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ABSTRACT. Cytogenetic studies of North American Elymus suggest that the genus is an allopolyploid derivative of Pseu-
doroegneria (St) and Hordeum (H). To test this, we conducted a phylogenetic analysis of North American Elymus species within
a broad sample of diploid Triticeae taxa using cloned sequences from one member of the nuclear gene family encoding
phosphoenolpyruvate carboxylase. The phylogeny supports the hypothesis that Pseudoroegneria and Hordeum are the diploid
progenitors of the North American Elymus tetraploids. Each tetraploid Elymus individual has two distinct forms of the gene,
and each form is in a strongly supported clade with sequences from either Pseudoroegneria or Hordeum, suggesting that these
Elymus species have an St + H genomic content. This pattern is consistent with a single (or multiple very similar) polyploid
ancestor(s) of the North American tetraploids, confirming earlier results based on granule-bound starch synthase I gene
sequence data. We also examined the utility of the phosphoenolpyruvate carboxylase gene to reconstruct the evolutionary
history of the Triticeae by comparing it to starch synthase gene sequence data. Both nuclear data sets are phylogenetically
informative, but suggest somewhat different evolutionary histories among genera within the tribe.

Allopolyploid taxa can be difficult to interpret with-
in phylogenies of their diploid relatives. The problems
with placing hybrid taxa within the bifurcating trees
that are obtained from the most common methods of
phylogenetic analysis have been discussed (e.g., Hull
1979; Cronquist 1987) and examined experimentally
(e.g., McDade 1992, 1997). Analyses of individual gene
trees, however, allow these problems to be circum-
vented, as long as their tree-like history has not been
disrupted by recombination. Thus, molecular phylo-
genetic data have recently revealed the reticulate his-
tories of several polyploid species or groups, including,
for example, Gossypium L. (e.g., Cronn et al. 1996, 2003;
Seelanan et al. 1997; Small and Wendel 2000), Geum L.
(Smedmark et al. 2003), Glycine Willd. (e.g., Doyle et
al. 2002; Rauscher et al. 2002), Oxalis L. (Emshwiller
and Doyle 1998, 2002), Oryza L. (Ge et al. 1999), and
Paeonia L. (e.g., Sang and Zhang 1999).

In the Triticeae, data from both chloroplast (Mason-
Gamer and Kellogg 1996a; Petersen and Seberg 1998;
Mason-Gamer et al. 2002) and nuclear genes (Hsiao et
al. 1995; Kellogg and Appels 1995; Petersen and Seberg
2002) have greatly increased overall understanding of
the evolution of the diploid members of the tribe, re-
vealing surprising patterns of reticulate evolution (e.g.,
Kellogg et al. 1996). The polyploids, however, have
been the focus of far fewer molecular phylogenetic
studies, yet they may hold the key to understanding
the history of the tribe as a whole. Of the approxi-
mately 350 Triticeae species whose chromosome num-
ber is known, 75% are of polyploid origin (e.g., Love
1984). The present study focuses on North American
members of Elymus L., an entirely polyploid genus of

about 150 species, found in temperate regions through
much of the world.

The circumscription of Elymus varies greatly among
treatments. In North America, one widely used defi-
nition follows the Manual of Grasses of the United States
(Hitchcock 1951), and is based on morphological char-
acteristics, including multiple spikelets per node and a
non-disarticulating rachis. The genomic definition of
Elymus (e.g., Dewey 1984; Love 1984; Barkworth and
Dewey 1985), on the other hand, is based on presumed
overall genome similarity, deduced from the degree of
chromosome pairing in meiotic cells of interspecific
hybrids. Under this system, the circumscription of
North American Elymus is very different from the mor-
phology-based circumscription (Barkworth and Dewey
1985; Fig. 1 of Mason-Gamer 2001). Within the geno-
mic classification system, Elymus is defined as those
allopolyploid species with at least one set of Pseudo-
roegneria (Nevski) A.Love (St) genomes. When consid-
ered worldwide, Elymus may be tetraploid, hexaploid,
or octoploid, and may combine the St genome with
the H genome from Hordeum L., P from Agropyron
Gaertner, W from Australopyrum (Tzvelev) ALove, and
Y from an unknown donor (e.g., Dewey 1984). The
North American native Elymus species, which are the
focus of this study, are nearly all tetraploid with a pre-
sumed StStHH genomic complement. Data from allo-
zymes (Jaaska 1995, 1998), and from the nuclear waxy
gene encoding granule-bound starch synthase I
(GBSSI), were in agreement that Elymus is derived
from Pseudoroegneria and Hordeum (Mason-Gamer
2001), but the demonstrated gene tree conflict within
the Triticeae (Kellogg et al. 1996, Mason-Gamer and
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FiG. 1. A map of the PepC region (exons 1-4) used in this
study.

Kellogg 1996b) precludes drawing strong phylogenetic
conclusions from the analysis of a single gene.

Data from an additional nuclear marker are needed
to confirm the genomic content of North American Ely-
mus. We have turned to sequence data from the gene
encoding phosphoenolpyruvate carboxylase (PepC; EC
4.1.1.31). The PepC genes form a small multigene fam-
ily in the plants studied so far (e.g., Cushman and Boh-
nert 1989a, 1989b; Crétin et al. 1991, Kawamura et al.
1992; Lepiniec et al. 1992, 1993; Ernst and Westhoff
1997). Sorghum wvulgare Pers. was the first species for
which all three genes in the PepC gene family were
characterized (Lepiniec et al. 1993). Members of the
family are approximately 6 kb in length and include
ten exons (Lepiniec et al. 1993). Each copy codes for a
functionally distinct PepC isoform, including a widely-
expressed housekeeping form, an inducible form ex-
pressed in the root, and a light-regulated form in-
volved in C, photosynthesis (e.g., Lepiniec et al. 1994).
Several PepC isoforms have been described in other
grasses as well, including maize and wheat (Izui et al.
1986, Hudspeth and Grula 1989; Kawamura et al. 1992;
Gonzalez et al. 1998).

Sequence data from the PepC gene have already
been shown to be phylogenetically useful at a number
of taxonomic levels. Gehrig et al. (2001) constructed
phylogenies using PepC sequence data spanning the
plant kingdom to gain insights into the evolution of
the PepC gene family itself. The phylogenetic analyses
of all available PepC sequences from seed plants by
Svensson et al. (2003) revealed that grass sequences
form three distinct clades relative to the other seed
plant sequences, suggesting that the grass isoforms
represent gene duplications that occurred prior to the
origin of grasses. Besnard et al. (2002) used sequences
from C,-specific isoforms of PepC to confirm the rela-
tionships among grass tribes that had been previously
proposed based on other molecular markers. Malcom-
ber (2002) employed PepC sequence data to examine
evolutionary relationships within the genus Gaertnera
Lam. (Rubiaceae).

The utility of single- and low-copy genes for phy-
logenetic analyses is increased if the genes are well
characterized, and if there are enough available se-
quence data for designing amplification primers. The
availability of sequences representing multiple PepC
isoforms from several diverse grasses allowed us to
develop primers specific to a single PepC gene copy,
the apparent ortholog of the housekeeping form in Sor-
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ghum (GenBank accession X59925; Lepiniec et al. 1991)
and Zea (X61489; Kawamura et al. 1992). The present
phylogenetic analysis, based on a portion of this gene,
addresses two objectives: 1) to confirm the genomic
constitution of North American Elymus species, and 2)
to examine the phylogenetic utility of the housekeep-
ing isoform of the PepC gene by comparing PepC and
waxy gene sequence data from the Triticeae.

MATERIALS AND METHODS

Taxon Sampling. Sequences from the PepC gene were sampled
from 27 species (Table 1). Ingroup members included seven species
of Elymus, multiple accessions of the putative parent species in
Hordeum and Pseudoroegneria, and a broad sample of other mono-
genomic genera in the Triticeae. Bromus tectorum L. (Bromeae) was
included as an outgroup (Kellogg 1992; Davis and Soreng 1993).
Sequences were submitted to GenBank under the accession num-
bers AY553236-AY553269 and AY548399-AY548432, and the data
matrixes were deposited at TreeBASE (study accession number
51053, matrix accession numbers M1794-M1795).

Molecular Data. Using three grass sequences from GenBank,
we designed primers to amplify and sequence a 1.7-kb portion of
the housekeeping PepC gene (Table 2). The data set consists of two
non-contiguous regions, corresponding to base pairs 526-1632 and
1849-2441 of Triticum aestivum (Genbank accession AJ007705) (Fig.
1). This copy of PepC is similar to sequences mapped to chromo-
some 9 of the rice genome (AP005802 and AP005781), and using
Gale and Devos’s (1998) map of twelve grass genomes, we pos-
tulate that it is on the long arm of the group 5 Triticeae chromo-
somes.

DNA Extraction, Amplification,and Sequencing. Total genomic
DNA was isolated from individual plants following Doyle and
Doyle (1987). Gene amplification was performed following Mason-
Gamer et al. (1998) with the addition of 5% DMSO. In all cases,
PepC regions 1 and 2 were amplified separately. We used PepC
primers 219F or 467F(1) and 1672R(1) or 1672R(2) to amplify re-
gion 1, and PepC 1827F and 2443R for region 2 (Table 2). Because
Elymus species are presumed allopolyploids, amplification reac-
tions were run in triplicate and combined before cloning to coun-
ter the potential effects of PCR drift (Wagner et al. 1994; Mason-
Gamer 2001).

The PCR products were purified using Geneclean (Bio101) ac-
cording to the manufacturer’s protocol, and the cloning reactions
were carried out using Promega’s pGem-T Easy cloning kit ac-
cording to instructions, except that the final volumes of the ligation
and transformation reactions were halved. Target colonies were
isolated using QIAGEN or Promega miniprep kits. In a few cases,
cloned inserts were amplified directly from colonies using the
original PCR primers, and cleaned using exonuclease I (Exo) and
shrimp alkaline phosphatase (SAP) as in Mason-Gamer (2004). For
three diploid taxa (Bromus tectorum, Secale cereale, S. montanum
subsp. montanunt), PepC region 2 was sequenced directly from a
pooled set of PCR products cleaned using the Exo-SAP protocol.

Individuals were sequenced using ABI Big Dye Terminators ac-
cording to the manufacturer’s instructions, except that sequencing
reagent volumes were quartered, and the final reaction volume
was 10 pL. Both strands were sequenced for all taxa. The sequenc-
ing reactions were visualized using an ABI model Prism-377 or
M] Research Basestation automated sequencer; then assembled us-
ing Sequencher vers. 3.0 or 4.1 (Gene Codes Corp.).

In Elymus, we initially screened clones for sequence variation
using a single sequencing primer (PepC-467F for region 1 or PepC-
1827F for region 2), until both St and H sequence types were
found, or until all clones generated for a specific individual were
examined. Once the St and H clones were found within an indi-
vidual, both forms were completely sequenced using both internal
and external primers. Then all sequences were carefully inspected
for mosaic sequence patterns combining the St and H genome in
one recombinant molecule.
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TaBLE 1. List of taxa, collection information, and GenBank numbers. Voucher numbers containing names are collectors” accession
numbers. Voucher H 5555 is from the Swedish-Danish Triticeae Consortium; sample provided by Dr. O. Seberg. The remaining “‘PI”
voucher numbers are Plant Introduction accessions from the National Plant Germplasm System (U.S. Dept. Agriculture; http://www.
ars-grin.gov/npgs/); samples were provided by the USDA-ARS. Data are presented in the following sequence: species name, PepC
voucher, Clone # Region-I, Clone # Region-II, Elymus genome, GenBank No. Region-I, Region-II, Used in PepC-waxy comparison (yes/
no), waxy voucher, waxy GenBank No.

Elymus. E. californicus (Bolander) Gould, Barkworth s.n. (UTC), 1645B, 637C, N.A., AY553241, AY548404, Yes, Same, AY011012.
E. canadensis L., PI 531568 (ID), 973A, 534A, St, AY553248, AY548411, Yes, Barkworth 97-86 (UTC), AY556481. E. canadensis, PI
531568 (ID), 973B, 534F H, AY553242, AY548405, No, —, —. E. canadensis, PI 578675 (ID), 215C, 48C, H, AY553243, AY548406,
No, —, —. E. elymoides (Rafin.) Swezey, PI 531606 (ID), 648C, 632C, St, AY553249, AY548412, Yes, Same, AY010992. E. elymoides,
PI 531606 (ID), 957A, 632A, H, AY553244, AY548407, Yes, Same, AY010965. E. glaucus Buckley, W6 10215 (ID), 219A, 51A, St,
AY553250, AY548413, Yes, MasonGamer 130 (ID), AY010979. E. hystrix L., Barkworth 97-87 (UTC), 981C, 622C, St, AY553251,
AY548414, Yes, Same, AY010982. E. hystrix, Barkworth 97-87 (UTC), 981B, 622A, H, AY553245, AY548408, No, —, —. E. lanceolatus
(Scribn. & Smith) Gould, PI 531623 (ID), 1049B, 604B, St, AY553252, AY548415, Yes, W6 14220 (ID), AY010984. E. lanceolatus, PI
531623 (ID), 1049C, 604], H, AY553246, AY548409, Yes, Same, AY010969. E. wawawaiensis J. Carlson ex. Barkworth, PI 598812
(ID), 229A, 74A, St, AY553253, AY548416, Yes, Same, AY010990. E. wawawaiensis, PI 598812 (ID), 229B, 74P, H, AY553247,
AY548410, Yes, Same, AY010978

Triticeae. Aegilops comosa Sm., G 602 (GH), 1305A, 1296A, N. A., AY553236, AY548399, Yes, Same, AF079263. Agropyron
cristatum (L.) Gaertn., PI 279802 (GH), 1242B, 540A, N. A., AY553237, AY548400, Yes, Same, AF079271. Australopyrum velutinum
(Nees) B. Simon, D 2873-2878 (GH), 1209B, 1128A, N. A., AY553238, AY548401, Yes, Same, AY011004. Dasypyrum villosum (L.)
Candargy, D 2990 (GH), 1641A, 1134A, N. A., AY553240, AY548403, Yes, PI 470279 (GH), AY556480. Eremopyrum orientale (L.)
Jaub. & Spach, H 5555 (GH), 884D, 543E, N. A., AY553254, AY548417, Yes, Same, AY011007. Heteranthelium piliferum (Banks &
Sol.) Hochst., PI 402352 (GH), 1301B, 1292A, N. A., AY553255, AY548418, Yes, Same, AF079277. Hordeum brachyantherum subsp.
californicum (Cov. & Steb.) Bothmer, MA-138-1-40 (GH), 339B, 312B, N. A., AY553256, AY548419, Yes, Same, AF079273. H. jubatum
L., MasonGamer 106 (ID), 940C, 316A, N. A., AY553257, AY548420, Yes, Same, AY010963. H. marinum Hudson, PI 304346 (ID),
1246C, 301A, N. A., AY553258, AY548421, Yes, Same, AY010959. H. murinum L., Ciho 15683 (ID), 989A, 297A, N. A., AY553259,
AY548422, Yes, Same, AY010960. H. vulgare L., MasonGamer 107 (ID), 1346BB, 1314A, N. A., AY553260, AY548423, Yes, Rohde
et al. 1988, X07931. Leymus racemosus subsp. sabulosus (M.Bieb.) Tzvelev, R-20-21-25 (GH), 1592B, 1718A, N. A., AY553261,
AY548424, No, —, —. Peridictyon sanctum (Janka) Seberg, Fred. & Baden, Jensen 248 (GH), 1341A, 1157A, N. A., AY553262,
AY548425, Yes, Same, AF079278. Pseudoroegneria spicata (Pursh) A. Love, P1 610986 (ID), 352A, 325A, N. A., AY553263, AY548426,
Yes, Same, AY010999. P. spicata, D 2844 (GH), 804B, 610A, N. A., AY553264, AY548427, Yes, Same, AY011000. Secale cereale L.,
Kellogg s.n. (GH), 2729B, 2766, N. A., AY553266, AY548429, Yes, Same, AY011009. S. montanum subsp. montanum Guss., T 36554
(GH), 2734C, 2770, N. A., AY553267, AY548430, No, —, —. S. montanum subsp. anatolicum (Boiss.) Tzelev, PI 206992 (GH), 2739A,
1145A, N. A, AY553265, AY548428, Yes, PI 206991 (GH), AY011008. Taeniatherum caput-medusae (L.) Nevski, MasonGamer 189d
(ID), 1588A, 1141A, N. A., AY553268, AY548431, Yes, PI 208075 (ID), AY011010. Thinopyrum elongatum (Host) D.R.Dewey,
MasonGamer 113 (ID), 1460A, 1116E N. A., AY553269, AY548432, Yes, PI 531719 (GH), AF079284. Triticum aestivum L., —, —,
—, N. A., AJ007705, AJ007705, No, —, —.

Bromeae. Bromus tectorum L., Kellogg s.n. (GH), 1662C, 2774, N. A., AY553239, AY548402, Yes, Same, AY362757.

Sequence Analysis. Boundaries between the PepC introns and
exons were determined by comparison with published Triticum
aestivum (AJ007705) and Sorghum vulgare (X59925) sequences. Se-
quences were initially aligned using the default setting in Clustal
W ver. 1.5 (Thompson et al. 1994), then adjusted manually using
MacClade ver. 4 (Maddison and Maddison 2002). Three regions
(35 characters; alignment positions 393-403, 996-972, and 1280-

TABLE 2. List of primers.

1296) were judged to have an ambiguous alignment and were ex-
cluded prior to phylogenetic analyses. Percent of gap characters,
missing characters, and nucleotide composition for each species,
were determined using MacClade.

Phylogeny Reconstruction. Maximum likelihood (ML) meth-
ods were used to generate hypotheses about relationships among
taxa using PAUP* ver. 4.0b10 (Swofford 2002). Initially, maximum

Relationship to Triticum

Primer Name aestivum AJ007705

Primer (5'-3")

Region 1 (1-1562) 526-1632
PepC-291F 219-240
PepC-467F(1) 467489
PepC-796R 796-813
PepC-952R 952-973
PepC-1387R 1387-1408
PepC-1555R 1555-1575
PepC-1672R(1) 1672-1696
PepC-1672R(2) 1672-1696

Region II (1566-2185) 1849-2441
PepC-1827F 1827-1848
PepC-2443R 2443-2464

ACTCCTGCCATCCGCCTTCTAT
GCTGCTCGT CCCCGCCAAGGTGT
AAAAACACCAGATTACGCACAA
TGACTGACACGATTTGAGATTC
GTCAAGGCATAGTCGTTTCAAG
AATCCATCAATCAACATAGAGA
GCTTGITATCATCTTCCCGAGTTCA
GCTTGITATCATCTCTCCGAGTTCA

ARAYTCRGCAATCACAGAATC
TRATCCCAATGTTCTTCAATGC
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parsimony (MP) analyses were performed to obtain trees on which
starting parameters for ML analyses would be estimated. Parsi-
mony analyses assumed equal weights for characters and charac-
ter state changes, and gaps were treated as missing data. An initial
tree was obtained via random taxon stepwise addition, and a heu-
ristic tree search was performed using MULTREES, ACCTRAN
optimization, and tree-bisection-reconnection (TBR) branch swap-
ping (Hendy and Penny 1982). The possibility of multiple tree is-
lands was explored by running 10,000 random addition replicates,
with twenty trees held at each step.

Parameters for 16 models of sequence evolution were estimated
for all most-parsimonious trees (e.g., Swofford et al. 1996; Frati et
al. 1997; Sullivan et al. 1997). Four models of nucleotide substitu-
tion—Jukes-Cantor (Jukes and Cantor 1969), Kimura two-param-
eter (Kimura 1980), Hasegawa-Kishino-Yano (Hasegawa et al.
1985), and general time reversible (GTR; Yang 1993)—were ex-
amined. Each substitution model was paired with each of four
models of among-site rate variation: 1) no rate heterogeneity; 2)
some sites invariable (I; Hasegawa et al. 1985) with equal rates of
change among the remaining sites; 3) rate heterogeneity among
sites following a gamma distribution (I'; Yang 1994); and 4) some
sites invariable, with gamma-distributed variation among the re-
maining sites (I+I; Gu et al. 1995; Waddell and Penny 1996). Us-
ing the tree with the highest ML scores across all 16 models ex-
amined, we compared the models with the three highest scores
employing a likelihood ratio test, and compared the results to a
X2 distribution (Felsenstein 1981; Huelsenbeck and Crandall 1997;
Huelsenbeck and Rannala 1997; Sanderson 1998; but see Goldman
1993).

Among the models of molecular evolution tested, the one in-
corporating the most parameters (GTR+I+1I) produced the high-
est log likelihood value (—7444.50). However, this value was not
significantly different from the one obtained using GTR+I" alone
(—7445.08), so the GTR+I" model was chosen for all subsequent
ML analyses. Two sequential ML analyses were conducted. The
following estimated model parameters were used as initial set-
tings in the first ML search: [R (AC) = 1.08, R (AG) = 2.97, R (AT)
= 042, R (CG) = 1.38, R (CT) = 3.62, R (GT) = 1.00, pi (A) =
0.25, pi (C) = 0.20, pi (G) = 0.21, pi (T) = 0.33, a = 0.49], using
a heuristic tree searching strategy (the initial tree obtained via
stepwise random addition with twenty trees held at each step, and
TBR branch swapping). This search resulted in a single tree
(—7444.62), with the following estimated ML parameters: [R (AC)
= 1.08, R (AG) = 3.04, R (AT) = 044, R (CG) = 141, R (CT) =
3.67, R (GT) = 1.00, pi (A) = 0.25, pi (C) = 0.20, pi (G) = 0.21,
pi (T) = 0.33, « = 0.48]. These estimates were used as the starting
point for the second ML analysis, which produced a tree with the
same score as the first.

Branch support for the parsimony tree was estimated using the
non-parametric bootstrap (Felsenstein 1985; Sanderson and Don-
oghue 1989). Bootstrap values were calculated from 10,000 data
sets using the “fast bootstrap” tree search strategy implemented
in PAUP*. Posterior probability values for clades on the ML tree
were inferred with Mr. Bayes (ver. 2.0; Huelsenbeck and Ronquist
2001) using the GTR + I' (Yang 1993) model, a random starting
tree, and a uniform prior probability. The analysis included three
chains (two hot and one cold), which ran for a million generations,
with trees saved every 1000 generations. We determined the pla-
teau point of the chains at 4000 generations by graphing the
weighted maximum likelihood scores obtained, and discarding the
four trees saved before the plateau. A 95% majority-rule consensus
tree was calculated from the set of remaining trees, and the group
frequencies were used as posterior probability estimates.

Congruence Testing Between PepC and waxy. Previous studies
comparing molecular data sets of the Triticeae uncovered incon-
gruence among some of the gene trees, suggesting that portions
of the nuclear genome have different histories (Kellogg et al. 1996;
Mason-Gamer and Kellogg 1996b). We tested whether the PepC
data were congruent with sequence data from a 1.3-kb portion of
the single-copy nuclear waxy gene, previously obtained for the
same members of the Triticeae (Mason-Gamer and Kellogg 2000;
Mason-Gamer 2001). The waxy and PepC loci are believed to be on
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different chromosomes. The waxy gene is found on the group 7
chromosomes in the Triticeae (Devos et al. 1995; Kleinhofs 1997),
or on a portion of chromosome 4 translocated from, and thus ho-
moeologous to, the group 7 chromosomes (Devos et al. 1995; Kor-
zun et al. 1997). The PepC gene is hypothesized here to be on the
long arm of chromosome 5 (see Materials and Methods, ““Molec-
ular Data”).

We tested congruence between the PepC and waxy data sets us-
ing the Shimodaira-Hasegawa (SH; Shimodaira and Hasegawa
1999) test with a specific model of evolution as implemented in
PAUP* ver. 4.0b10 (Swofford 2002). Prior to analyses, the waxy and
PepC data sets were reduced to 29 taxa, which matched exactly to
the level of species (Table 1). Two tree topologies were evaluated
(PepC and waxy), obtained from MP analyses of each data partition
following the same protocol used to analyze the full PepC data set,
except that only 100 random addition replicates were run. We de-
termined the appropriate model of sequence evolution for both the
waxy and PepC data partitions, and calculated which parsimony
tree had the highest ML scores using the same procedure em-
ployed to analyze the complete PepC data set. The two highest-
scoring trees (one from each data partition) were used as the two
test trees.

Two separate SH tests were conducted. The ML scores for each
test tree were estimated first under the model of sequence evolu-
tion best fitting the PepC data, and then under the model that best
fit the waxy data. In both cases, the log-likelihood differences be-
tween the trees were determined. The first of these was compared
to the RELL bootstrap distribution of log-likelihood differences
generated using the PepC data and ML parameters, while the sec-
ond was compared to the distribution generated using the waxy
data and ML parameters. If the score difference between two trees
fell within 95% of the appropriate RELL-generated scores in a one-
tailed comparison, the estimated p-value was not considered sig-
nificant at the 0.05 level. If both SH tests resulted in significant p-
values, the trees were assumed to be incongruent.

Next, we used constraint analyses to examine the source of con-
flict between the PepC and waxy trees. Initially, branch support for
the parsimony trees was estimated following the methods used in
the analysis of the full PepC data set. Then, we constructed single-
node constraint trees for each clade with bootstrap support above
50% in the reduced PepC and waxy trees. This yielded eight con-
straint trees based on the PepC tree and ten based on the waxy
tree. Finally, we completed a series of constrained MP heuristic
searches using stepwise addition, MULTREES, ACCTRAN opti-
mization, and TBR branch swapping. We imposed each of the eight
PepC constraint trees in MP searches of the waxy data, and each
of the ten waxy constraint trees in MP searches of the PepC data.
If the constrained trees were longer, it suggested that the corre-
sponding nodes are sources of conflict between the data sets.

REsuULTS

Sequence Length and Variation. Complete DNA se-
quences were generated for 27 species. The 1.7-kb por-
tion of the PepC gene examined spans exons 1-4; how-
ever, the majority of the sequence data (80%) are de-
rived from introns 1-3. Compared to the portion of
the waxy gene used by Mason-Gamer (2001) for the
same set of taxa (Table 3), the PepC gene is approxi-
mately 350 bp longer, has considerably more intron
characters, and provides more parsimony-informative
characters (although the percentage of parsimony-in-
formative characters is somewhat lower). There is no
evidence that either the H or the St copy of the PepC
gene is non-functional; there are no length changes or
stop codons in the exons examined.

All of the Elymus individuals examined have two
distinct PepC gene variants. One (the H form) groups
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TABLE 3. Data characteristics. ' Approximately half of region 2 is missing for Secale montanum subsp. montanum.

PepC PepC Reduced waxy

Aligned Length

Sequence Length—average (minimum/maximum)

% Gap Characters—average (minimum/maximum)

% Missing Characters—average (minimum/maximum)
% Exon

GC Content

Parsimony Informative Characters—% (#)

Number of Parsimony Trees (steps)

Consistency Index/Retention Index

2185
1573 (1418-1693)
26.7 (21.1-33.9)

2126
1587 (1429-1710)
25.4 (19.6-32.8)

1530
1232 (1191-1299)
19.5 (15.2-22.2)

1.4 (0-33.1) 0.6 (0.0-4.1) 0.01 (0.0-0.1)
19.5 20.1 499
43.0 (42.1-44.4) 43.0 (42.1-43.9) 58.3 (56.8-59.5)
9.7 (211) 9.0 (192) 12.2 (187)
3 (750) 6 (674) 30 (763)
0.610/0.882 0.631/0.814 0.478/0.656

with members of Hordeum sect. Critesion, and the sec-
ond (the St form) groups within Pseudoroegneria. How-
ever, for two Elymus individuals, we only have a par-
tial sequence of one of the two forms: for E. canadensis
we have St sequences from region 2 but not from re-
gion 1, and for E. glaucus we have an H copy from
region 2 but not from region 1. Because approximately
60% of the nucleotides for these sequences are absent,
they were not included in the phylogenetic analyses;
only the H copy is included for E. canadensis, and only
the St copy is included for E. glaucus.

Phylogenetic Analyses of PepC Data. Parsimony
analysis of the PepC data yielded three most-parsi-
monious trees (750 steps; CI excluding uninformative
characters = 0.610; RI = 0.822). The only topological
difference between the three trees was the placement
of two taxa within the Elymus + H clade (E. lanceolatus
and H. jubatum). However, once nodes with zero-length
branches were collapsed, there was only one tree, in
which E. lanceolatus and H. jubatum were part of a po-
lytomy within the Elymus + H clade. The final ML
search resulted in a single tree (—7444.62; Fig. 2; see
Materials and Methods, “Phylogeny Reconstruction”
for estimated parameters).

The ML and parsimony trees have the same general
topology (Fig. 2). In each, E. californicus is the first to
diverge, followed by Leymus racemosus. Next, Hordeum
forms a weakly supported clade sister to a second
weakly supported clade containing the remaining
members of the tribe. Many of the other nodes resolved
in both the parsimony and ML trees are either incon-
gruent or weakly supported, but every clade with high
bootstrap (BS) or posterior probabilities (PP) was re-
covered by both methods of analysis.

The PepC data suggest that the Elymus tetraploids
combine the H and St genomes. There is a strongly
supported clade consisting of Hordeum jubatum, H.
brachyantherum, and Elymus (BS = 98 and PP = 100).
A second strongly supported group includes Elymus
and Pseudoroegneria spicata (BS and PP = 100). Elymus
californicus is the only Elymus species that does not
group with Hordeum or Pseudoroegneria, but is found
near the base of the tree. There are four other lineages
with high bootstrap support and posterior probabili-

ties: 1) an Agropyron cristatum and Eremopyrum orientale
clade (BS and PP = 100); 2) an Aegilops comosa, Triticum
aestivum, and Taeniatherum caput-medusae clade (BS =
86 and PP = 100); 3) a Secale L. clade (BS = 97 and PP
= 100) and 4) a Hordeum murinum and H. vulgare L.
clade, sister to the Elymus + H lineage (BS = 83 and
PP = 99).

Comparison of PepC and waxy. Sequence charac-
teristics for the reduced PepC and waxy data sets are
shown in Table 3. Parsimony analysis of the PepC data
partition yielded six most-parsimonious trees (674
steps; CI excluding uninformative characters = 0.631,
RI = 0.814), including two tree islands of three trees
each. The strict consensus of all six trees is less re-
solved than the strict consensus from the entire PepC
data set, but has the same general topology and well-
supported nodes (Fig. 3). Among the six most-parsi-
monious trees, tree #6 had the highest log likelihood
score and was chosen as the PepC tree for use in the
SH test. Once again the log likelihood value obtained
under the (GTR+I+T") model was not significantly dif-
ferent than the one obtained using (GTR+I’) alone
(—6887.34 vs.—6887.70), so we used the simpler model.
Figure 3 depicts parsimony tree #6 under the ML pa-
rameters best fitting the PepC data: [R (AC) = 0.98, R
(AG) = 2.83, R (AT) = 0.43, R (CG) = 1.33, R (CT) =
342, R (GT) = 1.00, pi (A) = 0.25, pi (C) = 0.20, pi
(G) = 0.21, pi (T) = 0.33, « = 0.52].

Parsimony analysis of the reduced waxy data yielded
30 shortest trees (763 steps, CI excluding uninforma-
tive characters = 0.478, RI = 0.656). The strict consen-
sus of these trees (Fig. 4) is similar to the strict con-
sensus trees of tree islands 3 and 4 in Mason-Gamer’s
(2001) analysis of waxy data. All most-parsimonious
waxy trees include a single well-supported Hordeum +
Elymus clade (BS = 89). Within this group, the Elymus
H sequences form a well-supported clade with H.
brachyantherum (BS = 100), while H. marinum, H. mu-
rinum, H. vulgare, and H. jubatum form a weakly-sup-
ported clade. The Elymus and Pseudoroegneria sequenc-
es are grouped into two distinct, well-supported
clades (St1 and St2), but the St sequences do not form
a monophyletic group. The St1 clade (BS = 100) is sis-
ter to a weakly supported clade including Aegilops L.,
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Elymus canadensis 973A-534A
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Secale montanum ssp. anatolicum 2739A-1145A

—— Thinopyrum elongatum 1460A-1116F

100 Agropyron cristatum 1242B-540A
(100) Eremopyrum orientale 884D-543E
'|_— Heteranthelium piliferum 1301B-1292A
Peridictyon sanctum 1341A-1157A

Australopyrum velutinum 1209B-1128A
——— Dasypyrum villosum 1641A-1134A
10079 Elymus canadensis 973B-534F
Elymus hystrix 981B-622A
Elymus canadensis 215C-48C
Elymus elymoides 957A-632A

|
20 Elymus lanceolatus 1049C-604]) (H)
100 Elymus wawawaiensis 229B-74P
Hordeum brachyantherum 339B-312B
(100) )
Hordeum jubatum 940C-316A
99(83) Hordeum marinum 1246C-301A (Xa)

Hordeum murinum 989A-297A (Xu)
Hordeum vulgare 1346BB-1314A (I)

Leymus racemosus 1592B-1718A

— Elymus californicus 1645B-637C

Bromus tectorum 1662C-2774

— 0.005 substitutions/site

FiG. 2. The maximum likelihood tree based on PepC sequence data, generated under a GTR+ I' model of evolution In (L
=—7444.62). Bold lines indicate the Elymus + Pseudoroegneria and Elymus + Hordeum clades. Genome designations are provided
for Elymus, Pseudoroegneria, and Hordeum taxa. The posterior probabilities are above the branches and bootstrap values (= 75%)
are given in parentheses. Gray lines represent portions of the tree that are inconsistent with the parsimony results. PepC clone

numbers are provided next to taxon names.
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Elymus canadensis 973A-534A
Pseudoroegneria b Elymus elymoides 648C-632C
and Elymus (St) } Elymus glaucus 219A-51A
100 Elymus hystrix 981C-622C
Elymus lanceolatus 1049B-604B
Elymus wawawaiensis 229A-74A
Pseudoroegneria spicata 352A-325A
Pseudoroegneria spicata 804B-610A

ﬂc Agropyron cristatum 1242B-540A
*2 Eremopyrum orientale 884D-543E

i|_— Aegilops comosa 1305A-1296A
*2

Taeniatherum caput-medusae 1588A-1141A

100 Secale montanum ssp. anatolicum 2739A-1145A
<| L Secale cereale 2729B-2766
Th

inopyrum elongatum 1460A-1116F

Australopyrum velutinum 1209B-1128A
Dasypyrum villosum 1641A 1134A
Heteranthelium piliferum 1301B-1292A
99 Peridictyon sanctum 1341A-1157A

Elymus elymoides 957A-632A
Elymus wawawaiensis 229B-74P

Hordeum brachyantherum 339B-312B| (H)

Hordeum and
Elymus 100

100 3 Hordeum jubatum 940C-316A
T3 Elymus lanceolatus 1049C-604]
| Hordeum marinum 1246C-301A (Xa)
81 Hordeum murinum 989A-297A (Xu)
] Hordeum vulgare 1346BB-1314A (I)

Elymus californicus 1645B-637C

Bromus tectorum 1662C-2774
— 0.005 substitutions/site

FiG. 3. The reduced PepC parsimony topology used as the
test tree in the SH test, depicted using ML estimated param-
eters best fitting the PepC data under GTR+I". Bold lines in-
dicate the Elymus + Pseudoroegneria and Elymus + Hordeum
clades. Bootstrap values greater than 49% are above the nodes.
Nodes that are sources of conflict in the constrained analyses
are marked with asterisks and the resulting increase in tree
length in each of the associated constrained analyses is given.
Gray lines represent nodes that collapse in the strict consensus
of all most parsimonious trees. Taxon labels as in Fig. 2.

Dasypyrum (Coss. & Durieu) P. Candargy, and Thino-
pyrum ALéve, and St2 (BS = 98) is sister to Australo-
pyrum velutinum. As in the PepC tree, E. californicus
does not group with other Elymus species. The two
Secale species form a strongly supported clade (BS =
100) sister to Heteranthelium piliferum (BS = 68). This
group is in turn sister to a clade including Agropyron
cristatum, Eremopyrum orientale, and Taeniatherum caput-
medusae (BS = 68). Among the 30 most-parsimonious
trees, tree #1 had the highest log likelihood score and
was chosen as the waxy tree for use in the SH test. The
most parameter rich model (GTR+I+T) had a signif-
icantly higher log likelihood value than the other mod-
els tested, and was used in the SH test. Figure 4 de-
picts parsimony tree #1 under the ML parameters best
fitting the waxy data: [R (AC) = 1.50, R (AG) = 3.53,
R (AT) = 1.36, R (CG) = 1.66, R (CT) = 4.87, R (GT)
= 1.00, pi (A) = 0.22, pi (C) = 0.26, pi (G) = 0.30, pi
(T) = 0.21, P-inv. = 0.35, « = 0.71].

Both SH tests yielded significant p-values. The SH
test using the PepC data and associated ML parameters
resulted in a difference in tree scores of 551.94, P <
0.001 (PepC score =—6887.70; waxy score =—7439.64).
The SH test using the waxy data and associated ML
parameters resulted in a difference in tree scores of
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Dasypyrum villosum 1641A-1134A
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Aegilops comosa 1305A-1296A
Elymus glaucus 219A-51A

Elymus hystrix 981C-622C

Elymus lanceolatus 1049B-604B

Elymus wawawaiensis 229A-74A
Pseudoroegneria spicata 352A-325A
Pseudoroegneria spicata 804B-610A
Elymus elymoides 648C-632C

Elymus canadensis 973A-534A

Australopyrum velutinum 1209B-1128A

0 Eremopyrum orientale 834D-543E
|——Taeniathemm caput-medusae 1588A-1141A

Agropyron cristatum 1242B-540A

& 100 Secale montanum ssp. anatolicum 2739A-1145A
_| E Secale cereale 2729B-2766
— 7 Heteranthelium piliferum 1301B-1292A
Peridictyon sanctum 1341A-1157A

Elymus elymoides 957A-632A

Elymus lanceolatus 1049C-604) (H)

Elymus wawawaiensis 229B-74P
Hordeum brachyantherum 339B-312B

3
Lo B 60 Hordeum marinum 1246C-301A (Xa)
r ‘*;0 Hordeum murinum 989A-297A (Xu)
"26‘ Hordeum vulgare 1346BB-1314A (T)
Hordeum jubatum 940C-316A (H)

Elymus californicus 1645B-637C
Bromus tectorum 1662C-2774

Pseudoroegneria
and Elymus (St)

17]*36

Hordeum 100
and Elymus‘\

— 0.01 substitutions/site

FIG. 4. The reduced waxy parsimony tree used as the test
tree in the SH test, depicted using ML estimated parameters
best fitting the waxy data under GTR+I+T. Bold lines indicate
the Elymus + Pseudoroegneria and Elymus + Hordeum clades.
Bootstrap values above 49% are above the nodes. Nodes that
are sources of conflict in the constrained analyses are marked
with asterisks and the resulting increase in tree length in each
of the associated constrained analyses is given. Gray lines rep-
resent nodes that collapse in the strict consensus of all most
parsimonious trees. Taxon labels as in Fig. 2.

397.26, P < 0.001 (waxy score =—5982.25; PepC score
=-6379.50).

In constrained analyses of the PepC data, five of the
ten nodes tested from the waxy tree (Fig. 4, asterisks)
resulted in an increase in length relative to the uncon-
strained PepC trees (674 steps). In constrained analyses
of the waxy data, five of the eight PepC tree nodes (Fig.
3, asterisks) resulted in increases in length over the
unconstrained waxy trees (763 steps). The length in-
creases associated with each node are shown in Figs.
3 and 4.

DiscussioN

Evidence of St + H Genome Content. All tetraploid
Elymus individuals examined here have two copies of
the PepC isoform sequenced in the study. One copy
forms a clade with Hordeum and the second with Pseu-
doroegneria, confirming that North American Elymus
species do have an St + H genomic content, and there-
fore are allotetraploid derivatives of Hordeum and Pseu-
doroegneria (Fig. 2). The data thus confirm Dewey’s
(1984) and Love's (1984) genomic concept of North
American Elymus, in which all species (with the excep-
tion of the octoploid E. californicus) are allotetraploids
containing the St and H genomes (Dewey 1984; Love
1984). Some systematists have raised justifiable con-
cerns regarding the use of genomic pairing data as the
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primary criterion for both grouping and ranking of
taxa in the Triticeae (e.g., Baum et al. 1987; Kellogg
1989; Seberg and Petersen 1998). However, the PepC
phylogeny corroborates the cytogenetic findings, and
is in agreement with previous studies based on both
isozyme (Jaaska 1995, 1998) and waxy gene sequence
data (Mason-Gamer 2001). A classification system
based on chromosome pairing provides a reasonable
starting point, in that it groups taxa based on a char-
acter that appears to reflect evolutionary relatedness.
However, its utility is limited because it cannot provide
insights into the hierarchical relationships among the
taxa examined (e.g., Kellogg 1989).

Elymus californicus—is it a Member of Elymus?
The octoploid Elymus californicus is the only Elymus
species in the present study in which the St and H
genomes have not been detected. This is not surpris-
ing, because the classification of E. californicus has been
unstable since it was first described in 1880, and its
genomic makeup remains uncertain (Love 1984; Mary
Barkworth, pers. comm.). In an attempt to gain in-
sights into the genomic complement of this enigmatic
species, Jensen and Wang (1997) screened for the St
and Ns genomes using genome-specific RAPD mark-
ers. Their study found no evidence of the St genome,
but did detect a marker specific to the Ns genome,
which is found in the diploid genus Psathyrostachys
Nevski and in the allopolyploid genus Leymus Hochst.
From this information Jensen and Wang (1997) sug-
gested that E. californicus should be transferred to Ley-
mus. The PepC data neither refute nor confirm these
findings directly, placing Elymus californicus at the base
of the tree. Nevertheless, the PepC phylogeny clearly
demonstrates that E. californicus does not belong within
Elymus. The waxy gene phylogeny by Mason-Gamer et
al. (2001) was also consistent with Jensen and Wang’s
(1997) findings, revealing a weak association between
Psathyrostachys and E. californicus in most of the most-
parsimonious trees. Within the chloroplast DNA phy-
logeny by Mason-Gamer et al. (2002) the placement of
E. californicus is equivocal; E. californicus is weakly
grouped with Hordeum in some of the shortest trees.
The PepC data add to the mounting evidence suggest-
ing that E. californicus does not belong within Elymus,
but additional sampling and phylogenetic analyses are
needed to develop a firm understanding of how this
species is related to other members of the Triticeae.

Elymus H and St Genomes. The PepC data indicate
that all North American tetraploid species of Elymus
have St + H genome content, but there is little reso-
lution among Elymus individuals in either the St or the
H clade. This pattern is consistent with the hypothesis
that the Elymus tetraploids are formed from a single
set of genome donors or multiple closely related sets
of donors, but the specific progenitor species involved
remain a mystery. The Elymus H genome sequences
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form a strongly supported clade with the two North
American Hordeum taxa included in the study (H.
brachyantherum and H. jubatum), while the Elymus St
sequences form an unresolved polytomy with P, spicata,
the only North American Pseudoroegneria species (Fig.
2). The lack of resolution among the Elymus St copies
is similar to that previously observed among chloro-
plast DNA sequences (Mason-Gamer et al. 2002). In a
study based on the waxy gene (Mason-Gamer et al.
2001), St sequences formed two distinct clades, which
did not correspond to geographical or morphological
differentiation. It was unclear whether the pattern was
the result of allelic variation or recent gene duplication
prior to the divergence of the St group. The PepC and
waxy studies have provided hints on which Hordeum
species may be most closely related to Elymus, but ad-
ditional sampling of both Hordeum and Pseudoroegneria
is needed before we can develop a better picture of the
origin of the H and St genomes.

Distinction Among Hordeum Genomes. A detailed
discussion of Hordeum evolution in light of the PepC
phylogeny is impossible given the limited number of
taxa sampled. However, the data do resolve the four
Hordeum genomes (H, Xa, I, and Xu), and provide
some insights into how these groups are related (Fig.
2). Taxa with genomes I (Hordeum vulgare) or Xu (Hor-
deum murinum) form a strongly supported monophy-
letic group, which in turn is sister to a second well-
supported clade that includes species with the H or Xa
(Hordeum marinum) genomes. This corroborates the
study by Komatsuda et al. (1999) of Hordeum diploid
taxa using Vrs1 nuclear intron sequence data. The PepC
results are also in accordance with Petersen and Se-
berg’s (2003) analysis of diploid Hordeum taxa, in
which they combined the chloroplast data of Doebley
et al. (1992) and Komatsuda et al. (1999) with data
from the nuclear marker DMC1 (Petersen and Seberg
2002, 2003) and the chloroplast rbcL gene (Petersen and
Seberg 1998). Nuclear and chloroplast DNA data were
partly contradictory, but in the combined data set, the
Xu and I genomes formed a sister group to the H and
Xa taxa, although one H genome taxon (H. brevisubu-
latum Link.) was sister to H. marinum (Xa). Data from
the nuclear ribosomal internal transcribed spacers
(Frank Blattner, pers. comm.) also recovered four ma-
jor clades corresponding to the four Hordeum genomes,
but the arrangement of the clades was somewhat dif-
ferent. Genomes H + Xa formed a clade sister to Xu,
and this clade is sister to I, though the placement of
the Xu clade is weakly supported. It is clear from these
Hordeum studies that the genome groups are in fact
phylogenetically informative.

Conflict Between PepC and waxy. Results from the
SH test suggest that the PepC and waxy trees are sig-
nificantly incongruent. Constrained analyses confirm
these findings suggesting that there is disagreement
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involving some of the clades in the PepC and waxy phy-
logenies (Figs. 3, 4). There are two cases within Hor-
deum where taxa have different positions in the two
trees, but are members of clades with moderate to high
bootstrap support. The first is Hordeum marinum: in the
PepC tree, it is sister to the H clade, while in the waxy
tree; it is sister to H. murinum (Xu). In the second case,
the same accession of H. jubatum has a different posi-
tion in the PepC and waxy trees. In the PepC phylogeny,
it is nested within the well-supported H clade, while
in the waxy phylogeny; it is found at the base of a grade
including H. marinum (Xa), H. murinum (Xu), and H.
vulgare (I). While the reason for the conflicting place-
ment of H. jubatum is not known, it is an allotetraploid
(e.g., Jorgensen 1986; Bothmer et al. 1987), and the two
data sets may have sampled gene copies representing
the two different, homoeologous genomes.

The placement of Taeniatherum caput-medusae is also
at odds between the PepC and waxy phylogenies (Figs.
3, 4). In the PepC tree, T. caput-medusae forms a well-
supported clade (BS = 95) with Aegilops comosa, while
in the waxy tree it is sister to Eremopyrum orientale (BS
= 50), which in turn is sister to Agropyron cristatum (BS
= 70). The association seen in the waxy topology has
not been seen in other gene trees, but a close relation-
ship between T. caput-medusae and Aegilops was seen in
the chloroplast DNA phylogeny (Mason-Gamer et al.
2002). The PepC data strongly conflict with the waxy
data on the placement of Tueniatherum, with 36 addi-
tional steps required in the constrained analysis. The
waxy data show far less conflict with Taeniatherum’s
placement in the PepC tree, requiring only two addi-
tional steps in the constrained analysis. There may be
some underlying signal within the waxy data set that
supports a more congruent placement of Taeniatherum.
In the PepC phylogeny, E. orientale forms a strongly
supported clade with A. cristatum (BS = 100) rather
than Taeniatherum, in agreement with the chloroplast
DNA phylogeny (Mason-Gamer et al. 2002), and the
DMC1 phylogeny (Petersen and Seberg 2002), in which
Agropyron cristatum was grouped with two other Ere-
mopyrum species, E. distans (K.Koch) Nevski and E. tri-
ticeum (Gaertn.) Nevski.

Secale is well-supported on both trees (BS = 100),
which is not surprising. A correlation between mono-
genomic groups and clades on molecular phylogenetic
trees has been previously reported (Hsiao et al. 1995;
Kellogg and Appels 1995; Kellogg et al. 1996; Mason-
Gamer and Kellogg 1996a, 1996b; Petersen and Seberg
1997). In the waxy tree, the Secale clade is sister to Het-
eranthelium  piliferum, forming a weakly supported
clade (BS = 68); this association was previously sup-
ported in Mason-Gamer’s chloroplast DNA phylogeny.

Phylogenetic conflict was previously demonstrated
among Triticeae gene trees, with the most extensive
differences documented in comparisons between chlo-
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roplast and nuclear data (Kellogg et al. 1996; Mason-
Gamer and Kellogg 1996b). There were a few instances
of statistically significant incongruence among the nu-
clear data sets, and the present comparison between
PepC and waxy shows conflict involving several taxa. If
the conflict is genuine, the nuclear gene trees may re-
flect differences among phylogenies of the chromo-
somes, or sections of chromosomes, on which the
genes reside. The discordance between PepC and waxy
gene tree topologies (as well as many others) high-
lights the need for continued research on chromosome
evolution in the Triticeae in the hopes of better under-
standing mechanisms behind the complex historical
patterns that are emerging from phylogenetic studies
of this group.

Two different historical scenarios provide possible
explanations for the reticulate history of the tribe (Kel-
logg et al. 1996). First, the pattern may result from
periods of cladogenesis and dispersal, interspersed
with hybridization and introgression between species.
The level of hybridization slowed or stopped at some
point in the past; most genera in the tribe are inter-
sterile, and hybrids among them generally exhibit a
lack of chromosome pairing (e.g., Dewey 1984 and ref-
erences therein). However, some degree gene exchange
among genera is possible, if a small percentage of vi-
able hybrid seeds are produced through chance alone.
It is also possible that present-day gene flow between
diploid taxa is taking place through a polyploid inter-
mediate. Gene flow between diploids via a tetraploid
bridge requires the formation of partially fertile trip-
loids, as has been reported for species of Aegilops by
Vardi (1973), Feldman et al. (1979), and Kimber and
Feldman (1987). There is also phylogenetic evidence of
hybridization or introgression. Mason-Gamer and Kel-
logg (2000) reported that an accession of Pseudoroeg-
neria strigosa (M. Bieb.) A.Love, which was expected to
be a monogenomic St species, has both St and H cop-
ies of the waxy gene and an St chloroplast. The result
was consistent with both the allotetraploid-bridge and
direct hybridization hypotheses.

A second possible explanation for the reticulate his-
tory of the Triticeae is that it reflects a burst of diver-
sification with rapid lineage sorting, and fixation of
different alleles into lineages, which quickly became
intersterile (Kellogg et al. 1996). Given the need for
extensive ancestral polymorphism in this hypothesis,
it seems unlikely that rapid diversification and lineage
sorting was the major driving force behind the retic-
ulate history of the Triticeae. However, it is not clear
how we could determine which scenario (lineage sort-
ing and hybridization-introgression) has had the big-
ger impact on the history of the Triticeae. In fact, these
hypotheses are not mutually exclusive, and it may be
that both processes have played some role in shaping
the history of the Triticeae.
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In conclusion, this study verifies Dewey’s (1982,
1983) and Love's (1982, 1984) insightful chromosome-
based revisions of the Triticeae. The PepC results clear-
ly show that North American tetraploid members of
Elymus have an St + H genomic content, and are there-
fore derived from Hordeum and Pseudoroegneria. How-
ever, the current data reveal little genetic differentia-
tion within North American Elymus. Consequently, the
relationships among Elymus species, and their relation-
ships to specific progenitor species, await a better-re-
solved phylogeny. Additional studies, which integrate
morphological, cytological, and phylogenetic informa-
tion, are necessary to understand better the historical
relationships within Elymus. The PepC-based analysis
of North American Elymus is a small step forward in
this process.
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