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Introduction

Legumes (Fabaceae or Leguminosae) are the third largest
family among angiosperms, comprising approximately
751 genera and more than 19,500 species (The Legume
Phylogeny Working Group, 2017). Legumes encompass a wide
range of plant types, including trees, shrubs, and herbs. They
are easily identifiable by their characteristic pod-shaped fruits
(Lewis et al., 2005) and are a vital source of proteins, fibers,
vitamins, and antioxidants. Moreover, legumes play a crucial
role in promoting human health, as they provide protection
against certain types of cancer (World Cancer Research Fund,
2014), diabetes, aging, obesity (Mudryj et al., 2014), and
cardiovascular diseases (Arnoldi et al., 2015). Their high
protein content, ranging from 23% to 40% (Zander et al., 2016),
makes them an essential staple food in many regions of the
world, particularly in developing countries. Legumes not only
help combat malnutrition but also serve as valuable forage
for animal feeding (Tharanathan & Mahadevamma, 2003).

One notable characteristic of legumes is their capacity to
form root nodules and engage in biological nitrogen fixation
(BNF) through a symbiotic relationship with rhizobia bacteria
(Stacey, 2007). BNF enables legumes to obtain nitrogen
from the atmosphere, reducing the reliance on nitrogen
fertilizers. The benefits of leguminous crops extend beyond
their nutritional value and impact the environment and
socioeconomic aspects of agriculture. They also contribute to

the reduction of greenhouse gas emissions; legumes release
five to seven times less gases per unit area compared to
other crops (Stagnari et al., 2017).

According to the United Nations (2022), the global
population is projected to surpass 9.7 billion by 2050.
To meet the increasing world demand, the total global
food demand is expected to rise by 35% to 56% between
2010 and 2050 (van Dijk et al., 2021). Meeting this challenge
requires the agricultural sector to develop crop varieties
with higher yields and improved adaptability to climate
change, ensuring food and nutritional security for future
generations. Additionally, the need for more sustainable and
low-input agricultural systems is evident. In recent decades,
significant progress has been made in developing new
varieties within legume communities (Pandey et al., 2016).
Furthermore, advances in molecular marker technologies,
quantitative trait loci (QTL) mapping, and next-generation
sequencing have contributed to enhancing legume breeding
(Varshney et al., 2015; Varshney, 2016; Valdisser et al., 2017).
These advancements in genetic research and technology
have unlocked new possibilities for improving legume
crops and addressing the challenges faced by agriculture.
Nevertheless, there is a need for new tools to accelerate
the development of improved high-yield varieties that are
stress-tolerant, along with genetic improvement programs
that can generate superior varieties in a more predictable,
rapid, cost-effective, and sustainable manner. While first-
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generation genome editing tools, such as meganucleases, Zinc
Finger Nucleases (ZFNs), and Transcription Activator-Type
Effector Nucleases (TALENs), have allowed for precise editing
of genome sequences by altering gene expression patterns
in specific regions (Razzaq et al., 2019), they have certain
drawbacks that limit their applicability in improving plant
traits. Disadvantages of these platforms include their lengthy
development time and high costs, difficulties in designing
ZFNs and TALENs due to highly repetitive sequences, the
complex nature of ZFN-DNA interactions (Bortesi & Fischer,
2015), mutagenic effects, toxicity at the target site, and off-
target effects. These limitations have prompted the search
for more advanced and efficient genome editing technologies.

The development of genome editing technology based on
Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) (Doudna & Charpentier, 2014) has revolutionized
the field of genome editing, including its application in plant
genomes (Li et al., 2013; Nekrasov et al., 2013; Shan et al.,
2013; Ma et al., 2015). CRISPR/Cas-mediated genome editing
has gained significant attention in plant research due to its
effectiveness, simplicity, affordability, and precision. This
technology has been successfully used for gene manipulation
in various crop species, including grain legumes like soybean
(Jacobs et al., 2015; Wang et al., 2016; Cermak et al.,
2017; Gao et al., 2018; Ji et al., 2019; Cai et al., 2020a).
However, there is a limited amount of CRISPR research
available for a wide range of other legume species, such as
beans, peas, chickpeas, and lentils. Several challenges still
need to be addressed when applying CRISPR technology to
these and other legume species to develop desirable traits.
In this review, we emphasize the applications of CRISPR/Cas
systems in the genome editing of legumes and discuss the
future challenges associated with its implementation in this
diverse plant group.

Discovery of CRISPR and CRISPR/Cas

The discovery of CRISPR can be traced back over 30 years.
It began with the identification of an unusual repetitive DNA
sequence in the Escherichia coli genome during studies of the
inhibitor of apoptosis (IAP) gene responsible for converting
the alkaline phosphatase isoenzyme (Ishino et al., 1987).
Subsequently, in 1993 and 1995, multiple copies of a nearly
perfect repetitive sequence separated by spacers were first
described in Archaea, specifically in Haloferax mediterranei
(Mojica et al., 1993; Mojica et al., 1995). Fifteen years
later, the CRISPR array was recognized as a locus consisting
of repeated sequences and interspersed spacer sequences
in prokaryotes (Mojica et al., 2000). In 2002, Jansen et al.
from the University of Utrecht, Netherlands, observed this
sequence structure in the genomes of other bacteria, including
Salmonella typhimurium and Streptococcus pyogenes. They
coined the term CRISPR, which stands for “Clustered Regularly
Interspaced Short Palindromic Repeats”. While the researchers
were not yet aware of the functionality of CRISPR, they
noted that CRISPR sequences were consistently followed by
a collection of nearby genes encoding DNA repair proteins.
These genes were later designated as CRISPR-associated
genes (Cas) (Jansen et al., 2002; Makarova et al., 2002).

The origin of spacer sequences within CRISPR arrays
remained a mystery until their similarity to viral and
plasmid genomes were discovered. It was found that these
spacer sequences served as a record of previous viral and
plasmid infections (Bolotin et al., 2005; Mojica et al., 2005;
Pourcel et al., 2005). A year later, a detailed analysis of
Cas protein sequences encoded by Cas genes suggested
that the CRISPR/Cas system functions as a prokaryotic RNA
interference-based immune system (Makarova et al., 2006).
In 2007, a study on the bacterium S. thermophilus provided
evidence for the function of the CRISPR/Cas system as an
adaptive immune system in prokaryotes (Barrangou et al.,
2007). Subsequent studies further confirmed this function and
characterized other genetic elements involved in adaptive
immunity (Brouns et al. 2008; Deveau et al., 2008; Marraffini
& Sontheimer 2008; Horvath et al., 2009).

In the following years, the structural and functional
characteristics of proteins encoded by Cas genes were
described, leading to the classification of the CRISPR/
Cas system, and providing the basis for its application in
genome editing (Garneau et al., 2010; Deltcheva et al.,
2011; Makarova et al., 2015).

Mechanism of editing of the CRISPR/Cas9
system

The transition of the CRISPR/Cas system to a genome
editing tool began with groundbreaking work in 2012 by
Martin Jinek, Jennifer Doudna, and Emmanuelle Charpentier.
They published a paper describing the use of CRISPR/
Cas9 to induce a double-strand break (DSB) in target DNA,
marking a significant advancement in the field. The study
showed that the Cas9 enzyme requires two distinct RNA
molecules, CRISPR RNA (crRNA) and trans-activating CRISPR
RNA (tracrRNA), which together form a single guide RNA
(gRNA) to facilitate the cutting of specific DNA sequences
(Jinek et al., 2012). In early 2013, five papers were published
demonstrating successful genome editing in humans, mice,
and zebrafish using the CRISPR/Cas9 system, showcasing its
functionality in eukaryotes (Cho et al., 2013; Cong et al.,
2013; Hwang et al., 2013; Jinek et al., 2013; Mali et al.,
2013). These findings collectively highlighted the significance
of CRISPR/Cas9 in the development of a new generation of
genome editing technologies (Ishino et al., 2018). Among
the CRISPR/Cas9 systems, the type Il system derived from
S. pyogenes, known as SpCas9, has been the most widely
used. It has gained significant popularity in plant science
applications and has been successfully employed in various
crops such as barley, brassica, cucumber, maize, potato,
and tomato (Lawrenson et al., 2015; Chandrasekaran et al.,
2016; Shi et al., 2017; Nakayasu et al., 2018; Ortigosa et al.,
2019). Given its extensive usage, SpCas9 is the primary focus
of this review, particularly in the context of editing legumes.

Cas9, which was formerly termed Cas5, Csn1, or Csx12,
is a well-characterized effector protein in the CRISPR/
Cas9 system. It functions as an endonuclease and consists
of two domains: RuvC and HNH. These domains are essential
for inducing a double-strand break (DSB) in the target DNA.
The HNH domain cleaves the DNA strand that is complementary
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to the spacer region of the guide RNA (gRNA), while the
RuvC domain breaks the non-complementary DNA strand.
The Cas9 nuclease binds to a single guide RNA (sgRNA),
which is formed by combining the crRNA and tracrRNA.
The sgRNA contains a 20-nucleotide sequence that binds to the
specific target DNA sequence (spacer) and a complementary
repeat sequence. Together, these components enable the
formation of a DSB that is recognized by the Cas9 enzyme.
Once the Cas9/gRNA complex is formed, it scans the DNA
to locate the protospacer adjacent motif (PAM) sequence.
Upon recognizing a PAM, the complex separates the double-
stranded DNA (dsDNA) and checks if the spacer in the crRNA
is complementary to the target DNA sequence near the PAM
site. After the formation of a heteroduplex between the
RNA and DNA, the Cas9 protein domains (RuvC and HNH)
are activated and induce DSBs in the target DNA, typically
three to four nucleotides upstream of the PAM site (Gupta
& Musunuru, 2014; Mahfouz et al., 2014). The resulting
DSBs can be repaired through two DNA repair mechanisms:
non-homologous end-joining pathway (NHEJ) and homology-
directed repair (HDR). NHEJ joins the broken ends of DNA
without specific sequence requirements, often resulting in
insertions or deletions (indels) of short nucleotide stretches
at the repair site (Voytas & Gao, 2014). These mutations
can lead to loss of function, allowing for gene knockout and
determining genetic functions or eliminating undesirable
traits. On the other hand, HDR is a more precise repair
mechanism that requires a DNA template with homology to
the sequences flanking the DSB. By providing a donor DNA
template, this new fragment can be incorporated into the
original DNA sequence through homologous recombination,
resulting in gene replacement and the production of a
modified protein. These mechanisms of DNA repair play a
crucial role in genome editing using the CRISPR/Cas9 system.
NHEJ is commonly utilized for gene knockout, while HDR
allows for precise modifications by introducing specific
DNA sequences through homologous recombination. Indeed,
the efficiency of homology-directed repair (HDR) in plants
is often lower compared to non-homologous end-joining
(NHEJ), limiting its application in plant genome editing. This
is due to various factors, including the limited delivery of
donor repair templates (DRTs) to plant cells caused by the
presence of a cell wall. Additionally, HDR-mediated editing
is often restricted to dividing cell types, further limiting its
utility in plants.

To overcome these limitations, researchers have developed
alternative genome editing tools such as DNA base editing
(BE) and prime editing (PE). These methods offer precise
nucleotide substitutions without the need for a donor
template, eliminating the requirement for double-strand
breaks (DSBs) and enhancing efficiency.

Base editing involves fusing a Cas9 nickase with a DNA
deaminase enzyme. The deaminase enzyme catalyzes the
conversion of specific base pairs, such as C-G to T-A or
A-T to G-C, without inducing DSBs. This technique enables
targeted point mutations in the genome with high precision
(Komor et al., 2018).

Prime editing is a more recent genome editing tool
that combines an RNA-programmable nickase, reverse
transcriptase, and a prime editing guide RNA (pegRNA).
The nickase creates a nick in the DNA strand, and the

reverse transcriptase uses the pegRNA as a template to
synthesize a new DNA strand that is inserted into the nicked
site (Anzalone et al., 2019). Prime editing offers advantages
such as the ability to perform precise sequence deletions,
additions, and substitutions (Anzalone et al., 2020; Kantor
et al., 2020). While base editing and prime editing have
been tested in various organisms, including plants, their
application specifically in legumes is an area that requires
further investigation. The potential of these techniques in
legume species, including beans, peas, chickpeas, and lentils,
is yet to be fully explored.

CRISPR/Cas application for Legume Crop
Improvement

The green revolution of the past 50 years has significantly
increased food production, leading to profound social,
economic, and environmental impacts worldwide. However,
the focus of crop research during this period was primarily on
cereal crops, given their economic and caloric significance,
while other important crops like legumes received less
attention. Legumes have a significant presence in cultivated
lands globally, with large-scale legume farms of over
200 hectares found in regions such as Australia, New Zealand,
South America, and North America. In other regions like
Southeast Asia, Sub-Saharan Africa, and West and North
Africa, legumes are predominantly cultivated on smaller
farms ranging from 2 to 20 hectares in size. Soybean is an
example of a legume crop that has experienced substantial
expansion, with its global production reaching 382 million
tons in 2021 (Guo et al., 2022), more than 13 times higher
than its production in the early 1960s. However, there is
still significant potential to further increase legume yields
to meet the nutritional demands of the growing global
population, without requiring an increase in the planted
area. This aspect is crucial for conserving natural areas and
promoting sustainability in agriculture.

The advent of new gene editing technologies holds
promise for the second green revolution, which will focus
on nourishing the expanding population while promoting
sustainable agricultural practices. By using gene editing
techniques, researchers can develop high-yield legume
varieties that are resilient to stress and possess desirable
traits. This approach can contribute to global food security
while minimizing the environmental impact of agriculture.
After sequencing the genome of the model plant Arabidopsis
thaliana (Arabidopsis Genome Initiative, 2000), modern
sequencing technologies have aided in sequencing the
genomes of various crops, including legumes. Currently, there
are eight fully sequenced legume species. They include the
genomes of Lotus japonicus (472 Mb) (Sato et al., 2008),
Glycine max (1,112 Mb) (Schmutz et al., 2010), Medicago
truncatula (373 Mb) (Young et al., 2011), Pigeonpea - Cajanus
cajan (833 Mb) (Varshney et al., 2011), Chickpea - Cicer
arietinum (738 Mb) (Varshney et al., 2013), Phaseolus vulgaris
(588 Mb) (Schmutz et al., 2014), Vigna unguiculata (640,6 Mb)
(Lonardi et al., 2019), Groundnut - Arachis hypogaea (2700 Mb)
(Bertioli et al., 2019; Zhuang et al., 2019) and Pea - Pisum
sativum (4450 Mb) (Kreplak, et al., 2019).
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Indeed, the advent of next-generation sequencing
technologies has greatly accelerated the discovery and
characterization of genes controlling important agronomic
traits in legume crops. The use of these genes in genome
editing has significantly influenced the realm of functional
genomics and has heralded a new era in crop breeding
(Sarrocco et al., 2020). The pioneering use of CRISPR/
Cas9 gene editing in legumes was initially reported in a
publication by Jacobs et al. in 2015. In their study, they
achieved successful mutations in nine endogenous genes
and a green fluorescent protein (GFP) transgene in soybean
hairy roots, displaying a notable proficiency in detecting the
intended genetic changes. Following this milestone, several
publications in 2015 further evaluated the mutation efficiency
of the CRISPR/Cas9 system in soybean genes. These studies,
conducted by Cai et al. (2015); Li et al. (2015); Michno et
al. (2015) and Sun et al. (2015), collectively Ademonstrated
the potential of CRISPR/Cas technology for improving traits
in leguminous crops, specifically soybean. Furthermore,
Michno et al. developed a web tool in 2015 that facilitated
the identification of CRISPR/Cas9 target sites and off-target
sites in legumes. This resource proved valuable for designing
optimized Cas9 systems and efficiently mutating genes in
soybean and Medicago truncatula. Overall, these early
studies and developments laid the foundation for harnessing
the CRISPR/Cas system as a transformative tool for trait
improvement in legume crops. Subsequent research has
continued to expand and refine the applications of CRISPR/
Cas gene editing in legumes, enabling the development of
novel varieties with improved agronomic characteristics.

Despite significant efforts, only seven legume cultivars
have been successfully edited using the CRISPR/Cas9 system
so far (Graphical Abstract), with soybean being the most
extensively studied. However, several challenges need to
be addressed to develop a more efficient genome editing
system for legumes. These challenges include reducing the
occurrence of off-target editing, optimizing the Cas9 enzyme
and its orthologs for improved specificity, and enhancing the
generation of transgenic lines. One of the major obstacles in
implementing genome editing in legumes is the difficulty of
transforming and regenerating legume plants. The current
transformation and regeneration protocols are limited to
specific tissues, genotypes, and crop varieties, and are
often time-consuming and labor-intensive. Overcoming these
hurdles is crucial for realizing the full potential of genome
editing in legume crops.

The bottleneck of transformation and
delivery of CRISPR/Cas components in legumes

The methods employed for the transformation and delivery
of CRISPR reagents to plant cells pose significant challenges
that need to be addressed to enable the effective application
of CRISPR/Cas technology in a wide range of leguminous
species. Plant transformation is a multi-step process involving
the introduction of genes of interest into plant cells, followed
by the selection and regeneration of transgenic or gene-edited
plants (Lee & Wang, 2023). Substantial progress has been made
in optimizing efficient transformation systems for legume

plants (Ticha et al., 2020; Che et al., 2021; Kumar et al.,
2021; Xu et al., 2022). However, the recalcitrant nature of
certain legume species and the high dependence on genotype
significantly impact transformation and regeneration rates,
serving as major obstacles to successful transformation in
legumes (Somers et al., 2003; Choudhury & Rajam, 2021;
Sehaole, 2022).

The most employed methods for delivering CRISPR
constructs to plant cells include (i) infection with
Agrobacterium spp., (ii) particle bombardment, and (iii)
polyethylene glycol (PEG)-treated protoplasts (Alamillo et al.,
2023), with the first method being the most extensively
used in legumes.

Agrobacterium tumefaciens mediated genetic
transformation

Agrobacterium-mediated genetic transformation is based
on the transfer of T-DNA from the bacterium into the nucleus
of a host plant using the bacterial type IV secretion system
(Ghogare et al., 2021). When plant cells are infected, the
T-DNA carrying the CRISPR cassette integrates into the host
plant genome, resulting in stable genetic transformation
(Laforest & Nadakuduti, 2022). Agrobacterium-mediated DNA
delivery is responsible for approximately 80% of mutations
and editing events observed in nearly all plant species
(Ran et al., 2017).

Gene editing via T-DNA delivery has been reported in
various legume species, including cowpea (Che et al., 2021),
chickpea (Badhan et al., 2021), soybean (Qian et al., 2022),
pea (Lietal., 2023), and model legumes such as L. japonicus
(Wang et al., 2016), M. truncatula (Confalonieri et al., 2021),
and M. sativa (Miller et al., 2022). Among these studies, 60%
used Agrobacterium tumefaciens for the delivery of CRISPR/
Cas elements (Table 1S). This genetic transformation method
offers several advantages, including its relatively low cost
and simplicity (Hwang et al., 2017), high reproducibility, low
transgene copy number in the host genome (Gelvin, 2012), and
the ability to transfer larger DNA fragments (Ishizaki et al.,
2008). However, the efficiency of Agrobacterium-mediated
transformation in some legumes is hindered by limitations
in in vitro regeneration capacity and low DNA transfer
rates. Even in soybean, where transformation efficiency
has been improved through the use of different genotypes
and optimized protocols (Li et al., 2017b; Chen et al., 2018;
Hada et al., 2018; Karthik et al., 2020), the transformation
frequency remains relatively low (approximately 20%)
(Pareddy et al., 2020; Tiwari et al., 2022) compared to
the higher efficiency observed in rice (approximately 40%)
(Mohammed et al., 2019; Xu et al., 2020). In alfalfa (Medicago
sativa), the Regen SY genotype has shown high responsiveness
for generating transgenic plants, with frequencies ranging
from 80% to 100% (Ticha et al., 2020).

One limitation of this DNA delivery method in most legumes
is associated with the choice of explants and the regeneration
process, which often involve long protocols and low
transformation recovery rates (Li et al., 2017b). Cotyledonary
nodes and embryonic axes have been commonly used as
suitable explants for legume transformation (Bhajan et al.,
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2019; Sarker et al., 2019; Sadhu et al., 2022; Polowick &
Yan, 2023). The use of cotyledonary nodes facilitates the
generation of explants as they can be easily isolated from
germinated seeds (Paes de Melo et al., 2020). Most successful
reports of legume editing involve explants derived from
seed tissues, such as developing or mature embryos, or
cotyledonary nodes (Bhowmik et al., 2021). However, precise
handling and skillful wounding are required, which can reduce
regeneration efficiency. Furthermore, the limited host range
of Agrobacterium strains can pose a challenge, as certain
plant species or genotypes may not be efficiently transformed
using available Agrobacterium strains (Lee & Wang, 2023).
To address this issue, efforts have been made to engineer
Ochrobactrum haywardense strain H1 (Oh H1), which has
demonstrated improved transformation efficiency in soybean
compared to other tested Agrobacterium strains such as
AGL1 and LBA4404Thy- (Cho et al., 2022). Oh H1-8-mediated
delivery of CRISPR/Cas9 has shown promising results, leading
to high-quality transgenic events with efficient marker-free,
single-copy insertions and an observed mutation rate of
around 90% at the targeted soybean DD38 and DD51 sites
(Kumar et al., 2022). This highlights the potential of Oh
H1 strain as an effective approach for enhancing legume
transformation and editing.

Although advancements have been made in improving the
efficiency of A. tumefaciens-mediated plant transformation,
there is still a need to develop legume transformation
protocols that offer genotype flexibility, high transformation
efficiency, and minimize or eliminate tissue cultivation steps
while improving plant regeneration. These improvements
would contribute to the overall efficiency and applicability
of CRISPR/Cas technology in legume crop improvement.

Hair root transformation mediated by
Agrobacterium rhizogenes

Stable genetic transformation of leguminous plants is
often a time-consuming and inefficient process. However,
as a simpler and faster alternative method, hair root
transformation mediated by Agrobacterium rhizogenes has
gained widespread use in studying the biochemical and
molecular functions of legume root genes through CRISPR/
Cas9 editing (Jacobs et al., 2015; Michno et al., 2015;
Tang et al., 2016; Curtin et al., 2018; Cheng et al., 2019;
Zheng et al., 2020; Niazian et al., 2022).

Hairy roots are formed through the transfer of DNA (T-DNA)
from the plant pathogen A. rhizogenes to the host plant
(Bahramnejad et al., 2019). This transformation results in
the development of hairy root syndrome, where chimeric
composite plants with transgenic roots and wild-type shoots
are generated within a few weeks. While transgenic hairy
roots lack inheritability of the introduced mutation to the
progeny, they provide valuable resources for unraveling the
functions of target genes before investing significant time
and resources into generating transgenic plants (Cai et al.,
2015; Shu et al., 2020).

One of the primary targets for legume studies utilizing
A. rhizogenes as a delivery vector for gene editing is the
investigation of genes related to nodulation and nodule

development. For instance, a previous study on V. unguiculata
transformation using A. rhizogenes strain K599 demonstrated
the essential role of the symbiosis receptor kinase (SYMRK) in
nodule organogenesis in cowpea (Ji et al., 2019). The authors
achieved a 67% editing efficiency by employing various guide
RNAs (gRNAs). This efficiency was notably higher than that
observed by Wang et al. (2016), who disrupted the SYMRK
gene using A. rhizogenes LBA1334 and a single gRNA for
transforming L. japonicus, resulting in a mutation frequency
of 37%. Trinh et al. (2022) further highlighted the utility of
this system for validating CRISPR/Cas activities and studying
gene functions. They evaluated the effectiveness of mutating
different selected gRNAs using A. rhizogenes K599, and
multiple gRNAs targeting two endogenous soybean genes
(SACPD-C and SMT) achieved mutation rates of 75% and
67%, respectively, with various indels detected at the target
sites. Recently, a new method for transforming hairy roots
in soybean, called eR&T, has been reported. This method
exhibited a transformation frequency of 63.7%, significantly
higher than that of the traditional method (35.8%). Moreover,
the eR&T transformation efficiency approached 100%, whereas
the traditional method reached only 75%. Huang et al. (2022)
investigated the efficiency of eR&T in generating CRISPR/
Cas9-mediated soybean mutants targeting two nodule
regulatory genes, GmNSP1a and GmNSP1b. These mutants
displayed reduced nodulation when induced by S. fredii
HH103, producing fewer nodules compared to wild-type roots.

In summary, the transformation method using A. rhizogenes
has proven to be an excellent model system for obtaining
transgenic roots in leguminous plants, significantly reducing
the time between reagent delivery and mutation evaluation
(Li et al., 2019; Yuan et al., 2019; Triozzi et al., 2021).

Transformation by Particle Bombardment

Particle bombardment, also known as biolistic, is an
alternative method for transforming plant species that are
recalcitrant to Agrobacterium infection (Chu & Agapito-
Tenfen, 2022). It is a direct transformation approach
(Altpeter et al., 2005; 2016) that involves the physical
disruption of the plant cell wall and membrane. In this
method, high-velocity gold or tungsten micro-projectiles
are used to introduce foreign DNA into plant tissues or
cells (Svitashev et al., 2015; Ozyigit & Kurtoglu, 2020).
The biolistic method offers several advantages, such as
the ability to deliver various cargo types including plasmid
DNA, ssDNA, RNA, or RNPs (Laforest & Nadakuduti, 2022),
and it is not dependent on the receptivity or genotype of
the host. It can transform diverse tissue or cell types, and
it does not require a binary vector (Baltes et al., 2017). This
technique can be used for both transient and stable gene
expression (Singh et al., 2022). The first report on delivering
CRISPR/Cas9 components through biolistic transformation in
legumes was published by Li et al. (2015). They co-bombarded
soybean embryonic callus with plasmids expressing Cas9 and
sgRNA. They achieved small insertions or deletions within the
cleavage site through NHEJ, with mutation frequencies of 59%
and 76% for DD20 and DD43, respectively (Li et al., 2015).
However, progress in legumes using CRISPR/Cas9 via biolistic
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is currently limited to soybean genotypes (Campbell et al.,
2019; Adachi et al., 2021). This method presents challenges
due to the high pressure applied during tissue bombardment,
which can result in tissue damage (Banakar et al., 2019),
thereby reducing editing efficiency (Sandhya et al., 2020),
such as Cas9 gene fragmentation (Jacobs et al., 2015). Major
drawbacks include random integration of the cargo at multiple
genomic sites when delivered as DNA, labor-intensive explant
preparation (Laforest & Nadakuduti, 2022), relatively high
cost, and low accuracy (Liu et al., 2019). Therefore, the
biolistic delivery method requires improvements to enhance
transformation efficiency and delivery consistency.

Protoplast transformation

Protoplast transformation/transfection involves the
delivery of DNA, RNA, and ribonucleoprotein (RNP) using
PEG, microinjection, or electroporation (Yue et al., 2021).
Protoplast transformation has some advantages over other
methods, including delivery of multiple plasmids with high
levels of cotransformation, use of inexpensive supplies and
not having specialized equipment requirements (Rustgi et al.,
2022). The introduced DNA can be expressed transiently,
or it may integrate into the genome, resulting in stable
transformation (Baltes et al., 2017; Jansing et al., 2019).
However, for a stable transformation, regeneration of the
entire plant is necessary, which is a complex, time-consuming,
and expensive process.

Therefore, the transient transformation of protoplasts is an
alternative strategy to rapidly unravel novel gene functions,
including as transcriptional activity of promoters, subcellular
localization of proteins, DNA-protein interaction, protein-
protein interaction, etc. (Wu et al., 2009). This strategy has
been successfully used in some legume species, including P.
vulgaris (Nanjareddy et al., 2016), L. japonicus, M. trunculata
(Jiaet al., 2018), soybean (Wu & Hanzawa, 2018; Xiong et al.,
2019) and chickpeas (Cheng & Nakata, 2020).

Protoplast-based transfection has been utilized in
legumes to assess the functionality of the CRISPR/Cas
system, including the validation of vectors for gene editing
(Sun et al., 2015; Patil et al., 2022), evaluation of gene
editing efficiency (Yuan et al., 2019), and primary editing
optimization (Biswas et al., 2022). However, the lack of an
efficient system for isolating, regenerating, and transforming
legume protoplasts has limited the application of gene editing
through protoplasts in many legume species, such as cowpeas
(Juranic et al., 2020).

Indeed, RNP-based protoplast editing offers several
advantages over other methods. The use of RNP complexes,
consisting of the Cas protein and the guide RNA, allows for a
simplified and direct delivery of the editing components into
the living cells without the need for DNA integration. This
approach bypasses the potential complications associated
with DNA delivery, such as random integration and off-target
effects. By delivering pre-assembled RNPs, the editing process
can be more efficient and precise, leading to higher editing
rates and reduced off-target effects (Huang et al., 2020).

Perspectives for legume production DNA-free
edit

Although efficient, the above delivery methods such as
Agrobacterium-mediated transformation or bombardment
of particles containing CRISPR expression cassettes can
cause integration of transgenes at random sites in the plant
genome which can disrupt essential genes or result in variable
transgene expression (Sun et al., 2016; van Kregten et al.,
2016; Liu et al., 2019). Furthermore, any foreign DNA
incorporated into host DNA is considered genetically modified
organisms (GMOs) and requires government regulation.
To overcome these issues, DNA/transgene-free genome
editing technologies have emerged as a promising alternative.

An alternative solution to address the challenges associated
with transgenic-based approaches is the use of pre-assembled
ribonucleoproteins (RNPs) consisting of the Cas protein and
chemically synthesized gRNA(s) for plant genome editing
(Zhang et al., 2021). Importantly, since no recombinant DNA
is involved in this process, plants edited with RNPs can be
considered transgene-free. RNPs offer several advantages in
terms of precision and transient presence within plant cells.
They directly target the specific genomic region of interest
upon delivery, minimizing off-target effects (Razzaq et al.,
2019). Additionally, RNPs are transiently present in plant
cells and undergo degradation by endogenous proteases and
nucleases within a few hours (Metje-Sprink et al., 2019). This
transient nature significantly reduces mosaicism, toxicity, and
off-target effects that may arise from prolonged exposure
of genomic DNA to CRISPR reagents (Kim et al., 2017a;
Liang et al., 2017), thereby minimizing the chances of random
DNAintegration (Andersson et al., 2018; Zhang et al., 2020a).

Direct transfer of CRISPR/Cas reagents in the form of RNPs
into plant cells can be achieved through various delivery
methods, including particle bombardment (Liang et al., 2018),
electroporation (Lee et al., 2020), lipofection (Liu et al.,
2020), and the commonly used method of PEG-mediated
transfection (Yu et al., 2021). However, it is important to
note that the efficiency of RNP delivery can vary depending
on the type of tissue being targeted. In many non-DNA
approaches, protoplasts serve as the preferred recipient
explant for delivering CRISPR/Cas RNPs, and this holds true
for legume species as well. Protoplasts are plant cells whose
cell walls have been enzymatically removed, allowing for
direct access of RNPs to the cellular machinery involved in
genome editing. This approach has been widely adopted
due to the high delivery efficiency and the ability to target
a variety of cell types within the plant (Sun et al., 2016).

By using protoplasts as the target for RNP delivery,
researchers can bypass the limitations of cell walls and
achieve efficient and precise genome editing. Protoplast-
based RNP delivery has been successfully demonstrated in
legume species such as soybean and chickpea (Badhan et al.,
2021; Banakar et al., 2022). Notably, studies have reported
successful editing of multiple genes simultaneously in soybean
protoplasts using RNP complexes (Kim et al., 2017a). These
advancements highlight the potential of protoplast-based
approaches for precise genome editing in legumes and other
plant species.

To date, the delivery of Cas/gRNA RNPs has primarily
been demonstrated in PEG-mediated protoplast assays in
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legume species such as soybean and chickpea (Badhan et al.,
2021; Banakar et al., 2022). In one notable legume study
by Kim et al. (2017a), CRISPR/Cas9-mediated editing using
RNPs was successfully performed in soybean and tobacco
protoplasts. The authors achieved simultaneous editing
of two genes, FAD2-1A and FAD2-1B, based on a conserved
sequence in soybean protoplasts (Kim et al., 2017a). In a
more recent study, the same authors developed a screening
system using soybean callus-derived protoplasts for DNA
editing and observed differential indel induction in the two
FAD2 genes using LbCpf1-RNPs. For the Daewon cultivar,
the indel frequencies were reported as 17.5% and 10.3%
for GlymaFAD2-1A and GlymaFAD2-1B, respectively, after
48 hours of incubation (Kim & Choi, 2021). Another study by
Subburaj et al. (2022) used the SpCas9-RNP system to mutate
the CPR5 gene, which regulates trichome growth in soybean
leaf mesophyll protoplasts (Glycine max). The researchers
achieved a higher mutation frequency of 18.1% compared
to plasmid-mediated editing, demonstrating the efficiency
of RNPs in this context (Subburaj et al., 2022). However,
despite these advancements, the regeneration of entire
plants from edited protoplasts remains challenging for
many species, including legumes. To overcome this hurdle,
alternative RNP transformation methods such as de novo
meristem induction have been proposed (Maher et al.,
2020). This approach involves the concomitant expression of
developmental regulators (DRs) and gene editing cassettes,
which enables the creation of gene-edited shoots through
de novo meristem induction and the edited DNA can then be
successfully transmitted to the next generation.

In summary, further research is urgently needed to expand,
accelerate, and improve the efficiency of the transformation,
selection, regeneration, and delivery methods of CRISPR
reagents for different plant species, with a particular focus
on legumes. Addressing these challenges will facilitate the
wider application of CRISPR-based genome editing in legumes
and contribute to advancements in crop improvement and
agriculture.

Yield Improvement in Legumes

Crop yield is a complex, multigenic, quantitative trait.
Several traits related to yield have been studied, such as
root and shoot architecture, leaf and vasculature features,
and flowering responses (Mathan et al., 2016, Bailey-
Serres et al., 2019). These traits provide directives for the
use of CRISPR strategies to improve legumes, where some
advances have already been achieved. To change plant
architecture, Bao et al. (2019) used CRISPR/Cas9 to edit
the GmSPL9 gene family (GmSPL9a, GmSPL9b, GmSPLY9c,
and GmSPL9d). Four mutants (spl9a/spl9b-1/spl9c/
spl9d) showed a higher number of nodes. However, the
SpCas9 used in this study was controlled by a 35S promoter,
and the authors reported that only after the T4 generation
could they observe mutations in the four genes of the
family. Gao et al. (2018) also used CRISPR/Cas9-directed
mutagenesis in the gene SPL9Y in the legume M. sativa and
obtained an editing frequency of 2.2%, which is relatively
low compared to that obtained in other plant species.

One solution to overcome the difficulties awaiting the 4"
generation, or even the low-efficiency transformation in M.
sativa, could be the use of temperature-sensitive Cas9 or
Cas12 proteins. Inducing heat stress (37°C) reportedly
improved the efficiency 5-fold in somatic tissues and 100-
fold in germline in Arabidopsis with Cas9 (LeBlanc et al.,
2018). Recently, another group showed that using Cas12a,
the editing activity increased to more than 28°C in rice,
maize, and Arabidopsis (Malzahn et al., 2019). Applying
heat stress a few days after Agrobacterium inoculation
could improve the efficiency or augment the number of
mutations under heat treatment.

Plant height is partly determined by the phytohormone
gibberellin (GA) (Hedden & Sponsel, 2015; Wang et al., 2017).
Manipulation of the GA pathway has already been used to
improve yields in crops and legumes, leading to an increase in
leaf area and dry matter (Phillips, 2016). After biosynthesis,
GAinteracts with GA receptors and other phytohormones to
act as hub height regulators, as well as with DELLA proteins,
which in turn are GA repressors. Thus, repressing DELLA
expression could increase GA levels and influence legume
yield. CRISPR interference (CRISPRi) strategies have been
established in plants and consist of mutated dead Cas9 (dCas9)
proteins fused with repressor domains, such as SRDX or
KRAB (Xing et al., 2014, Lowder et al., 2017). The use of
CRISPRi to modulate DELLA could improve yield in legumes.
However, it requires a tissue-specific promoter and one or
more sgRNAs, since GA and DELLA proteins play important
roles during symbiosis and nodulation in legumes (Jin et al.,
2016; Dolgikh et al., 2019).

Other important traits that could be engineered to improve
yield in plants include leaf morphology and anatomy, vascular
bundles, and fruits, as well as control of flowering time. Leaf
anatomy is directly linked to photosynthetic rate, which is
related to the area exposed to sunlight (Mathan et al., 2016).
Vascular bundles distribute water and nutrients and drive
the mobilization of carbon (Sack & Scoffoni, 2013). Leaves
and their vascular bundles are formed by a similar onset of
genes that govern leaf morphogenesis. Editing these genes
can increase leaf performance and impact yield. Genes that
control shoot meristems, such as WUSCHEL and CLAVATA,
could be good candidates. Rodriguez-Leal et al. (2017)
targeted the promoter of the tomato CLV3 gene using eight
sgRNAs to produce different alleles corresponding to different
expressions of the CLV3 gene and generate a phenotypic
effect on yield. Some orthologs of these genes have been
found in the most studied legume species to date and could
be possible candidates for editing. For instance, GmCLV1A,
GmCLV1B, GmCLV2, GmCLV3, GmNARK, and CLE genes in
soybean, several WOX and PIN genes, LEAFY orthologs,
UNIFOLIATA (UNI), SINGLE LEAFLET1 (SGL1), and HEADLESS
in M. truncatula seem to play roles in meristem maintenance
(Osipova et al., 2011, Hastwell et al., 2015; Chen, 2018;
Jiao et al., 2019; Meng et al., 2019).

Several studies have shown how genes, such as GmFT2a and
GmFT)a, which have been identified as flowering activators
and integrators in soybean, help expand their regional
adaptability (Cai et al., 2018a, 2018b). As in many plants,
flowering is regulated by seasonal changes in the day, which
may limit the geographic range of crops (Jung & Miiller, 2009).
The use of CRISPR/Cas9 to knock out these genes and modify
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plant flowering time could expand the geographic range
of some legumes. The ft2aft5a double mutants produced
flowers approximately 31 days later than wild plants, and
they maintained vertical growth, producing significantly
increased numbers of nodes, resulting in a substantial increase
in new branches and consequently more pods and seeds
per plant (Cai et al., 2020a). In addition to developmental
genes, modification of photosynthetic carbon assimilation
(PAC) has already been accomplished (Simkin et al., 2015;
Calzadilla et al., 2019). However, photosynthesis and carbon
assimilation consist of a complex pathway of reactions
controlled by numerous enzymes. Therefore, simple targeted
modifications would not be sufficient. Some studies have
highlighted how researchers can change PAC by improving
some inefficient steps of photorespiration or by increasing
the CO, concentration at the site of Rubisco by introducing
CO, pumps (Weber & Bar Even, 2019). CRISPRi or CRISPR
activation (CRISPRa). This consists of the same dCas9 as
CRISPRi but fused to transcriptional activators and could be an
efficient method to synthetically engineer complex pathways,
such as PAC. In bacteria, CRISPRi and CRISPRa have already
been used to repress or activate multiple genes (Kim et al.,
2017b; Mougiakos et al., 2018; Liu et al., 2019a). In plants,
engineering these strategies has already been mentioned to
make more pungent tomatoes (Naves et al., 2019).

In contrast, Weiner (2019) proposed that increasing
yield in plants is based on modifying characteristics by
improving physiological processes that usually result in
decreased plant fitness. He suggested that improving yield
strategies should not focus on improving traits without
considering modifying performance (fitness) under specific
field conditions. His argument clarified that, for example,
for genetic photosynthetic improvement, other co-factors
should sometimes be added in the field as fertilizers (Weiner,
2019). Nonetheless, the advantage of CRISPR transcriptional
regulation strategies broadens all and thus could hijack
the lack of control already existing in classical transgenic
engineering.

To address the specific demands of each country,
research groups worldwide study legumes that are adapted
to their respective regions. A notable study by Van Loon
& Van Wassenhove (2018) shed light on the challenges
faced in legume farming in three East African countries.
The authors emphasized that legumes such as common
bean, pigeonpea, chickpea, cowpea, and groundnut have
a yield potential ranging from 3 to 7 Mg/ha. However, to
achieve such yields, it is crucial to develop new legume
crop varieties that can thrive in various water-limited
conditions. This remains a pressing concern at least until
2050, particularly for countries like Kenya and Tanzania.
To address this issue, studies are conducted in numerous
laboratories worldwide, with a focus extending beyond
soybean, which currently receives the most research
attention. By diversifying the scope of research to include
a wider range of legume crops, scientists can contribute
to the development of innovative solutions that meet the
specific needs of different regions and enhance legume
production on a global scale.

Improvement of quality and nutrition in
legumes

In 2016, the Food and Agriculture Organization of the
United Nations declared 2016 the international year of pulses
to heighten public awareness of the nutritional benefits of
legumes as part of sustainable food production for food
security and nutrition (FAO, 2016). Legumes are low in fat, rich
in vitamins, provide proteins and essential minerals, and have
cultural and medicinal roles by their bioactive compounds
(Maphosa & Jideani, 2017). Although the nutritional effects
of pulses are well recognized, some regions of the world
as Asia and Africa have not increased the rate of legume
production to match their increasing rate of consumption,
and research is almost always focused on cereal crops
(Nedumaran et al., 2015). Moreover, legume consumption
has important protective effects against various human
diseases (Li et al., 2017a; Cakir et al., 2019). Accordingly,
the biofortification of Leguminosae species through CRISPR
technologies could contribute to the nutritional quality
improvement of legume crops when they require a certain
nutrient compound from a defined population.

Efforts to modify the quality of legumes have been made
using CRISPR systems. Soybean oil is a source of linoleic acid
(omega 6), oleic acid (omega 9) and linolenic acid (omega 3).
Linoleic acid is an oxidation-prone polyunsaturated fatty acid
that causes an unpleasant taste and has a short shelf life, while
oleic acid is monounsaturated, has self-oxidative stability,
and is beneficial to health. Therefore, changes in the fatty
acid profile of soybean could be attractive for regulating the
oil content of these acids. Fatty acid desaturase-2 enzyme
(FAD2-1) is responsible for the conversion of oleic acid to
linoleic acid in developing soybean seeds (Okuley et al.,
1994; Schlueter et al., 2007). Mutations in FAD2-2 genes
using the CRISPR-Cas9 system resulted in a 65% increase in
oleic acid content (Al Amin et al., 2019). The simultaneous
use of two gRNA for the genes GmFAD2-1A and GmFAD2-1B
resulted in dramatic increases in the oleic acid content
(over 80%), whereas the linoleic acid content decreased
by 1.3-1.7% (Do et al., 2019). Furthermore, 77.8% (7/9) of
TO events showed heritable mutations in either or both genes.
In contrast, gene editing using the TALEN system results in
only 50% transmission of both GmFAD2-1A and GmFAD2-
1B mutations to T1 progenies, showing that CRISPR/Cas9 is
more stable, easier to design, and achieves a high level
of heritable mutations (Haun et al., 2014). In peanuts, a
gene editing approach using the CRISPR/Cas9 system has
also been used to improve oil quality. Yuan et al. (2019)
induced mutations in ahFAD2A and ahFAD2B by transforming
Agrobacterium protoplasts and root hair to decrease fatty
acid desaturase activity and allow oleic acid accumulation
during seed development.

Dietary standards are constantly changing. Vegetarianism
and veganism are increasing in popularity. These dietary
patterns include many legumes and soybean derivatives
(Orlich et al., 2014). In legumes, methionine is considered
a limiting amino acid, but they are also deficient in lysine
and tryptophan (Le et al., 2016). CRISPR approaches could
be used in different strategies to augment the number of
missing amino acids. Introducing proteins rich in lysine,
methionine, or tryptophan via HDR is one such choice.



T. F. Maia et al.

10-25

Another CRISPR system consisting of precise genome editing
by cytidine base editors (CBE) and adenine base editors (ABE)
has been used and could also prove attractive for modifying
the amino acid composition of proteins and increasing
the total amount of a limiting amino acid. CBE fusion to
Cas9 catalyzes a cytosine deamination reaction in the single-
stranded non-target DNA strand, converting cytosine into
uracil and resulting in C-to-T replacement. ABEs catalyze
adenine deamination when Cas9 recognizes a protospacer
adjacent motif (PAM) to catalyze the conversion of adenine
to hypoxanthine in the PAM distal region of single-stranded
non-target DNA. Hypoxanthine is recognized as G by DNA
repair systems, triggering the incorporation of a C base paired
with hypoxanthine (Kim, 2018; Zhang et al., 2019). With
prior extensive analysis of the entire sequence, it could be
possible to modulate new codons to increase the amount of
certain amino acids in a certain protein that is not vital for
the plant. For example, many components in legumes have
been described as antinutrients and can be transformed into
non-functional proteins, with increased amounts of certain
amino acids (Muzquiz et al., 2012).

Antinutrients can vary from metabolites, such as vicine
in faba bean, oligosaccharides, alkaloids in lupin species,
and various classes of proteins, and can have toxic effects
if not deactivated before consumption. Additionally, several
proteins have been identified as allergens. In peanuts, Ara
h1 to Ara h8 are considered allergens depending on the
sensitivity of allergic patients. Soybean, lentil, lupins, pea,
chickpea, blackgram, French bean, green gram, and red
gram have already been identified as allergens, with proteins
from different families, such as prolamins, cupins, profilins,
defensins, and oleosins (Verma et al., 2013; Cabanillas et al.,
2018). RNA interference (RNAi) has been used to silence
Ara h proteins with promising results for the recognition of
proteins in the sera of allergic patients (Riascos et al., 2010).
However, it would be interesting to target more allergenic
proteins simultaneously. Jenkins et al. (2005) showed that
the universe of plant allergens is small, with few families,
and that many of these so-called isoallergens contain high
sequence identities. Consequently, a CRISPR strategy could
be adapted to target different isoallergens with one or
few sgRNAs and many allergens from different families in
a single CRISPR-edited plant. Diverging from other CRISPR
systems, a new Cas13 protein was found to recognize 22-
28 nucleotides in RNA sequences, followed by a protospacer
flanking sequence or with no specific requirement. This new
technology permits simultaneous cleavage of multiple RNAs
and gene expression knockdown (Zhang et al., 2019). It has
already been performed in N. benthamiana and Arabidopsis,
where researchers used LshCas13a to interfere with the RNA
genome of the Turnip mosaic virus (Aman et al., 2018). This
strategy may be interesting because it permits multiple
allergen knockdowns in the same plant. In contrast to prior
biotechnological plants, it would permit the creation of
peanuts or soybeans with multiple targeted allergens, and
thus broaden the type of allergies targeted.

Although there has been significant progress in the
elucidation of transcriptomic and genomic resources in
legumes, there is still a need for an exploration of whole-
genome data sequences, germplasm resources, and single
nucleotide polymorphisms related to metabolite production

and nutrient absorption, which could help in the strategy of
CRISPR biofortification (Rehman et al., 2019). CRISPR sgRNA
libraries have been used to discover the functions of genes
and regulatory elements. Collections of mutants with CRISPR
libraries have been used for tomato and rice (Jacobs et al.,
2017; Lu et al., 2017; Meng et al., 2017b). Zhang et al. (2019)
proposed the delivery of sgRNA libraries into plant cells or
protoplasts and linked traits of interest to selectable markets
to select individual cells for analysis and regeneration.
These strategies could help in adapting the improvement of
a certain legume and detecting interesting traits associated
with biofortification, considering a more specific strategy
depending on the needs of a certain population.

Improving resistance to abiotic and biotic
stresses

Abiotic stresses

The Fabaceae family comprises species growing in all
global biomes. Owing to their worldwide distribution, some
species have different sensitivities in their responses to
abiotic challenges. The real threat to legume production in
the future is the stress caused by environmental changes.
Faba bean and pea are drought-sensitive, whereas lentil and
chickpea are drought-resistant. Drought stress has adverse
effects on the total legume biomass, pod number, seed
number, weight, and quality (Latef & Ahmad, 2015). Food
legumes are also relatively sensitive to salinity, which can
lead to a reduction in the shoot growth of soybean, chickpea,
pea, faba bean, and mung bean. Other abiotic stresses,
such as waterlogging, heat stress, nutrient deficiency, and
toxicity, negatively affect the adaptability and yield of
legumes worldwide. More importantly, humans have taken
advantage of these plants mainly because of their symbiotic
relationship with BNF organisms. This association has been
proven to be more vulnerable in the presence of osmotic
stress (Valentine et al., 2011; Mhadhbi et al., 2015).

Curtin et al. (2018) used CRISPR/Cas9 and TALEN targeting
specificity to disrupt two genes with roles as dsRNA-binding
proteins in soybean (GmDrb2a and GmDrb2b), for which
mutants showed an altered abundance of drought and
osmotic response proteins. In addition, these mutants are
more resistant to salt stress. However, GmDrb2ab plants were
more sensitive to drought stress, even with perturbations
in different microRNAs (miR156, miR163, and miR168).
In the same year, soybean plants carrying mutations in the
GmMYB118 gene using the CRISPR/Cas9 system were reported
to exhibit reduced drought and salt tolerance, indicating the
importance of this transcription factor in activating genes in
response to abiotic stresses (Du et al., 2018). Additionally,
Li et al. (2018) constructed a dual-gRNA CRISPR vector to
knock out GmSnRK1. 1 and GmSnRK1.2 genes in soybean hairy
roots, which inhibited root growth in abscisic acid (ABA) and
alkaline treatments. Despite these efforts, CRISPR-edited
legumes have not yet shown a real improvement. A detailed
understanding of the mechanisms underlying specific stresses
will result in a successful strategy. The general mechanisms
in legumes remain similar to those in other plants, where



CRISPR/Cas genome editing in legumes: Progress and challenges

11-25

a signaling cascade is initiated after the perception of the
stress factor, which involves the activation of molecular
pathways that respond specifically to a certain pressure.
For example, during salt stress, legumes produce metabolites
that act as osmoprotectants, such as amino acids (ectoine,
proline), carbohydrates (trehalose, polyols), proteins
(dehydrins, chaperones), and amines (glycine betaine and
dimethyl sulphonium) (Babar et al., 2015). Some studies
have pointed out that the molecular approach in legumes
remains comparable to that in other crops and consists
of modifying the expression of regulatory genes, such as
protein kinases, phosphatases, and transcription factors
(Mousavi-Derazmahalleh et al., 2019; Nadeem et al., 2019).
The overexpression, modification, or mutation of the encoding
genes will activate stress signals and downstream “tolerance
genes” that encode antioxidant enzymes that participate
in reactive oxygen species detoxification, osmoprotection,
and assistance in protein and ionic homeostasis (Shinozaki &
Yamaguchi-Shinozaki, 2007; Lamaoui et al., 2018).
Overexpression of key genes is one of the strategies most
used in plant engineering. Efforts have sought to increase
the expression of genes that help at different phases of
abiotic stress signaling cascades. The overexpression of
transcription factors remains one of the most reliable
methods because it activates a series of downstream genes
that can enhance the cascade response. Transcription factors
that have been studied more belong to different families
(MYB, bHLH, WRKY, bZIP, and NAC). Some have been used
in abiotic stress transgenic approaches (Tiwari et al., 2020;
Zafar et al., 2020). Shi et al. (2017) used CRISPR HDR with
the sequence of the promoter (GOSPRO2), which generates
moderate expression, either to replace the ARGOS8 promoter
or embed into its 5’ untranslated (UTR) region. To do this, the
authors used a two-sgRNA system and were able to increase
ARGOS8 expression, inducing a better tolerance under
drought stress in maize (Shi et al., 2017). When directed
by specific gRNAs, HDR is a powerful tool for choosing the
location in the genome to insert any sequence insertion.
Sometimes, good transgene expression depends on the site
insertion. With CRISPR HDR, it is possible to target known
regions in which high gene expression is constant. Some
expression quantitative trait loci (QTLs) can affect some
tissues more than others (Kloosterman et al., 2012; Mizuno
& Okada, 2019). Depending on the transgene, one strategy
could be to target these regions for the inserted transgene
to be expressed in a specific tissue with better reliability
for good expression. Besides promoter replacement, other
studies have attempted to increase endogen expression by
modifying promoters using CRISPRi and CRISPRa strategies.
When endonuclease dead Cas9 (dCas9) is fused to activation
domains (VP64, EDLL, TAB), strategies in plants have shown
that a promoter can be more active and increase gene
expression. Fusions of dCas9 with epigenetic modulators
(histone acetyltransferase) have also been shown to increase
gene expression when targeted to its promoter and confer
good responses to plants when subjected to H,0 deficits
(Lowder et al., 2015; Piatek et al., 2015; Tang et al., 2017;
Roca Paixao et al., 2019). Interestingly, the combination of
modifying or replacing the structure of one or more promoters
(cis engineering) targeted by modified and ameliorated
dCas9-transcription factors (trans engineering) is a promising

goal to procure more complex responses to abiotic stresses
(Shrestha et al., 2018). Still, such strategies require a trans-
sequence and thus could be contemplated differently from
CRISPR gene-free strategies for agriculture. These strategies
remain compelling for fundamental research.

On the other hand, genes that negatively regulate
abiotic stresses are good knock-out candidates using CRISPR
strategies. For example, some stress-induced genes involved in
the abscisic acid (ABA) response have been used with CRISPR.
Mutations in the rice gene OsABA8ox, which catalyzes ABA,
accumulate more ABA and show increased drought tolerance
(Zhang et al., 2020b). Additionally, the targeted mutation of
Semi-rolled leaf1,2 in rice resulted in higher survival rates,
ABA content, superoxide dismutase (SOD) and catalase (CAT)
activities, and increased drought tolerance in the mutants
(Liao et al., 2019). Other potential targets for improving
tolerance against abiotic stresses have been proposed and
identified as “sensitivity” genes (Zafar et al., 2020). More
profound research is needed to identify good candidates to
ameliorate legume responses to abiotic stresses. Presently,
there is a good basis for studies on other plant families.

Biotic stress

Weeds are one of the major threats to agricultural
productivity, as they compete with crops for light, water,
space, and nutritional resources (Délye et al., 2013;
Quareshy et al., 2018). The average annual economic loss
of soybean crops due to weeds in the United States alone is
estimated at $16 billion (Soltani et al., 2016). The development
of herbicide-resistant legume varieties by genome editing
holds great promise for addressing the worsening weed
problems in legume crops. Li et al. (2015) pioneered the
directed editing of genes that confer resistance to soybean
herbicides using Cas9-gRNA. In this study, the ALS7 gene
conferring resistance to chlorosulfuron was successfully
interrupted by a sequence exchange event. Acetolactate
synthase is an essential enzyme for branched-chain amino
acid biosynthesis and a major target of agriculturally
important herbicides. NHEJ has been used for the targeted
mutagenesis (small deletions and insertions) of two DD20 and
DD43 soybean target sites, with mutation frequencies of 59%
and 76%, respectively, as well as replacement of HDR-directed
endogenous sequences (Li et al., 2015).

Other CRISPR/Cas strategies can focus on improving plant
defense against pest attacks, modifying gene expression,
inserting genes that compensate for the loss of photosynthetic
activity, diverting resources from growth into reproduction,
or modifying phytohormone balances. Additionally, attack
by pathogens or parasites generates, after the first round
of constitutive response, the recognition of pathogen-
associated molecular patterns (PAMPs), activating cascades
that comprise the synthesis of jasmonic acid (JA), salicylic
acid (SA), and ethylene, and the activation of a transcription
factor that contributes to the response (Santamaria et al.,
2018; Hou et al., 2019). Again, CRISPR overexpression
mediated by T genes or mutation of S genes that amend the
plant response to a certain attack could be an attractive
possibility. Haque et al. (2018) reviewed studies that used
CRISPR to mitigate pathogen attacks in plants. However, real
solutions for pest management need to include other eco-
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friendly practices to overcome the difficulties. Integrated
pest management has already been proposed for legume
production in Asia and Africa. As plant scientists, we need to
emphasize these strategies (Schreinemachers et al., 2014).

Sustainability and biological nitrogen fixation

The bioavailability of soil organic nitrogen is one of the
most important factors limiting plant growth and crop yield.
Legumes interact with bacterial species that can fix nitrogen
in the soil (Masson-Boivin & Sachs, 2018), contributing to the
sustainability of agricultural systems. Rhizobium-leguminous
symbiosis involves the exchange of the carbon source
produced by the plant and ammonium fixed by the bacteria;
this process is called biological nitrogen fixation (BNF).
Is the most efficient method of N,-fixation with amounts of
20-300kg/ha/yr, which accounts for approximately 60% of
all fixed N on earth (Soumare et al., 2020). Genetic studies
have shown that effective BNF requires the coordination of
multiple metabolic and transport pathways in both plants
and microbes.

Over the past 23 years, surprising progress has been
made in the discovery of nearly 200 genes required for BNF
in legumes (Roy et al., 2020). For example, LjSYMRK and
MtDMI2 were the first “common symbiotic” genes required
for both rhizobial and mycorrhizal symbioses (Endre et al.,
2002; Stracke et al., 2002). These findings have increased our
understanding of the evolution of BNF in plants and helped
select breeding programs for the effectiveness of BNF in
legume crops. However, the scenario has been amended since
the development of the new CRISPR gene editing tool, creating
the possibility of identifying genes that may contribute to the
effectiveness of BNF. For example, Ji et al. (2019) developed
an alternative strategy in ex vitro V. unguiculata plants
that was successfully applied to CRISPR/Cas9 to effectively
disrupt the kinase-like symbiosis receptor gene (VuSYMRK)
in transgenic hairy roots of A. rhizogenes. The mutant roots
did not develop nodules after inoculation with Sinorhizobium
sp., indicating the main function of (VuSYMRK) in nodule
formation. Yang et al. (2022) also applied CRISPR/Cas9 to
edit the heat shock protein, GmHSP17.9, located in soybean
nodules. The resulting mutant plants showed a remarkable
alteration in nodule number, nodule fresh weight, and
nitrogenase activity, which caused significant changes in the
seed yield of the plants.

Lotus japonicus is one of the most widely used model
legumes for BNF studies because of its relatively small genome
and diploid nature. The kinase-like symbiosis receptor gene
(SYMRK) and leghemoglobin gene (LjLb1, LjLb2, and LjLb3)
were knocked out in the same transgenic lineage using two
gRNAs (Wang et al., 2016). Leghemoglobins are essential for
buffering oxygen in nodules at low levels, while transporting
them rapidly to rhizobia. It was also reported that for
nodule gene editing using CRISPR/Cas9, the nodulation-
specific LjLb2 promoter was more effective compared to the
constitutively active CaMV35S promoter. In this study, there
was a color change from pink to white nodules in addition
to their reduced size, resulting in lower symbiotic nitrogen
fixation efficiency in L. japonicus (Wang et al., 2019). Legume
genomes typically encode several Lb genes that account for
at least 10% of the total mRNA and 5% of the total protein

in mature nodules (Ott et al., 2005). In this regard, novel
strategies using CRISPR can be implemented to modify the
elements of nitrogen incorporation, such as receptors and/
or enzymes, to improve nitrogen uptake, increase species
interactions, and to install mutations designed to create
structural changes in sgRNA genes. All these strategies may
increase the efficiency of BNF in legumes.

Advantages and limitations of the CRISPR system
in legumes

The CRISPR system has made remarkable progress in recent
years, continually expanding its capabilities, and improving
the efficiency of genomic editing in plants. One particularly
appealing feature of the CRISPR/Cas system is its ability
to perform multiplex editing, enabling the simultaneous
mutation of multiple genes in a single transformation event.
This multiplex editing capability significantly reduces the
time and cost required to generate new plant varieties
(Borrelli et al., 2018). In the context of legumes, the CRISPR/
Cpf1 system has emerged as an efficient multiplex genome
editing tool. Studies have demonstrated its high editing
efficiency, reaching up to 91.7% in soybeans (Duan et al.,
2021). CRISPR/Cpf1 complements CRISPR/Cas9 and offers
several advantages, including the ability to perform DNA-free
genome editing and greater flexibility in targeting different
genomic regions. Unlike Cas9, which requires a G-rich
protospacer adjacent motif (PAM), Cpf1 use a T-rich PAM,
allowing it to target a broader range of genomic sequences
(Zetsche et al., 2015; Shmakov et al., 2017). However, to
further enhance genome editing in legumes, it is essential to
develop additional variants of nucleases that can recognize
a wide array of PAM sequences. This would expand the scope
of genome editing possibilities and enable more precise and
efficient genetic modifications in legume crops. Overall,
the advancements in CRISPR technology, particularly the
development of multiplex editing systems like CRISPR/Cpf1,
hold great promise for improving genomic editing in legumes.
Continued research and innovation in this field will contribute
to the development of new legume varieties with enhanced
traits and improved adaptability to abiotic and biotic stresses,
ultimately benefiting legume crop production and global
food security. In addition to the CRISPR/Cas9 system, other
CRISPR-based editing systems, such as adenine base editors
(ABEs) and cytosine base editors (CBEs), offer precise genome
editing capabilities. These base editors enable the transfer of
DNA bases without breaking the template DNA, allowing for
targeted nucleotide changes (Komor et al., 2016). ABE and
CBE have been successfully applied in two leguminous crops,
soybean, and alfalfa, demonstrating their potential for precise
editing in legumes (Cai et al., 2020b; Bottero et al., 2022).
However, base editing does have limitations, such as the
specific nucleotide changes it can introduce (Mishra et al.,
2020). To overcome this limitation, a newer addition to the
CRISPR toolbox, prime editing (PE), has been developed.
PE allows specific changes to be introduced at a targeted
locus through a single-stranded DNA break, enabling the
conversion of any base to any other base with minimized
off-target effects. Although initial studies suggest lower
editing efficiencies with PE, especially for generating stable
transformants, it holds potential as an important tool for
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genome editing in leguminous plants (Lin et al., 2020). While
the CRISPR/Cas9 technique has been extensively studied for
soybean modification, its use in other leguminous plants is
still limited due to various challenges. Legumes often exhibit
recalcitrance to in vitro gene transfer, which hinders efficient
transformation and regeneration procedures. Additionally,
leguminous crops, including soybeans, have relatively low
mutation efficiency. To overcome these challenges, it is
crucial to focus on developing new plant transformation and
regeneration systems in combination with efficient CRISPR/
Cas delivery methods. A promising advantage is the tissue
culture-free genome editing system, which combines ex vitro
hair root induction mediated by transient A. rhizogenes and
the CRISPR/Cas technique. This approach offers a rapid,
accurate, and cost-effective platform for functional validation
of genes of interest in leguminous plants (Du et al., 2018;
Alok et al., 2020; Niazian et al., 2022).

In conclusion, exploring alternative CRISPR-based editing
systems, such as base editors and prime editors, along with
the development of new transformation and regeneration
techniques, will contribute to overcoming the challenges
associated with CRISPR/Cas genome editing in leguminous
crops. These advancements hold promise for accelerating the
discovery and functional validation of genes in legume plants,
ultimately enhancing their agronomic traits, productivity,
and adaptation to environmental stresses.

Regulation

The CRISPR/Cas system is a powerful tool for crop
improvement due to its efficiency, accuracy, robustness,
adaptability, and simplicity. However, the use of this method
raises regulatory and biosafety concerns, particularly
regarding the classification of CRISPR-edited crops as
genetically modified organisms (GMOs) and the generation of
transgene-free plants. Regulations for genetically modified
crops vary widely across countries, with some being more
stringent and others more flexible. For instance, the European
Court of Justice has ruled that CRISPR/Cas-edited crops
should be subjected to the same rigorous regulations as GMOs
(Court of Justice of the European Union, 2018). New Zealand
also considers genome-edited plants as genetically modified
and regulates them under GMO legislation (Fritsche et al.,
2018). In contrast, the US Department of Agriculture (USDA,
2020) has declared that CRISPR/Cas9-edited crops will not
be regulated and are exempt from GMO laws (Myskja & Myhr,
2020). Several South American countries, including Brazil,
Chile, Colombia, Paraguay, and Uruguay, have established
clear and flexible guidelines. If the final variety does not
contain foreign genes or DNA, these countries do not subject
it to additional regulatory oversight (Eckerstorfer et al., 2019;
Smyth, 2019). Brazil, for example, has stated that plants
created using “new innovative technologies in precision
improvement” (genome editing) will not be regulated by
the National Technical Commission of Biosafety (CTNBio),
as they are with traditional genetically modified products.
However, consultation with CTNBio is necessary to confirm
the use of “innovation in precision improvement” rather
than genetic engineering (normative resolution No. 16/2018,
Brasil, 2018). Australia, Argentina, and Canada also exempt
genome-edited products from regulations if they are proven

to be non-GMOs (Gao et al., 2018; Tchetvertakov, 2019).
Canada is unique in that its entire GM legislation is based on
the product rather than the process (Turnbull et al., 2021).
Japan, on the other hand, does not regulate plants edited
using SDN-1 and SDN-2 (Gupta et al., 2021). Some countries,
like India and China, are still in the process of developing
regulations for gene-edited crops (Wani et al., 2022). There
is an urgent need for global harmonization of regulations
in this field. In 2018, a drought and salt-tolerant soybean
variety edited using CRISPR/Cas9 received USDA clearance
as an unregulated plant (Curtin et al., 2018). However,
public acceptance of genome-edited crops remains a major
challenge that needs to be addressed.

Conclusion

While CRISPR genome editing technology has advanced
significantly in many crops, its application in legumes is
still in its early stages. The progress made in the first eight
years (2015-2022) of CRISPR/Cas genome editing in legumes
has been limited. One major challenge is the low rate of
transformation efficiency, which affects the success of the
editing process and hampers the generation of a large number
of edited plants in certain legume species.

To address these challenges, efforts are needed to increase
the transformation efficiency of legumes. Researchers should
focus on developing specific vectors and methodologies
tailored to the unique characteristics of leguminous species.
These customized tools can help enhance the efficiency
of the editing process, enabling the generation of a larger
number of edited plants.

Overall, while CRISPR/Cas genome editing has shown
great potential for legume improvement, further research
and development are necessary to overcome the limitations
associated with low transformation efficiency and achieve
more successful editing outcomes in leguminous crops.
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