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Abstract. Prunus cerasoides D. Don has been identified as an excellent ‘framework tree species’

for restoring evergreen forest in seasonally dry tropical forestlands. Here we describe the level

of microsatellite variation in P. cerasoides trees within and among three National Parks in

northern Thailand: Doi Suthep-Pui, Doi Inthanon and Doi Ang Khang, using published

primers developed for peach, sweet cherry and sour cherry. The five microsatellite loci employed

detected a total of 41 alleles, with the average number of alleles per locus per study site ranging

from 2.7 to 8.0 (n = 82). The value of FST over the three sites was 0.115, indicating that while the

majority of genetic diversity may be contained within sites, they should be considered as genetically

distinct. The implications of this for seed collection of this species for forest restoration are

discussed.

Introduction

Deforestation remains the most serious environmental problem in Thailand,
causing floods and droughts, biodiversity loss and worsening rural poverty.
If Thailand is to retain any significant natural forest cover in the long-
term, stricter forest protection must be complemented with forest restoration
on degraded sites, especially within protected areas (FORRU 1998). One
method of forest restoration, which is proving successful in the highlands of
northern Thailand, is the so-called ‘framework species method’ (Blakesley et al.
2000; Elliott et al. 2002). First developed in Queensland, Australia (Goosem
and Tucker 1995; Lamb et al. 1997; Tucker and Murphy 1997), the method
involves planting 20–30 indigenous tree species to rapidly restore basic forest
structure and function, while relying on wildlife to bring about biodiversity
recovery.

Initial planting trials that tested 39 potential framework tree species in de-
forested sites within Doi Suthep-Pui National Park identified Prunus cerasoides
D. Don (Rosaceae) as meeting all the criteria of a framework species (Elliott
et al. 2001). P. cerasoides is distributed throughout the mountains of the
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Himalayas, Yunnan, Myanmar, northern Thailand and northern Indo-China,
where it occurs in evergreen and deciduous forest, evergreen forest, and
evergreen and pine forest, particularly in disturbed areas, at elevations of
1040–1700 m (FORRU 2000). The tree is a popular ornamental in northern
Thailand and seeds have been collected from the wild and planted along
roadsides for about 20 years. However, no studies have been carried out on
genetic diversity within P. cerasoides, or on seed collection strategies for forest
restoration programmes. The Convention on Biological Biodiversity (Rio de
Janeiro, Brazil, 1992) emphasises the importance of maintaining intraspecific
genetic diversity and evolutionary potential. Consequently, adaptability and
the maintenance of a broad genetic base must be ensured. Genetic variation in
a founding population is critical, particularly if restored areas are far from
pollen sources. The collection of plant material from a few individuals can
result in low effective population size, severe inbreeding depression and a de-
crease in the evolutionary adaptive potential of the population (Barrett and
Kohn 1991). General guidelines for seed collection to maintain maximum ge-
netic diversity have been published (e.g. Brown and Marshall 1995; Guarino
1995; Schmidt 2000). Molecular techniques however provide a valuable tool for
measuring the genetic diversity of trees, thus contributing to decisions to enable
better genetic management for forest restoration.

Nuclear microsatellites, which consist of tandemly repeated, short DNA
sequence motifs are highly informative, PCR based molecular markers.
They are believed to detect selectively neutral variation (Nauta and Weissing
1996), and should therefore be used with caution in conservation genetics
(Hedrick 2001). However, microsatellites have been used to assess genetic
variation in tropical tree species in threatened forests and forest fragments
(Aldrich et al. 1998). The development of microsatellites can be time
consuming and costly due to library generation and sequencing, even before
primers can be identified, optimised and tested for polymorphism. Conse-
quently the use of published primers from closely related species could be very
useful, particularly for programmes where precise, practical answers, such
as those posed above, are sought, as part of much broader, non-molecular
programmes.

Microsatellites primers from P. avium L. (sweet cherry), P. persica (L.)
Batsch (peach) and P. cerasus L. (sour cherry) (all Rosaceae) have been shown
to be informative in P. serotina Ehrh., a temperate cherry of the New World
(Downey and Iezzoni 2000). In particular, P. persica microsatellite primers
have a high potential for cross-species amplification within the Rosaceae
(Cipriani et al. 1999; Sosinski et al. 2000). The aims of this study were,
therefore; to investigate the conservation of 11 microsatellite loci which were
developed in peach, sweet cherry and sour cherry (Cipriani et al. 1999; Downey
and Iezzoni 2000; Joobeur et al. 2000; Sosinski et al. 2000) and to assess
molecular genetic diversity of P. cerasoides within and among three national
parks in the north of Thailand; and to consider how this genetic information
might contribute to local seed collection strategies for forest restoration.
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Materials and methods

Study sites

Plant material was collected from three sites in northern Thailand. Doi
Suthep-Pui National Park (188430–198080N, 988480–988580E) covers an area of
262.5 km2 and rises from an elevation of 330–1,685 m. Doi Inthanon National
Park (188240–188410N, 988210–988380E), includes the highest mountain in
Thailand, rising to 2565 m elevation. It covers an area of 272 km2 and is part of
the Thanon Thongchai Range located south of Doi Suthep-Pui National Park.
Doi Ang Khang (198500–198570N, 998010–998060E) covers an area of 91.4 km2

and rises to an elevation of 1800 m. P. cerasoides buds were collected in March
2000 from 20 trees in Doi Inthanon National Park, 20 trees in Doi Ang Khang
and 42 trees in Doi Suthep-Pui National Park. Trees selected were at least 100
m apart. Many trees sampled from each site were close to the roadside forest
edge, suggesting that some may have been dispersed locally (collected and
germinated or transplanted) by Forestry Department Officials. However,
nineteen trees sampled in Doi Suthep-Pui were certainly naturally dispersed,
due to their age and location, deep in the forest.

DNA isolation and microsatellite analysis

Total genomic DNA was extracted from P. cerasoides buds using the hex-
adecyltrimethyl ammonium bromide (CTAB) method described by Murray
and Thompson (1980), with the following adaptations. Fresh buds (0.2 g) were
ground into a fine powder in liquid nitrogen using a mortar and pestle and
transferred to a 2 ml extraction tube. To this was added 800 ml of CTAB buffer
(2% (w/v) CTAB, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris (pH 8), 2% PVP
40 (polyvinylpolypyrrolidone; mol wt. 40,000) and 1% 2-mercaptoethanol),
pre-heated to 65 8C. The homogenates were mixed well by inverting, and
incubated in a 65 8C water-bath for 3 min. The samples were then mixed
again, extracted with an equal volume of chloroform:isoamyl alcohol (24:1)
and centrifuged at 13,000 rpm for 10 min. If the solution appeared cloudy
the chloroform:isoamyl extraction was repeated. The supernatant was then
transferred to a new tube and the DNA was precipitated by adding 500 ml cold
isopropanol, mixed by inversion, and centrifuged at 13,000 rpm for 5 min. The
DNA pellet was washed in 500 ml of 70% ethanol, air dried and resuspended in
50 ml TE (10 mM Tris–HCl, 0.1 mM EDTA, pH 8) containing 10 mg ml�1

RNAse. The samples were incubated at 37 8C for 30 min to remove RNA prior
to storage at 4 8C, or longer term storage at �20 8C. The DNA was estimated
against lambda standards on agarose gels stained with ethidium bromide.

Microsatellite primers reported to display a high degree of polymorphism in
other cultivated Prunus species were selected for the amplification reactions.
These included five primers from peach (Prunus persica L. Batsch) (Cipriani
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et al. 1999), two primers from sour cherry (Prunus cerasus L.) (Downey and
Iezzoni 2000), and four primers from sweet cherry (Prunus avium) (Sosinski
et al. 2000; Joobeur et al. 2000). Eighty two trees were screened with the above
11 primers. PCR amplification was performed in a 12.5 ml reaction mix con-
taining 10 ng DNA, 10 mM Tris–HCl (pH 8), 1.5 mM MgCl2, 50 mM KCl, 0.2
mM of each dNTP, 0.2 mM of reverse primer, 0.2 mM of forward primer
labelled with g33P, and 0.025 units of Taq polymerase (Gibco-BRL). The fol-
lowing conditions were used: an initial denaturation step at 94 8C for 3 min,
followed by 35 cycles of 94 8C for 30 s, annealing temperature for 1 min, 728C
for 1 min 30 s, and a final extension at 72 8C for 8 min.

One volume of 80% formamide containing 0.5% bromophenol blue and
xylene cyanol was added to the PCR products. The microsatellites were de-
natured at 90 8C for 3 min and separated on a 6% denaturing sequencing gel in
1�TBE buffer at a constant 65 W for 2.5 h (Sambrook et al. 1989). The gel was
dried onto Whatman 3MM paper and the microsatellites visualised following
autoradiography (Kodak Biomax MR). The size of each fragment was esti-
mated with reference to a size marker of 10 bp DNA ladder standard (GIBCO,
BRL).

Genetic diversity

The mean observed heterozygosity (HO, direct count estimate) and Hardy–
Weinberg expected heterozygosity (HE), and inbreeding coefficients (FIS, FIT

and FST) (Wright 1965) were computed using GENEPOP version 3.3
(Raymond and Rousset 1995) for each locus and averaged over all loci. A
bilateral test for departure from the Hardy–Weinberg equilibrium was
also performed using GENEPOP. The distribution of alleles in the different
populations was classified in two frequency classes, common (P � 0.05) or rare
(P<0.05), as suggested by Marshall and Brown (1975).

Results

Genetic diversity across the three sites

Three primer pairs from P. avium (PS12A02, PS05CO3, PS09FO8), two from
P. cerasus (PceGA34, PceGA77) but only one of the five from P. persica
(UDP98-409) amplified polymorphic loci with P. ceraosides (Table 1). Five of
these primers were used for this study, as PceGA77 was difficult to score.
The remaining five microsatellites were believed to be monomorphic. No
more than two fragments per loci were amplified for each tree/primer pair
combination.

Four to 12 alleles were detected at the five polymorphic loci, with a total of
41 alleles identified among the 82 trees collected from the three sites. The allele
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Table 2. Allele frequencies of five microsatellite loci in trees collected in; Doi Inthanon; Doi Ang

Khang; and in Doi Suthep-Pui (total, and split into two sub-groups based on dispersal)

Locus Allele (bp) Frequency

Doi Doi Ang Doi Doi Suthep-Pui

Inthanon Khang Suthep-Pui Unknown

dispersal

Natural

dispersal

PceGA34 148 0.875 0.9 0.622 0.7 0.529

150 0.075 0 0 0 0

154 0.025 0.1 0.378 0.3 0.471

170 0.025 0 0 0 0

UDP98-409 150 0.05 0.125 0.15 0.167 0.132

154 0.075 0.125 0.013 0.024 0

156 0.2 0.175 0.575 0.476 0.684

162 0.05 0.4 0.138 0.167 0.105

166 0.2 0 0 0 0

170 0.175 0.075 0.062 0.119 0

172 0.15 0.025 0.013 0.024 0

174 0.05 0 0 0 0

180 0.05 0 0 0 0

184 0 0.075 0 0 0

152 0 0 0.013 0.024 0

160 0 0 0.038 0 0.079

PS05C03 108 0 0 0.013 0.022 0

110 0 0.075 0 0 0

116 0.05 0 0.013 0.022 0

118 0.175 0.3 0.312 0.391 0.206

120 0.375 0.2 0.2 0.217 0.176

124 0 0.025 0 0 0

126 0.225 0.175 0.062 0.109 0

128 0.125 0.15 0.4 0.239 0.618

130 0.025 0.075 0 0 0

136 0.025 0 0 0 0

PS09F08 138 0.775 0.6 0.308 0.348 0.25

140 0.1 0.25 0.397 0.304 0.531

142 0.125 0 0.051 0.022 0.094

148 0 0.15 0.244 0.326 0.125

PS12A02 151 0.5 0 0 0 0

153 0.05 0.15 0.103 0.13 0.063

155 0.2 0.05 0.256 0.13 0.438

157 0 0.125 0.013 0.022 0

159 0.175 0.125 0.013 0.022 0

161 0 0.05 0 0 0

163 0 0.125 0.192 0.304 0.031

167 0.05 0.075 0.308 0.348 0.25

171 0 0.075 0 0 0

177 0.025 0.2 0.115 0.043 0.219

152 0 0.025 0 0 0
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frequencies are presented in Table 2. The average number of alleles per locus
per site was 2.7 for PceGA34, 8 for PS12A02, 6.7 for PS05CO3, 3.3 for
PS09F08 and 5.7 for UDP98-409 (Table 3). The observed heterozygosity (HO)
for each locus ranged from 0.250 to 0.580, and deviated significantly from
Hardy–Weinberg expectations for locus PS12A02, UDP98-409, PS09F08
(heterozygote deficiency, P<0.001) and PS05CO3 (heterozygote deficiency,
P<0.05). Based on Wright’s FIS values (Table 4) the deviations are due to an
excess of homozygotes (positive FIS values).

The allelic richness and the mean number of alleles per locus were very
similar between the three sites (Table 5). For each locus, the number of unique
alleles was two for PceGA34, four for PS12A02, four for PS05CO3, six for

Table 3. Descriptive statistics for the five microsatellite loci studied over all sites

Locus Total number of alleles Mean Aa HE HO

PceGA34 4 2.667 0.292 0.250

PS12A02 11 8.000 0.689 0.420***

PS05CO3 10 6.667 0.623 0.580*

PS09F08 4 3.333 0.509 0.390***

UDP98-409 12 5.667 0.636 0.490***

aMean no alleles per locus per population.

Significant departure from Hardy–Weinberg equilibrium (*P<0.05; ***P<0.001).

Table 4. F-Statistic analysis estimates of the parameters FIS,

FIT, and FST

Locus FIS FIT FST

PceGA34 0.042 0.192 0.156

PS12A02 0.332 0.421 0.133

PS05CO3 0.040 0.086 0.049

PS09F08 0.158 0.274 0.137

UDP98-409 0.163 0.265 0.122

All 0.162 0.259 0.115

Table 5. Measure of microsatellite DNA genetic diversity in the three sites

Doi

Suthep-Pui

Doi Ang

Khang

Doi

Inthanon

Total

No. of trees 42 20 20 82

Allele number over five loci 27 29 29 41

Unique alleles 3 6 7 16

Alleles common to all populations 19 19 19 19

Mean no. of alleles per loci 5.4 5.8 5.8 8.2

HE 0.662 0.655 0.595 0.697

HO 0.574* 0.530*** 0.480* 0.539***

FIS 0.133 0.192 0.193 0.162

Significant departure from Hardy–Weinberg equilibrium (*P<0.05; ***P<0.001).
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UDP98-409 and none for PS09F08 (Table 2). In total, seven of the alleles
present in the Doi Inthanon sample were unique, in comparison to six in Doi
Ang Khang and three in Doi Suthep-Pui. When alleles were classified as rare or
common (Table 6), the majority of the alleles were distributed in the common
class (66.7–89.7% across the three sites). All of the trees had a unique set of
alleles, and consequently could be distinguished from each other.

For each site, over all the loci, the expected heterozygosity (HE) was sig-
nificantly higher than the observed heterozygosity (HO) (P<0.05), leading to
positive inbreeding coefficients (FIS). For each site, the observed heterozygosity
ranged from 0.480 to 0.574, with an average heterozygosity of 0.539 (Table 5),
indicating considerable genetic diversity within the sites. The levels of in-
breeding for each population ranged from 0.133 to 0.192, with an average
inbreeding coefficient of 0.162 (Table 5), indicating a low level of inbreeding.
To assess the degree of population differentiation between the three sites, the
infinite alleles theoretical model (FST) was used. Over the three sites, F-statistic
analysis showed positive levels of FIS, FIT, and FST (0.162, 0.259 and 0.115
respectively) (Table 4). The overall FST for the three populations (significantly
higher than zero, P<0.001) indicated that 11.5% of the variation was attri-
butable to differentiation among the populations.

Genetic diversity within Doi Suthep-Pui

Within the 42 trees selected in Doi Suthep-Pui, 19 were believed to be naturally
dispersed, due to their size and location, deep in the forest. Consequently,
splitting the Doi Suthep-Pui site into two sub-locations allowed a further
comparison to be carried out between trees believed to be naturally dispersed
with those of unknown dispersal (Table 7). Of the 27 alleles detected in Doi
Suthep-Pui, 26 were found in unknown dispersed trees, and only 18 in the
naturally dispersed trees, which represents a 31% reduction in allelic richness.
The one unique allele found in the naturally dispersed trees (locus UDP98-409)
was also unique among the three sites (Tables 2 and 7). The mean number of
alleles ranged from 5.2 (unknown dispersal) to 3.6 (naturally dispersed). The
observed heterozygosity of the naturally dispersed trees (0.491), was lower than
that of the trees of unknown dispersal (0.636). In the trees of unknown dispersal
the expected heterozygosity (HE) was significantly higher (P<0.001) than the
observed heterozygosity (HO), leading to a positive inbreeding coefficient (FIS).

Table 6. Distribution of 41 alleles in allele frequency classes for three sites

Allele frequency class Number of alleles (% of total number of alleles)

Doi Suthep-Pui Doi Ang Khang Doi Inthanon

Total no. alleles 27 29 29

Common (P� 0.05) 18 (0.667) 26 (0.897) 24 (0.828)

Rare (P<0.05) 9 (0.333) 3 (0.103) 5 (0.172)
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Discussion

This is the first report concerning genetic diversity in P. cerasoides. The cross
species amplification of sour cherry, sweet cherry and peach microsatellite
primers reported here was expected, as similar transportability has been de-
monstrated in other Prunus spp. (Cipriani et al. 1999). The five microsatellite
loci employed in this study detected a total of 41 alleles, with the average
number of alleles per locus per study site ranging from 2.7 to 8.0 (n=82).
There is no similar study of P. cerasoides with allozyme loci for comparison.
The informativeness of the microsatellite loci varied from three to 12 alleles,
with an average of 8.2 alleles found over all loci. This accords closely with the
mean number of alleles per locus of 10.7 in P. cerasus (n=59) (Cantini et al.
2001), 6.7 in P. mahaleb (n=182) (Godoy and Jordano 2001) and 12.1 in
Malus� domestica (n=66) (Hokanson et al. 1998). The longest repeat,
PS05CO3, a (GA)30 repeat detected 10 alleles, although the more informative
UDP98-409, a (AG)19 repeat is much smaller. There was no direct relationship
between allele number and the average number of repeats, as was also observed
by Weber (1990). The range of heterozygosity was broad (0.250–0.580) across
the three sites, averaging 0.539 over all loci. The levels of heterozygosity de-
tected for each site over all loci indicated that each collection of trees exhibited
a high level of genetic variation. Comparison between the trees of unknown
and natural dispersion in Doi Suthep-Pui demonstrated a considerable differ-
ence in terms of allelic richness, although only a single allele was found
amongst the naturally dispersed trees which was unique. This could be due to
the lower sample size of naturally dispersed trees, or to the relatedness of the
parents of these trees.

We have applied Wright’s F-values to the dataset, but believe that the results
should be viewed with some caution, until further evidence is gathered from
more trees known to be naturally dispersed. The FIS values indicate that the

Table 7. Measure of microsatellite DNA genetic diversity within Doi

Suthep-Pui National Park, when split into two subpopulations; comparing

trees believed to be naturally dispersed with those of unknown dispersal

Dispersal

Unknown Natural

No. of trees 23 19

Allele number over five loci 26 18

Unique alleles 9 1

Alleles common to both populations 17 17

Mean no. of alleles per loci 5.2 3.6

HE 0.678 0.589

HO 0.636 0.491***

FIS 0.061 0.162

Significant departure from Hardy–Weinberg equilibrium (***P<0.001).
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samples of trees in the three sites were outbreeding, with little inbreeding. If
there was a considerable amount of inbreeding, it might be expected to be
evident across all of the loci, which was not the case here. It is possible that the
deviations from Hardy–Weinberg and the homozygote excesses, which we
observed with four loci, were due to the presence of null alleles (Weber and
May 1989; Pemberton et al. 1995). The value of FST over the three sites was
0.115, indicating that whilst the majority of genetic diversity may be contained
within the sites, they should be considered as genetically distinct. No similar
studies of genetic diversity have been undertaken with other Prunus spp. using
nuclear microsatellites. However, using RAPD markers, Jordano and Godoy
(2000) found high levels of within population genetic diversity with Prunus
mahaleb populations extending over a relatively restricted area of approxi-
mately 100 km2. A significant, but low among-population variation of 16.46%
was very similar to that reported here. Studies of wild P. avium populations in
France using isoenzymes (Santi 1988; Frascaria et al. 1993; Mariette et al.
1997) showed little differentiation among populations and a comparatively
high level of genetic diversity.

Microsatellite markers present an extremely good overall measure of the
level of neutral genetic diversity that is present in a population. Although the
mutation rate is high in microsatellite regions, it is likely that high micro-
satellite allelic diversity indicates a high level of ‘general’ genetic variation.
High neutral variation might also indicate the potential for significant adaptive
variation (Hedrick 2001). Here, a relatively simple microsatellite study of ge-
netic diversity of mother trees has contributed to a more informed selection of
seed trees in our practical forest restoration programme. Firstly, the FST value
indicated that the three populations are genetically distinct, consequently, seeds
should be collected locally, and not moved between the three National Parks.
There are large areas of degraded forestland outside the National Parks, which
are devoid of local sources of seed. Seed could be supplied to these areas from
the closest source of parent trees. Secondly, the data suggests a large amount of
genetic diversity in P. cerasoides because of the high number of low-frequency
microsatellite alleles. It is important that, in a forest restoration programme
such as ours, some consideration is given to the conservation of genetic di-
versity. Our data suggests that seeds should be collected from as many trees as
possible, certainly within, or close to the FAO recommendation of 25–50 in-
dividuals per population (FAO Forest Resources Division 1995).
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