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Abstract Castanea squinii Dode, an endemic tree widely 
distributed in China, plays an important role both in chestnut 
breeding and forest ecosystem function. The spatial genetic 
structure within and among populations is an important 
part of the evolutionary and ecological genetic dynamics of 
natural populations, and can provide insights into effective 
conservation of genetic resources. In the present study, the 
spatial genetic structure of a panmictic natural population of 
C. sequinii in the Dabie Mountain region was investigated 
using microsatellite markers. Nine prescreened microsatellite 
loci generated 29–33 alleles each, and were used for spatial 
autocorrelation analysis. Based on Moran’s I coefficient, a 
panmictic population of C. sequinii in the Dabie Mountain 
region was found to be lacking a spatial genetic structure. 
These results suggest that a high pollen-mediated gene flow 
among subpopulations counteract genetic drift and/or genetic 
differentiation and plays an important role in maintaining 
a random and panmictic population structure in C. sequinii 
populations. Further, a spatial genetic structure was detected 
in each subpopulation’s scale (0.228  km), with all three 
subpopulations showing significant fine-scale structure. The 
genetic variation was found to be nonrandomly distributed 
within 61  m in each subpopulation (Moran’s I positive 
values). Although Moran’s I values varied among the differ-
ent subpopulations, Moran’s I in all the three subpopulations 
reached the expected values with an increase in distances, 
suggesting a generally patchy distribution in the subpopula-
tions. The fine-scale structure seems to reflect restricted seed 
dispersal and microenvironment selection in C. sequinii. 
These results have important implications for understanding 
the evolutionary history and ecological process of the natural 

population of C. sequinii and provide baseline data for 
formulating a conservation strategy of Castanea species.
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1 Introduction

Spatial genetic structure is the nonrandom distribution of 
genotypes within and among natural populations, which can 
result from the interaction between their ecologic and genetic 
processes. Knowledge of population spatial genetic structures 
provides a valuable tool for understanding population genetic 
characteristics and dynamics (Levin et al., 1974; Sokal et al., 
1989). It is expected that the spatial distribution of genetic 
variations within plant populations is influenced by many 
factors such as gene flow, micro-environmental selection, 
spatial distribution pattern, life history and human activities. 
The partial pedigree structure results from gene flow and 
related ecological factors. Isolation by distance and micro-
habitat selection are the most direct causes resulting in spatial 
genetic structures within populations at the fine-scale level 
(Vekemans and Hardy, 2004). Hence, estimating the fine-
scale spatial genetic structure within panmictic populations 
can help us to further understand the influence of breeding 
systems, gene flow dynamics, genetic drift, microhabitat 
selection and other factors on the population structure 
(Epperson, 1993; Bjornstad et al., 1995). At the same time, 
knowledge of plant population spatial genetic structure is of 
importance for the management and conservation of species 
(Epperson, 1992; Williams and Hamrick, 1996). Recently, 
spatial autocorrelation analysis of genetic structures became 
an important method in molecular ecology and conservation 
biology (Esudero et al., 2003).
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Spatial autocorrelation analysis tests whether the observed 
value of a variable at one locality is significantly dependent 
on values of the variable at neighboring localities. If such 
dependence exists, the variable is said to exhibit spatial 
autocorrelation (Sokal and Oden, 1978a, b; Epperson, 1990). 
Recently, many studies of spatial genetic structure of plant 
populations have been applied at a microgeographic scale. 
Cottrell et al (2003) revealed the fine-scale spatial genetic 
structure of two oak woods which contained both Quercus 
robur and Q. petraea. The woods had experienced different 
degrees of human interference. The authors discovered that 
both woods exhibited a higher level of spatial structuring 
within the Q. petraea than the Q. robur component. Such 
structuring most likely resulted from differences in seed 
dispersal mechanisms and regeneration dynamics of both 
species. At macrogeographic levels, Chung (1996) analysed 
the spatial genetic structure among populations of Hosta 
minor and H. capitata and revealed that H. capitata showed 
significant spatial genetic structure at a large distance, while 
no significant spatial genetic structure was observed for H. 
minor. This was attributed to different distributing patterns 
and natural environments of the two species. Although spatial 
autocorrelation analysis of Castanea species has been report-
ed in Castanea sativa (Pigliucci et al., 1990) and Castanea 
mollissima (Li et al., 2002) at the macrogeographic level, 
much less is known about the distribution of variation of 
Castanea sequinii at both microgeographic and macrogeo-
graphic levels.

Castanea sequinii Dode (Fagaceae) is a common tree 
distributed in the Chinese mainland. It distributes widely 
in Shandong, Henan, Shanxi, Shaanxi province and the south 
of Yangtse Rive. This species is known to be a diploid, wood 
shrub or small tree, monoecious, reproducing through 
wind-pollinated outcrossing. Seed dispersal of this species is 
mainly via gravity (Rutter et al., 1990). As a common tree 
species in the forest ecosystem of China, it has great value in 
chestnut breeding and forest ecosystem function. For exam-
ple, the fruit is the food source of many wild animals. It is also 
one of the allied species of C. mollissima, and therefore can 
be used as a valuable parent for breed improvement and in 
the breeding of C. mollissima or other edible chestnuts. 
On the other hand, many natural C. mollissima and C. sequinii 
forests have been destroyed or felled, resulting in the serious 
loss of natural chestnut species of China (Huang, 1998). 
Studies on the genetic diversity and genetic structure of 
C. sequinii natural populations can provide basic information 
for formulating a conservation strategy for wild resources of 
C. sequinii. In the present study, we employed a set of nine 
microsatellite markers and spatial autocorrelation analysis to 
reveal the spatial genetic structure of the C. sequinii popula-
tion and subpopulations which naturally distribute in the 
Dabie Mountain region. Since this species is very common 
and is continuously distributed in this region, we regarded the 
total C. sequinii natural population of this region as a panmic-
tic population. In 2003, we sampled three subpopulations 
each from the east, centre and west of Dabie Mountain. Our 

objective was to investigate the spatial genetic structure 
of this panmictic population and three subpopulations, and 
reveal the spatial distribution pattern and dynamics of 
the population genetic variation of the species specially 
distributed in China.

2 Methods 

2.1 Study area and sample collection

C. sequinii is one of the most common species in the Dabie 
Mountain region of China. In this study we regarded the total 
C. sequinii population of this region as a panmictic popula-
tion comprised of many subpopulations. All samples were 
collected from three subpopulations from the east, centre and 
west of Dabie mountain (Fig.  1). The three subpopulations 
were respectively located in three sites: east (Anhui province 
Yuexi county Zhubo town, N  31°01p, E  116°25p), central 
(Hubei province Macheng city Guishan beauty spot, N  31°04p, 
E  115°12p) and west (Hubei province Guangshui city 
Zhonghuashan forestry centre, N  31°41p, E  113°41p). The 
geographic distances between Yuexi and Macheng, Macheng 
and Guangshui, and Guangshui and Yuexi are 118, 137 and 
248  km, respectively. In September 2003, one-year twigs 
with dormant buds were collected from all adult individuals 
in each subpopulation. The geographical coordinates of each 
sample were measured by a GPS orientation system, and then 
demarcated on paper (Figs.  1a–1c). Samples were wrapped 
with wet paper and stored at 4°C until DNA extraction. 
The number of samples collected from each subpopulation is 
shown in Table  2.

2.2 DNA extraction and microsatellite analysis

Total genomic DNA was extracted from 0.2 grams of young 
leaf using the cetyltrimethylammonium bromide (CTAB)-
based procedure of Rogers and Bendich (1985), with modifi-
cations. The RNA component of these individual extracts 
was removed by incubation in the presence of RNase A as 
described in Ausubel et al (1987). The quality and concentra-
tion of template DNA were quantified photometrically (GEN-
EQUANT, Eppendorf, Germany) and tested by 1% agarose 
gel electrophoresis (λ/Hind III marker). Template DNA was 
diluted to 25  ng/μL for microsatellite analysis.

Fourteen primer pairs of microsatellite loci which had 
previously been reported in C. sativa were selected for poly-
merase chain reaction (PCR) (Marinoni et al., 2003). Of them, 
nine primer pairs (Table  1) displaying clear band patterns 
were chosen for further genotyping of all samples. PCR 
amplification was performed in a 20  uL volume solution, 
containing 2  μL 10x buffer (10  mmol/L Tris-HCL, pH 8.3, 
500  mmol/L KCL), 1.5  mmol/L MgCL2, 0.5  umol/L of each 
primer, 200  umol/L dNTP, 0.5  U Tag-DNA polymerase and 
approximately 50  ng of template DNA. The PCR conditions 
were as follows: 5 minutes at 95°C, 28 cycles of 50  s at 94°C, 
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45  s at the anneal temperature of each primer pair and 90 
seconds at 72°C, final elongation for 7 minutes at 72°C. PCR 
reactions were performed on a thermocycler (Mastercycler 
gradient, Eppendorf, Germany). The amplification products 
combined with an equal volume of formamide loading 
buffer (98% formamide, 10  mmol/L pH 8.0 EDTA, 0.05% 
bro mophenol blue, and 0.05% xylene cyanol) were denatured 
at 94°C for 5  minutes and electrophoresed in 8% poly-
acrylamide denaturing gels using Sequi-Gen GT System 
(BIORAD, USA). Electrophoresis was carried out with 
1xTris-borate-EDTA (TBE) buffer for 1.5  h at 65  W. 
Silver staining was conducted according to the protocol of 
Sanguinetti et al (1994) with slight modification.

2.3 Data analysis

2.3.1 Genetic diversity

The following statistics of genetic variation were computed 
with the software GenALEx (Peakall and Smouse, 2001): 
allele frequency per locus, mean number of alleles per locus 
(A), mean number of effective alleles per locus (Ae), observed 
heterozygosity (Ho), expected heterozygosity (He), the 
number of private alleles per subpopulation (Ape), Wright’s 
population differentiation coefficient (FST) (Workman and 
Niswander, 1970), and Wright’s inbreeding coefficient (FIS) 
(Weir and Cockerham, 1984). Deviation of genotypic 

Table 1 List of nine primer pairs used and size range, genetic diversity and genetic differentiation parameters, Hardy-Weinberg equilibrium test

Locus code Size range  Number  Expected  Observed  Inbreeding  Differentiation  Hardy-Weinberg
 (bp) of alleles heterozygosity heterozygosity  coefficient  coefficient  equilibrium test
   He Ho  FIS FST

CsCAT1 160–201 21 0.874 0.555 0.337 0.065 NS
CsCAT2 180–226 16 0.864 0.694 0.128 0.072 NS
CsCAT3 197–215 7 0.711 0.668 0.003 0.075 NS
CsCAT4 217–271 14 0.839 0.844 –0.038 0.021 NS
CsCAT5 217–242 9 0.776 0.604 0.213 0.025 NS
CsCAT7 190–217 6 0.779 0.557 0.268 0.033 NS
CsCAT8 190–210 7 0.727 0.709 0.012 0.010 NS
CsCAT14 150–160 6 0.774 0.795 –0.050 0.007 NS
CsCAT15 127–142 12 0.730 0.380 0.454 0.020 NS
Mean — 10.89 0.786 0.645 0.147 0.037 NS

Fig.  1 The sketch map of 3 subpopulations of C. sequinii in China (A) and spatial distribution of individuals within each subpopulation 
(a. Guangshui subpopulation; b. Macheng subpopulation; c. Yuexi subpopulation)
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frequencies from the Hardy-Weinberg equilibrium was tested 
by the method of Li and Horvitz (1953). The gene flow Nm 
reflected by the numbers of migrant per generation was 
calculated by Nm = (1-FST) / 4FST (Slatkin and Barton, 
1989).

2.3.2 Spatial autocorrelation analysis

Spatial autocorrelation level was measured by calculating 
Moran’s I value (Sokal and Oden, 1978a, 1978b) separately 
for each locus. Here we regarded microsatellite variation 
as an absolute variable, and only alleles with frequency 
from 0.1 to 0.9 were used (Geburek, 1993). According to the 
Euclidean distance between trees and equal interval principle, 
we partitioned distance classes and assigned all pairs or joins 
of individuals to one of 10 distance classes (0.038–294  km) 
for the panmictic population, 9 distance classes (27–288  m) 
for the Guangshui subpopulation, 9 distance classes (27–
298  m) for the Macheng subpopulation and 10 distance 
classes (32–393  m) for the Yuexi subpopulation. Spatial auto-
correlation coefficient Moran’s I values and its expected value 
(E(I) = −1/(n-1), where n is the number of loci), were calcu-
lated for each distance class using the Saap program (ver.4.3) 
written by Wartenberg (1989). If the I value was significantly 
more than its expected value (that is, I value is positive and 
significant), it suggests that the pairs or joins of individuals in 
that distance class have similar gene frequencies, whereas if 
the I value was less than its expected value significantly (that 
is, I value is negative and significant), it indicates that they 
have dissimilar gene frequencies (Robert and Sokal, 1978). 
Whether the above similar and dissimilar frequencies were 

derived from random processes were estimated by statistical 
tests, and then the population spatial genetic structure at 
two different scales were analyzed (Sokal and Oden, 1978a, 
1978b; McCauley et al., 1996).

3 Results

3.1 Microsatellite analysis results of C. sequinii

All primer pairs selected in the study were detected as clear 
bands with high repetition. Figure  2 shows a few samples at 
the locus CsCAT1. A total of 88 alleles were detected over 
all studied loci, with an average of 9.78 alleles per locus. The 
locus with the largest number of alleles (21) was CsCAT1, 
while only six alleles (the least) were observed in the CsCAT7 
and CsCAT14 loci (Table  1). High genetic diversity was 
observed in the panmictic population, with A = 9.8, 
Ae = 4.954, Ho = 0.625, He = 0.776. Similar high genetic 
diversity was also found in the three subpopulations 
(Table  2). Comparing subpopulations with each other, the 
private alleles of each subpopulation Ape ranged from 3 to 20, 
with the Yuexi subpopulation having the largest Ape (9), and 
the Guangshui subpopulation the smallest Ape (4). The exis-
tence of private alleles showed that each subpopulation was 
different from each other in genetic composition. FST per 
locus ranged from 0.007 to 0.075, with an average of 0.037, 
indicating that the genetic differentiation between subpopula-
tions were very low, mostly being within the subpopulation 
(96.3%). The Wright’s inbreeding coefficient FIS ranged from 
−0.05 to 0.454, with an average of 0.147, and the FIS of all loci 

Table  2 The genetic diversity parameters of the large panmictic population and three subpopulations of C. sequinii sampled 

Population Mean number Mean number of  Expected Observed Number of Inbreeding Sampling
 of alleles effective alleles  heterozygosity  heterozygosity private alleles coefficient size
 A Ae He Ho Ape FIS

Panmictic population 9.778 (1.5615) 4.954 (0.5958) 0.776 (0.0244) 0.625 — 0.190 197
Guangshui
subpopulation 6.111 (0.6961) 3.578 (0.3329) 0.705 (0.0214) 0.634  3 0.109  43
Macheng
subpopulation 8.444 (1.1680) 4.537 (0.5567) 0.750 (0.0339)  0.620 20 0.169 118
Yuexi
subpopulation 6.000 (0.5000) 3.638 (0.3307) 0.704 (0.0302) 0.622  6 0.104  36

SE: Standard error

Fig.  2 Microsatellite polymorphism in the population of C. sequinii with SsrCsCAT1
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were more than 0 except for the CsCAT4 and CsCAT14 loci. 
All loci did not deviate from Hardy-Weinberg equilibrium, 
indicating that the total C. sequinii population in the Dabie 
mountain region is a panmictic population. The Nm value 
per generation was 3.72, which suggested that frequent 
gene flow between subpopulations helped to prevent genetic 
differentiation between subpopulations resulting from genetic 
drift.

3.2 Spatial distribution of microsatellite variations in the 
C. sequinii natural population

3.2.1 Spatial genetic structure of the panmictic population

On a large scale, we selected 27 alleles with a frequency 
between 0.1 and 0.9 from 64 polymorphic alleles for the 
spatial autocorrelation analysis. Among 270 Moran’s I values 
tested, there were 131 values (48.5%) which attained signifi-
cance (expected value E(I) = −0.038), and 21 of 27 alleles 
(77.8%) accumulatively attained significant levels (Table  3). 
The mean Moran’s I value was positive and significant 
between 1 to 4 distance classes (0.038–0.228  km), but was 
negative between 5 to 10 distance classes (116.286–293.360 

km). The mean Moran’s I value within 6, 8 and 9 distance 
classes were less than the expected value (E(I) = −0.038), 
although they were significant and more than the expected 
value within 5 to 10 distance classes. All these indicate that 
the C. sequinii natural population shows some degree of spa-
tial structure between 1 to 4 distance classes (0.038–0.228  km). 
However, within this range, Moran’s I value changed little, 
and only decreased following an increase in the distance by 
about 1 to 3 distance classes. It did not change between 3 to 4 
distance classes, having a value only of 0.02. These results 
suggest that the panmictic population shows a significant but 
low level of spatial structure within short distances (0.228  km), 
while a randomly distributed spatial pattern can be seen when 
this distance is exceeded. The genetic differentiation coeffi-
cient FST among subpopulations ranged from 0.018 to 0.119 
with the mean value 0.063, indicating that genetic differentia-
tion is mostly located within each subpopulation, and there 
is a high similarity among subpopulations. In addition, the 
Wright’s inbreeding coefficient FIS per subpopulation locus 
was positive except for loci CsCAT3, CsCAT4 and CsCAT14. 
The Hardy-Weinberg test showed all loci did not deviate from 
equilibrium, suggesting that the natural large population of 
C. sequinii is a panmictic population in which alleles are 

Table 3 Spatial autocorrelation coefficients (Moran’s I value) for 10 distance classes in panmictic population of C. sequinii 

Locus Moran’s I values for 10 distance classes /km Cumulated

 1 2 3 4 5 6 7 8 9 10 
probability

CsCAT1-180 0.32** 0.26** 0.31** 0.16** −0.03 −0.13** −0.15** −0.55** −0.57** 0.15** 0.000*
CsCAT1-188 0.01 0.02 −0.02 −0.07 0.02 −0.02 −0.00 −0.00 −0.01 0.01 0.045*
CsCAT1-190 0.07** −0.09** 0.04* −0.06** −0.04* 0.01 0.00 −0.02 0.03 −0.02 0.001*
CsCAT2-209 0.15** 0.05** 0.06** −0.01 −0.23** −0.13** 0.02 −0.01 0.17** −0.11** 0.000*
CsCAT3-201 0.09** −0.02 0.03 −0.04 −0.17** 0.04* −0.00 0.01 0.05* −0.04 0.000*
CsCAT3-207 0.04** 0.01 −0.01 0.01 0.07** −0.00 0.05** −0.04* −0.08** −0.13** 0.000*
CsCAT4-230 0.06** 0.04* −0.02 0.02 −0.00 −0.03 −0.12** −0.02 −0.03 0.04** 0.000*
CsCAT4-238 0.10** 0.05** −0.07** −0.03 0.02 0.04** 0.04* −0.11** −0.03 −0.08** 0.000*
CsCAT4-242 0.07** 0.08** 0.01 0.15** 0.00 −0.11** −0.20** −0.07** −0.11** 0.11** 0.000*
CsCAT4-253 0.05** −0.05* −0.01 −0.05* −0.01 0.01 0.01 −0.02 −0.00 −0.00 0.056
CsCAT5-227 0.04** −0.03 0.02 −0.01 0.01 −0.03 −0.06** −0.01 −0.04 0.04* 0.037*
CsCAT5-232 0.12** 0.07** 0.07** 0.04* 0.07** −0.01 −0.05* −0.20** −0.13** −0.11** 0.000*
CsCAT7-205 0.16** 0.08** −0.08** 0.00 −0.06** 0.01 −0.08** −0.18** 0.00 0.09** 0.000*
CsCAT7-209 0.05** 0.05* −0.04* −0.01 −0.08** 0.02 0.00 −0.08** −0.01 0.05** 0.000*
CsCAT7-215 0.02 −0.03 −0.03 0.02 −0.02 0.02 −0.03 0.01 −0.01 0.00 1.000
CsCAT7-217 −0.00 −0.02 0.02 0.00 0.02 −0.00 0.03 −0.01 −0.03 −0.07* 0.176
CsCAT8-190 0.02 −0.02 0.01 −0.01 −0.03 −0.05 0.02 −0.01 −0.02 0.02 0.780
CsCAT8-201 0.02 0.04* 0.04* 0.02 −0.05 −0.03 0.05* −0.05 −0.11** −0.00 0.001*
CsCAT8-204 −0.04 0.03 −0.02 −0.01 0.01 −0.03 0.01 −0.01 0.00 −0.01 0.798
CsCAT8-207 0.04* 0.01 −0.00 0.05** −0.04* −0.02 0.04** −0.07** −0.09** 0.01 0.000*
CsCAT14-150 −0.02 0.00 −0.01 −0.03 0.03* −0.03 0.02 −0.01 0.00 −0.00 0.400
CsCAT14-153 0.03* 0.01 −0.01 0.05** 0.03* −0.04 −0.05* −0.01 0.02 −0.10** 0.000*
CsCAT14-155 0.14** −0.01 0.05** 0.19** 0.07** −0.12** −0.11** −0.02 0.09** −0.41** 0.000*
CsCAT14-157 0.10** 0.08** 0.14** 0.11** −0.13** −0.26** −0.08** −0.02 −0.02 0.02 0.000*
CsCAT15-133 0.19** 0.16** −0.01 −0.04 −0.16** −0.15** −0.04 0.09** 0.01 −0.09** 0.000*
CsCAT15-134 0.16** 0.11** 0.09** 0.12** 0.04* −0.00 −0.12** −0.28** −0.06** −0.08** 0.000*
CsCAT15-135 0.02 0.02 0.05* −0.00 −0.06** −0.06** −0.02 −0.02 −0.05* 0.06** 0.022*
Average 0.08 0.03 0.02 0.02 −0.03 −0.04 −0.03 −0.06 −0.04 −0.03 —
Maximum 0.32 0.26 0.31 0.19 0.07 0.04 0.05 0.09 0.17 0.15 —
Minimum −0.04 −0.09 −0.08 −0.07 −0.23 −0.26 −0.20 −0.55 −0.57 −0.41 —

*, **: Significant at the 0.05 or 0.01 level, respectively (Moran test)
10 distances /km: 0.038, 0.074, 0.109, 0.228, 116.286, 116.454, 138.492, 138.542, 138.641, 293.360
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distributed uniformly. Fig. 3 shows the correlograms showing 
the mean values of Moran’s I at nine microsatellite loci and 
with 10 distance classes in the panmictic population.

3.2.2 Spatial genetic structure of subpopulations

In the Guangshui subpopulation, we selected 29 alleles from 
among 55 polymorphic alleles with frequencies between 
0.1 and 0.9 to be able to compute the Moran’s I value within 
9 distance classes (27–288  m). Of the 29 alleles analysed,
13 (45%) accumulatively attained a significant level. 71 
(27.2%) of the 261 Moran’s I values attained significance 
(expected value E(I) = −0.036). Within 1–3 distance classes 
(27–61  m), the mean Moran’s I value was more than the 
expected value E(I), indicating that the population showed 
a significant spatial structure within 61  m. Following the 
increase in distance, the positive values decreased and the 
negative values increased, with most loci having a significant 
negative correlation within 5–9 distance classes (104–288  m). 
These indicate that the individuals’ similarity did not go 
beyond 104  m. The correlogram using the mean values of 
Moran’s I at 9 microsatellite loci and 9 distance classes in 
Guangshui subpopulation are shown in Fig.  4a.

In the Macheng subpopulation, 33 alleles with frequencies 
between 0.1 and 0.9 were used to compute the Moran’s 
I value within 9 distance classes (27–298  m). Nineteen of the 
33 alleles (58%) accumulatively attained significance. Among 
the 297 Moran’s I values, there were 73 (24.6%) attaining 
significant levels (expected value E(I) = –0.031). Based on 
the mean Moran’s I values of all alleles, we found that this 
subpopulation showed a low spatial structure within 1–4 
distance classes (27–62  m), implying that the individuals 
were similar within 62  m and distributed randomly beyond 
this extent (Fig.  4b).

As for the Yuexi subpopulation, we selected 30 alleles with 
frequencies between 0.1 and 0.9 to compute for the Moran’s 
I values within 9 distance classes (32–393  m), producing 300 

Moran’s I values. Forty of these (13.3%) were significant 
(expected value E(I) = –0.034), and five accumulatively 
attained significance. The correlogram using mean values of 
Moran’s I at 10 distance classes in the Yuexi subpopulation 
indicates that the Yuexi subpopulation shows a low spatial 
structure within 1–2 distance classes (32–61  m), and 
distributes randomly beyond this extent (Fig.  4c).

From the spatial autocorrelation analysis of the three 
subpopulations, we found that all three subpopulations 
showed spatial structures within short distances (61 or 62  m). 
The spatial structure of the Guangshui subpopulation within 
the first distance class was much more evident than that of 

Fig.  3 Correlogram using mean value of Moran’s I at 9 microsat-
ellite loci and 10 distance classes in the panmictic population 
(99%CI: 99% confidence interval) (10 distances: 0.038, 0.074, 
0.109, 0.228, 116.286, 116.454, 138.492, 138.542, 138.641, 
293.360  km)

a: Guangshui subpopulation; b: Macheng subpopulation; c: Yuexi 
subpopulation.
Fig.  4 Correlogram using mean value of Moran’s I at 9 microsat-
ellite loci and 9 distance classes in the Guangshui and Macheng 
subpopulation, 10 distance classes in the Yuexi subpopulation 
(99%CI: 99% confidence interval)
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the Macheng and Yuexi subpopulations, as evidenced by the 
much higher Moran’s I value (I = 0.14) of the Guangshui 
subpopulation compared to that of the Macheng (I = 0.04) 
and Yuexi (I = 0.05) subpopulations (Figs.  4a–c). In addition, 
different alleles within the same population and the same 
allele in the different subpopulations showed different spatial 
structure. For example, within the Guangshui subpopulation, 
loci CsCAT4-217, CsCAT4-232, CsCAT7-209 and CsCAT15-
133 showed a clinal pattern, while the rest showed a spotted 
pattern. Locus CsCAT7-209 showed a clinal pattern within 
the Guangshui subpopulation but a spotted pattern within the 
Macheng and Yuexi subpopulations (data not shown).

4 Discussion

4.1 Genetic diversity of C. sequinii population

In the present study, we found nine of 14 primers previously 
reported in C. sativa to be suitable for the genetic diversity 
analysis of C. sequinii, suggesting that microsatellite markers 
can be transferred between two species. The nine primer 
pairs used showed abundant polymorphism in C. sequinii 
(Table  1). These microsatellite primers also showed abundant 
polymorphism in C. sativa: A = 6.4, Ho = 0.350–0.950, 
He = 0.649–0.835 (Marinoni et al., 2003).

Our results reveal very abundant genetic diversity in 
natural populations of C. sequinii. The diversity detected in 
this study is much higher than allozymic results (A = 1.85, 
Ho = 0.131–0.252, He = 0.130–0.188) (Lang et al., 1999). 
The high microsatellite genetic diversity in C. sequinii natural 
populations is consistent with the characteristics of the life 
history of this species, namely being a perennial, outcrossing 
and wind-pollinated woody plant. Microsatellite studies of 
other Fagaceae species such as Fagus crenata also reveal 
a similarly high diversity in C. sequinii (Asuka et al., 2004). 
Streiff et al. (1998) used microsatellites and allozymes to 
compare the results of two Fagaceae species Quercus petraea 
and Q. robar, and found that, similar to our study, the mean 
number of alleles per locus, and the expected heterozygosity 
and observed heterozygosity (A = 8.5, He = 0.79–0.94, 
Ho = 0.70–0.80) of microsatellites were higher than results 
from allozyme studies(A = 1.5, He = 0.17–0.50, Ho = 
0.14–0.37).

4.2 Spatial autocorrelation analysis

4.2.1 Spatial genetic structure of the panmictic population

The spatial autocorrelation analysis of the panmictic popula-
tion showed that C. sequinii populations lack a spatial struc-
ture, but the Moran’s I values are positive and significant 
within short distances (0.228  km), suggesting that the 
spatial genetic structure shows a positive correlation within 
0.228  km. However, beyond this range, genetic variation 

becomes randomly distributed. The Hardy-Weinberg equilib-
rium test shows that all alleles are uniformly distributed 
among subpopulations, and the gene flow Nm (3.72) per gen-
eration indicates that the gene flow among subpopulations is 
enough to counteract differentiation among subpopulations. 
The low genetic differentiation among subpopulations 
indicates that the total C. sequinii population in the Dabie 
mountain region is a panmictic population, although spatial 
genetic structure were detected within short distances of the 
large panmictic population. We infer that the alleles have an 
aggregated distribution within the range of the subpopula-
tion’s size and have a random distribution within the long-
range distance between subpopulations. Therefore, there is 
no spatial structure among subpopulations at long distances, 
although there is a certain degree of spatial structure within 
short distances. One of the limitations of this study is sam-
pling range, since although C. sequinii is a common species 
in the Dabie mountain region, we only sampled from the east, 
center and west of the Dabie mountain. If we had sampled 
more extensively, such as in the south and north of the Dabie 
mountain, we could have further understood the population 
genetic structure of the species within a regional distribution. 
On the whole, the spatial genetic structure of the natural pop-
ulation of C. sequinii is in accord with the characteristics of 
an ideal large plant population with the same life history. Li 
et al (2002) studied the large scale spatial genetic structure of 
species related to C. sequinii—C. mollissima, and found that 
C. mollissima lacks a spatial genetic structure on the whole, 
but partial alleles showed a significant spatial structure. 
C. sequinii is cross-bred and wind-pollinated, making it able 
to have long distance gene flow among subpopulations. 
In addition, the monsoon in the mainland, especially the 
intermittent drizzles in the rainy season at the turn of spring 
and summer, change so often that the pollen flow becomes 
accelerated among the wind-pollinated plant subpopulations 
of different climes, greatly weakening genetic differentiation 
that can result from geographic isolation. The special 
distribution pattern of subpopulations in this compound pop-
ulation makes the large panmictic population show a definite 
spatial structure within the range near the size of each 
subpopulation. 

4.2.2 Spatial genetic structure of each subpopulation

The spatial autocorrelation analysis of each subpopulation 
revealed that the three subpopulations show different spatial 
genetic structure. The Guangshui subpopulation showed a 
significant spatial structure within 61 m, but the Macheng 
and Yuexi subpopulations showed very low spatial structures 
within the same geographic range. The different spatial 
genetic structure can be attributed to habitat heterogeneity 
among these three subpopulations. The Guangshui subpopu-
lation is a long and narrow forest strand that is gradiated, 
while both the Macheng and Yuexi subpopulations are all 
in the hills where gradients are very small. Possibly, the 
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Guangshui subpopulation has other heterogeneous environ-
mental factors such as landform, altitude, temperature and 
humidity, which can influence the dispersion of seed and 
pollen more strongly. As is found in many other species, the 
differentiation within fine-scale populations is correlated 
to habitat heterogeneity (Liu & Godt, 1983), but it is not 
clear how the above environmental factors impact on spatial 
genetic structure at a fine scale. The second cause might be 
human influence. The Guangshui subpopulation is an undis-
turbed population because it is far from local inhabitants, thus 
it is less affected by agricultural activities. However, the 
Macheng and Yuexi subpopulations are located in the hills 
where cultivation is very frequent and where plant resources 
are largely destroyed by illegal exploitation, thus making the 
two subpopulations greatly affected by human activities. 
Within these two subpopulations, the C. sequinii forest has 
been logged frequently in order to open up fields for growing 
crops, resulting in low effective population size and popula-
tion density, thus weakening the spatial genetic structure 
(Ellstrand and Elam, 1993; Clegg and Brown, 1983; Schaal 
and Levin, 1976). This is consistent with the spatial autocor-
relation analysis on Pinus strobus which revealed that 
differentiation of the population spatial genetic structure 
resulted from the influence of human activity (Marquardt and 
Epperson, 2004). 

Each subpopulation of C. sequinii showed spatial genetic 
structure only within short distances (61–62  m), revealing 
that genetic variation at such geographical scale has a nonran-
dom spatial distribution. This can be explained by asexual 
propagation, microhabitat heterogeneity and distance isola-
tion (restricted dispersal of pollen and seed) (Geburek, 1993; 
Streiff et al., 1998; Chung and Epperson, 2000). Considering 
the very weak ability for asexual propagation by C. sequinii, 
and the homogeneous microhabitat between the Macheng and 
Yuexi subpopulations, the most possible explanation for this 
spatial structure is restricted gene flow. C. sequinii is a wind-
pollinated plant, and the pollen can disperse through long 
distances, so the ultimate reason for the spatial structure of the 
C. sequinii subpopulations is the restricted dispersal of seeds 
within short distances. The seed of C. sequinii is dispersed 
mainly by gravity, thus favoring the establishment of a 
pedigree structure near female trees. Therefore, it seems that 
maternal genomes have great impact on the fine-scale genetic 
structure of this species. As for the Guangshui subpopulation, 
the difference resulting from microhabitat heterogeneity 
could have intensified the spatial genetic structure of this 
subpopulation.

The spatial genetic structure detected within short distanc-
es became insignificant or showed a patchy spatial distribu-
tion following an increase in the geographical distance. This 
pattern of spatial genetic structure is in agreement with the 
life history characteristics and breeding system of C. sequinii. 
C. sequinii is a monoecious, outcrossing and wind-pollinated 
species. In addition, it is a common species in the Dabie 
Mountain region, so the pollen can disperse for very long dis-
tances, as shown by the low genetic differentiation FST (0.063) 
among subpopulations. Therefore, gene flow by pollen can 

counteract and prevent pedigree structure within short 
distances due to limited seed dispersal of C. sequinii popula-
tion. Moreover the redispersal of seeds and seed rain could 
also have weakened the spatial structure (Chung et al., 2002; 
Auska et al., 2004). At the same time our study showed that 
Moran’s I values within the population changing greatly with 
an increase in distance, most alleles showed a patchy aggre-
gated distribution, with individuals within the patch showing 
an inherent similarity, while individuals greatly separated 
showed dissimilar relations. This is commonly observed in 
plants where the alleles have a general patchy aggregated 
distribution within a population (Epperson & Allard, 1989). 
As a whole, the spatial genetic structure within the C. sequinii 
population is consistent with that of the other species of 
Fagaceae such as Q. petraea and Q. robar (Contrell et al., 
2003), Fagus crenata (Auska et al., 2004) and F. sylvatica 
(Vornam et al., 2004), but different habitats could result in 
different spatial genetic structure within populations.

In summary, our study revealed that the panmictic popula-
tion of C. sequinii lacks a spatial structure but there is a 
significant spatial structure within short distances for each 
subpopulation. The pattern of the spatial genetic structure of 
C. sequinii is correlated to the relative effect of seed dispersal, 
pollen flow, habitat heterogeneity and human activities. The 
distribution of the three subpopulations show a line from 
the east, centre and west of Dabie mountain, and the spatial 
genetic structure can only be partially explained by the differ-
ences and relationships between the panmictic population and 
the subpopulations. Further work should consider using both 
nuclear and chloroplast DNA molecular markers and parent-
age analysis to estimate the effect of pollen flow and seed 
dispersal on genetic structure. Finally, the study of ecological 
factors of microhabitats such as the difference between the 
south and north sidehill of the Dabie mountain can also 
provide new insights in understanding the genetic structure 
and genetic dynamics of a panmictic population and its 
subpopulations.
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