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Abstract Linolenic acid (LN) in soybean (Glycine max L.
Merr.) seed mainly contributes to the undesirable odors and
Xavors commonly associated with poor oil quality. LN
deposition at various stages of soybean seed development
had not been reported by 2010. The objects of this study
were (1) to identify and measure quantitative trait loci
(QTL) underlying LN content and (2) to estimate the QTL
eVects expressed from earlier seed developmental stages to
drying seed of soybean. One hundred and twenty-Wve F5:8

and F5:9 recombinant inbred lines derived from the cross of
soybean cultivars ‘Hefeng 25’ and ‘Dongnong L5’ were
used for the identiWcation of QTL underlying LN content
from the 37 day (D) to 86D stages after Xowering, at
Harbin in 2008 and 2009. QTL £ Environment interactions
(QE) eVects were evaluated using a mixed genetic model
(Zhu in J Zhejiang Univ (Natural Science) 33:327–335,
1999). Twelve unconditional QTL and 12 conditional QTL
associated with LN content were identiWed at diVerent
developmental stages. Most of the QTL explained <10% of
phenotypic variation of LN content. Unconditional QTL
QLNF-1, QLNC2-1, QLND1b-1, QLNA2-1 and QLNH-1
inXuenced LN content across diVerent development stages
and environments. Conditional QTL QLNF-1, QLNC2-1
and QLNH-1 were identiWed in multiple developmental
stages and environments. Conditional and unconditional
QTL clustered in neighboring intervals on linkage groups

A2, C2 and D1b. Ten QTL with conditional additive main
eVects (a) and/or conditional additive £ environment inter-
action eVects (ae) at speciWc developmental stage were
identiWed on nine linkage groups. Of them, six QTL only
possessed additive main eVects and seven QTL had signiW-
cant ae eVects in diVerent developmental stages. A total of
13 epistatic pairwise QTL were identiWed by conditional
mapping in diVerent developmental stages. Two pairs of
QTL only showed aa eVects and Wve pairs of QTL only
showed aae eVects at diVerent developmental stages. QTL
with aa eVects, as well as their environmental interaction
eVects, appeared to vary at diVerent developmental stages.

Introduction

Fatty acid composition is an important determinant of soy-
bean oil quality. Soybean contains Wve predominant fatty
acid including palmitic (16:0), stearic (18:0), oleic (18:1),
linoleic (18:2) and linolenic acids (18:3, LN; Wilson 2004).
LN has been identiWed as an unstable component of soy-
bean oil that was mainly responsible for the undesirable
odors and shorter self life associated with poor oil quality
(Dutton et al. 1951; Smouse 1979). As a result, attempts
have been made to develop soybean lines with linolenic
acid concentration substantially below those found in com-
mercial varieties (Takagi et al. 1990). Traditional plant
improvement has relied on phenotypic selection of popula-
tions from crosses between commercial cultivars or experi-
mental lines (Stuber et al. 1992). However, LN content of
soybean seeds is controlled by multiple genes with small or
large genetic eVects and interaction eVects between genes
and environments (Thorne and Fehr 1970). Hence, selec-
tions for soybean cultivars with lower LN content required
evaluation in multiple environments over several years,
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which has been expensive, time-consuming and labor-
intensive.

Molecular markers oVer a faster and more accurate
approach to breeding, since selection can be based on genotype
rather than solely on phenotype. The use of marker-assisted
selection (MAS) can improve the eYciency of traditional
plant breeding. MAS could potentially improve selection of
traits that have low heritability by using markers with high
heritability. Song et al. (2004) developed an integrated
genetic linkage map of soybean including 1,015 SSR mark-
ers in one or more of Wve diVerent populations, and aligned
the molecular linkage groups (LGs) into a consensus map
of 20 LGs that correspond to the 20 pairs of soybean chro-
mosomes (Zou et al. 2003). A genetic transcript map of the
soybean genome was developed by Choi et al. (2007)
through mapping one SNP in each of 1,141 genes in one or
more of the three recombinant inbred line (RIL) mapping
populations, which provided a picture of the distribution of
genic sequences across the mapped portion of the genome.
This information has greatly facilitated MAS in soybean
breeding.

In the past decade, few studies have focused on the map-
ping of quantitative trait loci (QTL) associated with soy-
bean LN content (Hyten et al. 2004; Spencer et al. 2004;
Panthee et al. 2006). The phenotypic values of LN were
usually measured post-harvest and used for QTL analysis in
most of those reports. Those studies, however, had ignored
the distinct gene expression at diVerent developmental
stages, which were important factors aVecting the develop-
ment of quantitative traits such as seed composition, yield
and plant height (Yan et al. 1998a; Sun et al. 2006; Li et al.
2007; Teng et al. 2009). The statistical analysis showed that
the development of some quantitative traits like morphol-
ogy occurred through the actions and interactions of many
genes that might behave diVerentially during diVerent
growth stages, and that gene expression was modiWed by
interactions with other genes and by the interaction with
environments (Atchley and Zhu 1997). During soybean
development, sets of genes are expressed selectively at
diVerent growth stages and the genes expressed were inXu-
enced by both genotype and environment (Vodkin et al.
2004). QTL analysis can be adapted to include the eVects of
developmental stages (Zhu 1995). Therein, and hereafter,
the net genetic eVect that is referred to as conditional
genetic eVects (the QTL as deWned by Sen and Churchill
2001) are the loci detected at a speciWc growth stages. In
contrast, unconditional genetic eVects (the QTL as deWned
by Sen and Churchill 2001) are eVective throughout seed
development. IdentiWcation of both conditional and uncon-
ditional QTL will be desirable for MAS. It will be essential,
therefore, to include the dynamics of gene expression and
interactions with environments when analyzing develop-
mental quantitative traits. Detailed analyses of conditional

QTL will provide the basis for map-based cloning of genes
underlying the loci. DNA markers derived from those genes
will improve the eYciency of MAS (Xu 1997).

The association of developmental behavior of quantita-
tive traits with molecular markers had been reported in rice
and cotton (Yan et al. 1998a, b; Wu et al. 1999; Ye et al.
2003) and in morphological traits and seed quality traits of
soybean (Sun et al. 2006; Li et al. 2007; Teng et al. 2009).
The objectives of the present study were to investigate the
developmental behavior of LN content in soybean seed, to
identify both conditional and unconditional QTL, and to
measure the GE interaction and epistasis eVects of LN con-
tent during seed development.

Materials and methods

Plant materials

The mapping population of 125 F5:8 and F5:9 RILs were
derived from the cross between ‘Hefeng 25’ (average LN
6.2§1.5% (w/w)) and ‘Dongnong L5’ (average LN
2.5 §0.5% (w/w)) through single-seed-descent.

Field experiment

The RILs and their parents were grown in a randomized
complete block design with three replications at Harbin of
China (45°N, Wne-mesic chernozen soil) in 2008 and 2009,
with rows 3 m long, 70 cm apart and 6 cm between plants
within rows. The seeds of 10 plants per genotype were col-
lected from each plot and later were used to analyze LN
content. Pods (from 10 plants per RIL) were picked oV.
Partial harvests were made eight times, from nodes 5 to 7
on the main stem, every 7 days since 37 days (initial stage
37D) after Xowering until maturity (Wnal stage 86D). Seeds
were dried for 30 min in an oven at 105°C and then contin-
uously dried at 60–70°C until the seed mass was stable.

LN extraction and gas chromatograph analysis

LN content was determined by gas chromatography
(GC-14C, Shimadzu Company, Japan). About 0.4–0.5 g of
soybean Xour was transferred to a test tube. Five milliliters
of anesthetic grade ether was added to the test tube contain-
ing the soybean Xour and closed with a stopper. The test
tubes were incubated at room temperature for at least 6 h.
After the extraction, the transparent liquid was decanted
into a new test tube and dried over night in an aerator.
When ether volatilization was completed, 100 �l of each oil
sample was pippeted into a clean test tube with 2 ml of
solvent (anesthetic ether:n-hexane, 2:1 (v/v)) and mixed.
Two milliliters of methanol was added and mixed followed
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by mixing 2 ml of potassium hydroxide in methanol
(0.8 mol/L), which is then held at room temperature for
10–20 min. Finally, 2 ml of dihydrogen oxide was put into
the test tube, mixed and incubated for 10 min. This process
caused the LN to be solubilized. Exactly 1 �l of the top
liquid was used to detect the LN content by gas chromatog-
raphy. The test columns all had nominal dimensions of
30 m £ 0.125 m £ 0.13 �m Wlm thickness. Operation con-
ditions were as follows: carrier, hydric (40 ml/min) split
injection, injection temperature 250°C, detector tempera-
ture 250°C and column temperature 210°C (a method
modiWed by Panthee et al. 2006).

DNA extraction and polymerase chain reaction

Total DNA of the parents and each RIL were isolated from
leaf tissue by the CTAB method (Doyle and Doyle 1990).
Polymerase chain reaction (PCR) was performed in a 20 �l
volume containing 2 �l genomic DNA (25 ng/�l), 2 �l MgCl2
(25 mM), 0.3 �l dNTP mixtures (10 mM), 2 �l 10 £ PCR
buVer, 3 �l SSR primer (2 �M), 0.2 �l Taq polymerase (10
units/�l), 11.5 �l double-distilled water. PCR conditions
were 94°C for 5 min, following by 38 cycles of 30 s at
94°C, 30 s at 47°C, 30 s at 72°C, then 5 min at 72°C. After
ampliWcation, the PCR products were mixed with loading
buVer (2.5 mg/ml bromophenol blue, 2.5 mg/ml diphenyl-
amine blue, 10 mM EDTA, 95% (v/v) formamide), and
denatured for 10 min at 94°C, then kept at 4°C. The dena-
tured PCR products were separated on a 6% (w/v) denatured
polyacrylamide gel and visualized by silver staining
(Trigizano and Caetano-Anolles 1998).

The analysis of unconditional and conditional QTL 
at diVerent developmental stages

Unconditional QTL were detected at each growth stage
using mean phenotypic values and composite intervals
(Zeng 1993, 1994). The genetic eVect was the net accumu-
lation of several gene sets from the initial time of plant
growth to the time point t. Conditional phenotypic values at
time t were given by subtracting the phenotypic means
measured at time t ¡ 1 from the mean at time t (Zhu 1995).
The derived genetic eVect reXected changes accumulating
in the days prior to the measurement rather than the net
genetic eVect of accumulation in the unconditional QTL.
Conditional QTL analysis relied on the composite interval
method (Zeng 1993, 1994) and analysis of time-indepen-
dent genetic eVects (Zhu 1995). Unconditional QTL, condi-
tional QTL, and the genetic eVects of conditional QTL
(including additive and additive £ additive epistatic eVects,
as well as their environmental interaction eVects) were ana-
lyzed according to method by Yan et al. (1998a, b) and
Wang et al. (1999), respectively.

Results

Gas chromatograph analysis of LN content 
in soybean seed

Phenotypic values of LN content in soybean seed at diVerent
developmental periods across two environments were shown
in Table 1. The diVerences of LN content between the two
parents were signiWcant at all developmental stages measured
across diverse environments. However, LN content was
higher in 2009 than in 2008. In contrast, the LN variation of
125 RILs across both environments was not signiWcant. Both
skew and kurtosis values of LN were <1.0 at all growth
stages measured in diverse environments, suggesting that the
segregation of this trait Wt a normal distribution model.

Linkage analysis

A total of 600 SSR markers were used to detect polymor-
phisms between the two parents. One hundred and twelve
(18.67%) of them were polymorphic and were mapped onto
18 LGs, which encompassed about 2,718 cM with mean
distance of 24.26 cM between markers (data not shown).

Unconditional and conditional QTL associated with LN 
content at diVerent developmental stages

A total of 12 unconditional QTL underlying LN content at
diVerent developmental stages were identiWed based on
2 years data at Harbin (Table 2). Among them, six QTL
(QLN F-1 at 44D,51D, 58D and 75D stages, QLNC2-1 at
37D and 51D stages, QLNJ-1 at 58D stage, QLNA2-1 at
65D stage, QLNA2-2 at 58D stage and QLNH-1 at 65D
stage) were consistently detected in both years. Of them,
QLN F-1 was detected at 37D–65D stages in 2008, and at
44D–72D stages in 2009, respectively. QLNC2-1 was
detected at 37D and 51D stages in 2008 and 2009, and at
72D stage in 2009, respectively. QLND1b-1 was detected
at 58D and 72D stages in 2008, and at 37D and 72D stage
in 2009, respectively. QLNA2-1 was detected at 65D stage
in 2008, and at 44D, 65D, 72D stages in 2009, respectively.
QLNH-1 was detected at 51D and 65D stages in 2008, and
at 65D and 79D stages in 2009, respectively. QLNB2-1
accounted for the largest amount of phenotypic variation
(29.98%) at the 72D stage (Table 2).

Twelve conditional QTL underlying LN content at
diVerent developmental stages were identiWed based on
2 years data at Harbin (Table 2). Of them, QLN F-1 was
identiWed at 37D–58D, 72D and 86D stages, respectively.
QLNC2-1 was identiWed at 51D stage in 2008, but at 58D
and 72D stages in 2008 and 2009, respectively. QLNH-1
was detected at 51D and 65D stages in 2008, but at 51D
and 79D stages in 2009, respectively.
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The analysis of conditional QTL £ environment 
interactions at diVerent developmental stages

Ten QTL with conditional additive main eVects (a) and/or
conditional additive £ environment interaction eVects (ae)
at certain speciWc stages were identiWed in nine linkage
groups (Table 3). Of them, seven had signiWcant additive
main eVects (P < 0.01 or 0.005), three QTL (QLN F-1 at
86D stage, QLNC2-1 at 37D stage, QLND1b-1 at 58D and
72D stages) had positive eVects on LN accumulation and
seven QTL (QLN F-1 at 37D, 44D and 65D stages,
QLNC2-1 at 51D stage, QLND1b-1 at 37D stage,
QLNB2-1 at 72D stage, QLNC1-1 at 51D stage, QLNH-1
at 51D and 79D stages, QLNO-1 at 86D stage) showed
negative eVects for seed LN accumulation. The remainder
was inconsistent as they had positive and negative eVects at
diVerent growth stages. Six QTL (QLN F-1 at 44D and 65D
stages, QLNC2-1 at 51D stage, QLND1b-1 at 58D and 72D
stages, QLNC1-1 at 51D stage, QLNH-1 at 51D stage,
QLNO-1 at 86D stage) had signiWcant additive main eVect
(a), rather than signiWcant ae eVects. The lower LN content
parent, ‘Dongnong L5’, contributed alleles for decreased
LN content at QTL QLNB2-1 (at 72D stage), QLNC1-1
(at 51D stage) and QLNH-1 (at 51D and 79D stages). How-
ever, the allele of QTL QLNO-1 from ‘Dongnong L5’
increased LN content (at 86D stage). This suggested that
alleles controlling low LN content were dispersed within
the two parents. The impact of some QTL varied at diVer-
ent development stages. For example, the allele of QTL
QLNF-1 decreased LN content at 37D, 44D and 65D
stages, but increased LN content at the 86D stage.

Eight QTL had signiWcant ae interaction eVects at diVer-
ent developmental stages (Table 3). Of them, Wve QTL
(QLN F-1 at 51D and 58D stages, QLNC2-1 at 37D stage,
QLND1b-1 at 37D stage, QLNB2-1 at 72D stage, QLNH-1
at 65D stage) had signiWcant ae eVects at diVerent stages in

each environment. Seven QTL (QLN F-1 at 51D, 58D and
72D stages, QLNC2-1 at 58D and 72D stages, QLNB2-1 at
37D stage, QLNB1-1 at 79D stage, QLNA2-1 at 44D, 65D
and 72D stages, QLNA2-2 at 58D stage, QLNH-1 at 65D
stage) had signiWcant ae eVects, but no signiWcant additive
main eVects (a). There were two QTL (QLNC2-1 at the
37D and 72D stages, QLND1b-1 at 37D stage) that
increased LN content, four QTL (QLNB2-1 at 72D stage,
QLNB1-1 at 79D stage, QLNA2-1 at 65D stage, QLNA2-2
at 58D stage) that decreased LN content in 2008 through ae
eVects. There was one QTL (QLNA2-1 at 44D and 72D
stages) that increased LN content, three QTL (QLNC2-1 at
37D and 58D stage, QLND1b-1 at 37D stage, QLNH-1 at
65D stage) that decreased LN content and two QTL
(QLN F-1, QLNB2-1) that both increased and decreased
LN content at diVerent developmental stages in 2009 by
ae eVects. Four QTL (QLN F-1 at 37D and 86D stages,
QLNC2-1 at 37D stage, QLND1b-1 at 37D stage,
QLNB2-1 at 72D stage, QLNH-1 at 79D stage) had both
additive main eVects (a) and additive QTL £ environment
interaction eVects (ae).

Analysis of epistasis in diVerent developmental stages

A total of 13 epistatic pairwise QTL were identiWed by con-
ditional mapping in diVerent developmental stages
(Table 4). Of them, epistatic eVects of two pairs of QTL
(QLN F-1-QLNA2-1 at 44D and 65D stages, QLNC2-1-
QLND1b-1 at 37D and 65D stages) were detected at two
developmental stages. Other QTL were identiWed only at
one stage. This indicated that epistatic eVects existed
mostly for a short time period, so that they were hardly
observed during multiple developmental stages. This was
inferred from the fact that epistatic eVects were mostly
found among conditional QTL but additive eVects were
mostly found among unconditional QTL.

Table 1 Statistical analyses of mean linolenic acid content for two soybean parents and an RIL population at diVerent growth stages

DS developmental stage, SD standard deviation, CV coeYcient of variation

DS Parents RIL population

‘Hefeng 25’ ‘Dongnong L5’ Mean Range SD CV Skew Kurtosis

2008 2009 2008 2009 2008 2009 2008 2009 2008 2009 2008 2009 2008 2009 2008 2009

LN % 
(w/v)

37D 15.82 9.88 4.11 3.66 8.94 8.68 5.31–12.02 4.08–12.67 2.75 3.78 0.31 0.44 0.19 ¡0.19 ¡1.01 ¡0.94

44D 8.92 12.71 2.82 2.85 6.41 6.68 3.86–9.45 3.03–11.22 2.17 2.81 0.34 0.42 0.28 0.32 ¡0.46 ¡0.74

51D 6.39 6.45 3.55 2.47 5.18 5.18 3.19–6.92 2.79–7.97 1.74 2.24 0.34 0.43 ¡0.16 0.08 ¡0.82 ¡1.14

58D 4.71 5.89 3.82 2.66 4.93 4.55 3.22–7.18 2.25–7.59 1.36 1.78 0.28 0.39 0.39 0.26 ¡0.66 ¡1.12

65D 5.01 6.50 4.33 2.52 4.89 4.64 3.09–7.21 2.30–7.48 1.37 1.75 0.28 0.38 0.24 0.14 ¡0.99 ¡1.06

72D 6.05 6.56 3.22 3.14 4.79 4.79 2.91–7.01 2.42–7.77 1.34 1.77 0.28 0.37 0.15 0.26 ¡0.98 ¡0.95

79D 6.18 6.33 3.56 2.62 5.13 5.03 3.36–7.89 2.52–7.99 1.36 1.77 0.27 0.35 0.43 0.12 ¡0.61 ¡1.02

86D 5.74 7.25 2.81 2.56 5.01 5.34 2.64–7.86 2.58–8.55 2.92 1.81 0.58 0.34 0.34 0.23 ¡0.66 ¡0.91
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The epistasis £ environment interaction eVect (aae) was
an important component of the total QTL £ Environment
(QE) interaction eVects. Two pairs of QTL(QLN F-1-
QLNC2-1 at 51D stage, QLN F-1-QLNO-1 at 86D stage)
were detected with conditional epistatic eVects (aa), Wve
pairs (QLN F-1-QLND1b-1 at 37D stage, QLN F-1-
QLNA2-1 at 44D and 65D stage, QLNC2-1-QLND1b-1 at
58D stage, QLNB2-1-QLNA2-1 at 72D stage, QLNA2-1-
QLNH-1 at 65D stage) had only aae eVects, two pairs of
epistatic QTL (QLNC2-1-QLND1b-1 at 37D stage,
QLND1b-1-QLNA2-2 at 58D stage) had both aa and aae

eVects. These results indicated that environments could
greatly aVect the expression of the QTL with epistatic
eVects during quantitative trait development.

Discussion

Conditional QTL may have controlled gene expressions
that occurred in a speciWc period of plant growth. Uncondi-
tional QTL reXected cumulative genetic eVects. Some
unconditional QTL can also be detected as conditional

Table 2 Unconditional and conditional QTL for seed linolenic acid content measured at diVerent measuring stages

DS developmental stages
a Unconditional QTL
b Conditional QTL

Trait Interval DS 2008 2009

ta t/t ¡ 1b t t/t ¡ 1

LOD A R2 LOD A R2 LOD A R2 LOD A R2

QLN F-1 Satt149–Satt656 37D 3.89 ¡0.78 5.56 2.45 ¡0.32 8.75 2.25 ¡0.85 8.23

44D 4.45 0.60 9.39 5.57 ¡0.45 5.40 2.30 ¡0.39 16.67 3.59 ¡0.79 10.45

51D 2.37 ¡0.48 12.20 4.76 ¡0.27 12.96 7.78 ¡0.80 5.03 6.59 ¡0.80 8.89

58D 4.40 ¡0.67 9.98 3.40 ¡0.83 10.02 2.02 3.78 11.2

65D 5.59 ¡0.90 7.73 2.01 2.1 6.06 2.81 0.64 14.66

72D 5.50 ¡0.98 7.45 4.51 0.26 13.96 3.41 0.49 7.80

86D 3.76 ¡0.30 4.40 4.50 ¡0.80 10.08

QLNC2-1 Sat251–Satt134 37D 4.08 ¡0.69 10.20 2.81 ¡0.17 8.75

51D 3.30 ¡0.92 13.35 4.45 ¡0.32 11.21 6.75 ¡0.49 5.56

58D 9.75 ¡0.76 4.45 3.27 ¡0.67 8.95

72D 3.81 ¡0.80 5.57 2.74 ¡0.54 9.69 6.86 ¡0.89 7.65

QLNC2-2 Satt457–Sat_251 72D 5.65 ¡0.87 3.29 2.10 ¡0.96 3.96 3.31 ¡0.67 4.56

QLND1b-1 Satt546–Sat_274 37D 2.69 0.64 20.75 3.98 ¡0.80 4.75

58D 4.35 ¡0.41 6.70 5.68 ¡0.32 8.89

72D 2.05 0.72 16.68 2.43 ¡0.76 5.67

QLND1b-2 Satt141–Satt546 37D 2.52 1.03 10.33 3.78 ¡0.71 7.70

QLNJ-1 Sat_339–Sat_151 58D 2.56 0.19 8.37 4.75 0.89 13.69

QLNB2-1 Satt126–Satt726 37D 2.49 0.88 11.21 4.54 0.88 3.46

72D 4.90 0.89 29.28 3.05 ¡0.55 8.27

QLNB1-1 Sat270–Satt426 79D 2.47 ¡0.23 11.50 4.86 0.64 7.88 4.97 ¡0.67 4.66

QLNC1-1 Satt476–AW277661 51D 2.09 0.49 6.74 2.09 ¡1.00 11.00

QLNA2-1 Sat_347–Satt424 44D 5.90 ¡0.87 4.86 2.42 ¡0.65 8.36

65D 3.78 ¡0.87 7.83 5.43 ¡0.70 6.43 6.98 ¡0.80 5.52

72D 3.76 ¡0.47 7.86 16.96 ¡0.87 2.34

QLNA2-2 Satt424-Sat_162 58D 7.02 ¡0.80 6.65 2.72 ¡2.95 9.82 4.86 ¡1.06 7.76

QLNH-1 Satt629–Satt142 51D 5.09 ¡0.65 3.87 6.65 ¡3.00 10.96 2.25 ¡0.27 7.11

65D 4.09 ¡0.76 8.65 4.76 ¡0.84 2.99 2.97 ¡2.96 5.39

79D 3.87 ¡0.55 7.78 3.76 ¡0.58 3.20

QLNO-1 Sat109–Sat282 86D 2.96 0.71 10.92

QLNO-2 Sat282–Satt608 86D 3.23 0.73 13.96
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QTL. For example, the unconditional QTL QLNF-1 that
signiWcantly aVected LN content in seed was detected
continuously from 37D to 65D stages. However, other

unconditional QTL were not found by the conditional analysis
or were placed in the wrong interval by the summed eVects
of two linked loci.

Table 3 Additive (a) and 
additive £ environment interac-
tion (ae) eVect of QTL for LN 
content at eight diVerent stages 
for 2008 and 2009 in Harbin

QTL Marker interval DS a eVect ae eVect in 2008 ae eVect in 2009

QLN F-1 Satt149–Satt656 37D ¡0.43 ¡0.16

44D ¡0.31

51D ¡0.19 0.21

58D 0.53 ¡0.54

65D ¡0.87

72D 0.21

86D 0.50 0.93

QLNC2-1 Sat251–Satt134 37D 0.75 0.98 ¡1.00

51D ¡0.67

58D ¡0.19

72D 0.21

QLND1b-1 Satt546–Sat_274 37D ¡0.85 0.65 ¡0.70

58D 0.67

72D 0.88

QLNB2-1 Satt126–Satt726 37D ¡0.80

72D ¡0.20 ¡0.56 0.60

QLNB1-1 Sat270–Satt426 79D ¡0.39

QLNC1-1 Satt476–AW277661 51D ¡0.11

QLNA2-1 Sat_347–Satt424 44D 0.48

65D ¡0.50

72D 0.30

QLNA2-2 Satt424–Sat_162 58D ¡0.28

QLNH-1 Satt629–Satt142 51D ¡0.23

65D 0.67 ¡0.70

79D ¡0.56 ¡0.03

QLNO-1 Sat109–Sat282 86D 0.79

Table 4 Epistatic (aa) and epistasis £ environment interaction (aae) eVect of QTL for LN content at eight diVerent stages for 2008 and 2009 in
Harbin

QTL Marker interval QTL Marker interval DS aa eVect aae eVect in 2008 aae eVect in 2009

QLN F-1 Satt149–Satt656 QLND1b-1 Satt546–Sat_274 37D 0.06 0.12

QLNB2-1 Satt126–Satt726 37D 0.09 0.80

QLNA2-1 Sat_347–Satt424 44D ¡0.17 0.65

65D ¡0.45 0.05

QLNC2-1 Sat251–Satt134 51D ¡0.12

QLNO-1 Sat109–Sat282 86D ¡0.54

QLNC2-1 Sat251–Satt134 QLND1b-1 Satt546–Sat_274 37D 1.00 0.04

58D 0.18

QLND1b-1 Satt546–Sat_274 QLNA2-2 Satt424–Sat_162 58D ¡0.86 0.10 0.17

QLNB2-1 Satt126–Satt726 72D 0.47 0.06

QLNB2-1 Satt126–Satt726 QLNA2-1 Sat_347–Satt424 72D 0.05

QLNB1-1 Sat270–Satt426 QLNH-1 Satt629–Satt142 79D 0.13 0.03

QLNA2-1 Sat_347–Satt424 QLNH-1 Satt629–Satt142 65D 0.19 0.31
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Twelve unconditional QTL and twelve conditional QTL
associated with LN content were identiWed in diVerent
developmental stages. Most of them explained <10% of
phenotypic variation for LN content in diVerent environ-
ments or individual developmental stage. The low level of
phenotypic variation evaluated by these unconditional or
conditional QTL indicated the accumulation of LN in soy-
bean seeds were controlled by many QTL with small eVects
and may explain the diYculty of genetic improvement by
phenotype selection. Unconditional QTL QLN F-1,
QLNC2-1, QLND1b-1, QLNA2-1 and QLNH-1 inXuenced
LN content of soybean seed at diVerent developmental
stages and environments. Conditional QTL QLNF-1,
QLNC2-1 and QLNH-1 were identiWed across many
growth stages and environments. These stable QTL identi-
Wed in the present study may be due to one or a combina-
tion of the following factors: (1) The stable QTL were
responsible for major eVects and were associated with high
LOD scores. As suggested by Tanksley (1993) and Zhuang
et al. (1997), QTL with major eVects were more likely to be
stable across multiple environments; (2) Highly heritable
traits tend to be more repeatable and stable across multiple
environments (Paterson et al. 1991).

Usually, QTL £ environment eVects were treated as ran-
dom eVects, especially in diVerent years. This implied that
QTL would be aVected by diVerent environments.
QTL £ environment interaction has been reported by com-
paring QTL detected in speciWc environments (Paterson
et al. 1991; Stuber et al. 1992; Lu et al. 1997). However,
QTL detected separately in each environment were not the
real QTL £ environment interactions (Jansen et al. 1995).
The mixed model approach for QTL mapping could pro-
vide unbiased prediction of QTL £ environment interac-
tions when the experiment was conducted in multiple
environments (Zhu 1999). In the present study, six QTL
had signiWcant additive main eVect (a), seven QTL had sig-
niWcant ae eVects. Other QTL had both additive main
eVects and signiWcant ae eVects in diVerent developmental
stages. QTL with only QTL £ environment eVects were
mainly contributed by the variation among environments,
which cannot be used in MAS. Therefore, the QTL with
additive main eVects should be used in MAS.

It has been proved that epistasis between diVerent loci is
common among plant species (Lynch 1991; Orr 1995; Hutter
1997; Chase et al. 1997). Recent QTL mapping suggested
that epistasis was main genetic basis underlying complex
traits (Li et al. 1997; Chase et al. 1997; Kulwal et al. 2005).
In our study, a total of 13 epistatic pairs of QTL were
detected. Two pairs of QTL (QLN F-1-QLNC2-1 at 51D
stage, QLN F-1-QLNO-1 at 86D stage) showed only aa
eVects. Five pairs of QTL (QLN F-1-QLND1b-1 at 37D
stage, QLN F-1-QLNA2-1 at 44D and 65D stage,
QLNC2-1-QLND1b-1 at 58D stage, QLNB2-1-QLNA2-1

at 72D stage, QLNA2-1-QLNH-1 at 65D stage) showed
aae eVects. Therefore, the inheritance of LN content was
shown to be governed primarily by additive eVects rather
than dominant or epistatic genetic eVects. This Wnding was
in agreement with earlier reports of LN content (Thorne
and Fehr 1970).
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