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Introduction

Rice has played an essential role for our species, as it provides the
staple food for over half of the human population. Increasing the
rice yield and improving its quality is an important task in our
future efforts to meet the increasing demands on food supply
from population growth and economic development worldwide
(Khush, 2001). Understanding the evolutionary history of culti-
vated rice and its wild relatives will help achieve these goals by
facilitating the utilization of useful genes in wild rice (Ge ezal.,
1999; Wing eral., 2005; Sang & Ge, 2007). Furthermore, rice
and its relatives have become an excellent model system for vari-
ous evolutionary and functionary studies owing to their relatively
small genome sizes, dense genetic maps and extensive genome
colinearity with other cereal species, as well as the completion of
genome sequencing of two rice subspecies (Wing eral., 2005;
Ammiraju ezal., 2008). In order to take full advantage of the
ideal system for comparative and functional studies, we need bet-
ter understanding of its fundamental background including the
evolutionary history and dynamics of rice and its relatives.
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Summary

¢ Despite substantial investigations into Oryza phylogeny and evolution, reliable estimates of
the divergence times and ancestral effective population sizes of major lineages in Oryza are
challenging.

e We sampled sequences of 106 single-copy nuclear genes from all six diploid genomes of
Oryza to investigate the divergence times through extensive relaxed molecular clock analyses
and estimated the ancestral effective population sizes using maximum likelihood and Bayesian
methods.

e We estimated that Oryza originated in the middle Miocene (c. 13—-15 million years ago;
Ma) and obtained an explicit time frame for two rapid diversifications in this genus. The first
diversification involving the extant F-/G-genomes and possibly the extinct H-/J-/K-genomes
occurred in the middle Miocene immediately after (within <1 Myr) the origin of Oryza. The
second giving rise to the A-/B-/C-genomes happened c. 5-6 Ma. We found that ancestral
effective population sizes were much larger than those of extant species in Oryza.

e We suggest that the climate fluctuations during the period from the middle Miocene to
Pliocene may have contributed to the two rapid diversifications of Oryza species. Such infor-
mation helps better understand the evolutionary history of Oryza and provides further insights
into the pattern and mechanism of diversification in plants in general.

The genus Oryza consists of two cultivated and ¢ 22 wild
rice species, and is represented by 10 distinct genome types,
including six diploid (A, B, C, E, F and G) and four allote-
traploid (BC, CD, HJ and HK) genome types (Aggarwal
etal., 1997; Ge etal., 1999). Through extensive phylogenetic
analyses, the phylogenetic relationships among different
genome types and species in Oryza have been well established
(Ge etal., 1999; Zou etal., 2008). However, a few important
evolutionary parameters have not been studied extensively or
remain controversial, including the divergence times among
lineages and ancestral effective population sizes. To date,
several studies have used different methods to date the diver-
gence times of the Oryza species, with different estimates
obtained for some lineages (Second, 1985; Guo & Ge, 2005;
Ammiraju etal, 2008; Lu eral, 2009; Sanyal eral, 2010;
Tang eral., 2010). Estimates of ancestral effective population
sizes are almost lacking except for Zhang & Ge (2007) in
which the ancestral effective population sizes of C-genome
Oryza species were attempted. Recently, Ai eral (2012) esti-
mated the effective population sizes for 10 extant diploid
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Oryza species, but no ancestral effective population size was
obtained.

Divergence time is one of the key factors required to interpret
the patterns of speciation and rates of adaptive radiation, and it is
also necessary for estimating rates of genetic and morphological
change and for understanding biogeographic history (Kumar &
Hedges, 1998; Arbogast ez al., 2002). Absolute divergence times
allow evolutionary events to be placed in the appropriate context
of global climate changes and geographical events, thereby sug-
gesting possible mechanisms of lineage divergence and speciation
(Tiffney & Manchester, 2001; Stromberg, 2005; Prasad ez al.,
2011). Effective population size is a central parameter in models
of population genetics, conservation and human evolution, and
plays important roles in plant and animal breeding (Rannala &
Yang, 2003; Charlesworth, 2009). It helps answer numerous
evolutionary questions by determining the equilibrium level of
neutral or weakly selected variability in populations and evaluat-
ing the effectiveness of selection relative to genetic drift (Yang,
2002; Charlesworth, 2009). Estimates of the ancestral effective
population size around the time of speciation can give very useful
insights into the historical demographic process and speciation
(Chen & Li, 2001; Broughton & Harrison, 2003; Rannala &
Yang, 2003; Zhang & Ge, 2007; Zhou et al., 2007; Yang, 2010).

In this study, we sampled all six diploid genomes of the genus
Oryza and selected 106 single-copy nuclear genes across all 12
rice chromosomes to estimate the divergence times and ancestral
population sizes of major lineages in this genus. With these
parameters available, we were able to estimate the time frame of
species diversification in Oryza and explored potential climatic
factors that underlie the diversification of the Oryza genus. Such
information may help better understand the evolutionary history
of Oryza and provides further insights into the pattern and mech-
anism of speciation and diversification in plants in general.

Materials and Methods

Species and loci sampled

We sampled all six diploid genomes of Oryza, each represented
by one species: O. rufipogon Griff. (A-genome), O. punctata
Kotechy ex Steud. (B-genome), O. officinalis Wall. ex Watt
(C-genome), O. australiensis Domin. (E-genome), O. brachyantha
Chev. et Rochr. (F-genome), O. granulata Nees et Arn. ex Watt
(G-genome). We also included Leersia tisserantii (A. Chev.)
Launert, a species from the most closely related genus to Oryza as
outgroup (Tang ez al., 2010). In our previous phylogenetic study,
we sequenced DNA fragments of 142 nuclear genes that are dis-
tributed throughout the 12 chromosomes in rice for all these
seven species (Zou eral., 2008). Here, we selected 106 genes in
which there were no missing data for all seven species from the
142 gene dataset. Because neutral sites are commonly required
for molecular dating and estimating ancestral effective population
size (Kimura, 1983), we chose to use synonymous sites and
intron sequences (silent sites) from the 106 genes in our analyses.
All the sequences were aligned using T-Coffee (Notredame ez /.,
2000) and manually refined. After removing ambiguously aligned
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regions, the sequenced regions of the 106 genes ranged from 264
to 1675 bp in length, with total length of 88 526 bp. Variable
sites ranged from 7.02% to 31.77%, and informative sites ranged
from 1.0% to 14.39%. Details of the 106 genes are provided in
Supporting Information Table S1.

Estimation of divergence time

We used two Bayesian Markov chain Monte Carlo (MCMC)
programs, MULTIDIVTIME (Thorne ezal, 1998; Thorne &
Kishino, 2002) and MCMCTREE (Yang & Rannala, 2006;
Rannala & Yang, 2007), to estimate the divergence time. These
two relaxed-clock methods can account for the rate heterogeneity
among lineages, incorporate multiple loci into one analysis and
deal with the heterogeneous rates among loci appropriately. Spe-
cifically, MULTIDIVTIME uses a rate-drift model to implement
auto-correlated rates among adjacent lineages to relax the molec-
ular clock, while MCMCTREE uses two strategies to model the
change of evolutionary rate among lineages, that is, independent
rates (clock2) and auto-correlated rates (clock3; Rannala & Yang,
2007). Node ages are constrained by hard bounds in MULTI-
DIVTIME, in which a zero probability of true divergence time
being outside the minimum and maximum age constraint is
imposed. In MCMCTREE, soft bounds are used so that the min-
imum and maximum age constraint may be violated with a small
probability (2.5%).

Up to now, only one macrofossil record belonging to Oryza,
the fossil of spikelets, has been reported from an excavation
of Miocene age in Germany and was identified as O. exasperata
(A. Braun) Heer. (Heer, 1855). It appears to resemble the extant
O. granulata, based on its morphology (Heer, 1855; Tang et al,
2010). Although this fossil suggests that Oryza had already differ-
entiated in the Miocene (5-23 Ma), its precise date is unclear.
Thus, we used the 5 Ma as the conservative minimum age con-
straint for the crown node of the genus Oryza. Several previous
studies have attempted to date the origin of Oryza, with different
age estimates ranging from ¢ 8 to ¢. 15 Ma (Guo & Ge, 2005;
Ammiraju ezal., 2008; Lu ezal., 2009; Sanyal ez al., 2010; Tang
etal., 2010). We thus used 15 Ma as the maximum age constraint
for the MCMCTREE and MULTIDIVTIME to calibrate the
crown node of Oryza. Our previous study based on 142 nuclear
genes obtained a robust phylogenetic tree of diploid Oryza species
(Zou eral., 2008), which was used as the input tree in this study.

First, the Bayesian relaxed-clock method implemented in
MCMCTREE program in PAML v4.4 (Yang, 2007) was used
for dating. The HKY85 + I model was used with different transi-
tion/transversion rate ration parameters (K) and different shape
parameters (o) among loci. A gamma prior G(6, 2) was assigned
for k, and G(1, 1) for o (The gamma distribution G(a., B), with
shape parameter o and scale parameter {3, has mean o/f and vari-
ance o/B%). A calibration point at the basal position of Oryza was
set as B(0.05, 0.15), with 100 million yr (Myr) as one time unit.
The overall substitution rate (rgene) was assigned by a gamma
distribution with prior G(3, 5), that is, mean 0.6 and standard
deviation (SD) 0.35, based on the synonymous substitution rate
from nuclear genes in grasses (i.e. 6 X 10~ substitutions per site
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per year; Gaut etal, 1996; Gaut, 1998; White & Doebley,
1999). Parameter 6~ was used to specify variability of rates across
branches and was set to G(2, 1). We varied the setting for o? and
calibration bounds to examine the effect of these priors on
posterior estimates. A total of 40 000 generations was sampled
every five steps after discarding the initial 20 000 samples as
burn-in.

Secondly, we used MULTIDIVTIME to estimate the diver-
gence time. The calibration point for the basal node of Oryza was
set as B(0.5, 1.5), with 10 Myr as one time unit. The mean of the
prior on the rate (rtrate) was set as 0.06 (i.e. 6 x 10~ substitu-
tions per site per year), with standard deviation (rtratesd) as 0.03,
similar to MCMCTREE. Brownmean and brownsd set the mean
and SD of the prior distribution for the rate variance across
branches. We use the suggested strategy (Thorne & Kishino,
2002) to have rttm x brownmean to be 1 and to have brownsd
equal to brownmean. Also, we varied the setting for calibration
bounds and adjusted the parameter brownmean to examine the
effect of these priors on posterior estimates. Model parameters of
F84 +I" were first estimated for each loci using baseml in PAML
v4.4. Then, maximum likelihoods (ML) of the branch lengths
for the ingroup rooted tree and their variance—covariance matrix
were estimated by estbranches in MULTIDIVTIME program for
each gene separately, after transforming the baseml output files
by paml2modelinf program. Lastly, Bayesian MCMC analysis
was conducted to approximate the posterior distributions of
divergence time using multidivtime. We analysed a total of
100 000 generations with sample frequency as 100, after discard-
ing the initial 500 000 samples as burn-in. Each analysis was con-
ducted at least twice to ensure consistency between different
runs. Additionally, convergence of the MCMC algorithm was
assessed by Tracer vl.4 (Rambaut & Drummond, 2007).

Estimation of ancestral effective population size

The effective population size of modern species can be estimated
by the observed polymorphism in populations, whereas that of the
extinct ancestral species is much harder to determine. Takahata
(1986) suggested a method for estimating the ancestral popula-
tion size of two related species from multiple loci, based on the
fact that the coalescent time in the ancestral population fluctuates
over loci, which is in proportion to the effective size of ancestral
population. This method has been expanded further to the two-
species ML method (Takahata ezal, 1995; Takahata & Satta,
1997) and the Bayesian MCMC method (Yang, 2002) that we
used here. Both methods are based on the coalescent model and
extract information from the variation of sequence divergence
among loci. The Bayesian method also makes use of information
from the conflicting gene tree topologies as well. They all assume
rate constancy among lineages, no intragenic recombination and
no gene flow. Therefore, we first performed the likelihood-based
relative rate test (RRT) to test the rate constancy among lineages
(i.e. the clock hypothesis) using the program HyPhy (Pond ez /.,
2005). In this case, multiple pairwise tests were conducted for all
of species pairs for a given locus, using L. tisserantti as an out-
group. Considering the nonindependence of pairwise tests, we
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used Bonferroni corrections in order to reduce the probability of
a type-1 error (Rice, 1989). The clock hypothesis was rejected for
any given gene if any of the pairwise tests for that gene were
significant (Posada, 2001). Loci that evolved neutrally were then
used for estimation.

The two-species ML method uses pairs of orthologous loci
from two species, and the nucleotide divergence of orthologous
sequences from a pair of species consists of two parts: the diver-
gence that arose before and after the speciation. When multiple
loci are considered, the divergence after speciation is constant
across all loci, while the divergence before speciation differs
among loci according to the exponential distribution with mean
and SD all equal to 2V (Vis the effective population size of the
ancestral species, |1 is the rate of substitution per site per genera-
tion). Let 0 and T equal 4Vu and 241, where 7 represents the
divergence time of two species; we could determine the value of
0 and T by maximizing the following log-likelihood function
(Takahata & Satta, 1997):

m

L(0,7) = Z [—nir —log (1 + n;0)

1

1

| b ) (o 1A
+log. > 1+ 20

d=0

Eqn 1

(n; and k;, the total number of sites and the number of different
sites at the 7th locus, respectively; 7, number of loci). The calcu-
lation is implemented in a program written by the present
authors in the R language (R Development Core Team, 2008).

The Bayesian MCMC method was implemented in the
MCMCcoal program (Yang, 2002; Rannala & Yang, 2003). The
JC69 substitution model was used to correct for multiple hits at
the same site. Unlike the two-species ML method that only anal-
yses paired species, this method analyses multiple species and loci
simultaneously. The species tree topology is assumed to be
known and fixed in the analysis. The priors for 6 and T are
approximated by independent gamma distributions and must be
specified before the analysis. The mean of gamma priors for 0
was assigned varying from 0.005 to 0.05, and the priors for pop-
ulation divergence time were assigned based on previous dating
results (Ammiraju ez al., 2008; Lu ez al., 2009; Tang ez al., 2010).
We initially conducted analyses assuming a constant rate for each
locus. To examine whether the variation of evolutionary rates
among loci has an effect on the posterior estimates, we performed
analyses by incorporating the relative rate for each gene. When
running the Bayesian MCMC algorithm, we sampled a total of
1 000 000 generations with sample frequency of 5, after discard-
ing the initial 100 000 samples as burn-in. The same analysis was
performed at least twice to check for convergence.

In order to investigate potential intragenic recombination, the
sequence alignment was examined using the Recombination
Detection Program (RDP; Martin eral., 2010). Six automated
recombination detection methods (RDP, GENECONYV, Chi-
maera, MaxChi, BootScan and SiScan) were implemented and
default settings were used. Only potential recombination signals
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detected by two or more of the above six methods were consid-
ered significant.

Results

Divergence time estimates of six diploid genome types based on
106 loci are shown in Tablel and Fig. 1. Time estimates
obtained from MCMCTREE and MULTIDIVTIME are very
similar. The origin of the rice genus is dated ¢. 13-15 Ma, with
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95% CI at (14.35, 16.57), (14.49, 16.64) and (12.12, 14.75) for
clock2 and clock3 of MCMCTREE, and MULTIDIVTIME,
respectively. The two programs dated the divergence of F-
genome at ¢. 15 and ¢. 13 Ma, respectively. For the divergence of
other genomes, the two programs gave largely consistent results:
E-genome branched out from the ancestral lineage of the A-, B-,
and C-genomes at ¢. 7 Ma, and C-genome diverged at ¢. 6 Ma,
whereas the A- and B-genomes separated at ¢. 5.5 Ma.

Table 1 Divergence time estimation by the programs MCMCTREE and MULTIDIVTIME

MCMCTREE MULTIDIVTIME
Node Prior Posterior (clock2) Posterior (clock3) Prior Posterior
| 10.00 (5.00, 15.00) 15.30 (14.35, 16.57) 15.40 (14.49, 16.64) 9.63 (5.25, 14.53) 13.46 (12.12, 14.75)
1] 8.01 (3.04, 13.84) 15.17 (14.20, 16.43) 15.35 (14.44, 16.59) 7.91 (3.22,13.49) 12.80 (11.52, 14.04)
1 6.02 (1.58, 12.04) 7.50 (6.87, 8.23) 7.36 (6.83, 8.04) 6.09 (1.77,11.93) 6.79 (6.00, 7.58)
v 4.03 (0.58, 9.80) 6.13 (5.57, 6.76) 5.87 (5.44, 6.41) 4.21(0.56, 9.88) 5.79 (5.10, 6.49)
\ 2.04 (0.05, 6.99) 5.61 (5.08, 6.21) 5.31 (4.89, 5.81) 2.21(0.06, 7.30) 5.49 (4.83, 6.16)

The priors of the node ages specified by the two programs and the posterior means and their 95% confidence intervals (in parentheses) are given in Myr.

Nodes are numbered as in Fig. 1. The priors on node age were assessed by running Markov chain Monte Carlo (MCMC) without data.

V
1 0.018/0.025
1\
0.016/0.025
]|
0.018/0.028
Il
0.015/0.025
|
-
0.026/0.026
L 1 | 1 1 1 1 1
20 15 10 5

Time before present (Ma)

Pliocene

Miocene

New Phytologist (2013) 198: 1155-1164
www.newphytologist.com

A (O. rufipogon)

B (O. punctata)

C (O. officinalis)

E (O. australiensis)

F (O. brachyantha)

G (O. granulata)

Fig. 1 The chronogram of the genus Oryza
based on 106 loci, showing the results of
Bayesian MCMCTREE analysis under the
clock2 model with calibration of (5, 15) Myr.
The capital letters represent the genome
types, followed by the sampled species in
parentheses. The ancestral nodes are
indicated as |, I, Ill, IV and V. The branch
length of the tree represents the posterior
means of date estimates with the grey bars
illustrating 95% Confidence Intervals (Cls).
The details of the dates are shown in Table 1.
The numbers besides the nodes indicate the 6
values of ancestral populations estimated by
two-species ML and Bayesian MCMC
methods, respectively. Below the chronogram
is the figure showing temperature changes
since the Miocene (modified from Zachos
etal., 2001).

Temperature (°C)
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It is noted that considerable overlaps of the estimates in 95%
CI were found between the divergence times of the F-genome
and the G-genome (node I and II), and between the divergence
times of the C-genome and the A- and B-genomes (node IV and
V). This implies two episodes of rapid speciation that gave rise to
the G- and F-genomes and the A-, B-, C-genomes. To explore
whether the overlap was caused by the prior setting we used in
the MCMC analyses, we examined the effect of priors for fossil
calibration and rate heterogeneity across branches using two sets
of parameters. In the first set, we narrowed and widened the
width of the age constraints for node I by using different cali-
brations, that is, (10, 15), (5, 15) and (5, 20), respectively (in
the form of minimum and maximum age in parenthesis, with
time unit as Myr). In the second set, we changed the parameter
settings that control rate variation across branches, that is,
parameter 6> in MCMCTREE by using different gamma priors
as G(1, 10), G(2, 1) and G(5, 1), respectively, and changed the
brownmean parameter in MUTIDIVTIME by using different
values equal to 1, 3, 5 and 10, respectively. Results show that
different calibrations have only a slight effect on node age, and
the variation in posterior mean times obtained by MCMC-
TREE was <3.36 Myr, nearly the same results obtained by
MULTIDIVTIME with a difference of <0.26 Myr (Fig. S1b,d).
Compared with the calibration, the prior for the rate heterogene-
ity across branches had slightly larger effects on posterior
estimates, with the differences in posterior means <6.09 Myr in
MCMCTREE and <0.88 Myr in MULTIDIVTIME (Fig. Sla,c).
When we draw attention to the two time spans between nodes I
and IT and between nodes IV and V, the Cls always overlapped
(Fig. S1).

As stated by Yang & Rannala (2006), for a specified set of fos-
sil calibrations, the error of posterior time estimates cannot be
reduced to zero by increasing the number of sites in the sequence.
Yang & Rannala (2006) predicted that when the sequence data
approach infinity, the posterior means and the 95% Cls for all
node ages will lie on a straight line. We therefore examined
whether or not adding more sequence data would improve the
date estimates by plotting the posterior means of divergence time
against the width of corresponding 95% Cls for each node,
following Yang & Rannala (2006). As shown in Fig. S2, a nearly
perfect linear relationship exists between the posterior means and
the 95% CI bounds, regardless of the programs used (r2 =0.84—
0.95). The high correlation coefficients of the plot suggest that
our sequence data are highly informative, and it seems unlikely
that the precision of time estimates might be improved by adding
more sequences.

Our likelihood-based relative rate test (RRT) showed that
among the 106 gene dataset, 66 genes did not reject the clock
hypothesis and thus were included in our estimation of ancestral
effective population size (Table S1). For the two-species ML
method, we used several classes of paired species in which all pairs
share the common ancestral population following the method of
Satta eral. (2004). For node I, we used five pairs of species:
A- and G-genomes, B- and G-genomes, C- and G-genomes,
E- and G-genomes, F- and G-genomes; for node II, we used four
pairs of species: A- and F-genomes, B- and F-genomes, C- and
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F-genomes, E- and F-genomes. Similarly, for nodes III, IV, and
V, we used three, two, and one pairs of species, respectively. We
obtained fairly large results for all ancestral polymorphism esti-
mates (0 value), with all of them > 0.013, and the estimates
within each class were similar (Table 2).

Because variation of evolutionary rates among loci may influ-
ence the estimate and ignoring this rate variation might inflate
the coalescent variation among loci, leading to the overestimation
of the ancestral effective population size (Yang, 1997), we calcu-
lated the relative rate of each gene following Yang (2002); that is,
for a given locus, averaging the JC69 distance from the A-, B-,
C-, E-, and F-genomes to the G-genome, and then dividing by
the mean of the value across all 66 loci. Although we found mini-
mal rate of variation among the 66 loci (Fig. S3), we evaluated
the effect of among-locus rate variation in the Bayesian MCMC
method, in which the relative rate for each locus could be taken
into consideration. Analyses with or without incorporating the
relative rates of each locus did not obtain significantly different
estimates (P2=0.89, Wilcoxon signed-ranks test), and thus we
only show results that account for rate heterogeneity (Table 2).

Given that litde prior information is available for 0, we per-
formed a series of analyses using different priors for 0 in the
Bayesian MCMC method, with the mean being 0.005, 0.01,
0.02, 0.03 and 0.05, respectively, based on estimates of ancestral
polymorphisms of Oryza C-genome species and of other genera

Table 2 Estimates of 0 values of ancestral populations in Oryza using the
two-species maximum likelihood (ML) and Bayesian Markov chain Monte
Carlo (MCMC) methods based on 66 neutrally evolving loci

Node Method Paired taxa 0 95% ClI
| Two-species ML A-G 0.030 0.018, 0.042
B-G 0.024 0.016, 0.032
C-G 0.024 0.016, 0.032
E-G 0.026 0.016,0.036
F-G 0.028 0.018,0.038
Average 0.026
Bayesian MCMC 0.026 0.020, 0.034
Il Two-species ML A-F 0.017 0.009, 0.025
B-F 0.016 0.008, 0.024
C-F 0.013 0.005, 0.021
E-F 0.015 0.007,0.023
Average 0.015
Bayesian MCMC 0.025 0.008, 0.051
1 Two-species ML A-E 0.017 0.011,0.023
B-E 0.017 0.011,0.023
C-E 0.021 0.013,0.029
Average 0.018
Bayesian MCMC 0.028 0.022,0.035
\Y% Two-species ML A-C 0.017 0.011,0.023
B-C 0.014 0.008, 0.020
Average 0.016
Bayesian MCMC 0.025 0.015,0.039
\ Two-species ML A-B 0.018 0.012,0.024
Bayesian MCMC 0.025 0.008, 0.050

Species pairs and node specifications are labeled as those in Fig. 1. 95% ClI
(Confidence Intervals) for the two-species ML method are calculated as
0+2SE.
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012 0.12
0.10 B aBcera (1) 0.10 Bascer (1)
0.08 0.08
0.06 0.06
0.04 0.04
0.02 0.02

0 0 005 010 015 020 025
012 0.12
0.10 0asce (1) 0.10 | 0aBc (1V)
0.08 - 0.08
0.06 - 0.06
0.04 0.04 |
0.02 0.02 +

0 0.‘10 0.‘;5 0.20 0.é5 0 0.05 0.10 0.15 0.‘20 0.25
012
010r 8as (V) Fig. 2 The posterior distributions of 0 values
0.08 1 . for the five internal nodes for the genus
0.06 8 prior 0.005 Oryza in Fig. 1. Different priors for 6 were
004 6 prior 0.01 used in the analyses, with the prior means

- 8 prior 0.02 0.005, 0.01, 0.02, 0.03 and 0.05,
0.02 6 prior 0.03 respectively. The ordinate and abscissa
. . 8 prior 0.05 represent the frequency and midvalue of 0
0 005 010 0.15 020 025

(Rannala & Yang, 2003; Zhang & Ge, 2007; Zhou et al., 2007;
Yang, 2010). The posterior distributions of the 8 values for the
five internal nodes were plotted in Fig.2 and the details are
provided in Table S2. As shown in Fig. 2, the posterior 0 esti-
mates obtained based on different priors were very similar for the
ancestral populations of all genomes (node I) and the A-/B-/C-/
E-genomes (node III). For the ancestral population of A-/B-/C-
genomes (node IV), the posterior estimates were slightly influ-
enced by the priors, but the posterior distributions overlapped
substantially. For the ancestral population of A-/B-/C-/E-/F-
genomes and that of A-/B-genomes (nodes II and V), the mean
and distribution of the posteriors were dependent on the priors.
Although the priors for population divergence time (T) were
assigned based on previous dating results (Ammiraju ez al., 2008;
Lu etal., 2009; Tang eral., 2010), we also varied the T priors
four-fold to examine the effect on posterior estimates. These anal-
yses showed that the T priors only had a negligibly small effect on
the estimates (results not shown).

Taken together, all estimates for the ancestral effective popula-
tion size by the two methods were largely consistent, except that
the estimates for node III were slightly lower with ML than that
with the Bayesian method (Table 2). Our estimates suggest large
0 values for the ancestral population during the evolutionary his-
tory of Oryza. Taking the generation time for the ancestral spe-
cies as 1yr and the evolutionary rate as 6 x 10~ substitutions
per site per year (Gaut, 1998), we estimated the ancestral effective
population size to be over 540 000 throughout the evolutionary
history.
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Discussion

Divergence time in Oryza

Despite increasing interest in the rice genus and the flood of
sequence data in recent years, a reliable estimate of the time frame
of evolution in this genus and its relatives has been difficult,
mainly owing to the absence of grass macrofossils. Previous stud-
ies have attempted to date the origin of the major lineages of
Oryza under the clock assumption and have obtained different
age estimates of the origin of the genus, ranging from ¢ 8 to
c. 15Ma (Second, 1985; Guo & Ge, 2005; Ammiraju ez al.,
2008; Lu ez al., 2009; Sanyal eral., 2010). The inconsistent esti-
mates are partly due to the different methods used and different
species sampling, and partly because relatively few genes or loci
were sampled. Recently, based on sequences of 20 chloroplast
gene fragments, Tang eral. (2010) have reconstructed the phy-
logeny of the rice tribe and dated the major lineages of Oryzeae
using relaxed-clock approaches. Nevertheless, Tang ez al. (2010)
used exclusively maternal-inherited chloroplast genes in their
phylogenetic reconstruction, which may potentially have led to a
fallacious cpDNA-based tree rather than the actual organismal
phylogeny because of factors such as gene transfer and chloroplast
capture (Soltis & Kuzoff, 1995).

Here, using two Bayesian relaxed clock methods that can
incorporate different sources of information and adequately
account for the uncertainty of fossil calibrations (Inoue ezal,
2010), we obtain an explicit time frame for this important group
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based on 106 nuclear genes which distribute randomly across
all 12 rice chromosomes. Our results indicated that the rice
genus originated ¢. 13—15 Ma, followed by two consecutive and
rapid diversifications (Table 1, Fig. 1). The first diversification,
which involved the extant F-/G-genomes and possibly the extinct
H-/]-/K-genomes, occurred in the middle Miocene immediately
after — within <1 Myr — the origin of Oryza. The second one,
which gave rise to the A-/B-/C-genomes, happened around —
within <0.5Myr — the Miocene/Pliocene boundary. The
MCMCcoal program, which accommodates ancestral polymor-
phisms and incomplete lineage sorting, also gave similar diver-
gence time estimates (T) when we used it to estimate ancestral
effective population sizes.

As many other studies have indicated, fossil calibrations have
great impact on dating results and relaxing the molecular clock
assumption is also important when different lineages evolve with
heterogeneous rates (Rannala & Yang, 2007). Therefore, we
explored the impact of these two factors on posterior time estima-
tions. We changed the age constraints and the parameters that
specify the amount of rate variation across branches, that is, 6> in
MCMCTREE and brownmean in MULTIDIVTIME. Although
results showed small effects of these parameters on posterior esti-
mates, the 95% Cls overlapped considerably in all analyses when
we examined the two short intervals between speciation events
that we mentioned above (Fig. S1). This fact demonstrates that
these two short time spans were robust to the prior settings and
imply two episodes of rapid diversification.

Large ancestral effective population size of Oryza

A reliable estimate of effective population size not only provides
important parameters for studies in population genetics and evo-
lution, but also facilitates numerous questions to be addressed
involving biological conservation, as well as plant and animal
breeding (Yang, 2002; Rannala & Yang, 2003; Zhang & Ge,
2007; Charlesworth, 2009). Previous studies of effective popula-
tion size have mainly focused on the extant species of Oryza (Zhu
& Ge, 2005; Zhang & Ge, 2007; Zhou eral., 2008; Ai ez al.,
2012), except that Zhang & Ge (2007) investigated nucleotide
diversity in three species of C-genome and found that the ances-
tral effective population sizes were ¢. 2—10-fold larger than those
of the extant species. In this study, we have obtained largely con-
gruent estimates of the ancestral effective population size of all
diploid genomes (Table 2). Compared with the nucleotide diver-
sity of extant Oryza species — which ranged from 0.0011 for
O. punctata to 0.0095 for O. rufipogon (Zhu & Ge, 2005; Ai
etal., 2012) — our estimates of ancestral polymorphisms (0.013—
0.03) were much larger, indicating that the ancestral effective
populations sizes of the rice genus were of the order of 10°
throughout its evolutionary history.

These estimates were largely insensitive to prior settings in the
Bayesian MCMC method. Prior settings for T had nearly no
effect on the estimates of 0 values of the ancestral populations.
When we changed the prior settings for 6, we found that 6 values
of the ancestral population of A-/B-/C-genomes, A-/B-/C-/E-

genomes, and A-/B-/C-/E-/F-/G-genomes were very similar, over
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the 10-fold range of priors tested (Fig.2 and Table S2). The
insensitivity to priors implies a strong signal and sufficient infor-
mation in the data. The fact that the posterior 8 of the ancestral
population of A-/B-genomes and that of A-/B-/C-/E-/F-genomes
were sensitive to the prior settings suggested that the information
for these two ancestral populations is much lower than the others,
probably due to rapid diversification of these taxa.

Much larger 0 estimates for ancestral species, relative to extant,
have also been obtained for several other organisms, such as
Drosophila (Machado ezal., 2002), field crickets (Broughton &
Harrison, 2003), finches (Jennings & Edwards, 2005), cichlid
fishes (Won ez al., 2005) and mangroves (Zhou ez al., 2007). The
population size of the common ancestor of humans and chim-
panzees was estimated to be ¢. 5-10 times larger than that of the
extant human population (Chen & Li, 2001; Wall, 2003; Satta
eral., 2004; Burgess & Yang, 2008). Because large estimates for
ancestral 0 could be caused by methodological artifacts, including
violation of the assumption of no intragenic recombination and
no gene flow (Yang, 2010), we used the RDP program (Martin
etal., 2010) to investigate potential recombinant sequences in
our data and detected recombination signals for 26 loci among
them (Table S1). We thus re-analysed the data by excluding
sequences showing evidence of recombination until no recombi-
nation signals were found. Very similar results for the reduced
dataset (Table S3) suggest that recombination signals have no
effect on our estimates. Moreover, intragenic recombination
would reduce the coalescent variance among loci, leading to
underestimates of ancestral effective population sizes (Takahata
& Satta, 1997; Wall, 2003). Therefore, the violation of the
assumption of no intragenic recombination would not overturn
our conclusion of much larger 6 estimates for the ancestral species
of Oryza. Gene flow seems unlikely to cause inflated estimates in
our case because hybridization or introgression between species
with different genome types is difficult if not impossible,
although gene flow has been documented between species with
the same genome type (Vaughan ez al., 2003). Another possibility
that the ancestral populations might be highly structured at the
time of speciation cannot be ruled out entirely, because the
restricted migration/gene flow between subpopulations would
greatly increase the ancestral effective population size (Zhou

et al., 2007; Charlesworth, 2009).

Implications for the origin and diversification of Oryza

Rapid diversification, or radiation, is the rise of diversity of spe-
cies within a lineage in a short evolutionary time span. This has
happened throughout evolutionary history and has contributed
greatly to the enormous diversity of life on earth (Arbogast ez al.,
2002; Davies ez al., 2004; Rokas & Carroll, 20006). For example,
consistent with the findings of the rapid rise and early diversifica-
tion of flowering plants by Charles Darwin, Davies ez al. (2004)
found at least 10 significant rate accelerations of diversification
within angiosperms. Similarly, studies of Oryza and its relatives
have revealed numerous episodes of rapid diversification in their
evolutionary history. In the subtribe Zizaniinae, for instance,
Tang ez al. (2010) identified a rapid diversification at ¢. 21.2 Ma,
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giving rise to eight genera within a short time interval. Within
specific genome groups of Oryza, species radiations were also
determined, including the A-genome species that started to radi-
ate in the mid-Pleistocene (¢. 2 Ma; Zhu & Ge, 2005), and the
C-genome group that was diversified into three species within a
short time span (Zhang & Ge, 2007). In particular, using
sequences of 142 nuclear genes, Zou et al. (2008) clearly revealed
two rapid diversification events that gave rise to almost all of the
genome diversity of this genus. However, the inference of rapid
diversifications by Zou ezal. (2008) was mainly deduced from
short branches in the gene trees, without an explicit time frame.
The present study has provided strong evidence that the two
rapid diversifications happened roughly at 13-15 and 5-6 Ma,
respectively.

An important question arising from these studies is what fac-
tors underlie the multiple punctuated rapid diversifications in the
Oryza genus. It is well recognized that evolution of organisms is
profoundly influenced by the climate changes and tectonic events
and that radiations are often associated with significant geological
events (Richardson eral, 2001; Stromberg, 2005). Evidence
shows that there was a long period of cooling and rapid expan-
sion of Antarctic continental ice-sheets from the early Eocene
until a new warm phase began in the later Oligocene and peaked
in the late middle Miocene (17-15 Ma; Zachos etal., 2001).
During the warm period, the extent of the global ice-sheet was
reduced and remained low, and the trend toward higher tempera-
tures is thought to have led to the expansions of many evergreen
and thermophilic taxa (Tiffney & Manchester, 2001; Zachos
etal, 2001). It is likely that ancestral populations of Oryza
expanded to Eurasia during this warm phase, provided that the
rice genus originated in the Asia—Australia region (Vaughan
etal., 2005). This speculation is consistent with the finding that
the macrofossil of O. exasperata (which resembles the extant
O. granulata of the G-genome) was found in an excavation of
Miocene age in Germany (Heer, 1855). After the warm peak in
the late middle Miocene, cooling returned and ice-sheets on Ant-
arctica were reestablished by 10 Ma (Zachos ezal., 2001). As a
result, the tropical area of the Asia—Australia region became more
scattered over two continents and thousands of islands, leading to
highly localized biological diversity. At the same time, the vegeta-
tion of this area would have been significantly affected by a
decrease in sea level, resulting in expansion of seasonal forest and
savannah (Heaney, 1991). Thus, we assume that this warming
and cooling process from early to middle Miocene could have
accelerated the rapid diversifications of the Oryza lineage by giv-
ing rise to the F-, G-, and H-/J-/K-genomes (Fig. 1). This specu-
lation corroborates the observation that the most basal lineages
on the Oryza tree (e.g. O. granulata, O. longiglumis, O. ridleyi,
O. schlechteri) existed mainly in forest and shaded habitats in this
area (Quade ez al., 1994; Vaughan ez al., 2003, 2005).

The second rapid diversification of Oryza coincides with a
period marked by extensive cooling and greater aridity around
the Miocene/Pliocene boundary (Fig. 1). It has been well estab-
lished that a shift from closed habitats to open habitats occurred
during the late Miocene (Janis, 1993; Cerling ez al., 1997), asso-
ciated with a global expansion of plants using C4 photosynthesis

New Phytologist (2013) 198: 1155-1164
www.newphytologist.com

New
Phytologist

in tropical and subtropical areas at the expense of Cs plants
(Certling etal., 1997; Edwards et al., 2010). Meanwhile, signifi-
cant faunal turnover was observed in many parts of the world,
such as Pakistan, North America, South America, Europe and
Africa (Cerling ezal., 1997). These environmental changes and
accompanying new ecological niches presumably played key roles
in promoting the second rapid diversification of the rice genus
(5—-6 Ma). Our speculation is consistent with the observation that
the Oryza species of recent lineages, including all of the A- and
B-genome species, usually exist in open or seasonally dry habitats
(Vaughan eral., 2003). Similar bursts of species diversification
have been observed in many other organisms around the same
time period, including mammals (Janis, 1993; Cerling et al,
1997; Krause etal., 2008), birds (Roy etal., 2001; Fuchs ezal.,
2007; Voelker etal, 2009), leaf beetles (McKenna & Farrell,
20006), dinoflagellates (Lajeunesse, 2005) and red algae (Lindstrom
etal., 1996).

Comparisons of effective population size of ancestors with
those of their descendant species provide valuable information
on historical population dynamics such as population declines
or expansions (Machado eral, 2002; Broughton & Harrison,
2003; Won eral., 2005; Zhang & Ge, 2007). In a study on
Drosophila species, Machado etal. (2002) found that the esti-
mated population size of the common ancestor of D.
pseudoobscure and D. persimilis was significantly larger than that
of either descendant species, suggesting that these two species
might have experienced population contraction since their time
of divergence. In our case, the nucleotide diversity of the extant
F- and G-genome species (0.0033 and 0.0032; Ai ezal., 2012),
which arose from the first rapid diversification, is only one-
eighth of that of the ancestral diversity estimate for the genus
(0.026, Fig. 1). Similarly for the second rapid diversification,
the nucleotide diversity of extant A-, B- and C-genomes
(0.0011-0.0073; Ai etal, 2012) is less than one half of the
value of their ancestral lineage (0.016-0.025, Fig. 1). The sig-
nificantly larger population size of the ancestral species relative
to extant species in Oryza is consistent with the argument that
climate fluctuation contributed to the two rapid diversifications
of Oryza species. When a large ancestral species or population
became subdivided, the resulting daughter species would occupy
part of the ancestral species range (Broughton & Harrison,
2003). Many lines of evidence based on the paleobotanical and
paleofaunal data and isotopic records indicated that grasses
underwent a dramatic expansion and became ecologically domi-
nant during the Miocene, with global drying and cooling
(Jacobs etal., 1999; Stromberg, 2005). It would be interesting
to investigate the population dynamics and speciation process of
other groups of grasses that diversified during the same period.
Such information may provide further insights into the under-
standing of patterns and mechanisms of plant species diversifica-
tion associated with global climate changes.
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