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Abstract This study explores the integration of Genome-Wide Association Studies (GWAS) and Genomic Selection (GS) to
enhance soybean breeding efficiency. By leveraging GWAS for genetic insights and GS for predictive selection, the study identifies
key agronomic traits, including yield, disease resistance, and stress tolerance, that are essential to soybean crop improvement.
Through case studies, it highlights the effectiveness of GWAS and GS in identifying high-performing genotypes and accelerating
breeding cycles. The study further addresses challenges such as the resource demands of genomic technologies and potential
solutions, including machine learning and high-throughput phenotyping. The findings underscore the transformative potential of
combining GWAS and GS for breeding programs, aiming to meet global demands for high-yielding, resilient soybean varieties and to
promote sustainable agricultural practices.
Keywords Soybean breeding; GWAS; Genomic selection; Yield improvement; Sustainable agriculture

1 Introduction
Soybean (Glycine max L.) is a globally significant crop, renowned for its versatile applications in food, feed, and
industrial sectors. It is a primary source of plant-based protein and oil, contributing substantially to human diets,
livestock feed, and various industrial products (Anderson et al., 2019; Singer et al., 2023). The crop's adaptability
and high nutritional value have made it a staple in many regions, particularly in the Western Hemisphere, where
the majority of the world's soybean cultivation occurs. Soybeans are also integral to the production of biodiesel
and other industrial materials, underscoring their economic importance. The increasing global population and
changing dietary preferences have escalated the demand for soybeans. Traditional breeding methods, while
effective, are often time-consuming and may not keep pace with the rapid need for improved crop varieties
(Anderson et al., 2019; Kumar et al., 2021). Enhanced breeding techniques are essential to develop soybean
varieties that can meet the growing demand for higher yields, improved nutritional quality, and resistance to biotic
and abiotic stresses (Miller et al., 2023). Advanced breeding technologies, such as genomic selection and genome
editing, offer promising solutions to accelerate the development of superior soybean cultivars (Yao et al., 2023).

Genome-Wide Association Studies (GWAS) and Genomic Selection (GS) are cutting-edge techniques that have
revolutionized plant breeding. GWAS involves scanning the genome of diverse germplasm collections to identify
genetic variants associated with specific traits, thereby facilitating the discovery of quantitative trait loci (QTLs)
and candidate genes (Kim et al., 2023). This method has been instrumental in dissecting the genetic basis of
complex traits in soybeans, such as yield, protein content, and disease resistance (Wang et al., 2023). Genomic
Selection (GS), on the other hand, uses genome-wide markers to predict the breeding values of individuals,
enabling the selection of superior genotypes early in the breeding cycle. This approach has shown significant
promise in improving traits like yield, protein, and oil content in soybean breeding programs (Miller et al., 2023).
By integrating GWAS and GS, breeders can enhance the accuracy and efficiency of selecting desirable traits,
thereby accelerating the development of high-performing soybean varieties (Rani et al., 2023).
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This study aims to provide a comprehensive overview of the combined application of Genome-Wide Association
Studies (GWAS) and Genomic Selection (GS) in soybean breeding. It will explore the advancements of these
technologies, their application in the identification and selection of key agronomic traits, and the potential benefits
of their integrated use in breeding programs. Additionally, the study will address the challenges and future
directions in this field, offering insights on how to leverage these innovative approaches to meet the global
demand for improved soybean varieties. The goal is to highlight the transformative potential of integrating GWAS
and GS to enhance soybean breeding efforts.

2 Background on Soybean Breeding
2.1 Traditional breeding methods and their limitations
Traditional soybean breeding methods primarily involve phenotypic selection, where plants are selected based on
observable traits such as yield, plant height, and disease resistance. These methods have been effective in
improving soybean varieties over the years but come with several limitations. One major limitation is the long
breeding cycle, which can span several years due to the time required for plants to grow and express the desired
traits. Additionally, phenotypic selection is often influenced by environmental factors, making it challenging to
accurately select for genetic potential. The complexity of quantitative traits, which are controlled by multiple
genes, further complicates the breeding process, as traditional methods may not effectively capture the genetic
variation underlying these traits (Ravelombola et al., 2021; Budhlakoti et al., 2022).

2.2 Achievements in soybean breeding over the decades
Despite the limitations of traditional breeding methods, significant achievements have been made in soybean
breeding over the decades. Advances in breeding techniques have led to the development of high-yielding soybean
varieties with improved resistance to diseases and pests. For instance, the identification and incorporation of
specific genes responsible for disease resistance have resulted in varieties that are more resilient to common
soybean pathogens. Additionally, breeding efforts have focused on improving agronomic traits such as seed
composition, including protein and oil content, which are critical for both human consumption and industrial
applications (Duhnen et al., 2017; Miller et al., 2023). The integration of molecular markers and genomic tools
has further accelerated the breeding process, enabling more precise selection and faster development of superior
soybean varieties (He et al., 2014; Sonah et al., 2015).

2.3 Role of molecular markers in improving breeding efficiency
The advent of molecular markers has revolutionized soybean breeding by providing tools for more accurate and
efficient selection. Molecular markers, such as Single Nucleotide Polymorphisms (SNPs), allow breeders to
identify and select for specific genetic variations associated with desirable traits. Marker-assisted selection (MAS)
has been particularly effective in improving traits that are difficult to measure phenotypically or are influenced by
multiple genes (He et al., 2014). The use of Genotyping-By-Sequencing (GBS) and Genome-Wide Association
Studies (GWAS) has enabled the identification of numerous SNPs linked to important agronomic traits, such as
yield, plant height, and seed composition (Sonah et al., 2015). These markers can be used in Genomic Selection
(GS) models to predict the breeding value of individuals, thereby enhancing the accuracy and efficiency of the
breeding process. The integration of GWAS and GS has shown promising results in increasing genetic gain and
accelerating the development of improved soybean varieties (Ma et al., 2016; Ravelombola et al., 2021;
Budhlakoti et al., 2022).

3 Principles of GWAS in Soybean
3.1 Explanation of GWAS and its application in crop genetics
Genome-Wide Association Studies (GWAS) are a powerful tool used to identify genetic variants associated with
specific traits by scanning the genomes of many individuals. In crop genetics, GWAS helps in understanding the
genetic basis of complex traits such as yield, disease resistance, and quality traits. By leveraging high-density
Single Nucleotide Polymorphism (SNP) markers, GWAS can pinpoint loci that contribute to phenotypic variation,
facilitating Marker-Assisted Selection (MAS) and Genomic Selection (GS) in breeding programs (Sonah et al.,
2015; Ravelombola et al., 2021; Priyanatha et al., 2022).
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3.2 Key findings from GWAS studies in soybean
Several GWAS studies have identified key loci associated with important agronomic traits in soybean. For
instance, a study identified significant SNPs associated with maturity, plant height, seed weight, and yield, with
some SNPs mapped to known loci such as E2, E4, and Dt1 (Ravelombola et al., 2021). Another study focusing on
soybean germplasm derived from Canadian × Chinese crosses identified QTL regions controlling seed yield, oil,
and protein content, highlighting the potential of Chinese cultivars in improving these traits (Priyanatha et al.,
2022). Additionally, a haplotype-based GWAS identified stable haplotype associations for seed yield and seed
weight across different environments, providing insights into the genetic determinants of these traits
(Contreras-Soto et al., 2017).

3.3 Challenges and limitations of using GWAS in soybean breeding
Despite its advantages, GWAS in soybean breeding faces several challenges. One major limitation is the
insufficient statistical power to detect QTL with small effects, especially in populations with narrow genetic bases
(Yoosefzadeh-Najafabadi et al., 2021a). Additionally, the complex genetic architecture of traits, involving multiple
loci with small effects and gene-environment interactions, complicates the identification of significant
associations (Yoosefzadeh-Najafabadi et al., 2023). Another challenge is the need for high-density SNP markers
and large, diverse populations to ensure robust and reproducible results (Sonah et al., 2015; Mandozai et al., 2021).
Furthermore, integrating GWAS findings into practical breeding programs requires validation of identified
markers and candidate genes, which can be resource-intensive and time-consuming.

4 Advances in Genomic Selection (GS)
4.1 Overview of gs and its application in crop improvement
Genomic Selection (GS) is a revolutionary approach in plant breeding that leverages genome-wide marker data to
predict the breeding values of individuals within a population. Unlike traditional marker-assisted selection, which
focuses on a few significant markers, GS incorporates all available marker information into the prediction model.
This comprehensive approach allows for the capture of small-effect Quantitative Trait Loci (QTL) that contribute
to complex traits, thereby improving the accuracy of selection and accelerating the breeding cycle (Jannink et al.,
2010; Varshney et al., 2017; Merrick et al., 2022).

GS has been successfully applied in various crop improvement programs, including those for cereals like wheat,
maize, and rice, as well as legumes such as soybeans. The method has shown promise in enhancing traits related
to yield, quality, and stress tolerance, which are often controlled by multiple genes with small effects (Krishnappa
et al., 2021; Xu et al., 2021; Budhlakoti et al., 2022). By integrating GS with other advanced technologies like
high-throughput phenotyping and deep learning, breeding programs can achieve more rapid and cost-effective
genetic gains (Krishnappa et al., 2021; Merrick et al., 2022).

4.2 Differences between gs and traditional marker-assisted selection
Traditional Marker-Assisted Selection (MAS) has been effective for traits controlled by a few major QTLs but has
limitations when dealing with polygenic traits. MAS typically involves identifying and selecting for specific
markers associated with large-effect QTLs, which can be a time-consuming and less efficient process for complex
traits (Jannink et al., 2010; Varshney et al., 2017; Merrick et al., 2022). In contrast, GS uses genome-wide markers
to estimate the effects of all loci simultaneously, providing a more holistic and accurate prediction of an
individual's genetic potential. This method avoids the bias associated with selecting only significant markers and
captures the cumulative effect of numerous small-effect QTLs. As a result, GS can accelerate the breeding cycle
by allowing for earlier selection decisions based on Genomic Estimated Breeding Values (GEBVs) rather than
waiting for phenotypic data (Wang et al., 2018). Additionally, GS can reduce the need for extensive phenotyping,
thereby saving time and resources (Xu et al., 2021; Budhlakoti et al., 2022).

4.3 Successful cases of GS implementation in soybean breeding programs
Several soybean breeding programs have successfully implemented GS to enhance the selection of desirable traits.
For instance, a study involving 483 elite soybean breeding lines demonstrated the potential of GS for improving
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protein, oil, and yield traits. The study achieved high predictive abilities (rMP) for protein (0.81) and oil (0.71)
using the RR-BLUP model, indicating the effectiveness of GS in soybean breeding (Stewart-Brown et al., 2019).

Another notable example is the integration of GS with Genome-Wide Association Studies (GWAS) to identify
significant SNP markers associated with key agronomic traits such as maturity, plant height, and seed weight. This
combined approach has led to the discovery of new loci and candidate genes that can be targeted for improving
yield and other important traits in soybean (Ravelombola et al., 2021) (Figure 1).

Overall, the successful implementation of GS in soybean breeding programs highlights its potential to accelerate
genetic gains and improve the efficiency of breeding processes. By leveraging comprehensive genomic data and
advanced prediction models, breeders can make more informed selection decisions and develop superior soybean
varieties more rapidly (Crossa et al., 2017; Stewart-Brown et al., 2019; Ravelombola et al., 2021).

Figure 1 Genomic selection accuracy for yield, maturity, plant height, and seed weight using training/testing sets from all 250
soybean accessions (all samples), samples derived from Q1, and samples from the Q2 subpopulation (Adopted from Ravelombola et
al., 2021)

5 Integration of GWAS and Genomic Selection
5.1 How GWAS can inform and enhance GS models
Genome-Wide Association Studies (GWAS) identify significant Single Nucleotide Polymorphisms (SNPs)
associated with traits of interest, providing valuable insights into the genetic architecture of these traits. By
pinpointing specific loci that contribute to phenotypic variation, GWAS can enhance Genomic Selection (GS)
models by incorporating these significant SNPs, thereby improving the accuracy of trait prediction. For instance,
the identification of SNPs associated with yield, maturity, plant height, and seed weight in soybean has been
shown to enhance the predictive power of GS models (Ravelombola et al., 2021). Additionally, the integration of
GWAS findings into GS models can help in selecting the most informative markers, which can reduce genotyping
costs while maintaining or even improving prediction accuracy (Luo et al., 2021).

5.2 Methods for integrating GWAS findings into GS pipelines
Several methods can be employed to integrate GWAS findings into GS pipelines. One approach is to use a subset
of SNPs identified by GWAS for GS, which has been shown to improve prediction accuracy compared to using all
available SNPs (Luo et al., 2021). Another method involves the use of stepwise linear regression mixed models
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(StepLMM), which combine GWAS and GS in a single statistical framework. This model first estimates the
variance components using genomic best linear unbiased prediction (GBLUP) and then selects the most
significant SNPs through a linear mixed model transformation, improving both mapping precision and prediction
accuracy (Li et al., 2017). Additionally, Bayesian models such as Bayesian Lasso (BL) and ridge regression Best
Linear Unbiased Prediction (rrBLUP) can be used to incorporate GWAS-identified SNPs, enhancing the
efficiency of GS pipelines (Qin et al., 2022).

5.3 Benefits of combining GWAS and GS for trait prediction and selection accuracy
Combining GWAS and GS offers several benefits for trait prediction and selection accuracy. Firstly, it leverages
the strengths of both approaches: GWAS provides high-resolution mapping of trait-associated loci, while GS
offers robust prediction of breeding values using genome-wide markers. This synergy can lead to higher
prediction accuracies for complex traits, as demonstrated in studies where the integration of GWAS findings into
GS models resulted in improved prediction accuracy for traits such as yield, protein content, and disease
resistance (Luo et al., 2021; Ravelombola et al., 2021; Qin et al., 2022). Moreover, the combined approach can
reduce the rate of false positives in QTL mapping and enhance the precision of trait-associated loci identification,
ultimately leading to more efficient and effective breeding programs (Li et al., 2017). The use of GWAS-informed
GS models can also accelerate the breeding cycle by enabling earlier and more accurate selection of superior
genotypes, thus increasing genetic gain over time (Matei et al., 2018; Stewart-Brown et al., 2019).

6 Case Studies
6.1 Yield improvement: integration of GWAS and GS to enhance yield traits
The integration of Genome-Wide Association Studies (GWAS) and Genomic Selection (GS) has shown significant
promise in enhancing yield traits in soybean breeding. For instance, a study on soybean breeding lines
demonstrated the potential of GS for selecting quantitative traits such as yield, where traditional marker-assisted
selection has often been less effective. The study utilized 483 elite breeding lines and achieved predictive abilities
(rMP) of 0.26 for yield, indicating the potential of GS to improve yield traits through more accurate predictions
and selection (Stewart-Brown et al., 2019). Additionally, the application of GS in other crops like wheat has
shown that leveraging genomic information can significantly increase prediction accuracies, thereby accelerating
the development of high-yielding varieties (Budhlakoti et al., 2022).

6.2 Disease resistance: examples of breeding for resistance to soybean pathogens
Breeding for disease resistance in soybean has benefited from the integration of GWAS and GS. For example, the
BREEDWHEAT project has successfully utilized these genomic tools to decipher traits of agronomical interest,
including biotic resistance, which is crucial for developing disease-resistant varieties (Paux et al., 2022).
Furthermore, the identification of specific loci associated with disease resistance through GWAS has enabled the
development of soybean varieties with enhanced resistance to various pathogens. This approach not only helps in
identifying candidate genes but also facilitates the implementation of genomic selection to improve disease
resistance traits (Jannink et al., 2010).

6.3 Stress tolerance: breeding for abiotic stress (e.g., drought, salinity) using combined approaches
The combined use of GWAS and GS has been instrumental in breeding for abiotic stress tolerance in soybean. For
instance, a study identified a major salt-tolerance locus controlled by the E2 gene, which also influences flowering
time and maturity. The loss of E2 function not only enhanced salt tolerance but also shortened flowering time,
demonstrating the effectiveness of integrating GWAS findings into breeding programs for stress tolerance (Dong
et al., 2022). Additionally, research on drought tolerance in soybean has identified several quantitative trait loci
(QTLs) and candidate genes associated with drought resistance. The over-expression of the GmNFYB17 gene,
identified through GWAS and linkage analysis, significantly improved drought resistance and yield accumulation
in transgenic soybean plants (Sun et al., 2022) (Figure 2). These examples highlight the potential of integrating
GWAS and GS to develop soybean varieties with improved tolerance to abiotic stresses such as drought and
salinity (Valliyodan et al., 2016; Ouyang et al., 2022).
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Figure 2 The GmNFYB17 transgenic soybean lines under drought treatment (Adopted from Sun et al., 2022)
Image caption: (A) Morphology of transgenic and non-transgenic plants under drought conditions. Water was withheld for 15 d, and
then plants were re-watered for 7 d. G16, G18 and G26 are transgenic lines; CK is soybean DN50; (B,C)The leaf relative water
content (RWC) and leaf damage of transgenic lines. G16, G18, G26 and non-transgenic control (CK) during the well-watered,
drought and re-watered stage; (D-F) Comparison of physiological and biochemical indicators (MDA, SOD, Proline) between
transgenic and non-transgenic plants. *: p-value ≤ 0.05; **: p-value ≤ 0.01 (Adopted from Sun et al., 2022)

7 Challenges and Future Prospects
7.1 Technical and computational challenges in integrating GWAS and GS
Integrating Genome-Wide Association Studies (GWAS) and Genomic Selection (GS) in soybean breeding
presents several technical and computational challenges. One of the primary issues is the need for advanced
statistical methods to accurately detect Quantitative Trait Loci (QTL) and their interactions. Traditional GWAS
methods often focus on main effects and may miss significant interactions between QTL, which are crucial for
complex traits like yield and seed quality (Yoosefzadeh-Najafabadi et al., 2023). Additionally, the computational
power required to handle large datasets and perform complex analyses is substantial. Machine learning algorithms,
such as Support Vector Regression (SVR) and Random Forest (RF), have shown promise in improving the
accuracy of QTL detection, but they also demand significant computational resources and expertise
(Yoosefzadeh-Najafabadi et al., 2021a; Yoosefzadeh-Najafabadi et al., 2021b).

7.2 Cost and resource considerations for breeding programs
The integration of GWAS and GS into breeding programs is resource-intensive. The costs associated with
genotyping, phenotyping, and data analysis can be prohibitive, especially for smaller breeding programs.
High-throughput phenotyping technologies and the generation of large-scale genomic data require substantial
financial investment and technical infrastructure (Sandhu et al., 2022). Moreover, the need for continuous updates
to computational tools and methods to keep pace with advancements in the field adds to the overall cost. Efficient
allocation of resources and strategic planning are essential to maximize the return on investment in these
technologies.
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7.3 Potential solutions and future directions
To address these challenges, several potential solutions and future directions can be considered. Advances in
machine learning and big data analytics offer promising avenues for enhancing the integration of GWAS and GS.
Machine learning algorithms, such as SVR and RF, have demonstrated superior performance in identifying
relevant QTL compared to traditional methods (Yoosefzadeh-Najafabadi et al., 2021a; Yoosefzadeh-Najafabadi et
al., 2023). Additionally, the development of hierarchical data integration strategies, such as the hyperspectral wide
association study (HypWAS), can improve the efficiency of phenome-genome association analyses and provide
deeper insights into the genetic architecture of complex traits (Yoosefzadeh-Najafabadi et al., 2021b).

Furthermore, the adoption of phenomics and high-throughput phenotyping tools can alleviate some of the
bottlenecks in data acquisition and analysis. These tools enable the collection of large-scale, high-quality
phenotypic data, which is essential for accurate genomic predictions (Sandhu et al., 2022). The integration of
phenomics with GS and machine learning can accelerate the breeding cycle and enhance genetic gains.

8 Concluding Remarks
This study has explored the integration of Genome-Wide Association Studies (GWAS) and Genomic Selection
(GS) to enhance soybean breeding. GWAS has been instrumental in identifying genetic variants associated with
complex traits by examining genome-wide genetic variants across diverse genetic materials. On the other hand,
GS facilitates the rapid selection of superior genotypes and accelerates the breeding cycle by leveraging
genomic-enabled prediction models. The integration of these two approaches can significantly enhance the
efficiency and effectiveness of soybean breeding programs.

Integrating GWAS and GS holds immense potential for future soybean breeding. GWAS provides a robust
framework for identifying genetic variants associated with important agronomic traits, which can then be used to
inform GS models. This combined approach allows for more accurate prediction of phenotypic outcomes based on
genetic data, thereby accelerating the breeding process and improving the selection of high-yield, disease-resistant
soybean varieties. Additionally, the integration of these methods can help in understanding the genetic basis of
complex traits, leading to more targeted and efficient breeding strategies.

To fully realize the benefits of integrating GWAS and GS in soybean breeding, continued research and
development are essential. Future studies should focus on optimizing GWAS models to reduce false positives and
improve statistical power. Additionally, advancements in genomic technologies, such as hyperspectral imaging
and genotype imputation, should be leveraged to enhance the accuracy and efficiency of GS models. Collaborative
efforts to curate and integrate high-quality GWAS data, as exemplified by resources like the GWAS Atlas, will
also be crucial for advancing genetic research and breeding applications. By investing in these areas, we can
unlock the full potential of GWAS and GS to drive innovation in soybean breeding and ensure sustainable
agricultural practices.
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