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Abstract:



Biopesticides have attracted attention in pest management in recent decades, and have long been promoted as prospective alternatives to synthetic pesticides. Biopesticides have also attracted great interest in the international research community, with a significant increase in the number of publications devoted to the subject. Recently, new substances, like strains of the fungus Talaromyces flavus SAY-Y-94-01, extracts of the plant Clitoria ternatea (butterfly pea), products of the fungus Trichoderma harzianum, products of the bacterium Bacillus thuringiensis var. tenebrionis strain Xd3 (Btt-Xd3), the alkaloid compound oxymatrine, fermentation products of the bacterium Lactobacillus casei strain LPT-111, stilbenes accumulated in grape canes, and olive mill wastes, have been reported in the literature as promising compounds for use as biopesticides, but more field research is required to assess the effects on specific pest problems under diverse cropping systems. Nevertheless, biopesticides have not yet reached the desired level of use, whereby they could displace the dominance of chemical pesticides, given that the commercialization of new products in the market is lagging behind. Currently, biopesticides comprise a small share of the total crop protection market globally, with a value of about $3 billion worldwide, accounting for just 5% of the total crop protection market. Fewer biopesticide-active substances are registered in the European Union (EU) than in the United States, India, Brazil, or China, due to long and complex registration processes in the EU, which follow the model for the registration of conventional pesticides. Nanoformulations and microencapsulation technologies can improve the stability and residual action of biopesticide products, and this could increase their field use. Regulations that promote registration of low-risk compounds with the provision of incentives could also facilitate commercialization and availability of biopesticides in the market.
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1. Introduction


Pesticide use has certainly contributed towards improving agricultural production, in terms of both yield and quality, thus increasing agricultural income, particularly in developed countries. However, careless use of pesticides without adhering to the safety norms and recommended practices has posed serious health risks to humans, other living organisms, and the environment, from on-farm workers’ exposure and release of chemicals into the air and water, to commodities containing pesticide residues [1,2]. Therefore, there has been a growing demand for food safety and quality in recent decades, as reflected in the tight safety regulations on imports of products and strict regulations on the amount of pesticide residues on commodities. Moreover, increasingly high standards regarding product quality are continuously being set. Public awareness about the adverse effects of pesticides on the safety of foods and on the environment has increased in recent years, and the search for alternatives to widely used chemical pesticides, including biopesticides, has become a priority. In this regard, the conventional pesticide industry and market have undergone major changes over recent decades [3], which have entailed greater efficiency of pesticide use than in the past through major improvements to pest management technology and practices in the context of Integrated Pest Management (IPM) programs. These developments have significantly improved pest management practices, reduced, in some cases, pesticide use, and have also impeded the growth in demand for chemical pesticides [4].




2. Biopesticides Market


Biopesticides are natural materials derived from animals, plants, and bacteria, as well as certain minerals, that are used for pest control [5]. Almost 90% of the microbial biopesticides currently available on the market are derived from only one entomopathogenic bacterium, i.e., Bacillus thuringiensis or Bt [6]. Currently, biopesticides comprise a small share of the total crop protection market globally, with a value of about $3 billion worldwide, accounting for just 5% of the total crop protection market [7,8]. In the United States (US) market, more than 200 products are available, compared to 60 analogous products in the European Union (EU) market [6]. Although biopesticide use at a global scale is increasing by almost 10% every year [6], it appears that the global market must increase further in the future if these pesticides are to play a visible role in substituting for chemical pesticides and reducing the current over-reliance on them. It should be noted, however, that biopesticides are assessed in the EU by the same regulations used for the assessment of synthetic active substances, and this situation required several new provisions in the current legislation, as well as the preparation of new guidelines facilitating the registration of prospective biopesticide products [9]. Currently, there are fewer biopesticide active substances registered in the EU than in the US, India, Brazil, or China. The relatively low level of biopesticide research in the EU is related to the greater complexity of EU-based biopesticide regulations [10].



Growth of biopesticides is projected to outpace that of chemical pesticides, with compounded annual growth rates of more than 15% [7]. It is expected that biopesticides will equalize with synthetics, in terms of market size, between the late 2040s and the early 2050s, but major uncertainties in the rates of uptake, especially in areas like Africa and Southeast Asia, account for a major portion of the flexibility in those projections [8]. Biopesticides have been becoming increasingly popular in recent years, and are considered safer than conventional pesticides. As opposed to conventional pesticides, biopesticides are by their nature less detrimental and are more specific to the target pests. Additionally, biopesticides are effective in small amounts, and decompose quickly, without leaving problematic residues; therefore, they could reduce the use of conventional pesticides as integral components of IPM programs. It should be noted, however, that while case-specific exceptions to the above-mentioned properties may exist, they do not cancel the general rule. The development of the biopesticide market in the future is strongly related to research on biological control agents. Several scientists from diverse research institutes have done some preliminary research in the field, but complete and systematic reports are scarce. Therefore, it is necessary to strengthen the collaboration of enterprises and research institutes on this topic. It seems that biopesticides cannot as yet completely replace chemical pesticides, so the agricultural sector can and should benefit from the co-existence of biopesticides with chemical pesticides. In this regard, accelerating practical application of research results is expected to facilitate large-scale industrial development.



The pipeline of new chemistry has declined considerably in recent decades, as regulations have become tighter, with products being withdrawn from the market as they no longer meet the strict regulations. Therefore, a more limited choice of chemical solutions remains focused on many pests in few staple crops. These consequences, which have always been apparent in the pesticide market, are now more evident than ever.




3. New Substances


Recently, several new substances have been reported in the literature as promising compounds for use as biopesticides (Table 1), but more field research is necessary for assessing their efficacy on specific pest problems under diverse cropping systems.



Table 1. Recent reports of various substances with pest-control properties.







	
Product

	
Target Pest

	
Reference






	
Strains of the fungus Talaromyces flavus SAY-Y-94-01

	
Anthracnose caused by Glomerella cingulata and Colletotrichum acutatum

	
Ishikawa [11]




	
Extract of the species Clitoria ternatea (butterfly pea)

	
Helicoverpa spp.

	
Mensah et al. [12]




	
Products of the fungus Trichoderma harzianum

	
Fusarium root rot

	
Kirk and Schafer [13]




	
Bacillus thuringiensis var. tenebrionis strain Xd3 (Btt-Xd3)

	
Alder leaf beetle (Agelastica alni)

	
Eski et al. [14]




	
Alkaloid compound oxymatrine

	
Spodoptera litura, Helicoverpa armigera, Aphis gossypii

	
Rao and Kumari [15]




	
Fermentation products of the bacterium Lactobacillus casei strain LPT-111

	
Angular leaf spot caused by Xanthomonas fragariae

	
Dubois et al. [16]




	
Stilbenes isolated from grapevine extracts

	
S. littoralis

	
Pavela et al. [17]




	
Olive mill waste

	
Various pests

	
El-Abbassi et al. [18]










Strains of the fungus Talaromyces flavus were obtained from strawberry (Fragaria spp.) crowns for the purpose of checking for their inhibitory effect on anthracnose caused by Glomerella cingulata and Colletotrichum acutatum in the nursery [11]. Strong suppression of the disease in pretreated plants with the suspension of the strains was noted for all 13 strains used, with the strain SAY-Y-94-01 showing the highest inhibitory effect, equivalent to the well-known fungicide propineb [11]. Furthermore, six fractions of an extract of the species Clitoria ternatea (butterfly pea) were evaluated for bioactivity against species of the genus Helicoverpa, showing a preventive activity in oviposition, feeding, and direct toxicity to Helicoverpa spp. [12]. A commercial product (Sero-X) with the fractions of Clitoria ternatea has been developed that is active on Helicoverpa spp. and sucking pests, and is at the stage of commercialization. The efficacy of new biological substances for the control of Fusarium root rot disease of gladiolus hybrids has been tested, with corm-applied products of the fungus Trichoderma harzianum being among the most effective treatments against Fusarium root rot [13]. In addition, twenty-one Bacillus isolates were screened for insecticidal effects on alder leaf beetle (Agelastica alni) larvae and adults [14]. Bacillus thuringiensis var. tenebrionis strain Xd3 (Btt-Xd3) showed the greatest effect, while for high sporulation of the strain Xd3 and production of a toxin protein, suitable conditions (e.g., medium, temperature, and pH) were determined. The alkaloid compound oxymatrine controlled Spodoptera litura, Helicoverpa armigera, and Aphis gossypii effectively, and was found to be safe to predators, i.e., Coccinella spp. and parasites, i.e., Trichogramma spp. indicating that the alkaloid could be safe for non-target organisms [15]. Moreover, fermentation products of the bacterium Lactobacillus casei strain LPT-111 under the name Tivano, a new organic acid-based biopesticide, were found to maintain suppression of angular leaf spot, caused by Xanthomonas fragariae, for the duration of the trial [16]. Stilbenes isolated from grapevine extracts did not show any significant antifeedant effect or acute toxicity, but they caused chronic mortality to the larvae population of an important pest, S. littoralis [17]. Olive mill waste contains compounds that could be used for pest control in the Mediterranean area, but more research in the field is required to assess effects on specific pest problems under diverse cropping systems and their potential use in organic systems [18].




4. Nanotechnology


Several studies have reported an enhancement in the efficacy of certain biological substances on pests, a decrease in toxicity towards humans and the environment, and a reduction of losses due to physical degradation (e.g., volatilization and leaching) with the encapsulation of these substances in nanoparticulate systems [19,20,21]. Thus, nanotechnology could contribute to the development of less toxic biopesticides with favorable safety profiles and increased stability of the active agents, enhanced activity on target pests, and increased adoption by the end-users [22,23,24]. Research has shown that the use of nanoparticles is effective in protecting neem (Azadirachta indica) oil from rapid degradation, allowing a prolonged effect on target pests. Because the polymers used in this kind of formulation are biodegradable, continuous delivery of the active agent with low environmental harm is achieved. Future research must target ways of circumventing the risk factors associated with nanoparticle usage, because currently comprehensive knowledge of risk assessment factors and further toxicity of nanoparticles towards agroecosystem components after their release into the environment is lacking [25]. Overall, nanobiotechnology seems promising in the direction of formulations that can be used to improve the stability and effectiveness of natural products [26,27]. Such formulations can provide controlled release of the molecules at the site of action, can minimize potential toxic effects on non-target organisms, and can prevent degradation of the active agent by microorganisms [27,28,29]. While there is certainly industrial activity aimed in this direction, the technology is still far from proven, with major questions persisting around release rates, storage stability, and cost effectiveness.




5. Regulation of Biopesticides


Several stakeholders, including scientists, regulators, marketers, and end-users, are involved in the development and commercialization chain of pest control products. Some participants in this chain are often involved from the earliest stages of the development process, but there are many issues still to be resolved; the marketers may often disagree with the regulators and scientists, such that end-users are often puzzled by perceived weaknesses in the final product. Data requirements for biological products are usually acquired from those derived for synthetic chemicals. For biopesticides, however, the assessment of risk should be based on scientific evidence appropriate to the substance, and should not follow rules pertaining to synthetic chemicals. Therefore, an adaptation of the requirements tailored to the nature of the various categories used in biopesticide active substances is required. Currently, data requirements and guidance documents are being properly adapted for biopesticides [30]. Submission procedures both at EU and Member State levels are lengthy, which seems to be the most pressing problem for the biocontrol industry. Considering that if new products are able to reach the market quickly, they will generate income, then faster procedures and enforcement of time limits are important. Moreover, the high cost related to the registration of new agents is another aspect limiting the commercialization of new products [31]. It appears that the registration process of biopesticide products impedes the commercialization of these products. Therefore, the regulatory authorities should try to ensure fast-track registration of biopesticide products based on justified regulations, promoting the adoption of safer technologies in the development of commercial products. Additionally, the regulatory system should enable small and medium-sized firms dealing with biopesticides to develop, so that they can provide growers with reliable tools for the economical control of pests, and allow them to provide products that meet the expectations of consumers.




6. Future Prospects


Biopesticides have long been attracting global attention as a safer strategy than chemical pest control, with potentially less risk to humans and the environment. To this end, co-operation between the public and private sectors is required to facilitate the development, manufacturing, and sale of this environmentally friendly alternative. In this context, discovery of new substances and research on formulation and delivery would boost commercialization and use of biopesticides. Additional research on integrating biological agents into common production systems is necessary. Maintaining low cost to farmers for a given product quality and availability, particularly in developing countries, is also important. Moreover, regulations that promote registration of low-risk compounds with provision of incentives could also facilitate commercialization and availability of biopesticides in the market. While new substances could serve as a promising option for use in pest control, more field research is required to assess the efficacy on specific pest problems in various cropping systems. Microencapsulation based on nanotechnology could improve the residual action of biopesticides, and this could increase their field use.
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