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Background: Assessments of genetic diversity are essential for germplasm characterization and exploitation.
Molecular markers are valuable tools for exploring genetic variation and identifying germplasm. They play key
roles in a Xanthoceras sorbifolia breeding program.
Results:We analyzed the genetic diversity of populations of this species using 23 simple sequence repeat (SSR)
loci and data on kernel oil content. The 11 populations included in the study were distributed across a large
geographic range in China. The kernel oil content differed significantly among populations. The SSR marker
analysis detected high genetic diversity among the populations. All SSRs were polymorphic, and we identified
80 alleles across the populations. The number of alleles at each locus ranged from two to six, averaging 3.48
per primer pair. The polymorphism information content values ranged from 0.35 to 0.70, averaging 0.51.
Expected heterozygosity, observed heterozygosity, and Shannon's information index calculations detected
large genetic variations among populations of different provenance. The high average number of alleles per
locus and the allelic diversity observed in the set of genotypes analyzed indicated that the genetic base of this
species was relatively wide. The statistically significant positive correlation between genetic and geographic
distances suggested adaptations to local conditions.
Conclusions:Microsatellitemarkers can be used to efficiently distinguish X. sorbifolia populations and assess their
genetic diversity. The information we have providedwill contribute to the conservation andmanagement of this
important plant genetic resource.
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1. Introduction

Xanthoceras sorbifolia Bunge is a member of the family Sapindaceae.
It is a small tree that produces edible fruits and seeds with high oil
content. The plants are long living (up to 1000 years) and can tolerate
drought, low temperature, alkaline soils, and low fertility. Extensive
cross-pollination in the species produces high levels of heterozygosity
and genetic polymorphism [1]. The oil from this plant has considerable
potential for the production of biodiesel [2,3].

Improving the cultivation efficiency of this long-living species for oil
production will require the development of accurate methods for
identifying wild populations. In the past, X. sorbifolia was categorized
according to morphological traits such as the features of the leaves,
flowers, and fruits [4,5,6]. However, these characteristics are strongly
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influenced by environmental factors [7], and characterizations based
upon them have created confusion in the research community.
Molecular techniques based on DNA markers have proven much more
reliable for genetic characterization. The techniques include random
amplification of polymorphic DNA (RAPD) [8], amplified fragment
length polymorphism analyses [9], and inter-simple sequence repeat
(ISSR) analyses [10]. Microsatellites (simple sequence repeats; SSRs)
have become one of the most popular molecular markers in many
diverse fields [11,12,13]. SSRs have proven extremely valuable in the
linkage mapping of many plant species [14,15,16]. Compared with
other markers, SSRs have high polymorphism and information content,
are reproducible, exhibit codominant inheritance, and have a wide
distribution along the lengths of the chromosomes. This combination
of advantages has made SSRs very popular in the analyses of many
species, including Jatropha curcas L. [17], Olea europaea L. [18],
Liriodendron chinense (Hemsl.) Sarg [19,20]., and Vitis vinifera L. [21,22].

X. sorbifolia iswidely distributed in northern China,where it is an ideal
species for biodiesel production. However, environmental conditions and
the kernel oil content vary widely across the distribution range.
evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
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Unraveling the genetic diversity of this species requires the collection and
management of its germplasmand the identification of diverse genotypes
that may contribute to improved yield, i.e., better qualities and quantities
of the oil product. Few SSR markers have been developed for X. sorbifolia
[23], and they have not been used in the genetic studies of the species. In
this study, we used SSR markers to examine the genetic variability of the
species in wild populations in different regions of China (Fig. 1) for the
accurate assessment of genetic diversity and intra-specific relationships.
We also analyzed the relationship among genetic distance, geographic
provenance, and kernel oil contents. On this basis, we provide
guidelines and a scientific framework for better the exploration of the
germplasm resources of the species.

2. Material and methods

2.1. Plant material

We collected 142 individuals from 11 wild populations located in
different regions of China (Fig. 1). The geographical and environmental
parameters at the 11 sites are listed in Table 1. The regions sampled
were located between 34.25° and 44.87°E and between 87.97° and
129.03°N, covering parts of Heilongjiang, Liaoning, Hebei, Shanxi,
Henan, and Shaanxi provinces and the Inner Mongolia and Xinjiang
Uyghur Autonomous Regions (Table 1). Each plant was collected at least
30 m away from its nearest neighbor.

2.2. Kernel oil content

Seedswere dried to a constantweight at 80°C and then pulverized in
a ball mill. The kernel oil components were extracted with petroleum
Fig. 1. Geographic locations (and codes) of 11 X.
ether (boiling point 60°C) using a Soxhlet extraction device (Soxtec
8000, FOSS). The extraction process proceeded as follows: boiling at
120°C for 5 min, leaching for 1 h, and recovery for 25 min. The kernel
oil weight was calculated by the weight difference between the
sample extractions. Each sample was analyzed three times. Data are
reported hereafter as mean ± standard deviation.

2.3. DNA extraction

Genomic DNA was extracted from young leaf tissues of each
individual plant using TaKaRa MiniBEST Plant Genomic DNA
Extraction Kit (Dalian, CN). After electrophoresis on 0.8% agarose gel,
the DNA concentration was quantified using a Nanodrop ND-1000
spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA).
The concentration of DNA was adjusted to 20 ng/μL, and the quality of
the product was evaluated by determining both the 260/280-nm and
260/230-nm absorbance ratios, which should be N1.8 [24].

2.4. SSR markers and PCR amplification

We used 38 genomic, highly polymorphic SSR markers developed by
Bi and Guan [23] to assess the genetic diversity in the 142 samples. PCR
amplifications of all primers were performed in total volumes of 10 μL
containing 20 ng DNA, 0.2 μM forward primer, 0.2 μM reverse primer,
and 5 μL RR901A mix (Takara, Bio). PCR amplifications were performed
in a thermal cycler (T100, BIO-RAD) in the following sequence: initial
denaturation at 94°C for 3 min followed by 30 cycles of denaturation
at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for
1 min. The final 10-min extension was performed at 72°C. The PCR
products were first verified on 1.5% agarose gel. Subsequently, the
sorbifolia populations included in the study.



Table 1
Geographical and environmental parameters at 11 collecting sites.

Site code Region Longitude (N) (°) Latitude (E) (°) Elevation (m) AMT (°C) Jan MT (°C) July MT (°C) AR (mm) ALH (h) FFP (d)

MDJ Heilongjiang 129.03 44.87 330 4.3 -17 22 540 2305 126
FX Liaoning 122.00 42.17 630 7.6 -12.3 24 481 2735 154
AB Inner Mongolia Autonomous Region 120.02 43.80 550 5.5 -13.3 24.7 365 2943.5 125
OB Inner Mongolia Autonomous Region 119.10 42.37 700 5.8 -12.5 22.5 370 2925 115
ALB Inner Mongolia Autonomous Region 105.68 38.85 1200 7.2 -8.5 23 150 3316 150
CD Hebei 117.50 40.58 510 5.6 -9.4 24.4 536 2845 127
FS Shanxi 111.38 38.04 1620 8.7 -8.2 22 520.1 2551.4 123
LF Shanxi 110.70 36.60 1155 10.5 -2.5 26.5 500 2001.7 202
SX Henan 111.62 34.63 1025.5 13.9 -0.7 27 650 2354.3 219
CH Shaanxi 108.63 34.25 1301.2 9.8 -4.3 23.1 600.6 2372.7 183
UQ Xinjiang Uygur Autonomous Region 87.97 43.76 622.5 6.9 -12.6 23.7 286.3 2813.5 181

AMT, annual mean temperature; Jan MT, January mean temperature; July MT, July mean temperature; AR, annual rainfall; ALH, annual daylight hours; FFP, frost-free period.
MDJ, Mudanjiang; FX, Fuxin; AB, Arhorqin Banner; OB, Ongniud Banner; ALB, Alxa Left Banner; CD, Chengde; FS, Fangshan; LF, Linfen; SX, Shanxian; CH, Chunhua; UQ, Urumqi.

Table 2
Kernel oil contents in X. sorbifolia populations.

Population Kernel oil content (%)⁎

MDJ 53.60 ± 6.42abc

FX 48.31 ± 0.84ab

AB 62.15 ± 18.92c

OB 53.81 ± 3.86bc

ALB 51.62 ± 0.89abc

CD 55.14 ± 5.35bc

FS 43.53 ± 0.35a

LF 53.84 ± 8.06bc

SX 52.25 ± 6.48abc

CH 56.92 ± 5.87bc

UQ 50.88 ± 0.01abc

Different lower case letters identify significantly different pairs of
populations (P b 0.05; Duncan's post hoc test). Values are mean ±
SD, n = 3.
MDJ, Mudanjiang; FX, Fuxin; AB, Arhorqin Banner; OB, Ongniud
Banner; ALB, Alxa Left Banner; CD, Chengde; FS, Fangshan; LF,
Linfen; SX, Shanxian; CH, Chunhua; UQ, Urumqi.
⁎ P b 0.05 (ANOVA): kernel oil content differed significantly across

the populations.
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primers with corresponding bands were resolved by nondenaturing
polyacrylamide gel electrophoresis (PAGE) to check the DNA banding
patterns and visualized by silver nitrate staining. The clear polymorphic
bands were used in an identification step for the analysis of the genetic
relationships and diversity among 11 populations. The reproducibility of
PCR procedures was confirmed by repeating the process three times.

2.5. Data analysis

We examined the kernel oil contents by ANOVA. The distance
matrices were based on the Gowers general similarity coefficient [25].
Cluster analyses using the Unweighted Pair Group Method with
Arithmetic Mean (UPGMA) procedure were performed using NTSYS-pc
2.11 software (Exeter Software, Stauket, NY).

In our molecular analysis using SSR markers, the polymorphic
bands were scored as either present (1) or absent (0). Alleles were
alphabetically coded (e.g., A, B, or C for three bands) in decreasing size
order. Samples with single bands were assumed to be homozygous. We
calculated the number of alleles per locus (Na), number of effective
alleles per locus (Ne), the Shannons information index (I), observed
heterozygosity (Ho), and expected heterozygosity (He) using POPGENE
32 software [26]. The polymorphism information content (PIC) was
estimated using Power Stats V12.xls software [27]. A matrix of genetic
distances [28] was constructed for the 11 populations. A dendrogram
cluster analysis was performed on NTSYS-pc 2.11 software using the
UPGMA procedure. We investigated the distribution of genetic variation
within and among populations by analysis of molecular variance
(AMOVA) using GenAlEx 6.501 software; the procedure is based on the
hierarchical variance of gene frequencies. A Mantel test was performed
to examine the relationships among kernel oil content, genetic distance,
and geographic distance among the 11 populations.

3. Results

3.1. Kernel oil content

Kernel oil contents of samples from the 11 populations are provided
in Table 2. The oil content ranged from 43.53± 0.35% to 62.15±18.92%
among the locations, averaging 52.91 ± 4.73% (Table 2). The oil
contents differed significantly among populations, and the pairwise
differences between populations were frequently significant (Table 2).

The kernel oil content data were used to calculate genetic distances
among populations, and the matrix of genetic distances was used to
perform an agglomerative hierarchical cluster analysis (Fig. 2). At a
distance coefficient of 5.08, the UPGMA dendrogram resolved the 11
populations into three major clusters. The first cluster was subdivided
into three subclusters, one of which included four populations (MDJ,
OB, LF, and CD). The second subcluster comprised populations ALB, SX,
and UQ. The third subcluster contained population CH. The second
cluster included populations FX and FS. The third cluster contained
population AB.
3.2. Genetic diversity

We observed considerable variation in the amplified fragment
patterns using different primers. Of the 38 primers tested, 15 yielded
no amplification products; these are not included in our report. The
remaining 23 SSR markers (Table 3) were used for the characterization
and genetic diversity analysis of the 11 populations of X. sorbifolia
(Table 4). We detected 80 alleles in total. Na values ranged from two
(QXH002) to six (QXH274), averaging 3.48 alleles per locus across
the 23 loci. All loci were polymorphic. PIC values ranged from 0.35
(QXH002) to 0.70 (QXH274), averaging 0.51. The mean He value was
0.58; values ranged from 0.45 in QXH002 to 0.75 in QXH274. Ho ranged
from 41% in QXH177 to 92% in QXH365. Wright's fixation index (Fst)
compares He and Ho, and is a measure of the degree of allelic fixation;
Fst values ranged from 0.04 (in QBLB62 and QXR634) to 0.35 (in
QXR343), averaging 0.13. The Shannon-Weaver information index
ranged from 0.64 in QXH002 to 1.49 in QXH274, averaging 0.99. Thus,
we detected abundant genetic diversity among the 11 populations. The
most polymorphic locus, QXH274, had a high level of genetic variation.
The high level of heterozygosity (average Ho = 0.73) detected by
our SSR marker analysis indicated a high level of cross-pollination in
X. sorbifolia.



Fig. 2. Agglomerative hierarchical cluster analysis [using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) procedure] of the kernel oil contents of 11 X. sorbifolia
populations. Gowers general similarity coefficients (Coefficient) were used to calculate genetic distances between pairs of populations. MDJ, Mudanjiang; FX, Fuxin; AB, Arhorqin
Banner; OB, Ongniud Banner; ALB, Alxa Left Banner; CD, Chengde; FS, Fangshan; LF, Linfen; SX, Shanxian; CH, Chunhua; UQ, Urumqi.

Table 3
Characterization of 23 microsatellite loci in X. sorbifolia.

Locus Repeat motifs Primer sequences (5′–3′)

QXH002 TC F AGAAGAACACTCAATGGGGA
R CTTCAACTGGACACCCGTAT

QXH049 CT F CCCCAACAAATGGTAAGACG
R GAATTTACAAGACAAGCAACAGC

QXH083 CT F AGCGGTCTCCTCCACTATCA
R GAATTGAAGCGCAGAAGGA

QXH120 AG F AAAACACTTCCGCACCAA
R TGGCTGCTGAGAAAGTAAGG

QXH177 AG F TGTGGTGGTTTTGGCAGAC
R CACCAAATAATGTCAATATCCTGT

QXH197 AG F GAAATATGAGGTCTTGGGTGTT
R GTGGCAGATAAACTGTCCTCAA

QXH262 CT F TCTAACCGAAGAAGCCAACT
R AGCGTGATATTCTGTTTCAACTAC

QXH274 CT F CATCGTCGTCTCATCCAGTAA
R GTGGCTTGTAGTTTGTTTCGTT

QXH282 CT F CCCAACAAATGGTAAGACGT
R GTTTCATTTCATTTCCAGCATC

QXH323 AG F CACAACCCAAATCCCAGAAC
R AACGACACGCACAATCATAAC

QXH365 AC F GTATATCTCTTTTACGGTCGTGAC
R ATGATGGGTTGGGTTGAGTT

QXHS371 GT F ATTGGAGTGGCCTTCATACG
R GCAAGCAGCTAAAGAAACAGC

QXH643 CA, CT F GCAGTTATGGAAAGGAATCA
R ATCAGTGTCGATTATTATCT

QXR343 TG F CACACTTTCTGAGTCCCGTAT
R TGTTTCTCCTCTAATCCAAC

QXR634 TTTTA, GA F CGTCCATCGCTTTCACCT
R AATAACAAATCAAAAATACCCCAT

QXR639 CT F CAACACCACCTCCACCAAC
R AAGGGATTTTGCTTTTCTGG

QXRB116 AC F CACCTTTCTCACTCCGTCTC
R CTCCTCGATCTGGTTGCTAA

QBRB203 AT F ACAAGTAGTGCTCATCGGTTTA
R GAGTCTAATAGGTAAGGCTAGGAAC

QBRS192 TC, CT F TTGTGCATCTGTGGAGAAGG
R TGCCTTCACATCCTGTGGTA

QBLB51 TC F TCCCACCCCAAAAAACTATAT
R CCTTCTGGAACTTGATGCC

QBLB58 TC, TA F CTCTTCCACTTCGGTCACG
R AACCAGAGCCACGCAAAT

QBLB62 CT F ATTCAGAAACGGTGGCTTAG
R TTATTTACTCTGGAAGGCTTATTT

QBLB65 TC F TATCTCGCCACATCTGCC
R CTGAAATGCCATTAACAAACAC

F, forward primer; R, reverse primer.
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3.3. Populations structure

The mean proportion of polymorphic loci (P) within the population
was 98.02%. P-values were 100% in nine of the populations, 86.96% in
MDJ, and 91.30% in CH. Assuming the populations are in Hardy–
Weinberg equilibrium, the mean genetic diversity (Nei) within
populations was 0.50. Among the 11 populations, gene diversity
ranged from 0.41 in MDJ to 0.57 in AB. The mean Shannons
information index (I) was 0.79, ranging from 0.60 in MDJ to 0.93 in
AB. The mean He was 0.53; values ranged from 0.48 in CH to 0.59 in
FX. Ho ranged from 63% in CH to 80% in UQ. PIC values ranged from
0.37 in MDJ to 0.48 in AB, averaging 0.42 (Table 5). Nonhierarchical
AMOVA analysis revealed that of the total SSR variation, 67% occurred
among the populations, and the remainder within the populations.
Table 4
Genetic diversity among 11 populations of X. sorbifolia.

Locus Na Ne I Ho He Fst PIC

QXH002 2 1.80 0.64 0.67 0.45 0.04 0.35
QXH049 4 2.33 1.03 0.79 0.57 0.08 0.51
QBLB51 4 2.52 1.09 0.89 0.61 0.17 0.55
QBLB58 3 2.37 0.93 0.85 0.58 0.06 0.49
QBLB62 3 1.96 0.76 0.76 0.49 0.04 0.39
QBLB65 3 2.33 0.93 0.74 0.57 0.16 0.48
QXH083 3 2.39 0.95 0.46 0.58 0.28 0.50
QXRB116 3 2.95 1.09 0.44 0.66 0.24 0.59
QXH120 3 2.36 0.93 0.75 0.58 0.10 0.48
QXH177 3 1.97 0.85 0.41 0.50 0.16 0.44
QBRS192 3 2.03 0.87 0.62 0.51 0.13 0.45
QXH197 3 2.31 0.92 0.62 0.57 0.22 0.48
QBRB203 3 2.47 1.00 0.88 0.60 0.15 0.53
QXH262 4 2.89 1.13 0.90 0.66 0.12 0.58
QXH274 6 3.89 1.49 0.91 0.75 0.20 0.70
QXH282 4 2.18 0.94 0.71 0.53 0.06 0.47
QXH323 4 3.19 1.24 0.88 0.69 0.08 0.63
QXR343 3 2.10 0.85 0.49 0.52 0.35 0.49
QXH365 3 2.97 1.09 0.92 0.67 0.07 0.59
QXHS371 3 2.66 1.03 0.89 0.63 0.15 0.54
QXR634 5 2.23 0.93 0.79 0.55 0.04 0.46
QXR639 5 2.28 1.06 0.63 0.56 0.07 0.51
QXH643 3 2.53 1.00 0.85 0.61 0.08 0.53
Mean 3.48 2.46 0.99 0.73 0.58 0.13 0.51

Na, number of alleles; Ne, number of effective alleles; Ho, observed heterozygosity;
He, expected heterozygosity; I, Shannon's diversity index; Fst, fixation index; PIC,
polymorphism information content.



Table 5
Genetic variability within 11 populations of X. sorbifolia.

Population Sample size (P) (%) Ho He Nei I PIC

MDJ 6 86.96 0.68 0.49 0.41 0.60 0.37
FX 6 100.00 0.77 0.59 0.54 0.86 0.45
AB 40 100.00 0.73 0.57 0.57 0.93 0.48
OB 15 100.00 0.75 0.56 0.54 0.89 0.46
ALB 7 100.00 0.68 0.51 0.47 0.73 0.38
CD 15 100.00 0.76 0.52 0.50 0.79 0.41
FS 15 100.00 0.73 0.55 0.53 0.87 0.45
LF 16 100.00 0.66 0.52 0.50 0.83 0.43
SX 10 100.00 0.77 0.51 0.48 0.75 0.40
CH 6 91.30 0.63 0.48 0.43 0.68 0.39
UQ 6 100.00 0.80 0.56 0.52 0.80 0.42
Mean 12.55 98.02 0.72 0.53 0.50 0.79 0.42

P, percentage of polymorphic loci; Ho, observed heterozygosity; He, expected
heterozygosity; I, Shannon's diversity index; Nei, genetic diversity; PIC, polymorphism
information content. See Table 1 for population codes.
MDJ, Mudanjiang; FX, Fuxin; AB, Arhorqin Banner; OB, Ongniud Banner; ALB, Alxa Left
Banner; CD, Chengde; FS, Fangshan; LF, Linfen; SX, Shanxian; CH, Chunhua; UQ, Urumqi.
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3.4. Cluster analyses

To explore the genetic relationships of X. sorbifolia populations with
different geographic provenance, we calculated Nei's genetic distances
between pairs of populations. The matrix of genetic distances was then
subjected to UPGMA cluster analysis (Fig. 3). The 11 populations were
classified into three main groups with a coefficient value of 0.18. The
first group was divided into two subgroups, one of which contained
only population MDJ, whereas the other included five populations
(FX, CD, AB, OB, and UQ). The second group was divided into two
subgroups. The first contained only population FS; the second contained
populations LF, SX and CH. The third group contained only population
ALB.

A cluster analysis based on the similarity matrix of geographical
provenances of the 11 populations separated the entire collection into
three main groups with a coefficient level of 730.36 (Fig. 4). The first
group was divided into two subgroups, one of which contained
only population MDJ; the second subgroup included five populations
(FX, CD, AB, OB, and UQ). The second group contained only population
ALB. The third group was divided into two subgroups, one of
which contained only population FS; the second subgroup contained
populations LF, SX, and CH.
Fig. 3. Agglomerative hierarchical cluster analysis [using the Unweighted Pair Group Method w
populations of X. sorbifolia. The dendrogram is based on the analyses of 23 simple sequence r
Alxa Left Banner; CD, Chengde; FS, Fangshan; LF, Linfen; SX, Shanxian; CH, Chunhua; UQ, Urum
Mantel test analysis showed that the genetic and geographic
distances of the 11 populations were significantly positively correlated
(r = 0.902, P b 0.01) (Fig. 5).

4. Discussion

4.1. SSR markers

Data on genotypes can be used to identify the relationship between
individuals and maintain genetic variation in germplasm, which is
crucial for solving problems in breeding programs and for germplasm
resource management [29]. Many types of molecular markers,
especially SSR markers, have been used successfully to assess genetic
diversity and characterize crop resources [30,31,32].

Molecular techniques based on DNA markers, such as RAPD and ISSR
analysis, have been used to characterize the genetic diversity in
X. sorbifolia [33,34,35], but SSRs markers have not yet come into general
use in studies for this species. We used SSR analysis to investigate the
genetic diversity in 11 X. sorbifolia populations; 23 polymorphic SSRs
were highly informative. The proportion of polymorphic loci that we
obtained (100.00%) exceeded the proportions in previous RAPD and
ISSR studies [33,34,35]. The average number of alleles per locus was
3.48, and the average PIC value was 0.51. As previously demonstrated,
the SSR assay approach is appropriate for genetic relationship studies
[18,36], and it proved to be an efficient tool for the assessment of the
genetic diversity of X. sorbifolia and identification of its populations in
China.

4.2. Determinants of kernel oil content

The genetic diversity in kernel oil content was differentiated across
the geographic range of X. sorbifolia. Kernel oil content varied among
populations in different regions of China; the oil content of population
AB was significantly higher than those of populations FX and FS.
However, these phenotypic differences may have been the result of
differences in environmental conditions across the country. Thus,
we aimed to determine whether geographic provenance or genetic
distance were responsible for variability in the kernel oil content.
According to the cluster analyses (Fig. 2, Fig. 3, Fig. 4), the grouping of
kernel oil content phenotypes was not concordant with measures of
genetic distance or the geographic provenances of the populations.
Using Mantel tests, we found no obvious relationship between
ith Arithmetic Mean (UPGMA) procedure] of Nei's pairwise genetic distances among 11
epeat loci. MDJ, Mudanjiang; FX, Fuxin; AB, Arhorqin Banner; OB, Ongniud Banner; ALB,
qi.



Fig. 4. Agglomerative hierarchical cluster analysis [using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) procedure] of Nei's pairwise genetic distances among 11
populations of X. sorbifolia. The dendrogram is based on the geographic provenances of the populations. MDJ, Mudanjiang; FX, Fuxin; AB, Arhorqin Banner; OB, Ongniud Banner; ALB,
Alxa Left Banner; CD, Chengde; FS, Fangshan; LF, Linfen; SX, Shanxian; CH, Chunhua; UQ, Urumqi.
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geographic provenance and kernel oil content or between genetic
similarity and kernel oil content. Therefore, further studies are required
to identify the determinants of kernel oil content variability among
X. sorbifolia populations; these studies should include additional factors
such as soil conditions and tree management protocols.

4.3. Levels of genetic variation within and among populations

Nybom [37] showed that mean genetic diversities within populations
of self-pollinating, mixed-mating, and outcrossing species were 0.120,
0.180, and 0.250, respectively. We calculated a genetic diversity
coefficient of 0.50 within populations of X. sorbifolia, a value that is
markedly higher than those reported by Nybom [37]. We therefore
concluded that X. sorbifolia had a cross-pollination mating system. The
low diversity within populations may have been related to range
contractions in recent decades due to human disturbances and natural
causes [38]. With the low genetic diversity and fragmentation of wild X.
sorbifolia populations, more stringent and efficient conservation policies
should be established to maintain the genetic variation of the species as
a resource for future breeding programs.
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Fig. 5.Mantel test analysis of the correlation between geographic and genetic distances in
11 X. sorbifolia populations.
The 23 SSRs that were amplified were polymorphic in the
11 populations where large genetic diversity was observed.
Between-population variation accounted for the largest
proportion of genetic variability. The AMOVA indicated that
between-population variation accounted for 67% of the total
genetic variability, which identified a high degree of population
differentiation in X. sorbifolia.

High degrees of population differentiation may be explained by
several factors such as geographic isolation, habitat destruction,
breeding system type, and restricted gene flow. Historical factors may
also influence the distribution and partitioning of genetic diversity in
plant species [39,40]. Our Mantel test analysis detected a significantly
positive correlation between genetic and geographic distances among
the 11 populations (Fig. 5), suggesting that these populations were
adapted to local environmental conditions. Therefore, historical factors
such as long-term isolation and habitat fragmentation may have
influenced the geographic differentiation of X. sorbifolia. Gene flow
among the 11 populations may be absent or limited because of physical
barriers, such as high and large mountain ranges and deep and broad
valleys. These barriers may have promoted genetic isolation and
fragmentation among the populations [41]. Random losses of alleles
may also have occurred during the times of geological transition and
habitat fragmentation, and such losses would have contributed to
population differentiation.

In addition to geographical factors, local-scale ecological processes
such as seed dispersal, pollinator activities, breeding systems, and
ongoing habitat destruction may have contributed to the genetic
structure of X. sorbifolia stands. Our field observations indicated that
the pollinators include bees, beetles, and syrphid flies, which have
limited long-distance flight capabilities. Pollen transfer over long
distances was therefore very unlikely as reported [40].

Thus, physical barriers, habitat fragmentation resulting from
geological and climatic changes, and limited pollinator mobility
may account for the observed low levels of within-population
genetic diversity and the high levels of between-population genetic
differentiation. The parallel and convergent evolution of X. sorbifolia
populations should provide an interesting case study for exploring the
mechanisms of diversification and adaptation in plants.

Our study contributed important information to improve the
germplasm of X. sorbifolia for higher and better oil yields through the
breeding of geographically isolated populations. Our data will
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contribute to the management planning for the conservation of this
important plant genetic resource.

5. Conclusion

We found significant variation in kernel oil content andmicrosatellite
DNA polymorphisms among 11 populations of X. sorbifolia. There was no
obvious relationship between geographical provenance and kernel oil
content or between genetic similarity and kernel oil content, suggesting
that attempts to improve the oil content of this species should focus on
other factors. The large average number of alleles per locus and the
allelic diversity in the set of genotypes analyzed indicate that the
genetic spectrum in the material was relatively wide. The allelic
abundance suggests the presence of potentially unique and rare alleles.
The significantly positive correlation between genetic and geographic
distances suggests adaptation to local conditions. SSR markers proved to
be a useful tool for exploring plant diversity and will substantially
contribute to progress in X. sorbifolia breeding programs.
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