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Abstract: The potato tuber moth (Phthorimaea operculella Zeller) (PTM) is a 
destructive potato pest. Bacillus thuringiensis cry genes encode crystal proteins 
that have toxic characteristics against PTM. The aim of the present study was 
to develop a PTM resistant potato cv. Agria using the synthetic Bt cry1Ab gene. 
The transformation vector was constructed by inserting the cry1Ab gene into the 
pBI121 binary expression vector. The Agrobacterium tumefaciens strain AGL1 
harboring the pBI35SCry1Ab construct was used for potato transformation. The 
results indicated that out of 97 putative transformed lines, 30 lines were PCR 
positive. Southern blot analysis revealed that one to three copies of transgenes 
were inserted into transgenic lines. The immunoassay test revealed the expres-
sion of the Cry protein. Furthermore, the results of bioassays confirmed the high 
mortality level of neonate larvae. The results of this study suggested that the 
transgenic lines have significant potential in pest control.
Keywords: Bacillus thuringiensis, cry proteins, potato tuber moth (PTM), Sola-
num tuberosum, transgenic plant. 
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INTRODUCTION

Potato (Solanum tuberosum L.) is the most important non-cereal crop 
in the world. A wide range of insects can damage potato crops, either 
directly, through feeding on tubers, or indirectly, by feeding on leaves 
or stems. Potato tuber moth (Phthorimaea operculella Zeller.) (PTM) is 
one of these insect pests, which can completely destroy the crop if left 
uncontrolled. PTM is cosmopolitan in distribution and currently found in 
over 90 countries in temperate and tropical regions. Adult PTMs are weak 
fliers, so the global distribution and range expansion of PTM is likely largely 
due to movement of larvae-infested seeds (Kroschel and Schaub 2013). 
PTM is typically a leafminer, which seldom causes economically important 
damage in potato. When foliage grows old or is killed with crop desiccants 
prior to harvest, larvae will fall to the soil and feed on potato tubers, which 
is where considerable economic damage occurs. When infested tubers are 
harvested, larvae can develop and further damage can occur to tubers in 
storage. PTM is thus a significant problem in potato growing and in potato 
storage (Kumar et al. 2010, Navarre and Pavek 2014). Product losses up to 
100% have been reported in some cases, especially where warehouses are 
not refrigerated (Kroschel and Schaub 2013).
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Adult PTM insects lay their eggs on green foliage over potato tubers or in the soil. Newly hatched larvae create 
tunnels in the mesophyll and cause leaf damage by mining in the leaf midrib. Prior to potato harvest, larvae drop to 
the soil and feed on tubers. This feeding reduces the quantity and quality of the harvested potatoes. When tubers are 
infested, damage increases rapidly during the storage period (Kumar et al. 2010) and this larval damage makes tubers 
unsuitable for human consumption. PTM infestation creates an excellent opportunity for infestation of other pests and 
pathogens (Mohammed et al. 2000). 

Chemical control has been one of the most widely used pest management strategies in potato production over 
the past century. Because of the adverse effects of this chemical control on the environment and on human health, 
effective non-chemical tactics based on natural materials have been developed to control this pest (Lacey and Kroschel 
2006, Damalas and Eleftherohorinos 2011). Developments in the tissue culture, genetic transformation, and genomics 
fields have led to recent pest-control strategies based on the use of resistant transgenic plants. These strategies consist 
of integrating specific genes that encode resistance factors into the genome of the potato plant. These novel genes 
can come from diverse sources, including wild Solanum species (Sagredo et al. 2006) or bacteria (Mohammed et al. 
2000). While traditional breeding methods are restricted to introgression of genes from closely related species, genetic 
transformation greatly increases potential new sources of resistance. Bacillus thuringiensis (Bt) produces a Cry protein 
that interacts with specific protein receptors in the insect midgut, causing death of the target pest (Vreugdenhil et al. 
2007, Zhang et al. 2016, Chattopadhyay and Banerjee 2018). Various Bt genes (cry1Aa, cry1Ab, and cry1Ac) have been 
used to provide stable resistance against the PTM for several potato varieties (Naimow et al. 2003, Estrada et al. 2007). 
Also, the cry1Ia1 (cry5) gene significantly reduced PTM damage to potato plants in field trials and in stored potato tubers 
compared to non-transgenic control plants and tubers (Mohammed et al. 2000, Douches et al. 2002, Veale et al. 2012) 
. Integrated pest management practices, including the use of Genetically Modified (GM) resistant varieties and suitable 
pre- and post-harvest training, are most important in newly colonized areas where PTM is not completely established 
(Pacifico et al. 2019). This approach prevents or reduces the need to use chemical pesticides, an approach linked to 
sustainable agriculture, especially organic growing, where insecticides are prohibited (Pacifico et al. 2019). 

Various Bt transgenic potato lines have been developed that express cry genes and produce a considerable amount 
of Cry proteins that are effective enough for insect pest management under field conditions (Chakrabarti et al. 2000, 
Ghasimi hag et al. 2009, Mehrotra et al. 2011). Laboratories in several countries have developed insect-resistant 
transformed potatoes; however, there is currently no commercial use of transgenic potatoes. Development of Bt 
potatoes that provide resistance to PTM along with high crop yield could lead to a reduction in the cost of potato 
production. In previous decades, Morfona was the potato variety most grown in Iran, but in recent years, Iranian 
farmers have shifted to use of mini-tubers of the Agria variety because of its high yield and adaptability. Currently, 
Agria is the most common potato variety in Iran. Yet, with importation of plants and their products comes the risk of 
introducing weeds, pests, and diseases. They can threaten the natural environment, food security, and the economy 
of Iran. Thus, the aim of the present study was to develop Bt transgenic potato resistant to PTM. PTM is one of the 
most important problems in potato production and has thus driven the focus on transformation of potato using the 
synthetic Bt cry1Ab gene.

MATERIAL AND METHODS

Vector construction 
The sequence encoding the cry1Ab synthetic insecticidal gene, along with the 35S terminator, was excised from 

the pCIB4421 plasmid (Ghareyazie et al. 1997) using BamHI and EcoRI restriction enzymes. It was then ligated in the 
same restriction enzyme sites of the pBI121 binary vector (Figure 1). The new binary vector pBI35SCry1Ab construct 
contained a nptII gene as a selectable marker. Finally, the freeze-thaw method was used to transform the constructed 
binary vector pBI35SCry1Ab into the A. tumefaciens strain AGL1 (Ghasimi hag et al. 2009). 

The A. tumefaciens strain, harboring pBI35SCry1Ab, was grown overnight in a Lysogeny broth (LB) medium 
complemented with 50 mg L-1 kanamycin and 50 mg L-1 rifampicin. Agrobacterium-mediated transformation of potato 
explants was conducted by a diluted overnight agrobacterium solution (Mi et al. 2015).
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Plant materials and transformation protocol
The in vitro virus-free plants of potato cv. Agria were used for plant transformation. The terminal buds of potato 

plants were used for in vitro proliferation. For this purpose, 1-2 cm of shoot-ends were cultured in liquid Murashige 
and Skoog (MS) medium (Murashige and Skoog 1962) including vitamins (Duchefa). The cultured shoot-ends were then 
incubated in a phytotron room which was set for 25 ºC and a 16/8 h light/dark cycle. Internodal stem segments (5-6 
mm) were excised from the four-week-old shoots and were used for co-cultivation with agrobacterium.

MS medium including vitamins (Duchefa) supplemented with benzylaminopurine (1.0 mg L-1), gibberellic acid (0.2 
mg L-1), zeatin riboside (1.0 mg L-1), 1-naphthaleneacetic acid (0.02 mg L-1), sucrose (30 g L-1), and phytoagar (8 g L-1) was 
used as a one-step regeneration medium. Before the inoculation, explants were incubated at 24 ºC for two days. The 
single colony of Agrobacterium (AGL1) harboring the constructed binary vector was grown at 28 ºC overnight at 200 rpm 
in LB complemented with 50 mg L-1 kanamycin and 50 mg L-1 rifampicin antibiotics. The freshly grown Agrobacterium 
was diluted at the ratio of 1:5 using fresh LB. It was then supplemented with 74 mM acetosyringone (Chetty et al. 
2015). The Agrobacterium strain and internodal explants were co-cultivated for 5-10 minutes at 75 rpm under sterile 
conditions. The inoculated internodal stem segments were placed on sterile Whatman filter paper to drain the excess 
culture medium. Subsequently, the explants were returned to the preculture medium and co-cultivated for 2 days. After 
that, they were transferred to the selection medium composed of preculture medium supplemented with cefotaxime 
(200 mg L-1) and kanamycin sulfate (50 mg L-1).

Screening of putative transformants using PCR analysis
Total genomic DNA from leaves of putative transgenic lines, as well as one non-transgenic plant as a negative control 

was extracted using the CTAB method. The Polymerase Chain Reaction (PCR) method with specific primers for cry1Ab (F-5’ 
ATCGAGACCGGCTACACCC 3’ and R-5’ GAGGTGGCACGTTGTTGTTC 3’), and nptII (F-5’ GCTATTCGGCTATGACTGGGCAC 3’ and 
R-5’ TCATCCTGATCGACAAGACCGGC 3’), and 35S CaMV (F-5’ GCTCCTACAAATGCCATC 3’ and R-5’ GATAGTGGGATTGTGCGTC 
3’) genes was carried out using bioFACT PCR kit. VirG specific primers (F-5’ ATGATTGTACATCCTTCACG 3’ and R-5’ 
TGCTGTTTTTATCAGTTGAG 3’) used to confirm that putative lines are free of Agrobacterium contamination. Transformation 
efficiency was calculated as the ratio of transgenic plants to total regenerated plants.

Southern blot analysis
The real integration of the transgene in the putative plant genome was analyzed by Southern blotting. About 60 

µg of genomic DNA from transgenic and non-transgenic plants was digested with HindIII. This enzyme was cut in the 
pBI35SCry1Ab construct only once. DNA fragments were separated via electrophoresis on 1% agarose gel, after which 
they were blotted onto a nylon membrane (Roche, Germany) using the capillary transfer method (Sambrook and Russell 
2001). The PCR DIG Probe Synthesis Kit (Roche, Germany) was used to label cry1Ab fragments with DIG-dUTP to be used 
as a probe in the hybridization stage. The instruction manual of DIG DNA labeling and detection kit (Roche, Germany) 
was followed for stringency wash and transgene detection steps.

Reverse Transcription PCR (RT-PCR)
To evaluate gene expression at the transcriptional level, RNA extraction from transgenic plants was performed 

using TriPure Isolation Reagent (Roche. Cat. No. 11 667 157 001) according to the kit manual. RT-PCR reactions were 

Figure 1. Schematic presentation of the plant transformation vector pBI35SCry1Ab: T-DNA region containing the cry1Ab gene under 
the control of the CaMV 35S promoter and 35S terminator. The base vector is the binary pBI121 plasmid. The Kanamycin resistance 
(nptII) gene was used for in vitro plant screening. EcoRI, BamHI, and HindIII show the enzyme restriction sites. From right to left – RB: 
right border; NOS-P: nopaline synthase promoter; NeoR/KanR: kanamycin resistance gene; NOS-T: nopaline synthase terminator; 
CaMV 35S-P: cauliflower mosaic virus promoter; cry1Ab: transgene; 35S-T: cauliflower mosaic virus terminator; LB: left border.
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performed using the Titan One Tube RT-PCR kit (Roche. Cat. No. 11 939 823 001). The cDNA synthesis from both 
mRNA and PCR were performed in a 250 μL tube in the Bio Rad iCycler thermal cycler (USA). The primers used at this 
stage for the cry1Ab gene were the same as the primers used in PCR. The β-actin gene was used as an endogenous 
control in all RT-PCRs. Total RNA extracted from 100 mg of leaf tissues was reverse transcribed into cDNA and used as 
a template in RT-PCRs with cry1Ab and β-actin specific primers (F-5’ CCAAGGCCAACCGCGAGAAGATGAC 3’ and R-5’ 
AGGGTACATGGTGGTGCCGCCAGAC 3’). Reverse transcription reactions were performed at 50 ºC for 30 min and initial 
denaturation at 95 ºC for 5 min followed by 35 amplification cycles, each consisting of 1 min of denaturation at 95 °C, 1 
min of annealing at 58 °C, and 1 min of extension at 72 ºC, followed by a final extension of 5 min at 72 °C. The RT-PCR 
products were separated by 1% agarose gel electrophoresis.

Cry1Ab protein detection
The Cry1Ab/Ac ImmunoStrip (Agdia Inc., IN, USA) kit was used to quickly determine the expression of the Cry1Ab 

protein both in the putative transgenic lines and in the non-transgenic control plant. The total protein extraction was 
performed using green leaves of eight-week-old greenhouse potato plants, according to the kit manual. For the solid 
materials to sediment, tubes were left at rest for 2 minutes before insertion of the immunostrip in the extract solution. 
The final results were interpreted 10 minutes after the development of bands on the strips.

Bioassay
Neonate larvae of PTM were used to conduct bioassays on detached leaves. The eggs of PTM were provided by the 

Iranian Research Institute of Plant Protection (IRIPP). The insects were reared according to the method described by 
Mohammed et al. (2000). After mating, adult moth females laid their eggs on the filter paper.

Six PCR positive lines were selected based on phenotypic traits for bioassays of detached leaves. A non-transgenic 
plant was used as a control plant. Cotton was soaked in water and placed in a 1.5 ml vial.  Next, petioles of the youngest 
fully expanded leaves were inserted in the soaked cotton (Figure 5B and 5C). Ten neonate PTM larvae were placed on 
each leaf then placed in a Petri dish. The whole system was sealed with parafilm (Estrada et al. 2007, Ghasimi Hagh et al. 
2009). and the Petri dishes were kept under controlled conditions (room temperature 24±1ºC with a 16/8 h photoperiod). 
This test was replicated 3 times for each line. The mortality rate and leaf damage percentages were recorded at 3 and 
6 days after infestation. The percentages of leaf damage were estimated through visual scoring. All ten larvae in each 
Petri dish were weighed at six days after infestation.

RESULTS AND DISCUSSION

Potato transformation
Benefits of GM crops include reduced production costs, increased crop yields, reduced need for pesticides, 

enhanced nutrient composition and food quality, resistance to pests and disease, greater food security, and 
medical benefits for a growing world population (Phillips 2008). Introducing transgenes in the nuclear genome of 
plants using Agrobacterium-based plasmid vectors have caused transformation of a wide range of plant species 
(Meiyalaghan et al. 2010). Agrobacterium-mediated transformation of potato, selection based on kanamycin 
resistance, and use of the nptII selectable gene marker have proven to be an effective technique for transferring 
Bt genes (Kumar et al. 2010).

The pBI35SCry1Ab transformation vector with the pBI121 backbone and codon-optimized cry1Ab gene flanked by the 
35SCaMV promoter and 35S terminator was used for potato transformation. Internodal stems cut from four-week-old 
potato cv. Agria were used as explants (Figure 2A). One week after transferring the agrobacterium-inoculated intermodal 
explants to the selection medium, calli formed at both cut edges of the explants (Figure 2B). Within 4-6 weeks, kanamycin-
resistant shoots emerged from the hard and compact calli on the intermodal explants (Figure 2C). The selection medium 
was used for initial screening of the putative transformants. The selection agent caused limited regeneration only in the 
transformed shoots. Finally, 97 putative transgenic potato shoots were obtained from 400 internode segments infected 
with Agrobacterium. All of the excised individual shoots were then transferred to a root induction medium under in 
vitro controlled conditions (Figure 2D). After acclimatization, plantlets were grown in pots in a greenhouse (Figure 2E, 
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2F). The high initial concentration of the selection agent would be enough to eliminate untransformed shoots, but low 
concentrations would provide an appropriate environment to allow rapid recovery and regeneration of transformed 
lines (Barrell et al. 2002). In this study, the initial concentration of the selection agent allowed rapid regeneration time 
(6 weeks), with a relatively low occurrence of escaped plants.

PCR analysis of putative transformants
Secondary screening of the 97 putative transformed lines was carried out using PCR analysis by the 35S CaMV, cry1Ab, 

and nptII specific primers. PCR analysis revealed that a total of 30 out of 97 putative transgenic lines produced specific 
bands for all the primers tested (Figure 3). Transformation efficiency (calculated as the ratio of transgenic plants to the 
total of regenerated plants) was 30.92%. To confirm that these putative lines were free of Agrobacterium contamination, 
PCR-positive lines were tested for the presence of VirG specific bands. All these putative lines were identified as VirG 
PCR- negative transgenic lines (Figure 3D). The remaining 67 lines were PCR-negative in PCR analysis. These lines were 
considered to have escaped from the kanamycin primary filter and were thus removed from subsequent analysis. PCR 
analysis for both cry1A and nptII genes confirmed that 30 out of 97 regenerated potato lines were transgenic. Thus, in 
this study, the transformation efficiency was 30.92%. Other researchers have reported lower numbers; for example, 
Guo et al. (2016) reported 2.15%, while Kamionskaya et al. (2012) reported 9.3% and 20.8% transformation rates for 
two different potato varieties.

Southern genomic hybridization analysis
In order to confirm the integration of the T-DNA transformation cassette in the genome of potato lines, Southern 

blot analysis was implemented on 24 transgenic lines that were selected based on PCR analysis. Hybridization of the 
probe to undigested DNA indicated that at least one copy of the cry1Ab gene was inserted in the genome of transgenic 
potato plants (data not shown).

The hybridization was carried out with single-digested DNA using HindIII. We observed that the band patterns were 
within 3-9 kb (Figure 3E). Different sizes of bands revealed that transgenic plants emerged from independent cells in the 
selective medium. Thus, it can be concluded that the copy of the cry1Ab gene was integrated randomly in the genomes 
of individual lines. Based on Southern blot analysis, 21 out of 24 lines were independent events, with 1-4 copies of 
transgenes. Furthermore, some of the transgenic lines (e.g., lines PC1-11 and PC1-12) indicated the same pattern in the 

Figure 2. Different stages of genetic transformation of potato Agria cv. by Agrobacterium tumefaciens. A: co-culture of explants and 
cry1Ab harboring Agrobacterium; B: initial callus induction on optimized regeneration-selection media; C: regeneration of putative 
transgenic shoots; D: root induction in regenerated plantlets; E: plantlet acclimatization in growth chamber; F: transgenic plants in 
the greenhouse.
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Southern blot hybridization, which were grouped as the same transgenic events (Figure 3E). In the present study, one 
copy of transgene was detected in 12 events of transgenic potato plants.

Expression of the cry1Ab gene in transgenic plants
RT-PCR with cry1Ab specific primers resulted in a positive amplicon of 1190 bp fragments corresponding to the requisite 

size in the transgenic lines (Figure 4). The results show that the cry1Ab gene is expressed at the transcriptional level.

Cry1Ab protein detection by immunostrip test analysis
The expression of the Cry1Ab protein in the leaves of 21 independent transgenic lines was detected by the immunostrip 

test. The absence of this protein in non-transgenic control lines confirmed the correctness of the results. Beissinger and 
Inglis (2018) used both rapid (immunostrips) and common (ELISA) detection methods for potato virus Y. They reported 
a total of 100 and 103 out of 240 inoculated samples were positive using the immunostrips and ELISA, respectively. 
Ghasimi Hagh et al. (2009) used immunostrips for detecting Cry1Ab proteins in transgenic potato lines. Davidson et al. 
(2002) reported that despite different levels of Cry protein expression, the transgenic lines exhibited similar levels of 
resistance to lepidopteran pests. In addition, Meiyalaghan et al. (2006) reported that transgenic potatoes harboring 
cry1Ac9 and cry9Aa2 genes exhibited 51% and 84% resistance to the PTM fed with excised greenhouse-grown leaves.

Figure 3. Amplification of A: cry1Ab gene; B: nptII gene; C: 35S CaMV fragment; D: VirG fragment by specific primers. Lane M: 1 Kb 
plus ladder; 1-7: putative transformants; pl: pBI35SCry1Ab plasmid; ntc: non-template control. E and F: Southern blot analysis of 
transgenic potato lines. The probe used for hybridization was a Dig-labeled denatured 1190-bp DNA fragment corresponding to the 
cry1Ab gene sequence. Lane M: DNA molecular weight marker VII Dig-labeled (Roche); pl: pBI35SCry1Ab plasmid; PC1-1 to PC1-75: 
transgenic potato lines digested with HindIII; ntc: non-transgenic control.
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Insect feeding assay using pot-grown foliage
The leaves of pot-grown plants were used in laboratory bioassays with PTM larvae. Ten neonate larvae were transferred 

to a Petri dish containing a fully expanded terminal leaf from the pot-grown plants. Six transgenic lines with a single copy 
of transgene were selected for the bioassay. The results showed that all of the lines tested slowed the development 
and pupation of PTM larvae (Figure 5). In the detached leaf bioassay, the first mortality was after three days, but the 
total mortality rate was estimated after ten days. The PTM larval mortality rate on the control and transgenic leaves was 
13.3% and 86.6%-100%, respectively. The leaf damage rate after ten days ranged from 100% in non-transgenic lines to 
2-8% in transgenic lines. The total weight of 10 larvae on transgenic leaves (0.1 mg) compared to the larvae weight on 
control leaves (58 mg) showed a significant difference after ten days of feeding (Table 1). PTM females often lay their 
eggs behind potato leaves, so neonates often encounter potato plant tissue at their first life stage (Davidson et al. 2004). 
The Cry protein content was assumed to be at the same level in excised leaves and in whole plants.

Figure 5. Biotoxicity assays of transgenic potatoes with PTM neonate larvae. A: neonate larvae on transgenic potato leaf; B: leaf 
damage on non-transgenic line compared to C: transgenic line; D: damage caused by larvae on non-transgenic tubers compared to 
E: transgenic tubers (after 10 days).

Figure 4. RT-PCR analysis of transgenic potato plants with the cry1Ab gene to evaluate gene expression at the RNA level. M: DNA lad-
der mix (Fermentas Company); C1

-: negative control (no DNA or RNA template); C2
-: sample with RNA template and without reverse 

transcriptase enzyme; C1
+: DNA template (PCR positive) and Taq polymerase; C3

-: RNA template and Taq polymerase enzyme; C2
+: 

control gene (human β-actin); 1-7: putative transformants; ntc: non-transgenic control. The expected fragments (1190 bp for the 
cry1Ab gene and 578 bp for the β-actin gene) were amplified.

Table 1. Mortality, leaf damage, and insect biomass accumulation resulting from excised leaf bioassays of transgenic potato lines 
and a non-transformed control plant

Potato 
line

Gene copy 
number

3 days after infestation 6 days after infestation
Protein expres-

sionDead larvae Leaf damage Weight of larvae 
(mg) Dead larvae Leaf damage Weight of larvae 

(mg)
PC1-9 1 5.00±1.0a 3.67±2.3a 0.033±0.0a 9.33±1.1a 5.00±0.0ab 0.100±0.0a Yes
PC1-29 1 4.67±0.5a 2.33±2.3a 0.033±0.0a 10.0±0.0a 6.67±2.8ab 0.133±0.0a Yes
PC1-34 1 4.67±1.1a 2.33±2.3a 0.067±0.0a 8.67±1.1a 7.00±5.1ab 0.133±0.1a Yes
PC1-57 1 4.33±1.1a 2.33±2.3a 0.033±0.0a 9.67±0.5a 8.33±2.8b 0.167±0.0a Yes
PC1-63 1 5.00±1.7a 3.67±2.3a 0.033±0.0a 9.67±0.5a 6.67±2.8ab 0.100±0.0a Yes
PC1-70 2 4.33±1.5a 2.33±2.3a 0.033±0.0a 10.0±0.0a 2.33±2.3a 0.067±0.0a Yes
Control 0 0.00±0.0b 36.67±7.6b 11.66±3.0b 1.67±0.5b 100±0b 58.667±16.0b No

a, b Means ± SE with different letters in the same column are significantly different at p ˂ .01.
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In the present study, transgenic potato lines that significantly inhibit larval growth were considered as lines resistant 
to PTM. The variations in transgene expression across independently-derived transgenic plants, random integration of 
the transgene into different sites of the plant genome, and different numbers of insertion events for each line may be 
reasons for variations in resistance of transgenic plants to PTM. The results of this study confirmed that strategy used 
here resulted in effective management of PTM on a laboratory scale. Bioassays in the field as well as in storage facilities 
could be valuable further studies to confirm real PTM resistance. We suggest investigating whether these results based 
on greenhouse evaluations can be validated in field experimentations.
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