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ABSTRACT

Nematodes with diversified parasitism are deliberated
an significant pest all over the world, producing
substantial damage to agricultural crops and decreasing
their yield, valued at over $175 to 200 billion worldwide.
The current research was performed to evaluate the
potentials of four growth promoters, chitosan, chitosan-
silver nanoparticles (Ch-AgNPs), bacterial biopesticide
(Pseudomonas fluorescens) and phosphite for the control of
the nematode Meloidogyne incognita root-knot nematode.
The capacity of chitosan to synthesize silver nanoparticle
Ch-AgNPs was investigated in this work. Scanning
electron microscopy (SEM) was employed to characterize
the Ch-AgNP. The mean particle size of Ch-AgNPs ranged
between 81.08 and 216.22 nm. Ch-AgNPs demonstrated
notable nematicidal activity with an impressively low LCso
value of 39.19 and 26.12 mg/L against Jz larvae of M.
incognita after 24 and 48 hours of treatment, respectively.
Honeybee  mortality  increased  with  increasing
concentrations of Ch-AgNPs. At the highest concentration
tested (500 mg/L), mortality rates reached 20% after 72
hours, indicating a moderate impact on honeybee survival
compared to other compounds. Earthworm mortality
increased with higher concentrations of Ch-AgNPs.
Mortality rates ranged from 10% to 46.67% after 4 weeks,
indicating a moderate to high impact on earthworm
populations. The results for Ch-AgNPs and phosphite even
at the highest concentrations tested, showed these
materials displayed very low toxicity towards earthworms,
with weight loss similar to the control group.

Keywords:  Nematicidal  effect,  chitosan-silver
nanoparticles, Pseudomonas fluorescens, phosphite,
Meloidogyne incognita.

INTRODUCTION

Plant-parasitic nematodes cause important damage
to utmost agricultural crops (Sikora and Fernandez,
2005) with yearly losses expected to be $100 billion
worldwide (El-Ghareeb et al., 2020). The root-knot
nematode (Meloidogyne spp.) is communal and affects a
widespread range of crops cause grave injury to utmost
agricultural crops around the world (Ghada et al.,
2022). Meloidogyne incognita, Meloidogyne javanica,
Meloidogyne arenaria, and Meloidogyne hapla are the
most destructive nematodes for crops, infecting above
3000 host species (Shilpa, 2022). Plant-pathogenic
nematodes decrease crop yield by 8.8% in developed
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countries and up to 14.6% in tropical and subtropical
regions. Root-knot nematodes pose a serious threat as
they infest plant roots, causing in substantial damage as
they interfere with plant physiology, leading to
condensed crop yield and negotiated product quality
(Niu and Xu, 2020). Infestation of these nematode
species results in the development of galls or root-knots
on infected plants. Other symptoms include hindered
growth, wilting, and condensed fruit production (Tapia-
Vazquez et al.,, 2022). M. incognita can cause crop
failure in the lack of effective control. Avoidance and
control of such pests will continue a significant
objective of most investigates. Nowadays, they are
controlled by cultural practices, chemical nematicides,
and by the increasing of resistant cultivars (Curto et al.,
2012). Chemical control is expensive and is
economically viable only for high-value crops and
creates a potential hazard to the environment and human
health. Hence, alternative nematode control methods
must to be advanced (Desaeger et al., 2020). One way
of searching for such nematicidal compounds is to
screen eco-friendly nematicides (Singh, 2023).

Chitosan, a highly biocompatible biological
macromolecule  with  unique physiological and
biological properties, warrants significant research in
pest control. In agriculture, it's widely used as an
antifungal agent, biostimulant, soil conditioner, seed
treatment, and fertilizer. As a biostimulant, chitosan
boosts crop disease resistance by stimulating the
secretion of immune enzymes (Riseh et al., 2022).

It has been described as an elicitor to influence the
local and systemic resistance against M. incognita in
tomato (Radwan et al., 2012). Therefore, there is a
growing interest in exploring the potential of
nanotechnology in various fields, including agriculture,
the food industry, pharmaceuticals, and medicine
(Usman et al., 2020). Chitosan nanoparticles are natural,
environmentally friendly materials. Their exceptional
physicochemical and biological properties make them
highly bioactive and very safe for humans (Divya and
Jisha, 2018). Therefore, chitosan is an excellent
biopolymer for coating the anionic surfaces of emulsion
droplets. This coating enhances colloidal stability in
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acidic conditions and improves the nematicidal activity
of natural pesticides.

Phosphite, a reduced form of phosphate, promotes
growth in nutrient-rich conditions for various plants like
wheat, oilseed rape, oranges, and celery. It also
effectively controls several phytopathogenic organisms,
including nematodes, acting as a potent pesticide
(YYafiez-Juarez et al., 2018). Manganese phosphite
effectively deterred M. javanica in Glycine max
(soybean). When applied seven days before nematode
infection in a pest-resistant cultivar, it reduced the
number of eggs per gram of root (Puerari et al., 2015).
Likewise, Li et al. (2025) establish that the phosphite
usage has the potential to advance crop yield and health,
alleviating the challenges posed by the need of feed a
growing world population, while reducing the
agricultural impression on human health and the
environment.

Pseudomonas fluorescens CHAOQ as plant growth-
promoting rhizobacteria, have been found to be highly
effective in controlling plant pathogens like root-knot
nematodes (Norabadi et al., 2014). It is known for its
high solubilization capacity of soil phosphorus
(Galindo-Castafieda et al., 2018). A mixture of P.
fluorescens and Azospirillum brasilense was found to
have a positive influence on the yield of three potato
varieties (Reed and Glick, 2023). Several Pseudomonas
species were also found to be effective in managing
root-knot nematode under pot experiments (Gowda et
al., 2022).

Nanoparticles are small particles ranging between 1
and 100 nm (10 m) in size. According to Fabiyi et al.
(2020), nanoparticles with a high surface-to-volume
ratio have higher reactivity and biochemical activity.
Nanotechnology is now widely used in various sectors,
including agriculture and food, with numerous element
nanostructures being produced. These nanostructures
positively impact both the environment and human
well-being. Nanotechnology offers many benefits, such
as extending shelf life, mitigating toxicity, and
increasing the solubility of low-water-soluble pesticides
(Vishnu et al., 2024).

Consequently, the present investigation was
conducted with the aim of testing the potential of four
growth promoters, chitosan, chitosan-silver
nanoparticles, Pseudomonas fluorescens and phosphite
against root-knot nematode Meloidogyne incognita
infestation and growth. In addition, safety assessment
studies were performed.

MATERIALS AND METHODS

Chemicals and pesticides:

Low molecular weight chitosan (made from
coarsely ground crab, 89% degree of deacetylation) was

obtained from Sigma-Aldrich Chemical Co. Sodium
tripolyphosphate (STPP) was obtained from El-
Gomhoria Company, Alexandria, Egypt and used
without further purification. Phosphite (Cropper Guard®
33%) was obtained from Cropper Agra agency, Spain.
Pseudomonas fluorescens (bio pesticide) (Agra Guard®)
was obtained from Cropper Agra agency, Spain.
Fenamiphos [ethyl 3-methyl- 4-(methylthio) phenyl
isopropyl phosphoramidate] (Nemacur® 40 % EC) was
obtained from Bridge Trade agency.

Nematodes extraction:
Egg masses separation:

M. incognita egg masses, sourced from Solanum
nigrum plants in the EI-Nubaria region, Behera
Governorate, Egypt, were used for inoculum
preparation. Eggs were extracted from eggplant roots by
stirring them in 0.05% NaOCI for 2 to 3 min (Hussain et
al., 2024). The eggs were collected and washed using
nested 150- and 25-um-pore sieves. To obtain second-
stage juveniles (J2) for inoculum, infected eggplant roots
were placed in hatching dishes and incubated in a mist
chamber. The J; were then collected daily for 3 to 5
days using 150- and 25-um-pore sieves. During this
collection period, J. were stored in a 1-cm aqueous
suspension at 5°C before being used to inoculate peanut
plants.

Nematode larvae separation:

A 250 g soil sample was successively wet-sieved
through 100, 200, and 325 mesh-sieves. The active
nematodes from the fine sieve fraction were then
extracted using the Baermann-plate technique (Knapp-
Lawitzke et al.,, 2014). To quantify M. incognita
second-stage juveniles (J2), the nematode extract
solution was adjusted to a specific known volume. J in
each sample were then counted under a microscope
using a counting slide.

Nematicidal activity assay:

Nematicidal activity of tested compounds against egg
hatching:

A 1 ml suspension, containing roughly 5000 eggs,
was added to a labeled, sterilized 9 cm Petri dish that
held 2 ml of filtrate from various treatment dilutions
(El-Habashy et al., 2020). Water served as the control.
Each treatment was replicated three times and arranged
in a completely randomized design. The Petri dishes
were maintained at room temperature (22-26°C) in
darkness, and hatching was observed after 7 days. The
total number of hatched juveniles and the percentage of
hatching inhibition were calculated using the following
formula:
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No.hatched juveniles

Hatched juveniles (%) = (-

)x100

Total no.of sggs
Inhibition (%) = 100 — percentage of hatching
Nematicidal activity of second stage juveniles (J2):

To assess nematode mortality, 1 ml of each
treatment dilution (each containing approximately
5000 juveniles, as previously prepared) was combined
with 1 ml of M. incognita J, nematode suspension in
individual 50 ml glass capsules. A control was
established by mixing 2 ml of distilled water with 2 ml
of the nematode suspension. After incubation at
25+1°C for 24, 48, and 72 hours, the number of viable
and dead nematodes was counted under a light
microscope. Nematode mortality for each treatment
was then calculated, defining "dead" nematodes as
those incapable of regaining motility. The % mortality
was calculated using Abbott’s Formula (Abbott, 1925)
as follows:

Juvenile mortality (%) == x 100
[100—11)
Whereas: m a percentage of mortality in the treated
sample and n a percentage of mortality in the control.
Each treatment was replicated three times.

Preparation of chitosan silver nanoparticle:

Chitosan- silver nanoparticle (Ch-AgNPs) were
prepared by direct reduction of AgNO3; with vitamin C
as shown in Scheme (1) according to Cao et al. (2010)
with some modifications. Silver nitrate (0.3% w/v) was
dissolved in distilled water then added dropwise under
magnetic stirring onto 50 mL of chitosan solution (2%,
wi/v) (dissolved in 1% acetic acid). 5 mL of vitamin C
solution (1%) was added dropwise into the mixture after
magnetic stirring for 30 min and the pH was adjusted to
6. The reaction continued stirring for 60 min at 50°C,
then STPP solution (1%) was added dropwise to the
previous mixture. The suspension was sonicated for 15
min (Ultrasonic Homogenizers HD 2070 with HF
generator (G 2070), ultrasonic converter UW2070,
booster horn SH 213 G and probe microtip MS 73, @ 3
mm). The tip of the horn was symmetrically placed in
the coarse suspension and the process was carried out at
15 min, power 50 kHz and pulses or cycles of 5 cycle
/sec controlled by the software of the device to produce
the nanoparticles. Then lyophilized (Alph 1-2 LD plus,
Martin Christ Gefriertrocknung sanlagen Gb An der
Unteren Sose 50, 37520 Osterode Harz, Germany) for
48h to obtain nanoparticles.
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Scheme 1. Preparation of Ch-AgNPs
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Characterizations of nanoparticle:
Scanning electron microscopy (SEM):

Morphological characterization of the Ch-AgNPs
samples was performed using a JEOL JCM-7000
Benchtop Scanning Electron Microscope (SEM). For
analysis, dry particles were dispersed in ethyl alcohol
through sonication to ensure individual particle
observation. These dispersed particles were then
mounted on metal stubs using double-sided tape,
sputter-coated with gold, and examined at 10,000x
magnification with a 20 kV acceleration voltage. The
SEM also facilitated the measurement of the product's
particle size.

In vitro experiments:

Chitosan,  phosphite, and  biopesticide at
concentrations ranged from 100 to 1000 mg/L and from
Ch-AgNPs ranged from 10 to 500 mg/L in sterile
distilled water was tested against M. incognita. For the
egg hatching test, 1 ml of water suspension containing
100 nematode eggs was transferred to a glass vial
containing 1 ml of double concentrations of tested
compound solutions and incubated at 25 + 2°C for 7
days. Hatched juveniles were counted under a light
microscope, and egg hatching percentage was estimated.
The mortality of J, was estimated by mixing 1 ml of
water suspension containing 100 newly hatched J, with
1 ml of double concentrations of the tested compound
on a glass vial and incubated at 25 + 2°C for 24 and 48
h (Khan et al., 2016). After incubation, J» was
transferred in distilled water for 24 h, and active and
dead nematodes were counted by the microscope.

Safety assessment studies:
Honeybees (A. meliffera L.):

Laboratory experiments utilized colonies of Apis
mellifera L. (Hymenoptera: Apidae). Adult worker bees
were obtained from the El-Sabahia Research Station,
Agriculture Research Center, Ministry of Agriculture,
Alexandria, Egypt. This particular strain was developed
through crosses between Carniolan and Egyptian
honeybee strains. The foraging bees used were nearing
the end of their typical worker lifespan (Picard-Nizou et
al., 1995), and extensive literature confirms that
foragers are higher than 20-day bees in typical colonies
reviewed by Winston (1987). At the time of collection,
the bee hives showed no obvious signs of disease that
would typically be noticed during routine colony
maintenance. The bees were transported to the
laboratory in containers with solid plastic lids.
Immediately upon arrival from the field, bees were
transferred to experimental cages in groups of 50. They
were maintained at 25+2°C and 65+5% relative
humidity and fed a 50% (w/v) sucrose solution.

Acute toxicity assay:

The efficacy of chitosan, Ch-AgNPs, phosphite, and
a biopesticide, at concentrations ranging from 100 to
1000 mg/L, was evaluated on Apis mellifera L. worker
honeybees via oral administration of spiked syrup under
controlled laboratory conditions. Stock solutions of the
test compounds were formulated in a 50% (w/v) sucrose
vehicle. Prior to treatment application, worker bees
were briefly anesthetized using carbon dioxide gas for a
duration not exceeding 3 minutes. Each experimental
group for a given concentration comprised three plastic
cups, each containing 30 honeybees (10 workers per
cup), covered with a nylon mesh. The respective
treatment solutions were presented on a cotton substrate
affixed to the inner surface of the cup lid, allowing for a
24-hour feeding period. A control treatment, consisting
solely of 50% sucrose solution, was included for
comparison. Experimental conditions were maintained
at 25+2°C, 65+5% relative humidity, and a 12:12 (light:
dark) photoperiod. Bee mortality was defined as the
absence of mobility (inability to walk or fly). Mortality
percentages were subsequently recorded at 24, 48, and
72 hours following treatment initiation.

Earthworms (Lumbricus terrestris):

Earthworms (Lumbricus terrestris) were gathered
from dunghills around El-Bahara Governorate. These
earthworms were then reared in an artificial soil
medium within large plastic containers (38x60x10 cm)
covered with muslin cloth. Rearing conditions were
maintained at 23+2°C according to Heimbach (1984).
We used adult earthworms with well-developed clitella
for this study. Before use, adults were removed from the
artificial soil 24 hours prior and stored in Petri dishes on
damp filter paper in the dark at 23+2°C to allow them to
void their gut contents. The artificial soil consisted of
70% industrial sand, 20% kaolin clay, and 10%
sphagnum peat moss, with the pH adjusted to 6.0.

Growth of earthworms:

We determined the weights of each earthworm after
1, 2, 3, and 4 weeks of exposure, comparing them with
controls. Before weighing, the worms were sorted,
washed with tap water, and blotted dry with filter paper.
This weight determination was performed using four
replicates.

Acute toxicological tests.

To prepare the treatments, compounds (chitosan,
Ch-AgNPs, phosphite, and a biopesticide) were
dissolved in distilled water and then thoroughly blended
into artificial soil at concentrations from 100 to 1000
mg (a.i)/Kg soil. Fenamiphos was applied at 0.25, 0.5,
1, and 2 fold rates per Kg soil. Control groups received
only distilled water mixed into their artificial soil. We
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maintained the soil moisture content at 35% of the final
weight, with bi-weekly monitoring. All experiments
were conducted at 23+2°C with continuous light. We
investigated four exposure periods (1, 2, 3, and 4
weeks). For each period and concentration, we used four
replicates, each containing 10 earthworms, for analysis.
Mortality was determined weekly by washing the soil;
earthworms that failed to respond to a gentle mechanical
stimulus were classified as dead (OECD, 1984).

Statistical analysis:

Statistical analysis was performed using the SPSS
27.0 software program (Statistical Package for Social
Sciences, Chicago, USA). The mortalities were plotted
against the concentrations and fitted using SPSS
software to determine the LCsy according to the probit
analysis (Finney, 1971). The 95% confidence limits for
the range of LCso values were determined by the least-
square regression analysis. The data from experiments
were analyzed by one-way ANOVA. Mean separations
were performed by the student-Newman-Keuls (SNK)
test and the significant differences between means at a
probability level of < 0.05.

RESULTS AND DISCUSSION

Characterization of Ch-AgNPs:

Ch-AgNPs prepared in the experiment exhibited a
yellow  powder shape. The  physiochemical
characteristics of Ch-AgNPs were analysed using
scanning electron microscopy (SEM). SEM showed that
the nanoparticles were nearly uniform in shape and size.
Fig. (1) shows the morphology of lyophilized Ch-
AgNPs by SEM. The mean particle size of Ch-AgNPs
ranged between 81.08 and 216.22 nm (Fig. 1).

A straightforward chemical method to synthesize
chitosan-silver (CS-Ag) nanocomposite materials, with
the resultant composite comprising 20 wt% silver was
employed (Govindan et al., 2020). Silver nanoparticles
were separately synthesized using a chemical reduction
approach. Characterization of the CS-Ag nanocomposite
involved techniques such as Field Emission Scanning
Electron Microscopy (FESEM), X-ray Diffraction
(XRD), and FTIR. The XRD analysis revealed silver
and chitosan within the nanocomposite, with the silver
exhibiting a cubic crystal structure. The spherical shape
of the silver nanoparticles was confirmed through
FESEM imaging. FTIR spectroscopy aided in structural
elucidation.

Fig. 1. Scanning electron microscopy (SEM) micrograph of the Ch-AgNPs
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Chitosan-mediated silver nanoparticles (AgNPs)
were synthesized and characterized using UV-Vis
spectroscopy, FTIR spectroscopy, XRD, and TEM

(Kalaivani and Mathubala, 2024). The UV-Vis
absorption  spectrum revealed enhanced AgNPs
formation  efficiency with  increased  chitosan

concentration, leading to a noticeable size reduction of
the nanoparticles. XRD analysis indicated the spherical,
crystalline nature of the AgNPs. Surface morphology
and nanoparticle size were further elucidated through
AFM and TEM imaging, while the DLS image
confirmed the size distribution and range of the AgNPs.

Chitosan-silver nanoparticles (Ch-AgNPs), a subset
of Ag-based nanocomposites, are recognized for their
biocompatibility and biodegradability (Badawy et al.,
2019). The reduction study of silver ions in the presence
of chitosan, resulting in Ch-AgNPs. The researchers
characterized these hybrid materials through scanning
electron microscopy (SEM), X-ray diffraction (XRD),
and zeta potential analysis.

The focus was on exploring the potential
applications of Chi-AgNPs composites was done by
Dara et al. (2020). The researchers synthesized Chi-
AgNPs through the chemical reduction of silver nitrate
salts and the biodegradable chitosan. Characterization of
the obtained Chi-AgNPs involved analyses such as
Fourier-transform  infrared  spectroscopy  (FTIR),
scanning electron microscopy (SEM), Transmission
electron microscopy (TEM), and X-ray powder
diffraction. UV-visible spectra highlighted the efficient
configuration of AgNPs and chitosan, while FTIR
spectra indicated specific interactions between the
functional groups of chitosan and AgNPs. Particle size
and TEM analyses revealed that Chi-AgNPs were
uniformly dispersed in the matrix, with an average size
ranging from 10 to 230 nm. The surface morphology of
chitosan played a crucial role in influencing the
adsorption of AgNPs.

Silver nanoparticle-chitosan composite particles
while utilizing various characterization techniques like
UV-Vis spectroscopy, FTIR spectroscopy, XRD, SEM,
and zetasizer nano were successfully synthesized (Mirda
et al, 2021). The UV-Vis spectroscopy results
demonstrated optimal absorption at 410 nm within the
AgNPs-chi-spheres.  Through XRD analysis, the
crystalline and spherical structure of these particles was
verified. SEM characterization revealed that the
addition of 20% NaOH led to the smallest average
particle size of 46.91 nm in the AgNPs-chi-spheres.
EDX analysis further supported these findings,
illustrating the production of regularly spherical and

relatively nonporous particles under these conditions.
Meanwhile, zetasizer nano analysis indicated a trend of
increasing zeta potential and polydispersity index values
with higher NaOH concentrations.

Nematicidal activity of chitosan different molecular
weights, biopesticide, phosphite, Ch-AgNPs and
fenamiphos against egg filtrate of M. incognita after
7 days of treatment:

The nematicidal activity of various compounds
against M. incognita eggs after seven days of treatment
was evaluated, with key data summarized in Table (1).
The tested compounds included chitosan of different
molecular weights (low, medium, and high), a
biopesticide, phosphite, Ch-AgNPs, and fenamiphos.
LCso values and 95% confidence limits were determined
to assess treatment efficacy and statistical significance.

Chitosan ~ compounds  exhibited  differential
nematicidal activity against M. incognita eggs, with
LMW chitosan demonstrating the highest efficacy (LCso
= 181.02 mg/L). This suggests that lower molecular
weight chitosan has a greater impact on egg-hatching
inhibition compared to its higher molecular weight
counterparts. MMW and HMW chitosan showed lower
efficacy, with LCso values of 510.62 mg/L and 699.62
mg/L, respectively, indicating the importance of
molecular weight in determining chitosan's nematicidal
activity. The biopesticide treatment also displayed
significant nematicidal activity, with an LCso value of
215.41 mg/L, underscoring its potential as an
environmentally  friendly alternative  nematicide.
Phosphite exhibited moderate nematicidal activity
against M. incognita eggs, with an LCso value of 470.30
mg/L. Further optimization of concentration may be
necessary to enhance its efficacy as a nematicidal agent.
Ch-AgNPs demonstrated potent nematicidal activity,
with an exceptionally low LCs value of 41.79 mg/L.
The synergistic effect of combining chitosan with silver
nanoparticles likely contributed to the enhanced efficacy
against M. incognita eggs, possibly due to increased
surface area and improved dispersibility.

Fenamiphos exhibited the highest nematicidal
activity among all tested compounds, with an LCso
value of 24.35 mg/L. While fenamiphos is primarily
known for its insecticidal properties, its efficacy against
M. incognita eggs highlights its potential as a dual-
purpose pest control agent. However, further
investigation into safety and application methods is
warranted before considering its use in agricultural
practices.
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Table 1. Nematicidal activity of chitosan different molecular weights, biopesticide, phosphite, Ch-AgNPs and
fenamiphos against egg filtrate of M. incognita after 7 days of treatment

Compound LCso? 95% Confidence limits Slope® + S.E. Chi¢ pd
(mg/L) Lower Upper ()

LMW chitosan 181.02 134.76 225.27 1.43+£0.17 2.64 0.44
MMW chitosan 510.62 433.68 610.02 1.65+£0.18 6.34 0.09
HMW chitosan 699.62 586.31 873.46 1.62 £0.19 3.64 0.30
Ch-AgNPs 41.79 9.80 81.56 1.04£0.11 10.08 0.01
Phosphite 470.30 395.77 564.38 1.55+0.17 6.23 0.10
Biopesticide 215.41 73.24 317.99 1.52 £0.17 9.36 0.02
Fenamiphos 24.35 6.66 40.19 1.2+0.11 9.69 0.02

8 Cso concentration causing 50% non-hatched egg.

® Slope of the concentration — mortality regression line
¢ Chi-square value

dProbability value

Statistical analysis, represented by the chi-square

(x?) value and probability values (P), indicated the
goodness of fit between concentration-mortality
regression lines and observed data. Both the
biopesticide and Ch-AgNPs treatments yielded low
probability values (P=0.02 and P=0.01, respectively),
signifying statistically significant effects on M.
incognita egg hatching inhibition.
Nematicidal activity of chitosan different molecular
weights, biopesticide, phosphite, Ch-AgNPs and
fenamiphos against second-stage juveniles (Jz) of M.
incognita after 24 hrs:

Table (2) presents essential data on the nematicidal
activity of various compounds against second-stage
juveniles (J2) of M. incognita after 24 hours of
exposure. This data is crucial for assessing the
effectiveness of these compounds against the mobile
and infective stages of the nematode life cycle. Among
the chitosan compounds, LMW chitosan demonstrated
potent nematicidal activity, with an LCsy value of

257.55 mg/L, indicating moderate effectiveness against
M. incognita J, larvae. In contrast, MMW chitosan and
HMW chitosan displayed higher LCso values of 488.14
mg/L and 706.32 mg/L, respectively, suggesting
reduced efficacy against the targeted nematode stage.
These results imply that the molecular weight of
chitosan influences its nematicidal activity, with lower
molecular weight chitosan exhibiting relatively stronger
effects.

Chitosan nanoparticles, specifically Ch-AgNPs,
exhibited significant nematicidal activity against J;
larvae, with an LCso value of 39.19 mg/L. This finding
suggests a synergistic enhancement of nematicidal
effects by combining chitosan and silver nanoparticles
against M. incognita J, larvae, making it a promising
treatment option. The incorporation of silver nitrate
(AgNO3) into the chitosan nanoparticle matrix likely
contributed to the enhanced nematicidal activity, as
reported by Ahmed et al. (2019).

Table 2. Nematicidal activity of chitosan different molecular weights, biopesticide, phosphite, Ch-AgNPs and
fenamiphos against second-stage juveniles (J2) of M. incognita after 24 h

LCso? 95% Confidence limits b oo q

Compound (mg/L) Lower Upper Slope®+S.E  Chi¢(x?) P
LMW chitosan 257.55 203.11 312.57 142 +0.16 7.18 0.06
MMW chitosan 488.14 389.86 628.60 116 +0.16 3.11 0.37
HMW chitosan 706.32 555.41 985.08 1.15+0.17 3.97 0.26
Ch-AgNPs 39.19 28.29 51.28 1.07+0.11 3.25 3.25
Phosphite 603.42 455.62 886.62 0.92 £0.16 3.46 0.34
Biopesticide 157.28 103.73 207.57 1.17+0.16 6.76 0.07
Fenamiphos 4.64 1.58 8.80 0.85+0.12 4.90 4.90

2 Csp concentration causing 50% death for nematode larvae.
®Slope of the concentration — mortality regression line

¢ Chi-square value

dProbability value
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The biopesticide treatment demonstrated promising
nematicidal activity against M. incognita (J2) larvae,
with an LCs value of 157.28 mg/L. This suggests the
potential of the biopesticide to disrupt the development
and survival of the nematode at this specific stage.
Moreover, these findings align with previous research
highlighting the efficacy of natural products in
sustainable nematode management (Muigai et al.,
2023).

Phosphite, a phosphorus-based compound, exhibited
lower nematicidal activity against M. incognita
juveniles, with an LCso value of 603.42 mg/L, indicating
relatively less effectiveness. This observation is
consistent with earlier studies emphasizing the utility of
phosphite as a nematicide for controlling root-knot
nematodes (Benabdallah et al., 2018). However, its
efficacy may vary depending on application methods
and environmental conditions.

In contrast, fenamiphos, a conventional synthetic
nematicide, demonstrated the highest nematicidal
activity among all treatments, with a low LCso value of
4.64 mg/L. While fenamiphos effectively reduced
nematode populations, its use raises concerns regarding
environmental contamination and non-target toxicity
(Abdel-Rahman et al., 2023).

Statistical analysis, represented by chi-square (3?)
values and probability values (P), indicates the
goodness of fit between concentration-mortality
regression lines and observed data. Most compounds
exhibited non-significant chi-square values, indicating a
satisfactory fit between the model and observed
mortality data.

Results presented in Table (3) revealed variations in
the nematicidal activity of different chitosan compounds
based on their molecular weight. LMW chitosan
displayed moderate nematicidal activity against M.
incognita J, larvae, with an LCsy value of 200.82 mg/L
after 48 hours of treatment. Similarly, MMW chitosan
and HMW chitosan exhibited LCsy values of 390.41
mg/L and 546.98 mg/L, respectively, suggesting lower
efficacy compared to LMW chitosan. These findings
underscore the importance of considering chitosan's
molecular weight when evaluating its nematicidal
potential.

Khalil and Badawy (2012) investigated the efficacy
of chitosan with varying molecular weights against M.
incognita through in vitro and pot experiments. Their
results demonstrated that nematode mortality was
significantly influenced by exposure duration and
chitosan molecular weight. Specifically, LMW chitosan
exhibited the highest effectiveness in nematode control,
with notable reductions in nematode populations, egg
masses, and root galling of tomato seedlings compared

to the untreated control. Overall, the nematicidal
potency of chitosan compounds increased notably as
their molecular weights decreased.

Nematicidal activity of chitosan different molecular
weights, biopesticide, phosphite, Ch-AgNPs and
fenamiphos against second-stage juveniles (Jz2) of M.
incognita after 48 hrs:

The biopesticide treatment also demonstrated
moderate nematicidal activity against M. incognita J;
larvae, with an LCso value of 122.22 mg/L after 48
hours. This finding suggests that the biopesticide
remains effective in reducing nematode populations
within this timeframe.

Phosphite, however, exhibited a higher LCso value
of 422.52 mg/L, indicating lower efficacy against M.
incognita J» larvae after 48 hours compared to other
tested compounds. Further optimization of the
concentration may be necessary to enhance its
effectiveness in controlling nematode populations. Ch-
AgNPs demonstrated notable nematicidal activity, with
an LCso value of 26.12 mg/L after 48 hours of treatment.
This result suggests that the wuse of chitosan
nanoparticles enhances the nematicidal effects against
M. incognita J, larvae, offering potential advantages
over conventional chitosan-based treatments.

Fenamiphos continued to exhibit the highest
nematicidal activity among all tested compounds, with
an extremely low LCsp value of 1.65 mg/L after 48
hours of treatment. This reaffirms its potency as a potent
nematicide against M. incognita J, larvae. Nonetheless,
the use of fenamiphos should be carefully considered
due to potential safety concerns and environmental
impacts associated with its use.

The statistical analysis, represented by the chi-
square (x?) values and probability values (P), provided
insights into the goodness of fit between the
concentration-mortality regression line and the observed
data. Most compounds displayed non-significant chi-
square values, indicating a good fit between the model
and the observed mortality data, further supporting the
reliability of the obtained results. In the provided
results, the P-values ranged from 0.05 to 0.90. A P-
value of 0.05 suggests a significance level of 5%,
indicating relatively strong evidence against the null
hypothesis  for the corresponding  compound.
Conversely, higher P-values such as 0.90 suggest a
significance level of 90%, indicating weaker evidence
against the null hypothesis. The combination of the
slope + S.E, Chi (% value, and P-value provides
valuable information about the relationship between the
concentration of each compound and its effect on the
measured parameter. These statistical measures help
assess the significance and strength of the observed
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effects, contributing to the interpretation and
understanding of the study results. Further discussion
and interpretation of these results would depend on the
specific objectives, context, and implications of the
research study.

Overall, the findings from this study emphasize the
varying degrees of nematicidal activity among different
compounds. Ch-AgNPs, LMW chitosan, biopesticide,
and fenamiphos exhibited notable efficacy, while
MMW chitosan, HMW chitosan, and phosphite showed
moderate to lower activity. These results contribute to
our understanding of the potential applications and
effectiveness of these compounds in targeted nematode
control strategies.

Bernardo et al. (2022) investigated the efficacy of
silver nanoparticles (AgNPs) as a biopesticide in vitro.
AgNPs were synthesized using chitosan, a natural
biopolymer, as a reducing agent through microwave
irradiation. Exposure of J,-stage nematodes to low
concentrations of AgNPs resulted in significant
mortality rates, with nearly 100% nematode inactivation
within 24 to 48 hours.

Sahel et al. (2020) conducted two experiments under
screen house conditions to assess specific P. fluorescens
isolates concerning their impact on the reproductive
potential of M. incognita, infecting tomato and eggplant.
Results from the tomato experiment indicated that P.
fluorescens isolate Pf, exhibited the most remarkable
nematode reduction, with a significant average
reduction of 61.3% and a substantial decrease in female
nematodes by 77% per plant.

Hassan et al. (2021) conducted a bioassay using
botanically synthesized silver nanoparticles (AgNPs)
against M. javanica J» nematodes. The data
demonstrated a correlation  between increased
concentrations of the materials and higher mortality
rates of M. javanica J,. For instance, AgNPs derived
from oleander extract caused mortality rates ranging
from 37.1% to 93.25%, with an LCso of 15.31 pl/50 ml.

Chamomile-synthesized silver nanoparticles resulted in
mortality rates of 34.30% to 91.33%, with an LCso of
18.72 ul/50 ml. Thyme-synthesized AgNPs caused
mortality rates of 14.3% to 91.0%, with an LCs of
37.71 /50 ml. Ginger-synthesized AgNPs had
mortality rates of 52.0% to 92.0%, with an LCs of
11.11.

Toxicity of tested nematicidal compounds on non-
target organisms:

Assessing the impact of nematicidal compounds on
non-target organisms is crucial for evaluating their
overall safety and environmental sustainability. In this
study, honeybees and earthworms were selected as
representative non-target organisms due to their
ecological importance and susceptibility to pesticide
exposure.

Effects of chitosan different molecular weights,
biopesticide, phosphite, Ch-AgNPs and fenamiphos
on the percentage of mortality of the honeybee after
24, 48 and 72 hours of application:

In the context of ecosystem preservation, pollinators,
especially honeybees (Apis mellifera), play a pivotal
role by facilitating the pollination of diverse plant
species, including numerous crops. However, the use of
pesticides and other agrochemicals presents potential
risks to non-target organisms like honeybees. It is
crucial to evaluate the toxicity of chemical compounds
on honeybees to mitigate adverse effects on these
essential pollinators. In this regard, Table (4) provides
data on the effect of various compounds, such as
chitosan with different molecular weights, biopesticide,
phosphite, Ch-AgNPs, and fenamiphos, on the mortality
percentage of honeybees post-application for 24, 48,
and 72 hours. Understanding the impact of these
compounds on honeybee mortality can guide the
development of sustainable agricultural practices that
prioritize both crop protection and pollinator well-being.

Table 3. Nematicidal activity of chitosan different molecular weights, biopesticide, phosphite, Ch-AgNPs and
fenamiphos against M. incognita (J2) second-stage juveniles after 48 hrs

Compound LCso? 95% Confidence limits Slope ® Chic (x?) pd
(mg/L) Lower Upper +S.E.

LMW chitosan 200.82 150.07 249.76 1.36 £0.16 6.71 0.08
MMW chitosan 390.41 310.52 488.13 1.20 £0.16 4.12 0.24
HMW chitosan 546.98 434.67 722.69 1.13+0.16 3.26 0.35
Ch-AgNPs 26.12 17.51 35.52 1.03£0.11 3.72 0.29
Phosphite 422.52 295.39 618.36 0.76 £0.16 0.57 0.90
Biopesticide 122.22 73.47 168.24 1.14 £0.16 5.69 0.12
Fenamiphos 1.65 0.21 4.44 0.74 £0.13 7.47 0.05

2_Csp concentration causing 50% death for nematode larvae.
®Slope of the concentration — mortality regression line

¢ Chi-square value

9 Probability value
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Table 4. Effects of chitosan different molecular weights, biopesticide, phosphite, Ch-AgNPs and fenamiphos on
the percentage of mortality of the honeybee after 24, 48 and 72 hours of application

Compound Conc. Mortality (%) + SE
Time (hour) (mg/L) 24 hrs 48 hrs 72 hrs
100 0.00%+0.00 0.00%+0.00 0.008+0.00
250 0.00%+0.00 0.00%+0.00 0.009+0.00
LMW Chitosan 500 0.00%+0.00 0.00%+0.00 0.009+0.00
750 0.00%+0.00 3.331+0.27 6.67 9+0.27
1000 0.00+0.00 6.67 1+0.27 13.33%f+0,27
100 0.00%+0.00 0.00%+0.00 0.009+0.00
250 0.00%+0.00 0.00%+0.00 0.009+0.00
MMW Chitosan 500 0.00%+0.00 0.00%+0.00 0.008+0.00
750 0.007+0.00 0.007+0.00 0.008+0.00
1000 0.007+0.00 3.337+0.27 6.67 19+0.27
100 0.007+0.00 0.007+0.00 0.008+0.00
250 0.00%+0.00 0.00%+0.00 0.009+0.00
HMW Chitosan 500 0.00%+0.00 0.00%+0.00 0.009+0.00
750 0.00%+0.00 0.00%+0.00 0.009+0.00
1000 0.00%+0.00 3.331+0.27 6.6719+0.27
10 0.00%+0.00 0.00%+0.00 0.009+0.00
50 0.00%+0.00 0.00%+0.00 0.009+0.00
Ch-AgNPs 100 0.00%+0.00 0.00%+0.00 3.339+0.27
200 0.00%+0.00 3.331+0.27 13.33%f+0.27
500 0.00%+0.00 10.00%+0.00 20.00%+0.00
100 0.00%+0.00 0.00%+0.00 0.009+0.00
250 0.00%+0.00 0.00%+0.00 0.009+0.00
Phosphite 500 0.00%+0.00 0.00%+0.00 0.009+0.00
750 0.007+0.00 0.007+0.00 0.008+0.00
1000 3.337+0.27 6.67 '+0.27 10.00¢%+0.00
100 0.007+0.00 0.007+0.00 0.008+0.00
250 0.007+0.00 0.007+0.00 0.008+0.00
Biopesticide 500 0.007+0.00 0.007+0.00 0.008+0.00
750 3.33'+0.27 3.337+0.27 6.6779+0.54
1000 6.67%+0.27 6.67+0.27 16.67%+0.27
15 6.67%+0.27 46.67°+0.27 63.33°+0.27
7.5 10.009+0.00 56.679+0.27 66.67°+0.27
Fenamiphos 15 20.00°+0.00 63.33°+0.27 83.33%+0.27
30 36.67°+0.27 76.67°+0.27 100.00%+0.00
60 46.67°+0.27 90.00%+0.00 100.002+0.00
control - 0.00%+0.00 0.00%+0.00 3.339+0.27

Data are means * SE of three replicates; values within a column bearing the same superscript are not significantly different (P < 0.05) according to

the Student-Newman-Keuls (SNK).
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Across all molecular weights (LMW, MMW, and
HMW) and concentrations, chitosan demonstrated
consistently low honeybee mortality rates of 0% up to
72 hours. This indicates that chitosan, at the tested
concentrations, did not exert significant acute toxic
effects on honeybees within the study's timeframe. In
contrast, the biopesticide showed an increase in
honeybee mortality with higher concentrations over
time. At 1000 mg/L, mortality rates reached up to
16.67% after 72 hours, suggesting a moderate impact on
honeybee populations compared to chitosan treatments.

Similarly, to chitosan, phosphite did not induce
significant mortality in honeybees at any of the tested
concentrations within 72 hours; with mortality, rates
remaining at 0% at all time points. However, honeybee
mortality increased with increasing concentrations of
Ch-AgNPs. At the highest concentration tested (500
mg/L), mortality rates reached 20% after 72 hours,
indicating a moderate impact on honeybee survival
compared with other treatments. Fenamiphos displayed
a concentration-dependent increase in honeybee
mortality, with rates ranging from 6.67% to 100%
across different concentrations after 72 hours. Higher
concentrations led to higher mortality rates, highlighting
the potential acute toxicity of fenamiphos on honeybees.

The control group showed minimal mortality rates,
with 3.33% mortality observed after 72 hours,
validating the experimental setup and indicating that
mortality in the experimental groups likely resulted
from exposure to the tested compounds rather than
external factors. Overall, chitosan, phosphite, and the
biopesticide demonstrated low to no acute toxicity
toward honeybees at the tested concentrations and time
points.

In contrast, Ch-AgNPs and fenamiphos exhibited
concentration-dependent effects on honeybee mortality,
with higher concentrations leading to increased
mortality rates. These findings underscore the
importance of assessing the potential risks of
agrochemicals on non-target organisms like honeybees
and emphasize the need for sustainable agricultural
practices to safeguard pollinator health and biodiversity.

Abou-Shaara (2022) explored the beneficial effects
of chitosan on bee health, particularly focusing on
chitosan nanoparticles (CHNPs) in honeybee colonies.
Survival experiments indicated the safety of these
CHNPs concentrations for bees. CHNPs 30 and CHNPs
60 exhibited superior effects on parameters such as
comb building, hygienic behavior, stored food, and
colony strength compared to CHNPs 10 and the control
group. Observations of dead bee numbers at hive

entrances supported the absence of adverse effects of
CHNPs on bee colonies.

Effects of chitosan different molecular weights,
biopesticide, phosphite, Ch-AgNPs and fenamiphos
on the percentage of mortality of the earthworm L.
terrestris after 1, 2, 3, and 4 weeks of application:

Earthworms, such as L. terrestris, are essential soil-
dwelling organisms that play a crucial role in
maintaining soil health and ecosystem functions. These
organisms contribute to soil aeration, nutrient cycling,
and overall soil structure improvement. However, the
presence of various agrochemicals and pesticides in the
environment can pose risks to non-target organisms like
earthworms. Table (5) presents data on the effects of
different compounds, including chitosan of different
molecular weights, biopesticide, phosphite, Ch-AgNPs,
and fenamiphos, on the percentage of mortality of the
earthworm L. terrestris following application for 1, 2, 3,
and 4 weeks. Understanding the impact of these
compounds on earthworm mortality is crucial for
assessing their potential risks to soil ecosystems and
highlighting the importance of sustainable agricultural
practices that preserve soil biodiversity and ecosystem
services provided by earthworms. Across all molecular
weights (LMW, MMW, and HMW) and concentrations
of chitosan, there was a gradual increase in earthworm
mortality over time. Mortality rates ranged from 0% to
16.67% after 4 weeks of exposure, indicating a
moderate impact that was dependent on concentration
and molecular weight. Higher concentrations and longer
exposure periods led to increased mortality. The
biopesticide displayed concentration-dependent effects
on earthworm mortality, with mortality rates ranging
from 10% to 50% after 4 weeks. Higher concentrations
resulted in higher mortality rates, highlighting the
potential toxicity of the biopesticide on earthworms
over time. Phosphite showed a similar concentration-
dependent pattern of toxicity, with mortality rates
ranging from 10% to 30% after 4 weeks. The data
suggest that higher concentrations of phosphite can have
adverse effects on earthworm survival over time.
Earthworm  mortality  increased  with  higher
concentrations of Ch-AgNPs. Mortality rates ranged
from 10% to 46.67% after 4 weeks, indicating a
moderate to high impact on earthworm populations. The
concentration of Ch-AgNPs played a significant role in
determining the level of toxicity.

Fenamiphos exhibited a strong concentration-
dependent effect on earthworm mortality. Mortality
rates ranged from 20% to 100% after 4 weeks, with
higher concentrations leading to near-complete
mortality.
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Table 5. Effects of chitosan different molecular weights, biopesticide, phosphite, Ch-AgNPs and fenamiphos on
the percentage of mortality of the earthworm L. terrestris after 1, 2, 3, and 4 weeks application

Compound Conc. mg Mortality (%) = SE
Time (week) (a.i)/Kg soil 1 week 2 weeks 3 weeks 4 weeks
LMW Chitosan 100 0.00' + 0.00 3.33" +0.27 10.00"1+0.00 13.33M+0.27
250 3.33"+0.27 6.679+0.27 10.00"1+0.00 13.33M+0.27
500 6.679+0.27 10.00f"+0.47 10.00"1+0.47 16.679Mi+0.27
750 6.679+0.27 10.00f"+0.47 10.00"1+0.47 16.679Mi+0.27
1000 6.679+0.27 10.007"+0.47 10.00"1+0.47 16.679Mi+0.27
MMW Chitosan 100 0.00' + 0.00 0.00'+0.00 6.671+0.27 10.001+0.27
250 0.00' + 0.00 0.00'+0.00 6.6711+0.27 10.001+0.47
500 3.33"+0.27 6.679+0.27 10.00"1+0.00 13.33"+0.47
750 6.67%+0.27 6.67%+0.27 10.00Mi+0.00 13.33Ni+0.27
1000 6.679"+0.27 6.67%"+0.27 10.00Mi+0.00 13.33"i+0.27
HMW Chitosan 100 0.00' + 0.00 0.00'+0.00 6.6711+0.27 10.001+0.27
250 0.00' + 0.00 0.00'+0.00 6.671+0.27 10.00+0.00
500 3.33M+0.27 3.33M+0.27 6.671+0.27 10.000+0.47
750 6.679"+0.27 6.679"+0.27 6.671+0.27 10.001+0.47
1000 6.67%+0.27 6.67%+0.27 6.671+0.27 16.67%"+0.47
Ch-AgNPs 10 10. 00f9"+0.00 13.33¢f"i+0, 27 23.33Mi+0,54 33.33%19+0.54
50 16.67¢19+0.27 20.00¢7+0.47 30.00%19+0.47 36.67%+0.27
100 20.00¢%9+0.00 23.33¢79+0.27 30.00%9+0.00 36.67%+0.27
200 26.67%+0.54 30.00%+0.47 36.67%+0.27 43.33%1+(0 27
500 26.67%+0.54 30.00%+0.47 40.00%+0.00 46.67%+0.27
Phosphite 100 10.007"+0.00 13.33¢fohi+( 27 20.009"i+0.00 26.677"+0.00
250 13.33¢"i+0, 27 16.67¢""+0.27 20.00%"+0.47 26.67™+0.27
500 16.67¢7+0.27 20.00¢7+0.47 23.33MNi+(0 27 26.671Mi+0.27
750 20.00¢%9+0.00 23.33¢79+0.27 26.67¢9+0.27 30.00¢79"+0.27
1000 20.00879+0.00 23.33¢19+0.27 30.00%9+0.00 30.00%9"+0.00
Biopesticide 100 10.00"+0.00 16.67¢""+0.27 23.33M"i+0,27 33.33¢%19+0.27
250 23.33¢f+0.27 26.67%+0.27 33.334%f+(0.27 46.67%+0.27
500 23.33%'+0.27 26.67%+0.27 40.00%+0.00 46.67%+0.00
750 23.33¢f+0.27 26.67%f+0.27 43.33%+0.27 46.67%+0.27
1000 26.67%+0.27 30.00%+0.00 43.33%+0.27 50.009+0.27
Fenamiphos 1.5 20.00879+0.00 40.00%+0.00 56.67°+0.27 73.33%+0.27
7.5 36.679+0.27 56.67°+0.27 70.00°+0.47 83.33+0.27
15 60.00°+0.47 73.33°+0.27 90.00%+0.00 93.33%+0.27
30 76.67°+0.27 100.00%+0.00 100.002+0.00 100.00%+0.00
60 90.00%+0.00 100.00%+0.00 100.00%+0.00 100.00%+0.00
Control - 0.00' + +.00 0.00'+0.00 3.331+0.27 3.331+0.47

Data are means * SE of three replicates; values within a column bearing the same superscript are not significantly different (P < 0.05) according to
the Student-Newman-Keuls (SNK).

toxicity profile starkly contrasts the conventional
insecticide fenamiphos, which displayed significantly
higher toxicity levels. These findings suggest that bio-
based materials offer a promising avenue for sustainable
pest control. Their minimal impact on earthworms
positions them as potential control methods that
promote soil biodiversity and contribute to a healthier
ecosystem.

The control group exhibited minimal mortality rates
over the 4 weeks, ranging from 0% to 3.33%. This
validates the experimental setup and indicates that
mortality in the experimental groups can be attributed to
exposure to the tested compounds.

Chitosan, phosphite, and Ch-AgNPs — exhibited
minimal toxicity on earthworms, with negative effects
only increasing at higher concentrations. This low
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Effects of chitosan different molecular weights,
biopesticide, phosphite, Ch-AgNPs and fenamiphos
on the weight of earthworm L. terrestris in artificial
soil after 1, 2, 3, and 4 weeks of application:

Table (6) presents the effects of different treatments,
including chitosan of varying molecular weights,
biopesticide, phosphite, and Ch-AgNPs, on the weight
of L. terrestris in artificial soil throughout 1, 2, 3, and 4
weeks after application. By examining how these
treatments influence the weight of earthworms over

time, valuable insights can be gained into the potential
impacts of these treatments on soil-dwelling organisms
and, ultimately, on the overall health and functioning of
terrestrial ecosystems. Understanding these effects is
crucial for sustainable soil management practices and
for maintaining biodiversity and ecosystem services in
natural environments. The weights of L. terrestris
exhibit diverse responses to LMW, MMW, and HMW
chitosan treatments.

Table 6. Effects of chitosan different molecular weights, biopesticide, phosphite, Ch-AgNPs and fenamiphos on
the weight of earthworm L. terrestris in artificial soil after 1, 2, 3, and 4 weeks of application

Compound Conc.mg(a.i)/Kg Weight (g) + S.E

Time (week) | soil 1 week 2 weeks 3 weeks 4 weeks
LMW 100 19.33+0.62 18.33+0.27 14.33+0.27 12.33+0.27
Chitosan 250 18.67+0.27 18.33+0.72 14.00+0.27 11.33+0.27
500 18.00+0.72 18.00+0.47 13.67+0.47 11.13+0.27
750 18.33+0.47 18.33+0.27 13.33+0.27 10.17+0.38
1000 18.53+0.27 18.33+0.72 13.33+0.27 10.17+0.10
MMW 100 19.67+0.61 19.67+0.54 17.00+0.27 11.77+0.03
Chitosan 250 19.33+0.54 19.33+0.27 16.33+0.47 11.13+0.32
500 18.3340.27 18.00+0.47 16.00+0.27 10.47+0.38
750 18.00+0.27 18.00+0.00 15.00+0.82 9.25+0.05
1000 18.00+0.00 18.00+0.47 14.00+0.82 9.07+£2.52
HMW 100 19.67+0.47 19.67+0.27 16.67+0.00 11.50+0.23
Chitosan 250 19.33+0.27 19.33+0.27 15.00+0.54 10.63+0.21
500 18.00+0.27 18.00+0.47 14.33+0.00 10.17+0.23
750 18.00+0.47 18.00+0.47 13.33+0.27 9.20+0.10
1000 18.00+0.47 17.33+0.27 19.00+0.27 8.40+0.09
Ch-AgNPs 10 16.33+0.82 15.33+0.27 10.33+0.90 5.80£0.25
50 16.00+0.27 14.67+£0.54 9.00£0.27 4.53+0.22
100 16.00+0.54 13.67+0.27 9.00£0.72 4.33+0.22
200 15.67+0.27 13.33+£0.47 7.67+0.00 4.00+0.03
500 15.67+£0.47 13.00£0.47 7.67£0.27 3.67+0.07
Phosphite 100 18.00£0.27 16.67+0.27 12.67+0.27 11.07+0.31
250 17.33+£0.00 16.00£0.47 11.33+0.27 9.50£0.43
500 17.33+0.27 16.33+0.72 10.00+0.27 8.10+£0.61
750 17.00£0.27 16.33+0.27 10.00+0.00 7.17+0.05
1000 16.67+0.00 16.00+0.47 9.00+0.47 6.13+0.10
Biopesticide 100 17.33+£0.27 17.33+0.54 12.33+0.00 8.47+0.38
250 16.33+0.27 16.33+0.54 11.33+0.98 7.83+£0.16
500 16.33+0.47 16.33+0.27 10.00+0.82 7.33+£0.03
750 16.00+0.00 16.00+0.27 9.33+0.47 6.13+0.27
1000 15.33+0.27 14.00+0.00 9.33+£0.27 5.77+0.00
Fenamiphos 15 14.67+0.27 11.00+0.82 4.33+0.27 3.33+0.27
7.5 13.67+0.27 8.33+0.27 1.67+0.27 1.23+0.15
15 8.67+0.27 7.3340.27 0.2740.27 0.13+0.02
30 6.33+0.54 0.43+0.05 0.00+0.05 0.00+0.00
60 3.00£0.72 0.30+0.08 0.00£0.00 0.00+£0.00
Control - 20.00+0.00 18.67+0.00 18.67+0.00 16.33+0.00

Data are means + SE of three replicates.
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Over varying concentrations and time intervals, the
earthworm weights display fluctuations, suggesting
distinct reactions to the chitosan treatments.

The biopesticide and phosphite treatments also
affect the weight of earthworms over the experimental
period. Changes in weight trends suggest varying
degrees of influence on the growth and development of
L. terrestris, highlighting the importance of considering
these treatments' consequences on soil-dwelling
organisms. The results for Ch-AgNPs and phosphite are
particularly encouraging. Even at the highest
concentrations tested, these materials displayed very
low toxicity towards earthworms, with weight loss
similar to the control group. Fenamiphos exposure
resulted in a significant and concentration-dependent
decrease in earthworm weight. At the highest
concentration (60 mg/L), all earthworms died within the
first week. This highlights the detrimental effects of
conventional insecticides on soil biodiversity and
emphasizes the need for alternative, more sustainable
pest control strategies.

The control group's weight values remained
relatively stable over the 4 weeks, providing a reference
point for assessing the effects of the experimental
substances. Contrasting the control group data with the
treated groups enables a clearer understanding of how
each substance influences the weight of earthworms in
artificial soil conditions. The observed changes in
earthworm weight in response to the different
treatments underscore the importance of evaluating the
effects of agricultural inputs on soil organisms.
Understanding how these substances impact earthworm
populations is crucial for maintaining soil health and
ecosystem balance, given the essential role of
earthworms in soil processes.

Akat and Arman (2016) investigated the harmful
effects of fenamiphos on earthworms, specifically
focusing on Eisenia fetida. Earthworms were exposed to
different concentrations of fenamiphos (5, 10, and 20
mg/kg) over a 96-hour period. Afterward, the
earthworms were euthanized and preserved for analysis.
The study observed histopathological changes in the
body wall, chloragogen us tissue, and intestinal
epithelium of the earthworms. The medium (10 mg/kg)
and high-concentration (20 mg/kg) groups exhibited
more significant histopathological changes compared to
the low-concentration (5 mg/kg) group.

Conclusion

The results concluded that using the plant growth
promoters, LMW chitosan, Ch-AgNPs, phosphite and
biopesticide achieved efficient  control to
the M. incognita. The biological manufacturing of silver
nanoparticles using renewable sources may be safe,

harmless, and compatible with the environment. The
capacity of chitosan to synthesize silver nanoparticles
(Ch-AgNPs) was investigated in this work. SEM was
employed to characterize the Ch-AgNP. The mean
particle size of spherical Ch-AgNPs ranged between
81.08 and 216.22 nm. Ch-AgNPs demonstrated notable
nematicidal activity with an impressively low LCsg
value of 39.19 and 26.12 mg/L against J, larvae of M.
incognita after 24 and 48 hours of treatment,
respectively. Honeybee mortality increased with
increasing concentrations of Ch-AgNPs. At the highest
concentration tested (500 mg/L), mortality rates reached
20% after 72 hours, indicating a moderate impact on
honeybee survival compared to other compounds.
Earthworm  mortality  increased  with  higher
concentrations of Ch-AgNPs. Mortality rates ranged
from 10% to 46.67% after 4 weeks, indicating a
moderate to high impact on earthworm populations. The
results for Ch-AgNPs and phosphite even at the highest
concentrations tested, showed these materials displayed
very low toxicity towards earthworms, with weight loss
similar to the control group.
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