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Abstract: This study assesses the effectiveness of using arbuscular mycorrhizal fungi (M) and compost applied alone or in combination (vs. conventional chemical fertilizer application (NPK)) on tomato resistance to vascular wilt caused by Verticillium dahliae. In this study, ten treatments were applied: (1) Control (2) M: Rhizophagus irregularis (3) C: Compost (4) MC: The combination of M and compost (5) NPK: conventional chemical fertilizer (6) V: plants infected with V. dahliae (7) MV: plants infected with a conidial suspension of V. dahliae and M, (8) CV: The combination of compost and V. dahliae, (9) MCV: The combination of M, compost and V. dahliae, (10) VNPK: V. dahliae and NPK. The combination of biostimulants reduced disease severity and incidence, as well as the leaf alteration index compared to control plants (V). However, the area under the disease progress curve (AUDPC) and final mean severity (FMS) were reduced by 37% and 46% respectively by the application of the combination of M, compost and V. dahliae (MCV) compared to the V control. Additionally, the MCV treatment showed the greatest increment in protein content (152.6%), in TSS content (54.6%), and CV increased proline content by 46.6%. Furthermore, MCV also protected the photosynthetic apparatus from pathogen-induced oxidative stress and reduced the accumulation of malondialdehyde (MDA) and hydrogen peroxide (H2O2) by increasing the activity of antioxidant enzymes, such as polyphenol oxidase (PPO) (215.03%), ascorbate peroxidase (APX) (74.73%) and peroxidase activity (POX) (101.91%). MC also enhanced superoxide dismutase (SOD) activities by 166.19% compared to their controls (V). M alone or in combination with compost, remains a favourable interaction for suppressing plant diseases and improving antioxidant defense systems.
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1  Introduction

Plant diseases are the most common reasons of reduced plant yields and quality, resulting in significant economic losses, notably in agriculture [1]. Verticillium dahliae is a highly pathogenic fungus that causes damage to more than 200 species of plants, causing significant losses in important food crops [2]. It induces Verticillium wilt, one of the most prevalent diseases affecting annual agricultural and horticultural plants, including commercially important solanaceous species like tomatoes [3]. Tomatoes (Solanum lycopersicum L.) are a widely cultivated horticultural crop enjoyed worldwide for their culinary versatility. They hold significant commercial value [4] and are rich in bioactive substances such as vitamins, phenolic compounds, and carotenoids [5]. Additionally, they contain metabolites like sucrose, hexoses, citrate, and malate, which contribute positively to human health [6]. Tomato agriculture faces various challenges globally, including diseases like Verticillium wilt. Verticillium dahliae is a soil-borne fungus that remains in the soil indefinitely and spreads rapidly, leading to blockage of vascular tissue. Symptoms include yellowing, vessel-shaped lesions, stunted growth, severe defoliation, and eventually plant mortality [7,8]. Effective management of this vascular pathogen involves understanding plant responses, starting from pathogen detection and signal transduction, to the activation of defense-related genes [9]. To combat tomato infections, various tactics and treatments have been employed, including chemical management with fungicides such as propineb and copper oxychloride [10]. However, it is widely recognised that the widespread consumption of chemical substances in agriculture in agriculture is reducing soil fertility and threatening food safety and environmental health [11,12]. Understanding pathogen virulence, host resistance, and plant-pathogen interactions could potentially aid in developing integrated disease control strategies. Recent research has provided new insights into these processes and emphasized the importance of implementing ecologically sustainable management options. In this respect, biostimulants offer a viable alternative to chemical pesticides by providing essential nutrients, promoting environmental sustainability and increasing agricultural sustainability and food safety. Over the past few decades, microbial fertilizers like M have emerged as a novel approach to the promotion of the sustainability of agriculture. M form symbiotic relationships with plants, facilitating the exchange of signaling molecules that enhance plant resistance to infections and improve tolerance to various stressors [13,14]. Mycorrhizal symbiosis is essential for managing plant diseases [15]. To explain how M confer bioprotection to crops against soil-borne diseases, several mechanisms have been suggested. These include enhancing plant nutrition, compensating for damage, modifying root anatomy and longevity, competing with pathogens for root colonization sites and host resources, activating plant defenses, and altering populations of microorganisms in the rhizosphere [16]. Mycorrhizal fungi rescue plants from stress-induced reactive oxygen species (ROS) by improving their defense system and enhancing the functioning of antioxidant enzymes [17]. They act as biostimulants, aiding plants in defending against wilt diseases [18]. Mycorrhizal fungi stimulate plant development through a variety of methods, including improved mineral supplying and water consumption by host plants [19,20]. These fungi are ecologically beneficial organisms that form a symbiotic association with plant roots, in particular improving phosphorus uptake and maintaining phytohormone balance [21]. Another promising strategy involves using compost derived from green waste, which represents an environmentally favourable method for reducing V. dahliae [22]. Compost has been recognized for its ability to enhance soil structure and suppress soil-borne diseases due to its diverse microbial communities [23,24]. Compost’s suppressive power is demonstrated by processes such as hyperparasitism, antibiosis, and trophic and spatial competition, as well as its potential to stimulate plant development and boost quality and resilience [25]. Compost inoculated with biostimulants such as Bacillus subtilis or Trichoderma hamatum has been shown to have a good effect on disease suppression in several studies, owing to its multifarious microbial consortium [26]. Compost can be added to control soil pathogens V. dahliae, Fusarium oxysporum, Rhizoctonia solani, and Botrytis cinerea through several mechanisms. These include the production of fungitoxic chemicals, direct parasitism, nutritional competition, and the promotion of a suppressive microbiome to increase disease control consistency [23–27]. According to Antón-Domínguez et al. [27], organic amendments hindered the growth of V. dahliae mycelium. Specifically, these amendments were shown to enhance the activity of antagonistic microorganisms or directly inhibit the mycelial growth through changes in nutrient availability or pH levels. This suggests that organic amendments could potentially serve as a sustainable method to manage V. dahliae in agricultural soils, offering a natural alternative to synthetic fungicides. Further research is essential to fully comprehend the chemical processes behind these inhibitory effects and optimize their usage in agricultural practices for disease prevention.

However, notwithstanding these advances, a significant knowledge gap remains regarding the efficacy of M and compost combinations vs. conventional chemical fertilizers in controlling V. dahliae, while promoting sustainable agricultural practices. Comparative studies evaluating the efficacy of conventional chemical fertilizers vs. biostimulants in enhancing tomato resistance to V. dahliae remain limited. These biostimulants, whether applied individually or in combination, are considered a strategy in agriculture aimed at producing high-yield crops while also safeguarding plants from disease [25]. Despite these advancements, few studies have directly compared the efficacy of conventional chemical fertilizers with biostimulants and compost in enhancing plant resistance against specific pathogens such as V. dahliae. The present work is intended to address this challenge by evaluating the suppressive properties of a tripartite combination involving V. dahliae, green compost, and the mycorrhizal fungus Rhizophagus irregularis, compared to conventional chemical fertilizers. Specifically, we investigate their influence on osmolyte accumulation and antioxidant defense systems in tomatoes, shedding light on their potential for integrated disease management and sustainable agriculture practices. By addressing these research gaps, this work seeks to make a contribution to the development of sustainable agricultural systems that enhance crop productivity, while also promoting environmental health, and limit the environmental damage caused by current agricultural practices. Understanding the synergistic effects of microbial fertilizers and compost could pave the way for integrated disease management strategies that foster resilient agricultural systems. Future research inspired by our study could explore several promising directions to advance sustainable agriculture. Firstly, deeper investigations into how Rhizophagus irregularis and compost interact with Verticillium dahliae could uncover specific biochemical pathways and microbial dynamics. Understanding these mechanisms could optimize their application strategies in agriculture. Secondly, more research needed to assess the long-term effects of organic alternatives on the health of the soil, including microbial diversity, nutrient retention, and carbon sequestration over multiple growing seasons.

2  Materials and Methods

2.1 Preparation of Biostimulants

A pure strain of Rhizophagus irregularis (isolate DAOM 197198) obtained from the Plant Biotechnology Institute of Montreal, Canada, served as the mycorrhizal fungus (M) used in the experiment. The host plant was Zea mays L., whose propagules had been enhanced by co-cultivation. To form the fungal inoculum, maize roots were chopped into 1 mm sections after colonisation with hyphae, vesicles and spores by Rhizophagus irregularis. To infect the root systems of the tomato plants, 30 g of this inoculum (including roots and spore-containing substrate) was applied during planting. This inoculum contains 748 spores/100g dry soil. Non-mycorrhizal plants received the same amount of filtered inoculum and uninoculated maize roots were added to maintain organic matter levels in the pots to reintroduce additional soil microorganisms. Mycorrhizal inoculum was filtered through Whatman paper filters containing 20 mL distilled water.

As mentioned by Meddich et al. [28], Green waste (quack grass) was the compost used in this experiment. The following physico-chemical features of the compost were present: Potassium 0.5%, Nitrogen 1.5%, Phosphorus 700 ppm, and Organic carbon 20%.

2.2 Plant Material and Experimental Design

The ‘Campbell 33’ tomato seeds were acquired from the National Institute for Agricultural Research located in Kenitra, Morocco. Tomato seeds (Lycopersicon esculentum Mill. cv. Campbell 33) have been disinfected through immersion for 10 min in a sodium hypochlorite solution (10%). The seeds were then rinsed thoroughly with distilled water five times. They were then transferred to glass Petri dishes and cultured at 28°C for a period of five days. After emergence they were placed in plastic dishes with sterile peat. The seedlings were transferred after 15 days, to plastic pots containing either 5 kg of sterilised soil heated for 3 h at 180°C or a 5% compost/sterilised soil mixture. The physical and chemical characteristics of the soil were as follows: total nitrogen: 9 mg kg−1; available phosphorus: 11 mg kg−1; organic matter: 1%; total organic carbon (TOC): 0.6%; potassium: 568 mg g−1 and calcium: 2356 g kg−1; electrical conductivity: 0.14 mS cm−1; pH: 8.6. Recommended doses of conventional chemical fertiliser (NPK) were applied as follows: 127 kg P2O5/ha as superphosphate + 332 kg K2O/ha as potassium sulfate +134 kg N/ha in the form of ammonium nitrate [29].

The experimental design consists of ten well-randomised block treatments: (1) Control: Seedling uninoculated and unamended (2) M: seedlings inoculated with 30 g of M inoculum (containing hyphae, vesicles and spores with high M infection frequency (95%) and intensity (65%)), (3) C: Compost (4) MC: The combination of M and compost (5) NPK: conventional chemical fertilizer (6) V: plants infected with a conidial suspension of V. dahliae (7) MV: plants infected with a conidial suspension of V. dahliae and M, (8) CV: The combination of compost and suspension of V. dahliae, (9) MCV: The combination of M, compost and suspension of V. dahliae, (10) VNPK: plants infected with a combination of suspension of V. dahliae and conventional chemical fertilizer. A semi-controlled greenhouse at the Faculty of Science Semlalia, Cadi Ayyad University, Marrakech, Morocco, was used to cultivate 300 tomato plants, with thirty duplicates per treatment. The greenhouse had an average temperature of 25.5°C, 16/8 day/night cycle, a light intensity of 410 μm−2 s−1, and a relative humidity of 68.5%. All treatments received regular watering, with pots kept at 75% full. After two months of mycorrhization, 150 plants were infected with a conidial solution of V. dahliae at 106 conidia/mL. To promote infection with the OMV5 isolate, the roots of these plants were carefully injured 6 cm below the stem apex with a pointed stick and 10 mL of pathogen inoculum was injected into each wound using a test tube. The remaining plants received the same treatment with 10 mL of sterile distilled water. All plants were well watered, with regular irrigation maintaining 75% of field capacity (FC).

2.3 Mycorrhization Assessments

To determine mycorrhizal colonization in roots, fresh tomato root fragments measuring 1 cm were cleansed with 10% KOH at 90°C for 2 h [30]. The segments were acidified with 5% lactic acid for 20 min, then stained with 0.05% (w/v) trypan blue for 30 min at 90°C and finally examined under a microscope.

15 randomly chosen root fragments, each measuring 1 cm in length, were assessed three times per treatment using a glass slide to measure the frequency (F%) and intensity (I%) of mycorrhization. These equations were used to determine these parameters [31].


F (%)= (Infected root segments)total root segments× 100


Mycorrhization intensity I  (%) =(95n5+70n4+30n3+5n2+n1)Total root segments

where n is the total number of pieces, with an index of 0, 1, 2, 3, 4, or 5, and an infection rate of: 100 > n5 > 90; 90 > n4 > 50; 50 > n3 > 10; 10 > n2 > 1; 1 > n1 > 0.

“n5” signifies the number of roots with an infection level of 5 (90%–100% infection rate), while “n4” refers to the number of roots with an infection level of 4 (50%–90% infection rate), “n3” is the number of roots with an infection level of 3 (10%–50% infection rate), “n2” means the number of roots with an infection level of 2 (1%–10% infection rate) and “n1” signifies the number of roots with an infection level of 1 (0%–1% infection rate).

2.4 Evolution of Disease Symptoms

Disease symptoms were observed and assessed for three months after inoculation with the OMV5 isolate. The severity of the disease was measured on a scale of 0 to 5 according to the following Formula (1) [32]. Disease incidence, the proportion of infected plants in the total number of plants assessed, was calculated using Formula (2) [33], and the leaf alteration index was derived using [34] (Formula (3)).


Disease severity=(A x 0)+(B x 1)+(C x 2)+(D x 3)+(E x 4)Total number of plants
(1)

where A: healthy plant or no symptoms; B: beginning dieback, no defoliation; C: moderate dieback, moderate wilting; D: severe dieback, severe wilting and E: dead plant. Notes on leaf appearance: 0: leaves appearing healthy; 1: cotyledons: wilting or yellowing; 2: cotyledons: dropping; 3: true leaves: wilting or yellowing; 4: true leaves: necrosis; 5: true leaves: abscission.


Disease incidence (%)= Number of infected plants Total number of plants× 100
(2)


Leaf alteration index (LAI)= (∑ (i × Xi))(6 ×Nt L)× 100
(3)

where i: leaves appearance notes 0–5, Xi: number of leaves with the note i, Nt L: total number of leaves.

The area under the disease progression curve (AUDPC), as described by Campbell et al. [35], was used to characterise disease progression. The standardised AUDPC was estimated using the following Formula (4):


AUDPC =  t/2 x  ( S2+2x S3+2x S4+…+Si4 xn× 100 
(4)

where n: total number of observations; Si: final mean severity (FMS); 4: maximum disease rating

Following the experiment, V. dahliae was re-isolated from the roots and tomato epicotyls. Samples were washed with ordinary water, wiped with sterile filter paper, sectioned into pieces, and then disinfected with 70% alcohol for one minute. Sections were placed into PDA medium and cultured for one week at 25°C in darkness.

2.5 Assessment of Physiological Parameters and Photosynthetic Pigment Contents

Photosynthetic pigments, stomatal conductance (gs), and chlorophyll fluorescence (Fv/Fm) were assessed to evaluate the effects of compost, M, or V. dahliae on physiological parameters.

A handheld porometer (Leaf Porometer LP 1989, Decagon Devices Inc., Washington, DC, USA) was utilized to measure the stomatal conductance (gs). The device was calibrated with the provided calibration plate before each usage, and it was determined between 10:00 and 11:30 a.m. The sheet’s underside was used for the measurements. The units of the gs were mmol H2O m–2 s–1.

Using a portable fluorometer (OS-30p + OPTI-SCIENCES), Fv/Fm of tomato plant leaves that were still intact was measured. The youngest, entirely dilated leaves were used for measurements on the underside. The measured parameters are the initial (F0), maximum (Fm), and quantum efficiency (Fv/Fm), where Fv is the variable fluorescence. Each parameter was subjected to five measurements per treatment, which were carried out on sunny days between 10:30 and 11:30 a.m.

Concentrations of photosynthetic pigments (chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll and carotenoids) were quantified spectrophotometrically in 80% acetone extracts as reported by Arnon [36]. After 2 h in the dark, the collected material was centrifuged at 10,000 g for 10 min. Using a UV-vis spectrophotometer, the optical density of the supernatant was determined at 480, 645, and 663 nm (UV-3100PC spectrophotometer). As a control, a blank containing 80% acetone was employed.

Photosynthetic pigment content was calculated using the following formulas:


Chl a (mg/g DW)=[12.7 (DO 663) - 2.69 (DO 645)]×V/1000×FW


Chl b (mg/g DW)=[22.9 (DO 645) - 4.68 (DO 663)]×V/1000×FW


Total Chlorophyll (mg/g DW)=[20.2 (DO 645)+8.02 (DO 663)]×V/1000×FW


Carotenoids (mg/g DW)=[DO 480+0.114 (DO 663) - 0.638 (DO 645)]×V/1000×FW

where OD = optical density; V = final volume of the extract and FW = fresh weight.

2.6 Determination of Lipidic Peroxidation

The method of Velikova et al. [37] was used to determine the hydrogen peroxide (H2O2) content of the leaves. To measure H2O2 concentration, 0.1 g of frozen leaf powder was mixed with 2 mL of 10% (w/v) TCA and centrifuged at 15,000× g. From the supernatant, 0.5 mL was combined with 0.5 mL of 10 mM potassium phosphate buffer (pH 7) and 1 mL of 1 M potassium iodide. After incubation for three minutes, the absorbance of the mixture was read at 390 nm and compared with a standard H2O2 curve.

The malondialdehyde (MDA) content was determined according to the method described by Dhindsa et al. [38]. A sample of 100 mg of fresh material was homogenized in 10 mL of 0.1% trichloroacetic acid (TCA) and subsequently centrifuged at 18,000
×
g for 10 min. Two milliliters of the supernatant were combined with 2 mL of 20% trichloroacetic acid, which included 0.5% thiobarbituric acid. The mixture was then heated in a water bath at 100°C for 30 min and subsequently cooled in an ice bath to halt the reaction. The mixture was centrifuged at 10,000× g for 10 min to clarify. The absorbance of the supernatant was measured at 450, 532 and 600 nm.

2.7 Determination of Osmolytes and Antioxidant Enzymes Concentrations in Plants

To measure total soluble sugars (TSS), A 100 mg sample of fresh tissue was homogenized in 4 mL of 80% ethanol. Subsequently, 0.25 mL of phenol and 1.25 mL of concentrated sulfuric acid were added to the resulting supernatant. Following a 10-min reaction, the absorbance at 485 nm was measured to determine the total soluble sugar (TSS) content, as per the specified procedure DuBois et al. [39].

To quantify total soluble protein in leaves, A quantity of 0.25 g of frozen material was homogenized in 0.5 mL of 0.02 M potassium phosphate buffer at pH 7.6. The mixture was then centrifuged at 10,000× g for 10 min at 4°C. The resulting supernatant was collected for the measurement of protein content using the Bradford method [40], Bovine serum albumin was used as a reference.

Free proline concentration was determined using the method of Carillo et al. [41], involving homogenization of plant material in 40% (4 mL) ethanol, reaction with a ninhydrin-containing mixture (20% ethanol, 60% acetic acid and 1% ninhydrin). At 520 nm, the optical density (OD) was calculated.

A 0.1 g sample of frozen leaves was added to a chilled mortar containing 4 mL of 1 M phosphate buffer (pH 7) with 5% polyvinylpolypyrrolidone. The mixture was homogenized and then centrifuged at 18,000× g for 15 min at 4°C. The resulting supernatant was used to assess the activity of antioxidant enzymes [42].

Peroxidase (POX) activity was measured as described by Hori et al. [43]. POX activity was assessed by its ability to convert guaiacol to tetraguaiacol (ε = 26.6 mM−1 cm−1) at 470 nm. The reaction mixture included 2 mL of 0.1 M phosphate buffer (pH 7.0), 1 mL of 20 mM guaiacol, 0.3% H2O2 (10 mM), and 0.1 mL of enzyme extract. POX activity was recorded at 470 nm, with one unit defined as a 0.01 unit min−1 change in absorbance.

Polyphenol oxidase (PPO) activity was estimated by the method described by Hori et al. [43]. The test solution consisted of 0.1 M phosphate buffer and 20 mM catechol at pH 7. PPO activity was measured in enzyme units per mg of protein, the reaction being initiated by the addition of 100 µL of the enzyme extract. One unit of PPO activity was defined as the amount of enzyme that caused a 0.001 min−1 increase in absorbance at 420 nm.

Ascorbate peroxidase (APX) was assayed using the method described by Amako et al. [44]. 2.9 mL of reaction mixture containing 50 mM of sodium phosphate buffer (pH 7.0), 0.2 mM EDTA, 0.5 mM ascorbic acid, and 100 µM H2O2 was added to the enzyme extract (100 µL). For three minutes, the decrease in absorbance was recorded at 290 nm. µmol mg−1 protein oxidized ascorbate per min was used to define an enzyme unit.

Superoxide dismutase (SOD) activity was measured by its capacity to prevent the reduction of nitro blue tetrazolium (NBT), using the method defined by Beyer et al. [45]. Briefly, 0.5 g of frozen leaf powder subsamples were homogenised in 500 μL of 0.15 M Tris-HCl buffer (pH 7.5) with 50 mg polyvinylpyrrolidone (PVP). The mixture was then centrifuged twice at 14,000× g for 10 min at 4°C. DO activity was measured in units per mg of protein, where one unit is defined as the amount of enzyme that inhibits 50% of NBT photoreduction at 560 nm.

2.8 Statistical Analysis

COSTAT software (version 6.3) was used for statistical analysis, including analysis of variance and post-hoc Tukey’s honest significant difference test (p ≤ 0.05). SPSS was used to examine the data (version 23, IBM Analytics). To investigate the effects of Verticillium dahlia and to assess the significance of variations in plant responses to various treatments, multifactorial analysis of variance (MANOVA) was conducted. Significant differences among the tested factors (M; Compost; C; NPK; and Verticillium dahliae; D) and their interactions were determined with 95% confidence using Tukey’s honest significant difference test (p ≤ 0.05) via SPSS 23.0 software (MANOVA), IBM, Armonk, NY, USA. The heat map was generated using GraphPad® Prism v 8.0.1 (GraphPad Software, San Diego, CA, USA).

3  Results

3.1 Effect of Biostimulants on Development of Disease Symptoms

The evaluation of Verticillium wilt symptoms was performed through disease severity and it was found that control plants did not show any symptoms (yellowing, chlorosis, necrosis, wilting, or dieback), they grow normally, whereas tomato plants inoculated with V. dahliae presented intensive yellowing and defoliation after one-month of inoculation (Fig. 1). Symptoms of Verticillium wilt of tomato plants become intensive and progressive showing chlorosis and wilting in pathogen-inoculated plants, whereas in mycorrhizal-infected plants, we observed only yellowing and some chlorosis in basal leaves after 2 months of V. dahliae inoculation, which progress over time. Moreover, the disease incidence showed an extensive wilting in inoculated tomatoes by V. dahliae (Table 1; Fig. 1b). Inoculation with M and compost, either individually or in combination, reduced disease severity by decreasing symptoms development over time. However, after 3 months of V. dahliae infection, the leaf alteration index (LAI) in MCV showed the highest percent of reduction (−50.1%) compared to untreated control, followed by MV (−45.8%), VNPK (−32.9%), CV (−30.5%), respectively. The effect of Rhizophagus irregularis on symptoms reduction was observed by estimating AUDPC and FMS. Maximum values were shown in tomato plants infected by the pathogen alone (V) and (VNPK) with 25.81% and 22.32% respectively for AUDPC, 1.25 and 1.08 for FMS compared to plants inoculated by M and amended by compost alone or combined (Table 1). In this respect, (AUDPC) and FMS levels were substantially higher in plants affected with pathogene. However, AUDPC and FMS decreased by 37% and 46%, respectively, in plants cultivated with compost and M in combination (MCV), in comparison to the V control. The interaction between C × D, M × D and NPK × D had a significant effect (p < 0.001) on leaf alteration index and AUDPC.
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Figure 1: Evolution of disease severity (a) disease incidence (b) and leaf alteration index (c) of tomato plants inoculated or not with Rhizophagus irregularis for two months then infected with V. dahliae for three months or amended then infected by V. dahliae. V: Verticillium dahliae; MV: Rhizophagus irregularis + V. dahliae; CV: Compost + V. dahliae; MCV: Rhizophagus irregularis + Compost + V. dahliae
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V. dahliae was re-isolated from tomato roots and epicotyls affected by pathogene (Table 1). Tomato roots had higher pathogen percentages than epicotyls. M and compost alone or in combination has greatly reduced V. dahliae re-isolation in the roots and epicotyls by 53% and 57%, respectively.

3.2 Root Mycorrhizal Colonization under V. dahliae Infection

The intensity and frequency of mycorrhization was significantly reduced by Verticillium dahliae infection in the roots of tomato seedlings (p ≤ 0.05) (Fig. 2). Our findings indicate that in the roots of the control, V, C, CV treatments and NPK treated tomato plants, no mycorrhizal structures were observed. The plants inoculated with the combination of M and Compost showed the higher root mycorrhization frequency with 40% in comparison to the plants that were treated with M alone in the absence of pathogen infection (Fig. 2a). Similarly, the plants inoculated by the combination of M and C exhibited higher mycorrhization intensity with 25% compared to the mycorrhized plants (M) (Fig. 2b). Verticillium dahliae reduced the parameters of mycorrhization, by 58% and 45% respectively for MV treatments. In addition, the presence of the pathogen significantly reduced the colonisation intensity, which was limited to 26% in the MCV treatments, in contrast to the MC combination. The interaction between M × D, and C × D had a significant effect (p < 0.001) on mycorrhization frequency and intensity.

[image: images]

Figure 2: Mycorrhizal frequency (a) and intensity (b) of tomatoes infected or uninfected with V. dahliae under different treatments. Control (no treatment); M: Rhizophagus irregularis; C: Compost; MC: Compost + Rhizophagus irregularis; NPK: Conventional chemical fertilizer; V: Verticillium dahliae; MV: Rhizophagus irregularis + V. dahliae; CV: Compost + V. dahliae; MCV: Rhizophagus irregularis + Compost + V. dahliae. The data reported are means ± SE. Means that share the same letters are not significantly different at p < 0.05 (Tukey’s HSD)

3.3 Biostimulants Overcome the Negative Effects of Verticillium dahliae on the Photosynthetic Efficiency

In the absence of V. dahliae, applying M and/or C and NPK resulted in a considerable improvement in the (Fv/Fm) and gs in tomato seedlings, the treatments of M, C, MC and NPK showed an improvement of Chlorophyll fluorescence by 8.7%, 11.7%, 5.6% and 3.6%, respectively, and enhance the stomatal conductance by 32.7%, 39.2%, 43.6% and 32.3% compared with untreated control plants (Fig. 3).
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Figure 3: Chlorophyll fluorescence (Fv/Fm) (a) and stomatal conductance (gs) (b) of tomatoes infected or uninfected with V. dahliae under different treatments. Control (no treatment); M: Rhizophagus irregularis; C: Compost; MC: Compost + Rhizophagus irregularis; NPK: Conventional chemical fertilizer; V: Verticillium dahliae; MV: Rhizophagus irregularis + V. dahliae; CV: Compost + V. dahliae; MCV: Rhizophagus irregularis + Compost + V. dahliae. Data are mean ± SE of five biological replicates. Means that share the same letters are not significantly different at p < 0.05 (Tukey’s HSD)

In the presence of V. dahliae, the Efficiency of the Photosynthetic Machinery significantly decreased (p ≤ 0.05) (Fig. 3). Chlorophyll fluorescence (Fv/Fm) has been significantly reduced by V. dahliae. Biostimulants application improved significantly Fv/Fm in tomato seedlings. Non-inoculated plants (V) had the greatest reduction (−6.8%) compared to the plants treated with MV (−3.99%), CV (−3.72%), and MCV (−4.9%). In the presence of the pathogen, biostimulants resulted in higher gs values. Applying compost and M, either separately or together, significantly boosted stomatal conductance compared to the control. The MV, CV, MCV and NPK treatments showed a significant improvement of 50.7%, 44.6%, 42.8% and 28.4% respectively compared with untreated control plants (V) (Fig. 3). The interaction between M × C had a substantial influence had a significant effect for gs (p < 0.01) and for Fv/Fm (p < 0.001) (Table S1).

3.4 Biostimulants Mitigated the Adverse Effects of Verticillium dahliae on Photosynthetic Pigment Contents

In the absence of pathogen, chlorophyll a (Chl a), chlorophyll b (Chl b) and total chlorophyll contents (Chl T) (Table 2) were improved in M by 196.4%, 453.9%, and 300.8%, C by 239.2%, 416.2%, and 315.25%, MC by 234.6%, 322.7%, and 267.1% and NPK by 257.9%, 404.2%, and 321.1% respectively compared to the non-inoculated plants. However, the carotenoids were positively balanced by the application of M, C and MC (Table 2) contents by improvement 157.6%, 152.4% and 437.4%. In contrast, the photosynthetic pigment content was significantly affected by V. dahliae. Chlorophyll concentration decreased in the V treatment; however, the application of biostimulants attenuated the detrimental effects of V. dahliae. Chl a, Chl b and Chl T were enhanced in MV by 89.33%, 198.7%, and 121.8%, CV by 62.2%, 201.3%, and 103.4%, MC by 64.9%, 404.5% and 165.5%, in contrast NPK reduced by −59.4%, −2,1% and −42.4% respectively compared to the affected and non-inoculated plants (V). Comparatively to the affected and non-inoculated treatments (V), the application of M (M) and/or with compost positively compensated the adverse effects of V. dahliae and stimulated the concentrations of all photosynthetic pigments. The interaction between M × C and NPK × D, had a significant effect (p < 0.001) for Chl a, Chl b, Chl T and carotenoids (Table S1).

[image: images]

3.5 Biostimulants Compensated for the Harmful Effects of V. dahliae by Accumulating Osmolytes in Tomato Plants

The Table 3 shows that the application of biostimulants was able to maintain higher TSS content and significantly increased proline and protein contents for all the treatments compared to the controls. In the absence of V. dahliae, the highest percent of improvement in TSS content (98.5%), protein (69.1%) and proline (258.6%) were recorded in compost. Nevertheless, in the presence of V. dahliae, the protein concentration in NPK showed the greatest reduction (−47.1%) compared to NPK non affected, in contrast MV (−11.8%), CV (−14.1%), MCV (−6.1%) showed the lowest percent of reduction compared to M, C and MC, respectively. MCV showed the highest percent of improvement compared to the plants inoculated by pathogen (V). In addition, the highest level of TSS was recorded in the plants that were inoculated with MVC (54%) in comparison to the controls (V). Proline content was higher in CV treatment (46.6%) and MV (35.1%) than (diseased) control treatment (V). The interaction M × D and NPK × D had a significant effect (p < 0.001) for proline content, in addition the interaction M × C, M × D and C × D had a significant effect (p < 0.001) for protein content (Table S1).
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3.6 Infection Biostimulants Reduce Oxidative Stress Levels against the Damaging Effects of V. dahliae

In order to assess the extent of the damage induced by the pathogen, the levels of malondialdehyde (MDA) and hydrogen peroxide (H2O2) were measured. In the absence of V. dahliae and compared to non-inoculated plants, applying single or combined biostimulants resulted in lower MDA and H2O2 concentration (Fig. 4). However, the application of M, C and MC separately reduced the MDA by −32.4%, −10.9% and −39.06% compared to the control in the absence of V. dahliae (Fig. 4a). Similarly, our findings demonstrated a maximal increase in H2O2 values in the NPK and non-inoculated treatments. The application of M, C and MC was showed significantly reduction in H2O2 content by −40.3%, −23.82% and −54.8% in comparison with control plants (Fig. 4b). However, the V and NPK treatments had the highest concentrations of MDA and H2O2 compared to the other treatments due to the presence of V. dahliae (Fig. 4). Moreover, in the presence of V. dahliae, the H2O2 content significantly decreased in MCV treatment by 42.1%, followed by MV (39.2%) and CV (32.5%) compared to plants inoculated solely with V. dahliae. Similarly, our findings demonstrated a maximal increase in H2O2 values in the NPK and V, while the lowest values for the MDA content were recorded in CV (−47.3%), MCV (−39.7%) and MV (−33.3%) treatments compared to V. The interaction M × C, C × D, NPK × D, Drought had a significant effect for MDA (p < 0.001) and H2O2 (p < 0.001) content (Table S1).
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Figure 4: MDA: malondialdehyde content (a) and H2O2: hydrogen peroxide content (b) of tomatoes infected or uninfected with V. dahliae under different treatments. Control (no treatment); M: Rhizophagus irregularis; C: Compost; MC: Compost + Rhizophagus irregularis; NPK: Conventional chemical fertilizer; V: Verticillium dahliae; MV: Rhizophagus irregularis + V. dahliae; CV: Compost + V. dahliae; MCV: Rhizophagus irregularis + Compost + V. dahliae. Data are mean ± SE of five biological replicates. Means that share the same letters are not significantly different at p < 0.05 (Tukey’s HSD)

3.7 Biostimulants Reinforced the Antioxidant Defense Systems

Moreover, the application of biostimulants markedly enhanced polyphenoloxidase (PPO) and peroxidase (POX) activities, as well as superoxide dismutase (SOD) and ascorbate peroxidase (APX) levels in comparison to the control. Notably, in the absence of V. dahliae, plants treated with M exhibited the highest increase in SOD levels (292.0%), followed by those treated with C (222.1%), MC (149.1%), and NPK (119.0%) relative to the control (Fig. 5a).
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Figure 5: SOD: superoxide dismutase (a), APX: ascorbate peroxidase activity (b), POX: peroxidase activity (c) and PPO: polyphenol oxidase activity (d) of tomatoes infected or uninfected with V. dahliae under different treatments. Control (no treatment); M: Rhizophagus irregularis; C: Compost; MC: Compost + Rhizophagus irregularis; NPK: Conventional chemical fertilizer; V: Verticillium dahliae; MV: Rhizophagus irregularis + V. dahliae; CV: Compost + V. dahliae; MCV: Rhizophagus irregularis + Compost + V. dahliae. Data are mean ± SE of five biological replicates. Means that share the same letters are not significantly different at p < 0.05 (Tukey’s HSD)

Likewise, APX activity was significantly boosted by MC, showing an increase of 197.2%, M (197.2%), C (159.4%) and NPK (125.6%) (Fig. 5b). However, the activity of POX (Fig. 5c) was enhanced by 66.3%, 55.9%, 28.1%, 8.6% and 167.1% in M, MC, C and NPK respectively compared to the control plants. Additionally, the biostimulants significantly increased PPO enzyme activity by 69.6%, 66.2%, 50.6% and 21.6% in tomato plants inoculated with MC, M, NPK and C respectively, compared to the controls (Fig. 5d). Furthermore, in the presence of V. dahliae, the SOD, APX, POX and PPO activity were significantly increased in tomato plants affected. The biostimulants’ application significantly enhanced these parameters compared to inoculated plants with V. dahliae alone. Our findings demonstrated a maximal increase in SOD values in the MV treatment by 25.8%, followed by CV (22.6%) and MCV by (7.2%), Our results showed a maximum increase in SOD values in the MV treatment of 25.8%, followed by CV (22.6%) and MCV (7.2%). In addition, the highest APX values were recorded in MCV treatments (75.1%) compared with V controls. However, POX activity was highest in the MCV treatment (101.8%), followed by the CV (48.4%) and MV (49.2%) treatments compared with the V controls. In addition, MCV treatment showed a significant improvement in PPO activity of 215.1% compared with V controls (Fig. 5d). The interaction M × D and C × D had a significant effect (p < 0.001) for peroxidase activity and polyphenol oxidase activity (Table S1).

3.8 Heat Map for Biochemical Traits of Tomato

The heat map illustrates the comparative performance of plants treated in the absence and presence of V. dahliae. The color scale indicates that the darkest red represents the highest values, whereas the darkest blue denotes the lowest values for tomatoes (Fig. 6). Of the different treatments tested, compared to uninoculated or unmodified plants, MCV treatment was found to be the most beneficial in increasing TSS and protein in the presence of the pathogen. The organic (total soluble sugars and proline) osmolytes increased following the pathogen infection. However, the application of CV increased the values of proline compared to the control plants. MCV and CV treatments registered the highest levels of peroxidase, superoxide dismutase, polyphenoloxidase, and ascorbate peroxidase activities in the presence of V. dahliae demonstrating their effective role in the V dahlia resistance mechanisms. In control (V) and VNPK plants, markers of stress (MDA and H2O2) showed an opposite effect in the presence of pathogens, having higher values than the rest of the biostimulants MC, CV and MCV. However, MCV showed the highest values of the frequency and intensity of tomato root colonization compared to the other treatments. Physiological parameters and photosynthetic pigments, such as gs, Fv/Fm, Chl a, b, T, and carotenoids, exhibited significant variation between tomato seedlings grown under normal conditions and those infected with a pathogen. MCV and VNPK displayed the highest values for these parameters in the absence of infection, whereas V. dahliae infection resulted in a reduction of these parameters. In addition, the heat map analysis indicates that the highest values of disease symptoms (DI, FMS, AUPDC and LAI) were found in the non-inoculated and non-amended control (V treatment) compared to the plants treated by biostimulants. The lowest values of disease symptoms (DI, FMS, AUPDC and LAI) were found in MC, CV and MCV treatment.
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Figure 6: Heat map analysis of tomato plants subjected to various treatments in absence or presence of V.dahliae. The variables were (Disease symptoms, mycorrhization assessment, physiological and biochemical parameters). Protein; TSS: total soluble sugar; Proline; SOD: superoxide dismutase; POX: peroxidase activity; PPO: polyphenoloxidase activity; APX: Ascorbate peroxidase; Chl T: total chlorophyll; Chl a: chlorophyll a; Chl b: chlorophyll b; Car: carotenoids; MDA: malonydialdehyde; H2O2: hydrogen peroxide; Fv/Fm: chlorophyll fluorescence; gs: stomatal conductance; % F and % I: frequency and intensity of mycorrhization; DI: disease incidence; FMS: final mean severity; LAI: Leaf alteration index; AUDPC: area under the disease progress curve; R Roots and R Epicotyls: the re-isolation of the V. dahliae from tomato roots and epicotyls. The heat map’s lowest value is dark blue, brilliant red represents highest value, and the middle values are represented by the white color. There is a corresponding transition (or gradient) between these extremes in the color gradient

4  Discussion

Plants are affected by vasa phytopathogenic fungus Verticillium dahliae that infects plants through their roots, causing a range of crop failures and significant economic losses. This fungus causes monocyclic disease, characterized by a single cycle of infection and inoculum formation each growing season. In order to combat infection by V. dahliae, plants have evolved a wide range of defence strategies, including specific resistance genes and inducible defence signalling pathways. Several research have investigated the impact of compost and M on Verticillium-infected crop performance, showing proportional benefits for different crops under pathogen attack [46,47]. Our data revealed that the pathogen reduced mycorrhization characteristics. In contrast, using M in conjunction with compost resulted in higher intensity and frequency of mycorrhization in tomatoes. This increase in mycorrhization parameters is attributed to the availability of phosphate and humic acid in the compost, which promote the elongation of M hyphae [48] and improve hyphae development and spore germination [49]. Zeng et al. [50] demonstrated that compost addition increased the hyphal development and sporulation of M fungus, while having no effect on soil community composition. Medina et al. [51] found that compost-enriched soil exhibited increased hyphal growth and enhanced mycorrhizal activity. Further investigation into molecular interactions and plant defense responses is necessary to better understand the mechanisms behind suppressing common tomato phytopathogen attacks [52]. In the presence of V. dahliae, the mycorrhizal consortium likely induced significant genetic changes, enhancing the signaling systems of tomato plants’ defense against phytopathogens [53,54], exhibited higher mycorrhization frequency and intensity than mycorrhized plants. This supports the basic premise that inoculation with M and adding compost would provide significant synergistic effects. These measures will encourage and promote the developpement of a mycorrhizal symbiosis in tomato crops, while at the same time inhibiting V. dahliae [55].

The study found that the combination of biostimulants was more efficacious in managing disease than when compost and M applied individually. These findings suggest that combining compost and M could effectively suppress the disease. In fact, our findings revealed that the pathogen was less aggressive in plants treated with combined or individual M treatments than infected control plants. Similarly to the our finding, previous research has demonstrated that mycorrhized plants are less susceptible to pathogenic fungus, Early inoculation of the Rhizolive consortium has been shown to reduce symptoms of Verticillium wilt in olive trees and stimulate lignification, total polyphenol levels and phenylalanine ammonia lyase [33]. The processes of mycorrhization reinforce the mechanisms of antioxidant potential of the plants colonised by M [53]. The protection against pathogens offered by M might involve several mechanisms: its ability to competitively colonize host plant roots, enhance nutrient uptake, activate plant defense responses, and produce fungal molecules that suppress pathogenic fungi [56]. In the presence of pathogens, inoculation with M results in a heightened accumulation of various antioxidant enzymes, hydrolases, and hormones in plants. This includes increases in phenylalanine ammonia-lyase, superoxide dismutase, ethylene, abscisic acid, as well as β-1,3-glucanase and chitinase [57]. Pre-emptive mycorrhization may be beneficial as it allows the mycorrhizal fungi to colonise and to protect the root cortex from the invasion of the pathogen, thereby reducing vascular colonisation by V. dahliae. Similarly, In mycorrhized bean roots, Fusarium solani growth was limited to the epidermis and cortical tissue, whereas the pathogen penetrated the vascular stele in non-mycorrhizal roots, causing more severe damage than in mycorrhizal roots [58]. Furthermore, M colonisation significantly increased the upregulation of genes associated with disease resistance and lignin synthesis [59]. On the other hand, our results align with previous research indicating that compost can prevent diseases caused by pathogens [60]. In addition, M has been shown to minimize Alternaria alternata damage to tomato and bean plants [61,62]. Furthermore, it appears that plants control the rhizosphere microbiome by producing chemicals that selectively stimulate bacteria that support plant development and health while suppressing pathogens that damage plants [63].

Our findings showed that the capacity of the biostimulants utilized, particularly the tripartite combination, to boost photosynthetic activity and CO2 absorption in tomato may account for the enhancement in physiological parameters under normal conditions in the absence of pathogen [64,65]. Application of V. dahliae treatment reduced gs and Fv/Fm, this finding is consistent with results in tomato plants [24]. Tomato plants treated with M and compost, whether applied individually or in combination, exhibit enhanced gs and Fv/Fm in response to V. dahliae infection. This improvement in photosynthetic traits is likely to be due to the increased availability and uptake of key minerals, including magnesium, potassium, nitrogen, and phosphorus, facilitated by both compost and M mycelium. These minerals are essential for photosynthesis as they are integral to the formation of key molecules such as enzymes and chlorophyll pigments [66]. These favorable benefits can be attributed to improved supply of water due to compost, which is a lightweight humus-rich soil amendment that improves water retention, and to the greater resistance of tomato xylem vessels to pathogen colonisation in soils containing compost [67].

Furthermore, the results demonstrated that M and/or compost boosted the chlorophyll content of tomato leaves, particularly when M spores were inoculated without pathogen infection. Previous research described by Othman et al. [68] confirmed similar findings, which discovered higher chlorophyll content in basil plants infected with G intraradices.

Plants possess a range of defense strategies to counteract the deleterious impact of biotic stress, including the accumulation of specific osmolytes in the cytosol [69]. Additionally, inoculation with M and/or the amendment of compost positively influenced the accumulation of key osmoprotectants, including glycine betaine, soluble sugars, and proline. These compounds help safeguard photosynthesis by enhancing the integrity of chloroplast membranes [70]. In the current investigation, the use of biostimulants in conjunction with V. dahliae resulted in increased protein content in tomato plants compared to those infected with the pathogen alone. This elevated protein content is likely a result of heightened biosynthesis in response to biotic stress, with the aim of preserving cellular homeostasis. The accumulation of osmoprotectants like proteins could induce physicochemical alterations in stressed plants, contributing to the production of defensive compounds [71]. Increasing cellular osmolytes is widely acknowledged to help plants maintain cellular function, thereby ensuring physiological stability under stress [72]. Plants treated with compost and/or M can collect more osmolytes, potentially preserving and increasing photosynthetic activity in severe conditions [73]. In our study, proline content was higher in MV than (diseased) control treatment (V). These results align with those obtained by Yao et al. [74], who discovered that applying M led to increased proline accumulation in tobacco plants, in comparison to the treatment of Phytophthora nicotianae alone. According to Ashraf et al. [75], proline plays crucial roles in osmotic adjustment, stabilizing cellular redox balance, preserving membrane and protein integrity, and scavenging free radicals under stressful conditions. Additionally, it serves as a pH regulator and prevents macromolecules from denaturing. Consequently, proline enhances plant tolerance by bolstering the antioxidant system rather than solely through osmotic adjustment [76]. In addition, inoculation with V. dahliae caused TSS to accumulate. The increased levels of total soluble sugar (TSS) in V. dahliae infection can be ascribed to the swift synthesis of molecules responsive to stress, which aid in preserving cellular homeostasis. Plants inoculated with M and/or compost could potentially accumulate greater amounts of osmoprotectants under stress conditions, thereby protecting and enhancing their photosynthetic activity [77]. These biostimulants are effective in improving tomato resistance to V. dahliae due to the significant accumulation of osmolytes.

However, ROS have potent oxidizing properties that can cause the degradation of DNA proteins, and lipids, ultimately causing cellular damage and death. The generation of ROS serves as an initial response in plants, acting as a vital signal to adapt to environmental stressors and activate defence mechanisms [78,79]. In our results, Plants infected with V. dahliae showed elevated levels of MDA and H2O2. These elevated levels reflect significant membrane lipid peroxidation due to the presence of the pathogen, which compromises membrane integrity and function by reacting with unsaturated lipids, leading to extensive cellular damage [80]. Maldonado et al. [81] discovered that ROS generation might be caused by toxins generated by pathogenic fungus that disrupt host plant metabolism. The significant increase in MDA levels in plants exposed to V. dahliae may induce overproduction of antioxidant enzymes, which serve as biochemical markers of plant disease resistance [82]. Conversely, application of compost and M, either individually or together, significantly reduced root MDA levels in tomato plants exposed to V. dahliae. The results are consistent with those reported by Nafady et al. [83] and Xiang et al. [84], who demonstrated that mycorrhizal plants exhibit reduced MDA levels following pathogen infection. High levels of H2O2 at infection sites act as an initial defence against pathogen invasion. This accumulation may be related to the rapid senescence observed in V. dahliae infected plants, particularly when inoculated with strain M [85]. The observed reduction in MDA levels following biostimulants administration, even in the presence of pathogens, may be due to improved antioxidant enzyme activity, as demonstrated in the current experiment and prior investigations [33]. The ability of compost and M to improve the antioxidant system has been shown in many previous studies [64–86]. Plants infected with the pathogen may create and store both non-enzymatic and enzymatic antioxidants to defend themselves from oxidative stress damage. Our research indicated a marked elevation in the activity of antioxidant enzymes (APX, SOD, POX, and PPO) upon exposure to the pathogen, particularly in tomatoes inoculated with M. Plants inoculated with biostimulants have an enhanced antioxidant system compared to unmodified and non-mycorrhizal plants. SOD is the first antioxidant enzyme, converting superoxide radicals to hydrogen peroxide and oxygen [87]. PPO is considered to be a key enzyme in the defence against pathogens and plays an important role in the lignification of the cells of the host plant that are affected [88].

Thus, the effectiveness of controlling wilt in tomatoes for sustainable agriculture may be due to combining compost and M [46]. In general, plant nutrition influences development and defense systems against pathogens [89]. Specifically, regarding Verticillium wilt, employing low doses of nitrogen, along with decreasing calcium levels in the soil, or increasing potassium and magnesium, seems to be associated with a decrease in both the incidence and severity of the disease [90]. Mineral nutrition has already been shown to have an influence on Verticillium wilt infections in several crops, which may result in a reduction or an increase in wilt symptoms [47]. In our investigation, the administration of NPK impacts the severity and incidence of V. dahliae disease. These results are in line with those previously described by López-Escudero et al. [91], indicating that the use of fertilizer combined with regular irrigation in soils naturally infested with pathogens increases the occurrence of Verticillium wilt in olive trees. Farmers and agronomists worry that excessive nitrogen fertilization worsens disease in olive trees. Nitrogen significantly impacts a wide range of pathogens and their hosts, affecting disease development regardless of the amount applied. Nitrogen’s influence on plant diseases arises from direct effects, like changing pathogen growth or virulence, and indirect effects, such as altering plant physiology and the soil environment, particularly in the rhizosphere where soil-borne pathogens thrive [92]. The impact of N on the infection of V. dahliae has been demonstrated in a vast range of herbaceous hosts, however the literature contains inconsistent data. Excess N is thought to promote disease incidence, whereas NO3− and NH4+ have been shown to decrease the number of V. dahliae propagules in the soil, thereby helping to control the disease [93]. Regarding the impact of potassium (K) on plant diseases, Fontana et al. [94] noted that potassium, either alone or combined with nitrogen (N) or other nutrients, affects the severity of diseases caused by various soil-borne pathogens, such as Verticillium wilt. Indeed, applying potassium to potassium-deficient soils enhances the plant’s resistance to diseases, including Verticillium wilt in cotton [95]; Nonetheless, the comparison between biostimulants and conventional chemical fertilizers has received less attention in the context of sustainable agriculture. The efficacy of Rhizophagus irregularis and compost against V. dahliae compared with conventional chemical fertilizers offers interesting prospects for sustainable agriculture. Studying how Rhizophagus irregularis enhances plant resistance to pathogenic fungi could inspire new biocontrol methods, while long-term studies should prioritize sustainability measures such as soil health indicators, carbon sequestration rates and improved biodiversity in agricultural ecosystems. In addition, the integration of economic analyses to assess profitability and commercial viability is crucial for the practical implementation and large-scale adoption of sustainable agriculture.

5  Conclusion

This study combines physiological and biochemical features to give fresh light on the impact of M and/or C compared to NPK application on tomato resistance to V. dahliae infection. Particularly, under pathogen infection, M colonization and compost amendment enhanced tolerance in tomato plants due to better photosynthetic apparatus, osmoprotectants and antioxidant potential in conjunction with lower H2O2 and MDA content. Additionally, M, and/or C treatments reduced the excess production of ROS, resulting in structural and functional stability, which mitigated the oxidative consequences caused by V. dahliae. The application of compost and/or M is potentially vital for improving the growth, yield, and V. dahliae resistance in tomatoes. Tomatoes inoculated with M and treated with compost have shown a marked reduction in the negative impacts of V. dahliae, as demonstrated by enhanced tomato physiology and lowered MDA and H2O2 levels when exposed to V. dahliae. Significantly, MCV presented the highest activities of POX, PPO, and APX, whereas CV had the most substantial increase in SOD activity. Future research should focus on the extended effects of M and compost on soil health, microbial community dynamics, and crop productivity in diverse agricultural settings. The integration of advanced molecular techniques and the exploration of synergies with other biocontrol agents could optimize the effectiveness of these treatments in agricultural environments. In conclusion, the use of compost and microbial communities represents a promising strategy for improving tomato resistance to V. dahlia. This strategy provides viable solutions for agricultural sustainability and ensures food security amidst evolving environmental challenges.
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Table 1: The final symptomatological parameters and pathogen re-1solation from roots and epicotyls of tomato
infected or not with Verticillium dahliae after 5 months

Final symptomatological parameters Pathogen re-isolation

DI (%) FMS AUDPC (%) LAI Roots Epicotyls
v 87.22+371a 1.25+0.02a 2580+3.03a 0.77+0.12a 68.12+0.84a 57.29+0.23 a
MV 5759+0.82d 091 +£0.0lb 1896+ 1.51c 042+0.05b 44.52+0.22c 3531 +0.11 bc
(Y 70.37+1.75b 0.93+0.02b 19.38+0.80c 0.53+0.04b 41.10£0.31c 37.67+0.11 bc
MCV 52.03+0.83d 082+£0.03c 16.15+234b 038+0.04c 32.64+0.12d 24.14+£0.01d
VNPK 72.61 £1.72¢c 1.08+£0.04a 2232+3.51d 052+0.05b 4735+0.40b 4591 £0.10Db

Notes: DI: Disease incidence; FMS: Final mean severity; AUDPC: The area under the disease progress curve; LAI: Leaf area index. The data reported
are means + SE. Values with the same letter are not significantly different at p < 0.05 Tukey’s test.
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Table 3: Protein, total soluble sugar (TSS) and proline contents of tomatoes infected or uninfected with 7.
dahliae under different treatments. Control (no treatment); M: Rhizophagus irregularis; C: Compost; MC:
Compost + Rhizophagus irregularis; NPK: Conventional chemical fertilizer; V: Verticillium dahliae; MV:
Rhizophagus irregularis + V. dahliae; CV: Compost + V. dahliae; MCV: Rhizophagus irregularis +
Compost + V. dahliae. Data are mean + SE of five biological replicates. Means that share the same letters
are not significantly different at p < 0.05 (Tukey’s HSD)

Treatments Protein (mg g ' FW) TSS (mg g ' FW) Proline (umol g~' FW)
Control 14748 £ 6.25 70.83 £3.01 f 0.01 £0.06 f
M 242.29 £ 8.82 ab 89.23 £19.56 ef 2.24 £0.32 ef
C 248.87 £8.70 a 140.64 £ 0.84 d 3.53 £0.05 cd
MC 230.55 £10.08 be 107.41 £891 ¢ 3.35+£0.45 cde
NPK 253.74 £0.95 a 103.68 + 1.60 e 2.28 £0.06 de
v 401 £061¢g 194.35 £ 13.40 ¢ 3.63 £ 0.40 be
MV 749 £294d 256.21 £10.36 b 491 £0.44 ab
(Y 6.41 £336d 193.49 £10.03 ¢ 533+044 a
MCV 6.52 £0.74 cd 300.22 £ 10.85 a 4.30 + 0.23 abc
VNPK 6.01 £3.27 ¢ 164.64 +3.69 d 4.30 + 0.28 abc
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Table 2: Photosynthetic pigment contents of tomatoes infected or uninfected with V. dahliae under different
treatments. Control (no treatment); M: Rhizophagus irregularis; C: Compost; MC: Compost + Rhizophagus
irregularis; NPK: Conventional chemical fertilizer; V: Verticillium dahliae; MV: Rhizophagus irregularis +
V. dahliae; CV: Compost + V. dahliae; MCV: Rhizophagus irregularis + Compost + V. dahliae. Data are
mean + SE of five biological replicates. Means that share the same letters are not significantly different at

p < 0.05 (Tukey’s HSD)

Treatments Chlorophyll a Chlorophyll b Chlorophyll T Carotenoids
(mg g ' FW) (mg g ' FW) (mg g ' FW) (mg g ' FW)

Control 6.65+145e 3.60 £ 0.57 be 7.55+ 1.14 be 20.86 = 8.41 de
M 19.73 £1.37 ¢ 199+3.01 a 3029+2.15a 53.74 £3.64 b
C 22.58 £1.26 cd 18.61 £3.39 a 3138+ 3.62 a 52.67 £5.08 be
MC 2228 +£0.11d 1523 +042a 27.74£0.11 a 112.12 +£6.21 a
NPK 23.83 £0.84 de 18.17 +£2.32 be 31.83+1.65a 50.88 £2.43 be
A% 401 +£0.14b 1.23 £0.46 be 3.69+0.51 ¢ 3377 £1.23 cd
MV 749 £1.75a 3.68 £ 0.08 bc 821+ 1.17 be 5328 £11.77 b
CvV 641+220a 3.71 £ 0.11 be 7.52 + 1.42 be 24.60 +3.12 de
MCV 6.52+0.82b 6.22+£0.83b 982+ 1.240b 64.89 £11.66 b
VNPK 6.01 £2.06 b 2.94 £ 0.19 be 6.56 + 1.41 bc 13.94 £ 0.65 ¢
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