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Summary

e Large-scale duplication events have been recently uncovered in the rice genome,
but different interpretations were proposed regarding the extent of the duplications.
e Through analysing the 370 Mb genome sequences assembled into 12 chromo-
somes of Oryza sativa subspecies indica, we detected 10 duplicated blocks on all 12
chromosomes that contained 47% of the total predicted genes. Based on the
phylogenetic analysis, we inferred that this was a result of a genome duplication
that occurred c. 70 million years ago, supporting the polyploidy origin of the rice
genome. In addition, a segmental duplication was also identified involving chromo-
somes 11 and 12, which occurred c. 5 million years ago.

e Following the duplications, there have been large-scale chromosomal rearrange-
ments and deletions. About 30—-65% of duplicated genes were lost shortly after the
duplications, leading to a rapid diploidization.

e Together with other lines of evidence, we propose that polyploidization is still an
ongoing process in grasses of polyploidy origins.

Key words: diploidization, DNA loss, duplication, genome, polyploidy, rice
(Oryza sativa).
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Introduction

The Gramineae (Poaceae) is a large angiosperm family, diverged
from a common ancestor ¢. 5570 million years ago (mya) (Jacobs
et al., 1999; Kellogg, 2001; Gaut, 2002). Many economically
important crops belong to this family, including the best-charac-
terized ones such as rice (Yu ez al, 2002; Zhao et al., 2004),
maize (Martienssen ¢z al, 2004) and wheat (Huang ez 4/, 2002).
As extensive colinearity has been well maintained among diverg-
ent grass species (Moore ez al., 1995; Gale & Devos, 1998;
Feuillet & Keller, 2002), grasses are taken as a single genetic
system and genetic analyses in the grass family are likely to
proceed with a greater level of efficiency because of potential
cross-reference between different model systems such as rice
and maize (Gale & Devos, 1998). With a small and sequenced
genome, rice is most likely to take the central stage for the
better understanding of genetic and evolutionary problems.
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For decades, numerous large-scale duplications, probably
resulting from polyploidy, have been documented in the grass
family based on comparative mapping analysis of closely related
grass species (Gale & Devos, 1998; Devos & Gale, 2000; Levy
& Feldman, 2002). A large number of grasses, distributed in
all main lineages of the family, are classified as polyploids based
on cytological observation and restriction fragment length
polymorphism (RFLP) markers (Stebbins, 1971; Levy &
Feldman, 2002). These include some of the most important
cereal crops such as bread wheat (77iticum aestivum), which
was easily recognized as a hexaploid derived possibly from a
hybridization between a tetraploid and a diploid progenitor
¢.9500 yrago (Ozkan ez al., 2001; Huang ez al., 2002). Maize
(Zea mays) was also considered to have an ancient allopolyploid
origin (Anderson, 1945; Helentjaris ¢z al, 1988) and was further
proposed to have originated from a segmental allopolyploid
event 11 mya (Gaut & Doebley, 1997).
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The polyploidy origin of the rice genome has been a long-
standing hypothesis with little supporting evidence (Nayar,
1973; Levy & Feldman, 2002). Based on the draft sequence
of the genome of the subspecies japonica of rice, Goft et al.
(2002) detected that approx. 59% of the cDNA markers had
two or more copies and proposed that a whole-genome duplica-
tion occurred 40-50 mya, and another duplication involving
chromosome 11 and 12 occurred ¢. 25 mya. To clarify the
date and extent of the duplication in rice genome, Vandepoele
et al. (2003) further analysed 2897 rice (ssp. japonica) bacterial
artificial chromasome (BAC) sequences generated by the Inter-
national Rice Genome Sequencing Project, and discovered that
appox. 15% of all rice genes are in duplicated segments,
with a major fraction of the duplication associated with
chromosome 2. On this basis, they proposed that rice is an
ancient aneuploid that has experienced the duplication at
¢. 70 mya. In their recent publication based on more completely
assembled and annotated sequences, they further asserted the
aneuploid hypothesis of rice genome although more dupli-
cated genes (20%) are found in duplicated regions (Simillion
et al., 2004). Based on largely the same japonica genomic
sequences, however, Paterson ez al. (2003, 2004) found that
much more extensive duplicated regions (approx. 61.9% of
the rice transcriptome) existed in the rice genome, involving
all rice chromosomes. Paterson ez al., 2003) suggested that an
ancient polyploidy rather than aneuploidy occurred before
the divergence of the major cereals, although they also dated
the duplication event to ¢. 70 mya. In addition to the above
inconsistency on the extent of the duplication, the frequency
of duplications and the subsequent gene losses after duplica-
tion in the rice genome have not been fully investigated.

With the availability of the 370 Mb genome sequences
assembled into 12 chromosomes of Oryza sativa subspecies
indica, we made an extensive analysis of rice genome in order
to test the hypotheses of the aneuploid vs. polyploidy origin
of the rice genome. Our results showed that an ancient poly-
ploidy occurred in the common ancestor of rice and maize
¢. 70 mya, strongly supporting the polyploid origin of the
rice genome. In addition, we dated a segmental duplication
involving chromosomes 11 and 12 to ¢. 5 mya. We also found
that the diploidization, through large-scale losses of duplicated
genes might have occurred shortly after the genome duplication.

Materials and Methods

Materials

A total of 53952 proteins of rice (ssp. indica; http://rise.
genomics.org.cn/ GenBank Accession No. AAAA02000000)
were predicted with the gene-finding program BGF developed
by the Beijing Institute of Genomics (Zhao ez al., 2004; heep://
rise.genomics.org.cn/). Maize sequences were downloaded
from EMBL (http://www.ebi.ac.uk/embl/) and rice cDNA
from KOME (http://cdna01.dna.affrc.go.jp/cDNA/).

New Phytologist (2005) 165: 937-946

New
Phytologist

Duplicated genes and blocks

All-against-all BLasTp (Altschul ef al., 1997) was performed
with rice proteins to reveal pairs of duplicated genes at the
identity coverage (IC) > 60% which largely corresponds
to the BLAsTP E-value < 1072, The identity coverage of paired
genes, similar to the criteria adopted by BLasTcLUST (Altschul
et al., 1997), was calculated as 2x (number of identical
residues)/(sum of two protein lengths). With the gene pair
information as input, a dynamic programming program
DUPBLOCKSCAN was written and implemented to find the
longest collinear regions, called duplicated blocks, among
chromosomes. We arranged two chromosomes, referred to
chromosome A and chromosome B and represented by all
the genes positioned on them, along a gene-pairing information
matrix, with chromosome A horizontally and chromosome B
vertically. A cell of gene-pairing information matrix was filled
with 1, if the corresponding gene on chromosome A and
another on chromosome B constituted a gene pair according
to the BLASTP identity coverage, otherwise the cell was filled
with 0. We iteratively scanned throughout the matrix using
a similar algorithm to the local alignment to reveal duplication
blocks by a simple score scheme to count gene pairs. The
extension of a block stopped if the present gene pair does not
have another pair ahead in its field of vision at the distance of
1 Mb. After locating the longest block, the one corresponding
to the largest score, we masked the path of the block in the
gene-pairing information matrix by assigning the correspond-
ing matrix cells with 0 and iterated the search until no block
longer than 4 collinear gene pairs could be found.

For each putative duplicated block, we performed local
permutation tests to check its significance. We reshuffled the
paired genes on the duplicated block and ran puPBLOCKSCAN
to detect the longest random duplicated blocks in the local region.
We calculated two ratios to reveal the significance of a block:

the length ratio = the number of collinearly paired genes in
a putative block/the number of collinearly paired genes in the
longest random block

and

the density ratio = the linear gene density in a putative block/the
linear gene density in the longest random block

where the linear density was computed by the following formula

the linear gene density = the number of collinearly paired genes
in a block/the sum of physical length of two block copies

The blocks were checked further if their lengths were longer
and their collinearly paired genes were denser than all of the
best random ones in 1000 permutation tests (the length ratio
> 1 and the density ratio > 1). According to the two ratios, there
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Fig. 1 Trees of duplicated genes produced by
different duplications before and after the
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rice-maize divergence. (a) For a duplication
event occurring before rice-maize
divergence, there are two paralogous genesin
aspecies and each of has an orthologue in the
other species. (b) For a duplication occurring
after the rice-maize divergence, the
duplicated genes in rice have the same
orthologue in maize.

was an obvious gap between 10 blocks and the others. These
10 blocks were taken as significant for further analysis.

Dating the polyploidy

To date the duplication events, we retrieved the maize homo-
logues for the collinearly paired rice genes residing in the
duplicated block. As the first step, we selected the collinearly
paired rice genes with cDNA sequence information (Kikuchi
et al., 2003; http://cdna0l.dna.affrc.go.jp/cDNA/). The genes
with only two copies (at IC > 60%) in the rice genome were
analysed to increase the chance of finding the true maize
homologues. Second, we retrieved the best-matched maize
genes from EMBL for the collinearly paired rice genes. These
produced 433 clusters of the homologues of rice and maize
genes. In two-thirds of the clusters the paired rice genes
have the same maize homologues, while the rice genes in the
other clusters have different maize homologues. To determine
whether a duplication event happened before or after the rice—
maize divergence, we checked each cluster whether there existed
a maize homologue that was genetically more similar to one
of the rice genes than the rice genes to each other (Fig. 1), and
then tested the null hypothesis that the duplication occurred
at the mean time of rice-maize divergence against the
alternative that it occurred before or after the divergence.
After a genome duplication was dated before rice and maize
divergence, we were sure that two collinearly paired rice genes
in the blocks involved had different orthologues in maize. For
further analysis, a possible maize orthologue was operationally
defined, and for one of the paired rice genes if the maize gene was
more similar to this rice gene than the maize gene to the other
rice gene, and than the two rice genes to each other (Fig. 1a).
We estimated the time of the genome duplication by the formula

I+ median(d(rgl, rg2)) — median(d(ol, 02)) T
median(d(ol, 02))

(rgl and rg2 are the collinearly paired rice genes which are
paralogous; 01 and 02 are orthologous rice and maize genes; d(a,b)
is the synonymous substitution rate (Ks) between homologous

© New Phytologist (2005) www.newphytologist.org
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genes, the median of the Ks among paralogues or othologues
were used here; 7"is the time elapsed since rice-maize divergence).

Another segmental duplication was proposed to have
happened much later than rice-maize divergence. Then the
two collinearly paired rice genes produced by this duplication
have the same maize orthologue. We estimated the time of the
segmental duplication by the formula (Fig. 1b)

median(d(rgl, rg2)) T
median(d(ol, 02))

Estimation of gene loss rate

There are two copies for a duplicated block that located in
different chromosomes and these were referred to as copy 1 and
copy 2 for convenience. If a gene in copy 1 has no counterpart
in copy 2, we assumed that the duplicated gene had been
deleted in copy 2. By counting the single-copy genes in copy
1, we estimated the gene loss rate in copy 2 as follows:

S1

—— X 100%
S1+ N2

(N2 is the number of extant genes in copy 2; and Sl is the
number of single-copy genes in copy 1).

Calculation of Ks

The Ks value (Nei & Gojobori, 1986) was calculated among
collinearly paired rice genes and their maize homologues
using the software package pamL (Yang, 1997) after sequence
alignments using cLustarw (Thompson e al., 1994).

Results

Detection of the duplicated blocks

A total of 25% (13885 out of 53952) predicted genes have
duplicates in the present rice genome sequence. By scanning
the possible duplicated blocks with at least five collinearly

New Phytologist (2005) 165: 937-946



Phytologist

New

"S10p Pal YHM pas e aJe SUOIBIUSLIO
9SI9A31 UJ 9SOY} 'S10P 30B|q Y}NM Py 2JB SILUOSOWOIYD PaYe|al OM] 8y} UO suopeiuaLo uondudsues} awes ay} ul sired auag ay] SaWIOSOWOIYD 921 UdamMIaq syd0jq payedidnp ual ¢ “Si4

940 "Research

l
o A o £
= “. 80 = =
o % [=] ' =}
3 3 6 %00 3
2 . 2 2
(=] Q =]
3 3 3
L] 1] m
& L 3
I= N =
P L% ]
= = =
v N = g
13001q "\
{aw z2) 11 swosowoiy) (W 0g) 8 BwosoWoIYD (W ¥) £ BwosowoiyD
L%0Q ¢ _ oo . Z¥0oq
Q o LY o | Q
E = z : T
| (=} . [s] [=]
|} w ) 1
E 2 £ o[ 3 3
W ol
_ 3 : | : :
e w @ @ I o 7]
= =] B n
IS i B '@ '8
=z ; ; 2
: g _ ¥ 3001 ,m m iy . : M
1, 9%0(q | : = QL0 At =
(AW Lv) £ awosowolyy . (aw 2g) z swosowoyD o ..E.s_ mﬂ N. .m?m.mam__ezu._ {aw gp) | awosowoiyn

www.newphytologist.org  © New Phytologist (2005)

New Phytologist (2005) 165: 937-946



New
Phytologist

Research * 941

Table 1 The duplicated genes in the 10 duplicated blocks

Copy 1 of a duplicated block Copy 2 of a duplicated block Collinearly gene pairs in duplicated block

Number
Length  Number Length  Number  Numberof  of genes Orientation ~ Medians

Block  Chromosome  (Mb) of genes  Chromosome  (Mb) of genes  gene pairs  with cDNA identity of Ks
1 1M 5.44 895 12 4.27 702 148 70 95% 0.084
2 1 16.70 2600 5 9.50 1567 151 83 94% 0.743
3 2 14.62 2257 4 14.92 2288 125 66 84% 0.687
4 2 4.61 741 6 8.77 1225 55 37 91% 0.759
5 2 7.63 1100 6 11.98 1726 68 44 96% 0.818
6 3 4.15 712 7 8.27 1251 49 28 73% 0.797
7 3 8.97 1337 7 5.54 908 54 32 89% 0.713
8 8 10.37 1580 9 11.56 1833 65 39 89% 0.799
9 3 2.99 497 10 6.31 973 34 22 88% 0.804
10 1 418 625 5 4.67 644 23 12 91% 1.028
Total - 79.7 12344 - 85.8 13117 772 433 - -

Ks, synonymous substitution rate.

gene pairs, we obtained 2503 putative duplicated blocks
and performed local permutation tests for each of them. We
adopted two ratios, the length ratio and the density ratio, to
measure the significance of a possible block and obtained 10
duplicated blocks (Fig. 2; Table 1). These 10 blocks contain
772 collinearly paired genes (73—-95% identical transcription
orientations) with 23-151 paired genes in each of them
(Table 1). Itis apparent from Table 1 thatblock 3 is the largest
that involves chromosomes 2 and 4, whereas block 10 is
the smallest involving chromosomes 1 and 5. Overall, the 10
blocks contain 165 Mb nucleotides that account for approx.
45% of the genome sequences (370 Mb) analysed in the
present study (Fig. 2). It is important to note that the 10
blocks involve all 12 chromosomes (Table 1 and Fig. 2),
indicating that large-scale duplications happened in the rice
genome. Of the total of 53952 genes, 25461 (approx. 47%)
were identified in the 10 blocks. The collinearly paired genes
account for 6.1% of the total genes in the 10 blocks, whereas
all the duplicated genes (2266) account for 9% of the total.

Level of Ks between duplicated blocks and genes

The Ks was calculated for each pair of the collinearly paired
genes in the 10 blocks (Fig. 3). The medians of Ks of the
duplicated genes in blocks 2-10 are much larger than that in
block 1. We performed anova with the null hypothesis that
the means of Ks among the blocks were equal. The null
hypothesis was rejected with a P-value 2.2 X 1071 for all the
10 blocks, but was accepted at significance level 0.05 (P-value
0.06) when block 1 was excluded. This implies that blocks
2-10 were produced approximately at the same time
and thus by the same evolutionary event, while block 1 was
created by a different duplication event. Obviously, block 1
has a much smaller median of Ks and thus occurred more
recently than the others (Fig. 3), which could be inferred to

© New Phytologist (2005) www.newphytologist.org

result from a segmental duplication. The blocks 2-10 involve
10 chromosomes and contain 156 Mb nucleotides and 23864
genes, accounting for approx. 42% and 43% of the present
genome sequences and the total genes, respectively, indicating
the possibility of a polyploid event. These results suggest that
two different duplications occurred in the evolution of the
rice genome (Fig. 3).

To further explore the nature of the ancient evolutionary
events, we plotted the density curves of Ks of the collinearly
paired genes in the blocks (Fig. 4). The first peak in the Ks
density curve (on the left) for all blocks was produced by genes
in block 1 (Fig. 4a), which have a unimodal Ks distribution
(Fig. 4b). For the paired genes in blocks 2-10, the Ks density
was plotted and a bimodal distribution was revealed with
one peak at Ks = 0.46 and the other at 0.80 (Fig. 4¢). Further
exploration indicated that Ks was negatively correlated
with GC content, predominantly the GC content at the third
position of codons (GC3) with a Spearman correlation coe-
fficient —0.455 and P-value 2.2 X 107'¢. According to GC3,
the duplicated genes can be divided into two groups at
GC3 = 0.52 with Euclidean distance using Ward’s clustering
method. The Ks bimodal distribution was split into two
unimodal distributions (Fig. 4d,e) corresponding to the paired
genes with GC3 < 0.52 and > 0.52, respectively. The density
curve of the paired genes with smaller GC3 has a peak at
Ks = 0.80, while that of genes with larger GC3 had a peak
at Ks = 0.46. The peaks of these two curves (Fig. 4d,e)
correspond perfectly to the two peaks of the density curve of
all the genes (Fig. 4¢). With the effect of GC3 considered, the
ANOvA on Ks was redone for the two groups of genes in blocks
2-10. The null hypothesis was accepted with higher P-values:
0.52 for genes with GC3 > 0.52 and 0.27 for genes with
GC3 < 0.52. The GC3 density curve has a large upper tail
(Fig. 4f), which seems to be the cause for the heterogeneity of
Ks. Thus, the bimodal distribution of Ks for all those paired

New Phytologist (2005) 165: 937-946
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Fig. 3 The synonymous substitution rates (Ks) of genes in the 10
blocks. The median of block 1 is much smaller than those of other
blocks, which are at roughly the same level.

genes is caused by GC3 rather than of the multiple duplications.
Consequently, the Ks distribution patterns of the collinearly
paired genes also indicated two duplication events in the evolu-
tion of the rice genome, in agreement with the above result.

Phylogenetic analysis of the duplication events

In order to clarify when (before or after the divergence of
maize and rice) the duplication events took place, we analysed
the collinearly paired genes with their maize homologues. We
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obtained 433 clusters of rice and maize homologues. While
calculating the Ks with pamr, some clusters were discarded
because the method adopted was not applicable to them or
because stop codons were found in some of maize sequences.
Finally, 341 clusters were used for further analysis. Of 289
clusters corresponding to the blocks 2-10, 234 support the
duplication that occurred before rice—maize divergence with
a P-value 2.2 X 107'° in a % test. That is, in each of these
clusters the maize gene is more similar to a rice gene than the
rice genes are to each other (Fig. 1a). Of the other 52 clusters
of rice and maize homologues corresponding to block 1, the
values of Ks between the two paired rice genes in 48 clusters
are considerably smaller than those between the rice genes and
their maize orthologues (Fig. 1b), suggesting thata duplication
associated with block 1 occurred after rice-maize divergence
with a P-value 1.05 x 107 in a ) test.

We dated the duplication by the formulas proposed and
calculated the medians among the rice and maize paralogues
or orthologues: medians of d(rg1,rg2), d(rgl,mgl), d(rg2,mg2)
are 0.7663, 0.5527 and 0.5851, respectively, for the clusters
corresponding to blocks 2-10; d(rgl,rg2), d(rgl,mgl),
d(rg2,mg2) are 0.06370, 0.6937 and 0.6937, respectively, for
the clusters corresponding to block 1. Assuming the diver-
gence of rice and maize at ¢. 50 mya (Kellogg, 2001; Gaut,
2002), we inferred that the earlier duplication had occurred
16-20 mya before rice—maize divergence, i.e. c. 66—70 mya
and the second duplication occurred only ¢. 4.6 mya.

DNA rearrangement and segmental loss

After the polyploidization, there were two nuclear genomes in
one cell and two homologous copies for each chromosome.

(a) (b) (c)
1.2 : 772 genes g: 148 genes 1.5 624 genes
go.sz g: 1.0
3 0.4: %: 0.5
0'0_ T T T T T 0_ T T T T T 0'0_ T T T T T
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
Ks Ks Ks
(d) (e) (f)
2.0
456 genes | 2.0+ 168 genes 6 624 genes
2154 GC3<052 | 4.5 GC3>0.52
21.0 44
s 1.0+
T 0.5 0.54 2+
0.0~ T T T T T 0.0+ T T T T 0~ T T T T
0O 05 1 15 2 0 05 1 15 2 04 05 06 07
Ks Ks GC3

Fig. 4 The synonymous substitution rate (Ks) distribution and GC content at the third position of codons of duplicated blocks. (a) The Ks density
curve of all collinearly paired genes in 10 blocks has three peaks. Genes in block 1 constitute the first peak on the left. (b) The Ks density curve
of the paired genes in block 1 has a unimodal distribution. (c) The Ks density curve of all collinearly paired genes in blocks 2-10 has a bimodal
distribution. Genes with GC contents at the third position of codons GC3 > 0.52 and < 0.52 correspond to the two peaks, respectively. (d) The
Ks of the duplicated genes with GC3 < 0.52 in blocks 2-10 has a unimodal distribution. (e) The Ks of the duplicated genes with GC3 > 0.52 in
blocks 2-10 also has a unimodal distribution. (f) Density curve of GC3 has a large upper tail, which explains the bimodal distribution of Ks for

duplicated genes in blocks 2-10.
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Table 2 Gene loss rates in 10 duplicated blocks

Block Copy 1 Copy 2 Sum Average
1 0.50 0.48 0.98 0.49
2 0.34 0.60 0.95 0.47
3 0.48 0.47 0.95 0.47
4 0.59 0.37 0.96 0.48
5 0.61 0.36 0.96 0.48
6 0.38 0.58 0.97 0.48
7 0.62 0.34 0.96 0.48
8 0.65 0.32 0.97 0.48
9 0.52 0.44 0.96 0.48
10 0.37 0.51 0.88 0.44

Although rearrangements and inversions followed (Fig. 2),
the relocated blocks should have exactly two copies. By
checking the rice block 3 on chromosomes 2 and 4, and
blocks 4 and 5 on chromosomes 2 and 6, we can see a
duplicated copy of chromosome 2 in the present rice genome
(Fig. 2). This duplicated chromosome 2 was split into three
segments, with one segment on chromosome 4 and the other
two on chromosome 6. The most parsimonious explanation
is that this duplication resulted from an interchromosomal
rearrangement involving two ancient chromosomes.

In the duplicated blocks, segment DNA loss occurred at a
considerably high level. Many genes in neighbouring loca-
tions in one copy do not have their counterparts in the other
duplicated copy, indicating that some of the duplicated genes
might be deleted after the polyploidization. It can be seen in
Table 2, that the highest percentage of gene losses happened
in one copy of block 8 on chromosome 8, in which 65%
duplicated genes have been deleted, while in the duplicated
counterpart on chromosome 9, only 32% duplicated genes
have been deleted. Therefore, two copies of a duplicated block
might have very different gene loss rates. The loss rates in the
two copies of blocks 2, 7 and 8 vary up to twofold. Although
the loss rates are very different among blocks and between two
copies of the same block, the average loss rates of two copies
of the same block vary little (44—-50%) (Table 2), implying
an unknown mechanism in controlling the losses of the
duplicated genes. Similarly, we calculated the gene loss rate
on block 1 that resulted from a much younger duplication.
It is interesting to find that the gene loss rates are 50% on
chromosome 11 (copy 1) and 48% on chromosome 12 (copy
2) with the mean of 49%, at the same level as those on the

other nine blocks (Table 2).

Discussion

Rice is an ancient polyploid

The hypothesis that rice is of a polyploid origin is not novel
because the first suggestion that rice is a secondary polyploid
was provided based on cytological observations more than

© New Phytologist (2005) www.newphytologist.org
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70 yr ago (Lawrence, 1931). Later, many authors also
proposed that rice was a secondary balanced allotetraploid
that originated through hybridization between two species
(Nayar, 1973). Recently, large-scale duplication events have
been uncovered in the rice genome, which raised the old
question of rice polyploidy, though different interpretations
have been suggested regarding the scale and timing of those
duplications (Goft eral, 2002; Vandepoele et al, 2003;
Paterson et al., 2004). By analysing ¢. 2000 cDNA sequences
and locating them in the draft sequence of the genome of the
japonica subspecies of rice, Goff ez /. (2002) suggested that a
genome duplication event shaped the rice genome. Using the
public data emerging from the International Rice Genome
Sequencing Project on the subspecies japonica of rice, two
groups recently investigated the duplication of the rice
genome, but reached different conclusions regarding the
extent of rice genome duplication (Paterson ez al, 2003,
2004; Vandepoele et al., 2003; Simillion et al., 2004). Based
on a set of approximately physically ordered BACs of rice,
Paterson et al. (2003, 2004) found nine nonoverlapping
duplicated blocks accounting for 61.9% of the rice
transcriptome and indicated that substantial, perhaps
genome-wide, duplication occurred in the rice genome. By
contrast, Vandepoele ez a/. (2003) and Simillion ez al., 2004)
demonstrated that a smaller percentage of the rice genome
(15% and 20%, respectively) existed in duplicated blocks and
a major fraction of the duplications detected involved only
one or two chromosomes. Consequently, they concluded
that rice was not an ancient polyploid but rather an ancient
aneuploid.

In the present study, we analysed the most updated
sequence data of the genome of the subspecies indica of rice,
and detected 10 duplicated blocks accounting for 45% of
the genome sequences. All the duplicated blocks except for
block 1 have the same level of Ks values (Fig. 3) and they
spread uniformly over 10 of all 12 chromosomes (Table 1
and Fig. 2). Our findings are consistent with those reported
by Paterson et al. (2004) but in disagreement with the results
of Vandepoele e¢tal. (2003) and Simillion ezal (2004).
Clearly, the observed duplication pattern in the rice genome
can only be explained by an entire-genome duplication or
polyploidization event because such a widespread distribu-
tion of the duplicated segments with the same divergence time
would not be expected if only one or a few chromosomes had
duplicated (Blanc ez 4/, 2003).

Vandepoele eral. (2003) and Simillion eral (2004)
detected the collinear gene pairs based on linear aggression
analysis. This approach, on one hand, relied on a linear rela-
tionship among the true collinear gene pairs in the dot maps
or in the gene homology matrix and thus might lead to some
duplicated blocks undetectable because uneven losses of genes
in different regions of a duplicated block would result in a
nonlinear relationship represented by a curve rather than a
straight line in the dot maps (Fig. 2) and in the gene homology
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matrix (Vandepoele ez al., 2003). On the other hand, the
linearity criteria adopted by Vandepoele ez 4l (2003) and
Simillion ez a/. (2004) might not tolerate occasional outliers
deviating from a line under evaluation, which are common for
gene duplication and deletion. These probably explain why
much fewer duplicated blocks were obtained in the analyses
of Vandepoele et al. (2003) and Simillion ez a/. (2004). In our
case, we adopted a more effective and efficient approach.
Based the paired genes, dot maps were drawn to provide a
direct illustration. We then developed a dynamic program to
uncover the collinearly paired genes, most of which were cer-
tain to result from the large-scale duplication according to the
permutation test. In comparison, Paterson ez a/. (2003, 2004)
also made dot maps but performed the analysis based on the
syntenic gene pairs rather than the collinear gene pairs used
by us, which might lead to a larger coverage of duplicated
regions.

An ancient duplication predating the divergence of rice
and maize

According to the phylogenetic models and statistical analysis,
we dated a whole-genome duplication in the rice genome before
the divergence of rice and maize, ¢. 70 mya. This date is much
earlier than 40-50 mya estimated by Goff eral (2002). It
should be noted, however, that the date estimated by Goff
et al. (2002) was based on the rate of amino acid substitution
of all possible paralogous protein pairs in the rice genome. As
pointed out by many workers (Wolfe, 2001; Seoighe, 2003;
Vandepoele ez al., 2003), protein distances are not very reliable
for the large-scale dating of heterogeneous classes of proteins.
Given the fact that the grass family originated ¢. 55-70 mya
(Stebbins, 1981; Kellogg, 2001; Gaut, 2002), the ancient
duplication may have occurred around the period of the grass
family origin. This implies that the polyploidization event
should be shared by most, if not all, of the extant grass species,
including important crops such as maize, rice, wheat, barley
and sugarcane because the rice lineage (subfamily Ehrhartoideae)
has diverged from the maize lineage (subfamily Panicoideac)
as early as 50 mya, while wheat and barley diverged from rice
and maize relatively later (Kellogg, 2001; Gaut, 2002). In
another words, this ancient duplication has affected almost all
the lineages in the grass family, though many of them appear
to be diploids. In this sense, we agree with Levy & Feldman
(2002) that many more, if not all, higher plant species, con-
sidered as diploids because of their genetic and cytogenetic
behaviour, are actually ancient polyploids (paleopolyploids).
We propose that the polyploidy occurred ¢. 66—70 mya —
almost the same as that estimated by Paterson ez al. (2004).
However, the approach adopted by Paterson ez al. (2004) may
be questionable. First, the evolutionary rates were always
derived based on different genes and the estimation of the
proposed synonymous rates vary greatly among plants, from
4.1 x 107 t0 7.0 X 107 synonymous substitution per site per
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yr (Wolfe et al., 1987; Gaut et al., 1996; Li, 1997). To use dif-
ferent rates would result in different time estimations. Second,
as what we proposed, the genes in rice were divided into two
groups by the GC content, especially the GC content at the
third codon site and they have divergent Ks values. This was
supported by the finding that there are two classes of genes in
plants according to GC content (Carels & Bernardi, 2000).
Therefore, we used a different strategy by calculating the ratio
of the medians of Ks (see the Materials and Methods section).
The median is a more ‘stable’ quantification of the distribu-
tion’s centre and insensitive to outliers. This may provide
some advantages when dating the evolutionary events.

Genome duplication or polyploidy is an ongoing
process

Recurrent formation of polyploidy has been well discussed in
grasses (Levy & Feldman, 2002). Maize was widely regarded
to originate from an allotetraploid (Gaut & Doebley,
1997; Wilson ez al., 1999) and a segmental allopolyploidy
was inferred to have occurred 11.4 mya between two ancient
species that diverged ¢ 20.5 mya (Gaut & Doebley, 1997).
Bread wheat is the best-characterized allohexaploid resulting
from a hybridization between a tetraploid and a diploid 9500
years ago (Ozkan eral, 2001; Levy & Feldman, 2002).
Obviously, these polyploid events identified in both maize
and wheat (and probably many others) are irrelevant to the
ancient duplication event detected in this study. Therefore, at
least two rounds of large-scale duplications have occurred in
the evolutionary history of both maize and wheat. Similarly,
despite its diploid nature, the cultivated rice has also
experienced at least two rounds of large-scale duplications, as
revealed in this study. If more species are surveyed in the grass
family, many more large-scale but relatively recent duplica-
tions will become apparent. For example, many wild relatives
of the cultivated rice are polyploids that originated mainly
through hybridization, followed by chromosome doubling
(Nayar, 1973; Ge et al., 1999). Although extant rice is a diploid,
as many as nine allotetraploid species have been described in
the rice genus (Oryza), where 23 species, including the cultivated
rice, are currently recognized (Ge et al., 1999; Vaughan ez al.,
2003). Phylogenetic studies show that in this genus some
of tetraploids (HHJ] and HHKK species) originated much
earlier than the others (BBCC and CCDD species) (Ge ez al.,
1999), suggesting that allopolyploid events in the rice genus
have happened recurrently. Briefly, most, if not all, grasses
underwent an additional cycle of chromosome duplication,
and thus were considered as ‘neopolyploids’ (Levy & Feldman,
2002). As in the case of Arabidopsis lineage, where three
ancient duplications have been inferred (Blanc ez al., 2003;
Vandepoele ez al., 2003), it can be expected that many grass
lineages have experienced more than one round of genome
duplications and polyploidy is not only widespread but also
an ongoing process in the grasses (Vandepoele ez al., 2003).
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Segmental loss and its implication for diploidization

DNA segmental loss is one of the chromosomal changes
leading to diploidization. Recently, by analysing five local
homologous regions among maize, rice, sorghum and
barley, small rearrangements of genes were considered to be a
key factor differentiating the grass genomes (Bennetzen &
Ramakrishna, 2002). Based on the comparative linkage maps,
Ahn & Tanksley (1993) found that ¢. 28% of duplicated
genes was lost or mutated so as to be undetectable in maize.
It was proposed that only 13.1% of the duplicated genes
resulted from a duplication event 300 mya were left and «
29.7% of the duplicated genes from a much younger
duplication (20—80 mya), were still present in the Arabidopsis
genome (Bowers ez al., 2003; Paterson ez al., 2004). Although
we observed that the duplication involving rice chromosomes
11 and 12 occurred only 5 mya, the gene loss rates estimated
on the two chromosomes were at the same level as those in
the other duplicated blocks with much more ancient origin
(Table 2). This implies that the gene losses or diploidization
process might take place at the early stage of the polyploid and
the duplicated genome tended to be stable later. This was
partly supported by experimental research in the synthetic
polyploid species (Ozkan et al., 2001; Levy & Feldman, 2002).

A possible result of diploidization is the suppression
of intergenomic recombination structurally, which might
increase fertility (Levy & Feldman, 2002). To what extent the
duplicated DNA was lost so that the genome could recover its
stability is still unclear. The availability of the rice genome
sequences provided a unique chance to inspect DNA elimina-
tion after duplication. Although the loss rates vary greatly
among the copies of different duplicated blocks in the rice
genome, the average loss rates of all the blocks are essentially
the same (Table 2). The sum of loss rates of the two copies of
each block are > 88%, suggesting that most of the duplicated
genes are single copy through elimination of their counter-
parts in the duplicated blocks. Therefore, we infer that
stabilization involved the deletion of one copy of a majority

of the duplicated genes in the duplicated blocks.
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