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SUMMARY

Rapid progress in comparative genomics among the grasses has revealed similar gene content and order

despite exceptional differences in chromosome size and number. Large- and small-scale genomic variations

are of particular interest, especially among cultivated and wild species, as they encode rapidly evolving

features that may be important in adaptation to particular environments. We present a genome-wide study of

intermediate-sized structural variation (SV) among rice (Oryza sativa) and three of its closest relatives in the

genus Oryza (Oryza nivara, Oryza rufipogon and Oryza glaberrima). We computationally identified regional

expansions, contractions and inversions in the Oryza species genomes relative to O. sativa by combining data

from paired-end clone alignments to the O. sativa reference genome and physical maps. A subset of the

computational predictions was validated using a new approach for BAC size determination. The result was a

confirmed catalog of 674 expansions (25–38 Mb) and 611 (4–19 Mb) contractions, and 140 putative inversions

(14–19 Mb) between the three Oryza species and O. sativa. In the expanded regions unique to O. sativa we

found enrichment in transposable elements (TEs): long terminal repeats (LTRs) were randomly located across

the chromosomes, and their insertion times corresponded to the date of the A genome radiation. Also, rice-

expanded regions contained an over-representation of single-copy genes related to defense factors in the

environment. This catalog of confirmed SV in reference to O. sativa provides an entry point for future research

in genome evolution, speciation, domestication and novel gene discovery.
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INTRODUCTION

Rice (Oryza sativa L.) is the world’s most important food

crop, providing over one-fifth of the calories consumed by

humans worldwide (Vaughan et al., 2003). Efforts to

improve yield, drought and disease resistance in rice are

therefore of utmost importance. To meet these challenges

and keep pace with increasing population needs, plant

breeders have turned to molecular-based techniques to

identify new sources of genetic variation, find markers linked

to useful traits, and confirm the introgression of favorable

genes from suitable plant donors (Fitzgerald et al., 2009;

Varshney et al., 2009). These molecular approaches, how-

ever, depend on identifying genes in other plant species that

impart new or optimized functions in the crop of interest.

Most agronomically important genes are still largely

uncharacterized among major crops of the Poaceae (Sallaud

et al., 2004; Doebley et al., 2006; Itoh et al., 2007; Salse et al.,
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2008). As a result, comparative analysis of genome content

within the grasses has become a fundamental component

to understanding the unique physiological properties of

each species, and how they contribute to the fitness and

function of the organism in a given ecological niche.

Comparative studies among grasses have demonstrated

that despite a relatively recent origin of 50–80 Mya from a

common ancestor, grass genomes differ tremendously in

chromosome number and genome size (Paterson et al.,

2004; Prasad et al., 2005). These large-scale differences,

however, cannot be explained by the presence or absence

of genes among the grasses (Moore et al., 1995; Chen

et al., 1997; Feuillet and Keller, 1999; Tikhonov et al., 1999;

Bennetzen, 2007), which have been shown to be largely

collinear and conserved. Instead, both ancient and recent

polyploidy (Bennetzen, 2002; Paterson et al., 2004; Adams

and Wendel, 2005), followed by the differential loss of DNA

(Ge et al., 1999; Shimamoto and Kyozuka, 2002), as well as

differential amplification/removal of transposable ele-

ments, appeared to be the dominant mechanisms regulat-

ing genome size variation (SanMiguel et al., 1998;

Kazazian, 2004; Ma and Bennetzen, 2004; Bennetzen et al.,

2005; Piegu et al., 2006). This suggested that functional

differences among the grasses may lie in a handful of

species-specific genes, or in differences in copy number or

expression patterns in shared genes (Bennetzen, 2007). In

maize, it was recently shown that inbred lines have

significant copy number variation (CNV), which may

impact phenotypic diversity, in particular disease response

and heterosis (Springer et al., 2009; Belo et al., 2010).

Despite recent strides in comparative sequence analysis

among an increasing number of cereal genomes, little is

known about the mechanisms involved in genomic rear-

rangements, and their effect on genes and functional

selection in the genome. The difficulty lies in the fact that

recent rearrangement events may only be detectable

among closely related species or from recent polyploidi-

zation events, as molecular signatures degrade over evo-

lutionary time: thus analyses of well-qualified genomic

rearrangements may point the way towards understanding

their impact.

The genus Oryza is an ideal model for studying genome

evolution and domestication because it includes two culti-

vated and 22 wild species, with 10 genome types including

several polyploids (Ge et al., 1999; Shimamoto and Kyozuka,

2002; Vaughan et al., 2003; Kellogg, 2009). Moreover, wild

species in the genus Oryza include several AA genome types

that are closely related to cultivated rice (Oryza sativa), and

are mostly able to hybridize. This broad range of variation

among species may be useful in distinguishing regions of

the genome that are species- or lineage-specific, and have

evolved to meet unique requirements for a given environ-

ment. In order to initiate robust studies in genome evolution

in rice, a comprehensive and species-rich catalog of differ-

ences in genome content among the Oryza genomes is

needed.

Here, we describe a genome-wide analysis of structural

variation among three closely related Oryza genomes rela-

tive to the fully sequenced genome of Oryza sativa ssp.

japonica (Asian rice). The three closely related Oryza species

are of particular interest to crop improvement because Oryza

nivara and Oryza rufipogon (genome sizes of 448 and

439 Mb respectively; Ammiraju et al., 2006) are predicted

to be direct progenitors of O. sativa (Brar and Khush, 1997;

Vaughan et al., 2003), and Oryza glaberrima (348–411 Mb;

Martinez et al., 1994; Wing, 2010 unpublished data) is a

domesticated rice native to Africa that is currently targeted

for yield improvement through introgression with O. sativa

(Kishine et al., 2008). Genomic regions of O. nivara, O. ruf-

ipogon and O. glaberrima were identified as expansions or

contractions relative to O. sativa using BAC end sequences

(BESs) and physical maps, and were then validated by the

accurate size determination of BAC clones. Gene and

transposable element (TE)/repeat contents in the expanded

regions of the O. sativa genome that were not present in the

other species were examined to further our understanding

of structural variation, its implications toward speciation and

the effects of domestication specific to O. sativa. This

research provides a glimpse into genome-wide structural

variation between domesticated and wild species within the

genus Oryza, and lays the foundation for future studies in

genome evolution that can be translated into functional

applications for crop production.

RESULTS

A catalog of structural variation in rice

To quantitatively describe structural variation (expansions,

contractions and inversions) in O. nivara, O. rufipogon and

O. glaberrima relative to the O. sativa reference genome, an

algorithm was developed to detect discordances between

BAC clones that were aligned, using paired BAC end

sequences, to the O. sativa reference sequence in conjunc-

tion with data from the associated physical maps (see

Experimental procedures). Here, we define expansions,

contractions and inversions relative to O. sativa: contrac-

tions refer to regions present in one or more Oryza species

but not in O. sativa; expansions refer to regions present in

O. sativa but not in the other Oryza species; and inversions

refer to regions that have been inverted in an Oryza species

as compared with O. sativa. Of the 117 452 BAC clones with

paired end sequences, 66 996 BAC clones could be unam-

biguously aligned to the reference genome: O. nivara BES

covered 16% of the O. sativa genome sequence, and

O. rufipogon and O. glaberrima BESs each covered 11% of

the O. sativa genome (Table 1). Of the 45 666 remaining

BACs, 92% have just one BES of two that aligned to the

O. sativa genome, and 8% have insufficient data in Genbank,
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most probably because of low sequence quality. Solo

alignments can result from: (i) BES alignments to the

O. sativa genome that failed to meet our criterion, and were

therefore filtered out because of low identity and coverage;

(ii) being in a repetitive region; or (iii) lack of alignment

because of the BES being located in a region of the genome

that is unique to the other species. Repeat analysis of the

BESs from clones with solo alignments revealed that 90, 90

and 80% of the clones for O. rufipogon, O. nivara and

O. glaberrima, respectively, were composed primarily of

repetitive sequences (see Experimental procedures). There-

fore, the majority of clones were filtered out because of BES

matches to repetitive regions. The remaining clones are

expected to be in unique or variable regions of the other

genomes.

Rice expansions, contractions and inversions

Overall, we identified 674, 611 and 140 putative contractions,

expansions and inversions, respectively, in the O. sativa

reference sequence, based on discordant clone clusters

from the other Oryza species (Table 2). O. sativa had the

fewest contracted regions when compared with O. glaberr-

ima (79), whereas comparisons with O. nivara showed the

most contracted regions (389), followed by O. rufipogon

(206). In contrast, O. sativa had the most expansions when

compared with O. glaberrima (257), followed by O. nivara

(183) and O. rufipogon (171). O. sativa had a similar number

of putative inverted regions as compared with the closely

related Oryza species: O. rufipogon, 40; O. nivara, 53; and

O. glaberrima, 47. However, O. nivara had the greatest

length of sequence in putative inverted regions (19.4 Mb),

followed by O. glaberrima (14.7 Mb) and O. rufipogon

(14.1 Mb). A complete list of all computationally predicted

regions of structural variation in O. sativa is provided

(Table S1).

Validation of the expansions and contractions

To validate the putative expansions and contractions, we

compared the distances in base pairs between mapped pairs

of BESs with the actual size of each BAC clone measured on

CHEF gels. The differences between the computational and

empirical measurements were then quantified to obtain an

overall measure of the magnitude of the expansions and

contractions in each species relative to the O. sativa refer-

ence genome.

A total of 1285 expansion/contraction regions were com-

putationally identified across the non-O. sativa genomes

(572 from O. nivara, 377 from O. rufipogon and 336 from

O. glaberrima). We analyzed 1125 of these regions experi-

mentally (553 contractions and 572 expansions; 160 regions

were not analyzed because of repeated DNA extraction

failures and/or clone non-validation steps), and confirmed

938 regions (68% of the contractions and 98% of the

expansions), resulting in an overall confirmation rate of

83% (Table 3). For O. sativa as compared with O. nivara,

O. rufipogon and O. glaberrima, 162 (92%), 156 (99%) and

244 (99%) of the expansions, and 161 (54%), 155 (83%) and

60 (88%) of the contractions, were confirmed, respectively.

The algorithm for detecting structural variation depends on

a normal clone size distribution in the clone library in order

to establish a range of concordant clone sizes. Only in the

case of O. nivara were clone sizes not normally distributed

(http://www.genome.arizona.edu/BAC_special_projects/img/

OR_BBa.png), which may have caused the lower rate of

Table 1 Alignment of BAC end sequences (BESs) and clones to the Oryza sativa reference sequence

Species
Total
BESs

Total
clones

Total clones
with paired
BESs

BES
aligned

Clones
aligned

Clones aligned
and in the
FPC map

Clones aligned and
in the FPC map
with paired BESs

% of O. sativa
covered
by BES

Oryza nivara 106 124 54 304 51 820 77 123 48 320 47 718 28 803 16
Oryza rufipogon 70 982 36 235 34 747 53 333 32 828 31 012 20 505 11
Oryza glaberrima 66 821 35 936 30 885 49 202 31 514 29 643 17 688 11
Total 243 927 126 475 117 452 179 658 112 662 108 373 66 996

Table 2 Computationally derived contractions, expansions and inversions in the Oryza sativa genome as identified from three closely related
Oryza species

Compared species

Oryza sativa

Contraction Expansion Inversion

Regions Clones Regions Clones Regions Clones

Oryza nivara 389 896 183 406 53 375
Oryza rufipogon 206 445 171 363 40 170
Oryza glaberrima 79 166 257 620 47 199
Total 674 1507 611 1389 140 744
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confirmation of contractions because of a broader range of

clone sizes biased towards smaller sized clones. The overall

sums of the expanded regions were 27.4, 25.0 and 37.9 Mb

for O. nivara, O. rufipogon and O. glaberrima, respectively,

and the overall sums of the contracted regions were 19.3,

15.4 and 4.1 Mb, for the same species. The average size, size

range and standard deviation for expansions and contrac-

tions in O. sativa are shown in Table 4. A complete list of

confirmed expansions and contractions (Table S2) is pro-

vided online, as are distributions of the sizes of the contrac-

tions (Figure S1) and expansions (Figure S2).

Genome-wide distribution of expansions and contractions

in rice

Expansions and contractions from O. nivara, O. rufipogon

and O. glaberrima were displayed relative to the O. sativa

reference sequence (Figure 1) to look for patterns in distri-

bution across the rice genome. For each species, expansions

and contractions were widely dispersed across all O. sativa

chromosomes, and were not clustered at telomeres or near

centromeric areas. Overall, we found three regions in the

O. sativa genome that were contracted as compared with all

three species, and 50 that were expanded (Table 5). Simi-

larly, we found 50 contracted and 111 expanded regions that

were shared between two species, and 257 contracted and

187 expanded regions that were found in one species.

Contractions in the O. sativa reference sequence were more

highly represented when compared with O. nivara and

O. rufipogon species than with O. glaberrima, although

expansions appeared to be, overall, more uniformly repre-

sented for all three species.

Genes, TEs and repeats in the expanded regions of the rice

genome

Regions from O. sativa that were identified as being

expanded relative to the other three Oryza species were

analyzed for gene and repeat content (including transpos-

able elements) for each chromosome (Table 6). As a control,

we calculated the expected gene, TE and repeat content for a

region of the same size based on the genome-wide average

across the O. sativa genome (International Rice Genome

Sequencing Project, 2005). In eleven chromosomes the TE

and repeat content was significantly greater in the expanded

regions than the genome-wide average (P < 0.001). The

average combined TE and repeat content for the expanded

regions was 43.5%, whereas the genome-wide average was

34.8% (P < 0.001). In contrast, gene content was significantly

lower in the expanded regions as compared with the gen-

ome-wide average in 10 chromosomes (1, 3–5 and 7–12)

(P < 0.005). The average gene content in the expanded

regions was 24.0%, in contrast to 27.3% genome-wide

(International Rice Genome Sequencing Project, 2005). The

majority of chromosomes (1, 3–5 and 7–12) showed a

pattern where TE/repeat content was increased in expanded

regions relative to the genome-wide average, and gene

content was decreased.

To test whether the higher TE/repeat content found in the

expanded regions of O. sativa resulted from non-uniform

repeat content across the genome, we compared the TE/

repeat content of a set of ‘pseudo BESs’ derived from five

randomly selected expanded regions of O. sativa, from each

of 12 pseudomolecules, with O. nivara BESs that defined

these expanded regions (see details in Table S3; O. nivara

BES provided in Table S4). The comparisons revealed that

on average the O. sativa pseudo-BESs contained �15%

more TE/repeat sequences than the O. nivara BESs, thereby

Table 3 Confirmed expanded or contracted regions in the Oryza
sativa genome, as identified from three closely related Oryza
species. BAC clones, from comparative species that were informat-
ically identified to be discordant in alignment with O. sativa, were
analyzed for size to confirm the structural variation between the
species

Compared
species Type

Oryza sativa

Expansion/contraction regions Total
genome

Identified Analyzed Confirmed (Mb)

Oryza nivara Contractions 389 299 161 19.3
Expansions 183 169 162 27.4

Oryza
rufipogon

Contractions 206 186 155 15.4
Expansions 171 158 156 25

Oryza
glaberrima

Contractions 79 68 60 4.1
Expansions 257 245 244 37.9

Table 4 Sizes (bp) of confirmed expansions and contractions in the Oryza sativa genome

Compared species

Oryza sativa

SV type Mean Min Max Standard deviation

Oryza nivara Contraction 120 279 17 411 434 156 83 505
Oryza rufipogon Contraction 99 334 10 774 330 808 60 139
Oryza glaberrima Contraction 73 558 8204 323 057 62 112
Oryza nivara Expansion 169 479 8648 1 126 348 170 186
Oryza rufipogon Expansion 159 310 15 630 1 163 409 182 972
Oryza glaberrima Expansion 152 274 12 666 791 689 120 606
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Figure 1. Confirmed expansions and contractions in Oryza sativa determined from comparisons with Oryza nivara (black), Oryza rufipogon (blue) and Oryza

glaberrima (magenta). Lanes 1–3, from bottom to top, are contractions, and lanes 4–6 are expansions (Figure drawn with ‘‘Parasight’’ software: http://

eichlerlab.gs.washington.edu/jeff/parasight/index.html).
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providing a second line of evidence pointing to the roles

played by TE/repeats in the expansion events of O. sativa, as

compared with O. nivara.

The most common classes of TEs (DNA transposons

including helitrons, MITEs, LINEs, LTR retrotransposons

and SINEs) and other repetitive sequences, such as ribo-

somal sequences and other unclassified repeats, were found

in all the expanded regions (Table S5). All regions contained

LTR TEs and MITEs, and only one region, though small

(�17 Kb), contained no DNA TEs. LTR TEs, the largest type of

class-I TEs, were identified in 30.7% of the total genome

analyzed, and comprised over 67% of total TEs identified in

the expanded regions. DNA TEs and MITEs, the most

prevalent types of the class-II TEs, comprised almost 23%

of the TEs identified in the expanded regions, as opposed to

9.9% found in the rice genome. Helitrons were identified on

all chromosomes and in nearly half of all the expanded

regions (44%), and the length of the sequences within the

helitron signatures were as high as 9687 bp per region, with

chromosome 8 having nearly 10-fold more helitron-attrib-

uted base pairs than in any other chromosome. Interest-

ingly, all classes of TEs were in mixed positions along the

chromosomes, without bias towards the centromere,

although differences in the amounts within classes at

specific locations varied widely, with LTRs being the

predominant class followed by DNA transposons and

MITEs.

Estimations of insertion times for intact complete LTR-RT

elements of O. sativa expanded regions (in comparison with

O. nivara) showed that 360 elements (64.9% of the 555 total)

were inserted <0.58 Mya (see Figure S3); this correlates

to the estimated date of the AA lineage diversification

Table 6 TE/repeat and gene contents of confirmed expanded regions in the Oryza sativa genome

Chr
No. expanded
regions

Region
sizes (kb)

Total TE/repeat
content (kb)

Total non-
repeat (kb)

% Repeat v2

P value
Total gene
content (kb)

Total non-gene
content (kb)

% Gene
content

v2

P value

1 20 4986 1966 3020 39.40 0 1169 3817 23.40 0
Expected 1735 3251 34.80 1363 3623 27.30

2 12 3294 1236 2058 37.50 0.001 962 2332 29.20 0.0157
Expected 1146 2148 34.80 900 2394 27.30

3 10 2130 988 1142 46.40 0 482 1648 22.60 0
Expected 741 1389 34.80 582 1548 27.30

4 20 6509 2909 3600 44.70 0 1610 4899 24.70 0
Expected 2264 4245 34.80 1779 4730 27.30

5 15 4964 2074 2890 41.80 0 1244 3720 25.10 0.0003
Expected 1727 3237 34.80 1357 3607 27.30

6 10 2302 1100 1202 47.80 0 743 1559 32.30 0
Expected 801 1501 34.80 629 1673 27.30

7 13 3689 1694 1995 45.90 0 850 2839 23.00 0
Expected 1283 2406 34.80 1008 2681 27.30

8 16 3955 1740 2215 44.00 0 885 3070 22.40 0
Expected 1376 2579 34.80 1081 2874 27.30

9 7 1698 788 910 46.40 0 306 1392 18.00 0
Expected 591 1107 34.80 464 1234 27.30

10 10 1981 1006 975 50.80 0 484 1497 24.50 0.0041
Expected 689 1292 34.80 541 1440 27.30

11 13 2994 1069 1925 35.70 0.292 721 2273 24.10 0.0001
Expected 1042 1952 34.80 818 2176 27.30

12 14 4818 2085 2733 43.30 0 916 3902 19.00 0
Expected 1676 3142 34.80 1317 3501 27.30

All All chrs. 43 320 18 655 24 665 43.10 0 10372 32 948 23.90 0
Expected 15 071 28 249 34.80 11 839 31 481 27.30

Table 5 Number of confirmed shared structural variation regions in
the Oryza sativa genome

SV type Species included in the SV
SV region
count

Contraction Oryza nivara 113
Oryza rufipogon 101
Oryza glaberrima 43

Expansion Oryza nivara 37
Oryza rufipogon 43
Oryza glaberrima 107

Contraction Oryza nivara, Oryza rufipogon,
Oryza glaberrima

3

Expansion Oryza nivara, Oryza rufipogon,
Oryza glaberrima

50

Contraction Oryza nivara, Oryza glaberrima 8
Expansion Oryza nivara, Oryza glaberrima 55
Contraction Oryza rufipogon, Oryza glaberrima 6
Expansion Oryza rufipogon, Oryza glaberrima 32
Contraction Oryza nivara, Oryza rufipogon 36
Expansion Oryza nivara, Oryza rufipogon 24
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(Ammiraju et al., 2008). Of interest, 75 elements (�13%) have

identical sequences, indicting that they have been inserted

extremely recently, thus testifying to their ongoing retro-

transpositional activity. It was found that �25% of the intact

LTR elements were within regions that mapped to identified

rice centromeric domains (Yan et al., 2008), whereas the

remaining elements were mostly randomly distributed

across chromosomes (Table S6). We also detected complete

elements with older insertion times: 58 (0.5–1 Mya), 59 (1–

1.5 Mya), 34 (1.5–2 Mya), 17 (2–2.5 Mya), 19 (2.5–3 Mya), 11

(>3 Mya) (Figure S3). Overall, these results provide evidence

pointing to the possible roles played by TEs and repeats in

the expanded regions of O. sativa.

Gene function in expanded regions of the rice genome

To better understand gene function in the expanded regions

in O. sativa, we looked for enrichment in these regions of

gene ontology (GO) terms involved in biological processes,

cellular components, and molecular function using a

hypergeometric test with the Benjamini and Hochberg cor-

rection in the software plug-in BINGO (Maere et al., 2005)

(see Experimental procedures). These analyses were further

broken down into sets of single copy genes, multiple copy

genes and total genes in the genome, to examine the func-

tions, relevant to copy number, that were present in the

expanded regions as compared with the rice genome.

Overall we found that 85% (11 025/12 981) of the genes

identified in the O. sativa expanded regions were single

copy in the O. sativa reference genome, which is nearly

identical to that found genome-wide (86% single copy;

32 461/37 544). The most broadly-based GO terms that were

statistically over- or under-represented (P < 0.05) in the

expanded regions, as compared with the complete genome,

are shown in Table 7 (the complete data set is provided in

Table S7). In both the single copy and total gene set, we

found a statistically significant (P < 0.05) over-representa-

tion of genes related to phosphate metabolic processes, and

in particular genes related to phosphorylation (95% total

genes; 95% single copy genes; Table S7) in biological pro-

cesses. Genes under the developmental processes category,

under biological processes, were mostly related to cell death

for both the single copy and total gene sets (95% single copy

genes; 96% total genes; Table S7). GO terms for responses

to stimulus under biological processes were over-repre-

sented in both the total and single copy gene sets, and were

primarily involved in stress (92% of total and single copy

gene sets) and defense (58% of total single gene sets)

responses (Table S7). In particular, these genes contained

pathogen-resistance and antimicrobial properties. The aro-

matic compound catabolic processes category under bio-

logical processes was found to be over-represented in the

total and multiple copy gene sets, and in particular for

L-phenylalanine catabolic process (100% total genes; 100%

multiple copy genes; Table S7). The biopolymer metabolic

processes category, under biological processes, was only

found to be significant in the total gene set. DNA recombi-

nation and amine catabolic processes under biological pro-

cesses were found to be over-represented in the multiple

Table 7 Statistically over- and under-represented gene ontology (GO) categories for genes in the expanded regions of the Oryza sativa genome,
compared with the complete genome

Statistically over- or
under-represented
GO terms
(P value < 0.05) GO category GO term

Total
genes
(expanded
regions)

Total
genes
(complete
genome)

Single
copy
genes
(expanded
regions)

Single
copy
genes
(complete
genome)

Multiple
copy
genes
(expanded
regions)

Multiple
copy
genes
(complete
genome)

Over-represented Biological processes Phosphorus
metabolic processes

671 1719 583 1510 0 0

Biological processes Responses to stimulus 385 947 337 834 0 0
Biological processes Developmental

processes
235 517 208 456 0 0

Biological processes Biopolymer metabolic
processes

1016 2724 0 0 0 0

Biological processes Aromatic compound
catabolic processes

9 10 0 0 7 7

Biological processes Amine catabolic process 0 0 0 0 8 8
Biological processes DNA recombination 0 0 0 0 21 32
Molecular function Transferase activity 974 2609 837 2262 0 0
Molecular function Binding 2599 7320 2224 6342 0 0
Molecular function Protease inhibitor

activity
43 80 0 0 10 11

Molecular function Ammonia ligase
activity

0 0 0 0 7 7

Under-represented Biological processes Localization 489 1621 0 0 64 242
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copy gene set only. We also found an over-representation of

GO terms related to molecular function in transferase

activity and binding (Table S7) for both the single copy and

total gene sets. In the multiple copy and total gene sets, we

found an over-representation of molecular function GO

terms related to protease inhibitor activity and ammonia

ligase activity. When we looked for an under-representation

of genes in the expanded regions of O. sativa, we found that

genes related to localization, and in particular transport (99%

total genes, 100% multiple copy genes), in the biological

processes category were under-represented (P < 0.05) in the

total and multiple copy gene sets. We found no significant

over- or under-representation of genes related to cellular

processes for any of the gene sets.

DISCUSSION

We report a genome-wide analysis of structural variation

(SV) between Asian rice (O. sativa spp. japonica) and three

closely-related species from the genus Oryza. These data

provide a genome-wide comparative analysis of closely

related plant species within a genus, similar in magnitude to

other such studies as the fully sequenced Drosophila and

yeast genomes (Kellis et al., 2003; Bhutkar et al., 2008). We

show that despite lacking whole genome sequence data for

O. nivara, O. rufipogon and O. glaberrima, BES alignments

from high-resolution physical maps to the O. sativa refer-

ence genome are an exceptional resource for detecting BAC-

sized structural changes in these genomes (Lewin et al.,

2009). Because of the size and complexity of plant genomes

(Soltis and Soltis, 2003) and bioinformatic challenges asso-

ciated with whole-genome sequencing and assembly, this

BAC-based strategy is useful for the investigation of genome

dynamics and evolution among closely related species.

To date, studies on structural variation in rice have

focused on small-scale variation or limited regions and

features of the genome. A comparison of the two sequenced

cultivated Asian rice genomes, japonica and indica, showed

that 5% of the genes were asymmetrically located between

the genomes, and that 5% were present in only one genome

(Ding et al., 2007). Most asymmetric genes were classified as

disease resistance or RLK kinase genes, indicating that

selection may be playing a role in maintaining asymmetry.

By comparing these same genome sequences, Feltus et al.

identified 408 898 putative DNA polymorphisms (SNPs/

INDELs), and discovered both polymorphism-poor and -rich

regions that may be due to hotspots of recombination

(Feltus et al., 2004). More surprisingly, Ma et al. found that

centromeres in rice were hotspots for unequal homologous

recombination (Ma and Bennetzen, 2006). The dynamics of

genome evolution between O. sativa and other species in

the genus Oryza has also begun to be explored, and shows

substantial diversity. For example, Piegu et al. demon-

strated that amplifications of three LTR retrotransposons

were responsible for an over two-fold increase in the

genome size of Oryza australiensis in 2.5 My, as compared

with O. sativa, indicating that LTRs play a fundamental role

in genome size evolution in the genus Oryza (Piegu et al.,

2006). A recent study of 46 genes in the ADH1–ADH2 region

of the O. sativa genome revealed lineage-specific gain and

loss of genes in gene families among six diploid genomes

separated by an evolutionary timescale of �15 My

(Ammiraju et al., 2008). Although results from all of these

studies indicate a rich and dynamic evolutionary history in

rice, they neglect to analyze genome-wide structural differ-

ences among diverse species that may be of greater conse-

quence in adaptation, speciation and crop improvement.

Table 8 Ranking scheme of BAC end sequence (BES) alignments to the Oryza sativa genome

BES in
NCBI per
clone

BES
aligned

BES
orientation BES distance

BES
location Rank Type

O. nivara
clone count

O. rufipogon
clone count

O. glaberrima
clone count

2 2 Opposite Within 2 SD of
mean clone size

Same chr. 1 Concordant 18 094 13 060 10 274

2 2 Opposite Short Same chr. 2 Discordant 2272 1412 605
2 2 Opposite Long Same chr. 3 Discordant 102 678 550
2 2 Same Within 2 SD of

mean clone size
Same chr. 4 Discordant 187 103 134

2 2 Same Short Same chr. 5 Discordant 53 42 79
2 2 Same Long Same chr. 6 Discordant 3 18 5
2 2 Opposite Greater than

max. clone size
Same chr. 7 Discordant 1785 553 1731

2 2 Same Greater than
max. clone size

Same chr. 8 Discordant 547 274 343

2 2 N/A N/A Different chr. 9 Discordant 3784 2159 1800
2 1 N/A N/A N/A 10 N/A 19 350 11 755 10 842
1 1 N/A N/A N/A 11 N/A 1541 958 3280
2 0 N/A N/A N/A 12 N/A 0 0 0
1 0 N/A N/A N/A 13 N/A 495 293 1068
0 0 N/A N/A N/A 14 N/A 307 288 544
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Studies in other model systems have proven effective in

elucidating both the size and spectrum of genomic structural

variation within one species, or between multiple species,

and by relating structural variants to given phenotypes

(Kellis et al., 2003; Zhao et al., 2004; Newman et al., 2005;

Tuzun et al., 2005; Chen et al., 2007; Bhutkar et al., 2008;

Kidd et al., 2008; Mefford and Eichler, 2009; Nicholas et al.,

2009; Springer et al., 2009). In humans, these studies have

offered insights into human health, and have initiated

studies in connecting phenotypes and genotypes associated

with complex disease (Hannes et al., 2009; Helbig et al.,

2009). In dogs, structural variation has been linked to

olfaction, immunity and gene regulation, and may be

important in distinguishing phenotypic differences and

traits from domestication (Nicholas et al., 2009). Studies of

structural variation among closely related Drosophila and

yeast species have yielded insights into genome evolution,

and have pinpointed regions that are conserved in terms of

gene order and content (Kellis et al., 2003; Bhutkar et al.,

2008). Because of their large and complex genomes, similar

studies on structural variation in plant species are largely

understudied, but could have tremendous utility in differ-

entiating genomic regions associated with complex traits,

domestication and adaptation. Recently published studies in

maize used comparative genome hybridization (CGH) meth-

ods to investigate SV: as CNV and presence/absence varia-

tion in two inbred lines (Springer et al., 2009), and CNV

comparison of 14 inbred lines. Given the extreme heterozy-

gosity of maize, as expected these studies revealed variation

among comparative genome segments with frequency

differences and SV that suggest links toward understanding

heterosis and identifying ancient origins of phenotype and

disease response. In order to initiate robust studies in

genome speciation and evolution, the effects of domestica-

tion and adaptation to extreme environments in Oryza, we

compiled a genome-wide and species-rich catalog of differ-

ences in genome content among three Oryza species and

domesticated rice, O. sativa ssp. japonica.

The four Oryza genomes studied were selected with

careful consideration to their functional utility towards crop

improvement. O. sativa is an Asian rice that is the major

food source for the world’s populations, and is cultivated

worldwide (Vaughan et al., 2003). O. nivara and O. rufipo-

gon are thought to be progenitors of O. sativa (Brar and

Khush, 1997; Vaughan et al., 2003; Fitzgerald et al., 2009);

hence, novel genes or alleles in these species that have

arisen since their divergence could be introgressed into

O. sativa for crop improvement. The African cultivated rice,

O. glaberrima, is of particular interest in crop improvement

because it is resistant to drought, pests and diseases, but is

low in yield (Kishine et al., 2008). Agencies such as the Africa

Rice Center (http://www.WARDA.org) and the International

Rice Research Institute (http://www.IRRI.org) are working

towards the development of new interspecific cultivars of

rice, such as the New Rice for Africa (NERICA), derived from

crosses between O. glaberrima and O. sativa, to enable

sustainable crop production in West Africa. Understanding

the exact nature of these crosses and the introgression of

genes between these species can further crop development

and self-sufficiency for rice production.

Because each of these Oryza species are closely related to

O. sativa, and are estimated to have diverged <1 Mya,

sequence conservation and gene collinearity were expected

to be high (Ge et al., 1999; Soderlund et al., 2006). As a

result, we were able to accurately map paired BESs from the

Oryza genomes to the O. sativa reference sequence, and find

optimal pairing using a graph theory-based algorithm to

efficiently walk through all combinations of alignments. We

identified clones with substantial differences in size and/or

orientation similar to methods employed for SV studies of

human and chimp (Newman et al., 2005). A BAC clone end-

sequence filtering rational (paired reads, multiple hit, hit

distances) was used to provide an excellent resource for

producing high-confidence comparative alignments, similar

to those used for the identification of syntenic promoter

regions in Arabidopsis relatives (Windsor et al., 2006).

Regions of the rice reference genome with discordant clones

that indicated a similar type of SV were further validated

through the use of manually edited physical maps and a new

method for BAC clone size determination. By simulta-

neously using evidence from these disparate resources, we

were able to make high-confidence predictions of interme-

diate BAC-sized SV in the O. sativa genome. However,

additional work will be required to examine SV on a larger

scale, and differentiate local duplications from translocation

events and investigate CNV.

Overall, 674 putative contractions, 611 expansions and

140 inversions between O. nivara, O. rufipogon, O. glaberr-

ima and the O. sativa reference genome were identified. We

found a considerable level of contraction relative to O. sa-

tiva, with 15–19 Mb of chromosomal material present in the

wild Oryza species that is absent in O. sativa, whereas the

African cultivated rice, O. glaberrima, differs by only 4.1 Mb

from O. sativa. This suggests that artificial selection may be

a factor in regulating genome size. Expansions ranged from

25 to 38 Mb of unique sequence in O. sativa, i.e. not present

in the other Oryza species. The putative inverted regions of

the O. sativa genome ranged from 14 to 19 Mb. The

contraction and expansion regions were validated at a high

threshold of 68 and 98%, respectively. We found that one of

the species in our analysis, O. nivara, had an abnormal

distribution of clone sizes that contributed to our lower rate

of confirmation for contractions (see the Results). The

numbers of observed expansion or contraction regions

may be a reflection of genome size differences. Currently,

the sequenced size of O. sativa (389 Mb, after factoring in

sequencing and physical gaps by IRGSP) is 26–50 Mb

smaller than flow cytometry estimations of 415–439 Mb.
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As flow-cytometry size estimations are variable because of

many factors, it can be suggested that non-O. sativa genome

sizes may be more accurate after adjustment based upon

differences found between the cytometry size estimations

and whole-genome sequencing of O. sativa. Thus, the

genome species size for O. glaberrima, when adjusted

based upon O. sativa cytometry sequencing differences,

becomes �316–369 Mb, and this size reduction would

support our data that revealed a greater number of expan-

sions in O. sativa, with fewer contractions because of the

genome size difference between the two species.

Of the confirmed contractions, three regions were shared

by all three Oryza species, 50 were shared by two species

and 257 were found in just one species. The regions of

shared contraction indicate that a region in the most recent

common ancestor was maintained in the other Oryza

species, but was lost in O. sativa, and may be related to

specific speciation events in O. sativa. Likewise, 50 regions

of confirmed expansion were shared among all three Oryza

species, 111 were shared in two species and 187 were shared

in one species. The shared expansions indicate that O. sativa

contains sections of unique sequence that are not present in

the other species, and could contain features that are

functionally important to O. sativa specifically.

We closely examined the unique regions of the O. sativa

genome that were not present in one or all three of the other

Oryza species. These regions are potentially important

because they may contain clues about speciation and

domestication in O. sativa following its divergence from

these close relatives (Izawa et al., 2009). Overall, we found a

high level of TE/repeat content and diminished gene

content, as compared with the rest of the genome. The

expanded regions were enriched for LTR TEs (71% of the

total), DNA transposons (13%) and MITEs (10%), indicating

that these mobile elements contributed to the dynamic gain

and loss of sequence in the O. sativa genome. More

interesting was the total length of sequence represented

by the LTR TEs in the expanded regions. Class-I LTRs

comprised over 30% of the sequence (>13 Mb) of the

confirmed expanded regions, as opposed to 14% indentified

in the rice genome sequence (International Rice Genome

Sequencing Project, 2005). Additionally, we found 555 intact

LTR-RT elements, attesting to the recent activity of this class

of TEs. This provides evidence to suggest that major

genome expansions within O. sativa may be attributed to

class-I LTR TE proliferation. TEs have been previously

shown to be major contributors to genome size evolution

based on analyses of smaller regions of cereal genomes

(SanMiguel et al., 1996; Shirasu et al., 2000; Wicker et al.,

2001; Ma and Bennetzen, 2004), as well as in other eukary-

otes (Wessler, 2006). Although cereal genomes display

exceptional gene collinearity and conservation, regions

surrounding TEs vary extensively, and represent the unsta-

ble and species-specific regions of genomes (SanMiguel

et al., 1996; Shirasu et al., 2000; Wicker et al., 2001). Initial

analyses of our data revealed a relatively even distribution of

expansions and contractions across the O. sativa genome,

conflicting with the hypothesis that these regions would be

concentrated in unstable regions of the genome (SanMiguel

et al., 1996; Shirasu et al., 2000; Wicker et al., 2001). How-

ever, a recent finding in sorghum suggests that ‘young’ LTR

insertions were randomly distributed across the genome,

whereas ‘older’ LTR insertions were concentrated in centro-

meric regions (Paterson et al., 2009). This result implies that

young LTRs are purged quickly from regions of the genome

that impact fitness, but remain in centromeric regions. Given

the relatively short evolutionary timescale between the

species used in our study, many of the expansions we

detected may be ‘young’ in origin, and therefore more

widely distributed. To answer this, we found that >64% of

the intact O. sativa LTR elements had insertion times that

corresponded to the predicted radiation of the A-genome

lineages, suggesting that these elements are indeed ‘young’

and may be either more stable or yet to be purged. Although

we detected older insertions, it is difficult to draw firm

conclusions concerning the timing of bursts or rates of

proliferation because the removal rate of older elements is

unknown. Furthermore, our data revealed that 13% of the

completely intact elements had identical sequences, which

suggests the retrotransposon activity in O. sativa is recent or

ongoing. Mapping of the intact LTR elements revealed that

�75% were in non-centromeric locations, thus providing

evidence to support the hypothesis that younger LTRs may

be found randomly distributed across the genome (Paterson

et al., 2009).

Interestingly, these mobile elements may also be impor-

tant in new gene formation and genome evolution. Helitron-

related transposable elements have been shown to carry

pseudogenes in maize, and to participate in the expansion

and evolution of the maize genome (Gupta et al., 2005; Lai

et al., 2005; Morgante et al., 2005; Yang and Bennetzen,

2009). Similarly, Pack-MULE transposable elements were

shown to carry fragments of cellular genes (Jiang et al.,

2004), and recently MITEs were implicated in altering gene

function and regulation through insertion into rice introns

(Oki et al., 2008). Our analysis showed that the expanded

regions of the O. sativa genome were enriched in TEs and

were lower in gene content, but the genes in these regions

showed an over-representation of GO terms related to

defense against stresses from the environment and patho-

gens in the total and single gene sets, but not the multiple

copy gene set (Shadle et al., 2003; Zhuang and Liu, 2004;

Wang and Duan, 2009; Wilson and Talbot, 2009), indicating a

possible tie between these rapidly evolving genes and

transposable elements. The birth–death theory of gene

evolution posits that new genes are created through dupli-

cation followed by random mutation (Ohno, 1970; Nei et al.,

1997; Michelmore and Meyers, 1998; Nei and Rooney, 2005),
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and are maintained by natural selection for function that

confers a selective advantage. Under artificial selection the

same theory may hold true with selection for agronomically

important traits. Therefore, the genes that we found to be

over-represented in the expanded regions of O. sativa, but

not the other Oryza genomes, may reflect recent gene

acquisition events, and are prime candidates for studying

the underlying mechanisms of new gene origination

because the molecular signatures are likely to have

remained intact. Also, as these genes are in SV regions rich

in TEs, then the role that TEs play in gene or gene fragment

movement, and gene formation of these genes, can be

examined in detail. Currently, we are comparing the iden-

tified expanded O. sativa ssp. japonica region sequences

with orthologous regions from O. sativa ssp. Indica, which

may shed some light on these theories.

In contrast, we found genes related to essential functions,

like the mechanisms and control of nutrient uptake through

transport (Miller et al., 2009), were significantly under-

represented in the multiple copy and total gene sets, and

therefore may be under strong purifying selection. The 140

inversions that we identified in the three species may also be

evolutionarily significant. Inversions can interfere with

interspecific hybridization, and can act to maintain genetic

linkage between genes across multiple generations. Hence

one can imagine inversions being generated and then

selected for during the process of cultivation and improve-

ment. As full-genome sequences become available for these

species, analyses of structural variations in combination

with gene copy number will be important to distinguish

whether high copy number genes have less selective

disadvantage than low copy number genes in expanded

regions, and their implications on function.

Although our method for detecting SV is robust and

applies stringent criteria, our results were dependent on the

quality of the O. sativa reference sequence assembly, BES

alignment to the O. sativa genome and accurate BAC sizes.

The O. sativa sequence assembly represents over 95.4% of

the rice genome, with over 10 times coverage; therefore, the

majority of the genome is finished and represents a low

threshold of error. We were also able to unambiguously map

74% of the BESs representing 16, 11 and 11% coverage of the

O. sativa genome for O. nivara, O. rufipogon and O. glab-

errima, respectively, indicating a high level of sequence

conservation among these close relatives. Additionally,

BESs were evenly distributed across the O. sativa genome

with no major bias in coverage, thus supporting the

subsequent predictions of SV. However, as the BES pairs

were filtered for highly repetitive matches, some repetitive

regions of the genome were not represented. Likewise, BESs

of O. nivara, O. rufipogon and O. glaberrima that were

absent in the O. sativa genome sequence were not included

because completed genome sequences for these Oryza

genomes are not currently available. Finally, our analysis is

dependent on accurate BAC sizing because the algorithm for

determining structural variation uses a range based on two

standard deviations from the mean BAC clone size to

differentiate concordant and discordant BES pairs, and find

regions of structural variation.

As population data and full genome sequence data

become available for each of the species in the genus Oryza,

we will be able to address detailed questions regarding the

symmetry and asymmetry of SV within the genus. Two

projects are currently underway to address these needs. The

first is a vertical data set of chromosome 3 short-arm

sequences for three AA genomes, one BB genome, one CC

genome and a BBCC tetraploid using traditional Sanger-

based sequencing methods. The second project will provide

the full genome sequence for O. glaberrima using next

generation sequencing technologies (Wing, unpublished

data). These data will provide an exceptional resource for

answering questions related to the introgression and

recombination of cultivated rice and its wild relatives, and

will allow for analysis into the mechanisms of genome

evolution and domestication. Additionally, examination of

different accessions from each Oryza species can provide

insight into regional differences that may be fundamental to

crop improvement and sustainable agriculture (Fitzgerald

et al., 2009; Izawa et al., 2009; Belo et al., 2010).

In summary, this detailed catalog of SV across the

O. sativa genome, in conjunction with the associated phys-

ical maps and BAC clone libraries from the other Oryza

species, are an invaluable resource for both rice breeders

and evolutionary biologists. Future functional studies of

these regions may include positional cloning and crop

improvement through interspecific hybridization and gene

transformation. From an evolutionary perspective, these

regions are fodder for future analyses into the detailed

mechanisms of speciation and domestication in rice, and for

the roles of artificial and natural selection in these genomes.

EXPERIMENTAL PROCEDURES

The BESs for three Oryza genomes (O. rufipogon, O. nivara and
O. glaberrima; Kim et al., 2008) were downloaded from the National
Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.
nih.gov). This consisted of 243 927 BESs representing 117 452 dis-
tinct BAC clones with paired BESs. A rearrangement catalog for
each species, compared with O. sativa, was constructed using a
four-step process: (i) alignment of BESs to the O. sativa pseudo-
molecules; (ii) classification of clones based on paired BAC end
sequence alignments; (iii) detection of putative rearrangements;
and (iv) classification of rearrangements. Brief descriptions of these
methods are detailed below; further details on these procedures are
available in Appendix S1. The source code for the custom PERL

software developed to perform this analysis is available at Google
Projects (http://code.google.com/p/omap-structural-variation).

Classification of clones based on paired BES alignments

Paired BESs from the three genomes were aligned to the O. sativa
reference genome IRGSP V3, using BLAT (–minScore = 160),
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followed by PslReps (–minAli = 0.90 – nearTop = 0.01 – single hit;
Table 1) (Kent, 2002). Paired BES alignments were classified
(Table 8) using an algorithm based on graph theory followed by
highest-ranking alignment for each clone. BES pairs were concor-
dant if the distance between them was within two standard devia-
tions of the average insert size of each BAC library, and were in the
opposite orientation; BES pairs were discordant if they aligned in
the same orientation, suggesting that there was an inversion in the
sequence or that a pair of BESs mapped either closer or further than
the expected size range on the reference genome.

To determine the expected distance between paired BESs for
each species, BAC sizes were estimated by multiplying the number
of bands from the physical map data by the estimated band size
(1195 bp), and analyzed to determine an acceptable insert size
range based on two standard deviations from the mean. Regions of
each genome that were potentially part of a translocation or
transposition event were avoided by removing maximum sized
clones. We found that 62% of the paired BES reads aligned to the
O. sativa genome were concordant, 29% were discordant and 9%
were discarded because they were not located in the physical map
contigs. BESs from clones with only a single BES alignment were
analyzed for repeat content using data from Kim et al. (2008) to
determine why the alignments were filtered out.

Detection of putative rearrangements

A clustering algorithm was applied to clones with discordant BES
pairs, and generated clusters of two or more clones that were
required to be from the same FPC contig and aligned together in the
O. sativa genome. The following formula was applied to check the
aligned distance between the clones, where (x1, y1) are the coordi-
nates of the first clone and (x2, y2) are the coordinates of the second
clone:

jx2 � x1j þ jy2 � y1j � 2 ðmean insert sizeÞ

Classification of rearrangements

Clusters were classified into rearrangement types: contraction,
expansion or inversion, relative to the O. sativa reference genome.
Clusters in which clones had BESs that were too close together
relative to the O. sativa reference sequence were identified as con-
tractions; clusters that were too far apart from each other were
identified as expansions. Inversions were identified when clusters
contained clones with BES pairs that were in the same orientation.
All computationally identified rearrangements were listed in
Table S1.

BAC clone size determination

All BAC clones and materials used in this study are available to the
public from the AGI Resource Center (http://www.genome.
arizona.edu/orders). A new BAC clone sizing method, using
controlled nicking (see Appendix S2), was developed to quickly
visualize open circular and linearized plasmids (the linearized lower
band was used for size determination; Figure S4). The method was
validated using BACs from O. sativa chromosome 3 (Appendix S2;
Figures S5 and S6; Tables S8 and S9).

Confirmation of expansion and contraction regions

Putative expansions or contractions and accurate sizes of each BAC
clone were determined as described above. The distances between
BES alignments in the O. sativa reference sequence were compared
with the empirical BAC sizes to confirm the expansions and
contractions. BAC clone size differences were classified as a ‘con-

traction’ if the gel-based sizes were larger than the end sequence
alignment sizes; likewise, they were classified as an ‘expansion’ if
the gel-based sizes were smaller than the end sequence alignment
sizes. Regions on the O. sativa reference sequence, from the com-
putational analysis, were adjusted to match regions from confirmed
expansion and contraction BAC clones, and are shown in Table S2.

Analysis of TE, repeats and genes in the expanded regions

of O. sativa identified from comparisons with O. nivara,

O. rufipogon and O. glaberrima

Confirmed expansions in O. sativa (Table S10) were analyzed for
TEs, repeats and genes, and compared with expected values for
O. sativa reference sequences of the same size based on average
gene and repeat content (International Rice Genome Sequencing
Project, 2005). Repeats were detected using REPEATMASKER (Smit,
Hubley, Green, RepeatMasker Open-3.0 1996–2010, http://www.
repeatmasker.org) with the following settings: maximum divergence
25%; low complexity and contaminants skipped. Repeat content was
expressed as the percentage of nucleotides masked versus the total.

We estimated the insertion time (SanMiguel et al., 1998) for
complete LTR-RT elements isolated in the expanded regions of
O. sativa (in comparison with O. nivara) and analyzed the genes in
these regions for single copy or duplication using BLAST set to 70%
coverage and 50% identity. LTRs were identified using the software
LTR finder (Xu and Wang, 2007), and the mutation rate was set at
1.3 · 10)8 (Ma and Bennetzen, 2004).

The databases used were: TIGR Oryza repeats (ftp://ftp.plant
biology.msu.edu/pub/data/TIGR_Plant_Repeats/TIGR_Oryza_Repeats.
v3.3), Repbase version 11_09 (Jurka et al., 2005) and a proprietary
collection of LTR-retroelements isolated in O. sativa and other Oryza
species.

Gene analysis

The O. sativa expanded regions were examined for gene content by
calculating the overlap in base pairs between the putative expanded
regions and the IRGSP V3 gene models (http://rgp.dna.affrc.go.jp/
IRGSP/Build3/build3.html). Genes in gene families or duplicated
across the genome were separated from a single copy gene set
using an all-versus-all blast search of O. sativa genes (default
parameters), and filtering hits to another gene that had >50%
identity and 70% coverage. Over- or under-representation of GO
terms, as compared with the rest of the genome, were identified
using Cytoscape (Shannon et al., 2003) with the plug-in BiNGO
(Biological Networks Gene Ontology; Maere et al., 2005). A hyper-
geometric distribution test was used to impose a P-value calculation
(‡0.05) to ensure that random results were ignored. For multiple
hypothesis testing, and to reduce the number of false positives, a
false discovery rate (FDR) correction (Benjamini and Hochberg,
1995) was applied. Of the 37 544 IRGSP V3 gene models used,
14 997 (40%) had GO terms associated based on an InterProScan
from RAP-DB (http://rapdb.dna.affrc.go.jp). Of the 12 981 gene
models in the O. sativa expanded regions, 3088 (24%) had GO
annotation used in our BiNGO analysis.
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(LTR) elements found in expanded regions of O. sativa.
Table S7. Over- and under-representation of gene ontology (GO)
terms in expanded regions of Oryza sativa.
Table S8. Empirically determined size data of Oryza sativa BAC
clones from O. sativa chromosome 3.
Table S9. Comparison of BAC clone sizes determined by NotI
digestion and control nicking methods.
Table S10. Expansion regions of pseudomolecules identified by
confirmed contractions in the Oryza species.
Appendix S1. Construction of a rearrangement catalog.
Appendix S2. Control nicking method for sizing BAC clones and
BAC clone size determination.
Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset. Technical support
issues arising from supporting information (other than missing
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