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Abstract

Food legume crops, including common bean, faba bean, mungbean, cowpea, chickpea, and pea, have long served as vital sources
of energy, protein, and minerals worldwide, both as grains and vegetables. Advancements in high-throughput phenotyping, next-
generation sequencing, transcriptomics, proteomics, and metabolomics have significantly expanded genomic resources for food
legumes, ushering research into the panomics era. Despite their nutritional and agronomic importance, food legumes still face con-
straints in yield potential and genetic improvement due to limited genomic resources, complex inheritance patterns, and insufficient
exploration of key traits, such as quality and stress resistance. This highlights the need for continued efforts to comprehensively
dissect the phenome, genome, and regulome of these crops. This review summarizes recent advances in technological innovations
and multi-omics applications in food legumes research and improvement. Given the critical role of germplasm resources and the
challenges in applying phenomics to food legumes—such as complex trait architecture and limited standardized methodologies—we
first address these foundational areas. We then discuss recent gene discoveries associated with yield stability, seed composition, and
stress tolerance and their potential as breeding targets. Considering the growing role of genetic engineering, we provide an update
on gene-editing applications in legumes, particularly CRISPR-based approaches for trait enhancement. We advocate for integrating
chemical and biochemical signatures of cells (‘molecular phenomics’) with genetic mapping to accelerate gene discovery.We anticipate
that combining panomics approaches with advanced breeding technologies will accelerate genetic gains in food legumes, enhancing
their productivity, resilience, and contribution to sustainable global food security.

Introduction

Legume crops,members of the Fabaceae (or Leguminosae) family,
are essential to global agriculture. The family consists of approx-
imately 800 genera and 20000 species [1], and is traditionally
divided into three major subfamilies: Papilionoideae, Caesalpin-
ioideae, and Mimosoideae. The majority of economically signif-
icant legumes, such as peas, soybeans, and lentils, belong to the
Papilionoideae subfamily. Key staples in global agriculture include
soybeans (Glycine max L.), common beans (Phaseolus vulgaris L.),
and peas (Pisum sativum L.). Other important legumes, such as
faba beans (Vicia faba L.), cowpeas (Vigna unguiculata L. Walp),

chickpeas (Cicer arietinum L.), andmungbeans (Vigna radiata L.), are
dietary staples in regional cuisines.

Today, food legumes are grown worldwide, particularly in
Africa, Australia, North America, India, and other Asian countries
[2] (Fig. 1). They are ranked as the second most cultivated crop
group, following cereals [3]. Legumes are popular for their
numerous advantages, including high and affordable protein
content, as well as their ecological importance in nitrogen
fixation [4, 5]. However, climate change, driving challenges such
as waterlogging, flooding, and biotic stressors, poses a significant
threat to food security in key legume-producing regions [6].
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Figure 1. Global yield percentage of major food legumes by country. Value on top of each column represents the crop’s global production (million
tons), respectively. The global production data for chickpea (dry), common bean (dry), cowpea (dry), faba bean (dry), and pea (dry and fresh) are
sourced from FAOSTAT 2022 (https://www.fao.org/faostat/en/#data/QCL). Mungbean is not listed in the statistical database of FAO, so its data is
sourced from Nair et al. [2].

Despite the extensive global cultivation of legumes, their yield
per hectare remains considerably lower than that of cereals. This
yield gap highlights the urgent need to identify novel genes that
influence yield and environmental resilience to develop more
effective improvement strategies.

In recent decades, significant progress has been made in food
legume improvement. Advances in phenotyping and sequencing
technologies, alongside the development of various bioinformatic
tools, have greatly enhanced omics-based plant research. This
research, which includes phenomics, genomics, transcriptomics,
metabolomics, and proteomics [7], has been instrumental in
identifying gene networks and metabolic pathways associated
with desirable traits [8]. These advances have facilitated breeding
strategies, such as marker-assisted selection (MAS), genomic
selection (GS), and genetic transformations such as clustered
regularly interspaced short palindromic repeats (CRISPR)-Cas
techniques, largely accelerating the development of elite legume
varieties with improved yield, nutritional value, stress resistance,
and climate resilience [9].

Recently, the term ‘panomics’ emerges to refer to integration
of data across various omics layers—genomics, transcriptomics,
proteomics,metabolomics, and beyond—to provide a comprehen-
sive view of the complete information flow within a plant [10].
This holistic approach enables a deeper understanding of how
genetic and environmental factors interact to shape plant traits
and further facilitates mining of key genes useful for molecular
breeding. This review aims to summarize the latest advances in
the world’smajor legume crop improvement, focusing on the area
of panomics. As advances in soybean omics, functional genomics,
and molecular breeding has been recently reviewed [11]. Six food
legumes are included hereby: three warm-season species (com-
mon bean,mungbean, and cowpea) and three cool-season species
(pea, chickpea, and faba bean).

Germplasm conservation status for major
legume crops

Food legumes are often considered to have a narrow genetic base
[12]. Notably, significant genetic loss has occurred, particularly
during domestication and breeding for elite cultivars, with a
reported 81% loss of total alleles and 23% loss of rare alleles in
modern legume varieties [13]. To counter this, efforts to explore
and conserve the genetic diversity of wild legumes have been
underway since the mid-20th century. Today, more than 17000
institutions worldwide house legume germplasm collections [14],
reflecting growing recognition of the importance of wild species
for breeding programs [15].

Common bean
Common bean is arguably the most important grain legume
for human consumption. According to Genesys Plant Genetic
Resources (https://www.genesys-pgr.org/), a global portal to
information about crop diversity conserved in genebanks, the
International Center for Tropical Agriculture (CIAT, Palmira,
Colombia) is the world’s largest custody for common bean
germplasm, maintaining ∼32000 common bean accessions. With
over 17 000 accessions, the National Rice and Beans Research
Center (CNPAF, Brasilia, Brazil) of the Empresa Brasileira de
Pesquisa Agropecuária, or EMBRAPA, is the second largest holding
institute, followed by the National Center for Genetic Resources
and Biotechnology (CENARGEN, Brasilia, Brazil), also under
EMBRAPA, and the Western Regional Plant Introduction Station,
USDA-ARS, Washington State University, both holding over
13 000 accessions, respectively. Genebanks in Germany, Russia,
and Hungary also contain thousands of accessions (https://
www.genesys-pgr.org/a/overview/v2EYGYrROyg, accessed Jan. 20,
2025). In Mexico, the National Institute for Forestry, Agriculture
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and Livestock Research (INIFAP) maintains over 8900 accessions
for common bean (FAO-WIEWS 2022, https://www.fao.org/wiews,
accessed Jan. 20, 2025). In Asia, the National Crop Germplasm
Bank (Beijing, China), holds over 6500 accessions, including
wild types, landraces, and cultivars (personal communication).
Further, the National Gene Bank of India conserves more than
4000 accessions [16].

Faba bean
Faba bean is a staple food in the Mediterranean region and across
Eurasia. The wild faba bean is presumed to be extinct, meaning
that all existing faba bean germplasm is available only from
germplasm banks and locally grown cultivars [17]. As of 2008,
37 germplasm collections worldwide held 38 360 accessions [17].
Prior to its relocation to Lebanon in 2012, the International Center
for Agricultural Research in the Dry Areas (ICARDA) genebank in
Aleppo, Syria, was the largest repository, housing approximately
9000 accessions. The National Crop Genebank of China currently
holds 4115 faba bean accessions (https://www.cgris.net/, accessed
Jan. 20, 2025). The Svalbard Global Seed Vault (SGSV) of Norway
preserves more than 6100 accessions deposited by 28 interna-
tional depositors (https://seedvault.nordgen.org/, accessed Jan-
uary 20, 2025).

Mungbean
Mungbean’s cultivation is concentrated in India and Southeast
Asia. Mungbean germplasm is mainly conserved in institutions
across Asia, including the Indian Council of Agricultural Research
(ICAR)-National Bureau of Plant Genetic Resources (NBPGR)
(∼4500 accessions, http://genebank.nbpgr.ernet.in/), the Institute
of Crop Sciences, of Chinese Academy of Agricultural Sciences
(CAAS, >4120 accessions, https://www.cgris.net/home, accessed
January 20, 2025), the World Vegetable Center (formerly the
Asian Vegetable Research and Development Center, AVDRC)
with >10000 accessions (www.genebank.worldveg.org, accessed
January 20, 2025), and the Plant Genetic Resources Conservation
Unit of the University of Georgia, USA (>3000 accessions, https://
npgsweb.ars-grin.gov/, accessed January 20, 2025). Other major
collections are located in Russia, and Australia.

Cowpea
As a crucial crop in sub-Saharan Africa, cowpea is well rep-
resented in the International Institute of Tropical Agricul-
ture (IITA) genebank in Nigeria, which houses over 18 000
accessions. The Agricultural Research Service of the United
States Department of Agriculture (USDA-ARS) also holds over
8000 cowpea accessions (https://www.genesys-pgr.org/c/cowpea,
accessed January 20, 2025). In Brazil, regional germplasm centers
such as Embrapa Recursos Genéticos e Biotecnologia (4928
samples) and Embrapa Meio Norte (3785 samples) are also
notable reservoirs of genetic diversity (https://www.croptrust.org/
knowledge-hub/crops-countries-and-genebanks/crops/cowpea/,
accessed January 20, 2025). Additionally, the NBPGR of India holds
over 4000 cowpea accessions (https://nbpgr.org.in/nbpgr2023/
genebank-status-2/, accessed on January 20, 2025). In China, the
CAAS maintains a total of 2818 accessions (https://www.cgris.
net/, accessed January 20, 2025).

Chickpea
Chickpea is one of the earliest domesticated crops and serves as a
staple food in South Asia and East Africa. The largest collection
of chickpeas and its wild Cicer relatives is maintained at the
ICRISAT genebank,with over 20 504 accessions (https://genebank.

icrisat.org, accessed Jan. 20, 2025). Other prominent collections
include the NBPGR, India (>14000 accessions) (https://nbpgr.org.
in/nbpgr2023/genebank-status-2/, accessed January 20, 2025) and
the ICARDA (∼13000 accessions) [18]. Genebanks in China, Russia,
and France also contain rich germplasms [19].

Pea
The pea originated in the Near East, particularly in modern-day
Türkiye, Syria, and Jordan, around 9000 to 10 000 years ago. The
National Institute for Agricultural Research (INRAE, France) is the
world’s largest genebank for pea, with over 8800 pea accessions
[20]. The Australian Grains Genebank, Agriculture Victoria
(AGG) contains ∼7400 accessions. The Western Regional Plant
Introduction Station, USDA-ARS, Washington State University
holds >6200 accessions. Other prominent holdings include the
Genebank of Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK, ∼5400), ICARDA, Lebanon (∼4500), Germplasm
Resources Unit, John Innes Centre, Norwich Research Park
(∼3500), and Science and Advice for Scottish Agriculture, Scottish
Government (∼3300) (https://www.genesys-pgr.org). Beyond this,
the National Crop Germplasm Bank (Beijing, China, >7000
accessions), the NBPGR (New Delhi, India, >4700 accessions),
the Nordic Genetic Resource Center (Alnarp, Sweden, >2000
accessions) also preserves significant amounts of pea germplasm.

Recent advances in phenotyping
technologies and phenomics in major food
legumes

Precise phenotyping plays a crucial role in understanding how
genetic and environmental factors influence plant physiology,
growth, and development [21, 22]. Plant phenomics refers to the
study of the plant phenome,which encompasses the complete set
of observable characteristics and traits of a plant or plant tissue,
all determined by the interaction between the plant’s genome
and its environment [23, 24]. Traditionally, phenotyping and the
compilation of plant phenomes have been resource-intensive,
requiring significant costs and labor [25]. However, recent techno-
logical advancements, represented by a range of high-throughput
phenotyping (HTP) platforms, are revolutionizing this process.The
integration of multi-dimensional devices, including unmanned
aerial systems (UAS) or unmanned aerial vehicles (UAV),handheld
and distributed phenotyping instruments, robotic systems, and
lysimeter arrays, is transforming the study of plant phenomes
[26]. Further, to accelerate data interpretation, machine learning
algorithms and trait prediction models have been developed.
These analytical tools significantly advance our understanding of
genotype-to-phenotype relationships [27–30]. In this section, we
review themost recent advances in phenotyping key traits in each
crop (Table 1).

Common bean
The common bean is primarily cultivated in regions with lim-
ited rainfall and irrigation, making drought resistance a critical
objective in breeding programs. Several phenotyping platforms
focusing on plant–water relations, leaf morphology, and phys-
iological traits enable rapid screening of bean characteristics
under genotype–environment interactions [49]. For monitoring
common bean pod growth, nuclear magnetic resonance (NMR)
sensor-based phenotyping tool has proved an effective HTP tech-
nology [50]. In 2016, an automated, image-based HTP platform
was developed to assess root architecture in the field, supporting

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/h
r/a

rtic
le

/1
2
/7

/u
h
a
f0

9
1
/8

0
8
4
7
7
7
 b

y
 g

u
e
s
t o

n
 2

8
 D

e
c
e
m

b
e
r 2

0
2
5

https://www.fao.org/wiews
https://www.fao.org/wiews
https://www.fao.org/wiews
https://www.fao.org/wiews
https://www.fao.org/wiews
https://www.cgris.net/
https://www.cgris.net/
https://www.cgris.net/
https://www.cgris.net/
https://seedvault.nordgen.org/
https://seedvault.nordgen.org/
https://seedvault.nordgen.org/
https://seedvault.nordgen.org/
http://genebank.nbpgr.ernet.in/
http://genebank.nbpgr.ernet.in/
http://genebank.nbpgr.ernet.in/
http://genebank.nbpgr.ernet.in/
http://genebank.nbpgr.ernet.in/
https://www.cgris.net/home
https://www.cgris.net/home
https://www.cgris.net/home
https://www.cgris.net/home
https://www.cgris.net/home
www.genebank.worldveg.org
www.genebank.worldveg.org
www.genebank.worldveg.org
www.genebank.worldveg.org
https://npgsweb.ars-grin.gov/
https://npgsweb.ars-grin.gov/
https://npgsweb.ars-grin.gov/
https://npgsweb.ars-grin.gov/
https://npgsweb.ars-grin.gov/
https://www.genesys-pgr.org/c/cowpea
https://www.genesys-pgr.org/c/cowpea
https://www.genesys-pgr.org/c/cowpea
https://www.genesys-pgr.org/c/cowpea
https://www.genesys-pgr.org/c/cowpea
https://www.genesys-pgr.org/c/cowpea
https://www.genesys-pgr.org/c/cowpea
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://www.croptrust.org/knowledge-hub/crops-countries-and-genebanks/crops/cowpea/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://www.cgris.net/
https://www.cgris.net/
https://www.cgris.net/
https://www.cgris.net/
https://genebank.icrisat.org
https://genebank.icrisat.org
https://genebank.icrisat.org
https://genebank.icrisat.org
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://nbpgr.org.in/nbpgr2023/genebank-status-2/
https://www.genesys-pgr.org
https://www.genesys-pgr.org
https://www.genesys-pgr.org
https://www.genesys-pgr.org
https://www.genesys-pgr.org


4 | Horticulture Research, 2025, 12: uhaf091

Table 1. Recent high-throughput phenotyping platforms applied in food legume crops.

Type Sensors Traits Phenotyped Species Image Reference

Ground- and
tower-based

3-D ChlF and MS imaging nutrient deficiency common bean [31]

HS; UAV with MS and thermal
cameras

drought response; canopy
volume, NDVI

common bean [32]

conveyor belt, integrated with
RGB, MS, HS camera

drought stress common bean [33]

NIRS seed protein, oil and oleic
acid content

faba bean [34]

Lemnatec platform, gravimetric,
3-D RGB, NIRS

growth rates and WUI mungbean [35]

LeasyScan with PlantEye
®

sensors, 3D imaging and
lysimeter

plant-water relation cowpea [36]

PlantArray
®
, lysimeter transpiration; soil water

content
cowpea [37]

Lemnatec platform, gravimetric,
RGB, NIR, IR, and ChlF

drought-related traits chickpea [38]

Plant Accelerator
®
, RGB camera salt tolerance chickpea [39]

PlantScreen
®
, ChlF AGB, Photosystem II

efficiency, under cold stress
pea [40]

UAV/UAS
integrated
sensors

UAV, with RGB sensor relative maturity, PH, stand
count

common bean [41]

UAV, with 2-D and 3-D RGB
sensors

PH and yield faba bean [42]

UAV, with MS, RGB sensors yield faba bean [43]

UAV, with MS and RGB sensors PH, SPAD, yield faba bean [44]

UAV, with RGB, MS, TIR sensors harvest index pea, faba bean [45]

(Continued)
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Table 1. Continued

Type Sensors Traits Phenotyped Species Image Reference

UAV, with RGB, MS, TIR sensors AGB, yield faba bean [46]

UAV, with RGB and MS sensors AGB, stomatal conductance,
OSAVI, NDVI, NDRE

mungbean [47]

UAV, with MS sensor yield, dates to 50% flowering,
days to physiological
maturity

pea, chickpea [48]

HS, hyperspectral sensor; MS, multispectral sensor; RGB, red-green-blue sensor; TIR, thermal infrared sensor; NIRS, near-infrared spectroscopy; ChlF,
chlorophyll fluorescence; NDVI, normalized difference vegetation index; OSAVI, optimized soil-adjusted vegetation index; NDRE, normalized difference red
edge; PH, plant height; AGB, above-ground biomass; WUI, water use index; 2-D, two-dimensional; 3-D, three-dimensional.

in-field identification and selection of bean and cowpea geno-
types [27]. Subsequently, HTP platforms have been developed
for the efficient evaluation of plant water status. For example,
the PlantArray® system, which uses lysimetric measurements,
allows real-time, high-throughput monitoring of water-use traits
under controlled stress conditions, facilitating precise analysis of
drought responses. By correlating physiological data with genetic
markers, this platform aids in identifying key genetic determi-
nants of drought resilience [21]. Lazarević et al. used chlorophyll
fluorescence (ChlF) and multispectral (MS) traits to differenti-
ate nutrient deficiency stress [31]. Hyperspectral remote sensing
also offers a promising high-throughput approach for assess-
ing drought tolerance in beans, enabling the rapid screening of
physiological traits associated with drought response [32]. The
developed ground-based partial least squares regression (PLSR)
models have shown utility in predicting key indicators of drought
response, such as stomatal conductance and predawn leaf water
potential. Recently, Verheyen et al. developed a high-throughput
phenotypic imaging system to evaluated the drought resistance of
beans [33]. Drone-based phenotyping for common bean has also
been reported, focusing on maturity [41].

Faba bean
Recent advancements in drone and sensor technology have signif-
icantly expanded their application in faba bean phenomics. Ji et al.
[42] employed two-dimensional (2D) and three-dimensional (3D)
red-green-blue (RGB) color light sensors to create Crop Surface
Models (CSM), using the maximum value of the CSM to represent
plant height, achieving a coefficient of determination (R2) ranging
from 0.93 to 0.99. They also estimated faba bean yield based on
plant height using three machine learning algorithms, with the
highest R2 value reaching 0.72. In 2023, they demonstrated the
effectiveness of RGB sensors and ensemble learning (EL)models in
extracting texture, structural information, and vegetation indices
to estimate faba bean yield and biomass [51].With the rise of sen-
sor data fusion, Cui et al. estimated faba bean yield by combining
RGB and MS sensor data with four machine learning algorithms,
achieving an R2 value of 0.70 [43]. Additionally, the integration of
UAVs equipped with RGB and MS cameras, along with machine
learning algorithms, has proven accurate for predicting yield and
chlorophyll content. The optimal growth stages for measuring
SPAD (leaf chlorophyll content) and yield were identified as BBCH

50 (flower bud present) and BBCH 60 (first flower open), respec-
tively [44]. Although limited research has focused on estimating
the harvest index, Ji et al. used multi-source data fusion with RGB,
MS, and thermal infrared (TIR) sensors and ensemble Bayesian
model averaging in field experiments conducted over 2 years
to estimate the harvest index of faba bean at multiple growth
stages, achieving an accuracy of 0.64 [45]. More recently, Ji et al.
enhanced the accuracy of faba bean biomass and yield estimation
by employing the XGBoost algorithm andmultisensor data fusion,
achieving R2 values of 0.75 and 0.79, respectively [46].

Near-infrared spectroscopy (NIRS) data have also been widely
used to predict seed quality attributes of faba beans, such as
protein, starch, oleic acid, total polyphenols, and bioactive com-
pounds, using various predictive models [34,52,53]. Given that
models like support vector machines (SVMs) and neural net-
works, such as artificial neural networks (ANNs) and convolu-
tional neural networks (CNNs), require extensive datasets for
training, alternative models, including partial least squares (PLS),
elastic net (EN), memory-based learning (MBL), and Bayes B (BB),
were employed to predict seed quality in faba beans grown at
various locations, with best prediction performance achieved for
protein and oil content [34].

Mungbean
Rane et al. employed a high-throughput phenomics system, sup-
ported by a high-resolution camera, to investigate 24 elite mung-
bean genotypes under controlledwater stress over a 25-day period
[35]. This study provided valuable insights into the growth and
production patterns of mungbeans under varying soil moisture
conditions. Chiteri et al. conducted image-based analysis of leaf
traits in 484 mungbean accessions. The extracted morphologi-
cal parameters were used for association mapping, successfully
identifying candidate genes associated with leaf length, width,
perimeter, and area [54]. Additionally, an interaction regression
model, incorporating leaf length and width as predictors, was
developed to estimate ovate leaflet area, achieving an adjusted R2

of 0.97. As a nondestructive, image-based phenotyping tool, this
platform is expected to be valuable for future studies on canopy
dynamics under various stress conditions. Recently, UAV-based
MS and RGB sensors were applied for phenotyping and predicting
mungbean agronomic and physiological traits, including early
vigor, aboveground biomass and stomatal conductance [47].
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Cowpea
Canopy traits, such as leaf area, leaf area index, and transpiration,
are essential for understanding plant-water relations. Vadez et al.
developed a non-destructive, image-based platform (LeasyScan)
combined with lysimetric capacity to assess canopy traits in
plants, including cowpea [36]. A strong regression coefficient
(0.93) was observed between leaf area measurements and data
derived from LeasyScan analysis for cowpea. Another HTP, Plan-
tArray®, evaluated the whole-plant water relations of 106 cow-
pea accessions by integrating a gravimetric system, atmospheric
and soil probes, irrigation valves, and a controller. The resulting
phenotypic data were used in a genome-wide association study
(GWAS), identifying 20 SNPs associated with stomata-mediated
drought-responsive traits [55]. Further integration of this sys-
tem with transcriptome analysis revealed that the VuHAI3 and
VuTIP2;3 genesmay play roles in the dehydration avoidancemech-
anism of cowpea [37]. Yu et al. developed a lower-cost, image-, and
weight-based system to monitor shoot growth and evapotranspi-
ration in a cowpea diversity panel. This platformwas validated by
integrating phenotypic data with GWAS, identifying nine genetic
loci potentially associated with drought tolerance [56].

Chickpea
HTP has been applied to study plant traits in chickpea under
salinity, drought, and temperature stresses [38,57–59]. A compre-
hensive HTP study of 60 chickpea accessions under contrast-
ing water regimes demonstrated that color-related traits were
effective indicators of stress progression [57]. ChlF imaging has
provided valuable insights into photosynthetic efficiency under
water deficit conditions and the early detection of Fusarium wilt
in chickpea [38,58]. The Lemnatec platform, which integrates
nondestructive imaging technologies, such as RGB, NIR, IR, and
ChlF, has been crucial in phenotyping drought-related traits in
chickpea, including stomatal conductance and photosynthetic
activity, achieving strong correlations betweenmanually recorded
and image-based traits [38]. Phenotyping platforms for yield and
phenology of chickpea and pea have also been reported, using
UAV integrated with MS cameras [48]. An HTP platform, the Plant
Accelerator

®
has been developed for evaluating salinity tolerance

in chickpea [39].
To accelerate the assessment of energy dissipation, theoretical

nonphotochemical quenching (NPQ(T)) was introduced for high-
throughput phenotyping. NPQ(T) evaluations revealed that desi
chickpeasmaintained higher Estimated Biovolume under drought
conditions compared to kabuli types, a result attributed to more
efficient energy dissipation in photosystem II [59]. Additionally,
an efficient, image-based method for measuring chickpea seed
size was developed by Sankaran et al., achieving a high correlation
coefficient of 0.90 [60].

Pea
Imaging sensors, when combined with advanced processing
techniques, have shown significant potential for monitoring
pea flowering intensity. Strong correlation coefficients were
observed between UAV integrated and proximal RGB image data
and visual rating scores, demonstrating the effectiveness of
these technologies for assessing flowering [61]. UAV-based MS
imaging systems have also been employed for high-throughput
phenotyping to predict seed yield and maturity in peas. For
example, Zhang et al. [48] utilized a quadcopter UAV equipped
with a five-band MS camera to capture spectral images of dry
pea across three growing seasons and three locations. They

identified 3 to 20 image-based features, and the combined feature
dataset, analyzed using LASSO regression, achieved an R2 value
of 0.80 in pea. In a similar study, Bazrafkan et al. [62] assessed the
effectiveness of five machine learning algorithms, coupled with
UAV-based light detection and ranging (LiDAR) and MS data, for
predicting dry pea maturity. They found that incorporating multi-
sensory data yielded the most accurate predictions. Recently,
Liu et al. collected dual-sensor data (RGB+MS) from UAVs to
estimate pea yield using EL and four base learners. They found
that estimation accuracy can be optimized by using fusion data
obtained at the mid-filling stage for estimation. The EL algorithm
achieved the best performance than base learners [63].

A high-throughput phenotyping platform, Plant Phenomics
Victoria, has proven useful in predicting early vigor traits in
field pea. Strong correlations were found between estimated
parameters from the platform and manual measurements [64].
Furthermore, cold tolerance in field pea has been evaluated
using the image-based, automated high-throughput platform
PlantScreen®. With a throughput of 16 plants per hour, this
platform allows for the simultaneous, automated analysis of
shoot biomass and photosystem II efficiency via ChlF imaging,
aiding research into cold tolerance mechanisms in pea [40].

Omics resources for major food crops

As of now, at least 143 reference and 72 annotated genomes
of Fabaceae plants have been assembled (https://www.ncbi.
nlm.nih.gov/datasets/genome/?taxon=3803, accessed January
20, 2025). Among these, several milestone progresses have been
made in the genomics of six food legume crops (Fig. 2). Beyond
genomics, substantial progress has also beenmade in other omics
fields, including transcriptomics, proteomics, metabolomics, and
epigenomics. Collectively, these omics approaches provide a
comprehensive view of legume biology, from genetic information
to functional outcomes. To deposit these resources, both general
and legume-specific databases and web tools have been available
(Table 2). In addition to omics data, these databases and web
portals also encompass rich information of genetic maps,
germplasm,quantitative trait loci (QTL), and others. The following
sections detail the multi-omics resources available for each
legume crop.

Common bean
The first reference genome of the common bean was established
in 2014, sequencing 473 Mb of the 587-Mb genome from the
Andean landrace G19833 [65]. More recently, Cortinovis et al. con-
structed the first Phaseolus vulgaris pan-genome, based on five de

novo genome assemblies from wild and domesticated genotypes,
alongside short-read whole-genome sequencing (WGS) data from
339 common bean accessions [66].

In addition to genomic studies, high-throughput RNA sequenc-
ing (RNA-seq) has been pivotal in identifying the transcriptional
networks underlying stress tolerance mechanisms in beans.
These studies have revealed that genes related to water
stress, phosphorus use, heavy metal, and disease resistance
are differentially regulated in roots and aboveground tissues
[37,67–70]. Proteomics studies in common bean have identified
differentially expressed proteins (DEPs) linked to traits associated
with terminal drought stress [71], biological nitrogen fixation [72],
low water potential stress [73], and resistance to halo blight [74].
Two major common bean protein databases, ProMEX and LegProt,
are publicly available (Table 2).
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Figure 2. Key milestone events in genomic advances of food legumes. The first reference genome assembly, first pan-genome and
telomere-to-telomere (T2T) genome assembly are presented. For the first genome assemblies and T2T genome, the cultivar, and genome size are
presented in each box. For the first pan-genome, the number of accessions/germplasms is presented in the box.

Table 2. Genomics, proteomics and metabolomics databases for major legume species.

Omics Database Description Speciesa Launch year

Genomics LegumeIP integrative database for comparative genomics and
transcriptomics of model legumes/genomics and
RNA-seq-based transcriptomics data

22 2012

Pulse Crop Database (PCD),
formerly Cool Season Food
Legume Genome database (CSFL)

genomes, genes, transcripts, genetic maps, markers, QTL,
germplasm, genomic, genetic, and breeding resources
phenotype publications, with integrated tools

15 2014

Vigna Genome Server genome assembly and annotation data 13 2016
KnowPulse germplasm; genomic data; phenotypic data 14 2019
SoyBase a USDA genetic and genomics database contains soybean

genetic and genomic data
1 Early 1990s

Vicia faba Omics database
(VfODB)

a web portal of faba bean germplasm information, ESTs,
EST-SSRs, and mitochondrial-simple sequence repeats
(MtSSRs), microrna-target markers, and genetic maps

1 2020

Cowpea Genespace/Genomics
Knowledge Base (CGKB)

cowpea annotation knowledge base, based on 298 848
cowpea genespace sequences (GSS) isolated by methylation
filtering of genomic DNA

1 2007

Chickpea Genomic Web Resource
(CGWR)

web tools for chickpea genome visualization and
comparative analysis

1 2014

Cicer Methylation Variation Map
(Cicer MethVarMap)

a web-based resource focused on DNA methylation variation
in chickpea

1 2024

Proteomics ProMEX mass spectral reference database, tryptic peptide
fragmentation mass spectra data derived from plants

5 2012

LegProt legume-specific protein database consisting of amino acid
sequences

7 2011

Medicago PhosphoProtein
Database

Medicago phosphorylation data 1 2012

Soybean Proteome Database reference maps of soybean (Glycine max cv. Enrei) proteins
collected from several organs, tissues, and organelles, under
flooding, salt, and drought stress

1 2009

Metabolomics Soybean Knowledge Base (SoyKB) integrative information on soybean genomics,
transcriptomics, proteomics, and metabolomics

1 2014

MedicCyc a M. truncatula-specific pathways database containing over
250 pathways with related genes, enzymes, and metabolites

1 2007

aThe total number of legume species included in the database.

Since the completion of the first reference histone–DNA inter-
action map [75] and nucleotide-resolution methylomes through
whole-genome bisulfite sequencing [76], many studies have high-
lighted the critical regulatory role of epigenetic modifications
in the common bean regulome. The roles of DNA methylation,
histone modification, and small RNAs in the symbiotic process
have been reviewed or demonstrated to be associated with root
nodule formation, pod string development, disease resistance
genes, and abiotic stresses [77–80]. In 2021, a high-resolution

(∼2 kb) Hi-C chromatin architecture map for common bean was
generated [81]. A small RNA sequencing identified a virus-derived
small interfering RNA as a trans-kingdom epigenetic regulator
conferring drought tolerance [82].

Faba bean
The 13-Gb faba bean genome (2n=2x=12) is one of the largest
diploid field crops. In 2023, a chromosome-scale assembly of
the faba bean genome was made publicly available [83]. A
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high-quality faba bean reference transcriptome, constructed
from 37 samples, enabled the identification and correction of
121 606 transcripts, as well as the prediction of alternative splicing
events, long noncoding RNAs (lncRNAs), and fusion transcripts
[84]. Single-nucleotide polymorphism (SNP) genotyping platforms
based on next-generation sequencing (NGS) have expanded the
available genomic tools for targeted breeding [85, 86], generating
high-density SNP markers from various international panels [87].

RNA sequencing (RAN-Seq) has been widely applied for explor-
ing genetic diversity of faba beans, leading to de novo transcrip-
tome assemblies of faba bean [88–91] responsive to water stress
[92], cold stress [93], and Ascochyta fabae infection [90]. The
discovery of a large number of transcripts and high-quality uni-
genes from seed, leaf, seedling, and root tissues has enriched the
genomic resources available to faba bean breeders [94, 95]. More
recently, single-molecule, real-time (SMRT) full-length transcrip-
tome sequencing on the PacBio Sequel platform has been used
to identify a high abundance of vernalization-related transcripts
and flowering-related genes [96]. As this platform is appropriate
for long-read sequencing, a high functional annotation ratio of
95.5% was obtained. RNA-Seq of the faba bean seeds also discov-
ered significant pathways related to seed hydration capacity and
seeds staining traits related to the Pea seed-borne mosaic virus
(PSbMV) [97].

Metabolomics studies in faba bean have focused on quality
and nutritional value [98], bitter perception [99, 100], polyphenols
and flavonoids in faba bean flowers [101], and resistance to
Fusarium wilt [102]. To highlight potential bitter nonvolatile com-
pounds in V. faba, ultra-high-performance liquid chromatography
with a diode array detector and tandem high-resolution mass
spectrometry (UHPLC-DAD-HRMS), along with bitter perception
testing, was used to identify forty-two tentatively nonvolatile
compounds [99].

Mungbean
To date, over 10 mungbean (493.6–579.0 Mb, 2n=2x=22) acces-
sions, including cultivars, wild relatives, and polyploid species,
have been subjected to WGS [103–105]. At least five sets of mung-
bean genomic data are publicly available: VC1973A, IPU-02-03,
VR01, RIL59, and Kamphaeng Saen 1. The first draft of the mung-
bean genome, based on the cultivar VC1973A, was completed in
2014, resulting in 2748 scaffolds on a 431-Mb map [104]. In 2021,
the genome assembly was improved, expanding to 476 Mb with
a much higher N50 of 5.2 Mb [106]. Other high-quality reference
genomes have since been released, including that of the Chinese
cultivar ‘Sulv1’, assembled using nanopore long reads, Illumina
short reads, and Hi-C data [107]. In 2022, the first mungbean pan-
genome was constructed [108]. In 2023, a gap-free, telomere-to-
telomere (T2T) assembly for the mungbean cultivar ‘Weilv-9’ was
completed [109].

Transcriptome analysis has been used to develop EST-SSR
markers in mungbean for novel gene discovery and marker-
assisted breeding [110].Transcriptomes from four different tissues
(leaf, flower, root, and pod) were sequenced for VC1973A, and
the transcriptome sequences of 22 Vigna accessions from 18
species were utilized for genome annotation [104]. The genome
annotation of ‘Weilv-9’ incorporated 214 NGS transcriptomic
datasets to improve its robustness [109]. Transcriptomic resources
also focus on biotic and abiotic stress responses in mungbean,
such as responses to mungbean yellow mosaic virus (MYMV)
[111] and drought [112]. Mungbean proteomic and metabolomic
resources are available for studying seed development and
germination, using techniques like 2-DE, nanoelectrospray mass

spectrometry, and NMR [113, 114]. Wu et al. discovered that
63 metabolites dominated the mungbean seed metabolome,
including lipids, amino acids, oligo−/monosaccharides, cyclitols,
cholines, organic acids, nucleotides/−sides, nicotinates, and
secondary metabolites from the shikimate pathway [114].

The whole-genome methylation profile of mungbean was
obtained using two cultivars, VC1973A and V2984 [115]. The
results indicated that DNA methylation regulates the expression
of paralogous genes in VC1973A. Later, the epigenetic regulation
of synchronous podmaturity (SPM) inmungbeanwas investigated
by DNA methylation profiling of eight recombinant inbred lines
and their parental genotypes [116]. Furthermore, hypermethyla-
tion of differentially methylated regions (DMRs) may contribute
to stress resistance, such as drought tolerance [117].

Cowpea
The first fully assembled cowpea (640 MB, 2n=2x=22) genome
was completed in 2019 for the grain cowpea line IT97K-499-35,
with a genome size of 640.6 Mb [118]. Since then, sequencing
efforts have accelerated, and genomes from 13 independent cow-
pea lines have been assembled. Subsequent assemblies, such
as that of the vegetable cowpea line Xiabao II (632.8 Mb), have
provided further insights into breeding strategies [119]. In 2023,
a more accurate genome assembly for Xiabao II was completed
using HiFi long-read sequencing and Hi-C technology, covering
594 Mb [120]. A comprehensive cowpea pan-genome, incorporat-
ing multiple germplasm resources, has also been constructed,
shedding light on genes related to stress responses and agronomic
traits [121]. In 2024, an analysis of 344 germplasm resources led
to the discovery of genomic regions associated with agronomic
traits such as pod length and stress resistance, providing valuable
information for future breeding programs [122].

Transcriptome analysis, alongside small RNA sequencing,
has improved our understanding of the differentially expressed
mRNAs and miRNAs related to response to Rhizosphere Priestia,

drought, salt, virus, and aphid in cowpea [123–127]. Transcriptome
and metabolome integration has been used to analyze the regu-
latory mechanisms of cowpea senescence induced by exogenous
MEL and nitric oxide [128, 129], as well as metabolic disruptions
caused by pesticides [130]. Metabolomic technologies have
further enhanced the identification of trait regulation in cowpea.
For example, metabolite profiling has detected 34 secondary
metabolites in the cowpea seed coat, including phenolic acids,
flavonoids, anthocyanins, sphingolipids, and fatty acids [131].
Accumulation of metabolites involved in flavonoid biosynthesis
and the alpha-linolenic acid metabolism pathway has been
suggested to contribute to resistance against Megalurothrips

usitatus in cowpea [132]. Recently, a multi-omics comprehensive
analysis was conducted in cowpea to investigate the effect
and regulatory mechanisms of pre-storage low temperature
on storage quality. This analysis identified several interesting
differentially expressed genes (DEGs) belonging to the AP2/ERF,
MYB, NAC, WRKY, and LOB transcription factor families [133].

Chickpea
Chickpea (544 Mb, 2n=2x=16) genomics has made significant
advances. Since the first genome assembly constructed in 2013
[134], there are at least five available genome assemblies and
large-scale resequencing data. These efforts have enabled the
development of over 2000 SSR markers, a 15 000-feature DArT
platform, andmillions of SNPmarkers for chickpea improvement,
with the Axiom® CicerSNP Array now being widely used for
trait mapping [135, 136]. Whole-genome resequencing (WGRS) of
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parental lines and cultivars has provided insights into genetic
diversity, high-density trait mapping, and the identification of
key candidate genes for agronomic traits, as well as the study of
chickpea’s origin andmigration [9].Mapping variation in 3171 cul-
tivated and 195 wild chickpea accessions helped construct a pan-
genome that captured the genomic diversity in cultivated and
wild progenitors. This analysis identified chromosomal segments
and genes under selection during domestication, migration, and
improvement, and pinpointed deleterious mutations affecting fit-
ness in elite chickpea germplasm [137]. Building on this, Khan et al.
developed a super-pangenome based on eight wild Cicer species,
identifying 24 827 gene families—14748 core, 2958 softcore, 6212
dispensable, and 909 species-specific [138].

Extensive transcriptomic data are available on chickpea’s
drought responses [139]. Basso et al. identified thousands of
differentially expressed transcripts and ten candidate genes that
regulate branching in chickpea. Proteomics studies in chickpea
have mainly focused on drought stress responses [140]. Several
studies have highlighted the role of ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), ATP synthase, and l-ascorbate
peroxidase in drought resistance [141, 142]. A nontargeted
analysis of 36 chickpea genotypes under drought stress identified
key metabolites, including l-threonic acid, fructose, and sugar
alcohols, associated with drought adaptation [143]. Another
study highlighted resistance-associated metabolites, such as
ferulic acid in moderately resistant chickpeas, while catechins,
phthalic acid, and nicotinic acid were more abundant in
susceptible varieties. Additionally, infected susceptible cultivars
showed increased salicylic acid (SA) levels and suppressed MeJA,
revealing the role of phytohormones in chickpea–Ascochyta rabiei

interactions [144]. Recently,multi-omics strategywas employed to
identify key proteins involved in antibiotic biosynthesis, galactose
metabolism, isoflavonoid biosynthesis, and drought-response
mechanisms [145, 146].

DNA methylation diversity in chickpea surpasses genetic
diversity, driving phenotypic variation and supporting the crop’s
evolution and domestication. The Cicer MethVarMap database
(http://223.31.159.7/cicer/public/) offers valuable tools for crop
improvement, emphasizing the role of epigenetics in enhancing
chickpea’s diversity despite its narrow genetic base [147]. Chick-
pea drought-sensitivity may be attributed to hypomethylated
ribosomal genes and impaired ribosomal biosynthesis, as revealed
by whole-genome bisulfite sequencing (WGBS). Small RNA
sequencing has proven a robust tool for mining novel chickpea
miRNAs and their respective target genes associated with seed
development [148], responses to heavy metal exposure [149], and
resistance to Fusarium wilt infection [150]. Several miRNAs, such
as miR172c, miR394, and miR1509, have been validated for their
positive role in increasing root nodule number [151].

Pea
Pea (3.7 Gb, 2n=2x=14) genomics has advancedmore slowly com-
pared to othermajor legumes,mainly due to its large and complex
genome [152, 153]. Before the pea genome sequencewas available,
microarray-based transcriptome-wide analysis was a widely used
tool for studying molecular basis of developmental stages and
stress responses in pea [154]. The first reference genome of pea
(cv. Caméor) was published in 2019 [155]. In 2022, the CAAS
released an improved reference genome for the cultivar ZW6,with
a 243-fold increase in contig length and improved continuity and
sequence quality compared to the previous assembly [156]. Addi-
tionally, the study constructed a pan-genome using 116 cultivated
and wild pea varieties. In 2024, a high-quality reference genome

for the pea cultivar Zhewan No.1was released, along with a genetic
variationmap based on 314 accessions [157].These advancements
have allowed for the rediscovery of the genetic basis of Mendelian
traits and other key agronomic traits in pea.

Two-dimensional electrophoresis (2-DE), matrix-assisted laser
desorption ionization-tandem-time-of-flight (MALDI-TOF/TOF)
tandem mass spectrometry, and liquid chromatography-mass
spectrometry (LC–MS)-based proteomics have been widely used
to analyze the pea proteome in response to biotic and abiotic
stresses [153, 158] The generation of a pea embryo proteome
map enabled comprehensive annotation of the functions and
intracellular localization of pea seed proteins [159]. Recently,
label-free quantitative proteomics was used to analyze round and
wrinkled pea seeds at different stages, revealing key differences
in protein profiles and starchmetabolism between these two seed
types [160].

Panomics-empowered discovery of
breeding target genes

Over the past decades, the major target of breeding in the food
legumes have been increase of yield, improvement of nutrient
value, and enhanced stress resilience in the context of climate
change. This section summarizes the key discoveries in gene
mining empowered by panomics and the practice of breeding in
these fields (Fig. 3).

Yield and quality
Common bean

In common bean, two anti-yield genes on chromosome Pv09,
Phvul.009G190100 and Phvul.009G202100, were identified through
comparative genomic analysis. These genes, encoding basic
leucine zipper (bZIP) transcription factors, showed a negative
correlation with seed yield [161]. The Phvul.006G072800, encoding
the β-1,3-glucanase 9 protein, was determined as the causal gene
for PvPW1 underlying pod width [162]. To address the drawback of
low levels of the essential amino acid methionine in this crop, the
be2s1 gene, which codes for a methionine-rich storage albumin
from Brazil nuts, was introduced via biolistic methods, resulting
in a 14–23% increase in methionine content in transgenic lines
[163]. PvZFL1, PvZFL10, and PvNRAMP9 controls seed zinc content
[164]. Three galactinol- and two RFO-synthase genes have been
characterized for tissue-specific expression; these candidate
genes may play a pivotal role in reducing the RFO content in
bean seeds [165]. Recently, the metal tolerance protein (MTP)
gene family of the common bean was identified via genome-
wide analysis, which contains nine PvMTP genes located on 7 of 9
chromosomes. The effect of Fe and Zn treatments on PvMTP genes
expression was also investigated, demonstrating the potential of
these genes for biofortification in legumes [166]. The MTP gene
family, including cation diffusion facilitators, has been implicated
in Fe and Zn homeostasis in plants like rice [167]. Additionally,
candidate genes involved in specialized metabolite biosynthesis
have been identified [168].

Faba bean

Faba bean has a large genome (∼13 Gb), which has made genetic
and gene mapping studies challenging. In 2023, however, high-
density SNP genetic linkage maps were used to identify hundreds
of QTLs for agronomic traits related to flowers, pods, plant types,
and seed traits [169]. GWAS using different diversity panels of
faba bean accessions identified rich markers associated with
traits, including seed quality and yield-related traits [170, 171]. For
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Figure 3. A modern working flow using panomics data to empower food legumes improvement. The increasing availability of various high-throughput
phenotyping platforms, which rely on different sensors, has greatly enhanced the study of food legume phenomics. This advancement, when
combined with other omics technologies, forms a panomics-driven framework for improving food legumes. The image for NMR scanner is reproduced
with premission from [50].

bioactive compounds, an insertion mutation in the VC1 gene is
believed to be responsible for low levels of vicine and convicine in
certain faba bean varieties [94]. The zero-tannin (zt) trait, which is
controlled independently by two complementary recessive genes,
zt1 and zt2, has been linked to improved nutritional qualities.
Webb et al. [172] and Gutierrez and Torres [173] reported that the
zt1 phenotype is encoded by the TTG1 gene, an ortholog of the
MedicagoWD40 transcription factor. In faba bean, the zero-tannin

trait is also associated with a white flower phenotype in lines
carrying the zt2 gene. The locus for zero-tannin content has been
pinpointed to the VfTT8 gene, a bHLH transcription factor [174].

Mungbean

Recently, a GWAS using 196 mungbean accessions identified
VrEmp24/25 and VrKIX8 as candidate genes for seed length
and 100-seed weight [175]. Other candidate genes include a
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leucine-rich repeat serine/threonine/tyrosine kinase (Vradi05g00200)
for SP, a Calvin cycle protein (Vradi03g06500) for DFT, and a serine
carboxypeptidase (Vradi04g07810) for pleiotropic traits (SPC, SSC,
and HSW). [176]. Research on quality traits, such as phytic acid,
seed starch, anthocyanins, and polyphenolic compounds, remains
limited. VrMYB90, a member of the R2R3-type MYB family, was
identified as a key regulator of anthocyanin biosynthesis [177];
this gene was also linked to the seed coat color trait [178, 179].
Polyphenolic compounds, specifically vitexin and isovitexin,
are abundant in mungbean. Two genes (jg15859 and jg15860)
encoding glutamine synthetase may serve as a substrate for
vitexin/isovitexin synthesis. Additionally, a SWEET10 homolog
(jg24043) was associated with crude starch content [108].

Cowpea

Several QTLs associated with pod characteristics such as pod
length, width, and chemical components have been identified
[120, 180, 181]. In 2019, a combination of GWAS meta-analysis
with synteny comparison in common bean identified six can-
didate genes (Vigun05g036000, Vigun05g039600, Vigun05g204200,
Vigun08g217000, Vigun11g187000, and Vigun11g191300) control-
ling seed size [182]. Yang et al. combined genome, transcriptome,
and metabolome analyses to identify VuMYB114, a transcription
factor associated with pod color. In the WSS1 (green pod) line, a
premature stop codon in VuMYB114 prevents the activation of the
anthocyanin biosynthesis pathway, leading to green pods rather
than purple [183]. A multiomic data analysis highlighted several
genes that coordinately control anthocyanin and flavonoid accu-
mulation, including VuMYB90-1, VuMYB90-2, VuMYB90-3, VuCPC,
VuMYB4, and endogenous bHLH and WD40 proteins [184].

Chickpea

Quality traits of chickpea have been investigated in many GWASs
focusing on Fe and Zn, grain protein, sugar metabolism, grain
fatty acids, starch, fiber [185, 186]. The gene ROP1 ENHANCER1

was shown to play a crucial role in SPC determination through
a knock-down experiment [187]. The linkage group CaLG04 was

found to co-localize with QTLs for seed iron (Fe) and zinc (Zn),
suggesting it could potentially enhance both nutrients [188]. A
gene correlation network based on comparative transcriptome
and metabolome analysis discovered several putative candidate
genes like CIPK25,CKX3,WRKY50,NAC29,MYB4, and PAP18 under-
lying Fe tolerance in chickpea [189]. The chickpea nicotianamine
synthase 2 (CaNAS2) was suggested as a housekeeping role in sys-
temic translocation of Fe. Overexpression of CaNAS2 in chickpea
seeds showed nearly doubled nicotianamine level, which might
translate into increased Fe bioavailability [190].

Pea

QTLs underlying pea quality traits mainly seed starch content,
seed mineral concentrations and contents have been studied
using RIL population or natural diversity panels [191–193]. Several
genes have been reported to regulate seed quality in pea. For
example, the genes R, Rb, Rug3, Rug5, and TAR2 regulates seed
starch synthesis; while Abi5, Lox-2, and Vc-2 controls protein
synthesis [194]. A naturally occurring insertion mutation in the
SbeI gene at the r locus has been demonstrated to be causative
to increased resistant starch and the wrinkled-seeded phenotype,
by reducing amylopectin synthesis. Genetic markers for the SbeI

allele have been developed [195]. Recently, two comprehensive
genetic studies on pea were conducted in 2022 and 2024. In 2022,
Yang et al. analyzed the genetic basis of 12 agronomic traits
using genotyping-by-sequencing, identifying 25 QTLs associated

with important traits [156]. Later, in 2024, Liu et al. resequenced
314 pea accessions for a GWAS, identifying 235 candidate loci
linked to 57 key agronomic traits, as well as candidate genes for
known Mendelian traits [157]. Three loci, TI1, TI2, and Tri have
been identified to encode three distinct trypsin inhibitors, thereby
promoting nutrient adsorption [196]. A gene controlling pod soft-
ness, PsPS1, was fine-mapped to a∼ 6Mb genomic region in pea,
identifying Psat1g150000 encoding a pectate lyase superfamily
protein as a candidate gene [197].

Abiotic stress tolerance
Common bean

Numerous studies have identified SNPs and QTLs associated
with drought-related traits, such as osmotic protector biosyn-
thesis [198], bioclimatic-based drought indices [199], revealing
widespread drought adaptation genes on all chromosomes.
RNA-Seq revealed repression of ABA-responsive genes PP2C

(Phvul.001G021200) and a putative ABA 8′-hydroxylase gene

(Phvul.002G122200) under drought conditions [200]. Notably,
the aquaporin gene PvXIP1;2 confers drought resistance at the
seedling stage [201]. The PvLTP family genes may also contribute
drought tolerance,with 9 PvLTP genes up-regulated under drought
treatment [202].

Hiz et al. [203] identified a putative chalcone O-methyltransferase
gene (pvChOMT) with a nearly fourfold upregulation upon salt
stress. Ecotopic overexpression of pvChOMT in Arabidopsis
suggested that pvChOMT can be a reliable candidate gene
for breeding salt stress tolerance [204]. QTLs associated with
reproductive traits, such as pollen viability and pod production
under heat stress have been identified on chromosomes Pv05
and Pv08, alongside loci linked to flowering time and photoperiod
sensitivity [205, 206]. Introgressions from Phaseolus acutifolius have
also revealed QTLs that enhanced seed yield and reduced pod
abortion under heat stress [207, 208].

Faba bean

Drought-responsive genes in the drought-tolerant faba bean vari-
ety Hassawi 2 have been identified [209]. Overexpression of a
bZIP transcription factor VfbZIP5 enhanced drought tolerance,
possibly related to lower levels of proline (PRO), malondialde-
hyde (MDA), and peroxidase (POD) [210]. Potential genes under-
lying faba bean response to temperature have been studied using
multi-omics approach. Faba bean vernalization were associated
with 91 DEPs associated with photosynthesis and phytic acid
metabolism, and a family of proteins, glycine-rich RNA-binding
factor, as involved in alternative splicing on transcript abun-
dance [211]. transcription factors helix–loop–helix bHLH143-like
S-adenosylmethionine carrier, putative pentatricopeptide repeat-
containing protein At5g08310, protein NLP8-like, and photosys-
tem II reaction center PSB28 proteinsmay serve as potential genes
underlying heat tolerance [212].

Mungbean

Mungbean is highly sensitive to abiotic stresses, particularly
drought, salinity, and heat. Drought tolerance in mungbean has
been studied extensively. Chang et al. identified transcription
factors such as TCP, NAC, bZIP, and bHLH, as well as several
protein kinase genes as candidate genes for drought tolerance
[213]. A recent study fine-mapped LOC106764181(VrYSL3), which
encodes a yellow stripe1-like-3 protein to confer resistance to
calcareous soil in mungbean [214].

For salt stress, a study identified 21 candidate genes, including
VrFRO8, VrNAS1, VrFTRB, and VrMAR1, which cooperate to facili-
tate iron ion transport and reduce SOD contents under salt stress
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[215]. Other salt-tolerance genes include AMT (Vradi07g01630),
OsGrx_S16-glutaredoxin (Vradi09g09510), and a dnaJ domain
protein (Vradi09g09600) [216]. More recent studies have revealed
the involvement of VrWRKYs, VrPHDs, and VrMYBs in salt stress
response. Genes such as VrPHD14, VrMYB96, VrWRKY49, and
VrWRKY38 have been found to be significantly activated under
salt stress [217]. Furthermore, members of the YUCCA family,
the TATA-box binding protein (TBP), and various TBP-associated
factors (TAFs) have been shown to respond to multiple abiotic
stresses, including salinity [218, 219].

Cowpea

A cowpea specific gene, UP12_8740, was shown to play a criti-
cal role in drought tolerance, as confirmed through expression
analysis and functional validation [220]. Another gene VuDREB2A

was isolated and characterized from cowpea; the gene has the
ability to bind dehydration-responsive elements in vitro and confer
enhanced drought resistance in transgenic Arabidopsis [221]. Salt
stress during various stages of cowpea were studied, revealing
numerous QTLs [222–224]. Transcriptomic studies on cowpea also
identified salt-responsive DEGs, including several potential tran-
scription factors [225]. NAC transcription factors, such as VuNAC1
and VuNAC2, have been shown to enhance both drought and
salt tolerance when overexpressed [226]. The Class-I VuTCP9 in
cowpea increases drought and salinity tolerance without alter-
ing water use efficiency (WUE) [227]. The gene also interacts
with genes related to hormonal biosynthesis, stomatal devel-
opment and abiotic stress responsiveness. VunMED2 positively
responds to cold stress of asparagus beans (Vigna unguiculata

subsp. sesquipedalis), manifesting higher survival rate, ROS scav-
enging activity. This gene works synergistically with VunHY5 to
activate the expression of VunERD14 [228]. Gene expression analy-
sis of VunMED genes also implicated their potential role in cowpea
during cold stress [229].

Chickpea

A genotyping-by-sequencing (GBS)-based analysis identified
nine QTLs for drought-related traits, including the membrane
stability index and yield, with a QTL on LG7 explaining more
than 90% of the phenotypic variance for membrane stability
[230]. Haplotype analysis confirmed five key QTLs, including
qYLD7.1, which is linked to secondary metabolite biosynthesis.
Candidate gene analysis identified 99 drought-responsive genes,
offering potential targets for breeding. There are also some
association studies for drought tolerance, uncovering candidate
genes FRIGIDA and CaTIFY4b [231], CPN60-2 and hsp70 [232]. Gene
annotation from a multi-trait GWAS found the EMB8-like and
Ribosomal Protein Large P0 (RPLP0) protein may control salinity
tolerance [233].

Heat stress, particularly when temperature exceeds 35◦C, can
reduce chickpea yields by up to 39%, especially during reproduc-
tive stages. The CaHSFA5 gene,whose natural alleles regulate heat
stress tolerance through reactive oxygen species (ROS) homeosta-
sis, was recently identified in a 156.8-kb QTL region [234]. A mul-
tilocus GWAS approach identified 10 genomic regions associated
with heat stress tolerance, highlighting genes, such as RAD23b,
CIPK25, AAE19, CK1, and WRKY40. Differential expression, ROS
analysis, and heterologous expression confirmed the role of these
genes in heat stress regulation [235]. Danakumara et al. identified
27 MTAs for yield-related traits under heat stress, five of which
exhibited pleiotropic effects, with SNPs near key genes such as
GH3.1 and pentatricopeptide repeat proteins, which are linked to
both heat stress tolerance and yield [236]. Recently, heat shock

proteins and auxin/gibberellin response factors are suggested for
heat tolerance in a meta-analysis [237].

Pea

In pea, there aremany genes conferring both salt and drought tol-
erance.A proline biosynthesis pathway gene P5CR confers drought
and salt tolerance in pea [238]. Additionally, PDH45, a DNA heli-
case, seems a pleiotropic gene that has been shown to improve
salt and drought tolerance, and sheath blight disease in trans-
genic and heterologous-overexpressed plants [239, 240]. Mem-
bers of the PsKIN gene family were recently demonstrated to
be upregulated under drought and saline stress, indicating their
role as potential candidate genes [241]. For drought stress alone,
the gene PsDREB2A may play a crucial role in pea’s response to
dehydration, as its expression was upregulated in both roots and
leaves of the NS MRAZ variety [242]. As a conserved gene during
evolution, COP1 from Arabidopsis regulates stomatal movements
in response to dehydration in pea, providing cross-species gene
resource for drought resistance [243]. Several QTLs associated
with salt tolerance have been identified, though the mapping res-
olution is still limited [244]. Overexpression of the PsLecRLK gene,
which encodes a lectin receptor-like kinase, in tobacco and rice,
has been shown to enhance salinity tolerance by alleviating both
ionic and osmotic stress and upregulating stress-responsive genes
[245, 246]. Other promising candidates include Psp68, a salinity-
induced DEAD-box protein, which enhances salt tolerance by
regulating ROS and ionic balance [247].

Biotic stress resistance
Common bean

In common bean, fungal diseases have been the most extensively
studied [248]. For anthracnose resistance, PvMAPK05, PvMAPK07,
PvMAPK09, and PvMAPK11 were potentially involved in the
anthracnose response, as significant changes of expression were
observed in response to anthracnose infection [249]. Integrated
analyses of GWAS and transcriptomic data have also identified
overlapping genomic regions and common candidate genes
for anthracnose resistance across multiple studies [250]. For
Fusarium wilt, a methyl esterase (MES), PvMES1, has been
identified that enhances Fusarium wilt resistance by regulating
the SA-mediated signaling pathway in common bean [251]. Liu
et al. identified eight PvTGA genes in common bean, distributed
on six chromosomes. Among these, PvTGA03 and PvTGA07 have
been implicated to play key roles in SA-mediated resistance to
Fusarium wilt [252].

Faba bean

There has been relatively limited progress in mapping biotic
stress resistance in faba bean. Regarding viral diseases, Faba bean

mosaic virus (FBNYV) was reported to originate in Azerbaijan
and spread to the Middle East and Africa [51]. Interestingly, the
Rhizobium leguminosarum bv. viciae Strain 33 504-Mat209 has been
shown to enhance faba bean resilience to Alfalfa Mosaic Virus. This
protective effect may be attributed to reduced non-enzymatic
oxidative stress indicators and increased activity of ROS scaveng-
ing enzymes, such as peroxidase (POX) and polyphenol oxidase
(PPO). The transcript levels of several polyphenolic pathway genes
(C4H,HCT,C3H, andCHS) and pathogenesis-related protein-1were
also elevated, suggesting their potential role in virus resistance
[253]. Advances in RNA-seq have facilitated genetic mapping for
resistance traits againstAscochyta andOrobanche, providing critical
tools for breeding disease-resistant cultivars [254]. Furthermore,
strigolactone secretion from faba bean has been shown to play a
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vital role in combating parasitic weeds like Orobanche and Pheli-

panche [255].

Mungbean

Bruchid resistance in mungbean is controlled by a single domi-
nant locus, Br, with additional modifying factors. Several candi-
date genes for bruchid resistance have been identified near the Br
locus on chromosome 5, including g5551 (encoding aspartic pro-
teinase), g34458, and g39185 (both encoding proteins with a BURP
domain) from wild mungbean [256, 257]. Further research has
identified Vradi05g03940 (VrPGIP1) and Vradi05g03950 (VrPGIP2),
both encoding polygalacturonase inhibitors, which confer resis-
tance to bruchids [258, 259]. The VrPGIP2 locus from mungbean
landrace V2802 has been successfully utilized to enhance bruchid
resistance in new mungbean varieties [260].

For Mungbean Yellow Mosaic India Virus (MYMIV), Sudha
et al. identified the gene Vradi04g06840, which encodes a
protein similar to suppressors of TYPEONE PROTEINPHOSPHATASE
4MUTATION (TOPP4–1), as a candidate for MYMIV resistance [111].
VRADI09G06940, a gene in the disease resistance protein family
(TIR-NBS-LRR class), was recently proposed as a key candidate for
MYMIV resistance [261]. In addition, MYMIV resistance has been
identified in black gram. The candidate genes encoding serine–
threonine kinase, UBE2D2, and BAK1/BRI1-associated receptor
kinase, may provide new resources for mungbean breeding [262].

Most sources of powdery mildew (PM) resistance in mungbean
are derived from Indian germplasm [263]. Fine mapping of QTLs
in the immune accession RUM5 has led to the identification of
the candidate gene VrMLO12 (LOC106773784), which encodes a
Mildew Locus O protein [264]. A cluster of Peronospora parasitica 13-
like (NBS-LRR) genes is also considered a candidate for resistance
at the qPMRUM5-2 locus [265]. Resistance to Cercospora leaf spot
(CLS) has been less studied, but in the resistant germplasmV4718,
CLS resistance is governed by a single gene andmapped to a stable
major QTL, qCLS, located on chromosome 6. The candidate gene
LOC106765332, which encodes a TATA-binding protein-associated
factor 5 (TAF5), has been identified for CLS resistance [266].

Cowpea

Cowpea rust, caused by Uromyces vignae, is a destructive foliar
disease. In 2018, Wu et al. identified one major QTL (Ruv1) and
two minor QTLs (Ruv2 and Ruv3) conferring rust resistance
in an RIL population. The Ruv2 locus was finally delimited
to a 0.45-cM interval (2_09656-2_00973) through fine-mapping
[267]. For Fusarium wilt, Hao et al. identified 31 differentially
expressed VuWRKY genes; Four differentially expressed WRKY

genes were selected for validation, leading to the discovery
of VuWRKY2 which can bind to the promoter region of the
Catalase (CAT) gene, indicating its potential role in transcriptional
regulation. For resistance to aphids, a transcriptome study
revealed candidate resistance genes including both conventional
resistance genes (e.g., LRR protein kinases), isoflavone reductases
(Vigun02g099000, Vigun02g099100) using near isogenic lines [123].
For CLS resistance, Heng et al. fine-mapped a major QTL qCLS9.1,
narrowing down to Vigun10g019300 and Vigun10g019400 as the
candidate genes for CLS resistance in the cowpea. These genes
codes for NAD-dependent malic enzyme and dynamin-related
protein, respectively [268].

Chickpea

Some potential breeding target genes for Fusariumwilt resistance
have been mapped, such as CaFeSOD, CaS13like, CaNTAQ1, and
CaAARS [269]. In addition, the Transcription factors like WRKY

also regulate resistance. Overexpression of CaWRKY40 confers
resistance to Foc1 by modulating defense-related genes, while
silencing CaMPK9 increases susceptibility [270]. CaMPK9 protein
protects the degradation of CaWRKY40 which induces resistance
response to Fusarium wilt disease, suggesting CaMPK9 as a
novel resistance gene [270]. The CaAHL18 gene was identified
for Ascochyta blight resistance under the robust QTL qABR4.1
[271]. The flowering-associated gene, GIGANTEA, was identified
as potentially crucial for Ascochyta blight resistance [272]. In
addition, a peroxidase gene for Ascochyta blight resistance
was revealed by fine mapping of qABR4.2, with higher expres-
sion in the resistant parent. The candidate gene CaAP2 was
identified [273].

Pea

Genes controlling resistance to Fusarium wilt have been identi-
fied, including the Fw, Fwf , and Fnw genes, conferring resistance
to different Fop races [274, 275]. Recent studies have identified
Psat6g003960, encoding an NB-ARC domain protein, as a candi-
date gene for FwS1 resistance [276]. For powdery mildew, the Er1

(PsMLO1) was found to confer broad-spectrum and durable resis-
tance in pea, with a colony abortion mechanism [277]. This gene
has been deployed for breeding pea cultivars worldwide [278].
For root rot resistance, multiple QTLs have been identified [279,
280], though resistance genes remain largely unidentified. Recent
studies are beginning to identify candidate genes for root rot
resistance [281]. In addition, the PDH45 gene has been confirmed
for its role in expressing sheath blight disease [240].

Applications of CIRSPR/Cas-based gene
editing techniques

Although still limited in its contribution to food legume improve-
ment, gene editing technologies, particularly CRISPR/Cas-based
systems, warrant a separate section in this review. CRISPR/Cas-
based genome editing has gained popularity due to its ease of
construction and ability to target multiple genes simultaneously
[282]. However, the application of CRISPR/Cas-based editing in
legume crops remains challenging due to several factors, includ-
ing genotype dependency, low editing efficiency, and poor regen-
eration rate [283–285]. Fortunately, hairy root transformation in
legumes has enabled the rapid screening of genetically trans-
formed lines. Food legumes have utilized sgRNAs either con-
structed de novo or borrowed from related species, such as soy-
bean, to establish multiple editing protocols (Table 3).

Cowpeawas among the earliest legume crops with gene editing
using CRISPR/Cas-based technique. In 2019, the VuSYMRK gene
encoding symbiosis receptor-like kinase (SYMRK) was mutated to
show completely block of nodule formation [286]. In 2020, three
cowpea meiosis genes (SPO11-1, REC8, and OSD1) were edited
using CRISPR/Cas9 [287]. In 2021, Che et al. reported a rapid
genome editing system using embryonic axis explants isolated
from imbibedmature cowpea seeds [290]. In 2023, Bridgeland et al.
evaluated three editing protocols in cowpea, including protoplast
isolation, a transient protoplast assay, and agroinfiltration assays,
by editing the VgPDS gene [296].

In 2023, Li et al. reported the first successful application of
the CRISPR/Cas9 genome editing in pea by developing a transient
transformation system of hairy roots. An efficient vector, PsU6.3-
tRNA-PsPDS3-en35S-PsCas9,was constructed and used for editing
the pea phytoene desaturase (PsPDS) gene [294]. The same year,
Bhowmik et al. created a CRISPR construct to knock out PsLOX2, a
gene implicated in the generation of volatile organic compounds

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/h
r/a

rtic
le

/1
2
/7

/u
h
a
f0

9
1
/8

0
8
4
7
7
7
 b

y
 g

u
e
s
t o

n
 2

8
 D

e
c
e
m

b
e
r 2

0
2
5



14 | Horticulture Research, 2025, 12: uhaf091

Table 3. Recent reports of CRISPR/Cas-based gene editing in food legume crops.

Year Crop Gene(s) edited Validated function/improved trait References

2019 cowpea VuSYMRK symbiotic nitrogen fixation [286]
2020 cowpea cv. IT86D-1010 VuSPO11, VuREC8, VuOSD1 meiosis [287]
2021 common bean cv. Chaucha-Chuga, Ica

Quimbaya, and Calima
raffinose synthase and stachyose
synthase genes

indigestible polysaccharide [288]

chickpea (commercial kabuli) 4CL and RVE7 drought tolerance [289]
cowpea cv. IT86D-1010 Vu-SPO11 meiosis [290]

2022 mungbean var. LGG460 AC1 and AV1 of MYMV MYMV resistance [291]
pea cv. CDC Amarillo LOX ∗ [292]
common bean XMPP, GSDA1–3, NSH1, NSH2,

XDH

nodule ureide biosynthesis [293]

2023 pea cv. Zhongwan 6 PsPDS phytoene desaturase [294]
pea cv. CDC Spectrum PsLOX2 volatile organic compounds [295]
cowpea var. IT97K-499-35 VgPDS phytoene desaturase [296]
common bean cv. CIAP7247F PvRS1, PvRS2, PvSS raffinose family oligosaccharides [297]

2024 common bean cv. Biyuhonghua PvPDS phytoene desaturase [298]

aUnavailable information.

in peas [295]. The gene-edited elite Canadian variety CDC spec-
trum demonstrated an improved fatty acid profile and enhanced
flavor. There have been less reports of CRISPR-based editing in
chickpea and mungbean. Badhan et al. edited the 4CL and RVE7

genes in chickpea protoplasts, two genes associated with drought
tolerance, with high efficiency achieved for the RVE7 gene [289].
In 2022, Pandey et al. used CRISPR/Cas system to edit a LOX

gene in chickpea [292]. Talakayala et al. designed 20-bp sgRNAs to
target the replication protein (AC1) and coat protein (AV1) genes
of the MYMV genome, resulting in gene-edited mungbean with
enhanced viral resistance [291].

Since 2021, there has been a surge in gene editing studies
in common bean, benefiting from the high genomic similarity
between common bean and soybean. Gene-editing protocols
developed for soybean can be readily applied to common bean.
For example, knock-out mutants of the raffinose synthase and
stachyose synthase genes showed reduced levels of indigestible
polysaccharides in common bean [288]. De Koning et al. used
the hairy root transformation system to assess the efficiency of
sgRNAs and the impact of different promoters. They also devel-
oped a computational model, Lindel, to accurately predict sgRNA
efficiency and the type of mutation in common bean genetic
transformation. De Koning et al. evaluated three transformation
methods using Rhizobium rhizogenes K599 to induce hairy roots.
They found that inoculating a severed radicle still attached to
the seedling produced the highest transformation efficiency.
Several highly efficient sgRNAs targeting genes involved in
the biosynthesis of raffinose family oligosaccharides were
identified, achieving high rates of frameshift mutations (>70%)
[297]. Similarly, Wu et al. successfully edited the PvPDS gene by
introducing an efficient vector, pGmUbi-Cas9-4XsgR, originally
developed for soybean. This system achieved an editing efficiency
exceeding 68% [298]. CRISPR/Cas9-based gene editing of XMPP,
GSDA1-3, NSH1, NSH2, XDH genes has also been combined with
metabolic analysis to validate their roles in common bean nodule
ureide biosynthesis [293].

Future perspectives

Legume research is at a critical juncture, driven by advancements
in panomics.Despite these innovations, several challenges persist,
ranging from the development of more applicable phenotyping
systems to deeper understanding of the mechanisms underlying
various stress responses. Additionally, there remains a need to

efficiently leverage and pyramid elite genes for desirable traits.
The following key areas are recommended as focal points for
future research and improvement in food legumes.

Better leveraging wild legume resources for
genetic improvement
A current major obstacle in harnessing novel resistance genes
for developing climate-resilient varieties is the under-exploration
of germplasm, particularly from wild species, which may harbor
unique traits that have yet to be incorporated into cultivated vari-
eties. Over half of the germplasm in genebanks remains unchar-
acterized, limiting its potential for breeding [299]. Expanding and
characterizing core and mini-core collections will be essential for
unlocking the full genetic diversity of legumes and tapping into
traits that could address current agricultural challenges. Further-
more, traits that influence consumer acceptance, such as cooking
behavior (e.g. cookability) and the content of anti-nutritional fac-
tors (e.g. lectins, phytic acid), remain poorly understood, especially
in wild germplasm. Mining new genes governing these traits will
be critical for marketability and consumer demand.

Harnessing ‘molecular phenomics’ for novel
gene discovery
Traditionally, understanding the phenotype–genotype ties in
legume yield, quality, and stress resistance have largely relied
on morphological or physiological traits. However, recent tech-
nological advancements in medical phenomics, featuring full-
dimensional monitoring with high accuracy and efficiency, have
significantly enhanced our understanding of organism growth
and development. This offers a powerful means to understanding
regulatory networks from a panomics perspective and to iden-
tifying genes governing complex traits. In line with this, here we
propose the adoption of ‘molecular phenomics’ into plant science,
a field focused on the chemical and biochemical signatures
(metabolites, proteins, transcripts, etc.) of cells and biofluids,
and how these change in characteristic ways during trait onset
and development. Using plant transcriptomic and metabolomic
data as ‘phenotypes’ for marker-trait linkage/association analysis
has already actually existed, enabling studies of expression QTLs
(eQTLs), metabolite QTLs (mQTLs), expression GWAS (eGWAS),
and metabolite GWAS (mGWAS). For example, Santos et al.
quantified the expression of nine genes in chickling pea related
to Uromyces pisi resistance and identified one cis-eQTL and one
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trans-eQTL controlling the expression variation of a glycosyl
hydrolase family 17 gene [300].

Epigenetic diversity, a post-translational regulatory strategy,
represents an additional layer of phenotypic variation. Epigenetic
modifications can be developmental or acquired, depending on
environmental factors, making epigenome mapping a promis-
ing avenue for uncovering dynamic regulatory mechanisms. The
mapping of epigenetic quantitative trait loci (epiQTLs) has gained
traction, especially in model plants like Arabidopsis [301, 302].
In crops like soybean, studies on methylQTLs [303] and the role
of DNA methylation in plant-microbe interactions, including root
nodulation, have already provided insights into epigenetic con-
trol [304, 305]. However, this approach has remained to be fully
explored in food legumes for identifying cytosine methylation
variants and key genes.

Toward more efficient genetic manipulation in
food legumes
As noted earlier, CRISPR-based gene editing in food legumes has
predominantly relied on the Cas9 protein. Compared to recent
advances in cereals, this gene-editing technology has lagged
behind. CRISPR/Cas12 proteins have shown superior properties
for in vivo gene editing [306]. Various Cas12 proteins, along with
base editors, have been successfully adopted in rice, wheat,
and other crops [307, 308], leading to significantly improved
editing efficiency. Technical advances in soybean provide a useful
reference for other food legumes. For example, editing of the NF-
YC4 promoter in soybean resulted in higher protein content and
increased fresh and dry weight in the GmNF-YC4 line [309]. We
believe that continued advances in gene editing will play a crucial
role in accelerating genomic studies and the development of
improved legume varieties by enabling precise traitmodifications.
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