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Abstract 

Herbicide resistance is one of the main crop traits that improve farming methods and crop productivity. CRISPR-Cas9 
can be applied to the development of herbicide-resistant crops based on a target site resistance mechanism, by 
editing genes encoding herbicide binding proteins. The sgRNAs capable of editing the target genes of herbicides, 
pds (phytoene desaturase), ALS (acetolactate synthase), and EPSPS (5-Enolpyruvylshikimate-3-phosphate synthase), 
were designed to use with the CRISPR-Cas9 system in tomato (Solanum lycopersicum cv. Micro-Tom). The efficiency 
of the sgRNAs was tested using Agrobacterium mediated transient expression in the tomato cotyledons. One sgRNA 
designed for editing the target site of PDS had no significant editing efficiency. However, three different sgRNAs 
designed for editing the target site of ALS had significant efficiency, and one of them, ALS2-P sgRNA, showed over 
0.8% average efficiency in the cotyledon genome. The maximum efficiency of ALS2-P sgRNA was around 1.3%. An 
sgRNA for editing the target site of EPSPS had around 0.4% editing efficiency on average. The sgRNA efficiency testing 
provided confidence that editing of the target sites could be achieved in the transformation process. We confirmed 
that 19 independent transgenic tomatoes were successfully edited by ALS2_P or ALS1_W sgRNAs and two of them 
had three base deletion mutations, which are expected to have altered herbicide resistance. In this study, we dem-
onstrated the usefulness of performing an sgRNA efficiency test before crop transformation, and confirmed that the 
CRISPR-Cas9 system is a valuable tool for breeding herbicide-resistant crops.
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Introduction
Weed outbreaks are the biggest problem facing agricul-
ture worldwide [1, 2]. Of the 200,000 plant species on 
the planet, about 1% are cultivated crops, and about 0.1% 
are considered to be weeds. Weeds reduce crop produc-
tivity by competing with crops for soil moisture, nutri-
ents, CO2, light, and space. Weed growth is one of the 
major factors affecting crop quality and yield worldwide 
[3]. Many methods have been used to remove problem 
weeds [4, 5]. The use of herbicides is the main method 
of weed control in modern crop production systems [6, 

7]. Herbicides that inhibit amino acid synthesis, photo-
synthesis-related chlorophyll synthesis, or promote ROS 
production have been developed [4]. In general, non-
selective herbicides such as glyphosate do not differen-
tiate between crops and weeds, and cause most plants 
to die. When glyphosate is applied to plants, it affects 
the primary point of action of 5-Enolpyruvylshikimate-
3-phosphate synthase (EPSPS) in the amino acid bio-
synthesis system, inhibiting the biosynthesis of aromatic 
amino acids such as tryptophan, tyrosine, and phenyla-
lanine [8, 9]. The biosynthesis of aromatic amino acids 
is important to plants, and when it is inhibited, sec-
ondary and tertiary changes occur in the body, and the 
plant dies [10, 11]. Therefore, weeds can be controlled 
by inhibiting the synthesis of aromatic amino acids [7, 
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12]. Acetolactate synthase (ALS) is an enzyme essential 
for the synthesis of branched aliphatic amino acids such 
as leucine, valine, and isoleucine [13, 14]. Biosynthetic 
metabolism involving ALS is regulated by the allosteric 
binding of valine, leucine, and isoleucine to ALS [15]. The 
ALS inhibitory herbicides imidazolinone and sulfonylu-
rea do not compete with pyruvate [16]. Phytoene desat-
urase (PDS) is an enzyme that converts phytoene into 
lycopene located in the carotenoid biosynthesis pathway 
[17]. The activity of PDS is usually inhibited by herbicides 
such as norflurazone and fluridone [18]. Carotenoids 
are known to play an important role in the formation of 
Photosystem II by contributing to the binding and sta-
bility of the protein complex constituting Photosystem 
II [19]. Herbicides acting through PDS inhibition cause 
necrosis due to chlorophyll destruction due to carote-
noid deficiency in growing leaves [20]. The reduction of 
carotenoid content induced by PDS inhibition in plant 
leaves exerts different growth inhibitory effects according 
to the stage of the leaf growth cycle [21]. As the use of 
herbicides increased, indiscriminate spraying caused eco-
logical destruction and disturbance, and led to the rapid 
evolution of herbicide-resistant weeds [22]. Therefore, 
the development of herbicide-resistant crops using new 
technologies is important [23, 24].

Most high efficiency herbicide-tolerant crops have been 
developed by the introduction of target site resistance in 
genes encoding the target proteins of herbicides, or by 
non-target site resistance, including herbicide absorption 
or metabolism. Currently, most commercial herbicide-
tolerant crops have been obtained by transgenic breed-
ing [25]. The increase in the yields of genetically modified 
herbicide-tolerant crops is primarily due to the develop-
ment of glyphosate-resistant soybeans, corn, rice, wheat, 
and canola [26–28]. Other herbicides, such as ALS inhib-
itory herbicides, can also improve crop tolerance to her-
bicides through transgenic breeding techniques.

An alternative approach to crop development involves 
the use of gene editing, which has recently been spot-
lighted [29, 30]. Gene editing is a technique used to 
edit DNA [31, 32]. The gene editing process involves 
first-generation Zinc Finger Nucleases (ZFNs), second-
generation Transcription Activator-Like Effector Nucle-
ases (TALENs), and third-generation clustered regular 
interspaced short palindromic repeats (CRISPR) [33]. 
The third-generation gene editing method involves the 
use of the CRISPR Cas9 system is a system to edit genes 
at a specific location. Compared to other gene edit-
ing methods such as ZFN and TALLEN, it can detect 
RNA-derived target DNA binding domains, making 
the production process easy and low cost. It is an inno-
vative system used by many researchers because of its 
accuracy and simplicity [34, 35]. The guide RNA (gRNA) 

used as the target gene of the CRISPR system serves to 
impart specificity of the target sequence to the CRISPR-
Cas9 system [33, 36]. The process of gene editing, which 
used to take months to years to cut and replace a single 
gene, was shortened to a few days with the development 
of CRISPR, and this system led to breakthroughs in gene 
editing, such as the ability to edit multiple genes simulta-
neously [30]. The production of herbicide-resistant crops 
using the CRISPR Cas9 system appears to be the pre-
ferred method of weed control to date [37]. Herbicide-
tolerant crops have the advantage of reducing toxicity to 
the human body and the environment by at least three-
fold, by reducing the amount of herbicide used com-
pared to conventional crop cultivation. It increases crop 
yield by removing only problem weeds without damaging 
crops [38]. It is considered to be an essential factor for 
large-scale cultivation, labor reduction, and cost reduc-
tion, because it increases the efficiency of weed control. 
In order to utilize gene editing, a method of inducing 
mutation of an endogenous gene may be used. By analyz-
ing the amino acid sequence of target proteins, gRNA can 
be designed so that gene editing occurs at the site where 
the substrate binds, and crops with low sensitivity to her-
bicides can be selected from the range of edited crops 
produced. In this study, a guide RNA for target gene 
selection was designed using the CRISPR Cas9 system, 
for the production of herbicide-resistant crops. Based on 
the herbicide-resistant protein studies published to date, 
the efficiency of various guide RNAs for target proteins 
and target amino acids was compared for the develop-
ment of highly efficient herbicide-resistant tomatoes.

Results and discussion
Design of sgRNA
The genes involved in the response to the three most 
commonly used herbicides, norflurazone, sulfonylu-
rea/imidazolinone, and glyphosate, are pds1 (phytoene 
desaturase), ALS (acetolactate synthase), and EPSPS 
(5-Enolpyruvylshikimate-3-phosphate synthase), respec-
tively. One pds1 gene (Solyc03g123760), two different 
ALS genes (Solyc06g059880 and Solyc03g044330), and 
one EPSPS gene (Solyc01g091190) have been identified 
in the tomato genome (Solanum lycopersicum). The tar-
get amino acids which are expected to bind substrates are 
marked with corresponding genome sequences (Fig.  1). 
According to an amino acid sequence alignment, the tar-
get amino acids are conserved in various plants, includ-
ing Arabidopsis. The Proto-Spacer Adjacent Motif (PAM) 
5’-NGG-3’ sequence was selected near the target sites, 
and 20 nt of sequence upstream of the PAM sequence 
was selected as the sgRNA. In the case of the pds1 and 
EPSPS genes, sgRNA was additionally selected at other 
positions in each gene (PDS-c, EPSPS-c1, EPSPS-c2), to 
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facilitate comparison of sgRNA editing efficiency. Table 1 
shows the selected sgRNA sequences and the estimated 
efficiency calculated from the CRISPR-P 2.0 program 
for each sgRNA sequence. According to this estimation, 
PDS-D sgRNA was not efficient compared to the con-
trol sgRNA, PDS-c. ALS1-W and ALS2-P were expected 
to have high editing efficiency compared to the ALS2-
W sgRNA. The EPSPS-GT sgRNA has higher efficiency 
compared to the two different control sgRNAs. There-
fore, the three sgRNAs of the ALS1, ALS2, and EPSPS 

genes were designed to produce herbicide-resistant pro-
teins edited using the CRISPR-Cas9 system.

CRISPR‑Cas9 vector construction
In the CRISPR-Cas9 system we used, the sgRNA is tran-
scribed by the Arabidopsis U6 promoter (PU6) and the 
Cas9 gene is expressed ectopically by the 35S promoter 
(Fig.  2). An Arabidopsis codon optimized Cas9 protein 
is used in this system [39]. The backbone of the destina-
tion vector is the pMDC32 vector, which has a kanamy-
cin resistance gene as a bacterial selection marker and a 
hygromycin resistance gene as a plant selection marker. 
The tomato Micro-Tom cultivars were successfully 
selected by hygromycin on the selection media under the 
conditions described in the methods section.

Transient expression tests identified efficient sgRNAs
Efficiency testing of sgRNA was performed by inject-
ing Agrobacterium into tomato cotyledons and analyz-
ing the genomes of the cotyledons. The target gene site 
was amplified using the primers shown in Table  2, and 
amplified fragments were analyzed using next-genera-
tion sequencing (NGS). In this study, the number of base 
deletions and insertions at the target site were counted to 
calculate the editing efficiency. We statistically analyzed 
the results of at least six replicates for each sgRNA.

The median value of the target gene PDS showed 
efficiencies for PDS-c of 0.06 and for PDS-R of 0.014 
(Fig.  3A). These values were not significant as the edit-
ing efficiency of sgRNA, because they are lower than the 
chance of misreading in NGS, which is around 0.1% of 
total readings. In the case of sgRNA PDS-c, the experi-
mental value was not significant, but it was predicted to 
able to efficiently edit targets according to the analysis 
produced by the CRISPR-P 2.0 program, which calcu-
lated a value of 0.2317 (Fig. 3A and Table 1). These results 
indicate that the location of the pds1 gene is poorly 
accessible to the CRISPR-Cas9 complex.

Fig. 1  Schematic map of sgRNA target sites on the region of target 
genes. A The position of sgRNA targets are indicated in each genes. 
The yellow box, black line, and blue boxes indicate exon, intron, and 
untranslated regions, respectively. The sgRNA targets are indicated as 
black squares. B The target DNA sequence and deduced amino acid 
sequences of herbicide binding regions are presented. The target 
amino acids and PAM sequences are indicated in red and blue letters, 
respectively

Table 1  Selected sgRNA for targeting herbicide resistance genes

* sgRNA target score estimated using the CRISPR-P 2.0 program. http://​crispr.​hzau.​edu.​cn/​CRISP​R2

Gene full name Target gene name sgRNA sequence On-score*

Phytoene desaturase1 PDS_c TTA​ACT​GTA​TTG​TCC​AGC​TC 0.2317

Phytoene desaturase2 PDS_R CGC​ATT​GAA​CAG​GTT​TCT​TC 0.0187

Acetolactate synthase 1 ALS1_W ATT​TGG​GAA​TGG​CGA​CAC​AG 0.3573

Acetolactate synthase 2 ALS2_W ACT​TGG​GAA​TGG​TGG​TTC​AA 0.0626

ALS2_P CTA​TTA​CAG​GTC​AAG​TGC​CA 0.2895

5-Enolpyruvylshikimate-3-phosphate 
synthase

EPSPS_GT TTG​CTG​TTC​CTG​CAT​TTC​CA 0.3950

EPSPS_c1 TCT​GGT​ACT​GTT​AAA​TTA​CC 0.4788

EPSPS_c2 CTG​TAG​CTG​GAG​GAC​ATT​CA 0.0776

http://crispr.hzau.edu.cn/CRISPR2
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The sgRNA efficiencies of editing of the ALS genes, 
ALS1-W, ALS2-W and ALS2-P, were 0.4, 0.207, and 0.7, 
respectively (Fig.  3B). The editing efficiency of ALS2-
P sgRNA was higher than that of the ALS2-W sgRNA, 
both in the transient expression test and in the analysis 
by the CRISPR-P program, in which the efficiency of the 
ALS2-P and ALS2-W were estimated to be 0.2895 and 
0.0626, respectively. This result indicates that the sgRNA 
efficiencies produced in this study correctly represent 
the values estimated by CRISPR-P 2.0. The higher values 
for this gene compared to the pds1 gene indicate that the 
ALS genes is more accessible to the CRISPR-Cas9 com-
plex than the pds1 gene.

Finally, the tested efficiencies of the three sgRNAs 
targeting the EPSPS genes, EPSPS-GT, EPSPS-c1, 
and EPSPS-c2, were 0.35, 0.17, and 0.16, respectively 
(Fig. 3C). Two control sgRNAs showed limited efficiency. 
even though one of them, EPSPS-c1 was expected to 
have high editing efficiency of 0.4788 in the CRISPR-
Cas9 system. The sgRNA for the herbicide target EPSPS-
GT was predicted to have effective numbers. Therefore, 
the accessibility of the EPSPS gene to the CRISPR-Cas9 
complex varies depending on the target sequence in the 
EPSPS gene.

One more sgRNA for editing the tomato pectate lyase 
(SlPL) was adopted to compare editing efficiency both in 
transient system and in the transgenic tomato. Designed 
sgRNA, SlPL_7 showed the basal editing efficiency, 0.08, 
which was one of the lowest efficiency of sgRNA tested in 
this report (Fig. 3D).

A representative base editing patterns obtained from 
NGS analysis for each sgRNA was shown in Fig.  4. The 
base editing pattern showed a typical CRISPR-Cas9 pat-
tern (Fig. 4). Because the fourth base upstream from the 
PAM sequence is the target of the Cas9 endonuclease, 
most base deletions start from this base, and these results 
convinced us that the CRISPR-Cas9 system also works 
for transient expression. The ALS2_P sgRNA showed 
the highest base editing efficiency in this study, and vari-
ous patterns of deletion were observed (Fig.  4B). The 
other sgRNAs, PDS_R, ALS1_W, ALS2_W and EPSPS_
GT, showed less variable editing patterns compared to 
ALS2_P (Fig.  4). Because we expected missense muta-
tions or the target deletion of three, six, or nine bases to 
lead to amino acid deletion, high efficiency of the sgRNA 
is required. We found that the missense mutation effi-
ciency of ALS2_P was 0.37% when the sgRNA efficiency 
was 1.31% (Fig.  4B). However, the missense mutation 
efficiency was less than 0.1% in the other sgRNAs. There-
fore, we found that high sgRNA efficiency is important to 
obtain enough missense mutants to generate herbicide-
resistant crops. We tested four different herbicide target 
genes, and concluded that the ALS2-P sgRNA was the 
best target for the production of transgenic tomatoes. 
ALS1-W sgRNA was the second most promising can-
didate. The SlPL_7 sgRNA had basal editing efficiency, 
however, it showed the typical In/Del patterns generated 
by CRISPR/Cas9 system (Fig.  4D). Therefore, we used 
SlPL_7 sgRNA for comparing sgRNA efficiency in trans-
genic plants with selected sgRNAs targeting ALS genes.

Generating ALS gene edited tomatoes
Using the same vector system for transient expres-
sion, sgRNAs targeting ALS2_P and ALS1_W, and the 
Cas9 gene were transformed into tomato plants using 
Agrobacterium mediated transformation. Eleven inde-
pendent ALS1_W edited tomatoes and eight inde-
pendent ALS2_P edited tomato were generated. All 19 
independent transgenic plant showed different base 
editing patterns as shown in Fig. 5. From 19 independ-
ent generated tomatoes harboring different ALS gene 
sequences, two had three base deletion mutations, a 
modification which is important to obtain missense 
mutants of the target gene (Fig.  5). The proportion of 
missense mutations in the base editing event was there-
fore about 10%. There were no base substitutions. In 
case of SlPL_7 sgRNA, we generated 60 independent 

Fig. 2  Construction map used for expressing CRISPR-Cas9 system 
transiently. sgRNA and Cas9 are conducted with AtU6 promoter 
and 35S promoter, respectively. The vector contains Kanr gene for 
bacterial selection and Hygr gene for plant selection. The ALS2_P 
sgRNA (the sequences in red) is indicated to present the cloning site 
of sgRNA
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tomatoes targeting SlPL gene, however, none of the 
transgenic plants were edited by SlPL_7 sgRNA. There-
fore, we confirmed that the low efficiency of sgRNA in 
the transient expression test, which was 0.08 in case of 
SlPL_7, appear to low target editing efficiency in the 
transgenic plant generation.

We tested the possibility of producing herbicide-
resistant tomatoes using the CRISPR-Cas9 system, by 
targeting the PDS, ALS, and EPSPS genes. We selected 
the best two sgRNAs for editing ALS genes, and were 
able to generate a small number of transgenic toma-
toes that may have altered sensitivity to ALS-targeting 
herbicides. The chance of obtaining altered herbicide 
sensitivity in transgenic tomatoes was around 10% (two 

transgenic plant from 19 independent lines). Several 
base editing methods have been used for base substi-
tution at the herbicide target site [38]. However, these 
base editors have lower activity than normal Cas9, or 
need codon optimization for expression in plants [40]. 
We propose that base deletions with high efficiency of 
sgRNA using plant codon optimized Cas9 is another 
option for the generation of herbicide-resistant crops. 
The sensitivity of the transgenic tomatoes to herbicide 
was not tested in this study, because there are around 
60 different herbicides targeting ALS, and it is difficult 
to predict the most appropriate combination [41]. To 
demonstrate the generation of herbicide-tolerant toma-
toes using the CRISPR-Cas9 system, herbicide screen-
ing should be performed in the next set of experiments.

Table 2  Primer sets for amplifying target genes

Target gene Primer Sequence

PDS_c 1st primer Forward GAG​CTC​GAG​GTC​GTC​TTC​TT

Reverse TGC​TCC​TAG​TCC​AAT​CAG​CAG​

2nd primer Forward ACA​CTC​TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​TGG​TTA​AGG​ACT​TGG​GGCCT​

Reverse GTG​ACT​GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TTT​TAG​TTG​GGC​GCG​GAG​AAG​

PDS_R 1st primer Forward TGT​TAA​GGA​CTG​GAT​GAG​AAA​GCA​

Reverse ATA​TGC​CCT​CAA​CCT​AGA​GAA​ACC​

2nd primer Forward ACA​CTC​TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​ATT​GCT​ATG​TCA​AAG​GCA​CTC​AAC​

Reverse GTG​ACT​GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TAT​GTT​ATG​TGA​GAG​TCT​GGA​AGGG​

ALS1_W 1st primer Forward TGT​GGC​GAG​TAC​TTT​GAT​GGG​ACT​

Reverse GCA​CCA​TTA​CTG​GGA​ATC​ATA​GGC​

2nd primer Forward ACA​CTC​TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​GTA​GAC​ATC​GAT​GGG​GAT​GGT​AGT​

Reverse GTG​ACT​GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TCA​CAA​GCC​TCC​GCG​AAT​TTC​AACA​

ALS2_W 1st primer Forward TCC​AAC​TGG​GGA​TGA​GCT​TTC​ACT​

Reverse GCC​CTC​CGT​GAT​CAC​ATC​TTT​GAA​

2nd primer Forward ACA​CTC​TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​GTT​GAC​ATT​GAC​GGT​GAT​GGG​AGT​

Reverse GTG​ACT​GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TGA​AGG​GTC​ACC​CAA​GTA​AGT​GTGT​

ALS2_P 1st primer Forward CCC​ATA​ACG​ACG​TTT​CTG​AAC​CTG​

Reverse CCC​TCC​AAT​ATG​GAA​TTC​AAA​CCC​

2nd primer Forward ACA​CTC​TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​GGT​GTT​TGC​ATT​GCT​ACC​TCT​GGT​

Reverse GTG​ACT​GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TGC​TTC​ACG​AAC​AAC​CCT​AGG​AATA​

EPSPS_GT 1st primer Forward TGA​CGA​CAT​TCA​TTA​CAT​GCT​TGG​

Reverse ATG​CTT​TCC​CAG​GAG​ATT​TGT​ACT​

2nd primer Forward ACA​CTC​TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​TGA​CAA​TGA​AAA​CCA​ACG​AGC​AAT​

Reverse GTG​ACT​GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TGG​TCT​CTC​TCT​CAT​CCT​AGG​AACT​

EPSPS_c1 1st primer Forward AAG​GGA​TAC​AGA​CCC​TTA​GTC​TGA​

Reverse GCT​GCT​TAA​GAC​CAT​CAA​CCA​AAT​

2nd primer Forward ACA​CTC​TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​TTT​TAG​GAT​TTC​TGC​ATC​AGT​GGC​

Reverse GTG​ACT​GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TAA​ATT​GTC​AAC​AAC​AGT​CCT​TCCC​

EPSPS_c2 1st primer Forward TGA​CGA​CAT​TCA​TTA​CAT​GCT​TGG​

Reverse ATG​CTT​TCC​CAG​GAG​ATT​TGT​ACT​

2nd primer Forward ACA​CTC​TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​TGT​CGG​TAA​AAA​GTC​TGA​GGA​AGA​

Reverse GTG​ACT​GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TGC​TGC​TTA​AGA​CCA​TCA​ACC​AAAT​
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Methods
gRNA design
The guide RNA (gRNA) of the gene targeted for gene 
editing was designed using the CRISPR-P 2.0 software 
(http://​crispr.​hzau.​edu.​cn/​cgi-​bin/​CRISP​R2/​CRISPR). 
Using CRISPR-P 2.0, a sequence of 20  bp in the 5’ 
direction from the Proto-Spacer Adjacent Motif (PAM, 
5’-NGG) sequence recognized by the CRISPR/Cas9 

system in the target gene of the tomato genome was 
selected as the gRNA. We selected gRNAs predicted 
by the program to have high target specificity and low 
off-target activity. The target up was 5’-GATTGN20-3’ 
and the target down was: 5’-AAACN20C-3’. Oligos were 
designed for two PDS genes, three ALS genes, and 
three EPSPS genes (Table 1).

Fig. 3  sgRNA efficiency measurement. The editing efficiency of sgRNAs for three herbicide resistance gene, pds1 (A), ALSs (B), EPSPS (C), and PL (D) 
are measured through Agrobacterium mediated transient expression in the tomato cotyledon. The box graph indicates Q1 (25%), Q2 (50%, median), 
and Q3 (75%) of measured sample groups. The mean value is indicated as x mark inside of the box. The top and bottom whisker lines indicate 
maximum and minimum values measured, respectively. ALS2_P and ALS1_W were selected as two highly efficient sgRNAs

http://crispr.hzau.edu.cn/cgi-bin/CRISPR2/CRISPR


Page 7 of 10Yang et al. Applied Biological Chemistry           (2022) 65:13 	

Fig. 4  Editing patterns generated by sgRNAs in transient test. Edition of target gene pds1 (A), ALSs (B), EPSPS (C), and PL (D) is confirmed by NGS 
analysis. The target sequence is indicated in the first row of each section and In/Del sequences are presented in red dashes/letters. The efficiency of 
selected case is indicated in the right bottom line in each section (Effc.). The efficiency was calculated by dividing In/Del reads with total read
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Cloning using the MDC32 vector
To transiently express or modify the Cas9 system in 
tomatoes, the Lowder et  al. (2015) cloning system was 
used [39]. Annealed double-stranded gRNAs were gen-
erated by lowering the temperature by 1 °C every 5 s for 
10 min at 95 °C in a total volume of 25 µl of 10 pmol of 
target up oligo and 10 pmol of target down oligo for the 
selected gRNA. The double-stranded gRNA fragment 
was ligated into the pYPQ141A vector treated with the 
restriction enzyme Esp3I. Next, pYPQ141A-gRNA plas-
mid DNA, the pYPQ154 vector containing Cas9, and 
pMDC32, a target vector for plant transformation, were 

subjected to the recombination (LR) reaction to obtain 
a final transformation vector (Fig. 1). The cloned vector 
was transformed with the Agrobacterium GV3101 vec-
tor, and then used for tomato transformation or transient 
expression.

Transient expression of CRISPR‑Cas9 system 
in the cotyledon of tomato
To evaluate the operation and efficiency of gRNA using 
the CRISPR-Cas9 system, an Agrobacterium suspen-
sion was injected into tomato cotyledons, and the effi-
ciency of the gRNA was confirmed by calculating the 

Fig. 5  Regeneration of transgenic tomatoes and confirming gene edition. The transgenic tomatoes were regenerated from Agrobacterium 
mediated transformation. The sequences of ALS genes of transgenic tomatoes are presented. The target sequence is indicated in red letters and 
deleted sequences are presented in red dashes
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corrected efficiency in the cotyledon genome. Agro-
bacterium seed cultures were cultured at 28 °C for 24 h 
in 5  mL LB medium supplemented with 50  μg/mL of 
kanamycin, rifampicin, or gentamicin, respectively. 
For culturing Agrobacterium for injection, 10% of seed 
cells were inoculated into 5  mL LB medium and then 
cultured at 28  °C until 0.8 (Biochrom Libra S22, Bio-
chrom, Cambridge, UK) with A600 nm absorbance. 
After precipitating 1  mL of cultured Agrobacterium 
at 7000  rpm for 1  min, the cells were resuspended in 
infiltration buffer (distilled water 50  mL, MS vitamin 
0.05 g, sucrose 0.37 g, 1 mM IAA 12.5 μl, 10 mM Zeatin 
12.5 μl, 10 mM Zeatin 12.5 μM A1 μ 20) and acclimated 
at 28  °C for 3  h. For infiltration, about 1  mL of Agro-
bacterium solution was evenly infiltrated throughout 
the leaf using a syringe with the needle removed, from 
the back (axial direction) of the leaf. Tomato cotyledons 
were grown for 10–15 d. The injected tomato cotyle-
dons were cultured in a chamber at 24 °C for 5 d.

Preparation of genomic DNA from plant tissue and analysis 
of genome editing
A rapid DNA extraction method was used for genomic 
DNA extraction [42]. To confirm the genotype of 
the target tomato gene edited by CRISPR-Cas9, the 
target gene was PCR-amplified from the extracted 
genomic DNA using the primers shown in Table 2. The 
DNA fragments of each gene amplified by PCR were 
sequenced with a read level of 20,000–100,000, using 
NGS. For sequencing, gene diversity analysis was per-
formed using the CRISPR RGEN Tools (http://​www.​
rgeno​me.​net/​cas-​analy​zer) [43].
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