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Depth-generalist coral holobionts inhabit shallow (0–30 m) and mesophotic (30–150 m) reef zones but may exhibit genetic specialization as a result of adaptations to environmental shifts and/or due to a lack of dispersal across depth. The level of depth-dependent genetic structuring varies across reef locations which may impact the roles mesophotic populations play in the persistence and recovery of metapopulations. A depth-generalist coral species, Montastraea cavernosa, was sampled across a shallow to mesophotic gradient at 10, 15, 25, and 35 m at Alacranes and Bajos del Norte reefs on Campeche Bank, Mexico. Both 2bRAD and ITS2 sequencing were used to quantify genetic differentiation of the coral hosts and community structure of their algal endosymbionts (Family Symbiodiniaceae) across depth zones and between these reefs. Significant levels of M. cavernosa genetic differentiation were identified across depth at both reefs, especially between the shallow (10, 15, and 25 m) and mesophotic (35 m) zones. While Symbiodiniaceae hosted by these corals were predominantly Cladocopium species, both depth and reef location were significant factors driving ITS2 type profiles found within each population. The magnitude of depth-dependent genetic structuring of both the coral and Symbiodiniaceae was much greater at Alacranes, relative to Bajos del Norte, suggesting that the refugia potential of mesophotic communities at Alacranes is limited. However, relatively high levels of horizontal coral connectivity between the two reefs, and Bajos del Norte’s location at the entrance to the Gulf of Mexico suggests that it may play an important role in the maintenance of the coral’s regional metapopulation and should be considered in future assessments of this species’ connectivity dynamics and management.
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Introduction

Mesophotic coral ecosystems (MCEs, 30–150 m) are relatively light-limited, as compared to their shallow-water counterparts, but still function as important reef habitats, supporting diverse communities of photosynthetically obligate invertebrates, including scleractinian corals (Lesser et al., 2009; Kahng et al., 2017; Lesser et al., 2018). As much as 25–40% of coral species in the Caribbean are considered “depth-generalists” and can be found across shallow depths and into the mesophotic zone (Bongaerts et al., 2010a). These depth-generalist coral holobionts tend to exhibit high phenotypic variation and employ multiple mechanisms to optimize light-capture and adapt to these mesophotic habitats, sometimes even hosting depth-specialist Symbiodiniaceae communities distinct from their shallow counterparts (Bongaerts et al., 2013; Bongaerts et al., 2015; Studivan et al., 2019; Eckert et al., 2020).

As shallow coral reefs continue to decline and technological advances allow for easier and safer access to deeper depths, increased research focus has been placed on exploring and characterizing MCEs (Armstrong et al., 2019; Pyle, 2019). Due to their depth, and oftentimes, distance from human development, researchers have hypothesized that MCEs may be buffered from anthropogenic disturbances relative to their shallow counterparts (Glynn, 1996; Bak et al., 2005; Slattery et al., 2011). Therefore, MCEs may act as coral refugia and mesophotic populations of depth-generalist coral species may have the capacity to re-seed shallow populations following disturbance-driven decline (Bongaerts et al., 2010a; Laverick et al., 2018). The combination of these tenets is termed the “Deep Reef Refugia Hypothesis” (DRRH) but so far our understanding of its real-world validity is limited by the lack of studies and long-term monitoring involving MCEs (Glynn, 1996; Bongaerts et al., 2010a; Bongaerts and Smith, 2019). The few available studies suggest mixed support of the tenets of the DRRH, as some report relatively low levels of bleaching and disease incidence on MCEs while others have identified MCE mortality events associated with these threats (Bak et al., 2005; Smith et al., 2014; Holstein et al., 2015; Smith et al., 2016; Reed et al., 2018; Rocha et al., 2018). In addition, evidence of connectivity between shallow and mesophotic populations also varies among coral species, location, and even among depth zones within the traditional “shallow” and “mesophotic” definitions (e.g. upper mesophotic: 30–60 m, or lower mesophotic 60–150 m, Bongaerts et al., 2017).

Applying molecular techniques to the depth-stratified collection of corals can characterize potential ecological differences between shallow and mesophotic populations of depth-generalist coral species and begin to evaluate the refugia potential of mesophotic populations (Bongaerts et al., 2015; Studivan and Voss, 2018b; Eckert et al., 2019; Drury et al., 2020; Eckert et al., 2020; Sturm et al., 2021). Restriction-site associated DNA sequencing (RADseq) methods have become an increasingly popular tool in the field of coral population genetics, as they allow for relatively inexpensive but high-resolution genotyping (on the order of thousands of single nucleotide polymorphisms, SNPs; Puritz et al., 2014). RADseq methods require fewer replicates per population than more traditional molecular markers and can be used to study non-model species without genomic resources (Wang et al., 2012; Willing et al., 2012). Genotyping individual coral colonies across many SNP loci allows for quantification of even low levels of genetic differentiation among populations which can serve as a proxy measure for larval connectivity among them (Selkoe and Toonen, 2011; Bradbury et al., 2015). High levels of genetic connectivity between shallow and mesophotic coral populations would suggest historic or contemporary levels of larval connectivity between these populations (Holstein et al., 2016; Garavelli et al., 2018; Studivan and Voss, 2018a).

Genetic characterization of the coral’s in hospite Symbiodiniaceae communities is most commonly accomplished through sequencing of the internal transcribed spacer-2 (ITS2) region of the ribosomal RNA gene (Hume et al., 2019). Despite its widespread use, this marker has limitations associated with its multi-copy nature which has reduced the ability to resolve intra- vs. intergenomic diversity (Thornhill et al., 2007). However, novel analytical methods like SymPortal have been developed to improve the resolution of putative Symbiodiniaceae taxa (Hume et al., 2019). ITS2 sequencing can be employed in addition to coral genetics to investigate how both the coral host and Symbiodiniaceae communities may differ across a shallow to mesophotic depth gradient. If the structure of the Symbiodiniaceae communities hosted by these colonies is similar regardless of depth zone, it would suggest that the host-symbiont partnership is phenotypically flexible enough to be advantageous regardless of depth-associated environmental shifts (Bongaerts et al., 2011).

This is particularly important for coral species that acquire their algal symbiont assemblages via vertical transmission (from parent to offspring) as larvae may acquire symbionts that were well-suited to their natal environment but may be unfavorable if the larvae settle in a distinct habitat (Hartmann et al., 2017). For a vertically transmitting species, if the larvae acquire depth-specialist algal symbionts from a mesophotic parent colony there may be reduced recruitment success to shallow populations, functioning as a post-zygotic barrier to connectivity between shallow and mesophotic coral populations and reducing mesophotic populations’ refugia potential (Shlesinger and Loya, 2021). Coral species that acquire algal symbionts via horizontal transmission (acquiring symbionts from their surrounding environment as larvae or juveniles) may exhibit high levels of genetic similarity of the coral host across depth despite strong depth-dependent structuring of their algal symbiont communities (Fujiwara et al., 2021). In this case, it would appear that depth-dependent genetic structuring of algal symbiont communities would not function as a barrier to vertical connectivity or reduce mesophotic refugia potential. However, species that acquire algal symbionts via horizontal transmission tend to exhibit depth-dependent genetic structuring of either both or neither of the partners which may be a result of co-evolutionary pressures on the holobiont as a whole to adapt to a particular environment or be phenotypically flexible (Serrano et al., 2014; Polinski and Voss, 2018; Studivan and Voss, 2018a; Eckert et al., 2019; Eckert et al., 2020). Overall, high levels of genetic similarity in both the coral host and the Symbiodiniaceae communities across depth would offer evidential support of the DRRH (Bongaerts et al., 2010b). In contrast, depth-dependent genetic structuring of the coral host and/or Symbiodiniaceae communities suggests that there may be pre or post-zygotic barriers to connectivity between shallow and mesophotic coral populations that could potentially limit the refugia capacity of the mesophotic population (Levitan et al., 2004; Bongaerts et al., 2011; Eckert et al., 2019; Eckert et al., 2020).

Montastraea cavernosa is a depth-generalist coral species that has been widely used to estimate levels of vertical genetic connectivity and quantify depth-dependent structuring of its Symbiodiniaceae communities (Serrano et al., 2014; Polinski and Voss, 2018; Studivan and Voss, 2018b; Eckert et al., 2019; Dodge et al., 2020; Eckert et al., 2020; Drury et al., 2020; Sturm et al., 2020). This species is dominant across the majority of reefs throughout the Tropical Western Atlantic, occurs across depths ranging from 3–113 m, and is a broadcast spawning species which may support potentially high levels of genetic connectivity across wide geographic and depth ranges (Reed, 1985; Szmant, 1991; Favoretto et al., 2020). Like most broadcast spawning species, M. cavernosa acquires its algal symbionts from the surrounding environment during early ontogeny (Abrego et al., 2009; Baird et al., 2009). In general, M. cavernosa’s Symbiodiniaceae communities are dominated by Cladocopium species, usually type C3, but background levels of Breviolum and Durusdinium species have been identified across some M. cavernosa populations (Lesser et al., 2010; Klepac et al., 2015; Polinski and Voss, 2018; Eckert et al., 2020).

The levels of vertical connectivity of M. cavernosa across depth gradients tend to be location-specific and depth-dependent “genetic breaks” do not always coincide with traditional definitions of shallow and mesophotic depth zones. For example, on the Belize Barrier Reef, significant levels of genetic differentiation were observed between samples collected at relatively shallow (10 and 16 m) and relatively deep zones (25 and 35 m; Eckert et al., 2019). In contrast, in the Northwest Gulf of Mexico, genetic connectivity among shallow and mesophotic M. cavernosa populations was higher (Studivan and Voss, 2018a). In a study of vertical connectivity of M. cavernosa in the Florida Keys between paired shallow and mesophotic sites, genetic connectivity in the Northern Dry Tortugas and the Upper Keys was relatively high but much lower between shallow and mesophotic Southern Dry Tortugas and Lower Keys’ populations (Sturm et al., 2021). Even across a relatively shallow sampling gradient in the Florida Keys, significant genetic differentiation was identified between M. cavernosa sampled from 0–10 m and 25–30 m depth zones in the Lower Keys but not in the Upper Keys or Northern Dry Tortugas where genetic connectivity was relatively high (Serrano et al., 2014).

Similar to regional variation in depth-dependent genetic structuring of the M. cavernosa coral host, the level of depth-dependent structuring of the Symbiodiniaceae communities hosted by these corals also varies among reef locations. In the Northwest Gulf of Mexico, Symbiodiniaceae assemblages among M. cavernosa were similar across all sampled banks, and between shallow and mesophotic depth zones (Polinski and Voss, 2018). On the Belize Barrier Reef, the majority of samples harbored relatively homogeneous Symbiodiniaceae communities, however, some shallow M. cavernosa hosted Symbiodiniaceae type profiles that were not found in the deeper populations (Eckert et al., 2020). These shallow-only Symbiodiniaceae types might represent shallow-specialist communities and offer some type of physiological advantage for the holobiont in the shallow environment. Additionally, in the Bahamas, Symbiodiniaceae community structure was relatively homogeneous across M. cavernosa samples from 0–60 m but exhibited a significant shift to putative deep-water specialist communities in the lower mesophotic zone (>60 m; Lesser et al., 2010). Taken together, these previous results highlight the wide variation observed in the level of depth-dependent host and algal symbiont genetic structuring across different locations. These studies also found that if depth-dependent structuring is present, it may not coincide with the traditionally defined shallow-mesophotic boundary, underscoring the importance of developing a sampling design across a finer scale depth gradient.

Coral reef ecosystems across Campeche Bank in the southeastern Gulf of Mexico represent a novel opportunity to expand our understanding of the regional variation of depth-dependent differentiation of M. cavernosa host and symbiont populations. Campeche Bank reefs are heavily influenced by the Yucatan/Loop Current System, potentially making these coral populations an important stepping stone in the regional connectivity of this species (Veron and Stafford-Smith, 2000; Sanvicente-Añorve et al., 2014). The Campeche Bank reef system consists of a series of coral platforms which include Alacranes reef, the largest bank-atoll system in the Gulf of Mexico. Alacranes is located ~135 km off the coast of the Yucatan peninsula and ranges in depth from ~1–55 m (Chávez et al., 2007; Favoretto et al., 2020). To the northeast of Alacranes reef is the relatively less characterized Bajos del Norte reef system, which consists of a series of submarine coral ridges which are located ~160 km to the north of the Yucatan peninsula and range from ~5–70 m depth (Tuz-Sulub and Brulé, 2015; Favoretto et al., 2020). Montastraea cavernosa is the dominant scleractinian species across both Alacranes and Bajos del Norte reefs which represent important, although still understudied, shallow and mesophotic habitat for the species (Favoretto et al., 2020). These reefs provide an opportunity to investigate patterns of genetic differentiation of both coral hosts and their Symbiodiniaceae communities across a shallow to mesophotic depth gradient.



Materials and Methods


Sample Collection

Montastraea cavernosa were sampled across four target depth zones (shallow: 10 m, 15 m, 25 m, and mesophotic: 35 m) at Alacranes and Bajos del Norte reefs by SCUBA divers on air during a July 2019 expedition onboard the M/V Caribbean Kraken (Figure 1 and Supplementary Table S1). Approximately fifteen samples per depth zone per reef were collected. Due to limitations associated with the dive tour itinerary of the Caribbean Kraken, limited bathymetry data available for some of these locations, and lack of available technical diving platforms in the region which led to restrictive dive profiles, it was not possible to collect samples from deeper than 35 m nor from every depth zone at a singular location for each reef. However, horizontal distances between sampling locations within a reef relative to the distances between reefs were minimized. The distance between two sites within Alacranes reef did not exceed 22 km, while the shortest pairwise distance between Alacranes and Bajos del Norte reefs was 125 km.




Figure 1 | Coral sampling sites at Alacranes and Bajos del Norte with shape indicating the depth zone of samples collected at that location. The red line on the main map indicates the 200 m isobath which approximates the continental shelf margin.



Small tissue and skeletal fragment biopsies were collected from the edge of target colonies using a hammer and chisel and then placed in individually labeled plastic bags. Scaled photographs were taken of each colony pre- and post-sampling and colony depth was recorded. Following each SCUBA dive, samples were split and immediately preserved in duplicate 2 mL tubes pre-filled with 1 mL of 100% molecular-grade ethanol. Samples were maintained at -20°C for the remainder of the expedition and were shipped overnight back to FAU Harbor Branch on ice. Once in the laboratory, the ethanol was replaced with fresh 100% molecular-grade ethanol and the samples were stored at -80°C until DNA extraction.



Genomic DNA Extraction

Prior to DNA extraction, the tissue was transferred into a 2 mL tube with 500 μL of TRIzol reagent. The samples were stored in TRIzol at 4°C for a minimum of 1 hour and up to multiple days. Tubes were then centrifuged at 20,000 x g for two min to pellet the tissue, which was transferred to a new 2 mL fastprep tube with ~0.075 grams of 0.5 mm glass beads to macerate the tissue and promote cell lysis. Genomic DNA was extracted using a modified dispersion buffer/phenol-chloroform-isoamyl alcohol extraction protocol (Sturm, 2020). The extracted DNA was cleaned using a Zymo DNA Clean and Concentrator Kit following manufacturer’s protocols and then eluted in 15 μL of nuclease-free water. DNA quality was checked on a NanoDrop 2000 (Thermo Fisher) and dsDNA quantity was measured using a broad-range assay kit on a Qubit 4.0 fluorometer (Thermo Fisher). Samples were then diluted and equalized to 25 ng μL-1 concentrations.



2bRAD Library Preparation and Sequencing

A 2bRAD SNP approach was employed to genotype M. cavernosa, preparing DNA libraries following Wang et al. (2012) including modifications described in the protocol’s GitHub repository (https://github.com/z0on/2bRAD_denovo). Notably, 100 ng of DNA was added to the initial digestion reaction with BcgI enzyme. In addition, fully degenerate 5’ adapters and twelve uniquely indexed 3’ adapters were ligated onto the sticky ends of the digested sequences, allowing for 12 sample ligations to be pooled prior to amplification and for filtering of PCR duplicates in downstream analyses. Three samples had 2bRAD libraries prepared and sequenced in triplicate which were used downstream as a sequencing quality check and to identify natural clones (Sturm et al., 2020). The final pooled library underwent automated size selection with Pippin Prep (Sage Science) before conducting 100 bp single-end sequencing on an Illumina NovaSeq S1 flow cell with 20% phiX at the University of Texas at Austin’s Genome Sequencing and Analysis Facility.



Symbiodiniaceae ITS2 Library Preparation and Sequencing

To describe putative Symbiodiniaceae taxa associated with these M. cavernosa colonies, the ITS2 region of the ribosomal RNA gene was targeted for library preparation and sequencing. The same genomic DNA extracts that were used in the 2bRAD library preparations were also amplified with the ITS2 specific primers SYM_VAR_5.8S2 and SYM_VAR_REV which were modified to include forward and reverse indexed Illumina adaptors for downstream pooling and sequencing (Hume et al., 2018; Eckert et al., 2020). The 30 µL PCR reactions included the following components: 1U Takara HS Taq, 1X Takara Taq Buffer, 0.15 µM each forward and reverse primer, 0.25 mM dNTP mixture, and 25 ng of the template DNA. The PCRs were run with an initial melt of 95°C for 5 min, followed by 28 cycles of 95°C for 30 s, 56°C for 30 s, and 72°C for 30 s, and a final extension of 72°C for 5 min. After 28 cycles, 5 µL of the PCR product was run on a 2% agarose gel to visually verify amplification.

The remaining 25 µL of PCR product was cleaned using the Zymo DNA Clean and Concentrator Kit following manufacturer’s protocols and then eluted in 12 μL of nuclease-free water. dsDNA quantity in the PCR product was measured again using a broad-range assay kit on a Qubit 4.0 fluorometer (Thermo Fisher) and re-diluted to 5 ng μL-1 concentrations. These purified PCR products were also sent out to the University of Texas at Austin’s Genome Sequencing and Analysis Facility. 50 ng of ITS2 product was incorporated into an indexing PCR (7 cycles) to incorporate a unique combination of indexed forward and reverse Illumina adapters. The libraries were then equalized and pooled prior to 250 bp paired-end sequencing on an Illumina MiSeq (V2 chemistry) spiked with 20% phiX.



2bRAD Population Genetic Structure Analyses

2bRAD reads were demultiplexed and the adapters trimmed using custom Perl scripts (https://github.com/z0on/2bRAD_denovo) and further quality-filtered using the fastq_quality_filter in the FASTX-Toolkit v0.0.14 (≥90% of bases with Phred quality scores ≥20; Gordon & Hannon, 2010). Trimmed and quality-filtered reads were aligned to a algal symbiont metagenome assembled by concatenating available genomes for species belonging to four Symbiodiniaceae genera (formerly clades A–D), Symbiodinium microadriacticum (Aranda et al., 2016), Breviolum minutum (Shoguchi et al., 2013), Cladocopium goreaui (Liu et al., 2018), and Durusdinium trenchii (Shoguchi et al., 2021) using the sequence aligner Bowtie2 (Langmead and Salzberg, 2012). These reads were then aligned to the M. cavernosa genome and any reads that aligned to both the Symbiodiniaceae and the coral host genomes were removed from further analysis. All high-quality reads that did not align to the algal symbiont metagenomic reference were aligned to the M. cavernosa genome. This iterative alignment approach divided reads into those that aligned solely to the Symbiodiniaceae genomes and those that aligned solely to the M. cavernosa genome. The latter were retained for downstream analyses of coral population genetic structure.

The program ANGSD v0.933 (Korneliussen et al., 2014) was used to generate genotype likelihoods for the dataset and was run with the following filters: a minimum mapping quality score of 20, minimum base quality score of 25, maximum p-value of 10-5 that a locus is variable, at least 75% of non-missing genotypes across samples, minimum p-value for deviation from Hardy-Weinberg equilibrium of 10-5, minimum p-value for strand bias of 10-5, minimum allele frequency of 0.05, and a filter that removed any tri-allelic SNPs. An identity-by-state (IBS) matrix was generated for the full dataset and used to create a cluster dendrogram using the function hclust in R v3.6.2. Pairs of samples that exhibited levels of genetic similarity to one another near to the level of the technical triplicate groups were identified as naturally occurring genetic clones and omitted from further analyses.

ANGSD was re-run on the clones-removed dataset with the same filters as described above to generate an IBS genetic distance matrix. The IBS matrices were used to conduct a Principal Coordinates Analysis (PCoA) using the cmdscale function in the package vegan v2.5.6 in R (Oksanen et al., 2019). In addition, the BCF file generated by ANGSD was converted to a genlight file format suitable for analysis using the program poppr v2.8.3 in R (Kamvar et al., 2014). poppr was used to conduct an analysis of molecular variance (AMOVA, 999 permutations), and the package StAMPP v1.5.1 was used to calculate pairwise fixation indices (FST) between the populations and corresponding p-values (999 permutations; Pembleton et al., 2013). ANGSD was also run on the clones-removed dataset including both variant and invariant sites and without filters that distort allelic frequencies. Heterozygosity was calculated from ANGSD-generated genotype likelihoods across all sites (variant and invariant) and SNPs using a custom R script (https://github.com/z0on/2bRAD_denovo).

Population structure models for clusters K = 1–11 were generated using the program NGSAdmix (Skotte et al., 2013). The most likely number of genetic clusters (the best value of K) was estimated using multiple methods. First, the likelihood values from each NGSAdmix run (10 iterations for each value of K) were imported into the program CLUMPAK which uses the Evanno method to estimate the best value of K (Evanno et al., 2005; Kopelman et al., 2015). Then, the same NGSAdmix runs were imported into the program StructureSelector, which employs the Puechmaille method to generate four different estimators for the optimal value of K (Puechmaille, 2016; Li and Liu, 2018). ADMIXTURE v.1.3.0 and Discriminant Analysis of Principal Components procedures were also used to generate population structure models from the hard-called genotypes for clusters K = 1–11 as additional methods to estimate the optimal value of K (Alexander et al., 2009; Jombart et al., 2010; Jombart and Ahmed, 2011).

The program BAYESCAN v2.1 was employed to identify putative outlier SNP loci (50,000 burn-in, 5000 iterations; Foll and Gaggiotti, 2008). BAYESCAN employs Bayesian models to conduct genome scans and identify loci putatively under natural selection pressures using differences in allele frequencies among sample populations. Outlier SNP loci were compared against annotated gene regions (within ± 2 kb) of the M. cavernosa genome to identify putative functional effects (Rippe et al., 2021).



Symbiodiniaceae Typing With ITS2 Amplicon Analyses

Demultiplexed, paired forward and reverse ITS2 fastq.gz files were submitted to SymPortal and run remotely through the analytical framework and database (Hume et al., 2019). Within this framework, standardized quality control functions were employed to reduce sequencing artifacts and non-Symbiodiniaceae sequences (Camacho et al., 2009; Schloss et al., 2009; Eren et al., 2015; Hume et al., 2019). Each sample’s ITS2 sequences were separated by genera (formerly clade) and all genera-sequence collections with fewer than 200 sequences were excluded from further analysis to reduce sequencing depth artifacts (Hume et al., 2019). The retained ITS2 sequences were compared to ITS2 sequences in other samples from this dataset and across the SymPortal database which hosts sequencing information from all previously analyzed datasets submitted to SymPortal. Sets of sequences found across a sufficient number of samples are characterized as defining intragenomic variants (DIVs). The sample’s characterizing DIVs and their relative abundances are used to determine their ITS2 type profiles which may function as putative Symbiodiniaceae genotypes. These ITS2 type profiles are named based on the DIVs that make up that profile listed from highest to lowest abundance (separated by hyphens). If some of the samples sharing a type profile have differing DIVs that are most abundant those are indicated in the profile’s nomenclature by a slash.

Absolute count tables of ITS2 sequences and ITS2 type profiles produced by SymPortal were used as data inputs in downstream statistical analysis pipelines in R to examine potential differences in Symbiodiniaceae communities across depth zone or site (Hume et al., 2019; Eckert, 2020). A PCoA was conducted on a Bray-Curtis distance matrix generated from samples ITS2 type profiles using the package vegan (Oksanen et al., 2019). Differences in beta diversity between reef locations (Alacranes vs. Bajos del Norte) and across depth zones were analyzed using the betadisper function in the package vegan. A permutational multivariate analysis of variance (PERMANOVA; 9,999 permutations) was conducted on the Bray-Curtis distance matrix generated from samples ITS2 type profiles. PERMANOVA was conducted using the adonis function in the program vegan to compare Symbiodiniaceae communities between reef locations and across depth zones, further pairwise comparisons between depth zones were analyzed with the pairwise.adonis v0.0.1 package (Arbizu, 2020).




Results

Of the 126 M. cavernosa samples collected in total, 124 samples were utilized in the ITS2 analysis pipeline and 98 were utilized in the 2bRAD analysis pipeline (Table 1). Some samples were excluded from analyses due to complete sample consumption, failed library preparations, or poor sequence quality. 2bRAD sequencing generated a total of 539 million reads, averaging 5.1 million reads per sample library. Following PCR de-duplication and quality filtering steps a total of 224 million reads were retained, or an average of 2.1 million reads per sample library. On average, 13.1% of all high-quality reads for a sample aligned to the algal symbiont metagenome reference. Of the reads that did align to the Symbiodiniaceae genomes, an overwhelming majority (on average 98.8%) aligned to the Cladocopium genome. Following removal of these algal symbiont aligned reads, an IBS genetic distance matrix calculated by ANGSD from the M. cavernosa genotype likelihoods revealed a singular pair of putative natural clones from the 25 m depth zone at Bajos del Norte (Table 1).


Table 1 | The number of samples collected at each depth zone from each reef; the number of samples with successfully sequenced ITS2 libraries that were included in the Symbiodiniaceae community analysis; the number of samples with successfully sequenced 2bRAD libraries; and the number of samples that were identified as unique multilocus genotypes (i.e. clones removed, ng) that were retained in the coral host population genetics analysis. Bolded values indicate totals for each reef location and grand totals.



With all but one sample removed from the pair of natural clones and the technical triplicate libraries, ANGSD generated a total of 10,321 M. cavernosa SNP loci that passed the previously described filters. Heterozygosity did not vary widely across sample population, ranging from 0.00279–0.00317 across all sites (variant and invariant) and 0.250–0.276 across variant sites (Supplementary Table S2). An IBS genetic distance matrix calculated from the clones-removed M. cavernosa dataset was used to conduct a PCoA (Figure 2). Samples tended to cluster primarily based on depth zone and not reef location. Samples from the mesophotic (35 m) depth zones were relatively distanced from the majority of samples across the shallow 10, 15, and 25 m depth zones. Mesophotic, 35 m, samples from Alacranes were more distanced than mesophotic, 35 m, samples from Bajos del Norte were from shallow samples.




Figure 2 | Principal coordinates analysis based on identity-by-state (IBS) distance matrix. Individual samples are represented by small, transparent symbols whereas population centroids are indicated by larger, solid symbols. Color indicates reef and shape indicates depth zone of each sample and population centroid. The percent variation explained by each axis is indicated.



Analysis of molecular variance (AMOVA) indicated that a significant portion of genetic variation is attributed to differences among sample populations (2.41%, SS7,193 = 14,224.94, p < 0.001). Pairwise FST values identified significant pairwise population differentiation (FDR-corrected p < 0.05) for the majority of comparisons between depth zones and reef locations (Figure 3). However, non-significant comparisons were identified between both of the 15 m populations at Alacranes and Bajos del Norte, the 15 m and 25 m Alacranes populations, and the Bajos del Norte-15 m and the Alacranes-25 m populations. Pairwise FST values between the mesophotic, Alacranes-35 m and all other shallow populations were the highest (FST = 0.054–0.074) but were much lower when compared to the Bajos del Norte-35 m population (FST = 0.021). In contrast, pairwise FST comparisons between the mesophotic Bajos del Norte-35 m population and all other populations were much lower, with FST values ranging between 0.006–0.026. Within depth zone FST comparisons between the two reefs ranged from 0–0.021, with the highest within depth zone pairwise comparison between the two mesophotic populations, as mentioned previously (Figure 3).




Figure 3 | Heat map representations of pairwise population differentiation as estimated by fixation index (FST). Values within cells are estimated FST with increasing intensity of the color red corresponding to increasing FST values. Bolded FST values denote significant differentiation between populations (post FDR-correction, p < 0.05).



Depending on the method and estimator, K = 2 or K = 3 were selected as the best values of K, therefore admixture plots were generated for both (Figure 4). In the K = 2 plot, the majority of samples, especially those from the 10, 15, and 25 m depth zones at both Alacranes and Bajos del Norte, are dominated by the turquoise genetic cluster while the mesophotic Alacranes-35 m population is dominated by the yellow cluster. Individual samples dominated by this yellow cluster were also present in the Alacranes-25 m population and the Bajos del Norte-35 m population, suggesting that this is a “depth-specialist” genetic cluster. In the K = 3 plot, there is also an addition of a pink genetic cluster. Members of this pink genetic cluster occur at both reefs but are more prevalent at Bajos del Norte across every depth zone except at 25 m, although this population had fewer sample replicates overall. Altogether, based on this NGSAdmix analysis, Alacranes demonstrates a stronger pattern of depth-dependent genetic structuring (increased proportion of membership to the yellow genetic cluster with depth) than Bajos del Norte.




Figure 4 | Population structure models generated for Montastraea cavernosa coral host populations across the four depth zones and two reefs. The Evanno and Puechmaille methods were used to estimate the optimal values of K, and the models K = 2 and K = 3 were selected as the most likely number of genetic clusters, represented by the colors turquoise, yellow, and pink. Each bar indicates individual M. cavernosa samples and the relative proportion of the three colors represent the relative likelihood of membership to each of the two or three proposed genetic clusters.



The program BAYESCAN identified 35 outlier SNP loci (FDR-corrected p-value < 0.1) potentially under diversifying selection. Of these 35 putative outlier SNP loci, only 8 were identified within ± 2 kb of annotated M. cavernosa gene regions (Supplementary Table S3). These genes were classified as functioning in carbohydrate and lipid metabolism and transport; transcription; signal transduction; cytoskeletal structure; as well as those with unknown function.

ITS2 sequencing generated a total of 4.05 million reads, averaging 32,688 reads per sample library. Following SymPortal’s quality filtering steps, a total of 1.78 million reads were retained, for an average of 14,428 reads per sample library. 99.8% of all filtered sequences were assigned to Cladocopium. A total of 12 unique ITS2 type profiles were identified. All sample type profiles were dominated by Cladocopium, especially C3 type algal symbionts (Figure 5). Only a few samples exhibited background levels of Symbiodiniaceae from a different genus, Gerakladium, type G3.




Figure 5 | The relative proportion of ITS2 type profiles of the Symbiodiniaceae communities hosted by the Montastraea cavernosa coral samples across the four depth zones and two reefs. ITS2 type profiles are listed in order of overall abundance. ITS2 type profiles are named for the defining intragenomic variants (DIVs) used to characterize them. DIVs in a type profile name are listed in order of abundance with slashes separating DIVs that are co-dominant across samples.



In general, Alacranes demonstrated stronger patterns in depth-dependent structuring of Symbiodiniaceae communities and more type profiles that were endemic to that reef. For example, the C3-C21-C3an-C3fc-C3gz-C3b-C3bb type profile (represented by the dark orange color, Figure 5) dominated the 10 and 15 m zones at Alacranes but was not identified in any other population. The mesophotic 35 m Alacranes population also had samples that hosted two endemic type profiles (light purple: C3-C21-C3gu-C3gy-C3gw-C3gx-C3gv-C3b and dark purple: C3/C3b). In contrast, only four samples at the 25 m depth zone hosted symbiont type profiles endemic to a Bajos del Norte population (light blue: C3an/C3-C21-C3bb and dark blue: C3-C3fc-C40g-C3b-C3an-C21-C3fd-C3s-C3bb). Bajos del Norte populations were dominated by more depth and reef-generalist Symbiodiniaceae type profiles but while certain profile types like light yellow: C3-C3de-C21-C3bb-C3an-C21ae-C65b-C3s, light green: C3-C3de-C3bb-C21ae-C21-C3an-C3s, and neon green: C3-C3an-C3de-C21-C3bb-C3fc-C3b were found across both reefs, they were more prevalent at Bajos del Norte. The most abundant profile type, light orange: C3-C21-C3fc-C3an-C65b-C3b-C3bb, was identified in samples across all depth zones and at both reefs but was most prevalent at the 25 and 35 m depth zones.

PCoA visualization of the pairwise Bray-Curtis distance between ITS2 type profiles generally indicates separation of the samples’ symbiont communities based on reef location along PCo2 (Figure 6). Within a reef, the relatively shallow 10 and 15 m samples tend to be split from the relatively deep 25 and 35 m samples. However, the samples from the four depth zones across Bajos del Norte are generally more closely clustered to one another than the Alacranes samples. In addition, the 10 and 15 m Alacranes samples are more highly differentiated from the 10 and 15 m Bajos del Norte samples when compared to the differentiation among 25 and 35 m samples from these two reefs, suggesting that deeper Symbiodiniaceae communities appear to be more uniform across geographic location than the shallow communities.




Figure 6 | Principal coordinates analysis based on Bray-Curtis distance matrix among samples’ Symbiodiniaceae ITS2 type profiles. Individual samples are represented by small, transparent symbols and are jittered for visual clarity. Population centroids are indicated by larger, solid symbols. Color indicates reef and shape indicates depth zone of each sample and population centroid. The percent variation explained by each axis is indicated.



The beta diversity of ITS2 type profiles was not significantly differentiated between reefs or across depth zones. However, PERMANOVA analysis confirmed that Symbiodiniaceae communities varied significantly by reef (Pseudo-F = 3.3081, 123, p = 0.0001), depth zone (Pseudo-F = 5.8433, 123, p = 0.0001), and the interaction between reef and depth zone (Pseudo-F = 3.6273, 123, p = 0.0001). Pairwise PERMANOVA analysis indicated that there was significant differentiation between all pairwise depth zone comparisons except for between the shallowest, 10 and 15 m, depth zones (Supplementary Table S4).



Discussion


Cladocopium-Dominated Symbiodiniaceae Communities

Both the 2bRAD and the ITS2 sequencing data demonstrated that the Symbiodiniaceae communities hosted by M. cavernosa collected from Alacranes and Bajos del Norte reefs, Campeche Bank, Mexico, were dominated by the genus Cladocopium. Specifically, the sample profiles were dominated by the Cladocopium DIV C3 which is consistent with previous studies of M. cavernosa Symbiodiniaceae communities across the Northwest Gulf of Mexico, Belize, Florida Keys, Bermuda, U.S. Virgin Islands, and the Bahamas (Lesser et al., 2010; Serrano et al., 2014; Polinski and Voss, 2018; Eckert et al., 2020). While in the past the C3 ITS2 type was considered to be a generalist taxon of symbiont, it is now considered to be a highly genetically and ecologically diverse group of species lineages (LaJeunesse, 2005; Thornhill et al., 2014; Hume et al., 2015). This suggests that even though all ten of the dominant ITS2 type profiles listed C3 as their most abundant DIV, these profiles are still likely to represent unique taxa or genotypes. Surprisingly, background levels of algal symbionts from the genus Gerakladium were also identified in two samples. In general, this genus is not known to associate with scleractinian corals, but rather with excavating sponge species (Mote et al., 2021). It is possible that excavating sponge species were colonizing the M. cavernosa skeleton and perhaps small amounts may have been unintentionally collected in addition to the coral tissue. However, other studies have also identified Gerakladium at low densities in some corals and it may also occur in a free-living form in the environment (LaJeunesse et al., 2018).



Depth-Dependent Coral Genetic and Symbiodiniaceae Community Structuring Is Stronger at Alacranes Than Bajos del Norte Reef

Both the M. cavernosa corals and the in hospite Symbiodiniaceae communities demonstrated significant genetic structuring across a shallow to mesophotic depth gradient at Alacranes and Bajos del Norte reefs. However, there was location-based variation in the magnitude of this depth-dependent genetic structuring. Montastraea cavernosa from the mesophotic, 35 m population, at Alacranes were highly distanced from the rest of the samples on the IBS PCoA (Figure 2), exhibited the highest within-reef pairwise FST values (0.054–0.074, Figure 3), and tended to be dominated by the yellow, depth-specialist genetic cluster in the admixture plot (Figure 4). In addition, high levels of depth-dependent genetic structuring were observed across the Symbiodiniaceae communities at Alacranes, with the presence of a putative shallow-specialist ITS2 type profile at the 10 and 15 m depth zones (dark orange profile, Figure 5) and putative mesophotic-specialist ITS2 type profiles at the 35 m depth zone (light and dark purple profiles, Figure 5). Depth-dependent structuring across coral host populations at Bajos del Norte reef, was present but much weaker when compared to Alacranes reef. The Bajos del Norte-35 m population clustered much more closely to the shallow samples in the IBS PCoA than the Alacranes-35 m population (Figure 2), the within reef pairwise FST values were much lower (0.008–0.022, Figure 3), and only a few samples were dominated by the putative depth-specialist genetic cluster in the admixture plots (Figure 4). There were also fewer ITS2 type profiles endemic to different depth zones across Bajos del Norte but certain profile types (e.g. neon green and dark orange, Figure 5) were more prevalent at either the 10 and 15 m or 25 and 35 m populations.

The difference in the level of depth-dependent genetic structuring of the coral host and algal symbionts between Alacranes and Bajos del Norte may be associated with the distinct geomorphological features of each of these reefs. Alacranes is an emergent, semi-circular bank-atoll reef, forming a semi-enclosed lagoon and a series of small islands (Chávez et al., 2007). The northern and western sides of the reef are characterized by steeply sloping wall structures that rise quickly from their bases at 40 m to about 15 m depth (Bello-Pineda et al., 2005; Quesada et al., 2006). Alacranes’ eastern side exhibits a barrier reef formation with patch reefs along the reef flat and crest between 8–15 m and then a steep, wall-like forereef slope extending past 20 m. In contrast, Bajos del Norte consists of a series of submerged, carbonate capped mounts and ridges that range, at their shallowest, between 5–20 m but slope down to depths of 70 m in between coral peaks (Tuz-Sulub et al., 2003; Tuz-Sulub and Brulé, 2015).

Other studies have also hypothesized a link between reef geomorphology and observed patterns of depth-dependent coral and symbiont genetic structuring, or lack thereof, and represent interesting comparisons to reefs on Campeche Bank. For example, the Belize Barrier Reef and nearby Glover’s reef atoll exhibit similar geomorphological characteristics to Alacranes, notably a steeply sloped forereef. Significant levels of genetic differentiation were identified between samples above the fore-reef slope at 10 and 16 m and samples on the fore-reef slope at 25 and 35 m (Eckert et al., 2019). In addition, multiple samples on the reef flat/crest (10 and 16 m depth zones) hosted putative shallow-specialist ITS2 type profiles not hosted by samples deeper on the fore-reef slope (25 and 35 m; Eckert et al., 2020). These results are similar to the coral and Symbiodiniaceae patterns of differentiation across Alacranes reef. Abiotic factors such as light levels and temperature may shift rapidly across this steeply sloping geomorphological gradient, and the depth-dependent structuring we observe could be potentially driven by holobiont specialization to possibly distinct environmental regimes (Lesser et al., 2010; Bongaerts et al., 2013; González et al., 2018). In this study, relatively few outlier SNP loci within annotated gene regions were identified, however, 2bRAD sequencing interrogates only a relatively small proportion of the coral’s genome limiting our ability to identify functional effects of population genetic structuring. Further whole-genome sequencing, gene expression, and physiological approaches are needed to assess if these genetic differences coincide with biological or ecological characteristics that confer potential adaptive advantages to the coral’s habitat (Studivan et al., 2019; Fuller et al., 2020; Studivan and Voss, 2020; Rippe et al., 2021). In addition, across other barrier reef systems, small-scale oceanographic currents that vary in their strength and direction across depth have been hypothesized to function as a pre-zygotic barrier to larval mixing between shallow and mesophotic coral populations further driving their genetic differentiation, this is also potentially a factor driving differentiation at Alacranes (Eckert et al., 2019).

Bajos del Norte exhibits geomorphological similarities to the coral-capped salt diapir domes of the Flower Garden Banks in the Northwest Gulf of Mexico (Schmahl et al., 2008; Tuz-Sulub and Brulé, 2015). Interestingly, the Flower Garden Banks also demonstrate a lack of strong depth-dependent differentiation between shallow and mesophotic populations of M. cavernosa and their Symbiodiniaceae communities (Polinski and Voss, 2018; Studivan and Voss, 2018a). Both Bajos del Norte and the Flower Garden Banks are also located in areas that are heavily influenced by loop current associated eddies. In the Flower Gardens, it was hypothesized that these loop current eddies promote gene flow across banks and depth zones, and similar hydrodynamics may also be driving similar mixing across depth at Bajos del Norte (Garavelli et al., 2018; Studivan and Voss, 2018a; Studivan and Voss, 2018b; Limer et al., 2020). While bathymetry data for Bajos del Norte is limited, the ridges are reported to extend to depths of 70 m (Tuz-Sulub and Brulé, 2015). However, to the best of our knowledge, there is currently no mesophotic benthic community data presently available for Bajos del Norte. If significant coral communities, including M. cavernosa populations, persist deeper into the mesophotic zone it is possible that a depth-dependent genetic “break-point” occurs at Bajos del Norte deeper than the 35 m depth zone sampled in this study (Favoretto et al., 2020). Further characterization of the geomorphology, light, temperature, and oceanographic regimes across wider depth gradients at Alacranes and Bajos del Norte is needed to assess the validity of potential drivers of depth-dependent genetic differentiation of corals and their associated Symbiodiniaceae communities, to characterize why the magnitude of the depth-dependent differentiation varies between these two reefs, and to verify if the patterns hold true deeper into the mesophotic zone.



Montastraea cavernosa Coral Exhibit Higher Levels of Horizontal Connectivity Between Reefs Than Their Symbiodiniaceae

While both M. cavernosa and their in hospite Symbiodiniaceae exhibited significant genetic structuring across depth zones (albeit to varying degrees at Alacranes vs. Bajos del Norte) there are relatively high levels of horizontal coral gene flow between Alacranes and Bajos del Norte reefs, especially at shallow depths. The majority of shallow coral samples were shown to cluster together in the PCoA regardless of reef (Figure 2), and multiple Alacranes to Bajos del Norte pairwise FST comparisons were low or non-significant values (Figure 3). Relatively high levels of horizontal connectivity across similar spatial scales have been commonly observed for this broadcast spawning species with a high pelagic larval duration (Studivan and Voss, 2018b; Eckert et al., 2019; Sturm et al., 2020).

In contrast, Symbiodiniaceae communities varied between Alacranes and Bajos del Norte even at the same depth zone (Figure 5). In the Symbiodiniaceae ITS2 type profile PCoA, samples primarily cluster together with those from the same reef along PCo2 (Figure 6), and reef was a significant factor in the structuring of Symbiodiniaceae communities. Montastraea cavernosa acquire their algal symbionts from their surrounding environment during early ontogeny (Abrego et al., 2009; Baird et al., 2009). These results suggest that the community makeup of the available environmental pools of Symbiodiniaceae may be distinct between the two reefs (Cunning et al., 2015; Quigley et al., 2017). The limited level of dispersal of these algal symbionts relative to their coral hosts may be a factor of their life history, as many Symbiodiniaceae live primarily within their sessile hosts, with a relatively short free-living stage restricted mainly to the sediment which limits potential dispersal via oceanic currents (Quigley et al., 2017; Thornhill et al., 2017; Ali et al., 2019; Davies et al., 2020). Similar studies of algal symbiont communities in both Caribbean and Pacific Acropora species also found that the coral’s Symbiodiniaceae exhibit strong patterns of genetic structuring despite a lack of genetic differentiation among the coral hosts across the same spatial scales (Baums et al., 2014; Davies et al., 2020). Some exceptions to this pattern include the light orange ITS2 type profile which was commonly identified at both Alacranes and Bajos del Norte (Figure 5). Similarly, asexual lineages of both Cladocopium and Symbiodinium species have been identified across large, multi-island/reef spatial scales on the order of thousands of kilometers, suggesting that long-range dispersal of Symbiodiniaceae may be improbable but not impossible (Baums et al., 2014; Davies et al., 2020).



Conclusions and Implications for Management

In summary, both Alacranes and Bajos del Norte demonstrated significant genetic structuring of M. cavernosa and their associated Symbiodiniaceae across a shallow to mesophotic depth gradient, but the magnitude of differentiation was much greater at Alacranes. In the case of M. cavernosa at Alacranes, the depth-dependent “genetic break” does appear to occur between 25 and 35 m, coinciding with the traditional definition of the shallow/mesophotic boundary. It is unknown if this genetic breakpoint occurs at a deeper depth at Bajos del Norte or if the pattern of relatively high levels of gene flow among shallow and mesophotic populations holds across deeper mesophotic depths at this location. Across both reefs, however, algal symbiont communities tend to shift significantly between 15 and 25 m, although this shift is less dramatic at Bajos del Norte. While we were not able to collect light profiles at depth intervals for the study locations, significant declines in light availability or shifts in spectral quality at this 15–25 m depth range may be driving the observed shifts in the algal symbiont community structure. Light penetration is one of the most significant factors in structuring photic communities including algal symbiont assemblages and local differences in light penetration may lead to genetic breakpoints that do not exactly align with the traditionally defined ~30 m shallow to mesophotic border (Tamir et al., 2019). These results have important implications for the management of Alacranes reef. The high levels of genetic differentiation between shallow and mesophotic M. cavernosa populations suggest that there may be relatively limited capacity for the mesophotic populations to re-seed shallow reefs within this region. The associated Symbiodiniaceae communities appear to be highly depth-specialized as well, and if certain coral genotypes co-evolve to establish symbiosis with certain algal symbiont types then this may further drive depth-dependent differentiation (Prada et al., 2014; Thornhill et al., 2014). Overall, shallow and mesophotic M. cavernosa populations at Alacranes may need to be managed independently, and further efforts should focus on understanding if this pattern holds across other ecologically important depth-generalist coral species. Relative to Alacranes reef, Bajos del Norte and other reef systems on Campeche Bank, receive limited management and have had little ecological characterization. The results of this study suggest that there are relatively high levels of connectivity of M. cavernosa both across depth zones within Bajos del Norte as well as to Alacranes downstream. Currents on Campeche Bank predominantly flow towards the west, highlighting Bajos del Norte as a potential source of coral larvae to not only Alacranes but other reefs on Campeche Bank and, on a regional scale, as a potential stepping stone between the Caribbean and Gulf of Mexico reef systems (Kornicker et al., 1959). Future efforts should focus on assessing shallow and mesophotic reef habitat health and their coral holobiont connectivity dynamics across Campeche Bank. A combination of increasing anthropogenic pressures on Campeche Bank including overfishing and offshore oil exploration would make Bajos del Norte and potentially other Campeche Bank reefs excellent candidates for incorporation into regional marine protected area networks in the Gulf of Mexico (Favoretto et al., 2020; Gil-Agudelo et al., 2020).
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Reef Depth Zone (m) Samples Collected ITS2 Sequenced 2bRAD Sequenced ng
Alacranes 10 18 18 16 16
15 16 16 11 1

25 16 16 15 15

35 16 16 15 15

66 66 57 57

Bajos del Norte 10 15 15 10 10
156 16 15 12 12

25 19 18 8 7

35 " 10 1" 1"

60 58 4 40

Grand Totals 126 124 98 97





