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ABSTRACT 4 

Tomato (Solanum lycopersicum L.) is a globally important vegetable crop whose quality and yield 5 

are affected by tomato leaf curl Palampur virus (ToLCPalV; Begomovirus solanumpalampurense). 6 

This study investigated the effectiveness of foliar applications of Trichoderma zelobreve T20 and 7 

Bacillus subtilis 6m, applied individually and in combination, in enhancing resistance of two 8 

tomato cultivars, Moneymaker and Tabas, to ToLCPalV under greenhouse conditions. Although 9 

responses varied considerably with cultivar and application timing, B. subtilis consistently  reduced 10 

relative viral DNA accumulation in both cultivars. In Moneymaker, T. zelobreve was the most 11 

effective treatment, reducing ToLCPaLV DNA accumulation by up to 99.9%. By comparison, B. 12 

subtilis reduced viral levels by up to 89.2% in Tabas relative to virus-inoculated controls. The 13 

combined treatment did not improve protection in Moneymaker and offered only limited additional 14 

benefit in Tabas. Induced resistance was associated with increased antioxidant enzyme activity, 15 

including guaiacol peroxidase, polyphenol oxidase, and catalase, as well as increased proline 16 

accumulation, maintenance of chlorophyll content, and improved plant growth in plants treated 17 

with either T. zelobreve or B. subtilis, compared with infected controls.  Re-isolation of T. zelobreve 18 

and B. subtilis from newly emerged upper leaves after spraying indicated their presence in distal 19 

tissues and suggested a possible contribution to systemic defense responses.  These results highlight 20 

the potential of foliar microbial priming as a sustainable strategy for managing ToLCPalV, with 21 

efficacy dependent on host genotype and treatment timing. 22 

Keywords: Antioxidant enzymes, Microbial priming, Symptom severity, Viral DNA 23 
accumulation. 24 
 25 
INTRODUCTION 26 

Tomato (Solanum lycopersicum L.) is one of the most important vegetable crops worldwide due 27 

to its nutritional value, economic importance, and extensive cultivation (Chethan et al., 2026). It 28 

is the second most widely cultivated vegetable after the potato (Panno et al., 2021). Among the 29 

viral diseases affecting tomato production, tomato leaf curl Palampur virus (ToLCPalV; 30 
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Begomovirus solanumpalampurense) is an important pathogen belonging to the genus 31 

Begomovirus within the family Geminiviridae. This bipartite begomovirus infects a wide range of 32 

plant hosts across diverse agroecological regions of Asia and is primarily transmitted by the 33 

whitefly vector Bemisia tabaci, resulting in substantial economic losses (Kumar et al., 2008; 34 

AlHudaib et al., 2022; Sattar et al., 2025). 35 

Management of viral diseases largely depends on resistant cultivars and intensive insecticide 36 

applications against insect vectors. However, these approaches have limitations due to 37 

environmental risks, pesticide residues, and the development of resistance in pest populations 38 

(Abdelkhalek et al., 2021). Therefore, environmentally sustainable approaches, including the use 39 

of biological control agents (BCAs), have gained increasing attention as alternatives to chemical-40 

based strategies (Alengebawy et al., 2021; Abdelkhalek et al., 2020a). Microbial BCAs suppress 41 

plant pathogens through both direct antagonistic activity and indirect mechanisms, including the 42 

induction of systemic resistance and the promotion of plant growth (Thambugala et al., 2020; Ayaz 43 

et al., 2023). 44 

Species belonging to the genus Bacillus are among the most widely studied bacterial BCAs 45 

because of their environmental adaptability, spore-forming ability, and production of diverse 46 

antimicrobial compounds. These bacteria produce lipopeptides, antibiotics, and hydrolytic 47 

enzymes that inhibit pathogens while enhancing plant growth and defense responses (Jacobsen et 48 

al., 2004; Miljaković et al., 2020). Several Bacillus species have demonstrated effectiveness 49 

against tomato pathogens under greenhouse and field conditions, supporting their potential for 50 

sustainable disease management (Karačić et al., 2024). Similarly, Trichoderma species are 51 

beneficial fungi that promote plant health through multiple mechanisms, including 52 

mycoparasitism, competition, production of antimicrobial metabolites, and activation of plant 53 

defense pathways (Li et al., 2025). Their protective and growth-promoting effects have been 54 

reported in tomato production systems under different environmental conditions (Ivezić et al., 55 

2025). 56 

Foliar application provides an efficient strategy for delivering BCAs directly to aerial plant tissues 57 

and has shown promising effects against foliar-infecting viruses (Chien and Huang, 2020; Lee and 58 

Ryu, 2016). Previous studies have demonstrated that foliar application of B. subtilis reduced the 59 

severity of tomato yellow leaf curl virus (TYLCV) and tobacco mosaic virus (TMV) infections by 60 

enhancing host defense responses (Ghanem et al., 2022; Gendi et al., 2022). In addition, the 61 
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combined use of seed priming and foliar application of T. viride reduced the severity of Okra 62 

yellow vein mosaic virus and improved plant yield (Yadav et al., 2022). These findings underscore 63 

the promise of microbe-based strategies for enhancing antiviral resistance in crops. 64 

Beneficial microorganisms can enhance antiviral defense by modulating hormone-associated 65 

pathways, including salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) signaling. Although 66 

Bacillus and Trichoderma species have been extensively investigated for their roles in plant growth 67 

promotion and induced resistance against various pathogens, their effects against specific 68 

begomovirus–tomato pathosystems remain insufficiently characterized. In particular, the 69 

responses of ToLCPalV-infected tomato plants to foliar application of B. subtilis and T. zelobreve, 70 

including their individual and combined effects on viral accumulation, physiological performance, 71 

and defense-related responses, have not been investigated. 72 

Therefore, this study aimed to evaluate the effects of foliar-applied B. subtilis 6m and T. zelobreve 73 

T20, individually and in combination, on ToLCPalV infection in two tomato cultivars. The optimal 74 

timing of application for disease suppression was determined, and physiological responses, 75 

antioxidant enzyme activities, and defense mechanisms associated with microbial-mediated 76 

resistance were investigated. This study provides new insights into the interaction between 77 

beneficial microorganisms, viral infection dynamics, and host defense activation in tomato plants. 78 

 79 
MATERIALS AND METHODS 80 

Plant Material and Sources of Biocontrol Agents 81 

Seeds of two tomato cultivars (S. lycopersicum L. cv. Moneymaker and Tabas) were obtained from 82 

the Field Crops Development Company (FCDCO, Iran). Plants were cultivated in sterile pots 83 

containing a 2:1 mixture of double-autoclaved soil and sand, and maintained in an insect-free 84 

greenhouse under controlled conditions (25 ± 2 °C, 16 h light/8 h dark photoperiod). The 85 

biocontrol agents T. zelobreve T20 (OP131226.1) and B. subtilis 6m (KU667092) KU667092 86 

were kindly provided by Dr. Safaie (Tarbiat Modares University, Tehran, Iran). 87 

 88 
Preparation of Biocontrol Agent Suspensions 89 

T. zelobreve T20 was cultured on potato dextrose agar (PDA) at 27 °C for 4–5 days until 90 

sporulation. Spores were collected by gently scraping the culture surface, suspended in sterile 91 

distilled water, and centrifuged at 6,000 rpm for 15 min. The pellet was resuspended, and spore 92 

concentration was adjusted to 10⁹ CFU mL⁻¹ using a hemocytometer. B. subtilis 6m was grown in 93 
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Luria–Bertani (LB) broth at 28 °C for 48 h with continuous shaking. Bacterial cells were pelleted 94 

by centrifugation, washed with sterile distilled water, and diluted to a final concentration of 10⁶ 95 

CFU mL⁻¹ (OD₆₀₀ = 0.35). For the combined treatment, individual suspensions were prepared as 96 

described and mixed to achieve the desired final concentrations in a total volume of 40 mL. All 97 

treatment suspensions were gently mixed on a shaker at 100 rpm for 1 h at room temperature prior 98 

to application. The conidial concentration was calculated based on the average number of conidia 99 

counted in the hemocytometer chambers using the following formula: 100 

Conidial concentration (conidia mL⁻¹) = Average number of conidia counted × 50 × 1000. The 101 

suspension was then adjusted to 1 × 109conidia mL⁻¹ before application. 102 

  103 
Experimental Design 104 

First Experiment 105 

A factorial experiment was conducted based on a completely randomized design (CRD) with 12 106 

biological replicates. Each plant grown in an independent pot was considered one experimental 107 

unit. The experiment included four factors: tomato cultivar (Moneymaker and Tabas), biological 108 

treatment, virus inoculation, and application timing. Biological treatments consisted of control (no 109 

biological treatment), foliar application of T. zelobreve (T; 5 mL at 10⁹ CFU mL⁻¹), and foliar 110 

application of B. subtilis (B; 5 mL at 10⁶ CFU mL⁻¹, OD₆₀₀ = 0.35). Virus-inoculated treatments 111 

were indicated by adding the suffix “V” to treatment abbreviations (e.g., TV and BV), while 112 

treatments without the suffix “V” represented non-inoculated plants. In the first experiment, 113 

application timing was treated as an independent experimental factor. Foliar applications of the 114 

biological agents were made at four time points: 24 h before virus inoculation (24 hbi) and 24, 48, 115 

and 96 h post-inoculation (hpi). Each combination of biological treatment, virus status, and 116 

application timing included 12 biological replicates for each tomato cultivar. 117 

 118 
Second Experiment 119 

Based on the results of the first experiment, a second experiment was conducted using a CRD with 120 

four biological treatments and 12 biological replicates per treatment for each tomato cultivar. 121 

Treatments included untreated control plants, T. zelobreve T20 (T; 5 mL plant⁻¹ at 10⁹ CFU mL⁻¹), 122 

B. subtilis 6m (B; 5 mL plant⁻¹ at 10⁶ CFU mL⁻¹, OD₆₀₀ = 0.35), and the combined application of 123 

both agents (BT; 5 mL plant⁻¹ at final concentrations of 10⁶ and 10⁹ CFU mL⁻¹ for B. subtilis and 124 

T. zelobreve, respectively). Foliar applications were performed at 96 hpi, which was selected based 125 
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on the optimal disease suppression observed in the first experiment. Virus-inoculated treatments 126 

were indicated by adding the suffix “V” (e.g., TV, BV, and BTV). 127 

 128 
Independent Replication and Data Pooling 129 

Both experiments were independently repeated twice under identical greenhouse conditions. The 130 

resulting data were pooled after decomposition analysis in Minitab 18.1 to assess potential effects 131 

of experimental run and treatment × experiment interactions. Because no significant interaction 132 

was detected, the datasets were combined for the final statistical analysis and graphical 133 

presentation. 134 

 135 
Virus Inoculation and Disease Severity Assessment 136 

Infectious clones of ToLCPalV, comprising DNA-A (GenBank accession no. JQ825226) and 137 

DNA-B (GenBank accession no. FJ660423), were generously provided by Dr. Heydarnejad 138 

(Shahid Bahonar University of Kerman, Iran). These viral components were maintained separately 139 

in Agrobacterium tumefaciens strain C58 and subsequently used for agroinoculation. An infectious 140 

Agrobacterium tumefaciens C58 culture carrying ToLCPalV DNA-A and DNA-B was prepared 141 

by shaking at 28 °C for 24 h in Luria Broth containing 50 µg mL⁻¹ each of kanamycin and 142 

rifampicin (Heydarnejad et al., 2013). The DNA-A and DNA-B bacterial cultures were adjusted 143 

separately to OD₆₀₀ = 0.2, and equal volumes of the two suspensions were mixed immediately 144 

before inoculation. The mixed bacterial suspension was centrifuged at 6000 rpm for 10 min, and 145 

the resulting pellet was resuspended in sterile distilled water containing acetosyringone (50 mM). 146 

The prepared inoculum was incubated at room temperature on a shaker for 1 h and then transferred 147 

to the greenhouse on ice. A 100 µL volume of the inoculum was syringe-infiltrated into 30-day-148 

old tomato seedlings at the two-true-leaf stage using an insulin syringe. Inoculation was performed 149 

at three sites on a single fully expanded leaf of each plant. Mock-inoculated plants were infiltrated 150 

with A. tumefaciens C58 carrying the empty vector without ToLCPalV DNA-A and DNA-B 151 

constructs. Following inoculation, plants were maintained in insect-free greenhouse conditions at 152 

25 ± 2 °C. 153 

Disease severity was rated on a 0–8 scale, where 0 = no visible symptoms and 8 = extreme leaf 154 

twisting, severe mosaic symptoms, marked leaf-area reduction, and severe stunting. Intermediate 155 

scores represented progressive increases in symptom severity. Disease symptoms were monitored 156 

during the infection period, and the final disease severity assessment was performed at 44 days 157 
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post-inoculation (dpi). The symptom severity index (SSI) was calculated from the recorded 158 

symptom scores at 44 dpi, following the method described by Kazemi et al. (2026). Because 159 

severity data are ordinal, they were rank-transformed and analyzed using the nonparametric 160 

methods described by Shah et al. (2004). 161 

 162 
Assessment of Leaf Colonization by Biocontrol Agents 163 

At the end of the experiment (40 days post-spray), upper leaves that had not been directly sprayed 164 

were collected to assess systemic colonization. Leaves were surface-sterilized by sequential 165 

immersion in 70% ethanol (1 min) and 96% ethanol (30 s), rinsed with sterile distilled water, cut 166 

into ten segments, and cultured on PDA and LB agar for recovery of T. zelobreve and B. subtilis, 167 

respectively. 168 

 169 
Relative Quantification of Viral DNA by QPCR 170 

Total genomic DNA was extracted from leaf tissues at 40 days post-spray using the 171 

cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1987). Viral accumulation 172 

was quantified by real-time quantitative PCR (qPCR) using SYBR Green PCR Master Mix on an 173 

ABI StepOne System. Primers targeting a 122-bp region of the ToLCPalV DNA-B component 174 

were used (Sinaclon, Tehran, Iran). ToLCPalV is a bipartite begomovirus containing DNA-A and 175 

DNA-B components. In this study, a conserved region of DNA-B was selected as the target for 176 

qPCR analysis to evaluate systemic viral DNA accumulation in newly developed tissues distant 177 

from the inoculation site. DNA-B encodes movement-associated proteins essential for both cell-178 

to-cell and systemic movement of begomoviruses. Therefore, the detection and quantification of 179 

DNA-B in newly emerged tissues indicate successful viral dissemination and accumulation 180 

throughout the plant. Each treatment included four independent biological replicates, each with 181 

two technical replicates. Relative viral DNA levels were calculated using the comparative ΔΔCt 182 

method, with the tomato SlFRG27 gene (encoding ubiquitin-conjugating enzyme E2) as the 183 

internal reference. For each sample, ΔCt was calculated as the difference between the Ct value of 184 

the ToLCPalV DNA-B target and the Ct value of SlFRG27. The ΔΔCt value was determined by 185 

subtracting the mean ΔCt value of virus-inoculated untreated control plants (calibrator) from the 186 

ΔCt value of each sample. Finally, relative viral DNA accumulation was expressed as fold change 187 

using the equation 2⁻ΔΔCt (Livak and Schmittgen, 2001). Primer sequences are provided in Kazemi 188 

et al., (2026). 189 
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Gene Expression Analysis 190 

Total RNA was isolated using the Dena zist kit with DNase treatment. cDNA synthesis was 191 

performed with the Sinaclon (Sinaclon, Tehran, Iran).  RT-qPCR quantified defense-related genes 192 

SlPI-II  (Jasmonic acid marker)(Cheng et al., 2017), SlPTI4 (Ethylene marker)(Di et al., 2017), 193 

and SlWRKY70  (salicylic acid marker)(Azaryan et al., 2022), normalized to SlFRG27(Liu et al., 194 

2019). Three biological replicates, each with two technical replicates, were analyzed at 48 hours 195 

post-spray. The list of primers is given in the Supplementary Table S1. 196 

Quantitative PCR (qPCR) reactions were performed using RealQ SYBR Green PCR Master Mix 197 

(Amplicon A/S, Odense, Denmark) on an ABI StepOne Real-Time PCR System (Applied 198 

Biosystems, Foster City, CA, USA). RT-qPCR was performed in a 10 µL reaction mixture 199 

consisting of 5 µL RealQ SYBR Green PCR master mix (Amplicon A/S, Denmark), diluted cDNA 200 

template, and 1 µL (10 µM) of each gene-specific primer (Supplementary Table S1). 201 

Amplifications were performed using the following program: initial denaturation at 94 °C for 3 202 

min, followed by 50 cycles of denaturation at 94 °C for 30 s, annealing at 58 °C for 25 s, and 203 

extension at 72 °C for 20 s. Melting curve analysis was performed from 65 °C to 95 °C with a ramp 204 

rate of 0.5 °C/s, with continuous fluorescence acquisition at each step.  205 

 206 
Growth and Physiological Parameter Assessment 207 

At 40 days post-spray, growth parameters were assessed from 12 plants per treatment across two 208 

independent experiments. Fresh weight, shoot length, and leaf area were measured, and dry 209 

biomass was determined after oven-drying samples at 70 °C for 48 h. In addition, leaf chlorophyll 210 

content was evaluated using a SPAD-502 chlorophyll meter at the same time point. 211 

 212 
Antioxidant Enzyme Assays 213 

Leaf samples were collected at 24, 48, and 72 h post-spray, and at 40 days post-spray. Activities 214 

of polyphenol oxidase (PPO), guaiacol peroxidase (GPX), and catalase (CAT) were assayed 215 

spectrophotometrically using a microplate reader (Epoch, BioTek, USA). PPO activity was 216 

measured at 420 nm (Siguemoto et al., 2017), GPX at 470 nm, and CAT at 240 nm (Maehly and 217 

Chance, 1954). For each assay, 100 mg of fresh leaf tissue was homogenized under standardized 218 

conditions. Four biological replicates were used, each with two technical replicates (Kazemi et al., 219 

2026). 220 

 221 
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Statistical Analysis 222 

All statistical analyses were conducted using SAS 9.2 software (SAS Institute Inc., Cary, NC). 223 

Analysis of variance (ANOVA) was performed using the GLM procedure, and normality of 224 

residuals was assessed with the UNIVARIATE procedure. SSI is an ordinal measure; therefore, 225 

disease severity data were rank-transformed prior to analysis. The rank-transformed SSI data were 226 

analyzed using the GLM procedure, and treatment means were compared using Fisher’s least 227 

significant difference (LSD) test at P ≤ 0.05. This procedure was used for the disease severity data 228 

presented in Figures 1 and 2. All graphs were generated using GraphPad Prism software (Version 229 

10.0, GraphPad Software Inc., San Diego, CA, USA). 230 

 231 
 RESULTS 232 

Cultivar-Dependent Temporal Effects 233 

Symptom severity was assessed at 24 h before inoculation (24 hbi) and at 24, 48, and 96 h post-234 

inoculation (24, 48, and 96 hpi) to evaluate disease progression. Results revealed significant 235 

cultivar-dependent differences, with Moneymaker showing lower symptom severity and faster 236 

recovery compared to Tabas, which maintained higher severity under virus-only (V) treatment. 237 

Biocontrol treatments (BV and TV) significantly reduced symptom severity compared to V 238 

control. BV treatment showed biphasic dynamics in both cultivars, with an initial increase in 239 

severity followed by a significant reduction at 48 hpi in Moneymaker and at 96 hpi in Tabas, 240 

consistent with enhanced plant defense responses following microbial treatment. TV treatment 241 

consistently maintained lower severity across all time points (24, 48, and 96 hpi), consistent with 242 

a sustained reduction in symptom severity (Figure 1). Overall, SSI analysis showed that both BV 243 

and TV significantly reduced disease severity compared with infected controls (P < 0.05), 244 

suggesting a possible priming effect that varied according to cultivar and time of assessment. 245 

Visual assessments supported these results, showing typical ToLCPalV symptoms in infected 246 

plants, while primed plants exhibited milder symptoms and improved growth, particularly in 247 

Moneymaker compared to Tabas (Figure S4). 248 
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 249 
Figure 1. Symptom severity index (SSI) in tomato cultivars Moneymaker and Tabas at 44 dpi with 250 
ToLCPalV. Thirty -day-old plants (two-true-leaf stage) were agroinoculated with ToLCPalV. Treatments: V 251 
(virus-inoculated control); biocontrol treatments (foliar spray + ToLCPalV). Values represent means ± SE 252 
(n = 12). Different letters indicate significant differences (LSD test, P < 0.05). 253 
 254 
Cultivar-Specific Biocontrol Efficacy 255 

Second experiment: SSI was significantly affected by biocontrol treatments in both cultivars 256 

(Figure 2). In Moneymaker, T. zelobreve treatment (TV) resulted in the lowest SSI, followed by B. 257 

subtilis treatment (BV), and both treatments significantly reduced symptom severity compared 258 

with the virus-inoculated control (V). In contrast, the combined application (BTV) showed the 259 

highest SSI among microbial treatments and did not enhance disease suppression in this cultivar. 260 

In Tabas, the virus-inoculated control exhibited the highest SSI, whereas B. subtilis treatment (BV) 261 

resulted in the lowest SSI, followed by T. zelobreve treatment (TV). The combined application 262 

(BTV) showed an intermediate response but was less effective than individual microbial 263 

treatments. These findings demonstrate that the efficacy of biocontrol agents in reducing disease 264 

symptoms was cultivar-dependent. Symptom severity by individual and combined applications 265 

relative to viral control revealed that both the extent of symptom alleviation and biocontrol efficacy 266 

were significantly influenced by host cultivar, indicating genotype-specific interactions between 267 

plants and applied biostimulants. To facilitate interpretation of treatment efficacy, the percentage 268 

reduction in symptom severity relative to the virus-inoculated control was calculated for each 269 

treatment and displayed above the corresponding bars in the figure. These values indicate the 270 

relative decrease in disease severity achieved by each treatment in each tomato cultivar. 271 
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 272 
Figure 2. Symptom severity index (SSI) in tomato cultivars Moneymaker and Tabas at 44 dpi with 273 
ToLCPalV. Thirty-day-old plants (two-true-leaf stage) were agroinoculated with ToLCPalV. Biocontrol 274 
agents (Bacillus subtilis, BV; Trichoderma zelobreve, TV; and their combination, BTV) were applied as 275 
foliar spray at 96 h post-inoculation. Values represent means ± SE (n = 12). Different letters indicate 276 
significant differences (LSD test, P < 0.05). 277 
 278 
Differential Viral Suppression 279 

Quantitative PCR analysis revealed that B. subtilis treatment (BV) significantly reduced relative 280 

ToLCPalV DNA-B accumulation in both Moneymaker and Tabas compared to the virus-only 281 

control (V) (P < 0.05; Figure 3).  T. zelobreve (TV) showed a stronger suppressive effect on 282 

ToLCPalV accumulation in Moneymaker than in Tabas, as indicated by the greater reduction in 283 

relative ToLCPalV DNA-B levels. Combined treatment (BTV) failed to enhance protection in 284 

Moneymaker, as relative ToLCPalV DNA-B accumulation remained comparable to that of the 285 

infected control. In Tabas, BTV was also less effective than either B. subtilis or T. 286 

zelobreve applied individually. In terms of relative viral DNA accumulation, T. zelobreve treatment 287 

reduced ToLCPalV DNA levels by up to 99.9% in Moneymaker, whereas B. subtilis showed the 288 

highest suppression in Tabas, reducing viral DNA accumulation by up to 89.2% compared with 289 

virus-inoculated untreated controls. 290 

 291 



Journal of Agriculturl Science and Technology (JAST), 29(4) 

In Press, Pre-Proof Version 

11 
 

 292 
Figure 3. Relative accumulation of tomato leaf curl Palampur virus (ToLCPalV) in tomato plants under 293 
different treatments, quantified by real-time quantitative PCR (qPCR). Relative viral levels were calculated 294 
using the 2–ΔΔCT method. Data represent the mean of four biological replicates (each consisting of a pool of 295 
three individual plants), with two technical replicates per biological replicate. Means sharing the same letter 296 
are not significantly different according to the least significant difference (LSD) test at P ≤ 0.05. 297 
 298 
Chlorophyll Preservation and Growth Parameters  299 

Biocontrol treatments significantly improved the physiological status of ToLCPalV-infected 300 

plants, as indicated by increased leaf greenness compared with virus-inoculated controls, 301 

particularly at 96 hpi (Figures S1 and S6). In Moneymaker, individual applications of B+V0 and 302 

T+V0 maintained SPAD values comparable to healthy controls, whereas BT+V0 exhibited 303 

moderate chlorophyll retention. Viral infection (V1) substantially diminished biocontrol efficacy, 304 

particularly in BT+V1 treatments. Tabas displayed greater resilience: T+V0 and BT+V0 305 

treatments preserved chlorophyll content near control levels. The significant decline in SPAD 306 

values in virus-inoculated plants across both cultivars underscores severe chlorophyll degradation 307 

induced by ToLCPalV. Differential response patterns between cultivars suggest genotype-specific 308 

modulation of biocontrol-mediated physiological improvements. 309 

Greenhouse experiments revealed that tomato plants inoculated with ToLCPaLV exhibited 310 

significant reductions in both fresh and dry weight compared with mock-treated plants. However, 311 

biocontrol treatments significantly improved these growth parameters in virus-infected plants at 312 

all evaluated time points, highlighting their potential to mitigate the detrimental effects of 313 

ToLCPalV infection (Figures S2 and S3). On the other hand, foliar application of biocontrol agents 314 
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at 96 hpi (BT, T, and B) significantly increased tomato fresh and dry weight compared with 315 

ToLCPalV-inoculated plants (Figure S7). The BT treatment in Moneymaker and the B treatment 316 

in Tabas were the most effective in increasing fresh and dry weights. 317 

 318 
Genotype-Specific Proline Accumulation 319 

Proline content was significantly influenced by treatment in both cultivars (Figure S9). In 320 

Moneymaker, the highest proline accumulation was observed in BT+V0, indicating that the 321 

combined application of biostimulants enhances the plant physiological response and stimulates 322 

proline biosynthesis. Treatments T+V1 and B+V1 also showed significantly higher proline levels 323 

compared to the control, suggesting that the interaction between biocontrol agents and virus 324 

inoculation is reflected in the modulation of plant stress responses.  In Tabas, similar patterns 325 

emerged but with lower intensity. The highest proline level was recorded in B+V1, while BT+V1 326 

and T+V1 showed intermediate levels. Virus-only treatment and control exhibited the lowest 327 

proline levels in Tabas, indicating reduced sensitivity. These data demonstrate: (1) combined 328 

biocontrol agents with virus inoculation exerted the most higher proline accumulation  on proline 329 

increase (except in treatments showing higher symptom severity, e.g., BT+V1 in Moneymaker), 330 

likely reflecting activation of stress response and antioxidant pathways; (2) Moneymaker exhibited 331 

greater sensitivity to defense activation than Tabas, accumulating higher proline levels in response 332 

to combined treatments this appeared to correlate inversely with symptom severity; (3) virus alone, 333 

as a biotic stressor, reduced proline content compared to biocontrol-treated plants. 334 

 335 
 Antioxidant Enzyme Induction 336 

Measurements of defense-related enzymes revealed higher guaiacol peroxidase (GPX) activity in 337 

primed, virus-infected plants compared to non-primed controls at 24, 48, and 72 h post-spray and 338 

at 40 d post-spray. Polyphenol oxidase (PPO) and catalase (CAT) activities were generally elevated 339 

in treated and infected plants relative to non-treated infected plants. These observations indicate 340 

that biocontrol agents support an association between microbial treatment and changes in 341 

antioxidant defense responses, which coincided with reduced viral DNA accumulation. In contrast, 342 

untreated Tabas exhibited persistently suppressed enzyme activity throughout the experiment, 343 

corresponding with the severe development of symptoms (Figures S9, S10, and S11). 344 

 345 

 346 
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 347 
Colonization of Leaf Tissues by Microbial Biocontrol Agents 348 

Isolation assays indicated the presence and establishment  of B. subtilis and T. zelobreve. Culturing 349 

of upper, non-sprayed leaves demonstrated that both fungal and bacterial agents, applied 350 

individually or in combination, could be recovered from tissues distant from the application site 351 

(Figure 4). Colony recovery from the upper leaves indicates that colonization extended beyond the 352 

application site. No growth was observed in the controls, confirming the effectiveness of surface 353 

sterilization and the specificity of colonization. No microbial growth was observed in control 354 

plants, supporting the effectiveness of surface sterilization and excluding external contamination. 355 

The identity of the microbial biocontrol agents used in this study has been previously verified 356 

through molecular characterization. B. subtilis and T. zelobreve strains were molecularly identified 357 

and validated in previous studies by Nourian et al. (2024) and Rosstamabadi (unpublished), 358 

respectively. 359 

 360 

 361 
Figure 4. Assessment of microbial biocontrol agent colonization in leaf tissues following foliar application 362 
of biocontrol agents. Leaf segments were sampled at the end of the experiment from upper leaves positioned 363 
above the spray site. Treatments included (a, d) combined application (BT), (b) Bacillus subtilis  (c) 364 
Trichoderma zelobreve (TZ), (e) bacterial control, and (f) fungal control. Colony outgrowth from upper 365 
leaves indicates colonization of tissues distal to the application site, whereas no microbial growth was 366 
detected in control samples, confirming the efficacy of surface sterilization. Scale bars = 10 mm. 367 
 368 



Journal of Agriculturl Science and Technology (JAST), 29(4) 

In Press, Pre-Proof Version 

14 
 

 369 
Recovery of Biocontrol Agents from Upper Leaves 370 

To evaluate the establishment of applied biocontrol agents, upper leaves located above the spray 371 

site were collected at the end of the experiment (40 days after foliar application). Viable colonies 372 

of the applied microorganisms were successfully recovered from all treated plants. As shown in 373 

Table S2, Bacillus subtilis 6m and T. zelobreve T20 were detected in 100% of the analyzed samples 374 

in both tomato cultivars (Moneymaker and Tabas), either when applied individually or in 375 

combination. These results indicate the persistence and establishment of the applied biocontrol 376 

agents in upper leaf tissues during the experimental period (Table S2). 377 

 378 
Expression of Defense-Related Genes in Response to Microbial Treatments 379 

The expression of defense-related marker genes SlPI-II, SlWRKY70, and SlPTI4, associated with 380 

jasmonic acid (JA)-, salicylic acid (SA)-, and ethylene (ET)-related signaling pathways, 381 

respectively, was evaluated by RT-qPCR at 48 h after treatment application. Significant differences 382 

in transcript accumulation were observed among treatments and between tomato cultivars, 383 

indicating genotype-dependent regulation of defense-related gene responses. 384 

In Moneymaker, microbial treatments had differential effects on the expression of the defense-385 

related genes analyzed (Fig. 5a–c). The JA-associated gene SlPI-II showed increased transcript 386 

accumulation in the TV treatment, while the BT treatment also exhibited elevated expression 387 

compared with non-induced treatments. The BV treatment resulted in an intermediate increase in 388 

SlPI-II expression, whereas the control, virus-only, and individual microbial treatments showed 389 

relatively lower transcript levels. The BTV treatment exhibited lower SlPI-II expression compared 390 

with other induced treatments. 391 

The expression pattern of the SA-associated gene SlWRKY70 differed among treatments. The 392 

highest transcript accumulation was detected in the BV treatment, and B. subtilis and T. zelobreve 393 

alone also enhanced SlWRKY70 expression compared with non-treated plants. No significant 394 

difference was observed between the virus-only treatment and the control.  395 

The ET-associated gene SlPTI4 was strongly influenced by microbial treatments. The highest 396 

transcript levels were detected in the BTV and BT treatments, with no significant difference 397 

between these treatments. The TV0 treatment also significantly increased SlPTI4 expression. 398 

In Tabas, defense-related gene expression patterns differed from those observed in Moneymaker 399 

(Fig. 5 d–f). Virus inoculation alone did not result in a significant difference between the virus-400 
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only and control treatments for SlPI-II and SlWRKY70. Microbial applications partially alleviated 401 

the reduction observed in SlPI-II expression. The BT treatment showed the highest SlPI-II 402 

transcript accumulation, while the BV and BTV treatments also showed increased transcript levels 403 

compared with virus-only plants. 404 

For SlWRKY70, although the virus-only treatment showed the lowest transcript level, this 405 

reduction was not significantly different from the control treatment. The highest transcript 406 

accumulation was observed in the BV0 and TV1 treatments, while the BTV treatment also 407 

exhibited increased expression compared with virus-infected plants without microbial application. 408 

The ET-associated marker gene SlPTI4 showed strong induction following microbial treatments, 409 

with the highest expression detected in the BTV treatment (Fig. 5d–f).  410 

Overall, microbial treatments significantly modulated the expression of defense-related genes in 411 

Tabas, with the magnitude and pattern of responses varying according to the specific gene and 412 

treatment combination. 413 

 414 
Figure 5. Results of changes in the expression of marker genes related to SA, JA, and ET 415 
phytohormones by RT-qPCR assay. a- c: in the Moneymaker cultivar, d-f: in the Tabas cultivar. 416 
Four-week-old tomato plants (at the two-true-leaf stage) were inoculated with ToLCPalV (OD600 417 
= 0.2). Changes in the expression of defense-related genes at 48 hours post-spray with biocontrol 418 
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agents were monitored. Expression profiles of key genes, including SlPTI4 (ET receptor gene), 419 
SlWRKY70 (associated with the salicylic acid pathway), and SlPI-II (proteinase inhibitor-II (PI-420 
II), jasmonic acid signaling pathway marker). The data were normalized using the internal control 421 
ubiquitin conjugating enzyme E2 gene. The data are presented as the mean; error bars= standard 422 
error of the mean (SEM). Three biological and two technical replicates for each treatment per time 423 
point were considered. Asterisks show a significant difference at P < 0.05. Treatments were 424 
designated as B = Bacillus subtilis, T = Trichoderma zelobreve, and BT = combined application.  425 
V0= non-inoculated with ToLCPalV, V1= inoculated with ToLCPalV. 426 
 427 

DISCUSSION 428 

This study demonstrates that foliar application of B. subtilis and T. zelobreve effectively reduces 429 

ToLCPalV accumulation in tomato and enhances plant physiological and biochemical 430 

performance, including antioxidant enzyme activity, proline accumulation, chlorophyll retention, 431 

and growth promotion. These responses, together with changes in defense-related gene expression, 432 

are consistent with enhanced plant defense responses and suggest the possible involvement of 433 

hormone-associated defense mechanisms. The reduced efficacy observed in some combined 434 

applications may not necessarily reflect antagonistic interactions between the two microorganisms. 435 

But may instead be associated with complex microbial interactions, possible competition for 436 

ecological niches, or genotype-dependent differences in plant–microbe responses. The increasing 437 

global impact of plant viral diseases highlights the need for sustainable biocontrol strategies as 438 

alternatives to chemical pesticides (Abdelkhalek et al., 2020b). Plant growth-promoting 439 

microorganisms are effective, environmentally friendly agents for the long-term management of 440 

plant diseases (Abo-Zaid et al., 2020). Consistently, previous studies have demonstrated that 441 

Trichoderma and Bacillus species activate systemic resistance, reduce viral accumulation, and 442 

enhance host defense responses under different application regimes (Abdelkhalek et al., 2021; Lee 443 

and Ryu,2016). Although DNA-B-based quantification provided valuable information on systemic 444 

viral DNA accumulation, ToLCPalV possesses a bipartite genome comprising DNA-A and DNA-445 

B. Therefore, simultaneous quantification of both genomic components would provide a more 446 

comprehensive assessment of viral genome accumulation. The absence of DNA-A quantification 447 

is a limitation of the present study. Accordingly, the qPCR results should be interpreted 448 

specifically as relative changes in DNA-B accumulation in systemically developing tissues, rather 449 

than as a direct measure of viral replication or a complete assessment of total viral genome 450 

accumulation. Both T. zelobreve and B. subtilis significantly reduced symptom severity and 451 

relative ToLCPalV DNA-B accumulation in a cultivar-dependent manner, suggesting genotype-452 
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related differences in the magnitude of plant defense responses (Van Loon, 2000; Kazemi et al., 453 

2026). This aligns with previous evidence that beneficial microorganisms can reduce viral 454 

accumulation and restrict systemic virus movement through activation or modulation of host 455 

defense responses (Abdelkhalek et al., 2021). To further explore the molecular basis underlying 456 

these cultivar-dependent responses, the expression of defense-related marker genes associated with 457 

the jasmonic acid (JA), salicylic acid (SA), and ethylene (ET) signaling pathways was evaluated. 458 

Microbial priming differentially modulated the expression of SlPI-II, SlWRKY70, and SlPTI4 in a 459 

genotype-dependent manner. Microbial treatments generally were associated with increased 460 

expression of the JA-responsive marker SlPI-II, although the extent of induction varied among 461 

treatments and cultivars. In Moneymaker, the strongest induction was observed following T. 462 

zelobreve treatment, whereas in Tabas the combined microbial treatment resulted in the highest 463 

transcript accumulation. Across treatments, higher SlPI-II expression generally coincided with 464 

lower disease severity,  suggesting that JA-associated defense responses may be associated with 465 

the observed reduction in disease severity, consistent with previous reports highlighting the 466 

importance of JA signaling in antiviral defense (Pieterse et al., 2014; Martínez-Medina et al., 2013; 467 

Li et al., 2004). 468 

In contrast, virus inoculation alone did not significantly affect SlWRKY70 expression compared 469 

with the non-inoculated control in either cultivar, indicating that ToLCPalV infection alone was 470 

insufficient to induce this SA-associated marker at the sampling time. Nevertheless, several 471 

microbial treatments, particularly B. subtilis, enhanced SlWRKY70 transcript accumulation, 472 

consistent with modulation of SA-associated defense responses following microbial treatment. 473 

Similar context-dependent regulation of SA-responsive genes has been reported previously 474 

(Pieterse et al., 2014).  475 

The ET-responsive marker SlPTI4 was also markedly affected by microbial treatments, with the 476 

highest transcript accumulation observed in the combined microbial treatments, particularly in 477 

virus-inoculated Tabas plants. Interestingly, increased SlPTI4 expression generally coincided with 478 

treatments exhibiting relatively greater symptom severity, especially in the susceptible cultivar, 479 

suggesting that ET-associated signaling may reflect a stronger response to infection rather than 480 

being directly associated with effective resistance (Wu et al., 2002; Ohme-Takagi et al., 1995). 481 

Collectively, these findings suggest that microbial treatments are associated with differential 482 

regulation of phytohormone-associated defense responses depending on the host genotype. 483 
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However, because only marker gene expression was evaluated, these relationships remain 484 

correlative. They should not be interpreted as direct evidence for the causal involvement of JA-, 485 

SA-, or ET-mediated signaling pathways in resistance (Priya et al., 2023). 486 

Enhanced activities of GPX, PPO, and CAT in treated plants further support the role of antioxidant 487 

metabolism in biocontrol-mediated resistance, consistent with earlier findings in systems treated 488 

with Trichoderma and Bacillus (Mafakheri et al., 2024). Proline metabolism was strongly 489 

influenced by both treatment and viral infection, with higher accumulation in primed plants and 490 

reduced levels under virus-only conditions, consistent with changes in osmoprotective and stress-491 

related responses associated with ToLCPalV infection and microbial treatment. This supports the 492 

role of proline as a key metabolite in stress mitigation and defense activation (Singh et al., 2023; 493 

Kazemi et al., 2025). Improvements in chlorophyll content and plant growth parameters suggest 494 

enhanced physiological stability, likely due to reduced oxidative damage and microbial induction 495 

of growth-promoting pathways (Harman et al., 2004; Kazemi et al., 2026). Nevertheless, 496 

combined treatments did not always outperform single applications, indicating potential microbial 497 

competition or signaling interference. These responses are consistent with changes in JA-, SA-, 498 

and ET-associated defense responses. However, direct activation of induced resistance pathways, 499 

including ISR and SAR, requires further molecular validation. 500 

 501 
CONCLUSIONS 502 

Foliar application of Trichoderma zelobreve and Bacillus subtilis reduced disease severity and 503 

relative ToLCPalV DNA-B accumulation and improved physiological and biochemical responses 504 

in tomato, with efficacy varying between cultivars. Changes in defense-related gene expression 505 

were consistent with enhanced plant defense responses and suggested a possible priming effect; 506 

however, direct activation of ISR or SAR was not demonstrated. These findings highlight the 507 

potential of cultivar-specific application of beneficial microorganisms as a sustainable approach 508 

for managing ToLCPalV infection. 509 
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 658 پاشی برگیفرنگی با استفاده از محلولوابسته به رقم ویروس پالامپور پیچیدگی برگ گوجه  مهار
Trichoderma zelobreve   وBacillus subtilis 659 

 660 
 661 مسعود شمس بخش  و ا کاظمی، ناصر صفایی، محمدرضا عتیقی،ویر

  662 

 663یک محصول سبزی مهم در سطح جهانی است که کمیت و کیفیت آن تحت   (.Solanum lycopersicum L) فرنگیگوجه

گوجه برگ  پیچیدگی  پالامپور تأثیر ویروس   664قرار   ( Begomovirus solanumpalampurense؛    ToLCPalV)  فرنگی 

 665صورت ، به Bacillus subtilis 6mو   Trichoderma zelobreve T20 پاشی برگی  گیرد. در این پژوهش، اثر محلولمی

 666و طبس، تحت    Moneymakerفرنگی  ویروس در دو رقم گوجه DNA منفرد و ترکیبی، بر شدت بیماری و تجمع نسبی

 DNA 667 تجمع نسبی B. subtilis متفاوت بود،  پاشیمحلولها با توجه به رقم و زمان بررسی شد. اگرچه پاسخ  شرایط گلخانه

 DNA-668 مؤثرترین تیمار بود و تجمع نسبی  Moneymaker  ،T. zelobreveویروسی را در هر دو رقم کاهش داد. در رقم  

B   ویروس ToLCPalV  درصد کاهش داد. در مقابل،    9/99را تاB. subtilis   تجمع نسبی DNA-B   669  2/89ویروس را تا 

 Moneymaker  670شده با ویروس، کاهش داد. تیمار ترکیبی در رقم  مایه زنی  های  رصد در رقم طبس، در مقایسه با کنترلد

 671موجب بهبود بیشتر کنترل بیماری نشد و در رقم طبس نیز تنها مزیت محدودی نسبت به تیمارهای منفرد داشت. تیمارهای  

 672فنل اکسیداز و کاتالاز(، افزایش سطح پرولین،  اکسیدان )گایاکول پراکسیداز، پلیهای آنتیمیکروبی با افزایش فعالیت آنزیم

 B. 673 و   T. zelobreveهای آلوده همراه بودند. جداسازی مجدد  حفظ محتوای کلروفیل و بهبود رشد گیاه در مقایسه با کنترل

subtilis   674های دور از محل کاربرد نشان داد پاشی، حضور آنها را در بافتظاهرشده پس از محلولهای بالایی تازهاز برگ 

پاسخ در  آنها  احتمال مشارکت  نتایج  و  این  را مطرح کرد.  دفاعی سیستمیک  را محلول  ظرفیتهای  برگی  میکروبی   675پاشی 

 676کند، هرچند  دهد و احتمال وجود اثر پرایمینگ را مطرح مینشان می ToLCPalV عنوان یک راهبرد پایدار برای مدیریت به

 677 .اثربخشی آن به ژنوتیپ میزبان و زمان تیمار وابسته بود

 678 
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