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population. Meanwhile, another stable QTL cluster 
was detected on chromosome 9 with pleiotropic effect 
under multiple environments in ZL-RIL population 
and was further verified by the natural population. 
More importantly, some causal genes, such as the 
genes on chromosome 9, involving in the fatty acid 
catabolism process were found in these stable QTL 
clusters, and some of them, such as Gm09G042000, 
Gm09G041500, and Gm09G047200 on chromosome 
9, showed different expressions in ZL-RIL parents 
(Zheng92116 and Liaodou14) based on the transcrip-
tome sequencing analysis at different seed devel-
opmental stages. Thus, the study results provided 
insights into the genetic basis and molecular mark-
ers for regulating seed fatty acid contents in soybean 
breeding program.

Keywords  Soybean · Fatty acid · Multiple 
environments · Multiple genetic backgrounds · 
Pleiotropism QTLs · Causal genes

Introduction

Soybean (Glycine max, 2n = 40) has been cultivated 
for more than 5000  years, and its genome size is 
about 1.0  Gb with ~ 50 thousands of protein coding 
genes (Meng et al. 2016; Shen et al. 2018). Soybean 
is also the most important oil crop in the world, and 
more than 60% of the food oil comes from soybean 

Abstract  Soybean is a major oil crop in the world, 
and fatty acids are the predominant components for 
oil bio-synthesis and catabolism metabolisms and 
also are the most important energy resources for 
organisms. In view of this, two recombinant inbred 
line (RIL) populations (ZL-RIL and ZQ-RIL) and 
one natural population were evaluated for five indi-
vidual seed fatty acid contents (palmitic acid, stearic 
acid, oleic acid, linoleic acid, and linolenic acid) 
under four different environments, simultaneously. 
In total, sixteen additive QTL clusters were identi-
fied in ZL-RIL population, and fifteen were stably 
expressed across multiple environments or had pleio-
tropic effects on various fatty acid contents. Further-
more, five and five of these 16 QTL clusters were 
verified in ZQ-RIL population and natural popula-
tion, respectively. Among these consistent and stable 
QTL clusters, one QTL cluster controlling fatty acid 
on chromosome 5 with pleiotropic effect was identi-
fied under all of the environments in ZL-RIL and ZQ-
RIL populations and also was validated in the natural 
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seed (Zhang et  al. 2018; Torkamaneh et  al. 2020). 
Fatty acids (FA) are the predominant components of 
the seed oil and are also the most important energy 
resources for the organisms (Fan et  al. 2015). There 
are five major types of individual fatty acid in soy-
bean seed, which namely palmitic acid (16:0), stearic 
acid (18:0), oleic acid (18:1), linoleic acid (18:2), and 
linolenic acid (18:3) (Hyten et al. 2004; Spencer et al. 
2004; Zhang et  al. 2018). For these five individual 
fatty acids, there exist many differences, no matter the 
relative contents in seed, the qualities in biochemi-
cal field, or the utilization in the food industry and 
medical field. For instance, linoleic acid and linolenic 
acid are attributed to the essential fatty acids and are 
irreplaceable for humans with great health functions 
(Shibata et al. 2008; Akond et al. 2014). Meanwhile, 
oleic acid is also very important for human due to its 
vital function to soften blood vessels and prevent lots 
of human diseases caused by vascular sclerosis (Fan 
et  al. 2015; Amin et  al. 2019). In addition, the fatty 
acids also play very important roles in the manufac-
ture industry to produce many necessary productions 
for human daily life and also can function as intra-
cellular or extra-cellular signals for plants to defend 
many diseases (Kachroo et  al. 2008; Shibata et  al. 
2008; Lim et al. 2017).

Although the vital applications of fatty acids have 
been found, the molecular and physiological mecha-
nisms controlling fatty acids are still largely unknown, 
and the genetic improvements of soybean varieties 
with desirable components/contents are still relative 
slow and lagging behind (Zhang et al. 2018). The rea-
sons for these might mainly due to the fatty acids are 
controlled by multiple minor-effect genes and attrib-
uted to the quantitative characteristics. Goettel et  al. 
(2014) had predicted 1090 genes potentially partici-
pated in the soybean acyl lipid synthesis, catabolism, 
and signaling pathway, and 769 genes were found to 
express in seed; while 70 genes might associate with 
the synthesis of fatty acids in plastids, 104 associate 
with the degradation of lipids and fatty acids. Thus, 
the mapping of quantitative trait loci (QTL) and min-
ing of related genes become the irreplaceable strategy 
for illustrating the genetic mechanisms and develop-
ing the varieties with desirable fatty acids in soybean 
(Panthee et al. 2006).

At present, there are some studies focused on 
the mapping of genetic loci for fatty acid contents 
in soybean. Bachlava et  al. (2009) had identified 

one QTL controlling oleic acid content on chromo-
some 13 across multiple environments and genetic 
backgrounds. Li et  al. (2011) detected 27 QTLs for 
seed fatty acid and oil contents on 12 chromosomes 
(Gm02, Gm03, Gm04, Gm08, Gm09, Gm10, Gm11, 
Gm14, Gm15, Gm16, Gm18, and Gm20) via QTL-
Network2.0 software. Wang et  al. (2012) had found 
eight QTLs linked with palmitic acid content on six 
chromosomes (Gm05, Gm06, Gm09, Gm13, Gm15, 
and Gm18), five QTLs linked with stearic acid con-
tent on four chromosomes (Gm03, Gm05, Gm13, and 
Gm18), and nine QTLs linked with saturated fatty 
acid on seven chromosomes (Gm03, Gm05, Gm06, 
Gm09, Gm13, Gm15, and Gm18). Xie et  al. (2012) 
also found six QTLs responsible for seed linolenic 
acid content on Gm02, Gm14, and Gm18; four QTLs 
for linoleic acid on Gm14, Gm16, Gm17, and Gm18; 
four QTLs for oleic acid and four QTLs for palmitic 
acid on Gm09, Gm16, Gm17, and Gm18; and one 
QTL for stearic acid content on Gm02.

Meanwhile, Akond et  al. (2014) had detected 16 
QTLs responsible for the fatty acid contents on chro-
mosomes 3, 13, 14, 15, 16, and 18. Fan et al. (2015) 
had identified 35 additive QTLs underlying fatty 
acid contents, and 17 of them were detected on ten 
chromosomes (Gm03, Gm06, Gm07, Gm08, Gm09, 
Gm10, Gm12, Gm13, Gm18, and Gm20) under mul-
tiple environments or associated with multiple com-
ponents via the linkage analysis of RIL population 
with 161 SSR markers. Zhang et  al. (2018) identi-
fied 18 QTLs associated with fatty acids on chromo-
somes 5, 8, 14, and 15 via the genome wide associa-
tion study (GWAS) of 313 soybean germplasms. Fang 
et al. (2017) identified 27 genome regions associating 
with ten fatty acid related traits on chromosomes 2, 
3, 4, 5, 6, 7, 10, 11, 13, and 14 via the GWAS of 809 
soybean germplasms. Van and Mchale (2017) had 
summarized 113 QTLs of seed fatty acid contents, 
and no meta-QTL was obtained due to the limited 
number and minimal overlap of these reported QTLs. 
In addition, to discover the genetic loci in wild soy-
bean, Ha et  al. (2014) identified nine QTLs control-
ling alpha-linolenic acid content on chromosomes 
3, 5, 6, 11, 12, 14, 15, and 17 in the RIL population 
derived from the cross of wild soybean germplasm 
“PI483463” and cultivar variety “Hutcheson.” Leamy 
et  al. (2017) investigated 570 wild soybean germ-
plasms for the fatty acid contents, and 24 associated 
SNPs were found on chromosomes 7 and 14.
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In summary, there were some studies reported 
QTLs of seed fatty acid contents at present, and 
the QTLs were located on nearly all of the soybean 
chromosomes (eighteen chromosomes except for the 
chromosomes 1 and 19), especially for the chromo-
somes 3, 5, 13, 14, 15, and 18 reported more times. 
However, there were very few loci and markers 
applied in soybean quality improvement due to the 
un-stability across different environments and genetic 
backgrounds. Meanwhile, the genetic and molecular 
mechanisms of soybean fatty acids are still largely 
unknown to present. Thus, it is necessary to identify 
the consistent and reliable QTLs across multiple envi-
ronments and genetic backgrounds. In view of this, 
the objectives of this study are to (1) identify and val-
idate consistent QTLs controlling soybean seed fatty 
acid contents across multiple populations and envi-
ronments; (2) search and validate the causal genes 
responsible for the seed fatty acids in these consistent 
QTLs.

Materials and methods

Soybean materials

Two soybean RIL populations named ZL-RIL (F6:7, 
345 lines) and ZQ-RIL (F6:7, 289 lines) were used 
in this study. ZL-RIL was developed from the cross 
of “Zheng92116” and “Liaodou14”; ZQ-RIL was 
developed from the cross of “Zheng92116” and 
“Qihuang30.” There were lots of differences between 
“Liaodou14” and “Qihuang30,” such as the parents 
and their origins, variety type, plant height, fuzz 
color, seed hilum color, and protein content. The seed 
fatty acid contents of three parents of RIL popula-
tions were listed in Table S1. Meanwhile, one natu-
ral soybean population consisted of 342 germplasms 
(69 landraces and 273 cultivars) was used to further 
verify the QTLs identified in the RIL populations.

Methods

Planting of soybean populations and analyzing 
of seed fatty acid contents

ZL-RIL and ZQ-RIL populations were planted 
under four different environments, simultaneously, 

which designated as E1 ~ E4, respectively. And E1 
represented Qingxian-2015 (Cangzhou City, Hebei 
Province, N37°29′, E115°42′, China), E2 repre-
sented Qingyuan-2015 (Baoding City, Hebei Prov-
ince, N38°10′, E113°40′, China), E3 represented 
Qingyuan-2016, and E4 represented Hebei Agri-
cultural University Breeding Center-2016 (Baoding 
City, Hebei Province). For these four experiments, 
randomized complete block design was used with 
three replications, and the field planting methods 
and managements were same as our previous study 
(Li et  al. 2018). In addition, the 342 germplasms of 
natural population were planted in Hebei Agricul-
tural University Breeding Center in 2017 with two 
replications.

For fatty acid contents analyzing, the seeds of RIL 
populations (ZL-RIL and ZQ-RIL) and natural popu-
lation (342 germplasms) were analyzed by using the 
DA7200 near-infrared (NIR) analyzer (Perten Instru-
ments, Sweden). The five fatty acids, palmitic acid 
(PA), stearic acid (SA), oleic acid (OA), linoleic acid 
(LA), and linolenic acid (LNA), were analyzed. The 
saturated fatty acid (SFA) content was calculated by 
the sum of palmitic acid and stearic acid, while the 
unsaturated fatty acid (USFA) was calculated by the 
sum of oleic acid, linoleic acid, and linolenic acid.

Statistical analysis of seed fatty acid contents

The analysis of variance (ANOVA) of seed fatty acid 
contents was conducted via the SPSS V21.0 software, 
and the descriptive statistics (mean, standard devia-
tion, coefficient of variation, maximum and minimum 
value, coefficients of skewness and kurtosis) of fatty 
acid contents was calculated via the Microsoft Excel 
2007 software. The correlation coefficients of fatty 
acid contents were calculated via SPSS V25.0 soft-
ware, and the hot-plot of correlation coefficient was 
obtained via the ggplot2 and corrplot software pack-
age of the R statistical program (https://​www.r-​proje​
ct.​org/).

QTL mapping of the soybean RIL populations

Based on the genetic linkage maps of ZL-RIL and 
ZQ-RIL populations constructed in our previous 
study (Li et  al. 2018), the QTL mapping works of 
seed fatty acid contents of these two populations were 
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conducted via the inclusive composite interval map-
ping method of ICIMapping v4.2 software in the pre-
sent study. The threshold of LOD scores was deter-
mined by using 1000 permutations as our previous 
study (Li et al. 2018). Meanwhile, for QTL mapping 
result analysis, the QTLs conferring individual fatty 
acid content within 5.0  cM in soybean genetic link-
age map or physical distances within 2.0 Mb in soy-
bean genome sequence were considered as the same 
locus according to the reference (Meng et  al. 2016) 
and our previous published studies (Li et  al., 2018; 
2019). And if the QTLs conferring different fatty acid 
contents located in the same locus, then designated as 
QTL cluster with pleiotropic effects. In addition, QTL 
was named according to the Soybean Genetics Com-
mittee recommendation.

Association analysis of fatty acid contents of natural 
population

To further verify the linkage QTLs conferring seed 
fatty acid contents obtained from the two RIL popu-
lations under multiple environments, one natural 
population was estimated for the fatty acid contents 
in Hebei Agricultural University Breeding Center in 
2017. Based on the fatty acid contents and SNP geno-
types of the natural population, the primary associa-
tion analysis was conducted by using the MLM model 
(mixed linear model) via the GAPIT software package 
of R statistical program (https://​www.r-​proje​ct.​org/).

Analysis of candidate genes via the transcriptome 
sequencing data

To discover the candidate genes in stable QTL inter-
vals associated with seed fatty acid contents, the 
expression patterns of candidate genes were ana-
lyzed by using the transcriptome sequencing data of 
ZL-RIL parents (Zheng92116 and Liaodou14). In 
our previous study (Li et al. 2019), the transcriptome 
sequencing of Zheng92116 and Liaodou14 was con-
ducted with two biological replications at five dif-
ferent soybean seed developmental stages (T1 ~ T5, 
represented 24th, 31st, 38th, 45th, and 52th days after 
flowering, respectively). Based on these transcrip-
tome sequencing data, the gene expressions were ana-
lyzed. In addition, the physical positions of QTLs and 
candidate genes were noted as Williams82 reference 
genome sequence Gmax2.0.

Results

Relative wide genetic variations and significant 
correlation coefficients of seed fatty acid contents in 
ZL‑RIL population

ANOVA results showed that there existed significant 
differences of seed fatty acid contents among different 
soybean RIL lines (Table S2). Descriptive statistical 
results of fatty acid contents under different environ-
ments showed that the relative wide genetic varia-
tions existed in ZL-RIL population, especially for the 
linolenic acid and oleic acid contents with the CV% 
values ranged from 17.9 to 25.9% and 11.4 to 13.3%, 
respectively (Table  S2). The linoleic acid contents 
ranged from 52.6 to 61.6% with average 57.9% in 
soybean RIL lines, and the linolenic acid ranged from 
1.8 to 9.3% with average 5.4%. The oleic acid con-
tents ranged from 11.7 to 34.1% with average 20.5%, 
palmitic acid ranged from 6.6 to 12.7% with average 
10.8%, and stearic acid ranged from 2.6 to 4.3% with 
average 3.8% (Table S2). The skewness and kurtosis 
absolute values indicated that these fatty acid contents 
displayed the normal distributions and attributed to 
the quantitative characteristics (Table S2, FigureS1). 
The correlation analysis found that there existed sig-
nificant positive and negative correlations between 
these fatty acids (Fig. 1), such as the extremely sig-
nificant negative correlations between oleic acid and 
the other fatty acid components (palmitic acid, stearic 
acid, linoleic acid, etc.).

Additive pleiotropism QTL clusters of seed fatty acid 
contents across multiple environments in ZL‑RIL 
population

Based on the fatty acid contents under four environ-
ments (E1 ~ E4), sixteen additive QTL clusters were 
identified in ZL-RIL population, and fifteen of them 
were detected across multiple environments or under-
lying multiple fatty acid contents with pleiotropic 
effects (Table  1). The QTL clusters were located 
on eleven chromosomes (Gm03, Gm04, Gm05, 
Gm06, Gm08, Gm09, Gm10, Gm12, Gm13, Gm16, 
and Gm17) with phenotypic variation explanations 
(PVEs) ranged from 2.1 to 10.2%, which indicated 
that there existed environmental stable QTLs with 
pleiotropic effects controlling soybean seed fatty acid 
contents in ZL-RIL population.
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Among these QTL clusters, the first pleiotropism 
QTL cluster was detected to control linolenic acid, 
linoleic acid, and oleic acid contents under multiple 
environments, with PVEs ranged from 3.6 to 10.2% 
on chromosome 5 (Table 1, Fig. 2). Further analysis 
found that this QTL cluster associated with linolenic 
acid content under three environments (E1, E3, and 
E4), associated with linoleic acid under all of the 
environments, and also associated with oleic acid 
under two environments (E1 and E3). The favorable 
alleles of this QTL cluster for linolenic acid and lin-
oleic acid contents were derived from the high fatty 
acid content ZL-RIL parent “Liaodou14.”

The second pleiotropism QTL cluster was 
detected to associate with palmitic acid, oleic acid, 
and saturated fatty acid contents across multiple 
environments with PVEs ranged from 3.1 to 5.1% 
(Table  1, Fig.  3). This QTL cluster was identified 
on chromosome 9, linked with palmitic acid content 
under all of the four environments, linked with oleic 
acid content under two environments (E2 and E3), 
and linked with saturated fatty acid content under 
three environments (E1, E2, and E3). The favora-
ble alleles of this QTL cluster for palmitic acid and 

saturated fatty acid contents were also derived from 
“Liaodou14.”

The third pleiotropism QTL cluster was detected 
to control four types of fatty acid contents, oleic acid, 
linolenic acid, linoleic acid, and stearic acid, under 
multiple environments with PVEs ranged from 2.1 
to 6.4% (Table 1). The QTL cluster was identified on 
chromosome 10 and associated with oleic acid, lino-
lenic acid, and linoleic acid contents under two envi-
ronments, respectively. And also, the favorable alleles 
of this QTL cluster for linolenic acid, linoleic acid, 
and stearic acid contents were derived from “Liao-
dou14.” Thus, it could be seen that the RIL parent 
“Liaodou14” contributed many favorable alleles for 
linolenic acid, linoleic acid, palmitic acid, and stearic 
acid contents due to its high fatty acid contents in 
seed.

Apart from these pleiotropism QTL clusters across 
multiple environments above, there were other twelve 
QTL clusters controlling different fatty acids under 
multiple environments or conferring multiple fatty 
acids identified in ZL-RIL population (Table 1). The 
favorable alleles of these QTLs for linolenic acid, 
linoleic acid, palmitic acid, and stearic acid contents 

LA

LNA

OA

PA

SA

SFA

USFA USFA

SFA

SA

PA

OA

LNA

LA

BA

Fig. 1   The correlation coefficients of seed fatty acid con-
tents in ZL-RIL population under different environments. LA, 
linoleic acid; LNA, linolenic acid; OA, oleic acid; PA, pal-
mitic acid; SA, stearic acid; SFA, saturated fatty acid; USFA, 
unsaturated fatty acid. *Significant at 0.05 level; **Significant 
at 0.01 level. Lower triangular in A: correlation coefficients 

under E1 environment (Qingxian-2015); upper triangular in 
A: correlation coefficients under E2 environment (Qingy-
uan-2015); lower triangular in B: correlation coefficients under 
E3 environment (Qingyuan-2016); upper triangular in B: cor-
relation coefficients under E4 environment (HAU Breeding 
Center-2016)
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1 3

mainly derived from “Liaodou14,” while the favora-
ble alleles for oleic acid content mainly derived from 
the another RIL parent “Zheng92116,” which indi-
cated that the recombination of these two RIL parents 
could produce the favorite lines with higher five indi-
vidual fatty acid contents.

Verification of additive QTL clusters conferring seed 
fatty acid contents under multiple environments via 
ZQ‑RIL population

To further verify the QTL clusters obtained in ZL-
RIL population, the fatty acid contents of ZQ-RIL 
population were assessed under the same four envi-
ronments (E1 ~ E4) via the same methods (Table S3, 
FigureS2). ANOVA results showed that there existed 
significant differences of fatty acid contents among 
different RIL lines (TableS3). Based on these, the 
QTL mapping was conducted. In total, eight additive 
QTL clusters with PVEs 3.1 ~ 9.4% were identified on 
seven chromosomes (Gm04, Gm05, Gm06, Gm08, 
Gm15, Gm16, and Gm17) in ZQ-RIL population, and 
five of them were consistent with the QTL clusters of 
ZL-RIL population (Table 2). These consistent QTL 

clusters offered the stable QTLs for marker assisted 
selection and candidate gene mining for seed fatty 
acid contents in soybean molecular breeding program.

Among these QTL clusters in ZQ-RIL popula-
tion, the first consistent pleiotropism QTL cluster was 
identified to associate with linoleic acid, stearic acid, 
oleic acid, and saturated fatty acid on chromosome 
5 across multiple environments (Table  2, Fig.  2). 
In details, this QTL cluster was detected to associ-
ate with linoleic acid under all of the environments 
with PVEs 6.8 ~ 8.6% and link with stearic acid con-
tent under three different environments (E1, E2, and 
E3) with PVEs 3.8 ~ 9.4% (Table 2), and also respon-
sible for the oleic acid and saturated fatty acid con-
tents under E3 environment. More importantly, this 
consistent QTL cluster in ZQ-RIL population shared 
one common SNP marker ss715591780 with the QTL 
cluster in ZL-RIL population (Tables 1 and 2, Fig. 2), 
which indicated that it was a stable QTL cluster con-
trolling multiple fatty acid contents on chromosome 
5 across different soybean genetic backgrounds and 
multiple environments.

The second consistent pleiotropism QTL cluster 
was identified to associate with palmitic acid, oleic 

Fig. 2   The pleiotropism 
QTL cluster control-
ling fatty acid contents 
on chromosome 5 across 
multiple environments 
and genetic backgrounds. 
The common SNP marker 
ss715591780 across two 
populations was highlighted 
with red rectangle; different 
colors of QTLs indicating 
different environments, 
green: E1 environment; 
red: E2 environment; blue: 
E3 environment; pink: E4 
environment

ZQ-RIL ZL-RIL

Gm05 Gm05
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1 3

acid, saturated fatty acid, and unsaturated fatty acid 
on chromosome 4 under multiple environments in 
ZQ-RIL population (Table  2). In details, this QTL 
cluster was detected to link with palmitic acid and 
oleic acid across E1 and E3 environments with PVEs 
3.8 ~ 7.6% and 4.7 ~ 4.9%, respectively. It was also 
detected to link with saturated fatty acid and unsatu-
rated fatty acid under E3 environment (Table 2). And 
more importantly, this consistent QTL cluster in ZQ-
RIL shared two common SNP markers, ss715588105 
and ss715588385, with the QTL cluster in ZL-RIL 
population (Tables  1 and 2), indicated that it was 
another stable QTL cluster controlling multiple fatty 
acid contents on chromosome 4 across multiple 
genetic backgrounds and environments.

Apart from these two consistent pleiotropism QTL 
clusters across ZL-RIL and ZQ-RIL populations, 
there were other three consistent QTL clusters on 
chromosomes 8, 16, and 17 (Tables 1 and 2). Further-
more, there were three specific QTL clusters detected 
in ZQ-RIL under multiple environments (Table  2). 

The pleiotropism QTL cluster, qLA-A2-1’ and qOA-
A2-1’ (ss715602131 ~ ss715602331), was associated 
with linoleic acid under three environments (E2, E3, 
and E4) with PVEs 5.2 ~ 8.5% and also associated 
with oleic acid under two environments (E3 and E4) 
with PVEs 5.0 ~ 6.2% (Table  2). More importantly, 
the favorable allele of qLA-A2-1’ for linoleic acid was 
derived from the RIL parent “Zheng92116,” which 
was different from the other QTLs in ZQ-RIL popu-
lation. In summary, these consistent and stable QTL 
clusters in ZL-RIL and ZQ-RIL populations could 
be detected across multiple environments and genetic 
backgrounds and could be applied in the breeding 
program for seed fatty acid genetic improvement.

Verification of additive QTLs for fatty acid contents 
via the natural population

To further demonstrate the QTLs identified in ZL-
RIL population, the fatty acid contents of natural 
population (342 germplasms) were assessed, and the 

ss715603594
ss715603616

ss715604428

3215569
3271593

4137128

LG K (Gm09)            Gm09

CBA

Fig. 3   The consistent and stable QTL cluster and causal genes 
for seed fatty acid contents on chromosome 9 in soybean. A 
Consistent QTL cluster on chromosome 9 in ZL-RIL popula-
tion, different colors indicated QTLs detected under different 
environments (red: E2 environment; blue: E3 environment; 
pink: E4 environment), the SNP markers and their genetic 
positions were showed on the chromosome 9. B Physical 
position of QTL cluster on chromosome 9, the linkage SNP 
markers and their physical positions were showed on the chro-
mosome 9, the physical positions were obtained via the Wil-

liams82 reference genome (Gmax2.0). C Expressions of causal 
genes in the QTL cluster interval on chromosome 9, data from 
transcriptome sequencing of ZL-RIL parents Zheng92116 and 
Liaodou14 (all the arrows indicated causal genes participat-
ing in the catabolism process of soybean fatty acids, and the 
red arrows indicated the causal genes with differential expres-
sions between Zheng92116 and Liaodou14; Z-T1 ~ Z-T5 repre-
sented the gene expressions at five seed developmental stages 
in Zheng92116; L-T1 ~ L-T5 represented the gene expressions 
at five seed developmental stages in Liaodou14)
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coefficient of variations ranged from 1.8 to 18.8% 
with the relative wide variations on linolenic acid 
and oleic acid contents (Table S4). The skewness and 
kurtosis absolute values showed that these fatty acid 
contents displayed the normal distributions and attrib-
uted to the quantitative characteristics (TableS4 , Fig-
ureS3). Based on these, the primary GWAS analysis 
was conducted. The results showed that there were 
six associated SNPs identified to consistent with five 
QTL clusters in ZL-RIL population, which located on 
chromosomes 4, 5, 8, 9, and 10 (Table S5), and three 
of them were justly located in the QTL intervals of 
ZL-RIL population (Table 1).

Among these consistent SNPs, the first SNP 
ss715591621 was identified to associate with oleic 
acid content on chromosome 5 (Table  S5) and was 
adjacent to the pleiotropism QTL cluster (qLNA-A1-1, 
qLA-A1-1, and qOA-A1-1 on chromosome 5, Table 1) 
in ZL-RIL population, and the physical distance to 
this QTL cluster marker ss715591655 was 407  kb 
(Table 1 and Table S5). The second consistent associ-
ated SNP ss715603674 was found to responsible for 
the saturated fatty acid content on chromosome 9 and 
was justly located in the QTL cluster interval (qPA-
K-1, qOA-K-1, and qSFA-K-1) of ZL-RIL population 
(Table 1 and Table S5).

The third consistent associated SNP ss715607502 
was also found to responsible for the saturated 
fatty acid content on chromosome 10 and was 
justly located in the QTL cluster interval (qOA-O, 
qLNA-O, qLA-O, and qSA-O) of ZL-RIL popula-
tion (Table 1 and Table S5). Meanwhile, SNP mark-
ers ss715589728 and ss715589724 were identified 
to associate with palmitic acid content on chromo-
some 4, and the distances of these two markers to 
the adjacent QTL cluster (qLA-C1-2, qSFA-C1-2, 
and qPA-C1-2) were 207 kb and 241 kb, respectively 
(Table 1 and Table S5). In addition, the SNP marker 
ss715599409 was detected to associate with stearic 
acid content on chromosome 8 and was located in the 
QTL cluster interval (qOA-A2 and qLNA-A2) of ZL-
RIL population (Table 1 and Table S5).

Causal genes in the consistent pleiotropism QTL 
clusters involved in the synthesis and catabolism 
metabolism of seed fatty acids in soybean

To further discover the causal genes involved in the 
synthesis and catabolism metabolism of seed fatty N
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acids in the consistent and stable pleiotropism QTL 
clusters under multiple environments identified in 
this study, the expressions of candidate genes in 
the QTL intervals reference to Williams82 genome 
(Gmax2.0) were analyzed based on the transcrip-
tome sequencing data of soybean seeds at differ-
ent developmental stages of the ZL-RIL population 
parents (Zheng92116 and Liaodou14). As expected, 
some causal genes were found with different expres-
sion patterns between Zheng92116 and Liaodou14 in 
these QTL clusters participating in the synthesis or 
catabolism metabolism process of fatty acids in soy-
bean (Table S6).

Among these genes, there were several 
genes (Glyma.09G041200, Glyma.09G041400, 
Glyma.09G042000, etc.) identified in the QTL cluster 
interval (qPA-K-1, qOA-K-1, and qSFA-K-1) on chro-
mosome 9 involving in the seed fatty acid catabolism 
process (Table S6). In details, Glyma.09G041200 and 
Glyma.09G041400 were predicted to encode the dia-
cylglycerol lipase and phospholipase, respectively, 
which were the important enzymes to catalyze the 
catabolism of triglyceride (seed oil) to generate fatty 
acid in soybean. Meanwhile, Glyma.09G042000 was 
predicted to encode the acyl-CoA dehydrogenase, 
which was the key enzyme for fatty acid catabolism 
to generate acetyl-CoA via the β-oxidation pathway 
in soybean. And more importantly, the causal gene 
Glyma.09G042000 displayed relative higher expres-
sion levels in the Zheng92116 at the T4 and T5 stages 
(Fig. 3), which indicated that there might exist a rela-
tive higher catabolism process of fatty acid at these 
two stages in Zheng92116, and resulted in the relative 
lower fatty acid contents of this variety. Conversely, 
the relative lower expressions of Glyma.09G042000 
in Liaodou14 led to the relative higher fatty acid con-
tents in seed (Fig. 3).

Apart from the causal genes on chromosome 9, 
there were several genes identified in the QTL cluster 
(qOA-O, qLNA-O, qLA-O, and qSA-O) on chromo-
some 10 (Table  S6). In details, Glyma.10G222400 
and Glyma.10G222500 were predicted to encode the 
peroxidase, and peroxidase was the important enzyme 
to catabolism the fatty acid in peroxisome in plant 
seed. And more importantly, the Glyma.10G222400 
showed relative higher expression levels in the 
Zheng92116 at the T4 and T5 stages, which indicated 
the relative higher catabolism process of fatty acid 
at these stages in Zheng92116, and resulted in the 

relative lower fatty acid contents in this variety, while 
the relative lower expressions of Glyma.10G222400 
in Liaodou14 led to the relative higher fatty acid con-
tents. In summary, the causal genes in the consistent 
and stable QTLs not only further demonstrated the 
mapping results of this study, but also offered the 
important genes to be further studied in the fatty acid 
genetic improvement in soybean molecular breeding 
program.

4. Discussion

The consistent and stable pleiotropism QTL cluster 
responsible for soybean seed fatty acid and oil 
contents on chromosome 5 should be more in‑depth 
researched

Soybean is the most planted oil crop in the world, 
and nearly more than 60% of the editable oil is 
offered by soybean seed (Li et al. 2011; Zhang et al. 
2020). Meanwhile, fatty acids are the most predomi-
nant components for seed oil process of synthesis 
and catabolism and are usually regarded as the most 
important energy resources for the bio-system (Li-
Beisson et al. 2013). Thus, understanding the genetic 
mechanisms and illustrating the molecular mecha-
nisms of seed fatty acid metabolism process is neces-
sary for the seed oil genetic improvement in soybean 
breeding program. In view of this, two soybean RIL 
populations and one natural population were analyzed 
with the five seed fatty acid components, simultane-
ously. Based on these, the linkage and association 
analysis were conducted, and several confirmed QTL 
clusters controlling multiple seed fatty acid contents 
were identified across multiple environments and 
genetic backgrounds in present study.

Among these confirmed QTL clusters, one stable 
pleiotropism QTL cluster controlling multiple seed 
fatty acid contents was identified on chromosome 
5 across multiple environments and genetic back-
grounds. In details, this QTL cluster was detected 
on chromosome 5 in the ZL-RIL and ZQ-RIL popu-
lations under all of the four environments, with the 
sharing common SNP marker ss715591780 (Tables 1 
and 2; Fig.  2); furthermore, it was verified in the 
natural population (Table  S5). More importantly, 
there was one stable QTL qOIL-A1 controlling soy-
bean seed oil content under multiple environments 
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identified in our previous study based on the same 
RIL populations with the same sharing marker 
ss715591780 (Li et al. 2019). Thus, these results indi-
cated that this QTL cluster on chromosome 5 was 
very important for seed fatty acid and oil contents in 
soybean and worth more in-depth studies to illustrate 
the formation mechanisms of these important quality 
characteristics in soybean.

Apart from our studies for fatty acid and oil contents 
on chromosome 5, there were some other studies that had 
also reported QTLs associated with these characteristics 
in the similar regions (Fig. 4) (Brummer et al. 1997; Orf 
et al. 1999; Specht et al. 2001; Bachlava et al. 2009; Liang 
et al. 2009; Wang et al. 2012; Pathan et al. 2013; Vaughn 
et  al. 2014; Wang et  al. 2014; Cao et  al. 2017; Zhang 
et al. 2018; Lee et al. 2019; Yan et al. 2019). Bachlava 
et al. (2009) identified QTL (Satt225 ~ Sat_217) for lin-
oleic acid with the physical position 40.26 ~ 41.68  Mb 
(Gmax2.0), which was very near to the qLA-A-1 
(40.41 ~ 41.72  Mb) and qLA-A’ (39.88 ~ 41.01  Mb) 
in ZL-RIL and ZQ-RIL in our study (Tables  1 and 2, 
Fig.  4). Wang et  al. (2012) detected two QTLs qSTE-
A1-1 (BARC-041257–07,953 ~ BARC-050849–09,931) 
and qSTE-A1-2 (Sat_374 ~ BARC-029787–06,340) for 
stearic acid with the physical positions 40.64 ~ 41.27 Mb 
and 40.43 ~ 41.92  Mb (Gmax2.0), respectively, which 
was also very near to the qLA-A-1 and qLA-A’ in ZL-
RIL and ZQ-RIL in our study (Tables 1 and 2, Fig. 4). 
Cao et al. (2017) had located the QTL for seed oil con-
tent in the region of 38.13 ~ 38.57 Mb (Gmax1.0, equal 
to 41.78 ~ 42.20 Mb in Gmax2.0) on chromosome 5, and 
13 candidate genes (Glyma05g33510, Glyma05g33540, 
Glyma05g33620, Glyma05g33630, Glyma05g33770, 
Glyma05g33820, Glyma05g33850, Glyma05g33930, 

Glyma05g33990, Glyma05g34020, Glyma05g34030, 
Glyma05g34070, and Glyma05g34090) displayed rela-
tive higher expressions in soybean seed.

Meanwhile, Zhang et  al. (2018) had identified the 
SNP marker ss715591638 on chromosome 5 (physi-
cal position 41,883,826, Gmax2.0) associating with 
oil content in soybean seed (Fig.  4), which was near-
ing (physical distance ~ 171 kb) to the fatty acid and oil 
contents linkage marker ss715591655 (physical position 
41,712,419, Gmax2.0) in our studies (Table  1). Fur-
thermore, Lee et al. (2019) identified five adjacent SNP 
markers on chromosome 5 (ss715591649, ss715591647, 
ss715591644, ss715591642, and ss715591641) asso-
ciating with seed oil content with the physical position 
41.78 ~ 41.86 Mb (Fig. 4), and the marker ss715591649 
only had ~ 68 kb physical distance to the linkage marker 
ss715591655 in our study. More importantly, some 
candidate genes, including the lipase related gene 
Glyma.05g232700, were found in this QTL region with 
different expressions between the ZL-RIL and ZQ-RIL 
parents in our previous study (Li et al. 2019).

To our knowledge, this is the first time to report 
the consistent linkage markers on chromosome 5 for 
seed oil and various seed fatty acid contents across 
different genetic backgrounds under multiple envi-
ronments. Thus, this stable pleiotropism QTL cluster 
responsible for soybean seed fatty acid and oil con-
tents on chromosome 5 offered the reliable QTLs and 
candidate genes for seed fatty acid and oil contents 
genetic improvement in soybean molecular breeding 
program. And the KASP markers of ss715591780 
and ss715591790 on chromosome 5 are being devel-
oped for applying in the soybean fatty acid content 
genetic improvement in our research group.

Fig. 4   The consistent QTL mapping results for seed fatty acid 
and oil contents on chromosome 5 (triangle indicated the QTL 
intervals; vertical line indicated the associated SNPs; the com-
mon QTL interval for fatty acids of ZL-RIL and ZQ-RIL in 

the present study was highlighted with red hollow triangle; the 
QTL interval for oil content of ZL-RIL and ZQ-RIL in our pre-
vious study was highlighted with red solid triangle)
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The pleiotropism QTL cluster and causal genes 
conferring soybean seed fatty acid contents on 
chromosome 9 is also worth further study

Apart from the stable QTL cluster on chromosome 
5, there was another stable QTL cluster conferring 
soybean seed fatty acid contents identified on chro-
mosome 9 in the present study. This pleiotropism 
QTL cluster was detected in ZL-RIL population and 
was verified in the natural population (Table  1 and 
Table S5). Li et al. (2011) had identified QTLs con-
ferring linolenic acid, palmitic acid, and stearic acid 
contents with physical positions 37.8 ~ 42.5  Mb on 
chromosome 9, which was very far from the QTL 
cluster in our study. Xie et  al. (2012) mapped QTL 
QPAK-1 conferring palmitic acid with physical posi-
tion ~ 21.8  Mb and QTL QOLK-1 conferring oleic 
acid with physical positions ~ 11.26  Mb on chro-
mosome 9, which were also far from the QTL clus-
ter in our study. Wang et  al. (2012) detected QTLs 
conferring palmitic acid and saturated fatty acid 
contents with physical positions 7.8 ~ 12.85  Mb 
and 42.17 ~ 46.06  Mb on chromosome 9; Fan et  al. 
(2015) identified QTL qFA9-1 conferring linoleic 
acid and stearic acid contents with physical posi-
tion 11.22 ~ 22.97 Mb on chromosome 9, which was 
also far from the QTL cluster in our study. Thus, we 
deduced that the QTL cluster on chromosome 9 iden-
tified in the present study might be a novel genetic 
locus controlling seed fatty acid contents in soybean.

And more importantly, several causal genes, 
Gm09G042000 encoding acyl-CoA dehydroge-
nase, Gm09G041200 encoding diacylglycerol 
lipase, Gm09G041400 encoding phospholipase, and 
Gm09G044500 encoding ABC transporter, involving 
in the metabolism process of fatty acid were found 
in this QTL cluster interval (Table  S6, Fig.  3). And 
some of them, Gm09G042000, Gm09G041500, and 
Gm09G047200, displayed different expressions in 
ZL-RIL parents (Zheng92116 and Liaodou14) based 
on the transcriptome sequencing analysis (Fig. 3).

Among these causal genes, Glyma.09G041200 and 
Gm09G042000 were predicted to encode diacylglyc-
erol lipase and acyl-CoA dehydrogenase, respectively. 
In the catabolism process of seed fatty acid, the seed 
oil (triacylglycerol) is firstly degraded by the lipase, 
diacylglycerol lipase (such as Glyma.09G041200 
encoding enzyme), and generates fatty acid and 
glycerol (Li-Beisson et  al. 2013). Afterwards, the 

fatty acid is degraded by the acyl-CoA dehydroge-
nase (such as Gm09G042000 encoding enzyme) 
to generate enoyl-CoA, and enoyl-CoA is succes-
sively degraded, and lastly generates the acetyl-CoA 
(also known as fatty acid β-oxidation pathway), 
then enters the tricarboxylic acid cycle (TCA) to 
produce the energy for organism. In other words, 
Glyma.09G041200 and Gm09G042000 on chromo-
some 9 were predicted to encode the key enzymes in 
the front steps for fatty acid catabolism in soybean 
seed. And more importantly, the Glyma.09G042000 
displayed relative higher expressions in the RIL par-
ent Zheng92116 (low oil and fatty acid) at the T4 and 
T5 stages (Fig.  3), which indicated that there might 
exist relative higher resolve metabolism of fatty acid 
in Zheng92116, and lastly, resulted in the relative 
lower oil and fatty acid contents in this variety.

In addition to the genes participated in the bio-
synthesis and catabolism process of fatty acid, the 
genes involved in the lipid metabolism process could 
also influence the fatty acid contents in soybean 
seed. In the present study, Gm09G041400 was pre-
dicted to encode phospholipase in the common QTL 
cluster on chromosome 9, and phospholipase is an 
important enzyme to hydrolyze the phospholipids to 
generate fatty acid and other lipophilic substances 
(Li-Beisson et al. 2013). Meanwhile, Gm09G044500 
was predicted to encode the ABC (ATP-binding cas-
sette) transporter, which was the important pathway 
to transport the fatty acid from plastids to the endo-
plasmic reticulum (ER). The AtABCA9, an ABC 
transporter reported in Arabidopsis thaliana, could 
mediate the transport of fatty acid from the synthe-
sized position (plastids) to the ER for further assimi-
lation (Kim et al. 2013). To our knowledge, this is the 
first report to identify a series of candidate genes par-
ticipating in the bio-synthesis and catabolism process 
of seed fatty acid contents on chromosome 9 via the 
combination results of linkage mapping, association 
analysis, and transcriptome sequencing in soybean. 
The results provided insights into the genetic basis of 
soybean seed fatty acids for genetic improvement.

Thus, the discovery and verification of these con-
sistent, pleiotropism and stable QTL clusters control-
ling seed fatty acids in present study could be applied 
in the soybean molecular genetic improvement via the 
combination of multiple linkage/associated markers 
in selection of elite breeding lines with desirable fatty 
acid contents through the conventional hybridization 
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of different germplasms to integrate various control-
ling QTLs in breeding program.

Conclusion

Overall, sixteen additive QTL clusters were identi-
fied in ZL-RIL population, and fifteen of them were 
detected across multiple environments or underlying 
multiple fatty acid contents. Five of the QTL clusters 
were verified in ZQ-RIL population, and five were 
demonstrated in natural population. One QTL cluster 
controlling fatty acid contents on chromosome 5 with 
pleiotropic effect was identified under all of the envi-
ronments in ZL-RIL and ZQ-RIL populations and also 
in the natural population. Another stable QTL cluster 
was detected on chromosome 9 with pleiotropic effect 
under multiple environments in ZL-RIL population 
and was further verified by the natural population. 
Some causal genes, such as Gm09G042000 (encoding 
acyl-CoA dehydrogenase), Gm09G041200 (encod-
ing diacylglycerol lipase), Gm09G041400 (encoding 
phospholipase), and Gm09G044500 (encoding ABC 
transporter) on chromosome 9 involving in the fatty 
acid catabolism process, were found in these QTL 
clusters, and some of them, such as Gm09G042000, 
Gm09G041500, and Gm09G047200, showed differ-
ent expressions in ZL-RIL parents at different soy-
bean seed developmental stages. Thus, these identified 
and verified consistent QTL clusters and causal genes 
could be applied in marker assisted selection breed-
ing and gene cloning for fatty acid contents genetic 
improvement in soybean.
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