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Mapping QTLs for Rice Grain Shape with QTL x Environment
Interactions and Epistatic Effects Analysis

WANG Wei, YE Zl# yun, ZHENG Jing-sheng, HUANG Y& min,

HUANG Rongyu, WANG Houwcong, JIANG Liang-rong’
(Rice Genetics and Breeding Laboratory, School of Life Science, Xiam en University, Xiamen, Fujian 361005, China)

Abstract: In this study, a recombinant inbred line (RIL) population derived from the indicaindica rice cross
10Guangluai 40x 1QJiafuzhar@w as used in mapping of Q uantitative trait loci (QT Ls). Based on mixed linear
model QT Lmapperl. 6, mapping was carried out for grain shape such as grain length (GL), grain width
(GW) and length-width ratio (L/ W) inrice in 2007 and 2008. QT Ls were determined at the one-locus and
twe- locus levels, and QT I-byenvironment ( QE) interactions were analyzed. Four, four and five QT Ls
were detected to have significant additive effects for GL, GW and L/ W, and the contribution rate were
13.81%,15.36% and 16.29%, respectively. Two, one and three pairs of epistatic QT Ls with significant ad-
ditive-by additive (AA) interaction effects (epistatic effects) were identified for the three traits, and the
contribution rate were 5.77%, 2. 59% and 7.42%, respectively. Significant QE interactions were found for
thirteen QTLs with additive effects and four pairs of epistatic QT Ls. T he results indicated that the epistatic
and additive effects played an important role on the inheritance of grain shape, and the environmental factor
had significant effects on the three traits.
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Grain shape imcluding grain length ( GL),
grain width (GW) and length-width ratio ( L/ W)
is a very important character of appearance quality
and affects milling quality'", cooking quality'>”',
nutritional quality'” and yield”. Therefore, it@
important agronomic traits in rice breeding and d+
rectly related to market value of rice. It will be eff+
cient for breeders to indirectly improve other grain
quality by selecting proper grain shape directly. So
many investigations have been focused on the in
heritance of rice grain shape.

Most of the previous reports indicated that
grain shape was controlled by multiple QTLs
which mainly shown additive effects and influenced
by maternal effects and QFE interaction effects'**'.
Identification of QTLs has advanced rapidly for
GL, GW and L/W[Q], and three genes have been
cloned"®"  but few epistatic effects and QE inter
actions effects have been analyzed. In the present
study, based on a mixed linear model' ™ and a re
combinant inbred line ( RIL) population, Q TLs of
grain shape were determined at the one locus and
twe- locus levels, and the additive effects, epistatic
effects and QE interactions were analyzed in detail.
T he results will be useful in detecting genetic net
works for grain shape and molecular markerassis-

ted breeding.

1 Materials and methods

1.1 Plant materials

An indica-indica rice cross 10Guangluai 4@)x

10Jiafuzhan@w as made in 2001. An RIL population
(GF}RIL) containing 435 lines derived from a sin
gle F1 plant by single-seed descent was developed.
In 2007 and 2008, 180 lines and their two parents
were transplanted in paddy field of the Farm of
Xiamen U niversity, Xiamen, China, with one repl
cation, in a randomized complete block design. Ind+
vidual plot consisted of four rows, six plants per
row with the planting density 20 em X 20 c¢m. For

each line, main panicles of eight plants were har

vested.
1. 2 Methods
1. 2.1 Rice grain quality evaluation Paddy rice

was de-husked and milled using a miller (manufae
tured by Taizhou Food and Oil M achinery Factory,
Zhejiang, China) according to the National Stand-
ards NY 14788. For evaluation of grain shape that
consists of GL,GW, and L/ W, ten unbroken milled
rice grains from each line were randomly selected
and lined up length-wise along a ruler to measure
GL, then the grains were arranged breadtlrwise to
measure GW. The values were averaged and used
as the measurements for GL and GW of the line.
L/ W of grains was calculated as grain length divid-
ed by width. All above parameters were measured
with three replications for each sample of the RIL
lines and their parents.

1.2.2 QIL analysis A genetic map of 149 SSR
markers was constructed and the average distance
between markers was 9.7 cM, which is lesser than
the minimum required level for QTL mapping.
QTLMapper 1.6 of the mixed linear model'"” was
employed to determine QT Ls conditioning grain
shape with the year as the environmental factor. By
running the sub-menu of the Probabilities (T he in-
clusion probability and the exclusion probability
were 0.005. The threshold probability was 0. 01),
important markers and marker pairs were selected
using stepwise regression analysis. The significance
of the QTLs effects, including additive effect, addi
tive by-environment ( AE) interaction effect, ept
static effect, and epistasis-by-environment ( AAE)
interaction effect, were further tested by running
the sub-menu of the Bayesian test (P < 0. 005).
QTLs were designated as proposed by M cCouch et

al M

2 Results

2.1 Phenotypic variation

The mean values for the two parents and RIL
in the years of 2007 and 2008 were listed in ( Table
1). Significant differences were observed on all three
grain shape parameters betw een the parents. T he mean
values of GL, GW and L/ W all showed variations be-
tween two years, indicating that the environmental fae-
tor had effects on the three traits. T he distributions
of GL, GW and L/ W of the RIL population were
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Table 1 The phenotype for grain shape of the GF RIL and parents in different years
Year Trait Female Male Max Min M ean Kurt osis Skewness
parent parent

GL/mm 5.86 8 12 8.02 5.78 7.01 -0.778 0.063
2007 GW/mm 2.68 2. 14 2.73 1.99 2.38 - 0.579 -0.027
L/W 2.19 3.7 3.77 2.20 2.96 -0.232 0.183
GL/mm 6.00 8.01 8.00 5.77 6.97 - 0.650 0.003
2008 GW/mm 2.66 2. 06 2.79 1.94 2.39 0. 116 - 0.005
L/W 2.26 3.89 3.8 2.13 2.93 0. 097 0.176

Note: GL. Grain length; GW. Grain width; L/ W. Lengt k- width ratio; The same as below.
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Distributions of grain shape in

GJFRIL in different years

shown in histograms ( Fig. 1). The distribution
modes of the three traits showed un+ modal, respee-
tively. Transgressive segregations occurred in GW
in two years. All the three traits in RIL exhibited
continuous variations, showing quantitative-inhert
ted traits.

2.2 Significant additive QTLs and AE interactions

A total of thirteen QT Ls were detected as
having significant additive effects for the grain
shape, including four for GL, four for GW and five
for L/W (Table 2). All of these QTLs also exhib+
ted AE interaction effects for the grain shape.

Four QTLs for GL were distributed on chre-
mosomes 2, 3, 8 and 9. The phenotypic variation
explained by individual QTL ranged from 1. 67% ~
7.01%, and all of them explained 13.81% of phe-
notypic variation ( Table 2). 10Guangluai 4@alleles
from ¢GI-9 increased GL, while 10Jiafuzhan@alleles
from the other three QTLs increased GL. ¢GI-3 on
chromosome 3 showed the largest effect on the
trait with a LOD score of 12.19 and explained
7.01% of the phenotypic variation. T he phenotypic
variation explained by individual AE interaction
ranged from 0.58%~ 14. 56%, and all of them ex
plained 29. 41% of phenotypic variation. The AE
interaction for ¢GI-3 exhibited negative effect in
2007, while the others exhibited positive effects in
2007.

Four QTLs were distributed for GW on chre-
mosomes 1, 3,5 and 10. The phenotypic variation
explained by individual QTL ranged from 2. 08% ~
4.96%, and all of them explained 15.36% of phe-
notypic variation ( Table 2). ¢GW-1 and ¢GW-5
showed the largest effect on the trait and explained

4.96% of the phenotypic variation. Jiafuzhan al
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leles from gGW-10 increased GW. 10Guangluai 4@
alleles from the other three QT Ls increased GW.
The phenotypic variation explained by individual
AE interaction ranged from 3. 55% ~ 11. 09%, and
all of them explained 25. 53% of phenotypic variation.
The AE interaction for ¢gGW-10 exhibited negative
effect in 2007, while the AE interactions for the oth-
ers exhibited positive effects in 2007.

Five QTLs for L/ W were distributed on chre-
mosomes 1, 2, 3 and 9. The phenotypic variation
explained by individual QT L ranged from 1. 48% ~
7.92% , and all of them explained 16. 29% of phe
notypic variation ( Table 2).10Guangluai 4@alleles
from gL/ W~9 increased L/ W, while 10Jiaf uzh an@at
leles from the other four QT Ls increased L/W.
The phenotypic variation explained by individual
AE interaction ranged from 4. 02% ~ 10. 41%, and
all of them explained 36.04% of phenotypic varia
tion. The AE interactions for gL/ W-4+1,qL/W-31
and gL/ W-3-2 exhibited negative effects in 2007,
while the AE interactions for gL/ W=2 and qL/W-9
exhibited positive effects in 2007.

2.3 Significant epistatic QILs and AAE interae
tions

Six pairs of significant epistatic QTLs were
detected for grain shape, of which two for GL, one
for GW and three for L/ W (T able 3). Four pairs of

these Q TLs also exhibited AAE interaction effects
for grain shape.

Two pairs of epistatic QT Ls for GL were dis-
tributed on chromosomes 1 and 6. The phenotypic
variation that was explained 3. 10% and 2. 67% ( Ta
ble 3).The twe-locus genotypes from the same parent
appeared to increase GL for the pair of ¢GI-+2 and
qGI-62, while recombinant twe-locus combinations
increased GL for the other pair. Significant AAE in
teractions were observed for the two pairs of ep+
static QTLs. T hey explained 2. 67% and 7. 46% of
the phenotypic variation. The AAE interaction for
the pair of ¢GL-+2 and ¢GI-6-2 exhibited negative
effect in 2007, while the other pair exhibited post
tive effect in 2007.

One pair of epistatic QT Ls for GW were dis-
tributed on chromosomes 2 and 7. T he phenotypic
variation was explained 2.59% (Table 3).The re-
combinant two-locus combinations increased GW
for this pair. The AAE interaction exhibited post
tive effects in 2007.

Three pairs of epistatic QT Ls for L/W were
distributed on chromosomes 1,5 and 7. They ex
plained 7.42% of the phenotypic variation. T he re-
combinant twe-locus combinations appeared to in-
crease GL for the pair of ¢gL/W-=+1 and ¢L/ W-12,

while two-locus genotypes from the same parent

Table 2 Additive QTLs and AE interactions for grain shape based on GJ RIL

Trait QTL Interval LOD Ad H2(A)/ % AED H2(AE)/ %
G2 RM322~ RM438 3.97 - 0.0800 2.87 0. 069 4.25
¢GL-3 RM16~ RM411 12.19 - 0.1252 7.01 - 0. 127 14. 56
ol ¢GL-8 RM152~ RM408 2.25 - 0.0713 2.26 0. 026 0. 58
4G9 RM242~ RM434 4.30 0.0613 1. 67 0. 105 10. 02
4G RM462~ RM428 5.64 0.033 9 4.9 0. 026 5.79
, qGW=3 RM503~ RM426 4.06 0.022 1 2.08 0. 024 5.10
ow qGW-=5 RM598~ RM5140 8.63 0.034 0 4.9 0. 036 11.09
4G W10 RM271~ RM311 3.46 - 0.0280 3.36 - 0.021 3.55
qL/W= 1 RM462~ RM428 3.82 ~0.0493 2. 46 - 0.047 4.59
qL/W=2 RM322~ RM438 8.11 - 0.0528 2.87 0. 071 10. 41
L/W qL/W=31 RM411~ RM504 10.72 - 0.088 2 7.9 - 0.073 9.53
qL/W-32 RM347~ RM5475 2.64 - 0.0392 1. 56 - 0.045 402
qL./W=9 RM242~ RM434 3.42 0.038 3 1.48 0. 060 7.49

Note: a). Additive effects: Positive a value implies that the parent 10Guangluai 4Dtakes positive effect value for the additive effect,while the parent 10fiaf uzhan(®

takes the negative effect. Negative a value means that the parent 10Guang lnai 47t akes the opposite negative value for the additive effect, while the parent 10fiafuzhan(®

takes the positive; b) . A E represented the effects of QT Lx environment in 2007. The effects of QT L X environment in 2008 are the same as AE,but in reverse diree

tion.
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Table 3 Epistatic QTLs and AAE interactions for grain shape based on GJ RIL

Trait QTL Interval i QTL interval j LOD AAY H2(AA)/ % AAED H2(AAE)/ %
qGE-F1 RM9~ RM488 ¢GI-61 RM 508~ RM469 3.85 -0.0832 3.10 0.054 2.67
GL
qGL-+2 RM486~ RM265 ¢GI-62 RM 190~ RM 197 4.4 0.077 4 2.67 - 0.09% 7.46
GW qGW-2 RM526~ RM106 qG W17 RM 295~ RM481 4.01 -0.024 8 2.59 0.023 4.07
gL/ W= 17 RM462~ RM428 qL/ W=1-2 RM1~ RM 578 4. 26 -0.0330 1.08
L/'w qL/ W=5-1 RM598~ RM 5140 qL/ W=5-2 RM 289~ RM 169 4. 00 0.048 9 2.39
qL/ W-5-3 RM480~ RM538 qL/ W=7 RM 500~ RM445 4.55 0.059 6 3.59 - 0. 054 5.78

Note: a). A positive AA value implies that the twe-loaus genotypes being the same as those in the parent Guangluai 4 or the parent Jiafuzhan take the positive

effects, w hile the twe-locus genotypes of recombination between the parent Guangluai 4 and the parent Jiafuzhan take the negative effects. The case of negative AA

values is just the opposite;b). The AAE is the predicted interaction effects between the epistasis (between QTLs i and j) and environment in 2007. The interaction

effect of between the epitasis (between QTLs i andj) and environment in 2008 is the same as AAE,but inreverse direction; * . The Q TLs exhibit both additive and

additivex additive epistatic effects.

increased GL for the others. Only one AAE inter
action for the pair of ¢L/W-53 and qL/W-7 was
observed, which explained 5. 78% of the phenotyp-

ic variation. The AAE interaction exhibited nega
tive effects in 2007.

3 Discussion

T he important outcome of the present study is
the characterization of the additive QT Ls, epistatic
QTLs and the QE interactions in controlling the
expression of the three traits that are critical in de
termining the appearance quality.

A total of thirteen QT Ls were detected and
the ¢GIL-8, ¢qGW10 were new QTLs for grain
shape. There were nine loci detected in similar loci
to those reported previously. RM16~ RM411 and
RM 411~ RM 504 would be in a similar location as
RZ403~ R19 and C1081 ~ RZ403, as reported by
He et al.'™ and Tan e al.""”, respectively.
RM 322~ RM438 and RM 438~ RM 341, as reported
by Rabiei et al . " were likely in a similar locus.
RM 242~ RM434 would be in similar location to
C472~ RM 201, which was reported by Xing et
al.'™ 'RM242RM434 would also be in similar lo-
cation to RM242~ RM278, an epistatic QT L for L/
W detected by Lei et al.'™. RM462 ~ RM428
would be in a similar location to C161~ R753 and
C131~ RZ288, as reported by Tan et al. """ and Xu
et al "7, respectively. RM598~ RM5140 would be
in similar location to RG9~ RG182 and RM 437~
RM 289, as reported by Lin et al. " and Rabiei et
al """ respectively. RM 347~ RM5475 would be in

similar location to RMS55, which was reported by
Chen et al."" .

Six pairs of epistatic Q TLs were detected, and
one QTL of those, RM462~ RM428, was found in
additive effect analysis. The epistatic Q TL for GL,
RM 9~ RM488, would be in a similar location to the
epistatic QT L for GL, RM104~ RZ14 that was de
tected by Lei et al.!" . The epistatic QTL for GW,
RM 526~ RM 106, would be in similar location to
the epistatic QTL for GL and L/W, OSR26 ~
RM 208 detected by Lei et al .'", while the epistat
ic QTL for L/ W, RM500~ RM445, would be in a
similar location to the epistatic QTL for GL,
G06080~ RM 214 detected by Lei et al.'"™.

The importance of epistatic effects as the ge-
netic basis for complex traits has been reported by

22,2 To be

com pared with additive effects, epistasis also exhib-

previous quantitative genetic studies

ited significant genetic effects in the present study.
It® reported that all three types of epistasis were
important factors that affected the genetic variation
(2420 interactions between QTLs, in
teractions between QTLs and 1background@)( mod-
ifying) loci, and interactions between 1complemen
tary@loci'™ . Liao et al . detected that the third type

epistasis was perhaps the most important oné >

in populations

. In
the present study, the epistasis showed mainly the
third type, and only one pair of AA interaction ex
hibited the second type. Some epistatic effects for
paddy shape were detected involving additive
QTLs”" . There was a hypothesis that additive
QTLs and their epistatic QTLs are interchangea
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ble, depending on the genetic background and prob-
ably on the environment in which they were ident+
fied > . And more epistatic Q TLs were detected
in the populations of parents with greater genotyp-
ic differences' ™',

In the present study, AE interactions had the
largest effects on L/ W, followed by GL and GW. Li

et al. '

reported that all the QT Ls detections for
grain appearance quality were affected by QE inter
actions, and QTLs detections for GL and L/ W may
be more weakly affected. But Xing et al.'" sugges-
ted that most of the QTLs with larger genetic
effects for paddy appearance quality didn@ exhib+
ted significant QE interaction effects. In the pres
ent study, AAE interactions were also detected.
AAE interactions had the largest effects on GL,
followed by L/W and GW. Analysis for paddy
shape showed AAE interactions had the largest
effects on GL in the studies of Tan et al.'”"".

In the present study, we detected different QT Ls
for corresponding traits in the same marker interval.
For example, ¢gGI-2 and gL/ W-2 were detected in in

terval RM32~ RM438, and ¢GI-9 and ¢L/W-9 were
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