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Introduction
Soybean is one of the most important food and oil crops
worldwide. It provides about 69 and 30% of dietary protein
and oil, respectively. Improvement of yield potential is the
most important goal of most soybean breeding programmes
worldwide. Hundred-seed weight (HSW) is an important
yield component in soybean and found to show a positive
correlation with seed yield (Smith and Camper 1975). HSW
as main component of plants is affected by seed shape. Seed
shape is believed to be complex and controlled by many
genes which show stability in different environments and
present higher heritability (Song et al. 2004).
Quantitative trait locus (QTL) analysis provides a powerful tool for soybean breeders to search for new sources
of variation and investigate the genetic factors underlying
quantitatively inherited traits. Previous QTL analyses for
seed shape and HSW have been conducted for soybean. Salas
et al. (2006) found that 19 QTLs for seed shape were mapped
on 10 chromosomes. Hu et al. (2013) mapped 10 QTLs for
seed shape on six chromosomes in soybean. Epistasis has a
large inﬂuence on phenotype. There have been few studies
on mapping QTLs bearing epistatic effects and environment
interactions (QEs) for seed shape and HSW in soybean.
Lü et al. (2011) identiﬁed 19 main effect QTLs (M-QTLs)
and three epistatic QTLs (E-QTLs) for seed length (SL) on
eight chromosomes. Xu et al. (2011) mapped a total of 121
M-QTLs, six environmental effects, eight QEs, five cytoplasmic
effects and 92 cytoplasmic by QTL interactions for seed-size
and seed-shape traits distributed over 14 linkage groups. Niu
et al. (2013) detected 59 QTLs and 31 QEs for seed shape in
20 soybean chromosomes. To improve soybean germplasm,
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it is crucial to study seed shape and the relationship between
seed shape and their environment. HSW and seed shape are
complex, polygenic traits; therefore, use of molecular markers
for indirect selection of these traits might be helpful for
breeders. In this analysis, in 2010–2012, seed shape and
HSW were measured; and M-QTL, E-QTLs and QEs were
identiﬁed.

Materials and methods
In this study, a population of 447 F23 recombinant imbred
lines (RILs) derived from a cross between a cultivar soybean
(Jindou23) and a semi-wild soybean accession (ZDD2315)
were used. The parent lines and the RILs were planted in a
randomized block design with 4 × 0.4 m2 plots in 2010, 2011
and 2012. The plants were grown with normal agricultural
practices, with three replications, at the National Agricultural Modernization Area of Yuanyang city, Henan, China.
Ten plants in the middle of each block were harvested and
measured for seed shape using electronic digital calipers.
The seed length (SL), seed width (SW), seed thickness (ST)
and HSW of 50 seeds were measured. The phenotypic data
for seed shape (mean, deviation and kurtosis) were analysed
using DPS software. Simple and partial correlation analyses
were conducted by SAS 9.30 statistical package (SAS Inc,
North Carolina, USA).
A linkage map of the ‘Jindou23 × ZDD2315’ population
was used in the QTL analysis. The map included 232 markers distributed over the 20 soybean chromosomes. Analysis of variance (ANOVA) of the data was performed using
SPSS 16.0 software (SPSS Inc, Chicago, USA). Heritability
for SL, SW, ST and HSW was calculated based on the experiments using the following formula (Hill et al. 1998). Mixed
linear composite interval mapping was conducted with QTLNetwork 2.1 software to map QTLs with main effect and
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epistatic effects as well as QTL by environment interaction
effects. Linkage groups were named using the consensus map
designations of McCouch et al. (1997).

Results and discussion
The main purpose of this study was to detect M-QTL, E-QTL
and QTL by environment interactions and to compare the
QTLs identiﬁed in our study with those identiﬁed in previous
studies. There was a continuous frequency distribution and
transgressive segregation for SL, SW, ST and HSW among
the RIL population across multiple years. The heritability
values for SL, SW, ST and HSW were 35.78, 38.17, 24.86
and 21.75%, respectively. Correlation analyses showed that
there were signiﬁcant positive correlations between HSW
and SL; SW and ST. In addition, SL was signiﬁcantly positively correlated with SW and HSW. Seed shape and HSW
showed mutual inﬂuences and restrictions.
Twenty-four M-QTLs were detected for SL, SW, ST and
HSW (ﬁgure 1). Ten M-QTLs for SL were identiﬁed on

linkage groups (LGs): D1b, D2, F_2, J_2, A2, I and D1a,
and it explained 8.33–35.33% of the phenotype variations.
qSL-A2-2 for SL was located in markers Satt187-Sat_129
on LG A2; it explained 35.33% of the phenotypic variation. The positive alleles of eight M-QTLs (qSL-D1b-1, qSLD2-3, qSL-F_2-1, qSL-J_2-1, qSL-A2-1, qSL-A2-2, qSL-I-1
and qSL-A2-2) from Jindou23 and two M-QTLs (qSL-D1a-1
and qSL-D2-1) from ZDD2315 contributed to increased SL.
Some of the QTLs detected here are potentially similar to
those found in previous studies, given that they are located
on the same chromosomes. Of these 10, one locus on A2
was previously detected by Salas et al. (2006) and Niu et al.
(2013); one locus, D2, was previously detected by Xu et al.
(2011); four loci, those on D1a, J_2, I and D1b, were previously detected by Niu et al. (2013); one locus on F_2 was
previously detected by Salas et al. (2006).
Seven QTLs for SW were identiﬁed on LGs: B1, F_2,
H_2, O, A2 and D1a in the present study. One new LGs of B1
were also detected. Four of these loci, those on F_2, H_2, D1a
and A2, were previously detected by Niu et al. (2013) and
one locus on O was previously detected by Xu et al. (2011)

Figure 1. Summary of M-QTLs, E-QTLs and QEs locations detected in the soybean genome. SL, seed length; SW, seed weight; ST, seed
thickness; HSW, hundred-seed weight.
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and Niu et al. (2013). Five QTLs for ST were identiﬁed
on LGs: D1b, O, A2, B2 and C1. One locus, on A2, was previously detected by Niu et al. (2013) and Salas et al. (2006);
three loci on LGs: O, B2, and D1b were previously detected
by Niu et al. (2013); two loci on LGs of A2 and C1 were previously detected by Salas et al. (2006). Two QTLs for HSW
were identiﬁed on LGs: C2 and A2. One new locus of A2
was detected in this study. One locus on C2 was previously
detected by Sun et al. (2009).
QTL clusters and/or colocated QTLs for different traits
have been reported in many previous studies (Yang et al.
2013). Salas et al. (2006) found nine clusters on LGs: E, A2,
A1, C2, M, D2, F, L and C1 for seed shape. In the present
study, 24 M-QTLs for four traits were distributed on 12 chromosomes, but the majority of the QTLs were clustered on
six chromosomal intervals, each of which contained more
than one trait (ﬁgure 1). Three M-QTLs for SL, SW and ST,
which showed a positive direction for their effects, involved
novel alleles from the same parent (Jindou23); these were
located in the Satt333–Satt327 interval on LG, A2. Moreover, two M-QTLs for SL and HSW were located at different (Satt315–Satt632 and Satt538–Satt429) intervals on
LG A2. Two QTLs for SL and SW were located in the
Satt114–Satt334 interval on LG F_2, and both showed a positive direction for additive and dominant effects, and both
involved novel alleles from the same parent (Jindou23). Two
QTLs for SW and SL on LG D1a, three QTLs for SL on D2,
two QTLs for SW and ST on D1b, and at least two QTLs
mapped to a single chromosome.
Additive, epistatic and QEs effects are very important
genetic effects. Trials for soybean grains have been conducted to compare QTLs expression; however, there have
been few reports on epistatic effects and QEs for grain shape
and HSW in soybeans. Two E-QTLs for SW were detected
in LG I, which explained 2.05 and 1.25% of the phenotypic
variation (ﬁgure 1). However, epistatic effects on QTLs for
seed shape were found to be more important than the QEs.
Two QEs were detected, one QEs for SL on LG D2 explained
5.77% of the phenotypic variation, another QEs for ST on LGO
explained 14.41% of the phenotypic variation (ﬁgure 1).
However, the QEs effects for SL and ST were relatively
small and these two traits were more signiﬁcantly affected by
genotype than by environment.
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