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ABSTRACT. Genetic diversity of Elymus sibiricus (Poaceae) was
examined in eight populations from the southeast Qinghai-Tibet
Plateau. We detected 291 RAPD polymorphic loci in 93 samples.
The percentage of polymorphic bands (PPB) was 79%. Genetic
diversity (H,) was 0.264, effective number of alleles (N_) was
1.444, Shannon’s information index (/) was 0.398, and expected
Bayesian heterozygosity (#/,) was 0.371. At the population level,
PPB = 51%, N, = 1.306, H, = 0.176, I = 0.263, and H, = 0.247. A
high level of genetic differentiation was detected based on Nei’s
genetic diversity analysis (G, = 32.0%), Shannon’s index analysis
(33.7%), and the Bayesian method (6, = 33.5%). The partitioning
of molecular variance by AMOVA demonstrated significant genetic
differentiation within populations (60%) and among populations
(40%). The average number of individuals exchanged between
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populations per generation (N ) was 1.06. The populations were
found to share high levels of genetic identity. No significant
correlation was found between geographic distance and pairwise
genetic distance (r = 0.7539, P = 0.9996). Correlation analysis
revealed a significant correlation (r = 0.762) between RAPD H_
found in this study and ISSR H values from a previous study.

Key words: Elymus sibiricus; RAPDs; Genetic diversity;
Population structure

INTRODUCTION

Elymus L. is the largest and most widely distributed genus in the grass tribe Tri-
ticeae (Poaceae) with about 150 polyploid species occurring in most temperate regions
of the world (Dewey, 1984). It is related to three of the most important cereal crops,
i.e., wheat, barley and rye, as well as several valuable forage grasses. The genus pos-
sesses many valuable qualities, such as wide adaptation range, stress tolerance, disease
resistance, apomixis, and good forage quality. Hence, it attracts considerable interest for
the improvement of the cereal crops and forage breeding (McGuire and Dvorak, 1981;
Dewey, 1984). The great ecological importance of Elymus species for revegetation, soil
stabilization and erosion control has also been recognized (Knapp and Rice, 1996). E.
sibiricus L. (Siberian wildrye), the type species of the genus Elymus, is a perennial, self-
pollinating and allotetraploid grass indigenous to Northern Eurasia, possessing the St and
H genome (Dewey, 1974). Its natural geographic distribution extends from Sweden to
Japan and even to parts of Alaska and Canada (Bowden and Cody, 1961), and it extends
south to Qinghai-Tibet Plateau, which is the highest plateau in the world. This plateau
occupies an area of about 2,500,000 square kilometers and is characterized by harsh and
diverse ecological conditions, such as drought, cold temperatures, strong winds, and high
radiation. E. sibiricus usually grows on wet meadows, riverside sands, and among open
forest or shrubs. In the subalpine meadows with less than 4000 m a.s.l. in Qinghai-Tibet
Plateau, E. sibiricus usually serves as an important forage species. Climate warming, loss
of habitat by deforestation and overgrazing at high altitude pastures in the entire Qinghai-
Tibet Plateau region have now led to the recent decline of the species.

A good understanding of the current status of genetic diversity and the adaptive poten-
tial of populations is a prerequisite for the successful management of conservation programs.
Applying the appropriate degree of caution, random amplified polymorphic DNA (RAPD)
markers (Williams et al., 1990) can provide invaluable tools to study patterns of genetic vari-
ability due to their advantages over other molecular methods, such as less complex and labor-
intensive procedures and more arbitrary sampling of the genome. Until now, RAPD technolo-
gy has fast become a means of investigating genetic diversity within and between populations
and has been applied to many grasses.

The objectives of the present study were 1) to investigate the level of RAPD varia-
tion in eight natural populations of E. sibiricus in southeast Qinghai-Tibet Plateau, 2) to
quantify the genetic diversity within and between natural E. sibiricus populations (such
information can also serve as a guide to preserving the genetic resources of this ecologi-
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cally important species), and 3) to examine the consistency of results from RAPD and
ISSR variation previously carried out in E. sibiricus (Ma et al., 2008).

MATERIAL AND METHODS
Plant material and RAPD amplification

Eight natural populations of E. sibiricus L. were sampled in the southeastern part of
Qinghai-Tibet Plateau in China (Table 1). Individual blades generally 5-10 m apart from one
another were sampled randomly to assure that they were different individuals. Vouchers of
the materials used are kept at Sichuan Academy of Grassland Science, China. The leaf tissues
were stored at -20°C until DNA extraction. Purity and concentration of the genomic DNA
were determined with a spectrophotometer (Nanodrop).

Table 1. Location, population size, and altitude in each study site.

Population Locality Sample size Altitude (m) Latitude (N) Longitude (E)
POP1 Wengda of Seda, Sichuan 10 3344 31°52' 100°43'
POP2 Xuri of Seda, Sichuan 8 3567 31°59 100°36'
POP3 Litang, Sichuan 11 3673 30°18' 100°17'
POP4 Yajiang, Sichuan 18 3525 30°02' 101°17'
POPS Songpan, Sichuan 9 3214 32053 103°29'
POP6 Aba, Sichuan 10 3324 32945 102°03'
POP7 Rangtang, Sichuan 12 3362 32°20' 101°02'
POPS Hongyuan, Sichuan 15 3414 32°05' 102°34'

Amplification reactions were performed based on the standard protocol of Wil-
liams et al. (1990) with some modifications. PCR mixtures (20 pL) contained 20 ng tem-
plate DNA, 0.2 mM each dNTP, 2.5 mM MgCl,, 1.0 U Taq polymerase (Tiangen Biotech
Co., Ltd., Beijing, China), 15 pmol of a single 10-mer primer purchased from Operon
Technologies (Alameda, CA, USA), and UBC (University of British Columbia, Vancou-
ver, BC, Canada). The amplification was performed in a PTC-200 thermocycler (MJ Re-
search, Waltham MA, USA). Initial denaturation was for 2 min at 94°C, followed by 42
cycles of 1 min at 94°C, 1 min at 35°C, and 2 min at 72°C, with a final extension of 5 min
at 72°C. The amplification products were separated via electrophoresis on 1.5% agarose
gels (containing 0.1 mg/mL ethidium bromide) with 0.5X TBE buffer. The gels were then
observed and photographed under ultraviolet light.

Data analysis

Only bands that could be unambiguously scored were used in subsequent analy-
ses. RAPD profiles were determined for each individual based on the presence (1) or ab-
sence (0) of specific bands. The following genetic diversity parameters were calculated:
N, (number of polymorphic loci), PPB (percentage of polymorphic loci), N (effective
number of alleles per locus), N, (observed number of alleles per locus), and H, (Nei’s
gene diversity). At the species-wide level, total genetic diversity (/)), genetic diversity
within populations (/) and Nei’s genetic differentiation between populations (G ) were
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calculated (Nei, 1973). The number of immigrants per generation (N ) was measured by
the formula: N_ = 0.5(1-G./G, (McDermott and McDonald, 1993). All the above calcu-
lations were performed with the assistance of PopGene version 1.31 (Yeh et al., 1997).
The PopGene software was also used to calculate Shannon’s diversity index for RAPD
phenotypic data according to / = -Xplog p. (Lewontin, 1972), in which p, is the frequency
of a given RAPD fragment. H  was calculated at two levels: the average diversity within
populations (Ipop), and the total diversity (Isp). The proportion of diversity between popu-
lations was estimated as (ISp - Ipop)/lsp. For the calculation of H, G, N_, and N,, allele
frequencies were based on the square root of the frequency of the null (recessive) allele.
Given that the above estimation of allele frequencies from dominant markers requires
the assumption of Hardy-Weinberg equilibrium (HWE), within-population gene diversity
was also estimated using a Bayesian approach (H,), employing the Hickory, version 1.1
program (Holsinger and Lewis, 2007).

To study the partitioning of genetic variance between populations, we conducted
an analysis of molecular variance (AMOVA) by using the Arlequin version 3.11 program
(Excoffier et al., 2005). Variance components, the sum of all squared differences, and
analogues of F-statistics (D) based on Euclidean distance between individuals were cal-
culated to estimate the population differentiation, which is the equivalent of the Wright’s
F . index (Wright, 1965). In addition, a matrix of Nei’s unbiased genetic distance (Nei,
1978) was calculated between all pairs of populations and subjected to UPGMA clustering
as implemented in TFPGA version 1.3 (Miller, 1997). Bootstrap values were obtained by
resampling with replacement over loci (1000 replicates). To test the hypothesis of isola-
tion by distance, the correlation between pairwise geographic and Nei’s genetic distances
was tested for all natural populations by using the Mantel test with 3000 permutations
(Mantel, 1967). In addition, the computation of the Spearman rank correlation between
RAPD gene diversity (/) values obtained in this study and ISSR H_ values obtained pre-
viously (Ma et al., 2008) was carried out with SAS 8.0.

RESULTS

Genetic diversity within populations

The survey of 93 individuals from eight populations of E. sibiricus with 25 RAPD
primers generated a total of 370 fragments, 291 (78.65%) of which were polymorphic
(Table 2). The band sizes ranged from 300 to 2500 bp. Band number per primer ranged
from 6 to 28, corresponding to an average of 14.8 bands per primer. All individuals tested
produced different RAPD profiles. Levels of RAPD variation within populations varied
moderately across populations (Table 3). Assuming HWE, the average gene diversity (/)
ranged from 0.159 (POPS5) to 0.190 (POP6) for E. sibiricus, with an average of 0.176 +
0.012 at the population level. The Shannon’s index (/) ranged from 0.173 to 0.284, with an
average of 0.263 + 0.018 at the population level. Among these eight populations, POP6 and
POP4 exhibited the greatest level of variability (PPB = 53.78 and 52.43%, N, 1.324 and
1.329, H,=0.190 and 0.187, /= 0.284 and 0.277, and H, = 0.269 and 0.255, respectively).
By contrast, genetic diversity was lowest in population POPS, with PPB = 46.49%, N, =
1.281, H, = 0.159, 1= 0.173, and H, = 0.213 (Table 3).

Genetics and Molecular Research 11 (3): 2708-2718 (2012) ©FUNPEC-RP www.funpecrp.com.br



X. Ma et al. 2712

ISSR analysis had been previously performed on these populations (Ma et al.,
2008) and used in this study. Consequently, the genetic diversity profiles obtained in this
study with RAPD markers can be compared with those obtained previously with ISSR
markers. The average RAPD values for P, and H, were 0.512 (ranging from 0.465 to
0.535) and 0.176 (ranging from 0.159 to 0.190), as compared to the ISSR values of 0.507
(ranging from 0.440 to 0.549) and 0.181 (ranging from 0.164 to 0.200), respectively. The
correlation between RAPD and ISSR gene diversity (/) values was relatively high (r =
0.762, P=0.028) (Figure 1).

Table 2. Polymorphism of RAPD bands amplified by the 25 RAPD primers.

Primer code Sequence (5'—3") No. of bands scored No. of polymorphic bands
OPA-06 GGTCCCTGAC 19 16
OPA-11 CAATCGCCGT 27 22
OPA-12 TCGGCGATAG 18 14
OPA-14 TCTGTGCTGG 11 7
OPA-16 AGCCAGCGAA 8 5
OPB-02 TGATCCCTGG 28 19
OPB-03 CATCCCCCTG 18 14
OPB-04 GGACTGGAGT 21 19
OPB-05 TGCGCCCTTC 24 19
OPB-06 TGCTCTGCCC 12 10
OPB-08 GTCCACACGG 24 22
OPB-15 GGAGGGTGTT 12 10
OPB-19 ACCCCCGAAG 18 17
OPD-01 ACCGCGAAGG 17 12
OPF-14 TGCTGCAGGT 12 10
OPF-15 CCAGTACTCC 16 14
OPG-06 GTGCCTAACC 6 5
OPG-09 CTGACGTCAC 11 8
OPM-19 CCTTCAGGCA 13 9
OPR-05 GACCTAGTGG 9 8
UBC106 CGTCTGCCCG 14 10
UBCI119 ATTGGGCGAT 6 3
UBCI120 GAATTTCCCC 7 6
UBCI121 ATACAGGGAG 12 7
UBCI150 GAAGGCTCTG 7 5
Total 370 291
Mean 14.8 11.6

Table 3. Genetic diversity indices for five Elymus sibiricus populations.

Population N, PPB (%) N, N, 1 H, H,
POPI 198 53.51 1,535 1315 0275 0.183 0254
POP2 187 50.54 1.505 1.298 0237 0.175 0253
POP3 181 48.92 1.489 1278 0.239 0.160 0.223
POP4 194 52.43 1.524 1329 0277 0.187 0255
POPS 172 46.49 1.465 1.281 0.173 0.159 0213
POP6 199 53.78 1,539 1324 0.284 0.190 0.269
POP7 194 52.43 1.524 1328 0276 0.186 0254
POPS 190 5135 1514 1.296 0261 0.173 0255
Average 189 5118 1512 1306 0.263 0.176 0.247
Species 291 78.65 1.787 1.444 0398 0.264 0371

N, = polymorphic loci; PPB = percentage of polymorphic loci; N, = number of alleles per locus; N, = effective
number of alleles per locus; / = Shannon’s information index; /1, = Nei’s (1973) measure of gene diversity; H, =
expected Bayesian heterozygosity (without assuming Hardy-Weinberg equilibrium).
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Figure 1. Spearman’s rank correlation between the genetic diversity (/) values produced by random amplified
polymorphic DNA (RAPD) analysis from this study and inter-simple sequence repet (ISSR) analysis from previous
study (Ma et al., 2008).

Population structure of RAPD variation

Across the eight populations of E. sibiricus surveyed for RAPD variation, Nei’s (1973)
estimator of population substructure (G,) indicated a relatively high level of population dif-
ferentiation (G, = 0.320). These G, values translated into correspondingly low levels of gene
flow (N ), with 1.06 migrants exchanged between populations (on average) each generation.
The Shannon’s index partitioned 33.7% of the total variation between populations, in broad
agreement with the result of genetic differentiation analysis. Population differentiation (6,)
values were obtained using three Bayesian models. The full model yielded the smallest DIC
value (7061.35), which suggests that this model is the best suited of the three population dif-
ferentiation models examined. The value of 6, was 0.35, similar to the value of G based on an
assumption of HWE. AMOVA also revealed highly significant genetic differences between the
eight populations of E. sibiricus. Of the total genetic diversity, 40.05% of the variance occurred
between populations (D, = 0.401, P <0.001) and 59.95% occurred between individuals within
populations (Table 4). When these populations were included into two groups (south and north)
according to sampling sites, the variance between populations within the groups was 11.18%,
whereas the variance between groups was 41.40%. A highly significant (P < 0.001) genetic dif-
ference was found between groups, between populations, and within populations.

Table 4. AMOVA results generated within E/ymus sibiricus populations and geographic groups.

Source of variation d.f. Sum of squares Variance component Total variance P value
Among populations 7 2136.09 23.47 40.05% <0.001
Within populations 85 2985.72 35.13 59.95% <0.001
Among groups (south and north) 1 1374.96 30.66 41.40% <0.001
Among populations/groups 6 761.13 8.28 11.18% <0.001
Within populations 85 2985.72 35.13 47.43% <0.001

d.f. = degrees of freedom.

Phylogenetic relationship

Estimates of genetic distance (D, Nei’s measure) between pairs of populations were
calculated based on 149 markers scored (Table 5). Values ranged from 0.0163 (between POP1
and POP2) to 0.3036 (between POP6 and POP4) with an average of 0.1458. The average of

Genetics and Molecular Research 11 (3): 2708-2718 (2012) ©FUNPEC-RP www.funpecrp.com.br



X. Ma et al. 2714

genetic identity (I) was 0.8689. A UPGMA tree (Figure 2) based on Nei’s unbiased genetic
distance of all populations suggested that POP3 and POP4 in the southern sampling sites
comprised a distinct group, while the remaining six from the northern sampling sites formed
another cluster. However, no significant correlation was found between geographic distance
and pairwise genetic distance (r = 0.7539, P=0.9996) based on the Mantel test. This indicates
that there is no clear geographic tendency in the distribution of genetic variability, i.e., an
“isolation by distance” model was not supported.

Table 5. Estimates of Nei’s (1978) unbiased genetic distance among Elymus sibiricus populations.

Population POPI POP2 POP3 POP4 POP5 POP6 POP7 POPS
POPI 0.0000
POP2 0.0163 0.0000
POP3 0.2358 0.1885 0.0000
POP4 0.2608 0.2096 0.0579 0.0000
POP5 0.0807 0.0704 0.2873 0.3020 0.0000
POP6 0.0837 0.0802 0.2892 0.3036 0.0510 0.0000
POP7 0.0467 0.0457 0.2219 0.2434 0.0655 0.0484 0.0000
POPS 0.0758 0.0706 0.2918 0.3023 0.0556 0.0435 0.0553 0.0000
L a4 2 2 '}
L) L) L) L) L]
0.300 0.225 0.150 0.075% 0.000
ﬁEPOPI
68.8 POP2
POP7
North 100
555 POP6
POPS
100
68.2
POPS
South 100 |—P0P3
L—rops4

Figure 2. UPGMA phenogram illustrating the genetic relationships among eight populations of Elymus sibiricus,
based on Nei’s (1978) genetic distance measure calculated from 291 RAPD markers. Numbers on branches indicate
bootstrap values from 1000 replicates.

DISCUSSION
Genetic diversity in E. sibiricus

The use of dominant markers to assess genetic variability between individuals and
populations is promising because many polymorphic loci can be obtained fairly easily, in a
relatively short time and at low cost, without any prior knowledge of the genome of the species
under study (Nybom and Bartish, 2000; Nybom, 2004). In our study, the use of RAPD markers
proved to be a powerful method for the detection of spatial genetic variation. With 25 primers,
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we obtained 291 polymorphic markers and could differentiate the 93 E. sibiricus individuals
analyzed, reflecting a rich allelic diversity in the populations.

Genetic diversity within populations is considered to be of high importance for adap-
tation to changing environments and, as a consequence, for long-term survival of a species.
Assessment of genetic variation is an important step towards implementing plant conserva-
tion strategies. Genetic richness can be assessed by estimating the genetic diversity parameters
(the percentage of polymorphic loci and gene diversity index). In the present study, PPB over
eight natural populations of E. sibiricus was 51.2%, similar to reports of RAPD variation in E.
alaskanus (49.5%), yet much higher than in E. fibrosus (20.3%) (Diaz et al., 2000) and con-
siderably lower than in E. trachycaulus (69.3%) (Gaudett et al., 2005). In addition, Nei’s gene
diversity index H, can also be associated with biological characteristics of species. Thus, if for
comparison, we focus on Nei’s genetic diversity, the total average of within-population RAPD
diversity in E. sibiricus (H, = 0.176) is comparable to the corresponding average of RAPD
diversity reported in short-lived perennial (//; = 0.20) and mixed-mating species (H, = 0.18),
whereas it is slightly higher than selfers (4, = 0.12) and much lower than outcrossers (H, =
0.27) (Nybom, 2004). Other studies of congener species using the RAPD method have found
H_ values of 0.09 in E. fibrosus (Diaz et al., 2000), 0.162 in E. alaskanus (Zhang et al., 2002),
and 0.23 in E. trachycaulus (Gaudett et al., 2005). E. sibiricus has a wide distribution in temper-
ate zones of Eurasia, especially in the relatively moist southeast area of Qinghai-Tibet Plateau.
Two surveys of intra-population genetic diversity in published allozyme (Hamrick and Godt,
1996) and RAPD (Nybom, 2004) data indicated that geographically widespread plant species
tend to possess higher genetic polymorphisms within populations than restrictedly distributed
species. However, it should be noted that E. sibiricus populations collected for the present study
originate from a narrow ecogeographic area of distribution of the species. Hence, it is necessary
to investigate the genetic make-up of this species on a larger geographic scale.

The correlation analysis revealed a statistically significant correlation (r = 0.762, P =
0.028) between RAPD gene diversity found in this study and the ISSR gene diversity values
previously obtained (Ma et al., 2008). Furthermore, other studies of related species using
molecular methods found a high correlation between RAPD and microsatellite datasets in E.
fibrosus (r = 0.679) (Sun et al., 1998) and E. trachycaulus (r = 0.799) (Stevens et al., 2007).
The parallelism between RAPD and ISSR patterns indicates that similar and primarily deter-
ministic (selection) evolutionary forces may be involved in shaping the genetic structure of
both RAPD and ISSR loci.

Genetic structure of populations

Genetic variation is non-randomly distributed among populations, species and higher
taxa (Hamrick et al., 1979). This distribution of alleles and genotypes in space or in time is
often referred to as the genetic structure of a population (Loveless and Hamrick, 1984). In
general, selfing species commonly have lower levels of genetic diversity and higher differen-
tiation between populations than outcrossing plants (Schoen and Brown, 1991; Hamrick and
Godt, 1996). In fact, allozyme and/or molecular marker analysis has indicated that the large
proportion of variation resides at the population level for many self-pollinating Elymus species
such as E. glaucus (Knapp and Rice, 1996), E. alaskanus (Diaz et al., 1999a), E. caninus (Diaz
et al., 1999b), and E. fibrous (Diaz et al., 2000). However, Wilson et al. (2001) reported that
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40% of the total allozyme variation in self-pollinating E. glaucus was detected between popu-
lations. Sun et al. (2002) detected a fairly low degree of differentiation (£, = 0.13) among
three Norwegian E. alaskanus populations using microsatellite markers. Gaudett et al. (2005)
found that 31% of the total RAPD variation resided between four E. trachycaulus populations
from British Columbia, Canada. In our study, eight populations were found to show a high
level of genetic subdivision, with an estimated G, value of 0.320 [Nei (1978) classified G,
<0.05 as low, 0.05-0.15 medium, and > 0.15 high]. There is a considerable amount of genetic
differentiation among E. sibiricus populations from southeast Qinghai-Tibet Plateau. Differ-
ent analyses of the RAPD data all show a high between-population variation (AMOVA, &
=0.401; Nei’s genetic diversity, G, = 0.320; Bayesian analysis, 6, = 0.335; Shannon’s index,
(d, -1, )1, = 0.337). The AMOVA-derived G, analog, @, is of comparable magnitude,
0.401. This value is comparable to the average reported in the RAPD literature for species
with short-lived perennials (@, = 0.41) as well as mixed-mating (P, = 0.40), but is still lower
than generally found in predominant selfers (D, = 0.65) in a survey based on the analysis of
numerous RAPD studies (Nybom, 2004).

Although no analysis of the actual self-pollinating rate of E. sibiricus has been re-
ported, taken together with field studies, our analytical results partly suggest that E. sibiricus
is a self-pollinating species with a relatively high outcrossing rate. Central populations of
widespread species may inhabit a variety of habitats and could be more variable than marginal
populations (Bantock and Price, 1975; Shumaker and Babble, 1980). Owing to the fact that
the eight population studied are closely located, the possible explanation for the higher intra-
population variation patterns revealed in this study is that these populations were collected
from near the central or founding population, similar to studies on E. fibrosus (Diaz et al.,
2000) and E. trachycaulus (Gaudett et al., 2005).

The G -derived N value of 1.061 is indicative of considerable gene flow between
natural populations, and this value is slightly above the level (N_ = 1) needed to counteract
genetic drift (Slatkin, 1987). The high N_ value is probably attributed to the smaller adjacent
range of sampling and the similar ecogeographic environment with frequent wind for the
populations studied. Because most of the collection sites were located on the sides of the
highway, gene flow between populations could be promoted by human activities over long pe-
riods. Additionally, since E. sibiricus plants are perennials, recent genetic isolation and small
population sizes may not have significantly affected genetic diversity.

The genetic relationships between populations of a species do not often agree with
their geographic distance, especially for species with a large distribution area (Diaz et al.,
1999a; Qiu et al., 2004). The same pattern also occurred in E.sibiricus. Although cluster
analysis demonstrated that most populations clustered in accordance with the geographic dis-
tribution of populations, POP6 was not close to POP7, regardless of the small geographic
distance between them. This pattern was also supported by the AMOVA, which showed that
only 11.18% of the total variation could be accounted for by differences between populations
within geographic groups (south and north) (Table 4). In addition, the Mantel test also showed
that there was no significant correlation (r = 0.7539, P = 0.9996) between the geographic dis-
tance matrix and the pairwise genetic distance matrix.

In short, our results indicate that RAPD is a useful and efficient tool to detect the
genetic variability in Elymus sibiticus, which is similar and comparable to ISSR analysis
previously performed.
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