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Abstract Genome wide association studies (GWAS), as a powerful genomic tool, have been widely used to analyze the genetic
basis of drought resistance traits in soybean. By mining quantitative trait loci (QTLs) related to drought resistance, they provide
important molecular markers for drought resistance breeding. This study introduces the application of GWAS in the research of
drought resistance traits in soybeans, with a focus on analyzing the mapping of drought resistance QTLs, the mining of candidate
genes, and their application in drought resistance breeding. At the same time, combining GWAS with other molecular breeding
techniques such as marker assisted selection (MAS) and genome selection (GS), we have promoted the improvement of drought
resistance traits and explored the potential of gene editing technology in enhancing soybean drought resistance. Research has found
that GWAS has made significant progress in the study of soybean drought resistance, identifying multiple key QTLs that affect root
development, water use efficiency (WUE), and metabolic pathways, and revealing the impact of gene environment interactions on
drought resistance traits. Through gene functional analysis, candidate genes for drought resistance and their regulatory networks have
been identified, providing a new direction for molecular breeding of drought resistant traits. GWAS has demonstrated strong potential
in the study of drought resistant traits in soybeans, not only revealing complex genetic regulatory networks, but also providing
valuable molecular tools for drought resistant breeding. In the future, by integrating new technologies such as big data, machine
learning, and gene editing, precision breeding of drought resistant traits will be further optimized and promoted, providing more
adaptable varieties for global soybean production.
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1 Introduction

When it comes to soybeans (Glycine max L.), despite its unremarkable appearance, it is a tough player in global
agriculture (Suo et al., 2022). Southeast Asia, Africa and the Americas all point to it. After all, the protein and fat
content is there (Kim et al., 2023b). However, on the other hand, although soybeans are now an important source
of animal feed and human food, the cultivation conditions vary greatly from place to place (Rani et al., 2023). The
market demand keeps rising, leaving researchers struggling with how to cultivate high-yield varieties adapted to
different environments. To be honest, it's not without reason that this crop has reached its current status.

Nowadays, global warming is becoming more and more serious, and the problem of drought is also becoming
more and more frequent (Cao et al., 2020; Kim et al., 2023a). When it comes to soybeans, this thing is most afraid
of water shortage. Once there is drought, the output drops sharply. (Kim et al., 2023c; Li et al., 2023). In fact,
drought resistance is particularly important for soybeans. After all, climate change is so unstable now. However, it
is not easy to cultivate drought-resistant varieties. The genetic mechanism behind them must be clarified first
(Xiong et al., 2020). Although soybeans can grow normally, they still cannot withstand drought. Therefore,
breeding experts are all working hard to study this.

Nowadays, those engaged in research on drought resistance of soybeans are all using GWAS (Genome-wide
Association Study), and this method is indeed quite effective. Although traditional breeding methods have not
been completely phased out, GWAS can directly identify those gene loci (QTLs) and candidate genes related to
drought resistance (Kim et al., 2023b; Rani et al., 2023). To put it simply, it is to conduct experiments on different
soybean varieties to see which genetic markers are linked to drought resistance performance (Kim et al., 2023c).
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Especially those SNPs (Single Nucleotide Polymorphisms), which can reflect the genetic characteristics of
yield-related traits under both normal and drought conditions (Li et al., 2023). However, on the other hand, this
technology is not omnipotent, but it does help researchers understand many genetic mechanisms of drought
resistance (Huang et al., 2024).

This research aims to thoroughly explore the secrets behind soybeans' drought resistance. To be honest, people
engaged in breeding nowadays all know that relying solely on traditional methods is a bit insufficient. We are
going to use the latest genotyping technology to identify all the key gene loci related to drought resistance of
soybeans. Although the workload is not small, if a few useful candidate genes can really be found, it will be of
great significance. Just think, nowadays the climate is getting more and more extreme. Drought-resistant soybean
varieties are simply treasures. If these genetic mechanisms can be understood, perhaps good soybeans can be
grown in arid areas in the future. Of course, this matter cannot be rushed. It has to be done step by step. However,
it will definitely be helpful for ensuring food security.

2 Genetic Basis of Soybean Drought Resistance Traits

2.1 Complexity of drought resistance traits

When it comes to soybean drought resistance, it is not just one or two genes the final say. Researchers have found
that just one GWAS study identified 11 SNP loci and 22 QTLs, particularly the transcription factor GmNFYB17,
which can both resist drought and increase yield (Sun et al., 2020). However, to be honest, this is just the tip of the
iceberg-a study has discovered 75 and 64 drought resistance related QTLs in one go, and these loci explain many
phenotypic differences (Wang et al., 2020). Even more exaggeratedly, someone compiled 73 studies and found
483 QTLs distributed in 393 different locations (Shook et al., 2020). You see, drought resistance is so complex, it
all relies on a bunch of genes working together to create an expression regulation network. Although we have
found many clues now, we are still far from fully understanding them.

2.2 Phenotypic characteristics of drought resistance traits

To determine the drought resistance of soybeans, three key aspects need to be considered. Firstly, the root system
characteristics-plants overexpressing GmNFYB17 are particularly interesting, with faster root development,
significantly increased number of lateral roots, and significantly improved root shoot ratio (Sun et al., 2020). Of
course, looking at the root system alone is not enough. The water retention capacity of leaves is also crucial, such
as relative water content (RWC), SOD activity, and proline content, which vary significantly under drought
conditions (Figure 1). When measuring these traits, it is usually necessary to set different water treatments and
combine them with SNP markers for genetic analysis (Dhungana et al., 2021; Ouyang et al., 2022). When it comes
to water use efficiency, although often overlooked, it is indeed one of the important indicators for evaluating
drought resistance.

2.3 Genetic diversity of soybean drought resistance traits

Let's do drought-resistant breeding for soybeans. It's actually quite interesting. Look at those local old varieties.
Compared with the varieties promoted now, the drought resistance characteristics at the genetic level are really
quite different (Wang et al., 2020). Although the exact details still need to be studied in detail, this difference
might just be a breakthrough-by recombining genes from different sources, it might be possible to create new
varieties that are more drought-resistant. When it comes to this, the soybean population in China is quite valuable
for reference, as it contains many QTLS and candidate genes related to drought resistance. However, then again, it
is not enough to just focus on a single study. The QTL data from different teams need to be integrated and viewed
together (Hwang and Lee, 2019; Shook et al., 2020), in order to figure out the genetic pattern of drought
resistance. Of course, this is easier said than done, but if it can be truly understood, it will definitely be a great
benefit for cultivating drought-resistant soybeans.

3 Overview of Genome-Wide Association Studies (GWAS)

3.1 Principles and methods of GWAS

When it comes to GWAS method, it is currently being used by breeding researchers. The principle is actually not

complicated, it is to compare the genomic data of different individuals together to see which gene variations are
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associated with specific traits. However, the actual operation is not that simple. Just collecting enough samples for
genotyping is enough to make a fuss (Korte and Farlow, 2013). Fortunately, with the help of molecular markers
such as SNPs, statistical analysis has become much more convenient. In crops like soybeans, key loci controlling
complex traits were identified using GWAS in 2016 (Chang et al., 2016). But on the other hand, this method also
depends on the specific situation. A paper in 2021 pointed out that the results obtained under different
experimental conditions may have significant differences (Cortes et al., 2021).
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Figure 1 Analysis of root growth and root-to-shoot ratio in transgenic soybean (Adapted from Sun et al., 2020)
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Image caption: A: Morphological differences in the roots of transgenic soybean lines G16, G18, G26, and wild-type (WT) soybean
after a 6-week growth period; B: Differences in root length between each line and WT; C: Number of lateral roots within a 10 cm
root segment; D: Comparison of root-to-shoot ratio differences between transgenic lines and WT; Statistical data indicate that
transgenic lines G16, G18, and G26 exhibit significantly greater root length, lateral root number, and root-to-shoot ratio compared to
WT, with these differences showing statistical significance across multiple transgenic lines (*: p < 0.05; **: p <0.01) (Adapted from
Sun et al., 2020)

3.2 Current applications of GWAS in soybean research

Nowadays, GWAS is widely used in soybean research, especially in identifying those gene loci related to drought
resistance. It is quite interesting to remember that there was a study in 2023. They discovered some SNP markers,
which were associated with yield traits such as pod number and biomass (Li et al., 2023), and could be detected
under both normal watering and drought conditions. In fact, as early as 2015, researchers used the GBS method
for genome-wide labeling (Sonah et al., 2015), and extracted the gene loci of traits such as maturity period and
plant height. But the most impressive one was the later analysis that combined 73 studies (Shook et al., 2020),
which put data from different sources together, and the accuracy of finding drought-resistant genes improved all at
once. These studies have indeed deepened our understanding of the drought resistance of soybeans significantly.

3.3 GWAS data analysis tools and methods

When it comes to the data analysis of GWAS, there are actually quite a few methods, each with its own uses. Look
at that hybrid model framework, which is quite interesting (Figure 2) (Cortes et al., 2021). It can take into account
population structure and kinship, so there can be much fewer false positive results. However, this alone is not
enough. Specialized software like BLINK and rrfBLUP are also quite crucial (Ravelombola et al., 2021). One is
used for GWAS analysis, and the other for homosexuals etiome prediction. They are particularly useful in
marker-assisted selection. If we talk about the most convenient method, it is still XP-GWAS (Yang et al., 2015). It
specifically selects individuals with extreme phenotypes for sequencing and is particularly friendly to those
species with limited genotyping resources. Although these tools may seem diverse, they are ultimately all aimed at
better analyzing the genetic mechanism of drought resistance traits in soybeans, so that we can cultivate more
drought-resistant varieties.
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Figure 2 Computational speed and statistical power improvement of genome-wide association study methods (Adapted from Cortes
etal., 2021)

Image caption: This figure displays the performance of various genome-wide association study (GWAS) methods in terms of
improvements in computational speed and statistical power. The methods are categorized into several types, including multi-locus
models, strategies for reducing the K matrix, and mixed-model frameworks that control for population structure (Q) and kinship (K).
Among them, multi-locus models like FarmCPU and MLMM show higher statistical power, while mixed-model-based strategies
such as CMLM and ECMLM demonstrate improvements in computational speed (Adapted from Cortes et al., 2021)

4 GWAS of Soybean Drought Resistance Traits

4.1 Mapping of drought-related QTLs and candidate gene discovery

GWAS has been a great help in researching the drought resistance of soybeans. There was an interesting study in
2020 (Wang et al., 2020), which found 75 QTLs affecting plant weight and 64 QTLs affecting plant height in
cultivated soybeans in China. These loci together can explain more than half of the phenotypic variation.
Interestingly, drought resistance is not determined by a single gene, but rather by the collective action of a large
number of QTL allele genes. Later in 2023, further research was conducted (Li et al., 2023), and 39 yield related
SNP loci were identified under both normal watering and drought conditions, distributed across 26 genomic
regions. Of particular note are genes Glyma.19G211300 and Glyma.17G057100, which are directly involved in
drought stress response. These findings have further deepened people's understanding of the drought resistance
mechanism of soybeans.

When it comes to the localization of drought resistant genes in soybeans, there have been many new discoveries in
recent research. In 2022, there was an interesting study (Sun et al., 2022) that combined GWAS with linkage
analysis and found 11 SNPs and 22 QTLs in one go. Of particular note is the qGI10-1 locus, which has been
validated through both methods, and it has been found that the GmNFYBI7 gene not only regulates drought
resistance but also affects root growth. However, when it comes to gene function, another study using RIL
population is more detailed (Ouyang et al., 2022), where they identified 5 drought resistant QTLs and identified 9
candidate genes, including some NAC transport factors. These proteins may play a key role in drought resistance,
although the specific mechanism still needs further research.

4.2 Gene function analysis and drought regulatory networks

Bioinformatics analysis can be of great help in understanding how these drought resistant genes work specifically.
Taking the 2020 study by Wang et al. (2020) as an example, candidate genes in Chinese cultivated soybeans can
be classified into nine major categories, with ABA and stress response factors accounting for the majority. This
indicates that they are particularly important in drought resistance. However, in terms of practical applications, the
GmNFYBI17 gene is more interesting (Sun et al., 2022). After overexpressing it in soybeans, not only does it
enhance drought resistance, but it also increases yield. Especially under water deficient conditions, these
genetically modified plants have better root growth and significantly improved yield related traits, although
further research is needed on how to achieve this.
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There have been some new discoveries recently regarding the study of soybean drought resistance. There is an
interesting paper in 2023 (Li et al., 2023), which found that genes BAHI and WRKY11 are crucial, especially the
E3 ubiquitin protein ligase and transcription factor, which seem to play a significant role in plants' response to
drought stress. However, if there are many types of genes, we still need to look at the 2022 study (Ouyang et al.,
2022), which identified nine candidate genes alone. Among them, NAC and GATA transport factors are
particularly noteworthy, as they seem to regulate gene expression under drought conditions. To be honest, it is
particularly important to understand the functions of these genes, after all, the cultivation of drought resistant
soybean varieties now relies on these discoveries, although the specific application still needs to be explored.

4.3 Gene-environment interactions on drought resistance traits

When it comes to the application of GWAS, it was recently discovered that it can also study the "tug-of-war"
between genes and the environment. There was an interesting study in 2022 (Yu et al., 2022), which used a model
called 3VmrMLM to analyze tocopherols in soybean seeds. As a result, 57 QTLS were identified. Even more
interestingly, 13 QTLS were found to "interact" with the environment-genes close to these loci were particularly
susceptible to environmental influences. This doesn't mean that when conducting GWAS analysis, it's really not
advisable to ignore environmental factors. However, there are exceptions. A study using the RIL population in
2021 found (Dhungana et al., 2021) that the positions of many drought-resistant QTLS completely coincided with
those previously reported, indicating that these sites are particularly "stubborn" and remain stable regardless of
how the environment changes.

The recent research is quite interesting. Whether under normal watering or drought conditions (Li et al., 2023),
some QTLs are particularly "stubborn" and can be detected in both environments. This indicates that these loci
may be inherently stable and not affected by the environment. However, on the other hand, QTLs and genes that
interact with the environment are more worthy of attention, as soybeans in reality have to face various complex
situations. By understanding these, perhaps a new variety that is both drought resistant and high-yielding can be
cultivated, although it is easier said than done.

5 Successful GWAS Cases in Soybean Drought Resistance Traits

5.1 Mapping of root development-related QTLs and breeding applications

When it comes to drought resistance of soybeans, the characteristics of their root systems are truly a major
discovery. Look at that GmNFYBI7 gene (Sun et al, 2022). After it was transferred into soybeans and
overexpressed, the effect was particularly obvious-the root system grew fast and abundant, the lateral roots were
dense, and the drought resistance was immediately enhanced. This gene is quite interesting. It was discovered
through GWAS combined with linkage analysis, which can be said to have utilized the advantages of both
methods. In fact, as early as 2019, studies noticed the importance of root systems (Khan et al., 2019), and they
found 46 new QTLS in a semi-identical population at one go, all of which controlled plant length and dry weight.
After organizing these QTLS into an allele matrix, it is particularly helpful for drought-resistant breeding,
although the specific application still depends on the actual situation. Ultimately, to cultivate drought-resistant
soybeans, merely focusing on the above-ground parts is not enough; the underground root system is the key.

5.2 Discovery and validation of water use efficiency (WUE)-related genes

When it comes to the water use efficiency of soybeans, GWAS has been a great help. A study in 2023 was quite
interesting (Li et al., 2023), which identified several particularly stable QTLs that can affect yield traits such as
pod number and biomass under both normal watering and drought conditions. More importantly,
Glyma.19G211300 genes were discovered, which encode proteins directly related to stress response-although the
specific mechanism still needs further research. These findings provide new ideas for cultivating water-saving and
drought resistant varieties. In fact, as early as 2020, researchers used SLAF sequencing to create an ultra-high
density genetic map, mapping QTLs that control plant height and grain weight (Ren et al., 2020). Now breeding
experts can directly use these linkage markers for assisted selection, greatly accelerating the breeding progress of
drought resistant varieties, but the actual operation still depends on specific environmental conditions.
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5.3 Discovery of drought-related metabolic pathways

When it comes to drought resistance of soybeans, GWAS studies have indeed unearthed a lot of valuable insights.
Take the GmNFYB17 gene for example (Sun et al., 2022). It not only enables the root system to grow stronger, but
also controls a host of physiological indicators for drought resistance-such as the degree of leaf damage, MDA
content, etc. (Figure 3). Interestingly, it can also regulate SOD activity and proline content. When these changes
are combined, the drought resistance of the plants increases. However, for a more comprehensive discovery, the
study using SLAF sequencing in 2020 has to be mentioned (Ren et al., 2020). The QTL they identified clarified
the genetic basis of drought resistance metabolic pathways. Although the specific operation still needs to be
further explored, these findings do provide new ideas for cultivating drought-resistant soybeans, such as designing
breeding strategies based on these metabolic pathways.
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Figure 3 Performance of GmNFYB17 transgenic soybean under drought stress (Adapted from Sun et al., 2022)

Image caption: A: Morphological differences between transgenic soybeans (G16, G18, G26) and non-transgenic control (CK) after
15 days of drought stress followed by 7 days of re-watering; B; C: Relative water content (RWC) of leaves and degree of leaf damage
at different treatment stages; D~F: Comparison of physiological and biochemical indicators under drought conditions between
transgenic and non-transgenic soybeans, including malondialdehyde (MDA) concentration, superoxide dismutase (SOD) activity, and
proline content (Adapted from Sun et al., 2022)

The study on the GmNFYB17 gene in 2022 was quite interesting (Sun et al., 2022). They conducted a drought
experiment by putting genetically modified soybeans and ordinary soybeans together and found that the
genetically modified ones were indeed more resistant to drought-the water content in the leaves was maintained
better and the damage was much less. More importantly, a bunch of physiological indicators were tested: the
activity of SOD increased and the content of MDA decreased, indicating that the cell membrane is more stable.
The proline content has also increased. This thing can help regulate osmotic pressure. Although further research is
needed on exactly how it works, at least it has been proven that this gene does work. Nowadays, colleagues
engaged in drought-resistant breeding have a new option. However, if it is to be applied to variety selection, it still
needs to go through the test of field trials.
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6 Application of Genome-Wide Association Mapping in Soybean Drought Resistance Breeding
6.1 Marker-assisted selection (MAS) and improvement of drought resistance traits

Nowadays, when it comes to drought-resistant breeding of soybeans, marker-assisted selection (MAS) has really
been of great help. I remember that the study in 2020 was quite practical (Ren et al., 2020). They used SLAF-Seq
technology to create a high-density genetic map, clearly marking all the QTLS related to drought resistance. This
technology features high sequencing efficiency and relatively controllable costs, making it particularly suitable for
breeding applications. With these precise molecular markers, breeding experts can screen out superior genotypes
at the seedling stage, no longer having to wait until flowering and fruiting to make judgments as before, saving
both time and effort. Although problems such as recombination rate and environmental interaction may still be
encountered in actual operation, compared with traditional breeding methods, MAS has indeed accelerated the
progress of drought-resistant variety selection and breeding significantly.

The mark-assisted selection (MAS) technique works not only well on soybeans but also on other crops. As early
as the 1990s, studies had already reaped benefits on common legumes (Schneider and Kelly, 1997), proving that
this method was indeed effective in dealing with complex traits such as drought resistance. Later, around 2005,
researchers found that the combination of MAS and traditional breeding was more effective (Francia et al., 2005;
(Miklas et al., 2006), whether under normal or drought conditions, the output can be increased. Although there
may be some differences among various crops, the molecular markers provided by GWAS have indeed saved
breeding efforts a lot of detours. Ultimately, without the assistance of these markers, conducting drought-resistant
breeding nowadays would be like walking in the dark, and the efficiency would be in a completely different
league.

6.2 Application of genomic selection (GS) in drought resistance breeding

Genomic selection (GS) has indeed gained popularity in the breeding circle in recent years, especially in dealing
with complex traits such as drought resistance. It's quite interesting to say that it can be regarded as a golden pair
with GWAS-by feeding the labeled data found by GWAS to the GS model, the prediction accuracy can improve
significantly (He et al., 2014). The most remarkable aspect of this technology lies in the fact that it can estimate
the breeding value based on whole-genome markers without waiting for the plants to grow up and exhibit traits.
This trick was used in soybean breeding and the results were quite good. However, in actual operation, the
debugging of model parameters and the marking density and other details are quite meticulous. But compared
with traditional methods, it is indeed much more time-saving and labor-saving. Nowadays, more and more
breeding projects are trying this approach. Although they are still in the exploratory stage, the prospects are indeed
quite attractive.

The combination of genomic selection (GS) and genome-wide association analysis (GWAS) has indeed sparked
quite a few ideas. Especially when studying the drought resistance of soybeans, this combination approach is
particularly effective-GWAS is responsible for extracting the key QTLS, and GS uses these data to build
predictive models. The entire process is like an assembly line (Ren et al., 2020). Nowadays, with those
high-throughput genotyping platforms and increasingly intelligent statistical models, the efficiency of finding
drought-resistant loci has improved significantly. A study in 2021 proved this point (Hasan et al., 2021). Using GS
to select drought-resistant genotypes is not only fast but also reliable in accuracy. Although the model training
stage still requires some effort, once it runs smoothly, the breeding efficiency will increase visibly to the naked
eye. Ultimately, this approach of integrated analysis has put molecular breeding on a fast track.

6.3 Potential of gene editing technology

Gene editing technology has truly brought revolutionary changes to breeding work in recent years, especially
CRISPR-Cas9, the "gene scissors", which are particularly convenient to use. In the past, when doing
drought-resistant breeding, it took a lot of effort just to find the key genes. Now it's better. GWAS screens out the
candidate genes first (Manavalan et al., 2009), and CRISPR can precisely operate on these genes. For instance, for
genes related to drought resistance, if you want to enhance their expression, you can do so; if you want to knock
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them out, you can knock them out, just like playing with building blocks. However, in actual operation, it is not
that simple. Issues such as delivery efficiency and off-target effects still need to be gradually optimized. But it
cannot be denied that this technology has ushered in a new era for crop breeding-not only can it quickly introduce
beneficial mutations, but also repair those defective genes that affect drought resistance. Although its application
on soybeans is still in the laboratory stage at present, who wouldn't say it's amazing when they see this potential?

Gene editing technology has indeed played a new role in crop breeding in recent years, especially the
CRISPR-Cas9 "molecular scissors". In addition to its impressive performance on soybeans, staple crops such as
rice and wheat have also tasted the sweetness (Manavalan et al., 2009). Interestingly, combining this new
technology with traditional breeding has yielded surprisingly good results-GWAS first locates drought resistant
genes, CRISPR then precisely edits them, and finally screens them using conventional breeding methods. With the
entire process, the breeding cycle can be shortened by several years. A study in 2021 demonstrated the power of
this combination punch (Hasan et al., 2021), which not only improved drought resistance but also decreased yield.
However, it is still too early to completely replace traditional methods, as practical issues such as field
performance and regulatory approval need to be addressed step by step. But it cannot be denied that this
technology provides new ideas for addressing the food security challenges brought by climate change, although
there are still many obstacles to overcome on the road to promotion.

7 Challenges and Future Research Directions

7.1 Challenges in phenotypic data collection

Measuring the drought resistance of soybeans is not that simple in practice. Those key indicators-such as root
development, leaf wilting degree, etc.-are particularly troublesome to measure, and data from different plots and
different years often do not match (Manavalan et al., 2009). Take the root system for example. Although everyone
knows that it is particularly important for drought resistance, every time a measurement is made, the plant has to
be pulled out by the roots, making it impossible to continuously track the changes of the same plant. The
traditional manual measurement method is slow and prone to errors. Often, after working hard for a long time, the
data obtained may not be reliable. Although there are some new technologies that can offer assistance now, to
truly establish a large-scale and high-quality phenotypic database, many difficulties still need to be overcome.

Now there are finally some new techniques for measuring soybean drought resistance, and those high-tech
phenotype platforms have indeed been of great help (Kim et al., 2023a). For example, using cameras to
automatically capture the growth process of plants, or installing sensors to monitor water conditions in real time,
these non-destructive methods are much stronger than before-there is no need to uproot plants, and the same batch
of materials can be tracked from seedling stage to maturity stage. However, to be honest, these new technologies
need to be further adjusted when applied to drought resistance research in soybeans, as soybeans are quite unique
and have different responses to drought at different growth stages. Recently, research has been attempting to
combine these automated phenotype data with GWAS analysis. Although it is still in the exploratory stage, if it
can be standardized, it will be much more convenient for drought resistant breeding in the future. Of course,
practical issues such as equipment costs and data analysis algorithms also need to be considered, but at least we
have seen the direction now.

7.2 Complexity of genetic regulatory networks for drought resistance traits

The matter of soybeans' drought resistance is simple, but it's actually very complicated. A study in 2022 found
(Ouyang et al., 2022) that merely finding a few QTLS is far from enough. These loci are interlinked to form a
complex genetic network. Look, some genes are responsible for allowing cells to accumulate more proline to
retain water, some control the root system to grow deeper, and others regulate the level of ABA hormone-these
mechanisms each have their own responsibilities, but they have to work in coordination with each other. Just like
a symphony orchestra, it is not enough to merely understand the sheet music of each musician; the key is to figure
out how they play in coordination. Although many drought-resistant genes have been identified now, scientists are
still scratching their heads over how these genes interact with each other. To completely crack this genetic code, it
is estimated that it will still take some more years of effort.
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When it comes to drought resistance of soybeans, nowadays research has to adopt a "combination punch" (Wang
et al., 2020). Just looking at the genome is not enough; it is also necessary to analyze the data of the transcriptome,
proteome, and metabolome together-just like having to read a score, listen to a performance, and study the
movements of each musician. Although this approach is troublesome, it can indeed reveal quite a few tricks: for
instance, when will a certain drought-resistant gene be activated? Which proteins will be driven to work? What
metabolites were finally produced? Only when these clues are strung together can a complete drought resistance
mechanism be pieced together. To be honest, with so much omics data piled up together, just processing it is
enough to make a big deal out of it. The existing analysis tools often get stuck. What is most needed now is
smarter algorithms that can automatically correlate data at different levels and, ideally, predict the regulatory
relationships between genes. Although there is still some way to go before the drought-resistant network is
completely cracked, at least the path is becoming clearer and clearer as we go along.

7.3 In-depth exploration of gene-environment interaction studies

When it comes to soybeans' drought resistance, it's not something that can be decided by genes
alone-environmental factors are the real "masterminds" behind the scenes. The research in 2022 was particularly
interesting (Sun et al., 2022). The performance of the same drought-resistant genes in sandy soil and yellow clay
can be worlds apart. As soon as the soil moisture changes, the gene expression pattern seems to undergo a magic
trick. The temperature level is directly related to the effectiveness of drought resistance. Sometimes, genes that
work in high temperatures can be counterproductive in low temperatures. The most infuriating thing is that
nutritional status also gets involved. Different levels of nitrogen, phosphorus and potassium result in different
"work enthusiasm" of genes. Although QTL mapping is doing very well now, we still know too little about how
these genes "tailor their treatment to the individual”" in different environments. Just like the same actor can
perform completely different effects in different film crews, the ins and outs of this are enough for researchers to
ponder over for another ten or eight years.

Indeed, to truly crack the code for soybeans' drought resistance, merely tinkering in the laboratory is not enough.
Recently, some scholars have proposed (Wang and Li., 2024) that the same materials should be planted all over
the country, from the black soil of Northeast China to the arid areas of Northwest China, so as to screen out those
reliable QTLS that "shine brightly with a little sunlight". It's easier said than done. Such large-scale experiments
are both costly and time-consuming. But there's no way around it. After all, genes are just like people; a different
environment might completely change their appearance. In 2016, a study pointed out (Chang et al., 2016) that the
current gene-environment interaction model is still too "rigid" and a more intelligent prediction system needs to be
developed. Imagine if, like weather forecasts, parameters such as soil moisture and temperature could be input to
predict the expression of a certain genotype in a specific area. Then, breeders would have a much easier time.
However, to be fair, the way soybeans interact with the environment is just too complex. If this system is really to
be developed, it will probably take several more years of hard work.

7.4 Application of big data and machine learning in GWAS research

Big data and machine learning have now become the "golden pair" in GWAS research-this is particularly evident
when analyzing the drought resistance traits of soybeans. Just think about it. GWAS often generates massive
amounts of genotype and phenotype data (Zhang et al., 2021), and traditional statistical methods handle them as if
calculating space orbits. But machine learning is different, especially deep learning, which can dig out hidden
patterns from these data that the human eye cannot detect at all. For instance, in 2021, a team successfully
experimented with other crops. The predictive model they developed could even capture those nonlinear gene
interactions. To be honest, however, there are still many problems to be solved when applying these techniques to
the research on soybean drought resistance: the data quality varies greatly, the model is prone to overfitting, and
the most troublesome issue is the explainability of the results. However, in any case, this approach has indeed
given researchers new hope. At least they no longer have to stare blankly at piles of data.
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Research on drought resistance of soybeans can now be regarded as entering the "big data era" (Bao et al., 2015).
Imagine throwing genetic data, field phenotypic data and meteorological, soil and environmental data all into an
intelligent analysis platform, allowing machine learning algorithms to find patterns on their own-this is much
faster than manual analysis in the past. Especially for those key genes with pleiotropy, traditional methods often
miss them. Now, through multi-dimensional association analysis, none of them can escape. But to be honest,
building such a platform is no easy task: first of all, the issue of data standardization must be addressed, after all,
the data collection methods in different test fields are all over the place. Secondly, the algorithm must be
proficient enough to distinguish between genuine gene-environment interactions and merely data noise. As early
as 2015, teams attempted to develop such tools. Although they were still in the refinement stage, they could
already help breeders identify drought-resistant candidate genes more quickly. If in the future these intelligent
prediction systems can be directly connected to the breeding process, from gene discovery to variety selection and
breeding can be completed in one go, that would be truly exciting!

8 Concluding Remarks

Research on the drought resistance of soybeans has made breakthrough progress in recent years-and GWAS
deserves much credit for this. In the past, finding drought-resistant genes was like looking for a needle in a
haystack. Now, with high-density SNP markers, it's just like having opened the "Heavenly Eye". Look, just for
controlling yield and plant height, dozens of QTLS have been found, not to mention those key sites that affect root
development. It is particularly worth mentioning the star gene GmNFYBI7. It is truly amazing. It can not only
help soybeans resist drought but also increase their yield. It is simply the dream "cause" for breeders. But then
again, drought resistance is too complex to be solved by just one or two genes. It's like a jigsaw puzzle, and now
there are finally a few key pieces. Although the complete genetic map is still being drawn, these discoveries have
already saved drought-resistant breeding from many detours. At least now we know in which direction to focus
our efforts.

GWAS has become increasingly proficient in the research on drought resistance of soybeans and is sure to achieve
great success in the future. Now, with those high-tech means-like GBS sequencing, SNP chips and the like-finding
drought-resistant genes is like having a cheat code. When these technologies work together, they can identify all
the drought-resistant alleles hidden in soybean germplasm resources, and perhaps even discover some new
variations that have never been seen before. Even more amazing is the use of meta-analysis, which packages and
processes the data from various studies. The statistical power is directly maximized, and the reliability of the
QTLS found also increases rapidly. In this way, marker-assisted selection becomes much more precise, and
breeders no longer have to rely on luck as they did before. Although it is still impossible to achieve 100%
accuracy at present, if we continue along this path, it will surely become easier and easier to cultivate
drought-resistant soybean varieties.

Nowadays, in soybean drought resistant breeding, GWAS, GS, and gene editing are advancing together, and the
effect is really 1+1+1>3. GWAS first acts as a scout, identifying drought resistance related QTLs and candidate
genes one by one; Then GS comes on stage and uses these labeled data to build a prediction model, which can
predict which plants are more drought resistant during the seedling stage; Finally, CRISPR emerged and edited
target genes like a precision surgical knife. The most wonderful thing about this combination boxing style is that it
retains the advantages of traditional breeding while incorporating precise molecular level operations. For example,
the GmNFYB17 gene was first discovered by GWAS, and then gene edited to enhance expression. Finally, the GS
model proved that it can indeed improve yield stability under drought conditions. Although this process is still
being optimized, it has already shortened the breeding cycle for drought resistant varieties by several years. As
climate change becomes increasingly challenging, this multi technology integration strategy may be the key to
ensuring soybean production in the future.
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