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Abstract Soybean (Glycine max [L.] Merr.) holds an important position worldwide due to its high protein and oil content, and is a
key source of human consumption and animal feed. However, soybean cultivation is confronted with the challenges of climate
change and the need to increase yield and stress resistance. Genome-wide association studies (GWAS) are of great value in
identifying key genetic loci associated with complex agronomic traits, including yield, stress resistance, nutritional quality and
disease resistance. This review summarizes the progress made in soybean genomics through GWAS and elaborates on the loci and
candidate genes that affect traits such as seed composition, plant height, and root development. Integrating the findings of GWAS
into molecular breeding strategies such as marker-assisted selection (MAS) and genomic selection (GS) can promote the
development of high-yield and climate-adapted soybean varieties. Furthermore, the combination of GWAS with advanced genomic
tools and computational methods provides insights for future research. These research findings contribute to the sustainable
improvement of soybean productivity to address the urgent need for global food sec. urity under environmental challenges
Keywords Soybean; GWAS; Agronomic traits; Molecular Breeding; Stress tolerance

1 Introduction

When it comes to soybeans (Glycine max [L.] Merr.), this thing really feeds a lot of people. Despite its small size,
it contains a considerable amount of protein and fat. It is indispensable from edible oil to feed (Sonah et al., 2015;
Kim et al., 2023). In fact, in places like Southeast Asia and Africa, soybeans have long been a traditional food and
are widely used in industry. However, nowadays there are more and more places around the world that need
soybeans (Rani et al., 2023), and the original output alone may not be sufficient. When it comes to this, increasing
production and quality becomes particularly important - although exactly how to do it still depends on the actual
situation.

Growing soybeans is not that simple nowadays. The weather is getting more and more unpredictable, with
droughts and floods alternating, yet the global demand for soybeans is still on the rise. When it comes to solutions,
the key actually lies in the soybeans themselves - such as the components in the seeds, how tall the plants can
grow, and how deep the roots are (Van et al., 2017; Kim et al., 2023). If these traits are improved well, perhaps
more durable and nutrient-rich soybeans can be grown. Of course, relying solely on old methods for gradual
breeding is definitely not enough (Rani et al., 2023). Nowadays, molecular breeding techniques are emphasized,
although they may not be so easy to operate in practice.

Nowadays, there is an interesting method for conducting soybean research called genome-wide Association
studies (GWAS). To put it simply, it is to find the patterns of genetic variations in a large number of soybean
samples. This technology is particularly good at discovering the small details that affect the growth and yield of
soybeans, such as the gene loci that determine the protein level of seeds or the development degree of root
systems (Sonah et al., 2015). However, GWAS alone may not be accurate enough. Therefore, researchers often
combine it with other techniques - such as genotypic sequencing (GBS) or SNP chips (Almeida-Silva et al., 2020).
Although the operation is rather complicated, it can indeed help the breeding work avoid many detours.
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How to identify the key loci that control important characteristics from soybean genes. We plan to use the method
of genome-wide association studies (GWAS) to compare the genetic data of various soybean varieties with their
actual growth performance - with a focus on tangible traits such as seed composition, plant height and root system.
Of course, merely identifying suspicious SNP markers is not enough (although these markers are now quite
convenient to measure). It is also necessary to draw a QTL graph to verify them again, and at the same time, see if
they can match the previously reported QTLS (after all, previous research cannot be in vain). In fact, to put it
bluntly, it's all about figuring out which genes control these traits, so that we can avoid some detours when
breeding in the future. If it really works out, it might be possible to cultivate soybeans that are both high-yielding
and can withstand extreme weather. These days, climate change is so rampant. It's always a good thing to be able
to grow more grain.

2 Agronomic Traits of Interest in Soybean

2.1 Yield and yield-related traits

When it comes to soybean yields, it's really not something that can be solved merely by fertilizing and watering.
When researchers used GWAS to dig through genetic data, they found that some SNP markers were particularly
interesting - such as those that simultaneously affected seed weight, plant height and final yield (Sonah et al., 2015;
Shook et al., 2021). Interestingly, these connections can all hold true in different planting environments. Even
more amazing is that someone has identified the gene locus that directly controls the 100-grain weight (Copley et
al., 2018), which is a real key factor affecting the harvest. However, to be honest, although many related sites have
been found now, how to combine them specifically to grow high-yield soybeans still needs further consideration.

2.2 Stress tolerance traits

Nowadays, the most troublesome thing for growing soybeans is that the weather is too dry. These days, rain is
becoming less and less reliable. Researchers rummaged through the soybean gene bank and actually found some
tricks - for example, the gene called GmNFYBI7 (Sun et al., 2022) can make the root system of soybeans more
developed when water is scarce, and the yield naturally increases. It's quite interesting to say that after they
crossed drought-tolerant and drought-intolerant varieties, a more drought-resistant strain did emerge in the
offspring (Ouyang et al., 2022), which indicates that drought resistance can indeed be inherited. However, on the
other hand, compared with drought resistance research, people's understanding of the heat tolerance of soybeans is
still far behind. But since the drought-resistant genes can be identified, it should also work to study heat tolerance
in this way. The weather is so abnormal now. If we could cultivate soybeans that are both drought-resistant and
heat-tolerant, it would really be a great help to the farmers. In fact, the most practical use of these discoveries is
that they can help breeders avoid detours and develop new varieties that can adapt to harsh environments earlier -
after all, food security is no small matter.

2.3 Nutritional quality traits

Whether soybeans taste good and are nutritious mainly depends on the oil and protein in the seeds. When
researchers scanned genes using GWAS, they found that some loci were particularly interesting - they directly
determined the lipid and protein contents (Sonah et al., 2015). More detailed research also uncovered genes that
control the composition of fatty acids and amino acids (Shook et al., 2021), which is like finding the switch to
adjust the nutritional formula of soybeans. To be honest, although we now know which genes are at play, to truly
cultivate an ideal variety, we still need to fully understand the combination of these genes. After all, the matter of
fat and protein content is not something that can be settled by just one or two genes.

2.4 Disease resistance traits

Whether soybeans can grow healthily or not, their disease resistance is very crucial. Recently, I did a GWAS scan
and found quite a few tricks - one study identified 33 candidate genes related to disease resistance in one go
(Shook et al., 2021), which shows that improving disease resistance at the genetic level is completely feasible. In
fact, it's not just disease resistance. In recent years, using GWAS to find genes has been quite effective. From yield
to stress resistance and then to nutritional quality, the important loci that should be found have basically been
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identified (Yoosefzadeh-Najafabadi et al., 2021). However, to be honest, knowing which genes are useful is only
the first step. How to truly apply these discoveries to breeding practice might be the tough nut to crack next.
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Figure 1 Investigation of plant and agronomic traits of transgenic lines (Adopted from Sun et al., 2022)

Image caption: *: p-value < 0.05; **: p-value < 0.01; (A) Plant height and root length of G16, G18, G26 and CK; (B) The number of
branches, nodes, pods and seeds in the transgenic lines and non-transgenic plants; (C) The phenotype of GmNFYB17 after harvest; (D)
Comparison of seed size among GmNFYB17 lines and CK; (E) The 100-seed weight of the transgenic lines and non-transgenic plants;
(F) The diameter of transgenic and non-transgenic seeds (Adopted from Sun et al., 2022)

3 Methodology of GWAS in Soybean

3.1 Overview of GWAS and its relevance to soybean research

When it comes to the study of soybean genes, GWAS has really been of great help nowadays. In essence, this
technology involves identifying genetic differences among various soybean varieties to see which gene segments
can affect the actual planting performance. For instance, some genes control when soybeans mature, while others
are linked to the strength of disease resistance (Contreras-Soto et al., 2017). Interestingly, the same method can
also be used to study yielt-related traits (Copley et al., 2018), which is much better than blind hybridization
breeding in the past. In fact, as early as 2015, studies proved that GWAS could accurately locate the gene regions
that control important agronomic traits of soybeans (Sonah et al., 2015). However, to be honest, although
technology has advanced now, merely relying on GWAS to locate genes is not enough to truly cultivate ideal
varieties. The subsequent verification work is what really requires effort.

3.2 GWAS workflow
When it comes to conducting GWAS research on soybeans, choosing the right population type is crucial. Take the
diversity group for example. This method of studying various genotypes together (Sonah et al., 2015) can indeed
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discover many interesting genetic variations. However, sometimes in order to verify the results, it is necessary to
use the parent population for assistance - that is, to specifically hybridize two parents with particularly large
differences (Copley et al., 2018), so that the gene localization is more precise.

When it comes to genetic testing technology, the two main types currently used are GBS and SNP chips. The GBS
technology is quite powerful. It can scan the entire genome (Kim et al., 2022), and is particularly suitable for
finding genes of those complex traits. Sure, if cost is taken into account, the SoySNP50K chip (Zhang et al., 2015)
is also an affordable option, but the detection sites are not as comprehensive.

Finally, it is necessary to mention the statistical methods. The commonly used MLM model nowadays (Zhang et
al.,, 2015) can indeed solve the interference caused by the group structure. However, researchers are still
constantly improving. New methods such as FarmCPU (Priyanatha et al., 2022) and BLINK (Ravelombola et al.,
2021) are faster in calculation and more accurate in finding gene loci. To put it bluntly, GWAS research requires
mastering the three key techniques of sample size, technology and statistics.
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Figure 2 SNP distributions across the soybean genome (v2) and SNP effects within the population of plant introduction genotypes

(Adopted from Copley et al., 2018)

Image caption: a Gene and SNP distributions used for genotyping across the soybean chromosomes. From the outer to inner circle:
Soybean chromosomes 1 to 20; gene locations on the positive and negative chromosome strands; and GBS, SoySNP50K microarray
and the merged data set SNP locations. b Distribution of SNPs based on genomic region within the merged data set. ¢ Predicted SNP
effects based on degree of impact within the merged data set. d Predicted SNP effects based on function class for SNPs located within

coding regions within the merged data set (Adopted from Copley et al., 2018)

3.3 Challenges in GWAS for soybean (population structure, false positives)
GWAS is indeed useful in soybean research, but it is not omnipotent. The most headache-inducing issue is the
population structure problem - simply put, different subgroups may be mixed in the sample, which can lead to
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deviation in the analysis results. However, there are now solutions, such as using PCA analysis or kinship matrix
for correction (Zhang et al., 2015), and the recently released FarmCPU model (Priyanatha et al., 2022) is also
quite good at handling such problems. Another common pitfall is false positives, where unreliable results keep
popping up. At this point, the significance threshold needs to be adjusted more strictly, or re-validated in another
population (Sonah et al., 2015). If conditions permit, double confirmation of QTL localization should also be
conducted (Kim et al., 2022). Although there are many problems, as long as all these pitfalls are eliminated,
GWAS can still help us dig out a lot of useful genetic information, which is of great help to breeding work. To put
it bluntly, no matter how good a tool is, it depends on how people use it. The key is to do every link well.

4 Genetic Loci Underpinning Yield, Stress Tolerance, Nutritional Value, and Disease
Resistance in Soybean

4.1 Loci associated with yield-related traits

GWAS has indeed been of great help in studying the size of soybean seeds and the number of pods. The genome
was scanned using GBS technology and the results were quite interesting - 1 to 8 key loci were discovered. These
sites not only controlled seed weight and plant height (Sonah et al., 2015), but also overlapped with the previously
reported QTL regions, indicating that the right location was found. Even better, the same method also identified
the gene loci that affect the flowering time and maturity period. To ensure there were no mistakes, the researchers
deliberately used two-parent hybrid populations for verification, and the results showed that these loci were
indeed reliable. However, to be fair, although these key loci have been identified, how exactly these traits are
regulated may still require further exploration.

4.2 Loci linked to abiotic stress tolerance

Although there is currently a lack of direct GWAS evidence of drought resistance in soybeans, research on other
crops may provide clues. For instance, the rice field is quite interesting. Someone identified 82 meta-Qtls related
to drought resistance through meta-analysis (Yang et al., 2020). This research approach might be applicable to
soybeans. When it comes to stress resistance, there are some findings in soybean salt resistance studies themselves
- there is a major locus on chromosome 3 that is particularly prominent (Do et al., 2019), but there are also some
genes on chromosomes 1, 8 and 18 that affect the salt stress response, such as those that control the degree of leaf
damage and chlorophyll content. These results indicate that salt resistance is a rather complex issue that cannot be
resolved by a single gene, but at least it points out a clear path for molecular marker-assisted breeding. If the
research on salt resistance and drought resistance can be combined, perhaps some common stress resistance
mechanisms can be discovered, which should be helpful for breeding new varieties that adapt to climate change.

4.3 Loci associated with nutritional traits

The GBS-GWAS technology has indeed found a treasure in improving the quality of soybeans. When analyzing
the seed protein content, researchers not only identified key sites (Sonah et al., 2015), but more excitingly, these
sites were highly consistent with the previously reported QTL regions - indicating that we may have grasped the
core genes that determine the protein content. Coincidentally, a similar pattern was also discovered when
analyzing the fat content (Wang et al., 2020). These overlapping genetic loci are simply natural quality control
switches. However, interestingly, although the genetic loci for both proteins and fats have been identified, in
actual breeding, one still needs to pay attention to the possible waxing and waning relationship between them.
After all, from a molecular perspective, the metabolic pathways of these two traits are very likely to influence
each other. The most practical value of these findings lies in the fact that in the future, when cultivating
high-protein or high-oil soybean varieties, we can directly target these key sites for precise selection and breeding.

4.4 Loci contributing to disease resistance

The GBS-GWAS method is also quite reliable for identifying disease-resistant genes. Although the data at hand
does not specifically state where the resistance sites of soybean cyst nematodes are, following this train of thought
is definitely correct. Just think about it, as long as the markers of the whole genome are densely dotted and the
disease phenotypic data are carefully compared (Abdelraheem et al., 2020), even a tough bone like Phytophthora
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root rot can find resistance sites (Shook et al., 2021). To put it bluntly, the key lies in two points: one is that there
should be a sufficient number of SNP markers, and the other is that QTL positioning should be used for further
verification. With such a combination of measures in place, no matter how deeply hidden the disease-resistant
genes are, they can be exposed.

In fact, it's not just disease resistance. The approach of GWAS combined with QTL mapping has proven effective
time and again in soybean research. From yield to stress resistance, from nutritional quality to disease resistance,
almost all the important sites that need to be identified have been thoroughly investigated. The most practical use
of these discoveries is that they have drawn a precise "treasure map" for molecular breeding - in the future, if you
want to improve a certain trait, you can simply follow the map, avoiding the need to search for a needle in a
haystack in the vast genome.

5 Applications of GWAS Results in Soybean Breeding

5.1 Marker-assisted selection (MAS) using identified loci

When it comes to soybean breeding nowadays, it is getting more and more precise. Remember that in the past,
seed selection relied entirely on experience. Now, with the technology of marker-assisted selection (MAS), one
can directly look at the genetic markers - such as those loci that control protein and lipid content (Sonah et al.,
2015; Huang, 2024). In fact, GWAS has already helped us find many useful markers, not only seed components,
but also traits such as plant height and seed size have corresponding loci (Shook et al., 2021). Although there are
still some troubles in actual operation, applying these markers to MAS is indeed effective. At least it can help
breeding work avoid detours and the speed of new varieties coming out is much faster. However, to be fair, having
marks alone is not enough. In the end, it also depends on whether the field performance can truly achieve the
expected results.

5.2 Genomic selection (GS) and its integration with GWAS

Nowadays, there is an interesting technique in soybean breeding called genomic selection (GS). To put it simply, it
involves scanning the entire genome to predict which soybeans are more worthy of cultivation. However, using
GS alone might not be accurate enough, so the researchers came up with a brilliant idea - adding the important
loci found in GWAS. For instance, some people incorporated SNP markers that control protein content into the GS
model (Qin et al., 2022), and as a result, the efficiency of selecting high-protein varieties increased significantly.
Interestingly, this combination of measures is much more reliable than randomly selecting some genetic markers,
indicating that the combination of GWAS and GS technologies can indeed produce an effect greater than the sum
of its parts. Although various parameters still need to be debugged in the actual operation, at least it is now known
that this approach is feasible. In the future, when cultivating new varieties, we should be able to avoid some
detours.

5.3 Development of climate-resilient varieties

It's getting harder and harder to grow soybeans nowadays - the weather is either too dry or too hot, which makes
the yield very unstable. Fortunately, GWAS technology has helped us identify some key genes, such as those loci
that control flowering time (Kim et al., 2022), and these findings might come in handy. Although it still needs to
be explored exactly how to use them, applying these stress resistance gene markers to breeding can at least
increase the chances of new varieties winning in bad weather (Ravelombola et al., 2021). Ultimately, nowadays, in
breeding, it is not only necessary to pursue high yields, but also to find ways to enable soybeans to withstand
increasingly abnormal weather conditions; otherwise, even having enough to eat will be a problem in the future.

5.4 Enhancing nutritional quality through identified genes

When it comes to soybeans, in the final analysis, it all depends on their nutritional value - after all, so many

people around the world rely on them to supplement protein and oil. In recent years, GWAS studies have indeed

unearthed many valuable genes, such as those sites that directly affect protein content and amino acid composition

(Shook et al., 2021), and new discoveries were added last year (Yoosefzadeh-Najafabadi et al., 2023). However,

interestingly, although so many key loci have been identified, it still depends on how these genes are combined to
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truly cultivate high-quality varieties. Just like someone specifically focuses on high-protein sites for breeding (Qin
et al., 2022), the soybeans cultivated in this way are more suitable for use as feed or processed foods.

Breeding nowadays is much smarter than before. Applying these markers found in GWAS to MAS or GS
(Stewart-Brown et al., 2019) can not only address climate change but also improve nutritional quality. But to be
honest, although these technologies are powerful, ultimately it still depends on how the soybeans grow in the
fields are (McLeod et al., 2023). After all, no matter how good the genes are, they must stand the test of actual
cultivation.

6 Limitations and Future Directions

6.1 Limitations of GWAS (population size, environmental interactions)

GWAS studies on soybean genes have indeed achieved considerable success over the years, but there are also
many problems in actual operation. Take the sample size for example. The population size used in many studies is
really too small - for instance, one study found some key sites using 304 soybean strains (Sonah et al., 2015), but
the researchers themselves admitted that the sample size would have to be increased to make the results more
reliable (Shook et al., 2021). This is like conducting a public opinion poll. If too few people are asked, the result is
bound to be unreliable. What's more troublesome is that the important traits of soybeans, such as yield and plant
height, are constantly affected by the environment. It's often hard to tell whether it's the genes at play or the
weather causing trouble. Fortunately, there is now a meta-GWAS method that can analyze data from multiple
studies together. The conclusions drawn in this way are indeed more convincing. Ultimately, no matter how
powerful GWAS is, it is still a tool. The key lies in how people use it.

6.2 Integration with other genomic tools (QTL mapping, CRISPR)

Although GWAS is useful, it is really not enough to rely on it alone. Nowadays, when conducting research, a
combination of measures is emphasized - for instance, incorporating QTL mapping as an assistant. Just like those
loci found in previous GWAS, when re-validated in the parent population using QTL (Sonah et al., 2015), the
results were indeed much more reliable. However, the most remarkable one is the CRISPR technology that has
become popular in the past two years. It is simply a "microscope" for genetic research (Contreras-Soto et al.,
2017). Want to confirm which gene is useful? Just edit it out and see the effect (Kim et al., 2022). Although each
of these technologies has its own tricks, when used together, they can indeed complement each other's
shortcomings. To put it bluntly, nowadays, when studying genes, one not only needs to be able to "find" them but
also "verify" them, so as to truly contribute to breeding work.

6.3 Opportunities for multi-trait GWAS and meta-analysis

There is a new trend in the study of soybean genes now - the joint efforts of multi-trait GWAS and meta-analysis.
This trick is quite interesting. It can identify the "versatile" genes that affect multiple traits at once. For instance,
one study aggregated data from 73 independent experiments (Shook et al., 2021), and as a result, 483 QTLS were
identified, many of which were associated with several agronomic traits simultaneously. More practical is the
meta-analysis method, which involves analyzing research data from different teams and in different environments
together (Hu et al., 2021). The gene loci found in this way are particularly reliable. Key sites like Joukhadar et al.
(2021) that can affect yield and plant height regardless of weather changes were identified in this way. However,
to be honest, although these new methods are very powerful, they can be quite mentally challenging to analyze
when the volume of data grows large.

6.4 Future trends in soybean genomics research

The research on soybean genes may be going to play some new tricks next. Those algorithms in machine learning
are quite popular now, such as support vector regression (SVR) and random forest (RF) (Yoosefzadeh-Najafabadi
et al., 2021) It is indeed more accurate and faster to find QTL in GWAS (Yoosefzadeh-Najafabadi et al., 2023).
Sequencing technology is also becoming increasingly advanced. It is estimated that in the future, when analyzing
the soybean genome, we will be able to see it more thoroughly. However, the most urgent matter might still be the
study of climate adaptability - after all, the weather is getting more and more strange now, and it is necessary to
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quickly figure out the genetic code of drought and heat resistance (Joukhadar et al., 2021). Although these new
technologies are not easy to use, if we can truly understand them, breeding will be much easier in the future.
Ultimately, no matter how advanced the research methods are, it still depends on whether higher-quality and
higher-yield soybeans can be grown.

7 Concluding Remarks

The research on soybean genes may be going to play some new tricks next. Those algorithms in machine learning
are quite popular now, such as support vector regression (SVR) and random forest (RF). It is indeed more accurate
and faster to find QTL in GWAS. Sequencing technology is also becoming increasingly advanced. It is estimated
that in the future, when analyzing the soybean genome, we will be able to see it more thoroughly. However, the
most urgent matter might still be the study of climate adaptability - after all, the weather is getting more and more
strange now, and it is necessary to quickly figure out the genetic code of drought and heat resistance. Although
these new technologies are not easy to use, if we can truly understand them, breeding will be much easier in the
future. Ultimately, no matter how advanced the research methods are, it still depends on whether higher-quality
and higher-yield soybeans can be grown.

When it comes to soybean breeding, it's actually quite interesting. Previously, people might not have paid much
attention to it, but recently some particularly crucial genetic loci have been discovered (both MAS and GS
technologies are applicable). However, to be fair, merely finding the site is not enough; it also depends on how it
is actually used. Take seed yield and weight for example. Some haplotypes can remain stable in different
environments, which is indeed helpful for cultivating more adaptable soybeans. Now, what's even more
impressive is that machine learning has also been incorporated, making GWAS analysis more accurate and it's
much easier to find QTLS. Although technology is becoming increasingly advanced, in the final analysis, it is still
for one goal: to make breeding more efficient, to grow soybeans better and with higher yields (this is indeed quite
important for the sustainability of global soybean cultivation). However, it must be admitted that various
unexpected situations still occur in actual operation. After all, agriculture has never been smooth sailing.

How will GWAS research on soybeans develop in the future? To be honest, it's really hard to say. Although
genotyping technology is constantly advancing (and machine learning methods are becoming increasingly useful),
there are still many variables in practical application. The integration of multi-environment data can indeed
enhance the accuracy of analysis. However, given the significant differences in climate and soil among various
regions, it remains questionable whether the results can be universally applied. Interestingly, it has recently been
discovered that there may be certain interactions between different loci that we have not yet fully understood, and
these may have a more significant impact on agronomic traits than individual loci. Of course, collaborative
research and meta-analysis are indispensable. After all, it is necessary to verify the reliability of these findings in
different environments (otherwise, breeders would not dare to use them casually). Overall, the outlook is quite
optimistic, but to fully predict the genetic structure of complex traits, it may still take some time to explore.
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