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Abstract Acanthus ilicifolius is a widespread man-
grove species in the Indo-West Pacific IWP) with
high ecological value. In this study, we analyzed the
patterns of genetic variation in the species across its
distribution range and assessed factors that may have
influenced its genetic structure across the IWP using
data from four chloroplast DNA fragments. Our
results demonstrated high genetic diversity at the
species level with little variation within populations,
indicating restricted gene flow among A. ilicifolius
populations. Strong genetic divergence was found
between populations in the Indian Ocean and popu-
lations in the Pacific Ocean, likely due to the land
barrier effect of the Malay Peninsula (or in the past, the

Handling editor: Emily M. Dangremond

W. Guo
Department of Bioengineering, Zhuhai Campus of Zunyi
Medical University, Zhuhai 519041, Guangdong, China

W. Guo - A. K. Banerjee - Y. Yuan -

W. Li - Y. Huang (I)

State Key Laboratory of Biocontrol and Guangdong
Provincial Key Laboratory of Plant Resources, School of
Life Sciences, Sun Yat-sen University, 135 West Xingang
Road, Guangzhou 510275, Guangdong, People’s Republic
of China

e-mail: 1sshyl@mail.sysu.edu.cn

W. L. Ng
China-ASEAN College of Marine Sciences, Xiamen
University Malaysia, Sepang 43900, Selangor, Malaysia

Sundaland). Ecological niche modeling revealed no
significant niche differentiation between the two
groups, suggesting that ecological divergence was
less responsible for the divergence of A. ilicifolius.
Despite the ability for long-distance dispersal, genetic
barriers identified within the Pacific Ocean suggested
ocean currents to be a cryptic barrier for gene flow in
this region. This study provides new insights into the
historical population dynamics of mangrove species in
the TWP region and is valuable for the long-term
conservation of A. ilicifolius.

Keywords Genetic diversity - Genetic structure -
Genealogy - Phylogeographic subdivision - Ecological
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Introduction

Mangroves are one of the dominant intertidal ecosys-
tems along the tropical and subtropical coastlines
(Tomlinson, 2016). They are of great ecological and
economic importance for balancing the coastal
ecosystem, sequestering carbon, purifying water,
providing habitats for marine life and protecting
coastlines (Barbier et al., 2011). However, mangrove
resources are severely depleted due to overexploita-
tion and natural ecological events in many parts of the
tropics (Umali et al., 1987; Duke et al., 2007), and
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proper management of mangrove resources have
become an urgent task (Minobe et al., 2010). Under-
standing the patterns and factors affecting the distri-
bution and differentiation of mangroves species is
important for their conservation.

As widespread tropical and subtropical intertidal
plants, mangroves are dispersed mainly by ocean
currents and their propagules (or seeds) can usually
float for an extended period of time in saline, brackish,
and freshwater (Clarke et al., 2001; Tomlinson, 2016).
Such an adaptive feature allowed for long-distance
dispersal through ocean currents and strongly influ-
enced the present-day distribution of mangroves as
previously revealed in several studies (Duke, 1995;
Clarke et al., 2001; Gallaher et al., 2017; Tomlinson,
2016; Guo et al., 2018b). High potential for long-
distance dispersal can weaken the influence of
geographic distance and lead to potentially higher
genetic connectivity across populations (Wee et al.,
2014; Guo et al., 2018b). For a species with less
capability for long-distance dispersal, gene flow
among populations can occur in a stepping-stone
manner along its dispersal route, generating genetic
differentiation that increases with physical distance
(i.e., isolation-by-distance, IBD). Since dispersal
capability varies among mangrove species (Clarke
et al., 2001; Drexler, 2001; Duke et al., 2002), it is
important to conduct targeted studies on how and to
what extent the capability of dispersal has influenced
the distribution and genetic differentiation of individ-
ual species. Besides, as inconsistent evidence weighs
in on the significance of IBD, the role of geographical
distance in shaping the genetic structure of mangrove
species is still unsure (Wee et al., 2014; Mori et al.,
2015; Ngeve et al., 2016). Other than dispersal
capability and geographic distance, the genetic con-
nectivity of mangrove species can also be influenced
by ocean circulation patterns (Pil et al., 2011; Wee
et al., 2014), as observed in other passively dispersed
marine species (e.g., Thiel & Gutow, 2005; Galindo
et al., 2006); ocean currents can be both facilitator and
barrier for long-distance dispersal (Ayre & Dufty,
1994; Waters, 2008; Gallaher et al., 2017).

Another major barrier to gene flow is vicariance,
caused by physical barriers that result in distinct
genetic discontinuities across a landscape. Genetic
discontinuities associated with land barriers, usually
related to sea-level fluctuations during the Quaternary
climatic oscillations, have often been reported in
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studies on mangrove species. Among them, the Malay
Peninsula (or the Sundaland, in the past) is often
reported as the land barrier responsible for genetic
differentiation between mangrove populations in the
Indian Ocean (referring to the coasts located on the
west of the peninsula) and populations in the Pacific
Ocean (referring to the coasts located on the east of the
peninsula) (Su et al., 2007; Huang et al., 2008; Li et al.,
2016; Yang et al., 2016; Guo et al., 2018a, b). Similar
implications have been made in studies on marine
fauna in the region (Benzie, 1999; Barber et al., 2000;
Gaither et al., 2011). Other barriers implicated in
causing significant genetic differentiation in marine
and mangrove species include Wallace’s line (Wee
et al., 2015; Guo et al., 2016, 2018b) and the Central
American Isthmus (CAI) (Dodd et al., 2002; Lessios,
2008). However, these genetic barriers do not affect all
mangrove species similarly. For example, while an
east-west division across the Malay Peninsula was
widely found in many mangrove species, exceptions
were observed, e.g., in Rhizophora mucronata (Ino-
mata et al., 2009; Wee et al., 2014). Another factor
often ignored by studies on mangrove species is the
differentiation of ecological conditions among
regions, which together with adaptation and other
evolutionary processes, can be a powerful driving
force for genetic divergence (Zhou et al., 2012). The
additional estimation of niche overlap between
regions of high genetic divergence is thus necessary
to achieve a holistic understanding of factors influ-
encing the genetic structure of a species.

This study attempts to characterize patterns of
genetic variation in the Holly mangrove Acanthus
ilicifolius Lam., the predominant mangrove species in
the genus (McDade et al., 2005) to elucidate the
genetic structure and evolutionary history of the
species. In addition to protecting the coast, the species
is also valued for its aesthetic and medicinal values
(Babu et al., 2002; Wu et al., 2003). This species
commonly grows in landward edges of the mangroves
just above the high tide mark, but also occurs in inner
mangroves as the understory. As a non-viviparous
mangrove species, A. ilicifolius primarily disperses via
explosively dehiscent capsules, with secondary seed
dispersal through water currents which may allow for
long-distance dispersal of the species (McDade et al.,
2005; Tomlinson, 2016). The species has an extremely
wide distribution from India to the Western Pacific
(New Caledonia), tropical Australia, and China (Duke,
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2013; Tomlinson, 2016). The genetic structure and
underlying factors responsible for its present-day
distribution, however, remains mostly unexplored.
Up until now, the only molecular analysis on popu-
lations of this species is by Lakshmi et al. (1997) who
studied several populations of A. ilicifolius along the
Indian coastline using mostly dominant genetic mark-
ers. In this study, we characterized the phylogeo-
graphic pattern of A. ilicifolius across its distribution
range using maternally inherited chloroplast DNA
(cpDNA) markers, which are especially informative in
the reconstruction of a species’ historical range shifts
and recolonization routes (Triest 2008). With special
focus on 1) the genetic diversity and differentiation of
A. ilicifolius across the distributional range, 2) popu-
lation structure and demography of A. ilicifolius, and
3) the influences of biological features (e.g., dispersal
capability), ecological factors (e.g., niche overlap) and
phylogeographic forces (e.g., geographical distance,
land barrier and oceanography) on the present distri-
bution of the species, we envision that outcome from
this study would provide solid information for the
better management of A. ilicifolius populations.

Materials and methods
Sample collection and molecular experiments

A total of 399 samples from 41 natural populations of
A. ilicifolius were collected across its entire distribu-
tion range in the IWP, with sample sizes varying from
six to 13 individuals per population (Table 1). The
sampled individuals within each population were
located at least 10 m apart. Young leaves were
collected from individual plants and stored with silica
gel until DNA isolation.

Genomic DNA of each individual was extracted
using the CTAB method (Doyle & Doyle, 1990).
Among an initial list of commonly used cpDNA
primer pairs, which were screened on a subset of
samples, four primer pairs that amplified polymorphic
fragments within or among populations, including the
cpDNA regions of trnS-trnG, trnV-trnM, trnL-trnF,
and 5'rps12-rpl20 (Taberlet et al., 1991; Hamilton,
1999; Cheng et al., 2005), were used for PCR
amplification in all samples. DNA amplification was
carried out in 30 pl PCR reaction mixtures containing
approximately 10—15 ng of total DNA, 5 pmol of each

primer, 10 mM of Tris—=HCl (pH 8.4), 1.5 mM of
MgCl,, 0.1 mM of dNTP, and 2 U of Tagq polymerase
(Shengong Inc., Shanghai, China). PCR reactions
were performed under the following cycle profile:
initial denaturation at 94°C for 4 min, followed by
1 min at 94°C, 45 s at 53°C, and 1 min at 72°C for 35
cycles, and 10 min at 72°C for final extension. The
PCR products were separated on 1.0% agarose gel,
stained with ethidium bromide and viewed under UV
light. Purified DNA fragments were then sequenced
from both directions on an ABI 3730XL DNA
Analyzer (Applied Biosystems).

Phylogeographic and phylogenetic analysis

The cpDNA sequences were assembled and manually
edited using SeqMan™ (DNASTAR). The sequences
of A. ilicifolius generated in this study have been
deposited in GenBank under the accession numbers
MT264980-MT264992. The geographic distribution
of cpDNA haplotypes was plotted on a map using
GenGis v2.11 (Parks et al., 2009), and the relation-
ships among haplotypes were inferred using the
median-joining method implemented in NETWORK
v4.6.1.2 (Bandelt et al., 1999). Continuous indels were
treated as single mutational events in the analysis. A
principal coordinate analysis (PCoA) was performed
using GenAlEx v6.5 (Peakall & Smouse, 2012) based
on the pairwise Kimura-2-parameter genetic distances
of all populations computed using MEGA v6 (Tamura
et al., 2013). Population groups were further deter-
mined using the spatial analysis of molecular variance
method in SAMOVA v2.0 (Dupanloup et al., 2002).
We considered models with putative numbers of
populations (K) ranging from 1 to 10, and for each K
we used 1000 simulations of the annealing process for
each of the 100 repeated runs. Pairwise Kimura-2-
parameter genetic distances for all populations were
also used to identify biogeographical boundaries or
areas exhibiting the largest genetic discontinuities
between population pairs using the Monmonier’s
maximum difference algorithm as implemented in
BARRIER v2.2 (Manni et al., 2004). The robustness
of the identified barriers was assessed by 100 bootstrap
replicates.

Haplotype diversity (Hd) and nucleotide diversity
(m) were calculated using DnaSP v5.10.1 (Librado &
Rozas, 2009). Average gene diversity within popula-
tions (Hg), total gene diversity (Hy) and two
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Table 1 continued

Fu and Li’s

F

Fu and Li’s

D

Tajima’s

Longitude N  Haplotypes Hd
D

Latitude

Group Population ID Location

(x 1073

NA
NA

NA

NA
NA
NA
NA

NA
NA

NA

12 H2
10 Hé6

6
6

11

168.43

— 17.66

Efate island, Vanuatu

31

VA
SBB
YD

PO
10
10
10
10
10
10
10
10
10
10

89.77

21.85
21.89
10.03
7.56
9.95
8.35
6.94
6.35
5.26
4.84

32 Katka, Sundarban, Bangladesh
33 Sundarban, West Bengal, India

34 Kerala, India

89.02
76.25

NA

NA

H6

IMC

0.63
NA
NA
NA
NA
NA

0.78
NA
NA
NA
NA
NA
NA

- 0.10

NA
NA
NA
NA
NA

0.33 0.1

H6(9),H7(2)
12 H6
10 H6

7

79.80
98.61

35 Chilaw, Sri Lanka

CLB
RA

36 Ranong, Thailand

98.50
99.71

37 Phangnga, Thailand
38 Laem Son, Thailand
39 Langkawi, Malaysia

PYW
LAS
LW
PE
SP

12 H6

99.80
100.48

H6
10 H6

11

40 Penang, Malaysia

41

NA

NA

100.63

Kuala Sepetang, Malaysia

Tajima’s D (Tajima, 1989), and Fu and Li’s F and D (Fu & Li, 1993) were calculated for populations with cpDNA variations (NA = not analyzed, *p < 0.05). Group is the one

indicated by haplotype genealogy, barrier analysis and principal coordinate analysis (see Figs. 1, 2, and 3)

coefficients of genetic variation (Ggt and Ngt) were
estimated using PERMUT (Pons & Petit, 1996). Gsr
and Ngt were further compared through a test with
1000 permutations to examine the presence of phylo-
geographic structure. Compared with Ggt which is
dependent of haplotype frequencies, Ngt takes into
account both haplotype frequencies and their sequence
similarities (Pons & Petit, 1996), thus a significantly
higher Ngr than Gt could be an indication of the
presence of phylogeographic structure. To further
characterize the population structure and genetic
variation, multiple hierarchical analyses of molecular
variance (AMOVA) were performed using ARLE-
QUIN v3.5 (Excoffier & Lischer, 2010) with the
statistical significance determined by 1000 permuta-
tions. Isolation-by-distance (IBD) was examined by
testing the relationship between pairwise Fgr and
natural log-transformed (Ln-transformed) geographi-
cal distances between the populations using the
Mantel test implemented in GenAlEx with 1000
permutations.

To test the presence of recent population expan-
sion in A. ilicifolius, mismatch distribution analysis
was conducted using ARLEQUIN in which the
distribution of the number of pairwise differences
between haplotypes was compared with their theo-
retical distribution expected under a sudden demo-
graphic expansion model. Goodness-of-fit was tested
with the sum-of-squared deviations (SSD) between
observed and expected mismatch distributions, and
the raggedness index of Harpending (Hg,e; Harpend-
ing, 1994) was estimated using 1000 parametric
bootstrap replicates. Neutrality tests, including Taji-
ma’s D test (Tajima, 1989) and Fu’s Fs test (Fu,
1997), were also conducted on DnaSP to test for
possible recent demographic expansions. Significant
D values and large negative F's values suggest rapid
demographic expansions (Hudson, 1990). In cases
where the hypothesis of rapid expansion was not
rejected, the parameter value for the mode of the
mismatch distribution (s) and its 95% confidence
interval (CI) were converted into estimates of time
since expansion (f) using the formula: ¢ =s/
2u (Rogers & Harpending, 1992). The value u was
calculated as u = 2 pkg, where p is the substitution
rate, k is the average sequence length used for
analysis and g is the generation time in years. For p,
we assumed the same minimum and maximum values
of 1.0 and 8.24 x 10~ substitutions per site/year,

@ Springer
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Fig. 1 Map of sampling sites and the geographical distribution
of cpDNA haplotypes in A. ilicifolius. a Median-joining
network for the seven haplotypes detected. b Sampling region
and distribution of all inferred haplotypes. In the median-joining
network, the size of the circle is proportional to the frequency of

each sampled haplotype. The small red circle indicates median
vectors (i.e., unsampled or extinct haplotypes). The black line on
the branches indicates the number of steps separating adjacent
haplotypes. Two hypothetical haplotype groups are indicated as
Group I and Group II

Axis. 2 (3.12%)

Group Il

Axis. 1(93.83%)

Fig. 2 Principal coordinate analysis (PCoA) for all sampled populations of A. ilicifolius from the Indo-West Pacific (IWP). The 41
populations were clustered into two groups (i.e., I and II), generally consistent with the two haplotype groups indicated in Fig. 1

respectively, based on the lower and upper ranges for
previously estimated (synonymous) substitution rates
for cpDNA in angiosperms (Wolfe et al., 1987;

@ Springer

Richardson et al., 2001). For g, 10 years were used as
an approximation based on the description by Liao
(2009).
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14

Fig. 3 Spatial separation and gene flow barriers of A. ilicifolius
populations. Barriers (thick red/blue lines) were detected and
numbered A-D in the map. The thickness of the red/blue line

Ecological niche modeling

To reconstruct the paleoclimate geographic distribu-
tions of A. ilicifolius, species distribution model under
present-day were generated using the maximum
entropy model implemented in MAXENT v3.4.1
(Phillips et al., 2006; Phillips & Dudi’k, 2008) and
projected to those of the Last Glacial Maximum
(LGM) and the Last Inter Glacial (LIG) periods. A
total of 60 occurrence records were included in the
niche modeling, including our 41 sampling locations
and 19 other locations from our field investigations.
Among 19 bioclimatic variables downloaded from the
WORLDCLIM database (http://www.worldclim.org/)
(Hijmans et al., 2005), seven bioclimatic variables that
exhibited pairwise Pearson correlation coefficients
r < 0.7 were chosen for final analyses, namely, mean
diurnal range (BIO2), max temperature of warmest
month (BIOS), min temperature of coldest month
(BIO6), mean temperature of wettest quarter (BIOS),
precipitation of wettest quarter (BIO16), precipitation
of driest quarter (BIO17), and precipitation of warmest
quarter (BIO18). For LGM prediction, the Community
Climate System Model 4 (CCSM4) was used. For LIG
prediction, the climatic model from Otto-Bliesner

indicates the support of the barriers based on 100 permutations.
Black dots with ID numbers indicate sampled populations (see
Table 1)

et al. (2006) was used. These variables were at a res-
olution of 2.5 m.

To test the ecological divergence between different
population groups of A. ilicifolius, ecological niche
models (ENMs) were generated for each group using
the seven environmental variables described above
and the maximum entropy model implemented in the
MAXENT v3.4.1. ENMTOOLS v1.3 (Warren et al.,
2010) was used to estimate niche overlap between
different population groups assessed by Schoener’s
D and Warren’s [ similarity statistics, with 100
pseudo-replicates. Values of both D and I may range
from O (no niche overlap) to 1 (identical niches).
Information of 31 and 10 sampling sites investigated
in this study was used as occurrence records for the
Pacific Ocean group (i.e., the eastern lineage) and the
Indian Ocean group (i.e., the western lineage) (see
results), respectively. All analysis performed on
MAXENT v3.4.1 was run using default program
conditions with the machine-learning algorithm being
configured to use 75% of species records for training
and 25% for testing the model. Area Under Curve
(AUC) of the Receiver Operating Characteristic
(ROC) plot was used for model evaluation. DIVA-
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GIS v7.5 (Hijmans et al. 2005) was used to draw the
range of suitable distributions.

Results

Chloroplast DNA variation and haplotype
distribution

The alignment lengths of the four cpDNA fragments
trnL-trnF, 5'rps12- rpl20, trnV-truM and trnS-trnG
were 866, 790, 830 and 729 bp, respectively. A total of
23 polymorphic sites were present in the total
concatenated length of 3215 bp, producing seven
haplotypes (H1-H7; Table 1) in the 399 samples
analyzed. Based on a genealogical network reflecting
the relationship among populations and frequency of
each haplotype (Fig. 1a), the seven haplotypes formed
two haplotype groups. Haplotype group I comprised a
frequently observed haplotype (H1) at the center and
other less frequent haplotypes (H2-H5) arranged in a
star-shape fashion. However, H1 is not likely to be the
ancestral haplotype in group I since it is not directly
connected to group II haplotypes. Haplotype group II
comprised a dominant haplotype (H6) and a rare
haplotype (H7), with the former one being closer to the
group I haplotypes, suggesting H6 is the more ancient
haplotype in this group. The haplotypes within the
group I (H1-HS) and group II (H6-H7) showed a close
relationship with each other, with a maximum of one
mutational step within each group. On the other hand,
a minimum of 18 mutational steps between haplotype
group I and group II (i.e., between an unidentified
haplotype mvl and H6; Fig. la) can be observed,
indicating substantial differentiation between the two
haplotype groups.

Geographic distribution of these haplotypes
showed distinct distribution ranges of the two haplo-
type groups, with the group I haplotypes being more
dominant among the studied populations (Fig. 1b).
Groups I haplotypes were widely distributed across the
Pacific Ocean (PO) region: Hl was observed in
populations from southern China, east coast of Thai-
land and the Malay Peninsula, Borneo, Sumatra, and
Java (BL); H2 was observed in populations from Java
(ICT), northern Australia, and Vanuatu; H3 was
restricted to a single population (HK) in southern
China; H4 was observed in populations along the east
coast of Thailand (TDM), Borneo (KC), and the

@ Springer

Philippines (SA); while H5 was found to be private to
a population in the Philippines (IBJ). In contrast,
group II haplotypes were restricted to the Indian
Ocean (IO) region: H6 was widely distributed in
populations from southern India, Sri Lanka, Bay of
Bengal, and the west coasts of Thailand and the Malay
Peninsula; while H7 was only observed in a single
population in Sri Lanka (CLB). Notably, populations
in/near the south of the Malay Peninsula (SJW, TP,
SBW, KS), which are situated at/close to the contact
regions between the east and west coasts of the
peninsula were all group I haplotypes (H1 and H4).

Population structure and genetic diversity

The PCoA (Fig. 2) showed a population grouping
pattern consistent with the above haplotype aggrega-
tion analysis. The first axis (X-axis) explained most of
the variation (93.83%), along which two population
groups were observed. Geographically, population
group I comprised mainly populations from the PO
region, including those around the South China Sea,
Sumatra, Java, north Australia and Vanuatu. Popula-
tion group II comprised mainly populations from the
IO region, including those around the Bay of Bengal
and the Andaman Sea (including the west coasts of
Thailand and the Malay Peninsula). The SAMOVA
divided the 41 populations into two genetic groups
matching exactly the two population groups with high
Fcr value (0.972) when K = 2. Further investigation
based on the Monmonier’s algorithm identified a
potential geographical barrier (barrier A) associated
with the genetic abruption between PO and IO region
populations with bootstrap support of 100% (Fig. 3),
reflecting significant genetic isolation between them.
Although populations within the PO region were
found to be close along the X-axis in the PCoA
analysis, potential geographical barriers were also
identified between populations SA and IBJ in the
Philippines (barrier B; bootstrap support of 85%), and
between populations BL and ICT in Indonesia (barrier
C; bootstrap support of 55%), suggesting genetic
isolation (barriers of gene flow) between these
populations.

Hierarchical AMOVA revealed that a high level of
variation could be attributed to the differentiation
between 10 and PO population groups (97.25%),
while little variation resides among populations within
groups (2.36%) and within populations (0.39%)
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Table 2 Analysis of
molecular variance
(AMOVA) for A. ilicifolius

df degrees of freedom; SS
sum of squares; VC
variance components; PV
percentage of variation; Fer
differentiation among
regions within species; Fsc
differentiation among
populations within regions;
Fsr differentiation within
populations

*P < 0.001 (1000

Source df SS vC PV (%) F statistics

PO vs. 10
Among groups 1 1421.063  9.79982 97.25 Fer = 0.97252%
Among populations within groups 39 91.643  0.23782  2.36 Fsc =0.85891%
Within populations 358 13.986  0.03907  0.39 Fsr = 0.99612%
Total 398 1526.692 10.07671

PO
Among populations 30 91.322 0.30605 87.12 Fst = 0.87123%
Within populations 273 12.349  0.04524 12.88
Total 303 103.671  0.35129

1 (0)
Among populations 9 0322 0.00174 8.31 Fsr = 0.08309
Within populations 85 1.636  0.01925 91.69
Total 94 1.958  0.02100

Overall
Among populations 40 1512.706  3.88506 99.00 Fsr = 0.99004*
Within populations 358 13.986  0.03907 1.00
Total 398  1526.692  3.92413

permutations)

(Table 2), supporting the geographical divergence of
A. ilicifolius between the two groups. When perform-
ing the analysis on each group independently, most
(87.12%) of the genetic variation was found among
populations (Fst = 0.871; P < 0.001) in the PO.
Conversely, only 8.31% of the genetic variation reside
among populations (Fsr = 0.083; P > 0.05) while
most (91.69%) of the genetic variation was found
within populations in I0. Mantel tests revealed weak
but significant correlation between population differ-
entiation (Fgr) and geographical distance for all
sampled populations (R* = 0.0923, P < 0.05) and
PO populations (R2 =0.143, P < 0.05), while no
significant correlation was found for IO populations
(R* = 0.0911, P = 0.05).

High levels of haplotype (Hd = 0.707) and nucleo-
tide (m=2.40 x 107%) diversities were observed
across the distribution range of A. ilicifolius (Table 3).
The haplotype diversity ranged from 0.000 to 0.509
and the nucleotide diversity ranged from 0.000 to
0.16 x 1073, Total gene diversity (Hr = 0.715)
across all sampled populations was much higher than
the average intra-population gene diversity (Hs.

= 0.007), suggesting that the majority of cpDNA
diversity is distributed among populations. Population
differentiation was high (Ggt = 0.894; Nt = 0.990)
across the distribution range of A. ilicifolius. Similar
results were produced by AMOVA, with the among

population component of variation up to 99.00%
(Table 2). Genetic variation that takes into account
haplotype similarities (Ngt) is higher than that
considers all haplotypes equally divergent (Gsry),
although the differences between the two estimates
was not significant (P > 0.05) (Table 3). When pop-
ulation groups were considered separately, the genetic
diversity was much higher in the PO populations
(Hd = 0.587; = = 0.00022; Hr = 0.589) than in the IO
populations (Hd = 0.042; = = 0.00001; Ht = 0.033).
Population differentiation and number of substitution
types were also remarkably higher in PO (Gsr.
= 0.848; Ngt =0.870) than in IO (Gst = 0.100;
Ngt = 0.100). Average intra-population gene diver-
sity was low in both groups, with PO populations
(Hs = 0.077) slightly higher than IO populations
(Hs = 0.033).

Population demography and environmental niche
modeling

To infer the population demography of the two genetic
clusters identified above, the existence of recent
population expansion was examined by mismatch
distribution analysis and neutrality tests. The distri-
butions of pairwise differences for the samples from
PO and IO were both unimodal (Fig. 4). Further
analyses using the non-significant variance and
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Table 3 Statistics of genetic diversity and genetic structure analysis

Group Hd n Hg Hry Gsr Nst

PO 0.587 0.00022 0.077 £ 0.027 0.589 + 0.0959 0.848 0.870 (ns)
10 0.042 0.00001 0.033 0.033 0.100 0.100 (ns)
Overall 0.707 0.00240 0.007 £ 0.0023 0.715 £ 0.1193 0.894 0.990 (ns)

Hd overall haplotype diversity for all sampling locations within eac’
within populations; Hr total genetic diversity; Gst interpopulation

h group; 7 nucleotide diversity; Hg average genetic diversity
differentiation; Ngr the number of substitution types; ns not

significant, indicating that Ngr is not significantly larger than Gst (P > 0.05)

(a) (b) (c)
30000 25000 5000
e —e— Observed —e— Observed 4500 —e— Observed
25000 1 - -0- - Simulated 20000 - -0- - Simulated 4000 = =0 - Simulated
& 20000 > 3 3500
S S 15000 S 3000
3 3 3 IO
o 15000 o o 2500
o o o
i & 10000 @ 2000
10000 | 1500
5000 - 5000 | 1000
500
0 4 0 0

7
Number of pairwise differences

9 11 13 15 17 19 21 23
Number of p

Fig. 4 Mismatch distribution analysis for a A. ilicifolius across
IWP, b populations from PO group, and ¢ populations from 10
group, respectively. The solid lines show observed distributions

raggedness  index tests (SSD = 1.85 x 107°,
P =0.14; Hg,, = 0.8420, P = 0.87) suggested that
the observed distribution for IO populations did not
differ significantly from those expected under a
sudden expansion model (Table 4). The negative
(although not significant) values of Tajima’s
D (— 09112, P > 0.1) and Fu’s Fs (— 1.443) were
also consistent with the range expansion inference for
the IO group. Based on the corresponding t value, and
assuming minimum and maximum mutation rates of
1.0 x 107 and 8.24 x 10~ substitutions per site/
year, this expansion event was dated at 46,875 and
5690 years before present (BP), respectively. Taking
into account the 95% confidence interval of 7, much
broader estimates of 11,015-46,875 and
1335-5690 years BP, respectively, were generated
(Table 4). For PO populations, however, the pattern
significantly rejected the expansion model in terms of
sum-of-squared deviations (SSD = 0.0180, P = 0.01)
and raggedness index (Hrae = 0.1634, P = 0.00).
Neutrality tests (Tajima’s D = 0.1397, P > 0.1; Fu’s
Fs = 0.136) also provided no support for the hypoth-
esis of sudden population expansion in PO (Table 4).
Contrasting results were also obtained when analyzing
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2 3

airwise differences Number of pairwise differences

of pairwise differences among cpDNA haplotypes and the
dashed lines represent the distributions expected for an
expanding population

all populations from both groups together. While
mismatch distribution analysis displayed a bimodal
graph, the expansion model statistically fit well to the
non-unimodal distribution (SSD = 0.0826, P = 0.23;
Hg,g = 0.1025, P = 0.41), which suggested no signif-
icant rejection of the demographic expansion model.
However, positive Tajima’s D (3.0527, P < 0.01) and
Fu’s Fs (21.527) values indicated no evidence of
recent range expansion of the total populations across
the IWP.

Ecological niche modeling (ENM) showed that the
environmental variable that contributed most to model
prediction was the mean temperature of the wettest
quarter for A. ilicifolius. A high AUC value was
obtained from the current potential distribution
(AUC > 0.97), indicating good predictive model
performance. The current niche-predicted distribution
of this species was similar to its actual distribution in
the IWP (Fig. 5a). When projecting the current niche
into historical climatic conditions, the suitable climate
space generally stay in situ during the LIG period, but
contracted greatly during the LGM period and was
mainly located, under the CCSM4 model, in segre-
gated refugia in the IWP (e.g., the Andaman Sea, the
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South China Sea, and the northern edge of the Sahul
Shelf) (Fig. 5a). For ENMs built for the PO and IO
groups, all models had AUC > 0.95, implying that the
results greatly differed from random prediction.
Multiple niche overlap values and identity tests
revealed that empirically observed values for both
I and D (I =0.670, D = 0.549; Fig. 5b) were not
remarkably different from those expected from the
pseudo-replicated data sets, indicating no significant
ecological differentiation between the two groups.

Tajima’s D (P value)
— 09112 > 0.1)
3.0527 (< 0.01)

0.136  0.1397 (> 0.1)

Neutrality tests
— 1.443
21.527

Fu’s Fs
,1 x 107° per site/year; kya thousand years

Discussion

’s raggedness index; 7,,;, absolute expansion time

Genetic diversity and population genetic structure
in A. ilicifolius

46.875 (11.015-46.875

NC

tmax (kya)

NC

Characterization of genetic diversity is a prerequisite
for efficient conservation and utilization of genetic
resources. Different mangrove species are likely to
display various degrees of polymorphism depending
on their different genetic architecture and edaphic
preferences and adaptations to the constantly stressful
growing conditions (Lakshmi et al., 1997). The high
genetic variation of A. ilicifolius across its distribution
range (Ht = 0.715) was comparable to other man-
grove species such as Excoecaria agallocha (Hr.
= 0.740) and Avicennia germinans (Hy = 0.87) using
cpDNA markers (Nettel & Dodd, 2007; Guo et al.,
2018a). At the population level, however, the genetic
variation was extremely low (Hg = 0.007) in A.
ilicifolius, implying that the high level of total genetic
diversity was mainly contributed by the genetic
divergence between populations. A. ilicifolius popu-
lations exhibited high levels of cytoplasmic structure
(Gs1/Ngt = 0.894/0.990) across its distributional
range. However, the non-significance (P > 0.05) of
the phylogeographic structure of cpDNA haplotype
distributions observed in A. ilicifolius indicated that
historical disruptions of gene flow might have influ-
enced the lineage composition of contemporary pop-
ulations in the IWP (Avise 2000; Fan et al., 2013).

5.690 (1.335-5.690)

Tmin (kya)
NC

NC

; SSD sum-of-squared deviations, Hg,e Harpending

Hg,g (P value)
0.8420 (0.87)
0.1025 (0.41)

0.1634 (0.00)
per site/year; f,,,x absolute expansion time estimated with a low substitution rate

1.85 x 107°(0.14)

SSD (P value)
0.0826 (0.23)

99999

01
0.000 99999 0.0180 (0.01)

0.000 0.044

0o
L111

Long-distance dispersal in A. ilicifolius

Mismatch distribution
0.861 (0.725, 1.098)
3.000 (0.705, 3.000)
0.281 (0.000,2.707)

7 (95% CI)

Continental drift (e.g., the break-up of the Gondwana-
land) and life history characteristics (e.g., long-
distance dispersal) are two major factors that have
contributed to the pantropical distribution of

Table 4 Results of mismatch distribution analysis and neutrality tests (Tajima’s D and Fu’s Fs tests)

7 time in number of generations elapsed since the sudden expansion episode

estimated with a high substitution rate, 8.24 x 10~°
ago; CI confidence interval; NC not calculated

Group
PO

10
Overall
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Fig. 5 Results of ecological niche modeling of A. ilicifolius.
a Predicted distributions of A. ilicifolius in IWP at the present
time, the LGM (Last Glacial Maximum) and LIG (Last Inter
Glacial). Colors represent the probability of a species occurring
in an area, from highest (red) to lowest (blue). b The results of

mangroves today (Duke, 1995; Clarke et al., 2001;
Guo et al., 2018a, b). Given the estimated clade ages as
discussed below, the wide-range distribution (India to
Australia and the Philippines) of A. ilicifolius is not
likely explained by continental drift. The break-up of
Gondwanaland began more than 100 million years ago
(MYA), and the relevant landmasses were widely
separated by ca. 50 MYA (Scotese, 2003); the present
forms of the Malay Peninsula, Sumatra, and Borneo
has been formed at least 60 MYA (Lee & Lawver,
1995). Although the primary dispersal of A. ilicifolius
via explosively dehiscent capsules can only happen up
to about 2 m, with suitable conditions (e.g., ocean
currents), secondary dispersal via water could provide
further opportunity for seeds to disperse over long
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distances (Tomlinson, 2016), which could explain the
extremely wide range of this species (McDade et al.,
2005). The sharing of haplotypes among distant
populations, like the H6 haplotype being shared
among populations from the Andaman Sea and the
Bay of Bengal with the absence of IBD in this area
(Fig. 1; Table 3), indicated the existence of long-
distance dispersal among transoceanic populations.

Major lineage divergence in A. ilicifolius

A major finding of this study is the presence of two
lineages of A. ilicifolius—PO and 10—as inferred
from the haplotype network analysis. Such strong
genetic differentiation between the populations
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around the Pacific and Indian Oceans (or simply the
genealogical break across the Malay Peninsula) has
been reported previously for several mangrove
species, including R. apiculata (Inomata et al.,
2009), Bruguiera gymnorrhiza (Urashi et al., 2013),
Ceriops decandra (Huang et al., 2008), C. tagal (Liao
et al., 2007), Lumnitzera littorea (Su et al., 2007) and
other marine organisms (Benzie, 1999; Alfaro et al.,
2004; Antoro et al., 2006). We utilized the average
synonymous substitution rate of cpDNA in angios-
perms (1.0 to 8.24 x 10~ per site/year; Wolfe et al.
1987; Richardson et al. 2001) as the approximation to
estimate the divergence time between the IO and PO
lineages, which dated their divergence to about
0.36-2.97 MYA. Given the absence of fossil calibra-
tion and species-specific synonymous substitution
rates, this estimation is likely to be underestimated.
In mangroves, genetic divergence across the Malay
Peninsula has often been attributed to the founding
history of populations in this region; during the LGM
in the Pleistocene (ca. 20,000 years ago), Sumatra and
Borneo were connected with the Eurasian continent as
one landmass (i.e., the Sunda Shelf) due to the
lowering of sea levels, and relict mangrove habitats
were likely to have been restricted to two major
refugia at the outer margins of the shelf—one in the
present South China Sea and another in the present
Andaman Sea, with the landmass becoming a barrier
impeding genetic exchange between the two regions
(Cannon et al., 2009). During deglaciation in the
Holocene (ca. 10,000 years ago), populations from the
South China Sea and the Andaman Sea refugia most
likely founded the mangrove populations on the east
and west coasts of the Malay Peninsula, respectively
(Cannon et al., 2009; Wee et al.,, 2014). Such a
hypothesis may also apply to A. ilicifolius as indicated
by the paleoclimate niche modeling in this study. Our
niche modeling results indicated that the potential
range for A. ilicifolius is generally similar to its current
distribution during the LIG period (0.14-0.12 MYA),
but contracted to small areas in the Andaman Sea and
the South China Sea separated by the Sunda Shelf
during the LGM (0.021-0.018 MYA). Populations in
the isolated refugia would have drifted apart geneti-
cally due to reduced gene flow. In addition, our
investigation based on Monmonier’s algorithm iden-
tified a significant barrier along the Thai-Malay
Peninsula, separating the PO and IO populations of
A. ilicifolius. Taken together, these two groups may

have been isolated a long time ago, and their genetic
divergence was related to, if not driven by, the range
fragmentation across the present Malay Peninsula (or
the Sunda Shelf, in the past) during the LGM, as
observed in other mangrove species.

Aside from geographical factors (i.e., land barrier)
impeding gene flow between populations, ecological
factors (i.e., habitat differentiation) could also serve as
a major force that drives lineage divergence given that
highly divergent haplotypes may also reflect local
adaptation to selective pressures during a species’
range expansion into ecologically divergent environ-
ments (Fan et al., 2013). Estimating the niche overlap
between the two population groups, we found that the
ecological conditions were not significantly different,
indicating that the Malay Peninsula as a land barrier,
instead of differential adaptation, would better explain
the genetic break.

Demographic histories of 10 and PO populations

Given the different geographic characteristics of the
IO and PO regions, populations at the east and west of
the Malay Peninsula might have experienced different
demographic histories following their initial diver-
gence. The western lineage (i.e., the 10 group) was
fixed for an ancestral haplotype (H6) except for a
single population in Sri Lanka (CLB) which addition-
ally harbored a minor haplotype (H7) derived from
H6. While distinct genetic differences between PO and
IO populations indicated a much longer history of
isolation between the two lineages, the high genetic
identities among populations within IO region indi-
cated recent coancestry of these populations, suggest-
ing that the present distribution pattern of A. ilicifolius
in 1O region was established rather recently by the
rapid expansion of a small number of founders in this
region. This is consistent with previous findings that
mangrove populations in the Indian Ocean were
derived from populations in one of the major refugia,
the Andaman Sea, after the LGM (Flenley, 1998;
Cannon et al., 2009). The sudden range expansion of
10 populations during the glacial period was supported
by the mismatch analysis which showed a unimodal
profile and a good statistical fit of the expansion model
as indicated by the non-significant SSD and Hg,,
values. The inferred population expansion was dated
to about 5690 (1335-5690) or 46,875 (11,015-46,875)
years ago, depending on the mutation rates used,
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probably corresponding to the last glacial periods even
though these estimates should be treated with caution
given their wide confidence intervals. Population
reductions and expansions caused by recent fluctua-
tions in sea level might have caused bottlenecks and
founder effects leading to the reduced genetic diver-
sity of individual populations. Similar scenarios of
population contraction and range expansion from a
refugium after glaciations have also been frequently
proposed or detected in other mangrove and non-
mangrove species (Saenger & Bellan, 1995; Maguire
et al., 2000; Hewitt, 2000; Nettel & Dodd, 2007,
Kennedy et al., 2016).

The demographic history appeared to be more
complex in the PO group (i.e., the eastern lineage), for
which five haplotypes formed a star-like evolutionary
unit in the genealogical network centered around the
H1 haplotype. However, instead of by haplotype H1,
the eastern lineage was first connected to the western
lineage by H4 and HS5 through a missing haplotype
mv1, suggesting that the most recent ancestor of the
eastern lineage is either missing during the evolution
or unsampled in this study because of its rarity.
Furthermore, the eastern lineage exhibited significant
SSD and Hg,, values which, despite the unimodal
mismatch distribution profile, could be interpreted as
reflectance of past demographic stability. High levels
of cytoplasmic substructure (Gst/Nst = 0.848/0.870)
along with significant IBD of PO populations
(Table 3) is further evidence of restricted seed
dispersal in this region; note that the IBD was probably
not simply a result of physical distance among
populations but also a reflection of the resistance
posed by barriers to gene flow for mangroves like A.
ilicifolius (Meirmans, 2012; Guo et al., 2018a). Long-
term persistence of populations in the east may have
allowed for maintenance of higher total cpDNA
haplotypic diversity (Ht = 0.589). The emergence of
young haplotypes (e.g., H2 and H3), on the other hand,
could be ascribed to other factors such as adaptability
and the microclimatic conditions where they inhabit.
These findings are indicative that A. ilicifolius might
exist in multiple independent glacial refugia within the
Pacific Ocean region, consistent with a scenario of
‘refugia within refugia’ as observed in other plants
from different geographic regions such as the Heng-
duan Mountains in China (Fan et al., 2013) and the
Iberian Peninsula in Europe (Gémez & Lunt, 2007).
They also lend support to the earlier interpretation that
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mangrove populations in the Pacific Ocean were
mainly derived from the South China Sea refugium
after the LGM (Flenley, 1998; Cannon et al., 2009).
In this context, populations in China could have
been brought from the nearby refugia in the South
China Sea with the aid of suitable ocean currents. A.
ilicifolius fruits from April to May (Ragavan et al.,
2015); in summer (from May to September), the
surface current of the tropical Indian Ocean flows
northward into the South China Sea and then towards
the Pacific Ocean through the Bashi Strait (Fang et al.,
2012). Besides, another northeastward current that
originates from the southeast of Hainan Island flows
along the Guangdong coast and extends to the Taiwan
Strait (Qu et al., 2009). These two currents provide the
opportunity for gene flow of A. ilicifolius populations
from the south of the South China Sea to southern
China. Notably, although there were both H1 and H4
in the east coast of Malay Peninsula and Borneo, only
HI haplotype as observed in southern China, probably
indicating better adaptability of H1 in the colonized
area or smaller chance of H4 dispersion due to its
lower frequency. Similarly, the observation that
populations located in Java (BL) and Sumatra (PD)
fixed for haplotype H1 should have resulted from gene
flow out of the Sunda Shelf (Guo et al., 2018b). On the
other hand, BARRIER analysis identified genetic
barriers between two localities in the Philippines
(barrier B), between two localities in Indonesia
(barrier C) as well as between Java and north Australia
(barrier D). In the absence of any landmass in these
regions and the relatively close geographic distance
between these populations indicated the presence of
cryptic barriers (i.e., ocean currents) in this region.
The genetic discontinuity detected between ICT-RC-
DW and other populations in Indonesia, in particular,
was probably influenced by the Indonesian through-
flow that finally flows to the Timor Sea and turns west
to the Indian Ocean. Such pattern of the genetic
discontinuity between populations incongruent with
ocean current patterns was also observed in other
mangroves such as R. mucronata, the major genetic
discontinuity of which was found to be explained by
the prevailing ocean currents at the Malacca Strait and
Andaman Sea (Wee et al., 2014). Further analysis of
ocean circulation simulation could provide more
powerful evidence on which and how ocean currents
have shapen the genetic structure of the species. These
results indicated that although ocean currents can
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serve as a carrier for seeds enabling genetic exchange
across a long distance, it can also act as a cryptic
barrier impeding genetic exchange between geograph-
ically close populations. However, the restrictions
may vary across species depending on the features of
the contemporary ocean currents and the mobility and
survivability of the propagules (Duke et al., 2002).

Conclusions

This is the first report of chloroplast DNA sequence
variation within and among natural populations of A.
ilicifolius across most of its distribution range. Our
analysis identified two population groups (genetic
clusters) corresponding to populations in the Indian
Ocean and the Pacific Ocean regions. Such genealog-
ical break was related to the repeated fragmentation
following sea-level fluctuations during the Pleistocene
glaciation, in which the Malay Peninsula (or the
Sundaland, in the past) acting as a land barrier has at
least maintained the genetic differentiation in A.
ilicifolius. In contrast, ecological factors (i.e., niche
conditions of IO and PO populations) are likely to play
a relatively inconsequential role in this process.
Populations from west and east of the Malay Peninsula
probably have experienced different demographic
histories. Ocean currents could either serve as carrier
enabling long-distance dispersal or be a barrier
impeding gene flow of A. ilicifolius in different
regions.

The two genetic clusters we identified here were
geographically discrete, suggesting prolonged genetic
and physical isolation, which provide a basis for the
definition of evolutionary significant units (ESUs) in
A. ilicifolius, even though the exact levels of molec-
ular phylogenetic distinctiveness required for the
definition of ESUs are still debatable (Moritz, 1994).
We recommend that these genetic clusters should be
managed separately, and care should be taken to avoid
artificial transplantation of individuals from a different
cluster. Besides, genetic differentiation has also been
observed within each population group, especially
within the PO group, suggesting that the collection of
samples from these genetically distinct populations,
instead of selection within a particular population,
would be a better option for conserving the diverse
gene pools of this species. Our findings are comple-
mentary for better understanding of the genetic

diversity and evolution of mangroves and provide
new insights into the conservation of mangrove plants
and for future restoration efforts.
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