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Abstract Recent advancements in GWAS have significantly enhanced our understanding of the genetic architecture of complex
traits in Fabaceae. Key discoveries include the identification of numerous genomic variants linked to agronomic traits, such as yield,
stress tolerance, and biochemical properties. The development of novel methodologies, such as mixed model frameworks and
haplotype-based fine-mapping, has improved the accuracy and resolution of GWAS, reducing false positives and increasing the
power to detect rare variants. Additionally, the integration of next-generation sequencing technologies has facilitated the rapid
identification of candidate genes and their functional validation. The findings from GWAS in Fabaceae have profound implications
for plant breeding and genetic engineering. By uncovering the genetic basis of complex traits, these studies provide valuable insights
that can be leveraged to enhance crop performance and resilience. Future research should focus on optimizing GWAS models,
exploring epistatic interactions, and utilizing genomic data to advance our understanding of biological processes and improve crop
breeding strategies.

Keywords Genome-wide association studies; Fabaceae; Genetic variants; Complex traits; Crop improvement; Next-generation
sequencing; Plant breeding

1 Introduction

The Fabaceae family, also known as Leguminosae, is the third largest family of flowering plants, comprising
approximately 19 500 species across 770 genera (Xu and Deng, 2017; Jishtu and Goraya, 2020). This family is of
immense agricultural importance, second only to the Poaceae family (grasses), due to its significant contribution
to global food security and agricultural sustainability (Zhu et al., 2005; Smykal et al., 2015). Fabaceae includes a
wide variety of economically important crops such as soybeans, chickpeas, lentils, and peas, which are crucial
sources of protein for human diets and animal feed (Smykal et al., 2015; Jishtu and Goraya, 2020). Additionally,
many Fabaceae species possess the unique ability to fix atmospheric nitrogen through symbiotic relationships with
rhizobial bacteria, enhancing soil fertility and reducing the need for synthetic fertilizers (Zhao et al., 2021).

Genome-Wide Association Studies (GWAS) have emerged as a powerful tool in plant genetics and breeding,
enabling the identification of genetic variants associated with important agronomic traits (Koenen et al., 2019;
Shen et al., 2024). In the context of Fabaceae, GWAS can facilitate the discovery of genes linked to traits such as
disease resistance, drought tolerance, and yield improvement, thereby accelerating the development of superior
crop varieties (Bruneau et al.,, 2013; Koenen et al.,, 2019). The integration of GWAS with other genomic
approaches, such as phylogenomics and comparative genomics, can provide deeper insights into the genetic
architecture and evolutionary history of legume crops, further informing breeding strategies (Zhu et al., 2005;
Koenen et al., 2019).

This study aims to provide a comprehensive overview of the progress and prospects of Genome-Wide Association
Studies in the Fabaceae family. It will cover the current state of GWAS research in major legume crops, highlight
key findings and methodological advancements, and discuss the potential applications of GWAS in crop
improvement programs.
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2 Background on GWAS in Plant Genomics

2.1 Fundamental concepts of GWAS

Genome-wide association studies (GWAS) have become a cornerstone in the field of genomics, particularly for
identifying the genetic basis of phenotypic variation. The fundamental concept of GWAS involves scanning the
genome for genetic variants, typically single nucleotide polymorphisms (SNPs), that are associated with specific
traits. This approach leverages the natural genetic diversity within a population to identify loci that contribute to
phenotypic differences (Burghardt et al.,, 2017; Cortes et al., 2021). The mixed model framework has been
particularly influential in reducing false positives, thereby increasing the reliability of GWAS findings (Cortes et
al., 2021).

2.2 Historical development of GWAS in Plants

The application of GWAS in plant genomics has evolved significantly over the past decade. Initially, the focus
was on human genetics, but the methodology quickly found applications in plant science due to advances in
genotyping and sequencing technologies (Visscher et al., 2017; Liu and Yan, 2018). Early plant GWAS studies
were limited by the availability of genomic resources and computational tools. However, the development of
high-throughput sequencing and improved statistical methods has enabled more comprehensive and accurate
association studies in plants. Over 1000 GWAS have been conducted in various crop species, revealing substantial
genotype-phenotype associations and providing insights into the genetic architecture of complex traits (Liu and
Yan, 2018).

2.3 Technical approaches and methodologies in GWAS

Several technical approaches and methodologies have been developed to enhance the efficiency and accuracy of
GWAS. The use of high-density genotyping arrays and next-generation sequencing technologies has been pivotal
in capturing a wide range of genetic variants (Yang et al., 2015; Liu and Yan, 2018). Statistical methods such as
the mixed model framework, which accounts for population structure and relatedness, have been crucial in
reducing false positives (Burghardt et al., 2017; Cortes et al., 2021). Additionally, novel methods like
extreme-phenotype GWAS (XP-GWAS) have been introduced to identify trait-associated variants by sequencing
pools of individuals with extreme phenotypes, thereby reducing the need for extensive genotyping (Yang et al.,
2015). These advancements have facilitated the detection of genomic variants associated with both traditional
agronomic traits and molecular phenotypes (Cortes et al., 2021).

2.4 Challenges and limitations in plant GWAS

Despite the progress, several challenges and limitations persist in plant GWAS. One major issue is the complexity
of plant genomes, which often include large amounts of repetitive DNA and polyploidy, complicating the
identification of causal variants (Liu and Yan, 2018). Population structure and relatedness within plant populations
can also lead to spurious associations, necessitating the use of sophisticated statistical models to control for these
factors (Barsh et al., 2012; Burghardt et al., 2017). Additionally, the phenomenon of synthetic associations, where
non-causal variants appear to be associated with traits due to linkage disequilibrium, can lead to false conclusions
(Liu and Yan, 2018) Finally, the validation of GWAS findings remains a significant hurdle, as it requires extensive
functional studies to confirm the biological relevance of identified variants (Barsh et al., 2012).

3 GWAS in Fabaceae: Progress and Key Findings

3.1 Overview of fabaceae and genetic diversity

The Fabaceae family, also known as the legume family, is one of the largest and most diverse plant families. This
family is economically and ecologically significant, particularly due to its ability to fix atmospheric nitrogen
through symbiotic relationships with rhizobial bacteria. The genetic diversity within Fabaceae is vast, with
numerous polyploidization events contributing to its evolutionary history and adaptation to various environments
(Zhao et al., 2021).

3.2 Major Crops studied (e.g., soybean, pea, common bean, lentil)
Several major crops within the Fabaceae family have been extensively studied using genome-wide association
studies (GWAS). These include:
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Soybean (Glycine max): Soybean is a crucial crop for its high protein and oil content. Numerous GWAS have
been conducted to identify loci associated with agronomic traits, disease resistance, and seed quality (Shook et al.,
2021; Kim et al., 2022; Yoosefzadeh-Najafabadi et al., 2023).

Pea (Pisum sativum): Field pea is another important legume crop, with GWAS identifying loci related to
agronomic traits, seed morphology, and seed quality (Gali et al., 2019).

Common Bean (Phaseolus vulgaris): Common bean is widely cultivated for its nutritional value. GWAS in
common bean have focused on yield and yield-contributing traits, leveraging the genetic diversity present in
germplasm collections (Mir et al., 2021).

Lentil (Lens culinaris): Although not explicitly covered in the provided data, lentils are another significant legume
crop studied for various agronomic traits through GWAS.

3.3 Identification of trait-associated loci in fabaceae

GWAS have been instrumental in identifying loci associated with various traits in Fabaceae crops. For instance, in
soybean, significant associations have been found for traits such as days to flowering, seed coat color, and node
number (Kim et al., 2022). Meta-GWAS approaches have further enhanced the detection of quantitative trait loci
(QTL) by combining data from multiple studies, leading to the identification of hundreds of loci associated with
traits like seed yield, plant height, and disease resistance (Shook et al., 2021). In field pea, GWAS have identified
SNP markers associated with traits such as plant height, lodging resistance, and seed protein concentration (Gali et
al., 2019).

3.4 Case study: GWAS for drought tolerance in soybean

Drought tolerance is a critical trait for soybean, especially in the context of climate change. A study focusing on
root traits in soybean landraces identified 112 significant SNP loci associated with seven root traits, which are
crucial for drought tolerance (Kim et al., 2023). This study highlights the importance of understanding the genetic
basis of root traits to develop drought-resistant soybean varieties.

3.5 Success stories: breeding applications from GWAS in fabaceae

The application of GWAS findings in breeding programs has led to significant advancements in Fabaceae crop
improvement. For example, the integration of GWAS and genotyping-by-sequencing (GBS) in soybean has
facilitated the identification of mutation hotspots and the acceleration of genome evolution, which can be
harnessed for breeding purposes (Kim et al., 2022). Additionally, the use of machine learning algorithms in
GWAS has improved the detection of durable QTL associated with soybean seed quality traits, providing new
tools for genomic-based breeding approaches (Yoosefzadeh-Najafabadi et al., 2023) (Figure 1). In common bean,
the identification of stable and major marker-trait associations has paved the way for molecular breeding programs
aimed at enhancing yield (Mir et al., 2021).

4 Advances in GWAS Technologies and Methods

4.1 High-throughput genotyping and sequencing technologies

High-throughput genotyping and sequencing technologies have revolutionized genome-wide association studies
(GWAS) by enabling the rapid and cost-effective generation of vast amounts of genomic data. These technologies
facilitate the identification of genetic variants associated with complex traits by providing comprehensive
genomic coverage. For instance, the integration of high-throughput phenotyping with GWAS has been shown to
enhance the quality of trait data, thereby improving the accuracy of genetic association studies (Xiao et al., 2021).
Additionally, the development of advanced sequencing platforms has allowed for the detailed examination of
genetic variants across diverse populations, furthering our understanding of the genetic basis of complex traits
(Cortes et al., 2021).

4.2 Multi-trait and multi-locus GWAS approaches
Traditional GWAS methods often focus on single-marker associations, which can limit the detection of significant

loci due to stringent multiple testing corrections. Multi-trait and multi-locus GWAS approaches have been
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developed to address these limitations by considering multiple traits and loci simultaneously. These methods
increase the statistical power to detect associations and reduce false positives. For example, multi-locus GWAS
methodologies such as mrMLM, ISIS EMBLASSO, and FASTmrMLM have been proposed to improve the
detection of significant loci by leveraging the genetic architecture of complex traits (Zhang et al., 2019). Moreover,
joint-GWAS approaches, which combine data from multiple studies, have been shown to enhance the power of
GWAS by increasing sample sizes and capturing more genetic variation (Miiller et al., 2018).
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Figure 1 GWAS results of the top significant SNPs associated with soybean seed protein (A), oil (B), and 100-seed weight (C) across
different environments. The y-axis represents the value of the trait of interest, and the x-axis represents the genomic position of each
SNP on the soybean genome (Adopted from Yoosefzadeh-Najafabadi et al., 2023)
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4.3 Integration of GWAS with other omics data (e.g., transcriptomics, metabolomics)

The integration of GWAS with other omics data, such as transcriptomics and metabolomics, provides a more
comprehensive understanding of the genetic basis of complex traits. This multi-omics approach allows researchers
to link genetic variants to gene expression and metabolic pathways, thereby uncovering the molecular
mechanisms underlying trait variation. For instance, multi-omics strategies for transcriptome-wide association
studies (TWAS) have been developed to incorporate distal-SNPs and regulatory biomarkers, improving the power
to detect gene-trait associations (Bhattacharya et al., 2020). Additionally, integrative analyses combining
genomics, transcriptomics, and metabolomics have been used to identify candidate genes for traits such as
metabolic and vegetative growth variation in canola (Knoch et al., 2023).

4.4 Case study: multi-omics integration for disease resistance in common bean

A case study on the integration of multi-omics data for disease resistance in common bean illustrates the potential
of this approach. By combining GWAS with transcriptomic and metabolomic data, researchers can identify
candidate genes and pathways involved in disease resistance. This integrative approach enables the discovery of
genetic variants that may not be detectable through GWAS alone. For example, the integration of high-throughput
phenotyping and multi-omics data has been shown to enhance the identification of genetic loci associated with
complex traits, providing valuable insights for crop breeding and genetic engineering (Xiao et al., 2021; Knoch et
al., 2023). This case study highlights the importance of multi-omics integration in advancing our understanding of
the genetic basis of disease resistance and other complex traits in plants.

5 Prospects and Future Directions in Fabaceae GWAS

5.1 Emerging trends in GWAS for fabaceae

Genome-wide association studies (GWAS) have become a cornerstone in plant genetics, enabling the dissection of
complex traits through the identification of genetic variants associated with phenotypic traits. Recent
advancements in genomic technologies, such as next-generation sequencing and high-throughput genotyping,
have significantly enhanced the power and resolution of GWAS. These technologies have facilitated the detection
of both common and rare variants, contributing to a more comprehensive understanding of the genetic architecture
of traits in Fabaceae (Liu and Yan, 2018; Cortes et al., 2021). Additionally, the integration of machine learning
methods for dimensionality reduction and the development of sophisticated statistical models have further
improved the accuracy and efficiency of GWAS (Susmitha et al., 2023).

5.2 Potential for GWAS in neglected and underutilized fabaceae species

While major legume crops like soybean and chickpea have benefited from extensive genomic research, many
underutilized and minor legumes remain largely unexplored. These species, including adzuki bean, cluster bean,
and winged bean, hold significant potential for enhancing food security and agricultural sustainability, particularly
in marginal environments. Recent progress in genomics, such as the completion of genome assemblies and the
development of genomic resources, has opened new avenues for GWAS in these neglected species. By leveraging
these advancements, researchers can identify key genetic variants that contribute to desirable traits, thereby
facilitating the development of improved cultivars (Jha et al., 2022).

5.3 Role of GWAS in climate-resilient crop development

Climate change poses a significant threat to global agriculture, necessitating the development of climate-resilient
crops. GWAS plays a crucial role in this endeavor by identifying genetic variants associated with traits that
enhance resilience to abiotic stresses such as drought, heat, and salinity. For instance, GWAS has been
instrumental in uncovering loci linked to drought tolerance and heat resistance in various crops. By applying these
insights to Fabaceae, researchers can develop legume varieties that are better equipped to withstand changing
climatic conditions, thereby ensuring stable yields and food security (Susmitha et al., 2023; Uprety, 2023).

5.4 Case study: GWAS for nutritional traits in soybean
Soybeans are a vital source of protein and essential nutrients, making them an important crop for addressing
nutritional deficiencies. Recent GWAS efforts have focused on identifying genetic variants associated with
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nutritional traits in soybeans, such as protein content, amino acid composition, and micronutrient levels. These
studies have revealed several loci that significantly influence these traits, providing valuable markers for breeding
programs aimed at enhancing the nutritional quality of soybeans. The integration of these markers into genomic
selection frameworks can accelerate the development of nutritionally superior soybean varieties (Susmitha et al.,
2023) (Figure 2).

5.5 Collaborative initiatives and global research efforts

The success of GWAS in Fabaceae is greatly enhanced by collaborative initiatives and global research efforts.
Platforms like the GWAS Atlas provide curated resources of genome-wide variant-trait associations, facilitating
data sharing and collaboration among researchers worldwide (Tian et al., 2019). Additionally, international
consortia and breeding programs are increasingly adopting joint-GWAS approaches, which combine data from
multiple studies to increase statistical power and validate findings across diverse populations (Miiller et al., 2018).
These collaborative efforts are essential for advancing our understanding of the genetic basis of complex traits and
for translating GWAS findings into practical breeding applications.

6 Challenges and Considerations for Future GWAS Studies

6.1 Data quality and reproducibility issues

Data quality and reproducibility are critical challenges in genome-wide association studies (GWAS). Ensuring
high-quality data involves rigorous quality control measures to filter out errors and artifacts that can lead to false
associations. For instance, the tutorial by Marees et al. (2018) emphasizes the importance of quality control and
statistical analysis in GWAS, highlighting the need for dedicated genetics software to manage these tasks
effectively. Additionally, reproducibility of results is a significant concern, as demonstrated by the MultiGWAS
tool, which facilitates the replication of GWAS by testing different parameters and models to validate results
(Garreta et al., 2020). This approach helps in identifying false associations and ensuring that findings are robust
and reliable.
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Figure 2 Number of GWAS studies conducted in different leguminous crops from timeline 2012 to 2023 (Adopted from Susmitha et
al., 2023)

6.2 Statistical challenges and advances in GWAS analysis

Statistical challenges in GWAS include managing the vast amount of data and controlling for population structure
to avoid spurious associations. Advances in statistical methods have been crucial in addressing these issues. For
example, the development of mixed model frameworks has significantly reduced false positives compared to
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naive methods (Cortes et al., 2021). Moreover, the use of joint-GWAS approaches, as seen in the study on
Eucalyptus, has increased the power to detect significant associations by combining data from multiple
populations (Miiller et al., 2018). These advancements are essential for improving the accuracy and reliability of
GWAS findings.

6.3 Ethical considerations and intellectual property rights

Ethical considerations in GWAS encompass issues related to data privacy, informed consent, and the equitable
representation of diverse populations. The importance of including ancestrally diverse populations in GWAS is
highlighted by Peterson et al. (2019), which discusses the scientific and ethical imperatives of broadening the
genetic research base. Additionally, intellectual property rights pose challenges in terms of data sharing and the
commercialization of genetic findings. The NHGRI-EBI GWAS Catalog provides a high-quality curated
collection of published GWAS, promoting transparency and accessibility while addressing some of these ethical
concerns (Buniello et al., 2018).

6.4 Case study: overcoming population structure in GWAS of fabaceae crops

Population structure can confound GWAS results, leading to false associations. Overcoming this challenge
requires sophisticated statistical methods and careful study design. The study on Eucalyptus breeding populations
serves as a relevant case study, where joint-GWAS approaches were used to combine data from different
populations, thereby increasing the power to detect true associations (Miiller et al., 2018). This method can be
applied to Fabaceae crops to address population structure issues and improve the accuracy of GWAS findings. By
leveraging joint-GWAS and other advanced statistical techniques, researchers can better understand the genetic
architecture of Fabaceae crops and enhance breeding programs.

7 Applications of GWAS in Breeding Programs

7.1 Incorporating GWAS findings into marker-assisted selection

Genome-wide association studies (GWAS) have become a cornerstone in modern plant breeding, particularly for
marker-assisted selection (MAS). By identifying single nucleotide polymorphisms (SNPs) associated with
desirable traits, GWAS enables breeders to select plants with favorable genetic profiles more efficiently. For
instance, in soybean, SNP markers associated with yield, maturity, plant height, and seed weight have been
identified, facilitating their use in MAS to improve these traits (Ravelombola et al., 2021). Similarly, in field pea,
SNP markers linked to agronomic traits such as plant height, lodging resistance, and grain yield have been
identified, which can be utilized in MAS to accelerate cultivar improvement (Gali et al., 2019).

7.2 Strategies for accelerating genetic gain through GWAS

To maximize genetic gain, breeders can integrate GWAS findings with genomic selection (GS). This approach
leverages the predictive power of SNP markers to estimate the breeding values of individuals, thereby accelerating
the selection process. In soybean, the combination of GWAS and GS has shown high accuracy in selecting for
yield and other agronomic traits, demonstrating the potential for rapid genetic improvement (Ravelombola et al.,
2021). Additionally, the use of advanced statistical models such as ridge regression best linear unbiased prediction
(rrBLUP) and Bayesian methods can further enhance the accuracy of GS, as seen in legume breeding programs
(Susmitha et al., 2023).

7.3 Case study: GWAS-driven breeding for yield improvement in pea

A notable example of GWAS application in breeding is the improvement of yield in field pea (Pisum sativum L.).
A comprehensive GWAS involving 135 pea accessions from diverse breeding programs identified several SNP
markers associated with key agronomic traits, including grain yield. These markers were consistent across
multiple trials and locations, underscoring their reliability for use in breeding programs (Gali et al., 2019) (Figure
3). By incorporating these markers into MAS, breeders can more effectively select high-yielding pea varieties,
thereby enhancing overall productivity.
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Figure 3 Population structure of 135 pea accessions based on K = 9. In the panel, each accession is indicated as a vertical bar

partitioned into colored segments where the respective length of these segments represents the proportion of the individual's genome
in a given group (Adopted from Gali et al., 2019)

7.4 Future prospects in the integration of GWAS with modern breeding technologies

The future of GWAS in breeding programs lies in its integration with cutting-edge technologies such as
high-throughput genotyping, phenomics, and bioinformatics tools. The development of meta-GWAS approaches,
which combine data from multiple years and environments, offers a robust method for identifying marker-trait
associations in unbalanced datasets, as demonstrated in wheat breeding programs (Battenfield et al., 2018).
Furthermore, the use of machine learning techniques for dimensionality reduction and the application of advanced
statistical models can significantly improve the efficiency and accuracy of GWAS, paving the way for more
precise and rapid genetic improvements in crops (Susmitha et al., 2023).

8 Concluding Remarks

Genome-wide association studies (GWAS) have significantly advanced our understanding of the genetic
architecture of complex traits in Fabaceae. The application of GWAS in various Fabaceae species, such as
common bean (Phaseolus vulgaris L.) and field pea (Pisum sativum L.), has led to the identification of numerous
loci associated with important agronomic traits. For instance, in common bean, significant SNP markers
associated with phenology, biomass, yield components, and seed yield traits were identified, providing insights
into the genetic basis of these traits. Similarly, in field pea, GWAS identified SNP markers linked to agronomic
traits such as days to flowering, plant height, and seed yield, as well as seed quality traits like protein and starch
concentrations. These studies highlight the power of GWAS in uncovering the genetic determinants of key traits in
Fabaceae crops.

The findings from GWAS in Fabaceae have several implications for future research and breeding programs.
Firstly, the identification of trait-associated loci provides valuable markers for marker-assisted selection (MAS),
which can accelerate the breeding of improved varieties with desirable traits. For example, the significant SNPs
identified in common bean and field pea can be used to develop molecular markers for traits such as yield and
seed quality, facilitating the selection of superior genotypes in breeding programs. Additionally, the integration of
GWAS with other genomic tools, such as genomic selection and gene editing, holds promise for further enhancing
the efficiency and precision of crop improvement efforts. Future research should also focus on validating the
identified loci and understanding their functional roles in trait expression, which will provide deeper insights into

the molecular mechanisms underlying complex traits in Fabaceae.
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GWAS has emerged as a powerful tool for dissecting the genetic basis of complex traits in Fabaceae, contributing
to significant advancements in crop improvement. The ability to identify and utilize genetic variants associated
with important agronomic traits has the potential to revolutionize breeding programs, leading to the development
of high-yielding, resilient, and nutritionally enhanced Fabaceae crops. However, challenges such as population
structure, linkage disequilibrium, and the need for large sample sizes must be addressed to fully harness the
potential of GWAS. Continued advancements in genomic technologies and statistical methods will undoubtedly
enhance the resolution and accuracy of GWAS, paving the way for more effective and sustainable crop
improvement strategies in Fabaceae.
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