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SUMMARY

Coral reefs support approximately 25% of all marine life, making it essential to understand the factors impact

ing their ability to withstand climate change. Corals’ response mechanisms encompass both the host’s own 

potential and that of a diverse microbial community, collectively known as the holobiont. Research investi

gating how these co-evolved taxa affect each other during thermal stress has revealed both the vulnerability 

and resilience of coral reefs, but the precise mechanisms underlying different bleaching trajectories are still 

poorly understood. We implemented a standardized acute thermal stress assay to investigate how seasonal 

upwelling in Panama’s Tropical Eastern Pacific (TEP) influences Pocillopora coral’s host-microbiome config

urations, and we tested holobionts’ resistance to increasing temperatures. Despite little host genetic differ

entiation, algal community shifts were modulated by both region and genetic lineage. This pattern strongly 

contrasted with temperature-driven dysbiosis for the prokaryotic community. Host stress responses differed 

among regions during acute thermal stress. Regional variation in total antioxidant capacity suggested that 

corals from the region with seasonal upwelling experience more stressful baseline conditions, which may 

contribute to their higher predicted thermal thresholds as estimated via host protein concentrations. Further

more, shifts in algal microbiomes were associated with changes in host thermotolerance, as captured by host 

physiology and oxidative metabolism, suggesting a possible link between microbiome composition and host 

physiological performance. By leveraging the natural laboratory created by Panama’s TEP, we demonstrate 

that coral holobionts from nearby gulfs with different thermal dynamics differ in their ability to withstand ther

mal stress, providing new insights into the factors driving coral thermotolerance.

INTRODUCTION

Understanding the mechanisms underlying organismal re

sponses to environmental stress has been a long-standing pur

suit in evolutionary biology, but anthropogenic climate change 

has made this interest an imperative. Most prior research on spe

cies persistence under climate change has investigated the abil

ity of single taxa to respond to environmental stress via acclima

tion or adaptation, emphasizing how standing genetic variation 

and phenotypic plasticity together shape the evolutionary poten

tial of organisms.1–5 There is increasing evidence that species in

teractions such as facilitation, competition, and predation can 

modulate how individual taxa respond to environmental 

stress.6–9 Interactions that can have reciprocal impacts on the 

development, fitness, and evolution of multiple species are those 

occurring between a host and its microbiome (i.e., bacteria, 

archaea, microbial eukaryotes, and viruses), collectively known 

as the holobiont.10–12 Compared with a host- or microbe-centric 
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view, a holobiont approach allows us to consider how different 

host-microbiome configurations are shaped by and in turn 

respond to their environmental context. Although the importance 

of host-microbiome interactions for organismal health and func

tioning is well recognized,13–15 few studies have simultaneously 

measured responses in the host as well as both prokaryotic and 

algal components of microbiomes.16–18

Corals are a model system to explore the consequences of 

climate change on host-microbiome interactions because they 

associate with a highly diverse microbial community that has 

been implicated in their resilience to thermal stress.19–22 Coral 

bleaching is a biological process in which environmental 

stressors disrupt the coral-algae symbiosis. As a result, corals 

become pale due to the loss of the algal symbionts residing 

within their tissues.23,24 Some of these algal symbionts, which 

belong to the family Symbiodiniaceae, have been linked to differ

ences in coral’s thermal tolerance. For instance, in the Gulf of 

Chiriquı́ in Panama’s Tropical Eastern Pacific (TEP), differences 

in thermotolerance have been associated with a switch from Cla

docopium spp. to Durusdinium spp., with Durusdinium spp.- 

dominated colonies shown to be most thermally tolerant during 

both El Niño events and predicted to best persist under future 

warming scenarios.25,26 Besides Symbiodiniaceae, bacterial, 

viral, and archaeal communities can also vary in response to 

stress and have been shown to influence coral health, particu

larly within the context of disease, as the presence of certain 

microorganisms has been linked to coral tissue loss and subse

quent mortality.27–31 Inoculating corals with prokaryotic cultures 

that have specific genetic and/or phenotypic characteristics can 

reduce bleaching and pathogen presence, further underscoring 

the microbiome’s importance in coral health.32,33 Although there 

is a large body of work on microbial dynamics during bleaching, 

few studies simultaneously track physiological responses for the 

host,17,18 making it difficult to gauge potential interactions be

tween host and microbiome response mechanisms.

Independent of its microbiome, the coral host can respond to 

increasing temperatures via both genetic adaptation and physi

ological plasticity. A hallmark of bleaching involves photoinhibi

tion and damage to the algal chloroplast that results in an accu

mulation of reactive oxygen species (ROS), and an increase in 

ROS in turn damages both algal and coral host tissues.23,24,34–36

The balance between oxidative metabolism (e.g., ROS-triggered 

oxidative damage and total antioxidant capacity [TAC]) and 

physiological bleaching responses (e.g., chlorophyll a and host 

protein content) during thermal stress has been linked to coral’s 

baseline stress levels and their ability to offset the impacts of 

environmental stress,37–41 although the hypothesis that ROS 

plays a causal role in bleaching has also been challenged.42–45

In addition to these metabolically driven intracellular processes, 

fast-acting genetic mechanisms such as transcriptional plas

ticity have emerged as a key acclimation response, where 

more resilient corals have a higher basal expression of key genes 

involved in processes such as protein folding and innate immune 

response prior to thermal stress.46–48 Recent evidence further 

suggests that algal symbionts modulate gene expression pat

terns in the host, resulting in different bleaching outcomes.49,50

Finally, variation in coral thermal tolerance has been shown to 

be a heritable polygenic trait, implying that longer-term evolu

tionary responses might be possible if genetically based trait 

changes can keep pace with the rate of environmental 

change.51–57 It is currently unclear how this diverse suite of 

host response mechanisms interacts with microbial dynamics 

to yield divergent bleaching responses.

Insights about coral bleaching response mechanisms have 

predominantly emerged from a combination of correlative ana

lyses of natural populations during bleaching events58–60 and 

long-term thermal stress experiments on the order of weeks to 

months.61–63 Although these studies have provided foundational 

data on the drivers of coral bleaching resistance, the mecha

nisms underlying different bleaching trajectories are still poorly 

understood because the diversity of experimental approaches 

employed makes drawing inferences between studies a chal

lenge. Standardized short-term assays offer a portable and 

cost-effective solution to this issue by facilitating comparisons 

of estimated thermal thresholds between regions, populations, 

and taxa. These assays also facilitate the exploration of various 

coral stress response mechanisms simultaneously, from micro

biome dynamics to oxidative metabolism, improving our under

standing of the mechanistic links within the coral holobiont and, 

in turn, their consequences for thermotolerance.64–66

Panama’s TEP has long served as a natural laboratory to 

explore the factors driving coral holobiont’s responses to climate 

change,67–69 and represents an ideal location for coral thermo

tolerance studies employing standardized short-term assays. 

Across Panama’s TEP, Pocillopora corals form the foundation 

of the reef framework.70,71 Corals from this genus experience 

strong, upwelling-mediated, intra-annual environmental vari

ability in the Gulf of Panama, whereas they experience weak up

welling in the Gulf of Chiriquı́. Upwelling is the process by which 

cold, nutrient-rich water displaces warmer, less nutrient-rich sur

face water. In the Gulf of Panama (and to a much lesser degree in 

the Gulf of Chiriquı́), upwelling drives large annual fluctuations in 

temperature, pH, oxygen, and nutrients.72–74 There is consider

able debate about whether the abiotic heterogeneity triggered 

by upwelling may influence the physiological and microbial 

mechanisms underlying differences in bleaching resilience.75–80

With only one study to date exploring these reef’s experimental 

responses to thermal stress,61 complementing observational 

data with a standardized acute thermal assay in Panama’s TEP 

has the potential to further illuminate how host and microbiome 

stress response mechanisms are shaped by the region’s upwell

ing regime and together are driving different bleaching trajec

tories, and how these compare with how corals in other reef re

gions respond to comparable thermal stress.

In this study we test how the different environmental regimes 

of the Gulfs of Panama and Chiriquı́ in Panama’s TEP have 

shaped thermotolerance mechanisms for the coral holobiont. 

In leveraging an acute thermal stress assay known as the coral 

bleaching automated stress system (CBASS; following Voolstra 

et al.64), we present a comprehensive view of the holobiont’s 

thermotolerance pathways by incorporating host genetics, algal 

and prokaryotic community dynamics, and host physiological 

and oxidative metabolism data. In coral hosts, we hypothesized 

that we would detect a signature of local adaptation to each gulf 

due to the differences in mean and interannual variability in tem

perature primarily driven by upwelling. This would be manifested 

through loci associated with thermal stress responses showing 

exceptional genetic differentiation relative to the rest of the 
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genome. Because Durusdinium spp. has previously been asso

ciated with more thermotolerant Pocillopora corals in the 

TEP,25,26 we hypothesized that the most thermally resistant col

onies would be dominated by Durusdinium spp. We also pre

dicted that corals from the Gulf of Panama, which are exposed 

to a more seasonally variable environment, would experience 

less microbial dysbiosis during thermal stress. This should man

ifest via lower among-colony variance in community composi

tion at higher temperatures, which is in line with the Anna Kare

nina principle (AKP) (see Zaneveld et al.81), which argues that 

increased microbiome dispersion is indicative of greater host 

stress. Furthermore, we also hypothesized that, in high-temper

ature treatments, corals from the Gulf of Panama would have 

higher predicted thermal thresholds on the basis of host protein 

and chlorophyll a content and a more effective biochemical 

apparatus to scavenge and neutralize ROS compared with 

corals from the Gulf of Chiriquı́. This is presumably due to the 

greater temperature variability in the Gulf of Panama (see 

O’Dea et al.73). By experimentally testing the responses of 

different holobiont configurations driven by upwelling, we aim 

to increase our understanding of the complex mechanisms by 

which the host and microbiome interact to govern corals’ re

sponses to environmental change.

RESULTS

Signatures of local adaptation to upwelling amidst high 

gene flow

Our population genetic analyses indicated that although there is 

negligible genetic differentiation across the two gulfs in Pan

ama’s TEP, there are signatures of potential local adaptation to 

each gulf’s upwelling regimes. We found a mean Fst value of 

0.0333 between gulfs, indicating a high degree of gene flow be

tween locations (Data S1A; Figure 1A). This lack of genetic differ

entiation was further supported by our ADMIXTURE analysis, as 

all six ancestral populations are found within each gulf, suggest

ing a high degree of admixture across our study sites (Figure 1B; 

Figure S1). When running the above analyses per mitochondrial 

open reading frame (mtORF) lineage, here mtORF 1 (P. grandis/ 

P. meandrina) and mtORF 3 (P. cf. verrucosa), and additionally 

running pcadapt to detect signatures of local adaptation, we 

found that the majority of between-gulf gene flow appears to 

be occurring within mtORFs (Figure S2). However, a between- 

mtORF Fst value of 0.1697 and the mixed ancestry of many indi

viduals suggest that the two mtORFs are not completely isolated 

lineages (Figures S1 and S2; Data S1A).

Given the lack of evidence for strong genetic differentiation 

across mtORFs, we detected putative outlier loci for both line

ages together across gulfs. Consistent with our hypothesis, we 

found evidence for strong differentiation in a small number of 

outlier loci. Between-gulf comparisons using the Fst-based 

approach, OutFLANK detected 11 outlier loci at a q-value cutoff 

of 0.05 and expected heterozygosity cutoff of 0.1 (Figure 2; full 

list of loci can be found in Data S1B). Analysis with snpEff re

vealed that two of these loci have a predicted impact on pro

tein-coding regions, corresponding to a missense and intron 

variant, respectively. These variants are located in a predicted 

Rab-20-like protein (missense variant) and a predicted hemicen

tin-2-like protein (intron variant; Data S1B).

Shifts in Symbiodiniaceae community composition 

during the CBASS

Over the course of the CBASS, we observed marked differences 

across regions and mtORFs in the relative abundance of different 

Symbiodiniaceae internal transcribed spacer 2 (ITS2) type pro

files (Figure 3). However, we did not observe colonies at 36◦C 

having the highest relative prevalence of Durusdinium spp. 

type profiles, as we had initially hypothesized. Instead, when 

comparing mtORFs, we found that mtORF 1 colonies were domi

nated by Durusdinium spp. type profiles, with an increase in the 

relative prevalence of Cladocopium spp. type profiles at 36◦C. 

By contrast, Cladocopium spp. type profiles were dominant 

Figure 1. Population genetics of Pocillopora corals across Pan

ama’s TEP 

Each reef site is denoted by its three-letter code. AFU, Canal de Afuera; BAD, 

Bahı́a Damas; UVA, Uvas; CON, Contadora; MOG, Mogo Mogo; SAB, Saboga. 

(A) Pairwise fixation index (Fst) values among the 137 Pocillopora coral col

onies across six reefs in Panama’s Tropical Eastern Pacific (TEP). Fst calcu

lations here are based on Weir and Cockerham’s estimate (1984). 

(B) Ancestral populations across Panama’s TEP as detected via ADMIX

TURE.82 A total of six ancestral populations were identified, corresponding to 

six reefs across two different regions. Each line on the plot represents a single 

individual, where the colors within represent the different identified ancestral 

populations. Thick black lines delineate different reefs, which are further 

separated and color-coded by region, Gulf of Chiriquı́ and Gulf of Panama, 

respectively. See Data S1A for additional population genetic metrics. 

See also Figure S1.
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across the temperature treatments for mtORF 3 colonies. These 

trends were supported by our generalized least squares (GLS) 

model, which detected two separate, significant interactions: 

(1) between temperature and region and (2) between tempera

ture and mtORF, which explained differences in the relative 

abundance of Cladocopium spp. versus Durusdinium spp. 

defining intragenomic (ITS2 sequence) variants (DIVs) (Data 

S1C). Although we observed inter-colony variability in algal 

shifts, these recapitulate the trends observed at the treatment 

level for mtORF 1 colonies (Figure S3A). For mtORF 3, we 

observe that many colonies from the Gulf of Panama have Cla

docopium spp. ITS2 type profiles dominant even at 36◦C, with 

the few colonies increasing their relative proportions of Durusdi

nium type profiles doing so seemingly randomly with respect to 

temperature (Figure S3B; see Figure S4 for a breakdown of the 

distribution of mtORF lineages across sampling sites). Note 

that we did not analyze microbiomes at temperatures above 

36◦C because tissue sloughing was visually apparent at temper

ature treatments above this level.

When considering Symbiodiniaceae community composition 

shifts throughout the CBASS, our canonical analysis of principal 

coordinates (CAP) analysis shows a clear difference between the 

36◦C treatment and the three other temperature treatments. This 

difference is most stark for mtORF 1 colonies in the Gulf of Chir

iquı́ (Figure 4A). Observed differences in community composition 

were statistically significant (p < 0.05) across temperatures, re

gions, mtORFs, and the interaction between temperature and 

mtORF when performing permutational multivariate analysis of 

variances (PERMANOVAs) (Data S1D). Comparison of effect 

sizes on the basis of the pseudo-F-statistic revealed that mtORF 

was the strongest driver of Symbiodiniaceae communities 

across all statistically significant factors, followed by region 

(Data S1D). Pairwise post-hoc analyses revealed that Symbiodi

niaceae communities were distinct when comparing the highest 

temperature treatment, here 36◦C, with 28.5◦C and 33◦C (Data 

S1E). We also detected significant differences in variance across 

temperature treatments, yet these results were contrary to our 

expectations. Post-hoc tests revealed that samples at 36◦C 

were less variable as compared with all other temperature treat

ments, indicative of less microbial dysbiosis at the highest tem

perature treatment (Figure S5A; Data S1F), which is contrary to 

our predictions per the AKP (see Zaneveld et al.81).

Figure 2. Loci under putative selection 

(outlier SNPs) across coral samples from 

Panama’s TEP 

Each point denotes a locus, with genomic position 

(x axis) plotted against Fst (y axis). Loci in red are 

considered outlier SNPs based on a q-value cutoff 

of 0.05 and an expected heterozygosity cutoff of 

0.1. See Data S1B for a full characterization of 

detected outlier SNPs.

When considering each region and 

mtORF combination separately (e.g., 

mtORF 1 from the Gulf of Panama), indi

cator species analyses revealed 23 taxa 

that were differentially associated with 

mtORF 1 from the Gulf of Chiriquı́. All 

but one taxon was associated with the highest temperature 

treatment of 36◦C, and all of these correspond to various Clado

copium spp. taxa. The only taxon not associated with 36◦C was 

uniquely associated with the remaining three temperature treat

ments and was identified as being Durusdinium spp. (Data S1G).

Temperature-induced microbial dysbiosis occurs 

during the CBASS

Analysis of the prokaryotic microbiome revealed notable shifts in 

community composition between the baseline and the highest 

temperature treatment. Given the higher taxonomic diversity of 

the prokaryotic community as compared with the Symbiodinia

ceae community, we focused on aggregate community differ

ences across amplicon sequence variants (ASVs) as measured 

by statistics such as Bray-Curtis dissimilarity, rather than shifts 

in particular taxa. These community differences were visualized 

using ordination plots, as our goal was to explore patterns of 

community similarity and the factors potentially driving observed 

groups. Our CAP analyses showed an increase in dispersion at 

the 36◦C treatment as compared with the other three tempera

ture treatments, as we had hypothesized, yet this pattern was 

seen across all region-mtORF groupings (Figure 4B). Community 

dissimilarity trends were only statistically significant (p < 0.05) 

across regions, with differences across temperatures and the 

interaction between temperature and region, temperature and 

mtORF, region and mtORF, and the three-way interaction be

tween temperature, region, and mtORF emerging as non-signif

icant (Data S1H). In testing for differences in homogeneity of vari

ance, we detected significant differences across temperature 

treatments, with post-hoc tests revealing that this was driven 

by samples at 36◦C being more variable as compared with all 

other temperature treatments (Figure S5B; Data S1I), in line 

with the AKP (see Zaneveld et al.81). In considering each region 

and mtORF combination separately (e.g., mtORF 1 from the 

Gulf of Panama), indicator species analyses did not identify 

any differentially associated prokaryotic ASVs.

Physiological responses to thermal stress were 

mediated by region and mtORF lineage

Physiological responses during the CBASS, captured via both 

host protein and chlorophyll a concentrations, reveal that 

bleaching responses varied among regions and, in some cases, 
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mtORF lineages. For host protein concentrations during the 

CBASS, our best-fitting non-linear model included a fixed effect 

of region for the 50% temperature threshold (αr) and threshold 

steepness (δr), such that the protein content of corals in the 

Gulf of Panama was maintained at near-ambient levels under 

higher temperature conditions as compared with corals from 

the Gulf of Chiriquı́, consistent with our hypothesis that corals 

in the Gulf of Panama would be more thermotolerant 

(Figure 5A; Data S2A). Random site-level variation in the 

maximum protein concentration (νs) and threshold steepness 

(δs) was also present. There was no evidence for a significant ef

fect of mtORF lineage on host protein content over the course of 

the experiment. The 50% temperature threshold for the corals in 

the Gulf of Panama was approximately 1.2◦C higher than for 

corals in the Gulf of Chiriquı́, while the threshold steepness and 

maximum protein concentrations were highly variable across 

sites (Figure 5A; Data S2B).

For chlorophyll a concentrations during the CBASS, the best- 

fitting non-linear model included a fixed effect of region on the 

maximum chlorophyll concentration (νr) and a fixed effect of 

the interaction between region and mtORF on both the 50% tem

perature threshold (αr,m) and threshold steepness (δr,m
). This 

model showed that chlorophyll a concentrations were best main

tained at near-ambient levels under high-temperature conditions 

for mtORF 3 colonies across gulfs (Figure 5B; Data S2C). Addi

tionally, we found evidence of site-level variation only for the 

threshold steepness (δs). During our acute thermal stress assay, 

maximum chlorophyll a concentrations in the Gulf of Chiriquı́ 

were ∼37% higher than for the Gulf of Panama (Figure 5B). There 

was also a markedly steeper threshold for mtORF 1 corals in the 

Gulf of Panama, which was also reflected in the estimated 

parameter values (Figure 5B; Data S2D).

Levels of oxidative damage to lipids were strongly 

associated with region

Oxidative metabolism dynamics, captured by lipid peroxidation 

(LPO) and TAC, provide further evidence that regional upwelling 

regimes impact Pocillopora corals’ responses to temperature 

stress. During the CBASS, LPO levels decreased from high 

values at ambient temperature to intermediate values at higher 

temperatures in the Gulf of Panama, whereas LPO levels 

increased from low to intermediate values as temperature 

increased in the Gulf of Chiriquı́ (Figure 5C). Together, this im

plies that corals in the Gulf of Panama experienced higher base

line levels of stress and yet were able to better counteract oxida

tive damage as temperature increased, consistent with our 

hypothesis. This was reflected by our model selection, in which 

our best-fitting model only had an interaction effect between 

temperature treatment and region (Data S2E and S2F). However, 

post-hoc comparisons revealed that the two regions only signif

icantly differed in their LPO at the baseline temperature treat

ment of 28.5◦C, with all other within- and between-gulf compar

isons across temperatures emerging as non-significant 

(Figure 5C; Data S2G).

For TAC, our best-fitting model was a second-order function 

solely driven by temperature. Contrary to our predictions, there 

was no evidence for a significant effect of region or mtORF for 

TAC during the experiment. In the model selection process, it 

is important to note that our selected model performed similarly 

to a model that additionally had a term that represented the 

Figure 3. Changes in Pocillopora ITS2 type profiles during the CBASS, across regions and mtORF lineages 

Relative abundances of ITS2 type profiles are shown on the x axis and temperature treatments on the y axis. DIVs starting with a ‘‘C’’ correspond to Cladocopium 

spp., and those starting with a ‘‘D’’ correspond to Durusdinium spp. See Data S1C for GLS modeling results for Cladocopium spp. and Durusdinium spp. DIV 

relative abundances. See Figure S3 for individual colonies’ ITS2 type profiles. 

See also Figure S4.

ll

Current Biology 35, 1–16, July 7, 2025 5 

Please cite this article in press as: Glynn et al., The role of holobiont composition and environmental history in thermotolerance of Tropical Eastern 

Pacific corals, Current Biology (2025), https://doi.org/10.1016/j.cub.2025.05.035 

Article 



relative proportion of Cladocopium spp. versus Durusdinium 

spp. For the latter, as TAC increased, the relative proportion of 

Durusdinium spp. also increased. The temperature and algal 

shifts model marginally outperformed (1) the temperature and 

mtORF model and (2) the temperature and region model. How

ever, in comparing Akaike information criterion (AIC) and log- 

likelihood values and in choosing the most parsimonious model, 

the model with only temperature was selected (see Data S2H–

S2J). Predicted responses for our best-fitted model showed a 

clear parabolic decrease for TAC throughout the experiment as 

the temperature increased up to 36◦C (Figure 5D).

DISCUSSION

Our study reveals a nuanced interplay of environment, host ge

netics, and microbiome in driving differences in coral 

Figure 4. CAP plots for Pocillopora coral’s 

microbial communities during the CBASS, 

based on Bray-Curtis dissimilarity in the 

relative abundances of DIVs for ITS2 and 

ASVs for 16S 

(A) CAP plots for the Symbiodiniaceae commu

nities. 

(B) CAP plots for the prokaryotic communities. 

See Figure S5 and Data S1D–S1I for further sta

tistical testing of the observed trends.

thermotolerance. We found evidence of 

divergent selection across regions on 

genes previously linked to coral’s re

sponses to thermal stress and differ

ences in microbiome dynamics under 

thermal stress. Observational studies 

have documented shifts between Clado

copium spp. and Durusdinium spp. for 

Pocillopora corals in response to thermal 

stress in the Gulf of Chiriquı́ (see Palacio- 

Castro et al.26 and Glynn et al.25). By 

examining responses in this gulf as well 

as the Gulf of Panama, we additionally 

find that the shift to Durusdinium spp. is 

mediated by both mtORF and gulf of 

origin, with observed increases in Clado

copium spp. potentially resulting in nega

tive fitness outcomes for the host. In 

contrast to the algal community shifts 

across temperature treatments, we 

observed an increase in variance for the 

prokaryotic community during our acute 

thermal stress assay, irrespective of gulf 

and mtORF. This is in line with previous 

studies on animal microbes under stress, 

suggesting that this component of the 

Pocillopora microbiome enters a dis

ease-like state during our assay and 

that such signatures can be ascertained 

on shorter timescales than previously re

ported.81,83,84 In considering host 

response pathways, across both gulfs we find that mtORF 1 col

onies experience more stress than mtORF 3 colonies, but in gen

eral, corals from the Gulf of Panama experience less thermal 

stress during the CBASS than those from the Gulf of Chiriquı́. 

This finding bolsters previous hypotheses positing that within 

the TEP, the increased temporal environmental variability 

caused by upwelling may produce more thermally resistant 

corals (see Randall et al.77 and Rodriguez-Ruano et al.78). It is 

important to note that although seasonal upwelling is a defining 

feature of our study sites in Panama’s TEP, other environmental 

parameters could also influence the observed differences across 

gulfs, notably seawater temperature and bleaching history. 

Although the Gulf of Chiriquı́ has a higher mean temperature 

and, prior to our study, only the corals in this gulf had experi

enced mass bleaching (see Randall et al.77), corals in the Gulf 

of Panama showed the most overall thermotolerance during 
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the CBASS experiment, thus further substantiating our predic

tion that upwelling is likely the factor most strongly driving 

bleaching trajectories across gulfs. By presenting how specific 

coral lineages interact differently with members of their micro

biome, we deepen our understanding of the factors that influ

ence thermotolerance, particularly within the context of reefs 

experiencing upwelling (cf. Randall et al.,77 Rodriguez-Ruano 

et al.,78 and Mayfield et al.79).

Upwelling is resulting in divergent selection on genes 

implicated in thermotolerance

Based on Fst distributions between the Gulf of Panama and the 

Gulf of Chiriquı́, only two outlier loci with protein-coding impacts 

were identified as being under putative divergent selection be

tween gulfs. These two loci are located in genes that have 

been previously suggested to impact coral thermotolerance. 

The first variant is a predicted Rab-20-like protein, with this fam

ily of proteins playing various roles in signal trafficking pathways, 

including differentiating healthy and dysfunctional cells.85,86 This 

is expected to be important during bleaching-induced dysbiosis 

because it is hypothesized that these proteins play a central role 

in the host’s immune system by removing damaged symbi

onts.87–89 The second variant is a predicted hemicentin-2-like 

protein, a known extracellular matrix protein with important roles 

in tissue development. It has been proposed that this protein 

may be assisting corals in the Red Sea in persisting under high 

summer temperatures.90,91 These two loci show strong differen

tiation between gulfs despite high gene flow, suggesting that the 

distinct thermal history and upwelling regime of each gulf could 

be shaping heritable differences in coral thermotolerance in the 

TEP. Prior to our experiment, corals in the Gulf of Chiriquı́ expe

rienced substantial bleaching as a result of the 2015–2016 El 

Niño Southern Oscillation (ENSO) event, while colonies in the 

Gulf of Panama did not, as upwelling coincided with periods of 

high-water temperatures. Outside the thermal refugia that up

welling may provide, higher temperatures in the Gulf of Chiriquı́ 

seem to be hampering coral cover and subsequent recovery.77

Divergent microbiome responses to thermal stress 

suggest contrasting roles in coral thermotolerance

During the CBASS, Cladocopium spp. and Durusdinium spp. were 

the only two algal genera identified, in line with previous work 

Figure 5. Physiological and oxidative metabolism dynamics for Pocillopora corals during the CBASS 

Points represent predicted values. 

(A) Predicted changes in host protein concentrations. The estimated gulf-level average responses (i.e., incorporating fixed effects) are shown as a black line, and 

the site-level responses (i.e., incorporating random effects of site) are shown as different colored lines. 

(B) Predicted changes in chlorophyll a concentrations. The estimated average responses for the interaction of mtORF and region (i.e., incorporating fixed effects) 

are shown as a black line, and the site-level responses (i.e., incorporating random effects of site) are shown as different colored lines. 

(C) Predicted changes in lipid peroxidation (LPO; expressed on a logarithmic scale). Three temperature treatments are examined: 28.5◦C, 30◦C, and 33◦C, with 

95% confidence intervals shown as a bar over each temperature treatment. 

(D) Predicted changes in total antioxidant capacity (TAC; expressed on a square-root scale). Here four temperature treatments are examined: 28.5◦C, 30◦C, 33◦C, 

and 36◦C, with the 95% confidence interval shown as a red dotted line. 

See Data S2A–S2J for model coefficients, results, and comparisons.
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within this region (see Glynn et al.25 and Palacio-Castro et al.26). 

There is a well-documented shift to Durusdinium-dominated com

munities under heat stress, due presumably to these symbionts 

best assisting the host during bleaching26,50,92,93 (but see Turnham 

et al.94). For studies in Panama’s TEP, these insights have been 

gained from studying seasonal-to-interannual variation in Pocillo

pora colonies in the Gulf of Chiriquı́. We have built upon this prior 

work by showing that during the CBASS, mtORF 3 colonies in 

the Gulf of Chiriquı́ had the greatest increases in Durusdinium 

spp., in line with the predictions of Palacio-Castro et al.26 However, 

mtORF 3 corals in the Gulf of Panama had a more static Clado

copium spp.-dominated community throughout the assay, reflect

ing a less labile algal microbiome that may be driven by strong 

mtORF lineage specificity. Conversely, across both gulfs, mtORF 

1 colonies from the onset of the CBASS were dominated by 

Durusdinium spp., and under thermal stress instead became 

Cladocopium spp. dominated, contrary to expectation (see 

Palacio-Castro et al.26). Our data represent the most recent char

acterization of Panama’s TEP algal communities. Thus, it is plau

sible that, given increasing seawater temperatures, previous pre

dictions regarding Durusdinium-dominated microbiomes have 

already materialized. When considering chlorophyll a dynamics, 

mtORF 1 colonies in the Gulf of Panama, which showed the great

est relative increases in Cladocopium spp. by 36◦C, had lower 

thermal thresholds than mtORF 3 colonies in the same gulf but 

higher thresholds than mtORF 1 colonies in the Gulf of Chiriquı́. 

Therefore, it is plausible that the switch to Cladocopium spp. for 

mtORF 1 colonies at 36◦C may occur if Durusdinium spp. is unable 

to satisfy the host’s energy requirements, which is a trade-off pre

viously reported.95,96 Thus, the greater relative proportions of Cla

docopium spp. in mtORF 1 colonies at the highest temperatures 

may be due to selective loss of Durusdinium spp., and with no 

other compatible symbionts within the system, the coral could 

be prioritizing energy acquisition rather than thermotolerance. 

Investigation of this hypothesis via direct manipulation of the coral 

algal microbiome would be worthwhile. Our findings support pre

vious work showing how the nuanced interaction between temper

ature and mtORF lineage potentially modulates Symbiodiniaceae 

dynamics under thermal stress and underscore the need to holis

tically assess host-microbiome interaction effects.26,50,92,93,97,98

It is important to consider that, given the rapid nature of the 

CBASS, it is possible that slower-acting acclimatory and plastic ef

fects were not captured, resulting in our observed mtORF-Sym

biodiniaceae dynamics. For example, the rapid increases in tem

perature could have precluded photoacclimation of the resident 

algal symbionts, which has been a widely reported mechanism 

in longer-term experimental studies of coral thermotoler

ance.99–101 If so, the observed Symbiodiniaceae shifts may have 

diminished if there had been additional time for photoacclimation 

to occur, allowing the resident algal symbionts to support the 

host’s energy requirements. It will be important for future research 

to test host-algal responses across additional timescales to ascer

tain the relative contributions of algal community shifts versus pho

toacclimatory dynamics during heat stress events.102–104

Although we did not observe increases in community variance 

for the coral algal microbiome, there were temperature-driven 

community variance shifts for the prokaryotic community during 

the CBASS. The AKP proposes that increases in community vari

ance for animal microbiomes under stress reflect a disease-like 

state, because greater variance indicates the inability of the 

host and/or microbiome to regulate their community composi

tion.81 Earlier AKP studies for cnidarians consider timescales on 

the order of months.83,84,105,106 Our findings support previous 

CBASS work by showing that drastic temperature-driven com

munity dissimilarity shifts can occur on shorter time scales and 

do not appear to be impacted by genetic lineage or region (see 

Voolstra et al.57). This is in contrast with previous studies on Po

cillopora spp. in the Great Barrier Reef that have documented a 

relatively stable prokaryotic microbiome during bleaching 

stress.107–110 Yet these prior studies, which considered bleaching 

stress on the order of weeks to months, appear to represent less 

severe thermal stress than our CBASS experiments—e.g., with a 

mean monthly maximum (MMM) temperature of approximately 

28.2◦C in the Great Barrier Reef,111 heat stress was ∼4.3◦C + 

MMM in Epstein et al.109 and ∼5.3◦C + MMM in Bergman 

et al.107 By contrast, with MMM across our sites in Panama’s 

TEP being ∼28.5◦C, the prokaryotic shifts indicative of AKP in 

our experiment were not observed until the temperature anomaly 

reached ∼7.5◦C + MMM. This temperature is well above our esti

mated thermal physiological thresholds, suggesting that, at least 

for this genus, more severe stress may be required to trigger pro

karyotic dysbiosis than to trigger physiological breakdown, 

perhaps in part due to the relatively stable nature of the Pocillo

pora microbiome (see Pogoreutz et al.110).

The strong contrast that we observed between Pocillopora 

coral’s algal and prokaryotic communities during the CBASS 

may reflect the larger role of these communities for holobiont 

functioning. Although bleaching is by definition triggered by 

algal-host dysbiosis, we see shifts in algal communities over 

the course of our assay without corresponding increases in algal 

community variance. Therefore, the observed high stochasticity 

of prokaryotic communities may indicate that these microbiome 

members are less likely than their algal counterparts to comple

ment the host’s existing response pathways to thermal 

stress.112–114 An alternate explanation is plausible: given we visu

ally observed a high degree of tissue loss past 36◦C, the prokary

otic shifts during our assay may be capturing a gradual shift to

ward a different component of the coral supplying the majority 

of the sampled microbiome (e.g., from tissue to skeleton). Corals’ 

tissue, mucus, and skeleton microbes differ from one another in 

terms of their prokaryotic richness and composition, with the 

skeleton endolith communities being especially diverse.115–118

Because we confined our sampling to temperatures below those 

at which visually apparent tissue sloughing occurred, we do not 

think that these microbiome dynamics are driven principally by 

differential losses of particular tissue components of the coral mi

crobiome. However, we recognize that some sloughing still may 

have occurred at 36◦C. If this occurred differentially among col

onies, then it could have contributed to the higher variance (e. 

g., some colonies more dominated by skeletal microbiomes, 

with others retaining more of other tissue compartments).

Region, mtORF lineage, and temperature shape host 

physiology and oxidative metabolism dynamics during 

thermal stress

The suite of physiological and oxidative metabolism metrics 

measured during the CBASS complements our microbial 

data and further substantiates how region and mtORF 
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lineage are potentially shaping TEP Pocillopora thermotoler

ance. Although these parameters have been explored 

during longer-term abiotic stress experiments with coral 

populations, including during experimental simulations of 

upwelling,35,37,38,119 few studies have incorporated them into 

an acute thermal stress assay (but see Voolstra et al.64). 

Although less commonly reported than traditional bleaching 

descriptors (i.e., symbiont density, chlorophyll a, and host 

protein concentrations), oxidative stress metrics can provide 

an added perspective to understanding the tolerable levels 

of bleaching stress.36,120,121 Our models of host-derived met

rics suggest that Pocillopora corals from the Gulf of Panama 

experience a more demanding environment to maintain their 

redox balance (shown by the higher baseline levels of LPO), 

in turn resulting in an overall improved ability to counteract 

oxidative stress damage (LPO) and physiologically resist ther

mal stress (protein). It is possible that tissue sloughing con

tributes to some of the physiological and biochemical re

sponses measured during our assay, but it is not likely the 

strongest driver of our observed trends. This is because the 

physiological model’s predicted declines as a function of tem

perature (see Figures 5A and 5B), and thus our estimated 

model parameters of interest, are predominantly driven by 

the dynamics at temperatures that preceded significant tissue 

sloughing in the assay (below 36◦C). Interestingly, the similar 

functional responses of protein and chlorophyll a concentra

tions to temperature in our assay contrast with some of the re

sults obtained by Voolstra et al.,64 who found that tissue pro

tein content varied among sites but not with temperature 

treatment, whereas chlorophyll a resolved temperature-spe

cific differences. On this basis they proposed that tissue pro

tein content may not be an ideal biomarker for acute thermal 

stress such as that imposed by the CBASS’ experimental 

design. Given the close correspondence between protein 

and chlorophyll a concentration responses in our assay, we 

believe that the utility of protein content as a metric of 

short-term thermal stress warrants further investigation. While 

differences due to region and study species may be factors in 

the differences between our results and those of Voolstra 

et al.,64 it is also possible that our log-logistic modeling 

approach and the granularity of our temperature treatments 

(eight temperatures versus four in Voolstra et al.64) increased 

our power to detect tissue protein content responses to 

temperature.

Our chlorophyll a model was the only model for which we 

found support for mtORF-driven differences in physiological 

condition. mtORF 1 colonies experienced sharper declines 

in this parameter, with this pattern being more pronounced 

for colonies from the Gulf of Panama. Our work provides 

new insights into coral lineage-environment interactions by 

showing how seasonal upwelling can significantly shape coral 

holobiont configurations and their physiological and biochem

ical responses to thermal stress.122–125 Lastly, contrary to our 

expectations, the best model for TAC was solely driven by 

temperature, in contrast to the region- and mtORF-specific 

patterns observed for other metrics, although our power to 

identify other differences may be reduced as only four temper

atures, rather than eight (cf. protein, chlorophyll a), were 

analyzed.

Panama’s TEP as a natural laboratory for coral holobiont 

research

Panama’s TEP has historically served as a natural laboratory for 

studies on coral thermotolerance, with some of the first evidence 

on the role of microbial dynamics in bleaching emerging from 

studying these reefs.25,126 Previous research in the TEP has 

been mostly observational in nature127–132 (but see D’Croz and 

Maté61), which we have built upon by subjecting corals from 

both gulfs to an acute thermal stress assay and, in the process, 

exploring a diversity of host and microbiome mechanisms un

derlying thermotolerance. We found support for mtORF-specific 

responses to thermal stress during the CBASS, with mtORF 3 

colonies across both gulfs showing the highest resistance to 

acute thermal stress, in contrast with previously reported long- 

term dynamics.26 Importantly, by having physiological data for 

the host, we were able to ascertain potential fitness costs asso

ciated with increases in the relative abundance of Cladocopium 

spp. for mtORF 1 colonies. Our physiological and oxidative 

metabolism measurements support previous findings that corals 

in the Gulf of Panama are best able to cope with increasing ther

mal stress.77 In leveraging the unique upwelling regime in Pan

ama’s TEP, our work shows how host and microbiome re

sponses complement each other during bleaching and how 

these configurations are shaped by the environment, thereby 

providing an integrated view of the mechanisms that drive differ

ences in coral thermotolerance.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

To explore how the upwelling regime in Panama’s Tropical Eastern Pacific (TEP) influences Pocillopora corals’ holobiont configura

tions and their functional consequences, we used both observational and experimental approaches to determine how coral-micro

biome interactions were impacting thermotolerance. Specifically, we investigated how the TEP’s seasonal upwelling regime impacts 

population genetic structure, microbiome dynamics, and holobiont physiological and biochemical pathways during an acute thermal 

stress assay. To quantify genetic differentiation across the TEP and ascertain potential local adaptation to upwelling regimes, we 

conducted whole-genome shallow shotgun sequencing of coral colonies across the Gulf of Panama and the Gulf of Chiriquı́. To 

determine whether and how different holobiont configurations were associated with thermotolerance, we ran an acute thermal stress 

assay known as the Coral Bleaching Automated Stress System (CBASS; following Voolstra et al.64) which subjected corals to a range 

of experimentally manipulated temperatures. Specifically, to determine algal and prokaryotic community dynamics during the 

CBASS experiments, we sequenced ITS2 and 16S marker genes, respectively. To assess differences in host physiological responses 

between upwelling regimes, we tested for differences between gulfs in their functional responses of host tissue protein and chloro

phyll a concentrations to increasing temperatures. Lastly, to determine how the oxidative metabolism of the coral holobiont is 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Picard Broad Institute https://broadinstitute.github.io/picard/; 

RRID:SCR_006525

BWA Burrows and Wheeler144 N/A

GATK Haplotype Caller McKenna et al.145 https://gatk.broadinstitute.org/hc/en-us

VCFtools Danecek et al.146 https://vcftools.github.io/index.html

PLINK Purcell et al.147 https://github.com/chrchang/plink-ng

ADMIXTURE Alexander and Lange82 https://dalexander.github.io/admixture/

hierfstat Goudet148 https://github.com/jgx65/hierfstat

pcadapt Luu et al.149 https://bcm-uga.github.io/pcadapt/

OutFLANK Whitlock and Lotterhos150 https://github.com/whitlock/OutFLANK

snpEff Cingolani et al.151 https://pcingola.github.io/SnpEff/

BLAST Chen et al.152 https://blast.ncbi.nlm.nih.gov/Blast.cgi

R version 4.2.1 R Core Team https://cran.rstudio.com/

nlme Pinheiro and Bates153; 

Lindstrom and Bates154

https://cran.r-project.org/web/ 

packages/nlme/index.html

phyloseq McMurdie and Holmes155 https://doi.org/10.1371/journal.pone.0061217

vegan Dixon156 https://github.com/vegandevs/vegan

pairwise.adonis Martinez Arbizu157 https://github.com/pmartinezarbizu/ 

pairwiseAdonis

indicspecies Cáceres and Legendre158 https://emf-creaf.github.io/indicspecies/

‘DADA2’ version 1.20 Callahan et al.159 https://benjjneb.github.io/dada2/

cutadapt Martin160 https://cutadapt.readthedocs.io/en/stable/

DESeq2 Love et al.161 https://github.com/thelovelab/DESeq2

Other

200 W titanium heaters Schego Cat#546

NovaTec IceProbe Small Aquarium Chillers Bulk Reef Supply SKU#208272

Arduino Mega 2560 Arduino SKU#A000067

Roleadro Led Aquarium Light, Dimmable 

Coral Reef Light 165W for Fish Tank, 

Full Spectrum Grow Suitable 55-75 Gallon 

Freshwater and Saltwater Galaxyhydro

Amazon N/A

Sun Sun JVP-110 528-Gph Wave Maker Pumps Amazon N/A

Jecod/Jebao DCT Marine Controllable 

Water Pump (DCT-4000, 1056GPH)

Amazon N/A

HOBO Pendant Temperature/Light 

64K Data Logger

HOBO Part#UA-002-64
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impacted by upwelling, we quantified how total antioxidant capacity and lipid peroxidation vary as a function of temperature for each 

gulf. All corals were collected under permits issued by the Panamanian Ministry of the Environment (permit reference numbers SE/ 

AO-4-19, ARB/ARG-093-2022, and ARB/ARG-090-2022). All scripts used in our analyses, alongside the physiology and oxidative 

metabolism data can be found at https://doi.org/10.5281/zenodo.15532242. All generated sequence data is available on the 

NCBI Sequence Read Archive (SRA) under NCBI BioProject PRJNA1134702 and PRJNA1135493.

Field collections

In November-December 2020, we permanently marked 11-12 coral colonies in six different reef sites across Panama’s Tropical 

Eastern Pacific. Three of these reefs were located in the Gulf of Panama, and the other three were located in the Gulf of Chiriquı́. 

Colonies were selected as discernibly distinct coral colonies within 3-5 meters of a 50 m transect. Using Self Contained Underwater 

Breathing Apparatuses (SCUBA), we hammered into the reef matrix three PVC pipes to mark each colony, with a unique plastic cow 

tag attached at the end of one of them. We sampled these tagged corals for both population genetic analyses and our acute heat 

stress experiment. For the acute heat stress experiment, we collected 8 different coral branches from each colony, one for each 

of the temperature treatments. These were collected with SCUBA and removed using stainless steel bone cutters. Gloves were 

worn during the collection process. We selected branches approximately 10-12 cm long, and at least 2 cm in diameter. For the 

host population genetic analyses, we only collected a single branch, following the same protocol described above. This branch 

was further fragmented and placed into a 15 mL tube with 10 mL of DNA/RNA Shield (Zymo Research). We disinfected the bone cut

ters with >95% ethanol and wiped them with a clean Kimwipe in between coral colonies. We stored collected samples at 4◦C for the 

duration of the field work, and then placed them at -80◦C for long term storage prior to analyses.

METHOD DETAILS

Host population genetics

To determine the genetic landscape of corals across Panama’s Tropical Eastern Pacific, we extracted DNA from each in-situ sample 

using a modified phenol-chloroform protocol we optimized for corals. Briefly, we first lysed the coral branch, tissue, and skeleton 

together in DNA/RNA Shield (Zymo Research) using a combination of Lysing Matrix A and 1/4-inch ceramic spheres (MP Biomed

icals). This was followed by enzymatic digestion using both proteinase K and RNAse A, and a standard phenol:chloroform:isoamyl 

phase separation. This protocol allowed for the production of high quantity and high molecular weight DNA. The resulting DNA was 

shipped to the McGill Genome Center (Montréal, Québec) where we performed shallow whole genome sequencing for all our coral 

samples. We aimed for 4M reads per sample with a pair-end read length of 150 bp. The center performed the library preparation and 

sequenced all samples on a single lane of an Illumina NovaSeq6000 S-Prime v1.5. The colony-region breakdown for analyzed sam

ples can be found in Data S3A.

SNP-by-genotyping

To determine the genetic variation across our samples, we used SNP-by-genotyping with GenPipes143 on the Digital Research Alli

ance of Canada’s high-performance computing (HPC) cluster. We implemented quality control and SNP filtering steps to align 

trimmed reads to our reference genome,144 Picard to mark fragment duplicates162 (https://broadinstitute.github.io/picard/), and 

the GATK Haplotype Caller145 to call SNPs. We used the Pocillopora damicornis coral genome as a reference genome.133 Although 

recent work has determined that corals in Panama’s Tropical Eastern Pacific are not P. damicornis as previously believed, but part of 

the P. verrucosa-P. grandis/P. meandrina complex,26,163,164 the genome assembled by Cunning et al.133 was generated from an in

dividual located in a plot adjacent to our Saboga reef transect in the Gulf of Panama; the P. damicornis reference genome on NCBI 

thus most likely forms part of the P. verrucosa-P. grandis/P. meandrina lineages and is an appropriate reference genome for this work. 

To determine the genetic lineages of our colonies, we amplified and Sanger sequenced the mitochondrial Open Reading Frame 

(mtORF), following Flot and Tiller165 and Gélin et al.166 Amplifying the mtORF is currently the most commonly implemented technique 

to distinguish between different Pocillopora spp. lineages (see Oury et al.167). Hereon, genetic lineages will be referred to by their 

mtORF lineage. We were unable to amplify the mtORF for two colonies, 755 in UVA and 713 in SAB. These two colonies have 

been removed from downstream population genetic analyses that consider trends across mtORF lineages.

Prior to population genetic analyses, we engaged in quality control filtering using VCFtools,146 and pruned loci potentially under 

linkage disequilibrium using PLINK.147 All statistical analyses were performed in R version 4.2.1.168 After filtering, we retained 

6,145 SNPs for downstream analyses. To determine the contribution of different ancestral source populations within our samples, 

we ran the program ADMIXTURE.82 To determine the optimal number of K ancestral populations, we used ADMIXTURE’s cross-vali

dation (CV) error plot (see Figure S1). For regional analyses, given the equivalence in the CV error values for K= 3, 4, 5, and 6, we 

selected K = 6 among the K values because this number allows us to test our a priori expectation that each reef site if each site rep

resents a distinct ancestral lineage.82,169–172 Using K = 3 to 5 does not yield materially different conclusions, which is that there is 

notable gene flow across our six reef sites, but would not allow us to investigate differences between sites (Figure S1A). Plots for 

K= 3 to 5 can be accessed and generated from our scripts on Zenodo (https://doi.org/10.5281/zenodo.15532242). For mtORF an

alyses, we selected K = 4 as it had the smallest CV error value (see Figure S1B).
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Genetic differentiation metrics

To determine genetic differentiation metrics across all samples, we used the command ‘basic.stats’ from the package ‘hierfstat’148 in 

in R version 4.2.1.168 For pairwise Fst calculations, we used the command ‘genet.dist’ with the Weir and Cockerham 1984 calculation 

from the package ‘hierfstat.’148 To detect genetic markers involved in adaptation to contrasting upwelling regimes, we implemented 

the program ‘pcadapt.’149 We used the principal component analysis approach in ‘pcadapt’ as it can handle admixed individuals and 

does not require pre-grouping individuals, while also implementing the robust Mahalanobis distance that can account for potential 

outlier loci.149 As our population genetic analyses suggest that mtORF lineages are not completely isolated, with some individuals 

showing mixed ancestry, we ran outlier analyses for both lineages together (see Figure S2). To detect putative outlier loci that 

may be underlying the adaptation to different gulfs, we implemented the package ‘OutFLANK.’150 We chose to use ‘OutFLANK’ 

as it defines a null Fst distribution based on expected genomic signatures of diversifying and balancing selection. This program iden

tifies loci under divergent selection by comparing the allele frequencies between populations, in our case the two studied gulfs. To 

account for Fst outliers driven by within-gulf microhabitat adaptation, we re-ran ‘OutFLANK’ setting each reef as the population, as 

compared to setting each population as one of the two regions (Gulf of Panama, Gulf of Chiriquı́). Any within-gulf outliers detected in 

our reef-based ‘OutFLANK’ analysis were filtered from downstream outlier functional analysis. We defined outliers at a q-value cut-off 

of 0.05 and expected heterozygosity cut-off of 0.1.

Functional predictions of outlier loci

To determine the potential functional roles of the identified outlier loci, we used snpEff151 to annotate and determine the predicted 

effects of the identified variants. To do so, we built a custom snpEff database, using NCBI’s RefSeq annotation for the P. damicornis 

genome173 (https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Pocillopora_damicornis/100/). We selected loci that snpEff de

noted as being missense variants and intron variants for further characterization, given these SNP would most strongly impact down

stream proteins. We defined a 2000 kb window around each of these SNPs using the UCSC Genome Browser.135 We then inputted 

this window into nucleotide BLAST (blastn) and compared our genomic windows to the nucleotide collection152 to predict the asso

ciated proteins containing outlier SNPs; we selected the resulting hit with the highest percent identity.

Acute thermal stress assay

To test the functional consequences of Pocillopora coral’s host-microbiome interactions, we subjected all sampled corals to the 

Coral Bleaching Automated Stress System (CBASS). We selected this assay as it has been shown to correlate with thermal tolerance 

trends, ranging from microbiome dynamics to host physiological shifts, as detected from traditional, multi-week heat stress exper

iments.64,104 Following Voolstra et al.64, we used eight, 10 L flow-through tanks representing independently controlled temperature 

treatments. Each tank’s temperature was regulated by 200 W titanium heaters (Schego) and IceProbe Small Aquarium Chillers (Nova 

Tec), connected to a custom-built controller with a 12V power supply (Arduino Mega 2560). Full spectrum 165W aquarium LED lights 

(Galaxyhydro) provided ∼ 600 mmol quanta m-2 s-1 to each tank on a 12 h:12 h light:dark cycle. Throughout the experiment, each 

tank received water at a rate of approximately 2 L hr-1, with powerheads (SUNSUN JVP Series) and a reservoir pump (Jecod/ 

Jebao DCT-4000) ensuring sufficient water flow. We also placed within each tank a HOBO Pendant Temperature Logger to record 

temperatures throughout the experiment at 5-minute intervals.

We programmed each tank to run one of eight temperature profiles. These temperature profiles represent the mean monthly 

maximum (MMM) temperature during our sampling period (28.5◦C), and 1.5◦C increments from the MMM up to MMM + 10.5◦C. 

The 28.5◦C tank served as our control and remained at this temperature throughout the experiment at each site. MMM was deter

mined from the NOAA Coral Reef Watch’s 5 km global product134 (https://coralreefwatch.noaa.gov/product/5km/). Experiments 

began at 10:00 AM, with a three hour ramp up to temperature, a temperature hold for three hours, and a ramp down to MMM for 

two hours. For all tanks, there was an overnight hold at MMM. Sampling began at sunrise for all sites, which was approximately 

7:00 AM. From each sample, we used bone cutters to cut small pieces of coral fragments and placed them in 1.5 mL of DNA/ 

RNA Shield (Zymo Research) for downstream microbiome analyses. For physiological and oxidative stress analyses, we collected 

a single intact branch from the same sample which was first placed within a Whirl-Pak bag wrapped in aluminum foil before being 

stored in a liquid nitrogen dewar. We removed a single site from all downstream analyses, Contadora in the Gulf of Panama, due 

to poor temperature control for the 28.5◦C treatment.

Microbiome characterization

To characterize microbial dynamics during the Coral Bleaching Automated Stress System (CBASS), we performed amplicon 

sequencing of the coral Symbiodiniaceae and prokaryotic community. We used the same phenol-chloroform protocol described 

above to extract DNA from the samples collected during the CBASS. We selected a subset of colonies and sites, representing 

two reefs per region, and four temperature treatments: 28.5◦C (control), 30◦C, 33◦C, and 36◦C; the precise sample breakdown 

can be found in Data S3A. The resulting DNA was amplified for two markers, ITS2 rRNA for the dinoflagellate algal symbionts in 

the family Symbiodiniaceae and 16S rRNA for the prokaryotic community.

For ITS2 amplification, we used the ITS-DINO (5’-GTGAATTGCAGAACTCCGTG-3’; Pochon et al.138) and ITS2Rev2 

(5’-CCTCCGCTTACTTATATGCTT-3’; Stat et al.139) primer pairs. For 16S, we followed the amplification protocol from the Earth Mi

crobiome Project’s protocol (Ul-Hasan et al.140; https://earthmicrobiome.org/protocols-and-standards/16s/) using their updated 

515F (5’-GTGYCAGCMGCCGCGGTAA-3’; Parada et al.141) and 806R (5’-GGACTACNVGGGTWTCTAAT-3’; Apprill et al.142) primer 

pair. Precise PCR conditions can be found in Data S3B and S3C. Library prep was performed at the Naos Marine Laboratories at the 
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Smithsonian Tropical Research Institute (Panamá, Republic of Panama) and sequenced on an Illumina MiSeq v2, with a pair-end read 

length of 250 bp.

We identified taxa from ITS2 reads using the SymPortal platform,136 as this database is specifically curated for coral-associated 

Symbiodiniaceae. SymPortal is a community-driven tool that is able to differentiate intra- and inter-genomic sources of genetic vari

ation across Symbiodiniaceae and thus defines putative taxa on the basis of defining intragenomic (ITS2 sequence) variants (DIVs) 

rather than amplicon sequence variants (ASVs).136 The co-occurrence patterns of DIVs are used by SymPortal to predict ITS2 type 

profiles, thus leveraging ITS2 intragenomic diversity to delineate putative taxa.136 We used the ITS2 type profiles to visualize changes 

in taxa over the course of the Coral Bleaching Automated Stress System across regions and mtORF lineages. For our GLS models, 

ordination plots, and indicator species analyses, we used the post-MED DIV count table in R version 4.2.1.168 Here, we used the ab

solute abundance DIV table as our ASV table in the R package ‘phyloseq’155 (https://github.com/joey711/phyloseq).

Physiological measurements

We extracted chlorophyll a and coral host soluble protein content following Hoogenboom et al.174 with some modifications. Briefly, 

we extracted coral holobiont tissue from the skeleton and placed this in 15 mL of 0.45 μM filtered sea water (FSW) using an airbrush. 

The resulting tissue slurry was then homogenized using a potter grinder. We determined chlorophyll a concentrations using the 

method adapted for microplate readers described by Schimidt et al.175 We centrifuged 2 mL of the homogenized tissue slurry at 

8,000 x g for 10 min, after which the supernatant was discarded and the resulting symbionts were resuspended in 2 mL of 95% 

ethanol for chlorophyll a extraction. We assessed the soluble protein content using the Bradford Protein Assay Kit (Thermo Scientific, 

USA) following the manufacturer’s instructions which is based on the Bradford method.176 To determine absorbance measurements 

we used a microplate reader (Elx 800, Biotek), and normalized data to surface area (cm2) using the wax-dipping method.177

Oxidative metabolism measurements

We prepared samples for oxidative metabolism analyses as previously described in Fernandes de Barros Marangoni et al.35,38

Briefly, coral fragments (approximately 0.5 cm2) were homogenized in ice using ultrasound, with specific buffer solutions tailored 

for each analysis. After homogenization, we centrifuged the holobiont samples at 13,000 x g and 4◦C for 10 minutes. We normalized 

our results based on the total holobiont protein content in the sample, which was determined using the Bradford Protein Assay Kit 

(Thermo Scientific, USA). We generated a protein standard curve using a bovine serum albumin (BSA) solution (2 mg/mL).

Lipid peroxidation

To measure oxidative damage to biomolecules, we quantified the amount of lipid peroxidation (LPO) within each sample. LPO is one 

of the most prevalent mechanisms of cellular injury and has been extensively reported for corals and other marine organisms under 

oxidative stress.35,178 To detect LPO, we used the Thiobarbituric Acid Reactive Substances (TBARS) method with the commercial kit 

‘‘TBARS (TCA Method) Assay Kit’’ (Cayman Chemical, No 700870) following the manufacturer’s instructions. The reaction between 

malondialdehyde (MDA) and Thiobarbituric Acid (TBA) under high temperatures (90-100◦C) and acidic conditions creates an MDA- 

TBA adduct. We performed this reaction within each of our samples, and measured the resulting adduct calorimetrically at 540 nm 

using a microplate reader (ELx800, Biotek). We normalized our data by considering the total holobiont protein content in each well of 

the sample homogenates and expressed this as μM MDA mg protein-1. Given the low amounts of holobiont tissue biomass for our 

LPO samples at 36◦C, we only have data for the remaining three temperature treatments, here 28.5◦C, 30◦C, and 33◦C (see Data S3A 

for the sample breakdown).

Total antioxidant capacity

To assess each fragment’s non-enzymatic total antioxidant capacity (TAC), we used the ‘‘OxiSelect™ TAC Assay Kit’’ (Cell Biolabs 

Inc.) following the manufacturer’s guidelines. This assay quantifies TAC through a single electron transfer mechanism,179 relying on 

the reduction of copper (II) to copper (I) by antioxidants. Following reduction, copper (I) ions react with a chromogenic reagent, 

yielding a maximum absorbance at 490 nm. We compared our sample’s absorbance values with a uric acid standard curve, with 

absorbance directly proportional to the sample’s reductive capacity. We conducted our measurements using a microplate reader 

(Elx-800, Biotek), and normalized our data based on the total holobiont protein content in each well of the sample homogenates, ex

pressed as μM Copper Reducing Equivalents (CRE) mg protein-1. For these analyses, we selected four separate temperature treat

ments: 28.5◦C, 30◦C, 33◦C and 36◦C (see Data S3A for the sample breakdown). These temperatures were selected based on our 

preliminary microbiome and physiology analyses, which suggested that the thermal threshold for corals in both regions was located 

within this range (see Results).

QUANTIFICATION AND STATISTICAL ANALYSES

Microbiome characterization

Symbiodiniaceae

To test the factors significantly driving the observed algal microbiome trends, we modeled the relative proportion of ITS sub-clades 

as a function of temperature treatment, region, and mtORF as explanatory variables, using the generalized least squares (GLS) func

tion ‘gls’153 from the ‘nlme’154 package in R version 4.2.1.168 We used GLS because preliminary analyses indicated heterogeneity of 

variances among temperatures, which can be explicitly modeled within a GLS framework. To determine community-level shifts dur

ing the Coral Bleaching Automated Stress System, we performed a canonical analysis of principal coordinates (CAP) via the 
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‘ordinate’ function in ‘phyloseq’,155 using Bray-Curtis dissimilarity to calculate distances.180 We opted for a distance-based redun

dancy analysis because we had a priori hypotheses about the factors driving community dissimilarity patterns. CAP implements a 

multivariate multiple linear regression to maximize the fit between principal component coordinates and explanatory variables. To 

help identify the impact of each explanatory variable in driving patterns within ordination space, we ran a PERMANOVA with 999 per

mutations using the ‘adonis2’ command from the package ‘vegan’;156 post-hoc pairwise comparisons were performed with the ‘pair

wise.adonis2’ function and implemented Benjamini and Hochberg p-value corrections due to multiple comparisons.157 To test the 

statistical significance of patterns of homogeneity of variance, we ran ‘betadisper’ with 999 permutations from the package ‘vegan,’ 

using Bray-Curtis distances.156 We then ran an ANOVA on the ‘betadisper’ group dispersion results to determine if the variance of 

each group’s distance from the centroid was statistically significant. Post-hoc comparisons were performed with Tukey’s Honest 

Significant Differences test which corrects for multiple testing at a 95% confidence level.

To detect differentially abundant microorganisms within particular locations and/or treatments, we performed an indicator species 

analysis181 using the package ‘indicspecies.’158 Here, we used the ‘multipatt’ command with 999 permutations and implemented the 

Benjamini and Hochberg p-value correction for multiple comparisons. Given we had multiple temperature treatments, we first sub

setted our phyloseq object to represent separate gulfs and mtORF lineages, and then ran ‘multipatt’ comparing Symbiodiniaceae 

communities across temperatures.

Prokaryotic community

For 16S reads, we used the R package ‘DADA2’ version 1.20159 (http://github.com/benjjneb/dada2) to call amplicon sequence var

iants (ASVs). Here we used cutadapt in DADA2 to remove primer sequences.160 We also assigned taxonomy using the SILVA 16S 

database release v138.1,182 specifically formatted for the classification of ASVs derived from ‘DADA2’137 (https://zenodo.org/ 

records/4587955). Using the R package ‘phyloseq’,155 (https://github.com/joey711/phyloseq) we integrated ASVs, taxonomy, and 

sample information into a single object. We then removed all ASVs assigned to chloroplasts, mitochondria, eukaryotes, or unas

signed at the kingdom level. We used the package ‘decontam’183 to remove potential contaminants within ASV data, by implement

ing a statistical classification procedure on the basis of prevalence within our negative controls. We additionally removed singletons 

and performed an r-log transformation within the ‘DESeq2’ package161 prior to beta diversity analyses. Beta diversity analyses for 

16S follow the same pipelines as for the ITS2 analyses described previously (e.g., CAP, homogeneity of variances, and indicator spe

cies analyses).

Physiological measurements

To determine the factors driving changes in chlorophyll a and host protein concentrations during the Coral Bleaching Automated 

Stress System (CBASS), we used nonlinear mixed effects models. Previous CBASS work has estimated thermal thresholds using 

Fv/Fm, which is a measure of photosynthetic efficiency. This has involved fitting separate log-logistic dose–response curves 

(DRCs) to each colony, from which an effective dose 50 (ED50) is calculated as the bleaching threshold and compared among sites 

for each species using one-way ANOVAs.184 ED50 is the inflection point where Fv/Fm is 50% lower than the starting value. We 

wished to more comprehensively test and account for among-site effects, in order to better resolve differences in the functional 

form of the thermal response among regions and mtORFs. To achieve this, we modeled the thermal functional response curve incor

porating fixed effects of region and mtORF, and random effects of site. Specifically, we modeled the thermal response of each phys

iological response variable as a logistic function of temperature:

ym;r;s(x) =
vm;r;s

1+e (δm;r;s×(log(x) − log(αm;r;s))
(Equation 1) 

where ym,r,s(x) is the response of site s, within region r, and belonging to mtORF m, to temperature treatment x. Equation 1 has a sig

moid shape, declining from an asymptotic maximum value ν for the physiological response variable to a lower asymptote at zero. The 

parameter α is the temperature at which the physiological response has declined to 50% of that maximum value; we use this as our 

measure of threshold position – larger values of α imply that physiological condition is maintained at (i.e., more resistant to higher 

temperatures). The parameter δ regulates the steepness of this threshold, with larger values of δ implying steeper thresholds (i.e., 

the decline in performance from ν to zero is more concentrated around the threshold temperature α). For all parameters, our most 

general model allowed for differences depending on region r (upwelling or non-upwelling) and mtORF m (which we considered fixed 

effects of interest), and we also allowed random effects on the parameters of site within region. This allowed us to most effectively 

leverage the hierarchical structure in our data to resolve differences among regions and mtORFs. Although we initially also consid

ered random effects on the parameters of colony within site, we removed these from our models to simplify the hierarchical structure 

of our data. This is because each colony has an associated mtORF lineage, and this was the most relevant source of colony-level 

differences. To fit our models to data, we used the ‘nlme’ package153,154 in the statistical program R version 4.2.1.168

Specifically, for each response variable, we first fit a full model with an interaction between gulf and mtORF lineage as fixed effects 

on each parameter, and random effects of reef site within region and colony within site, on each of the three model parameters. We 

then systematically dropped fixed effects one at a time and compared model fits using likelihood ratio statistics to determine the best 

fixed-effects structure. We then repeated the same process to determine the random-effects structure. For all fixed-effects model 

selection fits, we used maximum likelihood (rather than Restricted Maximum Likelihood [REML]), to ensure comparability of likeli

hoods.185 We also computed the Akaike information criterion (AIC) score for each of our fitted models, to determine whether the 

model selected by likelihood ratio tests was also the lowest AIC model.
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Oxidative metabolism

To analyze the decline in LPO and TAC concentrations during the Coral Bleaching Automated Stress System (CBASS), we used linear 

mixed effects models. We built our models using ‘lm’ from the base ‘stats’ package in R version 4.2.1.168 So that the response vari

ables’ distributions approximated normal distributions, we log-transformed our LPO data and square-root transformed our TAC data. 

To explore if algal community dynamics could explain some of the variation in LPO and TAC during the CBASS, we additionally 

treated the relative proportion of the two algal clades (ratio of the relative reads mapping to Cladocopium spp. versus Durusdinium 

spp.). within each sample as an ordinal fixed effect.

As we had only three temperature treatments for our LPO data, we lacked the power to model this metric as a continuous function 

of temperature. Instead, we treated temperature as a categorical variable; as this approach can accommodate non-monotonic re

sponses to temperature. We first created a full model where LPO was a function of temperature, region, mtORF, and algal clade ratio 

all as fixed effects. We also found support for an interactive effect between the fixed effects of region and mtORF lineage during our 

preliminary modeling, so this was additionally considered. We systematically removed fixed effects and compared nested model fits 

using the likelihood ratio test to determine the final fixed effects structure. We also calculated each model fit’s AIC score to confirm 

that the model selected on the basis of likelihood ratio tests was also the lowest AIC model. For TAC, we followed the same model 

selection process, with a few modifications. First, as we had four temperature treatments, we were able to model TAC as a contin

uous function of temperature. Previous work suggests that TAC’s responses to stress may be non-monotonic, as organisms may 

increase their TAC as stress increases from low levels but may decline at very high levels of stress as the organism’s capacity to 

cope with oxidative stress becomes overwhelmed.35,38 Therefore, we modeled TAC as a quadratic function of temperature, rather 

than a sigmoid function.
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