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Abstract

The phylogenetic position of hexaploid Elymus repens within the tribe Triticeae (Poaceae) was examined using cloned sequences from
the low-copy nuclear genes encoding phosphoenolpyruvate carboxylase (pepC) and B-amylase. A previous analysis of E. repens using
data from the nuclear granule-bound starch synthase I (GBSSI) gene had yielded five phylogenetically distinct gene copies, two more
than expected from hexaploidy alone. The three gene trees share three distinct E. repens clades, suggesting that E. repens contains three
phylogenetically divergent genomes, contributed by Hordeum, Pseudoroegneria, and an unknown donor. The two additional GBSSI
sequences, including one that was apparently derived from outside of the tribe, appear to reflect past introgression of GBSSI sequences
into the E. repens genome. On all three trees, the Hordeum-like E. repens sequences are polyphyletic within Hordeum, and the trees are in
conflict with regard to the placement of these sequences within Hordeum, highlighting multiple contributions from Hordeum to E. repens.
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1. Introduction

Over the last two decades, phylogenetic analyses of chlo-
roplast and nuclear DNA data have clarified the relation-
ships between many polyploid species and their diploid
relatives. In some of the earliest of these, chloroplast
DNA (cpDNA) restriction site data were successfully used
to clarify polyploid origins (Doyle et al., 1990; Soltis and
Soltis, 1989; Soltis et al., 1989a,b), and cpDNA trees
remain important components of phylogenetic analyses of
polyploids (Guggisberg et al., 2006; Johnson and Johnson,
2006; Sharbel and Mitchell-Olds, 2001; Tate and Simpson,
2003). The nuclear ribosomal rDNA repeat, including the
internal transcribed spacer (ITS) region, has the added
potential to identify multiple parental genome donors
(Guggisberg et al., 2006; Hughes et al., 2002; Rauscher
et al., 2002; Sang et al., 1995; Soltis and Soltis, 1991; Tate
and Simpson, 2003; Widmer and Baltisberger, 1999),
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although the widespread phenomenon of ITS homogeniza-
tion following polyploid formation (reviewed in Alvarez
and Wendel, 2003) can limit the utility of ITS sequences
in studies of polyploid origins. Single- and low-copy
nuclear gene trees are now common in studies of polyploid
phylogeny, and have been used to verify the existence of
suspected polyploids (e.g., Smith et al., 2006; Winkworth
and Donoghue, 2004), identify genome donors (e.g., Ems-
hwiller and Doyle, 2002; Fortune et al., 2007; Ge et al.,
1999; Helfgott and Mason-Gamer, 2004; Johnson and
Johnson, 2006; Mason-Gamer, 2001; Petersen et al.,
2006; Popp et al., 2005; Slotte et al., 2006), demonstrate
multiple polyploid origins (Doyle et al., 2002), clarify com-
binations of polyploidy and hybridization or introgression
(e.g., Cronn et al., 2003; Ferguson and Sang, 2001; Lihova
et al., 2006; Mason-Gamer, 2004), and examine gene evolu-
tion or gene silencing in polyploids (Barrier et al., 2001;
Cronn et al., 1999; Ford and Gottlieb, 2002; Hughes
et al., 2002).

The present study clarifies the evolutionary history
of the hexaploid species Elymus repens (L.) Gould, a
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widespread, morphologically variable species in the wheat
tribe (Triticeae), using sequence data from low-copy
nuclear genes. This native of Europe and Asia has become
a problematic weed throughout much of northern North
America since its introduction about a century ago (Bat-
cher, 2002). The species is allohexaploid (2rn = 42), with
generally normal, diploidized meioses in which the chro-
mosomes form 21 bivalents (Cauderon, 1958; Dewey,
1961). Cytogenetic studies suggest that two of the three
haploid chromosome sets are closely related, with the third
set distinct from the other two (Cauderon, 1958; Dewey,
1961). The identities of the genome donors have been inves-
tigated using cytogenetic (Assadi and Runemark, 1995;
Cauderon and Saigne, 1961; Dewey, 1970b, 1976) and
GISH (@rgaard and Anamthawat-Jonsson, 2001) tech-
niques, but the results are not in complete agreement.
Cytogenetic studies of hybrids between E. repens and two
different Pseudoroegneria species (Dewey, 1970b, 1976)
suggested that the two similar genome sets of E. repens
were derived from Pseudoroegneria (genome designation
St), while in a more recent GISH-based study (Jrgaard
and Anamthawat-Jonsson, 2001), P. spicata probes did
not hybridize strongly to the E. repens genome, leading
the authors to question whether Pseudoroegneria is a gen-
ome donor. In the same GISH study, Hordeum californi-
cum probes hybridized to the E. repens genome,
indicating the presence of an H genome, in agreement with
some cytogenetic studies (Cauderon and Saigne, 1961), but
Dewey (1984) doubted the presence of the H genome on
morphological grounds. The cytogenetic analysis of Assadi
and Runemark (1995) was one of few that simultancously
indicated both St and H genomes in E. repens: based on
chromosome pairing in hybrids between E. repens and
the presumed StStStStHH hexaploid E. transhyrcanus,
they concluded that E. repens shared the StStStStHH gen-
ome complement. Although the analyses of the E. repens
genome content are not in complete agreement, they collec-
tively suggest that the two similar genome sets were derived
from Pseudoroegneria (genome designation St) and the
third from Hordeum (genome H). However, studies
attempting to ascertain polyploid genome content through
observations of meiotic chromosome behavior in hybrids
do have some shortcomings. First, they are based on the
assumption that chromosome pairing in such hybrids is a
direct indicator of relatedness among chromosomes, an
assumption that has long been questioned (e.g., Darling-
ton, 1932; de Wet and Harlan, 1972; Seberg and Petersen,
1998). Second, studies of hybrid meioses typically include
only a limited number of hybrid combinations. In these
cases, patterns of chromosome pairing in hybrids between
polyploids and diploids can potentially identify candidate
genome donors, but they cannot necessarily provide posi-
tive identifications if there are other, related taxa that have
not been tested.

The hypothesis that E. repens has an StStStStHH gen-
ome complement was recently examined for six individuals
using molecular data from the chloroplast genome and

from the single-copy nuclear gene encoding granule-bound
starch synthase I (GBSSI or waxy; Mason-Gamer, 2004).
The chloroplast data identified Pseudoroegneria as the
maternal genome donor, and the GBSSI data revealed St
and H genome contributions from Pseudoroegneria and
Hordeum, respectively. There were also three additional,
phylogenetically distinct GBSSI gene copies within E.
repens, representing apparent contributions from Taeni-
atherum (genome designation Ta), from an unknown donor
within the Triticeae, and from a second unknown-donor
outside of the tribe. Based on these results, a combination
of allohexaploidy and introgression was hypothesized, but
it remained unclear which, if any, of the three unexpected
gene copies represented an entire third genome set, or
which were acquired through introgression. In the present
study, phylogenetic analyses of E. repens sequences from
two additional, unlinked single-copy nuclear loci are used
to further clarify the evolutionary history of E. repens.
Under the assumption that Pseudoroegneria and Hordeum
were donors to E. repens, three hypotheses are considered:
(1) the basic E. repens genome complement is StStStStHH,
as suggested by the cytogenetic studies, and all three addi-
tional GBSSI gene copies have been acquired through
introgression; (2) Taeniatherum is a genome donor (giving
E. repens an StStHHTaTa complement), and the GBSSI
gene copies from both of the unknown donors were
acquired through introgression; or (3) the Triticeae
unknown-donor sequence represents a complete genome
(giving an StStHHXX complement, where the origin of X
is unknown), and the GBSSI gene copies from both Taeni-
atherum and the more distant unknown donor were
acquired through introgression. While other hypotheses
are conceivable, the three listed here seemed the most rea-
sonable. The ability to distinguish among the hypotheses
using comparisons among gene trees is based on the
assumption that gene copies present on all three gene trees
represent contributions of entire genomes, while copies that
are unique to just one gene tree probably represent
introgression.

2. Materials and methods
2.1. Molecular data sets

Separate analyses were run for the three nuclear gene
data sets, each of which includes sequences from between
five and six E. repens individuals (Table 1). The GBSSI
E. repens sequences were previously published (Mason-
Gamer, 2004), and pepC and p-amylase E. repens
sequences were obtained for this analysis. These were ana-
lyzed with a broadly representative sample of monogenom-
ic, mostly diploid species from throughout the Triticeae.
Most of the sequences from the monogenomic species were
previously published, but all three data sets were aug-
mented with new sequences from Hordeum and Pseudoroe-
gneria, the two presumed genetic contributors to E. repens
(Table 2). Based on genomic studies of grass crop species
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Table 1

New (boldface) and previously published (plain font) sequences from E. repens

Individual Collection Locality GBSSI* pepC B-Amylase
1 RIMGI119 Bonner Co., ID al.ce.f'.q a,b,g,q c,d,q,r

2 RIMG122 Boundary Co., ID aa,bb,cc,g” hh a,b,h a,i,k

3 RIMG131 Payette Co., ID a,aa,dd.f",h” d,f,h,i a,c,d,l

4 RIMG159 Dane Co., WI a,aa,b”,dd,i"t c,e,m,q a,b,x

5 RIMG166 Washington Co., ME cc,dd,hh,j* k a,b,c,e,i,l a,b,c

6 RIMGI167 Washington Co., ME a",a2,dd,g" hh c,d,e —

Numbers 1-6 identify individual plants and letters identify cloned sequences from within individuals; these correspond to the labels on the trees (Figs. 1-3).
# From Mason-Gamer (2004). Asterisks represent shorter fragments from an alternative primer pair used to offset PCR bias.

(more details are provided below), the three nuclear mark-
ers appear to be on three different chromosomes. This is a
tentative assumption, based on a small number of grass
species, but for this study the three genes are provisionally
assumed to represent independent phylogenetic estimates.
Other than the details of the primers and cycling param-
eters, similar molecular methods were followed for each of
the nuclear gene fragments (more details for each gene can
be found in the corresponding publications, cited below).
For E. repens, 3—4 PCR replicates were run per individual

and combined prior to cloning, in order to counter the
potential effects of PCR drift (Wagner et al., 1994). For
Hordeum and Pseudoroegneria, single PCRs were cloned.
In all cases, PCR products were cleaned on columns (Qia-
gen), cloned into pGEM-T Easy vectors (Promega), and
transformed into JM 109 competent cells (Promega) follow-
ing the manufacturer’s protocol, except that all reactions
were halved. Cloned fragments were amplified directly
from white colonies using the same primers as were used
for the original PCR, in 30-40 ul reactions with 0.5U

Table 2

New (boldface) and previously published (plain font) sequences from Hordeum and Pseudoroegneria

Taxon (Genome) Identifier® Ploidy GBSSI pepC B-Amylase
Hordeum bogdanii 1 (H) PI 531762 2X a — —
Hordeum bogdanii 2 (H) PI 531760 2X a a a
Hordeum brevisubulatum 1 (H) PI 401387 4X a — a,d
Hordeum brevisubulatum 2 (H) PI 401390 2X a — b
Hordeum bulbosum 1 (I) PI 440417 4X a a,b,c a
Hordeum californicum 1 (H) MA-138-1-40 2X a a a
Hordeum chilense 1 (H) PI 531781 2X a a —
Hordeum jubatum 1 (H) RIMG 106 4X a a a,b
Hordeum jubatum 2 (H) RIMG 134 4X — — a,c
Hordeum marinum 1 (Xa) PI 304346 4X a a a,b
Hordeum marinum 3 (Xa) PI 304347 2X a a a
Hordeum murinum 1 (Xu) PI 247054 — a a,b a
Hordeum murinum 2 (Xu) CTho 15683 2X a a b
Hordeum pusillum 2 (H) Clho 15654 2X a a b
Hordeum stenostachys 1 (H) PI 531791 2X a a b
Hordeum vulgare 1 (I) X07931 2X n.a. — —
Hordeum vulgare 2 (1) RIMG 107 2X — a d
Pseudoroegneria libanotica 1 PI 228391 2X a a a
Pseudoroegneria libanotica 3 PI 228392 2X a a a
Pseudoroegneria spicata 1 PI 232117 2X a — a
Pseudoroegneria spicata 2 PI 236681 2X a — [
Pseudoroegneria spicata 3 PI 610986 2X a a —
Pseudoroegneria spicata 4 D 2844 2X a a a
Pseudoroegneria spicata 6 RIMG 112 — a.c — b
Pseudoroegneria stipifolia 2 PI 313960 2X — a a
Pseudoroegneria stipifolia 3 PI 531751 4X — a,d a
Pseudoroegneria strigosa 1 PI 499637 — a b,d —
Pseudoroegneria strigosa 2 PI 531755 2X c d b
Pseudoroegneria tauri 1 PI 380652 2X a a a
Pseudoroegneria tauri 2 PI 401319 2X a a —
Pseudoroegneria tauri 3 PI 380644 2X — a,b —

Numbers after taxon names identify individual plants and letters identify cloned sequences from within individuals; these correspond to the labels on the

trees (Figs. 1-3).

% RIJMG identifiers are author collection numbers; PI, MA, CIho, and D identifiers were assigned by USDA; X07931 is from GenBank (Rohde et al.,

1988).
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Taq polymerase (Sigma), a 1x concentration of the
included 10x buffer, 45-60 nmol MgCl,, 6-8 nmol of each
nucleotide, and 30-40 pmol of each primer. Amplified frag-
ments were cleaned using 1 U shrimp alkaline phosphatase
(USB) and 5 U exonuclease I (USB). Colony PCR prod-
ucts from within each individual were given letter designa-
tions, and were screened for sequence variation with single
primers. For E. repens, 25-38 GBSSI and 15-20 pepC and
B-amylase products were screened; for Hordeum and
Pseudoroegneria, 2-5 products were screened for all three
genes. Products from within individuals were compared,
and any products that differed by more than three base pair
substitutions were fully sequenced and added to the data
set. While the sampling of Hordeum and Pseudoroegneria
does uncover intra-individual variation in some cases, the
sampling strategy was not designed to thoroughly sample
allelic variation within individuals.

The GBSSI data set serves as a basis of comparison to
the other two nuclear data sets. A phylogenetic analysis
from a Triticeae GBSSI data set, including 30 sequences
from 6 E. repens individuals (Table 1), has been previously
published (Mason-Gamer, 2004). The analyses have been
rerun here with 7 new sequences from 7 Hordeum acces-
sions (Table 2; GenBank EU282316-EU282322) and 5
new sequences from 5 Pseudoroegneria accessions (Table
2; GenBank EU282323-EU282327). PCR products were
obtained using the F-for and M-bac primers (Mason-
Gamer et al., 1998), which amplify an approximately
1300-bp fragment that includes partial exons 9 and 14,
exons 10-13, and the five intervening introns 9—13, which
are approximately 100 bp each. The original study of E.
repens (Mason-Gamer, 2004) also included an analysis of
a small but broad sample of grass GBSSI exon-only
sequences, in order to place a divergent group of E. repens
sequences that falls outside of the Triticeae. Present discus-
sion of that sequence group is based entirely on the original
analysis. The putatively single-copy GBSSI gene maps to
the Triticeae group 7 homoeologous chromosomes (Devos
and Gale, 1997; Kleinhofs, 1997), or to a portion of chro-
mosome 4 translocated from, and thus homoeologous to,
the group 7 chromosomes (Devos and Gale, 1997; Korzun
et al., 1997).

The present phosphoenolpyruvate carboxylase (pepC)
data set includes 24 new sequences from 6 E. repens indi-
viduals (Table 1; GenBank EU282269-EU282292), 11
new sequences from 8 Hordeum accessions (Table 2; Gen-
Bank EU282293-EU282303), and 12 new sequences from
9  Pseudoroegneria accessions (Table 2; GenBank
EU282304-EU282315). These were added to a previously
published data set (Helfgott and Mason-Gamer, 2004).
The original data set combined two fragments labeled
region 1 (approximately 1kb; GenBank AYS553236-
AY553269) and region 2 (approximately 600 bp; GenBank
AY548399-548432), but the present data set includes just
region 1 sequences. The 1100-bp PCR products obtained
using primers 467F(1) and 1672R(2) (Helfgott and
Mason-Gamer, 2004) include partial exons 1 and 2, along

with the intervening intron, which is approximately
1000 bp long. Based on the location of similar sequences
in the rice genome (GenBank AP005781 and AP0058802)
and a comparative grass genome map (Devos and Gale,
1997), this member of a small gene family is tentatively
assumed to be on the Triticeae group 5 homoeologous
chromosomes.

The present B-amylase data set includes 17 new
sequences from 5 E. repens individuals (Table 1; GenBank
EU282238-EU282254), 9 new sequences from 8 Hordeum
accessions (Table 2; Genbank EU282255-EU282263) and
5 new sequences from 5 Pseudoroegneria accessions (Table
2; GenBank EU282264-EU282268). These were added to a
published B-amylase data set (Mason-Gamer, 2005), which
included monogenomic, mostly diploid individuals. The
1400-bp PCR products obtained using primers 2a-for and
S5a-bac (Mason-Gamer, 2005) include partial exons 2 and
5, complete exons 3 and 4, and introns 2-4, which are
about 250, 100, and 400 bp in length, respectively. The
sequences are from one member of a small gene family; this
copy has been mapped to the Triticeae group 2 homoeolo-
gous chromosomes (Sharp et al., 1988).

2.2. Alignment and phylogenetic analyses

New sequences were manually added to existing aligned
data sets, and alignments were inspected for chimeric
sequences. In studies involving intra-individual variation
(such as in polyploids), PCR-mediated recombination can
yield chimeric products (Bradley and Hillis, 1997; Cronn
et al., 2002; Judo et al., 1998), and a few were recovered
from E. repens. Some recombinants were not detected in
the initial clone-screening process, when the recombination
point fell beyond the read of the screening primer. After
being fully sequenced, however, recombinants were easily
identified as chimeras in the alignments, either prior to
phylogenetic analysis, or by closer inspection of sequences
that were tentatively identified as recombinants by their
placement on long branches following a quick maximum
parsimony analysis. These sequence artifacts were dis-
carded from the analyses.

The GBSSI alignment is generally straightforward in
spite of numerous small insertions and deletions in the
introns. There were three regions of length variation
(aligned positions 916-1033, 1154-1243, and 1397-1529)
that were difficult to resolve with the addition of insertions
or deletions; these sites were excluded from the phyloge-
netic analyses. The pepC alignment is a modification of
the original alignment (Helfgott and Mason-Gamer,
2004), primarily to better account for apparent transposon
activity. This data set was the most difficult to align due to
extensive length differences, but upon examination, most of
these could be aligned with the addition of gaps. The high
level of length variation among the pepC sequences may be
related to the fact that the sequence mostly comprises one
long intron (approximately 900—1500 bp), in contrast to the
five in the GBSSI sequence (about 100 bp each) or the three
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in the B-amylase sequence (about 250, 100, and 400 bp). In
addition, some Hordeum sequences have experienced inser-
tion and/or excision of Stowaway-like transposable ele-
ments (Bureau and Wessler, 1994) involving at least two
sites in the intron, further contributing to length variation
within Hordeum. At one site, H. marinum has an element
while H. murinum has an apparent excision footprint (Yang
et al., 2006) at the same site. At another site, H. marinum
has an element, most of the remaining Hordeum and Hord-
eum-like E. repens sequences have one to two apparent
excision footprints immediately adjacent to the site, and
H. murinum has neither an element nor any obvious foot-
prints. Following the final adjustment and addition of
gaps, a repetitive simple-sequence region was excluded
due to alignment ambiguity (aligned positions 67-111), as
were the two regions corresponding to Stowaway-like inser-
tions and apparent excision footprints (positions 699-780
and 1045-1138). The B-amylase alignment was the most
straightforward of the three data sets; there are length dif-
ferences in the introns, but they are generally easy to inter-
pret. Excluded from the analysis due to alignment
ambiguity were one simple-sequence region (aligned posi-
tions 553-570) and two regions corresponding to Stow-
away-like element insertions and/or excision footprints in
some sequences (positions 635-765 and 1478-1674;
Mason-Gamer, 2007).

Prior to phylogenetic analysis, 16 nested models of
sequence evolution (Frati et al.,, 1997; Sullivan et al.,
1997; Swofford et al., 1996) were examined for each data
set using preliminary trees, and the resulting scores were
compared using a likelihood ratio test (Felsenstein, 1981;
Huelsenbeck and Crandall, 1997; Huelsenbeck and Rann-
ala, 1997; Swofford et al., 1996). For each data set, the gen-
eral time-reversible (GTR; Rodriguez et al., 1990; Tavaré,
1986) substitution model led to a large and significant
increase in score compared to the Jukes—Cantor (Jukes
and Cantor, 1969), Kimura two-parameter (Kimura,
1980), and Hasegawa—Kishino—Yano (Hasegawa et al.,
1985) models, as did the addition of a gamma (I") distribu-
tion with shape parameter o to model among-site rate var-
iation (Yang, 1993). Adding an invariable sites (I)
parameter (Hasegawa et al., 1985) to the GTR+I" model
led to a large, significant improvement in the GBSSI score,
a small but significant increase in the f-amylase score, and
a non-significant increase in the pepC score. Thus, the
GTR+I4+T" model was used for ML analyses of all the
GBSSI and B-amylase data sets, and the GTR+I" model
was used for the analysis of the pepC data.

Maximum likelihood (ML) analyses were run using the
Mac OS X GUI version of GARLI v. 0.95 (Zwickl, 2006).
Following the recommendations of the author, runs were
set for an unlimited number of generations, and automatic
termination following 10,000 generations without a signif-
icant (In L increase of 0.01) topology change. Initially, 10
analyses were run with random starting tree topologies.
The range of likelihood scores for the pepC data sets across
10 runs was very small (0.0037); thus, the best of the 10

trees was used as the phylogenetic estimate. The ranges
of scores for the GBSSI and B-amylase data were larger
(8.2626 and 10.2004, respectively), so an additional 20
independent runs were performed for each. Branch support
was estimated based on 100 ML bootstrap replicates in
GARLI with searches as above, except that the stopping
criterion was lowered to 5000 generations without a signif-
icant topology change. Bootstrap values >70% were
recorded on the best ML trees. Bayesian posterior proba-
bilities were estimated in MrBayes (Huelsenbeck and Ron-
quist, 2001) under the same models of sequence evolution.
The analyses were run for 3,000,000 generations, using four
chains and uniform priors. Trees were sampled at 1000-
generation intervals; the first 300 sampled trees (300,000
generations) were discarded, and Bayesian posterior prob-
ability values >0.95 were obtained from a 95% majority-
rule consensus tree generated from the remaining 2700
sampled trees.

3. Results
3.1. GBSSI analysis

The range of likelihood scores across 30 GARLI runs
was —InL 8433.1948-8442.7291. The tree scores fell into
more-or-less discrete categories, in which the four best trees
had very similar scores (—In L 8433.1948-8433.1952) and
differed by almost 0.5 from the next best set of five trees
(—InL 8433.6242-8433.6253). Topological differences
among the nine best trees involve similar sequences but
are identical at all deeper nodes; Fig. 1 shows the best of
the trees. The complete set of 30 GARLI trees differed in
terms of some deeper relationships, but these nodes were
also weak in terms of both bootstrap and Bayesian sup-
port, and were not used as a basis for drawing conclusions.

The present GBSSI analysis includes more samples of
Pseudoroegneria and Hordeum than the earlier analysis
(Mason-Gamer, 2004), but the general results regarding
E. repens are similar: the E. repens sequences fall into four
positions within the Triticeae (Fig. 1), and a fifth group
falls outside of the tribe (not shown; see Mason-Gamer,
2004). Of the four groups within the tribe, one is closely
related to Pseudoroegneria, one to Hordeum, one to Taeni-
atherum, and one is not closely related to any one of the
sampled genera. It was more difficult to sample the E.
repens GBSSI gene copies than it was for either pepC or
B-amylase, because PCR bias strongly favored the Taeni-
atherum-like group at the expense of the others (Mason-
Gamer, 2004). Primers were successfully designed to
exclude this sequence type, but they, in turn, preferentially
amplified sequences from the unknown-donor outside of
the tribe, though that bias was not as extreme. As a result,
the Pseudoroegneria-like and Hordeum-like sequences have
been undersampled, and their absence from certain individ-
uals is probably an artifact.

The Pseudoroegneria-like E. repens sequences form a
clade with P. strigosa (and one of the two P. spicata 6
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Fig. 1. The best-scoring ML tree from 30 GARLI analyses of the granule-bound starch synthase data set under a GTR-+I+I" model of sequence evolution.
Numbers above branches show ML bootstrap support >70%; numbers below branches show Bayesian support >0.95. Gray nodes have bootstrap
support <70% and/or Bayesian support <0.95. Where applicable, numbers following taxon names distinguish individuals within species, and letters
following these numbers distinguish cloned sequences from within an individual. Asterisks following some E. repens sequences indicate shorter sequences
obtained using an alternative set of primers designed to counter PCR bias. Four of the five recovered E. repens sequence groups are shown; the fifth group
falls outside of the tribe (not shown; see Fig. 3 of Mason-Gamer, 2004).
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sequences). The Hordeum-like sequences from E. repens are
polyphyletic within Hordeum, but none are closely associ-
ated with any of the sampled Hordeum species. The third
E. repens sequence group is unassociated with any of the
sampled genera, and thus represents an unknown donor.
The fourth sequence group is closely related, and very sim-
ilar, to sequences from Taeniatherum, and shares with Tae-
niatherum two frameshifting deletions. The remaining E.
repens GBSSI sequences (not shown in Fig. 1) form a
group outside of the Triticeae, probably within the tribe
Pocae (Mason-Gamer, 2004). These have multiple frame-
shifting length changes that are not shared with Poeae
sequences obtained elsewhere (Davis and Soreng, 2007).
Thus, this may represent a loss of function that occurred
within E. repens. In addition, the Poeac-like sequences
from E. repens lack intron 10, a loss they share with Poeae
s. lat. (Davis and Soreng, 2007), a large Pooid clade that
includes Aveneae and Poeae s. str., along with the small
tribes Hainardieae and Phleeae (Soreng et al., 2007); this
character further suggests that the divergent E. repens
sequence originated outside of the Triticeae.

3.2. pepC analysis

The range of likelihood scores across all 10 GARLI runs
was small (—InL 6508.4524-6508.4561), and differences
between the best tree (Fig. 2) and the other nine involved
only nearly-identical taxa. The six E. repens individuals
combine three phylogenetically distinct pepC gene copies:
a Pseudoroegneria-like copy, a Hordeum-like copy, and a
third copy that is not closely associated with any one
genus. Taeniatherum-like and Poeae-like copies were not
recovered for pepC. The Pseudoroegneria-like sequences
are similar to one another, as indicated by their short
branch lengths, and, as on the GBSSI tree, they form a
well-supported clade with P. strigosa. Five of the eight E.
repens copies in this clade are in a well-supported subclade
(copies 1g, 3d, 4q, 51, and 6d). Three individuals (3, 4, and
5) show intra-individual polymorphism, suggesting allelic
variation. Only one Pseudoroegneria-like copy was recov-
ered from individuals 1 and 6; a copy may have been
missed in the sampling, or these individuals may be homo-
zygous at the locus. No Pseudoroegneria-like copy was
obtained from individual 2, out of 18 clones screened; this
is the only individual for which one of the three pepC lin-
eages is missing. The Hordeum-like E. repens pepC
sequences are polyphyletic within Hordeum, as are the
Hordeum-like GBSSI sequences. Unlike GBSSI, however,
the pepC Hordeum-like sequences are closely related to
some of the sampled Hordeum taxa: sequences from indi-
viduals 1, 2, 3, 5, and 6 are closely related to H. californi-
cum and the one sequence representing tetraploid H.
Jjubatum, and sequences from individuals 1, 4, and 5 are clo-
sely related to H. chilense, H. stenostachys, and H. pusillum.
Sequence polymorphism within individuals 1 and 5 might
represent allelic variation. Individuals 2, 3, 4, and 6 might
be homozygous, or one or the other variant may have been

missed as a sampling artifact. The third set of E. repens
pepC copies, recovered from all six individuals, is not clo-
sely related to any single genus; thus, a monogenomic
donor cannot by hypothesized based on the current tree.
The sequences are in a clade with Heteranthelium, Peridict-
yon, Secale, and Thinopyrum with strong Bayesian but very
weak bootstrap support; thus, this is not interpreted as a
strong hypothesis of the placement of the unknown-donor
sequences.

3.3. p-Amylase analysis

The range of likelihood scores across 30 GARLI runs
was —InL 10403.9933-10414.2014; as with the GBSSI
trees, the 30 B-amylase trees differed at many of the deep
nodes. None of these nodes received bootstrap support
>50% or Bayesian posterior probabilities >0.95; thus, they
are weak by any measure and no interpretations were based
upon them. The tree scores fell into more-or-less discrete
categories, with the very similar scores of the five best trees
(—In L 10403.9933-10404.0010) separated from the scores
of the next six trees by nearly a point (—In L 10404.8728—
10404.9316), and from the third best group of two trees
by about 2.5 points (—InL 10406.4198-10406.5067). The
five best trees all had the same branching order (Fig. 3).

As in the GBSSI and pepC trees (Figs. 1 and 2), some E.
repens B-amylase sequences group with Pseudoroegneria,
some with Hordeum, and some form a clade that is not clo-
sely related to any one genus. Taeniatherum-like and Poe-
ae-like PB-amylase sequences were not recovered. The
Pseudoroegneria-like B-amylase sequences are very similar
to one another, and form a distinct clade within Pseudoroeg-
neria. They are most closely related to the P. libanotica/P.
tauri clade, which is at odds with their placement with P.
strigosa on the GBSSI and pepC trees. The Hordeum-like
B-amylase sequences from E. repens are polyphyletic within
Hordeum. As on the pepC tree, several individuals (1, 2,
and 3) have sequences closely associated with H. pusillum
and H. stenostachys. In contrast to pepC, however, no E.
repens B-amylase sequences were closely related to the H.
californicum/H. jubatum clade, and instead, a gene copy
from one individual (3) is closely related to H. bogdanii,
and the sequences from two individuals (4 and 5) fall out-
side the main Hordeum H-genome group. The third set of
E. repens B-amylase sequences is not associated with any
one of the sampled monogenomic genera, but it is in a
fairly well-supported clade with Secale, Australopyrum,
and Dasypyrum. This is the only one of the three gene trees
on which the position of the unknown clade was supported
in bootstrap (80%) and Bayesian (1.0) analyses.

4. Discussion
4.1. Genome diversity within E. repens

The analyses of nuclear pepC and B-amylase gene
sequences are interpreted in light of a previous study of
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Fig. 2. The best-scoring ML tree from 10 GARLI analyses of the phosphoenolpyruvate carboxylase data set under a GTR+I" model of sequence
evolution. Numbers above branches show ML bootstrap support >70%; numbers below branches show Bayesian support >0.95. Gray nodes have
bootstrap support <70% and/or Bayesian support <0.95. Where applicable, numbers following taxon names distinguish individuals within species, and

letters following these numbers distinguish cloned sequences from within

Elymus repens based on cpDNA and nuclear GBSSI data
(Mason-Gamer, 2004). While the uniparentally-inherited
chloroplast genome cannot identify multiple parental
donors, the cpDNA tree did indicate Pseudoroegneria as
the likely maternal genome donor to E. repens. In contrast,
the GBSSI tree revealed more potential donors than were
expected, including Pseudoroegneria (St), Hordeum (H),
Taeniatherum (Ta), an unknown donor from within the
tribe, and an unknown donor from outside of the tribe.
The Pseudoroegneria and Hordeum copies are consistent
with previous hypotheses about the origin of the hexaploid,
but it was not clear which of the additional GBSSI gene
copies, if any, represented an entire genome from a third

an individual.

donor, or whether all three were acquired through intro-
gression. Results from two additional nuclear genes, when
compared to an updated GBSSI gene tree, allow a clearer
understanding of the origin of E. repens, based on the
assumption that a complete genome will be evident on all
three gene trees, whereas gene copies acquired through
introgression will only appear on one tree.

The GBSSI, pepC, and B-amylase trees together support
the third a priori hypothesis proposed in Section 1. On all
three trees, E. repens sequences group into a Pseudoroegne-
ria + E. repens clade, a Hordeum + E. repens clade, and an
E. repens clade that is distinct from the monogenomic Tri-
ticeae genera included in the analysis. Thus, the trees
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Fig. 3. The best-scoring ML tree from 30 GARLI analyses of the B-amylase data set under a GTR+I+I" model of sequence evolution. Numbers above
branches show ML bootstrap support > 70%; numbers below branches show Bayesian support >0.95. Gray nodes have bootstrap support <70% and/or
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distinguish cloned sequences from within an individual.

together reveal three phylogenetically distinct genome
donors to E. repens, including Pseudoroegneria, Hordeum,
and an unknown donor, and suggest that the two addi-
tional GBSSI gene copies, one closely related to Taeniathe-
rum and the other placed outside of the tribe, are products
of introgression. However, as discussed in more detail
below, the unusual placement of Taeniatherum on the
GBSSI tree has led to an additional, a posteriori hypothesis

that the Taeniatherum-like GBSSI sequences of E. repens
might represent the same genome as the unknown E. repens
clades on the B-amylase and pepC trees. If this is true, both
of the unknown GBSSI sequences would appear to be
products of introgression. In either case, it is difficult to
speculate about whether successful hybridization events
that could lead to introgression have occurred repeatedly,
or continue to occur. Meiotic pairing has been examined
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in some E. repens hybrids (Assadi and Runemark, 1995;
Cauderon and Saigne, 1961; Dewey, 1970a, 1976), but E.
repens X Taeniatherum hybrids have not been examined.
Naturally-occurring hybrids between Taeniatherum and
E. repens have not been reported, but E. repens has been
shown to hybridize with other Triticeae species in areas
of overlap (Mahelka et al., 2005, 2007), demonstrating at
least some potential to acquire genetic material through
introgression.

Duplication of the GBSSI gene is another mechanism that
would lead to extra GBSSI copies. The gene is clearly dupli-
cated in some taxa, including Rosaceae (Evans et al., 2000)
and Viburnum (Winkworth and Donoghue, 2004), and pos-
sibly in Araliaceae (Mitchell and Wen, 2004). Recently, com-
plex patterns of GBSSI copy diversity in the grass genus
Spartina were interpreted as a combination of allopoly-
ploidy, duplication, and copy loss (Fortune et al., 2007).
While GBSSI duplication might potentially complicate phy-
logenetic analyses in grasses, the placement of the extra FE.
repens GBSSI copies is not consistent with gene duplication.
For example, two duplication events, one during the history
of the tribe, and one prior to the origin of the tribe, would be
required to explain the two additional GBSSI sequences.
Each duplication event should have resulted in two clades
that are more-or-less similar to one another, with possible
content differences due to copy loss. There is no evidence
of such a pattern on the GBSSI tree, without assuming rig-
idly non-random gene loss involving precisely non-overlap-
ping sets of taxa in each clade (i.e., with all genera losing
one or the other copy, and with no taxa except E. repens
retaining both). More recent duplications within E. repens
would also lead to additional gene copies, but these would
group within existing E. repens-containing clades, rather
than in distinct clades.

Similarly, lineage sorting of ancestral polymorphisms
can potentially explain divergent gene copies within an
individual, but it does not appear to be a likely explanation
for the GBSSI sequence diversity with E. repens, primarily
because the polymorphisms are seen only in E. repens and
not in any of the related diploids. Because none of the dis-
tinct E. repens GBSSI sequence copies form sister clades,
an ancestral polymorphism involving any two of them
would have to have been maintained through numerous
speciation events in order to persist in one of E. repens’s
immediate diploid progenitors. The polymorphism would
have to be passed through two events of polyploidy into
hexaploid E. repens, and lost from all of the related diploid
Triticeae species sampled here. Thus, at present, introgres-
sion appears to be a more parsimonious explanation for the
additional GBSSI gene copies than either gene duplication
or lineage sorting.

4.2. The Pseudoroegneria, Hordeum, and unknown-donor
sequences of E. repens

The acquisition of St-genome nuclear sequences from
Pseudoroegneria is consistent with the chloroplast DNA

tree (Mason-Gamer, 2004), on which all six E. repens indi-
viduals have a Pseudoroegneria-like chloroplast genome.
On both the GBSSI and pepC trees, the E. repens St-like
sequences are related to and phylogenetically indistinguish-
able from P. strigosa, indicating that species as a potential
genome donor. In contrast, the B-amylase tree places the E.
repens St-like sequences in a distinct monophyletic group
sister to the P. libanotica/P. tauri clade. The very close rela-
tionship among the E. repens St-like sequences on each
individual tree is consistent with a limited number of
Pseudoroegneria gene donors. On the other hand, the differ-
ences among the trees with respect to the placement of
these sequences within Pseudoroegneria suggest that the
E. repens B-amylase gene might have been acquired from
a different Pseudoroegneria species than were the GBSSI
and pepC genes, possibly through introgression following
polyploidy. It is also possible that the Pseudoroegneria spe-
cies themselves have undergone introgression or lineage
sorting before or after the origin of E. repens, which could
affect their placement relative to E. repens in various ways.
This hypothesis of B-amylase lineage sorting or introgres-
sion could be strengthened with a more extensive sample
of B-amylase sequences from Pseudoroegneria, which
would provide a better estimate of the relationships among
Pseudoroegneria species, and a more detailed picture of the
placement of the St-like E. repens sequences.

The sampling from Hordeum is not extensive, and so
does not allow relationships within the genus to be
addressed in detail, but it does span much of the phyloge-
netic diversity revealed in other molecular analyses (e.g.,
Blattner, 2004, 2006; Petersen and Seberg, 2003). The sam-
ple includes all of the designated genome groups in Horde-
um (H, 1, Xa, Xu; Table 2) and a reasonable representation
of diversity within the H-genome group (Blattner, 2006).
The pepC tree in particular shows some unexpected rela-
tionships, especially the non-monophyly of the genus.
The monophyly of Hordeum is well supported by many
lines of evidence, so this is probably an artifact. This might
reflect the overall pepC sequence instability within Horde-
um, as revealed by numerous insertions and deletions, some
of which involve gain or loss of Stowaway-like transposable
elements. Large gaps are required to align the Hordeum
pepC sequences, and thus, the phylogenetic information
contained in these length differences is excluded from the
phylogenetic analysis. As a result, relationships among
clades that differ by numerous length differences may be
poorly resolved.

All of the gene trees reveal Hordeum as a genome donor
to E. repens. In contrast to the Pseudoroegneria-like clade,
in which the E. repens sequences form a tight monophyletic
group, the Hordeum-like sequences of E. repens are poly-
phyletic on all three trees. Thus, there have been multiple
contributions from Hordeum to E. repens, whether due to
multiple origins of the hexaploid, or to subsequent hybrid-
ization. The trees are incongruent with regard to how the
sequences are placed within Hordeum, possibly suggesting
further introgression from Hordeum into E. repens follow-
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ing the hexaploid’s origin. On the pepC tree, the sequences
are found within two separate, well-defined H-genome
clades, and are very similar to their closest Hordeum rela-
tives. On the B-amylase tree, some E. repens sequences
are closely related to Hordeum sequences, though two (4x
and 5a) are divergent enough that it is not clear which
Hordeum genome group they are derived from. On the
GBSSI tree, Hordeum-like sequences were recovered from
just four of the six E. repens individuals, probably because
of the PCR bias described earlier, and none of these are
very similar to any of the sampled Hordeum sequences.

All three gene trees have an E. repens clade that is not
closely associated with any one potential donor. This is
consistent with a third parental genome donor to E. repens,
in addition to Hordeum and Pseudoroegneria, but the iden-
tity of the hypothetical third donor is not clear. The GBSSI
tree is the least informative with regard to the position of
the unknown clade; the relevant nodes on the best of the
GARLI trees (Fig. 1) lack both Bayesian and bootstrap
support and do not merit mention. On the pepC tree
(Fig. 2), the sequences are weakly associated with Heteran-
thelium, Peridictyon, Secale, and Thinopyrum elongatum;
these relationships show either bootstrap or Bayesian sup-
port, but not both, and are not considered to be strong
hypotheses. On the B-amylase tree, the E. repens copies
are part of a larger, fairly well-supported clade with Secale,
Australopyrum, and Dasypyrum (Fig. 3), but the tree does
not point to any one potential donor. The inability to iden-
tify the donor of the third clade of E. repens sequences
reflects a sampling artifact if the closest relative is extant
and simply has not been included in the analysis. However,
extinction of the donor following the origin of E. repens is
also a possibility. Readers familiar with Triticeae polyp-
loids might wonder whether the donor of this sequence is
the same unknown, possibly extinct, donor that contrib-
uted the enigmatic Y genome to many Asian Elymus polyp-
loids. Published analyses of Y-genome tetraploids will
appear elsewhere, but on all three trees, the Y-genome
clade is entirely distinct from the E. repens unknown-donor
clade (unpublished data).

4.3. The “Taeniatherum-like” GBSSI sequence in E. repens

The GBSSI tree is the only one that links Taeniatherum
to E. repens. Based on the GBSSI tree alone (Fig. 1), the
Taeniatherum-like sequences were initially interpreted as
clear evidence of a genetic contribution from Taeniathe-
rum (Mason-Gamer, 2004), representing either a complete
set of Taeniatherum genomes, or introgression of a por-
tion of the Taeniatherum genome into E. repens. The
pepC and B-amylase trees effectively rule out the presence
of an entire Taeniatherum genome, leaving introgression
as the better hypothesis. The difficulty with introgression,
however, is that E. repens x Taeniatherum hybrids have
not been reported from areas of overlap, so it is not clear
whether, or how often, they hybridize. Analyses of exper-
imental hybrids have not been reported, but in general,

Taeniatherum shows little tendency to form hybrids with
other members of the tribe (Frederiksen and von Both-
mer, 1989).

A direct contribution from Taeniatherum to E. repens
through introgression remains a possibility, but the con-
flicting placement of Taeniatherum on different gene trees
suggests an alternative to this seemingly obvious conclu-
sion. Specifically, the moderately-supported placement of
T. caput-medusae with Agropyron and Eremopyrum on
the GBSSI tree (Fig. 1) conflicts with its placement on sev-
eral other gene trees, including those from pepC and B-
amylase, and suggests that T. caput-medusae itself may
have acquired its GBSSI gene copy from elsewhere. On
both the pepC (Fig. 2) and B-amylase (Fig. 3) trees, T.
caput-medusae groups in or near the wild wheats, Triticum
and Aegilops. This result is further supported by analyses
of chloroplast DNA data (Mason-Gamer et al., 2002; Pet-
ersen and Seberg, 1997), 5S rDNA sequences (Kellogg and
Appels, 1995), and some analyses of ITS sequences (Hsiao
et al., 1995). In contrast, the nuclear locus DM CI (Petersen
and Seberg, 2002) places T. caput-medusae well outside of
the Triticuml/Aegilops group, but nowhere near Agropyron
or Eremopyrum. If Taeniatherum is, in fact, related to Triz-
icum and Aegilops, then both T. caput-medusae and E.
repens must have acquired GBSSI gene copies through
introgression from an as-yet unknown donor. If so, it
remains unclear whether one of the two species acquired
the copy and then passed it to the other, or whether they
acquired it independently. Perhaps this copy, with its
frameshifting deletions, initially became a pseudogene in
E. repens as a result of relaxed selection following polyplo-
idization (Wendel, 2000). Given the possibility of introgres-
sion involving Taeniatherum, it is possible that the E.
repens/ Taeniatherum GBSSI copy is the true ortholog of
the unknown-donor sequences on the pepC and B-amylase
trees, in which case this copy would represent the third
complete genome, while the ‘“‘unknown-donor” clade on
the GBSSI tree would represent a case of introgression
rather than an entire genome. This generally confusing
set of possibilities arises, in part, because of the lack of
genus-level congruence among the gene trees.

4.4. Summary

The molecular phylogenetic analyses of E. repens agree
in part with the earlier cytogenetic studies, but uncover
additional genome-level complexity. The combination of
three nuclear gene trees has clarified the hexaploid origin
of E. repens, confirming the involvement of three distinct
genome donors, and the likely introgression of two addi-
tional GBSSI copies. All of the E. repens specimens
included in the study were introduced individuals, collected
in the United States. It is not yet clear whether the complex
genetic makeup demonstrated here is specific to E. repens
in North America, and work is underway to determine
whether Eurasian individuals show a similar genetic
composition.
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Together, the three data sets show that at least three lev-
els of reticulate evolution have shaped the genome of E.
repens. The allohexaploid genome complement of E.
repens, a confluence of three phylogenetically distinct lin-
eages, represents the broadest level of reticulation. The
non-monophyly of the E. repens sequences within Hordeum
on all three trees represents a second level, involving multi-
ple genetic contributions from Hordeum to E. repens.
Finally, the two additional GBSSI gene copies show a third
level of reticulation, involving introgression into the
allohexaploid.
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