Using Illumina MiSeq, 4,363,239 ITS2 sequences were generated, with a mean of 87,264 sequences per sample (n = 50) (Appendix S2). After submission to the SymPortal, the post-MED output consisted of 268 different ITS2 sequences, of which 237 belonged to the Symbiodiniaceae genus Cladocopium LaJeunesse and Jeong, 2018, 30 sequences belonged to Durusdinium LaJeunesse, 2018, and one sequence belonged to Symbiodinium Freudenthal, 1962 (Appendix S4). Durusdinium-derived sequences were only found in the north Red Sea at depths of >30 m, but not in the Gulf of Aqaba, while Symbiodinium was found in one sample from the Gulf of Aqaba. A total of 19 ITS2 profiles were identified (Appendix S3; Figures 4, 5). Overall, 96% of ITS2 profiles belonged to the C1 radiation (Appendix S3; Figures 4, 5). The remaining profiles (hereby represented by their most abundant sequences) were C39, C116, C115, C3, and D1. The ITS2 profiles were not evenly distributed among the samples, with four all belonging to the C1 radiation, which accounted for 68% of the total diversity (Appendix S3; Figures 4, 5).




Figure 4 | Predicted Symbiodiniaceae ITS2 profiles for the analyzed coral hosts in the Gulf of Aqaba (A) and in the northern Red Sea (B) at (C, D) three depth ranges (0-10, 11-30, >30 m) and for (E, F) four Scleractinia host species (Blastomussa cf. merleti, Coscinaraea monile, Craterastrea levis, Psammocora profundacella) at three depth ranges (0-10, 11-30, >30 m).






Figure 5 | Venn diagrams representing the unique and shared Symbiodiniaceae ITS2 profiles in the Gulf of Aqaba and the northern Red Sea over (A) depth range, (B) species, and (C) species/depth range. Colored squares refer to Symbiodiniaceae ITS2 profiles as outlined in the legend.



Overall, the majority of the ITS2 profiles (14/19) were recovered from specific coral host species, sites, or depth ranges, indicating high levels of specificity (specialist ITS2 profiles). Only a few (5/19) were recovered from multiple hosts, sites, and/or depths (generalist ITS2 profiles). All five generalist profiles belonged to the C1 radiation. Of these, three occurred in multiple hosts and sites but appeared specific to a certain depth range, one was host and depth generalist but site-specific, while one was exclusively a depth generalist taxon but at the same time species- and site-specific (Figures 4, 5).

Among the examined host taxa, C. monile was the species with the most diverse Symbiodiniaceae ITS2, found in association with 10 ITS2 profiles, 80% of which belonged to the C1 radiation (Figure 5). Blastomussa cf. merleti was associated with eight ITS2 profiles (five of which were represented by C1, and one belonged to Durusdinium), while P. profundacella was associated with five ITS2 profiles (3/5—C1). Craterastrea levis was exclusively associated with one profile also belonging to the C1 radiation. In total, 15 ITS2 profiles were found to be host specialist in C. monile, B. cf. merleti, and P. profundacella, while no specific profile was exclusively associated with C. Levis. Focusing on the site, the Gulf of Aqaba harbored the least diverse Symbiodiniaceae community in association with the examined coral species, represented by seven ITS2 profiles, while 15 occurred in the northern Red Sea. The two basins shared three type profiles, all belonging to the C1 radiation. Site specialist profiles occurring in the Gulf of Aqaba also belonged to the C1 radiation and represented newly discovered genotypes, while in the north Red Sea, we also retrieved C15h/C3, C116, C39-C39q-C1, D1-D4-D4c-D17d-D1r-D17e-D17c, C39, and C3 (Figures 4, 5).

The host-specific profiles were distinct in the water masses, suggesting a latitudinal signature (Figures 4, 5). In the Gulf of Aqaba, we recovered three specific ITS2 profiles: two in C. monile belonging to the C1 radiation and one in B. cf. merleti (C3/C1). In the northern Red Sea, we recovered more ITS2 profiles in terms of number and diversity in association with the four coral species, including not only representatives of the C1 radiation, which were confirmed to be the most abundant but also specific profiles like C39-C39q-C1 and C3 exclusively associated with C. monile, D1-D4-D4c-D17d-D1r-D17e-D17c the only profile representative of Durusdinium, C39 associated with B. cf. merleti, and C15h/C3 and C116 associated with P. profundacella. In total, five ITS2 profiles belonging to the C1 radiation were host generalist and shared among species independently of the body of water. Craterastrea levis hosted a profile shared with other species, yet all the samples were associated exclusively with it, suggesting a specific community composition (Figures 4, 5).

Focusing on the depth, the range which presented the highest Symbiodiniaceae profile diversity was 11-30 m depth, with the majority of the ITS2 profile diversity from the northern Red Sea. Instead, between 0 and 10 and >30 m, we found seven profiles. Overall, we recovered two depth generalist and 17 depth specialist ITS2 profiles. The only profile occurring in all depth ranges was C1/C39/C1b associated with P. profundacella in the northern Red Sea from 0 to >30 m. Exclusive profiles occurred at different depth ranges. In particular, between 0 and 10 m depth, we found four specific profiles belonging to the C1 radiation; between 11 and 30 m, C15h/C3 and C116 also appeared; and finally, below 30 m, C39, C39-C39q-C1, and D1-D4-D4c-D17d-D1r-D17e-D17c were specialized (Figures 4, 5).






Discussion

With this work, we aimed at characterizing the identity of algal genotypes which might contribute to coral acclimation and adaptation in a unique region of the world. We first provided an environmental characterization of the Gulf of Aqaba and northern Red Sea waters, areas that harbor corals tolerant to thermal stress that can cause bleaching and mortality elsewhere. We then genotyped for the first time the Symbiodiniaceae diversity associated with four coral species known to withstand environmental conditions that are normally limiting for other corals. We used the NGS of the ITS2 marker and the SymPortal online framework to identify dominant algal genotypes and compare their diversity across latitudinal and bathymetric gradients.




Symbiodiniaceae genotypes across latitudes

Interest is growing in identifying regions where corals present high resistance and resilience to stressors, as well as the ecological and physiological mechanisms able to confer such abilities. In this work, we investigated the presence of unique tolerant algal genotypes along a latitudinal gradient, comprising the Saudi Arabian Gulf of Aqaba and the northern Red Sea. The coral holobiont plays a crucial role in thermal tolerance and adaptation (Bang et al., 2018). In particular, evolutionary distinct Symbiodiniaceae genotypes have undergone radiations in relation to environmental conditions, on both a global and local scale (LaJeunesse, 2005). For example, even if genotypes of the C3 radiation have been long considered generalist and sensitive to thermal stress, C. thermophilum has been identified in corals of the gulf and shown to confer thermal tolerance to the hosts living under these extreme environmental conditions (D’Angelo et al., 2015; Hume et al., 2015). The genotypes recovered in our work mainly represented the genus Cladocopium at all sites, while only one belonged to the generally known thermal tolerant genus Durusdinium, and it exclusively appeared in one mesophotic colony, together with Cladocopium. The dominance of Cladocopium sequences in the Gulf of Aqaba corals was previously recorded in the coral genera Porites (Terraneo et al., 2019; Osman et al., 2020), Pocillopora Lamarck, 1816 (Sawall et al., 2014), Dipsastraea Blainville, 1830 (Osman et al., 2020), and Stylophora Schweigger, 1820 (Winters et al., 2009; Arrigoni et al., 2016; Ezzat et al., 2017), as well as in the zoanthid Palythoa tuberculosa (Esper, 1805) (Reimer et al., 2017). When considering symbiont patterns at the genus level, we did not encounter latitudinal differences in association with the four hosts, as they all presented Cladocopium-dominated communities both in the Gulf of Aqaba and in the northern Red Sea. Contrary to our findings, previous studies evidenced a community break in the coral genus Pocillopora in the Saudi Arabian Red Sea south of the Gulf of Aqaba, with a switch from Cladocopium-dominated to Symbiodinium-dominated communities (e.g., Sawall et al., 2014). This was attributed to a correlation of the Symbiodiniaceae diversity with Red Sea environmental latitudinal gradients. Yet, other studies showed a mix of Cladocopium and Durusdinium genotypes in shallow water Porites south of the Gulf of Aqaba, and Osman et al. (2020) evidenced a continuity in the communities associated with Porites and Dipsastrea outside of the Gulf of Aqaba along the Egyptian coast.

A community break could have been expected in our data as the Gulf of Aqaba and the northern Red Sea have been recently identified as two distinct bioregions (Kheireddine et al., 2021). This has been attributed to the phytoplankton phenology, which is linked to the physical conditions occurring in their respective areas. The Gulf of Aqaba is characterized by a winter phytoplankton bloom that is related to deep vertical mixing. This supplies cold, nutrient-rich waters at the surface due to thermohaline circulation as well as wind forces (Kheireddine et al., 2021 and references therein). The northern Red Sea is influenced by the general cyclonic circulation observed in this area, as well as the permanent presence of mesoscale features (i.e., cyclonic and anticyclonic eddies) (Kheireddine et al., 2021; Papagiannopoulos et al., 2021). For example, in coastal areas where coral reefs are present, summer phytoplankton bloom can be observed due to local circulation features and the presence of corals that lead to an injection of nutrients within the surface layer (Papagiannopoulos et al., 2021). This region is also characterized by a shallower mixing and a shorter duration of the phytoplankton bloom than in the Gulf of Aqaba (Kheireddine et al., 2021). Such conditions could lead to a unique area with a specific biodiversity regarding coastal habitats. Yet, this was not recovered in our data when considering genus-level Symbiodiniaceae–host associations. Nevertheless, the Symbiodiniaceae within genus diversity is proving increasingly diverse and ecologically significant as opposed to genus level associations (Sampayo et al., 2008; Sampayo et al., 2009; Hume et al., 2019; Hume et al., 2020). As our ability to resolve within the Symbiodiniaceae has increased, it has become clear that there is diversity within each of the genera, with Cladocopium likely having the highest diversity of all the genera. With this genetic diversity comes phenotypic diversity exemplified by the wide range of ecosystems and environments in which Cladocopium associations can be found. While some genus-level generalizations may be true for the majority of the members (i.e., thermal tolerance of Durusdinium spp.), phenotypes should likely be associated with finer-scale resolutions. Indeed, in our data, we identified a lower number of unique genotypes in the Gulf of Aqaba compared to the more diverse northern Red Sea. Two of these genotypes were new to science, belonging to the C1 radiation, the remaining being C3/C1 and C39/C1 represented. No genotypes commonly associated with thermal tolerance such as Durusdinium radiations were recovered in the Gulf of Aqaba, while we did encounter a small proportion of D1 radiation in two samples from the northern Red Sea, together with Cladocopium-dominated genotypes, indicating that we still lack knowledge of specific symbionts, which can convey acclimation and adaptation of corals under stress conditions.





Depth partitioning of photosynthetic symbionts

From a bathymetric perspective, in our study, both shallow and mesophotic communities were dominated by Cladocopium. Ezzat et al. (2017) compared dominant symbiotic communities associated with Sylophora pistillata from shallow to mesophotic reefs in the Gulf of Aqaba and recovered Cladocopium in mesophotic colonies, as opposed to Symbiodinium associations in shallow water samples. This was interpreted as a possible advantage of Cladocopium to fix carbon in low-light environments. Interestingly, in our data, Durusdinium was only encountered in mesophotic hosts, possibly conferring higher resilience to its hosts. Specifically, in our data, we found unique profiles between 0 and 10 m in C. monile and P. profundacella and between 11 and 30 m in C. monile, B. cf. merleti, and P. profundacella. In the mesophotic, unique profiles appeared, possibly associated with the changing environment. This is well exemplified by the recovery of the only Durusdinium-related genotype in B. cf. merleti and P. profundacella, C3 and C39 radiation in C. monile, and C39 radiation in B. cf. merleti. Communities dominated by C3 sequences were already shown in association with Pachyseris speciosa (Dana, 1846) colonies at 40-50 m depth in the central Red Sea, while C39 ITS2 sequences were previously found dominant between 20 and 40 m depth in Podabacia sp., Leptoseris sp., and P. speciosa in the central Red Sea (Ziegler et al., 2015). As hosts persist under different environmental regimes, it is because they harbor specific symbionts fulfilling their physiological requirements. Frade et al. (2008b) highlighted variation in photosynthetic symbionts of coral species in the genus Madracis over a depth gradient, showing host specificity and depth-driven symbiont community composition. Bongaerts et al. (2015a) and Lucas et al. (2016) evidenced depth zonation of Symbiodiniaceae in Agaricia lamarcki in the Caribbean. Nevertheless, not all corals exhibit the same adaptation to depths by showing symbiont zonation. Indeed, we also found an overlap in symbiont genotypes at different depths, as in the case of C1/C39/C1b, which occurred from shallow to mesophotic colonies in P. profundacella. The genotype of the photosynthetic symbionts over depth has long been considered one of the main responsible factors for Scleractinia persistence over wide depth ranges (Rowan and Knowlton, 1995), and the physiological differences among Symbiodiniaceae have been related to coral distribution patterns (González-Pech et al., 2019). At the same time, Ziegler et al. (2015) evidenced an influence from the host on the composition of the photosynthetic pigments of the Symbiodiniaceae. It, thus, remains difficult to draw conclusions on the actual contribution from the host’s genotype and the Symbiodiniaceae counterpart, as they both likely play key roles in shaping distribution and resilience patterns.





Algal symbiont specificity versus generalism

When considering the algal genotype predictions of our study, we recovered different combinations of host, site, and depth patterns of specificity and generalism. The generalist genotypes were less in number (5/19 host generalist, 3/19 site generalist, 2/19 depth generalist) but were encountered in the majority of explored diversity. Four were host and site generalist but depth-specific or host and depth generalist but site-specific, while one was exclusively a depth generalist taxon. The specialist genotypes were higher in number (14/19 host specialist, 16/19 site specialist, 17/19 depth specialist) but represented a smaller proportion of the community. The host has previously been shown to be a major driver in shaping the distribution of Symbiodiniaceae (Tonk et al., 2013). In our study, C. levis, the only depth specialist coral taxon included, exhibited a single genotype belonging to the C1 radiation, and this was independent of the sampled basin, highlighting high fidelity. Nevertheless, this genotype was not unique to C. levis and was found also in B. cf. merleti from 11 m to the mesophotic, indicating that such a profile is not exclusive to C. levis nor is a depth-specific taxon.






Conclusions

Most of the algal genotypes associated with the four selected hosts belonged to the C1 radiation. The majority of these were recovered in the northern Red Sea and between 11 and 30 m depth. On the contrary, a lower number of genotypes was present in the Gulf of Aqaba, as well as at shallower and deeper ranges. In the mesophotic, we encountered specific tolerance-related algal genotypes, enforcing the idea that these depths might also represent resilience areas for corals. Host, site, and depth-specific genotypes were higher in number, while a smaller number were host, site, and depth generalist. Craterastrea levis was always associated with the same single genotype, while C. monile presented the most diversity. To which extent the host or the symbionts play a role in driving the host distribution remains unclear, and due to the limited sample size for some of the species investigated in our study, we should not draw strict conclusions, as further sampling might have revealed more genotypes. However, this work provides the basis for a better understanding of the ecology and distribution of corals in a unique region of the world over a 97 m bathymetric range. Moreover, the discovery of new genotypes informs that selection to withstand particular environmental conditions might be happening and that further investigation encompassing other coral species and including more localities and samples might help us understand the processes driving such diversity. Finally, the presence of unique genotypes calls for the environmental protection of such unique fauna.
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