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Abstract Rice appearance quality, including traits
specifying grain dimension and endosperm chalkiness,
represents a major problem in many rice-producing
areas of the world. In this study, the genetic basis of
six appearance quality traits of milled rice was dis-
sected into quantitative trait loci (QTL) main effects,
and the stability of these QTLs was assessed in a
population of 66 chromosome segment substitution
lines (CSSLs) across eight environments. The CSSLs
showed transgressive segregation for many of the
traits, and significant correlations were detected among
most of the traits. Twenty-two QTLs were identified
on eight chromosomes, and numerous QTLs affecting
related traits were mapped in the same regions,
probably reflecting pleiotropic effects. Nine QTLs,
namely ¢GL-1, qGL-3, qGW-5, gLWR-3, gLWR-5,
gPGWC-8, qPGWC(C-9, qACE-8, and ¢gDEC-8, were
consistently detected across the eight environments.
The additive main effect and multiplicative interaction
(AMMI) analysis showed that genotype (G) X envi-
ronment (E) interaction was significant for all six
traits, with the first three iPCA terms accounting for
over 80% of the G x E variance. Both D; values and
the iPCAI-iPCA2 biplots showed that the CSSLs
harboring the nine QTL alleles were more stable than
those carrying any of the additional 13 QTL alleles,
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thereby confirming their environmental stability and
pointing to their appropriateness as targets for
marker-assisted selection for high-quality rice varieties.

Introduction

Rice appearance quality is determined mainly by grain
length (GL), grain width (GW), length-width ratio
(LWR), percentage of grains with chalkiness (PGWC),
area of chalky endosperm (ACE), and degree of endo-
sperm chalkiness (DEC). For improvement of milling,
eating, and cooking quality, the endosperm of high-
quality rice varieties should be free of chalkiness, since
chalky grains have a lower density of starch granules
than 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). On the other hand, rice cul-
tivars with chalkiness are useful for the production of
special food, an example of which is Japanese sake.
Similarly, preferences for rice grain shape vary across
consumer groups. Long and slender grain varieties are
preferred by consumers in most Asian countries,
including China, India, Pakistan, and Thailand, and in
the USA, while short and bold grain cultivars are pre-
ferred in Japan and Sri Lanka. Therefore, breeding for
the appropriate grain shape and endosperm opacity
needs to be considered in the context of market
requirements.

Rice appearance quality traits are quantitatively
inherited (Tan et al. 2000). The identification of
quantitative trait loci (QTLs) for appearance quality
and the elucidation of their genetic control are nec-
essary for the development of marker-assisted selection
(MAS) strategies aimed at improving breeding effi-
ciency. Using a number of primary mapping



populations, Huang et al. (1997) detected 12 QTLs for
GL, GW, and LWR, while He et al. (1999) identified
three QTLs affecting PGWC and ACE. Redofia and
Mackill (1998) found that GL, GW, and LWR were
controlled primarily by two loci, one each on chro-
mosomes 3 and 7, whereas Tan et al. (2000) detected a
major GL QTL on chromosome 3 and a GW QTL on
chromosome 5. However, since all the above studies
were conducted in a single environment, the stability
of the resultant QTLs could not be evaluated. This
characteristic is critical for determining the utility of a
QTL for marker-assisted breeding.

In the present study, 66 chromosome segment
substitution lines (CSSLs), derived from three back-
crosses of IR24 (indica) to Asominori (japonica)
(Asominori/IR24//3* Asominori), were used for QTL
identification across eight environments. The use of
CSSLs, as opposed to primary mapping populations,
has distinct advantages for QTL identification. Most
importantly, genetic interactions between donor alleles
are limited to those between genes on homozygous
substituted tracts since each CSSL carries one or a few
donor segments in the near-isogenic background of a
recurrent genotype, thus reducing the effects of inter-
ferences from genetic background (Howell et al. 1996).
Second, for the fine mapping and positional cloning of
a QTL, a secondary F, population can be derived
from a further backcross between a selected CSSL and
the recurrent parent (Frary et al. 2000; Yano et al.
2000). Third, F, populations generated from inter-
crosses between different CSSLs can be used to ana-
lyze epistatic interactions between pairs of QTLs (Lin
et al. 2000). Finally, CSSLs form the germplasm basis
for the pyramiding of multiple QTLs in a plant
breeding program (Li 2001).

The objectives of this study were to detect stable
QTLs affecting GL, GW, LWR, PGWC, ACE, and
DEC, in order to develop MAS assays for appearance
quality, and to construct secondary F, populations via
backcrossing for the fine mapping and positional cloning
of stable QTLs.
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Materials and methods
Population development

Seventy-one recombinant inbred lines (RILs), derived
from the cross Asominori X IR24, were developed by
single-seed descent (Tsunematsu et al. 1996). To produce
a series of CSSLs in a largely Asominori genetic back-
ground, 19 selected RILs composed of more than 60%
Asominori genotype were crossed and backcrossed with
Asominori, without selection, until the BCsF, genera-
tion. Sixty-six individuals were selected at the BCsF;
generation on the basis of a whole genome survey [116
restriction fragment length polymorphism (RFLP) loci].
These 66 lines, denoted L1-L66, have representation of
the whole IR24 genome, except for the 9.8-cM region
defined by the interval C1468-G1015 on chromosome 3
(Kubo et al. 1999; Wan et al. 2004).

Phenotypic data collection

The CSSLs and the parental varieties were grown in
eight environments involving four locations (Table 1).
Each entry plot consisted of ten rows of ten plants
each, grown in a randomized block design with two
replications of each entry per environment. After
drying (to about 13.5% of the moisture content), the
grain was stored at room temperature for 3 months
and then milled using the Yamamoto Rice-Pal VP-30T
with the following procedure: 200 g of purified paddy
rice per CSSL was put once into the miller and milled
for 60 s (Yamamoto et al. 1995). The milled rice thus
obtained was used for measuring the appearance
quality traits.

The quality traits GL, GW, and LWR were measured
following the method of Tan et al. (2000). GL and GW
were estimated from the mean of 20 grains. LWR, which
represents the shape of the grain, was given by the ratio
GL/GW. PGWC, ACE, and DEC were evaluated

Table 1 The test environments in which the Asominori/IR24 CSSL population was evaluated

Code Number of replications Environments

El 2 Nanjing Agricultural University, Nanjing, China, N 31.2 A°, E 118.4 A°,
May—October, 2001 R R

E2 2 Experimental Farm of Jinhu County, Huai’an, Jiangsu, China, N 32.7 A°, E 119.6 A°,
May-October, 2001 R R

E3 2 Experimental Farm of Donghai County, Lianyungang, Jiangsu, China, N 35.1 A°, E 118.4 A°,
June-November, 2001 A )

E4 2 Rice Breeding Base of Lingshui County, Sanya, Hainan, China, N 18.2 A°, E 108.9 A°,
December, 2001-May, 2002 . .

ES5 2 Nanjing Agricultural University, Nanjing, China, N 31.2 A°, E 118.4 A°, May—October, 2002

E6 2 Experimental Farm of Jinhu County, Huai’an, Jiangsu, China, N 32.7 A°, E 119.6 A°,
May-October, 2002 . .

E7 2 Experimental Farm of Donghai County, Lianyungang, Jiangsu, China, N 35.1 A°, E 118.4 A°,
June-November, 2002 A .

E8 2 Rice Breeding Base of Lingshui County, Sanya, Hainan, China, N 18.2 A°, E 108.9 A°,

December, 2002—-May, 2003
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according to He et al. (1999) and NSPRC (1999). To
separate chalky from vitreous grains, we assess 100
grains per entry on a chalkiness visualizer constructed at
the China National Rice Research Institute (NSPRC
1999); on the basis of these observations, we calculated
PGWC. Twenty chalky grains were then selected at
random, and the ratio of the area of chalkiness to the
area of the whole endosperm for each grain was evalu-
ated by human visual assessment on the chalkiness
visualizer. The values were averaged and used as values

for ACE. DEC was calculated as the product PGWC x
ACE.

All six traits were measured on three replications per
sample.

Linkage map construction

Genomic DNA was extracted by the CTAB method
(Murray and Thompson 1980). The DNA clones

Table 2 Summary statistics of phenotypic performance of the CSSL population and its parents for six quality traits in eight environments

(SD standard deviation)

Traits® Environments Parents Population
Asominori IR24 Range Mean + SD CV (%)°
GL (mm) El 5.3 5.9 4.9-58 53+0.2 3.7
E2 5.3 5.9 4.9-58 53402 3.5
E3 5.3 6.0 4.9-5.8 54+0.2 3.5
E4 5.2 5.8 4.8-5.8 52+0.2 3.8
E5 5.3 5.8 4.9-58 53402 3.8
Eo6 5.3 5.9 5.0-5.9 53+0.2 3.7
E7 5.3 6.0 4.9-5.8 54+0.2 3.6
E8 5.3 59 4.9-58 53+0.2 3.6
GW (mm) El 2.7 2.4 2.3-28 2.6+0.1 4.3
E2 2.8 24 2329 2.7+0.1 4.4
E3 2.8 2.5 2.3-3.0 2.7+0.1 4.8
E4 2.8 2.5 2328 2.6+0.1 4.0
E5 2.8 2.5 2328 2.6+0.1 4.2
E6 2.7 2.4 2.3-2.9 2.7+0.1 4.3
E7 2.8 2.5 2.2-3.0 2.7+0.1 5.4
E8 2.8 2.5 2.3-2.8 2.6+0.1 4.1
LWR El 2.0 2.4 1.8-2.4 2.0+0.1 6.5
E2 1.9 2.5 1.8-2.3 2.0+0.1 6.4
E3 1.9 2.4 1.7-2.4 2.0+0.1 6.9
E4 1.9 2.3 1.8-2.4 2.0+0.1 6.4
E5 1.9 24 1.8-2.4 2.0+0.1 6.2
E6 1.9 2.4 1.7-2.3 2.0+0.1 6.6
E7 1.9 2.4 1.7-2.3 2.0+0.1 7.0
E8 2.0 2.3 1.8-2.4 2.0+0.1 6.5
PGWC (%) El 25.0 20.0 1.3-85.9 28.4+22.8 80.4
E2 26.5 18.0 1.5-84.0 26.9+£22.5 83.6
E3 29.0 18.0 1.0-91.5 34.3+£27.0 78.8
E4 27.0 16.0 0.5-94.5 32.6+£26.2 80.1
E5 29.0 21.5 3.8-92.4 33.0+24.7 75.0
E6 28.3 18.3 2.5-90.5 33.34+24.5 73.5
E7 28.5 14.8 1.5-94.8 34.5+26.9 78.1
E8 25.0 16.0 0.5-88.5 32.4+259 80.2
ACE (%) El 4.1 9.2 2.2-18.7 7.4+3.5 47.1
E2 5.3 8.4 1.1-24.3 7.6+£5.7 75.1
E3 4.5 8.1 0.5-31.3 7.8+6.6 84.4
E4 5.8 10.8 0.5-20.0 52+39 76.0
E5 43 8.2 1.2-28.2 8.2+5.3 64.9
E6 5.7 10.4 1.5-23.1 8.5+5.9 69.0
E7 4.2 9.1 1.2-23.8 6.7+5.0 74.3
E8 43 8.8 0.3-19.6 4.8+4.0 83.3
DEC (%) El 1.0 1.8 0.1-15.9 26£3.5 137.1
E2 1.4 1.5 0.1-20.5 2.8+4.3 154.9
E3 1.3 1.5 0.0-20.1 3.4+49 141.8
E4 1.6 1.7 0.0-17.5 24+3.8 159.5
E5 1.3 1.8 0.1-16.8 3.1+3.7 119.5
E6 1.6 1.9 0.1-20.7 3.8+£5.0 130.6
E7 1.2 14 0.0-21.7 32+4.4 140.6
E8 1.1 1.4 0.0-17.0 22+3.6 162.4

% GL, Grain length; GW, grain width; LWR, length-width ratio; PGWC, percentage of grains with chalkiness; ACE, area of chalky
endosperm; DEC, degree of endosperm chalkiness. See Materials and methods for details of parameter calculations

> CV, Coefficient of variation



mapped by Tsunematsu et al (1996) were used as probes.
DNA labeling, hybridization, and signal detection were
conducted using the ECL detection system (Amersham,
UK). For the whole genome survey, 116 RLFP loci
distributed over the framework map were used in the
BC;F, generation. A linkage map was constructed with
85 RFLP markers evenly distributed over all 12 chro-
mosomes using MAPMAKER/EXP 3.0 (Lander et al. 1987).
The overall map length was 1,275.4 ¢cM with an average
distance of 15.0 cM between adjacent markers, as re-
ported by Kubo et al. (1999).

Data analysis

Tests of homogeneity of variance were conducted to
determine whether data from multiple environments
could be pooled to conduct a combined analysis of
variance (ANOVA) across environments. For the com-
bined analyses, the variance was partitioned into geno-
type (CSSL), year, site, year X site, Rep (year X site),
CSSL x year, CSSL x site, and year x CSSL X site.
Phenotypic correlations among traits were estimated
using the mean phenotypic values of the CSSL popula-
tion, combined across the eight environments.

Following classical quantitative genetics theory
(Falconer 1981), the phenotypic value of a CSSL (y;,) is
described by the genetic model:

Yik = U+ Gi + Ej + GEy + eip, (1)

where v, is the trait value for the ™ CSSL 7=1,2,...,
66) of the k' field replication in the 4" environment, p is
the CSSL population mean, G; is the genotypic effect
(fixed) of the i** CSSL, Ej, ~ N(g,52) is the random effect of

the 4" environment (h = 1, 2,...,8), GEj, ~ Nog,) is the

interaction effect between the /' CSSL and the 4™ envi-
ronment, and g, ~ N(O,ﬂé ) is the random residual effect.

The QTL parameters were estimated by composite
interval mapping, a combination of interval mapping
with multiple regression analysis (Zeng 1994). To ob-
tain empirical thresholds of the experiment, 1,000 per-
mutations were run by randomly shuffling the trait
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values (Churchill and Doerge 1994). Based on the
permutation test, a LOD value of 3.0 was used for
claiming a significant main-effect QTL. The QTL
mapping was performed based on the data in each
environment using the iMp VER.3.1 software package
(SAS Institute 1994).

The QTL effects were evaluated by a ¢-test to test the
presence of significant differences between the pheno-
typic values of Asominori and those of CSSLs harboring
QTL alleles derived from IR24.

The stability of a QTL was estimated using the
additive main effects and multiplicative interaction
(AMMI) model (Crossa et al. 1990; Gauch and Zobel
1988) by analyzing the genotype X environment inter-
action (GEI) for individual traits and thereby generating
stability parameters in several dimensions. The AMMI
analysis was performed using software described by
Vargas and Crossa (2000). The stability parameter (D))
of the i CSSL is calculated by:

(Zhang et al. 1998; Vargas et al. 1999) where /. is the
singular value of the ¢ principal components analysis
(PCA) axis and 6;. is the principal component values
for the ¢™ PCA axis of the i CSSL.

The smaller the D; value, the more stable the ™ CSSL
is across multi-environments. When the first two iPCA4
values account for a majority of the total GEI sum of
squares (SS), the AMMI biplot with the abscissa of
iPCAI and the ordinate of iPCA2 can also be applied to
evaluate the stability of the /™ CSSL.

Results
Variation of phenotypic traits

Table 2 shows the phenotypic variation of the CSSLs
and their parents for the six quality traits across the

Table 3 Analysis of variance for six appearance quality traits® in the CSSL population across two years and four sites

Sources df GL GW LWR PGWC ACE DEC
MS  Fvalues MS  Fvalues MS  Fvalues MS F values MS F values MS F values
Year 1 0.258 62.86** 0.017 11.60** 0.005 3.96* 2117.55  66.94**  101.29 10.19** 21.46 15.95%*
Site 3 0.683 166.16** 1.000 680.87** 0.171 129.97** 970.04 30.67**  520.80 52.41** 5642  41.94**
Year x Site 3 0.066 16.05** 0.003 2.38 0.016 11.90**  697.15%* 22.04**  63.09 6.35%* 2454 18.24**
Rep 8 0.105 25.62**  0.008 5.15%* 0.012 9.13** 336.91** 10.65**  30.68  3.09%* 5.54 4.12%*
(Year X site)
CSSL 65 0.556 135.31** 0.203 138.36** 0.258 196.00** 9220.84 291.50** 267.06 26.87** 244.72 181.90**
CSSL x Year 65 0.005 1.10 0.001 0.79 0.001 0.87 122.39 3.87%* 18.01  1.81%** 5.19 3.86%*
CSSL x Site 195 0.010 2.48%* 0.007 4.51%* 0.004 3.18** 180.87 5.72%* 29.38  2.96** 8.01 5.95%*
CSSL x Year* 195 0.002 0.52 0.001 0.95 0.001 0.89 69.90 2.21%* 13.96  1.41** 238 1.77**
Site
Error 520 0.004 0.001 0.001 31.63 9.94 1.35

* **Significant at P < 0.05 and 0.01, respectively
@ Abbreviations are the same as in Table 2
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eight environments. Significant differences were ob-
served for all of the traits between the parental cultivars.
The CSSL population segregated transgressively for
PGWC, ACE, and DEC. The mean trait value of the
CSSLs was largely consistent across the different envi-
ronments, except that ACE and DEC both showed
lower phenotypic values in 2001, 2002, and in Hainan,
indicating that the Hainan environment (N 18.2 A°,
E 108.9 A°) tends to lessen the occurrence of chalkiness.
The coefficients of variation varied considerably among
the traits, ranging from 3.7% for GL to 143.3% for
DEC. For GL, GW and LWR, the ANOVA indicated
highly significant effects due to genotype (CSSL), year,
site, year X site, Rep (year X site), and CSSL X site for
all traits, but non-significant ones due to the
year Xx CSSL  and year x site x CSSL interactions
(Table 3).

Significant or highly significant correlations were
observed between GL and GW (—0.297*), GL and
LWR (0.766**), GW and LWR (-0.835**), PGWC
and ACE (0.691**), PGWC and DEC (0.876**), and
ACE and DEC (0.885**). In addition, GW was posi-
tively correlated with PGWC, ACE, and DEC, but
no correlations were significant between GL and any
of the three chalkiness traits, suggesting that the
width of rice grains is closely associated with the
occurrence of chalkiness.

QTL analysis

Twenty-two QTLs for the six traits were identified in the
eight environments and mapped to eight chromosomes
with LOD values between 3.0 and 23.8 (Table 4,
Fig. 1). Of the 11 GL, GW, and LWR QTLs, five (¢GL-1,
qGL-3, qGW-5, qLWR-3, and gLWR-5) were consis-
tently detected across all eight environments. ¢GL-1 and
qGL-3 were mapped to chromosomes 1 and 3 with the
average percentage of phenotypic variation explained
(PVE) of 18.2% and 32.8%, respectively. The IR24
allele at the ¢GL-3 locus increased GL by an average of
0.26 mm, while the positive effect of the ¢GL-1 locus
was contributed by the Asominori allele. gGW-5 was
mapped to chromosome 5 and accounted for 27.0% of
the phenotypic variation, with the IR24 allele providing
a negative effect of 0.17 mm. LWR was mostly con-
trolled by loci on chromosomes 3 and 5; gLWR-3 and
gLWR-5 coincided with the major GL and GW QTLs.
On average, gLWR-3 and gL WR-5 explained 20.6% and
26.4% of the total variation, respectively. The positive
effects at both loci were contributed by IR24 alleles. Six
additional QTLs (¢GL-2, ¢qGL-4, qGW-1, qGW-6,
qLWR-1, and ¢gLWR-2) were identified in one to five
environments, with a PVE of 7.0-18.2%.

Three PGWC, ACE, and DEC QTLs (¢PGWC-8,
qACE-8,and ¢DEC-8), were mapped in the interval
G1149-R727 on chromosome 8 across all eight environ-
ments and accounted, on average, for 23.7%, 30.2%,
and 37.4% of the phenotypic variation, respectively. In
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Fig. 1 Map locations of cH-1 cH-2 cH-3 cH-a
identified QTLs affecting grain = pist.ccm> marker Dist.(cM> Marker Dist.(cM> Marker Dist.<(cM> Marker
length (GL), grain width (GW), N eraa N-c1a70 0 N caas
length-width ratio (LWR), 1a.8- 23.0- 18.0- 12.2—
percentage of grains with 10,z [[ XHeb113 ) H cassa e
: Hcse rceo1 10.0—| 14.8
chalkiness (PGWC), area of — 9.2 _E o.g_|[ G103 XNpbh331
chalky endosperm (ACE), and U c2s40 10:3| e o.5_[[CLa68 1a.8 _-—0335111
degree of endosperm chalkiness 15.8 - |:| 2911 Nobes [ | 18.9-] l—GL (*8 Es)
(DEC) of Asominori x IR24 [reseeo” I B | U caor
CSSL population, detected in 28.8 - e 18.1— 20.3 Jﬂl—GL(S Es)
the eight environments. § Es | 14.1- H-c1677 R288
represents QTLs detected in 08| e [613a0 17.5-] 13.8 E—GL (3 Es)
eight environments, such as in 18,3 26.8- O@ [Rs1se gresse '_
El, E2, E3, E4, ES, E6, E7, and H rz10 nase 21.4 GW (8 Es)
E8. The same terminology is 20.3 - Jg - | ﬁ—GW(l E)
used for all of the following H-cos b 1
QTLs; ie., I Es is one 28.4- 18.1— 1—LWR (8 Es)
environment; 2 Es, two H-esis
environments, etc g-esre - ﬁ_LWR (4Es)
ﬁ—LWR (1E)
CH-5 CH-6 CH-8 CH-9
I—PGWC (8 Es)
Dist.(cM) Marker Dist.(cM) Marker Dist. (cM) Marker Dist.(cM) Marker
A 0 N " E—PGWC (4 Es)
rmC263 XNph209 3.8-[[XNpbh397 36
8.4 8.8 Ix "
H rases | coss G145 12.0- !g@ 0o
23.9-
23.0 '1 2o o I.. XNpb10 B—acece
H-R727
H rs69 12,34 26.8 O_ACE(I E)
H-R217 a
26.2— 8. 9___0991 o 2.6 XNpb13 ._DEC (8 Es)
H-R2289 26.9— 26-14 H-c609 %—DEC (7 Es)
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the interval XNpb36-XNpbl03 on chromosome 9,
gPGWC-9 was consistently identified in all eight
environments, while g4CE-9 and ¢DEC-9 were only
expressed in three and seven environments, respectively.
The positive effects of these six QTLs were all contributed
by IR24 alleles. Five QTLs (gPGWC-1, qACE-2, gDEC-
la, gDEC-1b, and ¢DEC-2) were identified in one to four
environments, with a PVE of 5.2-20.7%.

Effects of QTLs with high repeatability

Among the 22 QTLs detected, nine (¢GL-1, ¢GL-3,
qGW-5, qLWR-3, qLWR-5, qPGWC-8, ¢qPGWC-9,
qACE-8, and gDEC-8) were detected across all eight
environments (Table 4). ¢GL-1 was located in the
interval R210-C955. Four CSSLs (L1, L2, L4, and L9)
carried IR24 alleles in this chromosome region
(Table 4). ¢GL-3 and ¢LWR-3 were both mapped in the
interval R19-C1677. Four CSSLs (L16, L17, L18, and
L46) carried IR24 alleles at R19 and C1677. Similarly,
two or three CSSLs carried one of the gGW-5, gLWR-5,
qPGWC-8, qPGWC-9, qACE-8, and qDEC-8 alleles
(Table 4). t-tests demonstrated significant differences
between the phenotypic values of Asominori and each
CSSL carrying one of the nine QTL alleles (Table 5),
indicating that the effects of these QTLs were significant

and repeatable across the eight environments. However,
the other 13 QTLs were environment-specific, as signif-
icant effects were detected in only one to seven
environments.

Stability of QTL effects

The AMMI analysis demonstrated significant GEI for
all six traits (Table 6), indicating that QTL-by-environ-
ment interactions (QEI) were significant for each trait
studied. It was therefore necessary to analyze the sta-
bility of the CSSLs harboring the detected QTL alleles
and to assess the stability of individual QTLs across the
eight environments. The first three iPCA terms of each
trait accounted for over 80% of the GEI SS, indicating
that the stability of the CSSLs can be precisely evaluated
with the D; values calculated from the first three iPCA
values (Table 6). For GL QTLs, the average D, value of
four CSSLs (L1, L2, L4, and L9) harboring the ¢GL-1
allele was 0.13, and those of the CSSLs carrying the
qgGL-2, ¢GL-3 and ¢gGL-4 alleles were 0.24, 0.13 and
0.31, respectively (Table 7). Using the abscissa of iPCA1
and the ordinate of iPCA2 in the AMMI biplot, we
observed that eight CSSLs (L1, L2, L4, L9, L16, L17,
L18, and L46) harboring the ¢GL-1 and gGL-3 alleles
were closer to the origin, while six CSSLs (L13, L14,
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Table 6 Analysis of genotype-by-environment interaction using the AMMI model for six appearance quality traits among the CSSLs

harboring 22 QTL alleles detected in eight environments

Traits Sources Error Environment Genotype Environment x Genotype iPCAI iPCA2 iPCA3
GL df 127 7 15 105 21 19 17

SS 0.35 0.18** 32.25%* 0.43* 0.18** 0.10* 0.07

SS% 40.9 22.9 16.8
GW df 95 7 11 77 17 15 13

SS 0.08 0.11%* 2.77%* 0.42%* 0.20%* 0.10%* 0.05%*

SS% 46.9 24.1 11.4
LWR df 127 7 15 105 21 19 17

SS 0.1 0.07** 9.29%* 0.35%* 0.14** 0.08%** 0.07**

SS% 40 22.8 20.5
PGWC  df 95 7 11 77 17 15 13

SS 3116.12 3834.73%* 115207.79%* 5774.64%* 3639.57** 1337.52%* 421.02

SS% 63 232 7.2
ACE df 79 7 9 63 15 13 11

SS 524.01 212.57%* 4180.39** 775.73%* 353.03** 203.93%%* 119.6

SS% 45.5 26.3 15.4
DEC df 135 7 16 112 22 20 18

SS 328.51 247.33%* 8070.35%* 974.74%* 374.73%* 305.91** 151.51%*

SS% 38.4 314 15.5

* **Significant levels of t-tests at P < 0.05 and 0.01, respectively
?Abbreviations are the same as in Table 2

L61, L25, 126, and L27) carrying the ¢gGL-2 and ¢GL-4
alleles were far from this point (Fig. 2A). These results
showed that the stability of ¢gGL-1 and ¢GL-3 was higher
than that of ¢GL-2 and gGL-4 across the eight envi-
ronments. Using the same inference, ¢gGW-5 was the
most stable among the three GW QTLs (Table 7,
Fig. 2B), and the stability of gLWR-3 and ¢LWR-5 was
higher than that of gLWR-1 and ¢gLWR-2 (Table 7,
Fig. 2C).

The average D; value of four CSSLs (L5, L6, L7, and
L&) harboring the gPGWC-1 allele was 3.90, and those
of the CSSLs carrying the gPGWC-8 and ¢PGWC-9
alleles were 1.44 and 1.21, respectively (Table 7). The
four CSSLs (L5, L6, L7, and L8) were far from the
origin in the iPCA1-iPCA?2 biplot (Fig. 2D). Therefore,
gPGWC-8 and gPGWC-9 were more stable than
qPGWC-1 across the eight environments. Similarly, the
effects of gACE-8 and ¢DEC-8 were the most stable of
the eight ACE and DEC QTLs (Table 7, Fig. 2E, F).

In summary, the nine QTLs (¢GL-1, ¢gGL-3, gGW-5,
qLWR-3, gLWR-5, gPGWC-8, gPGWC-9, gACE-8, and
gDEC-8) were relatively stable across the eight envi-
ronments based on the presence and direction of sig-
nificant QTL effects, the consistency of QTL detection,
and the AMMI analysis of CSSLs harboring consistent
QTL alleles.

Clustering of QTLs

The QTLs for related traits detected in at least three
environments were frequently identified in the same
genome regions (Table 4, Fig. 1). The GL, LWR and
DEC, QTLs were clustered in the interval defined by
R210 and C955 on chromosome 1. The IR24 allele de-
creased GL and LWR but increased DEC. Similarly,

®SS%, the percentage of SS (sum of squares) of iPCAI-3 to that of
enivronment X genotype

common GL and LWR QTLs were detected in the
interval R19-C1677 on chromosome 3; in both cases, the
IR24 allele had a positive effect on the traits. In addi-
tion, the region defined by markers R3166 and R569 on
chromosome 5 harbored GW and LWR QTLs, al-
though these act in opposite directions. Additionally, the
PGWC, ACE, and DEC QTLs could be simultaneously
mapped in the interval G1149-R727 and XNpb36-
XNpbl03 on chromosomes 8§ and 9, respectively. The
IR24 alleles at both loci had the positive effects on the
three traits.

Discussion

Of the 22 QTLs identified in this study, nine (41%) were
relatively stable across the eight environments (Table 4),
unlike the outcome reported in other studies [29.7%,
1.5%, 0%, and 0% in Li et al. (2003), Hittalmani et al.
(2003), Teulat et al. (2003), and Campbell et al. (2003),
respectively]. The high percentage of stable QTLs found
in the present study may be due to one or a combination
of the following factors. (1) The stable QTLs were
responsible for major effects and were associated with
high LOD scores (average 6.8) and PVE (average
25.7%). As suggested by Tanksley (1993) and Zhuang
et al. (1997), QTLs with major effects are more likely to
be stable across multiple environments. (2) The herita-
bility of GL, GW, and LWR all exceeded 95%, while
those of PGWC, ACE, and DEC were over 83% ( Lin
et al. 2001; Xing et al. 2001). Highly heritable traits tend
to be more repeatable and stable across multiple envi-
ronments (Paterson et al. 1991). (3) Each CSSL carries a
small number of IR24 segments in a largely Asominori
background, and thus genetic interactions between 1R24
alleles are minimized.
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Table 7 The stability parameters of all the CSSLs carrying 22 QTL alleles detected across eight environments

Traits QTLs D; values of parents and the target CSSLs harboring any of the 22 QTL allele
GL Parents Aso IR24
D; 0.17 0.09
qGL-1 CSSL L1 L2 L4 L9
D; 0.11 0.10 0.14 0.15
qGL-3 CSSL L16 L17 L18 L46
D; 0.13 0.16 0.05 0.20
qGL-2 CSSL L13 L14 L6l
D; 0.28 0.32 0.14
qGL-4 CSSL L25 L26 L27
D; 0.17 0.44 0.33
GW Parents Aso IR24
D; 0.17 0.25
qGW-5 CSSL L28 L29
D; 0.13 0.08
qGW-1 CSSL L7 L9 L37
D; 0.21 0.14 0.26
qGW-6 CSSL L9 L11 L19 L38
D; 0.14 0.23 0.39 0.20
CSSL L39 L6l
D; 0.40 0.19
LWR Parents Aso IR24
D; 0.12 0.27
qLWR-3 CSSL L16 L17 L18 L46
D; 0.11 0.15 0.16 0.15
qgLWR-5 CSSL L28 L29
D; 0.11 0.14
qLWR-1 CSSL L1 L2 L4 L9
D; 0.23 0.17 0.12 0.31
qLWR-2 CSSL L7 L10 L11 L12
D; 0.15 0.30 0.34 0.20
PGWC Parents Aso 1IR24
D; 1.77 2.11
qPGWC-8 CSSL L49 L50 L51
D, 1.22 2.14 0.95
qPGWC-9 CSSL L52 L53 Lo4
D; 0.79 1.86 0.98
qPGWC-1 CSSL L5 L6 L7 L3
D; 2.51 4.12 4.42 4.53
ACE Parents Aso IR24
D; 0.95 1.22
qACE-8 CSSL L49 L50 L51
D; 1.11 1.02 0.53
qACE-9 CSSL L52 L53 Lo4
D; 2.37 2.67 1.97
qACE-2 CSSL L7 L10
D; 2.63 1.63
DEC Parents Aso IR24
D; 0.64 0.74
qDEC-8 CSSL L49 L50 L51
D; 0.80 0.60 0.65
qgDEC-9 CSSL L52 L53 Lo4
D; 2.19 2.02 2.18
gDEC-la CSSL L5 L6 L7 L8
D; 2.78 0.94 1.32 0.98
qgDEC-1b CSSL L1 L2 L4 L9
D; 0.94 1.31 1.66 0.74
qDEC-2 CSSL L7 L10
D; 1.32 1.23

Of the stable QTLs, ¢GL-1, gPGWC-9, qACE-8, and
gDEC-8 are reported here for the first time, while the
remaining five QTLs (¢GL-3, gqGW-5, gLWR-3, gLWR-
5, and gPGWC-8) are located in the vicinity of QTLs
affecting these traits detected in the other mapping
populations (Huang et al. 1997, Redona and Mackill
1998; He et al. 1999; Tan et al. 2000). These five QTLs

each accounted for a significant proportion of the
overall phenotypic variation, with an average PVE of
42.0%, 44.0%, 24.6%, 31.8%, and 22.8%, respectively
across various studies. This is taken to mean that the
effects of these five QTLs are more stable not just across
environments, but also across varied genetic back-
grounds. Nine CSSLs (L16, L17, L18, L46, L28, 1.29,
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Fig. 2 The AMMI biplots for six appearance quality traits drawn using the phenotypic values of target CSSLs carrying any of the 22 QTL
alleles detected in eight environments. AMMI biplots: A GL, BGW, C LWR, D PGWC, E ACE, F DEC. A detailed description of E1-E8
is give in Table 1



L49, L50, and L51), all harboring one of these five QTL
alleles, have been backcrossed to Asominori, and nine
secondary F, populations are currently being exploited
for the fine mapping and positional cloning of these
QTLs.

Appearance quality traits are quantitatively inher-
ited. It is thus difficult for breeders to efficiently improve
rice grain appearance using conventional methods due
to a lack of discrete phenotypic segregation in rice
progeny. Moreover, before maturity, the phenotypic
identification of appearance traits can not be carried out
during conventional breeding. Therefore, it is particu-
larly helpful for enhancing the efficiency of selection and
shortening the course of breeding to use markers closely
linked to these above five QTLs to screen target geno-
types directly for related traits in early generations.

Classical quantitative genetics assumes that trait
correlations are the result of either pleiotropic effects or
the tight linkage of genes. As numerous QTLs affecting
related traits were mapped to similar genomic regions
(Fig. 1), pleiotropy was the most probable genetic basis
of the high trait correlations, which ranged from
—0.835** between GW and LWR to 0.885** between
ACE and DEC. Where pleiotropy is implicated, a
coincidence of location and direction of genetic effect is
expected for positively related traits. The results ob-
tained here are in good agreement with this expectation.
The detection of chromosomal segments harboring
clusters of QTLs and the directions of the effects of these
intervals were only slightly affected by environmental
factors (Table 4, Fig. 1).

Three stable QTLs (gPGWC-8, gACE-8, and ¢DEC-
8) were mapped in the interval G1149-R727 on chro-
mosome 8 (Fig. 1). Interestingly, three stable QTLs
(qAC-8, qTD-8, and qIVOE-8) affecting, respectively,
the amylose content, tenderness, and palatability of
cooked rice have also been detected in the same region
(Wan et al. 2004). In addition, Jiang (2002) and Fujita
et al. (1999) mapped the soluble starch synthase III
(SSSIII) gene and isoamylase (ISA) gene in the V115-
R1813 and C10122S-G1149 intervals on chromosome 8,
respectively. Since these two regions overlap the G1149-
R727 interval in high-density maps (Causse et al. 1994;
McCouch et al. 2002), these QTL clusters appear to be
associated with the synthesis and structure of amylose
and amylopectin controlled by the SSSIII and ISA genes
(Smith et al. 1997; Nakamura 2002). The elucidation of
the molecular effects of starch properties on the deter-
mination of rice quality will require fine mapping and
positional cloning of the QTL clusters using secondary
F, populations between target CSSL and Asominori.
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