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Delivery of genome editing reagents using CRISPR-Cas ribonucleoproteins (RNPs)
transfection offers several advantages over plasmid DNA-based delivery methods,
including reduced off-target editing effects, mitigation of random integration of non-
native DNA fragments, independence of vector constructions, and less regulatory
restrictions. Compared to the use in animal systems, RNP-mediated genome editing is
still at the early development stage in plants. In this study, we established an efficient and
simplified protoplast-based genome editing platform for CRISPR-Cas RNP delivery, and
then evaluated the efficiency, specificity, and temperature sensitivity of six Cas9 and
Cas12a proteins. Our results demonstrated that Cas9 and Cas12a RNP delivery resulted
in genome editing frequencies (8.7-41.2%) at various temperature conditions, 22°C, 26°C,
and 37°C, with no significant temperature sensitivity. LbCas12a often exhibited the highest
activities, while AsCas12a demonstrated higher sequence specificity. The high activities of
CRISPR-Cas RNPs at 22° and 26°C, the temperature preferred by plant transformation
and tissue culture, led to high mutagenesis efficiencies (34.0-85.2%) in the protoplast-
regenerated calli and plants with the heritable mutants recovered in the next generation.
This RNP delivery approach was further extended to pennycress (Thlaspi arvense),
soybean (Glycine max) and Setaria viridis with up to 70.2% mutagenesis frequency.
Together, this study sheds light on the choice of RNP reagents to achieve efficient
transgene-free genome editing in plants.

Keywords: Nicotiana benthamiana, pennycress, protoplast, ribonucleoprotein, Setaria viridis, soybean,
transfection, transformation

INTRODUCTION

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated
protein (Cas) systems were first discovered to cleave invading bacteriophage DNA as a
prokaryotic adaptive immune system (Garneau et al, 2010; Horvath and Barrangou, 2010).
Since then, CRISPR-Cas systems have been widely adopted to make precise sequence alterations
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in the genome of many species including plants (Chen et al.,
2019). Among the diverse CRISPR-Cas systems, Cas9 and Cas12a
are the most exploited for genome editing (Chen et al., 2019;
Zhang et al,, 2019; Zhang et al., 2021c). These systems typically
consist of two components: the Cas nuclease protein and a
CRISPR guide RNA (gRNA). The gRNA usually contains a
20-30bp target-specific sequence along with a universal
sequence that interacts with Cas protein to form an active
ribonucleoprotein (RNP) complex. The RNP complex is
directed to its target DNA sequence via RNA/DNA base
pairing. RNA/DNA hybridization triggers double-stranded
DNA breaks (DSBs) at the target site by the Cas nuclease to
initiate the subsequent gene editing process (Chen et al., 2019).

Efficient genome editing requires effective delivery approaches
to introduce the CRISPR-Cas reagents into cells. For most plant
species, CRISPR-Cas and a targeting gRNA are delivered as
plasmid DNA either by Agrobacterium- or biolistic-mediated
transformation methods (Atkins and Voytas, 2020). With
these approaches, the plasmids usually need to integrate into
the genome, and the expressed Cas protein and CRISPR RNA
assemble to form functional RNPs for the targeted gene
modifications. Although the transgene sequences can be
segregated out by breeding, these methods are time consuming
and have additional weaknesses. First, agrobacterium mediated
T-DNA or biolistic transformation often result in random
insertions of  transgenes, complex chromosomal
rearrangements and other unintended genetic and epigenetic
changes that are not easily rectified (Jupe et al, 2019; Liu
et al, 2019). Second, the CRISPR-Cas constructs cannot
always be segregated out, which could trigger regulatory and
other public perception concerns (Jordan et al., 2017; Menz et al.,
2020). For example, previous reports indicated that plasmid
sequences could be inserted into DSB sites making them
difficult to be segregated (Banakar et al., 2019; Dong et al,
2020). For plant species that have a lengthy juvenile growth
period or are propagated vegetatively, the strategy of transgene-
free segregants (null segregants) is also not pragmatic. Moreover,
proper expression of the transgenic CRISPR-Cas cassette is
essential to achieve efficient plant gene editing. It is not trivial
to optimize the gene expression cassettes, including the
promoters, terminators, and codon usage, for a new plant
species (Chen et al, 2019). In addition, the expression of the
CRISPR-Cas cassettes can be affected by the position of their
integration resulting in transgene silencing (Fagard and
Vaucheret, 2000). On the other hand, when the integrated
cassettes are highly expressed, prolonged expression could lead
to the increasing possibility of off-target mutations, and chimeric
mutants (Chen et al., 2019).

To overcome these challenges, several strategies have been
developed to achieve DNA-free gene editing in plants. This
includes delivery of in vitro transcribed Cas mRNAs or pre-
assembled CRISPR-Cas RNPs. While low genome editing
efficiency was observed with RNA delivery in previous
research (Zhang et al., 2016), RNP delivery of Cas9/Casl2a
has resulted in efficient editing in a number of plants,
including lettuce (Lactuca sativa), Arabidopsis, grape (Vitis
vinifera), apple, Petunia hybrida, potato, tobacco, soybean,
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rice, maize and wheat (Woo et al., 2015; Malnoy et al., 2016;
Subburaj et al., 2016; Svitashev et al, 2016; Andersson et al.,
2018). In some examples, genome editing efficiencies using RNP
delivery are equivalent to plasmid-based expression systems
(Zhang et al., 2021b). This process offers not only technology
advantages, such as bypassing the need of vector construction, but
also less regulatory restriction (Chen et al., 2019). Because no
recombinant DNA is transformed, plants edited by RNPs can be
considered transgene free. In addition, since RNPs are only
transiently present in plant cells after transformation, off-
target effects and chimeric mutants caused by prolonged
exposure to CRISPR-Cas systems are also minimized (Zhang
et al., 2016; Kim et al., 2017).

Despite the great potential of CRISPR-Cas RNP systems,
systematic studies by directly comparing their efficacies are
lacking to provide guidelines for optimal selection of RNP
reagents. In a recent study, Banakar et al. compared three
SpCas9 variants, wildtype SpCas9 (Cas9_WT), high fidelity
SpCas9 (Cas9_HiFi), SpCas9 DI10A nickase, and two wildtype
Casl2a nucleases (AsCasl2a and LbCasl2a) in rice calli. As a
result, LbCas12a exhibited a higher editing efficiency than that of
Cas9_WT, Cas9_HiFi and AsCasl2a with the notable
temperature sensitivity (Banakar et al., 2020). In addition,
when delivered as DNA plasmids into plants, the Cas9 and
Casl2a proteins have shown reduced nuclease activities at
lower temperature (22-28°C) than the elevated temperature
(37-42°C) (LeBlanc et al, 2018; Malzahn et al, 2019;
Schindele and Puchta, 2020). Because most plant tissue culture
and transformation require the low temperature condition, it will
be important to thoroughly evaluate the temperature sensitivity
of the CRISPR-Cas systems when used as RNPs. In this work, we
established an efficient and simplified protoplast-based genome
editing platform for CRISPR-Cas RNP delivery in multiple plant
species. By testing six commercially available Cas9 and Casl2a
variants, Cas9_WT, Cas9_HiFi, AsCas12a_WT, AsCas12a_Ultra,
LbCas12a_WT and LbCasl12a_V4 in Nicotiana benthamiana, we
sought to evaluate the efficiency, specificity and temperature
sensitivity of the widely available CRISPR-Cas enzymes
delivered as RNP systems. Additionally, we demonstrated RNP
mediated editing in pennycress (Thlaspi arvense), soybean
(Glycine max) and Setaria viridis protoplasts. Our work
indicated that RNP-mediated gene editing in plant protoplasts
is a promising technique for quickly screening and optimizing the
CRISPR-Cas systems as well as an effective platform for
generating transgene-free gene edited plants.

MATERIALS AND METHODS

Plant Growth Conditions

For Nicotiana benthamiana, plant growth protocol was followed
as described by Li et al. (2016). In short, seeds of the GFP16c¢ line
(Ruiz et al., 1998) were first sterilized in 70% ethanol for 2 min,
then in 2.5% Sodium hypochlorite for 10 min, followed by three
rounds of wash with sterile water. Twenty to thirty sterilized seeds
were sown on growth media plates for germination at 25 + 2°C
under 16/8h of light and dark. After 15days, the healthy
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seedlings were transferred to medium sized pots to grow for a
month period in growth chamber (16/8 h) with 22/20°C of day/
night temperature.

For Pennycress, seed germination and plant growth were
conducted in growth chamber (16/8 h) with 22°C/20°C of day/
night temperature. After 15 days of germination, young leaves
were collected for protoplast isolation and transfection.

For Setaria viridis, seeds of Setaria viridis cv. ME34 were
germinated and grown in growth chambers with the settings:
temperature 31°C/22°C (day/night), photoperiod 16/8 h (day/
night), relative humidity 30% and light intensity ~250-400 pE/
m?/s. Young leaves from 12-15 days old plants were collected for
protoplast isolation and transformation.

For soybean, seeds of soybean cultivar Williams 82 was grown
in greenhouse till flowering. Immature seed pods at the R2 stage
were harvested for protoplast isolation and transfection using the
same protocol as described for Nicotiana benthamiana.

Protoplast Isolation and Transfection
Nicotiana benthamiana protoplasts were isolated from the
second and third expanding leaf from the top using the
simplified protocol based on that developed earlier (Li et al,
2016). Briefly, leaves, sterilized with 0.5% bleach for 5 min, were
cut into small pieces of 0.2 mm using a sharp scalpel and blade,
and transferred to digestion media (DM, 0.45 M mannitol, 5 mM
MES, 0.8% cellulase R10, and 0.2% Macerozyme R10) for 4-6 h.
Digested leaf sections were filtered through 100 uM filter to 50-ml
falcon tube and centrifuged at 100 xg for 5min to collect
protoplasts. After suspended in 5ml of the washing buffer
(WB, 0.45 mM mannitol, and 10 mM CaCl,), the protoplast-
containing solution was mixed with 10 ml of 0.55 M sucrose and
centrifuged for 10 min at 100 xg to separate intact protoplasts
from debris. The protoplasts floating at the interphase layer were
carefully transferred into a 50-ml falcon tube containing 5 ml of
WB. The protoplasts were washed three times by repeating the
cycle of centrifuging at 100 xg for 5min. Each time, the
supernatant was discarded, and the protoplasts were
resuspended in 5ml WB. At the final step, protoplasts were
resuspended in appropriate volume (~1ml) of MMG buffer
(0.4 M Mannitol, 4 mM MES, pH 5.7, and 15 mM MgCl,) to
reach a density of 1 x 10° cell/mL.

In each transfection, 200 uL of protoplast suspension was
mixed with the RNP complex solution in the transfection
media (TM, 0.2 M mannitol, 100 mM CaCl,, and 40% PEG-
4000). The transfection mixture was incubated for 15 min in the
dark followed by the twice washing cycle as described above. At
the final washing step, protoplasts were resuspended in 2 ml of
protoplast culture nutrient solution (PCN, 0.4 M mannitol, 4.3 g/
L MS powder with B5 vitamins, 15 g/L sucrose, 0.1 mg/L 6-
benzylaminopurine (BAP) and 1-naphthaleneacetic acid
(NAA), pH 5.7), transferred into a 12 well plates and placed
in dark for 48 h at 22, 26 or 37°C.

For soybean, seeds of soybean cultivar Williams 82 was grown
in greenhouse till flowering. Immature seed pods at the R2 stage
were harvested. Pods were sterilized for 2 min in 70% ethanol,
10 min in 0.5% bleach followed by three times of wash in sterile
water. Immature seeds were removed from pods, cut into 1 mm
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pieces, and placed into digestion media for overnight digestion
(12-16 h). Protoplast isolation and transformation in pennycress,
soybean and Setaria viridis were performed using the same
protocol as described above for Nicotiana benthamiana. A
total of three technical protoplast transformation replicates
were carried out over a period of 3 days for each guide RNA/
protein combination.

Protoplast Regeneration and Tissue Culture
Regeneration and tissue culture of N. benthamiana protoplasts
were performed following the protocol developed earlier (Li et al.,
2016). Briefly, the transformed protoplasts from N. benthamiana
GFP16¢c line in the PCN media were incubated under the
condition of 16/8 h light/dark at 26°C. Once the calli reached
0.1-02mm in size (normally after 17-20days), they are
transferred onto the solid protoplast culture media (PCM,
4.3 g/L MS powder with B5 vitamins, 17 g/L sucrose, 1 mg/L
BAP, 0.1 mg/L NAA, 7 g/L Agar, pH 5.7) in the growth incubator
under the condition of 16/8 h light/dark at 26°C. After 2 weeks of
calli expansion, the sizable calli were subcultured 2-3 times every
2 weeks using the same media until shoots were well developed.
Healthy shoots are transferred to the rooting media (RM, 4.3 g/L
MS powder with B5 vitamins, 10 g/L sucrose, 0.2 mg/L NAA, 7 g/
L Agar, pH 5.7) for 2-3 weeks and can be transferred to soil
for seeds.

CRISPR Guide RNA Design and RNP
Assembly

In N. benthamiana, the CRISPR target sites were manually
identified by scanning the GFP and PDS coding sequences.
The Cas9 and Casl2a guide RNA targeting sites were
overlapping to allow direct comparison of their editing
efficiencies. In pennycress, Setaria viridis and soybean, the
CRISPR/Cas9 targeting sites were chosen based in the
previous reports (Supplementary Table S1), while the
CRISPR/Casl2a targeting sites were manually identified for
sequences close to the Cas9 sites.

All the CRISPR RNAs were synthesized at Integrated DNA
Technologies Inc. (IDT, Coralville, IA, United States) as crRNA
molecules (2 nmol) along with tracrRNA (5 nmol) or as 2 nmol
single guide RNA (sgRNA). The crRNA and tracrRNA or
sgRNA were dissolved in 20-50 uL of nuclease free-IDTE
buffer (1 x TE buffer, pH 7.5) to a concentration of 100 uM
of each. Equal molar concentration of crRNA and tracrRNA
were mixed and incubated at 95°C for 5 min followed by room
temperature (22°C) for 10 min. To assemble the RNP in vitro,
200 pmol of guide RNA molecules were mixed with 20 pg (2 pL)
of the Cas proteins, made by the IDT team, along with 2 pL of
1 x PBS buffer (pH 7.4). After 10 min of incubation at room
temperature, this RNP complex will be ready for protoplast
delivery. All the Cas proteins used in this study can be
purchased or requested through IDT directly. The catalog
numbers are 1081058, 1081060, 1081068 and 10001272 for
SpCas9_WT, SpCas9_HiFi, AsCasl2a_WT and
AsCasl2a_Ultra, respectively. The LbCasl2a_ WT and V4
versions were R&D stock and described in the recent study
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that can be available as a custom order upon request (Dong
et al., 2021).

Mutation Detection and Next Generation
Sequencing Analysis

The protocol for DNA extraction from protoplasts and
regenerated plants was described previously (Weiss et al,
2020). DNA from each technical replicate was independently
isolated and used for PCR amplification. The genomic region
surrounding each target site was amplified using the rhAmpSeq
CRISPR Library Kit (Integrated DNA Technologies, Coralville,
IA, United States) with 50 ng of template DNA, forward and
reverse primers (Supplementary Table S2). The primers
contained “tails” to add sample-unique P5 and P7 indexes for
Ilumina sequencing in two rounds of PCR. PCR amplicons were
sequenced on an Illumina MiSeq instrument (v2 chemistry,
150bp paired end reads) (Illumina, San Diego, CA,
United States). Resulting NGS data was analyzed for genome
editing with CRISPAIltRations v1.0 using default parameters for
window sizes detecting Cas9 (8 bp) or Casl2a (9bp) editing
(Kurgan et al, 2021). At each target site, mutation efficiency
was calculated as the percentage of total reads containing an indel
within the specified window around the cut site. Average of three
technical replicates was derived for each target site and presented
as editing efficiency. The NGS data were deposited into the
Sequence Read Archive (SRA) hosted by NCBI with the
accession number PRJINA745954.

Mutant Characterization in E1 Plants

The seeds harvested from the candidate EO plants were
germinated and grown on the growth media plate (Li et al,
2016). After 2 weeks of germination, the plantlets were examined
under fluorescence stereomicroscope (Leica MZ FL III, Leica
Microscopy Systems Ltd., Switzerland). Genomic DNA were
extracted from candidate the GFP negative or reduced plants
to perform PCR amplification in the targeted sequences. To
distinguish individual mutations from mono-allelic or bi-allelic
mutant plants, the PCR amplicons from each plant sample were
cloned into the pJET1.2 vector using the CloneJET PCR Cloning
Kit (Thermo scientific Inc., MA, U.S.A.). Twelve clones from each
sample were subjected to Sanger sequencing to identify
mutations.

Statistical Analysis
A paired t-test was used to compare the mutation frequencies of
RNP-transfected protoplast samples under different conditions.

RESULTS

Cas9 and Cas12a RNPs Induce High
Targeted Mutagenesis Efficiencies in N.

benthamiana Protoplasts
We first sought to establish the CRISPR-Cas RNP delivery system
by transforming Nicotiana benthamiana protoplasts. In this

RNP Delivery to Plant Protoplasts

study, a single-copy green fluorescent protein (GFP) transgenic
N. benthamiana line, GFP16c (Ruiz et al., 1998), was used for
protoplast isolation and polyethylene glycol (PEG)-mediated
transformation using a simplified protocol from previous
research (Zhang et al, 2013; Li et al, 2016). The RNP
transfection and mutagenesis assessment procedure was
outlined in Supplementary Figure S1. We selected four
CRISPR targeted sites, two for each Cas9 and Casl2a, in the
GFP coding sequence (Figure 1A). The CRISPR guide RNA
sequences were chemically synthesized and assembled with the
corresponding Cas proteins to form RNPs in vitro. Each RNP
with a single CRISPR guide RNA was transfected and assessed
individually in protoplasts.

To determine the optimal quantity of RNPs for mutagenesis,
SpCas9 WT and AsCasl2a WT RNPs with four different
quantities, ie. 10, 20, 60 and 100 pg, were first used to
transfect GFP16¢ protoplasts. The guide RNAs used in each
RNP were made to target the gRNA site two in the GFP
coding sequence because of the identical target sequence for
both types of nucleases (Figures 1A,B). Forty-eight hours after
the transfection that was carried out at 22°C, the protoplast
samples were collected and subjected to the mutagenesis
assessment assay. The targeted region was amplified from the
genomic DNA of each protoplast sample. The PCR amplicons
were then sequenced using Next Generation Sequencing (NGS).
The NGS reads from each sample, averaging 31,926 reads per
sample, were analyzed to estimate the indel mutation frequency
in the targeted sites. Figure 1B shows that similar levels of
mutagenesis frequency were achieved with different RNP
quantities. Mutagenesis frequencies of 11.6 + 1.5%, 10.3 *
1.3%, 124 + 24% and 83 + 4.9% were observed from
protoplasts transfected with 10, 20, 60 and 100 pg of the
SpCas9 WT RNP. Similar mutagenesis frequencies, 9.43 +
1.77%, 9.52 + 1.34%, 11.13 + 1.97% and 9.92 + 1.47%, were
obtained from the samples transfected with 10, 20, 60 and 100 pg,
respectively, of the AsCasl2a WT RNP (Figure 1B). No
statistically ~significant difference was observed between
different quantities of each RNP. This suggested that RNP
quantities tested in this study was not limiting genome editing
efficacy. Thus, 20 ug CRISPR/Cas RNPs was used for protoplast
transfection in the subsequent experiments.

Next, we compared the efficacy of wild type SpCas9 RNP with
two widely used Casl2a nucleases, the wild type AsCasl2a and
LbCasl2a, by targeting the overlapping Casl2a gRNA site 1
(Figure 1A). All three Cas RNPs demonstrated comparable
mutagenesis efficiencies at 14.4 + 7.1%, 13.7 + 10.2% and
13.1 + 6.8%, respectively (Figure 1C). Thus, using the PEG-
mediated transfection approach, we were able to achieve efficient
mutagenesis with both SpCas9 and Casl2a RNPs in N.
benthamiana protoplasts.

Assessing Temperature Sensitivity of Cas9
and Cas12a RNPs

To determine the temperature sensitivity of these CRISPR/Cas
RNPs, we assessed genome editing under three temperature
regimes, 22°, 26" and 37°C. In addition to the wild type
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FIGURE 1 | CRISPR/Cas RNP delivery in protoplasts from N. benthamiana GFP16¢ line. (A) The schematic illustration of the single-copy mGFP gene and the
gRNA target sites in the N. benthamiana GFP16¢ line. The Cas9 gRNA targeted sequences are indicated by the red arrow lines with PAM sequences highlighted in red.
The Cas12a gRNA targeted sequences are indicated by the purple arrow lines with the PAM sequences highlighted in purple. The mGFP gene is located on
chromosome 3 with the coding sequence represented by the green box, the CaMV 35S promoter region represented by the yellow box and the terminator region
represented by the light green box. (B) Optimization of the RNP delivery with different quantities of the Cas9 protein. The X axis represents the Cas9 RNP quantities. The
Y axis indicates the targeted mutation frequencies. (C) The Cas9 and Cas12a RNPs induce efficient mutagenesis in N. benthamiana protoplasts. The X axis indicates the
types of Cas RNPs. The Y axis indicates the targeted mutation frequencies. The error bars represent the standard deviations from 3 replicates in each RNP transfection
experiment. The transfections with gRNA and nuclease alone were conducted as negative controls. No editing above sequencing background noise was found in the
negative controls.

A GFP gRNA site 2
70 m22°C PDS-1 TTTGGAGCTCGAGGTCTTCGTTGGG
m26°C PDS-2 TTTGGAGCTCGAGGTCTTCTTTGGG
60 m37°C
= 45
<., 40 | PDS-1
o ~  ® PDS-2
2 2 35
w= 40 et
c 30
S g
= 30 =25
g 5 20
2 T T T B 15
S
10 g 10
1 II I [ :
° *
wT HiFl WT Ultra [} —
Cas9 AsCas12a LbCas1 2a AsCas12a LbCas12a

FIGURE 2 | Comparison of temperature sensitivity and nuclease specificity of CRISPR/Cas RNPs in N. benthamiana protoplasts. (A) Assessment of temperature
sensitivity for the Cas RNPs. Mutation frequencies (Y axis) induced by various Cas9 and Cas12a RNPs (X axis) under three different temperatures, 22°C (blue), 26°C
(orange) and 37°C (grey), respectively. (B) Assessment of sequence specificity for AsCas12a and LbCas12a RNPs. The PDS1 and PDS2 targeted sequences is shown
with the 1 bp mismatch highlighted in red. Mutation frequencies (Y axis) induced by AsCas12a_Ultra and LbCas12a_V4 RNPs (X axis) is indicated for each target

site with blue for PDS1 and orange for PDS2. The error bars represent the standard deviations from 3 replicates in each RNP transfection experiment. A paired t-test was
conduct between each temperature treatment for each CRISPR RNP. No statistic significance was observed between any samples. The transfections with gRNA and
nuclease alone were conducted as negative controls. No editing above sequencing background noise was found in the negative controls.

SpCas9, AsCasl2a, and LbCasl2a, we also included three  direct comparisons between the Cas9 and Casl2a RNPs, the
commercially available Cas9 and Casl2a variants, the high ~ gRNA site 2 with an identical CRISPR target sequence for both
fidelity SpCas9 (Cas9 HiFi), an AsCasl2a mutant (AsCasl2a types of nucleases was used for the assay (Figure 1A). Forty-
Ultra) and an LbCasl2a mutant (LbCasl2a V4), which 8 hours after the transfection, the mutagenesis frequency was
demonstrated enhanced efficacy in human cell lines  assessed in each sample using the NGS assay described above
(Vakulskas et al., 2018; Zhang L. et al., 2021). To facilitate the (Supplementary Figure S1).
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We first examined the mutagenesis frequencies of each Cas
protein. Efficient mutagenesis rates were observed for all Cas
RNPs at each temperature condition, ranging from 9.2 to 30.0% at
22°C, 10.5-41.2% at 26°C and 8.7-28.9% at 37°C (Figure 2A).
Next, we compared the genome editing efficiencies between the
wild types and their derivative variants. As shown in Figure 2A,
Cas 9 WT appeared to outperform Cas 9 HiFi at 26 and 37°C. On
the contrary, in the Cas12a family, AsCas12a Ultra and LbCas12a
V4 exhibited comparable or higher activities than their wild type
parents at all temperature conditions. Notably, compared to other
tested Cas RNPs, LbCasl2a V4 demonstrated the highest
mutagenesis rates at 30.0, 41.2 and 28.9% from 22°C to 37°C,
respectively (Figure 2A).

When the temperature sensitivity patterns were examined for
each Cas RNP, they can be generally classified into two categories.
In the first category, the modest but not statistically significant
increases in the mutagenesis frequencies were observed from
Cas9 WT, AsCasl2a WT, AsCasl2a Ultra and LbCasl2a V4 in
response to the elevated temperatures from 22°C to 26°C. As such,
2.0-, 1.8-, 1.5- and 1.4-fold increases in mutagenesis rates were
found from Cas9 WT (10.3-20.3%), AsCas12a WT (9.7-17.4%),
AsCasl2a Ultra (15.3-23.5%) and LbCasl2a V4 (30.0-41.2%),
respectively (Figure 2A). When the temperature was further
elevated from 26°C to 37°C, however, no additional
improvement was observed in the nuclease activities of these
Cas RNPs. Their mutagenesis frequencies either stayed at the
similar level as found in Cas9 WT (20.3 versus 17.6%), AsCasl2a
WT (17.4 versus 19.1%) and AsCas12a Ultra (23.5 versus 21.4%),
or decreased from 41.2 to 28.9% in LbCas12a V4 (Figure 2A). By
contrast, in the second category, no significant changes in
mutagenesis frequencies were observed from Cas9 HiFi (9.2,
10.5 and 8.7%) and LbCas12a WT (9.4, 11.6 and 11.1%) under
all the temperature conditions (Figure 2A). Taken together, all
SpCas9, AsCasl2a and LbCasl2a RNPs tested in this study
demonstrated efficient mutagenesis activities in protoplasts
under three temperature regimes; no statistically significant
temperature sensitivity was observed for each Cas protein.

Evaluating Sequence Specificity of
AsCas12a and LbCas12a RNPs

Previous studies in human cells suggested that LbCasl2a
possessed higher nuclease activity but lower sequence
specificity than AsCasl2a (Kleinstiver et al., 2016). Yet no
direct comparisons of these Casl2a proteins were reported in
plants (Malzahn et al., 2019). To investigate their specificity in
plant cells, we selected a nearly identical Casl2a target site with
only 1bp mismatch at position 15 from the N. benthamiana
phytoene desaturase (PDS) homologous genes PDS-1 and PDS-2
(Figure 2B). The CRISPR guide RNA was designed, synthesized
and assembled with the AsCasl2a Ultra and LbCasl2a V4
proteins to target the PDS-1 site. The respective RNPs were
transformed into GFP16c protoplasts and assessed for the
mutagenesis frequency at 22°C using the same procedure
described above. The PCR amplicons were obtained from both
PDS-1 and PDS-2 sequences using the conserved primer pair. The
mutation rate was estimated in each amplicon sample using the

RNP Delivery to Plant Protoplasts

NGS assay. In each assay, the NGS reads were separated into the
individual PDS-1 and PDS-2 sequences using the single
nucleotide polymorphisms (SNPs, Supplementary Figure S2).
As shown in Figure 2B, LbCas12a V4 RNP induced the similar
mutation frequencies in both target sites, with 34.0 + 6.4% on
PDS-1and 31.3 + 1.9% on PDS-2. In contrast, the AsCas12a Ultra
RNP displayed a strong discrimination between two target sites
with the differing mutation rates by 84 folds, with 4.2 + 1.2% on
allele 1 and 0.05 + 0.05% on allele 2 (Figure 2B). Thus, the
LbCasl12a V4 RNP induced higher mutagenesis efficiency than
the AsCasl2a Ultra RNP, but AsCasl2a Ultra offered greater
sequence specificity for the investigated mismatch position.

Efficient and Heritable Mutagenesis
Induced by CRISPR-Cas RNPs in

Regenerated Calli and Plants

We next evaluated the mutagenesis efficiencies of CRISPR-Cas
RNPs in regenerated calli and plants. The Cas9 WT, Cas9 HiFj,
AsCasl2a Ultra and LbCas12a V4 RNPs targeting the gRNA site
one in the GFP coding sequence were transformed into GFP16¢
protoplasts under 22°C (Table 1). Using the regeneration
protocol established previously in our group (Li et al., 2016),
we obtained regenerated calli from all the transformation groups
after about 4 weeks of transformation (except that only two calli
were regenerated in the LbCas12a V4 group) (Figure 3A). In each
group, the mutagenesis frequency was estimated by using the
number of the calli with GFP negative sectors divided by the total
number of calli (Figure 3A). As summarized in Table 1, the
average mutagenesis frequencies were 55.8, 34 and 85.2% from
Cas9 WT, Cas9 HiFi and AsCasl2a Ultra transformed calli,
respectively. The GFP negative sector-containing calli in each
transformation group were also sampled for NGS analyses to
confirm the occurrence of targeted indel mutations.

To test the heritability of the targeted mutations, the mutation-
containing calli in the Cas9 WT and AsCasl12a Ultra groups were
regenerated into plants (Figure 3B). Edited seeds (E1) were
collected from three primary RNP transformed (EO) plants,
two from Cas9 WT and one from AsCasl2a Ultra edited EO
plants, respectively. When twenty seeds from each E0 plant were
grown on the growth media, segregation of the GFP positive and
negative mutant plants was clearly observed in each El
population (Figure 3C). Plants with reduced GFP fluorescence
were also observed in each population suggesting hemizygosity of
the functional GFP gene. From each E1 population, five plants
with either GFP negative or semi-negative phenotypes were
genotyped to identify the mutation profile. Bi-allelic and
mono-allelic mutations were confirmed in the GFP negative
and semi-negative plants using sanger sequencing, respectively
(Figure 3D and Supplementary Table S3).

CRISPR-Cas RNPs Induced Efficient
Mutagenesis in Diverse Plants

Next, we extended this CRISPR/Cas RNP transfection method to
a diverse group of dicot and monocot plants, including
pennycress (Thlaspi arvense), soybean (Glycine max) and
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TABLE 1 | Assessment of mutagenesis frequencies in regenerated calli (E0).

nuclease Replicates Total calli # of % GFP Average %'
GFP negative negative calli
calli

Cas9 WT 1 10 7 70.0% 55.8%
2 12 5 41.7%

Cas9 HiFi 1 49 17 34.7% 34.0%
2 9 3 33.3%

AsCas12a Ultra 1 26 22 84.6% 85.2%
2 28 24 85.7%

LbCas12a V4 1 2 1 50% N.A2
2 0 0 N.A2

Notes: 1. The average percentage of the GFP negative calli was estimated by taking the average of two transfection replications. 2. Transformation of LbCas12a V4 RNP yielded a low
number of regenerated calli. The average percentage of GFP negative calli were not calculated because of the limited sample size.

D E
Monoallelic E1 mutant plant by Cas9 80 = Cas9
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FIGURE 3 | Heritable mutations induced by CRISPR/Cas RNPs in the regenerated EO calliand E1 plants. (A) GFP negative calli with the high frequency visualized
under GFP channel. Scale bar: 1 cm. (B) EO plantlets regenerated from RNP transfected protoplasts. (C) GFP knock-out plants in E1 progeny. Bi-allelic or mono-allelic
mutant plants are indicated in the red circles with either complete loss or reduced intensity of green fluorescence, respectively. (D) Mutation profiles of the E1 plants with
GFP negative and semi-negative phenotypes. Insertion or deletion mutations in the targeted sequences are shown in the chromatogram snapshots from Sanger
sequencing. The nucleotides from insertions are shaded in red. The break point of each deletion is indicated by the red arrow with the deleted nucleotides shown in
parentheses. The PAM sequences of each targeted site are underlined with the red lines. The corresponding phenotype for each E1 plant is shown as either GFP
negative (GFP —/-) or semi-negative (GFP +/-). (E) Cas 9 and Cas12a RNPs induced efficient mutagenesis in the protoplasts from diverse plant species. Mutation
frequencies (Y axis) induced by SpCas9_WT (blue), AsCas12a_Ultra (orange) and LbCas12a_V4 RNPs (grey) are shown in soybean, pennycress and S. viridis (X axis).
The error bars represent the standard deviations from 3 replicates in each RNP transfection experiment. The transfections with gRNA and nuclease alone were
conducted as negative controls. No editing above sequencing background noise was found in the negative controls.

Setaria viridis (Supplementary Figure S3). The SpCas9 WT,  Supplementary Table S1 with mutagenesis efficiency assessed
AsCasl2a Ultra and LbCas12a V4 RNPs were introduced into the  using NGS. As a result, Lb Cas12a V4 RNPs displayed the highest
protoplasts of each species targeting a set of sequences listed in ~ mutation efficiencies of 16.5 + 3.4% in soybean, 8.0 + 4.4% in
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pennycress and 70.2 + 3.5% in S. viridis. AsCas12a Ultra RNPs
yielded slightly lower mutation efficiencies with 11.7 + 2.6%, 2.4 +
0.6%, and 66.4 + 5.5%, in soybean, pennycress and Setaria,
respectively. In comparison, the SpCas9 WT RNPs showed the
lowest mutagenesis efficiencies of 2.1 + 0.7%, 3.0 £ 2.4% and
58.4 + 5.1%, in soybean, pennycress and Setaria, respectively
(Figure 3E). This result was consistent with our observations in
N. benthamiana protoplasts confirming that the Casl2a RNPs,
particularly LbCas12a WT and V4, have the greater potential to
induce high mutagenesis in plants. Notably, all the CRISPR-Cas
RNPs exhibited high mutation rates in S. viridis suggesting that its
protoplast system is highly amenable for the CRISPR-Cas RNP
mediated genome editing.

DISCUSSION

Although the use of CRISPR-Cas RNPs has been demonstrated
in plant species, no systematic studies were conducted to
provide the guideline for optimal selection of RNP reagents
(Zhang et al., 2021b). In this study, after optimizing the PEG-
mediated RNP delivery procedure, we sought to evaluate and
compare the efficiency, specificity and temperature sensitivity
of the three most widely used CRISPR-Cas system delivered as
RNPs: SpCas9, AsCasl2a and LbCasl2a. One challenge in
RNPs comparison is that it is difficult to measure its
transfection frequency. A fluorescent protein, such as GFP,
is typically used to visualize and quantify the transfection
frequency in DNA experiments. Because the gfp gene and
Cas/gRNA gene cassettes are on the same DNA plasmid,
the fluorescent cells can be used as a reasonable proxy for
measuring the transfection frequency of CRISPR reagents. On
the other hand, co-delivery of GFP and RNP complex is
unlikely to achieve the same effect. GFP protein does not
have same physical and chemical properties, such as size,
charge, and conformation, as the CRISPR-Cas RNPs. In
fact, different RNP complexes will have different molecular
properties. One strategy to overcome this challenge is to use
high quantity of RNP to achieve saturated transfection. Our
data (Figure 1B) indicated that no significant difference was
observed between different RNP quantities ranged from 10 to
100 pg for both SpCas9 WT and AsCasl2a WT. This result
suggested that RNP transfection could reach the saturated level
when the RNP quantity was above 10 pg. Because 20 g RNPs
were used in all the subsequent protoplast transfection, the
comparisons were performed in the saturated transfection
manner. Our results demonstrated that all three RNP
systems could induce efficient targeted mutations in the
protoplasts of diverse plant species. Depending on the
targeted sites and species, the mutation frequencies ranged
from 2.0% to up to 70.2% that are comparable or higher than
the previous studies (Zhang et al., 2021b). Among the tested
CRISPR-Cas systems, Casl2a proteins were found to be
particularly efficacious in the species evaluated. Of note,
LbCasl2a RNPs often exhibited higher efficiencies, making
them a promising system to achieve genome editing in plants
at comparable frequencies to plasmid-based methods.

RNP Delivery to Plant Protoplasts

Another important feature affecting the choice of CRISPR-
Cas reagents for plant genome editing is their temperature
sensitivity. When delivered as plasmids in plants, both Cas9
and Casl2a demonstrated temperature-dependent nuclease
activities (LeBlanc et al., 2018; Malzahn et al., 2019; Schindele
and Puchta, 2020; Zhang et al., 2021b). For example, in
Arabidopsis and rice somatic cells, CRISPR/Cas9 delivered
as plasmids showed 2-5 fold increases in the mutation
frequencies at 32°C-37°C compared to those at 22°C
(LeBlanc et al., 2018; Malzahn et al., 2019). In addition,
Casl2a appeared to be more temperature sensitive. In
previous studies, little or no mutagenesis was observed for
both AsCas12a WT and LbCas12a WT at 22°C in transformed
calli or plants, and required a temperature above 28°C for
detectable activity (Malzahn et al., 2019; Banakar et al., 2020;
Schindele and Puchta, 2020). In this study, we systematically
compared the temperature sensitivity of six Cas9 and Cas12a
RNPs under three different temperatures, 22°, 26" and 37°C. In
contrast to the previous studies, all Cas9 and Cas12a delivered
as RNPs worked efficiently at 22°C. We only observed modest
but not statistically significant temperature sensitivity for the
tested CRISPR/Cas RNPs. These findings suggested that the
CRISPR-Cas systems delivered as RNPs could be more
suitable than plasmid-based approaches to induce efficient
genome editing under preferred plant tissue culture
temperatures.

Specificity is another key consideration in choosing the proper
CRISPR/Cas systems. While the LbCasl2a V4 RNPs often
outperformed AsCasl2a Ultra with higher mutation rates, our
study demonstrated that AsCasl2a Ultra could possess greater
sequence specificity in plants. When different CRISPR/Cas RNPs
were evaluated to induce mutations in the regenerated calli and
plants, we observed the calli transformed with the AsCas12a Ultra
RNP exhibited the highest mutation rates (85.2%) followed by
those with Cas9 WT and Cas9 HiFi RNPs (55.8 and 34%,
respectively). On the contrary, the group transformed with the
LbCas12a V4 RNP had very few calli being regenerated. One
explanation for this observation could be that the low sequence
specificity of LbCas12a V4 may hamper protoplast regeneration.
Alternatively, the low regeneration rate observed here could be
attributed to the specific gRNA used in this study. Because limited
target sites were evaluated in this study, it is possible that location
of target sequences on the genome could also impact both
efficiency and specificity. Further investigation will be required
to fully address this question. Nevertheless, additional
improvement can be done to further enhance the performance
of the LbCasl2a via protein engineering or guide RNA
modifications (Ha et al,, 2020; Schindele and Puchta, 2020;
Zhang et al., 2021b).

It was worth noting that the mutagenesis frequencies achieved
in protoplast transfection did not appeared to correlate with the
mutation rates achieved in the regenerated calli. In this study, the
mutagenesis frequencies in the GFP site ranged from 9.2 to 15.3%
for SpCas9 WT, SpCas9 HiFi and AsCas12a Ultra, respectively, in
N. benthamiana protoplasts. Yet the average mutagenesis
frequencies were 55.8, 34 and 85.2% for their transformed calli
even without selection. Similar observation was also reported by
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Park et al. (2019) that the higher editing frequency was observed
in Brassica oleracea plants regenerated via protoplast mediated
RNP delivery. While the mutagenesis frequency was obtained at
2% in protoplasts, they observed a 4-time higher mutagenesis rate
(7.8%) in the regenerants. One possible explanation is that RNP
molecules could still be present during protoplast regeneration
for a period of time and continue to introduce mutations in
targeted sites. A time course analysis would be required to further
test this hypothesis.

Lastly, our research work demonstrated that the protoplast-
based RNP delivery approach can be readily extended to other
dicot and monocot plants, such as pennycress, soybean and
Setaria. Casl2a RNPs, especially LbCasl2a V4, generally
outperformed the Cas9 RNPs in these plants, consistent with
our observations in N. benthamiana. Notably, among all the
species tested thus far, S. viridis exhibited the highest levels of
mutagenesis frequencies with all three types of CRISPR-Cas
RNPs (58.4-70.2%). Additionally, when the mutational profiles
were analyzed from each NGS dataset, the mutation patterns of
the Cas9 and Cas12a RNPs were consistent with those obtained
from the plasmid delivery method, i.e. less than 5 bp found in the
majority indels of Cas9 RNPs and 5 to 20 bp found in the majority
indels from Cas12a RNPs (Tang et al., 2017; Weiss et al., 2020).
Because protoplasts can be isolated and transformed potentially
in a high throughput manner, this highly efficient RNP delivery
and genome editing system offers opportunities for large scale
genome editing applications, such as CRISPR screening, mutant
library construction, and new CRISPR-Cas system screening and
improvement (Zhang et al, 2021b). Recently, the plasmid-
mediated protoplast transfection systems were used to validate
and optimize efficiencies of newly developed base editing and
prime editing systems in plant species (Jin et al., 2020; Molla et al.,
2020; Tang et al., 2020). The RNP delivery system developed in
this study can be leveraged to enable rapid improvement of these
new genome editing technologies with less plasmid
construction time.

In conclusion, by systematically comparing the CRISPR-Cas
systems, our study sheds the light on the choice of RNP reagents
for efficient plant genome editing. When delivered as RNP,
Casl2a often time outperforms Cas9 to achieve higher genome
editing efficacy in multiple plant species. Moreover, protoplast-
based RNP delivery does not appear to be overly sensitive to
incubation temperatures as plasmid-based methods (Malzahn
et al., 2019; Schindele and Puchta, 2020). Thus, the CRISPR-Cas
RNP delivery method could be a better choice than plasmid-
based approaches for plant genome editing when the preferred
plant tissue culture temperature conditions are required.
Although the protoplast regeneration process is usually
genotype dependent and time consuming, many important
vegetable and crop species, such as potato, tomato, lettuce and
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