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Climate adaptive loci revealed 
by seascape genomics correlate 
with phenotypic variation in heat 
tolerance of the coral Acropora 
millepora
Hugo Denis 1,2*, Oliver Selmoni 3,4,5, Hugues Gossuin 6, Thierry Jauffrais 1, Caleb C. Butler 7, 
Gaël Lecellier 1,8,9 & Véronique Berteaux‑Lecellier 1,9*

One of the main challenges in coral reef conservation and restoration is the identification of coral 
populations resilient under global warming. Seascape genomics is a powerful tool to uncover genetic 
markers potentially involved in heat tolerance among large populations without prior information 
on phenotypes. Here, we aimed to provide first insights on the role of candidate heat associated 
loci identified using seascape genomics in driving the phenotypic response of Acropora millepora 
from New Caledonia to thermal stress. We subjected 7 colonies to a long-term ex-situ heat stress 
assay (4 °C above the maximum monthly mean) and investigated their physiological response along 
with their Symbiodiniaceae communities and genotypes. Despite sharing similar thermal histories 
and associated symbionts, these conspecific individuals differed greatly in their tolerance to heat 
stress. More importantly, the clustering of individuals based on their genotype at heat-associated 
loci matched the phenotypic variation in heat tolerance. Colonies that sustained on average lower 
mortality, higher Symbiodiniaceae/chlorophyll concentrations and photosynthetic efficiency under 
prolonged heat stress were also the closest based on their genotypes, although the low sample size 
prevented testing loci predictive accuracy. Together these preliminary results support the relevance 
of coupling seascape genomics and long-term heat stress experiments in the future, to evaluate the 
effect size of candidate heat associated loci and pave the way for genomic predictive models of corals 
heat tolerance.

Keywords  Coral bleaching, Heat stress, Phenotype-genotype association, Climate change adaptation

Coral reefs are considered one of the most vulnerable ecosystems to global warming1 with around 50% of global 
cover already lost since 19502–6. The exacerbated decline in global coral cover in the recent decade has been 
mainly attributed to mass bleaching triggered by abnormally high sea-water temperatures5,6. Coral bleaching 
occurs when symbiotic microalgae (Symbiodiniaceae) living within the host are expelled or digested leading 
to nutritional deprivation7,8 which can ultimately lead to coral death9. Increasingly frequent and long marine 
heatwaves10 are shortening return times between bleaching events11. Under moderate emissions scenarios (RCP 
4.5) bleaching events could occur annually in > 75% of global coral reefs before 207012. Therefore, the Inter-
governmental Panel on Climate Change predicts that 70–90% of global coral cover will be lost by 2100 under 
a 1.5 °C warming scenario13. However, these predictions do not generally take into account contrasted heat 
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stress responses among geographical regions14, species15, morphotypes16, thermal history17 and environmental 
conditions (e.g., hydrodynamic flow18, nutrient enrichment19,20 and light irradiance21). In addition, associated 
Symbiodiniaceae22,23 and bacterial communities24,25 can affect the thermal and bleaching tolerance of coral 
colonies.

Heat tolerance has also been shown to vary among conspecific colonies from similar habitats26–29, suggest-
ing that individual effects can enhance or alter the resilience of populations under warmer conditions. Such 
differences may be due to acclimatization through phenotypic plasticity (e.g., changes in gene expression30,31 
or Symbiodiniaceae communities32,33), transgenerational effects (e.g., epigenetic modifications34 and symbiont 
transmission35) or standing genetic variation in the host. Corals heat tolerance has been found to be a heritable 
trait with a polygenic basis28,36–40. Despite evidences for contemporary increases in coral heat tolerance41–43, how 
much and where genetic adaptation can keep pace with global warming is yet to be determined in most reef 
systems. It depends in particular on several parameters that are unknown in most taxa such as heat tolerance 
heritability44–46, selection differential45, covariance between traits (e.g., growth and symbiont retention)47 and 
potential tradeoffs48,49. Identifying genetic markers involved in heat tolerance and understanding their distribu-
tion through time and space is therefore crucial to predict the future of coral reefs50–54 as well as targeting tolerant 
populations and individuals for conservation55–58 and restoration46,59,60.

In the last decade, studies have begun to identify host genomic markers associated with corals heat tolerance. 
Early studies identified candidate loci using transcriptomic signatures in adults31,61,62 and larvae37, or genomic 
associations with larvae survival under thermal stress45,46. Other studies identified genomic regions showing 
signals of population differentiation between distinct thermal environments39,40,63. Molecular pathways associ-
ated with candidate genes or genomic regions included immune system response, inflammatory and antioxi-
dant response, calcium homeostasis, apoptotic processes, mitochondrial metabolism and nitrogen metabolism. 
However, most of these studies identified candidate loci using a limited number of individuals originating 
from a few reefs and without a measurement of individual-level heat tolerance phenotype. This has hindered 
their application to the screening of tolerant individuals in natural populations and called for new methods to 
investigate simultaneously genotypes and phenotypic response over larger spatial scales and genomic coverage. 
Genome wide association studies (GWAS) have been extensively used in the last decade to predict phenotypic 
traits of individuals given the information about their genotypes64. The first study using this method in corals 
identified genomic regions associated with bleaching susceptibility in Acropora millepora from 12 populations of 
the great barrier reef (GBR)67. Despite no individual loci reaching statistical significance due to limited sample 
size, a predictive model incorporating symbiont identity, environmental data and polygenic scores was able to 
predict ~ 62% of the variance in bleaching intensity.

Other population genetic methods such as seascape genomics can be used to identify candidate heat associ-
ated loci (HAL) without prior information on phenotypes68. In this approach, HAL are detected through cor-
relation tests between allele frequencies and environmental gradients while accounting for the genetic structure 
of natural populations69. This method was used in a previous study to reveal candidate heat associated loci in A. 
millepora using 167 individuals sampled across 20 reefs of New Caledonia (Southwest Pacific)70. A. millepora is 
a model species for studying thermal tolerance as it is considered highly vulnerable to global warming71, has a 
wide distribution area within the Indo-Pacific region72 and extensive genetic information is available including a 
chromosome-level reference genome67,73. In addition, several studies have investigated its response to heat stress 
using physiological measurements, metabarcoding, metabolomics and transcriptomics74–76.

In this study we aimed to conduct a preliminary assessment of the relevance of candidate HAL identified using 
the New Caledonian seascape genomics results70 to explain differences in thermal tolerance between individu-
als. We subjected 7 colonies originating from the same environment and harboring similar life history traits to 
a long-term heat stress experiment. Heat-stress has been shown to trigger various physiological and molecular 
cascades (e.g., generation of reactive species, nutrient cycling and calcium homeostasis impairment) which can 
result in different endpoints such as host cell death, symbiont expulsion or symbiont degradation7,8. Therefore we 
used multiple physiological measurements at the end of the experiment to decipher different types of phenotypic 
response among colonies. Then we investigated a statistical approach to assess the correlation between genotypes 
at the candidate HAL and phenotypes in the case of limited sample size.

Material & methods
Sampling site, coral collection and fragmentation
Seven A. millepora colonies were collected at Snark Reef (−22.4388, 166.4292, Supplementary Fig. 1), New Cal-
edonia in February 2021 (permit number: 340–2021/ARR/DDDT). This reef was chosen due to its high bleaching 
alert frequency since 1981 compared to all New Caledonia reefs (BAF; > 95% percentile; Supplementary Fig. 2), 
associated with high allelic diversity at HAL70. This was meant to increase the likelihood that genotypes would 
display different levels of heat tolerance while originating from the same reef. All colonies were collected at a 
depth ranging between 2 and 3 m, and were located at least 5 m from each other to avoid genotype duplicates. A 
small fragment (< 1cm3) of each colony was directly stored in 80% ethanol for DNA extraction (Fig. 1). Colonies 
were maintained in a coral garden in St-Marie Bay (S −22°1717, E 166°2850) for ~ 5 months before performing 
the experiment. In July 2021, each colony was fragmented to 40 nubbins (except for colonies 13 n = 37, 1 and 3 
n = 33) and transferred to experimental tanks at the Aquarium des Lagons Nouméa. Nubbins were randomly 
distributed throughout four ~ 190 L tanks (2 tanks per treatment, 70 nubbins per tank, 10 nubbins per colony, 
n = 7 colonies, Supplementary Tab. 1). Of note, colonies 1 and 3 were fragmented earlier in March 2021 and 
therefore had a longer post-fragmentation acclimation period.
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Experimental design
The experimental design and tank conditions were chosen in line with the general framework suggested by 
Grottoli et al.77 to increase comparability between studies (Fig. 1). The system consisted of four replicated ~ 190 
L tanks supplied with freshly filtered seawater pumped in nearshore waters using 5 µm cartridge filters and 1 
L.min-1 flow rate (corresponding to a ~ 7.5 × daily turnover). Temperature control in each tank was achieved using 
Eliwell EWDR983 controllers connected thermal probes and heating resistors (HT300, Tetra and Pro Temp s300, 
JBL) in upstream homogenization tanks. Current pumps (WP100, Tetra) maintained a 5–20 cm.s−1 flow rate and 
200W LEDs (Maxspect RSX 200) supplied ~ 250 µmol photons m−2.s−1 with a 11:30/13:30 light regime similar to 
in situ conditions. Temperatures inside the tanks were recorded at 15 min interval with Hobo loggers (Onset, 2 
per tank) and pH and salinity were measured daily using a Pro Plus multiparameter meter (YSI). Coral nubbins 
were fed daily with 5 mL of Artemia larvae cultures (Day 2) per tank (~ 350 larvae/mL) to avoid heterotrophic 
starvation caused by the water filtration and additional oxygen was provided with air pumps.

Heat stress experiment
Once distributed in the tanks, all nubbins underwent a 2 weeks progressive acclimation to control conditions 
during which the light intensity was increased from 100 to 250 µmol photons m−2.s−1 and the temperature raised 
from the lagoon temperature to 27 °C, the Maximum Monthly Mean (MMM) of Snark Reef site (day 0–14). As 
1–4 °C above the MMM are expected to elicit a bleaching response within a few weeks77, the water tempera-
ture of two tanks was then increased (at a rate of 0.5 °C/day) to 31 °C (MMM + 4) in two steps: from MMM to 
MMM + 2 (29 °C, day 15–29, and, after 14 days, from MMM + 2 to MMM + 4. MMM + 4 was maintained for 
10 days (day 36–46, Fig. 2b).

Visual assessment of coral health
Coral health was monitored throughout the experiment using visual observations. Bleaching scores were assigned 
using the same criteria as Santoro et al.78: H = healthy, P = paling (< 10% of the nubbin with pigment loss), 
B = bleached (10% < X < 80%), W = bone white (> 80% of the nubbin white) and D = dead (0% of living tissue). 
Daily pictures of each nubbin were taken with an underwater camera (Nikon Coolpix W300) to assign bleaching 
or death dates and coral fragments were observed under a binocular magnifier to assign the correct category 
when needed. Dead nubbins were removed from the tanks to avoid any pathogen proliferation and contamina-
tion of healthy nubbins.

Photosynthetic performance, Symbiodiniaceae density and chlorophyll content
Maximum photosynthetic yield (Fv/Fm) was assessed via pulse-amplitude modulation (PAM) fluorometry at a 
2–3 days’ interval during the course of the experiment. This physiological variable is a common proxy of bleach-
ing onset77 and is non-invasive which allows the quantification of holobiont health across time and temperature 
exposure. Measurements were carried out at least 30 min after artificial sunset to ensure dark-adaptation, using 
an Aquapen-P AP-110P (photon systems instruments) with a blue measuring light (455 nm) and a saturation 
pulse intensity of 1500 µmol m−2 s−1.

Figure 1.   Experimental design and methods to assess the relevance of molecular markers identified through 
seascape genomics for Acropora millepora heat tolerance. A small sample (< 1cm3) was taken from each colony 
at the time of collection and stored in ethanol 80% for further ITS2/psbAncr profiling and DART sequencing. 
Colonies were fragmented in ~ 40 nubbins and randomly split between control and stress treatments (2 tanks/
treatment) Visual scores and Fv/Fm were monitored throughout the experiment (2–3 days interval). At the end 
of the experiment 3 nubbins/colony/treatment were frozen to measure symbiont density and total chlorophyll 
content.



4

Vol:.(1234567890)

Scientific Reports |        (2024) 14:22179  | https://doi.org/10.1038/s41598-024-67971-1

www.nature.com/scientificreports/

At the end of the experiment, 6 random nubbins/colony (3 from control and 3 from stress treatments) were 
frozen for symbiont density and chlorophyll content quantification, which are more accurate but destructive 
measurements of bleaching intensity, except for colony 10 that did not have any living nubbins left in the stress 
treatment (36 nubbins in total). Coral tissues were separated from the skeleton using the air pick method79 
and Symbiodiniaceae cells released in 0.1 µm filtered seawater through manual homogenization with a potter 
tissue grinder. Symbiodiniaceae cells were counted using a Malassez cell under a microscope (Leica DM2000, 
200 × magnification, 3 replicates per sample, 4 sets of 16 squares per replicate). A 10 mL subsample of the tissue 
homogenate was centrifuged (6000 g, 10 min) and the supernatant removed. The pellet containing pigments 
was extracted in 99% acetone (24 h, 4 °C). The total concentration in chlorophyll a (Chla) and chlorophyll c2 
(Chlc2) were calculated from absorbance measurements taken with a spectrophotometer (UV-Visible Evolution 
201, THERMO, 2014) according to Jeffrey, S. t. and Humphrey, G equations80. Chlorophyll content and Symbio-
diniaceae density were normalized to seawater volume and nubbins’ surface area estimated with the paraffine 
method which is considered to match the accuracy of computer tomography (CT) for the Acropora genus81.

DNA extraction, amplification and sequencing
Bulk DNA was extracted using a chloroform-CTAB protocol82 and sent to diversity arrays technology (Canberra, 
Australia) for medium density sequencing (1.2 M reads). The DArT -sequencing method (DArT-seq)83 screens 
thousands of SNP markers across hypomethylated regions of the genome. Library preparation and sequencing 
were performed using the same protocol and sequencer as described in Selmoni et al. (2021)70.

Additionally, DNA samples were sent for Symbiodiniaceae nuclear intergenic region ITS2 and chloroplastic 
non coding region psbAncr84 markers amplification (Herculase II Fusion DNA Polymerase Nextera XT Index Kit 
V2) and Illumina sequencing at Macrogen (Seoul, Korea). ITS2 has a broad phylogenic application range while 
psbAncr can assess relatedness among close lineages85. The ITS2 hypervariable region was amplified using the 
forward primer SYM_VAR_5.8S 5’-GAA​TTG​CAG​AAC​TCC​GTG​AACC and reverse SYM_VAR_REV CGG​GTT​
CWC​TTG​TYT​GAC​TTC​ATG​C-3′86. The psbAncr from 4 colonies (1,9,11,12) was amplified using the forward 
7.4-Forw 5′-GCA​TGA​AAG​AAA​TGC​ACA​CAA​CTT​CCC-3′ and reverse 7.8-Rev 5′-GGT​TCT​CTT​ATT​CCA​
TCA​ATA​TCT​ACTG-3′ primers84.

ITS2 and psbAncr profiling pipeline
Sequencing of the DNA sample from all colonies yielded 160,806–184,696 reads per sample for ITS2 and 
109,195–408,758 reads per sample for psbAncr. Adapters were trimmed from ITS2 and psbAncr sequences using 
Cutadapat v3.187. The Symportal (https://​sympo​rtal.​org) analytical framework was used to analyze Symbiodini-
aceae ITS2 sequence data88. ITS2 sequence variants and ITS2 type profiles abundance count tables outputted by 
the Symportal analysis were used to plot the results. For psbAncr nucleotide sequences, the dada2 ITS pipeline89 
was adapted to focus on forward reads only as they had overall higher quality scores and reference sequences 
are mostly available in the forward direction at this marker. After filtration, dereplication and chimera removal, 
784,670 reads were grouped in 50 amplicon sequence variants (ASVs)90 at 100% identity and blasted against NCBI 
nucleotide database91. Phyloseq package was used for further handling of the data and computation of variants 

Figure 2.   Coral photosynthetic performances throughout the experiment. (a) Average nubbins maximum 
photosynthetic efficiency (Fv/Fm) in each treatment: Control (blue) and Stress (red). Error bars represent 
standard deviation. Asterisks indicate significant differences between treatments (Bonferroni corrections, 
*p < 0.005, **p < 1e-11, ***p < 1e-22). (b) Temperature profiles of the 4 tanks: Stress (1,4, orange and red), 
Control (2–3, pale and dark blue). Dashed vertical lines indicate time points where the temperature was 
increased to MMM +2 and MMM +4.

https://symportal.org
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relative abundances92. ASVs that did not match to Symbiodiniaceae reference sequences (19 ASVs, ~ 1.6% of 
total reads) and low abundant ASVs (4 ASVs, total reads < 10) were discarded. The final set of 27 ASVs was used 
for phylogenic reconstruction together with Cladocopium forward psbAncr reference sequences from a recent 
study93. Sequences were aligned by ClustalW and manually edited in MEGA X software94. Jukes-Cantor model 
with gamma distributed substitution rates (JC + G) was chosen based on aikake information criterion (AIC) 
using NJ tree reference under automatic model selection in MEGA. A maximum-likelihood (ML) phylogenic 
tree using this substitution model was reconstructed in MEGA and statistical significance of internal branching 
assessed using 1000 bootstrap replicates.

Seascape genomics and host genotyping
Candidate markers for heat adaptation were previously identified using a seascape genomics approach based on 
DArT-seq genotyping of 167 A. millepora colonies from 20 New Caledonian reefs70. This GEAs revealed genomic 
regions that may be involved in heat stress adaptation by associating SNP frequencies to environmental gradients 
in mixed models accounting for neutral genetic structure of the population. The DART-seq reads of the new 7 
colonies were aligned against the same reference genome (A.millepora v2 chromosome-level assembly67) using 
DArTSoft14 algorithm to call the same SNPs as in the previous study. The DART-seq pipeline resulted in 55,898 
bi-allelic SNPs and the average number of missing genotypes per SNP was 2.3. These SNPs were filtered out 
to only retain those genotyped for all of the 7 colonies and those that were shared with the 57,374 high qual-
ity SNPs obtained in the previous study after filtration of high missing rates (> 50%), rare alleles (minor allele 
frequency < 5%) and highly frequent genotypes (major genotype frequency > 95%)70. The final genome matrix 
was composed of 16,504 high quality SNPs. In addition, SNPs had been previously annotated by performing 
a similarity search of the protein sequence coded by their closest gene against Uniprot/swissprot databases 70.

Statistical analysis
All statistical analysis were conducted using R v4.0.495. The effect of temperature treatment on maximum photo-
synthetic efficiency throughout the experiment was first investigated using a linear mixed effect model with pack-
age lme496. A first model incorporated treatment and time interaction as a fixed effect and random intercepts for 
each colony, tank and fragmentation date. A second model included the interaction with colony in the fixed effect 
to investigate potential differences in heat response between colonies over time. Diagnostic plots were inspected 
to confirm that hypothesis on residuals homoscedasticity and normality were met, and 95% bootstrap confidence 
intervals were derived for fixed effects. Marginal temperature and colony effects were analyzed at each time point 
using package emmeans97 and p-values adjusted using Bonferroni correction. Physiological measurements at 
the end of the MMM + 4 stress period: Chla, Chlc2, symbiont density (n = 3 nubbins/colony/treatment) were 
compared between colonies and treatments using ANOVA, including fragmentation date as a cofactor. Tukey 
Post-hoc tests were used to make multiple comparisons between groups as Levene’s test confirmed homogeneity 
of variance. The accuracy of nubbins’ visual scores was assessed using Principal Component Analysis (PCA) on 
Chla, Chlc2, symbiont density and Fv/Fm measurements of these 36 nubbins to visualize whether or not bleaching 
categories correctly reflected their physiological state. A bleaching mortality index was computed to summarize 
colonies heat tolerance across replicate fragments using a similar approach as Humanes et al.29:

where H,P,B,W,D are the proportion of fragments assigned to each category. Finally a PCA was performed on 
all phenotypic variables from the 7 colonies in the stress treatment at the end of the experiment (BMI, Fv/Fm, 
Chlorophyll content and symbiont density) to provide an overview of the host and symbiont heat stress responses 
from each colony. The first two principal components were used to compute a phenotype dissimilarity matrix 
that was further tested for correlation with the genotype (see below).

We sought to assess the relevance of molecular markers identified through seascape genomics in explaining 
bleaching tolerance of these 7 colonies (method summarized in Supplementary Fig. 3). For this purpose, we used 
Mantel tests to investigate correlations between the phenotype dissimilarity matrix and a dissimilarity matrix 
based on their genotypes. The previous seascape genomic approach predicts for each SNP an association q-value 
with two Bleaching Alert Frequency variables computed from satellite data at 1 km and 5 km resolution (BAF, 
corresponding to the frequency of daily degree heating weeks > 070,98). The genotype dissimilarity matrix was 
computed using a restricted set of multiple SNPs with a q-value below a specific threshold for at least one BAF 
variable. The effect of genotype was thus tested as a whole rather than separately for each individual SNP because 
of the low sample size. Two dissimilarity metrics were computed from the genotypes: allelic dissimilarity (or 
hamming distance) and euclidean distance based on associated BAF. To compute the second distance, for each 
SNP, the 167 A. millepora colonies from the previous study were split based on their genotypes (0: homozygote 
reference, 1: heterozygote, 2:homozygote alternative) and the median BAF of their original reef computed for 
each of the three groups (Supplementary Fig. 3). The euclidean distance between two individuals was computed 
based on the BAF associated to each of their respective genotypes. We repeated the computation for 100 geno-
type dissimilarity matrices, each based on SNPs with an association q-value below thresholds ranging between 
0.001 (8 SNPs, strongly associated with BAF) and 0.1 (153 SNPs, some of which may not be associated to heat 
stress response). For each genotype dissimilarity matrix, Mantel tests were used to assess their correlation with 
the phenotype dissimilarity matrix. As a control, genotype dissimilarity matrices were also computed from ran-
dom samples of SNPs across the genome (5–120/16 504 SNPs corresponding to the size of the genotype matrix 
for q.values of 0.001–0.1, 1000 replications per sampling size). A hierachical clustering of the 7 colonies was 
performed on the 22 SNPs—for which the Mantel test significance was the strongest—using package pvclust99 

BMI =
0×H + 1× P + 2× B+ 3×W + 4× D

4
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(average, allelic dissimilarity, 100 bootstrap replications). Finally, we assessed the predictability of phenotypes 
through polygenic scores computed from these 22 SNPs as 1) the fraction of heat-adapted genotypes (i.e., variants 
associated with the highest BAF) and 2) the sum of BAF associated to each genotype (Supplementary Fig. 4). 
Figures and graphs were made using R package ggplot2100.

Results
Overall heat stress response throughout the experiment
Photosynthetic performances throughout the experiment showed an interaction effect of treatment and time 
(Fig. 2). Fv/Fm decreased by as much as 22 ± 17% of its initial value in both treatments at the beginning of the 
acclimation period, potentially as a result of tank transfer, and was restored to 92% of its initial value after 10 days. 
The effect of temperature on Fv/Fm was negligible during the acclimation period as well as during two weeks at 
MMM + 2 but became apparent 3 days after reaching MMM + 4, with a gradual 8–42% reduction in the stress 
treatment throughout days 40–45 (β = −0.03–−0.22, linear mixed effect model, Supplementary Tab. 2). This 
significant decrease in Fv/Fm was consistent among colonies (p.adj < 0.05, Bonferroni correction, Supplementary 
Fig. 5, Supplementary Tab. 3) although it was artificially attenuated by the removal of dead nubbins in colonies 
10–11 at day 45. Fragmentation date and tank had minor and small effects respectively on Fv/Fm throughout the 
experiment (explained 0.48 and 7.5% of random variance respectively). Visual observations of coral bleaching 
and mortality of the nubbins were on par with photosynthetic measurements with no visible differences between 
controls and treatments during the acclimation period and after two weeks at MMM + 2. Of note, a few nubbins 
showed sign of tissue loss both in control (colonies 1,3, N = 4) and stress treatment (colonies 11,13 N = 3) and 
were removed from the tanks. Visual observations of coral bleaching and mortality in the stress treatment mainly 
occurred during the MMM + 4 window concomitantly with the decline in Fv/Fm.

Visual classification of nubbins health
A PCA was performed on physiological parameters (Fv/Fm, symbiont density, chlorophyll content) from a subset 
of 36 nubbins at the end of the experiment. Bleaching scores clearly separated along the first component (82.8% 
explained variance, Supplementary Fig. 6) that defined a size effect. Therefore, the classification of nubbins by 
their visual scores appears to be a reliable proxy for their physiological state.

Overall heat stress effect at the end of the experiment
Heat stress triggered a strong decline in all physiological measurements measured on 6 colonies (colony 10 did 
not have enough living nubbins) at the end of the experiment (day 45, ANOVA, Supplementary Tab. 4). In the 
control treatment, the majority of nubbins remained healthy with symbiont density ranging between 0.5 × 105 
and 2.6 × 105 cells.cm-2, Fv/Fm ~ 0.6, chlorophyll a content ranging between 2.5 and 11.0 µg.cm−2 and chlorophyll 
c2 between 0.23 and 1.54 µg.cm−2 (Fig. 3 and Supplementary Fig. 7). In the stress treatment, nubbins underwent 
a relative drop of 71 ± 16 in symbiont density (p = 8.4e−7), 76 ± 13% in chlorophyll a (p = 2.6e−6), 52 ± 24% in 
chlorophyll c2 (p = 9.1e−4) and 42 ± 7% in Fv/Fm (p.adj = 5.2e−23, Bonferroni correction) compared to the control 

Figure 3.   Symbiodiniaceae physiological measurements at the end of the experiment. (a) Maximum 
photosynthetic yield (Fv/Fm). Horizontal bars show significant differences between groups with Bonferroni 
corrections for multiple comparisons and p.values and significance are indicated above. Each point corresponds 
to measurement of living individual fragments at the end of the experiment. (b) Symbiodiniaceae cells density. 
Horizontal bars show significant differences between groups, multiple comparisons adjusted with Tukeypost-
hoc tests and p.values and significance are indicated above. Each point corresponds to individual fragments 
average symbiont densities across three replicate aliquots.
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treatment. Fragmentation date did not affect any of the physiological parameters at the end of the experiment 
(ANOVA, p > 0.05, Supplementary Tab. 4). Overall, the Bleaching Mortality Index was 0.154 in the control treat-
ment and 0.558 in the stress treatment (Fig. 4b), reflecting the global decline in nubbins health under MMM + 4 
(e.g., mortality rates of ~ 7% in the control treatment and ~ 27% in the stress treatment).

Variation in phenotypic response among colonies
While the control treatment did not show any difference in visual scores (Fig. 4a) or physiological parameters 
between colonies (ANOVA, p.adj > 0.05, Supplementary Tab. 5), the stress treatment elicited a global decline in 
nubbins health with substantial variation in colonies response to thermal stress. In the stress treatment, colony 
11 showed an earlier decrease (from day 38) in Fv/Fm than other colonies although not significant at 0.05 level 
(linear mixed effect models, Bonferroni correction, Supplementary Tab. 3) followed by colony 10 (from day 43) 
and colonies 1,3,9 (day 45). Colony 12 maintained the highest Fv/Fm until the end of the experiment, being 25% 
higher than colony 10 (p.adj = 0.015) and 11 (p.adj = 9.9e-5) at day 45. Of note statistical power of colony 10 
comparisons to other colonies was reduced because most nubbins underwent rapid mortality and were removed 
from the tanks. Differential response to heat stress held at day 45, with colonies 12,13 showing on average 40% 
higher chlorophyll a, 43% higher chlorophyll c2 content, 34% higher symbiont cell density than colonies 1,3,9 
and respectively 81, 86 and 96% higher levels than colony 11 (although not significant at 0.05 level due to low 
number of replicates, Supplementary Tab. 5). Bleaching mortality index was also the lowest for colonies 12,13 
(~ 0.31), intermediate for colonies1,3,9 (~ 0.47) and the highest for colonies 10,11 (~ 0.94, Fig. 4b). The first 
component of a PCA (90.6% explained variance, Fig. 5) performed on these 5 phenotype variables (BMI, sym-
biont density, chlorophyll a and c2 content, Fv/Fm) summarized this size effect, separating the 7 colonies by low 
(10,11), medium (1,3,9) and high (12,13) thermal tolerance. While all physiological parameters showed consistent 
decline between clusters, the second component of the PCA (5.5% explained variance) separated colony 13 with 
greater density of symbionts and colony 12 with higher photosynthetic efficiency which suggests that different 
physiological mechanisms may be involved in their respective tolerance.

Endosymbiont communities
All colonies shared ITS2 type profiles representing symbionts from the Cladocopium genus (Fig. 6a). Symbio-
diniaceae communities were predominated by variants C50b (~ 53% of total reads) followed by C3 (~ 12%), 
C3bo (7%), C3k (3%), C3bp (3%) and C50aq (< 2%). At the exception of colony 9, all colonies showed ITS2 type 
profile dominated by variant C50b (C50b-C3-C3bm-C50f, C50b/C3, C50b/C3k-C3bo-C3-C50a, C50b/C50bp-
C3-C3bm-C50f). Colony 9 showed the most distinct ITS2 type profile (C3k/C3bo-C50a-C3bp-C3) dominated by 
variant C3bo (38%), C3bp (~ 16%) and C3k (~ 15%). Additional sequencing of the rapidly evolving chloroplastic 
noncoding region marker psbAncr84 provided a finer delineation of inter- and intra-species variants within the 
Cladocopium genus. All psbAncr sequences belonged to the C3 radiation with colony 9 showing a distinct ASV 
profile from other colonies (Fig. 6b,c). ASVs from colony 1,11,12 were the most closely related to the recently 
formally described Cladocopium sodalum93 while ASVs from colony 9 were separated phylogenetically into 
another cluster presumably constituted of an undescribed C3 species.

Figure 4.   Visual health of 7 colonies exposed to a long-term heat stress experiment. (a) Proportion of bleaching 
categories (visual score) per colony and treatment at the end of the experiment. Nubbins were categorized as 
healthy, paling (> 10% of the nubbin with pigment loss), bleached, bone white (> 80% of the nubbin white) 
or dead (0% of living tissue). Dead nubbins were removed from the tanks to avoid pathogen contamination. 
(b) Individual Bleaching Mortality index per colony and treatment computed from proportion of bleaching 
categories among fragments of group.
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Effect of genotype on phenotypic response to heat stress
All colonies had comparable levels of genetic dissimilarity calculated on all SNPs, and no correlation was found 
between the phenotype dissimilarity matrix and the genotype dissimilarity matrix based on all SNPs (allelic dis-
similarity; Mantel test p-value = 0.624). Conversely, by focusing on SNPs previously identified as candidate heat-
associated loci (HAL), we found a significant correlation between genotype and phenotype dissimilarity matrices 

Figure 5.   PCA component analysis (PCA) on phenotypic measurements of the 7 colonies at the end of the 
experiment, after being exposed to MMM +4 °C for 10 days. Component loads projected on the first two 
components are depicted in arrow. Numbers in parentheses represent the proportion of variance explained 
by that principal component. The barplot on the right-hand indicates the contribution of each phenotypic 
measurements to the first principal component.

Figure 6.   Characterization of Symbiodiniaceae communities from 7 A.millepora colonies using ITS2 and 
psbAncr markers. (a) Relative abundance of ITS2 sequence variants assigned using Symportal analytical 
framework. The 30 most abundant variants are shown for plotting purposes and labels in bold indicate the 
5 most abundant variants among all colonies. Predicted ITS2 profiles are plotted below (normalized to 1). 
(b) Relative abundance of the 20 most abundant psbAncr ASVs in DNA samples from colonies 1,9,11,12. (c) 
Maximum-likelihood phylogeny of the psbAncr ASVs and reference sequences from the C3-radiation (bootstrap 
support values based on 1000 replicates).
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(Fig. 7a). The strength of the correlation increased when selecting SNPs significantly associated with bleaching 
alert frequency variables, being the highest for 22 SNPs with BAF association q-value < 0.03 (Mantel test, allelic 
dissimilarity: p.value = 0.029, euclidean distance: p.value = 0.005. When more stringent q-value thresholds were 
used (lower number of SNPs), the correlation decreased. Repeating this procedure using random SNPs instead 
yielded uniform p.value distributions at each sample size (as expected) and showed no effect of the sample size 
on the genotype x phenotype correlation (Fig. 7b, bottom panel).

Top molecular markers associated with heat tolerance variation
The comparison of alleles between clusters revealed 4 SNPs among the top 22 distinguishing the colonies 10 
and 11 from most of the others (e.g., homozygote reference in 10, 11 vs homozygote alternative in 1,3,9,12,13, 
Supplementary Tab. 6). The closest genes to these SNPs coded for an Oxysterol-binding protein-related protein 
1 with a role in lipid binding and transport [GO:0006869] (SNP7), a cation-independent mannose-6-phosphate 
receptor involved in signaling activity [GO:0038023] and possibly apoptotic processes [GO:0043065] (SNP8) 
and a protein homolog to Golgi-associated plant pathogenesis-related protein 1 possibly involved in the MAP 
kinases ERK1/ERK2 pathways [GO:0070374] (SNP15). Of note, the closest coding sequence to the 4th SNPs 
did not match against any reference of the Uniprot/swissprot database. Additional SNPs separating colonies 12 
and 13 from other clusters were found in proximity to genes coding for a Histone H2A (SNP4) and one protein 
containing Leucine-rich repeats and immunoglobulin-like domains (SNP11). Other SNPs that differed between 
colonies but did not differentiate clusters perfectly (Supplementary Tab. 6) were found in vicinity to genes coding 
for proteins such as the MICOS complex subunit MIC60, Interferon alpha-inducible protein 6, Low- density 
lipoprotein receptor related protein 6, Omega-scoloptoxin-Ssm1a and Enoyl- [acyl- carrier- protein] reductase.

Discussion
Candidate adaptive loci identified by seascape genomics correlate with differential response 
to artificial heat stress
Despite a growing number of candidate heat associated loci (HAL) identified by genotype environment associa-
tion studies (GEAs) in scleractinian corals70,101–103, the relevance of these markers is rarely tested. Here, we used 
ex-situ, long-term heat stress experiment to investigate the link between genotypes at HAL revealed by seascape 
genomics and intrapopulation phenotypic variation in heat tolerance. We found that the clustering of colonies 
based on their alleles at candidate heat associated loci reflected the clustering based on phenotypic responses to 
artificial thermal stress. Heat tolerance is well known to be a polygenic trait in corals28,36–40,67,104, which is also 
supported by our results showing the best match between phenotypes and genotypes based on 22 HAL (repre-
sented by SNPs). Of note, this optimal number of loci is of the same order of magnitude (tens to hundreds) as 
reported in other studies28,31,38,105,106 despite discrepancies in genotyping methods.

Figure 7.   Correlation between clustering genotypes based on candidate climate-adaptive loci and clustering 
of their phenotypic response to artificial heat stress assessed through Mantel tests between phenotype and 
genotype dissimilarity matrices. (a) For each point the genotype matrix is computed using Euclidean (blue) 
and allelic dissimilarity (red) distances on SNPs having an association q-value with one of the two bleaching 
alert variables (1 and 5 km) inferior to a specific threshold (X-axis). SNPs with q-values close to 0 display 
allelic frequencies strongly associated with thermal anomalies. The dashed line indicates the q-value threshold 
for which the best Mantel correlation p.value is obtained (q-value < 0.03, 22 SNPs). (b) The same procedure is 
repeated for genotype matrices with the same number of SNPs but randomly sampled among all SNPs. Boxplots 
display first quartile, median and third quartile from 1000 replications for each genotype matrix.
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Genes located in proximity of the SNPs that clearly discriminated tolerant and sensitive genotypes were 
associated with molecular functions known or supposed to be involved in heat stress response and cellular 
death except for one of unknown function. Some were associated with the MAP kinase pathway which acts on 
a wide variety of cell functions including cell survival and apoptosis and has been largely cited as a transduction 
pathway in coral bleaching107. Of interest, this pathway was also found as a candidate for adaptation in seascape 
genomics on Acropora digitifera in Japan102. One gene coded for a mannose-6-phosphate receptor involved in 
lysosomal biogenesis, a process known to have an important role in cellular homeostasis and possibly apoptotic 
processes108. Another gene possibly involved in the differences observed here, encodes for a histone H2A with a 
role in DNA binding and repair. Interestingly, H2A.X histone post-translational phosphorylation was shown to 
be impaired by nutrient and thermal stress in a previous study109 and could explain the hampering of DNA repair 
mechanisms and the negative effect of nutrients during bleaching. Finally, the results pointed out an Oxysterol-
binding protein-related protein 1 which is known to be implicated in cholesterol trafficking between endosomes 
and endoplasmic reticulum110. Although the correlation remains purely speculative, formation of vesicles in the 
autophagic pathway has been suggested to play an interconnected role with apoptosis in cnidarian bleaching111.

Closely related symbiont species may alter holobiont response to heat stress
All colonies investigated in this experiment harbored Symbiodiniaceae belonging to the Cladocopium genus 
(C3-radiation). Although the short length of amplified sequence (~ 300 bp vs 800 bp) prevents a formal species 
identification, psbAncr phylogeny suggests that colonies were associated with Cladocopium sodalum93 or a closely 
related species. Interestingly colony 9 showed lower symbiont and chlorophyll retention than expected solely from 
the host genotype at the 22 HAL (phenotype clustering with colonies 1,3, Fig. 6; but genotype clustering with 
colonies 12,13, Supplementary Fig. 8), while hosting a distinct undescribed C3 species from other colonies. As 
important discrepancies in thermal tolerance can occur within Symbiodiniaceae genera112, the species harbored 
by this colony may be more sensitive to heat stress and exacerbate the holobiont health impairment. Of note, we 
only characterized the initial symbiont community composition upon collection in the field. Therefore, it is not 
possible to rule out a change in composition during the experiment that may have altered heat stress response.

Intrapopulation variation in heat tolerance
Observations of phenotypic responses to natural and artificial heat stress has revealed considerable intra-genus 
and intraspecific variation in heat tolerance among coral populations with distinct thermal histories48,113–119. 
Bleaching129 and mortality5,130 can be observed even under moderate heat stress (< 4 DHW) in sensitive taxa 
such as the Acropora genus. In particular, studies conducted on A. millepora reported an 82% decline in Symbio-
diniaceae concentrations under 4.2 experimental DHW (eDHW131) and high bleaching under 4.5 eDHW74,132. 
Conversely, we found that 2 weeks at 2 °C above MMM (4 eDHW) did not lead to any significant paling or 
photosynthetic damage. This suggests higher average tolerance in populations frequently subjected to marine 
heat waves such as Snark reef (Supplementary Fig. 2) although other insidious negative effects may not have 
been captured by our physiological measurements (e.g., on growth and reproduction133).

Recent studies have also highlighted variation within populations48,120, with colonies sometimes able to toler-
ate > 4 Degree Heating Weeks (DHW) above thresholds of conspecific individuals from similar environments29. 
Here, we observed highly variable physiological responses both among replicate nubbins—possibly due to their 
position within the experimental tanks—and among individual colonies. For instance, average chlorophyll and 
symbiont density retention were > 80% higher under heat stress in the most tolerant colonies compared to the 
most sensitive ones. Increasing the sample size might reveal even higher level of intraspecific variation at this 
reef. For instance, Cunning et al.121 found that 7–8 colonies encompassed more than 50% of Florida A. cervicornis 
thermal variability, but larger sample sizes were required to have a high probability of capturing at least one heat 
tolerant genotype. Of interest, distinct response of physiological variables within tolerance groups suggests dif-
ferent mechanisms of tolerance and bleaching among colonies. For instance, despite comparable visual scores, 
colony 12 had lower symbiont cells density than colony 13 throughout heat stress, which may alleviate the pro-
duction of reactive oxygen species48 as shown by its higher maintenance of photosynthetic performance. Colonies 
10 and 11 both demonstrated low tolerance to heat stress but also differed in their physiological response. Colony 
11 exhibited visible signs of bleaching, with depigmented polyps still visible in their calices (although less active) 
which eventually lead to the death of several nubbins on the long-term. Conversely, colony 10 experienced rapid 
tissue decay in a peeling form, with no visible polyps under a binocular magnifier which has been linked to 
bacterial and viral infections122–124 or extreme heat stress115,125. As it was neither observed for other colonies nor 
for colony 10 in the control treatment, it is unlikely to be the consequence of pathogen introduction through 
handling of the colony. However, high temperatures are known to promote microbial infections in many benthic 
organisms, including corals, notably through the disruption of host immune system functions126–128. As such, 
colony 10 might harbor a thermosensitive immune system, which could be a possible explanation for its health 
impairment in this experiment.

Challenges of building a tolerance index using SNPs data
Despite the identification of relevant molecular targets, building a tolerance index from SNP genotyping data 
that would predict individual thermal thresholds without prior information on phenotypes is highly challeng-
ing. First, many other factors than host and symbiont genotypes are susceptible to alter individual thermal 
thresholds. Factors such as epigenetics34, microbial communities134, microhabitats environmental conditions135 
and seasonal fluctuations112 are for instance alternate hypotheses to explain the difference of clustering between 
colony 9 phenotype and genotype. Second, HAL used in this study have been identified across populations 
from New Caledonia but whether or not these markers have predictive power across other reef systems has 
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not been tested yet. Third, interpreting results from GEAs is challenging as high incertitude remains on the 
genetic architecture of adaptation136. Corals heat tolerance is polygenic, thus driven by many loci of small effect 
size36, with possible epistasis (e.g., antagonist, synergistic, neutral) and functional redundancy between genomic 
regions and with other holobiont partners 61. The thermal tolerance benefit arising from having a certain allele 
at a HAL may therefore depend on allelic combination at many other loci as well as transcriptional and post-
transcriptional regulation. Here, the limited sample size was unlikely to encompass all of the standing adaptive 
genetic diversity at this reef, as shown by the absence of clear colony allelic segregation at most of the 22 SNPs, 
and prevented testing the effect size of each individual loci. Limited sample size and uncertainty on loci effect 
sizes limits the predictive power of polygenic scores at the genotype level (Supplementary Fig. 4). Additional 
loci involved in thermal adaptation may also have not been captured by seascape genomics, for instance if local 
adaptation occurs in ways contradicting the method underlying hypothesis136. Finally, the sequencing technique 
used here is not well-suited for the identification of adaptive signals in non-coding regions, and some of the 
loci previously identified were discarded in this analysis as they were not genotyped in all colonies. Increasing 
affordability of deep-sequencing and whole-genome sequencing techniques (e.g., see137) will help to overcome 
these representation barriers.

Combining sets of genes from different methods and on different life stages (adults, larvae, juveniles) can help 
to strengthen our confidence in adaptive role of specific loci. For instance, Jin et al.138 used population genetics 
and gene by environment analysis to identify a restricted set of genes possibly involved in heat tolerance that was 
further refined using a natural bleaching experiment and gene by phenotype analysis. Ultimately, association 
studies are correlative methods thus full validation of HAL will require approaches such as functional genomics 
and reverse genetics. As such, the recent development of CRISPR/Cas-9-mediated genome editing in corals139,140 
can be exploited in controlled experiments to validate the effect of genetic markers on heat tolerance and better 
understand the role of orphan genes141.

Conclusion
In this study we showed that candidate heat adaptive loci (HAL) revealed by seascape genomics correlate with 
phenotypic response from conspecific coral colonies to artificial heat stress. These results add to the growing body 
of evidence highlighting the importance of harnessing adaptive genetic variation to foster coral reef resilience58. 
For instance, genetic markers can be used to target tolerant individuals for sexual propagation, selective breeding 
and assisted gene flow or prioritize conservation on reefs with high proportion of heat adapted alleles46,59,60,142,143. 
Due to the limited sample size, we were not able to evaluate the predictive accuracy of these HAL. Their integra-
tion in restoration and conservation frameworks therefore requires further validation, for instance by recording 
bleaching phenotypes during natural marine heatwaves across a larger number of individuals of known geno-
types, or through the development of reverse genetics in corals.

Data availability
Raw data of DaRT sequencing are available on BioProject, no. PRJNA888450 (NCBI), raw data of ITS2 metar-
bacoding of Symbiodiniaceae on BioProject, no PRJNA888797 (NCBI) and raw data of psbAncr on BioProject, 
no PRJNA949731 (NCBI).
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