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Abstract RAPD markers were used to detect genetic diversity and population

genetic differentiation of Hippophae rhamnoides ssp. yunnanensis, a sea buckthorn

endemic to the Qinghai-Tibet plateau. The genetic parameters of percentage of poly-

morphic bands (92.86%), Nei’s gene diversity (h, 0.255), and Shannon’s index

(I, 0.397) indicated high genetic diversity in this subspecies. The subpopulation dif-

ferentiation suggested that 45.9% of genetic variation was among populations. High

genetic differentiation among populations was also detected using AMOVA (47.02%).

The main factors responsible for high genetic differentiation are probably related to

natural geographic barriers among populations, gene drift, and limited gene flow

caused by restricted pollen flow and seed flow. A Mantel test indicated that geographic

distances were significantly correlated with genetic distances. The UPGMA pheno-

gram based on Nei’s unbiased genetic distances and the result of three-dimensional

model plots performed by principal coordinate analysis also supported the correlation.

Altitude, however, did not have any clear effect on genetic differentiation.

Keywords Hippophae rhamnoides ssp. yunnanensis � Genetic diversity �
Genetic differentiation � RAPD

Introduction

The sea buckthorn, genus Hippophae L., is a dioecious, wind-pollinated pioneer

plant with significant economic value. It is an ideal candidate for soil and water

conservation and also plays an important role in agriculture, nutrition, medicine, and

ornaments (Eliseev et al. 1989; Yao and Tigerstedt 1994; Singh et al. 1997). This

important resource plant is attracting more and more attention in China, and its
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uncontrolled use has already led to deforestation and loss of genetic diversity. For

the sake of protecting the genetic diversity of the sea buckthorn and its restoration, it

is urgent to understand the genetic differentiation of this natural taxon. During

recent decades, many studies have been undertaken on sea buckthorn, concentrating

mainly on its origin, evolution, and phylogenetic relationships (Bartish et al. 2000,

2006; Sun et al. 2002; Sheng et al. 2006). Although studies have examined genetic

diversity and genetic differentiation in some Hippophae species (Yao and Tigerstedt

1993; Bartish et al. 1999; Sun et al. 2006), knowledge is still too limited to grasp the

genetic diversity and population genetic structure of the entire genus.

During the evolutionary process, taxa in Hippophae spread along an eastern

route and a western route. Two subspecies, H. rhamnoides ssp. yunnanensis and

H. rhamnoides ssp. sinensis, dispersed along the eastern route. The ssp. yunnanensis,

endemic to the Qinghai-Tibet plateau, grows on the edge of the southeastern

distribution area of Hippophae in small areas of the Hengduan Mountains at altitudes

of 2200–4000 m. The distribution of ssp. sinensis overlaps with ssp. yunnanensis
toward the northern edge of the ssp. yunnanensis distribution range. We have detected

high genetic diversity and low population genetic differentiation in ssp. sinensis (Sun

et al. 2006). It would be interesting to compare the genetic differentiation pattern of

the other subspecies. Tian et al. (2004) studied the population genetic structure of ssp.

yunnanensis, but populations from one of the main distribution areas in Sichuan

province were absent. To compare genetic differentiation in the two subspecies, this

study sampled six populations from three provinces (Tibet, Yunnan, and Sichuan) and

covered the whole distribution area of ssp. yunnanensis. The results will further our

understanding of the origin of this subspecies and of the processes of geographic

distribution, the origin, and the evolution of all the Hippophae taxa.

The RAPD technique is widely used for estimating genetic diversity and

relationships in plant populations (Huff et al. 1993; Heum et al. 1994; Ge et al.

1999). In the case of sea buckthorn, it is also useful for clarification of taxonomy,

sex determination, and population genetic structure (Persson and Nybom 1998;

Bartish et al. 1999, 2000, 2002; Sheng et al. 2006).

In this study, RAPD analysis was used to investigate the genetic diversity and

structure of six natural populations of H. rhamnoides ssp. yunnanensis. Our purpose is to

determine the pattern of genetic differentiation of the subspecies, to detect the

relationship between genetic distance and geographic distance, and to compare its levels

of genetic differentiation with those of H. rhamnoides ssp. sinensis (Sun et al. 2006) and

H. rhamnoides ssp. rhamnoides (Bartish et al. 1999). The results would contribute to a

better understanding of the population genetics and the origin of this subspecies, as well

as a guide for strategies for ssp. yunnanensis conservation, selection, and breeding.

Materials and Methods

Population Sampling

Hippophae rhamnoides ssp. yunnanensis is distributed in Tibet, Yunnan, and Sichuan

provinces on the southeastern edge of the distribution area of the genus, growing
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mainly in Tibet, Yunnan, and Sichuan provinces, at altitudes of 2200–4000 m (Lian

et al. 2000). Six natural populations covering the entire distribution of the subspecies

were sampled on the southeastern edge of the Qinghai-Tibet plateau (Fig. 1).

From each population, 16–20 individuals were sampled randomly, including both

sexes, for a total of 113 individuals (Table 1). Fresh leaves were harvested and dried

with silica gel in the field.

DNA Extraction and PCR Amplification

DNA extraction followed Ge et al. (1999). PCR amplification used the same system

as Qian et al. (2001). DNA amplification was performed in a Rapidcycler 1818 or

1605 (Idaho Tech) to select primers. Twelve arbitrary RAPD primers that could

amplify reproducible and clear DNA bands were selected from 136 primers

(obtained from Sangon Co.). DNA amplification was then performed in a

Rapidcycler 1818. Amplification products were resolved by electrophoresis on

1.5% agarose gel stained with ethidium bromide in 0.59 TBE buffer and were

imaged on Bio-Rad imaging devices (Gel Doc 2000 Gel Documentation System)

supported by Quantity One (version 4.2). Molecular weights were estimated using a

100–3000 bp DNA ladder.

Fig. 1 Locations of six
populations of Hippophae
rhamnoides ssp. yunnanensis
sampled in this study

Table 1 Six populations of Hippophae rhamnoides ssp. yunnanensis sampled in this study

Population Sample

size

Location Latitude

(�N)

Longitude

(�E)

Altitude

(m)

Y2 16 Litang, Sichuan 30�020 100�170 3800

Y3 20 Gezan County, Zhongdian,

Yunnan

27�470 99�430 2980

Y4 20 Xiaozhongdian, Zhongdian,

Yunnan

27�470 99�430 3280

Y1 19 Jiangda, Tibet 31�320 89�110 3300

Y5 20 Near Kangding, Sichuan 30�020 101�570 3030

Y6 18 Daofu, Sichuan 30�590 101�080 3830
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RAPD Analysis

Amplified DNA fragments were scored as 1 (present) or 0 (absent) for each DNA

sample, forming a matrix of the RAPD phenotypes. Bands of identical size,

amplified with the same primer, were considered to be homologous. The matrix was

used in Popgene 32 (Yeh et al. 1997) to calculate the following genetic parameters:

percentage of polymorphic bands (PPB), Nei’s gene diversity (h), Shannon’s index

(I), population gene diversity (Ht), subpopulation gene diversity (Hs), and

subpopulation differentiation (Gst). AMOVA was also used to calculate genetic

variance components and their significance levels among populations and within

populations.

Nei’s unbiased genetic distance (Nei 1978) was calculated among populations

using Popgene. A matrix of Nei’s genetic distance was used to cluster the

populations by the unweighted pair group method with arithmetic averaging

(UPGMA) using Sahn in NTsys. A principal coordinate analysis was performed to

get three-dimensional model plots, which provided an additional representation of

genetic relationships among populations.

Mantel tests were computed to investigate the possible association between

genetic and geographic distances, and between genetic distance and altitude.

Results

Genetic Diversity

The size of the amplified fragments ranged from 240 to 1800 bp, mostly between

300 and 1300 bp. The number of polymorphic loci amplified by each primer was

distinctly high (Table 2). In particular, bands amplified by primers 276, 317, 352,

368, and 414 were all polymorphic. This indicated that ssp. yunnanensis showed

high genetic diversity in this respect.

Of the 112 bands generated by the 12 primers, 104 were polymorphic, for a PPB

at the subspecies level of 92.86%. Nei’s gene diversity (h = 0.255) and Shannon’s

index (I = 0.397) also indicated a high level of gene diversity for the subspecies

(Table 3).

Within-population gene diversity was relatively low (Table 3). The three

parameters (PPB, h, and I) showed that genetic diversity in population Y2 was

lower than in other populations. The population sampled in Tibet (Y1) maintained

the highest genetic diversity within the population.

Genetic Differentiation Among Populations

The Gst value showed that 45.9% genetic variation resided among populations,

indicating distinctly high among-population genetic divergence. Partitioning of

molecular variance was analyzed using AMOVA (Table 4), which showed that

47.02% of the total variance existed among populations and 52.98% within
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populations. The genetic divergence among populations was statistically significant

(P \ 0.001).

Genetic Distance and Cluster Analysis

In the UPGMA phenogram based on Nei’s unbiased genetic distance matrix

(Fig. 2), the geographically close individuals of populations Y3 and Y4 clustered

Table 2 Sequences of 12 primers and the results of amplification

Primer Sequence Bands Polymorphic bands % Polymorphic

5 TGCGCCCTTC 10 9 90.00

45 TGAGCGGACA 9 8 88.89

84 AGCGTGTCTG 10 9 90.00

94 GGATGAGACC 4 2 50.00

97 ACGACCGACA 9 8 88.89

273 CACAGCGACA 11 10 90.91

276 CAGCCTACCA 11 11 100.00

317 GACACGGACC 5 5 100.00

352 GTCCCGTGGT 8 8 100.00

368 GAACACTGGG 8 8 100.00

414 AGGGTCGTTC 14 14 100.00

429 TGCCGGCTTG 13 12 92.31

Total 112 104 92.86

Table 3 Genetic diversity of six populations of Hippophae rhamnoides ssp. yunnanensis

Population PPB h I

Y2 35.71 0.111 0.171

Y3 49.11 0.153 0.232

Y4 47.32 0.147 0.224

Y1 50.00 0.160 0.242

Y5 48.21 0.133 0.209

Y6 47.32 0.128 0.203

Total mean 46.28 (5.2813) 0.139 (0.0178) 0.214 (0.0254)

Subspecies 92.86 0.255 0.397

PPB percentage of polymorphic bands, h Nei’s (1973) gene diversity, I Shannon’s information index

Table 4 Analysis of molecular variance of Hippophae rhamnoides ssp. yunnanensis

Source of variance d.f. MSD Variance component % of variance P*

Among populations 5 146.081 7.3270 47.02 \0.001

Within populations 107 8.255 8.2554 52.98 \0.001

* 1000 significant tests
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together. The genetic distance between Y1 and other populations was comparatively

great. The three-dimensional models plotted by principal coordinate analysis

provided an additional representation of the genetic relationships among popula-

tions (Fig. 3). Except for individuals of Y3 and Y4, the four remaining populations

were clearly separated in the first three dimensions.

Correlation Between Population Genetic Distance and Geographic Distance

To investigate a possible correlation between genetic distance and geographic

distance, we compared Nei’s unbiased genetic distance matrix with a corresponding

geographic distance matrix. The Mantel test showed that the two matrices were

significantly correlated: r = 0.84, P = 0.977 (Prob. random Z \ obs. Z, Z = nor-

malized Mantel statistic). No significant correlation was found between genetic

distance and altitude: r = -0.117, P = 0.324.

Discussion

Genetic Diversity

Li and Midmore (1999) reported that when the variation between genotypes is high,

the use of a few primers will be sufficient to detect genetic differentiation. High

genetic differentiation of the narrowly endemic Sinocalycanthus chinensis was

revealed by RAPD analysis using 12 primers (Li and Jin 2006). In a study of 38

Fig. 2 UPGMA dendrogram of individuals of Hippophae rhamnoides ssp. yunnanensis
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sesame populations with 7 primers, Ercan et al. (2004) obtained 61 bands for all

populations, 78% of which were polymorphic. In this study, on the genetic variation

of H. rhamnoides ssp. yunnanensis, 12 primers were used and 112 bands were

generated, including 104 polymorphic bands, which was enough to allow for

complete differentiation.

Bartish et al. (1999) concluded that the breeding system appears to be critical for

explaining variation in within-population genetic diversity. As an outcrossing,

wind-pollinated, woody species, H. rhamnoides tends to harbor comparatively high

variability. Using RAPD analysis, Bartish et al. (1999) detected 89.7% polymorphic

loci and 0.192 gene diversity (h) in 10 natural populations of H. rhamnoides ssp.

rhamnoides. Sun et al. (2006) found that H. rhamnoides ssp. sinensis exhibited

88.78% polymorphic bands and Nei’s gene diversity of 0.204. A similar high level

of genetic diversity is found here for ssp. yunnanensis (PPB = 92.86%, h = 0.255,

I = 0.397).

As pointed out by Hamrick and Godt (1990), endemic species or species with

restricted distribution usually tend to have relatively lower levels of variability

within populations. There are other reports, however, that endemic species (even

endangered species) might possess high levels of gene diversity (Cosner and

Crawford 1994; Richter et al. 1994; Ge and Hong 1999; Liu et al. 2001). Hippophae
rhamnoides ssp. yunnanensis, endemic to the Qinghai-Tibet plateau, is more

Fig. 3 Three-dimensional model plot of principal coordinate analysis for individual plants of Hippophae
rhamnoides ssp. yunnanensis. The first three principal coordinates accounted for 39.0, 30.5, and 24.5% of
the variation
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narrowly distributed on the borders between Tibet, Sichuan, and Yunnan than ssp.

rhamnoides and ssp. sinensis. It was expected that low variation would be observed,

but we have detected high levels of genetic variation in ssp. yunnanensis. Surviving

in a harsh environment, a species has to change in some aspects and accumulates

more genetic variation in order to adapt itself to various ambient pressures (Li and

Midmore 1999). The Qinghai-Tibet plateau is an area with high radiation, high

altitude (above 3000 m on average), low pressure, and severe weather. These

extreme environmental factors affect not only the morphological characters but also

the genetics of ssp. yunnanensis. Consequently, in order to adapt itself to the

environment of the Qinghai-Tibet plateau, ssp. yunnanensis accumulated high

genetic divergence in its evolutionary history. The area where ssp. yunnanensis
grows is mountainous with ravines, and species composition there is complex. Such

surroundings form distinct spatial heterogeneity, and the resulting environmental

selective pressures cause ssp. yunnanensis to vary greatly, with a high level of gene

diversity.

It is noteworthy that the population genetic divergence of ssp. yunnanensis was

slightly lower than that of ssp. sinensis and ssp. rhamnoides. For mainland and

island populations of ssp. rhamnoides, the average gene diversity is 0.196 and

0.186, respectively (Bartish et al. 1999). The average PPB in ssp. sinensis was

55.81%, and the gene diversity (h) varied from 0.125 to 0.223, with an average of

0.168 (Sun et al. 2006). The genetic divergence parameters in this analysis were

PPB = 46.28%, h = 0.139, and I = 0.214. For ssp. yunnanensis, distinct spatial

heterogeneity caused by complex species composition, mountains, and ravines

favored the accumulation of genetic divergence, although the microenvironment is

homogeneous for individuals in a single population. In these surroundings, the

individuals endure similar selective pressure and tend to evolve in similar

directions. Ultimately, population genetic identity is comparatively high and

genetic divergence is relatively low at the population level. In addition, sea

buckthorn has a high capacity for vegetative reproduction through root suckers.

Each individual sea buckthorn can produce 10 to several hundred new plants

through root suckers (Lian et al. 2000). This high capacity for clonal reproduction

may also be responsible for the relatively lower genetic diversity within populations

of sea buckthorn species.

Some researchers have compared RAPD and ISSR methods and found that ISSR

markers always reveal higher levels of polymorphism or reproducibility (Fang and

Roose 1997; Parsons et al. 1997; Esselman et al. 1999; Qian et al. 2001; Wu et al.

2005). Using ISSR markers, Tian et al. (2004) detected that Nei’s unbiased genetic

diversity in seven populations of ssp. yunnanensis averaged 0.1994, which was

slightly higher than our result (0.139) using RAPD markers.

Young et al. (2002) found that the number of insects decreased and plant

florescence shortened as altitude increased. Correspondingly, the efficiency of

sexual reproduction was reduced and population genetic diversity tended to become

lower. Some studies have suggested that there is no relationship between altitude

and genetic diversity (Zhao et al. 2006; Li and Jin 2006). In this study, both Nei’s

gene diversity and Shannon’s index indicated that the relatively high-altitude

populations of Y2 (3800 m) and Y6 (3830 m) showed the lowest gene diversity
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(h = 0.111, I = 0.171 for Y2; h = 0.128, I = 0.203 for Y6), but no significant

correlation between genetic diversity within populations and altitude was observed

for all six populations. Genetic diversity data at altitudes of 3300–3800 m are not

recorded in this paper; therefore, further studies are required on the relationship

between population genetic diversity and altitude of ssp. yunnanensis.

High Genetic Differentiation

Bussell (1999) summarized the RAPD data of 35 species and found that, on average,

19.3% of the total genetic diversity resided among populations for 29 outbreeding

species, and 62.5% of the total diversity resided among populations for six

inbreeding species. As outcrossing species, the majority of the diversity was found

within populations in both Hippophae rhamnoides ssp. sinensis (Gst = 18.3%; Sun

et al. 2006) and ssp. rhamnoides (15.1% genetic variance existed among populations

using AMOVA; Bartish et al. 1999). For ssp. yunnanensis, however, among-

population genetic variation was considerably higher (Gst = 45.9%). Partitioning of

molecular variance (AMOVA) showed similar results, with 47.02% of the total

variance attributable to among-population divergence and 52.98% to divergence

within populations (Table 4). Tian et al. (2004) also detected relatively high genetic

differentiation of ssp. yunnanensis (Gst = 27.9%), which was a little lower than

ours. Of the seven populations sampled by Tian et al., two were sampled in Tibet

and the other five in a narrow area in Yunnan province with a small range of altitude

(3270–3408 m). The short geographic distances and small difference in altitude

favor gene flow among populations, which may result in relatively lower genetic

differentiation among populations than in this study. Gene flow among populations

has a significant influence on the distribution of genetic variation (Hamrick and

Godt 1990). Species with limited gene flow usually show higher genetic variation

among populations than those with broad gene flow. For wind-pollinated Hippophae
rhamnoides ssp. yunnanensis, pollen flow and seed flow are two main factors in

gene flow. Although the breeding system may broaden the gene flow over short

distances, a natural geographic barrier composed of mountains and ravines, along

with a complex species composition, restricts pollen flow and seed flow among

populations of ssp. yunnanensis over long distances. As a result, among-population

gene flow is limited. The isolated populations evolve independently in their local

environment due to natural selection and eventually generate high genetic variation

among populations. In addition, when gene flow is less than 1 (Nm \ 1), genetic

drift could lead to genetic differentiation (Wright 1931). The Nm value of ssp.

yunnanensis was only 0.589 in this study. Therefore, the considerably higher genetic

differentiation among populations in ssp. yunnanensis may be attributed to isolation

between populations, limited gene flow, and genetic drift.

Hamrick et al. (1991) suggested that as over 50% of the total genetic variation

resided among populations, six strategically placed populations should maintain

95% of their genetic diversity. In Hippophae rhamnoides ssp. yunnanensis, about

half of the total genetic variation was observed among populations, implying that

different populations across the distribution range of the species should be sampled
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to maintain high genetic diversity when a conservation strategy is implemented. In

addition, as many individuals as possible should be collected in each population.

Correlation Between Population Genetic Distance and Geographic Distance

Some studies report no significant association between population genetic distance

and geographic distance (Li et al. 1995; Wang 2003). There are exceptions though,

in many plant species, significant correlations between geographic and genetic

distances among populations have been found (Alpert et al. 1993; Gabrielsen et al.

1997; Graham et al. 1997; Tollefsrud et al. 1998). The isolation-by-distance

hypothesis can explain these correlations (e.g., Dawson et al. 1995; Raybould et al.

1996; Comes and Abbott 2000). The Mantel test (r = 0.84, P = 0.977) in this paper

indicated significant correlation between geographic distance and genetic distance

for Hippophae rhamnoide ssp. yunnanensis. This can also be seen in the UPGMA

phenogram based on Nei’s unbiased genetic distances. Geographically close

populations cluster first. For instance, Y3 and Y4, sampled at Zhongdian, form a

clade first (Fig. 2). Y1, which is geographically distant from the others, occupies a

relatively isolated position. The results of the three-dimensional models plotted by

principal coordinate analysis (Fig. 3) correspond with the UPGMA phenogram.

Individuals of Y3 and Y4 could not be identified in the first three dimensions. The

genetic distance between populations also provides an additional representation. On

the contrary, no correlation was found between the genetic and geographic distances

among populations in ssp. rhamnoides (Bartish et al. 1999) and ssp. sinensis
(Sun et al. 2006).

Chen et al. (2008) detected a significantly positive correlation between genetic

distance and altitude when examining the five populations and female subpopu-

lations of H. rhamnoides in the Wolong Nature Reserve. According to Chen et al.

(2008), altitudinal gradients may be the prime cause affecting the pattern of genetic

variation. A Mantel test was also used between population genetic distances and

altitudes in ssp. yunnanensis, but our results did not indicate that altitude has any

clear effect on genetic differentiation (r = -0.117, P = 0.324).

Further studies of the reproductive biology, ecology, and population genetics

utilizing other molecular techniques are currently under way and should yield

valuable information for the conservation and utilization of this important resource

species.
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