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ABSTRACT

The order Poales comprises a substantial portion of plant life (7% of all angiosperms and 33% of monocots) and includes
taxa of enormous economic and ecological significance. Molecular and morphological studies over the past two decades,
however, leave uncertain many relationships within Poales and among allied commelinid orders. Here we present the results of
an initial project by the Monocot ATol. (Angiosperm Tree of Life) team on phylogeny and evolution in Poales, using sequence
data for 81 plastid genes (exceeding 101 aligned kb) from 83 species ol angiosperms. We recovered highly concordant
relationships using maximum likelihood (ML) and maximum parsimony (MP), with 98.2% mean ML bootstrap support across
monocols. For the first time, ML resolves ties among Poales and other commelinid orders with moderate to strong support.
Analyses provide strong support for Bromeliaceae being sister to the rest ol Poales; Typhaceae, Rapateaceae, and cyperids
(sedges, rushes, and their allies) emerge next along the phylogenelic spine. Graminids (grasses and their allies) and restiids
(Restionaceae and its allies) are well supported as sister taxa. MP identifies a xyrid clade (Eriocaulaceae, Mayacaceae,
Xyridaceae) sister to cyperids, but ML (with much stronger support) places them as a grade with respect to restiids +
ograminids. The conflict in resolution between these analyses likely reflects long-branch attraction and highly elevated
substitution rates in some Poales. All other familial relationships within the order are strongly supported by both MP and ML
analyses. Character-state mapping implies that ancestral Poales lived in sunny, fire-prone, at least seasonally damp/wet, and
possibly nutrient-poor sites, and were animal pollinated. Five subsequent shifts to wind pollination—in Typhaceae,
cyperids, restiids, Ecdeiocoleaceae, and the vast PACCMAD-BEP clade of grasses—are significantly correlated with shifts
to open habitats and small, inconspicuous, unisexual, and nectar-free flowers. Prime ecological movers driving the repeated
evolution of wind pollination in Poales appear to include open habitats combined with the high local dominance of
conspecilic laxa, with the latter resulting from large-scale disturbances, combined with tall plant stature, vigorous vegelative
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spread, and positive ecological feedback. Reproductive assurance in the absence of reliable animal visitation probably
favored wind pollination in annuals and short-statured perennials of Centrolepidaceae in ephemerally wet depressions and

windswepl alpine siles.
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Monocots—with ca. 65,000 species in 82 families
and 12 orders (Cameron et al., 2003; Givnish et al.,
2006; Saarela et al., 2007; Angiosperm Phylogeny
Group, 2009), and including such groups as the
orasses, sedges, bromeliads, palms, gingers, bananas,
orchids, 1irises, onions, asparagus, lilies, yams,
pondweeds, aroids, and seagrasses—are one of the
most diverse, morphologically varied, ecologically
successful, and economically important clades ot
angiosperms. Since monocotyledons arose in the early

Cretaceous (Herendeen & Crane, 1995; Bremer, 2000;

Frus et al., 2004; Ramirez et al., 2007; Conran et al.,
2009), they have radiated into almost every habitat on

earth. Today, they dominate many terrestrial and
aquatic ecosystems, display kaleidoscopic variation in
vegetative and tloral form, provide the basis for most
of the human diet, support a huge horticultural
industry, include large numbers ot endangered taxa,
and comprise nearly one fourth of all species and
families of tlowering plants. Understanding their
origin, phylogeny, and patterns of morphological
evolution, geographic diversification, and ecological
radiation 1s thus a grand challenge and opportunity for
evolutionary biologists.

Over the past 18 years, molecular systematics has
revolutionized our understanding of monocot relation-
ships (Chase et al., 1993, 1995a, b, 2000, 2006;
Duvall et al., 1993a, b; Les et al., 1997; Givnish et al.,
1999, 2005; Bremer, 2000, 2002; Kress et al., 2001:
Hahn, 2002; Cameron et al., 2003; Michelangeli et
al., 2003; Davis et al., 2004; Graham et al., 2006;
Pires et al., 2006; Saarela et al., 2008). Such studies
have led to a dramatic reclassification of the monocots

(Angiosperm Phylogeny Group, 1998, 2003, 2009),

with an ever-increasing understanding of relationships

within and among the 12 orders currently recognized.
Triumphs of monocot molecular systematics have
included, tirst and foremost, the recognition of the

1993, 1995a)

composed of the orders Poales (the grasses, sedges,

commelinid clade (Chase et al.,

bromeliads, and their allies), Commelinales (the
daytlowers, water hyacinths, and relatives), Zingiber-
ales (the gingers, bananas, and related tropical
monocots), Arecales (the palms), and the Australian
Dasypogonales (Dasypogonaceae, Angiosperm Phy-
logeny Group, 2009, here recognized as an order
following Givnish et al., 1999). This finding was

buttressed by the demonstration that all five orders

share UV-fluorescent ferulic acid bound to cell walls
(Harris & Hartley, 1980; Dahlgren et al., 1985; Rudall
& Caddick, 1994; Harris & Tretheway, 2009) despite
their otherwise great divergence in form and despite
their relationships to each other that remain enigmatic
based on molecular and morphological data (Chase,
2004; Graham et al., 2006). Other key advances have
included the validation, to a large degree, of many of
the orders inferred cladistically from morphology by
Dahlgren et al. (1985); the 1dentification of relation-
ships among those orders; the placement of Acorus L.
as sister to all other monocots (Duvall et al., 1993a);
and the discovery that several genera, originally
placed in Melanthiales based on morphology by
Dahlgren et al. (1985) and Tamura (1998), actually
belong to three other orders—including Tofieldia
Huds. in Alismatales, Narthecium Huds. in Dioscore-
ales, and Japonolirton Nakai in Petrosaviales (Chase
et al., 1995a, b, 2000, 2006; Zomlefer, 1999; Tamura
et al., 2004). Perhaps most remarkably, Saarela et al.
(2007) recently showed that highly reduced members
of the aquatic family Hydatellaceae were not—as had
long been believed (Hamann, 1976; Dahlgren et al.,
1985; Angiosperm Phylogeny Group, 1998, 2003;
Davis et al., 2004)—members of order Poales, and not
even monocots, but were instead sister to waterlilies
and other Nymphaeales, one of the earliest divergent
clades of angiosperms (see Bosch et al., 2008, and
Rudall et al., 2009, for corroborating morphological
evidence).

Chase et al. (2006) provided the most powertul
study of relationships across monocots to date, in
terms of its combination of extensive taxon sampling
(125 species stratitied across 77 of 82 tfamilies) and
sequence data per taxon (four plastid genes, two
mitochondrial genes, one nuclear ribosomal gene).
Based on their maximum parsimony (MP) analysis,
Acorus 1s sister to all other monocots, tollowed by the
successive divergence of Alismatales, Petrosaviales,
Dioscoreales—Pandanales, Liliales, Asparagales, and
Based on Chase et al.
(2006), all orders appear to be strongly supported, and

the commelinids (Fig. 1).

all relationships among orders are resolved and—
outside the commelimds—moderately to strongly
supported. Yet, the MP strict consensus tree resulting
from that study lett many relationships within orders
weakly supported, as well as a few of those among
orders. Areas of substantial uncertainty include
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We are also coordinating our efforts with members of

the European monocot initiative (supported by a grant
from the Leverhulme Trust) who are sequencing two
plastid genes (rbcL and matK) for representatives of all
ca. 2400 monocot genera. These eftorts are comple-
mentary, in taxonomic coverage for the Angiosperm
AToL, and in our resolution of deep monocot nodes
while the Europeans link our backbone phylogeny to
the remaining monocot genera. We are also collabo-
rating with the 1000 Plants Initiative (<http://www
.onekp.com>) to sequence shoot transcriptomes for
several dozen species. We believe that the unparal-
leled amount of genetic information trom all three
plant genomes obtained in our A'Tol. project should
provide the most powerful analysis of relationships for
any major plant group studied to date.

In this paper, we present a demonstration of the
utility of a plastome-based phylogenomic approach,
focusing on relationships among families of Poales
and their immediate relatives among the commelinids.
Poales 1s the second largest order of monocots, and
economically surely the most important, as a conse-
quence of its including the cereal and pasture grasses,
which contribute so much to the human diet, directly
or indirectly; the bamboos, a key source of building
materials; and the restioids, sedges, rushes, cattails,

and bur reeds, which form such key components of

wetland ecosystems locally and worldwide. Poales and
the commelinids include many of the nodes in the
monocot tree of life that have proven most difficult to
resolve using traditional phylogenetic techniques.
Here we present a new, plastome-based phylogeny
for the monocots and discuss its 1mplications for
relationships among families of Poales and its
immediate commelinid relatives. We then use this
phylogeny to analyze broadscale evolutionary patterns
within Poales, including habitat diversification and,
especially, the pattern and potential causes of
multiple origins of wind pollination, an otherwise
fairly uncommon mechanism in the monocots. We
conclude with a brief discussion of some of the
limitations of plastome-based phylogenomics for
understanding monocot phylogeny and evolution.

METHODS
TAXON AND GENE SAMPLING

The 83 taxa included in our study represent most
major clades of angiosperms sensu Angiosperm
Phylogeny Group (2009) (Appendix 1). New dratt
plastid genome sequences were generated for 44 of the
83 taxa included in the study (Appendix 1). These
new data greatly increase the number of monocot
sequences included in plastid phylogenomic analyses.

Sixty-four species acted as placeholders for 11 monocot
orders and 32 of 82 monocot families. Taxon sampling
1s concentrated on Poales and, to a lesser extent, 1ts
putative relatives among the commelinids and Aspar-
agales. Commelinids sequenced included members of
15 of 16 tamilies of order Poales (Anarthriaceae not
sampled); one of five families of Commelinales; two of
eight families of Zingiberales; and the single tamilies in
Arecales and Dasypogonales (Dasypogonaceae sensu
Angiosperm Phylogeny Group, 2009). Nonmonocot
angiosperms 1ncluded representatives of an additional
18 orders of tlowering plants (Appendix 1). We used
Amborella Baill., the consensus sister taxon to all other
angiosperms (Jansen et al., 2007; Moore et al., 2007) as
the outgroup.

PLASTOME SEQUENCING

We used next-generation sequencing to generate 44
plastid genomes sequences (Appendix 1) using one of
two strategies. Following methods described by Jansen
et al. (2005), plastids of Lilium L., Hosta Tratt.,
Tradescantia L., Brocchinia Schult. t., Neoregelia L.
B. Sm., Pitcairnia 1’Hér., and Puya Molina were
isolated on a sucrose gradient and used as templates
for rolling circle DNA amplification. Plastome-
enriched amplicons were sequenced on a Roche GS-
FLX (Roche,
U.S.A.) using 454 pyrosequencing technology (Moore
et al., 2007). The remaiming 37 draft plastome
sequences were assembled tfrom whole-genome shot-

sequencer Branford, Connecticut,

oun sequences generated on an lllumina GS sequenc-
er (Illumina, Inc., San Diego, Califorma, U.S.A.). The
proportion of plastid DNA in 1solated DNAs was
estimated through quantitative real-time PCR ampli-
fication of a 150-bp portion of the rbcl gene. Samples
estimated to have at least 5% plastid DNA were
prepared for whole-genome shotgun sequencing on the
[llumina sequencing platform, following the manufac-
turer’s protocol. Bar codes were ligated to templates,
and at least one million 75-bp reads were generated
for each taxon. De novo assemblies of sequences
generated on the 454 platform were constructed using
the manufacturer’s Newbler assembler (<http://www
454.com>) and the MIRA assembler (<http://www
.chevreux.org/projects_mira.html>; Chevreux et al.,
2004). Resulting assemblies were 1nspected using
Consed (Gordon et al., 1998) and Sequencher
(<http://www.genecodes.com/>). Genes were anno-
tated and gene sequences were extracted from
assemblies using the DOGMA webserver (<http://
dogma.cebb.utexas.edu>, Wyman et al., 2004, and
see below). Sequences generated using the Illumina
short-read platform were subjected to reference-based

assembly using the YASRA assembler (Ratan, 2009;
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download available with documentation at <<http://
www.bx.psu.edu/miller_lab>) to layer short reads on
a reference genome while allowing substantial
sequence divergence (< 85% sequence identity).
For each taxon, the most closely related plastome
genome sequence available in GenBank was initially
used as the reterence genome. In addition, our draft
genome sequences were used as alternative references
for assembly of related genomes. For example, the
Cyperus alternifolius L. dratt plastome was used as a
reterence tor Juncus effusus L. and Thurnia sphaer-
ocephala Hook. t. plastome assembly and vice versa.
Final assemblies for each taxon were compiled in
Sequencher. As described above, genes were anno-
tated and extracted from the resulting contigs using
DOGMA. DOGMA identifies genes through BLASTX
searches against a database of amino acid sequences
extracted from exemplar plastid genomes. As a
consequence, gaps in the assemblies, rare sequencing
errors, and assembly errors that introduce frame shifts
or stop codons may result in annotation of gene
fragments rather than full-length genes. Only full- or
near-full-length gene annotations were included in
alignments and phylogenetic analyses. Therefore,
individual taxa may be missing genes due to low
sequencing coverage, assembly errors, or evolutionary
loss (e.g., the loss of the ycf2 gene in the inverted
repeat [IR] region of the plastome on the branch
leading to Poaceae/Ecdeiocoleaceae/Joinvilleaceae).
The only taxa with substantial numbers of missing
ocenes were those with less than 15X coverage under

including  Abolboda

macrostachya Spruce ex Malme, Mayaca fluviatilis

next-generation sequencing,

Aubl., and Syngonanthus chrysanthus Ruhland, and
Joinvillea plicata (Hook. f.) Newell & B. C. Stone
under ordinary direct sequencing. All gene sequences
included in alignments and phylogenetic analyses
have been deposited into GenBank. All analyses were
based on the exons of 77 protein-coding plastid genes

and four ribosomal RNAs (rRNAs), with a total of
109,134 aligned bases. This set of 81 plastid genes
was also used by Jansen et al. (2007) to resolve
broadscale relationships across flowering plants.

SEQUENCE ALIGNMENT

Following Jansen et al. (2007), 81 plastome-
encoded gene sequences were aligned individually
and alignments concatenated into a single nexus file
for phylogenetic analyses; the file 1s posted at the
Monocot AToL project website (see <http://chloroplast
.cbio.psu.edu/supplement.html>). Perl scripts were
written to sort gene sequences extracted from DOGMA
annotations for each taxon into multitaxon fasta files
for each gene, to align gene sequences using MUSCLE

(Edgar, 2004), and to concatenate alignments in a
Nexus file. Missing genes were filled with Ns in the
concatenated alignment.

PHYLOGENETIC ANALYSES

We inferred relationships among taxa from the
nucleotide data using MP and maximum likelihood

(ML). MP analyses were run using PAUP* 4.0d102

(Swottord, 2002). Individual nucleotides were consid-
ered to be multistate, unordered characters ot equal

weight; unknown bases were treated as uncertainties.
Gapped cells were treated as missing data and we did
not attempt to score indels. To evaluate the possibility of
multiple 1slands of equally most parsimonious trees
(Maddison, 1991), we ran heuristic searches seeded
with 100 random-addition sequences, employing tree
bisection-reconnection (ITBR) swapping while retaining
up to 100 trees per iteration. Bootstrap analysis
(Felsenstein, 1985) was used to assess the relative
support for each node in the single shortest tree found,
using 200 random resamplings of the data and retaining
up to 100 trees per resampling. Consistency indices,
including autapomorphies (CI) and excluding them
(CI"), were calculated to measure the relative extent of
homoplasy in the data (Givnish & Sytsma, 1997).

ML analyses were performed on concatenated
alignments using RAxML version 7.0.4 (Stamatakis,
2004). A single substitution process was modeled as
oeneral time reversible (GTR) plus gamma for the
entire concatenated alignment (i.e., data were not
partitioned). Among-site variation in substitution rates
was modeled using the discrete approximation of the
camma distribution (Yang, 1994) with 25 rate classes.
The ML bootstrap analysis included 250 pseudo-

replicates drawn from the concatenated alignment.

ANCESTRAL HABITAT RECONSTRUCTION

To trace patterns ot habitat evolution within the
order Poales, we overlaid various environmental
characteristics on the commelinid portion of the ML
cladogram, simplified to the family level, using
parsimony as implemented in MacClade 4.0 (Maddi-
son & Maddison, 1992) to infer ancestral states,
resolving all of the most parsimonious states at each
node. Given their distinctive ecologies, we separated
subfamily Anomochlooideae from the other Poaceae

sampled (a subset of the bistigmatic clade =
subfamily Puelioideae + the PACCMAD-BEP clade

the latter
Arundinoideae, Chloridoideae, Centothecoideae, Mi-

of grasses; consists of Panicoideae,

crairoideae, Anstidoideae, Danthonioideae—Bambu-
soideae, Ehrhartoideae, and Pooideae (Sanchez-Ken

et al., 2007). We interpolated the subfamily Phar-























































































