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ABSTRACT. Appearance quality of rice grains is a major problem 
for rice production in many areas of the world. We conducted a 
molecular marker-based genetic analysis of percentage of grains with 
chalkiness (PGWC), which is a determining factor for appearance 
quality; it strongly affects milling, eating and cooking quality. An F8 
recombinant inbred line population, which consists of 261 lines derived 
from a cross between Koshihikari (Japonica) and C602 (Japonica), 
was used for QTL mapping. Three QTLs related to PGWC were 
detected on chromosomes 5, 8 and 10, together explaining 50.8% of 
the genetic variation. The ‘Koshihikari’ alleles qJPGC-5, qJPGC-8 and 
the ‘C602’ alleles at qJPGC-10 were associated with reduced PGWC. 
The QTL contributions to phenotypic variance were 18.2, 9.6 and 
25%, respectively. These QTL markers for PGWC could be used for 
developing improved varieties.
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INTRODUCTION

Chalkiness is a major concern in rice (Oryza sativa L.) breeding because it is one 
of the key factors in determining quality and price. Percentage of grains with chalkiness 
(PGWC) is one of the main indices of rice-determining appearance quality. For improve-
ment of milling, eating, and cooking quality, the endosperm of rice varieties should be 
free of chalkiness, since chalky grains have a lower density of starch granules compared 
to vitreous ones and are therefore more prone to breakage during milling (Del Rosario 
et al., 1968). Also, since both longitudinal and transverse cracks occur easily in chalky 
kernels when the grain is steamed or boiled, chalkiness reduces the palatability of cooked 
rice (Nagato and Ebata, 1959). Since consumers prefer rice free of opaqueness and strong 
translucence, breeding for rice grains free of chalkiness is considered to be within market 
requirements.

Yield and quality are two major subjects for many rice breeding programs but they 
are both controlled by quantitative trait loci (QTLs) showing continuous phenotypic vari-
ation in rice progeny (Yano and Sasaki, 1997). The inheritance of rice grain chalkiness, 
an endosperm quality trait, can be more complicated because the genetic expression of an 
endosperm trait in cereal seeds is controlled not only by the triploid endosperm genotype, 
but also by the diploid maternal genotype and any additional possible cytoplasmic differ-
ences (Pooni et al., 1992; Zhu and Weir, 1994; Mo, 1995). It is difficult for breeders to 
improve rice grain chalkiness using conventional methods, due to the lack of a discrete 
phenotypic segregation in the progeny. Thus, identification of QTLs involved in grain 
chalkiness and the elucidation of its genetic control are necessary for the development 
of marker-assisted selection (MAS) and pyramid breeding strategies aimed at improving 
breeding efficiency.

The availability of almost unlimited numbers of molecular markers and genetic 
maps of high resolution in rice provides powerful tools for QTL mapping and gene cloning. 
Using different mapping populations, some PGWC QTLs were found (Koh et al., 1999; 
He et al., 1999; Tan et al., 2000; Li et al., 2004; Wan et al., 2005; Huang, 2006). White-
belly endosperm trait has been fine mapped on chromosome 7, where 13 predicted genes 
were confirmed (Zhou et al., 2009). Two of these genes, OsPPDKB and starch synthase IIIa 
(SSIIIa), were found to have pleiotropic effects on white-core endosperm in rice (Kang et al., 
2005; Fujita et al., 2007; Ryoo et al., 2007). The former encodes pyruvate orthophosphate 
dikinase, which contributes to the control of carbon flow into starch and lipid biosynthesis 
during grain filling (Kang et al., 2005), while SSIIIa plays an important role in the elonga-
tion of amylopectin chains (Fujita et al., 2007). However, the coherence is very low in dif-
ferent background materials for PGWC QTLs. Since all the above studies were conducted in 
Indica/Japonica or Indica/Wild population background, the Japonica/Japonica population 
of PGWC QTLs was not evaluated. However, PGWC QTLs are critical for MAS breeding 
in a Japonica genetic background.

Fine mapping of stable PGWC in different backgrounds is important for gene clon-
ing of chalkiness. PGWC QTLs in a Japonica/Japonica population and their genetic regula-
tion were analyzed in the present study to elucidate the regulation and basis of the develop-
ment of rice grain chalkiness in Japonica subspecies.
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MATERIAL AND METHODS

Genetic materials

Koshihikari is a typical Japonica variety, in which PGWC is 9%. C602 is a Japonica 
variety but has some Indica origin, and it has a PGWC of 59%.

Recombination inbred line (RILs) populations were used for PGWC genetic and QTL 
analyses; they were produced by crossing Koshihikari (Japonica) and C602 (Japonica). In 
total, 261 F8 descendants of Koshihikari/C602 were generated through single-seed descent.

Field experiment design and implementation

Koshihikari, C602 and RILs of Koshihikari/C602 were grown in the summer of 2007 
(rice growing season) on the experimental farms of Tianjin Academy of Agricultural Sciences, 
Tianjin, China. After drying, the RIL grains were stored at room temperature for 3 months, and 
then dehulled and scored for PGWC and other traits. Each plot consisted of four rows of 10 
plants each, arranged in a randomized block design with three replicates.

Scanning electron microscope (SEM) analysis of rice grains

For SEM observation, kernels were broken transversely and the pieces were mounted 
onto 12-mm aluminum stubs, and sputtered with gold on a BioRad Polaron sputter coater. 
Samples were viewed with an S-2500 Hitachi SEM and examined using SEM at an accelerat-
ing voltage of 20 kV. Diameters of starch granules were estimated on the basis of the scale bar 
provided on the captured image.

Trait measurement

PGWC was evaluated according to He et al. (1999) and NSPRC (1999). To separate 
chalky from vitreous grains, three replicates of 100 grains per entry were assessed visually. 
The mean percentage of chalky grains represented the PGWC score for that line.

DNA preparation and polymerase chain reaction (PCR) protocol

Rice total DNA was extracted using the CTAB method (Doyle, 1991). Simple se-
quence repeats (SSRs) were used for PGWC QTL analysis, where 236 SSR markers distrib-
uted at certain genetic distances across all 12 chromosomes (Gramene release; http://www.
gramene.org/microsat/ssr.html; accessed November 17, 2005). PCR was performed following 
the techniques of Chen et al. (1997). PCR products were separated on a 3% agarose gel.

Linkage map construction and QTL surveys

For the whole genome survey, 236 SSRs were employed in the assay of the Ko-
shihikari/C602 RILs, and the molecular marker linkage maps were constructed using 
MAPMAKER/EXP 3.0 (Lander et al., 1987; Lincoln et al., 1992).
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Interval mapping was carried out to scan the whole genome for putative QTLs con-
trolling the PGWC traits using Windows QTL Cartographer 2.5 (http://statgen.ncsu.edu/
qtlcart/) with an LOD threshold of 3.0. If two or more QTLs were detected in nearby re-
gions, the QTL with the largest effect was fixed, and the rest of the genome was rescanned to 
confirm the existence of other QTLs. When a QTL was detected in an interval exceeding 20 
cM in length in the linkage map, the existence of the QTL was confirmed using composite 
interval mapping (Zeng, 1994) as well as one-way analysis of variance using genotypes of 
the adjacent markers as the groups.

RESULTS

Phenotype of chalky rice and genetic analysis of PGWC

The chalky appearance of rice is associated with the development of numerous air 
spaces between starch granules and the resulting change in light reflection (Tashiro and Ward-
law, 1991). Figure 1A and B show the morphology of vitreous and chalky rice in Koshihikari 
and C602, respectively. SEM analysis showed that starch granules of the chalky part were 
round and loosely packed in C602, which were very different from the densely packed, poly-
hedral starch granules of the Koshihikari transparent part (Figure 1C and D). This was some-
what consistent with the result of Lisle et al. (2000).

Figure 1. Starch granule morphology and structure of Koshihikari (A), C602 (B). SEM images of starch granules in 
the mature endosperm of Koshihikari, transparent part (C), C602 chalkiness, grain chalky part (D). Bar represents 
10 μm in C and D.
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There were significant differences in PGWC between Koshihikari and C602; their 
PGWC values were 56 and 9%, respectively. The distributions of PGWC in Koshihikari (Ja-
ponica)/C602 (Japonica) RIL populations are shown in Figure 2. The PGWC of the Koshi-
hikari/C602 population ranged from 0 to 100%, mainly around 0 to 60% or so, showing con-
tinuous variation. The distribution mode of chalkiness showed a continuous variation and very 
different with an apparent bimodal and unimodal distribution in the RIL population (Figure 2). 
In the Koshihikari/C602 RILs, a certain number of RIL PGWC values segregated transgres-
sively to their female parent, indicating that PGWC is a quantitative trait. At the same time, 
triploid endosperm, cytoplasmic and diploid maternal genetic effects may all be of importance 
for PGWC and chalkiness area (Shi et al., 2002).

Figure 2. Frequency distributions of percentage of grains with chalkiness (PGWC) in Koshihikari/C602 
recombinant inbred line population and its parents’ PGWC. The plants were grown in Tianjin in 2007.

QTLs for PGWC in Koshihikari/C602 (Japonica/Japonica population)

Analysis of the Koshihikari/C602 F8 RIL population revealed three QTLs for PGWC 
of rice, located on chromosomes 5, 8 and 10, respectively (Table 1, Figure 3 ) in the Japonica/
Japonica RIL population. The QTL qJPGC-5, which was located in the interval on chromo-
some 5, can explain 25% of the phenotypic variance. The effects of qJPGC-8 and qJPGC-10 
were much smaller, their variances were 18.2 and 9.6%, respectively. The total phenotypic 
variation explained by the three putative QTLs was 50.8%. Of the three QTLs, two QTL al-
leles from C602 contributed to an increase in PGWC, and only one QTL allele from Koshi-
hikari contributed to an increase in PGWC, which was located on chromosome 10.
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Among the three QTLs, qJPGC-10 was mapped on chromosome 10 between SSR 
markers RM1873 and 68923-7, and the DNA sequence length between them was about 880 
kb. Based on this result, we designed the PCR primer pair 68923-jcp10. Using the 68923-
jcp10 primer, PCR was performed using DNA samples from the two parents, individual plants 
with more than 80% PGWC and individual plants with 0% PGWC, respectively (Figure 4). 
The results showed that the fragment amplified by the 68923-jcp10 primer was closely associ-
ated with PGWC; high-PGWC individuals had the positive band and low-PGWC individuals 
lacked this band (Figure 4). Thus, the SSR marker 68923-jcp10 could be used in MAS of 
qJPGC-10 and breeding by design for high/low PGWC in rice.

QTL Chromosome Marker interval Variation explained (%) LOD Add

qJPGC-8   8 RM447-RM281 18.2   6.35 20.43
qJPGC-10 10 RM1873-68923-7   9.6   3.28 -1.56
qJPGC-5   5 RM289-RM3437 25.0   8.62   9.81
Total   50.8 17.32

Table 1. Putative quantitative trait loci (QTLs) of rice percentage of chalky grain trait estimated for Koshihikari/
C602 recombinant inbred lines.

LOD = logarithm of the odds score.

Figure 3. Map locations of the putative quantitative trait loci (QTLs) for percentage of chalky grains detected 
using Koshihikari/C602 recombinant inbred line populations. The bars indicate the confidence intervals of QTL. 
The peaks of the QTL interval bar are indicated by black triangles. The scale in Kosambi cM is shown on the left 
of each chromosome.
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DISCUSSION

Grain chalkiness is a complicated physiological process in the grain filling phase 
and was not consistent in previous PGWC QTL detection by different population. Gene 
identification of different germplasm of PGWC is important for elucidating the molecular 
mechanism accounting for grain chalkiness. Some QTLs, which can be detected in different 
populations, may act on general physiological processes; they do not diverge in subspecies 
evolution. In addition, some different loci may be affected by the genes of specific subspe-
cies or environmental factors. In this study, we detected qJPGC-5, qJPGC-8 and qJPGC-10 
in a Japonica background population, which were located on chromosomes 5, 8 and 10, 
respectively. qJPGC-5 and qJPGC-10 may act on Japonica and Indica backgrounds, because 
these two QTL were detected between an Indica and Indica population (Tan et al., 2000). But 
qJPGC-8 can only be found in Japonica background according to the results of known QTL 
loci of PGWC integration.

The formation of rice chalkiness proves to be a complicated physiological process 
and tightly related to “source-sink” in rice, dynamics of grain filing, and biosynthesis and 
accumulation of starch in the endosperm. There are some stable QTLs for rice chalkiness 
on many rice chromosomes. Of them, three genes controlling rice chalkiness, which have 
an impact on starch synthesis, starch metabolism, and fruit development, have been cloned. 
However, the manipulative network and formative mechanisms of rice chalkiness remain 
unclear. At present in breeding practice, reducing rice chalkiness has become one of the main 
aims in rice quality breeding.
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