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a b s t r a c t

Based on sequences of 20 chloroplast fragments, we generated a fully resolved phylogeny of Oryzeae and
estimated divergence times of its major lineages as well as explored the historical biogeography of the
tribe. Our results (1) confirmed the monophyly of Oryzeae and two-subtribe subdivision; (2) indicated
that Maltebrunia, Potamophila and Prosphytochloa were genetically distinct enough to deserve generic
status but Maltebrunia and Prosphytochloa were sister groups in the subtribe Oryzinae while Potamophila
was a member in the subtribe Zizaniinae; (3) suggested that the previously unresolved phylogeny of the
subtribe Zizaniinae was most likely explained by insufficient data due to rapid radiation; (4) provided the
first well-corroborated timescale for the origin and divergence of Oryzeae, with the crown node of Ory-
zeae and the deepest split of Oryza at �24 and 15 MYA, respectively; (5) developed a biogeographic his-
tory of the tribe and substantiated the important roles of long-distance dispersal in the origin and
diversification of the tribe Oryzeae.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The tribe Oryzeae consists of approximately 11 genera and �70
species and is distributed throughout the tropical and temperate
regions of the world (Clayton and Renvoize, 1986; Vaughan,
1994). This tribe is an important plant group in the grass family
that includes the Asian cultivated rice (Oryza sativa) and several
other economically important species, such as the salt tolerant
Oryza coarctata, the Zizania species that are a part of the cuisine
of China and North America (wild rice), and forage species in Leer-
sia (Vaughan, 1994; Vaughan and Morishima, 2003; Lu and Ge,
2005). Beyond this, Oryza, along with its relatives in Oryzeae, has
become an increasingly attractive system for biological studies at
the genetic and genomic levels given the completion of the whole
genome sequencing of two rice cultivars and well established
genomics resources for Oryza (Kim et al., 2008) and other grasses
(Bennetzen, 2009; Kellogg and Buell, 2009). To take full advantage
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of rice genetic and genome resources relies significantly on a clear
understanding of the phylogenetic relationships of rice and its rel-
atives (Ge et al., 1999; Kellogg, 2009).

As economically and theoretically important groups, rice and
closely related genera in the tribe Oryzeae have been studied using
various approaches, including morphology (Weatherwax, 1929;
Kellogg and Watson, 1993; Terrell and Robinson, 1974; Terrell
et al., 2001; Martínez-y-Pérez et al., 2006, 2008), cytology (Nayar,
1973), and molecular markers (Zhang and Second, 1989; Duvall
et al., 1993; Ge et al., 2002; Guo and Ge, 2005). In particular,
Ge et al. (2002) and Guo and Ge (2005) sampled all extant genera
of Oryzeae for the first time in a phylogenetic context except
for Maltebrunia that was considered to be a synonymy under
Potamophila by Duistermaat (1987). Based on multigene sequences
from chloroplast, mitochondrial and nuclear genomes, Guo and Ge
(2005) established the most updated phylogeny of Oryzeae thus far
and estimated the divergence time of major lineages in the tribe.
They confirmed the monophyly of Oryzeae and its division of
two subtribes (Oryzinae and Zizaniinae) and questioned the
recognition of three monotypic genera (Hydrochloa, Porteresia,
and Prosphytochloa). A recent phylogenomic investigation using
sequences of 142 nuclear genes successfully reconstructed the
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phylogeny of all diploid Oryza genomes, which has been debated
for a long time, and demonstrated the advantages of genomic
information and large data sets in phylogenetic reconstruction
(Zou et al., 2008).

Despite these studies, there remain a few uncertainties and
unanswered questions with respect to the phylogeny of the tribe
Oryzeae. For instances, phylogenetic relationships of genera within
the subtribe Zizaniinae, particularly involving the basal lineages
and the systematic position of Hygroryza aristata, were inconsis-
tent among different studies and among data sets (Zhang and Sec-
ond, 1989; Duvall et al., 1993; Ge et al., 2002; Guo and Ge, 2005).
Taxonomic treatment of three genera, Maltebrunia, Potamophila
and Prosphytochloa, has also been debated for centuries (Bentham,
1881; Hubbard, 1967; Clayton, 1970; Duistermaat, 1987) while
phylogenetic reconstruction has never been attempted using
molecular data due to lack of samples. In addition, different subdi-
vision systems of the tribe (Hubbard, 1959; Terrell and Robinson,
1974; Guo and Ge, 2005) remain to be justified using molecular
data with the inclusion of all extant genera.

The tribe Oryzeae is currently distributed in all continents ex-
cept for Antarctica, with wide ecological amplitude (Clayton and
Renvoize, 1986; Vaughan, 1994; Watson and Dallwitz, 1999). In
addition to Oryza and Leersia with pantropical distributions and
Zizania that is disjunctively distributed in eastern Asia and North
America, all other genera in Oryzeae are confined to a specific con-
tinent of Asia, Africa, Australia, North and South America (Vaughan,
Table 1
List of the Oryzeae species and outgroups used in this study.

Taxa

Chikusichloa aquatica Koidz.
Chikusichloa mutica Keng
Hygroryza aristata (Retz.) Nees ex Wright and Arn.
Leersia hexandra Sw. (4�)
Leersia oryzoides (L.) Sw. (4�)
Leersia perrieri (A. Camus) Launert
Leersia tisserantii (A. Chev.) Launert
Luziola fluitans (Michx.) Terrell and H. Rob.
Luziola leiocarpa Lindm.
Maltebrunia letestui (Koechlin.) Koechlin.
Oryza sativa L. (A)a

Oryza rufipogon Griff. (A)
Oryza glaberrima Steud. (A)
Oryza meridionalis N.Q. Ng (A)
Oryza punctata Kotschy ex Steud. (B)
Oryza punctata Kotschy ex Steud. (BC)
Oryza malampuzhaensis Kishn. and Chandras (BC)
Oryza officinalis Wall. ex G. Watt. (C)
Oryza rhizomatis Vaughan (C)
Oryza latifolia Desv. (CD)
Oryza australiensis Domin. (E)
Oryza brachyantha A. Chev. and Roehr. (F)
Oryza granulata Nees et Arn. ex G. Watt. (G)
Oryza neocaledonica Morat (G)
Oryza coarctata Roxb. (HK)
Oryza ridleyi Hook. f. (HJ)
Potamophila parviflora R. Br. (1)
Potamophila parviflora R. Br. (2)
Prosphytochloa prehensilis (Nees) Schweick. (1) (Potamophila parviflora)b

Prosphytochloa prehensilis (Nees) Schweick. (2)
Rhynchoryza subulata (Nees) Baill.
Zizania aquatica L.
Zizania latifolia (Griseb.) Turcz. ex Stapf.
Zizaniopsis villanensis Quarin
Ehrharta erecta Lam.c

Phyllostachys aurea Carrière ex Riviére and C. Riviérec

a Capital letters in parentheses represent the genome type.
b This accession was misidentified as Prosphytochloa prehensilis and should be Potamo
c Outgroups.
d All accessions coded by six numbers are provided by the Genetic Resources Center of

were collected by the authors. unknown origin.
1994; Watson and Dallwitz, 1999) (Table 1). Such a biogeographic
pattern throughout the continents raises an interesting topic
regarding the origin and historical biogeographic connection of
the Oryzeae lineages. Several studies have speculated the biogeo-
graphic history of Oryzeae species (Second, 1985b; Kellogg,
2009), particularly for the genus Oryza (Chang, 1976, 1985; Second,
1985a; Wang et al., 1992; Vaughan et al., 2005). Earlier specula-
tions that either Oryza (Chang, 1976, 1985) or Oryzeae (Second,
1985b) evolved from a common ancestor in the Gondwana super-
continent before its fracture seem unlikely because these explana-
tions are obviously in conflict with the known facts about the
evolution of grasses and monocots (Kellogg, 2001; Gaut, 2002;
Vaughan et al., 2005; Vicentini et al., 2008). With the assumption
that ancestors of maize and rice separated at �50 million years
ago (MYA), Guo and Ge (2005) used sequences of the chloroplast
matK and nuclear GPA1 genes to estimate the divergence times
for major Oryzeae lineages under a molecular clock. They sug-
gested that two subtribes of Oryzeae split at �20 MYA, Oryza
branched off from the closely related Leersia at �14 MYA, and the
crown node age of Oryza was �9 MYA. Based on these estimates,
Guo and Ge (2005) discussed the biogeographic implications for
the origin and divergence of Oryzeae. Nevertheless, such a molec-
ular clock method based on single or a few genes invoked a num-
ber of limitations, including substitution rate heterogeneity among
lineages, uncertainties of clock calibration, and no assessment of
confidence intervals on dates (Gaut, 2002; Kellogg, 2009). More
Accession No.d Origin

106186 Japan
GS0601 China
105460 Sri Lanka
105252 Philippine
GS0203 Guangdong, China
105164 Madagascar
105610 Cameroon
L.E. Urbatsh 8434 USA
82043 Argentina
GS0801 Cameroun
Nipponbare X15901 (GenBank)
105480 India
102236 Liberia
105282 Australia
103903 Tanzania
100125 India
80768 India
104972 China
105440 Sri Lanka
100167 Costa Rica
105263 Australia
105151 Sierra Leone
M8-15 Hainan, China
SG0901 New Caledonia
104502 Bangladesh
105366 Thailand
85424 Australia
GS0803 Australia
— South Africa
GS0802 South Africa
100913 Argentina
J. Alexander 200301 Massachusetts, USA
GS0202 Beijing, China
85425 Argentina
B. Bartholomeal 9130 USA
GS0204 China

phila parviflora (see the text).

the International Rice Research Institute (IRRI) at Los Banos, Philippines, and others
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importantly, as pointed out by Kellogg (2009), biogeographic anal-
yses were sensitive to taxon sampling and tree topology, because
inclusion of more species and/or minor changes in the phylogeny
would affect the inference. Consequently, a reasonable explanation
of biogeography relies not only on an accurate estimate of diver-
gence times but also on a reliable and resolved phylogeny.

In the present study, we included all extant genera of Oryzeae,
and in particular the genus Maltebrunia that was missing in all pre-
vious molecular studies. By sequencing 20 chloroplast fragments,
we generated a robust phylogeny of Oryzeae and found that the
genera Maltebrunia and Prosphytochloa were most closely related
and sister to Leersia in the subtribe Oryzinae, which is in striking
contrast to previous studies that showed Prosphytochloa was a
member of the subtribe Zizaniinae. In particular, we fully resolved
sequential short interior branches on the tribal tree involving
many Asian and American genera, demonstrating that these genera
represented a scenario of rapid radiation in the early Miocene.
With a robust phylogeny available, we were able to estimate the
origin and divergence time of Oryzeae and its major lineages. Using
two relaxed molecular clock approaches, we dated the divergence
times of major lineages in Oryzeae, and provided the first well-
corroborated timescale for the origin and divergence of Oryzeae.
On this basis, we investigated the biogeographic history of the tribe
and substantiate the important roles of long-distance dispersal in
origin and diversification of the tribe Oryzeae.
2. Materials and methods

2.1. Taxon sampling

We included all 11 genera of Oryzeae in the present study by
adding to our previous samples (Guo and Ge, 2005) a few of impor-
tant collections. In the tribe, four monotypic genera are endemic to
a specific region, i.e., Potamophila (Australia), Prosphytochloa (South
Africa), Rhynchoryza (South America) and Hygroryza (Asia). Of
them, Potamophila and Prosphytochloa are most closely related to
Maltebrunia according to previous morphological studies
(Duistermaat, 1987), and the three genera were considered as
either a single genus or independent genera by different authors
(Bentham, 1881; Clayton, 1970; Duistermaat, 1987; Vaughan,
1994; Guo and Ge, 2005). To clarify this uncertainty, we sampled
one species from the genus Maltebrunia. O. coarctata was previ-
ously treated and widely used as a monotypic genus, Porteresia
Tateoka (Tateoka, 1965). However, molecular phylogenies based
on multiple genes from chloroplast, mitochondrial and nuclear
genomes all indicated that this species is derived from within
Oryza (Ge et al., 1999, 2002; Guo and Ge, 2005) and thus was
moved back to Oryza (Lu and Ge, 2005). A total of 15 Oryza species
representing all six diploid and four tetraploid genomes were
sampled, including Oryza neocaledonica, a species that is endemic
to New Caledonia (Morat et al., 1994) and has not been used in
any previous phylogenetic study. Four representative species from
Leersia were used, including two diploid and two tetraploid
species. The genus Zizania consisting of four species is distributed
in Asia and North America, and one species from North America
(Zizania aquatica) and one from Asia (Z. latifolia) were included.
We sampled two species, one each from Japan and China, from
the genus Chikusichloa that is distributed exclusively in Eastern
Asian with three species in total. Zizaniopsis and Luziola consist of
five and 11 species, respectively, and have almost the same geo-
graphic distributions in Central and South America (Vaughan,
1994; Watson and Dallwitz, 1999). We sampled one Zizaniopsis
species and two Luziola species as representatives since morpho-
logical and anatomical studies suggested that both genera were
good monophyletic groups (Martínez-y-Pérez et al., 2006, 2008).
A comprehensive study of subfamilial relationship of Poaceae
indicated that subfamily Ehrhartoideae contained three tribes:
Ehrharteae, Oryzeae, and Phyllorachideae, and Ehrharteae is sister
to Oryzeae (GPWG, 2001; Bouchenak-Khelladi et al., 2008).
Therefore, we chose one Ehrharta species as an outgroup. One
Phyllostachys species of the closely related subfamily Bambusoideae
was also included as an additional outgroup in the phylogenetic
analysis. Detailed information on the sampled species including
their scientific names, geographical distribution, accession num-
bers or vouchers, and countries of origins are listed in Table 1.

2.2. DNA extraction, amplification and sequencing

Total genomic DNA was isolated from silica-gel dried or fresh
leaves using cetyltrimethylammonium bromide (CTAB) as de-
scribed by Ge et al. (1999). In addition to matK and trnL sequences
that were used in our previous studies (Ge et al., 2002; Guo and Ge,
2005), we further obtained 18 chloroplast fragments that were
evenly distributed in the large and small single region of the chlo-
roplast genome to improve the phylogenetic resolution. These
fragments include protein coding genes, intergenic regions and in-
trons. Primers were designed according to the conserved se-
quences among rice, maize, and wheat and their sequences are
listed in Table S1. Schematic diagrams of the 20 fragments are pro-
vided in Fig. S1 (see supplementary materials).

Polymerase chain reactions (PCR) was performed in a total vol-
ume of 25 lL containing 5–50 ng of genomic DNA, 5.0 pM of each
primer, 0.2 mM of each dNTP, 2.0 mM MgCl2 and 0.75 U ex Taq
DNA polymerase (TaKaRa, Shiga, Japan). Amplification was carried
out in a T gradient 96 U thermocycler (Biomtre, Göttingen,
Germany) as follows: 2 min at 94 �C followed by 32 cycles of 30 s
at 94 �C, 30 s at 52–58 �C, 90–130 s at 72 �C (depending on the
annealing temperature of specific primers and length of the ampli-
fied regions) and a final extension at 72 �C for 10 min. Products
were examined by gel electrophoresis, and single products of ex-
pected size were directly purified using a DNA Purification kit
(Amersham Pharmacia Biotech, Piscataway, USA). Multiple bands
products were first separated by 1.5% agarose gel stained with
ethidium bromide, and then the expected size bands were incised
and gel-purified with a DNA Purification kit (Amersham Pharmacia
Biotech, Piscataway, USA). Both strands of the resulting products
were sequenced by using an ABI 3730 DNA sequencer (Applied Bio-
systems, Forster City, CA, USA).

2.3. Phylogenetic analysis

Sequences were aligned using ClustalX version 1.83 (Thompson
et al., 1997) with additional manual refinements. The homogeneity
across 20 fragments was tested using the incongruence length dif-
ference (ILD) test (Farris et al., 1994), as implemented in PAUP
4.0b10 (Swofford, 2002). Heuristic searches were performed with
10 random addition replicates and bisection–reconnection (TBR)
branch swapping.

Single fragments and concatenated data set were analyzed sep-
arately by maximum parsimony (MP) and maximum likelihood
(ML) criterions using PAUP 4.0b10 (Swofford, 2002). For MP analy-
sis, heuristic searches were performed with 1000 random addition
replicates followed by tree bisection–reconnection branch swap-
ping. All characters were unordered and equally weighted with
gaps treated as missing data. Topological robustness was assessed
by 1000 bootstrap replicates. ML heuristic tree searches were car-
ried out with the selected substitution model, and random taxon
addition was repeated for 10 times followed by tree bisection–
reconnection branch swapping. As ML tree search was time
consuming using PAUP, we adopted PHYML2.4.5 (Guindon and
Gascuel, 2003) to carry out 500 bootstrap replicate analyses.
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Bayesian inference (BI) was conducted under MrBayes 3.1.2 (Ron-
quist and Huelsenbeck, 2003). Two independent runs of Metropo-
lis-coupled Markov chain Monte Carlo were conducted
simultaneously, with each run being one cold chain and three
incrementally heated chains and all started randomly in the
parameters space. Five million generations were run and every
1000 generations were sampled with the first 25% of samples dis-
carded as burn-in. Tracer 1.4 was further used to check whether
the chains have been converged (Rambaut and Drummond,
2007). In ML and BI analyses the best nucleotide substitution mod-
els for each data set were selected using Modeltest 3.7 by corrected
Akaike information criterion (Posada and Buckley, 2004).

The approximately unbiased (AU) test (Shimodaira, 2002) was
used for inferring the confidence of phylogenetic tree selection.
This method adopts a multiscale bootstrap technique to reduce
tree selection bias stemming from simultaneous comparison of
many trees (Goldman et al., 2000). We performed the AU test, as
implemented in the program CONSEL (Shimodaira and Hasegawa,
2001), to test whether sequential short interior branches on the
trees would collapse and be recognized as hard polytomies. Baseml
in PAML4.1 was used to calculate the sites likelihood for the con-
catenated data set (Yang, 2007), and the general time reversible
substitution model plus five categories of discrete gamma distribu-
tion was used for likelihood calculation. Default scale parameters
and numbers of replicates were used for the P value assessment.

2.4. Divergence time estimation

We used two relaxed-clock approaches, the Bayesian (Thorne
et al., 1998; Thorne and Kishino, 2002) and penalized likelihood
(PL) (Sanderson, 2002) methods, for dating approximate diver-
gence times within Oryzeae, because rate constancy was rejected
for the combined chloroplast data. These two approaches rely on
appropriate calibrations. Many previous studies (i.e., Bremer,
2002; Gaut, 2002; Prasad et al., 2005; Vicentini et al., 2008) have
estimated the age of the grass family and divergence time of major
lineages within grasses but obtained different age estimations due
to differences in the approaches used, different strategies in taxon
and gene sampling, as well as different calibration points. Recently,
Vicentini et al. (2008) used six fossils as calibration points and sev-
eral calibration schemes to have obtained the most robust estimate
to date for divergence times of major grass lineages. In their study,
a divergence time of 34.5 ± 6.8 MYA between the tribes Oryzeae
and Ehrharteae was obtained and thus used for calibrating the
age of the stem node of Oryzeae. Two macrofossil records belong-
ing to tribe Oryzeae have been reported to date. One silicified
anthoecia (fertile lemmas and paleas) was found at Nebraska
(North America) in the Miocene deposits (Thomasson, 1980) and
described as Archaeoleersia nebraskensis Thomasson, which has fea-
tures in common with the living Leersia ligularis Trin. The other was
the spikelets found in a Miocene excavation in Germany (Heer,
1855) and was identified as Oryza exasperata (A. Braun) Heer.
(Heer, 1855), which appears to be close to the extant Oryza
granulata on the basis of morphology (G. Second pers. obs.).
Because the absolute time of the two Miocene fossils was not indi-
cated precisely (Heer, 1855; Thomasson, 1980), we used 5 MYA
conservatively as the minimum age constraint for the crown nodes
of Oryza and Leersia in our divergence time estimation. Collectively,
these three calibration points were used to estimate dates of the
main divergence events within Oryzeae.

We first performed a Bayesian relaxed-clock approach as imple-
mented in Multidivtime program (Thorne et al., 1998; Thorne and
Kishino, 2002). This method can deal with multiple loci and multi-
ple fossil calibrations and adopts lower and upper bounds for node
age constraints. It relaxes the rate constant hypothesis by imposing
a prior autocorrelated rate variation model for substitution rate
variation of nodes (Thorne et al., 1998; Thorne and Kishino,
2002). The combined chloroplast data was partitioned into five
data partitions (three codon positions, intergenic and intron se-
quences) to account for their heterogeneous evolutionary rates,
while a common set of divergence times was assumed to be shared
by all data partitions (Thorne and Kishino, 2002). First, model
parameters of the F84+U model were estimated for each partition
by using Baseml in PAML 4.1 package (Yang, 2007). Then, maxi-
mum likelihood estimations of branch lengths and their vari-
ance–covariance matrix were obtained by Estbranches in
Multidivtime program (Thorne et al., 1998). Lastly, Multidivtime
was used to conduct MCMC simulation to estimate posterior distri-
bution of divergence times as well as 95% credibility intervals, and
the difference in substitution processes among partitions was ac-
count for by estimating branch lengths for individual partitions.
Multidivtime takes advantages of a multivariate normal distribu-
tion to approximate the likelihood surface for the sake of saving
MCMC computation (Thorne et al., 1998). The prior distributions
for the age and the evolutionary rate of the ingroup root, as well
as the rate variation parameter should be specified before running
MCMC procedure. We used 34.5 MYA as the mean age of the in-
group root (rttm) as estimated by Vicentini et al. (2008) and indi-
cated above. By dividing the median genetic distance between the
ingroup root and tips by rttm as recommended in the Multidivtime
manual, we obtained the mean rate of the ingroup root (rtrate) to
be 0.1. The rate variation parameter (brown) determines the
amount of rate variation per unit time (Thorne et al., 1998) and
the mean of brown was calculated to be 6 when the product of
brownmean and rttm was set to 2 as required. The standard devi-
ations of the three priors were set to the same as their means to
account for the high degree of uncertainty embedded in these
parameters (Thorne and Kishino, 2002). When implementing
MCMC runs, the first one hundred thousand generations were dis-
carded as burn-in, and then every one hundred generations were
sampled until a total of ten thousands samples were collected.

As an independent cross-check of divergence time estimations,
we also used a penalized likelihood (PL) method (Sanderson, 2002),
as implemented in program r8s (Sanderson, 2003). PL is a semi-
parametric smoothing method that assumes an autocorrelation
in substitution rates by minimizing rate variation across branches
on a tree. In this analysis, branches are allowed to change evolu-
tionary rates but penalized when rates change across branches. A
smoothing parameter is designed to determine the relative contri-
bution of the penalty function, the optimal value of which is spec-
ified by a data-driven cross-validation criterion (Sanderson, 2002).
The ML tree topology and its branch lengths from the concatenated
data set were subjected for PL analysis. We used additive penalty
function and tested the optimal value for the smoothing parameter
on a log scales ranging from �5 to 5 with each step increasing by
one order of magnitude. The level of optimal smoothing was esti-
mated to be 0.1, allowing substantial rate variation among lineages
of the concatenated chloroplast data. One hundred bootstrapped
data sets were generated by Seqboot (Felsenstein, 2004) and
branch lengths for each bootstrapped data set were estimated by
PHYML2.4.5 with topology fixed as the ML tree. Divergence times
of the 100 bootstrapped trees were obtained by using r8s, and
the standard deviation (SD) of estimated node ages were calculated
by profile command in r8s. Confidence intervals of node ages were
estimated to be the node ages plus and minus twice the SD.

2.5. Ancestral area reconstruction

To infer historical scenarios for the biogeography of the rice
tribe, dispersal–vicariance (DIVA) analysis, as implemented by
DIVA 1.1 (Ronquist, 1996, 1997), was used to reconstruct ancestral
distributions on the ML tree generated from the combined 20
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chloroplast fragments. Four areas of endemism were defined based
on the present distributions of Oryzeae species: Asia, Australia,
America, and Africa. DIVA treats vicariance as a default model of
speciation, and reconstructs ancestral areas by minimizing the
number of dispersal and extinction events required to explain
the observed distribution pattern. Species on the ML tree were re-
placed with their distribution areas, and then the ancestral area
optimization was carried out with the number of ancestral areas
either not constrained or constrained to be not more than two
(Ronquist, 1996, 1997; Donoghue et al., 2001).
3. Results

3.1. Sequence characteristics

We successfully obtained 20 chloroplast fragments from all 34
species. The aligned length ranged from 586 base pair (bp) (trnLUAA

intron) to 2006 bp (ndhF), with total length of the 20 fragments
being 21,149 bp. As shown in Table 2, the proportion of variable
sites range from 10.6% (ycf3 intron) to 22.3% (rps16-trnQUUG) and
that of informative sites range from 6.17% (rpl20-clpP) to 13.04%
(rps16-trnQUUG). As expected, the combined intergenic regions have
the highest proportion of variable and informative sites (18.63%
and 10.29%) followed by the combined introns (13.24% and
7.93%), and the combined coding regions have the lowest polymor-
phism (12.33% and 6.52%). The GC content of the 20 fragments var-
ied between 29.5% (rps16-trnQUUG) and 41.1% (ycf3 intron), but no
significant difference in base frequency was found for any frag-
ment among the Oryzeae species (P > 0.98). All sequences gener-
ated in this study have been deposited in GenBank, and their
accession numbers are FJ908096–FJ908705.

3.2. Phylogenetic analysis

Phylogenetic trees generated by single chloroplast fragments
were essentially similar but their resolutions were low as ex-
pected. High values of CI and RI index for all single fragments
(CI = 0.788–0.880; RI = 0.863–0.940) suggest a low level of homo-
Table 2
Characteristics of 20 single and combined chloroplast fragments (excluding outgroups).

cpDNA region Aligned length (bp) Number of variable sites (%

All Coding

atpB-rbcL 978 204 133 (13.60)
atpF intron 870 51 105 (12.07)
atpI-atpH 923 105 145 (15.71)
rps16-trnQUUG 1112 0 248 (22.30)
matK 1574 1574 261 (16.58)
ndhA intron 1001 18 149 (14.89)
ndhC-trnVUAC 1161 300 202 (17.40)
ndhF 2006 2006 279 (13.91)
petB intron 1106 183 136 (12.30)
rpl20-clpP 1751 933 193 (11.02)
rps3-rps19 1259 1146 160 (12.71)
rps16 intron 910 24 135 (14.84)
trnCGCA-rpoB 1061 0 196 (18.47)
trnGUCC intron 728 0 88 (12.09)
trnLUAA intron 586 0 89 (15.19)
trnPUGG-rpl33 1234 306 169 (13.70)
trnSUGA-trnfMCAU 1305 186 235 (18.01)
trnTGGU-trnDGUC 1009 0 194 (19.23)
trnVUAC intron 744 0 83 (11.16)
ycf3 intron 857 123 91 (10.62)
coding combined 7152 7152 882 (12.33)
intergenic combined 8636 0 1609 (18.63)
introns combined 5361 0 710 (13.24)
Total 21,149 7152 3201 (15.14)
plasy in these fragments. To evaluate the suitability of combining
the 20 fragments, we performed the incongruence length differ-
ence (ILD) test and found no significant incongruence among 20
fragments as a whole (P = 0.228). The result is consistent with
the hypothesis that all chloroplast fragments evolved along the
same underlying topology as a single gene and can be combined
in phylogenetic analysis (Doyle, 1992; Ickert-Bond and Wen,
2006).

Phylogenetic analyses of the concatenated sequences using
maximum parsimony (MP), maximum likelihood (ML) and Bayesian
inference (BI) all resulted in a single tree with high bootstrap
support or Bayesian posterior probability (PP) for all internal
branches. Different rooting strategies using either Phyllostachys or
Ehrharta or both as outgroups did not change the ingroup topolo-
gies. Fig. 1 shows the ML tree with bootstrap support values from
ML and MP analyses. The posterior probabilities for all interior
branches are 1.0 on the BI tree (see Fig. S2 in supplementary mate-
rials). The MP and BI trees are provided in Fig. S2 (see supplemen-
tary materials). As shown in Fig. 1, all 33 internal branches on the
tree are resolved with 24 nodes having 100% support values for
both MP and ML methods. The genera with multiple species are
all monophyletic with 100% bootstrap supports. The tribe divides
clearly into two main clades (I and II). The first clade (I) includes
four genera, with Oryza sister to the other three genera (Leersia,
Maltebrunia, Prosphytochloa). In this clade, Maltebrunia letestui
and Prosphytochloa prehensilis-2 are most closely related, and sister
to Leersia. The second clade (II) consists of the remaining seven
genera and Chikusichloa is at the basal position, followed by
Potamophila lineage (plus Prosphytochloa prehensilis-1) that is sister
to the other five genera. It should be noted that two accessions of
Prosphytochloa prehensilis are nested into two separate clades, with
P. prehensilis-1 in the clade II and P. prehensilis-2 in the clade I. Partic-
ularly, the sequence identity between Prosphytochloa prehensilis-1
and Potamophila parviflora (99.4%) is much higher than that
between Prosphytochloa prehensilis-1 and Prosphytochloa prehensi-
lis-2 (93.7%). Repeated DNA extraction, PCR and sequencing for
two Prosphytochloa accessions obtained the same results. A careful
examination of the morphology and herbarium record of this spe-
cies indicated that Prosphytochloa prehensilis-1 used here and in
) Number of informative sites (%) GC% Model selected by AICc

77 (7.87) 34.6 TVM+G
62 (7.13) 32.8 TIM+G
70 (7.58) 34.2 TVM+G

145 (13.04) 29.5 TVM+G
135 (8.58) 34.3 TVM+I+G

93 (9.29) 32.5 TVM+G
116 (9.99) 35.7 GTR+G
136 (6.78) 34.0 TVM+I+G

89 (8.05) 35.7 TIM+G
108 (6.17) 39.5 TVM+I+G

85 (6.75) 34.6 TVM+I+G
70 (7.69) 34.4 TIM+G

100 (9.43) 32.3 TVM+G
53 (7.28) 35.0 HKY+I+G
52 (8.87) 35.0 HKY+G
86 (6.97) 32.8 GTR+G

123 (9.43) 40.1 TVM+G
120 (11.89) 37.6 K81uf+G

49 (6.59) 37.6 TVM+G
54 (6.30) 41.1 K81uf+G

466 (6.52) 36.3 TVM+I+G
889 (10.29) 33.3 GTR+I+G

425 (7.93) 35.2 GTR+I+G
1780 (8.42) 35.2 TVM+I+G



Fig. 1. ML phylogeny of Oryzeae inferred from the concatenated 20 chloroplast fragments under the TVM+I+G model. MP and BI inferences generated the same topology
(Fig. S2 in supplementary materials). Numbers near branches are bootstrap percentages of ML and MP, respectively. The branches without numbers indicate 100% bootstrap
supports. Stars indicate three successive short interior branches in clade II.
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previously studies (Ge et al., 2002; Guo and Ge, 2005), was
misidentified and should be Potamophila parviflora. A striking result
is that Maltebrunia and Prosphytochloa formed a clade with sequence
identity of 95.3% and are sister to Leersia in clade I (Fig. 1).

Within clade I, there are two apparent lineages, i.e., one includ-
ing all Oryza species and the other consisting of three genera (Leer-
sia, Maltebrunia, Prosphytochloa). The phylogenetic relationships of
major Oryza lineages are nearly similar to that found in a recent
phylogenomic study (Zou et al., 2008) except for F- and G-gen-
omes, which were grouped into sister clade in this study. Such a
sister relationship between F- and G-genomes was observed in
previous phylogenetic studies using cytoplasmic gene sequences
(Ge et al., 2002; Guo and Ge, 2005). Oryza neocaledonica is sister
to O. granulata, confirming a close affinity of the two species
(Vaughan and Morishima, 2003). Within clade II, all species-level
relationships are fully resolved and all internal branches obtain
bootstrap supports over 89% in both MP and ML trees except for
one branch with 67% bootstrap support in MP tree (Fig. 1). It is
interesting to note that three short but resolved internal branches
occur at the basal positions of clade II, with Chikusichloa being the
earliest divergent lineage. Two other subclades in clade II are sister
to each other, with one subclade consisting of three genera (Hygro-
ryza, Rhynchoryza, and Zizania) and the other of Zizaniopsis and
Luziola.

To test whether the three sequential short internal branches at
the base of clade II could be recognized as a polytomy, we per-
formed an AU test as follows. We first collapsed one branch at a
time, which represents one time of simultaneous speciation
events. Then, two of three short branches were randomly selected
and collapsed to represent two simultaneous speciation events. Fi-
nally, all three short internal branches were collapsed to represent
three simultaneous speciation events. The seven partially resolved
topologies were compared with the fully resolved ML tree (Fig. 1)
by an AU test. All the collapsed trees were poorly resolved in com-
parison to the fully resolved ML tree (P < 0.005), suggesting that
the three short internal branches differed remarkably from zero
and thus did not represent a hard polytomy on the tree.

3.3. Divergence time estimation

The likelihood ratio test showed that the strict molecular clock
was rejected for the concatenated chloroplast data set (P < 0.001).



Table 3
Divergence time estimation of the major Oryzeae lineages in millions of years plus their 95% credibility intervals based on Bayesian and penalized likelihood approaches.

Node in Fig. 2a Divergence Multidivtime Penalized likelihood
Posterior mean and 95% credibility intervals Estimated age and 95% credibility intervals

1 (C1) Ehrharteae vs. Oryzeae 35.61 (28.47, 41.02) 34.5 (non)
2 Crown node of Oryzeae 24.37 (18.79, 29.87) 23.86 (22.82, 24.90)
3 Crown node of clade I 17.48 (12.91, 22.72) 16.79 (15.63, 17.95)
4 (C2) Crown node of genus Oryza 15.03 (10.84, 20.03) 14.05 (12.65, 15.45)
5 A-, B-, C-genomes vs. E-genome 7.02 (4.63, 10.26) 6.26 (5.22, 7.30)
6 A-, B-genomes vs. C-genome 4.83 (3.02, 7.44) 4.17 (3.33, 5.01)
7 (C3) Crown node of Leersia 7.61 (5.22, 11.26) 7.59 (6.79, 8.39)
8 Crown node of clade II 21.15 (15.99, 26.55) 20.41 (19.17, 21.65)
9 Chikusichloa vs. Potamophlia 20.56 (15.45, 25.90) 19.85 (18.55, 21.15)
10 (Hygroryza, Rhynchoryza, Zizania) vs. (Zizaniopsis, Luziola) 19.62 (14.68, 24.87) 19.34 (18.04, 20.64)
11 Hygroryza vs. (Rhynchoryza, Zizania) 18.90 (14.06, 24.08) 18.76 (17.38, 20.14)

a C1, C2 and C3 are three fossil calibrations used in divergence time estimation (see Section 2). The node numbers correspond to those on the tree in Fig. 2.
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Therefore, we used two relaxed-clock approaches for divergence
time estimation of the Oryzeae lineages. Divergence time estimates
of major clades and three calibration points are shown in Table 3
and Fig. 2. In the Bayesian estimation, the divergence of two major
clades (clades I and II) (node 2 in Fig. 2) is estimated to be 24.4
Fig. 2. Chronogram obtained for Oryzeae under a Bayesian relaxed-clock approach as
Numbers adjacent to the nodes correspond to node numbers in Table 3. Gray boxes ind
(18.8–29.9) MYA (Table 3), roughly between the late Oligocene
and the Early Miocene. Clade I split further into Oryza and the line-
age consisting of Leersia, Prosphytochloa and Maltebrunia (node 3 in
Fig. 2) at the Early Miocene (�17.5 MYA). The deepest split in the
genus Oryza (node 4 in Fig. 2) is estimated to be at �15
implemented in Multidivtime based on the combined 20 chloroplast fragments.
icate 95% confidence intervals on nodal ages.
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(10.8–20.0) MYA (Table 3), the Middle Miocene. The radiation of
A-, B-, and C-genomes (node 6 in Fig. 2) began at �4.8 (3.0–
7.4) MYA, in the Early Pliocene. The initial diversification of clade
II appears to have occurred at �21.2 (16.0–26.6) MYA, giving rise
to four lineages within a short time interval. At the basal positions
in clade II, three short internal branches (nodes 9 to 11 in Fig. 2)
reflect three rapid divergence events that happened in the Early
Miocene within less than 2.5 million years (21.15–18.90 = 2.25)
(Table 3). The relaxed-clock penalized likelihood (PL) method
generated slightly smaller but very similar estimates of divergence
times for all Oryzeae lineages, with much smaller 95% confidence
intervals (Table 3).

3.4. DIVA analyses

Dispersal–vicariance analyses were first conducted using DIVA
without constraints. Nineteen dispersal events were required to
explain the current geographical distribution of the Oryzeae lin-
eages. Our results suggest that many nodes of the tree are wide-
spread in all four areas, including the common ancestor of the
tribes Oryzeae and Ehrharteae, the ancestor of Oryzeae, and the
ancestor of clade II. Two other nodes were widespread in three
areas (Fig. S3 in supplementary materials). Such uninterpretable
results have been found in many previous analyses where multiple
ancestral areas were present for some nodes (e.g., Davis et al.,
2002; Yuan et al., 2005; Zhou et al., 2006; Inda et al., 2008), partic-
ularly at deeper nodes in the phylogeny (Kellogg, 2009). Fig. 3
shows the results of an analysis in which the number of ancestral
areas was constrained to two. The two-area optimization required
only one more dispersal event (20) and suggested that the com-
mon ancestor of Oryzeae and Ehrharteae was probably distributed
either in Asia and Australia or in Asia and Africa (AB/AD). Due to
the uncertainties regarding the biogeographic history of Ehrhar-
Fig. 3. Ancestral area reconstruction for internal nodes of the phylogeny shown in Fig. 1 us
(A–D) represent four areas of endemism. Double letters indicate two coexisting ancestral
teae, our analyses focused on biogeographic patterns within the
tribe Oryzeae. The DIVA analysis revealed Asia (area ‘‘A” in Fig. 3)
as the most likely region of origin of Oryzeae. At early diversifica-
tion of the tribe, a few of the initial dispersals of the ancestor of
Oryzeae were revealed, including from Asia (area ‘‘A”) to Australia
(area ‘‘B”) (Potamophila) and/or to America (area ‘‘C”) where vicar-
iances and/or dispersal events gave rise to American genera (Luzi-
ola, Rhynchoryza, Zizania, and Zizaniopsis).

For clade I (the subtribe Oryzinae), DIVA specifies that the com-
mon ancestor of the genera Leersia, Maltebrunia and Prosphytochloa
dispersed from Asia to Africa (area ‘‘D”). This single dispersal event
resulted in a vicariance pattern between Asia and Africa and was
followed by possible vicariance in the African lineage. The genus
Oryza originated in Asia and subsequently expanded to Australia,
Africa and America though multiple dispersals and recent vicari-
ances, giving rise to the species diversity of this genus across these
continents. The DIVA analyses indicated that at least eight dispers-
als were required to explain the observed biogeographic pattern of
the Oryza species, with four from Asia to Africa and three from Asia
to Australia and once from Asia to America (Fig. 3).

4. Discussion

4.1. A revised phylogeny of the rice tribe with special emphasis on the
systematic position of Maltebrunia and Prosphytochloa

With a much larger data set of the combined 20 chloroplast
fragments and the inclusion of additional species, the present
study obtained an updated phylogeny of Oryzeae. Apart from one
additional accession from both Potamophila and Prosphytochloa,
we included, for the first time, a representative of Maltebrunia in
our phylogenetic reconstruction. An important finding is that the
newly sampled Prosphytochloa prehensilis-2, sister to Maltebrunia
ing dispersal–vicariance analysis (DIVA) under two-area optimization. Capital letters
areas. A bar cross a clade reflects a dispersal event to a new area prefixed by ‘‘+”.
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letestui, formed a sister group to Leersia species in the subtribe Ory-
zinae (clade I), whereas Prosphytochloa prehensilis-1 was nested
within the subtribe Zizaniinae (clade II). By carefully checking
the gross morphology of the two accessions, along with examina-
tion of the herbarium record, we found that Prosphytochloa
prehensilis-1 has characteristics of Potamophila and is a misidenti-
fied accession. Thus, previous phylogenies where Prosphytochloa
formed a monophyletic group with Potamophila (Ge et al., 2002;
Guo and Ge, 2005) were erroneous due to a misidentified sample
of Prosphytochloa and the lack of Maltebrunia. Similar cases with
misidentified accessions have happened frequently involving Oryza
species in different genome groups (Wang et al., 1992; Ge et al.,
2001; Zhu and Ge, 2005).

The genera Potamophila and Maltebrunia were originally de-
scribed in Brown (1810) and Kunth (1829), respectively. Bentham
(1881) suggested that Maltebrunia should be put into Potamophila.
An additional closely related genus, Prosphytochloa, was estab-
lished later on by Schweickerdt (1961). Disagreement regarding
the taxonomic treatment of these three genera has remained since
then. The subsequent morphological comparative studies by de
Winter (1951) indicated significant morphological difference be-
tween Potamophila prehensilis (Nees) Benth and Potamophila
parviflora R. Br., and therefore these two species should not coexist
in the same genus. Other authors (Hubbard, 1967; Clayton, 1970)
suggested to split Potamophila into three separate genera, includ-
ing Maltebrunia and two monotypic genera, Prosphytochloa and
Potamophila. Nevertheless, such a treatment was questioned by
Duistermaat (1987) because these genera did not have fundamen-
tal differences in gross morphology, especially in the structure of
spikelets. Recent molecular phylogenetic studies were not able to
provide convincing evidence in the absence of Maltebrunia (Ge
et al., 2002; Guo and Ge, 2005). Remarkably, the present study
shows that Potamophila is highly differentiated genetically from
both Prosphytochloa and Maltebrunia and the latter two also differ
to some extent (Fig. 1). These findings provide convincing evidence
that Maltebrunia, Potamophila and, to some extent, Prosphytochloa
are genetically distinct enough to deserve generic status.
Prosphytochloa and Maltebrunia are more closely related to the
genus Leersia in the subtribe Oryzinae than to Potamophila in the
subtribe Zizaniinae.

In general accordance with the results by Guo and Ge (2005),
the present study supports the monophyly of Oryzeae and the sub-
division of the tribe into two traditionally recognized subtribes,
Oryzinae and Zizaniinae (clades I and II, respectively, in Fig. 1). A
three-subtribe system (Terrell and Robinson, 1974) does not seem
to be justified. Consequently, to account for this updated phylog-
eny, we suggest recognition of only two subtribes: (1) subtribe
Oryzinae that consists of Leersia, Maltebrunia, Oryza, and
Prosphytochloa; (2) subtribe Zizaniinae that includes seven genera,
Chikusichloa, Hygroryza, Luziola, Potamophila, Rhynchoryza, Zizania,
and Zizaniopsis.

4.2. Rapid radiation of the subtribe Zizaniinae and its implications for
phylogenetic reconstruction

Despite numerous efforts to reconstruct the phylogeny of
Oryzeae, only two studies (Ge et al., 2002; Guo and Ge, 2005) have
sampled all the genera of this tribe except for Maltebrunia that was
not recognized by some authors (e.g. Duistermaat, 1987). In the
first study, Ge et al. (2002) generated a molecular phylogeny of
Oryzeae based on sequences of chloroplast matK gene. Of the
two major clades, the clade corresponding to the subtribe
Zizaniinae was largely unresolved. Guo and Ge (2005) conducted
a phylogenetic analysis of Oryzeae using sequences of two chloro-
plast genes (matK and trnL), one mitochondria gene (nad1) and two
nuclear genes (Adh1 and GPA1). Results showed that the combined
data set of three cytoplasmic genes did not resolve the inter-
generic relationships within the subtribe Zizaniinae and tree
topologies were inconsistent between the two nuclear genes. In
contrast, with respect to the subtribe Oryzinae, tree topologies
were consistently and fully resolved with both the combined cyto-
plasmic genes and two single nuclear genes (Guo and Ge, 2005).
Therefore, Guo and Ge (2005) suggested that such a phylogenetic
uncertainty in the subtribe Zizaniinae was probably the result of
rapid speciation, though other causes such as insufficient data,
lineage sorting and hybridization could not be excluded entirely.

In this study, we used much larger data set to have obtained a
phylogenetic tree, within which all genera in clade II (the subtribe
Zizaniinae) were fully resolved. It is noteworthy that the internal
branches of the basal lineages in clade II were very short relative
to those in clade I (the subtribe Oryzinae) and involved six genera
(Fig. 1). AU test showed that seven partially resolved trees were
significantly worse than the fully resolved tree, indicating that
the three short internal branches were reliable and did not repre-
sent hard polytomies. These observations indicate that the basal
lineages in clade II radiated in rapid succession following the early
split of the tribe Zizaniinae. Divergence time estimates showed
that this radiation occurred within a time span of 2.25 million
years (Fig. 2 and Table 3). Such a closely spaced series of speciation
events is the most likely explanation for the incongruence among
gene trees and unsolved topologies in previous investigations on
the phylogeny of the subtribe Zizaniinae (Zhang and Second,
1989; Ge et al., 2002; Guo and Ge, 2005).

Rapid speciation or radiation is often featured by short internal
branches in phylogenetic trees and is increasingly appreciated as
molecular data have accumulated in recent decades (e.g., Fishbein
et al., 2001; Verboom et al., 2003; Wortley et al., 2005; Rokas and
Carroll, 2006; Whitfield and Lockhart, 2007; Zou et al., 2008). A
growing body of evidence indicates that many previously unre-
solved phylogenies or polytomies attributed to rapid evolutionary
radiations could be resolved with additional data and proper phy-
logenetic methods (Walsh et al., 1999; Wortley et al., 2005; Jian
et al., 2008; Zou et al., 2008). In a recent study on phylogenetic
reconstruction of the diploid genomes of Oryza, Zou et al. (2008)
used 142 single-copy genes to fully resolve the relationships
among all diploid genome types of Oryza and demonstrated that
rapid speciation in an angiosperm genus can be resolved as long
as a sufficient number of unlinked genes are sampled. A fully re-
solved phylogeny of the subtribe Zizaniinae suggests that inconsis-
tent or unresolved phylogenetic relationships of this subtribe in
previous studies can be explained by insufficient data as a result
of rapid speciation involving these lineages.

4.3. Divergence time and biogeographic history of major Oryzeae
lineages

Although the origin and divergence times of major grass lin-
eages have been extensively investigated and remain actively de-
bated (e.g., Kellogg, 2001; Bremer, 2002; Gaut, 2002; Verboom
et al., 2003; Inda et al., 2008), relatively few empirical studies have
been conducted on the divergence times of Oryzeae and their rel-
atives (Guo and Ge, 2005; Kellogg, 2009). Guo and Ge (2005) was
the single study so far to have obtained preliminary estimates of
divergence times for major Oryzeae lineages using sequence data.
They placed the crown node (divergence between clades I and II in
Fig. 1) at �20 MYA, the divergence of Oryza from Leersia at
�14 MYA and the crown node of Oryza at �9 MYA. The present
study used two relaxed-clock approaches to have obtained some-
what older divergence times (Table 3 and Fig. 2) than those esti-
mated by Guo and Ge (2005). We estimate that the crown node
of Oryzeae, the divergence between Oryza from Leersia and the
deepest split of Oryza at �24, 17, and 15 MYA, respectively. The
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elevated estimates of divergence times of the Oryzeae lineages in
this study seem reasonable and mostly likely reflect the following
factors: (1) two important genera (Maltebrunia and Prosphytochloa)
were included in this analysis, which might help generate a more
robust phylogeny of this tribe; (2) a larger chloroplast dataset with
a total of 22,175 bp in length provided higher resolution and thus
generated a more fully resolved phylogenetic tree; (3) relaxed-
clock methods under multiple temporal calibrations would not
have suffered from a few flaws in previous studies, including dif-
ferent substitution rates among lineages, errors arising from a sin-
gle calibration point, and no assessments of confidence intervals on
dates. However, our calibration of the molecular clock was conser-
vative and corresponds to the widely accepted time frame for grass
evolution (Vicentini et al., 2008; Kellogg and Buell, 2009). A more
ancient origin of grasses has been proposed recently based on
the observation of oryzoid phytoliths from India dated at
�75 MYA (Prasad et al., 2005) but these need to be substantiated
with additional fossils from different regions.

Despite some ambiguity regarding the common ancestral areas
of Oryzeae and Ehrharteae, our estimates on divergence times sug-
gest that the two tribes diverged from each other at the end of
Eocene, possibly through vicariance either between Asia and
Australia or between Asia and Africa. Moreover, the DIVA analysis
suggests that Asia is an unambiguous ancestral distribution area
for Oryzeae and this tribe started to diversify at the end of the Oli-
gocene (�24 MYA). Because Oryzeae arose well after the breakup
of Gondwanaland, the widespread geographic distribution of Ory-
zeae lineages seems unlikely to be explained by continental drift
following the fragmentation of Gondwana. Therefore, multiple
long-distance dispersals would be invoked to achieve the estab-
lishment of the biogeographic pattern of Oryzeae, involving Asia,
Australia, Africa and America. This implicates oceanic dispersal as
a major factor in divergence patterns of the major lineages in sub-
tribe Oryzinae. As shown in Fig. 3, ancestral area reconstruction
provided a unique solution under two-area constraints for this
clade. The genus Oryza separated from the clade comprising genera
Leersia, Maltebrunia and Prosphytochloa in the early Miocene
(�17 MYA). Since the ancestor of Oryzeae occurred in Asia, an ini-
tial dispersal from Asia to Africa is required for the distribution
area expansion and the subsequent vicariance or dispersal within
Oryza and the lineage leading to Leersia–Maltebrunia–Prosphyto-
chloa. It is obvious that the common ancestor of Leersia,
Maltebrunia and Prosphytochloa originated in Africa and differenti-
ated in the late Miocene (�11 MYA) into three genera found
exclusively in Africa (Fig. 2).

The genus Oryza originated in Asia and started to diversify ear-
lier than its African counterpart in the middle Miocene (�14–
15 MYA). Our area reconstruction showed that Oryza diversifica-
tion was likely accomplished by both vicariance and dispersals be-
tween the continents and suggested multiple dispersal events at
least three times from Asia to Australia, four times from Asia to
Africa and once from Asia to America (Fig. 3). Such a timescale
and biogeographic pattern for Oryza corresponds to the Miocene
collision of Laurasia with the Australia/New Guinea shard of
Gondwanaland, an event that allowed considerable land migration
from Asia to Australasia (Second, 1985a). Asian origin and dispersal
to other regions by Oryza have been proposed in previous studies
(Second, 1985a; Wang et al., 1992; Vaughan et al., 2005). Based
on time estimates using isozyme data and the observation that Or-
yza species are adapted to forest environments primarily found in
Asia, Second (1985a) assumed an Eurasiatic distribution of Oryza
during the Tertiary period and suggested multiple recent migra-
tions from Asia to Africa through a relatively arid environment,
and a very recent introduction to America. Using RFLP markers,
Wang et al. (1992) also detected multiple introduction events of
Oryza from Asia to Africa and from Asia to Australia. These specu-
lations are in agreement with the observation that two out of four
species complexes in Oryza (the O. ridleyi and O. granulata com-
plexes) that were considered close to ‘primitive’ or ‘ancestral’ Oryza
are distributed across Southeast Asia and New Guinea (Vaughan
et al., 2005).

The subtribe Zizaniinae began to diverge in the early Miocene
(�21 MYA). Although the inferred distribution areas of Zizaniinae
have three outcomes (A/AB/AC), Asia is always included as one of
its ancestral areas (Fig. 3). Our Oryzeae divergence estimates sug-
gested that following the split of genus Chikusichloa, three major
lineages diverged rapidly within a very short period of time. Such
radiation might be associated with possible multiple long-distance
dispersal events between Asia and America through the Bering
land bridge (Wen, 1999; Donoghue et al., 2001) and between Asian
and Australian through the coasts of the Indian Ocean after the col-
lision of Asia and Australia plates in the Miocene (Raven and Axel-
rod, 1972). The trans-Pacific dispersal may also be an alternative
way for migration of Zizaniinae between Australia and South
America, as numerous studies have demonstrated the exchange
of plant species between the two continents in different plant
groups (e.g., Renner et al., 2000; Winkworth et al., 2002; Sanmartin
and Ronquist, 2004; Sanmartin et al., 2007; Inda et al., 2008).

This investigation, along with previous studies, demonstrates
clearly that the Gondwana hypothesis on the origins of either the
tribe Oryzeae or the genus Oryza (Chang, 1976, 1985; Second,
1985b) should be rejected because the origin and divergence of
the tribe Oryzeae are long after the breakup of Gondwanaland.
As discussed above, multiple trans-continent dispersals have to
be considered as the main causes to explain the present-day
worldwide distribution of the Oryzeae. On the basis of current
Oryza diversity and the distribution of grass relatives, Vaughan
et al. (2005) speculated that the Austral-Asian zone was the most
likely region where Oryza first evolved and spread to other tropical
regions, and proposed a hypothesis that explained the distribution
of Oryza species in relation to the movement of animals including
birds and humans. They suggested that the distribution of Oryza
species on landmasses separated by oceans might best be ex-
plained by their introduction by birds and humans. Zhang and Ge
(2007) conducted a molecular population genetics study on a few
of the Oryza species and suggested that a long-distance dispersal
from West Africa to Sri Lanka was more likely to play a role in
the disjunctive distribution of Oryza eichingeri. Recent decades
have witnessed increasingly important roles of dispersal in histor-
ical biogeography studies (Zink et al., 2000; de Queiroz, 2005; Yuan
et al., 2005; Ickert-Bond and Wen, 2006; Inda et al., 2008). Renner
(2004) reviewed biogeographic studies on plant genera which had
trans-Atlantic disjunction and suggested that long-distance dis-
persal by wind and sea current seemed more likely to bring about
the observed tropical Atlantic disjunct distribution. The studies of
Southern Hemisphere biogeography also supported the important
role of dispersal in shaping the distribution pattern of many plant
species (Winkworth et al., 2002; Sanmartin and Ronquist, 2004;
Sanmartin et al., 2007). Migrations across the North Atlantic land
bridge and Bering land bridge have been suggested as the main dis-
persal routes for the development of floristic disjunction of Asia
and North America (Tiffney, 1985; Wen, 1999; Donoghue et al.,
2001; Xiang and Soltis, 2001; Ickert-Bond and Wen, 2006). Along
with these studies, the present investigation on the tribe Oryzeae
further highlights the importance of long-distance dispersal in
the origin and diversification of plant species.
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