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Genetic diversity and classification of Oryza sativa
with emphasis on Chinese rice germplasm

C-H Wang1,3, X-M Zheng2,3,4, Q Xu1, X-P Yuan1, L Huang2, H-F Zhou2, X-H Wei1 and S Ge2

Despite extensive studies on cultivated rice, the genetic structure and subdivision of this crop remain unclear at both global
and local scales. Using 84 nuclear simple sequence repeat markers, we genotyped a panel of 153 global rice cultivars covering
all previously recognized groups and 826 cultivars representing the diversity of Chinese rice germplasm. On the basis of model-
based grouping, neighbour-joining tree and principal coordinate analysis, we confirmed the widely accepted five major groups of
rice cultivars (indica, aus, aromatic, temperate japonica and tropical japonica), and demonstrated that rayada rice was unique
in genealogy and should be treated as a new (the sixth) major group of rice germplasm. With reference to the global
classification of rice cultivars, we identified three major groups (indica, temperate japonica and tropical japonica) in Chinese
rice germplasm and showed that Chinese temperate japonica contained higher diversity than that of global samples, whereas
Chinese indica and tropical japonica maintained slightly lower diversity than that present in the global samples. Particularly,
we observed that all seasonal, drought-tolerant and endosperm types occurred within each of three major groups of Chinese
cultivars, which does not support previous claims that seasonal differentiation exists in Indica and drought-tolerant
differentiation is present in Japonica. It is most likely that differentiation of cultivar types arose multiple times stemming
from artificial selection for adaptation to local environments.
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INTRODUCTION

Asian cultivated rice (Oryza sativa L.) is one of the most important
crops in the world. Rice not only serves as a primary food source for
more than half of the world’s population (Khush, 1997), but also
provides an excellent model system for studying a wide range of
biological questions (Shimamoto and Kyozuka, 2002; Wing et al.,
2005; Zhang et al., 2008). As a result of both natural and artificial
selection, rice has evolved into a crop containing high levels of
morphological, physiological and genetic diversity, with 41 20 000
distinct rice varieties recognized worldwide (Oka, 1988; Khush, 1997;
Sang and Ge, 2007; Vaughan et al., 2008). An assessment and
classification of this diversity is important for effective utilization of
the germplasm and will provide a powerful evolutionary framework
for many future biological studies using rice as a model.

To date, substantial investigations have been undertaken on the
classification of rice cultivars (see reviews in Oka, 1988; Sang and Ge,
2007; Sweeney and McCouch, 2007). Although two major subspecies
(Indica and Japonica) have been widely accepted without dispute, the
genetic subdivision or substructure of the crop has been inconsistent
(for example, Matsuo, 1952; Glaszmann, 1987; Ni et al., 2002; Garris
et al., 2005; Ebana et al., 2010). In a landmark study using 15
polymorphic enzyme loci on 1688 landraces, Glaszmann (1987)

identified six varietal groups (I to VI), with two of the largest groups
(groups I and IV) corresponding to typical Indica and Japonica
varieties (subspecies) (Khush, 1997). By screening a sample of 234 rice
accessions using 169 nuclear simple sequence repeats (SSRs) and two
chloroplast loci, Garris et al. (2005) detected five distinct groups and
referred to them as indica, aus, aromatic, temperate japonica and
tropical japonica, corresponding to Glaszmann’s (1987) groups I, II, V
and VI (temperate japonica and tropical japonica), respectively. This
classification was subsequently supported by analyses of genome-wide
single-nucleotide polymorphism (SNP) data (Caicedo et al., 2007;
Zhao et al., 2010; Huang et al., 2012). Nevertheless, a survey of whole-
genome single-nucleotide polymorphisms in 140 diverse rice acces-
sions from a world plus a Japanese core collection yielded slightly
different result (Ebana et al., 2010). This study identified seven rice
groups, three of which were defined as tropical japonica, one as
temperate japonica, two as indica and one as aus in terms of Garris
et al.’s (2005) classification. Numerous studies on rice cultivars at a
local scale have also been conducted and found different subdivisions
of rice germplasm (de Oliveira Borba et al., 2009; Zhang et al., 2009,
2011b; Jin et al., 2010; Li et al., 2010). Thus, the genetic subdivision
and classification of rice germplasm remain unclear, with three to
seven major groups identified by different studies.
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One problem arising from previous studies is that some groups of
major varieties (for example, groups III and IV recognized by
Glaszmann, 1987) were not included in all analyses of global rice
germplasm (Garris et al., 2005; Ebana et al., 2010; Zhao et al., 2010;
Huang et al., 2012). This may have lead to unreliable estimate of the
substructure and lineage affinities among rice cultivars. Another issue
is that almost all previous studies on global rice germplasm did not
include sufficient samples from China, which might have biased the
estimates of both genetic diversity and population structure given that
71 970 rice accessions are recognized as present in China (Wei et al.,
2000). For example, of 1688 accessions surveyed by Glaszmann
(1987), only 263 (15.6%) were Chinese and classified exclusively into
groups I and VI. In the study by Garris et al. (2005), only
15 accessions from mainland China were included and these were
grouped into just two groups (indica and temperate japonica). Recent
studies have provided convincing evidence that more than two
distinct groups were present in Chinese rice germplasm (Zhang
et al., 2009, 2011b; Huang et al., 2010, 2012; Jin et al., 2010), implying
that greater sampling of Chinese rice cultivars is required for a better
resolution of rice population genetics. Finally, as the largest rice
genepool, the Chinese rice germplasm has been a focus of investiga-
tions for a long time. However, different studies have obtained
inconsistent opinions and thus yielded conflicting conclusions
regarding cultivar grouping and subdivisions (for example, Ting,
1957; Cheng, 1985; Zhang et al., 2009, 2011b; Huang et al., 2010; Jin
et al., 2010). Hence, there is a need to clarify the classification of rice
cultivars in China and to place this within a global classification of
rice germplasm.

Here, we used 84 SSR markers to genotype 153 rice accessions
representing all major groups resolved in previous studies plus an
additional 826 accessions representing Chinese rice cultivars. Our
specific objectives were (1) to investigate the population genetic
structure of global rice cultivars by sampling all known cultivar
groups and sufficient Chinese accessions, so as to provide a better
understanding of classification of the global rice germplasm; (2) to
elucidate the population structure of Chinese rice germplasm and to
re-assess its subdivision and classification with reference to the
grouping of global rice cultivars; and (3) to evaluate the genetic
diversity and differentiation of major groups of Chinese cultivars. In
this way, we aimed to obtain an improved understanding of rice
germplasm at both global and local scales, which will enhance its
exploitation and utilization in rice genetics and breeding.

MATERIALS AND METHODS
Plant materials
A total of 826 accessions of Chinese rice cultivars were sampled, including

194 accessions from the rice core collection of the National Mid-term

Genebank for Rice (Hangzhou, China; Supplementary Table S1). Of them,

480 were labelled as Indica and 346 as Japonica. The cultivars included 747

landraces and 79 modern varieties, and represent different seasonal (early,

medium and late), drought-tolerant (lowland and upland) and endosperm

(waxy and non-waxy) types (Table 1, Supplementary Table S1). In addition, we

constructed a set of 153 ‘global’ accessions that included 43 representative

Chinese accessions (recognized in Zhang et al., 2009; 2011a) and 110 accessions

representing rice germplasm from countries other than China. The latter

accessions consisted of the major rice groups identified by Glaszmann (1987)

and Garris et al. (2005) and were obtained from the Germplasm Resource

Center of the International Rice Research Institute (Supplementary Table S2).

Of these, 31 accessions were selected based on Glaszmann’s (1987) classifica-

tion, including 7 from group II (aus), 8 from group III (ashina), 11 from

group IV (rayada) and 5 from group V (aromatic) accessions. The remaining

79 accessions were chosen based on Garris et al.’s (2005) classification,

including 25 indica, 14 aus, 10 aromatic, 16 temperate japonica and 14 tropical

japonica accessions.

DNA extraction and SSR genotyping
Total genomic DNA was extracted from tender plant shoots following a

modified sodium dodecyl sulphate ‘mini-extraction’ protocol developed by

Zheng et al. (1995). DNA extracts were quantified using a spectrophotometer,

checked by 1.5% agarose gel electrophoresis and finally dissolved in 0.1�Tris-

EDTA buffer solution and stored at �20 1C. On the basis of available

information on genome-wide SSR markers in rice (McCouch et al., 2002),

we initially screened a total of 125 SSR primer pairs and finally chose 84

primer pairs that were consistently amplified in our analysis. The SSR loci are

randomly distributed throughout the 12 rice chromosomes and their detailed

information is provided in Supplementary Table S3. Primers were synthesized

by ABI (Applied Biosystems, Foster City, CA, USA), with the forward primers

labelled with blue (FAM), yellow (NED), red (PET) and green (VIC)

fluorophores, respectively.

DNA amplification was carried out using a 2720 thermal cycler (Applied

Biosystems) in a 10ml reaction mixture. Each reaction contained 10� buffer

1.0ml, 2 mmol l–1 dNTPs 1.0ml, 25 mmol l–1 MgCl2 1.0ml, 0.6ml each of the

forward and reverse primer (10mmol l–1), 5 Uml–1 Taq polymerase 0.1ml and

20 ng template DNA. The PCR cycle profile was: 94 1C, 2 min; 35 cycles of

94 1C, 45 s, 55 1C (50 1C for RM6091, 61 1C for RM161 and RM185, 67 1C for

RM119, RM132, RM169 and RM176, respectively), 45 s, and 72 1C, 1 min; and

72 1C, 8 min.

PCR products (2ml) were diluted in 8ml of ultra pure water, purified in the

solution mixed with ethanol and sodium acetate for 30 min, and scoured in

100% alcohol for 15 min. The diluted DNA was dried and mixed with highly

deionized-formamide (Applied Biosystems), and then submitted for fragment

analysis by capillary electrophoresis using an Applied Biosystems 3130xl DNA

analyser (Applied Biosystems). DNA fragment size analysis and allele calling

were performed using GeneScan and GeneMapper software (Applied Biosys-

tems), followed by the manual allele binning. The matrix standard kit was used

to generate the ‘multicomponent matrix’ when analyzing the FAM-, NED-,

PET-, VIC- and Liz-labelled DNA fragments with the ABI3130 series systems.

The multicomponent matrix was used by Data Collection Software (Applied

Biosystems) for the instrument to automatically analyse the five different

coloured fluorescent dye-labelled samples in a single capillary. In addition,

reference lanes were further verified by polyacrylamide gel electrophoresis. In

the case of non-amplification, PCR was repeated to exclude technical failure

and a null allele was recorded if both PCRs failed.

Table 1 Number (percentage) of accessions belonging to different cultivar types in three groups of Chinese germplasm used in this study

Group Sample sizea
Seasonal type Drought-tolerant type Endosperm type

Early Medium Late Lowland Upland Waxy Non-waxy

indica 495 43 (8.7%) 245 (49.5%) 207 (41.8%) 401 (81.0%) 94 (19.0%) 72 (14.5%) 423 (85.5%)

temperate japonica 201 23 (11.4%) 77 (38.3%) 101 (50.3%) 178 (88.6%) 23 (11.4%) 83 (41.3%) 118 (58.7%)

tropical japonica 82 3 (3.7%) 27 (32.9%) 52 (63.4%) 10 (12.2%) 72 (87.8%) 45 (54.9%) 37 (45.1%)

Total 778 69 (8.9%) 349 (44.8%) 360 (46.3%) 589 (75.7%) 189 (24.3%) 200 (25.7%) 578 (74.3%)

aAdmixed accessions among three groups were excluded.
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Statistical analysis
The model-based program STRUCTURE (Pritchard et al., 2000; Falush et al.,

2003) was used to calculate the genetic component for each accession using a

burn-in length of 10 000, run length of 100 000, and a model allowing for

admixture and correlated allele frequencies. To infer population structure, we

used both the LnP(D) value and Evanno’s DK (Evanno et al., 2005) based on

five independent simulations. Genetic distance was calculated using the

LogSharedAllele distance, DLS (Chakraborty and Jin, 1993), and phylogenetic

reconstruction was based on the neighbour-joining (NJ) method implemented

in PowerMarker (Liu and Muse, 2005). We also used NTSYTS-pc version 2.10e

(Rohlf, 1997) to perform the principal coordinate analysis (PCA), which

summarized the major patterns of variation in multi-locus data set. To

investigate the group relationship, FST value was calculated and tested using

FSTAT (Goudet, 2001). PowerMarker (Liu and Muse, 2005) was used to

calculate the number of alleles per locus (Na) and gene diversity per locus (He)

as well as polymorphism information content (PIC).

RESULTS

Genetic structure and subdivision of global rice cultivars
We sampled 153 diverse global rice cultivars representing all major
groups identified in previous studies (Glaszmann, 1987; Garris et al.,
2005; Zhang et al., 2009, 2011a) to analyse the population genetic
structure and the genetic affinities among major sub-populations of
rice. We first used STRUCTURE, a model-based approach to calculate
the genetic component of each accession and subdivide all cultivars
into clusters. We found that the LnP(D) value increased with K from
1 to 10, but showed peaks of Evanno’s DK at k¼ 2 and k¼ 6, with

very similar grouping results at K46 (Supplementary Figure S1).
Thus, we chose K¼ 2 and K¼ 6 for the final analysis of the global
accessions. At K¼ 2, two major groups corresponding to two rice
subspecies (Indica and Japonica) are apparent; whereas six well-
clustered groups are evident at K¼ 6, with two groups under
Indica and four under Japonica (Figure 1a). It is noted that all five
groups determined by Garris et al. (2005), that is, indica, aus,
aromatic, temperate japonica and tropical japonica, were confirmed,
corresponding to groups I, II, V and VI of Glaszmann (1987). As 39
(25%) accessions were admixed individuals (with the membership
o80% in any one group), we ran STRUCTURE again excluding
these admixed accessions and the results remained unchanged (data
not shown).

Our NJ tree and PCA further confirmed the STRUCTURE results.
When admixed accessions were removed, six groups were clearly
identified in NJ tree (Figure 1b). Note that all rayada rice accessions
form a distinct cluster close to aromatic rice. In the PCA, the first two
eigenvectors clearly separate the two major subspecies, Indica and
Japonica. The former consists of two well-separated groups (indica
and aus); whereas subdivision under Japonica is not apparent. In
contrast, the third and fourth eigenvectors divide the Japonica into
four groups, that is, rayada, aromatic, temperate japonica and tropical
japonica (Figure 1c).

Taken together, all three approaches detected deep population
structure of rice germplasm and demonstrated the presence of six
distinct groups within Asian cultivated rice, that is, indica (I), aus (II),

Figure 1 Population structure of 153 world-wide rice samples. (a) Model-based population assignment using STRUCTURE analysis. (b) NJ tree based on

DLS genetic distance. (c) Principal component analysis. Capital roman numbers represent the groups identified by Glaszmann (1987).
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rayada (IV), aromatic (V), temperate japonica (VI) and tropical
japonica (VI) (roman numerals in parentheses are the groups
recognized by Glaszmann (1987); Figure 1c). Importantly, for the
two groups (III and IV) of Glaszmann (1987) that were not sampled
in previous studies, group III (ashina) seems to belong to the same
group as aus; whereas group IV (rayada) represents a unique lineage
(Figure 1; Supplementary Figure S1).

Genetic structure and subdivision of Chinese rice cultivars
We first ran STRUCTURE on a panel of 826 Chinese rice cultivars to
optimize the number of groups (K). By comparing the LnP(D) and
Evanno’s DK values by increasing K from 1 to 10, we found that
LnP(D) values increased with K, with the highest log likelihood score
at K¼ 2, whereas a peak of Evanno’s DK occurred at K¼ 5
(Supplementary Figure S2). This indicated that the genetic structure
of 826 Chinese accessions had two solutions at K¼ 2 and K¼ 5,
supporting the occurrence of two subspecies (Indica and Japonica)
and five groups under two subspecies. This substructure was also
supported by the NJ tree analysis (Supplementary Figure S3). It is
noteworthy from the STRUCTURE analysis that a high proportion of
admixed accessions was present in Chinese cultivars, particularly at
K43. Thus, we found 56 (6.7%) admixed individuals at K¼ 2, but
447 (54.1%) admixed accessions at K¼ 5, meaning that for these
accessions, o80% of their inferred ancestry arose from one of the five
model-based populations. These results suggest that the majority of
Chinese rice cultivars are derived from admixture among groups
within either Indica or Japonica rather than between the two
subspecies. After excluding all admixed accessions detected when
K¼ 5, we performed the STRUCTURE, NJ and PCA analyses on the
remaining 379 accessions. As shown in Figure 2, two genetically
distinct groups (Indica and Japonica) and five groups across the
subspecies are again evident. However, the subdivisions within
subspecies are less clear, particularly within Indica.

To determine the identity and genetic affinity of Chinese rice
cultivars with reference to the global rice groups, we combined the
114 global and 379 Chinese cultivars with membership probabilities

over 80% (that is, accessions deemed not to be admixed) and
constructed a NJ tree (Figure 3a). We found that three out of six
groups identified for the global accessions (indica, temperate japonica
and tropical japonica) are present in Chinese rice germplasm, whereas
three minor groups identified in the global germplasm (aus, aromatic
and rayada) are absent from Chinese germplasm (Figure 3a). When
all 826 accessions (that is, admixed and non-admixed) were analysed,
we found that 13 Chinese accessions clustered with either aus
(8 accessions) or aromatic (5 accessions) (Supplementary Figure
S4). However, these accessions were all admixed (Supplementary
Table S1) and were probably introduced into China during the
process of modern breeding practice. PCA gave similar results
(Figure 3b), suggesting that Chinese rice germplasm consists mainly
of three major groups as defined for the global cultivars, that is,
indica, temperate japonica and tropical japonica.

To better understand differentiation within each group in terms of
seasonal, drought-tolerant and endosperm types, we categorized 778
Chinese cultivars according to their known records by excluding 48
admixed accessions among three groups (Table 1, Supplementary
Table S1). It is evident that most Chinese cultivars are medium
(44.9%) and late (46.3%) sown types, grow in lowland (75.7%) and
are non-waxy (74.3%). However, the three major groups exhibit
different characteristics for drought-tolerant type, with more lowland
cultivars found in indica (81%) and temperate japonica (88.6%) while
more upland cultivars are found in tropical japonica (87.8%).
Importantly, the differentiation of cultivar types within subspecies
claimed by previous studies (Ting, 1957; Zhang et al. 2009) is not
evident. Under Japonica, all cultivar types are found in both temperate
japonica and tropical japonica (Table 1). Similarly, all types are present
in each of three indica groups, with no correlation found between
cultivar types and genetic subdivision within subspecies
(Supplementary Table S1).

Level and organization of genetic diversity of rice cultivars
To evaluate the genetic diversity and differentiation of major groups
of Chinese cultivars, we calculated several population genetic

Figure 2 Population structure of 379 Chinese rice samples. (a) Model-based population assignment using STRUCTURE analysis. (b) NJ tree based on DLS

genetic distance. (c) Principal component analysis.
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parameters for both global and Chinese samples. We analysed 778
non-admixed cultivars (Table 2) and found that, for the global
cultivars, genetic diversity varied slightly among six major groups,
with the lowest found for rayada (He¼ 0.506; PIC¼ 0.465) and the
highest for tropical japonica (He¼ 0.639; PIC¼ 0.608). It is noted that
two minor groups (aromatic and rayada) maintained comparable
diversity to that of other groups despite smaller sample sizes (17 and
9, respectively). These estimates of genetic diversity for global
accessions are slightly higher than that of Garris et al. (2005) except
for rayada that was not evaluated previously. For Chinese cultivars,
we obtained almost the same level of diversity to global samples for
indica; whereas the Chinese temperate japonica possessed higher
diversity than that of global samples, contrasting to tropical japonica
in which slightly higher diversity was found for the global cultivars
(Table 2). It is evident that at the subspecies level, Japonica shows
higher diversity than Indica for both global (He¼ 0.731 vs 0.694;
PIC¼ 0.702 vs 0.665) and Chinese (He¼ 0.643 vs 0.623; PIC¼ 0.619
vs 0.595) samples.

Table 3 shows the genetic differentiation among the recognized
groups for both global and Chinese cultivars. Pairwise FST values

showed highly significant differentiation among the six global groups,
ranging from 0.129 (temperate japonica vs tropical japonica) to 0.298
(indica vs temperate japonica). For the Chinese cultivars,

Figure 3 Population structure of the combined samples of global and Chinese rice cultivars by excluding the admixed accessions. (a) NJ tree based on DLS

genetic distance. (b) Principal component analysis.

Table 2 Genetic diversity of major groups of global and Chinese rice cultivars inferred by 84 SSR loci (s.d. are presented in parentheses)

Group/subspecies N (%) Na He PIC

Global Chinese total Chinese CC* Global Chinese total Chinese CC Global Chinese total Chinese CC Global Chinese Chinese CC

indica 62 (40.5) 495 (63.7) 124 (67.4) 8.8 (4.9) 13.0 (7.5) 10.2 (5.8) 0.624 0.623 0.615 0.593 0.595 0.587

aus 24 (15.7) — — 6.2 (3.5) — — 0.604 — — 0.568 — —

Indica 83 495 124 10.5 (6.0) 13.0 (7.5) 10.2 (5.8) 0.694 0.623 0.615 0.665 0.595 0.587

aromatic 17 (11.1) — — 5.5 (2.7) — — 0.607 — — 0.572 — —

rayada 9 (5.9) — — 3.6 (1.9) — — 0.506 — — 0.465 — —

temperate japonica 22 (14.4) 201 (25.8) 43 (23.4) 5.7 (3.0) 11.7 (6.5) 7.9 (4.3) 0.573 0.608 0.609 0.542 0.585 0.583

tropical japonica 19 (12.4) 82 (10.5) 17 ((9.2) 6.1 (2.7) 9.5 (5.3) 5.5 (2.7) 0.639 0.621 0.587 0.608 0.596 0.556

Japonica 70 283 60 10.6 (5.7) 12.6 (7.0) 9.1 (5.0) 0.731 0.643 0.638 0.702 0.619 0.611

Total 153 778 184 13.0 (7.4) 14.0 (8.0) 12.3 (7.0) 0.769 0.747 0.737 0.738 0.712 0.704

Abbreviations: CC, core collection; N, sample size; Na, the number of alleles of per locus; He, gene diversity per locus; PIC, polymorphism information content; SSR, simple sequence repeat.
Two subspecies and their estimates of the parameters were bold faced.

Table 3 Pairwise FST values among six groups for the global (above

the diagonal) and Chinese (below the diagonal) samples estimated

based on 84 SSR loci

Group indica aus aromatic rayada temperate

japonica

tropical

japonica

indica 0.191*** 0.201*** 0.234*** 0.298*** 0.256***

aus — 0.189*** 0.244*** 0.291*** 0.242***

aromatic — — 0.182*** 0.180*** 0.133***

rayada — — — 0.217*** 0.217***

temperate

japonica

0.305*** — — — 0.129***

tropical

japonica

0.290*** — — — 0.106***

Abbreviation: SSR, simple sequence repeat.
***Po0.001
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differentiation between three groups varied from 0.106 (temperate
japonica vs tropical japonica) to 0.305 (indica vs temperate japonica),
paralleling the results for the comparisons of global cultivars. Note
that significantly larger genetic differentiation was recorded between
the two subspecies (Indica vs Japonica) at both global (FST¼ 0.167)
and China (FST¼ 0.285) scales, consistent with the genetic structure
and genealogical analyses. We also calculated the FST value between
three subgroups within Chinese Indica and found relatively low
differentiation between them (FST¼ 0.076–0.132), consistent with the
finding that subdivision was less apparent within Chinese Indica.

We further estimated the genetic diversity of the 184 Chinese
cultivars that were identified to belong to the core collection (Zhang
et al. 2011a). We found that the number of alleles in the core
collection is lower than that in total samples, particularly for tropical
japonica (9.5 vs 5.5). Nevertheless, over 98% of the diversity in the
total samples is retained in the core collection, as measured by
heterozygosity and PIC values at either species or group levels
(Table 2). This result indicates that the Chinese core collection
maintained abundant diversity and efficiently represented most of
the genetic diversity present in Chinese rice germplasm.

DISCUSSION

Six distinct and major groups within O. sativa
The classification of rice cultivars can be dated back to the beginning
of the twentieth century when Kato et al. (1928) indicated the
existence of two main varietal types, denoted as Indica and Japonica,
corresponding to the Hsien and Keng rice in China (Ting, 1957;
Second, 1982; Oka, 1988). On the basis of gross morphology, Matsuo
(1952) recognized a third type of cultivar that was later referred to as
Javanica by Morinaga and Kuriyama (1958) according to its geo-
graphical distribution. Although Oka (1958) considered Japonica and
Javanica as tropical and temperate components of a single Japonica
type, the Indica, Japonica and Javanica terms have been used by many
rice workers to refer to three morphological types (Chang, 1976;
Glaszmann, 1987; Khush, 1997). In recent decades, the classification
of five major groups of rice cultivars identified by Garris et al. (2005)
have been widely accepted, which provided a clearer description of the
population structure and organization of rice germplasm. However,
different subdivisions of rice cultivars have also been proposed (see
reviews in Oka, 1988 and Khush, 1997) and implicated in recent
molecular studies (for example, Ni et al., 2002; Zhang et al., 2009,
2011b; Ebana et al., 2010; Jin et al., 2010). Importantly, the ashina and
rayada rice (groups III and IV of Glaszmann, 1987) have not been
included in most previous studies such as Garris et al. (2005) and
Huang et al. (2012), and few accessions from China were sampled in
the analyses.

In this study, we investigated a panel of global rice cultivars that
consisted of all previously recognized groups and included sufficient
samples from China using multiple approaches including model-
based grouping, NJ tree and PCA. We confirmed the five distinct
groups recognized by Garris et al. (2005), that is, indica, aus, aromatic,
temperate japonica and tropical japonica, corresponding to
Glaszmann’s (1987) groups I, II, V and VI (temperate japonica and
tropical japonica), respectively. We also found that Glaszmann’s (1987)
group III (ashina) was mixed with group II (aus) and not a distinct
group. Importantly, we demonstrated that Glaszmann’s (1987) group
IV (rayada) was unique in genealogy and maintained a high level of
genetic diversity although it grows only in India and Bangladesh
(Glaszmann, 1987). The rayada cultivars comprise a very particular
rice sown in November–December and harvested as much as
12 months later. This group is able to tolerate cold and flooding, is

photoperiod sensitive and lacks secondary dormancy (Glaszmann,
1987; Vaughan et al., 2008). Having these unusual characteristics and
being genetically distinct, rayada rice should be considered as a new
(the sixth) major group of rice germplasm. This rice group is not only
an important genetic resource for rice breeding, but also provides
materials for investigating rice domestication and adaptation in the
complex environments of deepwater areas.

Three major groups present in Chinese rice germplasm
As one of the centres of rice domestication and the largest country of
rice production (Normile, 1997; Liu et al., 2007), China maintains a
huge amount of rice germplasm, with 53 263 rice landraces and 5633
modern varieties in the Chinese National Crop Genebank (Han and
Cao, 2005). Although great efforts have been made to study Chinese
rice germplasm, varied numbers of subgroups under two subspecies
have been reported (Ting, 1957; Cheng, 1985; Zhang et al., 2009,
2011b; Huang et al., 2010; Jin et al., 2010; Li et al., 2010). For
example, Jin et al. (2010) used 100 genome-wide SSRs to investigate
the population genetic structure of 416 Chinese rice accessions and
grouped them into seven groups, with six groups belonging to Indica
and only one to Japonica. By re-sequencing 517 rice landraces,
however, Huang et al. (2010) found that both subspecies contained
three subgroups. This disaccord might arise from the employment of
different genetic markers and analytical methods as well as different
samples used in the studies. More importantly, all previous studies on
Chinese rice germplasm focused exclusively on Chinese accessions.
Without inclusion of collections from areas outside China, these
studies were unable to make clear the number of cultivar groups and
their genetic affinities in terms of the widely recognized systems
proposed by Glaszmann (1987) and Garris et al. (2005).

Here we demonstrated that out of six groups identified for the
global rice germplasm, only three major groups (indica, temperate
japonica and tropical japonica) were found in China, with indica being
the largest group. Although 13 cultivars that were sampled mainly
from western China clustered with aus and aromatic on the
genealogical tree, model-based STRUCTURE analyses indicated that
they were all admixed accessions among groups and of limited
significance. It is worthwhile mentioning that Chinese cultivars
exhibited higher diversity than that of global samples for temperate
japonica but slightly lower diversity than global samples for tropical
japonica, probably reflecting the higher proportion of temperate
japonica in Chinese rice germplasm (63.6%).

Diversity and differentiation of Chinese rice cultivars
Chinese farmers have traditionally recognized two major groups of
rice cultivars, Hsien and Keng, based on grain types and sensitivity to
temperature and photoperiod (Ting, 1957; Cheng, 1985). These two
groups actually correspond to the two subspecies Indica and Japonica
(Glaszmann, 1987) and have been widely accepted in China (Ting,
1957; Cheng, 1985; Zhang et al., 2009). According to six diagnostic
characters, Cheng (1985) further classified Chinese rice into Hsein,
Hsein-cline, Keng-cline and Keng, whereas Ting (1957) developed a
five-level taxonomic system for Chinese germplasm, in which rice
cultivars were divided into Hsien and Keng subspecies, two seasonal
types (early/medium and late sown), two drought-tolerant (or watery
regime) types (lowland and upland) and two endosperm types (waxy
and non-waxy) and other cultivars. In addition to the Hsien and Keng
classification, the other four types of divisions were mainly based on
ecological or habitat features and were not supported by subsequent
investigations, particularly molecular approaches (Zhang et al., 2009,
2011a). By screening 3024 Chinese landraces, for example, Zhang
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et al. (2009) found clear differentiation within two subspecies, that is,
the subdivision among seasonal types within Indica and differentia-
tion between drought-tolerant types within Japonica. They attributed
such intra-subspecies differentiation to their different growth envir-
onments and cropping systems.

In this study, we found that all seasonal, drought-tolerant and
endosperm types of cultivars occurred within each of three major
groups. Within either temperate japonica or tropical japonica, almost
all cultivar types are present (Supplementary Table S4). Furthermore,
within indica, the three subgroups (indica-I, indica II and indica-III)
are not correlated with differentiation of cultivar types (Supplemen-
tary Table S4). These observations do not support the findings of
Zhang et al. (2009) that claimed seasonal differentiation in Indica and
drought-tolerant differentiation in Japonica. Therefore, it is most
likely that differentiation of cultivar types arose multiple times to
adapt to local environments under artificial selection.

Interestingly, we observed that the number of alleles per locus (Na)
was significantly lower in Chinese core collection than in the total
Chinese germplasm at the group levels although the core collection
retained very high percentage of total genetic diversity (over 98%).
This finding suggested that numerous rare alleles might not be
captured in the core collection. In recent decades, many elite genes or
alleles have been discovered from landraces and utilized in rice
breeding, including the semi-dwarf genes (Monna et al., 2002; Sasaki
et al., 2002), resistant/tolerant genes to diseases and pests, and genes
for improving grain yield and quality (Fukuoka et al., 2009; Ishimaru
et al., 2013). It is likely, therefore, that three minor groups of rice
germplasm (aus, aromatic and rayada) that have a limited presence in
Chinese germplasm may be important genetic resources for future
rice genetics and breeding in China given their unique genetic and
phenotypic characteristics (Glaszmann, 1987; Khush, 1997).
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