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ABSTRACT. Toona ciliata var. pubescens is considered an endangered 
tree species native to China. In order to help develop a conservation 
program for this species, we evaluated its genetic diversity and population 
genetics. We isolated microsatellite DNA loci using streptavidin beads. 
A genomic library, enriched with microsatellites, was constructed and 
screened by sequencing. We detected 8 polymorphic microsatellite 
loci from the tree tissue samples. The population of T. ciliata var. 
pubescens used in this study is located within the Guanshan National 
Nature Reserve, Jiangxi Province, China. Sixty-five individuals were 
collected for the study. The Guanshan population was split into two 
subpopulations due to terrain. The number of alleles per locus ranged 
from 2 to 6, with expected heterozygosity from 0.2386 to 0.6772. 
Four of the 8 loci, except loci Tc02, Tc04, Tc05, and Tc07 showed no 
significant departure from Hardy-Weinberg equilibrium. The mean 
observed heterozygosity was 0.59. The average coefficient of genetic 
differentiation between the two subpopulations was quite low (FST = 
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0.0235). The level of gene flow (Nm) was 10.39, reflecting a high degree 
of gene flow between the two subpopulations.
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INTRODUCTION

Toona ciliata var. pubescens is a deciduous, broad-leaved, fast growing tree species, 
which belongs to the family Meliaceae. Flowers of this species are small, and pollen spreads 
mainly by wind. The species is known as “Chinese mahogany”, the color of the wood is red, 
and wood grain is very beautiful. Therefore, T. ciliata var. pubescens is a valuable timber spe-
cies both economically and developmentally (Zhang et al., 2006). The number of individuals 
of this species is decreasing due to environmental changes, logging, and their slow regenera-
tion. This tree species is classified as being under second-class protection of endangered spe-
cies in China Plant Red Data Book. It is also listed as a rare and endangered species in the 
distribution of provinces (Lou and Jin, 2000; Zhang, 2000; Liu and Wu, 2005). Therefore, 
genetic diversity conservation studies of this species are critical. Preliminary reports regarding 
this species included ecological characteristics (Zhang et al., 2006), genetic improvement (Liu 
et al., 2008), community structure (Liu et al., 2010), and so on. In order to effectively protect 
this tree species, information regarding the level of genetic variation and the extent of genetic 
differentiation within and among natural populations is necessary.

Highly informative genetic markers are essential for assessing genetic improvement 
processes, such as clonal identification, certification of controlled crosses, identification of 
species and hybrids, genome mapping, and marker-assisted early selection. Such markers are 
valuable in analyzing genetic diversity and structure and in developing effective strategies 
for conservation and sustainable management of forest genetic resources. Some molecular 
markers, including random amplified polymorphic DNA (Bellini et al., 2003), amplified 
fragment length polymorphism (Cardoso et al., 2000), and inter-simple sequence repeat 
(Culley and Wolfe, 2001), have been used for studying population genetics. In recent years, 
microsatellites or simple sequence repeats (SSR) have become popular tools for population 
and conservation genetics (Chase et al., 1996a), due to codominance and high polymorphism 
rates of SSR (Tautz and Renz, 1984; Morgante and Olivieri, 1993; White and Powell, 1997; 
Arif et al., 2010; Vik et al., 2010). Although initially developed from studies based on human 
and mammalian biology (Love et al., 1990), their high information content and relative ease 
of use via the polymerase chain reaction (PCR) results in SSRs being an ideal tool for many 
ecological genetic applications. These DNA markers also have been developed for a small 
number of forest tree species (Echt et al., 1996; Chase et al., 1996b; Pfeiffer et al., 1997; 
Latouche Halle et al., 2002; Draheim et al., 2009). However, the application of microsatellites 
in plant species has been limited due to the associated difficulties such as technical details, 
cost, and the relatively time-consuming nature of obtaining these markers. Recently, different 
isolation protocols have been developed, and the cost and time involved in their isolation have 
been reduced (Zane et al., 2002). Thus, it is now possible for us to isolate microsatellite DNA.

Herein, we report the isolation and characterization of 8 microsatellite loci from the ge-
nomic DNA of T. ciliata var. pubescens using an improved method with streptavidin beads. The 
results of this study will facilitate the analysis of the genetic structure and gene flow of natural 
populations, which will aid in developing strategies for conserving the endangered tree species.
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MATERIAL AND METHODS

Plant material and collection

The population of T. ciliata var. pubescens used in this study is located within the 
native range of Toona in China, in an area of 28 ha located in the Guanshan National Nature 
Reserve, Jiangxi Province, China, distributed in the geographic range from 28°30' to 28°40' in 
latitude, and from 114°29' to 114°45' in longitude. The Guanshan population was split into 2 
subpopulations (Donghe, N = 37; Xihe, N = 28) due to terrain. Leaf material for DNA analysis 
was collected in 2008. Individual trees were sampled from these sites using silica gel to dry 
the leaf material.

Preparation of genomic DNA

Genomic DNA was extracted from dried leaves by modified cetyltrimethylammonium 
bromide (CTAB) method (Dong et al., 2010). After purification, the genomic DNA was par-
tially digested with BamHI and HindIII (TaKaRa, Dalian, China). The restriction endonuclease 
was inactivated in 70°C water for 15 min. The products were ligated with 2 adapters (Adapter 
1: oligo A, 5'-ATCTCCATGATTACGCCAG-3' annealed to oligo B, 5'-GATCCTGGCGTAAT
CATGGAGAT-3'; Adapter 2: oligo C, 5'-TACTGGTACTAATGCGGTA-3' annealed to oligo 
D, 5'-AGCTTACCGCATTAGTACCAGTA-3').

Microsatellite enrichment using streptavidin beads

PCR was performed in a 15-μL reaction volume with the ABI GeneAmp 9600 PCR Sys-
tem (ABI, USA). The reaction mixture contained 2 μL ligation products, 1X PCR buffer, 0.3 mM 

dNTP, 0.5 μM oligo A, 0.5 μM oligo D, and 0.5 U rTaq DNA polymerase (TaKaRa). The PCR con-
ditions were 94°C for 4 min followed by 20 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, 
and final elongation for 10 min at 72°C. Ten microliters of 500 pM biotin-labeled (AG)10 probe 
and 3 μL elution buffer 20X SSC (3.0 M NaCl, 0.3 M C6H5O7Na3.2H2O) were added to 100 μL 
PCR products. The mixture was denatured at 95°C for 10 min and then hybridized at 65°C for 1 h.

One tube of streptavidin beads (600 μL; Promega, USA) was washed according to 
manufacturer instructions. The hybridization reaction products were added to the tube with 
beads and agitated by gentle shaking for 45 min at room temperature. The reaction products 
were washed with 0.08X SSC 3 times. Microsatellite-enriched DNA was eluted from strepta-
vidin beads with 100 μL ddH2O (preheated to 95°C), and then made double-stranded by PCR. 
The PCR conditions were the same as the protocol described above. The reaction mixture 
contained 1 μL microsatellite-enriched DNA, and the reaction cycles numbered 35.

Construction of enriched libraries and characterization of enriched microsatellites

The PCR products were cloned into a pMD 18-T vector (TaKaRa) using T4 DNA 
ligase at 16°C for 16 h. Ligated DNA was transfected into Escherichia coli DH5α following 
manufacturer recommendations and plated on 150-mm culture plates with lysogeny broth 
agar, X-gal, and isopropyl β-D-1-thiogalactopyranoside (IPTG). The positive clones were sent 
to a company for sequencing. Primers were designed using Primer 5.0 and were synthesized 
by Sangon (Shanghai, China).
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Analysis of microsatellite polymorphisms

Microsatellite polymorphisms were analyzed by PCR using T. ciliata var. pubescens 
samples. PCR was performed in a 15-μL volume containing 1X PCR buffer, 0.3 mM dNTP, 
0.3 μM of each primer, 0.5 U rTaq DNA polymerase (TaKaRa), and 30 ng genomic DNA. The 
annealing temperature was from 52° to 55°C. The PCR conditions were 94°C for 4 min, 35 
cycles (94°C for 30 s, 52 to 55°C for 30 s, 72°C for 1 min), and 72°C for 10 min. The PCR 
products were analyzed on an 8% (w/v) polyacrylamide gel. Electrophoresis was performed 
at 100-W constant power for 2 to 2.5 h. PCR amplifications were visualized by silver staining 
according to the manufacturer protocol (Promega, 1995). A 10-bp DNA ladder (Invitrogen, 
USA) was used as a size standard. The mean number of alleles per locus (NA), effective num-
ber of alleles (NE), mean observed heterozygosity (HO), expected heterozygosity (HE), gene 
flow (Nm), and Hardy-Weinberg equilibrium were computed using Microsoft Window-based 
Freeware for Population Genetic Analysis (POPGENE) version 3.2.

RESULTS

Identification and characterization of microsatellite loci

The (AG)n-enriched genomic library of T. ciliata var. pubescens was screened with 
an (AG)10 oligonucleotide repeat. Approximately 100 clones were evaluated in the primary 
screen, from which 35 were scored as positive. Twenty of these clones were sequenced, and 8 
of the sequenced fragments contained at least 5 repeats. Primers were designed using Primer 
5.0 and synthesized by Sangon. In addition to the expected (AG/CT)n repeats, other repeat se-
quence motifs were discovered in the sequenced clones, including (TTTCTC)7. In many posi-
tive clones, 8 primers were developed (Table 1). The 8 microsatellite loci were subsequently 
used to assess levels of variation in a natural population of T. ciliata var. pubescens and the 
genetic structure of the same population when split into 2 subpopulations.

Loci GenBank Primer sequence (5'-3') Repeat motif Tm (°C) Allele size (bp)
 accession No.

Tc01 DQ453903 F: GACTCGTGACACTTAGCCTGTA (TTTCTC)7 55 121-231
  R: CTGGCGTAATCATGGTCATAC
Tc02 DQ453904 F: TAGGAAAGGCAAGGTGGG (AG)14 55 109-120
  R: GGGTGGTCGATGAGGGTT
Tc03 DQ453905 F: AGTAATAGCCTGTAGAGCAG (AG)13 55 120-242
  R: AGAGTGGGGTGGTCGATGAG
Tc04 DQ453906 F: GAAACCAGCAGGCAGAGC (AG)10 55 110-230
  R: GAAGAAGGGTGAGCGAGA
Tc05 DQ453907 F: GATTACGCCAGGCAAACG (CT)6 55 230-290
  R: TTGAATATGGGAGAAGGT
Tc06 DQ453912 F: ATGGATGAGTGTGCGATAGG (TC)7 55 182-280
  R: TGTGATGTAGGAGTCTGAAC
Tc07 DQ453914 F: TGTCTCAGTTTATGCTGGCGT (TC)8 55 170-260
  R: CTGCCCAATCAACAAGAG
Tc08 DQ778303 F: TCAATGCAATTTAGGAGGAA (GA)8 52 240-291
  R: TGCTTGTTGAACCCTGTG

Tm = melting temperature.

Table 1. Characters of 8 microsatellite loci of Toona ciliata var. pubescens.
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Level of polymorphism of microsatellite loci

In the 8 microsatellite loci that were surveyed, we identified a total of 27 alleles 
among 65 individuals in the Guanshan population. The NA, NE, HO, HE, and deviations from 
Hardy-Weinberg equilibrium are shown in Table 2. In the Guanshan population, 3.38 alleles 
were detected over all loci. When splitting this population into 2 subpopulations, 24 alleles 
were found in the Donghe and Xihe subpopulations. The average HO was 0.59 in the Guanshan 
population; the Donghe subpopulation had a mean HO of 0.66 and the Xihe subpopulation had 
a mean HO of 0.50.

Population Locus  NA NE HE HO

Guanshan  Tc01 2   1.3133   0.2386 0.1380
 Tc02 2 1.811   0.4478     0.6769**
 Tc03 4 2.022   0.5459 0.6308
 Tc04 3   2.2138   0.5483     0.9385**
 Tc05 2   1.9493 0.487     0.8387**
 Tc06 6   3.0981   0.6772 0.7000
 Tc07 3   2.4229   0.5873     0.5000**
 Tc08 5   1.5921   0.3719 0.3636
Mean (St. Dev)  3.38 (1.51) 2.08 (0.55) 0.49 (0.14) 0.59 (0.29)
Donghe Tc01 2   1.2389   0.1928 0.1252
 Tc02 2   1.8096   0.4474     0.6757**
 Tc03 4   2.1992   0.5453 0.6757
 Tc04 2   1.9869   0.4967     0.9189**
 Tc05 2   1.9983   0.4996     0.9706**
 Tc06 6   2.5806   0.6125 0.8788
 Tc07 3   2.7923   0.6419 0.7647
 Tc08 3   1.3662   0.2681 0.3125
Mean (St. Dev)  3.0 (1.41) 1.99 (0.54) 0.46 (0.16) 0.66 (0.33)
Xihe Tc01 2   1.4152   0.2934 0.1322
 Tc02 2   1.8127   0.4483     0.6786**
 Tc03 4   2.0604   0.5147 0.5714
 Tc04 3   2.4771   0.5963     0.9643**
 Tc05 2   1.8127   0.4483     0.6786**
 Tc06 4   3.3986   0.7058 0.4815
 Tc07 3   1.8914   0.4713     0.1786**
 Tc08 4   1.9702   0.4924 0.4348
Mean (St. Dev)  3.0 (0.93) 2.10 (0.60) 0.49 (0.12) 0.50 (0.30)

Values with asterisks showed significant departure from Hardy-Weinberg equilibrium with χ2 tests (P < 0.01).

Table 2. Number of alleles (NA); effective number of alleles (NE), and expected (HE) and observed heterozygosities 
(HO) for the population Guanshan and when split into two subpopulations, Donghe and Xihe.

The average HE was 0.49, ranging from 0.2386 to 0.6772. There were no significant 
departures from Hardy-Weinberg expectations for the mean HO in all populations. Significant 
departure from Hardy-Weinberg equilibrium was found by using χ2 goodness-of-fit tests for 
some individual loci. The departures from Hardy-Weinberg equilibrium were due to an excess 
of heterozygosity (FIS = -0.1988).

Differentiation among subpopulations

The average coefficient of genetic differentiation (FST) was 0.0235, ranging from 0 
to 0.0391, which indicated that 97.65% of the genetic variation was within subpopulations, 
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while 2.35% of the genetic variation was between subpopulations. The genetic differentiation 
among populations (FST) is inversely related to Nm (number of migrants per generation). If the 
mean value for FST is substituted into the equation: Nm = (1 - FST) / 4 FST, a migration rate of 
10.39 migrants per generation (Nm) is obtained.

DISCUSSION

An improved method using streptavidin-coated magnetic beads for the library en-
riched for microsatellite repeats was described in this study. The enrichment procedure used in 
this study helped us to capture (AG)n repeats from fragmented genomic DNA and to construct 
enriched libraries for the subtropical forest tree T. ciliata var. pubescens. Thirty-five percent 
of the clones tested positive. The rate of positive clones obtained by means of traditional 
methods usually ranged from as high as 12% to less than 0.4% (Zang et al., 2002). Therefore, 
the method for microsatellite isolation using selective hybridization based on biotin capture 
with streptavidin-coated magnetic beads is very efficient. Eight pairs of primers were designed 
from the sequence data using the Primer 5.0 software. Allelic polymorphism was found in the 
Guanshan population of T. ciliata var. pubescens.

In the current study, 8 polymorphic microsatellite loci were isolated and characterized 
in the Guanshan population and its 2 subpopulations for the first time. As shown in Table 2, the 
NA per locus ranged from 2 to 6, with an average of 3.38 across all loci in the Guanshan popu-
lation as a whole. The HO ranged from 0 to 0.9706, averaging at 0.58 over all loci. The extent 
of genetic variation detected in the natural population of T. ciliata var. pubescens at Guanshan 
was higher than that of Swietenia humilis (White and Powell, 1997) and Carapa guianensis 
(Hall et al., 1994), which also belong to Meliaceae. Tc02, Tc04, and Tc05 significantly devi-
ated from Hardy-Weinberg equilibrium due to heterozygosity excess. 

The Guanshan population was divided into 2 subpopulations due to the habitat terrain. 
The coefficient of mean genetic differentiation between the 2 subpopulations was small (FST = 
0.0235). The average exchange of 1 individual per generation (Nm = 1) was sufficient to pre-
vent genetic drift. The gene flow between the 2 subpopulations was 10.39 based on Wright’s 
FST. This indicated that genes exchanged frequently between individual trees.
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