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In addition to chemical pesticides and fertilizers, the use of vermicompost can help in the management of root-knot nematodes (RKN) while also augmenting plant growth. The present study is carried out to determine the role of neem-based vermicompost on plant growth during stress produced by Meloidogyne incognita. Vermicompost (Vcom) and soil were mixed in various proportions (0, 20, 40, 60, 80, and 100%) and used to treat tomato plants against nematode infestation. After 10 days of inoculation of second-stage juveniles of M. incognita, several morphological parameters such as root length, shoot length, root weight, shoot weight, number of galls, and number of leaves were evaluated to investigate the plant growth. Various photosynthetic pigments (chlorophyll a and b, total chlorophyll, and carotenoid content) and gaseous exchange parameters (photosynthesis rate, intercellular carbon dioxide intensity, stomatal conductance, and transpiration rate) were also investigated in order to better understand plant respiration and response to nematode stress. In biochemical studies, the protein content and unit activity of antioxidative enzymes such as catalase, superoxide dismutase, guaiacol peroxidase, glutathione-s-transferase, ascorbate peroxidase, and polyphenol oxidase were investigated. The analyses of malondialdehyde (MDA) and hydrogen peroxide (H2O2) contents were also performed to examine the stress caused by nematodes and the effect of vermicompost in overcoming that stress. Aside from that, the influence of vermicompost on several bioactive components of plants was investigated by quantifying non-antioxidative enzymes (ascorbic acid, glutathione, and tocopherol levels) and secondary metabolites (total phenolic, total flavonoid, and anthocyanin contents). The results of the foregoing experiments reveal a significant increase in all morphological, biochemical, and photosynthetic parameters except MDA and H2O2, which tend to decrease with increasing vermicompost concentration as compared to untreated and nematode-infected plants. The current study reveals that vermicompost has a high potential for lowering the nematode stress and enhancing plant growth and development through the augmentation of different bioactive components in plants.
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1 INTRODUCTION
Plant tissues are continually targeted by pathogens present within the soil’s rhizosphere (Jacoby et al., 2017). Root-knot nematodes (RKNs) are the most deadly soil-borne parasites, infecting the root systems of a wide range of crops that are economically important (Bali et al., 2020). Nematode infestation affects 10% of the world’s vegetable production, with the Meloidogyne species (root-knot nematodes) accounting for half of these losses (Gautam et al., 2014). The Meloidogyne species are recognized as damaging agricultural pests globally (Mokrini et al., 2018). The plant’s intake of water and nutrients is significantly reduced due to a weakened root system, resulting in susceptibility to other pathogens and low yields (Williamson, 1998). RKNs change morphophysiological processes in hosts, causing stunted growth, increased discoloration, and lowered photosynthetic rates (Mukhtar, 2018). Generally, biotic stressors have a substantial impact on vegetable harvests, and tomato plants are particularly vulnerable to nematode infestation (Abd-Elgawad, 2016). Tomatoes are among the most widely grown crops worldwide. It is regarded as a preventive food owing to its nutritious value, since it includes critical elements such as beta-carotene, lycopene, vitamin C, flavonoids, and hydroxycinnamic acid derivatives (Kumari et al., 2020). Tomato has been identified as a host plant for RKN infection, which causes a complex series of changes in plant cell architecture. RKN feeding sites are recognized as large cells those serve as metabolic sources for RKN, reducing host plant growth and productivity (Bernard et al., 2017). RKN has caused approximately 32–40% of harm to tomato crops in India (Anwar and McKenry, 2012). Chemicals, nematicides, soil treatments, and biocontrol agents, as well as crop rotation, are used to control nematode infestation (Abrar et al., 2020). As the use of chemicals has a negative impact on the environment and can be hazardous to plants when used in high quantities, it is vital to develop innovative and eco-friendly techniques for nematode management (Mukhtar et al., 2014).
Vermicompost is produced by the non-thermophilic biodegradation of organic substances by the interaction of earthworms and microorganisms (Amiri et al., 2017). This organic composition is light, odorless, and free of weed seeds, and it requires less time to be produced (Hosseinzadeh and Ahmadpour, 2018). Plants grow faster with the addition of vermicompost as it includes plant growth hormones and humic acid (Lim et al., 2015; Singh and Singh, 2017). Humic acid promotes root hair development and mineral nutrient discharge in addition to being involved in oxidative phosphorylation, cellular metabolism, photosynthesis, protein synthesis, and numerous enzymatic processes (Singh et al., 2020). Researchers have found that mineral content in vermicompost is available in plant-accessible forms such as phosphates, nitrates, soluble calcium, and potassium (Jangra et al., 2019), in addition to growth factors and valuable microorganisms such as bacteria, fungi, and actinomycetes, making it more adequate and suitable for the overall growth and production of plants (Joshi et al., 2015). Vermicompost is a viable alternative source for higher production along with the management of root-knot nematodes (Ramakrishnan and Mahadevaswamy, 2012). It has been shown in studies to reduce the amount of plant-parasitic nematodes in the soil and their penetration into the roots (Kumar et al., 2011; Ramrao and Pathak, 2013). Furthermore, it is postulated that vermicompost can boost host plant defense against nematodes by increasing the expression of genes those encode for secondary metabolites or altering soil characteristics (Xiao et al., 2016). Depending on the kind of feedstock utilized, vermicompost contains chemicals with nematicidal action (Ntalli et al., 2020). Thus, keeping the preceding findings and requirements in mind, the purpose of this study is to determine the effectiveness of vermicompost on tomato plant development and biochemical reaction during nematode infestation.
2 MATERIALS AND METHODOLOGY
2.1 Plant Material and Setup of Experiments
Vermicompost was made by blending dried neem leaves with cow manure in 1:2 ratios and employing non-clitellated red wiggler earthworms (Eisenia fetida). Before inoculating the earthworms, pre-composting of the material was done by thoroughly mixing it for 15 days and spraying water. Earthworms were harvested after 60 days of inoculation, and the vermicompost was kept for air drying. Vermicompost extract was prepared by dissolving 5 g of air-dried vermicompost in 50 ml of deionized water and stirred on a magnetic stirrer. Tomato cv. Pusa Ruby seeds were presoaked in various dilutions (0, 20, 40, 60, 80, and 100%) of vermicompost extract before being planted in clay pots. Plants at the true leaf stage (on the 8th day of sowing) were transferred to separate pots having grading mixtures of vermicompost and soil. The transplanted plants were infected with freshly hatched J2s (@2J2/g soil) of M. incognita, and water was sprayed on a regular basis to keep the potting mixture wet. The plants were harvested after 10 days of nematode inoculation.
2.2 Morphological Studies
Several morphological characteristics were evaluated, including root and shoot length, fresh weights of roots and shoots, number of leaves, and number of galls on roots after harvesting.
2.3 Gaseous Exchange Parameters
The portable LI-COR 6400XT Infrared gas analyzer was used to evaluate gaseous exchange characteristics like photosynthesis rate, intercellular CO2 intensity, stomatal conductance, and transpiration rate. Gaseous exchange parameters were measured by calculating the difference between CO2 and H2O in the air passing through the reference cell against air passing across the chamber (sample). The analysis was carried out on a bright day between 11:00 a.m. and 12:00 p.m. The ideal conditions are as follows: relative humidity (70–90%), temperature (25–30°C), photon flux intensity (1,000 μmol m−2 g−1), and carbon dioxide concentration (400 μmol mol−1) (Khanna et al., 2019).
2.4 Biochemical Studies
2.4.1 Protein Content and Antioxidative Enzymes
Fresh Solanum lycopersicum plants were homogenized in a 0.1 M potassium phosphate buffer (pH 7.0) and centrifuged for 20 min at 13,000 rpm at 4°C. The Folin & Ciocalteu's phenol reagent and bovine serum albumin (BSA) were used to determine the protein level. A graph with a known amount of BSA vs. absorbance was created (Lowry et al., 1951).
Activities of different antioxidative enzymes like catalase (CAT) (Aebi, 1974), ascorbate peroxidase (APOX) (Nakano and Asada, 1981), superoxide dismutase (SOD) (Kono, 1978), polyphenol oxidase (PPO) (Kumar and Khan, 1982), guaiacol peroxidase (POD) (Pütter, 1974), and glutathione-S-transferase (GST) (Habig and Jakoby, 1981) of untreated and treated tomato plants were studied using standard protocols. The change in absorption per minute was taken on a UV-VIS spectrophotometer, and unit activity was calculated by using the given formula:
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For the SOD enzyme, the enzyme activity was calculated as 50% inhibition of nitro blue tetrazolium (NBT) (dye):
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2.4.2 Nonenzymatic Antioxidants
Ascorbic acid content: Plant samples were crushed in 2% metaphosphoric acid and centrifuged at 2,500 rpm for 10 min to prepare the homogenate. In test tubes, 100 µl of plant extract and 200 µl of 5% metaphosphoric acid were added and incubated for 30 min. Then, 500 µl n-amyl alcohol and 320 µl 2,6-dichlorophenolindophenol dye were injected into the mixture, which was then vortexed. The top layer’s absorbance was measured using a UV-VIS spectrophotometer at 546 nm (Bio-Spectrometer). A graph with a known amount of L-ascorbic acid vs. absorbance was formed (Chinoy, 1962).
Glutathione content: The homogenate was made by mashing the plant sample in 50 mM Tris buffer (pH 10), then centrifuging it at 12,000 g at 4°C for 15 min. The supernatant was then diluted with 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) and methanol and stored at room temperature for 15 min. After incubation, the material was centrifuged at 3,000 rpm for 15 min and the absorbance of the supernatant was taken at 412 nm. To examine the outcomes, a standard plot of known reduced glutathione content vs. absorbance was created (Sedlak, 1982).
Tocopherol content: The homogenate was made in the same manner as the total glutathione content. The supernatant was stirred after adding 100% ethanol and doubly distilled water. Now, xylene was administered, followed by 10 min of centrifugation at 3,000 g at 4°C. The top xylene layer was extracted and mixed with 2,4,6-tripyridyl-s-triazine before taking the absorbance at 600 nm. For assessment, a reference plot was drawn using the known concentration of tocopherol vs. absorbance (Martinek, 1964).
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2.5 Stress Indices
Malondialdehyde (MDA) content: A homogenate was made by crushing fresh plant seedlings in 0.1% (w/v) trichloroacetic acid (TCA), then centrifuging it at 4°C at 5,000 rpm. The resulting supernatant was utilized for further investigation. Then, 1,000 µl of the supernatant was combined with 6 ml of 20% (w/v) TCA containing 0.5% (w/v) 2-thiobarbituric acid (TBA) and heated in a water bath at 95°C for 30 min before the reaction was stopped under ice cold surroundings. At 532 nm, the optical density of the supernatant was measured. By subtracting absorbance at 600 nm from the nonspecific absorbance, the nonspecific absorbance was adjusted (Fu and Huang, 2001).
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Hydrogen peroxide (H2O2) content: For determining H2O2 content, 500 µl of plant extract, 500 µl of potassium iodide, and 1,000 µl of potassium phosphate buffer were added to a cuvette, and absorbance was measured at 390 nm using a UV-VIS spectrophotometer. A graph was created by employing known concentrations of H2O2 stock solution vs. absorbance (Velikova et al., 2000).
2.6 Photosynthetic Pigments
Chlorophyll and carotenoid contents were estimated by using acetone. Extraction of carotenoid and chlorophyll contents was done using 80% acetone and centrifuged at 4°C at 10,000 rpm. The absorbance of the supernatant was recorded at 480/510 nm and 645/663 nm, using a UV-VIS spectrophotometer (Arnon, 1949).
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2.7 Osmolyte (Proline Content)
Proline content was determined by smashing plant sample in sulfosalicylic acid (3%) and filtering through Whatman no. 1 filter paper. In a test tube, equal volumes of plant extract, acid–ninhydrin, and glacial acetic acid were placed and maintained at 100°C for 1 h inside boiling water. Following that, the test tubes were placed in a cold bath to stop the reaction, which proceeded due to the introduction of toluene. The mixture was agitated forcefully on a vortex shaker for 10–15 s and then left undisturbed. On a UV-VIS spectrophotometer, the absorbance of the top layer was recorded at 520 nm. Proline content was determined in milligrams per gram tissue utilizing a solution containing L-proline (Bates et al., 1973).
2.8 Secondary Metabolites
Total Phenolic content: The homogenate was made by grinding the plant material in 80% methanol and centrifuging it for 20 min at 4°C and 10,000 rpm. Test tubes containing 0.1 ml plant extract, 2.9 ml distilled water, 0.5 ml of FC reagent (1:1 with water), and 2 ml of 20% sodium carbonate were swirled on a vortex shaker before being heated in boiling water for 1 min. The reaction was stopped in an ice bucket, and the absorbance at 760 nm was measured using a UV-VIS spectrophotometer. A standard plot was created using known catechol concentrations vs. absorbance (Malik and Singh, 1980).
Total flavonoid content: The above homogenate was also used for the estimation of flavonoid content. Then, 0.1 ml of the supernatant was placed in a test tube and a final volume of 3 ml was obtained by adding methanol. Serially, 0.1 ml of AlCl3⸱6H2O, 0.1 of 5% sodium potassium tartarate, and 0.5 ml of deionized water were introduced to this combination. After 30 min of incubation, the final solution was violently agitated, and the absorbance at 415 nm was measured. A standard plot was created using rutin concentrations that were known vs. absorbance (Lamaison and Carnet, 1990).
Anthocyanin content: The anthocyanin content was determined by grinding fresh S. lycopersicum plant sample in acidified methanol (methanol, distilled water, and hydrochloric acid in a 79:20:1 ratio). The extract was kept at 4°C overnight before being centrifuged at 10,000 g for 15–20 min at 4°C, and absorbance was measured at 530 and 657 nm (Mancinelli, 1990).
2.9 Statistical Analysis
The data were subjected to statistical analysis by using SPSS software version 16.0. Analysis of variance (ANOVA) and Tukey’s test were employed to the observations. Bar graphs were constructed by using GraphPad Prism version 7.00 software packages.
3 RESULTS
3.1 Morphological Parameters
Plant growth was found suppressed in untreated and nematode-inoculated plants. The root length, shoot length, and root and shoot weights were significantly reduced in nematode-stressed plants and nematode galls were formed in the infected roots. Following nematode infection, the root length, shoot length, root weight, shoot weight, and number of leaves were found decreased by 38.57, 28.53, 23.08, 12.82, and 19.26%, respectively. Furthermore, the root and shoot length, as well as fresh weight and number of leaves had increased significantly in Vcom-treated plants (p ≤ 0.01). As nematode-infected tomato plants were treated with 100% Vcom, the root length, root weight, and number of leaves were found increased by 1.52, 2.32, and 1.19 times, whereas the shoot length and shoot weight had increased by 68.17 and 50.54%, respectively, when compared with untreated and nematode-stressed tomato plants (Figure 1) The number of galls significantly declined (61.59%) in Vcom-treated plants and decreased with an increase in Vcom concentration (Table 1).
[image: Figure 1]FIGURE 1 | Effect of Vcom concentration (0–100%) on nematode-infected tomato plants after 10 days of inoculation. N denotes nematode-infected plants, whereas C denotes control (untreated and uninfected) plants.
TABLE 1 | Effect of vermicompost on morphological parameters of nematode-stressed tomato plants (mean ± SE).
[image: Table 1]3.2 Gaseous Exchange Parameters
The gaseous exchange parameters were found reduced after nematode infection in tomato plants. Approximately 3.45, 15.30, 27, and 7.63% reduction was observed, respectively, in the photosynthesis rate, intercellular CO2 intensity, stomatal conductance, and transpiration rate after nematode infection. However, all these parameters in nematode-infected and Vcom-treated tomato plants were significantly higher (p ≤ 0.01) than in infected and untreated plants. Approximately 84.52, 61.07, and 30.59% enhancement, respectively, was observed in the photosynthesis rate, intercellular CO2 intensity, and stomatal conductance, whereas 1.28 times enhancement was observed in case of the transpiration rate when nematode-stressed plants were treated with 100% Vcom (Table 2).
TABLE 2 | Effect of vermicompost on gaseous exchange parameters of nematode-stressed tomato plants (mean ± SE).
[image: Table 2]3.3 Protein Content and Antioxidative Enzymes
The protein levels in Vcom-treated tomato plants were reported to be significantly (p ≤ 0.01) higher than in control plants (Table 3). The protein content of nematode-infected untreated tomato plants was reduced by around 17.13% as compared to the control. However, when 100% Vcom-treated plants were compared to infected and untreated plants, a two-fold elevation was seen.
TABLE 3 | Effect of vermicompost on protein content and antioxidative enzymes of nematode stressed tomato plants (mean ± SE).
[image: Table 3]The unit activity of antioxidant enzymes like CAT, SOD, POD, GST APOX, and PPO were found reduced after nematode infection. About 9.38, 15.26, 17.24, 16.19, 5.97, and 2.24% reduction was observed in unit activity of CAT, SOD, POD, GST APOX, and PPO enzymes, respectively, after nematode infection. However, the activities of these enzymes were significantly enhanced (p ≤ 0.01) after Vcom application as compared to infected and untreated plants. When plants were treated with 100% Vcom, then 46.54, 38.33, and 74.97% enhancement was observed in the activity of CAT, SOD, and APOX enzymes, respectively. Similarly, the enzyme activity of POD, GST, and PPO was enhanced by 2.5, 1.93, and 1.31 folds, respectively, in nematode-infected treated plants (Table 3).
3.4 Nonenzymatic Antioxidants
When plants were infected with nematodes, the levels of ascorbic acid, glutathione, and tocopherol were found to be decreased by 3.71, 8.20, and 8.28%, respectively, as compared to the control. Furthermore, when nematode-infested vermicompost-enriched tomato plants were compared to the control, the levels of these were significantly (p ≤ 0.01) higher. As nematode-infected tomato plants were treated with 100% Vcom, ascorbic acid content increased by 46.75%, whereas glutathione and tocopherol contents increased by 1.14 and 1.63 times, respectively, when compared with untreated and nematode-stressed tomato plants (Figure 2).
[image: Figure 2]FIGURE 2 | Effect of vermicompost on non-enzymatic antioxidants: (A) ascorbic acid content, (B) glutathione content, and (C) tocopherol content of tomato plants infected with nematodes. A bar with different letters (a–e) represents a significant difference (p ≤ 0.01), whereas one with the same letter represents a nonsignificant difference among the treatments. N represents plants with nematode infection, whereas C represents control (untreated and uninfected) plants. 0–100% denote Vcom concentrations. FW denotes fresh weight of tomato plant.
3.5 Stress Indices
The level of stress experienced by the plants is seen by estimating malondialdehyde (MDA) and H2O2 concentrations in the plants. When the plants were subjected to nematode stress, their MDA and H2O2 levels increased by 23.89 and 11.27%, respectively, when compared to the control. MDA and H2O2 contents in all treatments significantly (p ≤ 0.01) decreased after vermicompost treatment. When 100% Vcom-treated plants were compared to untreated and infected plants, a reduction of 39.59 and 39.05% was found for MDA and H2O2 contents, respectively (Figure 3).
[image: Figure 3]FIGURE 3 | Effect of vermicompost on stress indices: (A) MDA and (B) H2O2 concentration of nematode-infected tomato plants. A bar with distinct letters (a–e) denotes a significant difference (p ≤ 0.01) among the treatments, whereas one with the same letter represents a nonsignificant difference. N denotes nematode-infected plants, whereas C denotes control (untreated and uninfected) plants. 0–100% denote Vcom concentrations. FW denotes fresh weight of tomato plant.
3.6 Photosynthetic Pigments
Chl a, Chl b, total Chl, and carotenoid content were decreased by 9.21, 32.86, 22.54 and 34.78%, respectively, in nematode-stressed and untreated plants as compared to the control. However, when plants were treated with Vcom, a significant increase (p ≤ 0.01) in all treated plants was detected. The 100% Vcom treatment showed 101, 85.90, 94.11, and 86.33% enhancement in Chl a, Chl b, total Chl, and carotenoid contents, respectively, as compared to nematode-stressed and untreated plants (Figure 4).
[image: Figure 4]FIGURE 4 | Effect of vermicompost on photosynthetic pigments: (A) Chl a, (B) Chl b, (C) total Chl, and (D) carotenoid content of nematode-infected tomato plants. A bar with distinct letters (a–d) denotes a significant difference (p ≤ 0.01) among the treatments, whereas one with the same letter represents a nonsignificant difference. N denotes nematode-infected plants, whereas C denotes control (untreated and uninfected) plants. 0–100% denote the Vcom concentrations. FW denotes fresh weight of tomato plant.
3.7 Osmolyte (Proline Content)
Proline levels in Vcom-treated tomato plants were reported to be significantly (p ≤ 0.01) higher than in the control plants. The Proline content of nematode-infected untreated tomato plants was reduced by around 5.67% as compared to the control. However, when 100% Vcom-treated plants were compared to infected and untreated plants, then 55.67% elevation was seen (Figure 5A).
[image: Figure 5]FIGURE 5 | Effect of vermicompost on (A) proline content, (B) total phenolic content, (C) total flavonoid content, and (D) anthocyanin content of nematode-infected tomato plants. A bar with distinct letters (a–e) denotes a significant difference (p ≤ 0.01) among the treatments, whereas one with the same letter represents a nonsignificant difference. N denotes nematode-infected plants, whereas C denotes control (untreated and uninfected) plants. 0–100% denote the Vcom concentrations. FW denotes fresh weight of tomato plant.
3.8 Secondary Metabolites
When the plants were infected with nematodes, the levels of total phenolic content, total flavonoid content, and anthocyanin content were found to decrease by 2.74, 14.29, and 4.68%, respectively, as compared to the control. Furthermore, when nematode-infested vermicompost-enriched tomato plants were compared to the controls, their levels were significantly (p ≤ 0.01) higher. As nematode-infected tomato plants were treated with the highest concentration of Vcom, anthocyanin content was increased by 80.06%, whereas phenolic and flavonoid contents were increased by 5.73 and 1.18 times, respectively, when compared with untreated and nematode-stressed tomato plants (Figures 5B–D).
4 DISCUSSION
The present study investigates the potential of vermicompost in boosting plant growth even during biotic stress. When Vcom-treated plants were compared to control seedlings, the overall growth of the plant was improved. Nematode stress caused a significant reduction in plant growth and in their bioactive components such as photosynthetic pigments and enzymatic activity and other metabolites. Earlier studies had shown stunted growth of tomato plants under nematode stress (Kaur et al., 2013; Tikoria et al., 2022). When compared to control seedlings, M. incognita–infected tomato plants had reduced root length, shoot length, root weight, and shoot weight by 22, 5.4, 13, and 5%, respectively (Sharma et al., 2020). Nematode infection reduced plant root and shoot length by 43.2 and 21.5%, respectively, in tomato plants as compared to non-stressed plants. The reduction in plant biomass (fresh weight) of these infected plants was also seen by 35.1% (Khanna et al., 2019). The present study also displays the potential of vermicompost to promote growth. It was also shown earlier that Vcom-treated potato plants (Solanum tuberosum) significantly increased in height and number of leaves in the range of 14–35% as compared to the control (Ezzat et al., 2019). Vermicompost resulted in significant increases of 26, 13, 78, and 57% in yield attributes, overall biomass, shoot biomass, and root biomass in a meta-analysis (Blouin et al., 2019). Another study reveals an increase of 80 and 96%, respectively, in the length of shoot and number of leaves (Rekha et al., 2018). In a comparable research, Vcom-treated pineapple plants increased in plant height and number of leaves by 21 and 2% times, respectively (Mahmud et al., 2020). In field tests, the application of Vcom derived from weeds reduced the root gall index when compared to the control (You et al., 2018). In 14-day-old nematode-stressed tomato plants, Vcom decreased gall development by 48 and 77%, respectively, when compared to inorganic fertilizers and compost and by 17 and 59% in 30-day-old nematode-stressed tomato plants (Xiao et al., 2016).
In our investigation, gaseous exchange parameters such as net photosynthetic rate, intercellular CO2 concentration, stomatal conductance, and transpiration rate were shown to be reduced after nematode exposure but were enhanced after treatment with vermicompost. These results are consistent with a prior study, which discovered that Vcom-derived humic acid produces stomatal opening equivalent to auxin and is involved in stomatal conductance and electron inflow (Azcona et al., 2011; Lotfi et al., 2018). In a similar research, Vcom-treated soybean plants increased stomatal conductance, transpiration rate, and photosynthetic rate by 37, 39, and 62%, respectively (Shahrusvand et al., 2020). Also, the Kinnow Mandarin plant showed a significant increase in photosynthetic parameters like rate of photosynthesis, stomatal conductance, and transpiration rate when these plants were treated with a combination of vermicompost and nitrogen (Pareek et al., 2017). Because of its water-holding capacity and the presence of microorganisms such as mycorrhizal fungi, vermicompost enhances the quantity of water entering the roots, so the water levels rise, and so does the rate of transpiration (Beykkhormizi et al., 2016). Vermicompost has a great capacity for soil aeration, adequate drainage, and reservoirs, and it boosts the CO2 requirement for photosynthesis by restricting the closing of the stomata (Singh et al., 2020). Furthermore, vermicompost has been shown to boost CO2 generation in the rhizosphere. The rise in photosynthesis rate seen in the current experiment as a result of the application of vermicompost is not surprising. Reduced stomatal conductance reduces leaf internal carbon dioxide concentration and, as a result, the activity of Rubisco and photosynthesis rate also decreased (Rahbarian et al., 2011). As a result, any factor that raises stomatal conductance can also raise the photosynthesis rate.
In our study, the protein content and enzyme activities of CAT, SOD, POD, GST, APOX, and PPO were shown to be reduced after nematode exposure but enhanced after treatment with vermicompost. Protein content decreased by 46% after M. incognita infection in tomato plants (Bali et al., 2020). Chickpea plants subjected to water stress have higher protein levels after being supplemented with vermicompost than the controls. Because nitrogen-containing heterocycles are the basic materials needed for protein production, a rise in protein leaf tissue is directly tied to an increasing nitrogen intake by plants (Hosseinzadeh et al., 2016). CAT, APOX, and PPO are physiological parameters that represent plant health (Ezzat et al., 2019). The level of both CAT and APOX was reduced when soil salinity and water stress wheat plants were treated with different concentrations of vermicompost (Hafez et al., 2021). CAT functions as an antioxidant enzyme, eliminating and cleaning generated H2O2 from peroxisomes and reducing the harmful effects of ROS (Rahbarian et al., 2011). SOD is the initial line of defense against radicals in plants and is among the most essential superoxide refiners. Superoxide is converted to H2O2 and O2 as a result of this enzyme activity (Armand et al., 2016). Vcom-treated potato plants significantly increase the activity of CAT, APOX, and PPO in the range of 14–35% as compared to the control. Maximum activity was found in those plants which received maximum concentration of vermicompost (Ezzat et al., 2019).
Nonenzymatic antioxidants such as glutathione, ascorbic acid, and tocopherol were also altered in plants exposed to nematode infection. All of these contents were reduced after nematode infection but significantly increased after vermicompost administration. In a similar research, ascorbic acid and glutathione content levels dropped after nematode inoculation, but they increased significantly in epibrassinolide-treated seedlings (Jasrotia and Ohri 2017). Ascorbic acid transports antioxidants and electrons and functions as an enzyme cofactor and maintains physiological and signaling pathways governed by phytohormones and directly neutralizes reactive oxygen species (ROS) through the use of secondary antioxidants during the lowering of the oxidized form of tocopherol (Akram et al., 2017). Tocopherol is an important plant molecule that works as a cell signaling modulator in a variety of physiological processes, such as mitosis (Mohamed et al., 2019). Glutathione is broadly distributed in many plant tissues and has a contributing role in ROS biotransformation. Furthermore, it aids in the sequestration of heavy metals in vacuoles by the creation of phytochelatins (Sharma and Dietz 2006).
MDA and H2O2 levels were observed to decrease with increasing vermicompost content in the current study. The levels of both MDA and H2O2 were elevated after nematode infection. Vermicompost treatments to these nematode-stressed tomato plants significantly reduced the elevated levels of MDA and H2O2. These findings are consistent with earlier studies which have reported similar findings. After 20 days of infection with M. incognita, the MDA concentration of stressed tomato plants was 10% lower than that in healthy plants (Udalova and Zinovieva 2019). In another study, plants infected with the pine wood nematode (Bursaphelenchus xylophilus) showed a gradual and considerable rise in MDA content (Silva et al., 2021). The H2O2 levels in mango ginger plants grown in heavily deteriorated soil are much greater than in those grown in healthy soil (Singh et al., 2019). The formation of H2O2 has been linked to enhanced pathogenicity of B. xylophilus (Zhang et al., 2019). However, if plant cells are subjected to extreme stress, they may accumulate malondialdehyde (MDA), a byproduct of cell wall lipid peroxidation (Silva et al., 2021). Vcom significantly reduces the elevated levels of MDA and H2O2 induced by nematode stress. Esringü et al. (2016) and García et al. (2016) also discovered a reduction in MDA levels in Hungarian vetch and Oryza sativa after treatment with vermicompost-generated humic acid, respectively. Similarly, 35.60 and 12.47% reduction was observed in MDA and H2O2 levels after tomato seeds were primed with vermicompost extract (Tikoria et al., 2022).
The present study revealed a reduction in the number of photosynthetic pigments in S. lycopersicum seedlings infected with M. incognita. The findings are consistent with a report where M. incognita–stressed tomato plants had a considerable drop in chlorophyll a (10–20%) and carotenoid (16–20%) levels (Udalova and Zinovieva, 2019). In another study, following nematode infection, chlorophyll a, chlorophyll b, and carotenoid levels were lowered by 10, 18, and 20%, respectively (Udalova et al., 2020). In our study, this reduction in photosynthetic pigments was overcome by the application of vermicompost. Enhancements in these pigments were directly proportional to the concentration of vermicompost. The number of photosynthetic pigments such as chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids rose considerably with increasing Vcom dosages (Singh et al., 2019). Hosseinzadeh and Ahmadpour (2018) did a similar study to demonstrate the decline of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids concentration under extreme water stress. They also discovered that the use of vermicompost was beneficial in combating this decline. The usage of vermicompost boosted the carotenoid content through boosting nitrogen, phosphorus, and potassium absorption, as well as the involvement of these elements in the formation of photosynthetic organs (Mahmud et al., 2020). In a related study, Vcom-treated soybean plants boosted their chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid content by 42.33, 40.65, 41.52, and 46.21%, respectively (Shahrusvand et al., 2020). Increased photosynthetic rate most likely resulted in enhanced protein content and other growth indices. This may be determined based on a rise in the level of all photosynthetic pigments (Singh et al., 2019).
Proline content was reduced following nematode infection in our study, but it was dramatically enhanced after Vcom supplementation. An elevated proline level in relation to stress is an evidence of a plant’s reaction to water deficiency stress. Plants that are more resistant to stress have a greater ability to synthesize proline (Hosseinzadeh et al., 2016). A high concentration of proline in cells during stress conditions shields cells and avoids toxicity from damaging plant cells (Rahbarian et al., 2011). Our study coincides with an earlier report which reveals that after Vcom treatment, proline content significantly increases with an increase in the concentration of Vcom (Singh et al., 2019). Because proline is a nitrogen-containing molecule, higher N absorption by plants leads to increased proline production, which results in increased proline concentration in plants (Furlan et al., 2020). In our investigation, we discovered a substantial rise in total phenol, flavonoid, and anthocyanin content after Vcom treatment. The total phenol and flavonoid contents were increased after vermicompost treatment by 36 and 37%, respectively, in Dracocephalum moldavica L. under moisture stress (Rahimi et al., 2021). Furthermore, an RKN-related study in Oryza sativa revealed higher levels of total phenols in plants. They revealed phenol-induced lignifications in plant epidermal areas as a chronic and inducible post-penetration strategy for nematode resistance. In another study, an elevation in anthocyanin levels in Arabidopsis thaliana attacked with nematodes was seen as an essential antioxidant in shielding the plants from infestation (Labudda et al., 2018). The total flavonoid content of tomato plants exhibited an extremely significant rise after 7 days of M. incognita infection (Jasrotia and Ohri, 2017). After vermicompost application, the anthocyanin and flavonoid levels of Hibiscus sabdariffa L. increased in a similar way (Ghayoumi-Mohammadi and Asadi-Gharneh, 2019).
5 CONCLUSION
The current investigation demonstrates the impact of neem-based vermicompost in boosting tomato plant growth under nematode stress. The protein content and anti-oxidative enzyme levels in tomato seedlings increased considerably after the administration of vermicompost. In addition to enzymes, nonenzymatic antioxidants such as ascorbic acid and glutathione concentrations increased in tomato plants fed with vermicompost. Vermicompost also aided in the reduction of MDA and H2O2 levels, both of which are considered plant stress signals. As a consequence, the findings of this study reveal that neem-based vermicompost has a potential role in reducing the oxidative stress caused by nematode invasion and increasing plant tolerance by boosting plant growth even during nematode stress.
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Treatments

c

0% + N
20% + N
40% + N
60% + N
80% + N
100% + N
F- value

Root length
(cm)

3.63 £ 0.03"
223 + 0,067
2.50 +0.152°
3.63 £ 0.133°
467 £0.145°
5.43 £ 0.145%
5.63 + 0.145¢

114,51

Shoot length
(cm)

13.67 + 0.37°
9.77 + 0,56
12.97 + 0.13°
13.50 £ 0.21%
14.10 + 0.23*
14.90 + 0.29%
16.43 + 0.33°
39.30"

Root weight
(mg)

17.33 + 0.67%°
1333 + 0.33°
15.67 + 1.76™
22,67 £ 0.88°
3167 £2.91°
38,00 + 1.53%
44.33 + 0.33"
65.86"

Shoot weight
(mg)

749.00 + 4.04%
65300 £ 6,51
687.33 + 5.46°
72967 + 8.95°
762.67 + 6.36°
872.67 + 4.26°
983.00 + 7.51
32201

Number of
galls

867 +0.88°
8.00 + 1.00%
6.67 £ 0.33°
6.33 + 0.33°
4.33 £ 0.33%
3.33 033"
27.98"

Number of
leaves

867 +088%
7.00 £ 0.58°
8.33 + 0.33%
11.33 + 0.88
13.33 + 0.33*
14.33 + 0.33%
15.33 + 0.88"
24.79*

*'99% significance (p < 0.01). The letters a-fin a column denotes significant differences between treatments. N denotes nematode-infected plants, whereas C denotes control (untreated
and uninfected) plants. 0-100% denote Vcom concentrations.
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Treatments

Control
0% + N
20% + N
40% + N
60% + N
80% + N
100% + N
F-value

Net photosynthesis rate
(umole CO, m™ §7")

0.87 +0.02°
0.84 +0.01°
1.143  0.05°
127 £ 0.02>
1.43 £ 0.02%
149 0.08%
156 +0.02*
118.29*

Intercellular CO, concentration
(umole CO, mole™)

250,67 + 5.49°
212.33 + 4.48°
25167 + 561°
286.00 + 8.96%
31167 + 6.06°
332.00 + 4.75°
342.00 £ 5.51¢
63.79"

Stomatal conductance
(mmole H;0 m™ §7")

0.300 + 0.015°
0.219 + 0.006"
0.233 + 0.008%
0.259 = 0.006™>
0261 x 0.005™°
0.272 + 0.006*
0.286 + 0.006°
12.23*

Transpiration rate
(mmole H;0 m™ §7)

1.31 £ 0.04%
1.21 £ 0.08*
1.44 £ 0.05%
2.32 £ 0.09°
2.30 x 0.09°
2.39 + 008"
2.77 + 0.09°
72.31*

**99% significance (p < 0.01). The letters a-dlin a column denotes significant differences between treatments. N denotes nematode-infected plants, whereas C denotes control (untreated

and uninfected) plants. 0-100% denote Vcom concentrations.
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Treatments

Control
0% + N
20% + N
40% + N
60% + N
80% + N
100% + N
F-value

Protein content
(mg g™" FW)

0.975 + 0.016”
0.808 + 0.023"
1.223 + 0.025°
1.389 + 0.069°°
1.512 £ 0.014°
1.600 + 0.040°
2.450 + 0.030°
223923

CAT sop POD GST APOX PPO
(unit activity min~ g™ FW)
0064 £0004 154563+ 8135  0020%0002°  0.105:0003°  0871+0038° 0134 =0010°
0.058 + 0.003* 130.972 + 2.847% 0.024 + 0.001* 0.088 + 0.003* 0.819 + 0.021* 0.131 £ 0.012*
00630003 150183+ 3755 0033 +0.008® 0121 £0003°  0.886+0025°  0.195 x 0.008°
0071£0002° 155064 £9.950 0060 +0004° 0127 £0007°  0895+0045 0233 +0.008"
0078 £0003° 1583187052  0066+0.002  0.182+0009°  1.124£003%° 0252 +0.017°
0083000'° 1716308286  0.083:0002°  0192+0008°  1.205+0020° 0275 0.006°
0.085 +0.00' 181187 £5177° 0084 £0002° 0258 +0.001%  1.433+0027°  0.303 x 0.012°
16,321 5.378" 46.620" 124.763" 47.698" 38210

*95% significance (p < 0.05). ** 99% significance (p < 0.01). The letters a-d ina column denotes significant differences between treatments. N denotes nematode-infected plants, whereas
C denotes control (untreated and uninfected) plants. 0-100% denote Vcom concentrations. FW denotes fresh weight of tomato plant.
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