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Holobiont Diversity in a Reef-Building Coral over Its Entire Depth Range in the Mesophotic Zone
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Mesophotic reef-building coral communities (~30–120 m depth) remain largely unexplored, despite representing roughly three-quarters of the overall depth range at which tropical coral reef ecosystems occur. Although many coral species are restricted to shallow depths, several species occur across large depth ranges, including lower mesophotic depths. Yet, it remains unclear how such species can persist under extreme low-light conditions and how the different symbiotic partners associated with these corals contribute to facilitate such broad depth ranges. We assessed holobiont genetic diversity of the Caribbean coral Agaricia undata over depth in three localities of Colombia: San Andres Island (between 37 and 85 m), Cartagena (between 17 and 45 m) and “Parque Nacional Natural Corales de Profundidad” (between 77 and 87 m). We used a population genomics approach (NextRAD) for the coral host, and amplicon sequencing for the associated Symbiodinium (non-coding region of the plastid psbA minicircle) and prokaryotic (V4 region of the 16S rRNA gene) symbiont community. For the coral host, genetic structuring was only observed across geographic regions, but not between depths. Bayesian clustering and discriminant analysis of principal components revealed genetic structuring between the three regions, but not between shallow (<30 m), upper (≥30 and ≤60 m) and lower mesophotic (>60 m) depths. This pattern was confirmed when evaluating pairwise differentiation (FST) between populations, with much higher values between regions (0.0467–0.1034) compared to between depths [within location; −0.0075–(−0.0007)]. Symbiotic partners, including seven types of zooxanthellae and 325 prokaryotic OTUs, did not exhibit partitioning across depths. All samples hosted Symbiodinium clade C3 and the type C3psbA_e was present in all depths. Alpha microbial diversity was not significantly different between zones (upper vs. lower), which community composition between coral colonies was similar in the two zones (ANOSIM, R = −0.079, P > 0.05). The coral microbiome was dominated by Uncultured Betaproteobacteria in the order EC94 (16%), Unknown-Bacteria (15%), family Cenarchaeaceae (12 %), Burkholderiaceae (10%), and Hahellaceae (10%). The constant coral-holobiont composition along the studied depth range suggests that identity of the symbionts is not responsible for the coral's broad depth range and adaptation to low light environments.
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INTRODUCTION

Symbiotic relationships in aquatic environments are widespread and play important roles for the health, adaptation, and evolution of the host organisms (Grossart et al., 2013). The most recognized example of symbioses in marine ecosystems is the association between the coral polyps and photosynthetic algae belonging to the genus Symbiodinium (Stat et al., 2008). The importance of the coral-Symbiodinium symbiosis is exceptional, since the success of corals (the foundation species of the most biodiverse marine ecosystem) in oligotrophic tropical waters largely contribute to this symbiosis. The 95% of the host's energy requirements is supplied by Symbiodinium (Jones, 2013; Smith et al., 2017). Furthermore, corals also associate with prokaryotes (Bacteria and Archaea), a symbiosis that can provide important resources to the host through biogeochemical cycling of carbon, nitrogen, and sulfur (Wild et al., 2004; Raina et al., 2013; Radecker et al., 2015). Prokaryotes can also contribute to the defense mechanisms of the coral through the provision of antibiotic compounds (Rohwer et al., 2002). The species composition of these microbiota can vary among colonies of the same host species, a fact that has been related to environmental differences (Klaus et al., 2007; Kahng et al., 2014; Ziegler et al., 2017), health status (Kimes et al., 2010) and biological traits (Bongaerts et al., 2013; Glasl et al., 2017).

Coral reef ecosystems comprise of diverse communities of scleractinian corals and can occur in excess of 100 meters depth (Goreau and Wells, 1967). However, for practical reasons most of scientific research has been restricted to the shallow reefs (<30 m), representing only a small fraction of the whole depth distribution (Bridge et al., 2012). Over the past decade, deeper reef zones (>30 m), or mesophotic coral ecosystems (MCEs), have drawn increased attention encouraged by technological developments and coral reefs conservation amidst worldwide concern on their fate (Kahng et al., 2014). In particular, closed-circuit rebreathers have opened up the opportunity for manned, scientific exploration of this so-called “twilight zone” (Pyle, 1998), an intermediate zone between shallow waters and deep-sea (Olson and Kellogg, 2010). This ecosystem represents a good subject to study changes the coral-symbiont species composition along a depth range given that MCEs can be divided in the “upper mesophotic zone” (30–60 m depth), which represents a transitory region from shallow reefs, and the “lower mesophotic zone” (≥60 m) where more distinct assemblages can be found (Bongaerts et al., 2010).

Coral species that occur over large depth ranges are known as “depth-generalists” (Kahng et al., 2010), and can be facilitated by adaptive traits to optimize light capture across the associated irradiance gradient over depth. Examples of such traits are changes in colonial morphology (e.g., from dome to flat shapes), pigment composition (e.g., more light-harvesting pigment and less photoprotective pigment concentration in low light) and Symbiodinium type (e.g., cladal or subcladal level type) (Bongaerts et al., 2015a; Ziegler et al., 2015). “Depth-generalists” species, like Stephanocoenia intersepta and Madracis pharensis, have also a higher flexibility in their prokaryotic community compared to “depth-specialist” species (exclusive of mesophotic reefs) (Glasl et al., 2017). In contrast, depth-specialist species like Agaricia grahamae and Madracis formosa have been associated to specialist photosynthetic endosymbionts (Bongaerts et al., 2015b) and have been reported to have a unvarying prokaryotic community (Glasl et al., 2017).

Holobiont studies on mesophotic reefs are sparse. Host connectivity between shallow and mesophotic reefs has been the main focus in the last years as well as host- Symbiodinium relationships (Bongaerts et al., 2015b, 2017; Meirelles et al., 2015; Silva-Lima et al., 2015; Turner et al., 2017). Studies in Bacteria and Archaea have gained interest due to their contribution to the acclimatization and adaptation to environmental change, where this association can complement the metabolic needs of the coral host (Olson and Kellogg, 2010; Ainsworth et al., 2015). For some coral, a shift in Symbiodinium type is important for enabling a wide depth distribution (Frade et al., 2008; Lesser et al., 2010). But more important, photobiological flexibility of both host and symbionts can be a key for persistence in contrasting light regimes (Cooper et al., 2011). Recent reviews of mesophotic reefs document a clear geographic bias, with studies concentrated in the Atlantic region and Indo-Pacific (Kahng et al., 2014; Turner et al., 2017). Studies are needed fulfilling gaps in geographical regions as well as holobiont approaches contributing to understand host-symbiont relationships (Turner et al., 2017).

In the Southern Caribbean, Agaricia undata (Ellis and Solander, 1786) is a dominant coral species between 60 and 100 m depth (Bongaerts et al., 2010, 2015b), and provides an important habitat for a diverse array of organisms, such as fish (Hoeksema et al., 2017) and crabs (van Tienderen and van der Meij, 2016). Similarly, on the oceanic reefs of Colombia, this species is abundant at lower mesophotic depths (≥60 m). However, near the coastline of mainland Colombia, where the water turbidity is high, it can be found as shallow as ~20 m and it is common at 35–45 m. Here, we explore the diversity and association patterns between host genetics, symbiont (Symbiodinium and prokaryotic community) composition and depth/geographic (i.e., coastal vs. oceanic reefs of Colombia's Caribbean). We studied three localities in Colombia: one oceanic reef (San Andres Island-SAI, 37–85 m depth) and two reefs near the continental shelf of Colombian Caribbean (Cartagena-CTG, 17–45 m; and Parque Nacional Natural Corales de profundidad-PNN, 77–87 m). We evaluated host genetic differentiation across populations using genome-wide single nucleotide polymorphisms (SNPs) and assessed symbiotic communities using targeted amplicon sequencing of the psbAncr for Symbiodinium and 16S ribosomal RNA gene for prokaryotes.

MATERIALS AND METHODS

Study Area

To understand coral variation across depths, we sampled colonies at three major reef formations in Colombia: San Andrés Island, Cartagena Bay and “Parque Nacional Natural Corales de Profundidad.” San Andrés Island is an Oligocene-Miocene atoll located at 700 km off the continental coast of Colombia (Diaz and García-llano, 2010). The coral reef system in Cartagena is one of the most complex siliciclastic coral reefs (Sánchez, 1999). Our collection sites were in the southwestern part of Cartagena, which is an area characterized by high sediment loads from the Dique's Canal at the mouth of the Magdalena river (Diaz et al., 2000; Cáceres and Sánchez Muñoz, 2015). This reef formation is characterized by a narrow terrace cut by a steep slope that exhibits an exuberant coral growth that goes beyond 40 m in depth. Our third sampling location is in the “Parque Nacional Natural Corales de Profundidad.” A National Park located 32 Km off the coast of Barú, Cartagena; and it is one of the marine protected areas of Colombia that exclusively is monitoring deep-sea ecosystems. This park includes the remains of an old barrier reef system drifting at the edge of the continental shelf, today with seldom-coral assemblages and almost 100% rodolith cover (MADS, 2013). In Cartagena, water discharge and sedimentation load from the Magdalena River has an impact in the costal ecosystems in the area (Restrepo et al., 2006). For example, the light penetration in this locality is lower than in San Andres or PNN Corales de Profundidad. Therefore, the light penetration at 40 m in Cartagena could be the same as the one at 70–80 m in San Andres.

Sample Collection

In total, 103 colonies of A. undata were sampled between 17 and 87 m using SCUBA or mixed-gas closed-circuit rebreather (CCR) diving in 2015 and 2016 (Figure 1 and Table 1). San Andrés island was sampled in April and June 2015 and March 2016, Cartagena in July and November 2015 and PNN Corales de Profundidad in December 2015. Since, we only had 20–30 min of bottom time with Trimix (10/60, oxygen/helium) for about 3 h of total diving (including decompression stops) the sampling numbers although low, in comparison with shallow-water sampling, included the entire depth-range of the species at each locality. In addition, this species can have high coral cover locally but, to avoid resampling clones, we restricted sampling to colonies at least 5 m apart. Four samples from another phylogenetic study focusing on the genus Agaricia from Curaçao were included as an outgroup (Bongaerts et al., 2015b). A dry voucher for each colony is available at the Museo de Historia Natural ANDES (ANDES-IM 4681–4784). Research and collection of specimens were approved by the National Environmental Licensing Authority (ANLA, Spanish acronym): Collection Framework Agreement granted to Universidad de los Andes through resolution 1177 of October 9, 2014 - IBD 0359.
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FIGURE 1. Map of the sampled locations in Colombian Caribbean. (1) Map of San Andrés Island showing the three localities where colonies were sampled. (2) Caribbean coast of Colombia showing the two localities (A) Parque Nacional Natural Corales de Profundidad (B) Cartagena Bay.




Table 1. Agaricia undata samples collected from different locations in the Caribbean region of Colombia.
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Genotyping and Analyses of Coral Host Individuals

The coral host was genotyped for 48 colonies (not including failed samples) using the nextRAD genotyping-by-sequencing method (Nextera- fragmented, reductively amplified DNA; SNPsaurus LLC). Genomic DNA was extracted using a salt-extraction protocol, including several centrifugation steps to reduce endosymbiont contamination (following conditions outlined in Bongaerts et al., 2017). Quality filtering, sequence clustering and SNP calling were carried out using the PyRAD pipeline (Eaton, 2014), and custom scripts as outlined in Bongaerts et al. (2017). The samples were grouped in four different categories: Cartagena-Shallow (CTGS; between 17and 30 m), Cartagena-Upper (CTGU; between 35 and 45 m), San Andres-Upper (SAIU; between 37 and 60 m), San Andres-Lower (SAIL; between 65 and 85 m) and Curaçao (CUR; 60 and 80 m), reflecting shallow (≤30 m), upper mesophotic (30–60 m) and lower mesophotic depths (>60 m).

Candidate loci under selection were evaluated using both LOSITAN (Beaumont and Nichols, 1996; Antao et al., 2008) and BayeScan 2.1 (Foll and Gaggiotti, 2008), with only those identified by both retained as true outliers. LOSITAN was run for 50,000 iterations, a 0.95% CI and FDR of 0.2. “Neutral” mean Fst and “Force mean Fst” were used to increase the reliability of the analysis. In BayeScan outliers were identified using default settings and a Bayes-factor cut-off of 0.01. Putative “neutral” (i.e., non-outlier) SNPs were defined as the subset of the dataset after eliminating outlier SNPs from both programs. Observed (Ho) and expected (He) heterozygosity, and the inbreeding coefficient (Fis) for each population were calculated using the “hierfstat” R package (Goudet, 2005). Pairwise FST values were calculated to determine the level of differentiation among population. Additionally, discriminant analysis of principal components (DAPC) and principal component analysis (PCA) using the “adegenet” R package (Jombart and Ahmed, 2011) were performed. Genetic clustering was assessed using a multi-threading wrapper (“structure_mp”; Bongaerts et al., 2017) for STRUCTURE (Pritchard et al., 2000), which assesses distinct subsamples of the dataset (each with a single SNP per nextRAD locus). Number of clusters were estimated based on MedMeaK, MaxMeaK, Med-MedK, and MaxMedK (threshold of 0.5; Puechmaille, 2016). All analyses were carried for datasets with all and “neutral” loci. Raw Illumina sequence data of A. undata are available at NCBI SRA database under accession number PRJNA385083 http://www.ncbi.nlm.nih.gov/bioproject/385083.

DNA Extraction, Amplicon Sequencing and Analyses of Symbiodinium

To extract overall holobiont DNA (including Symbiodinium and prokaryotes), we used the CTAB DNA extraction protocol for the whole 0.5 × 0.5 cm2 coral subsample (Coffroth et al., 1992). Symbiodinum clades were identified with the non-coding region of the plastid psbA minicircle (Lajeunesse and Thornhill, 2011). For the PCR amplification of the psbAncr we used the following primer: 7.4-For 5′GCATGAAAGAAATGCACACAACTTCCC-3′ and 7.8-Rev 5′-GGTTCTCTTATTCCATCAATATCTACTG-3′ (Lajeunesse and Thornhill, 2011). PCR was performed in a 15 μl reaction containing 1x PCR buffer, 1.5 mM MgCl2, 1 μl of 10x bovine serum albumin (BSA 20 mg/ul), 0.16 mM of each dNTP, 0.52 mM of each primer, 1 U Taq DNA polymerase and 1 μl of DNA (30 ng). PCR conditions were 94°C for 2 min followed by 35 cycles of 94°C for 90 s, 52°C for 90 s and 72°C for 60 s, and a 5 min extension at 72°C. Resulting PCR products were cleaned with FastAP Thermosensitive Alkaline Phosphatase (Thermo Scientific™) and sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and run on an AB13730xl DNA Analyzer (Applied Biosystems). PCR products were sequenced in one direction with the primer 7.8-Rev.

To understand relationships among taxa across depth gradients, we reconstructed phylogenetic relationships using Bayesian inference with BEAST v1.8.2 (Drummond et al., 2012) and MrBayes v3.2.2 (Ronquist et al., 2012). Maximum Likelihood trees were estimated using RaxML (Stamatakis, 2006). Both methods resulted in the same tree topology, thus only the Bayesian tree is reported here. Evolutionary models were assessed using Jmodeltest 2.1.2 (Guindon and Gascuel, 2003; Darriba et al., 2012), which resulted in the HKY+ gamma according to the BIC calculations. FigTree 1.3.1 (Rambaut and Drummond, 2010) was used for tree visualization and edition. In order to identify phylospecies or clades, we applied the generalized mixed Yule-coalescent model in our Bayesian ultrametric trees using the R package bGMYC (Reid and Carstens, 2012). Additionally, we calculated the pairwise genetic distance in the datasets using MEGA6 (Tamura et al., 2013) and the coalescent Poisson Tree Process (PTP) method (Zhang et al., 2013). bGMYC analysis was based on 100 trees from the post burn-in generations obtained from the BEAST analysis. For each of the 100 trees, the Markov-chain Monte Carlo sampler was run for 50,000 generations, discarding the first 40,000 generations as burn-in and sampling every 100 generations. The upper threshold, defined as number of tips on the tree, was set to 39; and a cut-off value was set as 0.5 to delimit lineages. The coalescent Poisson Tree Process (PTP) method (Zhang et al., 2013) we used the web interface http://species.h-its.org with Bayesian tree as input, 100,000 MCMC generations, thinning every 100 generation and a burning fraction of 0.1. Since no identical sequences to A. undata Symbiodinium types were found in GenBank, sequences were named as follow: Symbiodinium clade, followed by psbA (gene used) and a randomly letter to distinguish the different types of dinoflagellates. GenBank Accession Numbers KY886412- KY886450.

Amplicon Sequencing and Analyses of Associated Prokaryotes

To reveal prokaryote diversity, we amplified the hypervariable V4 region of the 16S rRNA gene using the 515F/806R PCR primers as originally described for the Earth Microbiome Project (EMP) (http://www.earthmicrobiome.org/emp-standard-protocols/16s/). We scored prokaryote diversity in a subset of 12 samples (not including failed samples, i.e., clones or not included in analysis due to low read coverage) of A. undata from San Andrés Island (37–80 m) the locality with the widest depth range. Barcoded amplicons were pooled in equimolar quantities and sequenced on an Illumina MiSeq platform with 250 pb paired-end read libraries. After sequencing, reads were demultiplexed, depleted of barcodes/primers, and paired-ends were merged using QIIME (Caporaso et al., 2010b) and Usearch v8.1 (Edgar, 2010). Sequences resulting in less than 248 base pairs and nucleotide errors above 0.5 were removed. Operational taxonomic units (OTUs) were defined at 97% similarity using UPARSE pipeline (Edgar, 2013), which also de-noised the sequences removing known singletons. In addition, UCHIME (Edgar et al., 2011) was used to check for chimeras using May 2016 Gold database (Reddy et al., 2015). Subsequently, OTUs were aligned using PyNAST (Caporaso et al., 2010a) and taxonomically assigned by RDP classifier against Greengenes database (DeSantis et al., 2006; Cole et al., 2014). After quality filtering, we retained 364,598 reads from a total of 756,201 (52% discarded). Coverage was uneven across samples and we used a random subsampling of 5,000 reads to make statistical comparisons.

The prokaryotic community was defined by the presence of any given phylotype in at least 3 samples. Diversity indices (Shannon-Weaver Index, Inverse Simpson index, CHAO-1) were estimated and comparisons among sites and depths made through a Mann-Whitney test. Prokaryote community composition was visualized using non-metric multidimensional scaling (NMDS) ordination based on Bray-Curtis similarity matrices. The Analysis of similarity was applied to test if the variation within zones was less than between (upper: 30–≤60 m vs. lower: 60–80 m) (ANOSIM; 1,000 permutations). OTUs and family level contributions between depths were estimated by similarity percentages (SIMPER). All statistical tests and graphs were performed in PAST (Hammer et al., 2001). All analyses were made at family level and OUT 97% and no differences were found. Family level is shown for statistical test (ANOSIM and SIMPER) and at OTU 97% for diversity indices. When we were unable to assign an OTU to a family level we kept the lowest classification possible either Order, Class or Kingdom. Demultiplexed 16S rRNA gene raw reads are available in the NCBI SRA database under accession number PRJNA382610 http://www.ncbi.nlm.nih.gov/bioproject/382610.

RESULTS

Genetic Diversity of the Coral Host

Targeted sequenced of nextRAD loci resulted in an average of 4.5 million (range: ~1 M−12 M) 150 bp Illumina reads for each of the individuals (n = 48) with successfully sequenced libraries. After filtering for read and base quality, overall representation (min. 80% of individuals genotyped), and non-coral contamination (sensu, Bongaerts et al., 2017), a total of 6,933 bi-allelic SNPs were retained. Evaluation of pairwise genetic distances between all individuals, revealed eight sets of clones (with 94.5–99% match) within the population. Expected heterozygosity (He) varied across all five populations and ranged between 0.1690 and 0.2004 (across all loci) and 0.1589 and 0.1990 (putative “neutral” loci) with all populations showing comparable levels of genetic diversity (Table 2). Bayesian clustering and discriminant analysis of principal components revealed genetic structuring between the three regions (i.e., Cartagena, San Andrés, and Curaçao), but not between shallow (<30 m), upper (≥30 and ≤60 m) and lower mesophotic (>60 m) depths (Figure 2). This pattern was confirmed when evaluating pairwise differentiation (FST; fixation index) between populations, with much higher values between regions (0.0467–0.1034) compared to between depths [within location; −0.0075–(−0.0007)] (Table 3). Sixteen SNPs were identified as under selection by both LOSITAN (604 outliers) and BayeScan (16), 15 SNPs showing distinct (near-) fixed allele frequencies between regions: one for San Andrés, eleven for Cartagena and three for Curaçao. Pairwise differentiation (FST) between shallow and upper mesophotic depths was lower in Cartagena (CTGS-CTGU: −0.0075) than upper and lower mesophotic depths in San Andrés (SAIU-SAIL: −0.0007).


Table 2. observed heterozygosity (Ho), expected heterozygosity (He) and inbreeding coefficient (Fis) (±standard deviations) for all-inclusive and neutral loci.
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FIGURE 2. Genetic structure across locations and depths for the coral host Agaricia undata. (A) STRUCTURE diagrams (K = 3) for A. undata inferred from the all-inclusive loci (top) and “neutral” (bottom) data sets. (B) Principal component analysis (PCA) inferred from the overall data set, where individual samples are represented by dots and color code corresponding to the locations: CTGS (Cartagena shallow), dark green; CTGU (Cartagena upper), light green; SAIU (San Andrés upper), yellow; SAIL (San Andrés lower), red; and CUR (Curaçao), dark blue.




Table 3. Genetic distance (FST) values for all-inclusive and neutral loci.
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Genetic Diversity of Symbiodinium

Amplicon sequencing of the psbA non-coding region of Symbiodinium algae resulted in a total of 470 pb, which clustered into 7–9 types depending on the species delimitation method (Figure 3A). Seven Symbiodinium types were captured in both methods and deemed as species (sensu Lajeunesse and Thornhill, 2011). All samples hosted clade C3 as previous report for other Agaricia species (Lajeunesse, 2002). Within each locality no depth zonation was observed in A. undata colonies. C3psbA_c was the only type of Symbiodinium that was found in all localities. In San Andres Island (n = 46) the most common Symbiodinium type was C3psbA_a across all depths, the type C3psbA_C was also found in both zones and only one colony in the lower zone have the type C3psbA_b. In Cartagena (n = 31), the most common type was C3psbA_e present in all depths, followed by C3psbA_f present also in the two zones and two colonies in the shallow zone with the types C3psba_C and C3psbA_g. In PNN “Corales de profundidad” (n = 2) the only two colonies we found have types C3psbA_C and C3psbA_d (Figure 3B, Supplementary Table 1).
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FIGURE 3. Genetic diversity and distribution of Symbiodinium OTUs in Agaricia undata across depths and locations. (A) Bayesian MCMC phylogenetic tree of Symbiodinium zooxanthellae OTUs based on non-coding region of the plastid minicircle psbAncr. Colored bars to the right of the phylogeny represent OTUs grouping based on genetic distance thresholds (3%), bGMYC and bPTP with their corresponding nomenclature. Bootstrap values are based on Bayesian analyses, with only probabilities over 60% shown (B) Pie charts summarizing diversity and distribution of zooxanthellae OTUs across depth range per locality, which colors correspond to the clades defined in (A).



Genetic Diversity of Associated Prokaryotes

Amplicon sequencing of the V4 region of the 16S rRNA gene targeting prokaryotes resulted in a total of 364,598 paired-end Illumina reads (250 bp). The prokaryote community richness of A. undata samples were 325 OTUs (per sample ranged from 28 to 217 OTUs). Alpha diversity was not significantly different between zones (upper vs. lower) (t-test p > 0.05; Table 4; Supplementary Table 2). Additionally, the prokaryote community composition between coral colonies was similar in the two zones [Figure 4, ANOSIM, R = −0.079, P > 0.05 (family level) and ANOSIM, R = −0.2114, P > 0.05 (OTU 97% level)]. The coral microbiome was dominated by Uncultured Betaproteobacteria in the order EC94 (16%), Unknown-Bacteria (15%), family Cenarchaeaceae (12%), Burkholderiaceae (10%), and Hahellaceae (10%). Other families that were also abundant included Vibrionaceae (4%), Oxalobacteraceae (3%), and Rhodobacteraceae (3%). The families Burkholderiaceae and Alcanivoracaceae were only found in the upper zone while the family Spirochaetaceae, unknown families of the class PAUC37f and Gemm-4 was exclusive of the lower mesophotic zone. Similarity percentage analysis (SIMPER) revealed that main families responsible for the differentiation between NMDS groups (Figure 4B) were EC94, unknown-bacteria, Hahellaceae, Cenarchaeaceae, Vibrionaceae, and Oxalobacteraceae (Figure 4A; Table 5). Furthermore, three groups of colonies of A. undata, and two outlier samples, showed differences at family level (Figure 4B; ANOSIM, R = 0.96, P < 0.05).


Table 4. Sample statistics from prokaryote found in samples of Agaricia undata.
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FIGURE 4. Bacterial community composition associated to Agaricia undata from San Andres island. (A) Heatmap of the relative abundance of 16S rRNA gene amplicon sequences taxonomically classified to family level or lower classification ordered in relation with their percentage of contribution to dissimilarities between groups according to SIMPER analysis. The dendrogram is based on Bray-Curtis dissimilarities. (B) nMDS ordinations based on Bray-Curtis relative abundance dissimilarities of prokaryotic families shows a partitioning microbiome by groups, but not depth. Higher taxonomic ranks, e.g., k, kingdom; c, class; o, order; were used when we were unable to assign to family level (f), e.g., unassigned Bacteria.




Table 5. Families accounting for most of the variation in SIMPER analysis.
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DISCUSSION

Despite the large bathymetric range of the coral A. undata, from shallow depths (17 m) to the mesophotic zone (87 m), which extends well beyond the photosynthetic compensatory point (1% light level, ~77 m; Lesser et al., 2009), we did not observe genetic differentiation within the sampled depth ranges (17–45 m and 37–87 m) at each of the locations in the coral host, or the associated Symbiodinium and prokaryote communities. The ecological success of this species across these depth ranges does therefore not seem to be the result of genetic adaptation of the coral host, or due to the hosting of distinct specialized symbiont communities over depth. Further research should explore whether this is due to broad acclimatory potential (i.e., physiological plasticity) of this species, or whether differences in low-light environments (i.e., turbid shallower depths or oceanic lower mesophotic depths) are too minor to warrant further adaptive or acclimatory specialization.

Host Genetic Structure across Depth and Locations

Our genome-wide SNPs analysis indicated that A. undata populations lack a clear pattern of genetic differentiation across the studied depth ranges of 17–45 m (Cartagena Bay) and 37–85 m (San Andres Island). This contrasts to another assessment of vertical connectivity in Bermuda, where strong genetic differentiation was observed between shallow and upper mesophotic depths (12 vs. 40 m) for the related brooding coral species Agaricia fragilis (Bongaerts et al., 2017). Although other species for which vertical connectivity has been assessed in Bermuda, Montastraea cavernosa (4–58 m depth) and Stephanocoenia intersepta (12–40 m depth) (Serrano et al., 2014; Bongaerts et al., 2017), both broadcasting species, lacked genetic differentiation over depth. We observed genome-wide divergence between regions, which confirms expectations of geographic differentiation due to the distance of ~700 km between the oceanic island and the coast of Colombia. A small number of outlier loci were observed to be highly divergent between regions, indicating that local selection may have further contributed to the observed genome-wide divergence among localities (perhaps related to inshore vs. offshore environments).

Diversity of Symbiodinium

Although A. undata associated with different Symbiodinium at the different geographic locations, no partitioning over depth was observed (Figure 2B). Phylogeographic patterns have been found in other studies, including a correspondence between population genetic structure of Symbiodinium and their hosts (Howells et al., 2009; Thornhill et al., 2009, 2014; Andras et al., 2013). Since Atlantic brooding corals including agaricids have very stable symbioses with Symbiodinium (Thornhill et al., 2006), these differences in zooxanthellae communities may respond to locally adapted genotypes of Symbiodinium rather than to limited connectivity among populations. The fact that one type was found in all locations suggests high dispersal potential of Symbiodinium in A. undata across the Colombian Caribbean or ancestral populations. Differences between San Andrés and Cartagena could be explained by environmental differences, with high sediment loads from rivers in Cartagena (Grajales and Sanchez, 2016) decreasing light and temperature levels at this location with contrasting oceanic conditions at San Andrés.

The differences in the Symbiodinium associated below 30 m to several Agaricia species, including A. undata, have been observed previously (Bongaerts et al., 2013, 2015a,b, 2017; Lucas et al., 2016). The relatively small depth range assessed for Cartagena (17–45 m) could explain why no differences were found in our study in that locality. Although, in other studies with a smaller range, other authors found depth differences, e.g., Agaricia fragilis (12–40 m), Galaxea astreata (10–55 m), Orbicella faveolata (5–25 m), O. franksi (10–25 m) (Bongaerts et al., 2011, 2015a, 2017). It has been proposed that the broad bathymetric range of Symbiodinium types may be explained by their ability to photoacclimate or be physiologically distinct (e.g., populations of Symbiodinium type C1 adapted to distinct thermal environments) (Howells et al., 2011). Also, Symbiodinium has the capacity to change the abundance of photosynthetic pigments and symbiont cell densities, which can increase over depth (Fricke et al., 1987). Nonetheless, future studies are needed to examine if the Symbiodinium types we found in A. undata have a greater potential for photosynthesis in lower light levels or if the Symbiodinium types have the capacity to acclimatize, e.g., Symbidinium cell densities or photoprotective to light-harvesting pigments ratio, as it has been reported by Ziegler et al. (2015) in MCEs. Colonies of A. undata hosted only a single Symbiodinium type C3 (based on the absence of peak for dubious bases, or multiple peaks in a single position). In the Brazilian endemic corals Mussismilia spp. three different strains were detected (A4, B19, and C3), where only one strain (B19) was found in mesophotic samples and multiple strains were found in the same M. braziliensis coral colony (Silva-Lima et al., 2015).

With respect to symbiotic phototrophs related to A. undata, it is important to mention that a portion of the samples (58%) had a close association with the endolithic algae Ostreobium (Gonzalez et al., submitted). It is of further interest to test if the contribution from this green alga could add in the acclimation and photophysiology of Symbiodium as it has been observed in shallower corals (Fine and Loya, 2002).

Diversity of Coral-Associated Prokaryotic Communities

Microbial community composition was also unvarying in Bacteria and Archaea across depth zones in A. undata. We divided the samples in two groups: “upper mesophotic” and “lower mesophotic” according to the depth at which colonies were collected. Although we did not observe differences between these depths, there are differences at family level between three groups of colonies of A. undata and two outlier samples (Figure 4B). These groups did not show differences between depth, temperature (all groups have samples from upper and lower), reef sampling nor collection date. We hypothesized that differences in prokaryotic community in these groups could be explained by the vertical transmission of symbionts as it has been observed in other brooder corals such as Stylophora pistillata (Neave et al., 2017) and Mussismilia hispida (Leite et al., 2017). Our results where similar to previous studies in a “depth-specialists” species (Agaricia grahamae) were a unvarying prokaryotic community was associated with this coral with a narrow depth distribution (55–85 m) (Glasl et al., 2017).

There were 325 OTUs present in A. undata microbiome, though just some were important in contributing to dissimilarity among groups (Table 5). A single β-proteobacteria OTU from the order EC94 contributed to 21% to average measure of dissimilarity among groups of different depths. These OTUs with unknown function have been found to dominate in shallow and deep sea sponges (Jackson et al., 2013; Steinert et al., 2016). An unknown group of OTUs (4) classified as Bacteria that could not be further identified contributed to 16% to average measure of dissimilarity. The family Hahellaceae had 11% of the contribution. This family involves different functional characteristics such as nitrate reduction, chemotactic activity and production of antimicrobial compounds (Lawler et al., 2016) and includes common coral-associate taxa such as Endozoicomonas (Bayer et al., 2013; Neave et al., 2016, 2017). OTUs belonging to the genera Cenarchaeum and Nitrosopumilus, as well as other two unidentified genera of the family Cenarchaeaceae, were also present in A. undata samples (91% in one of the outlier samples of 70 m). These genera are involved in the metabolic cycle that transform ammonia to nitrite that can be transferable to Symbiodinium (Lins-de-Barros et al., 2010). Burkholderia were only present in colonies collected less than 60 m and prevalent in one of the samples (88%). Species of this genus can fixed nitrogen and degrading aromatic compounds and can be part of the coral core microbiome or be associated with a fungus on the coral (Bayer et al., 2013; Ainsworth et al., 2015; Leite et al., 2017).

In conclusion, this study revealed a lack of coral host differentiation between depths, with a remarkably consistent associated symbiont community (Symbiodinium and prokaryotes). The mechanism by which this species adjusts to distinct environments is still unknown, and further physiological assessments are required to understand this species' acclimatory potential across its distribution range.
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