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Coral reefs play vital roles in global marine systems and are currently facing increased threats of bleaching. Coral bleaching is heavily influenced by the host-associated microeukaryote community – most notably the dinoflagellate family Symbiodiniaceae. The apicomplexan family Corallicolidae, is the second most abundant member of the microeukaryote community, yet their role in coral health is largely unknown. To explore the role that this apicomplexan and the greater non-metazoan microeukaryotic community play in coral health, samples of a thermally sensitive scleractinian coral, Acropora hyacinthus, were collected over the course of a severe coral bleaching event and its aftermath. Through 18S rRNA gene sequencing analysis, we found that taxa within the family Corallicolidae were relatively enriched in corals during, and immediately after, the severe bleaching event as compared to before or one year after. Although utilizing 18S rRNA gene sequencing methods is not the standard for Symbiodiniaceae community profiling, we were able to observe symbiont shuffling among the Symbiodiniaceae communities, as the dominant algal symbiont shifted from the genus Cladocopium to the genus Symbiodinium following the bleaching event. Furthermore, the non-metazoan microeukaryote community displayed a general shift towards a state of dysbiosis; evidenced by substantial changes in both microeukaryote community composition and dispersion. These results offer insight into the dynamics of apicomplexans throughout the course of an increasingly common global coral reef stressor.
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1 Introduction

Globally, coral reefs face a plethora of challenges (Riegl et al., 2009), with concerns such as marine heatwaves and bleaching events becoming more frequent and intense (Hughes et al., 2018) as a result of increased atmospheric CO2 (Coles and Brown, 2003). The health of both reefs and individual corals is intimately linked to the composition and ecological dynamics within the holobiont, as disruptions to community structure may lead to reduced coral health and fitness due to dysbiosis (Reshef et al., 2006; Zaneveld et al., 2017). The holobiont is comprised of the coral host, and the collection of microorganisms from all domains of life as well as viruses (Rohwer et al., 2002; Knowlton and Rohwer, 2003; van Oppen et al., 2009; Correa et al., 2021). Despite this diversity, much of the focus in coral holobiont studies centers around bacteria, viruses, and the photosynthetic, microeukaryote symbiont, Symbiodiniaceae (Rohwer et al., 2002; Vega Thurber et al., 2017). However, recent initiatives have been made to uncover the broader diversity of the microeukaryotes inhabiting the coral holobiont, beyond Symbiodiniaceae (Clerissi et al., 2018; Dennis et al., 2020; Galindo-Martínez et al., 2022; Iha et al., 2021; Kwong et al., 2019; Mathur et al., 2018; Paulino et al., 2020; Qiu et al., 2021; Sweet et al., 2019; Tandon et al., 2023; Vohsen et al., 2020).

Given their likely role in coral health, a recently identified microeukaryote from the phylum Apicomplexa has garnered interest in the microeukaryotic fraction of the coral holobiont (Kwong et al., 2019). The phylum Apicomplexa falls under the eukaryotic supergroup SAR (Stramenopile, Alveolata, Rhizaria) and is comprised mainly of single-celled obligate intracellular parasites (Gräf et al., 2015) that evolved from free-living phototrophic ancestors and have retained a non-photosynthetic plastid. Within Apicomplexa, there exist several other pathogenic parasites known to cause disease; well-known examples include Plasmodium and Toxoplasma which, in humans, cause malaria and toxoplasmosis, respectively (Weiss and Kim, 2013; Snow et al., 2005). These are just two in over 6,000 named species within Apicomplexa – although this is likely a vast underestimation of the group’s diversity (Adl et al., 2007). The apicomplexan Corallicolida was recently identified as the second most abundant coral-associated microeukaryote after Symbiodiniaceae in most coral genera (Kwong et al., 2019; Keeling et al., 2021). Apicomplexan DNA has been found in corals from a variety of locations and hosts, such as in low latitudes (Janouškovec et al., 2015; Upton and Peters, 1986; Toller et al., 2002; Slapeta and Linares, 2013; Janouškovec et al., 2012; Kwong et al., 2019; Kirk et al., 2013; Janouškovec et al., 2013), in cold and deep-sea corals, and in diverse hosts including both octocorals (Octocorallia) and hexacorals (Hexacorallia) (Mathur et al., 2018; Vohsen et al., 2020). This range has even recently been described outside of the coral holobiont within the fireworm species Hermodice carunculata, a native of the Atlantic Ocean and Mediterranean Sea. The circumstances in which Corallicolida exist within this non-coral host indicate that this is a fireworm-specific infection and raises the possibility that H. carunculata is a vector for Corallicolida. If H. carunculata is indeed a vector, it is unlikely that they are the only species filling this role, thereby suggesting the ecological effects of Corallicolida reach beyond corals alone (Bonacolta et al., 2025). Despite their range and abundance in coral microbiomes, Apicomplexa remain relatively understudied, thereby leaving our understanding of the effects of Corallicolida on their coral hosts quite limited.

The phylogenetic placement of Corallicolida within the anthozoan-infecting phylum Apicomplexa suggests a potentially parasitic relationship with corals (Keeling et al., 2021). At present, however, there is no evidence suggesting that Corallicolida are detrimental to coral health. In fact, these microeukaryotes are largely found in apparently healthy corals (Kwong et al., 2019). This association with apparently healthy corals does not rule out the potential for members of Corallicolida to act as opportunistic parasites shifting from a seemingly commensal relationship with their host to a parasitic relationship in the presence of a stressor, as has been shown in corals infected with the bacteria Aquarickettsia (Klinges et al., 2019). A parasitic relationship has been previously suggested, as apicomplexans identified in Mussismila braziliensis corals were more abundant in diseased colonies (Garcia et al., 2013). Additionally, the Corallicolidae family were found to be significantly enriched in the thermally sensitive octocoral Paramuricea clavata, whereas the dinoflagellate order Syndiniales was significantly enriched in thermally resistant individuals (Bonacolta et al., 2024). Most of these studies into the relationship between climate stress and apicomplexans have focused on soft octocorals, and this research has yet to extend to hexacorals (which include the reef-building scleractinian corals). The connection between members of Corallicolida and thermal sensitivity in corals is not yet understood, though based on prior observations of the Corallicolida-host dynamic, potential connections include a context-dependent relationship between Corallicolida and the host in which Corallicolida act as opportunistic pathogens in the presence of environmental stressors. Therefore, as shifting global conditions continue to threaten the health and resilience of coral reef ecosystems, an understanding of Corallicolida and broader microeukaryote community dynamics within the coral holobiont is needed.

To address this, we utilized 18S rRNA gene sequencing to assess the diversity and abundance of Corallicolidae and other non-metazoan microeukaryotes within the thermosensitive, scleractinian coral Acropora hyacinthus. Our study spans a two-year period that includes an extreme marine heatwave and associated coral bleaching event on the island of Mo’orea, French Polynesia. Based on previous reports of Corallicolida enrichment in thermally sensitive octocorals (Bonacolta et al., 2024) and corals in a state of stress following disease (Garcia et al., 2013), we hypothesize that A. hyacinthus corals facing extreme thermal stress would exhibit heightened abundances of Corallicolida populations.




2 Materials and methods



2.1 Experimental design

The corals sampled in the present study were taken across several sites around the lagoon (back reef) and north fore reef of the island of Mo’orea, French Polynesia over several time points from August 2018 to March 2020. This sampling regime captured a severe marine heatwave and related bleaching event in March of 2019 (Speare et al., 2022). The coral species sampled, Acropora hyacinthus, belongs to a family of stony corals known as acroporids, which are a group particularly susceptible to bleaching and mortality in the face of bleaching (Marshall and Baird, 2000; Jones et al., 2008; Obura 2001; Mccowan et al., 2012). Overall, high mortality among all corals, specifically acroporids, occurred during the 2019 bleaching event (Winslow et al., 2024). We analyzed corals sampled before (August 2018), during (March 2019), and after (August 2019, March 2020) the bleaching event.

Samples were collected from sites 1, 2, 3, 4, and 5 from established Mo’orea Coral Reef Long-Term Ecological Research (MCR-LTER) sites (Leichter et al., 2013). Additional sampling sites (0, 3.5, and 5.5) were added to ensure each side of the island (north, east, and west) had three replicate sites. A map of Mo’orea with annotated LTER sites and coral samples is available in Supplementary Figure 1. Specimens from replicate coral colonies were taken from both fore reef and back reef habitats, though very few samples (n=3) were taken from the fore reef due to high mortality at those locations. It is important to note that these sites represent highly distinct reef habitats (the fore reef being offshore oceanside of the lagoon and typically ~10 meters deeper than the back reef), which has been shown to lead to differences in microbial community makeup within corals (Nelson et al., 2011). However, for this analysis, patterns remained consistent when analyses were performed with and without the fore reef samples; therefore, they were retained and grouped together for all analyses. At each of the original LTER sites, thermistors located ten feet deep record temperature data every twenty minutes. Sites included in this study were chosen based on the presence of individual corals that survived through August 2019, which was true for all sites but LTER 6. At this site, complete mortality of all corals was observed by August 2019. Because of this disparity in survival rates of coral between sites, there are an uneven number of samples taken from each site, presenting a potential limitation in the statistical power of our analyses, particularly as it pertains to comparisons between shores of the island. Total sample numbers for each site are presented in Supplementary Table 1.




2.2 Sample collection

Approximately 2-3 g of target corals (mucus, tissue and skeleton) were sampled on fore (FOR) and back (BAK) reefs using sterile bone cutters and placed in individual 15 mL sterile tubes containing 6 mL of DNA/RNA Shield, five 6.35-mm ceramic beads, and 1.35 g of garnet bead matrix (MP Biomedicals, Ohio, USA). Samples were placed on ice and returned to Gump Marine Station for initial processing. Bead tubes were then vortexed at maximum speed (3,000 rpm) for 25 minutes to disrupt coral cells and skeleton completely. The sample was allowed to settle at room temperature and 1.5 mL aliquots of coral slurry were placed in 2 mL sterile tubes for storage at -40°C. Frozen slurries were transported to Oregon State University on Techni Ice (Frankston, Vic, AU).




2.3 DNA extraction and rRNA metabarcoding

To increase microbial nucleic acid yield, DNA extraction of individual coral samples was performed using a modified protocol followed by a Zymo-BIOMICS ™ DNA/RNA Miniprep Kit (Zymo Research, Irvine, CA, USA; RRID: SCR_008968). Coral slurry (300 µL) was enzymatically digested with 30 µL Chicken Egg White Lysozyme (10 mg/µL), 1.8 µL mutanolysin (50 KU/mL), 1.8 µL lysostaphin (4 KU/mL). These samples were then incubated at 37°C for 1 hour, followed by the addition of 15 µL of proteinase K (20 mg/µL) and 30 µL of Proteinase K digestion buffer (0.1M NaCl, 10 mM Tris, 1mM EDTA, 0.5% SDS, RNA/DNAse-Free water) (Kearney et al., 2018; Yang et al., 2021; Belser et al., 2023). These samples were once again incubated, this time for 1 hour at 50°C. One volume of DNA/RNA Lysis Buffer (ZymoBIOMICS™ DNA/RNA Miniprep) was then added to each sample, and the rest of the extraction was performed according to the ZymoBIOMICS™ protocol. Eluted DNA from each sample was then stored at -80 °C.

Amplicons were prepared using a modified nested polymerase chain reaction (PCR) approach validated in 2019 (del Campo et al., 2019). Step 1 of this approach was a 25 µL PCR reaction consisting of 12.5 µL of Platinum II Hot-Start PCR Master Mix, 1 µL of forward and 1 µL of reverse UnonMet-PCR metazoan excluding primers (10 µM) targeting the V4 region of 18S eukaryotic rRNA gene (UnonMetaF 5’-GTGCCAGCAGCCGCG-3’, UnonMetaR 5’-TTTAAGTTTCAGCCTTGCG-3’) (Bower et al., 2004), and 1 µL of template DNA. PCR was performed using the following thermocycler protocol: 30 s at 98°C, 35 cycles each consisting of 10 s at 98°C, 30 s at 51.1°C, 1 min at 72°C, and finishing with 5 min at 72°C. PCR products were visualized on a 1.5% agarose gel. Successfully amplified PCR products were then purified using Agencourt AMPure XP beads (Beckman Coulter Inc. Brea, California, USA) following the manufacturer’s guidelines. However, 80% ethanol, rather than the recommended 70%, was used for the washing steps, and a 5-minute drying step was included after the final ethanol wash to evaporate excess ethanol. One µL of the purified DNA from the first step was used as the template for a second amplification using the eukaryotic-specific primer set from Comeau et al. (2011) targeting the V4 region of the 18S eukaryotic rRNA gene, E572F+E1009R (E572F: 5’-CYGCGGTAATTCCAGCTC-3’, E1009R: 5’-AYGGTATCTRATCRTCTTYG-3’) (Comeau et al., 2011). These 18S rRNA primers, though open to amplification bias present in many PCR methods, perform as well as or sometimes better than other commonly used universal 18S rRNA primers in their ability to amplify the microeukaryotic V4 region, with the exception of metazoans, which the primers are designed to exclude (del Campo et al., 2019). Primers from this step were already attached to unique identifying barcodes that were specific to each sample (Holt et al., 2022). These PCR products were once again cleaned using the method above and quantified with a high-sensitivity (HS) dsDNA assay kit and Qubit 4.0 fluorometer (Invitrogen, Waltham, Massachusetts, USA). Three PCR negative controls were also prepared following the same protocol. Appropriate equimolar volumes of each sample were then calculated and pooled for high throughput sequencing at the Center for Quantitative Life Sciences (CQLS) at Oregon State University using a 2x300 paired-end sequencing approach on the Illumina MiSeq (Illumina, San Diego, California, USA) platform with v3 chemistry. Prior to sequencing, DNA quality was assessed using TapeStation HS-D5000 (Agilent, Santa Clara, California, USA).




2.4 18S rRNA gene analysis



2.4.1 Sequence read preprocessing

Individual quality control reports for each sequencing read were created using FastQC (Andrews, 2010). Aggregated quality reports were then generated using MultiQC (Ewels et al., 2016) to visualize the mean quality scores for the forward and reverse sequencing reads individually. Forward, reverse, and the reverse complement of both primer sequences were removed from all reads using a two-step cutadapt (Martin, 2011) approach. Further quality control was performed using R and RStudio (v. 4.3.0; R Core Team, 2022) following the standard DADA2 (v. 1.28.0; Callahan et al., 2016) pipeline. Low-quality base regions identified in the MultiQC report were removed by truncating the forward and reverse reads at 270 and 220 base pairs, respectively. Aside from increasing the truncQ value from 0 to 2, default parameters were used for filterAndTrim with FastQC. Following the filtering steps, forward and reverse reads were merged and only those ranging from 396 – 406 bp were kept. Chimeric sequences were then removed.

Taxonomy was then assigned to the ASV (amplicon sequence variant) level using default parameters and the PR2 (Protist Ribosomal Reference) database (v. 5.0.0; Guillou et al., 2013). Sequence taxonomy was also assessed via BLASTn (Supplementary File 1). Off-target sequences identified as metazoan (206,484 reads corresponding to animal reads from the phyla Cnidaria, Porifera, Arthropoda, and Annelida) and bacterial (49 reads), which accounted for 1% of the total input reads, were removed from the analysis. A phyloseq object was then created using the phyloseq package in R Studio (v.1.44.0 R Core Team, 2022; McMurdie and Holmes, 2013). Using the ‘combined detection method’ in the decontam package (v. 1.20.0; Davis et al., 2018), four contaminant ASVs identified by both prevalence and quantification thresholds (threshold = 0.4) were removed from all samples. Furthermore, a single ASV not annotated to the domain level was removed. After all contaminant ASVs were removed, negative controls were excluded from downstream analysis. The number of reads removed per sample at each preprocessing step can be found in Supplementary File 1.

To then account for differences in library sizes across samples, the rrarefy function from the vegan package (v. 2.6-8; Oksanen et al., 2012) was used to randomly subsample sample counts to 14,205 reads because this depth captured a majority of the observed diversity (Supplementary Figure 2). This approach resulted in the loss of two samples that had 1,084 and 1,865 reads, respectively, resulting in a total of 83 samples remaining. The rarefied phyloseq object was subsequently used for the alpha diversity and relative abundance analyses, and the non-rarefied phyloseq object was used for the beta diversity and differential abundance analyses. After all filtering and quality control steps were performed, 1,205 ASVs corresponding to 10,319,623 reads across 83 samples remained in the non-rarefied phyloseq object for subsequent analysis. In the non-rarefied phyloseq object, the minimum, maximum, and average read depth was 14,205, 592,613 and 124,332.8 reads, respectively. Final sample numbers, read counts per sample group, and the observed number of non-metazoan eukaryotic taxa are reported in Supplementary Table 2 and Supplementary File 1.




2.4.2 Microbiome analysis

Both Shannon diversity (richness and evenness) and Chao1 richness indices were calculated to assess within-sample alpha diversity. This was done using the estimate_richness function in the phyloseq R package (McMurdie and Holmes, 2013). Chao1 diversity data were then log-transformed to obtain normally distributed model residuals. To evaluate the effects of time and site on Shannon diversity and Chao1 diversity, a linear mixed effect model was created using the lme4 R package (v. 1.1.35.1; Bates et al., 2015). In this model, timepoint, LTER site, and their interaction were set as fixed effects, and coral sample ID was set as the random effect. Pairwise comparisons were made using the emmeans package (v. 1.10.0;  Lenth, 2017) to calculate estimated marginal means (EMM), with the Tukey-Kramer p-value adjustment method. Taxon counts were transformed to reflect their relative abundance per sample, and the top 100 most abundant taxa were included in the plot. Data were also subset to only include the taxa within the phylum Apicomplexa, transformed to relative abundance values, and then pruned to only plot the top 100 most abundant taxa. Taxa that were not annotated to the species level were reported at the next best taxonomic rank. Significant differences in Corallicolidae mean relative abundance by location within time points were assessed using the Kruskal-Wallis test, followed by the Dunn post hoc test with false discovery rate p-value correction. Beta diversity analysis was performed using unrarefied data that were robust centered log-ratio (rCLR) transformed using the microViz package (v. 0.12.5; Martino et al., 2019; Barnett, 2021). Transformed data were ordinated using a principal component analysis (PCA). Differences in beta diversity were identified by a permutational analysis of variance (PERMANOVA) using the adonis2 functions in the vegan package (v. 2.6-8; Oksanen et al., 2012) and pairwise.adonis (Martinez Arbizu, 2020) for pairwise comparisons. Dispersion, as distance-to-centroid, was calculated using the vegan::betadisper function, and statistical significance was determined using an ANOVA. Any significant results were then reanalyzed using a permutation test to identify significant pairwise comparisons. Finally, differential abundance analysis was performed using ANCOM-BC2 (v. 2.6.0; Lin and Peddada, 2024) on unrarefied data to identify differentially abundant taxa by shore type within single time points. Multiple pairwise comparisons were made, therefore we incorporated the mixed directional false discovery rate (mdFDR) into the ANCOM-BC model. P-values were adjusted using the FDR method, and only those taxa also passing a sensitivity threshold were considered differentially abundant. For alpha diversity, beta diversity, dispersion, and differential abundance, the following number of samples were used for each analysis: 9 samples from the north and east, and 4 samples from the west in March 2019, 12 samples from the north, 9 samples from the east, and 4 samples from the west in August 2019, and 5 samples from the north, 4 samples from the east, and 3 samples from the west in March 2020.






3 Results



3.1 The health of Acropora hyacinthus corals across Mo’orea was significantly affected by a severe thermal stress event in 2019

During early 2019, the island of Mo’orea, French Polynesia, experienced a severe marine heatwave that lasted from approximately December 2018 to July 2019, with peak temperatures above 30°C occurring in March, April, and May 2019 (Speare et al., 2022). Bottom thermistor temperatures for this period were largely consistent across sites (Figure 1A, Pearson correlation test, p < 0.01), despite a data gap at LTER 2 (green line) and LTER 3 (brown line) from July 2018 to September 2019.

[image: Graph A shows temperature changes from June 2018 to October 2020 across seven LTER sites, with peaks around April 2019 and March 2020. Graph B illustrates coral survival percentages for various sites from August 2018 to March 2020, showing a general decline. Graph C compares coral survival between Back Reef and Fore Reef over the same period, with Back Reef demonstrating slightly higher survival rates.]
Figure 1 | (A) Mean daily temperature, in degrees Celsius (°C), by week at each site located around Mo’orea, French Polynesia, from July 2018 to September 2020. A data gap for LTER 2 and 3 is located between July 2018 and September 2019, though temperature at these sites is strongly correlated with each of the other sites (p < 0.01) and temperatures from this period in LTER 3 are expected to follow trends seen in the other sites. (B) A. hyacinthus survival rates by site. (C) A. hyacinthus survival rates by habitat type (fore and back reefs). Sampling time points are denoted by the dashed lines, and the heat wave sampling timepoint is denoted by the red dashed line. For the purposes of this study, “BAK” denotes that the sample was taken from the back reef, “FOR” denotes that the sample was taken from the fore reef, and numbers designate which site the sample was taken from.

Acropora hyacinthus experienced extensive mortality during the marine heatwave. Eleven out of the twelve sites began August 2018 with 100% of target coral individuals alive (n = 6/6 colonies), yet between August 2018 and March 2020, each site saw some degree of mortality (Figure 1B). Sites BAK 6 and FOR 2 underwent a complete loss of all six target individuals by August 2019, followed by complete losses at BAK 3 and FOR 1 in March 2020 (Figure 1B). The site with the highest coral survivorship was BAK 2, which saw 66.7% (n = 4/6) of corals surviving at the March 2020 time point (Figure 1B). Every other site had an overall mortality of greater than 60% (two or fewer colonies remaining) at the March 2020 time point (Figure 1B). In terms of habitat, the back reefs had higher coral survival by percentage than the fore reef, with a final average percentage of 22% of corals alive as opposed to 0% on the fore reef in March 2020 (Figure 1C). However, it is important to note that there were more sites and coral individuals analyzed in the back reef than the fore reef, leading to an unbalanced design when considering habitat as a variable. Coral survival was significantly linked to time point in our linear mixed model (LMM, p < 0.001), but site and habitat were not found to impact the percentage of corals alive.




3.2 Time and space impact relative abundance of non-metazoan microeukaryotes within the coral holobiont

To understand the makeup of the non-metazoan microeukaryote community within A. hyacinthus samples, relative abundances of the top 100 taxa were evaluated (Figure 2A). Taxa within the family Corallicolidae were observed at generally higher relative abundances on the east (sites 3, 3.5, and 4) and west (sites 5 and 5.5) shores of the island compared to the north shore (Figure 2A). Specifically, during the heatwave in March 2019, the east shore had a significantly higher Corallicolidae mean relative abundance (9.63% ± 7.05%) compared to the north shore (3.94% ± 3.34%, p = 0.037, z = -2.5, Dunn Test). After the heatwave in August 2019, the west shore had a significantly higher member relative abundance (35.07% ± 30.74%) compared to the north shore (7.7% ± 17.7%, p = 0.032, z = 2.5, Dunn Test). In both cases, the significant increase in mean relative abundance was supported by a large effect size (d = 1.1 and 1.5, respectively). Additionally, although we were focused on the Apicomplexa, when evaluating all non-metazoan microeukaryotes, we found that two dinoflagellate genera within the family Symbiodiniaceae, Cladocopium and Symbiodinium, had the highest relative abundances across sites (Figure 2A). Symbiodinium was found in higher abundances on the north shore of the island (sites 0, 1, and 2), increasingly in the time points occurring after the bleaching event. Other less common microeukaryotic taxa also became apparent on the north shore in August 2019 following the bleaching event. These include a diatom, Cylindrotheca closterium, found only at LTER 4 and several red algae varieties, Hydrolithon onkodes, a member of the genus Polysiphonia, and a taxon from the Rhodomelaceae family at LTER 3.

[image: Bar charts display the relative abundance of various taxa in non-metazoan microeukaryotes and alveolates across coral IDs over time from August 2018 to March 2020. Different colors represent specific taxa, such as Ceramium codicola and Symbiodinium. Relative abundance values range from zero to one, with each chart labeled by coral ID. The legend identifies taxa by color.]
Figure 2 | Relative abundances of the top 100 taxa observed over time within (A) all non-metazoan microeukaryotes and (B) alveolates only, grouped by site. Taxa that were not annotated to the species level were reported at the next highest taxonomic rank. Abundances do not total to 100% because only the top 100 most abundant taxa across all samples were plotted. Blank columns represent samples lost during collection or coral death. Sample descriptions are in Supplementary File 1.

We observed similar trends in overall microeukaryote abundance, when looking exclusively at alveolates (Figure 2B). Notably, another photosynthetic dinoflagellate, Coolia canariensis was detected in LTER 3 corals in August 2019 and two species of ciliate, Protocruzia contrax and Protocruzia tuzeti, were found exclusively after the bleaching event at LTER 4 in August 2019 (Figure 2B).




3.3 Time and space impact alpha diversity of non-metazoan microeukaryotes

In order to understand community richness and evenness of the non-metazoan microeukaryotic populations in A. hyacinthus corals around Mo’orea, we explored both Shannon and Chao1 diversity. Timepoint was a significant driver of Shannon diversity (linear mixed effect model (LMEM); p = 0.012, F = 3.53, F(3, 71)), whereas location alone and the interaction of location and timepoint did not significantly explain differences in Shannon diversity. We found that at the August 2019 time point, Shannon diversity was significantly higher in the east and west shores compared to the north (p = 0.01 and 0.03, t = -2.95 and -2.54, and df = 71 and 71, respectively; Figure 3A; Supplementary File 1). For Chao1 diversity, only the interaction between timepoint and location was found to be a significant driver of alpha diversity (LMEM, p = 0.048, F = 2.28, F(6, 57.1)), whereas timepoint or location alone did not significantly affect alpha diversity. In accordance with Shannon diversity, Chao1 diversity was higher in the east shore compared to the north shore (p = 0.002, t = -3.56, df = 70.76) but also compared to the west shore (p = 0.02, t = 2.73, df = 69.83; Figure 3B; Supplementary File 1). Additionally, within the east shore, higher Chao1 diversity was observed in August 2019 (after) compared to March 2019 (during) (p = 0.01, t = 3.24, df = 48.23; Figure 3C). These differences in both Shannon and Chao1 diversity appear to be largely influenced by LTER site 3, because this site displayed much higher alpha diversity values than other sites (Supplementary Figure 4).

[image: Box plots of diversity indices from August 2018 to March 2020 across North, East, and West locations. Panel A shows Shannon diversity; Panel B shows log-transformed Chao1 diversity. Color-coded timepoints highlight changes over time. Notable variations in diversity are observed, especially in August 2019.]
Figure 3 | Alpha diversity metrics, Shannon diversity (A) and Chao1 diversity (B, C), for non-metazoan microeukaryotes calculated at the genus level. Boxplots that do not share a letter indicate a statistically significant difference between the groups. A and B display alpha diversity metrics between shore types within single timepoints, whereas C displays Chao1 diversity across timepoints within specific shores. Included in analyses are 22 total samples from March 2019 from both the north and east (n=9, n=9) and west (n=4); 25 total in August 2019 from the north (n=12), east (n=9), and west (n=4); and 12 total from March 2020 from north (n=5), east (n=4), and west (n=3).




3.4 Non-metazoan microeukaryote community composition shifts significantly as a result of space and time

To explore variation within the non-metazoan microeukaryotic communities residing in A. hyacinthus samples, we calculated beta diversity over time and space. In August 2018, prior to the extreme marine heat wave and bleaching event, baseline microeukaryote microbiome composition significantly differed by location around the island (north, east, and west shores) (p = 0.027, pseudo-F = 1.6, R2 = 0.13). This appeared to be driven largely by the north shore, because communities between the east and west shores displayed no significant differences at this, or any, time point (Supplementary File 1). Unlike the east and west shores, the north shore also contained fore reef sites (n = 5). When these sites were removed from the analysis, however, the spatial beta diversity patterns remained consistent; therefore, these samples were retained throughout the analysis.

Without the confounding effect of location, we subset the data by shore type in order to investigate how the heat wave affected community structure over time. After parsing, no significant differences between sites within locations were observed at any time point (Supplementary File 1). On the north shore, we observed significant differences in microeukaryotic community composition over time between August 2018 and August 2019 (p = 0.01, pseudo-F = 4.89, R2 = 0.22), between March 2019 and August 2019 (p = 0.02, pseudo-F = 2.79, R2 = 0.13), and between August 2018 and March 2020 (p = 0.02, pseudo-F = 2.83, R2 = 0.18). However, no significant differences in community composition were identified across time in the east or west shores – although the east shore displayed significantly higher beta dispersion (variance) in August 2019, compared to both August 2018 and March 2019 (Figure 4).

[image: Top panel shows three PCA plots for regions North, East, and West, each with differently colored ellipses representing data over four time periods. Bottom panel shows box plots for the same regions, depicting the distance to centroid over the same time periods, with notable differences marked by asterisks in the East plot. Dates are color-coded in the legend.]
Figure 4 | Top: Principal components analysis ordination of beta diversity over time based on Euclidean distances, separated by location around the island (north, east, and west). Time points are designated by the color of points and ellipses. Ellipses represent the 95% confidence interval. Bottom: Beta dispersion (within-group variation) over time as distance-to-centroid, separated by location around the island. Boxplots that do not share a letter indicate a statistically significant difference between the groups. Included in analyses are 22 total samples from March 2019 from both the north and east (n=9, n=9) and west (n=4); 25 total in August 2019 from the north (n=12), east (n=9), and west (n=4); and 12 total from March 2020 from north (n=5), east (n=4), and west (n=3).




3.5 Heat stress drove changes in the relative abundance of specific microeukaryotic taxa

To understand island-wide patterns, we identified taxa that were differentially abundant across shore types within each time point. Prior to the bleaching event, no taxa were identified as differentially abundant between any of the shores (Supplementary File 1). During the bleaching event in March 2019, a single Corallicola aquarius ASV (ASV 9) had significantly higher relative abundance in the west shore relative to the north (Figure 5), although the log fold change (LFC) was quite small (LFC = 1.53; Supplementary File 1). This trend was sustained, and amplified, in the August 2019 time point (LFC = 4.31; Supplementary File 1), but was not detected in March 2020 (Figure 5). Compared to the north shore, several Symbiodinium ASVs were significantly reduced in relative abundance in the east shore at all time points – but most notably in March 2019 (Figure 5). In the west shore, however, only a single Symbiodinium ASV (ASV 2) had significantly lower relative abundance compared to the north shore in March 2019 and March 2020. In August 2019 and March 2020, several Cladocopium ASVs significantly increased in relative abundance in both the east and west shores relative to the north shore (Figure 5). Across all time points, no taxa were identified as significantly differentially abundant between the west and east shores (Figure 5; Supplementary File 1). Importantly it is notable that 18S rRNA copy number can vary across Symbiodiniaceae genera and lineages (Gong and Marchetti, 2019; Davies et al., 2023), but data are not currently available to correct for this potential variation in this study.

[image: Three rows and three columns of scatter plots compare “North vs. East,” “North vs. West,” and “West vs. East” across March 2019, August 2019, and March 2020. Axes show log fold change and negative log10 adjusted p values. Data points are colored by taxa: Coralllicola aquarius (orange), Cladocopium (red), Symbiodinium (purple), and other (gray).]
Figure 5 | Volcano plot depicting differentially abundant non-metazoan microeukaryotic taxa in Acropora hyacinthus in March 2019 and August 2019. Taxa below the horizontal dotted line are determined to be non-significantly different. Each dot represents a single ASV, and dots are colored by genus or species. Log fold change values are for the second group in the comparison. Sampling numbers are as follows: in March 2019 north and east (n=9, n=9), west (n=4); in August 2019 north (n=12), east (n=9), and west (n=4); and in March 2020 north (n=5), east (n=4), and west (n=3) were used.





4 Discussion



4.1 Apicomplexan abundances in coral host may be influenced by marine heat waves

Species from the phylum Apicomplexa appeared in A. hyacinthus samples on all shores in Mo’orea throughout the course of the study (Supplementary Figure 3). Within the phylum, the genus Corallicola was the singular representative. This genus lies within the order Corallicolida, a deep-branching clade that is known to be associated with corals (Kwong et al., 2021). Corallicola aquarius was the only taxon that was identified as a named species present in our data, though several other taxa only annotated to the genus level were also identified (Supplementary File 1).

Apicomplexans have been identified in several, often healthy, coral species (Kwong et al., 2019; Toller et al., 2002; Kirk et al., 2013; Janouškovec et al., 2015; Upton and Peters, 1986; Slapeta and Linares, 2013; Janouškovec et al., 2013; Mathur et al., 2018; Vohsen et al., 2020). In some cases, however, it is thought that this association may have negative implications because apicomplexans have been shown to proliferate in corals under disease and thermal stressors (Garcia et al., 2013; Bonacolta et al., 2024). In octocorals, Corallicola differential abundance has been shown to predict coral thermal susceptibility and mortality (Bonacolta et al., 2024), and our findings of enrichment during periods of thermal stress may suggest a similar connection between Corallicola and hexacorals.

Both Corallicola aquarius and taxa from the genus Corallicola appeared in healthy corals around the island at low relative abundances, which indicates that the relationship between A. hyacinthus and Corallicola is fairly common, widespread, and robust around the island (Supplementary Figure 3). Therefore, our results support that under normal conditions, apicomplexans (namely of the genus Corallicola) can exist as a neutral or commensal member of the A. hyacinthus microeukaryotic community – as shown by low relative abundance prior to, and one year after, a severe bleaching event. Despite its consistent low relative abundance, significant increases in relative abundance were documented – namely in the east and west shores during and immediately after an environmental disturbance. This apparent increase may also be due, in part, to an overall reduction in photosymbiont density given that photosynthetic dinoflagellates are known to decrease in coral hosts in response to heat stress events (Nielsen et al., 2018); therefore, the decrease in Symbiodiniaceae may result in a perceived increase in Apicomplexa relative abundance. Alternatively, the increased relative abundance may highlight the possible shift from a commensal apicomplexan-host relationship to one of opportunistic parasitism that further weakens host health. However, parasitism in an ecological framework can also provide possible benefits, with parasite-mediated effects on population dynamics, interspecific competition, and energy flow possibly resulting from a system rich in parasitic individuals (Hudson et al., 2006). When put in the context of the coral holobiont, as suggested in Bonacolta et al. (2024), parasitism complicates our understanding of Corallicola’s role within the coral holobiont, even if a parasitic relationship between Corallicola and its coral host can be more substantially defined by previous findings (Bonacolta et al., 2024).

Yet, due to the limited knowledge about how these organisms interact with their coral hosts, it remains difficult to speculate whether their role is beneficial or harmful. Additionally, given the compositional nature of sequencing data and 18S rRNA gene copy number variation (Countway et al., 2005), without true quantitative data informing total apicomplexan abundance, it is difficult to directly infer the impacts that these apparent changes in relative abundance have on coral health. Furthermore, without other quantitative molecular methods such as qPCR, we are unable to definitively determine if the total abundance of Corallicola increased, or if the perceived increase in relative abundance was simply due to the reduction in other taxa. However, from this study, it was found that Corallicola exist in A. hyacinthus populations around Mo’orea, both in healthy populations as well as corals experiencing extreme thermal stress. This establishes Corallicola as a likely common member of the A. hyacinthus holobiont, as well as provides insight into the dynamics of members of Corallicola within A. hyacinthus corals during a common stress event for stony corals.




4.2 Marine heat waves may promote shifting dynamics within the dominant dinoflagellate populations in A. hyacinthus hosts

As expected, given that they are obligate symbionts of coral, dinoflagellates in the family Symbiodiniaceae were the most abundant non-metazoan microeukaryote recovered from the A. hyacinthus holobiont and were detected from every sample across all sites and timepoints. Under normal conditions before the bleaching event, Cladocopium was the most abundant genus. However, on the north shore, apparent shuffling from Cladocopium to Symbiodinium occurred after the bleaching event – most notably in the August 2019 timepoint. This shift is supported visually (Figure 2) and statistically (Figure 5), because several ASVs within the Cladocopium genus were enriched following the marine heatwave. The dominance of the genus Cladocopium in A. hyacinthus corals is consistent with compositions found in studies conducted on A. hyacinthus corals prior to the 2019 bleaching event in Mo’orea (Putnam et al., 2012; Epstein et al., 2019; Kriefall et al., 2022). In other studies that observed symbiont composition following this bleaching event, Durusdinium and Symbiodinium were identified as more abundant than Cladocopium (Grupstra et al., 2021; Leinbach et al., 2022). Leinbach et al. in particular observed a dominance of the genus Symbiodinium in A. hyacinthus samples post-bleaching event, where corals sampled pre-bleaching event from Mo’orea saw a dominance of the genus Cladocopium (Kriefall et al., 2022), which is similar to what we observed in this study – particularly on the north shore.

​Symbiont shuffling, as we observed in the north shore, is an adaptive strategy by which corals can resist heat stress by exchanging their current algal symbionts for more thermally tolerant ones (Baker et al., 2004). As with many resistance and resilience strategies, there are often tradeoffs associated with symbiont shuffling such as weakened resilience against other stressors due to reduced photosynthetic efficiency and energy allocation (Jones and Berkelmans, 2010, 2011). Additionally, not all individuals will utilize this method during heat stress – as we observed in the east and west shores. One possibility that may explain the differences in symbiont shuffling across shores could be due to environmental heterogeneity across the island – particularly in terms of nutrient enrichment – because nutrient ratios often drive host-symbiont interactions (Shantz and Burkepile, 2014; Baker et al., 2018; Morris et al., 2019). In the present study, we observed that the north shore displayed a higher degree of symbiont shuffling compared to the east and west shores (Figures 2, 5). This north shore is also known to be nutrient rich due to anthropogenic activity. The geography of the north shore includes two large valleys in which much of the human population lives. When land was cleared for agricultural use and urban development (Walker et al., 2014), waste from animal livestock, runoff from agricultural and landscaping activities, and treated and untreated human waste made the north shore particularly susceptible to periods of high nutrient enrichment (Haßler et al., 2019; Adam et al., 2021). In previous studies, elevated nutrients – particularly nitrogen – were shown to increase bacterial and archaeal microbiome diversity (McConnell, 2019). Further, excess nutrients can have direct effects on the coral microbiome, causing increased coral microbiome dispersion and dissimilarity (Messyasz et al., 2021).

Alternatively, the compositional change in the algal symbiont community may reflect a more negative development, rather than a beneficial adaptation. Under various climate change scenarios, Symbiodinium species are known to transition from a mutualistic to parasitic relationship within the coral host (Lesser et al., 2013; Baker et al., 2018) – especially under nutrient enrichment conditions. Given that this study did not directly measure nutrients at the LTER sites, further work could enhance our understanding of whether or not this transition is potentially beneficial or harmful to the host. It should also be noted that understanding Symbiodiniaceae dynamics within these samples was not the original intent of the study, and as such, the marker gene that was used (18S rRNA) is not the typical marker gene used to study these dinoflagellates. The 18S rRNA method used here does not allow us to resolve lineage and instead allows for comparison at the clade level (Sampayo et al., 2009). As a result, we cannot definitively resolve the functional shifts associated with the changes in the dominant symbiont observed in this study.




4.3 Other non-metazoan microeukaryote populations are potentially diversified by a marine heat wave

Though in small abundances compared to members of Symbiodiniaceae and Corallicola, several non-metazoan microeukaryotes from other taxonomic groups were found to inhabit A. hyacinthus. This was largely true after the bleaching event, at the August 2019 time point which could signal a tendency for these coral microbial communities to shift towards a more diverse state during the bleaching event. In the August 2019 timepoint, we observed higher Shannon diversity and dispersion in the east shore. This may indicate that, in terms of composition, the community may be relatively stable but the relative abundance of taxa may drive within-group heterogeneity. It is also possible, as discussed previously with the Apicomplexa, that with the loss of Symbiodiniaceae that commonly accompanies bleaching events, these low abundance taxa became more apparent during sequencing. Not much is understood about the community dynamics among microeukaryotic communities within coral during thermal stress events outside of Symbiodiniaceae dynamics, though similar results were seen in bacterial communities in corals around Mo’orea and in the Florida Keys during various thermal bleaching events (Maher et al., 2020; Wang et al., 2018). Here, highly diverse bacterial communities were observed immediately after the bleaching event – several months after peak temperatures had been reached. This is thought to occur due to a delayed establishment of opportunistic taxa until temperatures subsided, thereby increasing in richness as the event continues (Maher et al., 2020; Wang et al., 2018). It has also been suggested that external stressors on hosts can induce “Anna Karenina Principle” effects on host microbiomes (including corals), in which beta diversity increases during periods of above average temperatures in coral surface microbiomes (Zaneveld et al., 2017). We saw the addition of several microeukaryotes to the microbiome of A. hyacinthus over the course of the bleaching event, including members of Rhodophyta, Cylindrotheca (diatoms), and Protocruzia (ciliates). This signals a shift toward dysbiosis in the microeukaryotic community of A. hyacinthus corals, potentially in response to the stressful conditions experienced.

It is likely that red turf-forming algae such as Ceramium codicola (and to a lesser extent family Rhodomelaceae and genus Polysiphonia) are detected as the result of potential blooms or overgrowth in these coral individuals. Although Rhodomelaceae and Polysiphonia are typical members of a reef ecosystem (Guiry and Guiry 2020), C. codicola is more unusual, because it typically inhabits the colder waters on the Pacific coast of the United States (Cho et al., 2019). Even though it is unusual, members of this family are commonly listed as introduced or cryptic species globally – most often introduced through the shipping industry (Williams and Smith, 2007). Depending on the species and environment, turf-forming algae can compete with corals, potentially weakening or overgrowing their competition (Jompa and McCook, 2003). This competitive relationship suggests that under stress such as that faced by corals during a thermal stress event, it is possible that red turf-forming algae growth increased but the coral was unable to compete at its normal capacity. Similarly, shifts in diatom abundance such as Cylindrotheca closterium may also be indicative of dysbiosis in the community, because C. closterium abundances in Montipora corals have been shown to shift in response to thermal stress – although in cold temperatures (Yamashiro et al., 2012). Diatoms are not uncommon inhabitants of coral mucus (Cavada et al., 2011), but extreme thermal stress may destabilize the relationship, thereby leading to a potential bloom. In this present study, Cylindrotheca closterium was only found in one coral individual at LTER 4 during the August 2019 time point, though it dominated the microeukaryotic community at that time. It is possible that in response to the thermal stress this coral individual was facing during the spring of 2019, C. closterium and other members of the class Bacillariophyceae were able to establish an infection and dominate the microeukaryotic community.

Other microeukaryotic members identified during this period of stress include Hydrolithon onkodes and the ciliates Protocruzia contrax and Protocruzia tuzeti. Hydrolithon onkodes is a coralline algae typical of the reefs surrounding Mo’orea (Tribollet and Payri, 2001) within Rhodophyta. This species often plays a fundamental role in coral larvae recruitment (Birrell et al., 2008) and is therefore considered to be beneficial. Despite this, overgrowth of crustose coralline algae has been documented on scleractinian corals (Eckrich et al., 2011), which may indicate that H. onkodes is not necessarily beneficial if physically overgrowing the coral. The coral individual in which H. onkodes was mainly identified, in LTER 3, is also where most other Rhodophyta members were identified, indicating that H. onkodes growth may have been part of the potential algal overgrowth on that coral individual. Ciliates within the genus Protocruzia have been described to perform a wide range of ecological functions within coral reef ecosystems, including bacterivory (Sweet et al., 2019), nutrient acquisition during stress events (Kramarsky-Winter et al., 2006), and protection against pathogens through antibiotic secretion (Rohwer et al., 2002). These ciliates were most notably present during the August 2019 timepoint after the severe bleaching event. Their presence may serve a supporting role to corals during this stress period through nutrient acquisition or pathogen protection, or a more opportunistic role because ciliates are often attracted to diseased or decaying coral tissue (Ravindran et al., 2022). Both ciliates and H. onkodes may be less detrimental to the coral holobiont compared to diatom and turf algae overgrowth but may still be circumstantially harmful.

With all of the microeukaryotes observed during the August 2019 timepoint however, it is important to note that no widespread patterns across space or time were observed. Most microeukaryotes not belonging to Corallicolida or Symbiodiniaceae were only found in specific individuals at specific time points, making it difficult to speculate on any overarching roles or causation regarding these organisms as they relate to thermal stress or bleaching events within the coral holobiont.





5 Conclusion

In this study, we found that in A. hyacinthus, apicomplexans from the genus Corallicola increased in relative abundance during and after a severe bleaching event. During the bleaching event, Cladocopium and Symbiodinium (photosynthetic dinoflagellates) abundances were dynamic especially on the north shore of the island, where we saw shuffling from Cladocopium dominance to Symbiodinium dominance. We also showed that, overall, the non-metazoan microeukaryotic community became more diverse immediately after the bleaching event, with taxa such as Rhodophyta, diatoms, and ciliates populating corals during a period of stress. Through this work, we identified patterns of Corallicolida population dynamics in response to a severe marine heat wave and bleaching event and gained insight into apicomplexan dynamics within the coral holobiont during this increasingly frequent stress event. At present, sequencing data such as in this study rely on relative abundances, however implementing the use of qPCR for Corallicolida genomic signatures in future bleaching event experiments could provide quantitative information about true fluctuations in species abundance. Further, including more frequent and widespread sampling, explicit monitoring of other environmental parameters such as nutrients and salinity and developing microscopy methods to understand localization of these microorganisms could enhance understanding of apicomplexan dynamics within the coral holobiont during stress events.
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Supplementary Figure 3 | Corallicolidae total abundance across shore types over time for both nonrarefied and rarefied data. Taxa within Corallicolidae were identified in all 83 samples in the nonrarefied data and in 82 samples in the rarefied data.

Supplementary Figure 4 | Alpha diversity metrics, Shannon diversity (A) and Chao1 diversity (B), for non-metazoan microeukaryotes calculated at the genus level. Asterisks with bars denote statistical significance between groups.
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Apicomplexan and non-metazoan
microeukaryotes in the thermosensitive
reef-building coral Acropora hyacinthus shift
in abundance throughout an extreme coral
bleaching event





OEBPS/Images/fmars-12-1626071-g004.jpg
2.5

PC2 [14.7%)]
PC2 [13.8%)]
=)

(=)

PC2 [15.7%)]

o
on

o West
0 ‘i'

PC1 [18.8%]

PC1 [30.0%]

Distance to Centroid

Date B August 2018 (Before) B March 2019 (During) B August 2019 (After) Bl March 2020 (1 Year Later)





OEBPS/Images/fmars-12-1626071-g005.jpg
)

=)

} -

S

o e
®© E 5
nlnw.nlu..m
Od
o o 9
T 8 € O
c 8 5 £
O O mwm O

%

Foee

BTy | T T T

< (ap) AN - o < (ap) N - o < (ap ] N — o
anjeA d paisnlpy 0LbO|-

0.0

)
o
c
©
c
O
S
o
%F
Y O
o
3

5.0





