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Abstract—Poa is the largest grass genus, with over 500 species, most of which
are polyploid. Only 13 to 15% of species with chromosome counts have diploid
populations. We conducted two phylogenetic analyses of combined chloroplast
trnT-trnL-trnF (TLF) and nuclear ribosomal ITS sequence data for 42 outgroups
and 47 samples of 30 species of Poa. One analysis focused on Poa taxa with
diploid populations, and a second analysis included six more polyploid, and
three possible hybrid taxa for which the data were not combined. The results
are mostly congruent with results in published studies and provide further sup-
port for the recent classification of Poa into five serially diverging subgenera:
Sylvestres, Ochlopoa, Pseudopoa, Stenopoa, and Poa. Incongruent placements of
separate plastid and ITS sequences of P. abbreviata and P. annua are attributed
to reticulate evolution, and of P. trivialis to long branch attraction. A genome
notation system is introduced to simplify and facilitate characterization of
plastid and ITS contributions in each accession and higher-level grouping
resolved, and to identify the parental contributions in the possible hybrids.
For example, we provide new evidence that a tetraploid, Poa annua (M'™M?),
is derived from hybridization between two diploids, P. infirma (M™™") and P.
supina (M>M2), where large capitals represent plastid and small capitals represent
ITS genomes of P. subg. Ochlopoa sect. Micrantherae (MM), and superscript
numbers represent the genetically divergent genomes of the parental species
within the section.

Keywords—DNA, genomes, hybridization, phylogeny, Poa, Poa annua, Poaceae,
polyploidy.
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Poa L. is known for its high frequency of polyploidy and large number of
species (Stebbins 1950; Clayton and Renvoize 1986; Soreng 1990; Gillespie and
Soreng 2005). The base chromosome number in Poa is x = 7, as it is across tribe
Poeae s.I. (sens. Soreng et al. 2007) and the related tribes Triticeae and Bromeae,
with few exceptions (Stebbins 1956). Among more than 5000 reported chromo-
some counts in Poa (Darlington and Wylie 1955; Cave 1959, 1965; Bowden 196T;
Ornduff 1967-1969; Hair 1968; Fedorov 1969; Moore 1970-1974, 1977, 1982; Love
and Love 1975; Goldblatt 1981, 1984, 1985, and on-line; Probatova 1985; Tateoka
1985; Duckert-Henriod and Favarger 1987; Dawson 2000; Soreng 2005), chromo-
some numbers are known for some 226 taxa of Poa accepted by us in at least
184 species, among the approximately 500 species we accept in the genus. Of
Poa species for which chromosome counts are available, 91% include polyploids.
We estimate that between 13 and 15% of the species have diploid populations,
and that only nine percent are known only as diploids.

Given the high degree of polyploidy in the genus, the expectation is that
much of it is due to allopolyploidy (Stebbins 1950). However, few studies have
directly addressed allopolyploid origins in Poa species (Darmency and Gasquez
1997; Brysting et al. 2000, 2004; Patterson et al. 2005). Several studies have exam-
ined the phylogeny of the genus using plastid DNA data, with sampling domi-
nated by polyploid elements (Soreng 1990; Gillespie and Boles 2001; Gillespie
and Soreng 2005; Gillespie et al. 2007). Two studies, both with a preponderance
of polyploid taxa, examined separate phylogenetic analyses of plastid and ITS
data sets, but did not combine these data due to doubts about their compat-
ibility (Brysting et al. 2004; Gillespie et al. 2008), and Nosov and Rodionov (2008)
presented an ITS analysis of Poa. Gillespie et al. 2009, 2010 added ETS (a second
nrDNA sequence) to the studies of subtribe Poinae and Poa, and combined the
plastid and nrDNA data.

Might we detect different phylogenetic relationships among the diploid ele-
ments of Poa analyzed alone, as opposed to intermixed among samples domi-
nated by polyploids? Might the ITS and plastid data for diploids in Poa, or
diploids and polyploids, be combinable for some subset of taxa? And would we
resolve topologies similar to those we had seen in previous studies? Gillespie et
al. (2008) presented data for a subset of 42 species of Poa for which most plastid
and ITS data were consistent. A few taxa were placed outside the genus by one
genome, and within Poa with the other, leading the authors, for example, to
accept Arctopoa as a genus of presumably ancient hybrid origin rather than as
a subgenus within Poa. In exploratory analyses with many additional samples
of Poa, Gillespie et al. (unpublished data) discovered multiple instances of
incongruent plastid and ITS placements within Poa.

The 30 known species of Poa with diploid chromosome counts are distributed
within 13 sections, in four of the five subgenera currently accepted by Gillespie
et al. (2008) (number of diploid species is listed after each section name; see
Table 1 for authorships of infrageneric taxa included in the present study):
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1) P. subg. Ochlopoa sects. Alpinae (6), Arenariae Stapf (5), Micrantherae (2);

2) P. subg. Poa sects. Homalopoa (4), Macropoa (2), Nivicolae (1);

3) P. subg. and sect. Pseudopoa (2);

4) P. subg. Stenopoa sects. Abbreviatae (2), Kolymenses Prob. (1), Oreinos (1), Pan-
demos (1), Tichopoa Asch. & Graebn. (1).

(
(
(
(

No diploids are known from the fifth subgenus, Sylvestres. Owing to mor-
phological differences correlated with plastid and/or ITS placements outside
of Poa, two subgenera formerly accepted within Poa (Soreng et al. 2003) have
been removed: P. subg. Andinae Nicora was elevated to genus Nicoraepoa Soreng
& LJ. Gillespie, and P. subg. Arctopoa (Griseb.) Tzvelev sects. Arctopoa (Griseb.)
Tzvelev and Aphydris (Griseb.) Tzvelev were accepted as sections of genus Arctopoa
(Griseb.) Prob. (Soreng and Gillespie 2007; Gillespie et al. 2008). Diploids from
Poa sects. Nivicolae, Kolymenses, Nanopoa, and Tichopoa have yet to be included in
published DNA studies, and only a small analysis was published with a diploid,
P. dolosa, of sect. Oreinos (Stoneberg-Holt et al. 2004). Sections Kolymenses and
Nivicolae s.s. are placed in subgenera only by morphological characterizations,
since no members, or no certain members (as in the case of Nivicolae s.1. in which
P. ircutica and P. veresczaginii have been included [Tzvelev 1976], or excluded
[Olonova 1990], from the section), have been included in DNA phylogenetic
analyses. Placement of the monotypic P. sect. Nanopoa in our five-subgenus
system has not been evaluated in previous DNA analyses.

Diploids in the 13 Poa sections with diploids are concentrated in Europe
(Edmondson 1980; Moore 1982). One Poa section with diploids is centered in
Beringia (Abbreviatae), one is centered in central and southwestern Asia (Pseu-
dopoa), and two are endemic to far eastern Russia (Nivicolae s.s., and Kolymenses).
Poa sect. Homalopoa s.s. includes diploids distributed across temperate forests
of Eurasia and one in the southern Rocky Mountains. Only three Poa diploids
are known outside of Eurasia, two that are endemic to North America (in Ab-
breviatae and Homalopoa) and one that is amphiberingian (in Abbreviatae) (P.
lettermanii, P. occidentalis Vasey, and P. pseudoabbreviata, respectively). Of the
30 Poa taxa with diploid counts, ten of these also have higher ploidy levels.
Three of these (P. bulbosa, P. badensis, and P. diaphora) have one or a few diploid
counts and more polyploid counts, and the other seven have one or two higher
polyploid counts (P. cephalonica H. Scholz, P. molinerii, P. occidentalis, P. sinaica
Steud., P. sibirica, P. supina, P. trivialis). There may well be other undiscovered
diploids. For example, there are several endemic species with polyploid chro-
mosome counts from Africa (8), South America (10), SE Asia (7), Malesia (4),
and Australia (3), but only 10 to 40% of the species in those areas have been
cytologically examined. However, in floras outside of Europe and Russia that
are cytologically well known, no Poa diploids have been found in Japan (Tateoka
1985), or New Zealand (Hair 1968), and only three are known in North America
(Soreng 2007).
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Given the potential for polyploid species to have more than one ITS type,
and the requirement for cloning or other sensitive techniques to discover mul-
tiple copies (Bailey et al. 2003), and existing evidence (Gillespie et al. 2009, and
unpublished) for distinct paralogous or hybrid copies of ITS in some polyploid
accessions of Poa (i.e., copies that do not coincide with any phylogeny of plastid
lineages), we have conducted an analysis primarily with diploid taxa. In a second
analysis we also include a few polyploids (mainly tetraploids) from selected
sections that are unrepresented by diploids, to determine their placements by
plastid and ITS data. In order to investigate the possible hybrid origins of these
polyploids, we include one diploid (P. trivialis) and two polyploid taxa (P. annua
and P. abbreviata) that in exploratory analyses are placed in radically different
positions in plastid and ITS trees. The latter three taxa have been included in
most of our published plastid analyses. We present new ITS data for these and
several other diploid taxa of Poa here.

Materials and Methods

Taxa and Collections—The taxon sample includes 28 species of Poa. Forty-
two outgroups from within tribe Poeae s.l. also were used, 28 of them from
subtribes Puccinelliinae, Poinae, Alopecurinae, and Miliinae (PPAM clade;
Gillespie et al. 2008), including 15 samples from subtribe Poinae (including
subtribe Cinninae). The tree was rooted with Brachypodium distachyon of tribe
Brachypodieae. Taxon names, infrageneric classification, collection citations,
reported chromosome numbers for the taxa, country of origin, and GenBank
accession numbers for Poa are reported in Table 2. Plastid and ITS sequences
from 29 samples were included from 16 species of Poa reported to have diploid
populations (Table 2). For outgroup phylogenetic results using essentially the
same outgroup taxa and DNA datasets see Gillespie et al. (2008, 2010). No at-
tempt was made to verify the diploid status of these samples except P. supina
accession I (Soreng 2005; but see Patterson et al. 2005). Although several of
the species are known to be diploids from multiple chromosome counts, oth-
ers have only one or two reported counts, and others have a few or multiple
polyploid counts (Table 2).

DNA sequences—For protocols for generating and aligning the trnT-trnL-
trnF (TLF) plastid and ITS1-5.8S-ITS2 nuclear ribosomal DNA sequences see
Gillespie et al. (2008). One hundred and twenty-four sequences were generated
at the Canadian Museum of Nature by LJG & RDB, 30 of which are new for this
study. Thirty-four outgroup and 11 Poa sequences were generated by other labs
as reported in GenBank. Insertion and deletion (indel) and inversion characters
were not included in the present data matrix.

Analyses—The TLF and ITS datasets were merged into a single NEXUS for-
mat data matrix. The incongruence length difference test of Farris et al. (1995)
was performed using the partition-homogeneity test of PAUP* 4.ob1o (Swofford
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2002) to check for the extent of conflict between the TLF and ITS data parti-
tions. Each taxon responsible for incongruence between the two partitions was
subsequently treated as two separate ITS and TLF operational taxonomic units
(OTUs).

Parsimony and bootstrap (BS) analyses were run as in Gillespie et al. (2008).
Complete heuristic searches were performed in PAUP* for both analyses, with
no maximum number of trees set in Analysis I (see below), and with a maxi-
mum number of trees set at 10,000 for Analysis II. Bootstrap analysis was
performed with 1000 replicates, TBR swapping, and the ‘MULTREES’ setting
on for Analysis I, and with 1000 replicates, 10 addition sequences per replicate,
TBR swapping, and the ‘MULTREES’ setting turned off for Analysis II due to
long search times (DeBry and Olmstead 2000). Following the suggestion of
Starr et al. (2004), clade support was characterized as very poor (BS <55%), poor
(BS 55-64%), moderate (BS 65-74%), good (BS 75-84%), very good (BS 85-94%), or
strong (95-100% BS).

After exploratory parsimony analyses were run, two final parsimony analyses
were conducted. Analysis I included 15 species of Poa known to have diploid
populations (two samples are represented only by plastid data, but in one case
a second sample of the same species was included, with both plastid and ITS
data), plus four representative tetraploid species of P. sect. Sylvestres. Although
no diploids are known in Sylvestres, these species are included in Analysis I
because of their consistent and significant placement in previous analyses.
In plastid analyses P. sect. Sylvestres was consistently resolved, with Arctopoa
(Soreng 1990; Gillespie and Soreng 2005; Gillespie et al. 2007, 2008), as the sister
to the remainder of Poa. In an ITS analysis sect. Sylvestres was also sister to the
remainder of Poa, but Arctopoa was placed outside the genus (Gillespie et al.
2008). Analysis IT included all the taxa in Analysis I, plus three species which
were placed in conflicting positions in exploratory TLF and ITS trees, and eight
samples/accessions of seven additional species which had consistent placements
between TLF and ITS trees in previously published analyses (Gillespie et al. 2007,
2008). The latter seven taxa were included to add some depth to the sample
in Analysis II, and to narrow down the affinities of the three inconsistently
placed taxa. Six of the seven are tetraploids, while P. flabellata has tetraploid
and hexaploid counts, and chromosome numbers are unknown for P. porsildii.
In Analysis II, to avoid problems with taxa with incongruent plastid and ITS
data, the data for the three taxa with conflicting placements were treated as
separate lines of plastid and ITS data. For these three species, plastid data are
included for one sample of P. abbreviata, two of P. annua, and two of P. trivialis,
and ITS data are included for three samples of P. abbreviata, three of P. annua,
and six of P. trivialis. For all merged samples except P. ligulata, the plastid and
ITS data are from the same collection.
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Results

Data Characteristics—Characteristics of the sequences were reported in
Gillespie et al. (2008), where many of the same taxa were included. The whole
plastid TLF and ITS dataset comprised 3214 aligned nucleotide positions after
exclusion of 20 large and medium-sized gaps. The TLF data partition comprised
1995 positions, the ITS 635 positions. Percent missing data for the dataset was
<0.1% for TLF and <0.5% for ITS, with data missing primarily from outgroup
taxa (trnT-trnL spacer was missing for Sclerochloa dura). For the combined data set
442 positions were parsimony informative (PI) and 371 parsimony uninformative
(PU) in Analysis I, and 465 were PI, and 369 were PU in Analysis II All OTUs
included both ITS and TLF data, except for three species with incongruent
plastid and ITS data, and P. hybrida and P. supina accession 1 for which no ITS
data were available.

Exploratory analyses of separate plastid and ITS data resolved all of the Poa
diploid taxa (except P. trivialis) and all of the Poa polyploid taxa included in
this study (except P. abbreviata and P. annua) in the same cladistic relationships
in separate plastid and ITS trees (trees not shown). Partition Homogeneity
tests showed that our plastid and ITS data partitions were incompatible for
matrices that included all taxa included in both Analyses I and II datasets
(P = o.o1). However, for taxa included here from the PPAM clade (Gillespie
et al. 2008), which includes Poa, the data partitions were not significantly
incompatible (Analysis I dataset: P = 0.55; Analysis II dataset: P = 0.57), when
the plastid and ITS data for Poa abbreviata, P. annua, and P. trivialis were
subdivided as separate OTUs in Analysis II. Since our primary focus was the
Poa clade (within PPAM), we feel that combining the plastid and ITS data for
the entire dataset for Analyses I and II is justified, except for the above three
species. When TLF and ITS data for Poa abbreviata, P. annua, and P. trivialis
were combined, TLF and ITS data partitions were significantly incompatible
for PPAM taxa (P=0.01).

Lineage Names—To facilitate discussions of genomic constitutions of line-
ages, taxa, and possible hybrids we introduce a simplified notation for identify-
ing generalized major lineages in Poa (Table 1). Capital letters represent plastid
genomes. Small capital letters represent ITS types/lineages. An ITS type is pre-
sumably a proxy for the nuclear genome in diploid taxa, but may or may not

Table 1. Poa classification and plastid genome and ITS lineage designations for sections in the present
study, and clade acronym equivalents from previous studies. In the Genomes/Lineages column:
capital letters = plastid; small caps = ITS; superscripts = subsets within plastid genomes or ITS line-
ages. For further explanation see Results and Table 2. Formerly, acronyms derived from section name
initials were used for major clade names (Gillespie and Soreng 2005; Gillespie et al. 2007, 2008); the
infrageneric classification based on the major clades follows Gillespie et al. (2008). Sections with

diploid taxa, and plastid and ITS types for diploid representatives, are in bold.
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be derived from the same nuclear genome or genomes present in polyploids.
Also, the unusual characteristics of ITS sequence evolution could scramble
phylogenetic signal to an extent that ITS no longer effectively reflects the phy-
logeny of the nuclear genome it was derived from (Alvarez and Wendel 2003).
In cases where the ITS type is suspected to be derived from wide hybridization
(i.e., more than one ITS lineage is or was likely present at some point in the
taxon under consideration) we append an asterisk to the ITS type. The logic
and necessity of a shorthand genomic and lineage naming system will become
more apparent in future papers with many additional species, sections of the
genus, and hybrids, but similar systems are widely employed by geneticists for
whole genomes (e.g., Dewey 1984). In selecting which plastid genomes or nrDNA
lineages to name by letters we focus on the taxonomic subgenera and sections
of the genus, or if the plastid genome or ITS lineage is relatively homogeneous
between or among sections then one letter may be applied to several sections.
If and when additional independent nuclear DNA markers are employed these
may be appended to the nuclear DNA side of these notations.

At the subgenus - major clade - level, the following letters are used: Yy =
Sylvestres; O0 = Ochlopoa; EE = Pseudopoa (formerly the genus Eremopoa); PH or
Hu = Poa / Homolopoa; Ss = Stenopoa. Where there are diverse groups repre-
sented within the above five major clades additional letters are applied: Aa =
Alpinae; MM = Micrantherae; RR = Parodiochloa; HH = Poa supersect. Homalopoa
(with several sections, but where phylogenetically independent ITS types are
not supported between supersects. Poa and Homalopoa by analysis of ITS data
alone); NN = sect. Nanopoa, P. dolosa and P. media (the latter two species are
classified in different sections of the genus but are little differentiated from
sect. Nanopoa); Ss = Stenopoa-Tichopoa-Oreinos-Abbreviatae. Superscript numbers
are added as needed to represent sublineages within each of the more general
genome types. As examples from the five subgenera, Poa sylvestris is Yy; P. ligulata
is Aa and P. infirma is M'™M%, P. diaphora is EE; P. chaixii is HH; P. trichophylla is NN;
and P. pseudoabbreviata is Ss. For P. trivialis (and thus P. sect. Pandemos), under
evaluation as a possible hybrid between elements from two major clades, the
genome constitution is represented as Vv because it is only remotely associated
with other genomes in either plastid or ntDNA analyses. See Table 2 for plastid
genome and ITS lineage designations for each sample. This system allows us to
readily identify the genetic constitution of any sample without referring to the
section name or cumbersome acronyms previously applied to Poa clades when
dealing with the plastid genome alone (Gillespie and Soreng 2005; Gillespie et
al. 2007). In Figs. 1 and 2, for Analyses I and II, the subgenera - major clades -
are identified on the far right by the plastid capital letters as Y clade, O clade,
E lineage, P clade, N clade and S clade.

Parsimony Analyses—For this paper we report structure and BS support
only for Poa and clades within Poa (see Gillespie et al. [2010] for discussion of
and support for PPAM clades outside of Poa).

630 Soreng et al.



s3] P dolosa2
P dolosa1
s81 P medial NN N
P media2

P trichophylla

—— 10 changes

100 P pseudoabbreviata
P lettermanii | s |s
P remota1
P remota2 PH
P sibiricat P
= P sibirica2
P chaixii HH
P hybrida mr
a0 -———— P diaphora | ee 1 E
[ | | P supinat
100 P supina2 e
100 P infirma2 -
1 P infirma1 o)

5 s~ P badensis
$|:[ P molinerii Ar
P ligulata

ss— P autumnalis
P sylvestris
%[ — P saltuensis L Y
k= P wolfii

Fig. 1. Cladogram with summary of the strict consensus tree for Poa elements resulting from parsimony
analysis of the plastid TLF and nuclear ITS data matrix in Analysis | (length 2013 steps; Cl excluding
uninformative characters = 0.461; Rl 0.769). Outgroups are not displayed (see Gillespie et al. [2008,
2010] for discussion of those). Analysis | includes P. subg. Sylvestres tetraploids. All other Poa samples
are from species with diploid populations. The strict consensus tree is indicated by bold lines on
one of 59 most parsimonious trees. Bootstrap values of 50% or higher are given on the branches.
Major clades are indicated on the far right, and major subclades just to the left of those with their
genomic constitutions (see Tables 1 and 2), where: A = Alpinae; E = Pseudopoa; H = Homalopoa; M =
Micrantherae; N = Nanopoa; O = Ochlopoa; P = Poa; S = Stenopoa; Y = Sylvestres. For genomes, capital
letters represent plastid lineages, and small capitals represent ITS lineages. Two samples have TLF
data only as noted, and the P. ligulata entry is a composite of two collections.

Analysis I: Number of most parsimonious trees (MPTs) = 59; Length (L) of
MPTs = 2013 steps; Consistency Index (CI) = 0.606, CI excluding uninformative
characters = 0.461; Retention Index (RI) = 0.769. A cladogram illustrating one
of the most parsimonious trees and lineages detected in the strict consensus
tree (SCT; shown as bold branches) is depicted in Fig. 1.

Poa was resolved as monophyletic (BS = 95). Within Poa, BS support was be-
tween 90 and 100 for all but one of 22 clades, and 18 of these had BS support of
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Fig. 2. Cladogram with summary of the strict consensus tree for Poa elements resulting from parsimony
analysis of the plastid TLF and nuclear ITS data matrix in Analysis Il (length 1752 steps; Cl excluding
uninformative characters = 0.485; Rl 0.760). Outgroups are not displayed (see Gillespie et al. [2008,
2010] for discussion of those). Analysis Il includes all taxa in Analysis | plus i additional taxa which
are polyploid, except P. porsildii (ploidy unknown), and P. trivialis (diploid). The strict consensus tree
is indicated by bold lines on one of 10,000 most parsimonious trees. Bootstrap values of 50% or
higher are given on the branches. Major clades are indicated on the far right, and major subclades
just to the left of those, with their genomic constitutions (see Tables 1 and 2), where: A = Alpinae; E
= Pseudopoa; H = Homalopoa; M = Micrantherae; N = Nanopoa; O = Ochlopoa; P = Poa; R = Parodiochloa,
S = Stenopoa; V = Pandemos; Y = Sylvestres. For genomes/lineages, capital letters represent plastid line-
ages, and small capitals represent ITS lineages. Incongruent placements of P. abbreviata, P. annua
and P. trivialis samples are followed by ITS or TLF to indicate the data source for each sample. Two
samples from Analysis | have TLF data only as noted in Fig. 1, and the P. ligulata entry is a composite
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95 to 100. The lowest BS support was 86, for the union of P. saltuensis and P. wolfii
within P. subg. Sylvestres. In the SCT there was one polytomy within Poa, which
included P. dolosa, P. media, P. trichophylla, and P. lettermanii plus P. pseudoabbrevia-
ta. There were no plastid characters to resolve this polytomy. Poa lettermanii and P.
pseudoabbreviata (Ss) are united on a long branch (25 steps) from their most recent
common ancestor with the previous three species: The other three species in this
polytomy differ among themselves by only 10-12 steps, with only 1 ITS character
separating them. There is limited differentiation among the latter three species,
and repeated detection of a series of taxa with limited differentiation in a clade
(Soreng 1990; Gillespie et al. 2007, in 2009 [plastid analysis]) or polytomous re-
lationship (Gillespie and Soreng 2005) to the highly differentiated set of S clade
taxa (OSTA acronym in our previous studies, see Table 1; Gillespie and Soreng
2005; Gillespie et al. 2007). Thus, we choose to designate this set of three species
as NN taxa, and the second pair as Ss even though NN taxa did not form a sepa-
rate clade in the SCT for the present study. As further justification, when ETS
data are added to ITS data an N clade is resolved that is not a sistergroup to any
clade containing elements with S type nrDNA (Gillespie et al. 2009).

Analysis II: Number of MPTs = 10,000; L of MPTs = 1752; CI = 0.606, CI
excluding uninformative characters = 0.485; RI = 0.76. A cladogram illustrating
one of the most parsimonious trees and lineages detected in the SCT (shown
as bold branches) is given in Fig. 2.

Lower BS numbers in Analysis II, as compared to Analysis I, may partly result
from missing data for the three taxa added to Analysis II whose samples were
coded as separate plastid and ITS OTUs (i.e., in P. abbreviata, P. annua, and P.
trivialis).

Poa was resolved as monophyletic (BS = 96). There were six polytomies within
Poa in the SCT. Three were within taxa with subdivided plastid and ITS data.
The other three were among subsets of taxa with, for the most part, limited
nucleotide variation. Within Poa, BS support was between 55 and 100 for all 34
dichotomies in the SCT except those for relationships between P. trivialis (ITS
sequence data only), and sects. Micrantherae and Alpinae (MM Aa) (BS < 50). The
major clades were resolved with very good to strong support: Y clade (BS =95),
remainder of Poa (BS = 99), O clade (BS = 86), remainder of Poa (BS = 89), E
lineage (includes just one sample, thus no BS number), remainder of Poa (BS
= 85), P clade (BS = 98), S clade (BS = 88) (Fig. 2).

Of Poa abbreviata, P. annua, and P. trivialis, for which plastid and ITS data were
divided as separate OTUs, their plastid OTUs were resolved in well differentiated
clades from their ITS OTUs, and each OTU was placed with others of its own
kind (Fig. 2). The P. annua plastid samples were separated from the ITS samples
by three intervening nodes with BS support of 71, 99, and 100. The P. abbreviata
samples were separated by nine intervening nodes with BS support, and good
to strong BS support for six of them. The P. trivialis samples were separated by
six nodes with BS support, and good to strong support for five of them.
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Discussion

Analyses of Diploids—Phylogenetic analysis of diploids in isolation from
polyploids provides us with an opportunity to explore the impact of polyploids
in present and previous analyses (Kellogg et al. 1996; Doust et al. 2007). Among
putative diploids, samples of Poa chaixii, P. diaphora, P. molinerii, P. pseudoab-
breviata, P. sibirica, and P. supina were included here and in plastid and ITS
analyses by Gillespie et al. (2008), with ETS also (Gillespie et al. 2009), and in
some earlier plastid analyses (Stoneberg-Holt et al. 2004; Gillespie and Soreng
2005; Gillespie et al. 2007). Poa hybrida, P. occidentalis, and P. pseudoabbreviata
were included in a restriction-site plastid analysis by Soreng (1990). Poa trivialis
is a diploid included here only in Analysis II, but previously only in our plastid
analyses (Soreng 1990; Gillespie and Soreng 2005; Gillespie et al. 2007), until
Gillespie et al. (2009) added ETS data. Here we include plastid and/or ITS data
for an additional nine species not in our previous analyses of DNA sequence
data that are known to have diploid populations (P. badensis, P. dolosa, P. hy-
brida, P. infirma, P. lettermanii, P. ligulata, P. media, P. remota, and P. trichophylla),
and ITS data for P. trivialis (see also Gillespie et al. 2009). Most of the diploid
taxa included in previous analyses (e.g., Gillespie et al. 2008) are placed here, in
Analyses I and II (and in separate plastid and ITS trees not shown), in phylo-
genetically consistent plastid and ITS relationships. Poa trivialis is an exception
and was excluded from Analysis I because including it resulted in incompatible
plastid and ITS datasets for PPAM,; its plastid and ITS data were run as separate
OTUs in Analysis II (see Reticulate Evolution below). The placements of the
other newly added taxa with diploids are consistent for plastid and ITS data
(separate trees not shown, but see Gillespie et al. 2009).

The positions of the taxa with diploid populations are sometimes consistent
and sometimes not with respect to accepted taxonomic relationships resolved
for diploid and polyploid consectional elements included in the present or pre-
vious studies (Gillespie and Soreng 2005; Gillespie et al. 2007, 2008). Within P.
sect. Micrantherae (MM), P. infirma is united in the clade with P. supina. Within
P. sect. Abbreviatae (Ss for diploids), P. lettermanii was placed with P. pseundoab-
breviata.

Within P. sect. Alpinae, P. badensis, and P. ligulata are united with P. molinerii
(all Aa genotypes): However, P. media was placed in a position remote from
the other elements of P. sect. Alpinae sampled here (see Tables 1 and 2), near P.
trichophylla and P. dolosa (all NN genotypes). This calls the monophyly of sect.
Alpinae into question. The situation in sect. Alpinae is mirrored within P. bulbosa
(sect. Arenariae), which has both Aa and NN genotypes (see Gillespie et al. 2008).
This disparity requires further study, but so far no samples with AN nor Na
(ie., intermixed genotypes) have been detected.

Within P. subg. Poa, the supersects. Poa (PH) and Homalopoa (HH) are well
to strongly supported sublineages that divide on plastid data only. They have

634 Soreng et al.



not been resolved as independent with ITS data (Gillespie et al. 2008, and un-
published), thus all members are designated as having u ITS genotypes, and
most H genotypes have diverged little from their most recent common ancestor
(Gillespie et al. 2008, 2009, and unpublished). We chose H instead of P for the
ITS name because H represents the larger group and we suspect that Homalopoa
taxa may have contributed the ITS type to the supersect. Poa. Among elements
taxonomically placed in P. sect. Homalopoa, P. hybrida was united with P. chaixii
(Hn). In an earlier study (Soreng 1990, Fig. 2) a different accession of P. hybrida
and one of P. occidentalis (also a diploid of sect. Homalopoa s.s.) aligned in a clade
equivalent to supersect. Homalopoa (H). However, P. remota, traditionally placed
in sect. Homalopoa, was aligned with P. sibirica of P. supersect. Poa sect. Macropoa
(PH). This result held up in extended analyses (Gillespie et al. 2009) of plastid
and nrDNA data, and suggests that the relationship of P. remota needs further
study.

Within subgenus Stenopoa, among elements taxonomically placed in P. sect.
Oreinos, P. dolosa (NN) was not placed in the Ss clade where polyploid consec-
tional elements were placed in previous studies. Poa fernaldiana, P. flexuosa, and
P. laxa (the former two sometimes treated as subspecies of P. laxa), appeared
in previous plastid analyses with P. pseundoabbreviata and sects. Stenopoa and
Tichopoa elements (all Ss genomes; ITS published for P. fernaldiana, but new for
the other two; see Gillespie and Soreng 2005; Gillespie et al. 2007, 2008, 2009;
Tables 1 and 2, Fig. 2). All Ss genome elements are resolved within a strongly
supported but fairly undifferentiated plastid clade as sister to the V plastid ge-
nome of Poa trivialis. Thus, it appears that P. sect. Oreinos, as currently delimited,
is nonmonophyletic. Whether or not P. dolosa was involved in the origin of the
polyploid elements in the section requires further study.

This study, and Gillespie et al. (2009, 2010) are the first published analyses
to include P. trichophylla, the sole member of P. sect. Nanopoa. Poa trichophylla
aligned in a polytomy with P. dolosa, P. media and a clade of P. lettermanii plus
P. pseudoabbreviata. DNA sequences of Poa trichophylla, P. dolosa, and P. media
have diverged little from their most recent common ancestor (all NN genomes),
whereas the most recent common ancestor of P. lettermanii and P. pseudoabbre-
viata (Ss genomes) had diverged greatly from the other elements in the SCT
polytomy. Edmondson (1980) placed his sect. Nanopoa between sects. Abbreviatae
and Arenariae. Although the phylogenetic picture appears to be quite complex,
itappears that Edmondson’s general placement was a reasonable first approxi-
mation given the present trees (however, see Gillespie et al. 2009).

Comparison of Trees in Analyses | and Il—Trees based on combined TLF
and ITS data (Figs. 1 and 2) are highly congruent for each of the major clades
detected, and for relationships within these clades. Support for major clades
was high in both trees. The tree in Fig. 1 is entirely congruent with all previous
separate analyses of plastid and ITS data (analyzed separately from ETS data)
for taxa that overlap between studies.
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There were a few differences between the tree in Fig. 2 and the plastid trees
in Gillespie and Soreng (2005, Figs. 1 and 2) and Gillespie et al. (2007, Fig. 1b,
2008, Fig. 1, and 2009 Fig. 1). The only significant difference from previous
plastid studies is with the order of branching of P. sect. Parodiochloa as sister
to the moderately supported clade of Micrantherae plus Alpinae in Analysis
II (Fig. 2). In previous plastid analyses (Gillespie and Soreng 2005, Fig. 1;
Gillespie et al. 2007, Fig. 2; 2008, Fig. 1) Alpinae-Arenariae was sister to the
clade of Parodiochloa plus Micrantherae with moderate, strong, and very good
support, respectively. The difference in branch order here reflects the pull of
ITS data on Parodiochloa away from Micrantherae plus Alpinae in our Analysis
II (Fig. 2). This pull is illustrated in the ITS analysis of Gillespie et al. (2008,
Fig. 3; BS < 50 for each node) where Parodiochloa was resolved as sister to the
rest of Poa excluding sections Sylvestres, and Micrantherae plus Alpinae-Arenariae
(see also Gillespie et al. 2009 Fig. 2). Despite these differences in branching
order, the Partition Homogeneity tests resolved our plastid and ITS data sets
as compatible for genera of the PPAM clade. Additional study of this nexus
is warranted, but, for now, we continue to include Parodiochloa and Tzvelevia
within P. subg. Ochlopoa (Poa sect. Tzvelevia was included only in the Gillespie
et al. [2008] plastid and ITS analyses and there it was resolved in a polytomy
with P. sect. Parodiochloa elements).

Evaluation of Reticulate Evolution—In Analysis II, P. abbreviata, P. annua,
and P. trivialis were included to demonstrate their conflicting placements in
plastid and ITS trees. We have uncovered several other similar cases of highly
conflicting plastid and ITS placements for species and species groups within
Poa, which we will deal with in a subsequent paper. Three additional cases of
conflicting placements were discovered between Poa and lineages outside of
Poa (see introductory section, and Gillespie et al. 2008, 2010). Here we discuss
evidence that the above three species are or are not hybrids in origin, and evi-
dence of their parentage.

Poa annua: Poa annua was postulated by Nannfeldt (1935, 1937), and Tutin
(1957), to be a stabilized tetraploid species derived from a cross between two
diploid species, P. infirma and P. supina. Poa annua is intermediate between the
putative parents in anther length, panicle form, spikelet density along branches,
length of the distal rachilla internode, lemma pubescence, and vegetative mode
of reproduction and longevity. Although extreme forms of P. annua are difficult
to separate from either parent, the parents are quite distinct within the bounds
of variation seen in P. sect. Micrantherae. Koshy (1968), however, concluded that
the karyotypes of the putative parents did not support this parentage, and
suggested the involvement of a third, possibly extinct, species. In contrast to
karyological evidence, isozyme profiles in artificially produced sterile diploid
hybrids between the two putative parents (produced by open pollination in a
greenhouse), which looked like P. annua, showed additive properties of bands
matching those found in P. annua, along with some additional bands not found
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in P. annua (Darmency and Gasquez 1997). Furthermore, P. annua did not have
isozyme bands that were absent in the putative parents. In plastid DNA analyses
P. annua was consistently the sister taxon to P. supina, but these two species
were separated from each other by rather long branches (Gillespie and Soreng
2005; Gillespie et al. 2007; see also Patterson et al. 2005). This is the first time
P. infirma has been included in a phylogenetic analysis with the previous two
taxa.

In Fig. 2, Poa annua plastid samples are sisters to P. infirma, and ITS sam-
ples are sisters to P. supina, with strong support in each case. In fact, the ITS
sequences of P. annua differ by only 1 to 3 steps from P. supina. The plastid
TLF sequences of P. annua are identical to one another, and align between two
samples of P. infirma that differ from one another by 16 steps. Poa infirma and
P. supina TLF and ITS genomes differ from their most recent common ancestor
by a minimum of 31 and 22 steps, respectively, and from each other by 53-67
steps. Relative to other taxa in these data sets, this is a huge difference between
presumed closely related species! It appears as though species of the section
are evolving at an exceptionally high rate. Even sect. Micrantherae differs from
its most recent common ancestor with sect. Alpinae by 41-42 steps. Collectively,
the MM elements are on the longest branch within Poa in the trees.

Thus, their genomes are designated as follows: MM'for P. infirma, M>m>*for P.
supina, and M'm>for P. annua. The combination of artificially produced hybrids,
isozyme data, and our DNA data, provides solid support for P. annua having
a hybrid origin of the parentage proposed by Nannfeldt (1935, 1937) and Tutin
(1957). We classify P. annua as a segmental allopolyploid (Stebbins 1950), as the
parents are easily recognized as closely related, and distinguished subtly, though
completely, by morphological and life-history traits. This suggests a different
explanation for Koshy’s result: that the P. annua karyotype differentiated after
the original hybridization event.

Poa abbreviata: The origin of Poa abbreviata, as far as we know, has not
been proposed by anyone. Twelve chromosome counts of 2n=42 suggest that
it is primarily hexaploid (one tetraploid count remains unverified, and one
decaploid count represents an unrelated species). This species has not been
suspected to be derived from wide parentage. It was consistently placed in a
section with morphologically and ecogeographically similar diploids before
molecular data became available (Tzvelev 1976; Probatova 1985; Soreng 1985),
and by plastid data for nine or more collections (Soreng 1990; Gillespie et al.
1997, 2007; Gillespie and Boles 2001; Gillespie and Soreng 2005). However, it
does have an ITS sequence like that of a species from a distantly related section.

Poa abbreviata aligns in the plastid S subclade with the two consectional
diploids, P. lettermanii and P. pseudoabbreviata (both with Ss genomes), so it has
an S plastid type (Fig. 2). It was moderately supported as more closely related
to P. lettermanii than to P. pseudoabbreviata. However, whereas the placements
of the diploid taxa are consistent between plastid and ITS trees (Ss genotypes),
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the three P. abbreviata ITS samples that were tested aligned within P. subg.
Poa supersect. Homalopoa (HH genotypes). This placement was detected in a
separate ITS study (Nosov and Rodionov 2008), and in a plastid and ITS study
focused on the genus Dupontia (Brysting et al. 2004), using one of our P. ab-
breviata samples (Gillespie 5816). The ITS analysis places P. abbreviata as sister
to P. porsildii (even in expanded analyses of taxa from supersect. Homalopoa,
unpublished). ITS sequences of P. abbreviata and P. porsildii differ by 1 step,
and P. porsildii is separated from its most recent common ancestor with any
other taxon in Analysis II by 7 steps (5 TLF and 2 ITS steps, even in expanded
analyses, Gillespie et al. unpublished). In Analysis II, there are nine supported
clades between the plastid and ITS placements of P. abbreviata. Therefore, the
genome constitution of P. abbreviata is designated as SH. It is improbable that
P. abbreviata could have retained, from an ancient polyploidization event, an ITS
sequence that is paralogous but nearly identical to that of P. porsildii. Thus, we
conclude that P. abbreviata is actually a modern hybrid in origin. Poa porsildii is
morphologically isolated from P. abbreviata (Soreng 2007). It is endemic to the
mountains around the Mackenzie Ice Free Corridor, which is the geographical
center of P. sect. Abbreviatae taxa in North America, and as such it could have
served as the H parent of the circumarctic, but mainly nearctic, P. abbreviata.
Further study is needed to determine the extent of the genetic contribution of
the H ITS donor to hexaploid P. abbreviata.

Poa trivialis: Poa trivialis is a morphologically isolated species from Europe
and western Asia and northern Africa. It has been maintained in a separate
section for over a hundred years (sect. Pandemos Asch. & Graebn. [syn. Coe-
nopoa Hyl.]: Ascherson and Graebner 1898-1902; Hylander 1953; Tzvelev 1976;
Edmondson 1980; Soreng 1998, 2007; Zhu et al. 2006). The section is currently
classified within subg. Stenopoa (Zhu et al. 2006; Soreng 2007). More than 8o
chromosome counts indicate that it is diploid. Although two tetraploid counts
have been reported in the literature, one of these was for a separate subspecies
(subsp. sylvicola [Guss.] H. Lindb.). We are not aware of any suggestion in the
literature that P. trivialis had a hybrid origin. In a genome analysis by Patterson
et al. (2005), P. trivialis behaved as a diploid with no inter- or intra-locus varia-
tion, in contrast to the multiple paralogues detected in several high polyploid
taxa. Those authors placed P. trivialis, in separate plastid and nuclear gene
(thioredoxin-like protein) analyses, in a position consistent with it having an
Ss genome, but a second nuclear gene (CDX504) placed P. trivialis in a position
somewhat remote from other elements that we would interpret as having Ss
or OO major genotypes.

In Analysis II, Poa trivialis plastid samples aligned in the S clade, and ITS
samples aligned in the O clade (Fig. 2). There are seven intervening branches
between the plastid and ITS placements of P. trivialis, all but one of them
with good to strong BS support. Neither the plastid nor the ITS genome of
P. trivialis matches any other generalized genome that has been identified.
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The plastid genome consistently places P. trivialis as sister to elements with
Ss genomes (Soreng 1990; Gillespie and Soreng 2005; and here with strong BS
support), and the independence of these sister groups has very good (Gillespie
and Soreng 2005) to strong BS support (here). The ITS sequences of P. trivialis
place the species well within the O clade with moderate and good BS support
(Fig. 2), and these differ from those that occur in any most recent common
ancestor among O0 genome sections (AA, MM, or RR) by 21-28 bps. Therefore,
we designate P. trivialis as having its own generalized genome, Vv. Our plastid
and ITS data suggest that it may have arisen as a diploid hybrid derived from
elements in the S and O clades. However, the addition of ETS data and the
results of a combined plastid and nrDNA analysis suggest an alternative
possibility (Gillespie et al. 2009). Long branch attractions (Felsenstein 1978)
in the nexus between the O, E, P, N and S clades may have resulted in a
spurious association of N and S clades as sister to the P clade. Gillespie et al.
(2009) provide new evidence (very good to strong BS support) that Ss and Vv
genomes may be sister groups, and that the N clade is more closely related to
the P clade than to the S clade: (Y(O((SV)(E(NP))))). Further study is needed
to confirm the real topology in this nexus. For now the section Pandemos is
retained in subg. Stenopoa, as previously proposed (Table 1), and P. trivialis is
not accepted as a hybrid.

Conclusions—Phylogenetic analysis of combined plastid TLF and ITS DNA
sequences for Poa diploids in isolation from most polyploids revealed a well sup-
ported phylogenetic structure in the genus. This structure was consistent with
that resolved in previous analyses with few diploids and numerous polyploids
using separate or combined plastid and ITS data. Based on strongly supported
differences in their placements by plastid and ITS data, two polyploid taxa were
shown to have hybrid origins. Our data point to a precise parentage for P. an-
nua (2n=28), and a likely parentage for P. abbreviata (2n=42). The placements of
a diploid taxon with statistically incongruent plastid and ITS data, P. trivialis,
are more likely attributable to long branch attraction, resulting from remote
origins and/or rapid rates of evolution, than to a hybrid origin. A notational
system for identifying Poa plastid genomes and ITS lineages is introduced to
replace the previously applied clade acronym system. This simplified and fa-
cilitated discussions of major and minor genome types in individuals, species,
higher groupings, and genomic parentage within hybrids and lineages possibly
derived from hybridization.
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