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Evidence for an Ancient Whole-Genome Duplication
Event in Rice and Other Cereals
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Abstract Gene duplication has been proposed as an accelerator of evolution. Ancient genome duplication
events have been identified in diverse organisms such as yeast vertebrates and Arabidopsis. Here we have
identified a whole genome duplication event WGD in the rice genome which took place prior to the diver-
gence of grasses about 70 million years ago mya . A total of 117 duplicated blocks were detected which are
distributed on all 12 chromosomes and cover about 60% of the rice genome. About 20% genes on these dupli-
cated segments are retained as duplicate pairs. In contrast 60% of the transcription factor genes are retained as
duplicates. The identification of a WGD in the ancestral grass genome will impact the study of grass genome e-
volution and suggest that polyploidization and subsequent gene losses and chromosomal rearrangements have
played an important role in the diversification of grasses.
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Gene duplication has been proposed as the
major force of evolution as duplicated genes can
supply the genetic raw material for the creation of
novel functions through mutation and natural
selection ' . WGD whole genome duplication is
particularly intriguing which was usually followed
by diploidization with extensive loss of duplicated
genes and genomic rearrangements >~* . There is
evidence for segmental/genome-wide duplications
vertebrates ° human °®”’

in the including

mouse ° and fish ° . The yeast Saccharomyces

was also shown to be an ancient
10 ~ 14

cerevisiae
tetraploid . In plants polyploidy is ubiqui-
tous '* and recent studies based on the complete
genome sequencing information have also hypoth-
esized that the small crucifer Arabidopsis Arabi-

dopsis thaliana d?®re-

is an ancient polyploi

The grass family Poaceae is one of the
largest families of angiosperms including approxi-
mately 10 000 species that diverged from a com-
mon ancestor 50 to 70 mya *' . It has been pro-
posed that most grass species are of polyploid ori-

22 23

gin . For example bread wheat Triticum

aestivum is an allohexaploid and has conserved

24 25

homoeologous chromosomes However

maize Zea mays represents an older tetra-
ploidization event which lost its homoeologous
chromosomes by reassembling homoeologous
segments on newly formed chromosomes * . In
contrast to maize and wheat rice Oryza sativa

and sorghum Sorghum bicolor are regarded as
a diploid although tetraploid versions exist where
homoeologous chromosomes like in wheat are
preserved. Homoeologous chromosomal regions
derived from ancestral chromosomes of the pro-
genitors of the grass family have been demonstra-
ted using genetically mapped markers. In such a
comparison orthologous markers have shown that
while maize falls into two subgenomes rice and
sorghum  are

represented by a single

0379-4172 2005 05-0519-09

subgenome * . Segmental duplications in the rice

genome were reported previously ** #

but analy-
sis of whole genome sequence data has provided
unprecedented opportunities for identifying ancient
genome duplication events similar to those in
After the draft

sequencing of the rice genome genome-wide du-

yeast and Arabidopsis ® .
plications were also proposed for the rice ge-
nome. But the nature and origin of these genomic

30 ~33 Over

duplications remained controversial
2 000 duplicated cDNAs were plotted by chromo-
somal regions and the extent of genome duplica-
tions were defined ** . However most of the dupli-
cated segments identified were small except for a
large segment shared by chromosomes 11 and
12. Dating on the basis of amino acid substitution
rate revealed that a WGD occurred in rice some
40 to 50 mya * . However another study claims
that rice is an ancient aneuploid that has experi-
enced the duplication of one or a large part of one
chromosome about 70 mya predating the diver-
gence of most cereals °' . By using transcription
factor genes as anchor points we have identified
genome-wide duplications in the rice genome

Xiong et al. submitted . In this manuscript we
have used the map-based complete sequence of
the rice genome to provide evidence that a WGD
took place in the ancestor of rice about 70 mya
predating the divergence of grasses suggesting
that gene duplications insertions and deletions
have occurred over long period of time in the
evolution of the grasses.

1 Material and Methods

1.1 Dataset

A total of 56 056 predicted rice genes both
nucleotide and amino acid sequence data were

retrieved from the TIGR database http //www.
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tigr. org . Retrotransposon-like sequences were
removed by searching with BLASTP ** to known
retrotransposon sequences. The remaining data-
set includes 42 688 gene models. The Arabidopsis
data were downloaded from the TAIR database

http //www. arabidopsis. org . The Moss EST
data were downloaded from the NIBB PHYSCO-
% The data for
maize wheat barley and sorghum were selected
from the SWISS-PROT protein database http //
and the National

base http //moss. nibb. ac. jp/

www. ebi. ac. uk/swissprot/
Center for Biotechnology Information NCBI Uni-
Gene collection http //www. ncbi. nim. nih. gov/
Genbank/index. html| .

1.2 Detection of duplicated blocks in the rice
genome

The detection of duplicated blocks was initial-
ly performed using transcription factor genes of
rice Xiong et al. submitted . We have expanded
those duplicated regions by three steps. First we
identified all gene pairs in each pair of sister
regions. We used the BLASTP program to search
for all the predicted genes on each pair of
duplicated chromosomes or segments of chromo-
somes. An e-value less than 1e-10 an overlap-
ping region of more than 150 amino acids and an
identity of no less than 30% were used to identify
the reciprocal best hits ' . Second the anchor
points were identified based on the order and dis-
tance of each pair of genes. Small inversions were
allowed in our analysis. The intervening region be-
tween two neighboring anchors contains no more
than 30 genes on both strands ' . Third duplica-
ted blocks were identified based on the number
and order of anchors. The blocks identified contain
at least three anchors in an appropriate order and
orientation.

1. 3 Phylogenetic analysis of duplicated
genes

The homologs in maize sorghum barley
wheat Arabidopsis or moss were detected using

the BLASTP program. An e-value less than 1e-
10 an overlapping region of more than 150 amino
acids and an identity of no less than 30% were
used to identify the reciprocal best hits. The phylo-
genetic tree was constructed with the neighbor-
joining method using the ClustalW program for
alignment *° . Each group contains four proteins
two rice duplicate pairs the best homolog from an
the Dbest
homolog from outgroup. The final rooted trees with

organism under comparison and
less than 70% bootstrap support were not includ-

ed for further analysis.

1. 4 Asymmetric divergence of duplicate
genes

A total of 608 maize homologs were used to
detect rice duplicates with asymmetric divergence
in these 608 pairs of rice duplicate genes. The
phylogenetic tree was constructed with the neigh-
bor-joining method using the ClustalW program for
The evolution

alignment *° . rate of duplicate

genes was derived from the tree branch

length "' . If one duplicate evolved 50% faster
than the other one asymmetric evolution was in-

ferred for these duplicates "' .
1.5 Age estimation of duplicated blocks

The values of dS synonymous substitution
rate were calculated with the PAML software ¥ .
The synonymous substitution rate was considered
to be 6.03 x 10 ~° synonymous base substitutions

per site per year * .

2 Results and Discussion

2.1 Detection of duplicated segments

Previously we detected 12 pairs of large
intragenomic duplicated segments in the rice
genome by phylogenetic analysis of transcription
factor genes Xiong et al. submitted . We have
extended those studies with more stringent criteria

see Material and Methods and identified 117
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duplicated blocks which contain 1 934 anchors
and about 20 000 gene models with at least three
anchor points within each block Fig.1 Table 1
Except for genes on chromosomes 11-12 the
average identity of duplicated genes in the rice
genome is about 62% which is similar to 63%
found in yeast * . However the average identity of
duplicated genes on chromosomes11-12 is about
76% suggesting that the segmental duplication on
chromosomes 11-12 is a more recent event.
Continuous duplicated blocks on a chromo-
some likely represent one large duplicated region
although they do not satisfy our criteria for one
duplicated block and Methods
Fig.1 . Our 117 blocks could compose 12 dupli-
cated segments including chr1-5

see Material

short arm and

Fig. 1

Sister duplicated segments are connected with a single

Duplicated blocks in the rice genome

line. The duplicated segments that have the same orienta-
tion are marked with the same color the duplicated seg-
ments that have different orientations are labeled with diff-

erent colors. The centromeres of chromosomes are

long arm 2-4 2-6 shortarm and long arm marked as black dots.
Table 1 Summary of rice duplicated blocks
Small blocks?® Large blocks?®
No. of Blocks  No. of anchors No. of Blocks No.gt‘:)f anchors  Mean of dS° Total blocks ~ Total anchors
Chr1-5 7 29 14 441 0.82 21 470
Chr2-4 3 13 8 250 0.79 11 263
Chr2-6 4 17 12 268 0.84 16 285
Chr3-7 5 17 14 207 0.86 19 224
Chr3-10 8 36 10 119 0.84 18 155
Chrg8-9 8 30 6 153 0.79 14 183
Chr11-12 7 21 1 245 0.25 8 266
Chr3-12 1 4 3 42 0.86 4 46
Chr4-8 3 16 3 26 0.92 6 42
Total 46 183 71 1751 0.75 117 1934

a Small blocks refer to those bocks with 3-6 anchors and large blocks with no less than seven anchors. b The mean of dS was calculat-

ed based on large blocks only.

3-7 short arm and long arm 3-10 3-12 4-8 8-
9 and 11-12. The duplicated regions cover 26 000
gene models and 61. 1% of the rice genome
which is similar to 61. 9% reported earlier by
Paterson et al. * .

71 duplicated blocks contain at least 7 an-
chors within each block. In total these duplicated
blocks contain 1 751 anchors and 18 000 gene
models and cover about 42% of the entire ge-
nome. The following analyses were based mainly
on these 71 duplicated blocks. In these 71 duplica-
ted blocks 20% of the genes are retained as du-

plicate pairs compared to only 12% in yeast
and 28% in Arabidopsis for the recent duplica-
tion ' . In contrasting about 60% of the transcrip-
tion factor genes are retained as duplicate pairs
on these blocks Xiong et al. submitted which
could be due to the potential of regulatory genes
to evolve new functions and hence be retained in

the genome *'

. In Arabidopsis genes involved
in signal transduction and transcription were also
preferentially retained after WGD and subsequent
gene losses * .

Because over 80% of the genes have been
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lost since the WGD event extensive gene deletion
and chromosome rearrangement must have taken
place. In the yeast genome gene loss in duplica-
ted blocks occurred by many small deletions the
average size of a lost segment is two genes and
was typically balanced between the two sister re-
gions average balance between 57% to
43% "' .In the rice genome of the 71 larger du-
plicated blocks gene loss was also generally bal-
anced between the two sister regions average
balance between 61% to 39% . The average size
of a lost segment is five genes.

The largest duplication block lies on chromo-
somes 11-12 which contains 245 anchors and a
size of about 4 Mb. The average size of duplicated
blocks is more than 1 Mb which contains 25 an-
chors and about 130 genes. The distribution of du-
plicated blocks on all 12 chromosomes is not en-
tirely random. For example except the large dupli-
cated segments on the short arms of chromo-
somes 11 and 12 which have a very recent ori-
gin very few additional duplicated segments were
identified on these two chromosomes Fig.1 . No
duplicated block was identified in the centromeric
regions which is similar to the situation in Arabi-

dopsis 7 .
2.2 Dating of duplication events

Phylogenetic analysis provides an opportunity
to assess the temporal order of duplication events
and can be used to infer whether the duplication

11 14 18 40 44 . HOWeVer a

occurred before speciation
major handicap for the analysis of the rice ge-
nome is the absence of data from a descendent of
a progenitor that did not undergo a WGD like in
the comparison of Kluyveromyces waltii and Sac-
charomyces cerevisiae "' or Sorghum bicolor and
Zea mays *° . Therefore we can not establish or-
thology for all genes two genes derived from the
same ancestral chromosome and have to base
our phylogenetic analysis for each pair of duplica-
ted genes on homologs from Arabidopsis wheat
barley sorghum and maize. On the other hand if

a homolog from another species matches more
gene copies in rice than the two aligned pairs it is
assumed that the one that has formed after speci-
ation is a paralogous sequence Fig.2 . The ratio
of internal trees for all cereal species tested is be-
tween 52% ~57%
of internal trees for Arabidopsis is 5% . We esti-
mated the duplication time by calculating the dS

Table 2 . However the ratio

values assuming a molecular clock "% * %20

Based on these calculations a major duplication
event occurred 73 mya ago before cereal species
diverged from a common ancestor but after the
divergence of monocots and eudicots. The dupli-
cation on the short arms of chromosomes 11 and
12 is of very recent origin and was estimated to
have occurred 8 mya.

Homolog Rice2

A B
Qutgroup Qutgroup
— Rice?2 ——————— Homolog
C

Rice 1 Rice1

Wheat

Barley

Rice

Maize

Sorghum
Arabidopsis
Outgroup(moss)

At3g59350

5115627681

8352.m03786 CHRO4

—1 93
0.1

8351.m03346 CHRO2

Fig.2 Phylogenetic analysis of duplicated genes
A Internal tree the topology of which means that the duplica-
tion occurred before species divergence. B External tree the
topology of which means that the duplication occurred after
species divergence. C Phylogenetic tree of cereals. A whole
genome duplication event took place right before the diver-
gence of cereals as indicated by the open circle. D A pseu-
do-external tree of a pair of rice duplicate genes with their
maize homolog. 8352. m03786 and 8351. m03346 are two
rice duplicates. S11527681 is the maize homolog. At3g59350
is the outgroup from Arabidopsis. The number at the node
93 is the bootstrap value. The number above the line rep-

resents 0.1 substitutions per site.
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Table 2 Phylogenetic dating of the 450
genomic duplication in rice 400 |
) Arabid- ) 3501
Species ) Maize Sorghum Barley Wheat 300}
opsis
Total number 359 608 252 401 516 228
of trees 150+
Number of 17 319 130 212 292 100l
internal trees 50f
Percent of internal 5% 53% 52% 53% 57%

trees

Note The Arabidopsis sequences were subject to phylogenetic
analysis using moss as outgroup. The maize sorghum barley
and wheat sequences were subject to phylogenetic analysis u-
sing the Arabidopsis sequences as outgroup.

The age estimation of duplicated blocks sug-
gested that either the whole genome duplicated as
a single event or as massive duplications before
the divergence of grasses. If independent duplica-
tion events might have taken place prior to the
divergence of grasses one might expect to find
examples of triplications besides duplications. One
could argue that based on the Poisson distribu-
tion 71 successive duplications would be expec-
ted to result in about 10 triplicated regions dupli-

'  However we observed

cates of duplicates
only one triplicated region in these 71 blocks. The
expected number of triplicated regions for 117 du-
plicated blocks is 16 however we observed only
two. As described above we calculated the dS
values for all duplicated pairs. The distribution of
these values indicates that most duplicated genes
have duplicated at a similar time Fig.3 . These
results support that a WGD occurred about 70
mya predating the divergence of grasses.

The phylogenetic analysis of the duplicated

genes could suffer from
10 14 39

long branch attrac-
tion . Further comparison of paralogs be-
tween two species could also shift results signifi-
cantly. For instance when we examined our data
using the maize homologs as examples we find
that out of 608 maize-rice trees 133 22%

asymmetric evolution for the two rice duplicates.

show

This ratio is similar to that in yeast 21% ~
27% “*° 21% * .
three of these 133 trees show erroneous topolo-

and Arabidopsis Twenty-

0 01 063 05 07 09 1.1 13 1.5 >15

Fig.3 Distribution of dS values for
duplicated rice genes
The horizontal axis represents the values of dS.
The vertical axis represents the number of dupli-
cated pairs. The left shoulder represents the dupli-
cated segment on the short arms of chromosomes
11 and 12.

gy mainly because one duplicate evolved faster
than the other one. For example 8351. m03346
8352. m03786 and the maize homolog form a
pseudo-external tree Fig.2 D .

2.3 Asymmetric evolution of duplicate genes

WGD polyploidization has been proposed

as an accelerator of evolution #

. In yeast ge-
nome duplication played a direct role in the adap-
tation of the S. cerevisiae lineage towards fermen-

10 14 39

tation . Ohnologs  paralogs derived from

®% have evolved no-

whole genome duplication
vel functions and show different spatial and tem-
poral expression patterns or respond differently to
environmental cues. About 20% of the ohnologs
show asymmetric evolution as one ohnolog
evolved faster than the other one ' * . In Arabi-
dopsis 57% of the recent duplicated pairs and
73% ancient duplicated pairs have diverged in
their expression patterns ** . In Arabidopsis 21%
of the recent duplicates show asymmetric evolu-
tion in Arabidopsis *° .

In order to find out which genes have played
important roles in the rice genome evolution we
analyzed the 133 asymmetrically evolved dupli-
cates derived from the phylogenetic analysis of
the rice duplicates with their maize homologs. We

classified these 133 duplicate pairs into different
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function categories based on Gene Ontology *°
Table 3 . Genes that encode enzymes involved
in metabolism form the largest group suggesting
that the modification of metabolism might be im-
portant for species divergence and adaptation to
the environment. For example the ohnologs for
hexokinases that are involved in glucose metabol-
ic pathway have asymmetric divergence in

yeast 39 49

. In rice one duplicate pair which en-
codes putative hexokinase also has asymmetric
evolution. Another group of genes that show
asymmetric divergence are genes involved in
regulatory network  mainly transcription factor
genes . Thirteen transcription factor genes show
asymmetric evolution and are distributed in 8
gene families including MADS-box MYB bZIP
WRKY RAV2 AP2/ERF BHLH and E2F/DP.

Table 3 Classification of rice duplicate genes
with asymmetric evolution

Molecular Function Number Biological process  Number

Chaperone 2 Cell communication 8

Catalytic activity 82  Cell growth and/or 21
maintenance

Enzyme regulator 2 Cell cycle 5

Binding 64  Cell motility 0

Nucleic acid binding 33  Metabolism 87

Structural molecule Response to stress 5

Motor 2 Transport 15

Transporter 11 Death

Transcriptional 7 Development 4

regulator

Signal transductor 7 Physiological 101
processes

Hypothetical/ 4 Biological process 2

unknown protein unknown

Unclassified 14 Unclassified 11

Note The genes were annotated and classified by GoPipe pro-
gram Chen L et al. unpublished data . The same gene can be
classified into different groups so the sum can exceed the num-
ber of duplicates 133 .

To conclude we detected a WGD predating
the divergence of cereal species but postdating
the split of monocot-eudicot divergence. The dupli-
cated regions cover about 50% ~60% of the rice
genome. How about the remaining 40% of the rice
genome From the yeast study we learned that
some ohnologs have diverged beyond detection

by BLAST search ¥
recognized in our current searching algorithm. Dis-

so they cannot be easily

covery of many of the duplicated regions will await
the complete sequencing of a reference genome
which diverged from the rice genome before the
WGD " ™ or other grasses such as maize and
sorghum * 2 .
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