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Abstract Dipterocarpaceae is the dominant family of
Southeast Asia’s climax tropical rain forest region, and
it contains the region’s most important commercial
timber species. A molecular phylogeny of the Dip-
terocarpaceae subfamily Dipterocapoideae was con-
structed using restriction fragment length polymor-
phisms of polymerase chain reaction-amplified specific
genes in chloroplast DNA. A total of 141 site changes
were detected among ten genera and 30 species in 11
different genes: rbcL, psbA, psbD, rpoB, rpoC, petB,
atpH, 168, psaA, petA and trnK. Phylogenetic trees
constructed by Wanger parsimony and neighbor-join-
ing methods, using Upuna as the outgroup, displayed
five monophytelic groups that included Upuna: Hopea-
Shorea-Parashorea-Neobalanocarpus;  Dryobalanops;
Dipterocarpus;, Anisoptera-Vatica-Cotylelobium; and
Upuna. The phylogenetic trees clearly separate species
with two different base chromosome numbers: the first
groupis x = 7, and the other is x = 11. The x =7 group
is thought to be in a synapomorphic character state.
Parashorea lucida is a sister to most Shorea species.
Neobalanocarpus heimii and Hopea from a clade of a
sister to two Shorea species, and Cotylelobium and
Vatica are closely related species. Qur conclusions agree
with a phylogeny derived from wood anatomy data
analysis, and with Symington’s and Ashton’s taxonomic
classifications.
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Introduction

Dipterocarpaceae is distributed mainly in Southeast
Asia and its species represent a major canopy component
in tropical forests. Dipterocarpaceae species are dominant
in Southeast Asia’s tropical rain forests, and family is one
of the region’s most important tree families, being repre-
sented by an extreme richness of species in many tropical
rain forests (Federov 1966; Ashton 1969; Whitmore 1984).
The family Dipterocarpaceae has been divided into three
subfamilies: Dipterocarpoideae, Monotoideae and Paka-
raimoideae. Monotoideae is represented in Africa and
Madagascar by two genera. The monotypic genus Paka-
raimaea is placed in the Pakaraimoideae and is distrib-
uted throughout Guyana, South America. According to
recent classifications, Dipterocarpoideae includes 13
genera and 470 species (Symington 1943; Ashton 1982).

Phylogenetic relationships among dipterocarps have
been addressed using only morphology data, fossil re-
cords and pollen analysis (see review of Ashton 1982). In
particular, wood anatomy data has provided valuable
taxonomic information at the subfamily, tribe, genetic,
infrageneric and species levels (Desch 1941; Gottwald
and Parameswaran 1966; Ashton 1982). Cytological
data for the family are limited but provide important
information relevant to cytotaxonomy. It has been es-
tablished that Indo-Malesian species in the 9 genera
studied have, for the most part, 7 or 11 chromosomes
(Jong and Lethbridge 1967; Jong 1976; Somego 1978).
Although genetic studies have been conducted in these
species (Gan et al. 1977, Gan and Robertson 1981;
Ashton et al. 1984; Thara et al. 1986; Harada et al. 1994;
Kitamura et al. 1994; Murawski and Bawa 1994), mol-
ecular phylogenetic relationships among genera and
species have not been investigated. In the study de-
scribed here, we developed hypotheses for the phylogeny
of Dipterocarpaceae using restriction fragment length
polymorphism (RFLP) of specific genes of chloroplast
DNA (cpDNA) amplified by the polymerase chain reac-
tion (PCR).



Material and methods
Leaf samples

Leaves from 30 dipterocarp tree species from ten genera were col-
lected at the Forest Research Institute of Malaysia (FRIM) arbor-
etum and nursery (Table 1).

Manipulation of DNA

Total DNA was extracted from leaves of each species by a slightly
modified version of the CTAB method (Murray and Thompson
1980). Approximately 5g of fresh leaf tissue was ground to a fine
powder with liquid nitrogen in a Millser IFM-150 homogenizer
(Iwatani Co.). Twenty milliliters of 2 x CTAB buffer (2% CTAB,
1.4 M NaCl, 0.2% fS-mercaptoethanol, 20mM EDTA, 100 mM Tris-
HCI, pH 8.0, 1% PVP-40) was added to the ground powder and
homogenized with the homogenizer again. The solution was incu-
bated at 60°C for 30min, 20ml of chloroform solution (chloro-
form:isomyl alcohol =24:1) was then added and the solution was
mixed gently for 15 min and then centrifuged at 4,500 rpm for 15 min.
The aqueous phase was subsequently transferred to a clean tube to
which a two-third volume of cold isopropanol was added and mixed
gently to precipitate the nucleic acids. The DNAs were purified by
RNase digestion and extracted two to four times with TE-saturated
phenol.

Eleven genes in the cpDNA were amplified by PCR: rbcL, rpoB,
petB, psbA, psbD, atpH, 168, rpoC, psaA, petA and trnK (Table 2).
Primers were designed using the DNASIS Program (Takara, Kyoto)
and were based on nucleotide sequence data from the EMBL
database. The primers were synthesized (Nippon Gene). PCR amplifi-
cation of these cpDNA regions and PCR-RFLP analysis were per-
formed by the methods of Tsumura et al. (1995).
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Scoring of site changes and phylogenetic tree construction

Five microliters of the PCR product was used for estimating the sizes
of fragment-amplified genes by gel electrophoresis on 2% agarose
gels in TAE buffer before digestion with restriction endonucleases.
The digested DNAs were also subjected to electrophoresis on 2%
agarose gels, and the molecular size of each fragment was estimated
(4 5% error) by comparing the size marker, Hincll-digested ¢ 174,
using the DNASIS Program (Takara, Kyoto). Site changes between
specific genes in the various species was determined from these data.

Phylogenetic analysis was conducted using the heuristic search
condition of the PAUP 3.0s Program (Phylogenetic Analysis Using
Parsimony; Swofford 1991) with the Wagner parsimony option and
also by the neighbor-joining (NJ) method (Saitou and Nei 1987). If
phylogenetic trees constructed by several different methods agree,
then confidence in the trees and the data used for their construction
will increase. When the NJ method was used, a matrix of pairwise
distances between species was calculated using the PAUP program.
Because Upana displays primitive morphological characteristics
(Ashton 1982), this taxon was treated as an outgroup for the other
taxa. To estimate the nucleotide substitutions, we used the formula of
Nei and Tajima (1983).

Results

Variation among species

We amplified the 11 genes of interest, including introns
and/or spacers, of cpDNA. The predominant fragment
sizes of the different genes showed no variation among
species when examined on 2% agarose gel. The length of
the amplified fragment of rpoB from dipterocarps was

Table 1 Species subjected to an analysis of cpDNA-based phylogeny, their abbreviations, voucher number and sources

Number Species Abbreviation Voucher no.* Source®
1 Shorea macroptera DYAR SMA LGF 59/95 FRIM, Kepong, Malaysia
2 Shorea atrinervosa SYM. SAT LGF 35/95 FRIM, Kepong, Malaysia
3 Shorea bracteolata DYER SBR LGF 77/95 FRIM, Kepong, Malaysia
4 Shorea singkawang (M1Q.) M1qQ. SSI LGF 64/95 FRIM, Kepong, Malaysia
5 Shorea ovalis (KORTH.) BL. SOV Kawahara-95025 FRIM, Kepong, Malaysia
6 Shorea multiflora (BURCK) Sym. SMU LGF 79/95 FRIM, Kepong, Malaysia
7 Shorea scaberrima BURCK SSC LGF 3/95 FRIM, Kepong, Malaysia
8 Shorea kunstleri KING SKU LGF 66/95 FRIM, Kepong, Malaysia
9 Shorea parvifolia DYER SPA LGF 70/95 FRIM, Kepong, Malaysia
10 Shorea macrophylla (DE VRIESE) ASHTON SMP LGF 73/95 FRIM, Kepong, Malaysia
11 Shorea lepidota (KORTH.) BL. SLE LGF 55/95 FRIM, Kepong, Malaysia
12 Hopea helferi (DYER) BRANDIS HHE LGF 68/95 FRIM, Kepong, Malaysia
13 Hopea sangal KORTH HSA LG 78/95 FRIM, Kepong, Malaysia
14 Hopea latifolia Sym. HLA LGF 63/95 FRIM, Kepong, Malaysia
15 Hopea subalata Sym. HSU LGF 58/95 FRIM, Kepong, Malaysia
16 Hopea odorata ROXB. HOD LGF 61/95 FRIM, Kepong, Malaysia
17 Hopea wightiana HWI LGF 59/95 FRIM, Kepong, Malaysia
18 Hopea dyeri HEIM HDY LGF 80/95 FRIM, Kepong, Malaysia
19 Hopea apiculata SYM HAP LGF 65/95 FRIM, Kepong, Malaysia
20 Hopea nervosa KING HNE LGF 74/95 FRIM, Kepong, Malaysia
21 Dipterocarpus kerrii KING DIK LGF 71/95 FRIM, Kepong, Malaysia
22 Dipterocarpus baudii KORTH DIB LGF 53/95 FRIM, Kepong, Malaysia
23 Dipterocarpus oblongifolius B DIO LGF 72/95 FRIM, Kepong, Malaysia
24 Neobalanocarpus heimii (KING) ASHTON NEO LGF 57/95 FRIM, Kepong, Malaysia
25 Dryobalanops aromatica GAERTN. DRY LGF 51/95 FRIM, Kepong, Malaysia
26 Parashorea lucida (M1Q.) KURZ PAR LGF 67/95 FRIM, Kepong, Malaysia
27 Vatica odorata (GRIFF.) SyMm. VAT LGF 75/95 FRIM, Kepong, Malaysia
28 Cotylelobium malayanum V. SL COT LGF 52/95 FRIM, Kepong, Malaysia
29 Anisoptera oblonga DYER ANI Kawahara-95067 - FRIM, Kepong, Malaysia
30 Upuna bornensis SYM. UPU LGF 76/95 FRIM, Kepong, Malaysia
*FRIM Herbarium

PFRIM, Forest Research Institute of Malaysia dipterocarps arboretum
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Table 2 Primers, fragments sizes and sources of information for amplification by PCR of 11 specific genes found in cpDNA

Gene Primers (forward and reverse) Size (bp) Source

rbcL 5-TGTCACCAAAAACAGAGACT-¥ 1,387 Pseudotsuga menziesii
5-TTCCATACTTCACAAGCAGC-%¥ (Hipkins et al. 1990)

rpoB 5-CTAAGGGGTTGTTGTGTAAC-¥ 1,286 Nicotiana tabacum
5'-AATATGCAACGTCAAGCAGT-¥ (Shinozaki et al. 1986)

petB 5-TGGGGAACTACTCCTTTGAT-¥ 1,634 Nicotiana tabacum and Oryza sativa
5-CCCGAAATACCTTGCTTACG-3 (Shinozaki et al. 1986; Hiratsuka et al. 1989)

psbA 5-TACGTTCGTGCATAACTTCC-3 939 Pinus contorta
5-CTAGCACTGAAAACCGTCTT-¥ (Lidholm and Gustafsson 1991)

psbD 5-TATGACTATAGCCCTTGGTA-3 1,042 Nicotiana tabacum
5-TAGAACCTCCTCAGGGAATA-3 (Shinozaki et al. 1986)

atpH 5-TTGACCAACTCCAGGTCCAA-3 1,283 Spinacia oleracea

(atpH-atpl) 5-CCGCAGCTTATATAGGCGAA-3 (Hennig and Herrmann 1986)

16S 5-ACGGGTGAGTAACGCGTAAG-¥ 1,375 Nicotiana tabacum
5-CTTCCAGTACGGCTACCTTG-3’ (Shinozaki et al. 1986)

rpoC 5-GCAGTTTCTTGAAAACTCGC-3 3,603 Nicotiana tabacum

(rpoCl-rpoC2) S -TGTACACGCGGTAGAAAAAT-¥ (Shinozaki et al. 1986)

psaA 5-AAGAATGCCCATGTTGTGGC-3 2,218 Nicotiana tabacum
S-TTCGTTCGCCGGAACCAGAA-% (Shinozaki et al. 1986)

petA 5-TATGAAAATCCACGAGAAGC-¥ 2,314 Nicotiana tabacum
5-TATCAGCAATGCAGTTCATC-3 (Shinozaki et al. 1986)

trnK 5'-AACCCGGAACTAGTCGGATG-3' 2,569 Oryza sativa

5-TCAATGGTAGAGTACTCGGC-3'

(Hiratsuka et al. 1989)

1,286 bp (+ 5%) and was the same as that of tobacco
rpoB. When the fragments were digested by Mspl, three
patterns were identified, two of which we denoted pat-
tern A (820 bp, 310 bp and 156 bp; + 5%) and pattern B
(580 bp, 310 bp, 240 bp and 156 bp; + 5%). If the 820-bp
(4 5%) fragment of pattern A were to gain a new site for
Mspl, pattern A would be transformed into pattern B
(Fig. 1 A). The length of the amplified dipterocarp frag-
ment of psbD was 1,042 bp ( + 5%) and was the same as
that of tobacco psbD. When this fragment was digested
by Mael, we detected two patterns (Fig. 1C). In pattern

M161718192021222324252627282930 M

A
M1617 18192021 222324252627282930 M

A, there were two fragments, 530 bp and 512 bp (+ 5%).
If the 530-bp fragment were to gain a new site for Mael,
pattern A would change to yield two fragments of 315 bp
and 215bp (£ 5%), which are the size of the fragments
of pattern B. The RFLP patterns of the Mspl-digested

Fig. 1A-D RFLP patterns of specific PCR-amplified genes of
cpDNA. A Mspl-digested rpoB region, B Haelll-digested petA re-
gion, C Mael-digested psbD region, D Tagl-digested rbcL region.
Numbers above each photograph refer to the numbering in Table 1
and M indicates the molecular size marker, namely, a Hincll digest of
¢ 174

M1

2 3 4567 8 9101112131415 M

B

M1 2345678 910112131415 M




rpoB region and the Tagl-digested rbcL region can also
easily be explained by site changes (Fig. 1B, D). Except
for atpH, the other amplified genes from other species
were shown to be similar in size to tobacco cpDNA
genes. Since the amplified arpH fragment was 385bp
(4 5%) long, dipterocarp atpH may not have a spacer
region between atpH and atpl.

We detected a total of 141 site changes by RFLP
analysis of PCR-amplified cpDNA genes, but a clear
length mutation was not detected in this study. The total
sequence surveyed was 1,126 bp and was composed of
6% of all the amplified sequences of the genes (Table 3).
The length of the amplified genes ranged from 385 bp for
atpH to 3,603 bp (both 4+ 5%) for rpoC1-C2. Amplified
fragments were coding regions except for rpoC1-C2 and
atpH, each of which has an intergenic spacer region.
Therefore, we excepted to detect more site changes in
these cases. However, the number of site changes in
rpoC1-C2 was smaller despite the amplified fragment’s
considerable length. Fewer changes were detected in the
other genes, psbA, psbD, atpH and 16S. The results,
however, depended on the restriction enzymes used. As
we could not easily compare differences between genes,
we calculated the nucleotide subtitutions between spe-
cies (Table 4) for each gene. The sequence divergence
values ranged from 0.00% between Shorea macrophylla
and 8. scaberrima to 7.67% between S. singkawang and
Anisoptera oblonga. The mean value was 3.83%
(SD = 0.0627). All amplified DNA fragments were diges-
ted by 29 restriction endonucleases, averaging 10.64
restriction endonucleases per gene. As the fragment
from the arpH gene was smaller (385bp; + 5%) than
those from the other genes (939--3,603 bp), we detected
only 10 sites using 10 restriction endonucleases. Ulti-
mately, we obtained 485 fragments from digesting am-
plified fragments of the 11 genes: 62 fragments from
rbeL, from rpoB, 64 from petB, 29 from psbA, 39 from
psbD, 38 from 168, 93 from rpoC, 36 from psaA, 21 from
petA and 47 from trnK. The amplified region of petB,
psbA, atpH, petA and trnK were relatively diverse
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among species, and the mean rate of nucleotide substitu-
tions exceeded 6.00% (Table 3), with lower SD values
than in other cases. The rates for rbcL and psaA were
4.05% (SD = 0.0229) and 4.05% (SD = 0.0237), respect-
ively.

Phylogenetic trees

Twelve maximally parsimonious trees were obtained
when the Wagner parsimony method was used, and a
strict consensus tree was obtained from them (Fig. 2).
For each tree, the consistency index was 0.675, the
retention index 0.835 and the tree length was 209 steps.
The NIJ tree is shown in Fig. 3. Data set analysis
produced similar basic patterns when both the Wagner
parsimony and the NJ methods were applied to separate
major taxomic groups (Fig. 2,3). As the monotypic
genus Upuna is primitive in several aspects (Ashton
1982), we used this genus as an outgroup when applying
the Wagner parsimony method. Our results indicated
that Cotylelobium and Vatica are closely related genera,
and that Shorea, Hopea, Parashorea and Neobalanocar-
pus are also closely related genera forming a sister
grouping to Dryobalanops and Dipterocarpus, with
Dryobalanops lying between the first two (Fig. 2). In this
phylogenetic tree, Dipterocarpus, Dryobalanops and
Anisoptera are clearly separated from the other genera.
Parashoreais the sister to a large group of Shorea species
and to Neobalanocarpus heimii, Hopea latifolia and H.
dyeri, which are closely related species. Most Shorea and
Hopea species are clearly separated, but Shorea consists
of two lineages: the S. bracteolata and S. singkawang
group and all other Shorea species. Dryobalanops has the
same basal lineage as Shorea, Parashorea, Hopea and
Neobalanocarpus.

The NJ tree is similar to the strict consensus of the 12
most parsimonious Wagner trees except for the position
of S. multifolia (Fig. 3). In the NJ tree, Cotylelobium
forms a group with Anisoptera and Vatica, and the

Table 3 The mean estimates of nucleotide substitutions, the corresponding standard deviations, site change between species, the surveyed

sequence and the sizes of the amplified fragments for each gene

Gene Fragment size (bp) Site change Surveyed sequence® (bp) Nucleotide SD
substitution (%)

rbell 1,387 15 143 (10.3%) 4.05 0.0229
rpoB 1,286 17 124 (9.6%) 3.09 0.0197
petB 1,634 23 133 (8.1%) 6.22 0.0476
psbA 939 3 79 (8.4%) 6.48 0.0096
psbD 1,042 8 85 (8.2%) 311 0.0254
atpH 385 3 24 (6.2%) 6.21 0.0682
168 1,375 6 78 (5.7%) 1.87 0.0176
rpoC 3,603 33 220 (6.1%) 421 0.0321
psaA 2,218 8 86 (3.9%) 4.05 0.0237
petA 2,314 8 46 (2.0%) 8.57 0.0790
trnK 2,569 17 108 (4.2%) 6.83 0.0390
Total 18,752 141 1,126 (6.0%) 3.83 0.0627

* Surveyed sequence means the surveyed number of nucleotide sequence. The value in parentheses is the percentage of the amplified gene sizes

as inferred from restriction endonuclease analysis
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Subsection  x

Hopea helferi 2a
Hopea odorata 2a 7
Hopea apiculata 2b
Hopea sangal H j2b 7
Hopea wightiana
Hopea latifolia 1a 7
Hopea dyeri 1a
Neobal, pus heimii N 7
Hopea subarata 1b 7
Hopea nervosa E—' 1b 7
Shorea bracteolata — 5 7
Shorea singkawang 9b 7
Shorea macroptera 9a 7
12 —L1—  Shorea ovalis 10 7
L~ Shorea scaberrima 7b
2 ! Shorea kunstleri S {7
Shorea parvifolia 9b 7
Shorea lepidota 9b
Shorea macrophylla 8 7
Shorea atrinavosa 1a
Shorea multiflora —4b 7
Parashorea lucida P 7
Dryobalanops aromatica 7
Dipterocarpus kerrii
Dipterocarpus baudii 11
Dipterocarpus oblongifolius 11
Anisoptera obionga
Vatica odorata 1
Cotylelobium malayanum
2 Upuna bornensis 11

Fig. 2 Strict consensus tree of 12 maximally parsimonious Wagner
trees from RFLP analysis of 11 PCR-amplified genes in cpDNA of
Dipterocarpaceae. Subsection numbers in Shorea and Hopea are
based on Ashton (1982). S Shorea, P Parashorea, H Hopea and N
Neobalanocarpus. y indicates basic chromosome numbers reported
by Jong and Lethbridge (1967) and Jong (1976). The numbers above
the branches indicate branch distances

position of Parashorea and some Shorea species are
slightly different from a strict consensus of the 12 par-
simonious Wagner trees.

Discussion
Evolution of Dipterocarpaceae in Southeast Asia

Ashton (1982) classified two tribes in Dipterocar-
poideae. The first tribe, Dipterocarpeae, consist of Va-
teria, Vateriopsis, Stemonoporus, Vatica, Cotylelobium,
Upuna, Anithoptera and Dipterocarpus. The first three of
these genera occur in India and/or Sri Lanka. The other
tribe, Shoreae, consist of Dryobalanops, Parashorea,
Hopea, Neobalanocarpus and Shorea. These genera are
distinguished by floral and wood anatomy characteris-
tics (Desch 1941; Gottward and Parameswaran 1966)
and a basic chromosome number of 7 (Shorea) or 11
(Dipterocarpeae)(Jong and Lethbridge 1967; Jong 1976;
Somego 1978). Our results indicate the tribe Dipterocar-
peae (Vatica, Cotyleobium, Upuna, Anithoptera and Dip-
terocarpus in our study) can be clearly differented from
the group of the tribe Shorease including Dryobalanops,
Parashorea, Hopea, Neobalanocarpus and Shorea
(Figs. 2 and 3). OQur data also identified Shoreae a mono-
phyletic group and Dipterocarpeae as being para-
phyletic. Therefore, Dipterocarpeae’s characteristics
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Hopea helferi

Hopea odorata
Hopea apiculata
Hopea sangal
Hopea wightiana
Hopea latifolia
Hopea dyeri
Neobalanocarpus heimii
Hopea subarata
Hopea nervosa

Shorea br
Shorea singkawang
Shorea parvifolia
Shorea lepidota
Shorea macrophylla
Shorea scaberrima
Shorea kunstleri
Shorea macroptera
Shorea ovalis
{ Shorea atrinavosa

Parashorea lucida
Shorea multiflora

Dryobal: ar

Dipterocarpus baudii
_—_&Diptemmrpus oblongifolius
Dipterocarpus kerrii
Anisoptera oblonga
| : Vatica odorata
Cor 1oinhis;

Fig. 3 Neighbor-joining tree constructed from RFLP analysis of 11
PCR-amplified genes in cpDNA of Dipterocarpaceae

malayanum

Upuna bornensis

can be considered as plesiomorphy. The data from our
tree suggest that these are four natural taxa in the tribe
Dipterocarpeae: Dipterocarpus, Anithoptera, Vatica-
Cotylelobium and Upuna. Ashton (1982) suggested that
there is a close affinity between most of the morphologi-
cal traits of Vatica and Cotylelobium which is also
consistent with our tree. The monotipic genus Upuna,
which is primitive in several respects, is endemic to
Borneo, especially with respect to its wood anatomy
(Ashton 1982). Of the 267 most abundant species of
Dipterocarpeae that have been identified within South-
east Asia, 155 (59%) of them are endemic to Borneo,
with the Malaysian Peninsula and Sumatora following
Borneo, with 127 (19% endemic) and 95 (11.5% en-
demic) species, respectively (Ashton 1982). This might
suggest that Borneo and the surrounding regions are the
center of diversity of this family after the ancestors
reached Southeast Asia.

According to our cpDNA-based tree, the tribe
Shoreae is a monophyletic taxa. Therefore, a series of
characteristic changes, including a change in the basic
chromosome number from x = 11 to x = 7, must have
occured at the base of this taxon. Dryobalanops is situ-
ated outside the other genus, a position consistent with
the wood anatomy data indicating the intermediacy of
Diterocarpus between Shoreae and Dipterocarpeae as
reviewed and classfied by Ashton (1982). Dryobalanops
has five equally long calyx lobes, as does Vatica sect.
Vatica, but other Dipterocarpaceae genera have two or
three aliform fruits. Our results show that the evolution
of the long calyx lobes occurred at the clade of
Dryobalanops and independent of Vatica sect. Vatica.

Our results reveal a close affinity among Hopea,
Neobalanocarpus, Parashorea and Shorea with no im-
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portant morphological differences among them. Two
large genera, Hopea and Shorea, can be distinguished by
a single characteristic, number of long fruit calyxes:
Hopeahas two and Shorea three. In our data, Hopea and
Shorea were separate, with only two exceptions, S. brac-
teolata and §. singkawang. These 2 species combined
with Hopea not Shorea. Neobalanocarpus, a monotypic
genus composed of N. heimii, was identified in 1978 by
Ashton and is characterized by short, equal fruit sepals
and linear anthers. Ashton (1982) studied its close affin-
ity with Hopea sect. Hopea based on the appearance of
the inflorescence, fruit embryo and germination mode.
But our tree shows Neobalanocarpus with a closer affin-
ity to Hopea sect. Dryobalanoides subsect. Dryobalano-
ides (subsect. 1a in Fig. 2) than to sect. Hopea (subsect.
2a,b in Fig. 2). Thus, it is at least certain that
Neobalanocarpus nests in Hopea in our cpDNA-based
analysis.

Dryobalanops and Parashorea (with about 10 species)
are both characterized by an unequal aliform fruit that
exhibits globose, verrucose and plicate vernation. How-
ever, other characteristics are very similar to Shorea.
Ashton (1982) regarded the difference as that of section
level in embryo and seeding characteristics. Data from
our tree indicate that Parashorea is a very close relative
of Shorea, but as a group, it is placed mostly outside of
the Shorea species except for 2 species that are strangely
combined with Hopea. Therefore, Parashorea is con-
sidered a sister genus of Shorea.

Hopea and Shorea contain 186 and 357 species, re-
spectively (Ashton 1982). Our molecular phylogenetic
tree showed that speciation between Hopea and Shorea,
including Neobalanocarpus and Parashorea, occurred
relatively recently because in our tree the branch distan-
ces of these genera are small. Although it is difficult to
estimate relationships when small genetic divergence
occurs, several clusters are recognizable. Hopea consists
of two sections and four subsections, sect. Dryobalano-
ides subsect. Dryobalanoides (shown as subsect. la in
Fig. 2) and subsect. Sphaerocarpae (1b) and sect. Hopea
subsect. Hopea (2a) and subsect. Pierra (2b), as reviewed
and classified by Ashton (1982). He seems to doubt that
subsections are well-defined and might sometimes in-
clude heterogenous species. We recognized four natural
clades (Fig. 2) corresponding to the classical subsections
described by Ashton (1982). Although an exception,
Hopea apiculata, combines with H. helferi and H. odor-
ata to form a group with subsect. Hopea (2a) despite the
existence of subsect. Pierra (2b). The other species in
Hopea match Ashton’s (1982) classification. The rela-
tionship among subsections is not clear from our data.
However, there are ten sections and four subsections in
the Malaysian Shorea. The infrageneric relationships of
Shorea are unclear since there are few synapomorphic
states. Classical assignments of subsections or sections
correspond poorly to our cpDNA-based tree. Shorea
bracteolata and S. singkawang are closer to Hopea than
to other Shorea. Our data shows Shorea might be het-
erogenous and should be reexamined. Due to an insuffi-

cient number of site change we could not estimate
infrageneric relationships in this study, but if more
amplified genes and restriction enzymes were used in
future studies, the analysis of infrageneric relationships
would be possible.

Which cpDNA genes are useful for
studying molecular phylogeny?

We used RFLP of 11 ¢pDNA genes to construct mol-
ecular phylogenetic trees. These genes are mostly con-
served among plant species. The rbcL, psbA, psbD, 168,
trnK and psaA genes are, in general, highly conserved
among plant species, and the homology of these genes
between liverwort and rice exceeds 90% (Shimada and
Sugiura 1991). Since the homology between rpoB from
liverwort and rice is 64% (Shimada and Sugiura 1991),
we would expect more site changes in rpoB than in the
more highly conserved genes. In fact, we detected 17 site
changes in the rpoB region. The petB gene usually
contains an intron, for example, similar to that found in
the petB genes of rice, tobacco and liverwort. Thus, this
region was also expected to contain more site changes
and, indeed, we found 23. The rpoC region contains a
spacer region between the rpoC1 and rpoC2 genes, and
the rpoC1 gene also contains an intron. The homology
of rpoC1 and rpoC2 genes between rice and liverwort is
not high, 62% and 47%, respectively (Shimada and
Sugiura 1991). We detected 33 differences among our
dipterocarps. The atpH region, containing the arpH and
atpl genes, usually has a spacer region. For example, its
lengthis 794 bpinrice, 1,158 bp in tobacco and 377 bpin
liverwort (Shimada and Sugiura 1991). However, our
amplified atpH fragment was 385 bp long, including the
presence of only the atpH and atpl genes. In rice,
tobacco and liverwort the atpH and atpl gene coding
regions are 81 bp and 247-248 bp long, respectively.
Therefore, the atpH region in dipterocarps lacks a large
spacer region between genes. We estimated the spacer
region in dipterocarps to be less than 100 bp long, and
we detected only 3 site changes. In rice, tobacco and
liverwort the trnK gene has a large intron that is
2,504 bp, 2,526 bp and 2,111 bp long, respectively. Be-
cause the dipterocarp truK gene also has a large intron
(about 2,500 bp), we therefore expected to find many
variations between species — but detected only 17.
Sequence divergence was estimated for comparing
the divergence of genes between species. The rbcL, petB,
psbA and rpoC genes were suitable for molecular
phylogeny analysis, as were psaA and trnK, because the
sequence divergence values were relatively high and the
SD values were lower than those of the other amplified
genes (Table 3). However, in pshA and psaA, there were
only 3 and 8 site changes, respectively. Consequently,
based on our results, the rpoC gene was the most
informative with rbcL, petB and rrnK also being suitable
for molecular phylogeny analysis. The region contain-
ing an intron and a spacer region, like the rpoC region,



was also informative. Liston (1992) used RFLP data
from this rpoC region to construct a molecular
phylogenetic tree within the genus Astragalus
(Fabaceae). The PCR-RFLP method for studying mol-
ecular phylogeny allows us to survey many genes rela-
tively easily. RFLP analysis of cpDNA using Southern
hybridization is also useful, but when this protocol is
used one sometimes encounters difficulty in assigning
site changes. While sequencing is the most effective
method for studying a molecular phylogeny, it currently
is difficult to investigate multiple-gene sequences in
many species because of high costs and labor intensity.
Thus, most phylogenetic studies sequencing have in-
volved only a very few genes.

Our molecular phylogenetic tree was based on
cpDNA only. Therefore, we think that if other genome
mitochondrial DNA and nuclear DNA were also inves-
tigated and morphological data included in the
phylogenetic tree construction, then we might be able to
describe the species phylogeny more precisely. A
cpDNA-based phylogenetic tree, like that developed in
this study, might exhibit some bias because cpDNA 1is
only one of the organelle DNAs and is usually inherited
uniparentally.
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