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Abstract: Precise editing of the plant genome has long been desired for functional genomic research
and crop breeding. Prime editing is a newly developed precise editing technology based on CRISPR-
Cas9, which uses an engineered reverse transcriptase (RT), a catalytically impaired Cas9 endonuclease
(nCas9), and a prime editing guide RNA (pegRNA). In addition, prime editing has a wider range of
editing types than base editing and can produce nearly all types of edits. Although prime editing was
first established in human cells, it has recently been applied to plants. As a relatively new technique,
optimization will be needed to increase the editing efficiency in different crops. In this study, we
successfully edited a mutant GFP in rice, peanut, chickpea, and cowpea protoplasts. In rice, up
to 16 times higher editing efficiency was achieved with a dual pegRNA than the single pegRNA
containing vectors. Edited-mutant GFP protoplasts have also been obtained in peanut, chickpea, and
cowpea after transformation with the dual pegRNA vectors, albeit with much lower editing efficiency
than in rice, ranging from 0.2% to 0.5%. These initial results promise to expedite the application of
prime editing in legume breeding programs to accelerate crop improvement.
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1. Introduction

Precise gene editing is crucial for functional genomics studies and crop improve-
ment [1,2]. Sequence deletion, insertion, and replacement have been performed by homology-
directed repair (HDR) of double-stranded breaks (DSBs) through the presence of a donor
DNA template [3]. Currently, using HDR in basic plant research and crop improvement
is very limited because of its low efficiency and the difficulty of DNA template deliv-
ery [4]. However, this technique is still important in plant breeding for large sequence
insertion/precise knock-in and complex DNA modification [5]. Base editing (BE) has been
recognized as an alternative to HDR-mediated replacement and precise genome editing that
greatly enhances crop breeding opportunities [6-8]. BE can perform up to 100-fold higher
efficiency than HDR in obtaining the desired mutations [9]. Cytosine and adenine base
editors (CBEs and ABEs) are the two widely used groups of base editors that can install
CeG-to-TeA and AeT-to-GeC transitions, respectively [10]. For CBE, the Cas9 nickase
(nCas9) or catalytically dead Cas protein (dCas9) is fused with a cytidine deaminase that
converts the original C to T in the targeted DNA region [11]. In ABE, nCas9 or dCas9 is
fused with adenosine deaminase, which permits A-T to G-C base substitutions in the target
DNA sequence [12]. Both CBEs and ABEs have been well established in various crops,
including rice, wheat, maize, tomato, and cotton [13-17].

Although base editors in plants are highly efficient, they are limited to only four types
of base changes; however, manipulation of many agronomic traits may require the other
eight nucleotide substitutions (AeT-to-CeG, CeG-to-AeT, TeA-to-AeT and GeC-to-CeG)
and deletions or insertions [18]. A more recent technique, prime editing, can perform
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more efficient and precise genome editing through its ability to generate nearly any type of
edit [19]. Thus, prime editing holds more promise for a wider scope of precise mutations
for crop improvement once it is successfully optimized in each crop of interest. There are
three prime editor systems (PPEs) available: PPE2, PPE3, and PPE3b. PPE2 consists of an
nCas9 (H840A) fused to an engineered M-MLYV reverse transcriptase (RT) and a pegRNA
composed of a primer binding site (PBS) and an RT template. PPE3 adds nicking single-
guide RNA (sgRNA) to cleave the non-edited strand, facilitating favorable DNA repair.
In PPE3b, this nicking sgRNA targets the edited sequence, thereby preventing nicking of
the non-edited strand until after editing occurs, resulting in fewer indels in mammalian
cells [19]. In contrast to observations in mammalian cells, however, the editing efficiencies
of the three PPEs were similar in plant cells [20].

Several studies using prime editing have recently been published across various
plants, including rice, wheat, maize, potato, and tomato [3,20-23]. In wheat, the frequencies
of single nucleotide substitutions, including A-to-T, C-to-G, G-to-C, T-to-G, and C-to-A,
reached up to 1.4% [20]. Interestingly, using dual PEG and designing a perfect PBS, prime
editing efficiency was increased up to 17% in rice [24]. Considering the usefulness of this
technology, prime editing efficiency needs to be further improved in different crops. Along
with this effort, plant protoplasts have been recognized as a useful platform for optimizing
various gene editing techniques [25-27]. To our knowledge, prime editing in legumes has
not been explored thus far. As it has been achieved in rice and several other crops, we
hypothesize that it is possible to perform prime editing in legumes as well. This study aims
to optimize prime editing in rice, peanuts, chickpeas, and cowpeas by transiently targeting
mutant GFP in protoplasts.

2. Results
2.1. Design of Mutant GFP and sgRNAs for PEG RNAs

To develop a test platform to measure prime editing efficiency, a stop codon (ATG) was
inserted in the GFP coding region by changing C to G at the 202 position using overlapping
PCR (Figure 1A,B). Four gRNAs were then designed using CRISPR-P2; their efficiency
was tested by in vitro ribonucleoprotein (RNP) digestion of the PCR amplicons with Cas9
nuclease and synthetic gRNAs. All four of the gRNAs cut the target GFP sequence efficiently
(Figure 1C). Two of the four gRNAs were used for pegRNA design because of the close
proximity of the mutation site.

2.2. Development of Mutant GFP Vector and Testing in Protoplasts

An expression vector containing the mutant GFP sequence driven by the CmYLCV
promoter was developed. After introducing a stop codon in the GFP coding sequence, the
mutant GFP was inserted into the module A vector by removing the active GFP through
restriction digestion cloning. The mutant GFP vector was then tested in rice, peanut,
chickpea, and cowpea protoplasts, along with the active GFP expression vector as a control.
At 48 h after transformation, no GFP expression was observed in the protoplasts with
mutant GFP. In contrast, a high level of GFP expression was seen in the rice, peanut,
chickpea, and cowpea protoplasts with the active GFP vector (Figure 2). The results
showed that the activity of the GFP was successfully terminated by the insertion of the stop
codon (TAG).

2.3. Testing of Prime Editing Vectors in Rice, Peanuts, Chickpeas, and Cowpeas

Four different prime editing vectors were used to test the efficiency of prime editing
to restore the functional activity of the GFP mutant in rice, peanut, chickpea, and cowpea
protoplasts: vectors with single pegRNA1, single pegRNA2, dual pegRNA1, and dual
pegRNA2 (Supplementary Figure S2). Their GFP expression was evaluated at 24h post
transformation (Figure 3). Both of the single pegRNAs containing vectors showed low
GFP expression in rice protoplasts (Figure 3B,C,G). In contrast, both of the dual pegR-
NAs containing vectors gave significantly higher expression than the single pegRNAs
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vectors (Figure 3D,E,G). This result demonstrated that dual pegRNAs vectors had 16 times
higher prime editing efficiency than the single pegRNAs vectors in rice. There was no
GFP expression in the negative control (Figure 3A). On the other hand, higher GFP expres-
sion/transformation efficiency (60%) was observed in rice protoplasts transformed with the
CmYLCV GEFP expression vector (Figure 3F). Succesful edits of mutant GFP (G to C) using
either of the dual pegRNAs containing vectors in rice protoplasts were further confirmed
through Sanger sequencing (Figure 3H).
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Figure 1. Design of mutant GFP and gRNAs. (A) map of mutant GFP; (B) position of pegRNA
spacers/gRNAs for single pegRNA and dual pegRNAs; (C) in vitro RNP digestion of gRNAs using
Cas9. L1 and L8: 1 kb+ ladders; L2 and L7: uncut amplicon from mutant GFP target region; L3:
mutant GFP target region of sgRNA4 digested with Cas9 (expected bands of 531 bp and 190 bp); L4:
mutant GFP region of sgRNA3 digested with Cas9 (expected bands of 518 bp and 203 bp); L5: mutant
GFP region of sgRNA2 digested with Cas9 (expected bands of 522 bp and 199 bp); L6: mutant GFP
region of sgRNA1 digested with Cas9 (expected bands of 521 bp and 200 bp).
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Figure 2. Testing of active GFP and mutant GFP cloning vectors in peanut, rice, chickpea, and cowpea
protoplasts via PEG transformation. Micrographs of protoplasts expressing active GFP and mutant
GFP under the fluorescent field are shown. The scale bar length for all the pictures was 320 pum.
Micrographs under the bright field are shown in Supplementary Figure S1.
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Figure 3. Prime editing in rice protoplasts transformed using single or dual pegRNAs containing
vectors. (A) negative control (no GFP plasmid/prime editing vectors); (B) protoplasts with single
pegRNAL1 containing vector; (C) protoplasts with single pegRNA2 containing vector; (D) proto-
plasts with dual pegRNA1 containing vector; (E) Protoplasts with dual pegRNA2 containing vector;
(F) positive control (protoplasts with CmYLCV_GFP vector); (G) the transformation efficiency (TE) of
protoplasts transformed with different prime editing vectors. TE was evaluated after incubation in
40% PEG solution with 20 pg plasmid DNA of each prime editing vector. Values represent means
=+ SE (n = 6). The different letters indicate significant differences at p < 0.05; (H) Sanger sequencing
results of active GFP, mutant GFP, and samples transformed by the dual pegRNAs containing vec-
tors. Scale bar length for all pictures was 320 um. Micrographs under the bright field are shown in
Supplementary Figure S3.

GFP expression was also evaluated at 24 h post transformation in peanut proto-
plasts (Figure 4). Unfortunately, there was no GFP expression in the peanut protoplasts
with the two single pegRNAs and the dual pegRNA1 containing prime editing vectors
(Figure 4B-D). Nonetheless, the dual pegRNA2 vector where all the genes (nCAS9-M_MLYV,
dual pegRNA, and mutant GFP) were expressed by the CmYLCV promoter showed some
lower GFP expression (Figure 4E,G). As expected, there was no GFP expression in the
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negative control (Figure 4A), whereas there was a reasonable level of GFP expression (7%)
in the peanut protoplasts with the positive control (CmYLCV_GEFP) (Figure 4F).
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Figure 4. Prime editing in peanut protoplasts transformed using single or dual pegRNAs containing
vectors. (A) negative control (no GFP plasmid/prime editing vectors); (B) protoplasts with single
pegRNAL1 containing vector; (C) protoplasts with single pegRNA2 containing vector; (D) proto-
plasts with dual pegRNA1 containing vector; (E) protoplasts with dual pegRNA2 containing vector.
(F) positive control (protoplasts with CmYLCV_GEFP vector). (G) the transformation efficiency (TE)
of protoplasts transformed with different prime editing vectors. TE was evaluated after incubation in
50% PEG solution with 300 pg plasmid DNA of each prime editing vector. Values represent means
=+ SE (n = 6). The different letters indicate significant differences at p < 0.05. Scale bar length for all
pictures was 320 um. Micrographs under the bright field are shown in Supplementary Figure S4.

GEFP expression was also tested in chickpeas and cowpeas (Figures 5 and 6). In the case
of chickpeas, both of the dual pegRNAs containing vectors showed lower GFP expression
in the protoplasts (Figure 5D,E). However, only the dual pegRNA2 containing vector gave
GFP expression in the cowpeas, similar to peanut protoplasts (Figure 6E). There was no
expression observed in single pegRNAs containing vectors in both chickpeas and cowpeas.
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As expected, no expression was detected on the negative control (Figures 5A and 6A), but
a reasonable amount of GFP expression was observed after transformation with positive
control in chickpeas and cowpeas (Figures 5F and 6F).
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Figure 5. Prime editing in chickpea protoplasts transformed using single or dual pegRNAs containing
vectors. (A) negative control (no GFP plasmid/prime editing vectors); (B) protoplasts with single
pegRNAL1 containing vector; (C) protoplasts with single pegRNA2 containing vector; (D) proto-
plasts with dual pegRNA1 containing vector; (E) protoplasts with dual pegRNA2 containing vector;
(F) positive control (protoplasts with CmYLCV_GFP vector); (G) transformation efficiency (TE) of
protoplasts transformed with different prime editing vectors. TE was evaluated after incubation in
50% PEG solution with 60 pug plasmid DNA of each prime editing vector. Values represent means
=+ SE (n = 6). The different letters indicate significant differences at p < 0.05. Scale bar length for all
pictures was 320 pm. Micrographs under the bright field are shown in Supplementary Figure S5.
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Figure 6. Prime editing in cowpea protoplasts transformed using single or dual pegRNAs containing
vectors. (A) negative control (no GFP plasmid/prime editing vectors); (B) protoplasts with single
pegRNA1 containing vector; (C) protoplasts with single pegRNA2 containing vector. (D) protoplasts
with dual pegRNA1 containing vector; (E) protoplasts with dual pegRNA2 containing vector; (F) posi-
tive control (protoplasts with CmYLCV_GFP vector); (G) transformation efficiency (TE) of protoplasts
transformed with different prime editing vectors. TE was calculated after 24 h and incubation in 50%
PEG solution for 10 min with 100 pg plasmid DNA of each prime editing vector. Values represent
means & SE (n = 6). The different letters indicate significant differences at p < 0.05. Scale bar length for
all pictures was 320 um. Micrographs under the bright field are shown in Supplementary Figure Sé6.

3. Discussion

The CRISPR-Cas9 system has revolutionized the field of agriculture in the last decade;
nevertheless, precise genome editing remains a major challenge. In plants, homology-
directed repair is still limited due to low efficiency and challenges in delivering the template
DNA to make precise edits [28]. The first set of base editors, cytosine and adenine base
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editors (CBEs and ABEs), also have several drawbacks, including lower efficiency, the
possibility of off-target mutation effects, and the limited capability in editing only four
types of base changes [29]. Prime editing, however, has a more versatile capability for
broader applications in crop improvement by making more precise edits through insertions,
deletions, and substitutions with all possible combinations of bases [20].

Testing of the CRISPR-Cas system can be performed relatively quickly in protoplasts
due to the convenience of protoplast isolation and transfection in different plant species [30].
In addition to plasmid transformation, recent studies have shown success in using ribonu-
cleoprotein (RNP) delivery into protoplasts using PEG-mediated delivery, lipofection, or
electroporation for CRISPR-Cas editing across diverse crops, including maize, tomatoes,
cabbage, and chickpeas, among others [31-35]. Moreover, transient expression in proto-
plasts can be used for validation of Cas codon optimization or modification, sgRNA valida-
tion, selecting the most efficient promoter, and analysis of different vector designs [26,36].
Drawbacks of using protoplasts for gene editing include the difficulty of regenerating
whole plants from the protoplasts, problems with somaclonal variation, and challenges in
selecting edited cells without the use of selectable markers [35,36]. Protoplast protocols
also need to be optimized for each species. For instance, varying PEG concentrations and
incubation times need to be tested to obtain high transformation rates without killing the
protoplasts. After optimization, we obtained a 39-52% survival rate after PEG mediated
transformation in the four target species (Supplementary Figures S7 and S8), while trans-
formation efficiencies ranged from 7-10% in the legumes and 60% in the rice in our study.
Once optimized protocols are in place, protoplasts offer an efficient system to rapidly test
gene editing components in vivo. Therefore, protoplasts present the ideal platform for the
determination of prime editing vector efficiency in a relatively short period of time.

Although low editing efficiency limited the first prime editing studies, more recently,
up to 17% editing efficiency was obtained in rice protoplast transformation by using two
prime editing guide (peg) RNAs (dual PEG) in trans direction for the same target [24].
In this study, we successfully developed single and dual PEG vectors for prime editing
via Golden Gate assembly and demonstrated their efficacy in rice and several crops in
the legume family. In our study on rice, where up to 60% transformation efficiency was
obtained with the positive control (35S_GFP plasmid), higher editing efficiency (16%) was
achieved similarly to previously published data [24], as confirmed with Sanger sequencing.
However, a much lower percentage of edits in peanuts, chickpeas, and cowpeas was
observed (0.2-0.5%, CmYLCV_GFP), which might be due in part to the lower overall
protoplast transformation efficiency in these legume protoplasts, as seen with the positive
control, which is about 7-10%.

In this study, three different promoters were used: CAMV 355, CmYLCYV, and OsU6.
These promoters worked well in the rice protoplasts, but only the CmYLCV promoter
provided up to 7-10% transformation efficiency in the peanuts, chickpeas, and cowpeas.
This indicated that the type of promoter significantly contributes to the success of prime
editing. Other crucial parameters are sgRNA position for nCas9, and reverse transcriptase
(RT) and primer binding site (PBS) length [24].

Prime editing has been demonstrated in several crop species, but to our knowledge
has not yet been investigated in legume species. The initial prime editing reports focused
on monocot species: after the original prime editing protocol was published, several studies
demonstrated prime editing in rice [3,20,21,37-39], wheat [20], and maize [40]. Prime
editing was also shown effective in a dicot in a study using tomatoes [23]. Prime editing
efficiencies have generally been low, with initial rice studies showing efficiencies of 0.26%
to 2% in calli [38], 2.2% to 9.4% in calli [37], 2% to 8.2% in protoplasts [20], and 9% in
transgenic plants [39]. Moreover, wheat protoplasts only had up to 1.2% efficiency, while
transgenic maize plants had efficiencies of 6.5% and 53.2% at two ALS gene targets [40].
For the single dicot study, luciferase assays in tomato leaves showed efficiencies of 0.26%
to 2.6%, regenerated shoots had edits in 0.025% to 1.66% of NGS reads, and transgenic
tomato plants ranged from 3.4% to 6.7% with the targeted edits but were chimeric [23].
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Several recent reports have engineered optimized prime editing systems, with editing
efficiency increased from 2.1% to 11.3% [41] and 2.9% to 17.4% [24] in rice protoplasts,
maize protoplasts up to 6.2% [42], and transgenic rice plants up to 24.3% prime editing
efficiency [42]. Reported prime editing efficiencies in transgenic plants have often been
higher than in protoplasts, which may be due to a greater chance for edits in transgenic
plants as the cells pass through multiple cycles of division. Thus, while our study showed
a low range of prime editing efficiency in legumes, ranging from 0.2% to 0.5% of protoplast
cells showing the targeted edits, a higher editing efficiency is expected once transgenic
plants are developed. Moreover, further optimization of the prime editing system should
improve editing efficiency in legumes.

4. Materials and Methods
4.1. Plant Materials

The temperate japonica rice cultivar Nipponbare, the peanut cultivar Schubert [29], an
elite cowpea breeding line IT97K-499-35 [43], and the chickpea cultivar Kocbasi (Kabuli
type) were used. All the plant seedlings were grown in a greenhouse with a temperature of
32/26 °C (day/night) and a 16/8 h light-dark cycle.

4.2. Prime Editing Vector Construction

CmYLCV_GFP_HSP and 35S5_GFP_NOS vectors were used for active GFP expression
in protoplasts. Three intermediate module plasmids A, B, and C, and one backbone vector,
pTRANS_100, were employed to develop the prime editing vectors [44] (Supplementary
Figure S2). A mutant GFP vector was generated by changing C to G at 202 positions
to produce a new stop codon (TAG) in the coding sequence. This was performed using
overlapping PCR and then cloning them into a CmYLCV_GFP_HSP vector by removing
the active GFP sequence through restriction digestion cloning with a T4 DNA ligase (NEB,
Ipswich, MA, USA). CmYLCV_mutant_GFP_HSP was prepared as Module A (Supplemen-
tary Figure S2A). For making pegRNAs, four gRNAs were designed in the mutant GFP
position. The efficiency of the gRNAs was checked using the in vitro ribonucleoprotein
(RNP) digestion of DNA with Cas9 Nuclease (NEB, Ipswich, MA, USA) provided by the
manufacturer with a few modifications. In this case, a 27 pL reaction mixture containing
30 nM of synthesized sgRNA (Synthego, Redwood City, CA, USA), 30 nM of Cas9 nuclease,
and 3 pL of 10x NEB buffer 3.1 was pre-incubated for 10 min at 25 °C. Afterward, a 100 ng
purified PCR product was added to make a total reaction volume 30 uL, incubated at 37 °C
for 1h. After adding 1 pL of Proteinase K, the reaction mixture was kept for 10 min at 56 °C,
and fragment analysis was performed using gel electrophoresis.

For the mutant GFP target, two single pegRNAs were designed using pegFinder [45],
and one dual pegRNA was designed using PlantPegDesigner [24]. An endogenous tRNA
processing system was used for dual pegRNA expression [46]. All the pegRNAs were
synthesized and cloned into pMOD_2515b/pMOD_B2303, where the pegRNAs were driven
by the OsU6/CmYLCV promoter (Supplementary Figure S2B). The nCAS9 and M-MLV
RT were amplified from the nCas9-PPE plasmid (Addgene #140445) and cloned into the
355_GFP_NOS vector by removing the GFP. For making the CmYLCV_nCAS9 + M-MLV
_NOS, the CmYLCV was placed by removing the 35S promoter from 35s_ nCAS9 + M-MLV
_NOS plasmid (Supplementary Figure S2C). The CmYLCV_mutant_GFP_HSP (module
A), pMOD_2515b/pMOD_B2303_pegRNA (Module B), and 355/CmYLCV_nCAS9+M-
MLV_NOS (Module C) were cloned into a non-binary pTRANS_100 through Golden Gate
assembly cloning [31] (Supplementary Figure S2D).

4.3. Protoplast Isolation and Transfection

Rice protoplasts were isolated from the stems of 10-12-day-old rice seedlings according
to established protocols [47,48] with some modifications. Briefly, the stems and sheaths of
~30 rice seedlings per trial (total 100-120 seedlings) were cut into latitudinal strips. The
strips were transferred into a 150-mL conical flask containing 50 mL of filter-sterilized
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enzyme solution (1.5% (w/v) Cellulase RS, 0.1% (w/v) Macerozyme R-10, 0.4 M Mannitol,
20 mM KCl and 20 mM MES (pH 5.7)), and the flask was wrapped with aluminum foil. The
strips with cell wall-digesting enzymes were vacuum-infiltrated by applying a vacuum
(~380-508 mmHg) for 30 min in the dark. Next, the strips were incubated in the dark for
5 h with gentle shaking (50 rpm) at room temperature. After enzymatic digestion, 50 mL
of W5 solution (154 mM NacCl, 125 mM CaCl,, 5 mM KCl, and 2 mM MES (pH 5.7)) was
added to the conical flask and shaken gently by hand for 10 s to release the protoplasts. The
protoplasts were collected into three or four 50-mL round-bottomed centrifuge tubes after
filtering the mixture through a 40-um nylon mesh and washing the strips on the surface
of the nylon mesh 3-5 times with W5 solution. The solution containing protoplasts was
centrifuged at 250 ¢ for 3 min at room temperature (RT) in a swinging bucket rotor, and the
supernatant was removed by pipetting. The protoplasts were resuspended in 10 mL of W5
solution, collected into a 50-mL round-bottomed tube, and centrifuged at 250 x ¢ for 3 min
at room temperature. The supernatant was then removed by pipetting, and the protoplasts
were resuspended in 4 mL of MMG solution (0.4 M Mannitol, 15 mM MgCl, and 4 mM MES
(pH 5.7)). The concentration of the protoplasts was determined under a microscope (x100)
with a hemocytometer. Rice protoplast transfection with the prime editing vectors was
performed using PEG (polyethylene glycol) according to Shan et al. [48]. Peanut protoplast
isolation and transformation were performed according to our established protocol [26].
For the chickpea and the cowpea, the procedures followed previously published protocols
with some modifications [49,50]. An approximately similar quantity of protoplasts (2 x 10°
total cells) was used from each species for each experiment (Supplementary Figure S7).
For the peanut, the condition was 50% PEG, 5 min PEG incubation time at 13 °C, and
250 ug plasmid DNA of each vector. For the rice, the condition was 40% PEG, 20 min PEG
incubation time at room temperature (25 °C), and 20 pg plasmid DNA of each vector. For
the chickpea, the condition was 50% PEG, 10 min PEG incubation time at 4 °C, and 60 pg
plasmid DNA of each vector. For the cowpea, the condition was 50% PEG, 10 min PEG
incubation time at 13 °C, and 100 pg plasmid DNA of each vector.

4.4. Microscopy Analysis

The total, viable, and GFP-expressed protoplasts were counted with an ECHO Revolve
4 revolving microscope under normal light and fluorescent light (Bico Company, San Diego,
CA, USA). The total number of protoplasts was counted under the microscope (x100)
using a hemocytometer (XB. K.25, QiuJing, Shanghai, China). The protoplast density
was calculated as follows: protoplast number (g — 1) = the average count of protoplast
per square x 104. Fluorescein diacetate (FDA) and propidium bromide staining (Sigma-
Aldrich, St. Louis, MO, USA) were used to determine the protoplast viability according to
the manufacturer’s protocol. We used 320-340 nm wavelength to capture the images of the
protoplasts. The transformation efficiency of each prime editing vector was calculated after
24 h from transformation.

4.5. Mutant Analysis

After 4-5 days post transfection under dark conditions, the protoplasts were collected
by centrifugation at 13,000 rpm. RNA was extracted following the protocol of the Zymo
plant RNA isolation kit (Zymo, Irvine, CA, USA). Next, cDNA was synthesized according to
the manufacturer’s protocol (RevertAid First Strand cDNA Synthesis Kit, ThemoFiser Scien-
tific, Waltham, MA, USA). The targeted edited region of GFP was amplified with the Phusion
Taq polymerase by primer sets (Forward_GFP: 5-GTCCCAATTCTTGTTGAATTAGATG-3'
and reverse GFP: 5-ACAGGTAATGGTTGTCTGGTAAAAG-3') with an initial denatura-
tion step of 98 °C for 30 s, followed by 30 cycles of 98 °C for 30 s, 58 °C for 30 s, and 72 °C
for 30 s, and a final extension of 72 °C for 7 min. PCR products of GFP were purified by
gel extraction and cloned into a TOPO vector (ThemoFiser Scientific, Waltham, MA, USA).
Positive clones were sequenced through Sanger sequencing (Eurofins, Lancaster, PA, USA).
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5. Conclusions

This study has prepared the foundation for more precise edits and a possible path
for allele replacement to accelerate crop improvement in legumes. Legumes have great
potential to address many of the challenges of crop production, as they contribute to soil
health through nitrogen fixation, provide essential proteins and fats for human nutrition,
and can be bred to be stress-tolerant to provide a climate-resilient crop for the future.
Genome editing has been successfully performed in at least four legume crops, namely
soybeans, peanuts, cowpeas, and chickpeas, but is largely limited to gene knockouts [51,52].
Although there are no current publications demonstrating prime editing in legume crops,
the current study shows promise that prime editing can be achievable in peanuts, cowpeas,
and chickpeas. With further optimization, these results promise to enable more precise
editing modifications in key traits for legume crops to meet the challenges of the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23179809/s1.

Author Contributions: EIM.S. and S.B. conceived the project; S.B., EM.S. and M.].T. designed
the experiments; S.B. performed the protoplast isolation, PEG-mediated the transformation, gene
editing, and sequencing; A.B. and S.I. assisted with optimization of the protoplast isolation in the
cowpea and chickpea, respectively; E.M.S. supervised the project; S.B. and E.M.S. performed critical
data interpretation; S.B. wrote the first draft of the manuscript; and E.M.S. and M.].T. critically
reviewed and edited the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was partly funded by USDA NIFA # 2020-67013-31811 to E.M.S. and M.].T and
USDA NIFA # 2022-67013-36210 and Texas A&M AgrilLife Research to E.M.S.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We thank B.B. Singh, John Cason, and Mustafa Cilkiz for providing the seeds
used in this experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Karmakar, S.; Behera, D.; Baig, M.].; Molla, K.A. In Vitro Cas9 Cleavage Assay to Check Guide RNA Efficiency. In CRISPR-Cas
Methods; Humana: New York, NY, USA, 2021.

2. Thomson, M.].; Biswas, S.; Tsakirpaloglou, N.; Septiningsih, E.M. Functional Allele Validation by Gene Editing to Leverage the
Wealth of Genetic Resources for Crop Improvement. Int. J. Mol. Sci. 2022, 23, 6565. [CrossRef] [PubMed]

3.  Xu, R, LiJ,; Liu, X,; Shan, T.; Qin, R.; Wei, P. Development of Plant Prime-Editing Systems for Precise Genome Editing. Plant
Commun. 2020, 1, 100043. [CrossRef] [PubMed]

4. Molla, K.A,; Yang, Y. Predicting CRISPR/Cas9-Induced Mutations for Precise Genome Editing. Trends Biotechnol. 2020, 38,
136-141. [CrossRef] [PubMed]

5. Lu, Y; Tian, Y,; Shen, R;; Yao, Q.; Wang, M.; Chen, M.; Dong, J.; Zhang, T.; Li, F; Lei, M,; et al. Targeted, efficient sequence
insertion and replacement in rice. Nat. Biotechnol. 2020, 38, 1402-1407. [CrossRef]

6. Li J;Sun,Y;Du,]J.; Zhao, Y, Xia, L. Generation of Targeted Point Mutations in Rice by a Modified CRISPR/Cas9 System. Mol.
Plant 2017, 10, 526-529. [CrossRef]

7. Lu, Y,; Zhu, ] K. Precise Editing of a Target Base in the Rice Genome Using a Modified CRISPR/Cas9 System. Mol. Plant 2017, 10,
523-525. [CrossRef]

8.  Veillet, E; Perrot, L.; Chauvin, L.; Kermarrec, M.P.; Guyon-Debast, A.; Chauvin, J.E.; Nogué, F.; Mazier, M. Transgene-free genome
editing in tomato and potato plants using Agrobacterium-mediated delivery of a CRISPR/Cas9 cytidine base editor. Int. . Mol.
Sci. 2019, 20, 402. [CrossRef]

9.  Molla, K.A;; Yang, Y. CRISPR/Cas-Mediated Base Editing: Technical Considerations and Practical Applications. Trends Biotechnol.
2019, 37, 1121-1142. [CrossRef]

10. Mishra, R;; Joshi, R K.; Zhao, K. Base editing in crops: Current advances, limitations and future implications. Plant Biotechnol. ].

2020, 18, 1121-1142. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23179809/s1
https://www.mdpi.com/article/10.3390/ijms23179809/s1
http://doi.org/10.3390/ijms23126565
http://www.ncbi.nlm.nih.gov/pubmed/35743007
http://doi.org/10.1016/j.xplc.2020.100043
http://www.ncbi.nlm.nih.gov/pubmed/33367239
http://doi.org/10.1016/j.tibtech.2019.08.002
http://www.ncbi.nlm.nih.gov/pubmed/31526571
http://doi.org/10.1038/s41587-020-0581-5
http://doi.org/10.1016/j.molp.2016.12.001
http://doi.org/10.1016/j.molp.2016.11.013
http://doi.org/10.3390/ijms20020402
http://doi.org/10.1016/j.tibtech.2019.03.008
http://doi.org/10.1111/pbi.13225

Int. J. Mol. Sci. 2022, 23, 9809 12 0f13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, ].A.; Liu, D.R. Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 2016, 533, 420-424. [CrossRef]

Nishida, K.; Arazoe, T.; Yachie, N.; Banno, S.; Kakimoto, M.; Tabata, M.; Mochizuki, M.; Miyabe, A.; Araki, M.; Hara, K.Y,; et al.
Targeted nucleotide editing using hybrid prokaryotic and vertebrate adaptive immune systems. Science 2016, 353, aaf8729.
[CrossRef]

Shimatani, Z.; Kashojiya, S.; Takayama, M.; Terada, R.; Arazoe, T.; Ishii, H.; Teramura, H.; Yamamoto, T.; Komatsu, H.; Miura,
K.; et al. Targeted base editing in rice and tomato using a CRISPR-Cas9 cytidine deaminase fusion. Nat. Biotechnol. 2017, 35,
441-443. [CrossRef]

Zong, Y.; Wang, Y.; Li, C.; Zhang, R.; Chen, K,; Ran, Y.; Qiu, ].L.; Wang, D.; Gao, C. Precise base editing in rice, wheat and maize
with a Cas9-cytidine deaminase fusion. Nat. Biotechnol. 2017, 35, 438—440. [CrossRef]

Kang, B.C.; Yun, ].Y.; Kim, S.T; Shin, Y.J.; Ryu, J.; Choi, M.; Woo, ] W.; Kim, J.S. Precision genome engineering through adenine
base editing in plants. Nat. Plants 2018, 4, 427-431. [CrossRef]

Li, C; Zong, Y.; Wang, Y,; Jin, S.; Zhang, D.; Song, Q.; Zhang, R.; Gao, C. Expanded base editing in rice and wheat using a
Cas9-adenosine deaminase fusion. Genome Biol. 2018, 19, 59. [CrossRef]

Qin, L.; Li, ].; Wang, Q.; Xu, Z.; Sun, L.; Alarigi, M.; Manghwar, H.; Wang, G.; Li, B.; Ding, X.; et al. High-efficient and precise base
editing of CeG to TeA in the allotetraploid cotton (Gossypium hirsutum) genome using a modified CRISPR/Cas9 system. Plant
Biotechnol. ]. 2020, 18, 45-56. [CrossRef]

Xu, W.; Zhang, C.; Yang, Y.; Zhao, S.; Kang, G.; He, X.; Song, J.; Yang, ]J. Versatile Nucleotides Substitution in Plant Using an
Improved Prime Editing System. Mol. Plant 2020, 13, 675-678. [CrossRef]

Anzalone, A.V.; Randolph, P.B.; Davis, ].R.; Sousa, A.A.; Koblan, L.W.; Levy, ]. M.; Chen, PJ.; Wilson, C.; Newby, G.A.; Raguram,
A_; et al. Search-and-replace genome editing without double-strand breaks or donor DNA. Nature 2019, 576, 149-157. [CrossRef]
Lin, Q.; Zong, Y.; Xue, C.; Wang, S.; Jin, S.; Zhu, Z.; Wang, Y.; Anzalone, A.V.; Raguram, A.; Doman, J.L.; et al. Prime genome
editing in rice and wheat. Nat. Biotechnol. 2020, 38, 582-585. [CrossRef]

Tang, X.; Sretenovic, S.; Ren, Q.; Jia, X,; Li, M.; Fan, T.; Yin, D.; Xiang, S.; Guo, Y; Liu, L.; et al. Plant Prime Editors Enable Precise
Gene Editing in Rice Cells. Mol. Plant 2020, 13, 667-670. [CrossRef]

Veillet, F.; Kermarrec, M.P.; Chauvin, L.; Guyon-Debast, A.; Chauvin, ].E.; Gallois, J.L.; Nogué, F. Prime editing is achievable in
the tetraploid potato, but needs improvement. bioRxiv 2020. [CrossRef]

Lu, Y,; Tian, Y,; Shen, R;; Yao, Q.; Zhong, D.; Zhang, X.; Zhu, ].K. Precise genome modification in tomato using an improved prime
editing system. Plant Biotechnol. J. 2021, 19, 415-417. [CrossRef]

Lin, Q.; Jin, S.; Zong, Y.; Yu, H.; Zhu, Z.; Liu, G.; Kou, L.; Wang, Y.; Qiu, J.L.; Li, J.; et al. High-efficiency prime editing with
optimized, paired pegRNAs in plants. Nat. Biotechnol. 2021, 39, 923-927. [CrossRef]

Petersen, B.L.; Moller, S.R.; Mravec, J.; Jorgensen, B.; Christensen, M.; Liu, Y.; Wandall, H.H.; Bennett, E.P; Yang, Z. Improved
CRISPR/Cas9 gene editing by fluorescence activated cell sorting of green fluorescence protein tagged protoplasts. BVIC Biotechnol.
2019, 19, 36. [CrossRef]

Biswas, S.; Wahl, N.J.; Thomson, M.]J.; Cason, ].M.; McCutchen, B.F,; Septiningsih, E.M. Optimization of Protoplast Isolation and
Transformation for a Pilot Study of Genome Editing in Peanut by Targeting the Allergen Gene Ara h 2. Int. J. Mol. Sci. 2022,
23, 837. [CrossRef]

Lin, C.S.; Hsu, C.T.; Yuan, Y.H.; Zheng, P.X.; Wu, EH.; Cheng, Q.W.; Wu, Y.L.; Wu, TL.; Lin, S.; Yue, ].J.; et al. DNA-free
CRISPR-Cas9 gene editing of wild tetraploid tomato Solanum peruvianum using protoplast regeneration. Plant Physiol. 2022, 188,
1917-1930. [CrossRef]

Ali, Z.; Shami, A.; Sedeek, K.; Kamel, R.; Alhabsi, A.; Tehseen, M.; Hassan, N.; Butt, H.; Kababji, A.; Hamdan, S.M.; et al. Fusion
of the Cas9 endonuclease and the VirD2 relaxase facilitates homology-directed repair for precise genome engineering in rice.
Commun. Biol. 2020, 3, 44. [CrossRef]

Rees, H.A.; Liu, D.R. Base editing: Precision chemistry on the genome and transcriptome of living cells. Nat. Rev. Genet. 2018, 19,
770-788. [CrossRef]

Lin, C.S.;; Hsu, C.T.; Yang, L.H.; Lee, L.Y.; Fu, ].Y,; Cheng, Q.W.; Wu, EH.; Hsiao, H.C.W,; Zhang, Y.; Zhang, R.; et al. Application
of protoplast technology to CRISPR/Cas9 mutagenesis: From single-cell mutation detection to mutant plant regeneration. Plant
Biotechnol. ]. 2018, 16, 1295-1310. [CrossRef]

Sant’Ana, RR.A.; Caprestano, C.A.; Nodari, R.O.; Agapito-Tenfen, S.Z. PEG-delivered CRISPR-Cas9 ribonucleoproteins system
for gene-editing screening of maize protoplasts. Genes 2020, 11, 1029. [CrossRef]

Nicolia, A.; Andersson, M.; Hofvander, P; Festa, G.; Cardi, T. Tomato protoplasts as cell target for ribonucleoprotein (RNP)-
mediated multiplexed genome editing. Plant Cell Tissue Organ Cult. (PCTOC) 2021, 144, 463-467. [CrossRef]

Lee, M.H.; Lee, J.; Choi, S.A.; Kim, Y.S.; Koo, O.; Choi, S.H.; Ahn, W.S; Jie, E.Y,; Kim, S.W. Efficient genome editing using
CRISPR-Cas9 RNP delivery into cabbage protoplasts via electro-transfection. Plant Biotechnol. Rep. 2020, 14, 695-702. [CrossRef]
Badhan, S.; Ball, A.S.; Mantri, N. First report of CRISPR/Cas9 mediated DNA-free editing of 4CL and RVE? genes in chickpea
protoplasts. Int. . Mol. Sci. 2021, 22, 396. [CrossRef] [PubMed]

Zhang, Y.; Iaffaldano, B.; Qi, Y. CRISPR ribonucleoprotein-mediated genetic engineering in plants. Plant Commun. 2021, 2, 100168.
[CrossRef]


http://doi.org/10.1038/nature17946
http://doi.org/10.1126/science.aaf8729
http://doi.org/10.1038/nbt.3833
http://doi.org/10.1038/nbt.3811
http://doi.org/10.1038/s41477-018-0178-x
http://doi.org/10.1186/s13059-018-1443-z
http://doi.org/10.1111/pbi.13168
http://doi.org/10.1016/j.molp.2020.03.012
http://doi.org/10.1038/s41586-019-1711-4
http://doi.org/10.1038/s41587-020-0455-x
http://doi.org/10.1016/j.molp.2020.03.010
http://doi.org/10.1101/2020.06.18.159111
http://doi.org/10.1111/pbi.13497
http://doi.org/10.1038/s41587-021-00868-w
http://doi.org/10.1186/s12896-019-0530-x
http://doi.org/10.3390/ijms23020837
http://doi.org/10.1093/plphys/kiac022
http://doi.org/10.1038/s42003-020-0768-9
http://doi.org/10.1038/s41576-018-0059-1
http://doi.org/10.1111/pbi.12870
http://doi.org/10.3390/genes11091029
http://doi.org/10.1007/s11240-020-01954-8
http://doi.org/10.1007/s11816-020-00645-2
http://doi.org/10.3390/ijms22010396
http://www.ncbi.nlm.nih.gov/pubmed/33401455
http://doi.org/10.1016/j.xplc.2021.100168

Int. J. Mol. Sci. 2022, 23, 9809 13 0f 13

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Yue, J.-J.; Yuan, J.-L.; Wu, E-H.; Yuan, Y.-H.; Cheng, Q.-W.; Hsu, C.-T.; Lin, C.-S. Protoplasts: From Isolation to CRISPR/Cas
Genome Editing Application. Front. Genome Ed. 2021, 3, 717017. [CrossRef]

Li, H,; Li, J.; Chen, J.; Yan, L,; Xia, L. Precise modifications of both exogenous and endogenous genes in rice by prime editing. Mol.
Plant 2020, 13, 671-674. [CrossRef]

Butt, H.; Rao, G.S.; Sedeek, K.; Aman, R.; Kamel, R.; Mahfouz, M. Engineering herbicide resistance via prime editing in rice. Plant
Biotechnol. ]. 2020, 18, 2370. [CrossRef]

Hua, K; Jiang, Y.; Tao, X.; Zhu, J.K. Precision genome engineering in rice using prime editing system. Plant Biotechnol. ]. 2020, 18,
2167. [CrossRef]

Jiang, Y.Y.; Chai, Y.P; Lu, M.H.; Han, X.L,; Lin, Q.; Zhang, Y.; Zhang, Q.; Zhou, Y.; Wang, X.C.; Gao, C.; et al. Prime editing
efficiently generates W542L and S621I double mutations in two ALS genes in maize. Genome Biol. 2020, 21, 257. [CrossRef]
Zong, Y.; Liu, Y;; Xue, C; Li, B.; Li, X.; Wang, Y.; Li, J.; Liu, G.; Huang, X.; Cao, X,; et al. An engineered prime editor with enhanced
editing efficiency in plants. Nat. Biotechnol. 2022, 7, 84. [CrossRef]

Xu, W,; Yang, Y.; Yang, B.; Krueger, C.].; Xiao, Q.; Zhao, S.; Zhang, L.; Kang, G.; Wang, F,; Yi, H.; et al. A design optimized prime
editor with expanded scope and capability in plants. Nat. Plants 2022, 8, 45-52. [CrossRef] [PubMed]

Singh, B.B.; Ehlers, ].D.; Sharma, B.; Filho, ER.F. Recent progress in cowpea breeding. Challenges Opportunities for enhancing
Sustainable cowpea production. In Proceedings of the World Cowpea Conference III Held at the International Institute of Tropical
Agriculture (IITA), Ibadan, Nigera, 4-8 September 2000.

Cermak, T.; Curtin, S.J.; Gil-Humanes, J.; Cegan, R.; Kono, T]J.Y.; Kone¢n4, E.; Belanto, ].J.; Starker, C.G.; Mathre, ].W.; Greenstein,
R.L.; et al. A multipurpose toolkit to enable advanced genome engineering in plants. Plant Cell 2017, 29, 1196-1217. [CrossRef]
Chow, R.D.; Chen, J.S.; Shen, J.; Chen, S. A web tool for the design of prime-editing guide RNAs. Nat. Biomed. Eng. 2021, 5,
190-194. [CrossRef]

Xie, K.; Minkenberg, B.; Yang, Y. Boosting CRISPR/Cas9 multiplex editing capability with the endogenous tRNA-processing
system. Proc. Natl. Acad. Sci. USA 2015, 112, 3570-3575. [CrossRef]

Li, Z.; Jarret, R.L.; Demski, ] W. Regeneration of Plants From Protoplasts of Arachis Species (Peanut). In Plant Protoplasts and
Genetic Engineering VI; Springer: Berlin/Heidelberg, Germany, 1995.

Shan, Q.; Wang, Y.; Li, ].; Gao, C. Genome editing in rice and wheat using the CRISPR/Cas system. Nat. Protoc. 2014, 9, 2395-2410.
[CrossRef]

Wu, EH.; Shen, S.C.; Lee, L.Y,; Lee, S.H.; Chan, M.T.; Lin, C.S. Tape-arabidopsis sandwich—A simpler arabidopsis protoplast
isolation method. Plant Methods 2009, 5, 16. [CrossRef]

Cheng, N.; Nakata, P.A. Development of a rapid and efficient protoplast isolation and transfection method for chickpea (Cicer
arietinum). MethodsX 2020, 7, 101025. [CrossRef]

Baloglu, M.C.; Altunoglu, Y.C.; Baloglu, P; Yildiz, A.B.; Ttirkolmez, N.; Ciftci, YO. Gene-Editing Technologies and Applications
in Legumes: Progress, Evolution, and Future Prospects. Front. Genet. 2022, 13, 859437. [CrossRef]

Rasheed, A.; Barqawi, A.A.; Mahmood, A.; Nawaz, M.; Shah, A.N.; Bay, D.H.; Alahdal, M.A.; Hassan, M.U.; Qari, S.H.
CRISPR/Cas9 is a powerful tool for precise genome editing of legume crops: A review. Mol. Biol. Rep. 2022, 49, 5595-5609.
[CrossRef]


http://doi.org/10.3389/fgeed.2021.717017
http://doi.org/10.1016/j.molp.2020.03.011
http://doi.org/10.1111/pbi.13399
http://doi.org/10.1111/pbi.13395
http://doi.org/10.1186/s13059-020-02170-5
http://doi.org/10.1038/s41587-022-01254-w
http://doi.org/10.1038/s41477-021-01043-4
http://www.ncbi.nlm.nih.gov/pubmed/34949802
http://doi.org/10.1105/tpc.16.00922
http://doi.org/10.1038/s41551-020-00622-8
http://doi.org/10.1073/pnas.1420294112
http://doi.org/10.1038/nprot.2014.157
http://doi.org/10.1186/1746-4811-5-16
http://doi.org/10.1016/j.mex.2020.101025
http://doi.org/10.3389/fgene.2022.859437
http://doi.org/10.1007/s11033-022-07529-4

	Introduction 
	Results 
	Design of Mutant GFP and sgRNAs for PEG RNAs 
	Development of Mutant GFP Vector and Testing in Protoplasts 
	Testing of Prime Editing Vectors in Rice, Peanuts, Chickpeas, and Cowpeas 

	Discussion 
	Materials and Methods 
	Plant Materials 
	Prime Editing Vector Construction 
	Protoplast Isolation and Transfection 
	Microscopy Analysis 
	Mutant Analysis 

	Conclusions 
	References

