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Toxicity of methylmercury (MeHg) to wildlife and humans results from its binding to cysteine residues of proteins, forming MeHg-cysteinate (MeHgCys) complexes that hinder biological functions. MeHgCys complexes can be detoxified in vivo, yet how this occurs is unknown. We report that MeHgCys complexes are transformed into selenocysteinate (Hg(Sec)4) complexes in multiple animals from two phyla (a waterbird, freshwater fish, and earthworms) sampled in different geographical areas and contaminated by different Hg sources. In addition, high energy-resolution Xray absorption spectroscopy (HR-XAS) and chromatography-ICP mass spectrometry of the waterbird liver support the binding of Hg(Sec)4 to selenoprotein P and biomineralization of Hg(Sec)4 to chemically inert nanoparticulate mercury selenide (HgSe). The results provide a foundation for understanding mercury detoxification in higher organisms, and suggest that the identified MeHgCys to Hg(Sec)4 demethylation pathway is common in nature.

INTRODUCTION

Mercury (Hg) enters ecosystems as inorganic divalent (Hg(II)) and elemental (Hg(0)) forms through atmospheric deposition at the global scale, and through anthropogenic point sources at the local scale. Inorganic Hg(II) is subject to methylation (to methylmercury (MeHg)) by microorganisms 1 and is transformed to MeHg-cysteinate (MeHgCys) when taken up in multicellular organisms. MeHgCys has been reported in skeletal muscle of fish, [START_REF] Harris | The chemical form of mercury in fish[END_REF][START_REF] Kuwabara | Mercury speciation in piscivorous fish from mining-impacted reservoirs[END_REF] and whales [START_REF] George | The chemical forms of mercury and selenium in whale skeletal muscle[END_REF] as well as in human brain [START_REF] Korbas | The chemical nature of mercury in human brain following poisoning or environmental exposure[END_REF] and hair. [START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF] In marine mammals and seabirds, in which the Hg burden is exceptionally high and selenium (Se) abundant, MeHgCys is understood to be demethylated in the form of HgSe and Hg(S,Se) granules. [START_REF] Arai | Chemical forms of mercury and cadmium accumulated in marine mammals and seabirds as determined by XAFS analysis[END_REF][START_REF] Nakazawa | The presence of mercury selenide in various tissues of the striped dolphin: evidence from -XRF-XRD and XAFS analyses[END_REF][START_REF] Lailson-Brito | Mercuryselenium relationships in liver of Guiana dolphin: The possible role of Kupffer cells in the detoxification process by tiemannite formation[END_REF][10][11][12] No other detoxified form of MeHgCys is yet known. Attempts to characterize the HgSe granules by X-ray absorption spectroscopy have been deceptive. In crystalline HgSe, the Hg atoms are tetrahedrally coordinated to 4 Se atoms at 2.635 Å and surrounded by 12 Hg neighbors at 4.30 Å. While Hg-Se bond lengths between 2.59 Å and 2.63 Å have been reported in liver and pituitary tissues from beluga whale and in human brain by extended X-ray absorption fine structure (EXAFS) spectroscopy, [START_REF] Korbas | The chemical nature of mercury in human brain following poisoning or environmental exposure[END_REF]13 no Hg-Hg pairs have ever been detected in animals and human. The possibility exists that MeHgCys is detoxified to organic selenide forms prior to nanoparticulate HgSe nucleation.

To address this question, we investigated in vivo chemical forms of Hg in liver and extrahepatic tissues of the waterbird Clark's grebe (Aechmophorus clarkii) and several species of freshwater fish, and in whole bodies of earthworms. The Clark's grebe was collected from Lake Berryessa, which is impacted by mining activity in the California Coast Range (Table 1). Five piscivore fish, including three peacock bass (two Cichla temensis and one C. monoculus) and two pescada branca (Plagioscion squamosissimus), were collected in the Tapajós River in Brazil contaminated by artisanal gold mining activity (Tables S1 andS2). Earthworms (n=13) were collected from two French soils impacted by Hg deposition from a chlor-alkali plant 14 and analyzed with and without digestive tracts (Table S3).

Mercury speciation analysis was performed using high energy-resolution (HR) X-ray absorption spectroscopy (HR-XAS). 15 In X-ray absorption near-edge structure (HR-XANES) mode, Hg ligands are identifiable with enhanced chemical sensitivity compared to standard XANES, and Hg-Hg pairs are detectable in biological tissues at sub-ppm Hg concentrations (<1 mg total Hg kg -1 ), [START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF]16,[START_REF] Bourdineaud | Divalent mercury from dissolved organic matter is bioavailable to fish and accumulates as dithiolate and tetrathiolate complexes[END_REF] even when the pairs occur in nanometric HgSe precipitates. HR-XAS also provides high quality HR-EXAFS data for complementary insight into the bonding environment and local structure of Hg. The parasitic Se K-absorption edge, which limits the energy range of the Hg L3-edge EXAFS signal to 374 eV (k ~ 9.6 Å -1 ) [START_REF] Gailer | Structural basis of the antagonism between inorganic mercury and selenium in mammals[END_REF][19][20][21] unless Ga K-edge absorption filters are used, 22,23 is not observed at high energyresolution. [24][25][26] The speciation of Hg and Se in Clark's grebe liver and muscle was also investigated by double affinity chromatography high performance liquid chromatography coupled to inductively coupled mass spectrometry (AF-HPLC-ICPMS). 27,28 

MATERIALS AND METHODS

Sampling and sample preparation. Clark's grebe. An adult male Clark's grebe (Aechmophorus clarkii; band # 2097-56064) was collected from Lake Berryessa (California, United States; 38°36'31"N 122°14'33"W NAD 83) in September 2012 29 and necropsied at the U.S. Geological Survey (Dixon, CA) to obtain the following tissues: head feather, breast feather, brain, pectoral muscle, kidneys, and liver. Tissues were lyophilized and homogenized. Clark's grebes are piscivorous, nest inland on lakes and migrate to coastal climates over the winter, and exhibit some of the highest Hg concentrations among bird species in western North America. 30 Fish. Peacock bass (Cichla sp.), called "tucunaré" in the Amazon region, is a piscivore fish in the adult state, and lakes are its main habitat. The fish species are given in Table S1. Tucunaré weighs up to 10 kg and there is no protection from harvesting during the period of reproduction, therefore it is sold on local markets all year long. Tucanaré is not a migratory species and the fish live generally in groups; therefore, the Hg content reflects local dietary intake. Plagioscion squamosissimus, called "pescada branca" in the Amazon region, is also a piscivore fish which can exceed 10 kg. It is a migratory fish that can swim many kilometers up and down river. The specimens used in this study were fished by artisanal fishermen in September 2018 in lakes near the community of São Luis do Tapajós (4°25'28.8"S 56°14'36.5"W NAD 83) located on the Tapajós River, which borders artisanal gold mining areas where liquid Hg 0 is used for gold mining.

Earthworm. Earthworms were collected in 2017-2018 from two soils (S1: 45°05'13.1"N, 5°44'27.5"E NAD 83; S2: 45°05'26.1"N, 5°44'25.5"E NAD 83) near the chlor-alkali plant in Champsur-Drac located ~10 km south of Grenoble, France. Site S1 is situated approximately 250 meters to the southeast and site S2 approximately 300 meters to the northeast of the electrolytic cells. Soil samples of the topsoils (A-horizon) were taken for total Hg and Se analyses and pH determination.

They were freeze-dried, the undecomposed organic material removed under a microscope, then sieved to < 2 mm and < 63 µm. Soil pH was measured on the < 2 mm fraction after 45 min agitation of 6 g soil in 15 mL Milli-Q water. Soil S1 had a pH of 7.7 and soil S2 had a pH of 8.0. Hg and Se concentrations were measured on the < 63 µm fraction. Total Hg concentrations of soils were S1 = 0.20 ± 0.01 mg kg -1 and S2 = 27.6 ± 0.3 mg kg -1 . A concentration of 0.23 ± 0.02 mg kg -1 was reported previously in a tilled soil layer situated 900 m north of the plant. 14 The origin of Hg at this site is probably atmospheric. The high concentration at the second site probably results from a Hg spill. The Hg concentration was high enough for determination of Hg speciation by HR-XANES spectroscopy.

Figure S1 shows that Hg is mainly in the form of nanoparticulate β-HgS. Total Se concentration of soil was lower at site S1 (0.36 ± 0.04 mg kg -1 ) compared to S2 (0.78 ± 0.08 mg kg -1 ).

Five endogeic and one anecic earthworms were sampled at site S1 and five endogeic and two anecic at site S2 (Table S3). Eleven out of the thirteen earthworms were rapidly frozen in liquid nitrogen then freeze-dried and crushed in a mortar for chemical and HR-XANES analysis. The digestive tract were removed from one endogeic earthworm from site S1 (EarthW-endo-1, 1.5 ± 0.2 mg Hg kg -1 dw), and one endogeic (EarthW-endo-9, 5.4 ± 0.5 mg Hg kg -1 dw) and one anecic (EarthW-anecic-1, 1.2 ± 0.1 mg Hg kg -1 dw) earthworm from site S2, and the dissected earthworms were freeze-dried. All dry powders were preserved in a desiccator until analysis. The total Hg concentrations of the 13 earthworms ranged from 0.53 and 10.1 mg kg -1 . The mean Hg concentration of endogeic earthworms is 1.9 ± 1.0 mg kg -1 (n=5) at site S1 and 5.8 ± 2.5 mg kg -1 (n=5) at site S2. Earthworms from the S2 site contained higher proportion of MeHg than those from the S1 site.

Methods.

A detailed description of the experimental methods, including chemical, PCR, and protein analyses, SelP amino acid sequences, and HR-XANES and HR-EXAFS measurements and data reduction, is given in the Supporting Information (SI). Briefly, all samples were measured for total Hg and Se concentration by chemical analysis, and for Hg speciation by HR-XANES spectroscopy. Only the Clark's grebe liver tissue contained high enough Hg (43.1 ± 4.3 mg kg -1 ) for HR-EXAFS measurement. The speciation of Hg and Se in Clark's grebe liver and muscle tissues was also measured by AF-HPLC-ICPMS. PCR analysis was performed on soil and earthworm microflora extracted from the digestive tract for the presence of Hg methylation genes. The predicted tertiary structures of SelP amino acid sequences across fish, birds, and mammals were modeled. Data generated during this study are available at https://doi.org/10.5066/P96NP376. 31 

RESULTS

Mercury and selenium concentrations. The Clark's grebe tissues exhibited total Hg and Se concentrations consistent with grebes from high Hg locations in the Western United States, 32 and a hierarchy in both element concentrations similar to those of other vertebrates (brain < muscle < kidneys < liver; Table 1). [START_REF] Schafer | Fully optimized contracted Gaussian-basis sets for atoms Li to Kr[END_REF] The Clark's grebe feathers had elevated total Hg (40.7 ± 4.1 mg kg -1 ) and low Se levels (1.04 ± 0.10 mg kg -1 ). In the three fish species, total Hg and Se concentrations were comparable (mean [Hg] = 2.6 ± 1.4 mg kg -1 , mean [Se] = 3.0 ± 3.0 mg kg -1 ), Se concentrations were higher in liver compared to muscle (mean [Se]liver = 4.9 ± 3.3 mg kg -1 , mean [Se]muscle = 1.0 ± 0.1 mg kg -1 ), and the relative concentration of total Hg in liver versus muscle samples varied across the five individuals (from 0.4 to 1.8). Total Hg and Se concentrations in earthworms ranged from 1.2-10.1 mg kg -1 and 1.0-28.3 mg kg -1 , respectively (mean [Hg] = 3.7 ± 2.5 mg kg -1 , mean [Se] = 10.6 ± 8.0 mg kg -1 ) (Tables S2 andS3).

Identification of the Hg-selenocysteinate complex in Clark's grebe. Two dominant Hg species occur in the Clark's grebe tissues as indicated by isosbestic points in the HR-XANES spectra, points where all spectra have the same normalized absorption (Figure 1a). The feathers and brain spectra have an intense near-edge peak at 12279.8 eV characteristic of MeHgCys [START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF][START_REF] Weigend | Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn: Design and assessment of accuracy[END_REF] (Figure S2a). Conversely, the liver spectrum has a weak near-edge peak and the top-edge occurs at lower energy (12312-12338 eV).

These differences are diagnostic of a shift in Hg coordination from linear in feathers and brain to tetrahedral in liver (Figure S2b). [START_REF] Feyereisen | Use of approximate integrals in ab initio theory -An application in MP2 energy calculations[END_REF] Muscle and kidney tissues contain variable proportions of these two species. The liver spectrum does not match exactly any known Hg spectrum, and of the tetrahedral compounds in our extended spectral database (ref. [START_REF] Feyereisen | Use of approximate integrals in ab initio theory -An application in MP2 energy calculations[END_REF] and refs. therein) corresponds most closely to nanoparticulate tiemannite (HgSeNP) (Figure 1b). However, the spectrum lacks oscillations in the topedge region (12300-12340 eV) that arise from multiple scattering events of the photoelectron on the 12

Hg atoms surrounding a central Hg atom in particulates. Such oscillations would be intense in wellcrystallized HgSe and less intense in nanoparticulate materials, which have wide ranges of angles and bond lengths as commonly observed for metal clusters in proteins. [START_REF] Feyereisen | Use of approximate integrals in ab initio theory -An application in MP2 energy calculations[END_REF] Instead, the top-edge region is bell-shaped, which indicates that little of the Hg occurs as HgSe granules of any size. The seleniol nature of the new tetrahedral Hg species was confirmed by HR-EXAFS spectroscopy (Figure 2). The liver HR-EXAFS data were fit with Hg bound on average to 2.6 ± 0.6 Se atoms at 2.61 ± 0.01 Å and 0.8 ± 0.2 S atoms at 2.35 ± 0.03 Å in the first coordination shell, consistent with a four-fold coordination of Hg to Se [START_REF] Kendall | The impact of the resolution of the identity approximate integral method on modern ab initio algorithm development[END_REF] for the dominant seleniol species (Figure S3a) and a two-fold coordination of Hg to S for minor MeHgCys (Table S4). The minor contribution of MeHgCys was confirmed at 18% by chemical analysis (Figure S4). We conclude that the inorganic Hg species is a tetrahedral selenolate complex with selenocysteine residues (Hg(Sec)4).

The HR-XANES spectrum of Hg(Sec)4 was obtained by iterative transformation factor analysis (ITFA) of all data from bird, fish, and earthworm tissues, in which varying proportions of the Hg(Sec)4 complex were observed together with MeHgCys and a Hg dithiolate complex Hg(SR)2 (Figure S5).

Cysteine is the most likely biological thiol associated with either a peptide (e.g., glutathione, GSH) or protein. Using the Hg(Sec)4 spectrum, the best two-component fit of the grebe liver spectrum was obtained with 86 ± 5% Hg(Sec)4 + 14 ± 5% MeHgCys, the latter represented by the Clark's grebe feather (Figure S6a and Table S5). Although the Hg(Sec)4 spectrum, like the grebe liver spectrum, lacks the oscillations in the top-edge region observed in HgSeNP (Figure 1b), several lines of evidence point to the co-presence of individual Hg(Sec)4 complexes and disordered Hgx(Se,Sec)y clusters in the grebe liver, as in hepathic and extrahepatic tissues of giant petrels Macronectes spp. 12 Careful study of the top-edge region of the Hg(Sec)4 spectrum shows that it slightly deviates from the Clark's grebe liver spectrum at energies where HgSe exhibits intense oscillations (arrows in Figure S6a). For this reason, a modest improvement in fit quality (10%) was achieved by including 6% HgSe in the fit of the grebe liver (Figure S6b), which decreased the proportion of Hg(Sec)4 from 86% to 80%. It is likely that more than 6% of the total Hg is present as Hgx(Se,Sec)y clusters in the grebe liver, as (1) the HgSe reference is a proxy for well-crystallized HgSe granules and does not account for disordered Hgx(Se,Sec)y clusters (Figure S7), and (2) the molar ratio of Se and Hg (Se:Hgtot) in the grebe liver is 1.1 ± 0.2 (Figure S8a). The existence of Hgx(Se,Sec)y clusters in the grebe liver is further supported by second coordination shell fitting of the HR-EXAFS spectrum, which detects 2.1 Hg-Hg pairs at 4.46 ± 0.03 Å, compared to 12 pairs at 4.30 Å in crystalline HgSe (Figure 2b, Figure S9, and Table S4).

Mercury speciation in the two animal phyla. The Hg(Sec)4 complex was observed in the two animal phyla, and proportions of Hg species were obtained by least squares fitting of all HR-XANES spectra with linear combinations of MeHgCys, Hg(Sec)4, and Hg(SR)2. In the Clark's grebe, the amounts of mercury in the major Hg(Sec)4 complex plus minor Hgx(Se,Sec)y/HgSeNP are 37.1 ± 4.3 mg kg -1 in liver, 12.7 ± 1.7 mg kg -1 in kidneys, and 0.7 ± 0.3 mg kg -1 in muscle (Table 1 and Table S5).

The Hg(Sec)4 species is also present in fish liver and earthworm samples in varying mixtures with MeHgCys and Hg(SR)2 (Tables S2 andS3), but fish muscle tissues contain exclusively MeHgCys, in line with previous XANES studies. [START_REF] Harris | The chemical form of mercury in fish[END_REF][START_REF] Kuwabara | Mercury speciation in piscivorous fish from mining-impacted reservoirs[END_REF] In the fish, the proportion of total Hg in the liver that is Hg(Sec)4 correlates positively with the [Hg]liver:[Hg]muscle ratio (Figure S10) and was as high as 62 ± 5% in the liver of the fish with highest Hg concentration (Cichla temensis, 5.5 mg Hg kg -1 ), suggesting that Hg(Sec)4 is a product of demethylation. The MeHgCys and Hg(Sec)4 species occur in all earthworms in proportions of 17-60 ± 10% and 10-72 ± 10%, respectively, whereas Hg(SR)2 is either absent or present in proportions up to 73 ± 10% (Table S3). Total inorganic Hg (Hg(Sec)4 and Hg(SR)2) in earthworms ranges from 39-83%, which is lower than the 90-94% reported in earthworms from 34 natural forest soils throughout Switzerland, [START_REF] Haussermann | Accuracy of energy-adjusted quasi-relativistic ab initio pseudopotentials -All electron and pseudopotential benchmark calculations for Hg, HgH and their cations[END_REF] suggesting that Hg methylation occurs in the two contaminated soils. The hgcA gene, which is required for Hg methylation, was observed in the soil and within the digestive tracts of the earthworms (Figures S11,S12, and Table S6). The majority of MeHg in earthworm samples is interpreted to be in the tissue because earthworms with and without digestive tracts had comparable amounts of MeHgCys (Table S3).

Spectra with similar proportions of Hg(Sec)4 from the two phyla show a high degree of similarity, as demonstrated for the fish liver (62 ± 5%, PeacockBass-3-L), an earthworm (72 ± 10%, EarthWanecic-2), and Clark's grebe kidneys (59 ± 5%) (Figure 3a,b). The proportion of Hg(Sec)4 derived from a linear least squares fit of the fish and earthworm spectra to the grebe kidneys spectrum is 64% (Figure 3c). Agreement between the separate estimates of 64% and 59% Hg(Sec)4 in the Clark's grebe kidneys serves as an internal consistency check on the quantification of the Hg species (Table 1 and Table S5).

Further, the accuracy of the spectral fit results was evaluated by comparing the fractional amount and concentration of MeHg obtained by HR-XANES versus chemical extraction and atomic fluorescence detection (Figure S4 and Table S7). Good agreement was observed between the two independent methods for relative abundance and concentration of MeHg (Figure S4).

DISCUSSION

The data provide strong evidence for demethylation of MeHg as a tetraselenolate complex in the two animal phyla. This species can be formed with low molecular weight (LMW) seleniol molecules and with selenoproteins. Selenoneine is a LMW Se-containing molecule [START_REF] Marenich | Universal solvation model based on solute electron density and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions[END_REF] small enough to form a Hg(Sec)4 complex (Figure S3b), as demonstrated with a synthetic analogue. [START_REF] Kendall | The impact of the resolution of the identity approximate integral method on modern ab initio algorithm development[END_REF] Of selenoproteins, only selenoprotein P (SelP) contains at least four selenocysteine residues. [START_REF] Cattell | The scree test for the number of factors[END_REF] Selenoneine has been reported in fish, [START_REF] Marenich | Universal solvation model based on solute electron density and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions[END_REF] and Hg-bound SelP was identified in the plasma of Inuit adults [START_REF] Rehr | Theoretical X-ray absorption fine structure standards[END_REF] and miners exposed to high concentration of Hg. [START_REF] Teo | EXAFS: basic principles and data analysis[END_REF] SelP is mainly produced in the liver and secreted into the blood plasma where it transports Se to peripheral tissues. [START_REF] Schafer | Fully optimized contracted Gaussian-basis sets for atoms Li to Kr[END_REF]42 SelP expression was highly upregulated in the miners, supporting the idea that SelP may protect against Hg toxicity. SelP is also produced in lesser amounts in extrahepatic tissues.

In vertebrates (goat -Capra hircus, mouse -Mus musculus), mRNA expression of SelP decreased in the order liver > kidneys > muscle > brain. 43,44 The variation of the biosynthesis activity of SelP mRNA among tissues coincides with the percentage fraction of Hg(Sec)4 in the Clark's grebe tissues derived from HR-XANES: 86 ± 5 % in liver, 59 ± 5 % in kidneys, 11 ± 5 % in muscle, and ≤ 5% in brain (Table S5). The speciation analysis of protein extracts 27 of Clark's grebe liver and muscle tissues by AF-HPLC-ICPMS supports association of Hg and Se with SelP (Figure 4). Good agreement between biochemistry and spectroscopy is strong evidence for the binding of Hg to selenoprotein P in the cells of the Clark's grebe and fish. Similar binding configurations have been identified between Sec residues and metal coenzymes. 45 Less conclusive is the selenolate ligand in earthworm given the absence of SelP in annelids; 46 perhaps it is selenoneine.

Multiple selenocysteine (Sec) alignments of SelP from fish, birds, and mammals (including humans)

show that the C-terminal domain contains the consensus XUXUX [START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF] UXUX motif (single-letter amino acid code, where U is Sec and X is any other amino acid) (Figure S13). This U-or Sec-rich region is the most plausible binding site for Hg, given the proximity of the protein chain to the cytosol. This hypothesis was evaluated by modeling the tertiary structure of the XUXUX [START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF] UXUX amino acid region of SelP for the great crested grebe (Podiceps cristatus) and zebrafish (Danio rerio) by iterative threading assembly refinement (I-TASSER 47 , Figures S14 andS15). The three bird and fish models with the highest prediction score all consist of a loop with the X 6 sequence forming the turn and the UXU motifs facing each other on each strand (Figure 5 and Figure S15). The predicted conformations are highly favorable to bind the Hg 2+ ion in a tetrahedral configuration. The geometric similarity of bird and fish selenolate sites, despite having relatively low amino acid sequence identity (35% in the C-terminal domain), suggests that this binding site is preserved in vertebrates and may have a common origin.

The most direct interpretation of the findings is that the XUXUX 6 UXUX SelP site in birds and fish, and selenoneine or an unknown LMW species in earthworms, bind Hg(II) as the product of MeHgCys demethylation. The coexistence of Hg(SR)2 with Hg(Sec)4 in numerous earthworms (Table S3) and the Clark's grebe muscle and kidney tissues (Table 1) could arise from an additional, though less prominent, demethylation pathway producing Hg(SR)2 or a deficiency in available selenolate.

Although the Hg(SR)2 → Hg(Sec)4 reaction cannot be dismissed in theory, the formation of Hg(Sec)4 through this pathway has not been documented. More work is ultimately required to document thiolate versus selenolate competition for MeHg and Hg(II) at the protein level. 23 In terms of reactivity, selenolate (as selenocysteine) outcompetes thiolate (as cysteine) for association with MeHg, 42 and selenolate addition to MeHgCys is exergonic and cleaves both the Hg-C and the Hg-SR bonds. [START_REF] Kendall | The impact of the resolution of the identity approximate integral method on modern ab initio algorithm development[END_REF]48,49 In addition, the protolytic cleavage of the Hg-C bond is promoted when the coordination of Hg increases from two in the reactant (MeHgCys) to four in the product (Hg(SR)4, 50 and here, Hg(Sec)4).

The strictly conserved XUXUX [START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF] UXUX motif of SelP may serve as a catalytic site for the demethylation of MeHg, analogous to cysteine residues in the organomercurial lyase MerB. 51 MeHg demethylation by selenoneine has been demonstrated in vitro in fish blood cells and human embryonic kidney cells. [START_REF] Yamashita | a novel selenium-containing compound[END_REF] Placed in a broader context, the results presented here fuel the idea that the C-terminal domain of SelP acts as a nucleation center for the formation of HgSe in vertebrates, driving in vivo MeHgCys detoxification. This finding is based on the following observations: (1) Hg is four-coordinate in Hg(Sec)4 and HgSe; (2) the Se:Hgtot molar ratio of the HgSe grains in the liver of pilot whales is above 1 as the grain size diminishes and in tissue surrounding the grain aggregates, 11 which suggests that the grains are embedded in a SelP-rich matrix having a Se:Hgtot ratio approaching and above 4; (3) here, the Se:Hg(Sec)4 ratio is always greater than 4, as expected if there is a Hg(Sec)4 complex, except in the Clark's grebe liver (Se:Hg(Sec)4 = 1.3 ± 0.2) and kidneys (Se:Hg(Sec)4 = 2.1 ± 0.3) (Figure S8b), the former confirmed to contain Hgx(Se,Sec)y/HgSeNP (Figure S9); (4) the C-terminal domain of SelP contains six UXU motifs, which could seed the formation of Hgx(Se,Sec)y clusters. 12 These considerations show how Hg speciation results, elemental Se:Hg ratios, and protein analyses can be reconciled to provide a foundation for understanding the process of HgSe formation. A similar nucleation mechanism has been proposed for the formation of Hg4(Cys)12 clusters from a Hg(Cys)2 complex and five proximal CXC motifs in metallothionein. [START_REF] Feyereisen | Use of approximate integrals in ab initio theory -An application in MP2 energy calculations[END_REF] In SelP, we propose that Hg binds to the XUXUX [START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF] UXUX site at low concentration, forms highly disordered Hgx(Se,Sec)y clusters through metallophilic interactions 16,[START_REF] Feyereisen | Use of approximate integrals in ab initio theory -An application in MP2 energy calculations[END_REF]53,54 in the C-terminal domain at higher concentration, and finally precipitates as HgSe by self-assembly of the Hgx(Se,Sec)y scaffolds in highly exposed or older vertebrates. Hgx(Se,Sec)y growth may occur through catalysis of MeHgCys demethylation at nanoparticle surfaces. Structural sketches of the Hgx(Se,Sec)y biotemplates, inspired from the topology of the metal clusters in vertebrate, invertebrate, and bacterial metallothioneins, are shown in Figures S7a andS16. Biomineralization by protein assemblies with high symmetry is common in nature 55 . The proposed reaction pathway is probably how Hg is detoxified as HgSe in human brain [START_REF] Korbas | The chemical nature of mercury in human brain following poisoning or environmental exposure[END_REF] and seabirds. 12 The binding of Hg to SelP may, however, deplete neuronal and glial cells in organo-Se essential to selenoenzyme synthesis and activity. 42 It may also alter the antioxidant function of SelP. [START_REF] Schafer | Fully optimized contracted Gaussian-basis sets for atoms Li to Kr[END_REF]42 

(1) Villar, E.; Cabrol, L.; Heimbürger-Boavida, L. E. Widespread microbial mercury methylation genes in the global ocean. Environ. Microbiol. Rep. 2020, 12, 277-287. 
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HR-XANES spectra (Excel).

Legends of Figures

Molar ratios of Se to Hg were calculated using total Se concentration and (1) the total Hg concentration (Se:Hgtot) and (2) the Hg concentration as Hg(Sec)4 (Se:Hg(Sec)4). The latter was calculated by multiplying the percentage of Hg as Hg(Sec)4 as determined by HR-XANES by the total Hg concentration, and therefore is only reported for tissues where Hg(Sec)4 was quantified. The total error in Se:Hgtot and Se:Hg(Sec)4 values was estimated by propagation of uncertainty associated with Se and total Hg concentrations and HR-XANES spectral fits.Figure S8 presents the Se:Hgtot and Se:Hg(Sec)4 of the bird, fish, and earthworm tissues as a function of the total Hg concentration.

Horizontal dashed lines present stoichiometric ratios of 4 (red) and 1 (gray) for reference of ratios of Hg(Sec)4 and HeSe species, respectively. Stoichiometric ratios of Se:Hgtot less than 1 are observed in the feather and muscle of the Clark's grebe and several muscle tissues of fish (Plagioscion squamosissimus and Cichla sp., n=4) (Figure S8a). These samples either had no detectable Hg(Sec)4 (Clark's grebe feather, fish muscle tissues) or Hg(Sec)4 was a minor species (Clark's grebe muscle, 11 ± 5% Hg(Sec)4). All other tissues (n=22) exhibited Se:Hgtot greater than 1. Of the tissues where Hg(Sec)4 was quantified, the Se:Hg(Sec)4 was greater than 4 in all samples aside from the Clark's S4 grebe kidneys (Se:Hg(Sec)4 = 2.1 ± 0.3) and liver tissues (Se:Hg(Sec)4 = 1.3 ± 0.2) (Figure S8b). We attribute the Se:Hg(Sec)4 less than 4 in these two tissues to the presence of Hgx(Se,Sec)y clusters/nanoparticulate Hg selenide, as detected in the HR-EXAFS spectra of the Clark's grebe liver (Figure S9). The inverse relationship between Se:Hg(Sec)4 and total Hg concentration (Figure S8b) may reflect a continuum in Hg speciation from Hg(Sec)4 at low total Hg concentration to Hgx(Se,Sec)y clusters at high total Hg concentration across the various tissues, but further work is ultimately needed to resolve the biochemical reasons for these observations.

S.1.2. PCR analysis

DNA extraction from soil and earthworm microflora. For the soil sample (site S2), the DNeasy PowerSoil kit (Qiagen, Product 12888) was used to extract bacterial genomic DNA from 0.25 g of soil following the manufacturer's recommendations. For earthworms, individual earthworms were isolated in a plastic box devoid of soil for 24 h and then dissected and the digestive tract opened. With a sterile spatula, the interior of the digestive tract was transferred to a 12 mL tube containing sterile LB medium.

Cultures were incubated static at 16 °C for 3 d. After centrifugation, genomic DNA was extracted from the bacterial pellet with a solution of EDTA, Tris, and lysozyme, followed by proteinase K and Nlaurylsarkosinate. [START_REF] George | The chemical forms of mercury and selenium in whale skeletal muscle[END_REF] The genomic DNA was purified by precipitating in 60% ethanol and rinsing several times in 70% ethanol. The DNA was rinsed a final time with 70% ethanol overnight at -20 °C, air dried, and dissolved in a solution of 10 mM Tris (pH 8) and 1 mM EDTA. The concentration of DNA was measured at 260 nm. Amplification of hgcA gene fragments from environmental samples. The hgcA gene fragments were amplified from environmental DNA samples using a combination of a forward primer (hgcA-F) targeting the highly conserved putative cap helix motif and a reverse primer (hgcA-912R) targeting a motif between the third and fourth predicted transmembrane helices near the C-terminus 5 (Table S6).

These two primers allow the amplification of a product from the hgcaA gene around 650 base pairs (bp). [START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF] The control amplification of an hgcA gene fragment (650 bp) from a plasmid containing hgcA was confirmed using hgcA-F and hgcA-912R primers and DreamTaq polymerase reagent (Figure S11a); the hgcA gene fragment was provided by Hee-Sung Bae (University of Florida). Upon receipt, the plasmid was extracted and purified after alkaline lysis on columns containing a silica membrane (kit NucleoSpin plasmid, Macherey-Nagel, Product 740588.250).

The PCR amplification of environmental samples was performed using identical cycling conditions to that previously described 7 in 20 µL volumes with 10 µL DreamTaq polymerase (Thermo Scientific; S5 Products K1071), 0.2 mM of dNTP, 0.75 µM of each primer, and the indicated amount of plasmid or genomic DNA. The final concentration of MgCl2 was 1.5 mM. Amplification products were verified by gel electrophoresis on a 1% agarose gel. PCR products between approximately 620-660 bp were excised from the gel and purified on a column containing a silica membrane (kit NucleoSpin Gel and PCR Clean-up, Macherey-Nagel, Product 740609.250). The isolated PCR products were ligated into pGEM T-Easy vector (Promega) overnight at 4 °C according to manufacturer's recommendations.

Thereafter, E. coli TOP10 cells (Invitrogen Thermo Fisher Scientific, Product C404010), rendered chemically competent for transformation through CaCl2 treatment, were transformed with 2 µL of the ligation mixture. Transformants were selected on ampicillin-containing jellified LB medium (50 µg/mL). Positive recombinants were selected using PCR: 10 colonies were picked out from the Petri dish and each was suspended in a mixture made of 10 µL of sterile milliQ water, 0.5 μL (50 ng) of M13 forward primer, 0.5 µL (50 ng) of M13 reverse primer, and 12.5 μL of 2 x concentrated DreamTaq blend. The thermocycling program was as follows: initial denaturation step at 94 °C for 10 min, 36 cycles at 94 °C for 60 s, 55 °C for 60 s, and 72 °C for 140 s, followed by a final extension step at 72 °C for 10 min. Positive transformants were cultured on LB medium containing ampicillin (50 µg/mL) and the harbored plasmids were purified using the kit NucleoSpin plasmid (Macherey-Nagel, Product 740588.250). The fragment contained in two recombinant plasmids was sequenced using M13 forward and reverse primers (GATC Biotech, Eurofins Genomics Company).

PCR results. Soil from site S2 contained bacterial DNA with the hgcA gene with an amplified gene fragment length of approximately 630 bp (Figure S11b, lane 3). After purification of total genomic DNA from earthworm microflora, amplified hgcA gene fragments of approximately 630 to 650 bp were identified for earthworms from sites S1 and S2 (Figure S11c). At site S1, the hgcA fragments were from anecic earthworm microflora (Figure S11c, panel i, lane 3), and at site S2 they were from both anecic and endogeic earthworm microflora (Figure S11c, panel ii, lanes 3 and 4, respectively).

Only a single hgcA sequence was retrieved from the excised and purified bands from both the soil and earthworm microflora samples. The retrieved hgcA sequence (633 nucleotides, 211 amino acid residues; Figure S12a) matches hgcA sequences belonging to the Geobacter genus. Since earthworms ingest soil, the hgcA gene-harboring bacteria detected in the gut microflora of earthworms are interpreted to have originated in the soil. At the nucleotide level, the retrieved hgcA sequence best matched the hgcA sequence of Geobacteraceae clone B2_FE06 (Figure S12b), which was amplified from the total bacterial genomic DNA of a temperate forested wetland in southern Sweden. [START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF] The retrieved hgcA sequence contained 437 of 633 identical nucleotides to that of Geobacteraceae clone S6 B2_FE06 (identity percentage of 69%). At the protein level, the amino acid sequence of the retrieved hgcA gene best matched a sequence of Geobacteraceae isolated from paddy soil in the Guizhou province of southwest China 8 ; 43 of 211 amino acid residues are identical (identity percentage of 68%; Figure S12c).

S.1.3. HR-XANES and HR-EXAFS measurement

Freeze-drying a frozen tissue does not change the speciation of chemically-bound metals, [START_REF] Lailson-Brito | Mercuryselenium relationships in liver of Guiana dolphin: The possible role of Kupffer cells in the detoxification process by tiemannite formation[END_REF] which we verified previously on MeHgCys. 10 All freeze-dried samples were pressed into 5.0 mm diameter and 2.5 mm thick pellets, mounted in a polyether ether ketone (PEEK) sample holder sealed with Kapton tape, and maintained in a desiccator until their transfer into the liquid helium cryostat of the beamline.

Mercury L3-edge HR-XANES and HR-EXAFS spectra were measured with high-reflectivity analyzer crystals 11 on beamline ID26 at the European Synchrotron Radiation Facility (ESRF). The storage ring was operated in the 7/8 + 1 filling mode, with 200 mA current. Rejection of higher harmonics and reduction of heat load were achieved with a white beam Pd-coated, flat mirror working under total reflection at 2.5 mrad deflecting angle. The energy of the incoming beam was selected by the 111 reflection of a Si double crystal monochromator, and the beam was focused horizontally by a second Pd-coated mirror and vertically by a third Pd-coated mirror. The flux on the sample was approximately 10 13 photon/s in a beam footprint of ~700 (H) x 80 (V) µm² full width at half maximum (FWHM). The Hg Lα1 (3d5/2 → 2p3/2) fluorescence line was selected using the 555 reflection of five spherically bent (radius = 0.5 m) 11 Si analyzer crystals (diameter = 100 mm) aligned at 81.8° Bragg angle in a vertical Rowland geometry. The diffracted intensity was measured with a Si drift diode detector (SDD) in single photon counting mode. The effective energy resolution, obtained by convoluting the total instrument energy bandwidth (spreads of the incident and emitted rays) and the 3d5/2 core-hole width from the Lα1 line was about 3.0 eV, compared to an intrinsic line broadening of about 6.1 eV in conventional fluorescence yield measurement with a solid-state detector (conventional XANES and EXAFS).

The incident energy was scanned from 12260 eV to 12360 eV in 0.2 eV steps in HR-XANES mode, and the spectra were normalized to unity at E = 12360 eV. The incident energy was scanned from 12210 eV to 13050 eV in 2.0 eV steps in HR-EXAFS mode. The stability in energy of the incident beam was monitored by measuring frequently a fresh MeHgCys reference. The photon energy is referenced to the maximum of the near-edge peak of MeHgCys at 12279.8 eV. The precision of the calibrated spectra is 0.1 eV. Spectra were collected at a temperature of 10-15 K and a scan time of 15 s to reduce exposure, and repeated at different pristine positions on the sample to increase the signalto-noise ratio. Radiation damage, which occurs when the beam is positioned on the same spot for too long, depends on the chemical form of Hg and, for a given form, varies with the kinetic energy of the photoelectron (i.e., energy of the incident beam). Bound states, probed at low kinetic energy, are more sensitive to radiation exposure than unbound states in the continuum. This dependence is illustrated in Figure S17 with MeHgCys, which is the most radiation sensitive Hg species. Hg(SR)2 is more stable, and nanoparticulate β-HgS and HgSe resist damage during long exposure time.

S.1.4. HR-XANES and HR-EXAFS data analysis and accuracy of the fit results

The number of Hg species was determined by principal component analysis, 12,13 and their nature subsequently by iterative transformation factor analysis (ITFA 14 ) for the Hg(Sec)4 species, and by target transformation analysis 15 for the MeHgCys and Hg(SR)2 species. Target transformation analysis was conducted with reference spectra from a large dataset of Hg minerals (α-HgS, β-HgS, β-HgSNP, HgSe, HgSeNP), and Hg(II) and MeHg model complexes described previously (Ref. 10 and references therein). All reference spectra were considered as a basis for identification, but only diagnostic spectra are discussed in the article. The proportions of the Hg species were evaluated using least-squares fitting (LSF) of the data with linear combinations of the Clark's grebe breast feather spectrum, the Hg(Sec)4 spectrum, and the spectrum of the Hg(L-glutathione)2 complex (Hg(GSH)2) at pH 7.4. 16,[START_REF] Bourdineaud | Divalent mercury from dissolved organic matter is bioavailable to fish and accumulates as dithiolate and tetrathiolate complexes[END_REF] In Hg(GSH)2, Hg(II) is bonded approximately linearly to the cysteinyl sulfur atoms at 2.33 Å from the two γ-Glu-Cys-Gly peptides and surrounded in trans-equatorial position by a carboxyl oxygen from a Gly residue at 2.62 Å, the backbone carbonyl oxygen at 2.88 Å from the Gly-Cys peptide bond (Gly-NH-CO-Cys) of the same GSH molecule, and an amide group (-NH) at 3.01 Å from the second GSH molecule. [START_REF] Gailer | Structural basis of the antagonism between inorganic mercury and selenium in mammals[END_REF] This reference is a good proxy for the Hg(SR)2 coordination in biota. [START_REF] Gailer | Structural basis of the antagonism between inorganic mercury and selenium in mammals[END_REF] The precision of estimation of a fit component was estimated to be equal to the variation of its value when the fit residual (NSS) was increased by 20%. NSS is the normalized sum-squared difference between two spectra expressed as Σ[(y2-y1) 2 ]/Σ(y2 2 ). The principal component analysis (PCA) and linear fit programs from beamline 10.3.2 at the Advanced Light Source were used. 12,19 The accuracy of spectral fit results was evaluated by comparing the percentage and concentration of MeHg obtained by chemical analysis and HR-XANES. The relative abundance of MeHg as determined by HR-XANES (%MeHgCysXANES) and chemical analysis (%MeHgChem) show good agreement between the two independent methods (Figure S4a), demonstrating a high level of accuracy in spectral fit results. In Figure S4a, a generic Y-axis error bar represent the precision of HR-XANES S8 spectral fits and the X-axis error bar represent the total propagation of error in %MeHgChem measurements. Across the tissues a moderately lower percent MeHg was observed by chemical analysis compared to HR-XANES. We attribute this discrepancy primarily to the lower recovery of MeHg in tissue digests during the ethylation step of the analysis (average of 92% MeHg recovery for IAEA-436, n=9). In contrast, HR-XANES analysis does not require sample modification prior to measurement, is sensitive to all Hg atoms in a tissue sample, MeHgCys has a distinctive spectral signature with an intense near-edge peak, and the percentage MeHgCys is obtained directly from a spectral fit. To assess the uncertainty of estimation further, the concentrations of MeHg determined by HR-XANES ([MeHgCys]XANES = %MeHgCys x [Hg]Tot) and chemical analysis ([MeHg]Chem) were compared (Figure S4b and Table S7). Good agreement was observed between [MeHgCys]XANES and [MeHg]Chem, demonstrating also high certainty in the quantification of MeHgCys by the two methods.

The HR-EXAFS spectrum from the Clark's grebe liver was analyzed with WinXAS 20 using amplitude and phase shift functions generated by FEFF 7.0.2 21 and HgSe as structure model 22 (Table S4). The amplitude reduction factor S0 2 was fixed to 0.9. EXAFS lacks sensitivity to the C atom at about 2.07 Å from the methyl group of MeHgCys and misses Hg atoms at about 4.46 Å as a result of the high disorder of the Hgx(Se,Sec)y clusters. Thus, the coordination number (CN) of Hg at 4.46 Å is an apparent number.

S.1.5. Protein extraction and analysis

Protein extraction from Clark's grebe tissues. To assess if Hg and Se were associated with SelP, a protein extraction was performed on the Clark's grebe liver and muscle tissues. 23 In triplicate, 0.1 g of lyophilized, homogenized tissue was mixed with 0.4 g of protein extraction buffer (50 mM TRIS-HCl, CAS 1185-53-1; 0.01 g/g SigmaFast Protease Inhibitor Cocktail, Sigma Aldrich) in 1.5 mL Eppendorf tubes. Procedural extraction blanks were performed in triplicate. At 4 °C, samples were homogenized (Omni Tissue Homogenizer with plastic disposable tips) using 5 repeated cycles of a 10 second homogenization and 50 second pause. Protein extracts were separated from residual tissues by centrifugation at 10,000 g at 4 °C for 30 minutes. The supernatant was immediate frozen at -80 °C and shipped at -80 °C to LGC Group (Teddington, United Kingdom) for selenoprotein analysis.

Speciation of Hg and Se in Clark's grebe tissues.

Protein extracts from Clark's grebe liver tissue (n = 3) and muscle tissue (n = 3) and extraction blanks (n = 3) were screened for the co-elution of Hg and Se with selenoproteins by double affinity (AF) high performance liquid chromatography-inductively coupled plasma mass spectrometry (HPLC-ICPMS [START_REF] Kuwabara | Mercury speciation in piscivorous fish from mining-impacted reservoirs[END_REF]24 ). All samples were measured in parallel in the S9 same analytical run. Each sample was measured in duplicate. The double AF-HPLC chromatographic system achieves separation of three major Se protein species by the combination of two AF columns (HiTrap Heparin High Performance, 1mL; Hi Trap Blue High Performance, 1 mL) that retain SelP and SeAlb, respectively. Peak 1 elutes forms of Se not retained on the columns, including glutathione peroxidase 3 (GPX3), inorganic Se species, and LMW Se species (retention time of approximately 3.3 minutes). Peak 2 elutes at the retention time of SelP (approximately 19.3 minutes), known to have high affinity to heparin. Peak 3 elutes at the retention time of Se-albumin (Se-Alb; approximately 28.0 minutes). The plasma reference material NIST SRM 1950 was used as the quality control material for chromatographic quality assessment (Se species elution distribution and order), because of the lack of any certified material for Se-species in tissue. It should be noted that thioredoxin reductase (TrxR) elutes at the same retention time as SelP, based on the analysis of a protein standard of TrxR from rat liver. Se species were eluted using ammonium acetate buffers (0.05 and 1.5 M, pH 7, 0.5 mL min -1 ).

Eluent from the AF-HPLC was introduced to a collision cell ICP-MS/MS for measurement of Se and Hg (8800 ICP-QQQMS, Agilent Technologies, UK). The ICP-MS/MS was operated in oxygen mode, and therefore Se was determined by measurement of 80 Se as 96 SeO. Mercury was measured by monitoring 202 Hg. Relative elemental percentages were calculated using the peak area distribution of Peaks 1-3. Hg mass balance of tissue extracts associated with Se species was not performed.

Good repeatability in Hg and Se chromatograms of triplicate tissue extracts was observed. An example of Hg and Se chromatograms of the Grebe liver and muscle extracts are presented in Figure 4. In the liver and muscle tissues, the majority of detected Hg co-eluted with Peak 2 (SelP + TrxR; 87.8 ± 0.4% and 84.3 ± 0.7%, respectively), and the remainder of Hg co-eluted with Peak 1 (GPX3, inorganic Se species, LMW Se species; 11.5 ± 0.4% and 13.7 ± 0.6% respectively). Similarly, Se chromatograms show that Se co-eluted with Peak 1 (71.4 ± 0.7% and 62.5 ± 2.4% in liver and muscle tissue extracts, respectively) and Peak 2 (27.3 ± 0.8% and 35.5 ± 2.3%, respectively). No considerable Hg or Se in either tissue extract was observed to co-elute with Peak 3 (Se-Alb; ≤ 2%). The Se and Hg chromatograms of extraction blanks contained only minor peaks for Hg also observed in the eluent blank (signal ≤ 3% of tissue extracts), confirming that Hg and Se chromatograms of tissue extracts were free of contamination. In summary, this speciation analysis shows that Hg co-elutes primarily with SelP and TrxR and minorly with GPX3 in Grebe liver and muscle tissues, where HR-XANES quantified 86% and 11% of Hg as Hg(Sec)4 (Table S5). Based on biostructural considerations, formation of Hg(Sec)4 is incompatible with TrxR because this homodimeric protein containing a single Sec residue per subunit 25 , therefore binds Hg linearly. 26 Similarly, the minor elution of Hg with Peak [START_REF] Cattell | The scree test for the number of factors[END_REF] . The variance of each dataset can be accounted for with three components (i.e., Hg species). See ref. 13 for details. c, Spectrum of Hg(Sec)4 identified by iterative transformation factor analysis (ITFA 14 ), and spectra of MeHgCys and Hg(SR)2 identified by target transformation analysis 15 of a large library of Hg organic and inorganic model compounds 10,[START_REF] Bourdineaud | Divalent mercury from dissolved organic matter is bioavailable to fish and accumulates as dithiolate and tetrathiolate complexes[END_REF][START_REF] Gailer | Structural basis of the antagonism between inorganic mercury and selenium in mammals[END_REF]28,29,32 . The Hg(SR)2 species was identified previously in fish contaminated by inorganic Hg(II) [START_REF] Gailer | Structural basis of the antagonism between inorganic mercury and selenium in mammals[END_REF] . d) Target transformed spectra of the three Hg species. The quality of the reconstruction is evaluated with the SPOIL criteria 15 and NSS value. SPOIL measures the degree to which replacing an abstract component with the candidate spectrum would increase the fit error. This is a non-negative dimensionless number for which values [START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF] UXUX motif is present in cetaceans, birds, and mammals. This motif is also present in some fish species. The UXUX 6 UX 7 UXU motif is found in many species and pinnipeds have the following motif: UXUX 6 UX 14 UXU. All these motifs can form a tetraselenolate complex with Hg. The asterisks, colon, and period denote residues that are identical, have strongly similar properties, and have weakly similar properties, respectively. GenBank access numbers are in parenthesis. 47 . b) Hg4(Sec)12 cluster inspired from the Cd4(Cys)12-α cluster of the metallothionein for Mytilus galloprovincialis 48 . c,d) Hg3(Sec)9 and Hg4(Sec)13 clusters inspired from the (Zn,Cd)x(Cys)y clusters in bacterial metallothionein 49 . The Hg atom adopts tetrahedral tetraselenolate coordination geometry in all clusters, but the connectivity varies. The Se:Hg ratio can be diminished by substituting a Cys for a Sec ligand. Note that the C-terminal domain of SelP has one Cys residue (Figure S14). Because Hg has an affinity for Se that is approximately two order of magnitude higher than for sulfur 50 , the thiol ligand of MeHgCys complexed at the surface of a Hgx(Se,Sec)y cluster can be replaced with a selenolate ligand, catalyzing the demethylation of MeHg and promoting the growth of the clusters. All clusters were optimized geometrically at the PBE0-D3 DFT quantum level with def2-TZVP (Hg, Se) and def2-SVP (C, H) basis sets using ORCA 4.2.1 31 . The water solvent was represented with the SMD model [START_REF] Marenich | Universal solvation model based on solute electron density and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions[END_REF] . Sec residues were modeled with methaneselenolate (CH3Se -). Dark red, Hg; purple, Se; gray, C, light gray, H. 32 , decreases in intensity after 18.5 s of exposure, and even more so at longer exposure time. The other regions of the HR-XANES spectrum appear stable. In this test, the near-edge peak was first measured (1st scan) after 3.5 s of sample illumination, a duration perhaps already too long to prevent any radiation damage. This possibility was tested next by measuring multiple scans of 5 s, 10 s, 15 s, and 20, each on a fresh spot (b). In this test, the near-edge peak was always measured after 1.2 s (5s scan), 2.3 s (10 s scan), 3.5 s (15 s scan), and 4.6 s (20 s scan) of exposure time. Then each scan series was summed up and normalized to unit step, and the four spectra compared to one another (c). Careful evaluation of spectra in c shows that the near-edge peak is statistically invariant. We conclude that the samples did not suffer any detectable radiation damage over the 15 s dwell time of all measurements. Furthermore, radiation damage decreases the amplitude of the HR-XANES peaks without changing their energy position, as shown previously in Figure S4 from Ref. 29 . Plots (a) and (b) are screenshots from the PyMCA software 51 .
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Table S2. Total concentrations of Hg and Se determined by chemical analysis (mg kg -1 ) and proportions of organic (MeHgCys) and inorganic (Hg(Sec)4 and Hg(SR)2) Hg determined by HR-XANES in fish

Individual and tissue a Genus and species

[Hg]Tot mg kg -1

[Se]Tot mg kg -1 %MeHgCys %Hg(Sec)4 %Hg(SR)2 %Precision NSS x 10 

  (10) Sakamoto, M.; Itai, T.; Yasutake, A.; Iwasaki, T.; Yasunaga, G.; Fujise, Y.; Nakamura, M.; Murata, K.; Chan, H. M.; Domingo, J. L.; Marumoto, M. Mercury speciation and selenium in toothedwhale muscles. Environ. Res. 2015, 143, 55-61. (11) Gajdosechova, Z.; Lawan, M. M.; Urgast, D. S.; Raab, A.; Scheckel, K. G.; Lombi, E.; Kopittke, P. M.; Loeschner, K.; Larsen, E. H.; Woods, G.; Brownlow, A.; Read, F. L.; Feldmann, J.; Krupp, E. M. In vivo formation of natural HgSe nanoparticles in the liver and brain of pilot whales. Sci. Rep. 2016, 6, 34361. (12) Manceau, A.; Gaillot, A. C.; Glatzel, P.; Bustamante, P. In vivo formation of HgSe nanoparticles and Hg-tetraselenolate complex from methylmercury in seabird -Implications for the Hg-Se antagonism. Environ. Sci. Technol. 2021, In press. (13) Huggins, F. E.; Raverty, S. A.; Nielsen, O. S.; Sharp, N. E.; Robertson, J. D.; Ralston, N. V. C. An XAFS investigation of mercury and selenium in Beluga whale tissues. Environ. Bioindic. 2009, 4, 291-302. (14) Guédron, S.; Grangeon, S.; Jouravel, G.; Charlet, L.; Sarret, G. Atmospheric mercury incorporation in soils of an area impacted by a chlor-alkali plant (Grenoble, France): Contribution of canopy uptake. Sci. Tot. Environ. 2013, 445, 356-364. (15) Rovezzi, M.; Lapras, C.; Manceau, A.; Glatzel, P.; Verbeni, R. High energy-resolution x-ray spectroscopy at ultra-high dilution with spherically bent crystal analyzers of 0.5 m radius. Rev. Sci. Instr. 2017, 88, 013108. (16) Manceau, A.; Wang, J.; Rovezzi, M.; Glatzel, P.; Feng, X. Biogenesis of mercury-sulfur nanoparticles in plant leaves from atmospheric gaseous mercury. Environ. Sci. Technol. 2018, 52, 3935-3948. mediates detoxification mechanisms against methylmercury. Accumulation and toxicity in zebrafish embryo. Mar. Biotechnol. 2013, 15, 559-570. (53) Pyykko, P.; Straka, M. Ab initio studies of the dimers (HgH2)2 and (HgMe2)2. Metallophilic attraction and the van der Waals radii of mercury. Phys. Chem. Chem. Phys. 2000, 2, 2489-2493. (54) Pyykko, P. Relativistic effects in chemistry: More common than you thought. Annu. Rev. Phys. Chem. 2012, 63, 45-64. (55) Pozzi, C.; Ciambellotti, S.; Bernacchioni, C.; Di Pisa, F.; Mangani, S.; Turano, P. Chemistry at the protein-mineral interface in L-ferritin assists the assembly of a functional ( 3 -oxo)Tris ( 2 -peroxo) triiron(III) cluster. Proc. Natl. Acad. Sci. U.S.A. 2017, 114, 2580-2585.

Figure 1 .

 1 Figure 1. Mercury coordination in the Clark's grebe derived from Hg L3-edge HR-XANES. a) Spectra from the grebe tissues. b) Spectrum of the Hg tetraselenocysteine complex (Hg(Sec)4) with spectra

Figure 2 .

 2 Figure 2. Mercury L3-edge HR-EXAFS data of the Clark's grebe liver. a) HR-EXAFS spectrum fit with Hg-Se and Hg-S pairs in the first coordination shell and Hg-Hg-pairs in the second coordination shell, and fit residual. b) Fourier transform of the HR-EXAFS spectrum and fit. Interatomic distances are not corrected for phase-shift (ΔR).

Figure 3 .

 3 Figure 3. Mercury coordination in peacock bass and earthworm derived from Hg L3-edge HR-XANES. a) Comparison of the fish liver spectrum from the individual having the highest proportion of Hg(Sec)4

Figure 4 .

 4 Figure 4. Double affinity chromatograms of Se (red lines) and Hg (blue lines) of Clark's grebe liver extract (a) and Clark's grebe muscle extract (b) by AF-HPLC-ICPMS. The Se species of each peak are as follows: peak 1, P1 (glutathione peroxidase 3; GPX3 and other non-retained species, e.g., inorganic

Figure 5 .

 5 Figure 5. Modeled tertiary structure of SelP. a) Ribbon representation of the SelP protein for zebrafish (Danio rerio), as a proxy for peacock bass. b,c) Amino-acid sequence and predicted structure of the UXUX 6 UXU region of the C-terminal domain of SelP for the great crested grebe (Podiceps cristatus), as a proxy for the Clark's grebe (b), and zebrafish, as a proxy for peacock bass (Cichla sp.) and pescada branca (Plagioscion squamosissimus) (c). U is the single-letter selenocysteine (Sec) code. Purple, red, and blue represent selenol, carboxyl/hydroxyl, and amino groups from amino-acid side chains, respectively. Other models are shown in Figure S16.
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 S5 Figure S5. a,b) Estimation by principal component analysis (PCA) of the number of significant abstract components contained in the six HR-XANES spectra from the grebe (a), and the 10 fish + 13 earthworm spectra (b).The curves are a scree plot of the components and the associated eigenvalues (EV)[START_REF] Cattell | The scree test for the number of factors[END_REF] . The variance of each dataset can be accounted for with three components (i.e., Hg species). See ref.13 for details. c, Spectrum of Hg(Sec)4 identified by iterative transformation factor analysis (ITFA 14 ), and spectra of MeHgCys and Hg(SR)2 identified by target transformation analysis 15 of a large library of Hg organic and inorganic model compounds10,[START_REF] Bourdineaud | Divalent mercury from dissolved organic matter is bioavailable to fish and accumulates as dithiolate and tetrathiolate complexes[END_REF][START_REF] Gailer | Structural basis of the antagonism between inorganic mercury and selenium in mammals[END_REF] 28, 29, 32 . The Hg(SR)2 species was identified previously in fish contaminated by inorganic Hg(II)[START_REF] Gailer | Structural basis of the antagonism between inorganic mercury and selenium in mammals[END_REF] . d) Target transformed spectra of the three Hg species. The quality of the reconstruction is evaluated with the SPOIL criteria 15 and NSS value. SPOIL measures the degree to which replacing an abstract component with the candidate spectrum would increase the fit error. This is a non-negative dimensionless number for which values

Figure S10 .

 S10 Figure S10. Positive correlation between the total Hg concentration ratio between liver and muscle ([Hg]liver/[Hg]muscle) and the percentage of the demethylated fraction of Hg (%Hg(Sec)4) in the liver tissue of peacock bass. Horizonal error bars present uncertainty in spectral fit data, and vertical error bars present the total propagated error for the ratio of total Hg measurements. The dashed gray line presents the linear fit of data.

Figure S11 .

 S11 Figure S11. Agarose gel electrophoresis results. a) Shows the control amplification of an hgcA gene fragment of 650 bp from a plasmid harboring a cloned fragment of the hgcA gene using primers hgcA-F and hgcA-912R and DreamTaq polymerase. Lane 1molecular ladder; lane 2 -PCR made up with 200 ng of plasmid and primers hgcA-F + hgcA-912R; band at approximately 650-700 bp. b) Shows the amplification of an hgcA gene fragment of approximately 630 bp from total genomic DNA extracted from soil at site S2. Lane 1molecular ladder; lane 2control PCR with hgcA-harboring plasmid (40 ng per reaction); lane 3 -PCR made up with total genomic DNA extracted from the site S2 soil (120 ng of genomic DNA per reaction were used). c) Shows the amplification of hgcA gene fragments of approximately 630 to 650 bp from earthworm digestive microflora from sites S1 (panel i) and S2 (panel ii). Panel i, Lane 1molecular ladder; lane 2control PCR with hgcA-harboring plasmid (40 ng per reaction); lane 3 -PCR of the total genomic DNA extracted from the microflora of an anecic earthworm from site S1. Panel ii, Lane 1molecular ladder; lane 2control PCR with hgcA-harboring plasmid (40 ng per reaction); lanes 3 and 4 -PCRs of the total genomic DNA extracted from the microflora of earthworms from site S2, either anecic (lane 3) or endogeic (lane 4).

Figure S13 .

 S13 Figure S13. Multiple sequence alignments of SelP proteins. Selenocysteine residues (U) are highlighted in yellow. The conserved XUXUX[START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF] UXUX motif is present in cetaceans, birds, and mammals. This motif is also present in some fish species. The UXUX 6 UX 7 UXU motif is found in many species and pinnipeds have the following motif: UXUX 6 UX 14 UXU. All these motifs can form a tetraselenolate complex with Hg. The asterisks, colon, and period denote residues that are identical, have strongly similar properties, and have weakly similar properties, respectively. GenBank access numbers are in parenthesis. a) Homo sapiens (AAH15875.1); house mouse: Mus musculus (NP_001036079.1); great crested grebe: Podiceps cristatus (KL268852.1); zebrafish: Danio rerio (NP_840082.3). b) great crested grebe: Podiceps cristatus (KL268852.1); grey crowned crane: Balearica regulorum gibbericeps (XP_010311294.1); Dalmatian pelican: Pelecanus crispus (XP_009484102.1); Adélie penguin: Pygoscelis adeliae (XP_009322697.1); emperor penguin: Aptenodytes forsteri (XP_009272808.2); great cormorant: Phalacrocorax carbo (XP_009511852.1); crested ibis: Nipponia nippon (XP_009472359.1); white-tailed tropicbird: Phaethon lepturus (XP_010284851.1); redthroated loon: Gavia stellata (XP_009818154.1); Arctic fulmar: Fulmarus glacialis (XP_009579693.1). c) greater amberjack: Seriola dumerili (XP_022613554.1); swamp eel: Monopterus albus (XP_020449352.1); climbing perch: Anabas testudineus (XP_026199022.1); Nile tilapia: Oreochromis niloticus (XP_013127321.2); northern pike : Esox lucius (XP_012992107.1); rainbow trout: Oncorhynchus mykiss (CCX35038.1); Atlantic salmon: Salmo salar (AXS67852.2); zebrafish: Danio rerio (NP_840082.3). d) Pacific white-sided dolphin: Lagenorhynchus obliquidens (XP_026956984.1); common bottlenose dolphin: Tursiops truncatus (XP_019785640.1); killer whale: Orcinus orca (XP_004266005.2); beluga whale: Delphinapterus leucas (XP_022453898.1); narrow-ridged finless porpoise: Neophocaena asiaeorientalis (XP_024596120.1); sperm whale: Physeter catodon (XP_007119423.2); Yangtze River dolphin: Lipotes vexillifer (XP_007447694.1). e) northern fur seal: Callorhinus ursinus (XP_025723121.1); California sea lion: Zalophus californianus (XP_027460417.1); Pacific walrus: Odobenus rosmarus divergens (XP_004409206.2);
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Figure S16 .

 S16 Figure S16. Theoretical topologies of Hgx(Se,Sec)y clusters inspired from metallothionein metal clusters with average Hg-Hg coordination numbers (<CN>) and distances (<d(Hg-Hg)>). a) Hg4(Sec)11 cluster inspired from the α-(Zn,Cd)4(Cys)11 cluster of metallothionein in vertebrate47 . b) Hg4(Sec)12 cluster inspired from the Cd4(Cys)12-α cluster of the metallothionein for Mytilus galloprovincialis48 . c,d) Hg3(Sec)9 and Hg4(Sec)13 clusters inspired from the (Zn,Cd)x(Cys)y clusters in bacterial metallothionein49 . The Hg atom adopts tetrahedral tetraselenolate coordination geometry in all clusters, but the connectivity varies. The Se:Hg ratio can be diminished by substituting a Cys for a Sec ligand. Note that the C-terminal domain of SelP has one Cys residue (FigureS14). Because Hg has an affinity for Se that is approximately two order of magnitude higher than for sulfur50 , the thiol ligand of MeHgCys complexed at the surface of a Hgx(Se,Sec)y cluster can be replaced with a selenolate ligand, catalyzing the demethylation of MeHg and promoting the growth of the clusters. All clusters were optimized geometrically at the PBE0-D3 DFT quantum level with def2-TZVP (Hg, Se) and def2-SVP (C, H) basis sets using ORCA 4.2.131 . The water solvent was represented with the SMD model[START_REF] Marenich | Universal solvation model based on solute electron density and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions[END_REF] . Sec residues were modeled with methaneselenolate (CH3Se -). Dark red, Hg; purple, Se; gray, C, light gray, H.

Figure S17 .

 S17 Figure S17. Tests of beam damage. a) The near-edge peak of MeHgCys, which corresponds to transitions of the Hg 2p3/2 photoelectron to hybridized Hg 6s5d -S 3sp bound-states from the Hg-S bond and to hybridized Hg 6s5d -C 2sp bound-states from the Hg-C bond32 , decreases in intensity after 18.5 s of exposure, and even more so at longer exposure time. The other regions of the HR-XANES spectrum appear stable. In this test, the near-edge peak was first measured (1st scan) after 3.5 s of sample illumination, a duration perhaps already too long to prevent any radiation damage. This possibility was tested next by measuring multiple scans of 5 s, 10 s, 15 s, and 20, each on a fresh spot (b). In this test, the near-edge peak was always measured after 1.2 s (5s scan), 2.3 s (10 s scan), 3.5 s (15 s scan), and 4.6 s (20 s scan) of exposure time. Then each scan series was summed up and normalized to unit step, and the four spectra compared to one another (c). Careful evaluation of spectra in c shows that the near-edge peak is statistically invariant. We conclude that the samples did not suffer any detectable radiation damage over the 15 s dwell time of all measurements. Furthermore, radiation damage decreases the amplitude of the HR-XANES peaks without changing their energy position, as shown previously in FigureS4from Ref.29 . Plots (a) and (b) are screenshots from the PyMCA software51 .

  a Parameters constrained to decrease correlations between (Se,S) and CN(Se,S). b Value fixed to suppress the correlation between (Hg) and CN(Hg). c Res = [Σ(| χ exp -χ fit|)/Σ(| χ exp|] x 100. d Confidence limits of fitting parameters determined from the variation of the fit residual (Res) within 95 %.Table S5. Total concentrations of Hg and Se determined by chemical analysis (mg kg -1 ) and proportions of organic (MeHgCys) and inorganic (Hg(Sec)4 and Hg(SR)2) Hg determined by HR-XANES in Clark's grebeTissue[Hg]Tot mg kg -1[Se]Tot mg kg -1 %MeHgCys %Hg(Sec)4 %Hg(SR)2 %Precision NSS x 10 -5

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Total concentrations (mg kg -1 ) of Hg and Se determined by chemical analysis, and concentrations of MeHg, Hg tetraselenolate, and Hg dithiolate determined by HR-XANES in Clark's grebe (mg Hg kg -1 dry weight). Minor Hgx(Se,Sec)y/HgSeNP species are not modeled independent of Hg(Sec)4, because the amount cannot be quantified.

	Tissue	[Hg]Tot	[Se]Tot	[MeHgCys] [Hg(Sec)4] a Hg(SR)2
	Breast feather 40.7 ± 4.1 1.04 ± 0.10	40.7± 4.6	0.0 ± 2.1	0.0 ± 2.1
	Brain	3.1 ± 0.3 1.55 ± 0.16	3.1 ± 0.3	0.0 ± 0.2	0.0 ± 0.2
	Muscle	6.5 ± 0.7 2.31 ± 0.23	4.3 ± 0.5	0.7 ± 0.3	1.5 ± 0.4
	Kidneys	21.6 ± 2.2 10.6 ± 1.0	6.0 ± 1.2	12.7 ± 1.7	2.6 ± 1.1
	Liver	43.1 ± 4.3 19.3 ± 1.9	6.0 ± 2.2	37.1 ± 4.3	0.0 ± 2.1

a 

Table S3 . Total concentrations of Hg and Se determined by chemical analysis (mg kg -1 ) and proportions of organic (MeHgCys) and inorganic (Hg(Sec)4 and Hg(SR)2) Hg determined by HR-XANES in earthworms

 S3 

	EarthW-anecic-2	S1	1.8 ± 0.2	12.7 ± 1.3	28	72	0	10	5.6
	EarthW-anecic-3	S2	5.6 ± 0.6 5.19 ± 0.52	42	44	13	10	7.3
	a Digestive tract removed.							
	Individual	Sampling site	[Hg]Tot mg kg -1	[Se]Tot mg kg -1	%MeHgSR	%Hg(Sec)4	%Hg(SR)2 %Precision NSS x 10 -5
	EarthW-endo-1 a	S1	1.5 ± 0.2 7.51 ± 0.75	25	39	36	10	17.6
	EarthW-endo-2	S1	2.4 ± 0.2 7.93 ± 0.79	33	32	34	10	20.3
	EarthW-endo-3	S1	1.8 ± 0.2 8.58 ± 0.86	17	10	73	10	10.2
	EarthW-endo-4	S1	2.0 ± 0.2 6.76 ± 0.68	30	50	19	10	18.7
	EarthW-endo-5	S1	3.1 ± 0.3 4.77 ± 0.48	25	45	28	10	12.2
	EarthW-endo-6	S2	4.3 ± 0.4	11.7 ± 1.2	46	39	15	10	10.7
	EarthW-endo-7	S2	4.2 ± 0.4 5.88 ± 0.59	30	43	27	10	7.3
	EarthW-endo-8	S2	5.1 ± 0.5	28.3 ± 2.8	39	25	36	10	14.7
	EarthW-endo-9 a	S2	5.4 ± 0.5	26.0 ± 2.6	49	51	0	10	6.0
	EarthW-endo-10	S2	10.1 ± 1.0 11.8 ± 1.2	50	50	0	10	9.1
	EarthW-anecic-1 a	S2	1.2 ± 0.1 1.00 ± 0.10	60	29	10	10	12.4
									S37

Table S4 . Structural parameters of the Clark's grebe liver derived from Fourier-filtered Hg L3-edge HR-EXAFS analysis

 S4 

			Hg-Se			Hg-S			Hg-Hg			
		R (Å)	CN	σ 2 (Å)	R (Å)	CN	σ 2 (Å)	R (Å)	CN	σ 2 (Å 2 )	ΔE0 (eV)	Res
	Grebe liver	2.61	2.6	0.008 a	2.36	0.8	0.008 a	4.46	2.1	0.01 b	4.6	5.6 c
	Confidence d	0.008	0.6	0.0001	0.026	0.2	0.0001	0.029	0.5	-	1.6	

Cartesian coordinates of Hg(Selenoneine)4 and Hg10(SeMe)20

  .027086 3.741204 Se 1.106600 2.250149 7.660173 H 10.089642 2.212864 6.827122 Se 1.296942 -1.302379 4.801895 H 10.855192 1.891119 5.225267 Se -1.777931 1.586978 4.434928 H 10.534462 3.582794 5.765039 Se -1.487740 -1.257628 7.833693 H 6.928722 3.365774 5.463529 Se 7.688998 7.743364 7.381857

	Head feather	-	-	100	0	0	5	-
	Breast feather 40.7 ± 4.1 1.04 ± 0.10	100	0	0	5	-
	Brain		3.1 ± 0.3	1.55 ± 0.16	100	0	0	5	-
	Muscle	6.5 ± 0.7	2.31 ± 0.23	66	11	23	5	1.1
	Kidneys	21.6 ± 2.2	10.6 ± 1.0	28	59	12	5	1.9
	Liver		43.1 ± 4.3 19.3 ± 1.93	14	86	0	5	2.4
	S5. Hg[Selenoneine]4		Hg10(SeMe)20		
	Hg 3.461701 4.146748 5.583562 Hg 6.014420 -0.058675 0.371545	
	Se 2.706204 2.013233 6.875411 Hg -0.268486 6.515726 0.411108	
	Se 4.922708 4.001610 3.333475 Hg -0.253160 0.430061 6.310613	
	Se 5.232110 5.278112 7.089261 Hg 5.938762 6.269286 6.175340	
	Se 1.193700 5.029105 4.657621 Hg -0.155567 3.163920 3.116928	
	C	4.476669 1.607680 7.394439 Hg 5.984914 3.240218 3.043747	
	N	5.423897 1.224327 6.487590 Hg 2.548632 0.020246 2.977366	
	N	4.988642 1.697864 8.622831 Hg 3.151103 6.329468 2.859888	
	C	6.614491 1.079474 7.153129 Hg 2.920073 3.173796 -0.766157	
	C	6.314848 1.369774 8.480903 Hg 3.197494 3.087935 6.342012	
	C	7.870810 0.569132 6.523838 Se 1.444574 1.863416 1.431035	
	H	7.004447 1.354284 9.326655 Se 1.795140 4.497964 4.416517	
	H	5.237060 1.111153 5.464794 Se 4.350104 1.597700 4.401854	
	C	8.245636 1.102636 5.132285 Se 4.441839 4.573375 1.325447	
	H	7.771604 -0.513782 6.363167 Se 7.554977 1.392694 1.932403	
	H	8.701825 0.700246 7.234270 Se 7.328923 -1.522043 -1.319519	
	C	9.100078 0.031958 4.365074 Se 4.936997 1.842911 -1.452448	
	O	8.599791 -1.113986 4.414527 Se 3.892732 -1.393875 1.209287	
	O 10.145865 0.379327 3.760442 Se 1.814804 7.912470 1.251024	
	N	8.839878 2.507015 5.144193 Se 0.771487 4.391640 -1.227576	
	C 10.186464 2.544438 5.788929 Se -1.579017 7.688114 -1.476559	
	C	7.936086 3.437658 5.889650 Se -1.640263 5.149015 2.193377	
	C	8.935495 3					
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The authors declare no competing financial interests. spikes averaged 99% (n=17). The standard deviation between digestion triplicates for total Hg was ≤ 8.6% (n=4), the recovery of Hg from IAEA-436 reference (n=9; certified at 0.220 ± 0.010 mg Hg kg - 1 dry weight) averaged 98%, and the recovery of Hg from quality control spikes averaged 99% (n=14).

The total error in percent MeHg (%MeHg) by chemical analysis was estimated by propagation of uncertainty associated with MeHg and total Hg concentrations (assigned at 10% for each measurement).

Total Hg was quantified on the < 2 mm soil fraction (Site S1 and S2) using a DMA-80 Hg analyzer (Milestone Dual-cell). The detection limit was 0.003 ng Hg and accuracy was confirmed by analysis of the IAEA-436 reference from the International Atomic Energy Agency. The established value is 4.19 ± 0.36 mg kg -1 dry weight and the determined value was 3.96 ± 0.13 mg Hg kg -1 dry weight (n = 30).

Selenium concentrations were determined on all samples by isotope dilution-hydride generationinductively coupled plasma-mass spectrometry (ID-HG-ICP-MS) 2, 3 at the U.S. Geological Survey (Menlo Park, California), and on three tissues from the Clark's grebe also at University of La Rochelle (muscle, kidneys, liver). At the U.S. Geological Survey, quality assurance and quality control were

1 is considered unlikely to be a result of Hg association with GPX3, given that GPX3 is a tetramer containing one Sec residue in each subunit 27 30 level using ORCA 4.2.1 31 and a computational scheme tested previously on the modeling of the structure and stability of monomeric Hg-thiolate complexes 29,32 . The Ahlrichs polarized def2-TZVP (Hg, Se) and def2-SVP (C, H) basis sets were used in combination with the auxiliary def2-TZVP/C [START_REF] Schafer | Fully optimized contracted Gaussian-basis sets for atoms Li to Kr[END_REF][START_REF] Weigend | Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn: Design and assessment of accuracy[END_REF] Coulomb and exchange fitting basis to accelerate the MP2 calculations with the resolution of identity (RI) approximation [START_REF] Feyereisen | Use of approximate integrals in ab initio theory -An application in MP2 energy calculations[END_REF][START_REF] Kendall | The impact of the resolution of the identity approximate integral method on modern ab initio algorithm development[END_REF] . For Hg atoms, scalar relativistic effects were accounted with an effective core potential (ECP) [START_REF] Haussermann | Accuracy of energy-adjusted quasi-relativistic ab initio pseudopotentials -All electron and pseudopotential benchmark calculations for Hg, HgH and their cations[END_REF] , as obtained from the Stuttgart pseudopotential library (60 core electrons, lmax=3). The valence basis set used in connection with the ECP is based on a (8s8p6d1f)/[6s5p3d1f] contraction scheme. The water solvent was represented with the SMD model [START_REF] Marenich | Universal solvation model based on solute electron density and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions[END_REF] S4). The distribution of the Hg-Hg distances was considered to be Gaussian in the analysis, which is incorrect when the local structure is highly disordered (e.g., σ ≥ ~0.1 Å [START_REF] Teo | EXAFS: basic principles and data analysis[END_REF]42 ) (Figure S7b). An analysis of disordered systems using symmetrical distributions results in "lost" atoms, which means that Hg is in all likelihood surrounded by more than 2.1 Hg atoms. If all the Hg-Hg pairs were from the 6% HgSe detected by HR-XANES (Figure S6b), the number of Hg atoms would be 12 x 0.06 = 0.7. We conclude from this analysis that the majority of the Hg atoms detected by HR-EXAFS are from Hgx(Se,Sec)y clusters. Their existence is also supported by the Hg-Hg distance of 4.46 ± 0.03 Å, which is 0.16 Å longer than the Hg-Hg distance in HgSe, and in agreement with the predicted average Hg-Hg distances for disordered Hgx(Se,Sec)y cluster models (Figures. S7 andS16).

Weddell seal: Leptonychotes weddellii (XP_006747601.1); monk seal: Neomonachus schauinslandi (XP_021556282.1). 

S3. Supplementary tables