'.) Check for updates
Global Change Biology WI L EY

& Blobal Change Biology

| RESEARCH ARTICLE CEIEED

Rapid Evolution in Action: Environmental Filtering
Supports Coral Adaptation to a Hot, Acidic, and
Deoxygenated Extreme Habitat

Carlos Leiva2® | Gergely Torda® ©® | Chengran Zhou (f2f)+° | Yunrui Pan (#%Z%i) %7 | Jess Harris® | Xueyan Xiang ([
fE)fE) #° | Shangjin Tan (H_Lj#) #® | Wei Tian (Fi%%) ° | Benjamin Hume'? | David J. Miller>'%12( | Qiye Li (ZJFlk) 458 |
Guojie Zhang (GKEH#) 1314 | Ira Cooke!™12 @ | Riccardo Rodolfo-Metalpa21516

!Marine Laboratory, University of Guam, Guam, USA | 2Laboratoire d'Excellence CORAIL, ENTROPIE (UMR9220), IRD, Nouméa, New

Caledonia | *ARC Centre of Excellence for Coral Reef Studies, James Cook University, Townsville, Queensland, Australia | “BGI Research, Wuhan,
China | >State Key Laboratory of Genome and Multi-Omics Technologies, BGI Research, Shenzhen, China | ®Research Center for eco-Environmental
Science, Chinese Academy of Sciences, Beijing, China | 7University of the Chinese Academy of Sciences, Beijing, China | $College of Life Sciences,
University of Chinese Academy of Sciences, Beijing, China | °BGI-Australia, Herston, Queensland, Australia | °Department of Biology, University
of Konstanz, Konstanz, Germany | !'College of Public Health, Medical and Veterinary Sciences, James Cook University, Townsville, Queensland,
Australia | ?Centre for Tropical Bioinformatics and Molecular Biology, James Cook University, Townsville, Queensland, Australia | *Center for
Evolutionary & Organismal Biology and Women's Hospital at Zhejiang University School of Medicine, and Liangzhu Laboratory, Zhejiang University
Medical Center, Hangzhou, China | “Liangzhu Laboratory, Zhejiang University Medical Center, Hangzhou, China | 'ENTROPIE, IRD, Université de
la Réunion, IFREMER, Université de Nouvelle-Calédonie, Nouméa, New Caledonia | *Labex ICONA International CO, Natural Analogues Network,
Tsukuba, Japan

Correspondence: Carlos Leiva (cleivama@gmail.com)
Received: 3 December 2024 | Revised: 5 February 2025 | Accepted: 5 February 2025

Funding: This work was supported by Australian Research Council Australian Discovery Early Career Award, DE200101064, French Ministere des
Affaires Etrangéres Government through the Fonds Pacifique, “Adaptation of corals to climate change”, Flotte Océanographique Frangaise, National
Science Foundation NSF-EPSCoR, OIA-1946352, BGI Australia through the BGI Biodiversity Research, China National GeneBank. Carlos Leiva, Gergely
Torda, and Chengran Zhou should be considered joint first author.

Keywords: Acropora tenuis | adaptive potential | Bouraké lagoon | genotype-environment associations | ITS2 | natural analogues | natural selection |
population genomics | symbiont shuffling | TRPA1

ABSTRACT

The semienclosed Bouraké lagoon in New Caledonia is a natural system that enables observation of evolution in action with respect
to stress tolerance in marine organisms, a topic directly relevant to understanding the consequences of global climate change. Corals
inhabiting the Bouraké lagoon endure extreme conditions of elevated temperature (>33°C), acidification (7.2 pH units), and deoxy-
genation (2.28 mg O2 L-1), which fluctuate with the tide due to the lagoon's geomorphology. To investigate the underlying bases of the
apparent stress tolerance of these corals, we combined whole genome resequencing of the coral host and ITS2 metabarcoding of the
photosymbionts from 90 Acropora tenuis colonies from three localities along the steep environmental gradient from Bourakeé to two
nearby control reefs. Our results highlight the importance of coral flexibility to associate with different photosymbionts in facilitating
stress tolerance of the holobiont; but, perhaps more significantly, strong selective effects were detected at specific loci in the host ge-
nome. Fifty-seven genes contained SNPs highly associated with the extreme environment of Bouraké and were enriched in functions
related to sphingolipid metabolism. Within these genes, the conserved sensor of noxious stimuli TRPA1 and the ABCC4 transporter
stood out due to the high number of environmentally selected SNPs that they contained. Protein 3D structure predictions suggest
that a single-point mutation causes the rotation of the main regulatory domain of TRPA1, which may be behind this case of natural
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selection through environmental filtering. While the corals of the Bouraké lagoon provide a striking example of rapid adaptation to

extreme conditions, overall, our results highlight the need to preserve the current standing genetic variation of coral populations to

safeguard their adaptive potential to ongoing rapid environmental change.

1 | Introduction

Reef-building corals are the habitat engineers of the most biodi-
verse marine ecosystem, tropical coral reefs (Knowlton et al. 2010),
delivering irreplaceable ecosystem services valued at around
nine trillion euros per year to nearly a billion people worldwide
(Costanza et al. 2014; Sing Wong et al. 2022). However, anthropo-
genic climate change jeopardizes these key habitats, with ocean
warming, ocean acidification, and seawater deoxygenation rep-
resenting tremendous threats to coral reefs globally. These harsh
conditions are already causing mass bleaching and widespread
mortality events, which are predicted to increase in frequency
in the following decades and centuries even under the scenario
of rapid transition to zero anthropogenic emissions (Calvin
et al. 2023). However, with their large effective population sizes
and connected populations (Davies et al. 2015; Prada et al. 2016),
corals might harbor enough standing genetic variation allowing
natural selection to promote tolerant genotypes in the future, with
surviving populations rebounding after local bottlenecks (Prada
et al. 2016). Additionally, corals possess a plethora of rapid adap-
tive strategies that could allow them to survive the stressful condi-
tions predicted for the following decades (Torda et al. 2017).

To resolve this dichotomy between the alarming predictions and
the evolutionary optimism, it is crucial to understand corals' rapid
adaptation and acclimatization mechanisms and their associated
consequences. Within this framework, naturally occurring ex-
treme microenvironments that partially mimic the foreseen phys-
icochemical conditions of future oceans (i.e., “natural analogues”)
provide unique opportunities to study the biological responses
that corals could potentially use to prevail in the Anthropocene
(Camp et al. 2018). The fact that corals thrive in these extreme
environments suggests that adaptation and/or acclimatization to
future ocean conditions is possible. Indeed, recent research on
corals from these natural laboratories has unveiled corals’ remark-
able adaptive strategies and plasticity to cope with extreme con-
ditions, including gene expression regulation (Kenkel et al. 2018;
Scucchia et al. 2023), natural selection in coral host genes (Bay and
Palumbi 2014; Leiva et al. 2023), and changes in their photosymbi-
ont communities (Camp et al. 2020; Tanvet et al. 2023).

In order to understand the adaptation and acclimatization mecha-
nisms allowing corals to thrive in extreme habitats, we conducted
high-coverage (average depth of 67X) genome sequencing on 90
individuals of the reef-building coral Acropora tenuis from three
localities along a steep environmental gradient in New Caledonia,
from the semienclosed Bouraké lagoon to a nearby reference
reef (Figure 1a—c). To the best of our knowledge, this is the first
study sequencing coral whole genomes at high depth from a
multi-stressor extreme natural analogue. The three sampling sites
represent highly contrasting environments that have been moni-
tored since 2016 (Camp et al. 2017; Maggioni et al. 2021; Tanvet
et al. 2022). Extreme conditions in Bouraké have oscillated for at
least the last 60years, likely for centuries, following the tide cycle

in a predictable manner, with daily temperature changes of 6.5°C,
variations in dissolved oxygen of 4.91mg O2 L-1, and a fluctuat-
ing pH between 7.4 and 8.0 (Maggioni et al. 2021) (Figure 1d-f).
This extreme fluctuation is due to the semienclosed geomorphol-
ogy of Bouraké that warms up the water that stays in the lagoon
during low tide, combined with intense oxidation in the mangrove
sediment that acidifies and deoxygenates the water (see Magioni
et al. (Maggioni et al. 2021) for a detailed description of the sites).
Although there is no perfect present-day “natural analogue” to
future climate conditions, the multi-stressor character of Bouraké
partially mimics the multifactorial manifestations of climate
change, which is one of the main novelties of our work compared
to previous studies from CO, seeps (Leiva et al. 2023) or back-
reef pools (Bay and Palumbi 2014). Remarkably, our population-
level dataset represents an unprecedented opportunity to screen
entire coral genomes for signals of natural selection to multiple
co-occurring extreme conditions, potentially identifying new mo-
lecular mechanisms behind coral adaptation and inferring their
adaptive potential to future climate change. Moreover, it provides
aframework to study the demographic and diversity consequences
associated with strong environmental selection. In addition to
genome screening, we also characterized the Symbiodiniaceae
communities of sampled coral colonies and described the compo-
sitional changes in these microbial associates along the environ-
mental gradients. Symbiodiniaceae is a highly diverse family of
dinoflagellates that associate with corals and other marine inver-
tebrates, with different species presenting different capabilities for
photosynthetic production, oxidative stress resistance, and ther-
mal stress tolerance (Berkelmans and van Oppen 2006; Cantin
etal. 2009; McGinty et al. 2012). Hence, Symbiodiniaceae commu-
nities have a prominent role in holobiont fitness, stress resistance,
and adaptation. Together, our results show two simultaneous rapid
mechanisms to overcome the physiological challenges posed by
the extreme Bourakeé habitat, describing some of the strategies that
reef-building corals may use to survive in the oceans of the future.

2 | Results

A total of 90 colonies of Acropora tenuis (identified by colony
morphology) were sampled and sequenced from three sites in
New Caledonia (Figure 1c), from the surface to 2m depth com-
pared to mean sea level height. The three sites represent a steep
environmental gradient, from the Control site R1 to the Bouraké
site B2 (16) (Figure 1d-f). Mean colony sizes were largest at the
Bouraké site B2 (54.1cm +20.9sd) and smallest at Control site R1
(10.9cm £6.17). Three color morphs (brown, cream, and yellow)
were present at the Bouraké site B2 and at Control site R2, but only
cream and yellow colonies were present at Control site R1. Brown
color morphs at Control site R2 were significantly larger in diame-
ter than the other two color morphs at this site (Figure S1).

A total of 2.7 Tb of whole genome sequencing reads were ob-
tained for all samples (Figure S2a). The achieved sequencing
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FIGURE 1 | Map and physicochemical characteristics of the study site and overview of the experimental design. (a) Map showing the location
of New Caledonia (green square) within the Southwestern Pacific Ocean. (b) Map showing the location of Bouraké (purple square) within New
Caledonia. (c) Map of the study area showing the three sampling sites: B2, Bouraké B2; R2, Control site R2; and R1, Control site R1. (d, e, and f) Values
of (d) temperature, (¢) pH, and (f) dissolved oxygen shown by sampling site (Data from Maggioni et al. (Maggioni et al. 2021)). (g) Overview of the
experimental design and the analyses performed for each compartment of the coral holobiont. Map lines delineate study areas and do not necessarily

depict accepted national boundaries.

depth was over 27x genome-wide, with an average depth of
67X, and the alignment rate was over 0.70 for all but one sam-
ple (27x sequencing depth and 0.56 alignment rate for colony
57, Control site R2), and in total approximately 80% of reads
could be aligned to the reference genome (Cooke et al. 2020)
(Figure S2b). After filtering, 1,709,043 linkage disequilibrium
(LD)-pruned SNPs were kept for population genomic analysis.
Sample 69 (Control site R1) had 46.14% missing data and was,
therefore, removed from downstream analyses. In the remain-
ing 89 samples, missing data accounted for 1.03%. Clonality
and phylogenetic analyses revealed the presence of 11 clone
clusters (Figures S3 and S4, respectively); hence, we kept only
one sample per clone cluster and reconducted the SNP calling
and filtering analyses for the remaining 73 samples, keeping
7,894,070 common genome-wide SNPs and 1,722,769 LD-
pruned SNPs for downstream analyses.

2.1 | All Coral Colonies Belong to the Same
Panmictic Population

Multivariate and clustering analyses of the coral host LD-
pruned SNPs revealed that the samples did not cluster by site

of origin. All samples were genetically highly similar and clus-
tered together in the PCA (Figure 2d) and the phylogenetic trees
(Figure S4), as well as in the DAPC using the sampling sites as
a priori grouping (Figure S5a). The optimal number of ances-
tral populations in both snmf and admixture analyses was one
(Figure S5b,c). Admixture results for K2-K6 showed a lack of
structure (Figure S5d), supporting the high genetic similarity
among all samples.

2.2 | Genotype-Environment Association Analyses
Reveal the Targets of Natural Selection in Bouraké

We used the environmental data from Maggioni et al. (Maggioni
et al. 2021) to find signals of environmental adaptation to
Bouraké in A. tenuis. It included 30 environmental variables col-
lected from our study sites between 2017 and 2020, which were
summarized into two environmental principal components
(ePC). The first ePC (ePC1) explained 71.7% of the total envi-
ronmental variance and separated Bouraké from the two control
sites (Figure 2a). ePC1 summarized information from nearly all
variables, outperforming ePC2 in capturing the environmental
differences among sampling sites (see PC loadings in Figure S6).
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FIGURE2 | Genotype-Environment association analysis. (a) Environmental PCA results showing the differentiation of the three sampling sites
based on the environmental data from Maggioni et al. (Maggioni et al. 2021). (b) Heatmap plot and dendrograms of the scaled environmental data
from Maggioni et al. (Maggioni et al. 2021). See environmental matrix in Table S1. (c) RDA space showing the neutral SNPs in gray and the 89 outlier
SNPs in red, which were highly associated with the environmental PC1 (ePC1, blue arrow). (d) PCA results using the 1,722,769 LD-pruned genome-

wide SNPs.

Most of the environmental variables were highly correlated with
Bouraké, including the total average pH (“pH_av”), its total
standard deviation (“pH_sd”) and its daily fluctuation (“pH_
dd_av”), and the total temperature standard deviation (“T_sd”),
its daily fluctuation (“T_dd_av”), and daily standard deviation
(“T_dd_sd”) (Figure 2b; see environmental matrix in Table S1).

A redundancy analysis (RDA) detected 89 SNPs that were
strongly associated with the ePC1 using a four standard devi-
ations cutoff (Figure 2c). As ePC1 is the PC that differentiated
Bouraké B2 from the two control sites (Figure 2a), the SNPs
associated with ePC1 are considered candidate SNPs under
environmental selection in Bouraké. Contrasting with the lack
of population structure using all LD-pruned SNPs (Figure 2d),
these 89 SNPs differentiated the Bouraké site from the two ref-
erence reefs in a PCA (Figure S7). Functional SNP annotation
using SnpEff revealed 57 genes affected by these 89 SNPs as-
sociated with Bouraké (Table S2), either having SNPs within
the gene body (69 SNPs in 31 genes) or being less than 5 kbp
(default value in SnpEff to include the potential effects of SNPs

in gene promoters and enhancers (Cingolani et al. 2012)) from
a SNP (26 genes). The enrichment analysis identified seven en-
riched gene ontology (GO) terms among these 57 genes, with
all biological processes related to the sphingolipid metabolism
(Table 1). Among the 31 genes with SNPs within their gene
body, two stood out as statistical outliers (z-score method, three
SD threshold) due to their high number of environmentally
associated SNPs. Each of these two genes contained nine of
the 89 outlier SNPs identified in the RDA, and both included a
missense mutation. One gene, located in Scaffold Sc0000044,
was homologous to the human Transient receptor potential
cation channel subfamily A member 1 (TRPAI) (blast e-value
of 3.3e-90) while the other, located in Scaffold Sc0000025, was
homologous to the human ATP binding cassette subfamily C
member 4 (ABCC4) (blast e-value of 0). InterProscan searches
were performed to validate that both coral protein sequences
belonged to the TRPA1 and ABCC4 protein families, respec-
tively (Figures S8 and S9). The rest of the genes had an average
of 1.8 SNPs per gene. Genotype frequencies at these 18 SNPs
within TRPAI and ABCC4 suggest that two different types of
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TABLE1 | Enriched GO terms among the 57 genes affected by the 89 SNPs highly associated with the environment.
Gene Gene count,
GO count, genome
GO term ID Description Ontology gene set background P p-adjust q-value
G0:0016408 C-acyltransferase MF 3 17 6.47e-6 4.49¢-3 3.71e-3
activity
G0:0002178 Palmitoyltransferase CC 2 10 2.08e-4 4.78e-2 3.95e-2
complex
G0:0046512 Sphingosine BP 2 11 2.54e-4 4.78e-2 3.95e-2
biosynthetic process
G0:0046520 Sphingoid BP 2 12 3.05e-4 4.78e-2 3.95e-2
biosynthetic process
G0:0006670 Sphingosine BP 2 13 3.59%-4 4.78e-2 3.95e-2
metabolic process
G0:0006684 Sphingomyelin BP 2 15 4.82e-4 4.78e-2 3.95e-2
metabolic process
GO0:0046519 Sphingoid metabolic BP 2 15 4.82e-4 4.78e-2 3.95e-2

process

balancing selection are occurring in Bouraké: balancing se-
lection through heterozygote advantage in TRPAI (Figure 3a),
and balancing selection following a spatially varying selection
model across a panmictic population in ABCC4 (Figure 3f)
(Bitarello et al. 2023). These results point to the TRPAI and
ABCC4 genes as the main targets of natural selection through
environmental filtering in Bouraké, together with a set of
genes involved in the sphingolipid metabolism.

To test the putative structural and functional relevance of
the environmentally associated missense mutations, we pre-
dicted the protein 3D structure of TRPA1 and ABCC4 using
AlphaFold2 for both the reference and mutated amino acid
sequences. The missense mutation 11e920Thr in TRPA1 is
predicted to trigger a relevant structural change in the com-
putationally inferred protein 3D structure, causing a rota-
tion of the TRP helix at the C terminus end of the protein
(Figure 3b,e). This is supported by a low structural consis-
tency in the area surrounding the mutation (Figure 3c) and
low pairwise interatomic distance consistencies in the TRP
helix (Figure 3d). Contrastingly, the missense mutation
Ser282Cys in ABCC4 is predicted to occur in the cytoplasmic
extreme of the transmembrane helix four (TM4) and does not
seem to cause any structural change in its alpha helix second-
ary structure (Figure 3g). Regions of low structural and in-
teratomic distance consistencies (Figure 3h,i) correspond to
low confidence areas in the protein models, which do not ap-
pear to be related to the environmentally associated mutation
(Figure 3j).

The putative heterozygote advantage in the TRPAI gene was
formally tested with Hardy-Weinberg equilibrium (HWE) tests.
For all nine SNPs showing signals of environmental selection
in TRPAI, the observed number of heterozygotes was higher
than expected under HWE, while the number of alternative
homozygotes was lower than expected (Table S3). This sup-
ports the hypothesis of heterozygote advantage and alternative

homozygote lethality. However, different SNPs and different
significance tests yielded contrasting results. For two SNPs, the
differences between observed (0/0: 15, 0/1: 15, 1/1: 0) and ex-
pected (0/0: 17, 0/1: 11, 1/1: 2) genotype frequencies were statisti-
cally significant using a Likelihood ratio test (p value =0.02) and
marginally significant using a chi-square test (p value=0.07)
(Table S3). For the remaining seven SNPs, no significant dif-
ferences were found between observed (0/0: 19, 0/1: 15, 1/1: 0)
and expected (0/0: 20, 0/1: 9, 1/1: 1) genotype frequencies with
either test (Likelihood ratio test p value=0.11, chi-square test
p value=0.22) (Table S3). The ternary plot illustrates the posi-
tion of the two SNPs that showed statistical significance, as well
as the position of the other seven SNPs, which are closer to the
HWE parabola (Figure S10).

2.3 | Plastic Acclimatization Response via
Symbiodiniaceae Communities

The Symbiodiniaceae communities of the coral samples
from the three study sites were all exclusively composed of
Cladocopium spp., and no other Symbiodiniaceae genera were
detected in our samples. The NMDS of the ITS2 sequence
abundance data (following a Wisconsin double standardiza-
tion and 4th square-root transformation) showed that Bouraké
and the Control site R2 were relatively similar, while Control
R1 was substantially different (Figure 4a). The Cladocopium
sequences that drove the differentiation of Bouraké samples
from both control sites were Clcb, Clbr, Clbh, 63347_C, and
21039_C, as detected by simper analyses (Figures Slla and
S12). Of these sequences, 63347_C was completely absent from
both Controls, while Clcb and 21039_C were completely ab-
sent from Control R1 (Figure S11b) and were three and four
times more abundant in Bouraké than at Control site R2, re-
spectively (Figure S13a). Control site R1 was characterized by
the presence of Cladocopium species that were absent from
Bouraké, such as members of the C50 group (C50f, C50w,
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C50p, C50a), the C3 group (C3bm, C3b), and several others
(Figure S9b). These same ITS2 sequences were present in low
abundance in Control site R2 (Figure S13b).

Symbiodiniaceae alpha diversity decreased following the en-
vironmental gradient from the least disturbed to the most ex-
treme site: Control R1, seven profiles; Control R2, three profiles;
Bouraké, one profile (Figure 4b). The only ITS2 profile found
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at Bouraké, C1-C1b-Clc-C42.2-Clbr-Clbh-Clcb-C72k-C3, was
also present at Control R2 (Figure 4b).
2.4 | The Consequences of Rapid Adaptation

To test for possible demographic and diversity consequences
of rapid adaptation at the holobiont level, we inferred recent
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FIGURE3 | Genotype frequencies and predicted protein 3D structural effects on the two main targets of natural selection through environmental
filtering in Bouraké, TRPA1 (a—e) and ABCC4 (f-j). (a) Genotype frequencies of the nine environmentally associated SNPs found in TRPA1. Each
row represents an individual and each column represents a SNP. Red asterisk represents the missense mutation I1e920Thr in (a—e). (b) predicted 3D

structure models for both reference (green) and mutated (gold) TRPA1 proteins. (c) Structural consistency between reference and mutated TRPA1

predicted proteins. (d) Pairwise interatomic distance consistencies between reference and mutated TRPA1 predicted proteins. Yellow indicates
high consistency, while red indicates low consistency areas. (e) Model for the effects of the 1le920Thr missense mutation in TRPA1. (f) Genotype
frequencies of the nine environmentally associated SNPs found in ABCC4. Each row represents an individual and each column a SNP. Red asterisk

represents the missense mutation Ser282Cys in (f-j). (g) predicted 3D structure models for both reference (green) and mutated (gold) ABCC4 pro-

teins. The inset shows the position of the missense mutation. (h) Structural consistency between reference and mutated ABCC4 predicted proteins.

(i) Pairwise interatomic distance consistencies between reference and mutated ABCC4 predicted proteins. Yellow indicates high consistency, while

red indicates low consistency areas. (j) Model for the effects of the Ser282Cys missense mutation in ABCC4.

effective population sizes (Ne) and genetic diversities for the
coral populations and compared Symbiodiniaceae alpha diver-
sity among the three different sampling sites. The reconstruc-
tion of recent Ne showed that the samples from Bouraké present
a current Ne an order of magnitude lower than the colonies from
the Controls R1 and R2 (Figure 5a). Both Control sites experi-
enced a population contraction during the Little Ice Age (~1450-
1850 CE), followed by demographic expansions to reach the
current Ne values of ~173,000 individuals in R1 and ~830,000
individuals in R2. However, the Bouraké samples present a cur-
rent Ne of only ~34,000 individuals (Figure 5a). Genetic diversity
measured as nucleotide diversity (7) was significantly different
among sampling sites (Welch one-way test, p value=1.573e-08)
and between each pairwise comparison (Mann-Whitney U test,
p values < le-8), with Bouraké presenting the lowest genetic di-
versity (1=0.00193 + 0.000394), Control site R1 an intermediate
value (m=0.00998 +£0.00651), and Control site R2 the highest
nucleotide diversity (m =0.0470 £0.0273) (Figure 5b).

3 | Discussion

Whether corals' adaptation and acclimatization mechanisms
can occur fast enough to cope with climate change will be key
to the persistence of coral reefs in the Anthropocene. Here, we
identified two rapid strategies that Acropora tenuis colonies
from Bouraké, a semienclosed lagoon in New Caledonia, employ
to thrive in a harsh environment that partially mimics the fore-
seen physicochemical conditions of future oceans. The newly
sequenced whole genomes of A.tenuis from New Caledonia
were all similar from a population genetic point of view using
the whole genome sequences, indicating that all corals belonged
to the same panmictic population. This was supported by all
analyses performed. Given the pervasive prevalence of cryptic
coral lineages within Acropora, analyses to determine that all
samples belong to the same lineage/species are crucial for popu-
lation genomic studies. Despite constituting a panmictic popula-
tion, a few genes enriched in sphingolipid metabolism functions
appeared highly associated with the Bouraké extreme environ-
ment, a signal of natural selection through environmental filter-
ing (Capblancq and Forester 2021). Sphingolipids are involved
in many cellular physiological functions in cnidarians, includ-
ing the heat stress response (Kitchen and Weis 2017) and the
regulation of cnidarian-dinoflagellate symbiosis (Detournay
and Weis 2011). Among these genes associated with Bouraké,
two genes with homology to human TRPAI and ABCC4 stood
out due to the significantly high number of environmentally

associated SNPs that they presented. Although further exper-
imental validation of our predicted proteins is needed, protein
3D structure models showed that the missense mutation iden-
tified in TRPAI provokes a significant structural change in the
inferred protein 3D structure, causing the rotation of one of the
main regulatory domains of TRPA1, the C-terminal TRP helix
(Zhao et al. 2020). This is particularly relevant because TRPA1
is a transmembrane ion channel extensively characterized in
many animal species, including cnidarians, as a sensor of pain,
temperature, environmental irritants, and 0, (Mori et al. 2017;
Peng et al. 2015; Russo 2019). In Acropora corals, TRPA1 is
significantly more expressed at noon than at night (Bertucci
et al. 2015) and is upregulated early in the infection of coral
larvae with Symbiodiniaceae (Mohamed et al. 2016; Yoshioka
et al. 2021). Given its role in O, sensing and symbiosis, coral
TRPA1 is probably involved in ROS sensing, which might be be-
hind its selective pressure in Bouraké. Remarkably, single-point
mutations in the C-terminal TRP helix modify the voltage and
chemical sensitivity of human TRPA1 (Samad et al. 2011). Our
results suggest that this mutation causes a structural change
in TRPA1 that might be maintained by balancing selection in
Bouraké, suggesting a model of heterozygote adaptive advan-
tage in the extreme habitat. Genotype frequencies in TRPAI
mirror the classic example of balancing selection in humans,
the high frequency of the sickle-cell hemoglobin allele HbS in
malaria endemic regions due to the heterozygote advantage
against fatal malaria and the alternative homozygote lethality
(Aidoo et al. 2002). Indeed, genotype frequencies in the TRPA1
gene show an excess of heterozygotes and a dearth of alterna-
tive homozygotes compared to the expected genotype frequen-
cies under HWE, providing some support for the hypothesis of
heterozygote advantage and alternative homozygote lethality.
However, these differences are only statistically significant for
two of the nine SNPs in TRPA1, with the results varying de-
pending on the statistical test used. These contrasting outcomes
suggest that the small sample size may limit the statistical
power of the tests, preventing definitive conclusions. Regarding
ABCC4, although the missense mutation did not cause any
structural change in the protein, any of the other eight intronic
and synonymous variants could explain the selective pressure
identified in this gene, as they can also impact fitness through,
for instance, mRNA splicing disruption and gene expression
regulation (Bailey et al. 2021). The ABCC4 transporter partic-
ipates in detoxification and chemical protection in cnidarians
(Goldstone 2008), and was found upregulated in corals from
the polluted waters of the Port of Miami, Florida, USA (Rubin
et al. 2021). Our results indicate that there is a mixed larval pool
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transformed ITS2 sequence abundance data. Colonies are colored by sampling site, and arrows represent ITS2 sequences. (b) Predicted relative abun-
dance of Symbiodiniaceae ITS2 type profiles for each colony.

shared between environments that are severely filtered by en- the extreme environment, and hence, are genetically preadapted
vironmental selection in Bouraké, similar to the adaptation of  to the Bouraké extreme habitat. Given the high coral recruit-
Acropora hyacinthus to a highly variable back-reef pool in Ofu ment rates in Bouraké (Tanvet et al. 2022), this environmental
Island, American Samoa (Thomas et al. 2018). Our results sug- filtering is most likely acting on young recruits. However, the
gest that the environmental filtering in Bourakeé selects specific ~ precise stage in their lifespan when this filtering occurs remains
genotypes from the shared larval pool that are able to tolerate ~ unclear.
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coral host.

The lack of genetic differentiation among corals from the three
study sites implies that this is a rapid adaptation response, oc-
curring within a panmictic population potentially even in a sin-
gle generation. Our results indicate that larvae are freely moving
across our study area, and the adult coral colonies collected from
Bouraké are likely recruits from a mixed larval pool from the
three sites. The high-standing genetic variation in the panmic-
tic population provides the raw material for natural selection
to act upon, specifically through environmental filtering at the
Bouraké B2 site. Examples of genomic adaptation in a single
generation have been found in a handful of study systems, such
as in Darwin finches (Boag and Grant 1981) and in green anole
lizards (Campbell-Staton et al. 2017). Our results are in line with
recent studies showing the rapid adaptive potential of corals to
a diversity of extreme microenvironments that partially overlap
with future ocean conditions (Bay and Palumbi 2014; Fuller
et al. 2020; Leiva et al. 2023; Thomas et al. 2022), suggesting
that at least some coral species might be able to cope with rapid
environmental change. Contrastingly, other studies found that
the locally adapted coral populations were also genetically dif-
ferentiated across different spatial scales (Scucchia et al. 2023;
Smith et al. 2022; Zhang et al. 2022), alerting that compositional
changes in coral assemblages can be expected in the near future
due to the spectrum of adaptation strategies that coral species
employ. Interestingly, rapid adaptation has been exclusively
found in species of the genus Acropora (Bay and Palumbi 2014;
Fuller et al. 2020; Leiva et al. 2023; Thomas et al. 2022), which
also possesses genomic strategies that might have helped them
adapt, diversify, and thrive globally (Shinzato et al. 2021). This
suggests that although Acropora species are highly vulnerable
to bleaching, postbleaching mortality, and often succumb to
environmental stressors (Hughes et al. 2018; Ortiz et al. 2021),
some fast-growing and reef-building Acropora species possess
swift adaptive capabilities that may help them cope with rapid
environmental change.

Besides signals of rapid adaptation in the coral host genome, we
also found distinct Symbiodiniaceae communities at each sam-
pling site, in agreement with previous studies in Bouraké using
different coral species (Camp et al. 2020; Tanvet et al. 2023).
This points to an acclimatization response to the stressful
Bouraké habitat, as recently found for Acropora muricata col-
onies that survived a bleaching event in Bouraké by shuffling
their original Symbiodiniaceae to heat-tolerant ones (Alessi
et al. 2024). Indeed, the symbiotic algal community of corals has
long been known to greatly influence their thermal tolerance
(Baker et al. 2004), and its composition is largely determined
by the environment (Quigley et al. 2017). This acclimatization
response via Symbiodiniaceae communities was not found in
other Acropora species in similar contexts of local adaptation
across spatially contrasting habitats (Thomas et al. 2022; Zhang
et al. 2022), highlighting the wide diversity of acclimatization
responses that closely related corals may use. Moreover, we de-
tected a reduced Symbiodiniaceae type diversity in Bouraké,
suggesting that a single symbiont species is selected there due
to its better performance under extreme conditions. However,
due to species-specific trade-offs in coral-symbiont relation-
ships (Abrego et al. 2008), there is not a single best-suited sym-
biont species for surviving the same extreme conditions across
coral species. For instance, A. tenuis in this study and A. muri-
cata in Alessi et al. (Alessi et al. 2024) are both associated with
C1 Cladocopium species, while Acropora pulchra and Porites
lutea host A1 Symbiodinium and C15 Cladocopium species in
Bouraké, respectively (Camp et al. 2020). These discrepancies
emphasize a potentially important pitfall of heat-evolved algal
symbiont studies: It is unlikely that a single heat-evolved sym-
biont species could improve stress resilience/resistance in dif-
ferent coral species. This is added to the costs and potential
risks of breeding and inoculating heat-evolved symbionts and
releasing them into the wild (Anthony 2016), when, actually,
species-specific symbionts that have been evolving for centuries
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or even millennia in multi-stressor conditions are already found
in natural extreme habitats such as Bouraké. Besides the two
rapid adaptive responses found here, other mechanisms might
contribute to the adaptive potential of corals to climate change,
such as a transgenerational plasticity through epigenetic modi-
fications, the effects of the bacterial microbiome, or the interac-
tions among all holobiont partners (Torda et al. 2017).

Although our results bring some optimism by revealing two
simultaneous rapid adaptive responses to an extreme environ-
ment, they also show the demographic and diversity impacts of
natural selection in the Bouraké population. We found that the
effective population size and the nucleotide diversity were one
order of magnitude lower in Bouraké compared with the Control
sites, in line with recent findings in species in selective breeding
programs (Saura et al. 2021). Despite coral larvae freely moving
among sites, the strong environmental filtering in Bouraké re-
duces genetic diversity and effective population size at that par-
ticular site, which is expected under a model of natural selection
with gene flow (Sork 2016; Wang et al. 2016). The fact that the
Control site R2 presented the highest genetic diversity suggests
links to the intermediate disturbance hypothesis (Connell 1978),
as shown for the marine benthic communities of a CO, seep
system at La Palma Island (Canary Islands, Spain) (Gonzélez-
Delgado et al. 2023). Contrastingly, Symbiodiniaceae commu-
nities did not follow a pattern concordant with the intermediate
disturbance hypothesis, as the Control site R1 presented the
highest alpha diversity. Nevertheless, the Bourakeé site presented
the lowest diversity values in both analyses, suggesting that al-
though corals might have the ability to promptly adapt to future
ocean conditions via the rapid adaptive mechanisms outlined
above, among others, the associated population bottlenecks
could result in the loss of diversity in both the coral host and its
symbiotic microbial community, with potential detrimental im-
pacts. Moreover, together with previously identified trade-offs
in diversity and growth (Scucchia et al. 2023), our results em-
phasize the need for caution when considering the use of these
locally adapted corals or synthetically enhanced corals for res-
toration plans. Finally, in line with the photosymbiont results
from Hume et al. (Hume et al. 2016), our results highlight the
importance of maintaining a high-standing genetic variation in
order to safeguard corals' rapid adaptive potential, which should
be translated into spatial conservation programs ensuring the
protection of a wide diversity of habitats and populations.

4 | Materials and Methods
4.1 | Study Sites and Sample Collections

Thirty colonies of the reef-building scleractinian Acropora tenuis
were sampled at each of three sites in New Caledonia, within
a few kilometers from each other (Figure 1c) in March 2020
on board R/V Alis as part of the Supernatural Oceanographic
Cruise (https://doi.org/10.17600/18001102). The three sites were
chosen because they had highly contrasting environments,
which have been monitored since 2016 (Camp et al. 2017;
Maggioni et al. 2021; Tanvet et al. 2022). Here, we collected cor-
als from the same sites that were used in such previous studies,
and for which detailed physical and chemical descriptions were
reported. Briefly, the semienclosed bay of Bouraké is a shallow

lagoon (5m depth) surrounded by mangrove forests, with sea-
water pH, dissolved oxygen, and temperatures that regularly
fluctuate, reaching, respectively, minimum values of 7.23pHT
units, 2.28mg 02 L-1, and a maximum of 33.85°C (Table S1).
The environmental variability in the oxygen, temperature, and
pH in Bourakeé is directly related to the tidal cycle, with changes
in a single day of up to 4.91mg O2 L-1, 6.50°C, and 0.69pHT
units (Maggioni et al. 2021). Despite the extreme environmental
conditions, 66 species of scleractinian corals have been identi-
fied in Bouraké¢, forming an abundant and diverse reef that is
similar to the reefs found at the two control sites R1 and R2.
The lagoon's geomorphology has been unchanged for at least
80-100years (Maggioni et al. 2021), probably more, meaning
that several generations of corals have experienced extreme con-
ditions. Coral colonies were identified in situ as Acropora tenuis
based on Veron 2000. As New Caledonia was not included in
the recent taxonomic revision of A. tenuis (Bridge et al. 2024),
we decided to keep the name A. tenuis for our samples, given
their proximity to the A. tenuis type locality in Fiji. Samples
were photographed and geotagged using an Olympus Tough
TGS5 camera synchronized to a Garmin eTrex10 surface GPS
buoy. Two nubbins approximately 2cm in length were broken
off the colonies using a dive knife and conserved in absolute
ethanol, then stored at —20°C until processing. All fieldwork,
specimen collection, and experimental procedures were con-
ducted in compliance with ethical standards and with the ap-
proval of the relevant authorities, including sample collection
permits (No. 3413-2019), CITES export and import permits (No.
FR2098800026-E, PWS2020-AU-001254, 2020CN/IC001674/
GZ), and institutional ethical clearance (Ethics Approval No.
BGI-IRB E21057, No. FT 19060).

4.2 | DNA Extraction, Library Preparations,
and Sequencing

A modified version of a salt precipitation-based extraction
method developed for shrimp tissues (Wilson et al. 2002) was
used to extract DNA from the coral holobiont tissue. DNA ex-
tracts were quality checked on a Nanodrop and Qubit fluoro-
meter. Sequencing libraries were constructed with an average
insert size of 400bp at BGI-Shenzhen and the whole genome
sequencing was done on the DNBSEQ platform (MGI Tech Co.,
Shenzhen, China) with a 100bp paired-end (PE100) sequenc-
ing strategy following the manufacturer's protocol (Huang
et al. 2017). Over 10Gb sequencing data were generated for each
sample and reads were then filtered using SOAPnuke v2.1.1
(Chen et al. 2018) with the following parameters “-n 0.1 -q 0.5
-1 12 -M 2.” In detail, low-quality reads were removed if they
met one or more of the following criteria: (1) an N-content of
more than 10%; (2) the presence of adapter contamination (reads
overlapping more than 50% with the adapter sequence, with a
maximal 2bp mismatches to the adaptor sequence); or (3) more
than 50% of the read length below Q12.

The ITS2 region was separately sequenced to accurately char-
acterize the Symbiodiniaceae community of the coral holobi-
ont samples. We used ITS2 forward (5-TCGTCGGCAGCGT
CAGATGTGTATAAGAGACAGGTGAATTGCAGAACTCC
GTG-3') and ITS2 Reverse (5-GTCTCGTGGGCTCGGAGAT
GTGTATAAGAGACAGCCTCCGCTTACTTATATGCTT-3)
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Illumina-tagged primers from Hume et al. (Hume et al. 2018)
to amplify the ITS2 gene using DreamGreen PCR master mix
(ThermoFisher Cat no. K1081) for a total of 35 PCR cycles.
Library preparation and amplicon sequencing (MiSeq 150bp
Paired-end) were carried out at the Ramaciotti Centre for
Genomics (UNSW Sydney). Coral colonies that were identified
as clones were removed from these analyses to avoid poten-
tial biases due to the impact of host genotype on the symbiont
community.

4.3 | Genome Alignment and SNP Calling

Firstly, sequence reads were aligned to the Acropora kenti
published reference genome (genome size: ~0.48 Gb) (Cooke
et al. 2020) with BWA-MEM using Sentieon (v202010) (Sentieon
Inc) with default parameters. This genome was chosen be-
cause at the outset of this study, A.kenti was synonymized
with A. tenuis and this species is likely to represent the most
closely related high-quality genome reference. SNP calling was
performed for each individual according to the Broad Institute's
best practices pipeline: Mark duplications, Indel realignment,
base quality score recalibration, and genome vcf (GVCF) calling,
implemented by Sentieon. All 90 GVCF files were then com-
bined and genotyped by Sentieon’s GVCFtyper with a minimum
confidence threshold of 30 for both calling and emitting vari-
ants, restricted to a maximum of two alternative alleles. SNPs
and indels were extracted using GATK (v4.2.0.0) SelectVariants,
with subsequent indel filtration based on quality depth and
mapping quality. After that, low-confidential variants were
removed using GATK VariantFiltration and VCFtools (v0.1.15)
based on criteria encompassing a minimal quality score of 30, a
minimal mapping quality of 40 while also setting a minimum
minor allele frequency of 0.05, and a maximum missing rate of
0.1. After this, the Linkage Disequilibrium-pruned VCF file for
90 samples was obtained using PLINK (v1.9) (Chang et al. 2015)
with the following criteria: (1) sites with a p value of deviation
from Hardy-Weinberg Equilibrium test below 0.001 excluded;
and (2) to assess population structure, we used LD-pruning to
detect the variants in approximate linkage equilibrium using
“--indep-pairwise 50 10 0.5” and filtered out these variants
from the final VCF file (This command is to calculate pairwise
LD within a 50 SNP window and remove one SNP from a pair
where the LD exceeds 0.5 before moving on 10 SNPs and repeat-
ing the procedure). The missingness on a per-individual basis
was generated using VCFtools (v.0.1.16) (Danecek et al. 2011)
“--missing-indv” and plotted using R ggplot2.

Initial data exploration showed that one sample (id 69) had a
high proportion of missing data (46.14%, compared to the aver-
age 0f 1.03%) and therefore, had to be excluded from downstream
analyses. Additionally, in order to detect potential clones, relat-
edness indices between pairs of colonies were calculated using
VCFtools “--relatedness2.” A threshold of 0.35 was used to iden-
tify clones (Manichaikul et al. 2010), revealing the existence of
11 clone clusters, mostly from the Control site R2 (Figure S3a).
These results were verified with an Identity-By-State (IBS) anal-
ysis using the function “snpgdsIBS” of the SNPRelate R package
(Zheng et al. 2012) (Figure S3b). Hence, we removed sample id
69, kept only one sample per clone cluster, and repeated the ge-
notyping and filtering analyses for the remaining 73 samples,

resulting in a total of 7,894,070 common genome-wide SNPs and
1,722,769 LD-pruned SNPs for downstream analyses. The final
number of samples for each population is, therefore, Bouraké
B2: 30, Control site R2: 17, Control site R1: 26.

4.4 | Population Genetic Structure

The vcf file of the nonclonal LD-pruned SNP dataset was in-
putted into the R environment and transformed to a genlight
object using the “read.vcfR” and “vcf2genlight” functions from
the VCFR (v.1.14.0) R package (Knaus and Griinwald 2017),
respectively. A principal component analysis (PCA) was per-
formed using the “glPca” function in the adegenet (v.2.1.7) R
package (Jombart 2008), and plotted using ggplot2 (v.3.4.3)
(Wickham and Wickham 2016). A discriminant analysis of prin-
cipal coordinates (DAPC) was run using the “dapc” function in
adegenet with the sample site as a grouping. Admixture coeffi-
cients per sample were estimated using the “snmf” function in
the LEA (v.3.12.2) R package (Frichot and Francois 2015), with
the ancestral populations ranging from 1 to 15 (“K=1:15") and
10 repetitions per K (“repetitions=10"). Additionally, we ran
ADMIXTURE (v.1.3.0) (Alexander et al. 2009) with the clus-
ter number K ranging from 1 to 7 and 100 replicates per K. The
most probable K value was determined by cross-validation (“-
cv” flag). One randomly selected result from the 100 replicates
for each K was plotted using the ggplot2 R package.

4.5 | Phylogenetic Analyses

Phylogenetic analyses were run separately for the nuclear and
the mitochondrial genomes. For the nuclear genome, SNP data
were subsampled to fall only on exons, introns, genes, or non-
genes using BCFtools (v.1.8) (Danecek et al. 2021) and BEDTools
(v.2.30.0) (Quinlan and Hall 2010), and these subcategories were
first analyzed separately. SNP datasets from the different re-
gions were converted to Phylip format using vcf2phylip (v.2.7)
(Ortiz 2019). Phylogenetic trees were then inferred using IQtree
(v.2.1.3) (Minh et al. 2020) with parameters “-m GTR+ --seqtype
--runs 2 -B 5000” and plotted using iTOL (v.5) (Letunic and
Bork 2021) with sample 69 as an outgroup.

For the mitochondrial, reads were mapped to the mitochondrial
reference genome (NCBI accession number: NC.003522) using
Sentieon bwa mem, and the mitogenomes consensus sequences
were called with commands following Cooke et al. (Cooke
et al. 2020) using SAMtools and BCFtools. Mitochondrial ge-
nomes were then aligned using Mafft (v.7.313) (Katoh 2002) and
trimmed using MEGAG6 (Tamura et al. 2013). The mitochondrial
phylogenetic tree was inferred using IQtree with a GTR substi-
tution model and plotted using iTOL.

4.6 | Demographic History and Genetic Diversity

Recent variations in effective population size were estimated per
sampling site using the Genetic Optimization for Ne Estimation
(GONE) (Santiago et al. 2020). First, a pseudo-chromosome-
level genome was achieved by employing the RagTag tool
(Alonge et al. 2022) with a chromosome-level genome of

11 of 16

85U8017 SUOWILIOD BAIEa.D 8|qeol[dde aLp Aq peusenob a e s9 e YO 8sn JO Sa|NnJ 10} A%eud1 78Ul UO A8 ]I UO (SUORIPUOO-PUB-SWBIW0 A8 | 1M ARIq Ul UO//SANY) SUORIPUOD pue SWe 1 8y} 89S ' [G202/c0/0T] Lo Akiqiauliuo A8|im ‘dig subereig anueD jewsuy| AQ £0T0L GOB/TTTT'OT/I0p/W00 A8 | AReiq1jeuljuo//Sdny Woiy pepeojumod ‘€ ‘5202 ‘9872G9ET



Acropora millepora (v2.01) as the reference dataset following the
guidance. The use of this approach is supported by the highly
conserved synteny in Scleractinian genomes (He et al. 2024)
and has been previously used by Zhang et al. (Zhang et al. 2024)
using the same Acropora species. However, a chromosome-level
reference genome for Acropora tenuis could certainly improve
our demographic history inference. The vcf file and the gff file
were then converted to chromosome-mapped files according to
the RagTag coordinates file. One vcf file per sampling site was
then generated with BCFtools (v1.10) using the chromosome-
level vcf file obtained from RagTag, which were then converted
to plink ped and map format files using PLINK v1.9. The GONE
software was run 20 times for each sampling site, with each
run taking a new subsample of 50,000 SNPs per chromosome
(“maxNSNP=50,000") to calculate confidence intervals. Each
simulation was run with 40 internal replicates (“REPS =40") for
2000 generations (“NGEN =2000") in 400 bins (“NBIN =400"),
with a maximum recombination rate of 0.05 (*hc=0.05"), and
using the “unknown phase” option (“PHASE =2”). Results were
plotted with ggplot2 using a generation time of 5years (Cooke
et al. 2020; Thomas et al. 2022).

Genetic diversity measured as nucleotide diversity (7) was cal-
culated for each sampling site using the formula ©=2xNexu
(Charlesworth 2009; Khatri and Burt 2019) and the Ne values
from the most current generation from each of the 20 runs
per site. Differences among groups were first tested with an
ANOVA, using the aov function in R, followed by a Shapiro-
Wilk test using the shapiro.test function in R to test for normal-
ity of the ANOVA residuals. Due to their nonnormality, a Welch
one-way test was subsequently performed using the oneway.
test function in R. Differences between group pairs were tested
using a pairwise Mann-Whitney U test using the pairwise. wil-
cox.test function in R, controlling for multiple testing using a
Benjamini-Hochberg correction.

4.7 | Genotype-Environment Association Analysis

A redundancy analysis (RDA) was used to detect genotype-en-
vironment associations and identify putative targets of natural
selection in the Bouraké B2 site. RDA has consistently shown
a combination of low false positive and high true positive rates,
and a power to reveal signals of environmental selection even
when they are weak or multilocus, making it the ideal gen-
otype—environment association method for our kind of data
(Capblancq et al. 2018; Capblancq and Forester 2021; Forester
et al. 2018). We used the environmental dataset from Maggioni
et al. (Maggioni et al. 2021), which contained data on tempera-
ture, pH, dissolved oxygen, salinity, nutrients (nitrogen oxide
[NOx], orthosilicic acid [Si(OH)4], phosphate [PO4]3-, and am-
monium [NH4]|+) and organic and inorganic matter (dissolved
inorganic carbon [DIC], particulate organic carbon [POC], and
particulate organic nitrogen [PON]) collected from the three
study sites between 2017 and 2020. Overall averages and stan-
dard deviations were calculated for each variable. In addition,
in order to account for the daily variability, for the variables
with multiple measurements per day and data from several days
(temperature, pH, dissolved oxygen, and salinity) the daily dif-
ference between the maximum and minimum daily value was
calculated, followed by the average and standard deviation

across days. The resulting environmental matrix contained 30
highly correlated variables, which were summarized into two
independent environmental principal components using the
“prcomp” R function. The first environmental principal com-
ponent (ePC1) separated the Bouraké B2 site from the two con-
trol sites, explaining 71.7% of the total environmental variance,
while the second environmental principal component (ePC2)
differentiated the two control sites, explaining 28.3% of the total
variance (Figure 2a).

For the genotype data, we used the complete SNP dataset con-
taining 7,894,070 SNPs. First, missing genotypes were imputed
with the most common genotype at each site. Then, the “rda”
function of the vegan (v.2.6-2) R package (Dixon 2003) was
run using the imputed SNP dataset and the ePC1 as the only
explanatory variable to detect genotypes associated with the
environmental variables that characterize the Bouraké B2 site.
Due to the lack of genome-wide genetic structure (Figure 2d),
no covariables were considered in the RDA. SNP loadings were
extracted for the RDA axis one, and the outlier threshold was
established as four times the standard deviation, a highly con-
servative threshold to identify only those loci under very strong
selection in the Bouraké site and minimize false positives
(Forester et al. 2018). This resulted in a total of 89 candidate
adaptive SNPs, which were annotated using SnpEff (Cingolani
et al. 2012) and the annotations from the A. kenti reference ge-
nome (Cooke et al. 2020).

To investigate the potential function of the candidate adaptive
SNPs, Gene Ontology (GO) and KEGG enrichment analyses
were performed in the clusterProfiler (v.4.4.4) (Yu et al. 2012)
using the annotations from the A.kenti reference genome
(Cooke et al. 2020). In detail, (1) all A. kenti genes with GO terms
and KEGG terms were used to create an OrgDb object as the
background annotation. (2) Genes with adaptive SNPs were
used as the input data set, and then GO and KEGG pathways
were enriched using “enrichGO()” and “enricher()” functions,
respectively. (3) The calculated p values were corrected using
the Benjamini-Hochberg procedure. (4) A corrected p value
0f <0.05 and a g-value of <0.05 were defined as the significance
thresholds.

4.8 | 3D Structure Protein Models

3D structure protein models of the two main targets of natural
selection in Bouraké were predicted with AlphaFold2 (Jumper
et al. 2021) to infer whether the identified missense mutations
caused a relevant structural change in the modeled proteins.
Although these results are computationally inferred protein
structures and need experimental validation, AlphaFold has
demonstrated its exceptional accuracy in inferring protein
structures, representing a breakthrough in the field of Structural
Biology (Varadi et al. 2022; Yang et al. 2023). Moreover, previous
studies demonstrated the power of AlphaFold models to predict
the structural effects of missense mutations in the human pro-
teome (Cheng et al. 2023). AlphaFold2 was run using the Google
ColabFold v.1.5.5 server with default parameters, which uses a
deep learning method based on neural network architectures to
predict 3D protein structures with high accuracy at the atomic
level. Four AlphaFold2 runs were completed in total: TRPA1
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reference, TRPA1 mutated, ABCC4 reference, and ABCC4 mu-
tated. For TRPA1, we predicted the protein 3D structure of a sin-
gle monomer of the tetramer active protein. For each protein, the
two models were compared using the structure comparison tool
within the Swiss Model (Bienert et al. 2017) (https://swissmodel.
expasy.org/comparison/). There, plots were generated for each
comparison, and structural and interatomic consistencies were
calculated using default parameters.

4.9 | Deviations From Hardy-Weinberg
Equilibrium (HWE) in the TRPA1 Gene

Deviations from HWE were tested in the nine SNPs with sig-
nals of environmental filtering in one of the main targets of
selection in Bouraké, the TRPA1 gene. The expected genotype
frequencies under HWE were calculated from the observed
genotype frequencies (Edwards 2008). Statistical deviations
from the expected frequencies under HWE were tested using
the “HWAlltests” function in the HardyWeinberg R package
(Graffelman 2015) and graphically represented as a ternary plot
using the “HWTernaryPlot” function in the HardyWeinberg
package.

4.10 | Symbiodiniaceae Profiles

Fasta files from the ITS2 metabarcoding libraries were sub-
mitted to the online SymPortal framework (Hume et al. 2019)
(https://symportal.org) to generate ITS2 type profiles, repre-
sentative of phylogenetic resolutions within Symbiodiniaceae,
which were plotted in ggplot2. The ITS2 is a multicopy marker,
which complicates the differentiation between intragenomic
and intergenomic variability (Hume et al. 2019). However, the
SymPortal approach is able to identify within-sample informa-
tive intragenomic sequences and define ITS2-type profiles rep-
resentative of putative Symbiodiniaceae taxa (Hume et al. 2019).
Further multivariate analyses of symbiont communities were
carried out using the ITS2 sequence data. A nonparametric mul-
tidimensional scaling (NMDS) analysis was performed using
a Wisconsin 4th square root double standardization of the raw
data and calculating Bray-Curtis distances among coral colo-
nies using the vegan R package. This standardization was used
to reduce the influence of rare and common Symbiodiniaceae
sequences, as it standardizes sequences by their maxima and
then relativizes them by site totals (Bray and Curtis 1957).
Subsequently, a simper analysis was run on the standardized
data using the sampling sites as a grouping to identify the
Symbiodiniaceae sequences that contribute the most to the dis-
similarity between sampling sites, using the “simper” function
in vegan. Plots were generated using ggplot2.
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