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Abstract

Tomato (Solanum lycopersicum), a family of Solanaceae, is an annual crop grown in fields and
greenhouses. Tomato is the fourth-largest agricultural crop in the world, with a market value
of more than $50 billion. Numerous attempts were conducted on the tomato for further
improvement via in vitro regeneration and transformation. This study aims to establish in vitro
multiplication, transformation, and gene editing systems in tomatoes by using cotyledon
explants. Cotyledon explants were placed on the MS medium supported with 6-benzyl
adenine (BA) and kinetin (Kin) at four different concentrations for shoot induction. The shoot
induction from cotyledon explants significantly increased, and the regeneration rate was 45%
after using BA at 8.8 UM compared to Kin. For root induction, indole-3-butyric acid (IBA) at
4.8 uM concentration revealed the highest number of explants producing root (55%). Three
Agrobacterium tumefaciens strains (EHA105, GV3101, and LBA4404) were used to establish
and develop a tomato transformation method. Each Agrobacterium strain harbors the
plasmid pCAMBIA2301, including the nptll marker. Agrobacterium strain LBA4404 showed the
lowest number of dead explants, besides increasing the number of explant-produced shoots
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(30%) and the number of shoots per transformed explants compared to GV3101 and EHA105
strains. Our results revealed that the success of tomato transformation depends on selecting
a suitable A. tumefaciens strain. Finally, the tomato gene editing system was successfully
established by transferring the pCAMBIA1300-pCas9-sgRNA-U3 binary vector into the
cotyledon using the selective Agrobacterium strain LBA4404, and the transformation
effectivity was confirmed by PCR analysis.
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1. Introduction

Tomato, a diploid plant with 24 chromosomes and a genome of 950 Mb [1], is a commercial crop
with a market value of over $50 billion [2, 3]. It is a model plant for studying recombinant genes and
plant biology and is a valuable source of minerals, vitamins, and phytochemicals [4, 5]. Due to the
high commercial value, numerous attempts were made to improve the tomato's quality via in vitro
regeneration and transformation [6]. [4] revealed the first report on tomato transformation, and it
was reported that the efficiency of tomato plant regeneration and transformation is influenced by
factors such as explant type, growth regulators, and bacterial density, with rapid improvement over
the past three decades. Moreover, the first study used anther culture to produce tomato haploid
culture, with naphthalene acetic acid and kinetin-supported growth media [7]. Then, modified for
microspores [8], which were converted into haploid embryoids with an increase in the anther-
produced callus percentage by 38% [9].

Furthermore, tomato protoplast isolation and root culture have been conducted since 1934, but
shoot induction in tomatoes is lower than in L. esculentum roots [10, 11]. Furthermore, tomato mass
propagation has been attempted through shoot tip culture [12], somatic embryogenesis [13], and
direct organogenesis using callus originating from hypocotyls or cotyledon explants; for instances,
Aroshko et al. (2023) were presented a method for shoot induction through callus formation in
tomato Micro-tom cultivar by using cotyledon explant placed on MS media supplemented with
different concentration of Zeatin and Indol 3 Acetic Acid [14]. Thus, successful propagation depends
on genotype, explant type, and plant growth regulator. Researchers need an efficient genetic
transformation protocol for understanding functional genomics and gene functions, as tomato
regeneration efficiency ranges from 1.8-37%, highlighting the need for improved protocols [2, 15].

Agrobacterium tumefaciens is a crucial transformation method for plant growth, offering
advantages like gene integration, low copy number, and fertile transgenic plants [16]. Factors
affecting transformation efficiency include explant type, Agrobacterium strain, infection time, and
infection and incubation time. Although there are several studies on the plant regeneration of
tomatoes, the efficiency of such a transformation protocol is generally low due to the inability of
many leaf/cotyledon cells to regenerate into the shoot and root [3].

Over the past two decades, molecular and genomic biotechnology techniques have significantly
advanced gene function research [17]. Genome editing methods, such as zinc finger nucleases [18]
and TALENs [19], have enabled studies in reverse genetics and targeted gene parts in DNA
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sequences. Whereas the third method, clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated 9 (Cas9) endonucleases [20], is based on an RNA-guided DNA
endonuclease mechanism. These modified nuclease systems improve double-strand breaks (DSB)
to induce site-directed mutations [20]. The CRISPR/Cas9 system is faster due to its high specificity
and single guide RNA design, which is complementary to the gene of interest in the DNA sequence
[21]. The CRISPR/Cas9 gene editing technique has been successfully applied in mutagenesis
applications in plant varieties like Arabidopsis, Nicotiana benthamiana, and tomato [22, 23].
Tomatoes are ideal for investigating gene editing in dicot crops [20]. Furthermore, several studies
showed methods for gene editing in tomatoes [24, 25], but more research is needed to establish
the technique.

The study of fruit fleshy species is crucial due to the regulation of ripening mechanisms, which
involve irreversible physiological and biochemical changes affecting fruit features like color, flavor,
aroma, and size [26, 27]. Several studies reveal that the ripening-inhibitor gene (RIN) masters
tomato fruit ripening, promoting changes like tomato red pigmentation and ethylene biosynthesis
[21]. In several studies, The RIN locus mutation inhibits ripening, preventing ethylene production,
preserving flesh firmness, and preventing red color conversion [28].

In this context, our study aimed to establish a regeneration and efficient transformation system
to facilitate the capability to explore tomato's ripening mechanism through the Rin gene's knockout
mechanism by CRISPR/Cas9 technique. We will establish an in vitro regeneration system in
tomatoes using BA and Kin plant growth regulators at different concentrations. Also, a
transformation system in tomato was established by using three strains of A. tumefaciens (GV3101,
EHA 105, and LBA 4404) to select the most efficient Agrobacterium strain. After that, the A.
tumefaciens strain that will show the highest transformation efficiency will be used to transfer the
CRISPR/Cas9 construct containing sgRNA to target the genomic sequence of the Rin gene to explore
further the mechanism of ripening in tomatoes through CRISPR/Cas9 knock-in mutation.

2. Material and Methods
2.1 Culture Conditions

The tomato seeds (Solanum lycopersicum) Agiad 16 cultivar were obtained from the Vegetables
Research Institute, EI-Doqi, Giza, Egypt. 10% commercial bleach (9.4% active chlorine) was used for
15 min. for seed sterilization. The seeds were washed four times with sterilized distilled water. The
sterilized seeds were germinated using 4.2 gm per liter of MS [29], with vitamins (Sigma-Aldrich
5893) medium fortified by sucrose 3% (w/v), 0.3% phytagel, and the pH was adjusted to pH 5.7 using
1 M NaOH. Afterward, the medium and instrument were autoclaved for 20 min at 121°C and 15 psi
pressure. The cultured seeds were maintained in a growth chamber at 24°C under a 16-hour
photoperiod, which was controlled through cool white, fluorescent tubes with a photosynthetic
photon flux density (PPFD) of 30 mmol m? s PAR and 70% relative humidity. After 10 days, the
cotyledon explants without the meristem were taken from the regenerated seedlings.

2.1.1 Shoots Induction

The whole cotyledon was excised from an aseptic tomato seedling and used as an explant to
produce multiple shoots. Cotyledon explants were placed on an MS medium with vitamins
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supported with kinetin (Kin) (Sigma-Aldrich-K3378) and 6-benzyl adenine (BA) (Sigma-Aldrich-
B3274), which were used separately at four concentrations (2.2, 4.4, 8.8, and 17.6 uM). 30 cotyledon
explants were used with each treatment and distributed on 3 petri dishes (10 cm), where each petri
dish contained 10 cotyledon explants. The experiment was performed with three repetitions.
Subculturing in the same medium was performed every 2 weeks. The cultured explants were
maintained in a growth chamber at 24°C under a 16-hour photoperiod, which was controlled
through cool white, fluorescent tubes with a photosynthetic photon flux density (PPFD) of 30 mmol
m= s PAR and 70% relative humidity. After 6 weeks, several parameters were recorded, including
the percentage of regenerated explants that produced shoots, the number of shoots per explant,
and shoot length. Then, explants with multiple shoots were moved to MS medium with vitamins
supplied with the optimum concentration of cytokinins and mixed with a-naphthalene acetic acid
(NAA) (1.3, 2.6, and 5.2 uM) at different concentrations for shoot proliferation and elongation. Also,
after 4 weeks, several parameters were recorded: the explants produced shoots (%), the number of
shoots per explant, and shoot length.

2.1.2 Root Induction and Acclimatization

Shoots with 2 or 3 leaves were taken and transferred to a half-strength MS medium with vitamins
supported with three concentrations of indole-3-butyric acid (IBA) (1.2, 2.4, and 4.8 uM) for 2
weeks. Then, the shoots were sub-cultured for another 2 weeks on a half-strength MS medium with
vitamins. After 4 weeks of the rooting stage, several factors were recorded, such as the shoots
producing roots (%), the number of roots per shoot, and root length. For the acclimatization stage,
complete tomato plantlets were moved to 6 cm pots containing soil (natural clay and peat, ratio
2:1) for 2 weeks with irrigation every 2 days under greenhouse conditions at 22°C and 12 h light/dark
conditions by using 350 mol m2 s sodium vapor lamps. To maintain humidity, the pots were
covered with plastic bags, which were removed for another 2 weeks to complete the
acclimatization.

2.2 The Preparation of Agrobacterium Tumefaciens for Tomato Transformation

The plasmid pCAMBIA2301 (Thermo Fisher Scientific China) was used to transform tomato. The
freeze/thaw shock transformation method [30] was used for plasmid amplification using Escherichia
coli strain DH5a (Thermo Fisher Scientific China). To check the transformation efficiency, the
pCAMBIA2301 plasmid was transferred into three strains of A. tumefaciens (GV3101, EHA105, and
LBA4404) (Thermo Fisher Scientific China). Then, each transformed A. tumefaciens cell was spread
on a 2YT medium (16 g bacto tryptone, 10 g yeast extract, 5 g NaCl, adjusted to pH 7.0 with NaOH).
The plates contained the antibiotic’s kanamycin (50 mg |-1) for selection. Plasmid isolation from the
transformed colonies was performed after two days of incubation to detect the presence of a 650-
bp gene product of nptll by PCR (the sequences of primers listed below). Each A. tumefaciens (250
ul) was inoculated in 10 ml of 2YT medium and shaken overnight (180 rpm) at 28°C. At ODeoo 0.9-
1.0, the bacteria were diluted 10 times. Afterward, the culture was maintained at 28°C on the shaker
(180 rpm) until an ODego of 0.6. Then, the bacteria were harvested by centrifugation (5,000 rpm) for
10 min at 4°C. After discarding the supernatant, the pellet was taken and dissolved in 100 ml of MS
medium-free hormones containing 100 uM acetosyringone and shaking (180 rpm) at 25°C until an
ODeoo of 0.5.
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2.2.1 Explant Preparation and Transformation

To examine the survival rate of cotyledon explants, 24 cotyledon explants were placed on an MS
medium supported with 8.8 uM BA and kanamycin at four concentrations (50, 100, 200, 300 mg I
1). For transformation, cotyledon explants were co-cultivated individually for 15 min. with each
strain of A. tumefaciens suspension (ODeoo 0.5) (GV3101, EHA105, and LBA4404). The cotyledon
explants were taken, placed on sterile filter paper, and kept under a dark condition in MS medium
mixed with sucrose 3%, phytagel 0.3%, and BA 8.8 uM at 22 + 2°C for three days. The explants were
washed four times with sterilized ultrapure water, and cefotaxime solution (250 mg I"!) was used in
the final wash to suppress A. tumefaciens. With each A. tumefaciens strain treatment, 70 explants
were used and distributed to 7 Petri dishes containing MS medium mixed with 8.8 uM BA for shoot
regeneration, and each plate had 10 cotyledon explants. Sub-cultures were conducted every 2
weeks on a selective MS medium mixed with kanamycin, its concentration was increased at each
subculture (50, 100, 150, and 200 mg I'1). After 6 weeks, several factors were recorded, such as the
survival rate, the number of explants produced shoots, the number of shoots per explant, and shoot
length.

2.3 Produce of sgRNA Target Sequences and CRISPR/Cas9 Binary Vector Construction

The CC top [31] program was used to select the targeted sites in the Rin gene. According to [32],
with some modifications, four oligonucleotide pairs were designed (Table 1) and annealed to detect
the target sequences. The fragments were individually cloned into the pGEMT-U3-sgRNA cloning
vector at the Bbsl/ site of a single-guide RNA (sgRNA). The freeze/thaw shock transformation method
[30] introduced the pGEMT-U3-sgRNA expression cassette into E. coli strain DH5a competent cells.
Then it was spread on a plate containing LB-agar medium mixed with ampicillin (50 pg/ml) and
maintained at 37°C overnight. Afterward, several colonies were selected to conduct PCR by using
oligo-R and SP6-F primers (5'-ATT TAG GTG ACA CTA TAG-3’) through the following PCR conditions:
95°C for 3 min; 95°C for 30 s; 46°C for 30 s; 72°C for 30 s for 30 cycles and 72°C for 10 min.

Table 1 The sequence of four types of sgRNA was used in the study to target the Rin
gene in tomatoes.

rin-sgRNA-F1 TGGCGTGGTATCTCTCCAATGTCT
rin-sgRNA-R1 AAACAGACATTGGAGAGATACCAC
rin-sgRNA-F2 TGGCGTGTACCATAATTGTATCTG
rin-sgRNA-R2 AAACCAGATACAATTATGGTACAC
rin-sgRNA-F3 TGGCGTTTTAAGCTTCAAATACTCT
rin-sgRNA-R3 AAACAGAGTATTTGAAGCTTAAAAC
rin-sgRNA-F4 TGGCGTTTGAAGCTTAAAACAAGAG
rin-sgRNA-R4 AAACCTCTTGTTTTAAGCTTCAAAC

To produce the final plasmid pCAMBIA1300-Cas9-U3-sgRNA, the expression cassette pGEMT-U3-
sgRNA, and the binary vector pCAMBIA1300-pCas9 were digested with Apal and Bglll restriction
enzymes for 2 hours at 37°C. Finally, four produced fragments of U3-sgRNA with CaMV terminator
(approximately 850 bP) and the linearized vector fragment pCAMBIA1300-Cas9 (approximately 14
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K) were ligated to produce four pCAMBIA1300-Cas9-U3-sgRNA. The freeze/thaw shock
transformation method [30] introduced pCAMBIA1300-pcas9-sgRNA-U3 into E. coli strain DH5a
competent cells. Then, it was spread on a plate containing LB-agar medium mixed with ampicillin
(50 pg/ml) and maintained at 37°C overnight. Several positive colonies were selected to conduct
PCR by using oligo-R and M13-F primers, and the positive clones were examined through the
following PCR conditions: 95°C for 3 min,95°C for 30 s, 48°C for 30 s, 72°C for 30 s for 30 cycles and
72°C for 10 min.

In vitro digestion of the RIN genomic DNA sequence using Cas9 nuclease was performed
individually, according to [33], with each four sgRNA expression cassette. Only sgRNA guide 2
showed the ability to guide Cas9 in the cleavage of the genomic fragment of the tomato RIN gene,
which was used for further analysis.

2.3.1 Introducing the Plasmid pCAMBIA1300-Cas9-U3-sgRNA into Agrobacterium Tumefaciences

After the amplification of pCAMBIA1300-Cas9-U3-sgRNA in E. coli strain DH5a, the plasmid
pCAMBIA1300-Cas9-U3-sgRNA was isolated and introduced into LBA4404 strains of A. tumefaciens
by the freeze/thaw shock transformation method [30]. The transformed cells of the LBA4404 strain
were spread on 2YT (16 g back to tryptone, 10 g yeast extract, 5 g NaCl, adjusted to pH 7.0 with
NaOH). The plates contained the antibiotic’s kanamycin (50 mg I-1) for selection. Plasmid isolation
from the transformed colonies was performed after two days of incubation to detect the presence
of Rin-sgRNA, and PCR detected the kanamycin gene.

The transformed LBA 4404 strain (250 ul) containing CRISPR design was inoculated in 10 ml of
2YT medium and kept overnight shaken (180 rpm) at 28°C. At ODsgo 0.9-1.0, the bacteria were
diluted 10 times. Afterward, the culture was maintained at 28°C on the shaker (180 rpm) until an
ODsoo of 0.6. Then, the bacteria were harvested by centrifugation (5,000 rpm) for 10 min at 4°C.
After discarding the supernatant, the pellet was taken and dissolved in 100 ml MS medium-free
hormones containing 100 uM acetosyringone and shaking (180 rpm) at 25°C until an ODggp of 0.5.

2.3.2 Explant Preparation and Transformation

100 whole cotyledon explants excised from tomato 10-days-old aseptic seedlings were co-
cultivated for 15 min with A. tumefaciens LBA4404 suspension harboring pCAMBIA1300-Cas9-U3-
sgRNA. The cotyledon explants were taken, placed on sterile filter paper, and kept under a dark
condition at 22 * 2°C for three days in MS medium mixed with sucrose 3%, phytagel 0.3%, and BA
8.8 uM. The explants were washed four times with sterilized ultrapure water, and cefotaxime
solution (250 mg I') was used in the final wash to suppress A. tumefaciens. 100 explants were used
and distributed to 10 Petri dishes containing MS medium mixed with 8.8 uM BA for shoot formation,
and each plate had 10 cotyledon explants. Sub-cultures were conducted every 2 weeks on a
selective MS medium mixed with kanamycin, and its concentration was increased at each subculture
(50, 100, 150, and 200 mg/ I'%).

2.4 Molecular Analysis
First, after two months of culture, shoots were taken for DNA extraction from plantlets

transformed with three strains of A. tumefaciens containing plasmid pCAMBIA2301 to detect the
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presence of the nptll gene (six samples from each treatment). The DNA extraction was performed
using the Plant Nucleospin Il Kit, as mentioned by the manufacturer. PCR was performed through
the following conditions: 95°C 3 min, then 30 s at 95°C, 30 s at 53°C, and 40 s at 72°C for 30 cycles
terminated with a 10 min final step at 72°C. The sequences of primers for PCR amplification of a 650
bp kanamycin fragment were TATATAAGCTGGTGGGAG (forward primer; NPTIl-pCambia) and
TGTTGCTGTCTCCCAGGTC (reverse primer; NPTll-pCambia).

Second, after 6 weeks of culture, shoots were taken for DNA extraction from plantlets
transformed with A. tumefaciens LBA4404 harboring pCAMBIA1300-Cas9-U3-sgRNA to detect the
presence of Rin gene, Cas9, sgRNA (guide 2), and nptll. The following PCR condition was used in the
case of Cas9 and nptll, 95°C 3 min, then 30 s at 95°C, 30 s at 53°C and 40 s at 72°C for 30 cycles
terminated with a 10 min final step at 72°C. In the case of the Rin gene and sgRNA2, 95°C 3 min,
then 30 s at 95°C, 30 s at 50°C, and 30 s at 72°C for 30 cycles terminated with a 10 min final step at
72°C. The amplification following primers were used: Rin gene 5-GTGTCACATAAGCATCAGGTGT-
3‘as forward primer, and Rin gene 5-TGTGGTCCAATCCATGTGAA-3‘as reverse primer to amplify a
900 bp RIN PCR product. Cas9 gene 5-CCACGACGGAGACTACAAGG-3‘as forward primer and Cas9
gene 5'-GGTGCTGTCCACCAGTTTCT-3as reverse primer to amplify a 500 bp Cas9 PCR product.

sgRNA1 5-GTACGTTGGAAACCACGTG-3‘as U3 promoter forward primer and 5'-
AAACAGACATTGGAGAGATAACCAC-3‘as sgRNAL1 reverse primer to produce a 250 bp sgRNA2 PCR
fragment. nptl/l gene 5-CCGCTGCGTAAAAGATACGG-3‘as forward primer and Rin gene 5'-
CATACCATTGTCCGCCCTG-3‘as reverse primer to produce a 700 bp nptll PCR product.

2.5 Statistical Analysis

24 cotyledon explants were used in each treatment, and all shoot induction experiments were
repeated thrice (with the total number of explants = 72). The data were represented as mean +
standard error (SE) (n = 72). The number of explants produced shoots, and the number of shoots
produced roots were calculated as a percentage of the total number of explants used throughout
the treatment. Statistical analyses were carried out using one-way ANOVA followed by the L.S.D
test. Statistical significance* was set at p < 0.05.

3. Results and Discussion
3.1 Shoots Induction and Multiplication

This study aims to develop a practical and straightforward in vitro regeneration system in
tomatoes by forming adventitious shoots from cotyledon explants using in vitro raised seedlings,
followed by establishing a transformation system to evaluate the transformation efficiency using
three Agrobacterium strains. The selected Agrobacterium strain was used to develop a gene-editing
system in tomatoes to explore the ripening mechanism in tomatoes through CRISPR Cas9 knock-in
mechanism for the loose of the function of Rin gene that is responsible for the ripening mechanism
in tomatoes to produce long life tomatoes. No developed shoots were obtained from cotyledon
explants placed in a free hormone MS medium as a control. In contrast, cotyledon explants
produced shoots when placed on an MS medium containing different cytokinin concentrations.
Cotyledon explants showed shoot formation after 2 weeks of culture. With a second subculture for
another 2 weeks, the shoots proliferated, and the growth increased.
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There was a significant difference between BA and Kin on shoot induction, whereas BA was more
efficient in shoot induction from cotyledon explants than Kin (Table 2). Similar to our results [34],
BA is more efficient for normal shoot development than zeatin in promoting in vitro regeneration
of tomatoes. Also, [35] showed that BA was more effective in shoot regeneration from cotyledon
leaves.

Table 2 Effect of different cytokinin BA and Kin concentrations at (2.2, 4.4, 8.8, and 17.6
K1M) on tomato shoot regeneration from cotyledon explants after 6 weeks of culture.

Plant growth No. of explants No. of shoots per explants Shoots length

regulators (uM) produced shoots (%) forming shootlets (cm)

BA Kin

0 0 0 0 0

2.2 20+ 6° 2.6+0.22 0.61+0.2°

4.4 33+8b 2.6+0.32 0.97 +0.57°

8.8 45+ 7°¢ 4.2 £0.3¢ 0.7 £0.4°

17.8 32 +3b 3.8+0.3% 0.69 £0.2°
2.2 39 + 3% 2.05+0.9° 0.97 +0.3°
4.4 39 + 6% 2.1+0.9° 0.98 +0.6°
8.8 33 +3b 2.2+0.8° 0.83 +0.3%°
17.8 25+ 2° 2.4+0.3b 0.87 +0.4%°

Values are presented as mean + SE. Means within the same column carrying different letters are
significantly different at P < 0.05.

Herein, the regenerated shoots were formed from the petiolar end of the cotyledon (Figure 1).
In many plant species, adventitious shoots originating closer to the petiolar end of the leaves could
develop from a single cell [36, 37]. Therefore, targeting the axillary meristem in the petiolar end
part could increase the transformation efficiency.

Figure 1 In vitro tomato propagation (A-D); A cotyledon explants on day one, B Shoots
formation at 8.8 uM BA after 4 weeks of culture, C Shoots elongation and proliferation
at 8.8 uM BA + 1.3 uM NAA after 8 weeks of culture, D Root induction at 1.2 uM IBA, E
Complete acclimatized plantlet in soil.

There was a significant difference in the cytokinin concentrations under investigation. The
highest values of the cotyledon explants producing shoots and the number of shoots per explant
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forming shoots were obtained at 8.8 uM BA (45 + 7%) and (4.2 £ 0.3), respectively. So, the cytokinin
BA was more efficient than Kin in supporting the regeneration of adventitious shoots from
cotyledon explants. Conversely, the cytokinin Kin was slightly more efficient than BA in promoting
the shoot length. In contrast, the highest shoot length was obtained at 2.2 uM Kin, which decreased
by increasing the cytokinin concentration.

Consequently, BA at 8.8 uM and 4.4 uM Kin were selected from the results of the previous culture
stage and mixed individually with three concentrations of NAA (1.3, 2.6, and 5.2 uM) for further
shoot proliferation (Table 3). The values of cotyledon explants-producing shoots were increased
after using NAA, whereas 8.8 uM BA mixed with 2.6 uM NAA revealed the highest value of cotyledon
explants-producing shoots (59 + 5%). Also, the number of shoots per explant forming shoots
increased, and the highest number was obtained at 8.8 uM BA mixed with 1.3 uM NAA (4.4 £ 0.33).

Table 3 Effect of the optimal concentration of BA and Kin mixed with different
concentrations of NAA on shoots multiplication of cotyledon explants from tomato after
10 weeks of culture.

Plant growth regulators (uLM) No. of explants No. of shoots Shoots length
BA Kin NAA produced shoots (%) per explants (cm)

8.8 - 1.3 57 £7¢ 4.4 £0.32° 0.9+0.2°

8.8 - 2.6 59 £ 5¢ 2.9+0.33° 0.9+0.2°

8.8 - 5.2 46 + 6% 3.2+0.2° 1.01+0.4°

- 4.4 1.3 48 + 7°° 3.8+0.3% 1.04 £0.3°

- 4.4 2.6 31+6° 2.2+0.2° 0.9+0.2°

- 4.4 5.2 42 + 4 3.2+0.3° 1.03+0.2°

Values are presented as mean + SE. Means within the same column carrying different letters are
significantly different at P < 0.05.

In summary, mixing cytokinin BA with auxin, NAA was more effective than Kin with NAA in terms
of the percentage of cotyledon explants producing shoots and the number of shoots per explant
forming shoots. The highest shoot length was obtained at 8.8 uM Kin mixed with 1.3 uM NAA (1.03
+ 0.2 cm). Consistent with our results, mixin Zeatin with Indol 3-acetic acid increased the shoot
induction in tomato Micro-tom [14].

3.2 Root Induction and Acclimatization

Shoots with 2-4 leaves and 1 cm length were moved to MS media supported with three
concentrations of IBA (1.2, 2.4, and 4.8 uM) for root induction (Table 4). There were no significant
differences in rooting rate and root length among the IBA concentrations. The highest percentage
of explants-producing roots was obtained by increasing the IBA concentration to 4.8 uM (55 + 5%).
The highest number of roots per explant forming roots was obtained at 1.2 uM IBA (3 = 1.6),
whereas the most extended root length was obtained at 2.4 uM (1.0 + 0.4). The healthy plantlets
with shoots and roots were taken and moved into the greenhouse for acclimatization. After
acclimatization, the survival rate of plantlets was approximately 75%. Similar to our results, several
reports have reported the effectiveness of IBA in root induction in tomatoes. For instance, IBA at
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0.5 mg I'* concentration is effective for root induction from tomato shoot tips culture [38], where 1
mg It concentration of IBA efficiently produced roots from tomato cotyledon [39, 40].

Table 4 Effect of different concentrations of IBA (1.2, 2.4, and 4.8 uM) on root induction
of in vitro tomato shoots after 4 weeks of culture.

Plant growth No. of shoots No. of roots per Root length
regulators (uM) produced roots (%) shoots forming roots (cm)

IBA

0 0 0 0

1.2 52+7° 3+1.6° 0.86 £ 0.1°
2.4 53 + 82 2.1+0.9° 1.0+0.4°
4.8 55 +52 2.4 +0.9° 0.9+0.1°

Values are presented as mean + SE. Means within the same column carrying different letters are
significantly different at P < 0.05.

3.3 Transformation of Tomato via A. Tumefaciences Harboring pCAMBIA2301

Several reports showed that the success of transformation depends on the A. tumefaciens strain,
for instance, Nicotiana tabacum cv—Samsun [41], also in grapevine [42], and Balanites aegyptiaca
[43]. Moreover, the transformation efficiency by Agrobacterium tumefaciens is affected by the
bacterial strain in tomato besides the tomato cultivar and leafage, where the transformation
efficiency by using three strains of A. tumefaciens in Ohio 7870 and Roma were higher than UCD82b.
Also, the older genuine leaf and cotyledon were more readily transformed than the younger leaves
[44].

The capability of tomato cotyledon explants to survive on MS media mixed with four different
concentrations of kanamycin (50, 100, 200, and 300 mg I'!) was examined for 6 weeks (Figure 2). In
the presence of kanamycin, most of the cotyledon explants turned from green to yellow and could
not produce shoots. Interestingly, the dead explants (%) were increased by increasing the
kanamycin concentration, as follows: at 50 mg I}, 4 explants (16%) were dead out of 24; at 100 mg
I1 20 explants (83%) were dead out of 24. Furthermore, at 200 and 300 mg I}, the percentage of
dead explants increased to 91 and 90%, respectively. In this regard, 50 mg I'* kanamycin was mixed
with MS medium at the first stage of culture, and with each subculture, the kanamycin
concentration was increased. In our study, Agrobacterium strain LBA4404 showed a higher
transformation rate (30%) after two months of transformation, with the lowest mortality of
cotyledon and the highest number of shoots per transformed explant followed by GV3101 strain
and EHA105strain Agrobacterium strains. Plant survival after incubation with Agrobacterium is still
a big challenge for plant transformation due to the defense mechanism made by Agrobacterium
through expressing many genes in the host cell that may cause plant cell death, which was also
reported in several plants such as bananas and maize [45]. Also, the infected calli with
Agrobacterium showed a fast and hypersensitive plant cell death response, negatively affecting
these plants' T-DNA transfer and transformation efficiency [45, 46]. In this regard, the cotyledon
death rate due to Agrobacterium is an influential factor in improving the conditions of tomato
transformation.
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Figure 2 The effect of four different concentrations of kanamycin (50, 100, 200, and 300
mg 1) on the survival rate of tomato cotyledon explants (each treatment contains 24
cotyledon explants) after 6 weeks of culture.

Three A. tumefaciens strains (LBA4404, EHA105, and GV3101) were used for transformation.
Each strain harboring plasmid pCAMBIA2301 contains the neomycin phosphotransferase Il (nptll) as
a selectable marker gene. After two months of cultivation, the presence of kanamycin in the media
negatively affected the growth and shoot length of control plants, which turned yellow. In contrast,
transformed plants were almost unaffected and remained green. The percentage of regeneration,
number of shoots per transformed explant, and shoot length were recorded in each treatment
(Table 5). The A. tumefaciens strain LBA4404 gave the highest regeneration percentage of
transformed plants (30%), the highest number of shoots per explant (2.6 + 0.9), and the highest
shoot length (1.01 + 0.2 cm). Leaves from six cotyledon explants were taken to detect the existence
of the nptll gene through PCR (Figure 3). Each A. tumefaciens strain (LBA4404, EHA105, and GV3101)
gave six positive PCR fragments. Based on these results, the highest values of regenerated
transformed explants (%), number of shoots per transformed explants, and shoot length were
obtained using A. tumefaciens strain LBA4404 compared to GV3101 and EHA105 strains. Similar to
our results, [47] investigated the transformation efficiency in tomato (Solanum lycopersicum L.) cv.
Micro-Tom uses four A. tumefaciens: AGL1, EHA105, GV3101, and MP90, harboring the plasmid
pBI121.
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Table 5 Transformation efficiency in tomato after two months of transformation with
different strains of A. tumefaciens (LBA4404, EHA105, and GV3101 strains).

A. tumefaciens No. of transformed explants  No. of shoos per Shoots length
strain produced shoots (%) transformed explants (cm)

LBA4404 strain 305 26109 1.01+£0.2
EHA105 strain 14+4 161 0.82 £0.07
GV3101 strain 17+6 1.9+0.6 0.82 £ 0.06

Values are presented as mean + SE. Means within the same column carrying different letters are
significantly different at P < 0.05.

650 bp

650 bp

650 bp

Figure 3 PCR product of npt/l gene (650 bp) produced from the transformed shoots after
6 weeks of transformation with three different types of Agrobacterium as the following
((A—C); (M) DNA ladder; (+). Plasmid pCAMBIA2301; (Wt) control plant. (A) (1:6) Shoots
excised from 6 different cotyledon explants after 6 weeks of transformation through A.
tumefaciens LBA4404 strain harboring pCAMBIA2301, (B) (1:6) Shoots excised from 6
different cotyledon explants after 6 weeks of transformation through A. tumefaciens
GV3101 strain harboring pCAMBIA2301, and (C) (1:6) Shoots excised from 6 different
cotyledon explants after 6 weeks of transformation through A. tumefacien EHA105
strain harboring pCAMBIA2301.

They found that the highest values of transformation rate (65%) and the lowest mortality rate of
cotyledon were obtained using Agrobacterium strain GV3101. Several studies have revealed that
the transformation efficiency was immensely varied among tomato experiments [42]. The
transformation efficiency was different among the three strains of A. tumefaciens incubated with
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Balanites aegyptiaca cotyledon explants, where Agrobacterium strain GV3101 showed the highest
transformation efficiency by 48% compared to EHA105 and LBA4404 strains [43]. In other plants,
such as grass seedlings, Agrobacterium strain AGL1 is more effective in delivering T-DNA than C58,
GV3101, and EHA105 [48]. Agrobacterium strain EHA105 showed a transformation rate ranging
from 4-36% in the ability to transfer T-DNA in tomato [2]. In contrast, our results showed that
Agrobacterium strain EHA105 showed the lowest transformation rate (No. of transformed explants
produced shoots (%)) and higher mortality of cotyledon compared to Agrobacterium strain
LBA4404, which showed the highest transformation rate. Therefore, selecting the suitable
Agrobacterium strain for transformation is an essential factor in tomato propagation and
transformation, which will increase the capability of efficiency of gene editing through CRISPR Cas9
by using the most efficient Agrobacterium strain.

3.4 Transformation of Tomato via A. Tumefaciences Harboring pCAMBIA1300-Cas9-U3-sgRNA

In this study, we have used the CC top program [31] to design four sgRNA guides for the RIN gene
mutagenesis to establish a gene-editing system in tomatoes. Several studies were reported on the
genome editing of tomatoes [22]. CRISPR/Cas9 constructs with two gRNAs per gene target were
successfully designed [23]. Also, methods were revealed for assembling CRISPR/Cas9 constructs for
gene targeting and single and multiplex knockouts and for producing and identifying genome-edited
tomato plants by Agrobacterium-mediated transformation in tissue culture [24]. Herein, depending
on the methods above, we optimized protocols for gene editing in tomatoes. Sequences with fewer
homologies to other genome sites have been chosen to avoid off-target mutagenesis. The four
designed sgRNA guides were selected to target the conservative domain of the Rin gene. To
establish a knock-in mutation in the Rin gene through CRISPR/Cas9 system in tomato, the selected
four sgRNA guide sequences were separately cloned to finally produce four plasmids of
pCAMBIA1300-Cas9-U3-sgRNA for each sg RNA guide.

The efficiency of each CRISPR/Cas9 expression cassette was examined in vitro to target the locus
of the Rin gene and induce knock-in mutation [33]. Only sgRNA guide 2 expression cassettes could
induce knock-in mutation in the RIN gene by producing three DNA fragments on the gel (1000, 750,
and 250 bp) (data has not been shown). In this regard, after cloning sgRNA guide 2 into the plasmids
of pCAMBIA1300-Cas9-U3-sgRNA, the plasmid was transferred via A. tumefaciens strain LBA4404
into the cotyledon explants of tomato to target the locus of the Rin gene and induce a knock-in
mutation. After 2 weeks of transformation, leaf samples were taken for genomic DNA extraction.
Four transgenic plants were used for PCR to detect the existence of the Rin gene, Cas9, sgRNA gene,
and nptll gene, which gave a PCR product at 850, 600, 250, and 650bp, respectively (Figure 4A, B, C,
and D). Finally, our study revealed that selecting the suitable Agrobacterium strain facilitated the
transformation process and increased the capability to establish a system for gene-editing in
tomatoes by transferring pCAMBIA1300-Cas9-U3-sgRNA binary vector into the cotyledon explants
of tomato to target the locus of the Rin gene. However, our study introduces a new method to knock
in the sequence of the Rin gene to explore the ripening mechanism in tomatoes aiming to produce
long-life tomatoes. There is a demand for further analysis to examine the PCR fragment by
sequencing and the presence of a rin mutation in the tomato fruits to finally confirm the capability
of the designed CRISPR/Cas9 expression cassette to target the locus of the RIN gene and induce
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knock-in mutation. That will increase our knowledge about regulating the ripening mechanism in
tomatoes.

Figure 4 PCR products of leaves excised from different cotyledon explants after 2 weeks
of transformation via A. tumefaciens LBA4404 strain containing pPCAMBIA1300-Cas9-U3-
sgRNA. (A) PCR product of Rin gene (850 bp) (M). 100 bp DNA ladder. (+). Plasmid (M).,
(Wt) control plant (1:4) leaves excised from different cotyledon explants after 2 weeks
of transformation via A. tumefaciens LBA4404 strain containing pPCAMBIA1300-Cas9-U3-
sgRNA, (B) PCR product of Cas9 gene (600 bp) (M). 100 bp DNA ladder. (+). Plasmid (M).,
(Wt) control plant (1:4) leaves excised from different cotyledon explants after 2 weeks
of transformation via A. tumefaciens LBA4404 strain containing pPCAMBIA1300-Cas9-U3-
sgRNA, (C) PCR product of sgRNA gene (250 bp) (M). 100 bp DNA ladder. (+). Plasmid
(M)., (Wt) control plant (1:4) leaves excised from different cotyledon explants after 2
weeks of transformation via A. tumefaciens LBA4404 strain containing pCAMBIA1300-
Cas9-U3-sgRNA. (D) PCR product of npt/l gene (650 bp) (M). 100 bp DNA ladder. (+).
Plasmid (M)., (Wt) control plant (1:4) leaves excised from different cotyledon explants
after 2 weeks of transformation via A. tumefaciens LBA4404 strain containing
pCAMBIA1300-Cas9-U3-sgRNA.

4. Conclusion

Our results showed that BA at 8.8 uM was more effective in shoot induction than Kin. Combining
the optimal concentration of BA at 8.8 uM with NAA improves shoot elongation. Also, selecting a
more efficient Agrobacterium strain played a vital role in the transformation of tomato. Our results
showed that Agrobacterium strain LBA4404 gave the lowest number of dead explants with the
highest values of transformed explant-produced shoots and the number of shoots per transformed
explant. The Agrobacterium strain LBA4404 was successfully used to transfer pCAMBIA1300-Cas9-
U3-sgRNA binary vector into tomato cotyledon to establish a gene-editing system to knock in the
sequence of the Rin gene that could furtherly used to explore the ripening mechanism in tomato.
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