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Abstract Understanding geographical pattern of genetic
diversity and population structure is of great importance
for formulating conservation and utilization strategies. In
this study, we investigated the genetic diversity and popu-
lation structure of 28 natural populations of Castanea
mollissima in China using eight nuclear and six chloroplast
microsatellite makers (nSSRs and cpSSRs). Populations
from central China harbored the highest genetic diversity
at both nSSR and cpSSR markers (nSSR: HE=0.705;
cpSSR: H=0.461). The standardized measure of genetic
differentiation estimated as G′ST was 0.447 for nSSR and
0.803 for cpSSR, respectively. The G′ST-based pollen to
seed flow ratio is 3.043, indicating that pollen flow is not
extensive among C. mollissima populations. No obvious
population genetic structure by geographical locations was
found by STRUCTURE analysis based on nSSR data, and
similarly, no signal of phylogeographic structure was
detected for cpSSR analysis. Five boundaries defining zones
of maximum genetic differences within the network of the
C. mollissima populations were found, and the locations of
those barriers were consistent with those of four mountains,

i.e., Daloushan Mountain, Dabashan Mountain, Wushan
Mountain, and Qingliangfeng Mountain, indicating that
those mountains might act as genetic barriers obstructing
the genetic exchange among natural C. mollissima
populations. These results provide valuable baseline data
for conservation and utilization of this species.
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Introduction

Chinese chestnut (Castanea mollissima) is naturally distrib-
uted in a large area across temperate to sub-tropical regions
in China. In central China, C. mollissima can still be found
as a key species in natural forests, although it has been
utilized and cultivated for nuts and timber for at least
2,000 years. Together with European chestnut (Castanea
sativa) and Japanese chestnut (Castanea crenata), Chinese
chestnut is a major cultivated species for nut production in
the world. However, the production of European chestnuts
decreased dramatically since 20th century due to the severe
strike of chestnut blight (Cryphonectria parasitica) and ink
disease (Phytophthora cinnamoni). Similarly, American
chestnut (Castanea dentata), once served as a keystone
species in forest ecosystem in Eastern North America, was
virtually driven to extinction since the breakout of chestnut
blight in the first half of 20th century (Burnham 1988).
Chinese chestnut has been proven as important genetic
resource for resistance to chestnut blight and ink disease
(Anagnostakis 1992) and was extensively used in many
breeding programs for disease resistance (Kubisiak et al.
1997; Barakat et al. 2009; Wheeler and Sederoff 2009). Chi-
nese chestnut also plays a critical role for the genetic improve-
ment of cultivated chestnuts in the world (Huang 1998).
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Despite the multipurpose characteristics of the species,
natural genetic variation of chestnut in China is not fully
understood. Genetic diversity is crucial for a species to
respond and adapt to environmental changes (Jump and
Penuelas 2005). The evolution of disease resistance depends
strongly both on the amount of genetic variation on which
selection can engage (Crow 2002) and on the genetic struc-
ture which play an important role in the evolutionary trajec-
tory of the host response (Parker and Gilbert 2004).
Therefore, understanding the variability and genetic struc-
ture of natural chestnut populations is of fundamental im-
portance to field biologists with interests in demographic
processes that have shaped plant populations, to conserva-
tion managers who need indications of conservation priori-
ties in this species, and to pathologists who seek natural
variation in resistance to diseases.

Although population genetics of C. sativa and C. crenata
have been extensively investigated using molecular markers
such as allozyme, RAPD, AFLP, and microsatellite (Villani
et al. 1991; Huang et al. 1994; Huang et al. 1998; Fineschi et
al. 2000; Dane et al. 2003; Tanaka et al. 2005; Mattioni et al.
2008; Martin et al. 2010; Martín et al. 2012), little is known
about natural genetic diversity of Chinese chestnut, except
for allozyme diversity (Lang and Huang 1999). However,
due to the limited variation displayed by the allozyme
markers used, the obtained information was incomplete.
Recently, the combination of nuclear and chloroplast micro-
satellite markers has been increasingly used in plant popu-
lation genetic studies (Newton et al. 2002; Fontaine et al.
2004; Takahashi et al. 2008; Martins et al. 2011). The joint
use of molecular markers derived from different genomes
provides a more comprehensive approach to study popula-
tion structure and insights into demographic history and
dynamics, particularly for comparisons of maternally
inherited organelle and biparentally inherited nuclear
markers (Petit et al. 2005).

In the present study, we used nuclear and chloroplast
microsatellite markers to investigate a full range wide ge-
netic diversity and structure of natural C. mollissima
populations with specific aims to (1) infer the demographi-
cal history of the species, (2) estimate levels of genetic
variation and population differentiation, (3) identify spatial
population structure and dispersal barriers across the
populations.

Material and methods

Sample collection and DNA extraction

An exhaustive survey and sampling for the whole range of
the natural distribution of C. mollissima was conducted in
2007–2008, and 28 natural populations were sampled from

Eastern, Central, Southwestern and Northwestern China
(Fig. 1). The sampling scheme covered the full natural range
of this species. Details of population codes, locations, and
sample sizes were summarized in Table 1. Fresh leaves were
collected and dried in silica gel, or 1-year-old twigs were
sampled and stored at 4 °C. The twigs were soaked in water
at room temperature for leafing next year. Total genomic
DNA was extracted from leaf tissue using a modified 2×
CTAB protocol (Doyle and Doyle 1987).

Molecular markers procedure

We selected eight polymorphic nuclear microsatellite
markers (nSSR) based on previous experiments, including
CsCAT3, CsCAT5, CsCAT8, CsCAT14, CsCAT41 from C.
sativa (Marinoni et al. 2003) and KT001b, KT008a,
KT020a from C. crenata (Yamamoto et al. 2003). These
eight nuclear microsatellite markers are not linked and con-
form to Hardy–Weinberg equilibrium as proved by previous
studies (Wang et al. 2008). For chloroplast microsatellite
markers (cpSSR), seven polymorphic markers were chosen
after a initial screening polymorphism, including Cmcs2,
Cmcs7, Cmcs8, Cmcs12, and Cmcs14 developed for
Fagacea (Sebastiani et al. 2004) and udt3 and udt5 identified
in Quercus (Deguilloux et al. 2003). PCR amplification was
performed in a final volume of 10 μl following procedures
described in original papers with minor modifications. Am-
plified products were separated on a 6 % denaturing poly-
acrylamide gel using silver staining. Silver staining was
conducted according to Sanguinetti et al. (1994). A 25-bp
DNA ladder (Promega) was used to identify alleles. To
investigate allele-size variation at the seven chloroplast mi-
crosatellite loci, one sample of PCR products for each allele
at each locus was subjected to DNA sequencing on an ABI
3730xl DNA Analyzer.

Data analysis

Nuclear microsatellite data The following parameters for
revealing genetic diversity in each population were estimat-
ed: mean number of alleles per locus (A), mean effective
number of alleles per locus (AE), observed heterozygosity
(HO), and expected heterozygosity (HE) using GenALEx 6
(Peakall and Smouse 2006). Allelic richness (AR) (El
Mousadik and Petit 1996) and within-population fixation index
(FIS) were calculated, and the deviation of the fixation indices
from Hardy–Weinberg equilibrium (HWE) was tested using
FSTAT 2.9.3 (Goudet 2001). The frequency of null alleles was
estimated using FreeNA (Chapuis and Estoup 2007).

The global and pairwise population differentiation was eval-
uated by FST (infinite allele model, IAM) and RST (stepwise
mutation model, SMM) using FSTAT 2.9.3 and RSTCALC
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(Goodman 1997), respectively. Statistical significance of the
estimates was determined with 1,000 randomizations. Com-
parison of FST–RST was tested based on 1,000 random
permutations using SPAGeDi 1.3a (Hardy and Vekemans
2002). Since absolute values of the population differentia-
tion parameters FST or its relatives depend on the level of
genetic variation (Hedrick 2005), we also calculated the
standardized measure of genetic differentiation G′ST
(Hedrick 2005) using SMOGD 1.2.5 (Crawford 2010).

BOTTLENECK 1.2.02 (Piry et al. 1999) was used to test
deviation from mutation-drift equilibrium, which is
expected if populations have experienced a recent demo-
graphic decline. To test statistical significance, we used the
Wilcoxon signed-rank test under the stepwise mutation
model (SMM) and the infinite allele model (IAM). For each
mutational model, 1,000 replicates were performed. Due to

the small sample sizes of some populations, this test was
only performed on populations with sample size N≥16.

Bayesian clustering approach implemented in STRUC-
TURE 2.3.3 (Pritchard et al. 2000) was used to detect
population structure and estimate the number of populations
(K) and to assign individuals to one or more of these
populations (K). These analyses were based on an admixture
ancestry model with correlated allele frequencies and no
prior information for population origin. The number of
genetically distinct clusters (K) was set to vary from 1 to
10. The model was run ten independent simulations for each
K using a burn-in length of 10,000 and a run length of
100,000 iterations. The ΔK statistics, based on the rate of
change of log likelihood of data [L (K)] between successive
K values was used to select the optimal K followed Evanno
et al. (2005).
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Fig. 1 Map showing the locations of sampled populations and geographic distributions of the chloroplast haplotypes found in Castanea
mollissima. Populations correspond to those detailed in Table 1
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Grouping populations that were geographically homo-
geneous and maximally differentiated from each other
was also performed using spatial analysis of molecular
variance (SAMOVA) (Dupanloup et al. 2002). SAMOVA
is based on a simulated annealing procedure that desig-
nated to maximize the FCT (an indicator of genetic
differentiation among population groups) and the propor-
tion of total genetic variance due to differences between
groups of populations. The algorithm was performed by
software SAMOVA 1.0 (Dupanloup et al. 2002), which
identified the number (K) of groups by the largest FCT

value. The value of K was user-defined and set between
two and eight, with 100 independent simulated annealing
processes in each run.

Genetic distances between each population were estimat-
ed by FST/(1–FST) using SPAGeDi 1.3a. Latitude and lon-
gitude coordinates for each population were used to
calculated pairwise Euclidean geographical distances be-
tween each population. Mantel test (Mantel 1967) with
10,000 matrix randomization was used to assess the signif-
icance of correlations between genetic distances and natural
logarithm values of geographical distances using the program
IBD 1.52 (Bohonak 2002).

Chloroplast microsatellite data Length variants at each lo-
cus were combined into haplotypes. The following popula-
tion diversity indices were calculated for each population:
number of haplotypes (N), effective number of haplotypes

Table 1 Locations, sample sizes
(N1 and N2), and probabilities
from Wilcoxon signed-rank tests
for heterozygosity excess in
populations of Castanea
mollissima using the program
BOTTLENECK based on nu-
clear microsatellites

N1 sample size for nuclear
microsatellites (nSSR) analysis,
N2 sample size for chloroplast
microsatellites (cpSSR) analysis,
IAM infinite allele model, SMM
stepwise mutation model

* P<0.05, ** P<0.01

Location Code Latitude Longitude N1 N2 Mutation-drift test

IAM SMM

Eastern China

1.Yixing, Jiangsu province YX 31.218 119.693 36 30 0.230 0.998

2.Wuyuan, Jiangxi province WY 29.248 117.866 16 – 0.320 0.990

3.Lin’an, Zhejiang province LA 30.368 119.423 29 28 0.156 0.994

4.Lanxi, Zhejiang province LX 29.390 119.406 21 21 0.037* 0.963

5.Yansi, Anhui province SH 29.418 118.293 23 23 0.230 0.986

6.Jixi, Anhui province JX 30.110 118.835 17 16 0.844 0.996

Central China

7.Jishou, Hunan province JS 28.406 109.811 42 30 0.006** 0.986

8.Suining, Hunan province SN 26.492 110.139 26 25 0.125 0.994

9.Yongshun, Hunan province YB 28.991 109.869 10 10 – –

10.Shengnongjia, Hubei province GM 31.448 110.390 37 30 0.037* 0.996

11.Wudangshan, Hubei province WD 32.491 110.309 27 27 0.037* 0.844

12.Fangxian County, Hubei province CH 31.857 110.740 40 29 0.156 0.844

13.Fangxian County, Hubei province FX 31.859 110.643 49 30 0.010** 0.994

14.Zigui, Hubei province ZG 30.747 110.793 43 – 0.473 0.998

15.Yichang, Hubei province YC 30.769 111.331 57 30 0.098 1.000

16.Yichang, Hubei province DB 30.769 111.331 10 – – –

Southwestern China

17.Nandan, Guangxi province ND 24.992 107.615 32 30 0.273 0.986

18.Libo, Guizhou province LB 25.411 107.964 20 18 0.320 0.980

19.Rongjiang, Guizhou province RJ 25.922 108.587 31 30 0.098 0.994

20.Ziyun, Guizhou province AS 25.956 106.115 24 24 0.578 0.990

21.Zunyi, Guizhou province ZY 27.756 106.792 30 30 0.125 0.994

22.Zhenxiong, Yunnan province ZX 27.438 104.851 35 30 0.273 1.000

23.Malipo, Yunnan province WL 23.178 104.858 27 27 0.004** 0.973

24.Qionglai, Sichuan province QL 30.440 103.258 21 21 0.156 0.963

25.Chengkou, Chongqing city CK 32.030 108.628 35 30 0.422 0.980

Northwestern China

26.Huixian, Gansu province YS 33.970 106.006 42 30 0.010** 0.986

27.Huixian, Gansu province DC 34.358 106.649 33 30 0.191 0.994

28.Xiaxian, Shanxi province SX 35.147 111.442 36 30 0.004** 0.994

Total 849 659
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(Ne=1/∑pi2), number of private haplotypes (Np), and Nei's
haplotype diversity (H=[n/(n−1)][1−∑pi2]), where for both
equations, n is the number of individuals analyzed and pi is
the frequency of the ith haplotype in a population (Nei
1987). Allelic richness (AR) was calculated by Contrib 1.
02 (Petit et al. 1998). Furthermore, mean within-population
genetic diversity, species total genetic diversity were calcu-
lated treating alleles as unordered (hS and hT) and ordered
(vS and vT), following the method of Pons and Petit (1996)
using Permut (www.pierroton.inra.fr/genetics/labo/Software/
PermutCpSSR).

In order to investigate the relationships between haplotypes,
a phylogenetic network tree was constructed using the
median-joining model implemented in NETWORK 4.6
(www.fluxus-engineering.com). The presence of a
phylogeographic structure was tested by comparing RST to
pRST (permuted) after 1,000 random permutations using the
SPAGeDi 1.3a.

SAMOVA analysis was performed as described above.
Additionally, the genetic boundaries were identified with the
software BARRIER 2.2 (Manni et al. 2004) using
Monmonier's algorithm (Monmonier 1973) based on
unbootstrapped single matrix and 100 bootstrap matrices
of DA standard genetic distance (Nei et al. 1983). DA
standard genetic distance was generated using MICROSAT-
ELLITE ANALYZER (MSA) software (Dieringer and
Schlötterer 2003). Genetic differentiation and IBD test were
analyzed with the same procedure as described in nSSR
data.

Results

Nuclear genetic diversity and population bottleneck tests

The eight microsatellite markers used in this study generated
a total of 128 alleles across the 849 individuals of C.
mollissima. The number of alleles per locus ranged from
10 at locus CsCAT41 to 22 at locus CsCAT5, with a mean
number of 16 per locus. Indices of genetic diversity for each
population and each region were summarized in Table 2.
Mean number of alleles per locus (A) and mean effective
number of alleles per locus (AE) for each population ranged
from 5.0 to 10.4 and 2.9 to 5.1, respectively. Allelic richness
(AR) for each population ranged from 4.6 to 6.6. Mean
observed heterozygosity (HO) for each population ranged
from 0.497 to 0.688 and mean expected heterozygosity (HE)
from 0.600 to 0.759. Populations from Central China
exhibited the highest level of genetic diversity (A=8.1,
AE=4.3, AR=5.8, AR=5.8, HO=0.618), while populations
from Southwestern China showed the lowest level of genetic
diversity (A=6.6, AE=3.4, AR=4.9, HO=0.559, HE=0.640),

and moderate level were found in populations from Eastern
and Northwestern China. The FIS values were consistently
positive due to slight heterozygote deficits found in all
populations. Of the 224 locus–population combinations, 41
showed significant deviation from Hardy–Weinberg equilib-
rium (HWE) at the 5 % level (data not shown), while 18
populations were significantly deviated from HWE at
P<0.05 when loci were combined after applying a Bonferroni
correction for multiple tests (Table 2). The average frequen-
cies of null alleles per locus range from 0.025 for locus
CsCAT41 to 0.106 for locus CsCAT5.

Theoretically, populations that have undergone recent de-
cline of population size will exhibit deviations frommutation-
drift equilibrium and exhibit transient excess of expected
heterozygosity (Luikart and Cornuet 1998). No population
displayed significant deviation from mutation-drift equilibri-
um under the SMM; however, eight populations deviated
significantly under the IAM (Table 1).

Haplotype variations and relationships

The results of sequencing indicated that variations in allele size
were due to the increase or decrease in the number of repeats
(Cmcs2, Cmcs7, udt3, udt5), except in some cases where
differences were also related to indels in the flanking regions
(Cmcs8, Cmcs12). However, for locus Cmcs14, the only two
alleles were characterized by a difference of consecutive 41-
nucleotide deletion leading to the lack of microsatellite in the
shorter allele. Therefore, the Cmcs14 locus was excluded from
further analysis. The remaining six chloroplast microsatellite
loci assayed for 659 C. mollissima individuals produced a total
of 17 different alleles. Because the chloroplast genome does not
recombine, a unique combination of size variants (alleles)
across themicrosatellite regions (loci) was defined as a different
haplotype. The combination of 17 different alleles produced 39
unique haplotypes. The haplotype frequency varied greatly,
with nine haplotypes being individual-private and 24 haplo-
types being population-private. The number of haplotypes per
population varied between one and eight. The most abundant
haplotype was H35 which was found in 175 individuals from
13 populations (overall frequency of 26.56% averaged over the
total samples). Haplotypes diversity varied greatly across the
populations (Table 2). Populations from Central China
exhibited the highest level of haplotype diversity (N=3.9,
Ne=2.1, AR=1.7,H=0.461), among which the GM population
showed the highest haplotype diversity (N=8, Ne=3.6,
AR=3.4, H=0.749). Populations from Northwestern China
showed the lowest haplotype diversity (Ne=1.6, Np=0.3,
AR=1.2, H=0.359). Overall, there was low within-population
diversity (hS=0.433, vS=0.278), but high total diversity
(hT=0.895, vT=0.902). The median-joining network produced
a complex pattern and no obvious phylogeographic structure
could be found by assigning geographic locations to the
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haplotypes (Fig. 2). The distribution of haplotypes across the
range of C. mollissima also showed no obvious geographic
structure (Fig. 1). This was further confirmed as the pRST

values after 1,000 random permutations was significantly
higher than RST values (pRST=0.718>RST=0.627, P=0.014),
suggesting a lack of signal of phylogeographic structure.

Population genetic differentiations

The global genetic differentiation across all the populations
of C. mollissima estimated as FST and RST were 0.120 and 0.
194 for nSSR and 0.678 and 0.629 for cpSSR, respectively.
For nSSR, the RST value was significantly higher than FST

after 1000 random permutations (RST=0.194>pRST=0.108,

P=0.000). Most pairwise values of FST for nSSR (0.016–
0.278) and cpSSR (0.011–0.967) as well as the pairwise RST

for nSSR (0.001–0.563) and cpSSR (0.003–0.966) were sig-
nificant (P<0.05) (data not shown). Standardized measure of
genetic differentiation (G′ST) averaged over loci were 0.447
for nSSR and 0.803 for cpSSR, respectively. The pollen to
seed migration ratio estimated according to Ennos (1994), i.e.,
(pollen flow)/(seed flow)={[(1/ G′STb)−1]−2[(1/ G′STm)−
1]}/[(1/G′STm)−1] is 3.043.

Population structure revealed by nSSRs and cpSSRs

To investigate population structure, a Bayesian population
structure analysis was first performed including all populations.

Table 2 Populations genetic di-
versity revealed by nuclear
microsatellites (nSSR) for 28 C.
mollissima populations and
chloroplast microsatellites
(cpSSR) for 25 C. mollissima
populations

A average number of alleles per
locus, AE average effective
number of alleles per locus, AR

allelic richness, HO observed
heterozygosity, HE expected
heterozygosity, FIS fixation
index

*P<0.05 based on 1,000 allelic
permutations among individuals
after Bonferroni correction, N
number of haplotypes, Ne num-
ber of effective haplotypes, Np
number of private haplotypes, H
unbiased haplotypic diversity

Population nSSR cpSSR

A AE AR HO HE FIS N Ne Np AR H

Eastern China 7.5 3.8 5.6 0.615 0.685 0.124 3.2 2.0 1.4 1.5 0.391

YX 10.0 4.6 6.6 0.623 0.759 0.195* 5 3.6 3 2.9 0.747

WY 5.5 2.9 4.6 0.594 0.619 0.073 – – – – –

LA 8.4 4.5 6.0 0.596 0.706 0.175* 4 2.0 1 2 0.516

LX 6.3 3.4 5.1 0.655 0.668 0.045 1 1.0 0 0 0.000

SH 7.0 3.4 5.2 0.684 0.680 0.017 2 1.2 0 0.6 0.166

JX 7.9 4.0 6.3 0.536 0.677 0.241* 4 2.0 3 2.2 0.525

Central China 8.1 4.3 5.8 0.618 0.705 0.144 3.9 2.1 0.8 1.7 0.461

JS 7.8 3.8 5.4 0.591 0.703 0.168* 6 2.3 3 2.6 0.584

SN 7.4 4.0 5.8 0.595 0.679 0.147* 2 1.9 0 1 0.500

YB 5.0 3.5 4.9 0.589 0.658 0.159 2 1.2 0 0.9 0.200

GM 8.8 4.5 5.8 0.641 0.713 0.116* 8 3.6 2 3.4 0.749

WD 8.1 4.7 5.9 0.644 0.707 0.108 2 1.9 0 1 0.484

CH 7.8 4.3 5.6 0.575 0.683 0.174* 2 1.1 0 0.3 0.069

FX 9.9 5.1 6.3 0.631 0.735 0.151* 4 3.0 1 2.2 0.690

ZG 10.4 4.4 6.2 0.598 0.721 0.182* – – – – –

YC 10.4 4.6 6.3 0.630 0.737 0.155* 5 1.7 0 1.8 0.409

DB 5.8 4.0 5.6 0.688 0.709 0.083 – – – – –

Southwestern China 6.6 3.4 4.9 0.559 0.640 0.142 3.2 2.0 1.1 1.5 0.444

ND 6.9 3.2 4.7 0.605 0.672 0.114 2 2.0 0 1 0.508

LB 6.0 3.0 4.8 0.519 0.631 0.203* 2 1.4 0 0.9 0.294

RJ 8.1 3.8 5.3 0.598 0.685 0.143* 4 3.3 1 2.6 0.717

AS 6.6 3.3 4.9 0.609 0.600 0.005 2 2.0 0 1 0.518

ZY 6.1 3.3 4.6 0.583 0.600 0.045 4 1.8 2 1.8 0.448

ZX 6.4 3.0 4.7 0.557 0.606 0.095 5 2.6 3 2.4 0.630

WL 6.4 3.7 5.0 0.497 0.673 0.272* 2 1.5 0 0.9 0.359

QL 5.9 3.3 4.8 0.548 0.635 0.161* 2 1.1 0 0.4 0.095

CK 7.1 3.6 5.3 0.518 0.661 0.236* 6 2.1 4 2.4 0.430

Northwestern China 7.2 3.6 5.1 0.539 0.686 0.229 3.7 1.6 0.3 1.2 0.359

YS 7.8 4.1 5.3 0.564 0.707 0.214* 4 1.3 1 1 0.251

DC 7.0 3.2 4.7 0.500 0.659 0.256* 4 2.3 0 1.6 0.579

SX 6.9 3.6 5.2 0.553 0.693 0.216* 3 1.3 0 1 0.246

Mean 7.4 3.8 5.4 0.590 0.678 0.148 3.5 2.0 1.0 1.5 0.429
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Bayesian clustering based on the eight nSSR loci demonstrated
that the model with K=2 explained the data satisfactorily (this
model had the highest ΔK value). This finding suggested that
the most probable number of populations was two based on our

data for 849 individual from 28 naturally sampled populations.
Cluster I comprised the LA, JX, AS, ZY and ZX populations,
while cluster II comprised the remainder (Fig. 3). In order to
identify any sub-clustering within each populations cluster, we

Fig. 2 Median-joining
haplotype network for
Castanea mollissima
populations based on
chloroplast microsatellites.
Circles of the same color
represent haplotypes from the
same geographical region. The
size of the circle is proportional
to the frequency of the
haplotype. Open circles
indicate unobserved
haplotypes. Number on the
branch represent more than one
mutation step
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Fig. 3 Estimated clustering using STRUCTURE for K=2 (a) based on
nuclear mirosatellites and further analyses to determine substructure
within the highest hierarchical level of genetic structure within cluster I
for K=4 (b) and cluster II for K=5 (c) independently. Each individual

is represented by a vertical line, divided into up to K colored segments
representing the individual's estimated membership fraction to each of
the K clusters. Vertical black lines separate samples from different
locations as labeled on the bottom of the figure

Tree Genetics & Genomes (2013) 9:975–987 981



separately ran new STRUCTURE analyses on the each cluster
in the same manner as above. Repeating the structure analyses
individually on clusters I and II resulted in highest ΔK value at
K=4 and K=5, respectively. In cluster I, populations were split
into four groups: (1) ZY, (2) AS, (3) ZX, (4) LA and JXwhile in
cluster II, populations were split into five groups: (1) YX and
SN, (2) LX, ZG, YC and RJ, (3) SH, CK, DC, and SX, (4)WD,
CH, QL and YS, (5) WY, JS, YB, GM, FX, DB, ND, LB, and
WL (Fig. 3). Similarly, the SAMOVA analysis also resulted in
the highestFCT value (0.315) obtainedwhen the 28 populations
were divided intoK=2 groups: the ZYpopulation and the other
27 populations.

For cpSSR data, the result of SAMOVA analysis showed that
the highest FCT value (0.682) was obtained when the 25
populations were divided into K=4 groups: ZY population,
YX population, six populations composed of JS, QL, CK, YS,
DC, SX, and the other 17 populations (Fig. 4). Based on boot-
strapmatrices,Monmonier's algorithm identified five boundaries
defining zones of maximum genetic differences within the net-
work of the 25 populations (Fig. 4). The most significant genetic
barrier a was between CK population and GM population which
separated most populations in Central China from other
populations. Barrier b, c, and e around ZYpopulation separated
population ZY from other populations. Barrier d was around JX
population which separated JX population from the others in
Eastern China. Each of these boundaries was well-supported by
the bootstrap analysis (with bootstrap values exceeding 50 %).
The presence of these genetic barriers was further confirmed by
analysis with single overall matrix (data not shown).

Mantel tests detected a significant correlation between ge-
netic divergence, denoted by pairwise FST/(1−FST) and

geographical distances between populations for both nSSRs
(r=0.180, P<0.013) and cpSSRs (r=0.204,P<0.001) (Fig. 5).

Discussion

Genetic diversity and population bottleneck

A considerable high level of genetic diversity within C.
mollissima populations as revealed by nSSRs (A=7.4,
AE=3.8, AR=5.4, HO=0.590, HE=0.678) and cpSSRs
(hS=0.433, hT=0.895, vS=0.278, vT=0.902) might be
explained by its wide geographic range. C. mollissima dis-
tributed in a large area of China, across sub-tropical, warm
temperate and temperate regions, and in a large range of 50–
2,800 m altitudes. Such vast regional and altitudinal range
of C. mollissima should substantially contribute to the high
level of genetic diversity detected in its populations.

C. mollissima populations from Central China were
found to harbor the highest genetic diversity at both the
nSSR and cpSSR loci, and in particular, GM population
located in Shengnongjia Mountain (Hubei Province)
exhibited the highest chloroplast haplotype diversity among
all the examined populations. This result was in agreement
with the study of Lang and Huang (1999), in which
Shengnongjia area was pointed out to be the center of
genetic diversity of the endemic Castanea species in China.
Characterized by complex topographic features and climatic
conditions, Central China has been recognized as one of the
three plant diversity centers in China (Ying 2001). Warm
climates experienced in this region during the Quaternary
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glaciation periods provided an ideal refuge center for many
plants and animals, resulting in a diverse gene pool (Zheng
1983). Therefore, we inferred that the Central China, partic-
ularly the area around the Shengnongjia Mountain can be
recognized as the modern center of genetic diversity of C.
mollissima. In addition, the CK population sampled from
the Dabashan Mountain natural reserve in Chengkou county
(Chongqing city) has the highest number of private haplo-
type compared to all other populations. The Dabashan
Mountain is characterized of diverse habitats, high species
richness, and high endemism (Liu 2000; Xu 2003) and was
recognized as one of prioritized regions for biodiversity
conservation in China (Ministry of environmental protection
2011). The eastern part of the Dabashan Mountain borders
with the Shengnongjia Mountain, where GM and CK pop-
ulation were sampled and has the highest haplotype diver-
sity and highest number of private haplotype, respectively.
In consideration of such a high variability in this region, we

thus proposed that the Dabashan Mountains might be one
refugium for C. mollissima. The same result has been
reported by Wang et al. (2009) who recognized the
Dabashan Mountains as one refugium for Eurycorymbus
cavaleriei, a canopy tree in subtropical China. Furthermore,
the chloroplast haplotype diversity in Southwestern China
was just second to that in Central China, suggesting a high
haplotype richness was also reserved in the region. As most
sampled populations from Southwestern China were located
in the Yunnan-Guizhou Plateau, the high genetic diversity in
the region is well explained for the Yunnan-Guizhou Pla-
teau, and its adjacent region have long been believed an
important center of origin for the East Asiatic flora (Wang
1992) and were also identified as one of the three hot-spot
for plant diversity in China (Ying 2001).

The FIS values were consistently positive in all
populations and were significantly deviated from HWE in
18 populations (Table 2). This result could be ascribed to
nonrandom mating promoted by population bottleneck. Al-
though no significant deviation from mutation-drift equilib-
rium was detected under the SMM, signal of population
reduction was identified in eight populations under the
IAM (Table 1). Given that few microsatellite loci are
expected to evolve strictly according to SMM, and the
nSSRs examined in this study seemed to be IAM-like in-
ferred from the allele distributions of the nSSR alleles (data
not shown), so the bottleneck result based on IAM may be
still informative. As the population size was reduced in
bottlenecked populations, the frequency of inbreeding
would be increased in those populations. In addition, several
populations showed significant bottleneck are located in the
marginal area of the species range (Fig. 1). The genetic
exchange between those marginal populations with other
populations would be less effective compared to populations
located in central area, thus further promote inbreeding in
those populations. Another explanation for the significant
FIS values is probably due to the presence of null allele as it
was detected for all the examined nSSRs. Therefore, the
positive FIS values in C. mollissima may be attributable to
population demographics (reduction of population size, in-
breeding) and null alleles.

Genetic differentiation and population structure

The nSSRs revealed a relatively high level of genetic dif-
ferentiation among C. mollissima populations (G′ST=0.447)
compared to other species in Fagaceae, higher than Quercus
crispula (G′ST=0.090, Ohsawa et al. 2011) and Castanopsis
sclerophylla (G′ST=0.137, Wang et al. 2011). The G′ST-
based pollen-seed flow ratio of c. 3 in C. mollissima is much
lower than that of other species in Fagaceae, for example
Fagus sylvatica (60.6) and Q. suber (44.6) (Tsuda and Ide
2010). Those results suggested the pollen flow is not
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extensive and its contribution to migration is not so high in
C. mollissima populations. The lack of extensive pollen
flow was further confirmed by the results of STRUCTURE
and SAMOVA analysis which both found that the most
probable population clusters was 2, suggesting a clear ge-
netic structure. However, populations from the same regions
were not all assigned to the same groups which indicated
that the distributions of genetic clusters were not strongly
related to the geographical locations of the populations.
Although AS, ZY, and ZX population in cluster I revealed
by STRUCTURE analysis were geographically close to
each other, they were split into three different groups as
showed by the sub-clustering analysis on cluster I. The
geographically discontinuous distribution of the clusters is
probably due to the effect of human management. Because
of its economic importance as nut tree crop, Chinese chest-
nut has a long history of cultivation in China. In order to
pursue the economic benefits more rapidly, people once
grafted the wild individuals with some superior cultivars to
convert the wild populations into cultivated populations.
Introduction of exotic cultivars which might lead to genetic
exchange between wild populations and cultivated
populations were also happened. The pronounced and
long-term human involvement may have exerted substantial
influence on the genetic structure of wild C. mollissima
populations.

No signal of phylogeographic structure was found in the
cpSSR data. Although pattern of isolation by distance was
detected in the cpSSR, the linear regression explained only
4 % of the total variance (r2=0.04). The seeds of C.
mollissima are dispersed via gravity and animals. Stronger
population genetic structure would be expected in a species
with restricted seed dispersal (Duminil et al. 2007), so the
possible effect of human activities should also be taken into
account as a possible homogenizing factor. The nut of wild
chestnut trees might been harvested and exchanged among
different regions because of its economic importance as nut
tree crop, thus promote the human-mediated seed dispersal.
Little geographical structure of the genetic diversity was
also found in C. sativa throughout southern European coun-
tries which was explained by the strong human impact on
this species (Fineschi et al. 2000). Martín et al. (2012) also
proposed that human influence to be the most plausible
hypothesis for the origin of the southern populations of C.
sativa in Spain given that there are no certain records of
pollen in this area and their results highlight that the genetic
structure of the current chestnut stands in Spain is the result
of a natural colonization history and human-driven
domestication.

Most pairwise values of FST were significant, suggesting
a possibility of adaptive divergence among natural
populations of C. mollissima distributed across a wide geo-
graphic range in China. Local adaptation may have been

evolved in such a large heterogeneous habitats and climatic
conditions during long-term natural selection. An alternative
explanation for the significant pairwise differentiation is
probably due to genetic drift. The rate at which genetic drift
alters allele frequencies depends on effective population size
(Slatkin 1987). As some C. mollissima populations
displayed signal of population reduction inferred from bot-
tleneck analysis, the effect of genetic drift is also possible.

Landscape features may affect the gene flow and spatial
genetic variation (Manel et al. 2003; Storfer et al. 2007). For
instance, mountain ridges may provide geographical barriers
that obstruct gene flow, thus producing genetic differentia-
tion between populations across mountain ridges (Taberlet
et al. 1998). In our study, three of the five identified barriers
encircled ZY population, indicating a nearly complete iso-
lation of ZYpopulation from others and this result were also
confirmed by SAMOVA analysis for both nSSRs and
cpSSRs. ZY population in Zunyi city, Guizhou province
was collected from a natural reserve which is located on
the Daloushan Mountain. This natural reserve is character-
ized by complex topography and steep mountains, and the
mountain ridges may acted as geographic barrier and thus
disrupt the gene flow between ZY population and others.
Such a strong isolation would lead to reduce of genetic
variability and thus explained the lowest expected heterozy-
gosity (HE=0.600) observed in ZY population. The most
significant genetic barrier between CK and GM population
locates just where the Dabashan Mountain and Wushan
Mountain situate. Dabashan Mountain locates in the border
among Sichuan province, Hubei province and Shaanxi prov-
ince, which extend in a northwest to southeast direction.
Wushan Mountain situate in the common boundary between
Hubei province and Sichuan province which extend in a
northeast to southwest direction. The eastern parts of
Dabashan Mountain adjoin Wushan Mountain and such a
connection acts as a natural barrier. Barrier d was around JX
population which was sampled from Qingliangfeng Moun-
tain. The Qingliangfeng Mountain, which is the second
highest mountain in eastern China, is located among Anhui
province and Zhejiang province. Based on the above results,
we propose that the mountain ridges have acted as signifi-
cant barriers, causing the isolation of genetic lineages of C.
mollissima. Similar conclusions have been drawn for a case
study of Betula maximowicziana (Tsuda et al. 2010), that
suggested mountain ridges acting as genetic barriers and
restricting gene flow. In contrast, Magri et al. (2006) found
that the mountain chains were not geographical barriers for
beech (F. sylvatica) but rather than as a facilitated factor for
its diffusion. This was probably due to the beech distribution
feature in Europe where the beech did not cross the moun-
tain tops (e.g., the Alps) but occurred along mountain
slopes. However, the study of Fraxinus mandshurica
conducted across five mountain ranges in Northeastern
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China found no clear effect of the mountains ridges acting as
significant barriers (Hu et al. 2008). Thus, whether mountain
ridges act as effective barriers to gene flow and migration or
not will vary according to the species distribution patterns and
modes of dispersal. The landscape genetic structure appear to
be more complex than expected in the mountain ranges in
China and information of the effects of such features need to
be taken into account when designing programs to conserve
and manage C. mollissima populations.

In this study, we investigated the geographical pattern of
genetic diversity and population structure of natural C.
mollissima populations in China at a large spatial scale using
nuclear and chloroplast microsatellite markers for the first
time. The acquired information should be conducive to
formulating reasonable strategies for the conservation and
utilization of wild resources of C. mollissima. The central
China, particularly the area around the Shengnongjia Moun-
tain, can be recognized as the modern center of genetic
diversity of C. mollissima. In addition, high variability was
also retained around the Dabashan Mountain. Therefore,
wild populations of the species in those regions deserve
prior conservation and utilization for breeding programs.
Furthermore, adaptive differentiation might be evolved
among populations thus core germplasm repository should
be constructed through representative sampling of C.
mollissima from the different eco-regions of the species
distribution range. In addition, genetically isolated
populations such as ZY population because of the mountain
ridges blocking gene flow should also be prioritized when
formulating in situ and ex situ conservation strategies for C.
mollissima. In the present study, we utilized nuclear and
chloroplast microsatellite markers which are generally con-
sidered to be selection-neutral and thus fail to detect genetic
variations associated with natural selection or adaptive evo-
lution. With increasing genomic resources for Chinese
chestnut (www.fagaceae.org), future works should focus
on exploring the genetic variations related to adaptive traits
using whole-genome scan based on functional markers such
as EST-SSR and EST-SNP.
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