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Coral bleaching events in the marine environment are now occurring globally, and the frequency and severity of these events are increasing. Critically, these events can cause the symbiosis between Symbiodiniaceae and their coral hosts to break down, but how the microbial community within the coral responds to bleaching is still equivocal. We investigated the impact of thermal stress exposure on the meta-organism responses of the generalist scleractinian coral species Pocillopora damicornis. Using mesocosms to recreate warming scenarios previously observed at Heron Island, we show that P. damicornis symbiont densities and photophysiological parameters declined at a similar rate under thermal stress regardless of the length of pre-bleaching thermal stress, defined here as temperatures above the monthly maximum mean (MMM) for Heron Island but below the local bleaching threshold (MMM + 2°C). However, we find that the P. damicornis microbiome remains stable over time regardless of the degree of thermal stress and the accumulation of pre-bleaching thermal stress. Our study therefore suggests that while P. damicornis is physiologically impacted by bleaching temperatures, the microbial community identified through 16S rRNA sequencing remains unchanged at the ASV level throughout bleaching. Understanding the capacity of a generalist species to withstand bleaching events is imperative to characterizing what coral species will exist on coral reefs following disturbances, as it has been suggested that the success of environmental generalist species may simplify community structure and lead to changes in biodiversity following environmental disturbance.
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INTRODUCTION

In the marine environment, rising sea surface temperatures (SST) have been linked to the longest and most severe coral bleaching events on record (Hughes et al., 2017, 2018; Eakin et al., 2019; Sully et al., 2019), with reductions in the live coral cover of >98% following bleaching events (Vargas-Ángel et al., 2019). Bleaching affects the coral meta-organism or holobiont, considered to be the Symbiodiniaceae, bacteria, archaea, viruses, and other microscopic eukaryotes and prokaryotes living in the coral host in addition to the cnidarian animal (Rohwer et al., 2002; Kellogg, 2004; Rosenberg et al., 2007; Bosch and McFall-Ngai, 2011; Blackall et al., 2015; Ainsworth et al., 2016). While these micro-organisms are generally considered to be fundamentally important for the survival of the coral animal, with functional roles that may include nutrient provisioning, nitrogen fixation, and prevention of infection by pathogens (Rosenberg et al., 2007; Lema et al., 2012; Bourne et al., 2016; Peixoto et al., 2017), rising SST and the resultant bleaching events can cause the symbiosis between Symbiodiniaceae and their coral hosts to break down (Hoegh-Guldberg and Smith, 1989). This can result in a reduction of dinoflagellate cell densities, photosynthetic pigments, and carbon shared with coral hosts (Brown, 1997; Warner et al., 1999; Fitt et al., 2000). Nonetheless, the biological mechanisms of coral response to bleaching are equivocal and have been suggested to be driven by host plasticity (Bellantuono et al., 2012; Palumbi et al., 2014), host genotype (Dziedzic et al., 2019; Drury and Lirman, 2021), symbiont type (Berkelmans and van Oppen, 2006; Sampayo et al., 2008; Howells et al., 2012), bacterial community dynamics (Ziegler et al., 2017), or a combination of the above.

We therefore examined the coral physiology and microbiome responses to bleaching in Pocillopora damicornis. P. damicornis, one of the most widespread and generalist species of scleractinian coral in the pan-Pacific, has historically been characterized as a “loser” in terms of bleaching susceptibility (Harriott, 1985; Loya et al., 2001; van Woesik et al., 2011), with between 10 and 50% of Pocillopora spp. bleaching in the 2016 mass bleaching event on the Great Barrier Reef (Great Barrier Reef Marine Park Authority, 2017). However, bleaching susceptibility of P. damicornis and genetically distinct but morphometrically similar species within its species complex (Schmidt-Roach et al., 2014) can differ by latitude; for example, on the Great Barrier Reef, bleaching thresholds vary across the 6 degrees of latitude (Ulstrup et al., 2006). In addition, a recent study of P. damicornis colonies from Djibouti, French Polynesia, New Caledonia, and Taiwan found that host haplotype and thermal regime were stronger drivers of Symbiodinium and bacterial assemblages than geographic origin, further emphasizing the role of P. damicornis as an environmental generalist (Brener-Raffalli et al., 2018). In addition, corals in the genus Pocillopora have been found to make up 84% of the total recovery on the reef following disturbance, despite being reported as thermally susceptible species (Pérez-Rosales et al., 2021).

Although P. damicornis is well characterized as a thermally sensitive coral species, the aforementioned studies and the cosmopolitan distribution of P. damicornis suggest that changes in P. damicornis physiology in response to bleaching temperatures could be related to local environmental conditions. The well-studied reproductive biology, feeding ability, and widespread availability of P. damicornis (Harriott, 1983; Harii et al., 2002) have also made it a low-cost and successful target for coral restoration efforts on degraded reefs in the Tropical Eastern Pacific (Yeemin et al., 2006; Toh et al., 2013; Lizcano-Sandoval et al., 2018; Ishida-Castañeda et al., 2020). Nonetheless, evidence related to how coral microorganisms function and contribute to the success of P. damicornis corals under future ocean conditions, especially in response to the rising frequency and severity of coral bleaching, is still equivocal. Therefore, the widespread distribution of P. damicornis and potential use as a restoration target make it an ideal study species for disentangling the response of the coral meta-organism.

While P. damicornis has been extensively characterized as a bleaching-susceptible and thermally sensitive coral species, the role of the coral microbiome in bleaching is still unclear. It has been shown that the microbiome of reef corals differs over thermally variable habitats (Ziegler et al., 2017), and there is potentially selection for beneficial bacterial taxa that are important to sustaining coral health under warming thermal regimes (Osman et al., 2020). However, thermal stress has also been linked to shifts in the native microbial community that may have a negative impact on the coral host, e.g., dysbiosis (Petersen and Round, 2014). A dysbiotic state has been described as one where there is a change to bacterial community structure through an increase in opportunistic pathogens (Bourne et al., 2008; Mouchka et al., 2010), such as higher proportions of Vibrio and Acidobacteria in bleached corals than healthy corals (Mouchka et al., 2010). Higher proportions of opportunistic pathogens can shift the community toward an unhealthy composition like that found in association with diseased corals (Rosenberg et al., 2009; Vega Thurber et al., 2009; Li et al., 2020). Dysbiosis can also be defined by individuals that vary more in microbial community composition, e.g., increased beta diversity (McDevitt-Irwin et al., 2017; Zaneveld et al., 2017), with heat stress producing stochastic changes in the bacterial microbiome (Zaneveld et al., 2016). Accordingly, a bacterial community with a non-significant amount of change has been suggested to modulate the response of corals to thermal stress. Examples include corals from highly variable warm environments bleaching minimally and maintaining their original bacterial community composition throughout heat stress (Ziegler et al., 2017), Turbinaria reniformis maintaining a diverse and stable (e.g., not changing from original community composition prior to stress) microbiome throughout heat stress with minimal physiological decline (Grottoli et al., 2018), and low variation in bacterial diversity within individual colonies of Pocillopora acuta showing no visible signs of bleaching during the 2016 bleaching event on the GBR (Epstein et al., 2019). However, the relationship between changes, or a lack thereof, in the community structure of the bacterial microbiome and host physiology during bleaching events requires further research. Findings from these studies further highlight the complexity and importance of comprehensive responses of the coral host, algal symbionts, and associated bacteria to heat stress.

Given the widespread nature of P. damicornis and its potential for use in coral restoration efforts, it is important to determine if these generalist species have the capacity to acclimate to or overcome future environmental conditions. The present study investigated the impact of summertime sea surface temperature scenarios on P. damicornis physiological and microbial community response by exposing colonies of P. damicornis to the predominant summertime SST trajectory recorded on the GBR during bleaching events at Heron Island, where a sustained sub-bleaching temperature pulse (∼32°C) precedes bleaching conditions (∼34°C), to better understand how the community structure of the P. damicornis bacterial microbiome corresponds with changes in the coral physiology in response to thermal stress.



MATERIALS AND METHODS


Coral Collection

A total of 18 colonies of the scleractinian coral P. damicornis were collected from the shallow fringing reef flat (1–2 m depth) on the southern side of Heron Island, Australia (23.4423°S, 151.9148°E). Colonies were collected from >3 m apart and separated by distinct sand patches to ensure that colonies were not clonal (Permits: G17/39039.1, G19/41974.1). A temperature logger was also deployed at the site of collection to record in situ reef temperatures throughout the experiment (HOBO MX-2201, Onset, United States). Immediately after collection, colonies were transported to Heron Island Research Station and divided equally between two outdoor flow-through raceway tanks (1000 L) exposed to ambient light and seawater temperatures. Colonies were tagged and left in the flow-through tanks to acclimate for 11 days prior to the start of the experiment.



Experimental Conditions

All four 1000-L flow-through tanks were filled with sand-filtered ambient seawater pumped in from 1 to 3 m depth on Heron Island reef flat. Following acclimation, six colonies were allocated randomly to two heating regimes replicating two durations of SST pre-stress periods prior to thermal stress events. Broadly, the temperature in the heat treatment tanks was increased daily by ∼ 0.5–1°C/day until reaching a target temperature and then maintained at that temperature, with an overnight relaxation in SST of a similar amplitude between the daily minimum and peak maximum temperatures to what was observed for summertime SST on the reef (∼ ± 3−4°C) and in ambient conditions (Figure 1). The sustained sub-bleaching stress period tested here re-creates a temperature stress trajectory that is characteristic of 75% of past thermal stress events on the GBR (n = 277, Ainsworth et al., 2016). Specifically, heat trajectories were experimentally created as follows:
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FIGURE 1. Mean temperature (averaged by hour) for each warming trajectory, overlain with accumulated degree heating weeks (DHWs). Periods of warming are shaded showing initial sub-lethal temperature increases for (A) the short stress scenario (4 days) and (B) the long stress scenario (6 days), and an increase to bleaching temperatures for (C) both scenarios. Bold dates represent sample timepoints. DHWs continued to accumulate following the end of the warming experiment, due to above-average ambient/in situ seawater temperatures. Field temperature data for 9–11 Feb are missing due to logger malfunction.



(1)Short stress: Colonies were exposed to a gradual stepwise increase in peak daytime seawater temperature to ∼2°C below the thermal bleaching threshold (32°C) over a 4 day period (Figure 1A), followed by a recovery period of 15 days at ambient seawater temperature (∼27°C), and then another gradual increase in seawater temperature to the thermal bleaching threshold (34°C) over a 12 day period (Figure 1C).

(2)Long stress: Colonies were exposed to a gradual stepwise increase in peak daytime seawater temperature to ∼2°C below the thermal bleaching threshold (32°C) over a 4 day period and then held at 32°C for 2 days (Figure 1B), followed by a recovery period of 15 days at ambient seawater temperature (∼27°C), and then another gradual increase in seawater temperature to the thermal bleaching threshold (34°C) over a 12 day period (Figure 1C).



The remaining six colonies were held in the ambient tanks for the duration of the experiment and exposed to the normal thermal variance from the reef lagoon the colonies were sourced from. Following the completion of heating trajectories, all corals were randomly distributed to ambient tanks for a 10-day recovery period.

Photosynthetically active radiation (PAR) was measured continuously ∼20 cm below the surface in each tank using a PAR logger (Odyssey, Dataflow Systems, NZ) calibrated to a 2π quantum sensor (LI-192 connected to an LI-1400 meter, LiCor, United States) and temperature in each tank (°C) was continuously recorded every 5 min using HOBO MX-2201 temperature loggers (Onset, United States). Because HOBO temperature loggers may record higher temperatures than surrounding seawater due to internal heating of the transparent plastic casing (Bahr et al., 2016), loggers were deployed beneath a small PVC cover that provided shade but did not limit water flow. To provide a numeric estimate of amount of heat stress accumulated, in situ temperatures were translated to the NOAA Coral Reef Watch Degree Heating Weeks (DHWs) (Liu et al., 2014), which are used to identify local temperature thresholds linked to coral bleaching on a 5 km scale. In brief, “experimental Degree Heating Weeks (eDHWs)” were adapted from the formula used to calculate DHWs from satellite-derived SST, which measures heat accumulation relative to increases greater than 1°C above the Monthly Maximum Mean (MMM) for a location (e.g., Heron Island: MMM + 1 = 28.3°C, so eDHWs accumulate when daily in situ temperatures average >28.3°C).



Sampling Procedure

Six coral fragments (“wild”) were sampled on the Heron Island reef flat 17 days prior to the start of the experiment to characterize a baseline for the P. damicornis microbiome at the study site (day 0). Following the acclimation period, corals were sampled on days 6 (following pre-stress), 22 (end of first recovery period), 34 (end of second stress), and 43 (end of second recovery period) (Figure 1). At each sampling timepoint, one branch was randomly sampled from the center of each colony between 1,200 and 1,300 h using bone cutters sterilized with 100% molecular-grade ethanol between each sample. The bottom 1 cm of each branch (n = 18 per timepoint) was immediately snap-frozen in Whirl-Pak© bags dipped in liquid nitrogen and stored at −80°C for later 16S rRNA gene sequencing. The remaining upper portion of each branch (3–4 cm) was used for determination of Symbiodiniaceae cell density (n = 18 per timepoint).



Symbiont Densities

Immediately following sampling, fragments at each sampling timepoint were washed with 50 mL of 0.45 μm-filtered seawater (FSW) and stripped of tissue using a [image: image]-inch pistol grip blow gun (Ozito, Australia) fitted to a compressed air tank. The resulting algal slurry was centrifuged and washed to remove residual coral tissue, and the resulting pelleted Symbiodiniaceae cells were then resuspended in 5 mL of FSW. Symbiont cell densities in 5 mL aliquots were determined from an average of 6 replicate Neubauer hemocytometer counts, standardized to the liquid volume of the original slurry (50 mL), and normalized to coral surface area. The surface area of each fragment was determined using the wax dipping method (Stimson and Kinzie, 1991).



Photophysiology

Replicate coral fragments (n = 5 per tank) were used to measure photosynthetic efficiency of in hospite Symbiodiniaceae cells, using a Pulse-Amplitude Modulated (PAM) fluorometer (MAXI Imaging PAM, Waltz, Effeltrich, Germany). Imaging PAM analysis was done between 19:30 and 21:00 every 3 days during recovery periods and daily during heating periods (n = 3 technical replicates per fragment). The dark fluorescence yield (F0) of each fragment was measured with a weak pre-stress of light, followed by a saturating pulse of 2,700 μmol quanta m–2 s–1 of photosynthetically active radiation (PAR) for 800 ms to measure maximal fluorescence (Fm). The maximal dark-adapted photosystem II (PSII) quantum yield of chlorophyll fluorescence (Fv/Fm) was then calculated according to the following equation:
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In addition, measurements on each fragment were taken every ∼2–3 days using the pre-programmed “induction curve + recovery” kinetic recording setting, used to quantify the dark-recovery ability of Symbiodiniaceae cells after a period of illumination (induction recovery, IR). In short, after an initial pulse of actinic light, 15 saturating pules of PAR were applied to each fragment at ∼ 20 s intervals for 5 min. A recovery phase followed this, where a further 10 saturation pulses were applied over a 5-min period without actinic illumination. A total of 25 measurements of effective quantum yield were taken over 10 min for each fragment at each timepoint to construct an IR curve.



Statistics

All statistical analyses were performed in R. A linear mixed-effects model with “Day” and “Treatment” as main effects, “Day × Treatment” as an interaction effect, and “Tank” nested within “Treatment” as a random effect was used for comparisons of symbiont cell density. For symbiont densities, data were log-transformed to meet assumptions of normality and homogeneity of variance. A similar linear mixed-effects model was used for analyses of photophysiology. The model used “Day” and “Treatment” as main effects, “Day × Treatment” as an interaction effect, and “Fragment” nested within “Tank” as a random effect to test (a) changes in dark-adapted yield over time by treatment, (b) changes in quantum yield at the end of the induction period, and (c) changes in quantum yield at the end of the recovery period. For the IR curve data, the last data points of the induction period (point 15, 00:05:05) and the recovery curves (point 25, 00:09:24) were selected for analyses to characterize the ability of the symbiont population to recover from light stress. Yield data were Box Cox transformed for (a), (b), and (c) to meet assumptions of homogeneity of variance. Significant differences for symbiont cell density and yield were determined between treatments or treatments by day using Tukey post hoc pairwise comparisons.



16S rRNA Gene Sequencing

A 1–2 cm fragments (1.26 ± 0.05 g, mean plus SE, n = 68) were homogenized by bead beating in 15 mL tubes using a mix of 4 × 6.35 mm zirconium oxide-coated ceramic grinding spheres (Matrix M, MP Biomedicals) and 1.08 g of 1.4 mm ceramic spheres (Matrix D, MP Biomedicals). DNA extraction followed manufacturer protocols using a QIAamp DNA Mini Kit, Qiagen with minor adjustments as briefly outlined here. Two mL of lysis buffer (Buffer ATL, Qiagen) was added to each tube, and a FastPrep-24 5G homogenizer fitted with a TeenPrep adapter head was programmed to run 3 rounds of 20 s each (6.0 m/s) to homogenize the sample. Following homogenization, 360 μL of paste from each sample was transferred to a 2 mL microcentrifuge tube and mixed with 40 μL Proteinase K. All samples in 2 mL tubes were incubated overnight at 56°C and then purified using a silica-membrane-based nucleic acid technique. Following the remainder of the manufacturer’s protocol, quantities of AL buffer and 100% molecular-grade ethanol were increased in proportion to the increased ATL buffer volume prior to vortexing and adding to the collection column (QIAamp DNA Mini Kit, Qiagen). Extracted DNA concentration and purity were quantified using a Qubit Fluorometer and Qubit dsDNA broad-spectrum assay kits (Life Technologies, Thornton, NSW, Australia). Extracted DNA was stored at −20°C prior to PCR amplification and sequencing. DNA extraction, amplification, and sequencing were performed on negative controls (no sample template) run as every 12th sample as well. Sequencing was performed at the Ramaciotti Centre for Genomics (UNSW, Sydney, NSW, Australia) on the Illumina MiSeq platform following manufacturer’s protocol. For bacterial communities, 16S rRNA gene libraries were generated using the 27F and 519R primers (V1-V3 region).



Sequence Analysis

Sequence data were analyzed using Quantitative Insights Into Microbial Ecology version 2 (QIIME2, Bolyen et al., 2019). After denoising and primer removal using the DADA2 pipeline (Callahan et al., 2016), taxonomy was assigned to amplicon sequence variants (ASVs) in QIIME2 using a Naive Bayes classifier trained on the Greengenes 13_8 database (McDonald et al., 2012), a reference database commonly used in microbiome analysis (Knight et al., 2018). Chloroplasts, mitochondria, and unassigned ASVs (classification absent at a phylum level) were excluded from the final ASV table. Quality control was done in R (version 3.6.1) using the package decontam at a threshold of 0.1, which implements a statistical classification procedure that identifies contaminants in sequencing data (Davis et al., 2018). In brief, decontam identifies and filters out contaminants that appear more frequently in negative controls than experimental samples (Davis et al., 2018). Further exploratory analyses were done in R using the package phyloseq (McMurdie and Holmes, 2013). The identified bacteria were annotated based upon three hypothetical categories (sensu Hernandez-Agreda et al., 2018):


(1)Community: The overall microbial community was characterized as all taxa present in P. damicornis samples after filtering (Hernandez-Agreda et al., 2018) and broadly represents the bacterial community of P. damicornis at Heron Island. Indicator species, defined as the taxa found significantly more often in one treatment group compared to another, were analyzed on community samples agglomerated to class level (De Caceres and Legendre, 2009).

(2)Core: The coral core microbiome was determined for species-specific community taxa at a prevalence threshold of ≥80%, e.g., present in equal to or greater than 80% of samples (Ainsworth et al., 2015; Hernandez-Agreda et al., 2018), shared among individuals of the species within and across distinct sampling timepoints (Shade and Handelsman, 2012).

(3)Environmentally responsive: The environmentally responsive community was composed of the remaining core taxa at a prevalence threshold of ≥80% that were distinct to each treatment and timepoint, e.g., not shared among all individuals and changing in response to environmental conditions (Hernandez-Agreda et al., 2018).



All downstream statistical analyses were performed in R; the package vegan was used for multivariate statistics, indicspecies for indicator species analysis, and ggplot2 for data visualization. Alpha diversity metrics were analyzed separately for each treatment using unrarefied data, as rarefaction can result in bias of alpha diversity metrics when taxa are unobserved due to rarefaction (McMurdie and Holmes, 2014; Willis, 2019). Kruskal–Wallis tests were used for non-parametric distributions to compare changes in alpha diversity metrics (Chao1, Shannon, and Simpson) over time, as residuals were not normally distributed (determined via Shapiro test). A one-factorial permutational analysis of variance (PERMANOVA) was run using in package vegan using 999 permutations to test for differences between timepoints for each treatment using a weighted UniFrac distance matrix on rarefied data. Weighted UniFrac analysis incorporates abundances of ASVs when calculating distance matrices, and is useful for examining differences in community structure.




RESULTS

In situ reef temperatures averaged 27.2°C each day (n = 53 days), equivalent to a thermal exposure of ∼ 2.2 DHWs over the course of the experiment due to several warmer days where the average temperature for the days reached above the MMM + 1°C. However, no bleaching was evident in the Heron Island lagoon or reef slope during Jan – Mar 2019. Similarly, ambient experimental conditions accumulated ∼1.4 eDHWs due to the normal summertime water temperature variation on the reef flat (source water) (Figure 1) and no signs of bleaching were evident in the experimental ambient corals. Within the simulated heat stress conditions, the short stress conditions averaged a max temperature of 30.3 ± 0.4°C (mean ± SE, n = 4 days) during the pre-stress period and 32.9 ± 0.6°C during the second heating period (mean ± SE, n = 12 days), equivalent to the accumulation of ∼ 4.8 eDHWs. Long stress conditions averaged a max temperature of 31.2 ± 0.4°C (mean ± SE, n = 6 days) during the pre-stress period and 32.8 ± 0.6°C (mean ± SE, n = 12 days) during the second heating period, equivalent to the accumulation of ∼ 5.4 eDHWs. No mortality, identified as bleached coral skeleton with tissue loss and/or visible microbial biofilm growth (Leggat et al., 2019), was observed through the duration of the experiment within any tanks or on the reef flat. All coral colonies in the heat treatments paled visibly, and both bleached and pale colonies were observed to have polyps extended and feeding at night throughout the experiment.


Symbiont Densities

Symbiont densities were quantified on days 6, 22, 34, and 43 to determine the extent of loss of algal symbionts consistent with bleaching in response to variable scenarios of heat stress (Figure 2A). A significant (p < 0.0500) decline in symbiont cells was observed in corals exposed to the short or long stress periods on days 34 and 43 of the experiment, respectively, at the end of prolonged exposure to bleaching temperatures and after a post-heating relaxation period. However, there was no significant decline in symbiont densities in the pre-stress period at day 6 (following the initial sub-bleaching temperature pulse for both treatments) or during the relaxation period at day 22 (following initial sub-bleaching temperature pulse). On average, the symbiont densities of healthy P. damicornis throughout the experiment were 0.57 × 106 ± 0.06 cells cm–2 (± SE, n = 22). Symbiont densities of corals held in ambient conditions did not differ over time (p > 0.900 for all timepoint comparisons). By contrast, on days 34 and 43 combined, symbiont densities averaged 0.18 × 106 ± 0.02 cells cm–2 (± SE, n = 11) in corals exposed to short stress conditions and 0.13 × 106 ± 0.04 cells cm–2 (± SE, n = 12) in corals exposed to long stress conditions. On day 34, symbiont densities of corals in both short stress and long stress conditions declined significantly from ambient corals (short stress: t = 2.463, p = 0.0470; long stress: t = 4.252, p = 0.0004). On day 43, symbiont densities in corals exposed to long stress conditions declined significantly from ambient corals (t = 4.147, p = 0.0006) but did not differ from those corals exposed to short stress conditions (t = 2.425, p = 0.052, Figure 2A).
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FIGURE 2. (A) Symbiodiniaceae cell densities in response to warming trajectories. Cell densities are displayed for ambient (light gray), short stress (medium gray), and long stress (dark gray) scenarios. Data are mean ± SE (n = 6). (B) Dark-adapted yield of colonies in ambient (solid line), short stress (short dashes), and long stress (long dashes) scenarios. Bolded dates represent sample timepoints. For both (A,B), different lowercase letters indicate significant differences between groups on the same day (Tukey post hoc test, p < 0.05). Timepoints without letters indicate no significant differences between treatments on that day.




Photophysiology

Measurements of PSII quantum yield were taken every 2–3 days throughout the experiment to determine if PSII function decreased in response to heat stress scenarios. Similar to symbiont densities, significant declines in photosynthetic response were found in the heat treatments (Figure 2B). Dark-adapted yield of corals exposed to long stress conditions declined significantly (t = 3.636, p = 0.0009) from ambient conditions following the initial warming period. On day 6, yield (± SE) for corals exposed to long stress conditions averaged 0.598 ± 0.006, contrasting with 0.641 ± 0.004 for ambient and 0.631 ± 0.003 for corals exposed to short stress conditions. Dark-adapted yield converged among treatment and ambient conditions for several days (including day 22) prior to the start of the second warming period, where corals exposed to both short and long stress conditions then began to decline in yield from ambient corals (Day 24; short stress: t = 5.993, p < 0.0001; long stress: t = 4.923, p < 0.0001). Corals exposed to long stress conditions began to increase PSII quantum yield sooner than those exposed to shorter stress conditions (Mar 18, t = −2.650, p = 0.0224) but the yield of both heat conditions at the final sampling date (day 43) did not significantly differ from each other (t = −1.979, p = 0.1182).

Induction recovery curves for effective quantum yield of PSII were used to estimate the ability of symbionts to respond to short-term light stress. Curves were analyzed at the three timepoints closest to sampling dates during the second heating and final recovery period: 7 Mar (day 22, Figure 3A), 15 Mar (day 34, Figure 3B), and 24 Mar (day 43, Figure 3C) at both points 15 and 25 on each curve (Figures 3D,E). On day 34, effective quantum yield declined significantly from ambient for all experimental conditions at point 15 (short stress: t = 15.778, p < 0.0001; long stress: t = 15.121, p < 0.0001) and point 25 (short stress: t = 11.790, p < 0.0001; long stress: t = 12.761, p < 0.0001). Significant differences in effective quantum yield in corals exposed to ambient, short stress, and long stress conditions were found on day 43 at point 15 (p < 0.030 for all); at point 25, ambient and short stress treatments differed (p = 0.002) but long stress did not differ from either.
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FIGURE 3. Symbiodiniaceae induction + recovery curves for effective dark-adapted yield of photosystem II in ambient (solid line), short stress (short dashes), and long stress (long dashes) scenarios. Plots show the effective dark-adapted yield for measurements taken nearest to each sampling timepoint during the final heating period, e.g., (A) Day 22, (B) Day 34, and (C) Day 43. Different lowercase letters indicate significant differences between treatments at the end of the induction recovery period (IR timepoint 15) and the dark recovery period (IR timepoint 25) (Tukey post hoc test, p < 0.05). Plots (D,E) show the change in effective quantum yield values of IR timepoint 15 and 25, respectively, across treatments over the entire warming period, indicating a trend of negative response to heat stress followed by gradual recovery.




Coral Microbiome

The Illumina MiSeq sequencing of bacterial 16S rRNA gene amplicons resulted in 6,875,709 sequences from 68 samples, seven negative controls, and one positive control. Quality control and removal of chloroplasts, mitochondria, unassigned ASVs (classification absent at a phylum level), singletons, and potential contaminants resulted in the retention of 6,537,144 sequences with a mean of 96,134 reads per sample. DADA2 analysis yielded 8,893 distinct ASVs for analysis of the P. damicornis bacterial community. As significant changes in symbiont densities and photophysiology were observed between treatment and ambient conditions, we grouped corals into two categories for microbial analyses: controls (ambient and wild samples, combined initial timepoint hereafter referred to as day 0) and heat stress (long and short pre-stress samples). Control samples contained an average of 104,961 reads (range 1,079–157,222) and heat stress samples an average of 91,319 reads (range 4,180–166,552). The mean number of ASVs per sample for control samples was 170 (range 27–1,140, n = 24 samples) and 138 for heat stress samples (n = 43 samples). A total of 4,078 ASVs were identified for the control community and 6,101 ASVs for the heat stress community; of these, 1,286 ASVs were present in both treatments. These unrarefied communities were used for all analyses excluding beta diversity. For beta diversity metrics, reads were rarefied to a depth of 22,900 reads per sample, resulting in 3,314 ASVs for controls (n = 23 samples) and 5,421 ASVs for heat stress (n = 43 samples).


Beta Diversity Was Found to Differ Between Bacterial Communities Over Timepoints in Both Treatments, but Not Alpha Diversity

Bacterial communities changed over time in both controls (PERMANOVA on weighted UniFrac distance, F = 1.764, p = 0.018) and in heat treatments (PERMANOVA on weighted UniFrac distance, F = 2.032, p = 0.001). There was significant variation between timepoints in both controls and in heat treatments for weighted UniFrac beta diversity metrics using reads rarefied to 22,900 reads (Figure 4C). However, further pairwise statistical tests revealed that the same timepoints differed for both controls and heat treatments (0/6 versus 22 – controls: p = 0.042, heat stress: p = 0.040; 22 versus 43: p < 0.001 for both heat stress and controls). Conversely, Kruskal-Wallis tests for all measures of alpha diversity showed that Shannon diversity in P. damicornis did not differ over time in controls (χ2 = 1.455, p = 0.6931) or heat treatments (χ2 = 2.480, p = 0.4789). ASV richness (Chao1) was also similar over time in controls (χ2 = 3.067, p = 0.3815) and heat treatments (χ2 = 5.920, p = 0.1156). Simpson diversity also did not differ between timepoints for controls (χ2 = 1.860, p = 0.6106) (Figure 4A) or heat treatments (χ2 = 1.602, p = 0.6589) (Figure 4B). There were no significant differences over time between treatments in Shannon diversity (χ2 = 4.5143, p = 0.7190), Chao1 (χ2 = 9.0204, p = 0.2512), or Simpson (χ2 = 3.8261, p = 0.7996).
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FIGURE 4. Alpha diversity metrics sorted by treatment over time for (A) control and (B) heat stress treatments. There were no statistical differences between timepoints. Samples were rarefied to a depth of 22,900 reads per sample for beta diversity (C). PCoA plot shows weighted UniFrac distance, sorted by treatment and sampling date. Ellipses are normally distributed data ellipses.




Coral Microbiome Composition Was Found to Be Similar Between Heat Treated and Ambient (Control) Coral Colonies

Phylum-level assignment of bacterial ASVs indicated the dominance of Proteobacteria in all samples, making up 53% of the observed number of bacterial taxa. The next most dominant phyla consisted of Bacteroidetes (26%), Cyanobacteria (6%), and Planctomycetes (5%). The top four most prevalent phyla in the controls were similar to the P. damicornis microbial community of all samples combined, composed of Proteobacteria (54%), Bacteroidetes (29%), Cyanobacteria (5%), and Planctomycetes (4%) (Figure 5). Within those phyla, the top four most prevalent classes were Gammaproteobacteria, Alphaproteobacteria, Flavobacteriia, and Saprospirae (Figure 5). The top four most prevalent phyla (and the percent they made up of the total observed number of bacterial taxa) in the heat stress treatments were similar to the control community, consisting of Proteobacteria (54%), Bacteroidetes (26%), Cyanobacteria (7%), and Planctomycetes (5%) (Figure 5). The top four most prevalent classes for the heat treatments were also Gammaproteobacteria, Alphaproteobacteria, Flavobacteriia, and Saprospirae. Indicator species analysis was conducted on the ambient and heat stress communities on days 34 and 43 combined, where declines in photophysiology and symbiont densities were indicative of severe bleaching, to determine which taxa were significantly different between bleached and healthy groups. Of 148 taxa observed (agglomerated to genus level), two taxa differed significantly between groups: a Xenococcus spp. and a Piscirickettsia spp.
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FIGURE 5. Relative percent abundance of ASVs in the community microbiome, sorted into top 10 bacterial classes. Samples are grouped into treatment by timepoint.




Bacterial Amplicon Sequence Variants of Interest Do Not Differ Between Treatments Over Time

We further analyzed several taxonomic groups of interest commonly studied in the coral microbiome: the order Vibrionales and the family Endozoicomonaceae. Vibrionales, a family containing known coral pathogens, occurred in only two samples in the controls (on day 0 and day 22) at less than 0.01% relative abundance (Figure 6A). The order Vibrionales was comprised of the genera Pseudoalteromonas (day 6) and an unclassified Vibrionales (day 22). In the heat treatments, the order Vibrionales appeared at all timepoints and was composed of the genera Pseudoalteromonas on days 6, 22, and 34 and an unclassified Vibrionales on day 43 (Figure 6B). One taxa could be identified to species level: Pseudoalteromonas ruthenica, which was present in two heat treatment samples on day 6. The mean relative abundance of Vibrionales was low (between 0.001 and 0.277%) and did not differ between treatments across timepoints (two-factor ANOVA, F = 0.065, p = 0.828). Since sequences assigned to Pseudoalteromonadaceae using Greengenes can often be erroneously classified as Vibrionales (instead of Alteramonadales; Edgar, 2018; Lydon and Lipp, 2018), it is likely that the mean relative abundance of Vibrionales was even lower than 0.277%, further supporting that Vibrionales did not have an impact between treatments across timepoints. Additionally, Vibrio spp. can often be improperly assigned to the Pseudoalteromonadaceae family instead of Vibrionales, however, an NCBI BLAST search of sequences of interest showed that all Pseudoalteromonadaceae in this study were classified as Pseudoalteromonas. The family Endozoicomonaceae was not identified in any samples. Taxonomic classification using Greengenes can also often place the type description of the genus Endozoicomonas within the family Hahellaceae (Kurahashi and Yokota, 2007). In the controls, Hahellaceae appeared in one sample on day 43 at 0.13% relative abundance. In the heat treatments, Hahellaceae appeared in two samples on day 43, at 0.01 and 0.02% relative abundances.
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FIGURE 6. Further analysis of order Vibrionales. Bar plots represent mean relative abundance (± SE) of Vibrionales over time by (A) control and (B) heat stress treatments and show a breakdown of genera present within Vibrionales.




Coral Core Microbiome

The core microbiome was also determined at each treatment and timepoint at a >80% prevalence threshold, chosen as a conservative representation of the core microbiome based on our study design and small number of sample replicates at each timepoint (sensu Hernandez-Agreda et al., 2016). This led us to identify four ASVs present across all timepoints within corals held under ambient conditions (Figure 7A). For the heat stress treatment, three ASVs were identified as consistently associated taxa across all timepoints (Figure 7A). Of the ASVs identified, a Bacilli (Staphylococcus aureus) and an unclassified Gammaproteobacteria were found in both control and heat-stressed core microbiomes. Two unclassified Gammaproteobacteria were found at all four timepoints only in the control core microbiome and one Bacteroidetes (identified to genus as Candidatus Amoebophilus) was found at all four timepoints only in the heat-stressed core microbiome. The sum of the relative abundances of core ASVs per sample averaged between 40 and 60% per timepoint for controls and between 31 and 58% for heat treatments and did not change over time for either treatment (two-factor ANOVA, F = 1.082, p = 0.368) (Figures 7B,C). The most abundant core ASV, found between 5 and 32% mean relative abundance in both control and heat treatments, was an unclassified Gammaproteobacteria previously identified by Bayer et al. (2013) as an uncultured bacterium clone P6-H03 in Stylophora pistillata.
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FIGURE 7. Venn diagrams (A) show common bacterial phylotypes shared between P. damicornis colonies by treatment crossed with timepoint at 80% prevalence, separated into controls (i) and heat stress (ii). Bar plots are average percent relative abundance by class of bacterial phylotypes present in the P. damicornis (B) core and (C) environmentally responsive microbiome.


In corals held under control conditions we find 20 core ASVs were present only on day 0, 1 on day 22, 6 on day 34, and 0 on day 43 (Figure 7A). In corals held under heat conditions, we find 4 ASVs were present only on day 6, 2 on day 22, 0 on day 34, and 1 on day 43 (Figure 7A). All core taxa were identified as unclassified Gammaproteobacteria, with the exception of one Betaproteobacteria (identified as Pelomonas puraquae) present on day 34 in controls and one Bacteroidetes (identified to genus as Candidatus Amoebophilus) present on day 43 in heat treatments. The portion of the core community prevalent in 80% of samples at each timepoint for each treatment made up fewer than 0.05% of the number of P. damicornis bacterial community ASVs.





DISCUSSION

In this study, we investigated the impact of summertime sea surface temperature scenarios on the physiological and microbial community responses of the generalist coral species P. damicornis to determine how fine-scale changes in coral physiology due to different bleaching scenarios corresponded with changes in the coral microbiome. We found that symbiont densities, dark-adapted yield, and effective quantum yield all declined in response to heat stress regardless of the length of exposure to pre-stress warming. The 68–77% difference in symbiont densities between heat-stressed and control colonies in the present study, as well as declines in Fv/FM consistent with other studies of heat-stressed P. damicornis at Heron Island (max temperatures of 31°C, Ulstrup et al., 2008; Tout et al., 2015), indicate that P. damicornis in the heat treatments severely physiologically bleached relative to the control colonies.

Despite severe bleaching in the heat-stressed samples in the present study, we found that the P. damicornis bacterial community at Heron Island did not increase in diversity in heat-stressed colonies. Rather, diversity changed similarly over time in both controls and heat treatments. Similar to Epstein et al. (2019), no clear pattern emerged in which timepoints were driving changes in diversity. Both control and heat stress samples changed over time, suggesting that any bacterial instability was not driven by the heat stress event. Instead, it is possible that the changes observed could be a product of experimental conditions that both control and heat stress samples were subject to, such as fragmentation of the tissues, sample handling, and altered bacterial loads of corals in aquarium tanks versus those found on the reef flat (Kline et al., 2006; Kooperman et al., 2007; Ainsworth and Hoegh-Guldberg, 2009). The ordination plot (Figure 4C) also indicates that one or two outlier samples may have driven this outcome, suggesting overall bacterial stability in both the control and heat treatments. Community structure also resembled that of healthy P. damicornis and other coral species, with Gammaproteobacteria and Alphaproteobacteria as the most commonly identified taxa (Rohwer et al., 2002; Bourne and Munn, 2005). These trends differ from two commonly observed microbial community responses to heat stress: first, the “Anna Karenina Principle” (AKP) of dysbiosis, which suggests that microbial changes induced by perturbations are stochastic and lead to unstable community states instead of a specific microbiome configuration associated with stress (Zaneveld et al., 2017); second, the complementary hypothesis to the AKP in which a shift toward a pathogenic community similar to that found in diseased corals is observed in heat-stressed corals (Bourne et al., 2008; Vega Thurber et al., 2009; Tout et al., 2015). There was no observed shift toward an increase in the pathogenic Vibrio spp., which are likely either a consequence of bleaching or play an active role in bleaching (Morrow et al., 2018). Additionally, there were no pronounced changes in ASV relative abundance in heat treatments, such as the >70% reduction in relative abundance of Clostridium, Endozoicomonas, Nitrincolaceae, and Terasakiellaceae observed at temperatures >31°C by Li et al. (2020). There were also no significant changes in abundance in the core microbiome (e.g., Figure 7B) and in the environmentally responsive community (Figure 7C), where unique phylotypes were associated with ≥80% of control and heat-stressed samples over time but not correlated to the increase of heat stress. The higher number of core taxa (20) in the controls at day 0, which included wild samples, is likely due to inherent differences between corals in the natural reef environment and in tanks (Ainsworth and Hoegh-Guldberg, 2009). The two indicator taxa identified at the genus level (Xenococcus and Piscirickettsia) have both been found on coral reefs previously. Xenococcus is a unicellular cyanobacteria found associated with benthic cyanobacterial mats (Brocke et al., 2018). Piscirickettsia is a known pathogen in salmonid fishes (Fryer and Hedrick, 2003) that has been identified as one of 15 taxa potentially associated with diseased coral tissue in Acropora muricata (Sweet and Bythell, 2015). Changes in beta diversity that have been interpreted as dysbiosis in the coral microbiome are usually accompanied by other compelling evidence of a coral stress response to heat stress, with examples including increased Vibrionales and Oscillatoriales (Zaneveld et al., 2016), significant increases in pathogenic Geitlerinema, Leptolyngbya, Oscillatoria, and Sphingomonas (Casey et al., 2015), or changes in alpha diversity and 24 indicator bacterial species for heat-stressed corals (Pootakham et al., 2019). Therefore, while a significant difference in beta diversity was observed here, evidence for a destabilization of the coral microbiome was limited to two infrequently reported indicator species, further suggesting that the P. damicornis microbiome did not shift toward a dysbiotic state that could be associated with a diseased state leading to bleaching (Rosenberg et al., 2007; Vega Thurber et al., 2009; Zaneveld et al., 2016).

However, our results are consistent with Epstein et al.’s (2019) findings of stable microbiome composition in P. acuta, a species included in the P. damicornis species complex (Schmidt-Roach et al., 2014). Epstein et al. indicate that while the P. acuta microbiome showed some evidence of variation through time, overall stability (defined by Epstein et al., as no marked increase in diversity) was maintained during the months of the experiment that corresponded with two DHWs of heat stress and mass bleaching on the GBR (Epstein et al., 2019). The constrained core microbiome shown here is also similar to what has been shown for the environmental generalist species Pachyseris speciosa, where only 9 bacterial phylotypes out of 173,690 were present in over 90% of coral individuals regardless of abiotic environmental factors (Hernandez-Agreda et al., 2016). In addition, one of the core taxa identified here (Staphylococcus aureus) is prevalent on human skin and in mucus membranes (Krishna and Miller, 2012), and may have been present in all samples as a contaminant irrespective of heat treatment. A study exposing P. damicornis to heat treatments found the most abundant phyla to be similar to the present study, with relative abundances >5% in Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, Halanaerobiaeota, Alphaproteobacteria, Deltaproteobacteria, Gammaproteobacteria, and Verrucomicrobia, and while bacterial communities destabilized at temperatures above 31°C, no increases or decreases of any ASV relative abundances were observed in corals up to 31°C (Li et al., 2020). The disease-associated bacterial taxa that were observed to occur in high abundance in corals at >31°C in Li et al., such as Sphingomonadaceae, Flavobacteriia, Rhodobacteraceae, did not increase in the present study. Similar stability has been observed in the core microbiome across depths (5 – 130 m) and geographic region (7,000 km apart) (7 core phylotypes, Ainsworth et al., 2015). Taken together, these results suggest that in the present study, phyla present at the community level as well as at a high prevalence (≥80%) in the P. damicornis microbiome are not associated differentially with healthy or bleached corals.

Here, we show that P. damicornis underwent a significant decrease in photosystem health and a loss of endosymbiotic Symbiodiniaceae densities indicative of bleaching irrespective of length of bleaching pre-stress, yet the data herein suggest that the community structure of the coral microbiome is unchanged. While rapid microbial community change can potentially aid in the adaptability of the coral host (Peixoto et al., 2017; Pootakham et al., 2018) or the destabilization of the coral meta-organism (Zaneveld et al., 2016; McDevitt-Irwin et al., 2017), an unchanged microbiome may also facilitate resistance to small fluctuations in environmental conditions for the environmental generalist P. damicornis. It has even been suggested that Pocillopora may be a “microbiome regulator,” maintaining a constant microbiome through microbial regulation (Ziegler et al., 2019). For example, the microbiome of the thermally tolerant Turbinaria reniformis remained unchanged when exposed to thermal stress, contrasting with microbiome response of the thermally sensitive Acropora millepora and suggesting that a stable microbiome may contribute to resilience against dynamic environmental conditions (Grottoli et al., 2018). These findings are supported by those of Epstein et al. (2019), who found that stability in the microbiome of the coral P. acuta corresponded with retained pigmentation in corals and no marked increase in pathogenic taxa during a mass bleaching event. In general, studies have shown that if heat stress is mild (e.g., does not result in bleaching or mortality, as in the case of Epstein et al., 2019), the coral microbiome remains stable. However, whether this stability is a result of mild heat stress or in response to mild heat stress remains equivocal, and it is possible that stability in the microbial community may not be reflective of functional changes in microbial taxa. While the present study analyzed prokaryotes, the other microeukaryotes of the coral microbiome (e.g., fungi, endolithic microalgae, and protists; Ainsworth et al., 2017) not included here may also be responding to heat stress; this suggests that there is an underlying strategy employed by P. damicornis to cope with heat stress that could not be identified through analysis of physiology and the microbial community alone. Conversely, an inflexible microbiome could also contribute to a breakdown of the meta-organism relationship between host, symbionts, and microbiome when exposed to severe stress, as observed in the present experiment through a bleaching response. For example, when Orbicella faveolata colonies in the Caribbean bleached during a natural in situ warming anomaly, no coordinated shift in the coral microbiome through time was observed (Tracy et al., 2015). These contrasting results highlight that the ability of a stable microbiome to potentially confer thermal tolerance is likely highly dependent on the severity and duration of the thermal stress event, as well as biological factors of the coral host and its symbioses.

The critical differences between studies observing alternative microbial states (synonymous with microbial dysbiosis) in the bleached coral microbiome, either through increased beta diversity or increased abundance of pathogenic taxa, and the present study are potentially reflective of specific differences in species biology, morphology, and the extent of mutualistic symbioses, commensalism, and pathogenesis of the different members of the coral’s highly diverse microbiome. For example, the microbial communities of Acropora spp. have been shown to change in response to differing levels of anthropogenic stress and to changes in the surrounding environment (Bourne et al., 2008; Grottoli et al., 2018; Ziegler et al., 2019), however, microbial stability in response to heat stress or across different environmental conditions has been observed in P. damicornis (Brener-Raffalli et al., 2018), and in closely related members of its species complex (Ziegler et al., 2016, 2019; Neave et al., 2017; Pogoreutz et al., 2018; Epstein et al., 2019). Our study highlights several possible roles of P. damicornis as an environmental generalist meta-organism occupying a variety of distinct environmental niches on the observed microbial response. First, P. damicornis, as a brooding environmental generalist, is native to both tropical and subtropical reefs in the Indo-Pacific and can be found equally on reef slopes, reef lagoons, mangroves, wharves, and other areas without strong water movement (Hoeksema and Cairns, 2021). In contrast, Acropora spp. are mass-spawning environmental specialists on tropical Indo-Pacific reef locations, favoring sites with a high oxygen content due to good circulation and strong movement of water as well as access to food from oceanic waters (Wallace, 2011). Given the high reproductive rates and widespread distribution of Pocilloporids across environmental conditions, the general stability of the coral microbiome may be reflective of a plastic mechanism by which P. damicornis is able to adjust to local environmental conditions and exist as a generalist. Since bleaching response in scleractinian corals is a combination of traits specific to the host (Fitt et al., 2009; Bellantuono et al., 2012), microbial community (Gilbert et al., 2012; Grottoli et al., 2018; Morrow et al., 2018), and algal symbionts (Fitt et al., 2001; Berkelmans and van Oppen, 2006; Howells et al., 2012), it is likely that the differences in ecological niches between generalist and specialist species may drive at least some portion of the observed divergent microbial responses to thermal stress between corals, such as those reported between Acropora and Pocillopora spp.

Secondly, the P. damicornis growth form and morphology is likely to have influenced microbial response. P. damicornis is well-characterized as plastic on a structural level, having many different morphologies and species within its complex (Todd, 2008; Schmidt-Roach et al., 2014; Johnston et al., 2017). For the species P. acuta, it has been suggested that the closer branching of the “chunky” morph (Smith et al., 2017) may contribute to a stable bacterial community by controlling intra-colonial light amplification during thermal stress and reducing the stress within the colony (Epstein et al., 2019). Therefore, it is a possibility that the tightly clustered morph of P. damicornis found at Heron Island influenced the stability of the bacterial community observed herein by reducing light amplification midway down colony branches (where samples were taken for microbial analyses), while showing symbiont loss at the colony tips (where samples were taken for symbiont counts), highlighting the importance of considering micro-habitats within the coral when sampling. Differential distribution of symbionts along a coral branch may account for the disconnect between symbiont loss and changes in the microbial community observed herein. Additionally, P. damicornis is an imperforate coral species, meaning that it does not have a porous skeletal matrix with intercalating tissues (Yost et al., 2013). This corresponds with a shallower tissue depth and more highly concentrated symbionts in P. damicornis host tissues than in perforate species, raising the possibility that symbionts in imperforate corals may encounter higher light levels due to thinner coral tissues (Terán et al., 2010). Future studies targeting the microbial communities of the tissue (e.g., through decalcification or airbrushing; Ainsworth et al., 2015) instead of homogenizing the entire coral fragment, including the microbial communities within the surface mucus layers, tissue, and skeleton (Rosenberg et al., 2007; Ainsworth et al., 2010), may also capture finer-scale changes in the host physiology and microbial community in response to heat stress. Therefore, drivers of symbiont performance through sub-surface habitat interactions that are not discernable from an exterior morphological perspective may account for why symbiont loss in the present study was observed, but not a change in the community structure of the microbiome.

In the present study, P. damicornis bleached under thermal stress yet the microbial community did not change over time, likely due to host biology and changes in host physiology occurring either prior to or uncoupled from changes in the microbiome. Neither an increase in diversity nor an increase in pathogenic taxa was observed, both of which have been used as indicators of thermal stress. It is still equivocal whether alternative states of the coral microbiome linked to bleaching are a consequence of bleaching (Ainsworth et al., 2008) or play an active role in the development of bleaching (Zhou et al., 2020), therefore it is possible that changes (or a lack thereof) occurring at the microbial community level are offset from the photosystem health and symbiont density indicators of bleaching used in the present study. As the present study analysis was a community-level approach to quantifying the coral microbiome, it is also possible that subtle changes in the microbiome remain undetected, as do functional changes of the in hospite bacteria. The appearance of stability in the gross coral microbiome may not always capture these fine-scale shifts in a small number of taxa (Tracy et al., 2015; van Oppen and Blackall, 2019). For example, metagenomic studies that have recorded no measurable increases in Vibrio bacteria in bleached corals, similar to the present study, have observed a significant increase in virulence genes from the Vibrio family (Vega Thurber et al., 2009). Therefore, future studies would benefit from employing multi-omics approaches to explore the roles and functions of the microbiota present in the coral meta-organism to better understand how the host and microbiome interact with eachx other in response to environmental change. Taken together, these findings highlight the importance of a multi-faceted approach when studying coral response to bleaching to more accurately capture the associations and interactions between the biology, physiology, and bleaching response of generalist coral species.
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