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Bacterial metabolites and particle size determine cerium oxide nanomaterial 2 biotransformation 3 4

52 Soil is a major receptor of manufactured nanomaterials (NMs) following unintentional 53 releases or intentional uses. Ceria NMs have been shown to undergo biotransformation in 54 plant and soil organisms with a partial Ce(IV) reduction into Ce(III) but the influence of 55 environmentally widespread soil bacteria is poorly understood. We used high-energy 56 resolution fluorescence detected X-ray absorption spectroscopy (HERFD-XAS) with an 57 unprecedented detection limit to assess Ce speciation in a model soil bacterium 58 (Pseudomonas brassicacearum) exposed to CeO 2 NMs of different sizes and shapes. The 59 findings revealed that the CeO 2 NMs size drives the biotransformation process. No 60 biotransformation was observed for the 31 nm CeO 2 NMs, contrary to 7 nm and 4 nm CeO 2 61 NMs, with a Ce reduction of 64 ± 14% and 70 ± 15%, respectively. This major reduction 62 appeared quickly, from the early exponential bacterial growth phase. Environmentally 63 relevant organic acid metabolites secreted by Pseudomonas, especially in the rhizosphere, 64 were investigated. The 2-keto-gluconic and citric acid metabolites alone were able to 65 induce a significant reduction in 4 nm CeO 2 NMs. The high biotransformation measured 66 for < 7 nm NMs would affect the fate of Ce in the soil and biota.

72 Introduction 73 74 The biological transformation of nanomaterials (NMs) is a key to understanding the 75 impact and fate of NMs in the environment. [START_REF] Lowry | Transformations of 509 Nanomaterials in the Environment[END_REF][START_REF] Peijnenburg | 512 A Review of the Properties and Processes Determining the Fate of Engineered 513 Nanomaterials in the Aquatic Environment[END_REF] Soil is a major environmental collector for 76 NMs, along with sediment and landfill. [START_REF] Sun | Dynamic Probabilistic 516 Modeling of Environmental Emissions of Engineered Nanomaterials[END_REF]4 Soil is also a complex ecological system hosting 77 a diverse range of living organisms and millions of microorganisms that can induce 78 environmental NM transformation at the scale of the organisms, tissues, cells and 79 biomolecules. Plants and microorganisms secrete secondary metabolites, i.e. specialized 80 molecules, that are essential for their biological activities while modulating their 81 interactions with the environment and neighboring organisms. Despite soil biodiversity, 82 NM biotransformation in terrestrial ecosystems has primarily focused on plant-83 nanomaterial interfaces and several studies have assessed the fate of CeO 2 NMs in the 84 vicinity of plant roots. [5][START_REF] Ma | Where Does the Transformation of Precipitated Ceria 526 Nanoparticles in Hydroponic Plants Take Place?[END_REF][START_REF] Rico | Cerium oxide nanoparticles 529 transformation at the root-soil interface of barley (Hordeum vulgare L.)[END_REF] Due to the electronic structure of CeO 2 NMs, the Ce(IV)/Ce(III).

85 ratio at the NM surface is variable, while the core atoms are mainly in a Ce(IV) state. [START_REF] Reed | 532 Exploring the properties and applications of nanoceria: is there still plenty of room at 533 the bottom?[END_REF] 86 Partial Ce reduction of CeO 2 NMs was measured in several plant species such as tomato [START_REF] Li | Effect 535 of CeO2 nanomaterial surface functional groups on tissue and subcellular distribution of 536 Ce in tomato (Solanum lycopersicum)[END_REF] , 87 wheat 5 and cucumber [START_REF] Ma | Origin of the different phytotoxicity and 540 biotransformation of cerium and lanthanum oxide nanoparticles in cucumber[END_REF] . Owing to this versatile redox reactivity, CeO 2 NM is a good 88 candidate to assess the NM biotransformation in soil.

89 The root surface [START_REF] Ma | Where Does the Transformation of Precipitated Ceria 526 Nanoparticles in Hydroponic Plants Take Place?[END_REF][START_REF] Li | Effect 535 of CeO2 nanomaterial surface functional groups on tissue and subcellular distribution of 536 Ce in tomato (Solanum lycopersicum)[END_REF][START_REF] Zhang | 543 Biotransformation of Ceria Nanoparticles in Cucumber Plants[END_REF][START_REF] Ma | Origin of the different phytotoxicity and biotransformation of cerium and 547 lanthanum oxide nanoparticles in cucumber[END_REF] and root-soil interface [START_REF] Rico | Cerium oxide nanoparticles 529 transformation at the root-soil interface of barley (Hordeum vulgare L.)[END_REF] are the sites of interaction between plants 90 and NMs. Root metabolites excreted at these interfaces induce a reduction of CeO 2 NMs in 91 plant systems. [START_REF] Ma | Where Does the Transformation of Precipitated Ceria 526 Nanoparticles in Hydroponic Plants Take Place?[END_REF][START_REF] Zhang | Elucidating the mechanisms for plant 549 uptake and in-planta speciation of cerium in radish (Raphanus sativus L.) treated with 550 cerium oxide nanoparticles[END_REF] Plenty of metabolites are candidates (saccharides, amino acids, organic 92 acid, phenols, etc.), yet only citric acid and ascorbic acid were shown to reduce CeO 2 NMs, 93 through incubation experiments simulating root exudates. 11 94 Soil and root associated bacteria also release a large set of secondary metabolites in their 95 environment for their nutrition (dissolution and uptake of iron, phosphate, etc.), and for 96 their communication with other microorganisms and plants. For instance, biodissolution 97 of Au NMs has been induced by the associated microbiome of a freshwater macrophyte, 98 despite the high chemical stability of Au NMs. 14 The main driver of Au biodissolution is its 99 oxidation and complexation with a secondary metabolite, i.e. cyanide, emitted by 100 microorganisms. 14 Regarding CeO 2 NMs, their transformation by bacteria has been little 101 addressed in the literature and the mechanism is poorly documented. Up to 50% of 102 reduced Ce occur in Escherichia coli and Synechocystis sp. exposed to 7 nm CeO 2 NMs. 15,[START_REF] Thill | 559 Cytotoxicity of CeO2 nanoparticles for Escherichia coli. Physico-chemical insight of the 560 cytotoxicity mechanism[END_REF] 103 However, the soil bacterium Bacillus subtilis has proven inefficient in reducing Ce in rod-104 ceria 8.5 nm x.168 nm NMs, without the addition of exogenous ascorbic acid. [START_REF] Xie | Bacillus subtilis causes dissolution of ceria nanoparticles at the nano-bio 563 interface[END_REF] The 105 bacterial cell surface is the nano-bio interface that promotes the reduction of CeO 2 NMs, 16,