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RESEARCH

Basin wildrye (Leymus cinereus) and creeping wildrye (Leymus 
triticoides) are closely related perennial grass species (Culumber 

et al., 2011). Caespitose L. cinereus is considered the largest native 
grass in western North America, growing up to 3 m in height, and 
is common throughout much of western United States and Canada 
(Barkworth, 2007). Leymus triticoides is a shorter, strongly rhizoma-
tous species often associated with saline meadows, but its popula-
tions are less common and somewhat more restricted to California 
and the Great Basin region of Nevada, Utah, and southeast Ore-
gon (Barkworth, 2007). Both species are highly self-incompatible 
( Jensen et al., 1990) and known to form fertile hybrids (Dewey, 
1970; Wu et al., 2003; Barkworth, 2007). Moreover, it has been 
suggested that the occasional presence of rhizomes in some speci-
mens of L. cinereus may be the result of introgression from these 
interspecific hybrids (Barkworth, 2007). In its simplest form, Ley-
mus Hochst. is allotetraploid (2n = 4x = 28), which is also true for 
both L. cinereus and L. triticoides. Octoploid (2n = 8x = 56) forms 
of L. cinereus and other Leymus species have also been reported 
(Barkworth, 2007), which may result from hybridization of diver-
gent species (Anamthawat-Jónsson and Bödvarsdóttir, 2001) or 
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Abstract
Basin wildrye [Leymus cinereus (Scribn. & Merr.) 
Á. Löve] and creeping wildrye [Leymus triti-
coides (Buckley) Pilg.] are outcrossing peren-
nial grasses native to western North America. 
These divergent species are generally adapted 
to different habitats but can form fertile hybrids. 
Cultivars of both species are used in agricul-
ture and conservation, but little is known about 
genetic diversity and gene flow among these 
species. Therefore, multilocus amplified frag-
ment length polymorphism (AFLP) genotypes 
and chloroplast DNA sequences were evaluated 
from 536 L. cinereus and 43 L. triticoides plants 
from 224 locations of western United States and 
Canada. Bayesian-cluster analysis detected 
three L. cinereus races corresponding to the 
Columbia, Rocky Mountain, and Great Basin 
regions. Possible admixture between species 
was detected in specific areas, but only 2.2% 
of the plants showed more than 10% introgres-
sion. The Columbia and Great Basin races were 
predominantly octoploid whereas most of the 
Rocky Mountain accessions were tetraploid. 
Approximately 36 and 7% of the AFLP variation 
was apportioned among species and races, 
respectively, but no discrete marker differences 
were detected among these groups. Although 
species can be distinguished using a relatively 
small set of AFLP markers showing divergent 
allele frequencies, at least 30 markers were 
needed to classify plants by race. Approximately 
8 and 11% of the chloroplast DNA sequence 
variation was apportioned among species and 
races, but these markers were not practically 
useful for species or race identification.
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autoduplication. However, the geographic distribution of 
different ploidy levels within L. cinereus has not been docu-
mented and it is not known if the octoploids are genetically 
different from tetraploids.

Cultivars and germplasms of L. cinereus are used for 
grazing, erosion control, and large-scale rangeland recla-
mation in western North America (Ogle, 2003). The culti-
var Magnar (Alderson and Sharp, 1994) is believed to have 
originated from a natural octoploid population in south-
eastern British Columbia (Jones et al., 2009). The tetraploid 
cultivar Trailhead was originally collected near Roundup, 
MT, and released in 1991 (Cash et al., 1998). Continental is 
a cultivar ( Jones et al., 2009) derived from a chromosome-
doubled Trailhead population pollinated by the octoploid 
Magnar, which shows increased seed mass and seedling 
vigor compared to the parental cultivars. The L. cinereus 
germplasm Washoe (Marty 2003) was collected from a 
natural population growing on phytotoxic soils near the 
now defunct Washoe smelter stack in the Anaconda Smelter 
Superfund Site in western Montana, which is contaminated 
with As, Cd, Cu, Pb, and Zn (Marty, 2003). The L. triticoi-
des cultivar Rio, released in 1991, was originally collected 
in Kings Valley, CA, and is used for soil stabilization in 
riparian areas, forage production, and reclamation of saline, 
irrigated croplands and pasturelands (Young-Mathews 
and Winslow, 2010). Both L. cinereus and L. triticoides are 
well adapted to alkaline and saline soils that are common 
throughout western North America and these plant mate-
rials are used for a variety of agricultural and conservation 
purposes in this region (Ogle, 2003; Barkworth, 2007; 
Young-Mathews and Winslow, 2010) including fire reha-
bilitation and other large-scale revegetation projects on fed-
eral lands, which total more than 182 million ha.

Specific laws, regulations, and executive orders support 
the use of native plants on USDA Bureau of Land Manage-
ment and USDA Forest Service lands and there are impor-
tant concerns regarding the best seed sources for these 
native plants ( Johnson et al., 2010). Similarities in environ-
ment and climate between the site of plant-material origin 
and target site or sites as well as the capacity to respond and 
adapt to changing conditions are criterion used to deter-
mine plant material suitability (Conrad, 1983; McKay et 
al., 2001; Johnson et al., 2004, 2010; Jones and Monaco, 
2009). Moreover, strategies have been developed to increase 
genetic diversity of plant materials used for reclamation by 
sampling plants from multiple locations representing larger 
genetic metapopulations, races, or “regional ecotypes” 
(Larson et al., 2000, 2004; Booth and Jones, 2001).

Amplified fragment length polymorphisms (AFLPs) 
and model-based Bayesian clustering have been used to 
provide an objective means of evaluating plant genetic 
diversity and population structure over local and broad 
geographical regions in western North America (Larson et 
al., 2004, Bhattarai et al., 2011). Neutral genetic variation 

detected by molecular markers provides knowledge of pop-
ulation structure resulting from historical effects of genetic 
isolation, bottlenecks, and founder effects. Some markers 
may also be associated with allelic variation at quantita-
tive trait loci (QTLs) controlling adaptive trait variation 
(McKay and Latta, 2002). Experimental genetic mapping 
populations derived from interspecific hybrids of L. cinereus 
and L. triticoides (Wu et al., 2003) have been used to iden-
tify QTLs, genes, and DNA markers associated with adap-
tive traits such as plant height, caespitose and rhizomatous 
growth habits, and flowering traits (Larson et al., 2006), 
fiber, protein, and mineral content (Larson and Mayland, 
2007), seed production, seed dispersal, and seed germina-
tion traits (Larson and Kellogg, 2009), and other function-
ally important traits such as leaf glaucousness and gamete 
compatibility (Larson et al., 2012). However, DNA markers 
used to construct these maps (Wu et al., 2003) have not 
been tested on diverse natural populations and very little is 
known about the genetic diversity and gene flow within or 
between these two species.

Phylogenetic analyses of chloroplast DNA sequences 
and multilocus nuclear AFLP genotypes demonstrated dis-
tinctly different and polyphyletic relationships involving 
North American and Eurasian Leymus species in compari-
sons with other Triticeae species, including wheat (Triticum 
aestivum L.) and barley (Hordeum vulgare L.) (Jones et al., 
1999; Redinbaugh et al., 2000; Liu et al., 2008; Zhou et al., 
2010; Culumber et al., 2011). In particular, it was shown that 
the chloroplast genome of all Eurasian Leymus taxa are very 
similar to Psathyrostachys Nevski (Liu et al., 2008; Zhou et 
al., 2010), which has been recognized as being the source of 
at least one of the diploid progenitors of allopolyploid Ley-
mus (Dewey, 1970; Barkworth, 2007). Conversely, North 
American Leymus taxa, including L. cinereus and L. triticoides, 
have a unique chloroplast genome that is more similar to 
other Triticeae species including wheat and barley (Jones et 
al., 1999; Redinbaugh et al., 2000; Liu et al., 2008; Zhou 
et al., 2010; Culumber et al., 2011). Presumably, the chlo-
roplast genome of North American Leymus comes from 
an unknown progenitor species within this allopolyploid 
genus. Therefore, previous genetic studies of L. cinereus and 
L. triticoides and other Leymus taxa have revealed an interest-
ing phylogeographic history of perennial grasses from North 
America and Eurasia. However, previous studies were based 
on a very limited sampling of no more than six accessions 
from any one species (Culumber et al., 2011). The objective 
of this study was to sequence the same chloroplast DNA 
intergenic spacer sequences and multilocus AFLP mark-
ers previously used for phylogenetic studies (Culumber et 
al., 2011) and initial linkage mapping (Wu et al., 2003) of 
Leymus to elucidate genetic diversity and test for possible 
admixture within and between L. triticoides, L. cinereus, and 
the two ploidy levels within L. cinereus.
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a freeze dryer and stored at –80°C before DNA extraction. The 
DNA was extracted from freeze-dried tissues using a MM300 
mixer mill and 96-well DNAeasy system (Qiagen). Replicate 
DNA samples were taken from 29 L. cinereus plants, five L. triti-
coides plants, and one of the artificial hybrids.

Flow Cytometry
The relative DNA content of most accessions was determined 
using the Partec PA (I) flow cytometer (Partec). Each unknown 
plant was analyzed in mixture with a known tetraploid (2n = 4x = 
28) standard, L. cinereus Trailhead, and in mixture with a known 
octoploid (2n = 8x = 56) standard, L. cinereus Magnar. Each tis-
sue mixture was minced to release nuclei using razor blades and 
stained with 4’6-diamidino-2-phenylindole (DAPI) according to 

Materials and Methods
Plant Materials
Plant materials included 538 plants from 220 accessions of L. 
cinereus, 43 plants from 17 accessions of L. triticoides, and two 
artificial L. cinereus × L. triticoides F1 hybrids, Ltc1_F1M6 and 
Ltc2_F1M4 (Wu et al., 2003; Larson et al., 2012) from the west-
ern United States and Canada (Supplemental Table S1). A map of 
these collection sites (Fig. 1) was developed using Esri ArcMap 
(ESRI, 2006). Included among the L. cinereus collections were 
tetraploid (2n = 4x = 28) cultivar Trailhead, tetraploid germplasm 
Washoe, and octoploid (2n = 8x = 56) cultivars Continental and 
Magnar. Samples of fresh leaf tissue harvested from of one to four 
individual plants per accession (see Supplemental Table S1 for 
counts) were used (directly) for flow cytometry or desiccated in 

Figure 1. A shaded relief map of 224 known collection sites of Leymus cinereus (circles) and Leymus triticoides (triangles). Three geno-
typic races of L. cinereus, determined by Bayesian clustering methods (Pritchard et al., 2000), are distinguished by yellow, red, and green 
circles. Tetraploid (4x = 28) accessions are distinguished from octoploid accessions by having a black dot within each circle.



crop science, vol. 53, may–june 2013 	  www.crops.org	 999

protocols of the manufacturer (Partec). Fluorescence of nuclei 
was measured until it was clear whether the mixture contained 
the same DNA content (one population peak) or different DNA 
content (two population peaks).

Amplified Fragment Length Polymorphisms
The AFLPs were carried on a total of 557 DNA samples (including 
replicates) as outlined in Vos et al. (1995) with the following mod-
ifications. Two selective nucleotides were used for preamplifica-
tion. The selective amplification primers included five EcoRI+4/
MseI+4 combinations (E.ACAC-M.CTAC, E.ACAg-M.CTTg, 
E.ACCA-M.CTTC, E.ACCT-M.CTCT, and E.ACgT-M.
CTgT) and two EcoRI+3/MseI+3 combinations (E.ACg-M.CAA 
and E.ACT-M.CTC). The EcoRI-selective amplification prim-
ers included a fluorescent 6-FAM (6-carboxy flourescein) label 
on 5¢ nucleotides. The relative mobility of amplification products 
was analyzed using Applied Biosystems ABI 3730 capillary elec-
trophoresis instruments at the Center for Integrated Biosystems 
(Utah State University, Logan, UT). The fragments were sized 
with Genescan software (Applied Biosystems, 2000) between 50 
and 600 bp. The Genescan trace files were visualized and scored 
for the presence (1) or absence (0) of DNA bands using the soft-
ware Genographer (Benham et al., 1999).

Genetic relationships among individual plants and accessions 
were tested using both model-based and distance-based clustering 
methods. Individual plants were clustered into genetic populations 
using the model-based Bayesian clustering analysis, allowing for 
dominant allele admixture, without an assignment of flags for hier-
archical groups using the STRUCTURE v2.3 program (Falush et 
al., 2007). Three replications with 100,000 iterations and 10,000 
burn-ins were produced to compare the log probability, Pr(K), of 
each model, in which K is the number of groups (Pritchard et al., 
2000). The stability of the second-order change in log probability 
between successive models ∆Pr(K), for K = 2 through K = 6, was 
also calculated (Evanno et al., 2005). Distance-based clustering 
of multilocus AFLP genotypes was also performed using princi-
pal coordinate analysis (Gower, 1966) based on the average pro-
portion of shared AFLP bands between accessions, F (Nei and Li 
1979). A two-dimensional illustration demonstrating the relation-
ship of L. cinereus accessions was constructed from eigenvectors 
and eigenvalues using NTSYS-pc (Rohlf, 1998).

The statistical significance of genetic variability within 
and between groups of plants was tested using the nonpara-
metric, analysis of molecular variance (AMOVA) permutation 
test based on pairwise comparisons of the absolute number of 
DNA polymorphisms between individual plants, implemented 
in Arlequin version 3.1 (Excoffier et al., 2005). Other parametric 
and nonparametric methods of hypothesis testing based on the 
average proportion of shared AFLP bands within and between 
groups were also implemented using a program (Leonard et al., 
1999) written for proprietary software available from SAS (SAS 
Institute, 1999). Linkage disequilibrium among markers was 
also analyzed using the nonparametric permutation tests imple-
mented by Arlequin. Mantel matrix correlation tests were used 
to compare genetic and geographic distances among collections 
sites with 1000 permutations with NTSYS-pc (Rohlf, 1998).

Chloroplast DNA
Noncoding chloroplast DNA regions were amplified and 
sequenced using the trnH-psbA and trnk-rps16 primers. Approx-
imately 30 ng of plant DNA was amplified in 25-μL volumes 
(10 mM Tris-HCl [pH 9.0], 50 mM KCl, 0.1% Triton X-100, 
2.5 mM MgCl2, 2.0 mM deoxyribonucleotide triphosphates, 10 
μM primers, and 1 U Taq DNA polymerase). The two-step tem-
perature profile for polymerase chain reaction (PCR) included 
94°C for 1 min; 5 cycles of 94°C denaturing for 30 s, annealing 
at 53°C for 45 s, and 72°C extension for 1 min 30 s followed by 
30 cycles 94°C denaturing for 30 s, annealing at 48°C for 45 s, 
and 72°C for 1 min; and finally a 72°C extension for 7 min. The 
Quickstep 2 PCR and the ExcelaPure 96-well UF PCR purifica-
tion kits (Edge-Biosystems) were used to purify PCR products 
before sequencing. Chloroplast PCR product size ranged from 
600 to 650 bp, requiring 0.6 μL of purified PCR product and 1 
μL of 2 pmol μL–1 primer (2 μM) for each 10 μL sequencing reac-
tion. Sequencing reactions were performed according to Applied 
Biosystems Big Dye terminator v3.1 cycle-sequencing protocol. 
Finally, sequencing products were purified with Performa V3 
96-well Short Plates (Edge-Biosystems). The retained elutes from 
this final purification were loaded onto the ABI3730 for sequence 
analysis. Complementary strands for each sample were aligned 
and manually inspected in SEQUENCHER 4.5 and 4.6 (Gene-
codes, 2005, 2006). Concatenated consensus sequences from the 
trnH-psbA and trnK-rps16 amplicons (Soltis et al., 1996; McKenzie 
et al., 2006) were aligned in MEGA4 (Tamura et al., 2007).

The statistical significance of chloroplast DNA variability 
within and between groups was also compared using the nonpara-
metric AMOVA permutation test (Excoffier et al., 2005) based 
on two-parameter estimates of the average number of nucleotide 
differences per site between individual plants (Kimura, 1980). 
Phylogenetic analyses of intergenic spacer haplotypes were per-
formed with heuristic parsimony searches with simple sequence 
addition in PAUP* version 4.0b10 (Swofford, 2002). Bootstrap-
support values for parsimony analyses were obtained from 1000 
heuristic searches with simple addition and no time limit and 
50% consensus threshold. Sequences from Eurasian ‘Mustang’ 
Altai wildrye [Leymus angustus (Trin.) Pilg.] and ‘Volga’ mam-
moth wildrye [Leymus racemosus (Lam.) Tzvelev] were included as 
outgroups for chloroplast DNA analysis (Culumber et al., 2011).

Results
Flow Cytometry
Stained-nuclei preparations of all L. triticoides accessions and 
87 of the L. cinereus accessions were deemed to be tetraploid 
and 128 of the L. cinereus accessions were deemed to be 
octolopoid (Table 1; see also Supplemental Table S1 for each 
accession). The octoploid accessions were more abundant 
in the western range of the L. cinereus sample distribution 
whereas the tetraploid accessions were more abundant in 
the east (Fig. 1). Both octoploid and tetraploid accessions 
were common in the southwestern range of the L. cinereus 
sample distribution (Fig. 1); however, mixed ploidy levels 
were not found within accessions.
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(35.7). The average total number of differences between L. 
cinereus and L. triticoides (152.1) was about 42.9% greater (P ≤ 
0.001) than the average number differences within species. 
Compared to L. triticoides, L. cinereus maintains relatively 
high DNA variation within accessions (66.9%) and is more 
genetically diverse overall. Moreover, linkage disequilibrium 
was more prevalent in L. cinereus, suggesting it has more pop-
ulation structure than L. triticoides (Table 1).

Genetic and geographic distances among 217 L. cinereus 
accessions were significantly correlated, but the correlation 
coefficient was low (Table 1). A similar trend was observed 
among 20 L. triticoides accessions (Table 1), but it was not 
statistically significant.

Bayesian Analysis of Amplified Fragment 
Length Polymorphism Genotypes
Bayesian clustering analysis detected genetic admixture and 
genetic structure within and between species. The Bayes-
ian model probabilities showed a sharp increase from K 
= 1 to K = 2 groups (Fig. 2), which was expected given 
the high levels of genetic differentiation between L. triti-
coides and L. cinereus. The K = 2 Bayesian cluster analysis 
primarily separates L. triticoides and L. cinereus accessions, 
as do all other multiple-group model tests. However, the 
two-group Bayesian model test and all other model tests 
suggested low levels of genetic admixture between species. 
The 43 plants classified as L. triticoides had L. cinereus ances-
try coefficients ranging from 0.001 to 0.073 (Fig. 3), with 
an overall average of 0.007 (0.7% admixture), in the K = 2 
model test. A total of seven (16.3%) of the 43 L. triticoides 
plants had L. cinereus ancestry coefficients greater than 0.010 
(1% admixture) (Fig. 3). None of the L. triticoides samples 
had pure ancestry coefficients, with absolutely no evidence 
of admixture (Fig. 3). Conversely, 536 plants classified as L. 
cinereus had L. triticoides ancestry coefficients ranging from 
0.000 to 0.759 (Fig. 3), with an overall average of 0.009 

Amplified Fragment Length Polymorphism 
Variation within and between Species  
and Accessions
A total of 807 bands were detected over all seven primer 
combinations that ranged in size from about 66 to 480 bp 
in length. The average number of bands per plant over all 
seven primer combinations was 100.0 (SE = 0.06) or about 
14 bands per plant per primer. However, the average number 
of bands per plant in octoploid L. cinereus accessions, 110.3 
(SE = 0.5), was significantly higher than tetraploid L. cinereus 
accessions, 87.4 (SE = 0.5), or tetraploid L. triticoides acces-
sions (Table 1). A total of 14 L. triticoides bands were mono-
morphic (present in more than 95% of samples, excluding 
known hybrids), 12 L. cinereus bands were monomorphic, 
and two bands were monomorphic in both taxa. Seven of 
the 14 monomorphic L. triticoides bands were also present 
in more than 5% of the L. cinereus samples. Conversely, 10 
of the 12 monomorphic L. cinereus bands were also present 
in more than 5% of the L. triticoides samples. A total of 283 
L. cinereus bands and 221 L. triticoides bands were polymor-
phic (present and absent in more than 5% of samples). As 
expected, the average Dice similarity coefficient (proportion 
of shared bands) among replicated DNA samples, 0.973 (SE 
= 0.005), was much higher than the average similarity coef-
ficient within accessions, 0.673 (SE = 0.004). The maximum 
similarity coefficient between different plants was 0.825, 
indicating that no two plants were genetically identical. As 
expected, the average Dice similarity coefficients between 
species, 0.169, was significantly lower than the average simi-
larity coefficients within species (Table 1).

The average number of differences among L. cinereus 
accessions (92.8) was about 33.1% greater (P ≤ 0.001) than the 
average number of differences within L. cinereus accessions 
(62.1). The average number of differences among L. triticoides 
accessions (73.0) was about 51.1% greater (P ≤ 0.001) than the 
average number of differences within L. triticoides accessions 

Table 1. Comparisons of number of octoploid and tetraploid accessions, average numbers of amplified fragment length poly-
morphism (AFLP) bands, Dice similarity coefficients based on AFLP profiles, linkage disequilibrium among AFLP markers, and 
correlations between genetic and geographical distance.

Leymus cinereus
Leymus  

triticoidesOverall
Rocky  

Mountain race Columbia race Great Basin race
Number accessions 217 88 107 22 17

4x tetraploids 87 72 10 5 17

8x octoploids 128 15 97 16 0

N�umber AFLP bands (SE) 102.2 (0.6) 89.4 (0.6) 111.7 (0.5) 98 (1.0) 80.3 (0.9)

Dice similarity coefficient 0.547** 0.556** 0.601** 0.619** 0.566**

Percentage LD† 21.5 8.3 8.5 5.0 11.1

C�orrelation genetic vs. 
geographic distances

0.297** NS‡ 0.187*** NS NS

**Significant at the 0.01 probability level.

***Significant at the 0.001 probability level.
†LD, linkage disequilibrium; percentage of comparisons among 79 common markers showing LD.
‡NS, nonsignificant.
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(0.9% admixture). A total of 49 (9.1%) of the 536 L. cinereus 
plants had L. triticoides ancestry coefficients greater than 
0.010 (more than 1% admixture), respectively (Fig. 3). A 
total 13 (2.4%) of the 536 plants classified as L. cinereus and 
two artificial F1 hybrids showed more than 10% admixture 

between species (Fig. 3). Only 60 (11.1%) of the 536 L. 
cinereus plants showed pure species ancestry (Fig. 3). Plants 
of the L. cinereus accession ‘NV62’ (Supplemental Table 
S1) showed L. triticoides ancestry coefficients of 0.503 and 
0.759. The two artificial L. triticoides × L. cinereus hybrids, 

Figure 2. Model probabilities from Bayesian cluster analysis of amplified fragment length polymorphism genotypes from 616 DNA sam-
ples and 245 Leymus cinereus and Leymus triticoides accessions. Model probabilities, L(K), and second-order rate change in the aver-
age L(K) divided by the standard deviation L(K), ∆L(K), for models with K = 1 to K = 10 groups, in which K is the number of groups tested.

Figure 3. Rescaled histogram of the Leymus cinereus and Leymus triticoides ancestry coefficients from the Bayesian cluster analysis of 
amplified fragment length polymorphism genotypes from 581 plants including 536 L. cinereus samples, 43 L. triticoides samples, and 
two artificial hybrids.
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Ltc1_F1M06 and Ltc2_F1M04, had L. triticoides ancestry 
coefficients of 0.504 and 0.559, respectively. Although it 
is difficult to distinguish true admixture (resulting from 
hybridization between species) from shared ancestral poly-
morphisms (resulting from common ancestor), these puta-
tive introgressions were not randomly distributed across the 
landscape (Fig. 1). All but one of the L. cinereus accessions 
showing greater than 1% admixture were collected from 
regions of northwestern California, southeastern Oregon 
to northwestern Nevada, and southwestern Idaho where L. 
triticoides is common (Fig. 1; see Supplemental Table S1 for 
values). Conversely, L. cinereus plants north of the 45th par-
allel (latitude), equivalent to the border between Wyoming 
and Montana (Fig. 1), showed less than 0.18% admixture 
(maximum of 0.19%), which was significantly lower than 
average (P ≤ 0.01). Of the 17 L. cinereus accessions showing 
greater than 1% admixture, eight were tetraploid and nine 
were octoploid (Fig. 1; see Supplemental Table S1 for val-
ues). Wildland seed of the L. cinereus Lcin_NV.24 accession, 
with L. triticoides ancestry coefficient of 0.239, was collected 
in the immediate vicinity of L. triticoides.

Bayesian cluster analysis detected genetic structure 
within L. cinereus; however, all L. triticoides accessions held 
together in one group from K = 2 to K = 10. Bayesian 
model probabilities also showed a relatively large increase 
from K = 2 to K = 3 and from K = 3 to K = 4, but probabili-
ties reached a plateau and become more variable from K = 4 
to K = 10. The ancestry coefficients for each accession from 
the K = 4 model, including three L. cinereus groups and one 
monotypic L. triticoides group, were graphically displayed by 
geographical locality (Fig. 1). The three L. cinereus Bayesian 
gene pools have different geographic distributions (Fig. 1), 
which generally correspond to the Columbia, Rocky Moun-
tain, and Great Basin regions. The correlations of genetic 
and geographical distances within these three L. cinereus 
Bayesian groups were weak compared to correlations over 
all L. cinereus accessions (Table 1). Therefore, these three L. 
cinereus groups evidently account for most of the geogenetic 
structure in L. cinereus and were named after the Colum-
bia, Rocky Mountain, and Great Basin regions to which 
they correspond (Fig. 1). The Columbia race extends from 
British Columbia in the north, south through the Columbia 
River Plateau of Washington and Oregon, and farther south 
into the Sierra Steppe of southeastern Oregon and northern 
California (Fig. 1). The Rocky Mountain race extends from 
the Rocky Mountain Piedmont of Alberta and Montana in 
the north, south through Wyoming, Utah, and Colorado, 
and west across the Snake River Plateau of Idaho and the 
Intermountain region of Nevada and Utah (Fig. 1). The 
Great Basin race is interspersed with the Rocky Mountain 
accessions, but it is restricted to the Great Basin region of 
southwestern Idaho, Nevada, and western Utah (Fig. 1).

Hierarchical AMOVA within L. cinereus apportioned 
about 14.4% of the DNA polymorphism among the three 

L. cinereus races (P ≤ 0.001) and about 26.8% among acces-
sions within races (P ≤ 0.001). A principal component 
analysis (PCA) plot based on the average genetic distances 
among accessions was developed to show genetic variation 
within and among the three geographical races of L. cinereus 
(Fig. 4). The Great Basin race is most similar to the Rocky 
Mountain race on the first PCA axis (Fig. 4) and shows 
greater overall divergence from the Columbia race (Table 2). 
The apportionment of total variation between species was 
much greater than the apportionment of variation among 
L. cinereus races (Table 2). Hierarchical AMOVA of both 
L. cinereus and L. triticoides apportioned 38.9% of the DNA 
polymorphism among species and 7.1% among races. Link-
age disequilibrium among AFLP markers was considerably 
less frequent within races compared to disequilibrium over 
all L. cinereus accessions, suggesting that these races reflect a 
major portion of the genetic structure within this species.

Genetic differences and admixture between L. cinereus 
and L. triticoides were not evenly distributed among the 
three geographic races of L. cinereus. Compared to the other 
two races, the Great Basin race showed greater divergence 
from L. triticoides (Table 2). Conversely, genetic admix-
ture between L. triticoides and the Great Basin race (aver-
age 0.24%) was less than corresponding values in the Rocky 
Mountain race (average 0.45%) or Columbia race (average 
1.03%). One accession, Lcin_NV.24, which was predomi-
nantly Rocky Mountain race (55.8%), also showed relatively 
high admixture with L. triticoides (23.3%) and the Great 
Basin race (20.5%). However, admixture between L. triticoi-
des and other accessions belonging to the Rocky Mountain 
race was generally low (average 0.19%). Admixture between 
L. cinereus and L. triticoides was significantly higher (P ≤ 
0.001) among the 26 Columbia race accessions south of the 
45th parallel (3.67%) than the other 75 (northern) Columbia 
race accessions (0.18%) or the other two races.

Amplified Fragment Length Polymorphism 
Genotypes of Basin Wildrye and Creeping 
Wildrye Cultivars
The ancestry coefficients of tetraploid Trailhead and Washoe 
L. cinereus cultivars were 95.9 and 94.8% Rocky Moun-
tain race, respectively, based on the K = 4 Bayesian cluster 
analysis. The ancestry coefficient of octoploid Magnar L. 
cinereus cultivar was 98.0% Columbia race. The ancestry 
coefficient of the octoploid Continental L. cinereus cultivar, 
derived from hybrids of Trailhead × Magnar, correspond 
to 56.2% Rocky Mountain race and 43.4% Columbia race. 
The mixed ancestry of Continental was also evident in 
the PCA plot, which placed it midway between its parents 
Trailhead and Magnar (Fig. 4). Rio L. triticoides contained 
less than 0.2% L. cinereus ancestry.
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Identification of Amplified Fragment  
Length Polymorphism Markers for 
Discrimination of Species and Races
Of the 807 AFLP markers scored, a total of 52 private 
alleles were detected in L. triticoides and 418 private alleles 
detected in L. cinereus, excluding a relatively small num-
ber of samples that were less than 90% pure based on the 
Bayesian cluster analysis (Fig. 3). However, none of these 
private alleles were fixed within the host species. Likewise, 
a total of 88, 81, and 27 private alleles were detected in 

the Columbia, Rocky Mountain, and Great Basin races, 
respectively, after exclusion of about 10% of the samples that 
showed more than 10% admixture among races. However, 
most of these private alleles were rare with maximum fre-
quencies of 0.20, 0.18, and 0.29 within these races. One 
marker was present among 85% of the L. cinereus samples, 
but the next best L. cinereus marker was only present in 64% 
of the individuals sampled from this species. Two markers 
were present among nearly 94 and 77% of the L. triticoides 
samples, but the third best L. triticoides marker was present 
in only 58% of the L. triticoides samples.

The most discriminatory markers present were relatively 
abundant within groups and rare or occasionally absent in 
other groups. We identified a panel of 30 discriminatory 
markers that can effectively classify 97% of the L. cinereus 
plants into the same group (race), by unweighted pair group 
method with arithmetic mean (UPGMA) cluster analysis, 
as was determined by the Bayesian cluster analysis using the 
complete set of markers (Supplemental Table S2). Likewise, 
we identified a list of 20 markers that were abundant within 
each species and rare in the other. However, only four or 
five of these markers were really necessary to correctly clas-
sify individuals by species by UPGMA analysis.

Chloroplast DNA Haplotypes
The chloroplast trnH-psbA and trnK-rps16 intergenic DNA 
sequences from 199 L. cinereus and 14 L. triticoides plants 
collapsed into 22 haplotypes (see Supplemental Table S1 

Figure 4. Principal coordinate analysis of 226 Leymus cinereus accessions based on the average pairwise Nei-Li distances (Nei and Li, 
1979) between accessions. Symbol colors distinguish Bayesian clustering groups and ploidy levels.

Table 2. The apportionment of DNA polymorphisms, detected 
by amplified fragment length polymorphism, among three 
Leymus cinereus races and Leymus triticoides. Above 
diagonal: the average total number of DNA polymorphisms 
between individual plants of different groups. Diagonal 
(bold): the average number of DNA polymorphisms between 
individual plants within groups. Below diagonal: the appor-
tionment of DNA polymorphism between groups tested by 
analysis of molecular variance.

Rocky 
Mountain

L. cinereus
Columbia

L. cinereus
Great Basin
L. cinereus L. triticoides

R�ocky 
Mountain

82 97.6 88.3 142.8

Columbia 10.9%*** 91.8 98.9 153.4

Great Basin 8.8%*** 13.1%*** 78.9 145.9

L. triticoides 43.0%*** 42.7%*** 45.5%*** 80.3

***Significant at the 0.001 probability level.
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for haplotype and GenBank identifiers). Eighteen occurred 
only in L. cinereus, two haplotypes were common to both 
L. cinereus and L. triticoides, and two were unique to L. 
triticoides (Table 3). The total aligned sequence length was 
1331 bp across the 22 haplotypes and two outgroup taxa, 
L. racemosus and L. angustus. However, four regions of the 
alignment comprising 115 bp (381–448, 794–800, 825–
845, and 1223–1241) were eliminated from further analysis 
due to ambiguous indels and a 6 bp palindromic repeat. 
The remaining alignment included a total of 1177 constant 
characters, 30 variable nucleotide sites, and nine variable 
gap code characters. The four most common chloroplast 
DNA haplotypes (CPH40, CPH 41, CPH 42, and CPH44) 
made up 181 (85%) of the 213 plants (Table 3), including all 
released L. cinereus plant materials. The L. cinereus and L. 
triticoides haplotypes differed by one to nine steps, but the 
four most common haplotypes differed by only one to four 
steps. A heuristic parsimony tree was obtained for these 22 
L. cinereus and L. triticoides haplotypes, rooted using L. rac-
emosus and L. angustus outgroups, but it does not effectively 
distinguish these species or races (Supplemental Fig. S1).

Unexpectedly, chloroplast DNA divergence between 
the Great Basin and Columbia races, measured by total 
differences and the apportionment of variation between 
groups, was higher than divergence between the Great 
Basin race and L. triticoides (upper and lower diagonal in 
Table 4). Similarly, the apportionment of variation between 
the Great Basin and Rocky Mountain races is higher than 

the apportionment of variation between the Great Basin 
race and L. triticoides (lower diagonal in Table 4). One trend 
that is similar between AMOVAs of AFLP markers (Table 
2) and chloroplast DNA sequences (Table 4) is that the 
Great Basin and Columbia races show greater divergence 
than the Great Basin and Rocky Mountain races. Hierar-
chical AMOVA of the chloroplast DNA variation detected 
8.0% divergence between species and 11.0% among races.

Discussion
Bayesian clustering analysis of AFLP genotypes detected at 
least three divergent races within L. cinereus, providing new 
evidence that this is a polytypic species whereas L. triticoides 
was consistently monotypic in this analysis. Released plant 
materials Trailhead, Washoe, Magnar, and Continental are 
included among two of the three natural L. cinereus races. 
The majority of accessions of the Rocky Mountain race, 
including Trailhead and Washoe, are tetraploid. The major-
ity of accessions of the Columbia race, including cultivar 
Magnar, are octoploid. According to this model, Continen-
tal is hybrid of the Rocky Mountain and Columbia races, 
which is consistent with the pedigree of this germplasm. 
Plant materials representing a third race, from the Great 
Basin region, have not been released.

One of the key assumptions in the model-based 
Bayesian clustering is that sampling of individuals is ran-
dom with regard to the population as a whole, regardless 
of where individuals might be located (Pritchard et al., 

Table 3. Frequency of chloroplast trnH-psbA and trnK-rps16 intergenic DNA haplotypes tabulated by species and race. The 
percentages in parentheses indicate frequency among all accessions.

Chloroplast DNA 
haplotype (CPH) Overall

Leymus cinereus

Great Basin race Leymus triticoidesRocky Mountain race Columbia race

CPH09 1 (0.5%) 0 (0%) 1 (1%) 0 (0%) 0 (0%)

CPH11 1 (0.5%) 1 (1.3%) 0 (0%) 0 (0%) 0 (0%)

CPH12 1 (0.5%) 0 (0%) 0 (0%) 1 (5.3%) 0 (0%)

CPH13 1 (0.5%) 1 (1.3%) 0 (0%) 0 (0%) 0 (0%)

CPH14 1 (0.5%) 0 (0%) 0 (0%) 1 (5.3%) 0 (0%)

CPH15 1 (0.5%) 0 (0%) 0 (0%) 1 (5.3%) 0 (0%)

CPH18 1 (0.5%) 0 (0%) 0 (0%) 1 (5.3%) 0 (0%)

CPH28 1 (0.5%) 0 (0%) 1 (1%) 0 (0%) 0 (0%)

CPH29 1 (0.5%) 0 (0%) 1 (1%) 0 (0%) 0 (0%)

CPH30 7 (3.5%) 4 (5%) 0 (0%) 3 (15.8%) 0 (0%)

CPH36 3 (1.5%) 3 (3.8%) 0 (0%) 0 (0%) 0 (0%)

CPH37 1 (0.5%) 1 (1.3%) 0 (0%) 0 (0%) 0 (0%)

CPH39 1 (0.5%) 1 (1.3%) 0 (0%) 0 (0%) 0 (0%)

CPH40 42 (21.1%) 29 (36.3%) 12 (12%) 1 (5.3%) 0 (0%)

CPH41 84 (42.2%) 35 (43.8%) 42 (42%) 7 (36.8%) 4 (28.6%)

CPH42 27 (13.6%) 0 (0%) 27 (27%) 0 (0%) 0 (0%)

CPH44 16 (8%) 5 (6.3%) 8 (8%) 3 (15.8%) 8 (57.1%)

CPH46 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (7.1%)

CPH47 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (7.1%)

CPH48 5 (2.5%) 0 (0%) 5 (5%) 0 (0%) 0 (0%)

CPH49 3 (1.5%) 0 (0%) 2 (2%) 1 (5.3%) 0 (0%)

CPH56 1 (0.5%) 0 (0%) 1 (1%) 0 (0%) 0 (0%)

Totals 199 (99.9%) 80 (100.4%) 100 (100%) 19 (100.2%) 14 (100%)
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2000). If sampling is not random, geographic gaps in the 
sampling of individuals could give rise to genetic clusters 
caused by discontinuous sampling, even if allele frequen-
cies vary continuously across the landscape (Pritchard et 
al., 2000). Although many L. cinereus sites were sampled 
within the central range of this species (Fig. 1), this area 
includes large and remote desert and mountain habitats that 
were not sampled. In particular, a large gap in our sam-
pling of L. cinereus is evident in the northern Rocky Moun-
tain region (Fig. 1) even though we know that L. cinereus is 
present throughout this mountainous region. Nevertheless, 
all three genetically distinct L. cinereus races were detect-
able near the intersection of Oregon, Idaho, and Nevada. 
Although correlations between genetic and geographic dis-
tances over all L. cinereus accessions were largely attributed 
to differences among these three geographic races, we do 
not believe that these genetic differences were an artifact of 
discontinuous sampling or any currently existing barriers 
among these three races. However, it is possible and likely 
that these three races may have been geographically isolated 
during Pleistociene glacial cycles. The sparse sampling of 
L. triticoides (Fig. 1) reflects a number of factors including 
natural dispersion of L. triticoides populations (Barkworth, 
2007), the inconspicuous nature of L. triticoides, and the 
poor seed production of natural L. triticoides swards. Nev-
ertheless, gaps between L. triticoides sampling sites did not 
create artificial genetic groups.

Conversely, incomplete sampling from the peripheral 
range of species distribution could result in failure to detect 
biologically significant groups (Cassel-Lundhagen et al., 

2009; Wagner et al., 2011). Once a dominant species of the 
Central Valley before European settlement, L. triticoides is 
still found throughout the entire state of California, north-
ern Arizona, and the eastern Rocky Mountain front ranges 
of New Mexico, Colorado, Wyoming, and Montana (Bark-
worth, 2007; Young-Mathews and Winslow, 2010). More 
extensive sampling of L. triticoides might reveal groups that 
were not detected in this study (Fig. 1). Similarly, the natural 
distribution of L. cinereus extends throughout most of Wyo-
ming and the mountainous country of western Colorado, 
northern Arizona, and the entire Sierra Nevada mountain 
range of California (Barkworth, 2007), which may contain 
other L. cinereus races not detected here. Although the Great 
Basin race of L. cinereus appears to be sympatric within the 
more widely distributed Rocky Mountain race (Fig. 1), it is 
entirely possible that the so-called Great Basin race extends 
beyond the sampling range of this study.

Relatively few plants showed pure-species ancestry 
without any possible admixture or introgression between 
L. cinereus and L. triticoides, but only 13 (2.2%) of the 579 
natural samples showed greater than 10% putative admix-
ture between species. One accession classified as L. cinereus 
(Rocky Mountain race) showed L. triticoides ancestry coef-
ficients of 0.504 and 0.759 (Fig. 3), but this can be explained 
by the observation that some conspicuous L. cinereus traits, 
such as tall plant height and caespitose growth, are dom-
inant or at least partially dominant (Larson et al., 2006). 
Aside from the 13 plants showing relatively high levels of 
admixture, it may be difficult to distinguish true genetic 
admixture resulting from hybridization and ancestral 
shared polymorphisms resulting from population splits with 
incomplete lineage sorting (Sousa et al., 2012). However, 
this putative genetic admixture between L. cinereus and L. 
triticoides was not randomly distributed across the landscape. 
In fact, most of the high-level and low-level admixture 
between L. cinereus and L. triticoides was concentrated in the 
southern portion of the L. cinereus Columbia race, south of 
the 45th parallel, where these species are sympatric, and it 
included a mix of tetraploid and octoploid accessions. Aside 
from a few other early-generation hybrids, admixture in 
other races and regions was very low (less than 0.24%). 
Admixture was very low north of the 45th parallel where 
the distribution of L. triticoides is very sparse (Barkworth, 
2007). The nonrandom geographic distribution of genetic 
admixture, detected by AFLP markers, suggests that the 
admixture occurred after divergence of these species and 
races rather than shared polymorphisms inherited from a 
common ancestor. More extensive genotyping of these 
putative admixed populations is needed to determine if 
the introgressed marker alleles are associated with adap-
tively important QTLs markers, as suggested by Lexer et 
al. (2004), identified using experimental mapping popula-
tions derived from L. triticoides × L. cinereus hybrids (Larson 
et al., 2006, 2012; Larson and Mayland, 2007; Larson and 

Table 4. The apportionment of chloroplast trnH-psbA and 
trnK-rps16 intergenic DNA sequence variation, measured by 
Kimura’s two-parameter nucleotide substitution rate (and the 
number of mutation steps), among three Leymus cinereus 
races and Leymus triticoides. Above diagonal: the average 
total sequence variation between individual plants of differ-
ent groups. Diagonal (bold): the average sequence variation 
between individual plants within groups. Below diagonal: 
the apportionment of sequence variation between groups 
tested by analysis of molecular variance. The percentages in 
parentheses indicate the proportion of variation relative to all 
race comparisons.

Rocky 
Mountain

L. cinereus
Columbia

L. cinereus
Great Basin
L. cinereus

L. 
triticoides

R�ocky 
Mountain

7.7
(1.49)

11.3
(1.89)

14.4
(2.24)

8.9
(1.51)

Columbia
15.3%***
(10.7%)***

11.3
(1.89)

18.6
(2.72)

12.1
(1.88)

Great Basin
5.2%*
(8.1%)**

18.0%***
(17.3%)***

20.5
(2.73)

15.5
(2.00)

L. triticoides
18.3%**
(20.2%)***

21.9%***
(22.5%)***

10.8%*
(10.1%)*

6.7
(0.8)

*Significant at the 0.05 probability level.

**Significant at the 0.01 probability level.

***Significant at the 0.001 probability level.
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Kellogg, 2009). Moreover, both L. cinereus and L. triticoides 
may hybridize with other species not included in this study. 
Giant wildrye [Leymus condensatus ( J. Presl) Á. Löve] is dis-
tributed throughout the coastal ranges of western Califor-
nia and also forms natural hybrids with L. triticoides, known 
as Leymus ×multiflorus (Gould) Barkworth & R. J. Atkins 
(many-flowered wildrye) (Stebbins and Walters, 1948; 
Barkworth, 2007). Similarly, Leymus ambiguus (Vasey & 
Scribn.) D. R. Dewey (Colorado wildrye) is thought to be a 
hybrid of L. cinereus and Leymus salina (M. E. Jones) Á. Löve 
(Salina wildrye) (Culumber et al., 2011). Therefore, there is 
ample evidence that hybridization among North American 
Leymus taxa may be an important evolutionary factor

The chloroplast psbA-trnH and rps16-trnK sequences 
provided clear discrimination between Eurasian and North 
American groups of Leymus (Culumber et al., 2011). Although 
significant differences in the average number of chloroplast 
DNA differences can be detected among a priori defined 
groups, these chloroplast DNA markers are not of practical 
use for distinguishing L. triticoides and the three races of L. 
cinereus. We hypothesize that the lack of chloroplast DNA 
divergence among North American Leymus taxa is the result 
of recent divergence and shared ancestral polymorphisms.

Although AFLPs provided clear discrimination of spe-
cies and effective identification of three races within L. 
cinereus, these differences were not the result of discrete dif-
ferences among marker genotypes of these groups. Most of 
the private alleles within species and races were also rela-
tively rare within these host groups. We found that at least 
30 of the 755 markers detected in L. cinereus were required 
to correctly classify individual plant by race. Although it 
appears to be possible to identify species using a relatively 
small number of markers, this was not the case for identi-
fication of races within L. cinereus. These patterns of AFLP 
differentiation are also consistent with recent divergence 
between species and incomplete divergence among races.
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Acknowledgments
Funding for this research has been provided by the Great Basin 
Native Plant Selection and Increase project, a multistate research 
project formed with collaboration of the U.S. Department of 
the Interior-Bureau of Land Management Great Basin Resto-
ration Initiative, the U.S. Department of Agriculture-Forest 
Service Rocky Mountain Research Station Shrubland Biology 
and Restoration Research Work Unit, the Utah Division of 
Wildlife Resources, and the U.S. Department of Agriculture-
Agricultural Research Service. Support for this research was 
also provided by the Utah State University Center for High 
Performance Computing and Center for Integrated Biosystems.

References
Anamthawat-Jónsson, K., and S.K. Bödvarsdóttir. 2001. Genomic and 

genetic relationships among species of Leymus (Poaceae: Triticeae) 
inferred from 18S–26S ribosomal genes. Am. J. Bot. 88:553–559. 
doi:10.2307/2657053

Alderson, J., and W.C. Sharp. 1994. Grass varieties in the United States. 
Agricultural Handbook 170. USDA, Soil Conservation Service, 
Washington, DC.

Applied Biosystems. 2000. GeneScan reference guide Applied Biosys-
tems, Foster City, CA.

Barkworth, M.E. 2007. Leymus. In: M.E. Barkworth, K.M. Capels, S. 
Long, L.K. Anderton, and M.B. Piep, editors, Flora of North America 
north of Mexico. Oxford Univ. Press, New York, NY. p. 353–369.

Benham, J., J. Jeung, M. Jasieniuk, V, Kanazin, and T. Blake. 1999. 
Genographer: A graphical tool for automated fluorescent AFLP and 
microsatellite analysis. J. Agric. Genomics 4:399.

Bhattarai, K., B.S. Bushman, D.A. Johnson, and J.G. Carman. 2011. 
Searls prairie clover (Dalea searlsiae) for rangeland revegetation: Phe-
notypic and genetic evaluations. Crop Sci. 51:716–727. doi:10.2135/
cropsci2010.07.0387

Booth, D.T., and T.A. Jones. 2001. Plants for ecological restoration: A 
foundation and a philosophy for the future. Native Plants J. 2:12–20.

Cash, S.D., M.E. Majerus, J.C. Scheetz, L.K. Holzworth, C.L. Murphy, 
D.M. Wichman, H.F. Bowman, and R.L. Ditterline. 1998. Registra-
tion of ‘Trailhead’ basin wildrye. Crop Sci. 38:278. doi:10.2135/crops
ci1998.0011183X003800010052x

Cassel-Lundhagen, A., T. Tammaru, J.J. Windig, N. Ryrholm, and S. 
Nylin. 2009. Are peripheral populations special? Congruent patterns 
in two butterfly species. Ecography 32:591–600. doi:10.1111/j.1600-
0587.2008.05685.x

Conrad, M. 1983. Adaptability: The significance of variability from mol-
ecule to ecosystem. Plenum Press, New York, NY.

Culumber, C.M., S.R. Larson, K.B. Jensen, and T.A. Jones. 2011. 
Genetic structure of Eurasian and North American Leymus (Triticeae) 
wildryes assessed by chloroplast DNA sequences and AFLP profiles. 
Plant Syst. Evol. 294:207–225. doi:10.1007/s00606-011-0455-x

Dewey, D.R. 1970. Genome relations among diploid Elymus junceus and 
certain tetraploid and octoploid Elymus species. Am. J. Bot. 57:633–
639. doi:10.2307/2441287

Environmental Systems Resource Institute (ESRI). 2006. Arcmap ver-
sion 9.2. ESRI, Redlands, CA.

Evanno, G., S. Regnaut, and J. Goudet. 2005. Detecting the num-
ber of clusters of individuals using the software STRUCTURE: 
A simulation study. Mol. Ecol. 14:2611–2620. doi:10.1111/j.1365-
294X.2005.02553.x

Excoffier, L., G. Laval, and S. Schneider. 2005. Arlequin version 3.0.: 
An integrated software package for population genetics data analysis. 
Evol. Bioinform. Online 1:47–50.

Falush, D., M. Stephens, and J.K. Pritchard. 2007. Inference of population 
structure using multilocus genotype data: Dominant markers and null 
alleles. Mol. Ecol. 7:574–578. doi:10.1111/j.1471-8286.2007.01758.x

Genecodes. 2005. Sequencher version 4.5 sequence analysis software. 
Gene Codes Corporation, Ann Arbor, MI. http://genecodes.com 
(accessed 20 Feb. 2013)

Genecodes. 2006. Sequencher version 4.6 sequence analysis software. 
Gene Codes Corporation, Ann Arbor, MI. http://genecodes.com 
(accessed 20 Feb. 2013)

Gower, J.C. 1966. Some distance properties of latent root and vector 
methods used in multivariate analysis. Biometrika 53:325–338.

Jensen, K.B., Y.F. Zhang, and D.R. Dewey. 1990. Mode of pollina-
tion of perennial species of the Triticeae in relation to genomically 
defined genera. Can. J. Plant Sci. 70:215–225. doi:10.4141/cjps90-
024



crop science, vol. 53, may–june 2013 	  www.crops.org	 1007

Johnson, G.R., F.C. Sorensen, J.B. St. Clair, and R.C. Cronn. 2004. 
Pacific Northwest forest tree seed zones: A template for native 
plants? Native Plants J. 5:131–140. doi:10.2979/NPJ.2004.5.2.131

Johnson, R., L. Strich, P. Olwell, S. Lambert, M.E. Horning, and 
R. Cronn. 2010. What are the best seed sources for ecosystem 
restoration on BLM and USFS lands? Native Plants J. 11:117–131. 
doi:10.2979/NPJ.2010.11.2.117

Jones, T.A., and T.A. Monaco. 2009. A role for assisted evolution in 
designing native plant materials. Front. Ecol. Environ 7:541–547. 
doi:10.1890/080028

Jones, T.A., S.D. Parr, S.R. Winslow, and M.A. Rosales. 2009. ‘Con-
tinental’ basin wildrye. Native Plants J. 10:57–61. doi:10.2979/
NPJ.2009.10.1.57

Jones, T.A., M.G. Redinbaugh, and Y. Zhang. 1999. The western 
wheatgrass chloroplast genome originates in Pseudoroegneria. Crop 
Sci. 40:43–47. doi:10.2135/cropsci2000.40143x

Kimura, M. 1980. A simple method for estimating evolutionary rate 
of base substitution through comparative studies of nucleotide 
sequences. J. Mol. Evol. 16:111–120. doi:10.1007/BF01731581

Larson, S.R., T.A. Jones, Z.-M. Hu, A. Palazzo, and C.L. McCracken. 
2000. Genetic diversity of bluebunch wheatgrass cultivars and a 
multiple-origin polycross. Crop Sci. 40:1142–1147. doi:10.2135/
cropsci2000.4041142x

Larson, S.R., T.A. Jones, and K.B. Jensen. 2004. Population structure 
in Pseudoroegnaria spicata (Poaceae: Triticeae) modeled by Bayes-
ian clustering of AFLP genotypes. Am. J. Bot. 91:1789–1801. 
doi:10.3732/ajb.91.11.1789

Larson, S.R., and E.A. Kellogg. 2009. Genetic dissection of seed pro-
duction traits and identification of a major-effect seed retention 
QTL in hybrid Leymus (Triticeae) wildryes. Crop Sci. 49:29–40. 
doi:10.2135/cropsci2008.05.0277

Larson, S.R., M. Kishii, H. Tsujimoto, L. Qi, P. Chen, G.R. Lazo, 
K.B. Jensen, and R.R.-C. Wang. 2012. Leymus EST linkage maps 
identify 4NsL-5NsL reciprocal translocation, wheat-Leymus chro-
mosome introgressions, and functionally important gene loci. 
Theor. Appl. Genet. 124:189–206. doi:10.1007/s00122-011-1698-1

Larson, S.R., and H.F. Mayland. 2007. Comparative mapping of 
fiber, protein, and mineral content QTLs in two interspecific Ley-
mus WR full-sib families. Mol. Breed. 20:331–347. doi:10.1007/
s11032-007-9095-9

Larson, S.R., X.-L. Wu, T.A. Jones, K.B. Jensen, N.J. Chatterton, 
B. Waldron, J.R. Robins, B.S. Bushman, and A.J. Palazzo. 2006. 
Growth habit, plant height, and flowering QTLs in North Ameri-
can Leymus wildryes. Crop Sci. 46:2526–2539. doi:10.2135/crop-
sci2005.12.0472

Leonard, A.C., S.E. Franson, V.S. Hertzberg, M.K. Smith, and G.P. 
Toth. 1999. Hypothesis testing with the similarity index. Mol. 
Ecol. 8:2105–2114. doi:10.1046/j.1365-294x.1999.00831.x

Lexer, C., B. Heinz, R. Alia, and L.H. Riesberg. 2004. Hybrid zones 
as a tool for identifying adaptive genetic variation in outbreeding 
forest trees: Lessons from wild annual sunflowers (Helianthus spp.). 
For. Ecol. Manage. 197:49–64. doi:10.1016/j.foreco.2004.05.004

Liu, Z., Z. Chen, J. Pan, X. Li, M. Su, L. Wang, H. Li, and G. Liu. 
2008. Phylogenetic relationships in Leymus (Poaceae: Triticeae) 
revealed by the nuclear ribosomal internal transcribed spacer 
and chloroplast trnL-F sequences. Mol. Phyl. Evol. 46:278–289. 
doi:10.1016/j.ympev.2007.10.009

Marty, L. 2003. ‘Washoe’ Germplasm Basin WR. USDA Natural 
Resource Conservation Service, Bridger, MT.

McKay, J.K., J.G. Bishop, J.Z. Lin, J.H. Richards, A. Sala, and T. 
Mitchell-Olds. 2001. Local adaptation across a climatic gradient 
despite small effective population size in the rare sapphire rock-
cress. Proc. R. Soc. Lond. B Biol. Sci. 268:1715–1721. doi:10.1098/
rspb.2001.1715

McKay, J.K., and G. Latta. 2002. Adaptive population diver-
gence: Markers, QTL and traits. Trends Ecol. Evol. 17:285–291. 
doi:10.1016/S0169-5347(02)02478-3

McKenzie, R.J., E.M. Muller, A.K.W. Skinner, P.O. Karis, and N.P. 
Barker. 2006. Phylogenetic relationships and generic delimitation 
in subtribe Arctotidinae (Asteraceae: Arctotideae). inferred by 
DNA sequence data from ITS and five chloroplast regions. Am. J. 
Bot. 93:1222–1235. doi:10.3732/ajb.93.8.1222

Nei, M., and W.H. Li. 1979. Mathematical model for studying genetic 
variation in terms of restriction endonucleases. Proc. Natl. Acad. 
Sci. USA 76:5269–5273. doi:10.1073/pnas.76.10.5269

Ogle, D.G. 2003. Basin wildrye Leymus cinereus Scribn. & Merr. A. Löve 
plant guide. Aberdeen Plant Materials Center, Aberdeen, ID. http://
plants.usda.gov/plantguide/pdf/pg_leci4.pdf (accessed 20 Feb. 2013).

Pritchard, J.K., M. Stephens, and P. Donnelly. 2000. Interface of 
population structure using multilocus genotype data. Genetics 
155:945–959.

Redinbaugh, M.G., T.A. Jones, and Y. Zhang. 2000. Ubiquity of 
the St chloroplast genome in St-containing Triticeae polyploids. 
Genome 43:846–852. doi:10.1139/g00-053

Rohlf, F.J. 1998. NTSYSpc Numerical taxonomy and multivariate anal-
ysis system version 2.0 user guide. Exeter Software, Setauket, NY.

SAS Institute. 1999. SAS/STAT user’s guide, version 8. SAS Institute, 
Cary, NC.

Soltis, D.E., A. Johnson, and D.C. Looney. 1996. Discordance 
between ITS and chloroplast topologies in the Boykinia group Sax-
ifragaceae. Syst. Bot. 21:169–185. doi:10.2307/2419746

Sousa, V.C., M.A. Beaumont, P. Fernandes, M.M. Coelho, and L. 
Chikhi. 2012. Population divergence with or without admixture: 
Selection models using an ABC approach. Heredity 108:521–530. 
doi:10.1038/hdy.2011.116

Stebbins, G.L., and M.S. Walters. 1948. Artificial and natural 
hybrids in the Gramineae, tribe Hordeae. III. Hybrids involv-
ing Elymus condensatus and E. triticoides. Am. J. Bot. 36:291–301. 
doi:10.2307/2437887

Swofford, D.L. 2002. PAUP*. Phylogenetic analysis using parsimony *and 
other methods, version 4b10. Sinauer Associates, Sunderland, MA.

Tamura, K., J. Dudley, M. Nei, and S. Kumar. 2007. MEGA4: Molec-
ular evolutionary genetics analysis (MEGA) software version 4.0. 
Mol. Biol. Evol. 24:1596–1599. doi:10.1093/molbev/msm092

Vos, P., R. Hogers, and M. Bleeker. 1995. AFLP: A new technique 
for DNA fingerprinting. Nucleic Acids Res. 23:4407–4414. 
doi:10.1093/nar/23.21.4407

Wagner, V., W. Durka, and I. Hensen. 2011. Increased genetic dif-
ferentiation but no reduced genetic diversity in peripheral vs. 
central populations of a steppe grass. Am. J. Bot. 98:1173–1179. 
doi:10.3732/ajb.1000385

Wu, X.M., S.R. Larson, Z.M. Hu, A.J. Palazzo, T.A. Jones, R.R.C. 
Wang, K.B. Jensen, and N.J. Chatterton. 2003. Molecular genetic 
linkage maps for allotetraploid Leymus wildryes (Gramineae: Triti-
ceae). Genome 46:627–646. doi:10.1139/g03-048

Young-Mathews, A., and S.R. Winslow. 2010. Plant guide for beard-
less wildrye (Leymus triticoides). USDA-Natural Resources Conser-
vation Service, Plant Materials Center. Lockeford, CA.

Zhou, X., X. Yang, X. Li, and L. Li. 2010. Genome origins in Ley-
mus (Poaceae: Triticeae): Evidence of maternal and paternal pro-
genitors and implications for reticulate evolution. Plant Syst. Evol. 
289:165–179. doi:10.1007/s00606-010-0341-y


