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Abstract

Root-knot nematode (Meloidogyne incognita) causes a significant reduction in the production of sunflower (Helianthus ann-
uus) globally. The paper assessed the nematicidal activity of ascorbic acid and glutamic acid and their ability to trigger sys-
temic resistance in sunflower within controlled conditions. Laboratory evaluations proved that both compounds significantly
suppressed egg hatch to 29.5% (from 92.3% in control) and elevated juvenile mortality to 62.1% (from 6.0% in control) in a
concentration-dependent manner, with ascorbic acid (2 mg/ml) showing the strongest effects. Experiments in greenhouses
found that pre- and post-inoculation foliar application of these acids suppressed nematode root galling by up to 59% and
population density by up to 57%, while boosting shoot fresh weight by 21.1% and root fresh weight by 24.8% compared
to inoculated controls. Treated plants also showed increased the activities of major defense enzymes, such as peroxidase
(POX), phenylalanine ammonia-lyase, (PAL), superoxide dismutase (SOD), and ascorbate peroxidase (APX). Pre-inoculation
treatments were more efficient, which demonstrates the role of priming in the activation of defense. Our results indicate that
ascorbic and glutamic acid have a combination of direct nematicidal activity with induction of host defense systems, which
is promising as a safe means of managing nematode infestation in sunflower farming.

Keywords Root galling - Resistance elicitors - Foliar application - Oxidative stress enzymes - Plant-nematode interaction -
Systemic acquired resistance
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world and they result in significant economic losses in vari-
ous crops (Onkendi et al. 2014). Such nematodes cause root
galling, interfere with the uptake of water and nutrients, and
eventually decrease the vigor and yield of plants (Habteweld
et al. 2024). Meloidogyne incognita is especially perilous in
the tropics and subtropics, resulting in negative economic
effects on high-value crops that are under the protection of
cultivation, which explains why its control is of high urgency
to local producers (Prajapati et al. 2025).

Although chemical nematicides have historically been the
primarily control method for the root-knot nematodes, grow-
ing concerns over environmental pollution, health hazards,
and regulatory restrictions have intensified the search for
sustainable alternatives (Forghani and Hajihassani 2020;
Maleita et al. 2023). Within these alternatives, plant-derived
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compounds and resistance-inducing agents have demon-
strated high potential in reducing the negative impact of the
environment, and at the same time have proven to be effec-
tive against nematodes (Barbosa et al. 2024).

Due to its role in plant antioxidants and defense activa-
tion, ascorbic acid (vitamin C) has gained attention (Akram
et al. 2017; Al-Sayed and Montasser 1986). It plays an
important role in the detoxification of reactive oxygen spe-
cies produced during nematode infection, the regulation of
the expression of defense-related genes, and results in an
increase in systemic resistance (Singh et al. 2021). Ascor-
bate oxidation triggers other metabolic pathways, such as
the phenylpropanoid cascade, which elevates the level of
defense enzymes, including peroxidase and phenylalanine
ammonia-lyase, which is vital in the defense of nematodes
(Singh et al. 2020).

In a similar manner, glutamic acid serves significant
functions in the plant stress responses through its influence
on antioxidant enzyme functions and also in the redox bal-
ance of the cell (Guo et al. 2017). It positively influences
growth and photosynthesis during stress and triggers defense
mechanisms that lead to a decrease in nematode penetration
and reproduction (Hamza et al. 2013). Glutamic acid is also
used as a precursor in the production of glutathione, a strong
antioxidant that is utilized in cellular detoxification (Noctor
et al. 2014).

The use of ascorbic acid and glutamic acid in nematode
management programs is a sustainable solution that tries to
integrate the direct nematicidal effect of the product with the
development of host resistance mechanisms (Abd-Elgawad
2025). This double action is likely to decrease nematode
populations and increase plant resistance, which makes the
use of BCAs a safer and more effective approach for RKN
management (Singh et al. 2021).

While previous studies have reported the individual
effects of both acids on plant stress responses, their dual role
as both direct nematicidal agents and inducers of system-
atic resistance has not been comprehensively investigated in
sunflower (Helianthus annuus)—>M. incognita pathosystem.
Furthermore, a direct comparative analysis of their efficacy
and the optimal timing of application (pre- vs. post-inocu-
lation) remains unexplored. Therefore, this study aimed to:
(1) evaluate the direct nematicidal activity of ascorbic and
glutamic acids on M. incognita egg hatching, and juvenile
mortility in-vitro; (2) assess the effects of foliar application
(pre- and post-inoculation) on nematode infection param-
eters and plant growth in sunflower under greenhouse condi-
tions; and (3) elucidate the biochemical basis of induce the
resistance by measuring the activities of key defense-related
enzymes (POX, PAL, SOD, APX) in treated plants. This
integrated approach provides a holistic evaluation of the dual
modes of action of these compounds and their potential for
sustainable nematode management.
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2 Materials and methods

2.1 Maintenance of root-knot nematode (M.
incognita)

A pure culture of M. incognita was maintained on suscep-
tible plants of sunflower (Helianthus annuus cv. Sunspot)
that were planted in sterile sandy loam soils of and under
greenhouse conditions at 28-32 °C. The nematode species
identity was confirmed by examining the perineal pattern
of mature females under a light microscope (Hartman and
Sasser 1985); ensuring the purity of the culture used in all
experiments. Standard methods were used to collect egg
masses from the infected roots, according to the procedure
by Hartman and Sasser (1985). Freshly laid egg masses
were allowed and hatch in aerated distilled water at room
temperature, and second-stage Juveniles (J2) were col-
lected for use in further studies.

2.2 Laboratory studies (Survival and Mortality of M.
incognita J2)

Bioassays involving the assessment of the impact of ascor-
bic acid and glutamic acid on M. incognita second-stage
juveniles (J2) survival and mortality were conducted
following protocols developed by Neeraj et al. (2017).
Freshly hatched J2s were produced by incubating egg
masses collected on infected sunflower roots by extract-
ing them with 0.5% sodium hypochlorite, in aerated dis-
tilled water at 28 °C. Approximately 100 newly hatched
J2s were released in each well of 24-well plates containing
aqueous solutions of ascorbic acid or glutamic acid con-
centrations of 1 mg/ml and 2 mg/ml. These concentrations
were selected based on preliminary dose—response trailes
(0.5-4.0 mg/ml) and relevant literature (Al-Sayed and
Montasser 1986; Singh et al. 2021), as they provided clear
dose-dependent effects without phytotoxicity. Each treat-
ment was replicated four times. The plates were maintain
in the dark at 25 +2 °C for 12 days. To maintain consistent
concentrations, test solutions were renewed every 3 days.
Juvenile mortality was assessed microscopically at 3, 6,
9, and 12 days; nematodes were considered dead if they
did not response to probing with a fine needle. Mortal-
ity was corrected using Abbott’s formula (Abbott, 1925)
to account for natural mortality in the control: Cor-
rected Mortality (%) = ((Treatment Mortality (%) — Con-
trol Mortality (%))/(100 — Control Mortality (%))) x 100
The percentage of egg hatch was calculated using the
formula: Egg Hatch (%) = (Number of hatched J2s/Ini-
tial number of eggs) X 100. The percentages of egg hatch-
ing and juvenile mortality were obtained by dividing the
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number of juveniles hatched and the number of juveniles
killed by the initial counts, respectively, and the percent-
ages were used to give quantitative data on the nematicidal
effects of the treatments.

2.3 Greenhouse studies

The seeds of sunflower (cv. Sunspot) were surface sterilized
in 1% sodium hypochlorite solution for 5 min and rinsed in
distilled water, and then sown individually in plastic pots
(15 cm diameter) filled with 2.5 kg of steam-sterilized loamy
sand soil per pot. Following three weeks of growth under
controlled conditions, uniform seedlings were chosen and
transplanted in separate pots.

The study design was a randomized complete block
design of four replications per treatment. Treatments
involved foliar application of ascorbic acid or glutamic
acid at two concentrations (1 mg/ml and 2 mg/ml). For pre-
inoculation treatments, plants received foliar application of
the tested solution one week before nematode inoculation.
Foliar sprays were applied uniformly to runoff using a hand-
held sprays, covering all leaves. Seven days after treatment,
each plant was inoculated by pipetting 5 mi of suspension
containing 1000 freshly hatched J2s into three shallow holes
(2-3 cm deep) mad around the root zoon.

For post-treatments, plants were first inoculated with
1000 freshly hatched J2s per pot using the same method
described above. One week after nematode inoculation,
plants received foliar application of ascorbic acid or glu-
tamic acid at 1 mg/ml or 2 mg/ml. The control plants were
inoculated and not treated.

Following the completion of all treatments and inocula-
tion, the plants were kept in a greenhouse under temperature
control and day temperatures of between 28-32 °C, relative
humidity was maintained at a constant level, and the plants
were irrigated and fertilized regularly to provide optimal
growth conditions.

Forty-five days after inoculation, plants were carefully
uprooted and kept assessing the parameters of nematode
infection, the measures of plant growth, and the biochemi-
cal analyses.

2.4 Growth and nematode assessments

After uprooting, plants were handled with utmost care and
roots were gently washed free of soil. The number of root
galls was scored using a 0—10 scale. The reproduction of
nematodes was measured by counting egg masses and the
extraction of the nematodes from the soil and roots using
modified Baermann funnels (Hooper et al. 1983). Shoot
and root fresh weights were measured. These parameters

were applied to measure the effects of the treatment on plant
growth and the effects on nematode infestation.

2.5 Enzyme activity assays

Samples of leaves and roots were collected immediately
after harvest, frozen in liquid nitrogen, and stored at
—80 °C for enzyme assays. For protein extraction, 0.5 g
of frozen tissues was homogenized in 2 ml of ice-cold
extraction buffer (50 mM potassium phosphate buffer, pH
7.0, containing 1 mM EDTA, I mM phenylmethylsulfonyl
fluoride (PMSF), and 2% (w/v) polyvinylpolypyrrolidone
(PVPP)). The homogenate was centrifuged at 12,000 X g
for 20 min at 4 °C, and the supernatant was used for
enzyme activity assays and protein quantification. All
assays were conducted in triplicate.

Activities of defense-related enzymes including peroxi-
dase (POX), phenylalanine ammonia-lyase (PAL), super-
oxide dismutase (SOD), and ascorbate peroxidase (APX),
were measured spectrophotometrically following protocols
by Pandey et al. (2018) and Singh et al. (2021). POX activ-
ity was measured by monitoring the oxidation of guaiacol
at 470 nm. PAL activity was determined by measuring the
production of cinnamic acid at 290 nm. SOD activity was
assayed by monitoring the inhibition of nitroblue tetrazo-
lium (NBT) reduction at 560 nm. APX activity was meas-
ured by monitoring the decrease in ascorbate concentration
at 290 nm. Soluble protein content was determined by the
method of Bradford (1976), using bovine serum albumin
(BSA) as a standard. Enzyme activities were expressed
per mg of protein.

2.6 Statistical analysis

Data from egg hatch and juvenile mortality tests were ana-
lyzed using one-way analysis of variance (ANOVA). Data
from greenhouse experiments were analyzed employing two-
way ANOVA to assess the main influences and interaction
effects of the following two factors: treatment concentration
(1 mg/ml, 2 mg/ml) and time of application (pre-inocula-
tion vs. post-inoculation). Prior to ANOVA, assumptions of
normality (Shaprio-Wilk test) and homogeneity of variance
(Levene’s test) were tested and confirmed. Where neces-
sary, data transformations (logarithmic or square root), were
applied to meet ANOVA assumptions. When significant
treatment effects were identified (p <0.05), means were sep-
arated using Tukey’s Honestly Significant Differences (HSD)
test for multiple comparisons. All analyses were performed
using SPSS statistical software (version 16). Both laboratory
and greenhouse experiments were repeated independently
in time, yielding similar results; data presented are from a
representative experiment.
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3 Results

3.1 Effect of ascorbic and glutamic acids on M.
incognita egg hatch and J2 mortality

Table 1 presents the effects of ascorbic acid and glutamic
acid on the egg hatch percentage and juvenile mortality of
M. incognita after 12 days of exposure to the treatments. The
control group had a high hatching rate of eggs, 92.3 +2.1%,
which suggests healthy uninhibited juvenile emergence and
only 6.0 + 1.2% juvenile mortality. These values bring out
the base reproductive capability and survival of the nema-
todes in the absence of chemical interference.

The exposure to ascorbic acid had a significant inhibiting
effect on the hatching of eggs in a concentration-dependent
manner. With 1 mg/ml, the hatching of the eggs was low
at 59.6 + 3.4, which was significantly lower than the con-
trols (p <0.001). At 2 mg/ml, the hatching of the eggs was

Table 1 Effect of ascorbic and glutamic acids on M. incognita egg
hatch and juvenile mortality (%) at 12 days post-treatment

Treatment Concentration Egg Hatch (%) Mortality (%)
(mg/ml)
Control 0 92.3+2.1a 6.0+1.2d
Ascorbic Acid 1 59.6+3.4b 38.9+2.8¢c
2 29.5+2.9¢c 62.1+3.0a
Glutamic Acid 1 65.4+2.8b 34.4+2.5¢
2 42.7+3.2¢ 49.5+2.7b
p-value <0.001 <0.001

Values are means + SE of four replicates, Egg hatch percentages were
calculated based on initial counts of approximately 100 eggs per well.
Juvenile mortality was corrected using Abbott’s formula. Different
letters within columns indicate significant differences at p <0.05 by
Tukey HDS test

reduced to 29.5 +2.9%, which exhibited pronounced ovicidal
activity. Likewise, Juvenile mortality also increased tremen-
dously, i.e., 38.9+2.8% at a concentration of 1 mg/ml and
reached 62.1 +3.0% at a concentration of 2 mg/ml, depicting
the direct larvicidal effects (p <0.001).

Inhibitory effects were also exhibited by glutamic acid,
though with a moderate lower extent than ascorbic acid
at equal concentrations. The hatching rate was reduced
to 65.4 +£2.8% and 42.7+3.2% at 1 mg/ml and 2 mg/ml,
respectively, which were significantly different from that for
the control (p <0.001). Mortality of Juveniles under glu-
tamic acid was 34.4+2.5% at 1 mg/ml and 49.5+2.7% at
2 mg/ml, which were once again significantly high in com-
parison with the control mortality (p <0.001).

Finally, the results indicate that ascorbic acid at 2 mg/
ml is the most effective in reducing egg hatch and increas-
ing juvenile mortality of M. incognita, followed by glu-
tamic acid, emphasizing their potential utility for nematode
management.

3.2 Effect of pre- and post-treatments with ascorbic
and glutamic acids on nematode infection
parameters

Table 2 summarizes the efficacy of pre- and post-inoculation
treatments with ascorbic acid and glutamic acid. Pre-inoc-
ulation treatment with ascorbic acid significantly reduced
nematode infection severity in a concentration-dependent
manner. At 2 mg/ml, this treatment reduced the gall index
by 59% (from 7.8 to 3.2) and the nematode population by
57% (from 2150 to 920 eggs +J2/g root) compared to the
inoculated control (p <0.001). Glutamic acid applied pre-
inoculation also significantly suppressed nematode infection,
reducing galling by 50% and nematode numbers by 51% at
2 mg/ml (p <0.001), though it was slightly less effective
than ascorbic acid at the same concentration.

Table 2 Effect of pre- and
post-treatments with ascorbic
and glutamic acids on nematode
infection parameters in

sunflower infected with M.
incognita

Treatment Application Time Concentration Root Gall Nematode Popula-

(mg/ml) Index (0-10)  tion (eggs+J2/g

root)

Control (Inoculated only) - 0 7.8+0.3a 2150+ 120a
Ascorbic Acid Pre-Inoculation 1 4.5+0.4c 1280+90c

2 3.2+0.3d 920+85d
Glutamic Acid 1 5.6+0.4b 1450+ 110b

2 3.9+0.4d 1050+ 100c
Ascorbic Acid Post-Inoculation 1 6.5+0.5a 1800+ 110a

2 5.1+0.4b 1550 + 100b
Glutamic Acid 1 6.7+0.5a 1850+ 120a

2 5.5+0.3b 1600+ 110b
p-value <0.001 <0.001

Values are means + SE of four replicates. Different letters within columns indicate significant differences at

p <0.05 by Tukey HSD test
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Post-inoculation treatments were less effective than
pre-inoculation applications but still significantly lower
gall formation and nematode densities relative to control
(»<0.001). For example, ascorbic acid at 2 mg/ml applied
post-inoculation reduced the gall index to 5.1 and the nema-
tode population to 1550/g root.

Pre-inoculation treatment with ascorbic acid significantly
reduced nematode infection severity in a concentration-
dependent manner. At 1 mg/ml, the gall index decreased
by 42% to 4.5+ 0.4, and the nematode population declined
by 40% to 1280+ 90. The higher concentration of 2 mg/ml
provided better control, reducing galling by 59% (3.2+0.3)
and nematode numbers by 57% (920 + 85). These reduc-
tions were statistically significant compared to the control
(»<0.001). Glutamic acid applied pre-inoculation also
significantly suppressed nematode infection, albeit slightly
less effectively than ascorbic acid. Gall indices were reduced
to 5.6+0.4 and 3.9+0.4 at 1 and 2 mg/ml, representing
decreases of 28% and 50%, respectively. Corresponding
nematode populations were similarly reduced to 1450+ 110
and 1050 + 100 at these concentrations (p <0.001).

Post-inoculation treatments were less effective but still
significantly lowered gall formation and nematode densities
relative to the control. Ascorbic acid at 1 mg/ml post-inocu-
lation reduced the gall index to 6.5+0.5 and nematode pop-
ulation to 1800+ 110, while 2 mg/ml reduced them further
to 5.1+0.4 and 1550 + 100, respectively. Glutamic acid at
the same concentrations resulted in gall indices of 6.7 +0.5
and 5.5+ 0.3 and nematode populations of 1850 + 120 and
1600 + 110, respectively (p <0.001).

Finally, pre-inoculation application of ascorbic acid at
2 mg/ml was most effective in minimizing root galling and
nematode populations, confirming its potential as a nemati-
cidal agent promoting resistance against M. incognita in
sunflower cultivation.

3.3 Effect of pre- and post-treatments with ascorbic
and glutamic acids on plant growth parameters
of sunflower

Table 3 presents the influence of pre- and post-inoculation
foliar applications of ascorbic acid and glutamic acid on
sunflower shoot and root fresh weights 45 days post nema-
tode inoculation. Inoculated control plants exhibited reduced
growth with shoot fresh weight of 25.6 + 1.2 g and root fresh
weight of 12.1 +0.6 g and this reflects the detrimental effects
of M. incognita infection.

Pre-inoculation treatment with ascorbic acid significantly
enhanced plant growth in a dose-dependent manner. At 1 mg/
ml, shoot fresh weight improved by 14.06% to 29.2+1.0 g,
and root fresh weight increased by 18.18% to 14.3+0.5 g com-
pared to controls (p <0.001 and p=0.003, respectively). Dou-
bling the concentration to 2 mg/ml further boosted growth with
a 21.09% increase in shoot weight (31.0+1.1 g) and 24.79%
increase in root weight (15.1+0.6 g). Similarly, glutamic acid
application pre-inoculation improved shoot and root growth
significantly. Shoot fresh weight increased by 10.55% and
16.02% at 1 mg/ml and 2 mg/ml, respectively, while root fresh
weight increased by 15.70% and 23.14% (p-values significant).

The treatments of post-inoculation showed mild but still
significant growth promotion influences. Ascorbic acid at
1 mg/ml increased shoot and root fresh weights by 5.47%
and 7.44%, respectively. At 2 mg/ml, increases reached
11.33% (shoot) and 11.57% (root). Glutamic acid post-inoc-
ulation treatments yielded similar moderate improvements.

Statistical analysis confirmed significant effects of treat-
ment concentration on shoot and root growth (p <0.001 and
p=0.003, respectively). Application timing also influenced
growth responses, with pre-inoculation applications gener-
ally more effective, although all treatments demonstrated
better growth performance than the inoculated control.

Table 3 Effect of pre- and post-treatments with ascorbic and glutamic acids on plant growth parameters of sunflower infected with M. incognita

Treatment Application Time  Concentra-  Shoot Fresh Weight (g) % Increase ~ Root Fresh Weight (g) % Increase

tion (mg/ml) Shoot FW Root FW
Control (Inoculated only) - - 25.6+1.2¢ - 12.1+0.6d -
Ascorbic Acid Pre-Inoculation 1 29.2+1.0b 14.06 14.3+0.5¢ 18.18

2 31.0x1.1a 21.09 15.1+0.6b 24.79
Glutamic Acid 1 28.3+1.3b 10.55 14.0+0.7¢c 15.70

2 29.7+1.1ab 16.02 14.9+0.8b 23.14
Ascorbic Acid Post-Inoculation 1 27.0+1.3c 5.47 13.0+0.5cd 7.44

2 28.5+1.4b 11.33 13.5+0.6c 11.57
Glutamic Acid 1 26.8+1.2¢c 4.69 13.2+0.5¢ 9.09

2 27.5+1.3bc 7.42 13.8+0.4bc 14.05
p-value <0.001 <0.003

Values are means + SE of four replicates. Different letters within columns indicate significant differences at p <0.05 by Tukey HSD test
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3.4 Effect of pre- and post-treatments with ascorbic
and glutamic acids on defense-related enzyme
activity in sunflower leaves

Table 4 presents the activities of key defense enzymes per-
oxidase (POX), phenylalanine ammonia-lyase (PAL), super-
oxide dismutase (SOD), and ascorbate peroxidase (APX)
in sunflower leaves following treatment with ascorbic and
glutamic acids at two application timings relative to M.
incognita inoculation. The inoculated control plants exhib-
ited the lowest enzymatic activities, with POX activity at
14.5+ 1.2 pmol min~! mg !, PAL at 8.6 +0.8 pmol cinnamic
acid h"! mg™!, SOD at 25.3 + 1.5 units mg! protein, and
APX at 5.8 +0.5 pmol min~! mg".

Pre-inoculation treatment with ascorbic acid markedly
enhanced enzyme activities, with POX activity reaching
33.5+1.8, PAL at 19.8+1.2, SOD at 52.4+2.7, and APX
at 15.3+1.0. This is more than a twofold rise relative to lev-
els of control (p <0.001). The presence of such an induction
shows a strong defense system activation of the plant prior
to nematode challenge.

The enzyme activities were also significantly elevated
by post-inoculation applications of ascorbic acid relative to
the control, although to a smaller degree as compared to
pre-inoculation treatments (POX 28.0+ 1.5, PAL 16.2 + 1.0,
SOD 44.3+2.3, APX 12.0+0.8). The treatments of glu-
tamic acid similarly promoted defense enzyme activities.
Pre-inoculation applications elevated POX, PAL, SOD,
and APX activities to 28.3+2.0, 17.1+1.1,45.7+2.3, and
12.6 + 1.1, respectively. Post-inoculation treatments pro-
duced moderate increases (POX 24.5+1.7, PAL 14.0+0.9,
SOD 38.7+ 1.8, APX 10.2+0.7), all significantly above
untreated controls (p <0.001).

The p-values of all the enzyme activities were highly sig-
nificant, implying strong treatment effects. The increase in
the activities of defense-related enzymes noted is associated
with enhanced resistance mechanisms in sunflower, lead-
ing to the suppression of nematodes as well as a reduction
in root damage. The highest and most potent induction of

defensive enzymes was recorded following pre-inoculation
foliar application of ascorbic acid that indicates its potential
use as an effective biological elicitor in nematode manage-
ment programs.

3.5 Percentage increase in activity
of defense-related enzymes in sunflower leaves
relative to control

Figure 1 illustrates the percentage increases in the activities
of defense-related enzymes peroxidase (POX), phenylala-
nine ammonia-lyase (PAL), superoxide dismutase (SOD),
and ascorbate peroxidase (APX) in sunflower leaves follow-
ing foliar application of ascorbic acid and glutamic acid at
different timings relative to M. incognita inoculation.

The largest increases in enzyme activities were observed
by pre-inoculation treatment with ascorbic acid, as POX
activity increased by 131.0, PAL increased by 130.2, SOD
increased by 107.5, and APX increased by 163.8 relative to
untreated inoculated controls. This high induction indicates
a high level of priming of the plant defense system, which
allows the plant to be more capable of resisting nematode
infection.

The use of ascorbic acid after inoculation also increased
enzyme activities to a significant extent of 93.1% (POX),
88.4% (PAL), 75.5% (SOD), and 106.9% (APX), but to a
slightly lesser degree. These findings show that ascorbic acid
is able to activate antioxidative defenses even when nema-
tode infestation has begun. Glutamic treatments adhered to
the same pattern, with pre-inoculation treatment showing
increases of 95.2% (POX), 98.8% (PAL), 80.6% (SOD) and
117.2% (APX), and post-inoculation treatment showing
increases of 69.0%, 62.8%, 53.0% and 75.9%, respectively.

These results refer ascorbic and glutamic acids promising
and green alternatives or supplements to traditional nemati-
cides, which may be used as integrated management to
enhance sunflower health and yield. The enhanced enzyme
activities are attributed to the increased resistance responses
and lesser nematode damage.

Table 4 Activity of defense-related enzymes in sunflower leaves after pre- and post-treatments with ascorbic and glutamic acids (units/mg pro-

tein)
Treatment Application Time POX PAL SOD APX
(pumol min~' mg) (pmol cinnamic (units mg~! protein) (pmol
acidh' mg™) min~' mg )
Control (Inoculated) - 14.5+1.2d 8.6+0.8d 25.3+1.5d 5.8+0.5d
Ascorbic Acid Pre-Inoculation 33.5+1.8a 19.8+1.2a 52.4+2.7a 153+1.0a
Post-Inoculation 28.0+1.5b 16.2+1.0b 44.3+2.3b 12.0+0.8b
Glutamic Acid Pre-Inoculation 28.3+2.0b 17.1+1.1b 45.7+2.3b 12.6+1.1b
Post-Inoculation 245+ 1.7c 14.0+0.9¢ 38.7+1.8¢c 10.2+0.7¢
p-value <0.001 <0.001 <0.001 <0.001

Values are means + SE of four replicates. Different letters within columns indicate significant differences at p <0.05 by Tukey HSD test
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Enzyme Activity % Increases by Treatment
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Fig. 1 Percentage increase in activity of defense-related enzymes in sunflower leaves relative to control

4 Discussion

The current study demonstrates the effect of ascorbic acid
and glutamic acid in inhibiting M. incognita egg hatching,
juvenile mortality, reduction in the severity of nematode
infection, and promoting host plant resistance in sunflower.
The concentration-dependent inhibition of egg hatch and
the high mortality of juvenile limnicoles is a direct effect of
nematicidal action, likely associated with the disruption of
key physiological processes in the nematode (Neeraj et al.
2017; Singh et al. 2021).

The observed suppression of nematode reproduction and
root galling by ascorbic and glutamic acids suggests inter-
ference with both nematode development and host immune
modulation. These findings align with those of Singh et al.
(2021), who reported similar suppressive effects in rice
treated with ascorbate, and extend them ot the sunflower-M.
incognita system. Notably, the greater efficacy of ascorbic
acid compared to glutamic acid at equivalent concentrations
(2 mg/ml reduced galling by 59% vs. 50%) may reflect its
more direct role in both ROS detoxification and signalling
pathways that activate plant defences (Akram et al. 2017).

The superior efficacy of pre-inoculation application
compared to post-inoculation treatments indicates that
priming the plant prior to nematode attack enhances subse-
quent defense responses. This finding is consistent with the
established paradigm of induce resistance, where timely
elicitor application activates the plant’s immune system,
leading to upregulation of defense pathways (Mauch-Mani
et al. 2017; Pieterse et al. 2014). Our results suggest that
the enhanced enzyme activities observed in pre-treated
plants reflect this primed state, enabling a more rapid
robust response to nematode invasion. Increased activities
of defense-related enzymes, such as peroxidase (POX),
phenylalanine ammonia-lyase (PAL), superoxide dis-
mutase (SOD), and ascorbate peroxidase (APX) are bio-
chemical predictors of an active defense state (Singh et al.
2021). These enzymes regulate the balance of reactive
oxygen species (ROS) and the production of antimicrobial
complexes, which are important in limiting the develop-
ment and settlement of nematodes (Pandey et al. 2018).
The significant rise in enzyme activities at pre-inoculation
ascorbic acid treatment indicates strong elicitor activity,
which is in line with earlier findings that vitamins could
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also serve as stress signals to promote pathogen resistance
(Al-Sayed and Montasser 1986).

Mechanistically, nematodes locate infection sites by sens-
ing host root exudates (Mendy et al. 2017), while plants
perceive nematode invasion through pattern recognition
receptors, triggering defensive responses (Zhou et al. 2023).
It is plausible that the exogenous application of ascorbic
and glutamic acids enhances these perception and signal-
ing processes, leading to the heightened defense enzyme
activities observed in our study. However, the direct causal
link between enzyme induction and nematode suppression,
while strongly suggested by our correlative data, requires
further validation through targeted molecular studies, such
as gene expression analysis or the use of specific enzyme
inhibitors. Co-evolutionary arms race between root-knot
nematodes and their host plants involves structural, as well
as biochemical adaptations based on the innate immune sys-
tem of the plant and the arsenal of effector proteins of the
nematode (Jones and Dangl 2006; Mitchum et al. 2013).
Recent research indicates that nematode effectors attack host
defense to support the formation of feeding sites, and plants
evolve enzymes and secondary metabolites to counter these
effectors (Phani et al. 2021). Our results indicate that the
foliar application of ascorbic and glutamic acids enhances
the defensive biochemical armory system of the host plant,
which leans towards resistance.

5 Conclusion

This study demonstrates that foliar applications of ascorbic
acid and glutamic acid reduces the M. incognita egg hatch-
ing and the survival of juvenile in-vitro, and suppresses root
galling and nematode populations in sunflower plants under
greenhouse conditions. The increase in defense-related
enzyme activities (POX, PAL, SOD, APX) following treat-
ments is associated with induce systemic resistance, con-
tributing to the observed nematode suppression. Pre-inocu-
lation treatment with ascorbic acid at 2 mg/ml was the most
effective, highlighting the importance of application timing.
These finding suggest that ascorbic and glutamic acids are
promising candidates for inclusion in integrated nematode
management programs for sunflower. However, field valida-
tion is necessary to confirm efficacy under diverse environ-
mental conditions. Further studies are required to optimize
the application protocols (e.g., frequency, formulation) and
elucidating the molecular signaling pathways involved to
fully harness their potential for sustainable protection.

Acknowledgements The authors are grateful to Deanship of Scien-
tific Research, Vice Presidency for Graduate Studies and Scientific
Research, King Faisal University, Saudi Arabia (KFU254813), for sup-
porting this research work.

@ Springer

Author contributions Abdulrahman S. Al-Hussein: Methodology,
Formal analysis, Data curation. Hosny H. Kesba: Conceptualization,
Supervision, Formal analysis, Data curation, Writing — review &
editing, Funding. Sherif M. El-Ganainy: Methodology, Formal
analysis, Data curation. Wael H. Elmenofy: Supervision, Data
curation, Methodology. Ahmed M. Ismail: Conceptualization,
Methodology. Hossam S. El-Belatgi: Supervision, Data curation.
All authors have reviewed and consented to the final version of the
manuscript.

Funding The authors want to express their gratitude to the Deanship
of Scientific Research, Vice Presidency for Graduate Studies and Sci-
entific Research, King Faisal University, Saudi Arabia, for funding this
study under the terms of KFU254813.

Data availability The tables in this research article show all the data
that was collected.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material.
You do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article's Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by-nc-nd/4.0/.

References

Abd-Elgawad MMM (2025) Integrated nematode management strate-
gies: optimization of combined nematicidal and multi-functional
inputs. Plants 14:1004. https://doi.org/10.3390/plants 14071004

Abbott, W. S. (1925). A method of computing the effectiveness of
an insecticide.Journal of Economic Entomology 18(2), 265—
267.https://doi.org/10.1093/jee/18.2.265a

Akram NA, Shafiq F, Ashraf M (2017) Ascorbic acid-a potential
oxidant scavenger and its role in plant development and abiotic
stress tolerance. Front Plant Sci 8:613. https://doi.org/10.3389/
fpls.2017.00613

Al-Sayed AA, Montasser SA (1986) The role of ascorbic and glutamic
acids in controlling the root knot nematode Meloidogyne javanica.
Egypt J Phytopathol 18:143-148

Barbosa P, Faria JMS, Cavaco T, Figueiredo AC, Mota M, Vicente CSL
(2024) Nematicidal activity of phytochemicals against the root-
lesion nematode Pratylenchus penetrans. Plants 13:726. https://
doi.org/10.3390/plants13050726

Bradford, M. M. (1976). A rapid and sensitive method for the quantifi
cation of microgram quantities of protein utilizing the principle of
protein-dye binding.Analytical Biochemistry, 72(1-2), 248-254.
https://doi.org/10.1016/0003-2697(76)90527-3


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.3390/plants14071004
https://doi.org/10.1093/jee/18.2.265a
https://doi.org/10.3389/fpls.2017.00613
https://doi.org/10.3389/fpls.2017.00613
https://doi.org/10.3390/plants13050726
https://doi.org/10.3390/plants13050726
https://doi.org/10.1016/0003-2697(76)90527-3

Journal of the Saudi Society of Agricultural Sciences (2026) 25:66

Page90of9 66

Forghani F, Hajihassani A (2020) Recent advances in the develop-
ment of environmentally benign treatments to control root-knot
nematodes. Front Plant Sci 11:557202. https://doi.org/10.3389/
fpls.2020.01125

Guo Z, Yang N, Zhu C, Gan L (2017) Exogenously applied poly-y-
glutamic acid alleviates salt stress in wheat seedlings by modu-
lating ion balance and the antioxidant system. Environ Sci Pollut
Res 24:6592-6598. https://doi.org/10.1007/s11356-016-8295-4

Habteweld A, Kantor M, Kantor C, Handoo Z (2024) Understanding
the dynamic interactions of root-knot nematodes and their host:
role of plant growth promoting bacteria and abiotic factors. Front
Plant Sci 15:1377453. https://doi.org/10.3389/fpls.2024.1377453

Hamza A, Abd El-Kafie O, Nour El-Deen A, Abd El-Baset M (2013)
Improving carnation resistance to root-knot nematode infection
under greenhouse conditions. J Plant Prod 4:1159-1168. https://
doi.org/10.21608/jpp.2013.73766

Hartman KM, Sasser JN (1985) Identification of Meloidogyne spesies
on the basis of differential host test and perineal-pattern morphol-
ogy. An advanced treatise on Meloidogyne Volume II: Methodol-
ogy. In: Barker KR, Carter CC, Sasser JN (eds) North Carolina
State University Graphics, pp 69-77

Hooper DJ, Hallman J, Subbotin (1983) Methods for extraction, pro-
cessing and detection of plant soil nematodes in plant parasitic
nematodes and tropical agriculture. CAB International, pp 53-80

Jones JDG, Dangl JL (2006) The plant immune system. Nature
444:323-329. https://doi.org/10.1038/nature05286

Maleita C, Esteves I, Ciancio A, Oka Y (2023) Editorial: sustainable
strategies for the management of phytoparasitic nematodes. Front
Plant Sci 14:1148261. https://doi.org/10.3389/fpls.2023.1148261

Mauch-Mani B, Baccelli I, Luna E, Flors V (2017) Defense priming: an
adaptive part of induced resistance. Annu Rev Plant Biol 68:485—
512. https://doi.org/10.1146/annurev-arplant-042916-041132

Mendy B, Wang’ombe MW, Radakovic ZS, Holbein J, Ilyas M, Chopra
D, Holton N, Zipfel C, Grundler FMW, Siddique S (2017) Arabi-
dopsis leucine-rich repeat receptor—like kinase NILR1 is required
for induction of innate immunity to parasitic nematodes. PLoS
Pathog 13:e1006284. https://doi.org/10.1371/journal.ppat. 10062
84

Mitchum MG, Hussey RS, Baum TJ, Wang X, Elling AA, Wubben M,
Davis EL (2013) Nematode effector proteins: an emerging paradigm
of parasitism. New Phytol 199:879-894. https://doi.org/10.1111/
nph.12323

Neeraj N, Goel SR, Kumar A, Singh G, Madan VK (2017) Effect of
plant extracts on hatching and mortality of root-knot nematode,

Meloidogyne incognita Larvae (in-vitro). Biosci Biotechnol Res
Asia 14:467-471. https://doi.org/10.13005/bbra/2466

Noctor G, Mhamdi A, Foyer CH (2014) The roles of reactive oxy-
gen metabolism in drought: not so cut and dried. Plant Physiol
164:1636-1648. https://doi.org/10.1104/pp.113.233478

Onkendi EM, Kariuki GM, Marais M, Moleleki LN (2014) The threat
of root-knot nematodes (Meloidogyne spp.) in Africa: a review.
Plant Pathol 63:727-737. https://doi.org/10.1111/ppa.12202

Pandey V, Tewari AK, Saxena D (2018) Activities of defensive
antioxidant enzymes and biochemical compounds induced by
bioagents in Indian mustard against Alternaria blight. Proc Natl
Acad Sci India Sect B Biol Sci 88:1507-1516. https://doi.org/
10.1007/s40011-017-0888-2

Phani V, Khan MR, Dutta TK (2021) Plant-parasitic nematodes as a
potential threat to protected agriculture: current status and man-
agement options. Crop Prot 144:105573. https://doi.org/10.1016/j.
cropro.2021.105573

Pieterse CMJ, Zamioudis C, Berendsen RL, Weller DM, Van Wees
SCM, Bakker PAHM (2014) Induced systemic resistance by ben-
eficial microbes. Annu Rev Phytopathol 52:347-375. https://doi.
org/10.1146/annurev-phyto-082712-102340

Prajapati AB, Thumar R, Singh T, Patel M (2025) Estimation of avoid-
able yield loss caused in capsicum due to root-knot nematodes
(Meloidogyne spp.) in polyhouse. Int J Adv Biochem Res 9:09-11.
https://doi.org/10.33545/26174693.2025.v9.i4a.4048

Singh RR, Nobleza N, Demeestere K, Kyndt T (2020) Ascorbate
oxidase induces systemic resistance in sugar beet against cyst
nematode Heterodera schachtii. Front Plant Sci 11:591715.
https://doi.org/10.3389/fpls.2020.591715

Singh RR, Pajar JA, Audenaert K, Kyndt T (2021) Induced resistance
by ascorbate oxidation involves potentiating of the phenylpropa-
noid pathway and improved rice tolerance to parasitic nematodes.
Front Plant Sci 12:713870. https://doi.org/10.3389/fpls.2021.
713870

Zhou JJ, Zhang XP, Liu R, Ling J, Li Y, Yang YH, Xie BY, Zhao JL,
Mao ZC (2023) A Meloidogyne incognita effector Minc03329
suppresses plant immunity and promotes parasitism. J Integr
Agric 22:799-811. https://doi.org/10.1016/j.jia.2022.08.117

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3389/fpls.2020.01125
https://doi.org/10.3389/fpls.2020.01125
https://doi.org/10.1007/s11356-016-8295-4
https://doi.org/10.3389/fpls.2024.1377453
https://doi.org/10.21608/jpp.2013.73766
https://doi.org/10.21608/jpp.2013.73766
https://doi.org/10.1038/nature05286
https://doi.org/10.3389/fpls.2023.1148261
https://doi.org/10.1146/annurev-arplant-042916-041132
https://doi.org/10.1371/journal.ppat.1006284
https://doi.org/10.1371/journal.ppat.1006284
https://doi.org/10.1111/nph.12323
https://doi.org/10.1111/nph.12323
https://doi.org/10.13005/bbra/2466
https://doi.org/10.1104/pp.113.233478
https://doi.org/10.1111/ppa.12202
https://doi.org/10.1007/s40011-017-0888-2
https://doi.org/10.1007/s40011-017-0888-2
https://doi.org/10.1016/j.cropro.2021.105573
https://doi.org/10.1016/j.cropro.2021.105573
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.33545/26174693.2025.v9.i4a.4048
https://doi.org/10.3389/fpls.2020.591715
https://doi.org/10.3389/fpls.2021.713870
https://doi.org/10.3389/fpls.2021.713870
https://doi.org/10.1016/j.jia.2022.08.117

	Elicitation of sunflower resistance to Meloidogyne incognita by ascorbic and glutamic acids: integrating direct nematicidal activity and defense enzyme induction
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Maintenance of root-knot nematode (M. incognita)
	2.2 Laboratory studies (Survival and Mortality of M. incognita J2)
	2.3 Greenhouse studies
	2.4 Growth and nematode assessments
	2.5 Enzyme activity assays
	2.6 Statistical analysis

	3 Results
	3.1 Effect of ascorbic and glutamic acids on M. incognita egg hatch and J2 mortality
	3.2 Effect of pre- and post-treatments with ascorbic and glutamic acids on nematode infection parameters
	3.3 Effect of pre- and post-treatments with ascorbic and glutamic acids on plant growth parameters of sunflower
	3.4 Effect of pre- and post-treatments with ascorbic and glutamic acids on defense-related enzyme activity in sunflower leaves
	3.5 Percentage increase in activity of defense-related enzymes in sunflower leaves relative to control

	4 Discussion
	5 Conclusion
	Acknowledgements 
	References


