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Abstract This study mainly introduces the important genes related to protein and oil content in soybean seeds. In recent years,
researchers have identified many major QTLS and candidate genes related to protein and oil content by using methods such as
genome-wide association analysis, transcriptomics and proteomics. Especially on chromosomes 15 and 20, such as FAD2-1,
GmSWEET10a/b, GmMFT, etc., these genes often affect both proteins and oils simultaneously, and often in the opposite direction.
Many studies have also found that there is a significant negative correlation between proteins and oils, and their regulatory networks
involve different pathways such as carbon metabolism, fatty acid synthesis, and sugar transport. In addition, some genes are also
related to traits such as seed development and stress response, showing pleiotropy. The article also summarizes the functional
verification of these genes and their application in molecular breeding. In the future, by integrating multi-omics data, machine
learning and precision breeding technologies, it may help us break through the contradiction between protein and oil content, enhance
the adaptability of soybeans, and meet different consumer demands. The purpose of this study is to provide a reference for the
efficient improvement and sustainable utilization of soybeans.
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1 Introduction

Soybean (Glycine max) is one of the most important sources of protein and vegetable oil in the world. It is widely
used in human food, animal feed and industrial raw materials. Soybean seeds contain approximately 40% protein
and 20% oil on average, and play an important role in global nutrition security and agricultural development
(Wang et al., 2021; Clevinger et al., 2023; Patel et al., 2025). With the increase in population and the improvement
of living standards, the demand for high-protein and high-oil soybeans is growing larger and larger. But one
problem is that there is often a negative correlation between protein and oil. When one component is increased,
the other tends to decrease. This genetic contradiction has become an important obstacle to quality improvement
(Patil et al., 2018; Lee et al., 2019; Wang et al., 2021; Kumar et al., 2022; Clevinger et al., 2023; Mo et al., 2024;
Patel et al., 2025).

In recent years, the development of multi-omics technologies, such as genomics, transcriptomics and proteomics,
has greatly promoted the research on the genetic basis of soy protein and oil. Through GWAS, QTL mapping and
comprehensive analysis, researchers have identified many key genes and regulatory networks. For instance, genes
such as GmSWEET10a/b, POWR1, GmMFT and FAD2-1B have been confirmed to play a core role in protein
and oil accumulation. Some of these genes also exhibit pleiotropy, affecting not only proteins and oil content, but
also seed size, yield and quality (Wang et al., 2020; Goettel et al., 2022; Kumar et al., 2022; Cai et al., 2023; Kim
et al., 2023). In addition, some genes or QTLS have been found to weaken the negative correlation between
proteins and oils, bringing new breakthrough opportunities for breeding (Li et al., 2018; Lee et al., 2019; Zhang et
al., 2019; Kumar et al., 2022).

This study focuses on the genetic factors and molecular regulatory mechanisms of soy protein and oil content, as
well as their applications in molecular breeding. The main objective is to summarize the key genes and their
functions, sort out the molecular networks of protein and oil accumulation, analyze how basic research can be
applied to breeding practice, and explore the prospects of molecular markers and gene editing in improving
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soybean quality. It is hoped that by integrating the latest achievements, theoretical support and practical guidance
can be provided for the cultivation of high-protein and high-oil content soybeans.

2 Overview of Soybean Protein and QOil Biosynthesis

2.1 Protein biosynthesis pathways: storage proteins (glycinin, f-conglycinin), regulatory nodes

There are mainly two types of proteins in soybean seeds: glycoprotein (glycinin, 11S) and B-conglycinin
(B-conglycinin, 7S), which account for almost all of soy protein (Xu et al., 2022). Protein synthesis relies on
amino acid supply, and amino acids come from metabolic processes such as glycolysis, the tricarboxylic acid
cycle (TCA), and the pentose phosphate pathway (Xu et al., 2022; Mo et al., 2024). The key links include the
synthesis, transportation and storage of amino acids, as well as the expression of protein genes. For example, the
transcription factor GmESR1 can promote protein accumulation by regulating the phenylpropane pathway and
sucrose transport. Sugar transporters (such as GmSWEET10a/b) also affect the distribution of proteins and fats
(Jin et al., 2023).

2.2 Oil biosynthesis pathways: fatty acid and triacylglycerol synthesis, central metabolic regulation

Soybean oil mainly exists in the form of triacylglycerol (TAG). Fatty acid synthesis begins in plastids, and key
enzymes include acetyl-coA carboxylase (ACCase), hydroxy-acyl-ACP dehydrase, and ketoacyl-ACP synthase,
etc. (Xu et al., 2022; Zhao et al., 2023). The synthesized fatty acids are activated by long-chain acyl-coA synthase
(LACS), then transported to the endoplasmic reticulum, and finally assembled into TAG (Xu et al., 2022; Zhao et
al., 2023). Transcription factors such as GmWRIla, GmVOZ1A, GmZF351, GmZF392, etc., can regulate related
genes and significantly increase lipid content (Li et al., 2017; Chen et al., 2018; Lu et al., 2021; Yang et al., 2024;
Wei et al., 2025). The DGAT (diacylglycerol acyltransferase) family genes play a rate-limiting role in TAG
synthesis and are a key point for lipid accumulation (Zhao et al., 2023). Glycolysis and the TCA cycle are closely
linked to fatty acid synthesis, and the distribution of carbon flow has an important impact on the accumulation of
proteins and fats (Mo et al., 2024; Badia et al., 2025).

2.3 Nutritional and industrial significance: quality traits influencing end-use

Soy protein contains 18 kinds of amino acids, including all essential amino acids, and is an important source of
nutrition for humans and animals. However, sulfur-containing amino acids (such as methionine and cysteine) are
relatively scarce, which limits their nutritional value (Xu et al., 2022; Hooker et al., 2025). Soybean oil is mainly
composed of linoleic acid, oleic acid and alpha-linolenic acid. The composition of fatty acids directly determines
the nutrition and industrial quality of edible oil (Lakhssassi et al., 2021; Xu et al., 2022; Zhao et al., 2023).
High-protein and high-oil content soybeans can not only increase the value of food, feed and industrial raw
materials, but also meet the demands of healthy food, functional food and bioenergy (Lakhssassi et al., 2021; Xu
et al.,, 2022). Therefore, understanding the molecular mechanisms of protein and lipid synthesis provides a
foundation and direction for quality improvement and multi-purpose utilization.

3 Genetic Basis of Protein Content

3.1 Major QTLs and loci: insights from linkage mapping and GWAS

Soy protein content is a typical quantitative trait, which is jointly regulated by many genes. Through traditional
linkage mapping and genome-wide association analysis (GWAS), researchers identified hundreds of related QTLS
on the 20 chromosomes of soybeans. Especially on chromosomes 15 and 20, major QTLS (such as qProl5-1,
qPro20-1, gSPC_20-1, gSPC_20-2) have been repeatedly located. These QTLS are stable in different populations
and environments. It can explain more than 40% of the phenotypic differences (Van and McHale, 2017; Zhang et
al., 2019; Wang et al., 2021; Zhang et al., 2022; Park et al., 2023). The latest GWAS has also discovered some
new loci, such as the region near cBL-interacting protein kinases on chromosome 11 (Kim et al., 2023; Potapova
et al., 2025). Meta-QTL analysis integrated over 80 studies and identified 55 protein-related Meta-Qtls, further
narrowing the candidate range (Van and McHale, 2017).
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3.2 Key genes:

3.2.1 Glyma. family genes regulating storage protein composition.

Some Glyma.family genes (such as Glyma.20G088000, Glyma.16G066600, Glyma.19G185700,
Glyma.19G186000) have been repeatedly discovered within the principal QTL interval. They are directly
involved in the synthesis of glycoproteins and § -concombulins (Wang et al., 2021; Park et al., 2023; Zhang et al.,
2024). In addition, some new candidate genes (such as Glyma.11g015500, Glyma.20g050300) have also been
confirmed to be related to protein content through GWAS (Kim et al., 2023).

3.2.2 Transcription factors (e.g., bZIP, NAC, MYB) influencing protein accumulation

Transcription factors are very important in the regulation of protein synthesis. Family members such as bZIP,
NAC, and MYB can regulate storage protein genes, nitrogen metabolism, and seed enrichment, thereby affecting
protein accumulation (Guo et al., 2022; Shen et al., 2022; Hooker et al., 2023; Tian et al., 2025). HSSP1 is a
newly discovered regulatory factor. It can bind to the GmCG1 promoter, enhance its expression and increase seed
protein. AIP2 affects the expression of glycoprotein and concombulinin genes by regulating the ABI3 transcription
factor.

3.3 Functional mechanisms: carbon—nitrogen balance, seed filling, transcriptional regulation

The accumulation of protein depends on the balance of carbon and nitrogen metabolism, amino acid synthesis and
transport, as well as the distribution of substances during the seed enrichment stage. High-protein varieties usually
have higher nitrogen utilization efficiency and stronger amino acid synthesis ability (Guo et al., 2022; Zhao et al.,
2023; Zhang et al., 2024). Sugar transporters such as GmSWEET10a/b can affect carbon flow, thereby indirectly
regulating protein and lipid accumulation (Wang et al.,, 2020). Furthermore, environmental factors, such as
temperature and soil nitrogen, can also alter protein content by influencing gene expression (Hooker et al., 2023).

3.4 Breeding implications: challenges in raising protein without yield penalties

Although the discovery of major QTLS and key genes provides targets for molecular marker selection (MAS) and
gene editing, protein content is often negatively correlated with yield and oil content. When protein is increased, it
is often accompanied by a decrease in yield (Patil et al., 2017; Zhang et al., 2019; Wang et al., 2021; Guo et al.,
2022; Liu et al., 2023). However, some specific QTLS (such as Chr.20 QTL derived from Danbaekkong) can
increase the protein in specific genetic contexts without significantly reducing the yield (Patil et al., 2017; Park et
al.,, 2023). In the future, it is necessary to combine multi-gene aggregation, precise editing and excellent
germplasm resources to break the contradiction between protein and yield and promote the breeding of
high-protein and high-yield soybeans.

4 Genetic Basis of Qil Content

4.1 Major QTLs and loci: landmark discoveries from genetic studies

Soybean seed oil content is a quantitative trait that is jointly controlled by many genes. Traditional linkage
mapping and GWAS have identified hundreds of related QTLS on 20 chromosomes. Some QTLS on Chr.5,
Chr.10, Chr.14 and Chr.20 (such as qOil-5-1, qOil-10-1, qOil-14-1, GqOil20) are very stable in different
populations and environments. It can explain up to 26.3% of the phenotypic differences (Cao et al., 2017; Zhang
et al., 2019; Jia et al., 2024). Meta-QTL and multi-omics analyses further narrowed the candidate regions and
enhanced the value of breeding utilization (Jia et al., 2024; Yuan et al., 2024; Zhao et al., 2024).

4.2 Key genes

4.2.1 DGAT1 (diacylglycerol acyltransferase 1), WRI1, OLE1 regulators

DGATT1 is the rate-limiting enzyme for triacylglycerol (TAG) synthesis, and overexpression can significantly
increase seed oil content (Zhao et al., 2024). WRII is a core transcription factor that can regulate genes related to
glycolysis and fatty acid synthesis and promote lipid accumulation. GmOLEO1 encodes the structural proteins of
oil bodies and affects the formation and stability of oil bodies. Its overexpression can increase oil content by more
than 10% and was strongly selected during domestication (Zhang et al., 2019).
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4.2.2 Acyl carrier proteins and desaturases (FAD2, FAD3)

Acyl carrier proteins (ACP) are responsible for transporting intermediates in fatty acid synthesis. FAD2 and FAD3
are key desaturases that respectively control the production of linoleic acid and alpha-linolenic acid, directly
determine the ratio of oleic acid, linoleic acid, and alpha-linolenic acid, and are important targets for improving
lipid quality (Yao et al., 2020; Ma et al., 2021; Silva et al., 2021; Cai et al., 2023). In addition, genes such as
GmFATA 1B and GmFATBI also affect oil content and fatty acid composition (Ma et al., 2021; Cai et al., 2023).

4.3 Functional mechanisms: partitioning of carbon into lipid biosynthesis, transcriptional control

The synthesis of soybean oil relies on the distribution of carbon flow, shifting from precursors such as sucrose and
glucose to fatty acids and TAG. Sugar transporters (such as GmSWEET10a/b, GmSWEET39) regulate oil
accumulation by regulating the transport of sugar between seed coat and endosperm and affecting the utilization
of carbon sources (Miao et al., 2019; Wang et al., 2020; 2025). Some transcription factors (such as WRI1, LEC1,
MYB, bZIP, etc.) coordinate lipid synthesis by regulating genes related to fatty acid synthesis and TAG assembly
(Zhang et al., 2019; Liu et al., 2020; Zhao et al., 2024).

4.4 Breeding implications: efforts to improve oil quality (oleic vs linoleic vs linolenic acid)

Increasing the oil content and optimizing the proportion of fatty acids (such as increasing oleic acid and reducing
linoleic acid and alpha-linolenic acid) are important goals in soybean breeding. Through QTL mapping, molecular
markers and gene editing, some excellent genotypes have been combined (Cao et al., 2017; Zhang et al., 2019; Ma
et al., 2021; Silva et al., 2021; Cai et al., 2023; Jia et al., 2024). For example, the FAD2-1A/B mutant can stably
increase the oleic acid content, and the knockout of GmFATB1 can reduce saturated fatty acids (Ma et al., 2021;
Silva et al., 2021). However, there is a complex relationship between oil content, protein and yield. Multi-gene
polymerization and precise regulation are required to achieve the breeding goals of high oil content and high
quality (Zhang et al., 2019; Goettel et al., 2022; Jia et al., 2024; Yuan et al., 2024).

5 The Protein-Oil Trade-off

5.1 Physiological constraints: inverse relationship between protein and oil accumulation

In soybean seeds, the content of protein and oil is usually negatively correlated. That is to say, when protein levels
increase, oil content tends to decrease, and vice versa (Wang et al., 2020; Liu et al., 2023). This relationship not
only occurs among different varieties and germplasms, but is also obvious under different environments and
management conditions of the same variety (Assefa et al., 2018; 2019). Genetic studies have shown that some
major QTLS (such as loci on chromosomes 15 and 20) regulate proteins and oils simultaneously, and often in
opposite directions (Zhang et al., 2020; Zhu et al., 2020; Clevinger et al., 2023; Kim et al., 2023). Environmental
conditions also have an impact. For example, water stress, nitrogen fertilizer and irrigation can all change the
accumulation of protein and oil. But overall, it is difficult to improve both simultaneously (Assefa et al., 2019;
Carciochi et al., 2023).

5.2 Regulatory networks: hormonal and metabolic crosstalk

The relationship between protein and oil is not only determined by the genes themselves, but also related to the
interaction of hormones and metabolic networks. Sugar transporters (such as GmSWEET10a/b, GmSWEET39)
regulate the distribution of carbon sources such as sucrose between the seed coat and endosperm, thereby affecting
whether carbon enters protein synthesis or lipid synthesis (Zhang et al., 2020; Wang et al., 2020; Mo et al., 2024).
Some genes, such as GmMFT, can simultaneously affect seed development and material distribution, and have
effects on both protein and oil (Cai et al., 2023). Furthermore, the interactive regulation of hormone signals (such
as auxin and abscisic acid) and carbon-nitrogen metabolism is also regarded as an important mechanism of
protein-oil balance (Duan et al., 2023; Mo et al., 2024) (Figure 1).

5.3 Systems biology perspectives: integrative omics evidence

Multi-omics studies (genomics, transcriptomics, proteomics, metabolomics) have shown that the accumulation of

proteins and oils involves many metabolic pathways and regulatory links. Transcriptomic and proteomic analyses

revealed differential expression of genes related to fatty acid and amino acid synthesis in high-protein or high-oil

varieties. The changes in the activities of carbon metabolism, glycolysis and TCA cycle will also directly affect
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the distribution of proteins and oils (Mo et al., 2024; Huang et al., 2025). Metabolomics studies further revealed
that key metabolites such as glucose, citric acid, and o -ketoglutaric acid showed significant differences in content
among different phenotypes, reflecting the competition of carbon sources between amino acid and fatty acid
synthesis. Systems biology analysis has also identified a number of core genes that may simultaneously negatively
regulate proteins and oils, providing new ideas for breaking through this trade-off (Kumar et al., 2021; Mo et al.,
2024; Huang et al., 2025).

GmKIX8-1
i
:
Gmsss1 GMCYCET10
GmCIF1 \ / [G"’BS1] —— SLB1
GmBS2
GmPP2C-1 \ / GmCYP78A10
WRKY15a \ ; GmCYP78A57
GmDot4 T~ «— | GmcYP78A70
GmDof11 GmCYP78A72
GmMYB73 GmAP2-1
GmDREBL [ il :'}—GmCoIZb

-a+— GmGA3ox1

*GmPDAT/ 4 ’. . ~<— GmGA200X

(; ) GmS T05/ GmMFT

; l (3 I—POWR1-—>/ v

GmNFYA —- St 392] ‘ GmRabsa GmSWEET10a
GmZF3514 S GmvpPs9sd | [

\ GmSWEET10b
GmOLEO1—» >

i

GmWRI1s

Seed size

GmbzIP123 " )

Oil content

Seed size, oil or protein content

Not validated by genetically modified soybean

Activation

/

GmABI3a
P

AN
\
o)

v Lyl

»
\\~|:GmLEC1 Repression
w-GmLEC2 - Activation

\ g ¥

74 - Repression

\\GmB10/ ( 1 g . T 1 mbi. ._.r)
Figure 1 Genetic regulatory network of seed size (weight), oil accumulation, and protein content in soybean. The genes or proteins

-

involving seed size (weight) and oil content are shown in red and blue fonts, respectively. The pleiotropic regulators for seed size
(weight), oil accumulation, or protein content are indicated in green fonts. The regulatory genes, whose function has been validated
only in Arabidopsis but not soybean, are shown in purple fonts (Adopted from Duan et al., 2023)

6 Advances in Biotechnological and Breeding Approaches

6.1 Conventional breeding: exploitation of natural variation

Conventional breeding mainly relies on methods such as hybridization, selection and mutagenesis, taking
advantage of the natural variations in soybean germplasm resources to cultivate new varieties with high protein,
high oil content and strong stress resistance. Both wild soybeans and local varieties worldwide offer rich genetic
diversity (Anderson et al., 2019; Kumari et al., 2023; Vargas-Almendra et al., 2024). However, this method has a
long cycle and limited genetic progression, making it difficult to meet the demand for rapidly increasing yield and
quality (Anderson et al., 2019; Bhat and Yu, 2021).

6.2 Molecular breeding: marker-assisted selection, genomic selection

Molecular breeding has greatly enhanced the efficiency of improving complex traits. Marker-assisted selection
(MAS) utilizes molecular markers closely linked to target traits to achieve precise aggregation of traits such as
proteins, oils, and disease resistance (Bhat and Yu, 2021; Cao et al., 2022; Lin et al., 2022; Vargas-Almendra et al.,
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2024) (Figure 2). Genomic selection (GS) uses genome-wide markers to predict breeding values and accelerate
the screening speed of superior genotypes, and has been applied in disease resistance, stress resistance and quality
improvement (Cao et al., 2022; Lin et al., 2022; Fang et al., 2023; Tian et al., 2025). Meanwhile, the combination
of high-throughput genotyping and phenotypic techniques also enables molecular breeding to be faster and more
accurate (Haidar et al., 2024).

Functional
Validation

Gene Clone

New Variety

Figure 2 Multi-omics approaches for soybean molecular breeding (Adopted from Cao et al., 2022)

6.3 Genetic engineering: CRISPR/Cas9 examples, transgene approaches.

Genetic engineering offers new ways to regulate the content of proteins and oils. Editing techniques such as
CRISPR/Cas9 can precisely knockout or modify key genes (such as FAD2, PDHK, etc.), and new soybean
varieties with high oleic acid, low linolenic acid and high protein have been obtained (Gupta and Manjaya, 2022;
Rahman et al., 2022; Xu et al., 2022; Monfort et al., 2025). Transgenic methods (such as Agrobacter mediation
and gene gun method) are widely used for herbicide resistance, pest resistance, stress resistance and nutritional
quality improvement. Currently, more than 80% of the global planting area is transgenic soybeans (Li et al., 2017;
Anderson et al., 2019; Rahman et al., 2022; Xu et al., 2022). However, transgenic and gene editing still face
challenges such as low transformation efficiency, genotype dependence and regulatory issues (Gai et al., 2025).

6.4 Synthetic biology: engineering carbon flux pathways.

Synthetic biology offers the possibility of simultaneously enhancing proteins and oils by modifying carbon
metabolism pathways and optimizing the allocation of carbon and nitrogen. For instance, by regulating genes
related to sugar transport, fatty acid synthesis and seed enrichment, the direction of carbon flow can be changed to
enhance the nutritional and yield potential of seeds (Liu et al., 2020). In the future, by integrating multi-omics data
and systems biology models, it is expected to promote the "design breeding" of soybean quality (Cao et al., 2022;
Haidar et al., 2024; Tian et al., 2025).

7 Case Study: Functional Validation of Key Genes

7.1 Case study focus: example of a key gene such as GmWRIl1a (oil regulator) or GmPDH1 (protein

regulator)

7.1.1 Background: why this gene was prioritized

GmSWEET]10a is a gene closely related to the quality of soybean seeds. It affects oil content, protein and grain

size. Whole-genome resequencing and population analysis revealed that this gene was strongly selected during the
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domestication of soybeans. Its different alleles are significantly related to the increase of oil content, the decrease
of protein and the enlargement of grains. Therefore, it has become a key research object for functional verification
and breeding (Wang et al., 2020).

7.1.2 Functional characterization: knockout/overexpression studies, phenotypic changes

Researchers used near-isogenic lines and genetically modified soybeans for verification. The results show that the
superior alleles of GmSWEET10a can increase the oil content and grain weight of grains, but will reduce the
protein content. It and the homologous gene GmSWEET10b are mainly responsible for transporting sucrose and
hexose from the seed coat to the endosperm, regulating carbon source allocation, and thereby affecting lipid and
protein accumulation (Wang et al., 2020). When overexpressed, the oil content of the grains was higher than that
of the control. After knockout, the oil content decreased and the protein content increased.

7.1.3 Field validation: how findings translated into yield and composition shifts

In field trials, the oil content and yield of materials with superior alleles increased simultaneously, while the
protein content slightly decreased. This effect is relatively stable in different environments and genetic
backgrounds, indicating that it has application potential in production (Wang et al., 2020).

7.1.4 Breeding application: integration into elite lines

At present, the superior allele of GmSWEET10a has been introduced into modern major soybean varieties and has
been used as a key target for MAS and gene editing. Meanwhile, its homologous gene GmSWEET10b has also
begun to receive attention. In the future, by aggregating these superior genes, the oil content and yield of soybeans
may be further increased (Wang et al., 2020).

7.2 Discussion: lessons learned—bridging functional genomics with practical breeding

The research case of GmSWEET10a shows that combining population genetics, transgenic or gene editing and
field trials can achieve an effective transformation from gene discovery to breeding application. It not only
explains the contradiction between protein and oil, but also provides a reference for the simultaneous
improvement of multiple traits. More multi-omics data and precise editing methods are needed in the future to
accelerate the application of functional genomics achievements in molecular breeding (Wang et al., 2020; Zhang
et al., 2021; Kumar et al., 2022).

8. Future Directions

8.1 Integrative approaches: multi-omics, machine learning, and predictive breeding

In the future, the improvement of soy protein and oil content will rely more on the integration of multi-omics data
(genomic, transcriptomic, proteomic, metabolomic). By integrating machine learning and big data analysis,
complex traits can be predicted more accurately, enabling design breeding. Multi-omics studies have revealed the
pathways of protein and oil accumulation, key genes and their interactions, which provide theoretical support for
resolving the protein-oil contradiction (Kumar et al., 2021; Xu et al., 2022). Technologies such as machine
learning and remote sensing have been used to efficiently predict protein and oil content in the field, improving
the efficiency of breeding and field management (Hernandez et al., 2023). In the future, the combination of deep
learning, data fusion and environmental factors will further enhance the accuracy of prediction and the ability of
breeding decision-making (Patil et al., 2017).

8.2 Climate resilience: protein and oil traits under stress conditions.

Climate change poses new challenges to the protein and oil content of soybeans. Studies have shown that under
future climatic conditions, oil content may increase with the increase in production, but protein content may
decrease (Araji et al., 2020). The responses of different genotypes to stresses such as high temperature and
drought are significantly different, which indicates that it is very important to screen and breed varieties with
strong climate adaptability and stable quality (Araji et al., 2020; Duan et al., 2023). Multi-omics and QTL
mapping can help identify genes related to stress response, providing a molecular basis for breeding new varieties
with high protein, high oil content and stress resistance (Kumar et al., 2021; Xu et al., 2022; Duan et al., 2023).
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8.3 Consumer-driven traits: high-protein varieties, healthy oil profiles

With people paying more attention to health and nutrition, the market demand for healthy soybean varieties such
as high protein, high oleic acid, and low linolenic acid is constantly increasing (Song et al., 2023). High-protein
varieties can not only meet the needs of the food and feed industries, but also increase the added value of
soybeans (Guo et al., 2022). The improvement of lipid quality (such as increasing oleic acid and reducing
saturated fatty acids) has become the focus of molecular breeding and gene editing (Song et al., 2023). In the
future, by integrating molecular markers, gene editing and precise phenotypic screening, it is expected to achieve
multi-objective synergistic improvement of protein, oil content and quality (Kumar et al., 2021).

9 Concluding Remarks

The protein and oil content of soybeans are very complex quantitative traits, controlled by many genes and QTLS
together. Research has found that some major QTLS and candidate genes on chromosomes 15 and 20 (such as
FAD2-1 and Glyma.20G085100) have been verified multiple times. They have significant effects on proteins and
oils, and often in opposite directions. Multi-omics and proteomics studies also indicate that core metabolic
pathways such as carbon metabolism, glycolysis, and the TCA cycle are of great significance, and related genes
(such as sugar transporters, fatty acid synthases, signal transduction proteins, etc.) all play key roles in protein and
oil accumulation. In addition, some genes also have pleiotropy, not only influencing seed components but also
being related to stress response and adaptability.

A deep understanding of these genetic bases provides a foundation for modern breeding such as molecular
marker-assisted selection, genomic selection and gene editing. The newly discovered QTL and functional genes
provide molecular targets for cultivating soybeans with high protein, high oil content and high-quality fatty acid
composition, which helps to meet the diverse needs of food, feed and industry. Meanwhile, some regulatory genes
are related to stress tolerance, which provides new ideas for maintaining stable and sustainable soybean
production under climate change.

However, the balance between protein and oil, environmental adaptability, and multi-objective collaborative
improvement remain challenges in future research and breeding. In the future, it is necessary to integrate basic
research achievements with new technologies such as molecular breeding and synthetic biology to accelerate the
cultivation of high-quality, high-yield and sustainable new soybean varieties, and promote the global protein and
oil industry towards green development.
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