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Abstract The archipelago of Indonesia has a long his-
tory of rice production across a broad range of rice-
growing environments resulting in a diverse array of
local Indonesian rice varieties. Although some have
been incorporated into modern breeding programs, the
vast majority of these landraces remain untapped. To
better understand this rich source of genetic diversity
we have characterized 330 rice accessions, including
246 Indonesian landraces and 63 Indonesian improved
cultivars, using 30 Xuorescently-labeled microsatellite
markers. The landraces were selected across 21 prov-
inces and include representatives of the classical sub-
populations of cere, bulu, and gundil rices. A total of
394 alleles were detected at the 30 simple sequence
repeat loci, with an average number of 13 alleles per

locus across all accessions, and an average polymor-
phism information content value of 0.66. Genetic
diversity analysis characterized the Indonesian land-
races as 68% indica and 32% tropical japonica, with an
indica gene diversity of 0.53 and a tropical japonica
gene diversity of 0.56, and a Fst of 0.38 between the two
groups. All of the improved varieties sampled were
indica, and had an average gene diversity of 0.46. A set
of high quality Indonesian varieties, including Rojo-
lele, formed a separate cluster within the tropical
japonicas. This germplasm presents a valuable source
of diversity for future breeding and association map-
ping eVorts.

Introduction

Knowledge of the genetic diversity and population
structure of germplasm collections is an important
foundation for crop improvement. Due to the impor-
tance of rice as a major world crop, the origin and
diversity of Oryza sativa has attracted great interest.
Current hypotheses point to a polyphyletic origin of
cultivated rice, a result of at least two independent
domestication events, likely from either perennial or
annual types of O. ruWpogon (Cheng et al. 2003; Sec-
ond 1982; Vitte et al. 2004).Two sub-species of O.
sativa, indica and japonica, have long been recognized
and recent evidence suggests an ancient indica/japon-
ica divide dating between 200,000 and 440,000 years
ago based on nuclear genome sequence comparisons
and between 86,000 and 200,000 years ago based on
chloroplast sequences, which signiWcantly pre-dates the
domestication of rice (Ma and Bennetzen 2004; Tang
et al. 2004; Vitte et al. 2004; Zhu and Ge 2005). This
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deep population structure is readily apparent in the
rice landraces and improved varieties grown around
the world. Representative samples of the global rice
gene pool have been extensively studied using molecu-
lar markers, beginning with Glaszmann’s pioneering
study that identiWed six groups within O. sativa from
1,688 rice accessions using isozyme markers (Glasz-
mann 1987). A more recent analysis using microsatel-
lite markers identiWed Wve major groups from a diverse
sample of 234 rice accessions: indica, aus, tropical
japonica, temperate japonica and aromatic (Garris
et al. 2005).

While the overall population structure of global O.
sativa germplasm has been well characterized, more
detailed analyses of rice germplasm on a regional or
country-speciWc basis have only just begun. One such
example is Indonesia—a country with a wealth of bio-
diversity that is largely untapped. A long history of tra-
ditional rice production across numerous environments
in Indonesia has led to a diverse array of local Indone-
sian rice varieties. Indonesian rice varieties have previ-
ously been classiWed into three traditional categories:
cere (or tjereh), bulu and gundil. Cere rice has been
characterized as having thin stems with many tillers,
narrow leaves, and no awns, while bulu rices have thick
stems with few tillers, broad leaves, and long awns, and
gundil types are essentially the same as bulu but lack-
ing awns (Takahashi 1997). Rice breeders have associ-
ated cere with indica, while bulu and gundil were once
referred to as “javanica” (i.e. rice that was found on the
island of Java, Indonesia) but the term tropical japon-
ica is now preferred (Khush 1997). Several Indonesian
varieties have been employed in international breeding
programs, such as the variety Peta that was used as one
of the parents of the green revolution variety IR8
(IRRI 1967). More recently, the breeding program at
the International Rice Research Institute has made use
of Indonesian tropical japonica landraces to develop
new plant type (NPT) varieties that have fewer tillers,
thick stems, and large panicles for more eYcient grain
production (Peng et al. 1999). Although a few varieties
have been incorporated into modern breeding pro-
grams, the vast majority of traditional Indonesian
germplasm remains uncharacterized and underutilized.

New strategies have recently been developed to
make better use of plant germplasm collections for
crop improvement, such as using advanced backcross
QTL populations and introgression lines to identify
and transfer beneWcial alleles from exotic germplasm
(Li et al. 2005; Tanksley and McCouch 1997). Another
method for allele mining is to use association mapping
to directly identify useful alleles in germplasm collec-
tions using linkage disequilibrium (LD) (Flint-Garcia

et al. 2003). A two-tiered approach has been proposed
for association mapping in the human genome in which
an isolated population is used for an initial whole-
genome scan, followed by high resolution mapping
with more diverse populations where the haplotype
blocks are smaller (Gabriel et al. 2002). Following this
strategy, populations representing diVerent subsets of
Indonesian landraces may provide a valuable resource
for future association mapping studies in rice. Before
performing an association mapping study, it is essential
to Wrst deWne the population structure within the germ-
plasm to avoid spurious associations (Flint-Garcia
et al. 2005). As a Wrst step toward deWning the genetic
diversity and population structure of Indonesian germ-
plasm we have characterized 330 rice accessions,
including 246 geographically-diverse Indonesian land-
races and 63 Indonesian improved cultivars, using cap-
illary electrophoresis with 30 Xuorescently-labeled
microsatellite markers. Previous studies have demon-
strated the advantages of using Xuorescently-labeled
microsatellite markers for genetic diversity analysis in
rice with multiple dyes allowing eYcient genotyping
using multiplex panels of markers (Blair et al. 2002;
Coburn et al. 2002; Jain et al. 2004). The use of capil-
lary electrophoresis provides additional beneWts,
including greater automation, ease of use, and preci-
sion in fragment sizing, which makes it the preferred
technology for simple sequence repeat (SSR) genotyp-
ing in rice (Garris et al. 2005; Lu et al. 2004). The pur-
pose of this study is to analyze the genetic diversity and
population structure of Indonesian germplasm in com-
parison to global rice varieties, to compare the diver-
sity and structure of Indonesian landraces with the
improved varieties, and to evaluate the potential use-
fulness of Indonesian germplasm for association map-
ping.

Materials and methods

Plant material

The 330 rice accessions consisted of 309 Indonesian
varieties (246 Indonesian landraces and 63 Indonesian
improved cultivars), 18 international varieties, and
three accessions of O. ruWpogon (see Supplementary
Table 1). The Indonesian landraces were selected from
the rice germplasm collection at the Indonesian Center
for Agricultural Biotechnology and Genetic Resources
Research and Development (Bogor, Indonesia) to rep-
resent the broad geographic range of rice cultivation
across 21 provinces of Indonesia (Fig. 1). Most of the
landraces originated from one of four major Indonesian
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islands: 73 landraces were from Sumatra, 49 were from
Kalimantan (on the island of Borneo), 49 were from
Sulawesi, and 48 were from the island of Java (Fig. 1).
The Indonesian improved varieties were requested
from plant breeders from the Indonesian Institute of
Rice Research (Sukamandi, Indonesia) and from the
rice germplasm collection in Bogor to compare the
genetic structure of Indonesian improved varieties with
the traditional landraces. Eighteen international varie-
ties were included in the study, most of which were
selected from accessions previously clustered into pop-
ulation groups to serve as controls for the genetic
diversity analysis, in addition to two previously studied
Indonesian varieties, Trembese and Popot-165 (see
Garris et al. 2005). These consisted of three temperate
japonica (Nipponbare, Koshihikari, and Caloro), three
tropical japonica (Moroberekan, Sinampaga Selection,
and Maintmolotsy 1226), four indica (IR36, IR64,
Tetep and Binulawan), three aus (Dhala Shaitta,
DV85, and Kasalath), one aromatic (JC1), and one not
previously deWned (Cabacu). In addition, three
improved varieties in the Indonesian breeding program
were conWrmed to be introductions from other coun-
tries, and have been labeled as international varieties:
Kartuna (Philippines), Kalimutu (Kenya), and Gajah
Mungkur (Kenya). Three O. ruWpogon accessions orig-
inally from Indonesia were requested from the Interna-
tional Rice Research Institute (IRRI, Los Banos,
Philippines) to compare the genetic relationship of
wild Indonesian accessions to the landraces and
improved varieties (IRGC 81802, 92605, and 105958).

SSR marker genotyping

Plants were grown in pots in a greenhouse in Bogor,
Indonesia, and young leaf tissue was harvested from a
single plant for each accession. Although there may be
heterogeneity within landraces, a single plant was
chosen to be able to detect heterozygosity within an

individual, which would have been indistinguishable
from heterogeneity within a landrace if a bulked sam-
ple had been used. Total genomic DNA was extracted
after crushing in liquid nitrogen in microfuge tubes
using a Tris/SDS extraction buVer (100 mM Tris–HCl
pH 8, 50 mM EDTA pH 8, 500 mM NaCl, 1.25% SDS
(w/v), 0.38 g sodium bisulWte per 100 ml of buVer) and
chloroform extraction followed by ethanol precipita-
tion. Agarose gel electrophoresis was used to estimate
DNA concentration, and each sample was then diluted
to approximately 5–10 ng/�l.

Thirty evenly-spaced SSR markers were selected as
a subset of markers previously used for genetic diver-
sity analysis of O. sativa, with a preference for those
SSRs that followed a stepwise mutation pattern
(Table 1; Garris et al. 2005). Multiplex panels were
designed to run Wve markers in each panel based on
previously published allele size ranges (Temnykh et al.
2000). For each SSR marker, the forward primer was
labeled with one of three Xuorescent labels (D2, D3,
and D4) for running on the Beckman CEQ 8000 using
WellRED dyes (Proligo, Boulder, CO, USA; IDT,
Coralville, IA, USA). PCR reactions contained 0.75 U
of FastStart Taq (Roche Applied Science, Indianapo-
lis, IN, USA) with the following components in a 20 �l
reaction volume: FastStart 10£ PCR buVer with 2 mM
MgCl2, 10 mM dNTP mix, 5 �M forward and reverse
primers, and 15–30 ng genomic DNA. Reactions were
run for 35 cycles using a touchdown PCR program
(touchdown annealing at 60–55°C). Each SSR marker
was run in a separate PCR reaction and ampliWcation
products were pooled before loading. All six panels
were optimized by adjusting the dilution of each of the
Wve ampliWcation products to equalize signal strength
for each panel. Fragments were size separated by capil-
lary electrophoresis using a Beckman CEQ 8000
Genetic Analyzer in the lab in Bogor, Indonesia. Allele
sizes were obtained using Beckman’s Fragment Analysis
software, followed by a manual binning step for markers

Fig. 1 Map of Indonesia, 
showing the 21 provinces rep-
resented by the 246 Indone-
sian landraces, an 
abbreviation of each province, 
and the number of landraces 
sampled from each province
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with an intermediate allele size. The average percent
missing data across the 30 loci is 4%. The SSR geno-
type data for 330 accessions with the 30 SSR markers is
available in Supplemental Table 1.

Data analysis

The summary statistics including the number of alleles
per locus, major allele frequency, gene diversity, poly-
morphism information content (PIC) values, and clas-
sical Fst values were determined using POWERMARKER

version 3.23 (Liu and Muse 2005). For the unrooted
phylogentic tree, genetic distance was calculated using
the “C.S. Chord 1967” distance (Cavalli-Sforza and
Edwards 1967) followed by phylogeny reconstruction
using neighbor-joining as implemented in POWERMAR-
KER with the tree viewed using TREEVIEW (Page 1996).
The allele frequency data from POWERMARKER was
used to export the data in binary format (allele
presence = “1” and allele absence = “0”) for analysis
with NTSYS-PC version 2.1 (Rohlf 1997). A similarity
matrix was calculated with the SIMQUAL subprogram

using the Dice coeYcient, followed by cluster analysis
with the SAHN subprogram using the UPGMA cluster-
ing method as implemented in NTSYS-PC. The similar-
ity matrix was also used for principal coordinate
analysis (PCoA) with the DCENTER, EIGEN, OUTPUT,
and MXPLOT subprograms in NTSYS-PC. Bootstrap-
ping of the UPGMA tree was performed using
POWERMARKER with 1,000 iterations followed by the
PHYLIP CONSENSE module with the majority rule setting
(Felsenstein 1985). A model-based cluster analysis was
then performed using the program STRUCTURE version
2.1 (Pritchard et al. 2000). The optimum number of
populations (K) was selected after Wve independent
runs of a burn-in of 10,000 iterations followed by
100,000 iterations using a model allowing for admix-
ture and correlated allele frequencies and testing for
K = 2 to K = 8 (Falush et al. 2003). The optimum value
of K = 2 was then used to determine inferred ances-
tries. An analysis of multilocus associations was also
performed using Brown and Feldman’s (1981) method
and Ohta’s (1982) method and as implemented in POP-
GENE version 1.32 (Yeh et al. 1997). For this analysis

Table 1 Data summary for 30 
Xuorescently-labeled micro-
satellite markers across 330 
rice accessions

Panel Labela Marker Chr. Motifb No. of 
alleles

Rare 
allelesc

Size range 
(bp) 

Major alleled PIC

Size 
(bp)

Frequency 
(%)

1 D2 RM433 8 (AG)13 10 7 206–236 226 69 0.45
1 D2 RM5 1 (GA)14 12 7 94–132 114 27 0.80
1 D3 RM55 3 (GA)17 12 8 153–243 229 60 0.55
1 D4 RM215 9 (CT)16 13 9 111–225 151 39 0.70
1 D4 RM514 3 (AC)12 13 8 234–274 250 40 0.71
2 D2 RM214 7 (CT)14 24 22 114–168 136 73 0.46
2 D3 RM11 7 (GA)17 12 6 122–148 140 27 0.82
2 D3 RM144 11 (ATT)11 19 15 220–283 220 36 0.78
2 D4 RM171 10 (GATG)5 6 2 321–345 341 69 0.45
2 D4 RM237 1 (CT)18 15 11 119–151 133 42 0.69
3 D2 RM133 6 (CT)8 7 4 189–233 229 50 0.46
3 D3 RM259 1 (CT)17 15 8 120–179 159 32 0.81
3 D3 RM287 11 (GA)21 14 9 95–157 115 28 0.80
3 D4 RM250 2 (CT)17 17 14 114–192 154 65 0.54
3 D4 RM507 5 (AAGA)7 5 3 216–304 256 71 0.34
4 D2 RM161 5 (AG)20 12 7 70–182 159 49 0.66
4 D3 RM124 4 (TC)10 5 1 267–275 269 37 0.67
4 D3 RM283 1 (GA)18 10 8 143–167 155 65 0.46
4 D4 RM162 6 (AC)20 17 12 205–245 211 40 0.76
4 D4 RM277 12 (GA)11 8 5 116–134 122 58 0.52
5 D2 RM431 1 (AG)16 10 6 241–263 253 47 0.66
5 D3 RM154 2 (GA)21 23 16 148–204 174 21 0.88
5 D3 RM484 10 (AT)9 4 2 292–300 296 72 0.34
5 D4 RM105 9 (CCT)6 6 1 98–137 122 32 0.72
5 D4 RM536 11 (CT)16 12 8 218–252 234 45 0.69
6 D2 RM125 7 (GCT)8 11 7 113–152 125 47 0.63
6 D2 RM19 12 (ATC)10 13 5 215–257 248 27 0.82
6 D3 RM541 6 (TC)16 24 19 104–200 184 23 0.87
6 D4 RM413 5 (AG)11 14 8 70–182 80 32 0.77
6 D4 RM474 10 (AT)13 31 26 228–306 230 26 0.88

Mean 13 9 45 0.66

a Fluorescent label for Beck-
man CEQ: D2 = black, 
D3 = green, and D4 = blue
b Motif of the SSR and num-
ber of repeats as previously 
published (http://www.gram-
ene.org)
c Rare alleles are deWned as 
alleles with a frequency less 
than 5%
d Major allele is deWned as the 
allele with the highest fre-
quency
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the data set was divided into two populations, repre-
senting the indica and japonica subspecies, using the
previous cluster results. For Brown’s analysis, the data
was Wrst converted to haploid data.

Results

Overall SSR diversity

A total of 394 alleles were detected at 30 microsatellite
markers across 330 rice accessions (Supplemental
Table 1). The number of alleles per locus ranged from
4 alleles (RM484) to 31 alleles (RM474), with an aver-
age of 13 alleles across the 30 loci (Table 1). The PIC
values ranged from 0.34 (RM507 and RM484) to 0.88
(RM154 and RM474), with an average of 0.66. Rare
alleles, deWned as those alleles with a frequency less
than 5%, were identiWed at all 30 loci, with an average
of nine rare alleles per locus. The frequency of the
most common allele at each locus ranged from 21%
(RM154) to 73% (RM214). On average, 45% of the
330 rice accessions shared a common major allele at
any given locus (Table 1).

Genetic distance-based analysis

The genetic distance-based results seen in the unrooted
neighbor-joining tree revealed two major groups in the
Indonesian germplasm (Fig. 2). By using predeWned
international accessions to assign identities to each
group, the larger group corresponds to indica, while
the smaller group corresponds to tropical japonica. The
three temperate japonica controls were clustered within
the larger japonica group, making it diYcult to strictly
deWne the boundary between the temperate and tropi-
cal japonica accessions. However, since none of the
Indonesian accessions were placed directly within the
temperate japonica sub-cluster, all were assumed to be
tropical japonica. The three aus varieties clustered sep-
arately, but closer to the indicas than to the japonicas.
Two Indonesian varieties (Ketan Putih and Jonoko)
were found between the aus and the indica clusters.
Furthermore, the single aromatic control (JC1) clus-
tered closer to the tropical japonica group than to the
indicas. Three Indonesian varieties (Jambu, Sasak
Jalan and Ingsa Bondol) were near JC1 and distinct
from the tropical japonica cluster. The three Indone-
sian O. ruWpogon accessions fell between the indica/
aus and the japonica/aromatic groups (Fig. 2).

The genetic similarity analysis using UPGMA clus-
tering agreed with the neighbor-joining data, with the
aus clustering near the indica group, and the aromatic

JC1 near the japonica cluster (Supplementary Fig. 1).
Again Sasak Jalan and Jambu appeared outside of the
japonica cluster and near JC1, but a slight diVerence
was seen in the placement of Ingsa Bondol between the
temperate and tropical japonicas, instead of outside the
japonica cluster as in the neighbor-joining tree. Using
the UPGMA clustering to deWne each Indonesian
accession into the indica and tropical japonica groups
revealed that 68% of the Indonesian landraces were
indicas and 32% were tropical japonicas. In contrast,
all of the Indonesian improved varieties were indicas.
A closer examination of the location of the Indonesian
cultivars in the UPGMA cluster reveals a distinct con-
centration of improved cultivars in one portion of the
indica group (in the same cluster as IR36 and IR64)
while most of the Indonesian indica landraces are in a
separate cluster, which consists of only 4% improved
varieties (Supplementary Fig. 1). Likewise, a closer
examination of the tropical japonica reveals a distinct
cluster that contains several high quality Indonesian
landraces (including Rojolele and Pandanwangi) and a
variety from Brazil (Cabacu). This cluster is separate

Fig. 2 An unrooted neighbor-joining tree showing the genetic
relationships between the 330 rice accessions based on 30 micro-
satellite markers. The Wve major groups of Oryza sativa are la-
beled: tropical japonica, temperate japonica, aromatic, aus and
indica, along with three accessions of O. ruWpogon. Twelve varie-
ties with known genetic relationships (Garris et al. 2005) are la-
beled, in addition to Caloro, Nipponbare, IR64, Tetep, Rojolele,
and the Wve atypical Indonesian varieties (Sasak Jalan, Jambu,
Ingsa Bondol, Ketan Putih, and Jonoko)
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from the larger group of tropical japonicas, which
includes the international varieties Moroberekan
(Ivory Coast), Sinampaga Selection (Philippines), and
Maintmolotsy 1226 (Madagascar) (Supplementary
Fig. 1). A PCoA presented a similar picture with the
accessions separating into indica and japonica groups,
with the O. ruWpogon accessions in the middle between
the aus group and JC1 (Fig. 3). Again it appears that
the Indonesian variety Ketan Putih is close to the aus
group, and Jambu and Ingsa Bondol are near JC1. In
this case, Jonoko and Popot appear to lie on the fringe
of the indica group.

Population structure analysis

An analysis of population structure identiWed the high-
est log likelihood with the number of populations set at
two (K = 2 using the program STRUCTURE). Since these
two populations correspond to indica and japonica, it is
likely that the other expected groups were not identi-
Wed due to the small number of representative acces-
sions: three temperate japonica, three aus, and one
aromatic. Using K = 2, inferred ancestries for each
accession were computed, revealing 84 tropical japon-
ica accessions having greater than 95% shared ances-
try, and 222 indica accessions having greater than 95%
shared ancestry (Supplementary Fig. 2; Supplementary
Table 1). The remaining 24 accessions were of mixed
ancestry: 10 were predominantly indicas (sharing 73–
92% indica ancestry) with potential admixture with
japonicas, followed by Popot (67% indica), Jonoko
(68% indica), and the three aus and Ketan Putih rang-
ing from 47 to 65% indica ancestry (Supplementary
Fig. 2). Interestingly, the three O. ruWpogon accessions

showed 64–83% japonica ancestry. JC1 showed 81%
japonica, while three other Indonesian varieties (Ketan
Siam, Ingsa Bondol, and Jambu) ranged from 71 to
82% japonica ancestry. Care should be taken in inter-
preting these results, however, since the K = 2 setting
will force all accessions into just two populations, caus-
ing the more distantly related groups, such as the O.
ruWpogon and aus accessions, to appear to be admix-
tures between indica and japonica.

Population diVerentiation and diversity

When the 309 Indonesian accessions are analyzed by
sub-group, the japonica group has slightly higher gene
diversity at 0.56 compared with 0.54 for the indica
group, although the larger indica group averaged 9.0
alleles per locus compared to 7.3 alleles per locus for
the japonicas (Table 2). An estimate of the population
diVerentiation between the Indonesian indica and
japonica groups is represented by an Fst of 0.38. When
limited to the 246 Indonesian landraces, the diversity
and diVerentiation between the indica and japonica
groups is almost the same as seen with the entire set of
germplasm (Table 2). A comparison of the landraces
versus the improved subgroups reveals a much lower
amount of gene diversity in the improved subgroup
(0.46) and only 4.9 alleles per locus, in comparison to
the 0.69 gene diversity and 11.4 alleles per locus of the
set of landraces (both indica and tropical japonica).
This diVerence between the improved varieties and the
landraces is still seen when the japonica accessions are
removed from the landraces: the indica landraces con-
tain a gene diversity level of 0.53 and 8.3 alleles per
locus, which is greater than the indica improved varie-
ties (Table 2). The population diVerentiation between
the indica landraces and improved varieties is repre-
sented by an Fst value of 0.12. To test if the compari-
sons of gene diversity between groups were aVected by
the diVerent sample sizes per group, the data was rean-
alyzed to compare populations of equal sizes by ran-
domly selecting a subset of the larger population to
equal the size of the smaller group for each compari-
son. Although the average numbers of alleles per locus
changes depending on the population size, the average
gene diversity and PIC values were more robust and
gave similar results using either method (Supplemen-
tary Table 2).

A test of the population substructure at the multilo-
cus level was performed using Brown and Feldman’s
(1981) method that compares single-locus versus two-
locus contributions to the total variance in the number
of heterozygous loci in two randomly chosen gametes
within and among the subpopulations. When the indica

Fig. 3 Principal coordinate analysis with four groups outlined: in-
dica, aus, wild, and japonica. Control varieties and atypical acces-
sions are labeled
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and japonica subpopulations were analyzed, the single-
locus components account for 17% of the variance,
while the multilocus associations accounted for 83% of
the variance (Supplementary Table 3). Wahlund’s
covariance was very high, accounting for 88% of the var-
iance of the two-locus components, while the average
disequilibrium component accounted for just 11% of the
variance. The high Wahlund’s covariance and variance
of disequilibrium and a low interaction component sug-
gests founder eVects or signiWcant population subdivi-
sion (Brown and Feldman 1981). Similarly, when Ohta’s
(1982) method was used to compute the variance com-
ponents of LD between the indica and japonica popula-
tions, the D�IS

2 > D�ST
2 and DST

2 > DIS
2, indicating that

limited migration and population subdivision explained
the multilocus associations, rather than epistatic natural
selection (Supplementary Table 4).

Discussion

The results from the genetic distance-based analysis of
309 Indonesian rice varieties with 30 microsatellite
markers reveals a clear divide of Indonesian germ-
plasm into indica and tropical japonica groups (Figs. 2,
3). Across all of the Indonesian varieties, 75% of the
accessions are classiWed as indicas and 25% as tropical
japonicas, while the subset of 246 Indonesian landraces
were comprised of 68% indica and 32% japonica.
These results are quite diVerent from the 34% indicas
and 65% japonicas found across 130 traditional Indo-
nesian varieties previously analyzed with isozyme data
(Glaszmann 1988). This is likely the result of diVerent
sampling strategies by the two studies, possibly due to

Glaszmann’s selective inclusion of tropical japonica
(“javanica”) type varieties. In comparison, a more
recent study including 3,670 Indonesian varieties ana-
lyzed with 11 isozymes found 69% of the sampled
Indonesian germplasm as indica, 28% as japonica and
3% intermediates, although no distinction was made
between landraces and improved varieties (Khush
et al. 2003). Since the isozyme study by Khush et al.
(2003) sampled the largest number of Indonesian vari-
eties to date, it may provide the most accurate estimate
of the proportion of indica versus japonica rices in
Indonesian germplasm.

In contrast to the signiWcant proportion of tropical
japonica accessions detected in the 246 Indonesian
landraces in the current study, all of the Indonesian
improved varieties sampled were indicas. This is likely
a result of the Indonesian breeding program focusing
on high-yielding irrigated rice varieties, which are
largely indica, rather than upland varieties which tend
to be tropical japonica. Notably, the recent eVort to
develop NPT varieties at IRRI evaluated a number of
bulu varieties from Indonesia in an attempt to use trop-
ical japonica germplasm to develop improved irrigated
rice varieties (Virk et al. 2004). While these NPT varie-
ties were very high yielding, they required backcross-
ing to indica germplasm for improved disease
resistance and for indica-type grain quality (Virk et al.
2004). This eVort has demonstrated the potential of
using tropical japonica germplasm to improve irrigated
rice varieties, although these NPT lines have not yet
been widely used in Indonesia. In fact, our observation
that Indonesian improved varieties clustered around
IR64 in the dendrogram conWrms the extensive use of
modern high-yielding indica varieties from IRRI in the

Table 2 SSR diversity and population diVerentiation across diVerent sub-groups of Indonesian accessions using 30 SSR loci

Sub-groups Sample 
size

Mean no. 
alleles/locus

Major allele 
frequency

Mean gene 
diversity

Mean PIC 
value

Fst

All Indonesian varieties
(indica and japonica) 309 11.9 0.46 0.68 0.64 0.38
Indica 231 9.0 0.57 0.54 0.51
japonica 78 7.3 0.56 0.56 0.53

All Indonesian landraces
(indica and japonica) 246 11.4 0.45 0.69 0.65 0.38
indica 168 8.3 0.59 0.53 0.49
japonica 78 7.3 0.56 0.56 0.53

All Indonesian varieties
(Landraces and improved) 309 11.9 0.46 0.68 0.64 0.13
Landraces 246 11.4 0.45 0.69 0.65
Improved 63 4.9 0.65 0.46 0.42

All Indonesian indica
(Landraces and improved) 231 9.0 0.57 0.54 0.51 0.12
Landraces 168 8.3 0.59 0.53 0.49
Improved 63 4.9 0.65 0.46 0.42
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Indonesian breeding program. This is highlighted by an
analysis of the pedigrees of 15 Indonesian improved
varieties, all of which had IR64 as a recent parent (data
not shown).

A comparison of the traditional Indonesian rice cat-
egories to the SSR data revealed a strong correspon-
dence of cere rice with indica, but less agreement
between the bulu and gundil groups with tropical
japonica: out of the 202 of the landraces with previ-
ously assigned classes, 156 were labeled cere and con-
sisted of 81% indica and 19% tropical japonica, 37
were bulu and consisted of 43% indica and 57% tropi-
cal japonica, and 9 were classed as gundil and consisted
of 56% indica and 44% tropical japonica (Supplemen-
tary Table 1). This weak correspondence may be due
to the small sample size of the bulu and gundil groups
included in the study, imprecision in the traditional
methods of classifying Indonesian rice into the three
groups, or a lack of association between the genetic
variation at the relatively few loci controlling the pri-
mary morphological characters in comparison to the
background genetic variation represented by the 30
presumably neutral SSR loci across the genome.

Strikingly, the population structure analysis showed
very little admixture between the indica and japonica
groups: 218 of the 231 Indonesian indica accessions
shared over 95% indica ancestry, while 74 out of 78 of
the Indonesian tropical japonica accessions shared over
95% japonica ancestry (Supplementary Fig. 2). This
compares with a previously published analysis of global
germplasm that identiWed 50% of the indica accessions
over 95% shared ancestry (the rest were between 65
and 95%) and 45% of the tropical japonicas over 95%
shared ancestry, with the remainder between 62 and
95% (Garris et al. 2005). The greater proportion of
shared ancestry in the Indonesian germplasm may be a
result of a narrower genetic pool, or it might reXect a
statistical artifact due to the diversity of samples ana-
lyzed and the K = 2 population structure analysis ver-
sus the K = 5 analysis in Garris et al. (2005). Although
it is diYcult to date the introduction of indica and trop-
ical japonica rice into Indonesia, it is likely that these
two groups were introduced separately and have
remained distinct despite several thousand years of
sympatric cultivation in Indonesia. Possible explana-
tions for the continued existence of these distinct
genetic groups are adaptation to diVerent environ-
ments and the partial sterility barrier that separates
indica and japonica (Harushima et al. 2002; Oka 1988).
In Indonesia irrigated rice is largely indica, while
upland rice consists mostly of tropical japonica varie-
ties, which are generally separate growing environ-
ments. However, in some instances indica and japonica

varieties grow near each other, and in these cases the
low fertility of intercrossed progeny undoubtedly acts
to prevent large scale admixture between the indica
and tropical japonica groups. A clear subdivision
between the indica and japonica groups was also seen
with signiWcant multilocus associations using Brown
and Feldman’s (1981) method. While the recent study
of Yu et al. (2003) also found signiWcant multilocus
eVects between indica and japonica, the Indonesian
data had a much higher Wahlund’s covariance and
lower average disquilibrium, suggesting that founder
eVects rather than selection may be more responsible
for the multilocus associations (Brown and Feldman
1981). This diVerence is possibly due to the limited
geographic origin of the Indonesian accessions com-
pared to a more geographically diverse set of germ-
plasm in Yu et al. (2003). Likewise, a greater eVect
from population subdivision rather than epistatic selec-
tion within the Indonesian germplasm was found when
Ohta’s (1982) analysis was performed.

Although all of the Indonesian varieties could be
assigned as belonging to either the indica or tropical
japonica groups, a few atypical accessions were
detected. Five Indonesian varieties fell outside of the
larger clusters: Ketan Putih (from Bengkulu) and Jon-
oko (Central Java) fell between the aus and indica
groups, while the Jambu (West Sumatra) was closer to
the aromatic JC1, and Ingsa Bondol (Bali) and Sasak
Jalan (East Kalimantan) were related to the japonicas,
but clustered separately from the main group. The
unusual nature of these Wve accessions may be due to
admixture with varieties recently introduced from out-
side of Indonesia.

It is also of interest to note that the three Indonesian
O. ruWpogon accessions showed a higher proportion of
japonica ancestry than indica from the structure analy-
sis (with a range of 64–83% japonica ancestry). This is
in agreement to a recent report of a group of perennial
O. ruWpogon accessions (Wve from China and one from
Indonesia) being more closely related to a cluster of
japonica O. sativa accessions (Cheng et al. 2003). A
more thorough analysis of O. ruWpogon accessions from
Indonesia is needed to compare with the accessions
from China to further deWne the relationships between
the diVerent genetic groups within O. ruWpogon. Con-
sidering that only 19 Indonesian O. ruWpogon acces-
sions are held in the IRRI germplasm collection (http://
www.singer.grinfo.net/), this might also warrant addi-
tional collection of wild accessions from unexplored
regions of Kalimantan and Irian Jaya (West Papua).

Abundant genetic diversity was detected across the
Indonesian rice varieties, with an overall gene diversity
of 0.68 and average of 11.9 alleles per locus. Surprisingly,
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the tropical japonica group had a gene diversity value
of 0.56, which was slightly, but not signiWcantly, higher
than the indica group with a gene diversity value of
0.54. In comparison, a published survey of 234 global
rice accessions (including a few Indonesian landraces)
had an overall gene diversity of 0.70 and 11.8 alleles
per locus, an indica diversity of 0.55 and 7.3 alleles per
locus and a tropical japonica gene diversity of 0.47 and
average of 6.1 alleles per locus (Garris et al. 2005).
Other studies have shown higher diversity within
indica germplasm than within the tropical japonicas
(Glaszmann 1987; Li and Rutger 2000), although the
opposite has also been found (Yu et al. 2003). In a
recent study of rice germplasm in China, the indica
group had a gene diversity of 0.68, while the japonica
group was 0.57 (Gao et al. 2005). While the gene diver-
sity of the Indonesian Japonica group (0.56) is similar
to that found in China, the indica diversity was lower,
possibly indicating a more narrow genetic base of
indica rice in Indonesia compared with China.

While the indica and tropical japonica subsets of
Indonesian germplasm both contained abundant diver-
sity, a comparison of the improved varieties versus the
landraces revealed much lower diversity in the set of 63
improved varieties sampled in this study. For example,
the 168 Indonesian indica landraces had a gene diver-
sity of 0.53 and an average of 8.3 alleles per locus, while
the Indonesian indica improved varieties had a gene
diversity of 0.46 and an average of 4.9 alleles per locus.
The diVerence between the Indonesian landraces and
the Indonesian improved varieties was even more pro-
nounced than a comparison of mostly Chinese land-
races and cultivars, where the indica landraces had a
gene diversity of 0.60 and the indica improved varieties
0.55 (Yang et al. 1994). Furthermore, the Indonesian
indica cultivars tended to cluster in one section of the
larger indica group, and did not cover the complete
range of indica diversity found in the landraces. This
suggests that breeding programs can target these
untapped clusters of landraces to introduce novel
sources of genetic variation. One important example is
a sub-group of the tropical japonicas that contains two
popular high-quality landraces: Rojolele and Pandanw-
angi. These two varieties are prized in Indonesia by
consumers due to their fragrant aroma and excellent
taste resulting in a signiWcant premium when sold on
the market, but the desired characteristics of these two
varieties have yet to be incorporated into improved
Indonesian varieties. While these high quality tropical
japonica varieties are currently grown in upland envi-
ronments, it will be interesting to see if the desirable
grain quality traits can be incorporated into high yield-
ing irrigated varieties.

Given the diVerences seen between the indica and
japonica groups as well as between Indonesian acces-
sions versus global rice germplasm, the choice of popu-
lation will be very important when planning association
mapping experiments. For example, in any given set of
germplasm, the indica and japonica accessions will need
to be treated as separate populations to avoid false
associations due to the underlying population structure,
as seen in maize populations (Flint-Garcia et al. 2005).
In addition, it is likely that diVerent sets of rice germ-
plasm will have varying amounts and distributions of
LD, providing diVerent levels of resolution for associa-
tion mapping based on the size of the haplotype blocks
in diVerent regions of the genome. It is possible that iso-
lated populations of Indonesian landraces that have
experienced genetic bottlenecks would have more LD
and larger haplotype blocks, providing a useful resource
for an initial association mapping study, while more
diverse populations may provide a higher mapping res-
olution once a candidate region is targeted. Detailed
analyses of the amount of LD and the size of the haplo-
type blocks in diVerent sets of rice germplasm and
diVerent genomic regions are needed before eYcient
association mapping experiments can be designed.
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