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ABSTRACT

CRISPR-derived biotechnologies have revolutionized the genetic engineering field and have been widely

applied in basic plant research and crop improvement. Commonly used Agrobacterium- or particle

bombardment-mediated transformation approaches for the delivery of plasmid-encoded CRISPR reagents

can result in the integration of exogenous recombinant DNA and potential off-target mutagenesis. Editing

efficiency is also highly dependent on the design of the expression cassette and its genomic insertion site.

Genetic engineering using CRISPR ribonucleoproteins (RNPs) has become an attractive approach with

many advantages: DNA/transgene-free editing, minimal off-target effects, and reduced toxicity due to

the rapid degradation of RNPs and the ability to titrate their dosage while maintaining high editing

efficiency. Although RNP-mediated genetic engineering has been demonstrated in many plant species,

its editing efficiency remains modest, and its application in many species is limited by difficulties in plant

regeneration and selection. In this review, we summarize current developments and challenges in RNP-

mediated genetic engineering of plants and provide future research directions to broaden the use of this

technology.
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INTRODUCTION

Plant genetic engineering has been revolutionized by the rapid

development of CRISPR-derived biotechnologies because of

their simple, inexpensive, and efficient application in many plant

species (Li et al., 2013; Nekrasov et al., 2013; Shan et al., 2013;

Zhang et al., 2019). CRISPR relies on the nuclease activity of

CRISPR-associated proteins (Cas) and their specific binding to

the genome directed by guide RNAs (gRNAs). CRISPR-Cas gen-

erates DNA double-strand breaks and triggers endogenous

repair pathways. Insertions and deletions (Indels) can be intro-

duced through the nonhomologous end joining (NHEJ) repair

pathway, the predominant repair pathway in plant somatic tis-

sues, resulting in random mutagenesis at the target site

(Puchta, 2005; Schmidt et al., 2019). Precise genome editing

can be achieved through the homology-directed repair (HDR)

pathway by introducing repair templates. Cas proteins can be

further engineered to recruit effector protein domains in order

to achieve base editing (Kim, 2018), prime editing (Li et al.,

2020b; Butt et al., 2020; Lin et al., 2020; Lu et al., 2020; Tang

et al., 2020; Xu et al., 2020), epigenome editing (Gallego-

Bartolomé et al., 2018; Papikian et al., 2019), and

transcriptional regulation (Lowder et al., 2015, 2018; Piatek
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et al., 2015; Li et al., 2017; Tang et al., 2017). To date, three

major CRISPR systems for plant genome editing have been

successfully demonstrated: Cas9, Cas12a, and Cas12b (Zhang

et al., 2019; Ming et al., 2020). Diverse Cas orthologs and

variants are available with different protospacer adjacent motif

(PAM) requirements, gRNA scaffolds, temperature tolerances,

and editing efficiencies. All these tools enable the broad

application of CRISPR technology to plant breeding and

fundamental research (Chen et al., 2019; Pramanik et al., 2020;

Veillet et al., 2020).

Agrobacterium- or particle bombardment-mediated transforma-

tion with DNA harboring CRISPR expression cassettes is the

most common approach for the delivery of CRISPR reagents,

including Cas proteins and gRNAs, into plant cells and tissues.

The random integration of CRISPR cassettes into genomes raises

concerns and regulatory burdens. Although these transgene ele-

ments can be segregated from the editing events of interest

through breeding, this process is usually time- and labor-
CEMPS, CAS.
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consuming, and it is not a viable option for species and varieties

that have a lengthy juvenile growth period (e.g., trees) or are typi-

cally vegetatively propagated. To avoid the integration of foreign

DNA, the transient expression of transgenes without selection

has been used to generate transgene-free genome-edited plants

(Iaffaldano et al., 2016; Zhang et al., 2016). Although particle

bombardment can be used to deliver various types of cargo, it

can cause random DNA integrations into the plant genome as

well as genome damage (Banakar et al., 2019; Liu et al., 2019),

making it difficult to monitor and eliminate transgenes. Another

concern is that the genomic DNA will be continuously exposed

to CRISPR reagents if the integrated transgene cassettes are

continuously expressed, increasing the possibility of off-target

mutagenesis and chimeric mutants (Fu et al., 2013; Pattanayak

et al., 2013; Hashimoto et al., 2016). Plasmid-based CRISPR

genome editing also requires efficient species-specific

expression systems, including optimal promoters and

terminators, as well as codon optimization. An efficient

multiplexing system is also critical when editing multiple targets

and is especially important for polyploid plants in which more

than one gRNA may be needed to knock out a single gene. The

expression of transgenes can also be affected by their

integration position (Matzke and Matzke, 1998). In addition,

DNA-based Cas protein expression is toxic in some mammalian

cell types and organisms (Jiang et al., 2014; Morgens et al., 2017;

Foster et al., 2018).

To mitigate the potential problems associated with DNA delivery,

mRNA encoding Cas proteins can be co-delivered with the

gRNA(s) into plants by particle bombardment (Zhang et al.,

2016). Alternatively, the Cas protein and gRNA(s), two

components of the CRISPR system, can be preassembled to

form ribonucleoproteins (RNPs) and introduced into plants.

Because no recombinant DNA is involved in this process if

the gRNAs are chemically synthesized, plants edited by RNPs

can be considered transgene free. Moreover, RNPs are only

transiently present in plant cells and are degraded by

endogenous proteases and nucleases (Kim et al., 2014), thus

minimizing off-target effects and mosaicism caused by

prolonged exposure of genomic DNA to CRISPR reagents (Kim

et al., 2017; Liang et al., 2017). RNPs can be used for all

organisms that do not have delivery barriers without considering

promoter compatibility or multiplexing strategies. Multiple gRNAs

can be used simultaneously to target multiple genomic regions.

Different types of CRISPR-Cas systems and orthogonal Cas pro-

teins can also be used simultaneously if there is no crosstalk be-

tween them, allowing multiple editing outcomes to be achieved

(Najm et al., 2018). Furthermore, RNP-mediated genome editing

has been demonstrated in cells and organisms that cannot be edi-

ted with CRISPR delivered by plasmids because of toxicity (Jiang

et al., 2014; Shin et al., 2016; Foster et al., 2018).

RNP-mediated genome editing has been demonstrated in many

organisms, including Caenorhabditis elegans (Cho et al., 2013),

human cells (Kim et al., 2014), mice (Zuris et al., 2015), fungi

(Foster et al., 2018), and plants (Woo et al., 2015; Li et al.,

2020a). RNPs have been widely used for gRNA screening

in vitro and in vivo. RNP-mediated genome editing can be

achieved shortly after cell transfection because transcription or

translation is not required (Kim et al., 2014). In plants, RNP-

mediated genetic engineering has been demonstrated in proto-
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plasts, and RNP-edited plants have been generated. Although

RNP-based CRISPR technology holds promise for generating

transgene-free and improved germplasm that can be more

readily commercialized (Metje-Sprink et al., 2019), it still

presents many technological limitations and challenges. Here,

we review current advances in RNP-mediated transgene-free

genome editing in plants. We also highlight challenges and future

research directions in this field.
RNP PRODUCTION

CRISPR-endonuclease production

Multiple Cas protein versions, including Cas9, HiFi Cas9, Cas9

nickase, catalytically dead Cas9 (dCas9), Cas9 fusion proteins,

andCas12a, are currently commercially available, providingahigh-

ly accessible avenue for conducting RNP-mediated genetic engi-

neering. However, many CRISPR applications cannot be per-

formed using commercially available Cas proteins. For example,

many unique Cas variants harboring mutations that yield altered

PAM requirements and increase fidelity or activity are not currently

available. Cas fusion proteins that can achieve base editing, prime

editing, and epigenome editing in plants have not been developed

for RNP delivery. To broaden the application of RNP-mediated ge-

netic engineering and potentially reduce cost, CRISPR endonucle-

ases can also be produced using E. coli expression systems. One

commonly used approach is to transform a plasmid encoding a

Cas gene driven by the T7 promoter into E. coli. The Cas gene

sequence is usually flanked by nuclear localization signals and

tagged with the hexahistidine-maltose binding protein (6-His-

MBP) for downstream purification (Kim et al., 2014). Such

plasmids for Cas9 expression and purification are available from

Addgene and include pMJ915 (plasmid no. 69090) (Lin et al.,

2014), pET-28b-Cas9-His (plasmid no. 47327) (Gagnon et al.,

2014), and pET28a-Cas9-His (plasmid no. 98158) (Liang et al.,

2017). In addition, Cas12a can be produced using the plasmid 6-

His-MBP-TEV-FnCpf1 (plasmid no. 90094) (Zetsche et al., 2015).

Different Cas proteins, protein variants, and fusion proteins can

be customized based on existing plasmids and produced using a

similar procedure. To date, Cas protein production and

purification are still a significant challenge for many labs, limiting

the diversity of CRISPR applications that involve Cas fusion

proteins and unique Cas variants.
Guide RNA production

Similarly, gRNA can be produced by in vitro transcription (IVT) or

synthesized commercially. The transcription template is first pre-

pared with a T7 promoter in front of the gRNA sequence that in-

cludes the target-specific protospacer sequence and the gRNA

scaffold. The gRNA is then transcribed by T7 RNA polymerase

in vitro, a step that can be performed using commercial RNA syn-

thesis kits. The gRNA is then purified and ready for RNP assem-

bly. Although gRNA can be produced inexpensively using IVT,

studies have shown that DNA contamination from gRNA pro-

duced by IVT can integrate into the genome at the CRISPR cut-

ting site, resulting in undesired DNA insertions (Kim et al., 2017;

Andersson et al., 2018). This problem cannot be fully resolved

by DNase treatment. Commercially synthesized gRNA exhibits

high purity and eliminates this DNA contamination problem

(Kim et al., 2017). For the CRISPR-Cas9 system, a gRNA can

be synthesized as a single guide RNA (sgRNA) or as a CRISPR
or(s).
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Figure 1. CRISPR RNP-mediated genetic engineering in plants.
CRISPR reagents can be delivered into plant cells as ribonucleoproteins (RNPs). Particle bombardment can be used to deliver RNPs into explants, and

polyethylene glycol (PEG)-mediated transfection and lipofection can be used to deliver RNPs into protoplasts. Nanoparticles and cell-penetrating

peptides are emerging methods for RNP delivery into plants. Transformed cells and tissues are used for plant regeneration and edit detection.
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RNA (crRNA):trans-activating CRISPR RNA (tracrRNA) duplex;

the latter is more economically viable. Only crRNA is required

for the Cas12a system, lowering the cost of gRNA synthesis

compared with the Cas9 and Cas12b systems. When gRNAs

are made by direct synthesis, chemical modifications can also

be added to enhance their stability in cells (Hendel et al., 2015).
RNP assembly

The RNP complex can be assembled by simply mixing the Cas

and the gRNA with the reaction buffer, followed by incubation

at room temperature for 10 min (Liang et al., 2017; Liu et al.,

2020). If a crRNA:tracrRNA duplex is used instead of a single

gRNA, an annealing step is required before RNP assembly.

Theoretically, a Cas:gRNA ratio of 1:1 can be used for RNP

assembly (Kim et al., 2014), and Cas:gRNA ratios of 3:1, 1:1,

1:2, 1:3, and 1:6 have been used in plants (Malnoy et al., 2016;

Subburaj et al., 2016; Svitashev et al., 2016; Kim et al., 2017).

Providing more Cas or gRNA does not consistently improve

editing efficiency (Malnoy et al., 2016). At this point, the

assembled RNPs are ready for plant transformation.
RNP DELIVERY INTO PLANTS

PEG-mediated protoplast or zygote transfection

Four methods have been used previously to deliver RNPs into

plants: polyethylene glycol (PEG)-mediated cell transfection, parti-

cle bombardment, electroporation, and lipofection (Figure 1). PEG-

mediated cell transfection requires the pre-removal of the cell wall

using cellulase andpectinase. Editing efficiencies can beassessed

1–3 days after transfection. Efficiencies of different Cas systems
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and gRNAs can be quickly evaluated using this method. PEG-

mediated protoplast assays have been developed for many plant

species, including Arabidopsis thaliana, rice (Oryza sativa), lettuce

(Lactuca sativa) (Woo et al., 2015), tobacco (Nicotiana tabacum

and N. attenuata) (Woo et al., 2015; Kim et al., 2017), petunia

(Petunia 3 hybrida) (Subburaj et al., 2016; Yu et al., 2020), maize

(Zea mays) (Sant’Ana et al., 2020), grapevine (Vitis vinifera), apple

(Malus 3 domestica) (Malnoy et al., 2016), wheat (Triticum

aestivum) (Liang et al., 2017), soybean (Glycine max) (Kim et al.,

2017; Kim and Choi, 2020), potato (Solanum tuberosum)

(Andersson et al., 2018; González et al., 2020), cabbage (Brassica

oleracea), Chinese cabbage (Brassica rapa) (Murovec et al.,

2018), and banana (Musa spp.) (Wu et al., 2020). Up to 71%

editing efficiency was achieved in Arabidopsis (Woo et al., 2015).

Because plant protoplasts can be totipotent, it is possible to

regenerate edited plants from transfected protoplasts. In lettuce,

46% editing efficiency was observed in microcalli regenerated

from protoplasts treated with CRISPR-Cas9 RNPs (Woo et al.,

2015). In potato, 1%–25% editing efficiency was obtained in

regenerated shoots (Andersson et al., 2018). Recently, up to 68%

editing efficiency was obtained in potato plants regenerated from

protoplasts, 24% of which were edited in all four alleles (González

et al., 2020). In petunia, a mutation frequency of 11.9% was

observed in T0 plants regenerated from RNP transfected

protoplasts (Yu et al., 2020). In cabbage, edits were detected in 8

out of 46 protoplast-regenerated plants (Park et al., 2019). To

date, methods to regenerate whole plants from protoplasts have

been developed in many species, including lettuce (Woo et al.,

2015), potato (Andersson et al., 2018; González et al., 2020),

tobacco (Lin et al., 2018), carrot (Daucus carota) (Grzebelus et al.,

2012), petunia (Yu et al., 2020), cabbage (Park et al., 2019), maize
munications 2, 100168, March 8 2021 ª 2021 The Author(s). 3
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(Rhodes et al., 1988; He et al., 2006), and rice (Li and Murai, 1990).

However, the regeneration procedure for many of these species is

challenging, and the efficiency remains low (Eeckhaut et al., 2013;

Altpeter et al., 2016). Moreover, plants regenerated from

protoplasts contain somaclonal variations and may have unstable

genomes (Kawata and Oono, 1998; Tang et al., 2018; Fossi

et al., 2019), raising concerns about undesired mutations and

phenotypic changes. To overcome difficulties in protoplast

regeneration, Toda et al. (2019) used PEG to introduce CRISPR-

Cas9 RNPs into rice zygotes. Editing efficiencies of 14%–64%

were observed in mature plants derived from the transformed zy-

gotes, providing a new avenue for RNP delivery.

Particle bombardment

Particle bombardment is another commonly used approach to

deliver RNPs into plant tissues and cells. Explants that are typically

used for plant regeneration, including embryos and leaf discs, can

be used as targets of RNP-coated particles. The explants can then

be used for plant regeneration, with or without selection. RNP-

mediated genome editing using particle bombardment has been

successfully demonstrated in rice (Banakar et al., 2020), maize

(Svitashev et al., 2016), and wheat (Liang et al., 2017). Without

any selection, the editing efficiency is usually less than 10%. To

enhance editing efficiency, plasmids encoding a selective marker

gene can be co-transformed with RNPs into plants (Svitashev

et al., 2016; Banakar et al., 2020). Although the editing efficiency

can be improved significantly, high-frequency random DNA

insertions have also been detected (Banakar et al., 2019),

defeating the main purpose of RNP delivery. Notably, particle

bombardment can result in a small or large degree of genomic

damage, including chromosome truncations, DNA fragment

deletions, and genomic rearrangement, potentially altering

phenotypes and complicating commercialization (Liu et al., 2019).

Emerging transformation methods

Recently, RNPs have been delivered into tobacco (N. tabacum)

BY2 protoplasts by lipofection, and ~6% editing efficiency has

been achieved (Liu et al., 2020). Plant cell walls must be

degraded to enable lipofection. Preassembled RNPs can be

mixed with cationic lipids, which are positively charged and

therefore attracted to the negatively charged surfaces of plant

protoplasts. RNPs and lipids can form a liposome structure that

can easily merge with cell membranes, resulting in RNP

transfection. Lipofection is considered an easy and inexpensive

method for cell transfection that can potentially be applied to

other plant species (Yu et al., 2016; Liu et al., 2020). In addition,

electroporation was used for Chlamydomonas reinhardtii

transformation, and up to 1.1% editing efficiency was achieved

(Baek et al., 2016). Recently, electro-transfection has also been

demonstrated in cabbage, and editing efficiency as high as 3.4%

was obtained (Lee et al., 2020). This method may improve the

regeneration ability of protoplasts and increase editing efficiency

compared with the PEG method. It is also potentially applicable

to other plant species.

RNP APPLICATIONS IN PLANT GENOME
EDITING

RNP-mediated genome editing has been demonstrated in many

plant species, targeting genes of agricultural importance, including
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those involved in grain yield (Liang et al., 2017; Toda et al., 2019),

disease resistance (Malnoy et al., 2016), nutritional composition

(Kim et al., 2017; Andersson et al., 2018), herbicide resistance,

male fertility (Svitashev et al., 2016), and other traits (Table 1).

These studies provide a foundation for crop improvement using

RNP-mediated CRISPR technologies. To date, most studies

have used Cas9 for NHEJ-mediated genome editing, and editing

efficiencies have varied depending on species, transformation

method, transformation efficiency, detection method, RNP purity

and amount, gRNA efficiency, and other factors. In addition,

Cas12a has also been used in several species. LbCas12a pro-

duced less than 1%editing efficiency inwild tobacco (N. attenuata)

protoplasts (Kim et al., 2017). In soybean, up to 17.5% editing

efficiency was observed in protoplasts using LbCas12a, and the

highest editing efficiency obtained using AsCas12a was only

1.6% (Kim et al., 2017; Kim and Choi, 2020). Up to 19.3%

editing efficiency was observed in pepper (Capsicum annuum)

using LbCas12a (Kim et al., 2020). These low editing efficiencies

could potentially be explained by the temperature sensitivity of

Cas12a (Malzahn et al., 2019), the formation of undesirable

crRNA secondary structures (Lee et al., 2019), and the low

activity of Cas12a in certain species. When Cas12a and Cas9

were compared in parallel using overlapping gRNAs in rice,

higher editing efficiency was obtained with LbCas12a (32.3%)

than with wild-type Cas9 (3.6%) and HiFi Cas9 (8.8%) (Banakar

et al., 2020). However, no edited plants were recovered using

AsCas12a (Banakar et al., 2020). We summarize studies that

have used RNP-delivered CRISPR reagents for genome

engineering in Table 1. It is notable that the editing efficiencies

reported in these studies vary greatly among different plant

species, RNP delivery methods, and sample types (e.g.,

protoplasts versus regenerated calli or plants). There is room for

further improvement to achieve much higher editing efficiencies,

making RNP-based CRISPR genome editing more practical for a

variety of plant species.
CHALLENGES AND FUTURE
PERSPECTIVES

RNP-mediated CRISPR genome engineering is a promising tech-

nique for quickly screening CRISPR components and CRISPR

systems, as well as an effective platform for generating trans-

gene-free genetically engineered plants. CRISPR RNPs have

also been shown to be a sensitive and easy method for genotyp-

ing targeted mutagenesis in plants (Liang et al., 2018). However,

RNP-delivered CRISPR has been limited to inducing targeted

mutagenesis through the NHEJ repair pathway, leading to impre-

cise Indels and gene knockouts. Only one maize study used

RNPs to achieve precise genome editing through the HDR

pathway by introducing a single-stranded DNA template

(Svitashev et al., 2016). Although the targeted edits were

actively selected during plant regeneration, the editing

efficiency was low, and no biallelic mutants were recovered

(Svitashev et al., 2016). With the rapid development of

technologies to enhance HDR-derived genome editing, higher

editing efficiencies may be achieved using RNP delivery. In

plants, more drastic changes may be needed for certain kinds

of trait improvement, such as metabolic engineering, that

involve targeted large DNA fragment deletion and insertion. A

223-bp deletion was achieved in Arabidopsis protoplasts using
or(s).



Species Target genes CRISPR system Plant material
Transformation
method Detection method Editing efficiency References

Protoplast transformationa

Arabidopsis thaliana

(Columbia-0)

Allene oxide cyclase,

AOC

Cas9 protoplast PEG targeted deep

sequencing

16% Woo et al.

(2015)

BRASSINOSTEROID

INSENSITIVE 1 (BRI1)

Cas9 with

two gRNAs
simultaneously

T7E1b 54%–71% (A 223 bp

deletion is observed)

Oilseed rape (Brassica

napus cv. Topaz)

Phytoene desaturase

(PDS)

Cas9 protoplast PEG targeted deep

sequencing

0 Murovec

et al. (2018)

FRIGIDA (FRI) 0

Cabbage (Brassica

oleracea var. capitata f.

alba)

Phytoene desaturase

(PDS)

Cas9 protoplast PEG targeted deep

sequencing

0.14%–1.33% Murovec

et al. (2018)

FRIGIDA (FRI) 0.09%–2.25%

Cabbage (Brassica

oleracea var. capitata f.
alba)

GIGANTEA (GI) Cas9 protoplast PEG targeted deep

sequencing

2% Park et al.

(2019)

Cabbage (Brassica

oleracea var. capitata
cv. Dongbok)

Phytoene desaturase 1

(PDS1)

Cas9 protoplast PEG targeted deep

sequencing

1.8% Lee et al.

(2020)
electro-

transfection

0%–3.4%

Chinese cabbage

(Brassica rapa subsp.

pekinensis)

Phytoene desaturase

(PDS)

Cas9 protoplast PEG targeted deep

sequencing

3.78%–24.51% Murovec

et al. (2018)

FRIGIDA (FRI) 1.15%–12.58%

Hot pepper (Capsicum

annuum cv. CM334)

Mildew locus O 2

(MLO2)

Cas9 callus protoplast PEG targeted deep

sequencing

0.2%–17.6% Kim et al.

(2020)

Sweet pepper

(Capsicum annuum cv.

Dempsey)

leaf protoplast 0.5%–11.3%

Apple (Malus

domestica cv. Golden
Delicious)

DspA/E-interacting

proteins of Malus 3
domestica 1, 2, 4

(DIPM1, 2, 4)

Cas9 protoplast PEG targeted deep

sequencing

0.5%–6.9% Malnoy et al.

(2016)

Cavendish banana
(Musa spp. Cavendish;

AAA Group cv. Baxi)

Phytoene desaturase
(PDS)

Cas9 protoplast PEG targeted deep
sequencing

0.19%–0.92% Wu et al.
(2020)

Wild tobacco

(Nicotiana attenuata)

Phytochrome B, PHYB Cas9 protoplast PEG targeted deep

sequencing

44% Woo et al.

(2015)

Tobacco (Nicotiana
tabacum cv. Bright

Yellow-2)

ppor-RFP reporter Cas9 BY2 protoplast lipofectamine
3000

Sanger sequencing 6% Liu et al.
(2020)

Table 1. Summary of CRISPR RNP-mediated genetic engineering in plants.
(Continued on next page)
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Species Target genes CRISPR system Plant material
Transformation
method Detection method Editing efficiency References

Rice (Oryza sativa cv.

Dongjin)

P450 Cas9 protoplast PEG targeted deep

sequencing

19% Woo et al.

(2015)
DWD1 8.4%

Garden petunia

(Petunia 3 hybrida)

Nitrate reductase (NR) Cas9

Four gRNAs

protoplast PEG targeted deep

sequencing

5.30%–17.83%

(average 11.5 ± 2%)

Subburaj

et al. (2016)

Garden petunia

(Petunia 3 hybrida cv.

Madness Midnight)

Flavanone 30-
hydroxylase (F3HA and

F3HB)

Cas9 protoplast PEG targeted deep

sequencing

9.99%–26.27% Yu et al.

(2020)

Bread wheat (Triticum

aestivum cv. Kenong

199)

Grain width and weight

2 (GW2)

Cas9 protoplast PEG PCR-RE 33.4% (TaGW2-B1)

21.8% (TaGW2-D1)

Liang et al.

(2017)

GASR7 45.3%

Grapevine (Vitis vinifera
cv. Chardonnay)

Mildew locus O 7
(MLO-7)

Cas9 protoplast PEG targeted deep
sequencing

0.1% Malnoy et al.
(2016)

Maize (Zea mays) Inositol phosphate

kinase (IPK)

Cas9 protoplast PEG Sanger sequencing 0.85%–5.85% Sant’Ana

et al. (2020)

Hot pepper (Capsicum

annuum cv. CM334)

Mildew locus O 2

(MLO2)

LbCas12a callus protoplast PEG targeted deep

sequencing

9.9%–19.3% Kim et al.

(2020)

Soybean (Glycine max

cv. Williams 82)

Fatty acid desaturase

2-1A (FAD2-1A)

LbCas12a protoplast PEG targeted deep

sequencing

0%–11.7% Kim et al.

(2017)

Fatty acid desaturase

2-1B (FAD2-1B)

0%–9.1%

Fatty acid desaturase

2-1A (FAD2-1A)

AsCas12a 0%–1.6%

Fatty acid desaturase
2-1B (FAD2-1B)

0%–0.6%

Fatty acid desaturase
2-1A (FAD2-1A)

LbCas12a cotyledon
protoplast

PEG targeted deep
sequencing

10.5%–11.7% Kim and Choi
(2020)

Fatty acid desaturase

2-1B (FAD2-1B)

6.7%–9.1%

Fatty acid desaturase

2-1A (FAD2-1A)

callus

protoplast

7.4%

Fatty acid desaturase

2-1B (FAD2-1B)

6.9%

Soybean (Glycine max

cv. Kwangan)

Fatty acid desaturase

2-1A (FAD2-1A)

2.1%–11.8%

Fatty acid desaturase

2-1B (FAD2-1B)

1.9%–9.6%

Soybean (Glycine max
cv. Daewon)

Fatty acid desaturase
2-1A (FAD2-1A)

4.2%–17.5%

Fatty acid desaturase
2-1B (FAD2-1B)

2.0%–10.3%

Table 1. Continued (Continued on next page)

6
P
la
n
t
C
o
m
m
u
n
ic
a
tio

n
s
2
,
1
0
0
1
6
8
,
M
a
rc
h
8
2
0
2
1
ª

2
0
2
1
T
h
e
A
u
th
o
r(s

).

P
la
n
t
C
o
m
m
u
n
ic
a
tio

n
s

C
R
IS
P
R
g
e
n
e
tic

e
n
g
in
e
e
rin

g
u
s
in
g
R
N
P
s
in

p
la
n
ts



Species Target genes CRISPR system Plant material
Transformation
method Detection method Editing efficiency References

Wild tobacco
(Nicotiana attenuata)

Allene oxide cyclase
(AOC)

LbCas12a protoplast PEG targeted deep
sequencing

~0.08%–0.8% Kim et al.
(2017)

AsCas12a ~0.01%–0.9%

Protoplast transformation and plant regenerationc

Cabbage (Brassica

oleracea var. capitata f.
alba)

GIGANTEA (GI) Cas9 protoplast PEG Sanger sequencing of

plants regenerated
from protoplasts

17.4% (8/46) Park et al.

(2019)

Lettuce (Lactuca sativa

cv. Cheongchima)

Homolog of A. thaliana

BRASSINOSTEROID
INSENSITIVE 2 (BIN2)

Cas9 protoplast PEG PCR-REd and targeted

deep sequencing using
microcalli regenerated

from protoplasts

46% (5.7%monoallelic

mutations; 40%
biallelic mutations)

Woo et al.

(2015)

Garden petunia

(Petunia 3 hybrida cv.

Madness Midnight)

Flavanone 30-
hydroxylase (F3HA and

F3HB)

Cas9 protoplast PEG targeted deep

sequencing using

regenerated plants

11.9% Yu et al.

(2020)

Potato (Solanum

tuberosum cv. Desiree)

Polyphenol oxidase 2

(PPO2)

Cas9 protoplast PEG high-resolution

fragment analysis

(HRFA) and Sanger
sequencing of plants

regenerated from

protoplasts

68% (40% PEG)

27% (25% PEG)

González

et al. (2020)

Potato (Solanum

tuberosum cv. Kuras)

Granule bound starch

synthase (GBSS)

Cas9 (synthetically

produced gRNA)

protoplast PEG HRFA and Sanger

sequencing of shoots

regenerated from

protoplasts

9% (40% PEG, 30 min)

1% (25% PEG, 3 min)

Andersson

et al. (2018)

Cas9 (in vitro

transcribed gRNA)

22% (40% PEG,

30 min)

25% (25% PEG, 3 min)

Particle bombardment of embryoe

Rice (Oryza sativa cv.

Nipponbare)

Phytoene desaturase

(PDS)

Cas9 with the plasmid

encoding hygromycin
phosphotransferase

(hpt)

Scutellum-

derived
embryos

particle

bombardment

targeted deep

sequencing of
proliferating

hygromycin-resistant

callus

3.6% Banakar et al.

(2020)

HiFi Cas9 with the

plasmid encoding hpt

8.8%

Cas9 D10A with two
gRNAs and the

plasmid encoding hpt

0

Cas9 with two gRNAs

and the plasmid

encoding hygromycin

phosphotransferase
(hpt)

scutellum-derived

embryos

particle

bombardment

Sanger sequencing of

regenerated lines

62.9% Banakar et al.

(2019)

Bread wheat (Triticum
aestivum cv. Kenong

199)

Grain width and weight
2 (GW2)

Cas9 immature embryo particle
bombardment

PCR-RE and Sanger
sequencing

2.2% (TaGW2-B1)
4.4% (TaGW2-D1)

Liang et al.
(2017)

Table 1. Continued (Continued on next page)
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ies Target genes CRISPR system Plant material
Transformation
method Detection method Editing efficiency References

wheat (Triticum

um cv. YZ814)

Grain width and weight

2 (GW2)

Cas9 immature embryo particle

bombardment

PCR-RE 1.3% Liang et al.

(2017)

GASR7 1.8%

(Zea mays) Male fertility gene

MS45

Cas9 RNP with DNA

vectors encoding

‘‘helper genes’’-cell

division-promoting
transcription factors

(maize ovule

developmental protein

2 [ODP2] and maize
Wuschel [WUS]) and

selectable and visible

marker genes
(MOPAT-DSRED

fusion)

immature embryo particle

bombardment

targeted deep

sequencing

47% (28% monoallelic

mutations; 19%

biallelic mutations)

Svitashev

et al. (2016)

Acetolactate synthase
(ALS2)

Cas9 RNP with DNA
vectors encoding

helper genes;

127 nt single-stranded
DNA donor

~2%–2.5% (all
monoallelic mutations)

Male fertility gene

MS45

Cas9 RNP only 4.0% (3.1% biallelic

mutations)

Male fertility gene

MS26

Cas9 RNP only 2.4% (0.3% biallelic

mutations)

Liguleless1 (LIG) Cas9 RNP only 9.7% (0.9% biallelic

mutations)

Oryza sativa cv.

nbare)

Phytoene desaturase

(PDS)

AsCas12a with the

plasmid encoding hpt

scutellum-derived

embryos

particle

bombardment

targeted deep

sequencing of

proliferating

hygromycin-resistan
callus

0 Banakar et al.

(2020)

LbCas12a with the

plasmid encoding hpt

32.3%

T 1. Continued (Continued on next page)
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Species Target genes CRISPR system Plant material
Transformation
method Detection method Editing efficiency References

Other transformation methods

Chlamydomonas

reinhardtii

CpFTSY Cas9 Cell electroporation targeted deep

sequencing

0.56%–1.1% Baek et al.

(2016)
Zeaxanthin epoxidase
(ZEP)

0.46%

Beta subunit of
tryptophan synthase

(MAA7)

eight targeted
mutations obtained

Shin et al.
(2016)

Chloroplast SRP43
(CpSRP43)

Cas9 RNP with the
linearized plasmid

encoding hygromycin

resistance gene

knockin mutations
obtained

Mg-protoporphyrin IX
S-adenosyl methionine

O-methyl transferase

(ChlM)

Tobacco (Nicotiana

tabacum cv. Bright

Yellow-2)

ppor-RFP reporter Cas9 BY2 cells particle

bombardment

Sanger sequencing 3% Liu et al.

(2020)

Rice (Oryza sativa cv.
Nipponbare)

DsRed2 Cas9 Zygotes produced by
gamete fusion

PEG Sanger sequencing
using leaves

regenerated from

transfected zygotes

25% Toda et al.
(2019)

DROOPING
LEAF (DL)

13.6%–14.3%

GRAINWIDTH 7 (GW7) 21.4%

GENERATIVE CELL
SPECIFIC-1 (GCS1)

64.3%

Table 1. Continued
aEditing efficiencies were measured using protoplast DNA.
bT7 endonuclease 1 assay.
cEditing efficiencies were measured using DNA from protoplast-regenerated plants, shoots, or calli.
dPCR-restriction enzyme assay.
eEditing efficiencies were measured using DNA from embryo-regenerated plants or calli.
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Plant Communications CRISPR genetic engineering using RNPs in plants
RNPs (Woo et al., 2015), opening new avenues for RNP-mediated

genome engineering. In principle, multiplexed editing can be

readily achieved with RNPs. Due to a lack of relevant studies,

the number of target sites that can be efficiently edited through

RNP-based multiplexed editing in plants remains unclear. More-

over, precise genome editing can also be achieved using base

editors and prime editors, but these approaches have not been

demonstrated in plants using RNP delivery. Although RNP-

mediated gene regulation through the recruitment of regulatory

effectors is probably not plausible because of its transient nature,

RNPs can be used to edit regulatory elements or epigenetic

marks to alter gene expression.

RNP editing efficiency depends largely on delivery efficiency

(Figure 1). PEG can efficiently transfect RNPs into plant

protoplasts, but this method is only suitable for plant species in

which protoplast isolation and regeneration protocols are

available. Without the ability to regenerate whole plants from

protoplasts, transient experiments to evaluate the efficacy of

CRISPR systems can still be conducted. Particle bombardment

requires specific equipment and must be optimized for each

species. An ideal delivery method would be able to carry large

protein complexes such as RNPs and to penetrate plant cell walls

and membranes. Nanotechnology provides a potential new

method for cargo delivery into plants. Nanomaterials (size

<100 nm) have a high surface area to volume ratio and unique

physicochemical properties, potentially enabling the efficient

delivery of cargos independent of plant species and tissue.

In addition, nanomaterials can offer cargo protection and

spatiotemporally controlled cargo release (Cunningham et al.,

2018; Sanzari et al., 2019). Although the large size, high negative

charge, and instability of CRISPR RNP may pose difficulties for

nanoparticle delivery, genome editing using nanoparticle-

delivered RNP has been achieved in mammalian cells (Wang

et al., 2016; Lee et al., 2017; Mout et al., 2017). Nanoparticles

have been used to successfully deliver genetic materials and

proteins into plants (Cunningham et al., 2018; Sanzari et al.,

2019). Nanoparticles were also successfully used to deliver DNA

into the pollen of cotton (Gossypium hirsutum), pepper (C.

annuum), pumpkin (Cucurbita moschata), ‘Cocozelle’ squash

(Cucurbita pepo), and lily (Lilium brownii) by magnetofection, and

a tissue culture-free transformation method was established

(Zhao et al., 2017). However, this method has not been

successfully demonstrated in the monocot species maize (Z.

mays) and sorghum (Sorghum bicolor), and it could not be

replicated in lily, raising concerns about its utility and efficiency in

dicot species (Vejlupkova et al., 2020). In the future, nanoparticles

may become new tools for the delivery of RNPs into plants for

genetic engineering regardless of plant species. Other delivery

methods demonstrated in plants include the modification of

proteins with cell-penetrating materials, such as cell-penetrating

peptides (Numata et al., 2016; Guo et al., 2019; Midorikawa et al.,

2019). These could potentially be used for RNP delivery into plant

cells, as has been demonstrated previously for human cells

(Ramakrishna et al., 2014).

The application of RNP-mediated genome editing to a wide vari-

ety of plant species is limited largely by the absence of robust

methods for the recovery of edited plants (Figure 1). Protoplast

regeneration remains a challenge in many plant species,

especially in monocot crops. Regeneration efficiency relies on
10 Plant Communications 2, 100168, March 8 2021 ª 2021 The Auth
numerous factors, including explant type, culture conditions

(oxygen level and light), media composition (phytohormones

and other growth factors, signaling molecules), and oxidative

stress (Eeckhaut et al., 2013). In addition to optimizing

regeneration systems for each species, the manipulation of cell

differentiation and growth stimulating genes may offer another

approach for boosting protoplast regeneration (Lowe et al.,

2016; Mookkan et al., 2017). This approach may also enhance

the regeneration ability of recalcitrant plants from other

explants. For instance, two cell division-promoting transcription

factors were co-introduced into maize immature embryos with

RNPs to improve regeneration efficiency (Svitashev et al.,

2016). Another challenge is the lack of ability to select edited

plants, thus increasing the effort required to culture and

screen the regenerated plants. Edited plants can only be

selected if the targeted mutagenesis leads to phenotypic

changes such as herbicide resistance or pigment content. In

Phaeodactylum tricornutum, simultaneous targeting of the gene

of interest and a gene that results in a phenotypic change when

perturbed allows edited plants to be selected visually, enriching

for plants with edited genes of interest (Serif et al., 2018). In the

future, improved regeneration systems for RNP delivery can be

developed without compromising the transgene-free nature of

the delivery method. Other transformation methods can also be

used to deliver RNPs while bypassing the regeneration steps,

including pollen transfection (Zhao et al., 2017) and de novo

meristem induction (Maher et al., 2020).

RNP-mediated genetic engineering technology provides a prom-

ising platform for crop improvement with minimal regulatory con-

cerns. With the rapid development of CRISPR and other biotech-

nologies, the applications of RNP-mediated genetic engineering

in plants will be broadened and improved, facilitating fundamental

research, agricultural development, and food production.
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