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Abstract

Anomalous heat waves are causing a major decline of hard corals around the world
and threatening the persistence of coral reefs. There are, however, reefs that have
been exposed to recurrent thermal stress over the years and whose corals appear
to have been tolerant against heat. One of the mechanisms that could explain this
phenomenon is local adaptation, but the underlying molecular mechanisms are poorly
known. In this work, we applied a seascape genomics approach to study heat stress
adaptation in three coral species of New Caledonia (southwestern Pacific) and to un-
cover the molecular actors potentially involved. We used remote sensing data to char-
acterize the environmental trends across the reef system, and sampled corals living
at the most contrasted sites. These samples underwent next generation sequencing
to reveal single nucleotide polymorphisms (SNPs), frequencies of which were associ-
ated with heat stress gradients. As these SNPs might underpin an adaptive role, we
characterized the functional roles of the genes located in their genomic region. In
each of the studied species, we found heat stress-associated SNPs located in proxim-
ity of genes involved in pathways well known to contribute to the cellular responses
against heat, such as protein folding, oxidative stress homeostasis, inflammatory and
apoptotic pathways, and DNA damage-repair. In some cases, the same candidate mo-
lecular targets of heat stress adaptation recurred among species. Together, these re-
sults underline the relevance and the power of the seascape genomics approach for
the discovery of adaptive traits that could allow corals to persist across wider thermal

ranges.
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1 | INTRODUCTION

One of the most dramatic consequences of climate change is the
worldwide decline of coral reefs, which are the most biodiverse eco-
systems in the marine environment (Hughes et al., 2017). Among the
main drivers of this decline is coral bleaching, a stress response to
anomalous heat waves that eventually causes the death of hard cor-
als (Bellwood et al., 2004; Hughes et al., 2017). In the most severe
episodes, coral bleaching has provoked local coral cover loss of up to
50% (Hughes et al., 2017, 2018), with climate change projections ex-
pecting for bleaching conditions to be persistent worldwide by 2050
(Van Hooidonk et al., 2013).

Despite these alarming perspectives, a glimpse of hope is
brought by coral reefs that show resistance after recurrent heat
waves (Dance, 2019; Hughes et al., 2019; Krueger et al., 2017; Penin
etal.,, 2013; Thompson & van Woesik, 2009). One of the mechanisms
that might promote heat tolerance in corals is genetic adaptation
(Sully et al., 2019). Indeed, genetic features potentially involved in
thermal tolerance were recently identified in corals from reefs re-
currently exposed to heat stress in Japan (Selmoni et al., 2020), on
the Great Barrier Reef (Fuller et al., 2020) and along the western
coast of Australia (Thomas et al., 2017). In recent years, there has
been a growing body of literature investigating how coral thermal
adaptation might alter the predictions of reef persistence, and how
conservation policies could be modified accordingly (Logan et al.,
2014; Matz et al., 2018; van Oppen et al., 2015).

Given the crucial role adaptation will play in long-term reef per-
sistence, there is an urgent need to characterize the adaptive po-
tential of corals (Logan et al., 2014; van Oppen et al., 2015). For
instance, there are still open questions concerning the spatial and
temporal scales at which local adaptation operates (Matz et al.,
2018; Roche et al., 2018). Changes in adaptive potential against heat
stress have been observed along thermal gradients over hundreds of
kilometres (e.g., Thomas et al., 2017), but also at reefs with distinct
thermal variations located only a few hundred metres apart (e.g., Bay
& Palumbi, 2014). Furthermore, different coral species are reported
to show differential vulnerability against thermal stress, leading to
the question of how different life-history traits (e.g., reproductive
strategies, morphology) drive the pace of adaptation (Darling et al.,
2012; Hughes et al., 2018; Loya et al., 2001).

There are also open questions concerning the molecular mech-
anisms that might be targeted by heat stress adaptation in corals
(Mydlarz et al., 2010; van Oppen & Lough, 2009; Palumbi et al.,
2014). Some cellular responses to heat stress are now well char-
acterized, such as DNA repair mechanisms, the activation of the
protein folding machinery in the endoplasmic reticulum (ER) or the
accumulation of reactive oxygen species (ROS, either endogenous
or produced by the symbiont) that progressively elicits inflammatory
and apoptotic responses (Maor-Landaw & Levy, 2016; Mydlarz et al.,
2010; Oakley et al., 2017; van Oppen & Lough, 2009; Patel et al.,
2018). However, little is known about which of the many molecular
actors participating in these cascades could be targeted by evolu-
tionary processes to increase thermal tolerance.

Seascape genomics could contribute to filling these gaps.
Seascape genomics is a budding field of population genomics that
allows the study of local adaptation in wild populations (Riginos
et al., 2016). This method combines the environmental character-
ization of the seascape with a genomic analysis of its population
(Rellstab et al., 2015). The goal is to identify genetic variants that
correlate with environmental gradients and that might underpin an
adaptive role (Rellstab et al., 2015). Seascape genomics could en-
hance the characterization of coral adaptive potential because: (i)
it requires an extensive sampling strategy that allows the study of
adaptation at different geographical scales, and against different
types of environmental constraints simultaneously (e.g., mean tem-
peratures, standard deviations, accumulated heat stress; Leempoel
et al., 2017; Selmoni et al., 2020); (ii) its experimental protocol is less
laborious in comparison with traditional approaches used for study-
ing coral adaptation (e.g., aquarium experiments, transplantations),
and therefore facilitates scaling-up to a multispecies analysis; and
(iii) it is based on genomic data and thus reports candidate molecu-
lar targets of adaptation (Rellstab et al., 2015; Riginos et al., 2016).
Moreover, recent work has described how the results of seascape
genomics studies on corals can be directly transposed to a conser-
vation perspective and support reef prioritization (Selmoni, Rochat,
etal., 2020).

Here we applied the seascape genomics approach to uncover
molecular actors potentially implicated in heat stress adaptation
in three bleaching-prone coral species of New Caledonia, in the
southwestern Pacific (Figure 1). We first used publicly available
satellite data to characterize the seascape conditions for over
1,000 km of the reef system. Coral samples were collected at 20
sites exposed to contrasted environmental conditions. The col-
lected samples underwent a genotype-by-sequencing (DArT-seq)
genomic characterization, followed by a seascape genomics anal-
ysis accounting for the confounding role of demographic struc-
ture. This allowed us to uncover single nucleotide polymorphisms
(SNPs) associated with heat stress. We then analysed the func-
tional annotations of genes in proximity of these SNPs and found
molecular targets that notably recurred among species and that re-
ferred to well-established heat stress responses in coral cells. Our
study highlights the relevance and power of seascape genomics
to uncover candidate molecular targets of heat stress adaptation

in corals.

2 | MATERIALS AND METHODS

2.1 | Environmental data

The seascape genomics approach requires an exhaustive description
of the environmental conditions in order to prevent the misleading
effect of collinear gradients (Leempoel et al., 2017; Riginos et al.,
2016). For this reason, the seascape characterization we used en-
compassed seven environmental variables: sea water temperature

(SST), chlorophyll concentration, sea surface salinity, sea current
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Env. Bleaching alert Av. sea surface St. dev. sea Av. salinity [PSU] Av. chlorophyll Av. suspended
region frequency temperature [K] surface concentration particulate matter
temperature [K] [mg/m?] [g/m?]
0.1 %0.02 298.77 0.3 0.65 + 0.05 35.21+0.14 0.46 + 0.21 2.98 + 1.38
0.05 + 0.02 298.95 + 0.13 0.58 + 0.05 35.16 + 0.08 0.76 + 0.22 5.35 + 2.99
0.08 £ 0.04 298.42 = 0.53 0.6 £ 0.07 35.26 = 0.12 0.54 = 0.22 2.27 = 1.86
0.12 % 0.01 298.18 + 0.16 0.66 + 0.02 35.44 + 0.02 0.79 + 0.35 8.89 + 4.2
0.13 + 0.04 297.45 + 0.2 0.65 + 0.06 35.32 + 0.05 0.45 + 0.12 2.03+1.21

av. = overall overage, st.dev. = overall standard deviation

velocity, suspended particulate matter and bleaching alert frequen-
cies (BAF; Table S1). The environmental characterization was per-
formed in the R environment (R Core Team, 2016) using the rRASTER
package (Hijmans, 2016) and following the method described in
previous work on coral seascape genomics (Selmoni, Rochat, et al.,
2020) with some modifications outlined hereafter.

For the characterization of SST we used two different georef-
erenced data sets covering the extent of New Caledonia: (i) daily
records of SST since 1981 at a spatial resolution of 5 km (SST5 «mi EU
Copernicus Marine Service, 2017); and (ii) daily records of SST since
2002 at resolution of 1 km (SST, , .; Group for High Resolution Sea
Surface Temperature; Chao et al., 2009; Chin et al., 2017). The first
data set covers a wider temporal range, therefore providing a more
reliable characterization of historical trends. The second data set
covers a smaller temporal window, but the higher geographical reso-
lution allows the characterization of fine-scale thermal patterns with
a higher degree of confidence. Both data sets were used to compute,
for each pixel of the study area, averages and standard deviations of
the warmest month, the coldest month and the entire observational
period. Furthermore, we computed the frequency of the bleaching
warning conditions as defined by the Coral Reef Watch, correspond-
ing to the accumulation of heat stress over a 3-month rolling window
(Liu et al., 2003). Two BAF variables were computed, one based on
SST data at 5-km resolution (hereafter referred to as BAF5) and one
at 1-km resolution (BAF1).

For the other data sets (chlorophyll concentration, sea surface
salinity, sea current velocity and suspended particulate matter; EU
Copernicus Marine Service, 2017), the spatial resolution ranged be-
tween 4 and 9 km (Table S1). All the data sets covered a temporal
extent of at least 20 years before 2018 (the year of sampling) and
were processed to compute: (i) highest monthly average, (ii) lowest
monthly average and (iii) overall average. For all the data sets cap-
tured at daily resolution (i.e., all except suspended particulate mat-
ter), we also computed the standard deviation associated with the
three averages.

In total, 35 environmental descriptors (Table S1) were computed.
The polygons representing the reefs of New Caledonia (UNEP-
WCMC, WorldFish-Center, WRI, & TNC, 2010) were reported in a
regular grid (~3,000 reef cells of size: 2 x 2 km) using qais (QGIS
development team, 2009). Using the extract function of the rasTER
package, we assigned a value of each of the 35 environmental de-

scriptors to every reef cell.

2.2 | Sampling

Twenty sampling sites were selected out of the ~3,000 reef cells
surrounding Grande Terre, the main island of New Caledonia
(Figure 1). Sampling sites were chosen following an approach that
simultaneously maximized environmental contrasts and replicated
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them at distant sites (the “hybrid approach” described in Selmoni,
Vajana, et al., 2020). The method consists of applying principal
component analysis (PCA) and hierarchical clustering to the 35 en-
vironmental descriptors in order to separate the ~3,000 reef cells
into distinct environmental regions. Next, the algorithm selects
the same number of sampling sites within each region in order
to maximize physical distance between sites. Increasing environ-
mental variation is expected to raise the sensitivity of seascape
genomics analysis, while the replication of environmental gradi-
ents is expected to reduce false discovery rates (Selmoni, Vajana,
et al., 2020). Here the number of environmental clusters was five
(Figure 1) and we established four sampling locations per cluster.
When this was not possible (e.g., because of logistical constraints
during the sampling campaign), additional sampling sites were
added to the neighbouring clusters.

The sampling campaign was performed from February to May
2018 (under permit Nos. 609011-/2018/DEPART/JJCand 783-2018/
ARR/DENV) and targeted three flagship species of the Indo-Pacific:
Acropora millepora, Pocillopora damicornis sensu Schmidt-Roach
et al. (2013)—corresponding to PSHO04 sensu Gélin et al. (2017) - and
Pocillopora acuta sensu Schmidt-Roach et al. (2013)—corresponding
to PSHO5 sensu Gélin et al. (2017). Of note, P. acuta and P. damicor-
nis belong to the complex of species formerly named P. damicornis
(Gélin et al., 2017; Johnston et al., 2017; Schmidt-Roach et al., 2014).
At every sampling site, we collected up to 20 samples of A. mille-
pora and 20 of Pocillopora aff. damicornis (we did not discriminate
between species while sampling as it can be difficult to distinguish
them in the field, see section “Pocillopora species identification”). All
the samples were collected within a radius of 1 km from the coordi-
nate of the sampling site, and at a depth ranging between 2 and 4 m.
Before sampling, each colony was imaged underwater, and then a
piece of a branch was sampled with pliers. Each sample consisted of
a 1- to 2-cm branch that was immediately transferred to 80% etha-
nol and stored at -20°C. DNA from the 730 samples (370 A. mille-
pora and 360 Pocillopora; Table S2) was extracted using the DNeasy
Blood and Tissue 96 kit (Qiagen) following the manufacturer's in-
structions. Note that we did not apply mechanical shearing before
DNA extraction, as this could have caused breaking of the cell wall
of symbiotic algae and consequent contamination of the coral host
DNA sample with high levels of symbiont DNA.

2.3 | Pocillopora species identification

The 360 Pocillopora samples were identified molecularly a posteriori
of sampling to be assigned to one species or the other (P. damicornis
or P. acuta). Samples were genotyped using 13 microsatellite loci, as
in Gélin et al. (2017). Then, colonies belonging to P. damicornis and
to P. acuta were identified using assignment tests performed with
STRUCTURE (version 2.3.4; Pritchard et al., 2000; Figure S1, Table S2),
as in Gélin et al. (2018). Colonies assigned to P. damicornis or P. acuta

with a probability of at least.70 were retained in the final data

set for this study. The Pocillopora sampling was composed of 148
P. damicornis (SSHO4 sensu Gélin et al. 2017, more precisely SSHO4a
sensu Oury et al. 2020), 159 P. acuta colonies (a mix of SSHO5a and
SSHO5b sensu Gélin, Fauvelot, et al., 2018) and 53 unassigned colo-
nies (excluded from further analysis).

2.4 | Acropora species identification

Acropora species are genetically and morphologically notoriously
challenging in terms of identification and species boundaries detec-
tion. However, A. millepora can be recognized in the field based on its
typical axial and radial corallite shape (Wallace, 1999). In situ images
of each specimen were examined to look for the species diagnostic

morphological characters and initial identifications were validated.

2.5 | Screening and SNP genotyping

All DNA samples from A. millepora, P. damicornis and P. acuta were
sent to the Diversity Arrays Technology (Canberra, Australia) for
quality check screening and genotype-by-sequencing using the
DArT-sequencing method (DArT-seq; Kilian et al., 2012). This ap-
proach, a variant of restriction enzyme-associated DNA sequencing
(RAD-seq) techniques, employs restriction enzymes that are sensi-
tive to DNA methylation. The result is a sequencing library that is
enriched in hypomethylated regions of the genome. Such regions are
more often functionally active regions (such as regulatory sequences
or genes) and therefore of particular interest to study adaptation
(Gawronski et al., 2016).

The restriction enzymes used for library preparation for A. mil-
lepora and Pocillopora samples were Pstl and Hpall. Prior to se-
quencing, all the DNA samples underwent 1 hr of incubation with
the digestion buffer, followed by quality check for integrity, purity
and concentration running 1 pl per sample on a 0.8% agarose gel.
Samples from each site were then ranked based on their quality (de-
gree of smearing on the agarose gel). We then selected the samples
with the best scores from each site and defined a list of 188 A. mil-
lepora, 128 P. damicornis and 150 P. acuta samples that proceeded
to the sequencing step in four (A. millepora samples) and five lanes
(Pocillopora samples) of an lllumina Hiseq2500. During each step of
the workflow (DNA purification, library preparation and sequenc-
ing), A. millepora and Pocillopora samples were kept separated and
randomly distributed across the respective batches (e.g., 96-well
plates, sequencing lanes) to minimize the risks of technical bias.

The processing of sequencing reads was performed by Diversity
Arrays Technology using proprietary DArT analytical pipelines
(Sansaloni et al., 2011). Raw sequencing reads were filtered based on
PHRED quality scores (Q < 25) and demultiplexed on the barcodes.
SNP calling was performed using the DArTSoft14 algorithm, which
performs de novo alignment of reads with a procedure technically

similar to stacks (Catchen et al., 2013).
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SNP filtering

The DArT-loci (i.e., the DNA sequences surrounding each SNP) ini-
tially underwent a sequence similarity search (BLASTN; version 2.7.1;
Madden & Coulouris, 2008) against a reference genome to retain
only those associated with the coral host (and discard possible con-
tamination from the DNA of symbiotic algae or bacteria). For A. mille-
pora, the reference genome was the A. millepora chromosome-level
assembly from Fuller and colleagues (version 2, Fuller et al., 2020),
while for P. damicornis and P. acuta we used the P. damicornis sensu
lato reference (version 1; Cunning et al., 2018). Only DArT-loci scor-
ing an E-value below 107° were retained.

The processing of the SNP data followed a pipeline from pre-
vious work on coral seascape genomics (Selmoni, Rochat, et al.,
2020). For each species’ data set, we removed SNPs and individ-
uals with high missing rates (> 50%) by using custom functions
(available with the study data, see “Data Accessibility” section) in
the R environment. Next, we proceeded with imputation of miss-
ing genotypes using the linkimpute algorithm (based on k-nearest-
neighbours imputation; Money et al., 2015) implemented in TAssEL
5 (Bradbury et al., 2007) using the default settings. We then re-
peated the filtering of SNPs and individuals for missing rates, but
this time using a more stringent threshold (5%). We also applied
a filter to exclude rare alleles (minor allele frequency <5%) and
highly frequent genotypes (major genotype frequency >95%). The
goal of these filtering steps was to remove either highly rare or
highly frequent genetic variants, as these have been shown to cre-
ate bias in population structure analyses (Roesti et al., 2012). SNPs
were then filtered for linkage disequilibrium using the R package
SNPRreLATE (function snpsgdsLDpruning, LDthreshold =0.3, version
1.16; X. Zheng et al., 2012). This filtering step anticipated the issue
of spurious genotype-environment associations due to SNPs that
were physically close (genetic hitchhiking, Rellstab et al., 2015).
Finally, we applied a filter for clonality: when groups of colonies
shared highly correlated genotypes (Pearson correlation >.9) only
one colony per group was kept. As fragmentation is a common
reproductive strategy in corals (Highsmith, 1982), this filter pre-

vented us from retaining clonal individuals in the data set.

2.7 | Neutral genetic structure analysis

Prior to the genotype-environment association analysis, we assessed
the neutral genetic structure of the studied populations. For each of
the studied species, the analysis was conducted in two steps: (i) iden-
tification of neutral SNPs and (ii) investigation of population structure
using discriminant analysis of principal components (DAPC).

We first identified the principal components (PCs) underlying
the neutral genetic structure (with p <.01: 11 in A. millepora, 19 in
P. damicornis and 13 in P. acuta) using Tracy-Widom test as imple-
mented in the R package assocTesTs (version 0.4; Wang et al., 2017).
We then used the R package pcapapT (version 4.3.1; Luu et al., 2017)
to perform a genome scan and detect outlier SNPs (i.e., SNPs with

diverging allele frequencies, compared to the natural genetic struc-
ture). Outlier SNPs were discarded from the neutral genotype matrix
employed in the second step of the analysis (genotype-environment
association analysis).

The population structure was analysed using the DAPC method
(Jombart et al., 2010) as implemented in the aAbeceneT R package (ver-
sion 2.1.2, Jombart, 2008). For a given genotype matrix, this method
investigates the axes of variation (discriminant functions) maximiz-
ing the variance between groups of individuals. Groups of individ-
uals can be either specified with a priori information (e.g., sampling
sites) or inferred without a priori information using the find.cluster
function. We tested both approaches, following the recommended
practices described in DAPC documentation as outlined hereafter.

The find.cluster method combines k-means clustering with a
Bayesian inference criterion to select the optimal number of groups.
We investigated this optimal number of groups using all the PCs of
the genotype matrix. For the DAPC computation using sampling lo-
cations as a priori, we used the optim.a.score function to determine
the optimal number of PCs to retain for the discriminant analysis (19
for A. millepora, 12 for P. damicornis and 19 for P. acuta). We assessed
the population structure by comparing the distribution of samples
across the first two discriminant functions with their spatial distri-
bution across the archipelago.

In addition, we estimated the levels of genetic diversity at every
sampling location by computing the minor allele frequency of every
SNP. This calculation was applied to the three species and concerned

sampling locations having at least five samples.

2.8 | Genotype-environment association analysis
The genotype-environment association analyses were performed
separately on the three species using the LFMM method imple-
mented in the Lea R package (version 2.4.0; Frichot & Francois, 2015;
Frichot et al., 2013). This method associates single environmental
gradients and individual SNP variations in mixed models, where the
confounding effect of neutral genetic variation is accounted for
through latent factors (Frichot et al., 2013).

Briefly, the first step of the LFMM pipeline is to estimate the
number of latent factors (K; Frichot & Francois, 2015). This parame-
ter corresponds to the number of ancestral populations and can be
estimated by using the snmf function of the Lea package. The method
processes a genotype matrix to estimate individual admixture coef-
ficients under different values of K, and then evaluates the quality of
fit for each K via cross-validation (Frichot & Francois, 2015). We ran
10 replicates of this analysis for all the studied species, and found
that the optimal number of K (according to the lowest entropy crite-
rion) ranged from 2 to 4 for A. millepora, 6 to 8 for P. damicornis, and
10 to 12 for P. acuta (Figure S2).

We then proceeded to the genotype-environment associa-
tion analyses with LFMM. To avoid redundant signals of genotype-
environment associations due to collinearity between environmental

variables, we preliminarily grouped highly collinear environmental
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TABLE 1 Workflow of the analysis

Sampling
Microsatellite

DArT-seq

BLAST against reference

Filtering (Missing values,

MAF, MGF, LD,
clonality)

Pocillopora
A. millepora P. damicornis P. acuta
370 ind. 360 ind.
- 128 ind. 150 ind.
188 ind. x 57,374 128 ind. x 70,640 150
SNPs SNPs ind. x 70,640
SNPs
188 ind. x 47,529 127 ind. x 48,049 145
SNPs SNPs ind. x 48,049
SNPs

167 ind. x 11,935 118 ind. x 7,895 110ind. x 8,343
SNPs SNPs SNPs

Note: For each of the species of interest (Acropora millepora, Pocillopora damicornis, Pocillopora
acuta), we report the number of individuals (ind.) and single nucleotide polymorphisms (SNPs)
obtained or retained after each of the various steps of the workflow.

MAF=minor allele frqeuency, MGF=major genotype frequency, LD=linkage disequilibrium.

variables (absolute value of Pearson correlation >.9). This resulted in
16 groups of collinear variables in A. millepora (Table S3a), 15 in P. dam-
icornis (Table S3b) and 19 in P. acuta (Table S3c). For every group, we
randomly selected one environmental variable to be employed in the
association analyses. The association analysis was performed using
the Ifmm function, setting K to the ranges previously estimated for
each species and running five replicates of each analysis.

LFMM returns p-values describing the statistical significance of
every genotype-environment association under different values of
K. For each association model related to the same environmental
variable, p-values were corrected for multiple testing using the g-
value method (R package aq-vaLuE, version 2.14; Storey, 2003) and

deemed significant if g <.01 under at least one level of K.

2.9 | Annotation analysis of heat stress-
associated SNPs

For each of the three studied species, we investigated the molecu-
lar functions of genes located in proximity of heat stress-associated
SNPs (i.e., SNPs associated with one of the two BAF variables, BAF5
or BAF1). To facilitate the comparisons between the different spe-
cies, we first re-annotated genes using the Uniprot/swissprot protein
database as common reference (metazoa entries, release 2020_01;
Boeckmann et al., 2003). We decided to use Uniprot/swissprot be-
cause it features standardized annotations of protein functions that
are manually curated. The first step of the re-annotation procedure
was extraction of the predicted protein sequences for the genes in
the original annotation of the two reference genomes (Cunning et al.,
2018; Fuller et al., 2020). These protein sequences were used to per-
form a similarity search (sLasTp; version 2.71; Madden & Coulouris,
2008) against the Uniprot/swissprot database. Each gene was re-
annotated with the best significant hit (E-value <0.01) and inherited
protein name and gene ontology (GO) terms describing molecular
functions (Ashburner et al., 2000).

We then proceeded in two stages to characterize the molecular
functions of genes located in proximity of SNPs associated with heat
stress. In a first step, we investigated the putative functions of the
SNPs that are strongly associated with heat stress. We therefore fo-
cused only on the SNPs significantly (g <.01) associated with BAF5
or BAF1 and manually investigated the annotation of the closest
gene with a functional annotation. Since we applied a conservative
cut-off threshold, only a limited number of genes was found and we
therefore could not apply any enrichment analyses of gene functions
(Maleki et al., 2020).

In a second step, we evaluated the redundancy in the annota-
tions of groups of SNPs that are less strongly associated with heat
stress. In this case we used the gene-set enrichment method of the
R package SeTRaNk (version 1.1; Simillion et al., 2017). SetRank fea-
tures a “ranked analysis” where genes are first ranked based on a
biologically meaningful criterion, and subsequently an enrichment
test uncovers the GO annotations that are overrepresented among
genes with the highest ranks. In our case, we retrieved genes located
+5 kb from every SNP and ranked them based on the (ascending)
g-value of the genotype-environment associations with BAF5 and
BAF1. GO terms were deemed significant when the SetRank p-value
was <.01 and the adjusted p-value (corrected for multiple testing and
overlap between gene-set categories) was <.05.

These two steps made it possible to identify molecular functions
that recurred in proximity of SNPs associated with heat stress in the

three different species.

3 | RESULTS

The DArT-seq analytical pipeline resulted in the genotyping of 188
samples by 57,374 bi-allelic SNPs for Acropora millepora, and 128
and 150 samples by 70,640 SNPs for Pocillopora damicornis and
Pocillopora acuta, respectively (Table 1). After filtering for similar-
ity (E-value <107°) of the sequences surrounding SNPs against the
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reference genome, 47,529 SNPs were retained in A. millepora and
48,049 in the Pocillopora species. Before imputation of the geno-
type matrices, the percentage of missing genotypes per SNP was
larger in A. millepora (average = SD: 0.2 + 0.15) than in P. damicornis
(0.14 + 0.15) and P. acuta (0.16 = 0.15). After imputation, this per-
centage was comparable across the three species (A. millepora:
0.009 + 0.05; P. damicornis: 0.002 + 0.02; P. acuta: 0.001 + 0.02).

After filtering for rare variants, missing values and clonality,
we obtained a final genotype matrix of 167 individuals by 11,935
SNPs for A. millepora, of 118 individuals by 7,895 SNPs for P. dam-
icornis and of 110 individuals by 8,343 SNPs for P. acuta (Table 1).
The A. millepora genotyped samples distributed across all the 20
sampling sites (18 of having five samples or more), while genotyped
samples of P. damicornis and P. acuta were distributed across 17 sites
each (both with 10 sites having five samples or more). Samples from
the Pocillopora species were found in sympatry at 15 sites, although
P. damicornis appeared to be more frequent on sites on the west
coast of Grande Terre, whereas P. acuta was more frequnt on the
east coast (Figure 1; Figure S1).

3.1 | Neutral genetic structure
We first ran a genome scan to distinguish neutral SNPs from out-
lier SNPs in each of the studied species. The analysis identified 346

outlier SNPs in A. millepora, 278 in P. damicornis and 265 in P. acuta

(Table S4). The neutral SNPs (11,589 SNPs in A. millepora, 7,617 in
P. damicornis and 8,078 in P. acuta) were retained for the analysis of
the neutral genetic structure.

The analysis of population structure was performed running a
DAPC of neutral genotype matrices. We first tested the analysis
without a priori information on groups of samples to be discrimi-
nated. For the three studied species, the optimal number of clus-
ters according to the Bayesian Inference Criterion was equal to one
(Figure S3), and DAPC could therefore not be computed.

As we used sampling locations as a priori information on groups
of samples, DAPC results showed that sampling locations that were
spatially close tended to display similar values across the first two dis-
criminant functions (Figure 2). This observation was particularly visi-
ble in the first discriminant function of the two Pocillopora species: in
P. damicornis we observed a genetic cluster of sampling locations from
the southwestern coast of Grande Terre (Figure 2b). In addition, the
first two discriminant functions in P. damicornis highlighted the sepa-
ration of a sampling site located in the northern part of the west coast.
In P. acuta, the first discriminant function displayed a genetic cluster
of sampling locations on the east coast of Grande Terre (Figure 2c).

Of note, the first discriminant function explained roughly half
of the total variance of the genotype matrix in the Pocillopora spe-
cies (48% in P. damicornis; 52% in P. acuta). In contrast, the per-
centage of variance explained by the first discriminant function in
A. millepora was lower (26%) and comparable to the percentage of

the second discriminant function (22%). Indeed, DAPC results for

(a) Acropora millepora

(b) Pocillopora damicornis

DAPC2 (22%)
DAPC2 (23%)

DAPC1 (26%)

DAPC1 (48%)

(¢) Pocillopora acuta

DAPC2 (15%)

DAPC1 (52%)

(d) Sampling locations

FIGURE 2 Discriminant analysis of
principal components (DAPC) of the
genotype matrices for three species
studied: Acropora millepora (a), Pocillopora
damicornis (b) and Pocillopora acuta (c).
Each scatterplot displays the distribution
of samples across the first two
discriminant functions of the DAPC (with
the percentage of variance explained, in
parentheses). DAPC was performed with
a priori information on sampling locations.
Symbols correspond to the sampling
location of samples and the position of
these locations are displayed in (d)
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TABLE 2 Significant genotype-environment associations with heat stress in Acropora millepora, Pocillopora damicornis and Pocillopora
acuta

(a) Number of significant genotype-environment associations

ENV collinear ENV # SNPs #uSNPs
Acropora millepora

BAF5 SST5.0sd, SST5.hsd 10 20
BAF1 = 14

Pocillopora damicornis

BAF5 SST5.hsd, SST5.0sd 18 25
BAF1 = 10

Pocillopora acuta

BAF5 SST5.hsd, SSS.om, SSS.hm 4 9
BAF1 =

(b) Top five significant genotype-environment associations

Closest gene

Chr/Contig Position Name Distance ENV q-value

Acropora millepora

chr2 15023481 MICOS complex subunit MIC60 14044 BFE BAF5 4.08E-11

Sc0000070 588818 Low-density lipoprotein receptor-related 7929 BFS BAF1 .0001
protein 6

chr12 3092569 Adipose triglyceride lipase 1902 BFS BAF1 .0001

chr3 16787176 Enoyl-[acyl-carrier-protein] reductase CDS BAF1 .0002

chrll 5209122 Hemicentin-2 16601 BFE BAF1 .0007

Pocillopora damicornis

NW_020846863.1 50886 Melanocyte-stimulating hormone receptor 43840 BFE BAF1 7.43E-07

NW_020844635.1 120593 Omega-3 fatty acid desaturase fat-1 8241 BFS BAF5 1.92E-05

NW_020846229.1 44431 Protocadherin Fat 3 CDS BAF1 .0001

NW_020847397.1 2088 Tumour necrosis factor receptor superfamily 2079 BFS BAF1 .0005
member 27

NW_020846232.1 92716 Glutamine and serine-rich protein 1 3792 BFE BAF5 .0007

Pocillopora acuta

NW_020845243.1 143820 Quinone oxidoreductase PIG3 Intronic BAF1 .0003

NW_020847027.1 161943 Multidrug resistance-associated protein 4 CDS BAF1 .0004

NW_020845228.1 63533 Receptor-type tyrosine-protein phosphatase  CDS BAF1 .0011
delta

NW_020845314.1 124 = = BAF1 .0013

NW_020847378.1 374764 Golgin subfamily A member 1 Intronic BAF1 .0040

Table (a) displays the number of SNPs significantly associated (#SNPs; g < .01) with the environmental variables (ENV) describing bleaching alert
frequency (BAF5 and BAF1, computed out of sea surface temperature data at 5 and 1 km of resolution, respectively). The ‘collinear ENV’ column
displays the identifiers of environmental variables highly correlated (R > .9) with ENV. The #uSNPs column shows the number of SNPs found
significant for at least one of the two BAF variables. Table (b) displays the five significant SNPs more strongly associated with BAF5 and BAF1. For
every SNP, the table shows the genomic position (chromosome or contig, and position), the name of the closest known gene with the distance from
the SNP (number of nucleotides before start—BFS—or before end—BFE, intronic or in coding sequence—CDS), the environmental variable involved in
the association (ENV) and the g-value of the association. The panel in top right position displays the key of the abbreviations for the identifiers of the
environmental variables. Table S5 displays the count of significant SNPs for all the other (non-collinear) environmental variables; Table S6 shows the
complete list of SNPs significantly associated with BAF5 and BAF1. Environmental variables identifiers key: BAF5 = bleaching alert frequency (5-km
resolution) BAF1 = bleaching alert frequency (1-km resolution) SST5 = sea surface temperature (5-km resolution) SSS = sea surface salinity; .om =
overall mean .hm = highest monthly mean .osd = overall standard deviation .hsd = standard dev. of month with highest mean.
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A. millepora suggested a larger genetic variation within sampling lo-
cation (Figure 2a), compared to the Pocillopora species (Figure 2b,c).
The average (+ SD) minor allele frequency (MAF) was 0.260 £ 0.16 in
A. millepora, 0.262 + 0.158 in P. damicornis and 0.279 + 0.155 in P. acuta.
In the studied species, the distribution of MAF across the different sam-
pling locations did not show any particular spatial structure (Figure S4).

3.2 | Local adaptation

In total, 20 SNPs were found significantly associated (q <.01) with
heat stress variables (BAF5 or BAF1) for A. millepora, 25 for P. dami-
cornis and nine for P. acuta (Table 2a). In comparison, all the other
environmental descriptors of SST were found associated with 44 SNPs
in A. millepora, 18 in P. damicornis and 18 in P. acuta (Table S5). For
the other types of environmental descriptors, sea surface salinity was
generally the one with the highest number of associated SNPs (79 as-
sociations across the three studied species), followed by chlorophyll
concentration (65 associations), suspended particulate matter (13 as-

sociations) and sea current velocity (11 associations; Table S5).
3.3 | Functional annotations of heat stress-
associated SNPs

For each of the studied species, we analysed the genome annota-

tions to identify the genes located in proximity of SNPs significantly

(q <.01) associated with heat stress. Such genes were generally lo-
cated within 10 kb of the significant SNPs (15 out of 20 in A. millepora,
23 out of 25 in P. damicornis and all nine SNPs in P. acuta; Table Sé6).
Among these, we found genes coding for the MICOS complex subu-
nit MIC60 (q = 4.08E-11; Figure 3), Low-density lipoprotein receptor-
related protein 6 (g =.0001) and Enoyl-[acyl-carrier-protein] reductase
(g = 0.0002) in A. millepora; Melanocyte-stimulating hormone recep-
tor (g = 7.43E-07), HMG-CoA reductase (q =.002) and Malonyl-CoA
decarboxylase (g =.003) in P. damicornis; Quinone oxidoreductase
PIG3 (g =.0003), Receptor-type tyrosine-protein phosphatase delta
(g =.0011) and Golgin subfamily A member 1 (q =.004) in P. acuta
(Table 2b, Table Sé). Of note, we did not find any gene that recurred in
proximity of significant SNPs from different species (Table S6).

We then ranked all SNPs based on the g-value describing the
associations with BAF variables (BAF5 and BAF1), and investigated
whether SNPs with the highest ranks (i.e., those more strongly
associated with heat stress) were located in proximity (+ 5 kb) of
genes sharing identical molecular functions. We uncovered 18 GO
terms of molecular functions as over-represented (p <.01, adjusted
p <.05) among such genes in A. millepora, 35 in P. damicornis and 34 in
P. acuta (Table S7). Among these, we found terms referring to “chap-
erone binding” (GO: 0051087), “FAD binding” (GO: 0071949), “trans-
2-enoyl-CoA reductase (NADPH) activity” (GO: 0019166) and “p53
binding” (GO: 0002039) in A. millepora; “malonyl-CoA decarboxylase
activity” (GO: 0050080), “mitogen-activated protein kinase binding”
(GO: 0051019), “chaperone binding” (GO: 0051087), “Hsp70 protein
binding” (GO: 0030544) and “Hsp90 protein binding” (GO: 0051879)
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FIGURE 3 Example of significant genotype-environment associations. The map displays the superposition between environmental
gradient (here the frequency of bleaching alert since 1981, measured at 5-km resolution) and the distribution of an associated (g <.01) SNP
of Acropora millepora. Every circle corresponds to the SNP genotype for an individual colony. For illustrative reasons, genotypes are radially
distributed around the sampling locations. The boxplot in the top-right corner shows how the environmental variable distributes within
each genotype. The SNP represented here is located on chromosome 2 (position 15023481) of the A. millepora genome, and the closest
annotated gene codes for the mitochondrial MICOS complex subunit MIC60
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TABLE 3 Functional annotations of heat stress-associated SNPs

AM
GO term GO term description BAF5
G0:0002039 p53 binding
GO0:0004534 5-3 exoribonuclease activity
G0:0030544 Hsp70 protein binding
G0:0031628 opioid receptor binding
G0:0051087 chaperone binding X

PD PA
BAF1 BAF5 BAF1 BAF5 BAF1
X X
X X
X X
X X
X

For each of the studied species, Acropora millepora (AM; pink), Pocillopora damicornis (PD; blue) and Pocillopora acuta (PA; green), the table displays GO
terms describing molecular functions that are overrepresented (p <.01, Adj. p <.1) in genes located in proximity of SNPs associated with the bleaching
alert frequency variables (BAF5 and BAF1, computed from sea surface temperature data at 5-km and 1-km resolution, respectively). This table shows
the GO terms observed as overrepresented in at least two of the studied species, while the complete list of all the GO terms is shown in Table S7.

in P. damicornis; “quinone binding” (GO: 0048038), “NADPH:quinone
reductase activity” (GO: 0003960), “DNA helicase activity” (GO:
0003678), “p53 binding” (GO: 0002039) and “Hsp70 protein bind-
ing” (GO: 0030544) in P. acuta (Table S7). In total, five of these
functions recurred in different species: “p53 binding,” “5-3 exoribo-

nuclease activity,” “chaperone binding,” “Hsp70 protein binding” and

“opioid receptor” (Table 3).

4 | DISCUSSION

4.1 | Population structure

Prior to the analysis of local adaptation, we evaluated the popula-
tion structure of the three studied species from New Caledonia.
Such preliminary analysis is crucial, since strong structure of neu-
tral genetic variation, for instance due to cryptic species or iso-
lated populations, can cause bias in the investigation of adaptive
genetic variants (Rellstab et al., 2015; Selmoni, Vajana, et al., 2020).
However, the fact that we could not identify clear genetic clusters
for running the DAPC without a priori information suggested the
absence of genetically isolated groups in the three studied popula-
tions. This view was supported by the lack of clear differences in
the frequency of minor alleles observed across the different sam-
pling locations.

The DAPC using sampling locations as the grouping factor indi-
cated the presence of a spatial structure in each of the three studied
populations. In Acropora millepora, we observed a weak structure,
with substantial variation within sampling locations. This observa-
tion was consistent with the weak structure recently observed in an
A. millepora population from a section of the Australian Great Barrier
Reef with spatial extent similar to the one of New Caledonia (Fuller
et al., 2020).

In comparison, the population structure of the two Pocillopora
species appeared to be more stressed. Corroborating these ob-
servations, previous work in New Caledonia and northwestern
Australia suggested high levels of population differentiation in
Pocillopora damicornis (Oury et al., 2020; L. Thomas et al., 2014), and
in Pocillopora acuta in New Caledonia (Gélin et al., 2018).

Of note, we observed a higher frequency of P. damicornis along
the west coast of Grande Terre, and a higher frequency of P. acuta
along the east coast. These disproportions are probably due to
sampling bias, rather than to a divergent ecological specialization
of the two species. Indeed, we often found the two species in sym-
patry, and previous studies systematically found both species along
both coasts of Grande Terre (Gélin, Pirog, et al., 2018; Oury et al.,
2020).

4.2 | Different types of local adaptation

In each of the studied species, we detected genotype-environment
associations that might underpin local adaptation. These associa-
tions rarely involved outlier SNPs, but this was not surprising since
genotype-environment association methods are more sensitive to
small shifts in allele frequencies, compared to outlier tests (Rellstab
et al., 2015).

In general, we observed that the environmental variables asso-
ciated with the largest number of SNPs were those describing SST
averages and standard deviations (80 SNPs across the three spe-
cies), sea surface salinity (79 SNPs), chlorophyll concentration (65
SNPs) and BAF (54 SNPs). These similar numbers are explainable
by the fact that all these variables are partially collinear to each
other and some of them might therefore be involved in false asso-
ciations with SNPs. Furthermore, the number of variables per en-
vironmental descriptor is likely to drive the numbers of significant
SNPs. For instance, SST and salinity have the largest numbers of
environmental descriptors (up to six noncollinear environmental
variables per species), while BAF has the lowest (two per species,
i.e., BAF1 and BAF5).

In fact, BAF is the environmental descriptor with the highest av-
erage number of significant SNPs per environmental variable (nine).
Coral bleaching is a major threat for coral survival, and bleaching
conditions emerge when SST variation exceeds seasonal averages
(Hughes et al., 2017; Liu et al.,, 2003). BAF descriptors account
precisely for this selective constraint (SST variation over average),
and this might explain why genotype-environment associations
with BAFs were on average more frequent. Previous work on coral
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seascape genomics also reported a predominance of adaptive sig-
nals related to BAF (Selmoni, Rochat, et al., 2020).

4.3 | Candidate molecular targets for heat
stress adaptation

Genes located in proximity of the SNPs associated with heat stress
displayed some molecular functions that are known to be implicated
in coral heat stress responses. In some cases, such functions were
found in proximity of the few SNPs significantly associated with
heat stress. More often, however, we found such functions as over-
represented among groups of SNPs that are associated with heat
stress, but necessarily significantly associated.

One of the main examples of such molecular functions con-
cerns molecular chaperones. These are proteins, such as heat
shock proteins (Hsp), that intervene in cellular responses to heat
stress to assist the folding or unfolding of proteins in the endo-
plasmic reticulum (Oakley et al., 2017). In corals, the role of these
proteins in the heat response, as well as their up-regulation under
thermal stress, have been reported in several studies (Desalvo
etal.,,2008, 2010; Maor-Landaw & Levy, 2016; Oakley et al., 2017;
Rosic et al., 2011). Here we found the GO terms “molecular chap-
erones,” “Hsp70 protein binding” and “Hsp90 protein binding” as
over-represented in proximity of SNPs associated with heat stress
in the three studied species. Of note, we found one of the SNPs
most strongly associated (g =.08) with heat stress in A. millepora
in the coding sequence of chaperone Sacsin, which was recently
proposed to be involved in bleaching resistance in A. millepora on
the Great Barrier Reef (Fuller et al., 2020).

Another cellular signature of heat stress is the accumulation of
ROS in the cytoplasm (Patel et al., 2018). Previous studies showed
that corals exposed to heat stress respond to this accumulation by
activating the molecular pathways of the oxidative stress response
(Louis et al.,2017; Nielsen et al., 2018; Oakley et al., 2017; Voolstra
etal,, 2009, 2011). In the three studied species, we found SNPs as-
sociated with heat stress in proximity of molecular actors of the
oxidative homeostasis, such as Quinone oxidoreductase PIG3,
Malonyl-CoA decarboxylase, HMG-CoA reductase and Enoyl-
[acyl-carrier-protein] reductase. One of the proposed sources of
ROS accumulation is leakage from the host mitochondrion, even
though the underlying mechanisms are poorly known (Dunn et al.,
2012). It is noteworthy that in A. millepora, the SNP most strongly
associated with heat stress was in proximity of the MICOS com-
plex subunit MIC60 gene. MICOS is a key protein in maintenance
of the mitochondrial inner membrane architecture, through which
ROS are produced, and the outer membrane, through which ROS
diffuse into the cytoplasm (Mufioz-Gémez et al., 2015; Zhao et al.,
2019).

Additional molecular signatures of coral heat response were
found in proximity of SNPs associated with heat stress, even though
such observations were scattered across the three studied species.
For instance, oxidative stress is known to trigger inflammatory

responses and apoptosis (Courtial et al., 2017; Patel et al., 2018;
Yuan et al., 2019), and we observed the over-representation of GO
terms implicated in these functions such as “mitogen-activated
protein kinase binding” (in P. damicornis) and “p53 binding” (in
A. millepora and P. acuta). Another example concerns the GO term
“DNA helicase activity” (P. acuta), as this function was previously
found as a potential target for heat stress adaptation in a coral

population from Japan (Selmoni, Rochat, et al., 2020).

4.4 | Limitations and future directions

In the “Population structure” section we discussed the potential con-
founding role that neutral genetic variation can have on seascape
genomics studies. There are, however, other elements that should
be considered when assessing the statistical power of the study.

The main element is sample size, as previous work suggested
working with sample sizes of at least 200 individuals to secure suf-
ficient statistical power under any demographic scenario (Selmoni,
Vajana, et al., 2020). We compensated for this potential lack of sta-
tistical power with a sampling design strategy maximizing the envi-
ronmental contrasts between the sampling locations. Nevertheless,
partial collinearity persisted between different environmental
descriptors and this might have led the false discoveries in the
genotype-environment association study (Leempoel et al., 2017). A
possible solution could be the extension of the study area to the
reefs of the neighbouring islands, as this might introduce new com-
binations of environmental gradients and reduce collinearity.

We also encountered important trade-offs related to the geno-
typing technique. Compared to traditional RAD-seq approaches,
DArT-seq loci appeared indeed to be enriched in functional regions
of the genome and this facilitated the interpretation of the results
(Gawronski et al., 2016; Lowry et al., 2017). However, some of the
genetic variants required substantial imputation (missing rate >20%),
and such variants appeared less likely to be detected as associated
wityh the environment (Table S8). This is not surprising, since rare
genotypes (such as adaptive ones) are known to be more difficult to
impute (Hoffmann & Witte, 2015). An increase in sequencing depth
would reduce the need for imputation and consequently increase
the statistical power of the study.

The next step in the characterization of corals’ adaptive potential
is experimental validation. Our work found several genetic variants
that might confer selective advantages against thermal stress. For
each of the studied species, we can now define multiple-loci geno-
types of heat stress-resistant colonies and test their fitness under
experimental heat stress conducted in aquaria (Krueger et al., 2017).
As a result, this analysis will allow us to (i) further investigate the
role of different heat stress-associated genotypes and molecular
pathways and (ii) provide a concrete measure of the thermal ranges
that these coral populations might sustain in the years to come. This
information is of paramount importance, as it will allow us to predict
the reefs that are expected to already carry heat-tolerant colonies
and to define conservation strategies accordingly (Selmoni, Rochat,
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et al., 2020). For instance, marine protected areas could be estab-
lished to preserve reefs with higher adaptive potential against heat
stress, where such reefs could provide the breeding stock to restore
damaged reefs (Baums, 2008; van Oppen et al., ,2015, 2017).

5 | CONCLUSIONS

In this study, seascape genomics allowed us to uncover genetic vari-
ants potentially implicated in adaptive processes against different
types of heat stress in three coral species of New Caledonia. These
variants were located next to genes coding for molecular actors that
participate in well-understood cellular reactions against thermal
stress. Of note, some of these potential targets for adaptation re-
curred in the analyses of different species, supporting the robust-
ness and the power of the seascape genomics. Future studies will
focus on performing experimental assays to validate the implication
of potentially adaptive genotypes and newly identified genes in the
heat stress response and to measure the thermal ranges tolerated by

the diverse adaptive genotypes.
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