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ABSTRACT

Enhancing protein and oil amounts in soybean seed is one of the main objectives of breeding programs. The aim of this
study was to identify quantitative trait loci (QTLs) responsible for protein and oil contents in two recombinant inbred
lines (RILs) of soybean. Genotyping of the RIL3613 (Dongnong L13xHeihe 36) and RIL6013 (Dongnong L13xHenong
60) populations was performed using simple sequence repeat markers (SSRs), respectively. Phenotypic data for protein
and oil contents in both populations were collected in three different environments. The results indicated wide variations
across the lines and among different environments in protein and oil contents, with statistical significance. Nine and five
QTLs responsible for protein and oil contents, respectively, explained 6.4515%-13.0368% and 5.7236%-17.7396% of
the overall phenotypic variations. Of the detected QTLs, one was previously unknown. These QTLs would be very
valuable for breeding soybean with improved nutritional quality.
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INTRODUCTION al, 2010; Li, et al, 2010; Qi et al, 2011; Pandurangan, et
al, 2012; Wang, et al, 2012; Eskandari, et a/, 2013; Lu, et
Improvements of protein and oil contents in al, 2013; Mao, et al, 2013; Rossi, et a/,2013; Han, et al,
soybean [Glycine Max. (L.) Merry] would increase the 2015; Warrington, et al, 2015). Most studies searched
nutritional value of this crop. Meanwhile, extensive QTLs responsible for protein and oil contents in single
phenotypic variations of protein (34.1% to 56.8%) and oil populations under the same environmental conditions.
(8.1% to 27.9%) contents in soybean suggest a huge Such QTLs cannot be validated for different genetic
improvement potential (Wilson, 2004). Detection of backgrounds or environments, and are not useful for
quantitative trait loci (QTLs) controlling protein and oil molecular selection in order to improve the quality traits
contents would help genetically improves the amounts of of soybean.
these nutrients in soybean. Because of the complex effects of genetic
Soybean seed protein and oil contents follow the background and environmental conditions on protein and
inheritance model as quantitative traits controlled by oil contents, different QTLs have been reported by
multiple genes whose expression levels have small or various researches, which limited the application of QTLs
large effects, federatively or severally (Boerma and in soybean breeding programs. To increase the accuracy
Specht, 2004). Multiple QTLs for seed protein and oil and reliability of the detected QTLs, studies have
amounts are distributed on 20 chromosomes in soybean included populations of different genetic backgrounds,
(Diers et al, 1992; Lee, et al, 1996; Brummer, ef a/,1997, ~ With  multiple  germplasms  planted in  multiple
Orf, et al, 1999; Qiu, et al, 1999; Sebolt, et al, 2000; environments (years and/or locations). For instance, Lee
Specht, et al, 2001; Chung, et al,2003; Tajuddin, et al, et al (1996) identified thirteen and eleven QTLs
2003; Hyten et al, 2004; Kabelka, et al, 2004; Jun, et al, ~ Tesponsible for protein and oil contents, respectively,

2008; Panthee, et al, 2006; Reinprecht ef al, 2006; Gai e~ Using two recombinant inbred line (RIL) populations.

al, 2007; Shibata, et al, 2008; Kim et al, 2010; Liang, et Meanwhile, Brummer et al (1997) analyzed protein and
oil amounts in eight populations across multiple
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environments, and identified twelve and eleven QTLs
responsible for protein and oil contents, respectively. Orf
et al (1999) found five and six QTLs that control protein
and oil contents, respectively, using three RIL
populations. Sebolt et al (2000) reported two proteins and
two oil QTLs in two RIL populations; Mao et al (2013)
identified forty and thirty-five QTLs associated with
protein and oil contents, respectively, in three RIL
populations across eight environments. The remaining
studies were based on single populations. For example,
Diers et al (1992) reported eight and nine QTLs
responsible for protein and oil contents, respectively,
while Hyten et a/ (2004) mapped four and six QTLs
associated with protein and oil contents, respectively, in a
RIL population of 131 lines. Association mapping
populations are important entities involving multiple
backgrounds, constructed by a common parent crossing
with other parents; this has the advantage of constructing
high density linkage maps and enhancing QTL detection
(Simon et al, 2008; O’Neill et al, 2008). Meanwhile,
since there are common markers among different
populations, the mapped QTLs could be compared and
validated (Wang ef al, 2014). Thirteen and eleven QTLs
were identified for protein and oil content, respectively
using two recombinant inbred lines (RIL) populations
(Lee et al., 2019). The analyzed data of oil and protein
content in eight populations across multiple environments
revealed twelve QTLs for protein and eleven QTLs for
oil content (Tian et al., 2020). Five QTLs controlling
protein content and six OTLs controlling oil content
using three recombinant inbred line populations were
used (Zhang ef al., 2020). Two protein QTLs and two oil
QTLs in two recombinant inbred line populations were
observed (Zhu et al., 2020).

Past studies conducted on a single population
identified with eight QTLs for protein content and nine
QTLs for oil content (Xue et al., 2019) and mapped four
QTLs for protein content and six QTLs for oil content in
RIL population of 131 lines (Zhang et al,
2019).Association mapping populations were a type of
population involved with multiple backgrounds, which
were constructed by one common parent and by crossing
with other parents with the advantage of constructing
high-density linkage maps and enhancement of QTL
detecting power (Scott et al.,2020). Also, there are
common markers among the different populations, and
the mapped QTLs could be compared and validated with
each other (Kaler et al., 2020).

In the present work, two association
recombinant inbred line populations of soybean were
used as genetic materials and planted in three
environments. Then, phenotypic (protein and oil
contents) and genotypic data were assessed for each line
by the inclusive composite interval mapping method
(ICIM) to detect QTLs. The objective of this research
was to identify stable QTLs associated with protein and
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oil contents, by validation of repeated findings in
different populations and environments. Our findings
would be of great importance in improving soybean
quality.

MATERIALS AND METHODS

Genetic materials: The current study involved two F2:6-
derived RIL populations, which were developed by the
single-seed descent method at Northeast Agricultural
University in Harbin, China. The RIL3613 population
was comprised of 134 RILs, derived from Dongnong L13
(45.50% protein, 18.74% oil)xHeihe36 (39.80% protein,
19.28% oil) crosses; RIL6013 encompassed 156 RILs,
obtained by Dongnongl.13xHenong 60 (38.47% protein,
22.25% oil) crosses. The seeds of all RILs were planted
in Keshan (E125.64 °, N48.25 ©) in May 2013 and Harbin
(E 126.63 °, N 45.75 °) in May 2014 and 2015,
respectively. The two RIL populations were planted by
the randomized complete block design, with three
replications in the same field. In all experiments, seeds
were planted in rows of Sm, 0.65 m apart, with a 6 cm
space between two plants. Exactly 10 plants of a single
genotype from each plot were harvested for seed
collection. Three seed samples totaling about 20-25
grams were assessed per plot for protein and oil content
son a FOSS Infracted 1241 NIR grain analyzer (FOSS,
Sweden).

Genotyping: The CTAB method was used for genomic
DNA extraction from three parents and RILs (Doyle and
Doyle, 1990). A total of 652 pairs of simple sequence
repeat (SSR) primers selected from Soybase
(http://www.soybase.org) were screened according to
polymorphisms between the two parents of each cross.
Polymerase chain reaction (PCR) consisted of 11.5ul of
ddH20, 3ul of genomic DNA (25 ng/ul), 3ul of SSR
primers (2uM) and 0.2pl of Taq polymerase (10 units/pl).
The amplification program consisted of 5 min at 94°C,
followed by 38 cycles of 30 sec at 94°C, 30 sec at 47°C
and 30 sec at 72°C, with a final extension for 5 min at
72°C. The resulting PCR products were mixed with
loading buffer (2.5 mg/ml diphenylamine blue, 10mM
EDTA, and 95% (v/v) formamide), denatured for 10 min
at 94°C and placed on ice for 5 min. The denatured PCR
products were separated by 6% (w/v) denaturing
polyacrylamide gel and visualized by silver staining
(Mao et al., 2013).

QTL mapping: Based on the simple sequence repeat
(SSR) linkage map constructed in previous research
(Ning et al, 2018), QTL IciMapping version 4.0 (Wang et
al., 2014) was used for QTL analysis for each
environment in the mapping populations. QTL analysis
was performed by Inclusive Composite Interval Mapping
(ICIM) methods implemented via IM-ADD and ICIM-
ADD modules to evaluate QTL effects; the LOD score
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threshold was set at 2.5. The estimated QTL position was
the point of maximum LOD score in the region under
consideration. Genotype predictions for each line were
also based on posterior probability of the genotype for
each line.

Statistical analysis: Statistical analyses for mean,
standard deviation, minimum, and maximum were based
on the average of each trait for every line in different
environments. Analysis of variance (AVOVA) was
carried out, including genotypic, environmental and error
effects.

Broad-sense heritability of protein and oil
contents was computed as

2
Og

h =
ortoule+a’/(ge)
2 2
Where ©zandPcare genetic and residual variances
obtained from the expected mean squares of AVOVA

(Nyquist 1991). All analyses were performed with the
SAS software version 9.2 (SAS Institute, Cary); PROC
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MEANS, PROC GLM, and PROC VARCOMP were
used for statistical analysis, ANOVA, and estimation of
variance components, respectively.

RESULTS

Phenotypic variation analysis: Results further showed
larger variation in both RIL populations for oil and
protein content. Both populations were significantly
influenced by the environment (Table 1).

However, on average both populations exhibited
similar performance, minimum and maximum values for
the two traits within the three environments. The means
of oil and protein content (42.81 and 19.28%) for
recombinant inbred line 3613 were slightly lower than
those observed in the recombinant inbred line 6013
(43.10 and19.57%proteinand oil content, respectively)
(Table 2).

Table 1. Variation and hereditability of protein and oil content for RIL3613 and RIL6013

Traits I\E[(;?)n Standard deviation minimum
RIL3613
Protein content 42.81 1.93 36.74
Oil content 19.28 1.81 15.19
RIL6013
pro 43.10 1.66 37.18
oil 19.57 0.92 16.40

maximum FenvA I;‘genB h*°
47.37 14.077°¢ 1.98™ 0.90
22.37 1053.8" 2.05™ 0.12
47.49 50.63" 1.33% 0.29
22.63 88.96™ 1.36™ 0.39

AF ey means F value for environment effect. B means F value for genotypic effects. C ““mean significant at 0.01 level. D

h? means heritability.

Table 2. Statistical analysis on oil and protein content in three environments for parents, RIL3613 and RIL6013 (%).

Parents RIL3613 RIL6013
Environment* Dongnong Heihe Henong Mean Standard Mini- Maxi- Mean Standard Mini- Maxi-
L13 36 60 Deviation mum mum deviation Mum mum
Protein content
2013KS 44.50 40.52  39.60 43.39 2.07 38.00 4737 42.13 1.90 37.18 46.30
2014HRB 44.13 39.66 40.24 4235 2.23 36.74 46.14 43.63 1.55 39.63 47.49
2015HRB 43.82 38.86  39.76  42.62 1.26 38.6 44.80 43.58 0.92 39.90 46.00
Oil content
2013KS 17.86 18.02 2142 17.07 0.86 15.19 18.89 19.03 0.90 16.40 22.13
2014HRB 18.43 2044 21.67 20.51 1.01 17.89 2237 19.52 0.93 16.73 22.39
2015HRB 18.88 2021 21.88  20.43 0.51 18.54 21.92 20.16 0.50 18.45 22.63
A: 2013KS mean Keshan in 2013; 2014HRB means Harbin in2014, 201 5HRB means Harbin in2015

Significant effects of environments were crosses on the power to discover QTL for oil and protein

observed on oil and protein content, indicating its liability
in the detection of different QTLs in various
environments (Table 3). In both populations, the
heritability was extremely varied. The heritability for
protein content was higher in recombinant inbred line
3613 as compared to recombinant inbred line 6013, while
cross-current was observed for the oil content. This
showed the existence of differences between the two
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content.

QTL analysis: We identified six QTLs for protein
content in RIL3613 and two in RIL6013 on the linkage
groups Al, B1, D2, F, I, J, L, and O (Figure 1, Figure 2,
Table 3). In RIL3613, gpro-Bl-1 (satt359-satt197)
explained 8.73% of the phenotypic variation, with
synergic alleles from Dongnong L13; qpro-D2-1
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(sat_001-sat 326) accounted for 18.38% of the
phenotypic variation, with positive additive effect alleles
from Heihe 36. The positive additive effects were from
the gpro-I-1 (satt367-satt270) alleles in Dongnong L13,
which explained 22.94% of the phenotypic variation. The
gpro-J-1 alleles (sat 350-satt414) in Heihe 36 could
increase protein content and contributed to 13.75% of the
phenotypic variation. For gpro-L-1, positive additive
effect alleles were carried by Dongnong L13, and
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accounted for 15.62% of the phenotypic variation.
Meanwhile, gpro-O-1 (Satt358-sat-303) could enhance
protein content via Dongnong L13 alleles, defining
27.96% of the total variation. In RIL6013, gpro-F-1 could
enhance protein content through alleles carried by
Henong 60 parents, with an explanation ratio of 20.86%
for the phenotypic variation. Dongnong L13 carried
positive synergic alleles of qpro-O-2 (Satt633-Sat 303),
which explained 14.08% of the total variation.

Table 3. QTL for protein and oil content in two populations across three environments.

B P .
QTL Interval LODA P(:::) A;lf(};tcltve P()tli):l:a' El::l’g:;n- reference®
Protein content
qpro-A1-1 Satt717~Satt620 2.6612 304078 -1.1460 RIL3613 2013KS [1,2,3,4]
qpro-B1-1 Satt359~Satt197 2.6149  8.7317 0.3787  RIL3613 2015HRB [5,6,7,8,9,10]
qpro-D2-1 Sat 001~Sat 326  4.0585 18.3751 -0.9058 RIL3613 2013KS [2,3,11]
qpro-F-1 Sat_417~sat_039 3.0418 20.8565 -0.7073 RIL6013 2014HRB [1,2,10-20]
qpro-I-1 Satt367~Satt270 34880 229465 1.0136  RIL3613 2013KS [1-3,7,9,10,14,18-27]
qpro-J-1 Sat_350~Satt414 2.5638 13.7492  -0.8266 RIL3613 2013KS [5,12,14,28]
qpro-L-1 Sat_134~Sat 191 3.0405 15.7262  0.8169  RIL3613 2013KS [5,9,14,22,24,28,29]
qpro-0O-1 Satt358~Sat 303 3.1040 27.9655 1.3115  RIL3613 2014HRB [8,9,10,13,14,28,30,31]
qpro-0-2 Satt633~Sat 303 2.6445 14.0824  0.7576  RIL6013 2013KS [8,9,10,13,14,28,30,31]
Oil content
qoil-A2-1 Sct_067~Satt589 5.5640 189927 -0.3737 RIL3613 2013KS 9]
43329 16.0570 -0.4035 RIL3613 2014HRB
qoil-C1-1 satt565~satt396 3.6129 143395 -0.3992 RIL6013 2013KS [9,14,19,32,33]
qoil-Dla-1  Satt515~AZ24740  3.4940 22.0383 -0.2550 RIL3613 2015HRB [2,3,11]
qoil-D2-1 sat 333~sat 194 5.3279 164686 -0.4271 RIL6013 2013KS [1,4,10,11,12,14,17,19,28,29,34,35]
qoil-H-1 Satt181~satt434 2.7528 7.1346  -0.2724  RIL6013 2013KS
A LOD means log of odd.

B PVE means phenotypic variation explanation ratio.
C [1] Bachlava et al, 2009; [2] Brummer, ef al,1991;[3] Han, et al, 2015;[4] Ha et al, 2014[5] Kim et al, 2010;

[6] Gai et al, 2007; [7] Diers et al, 1992; [8] Li, et al, 2011; [9] Qi et al, 2011; [10] Reinprechtet a/, 2006;

[11] Hyten ez al, 2004; [12] Eskandari, e al/, 2013; [13] Kabelka, et al, 2004; [14] Mao, et al, 2013;

[15]Qiu, ez al, 1999; [16] Rossi, et al, 2013; [17] Sams, et al, 2004; [18] Specht, et al, 2001; [19] Sun, et al, 2011;
[20] Wang, et al, 2011; [21] Chung, et al, 2003;[22] Lu, et al, 2013; [23] Pandurangan, ef al, 2012;

[24]Pathan, et al, 2013; [25] Shibata, ef al, 2008; [26] Tajuddin, et a/, 2003; [27] Warrington, et al, 2015;

[28] Panthee, et al, 2005; [29] Kan, et al, 2016; [30] Jun, et al, 2006; [31] Li et al, 2010; [32] Orf, et al, 1999;
[33]Lee, 1996; [34] Wang, et al, 2012; [35] Xie, et al, 2012 [36] Panthee et al. 2005
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Figure 1 QTL controlling protein (red color) and oil (blue color) content identified in RIL3613
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Figure 2 QTL controlling protein (red color) and oil (blue color) content identified in RIL6013

A total of 5 QTLs were identified for oil content (Table 3). In RIL3613, qoil-A2-1 (Sct_067-Satt589) and qoil-D1la-1 were
identified with PVE ranging from 16.06% to 22.04%, respectively. In RIL6013, three QTLs (qoil-C1-1, qoil-D2-1, and qoil-H-1)
explained 7.13%-22.04% of the phenotypic variation. Heihe 36 enhanced oil contents in RIL3613 progenies based on qoil-A2-1 and
qoil-D1a-1, while Henong 60 improved oil content of RIL6013 progenies through qoil-C1-1, qoil-D2-1, and qoil-H-1.

DISCUSSION

Advantages of association recombinant inbred line
populations: Although QTLs for protein and oil contents
were distributed across all twenty chromosomes
(https://www.soybase.org/), a limited number of detected
QTLsis still obtained by a single mapping population.
Discovering QTLs by multiple mapping populations
attracts increasing attention (Lee et a/, 1996; Brummer et
al, 1997; Orf et al, 1999; Sebolt et al, 2000; Mao et al,
2013; Diers et al, 1992; Hyten et al, 2004). In this study,
two RIL populations were assessed, and 14 QTLs were
found, including nine and five responsible for protein and
oil contents, respectively. Among the fourteen QTLs,
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only gpro-O-1 in RIL 3613 and gpro-O-2 of RIL6013
were located in the same region; the genomic regions of
eight QTLs (qpro-Al-1, gpro-B1-1, qpro-D2-1, qpro-I-1,
gpro-J-1, gpro-L-1, qoil-A2-1, qoil-D1la-1) derived from
RIL3613 were different from those of the four QTLs
(gpro-F-1, qoil-C1-1, qoil-D2-1, qoil-H-1) in RIL6013.
Summarizing previous and present researches, it is
obvious that multiple populations could mutually
complement in detecting genomic regions that carry
QTLs.

Authenticity verification of the QTL: To assess the
authenticity of the QTLs detected in this study, we
compared the genomic regions on the integrated map
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(Song et al, 2010) of the QTLs discovered in the present
study with the previously reported. For QTLs controlling
protein content, all nine regions have been detected in
previous studies. gpro-Al-1 located in the region ranging
from 5195 cM (Satt717) to 69.20 cM (Satt619)
overlapped with one QTL for seed oleic content, and
contained one oil QTL (Bachlava et al, 2009; Brummer,
et al,1991; Han, et al, 2015; Ha et al, 2014). There are
four QTLs responsible for oleic acid, linoleic acid,
palmitic acid, and oil contents that are anchored in the
gpro-B1-1 region (46.38 cM to 102.55 cM) (Kim et al,
2010; Gai et al, 2007; Diers et al, 1992; Li, et al, 2011;
Qi et al, 2011; Reinprecht et al, 2006) . The interval
between Sat 001 and Sat 326 contains qpro-D2-1 that
overlapped with two detected QTLs associated with oleic
acid and oil contents (Hyten et al/, 2004; Brummer, et
al,1991; Han, et al, 2015). In the region from 27.87 cM
(Sat 417) to 135.94 cM (sat_039) of qpro-F-1, 25 QTLs
associated with linoleic acid, oil, oleic acid, palmitic acid,
stearic acid, and protein contents have been reported
previously (Bachlava et al, 2009; Brummer, et al,1991;
Eskandari, et al, 2013; Hyten et al, 2004; Kabelka, et al,
2004; Mao, et al, 2015; Qiu, et al, 1999; Reinprecht et al,
2006; Rossi, et al,2013; Sams, et al,2004; Specht, et
al,2001; Sun, ef al,2011). The gqpro-I-1 region has been
reported thirty-two times in previous studies, in
association with oil and protein contents (Bachlava et al,
2009; Brummer, et al,1991; Chung, et al,2003; Diers et
al, 1992; Han, et al, 2015; Lu, et al, 2013; Mao, et al,
2015; Pandurangan, et al, 2012; Pathan, ef al, 2013; Qi et
al, 2011; Reinprecht et al, 2006; Sebolt, et al, 2000;
Shibata, et al, 2008; Specht, et al, 2001; Sun, et al,2011;
Tajuddin, ef al, 2003; Warrington, et al, 2015). The gpro-
J-1 interval includes four identified QTLs responsible for
linoleic acid, oil and oleic acid contents (Mao, et al,
2015; Kim et al, 2010; Eskandari, ef al, 2013; Panthee, et
al, 2006). The genomic fragment of qpro-L-1 was found
to control oil, palmitic acid, stearic acid, protein contents
in different genetic backgrounds (Mao, et al, 2015;
Panthee, et al, 2006; Lu, et al, 2013; Kim et al, 2010;
Pathan, ef al, 2013; Qi, et al, 2011; Kan, et al, 2016). The
genomic regions of gpro-O-1 (Satt358~Sat 303)
(5.44cM-20.93cM) and qpro-O-2  (Sat 303~Satt633)
(20.93 cM -56.93 cM) are flanked adjacently, with four
QTLs associated with oil, plasmatic acid and linoleic acid
contents (Li, et al, 2011; Qi, et al, 2011; Reinprecht, et
al, 2006; Panthee et al. 2005).

There were four oil QTLs among the five
identified in this study that had overlapping regions in
previous reports. For instance, qoil-A2-1 located in the
region from 14.99 cM to 33.95 cM, overlaps partly with
an identified QTL responsible for oil content (Qi, et al,
2011). Meanwhile, the genomic interval between satt565
and satt396 of qoil-C1-1 contains QTLs associated with
protein and oil contents (Mao, et al, 2013; Sun, et al,
2011; Qi, et al, 2011; Orf, et al, 1999; Lee, 1996).The
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qoil-Dla-1 region (Satt515~AZ254740) overlaps with
those of two adjacent QTL intervals associated with oil
content (Hyten, et a/, 2004; Brummer, et al/, 1997; Han,
et al, 2015). In the genomic region of qoil-D2-1 between
sat 333(5.83 cM) and sat 194 (86.69 cM), fourteen
QTLs responsible for palmitic, oil, linoleic acid, palmitic
plus stearic acid, palmitic acid, and oleic acid contents
are known (Bachlava, et al, 2009; Eskandari, ef al, 2013;
Ha, et al, 2014; Hyten, et al, 2004; Kan, et a/, 2016; Mao,
et al, 2013; Panthee, et al, 2006, Reinprecht, et al,2006;
Sams, et al, 2004; Sun, et al, 2011; Wang, et al, 2012;
Xie, et al, 2012).

Based on repeated mapping across multiple
populations, we could consider the above thirteen
genomic regions detected in this study to actually carry
QTLs for protein or oil content. No QTL in the qoil-H-1
region (Sattl81~satt434) has been previously reported.
Therefore, qoil-H-1 may represent a new QTL
responsible for oil content. This should be confirmed in
future studies.

Selection of parents for molecular pyramiding
breeding: A pyramiding breeding program should
assemble all synergic alleles of all QTLs from the two
parents into an individual (variety). In this research, six
QTLs responsible for protein content were identified. To
achieve highest protein amounts, the desired genotype
should include gpro-D2-1 (qq), gpro-I-1 (QQ), gpro-J-1
(qq), gpro-L-1 (QQ), gpro-O-1 (QQ), and qpro-Bl-1
(QQ). In RIL3613, two lines, ie. RIL3613-50 and
RIL3613-83, contained these six excellent allele
genotypes. Two QTLs associated with oil content were
detected in single environments; for highest oil levels, the
desired allelic genotype should include qoil-A2-1 (qq)
and qoil-D1a-1 (qq). There were 16 lines with these two
allelic genotypes in RIL3613 (Table S1). In the RIL6013
population, two QTLs responsible for protein content
were found, with ideal synergic allelic genotype
combination being gpro-F-1 (qq) and qpro-O-2 (QQ).
Meanwhile, 50 lines carried these two excellent allelic
genotypes. For oil content, three QTLs were detected; the
optimal allelic genotype combination was qoil-C1-1 (qq),
qoil-D2-1 (qq), and qoil-H-1 (qq), and three lines
contained these three allelic genotypes simultaneously
(Table S2). These lines could be used as parents to
improve protein or oil amounts in soybean.

Conclusion: Nine protein QTL and five oil contents QTL
were identified in this study, which included thirteen
QTLs confirmed for authenticity by previous reports, and
one newly discovered QTL. Our findings are useful for
future research especially for researchers working on
soybean genetics. One new QTL can be utilized for
marker assisted breeding of soybean.
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SUPPLEMENTARY INFORMATION

Table S1 Allelic genotype prediction of QTLs for oil and protein content in RIL3613.

Individual gpro-J-  qpro-D2-  gpro-L- qpro-I- gqpro-O- qpro-Bl- qoil-A2- qoil-A2-  qoil-Dla-
ID 1 1 1 1 1 1 1 1 1
RIL3613-001 qq QQ qq QQ qq QQ qq QQ QQ
RIL3613-002 qq qq QQ qq QQ Qq qq qq QQ
RIL3613-003 QQ QQ aq qq qq Qq QQ QQ QQ
RIL3613-004 QQ QQ qq qq QQ QQ qq qq aq
RIL3613-005 qq QQ qq QQ qq Qq qq qq aq
RIL3613-006 qq QQ qq qq qq Qq qq qq qq
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RIL3613-007 qq qq qq qq QQ QQ qq qq qq
RIL3613-008 qq QQ aq qq QQ QQ QQ QQ qq
RIL3613-009 qq qq qq qq QQ QQ qq qq qq
RIL3613-010 qq QQ QQ QQ QQ QQ QQ QQ QQ
RIL3613-011 QQ QQ qq qq qq QQ qq qq QQ
RIL3613-012  QQ QQ QQ QQ QQ QQ QQ QQ QQ
RIL3613-013 qq qq QQ qq QQ QQ qq qq qq
RIL3613-014 qq QQ QQ qq qq QQ QQ QQ qq
RIL3613-015 qq qq qq qq qq QQ qq qq qq
RIL3613-016  QQ QQ QQ QQ qq QQ QQ QQ QQ
RIL3613-017 QQ QQ QQ qq QQ QQ qq qq QQ
RIL3613-018 qq QQ QQ QQ qq Qq qq qq QQ
RIL3613-019 QQ QQ QQ qq qq Qq qq qq QQ
RIL3613-020 QQ QQ qq qq QQ Qq qq QQ QQ
RIL3613-021 QQ QQ QQ QQ QQ QQ QQ QQ QQ
RIL3613-022  QQ QQ QQ QQ qq Qq QQ QQ qq
RIL3613-023 qq QQ QQ QQ QQ QQ QQ QQ QQ
RIL3613-024  QQ QQ qq QQ QQ QQ QQ QQ qq
RIL3613-025 QQ QQ QQ qq QQ QQ QQ QQ QQ
RIL3613-026  QQ qq qq QQ QQ QQ QQ QQ QQ
RIL3613-027  QQ QQ QQ QQ QQ QQ QQ QQ QQ
RIL3613-028  QQ QQ qq QQ QQ QQ QQ QQ QQ
RIL3613-029 qq QQ qq QQ QQ QQ qq QQ QQ
RIL3613-030 qq QQ qq QQ qq QQ qq qq QQ
RIL3613-031 qq QQ QQ QQ qq Qq QQ QQ qq
RIL3613-032  QQ QQ qq QQ QQ QQ QQ QQ QQ
RIL3613-033 QQ qq QQ qq QQ QQ qq qq QQ
RIL3613-034 QQ QQ QQ qq QQ Qq qq qq qq
RIL3613-035 qq QQ QQ qq qq QQ qq qq QQ
RIL3613-036 qq QQ QQ QQ QQ qq QQ
RIL3613-037 qq QQ qq qq QQ QQ QQ qq QQ
RIL3613-038 qq QQ qq qq QQ QQ qq qq QQ
RIL3613-039 QQ QQ qq QQ qq QQ QQ qq qq
RIL3613-040  QQ QQ qq QQ qq QQ QQ QQ QQ
RIL3613-041 QQ QQ qq QQ QQ QQ qq QQ qq
RIL3613-042  QQ QQ qq QQ QQ Qq qq QQ QQ
RIL3613-043 QQ QQ qq QQ QQ QQ QQ QQ QQ
RIL3613-044  QQ qq QQ QQ QQ QQ qq QQ QQ
RIL3613-045 qq QQ qq QQ QQ QQ QQ QQ QQ
RIL3613-046 qq qq qq QQ QQ QQ QQ qq QQ
RIL3613-047 qq QQ qq qq QQ QQ qq QQ QQ
RIL3613-048 qq QQ qq qq QQ QQ QQ qq QQ
RIL3613-049 qq QQ qq qq QQ qq qq
RIL3613-050 qq qq QQ QQ QQ QQ QQ QQ QQ
RIL3613-051 qq aq QQ QQ QQ Qq QQ QQ QQ
RIL3613-052  QQ QQ QQ QQ QQ QQ QQ QQ QQ
RIL3613-053 qq QQ qq QQ QQ QQ QQ QQ QQ
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RIL3613-054 QQ qq qq qq QQ Qq qq qq QQ
RIL3613-055 QQ qq QQ qq QQ QQ qq
RIL3613-056 qq qq qq qq QQ Qq qq QQ qq
RIL3613-057 QQ qq QQ qq QQ Qq qq qq QQ
RIL3613-058  QQ aq aq qq QQ QQ QQ qq QQ
RIL3613-059  QQ qq QQ QQ QQ Qq QQ QQ QQ
RIL3613-060 qq qq qq qq QQ QQ qq qq qq
RIL3613-061 QQ qq QQ QQ QQ qq QQ
RIL3613-062 QQ qq qq qq QQ qq QQ qq QQ
RIL3613-063 QQ qq qq qq qq QQ qq
RIL3613-064 QQ qq qq QQ qq QQ QQ
RIL3613-065 QQ qq qq qq qq QQ QQ
RIL3613-066 qq QQ QQ QQ QQ qq QQ QQ
RIL3613-067 QQ QQ QQ qq QQ qq QQ qq QQ
RIL3613-068  QQ QQ QQ QQ QQ qq QQ QQ QQ
RIL3613-069 qq QQ QQ QQ QQ qq QQ qq qq
RIL3613-070 QQ QQ qq QQ QQ qq qq QQ QQ
RIL3613-071 QQ qq qq QQ qq qq qq qq
RIL3613-072 QQ qq QQ QQ QQ qq qq QQ qq
RIL3613-073 QQ QQ qq QQ QQ QQ qq QQ QQ
RIL3613-074 QQ QQ qq qq qq qq QQ qq QQ
RIL3613-075 QQ qq QQ QQ QQ QQ qq qq qq
RIL3613-076 QQ QQ qq QQ QQ qq qq qq qq
RIL3613-077 qq QQ QQ QQ QQ qq QQ qq qq
RIL3613-078  QQ QQ qq QQ QQ QQ QQ QQ QQ
RIL3613-079  QQ QQ qq QQ QQ QQ QQ qq qq
RIL3613-080  QQ QQ QQ QQ QQ QQ QQ qq QQ
RIL3613-081 QQ qq QQ QQ QQ qq QQ qq qq
RIL3613-082 QQ QQ qq qq QQ QQ qq QQ QQ
RIL3613-083 qq aq QQ QQ QQ QQ qq qq QQ
RIL3613-084  QQ QQ QQ qq QQ QQ QQ QQ qq
RIL3613-085 qq QQ qq QQ qq qq qq QQ qq
RIL3613-086 QQ qq qq QQ QQ QQ QQ QQ qq
RIL3613-087 QQ qq qq QQ QQ QQ qq qq qq
RIL3613-088 QQ qq QQ QQ qq qq qq QQ QQ
RIL3613-089  QQ QQ QQ QQ qq QQ QQ qq QQ
RIL3613-090 QQ qq qq QQ QQ QQ qq QQ qq
RIL3613-091 QQ QQ QQ QQ QQ QQ qq QQ QQ
RIL3613-092  QQ QQ qq qq QQ QQ QQ QQ QQ
RIL3613-093 qq qq QQ QQ QQ qq QQ QQ QQ
RIL3613-094  QQ QQ QQ QQ qq QQ QQ qq QQ
RIL3613-095 QQ QQ qq qq QQ QQ qq qq qq
RIL3613-096 QQ qq qq QQ QQ qq QQ QQ QQ
RIL3613-097 QQ qq qq qq QQ QQ QQ QQ QQ
RIL3613-098  QQ QQ qq QQ QQ QQ QQ qq QQ
RIL3613-099 QQ QQ qq QQ QQ QQ qq qq QQ
RIL3613-100 QQ QQ qq qq QQ QQ qq qq QQ
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RIL3613-101 QQ QQ qq QQ QQ QQ qq qq QQ
RIL3613-102  QQ QQ qq QQ qq qq QQ
RIL3613-103 QQ QQ QQ QQ QQ qq QQ
RIL3613-104 QQ QQ QQ qq QQ qq qq QQ QQ
RIL3613-105 qq QQ aq QQ QQ qq QQ
RIL3613-106  QQ qq QQ QQ QQ qq QQ
RIL3613-107 QQ QQ QQ QQ qq QQ qq qq QQ
RIL3613-108 QQ qq QQ qq QQ QQ qq QQ QQ
RIL3613-109 QQ qq qq QQ QQ qq qq qq qq
RIL3613-110  QQ aq aq QQ qq qq QQ QQ QQ
RIL3613-111 QQ qq qq qq QQ qq QQ qq QQ
RIL3613-112 QQ QQ qq QQ QQ qq QQ QQ qq
RIL3613-113 QQ aq aq QQ qq QQ QQ qq QQ
RIL3613-114 QQ qq QQ QQ qq qq QQ QQ qq
RIL3613-115 QQ QQ qq QQ QQ QQ QQ QQ QQ
RIL3613-116 qq QQ QQ QQ QQ QQ QQ QQ QQ
RIL3613-117 QQ QQ QQ qq QQ qq qq
RIL3613-118 QQ qq QQ qq qq QQ qq
RIL3613-119 QQ qq qq qq qq QQ QQ
RIL3613-120 QQ qq QQ QQ qq QQ QQ
RIL3613-121 QQ QQ QQ QQ qq QQ QQ
RIL3613-122  QQ QQ QQ QQ qq QQ qq
RIL3613-123 QQ qq QQ QQ qq QQ qq
RIL3613-124  QQ QQ QQ QQ QQ QQ QQ
RIL3613-125 QQ QQ QQ qq QQ qq QQ QQ QQ
RIL3613-126 QQ QQ QQ QQ qq qq qq qq qq
RIL3613-127  QQ QQ QQ QQ qq QQ QQ QQ qq
RIL3613-128  QQ QQ QQ QQ QQ QQ QQ QQ qq
RIL3613-129  QQ QQ QQ QQ QQ qq Qq qq QQ
RIL3613-130  QQ QQ QQ QQ QQ QQ Qq qq QQ
RIL3613-131 QQ qq qq qq QQ QQ Qq qq QQ
RIL3613-132  QQ qq QQ QQ QQ QQ QQ QQ QQ
RIL3613-133 QQ aq qq QQ QQ qq QQ QQ QQ
RIL3613-134  QQ qq qq QQ QQ qq QQ QQ QQ

Note: Boldface indicates the individuals carrying optimal allelic genotypes. QQ indicate allelic genotypes from female
parents; qq indicate allelic genotypes from male parents.

Table S2 Allelic genotype prediction of QTLs for oil and protein content in RIL6013.

Individual ID qpro-0-2 qpro-F-1 qoil-C1-1 qoil-H-1 qoil-D2-1
RIL6013-001 QQ QQ QQ QQ QQ
RIL6013-002 QQ qq QQ QQ QQ
RIL6013-003 Qq aq QQ QQ Qq
RIL6013-004 QQ QQ QQ QQ Qq
RIL6013-005 QQ qq QQ QQ QQ
RIL6013-006 QQ qq QQ QQ QQ
RIL6013-007 QQ qq QQ QQ QQ
RIL6013-008 Qq aq QQ QQ QQ
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RIL6013-009 Qq aq QQ Qq QQ
RIL6013-010 Qq QQ QQ QQ Qq
RIL6013-011 QQ qq QQ QQ QQ
RIL6013-012 QQ QQ qq QQ
RIL6013-013 Qq qq qq QQ QQ
RIL6013-014 Qq qq QQ QQ QQ
RIL6013-015 Qq qq QQ QQ Qq
RIL6013-016 Qq qq qaq QQ QQ
RIL6013-017 Qq qq QQ QQ QQ
RIL6013-018 Qq QQ QQ QQ Qq
RIL6013-019 Qq qq QQ QQ QQ
RIL6013-020 QQ qq QQ QQ QQ
RIL6013-021 QQ QQ QQ QQ QQ
RIL6013-022 Qq QQ QQ QQ QQ
RIL6013-023 QQ qq QQ QQ QQ
RIL6013-024 Qq QQ QQ QQ QQ
RIL6013-025 QQ qq QQ QQ QQ
RIL6013-026 QQ QQ QQ QQ QQ
RIL6013-027 QQ QQ qaq QQ QQ
RIL6013-028 QQ qq QQ QQ QQ
RIL6013-029 QQ QQ QQ QQ QQ
RIL6013-030 QQ QQ QQ QQ QQ
RIL6013-031 QQ QQ QQ qq Qq
RIL6013-032 QQ QQ qq qq Qq
RIL6013-033 QQ qq qq qq QQ
RIL6013-034 QQ QQ QQ QQ QQ
RIL6013-035 QQ QQ QQ QQ QQ
RIL6013-036 QQ qq qq QQ Qq
RIL6013-037 QQ QQ QQ QQ Qq
RIL6013-038 QQ QQ QQ QQ
RIL6013-039 QQ QQ qaq QQ QQ
RIL6013-040 QQ qq QQ qq QQ
RIL6013-041 QQ QQ QQ QQ
RIL6013-042 QQ qq QQ QQ QQ
RIL6013-043 QQ qq QQ QQ Qq
RIL6013-044 QQ QQ qq Qq
RIL6013-045 QQ qq QQ QQ QQ
RIL6013-046 QQ qq QQ QQ QQ
RIL6013-047 QQ QQ QQ QQ QQ
RIL6013-048 QQ QQ QQ QQ
RIL6013-049 QQ qq QQ QQ QQ
RIL6013-050 QQ qq QQ QQ QQ
RIL6013-051 QQ QQ QQ qq Qq
RIL6013-052 QQ QQ QQ QQ QQ
RIL6013-053 QQ QQ QQ QQ QQ
RIL6013-054 QQ qq QQ QQ QQ
RIL6013-055 Qq QQ QQ QQ QQ
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RIL6013-056 QQ qq QQ QQ QQ
RIL6013-057 QQ qq QQ QQ QQ
RIL6013-058 QQ QQ QQ QQ QQ
RIL6013-059 Qq qq QQ QQ QQ
RIL6013-060 QQ QQ QQ qq QQ
RIL6013-061 QQ qq QQ QQ QQ
RIL6013-062 QQ qq QQ qq QQ
RIL6013-063 QQ QQ QQ QQ QQ
RIL6013-064 Qq qq qq qq QQ
RIL6013-065 QQ QQ qq qq QQ
RIL6013-066 Qq QQ qaq qq QQ
RIL6013-067 QQ QQ QQ QQ QQ
RIL6013-068 QQ qq QQ qq QQ
RIL6013-069 QQ QQ aq QQ QQ
RIL6013-070 QQ QQ QQ QQ
RIL6013-071 QQ QQ QQ QQ
RIL6013-072 Qq QQ QQ QQ QQ
RIL6013-073 QQ qq QQ QQ QQ
RIL6013-074 QQ QQ QQ qq QQ
RIL6013-075 Qq QQ QQ qq Qq
RIL6013-076 Qq qq QQ qq QQ
RIL6013-077 QQ QQ QQ QQ QQ
RIL6013-078 Qq QQ QQ QQ
RIL6013-079 QQ qq QQ QQ QQ
RIL6013-080 QQ QQ QQ qq Qq
RIL6013-081 QQ QQ QQ QQ QQ
RIL6013-082 Qq qq qq QQ
RIL6013-083 Qq QQ QQ qq Qq
RIL6013-084 Qq aq QQ QQ QQ
RIL6013-085 QQ qq QQ QQ QQ
RIL6013-086 QQ qq QQ QQ QQ
RIL6013-087 Qq QQ QQ qq QQ
RIL6013-088 QQ QQ aq QQ QQ
RIL6013-089 QQ qq QQ qq QQ
RIL6013-090 QQ QQ qaq QQ Qq
RIL6013-091 QQ QQ qq qq QQ
RIL6013-092 QQ QQ QQ QQ QQ
RIL6013-093 Qq aq QQ QQ QQ
RIL6013-094 Qq QQ QQ QQ QQ
RIL6013-095 Qq QQ qaq QQ QQ
RIL6013-096 QQ qq QQ QQ Qq
RIL6013-097 QQ qq QQ QQ QQ
RIL6013-098 QQ QQ qq QQ
RIL6013-099 QQ qq qq QQ QQ
RIL6013-100 QQ qq QQ QQ Qq
RIL6013-101 QQ qq QQ QQ Qq
RIL6013-102 QQ QQ QQ Qq
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RIL6013-103 QQ qq QQ QQ QQ
RIL6013-104 QQ qq QQ QQ QQ
RIL6013-105 Qq QQ QQ qq Qq
RIL6013-106 Qq qq QQ QQ QQ
RIL6013-107 QQ qq QQ QQ QQ
RIL6013-108 QQ qq QQ qq QQ
RIL6013-109 QQ qq QQ QQ QQ
RIL6013-110 Qq QQ QQ QQ Qq
RIL6013-111 Qq aq QQ QQ Qq
RIL6013-112 Qq QQ QQ QQ
RIL6013-113 QQ qq qaq QQ QQ
RIL6013-114 QQ QQ qq qq Qq
RIL6013-115 QQ QQ QQ QQ QQ
RIL6013-116 QQ QQ qq qq QQ
RIL6013-117 Qq qq qaq qq QQ
RIL6013-118 QQ QQ QQ qq Qq
RIL6013-119 QQ QQ QQ QQ Qq
RIL6013-120 QQ QQ QQ QQ QQ
RIL6013-121 QQ qq QQ QQ Qq
RIL6013-122 QQ QQ QQ QQ QQ
RIL6013-123 QQ QQ QQ QQ QQ
RIL6013-124 Qq QQ QQ QQ QQ
RIL6013-125 QQ QQ QQ QQ Qq
RIL6013-126 QQ QQ QQ qq QQ
RIL6013-127 QQ QQ qq QQ QQ
RIL6013-128 Qq aq QQ QQ Qq
RIL6013-129 Qq qq qaq QQ QQ
RIL6013-130 Qq QQ QQ Qq
RIL6013-131 QQ QQ QQ qq QQ
RIL6013-132 QQ qq qq QQ QQ
RIL6013-133 QQ QQ QQ qq QQ
RIL6013-134 QQ QQ qq QQ QQ
RIL6013-135 QQ aq qq qq QQ
RIL6013-136 Qq QQ qq QQ QQ
RIL6013-137 QQ qq qaq QQ Qq
RIL6013-138 Qq qq QQ QQ
RIL6013-139 QQ qq QQ QQ QQ
RIL6013-140 QQ QQ QQ QQ Qq
RIL6013-141 QQ qq QQ QQ QQ
RIL6013-142 Qq QQ qaq qq QQ
RIL6013-143 QQ QQ QQ QQ QQ
RIL6013-144 QQ qq QQ QQ QQ
RIL6013-145 QQ QQ QQ QQ
RIL6013-146 QQ qq QQ QQ Qq
RIL6013-147 Qq qq qq qq Qq
RIL6013-148 Qq aq QQ QQ QQ
RIL6013-149 QQ qq QQ qq Qq
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RIL6013-150 Qq QQ QQ QQ QQ
RIL6013-151 QQ QQ QQ QQ QQ
RIL6013-152 Qq qq QQ QQ Qq
RIL6013-153 Qq qq QQ qq QQ
RIL6013-154 QQ qq QQ qq QQ
RIL6013-155 Qq qq QQ qq QQ
RIL6013-156 QQ QQ qq QQ QQ

Note: Boldface indicates the individuals carrying optimal allelic genotypes. QQ indicate allelic genotypes from female
parents; qq indicate allelic genotypes from male parents.
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