ABSTRACT
Agricultural systems rely heavily on synthetic pesticides to protect crops against pests and diseases. However, residues of these pesticides often persist in soils and water, leading to contamination that threatens soil biodiversity and disrupts key ecosystem processes. Of particular concern, synthetic pesticides can negatively affect non-target soil microbial groups, including key functional microbial guilds such as ammonia oxidizing microorganisms (AOM) that drive nitrification, a rate limiting step in N cycling. Such disturbances can reduce soil resilience and compromise overall ecosystem heath.
	Biopesticides, considered a more environmentally friendly alternative due to their perceived lower toxicity, are receiving growing interest as potential alternatives to synthetic chemical pesticides. This class includes plant-derived secondary metabolites (e.g., dihydrochalcone, isoflavone, aliphatic phenol, and pyrethrins) and microbe-derived compounds (e.g., spinosad), which are the focus of this thesis. However, given their biosynthetic origin and evolutionary role in defence, these compounds likely retain some degree of biocidal activity. This raise concerns that their use could have unintended effects on non-target soil microbial groups (e.g., AOM and arbuscular mycorrhizal fungi) and key ecosystem functions such as C and N cycling. 
	These concerns are particularly relevant, as the current ERA for soil microorganisms relies largely on a single standardized test (OECD 216), which often fails to detect subtle yet important microbial responses. To overcome this limitation, molecular approaches like qPCR and amplicon sequencing can provide high-resolution data on microbial abundance, diversity, and community composition. Integration of these molecular endpoints into environmental risk assessment (ERA) frameworks, complemented by advanced statistical / modelling approaches like Species Sensitivity Distributions (SSDs), presents a promising opportunity to modernize the process. This methodology can establish more ecologically relevant protection thresholds, leading to a more comprehensive and accurate assessment of potential negative effects of both biopesticide and synthetic pesticides. With this in mind, we aimed to (i) compare the toxicity of biopesticides and synthetic pesticides to soil microbiota; (ii) evaluate if high-resolution methods like qPCR reveal potential adverse effects on microbial communities that might be overlooked by the OECD 216 test; (iii) analyse the potential broader impact of biopesticides on microbial diversity and composition via amplicon sequencing; and finally (iv) assess the potential use of the SSD approach to determine ecotoxicological thresholds for ERA.
In Chapter 2, we employed the OECD 216 N transformation test to assess the potential negative effects of selected natural products (dihydrochalcone, isoflavone, aliphatic phenol, and spinosad) and a synthetic compound (3,5-dichloroaniline, 3,5-DCA, a transformation product of the fungicide iprodione) on the soil microbiota. The compounds were tested at both the recommended (1x) and ten times the recommend dose (10x). Simultaneously, we conducted a comparative assessment using advanced, an ISO standardized molecular tool (q-PCR) to quantify the abundance of target phylogenetically (i.e. bacteria) and functionally distinct microbial groups (AOM). All pesticides exhibited limited persistence in soil, with mean DT50 values ranging from 0.93 to 27.23 days across all soils and dose rates. According to the OECD 216 endpoint, none of the compounds caused changes in NO₃⁻ concentrations greater than 25% relative to the control at 28 days, indicating no unacceptable effects on soil microbiota according to the regulatory framework in place. In contrast, qPCR measurements revealed significant inhibitory effects, demonstrating a consistent and pronounced reduction (exceeding 25% in most cases) in the abundance of both AOA and AOB following exposure to both the natural products and the synthetic 3,5-DCA. The findings of Chapter 2 demonstrate a critical limitation of the current regulatory framework, as the standard test failed to detect these functionally important microbial responses. This provided the necessary evidence to proceed with are a more comprehensive investigation of community-level effects using higher-resolution omic approaches in Chapter 3.
In Chapter 3, our research was expanded to investigate the broader ecological impact of pesticides on soil microbial communities. Using amplicon sequencing, we explored the effects of five biopesticides (dihydrochalcone, isoflavone, aliphatic phenol, spinosad, and pyrethrins) and one synthetic pesticide (chlorothalonil) across a dose gradient (0.2, 0.6, 1.8, 5.4, 16.2, and 48.6 μg g-1) on the diversity and composition of bacterial, fungal, and protist communities in two contrasting soils. As observed in Chapter 2, all pesticides exhibited limited persistence, with mean DT50 values ranging from 0.86 to 15.39 days. The synthetic pesticide chlorothalonil consistently demonstrated the highest toxicity, significantly disrupting bacterial and protist communities. Among the biopesticides, pyrethrins were the next most impactful, while the other plant- and microbe-derived compounds exhibited minimal effects. The amplicon sequencing data was then used to construct SSDs. This approach enabled the derivation of quantitative Hazard Concentration 5% (HC5) values. Notably, chlorothalonil had substantially lower HC5 values (2.8 - 18.6 μg g⁻¹ for bacteria; 7.9 μg g⁻¹ for protists) than those of the biopesticides (pyrethrins: 43.0 μg g⁻¹ for protists; dihydrochalcone: 45.8 μg g⁻¹ for bacteria). This chapter provides a pioneering methodology for moving from qualitative community data into quantitative risk assessment, providing a novel framework for deriving ecologically relevant safety thresholds for soil microorganisms.
Finally, our study demonstrates that the current regulatory framework for pesticide ERA is inadequate for protecting soil microbial communities. We provide robust evidence that molecular tools are important for detecting the real impact of pesticides, including those of biological origin. Furthermore, we establish a novel paradigm by successfully applying the SSDs to amplicon sequencing data, thereby bridging a critical gap between modern microbial ecology and regulatory ecotoxicology. This work lays the foundation for the development of a more sensitive, relevant, and protective risk assessment strategy for soil ecosystems.
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