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ABSTRACT. Agropyron Gaertn. is the most important genus in 
Triticeae (Poaceae), which includes many forage grasses with high 
economic value. The genetic diversity and relationships of 36 accessions 
from five crested wheatgrass species were analyzed by gliadin markers. 
A total of 54 product bands were detected after acid polyacrylamide 
gel electrophoresis (A-PAGE), of which 100% were polymorphic. 
The genetic similarity coefficient based on Nei-Li’s method ranged 
from 0.065 to 0.755 with an average of 0.451. The Shannon diversity 
information index showed that there was a high level of genetic 
diversity among the accessions. An unweighted pair group method 
with arithmetic average (UPGMA) dendrogram was constructed 
based on the Nei-Li’s genetic similarity coefficients, which showed 
the phylogenetic relationships among accessions of different species. 
Analysis of molecular variance (AMOVA) showed that the proportion 
of variance explained by inter- and intraspecific variance was 9.34 
and 90.66%, respectively, which revealed that the genetic variations 
within species were higher than the variations among species. Based 
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on pairwise genetic distances (ΦST) among species, the cluster analysis 
indicated that A. mongolicum had a low-affinity relationship with other 
species, while A. fragile showed a close relationship with A. cristatum 
ssp pectinatum. Finally, the implications of the results for the taxonomy 
of Agropyron were discussed.
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INTRODUCTION

Agropyron Gaertn., one of the most important perennial genera in Triticeae (Poaceae), 
encompasses 10-15 species, which are commonly called the crested wheatgrass complex, and 
is composed of a series of diploid, tetraploid, and hexaploid species containing the basic P 
genome (Dewey, 1984; Asay and Jensen, 1996). Agropyron species are native to Europe and 
Asia, especially in the low temperature Altiplano and Sandlot regions in Eurasia, and some 
species have also been introduced and widely cultivated in North America (Johnson, 1986; 
Clayton et al., 2006). Most Agropyron species are excellent sources of forage and habitat for 
livestock and wildlife, and they are also valued for weed control, habitat use, soil stabilization, 
and watershed management (Wang, 2011). In addition, some Agropyron species possess many 
excellent genes that make them resistant to abiotic stress and major diseases; these genes can 
be transferred to cultivated cereal crops, including wheat (Triticum aestivum L.), barley (Hor-
deum vulgare L.), and rye (Secale cereale L.), to develop new breeding materials, and they 
play an important role in the genetic improvement of cereal crops (Sharma and Gill, 1983; 
Dong et al., 1992; Wu et al., 2006).

The taxonomy of Agropyron underwent a major change and has been the object of 
considerable controversy. Agropyron used to be the largest genus in Triticeae, consisting of 
approximately 100 species that occur worldwide and have the characteristic of a single spikelet 
per node (Sakamoto, 1964). More recently, new taxonomic revisions have been proposed that 
are based on genomic or biological relationships as well as plant morphology. These revisions 
proposed that Agropyron should be restricted to species of the crested wheatgrass complex, a 
polyploid series based on the P genome (Dewey, 1984; Yen et al., 2005).

Traditionally, the delimitation of the crested wheatgrass complex mainly depended on 
the spike morphology, which varied in a continuous fashion from broad, pubescent, pectinate 
spikes to narrow, linear, glabrous spikes (Dewey and Asay, 1982). In the complex, A. cristatum 
(L.) Gaertn. and A. fragile (Roth) P. Candargy are the most used and widely distributed spe-
cies, and they are commercially important. A. cristatum has short broad spikes that taper at the 
top, small seeds, and short stature; compared to A. cristatum, A. fragile has finer leaves and 
stems and narrower and awnless glumes and lemmas, and the spikelets are more ascending, 
giving the spike a narrow, oblong, subcylindrical shape (Clayton et al., 2006). Similarly, A. 
imbricatum (MB) Roem et Schult and A. pectinatum Roem et Schult are morphologically very 
similar to each other and to A. cristatum (L.) Gaertn.; they are differentiated by the level of 
pubescence and the spacing between spikelets. Tzvelev (1976) reclassified them as subspecies 
or varieties of A. cristatum, namely A. cristatum ssp imbricatum (Roem. & Schult.) Beck and 
A. cristatum ssp pectinatum (M. Bieb.). The cytology data indicated that these three species 
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differed in the absence or presence of B chromosomes and the position of satellites (Asghari 
et al., 2007). Moreover, A. mongolicum Keng, which is indigenous to China, is distinguished 
from A. cristatum by its narrow linear spikes. It was also postulated that A. fragile was an au-
topolyploid of A. mongolicum (Asay et al., 1992). However, the taxonomy is still controversial 
and difficult because the morphological characteristics that are used to distinguish its taxa are 
at least partially under environmental control and may not reflect their genetic basis (Sun and 
Li, 2006). Furthermore, the complex is known for its morphological variability, but little is 
known about the genetic basis and systematic relationships, especially at the biochemical and 
molecular levels.

Gliadins, the important proportions of storage protein in the endosperm of Triticeae 
species, are encoded by highly conserved multigenic families, and differences in copy number 
result in gliadin polymorphisms (Shewry et al., 1999). The great variability of these proteins, 
which is a consequence of their neutral nature at the evolutionary level, can substantially con-
tribute to the analysis of evolutionary forces that cause genetic variation and differentiation 
(Alvarez et al., 2006). Despite having fewer detectable loci than DNA molecular markers, glia-
din markers still have great application potential in the identification of genotypes and charac-
terization of genetic relationships between plant germplasms because of their simplicity, speed, 
and high repeatability (Ma et al., 2012). Hitherto, gliadin has been used as a powerful tool in 
Apropyron and other Triticeae species to reveal genetic diversity and population differentiation 
and to elucidate phylogenetic relationships and taxonomic problems (Che and Li, 2007; Özbek 
et al., 2011). The objectives of this study were therefore to detect genetic diversity and examine 
inter- or intraspecific systematic relationships among the Agropyron accessions.

MATERIAL AND METHODS

Plant materials

A total of 36 Agropyron accessions belonging to A. mongolicum, A. cristatum, A. 
cristatum ssp imbricatum, A. cristatum ssp pectinatum, and A. fragile were used in this study 
(Table 1). All of the seeds were obtained from the United States Department of Agriculture - 
Agricultural Research Service (USDA-ARS), Regional Plant Introduction Station, Pullman, 
Washington, USA.

Gliadin extraction and electrophoresis

Twenty seeds of each accession were randomly selected and crushed into fine powders 
for the gliadin extraction. The gliadin was extracted with a solution of 25% 2-chlorohydrin 
(v/v) and 0.05% methyl green (w/v), and it was fractionated by standard acid polyacrylamide 
gel electrophoresis (A-PAGE) according to the procedure of Draper (1987). The gel concen-
tration was 10% (w/v), and the cross linker was 3.3% (w/w). Electrophoresis was carried out 
at 500 V for 3 h at a constant temperature of 15°C in pH 3.1 electrophoresis buffer. After elec-
trophoresis, the gel was fixed in 10% trichloroacetic acid (TCA) (w/v) and stained with 1% 
Coomassie brilliant blue R-250 (w/v). Destaining was carried out with 7% acetic acid and tap 
water (v/v). Moreover, the Canadian wheat cultivar Marquis (Triticum aestivum ‘Marquis’) 
was taken as the standard for recording the band patterns.
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Data analysis

The gliadin bands were scored manually for their presence (1) or absence (0) to construct 
the data matrix. The Nei-Li’s genetic similarity (GS) coefficients were calculated, which were 
also used to compute principal coordinate analysis (PCoA) and construct the dendrogram using 
unweighted pair group method with arithmetic average (UPGMA) cluster analysis in the NTSYS 
2.1 software (Gower, 1966; Nei and Li, 1979; Rohlf, 2000). The Shannon index was also applied 
to estimate the genetic diversity among the accessions as H = -Σπi lnπi, where πi is the frequency 
of a band in the group or subgroup. Additionally, to study the partition of inter- and intraspecific 
genetic variations of the gliadin, the analysis of molecular variance (AMOVA) was also con-
ducted with the program WIN AMOVA 1.55 (Excoffier et al., 1992). The interspecific genetic 
distances were analyzed by the phi statistic (ΦST). The number of permutations was set at 1000 for 
AMOVA and the significance test of the interspecific genetic distances.

RESULTS

A-PAGE profile

Up to 54 gliadin bands were detected among the 36 accessions of five crested wheat-

No. Accessions No. Species (Abbreviation) Geographic origins
  1 PI499393 A. mongolicum (A. m) Nei Monggol, China
  2 PI531543 A. mongolicum (A. m) Nei Monggol, China
  3 PI598482 A. mongolicum (A. m) China
  4 PI598460 A. mongolicum (A. m) China
  5 PI564856 A. cristatum (A. c) Nei Monggol, China
  6 PI499566 A. cristatum (A. c) Xinjiang, China
  7 PI499381 A. cristatum (A. c) Nei Monggol, China
  8 w613146 A. cristatum (A. c) Xinjiang, China
  9 PI401026 A. cristatum subsp. pectinatum (A. c. p) Kars, Turkey
10 PI564882 A. cristatum var. pectinatum (A. c. p) Kazakhstan
11 PI564884 A. cristatum var. pectinatum (A. c. p) Kazakhstan
12 PI370649 A. cristatum subsp. pectinatum (A. c. p) Russian Federation
13 PI370653 A. cristatum subsp. pectinatum (A. c. p) Novosibirsk region, Russian Federation
14 PI370650 A. cristatum subsp. pectinatum (A. c. p) Russian Federation
15 PI273734 A. cristatum var. pectinatum (A. c. p) Voronezh, Russian Federation
16 PI494617 A. cristatum var. pectinatum (A. c. p) Constanta, Romania
17 PI547323 A. cristatum var. pectinatum (A. c. p) Russian Federation
18 PI326204 A. cristatum subsp. pectinatum (A. c. p) Kustanai region, Kazakhstan
19 PI401027 A. cristatum subsp. pectinatum (A. c. p) Sakarya, Turkey
20 PI401013 A. cristatum var. imbricatum (A. c. i) Turkey
21 PI401012 A. cristatum var. imbricatum (A. c. i) Orenburg region, Turkey
22 PI314605 A. cristatum var. imbricatum (A. c. i) Alma Ata, Kazakhstan
23 PI229574 A. cristatum var. imbricatum (A. c. i) Azerbaijan, Iran
24 PI401011 A. cristatum var. imbricatum (A. c. i) Rostov region, Turkey
25 PI285205 A. cristatum var. imbricatum (A. c. i) Russian Federation
26 PI401028 A. fragile (A. f) Saratov region, Turkey
27 PI326206 A. fragile (A. f) Aktyubinsk region, Kazakhstan
28 PI108434 A. fragile (A. f) Kazakhstan
29 PI314606 A. fragile (A. f) Alma Ata, Kazakhstan
30 PI440494 A. fragile (A. f) Dzhambul, Kazakhstan
31 PI369522 A. fragile (A. f) Siberia, Russian Federation
32 PI273736 A. fragile (A. f) Aktyubinsk, Kazakhstan
33 PI370655 A. fragile (A. f) Russian Federation
34 PI276710 A. fragile (A. f) Moscow, Russian Federation
35 PI325184 A. fragile (A. f) Stavropol, Russian Federation
36 PI315366 A. fragile (A. f) Stavropol, Russian Federation

Table 1. Agropyron species used in the study.
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grass species, of which 100% were polymorphic in the examined accessions. Forty-three (37 
polymorphic bands), 44 (40 polymorphic bands), 51 (51 polymorphic bands), 49 (48 polymor-
phic bands), and 52 (52 polymorphic bands) bands were detected from A. mongolicum, A. cris-
tatum, A. cristatum ssp pectinatum, A. cristatum ssp imbricatum, and A. fragile, respectively 
(Table 2). The largest number of bands was observed in A. cristatum ssp pectinatum, while the 
least was observed in A. mongolicum. The gliadin markers in the study could separate all of 
the accessions, and each accession had a unique band pattern.

Species Number of total bands Polymorphic bands and rate Shannon index (H)

A. mongolicum 43   37 (86.05%) 0.3904
A. cristatum 44   40 (90.91%) 0.4051
A. cristatum ssp imbricatum 49   48 (98.96%) 0.4453
A. cristatum ssp pectinatum 51 51 (100%) 0.4613
A. fragile 52 52 (100%) 0.4639
Total 56 56 (100%) 0.5240

Table 2. Detected bands and Shannon index of five Agropyron species.

GS coefficient and variability

The GS coefficient among accessions based on Nei-Li’s method ranged from 0.065 
(PI531543, A. mongolicum and PI564856, A. cristatum) to 0.755 (PI370650, A. cristatum ssp 
pectinatum and PI285205, A. cristatum ssp imbricatum) with an average of 0.451. At the intra-
specific level, different accessions of each species revealed high similarity, and the GS value 
varied between 0.411 and 0.469. The highest similarity value was 0.469 between A. cristatum ssp 
pectinatum and A. fragile, while the lowest value was 0.411 between A. mongolicum and A. cris-
tatum ssp imbricatum. The Shannon diversity information index of all accessions was 0.5240, and 
indices of A. mongolicum, A. cristatum, A. cristatum ssp imbricatum, A. cristatum ssp pectinatum, 
and A. fragile were 0.3904, 0.4051, 0.4453, 0.4613, and 0.4639, respectively (Table 2). This find-
ing showed that there was a high level of genetic diversity among the accessions, and the genetic 
variations within the species were higher than the variations among the species of the complex. 

Cluster and PCoA analysis

The dendrogram constructed from Nei-Li’s genetic similarity coefficient with UP-
GMA analysis revealed several main clusters (Figure 1), which revealed the genetic relation-
ships among the Agropyron species at the inter- and intraspecific levels. Cluster I contains one 
accession of A. cristatum from China and one accession of A. cristatum ssp imbricatum from 
Turkey. In cluster II, there was only one accession of A. cristatum ssp imbricatum from Iran. 
Cluster III contained two accessions from the same region of the Russian Federation, A. crista-
tum ssp pectinatum and A. fragile. Finally, cluster IV included the remainder of the accessions, 
which could then be further divided into five subgroups. Subgroup IV-1 consisted of three A. 
mongolicum accessions from China. Subgroup IV-2 contained nine accessions belonging to 
the five species. Subgroup IV-3 included 13 accessions from the four species, except A. mon-
golicum. Subgroup IV-4 was composed of three A. fragile accessions and one A. cristatum ssp 
pectinatum accession, all of which were from Kazakhstan. Finally, two other A. fragile acces-
sions from the Russian Federation were clustered in subgroup IV-5.
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PCoA was performed based on the genetic similarity matrix to better understand re-
lationships among the accessions of different species (Figure 2). The three most informative 
principal coordinate components accounted for 56.76% of the variations, of which Principal 
Coordinate 1, 2, and 3 explained 47.37, 5.01, and 4.38% of the variation, respectively. The 
PCoA also revealed groupings that were similar to those from the UPGMA cluster dendro-
gram. The PCoA results indicated that there was a clear separation between A. mongolicum 
and other Agropyron species (Figure 2).

AMOVA analysis

AMOVA analysis revealed that molecular variation accounted for 9.34 and 90.66% 
of the variation among and within species, respectively. Then, pairwise ΦST values (ΦST dis-
tances) were obtained based on the AMOVA analysis, which indicated the genetic distances 
among the species. Table 3 showed that the distance between A. cristatum ssp pectinatum and 
A. fragile was the lowest (0.0250), and the distance between A. mongolicum and A. cristatum 
ssp imbricatum was the highest (0.2106). The UPGMA dendrogram (Figure 3) based on pair-
wise ΦST distances clearly showed the relationships among the five species, which were con-
gruent with the previous cluster analysis of 36 accessions based on Nei-Li’s GS coefficients.

Figure 1. UPGMA dendrogram generated by Nei-Li’s genetic similarity coefficients based on gliadin analysis.
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Figure 3. UPGMA clustering of five Agropyron species based on pairwise ΦST distances.

Figure 2. Relationships among the accessions of five Agropyron species visualized by principal coordinate analysis 
(PCoA) of gliadin-based genetic similarities.

Species A. mongolicum A. cristatum A. cristatum ssp imbricatum A. cristatum ssp pectinatum A. fragile

A. mongolicum 0.0000
A. cristatum 0.1859 0.0000
A. cristatum ssp imbricatum 0.2106 0.1390 0.0000
A. cristatum ssp pectinatum 0.1611 0.0400 0.0619 0.0000
A. fragile 0.1537 0.0817 0.0425 0.0250 0.0000

Table 3. Pairwise ΦST distance of five Agropyron species.

DISCUSSION

In the present study, substantial genetic diversity was revealed among accessions of 
different species, and the gliadin marker was also proved as a powerful tool in cultivar or acces-
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sion identification. Che and Li (2007) stated that a total of 81 gliadin bands were detected from 
40 populations of A. mongolicum that was indigenous to Northern China, which showed that 
populations from similar eco-geographical situations could be clustered together. Furthermore, 
gliadin was widely applied in two other important wheatgrass species, Elymus nutans and E. 
sibiricus, which revealed considerable genetic variation and distinct geographical divergence 
among the accessions (Miao et al., 2011; Ma et al., 2012). Therefore, they also indicated that 
gliadin was a rapid, simple, and efficient marker system for genetic research of Triticeae species.

The results of the cluster analysis showed that most of the different accessions in 
a single species and the species from the same area were clustered together. Therefore, the 
cluster analysis based on gliadin was closely related to the geographical origins. However, 
a few accessions (for instance, cluster II) could not be clustered in any group and presented 
specificities, which might have resulted from various selection forces that tended to produce 
genetic heterogeneity in different small niches caused by different ecological factors. Nevo 
et al. (1997) analyzed the protein variation in natural populations both at macro- and micro-
geographical scales and concluded that the patterns of protein diversity were often related to 
ecological factors. Unfortunately, we did not detect any clear separation between different 
species or subspecies, which indicated that they had similar genetic bases and a great deal of 
genetic diversity among species.

In this study, A. mongolicum and A. cristatum had relatively low diversity index 
values, while A. fragile and A. cristatum ssp pectinatum had relatively high values. This finding 
might be associated with the geographical origins of the accessions and their complicated 
habitats because the accessions of the 1st two species were mainly from China, and the last 
2 species in this study were from a wide geographical area. The role of ecological factors 
has been emphasized in determining the extent and distribution of genetic diversity in crop 
wild relatives and Triticeae species (Nevo, 1998; Chen et al., 2009). Moreover, significant 
correlation was also found between genetic diversity and sample size; therefore, this result 
might also be related to the sample size (Godt et al., 1996). Additionally, the results of AMOVA 
and Shannon index both revealed that the genetic variations within the species were higher 
than the variations among the species of the complex. Mellish et al. (2002) also reported that 
the majority of the AFLP variance (88%) was found within the Agropyron species population, 
which may be because they are all outcrossing species.

Hsiao et al. (1986) described that although A. mongolicum and A. cristatum had 
similar genome lengths, there were some structural rearrangements between their P genomes, 
which were called the Pc and Pm genome. Similarly, A. mongolicum was not closely related 
to A. cristatum and other species in the study. The pairwise ΦST distances indicated that A. 
mongolicum showed a relatively low affinity relationship with other species, which was 
also similar to the results of a previous study that was based on amplified fragment length 
polymorphism (AFLP) markers (Mellish et al., 2002). Nevertheless, A. cristatum ssp pectinatum 
showed a close relationship with A. fragile and not with A. cristatum or with A. cristatum ssp 
imbricatum, which could have resulted because of the overlap in the geographical distribution 
of the two species and because they possess similar habitats.

In conclusion, this study indicated that gliadin was a rapid, simple, and efficient 
marker for genetic analysis of Agropyron species. Then, on the basis of the gliadin analy-
sis, substantial genetic diversity was detected among accessions of different species. It also 
showed a clear division between A. mongolicum and the 4 other species and a certain degree 
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of separation between A. cristatum and A. fragile. Nonetheless, it seemed that these results did 
not support the classification of A. cristatum ssp imbricatum and A. cristatum ssp pectinatum 
as subspecies of A. cristatum. Therefore, in order to draw convincing conclusions about the 
systematic relationships among the Agropyron species, further research needs to be conducted 
with more accessions from each species and additional analysis methods.
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