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ABSTRACT 

Tomato is one of the major solanaceous vegetables, which has a unique place in the global vegetable market. Instead 

of being a high-value crop, there is still a need to do improvement in its potential against various biotic and abiotic 

stressors that adequately demolish its real yield. Alternaria solani (causing early blight disease) is designated as one of 

the fatal organisms that may reduce tomato crop yield by up to 80%. There were lots of methods, viz., chemical, cultural 

and biological suggested to overcome it. However, chemical strategies are much in vogue, but they have several negative 

consequences for human health and the ecosystem. Enlightening this issue, the efficacy of various treatments, viz., 

chemical fungicides (Amistar Top®, Nativo®, and Contaf®), biochar and fungal bioagent (Trichoderma viride) was 

assessed under both in vivo and in vitro conditions. Induced resistance is mediated by several regulating pathways, like 

salicylic acid and jasmonic acid. These mediating pathways manipulate different physiological processes like growth and 

development, stress tolerance, and defence mechanisms of the plant. The assessment of results revealed that among all 

treatments biochar at 3.25% by weight consistently displayed remarkable effectiveness against the early blight infection 

by triggering resistance and improving the overall performance of tomato plants. This result is attributed to improved soil 

health, fastening mineralization as well as absorption processes, and boosting the plant’s immunity with the use of a 

higher concentration of biochar. Hence, it could be recommended for the overall improvement of tomato crop and its 

sustainability. 
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1. Introduction 

Tomato (Solanum lycopersicum L.; 2n = 2x =24), originally from 

the Andean region of South America, is a widely cultivated plant found 

all around the globe[1]. It is widely cultivated as a cash crop, making a 

substantial contribution to employment and income generation[2–4]. It 

served as a “functional food” that has a high nutritive value (rich source 

of lycopene, antioxidant, sugar, dietary fibers, ascorbic acid) and can 

thrive in diverse environments ranging from tropical to temperate 

climates. Due to its extensive utilization and nutritional benefits, there is 

a strong demand for both fresh market and processed tomato varieties. 

Meeting the ever-growing demand necessitates increased tomato 

production. However, cultivated tomatoes exhibit limited genetic 

diversity, stemming from rigorous selection and inbreeding throughout 

their evolution and domestication processes[5], rendering these varieties 

more susceptible to disease outbreaks. Nonetheless, the commercial 

tomato production faces impediments due to a multitude of fungal, 

ARTICLE INFO 

Received: 8 August 2023 

Accepted: 24 August 2023 

Available online: 3 November 2023 

COPYRIGHT 

Copyright © 2023 by author(s). 

Trends in Horticulture is published by 

EnPress Publisher LLC. This work is licensed 

under the Creative Commons Attribution-

NonCommercial 4.0 International License 

(CC BY-NC 4.0). 

https://creativecommons.org/licenses/by-

nc/4.0/ 

mailto:omrajeshwary009@gmail.com
mailto:satya.26830@lpu.co.in


 

2 

bacterial, viral, and nematode diseases[6]. Within the realm of fungal ailments, the early blight (EB) of tomato, 

caused by Alternaria solani[7] Jones and Grout, stands out as a soil-borne microorganism responsible for 

initiating leaf blight or early blight, collar rot, and fruit decay in tomatoes, spread through fungal spores[8]. A. 

solani reproduces asexually and persists in various forms, including conidia or mycelia, within diseased plant 

debris, seeds, soil, and alternate hosts, serving as primary sources of infection. Due to its short disease cycle, 

A. solani has the potential to cause multiple infection cycles[9]. Infections typically occur in warm and humid 

conditions. Conidia germinate within a temperature range of 8 °C–32 °C, particularly in cool and humid 

environments with adequate moisture, forming germ tubes[10]. These germ tubes can penetrate host tissues 

directly or gain entry through stomata or wounds, leading to infection. Lesions become visible approximately 

2–3 days after infection, contingent on environmental factors, leaf age, and cultivar susceptibility. Spore 

production commences 3–5 days after lesion appearance[11]. Generally, an extended period of moisture is 

necessary for spore production, although spores can also form during alternating wet and dry conditions. 

Initially, conidiophores develop on damp nights and subsequently produce spores or conidia on another wet 

night following daylight and dry spells. These conidia are then rapidly dispersed by wind and rain splash, 

initiating new disease cycles in other healthy parts of the same plant or affecting different plants[9,10]. 

EB or leaf blight, manifests as dark, small, necrotic lesions on the leaf surface that tend to coalesce and 

form concentric patterns, resembling a target. These lesions are surrounded by yellow rings[11]. Initially, the 

disease appears on the lower, older leaves, which are more susceptible due to their lower sugar content and 

reduced glycoalkaloid levels, such as solanine, chaconine, and solanidine[12,13]. As the plant matures, the 

disease progresses upwards. As the disease advances, it leads to significant defoliation, which elevates the 

plant’s respiration rate while reducing its photosynthetic rate. This defoliation also exposes the fruits to the 

sun, causing sunscald. This, in turn, results in diminished fruit quality and substantial yield loss. Collar rot, on 

the other hand, is characterized by initial dark and sunken lesions on the stem, which later expand to form lens-

shaped lesions with concentric rings resembling those found on leaves. In young seedlings, lesions at ground 

level encircle the stem, damaging the vascular system and creating “collars”[14]. Infections on fruit cause dark, 

sunken, leathery, and purple lesions at the stem-end. Infected fruits tend to drop prematurely, and even those 

that reach maturity become unsuitable for the market[15]. 

EB disease has become exceedingly destructive, leading to annual yield losses of approximately 80%[16]. 

In severe instances, the disease can lead to complete defoliation, particularly in regions characterized by heavy 

and moist precipitation, high humidity, and elevated temperatures. During the interaction between A. solani 

and its host, several enzymes are produced, including cellulases and proteases. These enzymes play a crucial 

role in breaking down the host cell wall. Additionally, A. solani secretes gelatin methyl galacturonase, which 

aids in host colonization and contributes to its growth, development, survival, and pathogenicity[17]. Recent 

discoveries have identified the secretion of extracellular serine proteases and metalloproteases by A. solani, 

suggesting their involvement in phytopathogenicity[18,19]. A. solani is known to produce a variety of phytotoxic 

metabolites, including alternariol, altersolanol A, altertoxin, macrosporin, and solanapyrone[20]. These 

metabolites can have detrimental effects on plant health and contribute to disease development. The disease 

significantly hampers crop production by inducing premature defoliation and substantial losses in both the 

quality and quantity of fruits[21]. Factors contributing to the disease’s proliferation include dense planting, high 

precipitation, and prolonged leaf wetness periods[22]. Effectively managing this disease presents a considerable 

challenge[23]. Failure to manage this disease can result in a reduction in crop yield[24]. 

EB can be managed through various approaches, viz., fungicidal treatments, cultural management, use of 

resistant plant varieties, etc. Among these, cultural practices and fungicidal treatment are the most commonly 

employed methods[14]. Cultural practices encompass various strategies, including maintaining a healthy field 

and crop vigor, implementing good sanitation measures, removing infected plant debris and volunteer weeds 
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from the vicinity of the field, practicing crop rotation, incorporating organic inputs like biochar, and reducing 

leaf wetness through soil-directed irrigation systems[15]. Biochar is an organic byproduct derived from the 

pyrolysis of various organic feedstocks that has a substantial surface area for providing habitat for various soil 

microorganisms. In agriculture, it has been utilized for soil reclamation and for inducing disease resistance in 

various plant species against destructive plant pathogens[25]. Incorporating biochar into the growing medium 

of crops such as tomatoes, sweet peppers, and strawberries has been shown to induce resistance against various 

pathogens and enhance production[26,27]. The effectiveness of biochar amendments has been proved significant 

85% in various case studies and non-significant in 12% of cases[28]. To ensure maximum benefits and avoid 

deleterious effects, the dosage of biochar should typically range between 0.5% to 3% by weight, applied with 

localized placement[25]. However, it’s important to note that cultural practices alone may not suffice for EB 

control, and as a result, various types of fungicides have been developed for managing EB in tomato crops. 

Anand et al.[29] revealed that azoxystrobin was highly effective at 125 g a.i. ha–1 concentration against leaf 

blight disease of tomato and it reduced disease incidence 92.82% over control. They observed that increase in 

azoxystrobin concentration reduced the rate of disease progress and improved the production in treated plants. 

Aslam et al.[30] reported that Nativo 75% WG (0.25%) showed maximum (62.85%) percentage inhibition 

during the assessment of efficacy of different fungicides, plant extracts, and vitamins in EB disease of tomato 

under both in vitro and in vivo conditions. Dhaka and Choudhary[31] analyzed the in vitro efficacy of different 

fungicides against Alternaria solani and observed 78.17% mycelium growth inhibition using hexaconazole 

against Alternaria solani. Although, synthetic amendments, such as fungicides, have increased production 

quantities to some extent but they come at a cost to soil quality, human health, and the environment. Over-

reliance on synthetic chemicals can lead to catastrophic consequences, deteriorating soil quality and 

compromising the quality of agricultural production. Residual synthetic chemicals can also result in the 

accumulation of heavy metals in the soil, which can be toxic to plants as well as soil microorganisms and 

fauna[25]. Fungicides can face limitations in high disease pressure, and such treatments may not be 

economically viable or environmentally sustainable[14]. For instance, a study conducted in North Carolina 

found that a total of 15 fungicide applications were necessary per growing season to effectively manage 

diseases of fungal origin[32]. Frequent fungicide use can also contribute to the emergence of new, fungicide-

resistant isolates due to the substantial selection pressure exerted by these chemicals.  

As an alternative approach for managing EB, the use of fungal bioagents has been explored and 

documented in various scientific studies. These bioagents operate by inducing resistance in plants, providing 

an alternative method for EB management. Trichoderma is among the most isolated and studied soil endophyte 

found in plant root ecosystem that has been long known for their antimicrobial activities against various 

phytopathogens along with the abilities to promote plant growth and development[33]. Various species of genus 

Trichoderma have been continuously exploited as bioagent in agriculture[34]. The role of Trichoderma viride 

and T. harzianum in the control of EB has been previously documented[35,36]. Sreenivasulu et al.[37] found T. 

viride at the rate 0.25% highly effective against Alternaria solani under in vivo and in vitro conditions in 

tomato. This antagonistic fungus act as mycoparasite against the phytopathogenic fungi, by secreting numerous 

hydrolytic enzymes, produced antibiotic compounds and different types of hormones including auxins and 

cytokinins which had a favourable impact on plant growth and development[38–40]. Thus, it gives competition 

to phytopathogens for space and nutrients[41], stimulates plant growth and do induce acquired resistance[42]. 

Several resistant sources have also been identified in wild tomato species like S. habrochaites (PI390513, 

PI390514, PI390662, PI126445, PI127827), S. pimpinellifolium (LA1921 and its BC4F4 progeny) and S. 

peruvianum (PE33, PI127829 LA1292, LA1365), and utilized to develop resistant lines in a resistance breeding 

program against EB disease[14]. However, due to high genetic variation, cross compatibility barriers with the 

cultivated ones, breaking of resistance with due course of time, polygenic inheritance of EB resistance, 
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alterations in pathogen strains, insufficient resistance in cultivated species, transferring of unwanted 

horticultural traits along with EB resistance feature have thwarted the effective breeding of EB resistance in 

tomato[16]. 

Upon breaching the physical barriers of the plant’s biological structure, various immune defense systems 

are activated to combat invading pathogens within the plant’s organs. Induced resistance refers to an elevated 

defensive capability in a plant that is triggered by specific environmental cues. This enhanced resistance is 

developed when the plant’s defenses are preconditioned by prior infection or treatment, resulting in increased 

resistance to subsequent challenges by pathogens or parasites[43]. Based on the location within the host where 

local tissue immunity is stimulated and the type of microbes detected by the plant, these strategies are typically 

categorized as induced systemic resistance (ISR) and systemic acquired resistance (SAR)[44]. Systemic 

acquired resistance (SAR) is generally associated with increased levels of salicylic acid (SA) and the induction 

of pathogenesis-related proteins (PR proteins) in uninfected host tissues. This response can be triggered by 

prior exposure to virulent, avirulent, or nonpathogenic microbes, or artificially induced using chemicals[45,46]. 

In contrast, induced systemic resistance (ISR) can be initiated by nonpathogenic soil microbes. It primarily 

protects the host plant’s shoots against necrotrophic pathogens and insects by modulating the biosynthesis of 

jasmonic acid (JA) and ethylene, along with their associated signal transduction pathways[44,47]. 

During the literature survey relevant to induced resistance against EB disease in tomato plants it was 

identified that a single approach can’t be enough to control the infection. Consequently, there is a need to 

develop a novel formulation of the available management strategies (as explained in the previous paragraph) 

in such a way that their effective mode of action can enhance the potential of tomato crop to resist several 

biotic and biotic stresses and lead to improved production both qualitatively and quantitatively. By keeping 

this approach in mind, the proposed study was designed to assess the efficacy of various treatments, viz., 

chemical fungicides (Amistar Top®, Nativo®, and Contaf®), biochar and fungal bioagent (Trichoderma viride) 

under both in vivo and in vitro conditions to induce resistance against the EB disease of tomato. 

2. Materials and methods 

The presented work was accomplished in two distinct trials; one was conducted at the research farm of 

Lovely Professional University, Phagwara, Punjab. The research site featured a characteristic sub-tropical 

climate, marked by scorching summers and prevailing winds from April to July. This was succeeded by a hot 

and humid rainy season, followed by cold winters spanning from December to January. Another experiment 

was conducted in the laboratory of the Department of Plant Pathology of Lovely Professional University, 

Punjab, during the year 2022. 

2.1. Collection, isolation and identification of pathogen 

Leaf samples displaying dark spots with concentric rings on older leaves and on adjacent areas that had 

turned yellow were collected from the tomato field established at Lovely Professional University’s research 

farm in Punjab. These gathered samples containing Alternaria solani inoculum were transported to the 

laboratory for the purposes of isolation, identification, and further investigation. 

The isolation of microorganisms was executed using the tissue segment technique[48]. The identification 

of microorganisms was confirmed by observing their morphological characteristics through the use of a 

compound microscope[49]. A. solani was distinguished by its septate, dark-colored mycelium, and the 

production of short, simple, upright conidiophores that carry single and dispersed chains of conidia in acropetal 

arrangements[50]. 
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2.2. Inoculation of pathogen 

Root dip method 

The root dip inoculation technique was employed to the “20-day-old” seedlings. Spore suspension 

solutions (having concentration from 0.1 to 1 × 106 spores/mL) were prepared from “10-day-old” cultures 

which was previously isolated from refined potato dextrose agar (PDA) cultures[51,52]. Subsequently, the 

seedlings’ roots were gently managed with a sterile scissors and immersed in tubes containing 30 mL of spore 

suspension for approximately 30 min. Following this, the inoculated seedlings were transplanted into pots. In 

contrast, the roots of control plants underwent treatment with distilled water. 

2.3. Procurement of fungicides and its dosages 

Three chemical fungicides, viz., Amistar Top® (Syngenta India Limited), Nativo® (Bayer CropScience 

Limited) and Contaf® (Tata Rallis India Limited) were collected and prepared at 25 SC (120 g a.i. ha–1)[29], 75% 

WG (0.25%)[30] and 5% EC (2 mL per litre)[31,53] concentration, respectively for the management of EB disease 

of tomato. 

2.4. In vitro evaluation of fungicides, biochar and fungal bioagent  

The feasibility of different chemical fungicides (Amistar Top® 25 SC, Nativo® 75% WG and Contaf® 5% 

EC), biochar (at the concentration of 2.25%, 2.75% and 3.25% by weight)[25] and fungal bioagent (Trichoderma 

viride at 0.25%) (as stated in Table 1) were verified in vitro utilizing poison food technique[54], and double 

culture method[55] against the pathogen. Mycelium growth of Alternaria solani and its percentage inhibition 

over control was measured using the formula; [(C – T)/C × 100] where “C” was the “mycelium growth in 

control” and “T” was “mycelium growth in respective treatment” (Table 1). 

Table 1. In vitro evaluation of efficacy of different treatments on percentage inhibition of mycelium growth and in vivo evaluation on 

disease severity percentage against Alternaria solani infection in tomato plants. 

Treatments  Mycelium 

diameter 

(cm) 

Percentage inhibition of 

mycelium growth over 

control 

Disease severity 

percentage 

Percentage increase in 

disease severity over control 

T1 Amistar Top® 6.86cd 14.16 48.77b 17.61 

T2 Nativo® 7.08bcd 11.45 28.59f 51.7 

T3 Contaf® 7.35bc 8.12 40.2c 32.09 

T4 Biochar at 2.25% 7.22bcd 9.66 31.47e 46.84 

T5 Biochar at 2.75% 7.09bcd 11.33 22.76g 61.55 

T6 Biochar at 3.25% 6.75d 15.62 10.09h 82.96 

T7 Trichoderma viride  

at 0.25% 
7.45b 

6.87 
35.83d 

39.48 

T8 Control 8.1a – 59.2a – 

 SEM 0.09 – 0.65 – 

Different letters indicate significant differences at p < 0.05 according to the Duncan’s multiple range tests. 

[where, cm = centimeter; Amistar Top® = 25 SC (120 g a.i. ha–1); Nativo® = 75% WG (0.25%); Contaf® = 5% EC (2 mL per litre)]. 

2.5. In vivo evaluation of fungicides, biochar and fungal bioagent 

The assessment of various chemical fungicides, organic input, and the fungal bioagent was done in vivo 

during the rabi season of year, 2022. The previously pathogen-treated seedlings (upon reaching 1 month of 

age) were transplanted into the main field at a spacing of 60 cm × 45 cm. Soil applications of biochar, and 

fungal bioagent at their predetermined concentrations were done twice; first at the time of transplanting and 

second at 15 days after transplanting (DAT). Two foliar applications of each fungicide were applied after 40 

DAT maintaining an interval of 15-days using a knapsack sprayer[29]. The percent disease intensity (PDI) was 

documented for each plot and assessed following two consecutive applications of fungicides, biochar, and 
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fungal bioagent at 15-day intervals. The assessment of EB infection incidence in tomatoes was conducted on 

5 randomly selected plants from each plot, utilizing a 0–5 scale[56]. 

2.6. Evaluation of soil pH and electrical conductivity (EC) (dS/m) 

Prior to assessing the soil pH and EC parameters, a thorough evaluation of various properties of different 

treatments was conducted to gain insight into the characteristics of the product used to induce resistance in 

tomato plants. Randomly soil samples (~600 g) were collected from the experimental site and air dried at the 

room temperature. The samples were then grinded, sieved and weighed to 100 g. A known volume of distilled 

water (1:1) was added to the sample in a container and stirred for few minutes. Soil-water suspension was 

allowed to sit for 1 h to ensure that pH equilibrates. After some times, the pH was measured using calibrated 

pH meter (Systronics pH system 361)[57]. For measurement soil EC the previously air-dried samples were 

sieved to obtain a homogeneous soil texture from which 100 g weighed and mixed with an equal volume of 

distilled water in the ratio 1:1. This prepared mixture was vigorously shaken to create a soil-water suspension 

and then allowed to equilibrate for around 30 min. After that the electrical conductivity of the equilibrated 

suspension was measured using an electrical conductivity meter (Systronics EC conductivity 7DS meter 308) 

in deciSiemens per meter (dS/m)[58]. The soil samples were brought twice first, at the beginning (before 

application of treatments) and second, at the end (after the field trial got over) for the analysis of pH and EC 

in the lab. 

2.7. Total soluble solids (Brix) 

The measurement of Total Soluble Solids (TSS) was determined using a digital refractometer in Brix. 

Under this, unripe, red ripe and over ripe tomato samples from each treatment were taken into the consideration 

and the value was noted. 

2.8. Biochemical analysis 

Biochemical analysis was performed by analyzing the total soluble protein and total phenol content for 

the confirmation of development of disease resistance. The estimation of total soluble proteins and total 

phenols were analyzed as per the methodology suggested by Lowry et al.[59] and Bray and Thorpe[60], 

respectively. The assessment of total phenols and total soluble proteins was checked two times (at 30 and 60 

days after transplanting) with the aid of spectrophotometer at a wavelength of 765 nm and 595 nm. 

2.9. Statistical analysis 

Statistical analysis was performed using R-Studio. The results represent the averages from three 

replications of each treatment. The data underwent one-way analysis of variance (ANOVA), and mean 

comparisons were conducted using Duncan’s multiple range tests at the significance level of p < 0.05. 

Differences at p < 0.05 were considered to be statistically significant. 

3. Results and discussions 

3.1. Identification of A. solani 

Confirmation of A. solani identification was based on its morphological characteristics[7]. Microscopic 

examination revealed that the conidiophore colour ranged from olivaceous brown to brown, and the conidia 

exhibited a smooth, tapering to a bill-like shape form, flexuous or straight, elongated, measuring 160 to 300 

μm in length, with 8–10 transverse and 2–4 longitudinal septa. 

3.2. In vitro evaluation of fungicides, biochar and fungal bioagent 

As per the results shown in Table 1 maximum (15.62%) percentage of mycelium growth inhibition of 
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Alternaria solani and minimum (6.75 cm) mycelium diameter were observed in T6 (biochar at 3.25%) 

treatment over control. Rasool et al.[61] reported comparable results in their study, which showed that as the 

concentration of biochar, specifically wood biochar (6%) and green waste biochar (6%) in PDA, increased, the 

efficiency of inhibiting fungal radial growth of A. solani also increased. Notably, green waste biochar (6%) 

exhibited a significantly higher level of mycelium growth inhibition, reaching 38.74%. 

3.3. In vivo evaluation of fungicides, biochar and fungal bioagent on disease severity 

The minimum (10.09%) disease severity percentage was observed in T6 (biochar at 3.25%), followed by 

T5 (biochar at 2.75%) whereas maximum (59.2%) was observed in control. In contrast maximum (82.96%) 

percentage increase in disease severity over control was observed in biochar at 3.25% (T6) (Table 1). This 

outcome can likely be attributed to the fact that biochar application enhances interactions between soil 

microbes and plants, rather than directly releasing fungitoxic compounds[28]. This enhancement provides 

tomato plants with the potential to better withstand early blight (EB) stress[62]. Similar findings were reported 

by Harel et al.[63], in which they demonstrated that biochar application triggers resistant mechanisms, either 

through systemic acquired resistance (SAR) or by inducing systemic resistance, to reduce pathogen infection. 

Another contributing factor could be that biochar stimulates the growth and activity of plant growth-promoting 

microorganisms (PGPMs), including rhizobacteria, mycorrhizal fungi, and other endophytic fungi like T. 

viride. These microorganisms, in turn, play a crucial role in protecting against pathogens through mechanisms 

such as nutrient and space competition, direct parasitism, and antagonism via the production of secondary 

metabolites[64]. 

3.4. Soil pH and electrical conductivity (EC) (dS/m) 

Assessing soil pH and EC provided insight into how different treatments influenced the physical and 

chemical attributes of the soil. As per the results stated in Table 2, it was observed that the pH showed highest 

(2.09%) variation in T2 (Nativo®) than other treatments. Whereas EC was reported with the highest (53.72%) 

rate of change in T5 (biochar at 2.75%) than initial EC values of soil. It might be due to the basic nature of the 

treatment and higher exchange of ions between soil and the employed treatment. The application of biochar 

had a positive impact on the chemical, physical, and biological properties of the soil, resulting in an increase 

in electrical conductivity (EC). These findings are consistent with previous research conducted by Guo et al.[65], 

Ali et al.[66] and Ud Din et al.[67], which also reported similar improvements in soil characteristics due to biochar 

application. 

Table 2. In vitro evaluation of different treatments on percentage increase of soil pH and EC over control and total soluble solids 

(Brix) present at unripe, red ripe and over ripe stages in tomato plants. 

Treatments Percent increase over control Total soluble solids (Brix) 

  Soil pH Soil EC Unripe Red ripe Over ripe 

T1 Amistar Top® 0.59 43.43 2.33c 3.2b 3.53b 

T2 Nativo® 2.09 49.64 3.13ab 3.27b 3.73ab 

T3 Contaf® 0.59 46.41 2.93bc 3.49b 3.8ab 

T4 Biochar at 2.25% 0.48 46.23 3.67a 3.67ab 4.07ab 

T5 Biochar at 2.75% 0.36 53.72 3.07ab 3.73ab 4.27a 

T6 Biochar at 3.25% 0.24 53.61 2.93bc 3.47b 3.69b 

T7 Trichoderma viride at 0.25% 0.83 10.62 2.67bc 3.53b 3.87ab 

T8 Control – – 3abc 4.2a 4.05ab 

 SEM – – 0.13 0.10 0.08 

Different letters indicate significant differences at p < 0.05 according to the Duncan’s multiple range tests. 

[where, pH = potential of hydrogen; EC = electrical conductivity; Amistar Top® = 25 SC (120 g a.i. ha–1); Nativo® = 75% WG 

(0.25%); Contaf® = 5% EC (2 mL per litre)]. 
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3.5. Total soluble solids (TSS) (Brix) 

The analyzed results of TSS (Table 2) revealed that unripen tomato samples showed highest (3.67) TSS 

in biochar at 2.25% (T4) whereas, the red ripe and over ripe tomato samples showed highest concentrations of 

TSS as 3.73 and 4.27 in T5 (biochar at 2.75%), respectively. The observed increase in the accumulation of 

soluble solids in tomato fruits at various harvest stages following biochar application may be attributed to the 

enhancement of physiological and biochemical attributes of the tomato plants. These findings align with 

previous  s tudies  conducted  by  Cao et  a l . [ 6 8 ] ,  Hameeda  et  a l . [ 6 9 ]  and  Ud Din  e t  a l . [ 6 7 ] . 

3.6. Total phenols and total proteins (mg BSA/g FW) 

The evaluated results of total phenols and total proteins are presented in Table 3 which showed the highest 

(78.94%) percentage increase in the level of total phenols in T2 (Nativo®) over the control. The phenol contents 

increased from 1.14 mg BSA/g FW (before inoculation of pathogen) to 2.04 mg BSA/g FW (after inoculation 

of pathogen) when the Nativo treatment employed to tomato plants. It may be attributed to the efficacy of the 

treatment by means of inducing the resistance through manipulating the level of total phenols. The minimum 

(10.72%) percent increase in the level of total phenols was observed in the control. These results were in 

agreement with the findings of Aslam et al.[30]. 

Table 3. Differences between field and pot culture experiments in total phenols (mg BSA/g FW) and total protein contents (mg 

BSA/g FW) along with their percentage increase over control in tomato plants. 

Treatments Total phenols (mg BSA/g FW) Total proteins (mg BSA/g FW) 

  Field sample Pot sample Percent 

increase over 

control 

Field sample Pot sample Percent 

increase over 

control 

T1 Amistar Top®  1.12a 1.91a 70.53 2.93ab 3.12ab 6.48 

T2 Nativo® 1.14a 2.04a 78.94 2.99ab 3.43a 14.71 

T3 Contaf® 1.31a 2.13a 62.59 3.07a 3.57a 16.28 

T4 Biochar at 2.25% 1.44a 2.28a 58.33 3.1a 3.72a 20 

T5 Biochar at 2.75% 1.49a 1.9a 27.52 3.12a 3.76a 20.51 

T6 Biochar at 3.25% 1.51a 1.93a 27.81 3.01a 3.35a 11.29 

T7 Trichoderma viride at 

0.25% 
1.16a 1.91a 

64.65 
3.16a 3.21ab 

1.58 

T8 Control 1.12a 1.24b – 2.47b 2.51b – 

 SEM 0.06 0.10 – 0.07 0.14 – 

Different letters indicate significant differences at p < 0.05 according to the Duncan’s multiple range tests. 

[mgBSA/gFW = milligram Bovine Serum Albumin per gram of fresh weight; Amistar Top® = 25 SC (120 g a.i. ha–1); Nativo® = 

75% WG (0.25%); Contaf® = 5% EC (2 mL per litre)]. 

The results (presented in Table 3) of total proteins revealed that T5 (biochar at 2.75%) showed the highest 

(20.51%) percent of increase in the level total soluble proteins. It was noticed that initially (before inoculation 

of pathogen) the total protein content was 3.12% and later (after inoculation of pathogen) it reached to 3.76% 

when the particular treatment was applied. While the minimum (1.58%) increase in the level of total proteins 

was observed in T7 (T. viride at 0.25%). The probable reason behind it that treatments containing varying 

concentrations of biochar were notably more effective in increasing the total soluble protein content in tomato 

plants, which in turn suppressed pathogenic symptoms. This effect could be attributed to the improved 

biochemical characteristics and the enhanced movement of nutrients and minerals within the plant structure, 

ultimately leading to increased levels of total proteins and other secondary metabolites. These elevated content 

levels played a role in reducing early blight (EB) stress in tomatoes. Similar results have been reported by 

Harel et al.[63] and Bonanomi et al.[64]. 

3.7. Root and shoot length (cm) 

The application of various treatments affected the growth and development of tomato plants precisely. 

mailto:Biochar@2.25%25
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The results shown in Table 4 revealed that biochar at 3.25% (T6) treatment reported with maximum increase 

in their root and shoot length. The maximum root length and shoot length was measured as 30.66 cm and 32.1 

cm, respectively. While Amistar Top® (T1) was noticed with the minimum (23.46 cm) root length and 

minimum shoot length (29.6 cm) was observed in control. Similar results were reported by Ud Din et al.[67] in 

their study involving individual biochar application. They observed an increase in agronomic traits of tomato 

plants ranging from 8% to 26% when compared to the control group. This improvement in agronomic traits 

can be attributed to the enhanced root length facilitated by biochar, which enabled the plants to absorb more 

nutrients and water uptake even under stressed conditions. Furthermore, it played a role in alleviating the 

detrimental effects resulting from plant-pathogen interactions, ultimately enabling the plants to perform 

optimally. 

Table 4. In vivo evaluation of different treatments on root length (cm), shoot length (cm) and total yield (kg) against Alternaria 

solani in tomato plants. 

Treatments  Root length (cm) Shoot length (cm) Total yield (kg) 

T1 Amistar Top®  23.46c 30.76a 7.36b 

T2 Nativo® 28.53ab 31.43a 7.56b 

T3 Contaf® 27.46ab 29.93a 7.16b 

T4 Biochar at 2.25% 28.06ab 30.1a 7.46b 

T5 Biochar at 2.75% 28.03ab 31.7a 7.8ab 

T6 Biochar at 3.25% 30.66a 32.1a 8.26a 

T7 Trichoderma viride at 0.25% 26.06bc 30.5a 7.5b 

T8 Control 26.6bc 29.6a 5.63c 

 SEM 0.78 0.32 0.27 

Different letters indicate significant differences at p < 0.05 according to the Duncan’s multiple range tests. 
[cm = centimeter; mgBSA/gFW = milligram Bovine Serum Albumin per gram of fresh weight; Amistar Top® = 25 SC (120 g a.i. ha–

1); Nativo® = 75% WG (0.25%); Contaf® = 5% EC (2 mL per litre)]. 

3.8. Total yield (kg) 

The total yield of tomato plants improved by the different employed treatments (as presented in Table 4). 

However, the highest total yield (8.26 kg) was obtained with biochar at 3.25% (T6) and the minimum (5.63 kg) 

was reported in control. The positive outcomes observed can likely be attributed to soil amendment with 

biochar, which contributed to increased soil fertility and resulted in improved crop growth, yield, and overall 

crop quality[62]. 

4. Conclusion 

Plant resistance is influenced by a range of factors, including plant species, growth tendencies, crop load, 

physiology of the plant, etc. More importantly, the pathogen itself modifies its strains in due course of time. 

On the other side, the available resistant varieties/hybrids against the early EB obstruction haven’t sufficiently 

combated the disease or it may happen that the resistance got broken in between. Tomato growers are now-a-

days relying much upon fungicides against EB infection. This caused adverse impacts on soil and human health. 

By understanding the seriousness of this devastating disease, we have planned an approach consisting of 

different treatments (fungicides, biochar, and fungal bioagent) and implemented these against the pathogen to 

induce resistance in tomato plants. The assessment outcomes demonstrated that biochar exhibited significant 

efficacy in countering EB infection in tomato plants by triggering resistance. The utilization of biochar 

treatments not only brought about alterations in the plants’ morphological traits but also enhanced the overall 

growth patterns of the plants. When contrasting various biochar concentrations with alternative inputs, it was 

noted that a concentration of biochar at 3.25% consistently displayed remarkable effectiveness. Therefore, the 

same can be recommended for improved production of tomato crop and its sustainability. Furthermore, we 

suggest that in addition to its use in sustainability of agriculture it could also be an alternative for carbon 

dioxide reduction techniques due to its carbon seizing ability which may favour in greenhouse gases reduction. 

mailto:Biochar@3.25%25
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