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Abstract 19 

Achieving multiple resistance to fungal diseases, major threat in cucurbits production, is 20 

challenging due to the quick rate of variation of fungi species and races, the lack in the 21 

knowledge of resistance genes or their complexity, and dragging undesired genesin traditional 22 

breeding. Here, we generate polygenic resistance to fusarium and powdery mildew by 23 

introducing a transgene cassette of three antifungal pathogenesis related (PR) protein genes 24 

(chitinase, glucanase and PR1) into melon (Cucumis melo L.) as a single locus. The presence 25 

of three PRs was confirmed by PCR in eight transgenic plantlets among 130 regenerants grown 26 

in selective medium. Southern blot hybridization confirmed integration of the transgene 27 

cassette in the genome of three lines . Enzyme activity assay demonstrated that chitinase and 28 

b-1,3-glucanase activity were higher in transgenic lines than in wild type plants. In-vitro and 29 

in-vivo bioassay tests showed that transgenic lines were also more resistant to fungal diseases. 30 

Finally, to evaluate the stability and heritability of the acquired resistance, selected transgenic 31 

lines were self-pollinated and T1 generation was further evaluated for disease resistance. After 32 

artificial inoculation by Fusarium oxysporum f. sp. melonis (FOM), more than 80% of wild 33 

types seedlings were infected. By contrast, on avarage 87% of T1 transgenic seedlings did not 34 
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show disease signs. Moreover, powdery mildew infection was strongly delayed in transgenic 35 

plants. 36 

 37 
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INTRODUCTION 42 

Melon (Cucumis melo L.; Cucurbitaceae; 2n=2x=24), is a popular crop cultivated worldwide, 43 

especially in hot and dry climatic zones.  China, Turkey and Iran are the main producers of 44 

melons (FAO 2019). Iran is considered as a secondary diversity center of melon (Luan et al., 45 

2008), where several local landraces and hybrids are extensively cultivated for their unique 46 

flavor and shape. Susceptibility to fungal diseases is a strong limit, causing large yield loss 47 

(Etebarian, 2002). Fusarium solani, Macrophomina phaseoli, Fusarium oxysporum, 48 

Phytophthora capsici, and Monosporascus cannonballus  are the most widespread pathogenic 49 

fungi in the Varamin area in Iran, one of the main centers of melon production (Shahi-Bajestani 50 

and Dolatabadi, 2016). Although there is a high diversity rate in the melon genetic background 51 

(Pavan et al., 2017), with a considerable variability in the Iranian germplasm (Danesh et al., 52 

2015; Maleki et al., 2018) and several resistance genes are known in this species (Brotman et 53 

al., 2002; Frantz and Jahn, 2004; Mascarell-Creus et al., 2009; Dogimont, 2011; Gao et al., 54 

2015; Li et al., 2017; Howlader et al., 2020), the lack of highly resistant germplasm, the 55 

reproductive barriers for interspecific crosses, and the time-consuming work for traditional 56 

breeding, hinder the development of genotypes with multiple fungal diseases resistance. 57 

Conversely, new methods such as genetic engineering can be quick and effective way to 58 

transfer genes of interest to plants (Vahdati et al., 2002; Garcia Almodovar et al., 2017). So far, 59 

there is only one report for the transfer of resistance gene to fungal diseases (chitinase) in melon 60 

(Bezirganoglu et al., 2013). However, a single gene is often not sufficient to create a stable full 61 

resistance. In the plant-pathogen interaction, new races of pathogens evolve overcoming single 62 

resistance genes (McGrath et al., 2001). For example, in 2008, a new race of powdery mildew 63 

was controlled in Georgia by using resistant melon genotypes, however the resistance to this 64 

disease decreased within the following two years (McGrath et al., 2001). Therefore, plant 65 

breeders need to transmit several genes with different mechanisms of resistance by horizontal 66 

resistance to susceptible genotypes to create a long-lasting resistance in melons (Wang et al., 67 

2020). To our knowledge, no study has ever been conducted on pyramiding resistance genes 68 

in melon using the transformation system. 69 

Defense response is activated by interaction of pathogen effectors with receptors on the surface 70 

of the plant cell, products of the R genes (Shirley et al., 2020). Subsequently, a signaling 71 

cascade (ROIs, SA, NO, ethylene) transmits the message received by the receptors to the cell 72 

nucleus (Ruan et al., 2019; Noman et al., 2020; Imran and Yun, 2020). There, transcription 73 

factors (e.g. NPR1: non-expresser of PR genes) are activated, increasing the expression of 74 
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resistance genes (Clinckemaillie, 2017). The genes products eventually interfere with the 75 

development of resistance to disease (Andersen et al., 2018). Pathogenesis-related (PR) genes 76 

are considered the most important plant resistance genes to fungal diseases (Jain and Khurana, 77 

2018). PR proteins are relatively small and have a significant amount of cysteine residues, 78 

forming disulfide bonds and stabilizing three dimensional structures (Prasannath, 2017). PRs 79 

are divided into seventeen groups (PR1-17), each of them having a specific mechanism to 80 

defend against the fungal diseases, affecting directly pathogen integrity, and/or inducing plant 81 

defense related pathways (Boccardo et al., 2019). The product of each group's genes are 82 

different to make a range of resistance in diverse hosts (Iqbal et al., 2019).  83 

Among 17 known PR groups, the most important ones belong to groups 3, 4, 8 and 11, which 84 

code for chitinase proteins (Chi) and cause chitin degradation of fungi cell wall (Seidl et al., 85 

2005). Additionally, PR-2 genes produce glucanases that break down the cell wall glucans of 86 

fungi, while PR-1 genes are involved in the pathogen plasma membrane damage (Boccardo et 87 

al., 2019). Interestingly, different mechanisms of synthesis for each group of PR are known, 88 

therefore the production and subsequent accumulation of specific PRs can increase at the same 89 

time the resistance level to different pathogens in the hosts (Saboki et al., 2011; Akbudak et 90 

al., 2020). 91 

The main goal of the present research was to regenerate resistant plants of melon by 92 

simultaneous transfer of chitinase (Chi), glucanase (Glu) and PR1 via Agrobacterium 93 

tumefaciens in two Iranian cultivars, ‘Khatooni’ and ‘Samsoori’, in order to confer them a 94 

broad and multi long lasting resistance against fungal diseases and to prevent breakdown of 95 

resistance acquired. 96 

 97 

MATERIALS AND METHODS 98 

Plant material 99 

Two Iran local landraces of C. melo were used in this study, namely ‘Khatooni’ and ‘Samsoori’ 100 

belonging to Inodorus and Cantalupensis groups, respectively. Uncoated seeds were sterilized 101 

and cultured in MS medium (Murashige and Skoog, 1962) and cotyledons were dissected from 102 

one-week-seedlings. To select the best regenerating plant growth regulator (PGR) combination, 103 

cotyledon explants from the two genotypes were cultured on MS medium supplemented with 104 

different concentrations of PGR, as described in previous study (Raji et al., 2021). 105 

 106 

Agrobacterium-mediated transformation  107 
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The A. tumefaciens LBA4404 strain, harboring the binary construct pBI121 with three PR 108 

fungal resistance genes (Chi - M13968.1 -, Glu - AF515785.1 - and PR1 - X06361.1 -, selected 109 

from bean (Phaseolus vulgaris), tobacco (Nicotiana tabacum) and barley (Hordeum vulgare), 110 

respectively) and a neomycin phosphotransferase II gene (nptII) as selective marker (Figure 1) 111 

was utilized for inoculation. The three target genes were under the control of CaMV35S 112 

promoter and Nopaline Synthase (NOS) Terminator with different directions, for selecting the 113 

transformed plants by their resistance to kanamycin. The bacterial colonies were grown 114 

overnight at 28°C in 5 ml of Luria Bertani Broth (LB) media, containing 50 mg l−1 kanamycin 115 

and 100 mg l−1 rifampicin, on a shaker incubator at 220 rpm, to have an exponential growth 116 

phase at an optimum density (OD600 = 0.5 to 1). The bacterial cells were collected by 117 

centrifuging at 5000 rpm for 5 min and the pellet was re-suspended in MS medium. Explants 118 

were incubated in Agrobacterium suspension with OD=0.6 for 2–3 min and dried on a sterile 119 

Whatman filter paper and then transferred on MS hormone-free co-culture medium for 48 h. 120 

Co-cultured explants (with bacteria) were then placed on MS medium supplemented with 121 

kanamycin (50 mg l−1) and cefotaxime (250 mg l−1) along with 600 µg/l BAP and 25 µg/l NOA. 122 

Regeneration of plants was carried out according to the method of Raji et al. (2021). The 123 

inoculated explants were kept in a growth chamber (KK 1450 FIT P) with 40-Watt lumichrome 124 

fluorescent bulbs (100 µmol m−2 s−1 light) under 16/8 h and 26°C/20°C day/night cycles. After 125 

three weeks, elongated and live shoots were transferred to a PGR-free medium with the same 126 

concentration of antibiotics for root formation. The rooted plants were transferred to the jiffy 127 

pots and acclimatized in greenhouse (Raji et al., 2018). 128 

 129 

Kanamycin Assay 130 

To investigate the effect of antibiotic on survival and regeneration of explants, viability and 131 

regeneration of non-inoculated cotyledon disks were evaluated using different concentrations 132 

of kanamycin (0, 25, 50, 75 and 100 mg l−1) added in MS media (Table 2). The concentration 133 

of kanamycin that completely prevented the growth of non-inoculated explants was chosen as 134 

selective medium. 135 

 136 

Molecular Analysis 137 

PCR analysis 138 

Young fresh leaves from kanamycin-resistant plants were collected and ground into a fine 139 

powder in liquid nitrogen. Total DNA was extracted using the CTAB method (Doyle and 140 

Doyle, 1987) and the Polymerase Chain Reaction (PCR) was performed using specific primers 141 
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to amplify the inserted PR transgenes. To test for Agrobacterium contamination, the 142 

transformed plants were also analyzed by virG specific primers. PCR was performed in 25 l 143 

reaction volume including 100 ng DNA as template, 10 pm of each primer and 1U Taq DNA 144 

polymerase. PCR reaction was performed under the following cycle program: 5 min at 94 °C 145 

(hot start), followed by 35 cycles at 94 °C for 45 sec (denaturation), then at annealing 146 

temperature (depending on the primers used) for 1 min, and finally at 72 °C for 1 min 147 

(extension), followed by a final extension step at 72 °C for 10 min. 148 

Reverse Transcription-PCR (RT-PCR) analysis  149 

Total RNA was isolated from PCR-positive melon plants with TRIzol® reagent (Invitrogen™ 150 

-Thermo Fisher Scientific, Wilmington, DE) according to the manufacturer’s instruction. The 151 

extracted RNAs were treated with DNase and utilized for cDNA synthesis using 2-steps RT- 152 

PCR KiT (RTPL-12) (Sinaclon, Iran) by following the manufacturer’s protocol. After 153 

preparing the cDNA, PCR was performed with primers for PRs gene (Niazian et al, 2019). Gel 154 

Red was added to the PCR products and runed in electrophoresis system (PowerPac, BIO- 155 

RAD, USA) for 30 min on a 1% agarose gel and then observed under UV irradiation. 156 

Real time RT-PCR analysis 157 

The Real-Time RT-PCR primers were designed with the assistance of primer 3 web software 158 

(Whitehead Institute for Biomedical Research, MA, USA) and Gen runner software (version 159 

3.05) and manufactured by MWG-Biotech (Germany). All Primers were blasted against 160 

nucleotide sequences in National Center for Biotechnology Information (NCBI) database to 161 

ensure that their sequences are specific to each gene (Table 1). The mRNA expression levels 162 

were quantified by using a LightCycler 96 System (Roche, Basel, Switzerland). Quantitative 163 

PCR was conducted in a total volume of 20 μl, with 2 μl of cDNA (50 ng), 1 μl (0.2 µM) of 164 

each primer, 10 μl 2x Maxima SYBER Green/Flourescein qPCR Master Mix (Fermentas, 165 

Germany) and 6 μl sterile distilled water, with the following  conditions: initial denaturation at 166 

95 °C for 5 min and then 40 cycles of 95 °C for 20 sec (denaturation), annealing at 58°C for 167 

20 sec and finally 72 °C for 40 sec (extension). Each experiment was repeated three times 168 

independently as biological replicates and two technical replicates were carried out for each 169 

biological replication. ADP ribosylation factor (ADP) gene was used as a reference gene (Kong 170 

et al., 2014). The delta-delta Ct method was used to calculate the relative expression levels 171 

(Livak and Schmittgen, 2001) 172 

Southern blot analysis  173 
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Fifty µg of DNA extracted from young leaves was completely digested with EcoRI at 37ºC, 174 

overnight  .The digested DNAs were electrophoresed on 1% (W/V) agarose gels and then DNA 175 

fragments blotted onto N+ Hybond membrane (GE Healthcare UK Ltd, Buckinghamshire, UK). 176 

Coding sequence of the Chi gene (EcoRI fragment ∼1200bp) was labeled with the DIG DNA 177 

labeling kit (Roche) and used as a probe. Detection was carried out using the DIG detection kit 178 

according to the manufacturer’s instructions (Roche, Germany). 179 

 180 

Collecting the T1 seeds  181 

Three confirmed transgenic lines (K44, K58 and S5) by PCR assay and Southern blot analysis 182 

were successfully self-pollinated and the seeds of their T1 progenies (100 seeds from each line) 183 

were collected. 184 

 185 

Enzyme assays 186 

To compare the enzymatic defense response of transgenic and wild-type plants, CHI and GLU 187 

enzymes activity of seedlings was evaluated according to Tohidfar et al. (2005). Twenty 188 

transgenic plants regenerated in vitro from each line were sampled 20 days after inoculation by 189 

F. oxysporum f. sp. melonis (FOM). Statistical analysis was performed by SPSS software 190 

(Niazian et al, 2017). 191 

 192 

Disease bioassays test 193 

Bioassay was performed in three steps. In the first experiment, leaf extracts from transgenic 194 

and control plants were utilized to assay the in vitro growth inhibition of FOM induced by PR 195 

genes, according to Tohidfar et al. (2005). Briefly, young leaves from putative transgenic lines 196 

as well as untransformed plants were flash frozen in liquid  nitrogen  and  were  ground  to  fine  197 

powder. The soluble proteins were then extracted in 10 mM sodium  acetate buffer (pH 5.0), as 198 

leaf extracts. The assay for each sample was performed three times. The resistance of T1 199 

transgenic progenies to FOM and powdery mildew (PM) were assessed in greenhouse 200 

condition in the second and the third experiment, respectively, following the procedure 201 

described in Haegi et al. (2017). The fungal spores were gently removed from the PDA media 202 

with a scalpel and added to 5 ml of water. The resulting mixture was transferred to a falcon 203 

tube and shaken with a shaker to mix the spores evenly with water. Ten microliters of the 204 

suspension were poured onto a homocytometer slide and counted under a microscope at 40x 205 

magnification to a concentration of 4*104 spores per milliliter. The resulting suspension was 206 

sprayed on the leaves of transgenic and control plants. Resistance to PM was measured 207 
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according to complete infection of the leaf surface by the fungus 20 days after inoculation. The 208 

data were analyzed based on one-way ANOVAS, including the non-transgenic control plants 209 

in the analyses and performing Dunnett’s test for pairwise comparisons between each 210 

transgenic line and the non-transgenic control. 211 

RESULTS 212 

Kanamycin test 213 

The bud formation from cotyledon explants of non-inoculated plants was completely inhibited 214 

at kanamycin concentration ≥ 50 mg l−1 and the plants died after three weeks. Since 50 mg l−1 215 

was the lowest selective kanamycin concentration for both C. melo landraces used in the 216 

present work (Table 2), this condition was applied to select the transformants. 217 

 218 

Plant cell transformation and regeneration 219 

The regeneration percentage of inoculated and co-cultured explants from the two melon 220 

genotypes (Figure 2) were evaluated by their bud formation ability in the selective medium 221 

(SM). In total, 58 kanamycin-resistant plantlets (51%) were obtained from 114 explants of the 222 

two landraces, with 58% and 44% of ‘Khatooni’ and ‘Samsoori’ transformed plants showing 223 

bud formation, respectively (Table 2). 224 

 225 

Molecular and enzymatic evaluation 226 

Molecular analysis confirmed co-transfer of the three PR genes inserted in 8 out of 58 227 

kanamycin resistant plants selected. The PCR assay showed clear and specific bands with the 228 

expected size for Chi (870 bp), Glu (680 bp) and PR-1 (588 bp) transgenes in 3 and 5 plants of 229 

‘Khatooni’ and ‘Samsoori’, respectively) (Figure 3). As expected, no amplicons were obtained 230 

in non-transformed plants and water, used as negative control. Expression of Chi, Glu and PR- 231 

1 in the eight transgenic lines selected was subsequently tested by RT-PCR. Qualitative PCR 232 

analysis, using c-DNA as template, showed clear amplicons for all the insertedgenes , while as 233 

expected no fragments were obtained in non-transformed plant used as negative control (Figure 234 

4-A). However, southern blot analysis for the Chi gene only showed gene integration in three 235 

out of the eight transgenic plants, two lines from ‘Khatooni’ (K44, K59) and one from 236 

‘Samsoori’ (S5) landrace, respectively (Figure 4-B). 237 

Real-time PCR (RT-qPCR) analysis was performed to evaluate the expression levels of the 238 

three genes in the transformed lines (Figure 5). Untransformed control lines showed no 239 

expression.Quantitative PCR underlined the expression of each gene transferred in the three 240 

transgenic plants. Interestingly, the expression levels of Chi, Glu and PR-1 were significantly 241 
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higher in S5 than K44, and K59 lines. By contrast, no significant differences were showed 242 

between K44 and K59 cultivars. 243 

The expression pattern was paralleled by the enzymatic activity of the gene products, with a 244 

significantly higher activity of CHI and b-1,3- GLU in S5, K59 and K44 transgenic lines than 245 

in wild type plants (Table 3).  246 

The highest Chi (45.75 mg protein-1) and b-1,3- Glu (25.63 mg protein-1) activity was obtained 247 

in K44 in comparison with other transgenic plants and control. The transgenic lines had Chi 248 

and b-1,3- Glu activity levels more than 400 to 500-times higher than the control plants (Table 249 

3). 250 

Bioassay of lines with fungal causal agents 251 

Leaf extracts from transgenic lines (S5, K44, and K59 lines) and wild type were used in the 252 

bioassays to verify their effect on fungal hyphae growth. A clear effect of FOM inhibition 253 

growth was observed for all concentration tested (25, 50, 75, and 100 μg) of the extracts from 254 

transgenic line while, as expected, no inhibitory effect was highlighted by the leaf extract of 255 

non-transgenic lines (Table 4).  256 

We finally tested the plant for resistance to two pathogenic fungi. All transgenic lines showed 257 

a significant higher rate of survival (92%, 83% and 91% for T0 and 84%, 79% and 83% for T1 258 

plants belonging to K44, K59 and S5 lines, respectively) than non-transgenic plants (18%), 259 

after FOM inoculation (Figure 6-A). Plants showed increased resistance also to PM infection, 260 

as measured as by hyphae extension. Leaves from non-transgenic plants were colonized within 261 

a week (control), whereas the transgenic lines were completely infected only after 20 (S5) or 262 

22 (K49, K55) days (Figure 6-B, Table 5). The growth rate of the fungus was higher on older 263 

leaves than young leaves (not shown). Qualitative evaluation confirmed high resistance of 264 

transgenic plants compared to non-transgenic lines, with a mean of 3.5 vs 9.1, respectively, in 265 

the susceptibility scale. 266 

 267 

Discussion  268 

 269 

Pathogenesis-related (PR) genes are among the most important resistance genes to fungal 270 

diseases. PR genes are sorted into 17 groups (Xu et al., 2016),  each with a specific mechanism 271 

for confronting the disease  (Saboki Ebrahim et al.,  2011) . PR proteins show a protective role 272 

in plants through their accumulation both locally in the infected and also in remote uninfected 273 

tissues. A general role of this family of proteins in response to biotic/abiotic stress has been 274 

underlined in many plant species (Lawrence et al. 2000; Yamamoto et al. 2000; Anguelova- 275 
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Merhar et al. 2001; Sharma 2013). They are also involved in hypersensitive response (HR) and 276 

systemic acquired resistance (SAR) against infection (Jain and Khurana (2018). SAR is a 277 

broad-spectrum long-lasting defense where the first signaling of a pathogen attack in a primary 278 

site can generate a wide answer in other tissue against several kinds of pathogens. After the 279 

pathogen infection, a inducible defense mechanism is activated that  include the secondary 280 

metabolites accumulation, callose deposition with cell wall lignification, ROS (Reactive 281 

Oxygen Species) generation, and also the PR production, including chitinase, glucanase and 282 

PR1genes (Yang et al. 1997; Sels et al. 2008; Bernardino et al. 2020). HR can induce SAR 283 

reaction which consists in a broad spectrum systemic enhanced resistance to pathogenic 284 

infection following a localized infection by a fungal pathogens (Balint-Kurti, 2019). It is 285 

dependent on the phytohormone salicylate and associated with the accumulation of 286 

pathogenesis-related (PR) proteins such as PR genes (Fu and Dong, 2013). It is assumed that 287 

co-expression of Chi, Glu and PR1, genes with three different resistance mechanisms, could 288 

enhance resistance to various plant fungal diseases in melon  (Jain and Khurana, 2018). 289 

Therefore, in the present study, we transformed melon with A. tumefaciens LBA4404 strain, 290 

harboring the binary construct pBI121 with three PR fungal resistance genes (Chi, Glu and 291 

PR1). After co-cultivation with Agrobacterium, explants were transferred to selective medium 292 

supplemented with 50 mg l−1 kanamycin in order to select transgenic explants. In our 293 

experimental conditions this level of kanamycin completely inhibited the growth of non- 294 

transformed plant material. The same concentration had been used in melon previously 295 

(Chovelon et al., 2011) but in some studies higher concentrations such as 75 mg l−1 (Fang and 296 

Grumet, 1990; Zhang et al., 2014), 100 mg l−1 (Valles and Lasa, 1994), 150 mg l-1 (Nora et al., 297 

2001) and 200 mg l−1 (Papadopoulou et al., 2005) of kanamycin were utilized for selection of 298 

transformed cultures. These differences in concentrations may be related to the different 299 

tolerance of cultivars to kanamycin (Hao et al., 2011). In the present study, 51% of the explants 300 

were able to produce regenerants on the selective medium, a value higher than earlier published 301 

reports (Vallés and Lasa, 1994; Nunez-Palenius et al., 2006), but lower than others (Fang and 302 

Grumet, 1990; Chovelon et al., 2011).  303 

Since survival of non-transgenic melons had been observed on selective medium by some 304 

researchers (Ren et al., 2012), in order to identify the transgenic plants, the genomic DNA from 305 

the in vitro regenerated shoots was subjected to PCR and Sothern blotting analysis. We 306 

observed that eight plants were positive to PCR and three plants were positive to Southern blot, 307 

with a transformation rate of 5.8%, similar to Choi et al. (2012) and Garcia-Almodóvar et al. 308 

(2017), and higher than Bezirganoglu et al. (2014) and Hsin-Mei Ku et al. (2011). These 309 
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different results, can be related to transformation, regeneration conditions and regenerative 310 

potential of different genotypes (Raji et al., 2018).  311 

RT-PCR or real-time PCR is usually utilized to evaluate mRNA expression in many 312 

transformation reports (Hao et al., 2011; Ren et al., 2013; Zhang et al., 2014). We observed 313 

that semi-quantitative RT-PCR detected transcripts of all the PR transgenes. The expression 314 

levels of PR transgenes in S5 line were higher than the two other lines, possibly because of 315 

cultivar, copy number and position of gene insertion. 316 

In bioassay analysis, the activities of two critical enzymes (CHI and GLU) in transformed lines 317 

were higher than in wild type melon. This had been observed in other transgenic plants 318 

including tomato (Wu and Bradford, 2003), potato (Chye et al., 2005; Khan et al., 2008), 319 

cucumber (Moravcikova et al., 2007; Kishimoto et al., 2002), rice (Nishizawa et al., 2003; Kim 320 

et al., 2003), soybean (Li et al., 2004) and tobacco (Rohini and Rao, 2001). Transgenic cotton 321 

plants, harboring Chi gene, showed higher degree of CHI activity and resistance to verticillium 322 

(Tohidfar et al., 2005). 323 

The inhibition of FOM fungal growth by transgenic melons agrees with what observed by 324 

Bezirganoglu et al. (2013) and in many other transgenic plants such as tobacco (Carstens et al., 325 

2003), rice (Kumar et al., 2003; Coca et al., 2004, 2006), peanut (Chye et al., 2005), finger 326 

millet (Latha et al., 2005), oilseed rape (Melander et al., 2006), pearl millet (Girgi et al., 2006), 327 

Indian mustard (Mondal et al., 2007), citrus (Figueiredo et al., 2011), avocado (Chaparro- 328 

Pulido et al., 2014) and salvia (Figlan and Makunga, 2017). Similar to previous studies, it 329 

seems that the degree of disease resistance directly correlated to the protein expression levels 330 

of the transgenes and number of genes responding to the disease (Esfahani et al, 2010). FOM 331 

is one the most important diseases in melon (Gonzalez et al., 2020) causing yield and quality 332 

loss (Xue et al., 2020). Bezirganoglu et al. (2013) examined the resistance of melon transgenic 333 

lines overexpressing Chi to FOM3, while in present study T0 and T1 transformed melon lines 334 

with three PR genes were tested against race 1 and 2 of FOM. The results revealed that 335 

differently from wild-type, transgenic plants survived effectively against both FOM races. 336 

Moravcikova et al. (2004) showed that plants transformed with either Chi gene or a b-1,3-Glu 337 

gene were more sensitive to FOM than plants expressing both genes. The expression of PR 338 

genes in other transgenic plants, such as pearl millet (Girgi et al., 2006), wheat (Mackintosh et 339 

al., 2007), tobacco and peanut (Anuradha et al., 2008), Acacia (Gonzalez-Teuber et al., 2009), 340 

Salvia (Figlan and Makunga, 2017), also enhanced resistance against FOM.  341 

PM caused by Podosphaera xanthiiis often infects muskmelon, limiting its production (Zhu et 342 

al., 2018). Some research (Ishak and Daryono, 2020; Cui et al., 2020) has identified PM 343 



 12

resistance genes in melons, but this resistance is apparently not complete. Some resistance 344 

genes, such as barley chitinase II and ß-1,3-glucanaseII (Dohm et al., 2001) were transferred 345 

to rose. Barley chitinase (Eissa et al., 2017) and wheat Pm3e (Koller et al., 2019) were 346 

transferred to wheat to increase resistance against PM. Similar to previous studies (Dohm et 347 

al., 2001; Eissa et al., 2017; Koller et al., 2019) we observed that resistance of transgenic melon 348 

plants to PM was higher than control plants. In our study, after one week of inoculation, fungal 349 

hyphae covered the leaf surface of the control plants, but fungus growth was inhibited up to six 350 

weeks after inoculation in transgenic plants. On the other hand, older lower leaves were more 351 

infected than young upper leaves.  352 

Expression of PR genes and production of antifungal enzymes is one of the common SAR 353 

reactions (Kamle et al., 2020). In our study, as the result of the expression of transformed genes 354 

in melons, Chi, Glu and PR1 enzymes were produced and possibly mimicked a SAR reaction, 355 

leading to resistance to the two diseases FOM and PM. On the other hand, we never observed 356 

HR lesions in any transgenic melons. 357 

 358 

Conclusion 359 

Transgenic expression of chitinase, glucanase and PR1 enhanced resistance of two melon 360 

cultivars to the two fungal pathogens FOM and PM. Resistance was maintained in the second 361 

generation. The simple monogenic inheritance of this transgenic multigene locus greatly 362 

simplifies its use in breeding programs. 363 
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Tables and Figures 645 
 646 
Table 1. Primer sequence for real-time PCR 647 
 648 

Amplified size 
(bp) 

Sequence  Primers 
names 

97 F-5'CGTAGGAACAGCAGCGAAT-3' 
R-5'CACCAGATACTCCGTGTGTG-3' 

Glucanase 

111 F-5'TTGCCATAACCGACTCCAAG-3' 
R-5'GAACATCATCAAGGGAGGCC-3' 

Kitinase 

182 F-5'CCGTGCCCAAAATTCTCAAC-3' 
R-5'CAGCTAGGTTTTCGCCGTAT-3' 

PRP-1 

132 F-5' ATATTGCCAACAAGGCGTAGA -3'  
R-5' TGCCCGTAAACAAGGGATAAA -3' 

ADP 

 649 
 650 

  651 
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 652 

Table 2. Survival explants (%) of different melon genotypes after two weeks of culture on MS 653 
medium containing five kanamycin concentrations and data of plants transformed incubated on 654 
Kanamycin. 655 

Regenerated 
plants in 

MS with 50 
mg/l 

kanamycin 

Resistant 
explants  

(%)in MS 
with 50 

mg/l 
kanamycin 

Inoculated 
explants in 
MS with 
50 mg/l 

kanamycin  

001  mg/l 
kanamycin 

75 mg/l 
kanamycin  

50 mg/l 
kanamycin  

25 mg/l 
kanamycin  

0 mg/l 
kanamycin  

  

35  58  60  0  0  0  72 96  ‘Khatooni’  
24  44  54  0  0 0 22 78  ‘Samsoori’  
   yellow yellow  yellow  green  green Explant color 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 
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Table 3. Chitinase and glucanase specific activity in leaf tissues of transgenic melon lines (T0) and 680 
untransformed control plant. 681 
 682 

Specific activity of Glucanase 
(mg protein)-1)a 

Specific activity of Chitinase 
(mg protein)-1)a 

Transgenic 
line (T0) 

25.63* 45.75* K44 
23.38* 36.66* K59 
23.12* 33.45* S5 
0.05 0.08 Control 

Stars above the columns indicate significant difference between each transgenic line and the control analyzed 683 
by Dunnett's test. 684 
  685 
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Table 4. Bioassay of leaf extract inhibition effect on FOM hyphae growth. 100 μg of non-transgenic 686 
leaf extract, extraction buffer, and several concentrations (25, 50, 75 and 100 μg) of transgenic plant 687 
leaf extract (S5, K44, and K59) were tested. 688 
 689 

Leaf extract (μg)   Transgenic line (T0) 
 Extraction 

buffer 
Non-transgenic 

leaf extract 
K59 K44 S5 

Blank 15.5     
100   15.6 11.4* 12.2* 12* 
75   11.4* 12.2* 12.1* 
50   12.1* 12.2* 12.2* 
20   12.4* 13.2* 12.7* 

 690 
Stars above the rows indicate significant difference between each transgenic line and the control analyzed 691 
by Dunnett's test.  692 
Fungal growth rate in millimeters. Smaller numbers indicate more inhibitory material in the wells. As the 693 
amount of transgenic plant extract in the well increased, it further reduced hyphae growth and increased fungal 694 
growth inhibition. 695 
 696 
  697 
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Table 5. Resistance evaluation of T0 transgenic melon lines to powdery mildew (PM) fungus. 698 

Control S5 K59 K44 Evaluated parameters 
6 20* 22* 22* Days for a PM complete infection of 

leaf surface 

10 
(Completely 

covered) 

6.1* 5.4* 6.7* Fungal growth (mm) at two weeks 
after PM inoculation 

9.6 3.75* 3.5* 3.25* Qualitative evaluation of fungal 
growth on leaf surface a  

 699 
Stars above the rows indicate significant difference between each transgenic line and the control analyzed 700 
by Dunnett's test. a A scale from 1 (resistant) to 10 (susceptible) were defined. 701 

 702 
 703 
 704 
 705 

706 
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 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

Figure  1. The schematic presentation of binary vector pBI121 harboring PRs gene and nptII selective 722 
marker in T-DNA region. 723 
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 725 

726 

727 

 728 
 729 
Figure  2. Stages of preparation of explants from 4-day cotyledons, regeneration, rooting and transfer of 730 
regenerated melons to jars. A: Cultivation of inoculated explants in regenerative medium, B: 731 
Regeneration, C: Shoot formation, D: Transfer of regenerated plants to jars to form roots and complete 732 
plants, E: Transfer of tissue culture plants to closed glass containing perlite cocopeat (1: 1), F: Transfer 733 
ofthe plants to the greenhouse, G: Adult plants.   734 
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 735 

Figure 3.  PCR analysis of validated transgenic plants. A) Chitinase (expected size 870 bp); B) PR-1 736 
gene (expected size 588 bp); C)  Glucanase (expected size 680 bp). L: DNA marker (1100 bp); T0-K 4, 737 
7, 36, 44, 59 and T0- S5, 6, 23: transformed plants; W: water; P: plasmid (positive control); P0: non- 738 
transformed plant (negative control).  739 

  740 
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 741 
 742 

 743 
Figure  4. A: RT-PCR analysis of 8 transgenic plant selected. a) Chitinase (expected size 870 bp); b) 744 
Glucanase (expected size 680 bp); c) PR-1 gene (expected size 588 bp). L: DNA marker (1100 bp 745 
marked); T0-K4, K7, K36, K44, K59 and T0- S5, S6, S23: PCR putative transgenic lines; W: water; P: 746 
plasmid (positive control); P0: non-transformed plant (negative control).  B: Southern blotting analysis 747 
of DNA isolated from leaves of transformed melon lines. M, 1.0 kb plus DNA ladder (Gibco BRL); lane 748 
2 to 9, EcoRI digested DNA from PCR putative transgenic lines: T0-K59, K44, S5, K4, S6, S23, K7, 749 
K36. lane N, EcoRI digested DNA from untransformed plant, lane P, EcoRI digested DNA from plasmid.  750 

751 

A B 

a 

b 

c 
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 752 

 753 
Figure 5. Relative expression of CHI, GLU and PR1 genes. 754 
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 763 

 764 

 765 
 766 

Figure  6.  bioassay test. A: Resistance evaluation of transgenic T0 and T1 melon lines (K44) and non- 767 
transgenic (control) lines to FOM. B: Resistance evaluation of T1 transgenic melon line (K59-6) to 768 
powdery mildew fungus. 769 
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