
Citation: Wang, J.; Liu, L.; Zhang, Q.;

Sun, T.; Wang, P. Genome-Wide

Association Analysis-Based Mining

of Quality Genes Related to Linoleic

and Linolenic Acids in Soybean.

Agriculture 2023, 13, 2250. https://

doi.org/10.3390/agriculture13122250

Academic Editor: Rodomiro Ortiz

Received: 26 October 2023

Revised: 1 December 2023

Accepted: 2 December 2023

Published: 7 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Genome-Wide Association Analysis-Based Mining of Quality
Genes Related to Linoleic and Linolenic Acids in Soybean
Jiabao Wang 1,†, Lu Liu 2,†, Qi Zhang 1, Tingting Sun 1 and Piwu Wang 1,*

1 The Center of Plant Biotechnology, Jilin Agricultural University, Changchun 130118, China
2 College of Life Sciences, Jilin Agricultural University, Changchun 130118, China
* Correspondence: peiwuw@163.com
† These authors contributed equally to this work.

Abstract: Soybean fat contains five principal fatty acids, and its fatty acid composition and nutritional
value depend on the type of soybean oil, storage duration, and conditions. Among the fat contents,
polyunsaturated fatty acids, such as linoleic acid and linolenic acid, play an essential role in main-
taining human life activities; thus, increasing the proportions of the linoleic acid and linolenic acid
contents can help improve the nutritional value of soybean oil. Our laboratory completed SLAF-seq
whole genome sequencing of the natural population (292 soybean varieties) in the previous growth
period. In this study, genome-wide association analysis (GWAS) was performed based on the natural
population genotypic data and three-year phenotypic data of soybean linoleic acid and linolenic acid
contents, and a significant single nucleotide polymorphisms (SNPs) locus (Gm13_10009679) associ-
ated with soybean oleic acid content was repeatedly detected over a span of 3 years using the GLM
model and MLM model. Additionally, another significant SNP locus (Gm19_41366844) correlated
with soybean linolenic acid was identified through the same models. Genes within the 100 Kb interval
upstream and downstream of the SNP loci were scanned and analyzed for their functional annotation
and enrichment, and one gene related to soybean linoleic acid synthesis (Glyma.13G035600) and one
gene related to linolenic acid synthesis (Glyma.19G147400) were screened. The expressions of the
candidate genes were verified using qRT-PCR, and based on the verification results, it was hypothe-
sized that Glyma.13G035600 and Glyma.19G147400 positively regulate linoleic acid and linolenic acid
synthesis and accumulation, respectively. The above study lays the foundation for further validating
gene functions, and analyzing the regulatory mechanisms of linoleic acid and linolenic acid synthesis
and accumulation in soybean.

Keywords: genetic research; SLAF-seq; genome-wide association analysis (GWAS); polyunsaturated
fatty acids; candidate genes

1. Introduction

Soybean, a key oil crop globally, contributes its oil to approximately a third of the total
volume of edible oils consumed worldwide. [1]. Soybean is rich in various nutrients such
as fat, protein, isoflavones, etc. The composition and ratio of fatty acids, vital elements of
fats, are key factors that define the quality and uses of soybean oil [2].

The fatty acid profile of soybean oil primarily consists of five key components: palmitic
acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid
(C18:3) [3]. Among them, palmitic acid and stearic acid are saturated fatty acids that
do not contain unsaturated double bonds; their overconsumption is likely to lead to
high cholesterol, inducing atherosclerosis and other diseases, which are not conducive to
human health [4–6]. Oleic acid, linoleic acid, and linolenic acid, categorized as unsaturated
fatty acids, include linoleic and linolenic acids as polyunsaturated types. These contain
2 to 3 unsaturated double bonds, are readily absorbed, and are essential fatty acids [7].
Linoleic acid and linolenic acid can promote human growth and development, reduce
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the incidence of cardiovascular and cerebrovascular diseases, improve the human body’s
anti-aging ability, prevent atherosclerosis, inhibit cancer, etc.; they have an irreplaceable
role [8–11]. With the improvement in living standards, people are increasingly pursuing
health, and attaching importance to the intake of essential fatty acids [12]. In the past,
most people obtained a substantial amount of essential fatty acids from animal oils [13].
However, animal oils are high in saturated fatty acids, and excessive consumption of them
is detrimental to human health [14]. In comparison, soybean oil, as a primary plant-based
cooking oil, has lower levels of saturated fatty acids [15]. Therefore, it is beneficial to
increase the amount of essential fatty acids, such as linoleic acid and alpha-linolenic acid,
in soybeans to produce soybean oil with a high nutritional value, ultimately leading to a
positive impact on human health.

The contents of linoleic acid and linolenic acid in soybean as quantitative traits are
mainly regulated by primary effect genes and micro-effect polygenes, and are also affected
by the environment [16]; thus, it is essential to explore the genes that regulate soybean
linoleic acid and linolenic acid [17]. At present, GWAS is considered a valuable approach
for examining quantitative traits and exploring genes that are associated with them [18].
GWAS is based on intergene or interlocking linkage imbalances within chromosomes, using
the polymorphism of millions of SNP genetic markers in the genome and the diversity of
target traits. GWAS is used to identify marker sites that are closely related to target traits, or
genes with specific functions within a population [19]. Compared to alternative localization
methods, GWAS offers several advantages: it utilizes a diverse array of genetic markers,
simplifies the construction of populations, reduces time and costs, yields abundant and
precise detection outcomes, and accurately identifies loci related to target traits, thereby
facilitating its extensive application in various research contexts [20]. In recent years, many
studies have been conducted on the association analysis of quantitative traits in soybeans
using GWAS. Ajmal et al. [21] measured the root-related traits of 260 spring soybeans,
using five GWAS models (GLM, MLM, CMLM, FaST-LMM, and EMMAX) to conduct
genome-wide association analysis, and identified 27 phenotypes with a contribution rate of
20–72% of the essential SNPs that are distributed on chromosomes 2, 6, 8, 9, 13, 16, and 18,
2 of which are associated with multiple root traits. In order to study the genetic structure
of the soybean growth period, in their research, Liu et al. [22] performed sequencing on
278 soybean varieties and discovered 34,710 SNPs, along with key characteristics related
to the growth period, using GWAS. Their findings revealed 37 traits significantly linked
with SNP loci, which are influential in soybean development under various environmental
conditions. Additionally, the study highlighted five notable genes: Glyma.05G101800,
Glyma.11G140100, Glyma.11G142900, Glyma.19G099700, and Glyma.19G100900. These genes
are linked to the synthesis of proteins like FRI (FRIGIDA), PUB13 (Plant U-box 13), MYB59,
CONSTANS, and FUS3. These proteins are thought to be vital in controlling the growth
phase of soybeans. Wu et al. [23] analyzed genotypic data from 200 soybean varieties and
150 recombinant inbred lines (RILs) to identify genetic loci linked to isoflavone levels in
soybean seeds. Eighty-seven SNPs significantly associated with isoflavones were identified
by GWAS. Thirty-seven quantitative trait loci (QTL) associated with isoflavone content
were identified in the RIL population through genetic linkage mapping. The GmMPK1 gene
encoding mitogen-activated protein kinase was co-localized and significantly associated
with isoflavone content via GWAS and genetic linkage mapping. Additional experiments
demonstrated that when GmMPK1 was overexpressed in soybeans, there was a noticeable
rise in the concentration of isoflavones and a boost in the plant’s ability to withstand root
rot. These findings indicate that GmMPK1 may play a role in enhancing soybean resistance
to biological stresses by influencing the levels of isoflavones present in the plant. GWAS
has been widely utilized in gene localization of quality traits such as soybean protein,
fat, fatty acid, etc. To study the genetic mechanism of oleic acid in soybean seeds, Liu
et al. [24] collected 260 soybean germplasms as a natural population from northeastern
China, and the GWAS analysis revealed that a gene on chromosome 4 detected in 2018 and
2019 (Glyma.04G102900) and a gene on chromosome 11 (Glyma.11G229600) were involved
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in oleic acid synthesis. Zhao et al. [25] developed a natural population study involving
185 distinct soybean germplasms to characterize quantitative trait nucleotides (QTNs).
They utilized GWAS to scan for candidate genes, leading to the identification of 49 genes
potentially involved in lipid biosynthesis pathways or hormone metabolism. These genes
are considered potential candidates for research on genes related to saturated fatty acids.
The above research progress indicates that the combination of SLAF-seq [26] technology
and genome-wide association analysis can not only overcome the limitations of traditional
GWAS in gene localization accuracy, but also reduce the generation of false-positive results;
this approach can lead to the rapid discovery of reliable, functional genes [27].

In this study, based on GWAS, we mined candidate genes closely related to linoleic
acid and linolenic acid synthesis and metabolism, and carried out preliminary validation of
the key candidate genes obtained from the mining. Our research offers dependable genetic
resources for investigating the genetic mechanisms behind soybean linoleic and linolenic
acid, and for regulating the levels of these acids in soybeans.

2. Materials and Methods
2.1. Experimental Materials and Cultivation Management

This study’s natural population was derived from 292 soybean germplasm resources,
supplied by the Biotechnology Center of Jilin Agricultural University (Table S1). The
specimens were cultivated at the experimental facility of Jilin Agricultural University
(located at 43◦88′ N, 125◦35′ E), with plantings occurring in May for the years 2019, 2020,
and 2021. The experimental site has a temperate semi-humid continental monsoon climate
with an annual average precipitation of 500–600 mm, an annual average temperature of
5.8 ◦C, and a frost–free period of 130–140 days. The soil type is classified as a meadow
soil with a parent material of loess. Four protective rows were established around the
experimental site. The experiment was conducted using a completely randomized block
design with three replications, and the fertility gradient was vertical within the experimental
site. Within each replication, the 292 materials were randomly arranged. Within each
replicate, we planted two rows (0.65 m wide by 2.0 m long) of each material, with a
plant spacing of 0.08 m. Ten plants were randomly selected and the seeds were used for
determining of their linoleic acid and linolenic acid contents. The soybeans were harvested
once a year at maturity, excluding the ends to completely eliminate edge effects.

2.2. Trait Identification and Statistical Analysis

The content of linoleic acid and linolenic acid in soybean seeds was determined
using an NIRS DS2500 near-infrared analysis instrument (Denmark Founded FOSS LTD,
Hillerød, Denmark). All soybean linoleic acid and linolenic acid content measurements
were conducted in triplicate within each replication, and the average value was calculated
as the phenotype data for this trait. Using the psych package in R 3.1.4 software (available
at https://www.r-project.org/, accessed on 12 November 2021), descriptive statistical
analyses were performed on the concentrations of linoleic acid and linolenic acid in soybean
seeds across the years 2019, 2020, and 2021. The statistics included the mean and standard
deviation. Subsequently, the ggstatsplot [28] package and the nortest (https://cran.r-
project.org/web/packages/nortest/index.html, accessed on 12 August 2023) package were
employed to conduct correlation analysis and normality tests for linoleic acid and linolenic
acid. Furthermore, variance analysis, significance tests, and the calculation of generalized
heritability [29] were performed using the lme4 [30] package.

h2 = σ2
G/

(
σ2

G + σ2
GE/n + σ2

e/nr
)

(1)

The generalized heritability (h2) was estimated as follows:

h2 = σ2
G/

(
σ2

G + σ2
e

)
(2)
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2.3. SNP Genotyping

V2 stage (first compound leaf above simple leaf fully grown; two trifolioles expanded)
leaves of the soybean natural population were collected and sent to Beijing Baimaike
Company for SLAF-seq to obtain SNP genotypic data of the natural population. PLINK
V3.0 [31] software was used to conduct SNP genotype quality control in 292 natural
populations. The criteria for selecting the SNP markers were the secondary allele frequency
(MAF > 0.05) and site integrity (INT > 0.5).

2.4. Genome-Wide Association Analysis

The generalized linear model (GLM_Q) model and mixed linear model (MLM_Q+K)
model in GEMMA-0.98.1 [32] software were used for the genome-wide association analysis.
The Q matrix was the population structure matrix, and the K matrix was the kinship
coefficient matrix. The threshold p < 1.0× 10−3 (−log10p < 3.0) was used to count significant
SNPs associated with the linoleic acid and linolenic acid content. After obtaining the
association analysis results, the qqman [33] software package in R language software
was used to draw a Manhattan map and a quantile–quantile scatter plot to represent the
association analysis results. The Manhattan plot depicts the outcomes of the association
analysis, illustrating the statistically analyzed distribution of genomic loci significantly
linked to the content of linoleic acid and linolenic acid. The quantile–quantile scatter plots
represent the effect of association analysis based on the GLM_Q and MLM_Q+K models.
In the early stage, if the difference between the p-value and the expected value is smaller,
it indicates that the selected correlation analysis model is reasonable, and can effectively
reduce the false positive results of the correlation analysis. In the later stage, if the difference
between the p-value and the expected value is larger, it indicates that the effect value of the
associated sites exceeds the random effect value, indicating that these sites are significantly
associated with the studied traits.

2.5. Screening and Annotation of Candidate Genes

The candidate genes were scanned within the 100 Kb [34–36] region, upstream and down-
stream of the significant SNP sites obtained by repeated mapping detection for three consecu-
tive years, and the COGs (http://clovr.org/docs/clusters-of-orthologous-groups-cogs/,
accessed on 25 August 2023) were compared; GO (http://geneontology.org/, accessed
on 25 August 2023); KEGG (https://www.genome.jp/kegg/, accessed on 25 August
2023); Swissprot (http://www.uniprot.org/, accessed on 25 August 2023); Pfam (https:
//www.ebi.ac.uk/interpro/, accessed on 25 August 2023); eggNOG (http://eggnog5.embl.
de/#/app/home, accessed on 25 August 2023) with six databases to functionally annotate
the obtained candidate genes, and g:Profiler (https://biit.cs.ut.ee/gprofiler/gost, accessed
on 27 August 2023) was used for enrichment analysis, with the g:SCS threshold statistical
test; the significance threshold was set to 0.05; screening and prediction may be related to
soybean linoleic acid and linolenic acid content candidate genes.

2.6. Preliminary Identification of Candidate Genes

In this study, we employed qRT-PCR technology to measure the expression levels of
genes related to linoleic acid and linolenic acid in soybean pods and seeds. The sampling
was carried out at two distinct growth stages: R6 (soybean drum stage) and R7 (soybean
mature stage). In our study, we chose five distinct samples, each representing different
levels of linoleic and linolenic acid concentrations, as outlined in Table S2. These samples
comprised both high and low linoleic and linolenic acid content variants. RNA was ex-
tracted from samples at the R6 (soybean drum stage) and R7 (soybean maturation stage)
using RNAiso Plus (Takara Bio, Kyoto, Japan), and subsequently, this RNA was trans-
formed into cDNA with the All-in-One™ First Strand cDNA synthesis kit (GeneCopoeia
Inc., Rockville, MD, USA). The qRT-PCR involved primers from qRT-PCR IDT-DNA
(https://sg.idtdna.com/pages, accessed on 29 August 2023), as detailed in Table S3, and
was performed on an Agilent Stratagene Mx3000P (Palo Alto, CA, USA). Expression lev-

http://clovr.org/docs/clusters-of-orthologous-groups-cogs/
http://geneontology.org/
https://www.genome.jp/kegg/
http://www.uniprot.org/
https://www.ebi.ac.uk/interpro/
https://www.ebi.ac.uk/interpro/
http://eggnog5.embl.de/#/app/home
http://eggnog5.embl.de/#/app/home
https://biit.cs.ut.ee/gprofiler/gost
https://sg.idtdna.com/pages
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els were quantified using the 2−∆∆Ct method [37] and visualized through histograms
in Graphpad Prism 9.5.0 (https://www.graphpad-prism.cn/, accessed on 13 December
2022). Data on candidate gene expression were obtained from the PPRD (Plant Public
RNA-seq Database; http://ipf.sustech.edu.cn/pub/plantrna/, accessed on 29 August
2023) [38]. Analysis of cis-acting elements in the promoter regions of key candidate genes
was conducted following Karikari et al.’s [39] method. The CDD (Conserved Domains
Database) [40] aided in analyzing the genes’ conserved domains, and TBtools [41] was
employed for visualization of these elements and domains.

3. Results
3.1. Analysis of Phenotypic Data of Soybean Linoleic Acid and Linolenic Acid Content

Excel 2016 was used to organize the data on linoleic and linolenic acid content
(Table S4). The results of 3 years of phenotypic data analysis showed that the linoleic
acid and linolenic acid contents in the population were normally distributed, with the
horizontal axis representing the relevant content and the vertical axis representing the
frequency. The overall trend shows a typical bell-shaped trend, with the content of most
varieties concentrated around the mean, while the number of varieties with higher or lower
content gradually decreases, indicating that the phenotypic data can be used for subsequent
correlation analysis and that there is a strong association between the two traits. Displayed
in Figure 1, there is a notable positive correlation observed (p < 0.01). The ANOVA results
revealed considerable variation in the two traits across the three-year cultivation period,
demonstrating significant population diversity and notable differences (p < 0.001). The
generalized heritability (H2) values, which were notably high as indicated in Table 1, imply
a significant genetic influence on the levels of both linoleic acid and linolenic acid.

Agriculture 2023, 13, x FOR PEER REVIEW 5 of 17 
 

 

transformed into cDNA with the All-in-One™ First Strand cDNA synthesis kit (Gene-
Copoeia Inc., Rockville, MD, USA). The qRT-PCR involved primers from qRT-PCR IDT-
DNA (https://sg.idtdna.com/pages, accessed on 29 August 2023), as detailed in Table S3, 
and was performed on an Agilent Stratagene Mx3000P (Palo Alto, CA, USA). Expression 
levels were quantified using the 2−ΔΔCt method [37] and visualized through histograms in 
Graphpad Prism 9.5.0 (https://www.graphpad-prism.cn/, accessed on 13 December 2022). 
Data on candidate gene expression were obtained from the PPRD (Plant Public RNA-seq 
Database; http://ipf.sustech.edu.cn/pub/plantrna/, accessed on 29 August 2023) [38]. Anal-
ysis of cis-acting elements in the promoter regions of key candidate genes was conducted 
following Karikari et al.’s [39] method. The CDD (Conserved Domains Database) [40] 
aided in analyzing the genes’ conserved domains, and TBtools [41] was employed for vis-
ualization of these elements and domains. 

3. Results 
3.1. Analysis of Phenotypic Data of Soybean Linoleic Acid and Linolenic Acid Content 

Excel 2016 was used to organize the data on linoleic and linolenic acid content (Table 
S4). The results of 3 years of phenotypic data analysis showed that the linoleic acid and 
linolenic acid contents in the population were normally distributed, with the horizontal 
axis representing the relevant content and the vertical axis representing the frequency. 
The overall trend shows a typical bell-shaped trend, with the content of most varieties 
concentrated around the mean, while the number of varieties with higher or lower content 
gradually decreases, indicating that the phenotypic data can be used for subsequent cor-
relation analysis and that there is a strong association between the two traits. Displayed 
in Figure 1, there is a notable positive correlation observed (p < 0.01). The ANOVA results 
revealed considerable variation in the two traits across the three-year cultivation period, 
demonstrating significant population diversity and notable differences (p < 0.001). The 
generalized heritability (H2) values, which were notably high as indicated in Table 1, im-
ply a significant genetic influence on the levels of both linoleic acid and linolenic acid. 

 

Figure 1. The linoleic acid content and linolenic acid content of soybean in different years were an-
alyzed for distribution and correlation. These analyses were conducted for three specific years: (A) 
2019, (B) 2020, and (C) 2021. Symbols ** represent levels of statistical significance at p < 0.01. 

  

Figure 1. The linoleic acid content and linolenic acid content of soybean in different years were
analyzed for distribution and correlation. These analyses were conducted for three specific years:
(A) 2019, (B) 2020, and (C) 2021. Symbols ** represent levels of statistical significance at p < 0.01.

Table 1. Descriptive statistics for traits of linoleic and linolenic acid content in soybeans in a three-year
environment. Symbols *** represent levels of statistical significance at p < 0.001.

Trait Years Mean Range SD CV(%) H2 (%)
F Values from ANOVA

Line Env. Line × Env.

Linoleic
Acid

2019 58.42 ± 0.28 46.07–70.73 4.93 0.084
67.00 2.00 *** 0.15 12020 58.40 ± 0.29 45.07–70.52 4.88 0.083

2021 56.62 ± 0.23 47.02–67.98 3.88 0.068

Linolenic
Acid

2019 8.01 ± 0.16 1.39–15.77 2.66 0.332
73.20 2.00 *** 2.00 *** 0.412020 7.91 ± 0.15 2.39–15.46 2.59 0.327

2021 6.72 ± 0.11 2.16–12.27 1.91 0.285

https://www.graphpad-prism.cn/
http://ipf.sustech.edu.cn/pub/plantrna/
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3.2. Genotyping

In this research, we sequenced the entire genome of 292 soybean genotypes utilizing
the SLAF-seq method. The Glycine_max: Wm82.a4.v1 [42] genome served as the reference
for predicting electronic digestion. The enzymes RsaI and HaeIII were selected for the
digestion process. Analysis of the results revealed that a total of 1485.09 Mb of reads were
generated, exhibiting an average Q30 score of 93.88% and an average GC content of 39.96%.
Through the bioinformatics analysis, a total of 473,597 SLAF tags were obtained, of which
164,737 were polymorphic SLAF tags and 641,542 were population SNPs loci.

3.3. Genome-Wide Association Study of Linoleic Acid and Linolenic Acid Contents in Soybean Seeds

Utilizing 641,542 high-quality SNPs, the phenotypic data of soybean linoleic and
linolenic acids over a span of three years were analyzed through genome-wide association
using the GLM and MLM model methods in GEMMA-0.98.1 software. When the signifi-
cance level was set to −log10p ≥ 3, 504 SNPs were significantly associated with soy linoleic
acid and linolenic acid, including 476 SNPs on chromosomes and 28 SNPs on scaffolds.
Among the loci located on chromosomes, the number of loci on chromosome 19 is the
largest (55), and the number of loci on chromosome 5 is the smallest (5), basically covering
20 chromosomes (Figure S1).

In 2019, the two models identified 26 loci significantly associated with linoleic acid
content, among which the largest number (5) was located on chromosome 18 (Figure 2A).
The site Gm04_23285129 on chromosome 4 was most significantly associated with linoleic
acid, with a−log10p of 4.59. In 2020, the two models identified a total of 20 loci significantly
associated with linoleic acid content, among which the largest number (4) were located on
chromosome 18 (Figure 2B). Among them, the site Gm11_11745948 on chromosome 11 was
most significantly associated with linoleic acid, with a −log10p of 4.43. In 2021, a total of
16 significantly associated loci were located by the two models, among which the largest
number (6) was located on chromosome 14 (Figure 2C). Among them, Gm17_31555021 on
chromosome 17 is the most significantly associated with linoleic acid, with a −log10p of
4.33. In order to reduce the influence of environmental factors, the SNP site Gm13_10009679
was obtained after three years of screening and repeated localization (Figure 4A).

In 2019, the two models identified 86 loci significantly associated with linolenic acid
content, among which the largest number (5) were located on chromosome 18 (Figure 3A).
The loci Gm19_17062231 and Gm19_17062278 on chromosome 19 were most significantly
associated with linoleic acid, with a −log10p of 9.16. In 2020, a total of 124 loci signifi-
cantly associated with linoleic acid content were located by the two models, among which
19 loci were the most distributed on chromosome 19 (Figure 3B). Among them, the site
Gm10_6061218 on chromosome 10 was most significantly associated with linoleic acid, with
a −log10p of 9.39. In 2021, the two models identified a total of 104 significantly associated
loci, among which the largest number (12) was located on chromosome 1 (Figure 3C).
Among them, the site Gm04_31854380 on chromosome 4 is most significantly associated
with linolenic acid, with a −log10p of 4.33. In order to reduce the influence of environmen-
tal factors, the SNP site Gm19_41366844 was obtained after three years of screening and
repeated localization (Figure 4B).

3.4. Screening and Annotation of Candidate Genes

A gene search was performed on the 100 Kb upstream and downstream intervals of the
significant SNP locus Gm13_10009679, which is related to the linoleic acid content, and the
candidate genes obtained from the gene search were enriched and functionally annotated.
The results of the analysis showed that gene functions were enriched in a wide range of
pathways such as S-(hydroxymethyl) glutathione dehydrogenase activity (GO:0051903),
the process of organic metabolism (GO:0071704), and the activity of gibberellin oxidase
(GO:0045544), and it was found that GmGA20ox (Glyma.13G035600) affected gene functional
KEGG annotation on the gibberellin biosynthesis pathway (K05282) (Figure 5A), which may
be related to flower development, cell growth, and fatty acid synthesis and metabolism.
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Enrichment analysis and functional annotation of genes within the 100 Kb upstream
and downstream intervals of the SNP locus (Gm19_41366844) associated with linolenic
acid content showed that gene functions were enriched in a variety of pathways such as
transcriptional regulatory activity (GO:0140110), oxidoreductase activity (GO:0016491), and
lipid metabolic processes (GO:0006629), and found that the GmFAD3 (Glyma.19G147400)
gene functional KEGG annotated on the ω-6 fatty acid desaturase pathway (K10256)
(Figure 5B) (Table S5), which may be involved in lipid metabolic processes as a membrane
component. Therefore, we considered GmGA20ox and GmFAD3 (Table S6) as the main
candidate genes.

3.5. Preliminary Identification of Candidate Genes

In order to verify the association of candidate genes with the linoleic acid and linolenic
acid contents, qRT-PCR was used to measure their relative expression levels in different
stages (R6 and R7) and different tissues (pods and seeds). The results showed that the
expression level of GmGA20ox in various parts of high linoleic acid soybean materials
was significantly up-regulated. The expression level in the R6 period was significantly
higher than in the R7 period, which may be because the R6 period is a period of efficient
accumulation of linoleic acid. The expression level of GmGA20ox was enhanced. However,
it was just the opposite in low linoleic acid soybean materials, and its expression level was
significantly down-regulated. This result indicated that the candidate gene GmGA20ox
played an active role in regulating the linoleic acid content in seeds (Figure 6A,B).
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Simultaneously, we analyzed the relative expression of GmFAD3 in soybean pods. The
expression patterns of GmFAD3 and GmGA20ox exhibited similarities. The expression levels
of various parts were significantly up-regulated in high-linolenic acid soybean materials.
The expression level in the R6 period was significantly higher than in the R7 period,
while the expression level was significantly down-regulated in low-linolenic acid soybean
materials. Based on the results, it was found that GmFAD3 had a strong correlation with the
amount of linolenic acid. Moreover, it was observed that GmFAD3 had a beneficial impact
on increasing the linolenic acid content in seeds (Figure 6C,D).

From PPRD, we obtained the RNA-seq data for these two potential genes. In the case
of GmGA20ox, gene expression was markedly higher in the pod (Figure 7A). On the other
hand, GmFAD3 exhibited significantly greater gene expression during stages of root, pod,
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and seed development (Figure 7B). The RNA-seq data were consistent with the expression
trend of qRT-PCR.
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Moreover, the identified genes of interest appear to possess crucial cis-regulatory ele-
ments, pivotal in modulating the levels of linoleic and linolenic acids, such as the gibberellin
response element (P-box element: CCTTTTG motif), G-Box elements (TCCACATGGCA,
CACGTT motifs), MYB response elements (TAACCA motifs), and others (Figure 8A). The
predicted candidate genes were also found to have conserved domains related to the
linoleic acid and linolenic acid contents (Figure 8B). Hence, the presence of these response
elements and conserved domains implies a potential association between these candidate
genes and the levels of linoleic acid and linolenic acid in soybean seeds. Nevertheless,
additional functional validation is needed to confirm their actual involvement in regulating
the content of linoleic acid and linolenic acid in seeds.
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4. Discussion

Soybean fatty acid components exhibit specific correlations in their relative con-
tent [43,44]. However, the generated correlations vary depending on the ecological en-
vironment, quantity, and sources of the studied varieties [45]. In this study, there is a
highly significant positive correlation observed between the relative content of linoleic
acid and linolenic acid, consistent with previous research findings. At the same time, our
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study results indicate that gene-environment interaction effects are not significant. This
may be attributed to our experimental design, which employed a multi-year single-point
approach with relatively stable environmental conditions. Due to the relative consistency
of the environment, variations in gene-environment interactions were minimal, making it
challenging to produce significant interaction effects. In the research of unsaturated fatty
acid component correlations, Eleni et al. [46] investigated correlations between oleic acid
and other fatty acids as well as agronomic traits in three soybean populations grown in mul-
tiple environments, finding a positive correlation between linoleic acid and linolenic acid.
Additionally, Song et al. [47] analyzed the fatty acid content of 621 soybean varieties grown
in five different environments using gas chromatography. They conducted correlation anal-
ysis on the five fatty acids and found a strong positive correlation between linoleic acid and
linolenic acid. Therefore, in studies involving genetic improvement of soybean fatty acid
composition through breeding, attention should be paid to the correlations among different
fatty acid components. The clear correlations between these components make it easier to
successfully breed high-quality soybean varieties that meet breeding requirements [48,49].

Due to influences of the genetic background or environmental factors, the localization
results of the same trait may be distinct in different populations or environments [50].
Therefore, when carrying out molecular marker breeding selection for quantity traits,
the loci that can be repeatedly detected in different genetic backgrounds and different
environments may have higher application value [51]. Compared to traditional techniques,
SLAF-seq is not constrained by a reference genome and features a flexible enzymatic scheme,
avoidance of repetitive sequences, and simplification of complex genomes. Additionally,
the SNP molecular markers developed through this method are cost-effective and stable,
with a uniform distribution across the genome, meeting the needs of large-scale sample
analysis. In this study, a natural population composed of 292 soybean varieties was
selected, and the contents of linoleic acid and linolenic acid in soybean grains were taken
as phenotypic data. Based on SLAF-seq technology, 641,542 SNP loci were obtained
and genome-wide association analysis was conducted using GLM_Q and MLM_Q+K.
At the significance level of −log10p ≥ 3, there was one SNP site that was significantly
associated with soybean linoleic acid (Gm13_10009679) and one SNP site significantly
associated with soybean linoleic acid (Gm19_41366844), which were all SNP sites that
were repeatedly detected in three years. By comparing the significant SNP sites located
in this study with the results of domestic and foreign studies, it was found that one
SNP site related to linolenic acid that was repeatedly detected in this study was similar
or overlapped with the previous QTL results. Hyten et al. [52] used a cross between
the soybean varieties Essex and Williams to generate a recombinant inbred line (RIL)
with 131 F6 that mapped to a QTL (43,329,322–46,110,862) in close physical proximity
to Gm19_41366844, which was significantly correlated with the linolenic acid content of
soybean seeds. Kim et al. [53] utilized 115 F2:10 recombinant inbred lines (RILs) derived
from a ‘Keunolkong’ and ‘Iksan10′ cross. They successfully identified five quantitative
trait loci (QTLs) impacting the linoleic acid content, located on chromosomes 2, 11, 14, 16,
and 19. Additionally, they pinpointed three QTLs influencing linolenic acid content on
chromosomes 8, 10, and 19. These QTLs notably coincided with the physical position of
Gm19_41366844 (40,637,071–41,616,190). Their research further established the significant
association of a specific SNP locus at this site with the linolenic acid content in soybean
seeds. In addition, a new SNP site, Gm13_10009679, was found that may be related to
linoleic acid content. The appearance of this site may be related to the environment and
genetic background, or to population-specific regulatory sites of linoleic acid content. After
visualizing the association results, this study found that in 2019, the MLM model was
used for association analysis of linoleic acid traits, and part of the markers in the QQ
scatter plot was below the diagonal line, indicating that the p-value of most sites was lower
than the expected value, which may be due to the unreasonable MLM model, resulting in
over-correction of the p-value. It may also be that there is a linkage imbalance between a
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large number of sites in the population, resulting in a lower effective site number than the
actual site number.

In this study, gene retrieval was performed at 100 Kb, upstream and downstream
of significantly associated SNP loci. GmGA20ox was screened near Gm13_10009679 on
chromosome 13, which was associated with soybean linoleic acid anabolic metabolism, and
was predicted with functional annotation information and cis-acting elements. This gene
is related to gibberellin biosynthesis, and the prediction of cis-acting elements found that
there is an MYB transcription factor binding site. Peng et al. [54] speculated that fatty acid
biosynthesis is related to the regulation of MYB transcription factors; Agarwal et al. [55]
concluded that transcription factor MYB is related to seed development and maturation.

Many studies have shown a correlation between lipids and various growth and devel-
opmental processes, including flower development and photosynthesis [56–58]. Through
microarray analysis, Cao et al. [59] demonstrated that the DELLA protein decreased the
expression of various GDSL genes in seeds and young Arabidopsis buds, suggesting that
GA signaling may regulate fatty acid metabolism in seeds. In their study, Chen et al. [60]
enhanced gibberellic acid (GA) signaling by introducing DELLA mutations or adding
exogenous gibberellin (GA3). This resulted in an upregulation of transcription factors asso-
ciated with embryogenesis and seed development, genes involved in fatty acid biosynthesis
pathways, and five GDSL-type seed fatty acid-reducing agent (SFAR) genes. When SFAR
was overexpressed, the overall fatty acid content in seeds decreased, whereas the loss of
SFAR function significantly increased the fatty acid (FA) content in seeds. In conclusion,
the overexpression of SFAR can reduce the accumulation of fatty acids in seeds and can be
utilized downstream of the GA signaling pathway.

The gene GmFAD3 was screened near the Gm19_41366844 site on chromosome 19,
which is related to the synthesis of soybean linolenic acid. Through functional annotation
information, it was found that this gene is related toω-6 fatty acid desaturase. Enzymes
known as fatty acid desaturases play a role in introducing double bonds into fatty acid
chains at specific locations, resulting in the production of unsaturated fatty acids. Plants
can be divided into two categories: those that catalyze the conversion of saturated fatty
acids to oleic acid when the first double bond is introduced before the formation of glycerol
from fatty acids, with only stearoyl-ACP desaturase (SAD) being one of these fatty acid
desaturases; those that further desaturate fatty acid groups after the initial formation of
triglycerides, which mainly includesω-3 desaturase andω-6 desaturase. In soybeans, the
FAD2 gene ofω-3 desaturase and the FAD3 gene ofω-6 desaturase control the conversion of
oleic acid to linoleic acid and linoleic acid to linolenic acid, respectively. Overexpression or
knockout of the FAD3 gene in soybean can greatly affect the content of linolenic acid [61–66].

The research above demonstrates that the two genes uncovered in this experiment
(GmGA20ox; GmFAD3) are likely associated with the regulation of synthesis and accumula-
tion of soybean linoleic and linolenic acid, respectively.

5. Conclusions

This study successfully identified SNP loci associated with linoleic and linolenic acid
contents in soybeans through GWAS analysis. The genomic regions surrounding these SNP
loci were annotated for gene function, leading to the identification of genes GmGA20ox and
GmFAD3, which may regulate linoleic and linolenic acid accumulation. These findings hold
significant theoretical importance in understanding the mechanisms of fatty acid formation
in soybeans and provide valuable resources for developing high-quality soybean varieties.

Supplementary Materials: The following supporting information can be downloaded at:
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soybean germplasm resources. Table S2: This study selected five varieties with high-phenotypic
values and five varieties with low-phenotypic values for the two traits as experimental materials.
Table S3: List of primers used for the qRT-PCR assay of the key structural genes involved in Linoleic
and Linolenic Acid traits. Table S4: Three-year phenotypic data on linoleic and linolenic acids from
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292 soybean germplasm resources. Table S5: Enrichment analysis and functional annotation of
linoleic and linolenic acid related candidate genes. Table S6: Information on candidate genes related
to linoleic and linolenic acid content in soybean.
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