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Abstract Using mixed-model-based composite interval
mapping and conditional statistical methods, we studied
quantitative trait loci (QTLs) with epistatic effects and
QTLs by environment interaction effects for rice seed set
percent (SSP), filled grain number per plant (FGP), and
panicle length (PL). A population of 241 recombinant
inbred lines was used which was derived from a cross
between “Zhenshan 97” and “Minghui 63.” Its linkage map
included 221 molecular markers. Our QTL analysis
detected 28, 25, and 32 QTLs for SSP, FGP, and PL,
respectively. Each QTL explained 1.37%∼13.19% of the
mean phenotypic variation. A comparison of conventional
and conditional mapping provided information about the
genetic control system involved in the synthetic process of
SSP, FGP, and PL at the level of individual QTLs.
Conditional QTLs with reduced (or increased) effects were
identified for SSP, which were significantly influenced by
FGP or PL. Some QTLs could express independently for
the given traits, thereby providing possibilities for simulta-
neous improvement of SSR and PL, and SSR and FGP.
Epistasis was more sensitive to environmental conditions
than were additive effects.
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The characteristics of rice panicles, such as seed set
percent, filled grain number per plant, and panicle length,
are generally considered important traits for improving
grain yield. After mapping the quantitative trait locus
(QTL) for yield and its components, Cao (2000) has
proposed that the full grain number accounts for a larger
contribution to yield than do panicle number or kilo-grain
weight. Rao et al. (1997) have indicated that panicle
length also directly and obviously affects yield. Therefore,
it might be possible to obtain higher yields by improving
some panicle characteristics. Panicle length is negatively
correlated with seed set percent (Xing et al. 2001), and
most rice panicle characteristics are quantitatively
inherited. Because their performances are greatly associ-
ated with and easily affected by the growing environment,
it is difficult to improve their traits through traditional
breeding techniques. Therefore, understanding the under-
lying genetic control of such characteristics is of great
importance to researchers.

Due to pleiotropy, gene linkage, and association at
different expression levels, these quantitative traits are
usually related. Independent studies have described the
incidence of clustered QTLs for traits that are functionally
related, including yield and yield components (Xiao et al.
1998; Moncada et al. 2001; Thomson et al. 2003), grain
quality (Septiningsih et al. 2003), and grain weight (Li et al.
2004; Fan et al. 2006). To improve these correlated traits
through breeding, research is necessary to investigate the
use of favorable alleles for yield characteristics and their
assembly through MAS (marker-assisted selection). Xiao et
al. (1998) have reported QTLs controlling 1,000-grain
weight, panicle length, and spikelet number per panicle
linked to markers RZ422 and RG386, which define the
same region as RM215. Thomson et al. (2003) have
identified one QTL for yield, TGW, panicle length, spikelet
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number per panicle, and grain number per panicle in
association with RM242 and RM215.

Although complex relationships among rice panicle traits
have been found by conventional statistical genetics
analysis, those results have revealed only the correlations
for pair-wise traits under the interference of other traits.
Therefore, estimates of genotypic covariance through
unconditional analysis methods cannot clarify the actual
relationships among panicle traits. A protocol for condi-
tional genetics analysis proposed by Zhu (1995) has been
further developed to study closely related traits and to
investigate the contribution of each trait to other related
traits at the QTL level (Cao 2000; Guo et al. 2005; Zhao et
al. 2006). For significantly correlated traits, a conditional
QTL mapping method could be used to dissect the genetic
interrelationship between traits at the level of individual
QTLs, as well as reveal additional QTLs that are undetect-
able by unconditional mapping (Li et al. 2008).

Here, we employed conventional mapping to study the
genetic basis of rice seed set percent (SSP), filled grain
number per plant (FGP), and panicle length (PL), examin-
ing a population of 241 recombinant inbred lines (RIL)
derived from a cross between “Zhenshan 97” and “Minghui
63.” A conditional method was introduced to evaluate those
QTLs with net additive and epistatic effects as well as QE
interaction effects, based on mixed linear models that
follow composite-interval mapping (Zhu 1999; Yang et al.
2007) and conditional statistical methods (Zhu 1995). By
comparing unconditional and conditional QTLs for SSP,
FGP, and PL, we could identify the genetic interdependen-
cies between SSP and FGP and between SSP and PL, at the
level of individual QTLs. Our objective was to provide
valuable information for MAS that would improve SSP
without negatively affecting FGP or PL.

Materials and Methods

Plant Materials

We used a population set of 241 RILs derived by single-
seed descent from an elite hybrid cross of Oryza sativa SSP.
indica “Zhenshan 97” and “Minghui 63.”

Molecular Linkage Map

Preliminary RFLP mapping of the RIL population was
performed by Yu et al. (1997). In all, 221 polymorphic
markers, including 175 RFLPs, 45 SSRs, and one Waxy
marker, were used to construct a linkage map with the
Mapmaker program (Lander and Botsein 1989). This map
covered 1,796 cM, averaging 8.7 cM between markers.
Segregation ratios of the two parent genotypes in most loci

fit the expected 1:1 Mendelian ratio. Segregation distortion
at P<0.001 was detected for 38 marker loci located in 11
contiguous regions on ten chromosomes, except for
chromosomes 1 and 10. We calculated the overall level of
heterozygosity in the population as 0.81%, which was
much higher than the expected 0.39% (1/28), based on
eight generations of selfing. In map construction, the
heterozygotes of individual loci were treated as missing
data.

Field Experiments

Our RIL population and their two parents were grown at
Hangzhou in 2004 and 2005, following a randomized
complete block design with two replications. In both years,
the germinated seeds were sown in a bed on 16 May, and
the seedlings were transplanted to a paddy field on 13 June,
with one plant per hill and a spacing of 17×26 cm. Each
plot included one RIL with 60 plants. Fertility and
cultivation regimes were consistent with optimum rice
production for this region. We harvested 20 healthy plants
from each plot for manual measurements of the average
total seed number per plant, filled grain number per plant
(FGP), and panicle length (PL). Values for SSP were
calculated from the total number of seeds per plant and
FGP.

seed set percent %ð Þ ¼ filled grain number per plant

total seed number per plant

� 100

Statistical Analysis

Phenotypic data for SSP, FGP, and PL were analyzed for
estimating variance and correlated coefficients by MIN-
QUE methods (Zhu 1992). A conditional approach (Zhu
1995) was employed to evaluate the net genetic effects of
SSP, which were independent of FGP or PL.

QTLs with additive and epistatic effects, as well as their
environmental interaction effects, for these three traits, were
mapped by QTLNETWORK 2.0 (Yang et al. 2007). The
phenotypic values for SSP, FGP, and PL of the k-th RIL line
in environment h were partitioned according to the
following mixed linear model:

yhk ¼ mþ aixAik þ ajxAjk þ aaijxAAijk þ uEhk eEh

þ uAiEhk eAiEh þ uAAijEhk eAAijEh þ
X

f hð Þ
uMfk hð ÞeMf hð Þ

þ
X

l hð Þ
uMMlk hð ÞeMMl hð Þ þ "hk ð1Þ
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where μ is the population mean; ai and aj are the additive
main effects (fixed effects) of the two putative Qi and Qj,
respectively; aaij is the additive × additive epistatic effect
(fixed effect) between Qi and Qj; xAik, xAjk, and xAAijk are
coefficients of these genetic main effects; eEh is the random
effect of environment h, with coefficient uEhk ; eAiEh (or
eAjEh ) is the random additive × environment interaction
effect, with coefficient uAiEhk (or uAjEhk ) for Qi (or Qj );
eAAijEh is the random epistasis × environment interaction
effect, with coefficient uAAijEhk ; eMf hð Þ is the random effect of
marker f nested within the h-th environment, with coeffi-
cient uMfk hð Þ ; eMMl hð Þ is the random effect of the l-th marker ×
marker interaction nested within the h-th environment, with
coefficient uMMlk hð Þ ; and εhk is the random residual effect.
Marker factors eMf hð Þ and eMMl hð Þ in the model were used to
absorb additive and epistatic effects of background QTLs
for controlling noise.

Conditional QTL analysis was conducted with the
phenotypic value of SSP, given the phenotypic behavior
of FGP or PL, using QTLNETWORK 2.0 (Yang et al.
2007). As with Eq. (1), the conditional value yhk T1jT2ð Þ could
be partitioned as:

yhk T1jT2ð Þ ¼ m T1jT2ð Þ þ ai T1jT2ð ÞxAik þ aj T1jT2ð ÞxAjk

þ aaij T1jT2ð ÞxAAijk þ uEhk eEh T1jT2ð Þ

þ uAiEhk eAiEh T1jT2ð Þ þ uAAijEhk eAAijEh T1jT2ð Þ

þ
X

f hð Þ
uMfk hð ÞeMf hð Þ T1jT2ð Þ

þ
X

l hð Þ
uMMlk hð ÞeMMl hð Þ T1jT2ð Þ þ "hk T1jT2ð Þ ð2Þ

where T1|T2 denotes trait 1 conditioned on trait 2, i.e.,
“trait 1 given trait 2” (e.g., SSP|FGP = seed set percent
conditioned on filled grain number per plant, or SSP|
PL = seed set percent conditioned on panicle length),

which meant excluding the phenotypic variation of trait
2. All parameters were defined as conditional effects as
in Eq. (1). For example, ai T1jT2ð Þ was the net additive main
effect of putative Qi, which contributed to the phenotypic
value of trait 1, but was independent of that for trait 2.

QTLs were presented when genetic main effects (a and
aa) and/or the QE interaction effect (ae and aae) were
significantly different from zero (P≤0.05 or 0.01). All
selecting probabilities were at the genome-wide level of
significance.

Results

Phenotypic Variations

The phenotypic distribution of rice seed set percent
(SSP), filled grain number per plant (FGP), and panicle
length (PL) were analyzed over 2 years (Table 1). Both
parents had higher SSP, FGP, and PL values in 2004 than
in 2005 (except for FGP of “Zhenshan 97”). Transgressive
segregation from lines greater than the higher parent to
lines smaller than the lower parent was observed for all
three traits in both years. The RIL population segregated
continuously, with skewness and kurtosis values for all
traits being <1.0, thereby suggesting that these data were
suitable for QTL analysis.

Based on estimates of variance components and
correlated coefficients for SSP, FGP, and PL (Table 2),
SSP and PL were mainly controlled by genetic main
effects, whereas a genotype × environment interaction
effect was the main cause for FGP. Conditional variance of
SSP|FGP had a smaller value than that of SSP|PL,
implying that FGP gene expression had more common
influence on SSP than that of PL. The genetic correlation
coefficient was significantly positive and with a relatively
high value between SSP and FGP but was opposite
between SSP and PL or FGP and PL. No significant
genotype × environment interaction correlation was
detected between SSP and PL.

Year Trait Parents RIL population (n=241)

MH63 ZS97 Min Max Mean SD Kurtosis Skewness

2004 SSP 68.05 70.45 27.45 87.80 67.90 10.50 −0.70 0.64

FGP 542.50 508.00 380.50 980.00 689.62 131.37 0.17 −0.53
PL 24.78 17.95 16.02 26.49 21.67 1.86 −0.30 0.23

SSP 50.05 62.25 25.80 88.85 52.51 12.31 0.30 −0.29
2005 FGP 526.50 523.00 259.50 1053.00 599.83 157.72 0.52 −0.28

PL 23.39 17.27 16.20 26.11 21.33 1.70 −0.01 0.25

Table 1 Summary of phenotyp-
ic data for FGP, PL, and SSP in
parents and RIL population
evaluated over 2 years (mean of
two replications)
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Additive and Additive × Environment Interaction QTLs

QTLs with additive (a) and additive × environment
interaction effects (ae) for SSP, FGP, and PL are shown in
Fig. 1. These were named as suggested by McCouch et al.
(1997).

In total, 14, 11, and 13 putative QTLs with additive and/or
additive × environment effects were identified for SSP, FGP,
and PL, respectively. Among them, five were located on
chromosomes 2, 3, 7, 10, and 11 within marker intervals
RM211–RG634, C1087–RZ403, RZ471–RM70, C153A–
RM222, and CD0534–RG2; additive effects were detected
for both SSP and FGP. The effects of QTLs on chromosomes
2, 7, and 10 had the same direction for both traits. Two QTLs
on chromosomes 7 and 10 within marker intervals C1023–
R1440 and C153A–RM222 had additive effects, with the
opposite direction for SSP and PL. This meant that when QTL
expression caused increasing (or decreasing) effects on SSP
with alleles from “Zhenshan 97” (or “Minghui 63”), negative
effects might appear for PL. Each single QTL explained
1.37%∼13.19% of themean phenotypic variation. The general
contribution from these additive and/or additive × environ-
ment interaction effects by all putative QTLs was 22.31%,
11.17%, and 20.75% for SSP, FGP, and PL. A relatively lower
contribution rate for FGP, which represented the explained
ratio of phenotypic variation in the RIL population, was
consistent with the small genetic main variance of FGP.
Alleles with positive and negative effects (increasing or
decreasing trait values) were dispersed between the two
parents, explaining the occurrence of transgressive segrega-
tion in the RIL population. QTLs with additive × environment
interaction effects were detected for all three traits. Unlike the
QTLs with additive main effects, most ae QTLs were specific
for three traits.

Epistasis and Epistasis × Environment Interaction QTLs

Altogether 14, 14, and 19 pairs of QTLs with an epistatic
main effect (aa) and/or epistasis by environment interaction
effect (aae) were detected that were associated with SSP,
FGP, and PL, respectively (Fig. 1). Among these pairings,
six (qSSP1-2 and qSSP3-1, qSSP3-2 and qSSP10-3,
qSSP4-1 and qSSP9-3, qSSP5-1 and qSSP12-2, qSSP7-2
and qSSP10-1, and qSSP8-1 and qSSP12-3), four (qFGP1-

3 and qFGP5-2, qFGP4 and qFGP12-2, qFGP5-1 and
qFGP9-3, and qFGP11-1 and qFGP11-2), and five (qPL1-4
and qPL3-1, qPL3-2 and qPL9-1, qPL4 and qPL9-4, qPL5
and qPL11-2, and qPL9-3 and qPL10-1) had aa effects,
while only one for SSP (qSSP6-4 and qSSP10-2) and one
for PL (qPL1-1 and qPL6-4) had both aa and aae effects.
The fact that more QTL pairs had epistasis × environment
interaction effects than epistasis main effects indicated that
the latter was more easily subjected to environmental
influence. All detected pairs explained 17.96%, 35.93%,
and 49.05% of the phenotypic variation for SSP, FGP, and
PL in our RIL population, respectively. Most QTLs with
additive effects were engaged in digenic interactions, but
the detected epistasis largely involved loci without detect-
able QTL additive effects. Of all the pairings, five , seven,
and eight had epistasis involving one locus with a QTL
additive effect and one locus without, while six, seven and
six had epistasis that resulted entirely from QTLs without
additive effects. This might suggest that epistatic effects
were largely due to the induction of the loci without
detectable QTL additive effects, which might serve as
modifying agents (Cao et al. 2001). Some loci were
involved in more than one distinct interaction (i.e.,
qSSP1-4, qSSP1-5, qSSP3-2, qSSP7-1, and qSSP7-2 for
SSP; qFGP5-1, qFGP3-3, qFGP4, qFGP8-2, and qFGP11-2
for FGP; and qPL3-2, qPL4, qPL6-1, qPL8-1, qPL5, qPL9-
1, qPL8-2, and qPL10-1 for PL), indicating the possibility
of multilocus associations for the genetic processing of a
trait. Our study did not consistently detect any pairings of
interaction QTLs for three traits; only six QTLs (qSSP1-1,
qSSP3-2, qSSP6-4, qSSP7-2, qSSP8-1, and qSSP11-1)
were concerned with epistatic interactions for all three
traits. Furthermore, three (qSSP4-2, qSSP5-3, and qSSP12-
3) and four (qSSP3-6, qSSP10-4, qSSP6-6, and qSSP9-3)
QTLs were identical or linked for SSP and FGP or SSP and
PL, respectively.

Genetic Links and Decomposition of QTLs

Seed Set Percent Conditioned on Filled Grain Number Per
Plant

When SSP was conditioned on FGP, ten QTLs with
conditional additive main effects and/or conditional

Table 2 Variance proportion and covariance coefficient of FGP, PL, and SSP

Para. FGP(×102) PL(×10−1) SSP SSP|FGP SSP|PL Para. FGP and PL FGP and SSP PL and SSP

VG 16.69* 39.04* 144.18* 69.85* 133.80* rG −0.21 0.73** −0.32**
VGE 95.37* 6.52** 40.88** 15.4** 32.49* rGE 0.13* 0.82** −0.19
Vε 14.97 9.62 54.11 39.65 61.80 rP −0.04 0.68** −0.22**

*P=0.05, significant; **P=0.01, significant
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additive × environment interaction effects were detected
(Table 3). Compared with unconditional QTLs for SSP
with a effects, five unconditional QTLs (qSSP2-1, qSSP3-
2, qSSP7-3, qSSP10-1, and qSSP11-1) failed to be
detected, i.e., the common QTLs between unconditional
SSP and FGP. This indicated that the additive effects of
these five loci contributed simultaneously to the genetic
behavior of SSP and FGP. Three QTLs (qSSP1-2, qSSP5-
1, and qSSP7-2) had reduced additive effects (on
magnitude), showing that the genetic effects of FGP could
stimulate the expression of these three loci with alleles

from “Zhenshan 97.” When the FGP effect was excluded,
five new QTLs (qSSP1-1, qSSP2-2, qSSP6-2, qSSP7-1,
and qSSP9-1) were identified. Of six unconditional ae-
related loci (qSSP6-3, qSSP7-4, qSSP10-2, qSSP10-3,
qSSP11-2, and qSSP11-3), only qSSP11-3, within marker
interval RM254–G4001, showed a significantly reduced
conditional effect (on magnitude) when we took a
conditional mapping approach. One new QTL (qSSP5-2)
exhibited additive × environment interaction effects in
both years for SSP given FGP. We inferred from the
behavior of conditional qSSP1-2 that this additive effect
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Fig. 1 QTL additive and epistatic effects for seed set percent, filled grain number per plant (×10), and panicle length
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of the locus could increase SSP with an allele from
“Zhenshan 97” under normal growing conditions. In fact,
when climate conditions were similar to those in 2005,
this effect also worked with the allele from “Minghui 63.”

Compared with additive effects, QTLs with conditional
epistatic effects varied widely (Table 4). Six of seven
unconditional QTLs with the aa effect exhibited insignif-
icant effects after conditional mapping. Similar results were
found for QTLs with the aae effect. Only the interaction
between qSSP6-4 and qSSP10-2 had reduced aa effects.
Ten new pairs of conditional aa loci also were identified,
including qSSP1-4 and qSSP2-6, qSSP1-4 and qSSP11-4,
qSSP1-4 and qSSP2-4, qSSP1-5 and qSSP6-5, qSSP2-3
and qSSP6-4, qSSP3-1 and qSSP6-5, qSSP3-3 and
qSSP10-5, qSSP7-1 and qSSP8-2, qSSP7-1 and qSSP8-3,
and qSSP7-2 and qSSP9-1.

Seed Set Percent Conditioned on Panicle Length

QTLs with additive and/or additive × environment interac-
tion effects were also compared between the unconditional
mapping of SSP and the conditional mapping of SSP given
PL (Table 3). Four of eight unconditional QTLs with a
effects (qSSP2-1, qSSP3-2, qSSP10-1, and qSSP11-1) were
undetectable; three (qSSP1-2, qSSP7-2, and qSSP7-3) had
a reduced magnitude of additive effects; and three new ones
(qSSP3-1, qSSP3-3, and qSSP6-1) were detected. When
given PL, qSSP5-1 exhibited an enhanced positive a effect,
indicating that its genetic effects could depress the
expression of this locus. All six unconditional ae-related
loci (qSSP6-3, qSSP7-4, qSSP10-2, qSSP10-3, qSSP11-2,
and qSSP11-3) failed to be detected by the conditional
mapping approach, whereas three new conditional loci were
found on chromosomes 1, 3, and 5, within the marker
intervals of RM81A–G1128b, C1087–RZ403, and R830–
R3166. Ten pairs of epistatic QTLs were identified for SSP
conditioned on PL (Table 4). Six pairs of unconditional aa
QTLs (qSSP1-5 and qSSP3-1, qSSP3-2 and qSSP10-3,
qSSP4-1 and qSSP9-3, qSSP5-1 and qSSP12-2, qSSP7-2
and qSSP10-1, and qSSP8-1 and qSSP12-3) disappeared.
Only one pair (qSSP6-4 and qSSP10-2) maintained a
similar epistatic main effect, demonstrating that their
interaction might increase (or decrease) SSP with either
parental digenic allele (or a combination of alleles from
different parents) independent of PL.

Discussion

Many methods have been proposed for evaluating correla-
tions among related genetic traits. A superior means for
analyzing phenotypic covariance or partitioning phenotypic
covariance into components is the conditional methodT
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described by Zhu (1995), in which the net genetic effects
and variance components are examined by excluding
variations in given traits. This technique has been used to
investigate causal genetic effects for correlated traits (Mei
et al. 2007) and developmental traits (Ye et al. 2003). To
probe the genetic control system of correlated traits on
individual loci, we took this conditional approach, com-
bined with mixed model-based interval mapping (Zhu
1999), to decompose the genetic links between correlated
traits at the level of an individual QTL. This philosophy has
previously been followed to map conditional QTLs for
molecular dissection of the development of traits such as
rice plant height and tiller number (Yan et al. 1998a, b; Cao
et al. 2001) as well as to evaluate the genetic contribution
of yield components to yield (Li et al. 2008). Here, we
adopted this methodology to analyze the interrelationship
between SSP and FGP and between SSP and PL.

We determined that four types of QTLs control SSP.
First, common or linked QTLs for pair traits that could be
mapped by an unconditional approach were undetectable
via conditional mapping. For example, unconditional QTLs
qSSP7-3 and qFGP7-1, located within interval RZ471–
RM70, were mapped for SSP and FGP. For these, we
explored the publicly available QTL database (http://www.
gramene.org) to search for the alignment of QTLs previ-
ously identified in the same region. Identical QTLs have
been reported for filled grain number (Zhuang et al. 2002;
Xing et al. 2002; Brondani et al. 2002), seed set percentage
(Zhuang et al. 2002), and spikelet number (Zhuang et al.
2002; Xing et al. 2002; Jiang et al. 2004). These results
showed pleiotropy of the locus within interval RZ471–
RM70, which impacted both SSP and FGP. Our conclusion
was confirmed by the failed detection of a conditional QTL
for SSP on FGP. Other similar QTLs were mapped, e.g.,
within interval RM211–RG634 for SSP, and within interval
C153A–RM222 for FGP.

Second, some QTLs showed similar effects, whether
by conventional or conditional mapping, including
qSSP7-3 for SSP and SSP conditioned on PL. Differing
from that for SSP and FGP, this QTL failed to be
mapped for panicle length in our study. Because qSSP7-
3 affected the behavior of SSP independent of PL, it
provided the possibility for improving the former but
having no impact on the latter. Recent progress in plant
genome analysis has enabled researchers to examine the
molecular basis for naturally occurring allelic variations
that account for complex traits. Map-based or positional
cloning has successfully isolated genes underlying QTLs
in several plant species, including rice (Yano et al. 2000;
Ashikari et al. 2005; Song et al. 2007) and tomato (Frary
et al. 2000; Liu et al. 2002). Fan et al. (2006) have
elucidated the molecular mechanism for the gene under-
lying GS3 for grain length and width. A newly discovered

quantitative trait locus, GW2, which encodes a new
RING-type E3 ubiquitin ligase, regulates rice grain width
and weight (Song et al. 2007). Therefore, it is possible to
find and clone the gene that underlies SSP but has a
relatively small or no relationship with PL.

The third type of QTL was one with reduced (or
increased) effects after conditional mapping. For example,
the QTL located within interval R0360–RM42 exhibited
reduced effects for SSP given FGP but had an increased
effect for SSP given PL. They were identified for SSP but
were significantly affected by FGP or PL. Although the
unconditional genetic effects of these loci were relatively
small and insignificant for FGP and PL, their information
that would improve SSP might be disadvantageous to FGP
or PL.

Finally, new QTLs were detected only by conditional
mapping, e.g., qSSP6-2 for SSP conditioned on FGP, and
qSSP3-1 for SSP given PL. The QTL effects on SSP were
suppressed by these two given traits. Although if one could
keep those traits from changing, these QTLs could be
improved , it is too difficult to do so when modifying a
correlated trait.

QTLs with epistatic effects were also included in our
classification of types. However, the positioning and
effects of most epistatic QTLs changed largely after
conditional mapping, which suggested that interactions
between loci depended largely on the internal condition
of the plant system (e.g., synthetic genetic control for
SSP). Once that background changed, the behavior of
epistasis involving different non-allelic genes shifted
correspondingly. Moreover, it was fairly common for
one locus to interact with more than one non-allelic
locus, perhaps indicating the possibility of multilocus
associations for correlated traits. Because interactions
were greatly affected by environment, the contribution of
any locus to a particular trait should also have varied
according to growing conditions. This implied, due to
some epistatic interactions having only aae effects, that
gene expression of these epistatic interactions could be
mainly induced by environment. We detected more pairs
with epistatic interactions (7, 10, and 14 pairs for SSP,
FGP, and PL, respectively), and fewer QTLs with additive
effects (only six, one, and three QTLs for SSP, FGP, and
PL); these were mainly induced by specific environmental
conditions. Therefore, this might indicate that epistasis
was more sensitive than the additive effect to such
conditions.
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