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T

he Rice Diversity Panel 1 (Reg. No. MP-6, NSL

ABSTRACT

500357 MAP) (RDP1) is a germplasm collection consisting of 421 purified Oryza sativa L. accessions collected from 10 geographic regions where rice is grown. Through
the use of simple sequence repeats (SSRs) (Ali et al., 2011) and
single nucleotide polymorphisms (SNPs) (Zhao et al. (2010,
2011), the panel has been characterized for genetic subpopulation structure. The accessions represent the five major subpopulation groups identified as (i) indica and (ii) aus, comprising the
Indica varietal group, and (iii) tropical japonica, (iv) temperate
japonica and (v) aromatic (Group V), which collectively comprise the Japonica varietal group (Garris et al., 2005; Zhao et al.,
2011; Huang et al., 2012). These same subpopulations have been
identified in numerous studies using a variety of different collections of germplasm and types of molecular markers (Garris et
al., 2005; Caicedo et al., 2007; Gross et al., 2010; Thurber et al.,
2010; Zhao et al., 2010, Zhao et al., 2011; Huang et al., 2012).
To date, the RDP1 has been characterized for several
agronomic, morphological, developmental, and physiological
traits under both field conditions and in controlled environments.
Traits that have been evaluated in the field include days to
heading, plant height, flag leaf length, flag leaf width, panicle
number per plant, panicle length, primary branch number per
panicle, spikelets per panicle, number of unfilled grains per
panicle, number of filled grains per panicle, seed length, seed
width, seed length:width ratio, brown rice length, brown rice
width, seed volume, 100-seed weight, and brown rice volume
(Ali et al., 2011), as well as grain arsenic (Norton et al., 2012).
Traits evaluated under controlled conditions include aluminum
tolerance (Famoso et al., 2011), root system architecture
(Clark et al., 2011, 2013; P. Benfey, Duke University, personal
communication, 2012), root hair development (P. Vejchasarn

The Rice Diversity Panel 1 (Reg. No. MP-6, NSL 500357 MAP)
(RDP1) is a collection of 421 purified, homozygous rice (Oryza
sativa L.) accessions (GSOR 301001 through GSOR 301421;
GSOR 312001 through 312020) representing the broad
range of genetic variation within O. sativa. The accessions
include both landraces and elite rice cultivars, which were
classified into five subpopulation groups, including indica (95
accessions) and aus (60), which belong to the Indica varietal
group, and tropical japonica (106), temperate japonica (111),
and aromatic (Group V) (16) which comprise the Japonica
varietal group. Thirty-three accessions are classified as
admixtures because they shared <60% ancestry with a single
group. The seed, with and without the hull, and panicle
morphology of each accession were documented with digital
images, and the RDP1 was phenotyped for morphological,
developmental, and physiological traits. Genotypes for 36,901
SNP loci are publicly available for additional genomewide
association mapping studies. In this report, we evaluate
three grain quality traits on the RDP1: apparent amylose
content (AC), gelatinization temperature as measured by
alkali spreading value (ASV), and protein content. Canonical
discriminant analysis revealed AC was the quality trait most
closely correlated with subpopulation structure, followed
by ASV. These traits indicate that temperate japonica was the
most distinct group, whereas aus and indica could not be
differentiated, and the aromatic accessions were closest to
tropical japonica.
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and K. Brown, Pennsylvania State University, personal
communication, 2012), blast disease resistance (G. Wang, The
Ohio State University, personal communication, 2012), element
concentrations (ionomics) in seeds and vegetative tissues (J.
Cobb, Cornell University, personal communication, 2012;
D. Salt, University of Aberdeen, personal communication,
2012), and phosphorus and zinc use efficiency (M. Wissuwa,
Japan International Center for Agricultural Sciences, personal
communication, 2012). In addition, the RDP1 has been
evaluated for the three traits that affect the cooking, sensory and
nutritional quality of rice, including apparent amylose content
(AC), alkali spreading value (ASV), and protein content. The
analysis of these biochemical grain quality traits is discussed
below.
Genomewide association studies (GWAS) using the RDP1
have successfully identified phenotype–genotype associations
using both single SNP approaches and admixture analysis
(Zhao et al., 2010, 2011). These studies acknowledge the deep
subpopulation structure in rice and highlight the heterogeneity
of genetic architecture among subpopulations for virtually all
traits analyzed to date.
Amylose content and gelatinization temperature are the
two major determinants of grain cooking and sensory quality
in rice. Amylose is a factor responsible for hardness, stickiness,
color, gloss, and general acceptability of cooked rice. Rice with
a high amylose content (about 230–300 g kg-1) tends to cook
firm and dry, whereas rice with an intermediate amylose content
(about 180–230 g kg-1) tends to be softer and stickier, and
rice with a low amylose content (<180 g kg-1) is generally very
soft and sticky or chewy (Bergman et al., 2004). Waxy rice has
zero amylose content and is often referred to as glutinous, or
sweet rice. Amylose is also responsible for the manner in which
cooked rice hardens on cooling due to starch retrogradation.
The amylose content of milled rice has been found to correlate
positively with hardness values of cooked rice and negatively
with the stickiness value (Champagne et al., 2004; Cho et al.,
2010).
Gelatinization temperature is the temperature at which
the starch granules lose their crystalline structure following
hydration and heating. Rice starch usually gelatinizes between
65 and 85°C. Rice that gelatinizes at the lower temperatures
often cooks to a softer texture and requires less cooking time than
rice with a higher gelatinization temperature (Bhattacharya and
Sowbhagya, 1971). Gelatinization temperature is often predicted
by the ASV assay measured by degree of digestion of the milled
rice grain soaked in potassium hydroxide solution (Little et al.,
1958). Protein is an important nutritional component located
in both the bran (aleurone) layer and the endosperm. Protein
content can affect grain chalkiness, grain color, cooked texture,
and starch pasting properties (Champagne et al., 2007; Yadav
and Jindal, 2008; Chun et al., 2009).
The public release of the RDP1, in combination with the
publicly available genotypic dataset consisting of 36,901
genomewide SNPs (Rice Diversity Project: Data Sets, http://
www.ricediversity.org/data/) and 36 SSRs (USDA–ARS,
Germplasm Resources Information Network [GRIN],
Accession Area Queries, http://www.ars-grin.gov/cgi-bin/
npgs/crop/evaluation.pl?494754, then select download at the
bottom of the page) will allow this resource to be widely used
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as the basis for GWAS, fine mapping, and gene discovery. The
fact that all the lines have been purified ensures homozygosity
and that this eternal GWAS panel can be used reliably for
phenotyping diverse traits. Accessions with desirable traits can
be further dissected genetically or used as donors by rice breeders
to incorporate the trait of interest into new genetic backgrounds
and cultivars using marker-assisted selection.

Materials and Methods
Development of the Plant Materials
The RDP1 consists of 421 Asian rice (O. sativa) landraces
and cultivars from 79 countries representing all the major
rice growing regions of the world. The collection includes 139
accessions from East and Southeast Asia, 77 from South Asia,
18 from West and Central Asia, 42 from Africa, 90 from the
Americas, 35 from Europe, 6 from Oceania, and 14 of unknown
origin (Supplemental Table S1). Of the 421 accessions, 150 were
a part of a previous genetic diversity study by Garris et al. (2005)
and were obtained from the USDA–ARS Rice Research Unit in
Beaumont, TX; 159 accessions were from the rice core collection
within the USDA–ARS National Small Grains Collection
(NSGC) (Yan et al., 2007); 54 were obtained directly from
the USDA–ARS NSGC rice collection (Yan et al., 2007); 18
accessions were part of the OryzaSNP project (McNally et al.,
2009); and 11 accessions were used as parents for developing the
mapping populations evaluated as part of the USDA/CSREES/
NRI Applied Plant Genomics Program titled RiceCAP: A
Coordinated Research, Education, and Extension Project for
the Application of Genomic Discoveries to Improve Rice in
the United States (USDA/CSREES grant 2004-35317-14867).
Eighteen accessions were parents in other mapping populations,
4 (Spring, Cocodrie, Cybonnet, 93-11) were controls across all
field phenotyping environments, and 14 were later found to be
incorrectly identified based on genotypic data or comparison
with voucher seed specimens by personnel at the International
Rice Research Institute (Philippines) and were renamed by the
NSF-TV ID number as “NSF-TV no.” Additional information
regarding the selection of these accessions and field data
collection can be found in Ali et al. (2011).
All accessions were purified for two generations via single
seed descent to ensure homogeneity and homozygosity before
phenotyping and genotyping. DNA used for SSR and SNP
analysis was extracted from leaf tissue harvested from single
plants. Supplemental Table S1 contains information about the
accession name, accession number, original providing country,
geographic region of origin, subpopulation group based 36
SSRs (Ali et al., 2011) and on 36,901 SNPs (Zhao et al., 2011).
In summary, the RDP1 contains 166 accessions belonging to
the Indica varietal group including the indica (95 accessions),
aus (60), and admixture of Indica (11), and 255 accessions
comprising the Japonica varietal group including the tropical
japonica (106), temperate japonica (111), admixture of Japonica
(22), and aromatic (Group V) (16).

Evaluation of Grain Quality Traits
For most all grain quality analyses, samples were harvested
from three plants grown in one of two replications of field
trials conducted in two different years near Stuttgart, AR. For
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additional details on the field trials, see Ali et al. (2011). There
were 33 accessions that did not produce adequate seed in these
field trials and were grown either in the field at Beaumont, TX, in
a winter nursery in Puerto Rico, and/or in the greenhouse during
the fall and winter months as noted in Supplemental Table S1,
with additional details on individual accessions available from
coauthors (Eizenga, McCouch, McClung). Approximately 280
seeds were dehulled (lemma and palea removed) using a Kett
TR200 Automatic Rice Husker. Subsequently, these seeds were
milled using a Kett Pearlest Grain Polisher for AC and ASV.
Approximately 20 unbroken seeds were removed for ASV,
and the remaining milled seeds were ground using a Cyclotec
grinder (Foss North America) with a 0.5-mm mesh screen for
AC. Apparent amylose content was determined on rice flour
using a simplified version of the Williams et al. (1958) method
adapted to an autoanalyzer (Juliano, 1971). A standard curve
was constructed from cultivars with known AC. Technical
replicates of the samples were analyzed for AC, ASV, and
protein content.
Gelatinization temperature was inferred using the method
described by Little et al. (1958). Six unbroken milled grains
were incubated in 10 mL of 1.7% KOH in deionized water (w/v)
at 30°C for 23 h, and the degree of disintegration of the grain
was determined using a six-point scale (categories 1 and 2 were
considered category 2): (2) grain not affected to slightly swollen;
(3) starch collar incomplete and narrow; (4) grain swollen, collar
complete and wide; (5) grain split or segmented, collar complete
and wide; (6) grain dispersed, merging with collar (displaying
cotton center); and (7) grain completely dispersed and
intermingled (displaying clear center). Alkali spreading value is
inversely related to gelatinization temperature (Juliano, 1985).
Nitrogen concentration was determined on brown rice
flour (0.2 g) using a LECO FP-2000 Nitrogen Analyzer.
Approximately 280 seeds were dehulled; then the brown rice
(not milled) was used to produce flour as previously described for
AC evaluation. Nitrogen concentration was reported as percent
protein using 5.95 as a conversion factor (AACC International,
2000).
Two polymerase chain reaction (PCR)-based markers, Intron
1 of the waxy gene (Ayres et al., 1997) and RM190 (Temnykh

et al., 2000), both known to be associated with AC (Chen et al.,
2008), were used to identify putative AC genotypes. Similarly,
the PCR-based Alk gene marker was used to discriminate
between the high or intermediate gelatinization temperatures
and low gelatinization temperature using the GC (92 bp) and
TT (94 bp) alleles, respectively, for the fourth and fifth SNPs
reported by Umemoto and Aoki (2005).

Statistical Analysis
The SAS software (SAS Institute, 2008) was used for all
statistical analyses of the grain quality data. The differences in
grain quality among accessions and subpopulations (as assigned
in Ali et al., 2011; Supplemental Table S1) were assessed
via canonical discriminant analysis using the CANDISC
procedure of SAS software. Canonical discriminant analysis
is a combination of principal component and canonical
correlation analyses (Vaylay and van Santen, 2002). From this
analysis, the Mahalanobis distance (D2) statistic was calculated
as an indicator of the difference between populations (Loos,
1993). These analyses are further described in Ali et al. (2011).
Correlation analysis among trait means was performed using
the CORR procedure with the Pearson correlation coefficient
and between the trait means and marker (Intron 1, RM190,
Alk) classes using the Spearman correlation coefficient.

Results
Grain Quality Trait Variation between
the Subpopulations
The variation observed among the five subpopulations and
two admixture groups was highly significant for the three grain
quality traits: AC, ASV, and protein content (Table 1). The
highest mean AC levels were observed in the aus (250.9 g kg-1)
and indica (230.1 g kg-1) subpopulations and the admixture
of Indica accessions (249.6 g kg-1), whereas the accessions
containing the lowest AC were the temperate japonica
subpopulation (160.2 g kg-1) and the admixture of Japonica
group (146.0 g kg-1). The accessions classified as aromatic and
tropical japonica contained intermediate AC, with means of
198.0 and 196.0 g kg-1, respectively.

Table 1. Subpopulation means and standard deviations for amylose content, alkali spreading value (ASV), and protein content. Intron 1 and
RM190 alleles are used to predict amylose content; Alk alleles are used to predict gelatinization temperature. The most prevalent allele for the
aforementioned markers in a given subpopulation is listed along with the percentage of accessions with the most prevalent allele.
Subpopulation
Aus
Indica
Admixture of Indica
Aromatic (Group V)
Temperate japonica
Tropical japonica
Admixture of Japonica

No.
Apparent
accessions amylose content
58
89
11
16
110
106
22

g kg–1
250.9 ± 11.5
230.1 ± 43.5
249.6 ± 20.5
198.0 ± 21.0
160.2 ± 37.2
196.0 ± 40.4
146.0 ± 80.1

Intron 1
alleles†

RM190 alleles‡
(% accessions)

—————— % accessions ——————
145/147 bp (100%) 101/105 bp (95%)
145/147 bp (89%) 101/105/107 bp (84%)
145/147 bp (100%) 101/105/107 bp (91%)
147 bp (100%)
118/120/122/124 bp (100%)
150 bp (73%)
120/122/124 bp (96%)
147 bp (79%)
113/118/126 bp (61%)
150 bp (57%)
120/122/124 bp (73%)

ASV§

Alk
alleles¶

Protein
content

2–7
5.49 ± 0.66
6.20 ± 0.85
6.15 ± 0.50
5.81 ± 0.89
6.50 ± 0.73
5.43 ± 1.17
6.05 ± 1.31

% accessions
92 bp (100%)
92 bp (76%)
92 bp (100%)
92 bp (100%)
94 bp (58%)
92 bp (88%)
92 bp (68%)

g kg–1
81.9 ± 56
82.9 ± 9.1
84.8 ± 8.0
92.6 ± 10.9
86.8 ± 10.9
87.5 ± 7.5
91.4 ± 9.9

† The Intron 1 alleles are: 145/147 bp for high or intermediate amylose and 150 bp for low amylose (Ayres et al., 1997; Chen et al., 2008).
‡ The RM190 alleles are: 101/105/107 bp for high amylose, 126 bp for high or intermediate amylose, 113/118 bp for intermediate amylose, and
120/122/124 bp for intermediate or low amylose (Temnykh et al., 2000; Chen et al., 2008).
§ The ASV is a scoring of 2 (milled grain not affected to slightly swollen) to 7 (milled grain completely dispersed), which is inversely related to
gelatinization temperature (Juliano 1985); thus, samples with a low ASV score have a high gelatinization temperature.
¶ The Alk alleles are 92 bp for high or intermediate gelatinization temperature and 94 bp for low gelatinization temperature (Umemoto and Aoki, 2005).
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The waxy Intron 1 and RM190 markers were highly
correlated with AC (r = -0.74 and r = -0.71, respectively; p =
0.0001). Whereas accessions in the Indica varietal group (aus,
indica, admixture of Indica) tended to be uniform for Intron 1
alleles associated with high or intermediate AC, and >88% of
these accessions were associated with the high amylose alleles
for RM190, there was greater allelic variability at these two
markers among the three japonica subpopulations (Table 1). The
aromatic (Group V) accessions in the RDP1 are characterized by
intermediate AC, which is confirmed by 100% of the accessions
having the Intron 1 allele associated with intermediate (or
high) AC and 100% of these carrying RM190 alleles, which are
associated with intermediate (or low) AC. Although these two
markers explain only a portion of the variability in AC, these
results illustrate that the markers can be used to characterize
differences between some of the O. sativa subpopulations.
Accessions displaying the highest ASV, which indicates
the lowest gelatinization temperatures, were found in the
temperate japonica, indica, admixture of Indica, and admixture
of Japonica subpopulations with mean ASVs of 6.50, 6.20, 6.15,
and 6.05, respectively, whereas accessions with the lowest ASVs
(highest gelatinization temperatures) belonged to the aus and
tropical japonica subpopulations, with mean ASVs of 5.49 and
5.43, respectively. The aromatic (Group V) subpopulation had
intermediate ASV of 5.81 (Table 1). Alleles at the Alk locus
were correlated with ASV (r = 0.53; p = 0.0001) in the RDP1
accessions. This low correlation is because ASV ranged from
2.0 to 7.0 for the accessions with the 92-bp allele. To separate
these accessions, a third functional SNP (A/G) in the rice starch
synthase IIa (SSIIa) gene needs to be evaluated (Umemoto et
al., 2004; Umemoto and Aoki, 2005). This gene produces the
SSIIa enzyme, which has a major effect on rice gelatinization
temperature; and because it was not available as a PCR-based
marker, the RDP1 accessions were not screened for this marker.
The range in ASV for those accessions with the 94-bp allele was
5.5 to 7.0 with a mean of 6.75, reflective of a low gelatinization
temperature.
The aromatic (Group V) accessions had the highest protein
content, with a mean of 92.6 g kg-1, whereas aus (81.9 g kg-1)
and indica (82.9 g kg-1) accessions had the lowest protein
content (Table 1). Temperate japonica and tropical japonica had
intermediate protein content, with mean values of 86.8 and
87.5 g kg-1, respectively.
Correlations between the biochemical and morphological
grain quality traits, including grain (brown rice) length and
width, were evaluated for each subpopulation. Although there
were several significant correlations, most were nonsignificant,
reflecting the diversity that is present within the subpopulations.
However, for the aromatic (Group V) accessions, grain width
was positively correlated with protein content (r = 0.54, p = 0.05)
and negatively associated with AC (r = −0.44, p = 0.08). Among
the temperate japonica accessions, a negative association between
grain length and ASV (r = −0.48, p = 0.0001) and a positive
association between grain width and ASV (r = 0.28, p = 0.004)
was observed. This reflects the preference for sticky rice with
shorter and wider grains in the regions where temperate japonica
accessions are grown. Among the tropical japonica accessions,
there was a negative correlation between grain width and AC,
(r = −0.28, p = 0.003), and ASV was negatively correlated with
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grain length (r = −0.27, p = 0.005). This demonstrates a trend
within this subpopulation for genotypes that have long, slender
grain shape to have intermediate to high amylose content
and gelatinization temperature. The strongest correlations
observed within the Indica subpopulations were in the aus
subpopulation where grain width was negatively correlated with
AC (r = −0.39, p = 0.003); in the indica subpopulation where
grain width was negatively correlated with ASV (r = −0.22, p
= 0.03); and the admixture of Indica group, where ASV was
positively associated with grain length (r = 0.60, p = 0.05). In
addition, in the admixture of Indica group and the temperate
japonica subpopulation, positive correlations were observed
between protein content and grain length (r = 0.77, p = 0.006;
and r = 0.27, p = 0.004, respectively). These observations again
underscore the genetic heterogeneity of complex trait variation
in O. sativa and the deep differences that exist among the
subpopulations.

Canonical Discriminant Analysis
The canonical loadings (coefficients) showing the
contribution of each of the three measured grain quality traits
are presented in Table 2. The first two canonical variates together
accounted for 99% of the variance in grain quality observed
among the RDP1 accessions. The significant (p < 0.0001)
canonical correlations between the accessions, and the first
canonical variate (rc = 0.71) and the second canonical variate (rc
= 0.40) indicate that the canonical variates explain virtually all
of the phenotypic differences between the accessions. The first
canonical discriminant function (canonical variate 1) explained
83% of the variance and was dominated by the singularly large
loading from AC. Canonical variate 2 accounted for 16% of
the variation and was dominated by a large loading from ASV,
followed by protein content. These results indicate that among
these quality traits, mean AC plays a major discriminatory role
among subpopulations.
The centroid values of the first two canonical discriminant
functions for each accession were plotted as the x and y axis and
coded as to their subpopulation membership to visualize the
subpopulation clusters (Fig. 1). The extent of separation between
the subpopulation groups was measured by D2 (Table 3). Most
of the pairwise distances were significant (p < 0.0001, p < 0.001,
or p < 0.01). The greatest phenotypic distance was observed
between the aus subpopulation and accessions classified as
admixture within the Japonica varietal group (D2 = 9.77),
followed by the admixture within the Japonica and admixture
within the Indica varietal groups (D2 = 8.02). The distance
between the temperate and tropical japonica groups (D2 = 2.46)
was statistically significant, with the temperate japonica group
Table 2. The canonical loadings of grain quality traits on the first two
canonical variables of the RDP1.
Canonical variate
1
2

Quality trait
Apparent amylose content
Alkali spreading value (gelatinization temp.)
Protein content
Canonical correlation
p level of significance
Variance accounted for, %

0.89
−0.29
−0.23
0.71
0.0001
0.83

0.28
0.88
−0.49
0.40
0.0001
0.16

Journal of Plant Registrations

Fig. 1. Scatterplot of the rice accessions belonging to different subpopulations based on the first two canonical discriminant functions (variates)
for apparent amylose content, alkali spreading value, and protein content. Accessions are labeled with the abbreviations of their subpopulation
names: ARO, aromatic (Group V) with 16 accessions; AUS, aus (60); IND, indica (95); TEJ, temperate japonica (111); TRJ, tropical japonica (106); ADI,
admixture of Indica (11); and ADJ, admixture of Japonica (22).

being more distant from both the indica (D2 = 3.55) and aus (D2
= 7.39) subpopulations than the tropical japonica subpopulation
was from these subpopulations (indica [D2 = 1.44], aus [D2 =
2.31]). Phenotypically, the aromatic subpopulation (Group V)
was quite distant from temperate japonica (D2 = 2.38), aus (D2
= 3.48) and indica (D2 = 2.03) but close to tropical japonica
(D2 = 0.47) as noted in the AC and ASV means for these two
subpopulations (Table 3).

Variation in Grain Quality Traits between
Geographic Regions
The accessions of this panel were divided into 10 groups
based on geographic region of origin (Table 4). Fourteen
accessions were of unknown geographical origins and were
excluded from this analysis. Phenotypic variation among the
10 geographic regions for the three grain quality traits was
highly significant (Table 4). Accessions containing the highest

AC were from South Asia with a mean value of 241.2 g kg-1,
whereas the accessions with lowest AC were from Central Asia
with a mean AC of 160.1 g kg-1. Accessions originating from
Europe and East Asia also had fairly low AC with a mean of
169.5 and 180.0 g kg-1, respectively. Intermediate and highly
variable levels of AC were observed in the accessions from
Oceania, North America and the Caribbean, Africa, South and
Central America, Southeast Asia, and West Asia, with means
ranging from 188.4 to 216.4 g kg-1.
Accessions that originated from Europe and East Asia
displayed the lowest gelatinization temperature, with a
mean ASV of 6.42 and 6.40, respectively, whereas accessions
originating from Africa and Central Asia revealed the highest
gelatinization temperatures, with mean ASVs of 5.36 and 5.38,
respectively. Accessions originating from other regions, such
as Oceania, South and Central America, West Asia, South

Table 3. Pairwise squared distance, a measure of the phenotypic divergence of grain quality traits between the subpopulation groups as calculated by Mahalanobis Distance (D2).
Subpopulation

Indica

Aus
Indica
Admixture of Indica
Aromatic (Group V)
Temperate japonica
Tropical japonica

0.93***

Admixture
of Indica
0.67
0.31

Aromatic
(Group V)
3.48***
2.03***
2.58*

Temperate
japonica
7.39***
3.55***
5.51***
2.38***

Tropical
japonica
2.31***
1.44***
2.28***
0.47
2.46***

Admixture
of Japonica
9.77***
5.90***
8.02***
2.41**
0.69*
2.91***

* Significant at the 0.01 level.
** Significant at the 0.001 level.
*** Significant at the 0.0001 level.
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Asia, North America and the Caribbean, and Southeast Asia,
displayed mean ASVs ranging from 5.54 to 6.17.
The highest mean protein content was found in accessions
sampled from Central Asia (99.3 g kg-1), followed by accessions
sampled from Europe (90.7 g kg-1) and West Asia (90.0 g kg-1)
Accessions from South Asia (82.5 g kg-1), Oceania (83.6 g kg-1),
and East Asia (84.5 g kg-1) had the lowest mean protein content.
Accessions originating from West Asia, North America and the
Caribbean, South and Central America, Southeast Asia, and
Africa were intermediate in protein content compared to the
other regions.

Discussion
The five subpopulations of O. sativa can be differentiated
on the basis of grain quality traits. Different cooking textures
and sensory qualities are preferred in different regions of the
world, where cuisines have coevolved with the regional climatic
adaptation of the different subpopulations. It is not surprising,
therefore, that the landraces and cultivars included in the RDP1
have a predominance of certain biochemical grain quality traits
in the subpopulations that are adapted to the regions where
those grain quality characteristics are preferred.
The canonical discriminant analysis demonstrated that
among the grain quality traits evaluated, the subpopulations
were primarily differentiated by AC. Although significant
differences existed among accessions in the RDP1 for ASV
and protein content, these phenotypes did not discriminate
subpopulations as well as AC. This is not surprising considering
the importance that AC has on determining the texture of
cooked milled rice (Champagne et al., 2004).
Analysis of the grain quality traits in this study and agromorphological traits analyzed by Ali et al. (2011) confirm that
although there is significant variability within each of the five
rice subpopulations, they can be differentiated on the basis of
numerous traits, including plant height, number of panicles
per plant, panicle length, and seed shape, as well as on cooking
and eating qualities. This is visualized in the scatterplot for the
first two canonical discriminant functions (variates) from the
canonical discriminant analysis of the subpopulations using the
18 agro-morphological traits (Ali et al., 2011) and three grain
quality traits (Supplemental Fig. S1), as well as the canonical
loadings of these variables (Supplemental Table S2). Genotypic
analysis has demonstrated that although accessions in the RDP1
share many alleles, some of the distinct phenotypic features of

each subpopulation can be traced to selection events associated
with domestication and cultivar differentiation (Zhao et al.,
2010; Huang et al., 2012; McCouch et al., 2012).

Rice Diversity Panel as a Genetic Resource
The RDP1 is a genetic resource that can be used to conduct
genomewide association analysis for virtually any trait of
interest. Because all accessions were genetically purified via
two generations of single seed descent before DNA extraction
and phenotyping, the RDP1 is an eternal, genetically stable
population of pure lines, allowing comparisons to be drawn
across present and future generations of seed production that
are used in a variety of studies. To date, the accessions have been
evaluated for more than 60 phenotypic traits by a diverse group
of researchers from around the world. Means for the quality
traits, traits analyzed by Ali et al. (2011), plant type, hull color,
pericarp color, field leaf blast disease rating, straighthead disease
rating, and alleles for blast disease markers (RM144, RM224,
AP5659_1) and quality markers (RM190, Intron 1, Alk)
collected from each accession in the RDP1 are available at the
USDA–ARS GRIN Web site (by querying Rice Diversity Panel,
selecting any individual accession, observations, a single trait,
the study or evaluation, and selecting download at the bottom
of the page [http://www.ars-grin.gov/npgs/acc/acc_queries.
html]) and the Genetic stocks–Oryza (GSOR) collection Web
site (http://www.ars.usda.gov/Main/Docs.htm?docid=18825).
In addition, the panel has been characterized with 36 SSRs (Ali
et al., 2011), available through GRIN (http://www.ars-grin.
gov/cgi-bin/npgs/crop/evaluation.pl?494754; select download
at the bottom of the page), an Illumina 1536-SNP OPA (1311
high-quality SNPs were identified) (Zhao et al., 2010), and
an Affymetrix custom-designed genotyping array providing
36,901 high quality SNP genotypes (Zhao et al., 2011) available
at the Rice Diversity Project Web site at Data Sets (http://www.
ricediversity.org/data). With genotypic data from genotypingby-sequencing (GBS) technologies and a high-density SNP
genotyping array becoming available in the near future, these
genetic tools will facilitate further exploration of both genotypic
and phenotypic diversity of the rice genome and rapid discovery
of genes and genetic elements that condition complex trait
variation in rice.
A Seed Photo Library (Fig. 2) provides digital images of four
seeds from each accession with and without the hull (lemma
and palea), aligned to a ruler showing size (Rice Diversity
Project Seed Photo Library, http://www.ricediversity.org/

Table 4. Means and standard deviations for three grain quality traits based on the ten geographic regions from which the accessions originated.
Geographic region
East Asia
Southeast Asia
South Asia
West Asia
Central Asia
Africa
Oceania
Europe
North America & Caribbean
Central & South America
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No. accessions

Apparent amylose content

83
51
73
12
6
41
6
35
52
38

g kg-1
180.0 ± 72.4
203.5 ± 55.4
241.2 ± 25.5
216.4 ± 34.3
160.1 ± 10.2
200.9 ± 47.1
188.4 ± 57.7
169.5 ± 26.2
192.8 ± 42.4
202.3 ± 37.6

Alkali spreading value
2–7
6.40 ± 0.78
6.17 ± 0.78
5.86 ± 0.78
5.65 ± 0.85
5.38 ± 1.56
5.36 ± 1.38
5.54 ± 1.31
6.42 ± 0.50
5.91 ± 1.16
5.64 ± 1.13

Protein content
g kg-1
84.5 ± 10.8
85.9 ± 9.6
82.5 ± 7.6
90.0 ± 13.0
99.3 ± 12.5
85.5 ± 7.8
83.6 ± 07.5
90.7 ± 9.3
86.6 ± 7.3
86.5 ± 7.7
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Fig. 2. Seed pictures of the varieties ARC10376, Basmati 217 and Estrela illustrating the differences in seed size as viewed in the Rice Diversity
Project Seed Photo Library (http://www.ricediversity.org/photolibrary/).

photolibrary/). A Panicle Photo Library at the Genetic StocksOryza (GSOR) Web site (http://www.ars.usda.gov/Main/
Docs.htm?docid=18825) provides images of individual panicles
for each accession by clicking on the accession number (Fig. 3).
These photos will be useful for quality assurance in maintaining
the genetic stocks true-to-type, as well as for visualizing seed
and panicle characteristics.

Availability
Seed of the Rice Diversity Panel 1 (RDP1) may be obtained
from the USDA–ARS GSOR Collection at the USDA–ARS
Dale Bumpers National Rice Research Center in Stuttgart,
AR. These lines are identified by GSOR accession numbers
301001 through 301421 and GSOR312001 through 312020.
The complete list of accessions is found in the GSOR
Collection Catalog under Miscellaneous Collections (http://
www.ars.usda.gov/Main/docs.htm?docid=18992&page=7)
and selecting the NSF Rice Diversity Panel and OryzaSNP
Set. The GSOR general policy is to distribute five seeds per
sample for each accession. Instructions for requesting seed
can be found at https://www.ars.usda.gov/Main/site_main.

htm?docid=8324). All accessions not bound by intellectual
property have been shared with the International Rice
Research Institute (IRRI) in the Philippines, where they have
been assigned IRGC accession numbers and now form part of
the International Rice Germplasm Collection for distribution
outside of the United States. We ask that appropriate
recognition be given when accessions from the RDP1 and the
associated genotypic or phenotypic data are used in future
research by citing this article. For use of the SSR or SNP
genotypic data associated with these lines, please cite Ali et al.
(2011) or Zhao et al. (2011), respectively.
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