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Abstract In the rice genome, insertions and elim-

inations of transposable elements have generated

numerous transposon insertion polymorphisms

(TIPs). Common wild rice (O. rufipogon Griff.), the

ancestor of Asian cultivated rice (O. sativa L.), carries

abundant genetic variations. To find subspecies-spe-

cific (SS) markers that can distinguish O. sativa ssp.

indica and ssp. japonica, some long terminal repeat

(LTR) sequences (sc1-14) of AA genome-specific

RIRE retrotransposon were isolated from O. rufipogon

genome. Sequences sc1 and sc12 were successfully

utilized to develop the SS marker system based on

retrotransposon inserted position polymorphisms.

Twenty-two SS markers (ssi1-9, ssj1-13) were devel-

oped, where ssi1-9 are the indica-specific types, and

ssj1-13 the japonica-specific types. The average

accuracy of these markers in distinguishing the two

subspecies is over 85%. SS marker ssj-10 can

distinguish the two subspecies at 100% accuracy.

Principal component analysis (PCA) showed that

these markers could successfully distinguish indica

from japonica varieties, regardless of their geograph-

ical origin.
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Abbreviations

SS marker Subspecies-specific markers

LTR Retrotransposon long terminal repeat

PCA Principal component analysis

RBIPs Retrotransposon-based insertion

polymorphisms

ICD Integrase coding domain

TEs Transposable elements

RT Reverse transcriptase

RFLP Restriction fragment length

polymorphism

RAPD Random amplified polymorphic DNA

SSR Simple sequence repeat

SNP Single nucleotide polymorphism

Introduction

Rice (Oryza sativa) is one of the most important

crops worldwide. Asian cultivated rice can be clas-

sified into two subspecies, indica and japonica, based
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on their morphology and growth habitats (Oka and

Chang 1959, 1962). Recently, the accurate identifi-

cation of indica and japonica at the molecular level

has been a hot topic in rice research, because it would

not only provide essential information for selecting

appropriate parents in inter-subspecies hybrid rice

research (Zhang et al. 1994; Liu et al. 2002), but it

would also increase our understanding of the evolu-

tion of cultivated rice. Some DNA polymorphic

markers have been utilized for this purpose, such as

RFLPs (Zhang et al. 1992; Qian et al. 1995), RAPDs

(Yu and Nguyen 1994), SSRs (Monna et al. 2006),

and SNPs (McNally et al. 2009).

In higher plants, repetitive DNA sequences can be

divided into two major groups based on their genomic

organization and localization on the chromosomes.

The first group includes satellite DNAs, telomeric

repeats, and rDNA, which are preferentially located at

pericentromeric, subtelomeric, telomeric, or interca-

lary regions of the chromosomes, in tandem repeat

units. The second group of repetitive DNA sequences

comprises dispersed elements, including transposable

elements (TEs), which are distributed along the

chromosomes of the genome and are further divided

into two classes (Flavell et al. 1994). Class I includes

long terminal repeat (LTR) retrotransposons. They

represent 20% genome in the rice (i.e. 80 Mb) and are

distributed genome-wide with a high copy number

(Mao et al. 2009). It is believed that they integrated

into host chromosomes through a ‘‘copy-and-paste’’

mechanism of RNA intermediates (Vitte et al. 2004).

The class II transposable elements transpose via DNA

intermediates, usually resulting in relatively low copy

numbers (usually \100 copies per genome) (Kunze

et al. 1997). The LTR retrotransposons inserted into

the rice genome less than 15 million years ago and

completed the transposition events within the last three

million years (SanMiguel et al. 1996; Ma et al. 2004).

However, unequal homologous recombination and

illegitimate recombination have caused fragments of

LTR retrotransposons to be removed and rearranged

(Ma et al. 2004), which produce retrotransposon-based

insertion polymorphisms (RBIPs). As individual RBIP

insertions can be detected by PCR using a flanking

primer and a retrotransposon-specific primer (Flavell

et al. 1998), they are very useful in population genetics

and phylogenetic analyses in plants (Vitte et al. 2004;

Jing et al. 2005), especially in rice, barley, and wheat

(Waugh et al. 1997; Queen et al. 2004; Schulman and

Kalendar 2005). High copy number retrotransposons

will provide more polymorphic information than the

low copy number retrotransposons (Flavell et al.

1998); therefore retrotransposon families of high copy

number should be selected. Ty1-copia retrotranspo-

sons exist in high copy numbers in plant genomes and

have been utilized as molecular markers for genetic

research in barley (Waugh et al. 1997), Medicago

sativa L. (Porceddu et al. 2002), cashew (Syed et al.

2005). However, Ty3-gypsy retrotransposons have

seldom been used to analyze retrotransposon spe-

cific-inserted polymorphisms.

The suggestion that cultivated rice shares the same

ancestor as common wild rice (Oka and Chang 1959)

has been supported by a set of physical, geographical,

and molecular data. Recently, Vitte et al. (2004)

compared the transposition history of 110 LTR retro-

transposons in the genomes of two rice varieties, 93-11

(indica) and Nipponbare (japonica), and estimated that

these two genomes diverged from one another at least

200,000 years ago. That indica and japonica subspe-

cies were independently domesticated from O. rufipo-

gon was supported by the data of Rakshit et al. (2007).

Thus, RBIPs might represent a record of O. rufipogon

evolving into sub-species. Subspecies specific markers

(SS) could be developed based on RBIPs. In this study,

a retrotransposon inserted site amplification polymor-

phism system based on RIRE LTR fragments cloned

from O. rufipogon (named Dongxiang wild rice in

China) was used to develop SS markers.

Materials and methods

Construction of Dongxiang wild rice BAC library

Dongxiang wild rice BAC library was constructed

followed by Vinatzer et al. (1998) described methods.

Dongxiang wild rice DNA was partially digested with

restriction enzyme Hind III, subjected to double size

selection, electroeluted and cloned into the pBelo-

BAC11 BAC vector. This library was constructed with

approximately 19 coverage that is represented by 5760

BAC clones with average insert size of nearly 80 kb.

Separated AA genome specific repeats

One microliter of BAC DNA from Dongxiang wild

rice (O. rufipogon, genome AA) was spotted on two
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Hybond-N ? nylon membranes (Amersham Pharma-

cia Biotech), and fixed at 80�C (Hong et al. 2006).

These two membranes were hybridized with O.

rufipogon and O. officinalis genomic DNA as probes,

respectively. Four BAC clones that showed strong

hybridization signals on the membrane hybridized

with O. rufipogon, but weak in the membrane

hybridized with O. officinalis, were used as probes.

Probe preparation, membrane hybridization, and

signal detection were performed following the

instructions of the DIG-High Prime DNA Labeling

and Detection Kit (Roche, No. 11363514910). The

positive BAC clones were selected, sub-cloned, and

sequenced. Blast analysis against the repeats database

of NCBI and TIGR (www.ncbi.nlm.nih.gov/BLAST,

www.tigr.org/tdb/e2k1/plant.repeats/) was performed.

Plant materials and DNA extraction

Eleven wild rice species representing different

genomes, and 61 cultivated rice varieties (including

indica and japonica, the names of cultivars were

omitted), were used. The representative germplasms

in Table 1 were randomly selected from rice varieties

in a rice breeding program. Plant DNA was extracted

from young leaves according to the method described

by Edwards et al. (1991) (Table 1).

Southern hybridization

Genomic DNA samples were completely digested

with BamH I and Hind III (Takara), and then

separated by electrophoresis at 60 V overnight in a

1% agarose gel with 0.59 TBE buffer, and trans-

blotted to Hybond-N? nylon membranes. Hybridiza-

tion probes from the clones were prepared using nick

translation. Hybridization, washing, and signal detec-

tion were performed following the instructions of the

DIG-High Prime DNA Labeling and Detection kit.

Developing molecular markers from the cloned

repetitive sequences

The procedures of transposon display (Kwon et al.

2005) and sequence-specific amplification polymor-

phisms (Waugh et al. 1997) were modified in our

study. Based on the high copy number and conserved

RIRE family LTR, two anchored primers were

designed to ensure both sides of the RIRE inserted

position could be specifically amplified. The anchored

primers, r2-1 and r2-2, were designed based on

subclone sc12 to detect RIRE-2 sub-family retrotrans-

poson-based insertion polymorphism (RBIP), and the

RBIP of RIRE-3 was detected by anchored primers

r3-1 r3-2, which were designed based on subclone sc1.

Shcherban et al. (2000) showed that the integrase

coding domain (ICD) sequences of the RIRE-2

sub-family were highly homologous to those in

O. officinalis species. We hypothesized that the

coding regions of the reverse transcriptase (RT) of

the RIRE family would also be highly homologous.

Therefore, we designed rt-1 and rt-2 anchored primers

to detect inserted polymorphisms close to the reverse

transcriptase position. All adaptors sequences and pre-

amplification primers were as Lee et al. (2005). The

Table 1 Rice materials used in this study

Species Accessions Genome Origin

O. sativa L. ssp.

indica Kato

31 AA China (24),

Thailand (2),

Philippines (1),

India (1)

America (3)

O. sativa L. ssp.

japonica Kato

30 AA China (24), Italy

(1),

Philippines (1),

America (1),

Japan (3)

O. rufipogon
Griff.

1 AA China

O. spontanea
Roshev.

1 AA China

O. nivara Sharma

et Shastry

1 AA Asia subtropics

O. glaberrima
Steud.

1 AA Africa

O. barthii Cheval. 1 AA Africa

O. longistaminata
A. Chev. et

Roehr.

1 AA Asia tropics

O. perennis
Moench

1 AA Africa

Oryza officinalis
Wall. ex Watt.

1 CC Australia

O. minuta Presl 1 BBCC Asia

O. alta Swallen 1 CCDD Latin America

O. australiensis
Domin

1 EE Australia
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primer and sequence information are shown in

Table 2. The experimental procedures were similar

to the AFLP method (Vos et al. 1995), including

single enzyme digestion, adapter ligation, and PCR

selective amplification.

Genomic DNA (500 ng) was fully digested with

Mse I, and the adaptor was linked with the digested

DNA in a volume of 50 ll at 16�C for 12 h. Pre-

amplification was carried out with the primer (MP-0)

and an anchored primer. The PCR contained 0.5 lM

of each primer, 0.25 mM dNTP, 1.5 mM MgCl2, and

1 unit of Taq DNA polymerase (Takara, Biotechnol-

ogy, Japan) in a total volume of 50 ll. The PCR

profile was as follows: one cycle of 94�C for 5 min;

25 cycles of 94�C for 30 s, 56�C for 30 s, 72�C for

1 min; and a final extension at 72�C for 5 min. For

selective amplification, the pre-amplified products

were diluted tenfold. Two microliters of the dilution

was mixed with 0.5 lM of selected-amplification

primer, 0.5 lM of one of the Mse I anchors primers,

0.2 mM dNTP each, 1.5 mM MgCl2, and 0.5 unit of

Taq DNA polymerase in a total volume of 30 ll. The

PCR program was as follows: one cycle at 94�C for

5 min; ten ‘‘touchdown’’ cycles of 94�C for 30 s,

64�C for 30 s, and 72�C for 1 min with a decrease in

annealing temperature of 1�C in each cycle; 26 cycles

of 94�C for 30 s, 56�C for 30 s, 72�C for 1 min; and

finally 72�C for 5 min to terminate the reaction.

Electrophoresis and fragment detection

Five microliters of the final reaction solution was

mixed with 10 ll of loading-buffer (98% formamide,

0.02% BPH, 0.02% Xylene C, and 5 mM of NaOH).

After being denatured and immediately cooled, 2 ll

of the sample was loaded into 6% denaturing (7.5 M

urea) acrylamide-bisacrylamide gel (19:1) and run at

1,600 V for 120 min. The fragments were visualized

using silver staining.

SS marker analysis

It was assumed that each amplified band represented

a single allele locus. The bands that were present in

most indica varieties, but absent in japonica varieties

were referred to as indica-specific markers. Con-

versely, japonica-specific markers were those bands

that appeared only in japonica varieties. To verify the

accuracy of these markers, the frequency of indica

specific allele (Fi) or japonica specific allele (Fj) was

calculated by the formula: Fi = Ni/Nti or Fj = Nj/

Ntj, where Ni is the number of cultivars with the same

banding patterns as indica; Nj indicates the number of

cultivars with the same banding patterns as japonica;

and Nti and Ntj represent the total number of indica

cultivars and japonica cultivars, respectively. To

analyze the genetic relationships among indica and

japonica, all the banding patterns were scored as 0

(absent) or 1 (present) in a data matrix and were then

subjected to principal component analysis (PCA)

using the program MATLAB7.1.

Results

Isolation of genome-specific repetitive DNA

sequences

To isolate AA genome-specific repetitive DNA

sequences from O. rufipogon. A total of 2668 genomic

BAC clones were screened three times by Dot-Blot

hybridization, and four BAC clones showed strong

hybridization signals with O. rufipogon genomic DNA

as the probe and no or faint signals with O. officinalis

(Fig. 1). The 4 BAC clones were subcloned and 19

Table 2 Primers used in this study

Type Name Sequence (50–30)

Anchored

primer

r2-1 AGTCTCAGGGTGTTTCCTTG

r2-2 TCTACACGGCGATGGTATTC

r3-1 GGG AGCGTTTAGAGCGGT

r3-2 GCTGTTTCCCATTTGTCT

rt-1 GATTGAAGCAAGCATCTCGG

rt-2 ACTCCGAGATGCTTGCTTCA

Adaptor

sequences

MPA-1 GACGATGAGTCCTGAG

MPA-2 TACTCAGGACTCAT

Pre-

amplification

primer

MP-0 GATGAGTCCTGAGTAA

Selected-

amplification

primer

MP-CA GATGAGTCCTGAGTAACA

MP-GA GATGAGTCCTGAGTAAGA

MP-GAA GATGAGTCCTGAGTAAGAA

MP-GAC GATGAGTCCTGAGTAAGAC

MP-GAG GATGAGTCCTGAGTAAGAG

MP-GAT GATGAGTCCTGAGTAAGAT
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subclones (sc1-19) were sequenced (Table 3). Blastn

search found that sc1-16 is high homology with the

LTR of Ty3-gypsy retrotransposon, and sc17-19 high

homology with Rice RSOs81X19 insert DNA with

tandem repeat (X55420). Based on the characteristics

of the subfamily of highly homologous LTR

sequences, the Ty3-gypsy family retrotransposon can

be further divided into several subfamilies, such as

RIRE, Tos, and Retrosat. Subclones sc1-16 belonged

to the RIRE subfamily; sc1-11, sc12-14, sc15, and sc16

belonged to RIRE3, RIRE2, RIRE8, and Retrosat1-2,

respectively.

The total length of sc1 (EU282824) is 889 bp, and

it showed 90% homology with the LTR of RIRE3.

The total length of sc12 (EU282834) is 1,406 bp, and

the sequence from 25 to 466 bp showed 92.3%

homology with the LTR of RIRE2. Sc1 and sc12 were

used as Southern probes to further analyze their

patterns in different rice genomes. Six rice species

representing AA, BBCC, CC, CCDD and EE

genomes were digested with Hind III and Bam HI

and hybridized with the two clones. Both subclones

sc1 and sc12 produced strong hybridization signal in

the AA genomes (O. sativa and O. rufipogon), but

weak or no hybridization signal in O. minuta

(BBCC), O. officinalis (CC), O. alta (CCDD), and

O. australiensis (EE), suggesting that subclones sc1

and sc12 exist in high copy numbers in the AA

genome, and at very low copy numbers in other

genomes. The presence of trailing hybridization

bands indicated that they were scattered along the

AA genome. To test the sequence variation in the AA

genomes, three cultivated rice and seven wild rice

species were digested with Hind III and hybridized

with sc1 and sc12. The Southern result showed that

the hybridization profiles were similar between

cultivated and wild rice. The main difference was

the copy number, sc1 and sc12 showed lower copy

numbers in O. perennis and O. barthii than in other

species (Figs. 2, 3).

Developing Ty3-gypsy retrotransposon-based

SSAP marker for distinguishing indica

and japonica

As subclones sc1 and sc12 showed dispersed high copy

number character, we designed two types of anchored

primers. Anchored primers r2-1 and r2-2 were designed

based on sc-12 to detect RIRE 2 RBIP. Primers r3-1 and

r3-2 were designed based on sc-1 to detect RIRE 3

RBIP. The sequence of reverse transcriptase was

conserved; therefore, primers rt-1 and rt-2 were

designed to detect reverse transcriptase IPP. Depending

on the different primer combinations (36 primer

combinations), about 20–40 amplified profiles (from

150 to 800 bp) could be detected in a PCR reaction.

In this study, a total of 22 SS markers were

identified, including 19 from anchored primers r2-1/

r2-2 and three from rt-1/rt-2. However, no SS

markers were found from anchored primers r3-1/r3-

2. Nine markers (ssi1-9) were specific to subspecies

indica, and thirteen markers (ssj1-13) were specific to

subspecies japonica. Only seven primer combinations

Fig. 1 Four BAC clones contains AA genome-specific repeat

sequences have been identified based on the hybridization

signal of O. rufipogon and O. officinalis genomic DNA as

probes

Table 3 Summary of

subclones based on Blast

analysis result

Name of

subclones

Retrotransposon

subfamily

Distribute

pattern

NCBI ID

sc1-11 RIRE3 Interspersed repeat EU282824, EF527879, EF513614,

EU282825, EU282826, EU282827,

EU282828, EF527880, EU282829,

EU282830, EF513615

sc12-14 RIRE2 Interspersed repeat EU282834, EU282835, EU282836,

sc15 RIRE8 Interspersed repeat EU282833

sc16 Retrosat1-2 Interspersed repeat EU282837

sc17-19 R1-R6 Tandem repeat EU282838, EF513613, EU282832
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displayed SS markers, accounting for 23.3% of the

total combinations (Table 4). The average accuracy

in distinguishing between the two subspecies was

more than 85%, including ten SS markers with

accuracies over 95% (ssj-4, 10, 12, and ssi-1, 4, 5, 6,

7, 8, and 9). Notably, the accuracy of ssj-10 was

100%, and it can distinguish indica from japonica

(Table 4, Fig. 4).

Principal component analysis (PCA) was per-

formed to reveal the relationships of 61 cultivated

rice varieties. The 61 cultivated rice varieties were

obviously divided into the indica and japonica

groups. Along the first principal component, 31

indica varieties from different geographical regions

(24 from China, 2 from Thailand, 1 from the

Philippines, 1 from India, and 3 from America)

Fig. 2 Southern

hybridization result of

subclone sc1 (a) and sc12

(b) hybridized with AA,

BBCC, CC, CCDD, EE rice

genomes, respectively

Fig. 3 Southern

hybridization result of

subclone sc1 (a) and sc12

(b) hybridized with the

cultivated and wild rice of

AA genomes
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formed the indica group, and 30 japonica varieties

(24 from China, 1 from Italy, 1 from the Philippines,

1 from America, and 3 from Japan) also formed the

japonica group. Three China indica varieties are

scattered near the japonica group, indicating a closer

genetic relationship with the japonica group. The

distribution of the indica group is more scattered than

that of the japonica group, which indicates that the

indica varieties have higher genetic diversity than the

japonica varieties (Fig. 5).

Discussion

Compared with the SS markers developed using other

methods, our marker system is more rapid and

efficient. Neeraja et al. (2006) used 372 microsatellite

primers covering the entire genome to find SS

markers, but only 36 markers (9.68% of the whole

set of primers) gave clear polymorphisms on 3%

agarose gels. Chin et al. (2007) designed 765 primers

by comparing DNA sequences at every 2–3 cM

interval between indica and japonica, and identified

67 markers (8.75% of the total primers) as SS

markers. In our study, we found 22 SS markers using

36 primer combinations (61.11% of total primer

combinations). More importantly, some primer com-

binations generated several SS markers, for example,

the r2-1/MPGAG primer combination generated

indica specific markers ssi1-2 and japonica specific

markers ssj4-6. Combination r2-1/MPGAT generated

ssi4-6 and ssj7-8. In addition, the F1 generation of

an inter-species hybrid between O. sativa and

O. rufipogon was used to check the stability of the

Table 4 SS markers identified in this study

Name Primer combinations Ni Nj Fi Fj

ssi-1 r2-1/MPGAG 29 2 0.977 0.067

ssi-2 r2-1/MPGAG 23 2 0.767 0.067

ssi-3 r2-1/MPGAA 28 1 0.933 0.033

ssi-4 r2-1/MPGAT 30 2 1.000 0.067

ssi-5 r2-1/MPGAT 30 3 1.000 0.1

ssi-6 r2-1/MPGAT 30 3 1.000 0.1

ssi-7 r2-2/MPGAT 30 1 1.000 0.033

ssi-8 r2-2/MPGAT 29 5 0.977 0.167

ssi-9 rt-1/MPGAA 30 5 1.000 0.167

ssj-1 r2-1/MPCA 4 27 0.133 0.9

ssj-2 r2-1/MPGAA 5 27 0.167 0.9

ssj-3 r2-1/MPGAA 4 27 0.133 0.9

ssj-4 r2-1/MPGAG 5 30 0.167 1.000

ssj-5 r2-1/MPGAG 4 27 0.133 0.9

ssj-6 r2-1/MPGAG 4 27 0.133 0.9

ssj-7 r2-1/MPGAT 1 27 0.033 0.9

ssj-8 r2-1/MPGAT 1 27 0.033 0.9

ssj-9 r2-1/MPGAT 0 17 0 0.567

ssj-10 r2-2/MPCA 0 30 0 1.000

ssj-11 r2-2/MPCA 0 27 0 0.9

ssj-12 rt-1/MPGAA 4 30 0.133 1.000

ssj-13 rt-1/MPGAA 0 25 0 0.833

Fig. 4 The indica-specific markers amplified by r2-1/MPGAA

primer combination. Arrowhead indicates the indica-specific

marker location

Fig. 5 Scatter plot showing the genetic relationships among

the indica and japonica varieties based on PCA analysis

Genet Resour Crop Evol (2011) 58:1177–1186 1183

123



markers; 98% of bands from the F1 were from

parents, but only 4% of the dominant bands belonged

to the co-dominant type. It is interesting that some

non-parental bands also appeared. Their frequency

ranged from 1 to 3%, depending on the primer

combinations. This phenomenon was also reported by

Lee et al. (2005). This suggests that RIRE 2 and RIRE

3 might be activated during the restructuring of two

heterogeneous genetic materials.

The amplification of LTR retrotransposons is main

cause of the expansion of the genome (SanMiguel

et al. 1996). However, about 97 M LTR retrotrans-

poson sequences have removed by illegitimate

recombination and unequal homologous recombina-

tion (Ma et al. 2004). During this process, much solo-

LTRs with small inserted/deleted fragments were

formed and scatted in the rice genome (Vitte and

Panaud 2003). The RIRE family retrotransposons

exist in high copy numbers in O. sativa, and are

further classified into many sub-families based on the

LTR sequences, such as RIRE 1–10. RIRE 2 is a

representative member of the RIRE family with a

short LTR (440 bp) and has an extra 4-Kb down-

stream region from the gag-pol region (Kumekawa

et al. 1999). RIRE 3 is a representative member with a

very long LTR (2,316 bp) and has an ORF of

unknown function in the upstream region of the

gag-pol region. Does the presence of a longer LTR

element correlate with more insertion/deletions poly-

morphisms and more SS markers? The RIRE 3 LTR

is longer than RIRE 2, however, no SS markers were

found using r3-1/r3-2 primer combinations in our

results. Vitte et al. (2004) showed that SS markers

could be found when the LTR of RIRE 8 (3,009 bp)

and Retrosat1 (441 bp) were analyzed using inserted

site-specific primers. Thus, the specificity might be

not related to the length of the LTR elements, but

related to which type of LTR retrotransposon is chose

by inserted site-specific primers.

Small fragment insertion/deletions and base muta-

tions are the main reason for the specificities of

markers. Some SS markers of different primer com-

binations were cloned and sequenced. Two reasons

might explain the marker specificity. Firstly, the

presence of small fragment insertion/deletions: the

sequences of indica-specific markers ssi-1 have a

deletion of 8 bp, and ssi-7, 8 have a deletion of 11 bp

compared with the sequences in japonica. The

sequences of japonica-specific markers ssj-3, 5, and

ssj-6 have deletions of 138, 14, and 138 bp, respec-

tively. If an anchored primer pair had the flanking

sequence of the insertion/deletion site, polymorphic

bands between indica and japonica would be pro-

duced. A longer amplification band could be produced

in the ‘‘inserted species’’, and a shorter band produced

in the ‘‘deleted species’’. If an anchored primer

matched the insertion/deletion site, an amplification

band would be produced in one species but not in the

other. The second reason is nucleotide base mutation.

If mutation events happened in restriction enzyme

sites, different restriction fragments between indica

and japonica varieties after Msel I digestion would be

resulted, e.g. the ssj-1,2 and ssi-2,3 markers.

SS markers are a series of allele sites specifically

present in indica or japonica and are key markers for

variety classification, and the study of origin and

genetic differentiation of Asian cultivated rice. Pre-

vious studies on the differentiation of subspecies and

their relationships in rice (Sun et al. 2002; Garris

et al. 2005; Londo et al. 2006) used a few markers or

unselected markers. LTR retrotransposons comprise

of 20% of the rice genome. The SS markers

developed here are good markers for distinguishing

subspecies. The japonica SS markers showed allelic

loci in most japonica varieties but little or none in

indica varieties. Markers ssj1-3, and 5-8 were

detected in 27 japonica varieties, but only in 1-5

indica varieties, giving an 90% chance to distinguish

two subspecies. Marker ssj-9 was completely lost in

all indica varieties, and had a low accuracy for

japonica as it was only detected in 17 japonica

varieties. However, ssj-10, 11, and 13 showed high

specificity in japonica, because no allelic loci were

detected in any indica varieties. Highly accurate

distinction was also shown for indica SS markers.

Markers ssi4, 5, 6, 7, and 9 were detected in all indica

varieties but were only detected 2–5 in japonica

varieties, giving an accuracy of more than 90%. Thus,

these SS markers, based on RIRE retrotransposon

LTRs, can accurately distinguish the two subspecies.

In addition, marker ssj-11 exists in a high copy

number in japonica subspecies, but only 2–5 copies

of fragments missing 76 bp were detected in indica,

suggesting that the amplified ssj-11 fragment was

selectively lost in the indica subspecies but preserved

in the japonica subspecies during rice genome

evolution. Similar phenomena were also found in

other studies (Britten et al. 2003; Vitte et al. 2004).
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Further study of the flanking sequences of ssj-11

insertion sites in indica and japonica might provide

information on the molecular evolutionary clock. It

will not only explain the mechanism behind the

missing genomic fragments, but also provide molec-

ular evidence on the differentiation of O. sativa.

Rice has two genetically divergent cultivars, indica

and japonica, and ecologically distinct wild progen-

itors, O. nivara and O. rufipogon. It is generally

agreed that rice O. sativa was domesticated from wild

Asian species belonging to the AA-genome group of

the genus Oryza (Chang 1976; Second 1982; Wang

et al. 1992; Khush 1997; Ge et al. 1999). However,

controversy has persisted on two major issues. One is

which wild species, O. nivara or O. rufipogon, is the

direct wild progenitor of cultivated rice. The other is

whether rice was domesticated once or multiple times

from divergent wild populations (Syed et al. 2005;

Zhang et al. 2009; Zhao et al. 2009). Rakshit et al.

(2007) considered that indica and japonica were

independently domesticated from O. rufipogon. Clus-

ter analysis based on subspecies-specific intron length

polymorphism (SSILP) markers support the hypoth-

esis that indica and japonica were domesticated from

the O. rufipogon in tropical Asia and in Southern

China, respectively (Zhao et al. 2009). In our study,

about 31% of total PCR profiles are polymorphic

between the two subspecies (indica and japonica).

PCA results supported that subspecies indica and

japonica varieties from different geographical regions

can be distinguished by our molecular marker system.

Utilization of these markers to analyze Asian typical

wild rice and cultivated rice will provide more

molecular evidence for cultivated rice domestication.

Our results will serve as an important basis for further

studies of cultivated rice domestication and the

differentiation of O. sativa.
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