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Abstract The domestication of major legume crops has been a pivotal process in the development of agriculture, providing
essential nutrients and improving soil fertility through biological nitrogen fixation. This study synthesizes current genomic insights
into the domestication and improvement of legume crops, highlighting the significant advancements made possible by modern
genomic technologies. The study discusses the co-evolutionary process of domestication, the genetic bottlenecks encountered, and
the role of wild relatives as reservoirs of genetic diversity for crop improvement. It also explores the impact of climate change on
legume cultivation and the potential of genomic approaches to enhance stress tolerance and disease resistance. Furthermore, the study
examines the contributions of genomic tools in understanding the molecular basis of agronomically important traits and the
development of superior legume varieties through sequence-based breeding. By integrating genomic data with phenotyping and
agronomic practices, this study provides a comprehensive perspective on the future directions for legume crop improvement, aiming
to increase yield, quality, and resilience in the face of environmental challenges.
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1 Introduction

Legume crops, belonging to the family Fabaceae, are a cornerstone of global agriculture and human nutrition.
They are a diverse group of plants that include beans, peas, lentils, chickpeas, and soybeans, among others.
Legumes are highly valued for their ability to fix atmospheric nitrogen through symbiotic relationships with
Rhizobium bacteria, which enhances soil fertility and reduces the need for synthetic fertilizers (Smykal et al.,
2020; Kagale and Close, 2021). This unique trait makes them crucial for sustainable agricultural practices and
environmental health. Additionally, legumes are rich in proteins, vitamins, and minerals, making them an essential
component of the human diet and a key source of animal feed1 (Smykal et al., 2020; Kagale and Close, 2021).

The domestication of legumes dates back to the Neolithic era, approximately 12 000 years ago, when early
agricultural societies began to cultivate these crops alongside cereals (Bohra et al., 2022). This co-evolutionary
process has led to significant morphological and physiological changes in legume species, distinguishing them
from their wild ancestors (Bohra et al., 2022). Despite their early domestication, the genetic and genomic
understanding of legume domestication has lagged behind that of cereals (Bohra et al., 2022). Recent advances in
genomic technologies, such as next-generation sequencing and high-throughput genotyping, have begun to shed
light on the complex genetic changes associated with legume domestication and improvement (Kagale and Close,
2021; Zhang et al., 2022). These technologies have enabled researchers to identify key domestication traits and
understand the molecular mechanisms underlying these traits (Kagale and Close, 2021; Zhang et al., 2022).

The study is to provide a comprehensive overview of the genomic insights into the domestication of major legume
crops. By synthesizing recent research findings, this study aims to highlight the progress made in understanding
the genetic basis of legume domestication and the potential applications of this knowledge in modern breeding
programs. This study underscores the importance of integrating genomic approaches with traditional breeding
methods to enhance the genetic gains in legume crops, thereby improving their yield, nutritional quality, and stress

resilience. Furthermore, this study discusses the challenges and future directions in legume genomics research,
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emphasizing the need for continued investment in genomic resources and technologies to fully realize the
potential of legume crops in sustainable agriculture and global food security.

2 Historical Context of Legume Domestication

2.1 Early domestication events

The domestication of grain legumes occurred in parallel with cereals in various regions around the world, forming
the economic foundation of early agricultural societies (Zhang et al., 2022). Human plant domestication began
approximately 12 000 years ago in the Fertile Crescent and subsequently spread to other regions, including China,
Mesoamerica, the Andes, Near Oceania, Sub-Saharan Africa, and eastern North America. The Indus Valley
civilizations played a significant role in the domestication of several grain legumes, such as pigeon pea, black
gram, green gram, lablab bean, moth bean, and horse gram. These early domestication events were characterized
by the selection of desirable traits such as taste, yield, storage, and ease of cultivation (Ambika et al., 2022).

2.2 Archaeological evidence of legume use

Archaeological records provide substantial evidence of legume use and domestication. For instance, lentils (Lens
culinaris Medik. subsp. culinaris) were first cultivated in Southwest Asia (SWA) around 8 000 to 10 000 years
ago (Liber et al., 2021). However, the exact number of independent domestication events and the specific regions
within SWA where these events occurred remain unclear (Liber et al., 2021). Neolithic archaeological records
indicate that several legume crops were first domesticated by early civilizations in the Indian subcontinent
(Ambika et al., 2022). These records highlight the importance of legumes in early agricultural societies and their
role in the development of human civilization.

2.3 Geographic distribution of domesticated legumes

The geographic distribution of domesticated legumes is extensive, reflecting their adaptability and importance in
various agricultural systems. Legumes were domesticated in multiple regions, including the Fertile Crescent,
China, Mesoamerica, the Andes, Near Oceania, Sub-Saharan Africa, and eastern North America (Ambika et al.,
2022). The spread of domesticated legumes was facilitated by human migration and trade, leading to the
establishment of these crops in diverse environments. For example, the domestication and subsequent spread of
lentils resulted in the emergence of two domesticated gene pools in Southwest Asia, with admixed varieties found
throughout their range (Figure 1) (Liber et al., 2021). This widespread distribution underscores the significance of
legumes in global agriculture and their contribution to food security and agrobiodiversity.

Liber et al. (2021) highlights the significant geographic and genetic differentiation among Lens culinaris
populations. The spatial interpolation maps depict distinct distribution patterns, revealing how historical and
environmental factors have shaped the genetic structure of lentil populations across various regions. The
differentiation among the groups suggests varying degrees of adaptation and domestication processes. This study
underscores the importance of understanding regional genetic diversity for effective breeding strategies and
conservation efforts. By identifying specific genetic clusters, the research provides a framework for improving
lentil varieties, enhancing their resilience, and maintaining genetic resources critical for sustainable agriculture.

3 Genomic Techniques and Tools

3.1 Sequencing technologies

The advent of next-generation sequencing (NGS) technologies has revolutionized the field of legume genomics.
NGS allows for high-throughput sequencing, which has significantly reduced the time and cost associated with
genome sequencing. This technology has enabled the sequencing and re-sequencing of numerous legume species,
providing comprehensive insights into their genetic makeup (Varshney et al., 2018; Afzal et al., 2020). The
availability of genome sequence assemblies and the development of high-density genetic maps have facilitated the
identification of markers associated with various agronomic traits (Varshney et al., 2018). Additionally, RNA
sequencing (RNA-Seq) has been instrumental in characterizing differentially expressed genes, thereby
contributing to functional genomics studies (Afzal et al., 2020).
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Figure 1 Geographical distribution of the four groups (A-D) of L. culinaris identified in the STRUCTURE model K = 4 (Adopted
from Liber et al., 2021)

Image caption: Spatial interpolation is based on the Q-matrix of proportional memberships of individual accessions to each of the
four groups (Adopted from Liber et al., 2021)

3.2 Genome-wide association studies (GWAS)

Genome-wide association studies (GWAS) have emerged as a powerful tool for dissecting complex traits in
legumes. GWAS involves scanning the genome for single-nucleotide polymorphisms (SNPs) that are associated
with specific phenotypic traits. This approach has been widely adopted in agricultural genetics to understand the
genetic basis of traits such as protein content and disease resistance (Liu and Yan, 2018; Susmitha et al., 2023).
The integration of machine learning methods has further enhanced the efficiency of GWAS by addressing
challenges related to dimensionality reduction (Susmitha et al., 2023). The markers identified through GWAS can
be utilized for genomic selection, thereby accelerating the breeding of superior legume lines (Susmitha et al.,
2023).

3.3 Comparative genomics

Comparative genomics involves comparing the genomes of different species to identify conserved and unique
genetic elements. This approach has been particularly useful in translating knowledge from model legumes to
less-studied legume crops. Databases like LegumelP V3 provide genomic and transcriptomic data for multiple
legume species, facilitating the discovery of key genes and pathways that regulate important agronomic traits (Dai
et al., 2020). Comparative genomics has also been instrumental in understanding the molecular underpinnings of
domestication and crop evolution in grain legumes (Zhang et al., 2022; Bohra et al., 2022).

3.4 Transcriptomics and epigenomics

Transcriptomics, particularly RNA-Seq, has provided valuable insights into the gene expression profiles of
legumes under various conditions. This technique has been used to study the host transcriptional changes during
interactions between legumes and pathogens, identifying key players in both resistant and susceptible interactions
(Kankanala et al., 2019). Epigenomics, which involves the study of heritable changes in gene expression that do
not involve changes to the underlying DNA sequence, is another emerging field. Although less explored in
legumes, epigenomic studies have the potential to uncover regulatory mechanisms that contribute to trait variation
and adaptation (Bohra et al., 2022).
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In summary, the integration of advanced genomic techniques and tools such as NGS, GWAS, comparative
genomics, and transcriptomics has significantly advanced our understanding of legume genomics. These
technologies not only facilitate the identification of key genetic elements but also accelerate the breeding of
improved legume varieties, thereby contributing to sustainable agricultural practices.

4 Key Genomic Findings in Legume Domestication

4.1 Soybean (Glycine max)

Soybean domestication has led to significant genetic bottlenecks, which are evident in the reduced genetic
diversity of cultivated varieties compared to their wild relatives. The resequencing of 481 diverse soybean
accessions, including both wild (Glycine soja) and cultivated (Glycine max) varieties, identified 7.8 million SNPs
and revealed numerous highly conserved regions among cultivated varieties, suggesting strong selection during
domestication (Figure 2) (Valliyodan et al., 2021). This selection has resulted in the loss of certain alleles and the
fixation of others that are beneficial for traits such as seed size, oil content, and stress resistance (Petereit et al.,
2022).

Genomic studies have identified specific regions under selection in soybean. For instance, the development of
soybean pangenomes has highlighted significant structural variations between individuals, providing insights into
what has been selected for or lost during domestication and breeding (Petereit et al., 2022). Additionally, the draft
genome sequence of Glycine latifolia, a wild relative of soybean, has provided valuable comparative data,
revealing genes related to defense responses and stress tolerance that are overrepresented in wild species but may
have been lost or altered in cultivated soybeans (Liu et al., 2018).

The phylogenetic analysis of 481 diverse soybean accessions using 25 496 SNPs by Valliyodan et al. (2021)
provides a comprehensive understanding of the genetic variation and evolutionary relationships between
cultivated and wild soybean species. The tree, rooted between G. max and G. soja, illustrates the genetic diversity
within and between these groups. The inclusion of accessions from various countries (China, Korea, Japan, the
United States, and Russia) highlights the global genetic diversity of soybeans and the impact of geographical
origin on genetic variation. This analysis underscores the significance of wild relatives as genetic resources and
the importance of maintaining genetic diversity for crop improvement. The detailed phylogenetic relationships
revealed by this study can guide future breeding programs aimed at improving stress resistance, yield, and other
agronomic traits in soybeans.

4.2 Common bean (Phaseolus vulgaris)

Common bean exhibits considerable genetic diversity and complex population structure, influenced by its
domestication history and adaptation to diverse agroecological settings. A study involving 315 accessions of the
USDA common bean core collection identified significant genetic variation and population structure, with 4 654
SNPs used to evaluate resistance to soybean cyst nematode (SCN) (Shi et al., 2021). This genetic diversity is
crucial for breeding programs aimed at improving resistance to biotic and abiotic stresses.

The domestication of common bean has led to a suite of traits known as the domestication syndrome, which
includes changes in seed size, pod dehiscence, and growth habit. Genomic prediction models have been developed
to select new lines based on genomic data, accounting for genotype-by-environment interactions (GxE) to
improve traits such as yield and stress resistance (Keller et al., 2020). Furthermore, genomic studies have
identified regions associated with resistance to common bacterial blight (CBB), with significant peaks near the
SAP6 molecular marker, providing targets for marker-assisted breeding (Simons et al., 2021). The integration of
genomic resources and marker-assisted methods is essential for developing common bean varieties that are
resilient to future environmental challenges (Assefa et al., 2019).
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Figure 2 Genetic variation among 481 diverse soybean accessions, inferred from genomic re-sequencing (Adopted from Valliyodan et

al., 2021)

Image caption: Phylogenetic tree of the 481 re-sequenced accessions. The tree is rooted between G. max and G. soja accessions.
Colors indicate countries of origin: blue, China; orange, Korea; green, Japan; cyan, United States; gray, all others (predominantly
from Russia). Cultivars of interest are highlighted on the tree (Adopted from Valliyodan et al., 2021)
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4.3 Chickpea (Cicer arietinum)

Chickpea (Cicer arietinum) is one of the most widely cultivated legumes globally, known for its nutritional
benefits and adaptability to various climatic conditions. The domestication of chickpea has led to a significant
reduction in genetic diversity, necessitating the exploration of wild species for crop improvement. Studies have
shown that crossing cultivated chickpea with wild species such as C. reticulatum and C. echinospermum can help
identify genetic traits beneficial for domestication and breeding (Shin et al., 2019). The use of genomic
technologies, including genomics-assisted breeding and high-throughput phenotyping, has facilitated the
development of stress-resistant and high-yielding chickpea varieties (Koul et al., 2022). Additionally, the
Translational Chickpea Genomics Consortium (TCGC) has been instrumental in deploying modern genomics
approaches to enhance chickpea production and productivity (Palakurthi et al., 2021).

Research has identified several genomic regions associated with key traits in chickpea. For instance, a dense
genetic map and QTL analysis have revealed nine main-effect QTLs and 955 epistatic QTLs linked to resistance
against the pod borer, Helicoverpa armigera, with significant phenotypic variance (Barmukh et al., 2020).
Another study identified QTLs controlling vigour and related traits, with robust markers developed for
marker-assisted selection (Nguyen et al., 2021). Furthermore, the MutMap approach has enabled the rapid
identification of candidate genes and development of markers associated with early flowering and enhanced seed
size, crucial for mitigating yield losses under drought stress (Manchikatla et al., 2021). These findings underscore
the importance of genomic regions in improving chickpea traits and enhancing its adaptability to various
environmental conditions.

4.4 Lentil (Lens culinaris)

Lentil (Lens culinaris) has a rich domestication history, first cultivated in Southwest Asia around 8 000~10 000
years ago. Genotyping-by-sequencing (GBS) of wild and domesticated lentil accessions has provided insights into
its evolutionary history and domestication process. The study identified four groups within the Lens genus and
confirmed gene flow between cultivated varieties and their progenitor, L. culinaris subsp. orientalis, albeit at low
levels (Liber et al., 2021). The findings suggest a protracted domestication process with two domesticated gene
pools emerging in Southwest Asia. This genetic diversity is crucial for understanding the distribution of genetic
traits and targeting genes in breeding programs.

The genomic regions under selection in lentil have been explored through various studies. The collection and
conservation of lentil germplasm have highlighted the importance of core collections for germplasm users and the
necessity of sharing omic and non-omic characterization data (Piergiovanni et al., 2022). Additionally, the
identification of alleles involved in domestication and adaptation to climatic variables has provided valuable
insights into the genetic basis of lentil traits. These genomic regions are essential for improving lentil varieties and
enhancing their adaptability to different environments.

S Comparative Analysis of Domestication Genomics Across Legumes

5.1 Common domestication traits

Domestication of legumes, much like other crops, has led to significant morpho-physiological changes that
distinguish domesticated varieties from their wild ancestors. Common traits selected during domestication include
reduced seed dormancy, decreased pod shattering, increased organ size, and earlier flowering and maturity
(Yundaeng et al., 2019; Bohra et al., 2022; Zhang et al., 2022). These traits have been crucial for adapting legumes
to human agricultural practices and improving their yield and reliability as food sources. For instance, in moth
bean (Vigna aconitifolia), key domestication traits such as seed dormancy and pod shattering are controlled by
large-effect QTLs, indicating that a few major genetic changes have had significant impacts on domestication
(Yundaeng et al., 2019). Similarly, in narrow-leafed lupin (Lupinus angustifolius), genes associated with
vernalization, cold-responsiveness, and phosphatidylinositol signaling pathways have been linked to early
phenology, while genes controlling photosynthesis and abiotic stress tolerance are associated with high yield
(Figure 3) (Plewinski et al., 2020).
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Plewinski et al. (2020) investigates the phenotypic variation and genetic heritability of key agronomic traits in 126
accessions of Lupinus angustifolius across different domestication types, over two locations and years. The
findings reveal significant variability due to environmental factors, with high heritability for most traits except
yield. Cultivars generally exhibited superior traits, such as early flowering and higher yield, compared to wild or
primitive lines. The data underscore the influence of environmental conditions, such as temperature, on trait
expression and the importance of heritability in breeding programs. This research provides valuable insights for
the genetic improvement of L. angustifolius, emphasizing the need for tailored breeding strategies that consider
both genetic and environmental interactions.

5.2 Divergent evolutionary pathways

Despite the common traits selected during domestication, different legume species have followed divergent
evolutionary pathways influenced by their unique environmental conditions and human selection pressures. For
example, the pea (Pisum sativum) genome shows intense gene dynamics and significant genomic rearrangements
compared to other legumes, likely due to the expansion of repetitive elements (Kreplak et al., 2019). This
divergence is also evident in the genetic linkage maps and QTL analyses of various legumes, which reveal
species-specific adaptations. In moth bean, comparative genome analysis shows high synteny with other Vigna
species, yet distinct domestication-related QTLs have been identified that are unique to moth bean (Yundaeng et
al., 2019). Similarly, rice bean (Vigna umbellata) exhibits unique genetic traits related to flowering potential, habit,
and palatability, which are crucial for its efficient domestication and nutritional value (Kaul et al., 2022).

5.3 Insights from cross-species genomic comparisons

Cross-species genomic comparisons have provided valuable insights into the domestication and evolution of
legumes. Phylogenomic studies have resolved deep divergences in the legume phylogeny, revealing that all six
subfamilies of legumes originated nearly simultaneously, challenging the traditional view of some subfamilies as
‘basal’ or ‘early-diverging’ (Koenen et al., 2019). This simultaneous origin suggests that rapid successive
speciation events have shaped the diversity of legume traits. Additionally, the use of whole genome sequencing
and omics-level data has expanded our understanding of the genetic changes accompanying domestication. For
instance, genomic tools have enabled the identification of key players in the interactions between legumes and
pathogens, providing insights into the molecular basis of disease resistance (Kankanala et al., 2019). Furthermore,
meta-QTL analyses in common bean (Phaseolus vulgaris) have identified stable genomic regions associated with
yield-related traits, which are valuable for breeding programs (Arriagada et al., 2022).

In summary, the comparative analysis of domestication genomics across legumes highlights both common traits
and divergent evolutionary pathways. Cross-species genomic comparisons have enriched our understanding of the
genetic basis of domestication and provided practical insights for modern breeding strategies aimed at improving
legume crops.

6 Implications for Breeding and Crop Improvement

6.1 Utilizing genomic data for breeding programs

The integration of genomic data into breeding programs has revolutionized the way legume crops are improved.
Modern genomic tools, such as next-generation sequencing, have facilitated the development of high-density
genetic maps and the identification of markers associated with key agronomic traits (Varshney et al., 2018). These
advancements enable marker-assisted selection and backcrossing, which have been successfully used to develop
superior legume lines (Varshney et al., 2018). Additionally, genomic prediction models, which utilize both recent
and historical phenotypic and genotypic data, have shown promise in selecting new lines without the need for
extensive phenotyping (Keller et al., 2020). This approach is particularly beneficial for under-utilized legume
crops like common beans, where genotype-by-environment interactions are critical for developing stress-resistant
varieties (Keller et al., 2020).
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Figure 2 Distributions of general mean values for observed traits (over years, locations) in four groups according to domestication
type of analysed lines (Adopted from Plewinski et al., 2020)

Image caption: Traits include start flowering (days from sowing to start flowering of 1/3 plants in a plot), end flowering (days from
sowing to end flowering), maturity (number of days measured when majority of pods in the plot was ready to harvest), yield (total
seed yield per plot), height (plant height at maturity), TGW (thousand grain weight). Experiments were performed at Plant Breeding
Smolice Ltd. in Przebedowo (52°35'N 17°01'E) and Poznan Plant Breeding Ltd. in Wiatrowo (52°45'N 17°08'E) during growing
seasons of 2015 and 2016. Domestication types are as follows, XD: Cross derivative or breeding line; CV: Cultivar; M: Mutant; WP:
Wild or primitive (Adopted from Plewinski et al., 2020)

6.2 Potential for improving yield and stress resistance

Genomic approaches have significantly contributed to understanding the molecular mechanisms underlying stress
tolerance in legumes. Proteomic analyses have identified stress-responsive proteins involved in photosynthesis,
carbohydrate metabolism, and signal transduction, which are crucial for developing stress-tolerant varieties (Jan et
al., 2022). Furthermore, genomic studies have elucidated the host transcriptional changes during interactions

between legumes and pathogens, providing insights into disease resistance mechanisms (Kankanala et al., 2019).
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The integration of genomic data with high-throughput phenomics and simulation modeling can enhance genetic
gains in legume breeding programs, leading to improved varieties that perform well under environmental stresses
such as drought and low soil fertility (Varshney et al., 2018). This is essential for increasing productivity and
ensuring food security in the face of climate change (Mousavi-Derazmahalleh et al., 2018; Thudi et al., 2020).

6.3 Future directions in legume crop genomics

Future research in legume crop genomics should focus on several key areas to further enhance breeding programs.
First, there is a need for continuous population improvement after each breeding cycle to accelerate genetic gains
(Varshney et al., 2018). This can be achieved through sequence-based breeding approaches, which include
parental selection, enhancing genetic diversity, and forward breeding for early generation selection (Varshney et
al., 2018). Additionally, the adoption of speed breeding technologies, which allow for multiple generations per
year, can significantly shorten breeding cycles and increase genetic gains (Varshney et al., 2018).

Moreover, the exploration of wild relatives of legumes as reservoirs of novel genetic variation can provide new
alleles for crop improvement (Bohra et al., 2022). Whole genome sequencing and omics-level data can expand our
capacity to monitor genetic changes and identify breeding targets for developing modern cultivars with improved
yield, quality, and stress tolerance (Bohra et al., 2022). Finally, integrating genomic breeding approaches with
machine learning and artificial intelligence can enhance the precision and efficiency of breeding programs,
ultimately leading to the development of climate-resilient and high-nutrition legume varieties (Thudi et al., 2020).

By leveraging these genomic insights and technologies, breeding programs can make significant strides in
improving legume crops, ensuring their productivity and resilience in the face of evolving agricultural challenges.

7 Challenges and Future Perspectives

7.1 Technological and analytical challenges

The rapid advancement in genomic technologies has significantly enhanced our understanding of legume
domestication and crop improvement. However, several technological and analytical challenges persist. One
major challenge is the high cost and complexity associated with high-quality and precise phenotyping, which is
crucial for accurate genomic selection and breeding (Varshney et al., 2018; Afzal et al., 2020). Additionally, the
integration of large-scale genomic data with phenotypic data requires sophisticated bioinformatics tools and
expertise, which can be a limiting factor for many research programs (Varshney et al., 2018; Afzal et al., 2020).
The development of comprehensive genomic resources for underutilized legume species also remains limited,
hindering their potential for genetic improvement (Jha et al., 2022). Furthermore, the continuous evolution of
pathogens necessitates ongoing research to identify and introgress new disease resistance genes into legume
cultivars (Kankanala et al., 2019).

7.2 Ethical and regulatory considerations

The application of advanced genomic technologies, such as gene editing, in legume breeding raises several ethical
and regulatory concerns. The use of CRISPR/Cas9 and other gene-editing tools has the potential to revolutionize
legume crop improvement by introducing desirable traits with high precision (Baloglu et al., 2022). However, the
regulatory frameworks governing the use of these technologies vary significantly across different regions. For
instance, the European Union has stringent regulations on genetically modified organisms (GMOs), which can
impede the adoption of gene-edited crops (Baloglu et al., 2022). In contrast, the United States has a more
permissive regulatory environment, which may facilitate the development and commercialization of gene-edited
legumes (Baloglu et al., 2022). Ethical considerations also include the potential impact on biodiversity and the
need to ensure that the benefits of these technologies are accessible to smallholder farmers and developing
countries (Varshney et al., 2018; Jha et al., 2022).

7.3 Prospects for future research
Future research in legume genomics should focus on several key areas to address the existing challenges and
harness the full potential of genomic technologies. First, there is a need to develop cost-effective and
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high-throughput phenotyping methods to complement genomic selection and accelerate breeding programs
(Varshney et al., 2018; Afzal et al., 2020). Second, expanding genomic resources for underutilized legume species
will be crucial for enhancing their genetic diversity and resilience to environmental stresses (Jha et al., 2022).
Third, integrating multi-omics approaches, including genomics, transcriptomics, proteomics, and metabolomics,
can provide a holistic understanding of the molecular mechanisms underlying important agronomic traits (Afzal et
al., 2020; Jan et al., 2022). Additionally, the adoption of speed breeding techniques can significantly reduce the
breeding cycle time and accelerate the development of improved legume varieties (Varshney et al., 2018; Jha et al.,
2022). Finally, addressing the ethical and regulatory challenges associated with gene editing will be essential for
the widespread adoption of these technologies in legume breeding (Baloglu et al., 2022). By overcoming these
challenges and leveraging advanced genomic tools, future research can contribute to the sustainable improvement
of legume crops, ensuring food security and agricultural resilience in the face of climate change and other global
challenges.

8 Concluding Remarks

The domestication of major legume crops has been a complex process influenced by both natural and human
selection. Recent genomic studies have provided significant insights into this process. For instance, whole genome
sequencing and omics-level data have expanded our understanding of the genetic changes accompanying
domestication, revealing the importance of wild relatives as reservoirs of genetic variation for crop improvement.
Genomic approaches have also highlighted the centers of origin and crucial domestication traits of grain legumes,
emphasizing the impact of domestication on both above-ground and below-ground traits. Additionally, the
identification of disease resistance genes and their interactions with pathogens has been revolutionized by
genomic tools, providing valuable insights for breeding programs. The integration of modern genomics,
phenotyping, and systems modeling has been proposed to accelerate genetic gains in legumes, particularly under
stress conditions. Furthermore, the sequencing of legume genomes, such as the reference genome for pea, has
shed light on legume genome evolution and the molecular basis of agronomically important traits.

Genomic research has proven to be indispensable in understanding and advancing legume domestication. The
advent of next-generation sequencing (NGS) and high-throughput genotyping methods has opened new avenues
for legume research, enabling the identification of structural variations and functional genomics. These
technologies have facilitated the development of high-quality genome assemblies and pangenomes, which are
crucial for studying variations between individuals and populations. Genomic tools have also been instrumental in
identifying stress-responsive proteins and understanding the molecular mechanisms of stress tolerance in legumes,
which is vital for improving crop resilience under changing environmental conditions. Moreover, the exploration
of wild legume species for domestication has been supported by genomic studies, which provide key preliminary
information for breeding and improvement programs.

The integration of genomic research into legume domestication has significantly advanced our understanding of
the genetic and molecular basis of domestication traits. This knowledge is crucial for developing improved
legume varieties that are more resilient, productive, and nutritionally valuable. Future research should continue to
leverage genomic technologies to explore the untapped genetic diversity in wild relatives and to address the
challenges posed by climate change and evolving pathogens. By doing so, we can ensure the sustainable
production of legume crops, which are essential for global food security and agricultural biodiversity.
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