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Despite the considerable efforts to reconstruct the phylogeny of grasses, the relationships among the sub-
families Bambusoideae, Pooideae and Ehrhartoideae in the BEP clade remain unresolved. Here we com-
pletely sequenced three chloroplast genomes of representative species from Bambusoideae and
Ehrhartoideae and obtained 19 additional chloroplast genome sequences of other grasses from GenBank.
Using sequences of 76 chloroplast protein-coding genes from the 22 grass species, we fully resolved the
phylogeny of the BEP clade. Our results strongly supported the (B,P)E hypothesis, i.e., Bambusoideae and
Pooideae are more closely related than Ehrhartoideae. This result was not biased by systematic or sam-
pling errors and was impervious to phylogenetic methods or model specification. The divergence time
estimate suggests that the initial diversification of the BEP clade into three subfamilies happened within
a short time period (�4 MY). The presence of these short internal branches may explain the inability of
previous studies to achieve a confident resolution of the BEP clade. The combination of the sequences of
the entire chloroplast genomes provided sufficient phylogenetic information to resolve the BEP phylog-
eny fully. These results provide a valuable evolutionary framework for comparative and functional geno-
mic studies using the grass family as a model system.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The grass family (Poaceae) is one of the most diverse angio-
sperm families and consists of approximately 700 genera and more
than 10,000 species (Clayton and Renvoize, 1986; GPWG, 2001).
The grasses not only include many economically important crops,
such as rice (Oryza sativa), corn (Zea mays), wheat (Triticum
aestivum) and sorghum (Sorghum bicolor), but also dominate vari-
ous natural and agricultural landscapes of the world (Clayton and
Renvoize, 1986). With the accomplished and ongoing genome
sequencing of many cereal crops, grass species have become a
model system for functional and comparative genomic research.

In the past decades, the phylogenetic relationships of Poaceae
have been the focus of extensive studies. An evolutionary frame-
work has been thoroughly established at the family level (Clark
et al., 1995; GPWG, 2001; Duvall et al., 2007; Bouchenak-Khelladi
et al., 2008; Vicentini et al., 2008; Kellogg, 2009). To date, two ma-
jor clades within the family have been identified, with one com-
prising the three subfamilies Bambusoideae, Ehrhartoideae, and
Pooideae (BEP clade) and the other consisting of the seven subfam-
ll rights reserved.
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ilies Panicoideae, Arundinoideae, Chloridoideae, Centothecoideae,
Micrairoideae, Aristidoideae, and Danthonioideae (PACCMAD
clade) (GPWG, 2001; Duvall et al., 2007; Bouchenak-Khelladi
et al., 2008; Kellogg, 2009). However, the phylogenetic relation-
ships within these clades have not been fully resolved (GPWG,
2001; Bouchenak-Khelladi et al., 2008; Kellogg, 2009). Using the
plastid ndhF sequences, Clark et al. (1995) first recovered a tree
with two major groups (the PACC and BOP clades) and found that
bambusoid (i.e., Bambusoideae) and oryzoid (i.e., Ehrhartoideae)
clustered together and were sister to pooid (i.e., Pooideae). The
(B,E)P relationship, with Bambusoideae and Ehrhartoideae being
more closely related than Pooideae, was confirmed by subsequent
studies (GPWG, 2001; Vicentini et al., 2008; Sungkaew et al., 2009).
Nevertheless, many other studies have revealed either a sister
relationship of Bambusoideae and Pooideae, (B,P)E (Zhang, 2000;
Bouchenak-Khelladi et al., 2008; Leseberg and Duvall, 2009; Peng
et al., 2010) or a sister relationship of Ehrhartoideae and Pooideae,
(E,P)B (Mason-Gamer et al., 1998; Mathews et al., 2000). The prob-
lem of the relationship among the BEP lineages is similar to the
well-known ‘‘trichotomy problem’’ involving chimpanzee, gorilla,
and human (Satta et al., 2000) in which all three possible relation-
ships have been recovered in various studies.

Apart from the inconsistent phylogenies within the BEP clade, it
is noteworthy that the different topologies were generated if
different sampling strategies (gene and taxon) were employed
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and if different methods of analysis were used. For instance, based
on sequences of 43 orthologous loci selected from 10,608 putative
full-length cDNA sequences of bamboos, Peng et al. (2010)
obtained different phylogenetic relationships within the BEP clade
using different phylogenetic methods. Ehrhartoideae was the basal
lineage on the maximum likelihood and Bayesian trees, i.e., (B,P)E.
In contrast, Pooideae was the basal lineage on the Neighbor-Joining
tree, i.e., (B,E)P. Therefore, despite considerable efforts to recon-
struct the phylogeny of the grasses, the BEP relationship remains
unclear.

The cpDNA sequences are increasingly used for resolving the
deep phylogeny of plants because of their low rates of nucleotide
substitutions and structural changes (Soltis et al., 2004; Jansen
et al., 2007; Moore et al., 2010). Concatenating sequences from
many genes may overcome the problem of multiple substitutions
that results in a loss of phylogenetic information between chloro-
plast lineages and can reduce sampling errors due to substitutional
noise (Delsuc et al., 2005). Here, we sequenced the complete chlo-
roplast genomes of three grass species and obtained 19 additional
chloroplast genomes of grasses from GenBank. Using sequences of
76 plastid protein-coding genes (70,700 bp in total) that are de-
rived from the complete plastid genomes of the 22 grass species,
we were able to resolve the phylogenetic relationships of the BEP
clade fully. Based on the divergence time estimates, we found that
two rapid speciation events within the BEP clade occurred in a
small time interval (roughly 4 million years). These events might
be responsible for the inconsistent phylogenetic reconstructions
that have been reported in previous studies.
2. Materials and methods

2.1. Complete plastid genome sequence of three grass species

Using the Fosmid library and PCR amplification methods, we
completely sequenced three plastomes, including two species
(Leersia tisserantii and Rhynchoryza subulata) from the subfamily
Ehrhartoideae and one species (Phyllostachys propinqua) from Bam-
busoideae. Fresh leaves of the three species were collected from
plants grown in the greenhouse or garden of the Institute of Botany
of the Chinese Academy of Sciences in Beijing. The seeds of L. tisser-
antii and R. subulata were requested from the International Rice Re-
search Institute (IRRI). The species’ accession numbers were
101384 and 100913, respectively. Total cellular DNA was extracted
using the cetyltrimethyl ammonium bromide (CTAB) method and
purified with phenol extraction to remove proteins. For two
Ehrhartoideae species, fosmid libraries were constructed following
the method in Wang et al. (2009). Five overlapping clones contain-
ing chloroplast DNA fragments were identified through Southern
hybridization with the following chloroplast gene probes: psbC,
rpoB, rps2, atpB, rbcL, psbB, rpoA, rrn16, rrn23, ndhB, ndhF, ccsA. The
positive clones were sheared again using a shotgun library with
1.5–3 k fragments. The shotgun libraries were sequenced and
assembled at the Beijing Genomics Institute (BGI) in Beijing, China.
For sequencing P. propinqua, a full set of primers have been de-
signed based on two previously sequenced bamboo plastomes
(Wu et al., 2009). PCR amplification and purification of the products
were performed, as described in Tang et al. (2010). The purified
products were directly sequenced on an ABI 3730 automated se-
quencer (Applied Biosystems, Foster City, CA, USA). The sequences
were assembled with the ContigExpress program from the Vector
NTI Suite 6.0 (Informax Inc., North Bethesda, MD).

We used DOGMA (Dual Organellar GenoMe Annotator, Wyman
et al., 2004) for genome annotation. A draft annotation was subse-
quently inspected using the DOGMA tools for accurate assessment
of the start and stop codons and the exon–intron boundaries of
genes and adjusted manually. Both tRNAs and rRNAs were identi-
fied by BLASTN searches against the same database of chloroplast
genomes.

2.2. Phylogenetic reconstructions

A total of 22 chloroplast genomes from Poaceae were used in
our phylogenetic analyses, including three genomes sequenced in
this study and 19 retrieved from NCBI. A detailed information on
the 22 chloroplast genomes is provided in Table 1. Because 30
tRNA and four rRNA genes were notably conserved and provided
almost no information, only 76 protein-coding genes from the
chloroplast genomes were used in our phylogenetic analyses. The
nucleotide sequences were translated into amino acids and aligned
with ClustalX 1.81 (Thompson et al., 1997). The intron-containing
genes were aligned using MUSCLE (Edgar, 2004) and were manu-
ally adjusted. The incongruence length difference (ILD) test, as
implemented in PAUP 4.0b10 (Swofford, 2002), was conducted
for testing the suitability of combining different fragments in the
phylogenetic analyses.

The phylogenetic trees were reconstructed using maximum
parsimony (MP) implemented with PAUP Version 4.0b10 (Swof-
ford, 2002), maximum likelihood (ML) with PHYML Version 2.4.5
(Guindon and Gascuel, 2003), and Bayesian inference (BI) with
MrBayes Version 3.1.2 (Ronquist and Huelsenbeck, 2003). Model-
test 3.7 (Posada and Buckley, 2004) was used to select the best
nucleotide substitution models for each data set under the Akaike
Information Criterion (AIC) (Shepherd et al., 2002). MP heuristic
searches used tree bisection reconnection (TBR) branch swapping
executed for 1000 replicates. ML analysis was performed with
1000 bootstrap replicates. For the estimation of Bayesian posterior
probabilities (PP), two independent runs were simultaneously per-
formed with four Metropolis-coupled Markov chains, with each
run consisting of one cold chain and three incrementally heated
chains and with all runs randomly started in the parameter space.
Each run was conducted with 1 � 106 generations and sampled
every 100 generations. When the log-likelihood scores were ob-
served to stabilize, a consensus tree was calculated after discarding
the first 25% of the trees as burn-in.

2.3. Analysis of systematic bias and congruence tests

It is widely recognized that systematic errors, such as composi-
tional signals, rate signals, and heterotachous signals, might be
reinforced as the sequence length or the number of sampled genes
increases (Delsuc et al., 2005; Zou et al., 2008). Thus, we investi-
gated the potential impact of systematic bias on our phylogenetic
reconstruction. First, we assessed the compositional bias among
species by performing tests of the stationarity of base composition
in TREEPUZZLE 5.2 (Schmidt et al., 2002). To detect the possible
bias from substitution saturation in the sequences, we plotted
transitions and transversions against the pairwise sequence diver-
gence, as implemented in DAMBE (Xia and Xie, 2001), with an
asymptotic relationship indicating the presence of saturation. Fi-
nally, we used the HYPHY (Pond and Muse, 2005) for relative rate
tests that examined whether the genes evolved at different rates
for pairs of lineages using Anomochloa marantoidea as an outgroup.
Sequences were also analyzed under the RY-coding strategy (A and
G = R, C and T = Y), which discarded fast-evolving transitions and
thus made phylogenetic reconstructions less susceptible to uneven
evolutionary rates among lineages (Delsuc et al., 2005).

2.4. Divergence time estimation

Because rate constancy was rejected for the combined chloro-
plast data, Bayesian approaches with an uncorrelated relaxed clock



Table 1
Comparison of major features of 22 Poaceae chloroplast genomes.

Subfamily Species Total size LSC region IR region SSC region GenBank accession

Length (bp) GC (%) Length (bp) GC (%) Length (bp) GC (%) Length (bp) GC (%)

Ehrhartoideae Oryza sativa ssp. indica 134,496 39.00 80,553 37.11 20,798 44.35 12,347 33.32 NC_008155
Oryza nivara 134,494 39.01 80,544 37.12 20,802 44.35 12,346 33.33 NC_005973
Oryza sativa ssp. japonica 134,551 39.00 80,604 37.11 20,802 44.35 12,343 33.37 AY522330
Oryza meridionalis 134,551 39.01 80,606 37.11 20,802 44.35 12,343 33.36 GU592208
Oryza australiensis 134,549 38.98 80,614 37.07 20,796 44.36 12,343 33.25 GU592209
Leersia tisserantii 136,550 38.88 81,865 37.01 21,329 44.05 12,027 33.23 JN415112a

Rhynchoryza subulata 136,303 39.00 82,029 37.14 20,840 44.36 12,594 33.40 JN415114a

Potamophila parviflora 134,551 39.07 80,604 37.19 20,800 44.32 12,347 33.58 GU592210
Microlaena stipoides 134,551 39.22 80,613 37.28 20,793 44.18 12,343 33.77 GU592211

Bambusoideae Bambusa oldhamii 139,350 38.92 82,889 37.01 21,790 44.22 12,881 33.27 NC_012927
Dendrocalamus latiflorus 139,374 38.92 82,963 37.02 21,774 44.23 12,863 33.18 NC_013088
Phyllostachys propinqua 139,704 38.88 83,227 36.96 21,800 44.23 12,877 33.14 JN415113a

Pooideae Triticum aestivum 134,545 38.31 80,348 36.32 20,703 44.06 12,791 32.26 NC_002762
Hordeum vulgare 136,462 38.32 80,597 36.31 21,582 43.83 12,701 32.33 NC_008590b

Agrostis stolonifera 136,584 38.45 80,546 36.3 21,649 44.06 12,740 33.01 NC_008591b

Lolium perenne 135,282 38.25 79,964 36.11 21,445 43.90 12,428 32.49 NC_009950
Brachypodium distachyon 135,199 38.57 79,445 36.51 21,542 44.06 12,668 32.79 NC_011032

Panicoideae Sorghum bicolor 140,754 38.49 82,685 36.34 22,783 43.91 12,503 32.96 NC_008602b

Saccharum officinarum 141,182 38.44 83,048 36.29 22,795 43.90 12,544 32.86 NC_006084
Coix lacryma-jobi 140,745 38.46 82,792 36.3 22,715 43.93 12,523 32.90 NC_013273
Zea mays 140,384 38.46 82,352 36.28 22,748 43.95 12,536 32.85 NC_001666

Anomochlooideae Anomochloa marantoidea 138,412 38.66 82,264 36.71 21,993 43.66 12,162 33.72 NC_014062

Average 38.74 36.75 44.12 33.11

a Sequenced in this study.
b The annotations for Agrostis stolonifera (NC_008591), Hordeum vulgare (NC_008590), and Sorghum bicolor (NC_008602) incorrectly included two extra tRNAs (trnM-cau

between trnG-ucc and trnT-ggu; trnfM-cau between trnR-ucu and rps14), and they have, therefore, been excluded from the calculation of the number of genes.
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model were employed to estimate the divergence times of the four
subfamilies in the Poaceae with a focus on the BEP clades. The
BEAST program (Drummond and Rambaut, 2007) was used to per-
form these analyses. The model of sequence evolution was deter-
mined using Modeltest 3.7 (Posada and Buckley, 2004). Markov
chains were run for 10,000,000 generations, while every 1000 gen-
erations were sampled with at least a 10% burn-in phase. We
adopted two previously published divergence times for calibration.
One divergence time was estimated by Vicentini et al. (2008),
assuming that maize and rice diverged 52 million years ago
(MYA), and the other time was 35 MYA for the divergence of the
tribes Oryzeae and Ehrharteae (Tang et al., 2010). These two time
points were used for calibrating the age of the stem nodes of the
four subfamilies in the Poaceae. The chronograms shown were cal-
culated using the median clade credibility tree plus 95% confidence
intervals.
3. Results

We have sequenced the chloroplast genomes of two species in
Ehrhartoideae (L. tisserantii and R. subulata) and one species in
Bambusoideae (P. propinqua). The genome sizes were 136,550 bp,
136,303 bp and 139,704 bp, respectively (Table 1). The genomes
include a pair of inverted repeats (IRs) with a length of 21,329 bp
(L. tisserantii), 20,840 bp (R. subulata) and 21,800 bp (P. propinqua),
separated by a small single-copy region of 12,027 bp (L. tisserantii),
12,594 bp (R. subulata) and 12,877 bp (P. propinqua), and a large
single-copy region of 81,865 bp (L. tisserantii), 82,029 bp (R. subula-
ta) and 83,227 bp (P. propinqua), respectively. The organization of
the 22 chloroplast genomes largely reflects the highly conserved
gene content (128 genes) and gene order of the grass chloroplasts
(Michelangeli et al., 2003). The total length of the complete gen-
omes ranges from 134,494 bp to 141,182 bp, with length variation
less than 2 kb being observed within each subfamily. The overall
average GC content of the grass species is 38.7% (±0.003), with
the highest GC content being in the IR region (44.1%) and the low-
est in the SSC region (33.1%) (Table 1).

We concatenated the sequences of the 76 protein-coding genes
into a data set of 70,700 bp in length with 79.5% of exon sequences.
Of these sequences, 11,772 bp (16.7%) and 5726 bp (8.1%) are var-
iable and phylogenetically informative sites, respectively. Because
an ILD test found no significant incongruence among 76 genes
(P = 0.38), the concatenated data set was used for phylogenetic
analysis. Three phylogenetic methods (ML, MP and BI) yielded an
identical and fully resolved tree, with almost all internal nodes
supporting 100% bootstrap values or 1.00 posterior probabilities
(Figs. 1 and S1: Supplementary data). In the resulting phylogenies,
Bambusoideae and Pooideae are more closely related than
Ehrhartoideae. We further used different data sets to reconstruct
the phylogeny. Regardless of whether the concatenated exons,
3rd codons or introns were used, trees with a topology identical
to that in Fig. 1 were obtained (Table 2).

To investigate the potential impact of systematic bias on our
phylogenetic reconstruction, we first tested the homogeneity of
base composition across species and found no significant differ-
ence in base content (P > 0.05). Next, we plotted transitions and
transversions against pairwise sequence divergence to investigate
the possibility of a bias owing to substitution saturation. No satu-
ration was found for all six types of partitions (Fig. S2: Supplemen-
tary data). Finally, we analyzed rate constancy among species
using the relative rate test and found that the null hypothesis of
rate constancy was rejected in many contrasts (P < 0.01). It is note-
worthy that three Bambusoideae species evolved at a slower rate
than species of other subfamilies (Fig. 1). To reduce the potential
impact of rate heterogeneity on tree reconstruction, we re-coded
the data set under the RY-coding strategy. The resulting phyloge-
netic tree was topologically identical to that shown in Fig. 1 (Table
2). Because the rate discrepancy, at least among two subfamilies,
was found for 26 genes, we further reconstructed the phylogeny
by excluding the 26 genes. The resulting topology, which was
based on the remaining genes, was the same as that of Fig. 1 with



Fig. 1. ML tree inferred from the concatenated sequences of 76 protein-coding genes under the GTR + I + G model. The ML analysis generated a single tree with a ML value of
�lnL = 199643.78. Numbers near branches are bootstrap values of ML and MP and the posterior probability for BI, respectively. Branches without numbers indicate 100%
bootstrap support and 1.0 posterior probability. Branch length is proportional to the number of substitutions, as measured by the scale bar. The same topology was obtained
from MP and BI (Fig. S1, Supplementary data).

Table 2
Bootstrap support from 1000 replicates for the six internal branches of phylogenetic trees based on the concatenated sequences of different positions and using different methods.

Method Bootstrap support (%)

I II III IV V VI

Exon sites only (MP/ML) 100/100 100/100 100/100 100/100 99/99 100/99
3rd Codon sites (MP/ML) 100/100 100/100 100/100 100/100 99/98 100/95
Intron sites only (MP/ML) 100/100 100/100 100/100 100/100 93/94 100/97
RY-coding strategy for all codon sites (ML) 100 100 100 100 61 –
Exclude 26 rate non-constancy genes (MP/ML) 100/100 100/100 100/100 100/100 84/75 99/52
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slightly lower statistical support for clades V and VI (Table 2). This
result suggests that rate heterogeneity did not impact the phyloge-
netic inference.

We used a relaxed-clock approach to estimate the divergence
time within the BEP clade. As shown in Fig. 2, the divergence be-
tween the subfamily Panicoideae and the BEP clade is estimated
to be 51.9 (49.9–53.8) MYA. Within the BEP clade, Ehrhartoideae
diverged from the clade consisting of Bambusoideae and Pooideae
(node I in Fig. 2) at approximately 46.98 (40.80–51.60) MYA,
whereas the Bambusoideae and Pooideae clades split (node II in
Fig. 2) at �42.80 (36.61–48.80) MYA. The divergence times for
the three BEP subfamilies are estimated to be at the minimum of
35.05 (33.0–37.0) MYA (E), 32.25 (24.7–38.9) MYA (P), and 22.54
(9.1–35.6) MYA (B), respectively. Note that two short internal
branches, corresponding to nodes I and II in Fig. 2, occur on the
tree, implying that two rapid divergence events occurred within
approximately 4 million years in or near the Middle Eocene.

4. Discussion

Despite extensive investigations of the phylogeny of the grass
family, the phylogenetic relationships of the BEP clade remain
unresolved. All three possible relationships among the three
subfamilies have been suggested by a variety of previous studies.
The inconsistent phylogenies might be attributed to a relatively
small number of phylogenetic markers used in these studies.



Fig. 2. Chronogram obtained for Poaceae under a Bayesian relaxed-clock approach, as implemented in the BEAST program (Drummond and Rambaut, 2007) and based on the
combined 76 protein-coding genes. Gray boxes indicate 95% confidence intervals on nodal ages.
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Because different genes/fragments might have evolved at different
rates or possess different histories (Delsuc et al., 2005; Zou et al.,
2008), a limited sample could be inadequate for recovering the true
phylogeny. For instance, the (B,E)P and (B,P)E topologies were ob-
served on the plastid ndhF (Clark et al., 1995) and rpl16 intron
(Zhang, 2000) trees, respectively, whereas a (E,P)B topology
occurred on the nuclear waxy (Mason-Gamer et al., 1998) and phy-
tochrome B (Mathews et al., 2000) trees, respectively. Two recent
studies have used sequences of 61 chloroplast protein-coding
genes (Leseberg and Duvall, 2009) and sequences of 43 nuclear
genes (Peng et al., 2010) to reconstruct the grass phylogeny. In
these two cases, a single species was sampled to represent Bambu-
soideae and/or Ehrhartoideae. It is possible that insufficient taxon
sampling prevented a confident recovery of the evolutionary
history of these subfamilies. (Soltis et al., 2004; Delsuc et al., 2005).

In the present study, we completely sequenced three Bambusoi-
deae and Ehrhartoideae species and were able to include multiple
species from each subfamily in our analyses. Using sequences of 76
chloroplast protein-coding genes, we fully resolved the phylogeny
of the BEP clades and strongly supported the (B,P)E relationship.
This result was not biased by systematic or sampling errors and
was unaffected by different phylogenetic methods or model
specification.

It is noteworthy that we identified two short internal branches on
the tree (Fig. 1), implying that the BEP clade has experienced rapid
divergence or radiation. Our estimation of divergence times
indicates that the initial diversification of the BEP clade appears to
have occurred at �46.98 (40.80–51.60) MYA, thereby giving rise to
three lineages (subfamilies) within a short time interval (�4 MY).
Such short internal branches connecting the three subfamilies have
been observed and were interpreted as rapid divergence or radiation
(Clark et al., 1995; Peng et al., 2010). These events might be the main
reason for the incongruent phylogenies of the BEP clade found by the
previous studies. Although rapid divergence or radiation has con-
founded the resolution of relationships for many groups (Delsuc
et al., 2005; Zou et al. 2008; Peng et al., 2010), both theoretical and
empirical studies indicate that large-sequence datasets have the
power to recover true and robust phylogenies (Satta et al., 2000;
Delsuc et al., 2005; Jansen et al., 2007; Zou et al., 2008; Moore
et al., 2010). Clearly, our combined sequences of the chloroplast gen-
omes provide abundant information and greater power for fully
resolving the BEP phylogeny. These findings can provide an
important evolutionary framework for comparative and functional
genomic studies using grasses as a model system.
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