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ABSTRACT

Aim Population genomics data were used to determine the genetic diversity,
genetic divergence and genetic structure of the mangrove, Rhizophora apiculata,
across its distributional range and to re-assess the evolutionary processes that
shaped its current distribution.
Location The Indo-Malesian region section of the Indo-West Pacific region.
Methods Next-generation sequencing technology was used to sequence 81
nuclear loci from a pooled DNA sample of 31–44 individuals of Rhizophora
apiculata from 11 populations. Five nuclear loci from six to eight individuals
from 18 populations were sequenced using conventional Sanger sequencing
technology to validate the results.
Results Genetic diversity at the population level was low (p and h were
< 1.0 9 103 in most of the populations), but relatively high at the
species level (p = 2.419 9 103 and h = 1.362 9 103). The populations of
R. apiculata in the Indo-Malesian region were genetically differentiated and
grouped into three clusters: east Indian Ocean (EIO), South China Sea (SCS)
and Australasia (AUA). Based on the genetic distance matrices, two genetic discontinuities were observed, and they correspond to the Malay Peninsula land
barrier and the Wallacea zone. The admixture observed in populations from
the Malacca Strait was attributed to asymmetric gene flow through the strait,
which was simulated by the isolation-with-migration (IM) model.
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Main conclusion Both the Sunda shelf barrier and ocean currents in Wallacea contributed to the observed genetic discontinuity, which separated R.
apiculata into three clusters (SCS, EIO and AUA). The cycle between extinction
and recolonization in the SCS in response to Pleistocene sea level fluctuations
reduced the genetic diversity within populations. The repeated opening and
closing of the gene flow corridors, such as the Malacca Strait, may have blurred
the genetic discontinuities to an extent and introduced an admixture into
populations in boundary areas.
Keywords
biogeography, evolution, genetic structure, Indo-Malesian region, land barrier,
mangrove, population genomics, Rhizophora apiculata

INTRODUCTION
Mangroves comprise a small number of highly specialized
plant species that are uniquely adapted to regular inundation
by seawater (Tomlinson, 1986). Although it is well known
that the characteristics such as saltwater adaptation restrict
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these plants to coastal and estuarine margins in warmer latitudes (Duke et al., 1998a), the mechanisms by which these
species evolved and dispersed are not as well understood
(Duke et al., 2002; Lo et al., 2014). To better understand
these matters, we must fully consider how these plants
dispersed under the influence of factors such as salinity,
ª 2016 John Wiley & Sons Ltd
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temperature, dispersal range and drought tolerance. The predominant means of dispersal has most likely been through
buoyant seeds and viviparous seedlings. It is also considered
that dispersal was greatly facilitated by continental drift and
the breakup of Gondwana (Duke, 1995). As land fragments
relocated, they carried plants and animals with them. Each
of these parameters must be carefully considered in the context of likely evolutionary and dispersal pathways. For
instance, the water-borne dispersal of propagules may be
limited by the long-distance dispersal ability of individual
species, with the expectation that each species would vary in
this capacity from poorly effective to specialist (Rabinowitz,
1978). Importantly, drift dispersal is further limited by at
least three highly influential factors, including temperature,
suitable niche availability and land barriers (Duke et al.,
1998a). It is of great interest that despite these many limitations, certain species, for example of Rhizophora, are currently distributed world-wide (Triest, 2008; Takayama et al.,
2013).
Factors shaping the distribution of extant mangroves are
believed to be a combination of historical and current barriers. Certain ancient patterns are occasionally preserved
within current barriers to dispersal. These unusual occurrences are known as distributional discontinuities, and they
provide information on the evolution of the affected species.
For the Indo-West Pacific (IWP) region, a number of studies
have reported low levels of genetic variation within populations and significant genetic differentiation among groups of
populations, separated by land barriers, open water or sea
currents. They include Kandelia candel (Chiang et al., 2001;
Giang et al., 2006), Avicennia marina (Duke et al., 1998b;
Maguire et al., 2000), Ceriops sp., (Liao et al., 2007; Huang
et al., 2008, 2012), Lumnitzera littorea (Su et al., 2007), Bruguiera gymnorhiza (Minobe et al., 2009), Rhizophora mucronata and R. stylosa (Wee et al., 2015). Migrations of B.
gymnorhiza through the Malacca Strait were also observed in
studies by Minobe et al. (2009) and Urashi et al. (2013).
Rhizophora apiculata was described as having distinct
intraspecific morphotypes in the Indo-Malesian region and
in Australasia (AUA) separated by Wallace’s line of discontinuity, which is relevant to this study (Duke et al., 2002).
In particular, glacial and interglacial periods over the past
two million years (Webb & Bartlein, 1992) have severely
affected the evolutionary history of plants at both high and
low latitudes (Comes & Kadereit, 1998; Hewitt, 2000, 2004;
Provan & Bennett, 2008). Although tropical mangroves were
not influenced directly by the advance and retreat of the ice
sheets, climatic oscillations and sea level changes over time
are considered to be the most important factors influencing
the population dynamics of mangroves and certain lowland
rainforest trees (Hewitt, 2000; Iwanaga et al., 2012). As a
dominant mangrove, R. apiculata occurs from India across
Southeast Asia to Papua, north to the coast of southern
China and south to northern Australia and the islands of the
south-west Pacific (Duke et al., 2002). When present in
coastal forests, this species is often dominant. However,
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environmental changes and development by humans have
impacted the populations of R. apiculata, as well as other
mangroves (Farnsworth & Ellison, 1997; Stellman et al.,
2003) and these reduced and fragmented populations may
have lost genetic diversity, making them further vulnerable
to disturbance.
Several evolutionary studies of R. apiculata have suggested
that the populations in the Indo-Malesian region are not
genetically continuous and indicated that the Malay Peninsula was likely to have been a land barrier (Inomata et al.,
2009; Lo et al., 2014; Yahya et al., 2014; Ng et al., 2015).
These investigations sampled only a few populations from a
narrow geographical range and were insufficient to resolve
these questions due to the molecular markers they used and
the size of the data set they obtained. Hence, important
questions remain regarding the extant distributional pattern
of R. apiculata, including: (1) What are the patterns of
genetic diversity and population structure across its range of
distribution? (2) Has the Malay Peninsula indeed served as a
land barrier? and (3) What are the underlying evolutionary
mechanisms other than land barrier that have shaped the
current distribution and genetic patterns? An enhanced
genetic assessment and more comprehensive sample collections across a wider part of the distributional range of R.
apiculata, are required to address these issues. Therefore, we
first analysed the population genomics to further assess
genetic diversity and population structure of R. apiculata in
the Indo-Malesian region, which is a core part of the global
IWP region. We then further investigated the likely evolutionary mechanisms in R. apiculata to better understand the
influence of the Malay Peninsula as a barrier on the evolution and dispersal of this dominant mangrove. Such observations provide invaluable insights into conserving this
valuable mangrove.
MATERIALS AND METHODS
Plant materials and sequencing
We collected 31–44 individuals from each of 11 populations
through Indo-Malesian region and northern AUA (Table 1,
Fig. 1b). Sampled individuals were at least 5 m apart. Total
DNA was extracted from leaves using the CTAB method
(Doyle & Doyle, 1987). For each population, we pooled
equal amounts of total DNA from all individuals of the population, which were then subjected to experiments described
in detail by Zhou et al. (2011). Eighty-one loci were amplified for each of the pooled population samples using 77 pairs
of newly developed nuclear primers (Chen et al., 2015; primer information is also provided upon request. See Appendix 1 for more details) and four known nuclear gene
primers: DLDH, mang-1, PAL1 and SBE2 (Inomata et al.,
2009). Briefly, c. 200 pairs of new primers, based on the
transcriptome sequences of R. mangle, were anchored in the
exons. Among them, 77 pairs were chosen if the polymerase
chain reaction (PCR) products from the genomic templates
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Table 1 Location, sample size and sequencing platform of Rhizophora apiculata populations sampled in this study from Southeast Asia.
Location

Site ID

Longitude and Latitude

Sequencing platform

Sample size*

Medan, North Sumatra, Malaysia
Ranong, Thailand Western Coast
Chaiya, Thailand Eastern Coast
Khanom, Thailand Eastern Coast
Kukup, Johor Baharu, Malaysia
TanjungPiai National Park, Johor Baharu, Malaysia
Cilacap, Java, Indonesia
Danzhou, Hainan, China
Yalong Bay, Hainan, China
Tielu Habor, Hainan, China
Qinglan Habor, Hainan, China
Sibu, Sarawak, Malaysia
Denpasar, Bali, Indonesia
Sandakan, Sabah, Malaysia
Davao, Philippines
Sorong, West Papua, Indonesia
Barrin river, Cairns, Australia
Efate Island, Vanuatu

NS
TW
TE2
TE1
MS1
MS2
JV
DZ
SY
TL
QL
WB
BL
EB
PH
WP
NA
VA

98°70 E, 4°70 N
98°320 E, 09°520 N
99°150 E, 9°220 N
99°520 E, 09°090 N
103°260 E, 1°200 N
103°300 E, 1°160 N
108°590 E, 7°440 S
109°320 E, 9 °520 N
109°360 E, 18°130 N
109°430 E,18°150 N
110°470 E, 9°320 N
111°180 E, 2°110 N
115°110 E, 8°430 S
117°330 E, 5°540 N
125°250 E, 7°120 N
131°170 E, 0°540 S
145°460 E,16°520 S
168°170 E, 6°460 S

Sanger
Illumina
Illumina
Illumina
Illumina
Sanger
Illumina
Sanger
Illumina
Illumina
Illumina
Sanger
Sanger
Sanger
Illumina
Illumina
Illumina
Sanger

6
34
34
34
44
6
44
6
30
30
30
6
6
6
31
39
34
6

&
&
&
&

Sanger
Sanger
Sanger
Sanger

& Sanger
& Sanger
& Sanger
& Sanger

& Sanger
& Sanger
& Sanger

(6)
(6)
(6)
(6)
(8)
(6)
(6)
(6)

(7)
(6)
(6)

*The sample size of each population. The number in the brackets is the individual number for Sanger sequencing.

meet the criteria that the length ranging from 500 to
1500 bp. The purified PCR products were pooled in equal
quantities to reach a total of 10 lg for sequencing on the
Illumina HiSeq 2000 platform at Huada Genomic Institute
(BGI) (Shenzhen). Sequencing followed the manufacturer’s
instructions. Double-stranded Sanger sequencing was conducted with all 81 amplification primers and internal locusspecific primers (when necessary) on an ABI 3730 DNA
automated sequencer for one individual from the population
of SY (Sanya, Hainan Island, Table 1) to obtain reference
sequences (Chen et al., 2015).
Additionally, we used Sanger sequencing to examine the
population genetic pattern of R. apiculata. We sequenced
five randomly selected genes, GALK, ALDO, LUG, NQO1
and SSRP1 (see Appendix S1 in Supporting Information),
from six to eight individuals from each of the 11 populations above and seven additional populations (18 populations, 111 individuals in total, Table 1, Fig. 1b). We also
sequenced six genes, SSRP1, LUG, 22, C22-L, 23186 and
22454-L (see Appendix S1) from 30 individuals from the
SY population and three genes, SSRP1, LUG, and C22-L,
from all 30 individuals from the QL (Qinglan Harbour,
Hainan, Table 1) and TL (Tielu Harbour Hainan, Table 1)
using the Sanger method to validate the single nucleotide
polymorphisms (SNPs) called by the Illumina sequencing
platform.
Sequencing data analysis
Alignment of short reads and identification of SNPs was performed using maq 0.7.1 (Li et al., 2008; see Appendix S2 for
details). The nucleotide polymorphism Watterson’s h was
estimated using the method of He et al. (2013). Haplotypes
and their frequencies in each population were inferred by an
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expectation-maximization algorithm (Dempster et al., 1977;
Bilmes, 1998) using the linkage information of the SNPs in
each pair of reads. Based on the haplotype information, the
nucleotide diversity p (average number of nucleotide difference per site between two sequences) for each gene in each
population was estimated according to Nei’s formula (Nei,
1987). We also calculated Wright’s F statistics (FST) to measure the levels of genetic differentiation among populations.
barrier 2.2 (Manni et al., 2004) was used to calculate
Monmonier maximum difference algorithm to identify biogeographical boundaries or areas exhibiting the largest
genetic discontinuities between population pairs using the
FST matrix as the distance matrix. Conventionally, the
robustness of each barrier was assessed by bootstrapping over
loci to generate 100 matrices of genetic differentiation and
then tabulating the number of bootstraps that support the
barrier. Taking advantage of the large amount of data produced by deep sequencing, we calculated an FST matrix for
each of the 79 polymorphic genes, then assessed the robustness by the 79 FST matrices and tabulated the number of
genes that supported the barrier.
Using the network 4.6 (http://www.fluxus-engineering.com/), haplotype networks of all 81 genes (162 segments
longer than 100 bp) across the 11 populations were obtained
by an expectation-maximization algorithm and then visualized. We found that the haplotypes of 84 fragments fell into
two divergent lineages that were defined by the following criteria: (1) one lineage divergent from the other by at least two
SNPs if the haplotype network includes more than two haplotypes, or (2) the haplotype network only includes two distinguished haplotypes. For other nine fragments, three lineages of
haplotypes could be defined according to the criteria above.
We denoted the haplotypes distributed mainly in the South
China Sea (SCS) as the SCS group haplotypes. Then, we
Journal of Biogeography 43, 1856–1868
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Figure 1 Genetic discontinuities discovered by both deep and Sanger sequencing. (a) The average FST matrix estimated based on the 81
deep sequencing genes. Red colour indicates a large FST value, while blue indicates a small one. (b) Results of the barrier analysis
(Manni et al., 2004) based on deep sequencing data, showing the spatial separation of Rhizophora apiculata populations. Detected
barriers (thick red line) separating the SCS and other groups, with robustness over 79 FST matrices. Black numbers indicate the number
of genes which support a barrier on the related red line. Red and yellow dots indicates sampling location for Sanger sequencing only,
both Sanger and deep sequencing respectively. The background picture was drawn from Hall (2009) (c) Heatmap of SCS Group
Haplotype Proportion. Numbers on the right side are E values, which range from 0 to 1, and are proportional to the colour depth. (d)
Plot of the first and second axis of a multidimensional scaling analysis based on pairwise FST values among populations of Sanger
sequencing genes. The letters are the abbreviation of the sampling population names. The populations in different clusters are indicated
by different colour.

counted in each population the number of fragments exhibiting the SCS group haplotypes, which was then divided by the
total fragments number, producing a frequency we called SCS
haplotype proportion. An SCS haplotype proportion value of
1 indicated that all the counted fragments presented the SCS
haplotype in that population. An SCS haplotype proportion
distribution heat map was drawn using the R package ‘pheatmap’ (http://mirrors.xmu.edu.cn/CRAN/).
Sanger sequencing data analysis and demographic
history simulation
A multi-dimensional scaling (MDS) analysis based on the
matrix of the average FST value of five Sanger-sequenced
genes was conducted to visualize the genetic relations among
Journal of Biogeography 43, 1856–1868
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populations using the ‘cmdscale’ package in R (see in the R
help page of ‘cmdscale’). Genetic clusters of the populations
were also inferred using the Bayesian clustering approach
with structure 2.3.4 (Pritchard et al., 2000; Falush et al.,
2003; Hubisz et al., 2009). The Bayesian clustering programme identifies the K genetic clusters of origin of the sampled individuals and assigns the individuals simultaneously
to the genetic clusters by calculating the posterior probability. To determine the optimal K, 20 independent runs were
performed for each number of clusters (K = 1–8) with 105
burn-in and 5 9 105 Markov chain Monte Carlo (MCMC)
chains under the admixture and correlated allele frequency
models. The method proposed by Evanno et al. (2005) was
adopted to estimate the number of clusters (see Appendix S2
for details).
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Given that the populations in the Malacca Strait were an
admixture as the structure analysis indicated, the isolation
of the Malay Peninsula was supposed to be incomplete and
migration across the peninsula was expected. The isolationwith-migration (IM) model implemented in the ima2
software (Hey & Nielsen, 2007; Hey, 2010) was applied to
estimate the bi-directional migration rates, effective population sizes, and population divergence times using the Sangersequenced data (see Appendix S2 for details). Populations
from the SCS, east Indian Ocean (EIO), and the boundary
between the SCS and EIO were represented by three selected
populations of EB (Eastern Borneo, Table 1), TW (Thailand
Western coast, Table 1) and MS1 (Malacca Strait, Table 1).
We constructed the prior phylogenetic tree according to the
MDS and Bayesian clustering, which indicated that MS1 was
closer to EB.
RESULTS
Nucleotide diversity estimation
Using next-generation sequencing techniques, we sequenced
77–81 genes, ranging in length from 293 to 2070 bp, and
averaging 989 bp for a total of 80,134 bp. The average
sequencing depth of the three populations from Hainan (SY,

QL and TL, Table 1) was c. 3000x, whereas that from the
other eight populations was c. 6000x. Of the short reads produced by the HiSeq 2000 platforms, 84.13–93.46% could be
correctly mapped to the reference sequences (see Table S1 in
Appendix S2). Of the 81 genes, 79 were polymorphic among
the 11 populations, whereas only 35–69 genes were polymorphic within individual populations. Within each population,
90–349 SNPs were identified, with 546 SNPs observed among
populations.
The nucleotide diversity p and nucleotide polymorphism
Watterson’s h calculated for each gene indicated that the
nucleotide variation in R. apiculata is generally low in all 11
populations, especially in the populations from Hainan and
Australia (Fig. 2a, Table 2). The estimated average p value
for each population ranged from 0.236 9 103 to
1.327 9 103, and the h value ranged from 0.224 9 103 to
8.95 9 103. The highest values of both parameters were
observed in MS1 (p = 1.327 9 103 and h = 8.95 9 103)
(Fig. 2a, Table 2). The neutrality test suggested that the five
Sanger sequencing genes could be treated as neutral markers
in R. apiculata (see Table S2 in Appendix S2). Consistent
estimates were obtained based on the Sanger-sequenced data.
The average p value ranged from 0 to 2.39 9 103, whereas
the h value ranged from 0 to 1.63 9 103. Notably, only
populations of MS1, MS2 and WP (West Papua, Table 1)

Figure 2 Genetic diversity estimated from
the dual data sets. (a) Boxplots of
nucleotide diversity (p) of each gene
estimated for deep-sequenced data. (b) The
barplots of genetic diversity estimated based
on the Sanger-sequenced genes. The red
bars stand for the average value of
Watterson’s estimator (h), and the blue bars
stand for the average value of nucleotide
diversity (p).
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Table 2 Genetic diversity estimates for 81 nuclear genes in 11 populations of Rhizophora apiculata.
Population

SNPs

Analysed sites (depth > 100)

Genes

Polymorphic genes

h (9103)

p (9103)

Tajima’s D

TW
TE2
TE1
MS1
JV
SY
TL
QL
PH
WP
NA
Total

310
184
163
340
299
91
114
90
304
349
275
546

70,151
70,140
67,056
73,003
71,626
67,463
69,128
68,985
70,783
72,364
71,827
55,523

77
77
75
81
81
77
79
79
81
81
81
81

65
52
52
69
64
39
41
35
64
68
55
79

0.833
0.545
0.494
0.895
0.711
0.224
0.305
0.233
0.893
0.861
0.415
1.362

0.916
0.652
0.574
1.327
0.732
0.29
0.332
0.236
0.776
0.928
0.239
2.419

0.149
0.41
0.294
0.703
0.052
0.375
0.112
0.018
3.26
0.165
1.323

p, nucleotide diversity; h, nucleotide polymorphism.

present p or h values larger than 1.0 9 103 (Fig. 2b and see
Table S3). Almost no diversity was detected in population
NA (Northern Australia) and VA (Vanuatu, Table 1). At the
species level, the p values estimated from the two datasets
were close, 2.419 9 103 and 2.490 9 103 (Table 2 and see
Table S3), which indicated a relatively high level of genetic
diversity at the species level. The h value estimated using the
two data sets were 1.243 9 103 and 1.362 9 103 (Table 2
and see Table S3).
Genetic differentiation between populations and
population structure estimation
Pairwise FST values between populations were calculated based
on the deep-sequenced dataset. The NA population is most
differentiated from the other populations (FST = 0.346–0.794)
(Fig. 1a and see Table S4). Populations of TW, JV (Java,
Table 1) and WP also showed a high level of genetic differentiation from populations in the SCS (TW: FST = 0.242–0.532;
JV: FST = 0.361–0.582; WP: FST = 0.364–0.565) (Fig. 1a and
see Table S4). The genetic differentiation among the populations of TE1 (Thailand eastern coast, Table 1), TE2, MS1, QL,
SY, and TL in the SCS region was relatively small (0.049–
0.298), and the smallest FST value (0.049) occurred between
TE1 and TE2 (see Table S4). By calculating Monmonier’s maximum-difference using the program barrier, we established
two biogeographical boundaries of R. apiculata in the IndoMalesian region. One was in the Malay Peninsula, which was
supported by 79 genes, and the other was in the Wallacea
region, supported by 79 or 69 genes (Fig. 1b). The JV and PH
(Philippines, Table 1) populations were also isolated from
other populations with the support of 53 or 56 genes (Fig. 1b).
The MDS analysis of the mean pairwise FST matrix of the five
Sanger-sequenced genes revealed an approximately consistent
pattern, with TW, NS (North Sumatra, Table 1) and JV
grouped in the lower right corner; NA and VA grouped in the
upper right corner, and the other populations grouped in the
upper left corner, including the WP population, which is geographically located south of the Wallacea barrier (Fig. 1d).
Journal of Biogeography 43, 1856–1868
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The lower level of genetic differentiation between the WP and
SCS populations may have been caused by the admixture of
individuals observed in WP (Figs 3b & 4).
The population structure was also inferred using the
structure program based on the Sanger-sequenced data set
to identify the uppermost hierarchical level of genetic clusters. The optimal K was estimated to be 2 according to Evanno’s method (Fig. 3a), and one cluster included the
populations from DZ (Danzhou, Hainan, Table 1), QL, TL,
SY, PH, WB (western Borneo, Table 1), EB, TE1, TE2, MS1,
MS2 and BL (Bali, Table 1), which we defined as the SCS
cluster; and the other cluster included the populations of
NA, VA, WP, TW, NS and JV (Fig. 3b). However, when
K = 3, the NA, VA and WP populations were well separated
from the TW, NS and JV populations (Fig. 3b). We defined
the former group as the AUA cluster and the later group as
the EIO cluster. Notably, a considerable amount of admixture was identified in WP, MS1 and MS2.
Haplotype grouping and geographical distribution
Of the 162 haplotype networks of the deep-sequenced segments, nine fell into three divergent haplotype groups that corresponded to the EIO, SCS and AUA clusters described above.
However, 84 segments fell into pairs of groups, with (1) 48
split into the AUA-EIO and SCS groups, (2) 17 split into the
AUA-SCS and EIO groups and (3) 19 split into the EIO-SCS
and AUA groups. Populations in the contact zones (MS1, JV
and PH) always showed an admixture. The remaining 69 segments show no haplotype grouping indicated by their loop or
star-like haplotype network topology. The SCS haplotype proportion statistic based on the 59 fragments that could be
unambiguously assigned the SCS haplotype also showed differences among populations. The values of the EIO (TW and JV)
and AUA (NA, WP) populations equalled approximately one
or zero, whereas the values of the SCS populations (SY, TL,
QL, PH, TE1 and TE2) were mostly close to one (Fig. 1c). The
only exception was MS1, whose distribution was continuous
rather than polarized (Fig. 1c).
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Figure 3 Bayesian clustering results of individuals in the 18 populations of Rhizophora apiculata estimated using the structure
program. (Pritchard et al., 2000; Falush et al., 2003; Hubisz et al., 2009) (a) The best clustering number estimated as 2 (K = 2)
according to Evanno’s method (Evanno et al., 2005). (b) Frequencies of genetic components of each individual separated by K = 2, 3.
Each thin vertical bar represents an individual and each bold vertical bar which separated by a black line represents a population.
Population names are listed below the plot according to the geographical order listed above the plot.

Figure 4 Geographical distribution of the haplotypes inferred in the four of the five Sanger sequencing genes. The corresponding
haplotype network was drawn on its right-upper, in which colours corresponded to haplotypes. In the haplotype network, circle size is
approximately proportional to the number of individuals of each haplotype. The number beside the lines indicates the mutation steps.
Part (a-d) indicated the distribution of gene GALK, ALDO, LUG and NQO1, respectively.

The data from the five Sanger-sequenced genes were also
used to construct haplotype networks. The haplotypes could
be designated as two groups within four of the five networks.
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In GALK, ALDO and LUG, one group constituted all of the
SCS populations defined above, whereas the other group
consisted of the EIO and AUA populations, although the
Journal of Biogeography 43, 1856–1868
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SCS haplotypes of LUG also dominate in the EIO populations (Fig. 4). NQO1 differed in that the most divergent
neighbour haplotypes were the two that were widely distributed in the SCS populations. Populations located beside
the barriers (MS1, MS2 and WP) always presented haplotypes of both groups (Fig. 4). The three haplotypes found in
SSRP1 differed only in a one-step mutation, suggesting that
defining the groups of haplotypes was less meaningful than
expected (see Fig. S1 in Appendix S2).
Demographic history analysis
The admixture in MS1 and MS2 indicates that there was
gene flow between EIO and SCS, which might have occurred
through the Malacca and Sunda straits when sea levels rose.
The simulations implemented in IMa2 allowed us to estimate
not only population sizes and divergence times, but also
migration rates and direction. Sufficient MCMC mixing was
acquired, as indicated by effective sample size values larger
than 50 for all of the estimated parameters. We set the mutation rate to 8.16 9 1010 per site per year (H. Ziwen et al.,
Unpublished), and the generation time to 20 years (L
opezHoffman et al., 2007). The estimates for the effective population sizes (h) of MS1, EB, and TW were 60, 1199 and 1134
respectively (Fig. 5b and Table 3). Moreover, the estimated
migration rates were not statistically greater than zero
except for that from TW to MS1 (2Nm = 0.70, 95% HPDI:
0.150–1.227, LLR = 42.568, P = 0.001) and from EB to MS1
(2Nm = 1.270, 95% HPDI: 0.328–2.134, LLR = 7.504,
P = 0.02). Finally, the estimated divergence time t1 was
c. 173.5 kyr and t0 was 51.94 kyr (Fig. 5c and Table 3).
DISCUSSION
Genetic diversity and population structure pattern
Low-level within-population polymorphism, and a relatively
high level of genetic diversity at the species level across the core
region of the range of R. apiculata were detected. In other species of mangroves such as S. ovata, S. alba, C. tagal and B. gymnorrhiza (Huang et al., 2008, 2012; Zhou et al., 2010, 2011;
Urashi et al., 2013), absent or low levels of nucleotide polymorphisms at the populations level were observed. For mangroves, the low level of genetic diversity at the population level
may have been caused by the repeated cyclic events of extinction and recolonization. During the Pleistocene glacial periods,
especially during the Last Glacial Maximum, the coastlines
retreated to a stage very different from what is observed today
as the sea levels dropped by as much as 125 m below present
level (Voris, 2000). The climate in the northern SCS would
have been much colder and drier, whereas the climate in Sundaland would have been marginally colder but not drier (Sun
et al., 2000). Consequently, tropical lowland rain forest and
mangroves grew on the southern Sunda shelf, whereas grassland covered the northern continental shelf (Sun et al., 2000).
During this period, relict mangroves were restricted only to a
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narrow belt along the coastline of the Sunda shelf, which is
indicated by the low representation of mangrove pollen
records from deep sea cores of the Sunda shelf and completely
absent mangrove pollen records from the northern continental
shelf (Sun et al., 2000; Cannon et al., 2009). As the coastline
retreated when interglacial sea levels rose, mangroves would
have experienced a dramatic but relatively brief expansion
(Cannon et al., 2009). The founder effect that occurred during
the extinction and recolonization process would have greatly
eliminated the genetic diversity of the local populations, particularly in peripheral areas such as Hainan and the Gulf of
Thailand (Fig. 2). The reduced effective population size in the
MS1 population, as estimated by IMa2, was also evidence for a
bottleneck (Fig. 5b). This pattern was also reported in mangroves in Southeast Asia, such as C. tagal (Huang et al., 2012)
and B. gymnorhiza (Minobe et al., 2009; Urashi et al., 2013).
At the species level, genetic diversity was higher than in
other species of the Rhizophora genus and Ceriops investigated,but much lower than in Sonneratias. Compared with
terrestrial species, the genetic diversity of R. apiculata is comparable with its phylogenetic relatives in the genus Populus,
but much lower than in the halophyte Arabidopsis lyrata.
(see Table S5 in Appendix S2). The strong genetic differentiation between populations, particularly between populations
from different groups, might have contributed to the relatively high level of genetic diversity at the species level.
The phylogeography of R. apiculata demonstrated a close
association between its genetic structure and the three oceanic subregions. As indicated by the MDS analysis and Bayesian clustering, all populations of R. apiculata were grouped
into three genetic clusters corresponding to the EIO, SCS
and AUA clusters. For R. apiculata, morphological differentiation between populations from the north and south coasts
of Papua was reported by Duke & Bunt (1979). The leaves
of R. apiculata from India to south-eastern Asia and northern Papua (= SCS cluster) can be distinguished by small reddish brown spots (cork warts) on the abaxial surface of the
leaves. Those spots are absent in R. apiculata in southern
Papua and Australia (= AUA cluster) (Fig. 1b, Duke et al.,
2002). Further studies comparing morphological and genetic
variation in populations of R. apiculata in the Australia,
south-eastern Asia and the Middle East may prove beneficial
for recognizing intraspecific forms.
The Malay Peninsula (or Sunda shelf) was an
effective land barrier
As indicated by the barrier estimation, the Sunda shelf may
have been the major cause of discontinuity between the SCS
and EIO groups (Fig. 1b). During Pleistocene glacial periods,
Sundaland consisted of the Malay Peninsula as well as the
large islands of Borneo, Java, Sumatra and their surrounding
islands, which were all connected (Fig. 1b, Voris, 2000). During these periods, the SCS was primarily closed, but open to
the Pacific Ocean, so that the SCS populations were isolated
from populations in the Indian Ocean. The Torres Strait was
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Figure 5 Probability density plots of the demographic parameters estimated from the isolation-with-migration model for populations
from west side of the Malay Peninsula (TW), South China Sea (EB) and Malacca Strait (MS1). In b, c and d, the probability density
was transformed to relative probability density (relative probability density = probability density/the maximum probability density). (a)
A schematic of isolation-with-migration model. The three present populations MS1, EB and TW were numbered as 0, 1 and 2
respectively. The effective population sizes (NMS1, NEB, NTW, N3, NA) were constant through the whole time. The TW population split
from the common ancestor of EB and MS1 at t1, then, EB and MS1 split at t0. After t0, bi-directional gene flow between MS1 and EB,
MS1 and TW was included. The symbol m01 pertains to the movement of genes from population 0 to population 1 in the coalescent
process. In the conventional sense of time moving forwards, m01 pertains to genes moving from population 1 to population 0. The rest
symbols of migration rate (m10, m02, m20) may be deduced by analogy. (b) Probability density estimation of population sizes for the
MS1, EB, and TW. The dashed lines and numbers indicated the point with the highest probability density (same in c and d). (c)
Probability density estimation of pairwise directional migration rates (2Nm, the effective rate at which genes come into a population,
per generation). (d) Probability density estimation of time since splitting (in unit of years).

also closed, and the Australian mainland was connected to
Papua to form the Sahul shelf (Fig. 1b, Hall, 2009).
Sahul-land might also have acted as an effective land barrier
and blocked migrations between the Indian and south-west
Pacific oceans.
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Population genetic subdivision across the Malay Peninsula
has been reported in other mangrove species in IWP, that
have been exposed to the same historical and current geographical conditions, including C. decandra (Tan et al., 2005;
Huang et al., 2008), B. gymnorhiza (Minobe et al., 2009;
Journal of Biogeography 43, 1856–1868
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Table 3 Maximum likely estimations and 95% highest posterior density of all parameters estimated using the isolation-with-migration
model (ima2).
NMS1
HiPt
HPD95Lo
HPD95Hi

60
13
1136

NEB
1199
257
2765

NTW
1134
365
4064

2Nm01
1.270
0.328
2.134

2Nm10
0.001
0.000
1.107

2Nm02
0.570
0.150
1.227

2Nm20

t0

t1

0.001
0.000
0.806

5.194 9 10
8.107 9 102
1.080 9 105
4

1.735 9 105
5.459 9 104
1.021 9 106

HiPt, highest posterior; HPD95Lo, lower 95% highest posterior density; HPD95Hi, higher 95% highest posterior density. NMS1, NEB and NTW are
the effective population size of population MS1, EB and TW, respectively. 2Nm, population migration rate. The subscript number 0, 1 and 2
stand for population MS1, EB and TW respecively. Hence, 2Nm01 is the population migration rate from population 1 (EB) to population 0
(MS1) in the conventional sense of time moving forwards. The rest symbols (2Nm10, 2Nm02, 2Nm20) may be deduced by analogy.

Urashi et al., 2013), C. tagal (Liao et al., 2007; Huang et al.,
2012), Lumnitzera racemosa (Su et al., 2006) and L. littorea
(Su et al., 2007). However, R. apiculata was distinguished
from the others by a considerably longer flotation period
and greater viability of its propagules, which imbues these
plants with considerably more potential for long-distance
dispersal (Clarke et al., 2001; Duke et al., 2002). In addition,
the waters on the east and west sides of Sundaland were connected by seaways, such as the Malacca Strait, when the sea
level rose (Voris, 2000). The opening of the Malacca Strait
appears to have provided a corridor for renewed and
repeated gene exchange and connectivity across the peninsula. The isolation-with-migration model implemented in the
ima2 software also predicted asymmetric gene flow eastward
through the Malacca Strait. Similar asymmetric gene flow
was observed in another mangrove, B. gymnorhiza (Urashi
et al., 2013). The asymmetric nature of this flow may be
explained by the circulations in the sea currents, which is
driven by seasonally directed monsoons. In summer (June to
August), the eastward south-west monsoon directs the ocean
current from the Andaman Sea towards the South China Sea
(Wang et al., 1995), and this current is synchronized with
the maturation period of the propagules of R. apiculata
(Duke, 2014). However, the asymmetric dispersal of R.
mucronata across the Sunda shelf seemed to be facilitated by
the flow westward through the Malacca Strait in the northeast monsoon (Wee et al., 2014). Interestingly, the migration
of A. germinans and A. schaueriana from the southern to
northern Brazil may be favoured by the branching of South
Equatorial Current (SEC) as well as the high velocity of the
North Brazil Current (NBC) compared to the Brazil Current
(BC) (Mori et al., 2015).
During the Pleistocene glacial cycles, populations on either
side of the Sunda Peninsula would have been repeatedly isolated and reunited, thus gene flows across the Sunda shelf
were intermittent, as the corridors like the Malacca Strait
were opened and closed repeatedly. Under these circumstances, it is considered nearly impossible to fix a starting
point for the genetic divergences, because they did not coincide with specific geographical events. Therefore, these divergences would have blurred, or diluted, any likely ancient
primary isolation event. Furthermore, the divergence time
estimated by ima2 may only have reflected recent isolation
events associated with Later Glacial Maxima.
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Ocean currents also play a role in shaping the
distribution of R. apiculata
Wallacea was interpreted as a transition zone wherein Asiatic
and Australian types mingles, with Asian elements decreasing
from west to east (and north to south) and Australian elements decreasing in the reverse direction (Dickerson, 1928).
The genetic break among populations of R. apiculata in the
SCS (including PH at the eastern side of the Philippines) and
the AUA (including WP) as indicated by barrier analysis may
support the application of Wallace’s line or other similar lines
to R. apiculata, but further investigation with more exhaustive
sampling in Wallacea or in other species of mangroves are
needed. As shown in Fig. 1b, propagules of R. apiculata may
have dispersed from the eastern coast of Australia or islands in
the south-west Pacific to Papua via the South Equatorial
Counter Current without crossing the Wallacea. From the
other side, dispersal of the propagules from the SCS likely did
not occur across Wallacea because the Indonesia throughflow
passes from north to south (Gordon, 2005; Hall, 2009),
although they might have dispersed through the Philippines
because it was partially closed, even when the sea levels
dropped (Fig. 1b). Consistent with the pattern of ocean currents, we found that the PH and BL populations are genetically
grouped within the SCS cluster (Figs 1b,d & 5). Hence, the
biogeographical boundary between the SCS and the AUA
groups was mainly shaped by the local ocean currents. Similarly, the genetic discontinuity at the boundary between the
Andaman Sea and the Malacca Strait found in R. mucronata
was influenced by ocean current-facilitated propagule dispersal
(Wee et al., 2014). Regarding the Atlantic East Pacific (AEP)
region, the genetic diversity in Rhizophora (Pil et al., 2011)
and Avicennia (Mori et al., 2015) in Brazil may be shaped by
the bifurcation of the southern branch of the SEC into BC and
the cross-equatorial NBC. We reported here a third case of the
linking genetic variation with ocean currents in R. apiculata in
the Wallacea region. Hence, the influence of surface ocean currents on genetic variation may be general in mangroves as well
as in other coastal taxa.
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