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Abstract Dalbergia cochinchinensis Pierre ex Laness.
(Fabaceae) is a commercially important tree in Southeast
Asia. Although this species is under legal protections, illegal
logging and disorderly developments have reduced its popu-
lations, and the conservation of this species is currently of
much concern. In this study, we determined nucleotide se-
quences at six chloroplasts and ten nuclear loci in four pop-
ulations of D. cochinchinensis in Cambodia, followed by
population genetic analyses. The average silent nucleotide
diversity over the nuclear loci, excluding one with an excep-
tionally high value, was 0.0057 in the entire population, and
the mean FST across the nuclear loci between each population
pair was between 0.135 and 0.467. Thus, the nucleotide di-
versity in the studied populations was not low compared with
that in other tree species, and the level of population differ-
entiation was high. Neutrality test statistics indicated a recent
reduction of population size and a subdivision of the popula-
tion within this species. The divergence times and migration
rates were estimated with a likelihood-based method assum-
ing the isolation with migration model. Based on the results,
the three populations split 68,000–138,000 years ago, possi-
bly corresponding to the start of the last glacial period, and

the level of gene flow among the populations was very low
thereafter. Moreover, after the split, population sizes were
reduced considerably. Notably, the nucleotide diversity in an
insertion sequence in a noncoding region of nuclear C4H was
much higher than the mean nucleotide diversity in silent sites
across other nuclear genes, indicating that the region was
affected by selection.

Keywords Divergence time . Genetic divergence . Genetic
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Introduction

To conserve the genetic diversity of a species and/or to
understand its evolution, we must know the history of the
populations of that species, including splitting and admix-
ture of populations, migrations, and changes in population
size, because the current genetic status of a species is
shaped by the previous structure of the populations. With
recent advances in likelihood-based methodologies, the
history of populations can be inferred from DNA data
(see, for example, Nielsen and Beaumont 2009). DNA se-
quence polymorphisms are particularly useful in these ap-
proaches because the rates and patterns of nucleotide
changes are known to some extent, which are required to
calculate likelihoods of the observed genetic variation nec-
essary for inferences.

In this study, we investigated the history of Cambodian
populations of the Siamese rosewood, Dalbergia
cochinchinensis Pierre ex Laness., in the Fabaceae, a target
of the global legume diversity assessment (Yahara et al. 2013),
using DNA sequence data of nuclear and chloroplast genes.
The genus Dalbergia L. f. includes ca. 250 species of trees,
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shrubs, and climbers and is widely distributed in tropical and
subtropical areas worldwide (Lewis et al. 2005). The genus is
entomophilous, occasionally propagates through root suckers,
and is regenerated by coppicing. The seedpods are normally
flattened for wind dispersal. Because the species are associat-
ed with symbiotic nitrogen-fixing bacteria, the plants are use-
ful for soil improvement and reforestation (So 2011).
Additionally, good fragrances, beautiful wood grain, and var-
ious colors are produced by some species of Dalbergia, par-
ticularly D. cochinchinensis, which is famous for the good
color of the timber. Furthermore, because the wood is hard,
durable, and resistant to termites, D. cochinchinensis is used
for premium-grade furniture, musical instruments, and art
handicrafts, among other uses, and therefore is commercially
important (Soonhuae 1994).D. cochinchinensis is widely dis-
tributed in lowland mixed deciduous or dry evergreen forests
within the countries of Cambodia, Laos, Thailand, and
Vietnam on the Indochina peninsula in Southeast Asia
(Niyomdham et al. 1997). Nevertheless, under high pressure
of logging for timber, populations of D. cochinchinensis are
fragmented into many subpopulations, each composed of only
a few individuals, and large trees capable of producing
flowers/fruits are rarely seen. Thus, many countries have im-
posed bans on logging, and the IUCN red list ver. 2.3 qualified
D. cochinchinensis as vulnerable (VU) in 1998 (IUCN 2013).
However, because the timber and artifacts of this species are
sold for high prices, illegal logging continues to rapidly de-
crease the number of individuals/populations.

Because of these conservation concerns, population ge-
netic analyses of D. cochinchinensis have been conducted
using allozyme markers in Thailand (Soonhuae 1994), nu-
cleotide sequences at chloroplast loci in Thailand and Laos
(Yooyuen et al. 2012), and random amplified polymorphic
DNA (RAPD) and inter simple sequence repeat (ISSR)
markers in Vietnam (Hien and Phong 2012). These studies
show that substantial genetic variation remains within and
among the populations of this species. However, because
of the low resolution of those markers and uncertainties in
typing some of the markers, inferences on the history of
populations of D. cochinchinensis have not yet been
conducted.

In this work, we sequenced six chloroplast and ten nuclear
genes in a total of 48 individuals sampled from four popula-
tions of D. cochinchinensis in three Cambodian provinces. In
addition to quantifying the variation between and within pop-
ulations, we used a likelihood-based method implemented in
IMa2 (Hey 2010) to infer the history of these populations,
assuming the isolation with migration (IM) model of Hey
and Nielsen (2004). The split time of the populations was
estimated at 68,000–138,000 years ago, and the size of the
ancestral population was estimated to be much larger than that
of current populations. Additionally, we found a nuclear locus
with a very high level of nucleotide diversity.

Materials and methods

Samples

To infer the history of populations and find candidate loci for
selection, we need accurate sequence data. Therefore, al-
though high-throughput genetic analyses using next-
generation sequencers (NGSs) have become popular, we still
perform Sanger sequencing because we have to detect local
singleton mutations with high accuracy.

This, along with occasional necessities for subcloning to
determine haplotypes, restricted the total number of alleles
sequenced to less than around 100 per locus. In addition, to
detect selection using the neutrality statistics, we need 20 or
more alleles from each population (Simmonsen et al. 1995).
Considering the levels of polymorphism that we observed, we
decided to use ten or more individuals from only a few pop-
ulations for our analysis. Although D. cochinchinensis is dis-
tributed outside Cambodia, inferring the history of closely
related populations is relevant as a first step for understanding
the history of the entire population.

Therefore, leaf samples ofD. cochinchinensiswere collect-
ed in Cambodia at four locations from four populations: one in
Siem Reap province (SR), one in Kampong Thom province
(KT), and two in Kampot province (KM1 and KM2).
Distances between populations were 180 km (SR-KT),
348 km (SR-KM1), 356 km (SR-KM2), 258 km (KT-KM1),
250 km (KT-KM2), and 32 km (KM1-KM2). The sample
locations are shown in Fig. 1. Sample information is summa-
rized in Supplementary material Tables S1 and S2. We sam-
pled pieces of leaves from 24 trees in SR, 15 trees in KT, 37
trees in KM1, and 26 trees in KM2. The leaves were dried
with silica gel. The sampled trees were separated by at least
3 m. However, some trees shared identical genotypes at all
chloroplast and nuclear loci (Supplementary material
Table S2). We considered these trees as clones, possibly pro-
duced by a root sucker from a nearby tree. Therefore, one of
these trees was selected as a representative of the clones in the
following analyses. For example, in KM1, leaves from 37
trees were collected at 7 sites (1 to 16 individuals from each
site). These sites were more than a hundred meters from one
another, but the trees within a site were close to one another.
Therefore, all trees at an identical site had the identical geno-
type. Thus, we selected one tree from each site and used leaves
from seven trees for the analyses of KM1. Similarly, 13 trees
each were chosen in both KM2 and SR. In KT, all pairs of
trees had different genotypes at least at one locus; thus, all 15
trees were used. Because trees were more abundant in KT than
in the other three populations, we could sample trees more
separately from each other in KT. In total, 48 samples of
D. cochinchinensis were used for the analyses. Additionally,
four individuals of Dalbergia nigrescens Kurz in Kampong
Thom province were sampled and used as out-groups, and one
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individual of Pterocarpus macrocarpus Kurz, in the identical
tribe Dalbergieae, in Siem Reap Province was sampled and
used to estimate the nucleotide substitution rate. Total geno-
mic DNAwas extracted from dry leaf tissue using the CTAB
method (Murray and Thompson 1980).

Primer design

Universal primers for angiosperms were used for the six chlo-
roplast loci: rbcL (Levin et al. 2003; Kress and Erickson
2007), matK (Dunning and Savolainen 2010), trnS-trnG
(Hamilton 1999), trnV-trnM (Demesure et al. 1995),
trnLintron (Taberlet et al. 1991), and trnC-petN (Demesure
et al. 1995; Lee andWen 2004).Whenwe could not determine
sequences because of long homopolymers, additional se-
quencing primers were designed to avoid the regions that
contained the homopolymers.

PCR primers for the ten nuclear genes were designed based
on the sequence information obtained from the NCBI data-
base. Information for the genes is shown in Supplementary
material Table S3. Briefly, the primers were designed in the
following steps: First, genes were searchedwithDNA or RNA
sequences that were available for more than two species of

Fabaceae. The sequences of these genes were aligned, and a
pair of primers was designed for conserved regions. When we
could amplify the desired segment, the PCR products were
sequenced. Then, based on the sequence data, a new primer
pair that better matched the gene in Dalbergia was designed.
Additionally, internal primers were designed for sequencing
as necessary. The primers that were designed are listed in
Supplementary material Table S4.

PCR

PCR conditions were an initial 3 min at 95 °C, followed by
35 cycles of 30 s at 95 °C, 30 s at 53 °C, and 1–2 min at 72 °C,
and a final 7 min at 72 °C. The products were purified by PEG
precipitation treatment to remove surplus primers and dNTPs.
The products were directly sequenced on an Applied
Biosystems 3730 DNA analyzer using a Big Dye Terminator
v3.1 cycle sequence kit (Applied Biosystems, Foster City, CA,
USA). Two haplotypes in each individual were determined by
subcloning the PCR products using pGEM-T easy vector sys-
tem I (Promega). All sequence data were assembled using the
SeqMan package in Lasergene 10 (DNASTAR, Inc.,
Madison, WI, USA) and aligned manually using MEGA5
(Tamura et al. 2011).

Data analyses

First, to evaluate the overall genetic structure of the popula-
tions, we run STRUCTURE 2.3 (Hubisz et al. 2009) which
implements a Bayesian clustering algorithm to find population
substructure, with the number of populations, K, set to 1–7.
Haplotypes at each locus were regarded as alleles, and the data
from all loci were used for the analysis. For each K, ten inde-
pendent runs, each consisting of 100,000 Markov chain
Monte Carlo (MCMC) iterations after a burn-in of 100,000
iterations, were executed. The resulting data were summarized
for each K using CLUMPAK (Kopelman et al. 2015), and the
mean log-likelihood of the data (Pritchard et al. 2000) and
Evanno’s ΔK (Evanno et al. 2005) were calculated to find
the optimal value of K using STRUCTURE HARVESTER
(Earl and vonHoldt 2012).

The aligned sequences were analyzed using DnaSP v5
(Librado and Rozas 2009). Nucleotide diversity (π; Nei
1987) and haplotype diversity (Hd; Nei 1987) were estimated
to assess levels of nucleotide polymorphisms. Neutrality tests
based on Tajima’s D (Tajima 1989), Fu and Li’s F and D (Fu
and Li 1993), Fay and Wu’s H (Fay and Wu 2000), and Fu’s
Fs (Fu 1997) were conducted to assess the selective neutrality
of mutations. Because we carried out multiple tests in the
locus-wise test for each statistic, we evaluated the statistical
significance of the results based on the false discovery rate
(FDR) of the Benjamini-Hochberg procedure (Benjamini
and Hochberg 1995) using the p.adjust function in R version
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3.3.2 (R Core Team 2016) for multiple testing. To quantify
population differentiation, FST was estimated using the meth-
od of Hudson et al. (1992). Multi-locus tests based on
Tajima’s D and Fu and Li’s D were performed using the
HKA program (available at https://bio.cst.temple.edu/~hey/
software/software.htm#HKA). Haplotype networks were
reconstructed using TCS ver. 1.21 (Clement et al. 2000).

Assuming the basic IM model with two populations (Hey
and Nielsen 2004), the six parameters (i.e., the divergence
time, sizes of the two current and the ancestral populations,
and two migration rates for migration in each direction be-
tween the two populations) were estimated using the IMa2
program (Hey 2010), which is available at https://bio.cst.
temple.edu/~hey/software/software.htm#IMa2. This program
calculates likelihoods using coalescent simulation and
MCMC simulation. We did not use the data at C4H in this
analysis because we suspected that this locus was affected by
some type of selection as described later. An estimate of the
nucleotide substitution rate per locus per year (Utotal) is
required for the program to estimate the absolute divergence
time. To estimate this rate, we used P. macrocarpus, a tree
species in the tribe Dalbergieae in the Fabaceae, and
sequenced the ten nuclear genes in this species. The
estimated divergence time between the Dalbergia species
and P. macrocarpus is approximately 49.1 million years ago
(mya), according to Lavin et al. (2005), based on a phylogeny
estimated by sequences of two cpDNA genes and fossil data
of Fabaceae. The total substitution rate per site (Ktotal) between
D. cochinchinensis and P. macrocarpus at each nuclear locus
was estimated as 0.0895–0.1907 (Supplementary material
Table S5) using DnaSP. Let L be the sequence length at each
locus and T be the divergence time between the two species;
then, Utotal = (Ktotal × L)/2T. Consequently, Utotal in D.
cochinchinensis at each locus was estimated as 0.46–2.
11 × 10−6, with a geometric mean, 1.04 × 10−6, that was used
to estimate the divergence time following the instructions de-
scribed in the IMa2 documentation.

Results

Nucleotide sequences at the six chloroplast and ten nuclear
l o c i w e r e o b t a i n e d f r om a l l 4 8 s amp l e s o f
D. cochinchinensis, four samples of D. nigrescens, and one
sample of P. macrocarpus.

Analysis of chloroplast loci

Only one nucleotide and twomononucleotide repeat polymor-
phisms were found at the six chloroplast loci (Table 1). The
total length sequenced was about 3900 bp. Except in SR,
populations were monomorphic but no haplotype was shared
between populations, except that between KM1 and KM2,

which was an indication that seed migration was rare between
populations.

Analysis of nuclear loci

We used STRUCTURE to know the overall genetic structure
of the populations, and the result is shown in Supplementary
material Fig. S1. The data from all loci were used for this
analysis. The optimal number of populations was K = 4 based
on the estimated log-likelihood, and K = 3 based on Evanno’s
ΔK. When K = 4, except an individual sampled from KM2,
individuals from the same population clustered together.

From the analyses using DnaSP, we first noted that nucle-
otide diversity at C4H was very high, which was caused pri-
marily by very high diversity in a small region 181 or 186 bp
in size in the second intron at this locus. Because this region
was not found in D. nigrescens, the region was considered an
insertion at C4H specific to and fixed in D. cochinchinensis.
However, D. nigrescens had an insertion/deletion polymor-
phism at a different position in the identical intron of C4H,
approximately 160 bp upstream of the fixed insertion in
D. cochinchinensis. The insertion was 297-bp long and was
contained a palindromic structure, with no similarity to the
fixed insertion ofD. cochinchinensis; therefore, the two inser-
tions in these two species occurred independently.

Population genetic statistics at C4H in D. cochinchinensis
are shown in Table 2. Silent nucleotide diversity in the inserted
region (πsil = 0.0688) was 9-fold higher than that in the other
regions at C4H (πsil = 0.0077) and 12-fold higher than the
mean at silent sites across the other nine loci (πsil = 0.0057;
Table 3). Fu and Li’s D* and F* were significantly positive in
the inserted region. The inserted region was apparently non-
coding; however, the sequence was palindromic, and if tran-
scribed, the RNA transcript would assume a secondary struc-
ture of a long-stem loop, similar to primary micro RNAs
(miRNAs) (Nozawa et al. 2012). The secondary structure
was strongly conserved within D. cochinchinensis, although
nucleotide diversity was very high in this region. Therefore,

Table 1 Haplotypes and polymorphic positions at two chloroplast loci
in D. cochinchinensis

Haplotype Population na rbcLa trnV-trnM

316 239–249b 740–747b

SRa SR 12 T A10 T7

SRb SR 1 T A11 T8

KT KT 15 G A10 T7

KM KM1 7 G A11 T7

KM2 13 G A11 T7

a Number of individuals having the haplotype
b Length variants of mononucleotide repeats
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compensatory mutations within the inserted region likely oc-
curred to conserve the structure. Because we suspected that
the region and therefore C4H were affected by some type of
natural selection, C4Hwas excluded in some of the later anal-
yses including those using IMa2.

Means of diversity measures across the nine nuclear loci,
excluding C4H, are summarized in Table 3, and the values at
each locus are shown in Supplementary material Table S6.
The mean nucleotide diversity at silent sites (πsil) and haplo-
type diversity (Hd) for the entire population were 0.0057 and
0.740, respectively. The results of the neutrality tests are

shown in Table 4 and Supplementary material Table S7.
Tajima’s D and Fu and Li’s D and F were mostly positive at
the respective loci. Means of Tajima’sD and Fu and Li’sD for
the entire population were 0.907 (P = 0.0046) and 0.951
(P = 0.0018), respectively, with both being significantly pos-
itive. These results suggested either a population decline, pop-
ulation subdivision, or both.

The mean nucleotide diversity (πsil) within each population
ranged from 0.0027 to 0.0050 and was lower than that in the
entire population (Table 3). Notably, πsil in KTwas half that of
the entire population. The haplotype diversity and number of
haplotypes in each population were also smaller than those in
the entire population. Thus, the genetic variation within each
population was lower than that in the entire population.
Tajima’s D and Fu and Li’s D and F were positive, with the
exception of a few loci (Table 4). Values of Tajima’sD at SQS
showed significant excesses of high-frequency polymor-
phisms in each population of KT and KM2. The values of
Fu’s FS at this locus showed that the number of haplotypes
was significantly lower than the neutral expectation based on
the number of segregating sites in those populations. Tajima’s
D was significantly negative at pi3k in KT and KM2. These
cases might indicate selective sweeps within each population.
The means of Tajima’s D and Fu and Li’s D within each
population were all positive and were statistically significant
with the exception of Fu and Li’s D in KT, indicating reduc-
tion in population size. Fu’s FS was significantly positive at a
few loci in addition to SQS in each population. Estimates of
FST are shown in Table 5. The estimate at each locus varied
considerably from − 0.048 to 0.926, but the means across loci
were generally large, ranging from 0.306 to 0.467, with the
exception of 0.135 between KM1 and KM2, which were lo-
cated near one another. Based on these results, subdivision
between populations and reduction in the size of each popu-
lation were suggested for D. cochinchinensis. The former ob-
servation is consistent with the result obtained from the anal-
ysis using STRUCTURE.

Haplotype networks at the ten nuclear loci in
D. cochinchinensis are shown in Fig. 2. The shapes of net-
works varied considerably among the loci. As expected from
the high level of diversity, a complex network was found at
C4H. Notably, population differentiation was apparently
strong at this locus with many private haplotypes. At CPK, a
very distant haplotype was found in SR, whereas no such
distant haplotype was found in any population at NCED.

History of populations

The divergence time between populations, sizes of the current
and ancestral populations, and migration rates, assuming the
IM model with two populations, were estimated using the
likelihood-based method implemented in IMa2. The two pop-
ulations in Kampot, KM1 and KM2, were merged in the

Table 2 Summary of analyses at C4H in the entire population of
D. cochinchinensis

Insert Excluding insert All

L 181 1474 1655

Coding length 0 474 474

n 96 96 96

S 43 35 78

Number of mutations 44 35 79

Number of singleton 1 3 4

Number of haplotypes 21 15 23

Hd 0.928 0.879 0.933

πtotal 0.0688 0.0064 0.0132

πsil 0.0688 0.0077 0.0163

Tajima’s D 1.434 1.207 1.391

Fu and Li’s D* 1.868** 1.135 1.729**

Fu and Li’s F* 2.031** 1.394 1.906*

Fu and Li’s D – 1.163 1.163

Fu and Li’s F – 1.398 1.398

Fu’s FS 3.226 4.931 8.492

Fay and Wu’s H – − 4.355 − 4.355

Ktotal – 0.0676 0.0676

Ksil – 0.0869 0.0869

L total length excluding gaps, n number of sequences, S total number of
segregating sites, Hd haplotype diversity (Nei 1987), π nucleotide diver-
si ty (Nei 1987), K nucleot ide substi tut ion rates between
D. cochinchinensis and D. nigrescens with Jukes-Cantor correction

*P < 0.05; **P < 0.02

Table 3 Means of the diversity measures over nine nuclear loci
excluding C4H

Population n Number of haplotypes Hd πtotal πsil

Entire population 96 8.1 0.740 0.0045 0.0057

SR 26 4.6 0.604 0.0043 0.0050

KT 30 3.0 0.515 0.0022 0.0027

KM1 14 3.2 0.565 0.0033 0.0041

KM2 26 2.6 0.455 0.0025 0.0031

n number of sequences,Hd haplotype diversity, πtotal nucleotide diversity
at all sites, πsil nucleotide diversity at silent sites (Nei 1987)
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analysis because the two populations were geographically
close to one another, most haplotypes were shared, and FST
between them was relatively low (0.135). The analyses were
performed for all pairs of the three populations, with results
shown in Table 6 and Fig. 3. Modes of the posterior distribu-
tions of divergence times were 68,000 years between KT and
SR; 138,000 years between KM and SR; and 113,000 years
between KT and KM. The divergence time between KT and
SR was the most recent, although the highest posterior density

(HPD) intervals overlapped substantially between the popula-
tion pairs. The population size parameters of the current pop-
ulations, θ0 and θ1, ranged from 0.235 to 0.455. By contrast,
the population size parameter, θA, of the ancestral population
in each pair ranged from 2.885 to 3.695, 7- to 13-fold larger
than that of current populations. Although the modes of the
migration parameters were nonzero, the lower 95% HPDs all
included zero, which showed that migration between popula-
tions after the splits was weak in all pairs.

Table 4 Summary of the results
of neutrality tests Population Locus Tajima’s D Fu and Li’s D Fu and Li’s F Fay and Wu’s H Fu’s FS

Entire population NCED 0.453 − 0.029 − 0.076 0.727 0.682
CPK 0.314 1.100 0.944 − 4.761 3.972
OAT 1.314 1.301 1.433 1.350 3.315
Mdh − 0.295 − 0.270 −0.327 − 1.430 − 0.710
SQS 2.659 1.013 1.939 − 1.993 9.267
PEPC 1.494 0.684 1.157 0.977 3.279
pi3k 1.402 1.557 1.703 0.547 6.590
SucD 0.114 1.284 1.047 − 4.845 1.218
FTH 0.705 1.923 1.740 1.928 1.808
mean 0.907** 0.951**

SR NCED − 0.714 0.596 0.285 0.135 − 0.317
CPK 2.643a 1.460 2.382 0.714 8.491†
OAT − 0.179 1.206 0.889 − 6.400 1.555
Mdh − 0.178 0.973 0.757 − 2.142 − 0.475
SQS 2.310 1.085 1.773 − 0.357 7.061
PEPC − 0.034 1.407 1.145 − 0.652 − 0.652
pi3k 1.179 1.626 1.787 0.406 4.860
SucD 0.082 0.973 0.843 − 2.215 2.642
FTH 0.824 1.591 1.657 1.957 1.957
mean 0.659* 1.213***

KT NCED − 0.015 − 0.784 − 0.662 − 0.515 0.067
CPK 1.981 0.581 0.963 0.166 3.346
OAT 0.897 1.174 1.244 0.132 2.429
Mdh 0.172 − 0.784 − 0.601 0.267 0.243
SQS 2.947a 1.542 2.390 − 0.258 10.021†
PEPC 0.850 1.174 1.270 − 3.724 5.243
pi3k − 2.008a − 1.054 − 1.530 − 3.605 0.903
SucD 0.626 0.954 1.006 − 2.979 0.301
FTH 2.081 1.448 1.967 1.379 5.431
mean 0.837** 0.472

KM1 NCED 1.933 0.915 1.367 0.000 2.749
CPK 0.050 0.642 0.460 1.011 0.348
OAT 2.257a 1.532 2.065 0.123 9.576†
Mdh 0.842 0.677 0.830 0.264 0.944
SQS 1.230 1.609 1.805 − 4.615 5.743
PEPC 0.188 1.195 1.094 0.659 0.211
pi3k 1.982 1.195 1.628 − 0.352 5.474
SucD − 1.811 − 1.169 − 1.609 − 4.220 1.102
FTH 1.077 1.049 1.280 0.703 2.301
mean 0.861** 0.850**

KM2 NCED 1.203 0.818 1.076 0.517 2.662
CPK 1.954 0.973 1.466 0.025 4.375
OAT 0.535 1.552 1.495 − 1.241 5.200
Mdh Monomorphic
SQS 2.606a 1.509 2.219 − 1.625 11.360†
PEPC 0.536 0.050 0.225 0.037 0.842
pi3k − 2.002a − 0.994 − 1.474 − 3.545 1.073
SucD −1.237 1.193 0.559 − 4.603 2.403
FTH 2.103 1.658 2.169 1.022 7.847†
mean 0.712* 0.845**

*P < 0.05; **P < 0.01; ***P < 0.001; †P < 0.02
a FDR q value < 0.05
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Discussion

Selection at some of the nuclear loci

Because populations of D. cochinchinensis apparently experi-
enced recent size reductions as indicated by the positive means
of Tajima’s D and Fu and Li’s D and inferred by the IM anal-
ysis, any positively significant (here, in the sense of FDR)
values of these statistics might not indicate deviations from
the neutral expectation. However, Tajima’s D at SQS was pos-
itively significant in KT and KM2, and the other populations
also showed the same trend. In addition, the mean of FST values
at SQS (0.061) was the lowest among the nine loci (Table 5).
This can be visually seen in the haplotype network at the locus.
Haplotypes were clustered into two groups, and both groups
were represented with intermediate frequencies in each popula-
tion (Fig. 2). Because the result of the IM analysis suggested

that themigration rates between populations were very low, two
types of haplotypes might have been maintained within each
population by balancing selection after the population split.

Conversely, some statistics with significantly negative
values might indicate selective sweeps at the loci because
recent size reduction was indicated by the positive mean
values of statistics like Tajima’s D. Indeed, Tajima’s D at
pi3k in KT and KM2 was significantly negative (Table 4).
At this locus in those populations, Fay and Wu’s H was also
negative and FST values were high (Table 5), thereby
supporting the occurrences of recent local selective sweeps.
Very weak migration between populations after the split might
have facilitated the occurrence of local selective sweeps.

Because the secondary structure was conserved among
samples in spite of the high level of diversity in this region,
the insert in an intron at C4H was most likely a functional
noncoding RNA. In Arabidopsis, the corresponding intron

Table 5 Pairwise FST between
populations Locus SR-KT SR-KM1 SR-KM2 KT-KM1 KT-KM2 KM1-KM2 Mean

NCED 0.600*** 0.705*** 0.701*** 0.711*** 0.710*** 0.052 0.580

CPK 0.454*** 0.414*** 0.433*** 0.036* 0.340*** 0.087*** 0.294

OAT 0.145*** 0.102** 0.568*** 0.325*** 0.680*** 0.366*** 0.364

Mdh 0.324*** 0.399*** 0.694*** − 0.036 0.316** 0.231** 0.321

SQS 0.093*** − 0.013 − 0.026 0.202** 0.156*** − 0.048 0.061

PEPC 0.615*** − 0.002 − 0.004 0.697*** 0.720*** 0.002 0.338

pi3k 0.556*** 0.096*** 0.451*** 0.748*** 0.926*** 0.548*** 0.554

SucD 0.660*** 0.632*** 0.722*** 0.055** 0.113*** − 0.044 0.356

FTH 0.191*** 0.253*** 0.216*** 0.211*** 0.245*** 0.025* 0.190

Mean 0.436 0.322 0.417 0.306 0.467 0.135

*0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 0.001
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has a conserved element near the 5′ end, which suggests some
functional importance of this intron (Chen et al. 2007). At
present, we do not have any information on the function or
high diversity of this intron.

Such noncoding regions with high levels of nucleotide di-
versity are also reported in other plants. For example, Meaux

et al. (2008) found a miRNA, ath-MIR824, with a high level of
diversity in Arabidopsis thaliana and suggested that the high
nucleotide diversity was caused by balancing selection main-
taining structurally different alleles of the miRNA. Because
Fu and Li’sD* and F* for the insert atC4Hwere significantly
positive (Table 2) and the secondary structure was conserved,
some type of balancing selection might be responsible for the
high diversity. The insert is possibly a primary miRNA, but
additional experiments and analyses must be conducted to
elucidate the biological significance.

Comparison with previous research onD. cochinchinensis

Because of conservation concerns, population genetic analy-
ses of D. cochinchinensis were previously conducted in
Thailand, Laos, and Vietnam using different genetic
markers. First, Soonhuae (1994) investigated 8 natural popu-
lations of D. cochinchinensis in Thailand using 18 allozyme
markers, and the estimates of the average heterozygosity and
FSTwere 0.229 and 0.127, respectively. This author found two
population clusters, with one in central and the other in
northeastern Thailand. Second, Yooyuen et al. (2012) sur-
veyed DNA sequence variation in three chloroplast intergenic
regions in ten natural populations in Thailand and Laos, and
the overall nucleotide diversity was estimated as 0.00056.
These authors found one primary haplotype was shared by
nine of ten populations in Thailand, but the remaining
haplotypes were found only in one or two populations,
which might suggest intermediate levels of genetic
differentiation among current populations caused by
fragmentation of an ancient large population. Finally, Hien
and Phong (2012) surveyed two populations in Vietnam using
RAPD and ISSR markers. These authors estimated an FST

between the two populations, separated by a distance of
300 km, of 0.31; however, this FST value might be an overes-
timate because the diversity within one of the populations was

Table 6 Estimates of parameters in the IM model with two populations obtained by IMa2

Population pair t θ0 θ1 θA m0>1
a m1>0

a T 2N0M0 > 1 2N1M1 > 0

KT-SR Mode 0.071 0.235 0.435 3.075 0.005 0.815 67,788 0.0008 0.236

Lower 95% HPD 0.009 0.065 0.145 1.765 0 0 8173 0 0

Higher 95% HPD 0.601 0.525 0.905 6.175 3.545 3.325 577,404 0.350 0.677

KM-SR Mode 0.144 0.325 0.455 3.695 0.645 1.265 137,981 0.143 0.384

Lower 95% HPD 0.044 0.135 0.205 2.195 0 0 41,827 0.0025 0.0072

Higher 95% HPD 0.456 0.605 0.855 6.955 2.995 4.055 437,981 0.413 0.821

KT-KM Mode 0.118 0.255 0.345 2.885 0.275 0.195 112,981 0.0506 0.0427

Lower 95% HPD 0.034 0.105 0.145 1.685 0 0 32,212 0 0

Higher 95% HPD 0.316 0.515 0.665 5.105 2.805 1.575 303,365 0.324 0.258

t scaled divergence time, θ population size parameter 4Neu,mmigration rate parameter (backward in time), T divergence time in years, 2NM population
migration rate (backward in time), HPD highest posterior density
a The first of the population pair is population 0 and the second is population 1
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close to zero and the sample was suspected to consist of
clones.

Although direct comparisons of our results with those three
studies were difficult because of the differences in the markers
used and/or the populations studied, some common features
and differences were noted. First, althoughD. cochinchinensis
is currently fragmented into small populations, the species
maintains a fair amount of genetic diversity at nuclear loci;
the mean silent diversity at nuclear loci was 0.0057. The mean
silent nucleotide diversity in each of the 17 other tree species
ranges from 0.00003 to 0.01638, with the mean across the tree
species of 0.00745 (Lynch 2006; Iwanaga et al. 2012). Thus,
the nucleotide diversity in D. cochinchinensis was at an inter-
mediate level among those tree species, which was consistent
with the conclusions reached by Soonhuae (1994) for
allozymes.

Second, the estimates of FST at nuclear loci ranged from
0.127 to 0.467 in our study, and those of the other studies
using different markers also show moderate to strong differ-
entiation between populations. This level of differentiation
was expected because this species is entomophilic.
Moreover, the flat seedpods are wind-dispersed and the size
(5–6 cm in length) makes it difficult for seedpods to scatter
over a long distance (Niyomdham et al. 1997). These charac-
teristics reduce gene flow between populations and are expect-
ed to result in relatively high levels of differentiation. Of note,
when FSTwas only considered between populations separated
by more than 200 km, our estimates based on the nuclear gene
sequences in Cambodia were higher than those in Thailand
based on allozyme markers (Soonhuae 1994) or in Vietnam
based on RAPD and ISSR markers (Hien and Phong 2012).
At the chloroplast loci, each population was monomorphic in
Cambodia with a population-specific haplotype, whereas
some of the populations were polymorphic and most popula-
tions shared one dominant haplotype in Thailand (Yooyuen
et al. 2012). Therefore, although FST estimates at nuclear loci
obtained by different markers might not be comparable,
Cambodian populations of D. cochinchinensis might be more
strongly differentiated than those in Thailand. However, good
estimates of FST using nuclear gene sequences are required for
other countries to obtain a clear picture of the population dif-
ferentiation of this species within the entire range.

Population history of D. cochinchinensis

The estimation using IMa2 showed that the Cambodian pop-
ulations of D. cochinchinensis apparently separated from one
another approximately 100,000 years ago (kya), with little
gene flow after the split. Additionally, a reduction in popula-
tion size from that of the ancestral population after the split
was inferred from our analysis. The reduction in population
size was also supported by the mostly positive values of
Tajima’s D in each population. In other words, population

fragmentation seemed to have occurred 100 kya in the
Cambodian population of D. cochinchinensis and this condi-
tion has continued until now. We attempted to relate these
histories of the populations to past environmental changes in
Indochina as follows.

D. cochinchinensis generally grows in mixed deciduous or
dry evergreen forests in which a distinct dry season occurs with
less frequent rainfall events from December to March and a
rainy season occurs from April to November (Miyazawa et al.
2014). The estimated times, ca. 100 kya, of the splits of the
populations correspond to the early ages of the last glacial
period that lasted from 110 to 12 kya. Based primarily on
palynological studies, the climatic conditions in Indochina
were likely generally cooler and more arid from ca. 30 to
11.9 kya than those at present (Cook and Jones 2012). This
trend might extend to 110 kya when the last glacial period
began, although little information is available on this period
because palynological data in the period between 30 and
110 kya is currently scant for this region. Indeed, fossil data
of large- and medium-bodied animals indicate that the lands of
Indochina in the middle Pleistocene were most likely of het-
erogeneous habitats consisting of patches of grassland and
forests of the dry evergreen type (Louys and Meijaard 2010).

Because suitable habitats for D. cochinchinensis are some-
what arid and the climate was arid throughout the last glacial
period, why the splits occurred in the populations at approxi-
mately the beginning of the last glacial period was not clear,
when we considered the IMa estimates at face value.
Additionally, expansions might be expected at that time, not
reductions. Although hunter-gatherers were likely in
Indochina approximately 43 kya (White et al. 2004), the in-
fluence of these people was likely small because they did not
rely on agriculture and the hardwood of D. cochinchinensis
would be difficult to cut with primitive stone axes.
Unfortunately, as mentioned above, palynological data before
40 kya in Indochina is lacking (Penny 2001), making identi-
fication of past forest types in respective areas of Indochina
difficult. Thus, at present, we cannot specify the exact cause of
the splits and the reductions in these populations.

Conclusion

Because we used sequencing rather than genotyping at micro-
satellite or allozyme loci in this study, we could infer popula-
tion fragmentation that occurred around 100 kya with very
weak gene flow between populations afterwards. Moreover,
we could find a few candidate genes for selection. Although
we currently cannot identify environmental factors that caused
the fragmentation of the population of D. cochinchinensis in
Cambodia, a few insights, possibly useful for conservation of
this species, could be obtained. Firstly, variation between pop-
ulations is caused by the lack of gene flow rather than the
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balance between gene flow and drift. Therefore, maintaining
each local population at the location with each locally adapted
variation intact is important. Secondly, in addition to a locally
adapted locus, a locus affected by balancing selection was
found (SQS). Balanced polymorphisms may be lost if popu-
lation size becomes too small (Kimura and Crow, 1964).
Therefore, keeping sizes of local populations large enough is
also important. Finally, splits of a large population into smaller
populations and the lack of gene flow between them likely
lasted throughout the last glacial period, and therefore, the
fragmented status of the populations itself is not likely to be
of concern for conservation.

However, recent reductions in the sizes ofD. cochinchinensis
populations are caused by artificial logging. Although the cur-
rent level of genetic diversity in the total population remains
high, because the level of gene flow between populations has
been low, as shown in this study and others, and only a few
generations have passed since the beginning of artificial log-
ging, losses of genetic diversity would be large if some of the
local populations are lost completely. Moreover, in the currently
surviving populations from which we obtained samples, the
populations consisted primarily of young trees shorter than
15 m and full-grown trees were rare because large trees were
logged. Because only full-grown trees reproduce, if such log-
ging of large trees continues, the next generation of those pop-
ulations will not be produced and the genetic variation that we
reported in this study will be lost. Thus, conservation plans must
be designed to maintain locally adapted variation by maintain-
ing geographically separated populations, each containing adult
trees.
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