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Abstract

The utilization of pesticides, agrochemicals intended to enhance reduced pest species, agricultural yield and increase economic returns, is a common practice. However, these substances can exhibit considerable persistence within soil and water systems. They tend to accumulate in sediment or form bio-aggregates within living organisms, the extent of which depends on their solubility, giving rise to diverse forms of ecological contamination. Beyond enhancing agricultural output, pesticides have been associated with adverse effects such as cytotoxicity, phytotoxicity, and genotoxicity on the targeted plants. These impacts include modifications to the antioxidant defence mechanisms of these plants. Notably, the drawbacks extend to non-target species encompassing birds, aquatic organisms, animals, and humans. The heightened buildup of pesticides additionally fosters the generation of reactive oxygen species (ROS), culminating in oxidative stress and eventual cellular demise. This comprehensive review aims to delve into the toxicity of pesticides at both molecular and cellular tiers, intricately linked with the response of the plant's defence mechanisms. Moreover, this review sheds light on prevalent worldwide approaches employed to mitigate such toxicity, elucidated in subsequent sections. This study is positioned to bridge the gap between ongoing research and the demand for cutting-edge, economical approaches that prioritise environmental well-being. It will provide significant insights for chemical engineers and plant researchers.
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Introduction

In earlier times, the utilization of synthetic pesticides or natural compounds to enhance yield of agricultural in response to the challenges posed by adverse climatic conditions, along with biotic and abiotic stresses, was a proven effective strategy [1]. New types of pesticides were simultaneously introduced into current agricultural systems due to the growing world population. These encompassed organophosphate, organochlorine, carbamate, pyrethroid, phenoxy herbicide, benzoic acid herbicide, triazine, and urea-based insecticides, herbicides, fungicides, nematicides and rodenticides. This diversification aimed to safeguard crops against a spectrum of potential threats including pests, insects, and other hazards [2, 3].

The ideal expectation for pesticides is to selectively target unwanted growth or pests that hamper productivity, while sparing non-target species, including humans. However, the reality falls short of this aspiration as these agents adversely affect a broad array of non-specific organisms, giving rise to severe consequences and substantial environmental issues. As a result, the use of pesticides presents an ongoing contradiction [4].

The development of resistance in pests to these synthetic compounds the situation necessitates the creation of novel pesticide formulations to safeguard crops, consequently amplifying the costs associated with food production [5]. Despite efforts to minimize residual pesticide levels, only marginal results are typically achieved. Pesticide degradation involves sequential chemical reactions influenced by natural abiotic conditions (temperature, humidity, soil pH, etc.) and the chemical composition of the pesticide itself [6].

Furthermore, pesticide application at excessive doses or with repeated usage exhibits deleterious effects on host plants. Residual pesticides integrate into host plants, causing damage to vital biomolecules as they enter metabolic pathways, ultimately leading to the production of reactive oxygen species [7; 8]. The literature abounds with evidence of negative effects at the cellular/genetic level, including genotoxicity, cytotoxicity, DNA damage chromosomal abnormalities and heightened mutation rates due to usage of pesticides [9; 3. Nevertheless, the precise mechanisms underlying these actions remain enigmatic.

Assessment of pesticide toxicity traditionally involves the observation of phytotoxic symptoms, alterations in photosynthetic pigments, growth of plant and development, changes in antioxidant system, and the specific molecular modifications [10; 11]. Pesticides have detrimental effects on the environment and human health, contaminate soil and water, kill off microorganisms and beneficial insects, affect fish, birds, and non-target plants, and have a negative influence on non-target plants [12]. These chemical agents are also linked to diverse human health issues such as dermatological, gastrointestinal, neurological, respiratory, carcinogenic, reproductive, and endocrine disorders [13; 14].
In light of the overarching impact of chemical pesticides on the environment, a pressing need exists to embrace innovative and eco-friendly agricultural approaches to avert these detrimental effects. This entails harnessing biologically active components sourced from natural reservoirs within active agricultural practices. This review intends to critically evaluate the influence of different pesticides on plants, spanning from seed germination to maturity. It further highlights suitable methodologies or strategies to counter excessive pesticide concentrations beyond permissible thresholds. Before delving into alternative approaches, exploring the interplay of different pesticides on plant growth, development, and physiological responses is imperative.

Effects of Pesticides on Plant Physiology

Pesticides, when used beyond acceptable limits, significantly disrupt, photosynthesis, biosynthesis, cell development and molecular responses across different stages of plant life [15; 16]. The unwarranted and tedious application of these chemical agents leads to diminished germination, stunted development of the reproductive and vegetative organs and pronounced impacts on physiological and morphological functions in key crops [17; 18; 19; 20; 16].

Delayed germination, slow development, leaf discoloration, leaf curling, decreased reproductive ability, and lower yield are some of the visible morphological signs typically used to assess the impact of the use of pesticide on crops. For instance, the widely used herbicide acifluorfen, a diphenyl ether, causes leaf damage and necrosis, chlorosis, leaf shrinkage and wilting on crops like spinach, bean, soybean, and pea [21].

Furthermore, research indicates that spraying of insecticides like dicofol (diphenylethane), pirimicarb (carbamate), dimethoate (organophosphate) and dimethon-S-methyl (organophosphate) on wild tamarind plants alters the plants' dry matter, leaf area, number of leaf and interferes with their photosynthetic System. [22; 21]. Pyrimethanil (anilinopyrimidine) and fludioxonil (phenylpyrrole)-treated grapevines exhibit reduced rates of photosynthesis, decreased chlorophyll and carotenoid concentrations, decreasing sucrose and hexose content, and increased formation of secondary metabolites in vitro. [23; 21].

Table 1: Inhibitory Effects of Pesticides and Their Mode of Action on Several Important Crops

	Sl. No
	Plants/ species
	Pesticides
	Nature/ Chemical Family
	Toxicity
	References

	1.
	Allium cepa L
	Endosulfan
	Insecticide/ Organophosphate
	Irreparable chromosomal damage
	[24]

	2.
	Zea mays L
	Omethoate (OM)
	Insecticide/ Organophosphorus
	stomata distortion, chloroplast mitochondrial structure loss, and yellowing of the leaf
	[25]

	3.
	Lens culinaris L
	Mancozeb
	Fungicide/ Dithiocarbamate
	Morphological and anatomical
	 [26] 

	4.
	Phaseolus vulgaris L.
	Butachlore
	Herbicide/ Acetanilide
	Reduce the production of lipids, proteins, RNA, and photosynthetic compounds
	 [27]

	5.
	Vicia faba
	Fenthion
	Insecticide/ Organophosphate
	DNA damage, programme cell death, including , cytoplasmic vacuolization, nuclear shrinkage,  condensation of the protoplast and  chromatin, fragmentation, and corpse formation that resembles apoptosis
	[28]

	6.
	Vigna radiata L.
	Chlorpyrifos
	Insecticide/ Organophosphate
	Decreasing root and shoot length
	[29]

	7.
	Triticum aestivum L.
	Malathion
	Insecticide/ Organophosphate
	Primary metabolites, seed germination, and photosynthetic pigments are all inhibited by malathion at higher concentrations.
	[30]

	8.
	Cucumis sativus L.
	Carbendazim
	Benzimidazoles/ Fungicide
	It has an impact on the antioxidant system in many plant tissues.
	[31]

	9.
	Solanum lycopersicum
	Pirimicarb
	Insecticide/ carbamate
	The morphological aspects of germination and growth are impacted.
	  [32]


Additional findings indicate reduced net CO2 absorption, alterations in intercellular CO2 concentration and stomatal conductance in plants such as Cucumis sativus and Malus domestica following fungicide application [33; 34]. While, Vitis vinifera plants treated with the non-systemic fungicide fludioxonil experience reduced net CO2 uptake and intercellular CO2 concentration, but their stomatal conductance is unaltered [35]. Research has demonstrated that fungicides like fludioxonil and pyrimethanil induce distinct physiological responses in in vitro developed plants and fruiting cuttings of Vitis vinifera; the former reduces CO2 absorption, transpiration rate, stomatal conductance, and intercellular CO2 concentration, while the latter affects CO2 exchange without altering transpiration rates [36].

Application of herbicides to tomato plants, such as glufosinate (phosphinic acid), causes ammonium accumulation and ethylene production, which are signs of stress and rapid senescence [37]. Imazethapyr (imidazolinone), a herbicide, increases overall free amino acid concentration but decreases the protein level in pea plants, suggesting protein hydrolysis [38]. According to studies, fungicides (phenylpyrrole aniline pyrimidine) increase protein hydrolysis, decrease amino acid content, and cause stress protein buildup in grapevines [39]. Notably, the alteration in carbon and nitrogen metabolism pathways depends on the specific crop and the duration of pesticide exposure.

The harmful impacts of pesticides on different elements of plant growth and development, germination of seeds, flowering, pollen development, and pollen tube growth have been thoroughly documented by extensive research. Recent studies on the model plant Allium cepa using mancozeb, imidacloprid, and sulfentrazone have indicated cytotoxic and genotoxic effects, which are characterised by various chromosomal abnormalities, including sticky, disorganised, and shattered chromosomes. Spindle inactivation was also seen to cause aberrant condensation of DNA and chromosome coiling, which eventually resulted in a lower mitotic index [40; 3]. Table 1 lists all of the commercially available pesticides in detail along with how they work on different crops.
It's crucial to remember that a lot has been written about how pesticides effect on variety of factors, such as antioxidant modulation, plant defence systems, pathogenesis-related proteins (PRPs), changes in secondary metabolites, and phenolic compounds. As a result, this review attempts to delve into the antioxidant system's modulation and analyse elements involved in detoxifying the detrimental impacts of pesticides in the part that follows.

Pesticide-Induced Oxidative Stress and Antioxidant System Modulation

A finely regulated equilibrium between the generation of reactive oxygen species (ROS) and their detoxification mechanisms is critical for normal growth and metabolic processes in plants. However, unfavourable conditions like water scarcity, elevated salt and ion accumulation, toxic metals, and climatic changes lead to excessive ROS production, disrupting this equilibrium and causing oxidative stress [41; 42]. Although ROS are transient, they are toxic molecules that degrade vital biomolecules such as lipids, proteins, and nucleic acids, resulting in membrane disruption and nucleic acid denaturation, ultimately leading to cell death [43; 44]. Similar changes in cell metabolism, biochemical alterations, and other physiological reactions are brought on by pesticide-induced stress in plants, whether they are the targets of pesticide application or unintended plants.

The effect of applying pesticides on plant cell viability has just come to light. For instance, the use of the pesticides emamectin benzoate, alpha-cypermethrin, and imidacloprid on tomato seedlings altered cell viability, resulting in cell damage, and altering the activity of antioxidant enzymes such dismutase (SOD), peroxidase (POD)s, catalase (CAT), and peroxide. Proline and malondialdehyde (MDA) levels as well as glutathione reductase (GR) levels were impacted [45]. Similar to how mancozeb and chlorpyrifos increased Allium plants' antioxidant defences (CAT, POD, and SOD) to withstand pesticide-induced morpho-toxicity, however these responses stopped working after they crossed a particular threshold [3].

In addition, application of several fungicides and pesticides to mung bean plants has been demonstrated to increase ROS levels and interfere with the redox homeostasis pathway. (unpublished data, Kamal et al.). In along with disrupting the photosynthetic process, pesticides bind to the QA D1 protein and prevent electron transport by functioning as non-reducible analogues of plastoquinone. For instance, the herbicide paraquat creates free radicals (O2.-) that interfere with the electron gradient system, preventing electrons from being transported to the end molecule and preventing energy production [46].

In response to pesticide-induced oxidative stress, plants have developed internal defense mechanisms referred to as the internal tolerance mechanism, which involves the enhancement of antioxidant enzyme activity [47]. The activities of antioxidant enzymes in plants determine their scavenging ability [48]. In relation to the use of pesticides, various research has explored the reactions of antioxidant enzymes. Increased catalase and isoenzyme activity, for instance, have been found to lower H2O2 levels in wheat and tomato plants subjected to high concentrations of insecticides like pentachlorophenol and 2,4-dichlorophenol [49; 45].

It is interesting to note that the plant's various components respond differently to antioxidants. In response to the herbicide chlorotoluron treatment, for instance, root and shoot tissues showed different reactions in peroxidase (POD) activity [50]. Herbicides and ROS are converted to glutathione (GSH) by the multifunctional enzyme glutathione S-transferase (GST), which also confers resistance to chemical pesticides. (Edwards et al., 2000). In reaction to glyphosate and prometryn, respectively, plants of Arachis hypogaea and Triticum aestivum have shown increased GST activity [51].

Furthermore, proline, a crucial osmolyte, has been recognized as an indicator of stress, as its levels rise in reaction to both biotic and abiotic stress circumstances [42]. Proline serves as the primary organic solute, providing defense against harm caused by singlet oxygen and free radicals. This leads to the stabilization of proteins, DNA, and membranes [52]. Notably, the elevation of proline in plants is frequently observed following pesticide applications, mirroring the degree of stress encountered by the agricultural crops.

In order to gain a comprehensive grasp of the complex mechanisms triggered by pesticides, it is imperative to conduct extensive scientific investigations. This endeavor will facilitate the discovery of the most suitable and feasible pathways. The following segment will meticulously analyze diverse consequences arising from the impacts of pesticides, with a specific focus on insecticides, on organisms not intended as the primary target.

Collateral Toxicity Modes Induced by Pesticides on Human and Non-Target Organisms

Notwithstanding a substantial reservoir of scientific knowledge in this domain, a comprehensive evaluation of the risk dimensions posed by a diverse spectrum of pesticides to various non-target species has been lacking. The potency and harmfulness of pesticides stem from their biochemical interactions with cellular components and physiological responses spanning different life forms. These deleterious impacts have been associated with a spectrum of human ailments, encompassing gastrointestinal, respiratory, endocrine, and reproductive disorders, as well as neurodegenerative condition [53]. Prolonged illnesses like Parkinson's [54], Alzheimer's [55], chronic kidney pathologies [56], and fatal cancers, tend to afflict populations subjected to excessive pesticide usage. Regrettably, numerous of these maladies lack effective cures or entail severe treatment side effects (refer to Table 2). The fundamental molecular mechanisms underpinning these illnesses are distinct and encompass diverse modes of operation. Nonetheless, oxidative stress emerges as a shared factor in these persistent disorders, setting off cascades involving caspases, suppression of immune response and autophagy, and the formation of flawed proteins [57]. Furthermore, epigenetic modifications encompassing DNA acetylation, methylation, and changes to histone proteins at the genetic level contribute to these conditions, and these modifications can be inherited by succeeding generations [53], sometimes emulating DNA repair mechanisms and engendering detrimental mutations. 

Table 2; Pesticides responsible for human disease [58]
	Sl.No
	Pesticides
	Chemical Nature
	Site of action
	Symptoms
	Chronic disease
	

	
	Chlorpyrifos,
	Chlorinated
	Kidney, Liver
	Aplastic
	anemia,
Leukemia,
	Parkinson


1. Lindane, Methoxchlor

Hydrocarbon


hyperesthesias


disease, Prostrate cancer

Phenoxy derivative
2,4-D and 2,4,5-T
Respiratory and GI

2. tract


Diarrhoea,
metabolic acidosis


Lung cancer, gall bladder cancer

3. Diquat, paraquat
Dipyridyls
Kidney, Liver,  GI

tract


Nausea,
vomiting, Jaundice


Stomach cancer

	4.
	Captofol
	Fungicides
	CNS, lungs, liver
	Chronic
	cough,
	Pancreatic
	and
	lung

	
	
	
	
	Pulmonary edema
	
	cancer
	
	


5.
Chlorpyrifos
Organophosphate
Neurotoxins
Muscular cramps, fatigue,

asthma


Leukemia, and colorectal cancer

6 Methylbromide
Organobromine
Neurotoxins
Headache, memory loss
Neurological effects

7 Toxaphene

bicyclic chloroorganic compound


lungs, nervous system, and kidneys

Not specified
bronchial carcinoma in

8 Pendimethalin
Dinitroaniline
Skin, Eye
Skin, eye and respiratory

irritations


Rectum cancer

The detrimental effects of pesticide toxicity extend beyond humans, encompassing various terrestrial and aquatic invertebrate species. Documented repercussions of pesticides range from individual organism toxicity to behavioral disturbances at the population level. While toxicity is gauged by the dosage necessary to induce mortality (following the principle of Paracelsus), the variation arises from the biochemical or physiological systems targeted by pesticides, which can differ significantly among diverse taxonomic groups (such as specific insecticides) or remain consistent across all living entities (as seen with broad-spectrum insecticides) [59]. Broad-spectrum insecticides pose hazards to a wide array of organisms, irrespective of whether their lethal doses are intrinsically higher for humans and other animals in comparison to smaller insects. Among the vulnerable organisms are arthropods, vertebrates, worms, mollusks, and species with intricate neural structures. For instance, inhibitors of Acetylcholinesterase (AChE), including organophosphorus compounds (like chlorpyrifos and dimethoate) and carbamates (such as aldicarb, methomyl, and pirimicarb), are expansive and perilous toxins, especially impacting bees, mammals, and birds [60]. Avermectins (like abamectin), which act as agonists for these receptors [61], display significant lethality towards arthropods (including mites, bees, and spiders), particularly in aquatic contexts, rendering them the most hazardous pesticides for aquatic ecosystems.

Strategies to Mitigate Pesticide Toxicity through Phytohormones

Contemporary agricultural methods have become synonymous with the extensive utilization of synthetic chemicals, renowned for their adverse effects on both plant physiology and human well-being, in addition to their detrimental impact on the ecosystem. Thus, it becomes imperative to embrace a strategic approach aimed at reducing the dependency on these agrochemicals and adopting cost-effective and inventive approaches to foster sustainable agricultural practices. Within this framework, the emphasis should pivot towards ecologically responsible techniques that curtail environmental hazards while simultaneously upholding crop yield and productivity [62; 63]. This segment underscores potential strategies, whether inherent to plants or scientifically formulated, for alleviating the toxicity stemming from pesticide application and its implications on plant growth and development.

Research indicates that treating Brassica napus seeds with a 0.1 mM concentration of SA led to a reduction in herbicide levels (like napropamide) and an enhancement in growth parameters. This was achieved by diminishing levels of O2– and H2O2, while concurrently boosting the activities of enzymes such as superoxide dismutase, catalase, ascorbate peroxidase, guaiacol peroxidase (POD), and glutathione-S-transferase (GST). Similarly, pre-soaking seeds in a 1 mM solution of salicylic acid before applying the Mancozeb pesticide demonstrated a mitigation of phytotoxic effects. This was achieved by modulating detoxification enzymes and bolstering photosynthetic efficiency in Vigna radiata [3].

Furthermore, the external administration of brassinosteroids has been demonstrated to reinforce the antioxidant defense system, encompassing key components such as CAT, SOD, GPOX, DHAR, GR and MDHAR. This approach augments the plant's tolerance to pesticide exposure, especially in rice, by facilitating the accumulation of stress-alleviating compounds like proline. This effect is particularly pronounced when faced with pesticides like chlorpyrifos (CPF) and imidacloprid [64; 65; 66]. Moreover, this treatment significantly elevates the expression of genes associated with detoxification processes, including P450 monooxygenase, GST, and MRP, within plants [67].

In more recent times, nitric oxide (NO) has emerged as a significant stress signalling molecule, particularly in the context of abiotic stress situations [68]. A study delving into the function of NO adopted the utilization of a 100 µM solution of SNP (sodium nitroprusside) as a treatment method against mancozeb and chlorpyrifos exposure. The outcomes demonstrated heightened antioxidant activities, better growth indicators (including the vigor index), and decreased phytotoxic effects on the model plant Allium cepa

Synergistic Effects of Phytohormones in Pesticide Detoxification

In an alternative investigation, the interaction between mitogen-activated protein kinase (MAPK) and nitric oxide (NO) was recognized as a pivotal factor in the mechanism of pesticide detoxification facilitated by brassinosteroids [69]. This discovery implies that the simultaneous administration of various phytohormones might lead to an even more effective improvement in ameliorating the effects.
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Fig. I: Possible Mechanism for Mitigating Pesticide Toxicity through Phytohormones and Bioremediation [58]
The potential mechanism driving this collaborative effect is illustrated in Figure I. Recent investigations have unveiled that the treatment of seeds with jasmonic acid (JA) yielded noteworthy enhancements in chlorophyll content and seedling growth. This treatment concurrently lowered the levels of superoxide anion, hydrogen peroxide, and malondialdehyde when employed alongside imidacloprid (IMI). Furthermore, the application of JA led to the up-regulation of various genes, including RUBISCO, NADH-ubiquinone oxidoreductase (NADH), carboxylesterase (CXE), and P450, in Brassica juncea plants exposed to IMI-induced toxicity [66].

While the precise mechanisms through which salicylic acid, nitric oxide, and jasmonic acid counteract toxicity necessitate further scientific exploration, it is established that salicylic acid triggers mitogen-activated protein kinase activation when escalated reactive oxygen species (ROS) production occurs. This, in turn, brings about the accumulation and activation of Cytochrome P450 (Cyt P450). Further comprehensive research is warranted to completely uncover the roles of other plant growth regulators and to conduct in-depth investigations into their modes of action.

Utilization of Pesticide/Herbicide-Tolerant Plants
Addressing the toxicological repercussions of herbicides is of paramount importance for the preservation of human health and the advancement of environmental conservation endeavors. The development of commercially sanctioned herbicides, designed to target specific weeds at low doses, is critical for achieving effective weed management without causing harm to non-target organisms. Minimizing herbicide application can yield substantial economic and ecological benefits for agriculture. The creation of herbicide-resistant crops (HRCs) involves intricate and resource-intensive processes. Continuous efforts are necessary to mitigate herbicide resistance due to cross-resistance [8]. Herbicide-resistant crops were initially generated using conventional breeding techniques. Subsequently, genetic manipulation emerged as a successful approach for producing HRCs, although this innovation has sparked ethical considerations. Prominent instances of genetically modified HRCs encompass Glyphosate-tolerant soybeans and various herbicide-resistant rice varieties [70; 71].

The intricate mechanism behind plant resistance to pesticides incorporates various constituents such as phytochromes, antioxidant systems, glycoproteins, and diverse metabolic pathways [72; 8]. In plants, Cytochrome P450 (Cyt P450) plays a crucial role in detoxification, analogous to animal models that metabolize numerous organophosphates, which are extensively used pesticides. Cyt P450 monooxygenases detoxify organophosphates to establish herbicide resistance. Diminished activation may also contribute to this process, potentially forming a shared resistance pathway. While the precise mechanisms by which plants cope with diverse contaminants from soil and water remain elusive, certain studies propose that pesticides targeting specific biologically active compounds might lose their efficacy due to the excessive expression or stimulation of particular proteins. Plants might employ molecular strategies involving distinct pre- and post-translational modifications to shield themselves from the adverse effects of these compounds [8].


Plant-Associated Remediation
Phytoremediation has emerged as an effective, innovative, and economical approach for breaking down pesticide residues through the utilization of plant root systems [73]. This intricate process involves multiple bio-physiochemical reactions, encompassing hydrolysis, reduction, chemical conjugation, and physical rearrangements occurring both within and outside the plant [74]. Numerous plant species have showcased substantial tolerance to elevated levels of pesticide accumulation, making them prime candidates for phytoremediation. Their selection is often based on factors like the availability of diverse cultivars, their significance in agriculture, and their capability to amass a broad array of organic contaminants.

Organic farming entails agricultural practices that eschew or minimize the use of synthetic pesticides and fertilizers, relying instead on techniques such as crop residues, green manure, crop rotations, pest-resistant plants, external organic waste, legumes, natural pest control agents, and animal-derived fertilizers. Although more prevalent in developing nations due to economic considerations and limited access to chemical resources, organic farming is also gaining ground in developed countries. This shift is driven by concerns regarding the detrimental effects of industrial chemicals on the environment and human health.

Preferential Use of Bio-pesticides Over Conventional Pesticides

Bio-pesticides, which are naturally occurring chemicals made from fatty acids, pheromones, or plant extracts, control pests by non-toxic processes. They can be roughly divided into biochemical, plant-incorporated, and microbiological insecticides. One major advantage of bio-pesticides is their specificity, targeting only the intended pests and related species without affecting non-target organisms. They are required in lower quantities, decompose rapidly, and are environmentally friendly, thus avoiding the contamination issues associated with conventional pesticides.

A well-known example of microbial pesticides is derived from the bacterium Bacillus thuringiensis, which produces proteins toxic to specific insect pests, providing protection against insect attacks [75]. The commercial mycoinsecticide "Beauverin" is based on B. bassiana, combined with a lower dose of trichlorophon to control the second-generation outbreaks of Cydia pomonella [76]. Studies have shown that B. bassiana, in combination with sublethal concentrations of insecticides, can enhance mortality rates in pests like the Colorado potato beetle (Leptinotarsa decemlineata), indicating synergistic interactions between these agents. Genetically modified (GM) crops expressing genes encoding insecticidal toxins have also been developed to reduce arthropod pest damage. Azadirachtin, a tetranortriterpenoid, interferes with insect metamorphosis, while compounds like melianetetraolone and odoratone exhibit insecticidal properties against Anopheles stephensi [77]. Peptidomimetics, non-peptide compounds that mimic peptides, are being explored for novel insecticide development due to their affinity for insect target sites. Developing peptidomimetic insecticides can be challenging, as residues important for insect target subtype selectivity may also play a role in preventing vertebrate toxicity [78].
Looking towards the future, there are several areas of research and development that hold promise for addressing the challenges posed by pesticides and their impact on agriculture, environment, and human health:

1. Biological Solutions: Continued research and development of bio-pesticides and biocontrol methods can provide safer alternatives to chemical pesticides. These biological solutions can target specific pests without harming beneficial insects, reducing the environmental impact.

2. Precision Agriculture: Advances in technology, such as remote sensing, drones, and data analytics, can enable more precise and targeted application of pesticides. This can minimize overuse and decrease the overall environmental impact.

3. Integrated Pest Management (IPM): Implementing IPM strategies that combine various pest management techniques, including cultural practices, biological control, and judicious use of pesticides, can help reduce pesticide reliance while maintaining crop productivity.

4. Genetic Engineering: Genetic modification techniques can be employed to develop crops with built-in resistance to pests, reducing the need for external pesticide application. However, careful consideration of potential ecological and health impacts is essential.

5. Phytoremediation and Sustainable Farming Practices: Continued research into phytoremediation and sustainable farming practices can help restore soil health and ecosystem balance, reducing the need for excessive pesticide use.

6. Education and Training: Proper education and training of farmers, workers, and pesticide applicators are crucial to ensuring the safe and responsible use of pesticides. Awareness campaigns can promote best practices and minimize the risks associated with pesticide exposure.

7. Regulatory Measures: Stringent regulations and policies for pesticide approval, labeling, and usage are necessary to protect human health and the environment. Governments and regulatory bodies must collaborate with scientific experts to develop and enforce effective guidelines.

8. Global Collaboration: Addressing pesticide-related challenges requires international collaboration among researchers, policymakers, agricultural organizations, and environmental groups. Sharing knowledge, best practices, and technological innovations can lead to more sustainable solutions.

9. Research into Alternatives: Research efforts should continue to explore innovative alternatives to conventional pesticides, such as plant extracts, natural compounds, and novel delivery systems.

10. Long-Term Monitoring: Continuous monitoring of pesticide residues in soil, water, and food products is essential to assess their long-term effects on ecosystems, human health, and food safety.

11. Biodiversity Conservation: Protecting and enhancing on-farm biodiversity through practices like cover cropping and polyculture could promote natural pest control and reduce the need for pesticides.

In conclusion, the future of pesticide management lies in a holistic approach that integrates scientific research, technological innovation, sustainable farming practices, and regulatory measures. By focusing on safer alternatives, improved pest management strategies, and responsible pesticide usage, we can mitigate the negative impacts of pesticides on the environment, human health, and agricultural productivity.
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