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ABSTRACT Targeted genome editing using CRISPR/Cas nucleases has become the standard approach for creating mutant plants.
Significant progress has been made to enhance the editing efficiencies through optimizing CRISPR/Cas expression, including applying
heat stress. In this study, we used heat stress to enhance the Potato virus X (PVX)-mediated CRISPR/Cas9 mutagenesis in Nicotiana
benthamiana. We show that heat stress at 4-5 days after PVX inoculation effectively increases the mutagenesis efficiency of Cas9
nuclease. We observed up to a 5-8% increase in mutation efficiency depending on the sgRNA construct when heat stress is applied to
the pPVX-Cas9::sgRNA infiltrated samples. Furthermore, analysis of the effect of the heat stress on the pattern of mutation types in the
target gene regions showed no obvious changes in CRISPR/Cas9 induced mutagenesis pattern between heat stress treated and no heat
stress treated samples. Overall, our experiments demonstrate that heat stress treatment at the optimal time after viral inoculation is most
effective in increasing the PVX-mediated CRISPR/Cas9 editing efficiency in plants.
Keywords CRISPR/Cas9, Genome editing, Heat stress, Nicotiana benthamiana, Potato virus X (PVX)

INTRODUCTION
Programmable site-specific nucleases for targeted genome mutagenesis is an important tool that has been widely
used, customized, and improved by researchers. Clustered
regularly interspaced short palindromic repeats (CRISPR)/
CRISPR associated (Cas) systems has been successfully
utilized in many plant species by delivering Cas9 nucleases
along with a single-guide RNA (sgRNA) complementary
to the target DNA site in the host genome (Soyars et al.
2018; Manghwar et al. 2019; Zhang et al. 2019). Using
CRISPR/Cas9 mediated genome editing (GE), various
genome-engineered crops have been developed, for instance,
powdery mildew resistance in wheat, herbicide resistance
in rice, and Pepper mottle virus (PepMoV) resistance in

tomato (Feng et al. 2013; Fan et al. 2015; Ma et al. 2015;
Nishitani et al. 2016; Osakabe et al. 2018; Wang et al.
2018; Yoon et al. 2020).
Plant genome editing is mainly achieved through
Agrobacterium-mediated transformation of T-DNA carrying Cas9 and a sgRNA. T-DNA-free lines with the targeted
mutation can be selected in the subsequent generations
through transgene segregation and genotyping. However,
it is time-consuming and difficult to remove transgene
from vegetatively propagated plants or hybrid cultivars
with high heterozygosity (Ariga et al. 2020). Because of
these and regulatory issues, biotechnological approaches
for developing genome-edited plants without transgene
insertion in their genomes have gained utmost importance.
To overcome the limitations caused by tissue culture, plant
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virus-mediated genome editing technologies have been
developed. One of the promising approaches to this end is
the deployment of plant viral-based delivery of CRISPR/
Cas9 reagents. Virus vectors can deliver CRISPR/Cas
reagents into a plant cell with a simple experimental
procedure. In many cases, Agrobacterium-based plant viral
vectors have been used to deliver CRISPR/Cas nucleases
into plant cells by simple inoculation methods (Ali et al.
2015; Ariga et al. 2020). Both DNA and RNA-based viral
vectors have been successfully used for genome editing in
several plant species. DNA-based viral replicons (deconstructed geminiviruses) have been reported to express Cas9
successfully (Baltes et al. 2014; Čermák et al. 2015; GilHumanes et al. 2017). Previous attempts to use plant RNA
viral vectors for the delivery of sgRNAs were successful in
inducing mutations in plant genomes when Cas9 nuclease
was delivered in trans (Ali et al. 2015; Cody et al. 2017; Hu
et al. 2019; Jiang et al. 2019; Mei et al. 2019; Ellison et al.
2020). However, the cargo capacity of these vectors is
limited for delivering both the Cas9 and sgRNAs. Recently,
potato virus X (PVX), with a simple filamentous flexible
structure (Kendall et al. 2008) as has been successfully
used for delivering both Cas9 and sgRNAs without physical
size limitations, making it an important genome editing
tool for developing transgene-free genome-edited plants
(Ariga et al. 2020).
Recent studies suggest that improvements in editing
efficiency can be achieved by treating cells with chemical
compounds (Yu et al. 2015; Liu et al. 2020) or by applying
heat stress (HS) (Moreno-Mateos et al. 2017; Xiang et al.

2017; LeBlanc et al. 2018; Malzahn et al. 2019; Vu et al.
2019). HS treatment increases Cas9 ribonuleo proteins
(RNPs) mediated editing efficiencies up to 15-fold in green
algae Chlamydomonas reinhardtii (Greiner et al. 2017). In
transgenic Cas9 Arabidopsis lines, four cycles of 30 h HS
(37℃) and 42 h recovery (22℃) enhanced indel frequency
~5-fold (LeBlanc et al. 2018). A similar increase in editing
efficiency was observed in Citrus plants exposed to seven
cycles of 37℃ HS (LeBlanc et al. 2018). In a number of
other plant species, including cotton (Li et al. 2021), poplar
(An et al. 2020), and wheat (Milner et al. 2020), applying
HS enhanced editing efficiency. In Arabidopsis, a single 24 h
HS exposure (37℃) is reported to be sufficient to increase
the editing efficiency of SpCas9 (Kurokawa et al. 2021).
In this study, we used HS treatment to increase the editing efficiency of a PVX- mediated CRISPR/Cas9 genome
editing in Nicotiana benthamiana plants. Our results
showed that editing efficiency can be increased with HS
treatment of pPVX-Cas9 inoculated plants. We observed a
consistent increase in indel frequencies in the NbPDS
target regions using PVX- mediated CRISPR/Cas9 system
in N. benthamiana. This study will be useful for plant viral
mediated CRISPR/Cas9 GE applications in N. benthamiana
and other plant species.

MATERIALS AND METHODS
pPVX-PDS-gRNA vector construction
pPVX-Cas9 vector (Ariga et al. 2020) was kindly pro-

Table 1. Primer sequences used for amplification in this study.
Name
NB(12)PDS-F
NB(12)PDS-R
PVX. Cas9/721F
PVX. Cas9/721R
1pds-F1
2pds-F1
1pds-F2
2pds-F2
sgRNA-Sal1-R
tRNA-Sal1-R
CP. NR-R_SEQ

Sequence (5’-3’)
GTGGGTGAAGGCTAATTTTTCTCATAGTGT
GAGTGACGGCAAAAATAGTTCAAAACAAACTAGT
TGGTTTCGATTCTCCTACCG
ATCAGCCCTTGAATCACCAC
AAACAAGTCCAATTTGGTTTTAGAGCTAGAAATA
ATAAGCTGAATTACCTGTTTTAGAGCTAGAAAT
ATGCACGCGTGCAGAAACAAGTCCAATTTG
ATGCACGCGTAAAGATAAGCTGAATTACCT
CGGCGGTCGACTGGGTCTAGAAAAAAAGCA
GCATGTCGACTGGGTCTAGAAAAAATGCTTCCGGCGGGGCT
ACGGGCTGTACTAAAGAAATCCCCA

Purpose
NbPDS target amplification
NbPDS target amplification
PVX-Cas9 amplification
PVX-Cas9 amplification
NbPDS sgRNA1 cloning
NbPDS sgRNA2 cloning
NbPDS sgRNA1 cloning
NbPDS sgRNA2 cloning
pPVX-Cas9 cloning
pPVX PDS vector construction
Sequence confirmation
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vided by Dr. Kazuhiro Ishibashi (Institute of Agrobiological Sciences, National Agriculture and Food Research
Organization, Japan). The sgRNA target sequences were
identified using CCTop - CRISPR/Cas9 target online
predictor (https://crispr.cos.uni-heidelberg.de/index.html)
and PDS-sgRNA1 & 2 cloning primers were custom
synthesized at Bioneer (Bioneer, Republic of Korea)
(Table 1). sgRNA sequences comprising 80-bp scaffold
RNA and target sequences of 20 bp for NbPDS editing and
tRNA sequence containing 80-bp (Ellison et al. 2020) were
cloned into the pPVX-Cas9 vector (Fig. 1A) at MluI, StuI,
and SalI restriction enzyme sites using primers listed in
Table 1. Details of NbPDS-sgRNA sequences are included
in Table 2 and Fig. 1B. The constructed PVX vectors
containing SpCas9 and NbPDS-sgRNA-tRNA targets
were mobilized into Agrobacterium tumefaciens strain

GV3101 by electroporation.

Agroinfiltration of pPVX-Cas9 vectors carrying
NbPDS gRNA targets
N. benthamiana plants were grown in a growth chamber
maintained at 24 ± 2℃ and an agroinfiltration experiment
was performed as previously described (Hwang et al. 2015).
Single Agrobacterium colonies for each construct were
‒1
inoculated into 10 mL of YEP medium with 50 mgㆍL
‒1
kanamycin and 50 mgㆍL rifampicin, and incubated
overnight. Cells were washed with 10 mM MgCl2 and
diluted to an OD600 of 0.3 with an infiltration medium (10
mM MES, 10 mM MgCl2, and 200 M acetosyringone).
Agrobacterial cultures of p19 and pPVX-Cas9::sgRNA
constructs were mixed at a 1:1 and incubated at room
temperature for 3 hours and co-infiltrated into the lower
side of the 4-week-old N. benthamiana plant leaves using a
needleless 1 mL syringe. Agrobacterium cultures carrying
pPVX-GFP and empty p19 vectors were used in mock
infiltration.

N. benthamiana HS treatments
Fig. 1. Schematic diagram of the T-DNA cassette expressing the PVX viral components and CRISPR/Cas9
and sgRNAs. (A) Diagram of the T-DNA cassette
PVX genome and Cas9 gene and PDS-sgRNA
sequence under the control of the 35S promoter.
(B) Diagram of the CRISPR/Cas9 target sites within
the NbPDS gene. The sgRNA target sequences are
shown in black letters, followed by protospaceradjacent motif (PAM) sequences in red.

N. benthamiana plants infiltrated with pPVX-Cas9::
sgRNA constructs and p19 were used for investigating the
effect of HS on the CRISPR mutagenesis efficiency. Plants
were subjected to a single cycle of HS of 37℃ for 24 hours
from 2 days after infiltration (DAI) to 5 DAI. Plants were
moved to 24℃ after the end of the HS treatment, while p19
and pPVX-Cas9::sgRNA constructs infiltrated plants were
grown at 24℃ with no HS (NHS) treatment were used as

Table 2. NbPDS-sgRNA sequences used in the present study.
Name

Sequence (5’-3’)

NbPDS-sgRNA1-tRNA

ACGCGTGCAGAAACAAGTCCAATTTGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAA
GGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTCCCAGGCCTGCT
CCCGTAGCTCAGTTGGTTAGAGCGTTGGTCTTATGAGCCGAAGGTCGCGGGTTCGAG
CCCCGCCGGAAGCATTTTTTGTCGAC
ACGCGTAAAGATAAGCTGAATTACCTGTTTTAGAGCTAGAAATAGCAAGTTAAAATA
AGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTCCCAGGCCTGC
TCCCGTAGCTCAGTTGGTTAGAGCGTTGGTCTTATGAGCCGAAGGTCGCGGGTTCGAG
CCCCGCCGGAAGCATTTTTTGTCGAC

NbPDS-sgRNA2-tRNA

Black and red fonts indicate sgRNA and tRNA sequences. Italicized text indicates protospacer sequence, MluI
(ACGCGT), StuI (AGGCCT) and SalI (GTCGAC) sites are underlined.
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controls.

Evaluation of the targeted GE
Leaf samples were collected from the N. benthamiana
plants infiltrated with pPVX-Cas9::sgRNA constructs at 7
DAI, and genomic DNA was isolated using the CTAB
method (DOYLE, 1987). Genomic DNA mutations resulting
from the CRISPR/Cas9 GE were analyzed through the
restriction site protection assay. The NbPDS target regions
of sgRNA1 and 2 were PCR amplified using primers listed
in Table 1. PCR reactions were performed in 50 L reaction
volume consisting of 10 L PrimeSTAR GXL buffer, 4 L
of 2.5 mM dNTPs, 2 L of each of the reverse and forward
primers, 4 L of 50 ng genomic DNA, 1.0 L PrimeSTAR
GXL Taq DNA polymerase and 27.0 L sterile water.
Following PCR conditions were used: initial denaturation
for 3 minutes at 95℃, followed by 36 cycles of 10 s at 98℃,
15 seconds at 55℃, and 30 seconds at 68℃, and a final
extension of 3 minutes at 68℃. A 250 ng of purified PCR

products corresponding to the sgRNA1 and sgRNA2, two
target regions were digested with BslI, and StyI,
respectively. Samples were incubated at 55℃ and 37℃ for
2 hours and overnight, respectively, for BsaI and StyI
restriction enzymes. Digested PCR products were
visualized in 2% agarose gel made with 1 × TAE buffer.
The GE efficiency was calculated as a percentage of
un-cleaved DNA band intensity measured using ImageJ
software.

Deep sequencing and mutation pattern analysis
An amplicon size of 531-bp length including both
sgRNA target sites was used for Miseq. Primers for Miseq
were synthesized at the Macrogen (Seoul, Republic of
Korea). The primers with multiplexing indices and sequencing adaptors for PCR amplification of sgRNA target
regions and deep sequencing are included in Table 3.
Target regions were amplified using a QIAGEN Multiplex
PCR kit (QIAGEN, Germany). A reaction volume of 50 L

Table 3. Primer sequences used for Miseq analysis.
Name
NbPDS_Miseq_1F
NbPDS_Miseq_1F-1
NbPDS_Miseq_1F-2
NbPDS_Miseq_1F-3
NbPDS_Miseq_2F
NbPDS_Miseq_2F-1
NbPDS_Miseq_2F-2
NbPDS_Miseq_2F-3
NbPDS_Miseq_1R
NbPDS_Miseq_1R-1
NbPDS_Miseq_1R-2
NbPDS_Miseq_1R-3

Sequence (5’-3’)
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNNAACACGCTA Poo11
ATTTTTCTCATAGTGT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNNAACACNGCT
AATTTTTCTCATAGTGT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNNAACACNNGC
TAATTTTTCTCATAGTGT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNNAACACNNNG
CTAATTTTTCTCATAGTGT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNNACTATGCTAA Pool2
TTTTTCTCATAGTGT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNNACTATNGCTA
ATTTTTCTCATAGTGT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNNACTATNNGCT
AATTTTTCTCATAGTGT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNNACTATNNNG
CTAATTTTTCTCATAGTGT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTGAATGGCAAGAT Common primer
ATACAT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNCTGAATGGCAAG
ATATACAT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNCTGAATGGCAA
GATATACAT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNCTGAATGGCA
AGATATACAT
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included 25 L of 2× master mix, 2.0 L oligonucleotides
mix (10 pmol) and 100 ng of genomic DNA. The PCR
cycling conditions consisted of 5 minutes at 95℃ followed
by 35 cycles of denaturation at 95℃ for 30 seconds,
annealing at 58℃ for 30 seconds, extension at 72℃ for 90
seconds, and a final extension for 10 minutes at 72℃.
Amplified PCR product was gel eluted and subjected to
deep-sequencing at NICEM (Seoul National University,
Seoul, Republic of Korea). Pooled PCR samples were used
for high-throughput paired-end amplicon sequencing on
the Illumina MiSeq platform at NICEM (Seoul National
University, Seoul, Republic of Korea). Raw paired-end
reads were joined by the program, ‘fastq-join’ as implemented in the package, ‘eu-util’. Mutation counts and
patterns in merged reads were analyzed using in-house
scripts. Sequencing reads identified with insertion/deletion
(indel) within and around the spacer region were regarded
as an outcome of error-prone repair of Cas9 cleaved sites by
non-homologous end-joining (NHEJ). GE efficiency is
displayed as the proportion of DNA sequence reads with
NHEJ-induced indels against the reads count.

Detection of PVX viral coat protein accumulation
Enzyme-linked immunosorbent assay (ELISA) analysis
was performed at 7 DAI to detect the PVX viral coat protein
accumulation. Samples were collected from inoculated
leaves. ELISA tests were performed as per the manufacturer’s instructions (Agdia, Elkhart, IN).

Data analysis
At least 4-6 plants per treatment were used in restriction
site protection assays. The ELISA analysis was performed
with six replicates. Statistical difference between treatment
groups was calculated using Duncan’s multiple range test
(P ≤ 0.05).

RESULTS
Effect of HS on PVX viral accumulation
To explore and improve the PVX-mediated genome
editing in N. benthamiana, we firstly tested the effect of HS
on the accumulation of viral particles. N. benthamiana

Fig. 2. Accumulation of PVX in N. benthamiana samples
treated with 37℃. Samples were infiltrated with
pPVX-Cas9::sgRNA 1 and 2 constructs. DAS-ELISA
assays was performed at 2-6 DAI. Error bars indicate
mean values of replicates ± standard deviation (SD).
Different letters indicate significant differences between heat stress (HS) and no heat stress (NHS)
treatments according to Duncan’s multiple range
test (P ≤ 0.05).

samples infiltrated with pPVX-Cas9::sgRNA constructs
(1, 2) were exposed to 24 hours HS at 2 to 6 DAI.
DAS-ELISA was performed to test the accumulation of
PVX coat protein at the end of the 7th day. Samples exposed
to HS at 4-6 DAI showed no significant difference in viral
accumulation compared with samples not treated with HS
(NHS) (Fig. 2). The sample treated with HS at 2-3 DAI
showed a lower accumulation of viral particles. Thus, HS
negatively affected the accumulation of the viral particles
in the N. benthamiana plant, with the most pronounced
effect in samples exposed to HS at 3 DAI. These results
suggested that exposing samples to HS after 4-5 DAI is
suitable for allowing viral recovery and efficient GE in N.
benthamiana.

Effect of HS on PVX-mediated CRISPR/Cas9 GE
To explore the effect of HS on PVX-mediated GE, we
exposed N. benthamiana plants infiltrated with pPVXCas9::sgRNA constructs at the 2, 3, 4, and 5 DAI. To
estimate editing efficiency, we chose the NbPDS gene as
the target and designed two different sgRNAs targeting
exon two of the NbPDS gene (Fig. 1B). In the case of the
NbPDS-sgRNA1 construct, an average editing efficiency
of about 29.0% was detected in leaves not exposed to HS
(Fig. 3). In the case of samples exposed to the HS at 2, 3,
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and 4 DAI recorded only about 2-4.5% editing efficiency.
However, at 5 DAI, an average editing efficiency of 36.8 ±
16% was observed, with maximum editing efficacy of up to
52.2% (Fig. 3). For the PDS-sgRNA2 target, no detectable
indels were observed in NHS treated samples and samples
exposed to HS at 2 and 3 DAI. However, samples exposed
to the HS at 4 and 5 DAI showed significant differences in
editing efficiencies, with an average editing efficiency of
about 6.8% and 16.6% recorded, respectively (Fig. 3).
Overall, these results suggest that HS enhances the
CRISPR/Cas9 GE efficiency, HS can also negatively affect
the accumulation of the viral particles during the early days
of infection.
To further analyze the precise nature of the targeted GE

at the NbPDS gRNA target sites, we used Illumina’s MiSeq
deep sequencing to quantify the rate of insertions, deletions,
and substitutions generated by NHEJ in the N. benthamiana
pPVX-Cas9::sgRNA infiltrated samples of NHS and HS at
the 5 DAI. In the case of NbPDS-sgRNA1, a large number
of sequence variations included nucleotide deletions
followed by substitutions and insertions. Both deletions
and substitutions increased due to HS treatment (Fig. 4A).
Similar results were obtained with NbPDS-sgRNA2; a
large number of sequence variations were deletions, nevertheless, substitutions and insertions were also observed
with low frequencies (Fig. 4B). However, we couldn’t see
any apparent changes in double-strand break site, length of
indels, and the substitution pattern due to HS in either

Fig. 3. Effect of heat stress (HS) on PVX-mediated CRISPR/Cas9 targeted mutagenesis of the NbPDS gene. (A) Analysis
of leaf samples infiltrated with pPVX-Cas9::NbPDS-sgRNA1 for the presence of targeted modification using BslI
recognition site loss assay. Expected bands for WT/mock: 237 bp and 670 bp; Expected bands for mutated: 237
bp, 670 bp and 903 bp. (B) Analysis of leaf samples infiltrated with pPVX-Cas9::NbPDS-sgRNA2 for the presence
of targeted modification using StyI recognition site loss assay. Expected bands for WT/mock: 110 bp, 272 bp, and
521 bp; Expected bands for mutated: 110 bp, 272 bp, 382 bp, and 521 bp. (C) GE efficiencies of NbPDS-sgRNA1
and NbPDS-sgRNA2 constructs infiltrated samples. Infiltrated leaves were collected from plants treated with HS
at 2, 3, 4, and 5 days after infiltration (DAI). Different letters indicate significant differences between HS treatments according to Duncan's multiple range test (P ≤ 0.05).
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sgRNA1 or sgRNA2 infiltrated samples (Fig. 4A, B).
Mutation frequency curves of NbPDS-sgRNA1 and NbPDSsgRNA2 showed a similar trend of sequence variations
(Fig. 4A, B). GE efficiency was calculated as the total number of sequence variants against a total number of target
amplicon reads revealed that in NHS (25℃) condtions, GE
is about 23.2%, whereas in HS conditions (37℃), GE was
about 31.8% for NbPDS-sgRNA1 (Fig. 4C). GE efficiencies
for NbPDS-sgRNA2 in NHS condition is about 54.7
whereas in HS conditions (37℃) is approximately 60.49%.
These results indicate that HS treatment can induce high
indel frequency, but is unlikely to change the pattern of
indels.

DISCUSSION
The CRISPR/Cas9 system is a valuable genomic engineering strategy for targeted modification of DNA sequences and has been used in the number of plant and animal
species. Nevertheless, the editing efficiencies of the
CRISPR/Cas9 system are highly variable depending on the
delivery of CRISPR/Cas9 reagents and plant growth
conditions. Efforts are being made continuously to improve
editing efficiency further using various approaches. Recent

studies showed that the high temperature improved the
CRISPR/Cas9 or other CRISPR-associated nucleases
editing efficiency in animals and plants (Xiang et al. 2017;
LeBlanc et al. 2018; Malzahn et al. 2019; Vu et al. 2019;
Kurokawa et al. 2021). Various studies have deployed
different HS treatments ranging from a few hours to several
days. CRISPR/Cas9 mutagenesis in Arabidopsis and Citrus
plants was enhanced several folds using four cycles of HS
(37℃ for 30 hours) (LeBlanc et al. 2018). Even elevated
growth temperature conditions increased CRISPR/Cas9
editing efficiency in wheat (Milner et al. 2020). Here we
investigated if the HS treatment has a similar effect on
PVX-mediated CRIPSR/Cas9 GE efficiency in N.
benthamiana. We have demonstrated here that a heat
treatment at 37℃ for 24 hours at 4-5 days after PVX
inoculation can enhance the CRISPR/Cas9-mediated
mutagenesis up to 5-8% higher editing efficiency than that
of NHS treated N. benthamiana (Fig. 4C).
In this study, we targeted the NbPDS gene for investigating the effect of high-temperature stress on the efficiency
of PVX-mediated CRISPR/Cas9 GE. Our results showed
that the HS treatment of pPVX-Cas9::PDS-sgRNAs infiltrated samples recorded higher CRISPR/Cas9 mutagenesis
efficiency, consistent with the previous report that the high
HS improves the efficiency of GE in crops (LeBlanc et al.

Fig. 4. Deep-sequencing analysis of the PVX-SpCas9 mediated GE. (A) Frequency of sequence variations by length
detected by amplicon deep sequencing of PDS-sgRNA1 target region in N. benthamiana leaves treated with heat
stress (HS) and no heat stress (NHS). (B) Frequency of sequence variations by length detected by amplicon deep
sequencing of PDS-sgRNA2 target region in N. benthamiana leaves treated with HS and NHS. (C) Percent GE
recorded with NbPDS-sgRNA1 and NbPDS-sgRNA2 constructs. (D) Alignment of Mi-seq sequencing reads
showing the presence of indels at the NbPDS-sgRNA1 target sequence. (E) Alignment of Mi-seq sequencing reads
showing the presence of indels at the NbPDS-sgRNA2 target sequence. The number following the sequence variant
and underscore indicates the total number of that particular variant. Target sequence with the PAM is shown in
green and protospacer is marked with red font.
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Fig. 4. Continued.

2018; Milner et al. 2020; Kurokawa et al. 2021). Though
HS can increase the CRIPSR/Cas9 GE efficiency, HS can
negatively affect the accumulation of viral particles in the
N. benthamiana plant. We observed a reduced accumulation of PVX viral particles following the HS treatment at
2-4 DAI. This was reflected in the lower GE efficiency of

the PVX-mediated CRISPR/Cas9 system (Fig. 3). These
results suggested that exposing samples to HS after 4-5
DAI is a suitable time for efficient genome editing in N.
benthamiana.
Although the editing efficiencies of sgRNA1 and
sgRNA2 were different, HS significantly improved GE
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efficiency in both cases. The principal cause of increased
editing efficiency at higher temperature stress has mainly
been attributed to an increase in CRISPR nuclease and
gRNA activity (Kurokawa et al. 2021). Previous in vitro
activity studies of CRISPR/Cas nucleases and gRNA
expression showed that nuclease activity is positively
correlated with higher temperatures, but an expression of
Cas9 is unaffected (Xiang et al. 2017; LeBlanc et al. 2018;
Li et al. 2018; Kurokawa et al. 2021; Li et al. 2021). The
editing efficiency of the target NbPDS-sgRNA2 was
generally lower than that of the NbPDS-sgRNA1 calculated
based on the restriction enzyme protection assay. However,
MiSeq sequencing results revealed much higher editing
efficiency than NbPDS-sgRNA1 because indels were
created in other than the StyI enzyme site, because of which
no detectable expected bands were observed in cleavage
assay of sgRNA2 target with the StyI enzyme. Since
high-temperature stress increased the GE efficiency with
increased frequency of indels and substitutions in the
vicinity of PAM, detectable cleavage products were observed at 4 and 5 DAI of PVX infection.
We next studied the effect of HS treatment on the pattern
of PVX-mediated CRISPR/Cas9-induced mutations. To
detect the editing pattern and GE efficiency, next-generation
targeted deep sequencing was performed for PCR products
of NbPDS-sgRNA1 and NbPDS-sgRNA2 target regions
obtained from the genomic DNA from the sample treated
with HS. The most common CRISPR/Cas9 mutations
observed were nucleotide deletions, followed by substitutions
and a few insertions (Fig. 4A, B, D, E). A similar pattern
was observed for both NbPDS-sgRNA1 and NbPDS-sgRNA2
constructs infiltrated samples. All the indels, insertions, or
substitution peaks of the NbPDS-sgRNA1 and NbPDSsgRNA2 shared a similar location to that of NHS conditions (Fig. 4). According to their representative indel
sequence data, the indel peaks shared similar editing
positions in HS and NHS samples (Fig. 4). These results
indicate that the HS does not change or induce specific
indels with editing positions different from the NHS
conditions. These results are consistent with a previous
report that the HS does not affect the CRISPR/Cas9mediated patterns in Arabidopsis (Kurokawa et al. 2021).
In summary, here we showed that the HS could improve

the PVX-mediated CRISPR/Cas9 editing efficiency. Next
generation deep sequencing revealed that HS and NHS
conditions shared similar editing traits, but higher editing
efficiency was observed with HS. However, our findings
suggest that HS can negatively affect the viral accumulation in a plant cell. Therefore, depending on the plant
species, optimal conditions should be determined to minimize the negative effect of the HS on viral replication to
achieve maximum GE efficiency. The results of this study
will be helpful for improving the editing efficiency of other
viral-mediated gene editing systems in N. benthamiana and
other plant species.
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