CIBTech Journal of Biotechnology ISSN: 2319-3859 (Online)
An Open Access, Online International Journal Available at http://www.cibtech.org/cjb.htm
2025 Vol. 14, pp.1-11/Pooja

Research Article

ALTERATION OF ENZYMATIC ANTIOXIDATIVE DEFENSE
MECHANISMS IN SUSCEPTIBLE AND RESISTANT TOMATO
CULTIVARS INFECTED WITH MELOIDOGYNE INCOGNITA

*Pooja Jha
Department of Biotechnology, Maharshi Dayanand University Rohtak Haryana, 124001, India
Division of Plant Quarantine, National Bureau of Plant Genetic Resources, New Delhi.110012, India
Department of Biotechnology, Chaudhary Ranbir Singh University Jind, Haryana 126102, India
*Author for Correspondence: poojajhafbd@gmail.com

ABSTRACT

Tomato (Solanum lycopersicum) yields are severely threatened by root-knot nematode (Meloidogyne
incognita) infestations on a global scale. The enzymatic antioxidant responses of two tomato cultivars,
one susceptible (Pusa Early Dwarf) and one resistant (Hisar Arun), are examined in this study while they
are infected with M. incognita. Important enzymatic antioxidant enzymes such as superoxide dismutase
(SOD), ascorbate peroxidase (APX), and glutathione reductase (GR) were analysed after 20 days of M.
incognita inoculation in this experiment. The results showed that the resistant cultivar had significantly
higher enzyme activities than the susceptible one, indicating that it has a more effective system for
scavenging reactive oxygen species (ROS). The resistant cultivars increased antioxidant capacity was
correlated with greatly reduced galling indices, egg mass counts, and nematode reproduction rates.
Experiments shed light on possible methods for creating tomato varieties resistant to nematodes through
the use of biochemical markers and breeding programs, and they emphasize the importance of enzymatic
antioxidant defenses in providing resistance against M. incognita.
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INTRODUCTION

Tomato (Lycopersicon esculentum) is regarded as the second most significant vegetable crop globally,
following potato (Wakil et al., 2018). Tomatoes contain significant amounts of carotenoids and phenolic
compounds. It is also the source of lycopene, a carotenoid that contributes to its red hue. (Raiola et al.,
2014; Sacco et al., 2019). Tomatoes are noted for their high content of Vitamins C and E (Marti and
Cebollla 2016; Rao et al, 2020). The production of tomatoes is affected by various abiotic factors.
Tomato seedlings exhibit susceptibility to various abiotic stresses, including salinity (Rosca et al., 2023).
Moreover, salinity stresses significantly affect the quality and yield of tomato production (Zhang and Dai
2016; Alam et al., 2021; Islam MM et al., 2023). Abiotic stressors act as significant limitations on the
growth and development of plants, negatively affecting agricultural productivity and the quality of plant
produce (Kiratli ez al., 2024). Conversely, biotic stresses refer to the harmful effects induced by various
diseases, which encompass bacteria, fungi, oomycetes, nematodes, and herbivores (Bhatla SC, A et al.,
2018; Balla A, et al., 2021; Wagqar et al., 2023). Plants, as stationary organisms, have evolved complex
molecular networks to efficiently respond and adapt to a range of stimuli. The existence of these networks
can benefit plant survival by enhancing their resistance to different stimuli; however, this is often
associated with a reduction in growth or yield, a phenomenon known as the "growth-immunity tradeoft"
(Karasov et al, 2017; Teixeira et al., 2020; Lahlali, et al., 2022). Genetic resistance in plants to
incompatible pests is manifested through the activation of an immune system; however, the molecular
mechanisms underlying pest recognition and immune expression, despite extensive research, remain
inadequately comprehended (Du and Guo 2020; Wani ef al., 2022). The immune response elicited by soil-
borne parasites, specifically root-knot nematodes (RKNs), in incompatible resistant tomato plants was
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examined and contrasted with the compatible response observed in susceptible plants during RKN
infestation. In compatible interactions, the invading nematode juveniles were permitted to develop and
reproduce fully, whereas this process was hindered in incompatible interactions (Ebd Elgawad 2022;
Molinari and Leonetti 2024).

Nematodes are ubiquitous and can be found in all conceivable locations worldwide. Nematodes constitute
the most numerous metazoans on the planet. The assault by plant-parasitic nematodes is lethal to juvenile
plants and frequently correlates with reduced productivity in mature plants. Among all economically
significant nematodes, root-knot nematodes (Meloidogyne spp.) are among the most critical and
destructive. It is recognized for its extensive global distribution. Among the identified Meloidogyne
species, four major species that induce economic losses are M. incognita, M. javanica, M. arenaria, and
M. hapla (Singh and Phulera 2015; Lilley et al., 2024). The plant-parasitic nematodes inflict harm on
crops, leading to economic losses for farmers by affecting cultivation and diminishing productivity. The
global economic losses attributed to plant-parasitic nematodes are estimated to reach $157 billion,
resulting in a 12.3% reduction in yield due to root-knot nematodes. (Phani et al., 2021; Khan, 2023). In
brinjal and tomato crops, among various biotic stresses, the plant-parasitic nematode known as root-knot
poses a significant challenge. Meloidogyne incognita (Kofoid and White) is the predominant species,
leading to significant yield and quality reductions, especially in Solanaceae crops (Thakur et al., 2024).
The RKN is known to infect crops during both the nursery stage and after transplantation in the field. The
RKN attack on brinjal and tomato during the nursery stage can lead to plant mortality after transplanting,
resulting in poor plant establishment, subpar harvest quality, and reduced field production (Pradhan,
2022). The RKN prepares the plant for invasion by additional soil-borne pathogens, leading to the
emergence of a disease complex (Vashisth et al., 2024).

Superoxide dismutase (SOD) is essential in the primary antioxidative defense mechanism in plants,
catalyzing the dismutation of superoxide radicals (O:") into hydrogen peroxide (H202) and molecular
oxygen (O2) (Saibi and Brini 2018; Ighodaro and Akinloye 2018; Islam e al., 2022). Infection by M.
incognita in tomato triggers a substantial oxidative burst resulting from nematode-induced cellular
damage and stress signaling. Increased levels of reactive oxygen species (ROS), requiring a prompt
antioxidative response (Ozougwu JC 2016). The present study revealed a significant up-regulation of
SOD activity in both susceptible (Pusa Early Dwarf) and resistant (Hisar Arun) tomato cultivars
following nematode inoculation. The resistant cultivar exhibited a more significant and sustained
elevation in SOD activity than the susceptible cultivar, especially during the initial phases of infection.
This indicates that increased SOD activity correlates with the prompt detection of nematode invasion and
a more robust defensive response in resistant plants. The increased SOD activity in resistant cultivars aids
in preserving cellular redox homeostasis by reducing oxidative damage, thereby restricting nematode
establishment and reproduction. The comparatively diminished and postponed SOD induction in the
susceptible cultivar may lead to oxidative damage and promote nematode colonization (Jahanbazian et
al., 2024).

Ascorbate peroxide (APX) is a crucial antioxidant enzyme in the ascorbate-glutathione cycle that
neutralizes hydrogen peroxide (H:0:), a significant reactive oxygen species (ROS) generated during
biotic stress, such as nematode infestation (Sakhno et al., 2019; Abdelaal et al., 2022) Following M.
incognita infection, oxidative stress escalates; resulting in heightened APX activity to eliminate surplus
H20: and avert cellular damage (EI-Beltagi et al, 2011). APX collaborates with SOD and GR to
modulate ROS levels. The augmentation of APX activity aids in alleviating oxidative damage in infected
root tissues and may inhibit nematode development by fortifying host cell walls and activating resistance
pathways (Afifi et al, 2014; Yang et al., 2023). This augmentation constitutes an initial antioxidative
defense mechanism activated by nematode infiltration and movement. Resistant cultivars (e.g., Hisar
Arun) demonstrate a more pronounced and earlier activation of APX activity compared to susceptible
cultivars (e.g., Pusa Early Dwarf).
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Glutathione reductase (GR) is an essential enzyme in the ascorbate—glutathione cycle, which preserves
cellular redox equilibrium. It restores reduced glutathione (GSH) from its oxidized variant (GSSG),
facilitating the ongoing detoxification of hydrogen peroxide (H20:) by ascorbate peroxidase (APX) (Gill
et al., 2013; Couto et al., 2016). Infection by M. incognita results in a substantial elevation of GR activity
in tomato roots. The increase commences as early as three days post-inoculation and reaches its zenith
during the initial formation of galls and the establishment of feeding sites (Talavera and Mizukubo 2001;
Yang et al., 2015; Mgsood et al., 2020; Sikandar et al., 2025). GR activity facilitates the regeneration of
GSH, which is crucial for mitigating ROS produced as a result of nematode-induced cellular damage.
This establishes a protective antioxidant barrier in the infected tissues, particularly in the root tips and
developing galls. Resistant cultivars (e.g., Hisar Arun) exhibit elevated and sustained GR activity,
facilitating enhanced redox equilibrium and constraining nematode proliferation. Susceptible cultivars
(e.g., Pusa Early Dwarf) exhibit diminished or delayed GR activity, leading to inadequate ROS
scavenging and increased oxidative stress, which exacerbates gall formation and nematode reproduction.

Plants employ intricate molecular mechanisms to initiate immune responses against pathogens and
parasites. The plant immune response is modulated by various phytohormones, such as salicylic acid
(SA), jasmonic acid (JA), and ethylene (ET) (Roychowdhury et al, 2025). Adapted pathogens can
circumvent plant defenses by directly injecting effector molecules into plant cells. Endoparasitic
sedentary nematodes (ESNs), including RKNs of the Meloidogyne genus, synthesize proteins in their
esophageal glands and subsequently inject them into root cells through a stylet. An increasing amount of
evidence indicates that the majority of these proteins function as effectors that can inhibit plant defense
mechanisms during infection (Mantelin et al., 2015; Xie et al., 2016; Lin et al,, 2016). ROS are very
important for plant defense. Primary and immediate response to pathogens involves the excessive
generation of ROS at the infection site, including superoxide anion (O2+—) and hydrogen peroxide (H,O>).
Reactive oxygen species subsequently elicit defense responses, including the hypersensitive response
(Mansoor et al., 2023; Mukherjee et al., 2024). The meticulous regulation of ROS production and
removal in plant tissues is essential to prevent irreversible cellular damage resulting from excessive ROS
levels (Tyagi et al., 2021). A variety of enzymes collaborates to regulate the plant antioxidant network,
maintaining stable levels of ROS within plant cells. For instance, SOD facilitates the conversion of
superoxide anions into H,O, while catalase (CAT), the principal antioxidant enzyme in peroxisomes,
catalyzes the breakdown of H»O,, producing water (H2O) and oxygen. Guaiacol peroxidase (POD)
facilitates the H>O, dependent polymerization of hydroxy cinnamyl alcohol in lignin biosynthesis and the
H,0O» dependent fortification of cell wall proteins, including. When a pathogen attacks, resistant plants
often have lower levels of ROS detoxifying enzymes like peroxidase (POX) and CAT (Del et al., 2006;
Xu et al., 2025).

Tomato plants are significantly harmed by Meloidogyne incognita, resulting in substantial yield and
quality losses. The levels of ROS-detoxifying antioxidant enzymes are tightly regulated during pathogen
infection, and reactive oxygen species (ROS) play a significant role in plant defenses (Yadav et al., 2023;
Abid et al.,, 2025). The metabolism of ROS was investigated in RKN-resistant and RKN-susceptible
tomato cultivars in this investigation. After nematode inoculation, the activities of enzymatic antioxidant
(Ascorbate Peroxidase, Superoxide dismutase and Glutathione reductase) were examined in tomato
resistant variety (Hisar Arun) and susceptible variety (Pusa Early Dwarf). M. incognita infected during
the nursery stage and egg masses of M. incognita were extracted from the infected brinjal plants. The
enzymatic antioxidative enzyme activities of tomato leaves from un-inoculated and inoculated plants were
assessed after 20 days of infection. In comparison to susceptible varieties, the activity of antioxidant
enzymes increased following infection with root-knot nematode in the resistant varieties of tomato. The
activities of all enzymes increased following inoculation, with the exception of the APX enzyme, which
showed a decrease.
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MATERIALS AND METHODS

Collection of Experimental Plant Material and Egg Mass of M. incognita

Freshly harvested seeds of tomato varieties, Hisar Arun and Pusa Early Dwarf were obtained from Hisar
Agriculture University (HAU) and Department of Horticulture IARI, New Delhi respectively. Egg masses
of M. incognita were obtained from Dr. Zakaullah Khan, Division of Plant Quarantine, National Bureau
of Plant Genetic Resources (NBPGR) New Delhi. The egg masses were placed onto tissue paper, which
was supported by a wire gauge suspended in water within a petri dish, facilitating the hatching process of
the eggs. The second stage juveniles (J2s) were subsequently inoculated onto brinjal plants cultivated in
30 cm diameter earthen pots for further multiplication. Seedlings of tomato genotypes, one week old and
sown in pots, were inoculated with freshly hatched larvae of root knot nematode (M. incognita) at a
concentration of 1 J2s per cc of soil. Samples of leaves were collected at 20 days post-inoculation with
root-knot nematode. At the same time, leaf samples were collected from uninoculated plants, transported
to the laboratory in an ice box, and analyzed for antioxidant enzymes.The sample underwent
homogenization in 5ml of cold (40 C) extraction buffer utilizing a pre-chilled pestle and mortar. The
mixture underwent centrifugation at 20,000g for duration of 10 minutes, after which the supernatant was
collected and subsequently analyzed for enzyme activity.

Enzymatic Antioxidant

Enzyme extraction prepared to measure the enzymatic antioxidant enzyme activities (Superoxide
Dismutase, Glutathione reductase and Ascorbate Peroxidase), leaf samples (1g) were taken per treatment
and crushed in liquid nitrogen. The sample homogenized in 10 ml of 50 mM potassium phosphate buffer
(pH 7.8) was centrifuged at 10,000 g for 20 min at 4 °C. The supernatant collected was used for the
determination of enzyme activities.

Superoxide Dismutase (SOD) Activity

The activity of SOD was assessed following the methodology established by Dhinsa ef al., 1981. The
enzyme SOD was prepared by grinding 1 g of leaf tissues in a pre-chilled mortar and pestle with 10 ml of
chilled 0.1 M phosphate buffer at pH 7.5, which included 0.5 mM EDTA. The brie was filtered using
cheesecloth, and the filtrate was centrifuged in a refrigerated centrifuge for 15 minutes at 20,000 g. The
supernatant served as the enzyme extract. All operations were conducted at 4 degrees Celsius. The
enzyme assay involved a 3.0 ml reaction mixture comprising 13 mM methionine, 25 mM nitroblue
tetrazolium chloride (NBT), 0.1 mM EDTA, 50 mM phosphate buffer at pH 7.8, 50 mM sodium
bicarbonate, and 0.1 ml of enzyme. The reaction commenced with the addition of 2 micromolar
riboflavin, followed by exposure of the tubes to 15W fluorescent lamps for a duration of 15 minutes. The
reaction was halted by turning off the light and covering the tubes with black cloth. Tubes lacking enzyme
exhibited maximal color development. A non-irradiated complete reaction mixture that did not exhibit
color functioned as a blank. Absorbance was measured at 560 nm, with one unit of enzyme activity
defined as the amount of enzyme that decreased the absorbance reading by 50% relative to the control
tubes without enzyme. The enzyme assay was conducted at 27 £ 2 °C. Enzyme activity was estimated
using three samples of the material, with three measurements taken from each extract.

Glutathione Reductase (GR) activity

The activity of GR was assessed following the methodology established by Smith er al., 71988. The
reaction was conducted in a 3 ml mixture comprising potassium phosphate buffer (100 mM; pH 7.5), 5,5-
dithiobis-2-nitrobenzoic acid (DTNB; 0.5 mM), NADPH (66 uM), oxidized glutathione (GSSG; 0.66
mM), and enzyme extract (0.1 ml). The reaction commenced with the addition of 0.66 mM GSSG, and
the increase in absorbance at 412 nm was recorded over 2 minutes at 10-second intervals. GR activity was
quantified as umol GSSG reduced per mg of protein per minute. The protein quantification was
conducted following Bradford's (1976) methodology, utilizing Bovine Serum Albumin (BSA) as the
standard.
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Ascorbate Peroxidase (APX) activity

The activity of APX was assayed as given Nakano Y and Asada K (1981) with some modification. For
the extract preparation 200mg, leaf extract in Sml of 100mM PPB (pH7.0) and rotate at 8000*g for 10
minutes. The assay will be conducted on total of 3ml reaction mixture by adding 2.7 ml of 100 mM PPB
(pH 7.0), 0.1 ml L-ascorbate and 0.15 ml H202. 100 pl of extract will be added to 0.6 ml of phosphate
buffer for the assay. 100 pl of methylglyoxal and 0.1 ml of MgCI2 will be added to the same. The
addition of 0.1 ml of GSH solution will start the reaction, which will take place at 25 °C. At 240 nm, an
increase in absorbance caused by the formation of S-D lactoylglutathione will be seen (Spectramax Plus,
Molecular Devices, USA) every 15 seconds for three minutes. A change in absorbance of 0.1 will be
regarded as one unit. Mg/protein/min units will be used to express the enzyme activity.

Bradford Assay for Protein Estimation

Bradford assay for protein estimation performed by the method Bradford (1976). Weigh 0.1g leaf tissue
homogenize sample using a mortar and pestle in 0.5ml of phosphate buffer (pH7.5). Transfer leaf extract
into centrifuge tube and make the volume 5Sml with phosphate buffer. As a reference, distilled water used
as blank. Prepared Bradford stock reagent in the lab by dissolving Coomassie Brilliant Blue G-250 dye in
a suitable solvent (such as 95% methanol) and distilled water used to dilute the stock solution to the
working solution. 0.1 ml of leaf extracts and incubates at room temperature for the 5-10 minutes. After
incubation, at 595nm measure the absorbance on spectrophotometer of each sample and the BSA
standards at the appropriate wavelength.

STATISTICAL ANALYSIS

Statistical analyses were performed with statistical software’s GraphPad Prism (version 7.04) and
XLSTAT (version 2023.3.1). All measurements were performed in triplicates. Two-way analysis of
variance (ANOVA) with Tukey’s correction was performed with Graph Pad Prism and the difference was
considered significant at p-value <0.05.

RESULTS AND DISCUSSION

Protein content in resistant and susceptible genotypes of tomato infected with root-knot nematode

The protein content showed varying trends in response to M. incognita inoculations in both Hisar Arun
and Pusa Early Dwarf varieties. In the Hisar arun variety, the protein content in the control plants
decreased with M. incognita inoculation from 4.39 £ 0.21 to 3.21 + 0.44. Under M. incognita inoculation,
the protein content was lower than the control in Pusa Early Dwarf, decreasing from 3.68 £ 0.43 to 2.29 +
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Figure 1: Protein content under un-inoculated (Control) and inoculated with M .incognita in resistant
(Hisar Arun) and susceptible (Pusa early dwarf) tomato cultivars.
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Superoxide dismutase content analysis in resistant and susceptible genotypes of tomato infected with
root-knot nematode

SOD activity showed varying trends in response to M. incognita inoculations in both Hisar arun and Pusa
Early Dwarf varieties. In the Hisar arun variety, the SOD activity in the control plants decresed in un-
inoculated check (Control) to M. incognita inoculated, from 65.31 £ 0.83 to 62.93 + .84. However, under
M. incognita inoculation, the SOD activity was lower than Hisar Arun in Pusa Early Dwarf, decreasing
from 62.47 + 1.11 to 42.61 + .99.
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Figure 2: Superoxide dismutase activity under un-inoculated (control) and inoculated with M. incognita
in resistant (Hisar Arun) and susceptible (Pusa early dwarf) tomato cultivars.

Glutathione reductase content analysis in resistant and susceptible genotypes of tomato infected with
root-knot nematode
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Figure 3: Glutathione reductase activity under un-inoculated (control) and inoculated with M. incognita
in resistant (Hisar Arun) and susceptible (Pusa early dwarf) tomato cultivars.

The data shows a significant increase in GR content in both tomato varieties in response of M. incognita
inoculation. At control (Uninoculated), the Hisar arun variety had a increased GR content (85.886 = 0.557
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pmol/g FW) compared to the Pusa Early Dwarf variety (78.91 + 0.006 umol/g FW). However, under the
M. inognita inoculated , the GR content of Hisar arun (120.465 + 1.773 umol/g FW) was significantly
higher (p<0.01) than Pusa Early Dwarf (98.608 + 2.279 umol/g FW).

Ascorbate peroxidase content analysis in resistant and susceptible genotypes of tomato infected with
root-knot nematode

The ascorbate peroxidase (APX) activity decreased in both Hisar arun and Pusa Early Dwarf varieties
under M. incognita inoculation. In the Hisar arun and Pusa Early Dwarf varieties, the APX activity varies
from uninoculated (control) to M. incognita inoculated from 86.83 + 1.29 to 63.59 £ 1.15 and 79.83 + .94
to 51.39 £ 1.09 respectively.
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Figure 4: Ascorbate peroxidase activity under un-inoculated (control) and inoculated with M. incognita
in resistant (Hisar Arun) and susceptible (Pusa early dwarf) tomato cultivars.

DISCUSSION

When plants are attacked by pathogens, they often go through oxidative stress. It is very important to be
able to change the way antioxidants work in order to protect cells and keep their normal functions. The
higher enzymatic activities in Hisar Arun were strongly linked to lower galling indices, lower egg mass
production, and lower nematode reproduction rates. This means that a stronger antioxidant response not
only protects plant tissues from oxidative damage, but it also directly stops nematodes from growing and
spreading. The present are in line with what other studies have found, which show that resistant plant
genotypes often have higher levels of antioxidant enzymes when they are attacked by nematodes or other
pathogens. The data support the idea that enzymatic antioxidants are good biochemical markers for
screening for resistance and could be used in breeding programs to create tomato varieties that can resist
nematodes. In addition, the results show how important it is to focus on oxidative stress pathways in
integrated nematode management plans. This study supports the idea that the different regulation of
antioxidant defense enzymes is very important for how tomatoes and nematodes interact. It also gives us
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important information about the molecular and biochemical basis of crop plant resistance. In light of the
fact that susceptible tomato cultivars (Pusa Early Dwarf) and resistant tomato cultivars (Hisar Arun) react
differently to infection from *Meloidogyne incognita*, this study sheds light on the topic. The fact that
the two genotypes reacted differently highlights how important it is to control oxidative stress when
dealing with nematodes in plants. Hisar Arun, a resistant cultivar, showed significantly higher levels of
key antioxidant enzymes like superoxide dismutase (SOD), ascorbate peroxidase (APX), and glutathione
reductase (GR) after infection than Pusa Early Dwarf, a susceptible cultivar. Enzymes like these are
absolutely necessary for the detoxification process because plants produce reactive oxygen species (ROS)
as a defense mechanism. An effective antioxidative system that reduces oxidative damage and fortifies
plant defense is indicated by the resistant cultivar's enhanced activity of these enzymes. The vulnerable
cultivar, on the other hand, showed reduced antioxidant enzyme activities; this could have caused reactive
oxygen species (ROS) to build up, which in turn increased cellular damage and made nematode
development easier. The results of the phenotypic observations corroborate the biochemical data, which
show that Hisar Arun outperformed the susceptible genotype in terms of gall formation, egg mass
production, and nematode reproduction rates. This research backs up previous claims that root-knot
nematode resistance relies heavily on the antioxidant defense system. By sustaining structural and
signaling defense pathways and keeping redox homeostasis in check, the increased antioxidant response
in resistant genotypes may mitigate damage caused by nematodes. One possible biochemical marker for
screening resistant cultivars is the differential expression of enzymatic antioxidants. This method provides
a helpful resource for breeding programs that aim to create tomato varieties that are resistant to nematodes
by utilizing marker-assisted selection techniques.

ACKNOWLEDGEMENT

The author thankfully acknowledges to the Chaudhary Ranbir Singh University Jind, Haryana, Dr.
Sarvajeet Singh Gill from Maharshi Dayanand University, Rohtak, Haryana and my sincere thanks to
Principal Scientist Dr. Zakaullah Khan, Division of Plant Quarantine, National Bureau of Plant Genetic
Resources (NBPGR), New Delhi, for providing the Meloidogyne incognita culture and offering the
necessary facilities to support this research.

REFERENCES

Abdelaal, K., Alsubeie, M. S., Hafez, Y., Emeran, A., Moghanm, F., Okasha, S., ... & Ibraheem, F.
(2022). Physiological and biochemical changes in vegetable and field crops under drought, salinity and
weeds stresses: control strategies and management. Agriculture, 12(12), 2084.

Abd-Elgawad, M. M. (2022). Understanding molecular plant-nematode interactions to develop
alternative approaches for nematode control. Plants, 11(16),2141.

Abid Mehmood, M., Rauf, A., Abd-Elsalam, K. A., Ashfaq, M., Kayani, S. B., & Javeed, S. (2025).
The Multifaceted Biocontrol Mechanisms of Endophytic Fungi. In Fungal Endophytes Volume II:
Applications in Agroecosystems and Plant Protection (pp. 433-484). Singapore: Springer Nature
Singapore.

Afifi, A., Al-Sayed, A., Mahfoud, N., & Farahat, A. (2014). Enzymatic and non-enzymatic oxidants
and antioxidants involved in defense mechanisms against root-knot, reniform and citrus nematodes in
their hosts. Egyptian Journal of Agronematology, 13(1), 172-188.

Alam, M. S., Tester, M., Fiene, G., & Mousa, M. A. A. (2021). Early growth stage characterization and
the biochemical responses for salinity stress in tomato. Plants, 10(4), 712.

Balla, A., Silini, A., Cherif-Silini, H., Chenari Bouket, A., Moser, W. K., Nowakowska, J. A., ... &
Belbahri, L. (2021). The threat of pests and pathogens and the potential for biological control in forest
ecosystems. Forests, 12(11), 1579.

Bhatla, S. C., A. Lal, M., A. Lal, M., Kathpalia, R., Sisodia, R., & Shakya, R. (2018). Biotic
stress. Plant Physiology, Development and Metabolism, 1029-1095.

Centre for Info Bio Technology (CIBTech) n




CIBTech Journal of Biotechnology ISSN: 2319-3859 (Online)
An Open Access, Online International Journal Available at http://www.cibtech.org/cjb.htm
2025 Vol. 14, pp.1-11/Pooja

Research Article

Couto, N., Wood, J., & Barber, J. (2016). The role of glutathione reductase and related enzymes on
cellular redox homoeostasis network. Free radical biology and medicine, 95, 27-42.

Del Rio, L. A., Sandalio, L. M., Corpas, F. J., Palma, J. M., & Barroso, J. B. (2006). Reactive oxygen
species and reactive nitrogen species in peroxisomes. Production, scavenging, and role in cell
signaling. Plant physiology, 141(2), 330-335.

Du, B., Chen, R., Guo, J., & He, G. (2020). Current understanding of the genomic, genetic, and
molecular control of insect resistance in rice. Molecular Breeding, 40(2), 24.

El-Beltagi, H. S., Kesba, H. H., Abdel-Alim, A. L., & Al-Sayed, A. A. (2011). Effect of root-knot
nematode and two species of crown gall on antioxidant activity of grape leaves. African Journal of
Biotechnology, 10(57), 12202-12210.

Gill, S. S., Anjum, N. A., Hasanuzzaman, M., Gill, R., Trivedi, D. K., Ahmad, L., ... & Tuteja, N.
(2013). Glutathione and glutathione reductase: a boon in disguise for plant abiotic stress defense
operations. Plant Physiology and Biochemistry, 70, 204-212.

Ighodaro, O. M., & Akinloye, O. A. (2018). First line defence antioxidants-superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPX): Their fundamental role in the entire
antioxidant defence grid. Alexandria journal of medicine, 54(4), 287-293.

Islam, M. M., Jahan, K., Sen, A., Urmi, T. A., Haque, M. M., Ali, H. M., ... & Murata, Y. (2023).
Exogenous application of calcium ameliorates salinity stress tolerance of tomato (Solanum lycopersicum
L.) and enhances fruit quality. Antioxidants, 12(3), 558.

Islam, M. N., Rauf, A., Fahad, F. 1., Emran, T. B., Mitra, S., Olatunde, A., ... & Mubarak, M. S.
(2022). Superoxide dismutase: an updated review on its health benefits and industrial
applications. Critical Reviews in Food Science and Nutrition, 62(26), 7282-7300.

Jahanbazian, L., Mahdikhani-Moghadam, E., Charehgani, H., & Afsharifar, A. (2024). Comparative
analysis of antioxidant enzyme activity and defence responses in root-knot nematode resistant and
susceptible carrot cultivars. Plant Pathology, 73(6), 1413-1424.

Karasov, T. L., Chae, E., Herman, J. J., & Bergelson, J. (2017). Mechanisms to mitigate the trade-off
between growth and defense. The Plant Cell, 29(4), 666-680.

Khan, M. R. (2023). Plant nematodes, an underestimated constraint in the global food production.
In Nematode diseases of crops and their sustainable management (pp. 3-26). Academic Press.

Kiratli H., Seymen, M., & Kiymaci, G. (2024). Determination of tolerance to flooding stress in melon
cultivars by agronomic and physio-biochemical responses. Genetic Resources and Crop Evolution, 71(4),
1643-1657.

Lahlali, R., Ezrari, S., Radouane, N., Belabess, Z., Jiang, Y., Mokrini, F., ... & Peng, G. (2022).
Bacillus spp.-Mediated drought stress tolerance in plants: current and future prospects. In Bacilli in
Agrobiotechnology: Plant Stress Tolerance, Bioremediation, and Bioprospecting (pp. 487-518). Cham:
Springer International Publishing.

Lilley, C. J., de Souza, V. H. M., & Eves-van den Akker, S. (2024). Plant diseases caused by
nematodes. In Agrios’ Plant Pathology (pp. 607-649). Academic Press.

Lin, B., Zhuo, K., Chen, S., Hu, L., Sun, L., Wang, X,, ... & Liao, J. (2016). A novel nematode
effector suppresses plant immunity by activating host reactive oxygen species-scavenging system. New
phytologist, 209(3), 1159-1173.

Mansoor, S., Ali, A., Kour, N., Bornhorst, J., AlHarbi, K., Rinklebe, J., ... & Chung, Y. S. (2023).
Heavy metal induced oxidative stress mitigation and ROS scavenging in plants. Plants, 12(16), 3003.
Mantelin, S., Thorpe, P., & Jones, J. T. (2015). Suppression of plant defences by plant-parasitic
nematodes. In Advances in botanical research (Vol. 73, pp. 325-337). Academic Press.

Magsood, A., Wu, H., Kamran, M., Altaf, H., Mustafa, A., Ahmar, S., ... & Chen, J. T. (2020).
Variations in growth, physiology, and antioxidative defense responses of two tomato (Solanum
lycopersicum L.) cultivars after co-infection of Fusarium oxysporum and Meloidogyne
incognita. Agronomy, 10(2), 159.

Centre for Info Bio Technology (CIBTech) n




CIBTech Journal of Biotechnology ISSN: 2319-3859 (Online)
An Open Access, Online International Journal Available at http://www.cibtech.org/cjb.htm
2025 Vol. 14, pp.1-11/Pooja

Research Article

Marti, R., Roselld, S., & Cebolla-Cornejo, J. (2016). Tomato as a source of carotenoids and
polyphenols targeted to cancer prevention. Cancers, 8(6), 58.

Molinari, S., Farano, A. C., & Leonetti, P. (2024). Root-Knot Nematode Early Infection Suppresses
Immune Response and Elicits the Antioxidant System in Tomato. International Journal of Molecular
Sciences, 25(23), 12602.

Mukherjee, A., Ghosh, K. K., Chakrabortty, S., Gulyas, B., Padmanabhan, P., & Ball, W. B. (2024).
Mitochondrial reactive oxygen species in infection and immunity. Biomolecules, 14(6), 670.

Phani, V., Khan, M. R., & Dutta, T. K. (2021). Plant-parasitic nematodes as a potential threat to
protected agriculture: Current status and management options. Crop Protection, 144, 105573.

Pradhan, S. R. (2022). Standardisation and commercialization of grafting techniques in brinjal to
combat bacterial wilt (Doctoral dissertation, Department of Vegetable Science, OUAT, Bhubaneswar).
Raiola, A., Rigano, M. M., Calafiore, R., Frusciante, L., & Barone, A. (2014). Enhancing the
health-promoting effects of tomato fruit for biofortified food. Mediators of inflammation, 2014(1),
139873.

Rao, Y. R., Ansari, M. W, Singh, A. K., Bharti, N., Rani, V., Verma, A., ... & Kumar, V. R. (2020).
Ethylene mediated physiological response for in vitro development of salinity tolerant tomato. Journal of
Plant Interactions, 15(1), 406-416.

Rosca, M., Mihalache, G., & Stoleru, V. (2023). Tomato responses to salinity stress: From
morphological traits to genetic changes. Frontiers in plant science, 14, 1118383.

Roychowdhury, R., Hada, A., Biswas, S., Mishra, S., Prusty, M. R., Das, S. P., ... & Sarker, U.
(2025). Jasmonic acid (JA) in plant immune response: unravelling complex molecular mechanisms and
networking of defence signalling against pathogens. Journal of Plant Growth Regulation, 44(1), 89-114.
Sacco, A., Raiola, A., Calafiore, R., Barone, A., & Rigano, M. M. (2019). New insights in the control
of antioxidants accumulation in tomato by transcriptomic analyses of genotypes exhibiting contrasting
levels of fruit metabolites. BMC genomics, 20, 1-19.

Saibi, W., & Brini, F. (2018). Superoxide dismutase (SOD) and abiotic stress tolerance in plants: An
overview. Superoxide Dismutase: Structure, Synthesis and Applications, Magliozzi, S., Ed, 101-142.
Sakhno, L. O., Yemets, A. L., & Blume, Y. B. (2019). The role of ascorbate-glutathione pathway in
reactive oxygen species balance under abiotic stresses. Reactive Oxygen, Nitrogen and Sulfur Species in
Plants: Production, Metabolism, Signaling and Defense Mechanisms, 89-111.

Sikandar, A., Mo, Y., Chen, B., Nishat, Y., & Wu, H. (2025). Influence of Meloidogyne incognita and
Fusarium oxysporum on Growth, Physiological, Biochemical, and Root Morphology in Tomato Hybrids
Cultivars. Agronomy, 15(4), 890.

Talavera, M., Itou, K., & Mizukubo, T. (2001). Reduction of nematode damage by root colonization
with arbuscular mycorrhiza (Glomus spp.) in tomato-Meloidogyne incognita (Tylenchida:
Meloidogynidae) and carrot-Pratylenchus penetrans (Tylenchida: Pratylenchidae) pathosystems. Applied
Entomology and Zoology, 36(3), 387-392.

Teixeira, W. F., Soares, L. H., Fagan, E. B., da Costa Mello, S., Reichardt, K., & Dourado-Neto, D.
(2020). Amino acids as stress reducers in soybean plant growth under different water-deficit
conditions. Journal of plant growth regulation, 39(2), 905-919.

Thakur, S., Rana, A., Sharma, A., Yangchan, J., Choudhary, K., Kumar, R., ... & Sharma, D.
(2024). Plant nematode interaction and omics: a focus on Meloidogyne incognita. Journal of Crop
Health, 1-11.

Tyagi, N., Gambhir, K., Kumar, S., Gangenahalli, G., & Verma, Y. K. (2021). Interplay of reactive
oxygen species (ROS) and tissue engineering: a review on clinical aspects of ROS-responsive
biomaterials. Journal of Materials Science, 56(30), 16790-16823.

Wakil, W., Brust, G. E., & Perring, T. M. (2018). Tomato and management of associated arthropod
pests: Past, present, and future. Sustainable management of arthropod pests of tomato, 3-12.

Centre for Info Bio Technology (CIBTech)



CIBTech Journal of Biotechnology ISSN: 2319—3859 (Online)
An Open Access, Online International Journal Available at http://www.cibtech.org/cjb.htm
2025 Vol. 14, pp.1-11/Pooja

Research Article

Wani, S. H., Choudhary, M., Barmukh, R., Bagaria, P. K., Samantara, K., Razzaq, A., ... &
Varshney, R. K. (2022). Molecular mechanisms, genetic mapping, and genome editing for insect pest
resistance in field crops. Theoretical and Applied Genetics, 135(11), 3875-3895.

Wagqar, R., Igbal, J., Minhas, L. A., Abbasi, B. A., Ijaz, S., Ullah, Z., ... & Ullah, Z. (2025).
Molecular Strategies for Confronting Abiotic Stress Tolerance in Tomatoes. In Omics Approaches for
Tomato Yield and Quality Trait Improvement (pp. 17-53). Singapore: Springer Nature Singapore.

Xie, J., Li, S., Mo, C., Wang, G., Xiao, X., & Xiao, Y. (2016). A novel Meloidogyne incognita effector
Mispl2 suppresses plant defense response at latter stages of nematode parasitism. Frontiers in Plant
Science, 7, 964.

Xu, Y., Yan, J., Cui, C., Zhou, L., Zhang, K., Du, M., ... & Li, B. (2025). Nanozymes Empower
Periodontitis Treatment: New Strategies and Clinical Application Prospects. Biomaterials Research, 29,
0210.

Yadav, S. S., Arya, A., Tondon, G., & Singh, Y. (2023). Antagonistic microbes mediated modulation of
systemic resistance and defense related responses against Dickeya dadantii causing bacterial stalk rot in
Sorghum bicolor. European Journal of Plant Pathology, 167(4), 833-851.

Yang, J. W., Park, S. U.,, Lee, H. U., Nam, K. J., Lee, K. L., Lee, J. J., ... & Kim, Y. H. (2023).
Differential responses of antioxidant enzymes and lignin metabolism in susceptible and resistant
sweetpotato cultivars during root-knot nematode infection. Antioxidants, 12(6), 1164.

Yang, Y. X., Wang, M. M., Ren, Y., Onac, E., Zhou, G., Peng, S., ... & Yu, J. Q. (2015). Light-
induced systemic resistance in tomato plants against root-knot nematode Meloidogyne incognita. Plant
Growth Regulation, 76, 167-175.

Zhang, P., Senge, M., & Dai, Y. (2016). Effects of salinity stress on growth, yield, fruit quality and
water use efficiency of tomato under hydroponics system. Reviews in Agricultural Science, 4, 46-55.

Centre for Info Bio Technology (CIBTech)



