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Abstract 

Comparative analyses of genome structure and sequence of closely related species have yielded insights into the evolution and func-
tion of plant genomes. A total of 103,844 BAC end sequences delegated ~73.8 Mb of O. officinalis that belongs to the CC genome type of 
the rice genus Oryza were obtained and compared with the genome sequences of rice cultivar, O. sativa ssp. japonica cv. Nipponbare. We 
found that more than 45% of O. officinalis genome consists of repeat sequences, which is higher than that of Nipponbare cultivar. To fur-
ther investigate the evolutionary divergence of AA and CC genomes, two BAC-contigs of O. officinalis were compared with the collinear 
genomic regions of Nipponbare. Of 57 genes predicted in the AA genome orthologous regions, 39 had orthologs in the regions of the CC 
genome. Alignment of the orthologous regions indicated that the CC genome has undergone expansion in both genic and intergenic re-
gions through primarily retroelement insertion. Particularly, the density of RNA transposable elements was 17.95% and 1.78% in O. offi-
cinalis and O. sativa, respectively. This explains why the orthologous region is about 100 kb longer in the CC genome in comparison to 
the AA genome. 
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Introduction  

Comparative analysis of plant genomes has yielded 
important insights into the evolution of genome size, or-
ganization, and synteny (Bennetzen, 2007; Tang et al., 
2008). The rice genus, Oryza, has become a useful system 
for investigating genome evolution at the interspecific 
level. The genus Oryza consists of more than 20 wild and 
two cultivated species, which were recognized in ten types 
of genomes, AA, BB, BBCC, CC, CCDD, EE, FF, GG, 
HHJJ and HHKK (Vaughan, 1994; Ge et al., 1999). A 
wealth of genomic resources has been developed for spe-
cies representing all genome types through the Oryza Map 
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Alignment Project (OMAP, www.omap.org; Wing et al., 
2005).  

In this study, we conducted a comparative genomic 
analysis between the AA and CC genomes. The AA and 
CC genomes are closely related and have species found in 
Asia (Vaughan, 1994; Zou et al., 2008). Oryza officinalis is 
an Asian CC genome species with the estimated genome 
size of ~651 Mb (Kim et al., 2008), which is larger than 
~430 Mb of cultivated rice, O. sativa of the AA genome 
(Arumuganathan et al., 1991; Sasaki et al., 2000; Feng et 
al., 2002). From the previous analyses of the OMAP data, 
Oryza comparative genomics has provided insights into 
rice genome evolution (Kim et al., 2007; Ma et al., 2007;  
Zhang et al., 2007) and genome size variation (Piegu et al., 
2006; Ammiraju et al., 2007; Lu et al., 2009). Here we 
generated sequences of the BAC ends and two contigs of 
four BACs from O. officinalis and compared them with the 
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genome sequences of O. sativa ssp. japonica cv. Nippon-
bare (International Rice Genome Sequencing Project, 
2005).  

To address the question why the CC genome size is lar-
ger than the AA genome, we selected two collinear contigs 
which consist of four O. officinalis BAC clones according 
to O. sativa ssp. japonica reference genome to perform 
accurate sequencing. By sequencing the collinear regions, 
we gained clues as to the nature of genome expansion and 
divergence of these two Oryza species. The total length of 
two orthologous regions on O. officinalis and O. sativa 
were 429 kb and 323 kb, respectively. Comparative analy-
ses reveal that gene content and orientation are moderately 
conserved between these two genome types. Presumably, 
the accumulated discrepancy of intron and exon size 
should be a conceivable reason for CC genome obese. Our 
results also suggest that retrotransposons play a major role 
in genomes size expansion. Furthermore, the collinearity 
between O. officinalis and O. sativa demonstrates the pos-
sibility to use comparative genomics to explore the genetic 
diversity of wild species for rice improvement (Zhang et 
al., 2007). 

Materials and methods 

OO_Ba_officinalis BAC end sequencing and analysis 

OO_Ba_officinalis BAC library is one of the 
deep-coverage, large-insert BAC libraries developed from 
12 sampled Oryza species for The Oryza Map Alignment 
Project (OMAP; Luo and Wing, 2003). The average insert 
size of the library was ~141 kb. We combined 101,091 
BAC ends from OMAP community with ~50,000 BAC 
ends from our lab and generated 103,844 individual end 
sequence tags. The 5  and 3  end DNA sequences of O. 
officinalis BAC clones were determined using vec-
tor-specific universal primers (SP6 and T7) by ABI 3730xl 
capillary sequencers. Base calling of the ABI DNA ana-
lyzer was confirmed by analyzing the trace files with the 
Phred-Phrap software. Repeat sequences were identified 
with the RepeatMasker (http://www.repeatmasker.org/ 
cgi-bin/WEBRepeatMasker) program. The end sequences 
were searched against those of Oryza sative ssp. japonica 
cv. Nipponbare using BLASTN with the filter parameter 
of 1e-10. 

Contig identification  

Based on the comparative mapping by annotation and 

sequence similarity, we picked ~20 O. officinalis BAC 
clones whose ends were highly similar (> 95%) to the O. 
sativa ssp. japonica cv. Nipponbare chromosome 4 refer-
ence genome sequence. These BACs were digested with 
Hind III enzyme and loaded on 1% agarose gel at 30 volt-
ages for overnight. DNA fragments were then transferred 
to nitrocellulose membrane for Southern blotting. We used 
O. sativa ssp. japonica cv. Nipponbare genomic DNA as 
probe for hybridization. The hybridization was conducted 
according to a standard ECL (Enhanced Chemilumines-
cence) DNA filter hybridization protocol at moderate 
stringency (60ºC, 0.5 × SSC). Four BAC clones were 
identified according to strong signals, suggesting that these 
clones have high similarity between O. sativa ssp. japon-
ica cv. Nipponbare and O. officinalis (data not shown). 
These 4 BACs were assembled into two contigs each con-
taining two overlapped BAC clones, with a length of 
192,320 bp and 226,644 bp. 

BAC sequencing, assembling, and annotation 

We used conventional BAC shot-gun sequencing strat-
egy to construct sub-clone libraries, sequence, assemble, 
and gap-fill. For annotation, the assembled CC-genome 
BACs were uploaded to RiceGAAS (Rice Genome Auto-
mated Annotation System, http://ricegaas.dna.affrc.go.jp/) 
annotation system. This system integrated GENSCAN, 
RiceHMM, FGENESH, MZEF programs for prediction 
and analysis of protein-coding gene structure, SplicePre-
dictor for splice site prediction, Blast, HMMER, ProfileS-
can, MOTIF for homology search, tRNAscan-SE for tRNA 
gene prediction, RepeatMasker and Printrepeats for repeti-
tive DNA analysis, Signal Scan for signal scan search, 
PSORT for protein localization site prediction, SOSUI for 
classification and secondary structure prediction of mem-
brane proteins, and Blast against full-length cDNA se-
quences of indica and japonica cultivars. All gene predic-
tions were checked manually. Regions collinear that those 
of O. sativa ssp. japonica cv. Nipponbare reference ge-
nomes were annotated with the RiceGAAS. Synonymous 
and nonsynonymous substitutions were calculated using 
tools available at http://services.cbu.uib.no/tools/kaks. 

Results and discussion 

BAC end sequence analysis  

When the 103,844 BAC end sequences delegated ~73.8 
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Mb of O. officinalis genome sequences were analyzed by 
the RepeatMasker program, more than 33.5 Mb were 
masked as repeat sequences. This suggests that perhaps 
more than 45% of O. officinalis genome consists of repeat 
sequences. This proportion of repeat sequences is higher 
than that of O. sativa ssp. japonica cv. Nipponbare calcu-
lated at 38.87%. Among the repeat elements of O. offici-
nalis, interspersed repeats are most abundant, accounting 
for nearly 99% of all repeat sequences. Of the BAC end 
sequences, O. officinalis has 37.06% of retroelements and 
7.49% of DNA transposons. Among the retroelemnets, the 
most abundant class is long terminal repeat (LTR) ele-
ments, 36.37%; followed by LINE, 0.59% and SINE, 
0.10% (Table 1). In comparison, the Nipponbare genome 
contains 20.43% of retroelements and 11.38% of DNA 
transposons (Mao et al., 2000; Bruggmann et al., 2006). 
The accumulation of retroelements could have been a ma-
jor reason for the larger genome size of O. officinalis than 
O. sativa (Bruggmann et al., 2006).  

When sequences of 103,844 O. officinalis BAC ends 
were compared with the genome sequence of O. sativa ssp. 
japonica cv. Nipponbare, 90,037 were matched to the ge-
nome sequence. Of these, 20,796 (or 10,398 pairs) ends 
were optimally mate-paired with the genome sequence. 
Among them, 3,958 BAC clones had both ends matched 
the Nipponbare genome sequence with 50–200 kb distance. 
The average distance of each pair of both ends was 114.6 
kb, i.e., each O. officinalis BAC clone spanned an average 
of 114.6 kb in the Nipponbare genome. This is shorter than 
the average BAC insert length of 141 kb estimated by 
Wing et al. (2005), which might be due to a larger genome 
size of O. officinalis or shorter that average length of the 
3,958 BACs. Testing these alternatives may provide in-
sights into size and structure differences between the AA 
and CC genomes of Oryza. Thus we sequenced two con-
tigs of O. officinalis BACs and compared them with the 
collinear regions of the Nipponbare genome. 

Table 1 
Repeated sequence summary of 103,844 O. officinalis BAC ends 

Classification Number of elements Length occupied (bp) Sequence (%) 

Retroelements 61,999 27,346,063 37.06 

SINEs 570 73,321 0.1 

LINEs 1,113 434,783 0.59 

L1/CIN4 1,113 434,783 0.59 

LTR elements 60,316 26,837,959 36.37 

Ty1/Copia 7,637 3,633,248 4.92 

Gypsy/DIRS1 48,791 21,710,272 29.42 

DNA transposons 20,519 5,526,796 7.49 

hobo-Activator 1,317 315,098 0.43 

Tc1-IS630-Pogo 2,934 490,394 0.66 

En-Spm 6,201 2,611,632 3.54 

MuDR-IS905 2,854 872,217 1.18 

Tourist/Harbinger 3,593 630,676 0.86 

Unclassified 645 205,205 0.28 

Total interspersed repeats  33,078,064 44.83 

Small RNA 203 41,316 0.06 

Satellites 74 13,952 0.02 

Simple repeats 3,370 180,447 0.25 

Low complexity 5,634 244,401 0.33 
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Comparison of repeat sequences between O. officinalis 
contigs with the collinear region of Nipponbare 

To compare genome structures between O. officinalis 
and O. sativa, we assembled two contigs each containing 
two BACs of O. officinalis, named as contig 1 spanning 
clones, OO_Ba0013j05 and OO_Ba0033a15 (EMBL ac-
cession no. FP565616), and contig 2 spanning clones, 
OO_Ba0005l10 and OO_Ba0081k17 (EMBL accession no. 
FP565615). Contigs 1 and 2 are 192,320 and 226,644 bp in 
length, respectively. Based on sequence similarity search, 
the total of ~419 kb sequences of both contigs are poten-
tially orthologous to 323 kb of Nipponbare genome se-
quences. A number of features were compared between the 
contigs and their collinear regions of Nipponbare. 

A comparison of repeat elements in these two regions 
reveals that more than 25.92% of O. officinalis sequences 
are repeat sequences whereas 14.88% of the Nipponbare 
sequences are repeats (Table 2). The density of DNA TEs 
in O. sativa and O. officinalis was 9.66% and 5.99%, re-
spectively. However, the density of RNA TEs was 1.78% 
in O. sativa and 17.95% in O. officinalis (Table 3). The 
genome fraction of RNA TEs in O. officinalis was 10 folds 

larger than in O. sativa. This finding from the comparison 
of the two collinear regions indicates that RNA TEs ex-
plains most of genome size difference between O. sativa 
and O. officinalis.  

Comparison of gene composition and collinearity 

In both O. officinalis contigs of ~419 kb in total, 83 
open reading frames were identified (data not shown), re-
sulting in a gene density of one gene per 4.9 kb (Table 4). 
The majority of annotated genes were supported by O. 
sativa ESTs or full-length cDNAs. 

To be consistent for comparison, we re-annotated the 
orthologous Nipponbare sequences using the same proce-
dures as we adopted for O. officinalis. Of 57 predicted 
genes of Nipponbare, 39 were collinear with those of O. offi-
cinalis, indicating moderately conserved gene collinearity 
between AA and CC genomes of Oryza (Fig. 1). In addi-
tion, the lower than 1 Ka/Ks ratios estimated for the vast 
majority of the orthologous pairs indicate that purifying 
selection was dominant following the divergence between 
CC and AA genomes (Yang et al., 2000; Zhang et al., 
2006). 

Table 2 
Comparison of repeat elements between O. sativa and O. officinalis orthologous region 

Number of elements Percentage of sequence (%)  
Classsification 

O. sativa O. officinalis O. sativa O. officinalis 

Retroelements 14 77 1.78 17.95 

SINEs 4 1 0.23 0.06 

LINEs 5 3 0.35 0.52 

L1/CIN4 5 3 0.35 0.52 

LTR elements 5 73 1.20 17.37 

Ty1/Copia 1 13 0.25 3.57 

Gypsy/DIRS1 4 57 0.94 13.20 

DNA transposons 154 116 9.66 5.99 

hobo-Activator 7 7 0.37 0.29 

Tc1-IS630-Pogo 39 16 2.00 0.62 

En-Spm 13 11 0.73 0.44 

MuDR-IS905 11 12 1.23 1.22 

Tourist/Harbinger 52 41 3.41 2.12 

Unclassified 10 5 1.97 0.62 

Total interspersed repeats 13.41 24.56 

Satellites 0 1 0.00 0.09 

Simple repeats 47 49 0.90 0.72 

Low complexity 46 54 0.68 0.55 
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Table 3 
TE composition in two orthologous regions 

Oryza species TE type Genome fraction (%) Copy no. Mean size of TEs (bp) TE density (TEs/10 kb) 

DNA 6.0 116 216 2.8 

RNA 17.9 87 864 2.1 

O. officinalis 

Total 23.9 203 494 4.8 

DNA 9.7 154 203 4.8 

RNA 1.8 14 411 0.4 

O. sativa 

Total 11.5 168 220 5.2 

Table 4 
Statistics of gene models for O. sativa and O. officinalis 

Features O. sativa O. officinalis 

Collinear region (bp) 323,436 418,964 

Number of predicted genes 57 70* 

Number of predicted exons 295 358 

Average number of exons per gene 5.3 4.3 

Average intron size (bp) 377 416 

Average exon size (bp) 273 274 

Average gene size (kb) 3.1 2.6 

Average gene density (kb/gene) 5.8 4.9 

Intergenic percent in sequenced region (%) 47.2 47.5 

G + C content of predicted genes (%) 55.19 59.07 

*TE related genes are not included. 
 

Of the collinear genes, two sets of them do not have the 
one-to-one orthologous relationship. In contig 1, Gene27 
and Gene28 of O. sativa are related to the same gene, 
Gene36, of O. officinalis (Fig. 1A). From the detailed gene 
predicted information, we observed that the gene content 
showed little differentiation. The gene encodes a Putative 
LanC-like protein3. In contig 2, Gene22 of O. sativa has 
two orthologous genes, Gene31 and Gene36, of O. offici-
nalis (Fig. 1B). This gene encodes a Putative F-box do-
main containing protein. The F-box gene family consti-
tutes one of the largest families in the rice genome, with 
nearly 687 members distributed across all 12 chromo-
somes. The F-box family expanded quite recently in the 
rice genome, predominantly by localized tandem duplica-
tions (Jain et al., 2007; Ammiraju et al., 2008). 

Conserved gene coding region and diverged intergenic 
and CC genome specific region 

Statistics of gene models for O. sativa and O. officinalis 
(Table 4) indicated that there was not significant difference 

in gene content between them. The average gene size of O. 
sativa is larger than that of O. officinalis, whereas its gene 
density is smaller. In addition, O. sativa has larger average 
number of exons per gene. On average, the mean gene 
intron size shows more than 10% difference between the 
sequenced collinear regions of O. officinalis and O. sativa, 
while their average exon sizes are nearly the same (Table 
4). The accumulated discrepancy of intron sizes may be 
another reason for the larger size of the CC genome than 
the AA genome. 

Based on sequence alignment analysis by using VISTA 
(Mayor et al., 2000), we observed that sequence conserva-
tion was largely maintained in orthologous genic regions, 
more diverged in intergenic regions and O. officinalis spe-
cific gene regions (Fig. 2). It suggested that the major rea-
son for CC genome being much larger than AA genome 
should come from the intergenic region and O. officinalis 
specific genes. We also found that 18 of O. officinalis 
genes had no hits to the previously predicted genes of O. 
sativa genome sequences, nearly half of which encoded 
retrotransposon protein or reverse transcriptase (Table 5). 
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Fig. 1.  Gene collinearity in orthologous regions of O. officinalis and O. sativa. Two sequenced regions of O. officinalis are in length of 192 kb and 226 kb. 
Their orthologous regions in O. sativa ssp. japonica are in length of 173 kb and 150 kb, respectively. Genes are indicated as filled boxes, slashes on the 
corner of filled boxes show the orientation of predicted genes, left slashes indicate the gene orientation is minus and right slashes indicate the gene orienta-
tion is plus; bold lines between filled boxes represent intergenic regions. Genes with EST and/or full-length cDNA matched are represented by blue boxes. 
O. officinalis genus extra genes are shown with red boxes; most of these genes are coded retrotransposon protein or reverse transcriptase. The black color 
boxes of genes on O. sativa represented no hits on O. officinalis and the black boxes of genes on O .officinalis presented no hits on O. sativa chromosome 
4 or hit on O. sativa other chromosomes. Gene number is indicated at every five genes. Orthologous genes are connected by dotted lines and filled with 
dark-green. A: Gene27 and Gene28 of O. sativa in contig1 related to the same Gene36 of O. officinalis. B: Gene22 of O. sativa in contig 2 related to two 
orthologous genes, Gene31 and Gene36, on O. officinalis. The bar represents a 10 kb segment. 

 
 
Fig. 2.  VISTA analysis of orthologous regions of O. officinalis and O. sativa. Genes identified in two Oryza genera genomes are denoted by numbers,
and orthologous genes are designated with signalment. Arrows indicate transcription orientation. X-axis is O. officinalis genome sequence and Y-axis
shows the similarity of O. officinalis (192 kb) with O. sativa (173 kb). Sequence conservation was largely maintained in orthologous genic regions, more
diverged in intergenic regions and O. officinalis extra gene regions. 
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Fig. 2.  Continued. 
 
 
 
 



 

674 Qi Feng et al. / Journal of Genetics and Genomics 36 (2009) 667 677 

 

Table 5 
Gene characterization for AA and CC genome 

Gene type Contig CC gene no. AA gene 
no. Predicted gene function EST Ka Ks Ka/Ks 

1 1 Putative GEM-like protein 6 Yes 0.012 0.041 0.293 

2 3 Putative cyanophycin synthetase No 0.211 0.223 0.948 

5 5 Putative mitochondrial intermembrane space 
import and assembly protein 40 

Yes 0.009 0.035 0.256 

6 6 Putative mitochondrial substrate carrier family 
protein 

Yes 0.029 0.053 0.556 

       

7 7 Mitochondrial import inner membrane translocase Yes 0.007 0.033 0.217 

8 8 Putative membrane protein MP28 Yes 0.020 0.050 0.404 

9 9 Putative protein involved in mRNA turnover and 
stability (ISS) 

Yes 0.018 0.035 0.525 

10 10 Putative beta-ketothiolase Yes 0.018 0.042 0.418 

12 11 Unknown protein similar to Os04g0528200 Yes 0.006 0.028 0.229 

13 12 Putative white-brown complex homolog protein 3 Yes 0.001 0.039 0.017 

14 13 Putative checkpoint protein HUS1 (mHUS1) Yes 0.005 0.023 0.200 

16 15 Putative cell wall protein AWA1 precursor Yes 0.015 0.052 0.293 

19 17 Putative ferredoxin-thioredoxin reductase Yes 0.010 0.018 0.530 

22 19 Putative cadmium-induced protein Yes 0.007 0.029 0.239 

35 26 Putative WD repeat-containing protein 44 Yes 0.039 0.069 0.567 

36 27(28) Putative conjugal transfer protein Yes 0.016 0.025 0.635 

37 29 Putative lactosylceramide  
4-alpha-galactosyltransferase 

No 0.003 0.017 0.177 
       

38 30 Putative arabinose-proton symporter Yes 0.002 0.027 0.092 

40 32 GRP Glycine rich protein family No 0.107 0.152 0.706 

Contig 1 

44 33 Putative expansin-B17 precurso No 0.008  0.062 0.121  

3 1 Pseudo-response regulator 5 Yes 0.008  0.066 0.123  

6 2 Putative optimisation of the surface electrostatics Yes 0.021  0.035 0.606  

7 4 Putative crystal structure of mavicyanin Yes 0.020  0.043 0.471  

8 5 Unknown protein similar to Os04g0674000 Yes 0.014  0.030 0.464  

12 7 Putative binding Yes 0.014  0.036 0.387  

Orthologue 
gene in Chr. 4 
collinear region 

Contig 2 

13 9 Putative root phototropism protein 3 Yes 0.012  0.052 0.226  

14 10 Putative protein DRE2 Yes 0.008  0.023 0.345  

16 12 Putative YSL transporter 1 Yes 0.007  0.047 0.147  

19 13 Putative AMP-binding protein Yes 0.012  0.050 0.244  

25 14 Putative endoglucanase 13 Yes 0.013  0.036 0.363  

26 16 Putative protein involved in mRNA turnover and 
stability 

Yes 0.019  0.032 0.588  

27 17 Unknown protein Yes 0.320  0.486 0.658  

28 19 Putative RecName: full=sacsin Yes 0.008  0.026 0.303  

29 20 Oligosaccharyl transferase subunit STT3B Yes 0.004  0.049 0.080  

30 21 PPR repeat/Tetratricopeptide repeat No 0.010  0.047 0.214  

31(36) 22 Putative F-box domain containing protein No 0.084  0.201 0.421  

38 23 Putative ARC6H No 0.010  0.040 0.249  

  

39 24 Putative thioredoxin Yes 0.041  0.032 1.311  

(to be continued on the next page) 
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Table 5 (Continued) 
Gene type Contig CC gene no. AA gene no. Predicted gene function EST Ka Ks Ka/Ks

15 Chr. 6 Hypothetical protein  Yes 0.374  0.450 0.833 
20 Chr. 4 Hypothetical protein No 0.495  0.530 0.933 

23 Chr. 11 Hypothetical protein No 0.053  0.238 0.223 

24 Chr. 11 Hypothetical protein similar to aminotransferase-like 
protein 

No 0.064  0.268 0.240 

25 Chr. 11 Hypothetical protein No Null Null Null 

27 Chr. 11 Hypothetical protein No Null Null Null 

28 Chr. 2 Repeat-seq (multiple-match with low similar-
ity)/putative gag-pol protein 

No Null Null Null 

42 Chr. 6 Unknown protein No 0.030  0.092 0.323 

Contig 1 

43 Chr. 4 Putative MutA No 0.153  0.358 0.427 

18 Chr. 3 Putative transposon protein Pong sub-class No 0.155  0.437 0.356 

21 Chr. 11 Putative reverse transcriptase domain containing 
protein 

Yes 0.024  0.167 0.147 

22 Chr. 11 Putative microtubule binding protein D-CLIP-190 No Null Null Null 

23 Chr. 11 Putative peptidase No 0.084  0.105 0.801 

Orthologue gene 
in noncollinear 
region 

Contig 2 

24 Chr. 11 Putative nuclear envelope protein No 0.014  0.144 0.099 

11 No hit Uroporphyrinogen decarboxylase     

17 No hit Hypothetical protein similar to retrotransposon 
protein 

    

18 No hit Reverse transcriptase     

21 No hit Putative two component LuxR family transcriptional 
regulator 

    

26 No hit Sodium- and chloride-dependent betaine transporter     

29 No hit Putative reverse transcriptase     

30 No hit Unknown protein similar to retrotransposon protein     

Contig 1 

31 No hit Unknown protein similar to polyprotein     

4 No hit Putative cytochrome P450 93A3     

CC genome 
specific gene 

Contig 2 

9 No hit Reverse transcriptase      

10 No hit Putative mutator-like transposase     

11 No hit Putative lysR family transcriptional regulator     

17 No hit Putative ST8SIA2 protein     

20 No hit Reverse transcriptase     

33 No hit Hypothetical protein     

34 No hit Putative p16INK4a     

35 No hit Unknown protein     

  

37 No hit Putative heavy metal efflux pump CzcA     
 

 
Long terminal repeat (LTR) retrotransposons constituted 
the single largest TE class (class I TEs) in terms of size 
contribution (Ammiraju et al., 2008). And different from 
DNA transposons (class II TEs), which can be deleted pre-
cisely at a relatively low frequency, the vast majority of 
retrotransposon insertions (class I TEs) are irreversible, 
rarely undergoing precise excision (Huang et al., 2008). 

When O. officinalis genome accumulate large number of 
retrotransposon elements, and occurring with their transpo-
sition through reverse transcription of an RNA intermediate, 
the genome size changed simultaneously. Therefore, it ap-
pears that O. officinalis has expanded major in both inter-
genic regions and the genes themselves relative to O. sativa. 

There is another type of genes of O. officinalis that had 
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no orthologs in the orthologous regions of O. sativa, but 
had orthologs to O. sativa genes located in other regions of 
the genome. Most of these orthologs are on chromosome 
11 of O. sativa. This is probably a result of early genome 
duplication or chromosome segmental duplication. When 
sequence divergence of orthologous pairs are compared 
between the CC and AA genomes, genes that maintained 
collinearity in the corresponding chromosome regions 
have lower sequence divergence for Ks (T-test, P = 0.0017) 
than those orthologous pairs in different chromosome re-
gions (Table 5), suggesting that the genome or segmental 
duplication occurred prior to the divergence of AA and CC 
genomes. 
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