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Abstract Appearance quality of the rice grain represents
amajor problem of rice production in many rice-produc-
ing areas of the world, especially in hybrid rice produc-
tion in China. In this study, we conducted a molecular
marker-based genetic analysis of the traits that are deter-
minants of the appearance quality of rice grains, includ-
ing traits specifying grain shape and endosperm opacity.
The materials used in the analysis included an F,.; popu-
lation and an F;, recombinant inbred line population
from a cross between the parents of Shanyou 63, the
most widely grown rice hybrid in China. Molecular
marker-based QTL (quantitative trait locus) analyses re-
vealed that grain length and grain width were each con-
trolled by a major QTL accounting for a very large pro-
portion of the genetic variation, plus one or two minor
QTLs each explaining a small proportion of the genetic
variation. The mgjor QTLs can be detected in both the
F,.; and recombinant inbred line population using both
paddy rice and brown rice, whereas the minor QTLs
were detected only occasionally. The QTL located in the
interval of RG393-C1087 on chromosome 3 is the magjor
locus for grain length, and the one in the interval
RG360-C734a on chromosome 5 plays a magjor role in
determining grain width. Similarly, white belly, which
largely determines the opacity of the endosperm, is al-
most entirely controlled by a maor locus on chromo-
some 5, located in the same genomic region as the major
QTL for grain width. The implications of the results with
respect to hybrid rice improvement were discussed.
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Introduction

Quality rice varieties are preferable by consumers and
producers alike. Although the preferences for rice grain
characteristics vary with different consumer groups, long
and slender rice is generaly preferred by many consum-
ers in China, USA and most of the Asian countries
(Unnevehr et al. 1992; Juliano and Villareal 1993).
Long-grain quality varieties tend to produce dry, fluffy
and separated cooked grains, whereas the medium- and
short-grain varieties tend to produce clumped, moist and
chewy grains after cooking (Webb 1980; Juliano 1985).
For al shapes of grains, the endosperm of quality rice
should be free of opagueness and strongly translucent.

Appearance quality of the rice grain represents a ma-
jor problem of rice production in many rice-producing
areas of the world, and this is especially the case in hy-
brid rice production in China. Currently, there is a strong
emphasis in China on improving the quality of hybrid
rice varieties, especially the quality of indica hybrids.
The most serious problems lie in eating quality, cooking
quality and appearance quality and, to some extent, in
milling quality and processing quality. According to our
present knowledge, cooking and eating qualities are
mostly determined by the amylose content, gelatin-
azation temperature and gel consistency of the grain en-
dosperm. Appearance quality is mostly determined by
grain shape as specified by grain length, grain width, the
length-width ratio and the translucency of the endo-
sperm.

We previously conducted a molecular marker-based
analysis of the genetic control of the three endosperm
traits — namely, amylose content, gelatinazation tempera-
ture and gel consistency — that determine the eating and
cooking quality of the rice grain in a cross between the
parents of an elite hybrid, Shanyou 63 (Tan et a. 1999).
This is the best hybrid that has been widely grown in
China for ailmost two decades, demonstrating high yield,
wide adaptability but relatively poor quality. We were
able to show that these three traits are aimost perfectly
correlated with each other and mainly controlled by the



824

Wx locus located on chromosome 6. Such results were
immediately useful in improving the eating and cooking
quality of this elite hybrid.

In the study reported in this paper, we performed a
molecular marker-based analysis of quantitative trait loci
(QTLs) for the traits that determine appearance quality
of the grains, using populations derived from the cross
between Zhenshan 97 and Minghui 63, the parents of
Shanyou 63. The traits studied included grain length,
grain width, length to width ratio and endosperm opacity.
The objective was to determine the genetic control of
these traits in this cross in order to formulate a strategy
for improving the appearance quality of this hybrid.

Materials and methods

Genetic materials

The genetic materials used in this study included Zhenshan 97 and
Minghui 63, the parents of Shanyou 63, the best hybrid in rice
production in China, and two populations derived from a cross be-
tween the two parents. The first population consisted of 241 F, in-
dividuals, and the second population contained 238 F,, recombi-
nant inbred lines (RILS) derived from the 240 F, plants by the
single-seed descendent method.

Measuring the traits of appearance quality

Harvested paddy rice was dried and stored at room temperature for
at least 3 months before processing. Twenty fully filled paddy rice
grains from each F, individual, referred to as an F,5 family, and
RILs were lined up length-wise along a vernier caliper to measure
the length, after which the grains were arranged in the breadth to
measure the width. The values were averaged and used as the mea-
surements for length and width of individual grains. The length-
width ratio of the grains was calculated as grain length divided by
width, a measurement which reflects the shape of the grains.

Rough rice was de-husked and milled using a miller (manufac-
tured by Jiading Food and Oil Machinery Factory, Shanghai, China)
according to the National Standards NY 147-88. Twenty random-
ly selected unbroken brown rice grains of each F,.; family or RIL
were lined up to measure the length, width and length-width ratio
in the same way as described in the previous paragraph.

The measurement of opacity or chalkiness was carried out as
follows. One hundred milled head rice grains of each F,.; family
or RIL were randomly selected. The chalky grains, including those
with awhite belly, white core and white back, were counted by vi-
sual assessment. The percentages of the chalky grains were used
as the measurement of opacity. In the RIL population white belly
and white core were further separated and counted. Very few
grains had a white back in this population and this type of chalki-
ness was ignored. All measurements were replicated four times.

Molecular markers, linkage map construction and QTL surveys

Two classes of molecular markers were used in assaying the poly-
morphisms of the populations, restriction fragment length poly-
morphisms (RFLPs) and simple-sequence repeats (SSRs). The
dataset of molecular markers for the F, population was essentially
the same as that described by Yu et a. (1997), consisting of
150 markers, including 131 RFLP and 19 SSR loci covering all
12 chromosomes. A total of 171 molecular markers, including
166 RFLPs and 5 SSRs, were employed in the assay of the RIL
population; these were largely the same as those used in the F,.4
assay (Xing 1999). The molecular marker linkage maps were con-
structed using MaPMAKER/EXP 3.0 (Lander et al. 1987; Lincoln et
al. 19924).

Interval mapping was carried out to scan the whole genome for
putative QTLs controlling the quality traits using MAPMAKER/QTL
1.1 with a LOD threshold of 2.4 (Lincoln et a. 1992b). If two or
more QTLs were detected in nearby regions, the QTL with the
largest effect was fixed, and the rest of the genome was re-scanned
to confirm the existence of the other QTLs. When an QTL was de-
tected 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

Distribution of the trait measurements in segregating
populations

The distributions of grain length, grain width, length-
width ratio and chalkiness of the F,.; and RIL popula-
tions are shown in Fig. 1. The two parents, Minghui 63
and Zhenshan 97, showed large differences in all of the
traits examined. Transgressive segregations occurred in
all of the traits in both F,.; and RIL populations. How-
ever, the distribution mode of chalkiness was very differ-
ent from those of the other three traits, with the former
showing an apparent bimodal distribution in both the F,.4
and RIL populations and the latter uni-modal in both
populations (Fig. 1B).

QTLsfor paddy rice grain traits
Grain length

Analysis of the F,.; population resolved three QTLs for
grain length of paddy rice, located on chromosomes 2,
3 and 7, respectively (Table 1, Fig. 2). The QTL located
in the interval RG393-C1087 on chromosome 3 showed
the largest effect on the trait with a LOD score of 41.0
and explaining 63.8% of the phenotypic variance. The
effects of the other two QTLs were much smaller. In all
three QTLs, alleles from Minghui 63 contributed to the
increase in grain length.

Two QTLs, located on chromosomes 3 and 11, were
detected for grain length of paddy rice in the RIL popu-
lation (Fig. 2). The major QTL was the same as the one
located in the F,.5; population in the interval RG393-
C1087 on chromosome 3, with a LOD score of 33.8 and
explaining 57.6% of the variation (Table 1). The effect of
the other QTL, located on chromosome 11, was much
smaller. In both cases, aleles from Minghui 63 were in
the direction of increasing grain length.

Thus, four QTLs were detected for grain length of
paddy rice. One locus, the magjor one, was detected in
both of the F,.; and RIL populations, and the remaining
three were observed in only one of the populations.

Grain width

Three QTLs were detected for grain width of paddy rice
(Table 1, Fig. 2). Two of the QTLs, located on chromo-
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somes 5 and 6, respectively, were detected in both the
F,.; and RIL populations, and one QTL, located on chro-
mosome 1, was detected only in the F,.; population. The
QTL detected on chromosome 5 showed the largest
effect in both populations. The effects of the other two
QTLs, including the one detected in both populations
and the other one detected in only one population, were
much smaller. Alleles with increasing and decreasing
effects were detected from both parents at these QTLs
(Table 1).

Length-width ratio

Two QTLs located on chromosomes 3 and 5, respective-
ly, were detected for the length-width ratio in both the
F,.; and RIL populations (Table 1, Fig. 2), both of which
had large effects on the trait (Table 1). In both cases,
aleles from Minghui 63 contributed to the increase in
the length-width ratio.

These two QTLs were located in the same vicinities
as the two QTLs that assumed major effects on grain



826

Table 1l QTLsdetected for ap-
pearance quality traits of paddy
rice grains analyzed using the .
F,.;and RIL populationsfrom  Fz:3 population

Trait Chromosome Interval LOD % Vara  AddP Dom ¢

a cross between Zhenshan 97 Grain length 2 R1843-RMD1 31 6.5 -0.18 -0.06
and Minghui 63 by interval 3 RG393-C1087 41.0 63.8 -0.57 -0.30
mapping at LOD threshold 2.4 7 RG128-C1023 39 154 -0.27 0.07
Total 46.8 68.9
Grain width 1 C161-R753 3.8 13.7 0.02 0.08
5 RG360-C734a 20.6 55.2 0.18 -0.05
6 RG424-C962 2.6 104 -0.09 0.04
Total 279 68.6
Length-width ratio 3 RZ403-R19 21.0 36.4 -0.24 -0.12
5 RG360-C734a 11.3 37.8 -0.22 0.01
Total 40.1 75.1
aVariance explained by the RIL population
QTL Grain length 3 RG393-C1087 338 57.6 -0.88
b Additive effect: positive val- 11 G44-G257 3.1 7.2 -0.34
ues of additive effectsindicate  Total 37.3 62.3
that alleles from Zhenshan 97 L
arein the direction of increas- Grain width 5 RG360-C734a 16.5 44.0 0.31
ing the trait scores, and nega- 6 RZ667-RG424 25 4.6 -0.12
tive values of additive effects ~ Totdl 20.8 49.4
indicate that dllelesfrom | ength-widthratio 3 RG393-C1087 117 25.4 -0.32
Minghui 63 are n the direction 5 RG360-C734a 115 333 -0.37
of increasing the trait scores Total 26.6 59.6
¢ Dominance effect
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Fig. 2 Locations of the QTLs for appearance quality traits of rice  ulations, respectively. The bars indicate the 1-LOD support inter-
grains. Only those portions of the linkage maps where QTLswere  vals of the QTLs identified with F,.; (on the left side of the chro-
detected are shown. The number at the top indicates the chromo-  mosomes) and RIL (right) populations. Small triangles indicate
some number with affixes of F for the F,.; and R for the RIL pop-  peaks of the LOD contours
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Table 2 QTLsdetected for ap-

pearance quality traits of brown Trait Chromosome Interval LOD %Vara Addb Dom¢
rice grains analyzed using the )
F,.5 and RIL populationsfrom  Fz:3 population
a cross between Zhenshan 97 Grain length 3 RG393-C1087 32.7 59.0 -0.42 -0.24
and Minghui 63 by interval 7 C1023-R1440 2.7 5.1 -0.08 0.14
mapping at LOD threshold 2.4  Total 338 59.9
Grain width 1 C161-R753 4.1 15.2 0.04 0.11
5 RG360-C734a 19.9 52.3 0.16 -0.04
Total 21.8 55.9
Length-width ratio 3 C1087-Rz403 12.8 29.4 -0.18 -0.10
5 RG360-C734a 9.9 31.3 -0.17 -0.02
Total 30.1 62.4
Chalkiness 1 C161-R753 2.6 8.9 1.97 16.33
5 RG360-C734a 29.3 70.3 30.91 -20.73
5 RG528-C1447 5.8 11.3 13.74 -5.19
6 R1952-C226 25 5.0 8.24 311
10 R2625-C223 25 4.9 857 0.94
Total 36.8 73.2
RIL population
Grain length 3 RG393-C1087 19.8 40.7 -0.55
6 Wx-R1952 4.0 8.0 0.24
Total 255 48.6
Grain width 5 RG360-C734a 15.3 41.6 0.22
8 C347-R727 25 4.9 0.08
Total 17.2 4.7
Length-width ratio 3 RG393-C1087 9.6 21.8 -0.25
5 RG360-C734a 10.2 30.0 -0.30
6 R1952-C226 24 5.1 0.12
Total 26.1 61.1
White belly 5 RG360-C734a 35.2 87.2 729
7 R1245-R1789 2.7 9.5 24.5
Total 36.6 87.9
White core 5 RG360-C734a 45 11.6 -12.2
6 Wx-R1952 4.0 75 9.8
abandc See Table 1 for explana  Tgig) X 88 175
tions i i

length and grain width as described above. This is quite
understandable because length-width ratio is a secondary
trait derived by dividing the measurement of length by
the measurement of width.

QTLsfor brownrice grain traits
Grain length

Two QTLs each were detected for grain length in both
the F,.; and RIL populations (Table 2, Fig. 2). The one
located in the interval RG393-C1087 of chromosome 3
was observed in both populations and detected the larg-
est effect in both cases (Table 2). Of the other two QTLS,
the one located between C1023 and R1440 on chromo-
some 7 was detected only in the F,.5 population, and the
one located in the interval Wx-R1952 of chromosome 6
was detected only in the RIL population; both had much
smaller effects.

Grain width

Two QTLs each were detected for grain width in both
the F,.; and RIL populations (Table 2, Fig. 2). The one
on chromosome 5 was in common between the two pop-

ulations and showed the largest effect in both popula-
tions (Table 2). The other two QTLsS, one on chromo-
some 1 and the other on chromosome 8, were each
detected in only one population and had much smaller
effects.

Length-width ratio

Two and three QTLs, respectively, were detected for
length-width ratio in the F,.; and RIL populations (Table 2,
Fig. 2). The two QTLS, one coincided with the QTL for
grain length on chromosome 3 and the other coincided
with the QTL for grain width on chromosome 5,
appeared to have large effects on the trait in both of the
populations (Table 2). A third QTL, located in the inter-
val R1952-C226 on chromosome 6, was detected in the
RIL population, which was also in good agreement with
aQTL for grain length detected in this population.

Chalkiness

The two component traits, white belly and white core,
for chalkiness were analyzed separately. Although the
measurements of the traits by no means followed normal
distribution, the results of QTL analysis were none-
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theless very informative. Two QTLs for white belly were
detected, one on chromosome 5 in the interval RG360-
C734a and the other on chromosome 7 in the interval
R1245-R1789 (Table 2, Fig. 2). The one on chromosome
5 was a mgjor locus explaining 87.2% of the variation,
and the other QTL played only aminor role in specifying
this trait (Table 2). In both cases, aleles from Zhenshan
97 increased the opacity of the grains.

Two QTLs were detected for white core (Table 2,
Fig. 2). The one located on chromosome 5 was in the
same interval (RG360-C734a) as the major locus for
white belly. However, the allele from the same parent at
this locus contributed to white belly and white core in
opposite directions; the allele from Zhenshan 97 was in
the direction of increasing white belly but decreasing
white core. The QTL on chromosome 6 resided right on
top of the Wi locus that controls amylose content of the
endosperm (Wang et al. 1995; Tan et al. 1999); the allele
from Zhenshan 97 contributed to the increase of white
core (Table 2).

When chalkiness was analyzed as one trait in the F,.5
population (Table 2), it was shown that the locus on
chromosome 5 played a predominant role in chalkiness
of the grain endosperm, although atogether five QTLs
were detected in this popul ation.

Confirming the QTLs

The above analyses suggested a likely pleiotropic effect
of the subterminal region of chromosome 5 in the inter-
val R360-C734a on grain width, length-width ratio and
chalkiness (Fig. 2). However, this interval is 35.8 cM in
length in the linkage map constructed using the F, data
and 27.2 cM in length in the map using the RIL data
Such a gap could possibly induce spurious QTLs
(*“‘ghost” QTLs, Lander and Botstein 1989) by interval
mapping. One-way analysis of variance and composite
interval mapping were conducted to confirm the QTLs
detected in this region; all the QTLs resolved by interval
mapping were also detected by both of the two methods
(data not shown), indicating the reality of the QTLs re-
solved in thisregion.

Discussion

Grain shape and endosperm opacity are the two main
attributes that determine the appearance quality of the
rice grains. Grain shape is largely specified by the ratio
of grain length to grain width, and opacity, or chalkiness,
consists of three subtraits: white belly, white core and
white back. The present study has characterized the
genetic bases of al the components, except white back,
that are related to the appearance quality of rice grains,
using populations from a cross between the parents of
Shanyou 63, an elite hybrid widely grown in China.

The general picture that emerged from the genetic
analyses of grain shape is that grain length and grain

width are each controlled by amajor QTL accounting for
avery large proportion of the genetic variation, plus one
or two minor QTLs each explaining a small proportion
of the genetic variation. Thus, as expected, length-width
ratio is almost completely specified by these two loci ac-
cording to the results of QTL analyses. Similarly, white
belly, which largely determines the opacity of the endo-
sperm, is almost entirely controlled by one major locus.
In contrast, white core, which plays only a minor role in
determining the opacity, is controlled by two minor
QTLs. Very interestingly, the major QTL for grain width
and the ones for white belly and white core are located in
the same genomic region, such that the chromosomal
segment from Zhenshan 97 increases grain width and at
the same time greatly increases the white belly and
dlightly decreases the white core. Whether this is the
result of pleiotropy or tight linkage remains to be deter-
mined in future studies.

Compared with the results of previous studies, it can
be deduced that the major QTL for grain length detected
in this study on chromosome 3 should be the same locus
as the one reported by Huang et al. (1997), which is also
likely to be the same as the one reported by Lin et al.
(1995). However, the QTL for grain length reported by
Redofia and Mackill (1998) around RG476 on chromo-
some 4 is certainly a completely different locus for grain
length that was not detected in the present study. For
grain width, it is highly likely that the QTL detected in
this study on chromosome 5 is the same as the one
reported in Lin et al. (1995). However, this QTL is cer-
tainly different from those of Huang et al. (1997) and
Redofia and Mackill (1998).

It is also interesting to note that, based on the syntenic
relationship in the grass family (Ahn et al. 1993; Gale
and Devos 1998), it is highly likely that the QTL for
grain length on chromosome 5 may be orthologous to the
QTLsfor grain size on maize chromosomes 1 and 5 and
the one on sorghum linkage group C (Paterson et al.
1995). This QTL may aso be syntenic to the QTL for
grain size of wheat on chromosome 5L (Snape et al.
1985).

The findings of this study have significant implica-
tions for the improvement of this hybrid. With respect to
grain quality improvement, it is clear that grain length
and opacity of the hybrid can be independently modified,
since the mgjor QTLs for these two traits are located in
different chromosomes. It is also clear that opacity and
grain width can be simultaneously improved; reducing
the grain width would almost certainly decrease the
opacity, as indicated by the co-location of the QTLs for
these two traits. Furthermore, al of the traits for appear-
ance quality can be modified with little influence on
cooking and eating quality, the latter being mostly con-
trolled by the Wx locus on chromosome 6 (Tan et a.
1999).

With respect to improving yield potentials, a previous
study on the same cross (Yu et a. 1997) detected QTLs
for grain weight in both of the genomic regions on chro-
mosomes 3 and 5 where the magjor QTLs for grain length



and width were detected in this study. Grain length was
positively associated with grain weight according to the
effect estimated for the genomic region containing the
major QTL for grain length detected in this study. How-
ever, the effects estimated for the genomic region on
chromosome 5, in which the major QTL for grain weight
was detected in this study and also a QTL for grain
weight was detected in the previous study, suggested a
positive association between grain width and grain
weight. Such results clearly indicate that, in general, in-
creasing grain length would also increase grain weight
and, conversely, decreasing grain width would also re-
duce grain weight. Thus, a compromise has to be
reached among grain length, grain width and grain
weight in the improvement of this hybrid.

In summary, the results from this study can be useful
in many ways for improving the appearance quality of
this hybrid: to increase grain length, to decrease grain
width, to reduce chalkiness of the endosperm and, at the
same time, not to affect the yield. The closely linked
markers that flank the QTLs identified should be very
useful when transferring genes in breeding programs.
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