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Combining Biocontrol Agent With Plant Nutrients for Integrated Control of Tomato Early Blight Through the Modulation of Physio-Chemical Attributes and Key Antioxidants
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Early blight (EB) is one of the major fungal diseases caused by Alternaria solani that is responsible for destructive tomato production around the globe. Biocontrol agent/s can be adequately implemented in an integrated management framework by using it in combination with vital plant nutrients, e.g., nitrogen, phosphorus, and potassium (NPK) and zinc (Zn). The current study was aimed to assess the integrated effect of a biocontrol agent Bacillus subtilis (BS-01) and the selective plant nutrients (NPK and Zn) on EB disease management and tomato crop performance. A field experiment was conducted for the off-season tomato production (under walk-in tunnels) in Punjab, Pakistan. The trial was set in a randomized complete block design (RCBD) and comprised nine treatments of a biocontrol agent (BS-01) either alone or in combination with the plant nutrients, viz., NPK (64:46:50 kg acre–1) and Zn (10 kg acre–1) as sustainable disease managing approach against EB. In addition, the biocontrol efficacy of B. subtilis (BS-01) on a fungal load of A. solani was estimated by quantitative PCR assays, where the foliar application of BS-01 on tomato plants either alone or in combination with the plant nutrients was done as a preventive measure. Our results revealed that the interactive effect of BS-01 with plant nutrients conferred significantly a varying degree of resilience in the infected tomato plants against EB by effectively modifying the content of total chlorophyll, carotenoids, and total phenolics along with the activities of antioxidant enzymes (SOD, CAT, POX, PPO, and PAL). In addition, the integrative effect of BS-01 and plant nutrients proved significantly effective in reducing pathogen load on inoculated tomato foliage, displaying the desired level of protection against A. solani infection. Besides, the complementary interaction of BS-01 + Zn + NPK worked synergistically to improve crop productivity by providing the highest marketable yield (21.61 tons acre–1) and net profit (361,363 Pakistani rupees acre–1). This integrated approach is put forward as a way to reduce the fungicide doses to control EB that would act as a sustainable plant protection strategy to generate profitable tomato production.
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INTRODUCTION

Tomato (Solanum lycopersicum L.) is an economically important fruity vegetable cultivated and consumed worldwide, because it is a rich source of vitamins (A, B, C, and K), minerals (Fe, P, K Ca, Zn, and Mg), sugars, organic acids, essential amino acids, dietary fibers, and antioxidants (Bauchet et al., 2017). Pakistan is one of the major producers of tomatoes, although its production and export are quite low annually due to the unavailability of high-yielding cultivars and the least resistance to biotic and abiotic constraints (Pervaiz et al., 2018). Alternaria solani is one of the most lethal tomato-infecting biotic restraints for its cultivation in the moist and warm tropical regions of the globe (Meitei et al., 2014). It causes economically important early blight (EB) disease that displayed >80% yield losses in Pakistan (Awan et al., 2019). For EB disease management, farmers mainly rely on agrochemicals (fungicides), but their undue usage and over-reliance have raised concerns for food safety, pathogen resistance, soil degradation, and environmental sustainability (Nashwa and Abo-elyousr, 2012; Adhikari et al., 2017). Therefore, there is a need to evolve crave alternative disease management approaches that would be supportive of sustainable agriculture without disturbing the environment. Bacteria-based biocontrol agents are powerful, bio-safer, and sustainable alternatives for profitable agricultural productivity, whereas specific strains of Bacillus subtilis have been proved effective in controlling many fungal diseases including EB disease because of the broad-spectrum activity of their antibiotics (Awan et al., 2019; Shoaib et al., 2019). Although plant disease resilience and tolerance are mainly related to genetics, they are affected by the environment and especially by mineral nutrients that are directly involved in plant defense as structural components (e.g., thickness of cell walls) and metabolic regulators (e.g., antioxidants, phytoalexins, and flavonoids (Dordas, 2008). Numerous studies have focused on the association between plant diseases and macronutrients, and ultimate attention has centered on the effects of nitrogen, phosphorus, and potassium (NPK) due to their deficiency in sundry soils and their elevated plant demand. These macronutrients play a chief role in the synthesis of several cellular constituents (DNA, RNA, and proteins), are responsible for the energy transfer, and contribute to various biochemical and physiological functions of a cell (Hasanuzzaman et al., 2018). Likewise, micronutrients, viz., Zn, B, Mn, Fe, and Cu, also take part in plant defense against several phytopathogens (Dordas, 2008), but zinc is predominantly documented for its major role in plant immune responses to several plant diseases (Khan et al., 2018). Although, as far as no general model has been proposed for Zn, this chief element involves several processes and is analyzed in different pathosystems (Awan et al., 2019). Likewise, rational amount of plant nutrients has been given subsequent attention toward disease control in a sustainable agriculture system to obtain the maximum yield (Shoaib and Awan, 2020). Henceforward, integrated disease management through plant nutrition along with a biological agent (BS-01) is an imperative and holistic approach that modulates as an eco-friendly and cost-effective strategy against tomato EB (Awan et al., 2019). The information regarding use of biocontrol (B. subtilis) and plant nutrients with peculiar emphasis to mitigate tomato EB is need to be addressed. This study was conducted to evaluate the impact of integrated microbial-mineral fertilization strategy using B. subtilis (BS-01) as a biocontrol agent and plant nutrients, viz., NPK and Zn-based mineral fertilizers in managing tomato EB in the field.



MATERIALS AND METHODS


The Pathogen Alternaria solani

The fresh culture of A. solani (FCBP-1401) was procured from the First Fungal Culture Bank of Pakistan, isolated from the EB-infected tomato leaf and used for the preparation of conidial suspension (Awan et al., 2019). The fungal mycelium and conidia from 7-day-old pure fungal culture grown on synthetic potato dextrose agar (39 g L–1 of distilled water) were scrapped and washed off in autoclaved distilled water (Awan et al., 2018). The suspension was aseptically filtered twice to remove mycelia, and the pure conidial suspension was diluted to quantify for conidial count using a hemocytometer (Decelis et al., 2017).



Biocontrol Agent Bacillus subtilis (BS-01)

Pure culture of B. subtilis (LC425129.1) was procured from the Environmental Plant Pathology Lab, isolated from the rhizospheric soil of the chickpea plant. On the basis of previous studies (Awan and Shoaib, 2019; Shoaib et al., 2019), BS-01 was used as a potential biocontrol agent. Microbial suspension of B. subtilis (BS-01) was prepared by harvesting bacterial cells in ice-cold 0.1 M phosphate-buffered saline (PBS; pH 6.8) from a 24-h-old pure bacterial culture grown in Luria–Bertani agar (1% tryptone, 1% NaCl 1%, 0.5% yeast extract 0.5% with pH 7.5).



Experimental Site

A field experiment was conducted on the research land located at 01°30′15″N 74°18′23″ E, Faculty of Agricultural Sciences, University of the Punjab, Lahore, Pakistan. The same EB susceptible tomato genotype “Miracle” was used in the field experiment as used in previous studies (Awan et al., 2018, 2019; Awan and Shoaib, 2019; Shoaib et al., 2019; Shoaib and Awan, 2020). Likewise, on the basis of previous results of pot bioassays reported by Awan and Shoaib (2019), Shoaib et al. (2019), B. subtilis (BS-01) was selected along with the plant nutrients, viz., Zn (2X: 10 kg acre–1) and NPK (64:46:50 kg acre–1) to manage tomato EB in a susceptible tomato genotype via field trial. As the average temperature during December to February reaches 15°C ± 5°C, the trial was led in tunnels (walk-in) for the early growth and off-seasonal production of tomatoes.



Experimental Design

Healthy tomato seeds of susceptible tomato genotype (Miracle) were sown in November for nursery preparation, tomato seedlings (20 days old) were transplanted after 3 weeks in soil beds of tunnels during mid of December (2017) and harvesting of tomato fruit was started after mid of March. Light irrigation was given immediately after seedling transplantation. Nine treatments were arranged in a randomized complete block design (RCBD) with two main subplots (N = 2; R1 and R2) and, in the main subplot (R1 and R2), each treatment consisted of further 10 replications (n = 10; r1–r10); hence, each treatment (Table 1) was exhibited into two main subplots with 10 replications.


TABLE 1. Treatments designed for a field experiment.
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Construction of Walk-in Tunnels for Field Trial

The total experimental area for the field trial was 38 m2 (6.55 × 5.81 m), the land was plowed with a rotavator, and the field’s soil was disinfected with a 2% formalin solution to eliminate soil infectious microorganisms. The soil was plowed again after a few days to remove residues of formalin. After plowing, the field was irrigated to maintain the field soil moisture (50–55%) for tomato seedlings. The field area was divided into two main plots (N = 2; R1 and R2) and 18 subplots (treatments) for the preparation of soil beds for tomato seedlings transplantation. Two main plots were separated for the construction of two walk-in tunnels (21 ft long and 10 ft wide). Tunnel-I has a plot area of 15.89 m2 (5.63 × 3.00 m), which was divided into eight subplots, whereas tunnel-II has a plot area of 19.65 m2 (6.55 × 3.00 m) and was divided into 10 subplots. Inter- and intra-distance between two subplots was maintained as 4 ft (1.22 m) and 1 ft (0.30 m), respectively, for cultural practices (hoeing and weeding). After blocking the field area, the tunnels were built by mild steel pipes (20–25 ft length, 40 mm diameter, and 1.6 mm thickness) and covered with plastic sheets (0.10 mm thick and 22 × 15 ft wide) in such a way that each tunnel was 7 ft high from the center and 4.5 ft high from both sides.



Field Experiment

Twenty-day-old tomato seedlings were transplanted in soil, and plant-to-plant distance (0.152 m) and ridges to ridges distance (0.458 m) were maintained within a subplot of different treatments. As per treatment design (Table 1), the application of nutrients, biocontrol agent (BS-01), and pathogen were applied among the treatment as follows:


•For the treatments T4–T9, plant nutrients [NPK (64:46:50 kg acre–1) and Zn (2X: 10 kg acre–1)] were supplemented in the soil to the base of tomato plants after 15 days of seedling transplantation. Nitrogen fertilizer was applied in the form of urea (N: 46%) into two split doses according to the requirement of the tomato plant: the first was applied after 15 days of seedlings transplantation and the second dose after 45 days of seedlings transplantation at the flowering stage.

•After 10 days of nutrient application, tomato plants were sprayed with water only and were served as a negative control treatment (T1: without inoculation of AS and nutrient application). Whereas, plants were sprayed with 10–15 ml of A. solani conidial suspension (3.0 × 105 conidia ml–1) served as the positive control (T2: inoculation with AS only).

•For the treatments T2, T4, T6, and T8, 10 days after nutrient application tomato, plants were primarily inoculated with 10–15 ml of A. solani conidial suspension (3.0 × 105 conidia ml–1) through a hand sprayer.

•For the treatments, T3, T5, T7, and T9, 10 days after nutrient application, tomato plants were initially treated (sprayed) with 10–15 ml of microbial suspension (BS-01) prepared in PBS (OD595nm = 2.0) (Abiodun et al., 2017); after 24 h, these treated plants were inoculated with 10–15 ml of conidial suspension.



The field soil was irrigated every 2–3 days at all stages of the tomato crop, and seasonal weeds were removed through digging. Plants were examined every 3–4 days after pathogen inoculation (DPI) to check the progression of EB symptoms.



Assessments


Evaluation of Biocontrol Efficacy of Bacillus subtilis (BS-01) on the Pathogen Load

To assess the individual and integrative effect of B. subtilis (BS-01) as a preventive measure along with the plant nutrients on fungal load, the plants were harvested after 10 days of bacterial/pathogen inoculation (45-day-old plant). The reduction in fungal load due to the different treatments (T1–T9) was quantified by real-time quantitative PCR (qPCR) (Syed-Ab-Rahman et al., 2019).


DNA Extraction and Real-Time Quantitative PCR

DNA of the tomato leaves from the above-said treatments were isolated 2 weeks after pathogen/bacterial inoculation using cetyltrimethylammonium bromide protocol (Syed-Ab-Rahman et al., 2018). The extracted genomic DNA of tomato leaf was adjusted to 20 ng μl–1 using Thermo Scientific NanoDrop for qPCR amplification. For the pathogen quantification, a set of A. solani specific primers for cytochrome b and another set of primers for the plant’s housekeeping gene actin were used to amplify (Table 2).


TABLE 2. Primers to quantify fungal load (Alternaria solani) by qPCR.
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For qPCR, 10 μl of the reaction mixture was contained 5 μl of SYBR green, 0.7 μl of each primer (10 μM), and 3.6 μl of extracted DNA (20 ng ml–1). qPCR was performed using a CFX96 Touch™ Real-Time PCR detection system (Life Science Research, Bio-Rad). Thermal cycling conditions were set as follows: initial denaturation for 2 min at 95°C, followed by for 5 s at 95°C and 10 s at 60°C for 45 cycles, and a final extension step at 60°C and 95°C for 5 s. Results were analyzed by the inbuilt software (CFX Manager™ software) system connected to the CFX96 Touch™ Real-Time PCR detection system.




Physio-Chemical Attributes

Tomato leaves were sampled (10 samples replicate–1) from each treatment to assess the physiological and biochemical changes [photosynthetic pigments, i.e., total chlorophyll contents and carotenoids (CARO), total phenolic content, total protein content (TPC), and defensive antioxidant enzymes, viz., superoxide dismutase (SOD), catalase (CAT), peroxidase (POX), polyphenol oxidase (PPO), and phenylalanine ammonia-lyase activity (PAL) in tomato plant under EB stress]. For this assessment, leaves were sampled twice at 10 DPI (45-day-old plant) and 30 DPI (65-day-old plant) following similar protocols as described by Awan and Shoaib (2019).



Disease Attributes

The data regarded disease intensity in terms of disease incidence (DI) and percent severity index (PSI) were recorded twice after 20 DPI (45-day-old plant) and 50 DPI (75-day-old plant) using the formula mentioned by Awan et al. (2018). Disease severity was measured using a disease rating scale mentioned in Table 3 (Pandey et al., 2003) for PSI.


TABLE 3. The disease rating scale for tomato early blight (Pandey et al., 2003).
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Agronomical and Growth Attributes

Agronomic traits such as the total number of branches, flowering branches, fruiting branches, an ad flowers and fruits per plant were carefully monitored after 35 DPI (70-day-old plant) and were reckoned at 30 DPI (60-day-old plant), and data were recorded.

Growth attributes related to shoot and root parameters of tomato plant [length and weight (fresh and dry)] were recorded at 60 DPI (90-day-old plant) following the protocol of Awan et al. (2018, 2019).



Yield Attributes


Fruit Grading and Yield

Harvesting of tomato fruits was started from 90-day-old plant after tomato seedlings transplantation when fruits are riped for first picking. Later tomatoes were regularly harvested after every 2–3 days until the end of the last harvest (160-day-old plant).

Yield attributes included quality and quantity of tomato fruits, where the quality of tomatoes was graded on the basis of the size of tomato (diameter), viz., “A” grade: above 3.5 cm diameter, “B” grade: 2.5–3.5 cm diameter, and “C” grade: below 2 cm diameter. As far as the quantitative attribute of tomato yield was concerned, each harvest of tomatoes was weighed, and recorded data were used to calculate the yield (kilogram) per treatment. Finally, the data were used to calculate the marketable yield, unmarketable yield, and total tomato yield (ton acre–1).



Economic Analysis

Economic analysis was estimated from the price of marketable yield [Pakistani rupee (PKR) acre–1]. The total revenue (TR), total cost (TC), net return (NR) in PKR, and benefit-cost ratio (B:C) of tomato production were calculated by using the formula employed by Liu et al. (2015) and Imran et al. (2018).

TR = Q × P [Q = yield (kg acre–1), P = price of yield (PKR)]

TC = V × X [V = input prices, X = input purchase quantity]

NR = TR-TC (PKRs acre–1)

B:C = TR/TC





Statistical Analysis

Statistix 8.1 (software) was used to analyze the data recorded from the field experiment, and data were normalized by the Kolmogorov–Smirnov test initially and submitted to ANOVA indicated a significant difference among the treatments when their means were compared using Fisher’s least significant difference (LSD) test at 95% confidence level. Pearson correlation was also calculated to assess the relationships among the different physio-chemical attributes.

The clustering and ordination were carried out in RStudio, and classification enhanced biplot was constructed to understand the behavior of the physio-chemical, disease, agronomic, growth, and yield attributes under different treatments. Data were first standardized, and average squared Euclidean distance (SED) was calculated. A simple matching coefficient (SMC) was calculated by taking away SED from one. SMC was compulsory to use in classification enhanced biplot to understand the similarity and differences among different treatments in a field trial. In addition, data were first scaled and were used as a matrix to construct the heatmap that was created through RStudio using the R package “d3heatmap” reference. Dendrograms were optimized as in classification. The color scale was used from blue to yellow and red for the highest to lowest values, respectively.




RESULTS


Evaluation of Control Efficacy Treatments on the Pathogen Load

The preventive effects of BS-01 application alone and in combination with plant nutrients were evaluated by quantifying pathogen load (A. solani) in tomato foliage using a set of fungal specific primers “cytochrome b”. The significantly high fungal load of A. solani by 98% (at p ≤ 0.05) was quantified in the positive control (plants inoculated with A. solani) as compared to the negative control (healthy plants without pathogen inoculation) (Figure 1), where the maximum fungal genomic DNA as 0.283 pg was detected in the infected tomato leaves. Among the disease control treatments such as T9: BS + AS + NPK + Zn (2X) followed by T5: BS + AS + Zn (2X) and T3: BS + AS exhibited a significant reduction in pathogen load by 83–90% as compared to the positive control treatment. Hence, the relative fungal load reduced significantly by ∼90% under the potential effect of BS-01 and plant nutrients (T9, T5, and T3) against tomato EB (Figure 1). However, plants raised without biocontrol agent (BS-01) in treatments T4: AS + Zn (2X), T6: AS + NPK, and T8: AS + NPK + Zn (2X) also significantly reduced the pathogen load but to some extent (30–47%) over the positive control.
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FIGURE 1. Effect of Bacillus subtilis (BS-01) on the relative fungal load of Alternaria solani (AS) in tomato foliage using qPCR after 10 days of pathogen inoculation. Values with different letters show a significant difference (p ≤ 0.05) in the mean value of replicates as determined by the LSD test. Error bars indicate the standard errors of the mean of replicates. −ve control, without inoculation of AS and nutrient application; +ve control, with inoculation of AS only (foliar application). T1, −ve control; T2, +ve control; T3, BS-01 + AS; T4:, Zn (2X) + AS; T5, BS-01 + Zn (2X) + AS; T6, NPK + AS; T7, BS-01 + NPK + AS; T8, Zn (2X) + NPK; and T9, BS-01 + Zn (2X) + NPK + AS.




Physio-Chemical Attributes

Generally, the applications of BS-01 in combination with plant nutrients [Zn (2X: 10 kg acre–1) and NPK (64:46:50 kg acre–1)] improved physio-chemical traits of tomato plants under EB stress in the field.


Total Chlorophyll Content and Carotenoids

Alternaria solani infected plants in positive control treatment were significantly reduced total chlorophyll content (TCC) by ∼55% (p ≤ 0.05) and recorded 6.1 and 7.2 mg g–1 of fresh weight of leaf at 10 and 30 DPI, respectively, as compared to the healthy plants in the negative control (14.4 and 15.2 mg g–1 of fresh weight leaf at10 and 30 DPI, respectively). The highest TCC (∼22.0 mg g–1) was recorded with the application of BS-01 + Zn (2X) + NPK in T9 at both 10 and 30 DPI; it increased three- to fourfold over positive control and almost equal (∼20.0 mg g–1) with the application BS-01 + NPK. The rest of the treatments also enhanced the said attribute significantly (p ≤ 0.05) up to 2.0- to 2.5-fold as compared to the positive control (Table 4).


TABLE 4. Effect of Bacillus subtilis (BS-01) and mineral nutrients [Zn (2X: 10 kg acre–1) and NPK (64:46:50 kg acre–1)] on the physio-chemical attributes in tomato plants inoculated with Alternaria solani (AS) in the field after 10 and 30 days of pathogen inoculation (DPI).
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Leaf CARO were decreased significantly by 40% (p ≤ 0.05) at 10 DPI but more drastically by 62% at 30 DPI in positive control over the negative control. Like TCC, CARO was significantly increased (p ≤ 0.05) by two- to threefold in a combination treatment T9: BS-01 + Zn (2X) + NPK followed by combination treatments BS-01 + NPK (T7), BS-01 + Zn (2X) (T5), Zn (2X) + NPK (T8), and NPK only (T6) at both DPI. The application of BS-01 and Zn (2X) alone also showed enhancement in the CARO by 55% at 10 DPI and 130% at 30 DPI over positive control (Table 4).



Total Phenolic Content

Total phenolic content (PHE) of A. solani infected plants in the positive control (61 mg g–1 of fresh weight of leaf at both DPI) was increased significantly by 55% (p ≤ 0.05) concerning a negative control treatment. All other combination treatments (T4–T9) induced significant (p ≤ 0.05) production of the phenolic content over positive control. Likewise, PHE production increased tremendously up to four- to fivefold in combination treatment (T9) BS-01 + Zn (2X) + NPK followed by in all other combination treatments (T8, T7, and T5), viz., Zn (2X) + NPK, BS-01 + NPK, and BS-01 + Zn (2X) by three- to fourfold, as well as threefold increased in a single treatment application of BS-01 or nutrients (Zn or NPK) (Table 4).



Total Protein Content

Total protein content was also significantly increased in all treatments. However, the AS-inoculated leaf in positive control displayed an improvement of 81% at 10 DPI and 49% at 30 DPI over the negative control. BS-01 in combination with Zn (2X) and NPK in treatment T9 showed a significant increase in TPC by two- to threefold (p ≤ 0.05), followed by the application treatments BS-01 + NPK and BS-01 + Zn (2X) at both DPI. TPC also improved in the rest of the treatments by 70–100% at both DPI over positive control (Table 4).



Activities of Defensive Enzymes

The activity of SOD has not affected (p ≥ 0.05) the EB stressed plant in positive control as compared to the healthy plants in negative control at both DPI. However, the activity of defensive enzymes was raised significantly up to twofold (p ≤ 0.05) in a combination of BS-01 with Zn (2X) and NPK and almost equal with the other combination treatments (T5–T8) at both DPI. Hence, applied treatments, viz., BS-01 + NPK, BS-01 + Zn (2X), and Zn (2X) + NPK, showed significant elevation in SOD up to five-, four-, and threefold (p ≤ 0.05), respectively, at both DPI over positive control. The rest of the treatments of solitary application of BS-01, Zn (2X), and NPK showed a 60–70% elevation in the activity of enzymes over positive control (Table 4).

The CAT activity was significantly reduced by 40–50% (p ≤ 0.05) in a pathogen-inoculated plant (positive control) as compared to the healthy plant in the negative control. A combination treatment of BS-01 + Zn (2X) + NPK, as well as combination treatments of BS-01 + NPK and BS-01 + Zn (2X), showed significant highest (p ≤ 0.05) activity of CAT (threefold) at both DPI over positive control. Whereas, the remaining treatments, including the solitary application of BS-01, Zn, and NPK, displayed a statistically similar increase of twofold in CAT activity at both DPI over positive control (Table 4).

The POX activity was not affected (p ≥ 0.05) in the positive control as compared to the negative control at both DPI. Like the activities of former enzymes, a combination treatment (T9) of BS-01 + Zn (2X) + NPK induced a significant increase (p ≤ 0.05) by 155% and 134% at 10 and 30 DPI, respectively, over positive control. The rest of the treatments (T3–T8) exhibited a significant elevation of 65–100% at 10 DPI and 75–100% at 30 DPI over positive control (Table 4).

The activity of PPO decreased significantly (p ≤ 0.05) by 68% at 10 DPI and by 55% at 30 DPI in AS-inoculated plants as compared to the healthy plants. The activity of the PPO enzyme was significantly enhanced (p ≤ 0.05) up to two- to threefold in treatments BS-01 + Zn (2X) + NPK and BS-01 + Zn (2X) at both DPI over positive control. Combination treatments of BS-01 + NPK and Zn (2X) + NPK also significantly improved enzyme activities by 100–150% (p ≤ 0.05) at both DPI over positive control. Solitary application of BS-01 increased PPO activity by 128% at 10 DPI and 86% at 30 DPI, whereas the application of nutrients Zn (2X) or NPK alone enhanced PPO 82% at 10 DPI and 47% at 30 DPI, respectively, over positive control (Table 4).

The activity of PAL (defense-related enzyme) was not affected (p ≥ 0.05) in pathogenic infected plants in positive control over negative control at both DPI. The activity of PAL increased significantly (p ≤ 0.05) up to threefold in a combination treatment BS-01 + Zn (2X) + NPK followed by other combination treatments, viz., BS-01 + Zn, BS-01 + NPK, and Zn (2X) + NPK, by two- to threefold at both DPI. Solitary application of BS-01, Zn (2X), and NPK showed a similar increase in the activity of PAL by twofold at both DPI over positive control (Table 4).



Correlation Matrix Among Physiological Attributes

All physiological attributes showed moderately strong (r = 0.46–0.59; p ≤ 0.05), strong (r = 0.65–0.8; p ≤ 0.01), and very strong association (r = 0.81–1.00; p ≤ 0.001) with each other. Both photosynthetic pigments (TCC and CARO) were positively and significantly correlated (r = 0.97; p ≤ 0.001) with each other. PHE exhibited positive and significant associations (r = 0.95–0.98; p ≤ 0.001) with TPC, SOD, POX, and PAL. Likewise, TPC displayed positive and significant correlation (r = 0.80–0.98) with SOD, CAT, POX, and PAL at p ≤ 0.01 and p ≤ 0.001. Furthermore, all defense-related enzymes (SOD, CAT, POX, PPO, and PAL) showed significant correlation (p ≤ 0.01 and p ≤ 0.001) with each other. The activity of SOD exhibited strong association (r = 0.93–0,97; p ≤ 0.001) with CAT, POX, and PAL enzymes. PAL as a defensive enzyme had significantly strong association (r = 0.98; p ≤ 0.001) with PHE, TPC, SOD, CAT, and POX (Figure 2).
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FIGURE 2. Correlation matrix of physio-chemical attributes (TCC, total chlorophyll content; CARO, carotenoids; PHE, total phenolic content; TPC, total protein content; SOD, superoxide dismutase; CAT, catalase; POX, peroxidase; PPO, polyphenol oxidase; PAL, phenylalanine ammonia-lyase) under the effect of Bacillus subtilis (BS-01) and mineral nutrients [Zn (2X: 10 kg acre–1) and NPK (64:46:50 kg acre–1)] in tomato plants inoculated with Alternaria solani (AS) in the field after 10 and 30 days of pathogen inoculation (DPI). strong association, r = 0.46–0.59 significant at p ≤ 0.05; moderately Strong association, r = 0.65–0.8 significant at p ≤ 0.01; and very strong association, r = 0.81–1.00 significant at p ≤ 0.001.





Disease Assessment

Tomato plants inoculated with pathogen only (positive control) had a greatest disease severity (DI: 90%; PSI: 75%) at 20 days (DI: 100%; PSI: 85%) and 50 DPI. All treatments reduced EB significantly but the combination of BS-01 + Zn (2X) + NPK showed a significantly highest reduction in disease severity (DI: 25%; PSI: 30%) (p ≤ 0.05) at 20 and 50 DPI. In addition, the combined applications of BS-01 with Zn or NPK displayed a reduction in DI by 30–40% and PSI by 35–38% (p ≤ 0.05) at both DPI (20 and 50) (Table 5).


TABLE 5. Effect of Bacillus subtilis (BS-01) and mineral nutrients [Zn (2X: 10 kg acre–1) and NPK (64:46:50 kg acre–1)] on disease in tomato plants inoculated with Alternaria solani (AS) in the field after 20 and 50 days of pathogen inoculation (DPI).
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Agronomic Traits

Agronomic traits of the tomato plants, viz., the total number of branches (16 plant–1) and the number of fruits (NFR: 18 plant–1), were significantly decreased by 39% and 25% (p ≤ 0.05), respectively, in the positive control (plants inoculated with pathogen only), as compared to the negative control (plants free from pathogen and fertilizers), whereas the number of flowering branches (NFB: 3 plant–1), number of flowers (NF: 54 plant–1), and number of fruiting branches (NFRB: 4 plant–1) did not affect significantly (p ≥ 0.05) under EB stress in the positive control treatment. When BS-01 was applied in combination with Zn (2X) and NPK on the pathogen-infected plants, all said attributes were significantly greater (p ≤ 0.05) as compared to the positive and over negative controls. In a combination treatment of BS-01 + Zn (2X) + NPK, agronomic traits improved significantly by 125% (branches plant–1), 341% (flowering branches plant–1), 20% (flowers plant–1), 52% (fruiting branches plant–1), and 64% (fruits plant–1) as compared to the positive control. Likewise, these agronomic traits of this treatment [BS-01 + Zn (2X) + NPK] were significantly increased by 20–50% (p ≤ 0.05) over the negative control (without AS and fertilizer application), excluding the number of flowering branches plant–1, which were greater by 114%. The rest of the treatments exhibited a variable effect on the investigated agronomic traits of the tomato plant. Generally, the application of different treatments displayed significant improvement (p ≤ 0.05) in the total number of branches plant–1 and the number of fruits plant–1 (Figure 3).
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FIGURE 3. (A–E) Effect of Bacillus subtilis (BS-01) and mineral nutrients [Zn (2X: 10 kg acre–1) and NPK (64:46:50 kg acre–1)] on the number of flowering branches (A), number of flowers (B), number of fruiting branches (C), number of fruits (D), and the total number of branches (E) of tomato plants inoculated with Alternaria solani (AS) in the field after 30 days of pathogen inoculation (DPI). Values with different letters show a significant difference (p ≤ 0.05) in the mean value of replicates as determined by the LSD test. Error bars indicate standard errors of the mean of replicates. −ve control, without inoculation of AS and nutrient application; +ve control, with inoculation of AS only (foliar application).




Growth Assessment

Infected plants of positive control treatment resulted in a significant reduction in the length, and fresh and dry weight of shoots and roots by 36–47% (p ≤ 0.05) as compared to the healthy tomato plants in the negative control treatment. The effect of all treatments was significant on growth attributes over the positive control. When a combination of BS-01 + Zn (2X) + NPK was given to the infected plants, the significantly highest improvement of 100–160% (p ≤ 0.05) in the growth attributes was recorded, followed by the combination treatment of Zn (2X) + NPK showing 100–140% enhancement in growth. However, a combination of BS-01 + NPK was also found effective in significantly enhancing growth attributes by 950%–126% (p ≤ 0.05). Whereas, BS-01, Zn (2X), and NPK when applied alone had less effect on the growth of tomato plants inoculated with AS than all other tested treatments (Figure 4).
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FIGURE 4. (A–F) Effect of Bacillus subtilis (BS-01) and mineral nutrients [Zn (2X: 10 kg acre–1) and NPK (64:46:50 kg acre–1)] on the shoot length (A), shoot fresh weight (B) and shoot dry weight (C), root length (D), root fresh weight (E), and root dry weight (F) of tomato plants inoculated with Alternaria solani (AS) in the field after 60 days of pathogen inoculation (DPI). Values with different letters show a significant difference (p ≤ 0.05) in the mean value of replicates as determined by the LSD test. Error bars indicate standard errors of the mean of replicates (N = 2). −ve control, without inoculation of AS and nutrient application; +ve control, with inoculation of AS only (foliar application).




Fruit Yield and Quality

Tomatoes were graded as A (> 3.5 cm), B (3.5–2.5 cm), and C (< 2.0 cm) on the basis of diameter (Table 6). Plants in the negative control treatment (healthy uninoculated and treated plants) produced the highest percentage (66%) of “B”-grade tomatoes ranging 3.5–2.5 cm followed by “A”-grade (24%) and “C”-grade (10%) tomatoes. In the positive control treatment (AS-inoculated plants), the numbers of “C”-grade tomatoes were the maximum (74%) followed by “B”-grade (19%) and “A”-grade (7%) tomatoes. A combined treatment effect of BS-01 + Zn (2X) + NPK produced the highest “A”-grade (68%) and “B”-grade (23%) tomatoes, and the lowest “C”-grade (9%) tomatoes. The second-best treatment was BS-01 + NPK with 56% “A”-, 32% “B”-, and 12% “C”-grade tomatoes. This was closely followed by a combined treatment Zn (2X) + NPK (A: 52%, B: 35%, and C: 13%). Whereas, NPK alone and a combination of BS-01 + Zn (2X) showed 40% “A”-, 34% “B”-, and 15% “C”-grade tomatoes. BS-01 and Zn alone provided more quantity of “B”-grade tomatoes in the same range (55–66%) (Table 6).


TABLE 6. Effect of Bacillus subtilis (BS-01) and mineral nutrients [Zn (2X: 10 kg acre–1) and NPK (64:46:50 kg acre–1)] on the grading of tomato fruits from the plants inoculated with Alternaria solani (AS) in the field after 90 days of pathogen inoculation (DPI).
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The marketable yield (ton acre–1) was estimated from the total yield, by excluding the fruits having a fresh weight of less than 70 g and those showing symptoms of EB or any type of deformation (Table 7). EB reduced total yield and marketable yield by 46 and 65%, respectively, in the positive control (AS-inoculated plants) as compared to the healthy plants of the negative control treatment (uninoculated and treated plants). A combined treatment (T9) BS-01 + Zn (2X) + NPK produced significantly the maximum tomato yield [(total yield: 23.61 tons acre–1) and (marketable yield: 21.61 tons acre–1)] (p ≤ 0.05) as compared to the positive and negative control treatments. Likewise, all other combination treatments (T5, T7, and T8), viz., BS-01 + Zn (2X), BS-01 + NPK, and Zn (2X) + NPK, were produced significantly good total yield (18–19 tons acre–1) and marketable yield (15–17 tons acre–1) (p ≤ 0.05) over the positive and negative control treatments. When BS-01, NPK, and Zn have applied alone, the investigated yield (total yield: 14–17 tons acre–1 and marketable yield: 10–13 tons acre–1) were improved significantly (p ≤ 0.05) as compared to the positive control but significantly lower as compared to negative control and rest of the other treatments (Table 7).


TABLE 7. Effect of Bacillus subtilis (BS-01) and mineral nutrients [Zn (2X: 10 kg acre–1) and NPK (64:46:50 kg acre–1)] on the marketable, unmarketable, and total yield (tons acre–1) of tomato plants inoculated with Alternaria solani (AS) in the field after 160 days of pathogen inoculation (DPI).
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Economic Analysis

All treatments (T3–T9) significantly reduced EB (p ≤ 0.05) and resulted in the improvement of marketable yield (kg acre–1) and consequently increased B:C over positive control (T2). The greatest net return 361,363 PKR acre–1 with the highest B:C (12.76) occurred in combination treatment (T9) of BS-01 + Zn (2X) + NPK compared to the positive control (B:C = 4.53). Among the rest of the treatments, a bilateral combination of BS-01 (T7) along with the recommended dose of chemical fertilizers [NPK (64:46:50 kg acre–1)] also gave a good net profit of 281,217 PKR acre–1 with greater B:C (10.62), which was computed. Besides, EB disease management using biocontrol agent (BS-01) with a double dose of Zn (2X: 10 kg acre–1) and recommended dose of NPK (64:46:50 kg acre–1) [T5: BS-01 + Zn (2X) and T8: Zn (2X) + NPK] managed disease sustainably because it would generate more economic return, i.e., 242,442 and 241,256 PKR acre–1 with the varying B:C values of 10.43 and 9.40, respectively. Whereas, the treatments with the sole application of BS-01 (T3) and NPK (T6) also showed the same range of B:C (8.40–8.81) with the variable net return of 79,350 PKR acre–1 and 212,638 PKR acre–1, respectively. On the other hand, the minimum net return (166,787 PKR acre–1) with B:C value of 8.03 was recorded with a single application Zn (2X) in T4 as compared to the other EB managing treatments (Table 8).


TABLE 8. Effect of Bacillus subtilis (BS-01) and mineral nutrients [Zn (2X: 10 kg acre–1) and NPK (64:46:50 kg acre–1)] on the marketable tomato yield (kg acre–1), total revenue (TC), total cost (TC), net return (NR), and benefit-cost ratio (B:C) of tomato plants inoculated with Alternaria solani (AS) in the field.
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Association analysis


Numerical Classification

The results of numerical classification (dendrogram) of different EB disease management treatments (T3–T9) according to their effects on physio-chemical, disease, growth, and yield attributes are depicted in Figure 5A. The nine treatments were classified into five clusters, and treatment/s in each cluster shared many characteristics. Cluster 1 was consisted of positive control (T2: A. solani only), whereas cluster 2 was composed of the negative control (T1: non-inoculated). Cluster 3 was represented by three treatments (T3: BS-01 + AS; T4: AS + Zn; and T5: BS-01 + AS + Zn), and cluster 4 included two treatments (T6: AS + NPK and T8: AS + NPK + Zn). At last, cluster 5 consisted of two treatments (T7: BS-01 + AS + NPK and T9: BS-01 + AS + Zn + NPK) against tomato EB. The major relationships between attributes (physio-chemical disease, growth, and yield attributes) under the effect of nine different treatments were represented in five partitions (Figure 5B). DI and PSI were more related to each other, therefore forming cluster 1. Different physio-chemical attributes (TPC, PHE, PAL, POX, and SOD) exhibited similar responses that were grouped in cluster 2. However, cluster 3 was a larger cluster represented by all growth attributes; cluster 4 comprised photosynthetic pigments (TCC and CARO) and CAT; and, finally, cluster 5 exhibited PPO and yield-related attributes (Figure 5B).
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FIGURE 5. Optimized dendrogram computed from average squared Euclidean distance matrix using UPGMA clustering method: (A) classification based on nine treatments; and (B) classification based on disease, growth, physio-chemical, and yield attributes. Different groups are presented with different colors for easy group identification. T1, −ve control (without inoculation of AS); T2, +ve control (with AS inoculation); T3, BS-01 + AS; T4, Zn (2X) + AS; T5, BS-01 + Zn (2X) + AS; T6, NPK + AS; T7, BS-01 + NPK + AS; T8, Zn (2X) + NPK; and T9, BS-01 + Zn (2X) + NPK + AS. BS-01, Bacillus subtilis; AS, Alternaria solani; NPK, nitrogen, phosphorus, and potassium; Zn, Zinc.




Classification Enhanced Biplot

Classification enhanced biplot was constructed to visualize the effect of treatments on different assessed attributes. The color scheme for the classification of traits and treatments was kept the same to better understand the grouping (Figure 6). All growth, physio-chemical, and yield traits were grouped on the positive PC1 axis of the biplot, suggesting strong relationships among them. However, DI and PSI were occupied on the negative PC1 axis of the biplot strong, indicating strong relationships between them. It was also noticed T3, T4, T5, and T6 showed a similar effect on the different investigated traits thus clustered closer, whereas T7, T8, and T9 exhibited similar results to those assessed attributes are therefore clustered together. The closeness of the arrows of the said traits represents the relatedness of those traits. Disease attributes (DI and PSI) were grouped. The physio-chemical traits were in one group except for CAT and CARO. Growth attributes group in a separate cluster were behaving the same as CAT and CARO. Yield and PPO were in a separate group showing that PPO behaved differently than other parameters. Likewise, the closeness of the arrows and treatments represents their positive relationship. A perpendicular can be drawn from treatment over any of the mentioned attributes and compare those traits concerning a specific treatment. DI and PSI were higher in T2 (positive control), and they were close, too. The treatments were overlapping in some cases as well, i.e., treatments T6 and T8 were very close to the group containing treatments (T3, T4, and T5). Besides, treatments, viz., T7 and T9 in a group exhibited higher and positive values of growth attributes and closer as well.
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FIGURE 6. Biplot of the first two principal coordinates for nine treatments and collective data of disease, growth, physio-chemical, and yield attributes. The color scheme is kept the same as for respective dendrograms. DI, disease incidence; PSI, percent severity index; TCC, total chlorophyll content; CARO, carotenoids; TPC, total protein contact; PHE, total phenol content; SOD, superoxide dismutase; CAT, catalase; POX, peroxidase; PPO, polyphenol oxidase; PAL, phenylalanine ammonia-lyase; SL, shoot length; SFW, shoot fresh weight; SDW, shoot dry weight; RL, root length; RFW, root fresh weight; RDW, root dry weight. BS-01, Bacillus subtilis; AS, Alternaria solani; NPK, nitrogen, phosphorus, and potassium; Zn, Zinc. T1, −ve control (without inoculation of AS); T2, +ve control (with AS inoculation); T3, BS-01 + AS; T4, Zn (2X) + AS; T5, BS-01 + Zn (2X) + AS; T6, NPK + AS; T7, BS-01 + NPK + AS; T8, Zn (2X) + NPK; and T9, BS-01 + Zn (2X) + NPK + AS.




Heatmap Visualization

To better decipher the complex interactions between EB and tomato yield under the disease managing nine treatments, a multivariate hierarchical cluster analysis was performed, and the variables were ordered by all attributes (physio-chemical, disease, growth, and yield) (Figure 7). Overall, high values of DI and PSI (intense blue color) in the positive control treatment were related to their adverse effect on the rest of the plant’s attributes (red color block). However, low DI and PSI (light blue to yellow) in other treatments were related to high values of growth, yield, and physio-chemical attributes. With the results of a heatmap, it was summarized that T9 followed by T7 exhibited highly significant potential to manage EB disease in the tomato plant with a tremendous enhancement in physio-chemical attributes (intense blue) that resulted in the maximum tomato yield.
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FIGURE 7. Standard optimized dendrograms and the associated ordered heatmap of standardized data of disease, growth, physio-chemical and yield attributes in nine treatments. BS-01, Bacillus subtilis; AS, Alternaria solani; NPK, nitrogen, phosphorus, and potassium; Zn, Zinc. T1, −ve control (without inoculation of AS); T2, +ve control (with AS inoculation); T3, BS-01 + AS; T4, Zn (2X) + AS; T5, BS-01 + Zn (2X) + AS; T6, NPK + AS; T7, BS-01 + NPK + AS; T8, Zn (2X) + NPK; and T9, BS-01 + Zn (2X) + NPK + AS.






DISCUSSION


Fungal Load

The current study suggested that EB disease of tomato is effectively managed in a field trial with the application of biocontrol agent (BS-01) along with plant nutrients by varying degrees of resistance in plants. The biocontrol efficacy of B. subtilis (BS-01), Zn (2X: 10 kg acre–1), and NPK (recommended dose: 64:46:50 kg acre–1) either alone or in combination was verified and confirmed that an integrative effect of BS-01 + Zn (2X) + NPK against EB disease of tomato exhibited the highest reduction in fungal load (∼90%) followed by other two biological treatments, viz., BS-01 + Zn (2X) and BS-01 alone against EB. Likewise, Ongena et al. (2005) also reported that preventive measures such as pre-inoculation with B. subtilis sensitized tomato plants to react more efficiently to subsequent pathogen infection for effective disease control. Hence, plant protection as conferred by bacteria (B. subtilis) or nutrients used in this study could result from the induction of systemic resistance which enhances biological control over EB disease of tomato crop through direct antagonisms (Liu et al., 2018).



Physio-Chemical Attributes

Different disease management treatments (T3–T9) were effectually modified health markers (photosynthetic pigments), stress markers (total phenolic content), and the activities of defensive enzymes (SOD, CAT, POX, PPO, and PAL) to a variable extent concerning the positive control. Synergistic cross-talk between the interactive effect of BS-01 (B. subtilis) and mineral nutrients (Zn and NPK) exhibited more significant enhancement in the said attributes as compared to their single effect. Health markers such as photosynthetic pigments (TCC and CARO) are the most important photosynthetic markers linked with the production aptitude (Torres et al., 2014). A significant reduction was detected in the positive control treatment (T2), which revealed the pathogen hijacked the pores to access the plant’s sugar for food, camouflaged the cell mechanism, and disrupted the production of photosynthetic pigments; therefore, the plants exhibited malfunctioning (Awan et al., 2019).

However, total phenolic content, TPC, and defense-related enzymes were not significantly increased in positive control as compared to the negative control (T1). Hence, the disease might shift the balance between oxidant/antioxidant statuses in favor of the oxidant chemicals through induction of transient, low-amplitude, and the first phase of reactive oxygen species (ROS) production (Awan et al., 2019; Shoaib et al., 2019). However, a significant elevation of PHE was observed in disease managing treatments, which could be further explained as a mechanism of defense, which may induce plant resistance through lignin biosynthesis to strengthen plant cell wall and induction of physical barrier against A. solani (Kaur et al., 2017).

Likewise, physio-chemical attributes were significantly enhanced after 10 and 30 DPI due to the effect of biocontrol and plant nutrients as compared to the positive control. ROS-scavenging systems then help to finely tune the ROS level under biotic stress through the over-production of key players (Torres, 2010). SOD enzyme accumulates H2O2 that diffuses into cells to act as an excellent antioxidant, and CAT is capable to scavenge H2O2 to mitigate the stress as well. Stimulation in POX activity might show oxidation of phenols, suberization, and lignification of host plant cells during the defense reaction against pathogenic agents (Elavarthi and Martin, 2010; Singh et al., 2016). High accumulation of PPO and PAL activities may reveal their involvement in phenol metabolism for providing the desired level of protection to tomato plants against A. solani (Awan et al., 2019). Generally, total phenolic content (PHE) and PAL activity increased tremendously at 30 DPI due to their role in SAR, suggesting their additive effect on salicylic acid, which may help the plant to systemically induce resistance against the pathogen after application of biocontrol and plant fertilizers (Awan et al., 2019; Shoaib et al., 2019). Production of total phenolics may induce the synthesis of host pathogenesis-related proteins (chitinase, 1,3-glucanase, or thaumatin), which likely to overcome the stress through limiting the reproduction and spread of the pathogen in infected tissue and also positively correlated with the plant resistance (Sels et al., 2008). Likewise, elevation in PAL activities may reveal their involvement in phenol metabolism for providing the desired level of protection to tomato plants against A. solani.



Disease, Growth, and Agronomic Attributes

Disease management through BS-01 and mineral fertilization [Zn (2X) and NPK] could be regarded as an emerging approach that can improve the nutritional status of crops by managing EB disease. The results on growth (length and biomass of shoot and root), agronomy (total branches, flowering branches, fruiting branches, flowers, and fruits plant–1) and yield (quality and quantity) traits indicated that there was a significant difference among all the treatments. Trilateral interaction of BS-01 + Zn (2X) + NPK exhibited the highest reduction in disease (DI: 25%; PSI: 30%). However, bilateral interactions of BS-01 with fertilizers (Zn or NPK) also displayed a significant reduction in disease with similar DI: 30–40% and PSI: 35–38%. As a biocontrol agent, B. subtilis have been well known to promote mineralization, accumulation of the bioavailable forms of nutrients, nitrogen fixation, and increased root absorption ability, which might help in disease mitigation by providing important nutrients to the tomato plant as reported in former studies (Abde_Allaha et al., 2018; Masood et al., 2019). Besides, a strain of B. subtilis as a biocontrol agent is reported to enhance Zn solubilization in the rhizosphere of wheat and soybean, which resulted in higher crop growth due to the assimilation of Zn in seeds (Ramesh et al., 2014). The highest disease management due to bilateral and trilateral interaction of treatments might be associated with the ability of a biocontrol agent (BS-01) to the induction of systemic resistance against the pathogen (Bargaz et al., 2018). Zn might contribute to EB disease resistance by improving the structural integrity and permeability of cell membranes (Machado et al., 2018). Zn acts as a coenzyme in the biosynthesis of growth-promoting hormones (gibberellins and indole-3-acetic acid), for pigment biosynthesis, photosynthesis, respiration, cell wall development, and the rate of maturity function while acting as a structural and catalytic component of protein (Nguyen-Deroche et al., 2012; Hafeez et al., 2013). Zn may induce its toxic effect on A. solani by affecting its metabolism and enzymatic activity as reported earlier on other microorganisms by Zn nanoparticles. A balanced basal application of Zn was found to reduce the rice sheath blight severity (Ei Khaing et al., 2014), wheat root rot (Khoshgoftarmanesh et al., 2010), guar root rot (Wadhwa et al., 2014), and mung bean charcoal rot (Khan et al., 2018), because Zn can also suppress disease severity by acting as an antagonist for the veiling of active enzymatic groups in the fungus (Martos et al., 2016).

The results on growth (length and biomass of shoot and root), agronomic traits (total branches, flowering branches, fruiting branches, flowers, and fruits plant–1), and yield (quality and quantity) attributes indicated that there was a significant difference among all the treatments. Trilateral combination of BS-01 + Zn (2X) + NPK exhibited tremendous improvement up to threefold in the aforesaid attributes of the tomato crop as compared to the positive control and up to twofold as compared to the negative control. A bilateral combination of NPK either with BS-01 or Zn also resulted in greater improvement in the said plant characteristics of interest as compared to the positive control. The availability of essential plant nutrients in optimum quantity during the growth period would result in more vegetative growth (height and branches), thereby increasing plant biomass. The net results would be linked with enhancement in photosynthates, and their translocation toward the vegetative organs may have increased the longer period to the first fruit setting. Similar results were reported by Chatterjee et al. (2014) on the growth, phenological, and yield characters of tomatoes due to the combined application of inorganic and biofertilizers. The tomato plant needs NPK (macronutrients) in large amounts and Zn (micronutrient) in small amounts for growth and reproduction (Sainju et al., 2003). Moreover, NPK application increased vegetative growth and plant biomass that may signify the occurrence of excessive N. Besides, K plays a significant role in photosynthesis, plant respiration, transpiration, and nutrients translocation, whereas P is involved in energy transfer compounds, cell membranes, and phosphoproteins (Wissuwa, 2003). Adejumo (2010) reported that NPK fertilizers can control inflorescence blight in cashew and increase yield if apply appropriately. Similarly, Sten et al. (2017) also emphasized precision application and availability of NPK in managing fungal foliar diseases of potato, i.e., late blight, EB, and leaf blotch. The results proposed that nutrient imbalance and limited availability to plants might be consequences in response to A. solani infection as the pathogen can impair leaf cell wall, membrane permeability, and nutrient translocation (Huber et al., 2012).



Economic Analysis

The ultimate aim of the grower is to secure maximum income out of the present resource. The current data showed that a trilateral combination [BS-01 + Zn (2X) + NPK] not only produced the maximum marketable yield (21.61 tons acre–1) but also provided the maximum net profit (Rs. 361,363 acre–1 or 2,313 USD) with the highest B:C (12.76) under sustainable crop management. Likewise, Anees et al. (2016) also reported that the application of nutrients including zinc increased the B:C by enhancing the grain yield of maize due to high fertilizer use efficiency. Moreover, Khan et al. (2018) reported that soil amendments with Zn and farmyard manure improved the grain yield of mungbean plants to profitable farming. Among the rest of the treatments, a combination of BS-01 along with the NPK (64:46:50 kg acre–1) also gave a good net return (Rs. 281,217 acre–1 or 1,800 USD) with good B:C (10.62). Similar results were obtained by Godwin et al. (2003) with the precision application of nitrogen fertilizers and gained the maximum profit in cereal production. Likewise, Farooqi et al. (2012) reported the positive impact of the foliar application of potassium on yield (B:C) and grain quality of maize. Hence, our study showed a biocontrol agent (BS-01) with a double dose of Zn (2X: 10 kg acre–1) and recommended dose of NPK (64:46:50 kg acre–1) proved effective and sustainable in EB disease management as it would generate more economic return.




CONCLUSION

A net result acquired through the investigated attributes (physio-chemical assays, disease severity, agronomic traits, growth, and yield) indicated that the interactive application of Bacillus subtilis (BS-01) in combination with a double dose (2X) of Zn (10 kg acre–1) and recommended dose of NPK (64:46:50 acre–1) is an effective integrated approach for the management of tomato EB, which significantly alleviate the EB by exciting physio-chemical attributes in tomato plants and improved plant biological traits; hence, it will generate profitable tomato production with a good economic return.
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Treatments

T —ve control (uninoculated)
T2 +ve control (inoculated with AS)
Ts BS-01 + AS

Ta Zn (2X) + AS

Ts BS-01 + Zn (2X) + AS

Te NPK + AS

T7 BS-01 + NPK + AS

Ty Zn (2X) + NPK + AS

To BS-01 + Zn (2X) + NPK + AS

BS-01, Bacillus subtilis; AS, Alternaria solani; NPK, nitrogen, phosphorus, and
potassium; Zn, Zinc; —ve control, without inoculation of AS and application of
nutrients; +ve control, with AS inoculation; Zn 2X: 10 kg acre™! ) and NPK
(64:46:50 kg acre™1).
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Genes Primers Sequence of primers

Cytochrome b As_Cytb_F 5'-TCA GGA ACT CTG TGG CGT ATC-3'
As_Cytb_R 5'-TCA GAT GAA AGG GAG GGA GGA C-3
Actin Act_F 5-GGC AGG ATT TGC TGG TGA TGATGC T-3

Act_R 5'-ATA CGC ATC CTT CTG TCC CAT TCC GA-3
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Scale

Description

Leaves free from infection

<56% of leaf area affected by small irregular spots

5.1-10% of foliage covered with small irregular brown spots with
concentric rings

10.1-25% of leaf area covered by irregular brown spots with concentric
rings and enlarged lesions

25.1-50% area of the leaf-covered with coalesced lesions to form
irregular and appears as a typical blight symptom

>50% of leaf area covered with lesions coalesce to form irregular and
appears as a typical blight symptom
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(mgg™")

Carotenoids

(mgg™")

Total phenolic content
(mgg™")

Total protein content
(mgg™")

Superoxide dismutase

(units min=" mg~" of protein)
Catalase

(units min~" mg~" of protein)
Peroxidase

(units min=" mg~" of protein)
Polyphenol oxidase

(units min=" mg—" of protein)
Phenylalanine ammonia-lyase
(units min=" mg~" of protein)

DPI

10 DPI
30 DPI
10 DPI
30 DPI
10 DPI
30 DPI
10 DPI
30 DPI
10 DPI
30 DPI
10 DPI
30 DPI
10 DPI
30 DPI
10 DPI
30 DPI
10 DPI
30 DPI

T4

14.4cd
15.20d
1qde
14.8d
40f
43°
0.66
0.86'
2.04d
2.044
0.21b-d
0.184
19d
16°
1.83%
1.5280
0.609
0.54¢

T,

6.1¢
7.20
6.5f
5.7
61¢
57¢
1198
1.08°
1.679
1.64d
0.09°
0.09°
204
18°
0.59°
0.684
0.809
0.78°

T

11.7d
12,24
9.9°
1248
166°4
189°d
2,09¢%d
2:35%
2.81bc
2,790
0.20%d
0.19%d
37bc
340
1.35%d
1.26°
1.70P°
1.78%d

Ta

12.7d
13.44
10.58
13.6%
1474
1689
2.07d
2:334
2.65°
2.63°
0.20%d
0.19%d
33°
31b
1.054
0.98°
1,740
1.810-d

Ts

15.20d
16.0%d
12.8b°
17.0b°
1830°
218
2.64P
2.93°
3.05%¢
3.042—¢
0.24b
0.24b
36bc
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1.632°
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1.95%
2.06%°

Te

14.8%d
15.6%
11.8%d
15.3%d
163°d
1g7¢d
2.230d
2.510d
2.67°
2.66°
0.184
0.17d
33°
32b
1.099
1.02¢
1.48°
1.554

Tz

19,780
20.7%
13.5%
18.0°
19520
220%
2728
3.01%
3.25%
3.23%
0.302
0.292
40ab
36°
1.53b¢
1.45b
2.03%
2.16%

Tg

16.52¢
17.40¢
12,400
16.70¢
181be
208°
2.35°
2.63°
2.918-¢
2.908-¢
0.24b°
0.23%
36bc
340
1.42¢
1.33P
1.93%
2.042-°

T

21,149
22.82
14.82
19.92
2062
2362
2.942
3.25°
3.342
3.342
0.292
0.29°
438
428
1.918
1.822
2142
2282

Values with different letters show a significant difference (o < 0.05) in the mean value of replicates as determined by the LSD test. —ve control, without inoculation of AS
and nutrient application; + ve control, with inoculation of AS only (foliar application); Ty, —ve control; T, 4+ve control; Ts, BS-01 + AS; Ty, Zn (2X) + AS; Ts, BS-01 + Zn
2X) + AS; Ts, NPK + AS; T7, BS-01 + NPK + AS; Tg, Zn (2X) + NPK; and To, BS-01 + Zn (2X) + NPK + AS.
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Treatments Days after pathogen inoculation (DPI)

20 DPI 50 DPI

Disease Percent Disease Percent
incidence severity incidence severity
(%) index (%) (%) index (%)

Ty —ve control 00.00°  00.009  00.009  00.009
To  +ve control (A. solani) 90.21@ 85.21¢ 100.002 85.432
Ts BS-01+AS 50.44° 45194 50.349  45.26°d
T4 Zn(@X) +AS 55.120¢  53.36° 60.23°  53.39b°
Ts  BS+2Zn(2X)+AS 30.34¢ 35.15¢ 3517 35.33°
Ts  NPK+AS 65.11P 62.220 70.39° 62.210
T; BS-01 + NPK + AS 35.019  38.119e  40.41¢  38.17%
Ts  Zn(2X) + NPK + AS 50.13°  42.819  60.32°  43.48%
Tg BS-01+2n 25.184 30.44f 30.43 30.16'

@X) + NPK + AS

Values with different superscript letters in columns show a significant difference
(p < 0.05) in the mean value of replicates as determined by the LSD test.
—ve control, without inoculation of AS and nutrient application; +ve control, with
inoculation of AS only (foliar application).
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Treatments Grading percentage of tomato

A B c
Ty —ve control 249 662 10h
To  +ve control (AS) 07! 191 748
Tz BS-01+AS 2on 63° 15°
T4 Zn(2X)+ AS o7 54¢ 19°
Ts BS-01 +2Zn(2X) +AS 3g° 44d 18d
Ts NPK+AS 444 36° 200
T7  BS-01 +NPK + AS 56° 329 129
Tg  Zn(2X) + NPK + AS 520 35 13f
Tg BS-01 +Zn (2X) + NPK + AS 68? 23h 09

Values with different letters show a significant difference (p < 0.05) in the mean
value of replicates as determined by the LSD test. —ve control, without inocula-
tion of AS and nutrient application; +ve control, with inoculation of AS only (foliar
application).
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Treatments

yield

Marketable Unmarketable Total tomato

yield

yield
—ve control 16.04 + 1.04°
+ ve control (AS) 5.55 + 0.31
BS-01 + AS 11.22 4+ 0.69%
Zn (2X) + AS 10.50 + 0.58°
BS-01 + Zn (2X) + AS  14.78 + 0.82°
NPK + AS 13.22 + 0.73%

BS-01 + NPK+AS  17.11 £ 1.08°
Zn (2X) + NPK + AS  14.88 + 0.97%°

BS-01 + Zn 21.61 + 1.20%
@X) + NPK + AS

(tons acre—1)

2.58 + 0.144
4.50 4+ 0.272
4.37 + 0.26%
4.18 + 0.29%
3.80 4 0.25P°
3.94 + 0.228d
2.04 +0.12d
3.23 4£0.18°
2.00 +0.11d

18.62 4 1.24b¢
10.05 + 0.62°
15.59 4+ 0.81%
14.68 + 0.859
18.58 4+ 0.97%°
17.16 + 0.90°—¢
19.15 + 1.00°
18.11 + 1.05P°
23.61 + 1.452

Values with different superscript letters show a significant difference (p < 0.05)
in the mean value of replicates as determined by LSD test + value indicates the
standard error mean of replicates. —ve control, without inoculation of AS and
nutrient application, +ve control, with inoculation of AS only (foliar application).
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Treatments Marketable tomato yield Total Revenue Total cost Net Return (B:C)
(kg acre™) (PKR) (PKR)
(PKR) (USD)

T4 —ve control 14,5510 291,025 22,222 268,803 1,720 13.10
To + ve control 5,035 100,698 22,222 78,476 502 4.53
T3 BS-01 + AS 1,0179d% 203,672 24,222 179,350 1,148 8.40
Ty Zn (2X) + AS 9,525°¢ 190,509 23,722 166,787 1,067 8.03
Ts BS-01 + Zn (2X) + AS 13,408b° 268,164 25,722 242,442 1,652 10.43
Ts NPK + AS 11,993 239,860 27,222 212,638 1,361 8.81

T7 BS-01 + NPK + AS 15,5220 310,439 29,222 281,217 1,800 10.62
Ts Zn (2X) + NPK + AS 13,499b° 269,978 28,722 241,256 1,544 9.40
Tg BS-01 + Zn (2X) + NPK 4+ AS 19,6042 392,085 30,722 361,363 2,313 12.76

Values with different superscript letters show a significant difference (p < 0.05) in the mean value of yield obtained from replicates as determined by the LSD test. —ve
control, without inoculation of AS and nutrient application; +ve control, with inoculation of AS only (foliar application).





