


Ameliorative effect of Serendipita indica in mitigation of pesticide-induced oxidative stress in tomato plants.

Abstract
Pesticides, while essential for crop protection, can induce oxidative damage in plants, disrupting plant physiology and growth. This study investigates the potential of Serendipita indica, a beneficial endophytic fungus, to mitigate pesticide-induced oxidative stress in tomato (Solanum lycopersicum L.) plants. The MDA, proline, and enzymatic antioxidants (superoxide dismutase and ascorbate peroxidase) level was evaluated in fungi-inoculated and non-inoculated plants.  Compared with the uncolonized seedlings, S. indica–colonized seedlings showed reduced levels of MDA and proline content suggesting the potential of S. indica to hinder the accumulation of reactive oxygen species (ROS) and reduce the oxidative injury in tomato plants. On inoculation with Serendipita indica, the tomato plants showed increased antioxidant enzymes superoxide dismutase, and ascorbate peroxidase in the pesticide-treated plants at four concentrations. At the same time, the increase was seen for all four concentrations of carbofuran while the most significant surge was seen for the recommended dose of 3mg and 5mg/L of carbofuran. The observed results show enhanced anti-oxidant enzyme activity on inoculation of plants with Serendipita indica, at a recommended dose of pesticide which could be commercially used to minimize the damage caused by the pesticides and enhance the yield of the crop.
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1. Introduction
The growing global population demands a corresponding rise in agricultural production, putting significant strain on current farming methods to increase crop yields. Synthetic chemical compounds known as pesticides, designed to fight pests and diseases, have become vital in modern agriculture, significantly contributing to enhanced crop productivity and global food security. In the present few years, India has appeared as the top producer and user of pesticides in South Asia, the second-largest manufacturer in Asia after China, and holds the twelfth number worldwide (Economic Survey of India, 2015–16). However, the widespread use of chemicals in commercial farming practices has led to ongoing and severe environmental contamination affecting human health, plants (Beulke et al., 2004), and disrupting the fragile balance of ecosystems. One particular issue with the foliar usage of pesticides is the triggering of oxidative stress in plants which can harm crop yields, plant health, and ultimately counteract the intended purpose of these chemicals (Chahid et al., 2015) (Hanaka et al., 2021) (Shakir et al., 2018).
Agricultural systems use two major categories of insecticides: conventional and alternative (selective). The conventional class includes insecticides from the chemical families of organophosphate, carbamate, and organochlorine (Yengkokpam and Mazumder, 2021). Carbofuran, a highly toxic substance, serves as a nematicide, insecticide, and acaricide in forestry, industrial, and agricultural applications. This chemical can lead to both deliberate and accidental poisonings in flora and fauna (Gupta et al., 2019; Khan et al., 2022; Lv et al., 2022; Pivariu et al., 2020; Umeda et al., 2018). One of the primary issues with the widespread use of this chemical is the creation of oxidative stress, which is a condition brought on by an imbalance between the plant's antioxidant defense mechanisms and the synthesis of reactive oxygen species (Shakir et al., 2018; Chahid et al., 2015). Because it triggers a variety of autooxidation chain reactions on membrane unsaturated fatty acids, leading to lipid hydroperoxides and a sequence of further reactions that ultimately destroy organelles and macromolecules, the production of ROS is an essential step in oxidative stress (Aravind and Prasad., 2005).
Tomato is a plant species in the Solanaceae family (Dari et al. 2016). It is a widely produced vegetable that is now being used as a model species in genetic research on disease resistance, biotic and abiotic stress tolerance, and fruit quality (Chen and Panthee, 2010). The long-term selection method used to boost fruit yield and quality has made tomato crops more susceptible to pests, illnesses, and poor weather conditions. As a result, when grown in open fields, tomato harvests are significantly reliant on pesticide use (Engindeniz 2006). Plants in the Solanaceae family have developed several defense mechanisms to reduce pesticide toxicity, including the antioxidant system, which works by sequentially and simultaneously activating a variety of enzymes such as peroxidase (POD), superoxide dismutase (SOD), glutathione-S-transferase (GST), catalase (CAT) and ascorbate peroxidase (APX), (Foyer and Nector, 2000). 
Oxidative stress occurs when there is an imbalance between the generation of reactive oxygen species and the plant's natural antioxidant defense systems. ROS are highly reactive chemicals that can degrade vital biological components such as proteins, lipids, and DNA. They include superoxide, hydrogen peroxide, and hydroxyl radicals. Under normal physiological conditions, plants maintain a homeostatic level of ROS, which is necessary for a variety of cellular functions such as signaling and defense responses. An excessive accumulation of ROS can overwhelm the plant's antioxidant defense system and result in oxidative stress (Hanaka et al., 2021).
Environmental stressors, such as pesticides, tend to disrupt this balance. This stress manifests itself in various ways, including lipid peroxidation, protein oxidation, DNA damage, and, ultimately, poor plant growth and development. However, pesticides such as carbofuran can produce oxidative stress, which is particularly damaging to tomato plants (Shakir et al., 2018). Exposure to carbofuran can rapidly break the delicate balance between tomato plants' generation of ROS and antioxidant defense, resulting in oxidative damage and lower productivity. This susceptibility stresses the importance of measures to prevent oxidative stress caused by pesticides in tomato plants to ensure optimal development and output. 
Recently, there has been a surge of interest in researching sustainable and ecologically friendly techniques for diminishing pesticide-induced oxidative stress in plants. One such tool could be the use of helpful microbes, such as mycorrhizal fungi, which form a symbiotic association with the plant roots (Jangir et al., 2021; Hanaka et al., 2021). Mycorrhizal fungi activate plant development, water, and nutrient intake. Furthermore, mycorrhizal fungi have been shown to guard plants from a diverse range of stresses, such as pesticide, salinity, drought, and heavy metal toxicity (Jangir et al., 2021; Hanaka et al., 2021). These positive impacts are ascribed to various processes, including better water relations, increased nutrient uptake, and modification of plant defensive responses. Interestingly, an axenically cultivable root endophytic fungus, Serendipita indica (Syn. Piriformospora indica), identified from India's Thar Desert, has features with AMF. This fungus increases resistance to biotic stresses (Waller et al., 2005; Baltruschat et al., 2008; Jogawat et al., 2013, 2016; Sun et al., 2014), nutritional availability (Yadav et al., 2010; Rani et al., 2016; Bakshi et al., 2017; Prasad et al., 2018), and tolerance to drought, salt, temperature, and heavy metals (Verma, 1998). Mohd et al., (2017; Shukla et al., 2022). Unlike arbuscular mycorrhizal fungi, which create intracellular structures known as arbuscules, S. indica forms a close relationship with plant roots without producing arbuscules. Despite this difference, S. indica provides plants with similar advantages as arbuscular mycorrhizal fungi, including better nutrient absorption, water status, and abiotic stress tolerance (Jangir et al., 2021). S. indica has been found to reduce oxidative stress in plants by altering antioxidant enzyme activity, lowering ROS buildup, and regulating stress-related genes and proteins (Jangir et al., 2021). The fungus does this through several processes, including antioxidant enzyme synthesis, ROS scavenging, and plant defense pathway modulation.
This study investigates the potential of S. indica to alleviate carbofuran-induced oxidative stress in tomato plants. We hypothesize that S. indica inoculation will bolster the plant defense system of tomato plants, thereby reducing oxidative injury caused by carbofuran exposure and promoting plant growth under pesticide stress conditions. The findings of this study will contribute to our understanding of the mechanisms by which S. indica protects plants against pesticide-induced oxidative stress.
2. Materials and Methods:
2.1 Selection of plant material:
Tomato (Solanum lycopersicum L.) was selected as an experimental plant. A known variety Heem Sohna was obtained from the Indian Agricultural Research Institute, New Delhi. 
2.2 Rising of plants:
Tomato seeds were planted in the germinating tray with 10 seeds in each tray, post germination on the 7th day seedlings were transferred to the germinating sheets for further growth for two weeks.  Then the seedlings were transferred to the pots with 3kg of sterile and tested agricultural soil with pH 6.6. Plants were watered every alternate day, while the carbofuran treatment was given one week after the transfer of plants to the pots. The plants were tested for the biochemical assay on every 15th, 30th, and 45th day after the treatment of the pesticide (Tennakoon et al., 2013). 
2.3 Inoculation of fungal spores:
A freshly prepared culture of Serendipita indica was inoculated into the roots of the tomato plants after one week of transfer of plants to the pots by removing soil around the roots. About 1 ml of culture was inoculated within each plant's root. One week after the treatment, the roots were tested for colonization following the trypan blue staining method proposed by Phillips and Hayman (1970). 
2.4 Plant extract preparation:
Using a chilled mortar and pestle, 200mg of fresh leaf tissue was homogenized in an extraction buffer containing 100 mM K-phosphate buffer (pH 7.0), 0.5% Triton X-100, and 1% polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 15,000 x g for 20 minutes at 4°C. The obtained supernatant was used for the enzymatic assay. The obtained enzyme extract was utilized for superoxide dismutase and ascorbate peroxidase test.
2.5 Determination of lipid peroxidation:
The level of lipid peroxidation products was determined in terms of thiobarbituric acid reactive substances (TBARS) using the Jiang and Zhang (2001) method with minor modifications. The absorbance of the supernatant was measured at 532nm and corrected for non-specific turbidity by subtracting its absorbance at 600nm. 
2.6 Superoxide dismutase activity:
SOD, an enzyme antioxidant, is an important component of a plant's antioxidative defense system, causing the dismutation of free radicals by the generation of H2O2 (Shakir et al., 2018). The superoxide dismutase activity was determined using the Dhindsa et al. (1981) and Elavarthi S. (2010) protocols. The absorbance of the samples was measured at 560 nm.
2.7 Ascorbate peroxidase activity:
Ascorbate peroxidase activity was evaluated by the method employed by Nakano and Asada (1981). Ascorbate peroxidase activity was assessed by the reduction in absorbance of ascorbate at 290nm, due to its enzymatic breakdown.
2.8 Proline determination:
Proline is regarded as an essential metabolite as it cumulates in plant cells in response to oxidative stress and guards them from oxidative damage. Proline was extracted using plant materials by homogenizing plant leaves in 3% (w/v) sulphosalicylic acid, as Bates et al. (1973) described. The absorbance of the upper colored layers was measured at 520 nm.
2.9 Analysis of data:
The data was presented as the mean value of three independent replicates and evaluated using One-way ANOVA. A significant difference was defined as (p < 0.05).
3. Results:
3.1 Identification of root colonization: 
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Fig. 1: Inoculation and colonization of Serendipita indica within tomato plant roots. a.) Serendipita indica culture b.) Healthy tomato plants c.) Inoculation of culture in plant roots d.) +Identification of Serendipita indica colonies via. Trypan blue staining. 


3.2 Activities of antioxidant enzyme:
Pesticide-induced stress results in a significant alteration in the antioxidant defense system of tomato plants. A significant increase(p≤0.05) in the antioxidant enzyme activities (APX, SOD, and Proline) were observed in tomato plants when exposed to increased levels of the applied carbofuran. 
Lipid peroxidation levels, expressed as malondialdehyde (MDA) content, were analyzed across different treatment groups after germination on the 15th, 30th, and 45th day (Fig: 2). Among the individual doses (3 mg, 5 mg, 7 mg, and 9 mg), the 9 mg concentration showed the highest lipid peroxidation on all three days of treatment, suggesting a dose-dependent effect of carbofuran.
In the S. indica + pesticide-treated group; lipid peroxidation levels were generally lower compared to their corresponding individual doses. The S. indica + 5 mg and S. indica + 7 mg carbofuran treatments demonstrated a significant reduction in MDA levels, indicating a potential protective role of S. indica against oxidative damage, while the highest lipid peroxidation was seen in the 9 mg treatment group, while S. indica co-treatment notably reduced peroxidation, suggesting its beneficial role in mitigating oxidative stress.
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Fig. 2: Effect of the carbofuran and Serendipita indica on root MDA levels in tomato seedlings. Each bar shows the mean value of three independent replicates and a significant difference (p≤0.05) as revealed by one-way ANOVA with the Least Significant Difference (LSD) and followed by Tukey’s test.
Proline content shows a significant elevation in response to pesticide stress across all time points (15th, 30th, and 45th days) (Fig: 3), reflecting its role as an Osmo protectant and stress marker.  Proline content was notably elevated in pesticide-treated plants, with a progressive increase observed as the concentration increased from 3 mg to 9 mg. The highest proline accumulation was recorded in 9 mg of pesticide-treated plants, indicating heightened stress conditions. Colonization with S. indica led to a reduction in proline levels, particularly at lower pesticide concentrations (3 mg and 5 mg), suggesting that fungal symbiosis alleviated stress and reduced the need for proline accumulation. However, at 7 mg and 9 mg pesticide concentrations, proline levels declined to a lower extent, indicating that S. indica provided only partial stress mitigation under severe pesticide exposure. A similar pattern was observed on the 30th and 45th day, where proline content continued to rise with increasing pesticide concentration and decreased on inoculation with S indica. The presence of S. indica alleviates stress at all four pesticide concentrations which ultimately reduces the excessive proline accumulation in the plants.  



 
Fig. 3: Effect of the carbofuran and Serendipita indica on root Proline levels in tomato seedlings. Each bar shows the mean value of three independent replicates and a significant difference (p≤0.05) as revealed by one-way ANOVA with Least Significant Difference (LSD) and followed by Tukey’s test.
The present study assessed the impact of pesticide stress on SOD activity in tomato plants, both with and without Serendipita indica inoculation, on the 15th, 30th and 45th day of treatment, Fig: 4. Superoxide dismutase (SOD) activity showed a spontaneous increase (p ≤ 0.05) in response to carbofuran stress across all time points (15th, 30th, and 45th days), indicating an elevated antioxidant defense mechanism in tomato plants. Application of the recommended concentration of carbofuran resulted in the highest increase (12.7 U mg-1 protein) on the 30th day of application and further decreased after that. The elevation in the level of SOD after the pesticide treatment is attributed due to the formation of superoxide radicals on pesticide treatment which are responsible for the induction of the plant defense system. Inoculation with Serendipita indica results in an elevation in SOD status at lower pesticide concentrations (3 mg and 5 mg), suggesting an enhanced protective response by the fungus to moderate concentrations of carbofuran. However, at 7 mg and 9 mg, the SOD activity in S. indica-inoculated plants was lower than in 3mg + S. indica and 5mg + S. indica plants, indicating a potential mitigation of oxidative stress. A similar trend was observed on the 30th and 45th day of treatment the most significant increase in SOD activity was observed in plants treated with 5 mg of pesticide, both in inoculated and non-inoculated conditions. However, S. indica-inoculated plants consistently showed a more balanced SOD response, indicating reduced oxidative stress compared to non-inoculated plants at higher pesticide concentrations.



 
Fig. 4: Effect of the carbofuran and Serendipita indica on root SOD levels in tomato seedlings. Each bar shows the mean value of three independent replicates and a significant difference (p≤0.05) as revealed by one-way ANOVA with Least Significant Difference (LSD) and followed by Tukey’s test. 
Ascorbate peroxidase (APX) activity was significantly influenced by pesticide treatment and fungal inoculation at all time points (15th, 30th, and 45th days) shown in Fig: 5, reflecting the oxidative stress response in tomato plants. APX activity increased in response to pesticide application, with the maximum levels observed at 5 mg pesticide concentration. However, decline was noted at 7mg and 9 mg, suggesting an inability to further enhance antioxidant defense at excessive pesticide levels. Inoculation with Serendipita indica resulted in enhanced APX activity compared to their respective non-inoculated counterparts, particularly at higher pesticide concentrations, indicating that the fungus mitigates oxidative stress.
A similar pattern was observed on the 30th and 45th day, with APX activity increasing up to 5 mg pesticide concentration, followed by a slight decline at 7mg and 9 mg carbofuran. 



 
Fig. 5: Effect of the carbofuran and Serendipita indica on root APX levels in tomato seedlings. Each bar represents the mean value of three independent replicates and a significant difference (p≤0.05) as revealed by one-way ANOVA with Least Significant Difference (LSD) and followed by Tukey’s test.
4. DISCUSSION:
Pest infestation is one of the most significant environmental pressures, reducing crop output by up to 70% (Folnovic 2015). Chemical pesticides are the most effective way for farmers to protect plants against insect weeds, pests, and diseases. Shakir et al. (2018) studied the oxidative stress caused by pesticide usage in tomato seedlings. Their findings demonstrated that pesticide spraying resulted in enhanced electrolyte leakage and lipid peroxidation, both of which specify cellular harm. Furthermore, they discovered a reduced sugar and protein concentration, describing reduced metabolic activities. These findings are consistent with our larger understanding of pesticide toxicity, which frequently impairs cellular function and plant development. Singh and Prasad (2018) support these findings by establishing oxidative stress in Spinacia oleracea after exposure to herbicides dimethoate, dieldrin, and chlorpyrifos. 
To scavenge ROS, plants have a well-developed antioxidative defense system that comprise both enzymatic and nonenzymatic antioxidants. Antioxidants such as APX, CAT, and SOD, work in cooperation to diminish ROS and regulate organisms' physiological redox status (Wise, 1995; Foyer and Nector, 2000; Cho and Seo, 2005). 
To deal with the enhanced use of pesticides, several endophytes are beneficial for agricultural uses with astonishing positive outcomes. Serendipita indicia is one of them; it ameliorates crop yield, nutrient status, growth, stress resistance, and disease susceptibility by establishing a symbiotic association with the roots of different plants (Seshagiri 2025). Several studies proved S. indica's tendency to boost stress tolerance and improve plant growth, showing that it might be used to alleviate pesticide-induced oxidative stress in tomato plants. The H2O2 accumulation was high in the early stages and decreased in the latter stage in S. indica colonized plants in response to carbofuran exposure in the current study, showing the crucial role of S. indica in enhancing the antioxidant activities in tomatoes.  
Lipid peroxidation is known to be the foremost step in cell membrane damage caused by pesticides (Singh et al., 2015; Srivastava et al., 2014). Exposure to pesticide prometryne resulted in lipid peroxidation in wheat plants. Both root and leaf tissues showed an enhanced MDA due to prometryne treatment. Similarly, Bashir et al., (2007) and Song et al., (2007) observed elevated lipid peroxidation in root and leaved of Glycine max L. on treatment with the insecticide deltamethrin. A considerable increase in MDA rate was seen by Song et al., (2007) and Mishra et al., (2008) in Momordica charantia L. and Triticum aestivum leaf after treatment with chlorsulfuron and dimethoate respectively.  Similar to the present study where the level of lipid peroxidation continuously increased with an increase in the concentration of carbofuran. S. indica amplifies the antioxidant-defense system of plants to detoxify ROS (Jangir et al., 2021). An earlier study reported a significantly decreased level of malondialdehyde (MDA) in S. indica-inoculated plants than in non-inoculated rice plants after infestation of leaf folder (Chen et al., 2022). These are similar to the present study, which shows a reduced MDA content when the pesticide-treated tomato plants were colonized with S. indica while the reduction was found to be less evident with increasing carbofuran concentration. 
Among the enzymatic antioxidants, SOD is a crucial antioxidative enzyme as it causes the dismutation of free radicals by the synthesis of H2O2 (Shakir et al., 2018). Our analysis revealed that the expression of SOD was up-regulated by the exposure of carbofuran at lower concentrations. The elevated activity of SOD might be attributed to the increased production of superoxides, thus resulting in up-regulation of gene expression and stimulation of existing enzyme pools. The gradual increase in the activity of SOD on the application of several pesticides (dimethoate, chlorpyrifos, and dieldrin) in palak might be the response to the enhanced accumulation of a high amount of superoxide radicals produced after application of pesticides (Singh and Prasad 2018). The study conducted on Glycine max. by Bashir et al., (2007) showed an enhanced SOD activity after the application of deltamethrin pesticide. S. indica-primed crops are reported to show high SOD activities (Kumar et al., 2009; Roylawar et al., 2021), similar to our present investigation where the level of SOD was found to steeply increase when the pesticide-treated plants were inoculated with the fungi this rapid increase could be the enhanced response of antioxidant enzymes in response to pesticide. 
The ascorbate peroxidase (APX), a section of the ascorbate-glutathione cycle that increases significantly in response to the pesticidal treatment removes H2O2. There should be a balance in the level of SOD and APX activities in chloroplasts to remove H2O2 generated by SOD (Asada 2006). The findings in the present study are in agreement with the several reports available in the literature showing the induced APX activity as a result of plant exposure to pesticides (Kishorekumar et al., 2008; Chagas et al., 2008). It is proposed that such enhanced APX activity might result due the accumulation of H2O2 and activation of the ascorbate-glutathione cycle (Chahid et al., 2015). A study on Vigna radiata L. by Parween et al., (2012) showed increased APX activity on exposure to pesticide chlorpyrifos. S. indica inoculation successfully induces the plant’s ROS scavenging system in colonized plants which are actively able to sense damage signals at an early stage leading to the activation of early defense response in the plant. After colonization with S. indica, the activity of CAT, SOD, and APX was notably increased in trifoliate orange, thereby alleviating the oxidative damage caused by drought to the host (Cao et al., 2022).
Plants accumulate several metabolites such as proline when they are exposed to abiotic stresses (Ashraf and Foolad 2007; Kovacik et al., 2009). The major role of proline in plants is to remove ROS, guard the integrity of plant cell's membrane, stabilize proteins and enzymes, increase stress tolerance, and act as an osmoprotectant, (Mittler 2002; Boaretto et al., 2014; Cia et al., 2012). The application of 1,2,4-trichlorobenzene (1,2,4-TCB) organochlorine pesticide to rice plants has been reported to induce the proline content in plants (Du et al., 2006). Similar to the present study where the proline content was seen to continuously increase with increasing pesticide concentration. While conducting a study on wheat samples Zhang et al., 2006 reported increased proline levels during the 5th and 7th days of insecticidal application the increase in proline was in proportion to increasing doses of insecticide. 
One of the crucial tasks of antioxidative enzymes is showing vital protection and preventing plant damage. It is seen in the previous tomato study by Ogut et al., 2015 that the level of POD, SOD, and CAT were significantly enhanced when concentrations of pesticide were increased, indicating the plant's defense against pesticide-induced damage. P. indica inoculation was seen to activate plant growth parameters, stimulating root biomass and leaf length in onions (Roylawar et al., 2021). This growth-inducing effect of P. indica has been shown in several crops and various species from a number plant families (Franken, P., 2012) (Fakhro et al., 2010) (Varma et al., 2012). Growth activation and tolerance to biotic and abiotic stress after S. indica association have been evidenced from several studies including tomato, wheat, rice, mustard, onion, etc (Fakhro et al., 2010; Tsai et al., 2020; Roylawar et al., 2021). The present conducted study also shows similar results to the conducted studies where the inoculation of S. indica positively activated the plant's defense system which enhanced the activity of the antioxidants to cope with pesticide damage to the plant.
5. Conclusion:
The current research builds upon these findings by specifically investigating the antioxidant role of S. indica in pesticide-exposed tomato plants. The results demonstrated the potential of S. indica to enhance antioxidant enzyme activity, reduce MDA levels, and improve plant growth parameters under pesticide exposure. This suggests that S. indica can effectively mitigate the detrimental effects of pesticides by bolstering the plant's antioxidant defense system.
This research contributes to the growing body of knowledge on the detrimental effects of pesticides and the potential of beneficial microorganisms to mitigate these effects. The findings have important implications for sustainable agriculture, offering potential strategies for reducing pesticide use and promoting environmentally friendly agricultural practices. By harnessing the power of beneficial microorganisms like S. indica, we can move towards more sustainable and resilient agricultural systems.
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