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Abstract

Biological systems occurring in ecologically heterogeneous and spatially discontinu-
ous habitats provide an ideal opportunity to investigate the relative roles of neutral
and selective factors in driving lineage diversification. The grey mangroves (Avicennia
marina) of Arabia occur at the northern edge of the species' range and are subject to
variable, often extreme, environmental conditions, as well as historic large fluctua-
tions in habitat availability and connectivity resulting from Quaternary glacial cycles.
Here, we analyse fully sequenced genomes sampled from 19 locations across the Red
Sea, the Arabian Sea and the Persian/Arabian Gulf (PAG) to reconstruct the evolution-
ary history of the species in the region and to identify adaptive mechanisms of line-
age diversification. Population structure and phylogenetic analyses revealed marked
genetic structure correlating with geographic distance and highly supported clades
among and within the seas surrounding the Arabian Peninsula. Demographic model-
ling showed times of divergence consistent with recent periods of geographic isolation
and low marine connectivity during glaciations, suggesting the presence of (cryptic)
glacial refugia in the Red Sea and the PAG. Significant migration was detected within
the Red Sea and the PAG, and across the Strait of Hormuz to the Arabian Sea, sug-
gesting gene flow upon secondary contact among populations. Genetic-environment
association analyses revealed high levels of adaptive divergence and detected signs of
multi-loci local adaptation driven by temperature extremes and hypersalinity. These
results support a process of rapid diversification resulting from the combined effects
of historical factors and ecological selection and reveal mangrove peripheral environ-

ments as relevant drivers of lineage diversity.
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1 | INTRODUCTION

Lineage diversification involves both neutral and selective factors,
and elucidating their relative roles in the process of evolutionary
divergence is essential to understand the mechanisms underlying
the early stages of speciation (Coyne & Orr, 2004; Nosil, 2012).
Evolutionary divergence may result from the accumulation of ge-
netic differences caused by drift in geographic isolation or isola-
tion by distance (IBD, Wright, 1943, 1946), a mode of divergence
driven by neutral factors (Mayr, 1954, 1963). In turn, geographic
variation in environmental conditions can result in divergent se-
lection, the diversifying process that drives ecological speciation
(Coyne & Orr, 2004; Darwin, 1859; Nosil, 2012). In ecological
speciation models, reproductive barriers arise as a by-product of
cumulative, ecologically adaptive changes (Mayr, 1947; Rundle &
Nosil, 2005; Schluter, 2000), enabling genome-wide differenti-
ation at both neutral and selected loci (Funk et al., 2011; Nosil
et al.,, 2008; Shafer & Wolf, 2013; Wang & Bradburd, 2014).
Ecological speciation in geographic isolation is theoretically un-
controversial and deemed common in nature as a mechanism
maintaining lineage diversity upon secondary contact (Keller &
Seehausen, 2012; Nosil, 2012; Rundle & Nosil, 2005). However,
whether environment-driven processes of lineage diversification
occur frequently in nature in the absence of long-term geographic
isolation and reduced gene flow remains debated in evolutionary
research (Bolnick & Fitzpatrick, 2007; Fitzpatrick et al., 2008;
Foote, 2018). The interactions between selection and the sto-
chastic effects derived from processes such as founder events,
bottlenecks and genetic drift also remain unclear and difficult to
assess in natural systems (Barton & Charlesworth, 1984; Burri
et al., 2015; Kliber & Eckert, 2005).

Biological systems occurring at the species' range edges, which
are frequently extreme and environmentally diverse habitats, are
suitable models to investigate questions related to lineage diversi-
fication. The environment at the edges of species' range tends to
be stressful and spatially discontinuous, as well as temporally unsta-
ble (Lesica & Allendorf, 1995), often resulting in dynamic settings of
multiple isolated populations subject to strong differential selection.
The severe and stochastic character of peripheral environments is
hypothesized to generate strong selective interplay between adap-
tation and neutral processes (Hardie & Hutchings, 2010), providing
an ideal opportunity for speciation research. One such system is
provided by grey mangrove populations in the Arabian Peninsula
(Avicennia marina var. marina). The grey mangrove has the broad-
est distribution of any mangrove species (Hogarth, 2015; Spalding
et al., 2010; Tomlinson, 2016), extending across the Indian Ocean
and into the West Pacific as far as Japan and New Zealand (Fouda
& Al-Muharrami, 1996; Khalil, 2015; Sheppard et al., 2010; Spalding
et al., 2010). They present several morphological and physiologi-
cal adaptations to their harsh intertidal habitat (Tomlinson, 2016),
which makes them a compelling model for the study of functional
genes and biological pathways involved in selection and stress tol-
erance (Urashi et al., 2013; Xu et al., 2017). The Arabian Peninsula

represents one of the northernmost edges of the species' distribu-
tion (Duke, 1991; Spalding et al., 2010; Tomlinson, 2016), as well as a
stressful habitat characterized by extreme temperatures, aridity and
often extreme salinity, factors known to be limiting for mangrove
growth (Ball, 1988; Lovelock et al., 2016; Sheppard et al., 1992).
Arabian marine domains are also environmentally diverse both
within and between the main water bodies bordering the penin-
sula, which define three main biogeographic regions: (i) the Red Sea,
where the marine system presents opposing gradients of salinity
and temperature, with the highest temperature and lowest salinity
in shallow southern basin, while the north has cooler temperatures
but high salinity as a result of limited precipitation and high evap-
oration (Anton et al., 2020; Carvalho et al., 2019); (ii) the Persian/
Arabian Gulf (referred to as ‘PAG’ hereafter) to the northeast of the
Arabian Peninsula, where populations are subject to arid (<250 mm/
year) to hyper-arid (<100mm/year) rainfall regimes and experience
the widest range of air temperatures in the region throughout the
year (Boer, 1997; Whitford & Duval, 2019); and (iii) the Arabian Sea
and Sea of Oman, which in contrast with former biogeographic re-
gions, have normal oceanic salinity and summer temperatures that
are buffered by cold-water upwelling as a result of the Indian Ocean
monsoon, resulting in more moderate environmental conditions
(Claereboudt, 2019).

The Arabian Peninsula has experienced large fluctuations in spa-
tial and environmental conditions throughout glacio-eustatic cycles
that largely impacted the biodiversity of the region, in particular the
enclosed water bodies of the Red Sea and the PAG (DiBattista, Choat,
et al.,, 2016). Throughout the last 400,000years the Red Sea has
remained connected to the Indian Ocean, yet cross-sectional area
along the Strait of Bab al Mandab that connects these water bodies
was, at times of glacial maxima, as low as 2% of that today, resulting
in major increases in salinity and temperature within the Red Sea as
well as near-complete isolation at times (Lambeck et al., 2011). For
several sustained periods during the last two glacial cycles, the min-
imum channel width connecting the Red Sea to the Arabian Sea was
<4km wide and remained narrow whenever the local sea levels were
50m below current levels (Lambeck et al., 2011). In contrast, models
show that the PAG was nearly completely drained during the peak
of the last glaciation until c. 14,000years ago (Lambeck, 1996). A
marine incursion into the southern PAG basin started approximately
12,500years ago, extending towards the northern basin over the
following millennia, with the present-day PAG shorelines forming
just 6000vyears ago (Lambeck, 1996). In contrast, as an open ocean
habitat, the Arabian Sea coast has only experienced vertical migra-
tion of sea levels during these glacial periods, without geographic
isolation.

The combination of extreme environmental conditions, differen-
tial changes in habitat and dynamic barriers to gene flow makes the
seas bordering the Arabian Peninsula one of the most variable ma-
rine environments in the world, with a high potential for speciation
driven by both neutral and selective factors (DiBattista, Roberts,
et al., 2016). Although the phylogenetic relationships for the variet-
ies of A.marina and congeneric species have been reported for other
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regions (Duke, Benzie, et al., 1998; Li et al., 2016; Nettel et al., 2008),
the extensive grey mangrove populations from the Arabian coasts
have rarely been included in reported DNA sequence-based anal-
yses (see Al-Qthanin & Alharbi, 2020; Duke, Benzie, et al., 1998; Li
et al., 2016; Maguire et al., 2000), so that their evolutionary origin
and relationships remain largely unexplored. The specific drivers
and molecular basis of local adaptation and lineage diversification
in A.marina also remain understudied both in Arabia and across its
entire distribution.

Here, we used the Arabian grey mangrove complex to examine
how extreme habitat conditions and heterogeneous spatial settings
have shaped genetic diversity at the highly variable edge of the spe-
cies' range using whole genome and georeferenced environmental
data. First, we analysed patterns of population structure and recon-
structed the evolutionary and demographic history of the species
in the Arabian Peninsula. Two general competing hypotheses about
the evolutionary history of the Arabian mangroves were tested in
this study: (i) mangroves from the Red Sea and PAG were extirpated
during the glacial cycles of the Pleistocene, followed by a recolo-
nization after the last glacial maximum (LGM); and (ii) mangroves
remained within the enclosed seas in glacial refugia during glacial
periods and expanded once sea levels rose. Second, we studied
patterns of adaptive variability applying genotype-environment as-
sociation (GEA) analysis. We used redundancy analysis combining
environmental and single nucleotide polymorphisms (SNP) data to
survey the genome and jointly identify environmental variables and
functional genes potentially involved in local adaptation and lineage

divergence.

2 | MATERIALS AND METHODS
2.1 | Population sampling

We sampled a total of 200 individuals of A.marina from 19 sites of
the Arabian Peninsula coasts (var. marina, N=190), and one site from
Australia (var. australasica, N=10) to be used as outgroup (Figure 1a
and Table S1). Leaf tissue was collected from trees separated by at
least 20m and preserved in silica beads for up to 10days before ex-
traction. Geographic coordinates for each one of the trees were re-
corded. Genomic DNA was extracted from ground leaf tissue using
the DNeasy 96 plant kit (Qiagen, Valencia, CA) according to the

manufacturer's protocol.

2.2 | Genome resequencing and variant calling

lllumina paired-end 150bp libraries with insert size equal to
350bp were prepared and sequenced in a Novaseq platform. A
total of 8billion reads were produced resulting in a mean cover-
age per site and sample of 28X before filtering. Read quality was
evaluated using FASTQC (Andrews, 2010) after sorting reads
by individual with AXE version 0.3.3 (Murray & Borevitz, 2017).
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Trimming and quality filtering treatment was conducted using
Trim Galore version 0.6.6 (Krueger, 2015) with parameters
--stringency 1 --clip_R1 12 --clip_R2 12 --length 90, resulting in
a set of reads ranging between 90 and 138bp long. Reads were
then mapped against the previously published reference ge-
nome for A.marina (Friis et al., 2020) using the mem algorithm
in the Burrows-Wheeler Aligner (BWA; Li & Durbin, 2009) ver-
sion 0.7.1.7. Read groups were assigned and BAM files were gen-
erated with Picard Tools version 1.126 (http://broadinstitute.
github.io/picard). Duplicates were marked also with Picard Tools
v1.126. We used the HaplotypeCaller+ GenotypeGVCFs tools
from the Genome Analysis Toolkit (GATK; McKenna et al., 2010)
version 4.1.8.1 to produce a set of SNPs in the variant call for-
mat (vcf). Using vcftools version 0.1.16 (Danecek et al., 2011), we
retained biallelic SNPs excluding those out of a range of cover-
age between 4 and 50, or with a genotyping Phred quality score
below 40. Twenty-two samples presenting more than 25% of miss-
ing data were discarded at this point. We then applied GATK ge-
neric hard-filtering recommendations consisting of QualByDepth
(QD)>2.0; FisherStrand (FS)<60.0; RMSMappingQuality
(MQ)>40; MappingQualityRankSumTest (MQRankSum)>-12.5;
ReadPosRankSum (RPRK) < -8.0; and StrandOddsRatio
(SOR)> 3.0 (GATK Best Practices; DePristo et al., 2011; Van der
Auwera et al.,, 2013). The resulting dataset (hereafter referred
to as ‘Full Dataset’) consisted of 178 individuals and 15,702,886
SNPs (Table 1 and Table S2) with a per-individual average coverage
of 16.8 and a missing data rate of 0.11. The program KING version
2.2.7 (Manichaikul et al., 2010) was used to confirm the absence
of close relatives in our set of sampled individuals. Widespread
self-fertilization was also ruled out using the program RMES, and
300 variant positions were randomly selected (Table S3). The ‘Full
Dataset’ was further filtered and customized for downstream

analyses (Table S2).

2.3 | Population structure analyses

To explore genome-wide population structure in Arabian man-
groves, we conducted a principal components analysis (PCA).
After excluding the samples from Australia, SNP loci under link-
age disequilibrium (LD) were filtered out from the ‘Full Dataset’
with bcftools version 1.12 (Danecek & McCarthy, 2017). Due
to lack of available data on LD decay, we applied a restrictive r?
limit of .2 in windows of 10K bp. Using vcftools, a threshold for
SNPs showing highly significant deviations from Hardy-Weinberg
equilibrium (HWE) with a p-value of 107 was also implemented
to filter out false variants arisen by the alignment of paralogous
loci. Positions with <75% of individuals genotyped for each popu-
lation were also removed from the data matrix, along with those
presenting a minor allele frequency (MAF) below 0.02. To fulfil
neutrality assumptions in population structure analyses, we used
PCADAPT version 5.2 (Luu et al., 2017) to detect and exclude sites
putatively under selection, applying a g-value threshold of 0.05,
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FIGURE 1 Geographic sampling. Locations of the 19 Arabian Peninsula sampling sites, including eight from the Red Sea, five from the
Arabian Sea and six from the Persian/Arabian Gulf (PAG). Dark green shading represents the distribution of mangrove populations along
the Arabian coasts, obtained from Spalding et al. (2010). Leaf tissue was collected from ten trees per sampling site for DNA extraction and
whole genome sequencing. An eastern Australian population was also included as an outgroup (not shown).

resulting in a final data matrix of 143,900 SNPs and 170 samples.
The PCA was conducted with the R package SNPRelate version
1.26.0 (Zheng, 2012).

Using the same dataset as in the PCA, we examined patterns of
population divergence in Arabian mangroves using a sparse non-
negative matrix factorization method (SNMF) as implemented in
R package LEA version 2.0.0 (Frichot et al., 2014). We selected
SNMF for inferring genetic structure due to its efficiency and
shorter computational time. We ran the program five times per
K value, with K ranging from 2 to 20. Similarity scores among
runs and graphics were computed with CLUMPAK version 1.1.2
(Kopelman et al., 2015).

To further explore patterns of geographic variation in Arabian
mangroves, the dataset used in the PCA and the SNMF analysis was
also used to test for isolation by distance. We computed pairwise
Nei's genetic distance values with the StAMPP R package version
1.6.0 (Pembleton et al., 2013). By sea, pairwise geographic distances
were measured based on GIS data. A Mantel test was implemented
using the vegan R package version 2.5-7 (Oksanen et al., 2016), and

significance was computed through 9999 matrix permutations.
A linear regression between pairwise Nei's genetic distances and
geographic distances was also implemented and plotted for visual
inspection. In addition, we used StAMPP to compute pairwise Fq;
(Weir & Cockerham, 1984) among sampled populations. Significance
was tested by conducting 100 permutations.

A hierarchical analysis of molecular variance (AMOVA) as de-
scribed in Excoffier et al. (1992) was used to assess the genetic
structure of Arabian mangroves using the pegas R package version
1.2 (Paradis, 2010). We grouped individuals into two levels: major
clades identified in phylogenetic analyses (see Section 3 below) and
sampled populations within clades.

We also computed the observed (H,) and expected heterozy-
gosity (Hg), and the nucleotide diversity (z) for each sampling site
using the population program from Stacks version 2.63 (Catchen
et al., 2013). For this analysis, we did not exclude the Brisbane pop-
ulation belonging to the Australian variety of the grey mangrove
(A.marina var. australasica), yet applied the same filters than for the
analyses above (SNP matrix=113,706).
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TABLE 1 Sampled populations, number of genotyped individuals and population genetic diversity indices per locality.

Population Region N Hg HE b4

Duba Red Sea 8 0.178 0.145 0.155
Al Wajh 1 9 0.171 0.147 0.155
Al Wajh 2 10 0.188 0.156 0.164
Al Kharrar 10 0.199 0.169 0.179
King Abdullah Economic City (KAEC) 9 0.227 0.177 0.188
Al Lith 8 0.195 0.159 0.170
Farasan Banks 1 (FB1) 10 0.171 0.152 0.160
Farasan Banks 2 (FB2) 9 0.193 0.164 0.174
Salalah Arabian Sea & Sea of Oman 10 0.181 0.154 0.162
Tagah 10 0.172 0.145 0.153
Filim 10 0.197 0.174 0.183
Qurm 9 0.196 0.171 0.181
Shinas 10 0.212 0.187 0.197
Ras Al Khaimah (RAK) Persian/Arabian Gulf 7 0.181 0.157 0.169
Umm Al Quawain (UAQ) 5 0.169 0.146 0.163
Ras Ghurab 9 0.181 0.160 0.169
Suweihat 7 0.184 0.151 0.163
Bahrain 10 0.173 0.153 0.161
Dammam 10 0.198 0.157 0.166
Brisbane Australia 8 0.083 0.069 0.074

Note: Indices include observed (H,,), expected (H.) heterozygosity and nucleotide diversity (z) based solely on SNP markers. N column denotes the

number of analysed samples after filtering for missing data.

2.4 | Phylogenetic analysis

A maximum likelihood phylogeny was produced using the program
IQ-TREE version 2.1.3 (Nguyen et al., 2015) based on the SNP
dataset used for heterozygosity and diversity analysis. In this case,
ambiguously constant sites (positions lacking homozygous rep-
resentants of at least one of the two alleles) were excluded (SNP
matrix=29,433) to enable ascertainment bias correction. The gener-
alized time-reversible (GTR) model was implemented. The Brisbane
population was used as outgroup. Branch support was estimated
using the ultrafast bootstrap approximation by Hoang et al. (2018)
with 1000 iterations.

Phylogenetic relationships were also inferred using the
SVDQuartets model (Chifman & Kubatko, 2014) as implemented
in PAUP version 4a169. We evaluated all the possible quartets and
assessed branch support using 1000 bootstrap replicates. The

Brisbane population was used to root the tree.

2.5 | Population and demographic history analyses

We performed model comparisons under the likelihood frame-
work developed in fastsimcoal2 version 2.7 (Excoffier et al., 2013)
to estimate demographic parameters and date cladogenetic events
among mangroves populations and to test the competing hypoth-
eses of colonization after the LGM versus potential isolation in

glacial refugia in the enclosed seas around Arabia. Three sets
of models based on the evolutionary relationships inferred in
the phylogenetic analysis with IQ-TREE and SVDQuartets (see
Section 3) were independently analysed for (i) the Red Sea, (ii) the
PAG plus the Sea of Oman and (iii) the entire Arabian Peninsula.
Three populations were used as lineage representatives for each
set of models. The Brisbane population was included as outgroup
in all models to calibrate times of divergence (He et al., 2019,
2020; Li et al., 2016). Although more comprehensive models in-
cluding a higher number of populations could have been tested,
we chose this approach to avoid the multiplicity of overly complex
models resulting from the combination of the alternative scenarios
for each one of the biogeographic regions. To avoid confounding
effects from divergent evolutionary histories, we opted for a lim-
ited number of representative populations per geographic region
instead of merging populations based on clustering and phyloge-
netic analyses (Hansen et al., 2018; Pedersen et al., 2018).

For the Red Sea, the populations of Duba, Al Kharrar and Farasan
Banks 2 (hereafter FB2) were included in three models with differ-
ent topologies: simultaneous cladogenesis of the three lineages
for a scenario of fast diversification; dichotomic cladogenesis from
north to south; and a third scenario in which Al Kharrar from cen-
tral Red Sea would have originated by admixture of the boreal and
meridional populations. Because the Red Sea was never completely
drained through the glacial cycles during the last 400,000years, no
assumptions were made about putative ancestral barriers to gene
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flow, and coalescence times were allowed to vary freely. In the
case of the PAG, two general hypotheses for lineage differentiation
were tested: a scenario of recent differentiation following the col-
onization of the PAG after the last glacial maximum (LGM); and a
scenario of early lineage diversification in which populations within
the PAG became geographically isolated in glacial refugia. To test
these two competing hypotheses, we fixed the coalescence times
either to 700 generations or less (14,000 years) or to above 900 gen-
erations (18,000years) assuming a generation time of 20years (Li
et al., 2016). Representative populations included in the model were
Dammam from the northern basin, Ras Ghurab from the southern
basin and Shinas from the Sea of Oman. Three different tree to-
pologies were modelled: a case of simultaneous cladogenesis cor-
responding to a fast diversification process and two more models
in which the most recent split corresponded either to Dammam-Ras
Ghurab or to Ras Ghurab-Shinas. Each one of these topologies was
tested under the postglacial colonization and divergence in glacial
refugia scenarios. In the test for the entire Arabian Peninsula, the
populations of FB2, Tagah and Ras Ghurab were used as repre-
sentatives of the Red Sea, the Arabian Sea and the PAG, respec-
tively. A single topology matching the IQ-TREE and SVDQuartets
phylogenies was tested, and divergence times were allowed to vary
freely. Time of coalescence of the Arabian lineages with Brisbane
was set to 2.7 million years ago in all models (Li et al., 2016). Every
model was compared under two different gene migration scenarios:
a ‘strict isolation’ scenario with migration rates set to zero and an
‘isolation with migration’ scenario where migration rates could vary
freely (Table S4 and Figure S1).

As input data we used the folded site frequency spectra (SFS)
generated from resequencing data. We retained the samples cor-
responding to the groups of study of each of the analyses from the
‘Full Dataset’. In these analyses, SNP loci under linkage disequilib-
rium were filtered out applying and less strict r2 limit of .4 in win-
dows of 10K bp. A HWE filter for SNPs with a p-value of 10™* was
implemented. Because singletons are important for estimating pa-
rameters and likelihoods, no MAF filters were applied. Positions
with <50% of individuals genotyped for each taxon/population were
removed from the data matrices. Final matrices were of 58,613,
72,119 and 69,113 SNPs for the Red Sea, the PAG and the entire
Arabian Peninsula analyses, respectively. The SFS were generated
with easySFS version 0.0.1 (https://github.com/isaacovercast/
easySFS; Gutenkunst et al., 2009) maximizing the number of segre-
gating sites as recommended by the author (personal communica-
tion). Parameters with the highest likelihood were estimated under
each of the models after 50cycles of the algorithm, with 150,000
coalescent simulations per cycle. This procedure was replicated 100
times and the set of parameters with the highest final likelihood was
retained as the best point estimate. To identify the model that bet-
ter fits the data, we applied the Akaike information criterion (AIC;
Akaike, 1998). For estimating 95% Cls of the parameters under the
best model, we applied a non-parametric bootstrap procedure.
Bootstrapping was carried out by splitting the SNP matrices into
100 SNP blocks and randomly combining them for each one of the

repetitions. A total of 100 analyses were run for confidence interval
estimation.

TreeMix version 1.13 (Pickrell & Pritchard, 2012) was used to
model historical patterns of gene flow between mangrove popula-
tions. The corresponding SNP dataset was built applying the same
filters as for heterozygosity and diversity analyses, with the exemp-
tion of linkage disequilibrium filters (SNP matrix=797,949) as it can
be controlled for in the TreeMix command line. We ran TreeMix for
0-15 migrations, grouping SNPs in blocks of 50. Migration edges
were plotted until 99.8% of the variance in ancestry between popu-
lations was explained by the model (Pickrell & Pritchard, 2012). The
consistency of migration edges was evaluated by running TreeMix
with 50 total replicates for each added migration edge number using
a different, randomly generated seed. Results from the seed that

yielded the highest likelihood are reported.

2.6 | Candidate gene identification with
genotype-environment association analysis

We used genotype-environment association (GEA) analysis to
identify candidate genes evolving under specific environmental
pressures and to estimate their contribution to patterns of local
adaptation in mangroves from the Arabian Peninsula. We applied
a redundancy analysis approach (Borcard et al., 2011; Legendre
& Legendre, 2012; Van Den Wollenberg, 1977) as implemented
in the vegan R package. As explanatory variables, we used geo-
referenced environmental data extracted for the coordinates cor-
responding to the sampling sites and averaged over populations.
Despite the availability of remote sensing data for a high num-
ber of both terrestrial and marine environmental parameters, we
opted for a hypothesis-oriented, ecologically informed approach
to build our dataset of explanatory variables. Environmental pa-
rameters presenting particularly variable and extreme gradients
across the Arabian Peninsula were specifically selected according
to their relevance to mangrove ecology (Duke, Ball, & Ellison, 1998;
Naidoo, 2016). This dataset included two marine variables from
the MARSPEC database (Sbrocco & Barber, 2013) approximating
maximum of sea surface salinity and minimum of sea surface tem-
perature averaged over months (MS_biogeo10_sss_max_5m, MS_
biogeol4_sst_min_5m), two parameters of particular importance
for mangrove physiology (Hogarth, 2015). It also included four
terrestrial parameters from WorldClim2 (Fick & Hijmans, 2017,
Hijmans et al., 2005) consisting of isothermality (WC_bio3), quan-
tifying how the range of day-to-night temperature differs from the
range of summer-to-winter, a variable generally useful for tropical
and maritime environments (Nix, 1986); maximum air temperature
of warmest month (WC_bio5) and minimum air temperature of
coldest month (WC_bioé), both relevant ecological extremes in the
Arabian habitats (Martinez-Diaz & Reef, 2022); and annual precipi-
tation (WC_bio12) as a proxy of aridity (Table S5). Minimum sea
surface and air temperatures showed high correlation, and the lat-
ter was removed when applying a correlation cutoff of .75. Annual
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precipitation was also filtered out by applying a forward selection
method, implemented with an adding p-value limit <.05 and 1000
permutations (Blanchet et al., 2008; Capblancq et al., 2018). The
remaining variables were retained.

As response variables, we used population allele frequencies
at each variant position. We chose to analyse population frequen-
cies over individual genotypes because environmental scores were
nearly identical for individuals from each population, given the spa-
tial resolution of the remote sensing data. After excluding Brisbane
samples from the ‘Full Dataset’, the HWE and MAF filters previously
used were applied. Positions with <75% of individuals genotyped
for each population were removed for a final dataset of 2,488,560
SNPs. Allele frequencies were then computed over populations to
be used as the matrix of response variables. The genotyping quality
filters employed here are commonly utilized in GEA studies based on
RDA (e.g. Brauer et al., 2016; Chang et al., 2022; Faske et al., 2021;
Friis et al., 2018, 2022; Laporte et al., 2016; Ortiz et al., 2023; Ruiz
Mifano et al., 2022; Vu et al., 2020). However, overly conserva-
tive quality filters may limit outlier detection analyses based on
genotype-environment association analysis. To investigate the im-
pact of these filters in our GEA test, we conducted the analysis here
described using an SNP dataset with less stringent quality filtering
parameters.

Two GEA analyses were implemented: a simple redundancy
analysis (RDA) to test for genotype-environment associations be-
tween allele frequencies and environmental predictors; and a par-
tial redundancy analysis (pRDA), in which in addition, we controlled
for population structure effects. Covariates accounting for popu-
lation structure consisted of the first two PCs of a PCA based on
the allele frequencies matrix after filtering out positions putatively
under selection, identified using the approach previously described
with PCADAPT. Following the procedure described in Capblancq
et al. (2018), we used the redundancy analyses to identify candi-
date genes potentially involved in divergent selection based on
Mahalanobis distances estimated between each SNP and the cen-
tre of the RDA space (Capblancq & Forester, 2021). Controlling
for population structure is a common approach to reduce the rate
of false positives due to historical processes. However, it may be
overly conservative when neutral genetic variation correlates with
environmental divergence, resulting in a higher frequency of false
negatives and reduced power to detect signals of selection associ-
ated with environmental parameters (Ahrens et al., 2021; Capblancq
et al., 2022). Furthermore, in a series of comparative analyses
using simulated data in a range of different demographic scenarios,
Forester et al. (2018) found that controlling for distance/population
structure when using RDA for GEA analysis led to a slight increase of
the false positive rate. In our study, including covariates to account
for population history effects resulted in a considerable increase in
the number of detected candidate loci (see Section 3), suggesting
that this approach may be introducing distorting effects leading to
an increase of the false positives rate. To control for associations
signals resulting from covariation between neutral differentiation

and ecological variation when identifying candidate loci, but also
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avoid potential false positives derived from correcting for popula-
tion structure, only SNP outliers detected in both the simple and the
partial RDAs were examined. A p-value threshold of <.01 was used
for significance, and the Bonferroni correction for multiple tests
was used to adjust the p-values. Based on the amount of explained
variance in each one of the models, two and four RDA axes were
used for identifying candidate loci in the simple and partial RDAs,
respectively (see Section 3). Then, we used the annotation of our
reference genome (Friis et al., 2020) to survey our set of candidate
loci and identify those located within functionally annotated genes.
In addition, to explore differential association patterns of candidate
loci at the individual level, we conducted a complementary, simple
RDA with the individual genotypes of the SNP outliers as response
variables.

3 | RESULTS

3.1 | Population structure and genetic diversity
analyses

A principal components analysis (PCA) revealed marked levels of
population structure. A plot of the first two axes recovered a pat-
tern of clustering that matched the geographic distribution of the
sampled populations. Populations from the Red Sea and the PAG
clustered apart, showing high overlapping within each biogeo-
graphic region. Populations along the coasts of the Arabian Sea also
showed marked genetic structure: populations at the west (Salalah
and Tagah) grouped together and apart from the remaining genetic
clusters, while populations from the Sea of Oman at the east (Shinas
and Qurm) clustered close to the PAG. The intermediate popula-
tion of Filim occupied a central position along the PC2. The third
and fourth axes also revealed marked differentiation within biogeo-
graphic regions. Northern and southern basins of the PAG clustered
apart along PC3, as well as populations from the Arabian Sea, yet to
a lesser extent. Populations of the Red Sea differentiated along PC4
(Figure 2a).

An SNMF analysis recovered variability patterns consistent with
the PCA results. At K=2, populations clustered into two groups
separating the Red Sea from the Arabian Sea and the PAG. The
plot for K=3 also revealed the more isolated, adjacent populations
from the west of the Arabian Sea (Salalah and Tagah) as a differ-
entiated group, with populations along the northeast Oman coast
and into the PAG showing decreasing degrees of shared ancestry. At
K=4, populations from the northern basin of the PAG (Bahrain and
Dammam) appeared as a differentiated cluster. At K=5, populations
from northern Red Sea (Duba, Al Wajh 1 and Al Wajh 2) also ap-
peared as a genetically differentiated cluster, yet showing a signal of
coancestry decreasing with latitude with proximal populations from
the central Red Sea (Al Kharrar and King Abdullah Economic City,
hereafter KAEC) and to a lesser extent, Al Lith. In the plot for K=6,
populations from the Sea of Oman, Qurm and Shinas, clustered to-
gether with Filim, yet Shinas showed intermediate levels of shared
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FIGURE 2 Neutral genetic structure of the Arabian mangroves. (a) Plot of PC1 against PC2 (left panel) and of PC3 against PC4 (right
panel) axes from a PCA based on selectively neutral genome-wide SNPs. Colours match those in Figure 1. (b) SNMF analysis based on the
same SNP set for K values 2-7. On each plot, individuals are represented by vertical bars, and colours correspond to the degree of shared
ancestry for each genetic cluster.
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ancestry with the genetic cluster of the southern PAG basin, which
included Ras Al Khaimah (hereafter RAK), Umm Al Quawain (here-
after UAQ), Ras Ghurab and Suweihat. At K=7, populations from
southern Red Sea (Al Lith; Farasan Banks 1, hereafter FB1, and FB2)
clustered apart from the central Red Sea populations, yet Al Lith pre-
sented intermediate levels of coancestry with the central Red Sea
population KAEC (Figure 2b).

A Mantel test based on putatively neutral, independent SNP loci
revealed a significant correlation between by-sea pairwise distances
and Nei's genetic distances among sampled populations (r=.765,
p-value <1074 Table S6). A linear regression between geographic
distances and Nei's genetic distances showed a highly significant
correlation pattern consistent with the results of the Mantel test
(r*=.58, p=3.82x 10734, Figure 52). Pairwise F¢r values were all sig-
nificant (p-value <.001) and ranged from 0.0140 to 0.1609, with the
highest value observed between Northern Red Sea and Arabian Sea
populations. Populations within the Red Sea and within the PAG plus
the Gulf of Oman showed lower levels of differentiation compared
to those between biogeographic regions (Table S7).

A two-level AMOVA was conducted to investigate the genetic
structure of Arabian mangroves. The results showed differences
between phylogenetic clades accounting for 9.45% of the total ex-
plained variance. Differences between populations accounted for
15.72% of the explained variance, with the largest part of variance
(74.83%) remaining within populations. ®; (0.095) and @, (0.174)
values revealed that structured genetic variation occurs both among
clades and among populations within clades, yet ®¢; (0.252) re-
vealed that most of the genetic variation is found among populations
overall (Table 2).

Heterozygosity and nucleotide diversity indices revealed overall
similar levels of genetic variability in Arabian mangroves. Populations
with higher levels of shared ancestry at Al Kharrar, KAEC, Filim,
Qurm and Shinas as inferred in the SNMF analyses generally showed

higher diversity scores (Table 1).

3.2 | Phylogenetic analysis

A maximum likelihood phylogenetic reconstruction was consistent
with the PCA and SNMF analyses, showing marked differentiation
between and within biogeographic regions, with almost all the popu-
lations sampled resolved in clades with high node support. Arabian
mangrove populations are grouped into three major, reciprocally
monophyletic clades or phylogenetic lineages: the Red Sea lineage
(Major Clade 1), the southern Arabian Sea lineage (Major Clade Il) and
the PAG plus the Sea of Oman lineage (Major Clade Ill) (Figure 3).

TABLE 2 Two-level analysis of
molecular variance (AMOVA) showing
differences between phylogenetic clades
and between sampled populations.

Between clades
Between populations

Within populations

Variance components
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Within the Red Sea's Major Clade |, the phylogenetic analysis re-
vealed a sequence of cladogenetic events consistent with the geo-
graphic distribution of the sampled populations, with the first split
separating northern (Duba, Al Wajh 1 and Al Wajh 2) and central
populations (Al Kharrar and KAEC) from those of the south (Al Lith,
FB1 and FB2); adjacent Al Kharrar and KAEC populations from cen-
tral Red Sea showed little differentiation and grouped into a single
clade. The Arabian Sea's Major Clade Il encompassed the popula-
tions Salalah, Tagah and Filim, all occurring in southern Oman, and
appeared as the sister group of the Major Clade lll, which includes
all Sea of Oman and PAG populations. Major Clade Il was further
divided into two clades separating the populations of the northern
basin of the PAG (Bahrain and Dammam) from those of the southern
basin (RAK, UAQ, Ras Ghurab and Suweihat) and the Sea of Oman
(Qurm and Shinas). Populations of these two latter subregions, which
occur on each side of the Strait of Hormuz, appeared as reciprocally
monophyletic sister groups (Figure 3).

The phylogenetic tree obtained with SVDquartets recovered the
same major clades as in the IQ-TREE analysis, yet showed some vari-
ations in population grouping, with a poorer fit with the geographic
distribution of the analysed populations. Specifically, in the Red Sea,
northern populations (Duba, Al Wajh 1, and Al Wajh 2) formed a
sister clade to the southern populations (Al Lith, FB1, and FB2), with
the clade formed by Al Kharrar and KAEC populations from the cen-
tral Red Sea as the external group. Within the PAG, UAQ appeared
as the external group to the remaining populations of the southern
basin (RAK, Ras Ghurab, and Suweihat) instead of RAK. All nodes in
the phylogeny received 100 bootstrap support (Figure S3).

3.3 | Population and demographic history of the
Arabian grey mangrove

Demographic models were compared under fastsimcoal2. In the
Red Sea, the model with the greatest likelihood score (AAIC =318,
Figure 4 and Table S8) revealed a single cladogenetic event for
the three analysed populations under isolation with migration
scenario, and a splitting time dating back to 99,200years (95%
Cl=[40,062-295,152]), consistent with a process of rapid, simulta-
neous lineage differentiation. Gene exchange among lineages was
particularly high from Al Kharrar in the central Red Sea towards
FB2 at the southern entrance (MIG Al Kharrar - FB2=60, 95%
Cl=[13-109] migrants per generation). For the remaining migra-
tion bands, 95% confidence intervals varied by orders of magni-
tude and included values near to zero, revealing little impact of

these parameters in the SFS (Figure 4 and Table S8). In the case

Sigma % Total p-Value ®-statistics

1122.80 9.45 <.001 oCT 0.095
1867.10 15.72 <.001 D 0.174
8890.60 74.83 Dg; 0.252
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FIGURE 3 Phylogenetic relationships among Arabian mangrove populations. Maximum likelihood phylogeny based on selectively neutral
genome-wide SNP loci. Nodes corresponding to monophyletic population groups have been collapsed. Branch colours correspond to those

in Figure 1.

of the PAG plus the Sea of Oman, the model that best fitted our
data (AAIC=1615, Figure 4 and Table S8) also revealed a scenario
of simultaneous cladogenesis in isolation with migration dating
back 37,760years (95% Cl=[18,950-161,565]), prior to the last
glacial maximum. Signs of some gene flow were detected among
PAG lineages. While narrower than in the Red Sea estimates, the
ranges also included values near to zero in most cases, reducing
the certainty in the model (Figure 4 and Table S7). In the analysis
with representatives of each biogeographic region of the Arabian
Peninsula, the highest likelihood corresponded once again to the

model including migration (AAIC=1067, Figure 4 and Table S8)
and revealed splitting times of 70,180vyears (95% Cl=[14,074-
161,976]) and 153,140years (95% Cl=[90,714-416,863]) (Figure 4
and Table S8).

We used TreeMix (Pickrell & Pritchard, 2012) to further explore
patterns of historical gene flow among Arabian mangrove popula-
tions. Phylogenetic relationships recovered with TreeMix were con-
sistent with the maximum likelihood tree generated with IQ-TREE. A
tree model with ten migration events explained up to 99.8% of the
SNP variance, revealing signs of both historical and contemporary
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FIGURE 4 Population and demographic history of the Arabian mangroves. Graphic summary of the demographic models that better
fitted the SFS and corresponding times of divergence computed in fastsimcoal2 for representatives of the Red Sea, the PAG and entire
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Table S8.

gene flow among mangrove populations. Two recovered bands of
ancestral migration between the outgroup lineage of Brisbane and
the northern populations of both the Red Sea and the PAG seemed
highly unlikely, so that these results should be interpreted with cau-
tion (Figure 5).

3.4 | Candidate genes and environmental
adaptation patterns in Arabian grey mangroves

We applied simple and partial redundancy analyses to identify
candidate loci potentially involved in differential selection among
Arabian grey mangrove populations. Environmental predictors
explained 33.2% of the total genetic variance in the simple RDA
(Adjusted R?=.332, p-value <.01). The scores of the simple RDA
revealed distinct association patterns among biogeographic re-
gions. Red Sea mangroves showed high, negative loading values
on RDA axis (RD) 1, while the remaining populations correlated
positively with this axis, and heavily in the case of the Sea of Oman

and PAG southern basin. In contrast, the Arabian Sea populations
showed high negative association values with RD2, while Red Sea
and PAG mangroves showed positive association scores along
this axis, yet the former with much lower correlation values. In
the pRDA, environmental variables explained 6.4% of the total ge-
netic variance after controlling for population structure (Adjusted
R?=.064, p-value <.01). Scores revealed a more scattered pattern
of variation among and within biogeographic regions, where popu-
lations from northern PAG showed high positive correlation with
pRD1, while populations of the southern PAG and Arabian Sea, as
well as from Central Red Sea, showed more limited, negative load-
ing values. In the case of the pRD2, the highest loading values cor-
responded to Qurm, with a positive correlation, and to Ras Ghurab
and Suweihat, which correlated negatively (Table S9).

The simple and the partial RDA were jointly used to test for
signs of selection applying the method described in Capblancq
et al. (2018). The first to axes of the simple RDA accounted for an un-
adjusted proportion of explained variance equal to 38.8% (R*=.388)
out of 48.0% explained by the full model. In turn, the four axes of the
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FIGURE 5 Historical gene flow among Arabian mangrove populations. Phylogenetic relationships and patterns of historic gene flow
among mangrove populations of the Arabian Peninsula as computed in TreeMix. Branch lengths represent the amount of genetic drift.
Arrows represent inferred migration events, coloured according to the proportion of the recipient population's ancestry that derives from
the donor, as shown in the migration weight bar. The scale bar labelled ‘10 SE’ represents the scale of genetic drift measured in standard

errors.

partial RDA accounted for 32.3% (R?=.323). Two and four RDA axes
from the simple and partial RDA, respectively, were thereby used for
candidate loci identification. The analyses revealed 446 genetic vari-
ants showing significant associations with one or more of the four
environmental predictors in both the RDA and pRDA (N, =3015;
NpRDA= 73,671, Njoint=446, Figure S4). Of the 446 outliers, 70 were
located within 31 annotated genes with known functions or associ-
ated gene ontology terms (Table 510).

To visually explore how adaptive variability is structured at
the individual level, we conducted a complementary redundancy
analysis based on the individual genotypes of the 446 candidate
loci alone. The plot of the first two RDA axes revealed distinctive
association patterns only partially structured by biogeographic re-
gion: Populations from the Red Sea differentiated along a gradient
loading on maximum air temperature, with northern populations
(Duba, Al Wajh 1 and Al Wajh 2) showing high negative correlation
values, central Red Sea (Al Lith, FB1 and FB2) clustering close to the

origin of coordinates and southern Red Sea showing positive cor-
relations. Populations from the southwest of the Arabian Sea (Tagah
and Salalah) showed a strong, positive GEA signal with isothermality
while correlated negatively with a maximum salinity gradient. In con-
trast, populations from the Sea of Oman presented low association
values and clustered around the origin of coordinates. Populations
from the PAG showed an opposite GEA pattern to those of the
Arabian Sea, also differentiating along the salinity/isothermality gra-
dient, yet associations were weaker and more scattered in the south-
ern basin than in the northern one (Figure 6a). Individual Euclidean
distances averaged over populations in the RDA ordination space
showed general similar trends, with within-region, highest differ-
ences among association patterns occurring along the Red Sea and
outrunning divergence between biogeographic regions (Figure 6b).
The results of the RDA conducted to investigate the impact of the
filters applied in our GEA test using more lenient thresholds are re-
ported in Table S11.
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FIGURE 6 Patterns of genotype-environment association in Arabian mangroves. (a) Redundancy analysis (RDA) between population
frequencies of 446 SNP candidate loci, and four explanatory variables corresponding to environmental factors (maximum air temperature
of the warmest month, minimum air temperature of the coldest month, monthly maximum of sea surface salinity and annual precipitation).
Points represent the projection of individual genotype frequencies on the first two RDA axes. The explanatory variables are shown

within the space defined by RDA1 and RDA2 by labelled vectors. Vector arrows indicate the direction of the gradient of variation for

the corresponding environmental parameter. The loading score of each sample point on each explanatory variable can be obtained by an
orthogonal projection on the corresponding plotted vector. For facilitating visual interpretation, marker colours correspond to different
subregions within the Red Sea, the Arabian Sea and the Persian/Arabian Gulf. In the case of the Sea of Oman, the corresponding populations
were denoted individually as the follow distinct association patterns. The abbreviations ‘Monthly max SSS’ and ‘Monthly min SST’ represent
the monthly maximum sea surface salinity and monthly minimum sea surface temperature, respectively. (b) Heatmap of the pairwise
Euclidean distances averaged over population within the RDA1 and RDA2 ordinal space shown in the (a) plot.

4 | DISCUSSION

4.1 | Moderate genetic structure and robust
phylogenetic support suggest a process of lineage
diversification consistent with IBD and geographic
isolation

Population structure analyses revealed moderate yet marked lev-
els of divergence across Arabia. Both a PCA and an SNMF analysis
based on putatively neutral SNPs recovered signs of widespread dif-
ferentiation and identified groups of genetic clusters that mirrored
the geographic distribution of mangroves across the various seas
surrounding the Arabian Peninsula. The analyses also showed ge-
netic differentiation between the populations from the north, the
centre and the south of the basin of the Red Sea, as well as between
the northern and southern basins of the PAG. Considerable levels of
shared ancestry between the populations of the southern PAG basin
and the Sea of Oman were also detected, suggesting either incom-
plete lineage sorting or ongoing gene flow between them.

A Mantel test revealed a significant correlation between neutral
genetic differentiation and geographic distance among populations.

However, a linear regression showed values of Nei's genetic distance
that did not always increase monotonically with geographic distance.
While a steep linear correlation was observable among populations
within the Red Sea and the PAG, this relation was less pronounced
across regions, suggesting that drift has been more influential than
gene flow shaping patterns of genetic differentiation at greater dis-
tances and between sets of populations separated by geographic
barriers (Hutchison & Templeton, 1999). Despite of this general
pattern, two groups of comparisons showing negative and positive
residuals corresponding to within and between basins, respectively,
were observed in the PAG, suggesting some degree of isolation de-
coupled from geographic distance also within regions. These results
support the role of IBD in the differentiation of mangrove popula-
tions, yet they also suggest that geographic barriers to gene flow
have likely contributed to differentiation at different geographic
scales. However, because barriers are sparsely distributed along the
geographic distribution of the Arabian mangroves, distinguishing be-
tween IBD and divergence in geographically isolated populations is
statistically challenging in this particular system.

Phylogenetic inference revealed a general pattern of reciprocal
monophyly among Arabian mangrove populations, and identified
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differentiated phylogenetic lineages occurring in the Red Sea, the
Arabian Sea and the PAG, with the latter including the populations
of the Sea of Oman. Patterns of phylogenetic divergence among
Arabian biogeographic regions have been previously reported for
other marine taxa (DiBattista et al., 2020; Ketchum et al., 2020;
Saenz-Agudelo et al., 2015; Smith et al., 2017, 2022), congruent with
the geographic distribution of the species and with physical barriers
to gene flow (DiBattista et al., 2020; DiBattista, Roberts, et al., 2016).
However, few marine organisms in Arabia exhibit comparable lev-
els of differentiation as the grey mangrove at a within-region geo-
graphic scale (e.g. DiBattista et al., 2020; Ketchum et al., 2020;
Saenz-Agudelo et al., 2015; Smith et al., 2017; Torquato et al., 2019,
2022), suggesting a process of population differentiation occurring
within the historically enclosed water bodies of the Red Sea and the
PAG. Neutral population structure and phylogenetic relationships
here reported support the hypothesis of mangroves finding refuge
within the enclosed water bodies of the Arabian Peninsula during
Pleistocene glacial cycles, where lineages could diverge in long-term
geographic isolation. Geological and paleoclimatic data suggest that
areas of the Red Sea basin could indeed have acted as glacial refu-
gia for mangroves (Lambeck et al., 2011), as it has been proposed
for other endemic marine lineages of the region (DiBattista, Choat,
et al., 2016; DiBattista, Roberts, et al., 2016). This scenario is par-
ticularly striking in the case of the PAG, where the presence of po-
tentially suitable habitats was arguably very limited during glacial
periods, where only the estuary of the historic Shatt-Ur river outlet
to the Sea of Oman near the Strait of Hormuz had been thought to
occur (Lambeck, 1996). Interestingly, populations from the southern
basin of the PAG appeared as more closely related to the populations
of the Sea of Oman, on the outside of the Strait of Hormuz, than
with those of the northern PAG basin. This sequence of cladogenetic
events also better fits a scenario of differentiation in glacial refugia
where populations in the north would have become isolated earlier
as the shore lines retreated, as opposed to a scenario of recent colo-
nization throughout the PAG after the LGM, where northern popula-
tions would represent the most recent phylogenetic split (e.g. Smith
et al., 2022).

4.2 | Demographic inference supports lineage
divergence in (cryptic) glacial refugia

A total of 20 demographic models were compared with fastsimcoal2
to identify the most likely scenario under which mangroves from the
Red Sea, the PAG and the Arabian Peninsula overall, diversified. For
the Red Sea, AIC revealed that the most likely scenario was con-
sistent with a simultaneous cladogenesis occurring during a period
spanning the three last glacial cycles, suggesting that mangroves may
have colonized the Red Sea basin shortly after the Strait of Bab al-
Mandab opened to the Indian Ocean c. 400,000 years ago (Lambeck
et al., 2011) and persisted thereafter. Glacial cycles in the Red Sea
are characterized by changes in the eustatic sea level and connectiv-
ity, but also by periods of desiccation and sharp changes in salinity

and temperature. Therefore, the results reported here suggest that
the levels of population and phylogenetic diversity found in the Red
Sea are the product of historical events involving changes in aspects
of population history such as effective size and geographic isola-
tion, but also in environmental conditions (DiBattista et al., 2020;
DiBattista, Choat, et al., 2016).

In the case of the PAG, the model that better fit our data re-
vealed a scenario of simultaneous cladogenesis dating to nearly 40K
years ago, prior to the LGM and the later flooding of the enclosed
sea, further supporting the presence of cryptic glacial refugia within
the PAG suggested by our phylogenetic analyses. Drastic changes
in environmental conditions during glacial maxima, particularly in
terms of salinity and temperature, may have presented exceptional
physiological challenges to resident marine life. Until now, survival
through glacial periods has not been documented for any marine
taxa in the PAG. However, conditions of intertidal zones in marine
swamps, while extreme, may have remained locally suitable for
grey mangroves, which occur in a wide range of salinities globally.
Lambeck (1996) reconstructions of historic shorelines at times of the
LGM show the potential development of lagoons and lakes in several
localities, with the main ones corresponding to what are now north-
ern and southern basins, as well as in the Strait of Hormuz. Indeed,
today A.marina occurs in a number of inland, non-tidal saline (e.g.
Ellison & Simmonds, 2003; Stoddart et al., 1973) or even freshwater
lakes (Beard, 1967; Taylor, 1986) under conditions that could resem-
ble those of the PAG during glacial periods. Also, previous exam-
ples of marine cryptic glacial refugia have been documented for taxa
such as seaweeds, rays and snails in places like southwest Ireland,
southwest Greenland, the northern Brittany-Hurd Deep area of
the English Channel, the Azores islands or the northwest Iberian
Peninsula (Bringloe et al., 2022; Chevolot et al., 2006; DiBattista,
Choat, et al., 2016; Hoarau et al., 2007; Provan et al., 2005), sug-
gesting that the persistence of benign local conditions in marine
environments during glacial periods may be relatively common. In
addition to a split occurring prior to the LGM, the best fitting de-
mographic model revealed potential gene flow between PAG basins
and between the southern basin and the Sea of Oman. The TreeMix
analysis also detected significant levels of gene flow between both
terminal and ancestral branches, suggesting that some migration
could occur as mangrove populations became isolated and also after
the LGM, once the infilling of the PAG started. Potential barriers
such as the narrow Strait of Hormuz or the marine eddies between
Qatar and lIran separating the northern and southern basin may,
therefore, not be as limiting for mangrove propagule dispersal as
has been proposed for other marine-associated, non-plant species
(Hoolihan et al., 2004; Smith et al., 2022). This contrasts, however,
with higher F. and Nei's genetic distance scores among populations
of the northern and southern PAG basins, suggesting that dispersal
events may have been limited and that these results may need to be
further tested.

The highest likelihood model for the entire peninsula sup-
ported a recent common evolutionary origin for the Arabian man-

groves. The model was congruent with a process of diversification
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occurring over the different biogeographic regions of the peninsula,
arguably driven by geographic isolation and large-scale changes in
environmental conditions and connectivity resulting from the glacio-
eustatic cycles of the Pleistocene. Coalescence time between the
representative populations of the PAG (Ras Ghurab) and the Arabian
Sea (Taqgah) dated back 70K, lending support to the hypothesis of a
lineage split prior to the LGM. The splitting time between the Red
Sea (represented by FB2) and the PAG/Arabian Sea ancestral lineage
dates back to, at least, the onset of the last glacial period and poten-
tially and at most, to times close to the opening of the Red Sea to
the Indian Ocean. Both fastsimcoal2 and TreeMix analyses detected
a certain degree of gene exchange among ancestral and terminal
branches, suggesting a lack of barriers to gene flow among lineages
upon secondary contact.

Our analyses reveal a process of lineage diversification in the
grey mangroves of the Arabian Peninsula that spanned the last two
to three glacial periods. Generation time for the grey mangrove
has been estimated at 20vyears in tropical areas (He et al., 2019;
Triest et al., 2021), a value that we retained in our analyses as cal-
ibrating of our demographic models was based on a splitting time
estimate using this value (Li et al., 2016). However, generation time
in high-latitude populations of the PAG has been reported to range
from 25.6 to 53.8years (Ali et al., 2008). This suggests that the
diversification process may have occurred up to twice as early as
inferred in our analyses. Modelling divergence times in recently di-
versified systems has proven challenging, even with large datasets
of genome-wide markers (Beichman et al., 2018). Lenient assump-
tions such as constant effective population size along branches,
together with the wide confidence intervals estimated in fast-
simcoal2, entail substantial uncertainty, requiring caution when
interpreting the reported results. Additionally, it is important to
note that population splits were not entirely consistent between
demographic models and phylogenetic analyses, further empha-
sizing the need for careful interpretation. However, the observed
patterns and extent of phylogenetic and neutral genetic structure
in Arabian mangroves, together with the conservative generation
time implemented in our models, largely support a diversification
process occurring before the LGM. These findings strongly sug-
gest divergence within glacial refugia as a key driver in the Arabian
mangrove system. Nevertheless, these results should be revisited
in the future, potentially employing analytical methods such as
Approximate Bayesian Computation (ABC) and machine learning
for demographic modelling.

Although our results suggest that diversification took place
before the LGM, the Arabian mangrove system represents a strik-
ingly fast process of diversification, occurring at temporal scales
of tens to a few hundred thousand years. Marked levels of popula-
tion divergence are expected at the edge of species' ranges, where
reduced population sizes and pronounced habitat fragmentation
can lead to rapid differentiation due to drift in isolation and diver-
gent selection (Lesica & Allendorf, 1995; Schaal & Leverich, 1996).
Indeed, higher genetic structure in the margins of the species
distribution compared to core populations of the grey mangrove
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of the West Pacific has been previously reported (Arnaud-Haond
et al., 2006). Moreover, increased rates of speciation have been
documented in other mangrove systems undergoing periodic
cycles of isolation and gene flow due to fluctuations in sea level
during glacial periods (He et al., 2019), similar to what may have
occurred in the enclosed water bodies of the PAG and especially
the Red Sea.

4.3 | Redundancy analyses reveal
multi-loci adaptive divergence driven by
environmental extremes

In a simple and a partial RDA controlling for population structure,
four constraining variables approximating critical environmen-
tal factors in mangrove ecology related to temperature extremes
and hypersalinity explained 33.2% and 6.4% of the total variance
in population SNP frequencies, respectively. The amount of vari-
ance explained by environmental variables was comparable to the
values reported in studies applying RDA to genotype-environment
analysis in plants, typically ranging from 15% to 40% (e.g. Capblancq
etal.,, 2020; Chang et al., 2022; Faske et al., 2021; Garot et al., 2019;
Leamy et al., 2016). A total of 446 candidate SNP outliers were iden-
tified based on their contribution to the genotype-environment as-
sociation patterns. A complementary RDA based solely on the set
of SNP outliers and computed over individual genotypes revealed
considerable adaptive divergence among Red Sea populations,
which differentiated along a gradient of maximum temperatures
from south to north. Differences in gene-environment correlation
signals for populations of the PAG were less clear, yet the analysis
recovered highly divergent association scores with respect to the
populations of the west of the Arabian Sea along salinity maxima
and isothermality gradients. These association patterns suggest
that local adaptation has likely played a significant role in the dif-
ferentiation of the mangrove lineages in the Arabian Peninsula (see
Appendix S1 for further details).

We identified 31 functionally annotated genes associated with
one or more RDA outliers. Among the functions associated to de-
tected candidate genes, at least 11 seemed particularly relevant
for adaptation to the extreme and variable habitats of the seas
around the Arabian Peninsula. Mitochondrial GrpE (Mge) proteins
act as molecular chaperones that assist in the refolding of pro-
teins within the mitochondria, playing a key role in maintaining
homeostasis, especially during stress conditions (Hu et al., 2012;
Mayer & Bukau, 2005). In Arabidopsis thaliana, the MGE2 gene has
been shown to be induced by heat, and to be involved in toler-
ance to prolonged high temperatures (Hu et al., 2012). The ab-
scisic acid-insensitive like2 (ABIL2) gene has been identified as a
negative regulator of ABA signalling, a key stress phytohormone,
and to positively regulate stomatal aperture and density in rice (Li
et al., 2015). Overexpression of ABIL2 results in modified plant
developmental traits, such as altered stomatal density and root ar-
chitecture, which may render plants more susceptible to drought
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stress (Li et al., 2015). Plasma membrane intrinsic (Pip) proteins
are a subgroup of aquaporins, which are membrane channel pro-
teins involved in the transport of water and other small molecules
across cell membranes (Agre, 2006). Pip proteins are crucial for
regulating water movement during various physiological pro-
cesses and regulating stomatal conductance (Sakurai et al., 2005).
PIP gene expression has been reported to mediate the response
to drought and salt stress in various species, including barley, cit-
rus and tobacco (Katsuhara & Hanba, 2008; Mahdieh et al., 2008;
Rodriguez-Gamir et al., 2011). Beta-xylosidase genes such as BXL2
code for enzymes involved in the degradation of hemicellulose,
a major component of plant cell walls, playing essential roles in
remodelling its composition and architecture (Collins et al., 2005;
Goujon et al., 2003). The cell wall is a crucial structure that serves
as a barrier against environmental stresses. During periods of
stress, such as drought, high salinity or pathogen attacks, plants
undergo adaptive responses in cell wall composition (Goujon
et al., 2003; Zhao et al., 2010). The MOB1A gene codes for a ki-
nase regulator that plays a pivotal role in tissue patterning and
organ growth, and in A.thaliana serves a plant-specific function
by contributing to growth modifications in response to stressful
conditions (Pinosa et al., 2013). WRKYs represent one of the larg-
est transcription factor families with relevant biological functions
in response to different kinds of abiotic and biotic stressors in
vascular plants (Jiang et al., 2017; Phukan et al., 2016), including
A.marina (Feng et al., 2023). In particular, the WRK50 here iden-
tified has been reported to play a role in regulating nitrogen use
efficiency and coordinating plant responses to nitrogen levels and
biotic stressors (Cheng et al., 2021). A study of the effect of salin-
ity stress on gene expression in licorice revealed that the squalene
synthase 2 (SQS2) was upregulated in leaves under high salinity
conditions, suggesting a role for this gene in the response to salt
stress (Shirazi et al., 2019). Squalene epoxidase (Sqe) enzymes are
essential for the biosynthesis of sterols in plants. SQE1 and its
homologues SQE2 and SQE3 transcripts can epoxidize squalene
into oxidosqualene, the precursor of all known angiosperm cyclic
triterpenoids (Rasbery et al., 2007). It has been proposed that SQE
genes can play a role in the regulation of reactive oxygen spe-
cies, stomatal responses and drought tolerance, likely mediated by
the involvement of sterols in the localization of NADPH oxidases
(Posé et al., 2009). The 4-coumarate-CoA ligase-like 7 (4CLL7)
gene encodes an enzyme related to terpenoid metabolism po-
tentially involved in response to drought stress, as it has been re-
ported for red sage (Madritsch et al., 2019; Zhang et al., 2022). The
abscisic acid-insensitive 5-like (AI5L5) gene is similar in function to
ABI5, a well-known transcription factor involved in the response
to the plant hormone ABA pathway. Under red-blue combined
light, AI5L5 appeared as downregulated and was likely involved
bud flower differentiation in grape (Liu et al., 2022). Finally, the
PUMILIO (PUM) family is a group of genes that play important
roles in various biological processes, including post-transcriptional
regulation of gene expression. In A.thaliana, the PUM23 gene has
been reported to mediate in the response to abiotic stresses,

including salt stress in association with the ABA signalling pathway
(Huang et al., 2018).

5 | CONCLUSION

In this study, we used the Arabian mangroves complex to ana-
lyse the role of spatial environmental variation, geography and
neutral evolution in driving population and lineage divergence.
Phylogenetic analysis and demographic modelling revealed evolu-
tionary relationships and times of population divergence consist-
ent with periods of geographic isolation in glacial refugia both in
the Red Sea and the PAG, ruling out the hypothesis of a postgla-
cial colonization. A significant signal of IBD was detected as well,
suggesting that geographic distance also played an important role
in the differentiation of Arabian mangrove populations. Signs of
multilocus local adaptation were detected among and within the
phylogenetic lineages identified for each of the biogeographic re-
gions, revealing significant environmental pressures driving adap-
tive divergence at different geographic scales. Broader geographic
sampling across the entire grey mangrove distribution, neverthe-
less, will be needed to further investigate candidate functional
loci involved in mangrove ecological divergence. Currently, we are
conducting a new study with an expanded whole-genome dataset,
covering a larger geographic area of the species distribution. This
ongoing research will delve deeper into diversification mecha-
nisms and the evolutionary history of A.marina and its subspe-
cies. Overall, the results reported in the present study support a
process of rapid diversification driven by the combined factors of
environmental selection and historical events, and reveal periph-
eral mangrove populations of Arabia as potentially important sites
for lineage diversification and sources of evolutionary innovation

in response to environmental extremes.

AUTHOR CONTRIBUTIONS

Project design: G.F., E.G.S., J.A.B.; Coordination: G.F., J.A.B.;
Bioinformatics and evolutionary analyses: G.F.; Manuscript writing:
G.F. and J.A.B. with input of all the coauthors; Sampling: G.F., J.A.B.,
C.E.L, A.O,, A.M.; Laboratory work: G.F., A.O.

ACKNOWLEDGEMENTS

This research benefited from the utilization of resources avail-
able at the NYUAD Core Technology Platform, including the
Bioinformatics Core and the Marine Sciences Core. We thank
Mark Priest, Dain McParland, Noura Al-Mansoori, Anique Ahmad
and Ada Kovaliukaite for their participation in the fieldwork.
We gratefully acknowledge the Environment Agency Abu Dhabi
(permit reference number 20181823a) and the Oman Ministry
of Environment and Climate Affairs, Director General of Nature
Conservation (permit number: 6210/10/75), for providing permits
for research related to this manuscript. This work was supported
by the New York University Abu Dhabi Institute grants to the
CGSB (73 71210 CGSB9, AD060) and to the Mubadala ACCESS

85U0| SUOLULLIOD BAIFeR1D B|dedldde aup Aq pausenoh ae sajolie YO ‘85N JO S3INJ 10} Aeiq 1 8U1jUO AB|IM UO (SUORIPUOD-PUR-SLUBYLI0D" A3 | IM"AReiq 1)BU{UO//SANY) SUORIPUD Pue SWd L 8U) 885 *[202/T0/ze] uo ARiqiTauliuo AB|IM ‘8 L A 0922 T 98W/TTTT'OT/I0P/L0d A3 1M AIq1Bu1|UO//:SAnY woiy papeojumod ‘0 ‘X762S9ET



FRIIS ET AL.

Center (73 71210 CG009), the Australian Research Council (award
FL200100133) and by King Abdullah University of Science and
Technology baseline funding to CMD.

CONFLICT OF INTEREST STATEMENT

The authors of this paper declare that we have no conflicts of inter-
est that could influence the integrity or objectivity of our research.
The authors also confirm that there are no competing financial in-
terests or other conflicts that could compromise the validity of the

reported findings.

DATA AVAILABILITY STATEMENT

Resequencing data are deposited in the SRA database, accession
BioProject: PRJNA629068. NCBI biosample accession numbers
are provided in Table S1. Model files for the demographic analysis
with fastsimcoal2 and SFS files are deposited in DRYAD, as well as R
scripts, SNP datasets and georeferenced data for redundancy analy-
ses (doi:10.5061/dryad.d51c5b05s).

ORCID
Guillermo Friis "= https://orcid.org/0000-0002-0731-6468
Edward G. Smith "= https://orcid.org/0000-0003-0842-7757
Catherine E. Lovelock "= https://orcid.org/0000-0002-2219-6855
https://orcid.org/0000-0002-7503-995X
Alyssa Marshell = https://orcid.org/0000-0003-0841-9028
Carlos M. Duarte "= https://orcid.org/0000-0002-1213-1361

John A. Burt " https://orcid.org/0000-0001-6087-6424

Alejandra Ortega

REFERENCES

Agre, P. (2006). The aquaporin water channels. Proceedings of the
American Thoracic Society, 3(1), 5-13.

Ahrens, C. W.,, Jordan, R., Bragg, J., Harrison, P. A., Hopley, T., Bothwell,
H., Murray, K., Steane, D. A., Whale, J. W., Byrne, M., Andrew, R.,
& Rymer, P. D. (2021). Regarding the F-word: The effects of data
filtering on inferred genotype-environment associations. Molecular
Ecology Resources, 21(5), 1460-1474.

Akaike, H. (1998). Information theory and an extension of the maximum
likelihood principle. In Selected papers of Hirotugu Akaike (pp. 199-
213). Springer.

Ali, A., Alfarhan, A., Robinson, E., & Aldjain, I. (2008). Pattern of survival
and mortality of mangrove populations grown at Al-Jubail area
(Saudi Arabia) of the Arabian Gulf. American Journal of Agricultural
and Biological Sciences, 3, 610-616.

Al-Qthanin, R. N., & Alharbi, S. A. (2020). Spatial structure and genetic
variation of a mangrove species (Avicennia marina (Forssk.) Vierh) in
the Farasan Archipelago. Forests, 11(12), 1287.

Andrews, S. (2010). FastQC: A quality control tool for high throughput se-
quence data. https://www.bioinformatics.babraham.ac.uk/proje
cts/fastqc/

Anton, A., Almahasheer, H., Delgado, A., Garcias-Bonet, N., Carrillo-de-
Albornoz, P., Marba, N., Hendriks, I. E., Krause-Jensen, D., Saderne,
V., Baldry, K., & Duarte, C. M. (2020). Stunted mangrove trees in the
oligotrophic Central Red Sea relate to nitrogen limitation. Frontiers
in Marine Science, 7, 597.

Arnaud-Haond, S., Teixeira, S., Massa, S. I, Billot, C., Saenger, P.,
Coupland, G., Duarte, C. M., & Serrao, E. A. (2006). Genetic struc-
ture at range edge: Low diversity and high inbreeding in Southeast
Asian mangrove (Avicennia marina) populations. Molecular Ecology,
15(12), 3515-3525.

17 of 21
MOLECULAR ECOLOGY gAViVA i [l A%

Ball, M. C. (1988). Ecophysiology of mangroves. Trees, 2(3), 129-142.

Barton, N. H., & Charlesworth, B. (1984). Genetic revolutions, founder
effects, and speciation. Annual Review of Ecology and Systematics,
15(1), 133-164.

Beard, J. (1967). An inland occurrence of mangrove. Western Australian
Naturalist, 10(5), 112-115.

Beichman, A. C., Huerta-Sanchez, E., & Lohmueller, K. E. (2018). Using
genomic data to infer historic population dynamics of nonmodel
organisms. Annual Review of Ecology, Evolution, and Systematics, 49,
433-456.

Blanchet, F. G., Legendre, P., & Borcard, D. (2008). Forward selection of
explanatory variables. Ecology, 89(9), 2623-2632.

Bder, B. (1997). An introduction to the climate of the United Arab
Emirates. Journal of Arid Environments, 35(1), 3-16.

Bolnick, D. I., & Fitzpatrick, B. M. (2007). Sympatric speciation: Models
and empirical evidence. Annual Review of Ecology, Evolution, and
Systematics, 38, 459-487.

Borcard, D., Gillet, F., & Legendre, P. (2011). Chapter 6. Canonical or-
dination. In R. Gentleman, K. Hornik, & G. G. Parmigiani (Eds.),
Numerical ecology with R (pp. 153-226). Springer.

Brauer, C. J., Hammer, M. P., & Beheregaray, L. B. (2016). Riverscape
genomics of a threatened fish across a hydroclimatically heteroge-
neous river basin. Molecular Ecology, 25(20), 5093-5113.

Bringloe, T. T., Fort, A., Inaba, M., Sulpice, R., Ghriofa, C. N., Mols-
Mortensen, A., Filbee-Dexter, K., Vieira, C., Kawai, H., Hanyuda,
T., Krause-Jensen, D., Olesen, B., Starko, S., & Verbruggen, H.
(2022). Whole genome population structure of North Atlantic kelp
confirms high latitude glacial refugia. Molecular Ecology, 31(24),
6473-6488.

Burri, R., Nater, A., Kawakami, T., Mugal, C. F,, Olason, P. I., Smeds, L.,
Suh, A., Dutoit, L., Bures, S., Garamszegi, L. Z., Hogner, S., Moreno,
J., Qvarnstrom, A., Ruzi¢, M., Seether, S. A, Saetre, G. P, Torok, J., &
Ellegren, H. (2015). Linked selection and recombination rate varia-
tion drive the evolution of the genomic landscape of differentiation
across the speciation continuum of Ficedula flycatchers. Genome
Research, 25(11), 1656-1665.

Capblancq, T., & Forester, B. R. (2021). Redundancy analysis: A Swiss
Army Knife for landscape genomics. Methods in Ecology and
Evolution, 12(12), 2298-2309.

Capblancq, T., Lachmuth, S., Fitzpatrick, M. C., & Keller, S. R. (2022).
From common gardens to candidate genes: Exploring local
adaptation to climate in red spruce. New Phytologist, 237(5),
1590-1605.

Capblancq, T., Luu, K., Blum, M. G., & Bazin, E. (2018). Evaluation of
redundancy analysis to identify signatures of local adaptation.
Molecular Ecology Resources, 18(6), 1223-1233.

Capblancq, T., Morin, X., Gueguen, M., Renaud, J., Lobreaux, S., & Bazin,
E. (2020). Climate-associated genetic variation in Fagus sylvat-
ica and potential responses to climate change in the French Alps.
Journal of Evolutionary Biology, 33(6), 783-796.

Carvalho, S., Kirten, B., Krokos, G., Hoteit, I., & Ellis, J. (2019). The Red
Sea. In C. Sheppard (Ed.), World seas: An environmental evaluation
(pp. 49-74). Elsevier.

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W.
A. (2013). Stacks: An analysis tool set for population genomics.
Molecular Ecology, 22(11), 3124-3140.

Chang, C.-W., Fridman, E., Mascher, M., Himmelbach, A., & Schmid, K.
(2022). Physical geography, isolation by distance and environmen-
tal variables shape genomic variation of wild barley (Hordeum vul-
gare L. ssp. spontaneum) in the Southern Levant. Heredity, 128(2),
107-119.

Cheng, C. V., Li, Y., Varala, K., Bubert, J., Huang, J., Kim, G. J., Halim, J.,
Arp, J., Shih, H. S., Levinson, G., Park, S. H., Cho, H. Y., Moose, S.
P., & Coruzzi, G. M. (2021). Evolutionarily informed machine learn-
ing enhances the power of predictive gene-to-phenotype relation-
ships. Nature Communications, 12(1), 5627.

85U0| SUOLULLIOD BAIFeR1D B|dedldde aup Aq pausenoh ae sajolie YO ‘85N JO S3INJ 10} Aeiq 1 8U1jUO AB|IM UO (SUORIPUOD-PUR-SLUBYLI0D" A3 | IM"AReiq 1)BU{UO//SANY) SUORIPUD Pue SWd L 8U) 885 *[202/T0/ze] uo ARiqiTauliuo AB|IM ‘8 L A 0922 T 98W/TTTT'OT/I0P/L0d A3 1M AIq1Bu1|UO//:SAnY woiy papeojumod ‘0 ‘X762S9ET


https://doi.org/10.5061/dryad.d51c5b05s
https://orcid.org/0000-0002-0731-6468
https://orcid.org/0000-0002-0731-6468
https://orcid.org/0000-0003-0842-7757
https://orcid.org/0000-0003-0842-7757
https://orcid.org/0000-0002-2219-6855
https://orcid.org/0000-0002-2219-6855
https://orcid.org/0000-0002-7503-995X
https://orcid.org/0000-0002-7503-995X
https://orcid.org/0000-0003-0841-9028
https://orcid.org/0000-0003-0841-9028
https://orcid.org/0000-0002-1213-1361
https://orcid.org/0000-0002-1213-1361
https://orcid.org/0000-0001-6087-6424
https://orcid.org/0000-0001-6087-6424
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

FRIIS €T AL.

18 of 21
\YVAI A4 MOLECULAR ECOLOGY

Chevolot, M., Hoarau, G., Rijnsdorp, A. D., Stam, W. T., & Olsen, J.
L. (2006). Phylogeography and population structure of thorn-
back rays (Raja clavata L., Rajidae). Molecular Ecology, 15(12),
3693-3705.

Chifman, J., & Kubatko, L. (2014). Quartet inference from SNP data under
the coalescent model. Bioinformatics, 30(23), 3317-3324.

Claereboudt, M. R. (2019). Oman. In C. Sheppard (Ed.), World seas: An
environmental evaluation (pp. 25-48). Elsevier.

Collins, T., Gerday, C., & Feller, G. (2005). Xylanases, xylanase families
and extremophilic xylanases. FEMS Microbiology Reviews, 29(1),
3-23.

Coyne, J. A, & Orr, H. A. (2004). Speciation. Sinauer Associates, Inc.

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo,
M. A., Handsaker, R. E., Lunter, G., Marth, G. T,, Sherry, S. T.,
McVean, G., Durbin, R., & 1000 Genomes Project Analysis Group.
(2011). The variant call format and VCFtools. Bioinformatics, 27(15),
2156-2158.

Danecek, P., & McCarthy, S. A. (2017). BCFtools/csq: Haplotype-aware
variant consequences. Bioinformatics, 33(13), 2037-2039.

Darwin, C. (1859). The origin of species by means of natural selection, or the
preservation of favoured races in the struggle for life. John Murray.

DePristo, M. A,, Banks, E., Poplin, R., Garimella, K. V., Maguire, J. R,,
Hartl, C., Philippakis, A. A., del Angel, G., Rivas, M. A., Hanna,
M., McKenna, A., Fennell, T. J., Kernytsky, A. M., Sivachenko, A.
Y., Cibulskis, K., Gabriel, S. B., Altshuler, D., & Daly, M. J. (2011).
A framework for variation discovery and genotyping using next-
generation DNA sequencing data. Nature Genetics, 43(5), 491-498.

DiBattista, J. D., Choat, H. J., Gaither, M. R., Hobbs, J. P. A., Lozano-
Cortés, D. F., Myers, R. F,, Paulay, G., Rocha, L. A., Toonen, R. J,
Westneat, M. W., & Berumen, M. L. (2016). On the origin of en-
demic species in the Red Sea. Journal of Biogeography, 43(1), 13-30.

DiBattista, J. D., Roberts, M. B., Bouwmeester, J., Bowen, B. W., Coker,
D. J., Lozano-Cortés, D. F., Howard Choat, J., Gaither, M. R., Hobbs,
J.-P. A, Khalil, M. T,, Kochzius, M., Myers, R. F., Paulay, G., Robitzch,
V.S.N., Saenz-Agudelo, P., Salas, E., Sinclair-Taylor, T. H., Toonen, R.
J., Westneat, M. W,, ... Berumen, M. L. (2016). A review of contem-
porary patterns of endemism for shallow water reef fauna in the
Red Sea. Journal of Biogeography, 43(3), 423-439.

DiBattista, J. D., Saenz-Agudelo, P., Piatek, M. J., Cagua, E. F., Bowen, B.
W., Choat, J. H., Rocha, L. A., Gaither, M. R., Hobbs, J. A., Sinclair-
Taylor, T. H., Mcllwain, J. H., Priest, M. A., Braun, C. D., Hussey, N.
E., Kessel, S. T., & Berumen, M. L. (2020). Population genomic re-
sponse to geographic gradients by widespread and endemic fishes
of the Arabian Peninsula. Ecology and Evolution, 10(10), 4314-4330.

Duke, N. (1991). A systematic revision of the mangrove genus Avicennia
(Avicenniaceae) in Australasia. Australian Systematic Botany, 4(2),
299-324.

Duke, N., Ball, M., & Ellison, J. (1998). Factors influencing biodiversity
and distributional gradients in mangroves. Global Ecology and
Biogeography Letters, 7(1), 27-47.

Duke, N. C., Benzie, J. A, Goodall, J. A., & Ballment, E. R. (1998).
Genetic structure and evolution of species in the mangrove genus
Avicennia (Avicenniaceae) in the Indo-West Pacific. Evolution, 52(6),
1612-1626.

Ellison, J., & Simmonds, S. (2003). Structure and productivity of inland
mangrove stands at Lake MacLeod, Western Australia. Journal of
the Royal Society of Western Australia, 86, 21-26.

Excoffier, L., Dupanloup, I., Huerta-Sanchez, E., Sousa, V. C., & Foll, M.
(2013). Robust demographic inference from genomic and SNP data.
PLoS Genetics, 9(10), e1003905.

Excoffier, L., Smouse, P. E., & Quattro, J. M. (1992). Analysis of molecular
variance inferred from metric distances among DNA haplotypes:
Application to human mitochondrial DNA restriction data. Genetics,
131,479-491.

Faske, T. M., Agneray, A. C., Jahner, J. P, Sheta, L. M., Leger, E. A., &
Parchman, T. L. (2021). Genomic and common garden approaches

yield complementary results for quantifying environmental driv-
ers of local adaptation in rubber rabbitbrush, a foundational Great
Basin shrub. Evolutionary Applications, 14(12), 2881-2900.

Feng, X,, Li, G., Wu, W.,, Lyu, H., Wang, J,, Liu, C., Zhong, C., Shi, S., &
He, Z. (2023). Expansion and adaptive evolution of the WRKY
transcription factor family in Avicennia mangrove trees. Marine Life
Science & Technology, 5, 1-14.

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal of
Climatology, 37(12), 4302-4315.

Fitzpatrick, B., Fordyce, J., & Gavrilets, S. (2008). What, if anything,
is sympatric speciation? Journal of Evolutionary Biology, 21(6),
1452-1459.

Foote, A. D. (2018). Sympatric speciation in the genomic era. Trends in
Ecology & Evolution, 33(2), 85-95.

Forester, B. R., Lasky, J. R., Wagner, H. H., & Urban, D. L. (2018).
Comparing methods for detecting multilocus adaptation with mul-
tivariate genotype-environment associations. Molecular Ecology, 27,
2215-2233.

Fouda, M., & Al-Muharrami, M. (1996). Significance of mangroves in the
arid environment of the sultanate of Oman. Journal of Agricultural
and Marine Sciences [JAMS], 1, 41-49.

Frichot, E., Mathieu, F., Trouillon, T., Bouchard, G., & Francois, O. (2014).
Fast and efficient estimation of individual ancestry coefficients.
Genetics, 196(4), 973-983.

Friis, G., Atwell, J. W., Fudickar, A. M., Greives, T. J., Yeh, P. J., Price, T. D.,
Ketterson, E. D., & Mila, B. (2022). Rapid evolutionary divergence
of a songbird population following recent colonization of an urban
area. Molecular Ecology, 31(9), 2625-2643.

Friis, G., Fandos, G., Zellmer, A. J., McCormack, J. E., Faircloth, B. C., &
Mila, B. (2018). Genome-wide signals of drift and local adaptation
during rapid lineage divergence in a songbird. Molecular Ecology,
27(24), 5137-5153.

Friis, G., Vizueta, J., Smith, E. G., Nelson, D. R., Khraiwesh, B., Qudeimat,
E., Salehi-Ashtiani, K., Ortega, A., Marshell, A., Duarte, C. M., &
Burt, J. A. (2020). A high-quality genome assembly and annotation
of the gray mangrove, Avicennia marina. G3, 11(1), jkaa025. https://
doi.org/10.1101/2020.05.30.124800

Funk, D. J,, Egan, S. P, & Nosil, P. (2011). Isolation by adaptation in
Neochlamisus leaf beetles: Host-related selection promotes neutral
genomic divergence. Molecular Ecology, 20(22), 4671-4682.

Garot, E., Joét, T., Combes, M.-C., & Lashermes, P. (2019). Genetic diver-
sity and population divergences of an indigenous tree (Coffea mau-
ritiana) in Reunion Island: Role of climatic and geographical factors.
Heredity, 122(6), 833-847.

Goujon, T., Minic, Z., El Amrani, A., Lerouxel, O., Aletti, E., Lapierre, C.,
Joseleau, J. P., & Jouanin, L. (2003). AtBXL1, a novel higher plant
(Arabidopsis thaliana) putative beta-xylosidase gene, is involved in
secondary cell wall metabolism and plant development. The Plant
Journal, 33(4), 677-690.

Gutenkunst, R. N., Hernandez, R. D., Williamson, S. H., & Bustamante, C.
D. (2009). Inferring the joint demographic history of multiple pop-
ulations from multidimensional SNP frequency data. PLoS Genetics,
5(10), e1000695. https://doi.org/10.1371/journal.pgen.1000695

Hansen, C. C. R., Hvilsom, C., Schmidt, N. M., Aastrup, P., de Groot, P. J.
V. C., Siegismund, H. R., & Heller, R. (2018). The muskox lost a sub-
stantial part of its genetic diversity on its long road to Greenland.
Current Biology, 28(24), 4022-4028. e4025.

Hardie, D. C., & Hutchings, J. A. (2010). Evolutionary ecology at the ex-
tremes of species' ranges. Environmental Reviews, 18, 1-20.

He, Z., Li, X, Yang, M., Wang, X., Zhong, C., Duke, N. C., Wu, C. |., &
Shi, S. (2019). Speciation with gene flow via cycles of isolation and
migration: Insights from multiple mangrove taxa. National Science
Review, 6(2), 275-288.

He, Z., Xu, S., Zhang, Z., Guo, W,, Lyu, H., Zhong, C., Boufford, D. E.,
Duke, N. C., International Mangrove Consortium, & Shi, S. (2020).

85U0| SUOLULLIOD BAIFeR1D B|dedldde aup Aq pausenoh ae sajolie YO ‘85N JO S3INJ 10} Aeiq 1 8U1jUO AB|IM UO (SUORIPUOD-PUR-SLUBYLI0D" A3 | IM"AReiq 1)BU{UO//SANY) SUORIPUD Pue SWd L 8U) 885 *[202/T0/ze] uo ARiqiTauliuo AB|IM ‘8 L A 0922 T 98W/TTTT'OT/I0P/L0d A3 1M AIq1Bu1|UO//:SAnY woiy papeojumod ‘0 ‘X762S9ET


https://doi.org/10.1101/2020.05.30.124800
https://doi.org/10.1101/2020.05.30.124800
https://doi.org/10.1371/journal.pgen.1000695

FRIIS ET AL.

Convergent adaptation of the genomes of woody plants at the
land-sea interface. National Science Review, 7, 978-993.

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005).
Very high resolution interpolated climate surfaces for global land
areas. International Journal of Climatology, 25, 1965-1978.

Hoang, D., Chernomor, O., & Von Haeseler, A. (2018). UFBoot2:
Improving the ultrafast bootstrap approximation. Molecular Biology
and Evolution, 35, 518-522.

Hoarau, G., Coyer, J., Veldsink, J., Stam, W., & Olsen, J. (2007). Glacial
refugia and recolonization pathways in the brown seaweed Fucus
serratus. Molecular Ecology, 16(17), 3606-3616.

Hogarth, P. J. (2015). The biology of mangroves and seagrasses. Oxford
University Press.

Hoolihan, J., Premanandh, J., D'Aloia-Palmieri, M.-A., & Benzie, J. (2004).
Intraspecific phylogeographic isolation of Arabian Gulf sailfish
Istiophorus platypterus inferred from mitochondrial DNA. Marine
Biology, 145(3), 465-475.

Hu, C., Lin, S.-Y., Chi, W.-T., & Charng, Y.-Y. (2012). Recent gene dupli-
cation and subfunctionalization produced a mitochondrial GrpE,
the nucleotide exchange factor of the Hsp70 complex, specialized
in thermotolerance to chronic heat stress in Arabidopsis. Plant
Physiology, 158(2), 747-758.

Huang, K.-C., Lin, W.-C., & Cheng, W.-H. (2018). Salt hypersensitive mu-
tant 9, a nucleolar APUM23 protein, is essential for salt sensitivity
in association with the ABA signaling pathway in Arabidopsis. BMC
Plant Biology, 18(1), 1-21.

Hutchison, D. W., & Templeton, A. R. (1999). Correlation of pairwise
genetic and geographic distance measures: Inferring the relative
influences of gene flow and drift on the distribution of genetic vari-
ability. Evolution, 53(6), 1898-1914.

Jiang, J., Ma, S., Ye, N., Jiang, M., Cao, J., & Zhang, J. (2017). WRKY tran-
scription factors in plant responses to stresses. Journal of Integrative
Plant Biology, 59(2), 86-101.

Katsuhara, M., & Hanba, Y. T. (2008). Barley plasma membrane intrinsic
proteins (PIP aquaporins) as water and CO, transporters. Pfligers
Archiv-European Journal of Physiology, 456(4), 687-691.

Keller, I., & Seehausen, O.(2012). Thermal adaptation and ecological spe-
ciation. Molecular Ecology, 21(4), 782-799.

Ketchum, R. N., Smith, E. G., DeBiasse, M. B., Vaughan, G. O., McParland,
D., Leach, W. B., Al-Mansoori, N., Ryan, J. F., Burt, J. A., & Reitzel,
A. M. (2020). Population genomic analyses of the sea urchin
Echinometra sp. EZ across an extreme environmental gradient.
Genome Biology and Evolution, 12(10), 1819-1829.

Khalil, A. S. M. (2015). Mangroves of the Red Sea. In N. M. A. Rasul & I.
C. F. Stewart (Eds.), Red Sea: The formation, morphology, oceanogra-
phy and environment of a Young Ocean basin. Springer Earth System
Sciences (pp. 585-597). Springer. https://doi.org/10.1007/978-3-
662-45201-1_33

Kliber, A., & Eckert, C. G. (2005). Interaction between founder effect and
selection during biological invasion in an aquatic plant. Evolution,
59(9), 1900-1913.

Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A, & Mayrose,
I. (2015). Clumpak: A program for identifying clustering modes and
packaging population structure inferences across K. Molecular
Ecology Resources, 15(5), 1179-1191.

Krueger, F. (2015). Trim Galore!: A wrapper tool around Cutadapt and
FastQC to consistently apply quality and adapter trimming to FastQ
files. https://www.bioinformatics.babraham.ac.uk/projects/trim_
galore/

Lambeck, K. (1996). Shoreline reconstructions for the Persian Gulf since
the last glacial maximum. Earth and Planetary Science Letters, 142(1-
2),43-57.

Lambeck, K., Purcell, A, Flemming, N. C., Vita-Finzi, C., Alsharekh, A. M.,
& Bailey, G. N. (2011). Sea level and shoreline reconstructions for
the Red Sea: Isostatic and tectonic considerations and implications

19 of 21
MOLECULAR ECOLOGY gAViVA i [l A%

for hominin migration out of Africa. Quaternary Science Reviews,
30(25-26), 3542-3574.

Laporte, M., Pavey, S. A., Rougeux, C., Pierron, F., Lauzent, M., Budzinski,
H., Labadie, P.,, Geneste, E., Couture, P, Baudrimont, M., &
Bernatchez, L. (2016). RAD sequencing reveals within-generation
polygenic selection in response to anthropogenic organic and
metal contamination in North Atlantic eels. Molecular Ecology, 25(1),
219-237.

Leamy, L. J., Lee, C. R., Song, Q., Mujacic, I, Luo, Y., Chen, C. Y., Li, C,,
Kjemtrup, S., & Song, B. H. (2016). Environmental versus geograph-
ical effects on genomic variation in wild soybean (Glycine soja)
across its native range in northeast Asia. Ecology and Evolution,
6(17), 6332-6344.

Legendre, P., & Legendre, L. F.(2012). Numerical ecology (3rd ed.). Elsevier.
Lesica, P., & Allendorf, F. W. (1995). When are peripheral populations
valuable for conservation? Conservation Biology, 9(4), 753-760.

Li, C., Shen, H., Wang, T., & Wang, X. (2015). ABA regulates subcellular
redistribution of OsABI-LIKE2, a negative regulator in ABA signal-
ing, to control root architecture and drought resistance in Oryza
sativa. Plant and Cell Physiology, 56(12), 2396-2408.

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with
burrows-wheeler transform. Bioinformatics, 25(14), 1754-1760.

Li, X., Duke, N. C., Yang, Y., Huang, L., Zhu, Y., Zhang, Z., Zhou, R., Zhong,
C., Huang, Y., & Shi, S. (2016). Re-evaluation of phylogenetic re-
lationships among species of the mangrove genus Avicennia from
Indo-West Pacific based on multilocus analyses. PLoS One, 11(10),
e0164453.

Liu, X., Yuan, M., Dang, S., & Zhang, Y.(2022). Comparative transcriptomic
analysis transcription factors and hormones during the flower bud
differentiation in ‘Red Globe’ grape under red-blue combined light.
Scientific Reports, 13(1), 8932.

Lovelock, C. E., Krauss, K. W., Osland, M. J., Reef, R., & Ball, M. C. (2016).
The physiology of mangrove trees with changing climate. In Tropical
tree physiology (pp. 149-179). Springer.

Luu, K., Bazin, E., & Blum, M. G. (2017). Pcadapt: An R package to per-
form genome scans for selection based on principal component
analysis. Molecular Ecology Resources, 17(1), 67-77.

Madritsch, S., Wischnitzki, E., Kotrade, P., Ashoub, A., Burg, A., Fluch, S.,
Briiggemann, W., & Sehr, E. M. (2019). Elucidating drought stress
tolerance in European oaks through cross-species transcriptomics.
G3: Genes, Genomes, Genetics, 9(10), 3181-3199.

Maguire, T. L., Saenger, P.,, Baverstock, P., & Henry, R. (2000).
Microsatellite analysis of genetic structure in the mangrove species
Avicennia marina (Forsk.) Vierh. (Avicenniaceae). Molecular Ecology,
9(11), 1853-1862.

Mahdieh, M., Mostajeran, A., Horie, T., & Katsuhara, M. (2008). Drought
stress alters water relations and expression of PIP-type aquaporin
genes in Nicotiana tabacum plants. Plant and Cell Physiology, 49(5),
801-813.

Manichaikul, A., Mychaleckyj, J. C., Rich, S. S., Daly, K., Sale, M., & Chen,
W.-M. (2010). Robust relationship inference in genome-wide asso-
ciation studies. Bioinformatics, 26(22), 2867-2873.

Martinez-Diaz, M. G., & Reef, R. (2022). A biogeographical approach
to characterizing the climatic, physical and geomorphic niche of
the most widely distributed mangrove species, Avicennia marina.
Diversity and Distributions, 29(1), 89-108.

Mayer, M., & Bukau, B. (2005). Hsp70 chaperones: Cellular functions
and molecular mechanism. Cellular and Molecular Life Sciences, 62,
670-684.

Mayr, E. (1947). Ecological factors in speciation. Evolution, 1, 263-288.

Mayr, E. (1954). Change of genetic environment and evolution (pp. 157).

Mayr, E. (1963). Animal species and evolution. Belknap Press.

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K.,
Kernytsky, A., Garimella, K., Altshuler, D., Gabriel, S., Daly, M., &
DePristo, M. A. (2010). The genome analysis toolkit: A MapReduce

85U0| SUOLULLIOD BAIFeR1D B|dedldde aup Aq pausenoh ae sajolie YO ‘85N JO S3INJ 10} Aeiq 1 8U1jUO AB|IM UO (SUORIPUOD-PUR-SLUBYLI0D" A3 | IM"AReiq 1)BU{UO//SANY) SUORIPUD Pue SWd L 8U) 885 *[202/T0/ze] uo ARiqiTauliuo AB|IM ‘8 L A 0922 T 98W/TTTT'OT/I0P/L0d A3 1M AIq1Bu1|UO//:SAnY woiy papeojumod ‘0 ‘X762S9ET


https://doi.org/10.1007/978-3-662-45201-1_33
https://doi.org/10.1007/978-3-662-45201-1_33
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/

FRIIS €T AL.

200of 21
\YVAI A4 MOLECULAR ECOLOGY

framework for analyzing next-generation DNA sequencing data.
Genome Research, 20(9), 1297-1303.

Miller, K. G., Kominz, M. A., Browning, J. V., Wright, J. D., Mountain,
G. S., Katz, M. E., Sugarman, P. J., Cramer, B. S., Christie-Blick, N.,
& Pekar, S. F. (2005). The phanerozoic record of global sea-level
change. Science, 310(5752), 1293-1298.

Murray, K. D., & Borevitz, J. O. (2018). Axe: Rapid, competitive sequence
read demultiplexing using a trie. Bioinformatics, 34(22), 3924-3925.

Naidoo, G. (2016). The mangroves of South Africa: An ecophysiological
review. South African Journal of Botany, 107, 101-113.

Nettel, A., Dodd, R. S., Afzal-Rafii, Z., & Tovilla-Hernandez, C. (2008).
Genetic diversity enhanced by ancient introgression and secondary
contact in East Pacific black mangroves. Molecular Ecology, 17(11),
2680-2690.

Nguyen, L.-T., Schmidt, H. A., Von Haeseler, A., & Minh, B. Q. (2015).
IQ-TREE: A fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Molecular Biology and Evolution,
32(1), 268-274.

Nix, H. A. (1986). A biogeographic analysis of Australian elapid snakes.
Atlas of Elapid Snakes of Australia, 7, 4-15.

Nosil, P. (2012). Ecological speciation. Oxford University Press.

Nosil, P., Egan, S. P., & Funk, D. J. (2008). Heterogeneous genomic dif-
ferentiation between walking-stick ecotypes: “Isolation by adap-
tation” and multiple roles for divergent selection. Evolution, 62(2),
316-336.

Oksanen, J., Blanchet, F., Kindt, R., Legendre, P., & O'Hara, R. (2016).
Vegan: Community ecology package. R package 2.3-5.

Ortiz, V., Chang, H. X., Sang, H., Jacobs, J., Malvick, D. K., Baird, R.,
Mathew, F. M., Estévez de Jensen, C., Wise, K. A., Mosquera, G.
M., & Chilvers, M. 1. (2023). Population genomic analysis reveals
geographic structure and climatic diversification for Macrophomina
phaseolina isolated from soybean and dry bean across the United
States, Puerto Rico, and Colombia. Frontiers in Genetics, 14,
1103969.

Paradis, E. (2010). Pegas: An R package for population genetics with an
integrated-modular approach. Bioinformatics, 26(3), 419-420.
Pedersen, C. T., Albrechtsen, A., Etter, P. D., Johnson, E. A., Orlando, L.,
Chikhi, L., Siegismund, H. R., & Heller, R. (2018). A southern African
origin and cryptic structure in the highly mobile plains zebra. Nature

Ecology & Evolution, 2(3), 491-498.

Pembleton, L. W., Cogan, N. O., & Forster, J. W. (2013). StAMPP: An R
package for calculation of genetic differentiation and structure of
mixed-ploidy level populations. Molecular Ecology Resources, 13(5),
946-952.

Phukan, U. J.,, Jeena, G. S., & Shukla, R. K. (2016). WRKY transcrip-
tion factors: Molecular regulation and stress responses in plants.
Frontiers in Plant Science, 7, 760.

Pickrell, J. K., & Pritchard, J. K. (2012). Inference of population splits and-
mixtures from genome-wide allele frequency data. PLoS Genetics, 8,
€1002967. https://doi.org/10.1371/journal.pgen.1002967

Pinosa, F., Begheldo, M., Pasternak, T., Zermiani, M., Paponoy, I|. A.,
Dovzhenko, A., Barcaccia, G., Ruperti, B., & Palme, K. (2013). The
Arabidopsis thaliana Mob1A gene is required for organ growth and
correct tissue patterning of the root tip. Annals of Botany, 112(9),
1803-1814.

Posé, D., Castanedo, |., Borsani, O., Nieto, B., Rosado, A., Taconnat,
L., Ferrer, A., Dolan, L., Valpuesta, V., & Botella, M. A. (2009).
Identification of the Arabidopsis dry2/sqel-5 mutant reveals a cen-
tral role for sterols in drought tolerance and regulation of reactive
oxygen species. The Plant Journal, 59(1), 63-76.

Provan, J., Wattier, R. A., & Maggs, C. A. (2005). Phylogeographic anal-
ysis of the red seaweed Palmaria palmata reveals a Pleistocene
marine glacial refugium in the English Channel. Molecular Ecology,
14(3), 793-803.

Rasbery, J. M., Shan, H., LeClair,R. J.,, Norman, M., Matsuda, S. P., & Bartel,
B. (2007). Arabidopsis thaliana squalene epoxidase 1 is essential for

root and seed development. Journal of Biological Chemistry, 282(23),
17002-17013.

Rodriguez-Gamir, J., Ancillo, G., Aparicio, F., Bordas, M., Primo-Millo, E.,
& Forner-Giner, M. (2011). Water-deficit tolerance in citrus is me-
diated by the down regulation of PIP gene expression in the roots.
Plant and Soil, 347(1), 91-104.

Ruiz Mifano, M., While, G. M., Yang, W., Burridge, C. P, Salvi, D., &
Uller, T. (2022). Population genetic differentiation and genomic
signatures of adaptation to climate in an abundant lizard. Heredity,
128(4), 271-278.

Rundle, H. D., & Nosil, P. (2005). Ecological speciation. Ecology Letters,
8(3), 336-352. https://doi.org/10.1111/j.1461-0248.2004.00715.x

Saenz-Agudelo, P., Dibattista, J. D., Piatek, M. J., Gaither, M. R., Harrison,
H. B., Nanninga, G. B., & Berumen, M. L. (2015). Seascape genetics
along environmental gradients in the Arabian Peninsula: Insights
from ddRAD sequencing of anemonefishes. Molecular Ecology,
24(24), 6241-6255.

Sakurai, J., Ishikawa, F., Yamaguchi, T., Uemura, M., & Maeshima, M.
(2005). Identification of 33 rice aquaporin genes and analysis
of their expression and function. Plant and Cell Physiology, 46(9),
1568-1577.

Sbrocco, E. J., & Barber, P. H. (2013). MARSPEC: Ocean climate layers
for marine spatial ecology: Ecological archives E094-086. Ecology,
94(4), 979.

Schaal, B. A., & Leverich, W. J. (1996). Molecular variation in isolated
plant populations. Plant Species Biology, 11(1), 33-40.

Schluter, D. (2000). The ecology of adaptive radiation. Oxford University
Press.

Shafer, A. B. A., & Wolf, J. B. W. (2013). Widespread evidence for incipi-
ent ecological speciation: A meta-analysis of isolation-by-ecology.
Ecology Letters, 16, 940-950.

Sheppard, C., Al-Husiani, M., Al-Jamali, F., Al-Yamani, F., Baldwin, R,
Bishop, J., Benzoni, F., Dutrieux, E., Dulvy, N. K., Durvasula, S. R.,
Jones, D. A., Loughland, R., Medio, D., Nithyanandan, M., Pilling,
G. M., Polikarpov, l., Price, A. R., Purkis, S., Riegl, B., ... Zainal, K.
(2010). The gulf: A young sea in decline. Marine Pollution Bulletin,
60(1), 13-38. https://doi.org/10.1016/j.marpolbul.2009.10.017

Sheppard, C., Price, A., & Roberts, C. (1992). Marine ecology of the Arabian
region: Patterns and processes in extreme tropical environments.

Shirazi, Z., Aalami, A., Tohidfar, M., & Sohani, M. M. (2019). Triterpenoid
gene expression and phytochemical content in Iranian licorice
under salinity stress. Protoplasma, 256(3), 827-837.

Smith, E. G., Hazzouri, K. M., Choi, J. Y., Delaney, P., Al-Kharafi, M.,
Howells, E. J., Aranda, M., & Burt, J. A. (2022). Signatures of se-
lection underpinning rapid coral adaptation to the world's warmest
reefs. Science Advances, 8(2), eabl7287.

Smith, E. G., Hume, B. C., Delaney, P., Wiedenmann, J., & Burt, J. A.
(2017). Genetic structure of coral-Symbiodinium symbioses on the
world's warmest reefs. PLoS One, 12(6), e0180169.

Spalding, M., Kainuma, M., & Collins, L. (2010). World atlas of mangroves.
Earthscan.

Stoddart, D., Bryan, G., & Gibbs, P. (1973). Inland mangroves and water
chemistry, Barbuda, West Indies. Journal of Natural History, 7(1),
33-46.

Taylor, F. (1986). Mangroves in freshwater. Blumea: Biodiversity, Evolution
and Biogeography of Plants, 31(2), 271-272.

Tomlinson, P. B. (2016). The botany of mangroves. Cambridge University
Press.

Torquato, F., Bouwmeester, J., Range, P., Marshell, A, Priest, M. A, Burt,
J. A, Mgller, P. R., & Ben-Hamadou, R. (2022). Population genetic
structure of a major reef-building coral species Acropora downingi
in northeastern Arabian Peninsula. Coral Reefs, 41(3), 743-752.

Torquato, F., Range, P., Ben-Hamadou, R., Sigsgaard, E. E., Thomsen, P.
F., Riera, R., Berumen, M. L., Burt, J. A., Feary, D. A,, Marshell, A.,
D'Agostino, D., DiBattista, J. D., & Mgller, P.R.(2019). Consequences
of marine barriers for genetic diversity of the coral-specialist

85U0| SUOLULLIOD BAIFeR1D B|dedldde aup Aq pausenoh ae sajolie YO ‘85N JO S3INJ 10} Aeiq 1 8U1jUO AB|IM UO (SUORIPUOD-PUR-SLUBYLI0D" A3 | IM"AReiq 1)BU{UO//SANY) SUORIPUD Pue SWd L 8U) 885 *[202/T0/ze] uo ARiqiTauliuo AB|IM ‘8 L A 0922 T 98W/TTTT'OT/I0P/L0d A3 1M AIq1Bu1|UO//:SAnY woiy papeojumod ‘0 ‘X762S9ET


https://doi.org/10.1371/journal.pgen.1002967
https://doi.org/10.1111/j.1461-0248.2004.00715.x
https://doi.org/10.1016/j.marpolbul.2009.10.017

FRIIS ET AL.

yellowbar angelfish from the Northwestern Indian Ocean. Ecology
and Evolution, 9(19), 11215-11226.

Triest, L., Van der Stocken, T., Sierens, T., Deus, E. K., Mangora, M. M., &
Koedam, N. (2021). Connectivity of Avicennia marina populations
within a proposed marine transboundary conservation area be-
tween Kenya and Tanzania. Biological Conservation, 256, 109040.

Urashi, C., Teshima, K. M., Minobe, S., Koizumi, O., & Inomata, N. (2013).
Inferences of evolutionary history of a widely distributed mangrove
species, Bruguiera gymnorrhiza, in the Indo-West Pacific region.
Ecology and Evolution, 3(7), 2251-2261. https://doi.org/10.1002/
ece3.624

Van Den Wollenberg, A. L.(1977). Redundancy analysis an alternative for
canonical correlation analysis. Psychometrika, 42(2), 207-219.

Van der Auwera, G. A., Carneiro, M. O., Hartl, C., Poplin, R., Del Angel,
G., Levy-Moonshine, A., Jordan, T., Shakir, K., Roazen, D., Thibault,
J., Banks, E., Garimella, K. V., Altshuler, D., Gabriel, S., & DePristo,
M. A. (2013). From FastQ data to high-confidence variant calls: The
genome analysis toolkit best practices pipeline. Current Protocols in
Bioinformatics, 43, 11.10.1-11.10.33.

Vu, N. T,, Zenger, K. R., Guppy, J. L., Sellars, M. J,, Silva, C. N., Kjeldsen,
S.R., & Jerry, D. R. (2020). Fine-scale population structure and ev-
idence for local adaptation in Australian giant black tiger shrimp
(Penaeus monodon) using SNP analysis. BMC Genomics, 21(1), 1-18.

Wang, |. J., & Bradburd, G. S. (2014). Isolation by environment. Molecular
Ecology, 23(23), 5649-5662.

Weir, B. S., & Cockerham, C. C. (1984). Estimating F-statistics for the
analysis of population structure. Evolution, 38, 1358-1370.

Whitford, W. G., & Duval, B. D. (2019). Ecology of desert systems.
Academic Press.

Wright, S. (1943). Isolation by distance. Genetics, 28, 114-138.

Wright, S. (1946). Isolation by distance under diverse systems of mating.
Genetics, 31(1), 39-59.

21of21
MOLECULAR ECOLOGY gAViVA i [l A%

Xu, S., He, Z., Zhang, Z., Guo, Z., Guo, W., Lyu, H., Li, J., Yang, M., Du, Z.,
Huang, Y., Zhou, R., Zhong, C., Boufford, D. E., Lerdau, M., Wu, C. |.,
Duke, N. C., International Mangrove Consortium, & Shi, S. (2017).
The origin, diversification and adaptation of a major mangrove clade
(Rhizophoreae) revealed by whole-genome sequencing. National
Science Review, 4(5), 721-734. https://doi.org/10.1093/nsr/nwx065

Zhang, J., Li, J., Su, Y., Song, Z., & Wang, J. (2022). The posttranscrip-
tional mechanism in Salvia miltiorrhiza Bunge leaves in response to
drought stress using phosphoproteomics. Agronomy, 12(4), 781.

Zhao, Q., Gallego-Giraldo, L., Wang, H., Zeng, Y., Ding, S. Y., Chen, F., &
Dixon, R. A. (2010). An NAC transcription factor orchestrates mul-
tiple features of cell wall development in Medicago truncatula. The
Plant Journal, 63(1), 100-114.

Zheng, X. (2012). SNPRelate: Parrallel computing toolset for genome-wide
association studies. R package version, 95.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Friis, G., Smith, E. G., Lovelock, C. E.,
Ortega, A., Marshell, A., Duarte, C. M., & Burt, J. A. (2024).
Rapid diversification of grey mangroves (Avicennia marina)
driven by geographic isolation and extreme environmental
conditions in the Arabian Peninsula. Molecular Ecology, 00,
€17260. https://doi.org/10.1111/mec.17260

5801 SUOWILLIOD BAIERID 3 (edljdde au) Aq peusenob a1 SO O 188N JO SaINI 10} ARiq1 ] 3UIIUO AB]IM UO (SUORIPUOO-PLR-SWLRILI0DAS 1M ARG BU1[UO//ScNL) SUONIPUOD PU SWLB 1. 3U) 885 *[7202/T0/22] U0 ARIqIT 8UIlUO AB1IM ‘8L AQ 092/ T 98U/ TTTT'0T/I0p/LOD" A3 1 AReiq1 U1 UO//SAIY WOJ) PAPROIUMOQ ‘0 ‘Xy6ZG9ET


https://doi.org/10.1002/ece3.624
https://doi.org/10.1002/ece3.624
https://doi.org/10.1093/nsr/nwx065
https://doi.org/10.1111/mec.17260

	Rapid diversification of grey mangroves (Avicennia marina) driven by geographic isolation and extreme environmental conditions in the Arabian Peninsula
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Population sampling
	2.2|Genome resequencing and variant calling
	2.3|Population structure analyses
	2.4|Phylogenetic analysis
	2.5|Population and demographic history analyses
	2.6|Candidate gene identification with genotype-­environment association analysis

	3|RESULTS
	3.1|Population structure and genetic diversity analyses
	3.2|Phylogenetic analysis
	3.3|Population and demographic history of the Arabian grey mangrove
	3.4|Candidate genes and environmental adaptation patterns in Arabian grey mangroves

	4|DISCUSSION
	4.1|Moderate genetic structure and robust phylogenetic support suggest a process of lineage diversification consistent with IBD and geographic isolation
	4.2|Demographic inference supports lineage divergence in (cryptic) glacial refugia
	4.3|Redundancy analyses reveal multi-­loci adaptive divergence driven by environmental extremes

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


