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Demographic history and interspecific
hybridization of four Shorea species
(Dipterocarpaceae) from Peninsular Malaysia
inferred from nucleotide polymorphism in nuclear
gene regions

Hiroko Ishiyama, Nobuyuki Inomata, Tsuneyuki Yamazaki, Nor Aini Ab Shukor, and
Alfred E. Szmidt

Abstract: Shorea acuminata Dyer, Shorea curtisii Dyer ex King, Shorea leprosula Miq., and Shorea parvifolia Dyer are
dominant tree species in the tropical rainforest of Peninsular Malaysia, which experienced several climatic changes during
Pleistocene. To investigate the current population structure and demographic history of these species, we analyzed levels
and patterns of nucleotide polymorphism of the nuclear gene region PgiC. We also used sequence data of the GapC gene
region obtained in our previous study. Negative Tajima’s D values observed in both investigated gene regions for S. curti-
sii, S. leprosula, and S. parvifolia implied that all three species have experienced population expansion events. Little to
moderate levels of population differentiation in S. acuminata and S. curtisii suggested recent divergence of the investigated
populations after postglacial colonization of the Peninsular Malaysia. In addition, some haplotypes were similar or identi-
cal to haplotypes of the other species. The existence of such haplotypes could be partially explained by interspecific hy-
bridization. Indeed, we found some putative hybrid individuals. Interspecific hybridization among closely related species
might have contributed to the polymorphism of the investigated species.

Résumé : Shorea acuminata Dyer, Shorea curtisii Dyer ex King, Shorea leprosula Miq. et Shorea parvifolia Dyer constit-
uent des especes d’arbres dominantes dans la forét humide tropicale de la péninsule malaisienne, qui a connu plusieurs
changements climatiques durant le Pléistocéne. Afin d’étudier la structure de populations actuelle et 1’histoire démographi-
que de ces especes, les auteurs ont analysé les niveaux et patrons de polymorphisme nucléotidique de la région génique
nucléaire PgiC. Ils ont également utilisé les données de séquences de la région génique GapC provenant d’une étude
précédente. Les valeurs D de Tajima négatives, observées dans les deux régions géniques étudiées chez S. curtisii, S. lep-
rosula et S. parvifolia, impliquent que ces trois especes ont connu des épisodes d’expansion de population. Des degrés de
différenciation de populations allant de faibles a modérés ont été observés chez S. acuminata et S. curtisii, indiquant
qu’une divergence récente des populations étudiées est survenue apres la colonisation postglaciaire de la péninsule malaisi-
enne. De plus, certains haplotypes €taient similaires ou identiques aux haplotypes d’autres especes. L’existence de ces hap-
lotypes pourrait s’expliquer en partie par ’hybridation interspécifique, puisque des individus vraisemblablement hybrides
ont été observés. L’hybridation interspécifique entre especes rapprochées pourrait avoir contribué au polymorphisme chez
les especes étudiées.

[Traduit par la Rédaction]

Introduction

Evaluating the levels and patterns of nucleotide polymor-
phism in coding regions of tree species is currently a power-
ful tool to detect natural selection on some traits (Savolainen
and Pyhdjiarvi 2007), as well as to infer the demographic
history and population structure (Kado et al. 2003; Ingvars-
son 2005). Furthermore, the information about nucleotide
polymorphism in natural populations of forest trees is very

useful for the development of strategies for conservation of
genetic resources and sustainable utilization of timber trees.
Yet, in spite of considerable ecological and economic im-
portance and specific characteristics of the tropical tree spe-
cies, previous studies of genetic variation in their
populations were based on molecular markers (Harada et al.
1994; Lee et al. 2000; Cao et al. 2006), while nucleotide
polymorphism in nuclear coding regions was seldom inves-
tigated (Ishiyama et al. 2003).
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Fig. 1. Map of Southeastern Asia (inset) and sampling locations in Peninsular Malaysia. Number of individuals sampled from each location

is indicated in parentheses.
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Tropical tree species in Southeastern Asia are character-
ized by low density, exceptionally high number and
synchronized flowering at irregular intervals (Ashton et al.
1988; Appanah 1993). The genus Shorea (family Diptero-
carpaceae) represents a major component of canopy trees in
Southeastern Asian rainforest. It contains approximately 190
species (Ashton 1982) and is found only in Southern and
Southeastern Asia (Symington 1943). The four species in-
vestigated in this study (Shorea acuminata Dyer, Shorea
curtisii Dyer ex King, Shorea leprosula Miq., and Shorea
parvifolia Dyer) are typical representatives of canopy trees
of the lowland rainforests in Peninsular Malaysia, Sumatra,
and, except for S. acuminata, Borneo islands. They belong
to the same section; Mutica (Ashton 1982) and timber
group; Red Meranti (Symington 1943).

The climatic history of Peninsular Malaysia and of the
neighboring islands is relatively complex and unique. At the
Last Glacial Maximum (approximately 20 000 years ago),
Peninsular Malaysia was covered by savanna, and rainforest
refugia were present only on Borneo, Sumatra, and the Men-
tawai islands (Thomas 2000; Gathorne-Hardy et al. 2002).
At that time, Peninsular Malaysia, Sumatra, Java, and Bor-
neo islands were connected by the exposed Sunda shelf
(Morley 2000; Voris 2000). Therefore, the extant tropical
tree species in Peninsular Malaysia have expanded into this
region only recently, after the last glacial period. The east-
ern and the western coast of Peninsular Malaysia are facing
Borneo and Sumatra islands, respectively, which could rep-
resent independent and isolated sources of recolonization.
Independent expansions from these sources could have led
to population differentiation between eastern and western
areas of Peninsular Malaysia.

In the previous study, we investigated nucleotide poly-
morphism of the GapC gene region in the four Shorea spe-
cies included in the present study (Ishiyama et al. 2003).

S. acuminata (11)
eluang | g curtisii (11)

The results revealed that polymorphism of the investigated
species was lower than that reported for herbaceous plants,
and similar or lower than that of other woody species. In ad-
dition, we found that some individuals had unusual haplo-
types consisting of sequences from different species,
suggesting the possibility of interspecific hybridization (Ish-
iyama et al. 2003). Allozyme and (or) DNA polymorphism
of the Pgi (glucose-6-phosphate isomerase, EC.5.3.1.9) in
animals and the PgiC (cytosolic glucose-6-phosphate iso-
merase, EC.5.3.1.9) in plants have been well studied. Natu-
ral selection was suggested to act on this locus in some
species: butterfly Colias, Watt (1977) and Wheat et al.
(2006); Leavenworthia, Filatov and Charlesworth (1999);
and Arabidopsis thaliana (L.) Heynh., (Kawabe et al. 2000).
To substantiate our previous findings and to infer evolution-
ary features, including demographic history, population
structure, and natural selection in Shorea species in Peninsu-
lar Malaysia, we studied levels and patterns of nucleotide
polymorphism of a partial region of the PgiC gene. We ana-
lyzed PgiC sequence data together with those of the GapC
gene region investigated in our previous study (Ishiyama et
al. 2003).

Materials and methods

Plant materials

The locations of the investigated populations and the
number of individuals for each population are presented in
Fig. 1. Leaf samples were collected from three populations
of S. acuminata (Mersing, Keluang, and Seremban), three
populations of S. curtisii (Mersing, Keluang, and Seremban),
one population of S. leprosula (Seremban), and one popula-
tion of S. parvifolia (Seremban). Mersing and Keluang are
located in the eastern, while Seremban is located in the
western areas of Peninsular Malaysia, respectively (herein-
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after referred to as eastern and western areas). Eleven to 16
individuals were randomly sampled from each population
(Fig. 1). Most of these individuals were the same as those
used in the study of the GapC gene (Ishiyama et al. 2003).
Additionally, one leaf sample of Shorea maxwelliana King
belonging to the Balau timber group (Symington 1943) was
collected from the arboretum of the Forest Research Institute
Malaysia. This species was used as an outgroup in some
analyses. Species identification in the field was done by a
taxonomist, and then herbarium specimens were examined
again by an independent taxonomist.

DNA isolation, amplification, and sequencing

Genomic DNA was isolated from ~300 mg of leaves
with a modified cetyltrimethylammonium bromide (CTAB)
method (Murray and Thompson 1980) and used as template
for amplification. A partial region (1248-1260 bp in length)
of the putative PgiC gene, homologous to exons 13 through
19 of the PgiC gene of A. thaliana was amplified. The poly-
merase chain reaction (PCR) primers were designed for the
conserved region of the PgiC gene of A. thaliana and Dio-
scorea tokoro Makino and used for amplification and sequenc-
ing of the corresponding region of Shorea. Based on the obtained
sequences, the following specific forward and reverse primers
were designed: F3, 5-CATTTCTATTCAGCACCTTT-3' (in
theexon 13)andR4,5-ATGAGATGCTGTGGAACATTCTC-
3’ (in the exon 19), respectively (T. Kado, personal communi-
cation). Amplification was performed using 35 cycles of
denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s,
and extension at 72 °C for 2 min. Amplification products
were purified using Wizard SV gel and PCR Clean-Up
System kit (Promega). The purified products were directly
sequenced using ABI Prism 3100 automatic sequencer (Ap-
plied Biosystems). Both strands were sequenced using the
following six primers: F3, 5-CATTTCTATTCAGCACCT-
TT-3'; F5, 5'- TTTGCTCCACACATTCAACAGG-3'; F7,
5-GACGTGTAATTCCATGTGATTT-3'; R4, 5'-ATGAGA-
TGCTGTGGAACATTCTC-3'; R6, 5-CTTTAAGGTGGA-
TAGGTTGCTG-3'; and R8, 5'-CCATTACTCTCCATGCTT-
ACCT-3'.

We determined sequences of both haplotypes for each in-
dividual. When the sequences obtained by direct sequencing
had no or only one heterozygous site, we could infer se-
quences of both haplotypes of an individual. On the other
hand, when two or more heterozygous sites or indels were
detected by direct sequencing, purified amplification prod-
ucts were cloned into the pGEM T-easy vector (Promega).
Individual clones were sequenced using primers designed
for the promoter sites of the vector, T7, 5'-TAATACGAC-
TCACTATAGGG-3" and SP6, 5- TATTTAGGTGACACT-
ATAG-3'". To obtain the sequence of the first haplotype of a
heterozygous individual, sequencing of individual clones
was carried out until two identical sequences were obtained.
This procedure was repeated using additional clones to ob-
tain the sequence of the second haplotype. Thus, at least
four clones were sequenced for each individual with two or
more heterozygous sites or indels.

To identify the maternal parent of the putative interspe-
cific hybrids, we determined sequences of their trnL-intron
and trnL-trnF spacer regions of the chloroplast genome. Fur-
thermore, the sequences of trnL-intron and trnL-trnF spacer
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regions of at least two additional individuals from each of
the four investigated Shorea species were determined. We
assumed that, similar to most other angiosperms (Corriveau
and Coleman 1988), chloroplast genome is maternally inher-
ited in Shorea species. Amplification of the frnL-intron and
trnL-trnF spacer regions was performed using universal pri-
mers developed by Taberlet et al. (1991) in the same condi-
tions as those used for the PgiC gene region. Sequences of
both strands were obtained by direct sequencing using the
same primer sets. Sequences of the GapC gene region for
the outgroup species S. maxwelliana were obtained as de-
scribed by Ishiyama et al. (2003). Sequences of the PgiC
gene region of S. maxwelliana were obtained from the Gen-
Bank (accession numbers: AB189522, AB1895223) (Ka-
miya et al. 2005). All sequences obtained in the present
study have been deposited in the DDBJ/EMBL/GenBank da-
tabases under accession Nos. AB212414-AB212621 and
AB368855-AB368898.

Data analyses

DNA sequences were verified, and contigs were as-
sembled using the ATGC program ver. 4 (Genetyx Corpora-
tion). Multiple sequence alignment was done using the
ClustalX program (Thomson et al. 1997) and corrected man-
ually. We also used sequences of the GapC gene region ob-
tained in our previous study (Ishiyama et al. 2003).

To assess the level of nucleotide polymorphism, the nu-
cleotide diversity (m; Nei 1987) was calculated. The mini-
mum number of recombination events (Ry;; Hudson and
Kaplan 1985) was calculated using a four-gamete test. The
extent of nucleotide divergence between species was esti-
mated as the average number of nucleotide substitutions per
site between pairs of haplotypes from two species (K; Nei
1987) with Jukes and Cantor correction (Jukes and Cantor
1969). Sequence data for all populations of individual spe-
cies were pooled when K was calculated. To investigate the
degree of population differentiation, fixation index (Fsr;
Hudson et al. 1992) was estimated. The significance of pop-
ulation differentiation (Fgr statistic) was tested using permu-
tation test with 10 000 replicates. The permutation test for
the Fgr statistic was performed using ProSeq version 2.91
program (Filatov 2002). Since both demographic changes
and selection affect neutrality test statistics, several neutral-
ity tests were performed to check for departures from neu-
trality: Tajima’s D test (Tajima 1989) for individual loci,
Tajima’s D test for multiple loci (multilocus test of neutral-
ity), MK test (McDonald and Kreitman 1991), and HKA test
(Hudson et al. 1987). All calculations (except for the permu-
tation tests for Fgr statistic, multilocus test of neutrality for
Tajima’s D statistic, and HKA test) were performed using
the DnaSP program version 4.00 (Rozas et al. 2003). The
multilocus test of neutrality and HKA test were performed
using the HKA program obtained from Jody Hey’s web site
(lifesci.rutgers.edu/~heylab/). In the multilocus test, P values
for average Tajima’s D statistic over two loci were obtained.

Haplotype networks were constructed for both gene re-
gions to visualize the frequency of haplotypes and to infer re-
lationships among haplotypes. The networks were
constructed using median-joining algorithm (Bandelt et al.
1999) implemented in the program NETWORK, Version
4.2.0.1, obtained from the following website: www.fluxus-
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Table 1. DNA polymorphism within Shorea species.
Total Intron Silent Synonymous Replacement
Locus Species Population n S Hd (T toat) (T intron) (7 1) (T yn) (7T_1~ep) Ry
PgiC S. acuminata Total 74 45 0.87  0.0087 0.0123 0.0112 0.0009 0.0016 1
(1253 bp)* Mersing 28 34 0.81  0.0076 0.0108 0.0097 0.0000 0.0016 1
Keluang 22 32 091  0.0100 0.0143 0.0132 0.0029 0.0008 0
Seremban 24 34 0.86  0.0076 0.0105 0.0095 0.0000 0.0023 0
S. curtisii Total 76 42 0.86  0.0042 0.0046 0.0055 0.0142 0.0006 1
Mersing 22 20 0.87  0.0041 0.0042 0.0055 0.0182 0.0000 0
Keluang 22 18 0.82  0.0041 0.0045 0.0053 0.0133 0.0006 0
Seremban 32 29 0.80  0.0044 0.0049 0.0056 0.0124 0.0009 1
S. leprosula 28 27 0.84  0.0022 0.0021 0.0026 0.0060 0.0013 0
S. parvifolia 28 32 0.85  0.0049 0.0064 0.0064 0.0065 0.0004 1
GapC'* S. acuminata Total 62 23 na 0.0026 0.0025 0.0034 0.0101 0.0002 2
(806 bp)* Mersing 28 14 na 0.0020 0.0021 0.0026 0.0062 0.0004 0
Keluang 14 18 na 0.0037 0.0048 0.0049 0.0063 0.0000 0
Seremban 2 12 na 00037  0.0034 0.0049 0.0169 0.0000 2
S. curtisii Total 70 29 na 0.0034 0.0037 0.0045 0.0114 0.0000 1
Mersing 24 8 na 0.0027 0.0022 0.0035 0.0143 0.0000 0
Keluang 16 8 na 0.0026 0.0031 0.0035 0.0066 0.0000 0
Seremban 30 27 na 0.0041 0.0048 0.0055 0.0113 0.0000 0
S. leprosula 28 23 na 0.0037 0.0040 0.0050 0.0119 0.0004 0
S. parvifolia 28 22 na 0.0035 0.0041 0.0047 0.0093 0.0000 1

Note: n, number of sequences; S, total number of segregating sites; Hd: haplotype diversity (Nei 1987); 7, nucleotide diversity (Nei 1987); Ry, minimum
number of recombination events (Hudson and Kaplan 1985); na, not analyzed.

“Mean length of each locus.
’Ishiyama et al. 2003.

“The values for the GapC gene region are different from those reported by Ishiyama et al. (2003), because the previous analysis did not include putative

hybrid individuals.

technology.com/index.htm. For the GapC gene region, di-
rect sequence data were available for 31, 35, 14, and 14
individuals of S. acuminata, S. curtisii, S. leprosula, and
S. parvifolia, respectively. However, haplotype sequences
were available for only 19, 15, 13, and 13 individuals, re-
spectively (Ishiyama et al. 2003). Therefore, for estima-
tions of Ry and for the construction of the haplotype
network, haplotypes of only these individuals were used.

To further check haplotype relationships among the hap-
lotypes observed in this study and those of other Shorea spe-
cies, the Neighbor—Joining (NJ) tree (Saitou and Nei 1987)
was constructed. The NJ tree for the PgiC gene region was
constructed including our sequences and those of 28 Shorea
species from the Red Meranti timber group obtained by Ka-
miya et al. (2005). The NI tree for the GapC region was not
constructed, because the sequences for species other than
those included in our study were not available. The NJ tree
was constructed using the program MEGA4 (Tamura et al.
2007).

To infer the maternal parent of putative hybrids, sequen-
ces of the frnL-intron and trnL-trnF spacer regions of the
chloroplast genome were compared with individuals of the
four Shorea species included in this study and additional 50
Shorea species, which are currently available in the DDBJ/
EMBL/GenBank databases.

Shorea maxwelliana was used as an outgroup species in

the MK test, HKA test, and for constructing the NJ tree for
the PgiC gene region. Alignment gaps were excluded in all
analyses. Putative hybrids were included in all analyses.
They were assigned to individual species based on morpho-
logical identification of fresh and herbarium samples.

Results

The levels of DNA polymorphism and divergence

A partial region of the PgiC gene, homologous to exons
13 through 19 of the PgiC gene of A. thaliana, was se-
quenced. Its total length ranged from 1248 to 1260 bp, includ-
ing 414 bp coding regions and 834 through 846 bp introns
depending on the occurrence of indels. In total, we obtained
74, 76, 28, and 28 sequences for S. acuminata, S. curtisii,
S. leprosula, and S. parvifolia, respectively. The haplotype
diversity (Hd), number of segregating sites (S), 7, and Ry
are summarized in Table 1. The numbers of distinct PgiC
haplotypes found in S. acuminata, S. curtisii, S. leprosula,
and S. parvifolia were 17, 22, 14, and 11, respectively. In-
dividual haplotypes of S. acuminata, S. curtisii, S. leprosula,
and S. parvifolia were designated as sapgi-1 through sapgi-
17, scpgi-1 through scpgi-22, slpgi-1 through slpgi-14, and
sppgi-1 through sppgi-11, respectively. The positions of
segregating sites and the frequencies of haplotypes are
available as supplementary material (Supplementary
Fig. 1).2 The numbers of distinct GapC haplotypes found

2 Supplementary data for this article are available on the journal Web site (cjfr.nrc.ca) or may be purchased from the Depository of Unpub-
lished Data, Document Delivery, CISTI, National Research Council Canada, Building M-55, 1200 Montreal Road, Ottawa, ON K1A OR6,
Canada. DUD 3738. For more information on obtaining material refer to cisti-icist.nrc-cnrc.gc.ca/cms/unpub_e.html.
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Table 2. The average number of nucleotide substitu-
tions per site between Shorea species at silent sites
(Ksin) with the Jukes and Cantor correction.

Species comparisons Locus

Species 1 Species 2 PgiC GapC*®
S. acuminata S. curtsii 0.0236 0.0142
S. acuminata S. leprosula 0.0168 0.0215
S. acuminata S. parvifolia 0.0118 0.0173
S. curtisii S. leprosula 0.0245 0.0221
S. curtisii S. parvifolia 0.0193 0.0216
S. leprosula S. parvifolia 0.0123 0.0257

“Ishiyama et al. 2003.

in S. acuminata, S. curtisii, S. leprosula, and S. parvifolia
were 10, 10, 8, and 11, respectively. Individual haplotypes
for the GapC gene region in S. acuminata, S. curtisii, S. lep-
rosula, and S. parvifolia were designated as sagap-1
through sagap-10, scgap-1 through scgap-10, slgap-1
through slgap-8, and spgap-1 through spgap-11, respec-
tively.

In the PgiC gene region, nucleotide diversity within spe-
cies for silent sites (mg) was highest in S. acuminata
(0.0112) and lowest in S. leprosula (0.0026). The nucleotide
diversity within species for replacement sites (7, was
highest in S. acuminata (0.0016) and lowest in S. parvifolia
(0.0004). The values of both 7g; and 7, in the PgiC gene
region were slightly higher than those in the GapC gene re-
gion, except for S. leprosula (Table 1). The haplotype diver-
sity in the PgiC gene region was relatively high (Hd > 0.8)
in all four species (Table 1).

Estimates of the divergence between species at silent sites
(Ky)) are presented in Table 2. The K values were similar
for the PgiC and GapC gene regions and ranged between
0.0118 and 0.0257.

Relationships among haplotypes

Haplotype networks for the PgiC and GapC gene regions
are presented in Figs. 2a and 2b, respectively. In all investi-
gated species, the number of distinct haplotypes was rather
high, but the number of nucleotide differences between
most of them was small. Furthermore, nearly half of the
haplotypes were rare, that is, observed only once or twice.
This was particularly prominent in the PgiC gene region of
S. curtisii and S. leprosula. At both loci, most haplotypes
belonging to individual species formed distinct, separate
groups (Figs. 2a and 2b).

However, some haplotypes were diverged from typical
haplotypes of corresponding species (Figs. 2a and 2b). Here
we designate haplotypes that were either frequent (>10%) in
a given species or differed from such haplotypes by fewer
than four nucleotides as “typical” haplotypes of that species.
In the PgiC gene region, the haplotypes sapgi-12 through
sapgi-17 of S. acuminata, scpgi-22 of S. curtisii, slpgi-14 of
S. leprosula, and sppgi-8 through sppgi-11 of S. parvifolia
were diverged from the typical haplotypes of the corre-
sponding species (Fig. 2a). In the GapC gene region, the
haplotypes sagap-8 through sagap-10 of S. acuminata,
scgap-10 of S. curtisii, slgap-7 and slgap-8 of S. leprosula,
and spgap-11 of S. parvifolia were also diverged from the
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Fig. 2. Haplotype networks for the four Shorea species. (a) haplo-
type network for the PgiC gene region; (b) haplotype network for
the GapC gene region. The size of circles is proportional to the ob-
served number of each haplotype. The branch lengths are propor-
tional to the number of mutations. The number of mutations is
indicated on branches when it was more than three. The shaded,
crossed, solid, and open circles represent the haplotypes observed
in S. acuminata, S. curtisii, S. leprosula, and S. parvifolia, respec-
tively. The names of diverged haplotypes are underlined.
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typical haplotypes (Fig. 2b). The Ky between the typical
haplotypes and the divergent haplotypes were comparable
to the divergence between the four species investigated in
this study. For instance, Kg; between the typical haplotype
sapgi-6 and the diverged haplotype sapgi-15 was 0.0220.
The diverged PgiC haplotypes sapgi-12 through sapgi-15 of
S. acuminata formed a separate group (Fig. 2a). Haplotypes
from this group accounted for 26% of all 74 haplotypes
scored in this species. In addition, the diverged PgiC haplo-
types sppgi-8 through sppgi-10 of S. parvifolia also formed
a separate group (Fig. 2a). The remaining diverged haplo-
types had low frequency (Figs. 2a and 2b).

Some of the diverged haplotypes were identical or similar
to haplotypes from different species. For instance, the haplo-
type sapgi-17 of S. acuminata was identical to a typical hap-
lotype of S. parvifolia (sppgi-5) (Fig. 2a). The slpgi-14
haplotype of S. leprosula was identical to a typical haplo-
type of S. parvifolia (sppgi-6) (Fig. 2a). The sppgi-11 haplo-
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type of S. parvifolia was identical to a typical haplotype of
S. leprosula (slpgi-13) (Fig. 2a). The NJ tree for the PgiC
gene region revealed that the diverged haplotype group
from S. acuminata (sapgi-12 through sapgi-15) clustered
with the haplotypes of S. quadrinervis with high bootstrap
value (92%) (Supplementary Fig. 2). They differed from the
haplotypes of S. quadrinervis by only one to two nucleoti-
des. In addition, the diverged haplotype sapgi-16 of S. acu-
minata was partially (positions 640-1236) similar to
haplotypes of S. quadrinervis with one to three nucleotide
differences. In contrast, its remaining part (positions 1-632)
was similar to the typical haplotypes of S. acuminata with
two to four nucleotide differences (Supplementary Fig. 3a).
Similarly, the diverged haplotype scpgi-22 of S. curtisii
showed partial (positions 90-699) similarity to the corre-
sponding part of haplotypes of S. pauciflora with three or
four nucleotide differences. On the other hand, the remain-
ing part of this haplotype (positions 797-1261) was similar
to the typical haplotypes of S. curtisii (scpgi-7 through
scpgi-10) with only one to two nucleotide differences (Sup-
plementary Fig. 3b). In the NIJ tree, the scpgi-22 haplotype
from S. curtisii was clustered with the haplotypes of S. kuns-
tleri and S. pauciflora with high bootstrap value (92%)
(Supplementary Fig. 2). In the GapC gene region, the 3’
part of the diverged haplotype sagap-9 of S. acuminata was
identical to the 3’ part of a typical haplotype of S. leprosula.
However, the 5’ part of this haplotype was identical to the 5’
part of a typical haplotype of S. acuminata (Ishiyama et al.
2003). The three haplotypes (sapgi-16, scpgi-22, and sagap-
9) appeared to be recombinants between typical haplotypes
and haplotypes of different species.

Putative hybrids

In total, we found 32 individuals that harbored the di-
verged haplotypes, which were different from the typical
haplotypes of the corresponding species identified based on
morphology. Their genotypes are summarized in Table 3.
Hybrids are expected to have genotypes consisting of se-
quences from two different species in different regions of
the nuclear genome. Three of the 32 individuals harbored di-
verged haplotypes at both loci. The individual sa399, identi-
fied as S. acuminata both in the field and in the herbarium,
had one typical PgiC haplotype (sapgi-6) of S. acuminata.
The other haplotype of this individual (sapgi-17) was identi-
cal to a typical haplotype of S. parvifolia (sppgi-5). Simi-
larly, in the GapC gene region, the individual sa399 had
one typical haplotype of S. acuminata (sagap-6), while the
other haplotype (sagap-10) was similar to a typical haplo-
type of S. parvifolia (spgap-10) with one nucleotide differ-
ence. The chloroplast DNA haplotype of the individual
sa399 was identical to S. parvifolia. The second individual
(s1326), identified in the field as S. leprosula, had one typi-
cal PgiC haplotype (slpgi-13) of S. leprosula, while the
other haplotype (slpgi-14) was identical to a typical haplo-
type of S. parvifolia (sppgi-6). In the GapC region, the indi-
vidual sI326 had one haplotype (slgap-8), which was
identical to a typical haplotype of S. parvifolia (spgap-2),
while the other haplotype (slgap-7) was not similar to any
of the typical haplotypes found in the four investigated spe-
cies. The cpDNA haplotype of the individual sI326 was
identical to S. leprosula. The third individual (sp296) identi-
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Table 3. Genotypes of individuals with diverged haplotypes.
Genotype

Individual Morphological

name identification PgiC GapC*  cpDNA
sa399 Shorea acuminata A/P A/P P
sa88 A/dl A/A A
sa9l A/dl A/A A
sa341 A/dl A/A A
sa345 A/dl — A
sa346 A/dl A/A A
sa393 A/dl — A
sa394 A/dl A/A A
sa395 A/dl — A
sa396 A/dl — A
sa397 A/dl — A
sa398 A/dl A/A A
sa402 A/dl A/A A
sa403 A/dl A/A A
sa342 d1/d1 A/A A
sa401 dl/d1 A/A A
sa83 recl/dl A/A A
sa90 recl/dl A/A A
sa85 A/A Afrec2 A
sa86 A/A A/d2 A
sa347 A/A A/d2 A
sa350 A/A A/d2 A
sc261 S. curtisii Clrec3 C/C C
sc271 C/rec3 C/C C
sc274 Clrec3 - C
sc275 Cc/C C/d3 C
s1326 S. leprosula P/L P/d4 L
sp282 S. parvifolia P/d5 P/P P
sp283 P/d5 P/P P
sp287 P/d5 P/P P
sp291 P/d5 P/P P
sp296 P/L P/d4 L

Note: A, typical haplotypes of S. acuminata; C, typical haplotypes of
S. curtisii; L, typical haplotypes of S. leprosula; P, typical haplotypes
of S. parvifolia; d1, diverged haplotypes, similar to S. quadrinervis (sapgi-
12 to 15); d2, diverged haplotype that differed from typical haplotypes
of the four Shorea species included in this study (sagap-8); d3, di-
verged haplotype that differed from typical haplotypes of the four Shorea
species included in this study (scgap-10); d4, diverged haplotype that
differed from typical haplotypes of the four Shorea species included in this
study (slgap-7 or spgap-11); d5, diverged haplotype that differed from typi-
cal haplotypes of the four Shorea species included in this study (sppgi-8
through sppgi-10); recl, recombinant-like haplotype between S. acuminata
and S. quadrinervis (sapgi-16); rec2, recombinant-like haplotype between
S. acuminata and S. leprosula (sagap-9); rec3, recombinant-like haplotype
between S. curtisii and S. pauciflora (scpgi-22); —, not studied.

“Ishiyama et al. 2003.

fied in the field as S. parvifolia had one typical PgiC haplo-
type of S. parvifolia (sppgi-6), while the other haplotype
(sppgi-11) was identical to a typical hapotype of S. lepro-
sula (slpgi-13). In the GapC region, the individual sp296
had one typical haplotype of S. parvifolia (spgap-2) and one
haplotype (spgap-11) that was not similar to any of the typi-
cal haplotypes found in the four investigated species. The
cpDNA haplotype of the individual sp296 was identical to
S. leprosula.

The remaining 29 individuals had diverged haplotypes in
only one gene region (PgiC or GapC), and their cpDNA
haplotypes were consistent with the morphological identifi-
cation (Table 3).

© 2008 NRC Canada



1002

Can. J. For. Res. Vol. 38, 2008

Table 4. Summary of Fsr values for population differentiation.

Locus Mersing—Keluang (E-E)

Mersing—Seremban (E-W)

Keluang—Seremban (E-W)

Shorea acuminata

PgiC 0.095 -0.015
GapC? -0.030

S. curtisii

PgiC -0.010

GapC* 0.073

0.030

0.015
0.083*

0.091
0.013

0.011
0.005

Note: E, popluation from the eastern area; W, population from the western area. *, significance after the Bonferroni

correction for multiple comparisons at P < 0.05.
“Ishiyama et al. 2003

Table 5. Tajima’s D statistic for the PgiC and GapC genes and multilocus test of neutrality.

Species Population PgiC GapC* Average over two loci”
Shorea acuminata Total 0.560 -1.925% -0.683 (0.180)
Mersing 0.322 —1.997* —0.837 (0.123)
Keluang 1.616 —1.940%* —0.162 (0.456)
Seremban 0.156 -0.417 -0.131 (0.484)
S. curtisii Total —1.241 -1.706 -1.474 (0.008)
Mersing -0.233 0.020 —-0.106 (0.498)
Keluang 0.153 -0.415 -0.131 (0.475)
Seremban -0.852 -1.811* -1.331 (0.019)
S. leprosula —2.220%* —1.904* —2.062%** (0.000)
S. parvifolia -1.038 -1.768 —-1.403 (0.013)

Note: Significant before the Bonferroni correction for multiple comparisons, *0.01 < P < 0.05, **0.001 < P < 0.01;
significant after the Bonferroni correction for multiple comparisons, ***0.001 < P < 0.01.

“Ishiyama et al. 2003.

"The values in parentheses indicate P values for multilocus test of neutrality before the Bonferroni correction.

Population differentiation within species

The obtained Fgy values for all pairs of populations of S.
acuminata and S. curtisii are presented in Table 4. Based on
the qualitative guidelines for interpretation of Fgr suggested
by Wright (1978), moderate genetic differentiation (Fgp =
0.05-0.15) was found in the PgiC gene region for the fol-
lowing two pairs of populations of S. acuminata: Mersing—
Keluang and Keluang—Seremban. In the GapC gene region,
moderate genetic differentiation was found for the following
two pairs of populations of S. curtisii: Mersing—Keluang and
Mersing—Seremban. For other population comparisons, little
genetic differentiation (Fsy = 0-0.05) or negative Fgy values
were obtained. Negative Fgp values were probably due to
small number of samples and (or) low levels of population
differentiation. After the Bonferroni correction, a significant
Fgr value (P < 0.05) was obtained for only one pair of pop-
ulations of S. curtisii: Mersing—Seremban (for the GapC
gene region). Moderate population differentiation was ob-
served both within and between eastern and western areas
of the Malaysian Peninsula. Namely, there was no clear re-
lationship between the location of population (eastern or
western) and the level of population differentiation. We did
not find any pattern in the geographic distribution of the
haplotypes. Same or similar haplotypes were shared among
populations within S. acuminata and S. curtisii in both PgiC
and GapC gene regions (data not shown). In summary, our
results suggest relatively low levels of population differen-
tiation in both S. acuminata and S. curtisii from Peninsular
Malaysia.

Tests of neutrality

The values of Tajima’s D statistic (hereinafter referred to
as D) for the PgiC and GapC gene regions are summarized
in Table 5. Significant negative D values were observed in
the PgiC gene region of S. leprosula and in the GapC gene
region of S. acuminata total and populations Mersing and
Keluang of S. acuminata, population Seremban of S. curtisii
and S. leprosula. None of these deviations were significant
after the Bonferroni correction. In the multilocus test, aver-
age D value over two loci was significantly negative in
S. curtisii total, population Seremban of S. curtisii, S. lep-
rosula, and S. parvifolia (Table 5). After the Bonferroni
correction, only deviation in S. leprosula was significant
(0.001 < P < 0.01).

In both gene regions and in all species, there was no sig-
nificant difference in the ratio of the number of synonymous
to replacement substitutions between polymorphism and di-
vergence (MK test) (data not shown). Similarly, there was
no significant difference in the ratio of polymorphism to di-
vergence between the PgiC and GapC gene regions (HKA
test) (data not shown).

Discussion

Polymorphism and divergence

The average nucleotide diversities (7) over the two loci in
S. acuminata, S. curtisii, S. leprosula, and S. parvifolia were
0.0083, 0.0051, 0.0035, and 0.0058 at silent sites, and
0.0011, 0.0003, 0.0009, and 0.0003 at replacement sites, re-
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Table 6. Comparison of the levels of nucleotide polymorphism (7) in various organisms.

Species Family No. of loci T sil T rep References
Plants
Woody species
Leaf trees
Shorea acuminata Dipterocarpaceae 2 0.0083 0.0011 This study
Shorea curtisii Dipterocarpaceae 2 0.0051 0.0003 This study
Shorea leprosula Dipterocarpaceae 2 0.0035 0.0009 This study
Shorea parvifolia Dipterocarpaceae 2 0.0058 0.0003 This study
Betula pendula Betulaceae 1 0.0047 —a Jarvinen et al. 2003
Populus tremula Salicaceae 5 0.0160 0.0059 Ingvarsson 2005
Populus trichocarpa Salicaceae Genome wide 0.0032 0.0010 Tuskan et al. 2006
Conifers
Cryptomeria japonica Taxodiaceae 7 0.0038 0.0009 Kado et al. 2003
Pinus densata Pinaceae 7 0.0122 0.0028 Ma et al. 2006
Pinus tabuliformis Pinaceae 7 0.0119 0.0030 Ma et al. 2006
Pinus yunnanensis Pinaceae 7 0.0095 0.0023 Ma et al. 2006
Pinus taeda Pinaceae 19 0.0064 0.0011 Brown et al. 2004
Pseudotsuga menziesii Pinaceae 18 0.0106 0.0021 Krutovsky and Neale 2005
Herbaceous species
Dicots
Arabidopsis thaliana Brassicaceae 876 0.0060>  0.0015¢  Nordborg et al. 2005
Helianthus annuus (wild) Asteraceae 9 0.0234 0.0034 Liu and Burke 2006
Monocots
Oryza rufipogon Poaceae 10 0.0072 —4 Zhu et al. 2007
Animals
Homo sapiens Hominidae 10 kb noncoding region 0.0007 —a Zhao et al. 2006
Drosophila melanogaster Drosophilidae 188 0.0106 0.0018 Andolfatto 2005

Note: , nucleotide diversity (Nei 1987) based on multilocus sequences.

“Data not available.
" Approximate value for intergenic regions.
“Approximate value for nondegenerate sites.

spectively (Table 6). The levels of polymorphism at silent
sites were in the range observed in a wide range of organ-
isms, and moderate in comparison with other woody species.
On the other hand, the observed levels of polymorphism at
replacement sites were slightly lower than in other organ-
isms (Table 6). The two enzymes encoded by the PgiC and
GapC genes are crucial in glycolysis pathway, thus selective
constraint against amino acid change in these genes may be
strong. This could be one of the reasons for low levels of
polymorphism at replacement sites observed in our study.

The levels of divergence between the four Shorea species
included in our study were quite low. When K values be-
tween the four Shorea species were compared with the 7
values, K values were on average only 3.6 times and 4.8
times higher than 7 of individual species for the PgiC and
GapC gene region, respectively. Therefore, our present re-
sults suggest that the species investigated in our study di-
verged recently. Alternatively, interspecific hybridization
could be an additional cause for the observed low diver-
gence (see below).

Interspecific hybridization

We found that 32 individuals harbored diverged haplo-
types (Table 3). Some of them were similar to haplotypes
of another species. The presence of such diverged haplotypes
can be due to either ancestral polymorphism or interspe-

cific hybridization, and it is usually very difficult to distin-
guish between these two alternatives. However, we suspect
that at least some of the diverged haplotypes detected in
our study are due to interspecific hybridization rather than
ancestral polymorphism. For instance, some individuals had
diverged haplotypes in both GapC and PgiC regions. The
individual sa399 could be a hybrid between S. acuminata
and S. parvifolia, and its maternal parent could be S. par-
vifolia, as inferred from cpDNA sequences. The other two
individuals (sI326 and sp296) could be hybrids between
S. parvifolia and S. leprosula, and their maternal parent
could be S. leprosula, as inferred from cpDNA sequences.
However, in the GapC gene region, these two individuals
had an unknown haplotype, which differed from both S. lep-
rosula and S. parvifolia haplotypes. Since in the areas
where our samples were collected there are many other
Shorea species, we could not rule out the possibility of hy-
bridization between S. parvifolia and another species.

The remaining 29 individuals had diverged haplotypes in
only one gene region (PgiC or GapC), and some of them
appeared to represent recombinants between haplotypes of
different species. For instance, sequences of haplotypes
scpgic-22 and sagap-9 were partially similar or identical to
haplotypes of different species. The presence of the re-
combinant-like haplotype sagap-9 appears to support the
occurrence of interspecific hybridization. In the recombi-
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nant-like haplotype sagap-9, the 5" part was exactly the
same as a typical haplotype of S. acuminata, while the 3’
part was exactly the same as a typical haplotype of S. lep-
rosula (Ishiyama et al. 2003). Therefore, the recent recom-
bination in a hybrid between S. acuminata and S. leprosula
is a more plausible explanation than ancestral polymor-
phism for the structure of this haplotype. The minimum
number of recombination events (Ry;) was one or more for
both gene regions except for S. leprosula (Table 1), which
indicates the possibility of recombination at least within
species.

Shorea species from the section Mutica are pollinated by
the same insect groups (Appanah and Chan 1981; Momose
et al. 1998; Sakai et al. 1999), and their flowering periods
(Ashton et al. 1988) and habitats often overlap. Moreover,
most species from the genus Shorea have the same chromo-
some number (n = 7) (Jong and Lethbridge 1967; Somego
1978). Thus, the occurrence of interspecific hybridization is
possible. In fact, Chan (1981) showed successful fruit for-
mation in a cross between S. splendida and S. stenoptera,
further indicating the potential for natural hybridization. In
this study, species identification was carried independently
by two different taxonomists, and yet the putative hybrids
between S. leprosula and S. parvifolia, s1326 and sp296,
were repeatedly identified as S. leprosula and S. parvifolia,
respectively. This indicates that based on morphology, the
hybrids of Shorea species may be difficult to distinguish
from their parental species.

Despite the evolutionary importance of hybridization
(Stebbins 1966; Rieseberg et al. 1996) and recombination in
hybrids, their role in the evolution of Shorea species have
not been studied experimentally. Both hybridization and re-
combination between genomes of different species are far
more efficient than mutation to introduce new alleles. Fur-
ther studies are necessary to determine the importance of in-
terspecific hybridization and recombination in the evolution
of Shorea species.

Population differentiation and demographic history of
Peninsular Malaysia populations

During the last glacial period (approximately 20 000 years
ago), Peninsular Malaysia, where our samples were col-
lected, is supposed to have been covered by savanna, and
rainforest refugia were present only in the northern and east-
ern Borneo, northern and western Sumatra and the Mentawai
Islands (Thomas 2000; Gathorne-Hardy et al. 2002; Slik et
al. 2003). Therefore, the extant tropical tree species have
colonized this region only recently after the last glacial pe-
riod (no more than 20 000 years ago). Considering such cli-
matic history, we expected that independent expansions
from isolated refugia on Borneo and Sumatra could have
led to population differentiation between populations from
the eastern and western parts of Peninsular Malaysia. In ad-
dition, taking into account their pollinators (thrips (Appanah
and Chan 1981) and small beetles (Momose et al. 1998; Sa-
kai et al. 1999)) and the limited seed dispersal (20-50 m
(Chan 1980)), we expected high population differentiation
as a result of limited gene flow. However, the levels of pop-
ulation differentiation in S. acuminata and S. curtisii re-
vealed in our study (Fsy = —0.030-0.095) were similar to
those reported for wind-pollinated trees such as Cryptomeria
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Jjaponica D. Don (Fst = 0.011-0.040) (Kado et al. 2003), Pi-
nus densata Mast., Pinus tabuliformis Carriére, and Pinus
yunnanensis Franch. (Fsr = 0.031-0.105) (Ma et al. 2006),
Betula pendula Roth (Fsp = —0.023-0.093) (Jarvinen et al.
2003), and Populus tremula L. (Fst = 0.117) (Ingvarsson
2005). The relatively low level of population differentiation
observed in our study is likely to be due to a short time that
passed since divergence of these populations, which is con-
sistent with the recent colonization of Peninsular Malaysia.
Furthermore, we did not find a clear relationship between
the location of population (eastern or western) and the level
of population differentiation. Thus, extant populations in
Peninsular Malaysia might have originated from a single ref-
ugium. Alternatively, populations expanding from Borneo
and Sumatra refugia could have fused throughout Peninsular
Malaysia.

Both change in population size and natural selection will
cause a departure from neutrality. We observed significantly
negative D values in both loci and in the multilocus test
(Table 5). Negative D values can be caused by recent popu-
lation expansion (Tajima 1993) or by a selective sweep
(Braverman et al. 1995). The presence of rare diverged hap-
lotypes due to interspecific hybridization will also skew the
D statistic towards a negative value, since they produce
many segregating sites with low frequency. The pattern of
reduced polymorphism compared with the divergence,
which is expected under selective sweep, was not detected
by HKA test. In addition, changes in population size are ex-
pected to affect all loci. Actually, negative D values were
found at both loci in S. curtisii, S. leprosula, and S. parvifo-
lia, and their average D values over two loci were signifi-
cantly negative (Table 5). This result suggests that all three
species experienced past population expansion, which is
consistent with climatic history of Southeastern Asia. The
presence of diverged haplotypes was also likely to contrib-
ute to the observed deviations from neutrality. On the other
hand, we could not find significant evidence for a popula-
tion expansion event in S. acuminata. The power of Taji-
ma’s D test depends on the elapsed time and strength of the
expansion event (Simonsen et al. 1995; Ramos-Onsins and
Rozas 2002), and the signature of population expansion can-
not always be detected by this test. Thus, our present results
do not exclude the possibility of such an event in this spe-
cies.

Conclusions

Significant negative Tajima’s D in the multilocus test for
S. curtisii, S. leprosula, and S. parvifolia supported recent
population expansion events in these species. In spite of the
limited pollen and seed dispersal, differentiation among pop-
ulations within S. acuminata and S. curtisii was low in most
cases. This suggested recent diversification of populations in
the Peninsular Malaysia, which is consistent with recent ex-
pansion. Furthermore, the observed genetic homogeneity of
these populations suggested expansion from single refugial
population or fusion of multiple refugial populations. Addi-
tional samples from Sumatra and Borneo islands, where refu-
gia could have existed during the last glacial period, will help
clarify the origins of populations in Peninsular Malaysia.

From the conservation viewpoint, maintaining genetic
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variation is important. In the four Shorea species investi-
gated in our study, many rare haplotypes were found and
some of them carried substitutions at replacement sites.
Rare haplotypes are easily lost following reduction of popu-
lation size caused by logging.

Our present results confirmed our previous findings sug-
gesting the occurrence of interspecific hybridization in
Shorea species. Interspecific hybridization can introduce
new alleles to a species and thus affect its evolution. Addi-
tional studies are necessary to evaluate the evolutionary im-
portance of natural interspecific hybridization in this group
of tropical trees.
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