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Abstract
Background

Soybean seed oil has been widely used in human consumption and industrial production.

Results

In order to identify the additive and epistatic effects QTLs and QTLs by environments interactions (AE and
AAE) for seed oil content in soybean, an eight-environment conjoint analysis based on two populations
RIL3613 and RIL6013 with an integrating map was conducted. An new high-density integrated genetic map
containing 2212 SNP markers and covering 5718.01 cM with an average distance of 2.61 cM were
constructed by the combination of two linkage maps of two associated recombinant inbred line (A-RIL)
populations. A total of 64 additive effect and additive x environment interaction (AE) QTL were identified on
19 chromosomes by both ICIM and IM methods, and the proportion of phenotypic variations explained
(PVE) range of QTL related to oil content was 1.29-10.75%, of which 19 QTLs had overlapping marker
intervals, and qOil-5-1 was identified simultaneously in both RIL populations. Compared with previous SSR
positioning results, it is found 8 SNP sites within the QTL physical interval located in the SSR sites. Among
them, 4 QTLs were new found. Twelve pairs of epistatic QTLs (additive x additive, AA) and QTL interactions
with environments (AAE) for oil content were identified by the ICIM method, of which 3 QTLs were new
found, and 2 additive effect QTLs, qOil-9-2 and qOQil-15-1, linked to the other two QTLs to produce epistatic
effects. A total of 5 potential candidate genes were identified based on genetic ontology and annotated
information showing the relationship with seed oil content and/or fatty acid biosynthesis and metabolism.

Conclusion

These QTLs with different effects provide the good basis for molecular-assisted breeding of soybean oil
content-related traits and further fine mapping of related genes.

Background

Soybean [Glycine max (L.) Merr.] has become one of the most primary crops in the world, high quantity oil
(average 20%) that are widely used for human consumption and industrial purpose, such as cooking oils
and biodiesel [1, 2]. Thus, development of increasing the soybean oil content is great significance for quality
improvement.

However, oil content is quantitative traits not only controlled by multiple genes having small or large effects
but also influenced by environments [3, 4]. Using molecular markers for indirect selection of important
agronomic traits, and molecular marker-assisted selection (MAS) could improve the efficiency of traditional
plant breeding [5, 6]. In last three decade years, numerous quantitative trait loci (QTL) for oil content in
soybean seed have been reported [5, 7-13], about 327 oil QTLs listed in the Soybase Database
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(http://www.soybase.org). And a few soybean oil content QTLs have been identified in multi-environment
and multi-genetic backgrounds [5, 7, 14]. However, the resolution and accuracy with which QTL mapping can
identify causal genetic changes is limited by the low total number of recombination events present in bi-
parental mapping populations [2, 15]. QTL for oil content detected by different populations derived from the
common parent have been less reported.

Furthermore, previous mapping studies carried out for oil trait in soybean were mainly based on the
identification of additive effect QTLs, while less efforts have been made on the study of complex genetic
effects such as epistasis and environment effects. Epistatic effects and QTL x environments interactions
effect are all-important genetic effects [16, 17]. Epistasis, interaction between one pair of loci located in the
same or different chromosomes, as an important genetic basis of complex traits [18]. Some studies had
shown that epistasis significantly affected the expression of genes and genetic variation underlying
soybean [17, 19-24]. Hou et al.(2014)[20] mapped oil content QTLs using simple repeat sequence (SSR)
markers derived from Charleston and Dongnong594, which detected 4 pairs oil epistatic effect QTLs, and Qi
et al. (2017)[12] identified epistatic interactions for seed oil content under multi-environments based on a
high-density single-nucleotide polymorphisms (SNP) using the same population. The key for a better
resolution of QTL architecture was the use of a genetic linkage map with relatively high marker coverage,
and can predict functional genes.

In the previous results, we used SSR map to analysis the additive and epistasis (additive x additive) QTLs
based on multi-environment data of two associated recombinant inbred lines (RIL) populations with
common parents (RIL3613 and RIL6013) [25]. In this study, SNP mapping was used to re-identify the QTLs
of oil content with the same population, the aim is to improve the detection efficiency, shorten the
localization interval and candidate gene identification.

Methods

Plant materials and field design

Three soybean varieties with significant difference of oil content, Dongnong L13 (oil content 17.74%),
Henong 60 (oil content 20.25%), and Heihe 36 (0il content 20.28%) were applied to construct the associated
recombinant inbred line (A-RIL) populations in the current study. Dongnong L13 is a soybean variety bred by
soybean research Institute of Northeast Agricultural University. Suinong 10 is the female parent and Jiunong
22 is the male parent, and the hybrid combination was prepared by sexual hybridization, and then selected
by genealogy. Heihe 36 is a soybean variety bred by Heihe Branch of Heilongjiang Academy of Agricultural
Sciences. Beiyi 87-9 is the female parent and Jiusan 90-66 is the male parent. A hybrid combination was
prepared by irradiating F; air-dried seeds with 60Cy ray 0.14KGY. Henong 60 (original code name Hejiao 98-
1667) is selected by the Jiamusi Branch of Heilongjiang Academy of Agricultural Sciences with Beifeng 11
as the female parent and an American dwarf variety Hobbit as the male parent by sexual hybridizing and
genealogical method. Two RIL populations derived from the Dongnong L13 x Heihe 36 (RIL3613) and
Dongnong L13 x Henong 60 (RIL6013) and conducted in Harbin (HRB; 45°750 N, 126°63 E) in 2008,
Heilongjiang, China. The detail construction process of two RIL populations were described by Ning et al.
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(2018)[15]. Finally, a total of 120 and 139 lines from RIL3613 and RIL6013 were used in this research,
respectively.

The parental lines and RILs were planted in 8 environments, in Keshan (KS; 48°25[ N, 125°641 E) in 2013, in
Harbin (HRB; 45°75K N, 126°630 E) in 2014, in Harbin and Keshan in 2015, in Acheng (AC; 45°52[ N, 126°95K
E), Shuangcheng (SC; 45°531 N, 126°32[ E) and Harbin in 2016, in Shuangcheng (SC; 45°53l N, 126°32[ E)
in 2017. Details of seedling densities, fertilizers and sowing dates are shown in Supplementary Table S1. All
plant materials were grown in a randomized complete block design with three replications (3 m in length,
0.70 m in apart and the seeds of an individual line were sown at 0.06 cm intervals). The field experiment
was managed identically to the local soybean production.

Measurement of oil content

Seed phenotypic measurement was determined by ten mature plants randomly selecting in the middle row
of per plot. Seed oil content (dry seeds, with water content of about 10%) was determined with three times
by Infratec 1241 Grain Analyzer (FOSS, Sweden).

Variation analysis and heritability of phenotypic data

The significance of the difference in oil content between the parents of each population was determined by
the t test, and the significance of the genotype difference between RILs and the environments was
determined by ANOVA. The frequency distribution was analyzed by Microsoft Excel 2007.

For the multi-environment average value, the formula is as follows:
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Where h? is broad sense heritability, % is the variance of genotype, is the variance of error, °® indicates
variance of genotype by environment effect, ris the number of replications and eis the number of

2

environments in the study, "é, % and °* were estimated using a mixed method implemented by Proc
Mixed in SAS 9.2 (SAS Institute, Cary, NC, United States).

SNP genotyping and construction of genetic linkage map

By the SoySNP660K Beadchip (Beijing Boao Biotechnology Co. Ltd), three parents and 259 RIL individuals
were genotyped and 600010 SNP markers were obtained. And 2212 SNP markers were obtained using the
Bin function of QTL IciMapping4.0 software (www.isbreeding.net) to analyze the obtaining individual SNP
data for redundant markers, removing the markers without polymorphism and with a missing rate > 10%, the
partially separated markers and selecting a marker at each 100K interval (Supplementary Figure S1).
Genetic maps of each population were constructed by using the MAP function of QTL IciMapping 4.0
software, divided the linkage groups according to the anchor information of markers, and arranged by
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nnTwoOpt method. Using CMP to integrate the corresponding chromosomes of the two populations into one
map, and finally obtained the genetic map of the A-RIL populations containing 20 linkage groups.

QTL mapping

QTL IciMapping 4.2 software was employed to analysis the additive effect QTLs and epistatic (additive x
additive) effects QTLs and QTLs by environments interactions (AE and AAE) among multiple environments
by performing Multi-Environment Trials (MET) module in multiple environments conjoint analysis including
two methods (1) IM and ICIM-ADD: additive QTLs and QTLs by environments interactions (AE) were
detected by inclusive composite interval mapping (ICIM)[26] and interval mapping (IM)[27, 28] a step in
scanning represented by 1 cM, probability in stepwise regression was 0.001, the LOD threshold value used to
declare significant QTL was 2.5. And (2) ICIM-EPI: epistatic (additive x additive) effects QTLs and QTLs by
environments interactions (AAE) were detected by inclusive composite interval mapping (ICIM) [26]. A step in
scanning represented by 5 cM, probability in stepwise regression was 0.0001, the LOD threshold value used
to declare significant QTL was 5.0. The epistatic QTLS with phenotypic variability > 1% were retained. Follow
the nomenclature of McCouch to name the QTL. The linkage maps were showed via MapChart 2.1
(https://www.wur.nl/en), and the chromosome length unit was Mb.

Results

Construction of genetic linkage map

A total of 600010 SNP markers have been produced using the SoySNP660K BeadChip at Beijing Boao
Biotechnology Co. Ltd in the populations RIL3613 and RIL6013. A total of 2212 were selected and mapped
of A-RIL populations by QTL IciMapping 4.0 software on 20 linkage groups (LG) or chromosomes (Chr) of
soybean (Table 1). The SNP map of soybean covered 5718.01 cM with an average marker density of 2.61
cM (Table 1). The genetic length of each chromosome ranged from 170.98 cM on Chr_18/LG G to 587.11
cM on Chr_13/LG F. On average, each linkage group is covered by 110.60 SNP markers (Figure S1).

Phenotypic variation

Phenotypic data of seed oil content of parents and RILs in two RIL populations across 8 environments have
been shown in Table 2. The phenotypic data of parents indicate a wide range of variation, with the mean
values of 17.28%-21.50% and 17.28%-21.40% in the RIL3613 and RIL6013 populations, respectively. The
kurtosis were recorded >1 in two environments, Harbin in 2015 (E3) and Shuangcheng in 2017 (E8) of
RIL3613, in other environments in two populations, kurtosis and skewness were recorded <1. The phenotypic
performance of the RIL populations was continuously distributed and relatively consistent, suggesting that
the segregations of oil fit a normal distribution model, characterized by transgressive inheritance, and
soybean seed oil is controlled by polygenes and are suitable for QTL mapping (Figure 2 and Table 2). The
ANOVA results of RILs showed that genotype, environment, genotype x environment were significantly

variation (P=0.07). The heritability (h?) of oil content was 28.1% and 43.6% in RIL3613 and RIL6013
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populations, respectively, indicating that the environment also affected the expression of oil content traits
(Table 2, 3).

Additive effect QTL and additive QTL by environments interactions for oil content

A total of 64 additive effect QTLs and additive QTLs by environments interactions (AE) for oil content were
simultaneously identified by ICIM and IM (MET module) for the conjoint analysis in all eight environments
underlying populations RIL3613 and RIL6013 (Figure 2 and Supplementary Table S2). Including 38 additive
effect QTLs for oil content mapped on excluding chr. 12 in population RIL3613, and 27 additive effect QTLs
for oil content mapped on 8 chromosomes (chrs. 3,7, 8,10, 11, 12, 16 and 20) in population RIL6013. All of
them, the QTL of additive effect direction showed negative and positive across different genetic
backgrounds and different methods, and the proportion of phenotypic variations explained (PVE) of additive
QTLs and PVE of QTLs by environments interactions ranged from 1.29% to 10.75% and 0.86% to 10.66%,
respectively.

We further detected a common QTL simultaneously across two genetic backgrounds and methods (Figure 2
and Table 4). The qOil-5-1 (marker interval Gm05_4062384-Gm05_5158657) was located on chromosome 5,
the LOD value ranged from 2.66 to 4.28, and the PVE by additive QTLs and PVE by environments
interactions ranged from 2.09% to 2.72% and 1.77% to 2.71%, respectively. The qOil-5-7 showed the positive
additive effect in RIL6013 population, however, it showed the negative additive effect in RIL3613 population
based on the different genetic backgrounds.

We found 19 regions overlapped QTLs (including qOil-5-7) by comparing the consequence of the different
genetic backgrounds, which were mapped on chromosomes 2, 5,9, 13,15, 17 and 19, and 10 of them were
identified in populations RIL3613 and RIL6013 (Figure 2 and Table 4). PVE of additive QTLs and PVE of QTL
by environments interactions ranged from 1.57% t0 9.33% and 0.86% to 7.63%, respectively. The additive
effect direction of QTL appeared negative and positive across different genetic backgrounds and methods.

Epistasis effect QTLs and epistasis QTLs interaction with environment for oil content

A total of 12 pairs of epistatic QTLs (additive x additive, AA) and epistasis QTL interaction with environment
(AAE) were identified, covering 9 linkage groups (chrs. 1, 3,9, 10,11, 12, 15, 18 and 19) across two RIL
populations for the oil content by ICIM method in multiple environments conjoint analysis (Figure 3 and
Table 5). And all the PVE by AA ranged from 1.61% to 3.31%. The 1 pairs QTLs showed negative epistatic
effect in population RIL3613, and all the QTLs showed positive epistatic effect in population RIL6013.
Several pairs epistatic effect and AAE QTLs mapped on the same chromosomes or with other
chromosomes, and one QTL also could interact with multiple QTLs.

In the RIL6013 population, 11 pairs epistatic effects QTLs were identified, and 6 QTLs interacted with more
than one QTL (Figure 3 and Table 5). For example, Gm01_41350513-Gm01_42850670 interacted with
Gm09_585590-Gm09_1201285 and Gm15_8908864-Gm15_9850704, meanwhile, Gm09_585590-
Gm09_1201285 interacted with Gm11_18740411-Gm11_34453671. The Gm09_683799-Gm09_1859079
showed epistatic effect with two QTLs (Gm09_19759328-Gm09_19958039 and Gm12_7885195-
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Gm12_20168509). Moreover, the Gm15_8908864-Gm15_9850704 located on chromosome 15, which
interact with 4 QTLs located on chrs. 1, 11, 12 and 15. Additionally, two significant additive effect QTLs
(g0il-9-2, Gm09_585590-Gm09_1201285, gOil-15-1, Gm15_8908864-Gm15_9850704) showed epistatic
interactions with other two QTLs (Table 4 and Table 5, underline).

Comparison with the QTL detected from SSR and SNP map

In present research, we using ICIM and IM of MET module with the populations RIL3613 and RIL6013 to
identify QTLs associated with oil content of soybean. A total of 64 additive effect QTLs for oil content were
located and compared with the previous additive QTLs detected based on SSR mapping (Wang et al. 2020)
[25]. It was found that 8 SNP sites located in the 4 QTLs intervals detected by SSR map. In the interval of
qOil-D7a-2located on chromosome 1 at 0.35-54.12 Mb, qOil-1-1(43.15-43.46 Mb), qOil-1-3 (23.45-36.86 Mb)
and qOil-1-2 (4.15-4.36 Mb) located were re-identified; gOil-717-7 at 18.74-34.45 Mb was detected in gOil-B1-1
located at 8.90-32.19 Mb on chromosome 11;two QTL (gQOil-13-7in 13.35-13.66 Mb and qOil-13-2in 10.46-
13.80 Mb) were found in the interval of gOil-F-7 (13.13-20.52 Mb) on chromosome 13; In interval of qOil-D2-1
located at 1.75-20.11 Mb on chromosome 17, two QTL (gQil-17-7in 3.05-7.28 Mb and gQil-17-2in 4.85-5.64
Mb) were identified (Supplementary Table S3). Compared with the SSR genetic map [25], the SNP genetic
map can shorten the interval for searching candidate genes and improve the detection power.

Oil candidate gene mining of common and epistasis QTLs

We detected 14 additive QTLs (including 4 SNP sites within the QTL physical interval located in the SSR
map: qOil-1-1, qOil-1-2, gOil-13-1, qOil-17-2, and 11 common QTLs: g0il-2-3, qOil-5-1, qOil-9-2, gOil-13-1, qOil-
13-4, qOil-15-1, qOil-15-2, qOil-15-3, qOil-15-4, qOil-15-5, qOil-17-2, qOil-19-5) and 7 epistasis QTLs (marker
interval, Gm01_4091303-Gm01_5085864, Gm18_47550661-Gm18_48024037, Gm09_585590-
Gm09_1201285, Gm09_19759328-Gm09_19958039, Gm10_42150935-Gm10_42851788, Gm15_8908864-
Gm15_.9850704, Gm19_41753854-Gm19_42163159) in two populations for the prediction of candidate
genes with the physical marker distance of less than 1 Mb (Figure 2, Table 4 and 5, Supplementary Table S3,
bold text). In Phytozomev12.1 website (https://phytozome.jgi.doe.gov/pz/portal.html) (Glycine Max Wm82.
A2.V1), 570 genes found expressing highly in seed development process. Based on the pathway analysis
via the Kyoto Encyclopedia of Genes and Genomes website (KEGG, www.kegg.jp), 5 of them are identified
based on genetic ontology and annotated information showing the relationship with seed oil biosynthesis
and metabolism and/or fatty acid, including Glyma.05G049500.1, Glyma.05G053300.1,
Glyma.10G189900.1, Glyma.17G067400.1 and Glyma.18G200300.1 (Table 6).

Discussion

SNP genetic map constructed based on A-RIL populations

Soybean seed oil content was an important quantitative trait, construction of genetic maps and QTLs
localization have been applied in molecular MAS program with the development of molecular markers. In
many previous studies, genetic maps of restriction fragment length polymorphism (RFLP) [29], amplified
fragment length polymorphisms (AFLP), and/or simple sequence repeat (SSR) etc. markers [7, 30-31] were
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used to map target traits. However, the coverage of these genetic maps was low, which will reduce the
accuracy of QTL mapping. With the development of genome sequencing technology, millions of single
nucleotide polymorphisms (SNPs) and insertion/deletions were identified. Choi et al. (2007)[32] discovered a
total of 5,551 SNPs markers by the resequencing of sequence-tagged sites (STSs) developed from
expressed sequence tag (EST) sequence using three mapping populations including the Minsoy x Noir 1,
Minsoy x Archer as well as the Evans x P1 209332. Hyten et al. (2010)[33] established a high-throughput
soybean QTL mapping with 1,536 SNP markers using the same populations as Choi et al. (2007)[32]. Wang
et al. (2016) constructed two linkage maps containing 5,728 and 4,354 bins based on 89,680 and 80,995
SNP markers, spanning a total genetic distance of 2,204.6 cM and 2,136.7 cM, with an average distance of
0.4 and 0.5 cM between neighboring bins in NJRINP and NJRI4P, respectively. Yao et al. (2020)[34]
constructed a high-density genetic linkage map comprising 11,398 SNP markers on 20 linkage groups (LGs)
using the specificlocus amplified fragment sequencing (SLAF-seq) method, a total of 181 recombinant
inbred lines (RILs) derived from a cross between wild soybean ZYD00463 and cultivated WDD01514 were
genotyped. These SNP markers encompassed 2913.78 cM of the soybean genome, with a mean distance of
0.26 cM between markers. Abundant molecular markers facilitate genome-wide analysis of soybean [35, 36],
and the high-density occurrence of SNPs in the genome was more suitable for QTL localization. In this
study, a 2,212 SNP markers map distributing on 20 chromosomes was established, with a length of 5718.01
cM and an average distance of 2.61 cM between adjacent markers based on A-RIL populations (RIL3613
and RIL6013) with common parent, which contributed to increased genetic diversity and identify epistatic
interactions of QTLs between multiple genetic backgrounds [37]. In addition, multi-populations broken
through the limitation of less recombination events in single population evaluation, using the same SNP
marker could improve the accuracy of the identified QTLs.

The additive QTLs variation

Eight SNP sites within the QTL physical interval located in the SSR map and nineteen additive common
QTLs were detected by two methods and in multiple backgrounds (Figure 2, Table 4 and Supplementary
Table S3). Comparison of the previous studies with Soybase Datadase, 19 of 23 QTLs for the oil content
had been mapped overlap in soybean with previous researches [7-9, 14, 29, 37-51] (Table 4 and
Supplementary Figure S2). Among them, the same QTL that was located simultaneously in two RIL
populations, qOil-5-7 (marker interval, Gm05_4062384- Gm05_5158657) showed similar position the
consensus QTL detected by Wang et al (2012)[49] in cross SD02-4-59 x A02-381100. This further confirmed
the accuracy of QTLs identification in this study. The rest four QTLs (gOil-13-1, qOil-13-4, qOil-13-5 and qOil-
17-2) are new found.

Genetic basement of epistasis QTL and interactions with environments

Epistasis, or the interaction of a pair of loci may play an important role in the genetic of complex
quantitative traits [18, 52]. If epistasis is ignored, many individual loci could not be detected, which will
weaken the detection power of QTL[53]. In present study, PVE of A and AE of 64 additive QTL ranged from
1.29% to 10.75% and 0.86% to 10.66%, respectively, while those of AA and AAE effect of 12 pairs of epistatic
QTL ranged from 1.61% to 3.31% (Figure 3 and Table 5). By the comparison, AA and AAE effect were less
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than A and AE effect, this is similar to the study of Teng et al. (2017)[22]. Epistasis may also play an
essential role in trait improvement even if epistatic variance components are low [17, 54]. In this research,
two individual QTL of two pairs of epistasis effects QTLs were constructed by the intervals from the same
chromosome 9 and 15, respectively, including Gm09_19759328-Gm09_19958039 interacted with
Gm09_683799-Gm09_1859079, Gm15_8908864-Gm15_9850704 interacted with Gm15_2753022-
Gm15_29807975, and other pairs epistasis effects QTLs were mapped on different chromosomes. One QTL
also could interact with multiple QTLs. In the RIL6013 population, six QTLs interacted with more than one
QTL, Gm01_41350513-Gm01_42850670, Gm09_585590-Gm09_1201285, Gm09_683799-Gm09_1859079,
Gm11_.18740411-Gm11_34453671, Gm12_7885195-Gm12_20168509, Gm15_8908864-Gm15_9850704
interacted with each other or other QTLs. Twelve pairs of epistatic QTLs included 14 sites, among which 11
sites contained, overlapped or crossed regions with the previous QTLs (Supplementary Figure S3) [9, 10, 29,
37-39, 47-49, 51, 55-59]. It also further illustrates the stability of these locus, and the results were similar to
Yang et al. (2013)[53]. The other three sites (Gm01_4091303-Gm01_5085864, Gm01_41350513-
GmO01_42850670 and Gm18_47550661-Gm18_48024037) have not been reported and can be considered as
the newly discovered QTLs in this study.

Boer et al. (2002)[60] believed that the QTL interactions with environments could be regarded as a specific
expression of QTL caused by year, location, temperature and other factors. Therefore, multi-environment
joint analysis can be used to identify the stability of QTL and estimate the AAE effect. In this study, the PVE
value by AAE effects ranged from 0.09 to 1.26% (Figure 3 and Table 5), only a pair AAE effects QTL
(GmO01_4091303-Gm01_5085864~Gm19_41753854-Gm19_42163159), the PVE value of AAE effects was
less than the PVE value of AA effects in the RIL3613 population, meaning that the environment played an
important role, while the impact of environment were weak in remaining 11 pairs QTLs. The results showed
that AA and AAE effects were important genetic effects in QTL localization [12, 61].

Relationship between additive effect QTLs and epistatic QTLs

In this study, the additive effect QTL also had epistasis effects [53, 62, 63], which should be carefully
analyzed and evaluated in MAS to improve the seed oil content in soybean. Two additive effect QTLs qOil-9-
2 (marker interval, Gm09_585590-Gm09_1201285) and qQil-15-7 (marker interval, Gm15_8908864-
Gm15_9850704) showed interactions with other two QTLs (Table 4 and Table 5), such as Gm09_585590-
GmO09_1201285 interacted with two QTLs Gm01_41350513-Gm01_42850670 and Gm11_18740411-
Gm11_34453671, Gm15_8908864-Gm15_9850704 interacted with Gm01_41350513-Gm01_42850670,
GmO09_19759328-Gm09_19958039, Gm11_18740411-Gm11_34453671, and Gm12_20168509-
Gm12_7885195 interacted with Gm15_2753022-Gm15_29807975. The results showed that, should not only
consider the effect of one site but also the interaction of multiple sites, not only consider the main effect of
QTL, but also the additive effect, AA effects and QTL interactions with environments in the application of
MAS breeding.

Oil content candidate genes prediction

We identified 3 genes that may be involved in oil anabolism through 14 additive QTLs (qQil-1-1, qOil-1-2,
qOil-2-3, qOIl-5-1, qOil-9-2, qOil-13-1, qOil-13-4, qOil-15-1, qOil-15-2, qOil-15-3, qOIl-15-4, qOil-15-5, qOil-17-2
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and qOil-19-5) with the physical marker distance of less than 1 Mb which based on pathway annotations
(Table 6 and Supplementary Table S3, bold text). Glyma.05G049500.17 was predicted to lysophospholipid
acyltransferase, which was an important enzyme participating in membrane and storage lipid biosynthesis
and participated in glycerolipid and glycerophospholipid metabolism pathway [64]. Glyma.05G053300.1
was predicted to plant 4,4-dimethylsterol C-4alpha-methyl-monooxygenase, which involved in the steroid
biosynthesis pathway [65], we believe that it indirectly affects the biosynthesis of fatty acids.
Glyma.17G067400.7 was predicted to diacylglycerol kinase (ATP), which is key signaling enzymes for
phosphorylated diacylglycerin to produce phosphatidylic acid, and participates in the glycerophospholipid
metabolism pathway, it also affect the formation of fatty acids[66]. In addition, We identified 2 genes that
may be involved in oil anabolism through 7 epistatic QTLs (marker interval, Gm01_4091303-
Gm01_5085864, Gm09_585590-Gm09_1201285, Gm09_19759328-Gm09_19958039, Gm10_42150935-
Gm10_42851788, Gm15_8908864-Gm15_9850704, Gm18_47550661-Gm18_48024037, Gm19_41753854-
Gm19_42163159) with the physical marker distance of less than 1 Mb which based on pathway
annotations (Table 5 and 6). Glyma.18G200300.17 was predicted to alcohol dehydrogenase, it is the key
enzyme in alcohol fermentation, which is a flooding-response specific soybean gene expressed in root
tissue, and affects soybean yield [67]. Glyma.10G189900.17 was predicted to peroxygenase, Hanano et al.
(2006)[68] study showed that peroxygenase had been purified from oat microsomes and lipid droplets,
whose pathway also constitutes one branch of the so-called lipoxygenase pathway, which catalyzed the
oxidation of unsaturated fatty acids (c18:2, ¢18:3, or ¢16:3) to produce corresponding fatty acid
hydroperoxides. Further tests are needed to determine which of the 5 genes have a significant effect on
soybean oil content, and candidate genes are targeted for further study.

Conclusion

In the A-RILs populations, we identified 8 SNP sites within the QTL physical interval located in the SSR map
and 19 common additive QTLs, gOil-5-7 simultaneously existed two RILs populations, of which 4 QTLs were
new found. Moreover, a total of 12 pairs of epistatic QTLs (AA) and epistasis QTL interactions with
environments (AAE) were identified, covering 9 of the 20 linkage groups, of which 3 QTL were new found.
Around these QTLs, 5 potential candidate genes were identified.

Abbreviations

PVE: phenotypic variations explained ; AE: additive QTLs by environments interactions; AA: epistatic QTLs;
AAE: epistasis QTL interactions with environments
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Tables

Table 1 Distribution of markers and their properties on the linkage groups

Chr./LG  Number of SNP markers Length (cM) Average marker
density (cM)

1/Dla 160 246.45 1.55
2/D1b 108 380.61 3.56
3/N 50 180.18 3.68
4/C1 148 352.57 2.76
5/A1 65 210.05 3.28
6/C2 129 335.84 2.62
7/M 165 300.52 1.83
8/A2 74 213.22 2.92
9/K 132 285.28 2.18
10/0 130 229.63 1.78
11/B1 48 186.86 3.98
12/H 67 267.44 4.05
13/F 254 587.11 2.32
14/B2 115 316.77 2.78
15/E 83 380.58 4.64
16/] 173 267.26 1.55
17/D2 72 289.22 4.07
18/G 62 170.98 2.80
19/L 59 321.54 5.54
20/1 118 195.90 1.67
Total 2212 5718.01 2.61

Table 2 Summarization of oil content of parents and RILs in two populations under eight environments
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Population Environment! Parents Average (%) RIL lines

Range Average Std®> Skew®  Kurt?
(%) (%)
RIL3613 Dongnong L13 Heihe 36
E1l 17.90 20.10 14.40-20.13 17.05 0.94 0.35 0.43
E2 18.10 20.30 16.73-22.39 19.49 0.95 0.10 0.45
E3 17.28 19.80 16.45-21.76 20.15 0.46 -0.19 2.61
E4 18.25 20.15 17.19-21.88 19.39 0.82 -0.06 0.06
E5 17.28 19.88 17.16-21.14 20.10 0.55 -0.79 0.81
E6 17.98 20.53 17.57-21.21 20.00 0.52 -0.41 0.28
E7 18.26 20.90 17.61-21.74 20.66 0.39 -0.43 0.40
E8 19.90 21.50 19.10-22.00 21.32 0.34 -0.42 1.17
TRmeo1s 1 Dongnong L13  Hemong 60

El 17.90 20.18 15.19-21.89 17.03 0.85 0.17 -0.64
E2 18.10 20.22 17.89-22.37 20.37 1.03 -0.21 -0.57
E3 17.28 20.92 16.54-21.92 20.38 0.51 0.03 0.68
E4 18.25 20.78 17.72-21.83 19.63 0.85 -0.07 0.23
E5 17.28 20.38 16.70-22.25 20.24 0.59 -0.35 0.82
E6 17.98 20.24 17.19-22.31 20.77 0.60 -0.25 0.26
E7 18.26 20.78 17.51-21.78 20.26 0.62 -0.45 0.24
E8 19.90 21.40 20.10-22.40 21.28 0.39 -0.34 0.88

1 E1-E8 represent the 8 environments ( 2013 Keshan, 2014 Harbin, 2015 Harbin, 2015 Keshan, 2016 Acheng, 2016 Shuangcheng, 2016 Harbin, 2017 Shuangcheng ), respectively
2 Std represent standard deviation of the phenotypic trait
3 Skew represent skewness of the phenotypic trait

4 Kurt represent kurtosis of the phenotypic trait

Table 3 Joint ANOVA of oil content of two RILs and heritability

Population  Source DF SS MS F Pr>F

RIL3613 Environment 7 3961.16  565.880 1074.36  <.0001
Genotype 119 201.29 1.692 3.21 <.0001
Genotype x Environment 777 995.10 1.281 2.43 <.0001
Error 16 8.66 0.541
K2 0.281

RIL6013 Environment 7 4792.95 684.707 1235.17 <.0001
Genotype 138 328.59 2.381 4.30 <.0001
Genotype x Environment 925 1262.57 1.365 2.46 <.0001
Error 16 9.62 0.601
K2 0.436

1 h? represent broad-sense heritability

Table 4 Additive effects and additive by environments interactions (AE) QTLs simultaneous mapping for oil content in two RIL populations
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QTL Left Marker Right Marker Chr!  Population Located by ICIM and IM methods’
LOD? PVE (%)? PVEA)* (%) PVEAE)® (%) AddS

qOil-2-3 Gmo02_7564870 GmO02_7653076 2 RIL3613 2.94, 2.51 6.58, 8.65 0.88, 1.02 5.71, 7.63 0.033, 0.031
qOil-2-4 Gmo02_6350994 Gm02_9755950 RIL6013 3.20, 6.65 2.46, 3.75 0.07, 0.35 2.39, 3.40 0.014, 0.040
qOil-5-1 GmO05_4062384 GmO05_5158657 5 RIL3613 3.25, 2.95 2.09, 2.72 0, 0.01 2.09, 2.71 -0.002, -0.003

RIL6013 2.66, 4.28 2.11, 2.23 0.34, 0.23 1.77, 2.00 0.031, 0.032
qoil-9-2 Gm09 585590 Gm09 1201285 9 RIL6013 3.46, 4.26 2.63, 2.05 0.63, 0.30 2.00, 1.74 -0.042, -0.037
qOil-9-3 GmO09_683799 GmO09_1859079 RIL3613 3.83, 3.09 5.24, 6.63 1.07, 1.14 4.16, 5.48 0.037, 0.033
qOil-13-3 Gm13_16968208 Gm13_21164873 13 RIL3613 4.67, 4.62 6.91, 9.33 0.07, 0.05 6.84, 9.28 0.009, 0.007
qOil-13-4 Gm13_21066582 Gm13_21695191 RIL6013 4.09, 4.70 4.25, 2.95 0.36, 0.20 3.89, 2.75 0.034, 0.032
qOil-13-5 Gm13_ 21695191 Gm13_23818871 RIL3613 2.76, 3.01 3.15, 4.44 0.08, 0.02 3.07, 4.42 0.01, 0.004
qOil-15-1 Gm15 8908864 Gm15 9850704 15 RIL6013 2.76, 3.68 1.81, 1.57 0.26, 0.17 1.55, 1.40 -0.026, -0.027
qOil-15-2  Gm15_7654010 Gm15_8235391 RIL3613 2.82, 2.91 4.81, 6.59 0.20, 0.32 4.61, 6.27 0.016, 0.018
qOil-15-3 Gm15_7569225 Gm15_7654010 RIL6013 3.73, 3.40 3.09, 1.83 1.33, 0.88 1.75, 0.95 0.067, 0.069
qOil-15-4 Gm15_9750834 Gm15_9970727 RIL3613 3.16, 3.26 5.51, 7.54 0.17, 0.29 5.34, 7.26 0.015, 0.016
qOil-15-5 Gm15_9970727 Gm15_10064172 RIL6013 3.06, 3.70 2.45, 2.06 0.77, 0.57 1.67, 1.48 0.047, 0.052
qOil-17-1 Gm17_3048712 Gm17_7282795 17 RIL3613 3.54, 3.50 5.44, 7.57 0.27, 0.36 5.17, 7.20 -0.02, -0.019
qOil-17-2 Gm17_4850258 Gm17_5639017 RIL6013 3.37, 3.25 3.23, 2.04 1.71, 1.02 1.53, 1.02 0.071, 0.070
qOil-19-1 Gm19 23094757 Gm19 47475093 19 RIL3613 3.37, 3.38 6.76, 9.17 2.10, 2.78 4.66, 6.39 -0.057, -0.056
qOil-19-2 Gm19 17827436 Gm19_38866655 RIL3613 3.77, 4.18 5.02, 7.08 0.02, 0.01 5.00, 7.07 -0.005, -0.002
qOil-19-4 Gm19 2179973 Gm19_38732396 RIL6013 3.48, 4.94 2.21, 2.41 0.05, 0.04 2.16, 2.37 0.012, 0.014
qOil-19-5 Gm19_34458684 Gm19_35275610 RIL6013 3.09, 3.51 2.35, 1.91 1.37, 1.05 0.98, 0.86 0.062, 0.069

1 Chr represent the chromosome

2 LOD is log of odd score

3 PVE represent the total phenotypic contribution of the additive effect and additive QTLs by environments interactions (AE) QTLs

4 PVE(A) is the phenotypic contribution of the additive effect QTL

5 PVE(AE) represent the phenotypic variation by additive effects and environment interactions (AE) QTL
6 Add represent the additive effect of the QTL

7 The first value from the ICIM method and the second value from IM method at the current scanning position

Table 5 Identification of epistatic effect QTLs (AA) and epistatic QTLs by environments interactions (AAE) for oil content in multi-genetic backgrounds and multi-environments
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RIL3613

Chr!  Marker Interval  Chr! Marker Interval LOD? PVE3 PVEA PVE AAS Epistatic QTLs by environments interactions (AAE)”
! 2 %) AR (AAB)® AAE AAE AAE AAE AAE AAE AAE AAE
%) _01 _02 _03 _04 _05 _06 _07 _08

1 GmO01_4091303- 19 Gm19_41753854- 6.01 1.97 0.71 1.26 -0.16 -0.359 -0.286 0.136 0.089 0.139 0.106 0.091 0.086

GmO01_5085864 Gm19_42163159
RIL6013

1 GmO01_41350513- 9 Gm09 585590- 5.22 2.39 2.10 0.30 0.11 0.054 0.037 0.028 0.055 -0.057 0.044 -0.093 -0.068
GmO01_42850670 Gm09 1201285

9 Gm09_19759328- 9 GmO09_683799- 5.63 2.33 1.85 0.48 0.11 0.069 0.090 -0.001 -0.003 -0.065 0.044 -0.080 -0.054
GmO09_19958039 GmO09_ 1859079

9 Gmo09_1398911- 10 Gm10_42150935- 5.01 2.54 1.67 0.87 0.10 0.134 0.094 0.031 0.049 -0.062 -0.095 -0.103 -0.049
GmO09_ 20250790 Gm10_42851788

9 GmO09_585590- 11 Gm11_18740411- 5.49 2.37 2.01 0.36 0.11 0.028 0.081 0.033 0.002 -0.075 0.090 -0.092 -0.067
GmO09_1201285 Gm11_34453671

9 GmO09 _683799- 12 Gm12_7885195- 5.54 2.30 1.77 0.54 0.11 0.069 0.083 0.003 -0.019 -0.063 0.063 -0.085 -0.051
GmO09_1859079 Gm12_20168509

1 GmO01_41350513- 15 Gm15 8908864- 5.61 2.91 1.94 0.97 0.11 0.042 0.142 0.027 -0.022 -0.089 0.082 -0.091 -0.091
GmO01_42850670 Gm15 9850704

9 GmO09_19759328- 15 Gm15_8908864- 6.13 3.31 2.14 1.17 0.11 0.099 0.149 0.005 -0.045 -0.096 0.056 -0.086 -0.083
Gmo09_19958039 Gm15_9850704

11 Gm11_18740411- 15 Gm15_8908864- 6.05 3.10 2.14 0.97 0.11 0.038 0.157 0.037 -0.022 -0.096 0.063 -0.093 -0.084
Gm11_34453671 Gm15_9850704

12 Gm12_7885195- 15 Gm15_8908864- 6.04 3.29 2.10 1.19 0.11 0.100 0.142 0.007 -0.060 -0.094 0.076 -0.091 -0.080
Gm12_20168509 Gm15_9850704

15 Gm15_8908864- 15 Gm15_2753022- 5.38 2.91 1.75 1.16 0.11 0.098 0.161 -0.009 -0.053 -0.083 0.042 -0.074 -0.083
Gm15_9850704 Gm15_29807975

3 GmO03_32549208- 18 Gm18_47550661- 5.19 1.61 1.53 0.09 0.11 0.002 0.148 0.042 0.001 -0.063 -0.005 -0.049 -0.077

GmO03_33991515 Gm18_48024037

1 Chr represent the chromosome

2 LOD is log of odd score

3 PVE represent the total phenotypic contribution of the additive effect and additive QTLs by environments interactions (AE) QTLs

4 PVE(AA) is the phenotypic contribution of the epistatic effect QTLs (AA)

5 PVE(AAE) represent the phenotypic variation by epistatic QTLs by environments interactions (AAE)

6 AA represent the epistatic effect of the QTL

7 AAE 01, AAE _2, AAE _3, AAE _4, AAE _5, AAE _6, AAE _7, AAE _8 represent the epistatic QTLs by environments interactions (AAE) contributed by multiple environments

interactions among 8 environments ( 2013 Keshan, 2014 Harbin, 2015 Harbin, 2015 Keshan, 2016 Acheng, 2016 Shuangcheng, 2016 Harbin, 2017 Shuangcheng ), respectively

Table 6 Details of 5 genes annotated in the KEGG database

Gene name’! Chromosome Position KO number  Annotation
Glyma.05G049500.1 chr05 4418823..4423186 K13519 LPT1; lysophospholipid acyltransferase [EC:2.3.1.51 2.3.1.23 2.3.1.-]
Glyma.05G053300.1 chr05 4810549..4814012 K14423 SMO1; plant 4,4-dimethylsterol C-4alpha-methyl-monooxygenase [EC:1.14.18.10]
Glyma.10G189900.1 chr10 42289892..42291691 K17991 PXG; peroxygenase [EC:1.11.2.3]
Glyma.17G067400.1 chr17 5211643..5218864 K00901 dgkA; diacylglycerol kinase (ATP) [EC:2.7.1.107]
Glyma.18G200300.1 chrl8 47969051..47975187 K00001 E1.1.1.1; alcohol dehydrogenase [EC:1.1.1.1]

1 Indicates the gene which correlates with the QTL

Figures
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Figure 1

Frequency distribution oil content. E1-E8 represent 8 environments (2013 Keshan, 2014 Harbin, 2015 Harbin,
2015 Keshan, 2016 Acheng, 2016 Shuangcheng, 2016 Harbin, 2017 Shuangcheng ), respectively

Page 20/23



qOil-11-2°

qOil-11-1
qoil-10-%

B¢ 0

P eo0 -

= 29 i

OOII

sl 2
g
-

Figure 2
Additive QTLs of oil content in RIL3613 (red bars) and RIL6013 (blue bars) Chromosomes genetic groups

were arranged tandemly as a circle. The green bar is the QTL simultaneously in two RIL populations. The
elongation is the common QTLs for two RIL populations.
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Figure 3

Epistatic interactions of oil content QTLs in RIL3613 (red lines) and RIL6013 (green lines) populations.
Chromosomes genetic groups were arranged tandemly as a circle.
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