
Proc. 5th International Triticeae Symposium, Prague, June 6–10, 2005 21

Czech J. Genet. Plant Breed., 41, 2005 (Special Issue)

In the genomic system of Triticeae classification 
(D���� 1984; L��� 1984; B�������� & D���� 
1985), Elymus includes about 150 allopolyploid 
species with at least one set of Pseudoroegneria (St) 
genomes (L��� 1984). Under this definition, Elymus 
is heterogeneous and polyphyletic, and exhibits 
three levels of genomic heterogeneity. First, each 
allopolyploid individual represents a confluence of 
two or more distinct genomes; cytogenetic studies 
have been used extensively to characterize such 
plants (e.g., D���� 1968, 1969, 1970, 1974; J����� 
1989; J����� & H���� 1989; J����� & W��� 1991; 
L� 1993a; L� & ��� B������ 1993; S������ & L� 
1992, 1994a, b). Second, there are different com-
binations of genomes in Elymus; the St genome, 
present in all Elymus species by definition, can be 
found in combination with one or more of several 
other Triticeae genomes (e.g., D���� 1968, 1974, 
1984; J����� & H���� 1989; L� et al. 1990; L� & 
��� B������ 1993; S������ & L� 1992, 1994a, b). 

 Third, there is heterogeneity within genomic com-
binations (e.g., D���� 1968, 1974; J����� 1998; 
L� 1993a, b; L� & ��� B������ 1993; S������ & 
L� 1992, 1994b; S�������� et al. 1996), consistent 
with multiple origins, diversification following 
polyploidization, introgression into polyploid 
lineages, or a combination of these. We report 
on ongoing molecular phylogenetic analyses of 
Elymus, including North American and Eurasian 
StStHH tetraploids, StStYY tetraploids, and a 
putative StStStStHH hexaploid. Our goals are 
to illuminate relationships among these groups, 
and to assess the effects of introgression using 
comparisons among gene trees.

MATERIAL AND METHODS

The analysis of our current representatives of 
Elymus (Table 1) employed two phylogenetic mark-
ers. The first is a 1.5 kb portion of a β-amylase 
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gene, including two partial exons, two full exons, 
and three introns of approximate lengths of 150, 
450, and 240 base pairs (bp) (M����-G���� 2005). 
The  β-amylase genes form a small gene family in 
wheat, barley, and rye. The copy used here has 
been mapped to the Triticeae group 2 homoeologous 
chromosomes (S���� et al. 1988), and is homolo-
gous to genes with “tissue-ubiquitous” expression, 
while other members of the family are expressed 
in endosperm (e.g. S����� et al. 1988; D������� 
& L������� 1990). The second marker is a 1.3 kb 
portion of the granule-bound starch synthase gene, 
including two partial exons, four full exons, and 
five ~100 bp introns (M����-G���� et al. 1998). 
This gene maps to the Triticeae group 7 homoeolo-
gous chromosomes or a portion of chromosome 
4 translocated from, and thus homoeologous to, 
the group 7 chromosomes (D���� & G��� 1997; 
K����� et al. 1997). Amplification, cloning, and 
sequencing methods follow M����-G���� (2005 
–  β-amylase) and M����-G���� (2001, 2004 – starch 
synthase). 

Data analyses were carried out using PAUP* 4.0 
(S������� 2002). Tree searches were performed 
with maximum parsimony with characters equally 
weighted. Parsimony bootstrap support was esti-
mated using 1000 fast stepwise-addition replicates. 
A broad sample of diploid Triticeae species was 
analyzed simultaneously with sequences from 
allopolyploid Elymus. A list of the diploid repre-
sentatives included in each full analysis can be 
found in M����-G���� (2005; β-amylase), and 
M����-G���� (2004; starch synthase). Subtrees 
corresponding to the St genome (Pseudoroegneria 
+ Elymus), and the H genome (Hordeum + Elymus) 
were examined and compared. 

RESULTS AND DISCUSSION

From each of the full Triticeae gene trees (not 
shown), subtrees corresponding to the St genome 
(Pseudoroegneria and related sequences from Ely-
mus) and the H genome (Hordeum and related 
sequences from Elymus) were examined (Figure 1). 
We ask whether: (1) different genome combinations 
originate from markedly different Pseudoroegneria 
ancestors; (2) differentiation within Elymus corre-
sponds to geography and/or genome complement; 
and (3) introgression following polyploidization 
can be detected in comparisons among trees. These 
results are part of an in-progress analysis of Ely-
mus; the complete results will be published at a 

later date. The present results must be viewed as 
preliminary: sampling, vouchering, and Genbank 
submission are incomplete, and we have employed 
simplistic phylogenetic analyses so far. In spite of 
these caveats, we have uncovered some intrigu-
ing phylogenetic patterns, which will be further 
investigated in future analyses. 

In the St clade from the β-amylase gene tree 
(Figure 1A), all tetraploids are together in a 
monophyletic group with all of the Pseudoroegne-
ria sequences. Within this clade, species are not 
distinguished by either geographic origin (North 
America vs. Eurasia) or by genome complement 
(StStHH vs. StStYY). Sequences from eight E. 
repens individuals form a monophyletic clade, 
entirely separate from the tetraploids. 

In the β-amylase H clade (Figure 1B), as expected, 
the StStYY species are not represented (but they 
do yield sequences that form a distinct clade, pre-
sumed to represent the Y genome; not shown). The 
StStHH tetraploids form a monophyletic group 
along with one genome from the allotetraploid 
H. jubatum. Within this group, two of the three 
North American Elymus tetraploids form a clade, 
while the remaining North American and Eurasian 
species are only slightly differentiated from one 
another. As in the β-amylase St clade, the E. repens 
sequences are entirely separate from the tetraploids. 
In contrast to the St clade, however, the H-genome 
sequences from E. repens are polyphyletic, and 
furthermore, the maximum pairwise divergence 
within E. repens is twice the maximum seen among 
all eight StStHH tetraploid species (4.2% and 2.1%, 
respectively). 

The St and H clades from the β-amylase tree 
both suggest that the tetraploid Elymus species, 
regardless of geographic origin, evolved from a 
fairly homogeneous gene pool, and that hexaploid 
E. repens is not an evolutionary derivative of an 
ancestor of any of these tetraploid species. The 
two clades differ, however, in the placement of 
E. repens sequences. The St-genome sequences are 
monophyletic and similar, while the H-genome 
sequences are polyphyletic and divergent. Thus, 
E. repens has drawn from a uniform pool of β-amy-
lase St-genome sequences, and from a diverse and 
polyphyletic pool of H-genome sequences. 

The St clade from the starch synthase gene tree 
has an unexpected phylogenetic pattern (Figure 1C). 
The Pseudoroegneria and related Elymus sequences 
fall into two distinct clades, but whether or not 
they are sister to one another remains unclear. 
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Table 1. Elymus species included in the analysis

Genome complement  
Elymus species

Accession 
Number Collection Location

Sequences

β-amylase GBSSI
StStYY St H St H

E. abolinii PI 531555 Northwest China X na X na
E. caucasicus PI 531573 Estonia na X na
E. ciliaris 1 PI 531575 Northeast China X na na
E. ciliaris 2 PI 531577 Japan X na na
E. ciliaris 5 PI 531576 Estonia X na na
E. gmelinii PI 499477 Northwest China X na X na
E. longearistatus PI 401277 Iran na X na
E. nevskii PI 314620 Iraq X na X na
E. pendulinus PI 499452 Northcentral China X na X na

StStHH – Eurasian
E. brachyaristatus PI 499411 Northwest China X X X X
E. caninus 1 PI 314205 Uzbekistan X X X X
E. caninus 2 PI 314612 Kazakhstan X X X X
E. caninus 4 PI 499413 Northwest China X X X X
E. caninus 5 PI 531571 Poland X X X X
E. dentatus 1 PI 628702 Southcentral Russia X X X
E. dentatus 2 PI 531599 Pakistan X X X
E. mutabilis 1 PI 628704 Southcentral Russia X X X X
E. mutabilis 2 PI 499449 Northwest China X X X X
E. sibiricus 1 PI 628699 Southeast Russia X X X
E. sibiricus 3 PI 499461 Northcentral China X X X

StStHH – North America
E. elymoides PI 531606 Washington USA X X
E. glaucus 4 RJMG 130 Idaho USA X X
E. glaucus 6 W6 10215 Colorado USA X X
E. glaucus 7 PI 593652 Oregon USA X
E. hystrix MEB 97-87 Utah USA X
E. lanceolatus 1 W6 14220 Idaho USA X X X X
E. lanceolatus 2 W6 14218 Utah USA X X
E. riparius RJMG 160 Connecticut USA X
E. trachycaulus 1 PI 372500 Northwest Territory Canada X X X X
E. trachycaulus 3 PI 452446 Alberta Canada X X
E. virginicus 4 RJMG 161 Connecticut USA X X
E. virginicus 5 RJMG 162 Connecticut USA X
E. virginicus 9 RJMG 168 Maine USA X X
E. wawawaiensis 1 PI 285272 Washington USA X X X X
E. wawawaiensis 3 PI 598812 Oregon USA X X

StStStHH
Elymus repens 1 RJMG 119 Idaho USA X X X
Elymus repens 2 RJMG 123 Idaho USA X X X
Elymus repens 3 RJMG 131 Idaho USA X X X
Elymus repens 4 RJMG 159 Wisconsin USA X X X
Elymus repens 5 RJMG 166 Maine USA X X X
Elymus repens 6 RJMG 167 Maine USA X X
Elymus repens 8 PI 440065 Russian Federation X
Elymus repens 9 PI 317409 Afghanistan X X
Elymus repens 10 PI 380623 Iran X
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In an analysis of the diploid Triticeae and North 
American Elymus, the two St clades were together 
on the maximum likelihood tree, but with very 
weak support, (M����-G���� 2001). In the present 
analysis of the entire tribe (not shown) the clades 
are separated, but their placement among the other 
diploids is very weakly supported. Several North 
American Elymus species, and some individuals, 
contain sequences from both clades. The split be-
tween the two clades appears to predate the origin 
of the North American species. This is consistent 
with several scenarios, including (1) a single origin 
of North American Elymus from a polymorphic 
Pseudoroegneria gene pool, and maintenance of the 
polymorphism within and among extant species; (2) 
multiple origins from a polymorphic Pseudoroegneria 
gene pool; or (3) introduction of an St variant into 
a North American Pseudoroegneria/Elymus gene 
pool that was at one time homogeneous. Both of 
the variants are found among the Eurasian species 
as well, but in a clearer pattern. All of the Eurasian 
StStHH species are in one clade, while the Asian 
StStYY sequences are in the other, suggesting that 
these two species groups acquired their starch 
synthase St sequences from distinct Pseudoroegne-
ria gene pools. A survey of Pseudoroegneria from 
European and Asian Pseudoroegneria may help to 
clarify this pattern. 

Within the starch synthase H clade (Figure 1D), as 
expected, there are no sequences from the StStYY 
taxa. As in the β-amylase tree, the StStYY tetra-
ploids yield distinct, presumed Y-genome starch 
synthase sequences. The relationships among the 
StStHH species are not clear-cut, but the weak 
basal split within the clade is partially consist-
ent with a North American - Eurasian distinc-
tion. Most of the North American individuals 
are extremely similar to one another and to the 
North American native H. californicum. Included 
within this group, however, are two Eurasian 
individuals. The remaining Eurasian species are 
distinct from this group and from one another. 
The polyphyly of the H-genome sequences from 
Eurasian Elymus is consistent with multiple origins 
of StStHH Elymus in Eurasia, involving different 
Hordeum genome donors. However, because the 
polyphyletic pattern sharply contrasts with the 
other clades (Figure 1A–C), on which the Eurasian 
StStHH tetraploids are very similar, it seems more 
likely that the group arose once (or multiple times 
from related donors), and subsequently acquired 
additional H-genome starch synthase sequences 

through introgression. The H-genome starch syn-
thase sequences from the hexaploid species E. 
repens are polyphyletic (Figure 1D), and like the 
β-amylase H-genome sequences (Figure 1B), they 
indicate that E. repens has drawn from multiple 
Hordeum lineages. The polyphyly of the H-ge-
nome sequences is, again, consistent with multiple 
origins of E. repens, involving different Hordeum 
progenitors. However, the pattern is more likely 
indicative of introgression from Hordeum, because 
the unique and unexpected genomic complexity 
of E. repens (M����-G���� 2004) seems unlikely 
to have arisen multiple times.

When viewed together, the trees shed light on 
possible introgression into Elymus, particularly in-
volving Hordeum. We are completing the sequencing 
of both genes for the taxa included here (Table 1), 
and expanding our sample of Elymus, Pseudoroeg-
neria, and Hordeum. We hope to fill in some of the 
geographic and taxonomic details regarding the 
ongoing evolutionary interactions between Elymus 
and its diploid progenitors. 
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