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Abstract

Seed protein and oil contents are the major traits driving high soybean quality. Two soybean recombination inbred lines
(RILs), RIL3613 and RIL6013, descended from three-parent crosses between strains Henong 60, Dongnong L13 and Heihe 36
were planted in eight environments. Their total simple sequence repeat (SSR) linkage map lengths were 2849.54 ¢cM and
1886.8 cM and their mean interval lengths were 21.92 ¢cM and 16.13 cM, respectively. QTLs underlying protein and oil
contents based on additive effects, epistatic (AA) effects and interactions with environment (AAE) were identified using
inclusive composite interval mapping (ICIM) and composite interval mapping based on mixed linear models (MCIM). Fifty
protein and 23 oil content additive effect quantitative trait loci (QTLs) located on 18 of the 20 soybean chromosomes (except
K and N) explained 2.54-13.88% and 2.99-38.44% of phenotypic variance, respectively, in RIL3613 and RIL6013. These
included 32 common QTLs with overlapping regions in both RIL populations; the remaining 41 QTLs were identified in only
one population. A total of 56 QTLs were consistent with results from previous studies, among which 12 were hotspot regions.
Additionally, 13 significantly epistatic QTL pairs related to protein content and five for oil content were identified, including
two pairs composed of two significantly additive QTLs, six composed of one significantly additive QTL and one non-
significantly-additive QTL, and five composed of two non-significantly-additive QTLs. © 2020 Friends Science Publishers
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environmental and genetic background; fewer than 15 stable
QTLs were identified for each trait, and no population had
more than 3 stable QTLs. Moreover, for OC, no stable QTLs
were identified in 2 of the 8, although the other 6 populations

Introduction

Soybean (Glycine max [L.] Merr.) is a primary sources of
plant protein and edible oil worldwide, with seeds rich in

protein (about 40%) and oil (about 20%) (Chiari et al.
2004). Soybean seed protein content (PC) and oil content
(OC) is quantitative traits influenced by both genetic and
environmental factors (Liang et al. 2010). The genetic
effects include additive effects, epistasis and interactions of
quantitative trait loci (QTLs) with the environment. In the
wake of the improvements in molecular technology and
statistical methods in recent decades, many QTLs have been
identified in crop species. Numerous studies have identified
QTLs for pairs of traits (Brummer et al. 1997; Orf et al.
1999; Csanadi et al. 2001; Liang et al. 2010; Pathan et al.
2013; Wang et al. 2014a; Warrington et al. 2015; Qi et al.
2017); however, only a few such QTLs have been identified
in multiple environments and multiple genetic backgrounds.
For example, Brummer et al. (1997) identified QTLs for PC
and OC in 8 soybean populations that were sensitive to

each contained at least a single stable QTL, and one
population had 3; for PC, at least one stable QTL was found
in 8 populations. Orf et al. (1999) used amplified fragment
length polymorphism (AFLP) markers and simple sequence
repeat (SSR) markers in the three RIL populations derived
from 3 parents, Minsoy, Noir 1 and Archer, in four
environments. Five PC and 6 OC QTLs were detected, but
most were identified in only one population, and no identical
QTLs were identified in multiple populations. Wang et al.
(2014a) detected 3-trait QTLs using 2 RIL populations in
multiple environments, among which 9 PC and 8 OC QTLs
were further confirmed by comparison with previously
reported QTLs, and the other 8 were newly identified. Using
MAS, a trait can be successfully expressed in a plant if the
control of the related QTL is not affected by the environment
or the genetic background.
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In addition to additive effects, epistasis (additive x
additive interaction) is another major genetic basis for
complex phenotypic traits, playing a vital role in heterosis,
breeding inhibition, adaptability, reproductive isolation and
speciation (Yang and Zhu 2005). Many additive x additive
(AA) and interaction with environment (AAE) epistatic
QTLs for soybean have been detected in recent years (Hou
et al. 2014; Qi et al. 2014; Wang et al. 2015a; Qi et al.
2017; Teng et al. 2017; Tan et al. 2018). Hou et al. (2014)
mapped PC and OC QTLs using SSR markers derived from
the strains Charleston and Dongnong594 and detected 3
epistatic-effect QTL pairs related to PC and 4 for OC; Qi et
al. (2014) identified additive- and epistatic-effect QTLs for
PC and OC in multiple environments in the same
populations. Teng et al. (2017) detected 7 additive QTL
pairs and 5 epistatic-effect QTL pairs for soybean seed oil
quality. In summary, the identification of epistatic QTL
interactions has largely been conducted using only separate
single populations and separate environments, without
consideration for the stability of the associations in multiple
genetic backgrounds or environments.

In this study, we used two soybean RIL populations
derived from the crosses Dongnong L13 x Henong 60 and
Dongnong L13 x Heihe 36 and planted in 8 environments to
identify AA and AAE QTLs for soybean seed PC and OC
by ICIM and MCIM, with the goals of exploring the genetic
architecture of PC and OC and improving the efficiency of
MAS for soybean quality traits.

Materials and Methods

Plant materials and field design

Two populations, RIL3613 (Dongnong L13 x Heihe 36)
and RIL6013 (Dongnong L13 x Henong 60), containing
134 and 156 RIL,g, respectively, were obtained from
crosses between three soybean parents with major
differences in quality and other characteristics, Dongnong
L13 (PC 45.50%, OC 18.74%), Henong 60 (PC 38.47%,
OC 22.25%), and Heihe 36 (PC 39.80%, OC 19.28%).
Starting in the F, generation, the seeds of each single plant
were propagated by single-seed descent, and RIL
populations obtained after five successive generations of
self-crossing in 2008 in Harbin (HRB; 45°75' N, 126°63' E),
Heilongjiang, China, and Yacheng (17°50' N, 109°00’ E) in
Hainan Province, China, were used for map construction.

The parental lines and RILs were planted in 8
environments: in Keshan (KS; 48°25" N, 125°64" E) in
2013; in Harbin (HRB; 45°75' N, 126°63’ E) in 2014; in
Harbin and Keshan in 2015; in Acheng (AC; 45°52" N,
126°95" E), Shuangcheng (SC; 45°53" N, 126°32" E) and
Harbin in 2016; and in Shuangcheng (SC; 45°53' N, 126°32’
E) in 2017. Three replicate plantings of each line were
grown in a randomized complete block design, using rows 3
m in length, 0.70 m apart, with the seeds in each individual
row sown at 0.06-m intervals.

Measurement of oil and protein contents

Seed phenotypic measurements were obtained from ten
mature plants randomly selected in the middle row of each
plot. The PC and OCs of seed were determined three times
with an Infratec 1241 Grain Analyzer (FOSS, Sweden) at
the 13% moisture basis.

Variation analysis and heritability of phenotypic data

The significance of the differences in PC and OC between
the two parents of each population was determined by
Student's t test, and the significance of the genotype
differences between RILs and environments was determined
by ANOVA. The frequency distributions were analyzed
with Microsoft Excel 2007. The following formulas were
used to estimate heritability.

For single environments:
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Where h? is broad-sense heritability, 6 is the variance of
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genotype, O: is the variance of error, OcE  indicates
variance of genotype by environment effect, r is the number

of replications and e is the number of environments in the
2 2

2
study. GGE, Oc andE were estimated using a mixed
method implemented by Proc Mixed in SAS9.1 (SAS
Institute Inc., USA).

QTL mapping

On account of the SSR linkage map constructed in the
previous study (Ning et al. 2018). The total SSR linkage
map lengths were 2849.54 cM and 1886.8 cM and the mean
interval lengths were 21.92 cM and 16.13 cM for RIL3613
and RIL6013, respectively. The average of the quality traits
for each strain was analyzed conjointly in multiple
environments by the inclusive composite interval-mapping
(ICIM) method (Li et al. 2006) and by composite interval
mapping based on mixed linear models (MCIM) (Yang et
al. 2008). Using the software QTL IciMapping v4.2, the
ICIM-ADD and ICIM-EPI algorithms of the MET model of
ICIM were applied to analyze the additive-effect and
epistatic-effect QTLs. The mapping step was set to 2.0 cM,
and LOD thresholds were determined by 1000 permutation
tests combining probability of 0.05 for type | error. QTL
Network 2.0 software was used to detect additive- and
epistatic-effect QTLs based on MCIM. One- and two-
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dimensional genome scans for QTLs were performed using
a 10-cM testing window, a 0.1 cM walk speed and a 0.5 cM
filtration window size. To control the experimental type |
error rate, a critical F value using the Satterthwaite method
was estimated by performing a permutation test 1,000 times.
The naming of QTLs followed the QTL nomenclature
described by McCouch et al. (1997).

Results
Phenotypic variation

To investigate the genetic basis for soybean seed protein
content (PC) and oil content (OC); we assessed PC and OC
in soybeans from two RIL populations in eight different
environments (defined year and location). The data revealed
significant variation among both the RIL3613 and the
RIL6013 lines (Table 1, 2 and 3); the minimum and
maximum values differed widely, the skewness and kurtosis
values were <1.00 and the data were normally distributed
(Fig. 1). An ANOVA to detect the interactions of PC and
OC with genotype, with environment and with genotype x
environment showed significant interactions (P < 0.05).

Additive effect QTLs

In this study, we identified a total of 33 and 41 QTLSs related
to the two traits, located on 18 of the 20 soybean
chromosomes (all but K and N), in the RIL3613 and
RIL6013 populations, respectively, grown under the eight
environments (Fig. 2).

In the RIL3613 population, we identified 30 PC and 3
OC additive-effect QTLs in the 17 soybean linkage group
(barring K, L and N); the LOD values ranged from 2.53 to
7.88 and from 6.79 to 11.23 for PC and OC QTLs,
respectively, and the proportion of phenotypic variability
explained (PVE) values were 2.54-13.88% and 13.8—
38.44%, respectively (Fig. 2 and Table 4). qPro-D2-3, qOil-
A2-1 and qOil-G-1 had PVE values of more than 10%. Ten
of the QTLs for PC (gPro-A2-1, gPro-B1-1, gPro-C1-3,
gPro-Dla-3, gPro-G-6, gPro-H-1, gPro-1-1, gPro-J-3,
gPro-L-2 and gPro-O-1) had positive additive effects,
meaning that the alleles derived from Dongnong L13
increased PC (ADD > 0.1). Nine PC QTLs (gPro-A2-2,
gPro-Dla-2, gPro-D1b-1, gPro-D1b-5, gqPro-D2-3, gPro-
F-4, gPro-G-1, gPro-J-2 and gPro-L-4) and one 1 OC QTL
(gOil-G-3) had negative additive effects, with the alleles
from Heihe 36 increasing PC or OC (ADD < -0.1%).

In the RIL6013 population, we identified 21 PC and
20 OC additive-effect QTLs on 16 soybean chromosomes
(linkage groups Al, B1, B2, C1, C2, D1a, D1, D2, E, F, G,
H, I, J, M and O); the LOD values ranged from 2.53 to 4.83
and 2.52 to 6.53, respectively, with PVEs of 2.74-11.64%
and 2.99-7.96% (Fig. 2 and Table 5). Moreover, the PVEs
of gPro-E-1, gPro-F-6, gPro-M-5, qOil-C1-1, qOil-D1a-2,
qOil-D2-1, qOil-H-1 and qOil-1-2 were all more than 10%.
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Fig. 1: Frequency distribution of protein and oil contents in two

populations under eight environments

E1: Keshan in 2013; E2: Harbin in 2014; E3: Harbin in 2015; E4: Keshan in 2015;
E5: Acheng in 2016; E6: Shuangcheng in 2016; E7: Harbin in 2016; ES8:
Shuangcheng in 2017

Five QTLs for PC (gPro-Al-3, gPro-C1-2, gPro-Dla-1,
gPro-G-4 and qPro-G-5) and one QTL for OC (qOil-D1b-1)
had positive additive effects, meaning that the alleles
derived from Dongnong L13 enhanced the PC or OC (ADD
> 0.1%), while 2 PC QTLs (gPro-E-1 and gPro-F-6) and
two OC QTLs (qOil-Dl1a-2 and qQil-D2-2) had negative
additive effects, with the alleles from Henong 60 increasing
the PC or OC (ADD <-0.1).

Seven QTLs were detected by both methods (Table 4
and 5); among these, qPro-G-3, gPro-G-6 and gPro-C1-1
had positive additive effects, meaning that the alleles from
Dongnong L13 enhanced PC, whereas gPro-D2-3, qOil-A2-1
and gOil-H-1 had negative additive effects, with the alleles
from Dongnong L13 reducing OC.

A total of seven QTLs with multiple effects
simultaneously controlled PC and OC. Among these, the
QTL gPro-D1b-3 (Satt041-Satt546, 84.04-87.19 cM) for
PC was found in both the RIL3613 and RIL6013
populations, and had a positive additive effect, indicating
that the allele from Dongnong L13 increased PC.
Meanwhile, six QTL SSR intervals (Satt276-Sat 171,
Sct_067-Satt589,  Sat 413-Sat 160,  Satt685-Satt231,
AZ254740-Satt570,  Satt414-Sat 255)  simultaneously
control PC and OC with opposite additive effects, which
implies that it may be difficult to improve PC and OC at the
same time through the use of these QTLs.

Epistatic-effect QTLs

We identified 18 epistatic-effect QTL pairs for either PC or
OC in the two RIL populations under eight environments by
multiple-environment interaction (AAE) analysis using
ICIM and MCIM methods for the combinations (Table 6
and Fig. 3). Among them, nine epistatic-effect QTL pairs
related to PC and two pairs related to OC had positive
additive effects and the other four pairs for PC and three
pairs for OC had negative additive effects.
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Table 1: Summarization of protein content in eight environments

Environment A Parents RILs F h#®
Dongnong L13  Heihe 36 Average Std Min Max Kurtosis Skewness
RIL3613
2013KS 41.81 41.00 43.39 2.07 38.00 47.37 -0.56 -0.34 229.417C¢  0.987
2014HRB 40.60 40.00 42.35 2.23 36.74 46.14 -0.61 -0.35 245.90™ 0.988
2015HRB 43.83 41.50 42.62 1.26 38.60 44.80 -0.30 -0.51 82.08" 0.964
2015KS 44.10 41.80 41.71 1.44 37.59 4477 -0.26 -0.22 113.12" 0.974
2016AC 44.20 41.90 41.35 1.27 37.80 44.20 0.17 0.27 81.90” 0.964
2016SC 43.20 41.70 41.99 131 37.80 45.00 0.79 -0.80 102.85™ 0.971
2016HRB 43.40 41.00 4151 1.24 37.40 44.00 0.40 -0.71 86.24" 0.966
2017SC 40.50 44.00 42.50 0.99 38.10 44.30 1.93 -0.95 57.23" 0.949
RIL6013 Dongnong L13  Henong 60
2013KS 40.70 43.50 44,13 1.90 39.18 48.30 -0.44 -0.03 359.91" 0.992
2014HRB 41.20 42.30 43.63 155 39.63 47.49 -0.41 021 232.82" 0.987
2015HRB 41.50 42.20 43.58 0.92 39.90 46.00 1.84 -0.71 81.79" 0.964
2015KS 40.90 43.10 42.78 1.14 39.21 45.30 0.38 -0.30 156.12" 0.981
2016AC 40.80 42.20 42.36 1.10 38.90 45,70 1.03 0.18 12851 0.977
2016SC 41.20 43.60 42.93 112 39.40 45.80 0.50 -0.57 141.90™ 0.979
2016HRB 41.70 42.20 42.18 1.06 39.30 45.30 0.19 -0.32 124.94™ 0.976
2017SC 43.50 43.00 42.77 0.99 39.50 44.60 0.42 -0.70 111.46™ 0.974

A: 2013KS means Keshan in 2013; 2014HRB means Harbin in 2014; 2015 HRB means Harbin in 2015; 2015KS means Keshan in 2015; 2016AC means Acheng in 2016;
2016SC means Shuangcheng in 2016; 2016HRB means Harbin in 2016. 2017SC means Shuangcheng in 2017
B: h? means broad-sense heritability

C: ** means significant at 0.01 levels

Table 2: Summarization of oil content in eight environments

Environment A Parents RILs F h®
Dongnong L13  Heihe 36 Average Std Min Max Kurtosis Skewness
RIL3613
2013KS 19.90 20.10 17.07 0.86 15.19 18.89 -0.69 0.15 19.98" 0.864
2014HRB 20.10 20.30 2051 1.01 17.89 22.37 -0.29 -0.36 27.65" 0.899
2015HRB 19.28 19.80 20.43 0.51 18.54 21.92 0.93 -0.17 6.43" 0.644
2015KS 20.25 20.15 19.69 0.85 16.72 21.83 0.23 -0.10 17.82™ 0.849
2016AC 19.28 18.88 20.26 0.59 18.81 22.25 0.73 -0.27 10.13™ 0.753
2016SC 19.98 20.53 20.18 0.61 18.51 21.78 0.29 -0.28 1153 0.778
2016HRB 20.26 20.90 20.68 0.58 18.39 22.10 253 -0.79 10.58™ 0.761
2017SC 21.90 21.50 21.28 0.40 20.10 22.40 0.79 -0.25 6.16" 0.632
RIL6013 Dongnong L13  Henong 60
2013KS 20.71 20.18 17.03 0.90 14.40 20.13 0.50 0.39 50.04™ 0.942
2014HRB 20.87 20.22 19.52 0.93 16.73 22.39 0.47 0.10 48.28™ 0.940
2015HRB 21.21 20.92 20.16 0.50 18.45 22.63 4.86 0.56 13.63™ 0.808
2015KS 20.07 20.78 19.34 0.82 17.19 21.88 0.06 -0.14 3569 0.920
2016AC 20.09 20.38 20.13 0.54 18.16 21.14 0.83 -0.87 16,55 0.838
2016SC 20.94 20.24 20.00 0.54 18.39 21.21 0.20 -0.48 16.30" 0.836
2016HRB 20.93 20.78 20.68 0.40 18.98 21.74 1.93 -0.81 9.93" 0.748
2017SC 21.40 21.40 21.32 0.38 19.20 22.30 6.08 -1.34 841" 0712

A: 2013KS means Keshan in 2013; 2014HRB means Harbin in 2014; 2015 HRB means Harbin in 2015; 2015KS means Keshan in 2015; 2016AC means Acheng in 2016;
2016SC means Shuangcheng in 2016; 2016HRB means Harbin in 2016; 2017SC means Shuangcheng in 2017
B: h? means broad-sense heritabili

C: ** means significant at 0.01 levels

Table 3: Analysis of variance and heritability on protein and oil contents across multiple environments

Population Trait" Max-imum Min-imum  Mean Standard deviation  CV Fe® Fe© Foxe” h*

RIL3613 PC 4737 36.74 42.18 1.64 3.34 3196.89"F  242.27 107107 0572
ocC 22.40 15.19 19.99 1.40 3.32 5370.70"  19.13" 12.45™ 0.369

RIL6013 PC 48.30 39.18 43.06 1.41 2.86 7062.22" 227587  161.06"  0.311
ocC 22.63 15.17 14.40 1.39 3.26 13450.0”  33.09” 23.30™ 0.317

A: PC means protein content; OC means oil content
B: F £ means F value for environment effects

C: F ¢ means F value for genetic effects
D: F ¢ «e means F value for genotype x environment interaction effects

E: h? means broad-sense heritability
F: ** means significant at 0.01 levels

We detected 13 sites of pairwise interaction related to
PC by AA and AAE analysis in the two RIL populations
(Table 6 and Fig. 3). The AA values ranged from 0.79% to

2.72%, the PVEs for AA ranged from 0.07 to 3.09%, the
total PVE for AAE was 12.87%, the PVEs for AAE
interaction ranged from 0.79 to 2.72%, and the total PVE
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SO | contents in RIL3613 and RIL6013
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Table 4: Additive QTLs associated with protein and oil contents in RIL3613

QTL Chr Marker interval Region in public map Analysis method LOD® PVE (%)® h’(%)° ADDP AE1® AE2® AE3® AE4® AES® AE6® AET" AES®
PC
gPro-Al-2 Al Satt717-Sat_171 51.95-57.79 ICIM 285 3.70 -0.09 -0.219 0.141 0.032 0.114 0.140 -0.017 -0.173 -0.018
gPro-A2-1 A2 Sct_067-Satt589 14.99-33.95 ICIM 416 782 0.10 0.129 0422 0.045 -0.087 -0.308 -0.101 0.001 -0.101
gPro-A2-2 A2 Satt424-Satt233 60.59-100.08 ICIM 474 583 -0.17 -0.044 -0.116 0.074 -0.006 0.003 -0.098 -0.037 0.225
gPro-B1-1 Bl Satt197-Satt359 46.38-102.55 ICIM 411 529 0.12 0.237 -0.085 0.181 0.069 -0.199 -0.048 -0.111 -0.044
gPro-C1-3 C1 Sat 140-Sat 416 41.43-76.41 ICIM 536 7.18 016 0.242 -0.055 0.042 0.164 -0.032 -0.063 -0.250 -0.048
gPro-C2-1 C2 Sat_336-Satt681 3.15-51.84 ICIM 291 359 0.08 0151 0.030 0.124 0.148 -0.194 -0.177 -0.033 -0.049
gPro-C2-5 C2 Satt202-Satt316 126.23-127.66 ICIM 253 420 -0.05 0.244 -0.300 0.091 0.061 -0.017 -0.218 0.058 0.082
gPro-Dla-2 Dla Sat_346-Satt515 53.66-55.68 ICIM 408 434 -0.10 0.130 -0.216 0.258 0.225 -0.100 -0.160 0.022 -0.158
gPro-Dla-3 Dla Sa_346-Satt198 53.66-68.62 ICIM 527 474 0.28 -0.299 -0.209 -0.230 -0.284 0.352 0.268 0.351 0.051
gPro-D1b-1 D1b Satt698-Al856415 38.04-50.11 ICIM 321 349 -0.15 -0.070 0.372 -0.248 -0.124 0.049 -0.043 -0.108 0.172
gPro-D1b-3 D1b Satt041-Satt546 84.04-87.19 ICIM 348 312 -0.03 0.003 -0.172 -0.001 0.104 -0.163 0.048 -0.114 0.295
gPro-D1b-5 D1b Sat_069-Satt271 102.59-137.05 ICIM 321 516 -0.13  -0.045 -0.275 -0.020 -0.024 0.008 0.011 0.144 0.200
gPro-D2-3 D2 Sat_001-Sat 326 92.12-112.84 ICIM 723 13.88 -0.17 -0.510 -0.278 0.245 0.258 0.022 -0.003 0.040 0.226
MCIM 141 -025 -0.369 -0.586 0.338 0.245 0.038 -0.014 0.049 0.304
gPro-F-1 F  GMRUBP-Sat 262  0-9.69 ICIM 273 254 0.05 -0.028 -0.248 0.167 -0.150 0.013 0.117 -0.019 0.147
gPro-F-4 F  Sat 039-SOYHSP176 27.87-68.44 ICIM 336 381 -0.10 0.015 -0.148 0.045 0.060 -0.073 -0.087 -0.077 0.265
gPro-G-1 G  Sat_210-Satt688 3.7-12.54 ICIM 339 534 -0.12 -0.172 -0.275 0.074 0.177 -0.113 0.025 0.038 0.246
gPro-G-3 G  AZ254740-Satt570 8.23-12.74 ICIM 7.88 826 0.00 -0.147 -0.321 0404 0.316 -0.213 -0.075 0.134 -0.099
MCIM 014 0.05 -0.118 -0.236 0.284 0.347 -0.157 -0.073 0.086 -0.127
gPro-G-6 G  Satt503-Satt288 68.76-76.76 ICIM 6.67 7.17 0.13 0.102 0.007 0.115 0.336 -0.205 -0.143 -0.054 -0.158
MCIM 099 035 0477 -0.092 0428 0.655 -0.400 -0.468 -0.123 -0.465
gPro-H-1 H  Sat_200-Satt353 3.02-8.48 ICIM 324 371 0.14 0.018 -0.665 0.158 0.158 -0.010 0.307 -0.204 0.239
gPro-1-1 | Satt367-Satt270 27.98-50.11 ICIM 455 878 0.16 0.453 0.090 -0.065 -0.074 -0.201 -0.092 -0.056 -0.055
gPro-I-2 | Satt354-Sct_189 46.22-113.76 ICIM 274 289 0.06 0.005 0.197 0.178 0.171 -0.213 -0.177 -0.004 -0.158
gPro-J-2 J Satt414-Sat_350 37.04-55.73 ICIM 6.11 884 -0.21 -0.285 -0.145 -0.021 -0.062 -0.047 0.186 0.063 0.311
gPro-J-3 J Satt654-Sat_224 38.09-75.12 ICIM 327 483 0.18 0.181 0.135 -0.041 0.139 -0.223 0.041 -0.167 -0.066
gPro-J-4 Sct_193-Satt183 415-425 ICIM 362 511 0.05 0360 0.051 0.094 -0.050 -0.072 -0.157 0.032 -0.259
gPro-L-1 L  Satt182-Sat 134 14.03-28.27 ICIM 315 538 -0.07 0.067 -0.381 0.089 0.198 -0.125 -0.067 0.087 0.132
gPro-L.-2 L  Sat 134-Sat 191 28.27-32 ICIM 6.61 9.38 0.17 0305 0.202 0.072 0.031 -0.251 -0.133 -0.108 -0.119
MCIM 199 045 0467 0.398 0.055 0.038 -0.270 -0.192 -0.155 -0.334
gPro-L-4 L  Sat 099-Satt229 78.23-93.88 ICIM 392 450 -0.22 -0.323 0.088 0.231 0.159 -0.390 0.126 0.056 0.054
gPro-M-3 M Satt567-Satt697 33.47-85.34 ICIM 501 4.78 0.00 -0.123 -0.038 -0.207 -0.218 0.217 0.297 -0.049 0.121
gPro-M-4 M  Sat_121-Satt346 103.98-112.79 ICIM 599 6.85 0.08 -0.176 0.104 0.189 0.380 -0.134 -0.168 -0.015 -0.182
gPro-O-1 O  Satt358-Sat_303 5.44-20.93 ICIM 422 876 0.18 0.040 0.598 -0.201 -0.077 -0.202 0.047 -0.153 -0.052
oC
qOil-A2-1 A2 Sct_067-Satt589 14.99-33.95 ICIM 11.23 38.44 -0.08 -0.262 -0.260 0.022 0.050 0.114 0.074 0.127 0.134
MCIM 042 -0.10 -0.238 -0.271 0.028 0.026 0.119 0.077 0.127 0.133
qOil-G-1 G  AZ254740-Satt570 8.23-12.74 ICIM 6.79 13.80 -0.04 0.146 0.016 -0.107 -0.204 0.100 0.004 0.044 0.001
goil-G-3 G  Satt503-Satt288 68.76-76.76 MCIM 045 -0.15 -0.142 -0.054 -0.005 -0.051 0.083 0.038 0.024 0.106

A: LOD, log of odd

B: PVE means phenotypic variation explanation ration

C: h? means phenotypic variation explained by additive QTL
D: ADD means additive effects

E: Additive by environment interaction effect. E1: Keshan in 2013; E2: Harbin in 2014; E3: Harbin in 2015; E4: Keshan in 2015; E5: Acheng in 2016; E6: Shuangcheng in 2016;

E7: Harbin in 2016; E8: Shuangcheng in 2017

Table 5: Additive QTLs associated with protein and oil contents in RIL6013

QTL Chr Marker interval Region in public map Analysis LOD® PVE (%)® h*(%)° ADDP AE1® AE2® AE3F AE4E AE5F AE6® AE7® AESF
method
PC
gPro-Al-1 Al Satt276-Sat 171  17.16-57.79 ICIM 270 592 008 0.190 0.028 0.033 0.065 -0.143 -0.086 0.015 -0.102
qPro-A1-3 Al Satt545-Satt200  71.38-92.88 ICIM 368 404 0.4 -0.090 -0.227 0.168 0.196 0.111 0.074 -0.021 -0.211
gPro-B1-2 Bl Sat 128-Sat 095 53.41-81.3 ICIM 253 274 -0.06 0122 0.026 -0.097 -0.114 -0.008 -0.003 0.037 0.039
gPro-B2-1 B2 Sat 230-Sattd74  72.08-75.34 ICIM 319 461 -0.08 0.193 0.145 -0.047 -0.105 -0.122 -0.058 -0.039 0.034
gPro-C1-1 C1 Satt565-Satt713  0-88.94 ICIM 304 904 005 0360 0.089 -0.137 -0.191 -0.010 0.021 -0.050 -0.083
MCIM 035 011 0384 0286 -0.138 -0.213 -0.065 -0.033 -0.114 -0.107
gPro-C1-2 C1 Sat 367-Sat 140  28.04-41.43 ICIM 273 386 011 -0.001 0.065 0.102 0.100 -0.005 -0.064 -0.107 -0.091
gPro-C2-3 C2 Saft376-Satt307  97.83-121.26 ICIM 424 788 001 0466 -0.153 0.131 0.166 -0.118 -0.134 -0.361 0.002
gPro-C2-4 C2 Satt277-Satt316  107.58-127.66 ICIM 29 383 -0.04 0063 -0.038 -0.098 -0.108 -0.106 0.015 0.148 0.123
gPro-Dla-1 Dla Sat 413-Sat 160  5.93-104.27 ICIM 256 4.98 0.7 0.092 0.328 -0.160 -0.268 0.079 0.018 -0.014 -0.074
gPro-D1b-3 Dib Satt041-Satt546  84.04-87.19 ICIM 276 511 002 0180 0.160 -0.163 -0.123 -0.022 -0.140 0.105 0.002
gPro-D2-1 D2 Sattl54-Satt669  57.07-67.7 ICIM 346 869 006 0394 -0.072 -0.067 -0.098 -0.138 0.042 -0.189 0.127
gPro-D2-2 D2 Sat 194-Sat 001  86.69-92.12 ICIM 255 473 002 0224 0090 -0.142 -0.141 -0.040 0.078 0.073 -0.142
gPro-E-1 E  Saft483-Satt553  44.98-67.91 ICIM 297 10.02 010 -0.332 -0.061 0.016 0.041 0.043 0.124 0.045 0.123
gPro-E-2 E  Satt685-Satt231  56.7-70.23 ICIM 305 6.36 001 0305 -0.006 0.011 0.014 -0.096 -0.103 0.109 -0.233
gPro-F-6 F  Saft334-Sat 417  78.05-135.94 ICIM 483 11.64 010 -0.130 -0.334 0.190 0.168 0.018 0.043 -0.041 0.087
gPro-G-4 G  Satt570-AW734137 12.74-15.63 ICIM 316 6.16 011 0.078 0.143 0.030 0.097 -0.151 -0.093 -0.004 -0.099
gPro-G-5 G  Satt352-Satt564  50.52-57.32 ICIM 389 588 027 -0.183 0.366 0.023 -0.102 -0.209 -0.135 0.605 -0.366
gPro-1-3 | Sat 268-Sat 170  55.09-75 ICIM 295 934 000 0454 -0.196 0.003 -0.063 -0.055 0.050 -0.035 -0.158
gPro-J-1 )  Saft414-Sat 255  37.04-43.84 ICIM 392 828 -0.08 -0.195 -0.160 0.195 0.176 -0.027 -0.072 -0.054 0.137
gPro-M-5 M  Satt210-Satt346  112.08-112.79 ICIM 452 11.22 006 0429 -0.102 -0.181 -0.208 -0.068 0.085 -0.024 0.068
gPro-O-2 O  Sat 303-Satt633  20.93-56.93 ICIM 261 878 0.07 0376 0.056 -0.146 -0.091 -0.035 -0.088 0.003 -0.074

Table 5: Continued
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Table 5: Continued

(o]
qOil-A1-1 Al Satt276-Sat_171 17.16-57.79 ICIM  3.00 4.09
qOil-A1-2 Al Satt545-Satt174 71.38-88.58 ICIM 269 299
qOil-A1-3 Al Sat_267-Satt200 78.44-92.88 ICIM  3.04 419
252 440
qOil-B1-1 Bl Sattl97-Sat_123 46.38-100.88  ICIM 270 4.97
563 8.23
qOil-B2-1 B2  Satt168-Sat_009 55.2-78.66 ICIM 272 459
qOil-C1-1 Cl1 Satt396-Sat_367 24.11-28.04 ICIM 424 10.68
qOil-C2-2  C2 Sat_246-Satt277 91.8-107.58 ICIM 288 3.61
qOil-Dla-2 Dla Sat_413-Sat 160 5.93-104.27 ICIM 397 10.36
qOil-D1b-1 D1b Staga002-Sat 289 126.44-131.91 ICIM 448 7.35
qOil-D2-1 D2 Sat_333-Sat_194 5.83-86.69 ICIM 653 17.96
qOil-D2-2 D2  Sat_194-Sat_001 86.69-92.12 MCIM
qOil-E-1 E  Satt685-Satt231 56.7-70.23 ICIM 374 6.35
qOil-F-1 F  Satt030-Sat_240 3.95-25.58 ICIM 373 857
qOil-G-2 G Satt688-Satt570 12.54-12.74 ICIM 261 5.99
qOil-H-1 H  Sattl81-Satt434 91.12-105.73 ICIM 6.25 157
MCIM
qoil-I-1 | Satt571-Satt367 18.5-27.98 ICIM 299 7.68
qOil-1-2 | Sat_170-Satt330 75-77.83 ICIM  6.08 12.28
qOil-J-1 J Satt414-Sat_255 37.04-43.84 ICIM 356 6.81
qOil-0-1 O  BF008905-Sat_221  28.95-51 ICIM 313 7.99
qQil-0-2 O  Sat_221-Sat_341 51-67.93 ICIM 34 889

0.085
0.143
0.035
0.095
-0.110
-0.038
-0.021
-0.239
-0.044
0.138
-0.027
-0.268
-0.262
0.073
0.103
-0.034
-0.211
-0.252
0.025
0.175
0.045
0.200
0.018

0.28

0.07

0.037
0.001
-0.058
0.056
-0.032
-0.068
0.027
-0.022
0.081
0.086
0.120
0.112
0.097
0.003
-0.035

-0.078
0.009

0.030
-0.006
-0.005
0.064
0.094
-0.087
0.086
-0.013
0.115
0.042
0.129
0.064
0.025
-0.153
-0.302
-0.050
0.184
0.197
-0.157
0.125
-0.090
-0.294
0.104

-0.074
0.019
0.056
-0.089
-0.031
0.033
0.003
0.088
-0.038
-0.020
0.009
0.022
0.028
0.125
0.067
0.039
-0.031
-0.010
0.055
-0.109
0.050
-0.018
-0.009

-0.051
-0.075
-0.086
-0.056
-0.058
0.278
0.006
0.000
-0.056
0.021
0.058
0.012
0.040
0.165
0.101

-0.109

-0.020
-0.099
0.002
0.000
-0.001
0.160
0.027
0.029
-0.082
0.017
-0.102
0.044
0.060
-0.035
-0.010
0.040
0.057
0.096
0.054
-0.052
0.001
-0.023
-0.074

0.015
-0.105
0.027
-0.013
0.068
0.142
0.036
0.100
0.009
0.038
-0.154
0.080
0.074
-0.078
-0.122

-0.018

A: LOD, log of odd
B: PVE means phenotypic variation explanation ration

C: h? means phenotypic variation explained by additive QTL
D: ADD means additive effects

E: Additive by environment interaction effect. E1: Keshan in 2013; E2: Harbin in 2014; E3: Harbin in 2015; E4: Keshan in 2015; E5:

E7: Harbin in 2016; E8: Shuangcheng in 2017

Table 6: Epistatic QTL for protein and oil contents

Acheng in 2016; E6: Shuangcheng in 2016;

Trait Popu- QTL_i Marker Interval QTL_j  Marker Interval ~ Analysis AA® h(AA)®  h(AAE)® AAE1° AAE2® AAE3® AAE4® AAES® AAEE® AAE7T’ AAESP
lation method i &)
PC RIL3613 qPro-D1b- Sat_069Sat 183 qPro-N-1 Satt631-Sattl25  ICIM  -0.115 053 1.84 0275 0132 -0279 -0243 0284 017 0107 0.104
4
gPro-Dla- Satt515-Satt254 qPro-M-4 Sat 121-Satt346  ICIM 0191 111 151 0191 0219 0281 0166 -025 -0.342 -0.123 -0.142
4
gPro-C2-2 Satt640-Satt281 qPro-M-4 Sat 121-Satt346  ICIM  0.167 1.02 2.14 0496 0076 0129 0043 -016 -0.311 -0.163 -0.109
gPro-M-2  Sat_389Satt697 qPro-F-2 Satt030-Sat 262  ICIM  -0.227 1.81 0.79 0238 -0054 -0041 -0.126 0101 009 0034 0234
gPro-D1b- Satt041-Satt546 gqPro-F-5 Satt510-Satt334  ICIM 0224 177 13 0371 0154 -0.011 -0028 -0.147 -0.367 0.027 -0.346
3
gPro-J-5  Sct_193Sat 255 qPro-J-6 Sat 255-Satt620  ICIM  0.056 0.12 272 0329 0004 0285 0286 -0222 -0454 -0.164 -0.062
gPro-H-3  Satt293-Satt434 qPro-G-2 Sat 210AW734137 ICIM  -0.223 1.79 139 0114 0295 0121 -0208 015 0158 0098 0.332
gPro-Dla- Satt515-Satt254 qPro-M-1 Sat 389-Satt245 ~ MCIM  0.200 0.88 157 0260 0179 -0.035 -0.026 -0212 -0.055 -0.178 0.064
4
gPro-Dla- Sat _346Satt515 qPro-M-3 Satt567-Satt697 ~ MCIM 0543 3.09 115 0112 0035 -0059 -0075 0044 0035 -005 -0.042
2
gPro-D1b- Satt698-Satt271 qPro-L-3 Satt497-Sat 099  MCIM 0.063 0.07 2.37 0326 0663 -0.043 0067 -0217 -0.058 -0223 0.145
2
gPro-J-4  Sct_193Satt183 qPro-J-6 Sat 255-Satt620  MCIM  0.032 0.12 131 0695 -0.162 0445 0458 -0429 -0.794 -0.151 -0.062
RIL6013 gPro-H-2 Satt293-Satt181 gPro-F-3 Satt030-Sat 240 MCIM 0.062 0.18 2,68 0412 0189 -016 -017 -016 -0101 -0.024 0.02
gPro-B2-2 Sat_009Satt474 qPro-J-7 Sat 255-Sat 394 MCIM -0.182 0.38 172 0277 0127 0132 0136 0005 0016 -003 0.144
OC RIL3613 qOil-Dla-3 Sat _346Satt198 qOil-M-1 Satt567-Satt346  ICIM  -0.025 55 14 0197 -0096 -0.147 -0.383 0108 0097 0223 0002
qOil-Dla-1 Sat _332Sat 413 qOil-C1-3 Sat_140-Satt396 ~ MCIM 0.067 0.23 0.46 0108 0.063 0009 0039 -0056 -0.078 0013 -0.100
qOil-M-2  Satt626-Satt536 qOil-F-2 Sat_039-Sattd25 ~ MCIM  -0.099 0.34 0.62 0065 001 -0054 -0253 0057 0048 0044 0084
RIL6013 qOil-H-1  Satt181-Satt434 qOil-D2- Sat 194-Sat 001 MCIM 0.073 0.15 0.49 0.007 0046 0037 0072 -0023 -0.063 -0.064 -0.013

2

for environmental interaction was 19.77% for PC. Four
pairwise interaction sites, qPro-D1b-4~gPro-N-1, gPro-M-
2~gPro-F-2, gPro-H-3~gPro-G-2 and gPro-B2~2-gPro-J-
7, showed negative epistatic effects, while the remaining 9
pairwise interaction sites showed positive epistatic effects.
For 4 pairwise interaction sites (qPro-M-2~gPro-F-2, gPro-
D1b-3~gPro-F-5, gPro-H-3~qPro-G-2 and gPro-Dla-
2~qPro-M-3), the PVE for the epistatic QTLs was greater
than the PVE for the AAE interaction, indicating that it was
strongly impacted by the epistatic effects, whereas for the
other nine pairwise interaction sites, the PVE of the epistatic
QTLs was lower than that for the AAE interaction,
indicating that it is greatly impacted by the environment.

Likewise, we detected five sites of pairwise interaction
related to OC by AA and AAE analysis in the two RIL
populations (Table 6 and Fig. 3). The AA values ranged
from 0.025 to 0.099%, the PVEs for AA ranged from 0.04
to 5.5%, explaining 6.26% of the total variation in OC, and
the PVEs for AAE ranged from 0.46 to 1.40%, explaining
3.49% of the total variation in OC. Three pairwise
interaction sites, qOil-D1a-3~qQil-M-1, gOil-M-2~qQil-F-2
and Oil-C1-2~qOil-C2-1, showed negative epistatic
effects, while the other two (qOil-Dla-1~qOil-C1-3 and
qOil-H-1~qOil-D2-2) showed positive epistatic effects. For
qOil-D1a-3~qOil-M-1, the PVE for the epistatic effect was
greater than that for AAE, indicating that it is greatly
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Fig. 3: Epistatic QTL for protein (blue lines) and oil (red lines)
contents in RIL3613 (a) and RIL6013 (b) populations

impacted by the parents, whereas the reverse was true for
the other four pairs epistasis effects QTLs, indicating that it
is greatly impacted by the environment.

Overall, for PC and OC combined, among the
significantly epistatic QTL pairs that we found, two epistatic
effects were due to the interactions of two significant QTLSs,
seven to the interactions of one significant and one non-
significant QTL and the remaining four to the interactions of
two non-significant QTLs (Table 4, 5 and 6).

Discussion

RIL populations are homozygous populations in which
progeny reliably inherit their parents' traits, generally
created by plant breeders as a means to develop new
varieties, or to perform QTL mapping (Luo et al. 2015;

Warrington et al. 2015). However, the number of
polymorphic markers between the parents may be limited,
resulting in a low marker density in molecular genetic maps
constructed from RILs (Zhang and Wang 2015). To
overcome this limitation, plant breeders use multiple-
population improvement, a strategy that has been useful in,
for instance, rice (Zeng et al. 2017), Arabidopsis thaliana
(Bloomer et al. 2014), maize (Li et al. 2014; Pan et al.
2017), soybean (Mao et al. 2013; Kamfwa et al. 2017).
However, separate populations may not contain the same
QTL markers, making it difficult to accurately estimate the
number of common QTLs across multiple genetic
backgrounds.

In this study, we used two RIL populations with a
common female parent (Dongnong L13) and were able to
detect 32 QTLs with overlapping locations in both
populations (Fig. 2, 4). The gPro-Al-1 and gOil-Al-1
regions overlapped the gPro-Al-2 region; the gPro-Al-1
region contains a QTL previously found by Mao et al.
(2013), while gOil-A1-1 was found to be a hotspot region by
Rossi et al. (2013), Brummer et al. (1997), Qi et al. (2011)
and Han et al. (2015). In the B1 linkage group, the gPro-B1-
1 region contains gPro-B1-2 and gOil-B1-1; the former
overlaps with a QTL previously identified by Gai et al.
(2007), and also with Seed protein 25-1 (Gai et al. 2007),
and the qOil-B1-2 interval contains Seed oil 39-2, identified
by Wang et al. (2014b). In the C1 linkage group, the gPro-
C1-1 region overlapped gPro-C1-3, identified as a hotspot
region found by several previous studies (Orf et al. 1999;
Stombaugh et al. 2004; Mao et al. 2013; Wang et al.
2014b). Similarly, the gPro-C2-4 region contains the gPro-
C2-5 region, and both are consistent with QTLs identified
by Pathan et al. (2013); moreover, numerous QTLs related
to seed PC in soybean have been located in the gPro-C2-4
hotspot region (Csanadi et al. 2001; Liang et al. 2010;
Pathan et al. 2013; Rossi et al. 2013). In the Dla linkage
group, the gPro-Dla-1 and gOil-Dla-2 (5.93-104.27 cM;
Sat_413-Sat_160) regions overlapped the gPro-Dla-2 and
gPro-Dla-3 regions, the genome is widely located of qOil-
Dla-2 and gPro-Dla-1. Several QTLs relevant to soybean
protein and oil contents have previously been located in
these hotspot regions (Brummer et al. 1997; Csanadi et al.
2001; Specht et al. 2001; Qi et al. 2011; Mao et al. 2013;
Wang et al. 2014b; Qi et al. 2014; Han et al. 2015). In
addition, gPro-D1a-3 contains Seed protein 40-4 located by
Qi et al. (2014). In the D1b linkage group, the gPro-D1b-5
region overlapped the qOil-D1b-1 region detected by Mao
et al. (2013) and Qi et al. (2014) and gPro-D1b-3, which
controlled PC in both populations, was also found by Qi et
al. (2014) in the Charleston and Dongnong 594 soybean
strains and can be expressed stably in multiple genetic
backgrounds simultaneously. In the F linkage group, the
gPro-F-1 region overlapped the qOil-F-1 region and it
includes Seed oil 24-4, located by Qi et al. (2011), and is
accordant with the QTL identified by Mao et al. (2013). In
the G linkage group, the gPro-G-3 region included gOil-G-2

500



D2

Response of Soybean Quality Traits to Epistatic Effect/ Intl J Agric Biol, Vol 24, No 3, 2020

Fig. 4: Continue

k
el ot
o!"r.»
rapess
proein 3631
protein-8-1
gvaP- Pro-1-3 . 2
o:.&»mﬂw?... protoin-48-1 ﬁ z
* gPro-12 pootela-307
—lﬂu.l.na.u ia.r’._.q
protgin-35-3 protein-34-10
‘g—il 8-1 -
0-63.9.- 26-5 protein-33-4
peoggte-1-1 g ol
- 3 g
protgin-31-1
‘RIQ—BBOQ - e ?
protein-34-11 < m m
protgin-10-1 -
protein-37-8 A’J/Mnﬁu—
peogia-il-1 o0il-37-9
!‘"ﬂ—-vlnll [
—i -
g —
g : W 6
3 i 0§ 3 i BN R <8 5 ¥ 8 iz
¥ B 2
3 i i g LI B i g g - F 23 3
t w = : o a4 - 4 + 3 - ! 4 = >
- & ~ a PN | 3 $
“ & B 3 g3 : 8 3 = % § 23 3§ 2 a3 28 g
qOil-A2-1 O OILC2 .
Sar & e Tt e — ﬁawf
o o332 Oil-Dls-3
W NS s
0il-30-5 SN ﬁ
oil-24-21
= oil009 cil46 3
- 5 S ™ Db
5§ e - S——
A 2z azeo oo
0 < P24 o132 s}
e .
=2 = 1‘.'.&.“% oamovfg ?hx ?.“ﬁz R_z
e o o232 _oil:39-5 5
Al-1 Al-2 peotein-012 NS "3&
il K eaﬂﬁ JroDlel [
e o1 e’ el

8 IR M profsin 281 protgerl3-l ;
off3-s peinzes o313 k3613
oil-24-16 ~ I :

8 — raie -
2 g o e =
ol 12

Y -l = Pl peads ,
osa2 peotin 314 ' protgin- ok 612 1'.:._

E_.. E.& u.a.-nub& o?e.w_?u nl o )
protge-23 proges-t peviein 015 potein-i0-4 K m_
protein-36-1 ) tcin w N m

T s : i 3% 3 %3 7 §%e | H; |

i3 3 | AR L I 235 1 M
—t : b = i cwa O ] i i T ... 4 = e -
2 5 3 $ 4 s & 24 - i z&g * $ § ¢ §

501



Wang et al. / Intl J Agric Biol, Vol 24, No 3, 2020

0.0 —+— Sat_196

54— Satt35§ = I

s T

T0oagb

£61-0
B4

g
:
L]
11-1
|
Ob-9-umacsd
TOrosgh
o~
|
Loy
=
SE-ErTe
RN
1-0-ob

£ 0
=
EEErme

679 —— Sat 341

93.4 —v— Bait33] £d

Fig. 4: Genomic region of QTL associated with protein and oil

contents in present and previous researches

QTLs shown in red colour and blue colour were identified in RIL3613 and RIL6013
population in this study, respectively; QTLs shown in black were identified in
previous studies

and overlapped the Seed protein 20-1 region. In addition,
several QTLs related to soybean PC have previously been
identified in widely distributed locations of gPro-I-2 (Lu et
al. 2013; Rossi et al. 2013; Hacisalihoglu et al. 2018). The
qOil-J-1 and gPro-J-1 regions overlapped gPro-J-2, gPro-
J-3 and gPro-J-4. Among these, qOil-J-1 is consistent with
the results of Mao et al. (2013) and Eskandari et al. (2013).
Finally, the gPro-M-4 region overlapped the gPro-M-5
region in the M linkage group.

QTLs can exist in the same chromosome region in
different populations simultaneously, which can to some
extent allow the improvement of multiple traits at the same
time. Here, we compared newly identified QTLs with those
known from previous studies of strains with different
genetic backgrounds to improve the accuracy and versatility
of these QTLs.

Some specific QTLs were identified in only one of our
two populations. In this study, 41 QTLs located on 11
chromosomes (Al, A2, B2, C1, C2, D2, F, G, H, | and O)
were found to have no overlapping region in the two
mapping groups (Fig. 2 and 4). Most of the QTLs we found,
with the exception of gPro-Al-3, qPro-A2-2, qOil-C1-1,
gOil-C2-3 and qOil-H-1, were already known from previous
studies. Only some are stable in different genetic
backgrounds—such as qPro-I-1, gPro-C2-3, qOil-B2-1,
qoil-C2-2, qOil-D2-1 and qQil-I-1, which are in known
hotspot regions—which underlines the potential importance
of the influence of specific QTLs in breeding.

Beside confirming various QTLs already found to be
as associated with soybean protein and oil contents in
previous researches (as discussed above), we also identified
10 previously unknown QTLs in the RIL3613 population
and seven QTLs in the RIL6013 population that are
associated with one or both of these traits.

Neglecting the presence of epistasis impairs the ability
to recognize QTLs and reduces the efficiency of MAS
(Palomeque et al. 2010; Korir et al. 2011; Qi et al. 2017).
We therefore mapped the epistatic effects (AA) and
epistasis by environment interaction effect (AAE) for PC

and OC using ICIM and MCIM models for two RIL
populations in eignt environments. Overall, we detected 13
and five epistatic QTL pairs for PC and OC, respectively, in
linkage groups B2, C1, C2, D1a, D1b, D2, F, G, H,J, L, M
and N. Traits are affected not only by main effect QTLs but
also by the interactions among loci (Ding et al. 2014;
Jannink 2007; Tan et al. 2018); thus, epistatic effects are a
significant factor for complex traits, such as PC and OC. In
the present study, the multi-environment joint analysis
method identified two pairs of epistatic QTLs that occur
between significantly additive QTLs, as well as 6 significant
additive effects QTLs, that participate in epistatic and
environmental interactions, interact with other QTLs, and
increase the phenotypic variation of the epistasis effect, the
overall phenotypic variation and the MAS efficiency, as
indicated by the phenotypic variation explained (PVE) value
of significant additive effect (Fig. 3, Table 4, 5 and 6
underline). The other five pairs of epistatic QTLs are linked
by non-significant additive QTLs, which indicates that QTL
can not only directly affect phenotypic expression, but also
affect the expressed traits through interactions with other
loci; this knowledge can be used to improve the efficacy of
QTL detection, which is related to the general genetic status
of quantitative traits (Li et al. 2014; Teng et al. 2017). Four
of these pairs of epistatic QTLs, gPro-Dla-2~gPro-M-3,
qOil-D1a-3~qOil-M-1, gPro-Dla-4~gPro-M-4 and gPro-
Dla-4~gPro-M-1, involve QTLs located in linkage groups
Dla and M; two other pairs of epistatic QTLs, qPro-M-
2~qPro-F-2 and qOil-M-2~qOil-F-2, are between QTLS in
linkage groups M and F; and gPro-J-6~gPro-J-4 and gPro-
J-6~qPro-J-5, are between QTLs in the same linkage group.
gPro-Dla-4 and gPro-J-6 are stable loci whose epistatic
interaction has been repeatedly identified, and it seems
plausible that they may contain genes regulating PC in
soybean seeds. The above six pairs of epistatic QTL regions
all overlap to some extent, indicating that a QTL controlling
one trait may produce multiple epistatic effects in different
environments.

Many studies have shown that the PC and OC of
soybean seeds can be affected by common markers, but
there have been relatively few studies showing the influence
from overlap between common epistatic interaction regions
(Brummer et al. 1997; Csanadi et al. 2001; Lee et al. 2019).
Here, we found that the overlapping gPro-Dla-2~gPro-M-3
(marker interval Sat_346-Satt515~Satt567-Satt697) and qOil-
D1a-3~qOil-M-1 (marker interval Sat_346-Satt198~Satt567-
Satt346) regions jointly control soybean seed PC and OC, as
do gPro-M-2~gPro-F-2  (marker interval Sat 389-
Satt697~Satt030-Sat_262) and qOil-M-2~qOil-F-2 (marker
interval Satt626-Satt536~Sat_039-Satt425) (Fig. 3 and
Table 6). These results indicate that epistatic interaction
plays a major role in the accumulation of PC and OC in
soybean seed and must be taken into consideration in
investigating the genetic bases of these two traits.

Epistatic effects and environmental factors play major
roles to formation in complex traits (Allard 1996; Karikari et
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al. 2019). Soybean seed protein and oil content QTLS have
genetic specificity and environmental sensitivity (Wang et al.
2015b) and can thus be identified by analysis of AA and
AAE QTLs. A low PVE for AAE indicates an epistatic
effect is non-essentially affected by the environment, and
thus a QTL that can be stably expressed, whereas a high
PVE for AAE indicates a highly environmentally sensitive
QTL. In this study, the PVEs for 5 epistatic QTL pairs, gPro-
M-2~gPro-F-2, gPro-D1b-3~gPro-F-5, gPro-H-3~gPro-G-
2, qPro-Dla-2~gPro-M-3 and qOil-D1a-3~qOil-M-1, were
greater than the PVEs for environmental interaction,
indicative of stable inheritance in different environments,
whereas the remaining epistatic QTL pairs are
environmentally sensitive and only expressed in particular
environments (Fig. 3 and Table 6). In MAS breeding
strategies for seed protein and oil traits, it is important not to
merely consider the additive and epistatic effect QTLs, and
additive x environment (AE) and epistasis x environment
(AAE) interaction effect QTLs must also be considered for a
specific environment. Stabilizing effect QTLs with weak or
no interaction with the environment, stable genetic bases and
high degrees of variation should be selected.

Conclusion

We detected 50 PC and 23 OC additive-effect QTLs and 13
PC and 5 OC epistatic-effect QTL pairs in two soybean
populations. Of these, 12 QTLs were in previously known
hotspot regions and 17 QTLs were newly identified, giving
these results theoretical and practical significance for future
MAS initiatives.
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