
Enhancing tomato immunity against root-knot nematodes using PGPF and 
Melithorin® through biochemical and molecular approaches

Mohamed S. Attia a,* , Amer M. Abdelaziz a, Mostafa I. Abdelglil b, Eslam K. Kandil a,  
Muge Ergun c, Salah M. Elsayed d, Maryam M. Elsayed e, Noha M. Ashry f, Mohamed M. Nofel a

a Botany and Microbiology Department, Faculty of Science, Al-Azhar University, 11884, Nasr City, Cairo, Egypt
b Al-Farahidi University- Baghdad, Iraq
c International Industrial Property Rights Regulation Unit Administrator.AGROBEST Group, Turkey
d Horticulture Research Institute, Agricultural Research Center, Giza, Egypt
e Research and Development Department, ALSALAM International for Development & Agricultural Investment, Egypt
f Agriculture Microbiology Department, Faculty of Agriculture, Benha University, Qalubia, 13736, Egypt

A R T I C L E  I N F O

Keywords:
GC-MS analysis
Meloidogyne incognita
PPO isoforms
Secondary metabolites

A B S T R A C T

This article focused on assessing the biocontrol effectiveness of four plant growth-promoting fungal (PGPF) 
species—Verticillium lecanii, Penicillium buchwaldii, Alternaria photistica, and Aspergillus niger—alongside the 
commercial formulation Melithorin®(fosthiazate 90 %), against the root-knot nematode Meloidogyne incognita in 
tomato plants. Laboratory bioassays demonstrated that Melithorin® had the most potent nematocidal effect, 
causing 94 % juvenile mortality after 96 h. Among the fungal isolates, A. niger showed the highest activity (92.6 
%). Under greenhouse conditions, Melithorin® significantly reduced root gall formation and juvenile nematode 
populations by 96.6 % and 84.9 %, respectively. The fungal treatments also exhibited suppressive effects, with 
V. lecanii and A. niger performing better than P. buchwaldii and A. photistica. Chemical analysis using gaschro
matography–mass spectrometry (GC-MS) revealed the presence of several bioactive metabolites in ethyl acetate 
extracts of the fungal isolates. Noteworthy compounds included 1H-benzotriazole, 5-nitro in V. lecanii; desul
phosinigrin in P. buchwaldii; and a shared phenolic compound—2,2′-methylenebis[6-(1,1-dimethylethyl)-4- 
methylphenol]—in both A. photistica and A. niger. These metabolites are likely contributors to the observed 
nematocidal activity. Biochemical assessments of the treated tomato plants indicated that nematode infestation 
triggered oxidative stress, as reflected by elevated malondialdehyde (MDA) and hydrogen peroxide (H2O2) levels. 
Applications of PGPF and Melithorin® alleviated this stress by significantly lowering MDA and H2O2 content, 
while enhancing total phenolics and the activities of peroxidase (POD) and polyphenol oxidase (PPO) enzymes.

Furthermore, isozyme profiling revealed increased expression of PPO isoforms, particularly PPO2, PPO3, and 
PPO4, with the highest intensities observed in plants treated with Melithorin®.In summary, Melithorin® proved 
to be the most effective agent in reducing nematode damage and activating plant defense responses. PGPF 
showed promising potential, both in suppressing nematodes and enhancing the plant’s biochemical resistance 
mechanisms.

1. Introduction

Tomato production faces significant challenges, with root-knot 
nematodes (Meloidogyne spp.) being one of the most challengingpests 
[1].Root-knot nematodes (RKNs) infest plant roots, causing the forma
tion of root galls, which disrupt nutrients and water uptake. Yield losses 
from root-knot nematode infestations can range from 30 % to 80 %, 
depending on the severity of the infestation. [2]. Research indicates that 

severely infested plants may suffer a 20–40 % decrease in fruit size, 
resulting in significant economic losses. [3]. Traditional methods of 
controlling RKN rely on chemical nematicides, which have a number of 
drawbacks, such as beneficial insects and wildlife. Organophosphate 
nematicides like Melithorin® (fosthiazate 90 %) are another option for 
agricultural pest control of plant-parasitic nematodes. [4]. A variety of 
nematode species, particularly root-knot nematodes, can be effectively 
controlled with fosthiazate. [5].Furthermore, the rising resistance of 
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nematodes to standard nematicides has rendered traditional manage
ment measures less reliable [6]. Consequently, there has been a growing 
interest in alternative strategies that minimize dependence on chemical 
inputs while promoting long-term sustainability. Among these, biolog
ical control methods have attracted considerable attention for their 
environmental safety, specificity in targeting pests, durable effective
ness, and minimal risk to human health. [7,8].As a result, biological 
control strategies have become increasingly favored for their ecological 
advantages, precision in pest management, sustained efficacy, and 
reduced health hazards compared to conventional chemical pesticides. 
[9]. One promising group of biological agents is plant growth-promoting 
fungi (PGPF [10].These beneficial soil fungi colonize the rhizosphere 
and establish symbiotic relationships with plant roots. Fungican pro
mote plant growth, activate resistance of host plants, enhancing their 
defense mechanisms against a range of foliar and root pathogens [11]. 
Some fungi, including species of Aspergillus, have been found to play an 
important role in controlling nematode in agricultural environments. 
This is largely attributed to their ability to produce secondary metabo
lites that are lethal to pathogenic nematodes. Likewise, Verticillium 
lecanii, Zare& Gams, 2001(Sordariomycetes:Hypocreales:Cordycipita
ceae), although primarily known as an entomopathogenic fungus, has 
demonstrated potential as a biological control agent against nematodes 
through parasitism [12]. Both Aspergillus and Verticillium species exhibit 
multiple mechanisms of nematode suppression, including direct para
sitism, competition, and the production of toxic compounds. Aspergillus 
is capable of secreting enzymes that break down the nematode cuticle 
[13,14]. The innovation in our research lies in the application of PGPF 
specifically for the management of root-knot nematodes (RKNs). While 
PGPF have been studied extensively for their role in controlling plant 
diseases, their potential in targeting RKNs has not been widely explored. 
This study aims to enhance sustainable agricultural productivity by 
(PGPF) to boost plant development and reduce the harmful effects of 
root-knot nematodes (RKNs. Furthermore, the study investigates the 
additional benefits of fosthiazate in enhancing plant performance and 
providing further protection against nematode-induced stress.

2. Materials and methods

The present study was conducted in 2024 at the Plant Pathology 
Research Lab and Botanical Garden, Botany and Microbiology Depart
ment, Faculty of Science, Al-Azhar University, Cairo, Egypt. Three- 
weeks-old tomato seedlings (Solanum lycopersicum L. var. 023) were 
planted as model plant.

The root-knot nematode inoculum, Meloidogyne incognita, Kofoid& 
White, 1919(Secernentea:Tylenchida:Heteroderidae), was obtained 
from the Plant Pathology Institute at the ARC. Infected tomato plant 
roots were used to isolate the nematode eggs, which were then treated 
with 0.5 % NaOCl following the method of Natio et al., [15].

2.1. Sources of treatments

The nematicide Melithorin® (containing 90 % fosthiazate), pro
duced by AGROBEST Grup-Turkey, The fungal isolates were isolated and 
identified through both morphological and molecular characterization 
in the our previous study Kandil et al., [16].

2.2. In vitro study

To determine the impact on the mortality of nematode juveniles, 1 
mL the freshly hatched juvenile suspension (50 juveniles/mL) was 
conducted to 1 mL of each PGPF culture filtrate in sterile Petri dishes, 
then incubated at four times (24, 48, 72, and 96 h). Every treatment was 
replicated three times. The non-moving juveniles were observed under a 
low-power stereomicroscope, and the mortality rate was subsequently 
determined.

2.3. In vivo study of RNKs

Three-weeks-old Solanum lycopersicum L. var. 023 were transplanted 
into plastic pots (40 × 40 cm) containing 6 kg of a sterilized sand-clay 
mixture in a 1:3 (w/w) ratio. The pots were placed inside a plastic 
greenhouse, where day and night temperatures were maintained at 
22 ◦C and 18 ◦C, respectively. The pot experiment was designed to 
evaluate the effectiveness of four PGPFin addition to the nematicide 
Melithorin®, in managing Meloidogyne incognita infections in tomato 
plants. A total of 111 tomato seedlings were transplanted, one/pot. The 
pots were divided into 11 treatment groups, each consisting of 10 
seedlings. Treatments were applied seven days after transplanting. 
Meloidogyneincognitasecond-stage juveniles (J2) were inoculated by 
injecting 50 mL of a suspension containing 40 J2/mL (equivalent to 
2000 J2 per plant) into the soil through three incisions around each 
plant’s root zone using a pipette. The greenhouse temperature was 
maintained at 25 ± 2 ◦C. After 60 days, plants were carefully uprooted 
and cleaned to remove soil residues. Nematode infestation was assessed 
by measuring the number of galls per gram of root and the number of J2 
per 250 g of soil. The second-stage juveniles were isolated using the 
sieving method, as outlined by Hopper et al. [17].

2.4. Bioactive compounds extraction

PGPF isolates were grown in Potato Dextrose Broth (PDB) (Sigma- 
Aldrich, Germany) at 27 ± 2 ◦C for 21 days. Following incubation, the 
fungal cultures were filtered, and the resulting filtrates were extracted 
with ethyl acetate (EtOAc) at a 1:1 ratio. The organic (EtOAc) layer was 
separated from the aqueous phase using a separating funnel and sub
sequently evaporated at 40 ◦C using a rotary evaporator (Heidolph 
VV2001, Germany), as described by Abdelaziz et., [18].

2.5. (GC–MS) investigation

The metabolites present in the fungal extracts were analyzed using 
gas GC–MS, following the protocol of Shehabeldine et al., [19].The 
chemical constituents were identified by comparing the obtained 
spectra with those in the WILEY 09 (Wiley, New York, NY, USA) and 
NIST 11 mass spectral libraries. Identified compounds were reported 
along with their chemical names, molecular formulas, and molecular 
weights.

2.6. Physiological and molecular resistance indicators

Phenolic compounds were extracted following Folin-Denis method 
[20] by soaking 1 g of dried, defatted leaves in 5–10 ml of 80 % ethanol 
for 24 h at 0 ◦C, followed by three re-extractions, with the final extract 
adjusted to 50 ml. Then 0.5 ml of the extract was combined with 0.5 ml 
of Folin-Denis reagent and agitated for 3 min. Subsequently, 1 ml of 
saturated sodium carbonate solution and 3 ml of distilled water were 
added to the mixture. Following an incubation period of 1 h, the 
absorbance was recorded at a wavelength of 725 nm. The method used 
by Hu, Richter [21] was applied to determine the amount of MDA in 
fresh tomato leaves. Fresh tomato leaves were tested for hydrogen 
peroxide H2O2 content [22].

2.7. Assay of antioxidant enzyme activity

For the assay of antioxidant enzymes activity, 2 g of tomato tissue 
was homogenized in 10 mL of phosphate buffer (pH 6.8, 0.1 M). The 
mixture was then centrifuged at 2 ◦C for 20 min at 20,000 rpm. To 
measure peroxidase activity (POD), 0.2 mL of the enzyme extract was 
mixed with 5.8 mL of phosphate buffer (pH 7), 2 mL of 20 mM pyro
gallol, and 2 mL of 20 mM hydrogen peroxide (H2O2). The rate of in
crease in absorbance as pyrogallol was measured 
spectrophotometrically by UV spectrophotometer (Jenway) within 60 s 
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at 470 nm and 25 ◦C [23]. The method employed by Matta and Dimond 
[24] was utilized to calculate the activity of PPO.

2.8. Electrophoresis isozymes

Native polyacrylamide gel electrophoresis (Native-PAGE) was con
ducted to detect differences in PPO isozymes between control and 
treated samples. The analysis was performed using leaf tissue (100 mg 
fresh weight), following the methodology described by Barcelo et al. 
[25].

2.9. Statistical analysis

The experimental data were analyzed using one-way ANOVA to 
assess significant differences between treatment means. Allexper
imentswereconducted using three replicates for each treatment. When 
significant differences were observed, mean comparisons were con
ducted using the LSD test at a 5 % significance.

3. Results

3.1. Evaluation of nematode juvenile mortality

The data illustrated in Fig. 1 indicate that all tested elicitors 
contributed to increased juvenile nematode mortality, particularly with 
extended incubation periods. Among the treatments, Melithorin® 
demonstrated the most potent nematicidal effect, achieving a 94 % 
mortality rate after 96 h. This was closely followed by Aspergillus niger, 
van Tieghem 1867(Eurotiomycetes: Eurotiales: Aspergillaceae), which 
caused 92.6 % mortality. Penicillium buchwaldii, Frisvad& Samson, 2013 
(Eurotiomycetes: Eurotiales: Aspergillaceae) and V lecanii also showed 
significant nematode inhibition, with mortality rates of 87.7 % and 73.3 
%, respectively. The least effective among the tested agents was Alter
nariaphotistica,E.G. Simmons, 1986 (Dothideomycetes: Pleosporales: 
Pleosporaceae), which still produced a notable 47.4 % mortality rate 
after the same exposure period, highlighting varying levels of efficacy.

3.2. In vivo nematode parameters

Represented data in Table (1) demonstrated that all tested elicitors 
significantly reduced numbers of infected tomato root galls as well 
asnumbers of second stage juveniles in soil. Melithorin® showed the 
most effective control against root-knot nematodes, achieving a 96.6 % 
reduction in gall formation and an 84.9 % reduction in second-stage 
juveniles. It was followed in effectiveness by Verticillium lecanii (83.8 
% and 70.6 %), Aspergillus niger (75.1 % and 61.1 %), Penicillium buch
waldii (69.9 % and 55.1 %), and Alternariaphotistica (40.2 % and 36.7 %) 
for gall and juvenile reduction, respectively.

3.3. Gas Chromatography-Mass Spectrometry (GC-MS)analysis

3.3.1. GC-MS analysis of Asprigilliusniger
Table 2 and Fig. 2 present the results of a GC-MS analysis of Aspri

gilliusniger, listing 19 compounds. The fungal metabolite contains a 
diverse mixture of compounds including alcohols, esters, fatty acids, 
hydrocarbons. The majour components were Docosenamide (13.31), 
Hexadecanoic acid, 2,3-dihydroxypropyl ester (5.39 %), Octadecanoic 
acid, 2,3-dihydroxypropyl ester (4.41 %), Ethanol, 2-(2-butoxyethoxy) 
(4.20 %), and Phenol, 2,2′-methylenebis [6-(1,1-dimeth ylethyl)-4- 
methyl (2.38 %).

3.3.2. GC-MS analysis of Verticillium lecnaii
Table 3 and Fig. 2 summarize the results of a GC-MS analysis of 

Verticillium lecnaii indicating the presence of 15 compounds belonging to 
carbohydrate metabolism products. A series of fatty acids, including 
oleic, eicosenoic, and hexadecanoic acids, appear between 40 and 60 
min, reflecting lipid-related components likely produced or accumu
lated by the fungus. The most prominent compounds based on peak area 

Fig. 1. Impact of plant growth promoting fungi (PGPF) on nematode mortality 
in vitro.

Table (1) 
Impact of tested treatments on galls and second stage juveniles of Meloidogyne 
incognita.

Treatment Factors

Galls/1g of root Second stage juveniles/ 
250 g soil

Average 
No.

Reduction 
%

RGI Average 
No.

Reduction 
%

Melithorin® 4.1 ± 0.5 e 96.6 2 30.6 ± 1.2 
e

84.9

P. buchwaldii 36.6 ± 1.6 
c

69.9 4 91.3 ± 2.4 
c

55.1

A. photistica 72.6 ±
1.8 b

40.2 4 128.6 ±
4.1 b

36.7

A. niger 30.3 ± 1.4 
c

75.1 3 79.3 ± 2.3 
c

61.1

V. lecanii 19.6 ±
0.8 d

83.8 3 59.6 ± 1.4 
d

70.6

Nematode 
only

121.6 ±
4.4a

– 5 203.4 ±
7.7 a

–

LSD (5 %) 6.7 – – 12.1 –

*The Root Gall Index (RGI) was assessed based on the scale; where: 0 = no galls, 
1 = 1–2 galls, 2 = 3–10 galls, 3 = 11–30 galls, 4 = 31–100 galls, and 5 = more 
than 100 galls.

Table (2) 
Gas Chromatography-Mass Spectrometry (GC-MS) analysis of Asprigilliusniger.

No Compound name RT 
(Min)

peak area 
%

1 2,4-Pentanediol 12.08 1.01
2 Butanoyl chloride 12.14 0.29
3 Methyl 5,7-hexadecadiynoate 18.07 1.39
4 Ethanol, 2-(2-butoxyethoxy) 18.80 4.20
5 Fluoroacetic acid, dodecyl ester 19.82 0.11
6 Nonadecane 24.02 0.25
7 1-Deoxy-d-mannitol 23.63 0.18
8 4-Octadecenal 28.50 0.18
9 Heptadecane 33.02 0.52
10 Hexadecanoic acid 48.77 1.23
11 Oleic Acid 50.15 0.21
12 Octadecanoic acid, 2,3-dihydroxypropyl ester 55.05 4.41
13 Phenol, 2,2′-methylenebis [6-(1,1-dimeth ylethyl)- 

4-methyl
62.28 2.38

14 Adrenosterone 62.67 1.07
15 Hexadecanoic acid, 2,3-dihydroxypropyl ester 65.52 5.39
16 Glycerol 1-palmitate 65.60 1.41
17 Thiocarbamic acid, N, N-dimethyl, S-1,3-diphenyl- 

2-butenyl ester
65.87 1.24

18 Prostaglandin A1-biotin 68.18 1.46
19 13-Docosenamide, (Z) 72.47 13.31
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percentage include Docosenamide (12.79 %), and Hexadecanoic acid, 2- 
hydroxy-1-(hydroxymethyl) ethyl ester (11.40 %). These two make up 
over half of the total detected components, suggesting they are either 
major metabolic products of V. lecnaii. Prostaglandin A1-biotin (4.34 %) 
and Octadecanoic acid, 2,3-dihydroxypropyl ester (6.81 %) also 
contribute significantly, both being complex lipids or derivatives.

3.3.3. GC-MS analysis of Penicillium buchwaldii
Table 4 and Fig. 2 present the GC-MS analysis results for Penicillium 

buchwaldii, highlighting 17 distinct chemical compounds. The data 
suggests a diverse chemical profile consisting of phenols, organic acids, 
sugars, esters, and fatty acid derivatives. The majour components were 
Citronellyl oleate (8.88 %), Hexadecanoic acid (5.31 %), Kojic Acid 
(4.97 %), Octadecanoic acid (3.45 %), 5-Hydroxymethylfurfural (3.09 
%), 1,2-Benzenedicarboxylic acid (2.63 %), and Docosenamide(2.01 %).

3.3.4. GC-MS analysis of Alternaria photistica
The GC-MS analysis of Alternaria photistica reveals a diverse mixture 

of primary and secondary metabolites, including alcohols, sugars, acids, 
esters, and fatty acid derivatives (Table 5 and Fig. 2). The most abundant 
compound in the entire fungus metabolites is 13-Docosenamide (Z), 
present at 14.95 %. Additionally, esterified fatty acids such as Hex
adecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester (3.08 %) and 
Octadecanoic acid, 2,3-dihydroxypropyl ester (2.26 %) highlight the 
fungus biosynthetic capacity for complex lipid derivative.

3.4. Total phenolic compounds

Fig. 3 demonstrates that nematode infection led to a significant in
crease of 76 % in total phenol levels in tomato plants. In healthy tomato 
plants, the highest increase was observed with A. niger (162.1 %) 

Fig. 2. Gas Chromatography-mass spectrometry (GC-MS)analysis of PGPF.
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followed byA. photistica (76.5 %), V. lecanii (68.1.6 %),and P. buchwaldii 
(59.5 %) respectively compared to the healthy control. Similarly, in 
nematode-infected plants,P. buchwaldii induced the greatest rise in 
phenol content by (44.6 %)followed byA.niger (19.8 %), Melithorin® 
(14.4 %),and V. lecanii (3.8 %)respectively. These findings indicate that 
A. nigerwas the most effective treatment in healthy plants, while 

P. buchwaldiishowed the strongest effect in enhancing phenol levels in 
infected plants.

3.5. MDA and H2O2contents

Data in Fig. 4showed that root-knot nematode infection caused a 
significant increase in malondialdehyde (MDA) and hydrogen peroxide 
(H2O2) levels in both shoots and roots of tomato plants, indicating 
elevated oxidative stress. Specifically, MDA levels increased by 46 % in 
infected plants compared to the health control. The most notable 
reduction in MDA levels was observed withA. photistica (25 %),V.lecanii 
(22.9 %), followed byP. buchwaldii (7.9 %) and A. niger (7.5 %), 
compared to the healthy control. In nematode-infected plants, 

Table (3) 
GC-MS analysis of Verticilliumlecnaii

No Compound name RT 
(Min)

peak area 
%

1 Melezitose 27.90 0.15
2 9-Octadecenoic acid (Z) 40.10 1.02
3 cis-11-Eicosenoic acid 43.61 0.11
4 Phthalic acid, 5-methylhex-2-yl isobutyl ester 44.65 2.04
5 Hexadecanoic acid 48.76 0.70
6 Heptadecanoic acid, 9-methyl-, methyl ester 53.82 0.17
7 L-Ascorbic acid, 6-octadecanoate 55.05 0.42
8 Oleic Acid 56.80 0.15
9 Phenol, 2,2′-methylenebis[6-(1,1-dimeth ylethyl)- 

4-methyl
62.28 2.59

10 Hexadecanoic acid, 3[(trimethylsilyl)oxy] propyl 
ester

65.25 0.95

11 Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) 
eth yl ester

65.51 11.40

12 Prostaglandin A1-biotin 67.85 4.34
13 Oleic acid, eicosyl ester 70.56 0.43
14 Octadecanoic acid, 2,3-dihydroxypropyl ester 71.08 6.81
15 13-Docosenamide, (Z) 72.45 12.79

Table (4) 
GC-MS analysis of Penicillium buchwaldii.

No Compound name RT (Min) peak area %

1 Phenol, 3-fluoro 11.96 1.13
2 Pentanoyl chloride 13.23 1.22
3 Melezitose 13.53 0.14
4 cis-2-Ethyl-2-hexen-1-ol 14.71 1.09
5 Kojic Acid 17.68 4.97
6 Ethanol, 2-(2-butoxyethoxy) 19.20 1.28
7 5-Hydroxymethylfurfural 20.67 3.09
8 Bromotetradecanoic acid 36.41 0.30
9 Oleic Acid 38.45 0.22
10 Octaethylene glycol monododecyl ether 40.56 0.42
11 1,2-Benzenedicarboxylic acid 44.68 2.63
12 Citronellyl oleate 45.50 8.88
13 Hexadecanoic acid 48.98 5.31
14 Octadecanoic acid 55.21 3.45
15 Glycerol 1-palmitate 65.55 1.88
16 Octadecanoic acid, 2,3-dihydroxypropyl ester 71.10 1.26
17 13-Docosenamide, (Z) 72.46 2.01

Table (5) 
GC-MS analysis of Alternaria photistica.

No Compound name RT 
(Min)

peak area 
%

1 Cis-2-Ethyl-2-hexen-1-ol 14.98 1.51
2 Melezitose 16.05 0.58
3 Kojic Acid 17.93 8.64
4 Hexofuranoside 20.25 0.26
5 5-Hydroxymethylfurfural 21.07 12.04
6 Octadecenoic acid (z) 41.68 0.11
7 Oleic Acid 42.13 0.25
8 Phthalic acid, butyl tetradecyl ester 44.68 2.16
9 Hexadecanoic acid 48.80 1.45
10 Stearic acid 55.06 0.74
11 Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) 

eth yl ester
65.54 3.08

12 Prostaglandin A1-biotin 67.85 1.53
13 Octadecanoic acid, 2,3-dihydroxypropyl ester 71.09 2.26
14 13-Docosenamide, (Z) 72.54 14.95

Fig. 3. Effect of tested elicitors on phenol contents in tomato plants infected 
with Meloidogyne incognita. T1:Healthy control., T2: Healthy + P. buchwaldii, 
T3: Healthy + A. photistica, T4: Healthy + A. niger, T5: Healthy + V. lecanii, T6: 
Infected control, T7: Infected + Melithorin®, T8: Infected + P. buchwaldii, T9: 
Infected + A. photistica, T10: Infected + A. niger, and T11: Infected + V. lecanii.

Fig. 4. Effect of PGPF and Melithorin® on malonaldehyde and hydrogen 
peroxide (H2O2) contents in shoots and roots of tomato plants in response to 
nematode infection.T1: Healthy control., T2: Healthy + P. buchwaldii, T3: 
Healthy + A. photistica, T4: Healthy + A. niger, T5: Healthy + V. lecanii, T6: 
Infected control, T7: Infected + Melithorin®, T8: Infected + P. buchwaldii, T9: 
Infected + A. photistica, T10: Infected + A. niger, and T11: Infected + V. lecanii.
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Melithorin® showed the highest reduction in MDA (71 %),A.photistica 
(58.2 %),A.niger (41 %)followed by P. buchwaldii (26.2 %) and V. lecanii 
(15.2 %). These results suggest that P. buchwaldii was the most effective 
treatment in minimizing oxidative damage in healthy plants, while 
Melithorin® and A. photistica were most effective in mitigating stress in 
infected plants.Also, Fig. 4 shows that root-knot nematode infection 
caused a significant increase of 29 % in hydrogen peroxide (H2O2) levels 
in tomato plants compared to the healthy control, reflecting enhanced 
oxidative stress. The greatest reduction in H2O2 was observed with 
A. photistica (45 %), compared to the healthy control. In nematode- 
infected plants, Melithorin® led to the highest reduction in H2O2 
levels (62 %), followed by A. photistica (59.7 %),P. buchwaldii (51 %), 
A. niger (44 %), and V. lecanii(38 %). These results highlight A. photistica 
as the most effective treatment in reducing oxidative stress in healthy 
plants, while Melithorin® and A. photistica showed the strongest effects 
in infected plants.

3.6. Oxidative enzyme activities

The results in Fig. 5 show that root-knot nematode infection trig
gered a significant increase in the activity of oxidative stress-related 
enzymes, including peroxidase (POD) and polyphenol oxidase (PPO), 
reflecting the plant’s response to infection. Among infected treatments, 
Melithorin® recorded the highest activities of both enzymes, with POD 
reaching 1.284 units/g f.wt and PPO at 1.10 units/g f.wt. The highest 
peroxidase activity was observed with V. lecanii (1.247 units/g f.wt), 
followed by A. photistica (1.105), A. niger (0.536), and P. buchwaldii 
(0.5915). For PPO activity, A. niger led to the highest increase (0.75), 
followed closely by V. lecanii (0.74), A. photistica (0.61), and 
P. buchwaldii (0.38).In infected plants, Melithorin® again showed the 
strongest induction of antioxidant enzymes, followed by A. niger (POD: 
1.194, PPO: 1.04), V. lecanii (POD: 0.78, PPO: 1.03), and A. photistica 
(POD: 0.817, PPO: 0.85). These findings suggest that V. lecanii and 
A. niger were the most effective in boosting antioxidant activities in 
healthy plants, while Melithorin® and A. niger provided the strongest 

defense in infected plants.

3.7. Polyphenol oxidase (PPO)isozymes

The isozyme analysis further reinforces the biochemical findings, 
highlighting the differential expression of PPO isozymes (PPO1 to PPO6) 
across all treatments (Fig. 6). Isozymes PPO2, PPO3, and PPO4 exhibited 
strong and consistent expression (“++" band intensity) in nearly all 
treatments, with the most pronounced bands observed in infected plants 
treated with Melithorin®, A. photistica, A. niger, and V. lecanii. Mean
while, PPO1 and PPO5 showed moderate expression levels but were 
notably more intense in infected plants treated with PGPF and Meli
thorin®, compared to the untreated controls. Interestingly, PPO6 dis
played a unique pattern of reduced intensity (“–") in the healthy control 
and in infected plants treated with A. photistica and A. niger, suggesting 
possible selective enzyme suppression or post-translational regulation. 
These isozyme expression patterns confirm that Melithorin®, A. niger, 
and A. photistica stimulate a diverse and robust polyphenol oxidase 
response, likely contributing to enhanced resistance against nematode- 
induced oxidative stress. Notably, Melithorin® stood out with the 
most intensified expression of key PPO isozymes (PPO2, PPO3, PPO4), 
indicating a heightened enzymatic defense response. Compared to the 
infected control, Melithorin® clearly emerges as the most effective 
treatment, surpassing both untreated and biologically treated plants in 
its ability to activate the antioxidant defense system.

4. Discussion

Scientists have been exploring the use of plant growth-promoting 
microorganisms as bio-nematicides [26].This study highlights the 
promising role of PGPF as an effective biological agents in enhancing 
agricultural productivity and strengthening the plant’s natural defense 
mechanisms against pathogenic nematode attacks. PGPF can mediate 
plant growth by different direct and indirect mechanisms [27,28].The 
present study’s GC-MS analysis revealed various bioactive compounds in 

Fig. 5. Effect of tested PGPF and melithorin® on peroxidase (POD) and poly
phenol oxidase (PPO) activities.T1: Healthy control., T2: Healthy + P. buch
waldii, T3: Healthy + A. photistica, T4: Healthy + A. niger, T5: Healthy +
V. lecanii, T6: Infected control, T7: Infected + Melithorin®, T8: Infected +
P. buchwaldii, T9: Infected + A. photistica, T10: Infected + A. niger, and T11: 
Infected + V. lecanii.

Fig. 6. Effect of tested PGPF and melithorin® on (A) polyphenol oxidase 
isozyme and (B) Isogram analysis of polyphenol oxidase isozyme of tomato 
plants.TT1: Healthy control., T2: Healthy + P. buchwaldii, T3: Healthy +
A. photistica, T4: Healthy + A. niger, T5: Healthy + V. lecanii, T6:Infected 
control, T7: Infected + Melithorin®, T8: Infected + P. buchwaldii, T9: Infected 
+ A. photistica, T10: Infected + A. niger, and T11: Infected + V. lecanii.
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ethyl acetate extracts from PGPF Verticillium lecanii, Penicillium buch
waldii, Alternaria photistica, and Aspergillus niger. The GC-MS analysis of 
ethyl acetate extract from Aspergillus niger revealed a diverse profile of 
bioactive compounds, several of which show potential antinematode 
relevance through their pesticidal and insecticidal properties. Notably, 
docosenamide (13.31 %) demonstrated strong insecticidal activity [29,
30]. Other compounds like ethanol, 2-(2-butoxyethoxy) (4.20 %), 
octadecanoic acid, 2,3-dihydroxypropyl ester (4.41 %), and adrenos
terone (1.07 %) also exhibit pesticidal properties [31,32], which further 
supports the nematicidal potential of the extract. The presence of anti
microbial agents such as hexadecanoic acid (1.23 %) and glycerol 
1-palmitate (1.41 %) [33,34] adds value by possibly contributing to gut 
microbiome disruption in nematodes. The GC-MS analysis of Verticillium 
lechniireveals a metabolite profile rich in compounds with documented 
anti-insect activity, supporting its potential as a biocontrol agent. 
Notably, Docosenamide (12.79 %) and Octadecanoic acid, 2,3-dihydrox
ypropyl ester (6.81 %) have demonstrated significant insecticidal effects 
[35,36]. Additionally, compounds such as Melezitose (0.15 %) and 
L-Ascorbic acid, 6-octadecanoate (0.42 %) have been associated with 
anti-insect properties [37,38], potentially contributing to defense 
mechanisms or deterring herbivory. Compounds with broader bio
activities such as 9-Octadecenoic acid (Z), Hexadecanoic acid, and Oleic 
acid, while known for antimicrobial and antioxidant functions, may also 
indirectly affect insect survival by disrupting microbial symbionts or 
weakening immune defenses [39]. The GC-MS analysis of Penicillium 
buchwaldii (Table 4, Fig. 2) indicates a chemically diverse profile, with 
several compounds possessing notable biological activities relevant to 
insect control. Among the major components, Citronellyl oleate (8.88 %) 
is recognized for its insect-repellent properties due to its citronellol 
backbone, commonly found in botanical insecticides. Hexadecanoic acid 
(5.31 %) and Octadecanoic acid (3.45 %) have both been associated 
with insecticidal and antimicrobial properties, potentially acting 
through membrane disruption or enzyme inhibition [33]. Kojic Acid 
(4.97 %), primarily known for its antioxidant and antimicrobial func
tions, may indirectly affect insect survival by targeting microbial sym
bionts [40]. The presence of 5-Hydroxymethylfurfural (3.09 %) a 
compound toxic to various insect species further supports the potential 
insecticidal activity [41]. Notably, Docosenamide (2.01 %), also found 
in V. lechnii, is a known insecticidal agent that may impair nervous 
system function [35]. The detection of 1,2-Benzenedicarboxylic acid 
(2.63 %) adds to the extract’s antimicrobial and possibly 
insect-deterrent capabilities [42]. The GC-MS profile of Alternaria pho
tistica demonstrates a strong potential for anti-insect activity, driven by a 
rich diversity of bioactive compounds. The most prominent metabolite, 
13-Docosenamide (Z) (14.95 %), is a well-documented insecticidal agent 
known to impair insect neural and developmental functions [43]. 
Complementing this are several other potent insecticidal constituents, 
including 5-Hydroxymethylfurfural (12.04 %), both of which have been 
linked to larvicidal and pesticidal actions [30,44]. Notably, Kojic Acid 
(8.64 %) and Melezitose (0.58 %) contribute to insect growth inhibition 
and deterrence [45]. Additionally, esterified fatty acids like Hex
adecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester (3.08 %) and 
Octadecanoic acid, 2,3-dihydroxypropyl ester (2.26 %) are known to 
disrupt insect cellular membranes [36].

Docosenamide is the majour component in the four PGPF isolates 
have several mechanisms as the following; It may interfere with neu
ropeptide signaling pathways or disrupt ion channel function in nema
todes, leading to paralysis or impaired locomotion [43]. It my inhibit 
acetylcholinesterase, which plays a crucial role in nematode neuro
transmission [46].It may be compromise the integrity of the cuticle or 
intestinal epithelium, leading to desiccation or internal leakage [47]. 
The results of the current study indicate a significant increase in the total 
phenolic content in nematode-infected plants. This increase is due to the 
fact that tomato plants increase their phenolic production as a defense 
strategy to prevent the spread of damage caused by root-knot nematodes 
[48,49].This increase in phenolic compounds likely helps in 

strengthening cell walls and may contribute to the direct toxicity against 
nematodes, as phenolics can be involved in producing toxic in
termediates during plant-pathogen interactions [50].Interestingly, in 
infected plants)PGPF and Melithorin®) treatments lead to a notable 
increase in phenolic content, much higher than in untreated infected 
plants. This implies that these fungi, often known for their plant 
growth-promoting properties, might amplify the plant’s natural defense 
response when under nematode attack. This effect could be mediated by 
the production of signaling molecules or enzymes that trigger a 
heightened defensive response in the presence of nematodes [51].The 
present study showed that in nematode-infected plants,P. buchwaldii 
induced the greatest rise in phenol content by (44.6 %) followed byA. 
niger (19.8 %), Melithorin® (14.4 %), and V. lecanii (3.8 %) respectively. 
These findings indicate that A. nigerwas the most effective treatment in 
healthy plants, while P. buchwaldiishowed the strongest effect in 
enhancing phenol levels in infected plants. These responses still indicate 
that these fungi likely aid the plant in mounting a defense against 
nematodes but may operate through different or less intense pathways. 
Melithorin® (fosthiazate 90 %), known for its nematocidal properties, 
also resulted in a high increase in phenolics in infected plants. Fos
thiazate could be inducing the plant’s defense mechanisms more 
directly, leading to a heightened accumulation of defense-related com
pounds [52]. The pronounced increase in phenolic content in infected 
plants treated with these fungi suggests potential synergistic effects in 
which biocontrol fungi prime or improve plant defenses against nema
todes. The analysis of Malondialdehyde (MDA) content in both shoots 
and roots of tomato plants provides insight into the oxidative stress re
sponses caused by root-knot nematode infection and the role of 
biocontrol treatments in modulating this stress. The present study 
indicated that, in nematode-infected plants, Melithorin® showed the 
highest reduction in MD, followed by PGPF. These results suggest that 
P. buchwaldii was the most effective treatment in minimizing oxidative 
damage in healthy plants, while Melithorin® and A. photistica were most 
effective in mitigating stress in infected plants.MDA is a commonly used 
biomarker for lipid peroxidation and general oxidative stress, with 
higher levels indicating cell membrane damage and an intensified stress 
response [53,54]. Infection with root-knot nematodes significantly 
increased MDA levels in both shoots and roots of infected plants, 
reflecting heightened oxidative stress. This increase in MDA indicates 
that the nematode infection damages cellular membranes through lipid 
peroxidation, which is a typical response to biotic stress as the plant 
attempts to defend itself [55]. Reductions of MDA ranged from 6 % to 
50 %, depending on the specific treatment and plant part. This decrease 
in MDA levels in healthy plants treated with biocontrol agents suggests 
that these treatments could have a protective effect, possibly by 
enhancing antioxidant activities or other mechanisms that reduce ROS 
accumulation [56,57]. The current results show that root-knot nema
tode infection triggered a significant increase in the activity of oxidative 
stress-related enzymes, including peroxidase (POD) and polyphenol 
oxidase (PPO), reflecting the plant’s response to infection. Among 
infected treatments, Melithorin® recorded the highest activities of both 
enzymes. The present study provides compelling evidence that both 
Melithorin® and the plant growth-promoting fungi (PGPF), particularly 
A. photistica and A. niger, play a crucial role in mitigating oxidative stress 
and enhancing the defense mechanisms of tomato plants infected with 
root-knot nematodes. The observed reduction in oxidative stress bio
markersMDA and H2O2accompanied by an increase in total phenols and 
the activities of peroxidase (POD) and polyphenol oxidase (PPO), sug
gests that these treatments stimulate the plant’s internal antioxidant 
defense system. The enhanced phenolic accumulation in treated plants 
can be attributed to the activation of the phenylpropanoid pathway, 
which is well-known for its role in plant defense against pathogens [58]. 
Phenolic compounds act as both antimicrobial agents and free radical 
scavengers, thereby limiting cellular damage under stress conditions 
[59]. This aligns with the findings of [60], who reported increased 
phenolic content and enzyme activities in plants treated with resistance 
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inducers under pathogen pressure. The isozyme analysis further re
inforces these biochemical results. The strong expression of PPO2, 
PPO3, and PPO4 in infected plants treated with Melithorin®, 
A. photistica, and A. niger points to the activation of specific PPO isoforms 
involved in the oxidative polymerization of phenolics into lignin and 
other defense-related compounds. This lignification process strengthens 
cell walls and creates a physical barrier against nematode invasion—a 
mechanism well documented in studies such as [61,62]. Among the 
tested treatments, Melithorin® demonstrated the most consistent and 
significant effects, not only in reducing stress markers but also in 
upregulating enzyme activity and isozyme expression. This may be due 
to its chemical composition, which possibly acts as a systemic acquired 
resistance (SAR) inducer, triggering broad-spectrum defense responses 
[63]. These results are in agreement with [64], who highlighted the 
efficacy of Melithorin® in boosting plant immunity. In summary, the 
results suggest that Melithorin®, alongside A. photistica and A. niger, can 
effectively enhance tomato plant resistance to nematode infection by 
modulating oxidative stress responses and activating phenolic-based 
defense pathways. These findings highlight the potential of integrating 
chemical inducers and PGPF as sustainable and eco-friendly strategies in 
integrated pest management (IPM) programs. In our study, the anti
nematode activity of the tested elicitors appears to operate through two 
main mechanisms. The first is a direct effect on root-knot nematodes, 
likely due to the presence of bioactive compounds in the extracts such as 
docosenamide, ethanol, 2-(2-butoxyethoxy)-, octadecanoic acid, 2, 
3-dihydroxypropyl ester, and adrenosterone. The second is an indirect 
effect, mediated by the elicitors’ ability to enhance the plant’s antioxi
dant defense system, thereby mitigating the damage caused by root-knot 
nematode infection. This defense activation was evident in the increased 
activity of antioxidant enzymes and levels of stress-related markers such 
as MDA, H2O2, and phenolics, which was confirmed by antioxidant 
izozyme determination.

5. Conclusion

This study demonstrates that Melithorin® and the tested plant 
growth-promoting fungi (PGPF) possess significant nematicidal poten
tial against Meloidogyne incognita, both in vitro and under greenhouse 
conditions. Among the biocontrol agents, Verticillium lecanii and Asper
gillus nigershowed notable effectiveness in reducing nematode pop
ulations and associated root galling. GC-MS analysis of fungal 
metabolites revealed a range of bioactive compounds likely contributing 
to their antinematode activity. Furthermore, the treatments modulated 
host defense responses, including enhanced phenolic content, proline 
levels, and antioxidant enzyme activities.
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