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Abstract

Plant-parasitic nematodes are the major problem in food production. Management methods are
based on mainly synthetic chemicals. Chemical nematicides are undesirable due to health and
environment issues. Therefore, other novel technologies or materials are needed to be evolved
for the management of plant-parasitic nematodes. Nanotechnology is one of the potential and
innovative technologies for the management of various phytopathogens. Many nanoparticles
have a useful nematicidal effect. This review presents the mode of action of different
nanoparticles which are being used for the management of plant-parasitic nematodes.
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INTRODUCTION

“Plant-parasitic nematodes (PPNs) are important pest causing significant yield loss to the
majority of agricultural crops. Due to the PPNs an estimated over USD$80 worth of crop losses
occur globally” (Nicol et al. 2011). Wide range of symptoms, viz., stunting, wilting, yellowing,
reduction of flowering, fruit set, and fruit development, dieback, or plant death shows due to
their different mode of parasitism. Due to their microscopic size and non-specific symptoms
produced, farmers are unaware about their damage potential. Once the PPNs are established in
the soil, control of these nematodes is very difficult. Chemical nematicides are commonly used
for the management of PPNs. Problems of residual toxicity, environmental pollution, and public
health hazards and also cost is associated to the application of synthetic nematicides. Therefore,
conventional method of management is not sufficient, so alternative method or novel
technologies and materials are needed to be evolved for the management of pest and disease
issues including those created by plant nematodes. Among all the technologies so far emerged,
nanotechnology is one of the most effective technologies.

NANOTECHNOLOGY

“Nanomaterials or nanoscale materials are generally defined as an object having at least one
dimension between 1 and 100 nanometers which have unique properties like optical, electronic,
magnetic, mechanical, thermo-physical, or biochemical. Nanotechnology has great utility in
biology, medicine, pharmacology, and agricultural science” (Jeevanandam et al.2018).
“Nanostructured materials, as well as their presence in nanosystems, are normally found in
nature or purposely designed and formulated as nano-capsules, nanoparticles, and nano-
suspension. Nanoparticles are gaining recognition as novel entities due to its low toxicity, low
cost, and less time requirement. In agriculture, nanomaterial is an alternative to synthetic
pesticide, many nanoparticles shows effective pest control potential especially plant-parasitic
nematodes.Various studies shows that many nanoparticles of metals, metal oxides, and



nonmetals have an effective nematicidal potential. These nanoparticles can also provide other
benefits such as nutrient delivery or growth promotion to plants” (Makirita et al., 2020).

MODE OF ACTION OF NANOPARTICLES

“In agriculture, nanoparticles utilization inhibits pathogen infection, reduced disease severity,
promotes plant growth, and increased crop production” (Masry et al., 2021). “Furthermore,
nanoparticles have distinct physicochemical properties that improve plant metabolism and
increase plant resistance to plant pathogens. Through the induction of systemic acquired
resistance (SAR) which is associated with an increase in antioxidant activity helps in increased
plant resistance” (Abdel khalek and Al-Askar, 2020). Nanoparticles have a direct toxic effect on
nematodes which can penetrate the body of nematodes, leads to death within a short period of
time. Nanoparticles with active ingredients act against soil populations of PPNs which penetrate
the root system and prevent nematodes from feeding or establishing on the host and also inhibite
the development and reproduction of the parasite in the roots.

Various studies have been conducted on silver nanoparticles. Silver nanoparticles disrupts
various cellular mechanisms including membrane permeability, ATP synthesis, and response to
oxidative stress in both eukaryotic (Roh et al., 2009; Ahamed et al., 2010; Lim et al., 2012) and
prokaryotic cells (Choi and Hu, 2008). “AgNPs release Ag+ ions that bind to proteins and DNA
within nematode cells. These ions inhibit the activities of enzymes crucial for vital activity,
including DNA replication and transcription” (El-Batal et al., 2019). “Further, these ions catalyze
the formation of ROS, causing oxidative stress that degrades cellular components, resulting in
necrosis” (El Batal et al., 2019; Kalaiselvi et al., 2019; El-Deen & EI-Deeb, 2018; Fouda et al.,
2020). “AgNPs impair nematode reproduction by damaging reproductive tissues, reducing
fertility and egg viability” (Fouda et al., 2020; Cromwell et al., 2014; Ghareeb et al., 2020).
“AgNPs treated plants having more lignin deposition in cells of vascular bundles, therefore
AgNPs might alter the behavior PPNs which influence feeding and root penetration. Thus,
AgNPs exhibit neurotoxic effects that impair nematode motility, preventing host searching
ability in the host plants” (Bernard, 2019). “Furthermore, AgNPs can trigger systemic resistance
in several plants against various diseases” (Bernard, 2019; Danish et al., 2021). “However, the
effectiveness of AgNPs in the environment are influenced by both biological and chemical
attributes in the soil, viz., soil pH, organic matter content, and microbial activity and ultimately
affect the interactions of AgNPs with nematodes” (Daramola et al., 2023; Abdellatif et al., 2016).
METHODS OF PREPARATION OF NANOMATERIALS

“A plethora of chemical (e.g. combustion, chemical co-precipitation, thermal decomposition,
microemulsion, hydrothermal synthesis), physical (e.g. gas phase deposition, power ball milling,
pulsed laser ablation, laser ablation synthesis in solutions), and biological (e.g. fungi, bacteria,
plant extracts, or protein-mediated) techniques continues to develop leading to the production of
various nanoparticles” (Sabry, 2019). “The choice of the method depend on the quantity of
synthesized nanoparticles and the control of the desired morphological and micro structural
properties (size, shape, structure, colloidal stability, and physicochemical properties)”
(Kharissova et al., 2013; Samrot et al.2021). “However, the requirement of the capping agents
for size stabilization necessitates a costly and toxic method which is also unsuitable for many
biological and agriculture applications. Both inorganic and organic nanoparticles have been
projected for different applications. However, nanoparticle toxicity depends on the
physicochemical properties and the synthesis origin” (Samrot et al.2021). “Sometimes,
chemically synthesized nanoparticles are agglomerized which cause inefficiency of the
nanoparticles” (Krishna and Maringanti 2016). Silver chloride nanoparticles are prepared by



chemical agents (Guzman et al. 2009), host-guest nanocomposite materials (Zhao et al., 2008),
radiation (Deekonda et al. 2016), photochemical methods (Henglein 1998) and electro-spinning
(Nguyena et al., 2010) technique. These techniques require expensive equipment, high energy as
well as space.

Sabry(2019) described the method of Flash Nano Precipitation (FNP). FNP is a simple and basic
method to rapidly assemble nanosized drug-loaded particles by copolymer-directed assembly.
FNP involves rapid micromixing of organic solutions of the hydrophobic drug and amphiphilic
block copolymers (BCP) with water (anti-solvent) in a multi-inlet vortex mixer to create high
super saturations of the drug in milliseconds, and then rapidly form the hydrophobic core (drug)
in the mixed solvent. These hydrophobic cores are then stabilized and protected from
aggregation by the BCP. The FNP method has been demonstrated to be powerful for the
preparation of drug-loaded nanoparticles (e.g., abamectin-loaded nanoparticles) with relatively
narrow size distribution, and tunable nanometer particle size, and with high drug-loading
capacity.Poly(caprolactone)-b-poly(ethylene glycol) (PCL-b-PEG) are used as the stabilizer to
prevent the nanoparticles from aggregation. Spindle-like nanoparticles obtained with PCL-b-
PEG as the stabilizer were found significantly more efficient (98.4% mortality at 1 ppm particle
concentration) against M. incognita (Fu et al.,2018; Kalaba et al.,2021).

“Diverse microorganism models have been employed in green synthesis of nanoparticles.
Biological organisms including plants, bacteria, fungus, yeast, virus and seaweed play a precious
role in the biosynthesis of metal and metal oxide NPs. Green synthesis of nanoparticles with
desired shape and size have been suggested as safe alternatives to the physical and chemical
methods” (Abbassy et al.2017; Wu et al.2019). “The process of synthesis is simple, cost-
effective, and eco-friendly” (Alamdari et al., 2020). “Plants with antimicrobial properties have a
high potential for green synthesis of silver nanoparticles due to their complex phytochemical
composition such as carbohydrates, polyphenols, esters, polysaccharides, and terpenoids” (Joshi
et al., 2018). “Similarly, Cyanobacteria (e.g., Anabaena spp., Calothrix sp., Leptolyngbya sp.) as
well as the green microalgae (e.g., Chlamydomonas reinhardtii , Chlorella vulgaris ) have been
reported to biosynthesize intracellular gold, silver, palladium and platinum NPs” (Ferreira et al.,
2016).

NANOMATERIALS USED AGAINST PLANT-PARASITIC NEMATODES

Various studies showed the nematicidal effect of several nanoparticles, i.e., silver nanoparticles,
nano sulfur (Cromwell et al.2014), gold nanoparticles (Thakur et al. 2018), silica carbide
nanoparticles and copper nanoparticles (Mohamed et al.2019) against plant-parasitic nematodes.
The nematicidal effect of silver nanoparticles is well-established. AgNPs can be easily integrated
into existing agricultural systems, and can be engineered for enhanced efficacy and specificity
against nematodes. AgNP (30-150 Ig/mL) inactivate J, of root-knot nematodes (M. incognita)
(Cromwell et al. 2014).

Elarabi et al, (2022) prepared “silver nanoparticles (AgNPs) and Zinc
oxide nanoparticles (ZnONPs) for nematicidal (M. incognita) activity. ZnONPs showed
LCso value 63.56 ppm while AgNPs recorded 11.78 ppm, respectively. AgNPs at concentrations
100 ppm showed M. incognita mortality rate 66%, whereas ZnONPs at the same concentrations
caused a 58% mortality rate, respectively. Analysis of gene expression showed dose-
dependent downregulation of each parasitism gene after treatment with either AgNPs or
ZnONPs. However, the oxidative stress response gene showed upregulation with all of AgNPs
and ZnONPs concentrations”.


https://pubmed.ncbi.nlm.nih.gov/?term=Kalaba+MH&cauthor_id=34579293
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanoparticle
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/nanoparticle
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/meloidogyne-incognita
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/meloidogyne-incognita
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/downregulation
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/oxidative-stress

“Laboratory tests showed reduced egg hatching and increased mortality of larvae of sugar beet
cyst nematode (Heterodera schachtii) due to the use of Silver and Zinc oxide Nanoparticles at a
concentration of 100 mg/l mixed with soil” (Tehrani and Fathi, 2020).

“Laboratory assays revealed 100% irreversible nematode mortality (M.graminicola) after 12 hr
at 0.1 ug/ml concentration of AgNP in water screening test. Sand screening test indicated 100%
nematicidal effect of AgNP at 2 pg/ml after 24 hr of incubation. In glasshouse assays in soilless
system of rice cultivation, 1 ug/ml concentration of AgNP applied directly to the trays achieved
significant suppression of root gall formation. The effective dosage to kill nematodes in field soil
assays was determined to be 3 pg/ml” (Baronia et al., 2019).

“Nanonematicides in the form of nanocapsules have proven to be very effective against
endoparasitic nematodes” (Zinovieva et al.,2023).

“Green biosynthesis of silver nanoparticles (AgNPs) using Acalypha wilkesiana aqueous leaf
extract was achieved. The efficiency of bio-AgNPs reduced the nematode activity, mortality, egg
hatching, and movement of larvae of M. incognita” (Heflish et al.,2021).

AgNPs synthesized from Trachyspermum ammi had nematicidal (M.incognita ) activity (Danish
et al.2021).

“Application of n-HAP significantly increased the juveniles’ mortality and egg hatching
inhibition percentage of M. incognita compared to the untreated control” (Alamri et al.,2022).
Chitosan nanoparticles are superior ecofriendly material and they possess bioactivity against
M.incognita (Divya and Jisha,2018; Alfy et al.,2020).

Abamectin (Abm) is a biological pesticide with a strong activity against a wide variety of plant
parasitic nematodes. Cao et al., (2015) manipulated Abm's soil physical chemistry by
encapsulating Abm within the Red clover necrotic mosaic virus (RCNMV) to produce a plant
virus nanoparticle (PVN) delivery system for Abm. PVNAbm enlarged the zone of protection
from root knot nematodes (M. hapla) in the soil as compared to treating with free Abm
molecules Tomato seedlings.

“Parkia biglobosa leaf (PL-AuNPs) and stem (PS-AuNPs) mediated gold nanoparticles were
used as antimicrobials against some isolated symbiotic bacteria (Pseudomonas syringae,
Escherichia coli, Staphylococcus aureus and Bacillus anthracis) from pine wood nematode
(Bursaphelenchus xylophilus). This had shown the potential of biosynthesized AuNPs to shorten
the lifespan of the B. xylophilus associated symbiotic bacteria by inhibiting their growth, thereby
preventing further damage to pinewood” (Davids et al.,2021).

“Zinc oxide nanoparticles (ZnO-NPs) biosynthesized from the alga (Ulva fasciata), were found
to be effective against M. incognita. Scanning electron microscopy (SEM) reports displayed the
distributions and accumulations of ZnO-NPs on the nematode (J2s) body under direct exposure,
which might be the reason of NP-mediated toxicity and disruption for M. incognita” (El-Ansary
et al.,2022).

“CuO nanoparticles treated J, revealed the distorted, crinkled cuticle in comparison to control J,
of M. incognita. CuO nanoparticles before the nematode inoculation at 100 ppm concentration
exhibited healthier growth attributes besides concurrent reduction in nematode parameters in
comparison to plants treated with M. incognita” (Tauseef et al.2021).

“Second stage juveniles of M. incognita treated with MgO nanoparticles (50 and 100 ppm)
exhibited indentations, roughness and distortions in the cuticular surface, in comparison to the
control untreated juveniles. MgO nanoparticles, in varying concentrations (50, 100 and 200
ppm), were dispensed into the plants by root dip, soil drench and foliar spray methods and their
efficacy was assessed in terms of morphological characteristics, yield parameters and
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biochemical attributes of M. incognita infected plants. In plant trials revealed that 100 ppm dose
of MgO nanoparticles, as root dip application, demonstrated reduced nematode fecundity,
decreased number and smaller size of galls; enhanced plant growth, increased chlorophyll,
carotenoid, seed protein, and root and shoot nitrogen contents” (Tauseef et al.2021).

“Application of titanium dioxide NPs (TiO2-NPs) and silicon dioxide NPs (SiO2-NPs) were
tested against root-knot nematode. Application of SiO>-NPs was more efficient against M.
incognita in comparison to TiO2-NPs. the administration of 0.20 mg/mL foliar spray of SiO2-NPs
in plants with M. incognita improves up to 37.92% of shoot dry weight and increases 70.42% of
chlorophyll content. The reductions in egg hatching and M. incognita (J2) mortality were greater
in Si02-NPs than in TiO2-NPs” (Khan et al.2022).

The nematicidal effect of Silicon nanoparticles (SiNPs) from Fusarium oxysporum against egg
hatching and second-stage juveniles (J2) of root-knot nematode (RKN) (M.incognita) was
evaluated on eggplant (Solanum melongena). SiNPs (100 and 200 ppm) significantly inhibited
the percentage of egg hatching and increased percent mortality of J> M. incognita ranged from
87.00 % to 98.50 %( El-Ashry et al.,2022). SiNPs have a strong lethal effect on M. incognita J;
when used with minimum effective dose of nematicides and confirmed by number of galls, egg
masses and final population of Jz in pot soils as evidence to M. incognita reproduction (Shekoohi
et al, 2021). Conversely, Al Banna et al., (2018) reported that silicon carbide nanoparticles
(SiCNPs) of the size of 50 nm * 21.5 (with a concentration of 172 mg/L) did not exhibit a lethal
effect even on J; or egg hatching of M. incognita. Likewise, Ardakani, (2013) reported that silica
oxide nanoparticles (SiO2NPs) did not exhibit any M. incognita J, mortality in laboratory
experiments.

“AgNP of Eucalyptus officinallis reduced nematode (Heterodera sacchari) population in root
and soil, increased vegetative growth of rice plant, with a significant increase in yield”
(Oluwatoyin et al.,2020).

Oluwatoyin and Olatunji (2018) could efficiently used Ficus mucoso AgNP in M.incognita
management on groundnut fields.

“AgNP synthesized from Senna siamea at 50 ppm exhibited significant increases in plant
growth, and activities of defense enzymes such as peroxidase, catalase, superoxide dismutase,
and ascorbate peroxidase over the inoculated control Trachyspermum ammi plant. Furthermore,
the maximum reduction in the number of galls, egg masses, and root-knot indices of M.
incognita was recorded in plants” (Danish et al.2021).

“Silver and silver chloride nanoparticles (Ag and AgCI-NPs) using the crude aqueous extract of
the green microalga (Parachlorella kessleri) having nematicidal proficiency against the J> and
egg hatchability of M. incognita” (Hamed et al.2016).

Fabiyi et al.,(2021) prepared “20 and 30% concentrations of nano supernatant liquid agricultural
wastes corncob and found to be decrease in egg hatch rate M. javanica”.

Fouda et al., (2020) prepared “microcrystalline cellulose embedded silver nanoparticles (Ag-
NPs). By using 40 ppm of Ag-NPs M.incognita J» mortality reached 95.53 % after 72 h of
exposure time”.

Copper nanoparticles (Cu NPs) are successfully prepared using biosynthesis from stem extract of
Holoparasitic plant (Orobanche aegyptiaca). Cu NPs (50 pg/mL to 800 pg/mL) were found to be
toxic to J» of M. incognita, causing mortality up-to 91.5% at 16 h(Akhter et al.2020).

Reneeta et al.(2015) prepared “Ag-NPs with banana leaf extract and found to be effective against
Pratylenchus coffeae .



Ghareeb et al.(2020) and Ghareeb et al.(2022) synthesized silver nanoparticles with two marine
algae (Colpomenia sinuosa and Corallina mediterranea) and their namaticidal activity against
root-knot nematodes (M. incognita; M. javanica) in tomato plants was investigated. C. sinuosa
silver nanoparticles reduced the number of nematode galls, egg-masses per root, and eggs/egg
mass, M. incognita and M. javanica while improving plant growth parameters of tomato.
CuFeNPs were found to be effective at 0.03 pg ai g/soil against M. incognita and M. javanica in
terms of arrested biological cycle in tomato (Gkanatsiou et al.,2019).
Shang et al.,(2022) studied “the killing mechanism of SeNPs @ CS in B. xylophilus. The
SeNPs@CS had an LCso of 15.627 mgL* against B. xylophilus, and was killed by reactive
oxygen species”.
CONCLUSION AND FUTURE PERSPECTIVES
Nanotechnology with novel applications in many fields has created various prospects to
researchers. Nanoparticles hold promise of innovative application method or targeted delivery of
agrochemicals. Research should focus on enhancing their effectiveness and reducing wastage ,
leading to optimizing nanoparticles synthesis methods to enhance bioactivity while minimizing
toxicity. Additionally, it is critical to develop biodegradable nanoparticles to minimize their
ecological impact once they are disposed of in the environment. Bio-material coatings for
nanoparticles could also reduce potential toxicity and improve stability in soil, benefiting non-
target organisms. Integrating nanoparticles into IPM programs, along with other biological
control agents, holds promise as an efficient and environmentally friendly option. Therefore,
multidisciplinary research in nanotechnology, agronomy, ecology, and toxicology is necessary to
advance these technologies. One essential advancement in managing plant health is the
development of multifunctional nanoparticles. Future research directions are proposed on
molecular interactions between AgNPs and nematodes extensive focusing on more field
experiments on larger areas .The potential breakthroughs and unmet research need in
nanoparticle technology for nematode control are promising and could significantly change
future farming communities.
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