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Throughout history, leguminous crops have contributed significantly to the
human diet. Grain legumes have long been identified as a valuable nutritional
source for humans. However, their significance extends beyond nutrition to
global food security, reducing reliance on chemical fertilizers, improving soil
health and increasing resilience to climate change. Recognizing their vital
importance in nutrition and agricultural production, scientists have worked
persistently to uncover new genetic traits in legumes, resulting in enhanced
yields, improved nutritional value and increased stress tolerance. Recently, the
availability of genomic resources for new traits in grain legume plants has greatly
increased, laying the groundwork for the adoption of advanced breeding
technologies. Gene editing has shown significant potential to improve crop
outcomes. This review critically examines the latest developments in gene-
editing techniques specific to major grain legumes, focusing on their
application in  enhancing legume crops with significant agronomic
characteristics. The article also shows the potential advantages associated
with these advancements. Over the years, advancements in technologies such
as Transcription Activator-Like Effector Nucleases (TALENs), Zinc Finger
Nucleases (ZFNs), Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR/Cas9), and the more recent Prime Editing technique have significantly
contributed to genetic enhancements. These innovations have improved
nutritional and market traits, boosted farming incomes, and increased the
accessibility of affordable nutritious food, particularly in developing nations.
Studies show that CRISPR/Cas9 is the most extensively applied gene editing
technology in grain legumes. The advent of this technology has transformed
genetic modification by offering exceptional precision and efficiency. This
progress has enabled the creation of grain legumes that are more resistant to
climate change and enhanced with improved nutritional content. Our research
highlights that soybeans have been the primary focus of CRISPR/Cas9 gene
editing efforts, surpassing any other grain legume, unlocking significant potential
for innovation and improvement. This article presents a scientometric analysis of
bibliographic data from the Web of Science using VOSviewer. It highlights global
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research trends, emphasizing China’s leading role in international collaborations,
the prominence of soybean (Glycine max) in CRISPR/Cas9 studies, and the key
researchers driving advancements in gene editing for food security.

KEYWORDS

TALEN, ZFN, CRISPR/Cas9, prime editing, grain legumes, gene-editing, visualization of
similarities viewer (VOSviewer)

Introduction

As we progress into the 21st century, significant climate change due
to human induced effects will lead to environmental degradation which
poses a challenge to global food production and ecosystem (Kole et al.,
2015; Cai et al., 2020a). It is projected that approximately 840 million
individuals worldwide will experience undernourishment by the year
2030 (Mohajan, 2022). Necessary transformations must be made in our
food production, processing, and consumption methods to remedy
2018).
Furthermore, a global transition towards vegetarian diets has been

these problems (Food and Agriculture Organization,
recognized as a crucial imperative in addressing issues related to
malnutrition and sustainability (Food and Agriculture Organization,
2018; Willett et al, 2019). Recently, there has been advancing
exploration for substitutes to animal-based food, leading to increased
attention on legumes as favorable choices, due to their numerous
favorable economic, social and environmental characteristics
(Stagnari et al, 2017). In this time of climate change challenges,
breeders have made remarkable progress in developing grain legume
varieties that are notably resilient. Yet, the journey towards perfection
continues. Experts are now exploring the exciting possibility of breeding
innovative climate-smart soybean varieties to use the atmospheric
drying phenomenon, enhancing their nitrogen fixation capabilities,
and potentially increasing yields and resilience. This promising
direction not only highlights the adaptability and ingenuity in
agricultural practices but also opens new avenues for sustainable
agriculture. As we consider the future and the challenges it holds,
the potential of gene editing technologies comes into question. Gene
editing (GE) or genome editing (GE) has gradually become an integral
part of plant breeders’ tools, garnering worldwide attention for its
significant potential in advancing crop improvement initiatives.
Techniques comprising TALENs, ZFNs, the CRISPR/Cas 9 system
and prime editing are being effectively used in gene editing, offering new
prospects for addressing the agricultural challenges of tomorrow. This
review offers an updated perspective on the advancements in gene-
editing methods for enhancing grain legumes. It discusses the essential
requirements and challenges that remain in applying this technology to
agriculture. Furthermore, it highlights the contribution of gene editing
to legume research and development.

Importance of legumes

The “poor man'’s meat” as a global food and
health security

Legumes rank highly as crucial crops worldwide. Throughout

history, grain legumes have been an integral part of traditional diets
across diverse cultures. They offer a wealth of nutritional benefits,
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including protein, starch, dietary fiber, phytochemicals, and
micronutrients, while maintaining a low-fat content (Siddhuraju
and Becker, 2003). A substantial collection of biochemical,
epidemiological, and clinical studies strongly suggests a positive
connection between grain legume consumption and a lower
occurrence of illnesses, such as cardiovascular diseases, cancer,
diabetes, and obesity. (Siddhuraju and Becker, 2003; Vadivel and
Pugalenthi, 2008). Studies have also highlighted the potential
nutritional value of lesser-known or wild legume seeds and other
pulses that hold significance for tribal communities (Vadivel and
Pugalenthi, 2008). Recognized for their high levels of protein, fiber,
and essential micronutrients, underutilized legumes like Mucuna
pruriens and Bauhinia purpurea have demonstrated significant
health benefits and exhibit strong adaptability to challenging
environments, particularly due to their drought resistance.
Incorporating these legumes into diets can improve food security
and enhance nutrition in rural and local communities (Janardhanan
et al,, 2003; Vadivel and Pugalenthi, 2008). In addition, inadequate
intake of essential micronutrients and malnutrition resulting from a
lack of dietary protein can lead to conditions such as kwashiorkor,
marasmus, anemia, compromised immune function, and
environmental enteric dysfunction. These conditions are most
prevalent in developing nations and countries with minimal
financial resources, such as South Asia and sub-Saharan Africa,
earning it the well-known nickname as the “poor man’s meat”
(Pinstrup—Andersen et al., 1993; Brabin and Coulter, 2009;
World Health Organization, 2004;

Organization, 2004). A larger share of individuals living in these

Food and Agriculture

areas primarily rely on maize, sorghum, rice and cassava as staple
foods in their daily diets. While these foods are high in starch
content, they lack an adequate protein supply (Levin et al., 1993).
Consequently, a significant proportion of the population in these
regions, particularly infants, do not meet their daily protein
requirements, which can have adverse effects on their growth
and development (Asare et al., 2010; Larweh et al., 2019).

Grain legumes are an excellent source of plant-based protein and
have various medicinal properties. They contain proteins that help
regulate sugar and water levels, and metabolism, while supporting
reproduction and body and brain development. Research has shown
that phytosterols are found in grain legumes (soy, peas, and beans)
(Ryan et al., 2007; Singh et al., 2021). Phytosterols have antioxidant
properties and compete with fats in the gut for absorption due to
their phytochemical composition resembling cholesterol (Ryan
et al,, 2007; Singh et al,, 2021). Phytosterols are recommended
for conditions including breast cancer and osteoporosis (bone
loss), as well as for lowering blood cholesterol levels (Messina,
1999; Salgado and Donado-Pestana, 2011; Singh et al, 2021).
Legumes also possess diuretic effects, although adding fat and
salt can diminish this benefit (De and De, 2019; Yao et al., 2020).
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Egyptian studies have shown that foul beans (fava beans) have
beneficial effects in reducing diarrhea in infants, thereby lowering
infant mortality rates (Wells, 2016). Furthermore, these beans have
been found to help regulate blood sugar levels in individuals with
diabetes. Chickpeas, known for their positive effects on the pancreas
and stomach, have a higher iron content compared to any other
grain legumes. They also contain unsaturated fats (Wood and
Grusak, 2007). In China and Japan, soybeans are used to clear fat
deposits from the blood, improve pancreatic function, and detoxify
the intestines (Jayachandran and Xu, 2019). Soybeans and soybean
products have various advantages, including increasing milk
production during nursing, reducing hypertension during

pregnancy, addressing malnutrition, and providing brain
nourishment through lecithin (Zaheer and Humayoun Akhtar,
2017; De and De, 2019).

Beans are considered a staple in the American diet, in most Latin
American diets, and generally worldwide (Berglund-Briicher and
Briicher, 1976; Nabhan, 2016). Due to its affordability, beans are
often unfairly labelled as a ‘poor man’s meat’, especially in sub-
Saharan Africa (Asare et al., 2010; Samaranayaka, 2017; Asiamah,
2020). It may no longer be regarded as “poor man’s meat,” but rather
as a nutritious and healthy alternative to conventional meat. Thus,
grain legumes are a helpful fragment of the world’s food and health
security. It is said ‘if you are looking to cut back on red meat,
consider adding more beans to your diet' (Schofield and

Henderson, 2015).

Grain legumes: nature’s nitrogen-fixing
powerhouse

The Romans recognized the benefits of legumes in animal feed
and soil improvement as early as 37 B.C., appreciating their
2016).
Nitrogen is a major element necessary for the development of

nitrogen-fixing abilities (Vasconcelos and Gomes,
plant biological structures. Plants require an adequate supply of
nitrogen for optimum growth and development, which directly
influences crop yield and quality. Adequate nitrogen availability
is vital as it affects not only the yield but also the nutritional
composition of plant-based food products, which serve as feed
for both animals and humans (Peoples et al., 2021). Plants have
two primary ways of acquiring nitrogen: through root assimilation
or, as in legumes, through atmospheric fixation (Sulieman and Tran,
2015; Kiba and Krapp, 2016). Nevertheless, farmers rely heavily on
synthetic nitrogen fertilizers derived from fossil fuels to improve
agricultural production. This dependency on chemical fertilizers is
driven by the goal of maximizing crop yields and ensuring profitable
harvests. With the global population projected to exceed nine billion
by 2050, there is an urgent need to increase annual legume
production by at least 70% over the next 3 decades (Dave et al,
2024). This growth is essential to address the escalating global
demand for food security (Yitbarek, 2019). Hence, a critical
question arises: How can we effectively manage or minimize the
application of synthetic nitrogen fertilizers while advancing
sustainability in the context of the Next Green Revolution or
food security? Grain legumes are known for their remarkable
ability to convert atmospheric nitrogen gas (N,) into organic
nitrogen, essentially making their own fertilizer out of thin air,
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providing vital nourishment for the next crop. Legumes, in

comparison to industrial nitrogen fixation, offer valuable
ecosystem services and function as environmental “guardians.”
They contribute by decreasing reliance on synthetic nitrogen
fertilization, promoting soil conservation, and fostering diverse
With  the

transformations in the American and global food sector, it

and biodiverse agricultural systems. expected
becomes clear that dedicated efforts should be directed towards
the production and improvement of grain legumes. Over the last
20 years, there has been a significant rise in applied and basic
scientific research focusing on various model legumes, including
soybeans (Glycine max), a grain legume whose genome was recently
fully sequenced (Stupar and Specht, 2013). These investigations have
yielded valuable findings, particularly in reference to symbiotic
nitrogen fixation-associated genes present in soybeans. Notable
genes include signaling receptors such as GmNFRIf and
GmNFRIa, which function as LysM receptor kinases and NF
receptors (Stracke et al.,, 2002; Endre et al.,, 2002; Madsen et al.,
2003; Arrighi et al., 2006; Smit et al., 2007; Indrasumunar et al., 2010;
Indrasumunar et al., 2011; Indrasumunar et al., 2015). Additionally,
genes associated with nodule signaling and nodule organogenesis,
for instance GmSYMRKa and GmSYMRKJ, function as leucine-rich
repeat receptor kinases (LRR-RK) that are fundamental for both
root nodule and mycorrhizae symbiosis (Sulieman and Tran, 2015;
Kiba and Krapp, 2016; Peoples et al, 2021). Moreover,
autoregulation of nodulation (AON) genes like GmNARK and
GmRICI1/2, functioning as LRR receptor kinases, play a pivotal
role in the systematic regulation of nodule numbers. Finally,
small peptides derived from roots have been identified as long-
distance signaling (Nishimura et al., 2002; Krusell et al., 2002; Searle
et al., 2003; Schnabel et al., 2005; Gresshoff et al., 2025). Root-
derived small peptides are crucial for long-distance signaling in
plants, especially for adapting to nitrogen (N) availability
fluctuations. This research has demonstrated that during nitrogen
starvation, rootlets secrete small peptides that travel to the shoot,
where they are detected by two leucine-rich repeat receptor kinases
(LRR-RKs). This signaling pathway is vital for the plant to adjust its
root development and nitrate uptake in response to localized N
deficits. Arabidopsis plants lacking this signaling mechanism show
growth retardation and symptoms of N deficiency. CRISPR-Cas9
has been successfully utilized to enhance nodulation in grain
legumes, optimizing nitrogen fixation for improved soil health
and sustainable crop production (Table 4).

Gene editing technologies as a
sustainable approach for enhancing
food security

The study of gene editing in vitro has been ongoing since the
1970s when it was found that exogenous DNA could be taken up by
bacteria or yeast and incorporated into the genome of interest. This
was later followed by a demonstration of integration of DNA into
the genome of the yeast Saccharomyces cerevisiae (Scherer and
Davis, 1979). In this process, a specific gene of interest is
precisely targeted to alter its function. A nuclease, an enzyme
that cuts nucleic acids, is employed to cleave the DNA sequence
of that gene, thereby disrupting its structure. Following the cleavage,
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a new gene can be inserted, alterations can be made to existing
sequence, or specific segment of genomic DNA can be deleted. The
field of genome engineering has advanced with the development of
highly precise gene-editing tools, including Zinc Finger Nucleases
(ZFNs), RNA-Guided Engineered Nucleases (RGENs), and

Effector (TALENS)
However, the groundbreaking

Transcription Activator-Like Nucleases
(Arrighi et al, 2006).
introduction of CRISPR-Cas system technology has garnered
global attention. This innovative editing system, along with
other gene editing tools, operates based on three fundamental
biological mechanisms, as noted by Sauer et al. (2016) and
Songstad et al. (2017). These mechanisms are: first, the ability
to precisely identify specific DNA sequences; second, the capability
to cleave DNA at those exact locations; and third, the engagement
of the cell’s innate DNA repair machinery. All gene editing tools
utilize nucleases, the enzymes responsible for DNA cleavage. In
addition  to
mutagenesis

nuclease-based
(ODM) provides
targeted alteration of a specific DNA nucleotides at a desired
location (Sauer et al.,, 2016; Songstad et al., 2017). These tools
provide a sustainable approach to improving food security in grain

technologies,  oligo-directed

another approach, enabling

legumes. These tools enable precise modifications to the genetic
makeup of grain legumes, potentially leading to improved crop
yields, enhanced nutritional value, and greater resilience to
environmental stresses. By targeting genes associated with traits
like nutrient production, yield potential and stress responses, gene
editing can improve resource utilization and promote stable crop
yields. Gene editing provides opportunities to address limitations
in the nutritional composition of grain legumes, making them
more nutrient-rich and accessible as food sources. Moreover, gene
editing offers the potential to develop legume varieties better suited
to evolving climatic conditions, thereby ensuring consistent and
dependable food production.

Currently, there are only a limited number of applications of
genome editing techniques, particularly CRISPR-based systems—in
both the market and pre-market stages (Metje-Sprink and Mishra,
2020; Parisi and Rodriguez-Cerezo, 2021). This scarcity can be
attributed to the relatively recent development of genome editing
technologies, coupled with regulatory uncertainties surrounding
their use in many countries. Nonetheless, it is anticipated that
numerous new applications are likely to arise in the future and
eventually become available on the market (Metje-Sprink and
Mishra, 2020). As of now, there are a limited number of
commercially available genome-edited crops globally. The two
most notable examples are high-oleic soybean in the
United States and tomatoes enriched with y-aminobutyric acid
(GABA) in Japan. GABA, a naturally occurring compound, has
been shown to effectively lower blood pressure (Nonaka et al., 2017).
In 2023, mustard leaf enriched with nutrients using CRISPR/Cas
technology, offering higher nutrition compared to lettuce, was
launched in the U.S. market by the Pairwise Company®, with
expectations that numerous other genome-edited crops will be
introduced in the coming years (Metje-Sprink and Mishra, 2020).
High-oleic soybeans provide enhanced oil stability by having
increased levels of oleic acid and reduced levels of linolenic acid
(Demorest et al., 2016). However, despite its transformative
potential, the application of CRISPR/Cas in agriculture requires
stringent regulatory oversight to ensure safety and ethical
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considerations. As genome-editing technologies evolve, ongoing
research and adaptive regulatory frameworks are essential to
harness their full potential for sustainable crop development and
global food security.

Transcription activator-like effector
nuclease (TALEN) application in
grain legumes

TALEN has become a significant instrument in the progress of
gene editing, offering remarkable contributions. Originating from
the pathogenic bacterium Xanthomonas, which is responsible for
causing severe diseases in diverse crops, TALEN showcases a
fascinating evolutionary background. During the infection
process, Xanthomonas employs a type III secretion system which
introduces transcription activator-like (TAL) proteins within the
cytoplasm of the target cells. These TAL proteins function as
transcription factors within the host, triggering advantageous
developmental alterations in plants that facilitate bacterial
colonization during the disease progression. The structural
composition of TALs primarily encompasses three essential
elements: nuclear localization signals, a central region containing
tandem repeats, and a transcriptional activation region (Boch et al.,
2009). The tandem repeat regions, typically consisting of
33-35 highly conserved amino acids, serve a pivotal function in
DNA binding (Zhang et al., 2014). Target DNA binding specificity is
determined by hypervariable residues situated at positions 12 and
13 within the repeat domain. Termed repeat-variable di-residues
(RVDs), these residues are associated with the four DNA bases. In
the context of TALENS, the activator domain is substituted with
Fokl, thereby transforming TALEN into target-specific gene editing
tools (Figure 1). TALENS are used in pairs to generate double-strand
breaks via FokI, binding to opposite DNA strands with a spacer
region in between (Zhang et al., 2014). Initially, TALENs were
designed by linking the FokI nuclease to the C-terminal activator
domain, but truncating the C-terminal sequences improved TALEN
efficiency. However, the application of TALENS in grain legumes for
genome editing has shown limited promise, although some attempts
have been made in specific legume crops such as soybean (Bedell
et al,, 2012; Joung and Sander, 2013) (Table 2). TALENs have been
successfully used to target the soybean Fatty Acid Desaturase 2
(FAD?2) gene to enhance oleic acid production (Tablel) (Haun et al.,
2014). TAL effectors were successfully employed in soybeans to
develop dwarf and albino phenotypes by altering the GmPDSI1 and
GmPDS18 genes (Du et al., 2016).

While TALEN construction is comparatively simpler than that
of ZFNs, it lags behind CRISPR technology. Designing a TALEN
pair to target a 20 bp gene necessitates the design and assembly of
20 repeat-variable di-residues (RVDs) into a plasmid. These two
steps have been described by researchers as a time-consuming and
tedious process (Baloglu et al., 2022). Less than this effort, CRISPR
technology enabled the construction of a plasmid targeting
10 different genes. However, CRISPR raises ethical concerns and
questions. One major issue is the potential for unintended
consequences, such as off-target mutations that might disrupt
non-target genes, raising safety and environmental concerns.
There are also worries about ecological imbalance, especially
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FIGURE 1
Conceptual overview of gene editing in grain legumes for food security.

TABLE 1 TALEN-mediated genome editing technology application in grain legumes.

Function/trait Outcome References

Delivery method Gene of interest

Glycine max A. rhizogenes strain FAD2 Conversion of oleic acid to linoleic = Higher oleic acid and lower linoleic | Haun et al. (2014)
(Soybeans) K599- mediated delivery acid changes the fat composition in | acid content

soybean oil
Glycine max A. rhizogenes strain K599 = GmPDS11 and GmPDS18  Involved in the carotenoid Development of dwarf and albino Du et al. (2016)
(Soybeans) biosynthesis pathway buds
Glycine max Agrobacterium- Fatty Acid Desaturase Synthesis of fatty acids, influencing = Improved oil quality, with higher Demorest et al.
(Soybeans) mediated transformation = genes (FAD2 and FAD3) | oil quality oxidative stability (2016)
Glycine max A. rhizogenes strain K599 = GmDcl2b Biogenesis and function of small Generated mutations using Curtin et al.
(Soybeans) RNAs TALENS; the heritability of (2018)

mutations was not specified

when gene-edited organisms are released into the wild without
thorough long-term studies. In the global South, equity and
access emerge as pressing ethical concerns—will smallholder
farmers benefit from this technology, or will it deepen existing
inequalities in agricultural systems? Moreover, the lack of
regulations lead to ethical
dilemmas in trade, labeling, and consumer choice (Kuzma, 2018).

harmonized international can
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Lastly, there is public distrust, partly fueled by associations with
GMOs, that raises questions about informed consent, transparency,
and societal oversight in the use of genome-edited grain legume
crops (Ishii and Araki, 2017). Despite this, CRISPR has gained
popularity as a genome-editing tool because of its convenience,
effectiveness and ability to target multiple genes simultaneously
(Jacobs et al, 2015; Song et al, 2024). Nonetheless, there are
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instances where TALENS are preferred. One key advantage is their
ability to target longer DNA sequences, which helps reduce the
likelihood of off-target mutations (Haun et al., 2014). In such cases,
researchers may opt for TALENs over CRISPR to reduce the
minimize the chances of off-target effects. Modern genome
editing approaches have significantly advanced in their ability to
target longer and more specific DNA sequences while minimizing
off-target activity. Tools like TALENSs (Transcription Activator-Like
Effector Nucleases) offer a distinct advantage by recognizing longer
DNA motifs (typically 30-40 bp), which enhances target specificity
and reduces the risk of unintended gene modifications or silencing
(Haun et al., 2014; Joung and Sander, 2013). This feature makes
TALENs particularly valuable in applications requiring high
precision, such as modifying single-copy genes in complex plant
genomes. Additionally, the CRISPR/Cas system has been refined
through innovations such as high-fidelity Cas9 variants (e.g.,
SpCas9-HF1, eSpCas9) and paired nickases, which drastically
reduce off-target cleavage (Slaymaker et al., 2016; Kleinstiver
et al, 2016). Furthermore, base editing and prime editing
techniques now allow for single-nucleotide edits without inducing
double-stranded breaks, further decreasing the chances of off-target
effects and off-site silencing (Komor et al., 2016; Anzalone et al,,
2019). These modern advancements are enabling researchers to
pursue gene editing with a higher degree of confidence and safety,
especially in crop species where unintended mutations could have
broad agronomic implications.

Zinc finger nucleases (ZFN) application in
grain legumes

The early 1990s marked considerable progress in genome-editing
technology. With a more thorough understanding of DNA repair
mechanisms, the first targeted genome-editing strategy, Zinc Finger
Nucleases (ZFNs), was devised. This technique integrates a zinc finger
protein domain with a nuclease domain to enable precise gene editing.
Similar to the TALEN method, ZFNs function as pairs to create double
strand breaks in DNA, utilizing the FokI enzyme for cutting. The zinc
finger (ZF) domain is made up of as many as six protein subunits, each
designed to bind to a specific DNA sequence. These zinc finger proteins
(ZFPs) are engineered to interact with Zn*" ions, which stabilize their
structure, enabling them to bind effectively to three DNA base pairs
(Figure 1). Three primary strategies have been implemented to construct
ZFNs: (1) assembling modular ZEN domains that allow researchers to
select specific sequences and create a ZFN pair; (2) using context-
sensitive selection methods to design novel ZFNs tailored to desired
targets; and (3) combining pairs of double ZFN domains through
computational optimization and pre-existing libraries to achieve
specific locus targeting. These approaches have been successfully
applied by researchers, as documented in numerous studies. The
application of ZFNs has been demonstrated across different
organisms, including human cells, and has achieved limited success
in legumes. Beyond Agrobacterium-mediated transformation, direct
delivery methods like electroporation and nanoparticle-based systems
are being optimized for ZFNs in grain legumes. These approaches aim to
improve efficiency, especially in recalcitrant species like peanuts (Arachis
hypogaea), where traditional methods often yield low transformation
rates (Ahmad et al,, 2021). However, ZFNs face challenges compared to
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newer technologies like CRISPR/Cas9. They are more complex to design
and engineer, which can complicate their development and application.
Additionally, ZFNs may exhibit reduced precision compared to
CRISPR/Cas9, leading to unintended genetic changes. Even with
these limitations, ZFNs have played a role in advancements in
genome editing. Nonetheless, the emergence of CRISPR/Cas9, which
offers greater efficiency and user-friendliness, has largely replaced ZFNs
as the preferred genome-editing tool among scientists. Despite these
challenges, Zinc Finger Nucleases (ZFNs) have demonstrated utility in
legumes, particularly in soybeans (Glycine max), where they have been
applied to precisely modify genes like GmLox1 and GmLox2. These edits
have been effective in reducing the activity of lipoxygenase enzymes,
which is beneficial for enhancing the taste profile of soybean products
(Table 2). Additionally, ZFNs have been utilized to target the DCL4 gene,
resulting in improved lateral root formation.

Despite these successes, the broader implementation of ZFNs in
other grain legumes—such as peanuts (A. hypogaea), chickpeas
(Cicer arietinum), and cowpeas (Vigna unguiculata)—has faced
significant challenges. These crops have inherently complex
genomes, and their resistance to conventional transformation
methods has complicated the effective application of ZFNs. To
overcome these limitations, research has increasingly focused on
refining the techniques used to deliver ZFNs into plant cells.
Although  Agrobacterium-mediated  transformation is  still
frequently employed, alternative delivery methods—including
and protoplast

electroporation, nanoparticle-based  vectors,

transformation—are under active development.

Gene-edited grain legumes by CRISPR/
Cas system

The CRISPR/Cas system, widely recognized as the leading genome-
editing tool, has garnered significant attention in the scientific
community since its introduction in 2012(Jinek et al, 2012; Menz
et al,, 2020; Parisi and Rodriguez-Cerezo, 2021). Unlike conventional
genetic modification, genome-edited plants using CRISPR/Cas system
may not be classified as GMOs, facilitating their regulatory acceptance
worldwide (Molinari et al, 2024). Originally derived from bacterial
defense mechanisms, CRISPR/Cas consists of a guide RNA (crRNA)
that directs the Cas protein to a specific DNA sequence, enabling
targeted modifications. The most widely used systems, CRISPR/
Cas9 and CRISPR/Casl2a, allow for precise genome alterations,
including gene knockouts and base editing. This natural mechanism-
based technology has outperformed other genome editing tools,
including meganucleases, ZFN technology and TALENs, and was
named the groundbreaking innovation of the year in 2013. CRISPR’s
remarkable advantages and versatility have propelled it to the forefront of
genome editing, enabling precise modifications and revolutionizing the
field of genetic engineering (Menz et al., 2020). Compared to alternative
genome editing methods, CRISPR offers superior speed, affordability,
accuracy, and efficiency. The potential applications of CRISPR/Cas-
mediated genome editing encompass diverse approaches that depend on
the activities of Cas enzymes and the repair mechanisms for double-
strand breaks (Huang et al., 2022). The CRISPR/Cas system has a broad
spectrum of applications in gene function studies. CRISPR can induce
gene silencing or knockout by inserting or deleting a few nucleotides,
with subsequent repair through non-homologous end joining (Figure 1)
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TABLE 2 Zinc finger nucleases (ZFN)-mediated genome editing technology application in grain legumes.

Outcome References

Function/trait

Legume Technique Delivery method Gene of

interest
Glycine max ZFN Agrobacterium- GmLox1 and
(Soybeans) mediated transformation = GmLox2
Glycine max ZFN Agrobacterium- DCL4a/b
(Soybeans) mediated transformation

(Peng et al, 2016). Alternatively, when homology-directed repair is
established, CRISPR/Cas9 genome editing, alongside a DNA donor, can
be utilized to facilitate the replacement of undesirable genes or to target
overexpression of specific genes. Additionally, by rendering the
Cas9 enzyme inactive and coupling it with transcription effectors or
other enzymes (dCas9), the CRISPR/Cas system can be employed for
epigenome editing and base editing. Most large-seeded legumes
primarily rely on Agrobacterium-mediated transformation, though
biolistic technologies have also been utilized (Table 4). Effective gene
editing in grain legumes has been accomplished, with approximately
60% of successful edits out of multiple attempts using Agrobacterium
tumefaciens C58 and Agrobacterium rhizogenes K599 as the delivery
methods (Table 4).

Recent technological advancements have significantly broadened
the capabilities of the CRISPR/Cas9 toolbox. The introduction of
Cas9 nickase variants, such as dCas9 for CRISPR activation
(CRISPRa) and CRISPR interference (CRISPRi), has allowed for
greater precision in gene expression modulation (Piatek et al., 2015).
Additionally, the development of DIOA Cas9 allows for the
introduction of targeted mutations without causing DNA breaks,
making it suitable for base editing applications.

CRISPR/Cas9-mediated genome editing has been successfully
implemented in certain grain legume crops (Table 4), including
chickpea, soybean and cowpea, where transformation protocols are
available. Several successful trials, optimizations and modifications
have been reported. The following discussion covers publications
addressing genes of interest, gene function and outcome of the
CRISPR/Cas 9 mediated gene editing reported since 2015. First, in
lentil, the scarcity of reports of successful transformation, and the
transformation efficiency remains below 1%, despite attempts at
in vitro plant regeneration using different lentil tissues, including
epicotyls, nodal segments, cotyledonary nodes, shoot tips,
embryonic axes and root structures. (Warkentin and McHughen,
1993; Akcay et al., 2009; Sarker et al., 2003; 2019). Of all the studies
conducted, it was found that the cotyledon-attached decapitated
embryo showed the most favorable response for in vitro
regeneration after Agrobacterium-mediated genetic
transformation (Sarker et al., 2003). Given that the quantity of
shoots regenerated per explant significantly impacts the
transformation efficiency and the effectiveness of CRISPR/Cas9-
based gene editing, there is a need for future optimization of the
protocol by using
combinations. Again, success in soybean trait transformation has

suitable mineral media and hormone

been successful since the arrival of CRISPR/Cas9. For example, Liao
et al. (2024) used the CRISPR/Cas9 system to target acyl-acyl carrier
protein (ACP) thioesterases that are involved in fatty acid
of GmFATAl and
GmFATA2, resulting in decreased fatty acid content and growth

biosynthesis, resulting in mutations
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production of 2 base pair differences in the genes of = Curtin et al.
lipoxygenase enzymes  interest to reduce lipoxygenase (2011)
activity
Dicer-like protein Enhanced lateral root growth Menz et al.
(2020)

abnormalities. Alternatively, overexpression of ACP increased leaf
fatty acid content, vegetative growth, seed yield, and seed fatty acid
content. Additionally, Song et al. (2024) successfully edited the
lincCGl1 gene (a long non-coding RNA), which regulates soybean
seed storage protein expression, generating f-conglycinin-deficient
soybean lines with lower allergenicity.

Moreover, CRISPR/Cas9 is a powerful tool for enhancing
disease resistance in pulse crops, but careful research is needed to
minimize potential agronomic trade-offs. Singer et al. (2024)
identified key target genes for improving resistance: knockout of
MLO, DMR6, and PMR4 strengthened defense against powdery
mildew, downy mildew, and Phytophthora spp., respectively. Editing
EDRI, CRT1, and ERF regulated disease-related signaling pathways,
though some mutations impacted plant growth and drought
tolerance. Disrupting transcription factors like WRKY and JAZ2
reduced susceptibility to bacterial and fungal pathogens without
affecting other agronomic traits. Modifications to SWEET gene
promoters prevented pathogen exploitation of sugar transport
while maintaining yield, and mutation of PUBI7 (E3 ubiquitin
ligase) enhanced resistance to Botrytis cinerea and Alternaria
solani in tomato. However, some edits caused unintended effects,
such as reduced growth or increased susceptibility to other stressors,
highlighting the need for careful evaluation before application in
breeding programs.

Although CRISPR/Cas9 may provide results comparable to
other gene editing techniques, some important challenges and
limitations still exist. One significant challenge is the issue of off-
target effects that occur when CRISPR/Cas9 inadvertently alters
DNA sequences that are similar to the intended target. This can lead
to unintended genetic changes and raise concerns about the safety
and accuracy of the technique. Gene editing, especially through the
CRISPR/Cas9 system, holds great promise for developing new plant
varieties, but the diverse regulatory landscape across jurisdictions
poses challenges and trade dilemmas for plant breeders (Singer et al.,
2024). Regulatory frameworks for gene editing vary significantly
across countries, and ongoing debates regarding their responsible
use contribute to global uncertainty in technology adoption (Peters,
2021). This regulatory ambiguity has direct implications for food
security, as it influences the pace at which gene-edited
crops—designed to be more resilient, nutritious, and high-
yielding—can be developed and distributed. In countries such
as the United States and Canada, regulatory decisions are based
on the novelty of the trait rather than the technology used,
enabling a more streamlined path for deploying genome-edited
crops. For instance, the U.S. classifies gene-edited varieties
without foreign DNA as conventionally bred, while Canada
applies a risk-based, product-triggered approach that assesses
the safety of new characteristics, regardless of the breeding
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TABLE 3 Comparative overview of global regulatory frameworks for gene editing for food security.

Country/ Regulatory GMO classification Description
Region approach
United States Trait-based, case-by-case = Not a GMO if no foreign DNA USDA (via SECURE Rule) exempts certain CRISPR crops if indistinguishable
from conventionally bred varieties. FDA review is voluntary unless food safety
issues arise
European Union Process-based, Always a GMO All gene-edited organisms fall under 2001/18 GMO Directive, regardless of
precautionary whether transgenes are present
China Revised 2022, progressive = Not a GMO if no transgenes Introduced new guidelines for approval of gene-edited crops; streamlined approval
process for CRISPR-edited plants without foreign DNA.
Argentina Product-based Not a GMO if no new genetic First country to implement case-by-case regulation of genome-edited crops
combination through Resolution 173/2015
Brazil Product-based Not a GMO if mimicking CTNBio (National Technical Commission on Biosafety) regulations allow CRISPR
conventional breeding if no recombinant DNA remains
Japan Tiered approach Not a GMO if no transgene MHLW and MAFF exempt CRISPR-edited products without transgenes from
strict GMO law; GABA tomato approved in 2021
Canada Novel trait-based It depends on trait novelty, not Product-based trigger: gene-edited crops may require full risk assessment if traits
method are novel
Australia Product-based Not a GMO for SDN-1 edits As 0f 2019, SDN-1 gene edits (no template, no transgene) are excluded from GMO
regulation

Sources: Smyth (2020), Mbaya et al. (2022), and Liberty et al. (2024).

method (Table 3). Argentina has similarly positioned itself as a
global leader by implementing early and innovation-friendly
that edits from GMO
regulation, accelerating access to improved crop varieties
(Rose et al., 2020; Peters, 2021) (Table 2). Such regulatory
flexibility is crucial for ensuring that gene editing can
effectively contribute to global food security by enabling the

policies exempt non-transgenic

rapid development of crops that address malnutrition, climate
stress, and yield limitations.

Prime editing: a precise “search and replace”
genome editing technique

Achieving precise genome editing has been a central goal for
applications in functional genomics and crop enhancement. In
comparison to homology-directed repair (HDR), base editing
techniques offer significantly greater efficiency—up to 100 times
higher—in producing targeted mutations (Komor et al, 2016; Mishra
et al, 2020). Among base editors, cytosine base editors (CBEs) and
adenine base editors (ABEs) are widely utilized, enabling C-G-to-T-A and
A-T-to-G-C conversions, respectively, through the integration of
nCas9 or dCas9 with specific deaminases. These base editors have
been successfully utilized in a variety of crops, including rice, wheat,
maize, tomatoes, and cotton (Nishida et al., 2016; Shimatani et al,, 2017;
Zong et al,, 2017; Kang et al,, 2018; Li et al., 2018; Qin et al., 2020). While
base editors have demonstrated remarkable efficiency in plants, they are
currently restricted to facilitating only four specific types of base
modifications. To effectively manipulate a broader range of agronomic
traits, it is essential to achieve the remaining eight nucleotide substitutions
(A T-t0-C-G, C-G-to-A-T, T-A-to-A-T, and G-C-to-C-G) as well as
induce deletions or insertions (Biswas et al., 2022a).

Frontiers in Genome Editing

Prime editing, a recently developed method derived from
CRISPR/Cas9  technology, modified
transcriptase catalytically
8Cas9 endonuclease (nCas9), and a prime editing guide RNA to

combines a
with a

reverse
paired inactive
facilitate precise genetic modifications (Mishra et al., 2020; Biswas
et al., 2022a; Zhong et al, 2022). Prime editing provides a
compelling solution by enabling highly precise and versatile
genome modifications, allowing nearly any desired type of edit
to be made. This approach utilizes three plant prime editor (PPE)
systems: PPE2, PPE3, and PPE3b. This system combines an nCas9
(H840A) fused with an engineered M-MLV reverse transcriptase
and a prime editing guide RNA (pegRNA), which includes a
primer binding site (PBS) and a reverse transcriptase template.
Additionally, PPE3 and PPE3b incorporate a nicking single guide
RNA (sgRNA) to enhance DNA repair efficiency (Anzalone et al.,
2019; Biswas et al., 2022a). Among these, PPE3b stands out by
producing fewer insertions or deletions (indels) in plant cells
compared to mammalian cells, even though the editing
efficiencies of the three systems are comparable (Anzalone
et al,, 2019). Once optimized for specific crops, prime editing
holds tremendous potential in achieving a broader range of precise
mutations, thereby contributing significantly to crop improvement
efforts (Tang et al., 2020).Recent research has shown the successful
implementation of prime editing in several plant species, including
rice, wheat, maize, potato, and tomato (Food and Agriculture
Organization, 2018; Lin et al,, 2020; Tang et al., 2020; Veillet
et al, 2020; Lu et al, 2021). In wheat, single nucleotide
substitutions such as A-to-T, C-to-G, G-to-C, T-to-G, and
C-to-A were achieved with frequencies as high as 1.4% (Lin
et al., 2020). Remarkably, in rice, the use of dual prime editing
guide RNAs (pegRNAs) along with an optimized primer binding
site (PBS) significantly increased editing efficiency, achieving rates
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of up to 17% (Lin et al., 2021). However, there is room for further
improvement in prime editing efficiency across different crops due
to several challenges. One major factor is the low editing efficiency
in many plant species, which can be attributed to suboptimal
delivery methods and plant-specific DNA repair mechanisms that
do not always favor precise edits. Additionally, plant regeneration
from edited cells is often difficult in many crop species, limiting the
recovery of successfully edited plants (Baloglu, et al., 2022). Plant
protoplasts have been identified as effective platforms for refining
gene editing techniques primarily because they lack a rigid cell
wall, which simplifies the delivery of gene editing components like
nucleases, guide RNAs, and donor templates. This wall-free cell
environment allows direct access to the cellular machinery,
enhancing the efficiency of component uptake. Moreover,
protoplasts enable controlled experimentation on DNA repair
pathways and editing accuracy, providing valuable a deeper
understanding of the mechanisms and outcomes of genome
editing in a simplified and manipulable setting (Petersen et al.,
2019; Biswas et al., 2022b; Lin et al., 2021). While prime editing in
legumes is still underexplored, its demonstrated success in rice and
other crops suggests that this advanced technique could be
effectively implemented in grain legumes as well. A recent
study advanced the optimization of prime editing by targeting
mutant GFP in protoplasts derived from rice, peanuts, chickpeas,
and cowpeas, leveraging transient expression systems to refine
editing parameters. The study successfully obtained edited mutant
GFP protoplasts in peanuts, chickpeas, and cowpeas after
transformation with dual pegRNA vectors, although the editing
efficiency was relatively low compared to rice, ranging from 0.2%
to0 0.5% (Biswas et al., 2022a). These initial findings offer promising
prospects for integrating prime editing into legume breeding
programs that can help speed up crop improvement. Despite
the existence of only a single publication showcasing prime
editing in legume crops, it is clear that this technique can be
successfully applied to peanuts, cowpeas, and chickpeas. As further
advancements and optimizations are made, these findings have the
potential to enable more accurate editing of essential traits in
legume crops, paving the way for addressing future challenges and
enhancing food security.

Scientometric analysis of CRISPR/
Cas9 application in grain legumes

Literature retrieved from WoS revealed that the CRISPR/Cas
9 application began in 2015 as seen in Figure 2. The first published
study was conducted by Jacob, who analyzed the hydro-ecology of
the fen system at Leiper Posse in eastern Germany.

Zhang, et al. (2014) performed gene editing in legumes, and
Jacobs et al. (2015) performed the first targeted gene modification
utilizing CRISPR/Cas9 gene editing in grain legumes in 2015. In
2024, the number of publications reached 61, reflecting a notable
increase in research activity. Much of this research was
particularly prominent in China, highlighting the country’s
leading role in advancing CRISPR/Cas9 applications in
grain legumes.

In Figure 2, we present a visual representation of the number
of publications about grain legumes from the year 2015 to
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September 2024, utilizing data sourced from the Web of
The
overview of the scholarly output in the field of grain legumes

Science database. figure provides a comprehensive
during this timeframe, highlighting the growth and trends in
research activity within this domain.

Figure 3 offers a network visualization of the key terms and
concepts associated with gene editing in grain legumes. The nodes
represent frequently occurring terms in titles, abstracts, and keywords,
grouped into distinct clusters based on co-occurrence. The red cluster
focuses on gene-editing technologies, particularly CRISPR/Cas9 and its
applications in plants like soybean and Arabidopsis. The green cluster
centers on stress tolerance, highlighting research aimed at improving
grain legume resilience against environmental challenges such as
drought (Figure 3). The blue cluster includes fundamental studies on
gene expression and protein identification in legumes (Figure 3). The
map underscores the diversity of research topics, with interconnected
clusters showing how different areas like biotechnology, stress
tightly linked. The

prominence of soybeans (Glycine max) as a large circle highlights its

resistance, and crop improvement are
significance as a major grain legume in gene-editing research,
predominantly with CRISPR/Cas9 technology. The large size of the
circle indicates that soybeans are extensively studied, making them a
central focus of research aimed at improving traits like yield, disease
resistance, and environmental adaptability (Figure 3).

Bibliographic coupling at the country level: showcasing global
collaboration patterns in grain legume research (Supplementary
Figure S1). Countries are represented by nodes, with larger nodes
indicating greater research output. Although there are few countries
showing successful research in CRISPR application in legumes,
China stands out as the most significant contributor, reflecting its
central role in this field. Strong connections between China and
countries like Canada and Australia suggest robust international
collaboration. The map highlights distinct regional clusters, such as
East Asia (China, Japan, South Korea) and Western countries
(Canada,
research networks. This geographic distribution shows how key

Australia), indicating focused yet interconnected
nations are shaping advancements in gene editing for food security.

The researcher-level bibliographic coupling map identifies key
influencers and collaborative groups in the field. The network
features nodes representing researchers, with larger nodes indicating
highly prolific or influential figures, such as Chen Li and Hou Wen
Sheng (Supplementary Figures S1, S2). Their research predominantly
involves two key legumes: soybean and peanut (groundnut) (Table 4).
Their work focuses on applying CRISPR/Cas9 and similar gene-editing
technologies are utilized to enhance these crops. The dense connections
within the red cluster reveal a tightly knit group of researchers actively
driving innovation in gene editing technologies with CRISPA/Cas9.
Smaller clusters, like the green group, may represent more specialized or
emerging areas of research, such as disease resistance. This map
highlights the importance of collaboration among leading scholars
and sheds light on the key contributors advancing gene editing in

grain legumes.

Conclusion

Grain legumes have long been a cornerstone of global

nutrition and agriculture, providing essential proteins,
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micronutrients, and environmental benefits. Their role extends
far beyond their nutritional value, contributing to soil health,
reducing reliance on chemical fertilizers, and enhancing
resilience to climate change. These qualities make legumes
critical to achieving global food security and addressing the
challenges posed by a growing population and environmental
degradation. The advent of advanced gene-editing technologies,
including CRISPR/Cas9, TALENs, ZFNs, and Prime Editing, has
revolutionized the field of crop improvement. This review
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highlights how these tools have significantly advanced our
ability
productivity, resilience to stress, and nutritional composition.
CRISPR/Cas9  has
engineering with its high precision, efficiency and adaptability,

to enhance legume agronomic traits, including

Among these, revolutionized genetic
enabling breakthroughs such as climate-resilient soybean
varieties and allergen-reduced crops. Prime Editing, although
still in its infancy for legumes, holds immense potential to

achieve even more precise genetic modifications. Despite these
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TABLE 4 CRISPR/Cas9 - mediated genome editing applications in grain legumes.

Grain legume

Delivery method

Gene(s) of interest

Gene function/
trait

10.3389/fgeed.2025.1572292

References

Cicer arietinum
(Chickpea)

Agrobacterium-mediated
delivery of a codon-optimized
CRISPR/Cas9 system

Target genes in chickpea
(specific genes not detailed)

Optimize protocol for
targeted mutation

Researchers successfully developed
an optimized CRISPR/

Cas9 system designed for
chickpeas, facilitating precise
targeted mutagenesis

Gupta, et al.
(2023)

Vigna unguiculata
(Cowpea)

Cicer aritinum
(Chickpeas)

CRISPR/Cas9 system delivered
through Agrobacterium
rhizogenes-mediated hairy root
transformation

A polyethylene glycol
(PEG4000)-mediated

SYMRK (Symbiosis
Receptor-Like Kinase)

4-coumarate ligase) and
Reveille 7

Symbiotic nitrogen
fixation genes

4CL is involved in the
phenylpropanoid
pathway, contributing to
lignin biosynthesis and
plant defense, while
RVE7 is a MYB
transcription factor that
regulates the plant’s
circadian rhythm

Disrupted SYMRK gene inhibits
the formation of nodules

The study achieved high efficiency
editing for the RVE7 gene in vivo,
while the 4CL gene showed lower
editing efficiency

Ji et al. (2019)

Badhan et al.
(2021)

Cicer arietinum
(Chickpea) and Lens
culinaris (Lentils)

CRISPR/Cas9 through biolistic
particle delivery

Drought-tolerance related
genes (e.g., DREBIA)

Enhancing drought
tolerance

Generated mutant lines showed
significant improvements in
drought tolerance, demonstrating
the feasibility of CRISPR/Cas9 in
chickpea and lentil breeding

Roy and Sandhu
(2024)

Arachis hypogaea
(peanut)

A. rhizogenes — mediated
delivery

ahFAD2A and ahFAD2B
(Fatty Acid Desaturase
genes)

Encoding enzymes that
convert oleic acid into
linoleic acid

Mutations in the ahFAD2A and
ahFAD2B genes resulting in high
oleic acid in peanut

Yuan et al. (2019)

Arachis hypogaea
(Peanut)

CRISPR/Cas9 system via A
bacterium hairy root
transformation system

AhNFRI and AhNFR5 (Nod
Factor Receptors)

Formation of root nodules
for nitrogen fixation

Knockout mutants of AhNFRI and
AhNFR5 genes in peanut hairy
roots: Mutants with edited
AhNFR5 genes showed a non-
nodulating

Shu et al. (2020)

Arachis hypogaea
(Peanut)

Vigna unguiculata L.
(Cowpea)

PEG-mediated protoplast
transformation

Agrobacterium-mediated
infiltration

Ara h 2

VuSPOI11-1

Major allergen

Cowpea meiosis gene
involved in reproductive
development

Targeting Ara h 2 and validated
their efficiency through in vitro
digestion. Deep sequencing
revealed indel mutations ranging
from 0.13% to 0.8%, disrupting the
protein sequence

Male and female sterilities

Biswas et al.
(2022b)

Jurani¢ et al.,
2020

Achieved 68.6% editing efficiency

Che et al. (2021)

Phaseolus vulgaris
(Common Bean)

Lathyrus sativus
(Grass pea)

CRISPR/Cas9 Gene Editing

Hairy root transformation and
CRISPR gene editing

PvAPRTI and PvAPRT5
(Adenine Phosphoribosyl
Transferase genes)

LsOCS (Oxalyl-CoA
synthetase)

Regulation of purine
nucleotide salvage and
cytokinin homeostasis

Key enzyme in oxalate
metabolism and linked to
B-ODAP production

PyAPRT1 primarily functions in
adenine salvage, while PvAPRT5
regulates cytokinin levels, affecting
root and nodule development

Editing LsOCS led to higher
oxalate accumulation but did not
alter B-ODAP levels;
complementation in Arabidopsis
restored normal oxalate levels and
seed coat integrity

Lopez et al.
(2025)

Verma et al.
(2024)

Glycine max
(Soybean)

Agrobacterium rhizogenes

DD20, DD43, ALS1

Genomic targets;
herbicide resistance
(ALS1)

Achieved targeted mutagenesis at
DD20 and DD43 loci with
mutation frequencies of 59% and
76%, respectively.

Li et al. (2015)

Glycine max
(Soybean)

Agrobacterium-mediated
delivery

Green Fluorescent Protein
(GFP) Transgene and

9 indigenous Loci
modification

Fluorescent protein

The study found that 95% of the
hairy-root transgenic examined
showed targeted mutations in
DNA, with bi-allelic mutations in
eight of the nine targeted loci

Jacobs et al.
(2015)
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TABLE 4 (Continued) CRISPR/Cas9 - mediated genome editing applications in grain legumes.

Grain legume

Delivery method

Gene(s) of interest

Gene function/
trait

10.3389/fgeed.2025.1572292

References

Glycine max
(Soybeans)

Glycine max
(Soybeans)

Glycine max
(Soybeans)

Glycine max
(Soybeans)

Glycine max
(Soybeans)

Glycine max
(Soybeans)

Glycine max
(Soybeans)

Agrobacterium rhizogenes-
mediated hairy root
transformation

Agrobacterium-mediated
delivery

Agrobacterium-mediated
delivery

Agrobacterium-mediated
delivery

Agrobacterium tumefaciens-
mediated delivery

A. tumefaciens- mediated
delivery

A. tumafacien-mediated
delivery

Single-copy soybean gene,

A putative glucosyl-

Glyma07g14530 transferase
Glymal12g37050 Ethylene signaling
Glyma06g14180 Uncharacterized protein
Glyma08g02290 Potassium ion transporter

GmFT2a (Glymal6g26660)

GmFT5a (Glymal6g04830)

GmPDS11 and GmPDS18

GmFT2a and GmFT5a
GmSPL9a, GmSPL9b,
GmSPL9c, GmSPL9d

FAD2-2 microsomal
omega-6 desaturase

gene

Flowering Locus T
homolog in soybean: for
flowering time regulation

The FEI 2 gene encode a
leucine-rich repeat (LRR)
receptor-like kinase that
functions as a serine/
threonine protein kinase

Coding for phytoene
dehydrogenase/
chromoplastic protein
Regulating flowering time
Regulation of plant

architecture

Fatty acid composition

Achieved mono- and bi-allelic
modifications; mutation
efficiencies ranged from 14.7%
to 20.2%

Biallelic mutations of
Glyma08g02290 and
Glyma06g¢14180 were found in
transgenic hairy roots

Off-target activities were linked to
Glymal2g37050 and
Glyma06g14180 and were also
reported

Ft2a mutants with a 1618 bp
deletion exhibited late-flowering
phenotypes

Deletions ranging from 3.6 kb to
10.4 kb were successfully achieved;
demonstrated feasibility of
deleting large DNA fragments in
soybean genome

development of albino and stunted
buds

Loss-of-function due to deletion
mutations

Mutagenesis of GmSPL9 - Altered
plant architecture

Precise alteration of the FAD2-2
gene to lower omega-6 fatty acid
levels

Sun et al. (2015)

Cai et al. (2018a)

Cai et al. (2018b)

Curtin et al.
(2018)

Cai et al. (2019)

Bao et al. (2019)

Al Amin et al.
(2019)

Glycine max
(Soybeans)

Glycine max
(Soybeans)

A. rhizogenes - mediated
delivery with small guide RNA
(sgRNA)

CRISPR/Cas9 system

Glyma03g36470

Glymal4g04180

Glyma06g136900

GmFEI2 and GmSHR and
bar (a transgene)

Eukaryotic translation
initiation factor

Late-embryogenesis
abundant (LEA) proteins

Uncharacterized protein

Root development and
resistance

The mutation efficiency ranged
from 2.8% to 20.6%, with the
GmU6-8 (20.3%) and GmU6-10
(20.6%) promoters yielding the
highest mutation efficiencies. The
five showed high transcriptional
activity

Induce mutations in the target
genes (both endogenous and
exogenous) within soybean hairy
roots

Di et al. (2019)

Cai et al. (2015)

Glycine max
(Soybeans)

CRISPR/Cas9 system

Glycinin (11S) and
Conglycinin (7S): The
specific genes targeted
include Glyma.20g148400,
Glyma.03g163500, and
Glyma.19g16490

Genes encoding essential
proteins for nutrient
storage and seed
development

Alterations occurred in three of the
nine distinct storage protein genes.
Mutation efficiency ranged from
3.8% to 43.7% depending on the
gene, with

Glyma.19g164900 showing the
highest editing efficiency.

Li et al. (2019)

Glycine max CRISPR/Cas9 system via E1 gene Major gene controlling Early flowering Han et al. (2019)
(Soybeans) Agrobacterium-mediated (Glyma.06G207800) photoperiod sensitivity
transformation
Glycine max CRISPR/Cas9 system via A. Seed lipoxygenase genes: Production of Free of seed lipoxygenase: resulted ~ Wang et al.
(Soybeans) tumefaciens-- mediated GmLox1, GmLox2, GmLox3 | lipoxygenase enzymes, in soybean seeds with improved (2020)
delivery which are associated with | taste quality due to the absence of
undesirable flavors in the off-flavoring enzymes
soybean
Glycine max CRISPR/Cas9 using egg cell- Validating genome editing = Focus is on improving the = CaMV 2 x 35S promoter in hairy = Zheng et al.
(Soybeans) specific promoters systems rather than specific = efficiency and heritability = roots showed high somatic (2020)
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of gene edits in plant

mutation frequencies
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TABLE 4 (Continued) CRISPR/Cas9 - mediated genome editing applications in grain legumes.

Grain legume

Delivery method

Gene(s) of interest

Gene function/
trait

10.3389/fgeed.2025.1572292

References

Glycine max
(Soybeans)

A. tumefaciens— mediated
delivery

GmFT2a and GmFT5a

flowering time control
gene

Successful development of
GmFT2a, GmFT5a, and GmFT2a
GmFT5a mutants

Cai et al. (2020b)

Glycine max
(Soybeans)

Glycine max
(Soybeans)

Glycine max
(Soybeans)

Glycine max
(Soybeans)

Glycine max
(Soybeans)

A. tumefaciens— mediated
delivery

CRISPR/Cas9 system using a
pooled transformation
approach

A. rhizogenes — mediated
delivery

Agrobacterium

CRISPR/Cas9 system

GmFT2a

GmFT4

Targeted a total of
102 potential genes along
with their paralogs

B-ketoacyl- [acyl carrier
protein] synthase 1 (KASI)

GmFAD2-1A, GmFAD2-2A

CRISPR/Cas9 gene editing

Regulation of flowering
time

Regulating nodule
numbers: essential for
nitrogen fixation

Conversion of sucrose to
oil in plants

Responsible for
converting oleic acid into
linoleic acid

Acyl-acyl carrier protein
(ACP) thioesterases are
involved in fatty acid (FA)
biosynthesis

C to G and C to T base
substitutions; delayed flowering
observed in homozygous mutants

Cai et al. (2020a)

C to G base substitution; chimeric
mutants generated but no heritable
changes observed

Multiplex mutagenesis (double
mutant lines with increased

Bai et al. (2020)

nodulation
Mutations in the KASI gene, such ~ Virdi, et al.
as increased seed sucrose content, = (2020)

decreased seed oil content, and
wrinkled seed appearance

Increase in oleic acid content and a
decrease in linoleic acid content

Wu et al. (2020)

Mutation of GmFATAI or
GmFATA2 led to reduced leaf FA
content and growth defects;
overexpression increased leaf FA
content, vegetative growth, seed
yield, and seed FA content

Liao et al. (2024)

Glycine max
(Soybeans)

CRISPR/Cas9 system

LincCG1 (lincRNA)

Regulates expression of
soybean seed storage
protein (SSP) genes;
associated with f-
conglycinin, a major
allergen

Generated B- conglycinin-
deficient soybeans lines with lower
allergenicity and higher nutritional
value

Song et al. (2024)

Glycine max
(Soybeans)

Agrobacterium-mediated
transformation

clela/2a (ricla/2a)

Regulates nodulation and
carbon distribution

Increased nodules in a controlled
manner, improved grain yield,
higher protein levels, and stable oil
content

Zhong et al.
(2024)

Glycine max
(Soybeans)

Agrobacterium-mediated
transformation

GRF3-GIF1 chimera

Enhances regeneration
and transformation
efficiency

Increased transformation
efficiency across multiple
genotypes (up to 23.95%);
compatible with CRISPR/Cas9 for
improved gene editing

Zhao et al. (2025)

Glycine max
(Soybeans)

DNA-free CRISPR/Cas9
(Ribonucleoprotein-based)

GmBASI and GmBAS2 (8-
amyrin synthase genes)

Involved in soyasaponin
biosynthesis, affecting
soybean seed taste

GmBASI plays a key role in Asa et al. (2025)
soyasaponin production; its

targeted mutation led to the

elimination of soyasaponins in

seeds, roots, stems, and leaves

Glycine max
(Soybeans)

Glycine max
(Soybeans)

CRISPR/Cas9 genome editing

CRISPR/Cas9 genome editing
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GmDWFla and GmDWFI1b
(Brassinosteroid
biosynthesis genes)

GmARM (Stress-related
gene)

13

Involved in
brassinosteroid
production, influencing
plant height and yield

Regulates response to
abiotic and biotic stress,
including salt, alkali, and
Phytophthora root rot
resistance

Mutations in GmDWFIla and
GmDWFIb caused reduced plant
height; single mutants exhibited
mild dwarfism, while double
mutants showed more
pronounced height reduction; pod
production increased in
GmDWFla mutants; application
of brassinolide restored normal
height

Xiang et al.
(2024)

GmARM mutants showed
improved survival under salt and
alkali stress, as well as increased
resistance to Phytophthora
infection; altered expression of

Luo et al. (2024)

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2025.1572292

Asiamah et al.

10.3389/fgeed.2025.1572292

TABLE 4 (Continued) CRISPR/Cas9 - mediated genome editing applications in grain legumes.

Grain legume

Delivery method

Gene(s) of interest

Gene function/ References

trait

Glycine max
(Soybeans)

CRISPR/Cas9 genome editing | GmFLA22a (Fasciclin-like

arabinogalactan protein)

advancements, the implementation of gene editing in legumes

faces challenges, including uncertainties,

technological limitations, and ethical concerns. Addressing

regulatory

these barriers will require harmonized global regulations,
robust international collaboration, and investments in research
and capacity-building, particularly in developing nations where
food insecurity is most acute. By leveraging these technologies
and fostering global partnerships, we can unlock the full potential
of legumes, paving the way for a more sustainable, equitable, and
resilient agricultural future. The continued evolution of gene
editing, coupled with a commitment to inclusivity and
innovation, promises to transform legumes into even more
vital components of global food systems, securing nutrition
and sustainability for generations to come.
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stress-related genes, including
those in the ABA and salicylic acid
signaling pathways; no significant
agronomic abnormalities in gene-
edited plants

Plays a role in anther and
pollen development,
affecting male fertility

Mutant plants had a lower seed-
setting rate despite normal pollen
viability; delayed pollen release
and thickened locule walls were
observed in anthers

Cao et al. (2024)
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