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Abstract: Patterns of genetic structure are essential for a comprehensive understanding of the
evolution and biogeography of a species. Here, we investigated the genetic patterns of one of the
most widespread and abundant mangrove species in the Indo-West Pacific, Sonneratia alba J. Sm., in
order to gain insights into the ecological and evolutionary drivers of genetic structure in mangroves.
We employed 11 nuclear microsatellite loci and two chloroplast regions to genotyped 25 S. alba

Forests 2017, 8, 483; doi:10.3390/f8120483 www.mdpi.com/journal/forests

http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0002-8218-6341
https://orcid.org/0000-0001-6807-4397
https://orcid.org/0000-0003-1232-4179
https://orcid.org/0000-0001-5554-9955
http://dx.doi.org/10.3390/f8120483
http://www.mdpi.com/journal/forests


Forests 2017, 8, 483 2 of 21

populations. Our objectives were to (1) assess the level of genetic diversity and its geographic
distribution; and (2) determine the genetic structure of the populations. Our results revealed
significant genetic differentiation among populations. We detected a major genetic break between
Indo-Malesia and Australasia, and further population subdivision within each oceanic region in these
two major clusters. The phylogeographic patterns indicated a strong influence of vicariance, oceanic
barriers and geographic distance on genetic structure. In addition, we found low genetic diversity
and high genetic drift at range edge. This study advances the scope of mangrove biogeography
by demonstrating a unique scenario whereby a widespread species has limited dispersal and high
genetic divergence among populations.

Keywords: biogeography; gene flow; genetic diversity; genetic divergence; phylogeography;
sea dispersal

1. Introduction

Mangroves are widespread, tropical and subtropical coastal plant communities with strong genetic
structures that are mainly shaped by their biogeographic history. Major mangrove plant lineages
were separated into the Atlantic East Pacific (AEP) and the Indo-West Pacific (IWP) regions after the
closure of the Tethys Sea, and subsequently evolved in independent trajectories, resulting in different
species assembly in each region [1]. The striking similarities in genetic patterns across species within
each region indicated that vicariance events, Quaternary climatic oscillation and oceanic currents
may have a universal effect on the geographic distribution of genetic variation [2]. For example, the
most distinctive genetic break in the AEP region divides mangrove populations into the Atlantic and
Pacific Oceans. This was observed in all studied mangrove species in the AEP and is attributed to
vicariance following the final closure of the Central American Isthmus [2,3]. Similarly in the IWP,
the Malay Peninsula, which separates the East Indian Ocean (EIO) and South China Sea (SCS), was
found to be a strong genetic barrier for many mangrove species. The genetic divide was thought to be
caused by the geographic separation between populations in the Pacific Ocean from those in the Indian
ocean that was imposed by the land mass during past glacial maxima [4]. In addition, mangroves
from the IWP also exhibited phylogeographic congruency across species, whereby populations were
genetically differentiated according to three subregions: the EIO, SCS and Northern Australia (NA),
thus suggesting limited gene flow across these subregions [4–6]. These phylogeographic congruencies
in co-distributed mangroves not only enabled the identification of geographic factors (e.g., land
barriers) that shaped the genetic structure, but also provided insights into past dynamics of mangrove
forest cover.

Despite phylogeographic concordance at the regional scale, detailed genetic structure often
differ across mangrove species. For instance, the exact location of the genetic divide between Pacific
and Indian oceans was situated exactly between both coasts of the Malay Peninsula in Bruguiera
gymnorhiza (L.) Lam. [4] but between the edge of the Andaman Sea and the Strait of Malacca in
Rhizophora mucronata Lam. [7,8]. This discordance reflects the contribution of taxon-specific traits to
the fine-scaled genetic structure, e.g., the unexpected location of the genetic divide in R. mucronata was
attributed to its high capabilities in long distance dispersal and the importance of ocean currents in
driving it. This finding highlights the importance of contemporary processes (i.e., oceanic connectivity)
in dictating the genetic structure. There is therefore a need to study the detailed genetic structure
of major mangrove lineages, using range-wide sampling design and rapidly-mutating molecular
markers, in order to gain a comprehensive understanding on the evolutionary history and trajectories
of mangroves.

Sonneratia alba is a major component species of mangroves and a member of the mangrove lineage
in Lythraceae. It has one of the widest geographic distributions, occurring from East Africa through
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the Indo-Malay archipelago to the Pacific islands [9,10]. A recent study on the phylogeography of S.
alba, using sequence data of seven nuclear loci (designed from expressed sequence tags of its close
relative, Sonneratia caseolaris (L.) Engl.) and three chloroplast DNA regions, largely agreed with the
EIO versus SCS versus NA genetic clusters found in other mangroves. The genetic structure of S. alba
showed two major lineages corresponding to the Indo-Malesia and Australasia regions that diverged
ca. 3.15 million years ago, prior to Pleistocene [11]. A later divergence estimated at 1.87 million years
ago was detected within the Indo-Malesia region, resulting in a lineage within the South China Sea
and another spread out across the region. This study clearly demonstrated the strong influence of
Pleistocene sea-level fluctuations on the genetic structure. However, due to the slower mutation rate in
the single nucleotide polymorphism loci employed by Yang et al. (2017) and the inherent low levels of
genetic diversity in S. alba [11,12], the data may be limited when it comes to inferences on the fine-scale
genetic patterns, especially contemporary gene flow mirrored by more recent demographic history.
This is essential in understanding the biogeography of S. alba, as most of the studied populations are
connected by sea in the present day, and gene flow can be more extensive than glacial periods.

This study aims to determine the patterns of population connectivity in S. alba across its
native range and to identify biogeographic/phylogeographic barriers that may shape these patterns.
Our purpose is to enhance the resolution of the genetic structure of S. alba using molecular marker with
higher mutation rates. We employed eleven polymorphic nuclear microsatellite (SSR) loci to genotype
25 S. alba populations ranging from Mozambique to New Caledonia (Table 1). We supplemented the
SSR data by genotyping two chloroplast regions in 23 populations. Specifically, our objectives were to
(1) assess the level of genetic diversity and its geographic distribution and (2) determine the genetic
structure of the populations using both individual-based and population-based genetic analyses.
With the wide distribution of S. alba and its representation of the mangrove lineage in Lythraceae, its
post-glacial genetic structure would be crucial to understand the legacy of vicariance and the influence
of the taxon-specific traits on the genetic connectivity in mangroves from the IWP region.

Table 1. Location information for all populations.

Pop. Code N Location Country Major Region-Minor Region Latitude Longitude

MO1 34 Espinho Mozambique WIO 17◦45′38′′ S 37◦11′36′′ E
MO2 17 Zalala Beach Mozambique WIO 17◦47′43′′ S 37◦04′33′′ E
MY1 25 Myanmar Myanmar EIO-Andaman Sea 15◦48′39′′ N 95◦16′09′′ E
MY2 32 Myanmar Myanmar EIO-Andaman Sea 12◦23′53′′ N 98◦34′11′′ E
TH1 23 Phuket Thailand EIO-Strait of Malacca 08◦24′28′′ N 98◦30′42′′ E
TH2 36 Kantang Thailand EIO-Strait of Malacca 07◦19′13′′ N 99◦29′27′′ E
MA1 10 Langkawi Malaysia EIO-Strait of Malacca 06◦25′14′′ N 99◦49′19′′ E
MA2 35 Linggi Malaysia EIO-Strait of Malacca 02◦23′34′′ N 101◦58′42′′ E
SIN 24 SungeiBuloh Singapore EIO-Strait of Malacca 01◦26′54′′ N 103◦43′51′′ E
IN1 29 Cilacap Indonesia EIO-East Indian Ocean 07◦42′33′′ S 108◦54′00′′ E
IN2 22 Bali Indonesia EIO-Java Sea 08◦44′01′′ S 115◦11′48′′ E

MA3 31 Kuantan Malaysia SCS 03◦47′57′′ N 103◦19′33′′ E
TH3 25 Nam Chiao Thailand SCS 12◦09′57′′ N 102◦28′36′′ E
VIE 41 Ca Mau Vietnam SCS 08◦42′51′′ N 104◦48′58′′ E

MA4 24 Sabah Malaysia SCS 05◦59′25′′ N 116◦05′29′′ E
PH1 27 Batangas Philippines SCS 13◦58′11′′ N 120◦37′33′′ E
PH2 12 Panay Philippines SCS 11◦48′09′′ N 122◦12′26′′ E
JAP 34 Iriomote Japan NPO 24◦16′50′′ N 123◦52′58′′ E
PA1 31 Palau Palau NPO 07◦30′13′′ N 134◦32′09′′ E
PA2 36 Palau Palau NPO 07◦22′04′′ N 134◦34′35′′ E
MIC 33 Kosrae Micronesia NPO 05◦21′03′′ N 163◦01′12′′ E
AU1 37 Daintree Australia NA 16◦16′45′′ S 145◦26′22′′ E
AU2 34 Ludmila Creek Australia NA 12◦24′30′′ S 130◦49′57′′ E
NC1 31 Baie de Tare New Caledonia SPO 22◦15′48′′ S 167◦00′57′′ E
NC2 32 Canala New Caledonia SPO 21◦30′23′′ S 165◦58′12′′ E

WIO: West Indian Ocean; EIO: East Indian Ocean; SCS: South China Sea; NPO: Northwest Pacific Ocean; NA:
Northern Australia; SPO: Southwest Pacific Ocean.
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2. Materials and Methods

2.1. Study Species

Sonneratia alba is an opportunistic species with high tolerance for extreme coastal environments,
occurring in the lower intertidal zones and downstream estuarine areas (Figure 1a), and often
withstanding high hydrodynamic energy [9], inundation [13] and salinities [14]. It has been observed as
the first species to colonize mudflats and subsequently reduce wave attenuation for the establishment
of other mangrove species [15]. Sonneratia alba is diploid, highly fecund and has non-viviparous fruits
(Figure 1c). The flower has approximately 300 white long stamens (Figure 1b) and is pollinated by
nectivorous bats and hawkmoths [9,16]. Each flower produces a fruit with more than 100 small, woody,
sickle-shaped seeds that are released when the fruit disintegrates following prolonged immersion in
saline or brackish water [14] (Figure 1d,e). The dispersal capability of Sonneratia propagules is one
of the least studied major mangrove species. It is possible that Sonneratia propagules experience a
two-step dispersal, first by the fruits, and then by the seeds that are released following fruit decay
(Figure 1d,e). Observations and anecdotal evidence suggests that although both fruits and seeds have
a certain extent of initial buoyancy when they first enter the water column, the seeds themselves may
have a short flotation period and thus a low potential for long distance dispersal.
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Figure 1. Photos of Sonneratia alba showing (a) mature trees at the lower intertidal zone; the even layer
of leaf growth at the lower trunk indicates the level of high tide; (b) flowers; (c) fruits; (d) a fallen fruit
that landed during low tide; and (e) a seed being released from a decaying fruit and dispersed by the
outgoing tide.

2.2. Plant Material

Leaf samples of 715 individuals of S. alba were collected from 25 populations in the IWP region
(Table 1, Figure 2a). The collected leaf material was desiccated with silica gel and stored at room
temperature until use.
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Figure 2. (a) Map showing the location of sampled populations. Population names are defined in
Table 1. Dotted line denotes the species distribution. (b) The genetic clusters of S. alba as shown by
individual-based principal coordinate analysis (PCoA) scatter plots. The percentage of total variation
attributed to each axis of the PCoA plot is indicated. Two minor clusters were separated from the
majority, one consisting of individuals from Andaman Sea and northern Strait of Malacca (orange) and
the other consisting of individuals from Southwest Pacific Ocean (dark purple and black).

2.3. DNA Extraction and Genotyping

Genomic DNA was extracted from silica-dried leaf tissue following a modified
cetyltrimethylammonium bromide (CTAB) extraction method [17].

Eleven microsatellite markers for S. alba developed by [18] were selected based on their level
of polymorphism and ease of multiplexing: SA102, SA103, SA105, SA106, SA108, SA110, SA112,
SA113, SA115, SA117 and SA123. All loci were genotyped using fluorescent-labeled primers with
the following dye-primer combinations—6-FAM: SA102, SA103, SA112 and SA11; VIC: SA105 and
SA106; NED: SA108, SA110, SA117 and SA123; and PET: SA113.Polymerase chain reaction (PCR) was
performed using Qiagen Multiplex PCR Kit (Qiagen, Hilden, Germany) in a final volume of 5 µL with
1 µL of DNA. The PCR profile used was initial denaturation of 5 min at 94 ◦C; 35 cycles of 45 s at 95 ◦C,
45 s at 50 ◦C, 45 s at 72 ◦C; and a final elongation of 10 min at 72 ◦C. Electrophoresis of the amplified
DNA was performed with an ABI 3130xl automated sequencer (Applied Biosystems, Foster City, CA,
USA) using standard settings. Fragment length was assigned by the GENEMAPPER 4.1 software
(Applied Biosystems, Foster City, CA, USA) using GeneScan-600 LIZ size standard. Genotype data of
MY4 (Sabah) were obtained from a published primer note [18].

PCR amplifications were performed on one to five representative samples from each
population (a total of 102 individuals) using two cpDNA regions: rpl20-rps12 spacer [19] and
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rpl16-F71-rpl16-R1516 intron [20]. Populations IN1 and MA4 were not included due to repeated
failure to amplify the two cpDNA regions. We designed internal primer rpl20-int1F, rpl20-int1R,
rpl20-int2F, rpl20-int2R, rpl16-int1F, rpl16-int1R, rpl16-int2F, rpl16-int2R, rpl16-int3F and rpl16-int3R
(see Table S1 for details) for ease in sequencing. PCR was performed using TaKaRa Ex Taq polymerase
(TaKaRa Bio Inc., Shiga, Japan) with the following conditions: initial denaturation for 5 min at 94 ◦C;
30 cycles of 45 s at 94 ◦C, 1 min at 50 ◦C, 30 s at 72 ◦C; and a final elongation for 5 min at 72 ◦C.
The total reaction volume was 10 µL, of which 1.0 µL was DNA. PCR products were purified using
10 µL of Exosap-IT (Affymetrix, Santa Clara, CA, USA) before cycle sequencing. The total reaction
volume for cycle sequencing was 10 µL of which 2 µL was DNA. Cycle sequencing products were
purified with AxyPrep Mag Dye Cleanup Kits (Axygen Scientific Inc., Union City, CA, USA), following
the manufacturer’s protocol. The sequencing reaction was performed on an ABI 3130xl automated
sequencer (Applied Biosystems, Foster City, CA, USA). We sequenced a total of approximately 750 bp
and 800 bp of the rpl20-rps12 spacer (rpl20 from here on) and rpl16-F71-rpl16-R1516 intron region
(rpl16 from here on), respectively.

2.4. Nuclear Microsatellite Data Analysis

Deviations from Hardy-Weinberg equilibrium (HWE) were tested for each locus and population
by an exact test implemented in computer program FSTAT 2.9.3 (hereafter, FSTAT) [21]. To check the
presence of null alleles and its bias on data analysis, null allele frequencies were estimated for each
locus and population by the expectation maximization algorithm [22] implemented in FreeNA [23].
In addition, population pairwise FST [24] was calculated with the original genotype data and with
data corrected for null alleles following the “excluding null alleles” (ENA) method using the FreeNA.
Since the uncorrected pairwise FST values were included within the 95% confidence interval of the
pairwise FST values corrected for null alleles by FreeNA (see Table S2 for details), we used the original
genotype data in this study.

Genetic diversity was evaluated at the species and population levels in terms of the allelic
richness based on 10 diploid individuals, the gene diversity and the fixation index (FIS) using FSTAT.
The significance of the deviation of FIS values from 0 was estimated for each locus and across the loci for
each population on the basis of 1000 randomizations using FSTAT. The percentage of polymorphism,
number of private alleles, observed heterozygosity (HO) and expected heterozygosity (HE) were
calculated using the software GENALEX 6.5 [25].To assess the presence of recent bottlenecks in the
populations, we employed Wilcoxon’s signed rank test using BOTTLENECK software [26]. We tested
for significant excess in expected heterozygosity (indicator of recent bottleneck) under the assumptions
that all loci fit the infinite allele mutation model (IAM), the two-phase model (TPM, under which 70%
of the mutations are single-step and 30% multi-step) and the strict Stepwise Mutation Model (SMM).

The population differentiation was evaluated by calculating the FST value [24] and the 95 and
99% confidence intervals of the value derived from 1000 bootstraps. Pairwise FST values were also
calculated, and their significance was tested by randomizing multilocus genotypes between the two
populations with standard Bonferroni corrections. In addition, we calculated the pairwise F’ST values,
which accounted for the underestimation of genetic differentiation under the conditions of low genetic
diversity [27]. These calculations were conducted using FSTAT and GENALEX 6.5.

A principal coordinate analysis (PCoA) was performed with GENALEX 6.5 software using the
genotypic distance between all individual pairs.

We then assessed the genetic structure with a Bayesian model-based clustering algorithm
implemented in the software STRUCTURE v. 2.3.3 [28]. By employing a combination of the admixture
model and the F-model [29] with the Locprior option [30], 30 runs were performed for each number
of subpopulations (K), from K = 1 to K = 15. Each run consisted of 30,000 replicates of the Markov
chain Monte Carlo (MCMC) after a burn-in of 20,000 replicates. The distribution of the probability of
data (Ln P(D)) along K and the ∆K [31] were evaluated using the STRUCTURE HARVESTER online
program [32]. Multimodality among runs and the clustering pattern at each K were summarized using
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the Clustering Markov Packager Across K (CLUMPAK) online program [33]. The mean F value for
each cluster (analogue to FST between each cluster and common ancestor [29]) across the run was
calculated based on the runs which showed major clustering by CLUMPAK. The genetic relationships
among clusters were evaluated using the genetic distance calculated by STRUCTURE. We employed
the genetic distance from the results which showed the highest Ln P(D) among the run with major
clustering pattern at each K. The neighbour-joining (NJ) trees for the clusters were generated using
Population 1.2.30 [34].

To determine the geographic locations of putative genetic barriers, we used the Monmonier’s
algorithm implemented in Barrier v2.2 [35] and the pairwise population genetic distance values
(Nei’s DA) generated by Population 1.2.30. We computed the locations of genetic barriers under the
scenario of one, five and seven genetic barriers (corresponding to K = 2, K = 6 and K = 8, respectively),
based on the results from the STRUCTURE analysis.

Aside from the spatial analysis performed in Barrier, the presence of a genetic barrier can also be
tested by regressing a matrix of pairwise genetic distance (Nei’s DA) between populations from either
side of the barrier to a predictor matrix of complete genetic divergence between them. As previous
research demonstrated varying influence of the Malay Peninsula on gene flow (inferred from genetic
structure) [4], we tested the significance of the Malay Peninsula as a genetic barrier by using twelve
populations (six from either side of the peninsula) from our dataset that represented both coasts of the
peninsula. The EIO populations (west coast Malay Peninsula) were represented by MY1, MY2, TH1,
TH2, MA1 and MA2. The SCS populations (east coast Malay Peninsula) were represented by MA3,
TH3, VIE, MA4, PH1 and PH2. In the predictor matrix, population pairs from different coasts were
coded 1 (high expected genetic differentiation), while population pairs from the same coast were coded
0 (low expected genetic differentiation) [7,36]. A Mantel R statistic based on Pearson's product-moment
correlation between the pairwise genetic distance matrix and the predictor matrix was performed with
999 permutations using the package “vegan” [37] implemented in the R statistical platform. As genetic
divergence may be influenced by geographic distance, a partial Mantel test was performed in which
the distance effect was factored out.

We used two analyses to examine for the genetic composition of edge populations. The first
analysis tested for the correlation between genetic parameters and latitude, while the second tested
for the difference in genetic parameters between core and peripheral populations. In the former,
we performed simple linear regression between AR, HO or FIS and latitude using the R statistical
platform. In the latter, we divided all populations into two categories, core populations (n = 13,
<10◦ in latitude) and peripheral populations (n = 12, >10◦ in latitude). We used FSTAT to perform a
2-sided comparison (10,000 permutations) of AR, HO, HS (gene diversity), FIS and FST between core
and peripheral populations.

2.5. Chloroplast Sequence Data Analysis

The cpDNA sequences were analyzed using SEQSCAPE 2.7 software (Applied Biosystems, Foster
City, CA, USA). Peak calling was corrected manually. Multiple sequence alignment was carried out
with default settings in the built-in CLUSTALW program in MEGA 7.0 software [38]. Phylogenetic
analysis was performed using the final concatenated sequences of 1088 bp (433 bp and 655 bp of rpl20
and rpl16, respectively) using maximum parsimony (MP) and maximum likelihood (ML) methods
implemented in MEGA 7.0. Branch support of MP was assessed by bootstrap analysis based on
1000 replicates using the subtree-pruning-regrafting search option with 10 random addition sequence
replicates. For ML analysis, we used the default settings in the software jModelTest [39] to evaluate
the likelihoods of 88 models of nucleotide sequence evolution. The best-fitting model that can be
implemented in MEGA 6.0 was chosen as the Hasegawa-Kishino-Yano model [40] according to the
Bayesian Information Criterion.ML bootstrap tests were performed with 1000 replicates, with initial
trees generated by BIONJ, a modified neighbor-joining method [41].
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3. Results

3.1. Data Quality

Missing data accounted for only 0.7% of the microsatellite data set. Significant deviations from
HWE at p < 0.05 were detected in 13 out of 275 population-locus comparisons after Bonferroni
corrections (see Table S3 for details). All of the significant deviations from HWE were homozygote
excess, none of which was associated with a particular locus or population. Hence, all loci were
used in subsequent analysis. Null alleles were potentially implicated in 27.6% of all population-locus
combinations, with the highest estimated frequency of 0.28, found in SA106 in population TH1 (see
Table S4 for details).

3.2. Genetic Diversity

All microsatellite loci were polymorphic, with the total number of alleles ranging from six to
21 per locus (see Table S5 for details). The genetic diversity indices for each population are shown
in Table 2. Moderate genetic diversity was observed in S. alba; the average observed heterozygosity
(HO) and expected heterozygosity (HE) at the species level was 0.271 and 0.327, respectively. However,
significant levels of inbreeding (FIS) was found in two thirds of the populations (Table 2), indicating
a general homozygote excess in this species. The alleles were often fixed within a population, with
nine out of 25 populations having at least five monomorphic loci. In total, 38 private alleles (26.2% of
the total number of alleles) distributed across 18 populations were detected, with one-third of them
residing within AU1 and AU2 (Table 2).Genetic bottleneck was only detected in three populations:
MA1, MIC and NC1 (Table 2).

Table 2. Genetic diversity parameters of sampled populations. Population names are defined in Table 1.

Pop. Code AR PA HO HE HS FIS Bottleneck

MO1 1.637 0 0.099 ± 0.033 0.192 ± 0.061 0.196 0.496 * No
MO2 1.338 0 0.011 ± 0.007 0.068 ± 0.038 0.072 0.850 * No
MY1 1.739 0 0.095 ± 0.042 0.146 ± 0.063 0.150 0.366 * No
MY2 2.645 2 0.256 ± 0.063 0.332 ± 0.076 0.339 0.245 * No
TH1 2.902 1 0.206 ± 0.065 0.378 ± 0.085 0.390 0.473 * No
TH2 2.911 1 0.347 ± 0.087 0.351 ± 0.09 0.357 0.025 No
MA1 1.455 1 0.273 ± 0.129 0.178 ± 0.070 0.183 −0.492 Yes
MA2 3.055 1 0.413 ± 0.059 0.454 ± 0.055 0.461 0.104 No
SIN 2.944 1 0.405 ± 0.059 0.429 ± 0.060 0.439 0.077 No
IN1 2.474 2 0.273 ± 0.038 0.412 ± 0.056 0.422 0.353 * No
IN2 3.747 2 0.589 ± 0.066 0.565 ± 0.065 0.578 −0.019 No

MA3 1.655 0 0.065 ± 0.040 0.111 ± 0.061 0.114 0.433 * No
TH3 1.883 2 0.136 ± 0.053 0.203 ± 0.071 0.209 0.348 * No
VIE 1.760 2 0.086 ± 0.038 0.160 ± 0.054 0.164 0.471 * No

MA4 1.702 2 0.242 ± 0.082 0.234 ± 0.077 0.239 −0.015 No
PH1 3.775 1 0.496 ± 0.048 0.581 ± 0.056 0.594 0.166 * No
PH2 3.311 0 0.465 ± 0.057 0.461 ± 0.055 0.482 0.036 No
JPN 2.069 0 0.219 ± 0.042 0.380 ± 0.071 0.388 0.435 * No
PA1 4.062 2 0.531 ± 0.036 0.615 ± 0.042 0.626 0.153 * No
PA2 3.622 2 0.523 ± 0.077 0.549 ± 0.052 0.557 0.061 No
MIC 3.157 2 0.413 ± 0.063 0.506 ± 0.066 0.515 0.197 * Yes
AU1 3.26 5 0.278 ± 0.076 0.385 ± 0.102 0.393 0.292 * No
AU2 2.293 8 0.162 ± 0.068 0.241 ± 0.096 0.245 0.341 * No
NC1 1.678 0 0.091 ± 0.068 0.127 ± 0.087 0.130 0.301 * Yes
NC2 1.862 1 0.097 ± 0.063 0.117 ± 0.077 0.120 0.191 No
Mean 2.517 1.5 0.271 ± 0.016 0.327 ± 0.017 0.335

AR, allelic richness rarefied to a minimum of 10 diploid individuals; PA, total number of private alleles HO, observed
heterozygosity; HE, expected heterozygosity; HS, gene diversity; FIS, inbreeding coefficient; * significant at p < 0.05.
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3.3. Population Differentiation and Genetic Structure

Significant population differentiation (FST) averaged across all loci and populations was estimated
at 0.568 (95% CI: 0.477–0.65, 99% CI: 0.447–0.670). Pairwise population FST estimates ranged from
0.076 between neighbouring TH1 and TH2 to 0.888 between MO2 and NC1 at opposite ends of the
distribution range (Table 3). All FST values were significant at p < 0.01 after Bonferroni correction.
All pairwise F’ST values, which accounted for the underestimation of genetic differentiation under the
conditions of low genetic diversity, were higher than the pairwise FST values of the same population
pair (see Table S6 for details).

The genetic differentiation on an individual basis based on a principal coordinate analysis (PCoA)
resulted in distinct clusters of individuals, with one major cluster consisting of most individuals, and
two minor geographically-relevant clusters consisting of individuals from (1) the Andaman Sea and
northern Strait of Malacca; and (2) Southwest Pacific Ocean (Figure 2b).

The Bayesian model-based clustering analysis (STRUCTURE) revealed the largest increase in the
Ln P(D) from K = 1 to 2 and the highest ∆K at K = 2 (see Figure S1 for details). Moreover, the Ln P(D)
continued to increase slightly up to K = 15, with higher values of ∆K detected under K = 6 and 8 (see
Figure S1 for details). Therefore, the genetic structure at K = 2, 6 and 8 was employed and discussed in
this study. Although multimodality among runs was found at each K, the major clustering pattern
showed hierarchical genetic structure through K. Hence, we described only the results from the major
patterns in this study. The major clustering pattern at K = 2 inferred two clusters matching a main
geographical disjunction between populations from Northern Australia and Southwest Pacific Ocean
(Cluster II; purple), and the other populations (Cluster I; beige) (Figure 3a). Most individuals were
assigned with high probability to one of the clusters with the exception of individuals from JPN which
showed a mixed ancestry of the two clusters. Concordantly, we detected (via the BARRIER analysis)
the presence of a genetic barrier stretching across the Timor Sea, Arafura Sea, and Torres Strait towards
the Pacific Ocean, separating these two genetic clusters (Figure 3a). The F value of Cluster I (Northern
Australia and Southwest Pacific Ocean) was lower than that of Cluster II, suggesting a smaller effect of
genetic drift in the latter.

At K = 6 and 8, the subgroups identified were compatible with the two groups revealed under
K = 2, with more genetic subdivision that was consistent with geographical distribution (Figure 3b).
In both K = 6 and 8, populations from the West Indian Ocean (MO1 and MO2) genetically differentiated
from the rest, with IN1 consistently exhibiting mixed ancestry with this subgroup (Figure 3b,c).
Similarly, two populations from the Andaman Sea (MY1, MY2) and three populations from the
northern Strait of Malacca (TH1, TH2, MA1) formed another subgroup comprising only one genetic
ancestry. The Northern Australia and Southwest Pacific Ocean cluster was observed to clearly divided
into populations from Australia (AU1 and AU2) and New Caledonia (NC1 and NC2). In contrast,
extensive mixed ancestry was observed in populations from southern Strait of Malacca (MA2 and SIN)
and Java Sea (IN2). Although JPN was categorized as a population from the Northwest Pacific Ocean,
it appeared to not share the same genetic ancestry as the other three populations from the same region
(PA1, PA2 and MIC). These results corresponded closely with those from the genetic barrier analysis
(BARRIER), whereby the location of the additional four genetic barriers were identified to be (1) in the
Indian Ocean, (2) in the southern region of Strait of Malacca, (3) across the Luzon Strait between the
South and East China Seas, (4) across the Sulu Sea (Figure 3b). Higher F values (>0.5) were found in
clusters corresponding to the Indian Ocean (MO1, 2), South China Sea (MA3, TH3, VIE), and New
Caledonia (NC1 and 2).
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Table 3. Pairwise FST between population pairs (below diagonal) and significance values after Bonferroni correction (above diagonal).

MO1 MO2 MY1 MY2 TH1 TH2 MA1 MA2 SIN IN1 IN2 MA3 TH3 VIE MA4 PH1 PH2 JPN PA1 PA2 MIC AU1 AU2 NC1 NC2

MO1 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
MO2 0.319 *** *** *** *** ** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
MY1 0.705 0.819 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
MY2 0.634 0.684 0.377 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
TH1 0.629 0.664 0.372 0.206 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
TH2 0.608 0.645 0.327 0.142 0.076 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
MA1 0.768 0.863 0.646 0.426 0.352 0.344 *** *** *** *** *** *** *** *** *** ** *** *** *** *** *** *** *** ***
MA2 0.593 0.612 0.564 0.428 0.400 0.391 0.473 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
SIN 0.621 0.650 0.643 0.514 0.478 0.484 0.536 0.085 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
IN1 0.347 0.427 0.601 0.541 0.510 0.509 0.598 0.424 0.400 *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
IN2 0.499 0.514 0.555 0.438 0.392 0.409 0.514 0.250 0.256 0.264 *** *** *** *** *** *** *** *** *** *** *** *** *** ***
MA3 0.759 0.849 0.794 0.644 0.636 0.582 0.813 0.456 0.510 0.610 0.407 *** *** *** *** *** *** *** *** *** *** *** *** ***
TH3 0.679 0.769 0.702 0.569 0.552 0.514 0.732 0.350 0.400 0.523 0.332 0.262 *** *** *** *** *** *** *** *** *** *** *** ***
VIE 0.698 0.772 0.760 0.627 0.632 0.573 0.768 0.407 0.493 0.568 0.407 0.514 0.463 *** *** *** *** *** *** *** *** *** *** ***
MA4 0.722 0.769 0.746 0.631 0.612 0.596 0.736 0.449 0.476 0.576 0.473 0.719 0.627 0.667 *** *** *** *** *** *** *** *** *** ***
PH1 0.444 0.484 0.494 0.393 0.367 0.384 0.481 0.307 0.274 0.239 0.228 0.518 0.422 0.513 0.414 *** *** *** *** *** *** *** *** ***
PH2 0.611 0.685 0.619 0.513 0.450 0.463 0.571 0.406 0.379 0.349 0.286 0.659 0.537 0.665 0.569 0.238 *** *** *** *** *** *** *** ***
JPN 0.597 0.641 0.660 0.560 0.517 0.548 0.664 0.489 0.513 0.496 0.410 0.639 0.588 0.644 0.626 0.372 0.501 *** *** *** *** *** *** ***
PA1 0.496 0.499 0.536 0.450 0.412 0.437 0.461 0.296 0.285 0.336 0.239 0.544 0.455 0.527 0.482 0.292 0.331 0.446 *** *** *** *** *** ***
PA2 0.524 0.507 0.580 0.485 0.442 0.470 0.521 0.343 0.326 0.425 0.271 0.545 0.465 0.533 0.483 0.311 0.366 0.488 0.174 *** *** *** *** ***
MIC 0.559 0.572 0.588 0.515 0.464 0.484 0.539 0.361 0.330 0.364 0.317 0.588 0.501 0.564 0.509 0.325 0.361 0.524 0.228 0.309 *** *** *** ***
AU1 0.666 0.688 0.707 0.619 0.587 0.607 0.665 0.551 0.562 0.562 0.479 0.704 0.659 0.714 0.663 0.489 0.517 0.541 0.457 0.468 0.506 *** *** ***
AU2 0.751 0.794 0.760 0.667 0.654 0.661 0.745 0.631 0.663 0.660 0.599 0.811 0.766 0.793 0.751 0.583 0.669 0.633 0.556 0.571 0.606 0.555 *** ***
NC1 0.820 0.880 0.845 0.745 0.722 0.709 0.832 0.650 0.702 0.716 0.646 0.863 0.819 0.836 0.804 0.617 0.725 0.697 0.604 0.601 0.646 0.658 0.729 ***
NC2 0.824 0.888 0.851 0.748 0.716 0.711 0.841 0.675 0.725 0.724 0.662 0.871 0.825 0.841 0.810 0.637 0.734 0.716 0.612 0.603 0.655 0.661 0.738 0.504

Population names are defined in Table 1. Warmer colours (red and orange) represent higher FST values; cooler colours (green) represent lower FST values. ** and *** indicates statistical
significance at p < 0.01 and p < 0.001, respectively.



Forests 2017, 8, 483 11 of 21
Forests 2017, 8, 483  11 of 21 
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population size. The F-value of each genetic cluster is indicated on the NJ phylogram. The maps were generated using QGIS Desktop v2.18.10 [42] with country shape
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In K = 8, the mixed ancestry in JPN was no longer observed and the population emerged as a
unique subgroup (Figure 3c). Two additional genetic barriers, one isolating the Bornean population
(MA4) and another isolating the New Caledonia populations (NC1, NC2) were identified on top of the
five genetic barriers found under the K = 6 scenario.

Concordant to the PCoA, the NJ trees at K = 6 and 8 revealed genetic differentiation
between populations from the Southwest Pacific Ocean and the remaining populations clusters
(Figure 3b,c); the genetic clusters were divided into two groups corresponding to the Indo-Malesia and
Australasia subregions.

The Mantel test on the influence of Malay Peninsula on genetic structure revealed significant
correlation between the predictor matrix and the pairwise genetic differentiation before (R = 0.552,
p < 0.001) and after (R = 0.480, p < 0.01) the effects of geographic distance was accounted for. Hence,
the genetic structure of S. alba presented an east-west divide across the Malay Peninsula.

Analyses on the genetic composition of edge populations revealed lower genetic diversity, higher
inbreeding and higher genetic differentiation at range limits. Linear regression between AR, HO or
FIS and latitude revealed no correlation, significant negative correlation and significant positive
correlation, respectively (Figure 4). On the other hand, the two-sided comparison between core and
peripheral populations performed in FSTAT revealed significant differences between these core and
edge population groups in observed heterozygosity, inbreeding coefficient and genetic differentiation
(Table 4).

Table 4. Two-sided comparison between core and peripheral populations, on mean allelic richness
(AR), observed heterozygosity (HO), gene diversity (HS), inbreeding coefficient (FIS) and genetic
differentiation (FST). Comparisons for HO, FIS and FST are significant (bold) at p < 0.05.

AR HO HS FIS FST

Core 2.727 0.334 0.394 0.152 0.449
Peripheral 2.291 0.191 0.272 0.298 0.66

p-value 0.193 0.031 0.070 0.031 0.010
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Excluding mononucleotide length polymorphism, three cpDNA haplotypes were detected 
using the concatenated sequences of rpl16 and rpl20, with only three variant sites found in 1088 bp. 
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(c) inbreeding coefficient of all populations. Each open circle represents one population. Significant
negative and positive correlation was detected for observed heterozygosity and inbreeding coefficient,
respectively. The regression lines for these significant correlations were shown on the respective graphs.



Forests 2017, 8, 483 14 of 21

3.4. Chloroplast DNA Variations

Excluding mononucleotide length polymorphism, three cpDNA haplotypes were detected using
the concatenated sequences of rpl16 and rpl20, with only three variant sites found in 1088 bp.
Haplotype C occurred across the distribution range, while haplotypes A and B were only found in
populations from the South China Sea (MA3, TH3, VIE, PH1 and PH2) and New Caledonia (NC1 and
NC2), respectively (Figure 5). The same tree topology and general branch support were recovered in
MP and ML analyses, both supporting a deeper division between haplotype A, and haplotype B and
C, than between haplotype B and C (Figure 5 inset).Due to the low number of haplotypes discovered,
we used the cpDNA results mainly to supplement the findings from the SSR data.
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downloaded from DIVA-GIS [43].

4. Discussion

4.1. Majorphylogeographic Break between Indo-Malesia and Australasia

Our SSR and cpDNA data revealed significant genetic differentiation among populations in
S. alba, and hence an absence of panmixia across its distribution. An important feature of our results
is the occurrence of a main phylogeographic break between populations from Northern Australia
and Southwest Pacific Ocean cluster, and the other populations from the IWP (Table 3; Figure 3a).
This complements the findings of Yang et al. (2017) [11]. Even though the genetic divergence between
populations from North Australia to Southwest Pacific Ocean and the rest of IWP has been observed in
other mangrove species, it was never the strongest genetic break range wide, except for in R. stylosa [8].
Populations from Australia were observed to be genetically close to populations from the South China
Sea in Ceriops spp. [5], to populations from the Indian Ocean in R. mucronata [44], and to populations in
the Northwest Pacific Ocean in R. apiculata [44]. The presence of this major genetic break in S. alba (and
R. stylosa) may be explained by a periodic land barrier during glacial periods in the past 250,000 years,
which lies between Australia and New Guinea, across the present Timor Sea, Arafura Sea and Torres
Strait [45]. During interglacial periods, a complex system of westward-flowing sea surface currents
across the western equatorial Pacific Ocean moved through the Torres Strait [46], potentially acting as
a cryptic barrier. Together, this historical land barrier and contemporary oceanic barrier may result
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in the divergence between populations in this region of the Southern Hemisphere with the rest of
the IWP.

4.2. Strong Influence of Vicariance and Oceanic Barriers on Genetic Structure

Both our SSR and cpDNA data supported a genetic divide between SCS and EIO, as previously
observed in S. alba [11] and other mangrove species (see Introduction). We specifically tested for the
effect of the Malay Peninsula as a genetic barrier with and without accounting for distance, and found
a significant effect in both instances. However, the geographic distribution of cpDNA haplotypes
in our study revealed that the Malay Peninsula did not dichotomously divide lineages between the
Indian and Pacific Ocean. Instead, the haplotype in the Indian Ocean could be found throughout
the distribution range, while another haplotype was largely confined within the South China Sea.
The seclusion of the South China Sea haplotype in our study agreed with the findings from Yang et al.
(2017) [11], though our cpDNA data did not demonstrate two clades corresponding to the Indo-Malesia
and Australasia regions.

The combination of a wider geographic sampling (especially from marginal populations in the
Southwest Pacific, Myanmar and Mozambique) and the usage of faster-mutating molecular markers
(hence higher genetic diversity) in our study allowed for a broader and more refined biogeographic
analysis than afforded in the recent study of S. alba by Yang et al. (2017) [11]. Notably, on top of
EIO-SCS divergence, our data also supported further subdivision of population structuring within the
EIO and SCS. These subdivisions were not detected in a previous study by Yang et al. (2017) [11], and
highlighted the potential importance of oceanic barriers in restricting gene flow (see also [7]).

In particular, populations from the Andaman Sea and northern Strait of Malacca were found to be
highly insular, though to a lesser extent than the populations from Northern Australia and Southwest
Pacific Ocean (Table 3; Figures 2b and 3b,c). The genetic divergence observed in populations from the
Andaman Sea and northern Strait of Malacca could similarly be attributed to vicariance. During glacial
periods, larger areas of the Andaman and Nicobar islands were exposed, partially enclosing the
Andaman Sea into a basin [45], potentially limiting gene flow between the mangrove refugia within the
basin and the populations beyond it. Contemporary populations from the Andaman Sea and northern
Strait of Malacca were likely colonized by individuals from the refugia during interglacial periods.
Our Bayesian analysis revealed that the populations from the northern and southern Strait of Malacca
were from different genetic lineages, possibly as a result of this vicariance. Nevertheless, gene flow
was detected between these two lineages, suggesting that recent post-glaciation contact counteracted
the strong effects of vicariance. It is interesting to note that the phylogeographic pattern observed
here differed from that of R. mucronata, for which a genetic continuity was detected at the boundary
between the Andaman Sea and the Malacca Strait [7]. In S. alba, the boundary was pushed further
south into the Malacca Strait. Such inter-species disparity in phylogeographic pattern can result from
differences in dispersal potential, habitat specificity, and level of exposure to tidal flow [47].

Similarly, the clear dichotomous division in the Northern Australia and Southwestern Pacific
Ocean cluster (AU1-AU2 versus NC1-NC2) and the South China Sea cluster (MA3-TH3-VIE versus
MA4-PH1-PH2) under the K = 8 scenario in both the Bayesian analysis and the Barrier analysis
indicated the presence of cryptic oceanic barriers. The strong genetic differentiation between Northern
Australia and Southwestern Pacific Ocean cluster was supported by both SSR and cpDNA data.
Our study agreed with the phylogeography of reef fishes, whereby populations from the Micronesian
islands (Northwest Pacific Ocean) were more connected to Northern Australia than the Melanesia
(Southwest Pacific Ocean) (See Figure 2b) [48]. This suggests that the oceanic separation between
Australia and New Caledonia imposed by the Coral Sea is large enough to build up significant
population structure, even for marine species with high dispersability. Likewise, populations from
the South China Sea were genetically divided into mainland-origin (MA3-TH3-VIE) and island-origin
(MA4-PH1-PH2) (Figure 3c); thus, the sea itself appeared to be a genetic barrier. This genetic pattern
has been observed in S. alba itself [11] and also in viviparous mangrove species, Kandeliacandel [49].
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In the former, the divergence was attributed to glacial isolation of northern Borneo by exposed land
surrounding the Sulu Sea [11]. In the latter, the divergence was attributed to the fruiting season that
coincided with northward-flowing ocean currents cutting through the South China Sea into the Pacific
Ocean, thus preventing dispersal between populations from the east and west corners of the South
China Sea [49]. Landscape level propagule release simulations, which account for ocean circulation
patterns, will be able to cross-validate these inferences [50].

Our present data also revealed the presence of an admixture zone in the Java Sea and southern
Strait of Malacca, as supported by two lines of evidence: (1) populations MA2, SIN and IN2 consistently
showing mixed ancestry in the STRUCTURE analysis under K = 6 and K = 8 scenarios (Figure 3b,c);
and (2) these populations having relatively low pairwise genetic differentiation with other populations
in IWP (Table 3). The observed admixture zone is strategically located at the crossroad between the
Indian and Pacific Oceans and hence may be receiving genetic input from different neighbouring
genetic clusters. Indeed, the well-known genetic break between these two oceans can be more precisely
placed at a mere 300–400 km stretch across the Java and Flores Sea [51,52]. Although significant
genetic differentiation was detected across the Java and Flores Sea, populations in this region were
commonly found to include haplotypes from either side of the genetic break [53,54]. This highlights
the contemporary role of the admixture zone in homogenizing genetic divergence between the Indian
and Pacific Oceans, potentially reducing lineage diversification.

4.3. Restricted Gene Flow

Our findings revealed unexpectedly restrictive gene flow in S. alba. Aside from the admixture
zone in the Java Sea and southern Strait of Malacca, gene flow has been largely restricted to within
an oceanic region. Furthermore, we detected significant genetic differentiation in all pairwise FST

comparisons, even between neigbouring populations. This signifies a profound limiting gene flow in
this species, and lends support to previous claims that S. alba propagules have limited buoyancy and
dispersal distance. Although pollen dispersal by nectarivorous bats could potentially result in long
distance gene flow, it is still limited to linear coastlines or between islands in close proximity.

Our findings thus question the importance of long distance dispersal and its role in colonization.
How can a species with dispersal seemingly so constrained by geographic distance achieve such
a widespread distribution? One possible explanation is the ability of S. alba to withstand higher
inundation and salinity, which results in its niche occupancy at lower intertidal zones. Being close
to the seafront means that the propagules of S. alba are more accessible to the open ocean and are
hence easily dispersed by outgoing tides. Indeed, local retention due to physical barriers is a main
impediment for dispersal in the marine environment [55]. In mangroves, local retention by trapping
agents (e.g., mangrove aerial roots) could be so limiting as to influence dispersal distance, dispersal
patterns [56] and even the zonation of vegetation [57]. In addition to being at the seafront, S. alba has one
of the smallest propagules among mangrove species, hence it is likely that S. alba propagules experience
low local retention and a high possibility of dispersal beyond the population. Another factor that could
contribute to the widespread distribution of S. alba is its high fecundity. The sea dispersal syndrome
can be exceptionally successful for colonization [58], which can occur even with very small number
of founding individuals [59]. Long distance dispersal by chance has been detected in propagules
with limited dispersal capabilities, often by means of rafting [60]. Although S. alba propagules may
have low buoyancy, their high numbers increase the chance of rare long distance dispersal events.
The highly local gene dispersal found in S. alba thus highlights the potential importance of ecological
traits such as niche occupancy at the lower intertidal zone, small propagule size and high fecundity to
counteract the effects of limited dispersal distance, resulting in S. alba being one of the most successful
mangrove species.
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4.4. Low Genetic Diversity and High Genetic Drift at Range Edge

In general, the genetic diversity of S. alba was low, with an average gene diversity of
0.335. This corresponded with the lower nucleotide diversity across populations detected in
Zhou et al. (2011) [12] and Yang et al. (2017) [11], both of which attributed this to a demographic
history involving recent colonization, migration and local adaptation. Such consistently low level of
genetic diversity could also be a character mirrored by long species history [61].

Our results demonstrated that populations of S. alba at higher latitudes were characterized by
lower heterozygosity and higher levels of inbreeding, with no apparent decrease in allelic richness.
With the exception of MA3, the five populations with the lowest genetic diversity were marginal
populations from Mozambique (MO2), New Caledonia (NC1 and 2) and Myanmar (MY1). In contrast,
higher genetic diversity was found in populations closer to the equator, around the central area of the
species range, e.g., such as Indonesia (IN2), Philippines (PH1) and Palau (PA1 and 2). Highly divergent
loci despite low heterozygosity have been detected in S. alba previously [11,12]. Here, we confirmed
that this pattern is present in marginal populations across the entire distribution range.

In this study, we detected more detailed genetic diversity and structure, especially in marginal
populations, than in Yang et al. (2017) [11]. Even at low genetic diversity, we observed polymorphism
in all the marginal populations while Yang et al. (2017) found no polymorphism in several marginal
populations [11]. For example, a high number of private alleles was detected in the population from
Daintree in this study (AU1) while no polymorphism was detected by Yang et al. (2017) [11]. in the
same population. This highlights the importance of employing loci with high variability in studying
genetically impoverished species.

Lower genetic diversity at range limits is common in mangroves [62–64]. The low level of
genetic diversity of S. alba at range margins was previously attributed to low effective population
size due to demographic instability, repeated bottleneck and founder effect [11]. However, our results
contrast with these previous findings [62–64] as higher inbreeding at range limits was not affiliated to
a significantly impoverished allelic diversity in S. alba. With the exception of populations from the
SCS, the highest F-values were detected in genetic clusters located at range edges (populations from
Mozambique, New Caledonia and Japan), indicating strong genetic drift in marginal populations. The
absence of a bottleneck effect in all marginal populations (except for NC1) indicated that the genetic
drift detected could not be attributed to recent demographic contraction. Therefore, the most likely
explanation would be founder effects coupled to low gene flow. Marginal populations are usually
gene flow sinks that receive migrants from core populations [65]. Stronger founder effects at range
edge could be attributed to repeated range contraction and expansion following glacial-interglacial
cycles [11]. Furthermore, suitable habitats are scarce at range edges, thus increasing the isolation of
marginal populations and reducing gene flow among them.

5. Conclusions

Our study represents a comprehensive assessment of the global phylogeography of S. alba.
By sampling throughout its entire distribution range, we demonstrated that gene flow in this species is
highly restricted by genetic barriers and geographic distance despite having a widespread distribution
and dispersal by sea. Sonneratiaalba shares most of its phylogeographic breaks with other mangrove
species, suggesting that mangroves were under the influence of similar biogeographic drivers.
Nevertheless, differences in the relative significance of the breaks indicated that S. alba has a unique
biogeographic history characterized by strong genetic divergence at the subregional scale and genetic
drift at range limits. Vicariance, oceanic barriers and geographic distance collectively explained the
observed genetic pattern in S. alba. The highly restricted gene flow detected in our study supports the
fact that the S. alba propagules have limited dispersal distance and highlights the importance of low
local retention and high fecundity in ensuring colonization success.

Understanding the underlying mechanisms of genetic divergence not only offers a glimpse of
the biogeographic history of a species but also future distributions and evolutionary trajectories [66].
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This study advances geographic scope of mangrove phylogeography by demonstrating a unique
scenario whereby a widespread species has limited dispersal distance and high genetic divergence
among populations. Specifically, the presence of range-wide IBD stresses the importance of individual
populations in maintaining gene flow. The present expanded range (relative to historical ranges) may
promote genetic homogenization in some regions (e.g., the mixing zone between Indian and Pacific
Oceans) but intensify diversification in others (e.g., the Coral Sea separating New Caledonia from
Australia). Therefore, identification of the evolutionary trajectories of these regions is essential to
improve conservation strategies and to understand ecological consequences of future changes. Future
studies should focus on mangrove species with varying life history traits and distribution ranges
in order to reconstruct the historical biogeography of mangroves as a community and improve our
understanding of biogeographic patterns and the future evolution of mangroves.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/12/483/s1,
Table S1: Primers and internal primer pairs (newly designed) used for cpDNA sequencing, Table S2: The 95%
confidence interval of the pairwise FST between populations, corrected using the ENA method, Table S3:
Estimation of exact p-values by the Markov chain method for the Hardy-Weinberg test for heterozygote deficit,
Table S4: Estimated null allele frequency for all population-locus combinations, Table S5: Genetic diversity
parameters of the eleven microsatellite loci employed in this study, Table S6: Pairwise F’ST between population
pairs, Figure S1: Plot of k value against ∆K from STRUCTURE analysis according to STRUCTURE HARVESTER,
indicating that the most likely number of clustersin the total population was two.
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