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Abstract Psathyrostachys huashanica Keng is a perennial
grass and belongs to genus Psathyrostachys under Triticeae.
sathyrostachys is found in the center of Middle Asia and the
Caucasus Mountain, while P. huashanica, a species endemic
to China, is only located in Mt. Hua in the Shaanxi province,
China. At present, the population of this species is decreasing,
and reaching the edge of extinction. Due to the limitation
in distribution and the importance as breeding material for
germplasm storage, it has been considered as first class among
the national protected rare plants. For this reason, the present
study is significant in probing plant flora, origin and evolu-
tion of Triticeae, and crop breeding. Randomly amplified
polymorphic DNA (RAPD) markers were used to analyze the
genetic structure and differentiation of P, huashanica popula-
tions sampled in three valleys (Huangpu, Xian, and Huashan
Valleys) in Mt. Hua. One hundred and twenty-two RAPD
fragments were obtained in all 266 individuals with 20 prim-
ers with a mean of 6.1 (2-10) fragments per primer. The per-
centage of polymorphic loci (PPB) was 60.66% in Huangpu
Valley, 90.98% in Xian Valley, 95.08% in Huashan Valley,
and the total PPB was 95.08%, which indicated a highly
genetic variability of P. huashanica. The Shannon’s Informa-
tion index and Ggr were 0.3306 and 0.3263, respectively,
indicating that there were more genetic variations within
the subpopulations than those among the subpopulations.
The gene flow among the subpopulations of P. huashanica
(Nm = 1.0322) was much less than that of the common ane-
mophytes (Nm = 5.24). Mean genetic distance is 0.1 571
(range: 0.0022—0.2901). The highest value of genetic distance
was found between the subpopulation (hpl) of Huangpu
Valley and the highest altitude subpopulation (h8) of Huashan
Valley. Correlation analysis detected significant correlation
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between genetic distance and vertical distance of altitude.
Clustering analysis and principal coordinate analysis revealed
the genetic differentiation among the populations of
P. huashanica. Differentiation mainly occurred between the
higher altitude subpopulations and the lower altitude sub-
populations, suggesting that altitude might be the major
factor that restricted the gene flow between different
altitude subpopulations and resulted in differentiation of
subpopulations.

Keywords Psathyrostachys huashanica, randomly ampli-
fied polymorphic DNA, genetic structure, genetic diversity

1 Introduction

Psathyrostachys huashanica Keng is a perennial grass
belonging to genus Psathyrostachys under Triticeae. Psathy-
rostachys is found in the center of Middle Asia and Caucasus
Mountains., while P. huashanica, a species endemic to China,
is only located in Mt. Hua in the Shaanxi province, China
(Instituto Botanico Boreali-occidentali Academiae Sinicae,
1976). Psathyrostachys 1is phylogenetically related to
Triticum (Lu, 1995), and its study will be helpful to the analy-
sis of the origin and evolution of Triticum. Botanists, espe-
cially plant breeders, have made many studies and have paid
attention to P. huashanica for its early maturity, resistance
to drought, disease, and salinity (Chen et al., 1991; Sun et al.,
1992; Ding et al., 1997; Hou et al., 1997; Zhang et al., 2002).
At present, it has been listed as an endangered and impera-
tively protected wild species (Chinese Forest Bureau and
Agriculture Ministry, 1999). Genetic structure and intra-
specific genetic polymorphisms in natural populations of
P. huashanica have been detected with allozymes (Liu et al.,
2001a). Its endangered status and reproductive strategy have
been argued (Yue et al., 2001). Nevertheless, application of
randomly amplified polymorphic DNA (RAPD) markers for
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the analysis of genetic structure and population differentia-
tion in P, huashanica has not been conducted. For this reason,
the present study is significant in probing plant flora, origin,
and evolution of Triticeae and crop breeding.

2 Materials and methods
2.1 Plant material

Samples were collected in April and May from 2000 to 2002.
At that time, the species can be distinguished accurately by
spike florescence. Materials were collected along Huangpu,
Huashan, and Xian valleys (populations) in Huashan Moun-
tain. Sampling locations (subpopulations) were according
to altitude (Table 1). Individual samples were at least 1 m
apart from each other because P. huashanica has rhizome and
clonal growth. Healthy leaf samples were desiccated by silica
gel and kept at —80°C.

Table 1 Altitude and number of individuals sampled in 13 subpopulations
of three valleys

Location Serial Average Number of
number altitude / m individuals
Huangpu Valley hpl 370 21
hp2 560 20
Xian Valley x1 350 21
x2 400 20
x3 530 20
Huashan Yuquanyuan hl 483 (460-510) 20
Valley ~ Wuliguan h2 684 (640-710) 22
Qingkeping h3 930 (8501 030) 21
Huixinshi h4 1265 (1 230-1 280) 21
Baichixia h5 1350 (1 310-1 400) 20
Beifeng h6 1559 (1 550-1 610) 20
Dongfeng h7 2 000 20
Nanfeng h8 2 140 20

2.2 DNA isolation and primer selection

Approximately 5 g of leaves from about 20 plants of each
subpopulation were used for the extraction. Leaves were
grounded with quartzose sand, little PVP and Vc, incubated
at 60°C for 1-2 h. DNA was isolated with 2 x CTAB (Wang
et al, 1998). An equal volume of chloroform/isoamyl
alcohol (24:1) was added and mixed well. The mixture was
centrifuged at 12 000 g for 10 min; this procedure was
re-peated several times. The supernatant was precipitated
with an equal volume of ice-cold 100% ethanol. The pre-
cipitate was hooked out by sterile pipettes, washed in 70%
ethanol and air-dried. The DNA was suspended in 200 uL
0.1 x TE buffer and kept at —20°C.

A total of 100 RAPD random primers purchased from
Bosia Company were used. Twenty of 100 primers produced

clear and repeatable results, and were used to amplify 266
P. huashanica individuals from 13 subpopulations (Table 2).

2.3 PCR amplification and product detection

PCR was carried out in a 15 puL solution containing: 1.5 uL.
10 x buffer (100 mM KCIl, 80 mM (NH,),SO,, 100 mM
Tris—HCI, pH =9.0, NP-40), 1.13 uL MgCl, (25 mM),
0.45 uL dNTP (dATP, dTTP, dGTP, dCTP, 10 mM each),
1.5 uL template DNA (10 ng/uL), 6 uL primers (0.7 uM),
0.3 uL 7ag polymerase (5 U/uL, Sangon), 4.1 uL. ddH,O.
All RAPD amplifications were performed on T Gradient
(Biometra®, Whatman. Techne <Cambridge> Limited,
United Kingdom) Thermal Cycler, and commenced with
5 min 30 seconds at 96°C, followed by 40 cycles of 1 min
10 seconds at 94°C, 1 min at 40°C, and 1 min 30 seconds at
72°C, and ended with 10 min at 72°C.

Amplification products were analyzed with electrophore-
sis (TAE electrophoresis) on 1.8% agarose gel stained with
ethidum bromide at 55V for 2 h, and the gel images were
analyzed with the Kodak Scientific Imaging Systems 120
(Estman Kodak Company).

2.4 Data analysis

Randomly amplified polymorphic DNA (RAPD) bands were
scored as binary presence (1) or absence (0) characters, to
assemble the matrix of the RAPD phenotypes. Genetic diver-
sity was measured by the percentage of polymorphic bands
(PPB), Shannon information index, Nei’s gene diversity,
the genetic distances between the subpopulations, the value
of gene flow (Nm) and subpopulation differentiation (Ggr)
by using POPGEN32 (Yeh et al., 1999). Cluster analysis was
performed based on unweighted pair-group method with
arithmetic average (UPGMA). Principal Components Analy-
sis (PCA) and the correlation between genetic distance and
altitude distance of P. huashanica were calculated by using
SPSS 11.0.

3 Results

3.1 The percentage of polymorphic loci (PPB)

One hundred and twenty-two loci were detected in 266
individuals of 13 subpopulations using 20 RAPD random
primers. One hundred and sixteen loci were polymorphic.
The percentage of polymorphic loci (PPB) is 95.08% across
all subpopulations. Among the three valleys, the PPB in
Huashan Valley is the largest (PPB = 0.9508) than that in
Xian Valley (PPB = 0.9098), and the PPB in Huangpu Valley
is the smallest (PPB = 0.6066). The order based on the PPB
from the experiments was: h4 >h5>x1>x3>h3, x2>h2>
h6 >h7>h§, hpl >h1>hp2 (Table 3, Fig. 1).
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Fig. 1 Amplified products of subpopulation hp2 of P. huashanica
using primer BA0029

3.2 Genetic structure of P. huashanica natural populations

Shannon information index showed that the level of genetic
diversity in subpopulation hl is the lowest (0.2609), and that
in subpopulation h4 is the highest (0.3891) (Table 4). The
total genetic diversity (Hgp) is 0.4849, the ratio of genetic
diversity within subpopulations (Hpop/Hsp) 1s 0.6694, and that
among subpopulations (Hsp-Hpop/Hgp) 1s 0.3306 (Table 4).

Table 4 Genetic diversity index analysis of P. huashanica 13 subpopula-
tions

Shannon diversity index Mean Nei’s gene Mean
diversity index
hpl 0.307 6 hpl 0.208 6
hp2 0.2759 hp2 0.1859
hl 0.260 9 hl 0.173 9
h2 0.3013 h2 0.196 6
h3 0.299 h3 0.194 5
h4 0.389 1 h4 0.2599
h5 0.3549 h5 0.2319
h6 0.344 6 h6 0.2326
h7 0.313 6 h7 0.209 5
h8 03119 h8 0.2117
x1 0.369 9 x1 0.244 7
x2 0.3372 X2 02232
x3 0.3539 X3 0.2319
Hyop 0.324 6 Hg 02158
Hgp 0.484 9 H; 03198
Hpop/Hgp 0.669 4 Hg/H 0.674 7
(Hpop-Hgp)/Hgp 0.3306 Ggr 03263

Nei’s gene diversity in population (Hy) is 0.3198 and was
0.2158 within subpopulations (Hs), and the genetic differen-
tiation (Ggr) of this species was 0.3263 (Table 4). At the level
of the subpopulation, the gene diversity of subpopulation
h1 was the lowest (0.1739), while subpopulation h4 was the
highest (0.2599), which was in accordance with the results
measured by the Shannon information index. The order on the
basis of gene diversity was: h4 >x1>h6>h5, x3>x2>h8
>h7>hpl >h2>h3>hp2>hl.

The PPB, the observed number of alleles (na), the effec-
tive number of alleles (ne), Nei gene diversity index (%),
Shannon information index (/) and genetic differentiation
(Gsr) in Huangpu Valley were the lowest among the three
populations, while those in Huashan Valley were the highest
(Table 5).

Table S Genetic diversity of P. huashanica in three valleys

POP Sample PPB na ne h 1 GST
Size

Huangpu 41 60.66 1.6066 13812 0.2196 0.3262 0.100 6

Valley /hp

Huashan 164 95.08 1.9508 1.5000 0.3041 0.4644 0.298 6

Valley /h

Xian Valley /x 61 9098 1.9098 1.5011 0.2948 0.4449 0.208 6

Total 266 95.08 1.9508 1.5302 0.3198 0.4849 0.3263

3.3 Genetic distance of P. huashanica between
subpopulations and cluster analysis (UPGMA)

Based on Nei’s unbiased measure of genetic distance and
genetic identity, the range of genetic distance among 13 sub-
populations was 0.0022—0.2901 with average value as 0.1571.
The largest genetic distance (D,,,, = 0.2901) was between the
subpopulation of hpl in Huangpu Valley and the subpopula-
tion of h8 in Huashan Valley, while the lowest (D,,;, = 0.0022)
between the subpopulation of hl and h3 in Huashan valley.

The genetic identity (GI,,;, = 0.7482) between the subpop-
ulation of hpl in Huangpu Valley and the subpopulation of
h8 in Huashan Valley was the lowest, whereas the largest
(Gl,,.x = 0.9978) between the subpopulation of h2 and h3 in
Huashan valley, which was consistent with the results of
genetic distance analysis (Table 6).

Cluster analysis was performed using UPGMA (Fig. 2).
The 13 subpopulations were divided into four groups: group
one contained the subpopulations of hp1 and hp2 in Huangpu
Valley; group two uas the six subpopulations in Huashan
Valley including the lower altitude subpopulations (h2, h3,
h4, h5) and the higher altitude subpopulations (h6, h7); group
three uas the three subpopulations in Xian Valley and the
lowest altitude subpopulation of hl in Huashan Valley; group
four uas the highest altitude subpopulation of h8 in Huashan
Valley. The subpopulation hl and the subpopulations in
Xian Valley clustered together. The result from the cluster
analysis was in accordance with the actual distribution of
P. huashanica.

3.4 Principal Components Analysis (PCA)

The former factors of Principal Components Analysis are
main symbols that reflect the effect of sort order. The results
in this study showed that the former three factors contained
55.99% information. Factor | contained 26.19% information
(x axes), Factor 2 contained 19.08% (y axes), and Factor 3
contained 10.72% (z axes).

Most of P. huashanica species distributed the region of
—2-1 at x axes (Fig. 4a), and higher altitude subpopulation
h6, h7, and h8 focused on 1-3 region. P. huashanica plants in
Huashan Valley and Xian Valley distributed the —1-2 region
at y axes, while those in Huangpu Valley was in the -3 — -1
region, which displayed the special distribution of three
populations. P. huashanica species in Xian Valley was in the
—2 ——1 region (Fig. 4b), those in Huangpu Valley in the —1-1
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Table 6 Analysis of genetic distance and genetic identity among 13 subpopulations of P. huashanica based on Nei’s gene diversity index (Genetic
distances below diagonal)

Spop hpl hp2 hl h2 h3 h4 h5 h6 h7 h8 x1 x2 x3

hpl R 09451 0.776 5 08592 0.8530 08710 0.8668 0.8209 08297 0.7482 0.8189 0.8487  0.8285
hp2  0.056 4 oAk 0.7783 08839 0.8788 0.8827 0.8738 0.8477 08567 0.7586  0.8489 0.8701 0.8392
hl 02530 0.2506 ol 08491 0.8520 0.8204 0.8466 0.8252 0.8193 0.7599  0.8720 0.8241  0.8908
h2 0.1518 0.1234 0.1635 R 09978 09276 09096 08712 0.8794 0.7791 0.8872 0.8657  0.888 8
h3 0.1590 0.1292  0.1602  0.0022 oAk 09256 09067 08679 08760 0.7821 0.8879 0.8679  0.8870
h4 0.1381 0.1248  0.1980  0.0751  0.077 3 HkkE 09554 0.8924 08979 0.8056 0.8433 0.8581 0.8818
h5 0.1429  0.1349  0.1665 0.0947 0.0980 0.0456 oK 09129 09196  0.8155 0.8710 0.8585 0.8977
h6 0.1974  0.1653  0.1922  0.1379 0.1416 0.1139  0.0912 oAk 09957 08130 0.8488 0.8305 0.8357
h7 0.1867 0.1546  0.1993 0.1286  0.1324 0.1078  0.0838 0.004 3 ol 0.8113 0.8492 0.8330 0.8373
h8 0.2901 02763 02746 02497 02458 02162 02039 02070  0.2092 R 0.760 9 0.7686  0.7873
x1 0.1998 0.1638  0.1370 0.1197 0.1189 0.1704  0.1381 0.1640 0.1635 0.2732 oAk 0.8807  0.8905
X2 0.164 1 0.1392 0.1934 0.1442 0.1417 0.1531 0.1526 0.1857  0.1827 02632  0.1270 ol 0.868 3
X3 0.1882  0.1753 0.1156  0.1179  0.1200 0.1258  0.1079 0.1795 0.1776 02391 0.116 0 0.1413 K
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Fig. 3 Cluster analysis of 13 subpopulations of P. huashanica based Factor 1
on Nei’s genetic distance (b)

Fig.4 The 2D[x—y (a) and x —z (b)] distribution of PCA analysis of
region at x axes. Most of P huashanica species in Huashan total individuals of thirteen subpopulations of P. huashanica
Valley were in the —2—0 region at z axes except subpopulation
h8, while those in Xian Valley and Huangpu Valley were in But there was significant correlation between their genetic

the 0-2 region, which displayed the trend of differentiation  distance and altitude distance. Pearson correlation coefficient
along altitudes. The results from PCA were consistent with  was 0.504** (P <0.01), which indicated that genetic distance
those from cluster analysis (Fig. 3). and altitude had significant correlation.

3.5 Analysis of correlation between genetic diversity and
altitude 4 Disscussion

The results of correlation analysis indicated that the PPB, the 4.1 Genetic diversity of P. huashanica natural populations
observed number of alleles (na), the effective number of

alleles (ne), Nei gene diversity index (%), Shannon informa-  The total PPB of P. huashanica estimated by RAPD is 95.08%,
tion index (/) had no significant correlation with altitude. the PPB in Huangpu Valley (60.66%) is lower than those of
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the other two populations, while the PPB in Huashan Valley
is the highest (95.08%). The genetic diversity is lower in
Huangpu Valley population, which is different from the other
two populations. A possible reason is that Huangpu valley has
recently became a cable railroad for tourists to climb Huashan
Mountain. Road building and human activity have gradually
disrupted the habitat of P. huashanica, which resulted in the
reduction of P. huashanica population density. The chance
for gene flow between different subpopulations is limited
since the seed spreading by wind cannot find appropriate
environment for surviving. The increasing of P. huashanica
individuals in Huangpu Valley mainly depends on vegetative
propagation, leading to the decrease of genetic variability
of P. huashanica population in Huangpu Valley. The PPB of
P. huashanica (95.08%) is higher than the mean value of all
populations (34%) (Hamrick et al., 1989), also higher than
that of outbreeding plants (51%) (Ozenda, 1985). Previous
studies show that the PPB of most of Gramineae species are
higher than 51%, such as 81.4% in Triticum dicoccoides
(Fahima et al., 1999), 63% in Hordeum vulgare (Fernandez
et al., 2002), 80.2% in Agropyron mongolicum (Xie et al.,
2002), 96.1% in Leymus chinensis (Cui et al., 2001). This
indicates that the reason for the rare P. huashanica is not the
lack of genetic diversity. The data from allozymes analysis
also shows a high level of genetic diversity of P. huashanica
(Liu et al., 2001a). Furthermore, the PPB observed from
RAPD is higher than that from allozymes, consistent with the
research in Triticum dicoccoides (Fahima et al., 1999).

4.2  Genetic structure and differentiation of P. huashanica

The results indicate that genetic variations within the sub-
populations (67.47%) are higher than those among the sub-
populations (32.63%). The genetic variations vary with the
populations in three valleys. Shannon information index
(0.3262) and subpopulation differentiation (0.1006) are low-
est in Huangpu Valley population and the highest in Huashan
Valley population (0.4644 and 0.2986, respectively) in the
three valleys. Huashan Valley is the biggest valley and its
natural environments are relatively complicated among the
three valleys. P. huashanica is widely distributed from its
entrance (altitude: 460 m) to its peak (altitude: 2 160 m). As
a result, the species has a high level of genetic variation
compared to the subpopulations in the other two valleys.
Dendrograms clusters 13 subpopulations into four groups.
The two subpopulations in Huangpu Valley form one group
with larger genetic distance from the other two groups,
showing that P. huashanica in this valley become a relatively
independent population. The altitude difference between
subpopulation h1 and the subpopulations in Xian Valley is not
significant. P. huashanica at lower altitude distributes in the
entrance of Huashan Valley conjoin those in Xian Valley, and
they have same pollination phenology; the chance of gene
flow between them is frequent. Therefore, subpopulation hl
and the subpopulations in Xian Valley cluster together.

Except subpopulation h8, the six subpopulations in Huashan
Valley cluster into one group which is further subdivided into
lower altitude subpopulations (h2, h3, h4, h5) and higher
altitude subpopulations(h6, h7). The difference in altitude
may affect the genetic diversity of P. huashanica in Huashan
Valley. Increase in altitude causes the decrease in tempera-
ture. Decreasing temperature postponed the phenology
(Ozenda, 1985), that is, delayed bloom and condensed devel-
opment. Based on the pollination phenology data observed
in May 2002, the plant is at the maturation phase for the
P. huashanica in Yuquanyuan in Huashan Valley (460 m),
while the species is in florescence in Xiannvfeng (940 m)
and Qingkeping (960 m), in the heading stage in Dongfeng
(1 900 m) where the plant can get enough sunshine, and in the
booting stage in Nanfeng (2 160 m). Flowering is delayed
2 to 3 days for every two hundred meters of increase in
elevation. Phenological periods do not overlap between
subpopulations in which the difference in elevation where
they are distributed is greater than 500 m (Liu et al., 2001).
The gene flow of P. huashanica natural populations is low
(Nm = 1.0322), consistent with allozymes (Nm = 2.77) (Liu
et al. 2001a), which is much lower than the Nm value (5.24)
of anemophytes (Hamrick et al. 1995). This suggests that the
gene flow of Phuashanica might be in a critical level, and
genetic differentiation might occur in natural population of
this species.
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