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Abstract Genome-wide association study (GWAS), as an effective genetic research tool, has been widely used in crop disease
resistance breeding, which can identify genetic markers and genes related to disease resistance in the whole genome and provide
molecular basis for breeding. This study introduced the basic principles and methods of GWAS, demonstrated the application of
GWAS in crop disease resistance breeding through specific application examples, then discussed the advantages and limitations of
GWAS in crop disease resistance breeding, and prospected the future development direction of GWAS in crop disease resistance
breeding. This includes applications that combine high-throughput sequencing techniques, multi-omics data integration, and
precision breeding techniques. GWAS provides a new research idea and method for crop disease resistance breeding, which is
expected to promote the rapid cultivation of disease-resistant varieties and the sustainable development of agricultural production.
Keywords Genome-wide association study; Crop disease resistance; Breeding; Genetic marker; Precision breeding

The importance of crop disease resistance breeding should not be ignored, especially in the current globalized
agricultural production environment, where diseases not only lead to direct loss of crop yield, but also may lead to
decline in quality and market value, and even lead to food security crisis in serious cases (Mores et al., 2021).
Therefore, improving crop disease resistance can effectively reduce the use of pesticides, reduce environmental
pollution, and improve the economic efficiency and sustainability of agricultural production.

Although traditional disease resistance breeding methods have made certain achievements in history, with the
rapid evolution of pathogens and changes in ecological environment, these methods have been difficult to meet
the current breeding needs, and traditional breeding methods often rely on long-term phenotypic selection, and are
limited by the diversity and availability of genetic resources. Traditional methods are also limited in resolving the
genetic basis of complex traits, and it is difficult to accurately locate and utilize key genes related to disease
resistance (Lamichhane and Thapa, 2022).

The rise of genome-wide association study (GWAS) has brought new opportunities for crop disease resistance
breeding, which can explore the association between genetic variation and trait phenotype in the whole genome,
and provide a powerful tool for revealing the genetic mechanism of disease resistance. Through GWAS,
researchers can quickly identify genetic markers and candidate genes associated with disease resistance
(Osorio-Guarin et al., 2020), and this information is of great value in guiding molecular marker-assisted breeding
(MAS) and gene directed editing.

This study summarized and analyzed the application and significance of genome-wide association study in crop
disease resistance breeding, and discussed its application cases in different crop disease resistance breeding from
the principle and method of GWAS, and analyzed its advantages and limitations. This study also looks forward to
the future development of GWAS in crop resistance breeding, including the combination of multi-omics data, the
use of high-throughput sequencing technology, and the integration of gene editing technology. Through this study,
we hope to provide new ideas and strategies for crop disease resistance breeding, promote scientific and precise
crop disease management, and improve the sustainability and stress resistance of agricultural production.
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1 Principles and Methods of GWAS
1.1 Definition and principle of GWAS
Genome-wide association study (GWAS) is a genetic method used to study the relationship between genetic
variation and phenotypic traits. Its principle is to explore the association between genetic variation (such as single
nucleotide polymorphisms, SNPs) and specific traits through statistical analysis based on genotype and
phenotypic data of a large number of individuals (Uffelmann et al., 2021). This analysis can reveal the role of
genetic variation in the expression of traits and provide clues for understanding the genetic basis of traits.

The key of GWAS is to conduct high density genotyping of a large number of samples to cover the variation
information of the whole genome, and to evaluate the correlation between each genetic variation site and the trait
phenotype through statistical tests (such as linear regression analysis). If the frequency of a mutation site is
significantly different in different phenotype populations, it is considered that the site is associated with the trait
phenotype. GWAS can fully explore the genome without relying on prior knowledge, reveal the polygenic genetic
basis of complex traits, and provide molecular markers for breeding.

1.2 The main steps of GWAS
Genome-wide association study (GWAS) is a widely used genetic tool in crop disease resistance breeding, which
reveals genetic markers and genes associated with traits by analyzing the association between genetic variation
and phenotypic traits. The main steps of GWAS include sample collection and genotyping, phenotypic data
collection, association analysis, result validation, and biological interpretation (Figure 1). It requires collecting a
sufficient number of samples and conducting genotyping to obtain genome-wide genetic variation information.
The phenotypes of the samples were then recorded in detail (Belzile and Torkamaneh, 2022). These data will be
used for subsequent association analysis, which will then use statistical methods to analyze the association
between genotype and phenotypic data to identify genetic markers associated with specific traits.

Figure 1 The steps for conducting GWAS (Uffelmann et al., 2021)

The identified associated sites or candidate genes need to be verified through independent sample sets or
functional verification experiments. Finally, the biological interpretation of the identified associated sites or
candidate genes is carried out to explore their roles and mechanisms in phenotype formation. Through these steps,
GWAS can provide valuable genetic information for crop disease resistance breeding.
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1.3 Data and technical requirements required by GWAS
As a powerful genetic research tool, the application of genome-wide association study (GWAS) in crop disease
resistance breeding requires certain data and technical requirements. GWAS requires large amounts of genetic
variation data, typically from high-density single nucleotide polymorphism (SNP) markers or whole genome
sequencing, which are used to construct genetic linkage maps (Marees et al., 2018) to identify genetic loci
associated with trait phenotypes.

GWAS also requires accurate phenotypic data. In crop disease resistance studies, this usually involves detailed
assessment of disease responses of plants of different genotypes, and the accuracy of phenotypic data directly
affects the reliability of GWAS results. GWAS also requires strong statistical analysis capabilities, association
analysis requires processing large amounts of data, and mathematical control of false positive rates, the use of
appropriate statistical models and correction methods (such as Bonferroni correction or false discovery rate
control) is necessary (Marees et al., 2018). With the advancement of technology, the data and technical
requirements of GWAS are also increasing, for example, with the reduction of sequencing costs, whole genome
sequencing has gradually become an important data source for GWAS, and the development of bioinformatics
tools has also provided more possibilities for the processing and analysis of GWAS data.

2 Application of GWAS in Crop Disease Resistance Breeding (A Case Study of Soybean)
Soybean (Glycine max) is an important crop in the legume family, which is widely favored worldwide for its high
protein and oil content. Soybean is not only an important source of human food, such as tofu, soybean milk and
soybean oil, but also contains a variety of bioactive substances that are beneficial to the human body, such as
isoflavones and lecithin. These ingredients have been shown to have positive effects on cardiovascular health,
bone health and menopausal symptoms, and are a major component of many animal feeds, having an irreplaceable
impact on the global agriculture and food industry.

The origin of soybeans can be traced back to China, it has thousands of years of cultivation history, has become
one of the most widely cultivated crops in the world, in agricultural production, soybeans are not only an
important cash crop, but also a key component of sustainable agriculture. Major challenges include sudden death
syndrome (SDS) caused by Fusarium virguliforme, one of the key diseases limiting its production. At present, the
genetic mechanism of soybean resistance to SDS, especially the epistatic role between genes, is still not fully
understood. Mueller and Singh's team published a paper in The Plant Journal in 2015 titled ‘Genome-wide
association and epistasis studies unravel the genetic architecture of sudden death syndrome resistance in soybean’.
By analyzing the genetic data of 214 soybean varieties and 31 914 single nucleotide polymorphism (SNP) markers,
this study conducted a comprehensive genomic association analysis and epistatic role study (Figure 2), aiming to
further explore the genetic background of soybean resistance to SDS (Zhang et al., 2015).

Figure 2 Contributions of identified sudden death syndrome loci via genome-wide association studies (GWAS) and epistatic analysis
to the phenotypic variance of each disease severity measurement (Zhang et al., 2015)
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Twelve key sites associated with SDS resistance and 12 interactions between SNPS and SNPS were identified.
The additive and epistatic effects of these loci together contributed 24% to 52% of phenotypic variation. In the
vicinity of these key SNPS, genes associated with disease resistance, pathogenesis, chitin response, and wound
healing were also identified, in particular a trait associated SNP-locked-stress-induced receptor-like kinase gene 1
(SIK1) encoding a protein rich in leucine repeats. This study emphasizes that epistatic effects must be taken into
account in breeding for SDS resistance in soybean to improve the explanation of phenotypic variation.
Accordingly, the researchers also constructed a soybean root model for SDS pathogen defense (Figure 3). The
findings of this study not only reveal the molecular mechanism of soybean resistance to SDS, but also provide a
scientific basis for future anti-SDS breeding strategies based on genetic epistasis.

Figure 3 Putative model for soybean defense against sudden death syndrome (SDS) based on the results of genome-wide association
and epistasis studies (Zhang et al., 2015)

3 The Advantages and Limitations of GWAS in Crop Disease Resistance Breeding
3.1 The advantages of GWAS compared with traditional breeding methods
Genome-wide association study (GWAS) has obvious advantages over traditional breeding methods in crop
disease resistance breeding. GWAS has high efficiency, it can quickly identify the genetic markers and genes
related to disease resistance within the whole genome in a short time, and accelerate the breeding process. There is
no need for specific genetic background, and it can make use of existing natural population and variety resources
for analysis (Tam et al., 2019), without the need to build specific genetic populations, reducing the cost and time
of research.

GWAS can also reveal the genetic structure of complex traits and identify multi-genes and inter-gene interactions
that control complex traits, which is of great significance for understanding the genetic mechanism of crop disease
resistance and guiding molecular marker-assisted breeding (MAS) (Tam et al., 2019). GWAS can also utilize
existing natural population and variety resources without the need to construct large-scale genetic populations,
thus reducing the cost and time of research, which makes GWAS an efficient breeding tool, especially suitable for
research environments with limited resources.

3.2 Limitations and challenges of GWAS
Although genome-wide association study (GWAS) has made remarkable progress in crop disease resistance
breeding, it still faces some limitations and challenges. Population structure and linkage imbalance (LD) are major
challenges for GWAS. Population structure refers to differences in genetic background in the sample, which can
lead to false positive associations, and linkage imbalance refers to non-random associations between different loci,
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which can affect the accurate localization of related trait loci. When designing GWAS, researchers need to adopt
appropriate statistical methods and correction measures to reduce the impact of these factors (Heeney, 2021).
GWAS has a limited ability to detect rare variants. In crops, some important resistance traits may be controlled by
lower-frequency variants, and GWAS is limited in its ability to detect these rare variants, which requires larger
sample sizes and higher density of genotype data to improve detection capabilities.

The biological interpretation and functional verification of GWAS results is also one of its challenges. GWAS can
identify genetic markers associated with traits, but these markers may not be directly involved in the regulation of
traits, which requires subsequent biological experiments to verify the function of these associated sites and reveal
their mechanism of action in disease resistance (Ciochetti et al., 2023). Large amount of data and computational
complexity are another difficulty in GWAS research. With the development of sequencing technology, the amount
of genetic data generated is increasing, which puts higher requirements on data storage and analysis, and more
efficient computational methods and software tools need to be developed to deal with these large-scale data.

3.3 Strategies to improve the efficiency and accuracy of GWAS research
Improving the efficiency and accuracy of genome-wide association study (GWAS) is essential to reveal the
genetic basis of complex traits such as crop disease resistance and is an important topic in current genetic research.
To improve the efficiency and accuracy of GWAS research, it is necessary to comprehensively consider many
factors, such as sample size, gene chip density, phenotypic data quality, population structure control, multi-omics
data integration, functional validation, meta-analysis and repeated validation. By adopting these strategies, genetic
variants associated with important traits such as crop disease resistance can be found more effectively, providing
powerful molecular tools for crop breeding.

Increasing the sample size can improve the statistical power of GWAS and help detect more genetic variation
related to traits, and a large sample size can also help reduce the incidence of false positives (Spencer et al., 2009).
The use of high-density gene chips can improve the coverage of genetic variation and increase the chance of
detecting genetic markers associated with traits. Accurate and reliable phenotypic data are key to the success of
GWAS, and improved methods for collecting and measuring phenotypic data, as well as the use of standardized
phenotypic evaluation systems, can improve the accuracy of studies.

Population structure and kinship can influence the results of GWAS, and the use of appropriate statistical models
or methods (such as mixed linear models) to control for these factors can reduce the occurrence of false positives.
Integrating multi-omics data such as transcriptomics, proteomics, and metabolomics can provide a more
comprehensive biological context to help interpret GWAS results and uncover potential functional genetic variants.
Functional verification of candidate genes identified by GWAS through gene editing techniques such as
CRISPR/Cas9 (Laurie et al., 2010) can ensure that these genes are indeed associated with traits, thus improving
the accuracy of studies. By meta-analysis of GWAS results from different studies, the reliability of the results can
be improved. At the same time, repeated validation is also an important step to ensure that genetic variants of
biological significance are found.

4 Future Development Direction and Prospect
4.1 Development of high-throughput sequencing techniques and bioinformatics tools
The development of high-throughput sequencing techniques and bioinformatics tools has had a profound impact
on the application of genome-wide association study (GWAS) in crop disease resistance breeding.
High-throughput sequencing technologies, including second-generation sequencing (such as Illumina) and
third-generation sequencing (such as PacBio and Oxford Nanopore), allow researchers to access vast amounts of
genetic information with unprecedented speed and precision. These techniques can not only provide high density
single nucleotide polymorphism (SNP) markers, but also reveal structural and rare variants, providing rich genetic
variation data for GWAS (Xiao et al., 2022). High-throughput sequencing technology can also be used in
transcriptomics, epigenetics and genome resequencing studies, providing a new perspective for the molecular
mechanism of crop disease resistance.
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The development of bioinformatics tools supports the processing and analysis of high-throughput sequencing data.
With the advent of the big data era, how to effectively manage, analyze and interpret massive biological
information has become a challenge. Bioinformatics tools, including software and algorithms for sequence
alignment, variation detection, gene annotation, and association analysis (Normand and Yanai, 2013), enable
researchers to extract useful information from complex data. The application of machine learning and artificial
intelligence technology also provides new methods for bioinformatics analysis, helping to reveal the complex
genetic laws of crop disease resistance.

4.2 The application of multi-omics data integration and systems biology methods
The application of multi-omics data integration and systems biology methods is an important development
direction of genome-wide association study (GWAS) in crop disease resistance breeding in the future. With the
progress of biotechnology, researchers can obtain the genome, transcriptomics, proteomics, metabolomics and
other multi-omics data of crops, which provides comprehensive information on the physiological and molecular
level of crops, and helps to deeply understand the complex mechanism of crop disease resistance.

Multi-omics data integration refers to the comprehensive analysis of different levels of biological data to reveal a
comprehensive picture of crop disease resistance. By integrating genomic and transcriptomic data, researchers can
identify genes whose expression changes significantly during disease infection (Subramanian et al., 2020) and
explore the role of these genes in disease resistance response. The integration of proteomic and metabolomic data
helps to reveal changes in proteins and metabolites associated with disease resistance, providing deeper insight.

The systems biology approach refers to the use of mathematical and computational models to analyze and explain
complex biological systems. In crop disease resistance studies, systems biology approaches can be used to
construct network models of disease resistance responses and reveal interactions between different genes, proteins,
and metabolites (Pazhamala et al., 2021). This network model helps to identify the key regulatory factors and
signaling pathways of disease resistance and provide targeted strategies for breeding.

4.3 The combination of precision breeding and gene editing
The combination of precision breeding and gene editing technology is an important trend in contemporary crop
improvement. Precision breeding, also known as molecular breeding, relies on molecular markers and genomic
information to precisely select and aggregate genes associated with target traits through methods such as
molecular marker-assisted selection (MAS). Gene editing technologies, such as the CRISPR/Cas9 system, can
achieve precise modifications at specific sites in the crop genome to directly change the genetic characteristics of
the crop (Nerkar et al., 2022), and the combination of these two technologies provides new strategies for crop
disease resistance breeding.

After using GWAS and other methods to identify the key genes or genetic markers related to disease resistance,
these favorable genes can be aggregated into a variety through precision breeding technology to improve the
disease resistance of crops. For some resistance traits that are difficult to obtain through traditional breeding
methods, gene editing technology can directly introduce or modify specific resistance genes into the crop genome,
thereby rapidly breeding new varieties with strong resistance to disease (Scheben and Edwards, 2017).

The breeding strategy combined with precision breeding and gene editing technology can not only improve the
efficiency and accuracy of breeding, but also expand the possibility of breeding, providing more choices and
flexibility for crop disease resistance breeding. With the continuous development and improvement of these
technologies, crop disease resistance breeding will be more efficient and accurate in the future, and is expected to
make greater contributions to the sustainable development of agricultural production.

5 Summary
The application of genome-wide association study (GWAS) in crop disease resistance breeding has made
remarkable achievements. Through GWAS, researchers can quickly and accurately identify genetic markers and
genes related to disease resistance in the whole genome, providing a powerful molecular tool for crop disease
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resistance breeding. These results not only deepen our understanding of the genetic mechanism of crop resistance,
but also provide a reliable basis for molecular marker-assisted breeding (MAS) and gene directed improvement.

However, the application of GWAS in crop disease resistance breeding also faces some challenges. Due to the
influence of population structure and linkage imbalance, GWAS may produce false positive results, affecting the
accuracy of the results. Generally, GWAS can only identify large effect genes related to traits, while some small
effect genes may be ignored. The biological interpretation and functional verification of GWAS results is also a
complex process, which requires in-depth analysis with transcriptomic and proteomic data.

With the continuous development of high-throughput sequencing technology and bioinformatics tools, the
application of GWAS in crop disease resistance breeding will be more extensive and in-depth. Combined with
multi-omics data and systems biology methods, GWAS will be able to reveal the complex genetic network of crop
disease resistance in a more comprehensive way, and the combination of gene editing technology will also enable
the disease resistance genes identified by GWAS to be quickly and accurately applied in breeding practice,
improving the efficiency and accuracy of breeding.

As a powerful genetic analysis tool, GWAS is playing an increasingly important role in crop disease resistance
breeding. Future studies will further optimize GWAS analysis methods, combine multi-omics data and gene
editing technology, and provide more accurate and efficient solutions for crop disease resistance breeding to meet
the challenges faced by global agricultural production.
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